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This assessment was peer reviewed by independent, expert scientists external to EPA convened by
the National Academies of Sciences, Engineering, and Medicine (NASEM). Peer-review meetings
were held by NASEM (https://www.nationalacademies.org/our-work/review-of-epas-2022-draft-
formaldehyde-assessment). The report of the review of the EPA’s Draft Toxicological Review of
Formaldehyde (Inhalation), dated 2023, is available on the NASEM website
(https://nap.nationalacademies.org/catalog/27153 /review-of-epas-2022-draft-formaldehyde-
assessment) and the IRIS Website (https://iris.epa.gov/Document/&deid=248150). A summary
and EPA’s disposition of the comments received is included in Appendix F.
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EXECUTIVE SUMMARY

ES.1 OVERALL SUMMARY

This IRIS health assessment presents a systematic review of the publicly available evidence
relevant to inhalation exposure to formaldehyde and potential adverse health outcomes. The
assessment specifically focuses on the following health effects: sensory irritation; pulmonary
function; immune system effects, focusing on allergic conditions and asthma; respiratory tract
pathology; nervous system effects; reproductive and developmental toxicity; and cancer. For
cancer, the assessment focuses on cancers of the upper respiratory tract (including nasopharyngeal
cancer, sinonasal cancer, cancers of the oropharynx/hypopharynx, and laryngeal cancer in humans)
and of the lymphohematopoietic system (including Hodgkin lymphoma, multiple myeloma, myeloid
leukemia, and lymphatic leukemia in humans). The evidence identification, evaluation, synthesis,
and integration framework used to conduct the assessment is schematically depicted in Figure 2-1,
with detailed methods provided in Section 2.

The main conclusions of the assessment are summarized below, with additional details in
Tables ES-1 and ES-2 and the following sections.

e Inhaled formaldehyde can cause health effects in humans, most notably respiratory effects.
Children and those with respiratory disease appear to be most susceptible.

e Formaldehyde is carcinogenic to humans by the inhalation route of exposure.
e The noncancer reference concentration (RfC) is 0.007 mg/ms3. Confidence in the RfC is high.

e The cancer inhalation unit risk (IUR) is 1.1 x 10-5 per pug/m3 (1.1 x 10-2 per mg/m3).
Confidence in the IUR is medium.
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Table ES-1. Evidence integration judgments for noncancer health effects and
the reference concentration (RfC)

Evidence osRfC Confidence
Noncancer health effect integration POD basis UFC 3 . d
. (mg/m?3) in value
judgment
5 4 oul functi evidence indicates Human 3 0.007 _—”
ecreased pulmonary function X
: U [likely] ¢ (children) '8
. " evidence indicates Human ) )
Allergic conditions . . 3 0.008 High-medium
[likely] (children)
Prevalence of current asthma or degree | evidence indicates Human ) .
i . 10¢ 0.006 © Medium-high
of asthma control [likely] (children)
o evidence Human
Sensory irritation 3 0.02 Medium-low
demonstrates (adults)
Female reproductive or developmental evidence indicates Human
. . 10 0.01 Low-medium
toxicity [likely] (adults)
. evidence Rat ) .
Respiratory tract pathology 30 0.003 Medium-high
demonstrates (adults)
. o evidence indicates Rat
Male reproductive toxicity . 1000 0.006 Low
[likely] (adults)
Nervous system effects @ evidence suggests Not Derived - -
Reference Concentration (RfC) = 0.007 mg/m3; confidence in the RfC is high
Based on decreased pulmonary function,
prevalence of current asthma or degree X
] N/A Human 30r10 0.007 High
of asthma control, and allergic
conditions ®

Abbreviations and definitions: RfC = reference concentration: An estimate (with uncertainty spanning perhaps an order of
magnitude) of a continuous inhalation exposure of a chemical to the human population (including sensitive subpopulations),
that is likely to be without risk of deleterious noncancer effects during a lifetime. osRfC = organ- or system-specific RfC: an RfC
based on the evidence for effects on that particular organ or system. UFc = composite (total) uncertainty factor; POD = point of
departure.

aFor each of the three potential manifestations of nervous system effects evaluated in this review (i.e., amyotrophic lateral
sclerosis incidence or mortality, developmental neurotoxicity, or behavioral toxicity), it was concluded that the evidence
suggests, but is not sufficient to infer, that formaldehyde inhalation might cause these effects in humans.

bThe RfC is supported by three osRfCs (shaded) from multiple high and medium confidence studies of residential or school-
based formaldehyde exposure to children (Venn et al., 2003; Krzyzanowski et al., 1990; Annesi-Maesano et al., 2012). The RfC
value is selected as the midpoint of the three osRfCs (i.e., 0.006, 0.007, and 0.008 mg/m?3) with the highest confidence and the
lowest UFc values (see Section 5.1.5).

“This osRfC is based on multiple studies and candidate values, sometimes with different UFcs applied. The UFc value shown in
this table and Figure 5-3 reflects the candidate value selected to represent this osRfC [i.e., the UFc applied to the POD from
Krzyzanowski et al. (1990)].

dFor hyphenated confidence classifications, the first term reflects the confidence category, and the second term indicates
whether the judgment is closer to a higher or lower confidence category (e.g., High-medium is a High confidence judgment
that is close to a judgment of Medium confidence). See Section 2.7 for the methods for drawing these confidence judgments,
and Section 5.1.5 for the supporting rationale for each judgment.
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Table ES-2. Cancer evidence integration judgments, carcinogenicity
descriptor, and inhalation unit risk (IUR) for cancer incidence

Evidence
integration Unadjusted Inhalation unit | Confidence in
judgment for unit risk risk estimate | the inhalation
cancer type Unit risk estimate (per (per pg/m3)? unit risk
Cancer type investigated risk estimate basis ug/md) [ADAF-adjusted] estimate
Nasopharyngeal cancer evidence H 7.4 x 107°® 1.1x 107 Medium
uman
(or nasal cancer in animals) demonstrates®
. 8.9x107° NAd NAd
Animal¢
to 1.8 x 107
Myeloid leukemia evidence -
Too uncertain - -
demonstrates®
Sinonasal cancer evidence
No usable data - -
demonstrates®
Oropharyngeal/Hypo- evidence .
Not derived - -
pharyngeal cancer suggests
Multiple myeloma evidence .
Not derived - -
suggests
Hodgkin lymphoma evidence
grnyme Not derived - -
suggests
Laryngeal cancer evidence .
) Not derived - -
inadequate
Lymphatic leukemia evidence
yme 3 Not derived - -
inadequate
Carcinogenicity Descriptor: Carcinogenic to Humans
Total cancer risk (IUR)": 1.1 x 10~ per pg/m3 (1.1 x 1072 per mg/m?3); Confidence in the IUR is Medium

Abbreviations and definitions: IUR = inhalation unit risk: the upper-bound excess lifetime cancer risk estimated to result from
continuous exposure to an agent at a concentration of 1 ug/m? in air; ADAF = age-dependent adjustment factor.

2ADAF adjustments are recommended for cancers for which there is sufficient evidence that formaldehyde has, at least in part,
a mutagenic MOA (see Section 5.2.4).

bThe judgment of evidence demonstrates for NPC cancer is based on robust human evidence of increased risk in groups
exposed to occupational formaldehyde levels, and robust animal evidence of nasal cancers in rats and mice that exhibits
steeply increasing incidence at high formaldehyde levels. Strong mechanistic support is provided across species (primarily rats,
but also mice, monkeys, and humans), including genotoxicity, epithelial damage or remodeling, and cellular proliferation that
are consistent with neoplastic development in a regional, temporal, and dose-related fashion.

‘While the selected unit risk estimate for NPC is based on a cancer mortality study in humans, several estimates in general
agreement with this value and each other were also derived based on animal nasal tumor incidence. The points of departure
for these estimates were based on multiple mechanistic and statistical models, including biologically based dose-response
(BBDR) modeling. Results for human extrapolation were based on internal dose metrics and BMRs < 0.01 extra risk (see
Section 5.2.1). In addition, an RfC for cytotoxicity-induced regenerative cell proliferation, one of the mechanisms contributing
to nasal cancer development, was estimated to be between 0.006 and 0.018 mg/m?3 (see Section 5.2.1).

dNA = not applicable; an ADAF-adjusted value was not calculated and a level of confidence was not assigned for the unit risk
estimates based on the animal data on nasal cancer, as the human unit risk estimate for NPC was the selected estimate.

¢The judgment of evidence demonstrates for myeloid leukemia is based on robust human evidence of increased risk in groups
exposed to occupational formaldehyde levels. Supporting mechanistic evidence consistent with leukemia development is
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provided across numerous studies of peripheral blood isolated from exposed workers, including evidence of mutagenicity and
other genotoxic damage in lymphocytes and myeloid progenitors, and perturbations to immune cell populations. The animal
evidence is indeterminate and the findings to date suggest that there may be a lack of concordance across species for
leukemia, as leukemia was not increased in two well-conducted chronic bioassays of rats or mice, and the available animal
data provide weak mechanistic support for lymphohematopoietic (LHP) cancers. No MOA has been established to explain how
formaldehyde inhalation can cause myeloid leukemia without systemic distribution (inhaled formaldehyde does not appear to
be distributed to an appreciable extent beyond the respiratory tract to distal tissues).

fAlthough several attempts were made to derive a unit risk estimate for myeloid leukemia, it was ultimately concluded that
these estimates were too uncertain. Thus, while the best estimate currently available (see Appendix D.2.3) may provide some
perspective on the extent to which the IUR underestimates cancer risk (i.e., because estimates for myeloid leukemia and
sinonasal cancer are not included), this estimate was not selected to represent a unit risk for myeloid leukemia or included in
the IUR.

8The judgment of evidence demonstrates for sinonasal cancer is based primarily on robust human evidence of increased risk in
groups exposed to occupational formaldehyde levels. The strong animal and mechanistic evidence for nasal cancers across
species is interpreted to provide moderate evidence supportive of sinonasal cancer (a judgment of moderate rather than
robust reflects some uncertainty in interpreting the nasal cavity findings in animals as fully applicable to the specific human
disease of sinonasal cancer; see Section 3.2.5).

hThe full lifetime IUR estimate is based on the ADAF-adjusted estimate for nasopharyngeal cancer (which includes a mutagenic
MOA; Section 3.2.5). Less-than-lifetime exposure scenarios with a very large fraction of exposure during adulthood may not
warrant ADAF adjustment, and one may choose to use the unadjusted unit risk estimate of 7.4 x 10 per pg/m?3 or the adult-
based estimate of 6.4 x 10 per ug/m?3. Otherwise, see Section 5.2.4 for how to apply the ADAFs to obtain total cancer risk
estimates for less-than-lifetime exposure scenarios.

ES.2 NONCANCER HEALTH EFFECTS CONCLUSIONS AND QUANTITATIVE ESTIMATE

Overall, the integrated evidence demonstrates that inhalation of formaldehyde causes
increased sensory irritation and respiratory tract pathology in humans (see Section 2.6 for a
description of the bolded evidence integration judgments and their definitions), given sufficient
exposure conditionst. Well-conducted studies in humans and animals support these hazard
conclusions, and strong mechanistic evidence in animals provides plausible modes of action
(MOAs) for the identified endpoints.

The available evidence indicates that formaldehyde inhalation likely causes decreased
pulmonary function, an increased frequency of current asthma symptoms or difficulty controlling
asthma, and increased allergic responses in humans, given sufficient exposure conditions. These
conclusions were supported primarily by evidence in exposed humans, with supportive
mechanistic evidence indicating that formaldehyde inhalation results in biological changes related
to these outcomes in exposed animals. In addition, the evidence indicates that inhalation of
formaldehyde likely causes female reproductive or developmental toxicity and reproductive
toxicity in men, given sufficient exposure conditions. The conclusion for female reproductive or
developmental toxicity is supported by evidence in humans, specifically increases in time-to-
pregnancy (TTP) and spontaneous abortion risk; mechanistic evidence explaining such effects
without systemic distribution of formaldehyde is lacking. The conclusion for male reproductive

toxicity is supported primarily by coherent evidence of several alterations to the male reproductive

1 Use of this phrase, “given sufficient exposure conditions”, throughout the assessment highlights that, for those
assessment-specific health effects identified as potential hazards, the exposure conditions associated with those
health effects are defined (as are the uncertainties in the ability to define those conditions) during dose-response
analysis.
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system in animals exposed to very high levels of formaldehyde (> 6 mg/m3), with some
corroborative changes in an occupational epidemiological study; although no MOA is available,
some relevant mechanistic changes have been observed in well-conducted studies of the male
reproductive organs of exposed rodents.

Lastly, while a number of studies reported evidence of potential neurotoxic effects,
including developmental neurotoxicity, behavioral toxicity, and an increased incidence of, or
mortality from, the motor neuron disease amyotrophic lateral sclerosis (ALS), due to limitations in
the database (e.g., poor methodology, lack of consistency), the integration of the evidence for each
of these manifestations of potential neurotoxicity ultimately resulted in the determination that the
evidence suggests, but is not sufficient to infer, that formaldehyde inhalation may pose a human
health hazard, and additional study is warranted. The available data on potential nervous system

effects were considered insufficient for developing quantitative toxicity estimates.

ES.2.1. Inhalation Reference Concentration (RfC)

The reference concentration (the RfC) of 0.007 mg/m3 formaldehyde is level of a continuous
inhalation exposure to the human population (including sensitive subgroups) that is likely to be
without an appreciable risk of deleterious effects during a lifetime.

In this assessment, the RfC is based on several organ- or system-specific RfCs based on the
evidence for effects on that particular organ or system (osRfCs), which are themselves based on
candidate reference concentrations (cRfCs). The cRfCs are estimates for a specific endpoint based
on a single, specific study within an organ- or system-specific hazard domain. The osRfCs differ
from the associated cRfCs only when there are multiple cRfCs for the same organ system. The
osRfCs were selected from those cRfCs that best represented the general population, including
sensitive subgroups and which had a greater degree of certainty with regard to both reliability of
study results and cRfC derivation (including POD selection). In addition, cRfCs with lower
composite (total) uncertainty factors (UFcs) were preferred.

The osRfCs that were used to calculate the overall RfC in this assessment were all based on
epidemiological studies of residential or school-based formaldehyde exposure to children that were
interpreted with either High or Medium confidence and had the lowest composite uncertainty
factor (UFcs) (see Table ES-1).

The selected RfC is the midpoint of three osRfCs (0.006, 0.007 0.008 mg/m3) representing a
group of respiratory system-related effects (i.e., pulmonary function, allergy-related conditions, and
current asthma prevalence or degree of control) that were interpreted with the highest confidence
and had the lowest UFcs. These health effects were observed in the range of typical formaldehyde
exposures in population studies (effects were observed in the underlying studies at approximately
= 33 pg/m3). The selected RfC is likely to be above outdoor formaldehyde levels in most locations,
and levels in indoor air would be expected to exceed this concentration in many situations.

However, as the RfC is interpreted to be without appreciable risk, even in sensitive subgroups, it is

xxiii



IRIS Toxicological Review of Formaldehyde (Inhalation)

important to note that the potential for health effects in individuals at concentrations between the
RfC (0.007 mg/m?3) and levels at which health effects have been observed in the available
population studies (~= 0.033 mg/m3) is unknown.

Although the RfC is designed to apply to exposures over a lifetime, the relevant window of
exposure for some of the effects observed in the contributing studies may be less than a lifetime.
For example, the relevant window of exposure for effects on asthma outcomes is also less than
lifetime, although the time frame for the control of asthma symptoms (i.e., a few weeks) is different
than that for the prevalence of current asthma symptoms or a decrease in pulmonary function
(i.e., the past 12 months).

Overall confidence in the RfC is High. There is high confidence in the composite set of
studies used to derive the RfC, high or medium confidence in the derivation of the underlying cRfC
numerical values, and high confidence in the completeness of the literature database supporting

the judgment that formaldehyde causes the adverse noncancer health effects identified.

ES.3 HUMAN CARCINOGENICITY CONCLUSION AND QUANTITATIVE ESTIMATE

Under EPA’s Guidelines for Carcinogen Risk Assessment (U.S. EPA, 2005a), formaldehyde is
Carcinogenic to Humans by the Inhalation Route of Exposure. This conclusion is independently

supported by three evidence integration judgments:

o The evidence demonstrates that formaldehyde inhalation causes nasopharyngeal cancer
(NPC) in humans. This is based primarily on observations of increased risk of NPC in groups
exposed to occupational formaldehyde levels and nasal cancers in mice and several strains
of rats, with strong, reliable, and consistent mechanistic evidence in both animals and
humans (i.e., robust evidence for both the human and animal evidence, and strong
mechanistic support for the human relevance of the animal data). The nasopharynx,
although not typically specified in animal studies, is the region adjacent to the nasal cavity,
where the animal evidence was predominantly observed. In addition, the evidence is
sufficient to conclude that a mutagenic MOA of formaldehyde is operative in formaldehyde-
induced nasopharyngeal carcinogenicity.

e The evidence demonstrates that formaldehyde inhalation causes sinonasal cancer (SNC)
in humans. This is based primarily on observations of increased risk of SNC in groups
exposed to occupational formaldehyde levels (i.e., robust human evidence) and supported
by apical and mechanistic evidence for nasal cancers across multiple animal species. Some
uncertainties remain in the interpretation of the animal nasal cavity data as wholly
applicable to interpreting human sinonasal cancer (thus, the animal evidence is judged as
moderate). In addition, while uncertainties remain, the evidence is sufficient to conclude
that a mutagenic MOA of formaldehyde is operative in formaldehyde-induced sinonasal
carcinogenicity.

e The evidence demonstrates that formaldehyde inhalation causes myeloid leukemia in
humans. This is based primarily on observations of increased risk in groups exposed to
occupational formaldehyde levels (i.e., robust human evidence). This evidence integration
judgment is further supported by other studies of human occupational exposure that
provide strong and coherent mechanistic evidence identifying clear associations with
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additional endpoints relevant to lymphohematopoietic (LHP) cancers, including an
increased prevalence of multiple markers of mutagenicity and other genotoxicity in
peripheral blood cells of exposed workers, other perturbations to immune cell populations
in blood (primarily from human studies), and evidence of other systemic effects

(i.e., developmental or reproductive toxicity). Generally, evidence supporting the
development of LHP cancers after formaldehyde inhalation has not been observed in
experimental animals (i.e., rodents), including a well-conducted, chronic cancer bioassay in
two species, a similar lack of increased leukemias in a second rat bioassay, and multiple
mechanistic evaluations of relevant biological changes, including genotoxicity

(i.e., indeterminate animal evidence). The exact mechanism(s) leading to cancer formation
outside of the respiratory tract are unknown.

ES 3.1. QUANTITATIVE ESTIMATE OF CARCINOGENIC RISK: INHALATION EXPOSURE
The inhalation unit risk (IUR) is 1.1 x 10-5 per pg/m3, which is an upper-bound estimate of

the increased lifetime risk of cancer from inhaling 1 pg/m3 of formaldehyde for 70 years (see
Table ES-2). The estimate is based on an estimate of increased risk for NPC, for which evidence
demonstrates that formaldehyde inhalation causes this type of cancer in humans. The IUR does
not incorporate a unit risk estimate for myeloid leukemia (also for which the evidence
demonstrates that formaldehyde inhalation causes this type of cancer in humans) because the
interpretation of the published exposure-response modelling results was deemed too uncertain
(see Section 5.2.2). This estimate also does not incorporate risk from sinonasal cancer for which the
evidence demonstrates that formaldehyde inhalation exposure causes this type of cancer in
humans, as amenable data were unavailable. Thus, the [UR may underestimate actual cancer risk, to
an unknown extent.

The IUR is based on the modeling results of the association of cumulative formaldehyde
exposure with NPC mortality in an occupational cohort followed by the National Cancer Institute

(Beane Freeman et al., 2013). The regression coefficient from the dose-response model (log-linear

models) was applied to age-specific cancer incidence rates from the National Cancer Institute’s
(NCI) Surveillance, Epidemiology, and End Results (SEER) database using life-table methods to
estimate the upper bound on the extra risk? expected at a formaldehyde concentration of 0.1 ppm.
The IUR is expressed as the upper-bound extra cancer risk estimated for a lifetime inhalation
exposure to 1 ug/ms3. This estimate, based on a human study, was similar to what would be
estimated using any of a tight range of values derived using experimental animal data. The analyses
of the experimental data were based on multiple dose-metrics and included estimates derived using
BBDR modeling approaches incorporating available mechanistic evidence (see Section 5.2.1). The
unit risk estimate for NPC cancer prior to any age adjustments is 7.4 x 10-¢ per pug/m3 (see

Table ES-2). EPA guidelines recommend that ADAFs be used when estimating the risk of NPC from

childhood inhalation exposures to formaldehyde because the NPCs are judged to be due, at least in

2 Extra risk is defined as (R — Ro)/(1 — Ro), where Ry is the lifetime risk in the exposed population and Ro is the
lifetime risk in an unexposed population; it is the added risk applied to the portion of the population that did not
show background tumors.

XXV


https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=2452550

IRIS Toxicological Review of Formaldehyde (Inhalation)

part, to a mutagenic MOA. In the absence of information to support a chemical-specific age
adjustment factor, EPA’s default ADAFs are applied. Thus, the unit risk estimate was adjusted using
age-dependent adjustment factors (ADAFs) to address expected increased susceptibility from early-
life exposures (see Table ES-2).

Overall confidence in the [UR is medium. The availability of suitable human data from
which to derive unit risk estimates eliminates one of the major sources of uncertainty inherent in
most unit risk estimates—the uncertainty associated with interspecies extrapolation. The NCI
longitudinal cohort study used as the basis for the inhalation unit risk is a well-conducted study for
the purposes of deriving unit risk estimates and there is high confidence in the study’s results.
However, it was the only independent study with adequate exposure estimates for the derivation of
unit risk estimates.

There are several uncertainties that, when considered together, are expected to result in an
underestimation of the [UR. First, an important uncertainty is the inability to derive a unit risk
estimate that incorporates risk for all three cancer types with conclusions of “evidence
demonstrates” that formaldehyde inhalation exposure causes the cancer. Second, since industrial
workers are healthier than the general population overall, the unit risk estimates derived from the
NCI worker cohort data could underestimate the cancer risk for the general population to an
unknown, but likely small, extent. Third, given the high survival rates for NPC, cancer incidence risk
estimates were calculated using the dose-response relationships from the NCI mortality study to
reduce the potential for underestimating the unit risk. However, the calculation required certain
assumptions, thus, the estimates may under- or overpredict the true risk by an amount expected to
be relatively small.

Because a mutagenic MOA was established for NPC (see Section 3.2.5 for details), the [UR
was calculated using linear low-dose extrapolation from the 95% lower bound on the exposure
level associated with the extra risk level serving as the benchmark response, which is considered to
be a plausible upper bound on the risk at lower exposure levels. Use of the upper bound is a health-

protective practice recommended in EPA guidelines (U.S. EPA, 2005a).

ES.4 SUSCEPTIBLE POPULATIONS AND LIFESTAGES

Overall, the most extensive research on the health effects of inhaled formaldehyde and
susceptible groups indicates a greater susceptibility among children to formaldehyde’s respiratory
effects, manifested as reduced pulmonary function, increased prevalence of current asthma, and
greater asthma severity (reduced asthma control). More research is needed to investigate the role
of sex, race, nutrition, exercise, and coexposures that may modulate susceptibility to formaldehyde
toxicity. Increased early-life susceptibility for cancer is assumed because of the mutagenic MOA for
NPC carcinogenicity. Health status and disease, particularly related to the respiratory system, are
likely to be modifying factors of formaldehyde toxicity. Studies suggest that asthmatics are more
susceptible than nonasthmatics to declines in respiratory function following formaldehyde

exposure. Based on multiple mechanistic studies of respiratory hypersensitivity, it also appears
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likely that persons with preexisting respiratory allergies would be more sensitive to the respiratory
health effects of formaldehyde exposure, although the data informing potential associations
between more generalized atopy and respiratory effects in the available human studies were
inconsistent. Experimental animal studies and occupational studies indicate that formaldehyde
exposure-induced nasal lesions are more severe among individuals with prior nasal damage, which
could result in heightened susceptibility to the development of nasal cancer following
formaldehyde exposure.

In addition, epidemiological and toxicological studies identify female reproductive or
developmental toxicity as a hazard of formaldehyde exposure. At this time, it is not clear whether
increased time to pregnancy and spontaneous abortion rates seen in occupationally exposed
women are due to reproductive system toxicity or to toxicity to the developing fetus. Finally,
reproductive toxicity in males has been associated with formaldehyde inhalation, although this
association has only been tested in well-conducted studies of rodents at very high formaldehyde

concentrations.
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1.BACKGROUND

1.1. INTRODUCTION

This Toxicological Review critically evaluates the publicly available studies on
formaldehyde (inhalation) to identify its adverse health effects and to characterize
exposure-response relationships. This assessment is prepared under the auspices of the U.S.
Environmental Protection Agency’s (EPA’s) Integrated Risk Information System (IRIS) Program.
[RIS assessments are not regulations, but they provide a critical part of the scientific foundation for
decisions made in EPA program and regional offices to protect public health.

Assessment development was based on EPA guidelines as well as standard IRIS procedures
(U.S. EPA, 2020) that were reviewed by the National Academy of Sciences, Engineering, and
Medicine (NASEM) (NASEM, 2021). In 1990 and 1991, an oral reference dose (RfD) (reference

value for ingested formaldehyde) and an inhalation unit risk (IUR) value for cancer, respectively,

were developed for formaldehyde. A previous draft of the inhalation assessment was developed
between 1998 and 2010. That document was reviewed by an external peer-review panel convened
by the National Research Council (NRC) between June 2010 and April 2011 (NRC, 2011). The newly

developed, current assessment addresses the comments from the NRC panel on that prior draft (see

Appendix D of the external review draft [https://iris.epa.gov/document/&deid=248150]), as well
as comments provided during review of this document (see Appendix F).
For additional information about this assessment or for general questions regarding IRIS,

please visit the IRIS website (www.epa.gov/iris).

1.2. OVERVIEW OF BACKGROUND INFORMATION ON FORMALDEHYDE

The brief overview below (and the corresponding information in Appendix A) is provided to
introduce potentially useful context for this assessment. These summaries do not provide
comprehensive descriptions of the available information on these topics and are not intended for
use in decision purposes. Readers are encouraged to refer to source materials cited below, more

recent publications on these topics, and specific assessments on these topic areas.

1.2.1. Summary of Chemical Properties and Uses

Formaldehyde (CASRN 50-00-0) is an aliphatic aldehyde noted for its reactivity and
versatility as a chemical intermediate. At room temperature, pure formaldehyde is a colorless gas
with a strong, pungent, and irritating odor. Formaldehyde is readily soluble in water, alcohols,
ether, and other polar solvents. Due to its chemical properties (see Appendix A.1 for additional

details), formaldehyde is widely used in both commercial and industrial settings. Based on EPA’s
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Chemical Data Reporting, the national production volume for formaldehyde was 3.9 billion Ib/year
in 2011 and between 1 and 5 billion 1bs/year for 2012 through 2015
(https://chemview.epa.gov/chemview/#).

Products containing formaldehyde are widespread in industry and in the home (see
Appendix A.2). Approximately 55% of the consumption of formaldehyde is in the production of

industrial resins (NTP, 2010). Formaldehyde is used in plywood adhesives, surface coatings,

molding compounds, laminates, phenolic thermosetting, resin curing agents, and other products
(IPCS, 1989). Formaldehyde is used in smaller quantities for the preservation and embalming of
biological specimens. It is also used as a germicide, an insecticide, and a fungicide in some products.
Some industries with the greatest potential for exposure to the workforce include health services,
business services, printing and publishing, chemical manufacturing, garment production, beauty

salons, and furniture manufacturing (IARC, 1995).

1.2.2. Summary of Human Inhalation Exposure

Generally, formaldehyde levels are higher in the indoor environment than in ambient air.
Indoor sources of formaldehyde in air include building materials and household products (e.g.,
volatilization from pressed wood products, carpets, fabrics, insulation, permanent-press clothing,
latex paint), as well as household sources of combustion (e.g., gas burners, kerosene heaters,

cigarettes) (WHO, 2010). Median indoor air concentrations in some European countries in both

commercial and residential buildings ranged from 10 to 50 pg/m3 (Sarigiannis et al., 2011;

Salthammer et al., 2010). Indoor average formaldehyde concentrations reported since 2000 in U.S.
and Canadian conventional homes ranged from 12 to 39 ug/m3 (see Appendix A.3). For example, a
large study of 398 homes in Los Angeles, CA, Houston, TX, and Elizabeth, NJ, between 1999 and
2001 reported mean (+SD) formaldehyde levels of 22 + 7.1 pg/m3 (Weisel et al., 2005). Higher

levels are found in mobile homes and trailers.

In 2018, annual site averages of formaldehyde concentrations outdoors ranged from 0.25 -
11.06 pg/ms3 (0.20-9.01 ppb), with an overall annual site average concentration of 2.97 pg/m3 (2.42
ppb) (EPA’s Ambient Monitoring Archive for HAPs, which includes data from the Air Quality System
database and other data sources at https://www.epa.gov/amtic/amtic-air-toxics-data-ambient-
monitoring-archive). Under the National-Scale Air Toxics Assessment (NATA) program, EPA has
conducted an emissions inventory for a variety of hazardous air pollutants (HAPs), including
formaldehyde. NATA uses the emissions inventory data to model nationwide air
concentrations/exposures (https://www.epa.gov/national-air-toxics-assessment). The most recent
NATA data are for 2014. The results of the 2014 ambient air concentration modeling for
formaldehyde suggest that county mean air levels range from 0.1 to 2.78 pg/ms3 with a national
mean of 1.3 pg/m3 [personal communication to EPA (Palma, 2018)].

Although not final, a March 15, 2024, public draft TSCA risk evaluation includes

formaldehyde exposure assessments (note: IRIS assessments do not include exposure

assessments). While preliminary, the draft TSCA risk evaluation cites studies supporting estimates
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similar to those described above. Namely, the draft estimates that the median formaldehyde
concentration in U.S. homes is approximately 20 ug/m3 and, using monitoring data from 2023, U.S.
formaldehyde concentrations in outdoor air are estimated to have a median formaldehyde
concentration of 1.88 pg/ms3. Please consult the EPA website for updates and release of the finalized

TSCA risk evaluation (https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/risk-

evaluation-formaldehyde).
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2. ASSESSMENT METHODS

This chapter describes the underlying framework, organization, and methods used to
conduct the systematic reviews included in this assessment. The evaluation of formaldehyde’s
toxicity was informed by what is known about the toxicokinetics of inhaled formaldehyde (see
Section 3.1 and Appendix C.1), and this knowledge is reflected in the organization of the Hazard
Identification section. These Assessment Methods outline the approaches implemented throughout
different stages in the assessment development, which can be grouped into those used to (1)
identify and evaluate individual studies (Sections 2.2 and 2.3); (2) summarize, synthesize and
integrate the evidence, including interpreting the support for particular human health effects across
different streams of evidence (i.e., human, animal, and mechanistic studies) and developing
summary conclusions (Sections 2.4, 2.5 and 2.6); and (3) select and analyze studies and data to
derive quantitative (dose-response) values (Section 2.7). The process for hazard identification,
which involves hazard-specific literature searches, outcome/endpoint-specific evaluation of study
methods, synthesis of information within each stream of evidence, and integration across streams
of evidence, is displayed in Figure 2-1. The process involves a successive focusing on the more
informative outcomes/endpoints within each hazard domain and the most methodologically sound
studies.

The methods applied are described here, while the documentation (e.g., the results of
literature search and screening and study evaluations) is provided in the Appendices. Literature

search and screening and study evaluations are documented in Appendix B.2 and B.3, respectively.
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Literature Identification (health effect- and mechanism- specific)

Reference retrieval
Reference lists
Inclusion criteria (based on PECO)

Reference screening by hazard domain

o Included references grouped by lines of evidence
(human, animal, mechanistic)

o Literature search diagrams by hazard domain

Evaluation of study methods (outcome- specific) Syntheses of results

Interpretation of results
from health effect studies in
humans and animals
(consistency, magnitude of
effect, dose-response, etc.)

Study evaluation tables
o Classification by outcome

Outcome-specific
evaluation criteria
for health effects
studies in humans
and animals;

informed by ADME
research

High confidence

Medium confidence

Low confidence Evaluation and interpretation

of mechanistic evidence

Not informative

Synthesis judgments

Evidence integration judgments

Dose-response

Health effects evidence
separately judged for human and
animal studies considering

biological plausibility

Moderate

Slight

Regarding whether inhaled
formaldehyde can cause health
effects in humans, using synthesis
judgments and inferences (e.g.,
human relevance; coherence)

Evidence Demonstrates

Evidence Indicates (likely)

Study selection:
evidence integration
judgments; study
confidence; other
(e.g., susceptibility)

_Yes, value derived
(data-dependent)

Indeterminate

Evidence Suggests

_Situational {not derived
in this assessment)

Compelling Evidence of No Effect

Evidence Inadequate

Strong Evidence Supports No Effect

=No value derived

Figure 2-1. Overview of assessment methods for hazard identification.

This figure illustrates the flow of evidence through the assessment, sequentially focusing on the most
useful information, as well as the decision-making processes for arriving at evidence judgments regarding
the potential for noncancer health effects and for specific types of cancer. Mechanistic inference
considered during evidence integration included biological plausibility or relevance of animal study results
to humans and identification of susceptible groups. Notes: Given this assessment’s framing around prior
reviews of formaldehyde’s potential toxicity (i.e., health effect-specific searches guide this review), for
this assessment, the synthesis judgment of “compelling evidence of no effect” and the integration
judgment of “strong evidence of no effect” were not reached for any of the evaluations; as such, criteria
for these categories are not applied in this assessment. Importantly, hazard identification for
carcinogenicity includes an additional step of assigning a descriptor regarding the potential for
formaldehyde to cause cancer (this step is not shown but is discussed in this section below).
Abbreviations: HERO = Health and Environmental Research Online; PECO = Populations, Exposures,
Comparators, Outcomes; ADME = absorption, distribution, metabolism, excretion; MOA = mode of action.

2-2



IRIS Toxicological Review of Formaldehyde (Inhalation)

2.1. ASSESSMENT ORGANIZATION AND DOCUMENT MAP

The Toxicological Review critically reviews the publicly available studies relevant to human
health hazards that may result from formaldehyde inhalation and describes the level of certainty in
the supporting evidence. When there was sufficient certainty in the evidence supporting a hazard
and appropriate studies and data were available, toxicity values were derived using either analyses
of dose-response or selected no-observed-adverse-effect levels or lowest-observed-adverse-effect
levels (NOAELs or LOAELSs). Although this review focused on exposure through inhalation, general
population exposure to formaldehyde can occur via inhalation, ingestion, and dermal contact.

The Toxicological Review is organized into the following sections: Executive Summary,
Background (Section 1); Assessment Methods (Section 2); Evidence Synthesis and Integration for
Hazard Identification (Section 3); Summary of Hazard Identification Conclusions (Section 4); and
Dose-Response Analysis (Section 5). Supplemental Information to the Toxicological Review is
provided in a separate document, Supplemental Information to the Toxicological Review of
Formaldehyde—Inhalation, containing appendices that support hazard identification and dose-
response evaluation. The appendices include a brief description of the chemical properties and uses
of formaldehyde; information specifically addressing exposure, toxicokinetics, and genotoxicity;
supporting information for health hazard conclusions in the Toxicological Review (e,g.,
documentation of literature searches and study evaluations; additional analyses); dose-response
modeling; a list of previous legislation and assessments by other agencies; and responses to
external peer-review and public comments received on this IRIS assessment. Additional documents
produced during assessment development are available on the IRIS website
(http://www.epa.gov/iris).

In this assessment, potential human health hazards from formaldehyde exposure were
identified and evaluated. These include sensory irritation; decreased pulmonary function; immune-
mediated conditions, focusing on allergies and asthma; respiratory tract pathology; nervous system
effects; reproductive and developmental toxicity; and carcinogenicity. These health outcomes were
identified based on NRC recommendations on the 2010 draft IRIS assessment (NRC, 2011) and
previous reviews of formaldehyde toxicity and health assessments by other agencies, including the

International Agency for Research on Cancer (IARC), Agency for Toxic Substances and Disease
Registry (ATSDR), and the National Toxicology Program (NTP) (NTP, 2014; IARC, 2012; ATSDR,
1999, 2010). For each health hazard, the literature regarding specific health effects was synthesized

within each of the human, animal, and mechanistic streams of evidence and then integrated across
the streams of evidence. The evidence integration includes a narrative summary of the key evidence
and a corresponding level of evidence judgment (i.e., evidence demonstrates, evidence indicates
[likely], evidence suggests, evidence inadequate, or strong evidence supports no effect) as to
whether formaldehyde inhalation exposure may pose a human hazard for specific types of cancer
or individual noncancer health effects, given sufficient exposure conditions. The assessment

provides evidence integration judgments for each unit of analysis that can be reasonably supported
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by the available health effect-specific evidence base. A unit of analysis is an outcome or group of
related outcomes within a health effect category considered together during evidence synthesis. A
given health hazard may have a single judgment or multiple judgments at more granular outcome
groupings. The evidence integration for cancer concludes with a descriptor summarizing the weight

of evidence for cancer according to EPA’s cancer guidelines (U.S. EPA, 2005a). In this assessment,

for both noncancer and cancer effects, those with evidence integration judgments of evidence
demonstrates or evidence indicates [likely] (see methods in Section 2.6) are advanced for dose-
response analysis in Section 5, including the derivation of toxicity values (see methods in Section
2.7).

The Toxicological Review includes an inhalation reference concentration (RfC) value for
lifetime exposure. The inhalation RfC (expressed in units of pg of substance/m3 air) is defined as an
estimate (with uncertainty spanning perhaps an order of magnitude) of a continuous daily
exposure of formaldehyde to the human population (including sensitive subgroups) that is likely to
be without an appreciable risk of deleterious effects during a lifetime. A carcinogenicity assessment
was also performed, including derivation of an inhalation unit risk value (IUR), which is an upper-
bound excess lifetime cancer risk estimated to result from continuous exposure to an agent at a
concentration of 1 pg/m3 in air. In addition, organ/system-specific RfCs (osRfCs) were derived for
various noncancer health endpoints, when supported by the available evidence. These may be
useful when considering cumulative risk scenarios. Multiple candidate RfCs (cRfCs) were
sometimes compared before choosing a representative osRfC for a specific organ or system. An
osRfC was typically selected from cRfCs based on use of higher confidence studies, and higher
confidence in the cRfC derivation (including point-of-departure [POD] selection). Where relevant,
mechanistic understanding regarding the development of specific health effects (e.g., temporal
progression, potential thresholds in dose-response), as well as knowledge of susceptibility, was
used to inform approaches to derive points of departure (PODs), uncertainty factors, or confidence
levels for the quantitative estimates (e.g., osRfCs, RfC, IUR). Where possible, the assessment
attempts to describe the level of response observed across different exposure levels within the
range of the data, and to discuss transparently the uncertainties and assumptions when deriving
toxicity value estimates (e.g., cRfCs, IUR). In addition, as the temporal window of exposure relevant
to certain outcomes may vary, the window of exposure expected to be most relevant to each
toxicity value is discussed in Section 5, Dose-Response Analysis, when applicable.

A confidence level of high, medium, or low was assigned to each cRfC, osRfC, and the
overall RfC based on the reliability of the associated evidence and POD calculation(s). Confidence
decisions included considerations of the quality, timing, and variability of the exposure estimates in
an epidemiological study or the exposure protocols in an animal study. Moreover, higher
confidence was placed in the toxicity value when the POD was identified close to the range of the
observed data. Finally, confidence in the coverage and quality of the database of studies that

informed the hazard conclusion for that organ/system was assigned. The evidence base for
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different health outcomes varies in size, coverage of critical endpoints, and quality of the studies;

this confidence level reflects database completeness for each of the organ systems.

Overviews of the methods used for the Literature Search and Screening (Section 2.2), Study

Evaluation (Section 2.3), Data Extraction (Section 2.4), Evidence Synthesis (Section 2.5), Evidence

Integration (Section 2.6), and Dose-Response Modeling (Section 2.7) are presented. The Document

Map (Table 2-1) provides information on where to find the results and additional documentation

for each of these steps for each health effect included in this Toxicological Review.

Table 2-1. Document map for each health topic and assessment development
stage (Sections at the top indicate the location of the methods or relevant

results; Appendices at the bottom indicate the location of supporting

documentation)
Health effect or Evidence . Evidence synthesis and Dose-response
R . e os Study evaluation . i X

mechanisms searches identification integration analysis

Sensory Irritation Section 2.2.2 Section 2.3.2 Section 3.2.1 Section 5.1
Appendix B.2.2 Appendix B.3.2 Appendix C.2 (reflex Appendix D.1.1
bradypnea)

Pulmonary Function Section 2.2.3 Section 2.3.3 Section 3.2.2 Section 5.1

Appendix B.2.3

Appendix B.3.3

Appendix C.5 (acute or
short-term studies)

Appendix D.1.2

Allergies and Asthma

Section 2.2.4
Appendix B.2.4

Section 2.3.4
Appendix B.3.4

Section 3.2.3
[see also Appendix C.7]

Section 5.1
Appendix D.1.3

Respiratory Tract
Pathology

Section 2.2.5
Appendix B.2.5

Section 2.3.5
Appendix B.3.5

Section 3.2.4

Appendix C.6 (short-term
animal studies)

[see also Appendix C.7]

Section 5.1
Appendix D.1.4

Noncancer Respiratory Section 2.2.6 Section 2.3.6 Sections 3.2.1—3.2.5 N/A
Mechanistic Evidence Appendix B.2.6 Appendix B.3.6 Appendix C.7
Nervous System Effects Section 2.2.7 Section 2.3.7 Section 3.3.1 N/A

Appendix B.2.7 Appendix B.3.7 No appendix materials
Developmental or Section 2.2.8 Section 2.3.8 Section 3.3.2 Section 5.1
Reproductive Effects Appendix B.2.8 Appendix B.3.8 No appendix materials Appendix D.1.5
Respiratory Tract Cancers | Section 2.2.9 Section 2.3.9 Section 3.2.5 Section 5.2.1

Appendix B.2.9

Appendix B.3.9

No appendix materials

Appendix D.2.1
(human data) and
D.2.2 (animal data)

LHP Cancers Section 3.3.3 Section 5.2.2
No appendix materials Appendix D.2.3

Other cancers N/A Appendix C.8 N/A

Cancer Mechanistic Section 2.2.10 Section 2.3.10 Sections 3.2.5 and 3.3.3 N/A

Evidence

Appendix B.2.10

Appendix B.3.10

Appendix C.3 (Genotoxicity)

Note: evidence on the toxicokinetics of inhaled and endogenous formaldehyde is summarized in Section 3.1 and Appendix C.1

and D.2.4, with discussions related to the implications of these data throughout Sections 3.2, 3.3, and 5.
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2.2. LITERATURE SEARCH AND SCREENING METHODS

2.2.1. Overview of Approach

Literature Search Strategy

A separate search strategy was developed for each health hazard considered in the
assessment (Table 2-2). Generally, health outcomes and search terms were selected after reviewing
the draft Toxicological Review for Formaldehyde (2010) and other relevant health assessments or
reviews of formaldehyde toxicity.

The primary literature search strategies involved keyword-based queries of PubMed

(https://www.ncbi.nlm.nih.gov/pubmed/) and Web of Science

(https://apps.webofknowledge.com/), with many of the health effect-specific searches including

additional queries of Toxline (https://toxnet.nlm.nih.gov/newtoxnet/toxline.htm) and/or DART

(https://toxnet.nlm.nih.gov/newtoxnet/dart.htm). Initial searches were conducted in 2012 (an

exception being the search for mechanisms related to respiratory health effects, which was initially
conducted in 2014) and updates were performed annually (i.e., in either September or October)
through 2016 in support of development of a 2017 Step 1 draft IRIS formaldehyde-inhalation
assessment, which was suspended in 2017 and re-started in 2021 (discussed more below). All
search strings were submitted as keyword searches, which in the case of PubMed includes MeSH
terms by default, except as specified with tags like [majr] which limited the search to only when the
term (and any selected subheadings) are indexed as a major topic heading (not all MeSH terms); as
defined by PubMed, a MeSH Major Topic is one of the main topics discussed in an article. The search
results were augmented by secondary search approaches, including “forward searching” of key
references, review of topic-specific meeting abstracts (e.g., from Society of Toxicology and
International Society of Environmental Epidemiology annual meetings), and curation of reference
lists in the identified studies, published reviews, meta-analyses, and national or international health
assessments of formaldehyde, and Review of abstracts (initial title search for formaldehyde, then
abstract review) from 2005-2014 presented at International Society of Environmental
Epidemiology annual meetings.

The completed draft 2017 IRIS assessment was suspended by EPA
(https://www.epa.gov/sites/default/files /2019-4/documents/iris program outlook apr2019.pdf)

However, in 2021, development of the IRIS assessment was unsuspended
(https://www.epa.gov/sites/default/files/2021-

03/documents/iris program outlook mar2021.pdf). At the time of re-start, a separate systematic

evidence map (SEM) was developed to identify the relevant literature published since the
suspension of the 2017 draft (i.e., from January 2016 to May 2021, intentionally overlapping with
the prior searches). The primary focus of the SEM was to identify studies with the potential to
impact hazard or toxicity value conclusions. This SEM applied literature search strategies nearly

identical to those used to develop the 2017 draft IRIS assessment. However, while earlier literature
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updates included a search strategy on exposure to formaldehyde and a search specific to
hypersensitivity in animals, these research categories were not updated for this search as exposure
is not a review topic for the IRIS assessment and the respiratory mechanisms search encompasses
hypersensitivity studies. In addition, the SEM update did not include ToxNet, which was migrated to
PubMed in 2019.

Table 2-2. General approach to literature search strategies

Databases® Health effect searches® Additional mechanistic searches®
PubMed (formaldehyde, formalin, paraformaldehyde, |(formaldehyde, formalin, paraformaldehyde,
Web of Science | OR CASN 50-00-0) AND: OR CASN 50-00-0) AND:

ToxNet (for some e Sensory Irritation® e  Toxicokinetics
effects) e Pulmonary Function® e Inflammation and Immune-related
TSCATS2 (for ¢ Immune-Mediated Conditions, mechanisms
some effects) focusing on Allergies and Asthma e Mechanistic Studies of Upper
*  Respiratory Tract Pathology Respiratory Tract Cancer, focusing on
e Developmental and Reproductive Genotoxicity®
Toxicity e Mechanistic Studies of

e Nervous System Effects
e Site-specific cancer in Humans
e  Upper Respiratory Tract Cancer in

Lymphohematopoietic Cancer,
focusing on Genotoxicity®

Animals
e Lymphohematopoietic Cancer in
Animals

CASN, Chemical Abstracts Service Number; TSCATS, Toxic Substances Control Act Test Submissions.

a3pubMed: http://www.ncbi.nIm.nih.gov/pubmed/, Web of Science:
http://apps.webofknowledge.com/WOS_GeneralSearch_input.do?product=WOS&search_mode=. ToxNet: toxicology
information previously contained in ToxNet were integrated into other NLM products in 2019 (see
https://www.nlm.nih.gov/toxnet/index.html for where to access).

bSpecific parameters and keywords for each hazard-specific database search strategy are included in Appendix B.2.

A systematic search strategy was not applied to the database of animal studies on this health outcome. Sensory irritation in
animals is a well described phenomenon. For pulmonary function, there was an extensive set of research studies on humans,
and therefore, the few studies on this endpoint in animals were not reviewed.

dSeparate, systematic literature searches were performed to augment the analyses of mechanisms relevant to health effect-
specific searches.

¢Search strategy developed for the SEM.

Literature Screening

Studies were screened for relevance for a specific health effect based on inclusion and
exclusion criteria organized according to PECO (Populations, Exposures, Comparators, and
Outcomes) categorys3. References that had potential relevance to more than one health effect were
identified and screened within each category. The exposure criteria were of particular importance,

and inclusion was limited to studies with direct measurement or reconstruction (e.g., use of a job-

3 For screening of studies on a few topics (i.e., formaldehyde exposure; toxicokinetics; mechanisms of
carcinogenesis), a PECO-based screening approach was not systematically applied or documented for searches
through 2016, consistent with the state of practice at that time.
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exposure matrix applied to indirect formaldehyde measurements) of formaldehyde exposure rather
than reliance on proxies such as construction materials or age of a house. PECOs tailored to
mechanistic studies were also used. Other exclusions were based on specific criteria relating to
each health hazard, which are summarized in each of the respective health hazard sections below.
From 2012-2016, this screening was performed using title and abstract information or
hand curation of the full text articles (when screening decisions could not be made based on the
abstract) in Endnote libraries. Studies identified in the 2021 SEM database searches were imported

into DistillerSR software (https://www.evidencepartners.com/products/distillersr-systematic-

review-software/) for screening. Both title/abstract (TIAB) and full-text screening were conducted

by two independent reviewers and any screening conflicts were resolved by discussion between
the primary screeners with consultation by a third reviewer if needed. For citations with no
abstract, articles were initially screened based on title relevance and page numbers (articles two
pages in length or less are assumed to be conference reports or editorials). Eligibility status of non-
English studies was assessed using the same approach with online translation tools or engagement
with a native speaker used to facilitate screening. Access to the example screening form in
DistillerSR is available upon request for users who have DistillerSR access. See Sections
2.2.2-2.2.10 for PECO criteria for specific health effects and types of mechanisms.

This assessment focuses on studies of inhalation exposure to formaldehyde in indoor air.
Ambient levels of formaldehyde in outdoor air are significantly lower than those measured in the
indoor air of workplaces or residences, and the exposure range was narrow in epidemiological
studies of ambient exposure (<0.005 mg/m?3), limiting their sensitivity to find any associations with
health outcomes even if they existed. Temporal (seasonal and diurnal) and spatial variation in
formaldehyde concentration is strongly influenced by photochemical interactions and traffic

emissions (Luecken et al., 2012). Consequently, the potential for exposure misclassification for

estimates of individual exposure using mean formaldehyde concentrations from central outside
monitors is greater than from indoor formaldehyde measurements. Therefore, the few studies
examining health effects in relation to outdoor formaldehyde concentrations were excluded. In
addition, although some uncertainties remain, the organization and analyses in the assessment
assume that inhaled formaldehyde is not distributed to an appreciable extent beyond the upper
respiratory tract to distal tissues; thus, it is assumed that inhaled formaldehyde is not directly
interacting with tissues distal to the portal of entry (POE) to elicit systemic effects. Therefore, as a
deviation from the literature screening approach applied to develop the 2017 draft, studies of
exposure routes not involving inhalation, including in vitro studies involving cells from distal
tissues, were not considered to be PECO relevant for the 2021 SEM literature update and were
excluded; an exception to this was applied for studies of genotoxicity. Similarly, it is assumed that
formaldehyde does not cause appreciable changes in normal metabolic processes associated with
formaldehyde in distal tissues. Thus, studies examining potential associations between levels of

formaldehyde or its metabolites in tissues distal to the POE (e.g., formate in blood or urine, brain
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formaldehyde levels) were excluded for most health outcomes, particularly effects on systemic
tissues such as the nervous system and reproductive and developmental effects. However, studies
of endogenous formaldehyde and mechanisms with potential relevance to circulating

hematopoietic precursor cells and lymphohematopoietic cancers were considered.

Study Inclusion from the 2021 SEM

For the 2021 SEM literature update, after screening the studies for PECO relevance, only
those studies meeting the PECO criteria and judged as possibly impactful (i.e., likely, based on the
study design and tested exposure levels, to have a potential impact on the hazard conclusions or
toxicity values) are synthesized in this assessment. This process relied on information collected into
a literature inventory and expert judgment by two reviewers. The literature inventory (see
Appendix B.2) included the following:

e For animal studies, the following information was captured: formaldehyde source, study
type (e.g. acute, chronic, developmental), duration of treatment, route, species, strain, sex,
exposure levels tested, exposure units, and endpoints assessed.

e For epidemiological studies, the following information was summarized: population type
(e.g., residential /school based, occupational, other), study design (e.g., cross-sectional,
cohort, case-control, ecological, case-report, controlled trial), study location, lifestage
(adults, children/infants), exposure measurement (air sampling, occupational history,
other), and endpoints assessed.

o For mechanistic studies, the information gathered was dependent on the study type: human
in vivo, animal in vivo, in vitro/ex vivo, or dosimetry/pharmacokinetic modeling. For
dosimetry/pharmacokinetic modeling references, a summary from the paper’s abstract was
excerpted. For all types of mechanistic studies, study details and exposure metrics were

summarized along with the endpoints assessed.

General considerations for designating studies as possibly impactful are included below,

with the specific rationales documented in the SEM study summary tables:

e Studies with chronic or subchronic exposure durations or including exposure during
reproduction or development, were considered more impactful than studies with acute or
shorter-term exposure durations (e.g., <4 weeks in rodent studies).

e Animal studies with multiple dose groups covering a broad range of dose levels, and
specifically including lower exposure levels, were considered more impactful than single-
dose studies.

e Animal studies employing exposure to formaldehyde without methanol co-exposure (e.g.,
generated from paraformaldehyde) and with adequate inhalation exposure administration
methods were considered more impactful. Methanol, present in aqueous formaldehyde
solutions to inhibit polymerization, is a potential confounder of associations between
observed health outcomes and formaldehyde exposure via formalin. The test article used to
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generate the formaldehyde atmosphere and controls in experimental studies was an
important consideration, particularly for non-respiratory health effects.

e More apical endpoints and those most directly related to the mechanistic uncertainties
identified as most relevant to drawing hazard or dose-response judgments were considered
more impactful. The specifics of this consideration vary depending on the health outcome(s)
of interest. In some cases, this relevance determination relates to the potential human
relevance of the endpoints, while in others this relates to an ability to infer adversity.

e For human studies, prioritization considerations depended on the health effect category,
formaldehyde exposure levels, and the extent of the evidence base supporting the hazard
conclusions. Studies of noncancer respiratory outcomes identified in the PECOs among
residential populations or school-aged children were prioritized over occupational studies,
which typically involve higher formaldehyde concentrations. Any study of reproductive or
developmental outcomes that conducted an exposure assessment (qualitative or
quantitative) for formaldehyde was considered possibly impactful. In addition, with some
exceptions documented in the inventory tables, studies of ALS, genotoxicity endpoints, or
PECO identified cancer outcomes that conducted an exposure assessment (qualitative or
quantitative) for formaldehyde were generally considered possibly impactful.

Studies meeting PECO criteria that were judged to have no impact on assessment
conclusions or toxicity values are summarized in Appendix B.2, along with explanations for these

decisions. These latter studies are not further discussed or synthesized in the assessment.

Documentation

Evidence identification decisions are documented in Appendix B.2 and the formaldehyde
page of the U.S. EPA’s Health Effects and Research Online (HERO) database
(https://hero.epa.gov/hero/) and they are summarized in Table 2-3 below. The formaldehyde

HERO page (https://heronet.epa.gov/heronet/index.cfm/project/page/project id/4051) was
developed to present a consolidated view of the search and screening decisions for this assessment
for the literature identified through 2016 and in the subsequent 2021 SEM. Tags for literature
searching (under “literature identification”) indicate from which electronic database each study
was identified, noting that some studies were identified in duplicate across databases, or if
considered studies were identified through other mechanisms (lists of reference from other or
older formaldehyde assessments; lists of references from review articles screened for health effect-
specific PECO studies; guidelines or methodological instructions; and other studies not otherwise
tagged to a specific electronic database during import). Also tracked, for each health effect-specific
series of literature searches including the 2021 SEM, are the screened studies, namely those
identified as supplemental (e.g., a review; non-inhalation routes of exposure for some searches),
those not meeting the PECO criteria that were excluded, and those identified as meeting the PECO
criteria, with the latter bin including an additional tag for being identified as possibly impactful or
not in the 2021 SEM. Thus, this HERO page can be used to easily navigate through the higher-level

screening decisions for each health effect-specific search.
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Table 2-3. Summary of literature search and screening

Met PECO SEM decisions
Health effect and Identified | Excluded | Supplemental | Met -
mechanisms searches? studies® | studies® studies® PECO® Possibly Not
impactful® | impactful®
Noncancer
Sens.ory Irritation in Human 979 320 97 62 1 4
Studies
PuhﬁonaryFuncUonln Human 353 262 30 61 1 5
Studies
Immune-Mediated Conditions
in Human Studies, Including 6,206 5,649 499 58 11 5
Asthma and Allergy
Respiratory '!'ract Pathology in 1,598 1577 7 14 0 1
Human Studies
Re§p|ratory Tract Pathology in 2,049 1814 174 61 1 9
Animal Studies
Mechanistic Studies Related to
Nonca.ncer Respiratory Effects, 9,894 8,729 966 199 3 48
Including Immune Changes and
Inflammation
Nervous System Effects 9,435 9,252 91 92 2 12
Reproductive and 11,040 10,647 326 67 5 4
Developmental Effects
Cancer
Cancer in Human Studies 2,552 2,419 76 67 3 3
RespwaForyTTact(NasgD 945 893 27 95 1 1
Cancer in Animal Studies
Mechanistic Studies of
Respiratory Tract Cancer, 744 417 101 225 8 19
Genotoxicity Focus
Lymphqhen@topowt@(LHP) 117 81 )8 8 1 1
Cancer in Animal Studies
IWechanmUcStu@gsofLHP 3,307 3,019 150 138 14 11
Cancer, Genotoxicity Focus

aThese counts reflect the summary decisions documented in the Formaldehyde HERO page
(https://heronet.epa.gov/heronet/index.cfm/project/page/project id/4051). Note that numbers of studies in each bin in

2-11



https://heronet.epa.gov/heronet/index.cfm/project/page/project_id/4051

IRIS Toxicological Review of Formaldehyde (Inhalation)

HERO can differ from the numbers of studies elsewhere, including in literature flow diagrams presented in the Appendix (e.g.,
HERO tracks as separate articles the parent articles and their translations, unpublished reports of published data,
supplemental materials to published articles, and erratum).

bStudies identified in 2012-2016 annual searches and the 2021 SEM.

¢SEM-related possibly impactful and not impactful judgments for studies meeting PECO in the SEM (see below for health effect-
specific details).

2.2.2. Sensory Irritation PECO Criteria and Search Summary

The sensory irritation review focused on symptoms of irritation in humans, primarily
ocular, nasal, and throat symptoms. Epidemiological and controlled exposure studies describing
reports of sensory irritation based on questionnaire responses or objective measures, such as eye
blink frequency or conjunctival redness, were included while other epidemiological study designs
were excluded. There is an extensive database of research studies on relevant apical endpoints in
humans after formaldehyde exposure. Systematic searches for studies of sensory irritation in
experimental animals were not conducted. However, mechanistic data informing this health effect
were identified and evaluated as part of the overarching review of mechanistic data relevant to
potential respiratory health effects (see Appendix B.2.6, B.3.6, and C.7 for details).

PECO category inclusion and exclusion criteria used in the screening step are described in
Table 2-4. The bibliographic databases, search terms, and specific strategies used to search them, as
well as literature flow diagrams and other screening documentation, are provided in
Appendix B.2.2.

Table 2-4. PECO inclusion and exclusion criteria for studies of sensory
irritation in humans

PECO Category Included Excluded?®
Population
P e Human e Animals (note: already well-established; see
Appendix C.2)
Exposure - .
P ¢ Indoor exposure via inhalationto | e Not formaldehyde
formaldehyde
y e Dermal®
e Measurements of formaldehyde
L y e Exposure defined using job title/industry
concentration in air
e Qutdoor exposure
Comparison
P e Evaluated risk in relation to e Case reports
variation in exposure based on . . . o
. o Surveillance analysis /lliness investigation (no
level, duration, or other .
comparison)
parameter.
Outcome
e QOcular, nasal and throat e Exposure studies/no outcome evaluated
symptoms
ymp e Studies evaluating other health outcomes
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PECO Category Included Excluded?®

e Properties, uses

aAdditional reasons for not meeting PECO (includes supplemental): Not primary research (e.g., reviews, reports, commentaries,
policy documents), meeting abstract, no abstract, methodology paper, nonessential article in a foreign language (e.g., after
review of title and abstract, if available, or consultation with native speaker).

bDermal irritant effects result from direct dermal, not inhalation, exposure, and thus were excluded.

From the 979 studies identified by the searches, 58 studies identified through 2016 met
PECO criteria; 38 were observational epidemiology studies and 20 were controlled exposure
studies in human volunteers. Five additional studies from the 2021 SEM met PECO criteria; one
study was deemed to be possibly impactful but already had been identified and incorporated by
2017. Thus, zero (0) additional studies from the SEM update were included for the sensory
irritation review (see Appendix B.2.2 for details).

Overall, 58 human studies on sensory irritation were evaluated (see Section 2.3.2) for

consideration in the Toxicological Review.

2.2.3. Pulmonary Function PECO Criteria and Search Summary

The pulmonary function review focused on standard quantitative measures of pulmonary
function including spirometric measures, FEVy, FVC, and FEF;5-75, as well as PEF measured using a
flowmeter. Studies that evaluated both short-term as well as long-term exposure to formaldehyde
were included. Observational studies of human populations evaluated exposures in residential
communities, school classrooms and university lab courses, and industrial and other workplace
settings. Controlled human exposure studies, which exposed subjects for minutes or hours, also
were included. Although corresponding quantitative pulmonary function measures can be
measured in animals, given the availability of well-conducted human studies and the challenges
with conducting (e.g., due to the small size of rodent airways) and interpreting (e.g., the more

precise and reliable measures require more invasive techniques) these endpoints (Bates and Irvin,

2003), as well as the sparsity of such studies with formaldehyde (based on prior reviews),
systematic searches for studies of pulmonary function in experimental animals were not conducted.
The mechanistic evidence informing this health effect was identified and evaluated as part of the
overarching review of mechanistic data relevant to potential respiratory health effects (see
Appendix B.2.6, B.3.6 and C.7 for details). The PECO category inclusion and exclusion criteria used
in the screening step are described in Table 2-5. The bibliographic databases, search terms, and
specific strategies used to search them, as well as literature flow diagrams and other screening

documentation, are provided in Appendix B.2.3.
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Table 2-5. PECO inclusion and exclusion criteria for studies of pulmonary
function in humans

PECO Category Included Excluded?®
Population
pulati e Human e Animals
E
xposure e |Indoor exposure via inhalation to o No formaldehyde specific analyses

f Idehyd
ormaldehyde e Job title/industry-based analysis

e Measurements of formaldehyde

Lo . e Dermal

concentration in air, or exposure during

dissection or embalming e Qutdoor exposure
Comparison . .

e Evaluated risk in relation to exposure e Case reports
based on level, duration, or other . . . L
e Surveillance analysis /lliness investigation
parameter. ;
(no comparison)

Outcome

e Reported measure of FVC, FEV, FEF or e Pulmonary function among asthmatic

PEF based on spirometry or flowmeter subjects in controlled human exposure
studies (there were evaluated in the section
on other respiratory conditions including
asthma

e Exposure studies/no outcome evaluated

e Studies of other outcomes

aAdditional reasons for not meeting PECO (includes supplemental): Not primary research (e.g., reviews, reports, commentaries,
policy documents), meeting abstract, no abstract, methodology paper, nonessential article in a foreign language (e.g., after
review of title and abstract, if available, or consultation with native speaker).

From the 353 studies identified by the searches, 53 studies identified through 2016 met
PECO criteria; 42 were observational epidemiology studies and 11 were controlled exposure
studies in human volunteers. Five additional studies from the 2021 SEM met PECO criteria; one
study was deemed to be possibly impactful but already had been identified and incorporated by
2017. Thus, zero (0) additional studies from the SEM update were included for the pulmonary
function review (see Appendix B.2.3 for details).

Overall, 53 human studies on pulmonary function were evaluated (see Section 2.3.3) for

consideration in the Toxicological Review.

2.2.4. Immune-Mediated Conditions (Focusing on Allergies and Asthma) PECO Criteria and
Search Summary

The immune-mediated conditions review focused on hypersensitivity (allergy) and on
asthma, reflecting the question of whether formaldehyde exposure influences the sensitization
response to respiratory allergens; these are well-developed areas of research with respect to

immune-related effects of inhalation exposure to formaldehyde. This included the identification of
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studies of specific health outcomes and particular exposure scenarios in studies of exposed humans
(Appendix B.2.4) and relevant mechanistic data identified and evaluated as part of the overarching
review of mechanistic data relevant to potential respiratory health effects, the latter of which
included studies on hypersensitivity in animals (see Appendix B.2.6, B.3.6 and C.7 for details).

For the human health effect studies, several exposure settings and scenarios were included
that encompassed different exposure durations and time windows. These included controlled
human exposure studies among asthmatics, residential and school settings, as well as occupational
studies. Controlled human exposure studies of pulmonary function change among asthmatic
volunteers, including two studies that assessed whether formaldehyde exposure changed the
response to an allergen challenge, are summarized in this section, but their results are most
informative to the pulmonary function outcome and are included in the integration of evidence in
that section (see Section 3.2.2). Specific types of outcome measures within the category of allergic
conditions include questionnaire-based ascertainment of history of rhinitis, rhinoconjunctivitis, hay
fever, pet allergy, eczema, or dermatitis; physician documentation of a specific diagnosis
(e.g., atopic dermatitis); and allergic sensitization based on skin prick tests. Allergic conditions were
grouped by site (nose, eyes, skin). Eczema is not a contact allergy but can be triggered by reactions
to respiratory and other types of allergens (as well as by other factors). Unlike eczema, which can
be triggered by reactions to respiratory and other types of allergens (as well as other factors), food
allergies do not result from exposure to respiratory allergens or other inhaled substances. Because
this assessment focuses on inhalation exposures only, food allergies are excluded from the
literature search strategy. Measures of asthma include questionnaire-based ascertainment of
prevalence of current asthma (e.g., within past 12 months), incidence of asthma, and measures of
asthma control (based on symptom frequency and medication use in the past 2-4 weeks). EPA
considered “ever had asthma” to be of limited use in this review, as the formaldehyde measures
available do not reflect cumulative exposures that could be related to cumulative risk, and thus EPA
did not include studies limited to “ever had asthma.”

In addition, separate from asthma, EPA also considered studies of wheeze episodes, with or
without lower respiratory infection, in infants and young children (< 3 years). The studies of
wheezing episodes in infants were not classified as studies of asthma per se but could be indicatives
of respiratory effects with implications for subsequent risk. These studies were evaluated as a
separate health endpoint.

Given the frequency and general transiency of upper respiratory infections such as the
common cold in human populations (which may complicate epidemiological evaluations), as well as
their generally benign nature, this endpoint is not discussed in detail in this assessment, although
several studies on this topic were identified and evaluated in the wider context of potential
mechanisms for respiratory health hazards (see Appendix B.2.6, B.3.6 and C.7).

One potential mechanism for inducing hypersensitivity is the potential to elicit a

formaldehyde-specific antibody response, specifically IgE. The presence of formaldehyde-specific
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IgE in workers occupationally exposed to formaldehyde was described in case reports (Vandenplas
etal., 2004; Kim et al., 2001), but larger studies in exposed populations or in asthma patients

indicate this is a relatively uncommon occurrence, seen in no or only a few individuals (Wantke et
al., 1996b; Thrasher et al., 1990; Krakowiak et al., 1998; Hisamitsu et al., 2011; Grammer et al.

1990; Doi et al., 2003). Formaldehyde-specific IgE was not included as an outcome for analysis in

this section. However, a broader consideration of antibody responses following formaldehyde
exposure is considered in the mechanistic evaluation of potential respiratory effects (see
Appendix B.2.6, B.3.6 and C.7).

Based on the ultimate conclusion that the toxicity studies in animals were most
appropriately reviewed as mechanistic information (see explanation in Section 3.2.3 of the
Toxicological Review), the experimental studies identified as a result of this literature search are
evaluated and described as mechanistic studies related to noncancer respiratory health effects (see
Appendix B.2.6, B.3.6 and C.7). As noted previously, this search for animal hypersensitivity studies
was not conducted for the 2021 SEM. In regard to the experimental studies identified by this
literature search, particular emphasis was placed on the identification of studies examining the

following endpoints:

e Airway inflammatory responses to sensitizing antigens, such as bronchoconstriction and
airway hyperresponsiveness. (Studies describing the development of immunological or
allergy animal models were not included, however.)

e Biomarkers relating to potential mechanisms in animal toxicology studies, such as
eosinophil infiltration, immunoglobulins (e.g., total, or anti-allergen specific IgE or IgG), and
cytokines pertinent to hypersensitivity responses, and neurogenic mechanisms of airway
inflammation.

PECO category inclusion and exclusion criteria for selection of studies are summarized in
Table 2-6 and Table 2-7, respectively, for human and experimental animal studies. The
bibliographic databases, search terms, and specific strategies used to search them, as well as

literature flow diagrams and other screening documentation, are provided in Appendix B.2.4.

Table 2-6. PECO inclusion and exclusion criteria for studies of allergy and
asthma studies in humans

PECO Category Included Excluded?®

Population

e Human Animals

Exposure
P e Indoor exposure via inhalation to | e Not formaldehyde

formaldehyde

Outdoor formaldehyde exposure
e Measurements of formaldehyde
concentration in air

Dental-related exposures or cosmetic and other dermal-
related exposures
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PECO Category Included Excluded?

e Exposure via dialysis

e Formaldehyde as fixative

Comparison L . ; ;
P e Evaluate risk in relation to e Case reports (selected references used for illustration)
exposure based on level, .
) Limited exposure range
duration, or other parameter.
Outcome

e Allergy symptoms® e Sick building syndrome, sick building symptoms,

chemical sensitivity studies
o Skin prick tests y

. . . e Contact dermatitis, eczema, or urticaria in studies of
¢ Incidence of specific allergies . o c
worker populations with likely dermal exposure

a

* Prevalence of current asthma e Formaldehyde-specific antibodies (FA-Ig)

¢ Incidence of asthma L L
e Pulmonary function in controlled exposure studies in

e Asthma control or severity people without asthma [these studies are included in

) Section A.5.3. Pulmonary Function]
e Wheezing symptoms and other

lower respiratory tract conditions | ® Lifetime prevalence of asthma (“Ever had asthma” or
in infants and children < 5 years. “ever had wheezing episode”)

e Controlled exposure pulmonary
function studies in people with
asthma

aAdditional reasons for not meeting PECO (includes supplemental): Not primary research (e.g., reviews, reports, commentaries,
policy documents), meeting abstract, no abstract, methodology paper, nonessential article in a foreign language (e.g., after
review of title and abstract, if available, or consultation with native speaker).

bBased on the methods used in the American Thoracic Society questionnaire (Ferris, 1978) or subsequent instruments that built
upon this work, such as the International Study of Arthritis and Allergies in Children (ISAAC) and European Community
Respiratory Health Survey (ECHRS) questionnaires.

¢ Contact dermatitis is a well-established effect from dermal exposure and the effects of dermal exposure are not a focus of this
review; thus, studies of contact dermatitis from dermal exposures are excluded.

Table 2-7. PECO inclusion and exclusion criteria for studies of hypersensitivity
in experimental animals

PECO
Category Included Excluded?®
Population
P e Mammals (rodents, rabbits, e Humans
nonhuman primates, pigs, o N lian Speci
dogs, and sheep have been on-mammatian species
used in hypersensitivity
studies)
Exposure
P e |nhalation route, o Not formaldehyde
formaldehyde
Y e Oral or dermal exposure protocol
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PECO
Category Included Excluded?
e In vitro exposure
Comparison
e One or more exposure group e No control group
compared to control
Outcome . . - .
e Bronchoconstriction or airway | e General chronic bioassay measures (e.g., organ weight,
hyperresponsiveness tumor incidence)
measures

e Host resistance assays.
e Total or anti-allergen-specific

IgE or IgG ¢ Antibody responses not involving respiratory sensitizers

(e.g., sheep red blood cells, tetanus toxoid)

e Eosinophil infiltration in lung L
e Dermal sensitization measures

e Th2 cytokines (e.g., IL-4, IL-5 . . . . o
¥ (e:8 ) e |n vitro studies, measures of inflammation and irritation

(e.g., TNF-a, ROS), and formaldehyde-specific antibody
studies were identified using a more specific search string
in Section A.5.6.

aAdditional reasons for not meeting PECO (includes supplemental): Not primary research (e.g., reviews, reports, commentaries,
policy documents), meeting abstract, no abstract, methodology paper, nonessential article in a foreign language (e.g., after
review of title and abstract, if available, or consultation with native speaker).

From the 6,204 studies identified by the searches, 36 studies identified through 2016 met
PECO criteria; 27 were observational epidemiology studies and 9 were controlled exposure studies
in human volunteers. Sixteen additional studies from the 2021 SEM met PECO criteria; 11 studies
were deemed to be possibly impactful and thus were included in the allergy and asthma review (see
Appendix B.2.4 for details).

Overall, 47 human studies were evaluated (see Section 2.3.4) for consideration in the
Toxicological Review.

An additional 16 mechanistic studies in exposed animals were identified and considered as

part of the literature on mechanisms related to noncancer respiratory effects; see Section 2.2.6).

2.2.5. Respiratory Tract Pathology PECO Criteria and Search Summary

The respiratory tract pathology review focused on histopathological endpoints and signs of
pathology in nasal and respiratory tissues. Reports from observational epidemiology studies of
effects in more distal respiratory tissues in humans are not common in the literature since

measurements of those endpoints are highly invasive; thus, these endpoints were not a focus of the

2-18



IRIS Toxicological Review of Formaldehyde (Inhalation)

human evidence synthesis.4 Similarly, although included in the search strings to ensure capture of
all potentially relevant studies, signs such as changes in mucous flow rate and rhinitis were tracked
as supplemental and included in the discussion of mechanisms of respiratory inflammation and
immune system-related responses rather than as an outcome included in the human or animal
respiratory tract pathology evidence syntheses.

Systematic literature searches were conducted separately to identify health effect studies in
humans and in experimental animals. The focus of the searches was on primary studies involving
subchronic or chronic exposure durations using measurements of formaldehyde in workplace air
and histopathological endpoints in nasal tissue in humans and measures of respiratory pathology in
animal species, primarily rodents and nonhuman primates. The mechanistic evidence informing
this health effect was identified and evaluated as part of the overarching review of mechanistic data
relevant to potential respiratory health effects (see Appendix B.2.6, B.3.6, and C.7 for details). PECO
category inclusion and exclusion criteria used in the screening step are described in Table 2-8 for
humans, and 2-9 for animals. The bibliographic databases, search terms, and specific strategies
used to search them, as well as literature flow diagrams and other screening documentation, are

provided in Appendix B.2.5.

Table 2-8. PECO inclusion and exclusion criteria for studies of respiratory
pathology in humans

PECO
Category Included Excluded?®
Population
P e Humans e Animals
Exposure
P e Indoor exposure via inhalation | e Not about formaldehyde
to formaldehyde
y e Not inhalation (e.g., dermal exposure)
e Measurements of
formaldehyde concentration
in air
Comparison
P e Evaluated risk in relation to e Case reports
variation in exposure based on e Surveillance analysis/Iliness investigation (no comparison)
level, duration, or other Y & P
parameter
Outcome
e Histopathology and signs of e Other health endpoints
athology in nasal tissues
P &Y e Nasal symptoms (e.g., rhinitis; mucous flow rate); studies
of these outcomes were considered as part of the immune-

4Bronchoalveolar lavage (BAL) is a less invasive procedure to evaluate pathology in the lungs. Studies that reported
endpoints of injury using BAL were identified and are discussed in the section on mechanisms related to
inflammation and immune responses (Section 2.2.6).
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PECO
Category Included Excluded?

mediated conditions or MOA analyses (see Sections 2.2.4
and 2.2.6, respectively)

e Not a health study

e Exposure studies/no outcomes evaluated

aAdditional reasons for not meeting PECO (includes supplemental): Not primary research (e.g., reviews, reports, commentaries,
policy documents), meeting abstract, no abstract, methodology paper, nonessential article in a foreign language (e.g., after
review of title and abstract, if available, or consultation with native speaker).

Table 2-9. PECO inclusion and exclusion criteria for studies of respiratory
pathology in animals

PECO
Category Included Excluded?®
Population . .
e Experimental animals e Humans
(rodents, nonhuman . . . .
. e nonmammalian species (note: nonmammalian species
primates, etc.) . . .
tagged to the respiratory mechanistic search for this
effect)
Exposure
P e |nhalation exposure, o Not formaldehyde (or formaldehyde exposure not
formaldehyde or test article quantified)
generating formaldehyde . .
e Dermal or oral exposure or other noninhalation exposure
e Endogenous properties
Comparison
e One or more exposure group e No control group
compared to control
Outcome
e Respiratory tract pathology e Assessment of formaldehyde exposure
e MOA for pathology (note: e Chemical properties
these are evaluated and .
. . . e Formaldehyde use in methodology or treatment
discussed in the overarching
MOA section; see e Not related to respiratory tract pathology
Appendix B.2.6, B.3.6 and
C.7)

2Additional reasons for not meeting PECO (includes supplemental): Not primary research (e.g., reviews, reports, commentaries,
policy documents), meeting abstract, no abstract, methodology paper, nonessential article in a foreign language (e.g., after
review of title and abstract, if available, or consultation with native speaker).

From the 1,598 human studies and 2,049 animal studies identified by the searches, 12
human (observational epidemiology) and 41 animal studies identified through 2016 met PECO
criteria. One additional human and 10 animal studies from the 2021 SEM met PECO criteria but was
not considered to be potentially impactful; one of the animal studies was deemed to be possibly

impactful but had already been identified and incorporated by 2017. Thus zero (0) additional
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studies form the SEM update were included for the respiratory pathology review (see Appendix
B.2.5 for details).

Overall, 53 studies (12 human studies, 41 animal studies) were evaluated (see Section 2.3.5)
for consideration in the Toxicological Review.

An additional 35 studies potentially related to the MOA for respiratory tract pathology and
other respiratory effects, including studies of cell proliferation and mucociliary function, were
considered as part of the literature on mechanisms related to noncancer respiratory effects (see
Section 2.2.6).

2.2.6. PECO Criteria and Search Summary for Mechanistic Information Related to
Noncancer Respiratory Effects, including Inflammation and Immune Changes

This review of mechanistic information related to noncancer respiratory system effects
included a specific focus on studies relevant to potential inflammation- and immune-related
changes. This effort was undertaken to identify mechanistic information related to changes in the
respiratory tract, blood, and lymphoid tissues that might not have been captured by health effect-
specific systematic searches, including studies of cell proliferation and mucociliary function (note:
this gap-filling search strategy was initiated in 2014). Given the breadth of this topic, this section
uses a hierarchical approach to screen, sort, and distill information from over 10,000 references
identified across multiple searches. Thus, additional steps were taken to focus this analysis on the
most influential information. In addition to criteria identifying studies as relevant to assessing
potential respiratory system changes, studies that failed to report a specific estimate of
formaldehyde exposure (e.g., concentration, duration) were not considered. Nonmammalian
models and tissue systems other than those that might be related to formaldehyde-induced
respiratory effects (i.e., other than studies of the respiratory tract, or circulatory or immune-related
effects) were excluded. Also, studies of in vitro exposure to formaldehyde in solution and of
exposure routes other than inhalation, which may inform mechanistic understanding, were initially
kept for possible further review or qualitative support of POE-related findings. However, given the
large number of studies reporting results from inhalation exposure in vivo or gaseous exposure of
airway cells, and considering the uncertainties associated with the toxicokinetics of noninhalation
exposures, these comparably far less influential mechanistic data were ultimately not included in
the final analysis described herein. PECO category inclusion and exclusion criteria used in the
screening step are described in Table 2-10. The bibliographic databases, search terms, and specific
strategies used to search them, as well as literature flow diagrams and other screening

documentation, are provided in Appendix B.2.6.
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Table 2-10. PECO inclusion and exclusion criteria for mechanistic information
relevant to noncancer respiratory effects, including inflammation and
immune changes

PECO
Category Included Excluded?®
Population , , . . . . :
e Experimental animals o Irrelevant species or matrix, including nonanimal species
(e.g., bacteria) and studies of inorganic products
e Humans
Exposure
P e Quantified (e.g., levels; o Not specific to formaldehyde (e.g., other chemicals)
duration) exposure to
) exp - . o No specific comparison to formaldehyde exposure alone
formaldehyde in indoor air . T
(e.g., formaldehyde levels, duration, or similar in a study
of exposure to a mixture)—NOTE: full text screening only
e Nonrelevant exposure paradigm (e.g., use as a pain
inducer in nociception studies)
e Qutdoor air exposure
Comparison
P ¢ Inclusion of a comparison e Case reports (selected references used for illustration)
group (e.g., pre- or
postexposure; no exposure;
lower formaldehyde exposure
level)
Outcome
e Examining mechanistic e Not relevant endpoints for section, including
endpoints relevant to carcinogenicity studies and endpoints related to contact
interpretations of potential dermatitis
respiratory health effects
P y e Exposure or dosimetry studies
e Use of formaldehyde in methods (e.g., for fixation)
e Processes related to endogenous formaldehyde
e Related to hazard endpoints only (including genotoxicity;
see those hazard sections)—NOTE: full text screening only

aAdditional reasons for not meeting PECO (includes supplemental): Not primary research (e.g., reviews, reports, commentaries,
policy documents), meeting abstract, no abstract, methodology paper, nonessential article in a foreign language (e.g., after
review of title and abstract, if available, or consultation with native speaker).
From the 9,824 studies identified by the searches, 140 studies identified through 2016 met
PECO criteria; 56 additional studies from the 2021 SEM met PECO criteria. Of these newer studies, 8
were deemed to be possibly impactful and thus were included in the inflammation and immune-
mediated mechanisms review (see Appendix B.2.6 for details).
Overall, 148 studies related to potential mechanisms informing noncancer respiratory

effects were evaluated (see Section 2.3.6) for consideration in the Toxicological Review.
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2.2.7. Nervous System Effects PECO Criteria and Search Summary for Nervous System
Effects

The review of potential nervous system effects focused on inhalation exposure studies in
humans or animals that examined objective, apical effects on the nervous system, including
structural, behavioral, chemical, and electrophysiological changes, as well as mechanistic studies
informing potential biological associations between formaldehyde exposure and nervous system
effects. Human (observational epidemiology or controlled exposure) studies of neurobehavioral
tests or specific neurological diseases were included.

Studies of symptoms that may be associated with nervous system effects (e.g., headache,
fatigue) were excluded. These endpoints are highly subjective as compared to the other available
data as these measures were primarily based on self-administered questionnaires that varied in
type and specificity and were often conducted due to complaints about symptoms attributed to
chemicals in the air. In addition, the symptoms were not rated by severity, were typically grouped
with non-nervous system-specific complaints (e.g., related to irritation, such as dry eyes) and at
best can only be indirectly related to specific nervous system perturbations. Thus, more objective,
and direct nervous system measures were prioritized for review.

In vivo inhalation animal exposure studies were included, but in vitro studies and studies of
other exposure routes (e.g., oral, injection), including a multitude of studies using formaldehyde
exposure (typically hind paw or forepaw injections) as a model to study nociceptive (pain)
behaviors in rodents, were not included. These experiments are considered unlikely to reproduce
or reflect (for in vitro studies) the distribution of formaldehyde and its metabolites following
inhalation exposures (see Section 3.1) and most are confounded by methanol in the aqueous
formaldehyde formulations, reducing the ability of these experiments to attribute any observed
effects to formaldehyde. Unlike formaldehyde, methanol, a known neurotoxicant, is transported in
the blood to nervous system tissues. In addition, studies examining nervous system effects
(e.g., memory loss; neurodegeneration) associated with increases in endogenous formaldehyde
levels in the brain were identified by the literature search but excluded because formaldehyde
inhalation does not appear to cause appreciable changes in formaldehyde levels in nonrespiratory
tissues and no hypothesis currently exists to explain how inhaled formaldehyde would affect
endogenous formaldehyde levels in the CNSs.

PECO category inclusion and exclusion criteria used in the screening step are described in
Table 2-11 for humans, and Table 2-12 for animals. The bibliographic databases, search terms, and
specific strategies used to search them, as well as literature flow diagrams and other screening

documentation, are provided in Appendix B.2.7.

5Studies suggesting that health effects might result from reduced function of enzymes responsible for clearing
formaldehyde from relevant tissues (e.g., downregulated ALDH2 in the brain (Tan et al., 2018; Ai L, 2019)),
highlight an area of interest for future studies on potential susceptibility to inhaled formaldehyde.
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Table 2-11. PECO inclusion and exclusion criteria for studies of nervous
system effects in humans

PECO
Category Included Excluded?®
Population
P e Humans e Animals
Exposure
P o Indoor exposure via inhalation | e No formaldehyde specific analyses
to formaldehyde . .
¥ e Job title/industry-based analysis
e Measurements of Dermal
[ )
formaldehyde concentration in
air, or exposure during e Outdoor exposure
dissection or embalming
Comparison
P o Evaluated risk in relation to e Case reports
exposure based on level, Surveillance analysis /lliness investigation (no comparison)
[ )
duration, or other parameter y & P
Outcome
o Objective measures of nervous | e Subjective symptoms, including headache, fatigue, etc.
system effects, including
behavior
e Nervous system disease

aAdditional reasons for not meeting PECO (includes supplemental): Not primary research (e.g., reviews, reports, commentaries,
policy documents), meeting abstract, no abstract, methodology paper, nonessential article in a foreign language (e.g., after
review of title and abstract, if available, or consultation with native speaker).

Table 2-12. PECO inclusion and exclusion criteria for studies of nervous
system effects in animals

PECO
Category Included Excluded?®
Population . . . . . .
e Experimental animals o Nonmammalian and nonanimal species (e.g., bacteria),
and studies of inorganic products
Exposure

e Quantified (e.g., levels; o Not specific to formaldehyde (e.g., other chemicals)
duration) exposure to inhaled

formaldehyde in indoor air e Nonrelevant exposure paradigm (e.g., use as a pain

inducer in nociception studies)

e |n vitro or non-inhalation studies (note: these studies
were initially screened as included prior to 2017 but were
ultimately concluded not to inform hazard or dose-
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PECO
Category Included Excluded?
response decisions for this outcome based on
toxicokinetic understanding and were later excluded)
Comparison
e One or more exposure group e No control group
compared to control
P e Comparisons to (endogenous) formaldehyde measures in
CNS tissues
Outcome — . . .
o Nervous system effects that e Subjective symptoms, including headache, fatigue, etc.
could indicate a hazard (e.g.,
. . o Effects other than noncancer nervous system effects
behavioral, chemical,
structural, or physiological) e Exposure or dosimetry studies
e Mechanistic studies examining | e Use of formaldehyde in methods* (e.g., for fixation)
aspects of nervous system
function e Processes related to endogenous formaldehyde

aAdditional reasons for not meeting PECO (includes supplemental): Not primary research (e.g., reviews, reports, commentaries,
policy documents), meeting abstract, no abstract, methodology paper, nonessential article in a foreign language (e.g., after
review of title and abstract, if available, or consultation with native speaker).

From the 9,435 studies identified by the searches, 147 studies identified through 2016 met
PECO criteria. Based on the toxicokinetics conclusions, the 47 in vitro and non-inhalation exposure
studies on this health outcome were ultimately excluded from consideration, leaving 100 included
studies; 40 were observational studies in humans, 42 were animal health effects studies and 18
were animal inhalation studies specifically informing potential mechanisms. Fourteen additional
studies from the 2021 SEM met PECO criteria; of these 14 studies, two human studies were deemed
to be possibly impactful, but one had already been identified and incorporated by 2017. Thus, one
additional study from the SEM update was included for the nervous system effects review (see
Appendix B.2.7 for details).

Overall, 101 studies (41 human studies, 42 experimental animal studies, and 18 mechanistic

studies) were evaluated (see Section 2.3.7) for consideration in the Toxicological Review.

2.2.8. Developmental and Reproductive Toxicity PECO Criteria and Search Summary

The developmental and reproductive toxicity review of the available human evidence
focused on studies of inhalation exposure and time-to-pregnancy (TTP) as a measure of
fecundability,6 reproductive parameters in males (e.g., semen parameters), spontaneous abortion,
and birth outcomes (e.g., birthweight, malformations). Outcomes assessed in animal toxicology
studies included developmental toxicity (prenatal survival, fetal and postnatal growth, and

structural alterations and malformations), male reproductive toxicity (sperm count and

A couple’s probability of conception in one menstrual cycle.
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morphology, testes and epididymal weight and histopathology, and functional measures), and
female reproductive toxicity (hormone levels, ovarian and uterine weight and histopathology, and
early embryo loss). Functional developmental outcomes (i.e., developmental neurotoxicity) were
addressed in the sections on potential nervous system effects. The considerations related to non-
inhalation exposure paradigms (including in vitro exposure) and measurements of (endogenous)
formaldehyde in systemic tissues relevant to reproduction and development were the same as
those applied for potential nervous system effects (see Section 2.2.7).

PECO category inclusion and exclusion criteria used in the screening step are described in
Table 2-13 and Table 2-14, respectively, for human and animal studies. The bibliographic
databases, search terms, and specific strategies used to search them, as well as literature flow

diagrams and other screening documentation, are provided in Appendix B.2.8.

Table 2-13. PECO inclusion and exclusion criteria for studies of reproductive
and developmental effects in humans

PECO Included Excluded?®
Category
Population .
e Humans e Animals
Exposure
P o Indoor exposure via inhalation to formaldehyde e Not formaldehyde

e Measurements of formaldehyde concentration in air | e Outdoor formaldehyde exposure

e Formaldehyde-specific assessments in studies with e Mixtures or industry/job title
exposure defined by occupation (wood workers, analyses

nurses, pathologists, cosmetologists) « Not inhalation

Comparison

e Evaluated risk in relation to variation in exposure e Case reports
based on level, duration, or other parameter
Outcome . .. :
e Reproductive toxicity (sperm measures) e Exposure studies/no outcomes
evaluated

e Time-to-pregnancy (fecundity)
e Sontan bortion e Other health outcomes not related
pontaneous abortio to reproduction or development

e Birth outcomes

aAdditional reasons for not meeting PECO (includes supplemental): Not primary research (e.g., reviews, reports, commentaries,
policy documents), meeting abstract, no abstract, methodology paper, nonessential article in a foreign language (e.g., after
review of title and abstract, if available, or consultation with native speaker).
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Table 2-14. PECO inclusion and exclusion criteria for studies of reproductive
and developmental effects in animals

PECO
Category Included Excluded?
Population Experimental animals Humans
Nonmammalian test species or test Irrelevant species (i.e., non-mammalian
paradigms that are relevant for evaluation species, although established models of
of developmental or reproductive hazard reproduction and development, such as
chick embryo assays, tagged as potentially
relevant supplemental information) or test
paradigms
Exposure Inhalation route, formaldehyde Not formaldehyde
Noninhalation routes of exposure
Mixture studies
Ecological studies
Comparison Inclusion of a comparison group (e.g., pre- No comparison group
or postexposure, no exposure, vehicle Comparison to (endogenous) formaldehyde
exposure, lower formaldehyde exposure measures in systemic tissues relevant to
level) reproduction (e.g., testes)
Outcome Pre- and postnatal offspring biomarkers of: No health outcomes evaluated

o Survival (e.g., resorptions, death)

o Growth (e.g., body weight)

o Structural anomalies (e.g., external,
skeletal, or soft tissue malformations or
variations)

o Functional deficits

e Adult biomarkers of reproductive toxicity,

including:

o Gonadotropic hormone measures

o Reproductive organ weight

o Reproductive organ macro- and
microscopic pathology

o Sperm measures (count, motility,
morphology)

o Reproductive function (e.g., mating,
fertility, parturition, gestation, lactation)

o Mechanistic data relevant to
developmental or reproductive
outcomes

Health outcomes not related to
developmental or reproductive toxicity
Mechanistic data irrelevant to
developmental or reproductive outcomes

aAdditional reasons for not meeting PECO (includes supplemental): Not primary research (e.g., reviews, reports, commentaries,
policy documents), meeting abstract, no abstract, methodology paper, nonessential article in a foreign language (e.g., after
review of title and abstract, if available, or consultation with native speaker).

From the 11,037 studies identified by the searches, 55 studies identified through 2016 met

PECO criteria; 20 were observational studies in humans, and 35 were animal inhalation studies.

Nine additional studies from the 2021 SEM met PECO criteria; four human and one animal study
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were deemed to be possibly impactful. One of these human studies already had been identified and
incorporated by 2017 and thus only four additional studies (three in humans and one in animals)
from the SEM update were included for the developmental and reproductive toxicity review (see
Appendix B.2.8 for details).

Overall, 59 studies (23 human studies and 36 experimental animal studies) were evaluated

(see Section 2.3.8) for consideration in the Toxicological Review.

2.2.9. Carcinogenicity PECO Criteria and Search Summary

Systematic identification and evaluation of the literature database on studies examining the
potential for carcinogenicity following formaldehyde exposure was performed separately for the
following: (1) human studies of respiratory tract, lymphohematopoietic, or other cancers (including
brain, lung, pancreatic, etc.); (2) experimental animal studies of respiratory tract (e.g., nasal)
cancers; and (3) experimental animal studies of LHP cancers. Separate descriptions for the human
and animal searches are provided below. PECO category inclusion and exclusion criteria used in the
screening step for human studies, animal studies of respiratory tract cancer, and animal studies of
LHP cancer are described in Tables 2-15, 2-16, and 2-17, respectively. The bibliographic databases,
search terms, and specific strategies used to search them, as well as literature flow diagrams and

other screening documentation, are provided in Appendix B.2.9.

Cancer Studies in Humans

Multiple review articles and meta-analyses have examined the epidemiologic evidence
informing potential associations between formaldehyde and cancer endpoints (Zhang et al., 2009;
Ojajarvi et al., 2000; Collins et al., 1997; Collins et al., 2001; Collins and Lineker, 2004; Bosetti et al.,
2008; Blair et al., 1990; Bachand et al., 2010). The vast majority of studies focused on cancers of the

upper respiratory tract (URT) and LHP system. Other cancer endpoints reported in the literature

include cancers of the bladder, brain, colon, lung, pancreas, prostate, and skin. However, aside from
cancer of the brain and lung, few studies showed any evidence of increased risks. Given the large
number of studies available on URT and LHP cancers, the other endpoints were not included in the
hazard evaluation. As numerous studies reported data on cancers of the brain or lung, a summary
of the available studies for each of these endpoints is provided in Appendix C.8.1 for information;
however, a limited review of the available studies did not suggest any consistent association with
formaldehyde exposure and, as such, these endpoints were also not formally reviewed.

For the hazard evaluation, the URT cancer endpoints were restricted to specific cancers (i.e.,
nasopharyngeal cancer, sinonasal cancer, cancers of the oro- and hypopharynx, and laryngeal
cancer). The occurrences of URT cancers in humans have been described and grouped according to
the International Classification of Disease (ICD) coding rubrics. Rarely, cancers of the buccal cavity
as a whole are reported, but as this grouping includes lip, tongue, salivary glands, gums, and the
floor of the mouth, which combine cancers of potentially different etiology and cell origin, the

collection of cancers of the buccal cavity are not reviewed here. The specific LHP cancers that were
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formally reviewed were Hodgkin lymphoma, multiple myeloma, myeloid leukemia, lymphatic
leukemia. Non-Hodgkin lymphoma is a nonspecific grouping of dozens of different lymphomas and
classification systems for specific subtypes have changed over time, complicating the synthesis of
study results for this cancer type. If formaldehyde is associated with particular non-Hodgkin
lymphoma subtypes, then these studies might be not sensitive enough to detect an association. As
review articles and an initial review of the available literature did not suggest an association
between formaldehyde exposure and non-Hodgkin lymphoma, this endpoint was not formally

reviewed.

Table 2-15. PECO inclusion and exclusion criteria for evaluation of studies of
cancer in humans

PECO Category Included Excluded?®
Population e Human e Animals
Exposure e Exposure assessment for ¢ Not formaldehyde
formaldehyde e QOutdoor formaldehyde exposure

e Industries or occupations
known to involve exposure
to formaldehyde

Comparison e Evaluated risk in relation to | e Case reports
variation in exposure based
on level, duration, or other

parameters
Outcome e Nasopharyngeal cancer e Bladder, colon, pancreas, prostate, and skin
e Sinonasal cancer e Brain and lung cancer studies were initially included but
e Cancers of the oro- and were subsequently excluded from the systematic review
hypopharynx (tracked as supplemental)
e laryngeal e “Buccal cavity”
e Specific e Non-Hodgkin lymphoma

lymphohematopoietic
cancers (i.e., Hodgkin
lymphoma, multiple
myeloma, myeloid
leukemia, lymphatic
leukemia

aAdditional reasons for not meeting PECO (includes supplemental): Not primary research (e.g., reviews, reports, commentaries,
policy documents, secondary analyses), meeting abstract, no abstract, methodology paper, nonessential article in a foreign
language (e.g., after review of title and abstract, if available, or consultation with native speaker). Note that some cancer
studies were initially categorized as meeting PECO before it was understood that some of those represented additional follow-
ups of cohort studies of secondary analyses.

bFor cohort studies with more than one follow-up paper, earlier studies without unique data are tracked as ‘Met PECO’, but
only the most recent follow up was included in the evidence syntheses.

From the 2,551 human cancer studies identified by the searches, 63 studies identified
through 2016 met PECO criteria. Six additional studies from the 2021 SEM met PECO criteria; three
were deemed to be possibly impactful. One of these human studies already had been identified and
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incorporated by 2017 and the other two studies were reanalysis of studies in the assessment prior
to 2017; the two new reanalyses were included in the review of human cancer studies (see
Appendix B.2.9 for details).

Overall, 67 human studies were evaluated (see Section 2.3.9) for consideration in the

Toxicological Review.

Cancer Studies in Animals

Similar to the evidence in humans described above, the animal evidence for cancers other
than those of the respiratory tract and the LHP system were not systematically identified or
reviewed; rather, any such observations (e.g., if identified through other, health effect-specific
searches) are summarily described but not considered in hazard identification or dose-response
analyses. The considerations related to non-inhalation exposure paradigms (including in vitro
exposure) and measurements of (endogenous) formaldehyde in systemic tissues relevant to LHP
cancers were the same as those applied for potential nervous system effects (see Section 2.2.7) and
reproductive or developmental effects (see Section 2.2.8). The cancer evidence included from

animal experiments included both precancerous lesions (i.e., dysplasia) and neoplasms (tumors).

Table 2-16. PECO inclusion and exclusion criteria for studies of respiratory
tract cancers in animals

Included Excluded
Population e Experimental mammals e Nonmammalian species and other test paradigms
Exposure e Exposure to formaldehyde for | e Not related to formaldehyde (e.g., other chemicals)
an exposure duration longer e Mixture studies
than short term e Short study duration
Comparison e Inclusion of a comparison e No comparison group

group (e.g., pre- or
postexposure, no exposure,
vehicle exposure, lower
formaldehyde exposure level)

Outcome e Endpoint evaluation included | e Exposure or dosimetry studies
nasal cancers or other e Related to formaldehyde use in methodology
respiratory tract cancers, and | e Endpoint not respiratory tract cancer
dysplasia

aAdditional reasons for not meeting PECO (includes supplemental): Not primary research (e.g., reviews, reports, commentaries,
policy documents), meeting abstract, no abstract, methodology paper, nonessential article in a foreign language (e.g., after
review of title and abstract, if available, or consultation with native speaker).
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Table 2-17. PECO inclusion and exclusion criteria for studies of LHP cancers in

animals
PECO
Category Included Excluded
Population e Experimental mammals e Irrelevant species or matrix, including nonanimal and
nonmammalian species

Exposure e Exposure to formaldehyde e Not related to formaldehyde (e.g., other chemicals)

Comparison e Inclusion of a comparison e No comparison group
group (e.g., pre- or e Comparison to (endogenous) formaldehyde measures in
postexposure, no exposure, systemic tissues relevant to LHP cancers (e.g., bone
vehicle exposure, lower marrow)
formaldehyde exposure level)

Outcome e Endpoint evaluation included | e Exposure or dosimetry studies
LHP cancers and dysplasia o Related to formaldehyde use in methodology

e Endpoint unrelated to LHP cancer

aAdditional reasons for not meeting PECO (includes supplemental): Not primary research (e.g., reviews, reports, commentaries,
policy documents), meeting abstract, no abstract, methodology paper, nonessential article in a foreign language (e.g., after
review of title and abstract, if available, or consultation with native speaker).

From the 945 animal studies identified by the searches on respiratory cancers and the 117
studies identified by the searches on LHP cancers, 19 studies on respiratory (including nasal)
cancers and 4 LHP cancer studies identified through 2016 met PECO criteria. Two additional
analyses for nasal and two for LHP cancers identified from the 2021 SEM met PECO criteria. Of
these newer analyses meeting the PECO criteria, one study was deemed to be possibly impactful for
both cancer types; however, this study already had been identified and incorporated by 2017 and
thus zero (0) newer animal studies were considered in the review of animal cancer studies (see
Appendix B.2.9 for details).

Overall, 23 animal studies (19 on respiratory tract cancers and 4 on LHP cancers) were

evaluated (see Section 2.3.9) for consideration in the Toxicological Review.

2.2.10. PECO Criteria and Search Summary for Mechanistic Information Related to Cancer,
Focusing on Genotoxicity

Consolidated systematic approaches to identifying the literature examining mechanistic
effects relevant to interpreting the potential for formaldehyde to cause either upper respiratory
tract (URT) or lymphohematopoietic (LHP) cancers were not performed. Rather, these sections
consider studies identified through other health effect-specific literature searches in the context of
the specific cancer etiology being evaluated. Supplemental literature relevant to interpreting the
biological relevance of some mechanistic data was also identified from review articles and other

national-level health assessments. Thus, these sections rely heavily on searches and evaluations
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performed in the following sections: genotoxicity?, respiratory tract pathology, and mechanistic
information related to noncancer respiratory effects, including inflammation and immune changes.
For the 2021 SEM, supplementing the other health effect- and mechanisms-specific searches, broad
and straightforward PECO criteria were used to ensure capture of newer literature (e.g., published
after the available national-level health assessments) during screening in Distiller SR for
mechanistic information on respiratory tract cancers (Table 2-18) and LHP cancers (Table 2-19).
The PECO criteria were based on an assumption of potential direct cellular and molecular

interactions with formaldehyde for respiratory cancers but not for LHP cancers.

Table 2-18. PECO inclusion and exclusion criteria for mechanistic studies
relevant to respiratory tract cancers, focusing on genotoxicity

PECO Included Excluded
Category
Population . . . . .
e Human: Any population and lifestage (occupational | e Irrelevant species or matrix,
or general population, including children and other including nonanimal species (e.g.
sensitive populations). bacteria) unless an established
model of genotoxicity (e.g., Ames
e Animal: Nonhuman mammalian animal species test) & y(eg
(whole organism) of any lifestage (including
preconception, in utero, lactation, peripubertal,
and adult stages).
e Other: Ex vivo and in vitro studies of genotoxicity
or other mechanistic endpoints (including direct
interaction with formaldehyde in respiratory and
non-respiratory cells)
Exposure . .
P e Human: Indoor exposure via inhalation to ¢ Not formaldehyde
formaldehyde and including measurements of . .
Lo . e Human: Outdoor or non-inhalation
formaldehyde concentration in air or with
o ) . formaldehyde exposure, or
quantified exposure defined by occupation (wood . A
. . industry/job title analyses
workers, nurses, pathologists, cosmetologists)
e Animal or Other Experimental: Quantified ¢ Anlmal or cher: Non-experimental
. dosing regimen or Nonrelevant
formaldehyde exposure levels (by any route or in .
vitro) exposure paradigm (e.g., forepaw
injection)
Comparison . .
e Human: A comparison or referent population e Human case reports
exposed to lower levels (or no exposure/exposure . .
T ¢ No specific comparison to
below detection limits) of formaldehyde, or
. formaldehyde exposure (e.g.
exposure to formaldehyde for shorter periods of :
time formaldehyde levels, duration)

7 For genotoxicity, a consistent set of search terms was applied within electronic databases (i.e., PubMed and Web of Science)
as outlined in Section 2.2.1. These terms (see Appendix B.2.10) were developed considering the broader topic of mode of action
for either respiratory tract or LHP cancers and the retrieved citations were screened for studies on genotoxic endpoints. Like
other searches, this was augmented by review of references in prior draft and final national and international health
assessments of formaldehyde.
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e Mechanistic information relevant to respiratory

cancers, including genotoxicity endpoints

PECO Included Excluded
Category

e Animal or Other Experimental: A concurrent e No comparison to controls in
control group exposed to vehicle only treatment animal or other experimental
and/or untreated control (control could be a studies
baseline measurement). . .

e Mixtures-only comparisons
Outcome

e Exposure studies/no outcomes
evaluated

o Studies of cancer or tumor
incidence or mortality only,
including carcinogenicity studies

aAdditional reasons for not meeting PECO (includes supplemental): Not primary research (e.g., reviews, reports, commentaries,
policy documents), meeting abstract, no abstract, methodology paper, nonessential article in a foreign language (e.g., after
review of title and abstract, if available, or consultation with native speaker).

Table 2-19. PECO inclusion and exclusion criteria for mechanistic studies
relevant to LHP cancers, focusing on genotoxicity

PECO Included Excluded
Category
Population . . . . . .
e Human: Any population and lifestage (occupational | e Irrelevant species or matrix, including
or general population, including children and other nonanimal species (e.g. bacteria)
sensitive populations). unless an established model of
enotoxicity (e.g., Ames test
Animal: Nonhuman mammalian animal species & y(eg )
(whole organism) of any lifestage (including e Ex vivo and in vitro studies that
preconception, in utero, lactation, peripubertal, and model direct molecular or cellular
adult stages). interaction with inhaled
formaldehyde
Exposure
P Human: Indoor exposure via inhalation to e Not formaldehyde
formaldehyde and including measurements of . .
Lo . e Human: Outdoor or non-inhalation
formaldehyde concentration in air or with
o . . formaldehyde exposure, or
quantified exposure defined by occupation (wood . AN
. . industry/job title analyses
workers, nurses, pathologists, cosmetologists)
Animal or Other Experimental: Quantified y Anlr_nal or cher: Non-experimental
. . dosing regimen or Nonrelevant
formaldehyde exposure levels (by inhalation .
exposure paradigm (e.g., forepaw
exposure) L . .
injection); non-inhalation exposure
tracked as supplemental
Comparison

Human: A comparison or referent population
exposed to lower levels (or no exposure/exposure
below detection limits) of formaldehyde, or
exposure to formaldehyde for shorter periods of
time.

e Human case reports

e No specific comparison to
formaldehyde exposure (e.g.
formaldehyde levels, duration)
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PECO Included Excluded
Category

e Animal or Other Experimental: A concurrent control | ® No comparison to controls in animal
group exposed to vehicle only treatment and/or or other experimental studies
untreated control (control could be a baseline . .

e Mixtures-only comparisons
measurement).
Outcome e . ;

e Mechanistic information relevant to LHP cancers, e Exposure studies/no outcomes

including genotoxicity endpoints evaluated

e Studies of cancer or tumor incidence
or mortality only, including
carcinogenicity studies

aAdditional reasons for not meeting PECO (includes supplemental): Not primary research (e.g., reviews, reports, commentaries,
policy documents), meeting abstract, no abstract, methodology paper, nonessential article in a foreign language (e.g., after
review of title and abstract, if available, or consultation with native speaker).

From the 744 studies identified through searches on mechanisms relevant to respiratory
tract cancer focusing on genotoxicity, 225 studies with relevant primary data (including 8 studies
identified as possibly impactful from the 2021 SEM) were considered in the Toxicological Review,
with an additional 101 studies tagged as supplemental information (e.g., not primary research
articles; primary research articles with little direct relevance to these cancers, such as non-
inhalation or in vitro studies of non-respiratory tissues).

From the 3,307 studies identified through searches on mechanisms relevant to LHP cancers
focusing on genotoxicity, 138 studies with relevant primary data (including 14 studies that were
identified as possibly impactful from the 2021 SEM) were considered in the Toxicological Review,
with an additional 150 studies tagged as supplemental information (e.g., not primary research
articles; primary research articles with little direct relevance to these cancers, such as non-
inhalation or in vitro studies of non-respiratory tissues).

The general approach to evaluating the mechanistic evidence is described in Section 2.3.10.

2.3. STUDY EVALUATION METHODS

2.3.1. Overview of Approach and Evaluation Criteria

All human and experimental animal health effect studies identified in the search and
screening processes described in Section 2.2, without regard to magnitude or direction of study
results, were considered for use in assessing the evidence for health effects associated with
inhalation exposure to formaldehyde. In addition to the evaluations of the individual health effect
studies, systematic evaluations of individual mechanistic studies were conducted in relation to
several important health domains when this information could contribute to judgments about the
human and animal evidence or hazard conclusions (discussed below). Individual study evaluations

for literature on exposure, toxicokinetics, and some types of mechanistic data (e.g., in vitro studies)
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were not systematically conducted and documented. The study evaluations were used to inform the
interpreted reliability of the study findings and whether those findings are likely to be caused by
formaldehyde exposure alone.

Study methods were evaluated to assign a level of confidence in the results of the study with
respect to the hazard question under consideration. The study confidence levels were high, medium,
and low confidence, and not informative, and are presented as italicized text in the body of the
assessment (Table 2-20). These evaluations were performed on a health outcome-specific basis,
rather than a study-specific basis; thus, a single study was sometimes evaluated multiple times for
different endpoints, using endpoint-specific considerations. High confidence studies generally had
no notable methodological limitations for an outcome, while medium confidence studies were
considered well conducted but had specific issues that might introduce a minor amount of
uncertainty about attribution of the results solely to formaldehyde exposure. Methodological
limitations of low confidence studies are considered to be significant, but the outcome-specific
results might still be of limited use (e.g., as support for observations from other studies; to identify

potential data gaps).

Table 2-20. Confidence classification definitions

Confidence Classification Definition

e No notable concern for bias, AND

High Confidence e No notable methodological limitations, AND
(highly informative, with no
notable limitations) e  Study design is highly informative?® for the outcome in question, AND

e Analyses were appropriate and robust (observational studies)

Medium Confidence e Minor uncertainty regarding bias or methodological limitations AND
(informative, with minor
limitations®) e  Study design and analyses were informative for the outcome in question

e Methodological uncertainties or limitations are significant, but the study

LO\{V Fonfidgnce . . results might still be of limited use (e.g., as support for observations
(minimally informative, with from other studies; to identify potential data gaps) OR
major limitations)

e Bias is apparent or other study aspects reduced sensitivity

e  Major concerns exist regarding methodological limitations that are
expected to be a driver of study results or cause an unacceptably
Not Informative increased risk of bias, OR

(not used, critically deficient) e Description of methods, exposure levels or range, and/ or results were

not adequate to enable a complete evaluation (observational studies),
OR
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Confidence Classification Definition

e Experimental design is noninformative for the outcome in question
(experimental studies)

2For experimental animal studies, considerations for whether the experimental design is informative include the sensitivity and
specificity of the methodological approaches for informing the outcome in question, based on known or expected biology and
common practice. These considerations include, but are not limited to: appropriateness and sufficiency of exposure timing
and/or duration to allow for the outcome to be affected; sensitivity and specificity of the endpoint assays regarding their
ability to detect subtle changes in the outcome; and how well the tested animals (e.g., based on what is known about
insensitive species, strains, or sexes) are able to reveal the outcome (note: the human relevance of the response is not
considered at this point).

bAs the expectation is that experimental studies should attempt to control all variables, any study limitation capable of
influencing the data was considered to have negatively affected the reliability of the results. Studies were categorized as
medium confidence if they had specific issues which introduce a limited amount of uncertainty regarding the interpretation of
the results as solely attributable to formaldehyde inhalation exposure.

The evaluations for studies identified as not informative are documented in Appendix B.3,
but these data have no influence on assessment decisions and are not discussed in any detail in the
Toxicological Review. In general, if a study or individual analysis (e.g., when multiple health
outcomes or cohorts were assessed) was judged to have multiple severe limitations, or if reporting
deficiencies precluded the ability to conduct an evaluation, it was concluded to be not informative.
When potential limitations were identified, the evaluations considered the anticipated direction
(i.e., bias toward or away from the null) and magnitude of the impact of the limitation(s) on the
study results (when possible). Emphasis was placed on discerning limitations that would be
expected to produce a substantive change in the results.

The evaluations used a domain-based approach focused on potential sources of bias or
other limitations (including reduced sensitivity) that can affect the validity or interpretation of a
study’s results. Thus, the confidence conclusions for individual studies reflect an interpretation of
the reliability of the study results for answering each hazard question. The general procedure
involved evaluating specific methodological features within different domains (categories) defining
the potential areas of concern (different types of risk of bias and areas of potential insensitivity),
although the categories differed between observational epidemiological, animal toxicological, and
human-controlled exposure studies (see subsections below for discussion by study design, noting
that the approach for mechanistic studies differs). Specific criteria for each domain developed for

each health effect category (see Sections 2.3.2-2.3.10) were evaluated by two or more reviewers
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based on expert judgment of each study’s details to agree on a rating of good8, adequate, or

deficient for each domain (see Table 2-21).

Table 2-21. Domain rating definitions

Domain Rating Definition
No notable uncertainties or limitations regarding study methodology
Good
Minor uncertainties or limitations interpreted as unlikely to have a notable
Adequate impact on study results or their interpretability
Serious uncertainties or limitations interpreted as likely to have a notable
Deficient

impact on the study results or their interpretability

Confidence classifications were determined for each study by integrating ratings of good,
adequate, or deficient across domains. These determinations were not prescriptive, but rather were
based on expert judgment. However, high confidence studies generally had good ratings for most or
all domains with no deficient domain ratings; medium confidence studies generally had one or more
adequate domain ratings interpreted to warrant reducing confidence, or a single deficient domain
rating interpreted as unlikely to substantially affect results; low confidence studies typically had
one or more deficient ratings interpreted as likely to affect the results or their interpretability;
studies classified as not informative had one or more deficient ratings of notable concern, or
multiple deficient ratings of lesser concern, which were judged to make the study results unusable.

Appendix B.3 contains summary evaluation tables developed for studies in each health
effect category, which provide the relevant study characteristics and other information relating to
evaluation of each domain, and overall confidence classification, with justifications as described for
each study type (e.g., epidemiology; experimental animal) in the Appendix. In some situations, in
which key study details or results were not presented, the study author(s) were contacted to obtain
this information. Any additional study details obtained from the authors are noted in the evaluation
summary tables and evidence tables.

The confidence classifications and primary drivers of those classifications are presented for
the studies discussed in the evidence synthesis sections in the tables summarizing the evidence for
each health effect. The evidence syntheses (Section 3; see methods in Section 2.5) and assessment

conclusions (i.e., for hazard identification and dose-response analysis) focus on high and medium

8 The evaluation of each study involved an initial review by a primary topic-specific expert and a secondary review
by a second expert who also reviewed the extracted domain-specific details for accuracy (i.e., the secondary
reviewer was not blinded to the primary review). Disagreements across the two reviewers were addressed through
discussion, with a third reviewer added to address any disagreements that could not be resolved. Only the final
domain judgments and classifications were documented. In addition, the discipline-specific experts (e.g.,
epidemiologists) conducting the evaluations met to discuss judgments on studies across health effects to ensure
consistency in the judgments.
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confidence studies, if available. Low confidence studies are less impactful to the evidence syntheses
(and thus their discussion is minimized when higher confidence studies are available) and studies
that are not informative are not impactful to any assessment decisions, and thus are not discussed

in any detail.

Observational Epidemiology Studies: Evaluation Criteria and Classification Scheme

For each type of health outcome examined, the epidemiological studies were evaluated for
information relevant to internal validity (bias) that could lead to an under- or overestimate of risk
and to other features that could affect the interpretation of the results or limit the ability to detect a
true association (e.g., narrow exposure range). The potential for selection bias, information bias
(relating to exposure measurement and levels, and outcome ascertainment), confounding, and
other details of the analysis and presentation of results were evaluated, alongside the application of
considerations related to study sensitivity, and an overall confidence classification was developed
for each study (or for a specific analysis within a study). For each evaluation domain, Table 2-22
describes the preferred study characteristics (i.e., supporting a “good” rating for that domain). The
outcome-specific evaluations consider the methodological conduct of each study against these
general preferences, also considering the health effect-specific considerations for evaluating each
domain (see Sections 2.3.2—-2.3.10), to rate each domain based upon the number and severity of the
uncertainties and limitations identified, as previously described. For the documentation of the
epidemiology study evaluations in Appendix B.3, domains with uncertainties or limitations leading
to a low confidence classification are gray shaded; this shading is carried over to the evidence

syntheses.

Table 2-22. Evaluation domains for epidemiology study evaluation

Evaluation domain Preferred study characteristics (i.e., “Good” rating)

Population Selection Recruitment, selection into study, and participation independent of exposure status
and reported in sufficient detail to understand how subjects were identified and
selected; recruitment or selection process unlikely to lead to inflated or attenuated
effect estimate.

Information Bias: Exposure assessment methods allow characterization of exposure within the
Exposure etiologically relevant period for the outcome under study. See detailed description of
exposure considerations below.

Information Bias: Validated instrument for data collection; validation described, or citation provided;
Outcome sensitive and specific outcome assessment. Ascertainment conducted without
knowledge of exposure status.

Potential for Important potential confounders addressed in study design or analysis. Potential
Confounding confounding by relevant co-exposures addressed.
Analysis Appropriateness of analytic approach given design and data collected; consideration of

alternate explanations for findings; presentation of quantitative results.

2-38



IRIS Toxicological Review of Formaldehyde (Inhalation)

Evaluation domain Preferred study characteristics (i.e., “Good” rating)
Other Sensitivity Sensitivity of study (exposure levels and contrast, duration of follow-up, sample size or
Considerations number of cases®.

aSample size alone is not used to judge a study as not informative.

Like all other studies, the synthesis of evidence from epidemiology studies focuses on the
high and medium confidence studies, if available, taking into account differences in populations and
settings (e.g., children and adults; occupational, residential, or in schools), exposure levels, and
other aspects of the studies.

All residential or school-based studies with measures of formaldehyde exposure were
included in the hazard identification evaluation. Because the database of studies with direct
measurements is relatively large, residential studies with indirect measures of formaldehyde
exposure (e.g., based on age of building or presence of plywood) were not included. Most of the
included studies attempted to estimate average formaldehyde levels using area samples placed in
one or more locations, with measurement periods ranging from 30 minutes to > 2 months. A few
studies included more than one sampling period (i.e., sampling on multiple days in different
seasons over the course of a year). Studies in adults and in children indicate that area-based (e.g.,

residential or school) samples are highly correlated with personal samples (Lazenby et al., 2012;

Gustafson et al., 2005); therefore, the use of measures based on residential (e.g., bedroom) samples

rather than personal samples was not considered to be a limitation when evaluating a study.
Formaldehyde concentrations have been found to be uniform throughout the home in both
standing housing stock and mobile homes (Stock, 1987; Sexton et al., 1989; Quackenboss et al.,

1989c; Dally et al., 1981; Clarisse et al., 2003). Therefore, associations have generally been analyzed

using a specific room measurement or household average concentrations.

The focus of the evaluation of exposure assessment was to determine the confidence that
the methods used characterized exposure that occurred during the etiologically relevant period for
the health outcome being reviewed. The validity of the measurement of average formaldehyde
concentration was assessed by reviewing the description of sampling methods provided in each
study. Indoor average formaldehyde measurements may be influenced by humidity and

temperature, season, number of rooms sampled, sample placement, ventilation, and specific

sources of formaldehyde in the building (Salthammer et al., 2010; Dannemiller et al., 2013). For

chronic health outcomes, longer sampling periods (e.g., 1- to 2-weeks duration) were considered to
be reflective of usual average exposure levels experienced by occupants. Studies have shown that

formaldehyde levels remain relatively stable over a series of days or weeks (Stock, 1987;

Quackenboss et al., 1989¢; Hodgson et al., 2000; Gustafson et al., 2005), and reasonably represent

longer term ongoing exposures. Concentrations are also correlated with season, which reflects the

influence of temperature and humidity (Jarnstrom et al., 2006; Dannemiller et al., 2013; Clarisse et

al., 2003). Within-person variability increases with shorter sampling durations (Gustafson et al.,
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2005). However, indoor formaldehyde concentrations have not been found to be associated with
indoor combustion sources, such as active smoking or ETS exposure, or cooking with gas stoves or
wood burning (Stock, 1987; Mullen et al., 2015; Hanrahan et al., 1984; Gustafson et al., 2005;
Dannemiller et al., 2013; Dally et al,, 1981; Clarisse et al., 2003).

Study evaluations looked for information regarding factors that influence formaldehyde

levels as well as quality control measures and/or citations for exposure protocols. The following
characteristics were examined to assess the potential bias and informativeness of the exposure

measures in the observational epidemiology studies of formaldehyde in residences and schools:

e Duration of exposure measurement period and number of sampling occasions.
e Consideration of temperature, relative humidity, and a discussion of quality control.

o For shorter exposure periods (< 1 day), details regarding measurement protocol (e.g.,
shutting windows).

e Limit of detection (LOD) and percent <LOD.

e Ability to examine variability in risk in relation to variability in exposures above 0.010
mg/m3; the ability is based on the distribution of exposure, specifically the upper portion of
the distribution (e.g., 75t percentile) or the range of exposure encompassed within the
study population (e.g., the degree of contrast between “high” and “low” exposure). A study
that does not include values above 0.010 mg/m3 would not be able to detect variation in
risk in relation to variation in exposure typically seen in indoor settings.®

e Information about the distribution of formaldehyde encompassed by the study (at least one
descriptive statistic, preferably denoting a point on the upper part of the distribution such
as the 75t or 95t percentile). EPA’s analysis is based on a comparison across studies of
results, taking into account exposure levels; thus, it is not possible to interpret the results of
a study that does not indicate the exposure levels that are being studied.

e The study design per se does not in itself determine the validity of the exposure assessment.
That is, retrospective, concurrent (i.e., cross-sectional), or prospective designs can produce
either high confidence or low confidence results, depending on the exposure measure and
outcome under study. Even in cross-sectional designs, although exposure and outcome
measurement may occur during the same time period, the exposure assessment can be
retrospective, i.e., representing exposures that occurred prior to the change in health status.
EPA carefully considered the etiologically relevant exposure period where exposure to
formaldehyde could result in changes in health status for each outcome under review. For
example, average levels of formaldehyde in a home or classroom during the previous
several weeks and months was concluded to be the etiologically relevant periods for
measures of current pulmonary function status or asthma episodes in the past 12 months.
Exposure assessment protocols that included measurements of 5-7 days or more were
considered to be “good” estimates of average ongoing exposure for this period of time. The

°Note that this criterion applies specifically to formaldehyde and the conditions examined in this review; the
relevant exposure range for other exposures or conditions could be very different.
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residential exposure measurement protocol used in Krzyzanowski et al. (1990), consisting
of two one-week samples, some taken in different seasons, in multiple locations in the
home, used for assessment of current pulmonary function status as well as history of
respiratory symptoms in the past 12 months, is an example of this category. In contrast, a 2-
hour exposure measurement sample was considered “deficient” for outcomes with an
etiologically relevant window measured in the past 12 months, concurrently, or in the
subsequent 12 months. The 2-hour residential (bedroom) exposure measurement protocol
used in the Norback et al. (1995) study of asthma and pulmonary function is an example of
the “deficient” exposure measurement category.

A primary consideration in the evaluation of the occupational studies is the ability of the
exposure assessment to reliably distinguish among levels of exposure within the study population,
or between the study population and the referent population. A large variety of occupations are
included within the studies; some represent work settings with a high likelihood of exposure to
high levels of formaldehyde, and some represent work settings with variable exposures and in
which the proportion of people exposed is quite small. In the latter case, the potential effect of
formaldehyde would be “diluted” within the larger study population, limiting the sensitivity or
informative nature of the study.

A variety of different approaches to the assessment of occupational exposure were used.
These ranged from more specific, highly informative measures such as estimates of job-exposure
matrix (JEM)-based TWA concentrations (based on job-specific formaldehyde measurements and
the proportion of time spent at the job reported by participants) to measures subject to greater
misclassification error, such as the self-reported use of specific products or chemicals, or
assignment to exposures by supervisors.

Exposure assessments in some occupational studies involved one or more area samples in
specific task areas, personal samples, or a combination of both. Sampling periods ranged from less
than 1 hour to an entire work shift over 1 or more days. Concentrations were reported as an
average over all samples for a particular location or as a time-weighted average (TWA) over the
sampling period. Generally, a TWA concentration from a full shift measurement using personal
sampling was considered a more precise estimate of exposure. Some occupational groups (e.g.,
carpenter, embalmer, pathologist) or industry (e.g., production or use of formaldehyde resins,
wood-products, paper, textiles, foundries) were considered to be highly exposed to formaldehyde
and were included despite the absence of sampling data.

Some studies may have documented formaldehyde exposures using exposure monitors or
quantified the absolute or relative exposure for different tasks, which may be matched to individual
occupational patterns using “job exposure matrices” or JEMs. The following characteristics were
examined to assess the potential bias and informativeness of the exposure measures in studies

based on occupational history:

e Consideration of long-term and short-term job history with industry, occupation, and task
details.
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e Use of formaldehyde monitoring data to allow assessment of intensity and frequency of
exposure.

o Completeness of occupational history for the relevant time period for a given outcome (e.g.,
20+ years preceding diagnosis for cancer and ALS; pre-conception and during pregnancy for
studies of spontaneous abortion; recent job history prior to neurobehavioral testing).

e Validation of JEM using formaldehyde measurements and industry, occupation, and task
details specific to the study location.

As previously indicated; studies that evaluated more than one outcome might be classified
differently for each outcome. The classification of a study could also vary among different analytical
groups or analytic strategies within a study (e.g., studies of children and adults, with separate
analyses for each group), depending on the information presented for the different analyses. In
addition, and primarily for low confidence studies, when sufficient information was available, the
potential direction of bias (i.e., a low confidence study with a likely over-estimation of the effect

estimates) is documented and discussed.

Experimental Studies in Animals: Evaluation Criteria and Classification Scheme

Toxicological studies in animals differ systematically from observational epidemiological
studies because the former seek to control both the exposure and nonexposure conditions of an
experiment. This leads to some differences in approach and interpretation. In general, however,
toxicological study evaluations in animals considered similar categories to the epidemiological
studies. In addition to exposure quality, the categories were based on the design of a toxicological
study, including test animals, experimental design (e.g., duration of exposure, timing of endpoint
evaluations, allocation procedures), exposure conduct, endpoint evaluation procedures, and data
presentation and analysis. The specifics of the considerations applied within each evaluation
domain were different for each type of health outcome examined. As the expectation is that
experimental studies should attempt to control all variables, any study limitation interpreted as
capable of influencing the data was considered to have negatively affected the quality (e.g., validity,
accuracy) of the results. Thus, potential “confounders” in experimental studies (i.e., any
uncontrolled variable capable of influencing the results) differ fundamentally from what would be
deemed a potential “confounder” in epidemiological studies (the latter of which must be associated
with both the exposure and the outcome).

For each evaluation domain, Table 2-23 describes the preferred study characteristics (i.e.,
supporting a “good” rating for that domain). The outcome-specific evaluations consider the
methodological conduct of each study against these general preferences, also considering the health
effect-specific considerations for evaluating each domain (see Sections 2.3.2-2.3.10), to rate each
domain based upon the number and severity of the uncertainties and limitations identified, as
previously described. These evaluations were conducted for each independent “experiment” (i.e., a

cohort of exposed animals assessed for an endpoint or set or related endpoints). The
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documentation of the animal study evaluations uses symbols and shading to present the domain
specific ratings in Appendix B.3 (i.e., Good = ++; Adequate = +; Deficient = gray shading); this
shading is carried over to the evidence syntheses (i.e., gray shading reflects a classification of low
confidence). Additional considerations that might influence the interpretation of the usefulness of
the studies during the hazard synthesis are noted in the Appendix study documentation tables and
evidence synthesis. Depending on the specified health effect-specific study evaluation criteria,
factors falling outside the specified scope of review could include limitations such as a short
exposure duration or the use of only one test concentration or concentration that are all too high or
too low to provide a spectrum of the possible effects, as well as study strengths such as very large
sample sizes, use of good laboratory practices (GLP), or particularly robust endpoint protocols;

however, this information generally did not affect the study confidence classifications themselves.

Table 2-23. Evaluation domains for experimental animal study evaluation

Evaluation domain Preferred study characteristics (i.e., “Good” rating)

Exposure Quality Studies should apply and document appropriate methods for the seven elements of
inhalation exposure quality (the most notable elements for this assessment are: test
article characterization, controls, and chamber type)

Test Subjects The species, strain, sex, and age are appropriate and sensitive for the endpoint(s) of
interest; no overt systemic toxicity is noted or expected; and allocations can be
inferred as appropriate, considering matching across groups at onset of experiment;
the sample size provides reasonable power to assess endpoint(s) in question®.

Study Design The design of the experiment is appropriate, reproducible, and sensitive for the
endpoint(s) of interest, including a sufficient exposure duration and appropriate timing
of endpoint evaluations; lack of additional variables introduced over the course of the
study that would be expected to modify the results (no “confounding factors”
introduced).

Endpoint Evaluation The methods used to assess the outcome are sensitive, complete, discriminating
(specific), and biologically sound (reliable); experimenter bias is minimized.

Data considerations and | The statistical methods are reported®, group comparisons and data (including
statistics variability) presentation are appropriate and discerning; results for all endpoints
evaluated in the study are presented (lack of selective reporting)

aSample size alone is not used to judge a study as not informative.
bDuring study evaluation, the focus for reviewing statistical methods is on transparent reporting as EPA may decide to conduct
additional or alternative statistical analyses as part of data extraction or evidence synthesis.

Overall, as in observational studies in humans, considerations related to the quality of the
exposure paradigms used in experimental studies typically had the strongest influence on study
confidence determinations. As experimental studies should aim to control all variables other than
the exposure or manipulations of interest, coexposure to methanol introduces uncertainty that the
effects were caused by formaldehyde alone. Inhaled methanol could affect health endpoints or

introduce quantitative uncertainty. Highly reactive formaldehyde is mostly captured in the nose,
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the main site of formaldehyde-induced lesions, and very little enters the blood stream. Conversely,
methanol mostly bypasses the nose but is readily absorbed in the lungs and then distributed to
distal sites, including the blood and other nonrespiratory tissues, where it can be metabolized to
formaldehyde. Since inhaled methanol can be distributed to different locations than inhaled
formaldehyde, it could either directly cause effects or, theoretically, be metabolized to
formaldehyde and cause effects in tissues that are not a target of inhaled formaldehyde. In addition,
because methanol is metabolized to formaldehyde in vivo, substantial coexposure to methanol
could result in differences in tissue-specific formaldehyde levels at identical external formaldehyde
exposure levels when different test articles are used. This limitation is expected to introduce a bias
toward an effect and is of particular concern in studies evaluating non-portal-of-entry effects. Thus,
conclusions about the level of uncertainty introduced by this coexposure varied by health outcome,
with a far greater level of concern for potential impacts on nonrespiratory health effects (Section
3.3), as compared to respiratory health effects (Section 3.2). This disproportionate level of concern
is primarily based on two factors: (1) as compared to formaldehyde, which does not appear to be
distributed to distal sites in appreciable amounts, inhaled methanol would be readily transported
beyond the portal of entry (POE) and could elicit direct effects at distal target tissues, and

(2) certain systemic effects evaluated in this assessment (i.e., reproductive and developmental
toxicity, nervous system effects) are health outcomes known to be a target of methanol toxicity,

while other health outcomes, although generally less well studied, have not been clearly associated

with methanol exposure (U.S. EPA, 2013). These issues are discussed further in each major
endpoint discussion in Section 3.

For certain health outcomes, the irritant and odorant nature of formaldehyde gas and the
inescapable nature of these exposures (animals cannot terminate exposure at irritating levels), can
complicate interpretations of causality. In addition, reflex bradypnea is an irritant response that
exists in rodents, typically at formaldehyde concentrations exceeding 1 mg/m3 (see Appendix C.2),
but not humans, and can cause large variations between the administered and internal exposures.
Although the understanding of irritation-related responses, including reflex bradypnea in rodents,
is incomplete (e.g., responses following repeated and prolonged exposure are not well studied), it is
generally assumed that irritation- and odorant-specific changes are either short lived or markedly
reduced shortly after formaldehyde exposure is removed. In light of these considerations, care was
taken to consider in detail the specifics of the study protocols related to formaldehyde exposure
(e.g., determining whether a sufficient duration was allotted between exposure and testing,
evaluating whether the exposure levels tested were capable of introducing variables such as reflex
bradypnea) for certain health outcomes, particularly for the evidence syntheses of potential
nervous system effects (Section 3.3.1) and developmental and reproductive toxicity (Section 3.3.2).

Inhalation toxicity studies are particularly challenging because of the inherent complexity of
generating and characterizing consistent chamber atmospheres. Poor study design, human error,

and problems with mechanical and electronic equipment can impair an inhalation exposure and
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undermine the validity of a study. In experimental studies, there is an expectation that test subjects

in an inhalation chamber study will be exposed solely to a well-characterized test article under

conditions that are carefully regulated, frequently measured, and clearly reported. When a chamber

study is conducted under GLP standards, there is typically greater certainty that all aspects of that

study were properly performed and documented.

Experimental inhalation studies were evaluated by two or more scientists familiar with

inhalation chamber operations for seven key elements of exposure quality:

1)

2)

3)

4)

5)

Test Article Characterization: The test article is the substance or mixture of substances
to which humans or animals are exposed. Any substances used to generate the test article
should be well characterized. For example, formaldehyde gas can be produced by heating
paraformaldehyde, formalin, UFFI insulation, or Delrin plastic. The test article description
should ideally include its physical nature (solid, liquid, gas, etc.), purity, CAS registry
number (if known), and physicochemical properties (including isomerization and
radiolabeling). Because inhaled methanol (but not formaldehyde) is systemically
distributed and can cause neurological and developmental effects, a methanol control
group is desirable for studies of commercial formalin, typically contains methanol as a
stabilizer. Only 2 of 84 studies known or believed to have tested commercial formalin
included methanol controls.

Controls: A concurrent negative (air) control group should be used in inhalation toxicity
studies. The test chamber, itself, is considered an experimental variable that should be
controlled.

Generation Method: The equipment and method used to generate a chamber atmosphere
should be clearly described. If methods from another publication are cited, the methods in
the secondary article were evaluated (if accessible). Given the simplicity of generating a
test atmosphere of formaldehyde, a deficiency in this element was not considered to
represent a notable limitation for this assessment. Greater weight was applied to the test
article used to generate the atmosphere (above).

Analytical Method: The method used to measure test atmospheres should be clearly
described and suitable for the test chemical. There are specific methods (e.g., direct
sampling, adsorptive, or chemical reactive methods, and subsequent analytical
characterization such as HPLC, gas chromatography, etc.) and nonspecific methods such as
gravimetric filter analysis. In addition, a real-time monitoring device (e.g., an aerosol
photometer for aerosols or a total hydrocarbon analyzer for gases or vapors) may be used
to monitor the stability of chamber atmospheres.

Analytical Concentrations: Every chamber study should report three concentrations,
which are listed in the order of their usefulness:

e The analytical concentration is the analytically measured concentration of a substance

to which test subjects are exposed in their breathing zone. Because analytical
concentrations are recorded throughout the course of a chamber study, they can reveal
generation problems, fluctuations in chamber levels, analytical problems, and missed
exposures. If analytical concentrations are not reported for a study considered for use in
quantitative analyses, an effort should be made to acquire them from the study authors,
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as analytical concentrations are preferred when deriving an RfC. The use of target or
nominal concentrations to derive an RfC should be cited as a study limitation, although
nominal concentrations are considered accurate for gases (but not vapors).

o The nominal concentration is the mass of generated test article divided by the total
volume of air passed through the chamber. Nominal and analytical concentrations for
gases are usually quite close. Conversely, the nominal concentration for a vapor or
aerosol is typically greater than the analytical concentration (sometimes orders of
magnitude greater) due to test chemical clumping, precipitation, and/or deposition on
chamber walls and plumbing.

o The target concentration is the concentration the study director hopes to achieve in a
chamber study (e.g, 1, 3, and 10 mg/m3). Because a target concentration is a goal—not
a measurement—one should not assume that test subjects were actually exposed at the
precise target concentrations.

e Some fluctuation in analytical chamber concentration is expected, but concentrations
should deviate from the mean chamber concentration by no more than +10% for gases
or vapors or +20% for liquid or solid aerosols (GD 39 (OECD, 2009)). Excessive
atmosphere fluctuation is evidence of a test article generation problem.

o The lack of reporting of analytical concentrations alone (no other deficiencies) was
considered a minor limitation (i.e., an adequate rating overall).

6) Particle Size Characteristics: Particle median diameter, density, and distribution
(geometric standard deviation or og) should be characterized whenever test subjects may
be exposed to an aerosol or to a vapor that may condense into inhalable aerosol particles.
Particle sizing is not necessary when testing a gas. The mass median aerodynamic
diameter (MMAD) is often calculated, but metrics such as physical diameter, median
particle number, or surface area may also be evaluated as the most relevant metric. This
element was not important for formaldehyde.

7) Chamber Type: Inhalation chambers are either dynamic or static. Dynamic chambers,
which include nose-only, head-only, and whole-body chambers, have a constant flow of
filtered air and consistent test article concentrations, but static chambers do not. EPA and
OECD inhalation test guidelines indicate use of a dynamic chamber. Static chamber studies
are not preferred for longer term hazard identification or exposure response analyses in
particular, as they can lead to a harmful buildup of by-products (e.g., CO). Consideration
should also be given to whether the test article is best delivered by whole-body or nose-
only chambers. Animals exposed to an aerosol in a whole-body chamber may receive a
significant oral exposure due to preening of particles deposited on their fur. To prevent
this, nose-only chambers are recommended when testing aerosols and vapors that may
precipitate into particles.

The documentation of the exposure quality assessment for controlled exposure studies is
included in Appendix B.3.1 (note: the evaluations of elements #1 and #2 are documented together)
and then summarized as one (very influential) domain of the health effect-specific documentation

of study evaluations by health effect in Appendix B.3 and the syntheses (Section 3).
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Controlled Exposure Studies in Humans: Evaluation Criteria and Classification Scheme

A process incorporating aspects of the evaluation approaches used for epidemiological

studies and experimental animal studies (see below) was used to evaluate controlled exposure

studies in humans. Controlled human exposure studies were evaluated for important attributes of

possible bias and the appropriateness of the study design for the outcome(s) of interest. For each

evaluation domain, Table 2-24 describes the preferred study characteristics (i.e., supporting a

“good” rating for that domain). The outcome-specific evaluations consider the methodological

conduct of each study against these general preferences, considering also the health effect-specific

considerations (see Sections 2.3.2-2.3.10), to rate each domain based upon the number and

severity of the uncertainties and limitations identified, as previously described.

Table 2-24. Evaluation domains for controlled exposure studies in humans

Evaluation domain

Preferred study characteristics (i.e., “Good” rating)

Exposure Assessment

Domain considerations applied to experimental animal studies regarding the conduct
of the inhalation exposures were applied, including inclusion of a clean air control
exposure and other aspects of the exposure protocol. For example, a study was
judged to be low confidence if the exposure generation method resulted in exposure
to substances other than formaldehyde (e.g., emissions from pressed wood
products).

Outcome Classification

Appropriateness of the timing and methods used to evaluate the outcome(s) of
interest.

Consideration of
Potential (Observer
and Subject) Bias

Specifically, randomization and blinding of subjects and investigators. In general, low
confidence was applied if allocation to the order of exposure categories was not
random, or subjects were not blinded to their exposure order; however, when
studies evaluated multiple dose levels, an important strength for the hazard
assessment, they were judged as medium confidence when reporting detail was the
only identified limitation (e.g., the authors did not describe the measures used to
control bias).

Consideration of Likely
Confounding

Important potential confounders addressed in study design or analysis; lack of
additional variables introduced over the course of the study that would be expected
to modify the results.

Results Presentation

The group comparisons and data (including variability) presentation are appropriate
and discerning; results for all endpoints evaluated in the study are presented (lack of
selective reporting).

Size

The evaluation of few individuals (generally n < 10, considering the endpoints
evaluated) resulted in reduced confidence®.

aSample size alone is not used to judge a study as not informative.

Mechanistic Studies: Approach and Evaluation Criteria

For this assessment, in multiple instances where a reasonable number of studies were

available, but the mechanistic interpretations were not well-established, the individual mechanistic

studies were systematically evaluated. For evaluations of individual mechanistic studies in

experimental animal studies or in vitro models of gaseous formaldehyde exposure (i.e., mechanistic
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studies related to respiratory effects; mechanistic studies of formaldehyde inhalation related to
nervous system effects and developmental and reproductive toxicity) the same general features
evaluated for more apical measures of toxicity were considered (i.e., evaluations of exposure
quality and study design were emphasized), although the specific criteria were simplified to
accommodate the increased heterogeneity of the available mechanistic studies as compared to
more traditional, apical measures of toxicity. Similarly, study evaluations of individual human
studies (i.e., mechanistic studies related to respiratory effects; human studies of genotoxicity
endpoints) emphasized consideration of exposure assessment, study design, outcome
ascertainment, and comparison groups for potential sources of bias and their potential impact.
While these individually evaluated studies represented the totality of the evaluated mechanistic
information for some health effect-specific evaluations (most of the noncancer health effects),
several other health effect-specific mechanistic analyses (e.g., respiratory tract pathology; cancer
MOA) considered subsets of these individually evaluated studies alongside other information,
including sets of studies that were not individually evaluated (e.g., while human genotoxicity
studies were individually evaluated, the myriad animal and in vitro studies of genotoxic endpoints
were not). In these latter cases, the body of evidentiary support (or lack thereof) for specific,
influential mechanistic events (e.g., those known to be associated with the health outcome of
interest; those previously implicated in authoritative reviews as relevant to interpreting
formaldehyde exposure-induced health effects) were considered in totality, with judgments based
on overarching interpretations across the different sets of inter-related studies. Additional details

on these approaches are provided in Sections 2.3.6 and 2.3.10.

2.3.2. Sensory Irritation Study Evaluation Criteria

The literature search for sensory irritation focused on identifying relevant studies in
humans (see Section 2.2.2). Evaluations of individual mechanistic studies conducted as part of the
overarching review of mechanistic information related to noncancer respiratory effects emphasized
consideration of issues related to exposure conduct, as described elsewhere (see Section 2.3.6 and
Appendix B.3.6). All human studies identified by the literature search for sensory irritation that met
the inclusion criteria as described in Section 2.2.2, were evaluated, and classified by confidence
level. Tables that document the evaluation of human studies are found in Appendix B.3.2, including
both the identified observational epidemiology studies and the studies of controlled human

exposure.

Human Observational Epidemiology Studies

Table 2-25 provides criteria used to evaluate the domains for each observational
epidemiology study of sensory irritation.

Symptoms related to irritation of the eyes, nose, and throat were reported by most studies.
Generally, symptoms were ascertained via self-report or through interviews, both using a

standardized questionnaire (e.g., American Thoracic Society [ATS]). Self-reported symptoms may
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be influenced to some degree by recall bias if exposure is known to the responder, although this is
of less concern if an appropriate comparison is used. For some studies, there were more serious
concerns about selection or information bias related to the participants’ knowledge of their
exposure or selection into a study based on presence of symptoms and concerns about exposure,
which could produce spurious findings (Wei et al., 2007; Salonen et al., 2009; Ritchie and Lehnen,
1985, 1987; Norsted et al.,, 1985; Dally et al., 1981; Bracken et al., 1985). The studies of residential

formaldehyde exposure included a wide range of ages (adults and children) and potentially

susceptible individuals, some of whom had existing respiratory issues and other health conditions,
and thus, in general, concerns regarding potential insensitivity of the study population did not
apply.

The time frame of the exposure assessment relative to the assessment of symptoms was an
important aspect of the evaluation of symptom prevalence. The relevant period for the assessment

of irritant responses was considered to be concurrent with the time period of the exposure

assessment because the symptoms associated with irritation occur immediately (Krakowiak et al.,

1998; Andersen, 1979; Andersen and Molhave, 1983). Questions about symptom occurrence over
an extended time period (weeks and months) that were separated in time from the exposure
assessment period were considered to be more limited by recall bias. Some of the studies of
anatomy students assessed symptoms of irritation that occurred during lab sessions several weeks
or months previously, which increased concern regarding recall bias. The occupational studies
generally ascertained the prevalence of symptoms while at work via interview using standardized

questionnaires.

Table 2-25. Criteria for domain ratings in epidemiology studies of sensory

irritation
Evaluation Primary criteria for domain ratings
domain Good (“++) Adequate (‘+) Deficient (‘gray’)
Population |General population: Participant Uncertainty regarding General population:

(SB) selection based on population- participant recruitment Participant selection based on
based sampling frame with high process or participation rate. |exposure status.
participation rate. Occupational settings:
Occupational settings: High Recruitment process or self-
participation rate but potential for selection likely to lead to
“healthy worker effect” to lead to inflated effect estimate.
attenuated effect estimate.

Exposure (IB) [General population: Exposure General population: Details  |All settings: Large percentage
measurements designed to regarding measurement (e.g., 50% or higher) of
characterize average protocol provided, but measures < LOD, or other ways
concentrations in a residence over ajuncertainty regarding in which exposure range does
defined period with details characterization of average  |not allow meaningful analysis
regarding measurement protocol [residential concentrations of risks above 0.010 mg/m3;
(e.g., shutting windows). corresponding to the period [small exposure contrast

of outcome assessment. between exposure groups
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Evaluation
domain

Primary criteria for domain ratings

Good (‘++)

Adequate (‘+’)

Deficient (‘gray’)

Occupational settings: Ability to
differentiate between exposed and
unexposed, or between low and
high exposure.

All settings: Exposure window
should reflect the same period as
the characterization of symptoms.

Occupational settings:
Referent group may be
exposed to formaldehyde or
to other exposures affecting
respiratory conditions
(potentially leading to
attenuated risk estimates)

limits ability to detect
differences.

Outcome (IB):

American Thoracic Society (ATS)
questionnaire or other validated
questionnaire for irritation
symptoms. Symptoms reported
without knowledge of exposure
status.

Instrument or methods for
data collection less well
described. Symptoms
reported without knowledge
of exposure status, or
knowledge unlikely in light of
exposure levels or range.

Symptoms reported with
knowledge of exposure status.
Instrument or methods for
data collection not described
and uncertainty whether
symptoms were reported
without knowledge of exposure
status.

Confounding

Potential for confounding

Potential for confounding

Potential for confounding

variation in exposure level using
analytic procedures that are
suitable for the type of data. Data
provided that allows
characterization of the distribution
of exposure, e.g., upper 75

percentile.

(cf) considered and addressed in design |considered and addressed in |prevents differentiation of

or analysis. Primary potential design or analysis but some |effect of formaldehyde from
confounders were age, gender, questions regarding degree of |effect of other exposure(s).
smoking, and respiratory exposures |correlation between
associated with the outcomes that [formaldehyde and other
were correlated with exposures associated with
formaldehyde. sensory irritation may remain.

Analysis and |Analysis allows for examination of [Sample size limited in Limited data analysis (or

Other (Oth) |variation in effect in relation to stratified analyses. analysis that is not appropriate

for the data) or small overall
sample size increased potential
for unreliable results.

Controlled Exposure Studies in Humans

Controlled human exposure studies were evaluated for important attributes of

experimental studies, including randomization of exposure assignments, blinding of subjects and

investigators, and inclusion of a clean air control exposure and other aspects of the exposure

protocol. The evaluation of few individuals (n < 10) resulted in reduced confidence. Several studies

did not describe the measures used to control bias, resulting in a lower level of confidence in study

results. However, some of these studies evaluated multiple dose levels, an important strength for

the hazard assessment. Therefore, these studies were included with medium confidence when

reporting detail was the only identified limitation.
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2.3.3. Pulmonary Function Study Evaluation Criteria

The literature search for pulmonary function focused on identifying relevant studies in
humans (see Section 2.2.3). Controlled exposure studies in humans were evaluated as described for
sensory irritation endpoints in Section 2.3.2. Likewise, evaluations of individual mechanistic studies
conducted as part of the overarching review of mechanistic information related to noncancer
respiratory effects emphasized consideration of issues related to exposure conduct, as described
elsewhere (see Section 2.3.6 and Appendix B.3.6). Thus, the discussion and criteria discussed below
relate primarily to the identified observational epidemiology studies. The individual study
evaluation decisions are documented in Appendix B.3.3.

Pulmonary function is assessed using spirometry, which measures the volume and speed of
air that is exhaled or inhaled. Several parameters can be measured during spirometric testing to
characterize an individual’s respiratory health (Table 2-26). The American Thoracic Society has
published guidelines for equipment performance requirements, validation, quality control, test

procedures, and reference equations for each type of spirometric measurement (Miller et al.

2005a; Miller et al., 2005b), as well as the interpretation of testing results (Pellegrino et al., 2005).

Ratings in the outcome domain were highest when pulmonary function outcomes were measured
using the guidelines published by the American Thoracic Society or providing a description of the
protocols and reference equations that were used. In addition to the use of conventional
spirometric equipment, peak expiratory flow has been measured in research settings using
portable flow meters operated by study participants trained in their use. Although it requires
careful training and monitoring, this method has the advantage that it can be used in large
epidemiological studies and multiple measurements can be obtained over time (Tepper et al.,
2012). Studies of residential exposure to formaldehyde were conducted in this way (Krzyzanowski
etal., 1990; Kriebel et al., 2001).

Table 2-26. Common measures of pulmonary function reported in studies of
formaldehyde inhalation

Measure Definition
Vital Capacity (VC) The volume of air between a full inspiration and maximal expiration
(Liters at BTPS) (an unforced maneuver)
Forced Vital Capacity (FVC) The maximum volume of air forcibly exhaled after a maximal
(Liters at BTPS) inspiration

Forced Expiratory Volume, 1 second (FEV;) [The volume of air that is exhaled with maximal force in the first
(Liters at BTPS) second

Forced Expiratory Flow The mean forced expiratory flow in the 25th and 75th percentiles of

25-75% (FEF25-75) (L/sec) FVC (also called maximum mid-expiratory flow [MMEF, MEF])

Ratio of FEV; to FVC (FEV/FVC) Proportion of vital capacity exhaled in the first second of forced
expiration
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Peak Expiratory Flow Rate (PEF or PEFR)
(L/sec at BTPS or L/min)

The maximum flow obtained from a person’s maximum forced
expiration starting from the point of a maximal lung inflation

BTPS: Body temperature and ambient pressure saturated with water vapor.

Source: Miller et al. (2005a).

Pulmonary function varies by race or ethnic origin, gender, age, and height, and is best

compared when normalized to the expected lung function based on these variables (Tepper et al.,
2012; Pellegrino et al., 2005; Hankinson et al., 1999). Studies that did not adjust or otherwise

account for these variables when comparing results between exposure groups were not considered.

Pulmonary function also is associated with smoking status (Becklake and White, 1993), which was

considered in the evaluation of potential confounding. FEV; and PEFR exhibit diurnal variation, and

this complicates the interpretation of changes across a work shift or during a laboratory session if

no comparisons were made with an unexposed group (Lebowitz et al., 1997; Chan-Yeung, 2000).

Studies with no comparison group were given less weight in evaluating study results.

The healthy worker effect and survivor (lead time) bias was a concern for several cross-

sectional occupational studies, some of which had no other major limitations. Removal of

individuals more sensitive to the irritant effects of formaldehyde from jobs or tasks with

formaldehyde exposure likely occurred in industries with high formaldehyde exposures, and this

type of selection bias might result in an attenuation of risk estimates or a null finding if these

individuals also experienced effects on pulmonary function. Table 2-27 provides criteria used to

evaluate the domains for each observational study of pulmonary function.

Table 2-27. Criteria for domain ratings in epidemiology studies of pulmonary
function

Evaluation
domain

Primary criteria for domain ratings

Good (‘++')

Adequate (‘+’)

Deficient (‘gray’)

General population: Participant

Uncertainty regarding

General population:

(1B)

above 0.050 mg/m?3, exposure
range includes large enough sample
above 0.050 mg/m? to allow for
meaningful analysis in this range.
Occupational settings: Ability to
differentiate between exposed and
unexposed, or between low and
high exposure.

limited exposure assessment
than described in “Good”
category (e.g., 1-5 days) with
some details regarding
measurement protocol.
Occupational settings:
Referent group may be
exposed to formaldehyde or
to other exposures affecting

Population [selection based on population- participant recruitment Recruitment process or self-
(SB) based sampling frame with high process or participation rate. |selection likely to lead to

participation rate. inflated effect estimate.
Occupational settings: High
participation rate but potential for
“healthy worker effect” to lead to
attenuated effect estimate.

Exposure |General population: For inferences |General population: More All settings: Large percentage

(e.g., 50% or higher) of
measures < LOD, or other ways
in which exposure range does
not allow meaningful analysis
of risks above 0.010 mg/m3;
small exposure contrast
between exposure groups
limits ability to detect
differences.
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Evaluation Primary criteria for domain ratings

domain Good (‘++) Adequate (‘+’) Deficient (‘gray’)
All settings: Exposure measure respiratory conditions General population: Short (<1
must reflect the etiologically (potentially leading to d) exposure measurement
relevant time window. For attenuated risk estimates). period with no, or limited,
measures of average pulmonary All settings: Uncertainty discussion of protocol and
function, average ongoing exposure [regarding correspondence quality control assessment.
experienced during the past several |between measured levels and |All settings: Large percentage
weeks or months. Exposure levels in the etiologically (e.g., 50% or higher) of
measure based on at least 5-d relevant time window. measures < LOD, or other ways
sample, or if < 5 days, measures in in which exposure range does
more than one season. For not allow meaningful analysis
measures of change, exposure of risks above 0.010 mg/m?3;
assessment occurring concurrently small exposure contrast
or representing average conditions between exposure groups
prior to change. limits ability to detect

differences.
Outcome |Pulmonary function outcomes Instrument or methods for Instrument or methods for
(1B) measured using American Thoracic |data collection less well data collection not described.

Society guidelines or providing a
description of the protocols and
reference equations that were
used. Methods described or
reference provided for measures of
peak expiratory flow. Outcome
measurement conducted without
knowledge of exposure status.

described.

Symptoms reported with
knowledge of exposure status.

Confounding

Potential for confounding

Potential for confounding

Potential for confounding

(cf) considered and addressed in design |considered and addressed in |prevents differentiation of
or analysis. Primary potential design or analysis but some |effect of formaldehyde from
confounders were race, height, age,|questions regarding degree of |effect of other exposure(s).
gender, smoking, and respiratory |correlation between
exposures associated with the formaldehyde and other
outcomes that were correlated with|exposures associated with
formaldehyde. pulmonary function may
remain.
Analysis and |Analysis allows for examination of [Sample size limited in Limited data analysis (or
Other (Oth) |variation in effect in relation to stratified analyses. analysis that is not appropriate

variation in exposure level using
analytic procedures that are
suitable for the type of data. Data
provided that allows
characterization of the distribution
of exposure, e.g., upper 75%
percentile.

for the data) or small overall
sample size increased potential
for unreliable results.

For changes across work shift

or lab session: No comparison
to changes in an unexposed
group during same time-
period.

2-53



IRIS Toxicological Review of Formaldehyde (Inhalation)

2.3.4. Immune-Mediated Conditions, Focusing on Allergies and Asthma, Study Evaluation
Criteria

The literature search for immune-mediated conditions initially focused on identifying
relevant studies in humans or animals (see Section 2.2.4), although the experimental animal studies
were ultimately considered most appropriately analyzed as mechanistic evidence within the
broader context of the review of mechanistic information for potential respiratory effects (see
Section 2.3.6); thus, the documentation of the animal study evaluations is in Appendix B.3.6. The
evaluation of observational epidemiology studies section is discussed below first, followed by a
summary of the evaluation of controlled human acute exposure studies. Tables documenting the

evaluation of each of the human studies in this section is found in Appendix B.3.4.

Observational Epidemiology Studies

EPA consulted with two panels of epidemiology experts to develop criteria to rate the
confidence in the results for observational epidemiology studies of allergic response!® and of
asthma.1! Each panel was given extracted information regarding case ascertainment or outcome
classification from studies using questionnaire-based measures (or, for the allergy panel, skin prick
tests). These studies were reflective of the most common study designs used, e.g., cross-sectional
with concurrent assessment of exposure and of symptoms over a preceding period ranging from 4
weeks to 12 months. Descriptive information about the study population (e.g., size, age, country)
was also provided but the material did not include any information regarding results for
formaldehyde or other exposures.

The panels’ discussions and the criteria relating to the evaluation of outcome assessment
are described below.

Ascertainment of allergic sensitization and allergies
Questionnaire-based ascertainments of nasal and ocular symptoms have been developed
and widely used, for example in the International Study of Arthritis and Allergies in Children

(ISAAC) (Asher et al., 1995). The additional ascertainment of seasonality and triggers can be helpful

in distinguishing between allergic and nonallergic basis of the symptoms. When comparing specific
types of self-reported allergies to specific types of positive skin prick tests, specificity of self-report
is relatively high (approximately 90% or higher), but sensitivity is lower (ranging from 30-70%)
(see for example (Lakwijk et al., 1998; Dotterud et al., 1995; Braun-Fahrlander et al., 1997)).

10pr, Hasan Arshad, University of Southampton, Southamptom, United Kingdom; Dr. Peter Gergen, National
Institute of Allergy and Infectious Diseases, Bethesda, Maryland; Dr. Elizabeth Matsui, Johns Hopkins University,
Baltimore, Maryland; Dr. Dan Norbéack, Uppsala University, Uppsala, Sweden; Dr. Matthew Perzanowski, Columbia
University, New York City, NY.

1pr, Lara Akinbami, U.S. Centers for Disease Control, Atlanta, Georgia; Dr. Peter Gergen, National Institute of
Allergy and Infectious Diseases, Bethesda, Maryland; Dr. Christine Joseph, University of Michigan, Ann Arbor,
Michigan; Dr. Felicia Rabito, Tulane University, New Orleans, Louisiana; Dr. Carl-Gustaf Bornehag, Karlstad
University, Karlstad, Sweden.
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Limiting case ascertainment to physician-diagnosed allergies increases specificity but is considered
to have low sensitivity because self-treatment with nonprescription medications is common.
Questionnaire-based ascertainments of atopic dermatitis or eczema have also been developed

(Williams et al., 1996; Asher et al., 1995). These questionnaires focus on the extent, location, and

itchiness of the rash and age at onset (typical onset before age 2 years). Specificity, compared to
physician diagnosis, was high (>0.95) in school-age children (Williams et al., 1996) and in younger
children (von Kobyletzki et al., 2013).

Based on advice from the expert panel, EPA considered cross-sectional designs using

questionnaires for rhinitis or rhinoconjunctivitis to provide an adequate basis for case
ascertainment in studies in Europe and the United States; in studies in other areas (i.e., areas that
have not been included in ISAAC), specific mention of validation of the questionnaire was needed to
receive a high confidence rating. Although the specificity of questions pertaining to rhinitis may be

lower than the specificity of questions pertaining to rhinoconjunctivitis (Kim et al., 2012), based on

the feedback received, this difference was interpreted by EPA as insufficient to conclude that the

rhinitis questions should be viewed with lower confidence.

Ascertainment of asthma

Self- (or parent-) report of physician-diagnosed asthma can be reliably used in
epidemiological studies of incidence of asthma, although this method can miss undiagnosed asthma.
“Current” asthma, or prevalence of current asthma, is typically ascertained through a set of
questions pertaining to symptoms or medication use over of period of time (e.g., last 12 months). A
similar, but usually expanded, set of questions can be used to assess asthma control over a shorter
period of time (e.g., 2-4 weeks). (Asthma control pertains to the extent to which symptoms can be
reduced or eliminated with medication.) Asthma exacerbation is a term typically used in clinical
trials and considers the need for using systemic corticosteroids.

Most of the studies identified in the formaldehyde literature are studies of prevalence of
current asthma and used a classification scheme based on the American Thoracic Society (ATS)
questionnaire (Ferris, 1978) or subsequent instruments that built upon this work, including the
ISAAC and European Community Respiratory Health Survey (ECHRS) questionnaires. Based on
consultation with the expert panel, these questionnaire-based approaches have been found to have
an adequate level of specificity and positive predictive value for use in etiologic research (Ravault

and Kauffmann, 2001; Jenkins et al., 1996; Burney et al., 1989) that focuses on the occurrence of

episodes of asthma, as opposed to the first occurrence of asthma. The questionnaires typically use
several questions to define current asthma based on symptoms relating to wheezing episodes or
shortness of breath, reported history of asthma attacks, or use of asthma medication. As noted in
the discussion of ascertainment of allergies, the questionnaires have been used in many studies but
have not necessarily been validated in every population.

The age of study participants is an important consideration in the interpretation of various

measures. Specificity of symptom questions is reduced in the very young (<5 years) because
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wheezing can occur with respiratory infections in infants and young children, and specificity is

reduced at older ages (e.g., >75 years) because of the similarities in symptoms and medication use

for chronic obstructive pulmonary disease and asthma (Taffet et al., 2014; Abramson et al., 2014).
Asthma can be atopic (allergic) or nonatopic. In the United States 1988-1994 NHANES data,

56% of self-reported physician diagnosed asthma cases had at least one positive skin prick test

(Arbes et al., 2005). Thus, the delineation of asthma into these different groups can reduce some of

the heterogeneity, but exclusion of either group may significantly reduce the sensitivity of case
ascertainment.

Considering the expert advice and the considerations above, the eligible population for
asthma was defined for the purposes of this assessment as “humans, age > 4 years” because the
respiratory disorder occurring in infants and toddlers may be related to, but is distinct from,
asthma, which is more reliably diagnosed in school-aged children. Thus, five studies initially
identified as asthma studies in the literature search are not classified as studies of asthma in the
assessment, but rather as studies of “lower respiratory tract symptoms in infants and toddlers”
Raaschou-Nielsen et al. (2010) Roda etal. (2011) Rumchev et al. (2002). Li et al. (2019) Yu etal.
(2017). Studies of asthma or asthma symptoms that included ages 3-4 within a larger cohort of

older children were included if the proportion of the study group in the age range was likely to be

relatively small (e.g., if the mean age was > 5 years).

Summary of Evaluation Criteria
Table 2-28 describes the criteria used for the domain ratings informing the confidence

classifications for epidemiological studies of immune-mediated conditions.

Table 2-28. Criteria for domain ratings in epidemiologic studies of allergies
and asthma

Evaluation Primary criteria for domain ratings

Domain

Good (‘++) Adequate (‘+') Deficient (‘gray’)

Uncertainty regarding
participant recruitment
process or participation rate.

General population: Participant
selection based on population-based
sampling frame with high participation
rate.

Occupational settings: High
participation rate but potential for
“healthy worker effect” to lead to
attenuated effect estimate.

General population: Participant
selection based on exposure status.
Occupational settings: Recruitment
process or self-selection likely to lead
to inflated effect estimate.

Asthma: Studies of infants and
children < 5 years?®

Population (SB)

Exposure (IB)

General population: For inferences
above 0.050 mg/m3, exposure range
includes large enough sample above
0.050 mg/m?3 to allow for meaningful
analysis in this range.

Occupational settings: Ability to
differentiate between exposed and
unexposed, or between low and high
exposure.

General population: More
limited exposure assessment
than described in “Good”
category (e.g., 1-5 d); some
details regarding
measurement protocol
provided.

Occupational settings:
Referent group may be

General population: Short (<1 d)
exposure measurement period; no or
limited discussion of protocol -
quality control assessment.

All settings: Large percentage (e.g.,
50% or higher) of measures < LOD, or
other ways in which exposure range
does not allow analysis of risks above

0.010 mg/m?3; small exposure
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Evaluation
Domain

Primary criteria for domain ratings

Good (‘++')

Adequate (‘+’)

Deficient (‘gray’)

All settings: Exposure measure should
reflect etiologically relevant period.
Incidence of allergies (over
subsequent 12 months) — or
prevalence of allergy symptoms (in
past 12 months or shorter period) -
Exposure measure based on at least 5-
d sample measures or fewer days if
sampled in more than one season.
Allergy sensitization (skin prick tests) -
exposure measure should reflect the
period before or during which
sensitization occurs.

Current asthma (in past 12 mos or
shorter time period) Exposure measure
based on at least 5-d sample measures
or fewer days if sampled in more than
one season.

Asthma control (symptoms and
medication use over the past 2-4
weeks) - exposure measure concurrent
with the outcome assessment.
Nighttime asthma symptomes,
exposure measures taken in the home.

exposed to formaldehyde or
to other exposures affecting
respiratory conditions
(potentially leading to
attenuated risk estimates)
All settings: Uncertainty
regarding correspondence
between measured levels and
levels in the etiologically
relevant time window. For
example, for studies of
nighttime asthma symptoms,
exposure measures taken at
school or work.

contrast between exposure groups
limits ability to detect differences.

Outcome (IB):

Incidence or prevalence of allergy
symptoms - ISAAC questionnaires for
rhinitis or rhinoconjunctivitis (in United
States or Europe), or other validated
questionnaire.

History of allergies — self-report of
specific allergies. For children, skin
prick tests covering at least 5 allergens.
Contact atopic dermatitis or eczema -
validated questionnaire.

Current asthma (in past 12 mos or
shorter time period) - ISAAC or other
ATS-related questionnaires (in United
States or Europe), or other validated
questionnaire with similar level of
sensitivity and specificity.

Prevalence of allergy
symptoms - ISAAC or other
questionnaire in areas other
than US or Europe, without
validation.

History of allergies -report of
physician-diagnosed allergy
(high specificity but low
sensitivity). For adults - skin
prick tests.

Atopic eczema. allergic
rhinitis (in the past year) -
self-report of medical
treatment (medication use),
without clarifying the type of
medication.

Current asthma: ISAAC or
other questionnaire in areas
other than U.S. or Europe,
without validation; self-report
of medical treatment
(medication use) for asthma
in the past year.

History of allergies - self-report of
allergies that includes food allergies.

Confounding (Cf)

Confounding considered and
addressed in design or analysis.
Primary potential confounders were
age, gender, and respiratory exposures
associated with the outcomes that
were correlated with formaldehyde.

Confounding considered and
addressed in design or
analysis but some questions
regarding degree of
correlation between
formaldehyde and other
exposures associated with

High likelihood of confounding that
makes it unable to differentiate
effect of formaldehyde from effect of
other exposure(s).
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Evaluation Primary criteria for domain ratings
Domain Good (“++) Adequate (‘+) Deficient (‘gray’)
allergies or asthma may
remain.
Analysis and  |Analysis allows for examination of Sample size limited in Limited data analysis (or analysis that
Other (Oth) |variation in effect in relation to stratified analyses. is not appropriate for the data) or
variation in exposure level using small overall sample size increased
analytic procedures that are suitable potential for unreliable results.

for the type of data. Data provided
that allows characterization of the
distribution of exposure, e.g., upper
75t percentile.

Abbreviations: SB = selection bias; IB = information bias; Cf = confounding; Oth = other feature of design or analysis.
2These studies used in a separate evaluation of lower respiratory tract conditions in infants and children < 5 years.

Controlled Exposure Studies in Humans

The evaluation of controlled exposure studies examined four primary elements: the type of
exposure (paraformaldehyde preferred over formalin or undefined test articles), use of
randomization procedures to allocate exposure, blinding of the participant and of the assessor to
exposure, and the details regarding the analysis and presentation of results (see Appendix B.3.4 for

documentation of these study evaluations).

2.3.5. Respiratory Tract Pathology Study Evaluation Criteria

Studies in Humans

Considerations specific to the evaluation of the outcome assessment domain are described
below; other evaluation domains pertaining to population (participant selection and
comparability), exposure measurement, possibility of confounding, analysis and completeness of
results, and study size, are discussed in Section 2.3.1. A table documenting the evaluation of each of
the studies in this section is found in Appendix B.3.5.

For studies that evaluated histopathological lesions in nasal biopsies, EPA looked for either
a detailed explanation of how tissues were evaluated and scored, or a citation for a standard
method. Nasal biopsies were taken in four occupational studies; tissues were subsequently stained,
and cell structure examined according to variations of the Torjussen et al. (1979) method. The
original Torjussen method scored morphological characteristics of the nasal epithelium using a
whole number between 0 and 8, with 0 indicating normal epithelium and 8 indicating carcinoma
and the midpoint of four signifying stratified squamous epithelium with a horny layer. Despite the
variations of this scale, in each study the lowest numbers (0 or 1) always indicated normal cell
structure while increasingly higher numbers indicated more disruptive cellular changes. Although
the focus of this section is nonneoplastic histopathologic lesions, the studies compared the means of
the total score between exposed and referent groups. Therefore, the prevalence of dysplasia is

presented in the evidence synthesis tables when it was reported.
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The criteria relating to the evaluation of human respiratory tract pathology studies are
outlined in Table 2-29.

Table 2-29. Criteria for domain ratings in epidemiology studies of respiratory

pathology
) Primary criteria for domain ratings
Evaluation
Domain Good Adequate Deficient

Population (SB)

General population: Participant
selection based on population-
based sampling frame with high
participation rate.

Occupational settings: High
participation rate but potential for
“healthy worker effect” to lead to
attenuated effect estimate.

Uncertainty regarding
participant recruitment
process or participation
rate.

General population: Participant
selection based on exposure
status.

Occupational settings:
Recruitment process or self-
selection likely to lead to
inflated effect estimate.

Exposure (IB)

General population: Exposure
measure based on at least 3-d
sample; measures in more than one
season if time window covers 12
months or addressed season in the
analysis.

Occupational settings: Ability to
differentiate between exposed and
unexposed, or between low and
high exposure.

Relevant exposure period for nasal
pathology is period prior to and
during development of nasal
lesions.

General population: More
limited exposure
assessment (e.g., <1d)
with details regarding
measurement protocol
provided.

Occupational settings:
Referent group may be
exposed to formaldehyde
or to other exposures
affecting respiratory
conditions (potentially
leading to attenuated risk
estimates)

All settings: Uncertainty
regarding correspondence
between measured levels
and levels in the
etiologically relevant time
window.

All settings: Large percentage
(e.g., 50% or higher) of
measures < LOD, or other ways
in which exposure range does
not allow analysis of risks above
0.010 mg/m?3; small exposure
contrast between exposure
groups limits ability to detect
differences.

General population: Short (<1
d) exposure measurement
period without discussion of
protocol - quality control
assessment.

Outcome (IB)

Cytopathology in nasal tissues:
Detailed description of how tissues
were evaluated and scored or
citation to standard method.
Other endpoints: Detailed
description or citation to standard
method.

Nonstandard methods but
documentation provided.

Nonstandard methods and no
documentation establishing
validity.

Confounding
(cf)

Confounding considered and
addressed in design or analysis.
Primary potential confounders were
age, smoking, and respiratory
exposures associated with the
outcomes that were correlated with

formaldehyde.

Confounding considered
and addressed in design or
analysis but some
questions regarding degree
of correlation between
formaldehyde and other

exposures associated with

High likelihood of confounding
that makes it unable to
differentiate effect of
formaldehyde from effect of
other exposure(s),
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) Primary criteria for domain ratings
Evaluation
Domain Good Adequate Deficient
respiratory tract pathology
may remain.
Analysis and |Analysis allows for examination of |Sample size limited in Limited data analysis (or
Other (Oth) |variation in effect in relation to stratified analyses. analysis that is not appropriate
variation in exposure level using for the data) or small overall
analytic procedures that are sample size increased potential
suitable for the type of data. Data for unreliable results.
provided that allows
characterization of the distribution
of exposure, e.g., upper 75%
percentile.

Studies in Animals

In addition to the general factors considered for all toxicology studies of formaldehyde
inhalation exposure (see Appendix B.3.1), factors specific to the interpretation of respiratory tract
pathology were considered when determining study confidence. These criteria reflect the large
database of well-conducted studies, and include: the use of too few test subjects (i.e., a sample size
of less than 10 was considered a significant limitation); a failure to report lesion incidence and/or
severity; the lumping of multiple lesions (e.g., squamous metaplasia and hyperplasia) together; a
failure to report quantitative incidences and/or statistical analyses; the use of insensitive sampling
procedures (multiple sections across multiple levels of the respiratory tract were preferred); and
use of an exposure duration or follow-up that is likely insensitive for detecting slow-developing
lesions (a duration of 21 year was preferred).

Somewhat in contrast to the available experimental animal studies for other health effect
sections, most studies of respiratory pathology used paraformaldehyde or freshly prepared
formalin as the test article, although some studies tested commercial formalin. As noted previously,
while co-exposure to methanol is a major confounding factor for systemic endpoints, it is less of a
concern (i.e., an adequate domain rating (“+”); see below) when identifying effects of inhaled
formaldehyde on respiratory pathology. Most inhaled methanol bypasses the nose but is readily
absorbed in the lungs and distributed systemically. Inhalation studies of methanol suggest that URT
effects occur at concentrations many times higher than estimates of methanol concentrations in air,
at least those generated from spraying formalin solutions onto heated glass!? (e.g., >650 mg/m3 in
methanol studies by Poon et al. (1995) and Andrews et al. (1987) versus 5.5 mg/m3 methanol
reported by Kamata et al. (1997) in a formalin study testing formaldehyde levels of 0 and

18.27 mg/ms3). Thus, in general, the levels of methanol in formalin studies are considered unlikely

2Even though methanol levels in the air using the generation methods in the other available formalin studies may
be quite different, and possibly significantly higher, than the levels estimated by Kamata et al. (1997), given the
relative insensitivity of the URT to methanol, these crude comparisons were considered sufficient for
interpretations drawn in the context of these URT effects.
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to cause substantial increases in URT lesion severity. However, it does introduce the possibility that
effective respiratory tract tissue concentrations of formaldehyde might be slightly higher after
inhalation of formalin (due to some methanol conversion to formaldehyde within the tissue) than
after exposure to the same concentrations of formaldehyde from sources without methanol, which
would result in an overestimate of the effect of formaldehyde exposure and thus can influence
study selection for dose-response analysis (see methods in Section 2.7).

For assessing histopathological changes for the different regions of rodent nasal passages,
standard cross-section levels (e.g., Levels [-V) have generally been adopted for consistent analysis
across studies (Young, 1981; Mery et al., 1994). Although the number and naming of cross-section

levels varied from study to study, the levels always progressed through the nasal cavity from the
area posterior to the nostrils (e.g., Level I or A) to areas anterior to the nasopharynx. Two different
examples of the cross-sectioning procedures in rats are illustrated in Figure 2-2, with other studies
of rats and other rodents employing similar procedures; however, illustrations of the specific cross-

section levels used in each individual study are not included in the evidence tables.

[ nom w v

mo & o >

A NASOTURBINATES
B — MALLLOTUABINA
€ — ETHMOTURBINATES

Figure 2-2. Example cross-section levels in rat nasal passages used for
histopathological evaluations from Kerns et al. (1983) (left; Levels I-V) and
Kamata et al. (1997) (right; Levels A-E).

For this assessment, it was preferred that studies assessed multiple tissue sections across
multiple cross-section levels to allow for reasonable sampling of the nasal mucosa. Where
applicable, histopathological findings in the nasal mucosa are discussed with reference to these
sections, and the specific structures examined are stipulated in the evidence tables
(e.g., nasoturbinates, maxilloturbinates, or ethmoid turbinates). When data were available, the type
of epithelium affected (e.g., respiratory epithelium) was also noted. Only a few studies evaluated
sections of the URT distal to the nasal cavity, and these evaluations were generally less rigorous
(e.g., examining only a single tissue section) than evaluations of the nasal mucosa and tested much
higher formaldehyde concentrations. Similarly, pathological findings in the LRT were generally not
identified in studies with “good” or “adequate” exposure quality; thus, while these findings are
briefly summarized in the evidence synthesis, separate criteria for outcome evaluation were not
developed.

Table 2-30 describes the criteria used for the domain ratings informing the confidence

classifications for animal studies of respiratory tract pathology.
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Table 2-30. Criteria for domain ratings in animal studies of respiratory tract
pathology

Evaluation
domain

Overview of
preferred study
features

Primary criteria for domain ratings
(Documentation shorthand used in Appendix B.3.5)

Good (‘++')

Adequate (‘+)

Deficient (‘gray’)

Exposure Quality

Well-characterized
and appropriate
inhalation exposure
conditions (See
methods in Section
2.3.1, applied
consistently across

experimental studies;
see documentation in

Appendix B.3.1)

e “Good” Exposure
Quality

[Note: for POE

endpoints such as

this, methanol co-

exposure was not a

major concern]

“Adequate”
Exposure Quality
or “Deficient”
Exposure Quality if
the driver of the
domain rating was
use of formalin
(i.e., this was not
considered a
critical deficiency
for this POE effect)

o “Deficient”
Exposure Quality
not based on use
of formalin as the
test article

[Note: interpretation

of the exposure levels

is discussed in the
hazard synthesis and

is not, on its own, a

reason for deficient]

Test Subjects Sample size provides |e Based on OECD TG |e SmallN (N=>3to |e Inadequate N (N <
reasonable power to 452 and TG 413, <10 in subchronic 3)
assess endpoint(s) in chronic study: N > study; N=>3 to <20| ¢ Multiple less
question; species, 20; subchronic: N 2| in chronic study) essential study
strain, sex, and age 10 (note: for this e Individual less details (e.g., sex,
relevant to endpoint; outcome, testing essential test strain) unclear
no overt systemic only one sex not a subject details e Individual essential
toxicity noted or limitation) (e.g., sex) unclear study detail (e.g.,
expected; allocations |e Details on test species) unclear
can be inferred as subjects reported
appropriate ¢ Randomization

preferred (but not
required)

Study Design The design of the e Study design, e Components of the |® Study design could
experiment is including exposure study protocol not be evaluated
appropriate, duration and were unclear or or had critical
reproducible, and timing of exposure insufficiently flaws (e.g., timing
sensitive for the and endpoint assessed. or duration or
endpoints of interest evaluation, are e Limited sensitivity exposure likely to

considered of exposure timing compromise the
informative, or duration integrity of the
discerning, and findings)
appropriate.

Endpoint The protocols used to e Adequate use and |e Limitation in e Uncontrolled

Evaluation assess the outcome reporting of conduct of variables are

are sensitive,
complete,
discriminating
(specific), and
biologically sound
(reliable);
experimenter bias
minimized

discerning
endpoint
protocols,
including blinding
e No potential
confounding
identified

evaluations (e.g.,
no lesion severity;
limited sampling;
lack of blinding)
Other uncontrolled
variables unrelated
to exposure quality
may affect results

expected to
confound the
results

Lack of reporting
lesion incidence
and severity
Multiple additive
limitations
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Overview of

Primary criteria for domain ratings
(Documentation shorthand used in Appendix B.3.5)

considerations
and statistics

are presented, group
comparisons and
data/variability
presentation are
appropriate and
discerning

reporting and
presentation of
results
e No evidence of
selective reporting
e Statistical methods

statistical analyses
Concern regarding
selective reporting
Concern with
presentation of
results (e.g.,

Evaluation preferred study
domain features Good (‘++) Adequate (‘+') Deficient (‘gray’)
Data Statistical methods e Adequate e Failure to report e Failure to report

enough data to
interpret reported
findings

Multiple
limitations

described pooling of lesions)

2.3.6. Study Evaluation Criteria for Mechanistic Information Related to Noncancer
Respiratory Effects, Focusing on Inflammation and Immune Effects

Study Evaluations

Because many relevant articles (mostly experimental studies with multiple, relevant
endpoints) were considered in this analysis, a method was developed to distinguish the
experiments likely to provide the most useful information from those providing less informative
data or a comparably negligible amount of information. Individual mechanistic studies were
evaluated using basic screening-level criteria (see Table 2-31) for each relevant endpoint or group
of related endpoints (e.g., hematological parameters) assessed by the study authors; thus, a study
may be evaluated multiple times. Expert judgment of the totality of the potential limitations was
used to determine a final level of confidence in the utility of the study results, with the reasoning
documented. In some instances, notation is included regarding the sensitivity of the methods and
whether they can provide information with direct relevance to interpreting cellular, structural, or
functional changes related to potential respiratory system health effects. Although this information
was not used in study evaluations, it was considered when developing the synthesis.

The study evaluation decision criteria were different for observational epidemiology
studies and experimental studies, although all criteria emphasized exposure-related considerations.
The intent of the criteria applied, and the purpose of this mechanistic evaluation, was to focus on
potential mechanisms associated with constant, chronic inhalation exposure to formaldehyde.
Some studies of other effects that might be related to respiratory health effects have been evaluated
in other sections of the Appendix and support evaluations of potential respiratory hazards; these
evaluations informed the interpretation of overlapping studies presented in this section, as well as
in the MOA analyses presented in the toxicological review. Studies of cellular proliferation,
mucociliary function, and genotoxicity were separately reviewed, with the relevant conclusions
directly incorporated into the MOA analyses described in the Toxicological Review. The application
of the decision criteria to the identified mechanistic studies is presented in Appendix B.3.6.
Interpretations of the usefulness of the individual mechanistic studies for evaluating the effect(s) in

question were drawn based on the results of applying the decision criteria. Specifically, regarding
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the mechanistic studies related to potential noncancer respiratory effects (focusing on immune and

inflammatory changes), given the large number of studies identified, individual experiments were

characterized as high or medium confidence, low confidence, or not informative. These evaluations

emphasized exposure-related considerations and were designed to identify the mechanistic data

most likely to be associated with constant, chronic inhalation exposure to formaldehyde (see

Appendix B.3.6 for additional details). These interpretations were high or medium confidence—

experiments considered very useful for describing potential formaldehyde inhalation-induced

effects (since both medium and high confidence studies were considered well conducted, additional

criteria were not applied to distinguish one from the other). In contrast, low confidence experiments

might provide useful information, but should be considered in the context of other available data.

Not informative studies were interpreted as providing negligible information regarding the

potential for formaldehyde inhalation to cause the effect(s) of interest and were ultimately not

included in the mechanistic analyses, given the identified limitations and the large number of

available studies. Note that studies evaluating tissues interpreted as unlikely to be contributing to

respiratory health effects (e.g., liver) are included in Appendix B.3.6, but are not included in the

MOA analyses presented in the Toxicological Review or the systematic evidence map; the relative

importance and ultimate decision to not include such information in the mechanistic analyses may

change if the conclusion regarding their lack of relevance to respiratory health effects were to

change with additional, future research.

Table 2-31 describes the criteria used for the domain ratings informing the confidence

classifications for mechanistic studies relevant to potential noncancer respiratory effects.

Table 2-31. Decision considerations for the evaluation of mechanistic studies
relevant to potential noncancer respiratory effects

Observational studies preferences

Experimental studies (human or animal, controlled
exposure) preferences

Generally, studies were considered low
confidence if they had multiple (2 or more)
unmet preferences and not informative if the
majority of preferences were not met:

Generally, studies were considered low confidence if they
had multiple (2 or more) unmet preferences and not
informative if the majority of preferences were not met:

* inhaled concentration accurately quantified
in exposed group

e  use of an appropriate referent group

. exposure contrast expected to allow for

detection of differences across groups

Exposure duration System
*  duration 25 d (acute exposures noted) * invivo with nose-only or whole-body inhalation
¢ daily exposures of several hours exposure

Exposure levels Test article

* explicit use of paraformaldehyde (PFA) or
methanol-free preparations of formaldehyde;
note: experiments of non-URT tissues/models
(including lung) were automatically “low
confidence” if this preference was not met)

Comparability

Exposure paradigm
*  duration of 25 d (acute exposures noted)
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Observational studies preferences

Experimental studies (human or animal, controlled
exposure) preferences

* endpoint result comparisons can discern
effects of formaldehyde exposure alone
(e.g., controlling for co-exposures,
blinding)

*  periodicity of 25 hrs/d and >5 d/week (if >1 d)

Sample size
*  >10 persons/ group to (theoretically)
reduce variability

Exposure levels
* inhaled concentration was quantified (as ppm,

3
mg/L or mg/m’)
3
* atleast one tested exposure level of <3 mg/m

3
(Note: studies only testing above 10 mg/m were
considered “excessive”)

Reporting
. clear description of methods

. detailed, quantitative reporting of results

Comparability
*  endpoint result comparisons can discern effects of
formaldehyde exposure alone (e.g., controlling for
other experimental manipulations, including
chamber air exposure).

Sample size
*  >10 humans or >5 animals/ group to
(theoretically) reduce variability

Reporting
* clear description of methods
* detailed, quantitative reporting of results

Specific Evaluation and Summary of URT mucociliary function and cellular proliferation

Studies examining the potential effects of formaldehyde exposure on mucociliary function

and cell proliferation were considered for use in identifying potential hazards associated with

respiratory tract pathology effects but were ultimately determined to be most useful as mechanistic

evidence describing the potential progression of effects on structures within the URT that might

lead to more apical effects (e.g., squamous metaplasia). In contrast to the other mechanistic studies

described in this section, these observational human studies and experimental animal studies were

individually evaluated according to the criteria laid out for human and animal apical endpoint (i.e.,

hazard) studies described in Appendix B.3.6, noting that the decisions for the specific endpoints

considered in this section can differ when interpretations of the reliability of the methods differed

from those of the more apical endpoints. Thus, studies were judged as high, medium, or low

confidence, or as “not informative” (i.e., not discussed).

2.3.7. Nervous System Effects Study Evaluation Criteria

The literature searches (see Section 2.2.7) identified observational epidemiology studies of

neurobehavioral effects and of risk of amyotrophic lateral sclerosis (ALS), controlled human

exposure studies of neurobehavioral effects, and experimental animal inhalation exposure studies

examining a variety of endpoints (e.g. learning and memory; motor activity, habituation, and

anxiety; neuropathology). The specific criteria for evaluation are described below.
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Human Observational Epidemiology Studies

Amyotrophic lateral sclerosis is a rare neurodegenerative disorder of the motor neurons

with an incidence in Western countries of 1-2 per 100,000 person-years (Ingre et al., 2015). Three
of the studies of ALS evaluated ALS mortality; analysis of mortality rather than incidence was not
considered to be a limitation. Because the 5-year survival rate is low, mortality studies of ALS
provide a good estimate for incidence of this disease. Because the disease is rare, the precision of
risk estimates reported by these studies is a major limitation; for most of the studies, the number of
exposed cases for the case-control studies or total cases ascertained for the cohort studies was
small. Established risk factors that should be considered as potential confounders are age, and sex.
Smoking also has been associated with ALS in multiple studies. Family history is also a risk factor
but would not likely be associated with formaldehyde exposure; therefore, controlling for family
history was not considered essential. While potential misclassification of exposure was another

limitation for all of the studies, this was a particular concern for the general population studies,

which collected exposure information using questionnaires (Weisskopf et al., 2009; Fang et al.,
2009) or job-exposure matrices based on industry or occupation (Seals et al., 2017; Roberts et al.,

2015; Peters et al., 2017). Fang et al. (2009) used a more detailed evaluation of exposure level and
duration based on a structured occupational questionnaire and classification by industrial
hygienists. Peters et al. (2017) and Seals et al. (2017) assigned individuals to exposure categories
using the Nordic Occupational Cancer Study job exposure matrix which contained formaldehyde
concentration data specific to either Sweden or Denmark; data on occupations over time were
obtained from national censuses in Sweden (Peters et al., 2017) or the National Pension Fund in
Demark (Seals et al., 2017). Roberts et al. (2015) used data from the National Longitudinal Study in
the United States, which obtained information via a survey on the most recent occupation at the

time subjects were enrolled; information on later occupations during follow-up was not captured.
Table 2-32 describes the criteria used for the domain ratings informing the confidence

classifications for epidemiology studies of nervous system effects.

Table 2-32. Criteria for rating domains in epidemiology studies of nervous
system effects

Evaluation Primary criteria for domain ratings
domain —
Good Adequate Deficient

General population: Participant Uncertainty regarding General population: Participant

Population (SB) selection based on population- participant recruitment selection based on exposure
based sampling frame with high process or participation status.
participation rate. rate. Occupational settings:
Case-control: Selection from same Recruitment process or self-
source population selection likely to lead to
Occupational settings: Cohort inflated effect estimate.
studies uncompromised by loss-to-
follow up.
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Evaluation
domain

Primary criteria for domain ratings

Good

Adequate

Deficient

Exposure (IB)

ALS Case-Control (occupational
settings): Long-term and short-term
job history with industry,
occupation and task details allowing
for independent assessment of
exposure potential. Use of a
validated job-exposure matrix
(JEM).

ALS Cohort studies: Long-term and
short-term job history with industry,
occupation and task details allowing
for independent assessment of
exposure potential supported by
formaldehyde monitoring data.

Etiologically relevant time window
(ALS): Previous 20 years prior to
diagnosis and design that excludes
prevalent cases.

Neurobehavior (occupational
settings): Ability to differentiate
between exposed and unexposed,
or between low and high exposure.
Exposure assessment specific to
formaldehyde exposures and using
some concentration measurements;
includes assessment of intensity
and frequency (for example, job
exposure matrix).

Relevant time window
(neurobehavior): Period prior to
health assessment

Cohort studies: Job history
with industry and
occupation, although task-
level details not available,
and job histories may not
be complete. Use of a
validated JEM.

ALS Case-Control
(occupational settings):
Job history with industry
and occupation, although
task-level details not
available, and job histories
may not be complete. Use
of a validated JEM.

Neurobehavior
(occupational settings):
Ability to differentiate
between exposed and
unexposed, or between low
and high exposure but
greater possibility of
misclassification (e.g.,
exposure definition not
informed by measurements
or job exposure matrix not
validated for population).
Referent group may be
exposed to formaldehyde
or to other exposures
affecting respiratory
conditions (potentially
leading to attenuated risk
estimates)

General population: Short (<1
d) exposure measurement
period without discussion of
protocol - quality control
assessment.

ALS Case-Control (occupational
settings): Exposure definition
includes group with large
variation in probability or
intensity of exposure with likely
attenuation of results; Exposure
definition based only on
industry/occupation codes or
other exposure ascertainment
with potential to include high
numbers of nonexposed or
inadequate sensitivity (e.g.
“ever-never exposed; use of
open-ended question regarding
occupational exposures.

Neurobehavior (all settings):
Large percentage (e.g. 50% or
higher) of measures < LOD, or
other ways in which exposure
range does not allow analysis of
risks above 0.010 mg/m?3; small
exposure contrast between
exposure groups limits ability to
detect differences.

Outcome (IB)

ALS: Incidence or mortality; ICD-7
356.1, ICD-8 348.0, ICD-9 335.2,
ICD-10 G12.2. Source of cases from
national registries or hospital-based
diagnoses by specialists in motor
neuron disease. Deaths from death
certificates or National Death Index.

Neurobehavior: Standardized
neurobehavioral test battery

administered by trained technician.

ALS: Outcome
ascertainment same as for
high.

Neurobehavior: Incomplete
test battery

Neurobehavior: Instrument or
methods for data collection not
described. Symptoms reported
with knowledge of exposure
status.
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Evaluation Primary criteria for domain ratings
domain .
Good Adequate Deficient
Confounding  |Confounding considered and Confounding considered High likelihood of confounding
(cf) addressed in design or analysis. and addressed in design or [that makes it unable to
Primary potential confounders for |analysis but some differentiate effect of
ALS were age, gender, smoking, and [questions regarding degree [formaldehyde from effect of
respiratory exposures associated of correlation between other exposure(s),
with the outcomes that were formaldehyde and other
correlated with formaldehyde. exposures associated with

Primary potential confounders for |ALS or neurobehavior may
neurobehavior outcomes were age, |remain.
gender and education.

Analysis and Analysis allows for examination of [Sample size limited in Limited data analysis (or

Other variation in effect in relation to stratified analyses. analysis that is not appropriate
variation in exposure level using for the data) or small overall
analytic procedures that are sample size increased potential
suitable for the type of data. for unreliable results.

Controlled Exposure Studies in Humans

Controlled exposure studies in humans were evaluated as described for sensory irritation
endpoints in Section 2.3.2. In addition to the general considerations for study evaluation, the
controlled human exposure studies that assessed a battery of neurobehavioral tests were evaluated
with respect to the completeness and appropriateness of the battery of tests used, and the timing of
their administration with respect to exposure as noted for epidemiology studies except they
included consideration of the potential for irritant responses to influence behaviors due to

concurrent or near-concurrent exposures, as discussed for animal studies below.

Studies in Animals

Evaluations of animal studies of nervous system effects only encompass studies reporting
results following in vivo inhalation exposures. Noninhalation exposures are expected to involve
significant distribution of formaldehyde beyond the portal of entry (which is not observed to an
appreciable extent following inhalation exposure), and thus were not considered to be informative
to the evidence synthesis. In vitro studies were similarly excluded from this analysis.

In addition to the general criteria discussed in Section 2.3.1, considerations specific to the
evaluation of potential nervous system effects were also evaluated. Due to the known neurotoxicity
hazard of methanol, studies failing to use an appropriate test article were automatically assigned
low confidence and, to avoid confusion with methanol's effects, if they evaluated high exposure
levels (defined here as relying only on exposures > 10 mg/m3) they were deemed to be not
informative. Additional criteria included: consideration of the potential influence of irritation or
changes in olfaction on behavioral measures (e.g., exposure during behavioral training was
considered a limitation; a preference was given to behavioral studies with a period of latency

between exposure and endpoint testing of 24 hours, or 2 hours at a minimum); blinding of the
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outcome assessors was preferred for subjective measures (e.g., slide evaluation; behavioral
observations; etc.), although this was not necessarily considered a limitation for automated
measures; a sample size of n = 10/group was preferred; methods include a description of and a
preference for endpoint evaluation procedures that are sensitive and specific for the detection of
potential nervous system effects (see Table 2-33 for additional details). Although studies with a
longer exposure duration were most relevant to interpreting the lifetime neurotoxicity hazard of
inhaled formaldehyde, nervous system effects studies of short term or even acute duration were
not automatically considered to be less informative (i.e., exposure duration < 28 days was indicated

as a minor limitation). This is somewhat in contrast to the interpretation of animal studies in other

sections (e.g., respiratory tract pathology), and this reflects an understanding that neurotoxic

effects from very brief exposures can oftentimes represent important health concerns.

Table 2-33 describes the criteria used for the domain ratings informing the confidence

classifications for animal studies of nervous system effects.

Table 2-33. Criteria for domain ratings in animal studies of nervous system

effects
Overview of Primary criteria for domain ratings
Evaluation preferred study (Documentation shorthand used in Appendix B.3.7)
domain features Good (‘++) Adequate (‘+’) Deficient (‘gray’)
Exposure quality |Well-characterized e “Good” Exposure |e “Adequate” o “Deficient”

and appropriate
inhalation exposure
conditions (See
methods in Section
2.3.1, documentation
in Appendix B.3.1)

Quality
[Note: for non-POE
endpoints such as
this, methanol co-
exposure is a major
concern]

Exposure Quality

Exposure Quality
[Note: interpretation
of the tested
exposure levels is
discussed in the
hazard synthesis]

Test subjects

The species, sex,
strain, and age are
appropriate for the
endpoint(s); sample
size provides
reasonable power to
assess the
endpoint(s); overt
systemic toxicity is
absent or not
expected, oritis
accounted for; group
allocations can be
inferred as
appropriate

e Details on test
subjects reported

e No toxicity
observed or
expected

e Randomization
preferred (but not
required)

e N210

Small N (e.g., N=>3
to <10)

Individual less
essential test
subject details
(e.g., sex) unclear
Examination of
only one sex

e |[nadequate N<3

e Multiple less
essential study
details (e.g., sex,
strain) unclear

¢ Individual essential
study detail (e.g.,
species) unclear

o Allocations viewed
as inappropriate

e Overt systemic
toxicity

Study design

A study focus was
nervous system
effects; the exposure
regimen is

e Study design,
including exposure
duration and
timing of exposure

Limited sensitivity
of exposure timing
or duration

e Behaviors tested
during or shortly
after exposure
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Overview of

Primary criteria for domain ratings
(Documentation shorthand used in Appendix B.3.7)

considerations
and statistics

are reported, group
comparisons and
data presentation
(including variability)
are complete,
appropriate, and
discerning; selective
reporting bias
avoided

reporting and
presentation of
results
e No evidence of
selective reporting
e Statistical methods
described

statistical analyses
e Concern regarding
selective reporting
e Concern with
presentation of
results (e.g., no
reporting of motor
activity in learning
and memory tests)

Evaluation preferred study
domain features Good (‘++) Adequate (‘+') Deficient (‘gray’)

informative for the and endpoint e Unclear if potential (irritant effects
tested endpoint; evaluation, are confounding likely)
latency from considered variables were Lack of control for
exposure to testing informative, introduced litter effects in
reduces the potential | discerning, and developmental
for irritation-driven appropriate. study designs
responses Other confounding
Note: No guideline or likely due to design
GLP studies were
identified

Endpoint The protocols used to | e Adequate use and |e Limited Lack of essential

evaluation assess the nervous reporting of evaluations blinding
system effects are discerning e Incomplete Only cursory
sensitive for endpoint reporting of observations
detecting an effect, protocols, methods Multiple additive
complete, including blinding limitations
discriminating (i.e., Critical
specific for the methodological
response in details missing
question), and
biologically sound;
experimenter and
sampling bias
minimized

Data Statistical methods |e Adequate e Failure to report Failure to report a

sufficient amount
of data to
interpret reported
findings

Multiple
limitations

Studies Specific to Mechanistic Considerations Only

In vivo inhalation studies examining mechanistic events related to nervous system effects
were systematically evaluated to inform biological plausibility. Although parallel criteria to those
used to evaluate studies describing potential neurotoxicity health effects (see above) were used to
judge the mechanistic studies, the stringency of some criteria were adapted to accommodate this
type of information and additional leniency was applied for certain parameters (e.g., acute exposure

was not considered a limitation).
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2.3.8. Developmental and Reproductive Toxicity Study Evaluation Criteria

The literature searches (see Section 2.2.8) identified observational epidemiology and
experimental animal studies relevant to developmental and reproductive toxicity. The specific
criteria for evaluation are described below, with the documentation of the application of these

criteria to individual studies provided in Appendix B.3.8.

Human Studies

Participant Selection

A key consideration with respect to occupational studies of spontaneous abortion or time to
pregnancy is the potential for selection bias if participants are recruited from current employees
(Axelsson, 1984) (Slama et al., 2014; Baird et al., 1986). Another potential bias may result from

which pregnancy (first, pregnancy during defined time period, most recent) is selected as the index

pregnancy in studies of spontaneous abortion. Studies that focus on the most recent pregnancy may
be less sensitive due to time-lapse bias. The time between a pregnancy ending in spontaneous
abortion and a subsequent pregnancy ending in a live birth is often shorter than two pregnancies,
both ending in live births. This can result in a bias toward identifying live births as the most recent

pregnancy (Wilcox, 2010).

Outcome ascertainment

The validity of retrospectively collected self-completed questionnaire data on time-to-
pregnancy (TTP) closely reproduced the distributions of TTP in the group using a different data
source (e.g., data collected during annual follow-up of a family planning cohort), even over recall
durations greater than 14 years (Joffe et al., 1995). In addition, subfertility, defined as a TTP greater

than 12 months using the questionnaire data, was identified with high sensitivity (79.9%) and

specificity (94.9%) (Joffe et al., 1993). However, individuals recalled the number of months before

conception with greater error, and these errors increased as the duration of time-to-pregnancy

increased. Longer TTP was both over- and under-estimated (Joffe et al., 1995; Cooney et al., 2009).

Therefore, while individual estimates of TTP may be less precise, the comparison of group means
with respect to levels of formaldehyde exposure is likely to be informative. Validity studies indicate
that recall of previous spontaneous abortions is relatively complete, particularly for losses that

occurred after the 8th week of gestation (> 80% of recorded spontaneous abortions were recalled)

(Wilcox and Horney, 1984). Completeness varies by occupation; completeness of recall among

nurses was better than that among industrial workers (Lindbohm and Hemminki, 1988; Axelsson

and Rylander, 1982). Although elapsed time since the event occurred may also influence the

completeness of recall, this also varied by occupation in a similar way (not important among
nurses) and was not important within the first 10 years after the event (Wilcox and Horney, 1984;

Lindbohm and Hemminki, 1988). It is difficult to evaluate the validity of self-reports of spontaneous

abortion occurring during the 1st trimester using medical records because these early events often
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are not recognized or do not require medical intervention; medical records may not necessarily be

an accurate reference (Slama et al., 2014;

Lindbohm and Hemminki, 1988).

The criteria that were used for the domain ratings informing the confidence classifications

for epidemiology studies of reproductive and developmental effects are included in Table 2-34.

Table 2-34. Criteria for domain ratings in epidemiology studies of
reproductive and developmental effects

Evaluation
domain

Primary criteria for domain ratings

Good

Adequate

Deficient

General population

General population

General population: Participant

Population |For time-to-pregnancy: Birth cohort |For time-to-pregnancy: selection based on exposure
(SB) participants enrolled prior to or Birth cohort participants  |status.
within first weeks of pregnancy. enrolled after 1% trimester |Occupational settings:
High participation rate. of pregnancy; hospital- Recruitment process or self-
For birth outcomes: Birth cohort based cohort. selection likely to lead to
participants enrolled within first Occupational settings inflated effect estimate.
weeks of pregnancy. High Case definition was most
participation rate. recent pregnhancy
Occupational settings (decreased sensitivity)
For time-to-pregnancy: Recruitment |All settings: Uncertainty
from registries, occupational regarding participant
payroll, or union records. High recruitment process or
participation rate. participation rate.
For spontaneous abortion or birth
outcomes: Cases and controls
selected from same source. Controls
selected from working population
or during periods of employment.
Case definition was first pregnancy
or all pregnancies occurring during
study period.
Exposure (IB) |General population: Exposure General population: More |General population: More

measure based on at least 3-d
sample; measures in more than one
season if time window covers 12
mos or addressed season in the
analysis.

Occupational settings: Ability to
differentiate between exposed and
unexposed, or between low and
high exposure. Exposure
assessment specific to
formaldehyde exposures and using
some concentration measurements;
includes assessment of intensity and
frequency (for example, job
exposure matrix).

limited exposure
assessment (e.g., < 1d)
with details regarding
measurement protocol
provided.

Occupational settings:
Ability to differentiate
between exposed and
unexposed, or between low
and high exposure but
greater possibility of
misclassification (for
example, exposure
definition not informed by
measurements or job
exposure matrix not

validated for population).

limited exposure assessment
(e.g., < 1d)and no details
regarding measurement
protocol provided.
Occupational settings:
Exposure definition includes
group with large variation in
probability or intensity of
exposure with likely
attenuation of results; Exposure
definition based only on
industry/occupation codes or
other exposure ascertainment
with potential to include high
numbers of nonexposed or
inadequate sensitivity (e.g., use
of open-ended question
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Evaluation Primary criteria for domain ratings
domain Good Adequate Deficient
Etiologically relevant time window |Referent group may be regarding occupational
(all settings): exposed to formaldehyde |exposures.)
Time to pregnancy: Period prior to |or to other exposures All settings: Large proportion
or during pregnancy attempt. affecting respiratory (>50%) less than the LOD for
Spontaneous abortion: conditions (potentially analyses of continuous
Preconception and during 1% leading to attenuated risk |exposures or other ways in
trimester. estimates) which exposure range does not
Period of spermatogenesis All settings: Uncertainty allow analysis of risks above
(paternal exposure) regarding correspondence [0.010 mg/m?; small exposure
Other birth outcomes: Exposure between measured levels |contrast between exposure
during pregnancy. and levels in the groups limits ability to detect
etiologically relevant time |differences.
window.

Outcome (IB): [Time-to-pregnancy: Based on Time-to-pregnancy: Recall |All endpoints: No information
interview/questionnaire among based on interview/ about source of or methods for
birth cohort during study period. guestionnaire. outcome ascertainment.
Spontaneous abortion: Self-report [Spontaneous abortion:
with or without verification using  [Hospital discharge records.
hospital records. Exclusion criteria
Birth outcomes: Gestational age, |potentially resulted in
birth weight, birth length, head missing events (for
circumference obtained from birth |example, pregnancies
records. Other methods with high |identified from birth
sensitivity and specificity validated [register).
in target population. Birth defects |Birth outcomes:
reported in registry. Gestational age, birth

weight, birth length, head
circumference obtained
from birth records. Other
methods with high
sensitivity and specificity,
but not validated in target
population.
Confounding |Confounding considered and Confounding considered  |High likelihood of confounding
(CH) addressed in design or analysis. and addressed in design or [that makes it unable to

Primary potential confounders were
maternal age, smoking, and
exposures associated with TTP or
spontaneous abortion that were
correlated with formaldehyde.

analysis but some
questions regarding degree
of correlation between
formaldehyde and other
exposures associated with
TTP or spontaneous
abortion may remain.
Adjustment for pregnancy
history is considered to be
a limitation.

differentiate effect of
formaldehyde from effect of
other exposure(s).

Analysis and
Other (Oth)

Analysis allows for examination of
variation in effect in relation to

variation in exposure level using

Sample size limited in
stratified analyses.

Limited data analysis (or
analysis that is not appropriate
for the data) or small overall
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Evaluation Primary criteria for domain ratings
domain Good Adequate Deficient
analytic procedures that are sample size increased potential
suitable for the type of data. for unreliable results.
Animal Studies

Only in vivo inhalation exposure studies are used for hazard identification and dose-
response assessment. These studies were conducted in inhalation chambers under controlled
experimental conditions. Studies that exposed animals to formaldehyde via other routes or in vitro
were not included because they are expected to result in significant distribution of formaldehyde
past the portal of entry, which does not occur to an appreciable extent with inhalation exposures.

A key consideration for the interpretation of developmental and reproductive outcomes
associated with inhalation exposures to formaldehyde in experimental studies was the potential for

co-exposure to methanol, a known developmental and reproductive toxicant (U.S. EPA, 2013), when

the test article was an aqueous solution of formaldehyde. Such studies were automatically assigned
a low confidence classification (or not informative if additional study limitations were identified)
and contributed little to the synthesis of evidence regarding formaldehyde effects on development
or the reproductive system.

In addition to the general criteria discussed in Section 2.3.1, considerations specific to the
evaluation of potential developmental or reproductive system effects are described in Table 2-35.

Table 2-35. Criteria for domain ratings in animal studies of developmental
and reproductive effects

Overview of Primary criteria for domain ratings

and appropriate
inhalation exposure
conditions (See
methods in Section
2.3.1, documentation
in Appendix B.3.1)

Quality
[Note: for non-POE
endpoints such as
this, methanol co-
exposure is a major
concern]

Exposure Quality

Evaluation preferred study (Documentation shorthand used in Appendix B.3.7)
domain features Good (‘++) Adequate (‘+) Deficient (‘gray’)
Exposure Quality |Well-characterized e “Good” Exposure |e “Adequate” o “Deficient”

Exposure Quality
[Note: interpretation
of the tested
exposure levels is
discussed in the
hazard synthesis]

Test Subjects

Sample size provides
reasonable power to
assess endpoint(s) in
question; species,
strain, sex, and age
are appropriate for
the endpoint; overt
systemic toxicity not
noted or expected;
group allocations can

o Details on test
subjects reported
and appropriate

e No toxicity
observed or
expected

e Randomization
preferred (but not
required)

e Small N (e.g., N=>3
to <10)

o Individual less
essential test
subject details
(e.g., sex) unclear

e Examination of
only one sex

e Potential concern
for species, strain,

¢ Inadequate N<3

e Multiple less
essential study
details (e.g., sex,
strain) unclear

¢ Individual essential
study detail (e.g.,
species) unclear

e Allocations viewed
as inappropriate
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Overview of

Primary criteria for domain ratings
(Documentation shorthand used in Appendix B.3.7)

Evaluation preferred study
domain features Good (‘++) Adequate (‘+') Deficient (‘gray’)
be inferred as e N> 10 (preferably or lifestage-related | ¢ Evidence for a
appropriate at least 20 differences in major concern
dams/group, reproductive with test subject
consistent with schedules and insensitivity
standard guideline outcome sensitivity | ¢ Overt systemic
developmental and | e Study did not toxicity expected
reproductive clearly evaluate to be a driver of
toxicity studies) toxicity (e.g., effects
maternal) or it is a
potential concern
Study Design A study focus was e Study design, e Components of the e Study design could
developmental or including exposure study design were not be evaluated
reproductive system duration and unclear or or had critical
effects; the exposure timing of exposure | insufficient. flaws (e.g., timing
regimen is informative| and endpoint e Limited sensitivity or duration or
for the tested evaluation, are of exposure timing exposure likely to
endpoint(s); considered or duration compromise the
manipulations other informative, e Design of study is integrity of the
than formaldehyde discerning, and limited, not findings)
éxposure are appropriate. examining a wide
adequately controlled range of potential
effects
Endpoint The protocols used to | e Adequate use and |e Limitation in e Uncontrolled
Evaluation assess the reporting of conduct of variables are
endpoint(s) are discerning evaluations (e.g., expected to
sensitive, complete, endpoint limited sampling; confound the
discriminating protocols, lack of blinding) results
(specific), and including blinding | ¢ Other uncontrolled |e Multiple additive
biologically sound ¢ No potential variables unrelated | limitations
(reliable); confounding to exposure quality
experimenter bias identified may affect results
minimized
Data Statistical methods |e Adequate e Failure to report e Failure to report a

considerations
and statistics

are reported, group
comparisons and
data/variability
presentation are
appropriate and
discerning; selective
reporting bias
avoided

reporting and
presentation of
results

No evidence of
selective reporting
Statistical methods
described

For developmental
studies, litter was
the primary unit of
analysis

statistical analyses
Concern regarding
selective reporting
Concern with
presentation of
results (e.g.,
pooling of lesions)

sufficient amount
of data to
interpret reported
findings

o Multiple

limitations
Significant concern
for litter bias
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2.3.9. Carcinogenicity Study Evaluation Criteria

The literature searches (see Section 2.2.9) identified observational epidemiology and
experimental animal studies relevant to cancer. The specific criteria for evaluation are described
below, with the documentation of the application of these criteria to individual studies provided in
Appendix B.3.9.

Cancer Studies in Humans

The focus of EPA’s examination is on several specific types of upper respiratory tract (URT)
and lymphohematopoietic (LHP) cancer. The evaluation of LHP cancers includes four different
subtypes: myeloid leukemia (including monocytic leukemia), lymphatic leukemia, multiple
myeloma, and Hodgkin lymphoma. Among upper respiratory cancers, four different types are
reviewed: sinonasal (SNC), nasopharyngeal cancer (NPC), oro/hypopharyngeal cancer (OHPC), and

laryngeal cancer.

Evaluation of Observational Epidemiology Studies of Cancer

The epidemiology studies examined occupational exposure to formaldehyde either in
specific work settings (e.g., cohort studies) or in case-control studies. The considerations with
respect to design, exposure assessment, outcome assessment, confounding and analysis differ for
these different types of studies and are discussed in more detail below.

Each study identified by the literature search as potentially relevant to inform the causal
evaluation of whether formaldehyde exposure causes cancer was evaluated and classified for the
study’s ability to inform a hazard conclusion for a particular cancer outcome. Study evaluation
encompasses interpretations regarding a variety of methodological features (e.g., study design,
exposure measurement details, study execution, data analysis). Developing an outcome-specific
study evaluation for each cancer outcome encompasses two concepts: minimization or control of
bias (internal validity), and sensitivity /appropriateness (the ability of the study to detect a true
effect). The purpose of this step is not to eliminate studies, but rather to evaluate studies with
respect to potential methodological considerations that could affect the interpretation of or

confidence in the results.

1) Consideration of participant selection and comparability

e Whether there is evidence of selection into or out of the study (or analysis sample) that was
jointly related to exposure and to outcome.

For cohort studies, EPA considered the extent of follow-up, and the likelihood that
completeness of follow-up was related to exposure level. Most of the cohort studies
examining mortality data reported high rates of follow-up with respect to ascertainment
of vital status and ascertainment of cause of death (90-95% or higher); in some cases,
the latter figure (i.e., percentage of decedents with death certificates) was not provided
by the study authors. Two studies were able to obtain only 79% (Hayes et al., 1990) or
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75% (Walrath and Fraumeni, 1984) of the identified death certificates but as both
studies were of embalmers who were all considered to have been exposed to
formaldehyde, the absence of data (missingness) was considered to have been random.

For case-control studies, controls are optimally selected to represent the population from
which the cases were drawn (e.g., similar geographic area, socioeconomic status, and
time period). A variety of methods were used in the identified studies, including random
digit dialing and use of population registries. The interest and motivation to participate
is generally higher for cases than for controls, particularly in population-based settings.
A low participation rate of either or both groups does not in itself indicate the
occurrence of selection bias; a biased risk estimate is produced if exposure and disease
are jointly related to participation rates, but not if either is independent of participation
rates. For example, a bias is not necessarily produced if cases are more likely to
participate than controls; a bias can be produced, however, if cases with high exposure
are more likely to participate than cases with low exposure. Most of the case-control
studies were conducted using incident (or recently diagnosed) cases, with participation
rates ranging from approximately 75% to 99%. Participation among population-based
controls generally ranged from 75% to 85%, with higher rates seen in some studies
using hospital-based designs. Differences in participation rates between case and
controls potentially related to exposure were considered more prone to bias (Beane
Freeman et al., 2013). Certain studies used cases’ next of kin to ascertain the cases’
occupational history from which the individual’s exposure to formaldehyde was
derived. The difference in methods for recruiting cases and controls creates a potential
for selection bias and a potential for information bias when the accuracy of exposure
histories differs between deceased cases and the controls (e.g., (Yang et al., 2005;
Vaughan et al., 19864, b; Vaughan, 1989)).

An uncommon issue related to potential selection bias was the “healthy worker effect” in
cohort studies where a working population is compared to that of the general public—a
bias which can result in underestimates of any adverse effect of exposure. While this
phenomenon is generally considered to be a stronger influence in evaluation of
cardiovascular health endpoints, there is evidence that there can be a strong healthy worker
effect in studies of cancer endpoints (Sont et al., 2001). In cohort studies, the potential for
selection bias due to the healthy worker effect was assessed by examination of the all-cause
cancer effect estimates; studies with estimates <90% of expected were judged to be
potentially biased towards lower overall cancer occurrence and lower levels of cases
detection resulting in underestimates of any true effect. Severe underestimates of <80% of
expected cases were noted as well (e.g., (Wesseling et al., 1996; Stroup et al., 1986;
Robinson et al., 1987; Matanoski, 1989; Levine et al., 1984b; Harrington and Oakes, 1984;
Hall et al., 1991)).

For some cancers, the reliance of cohort studies on death certificates to detect cancers with
relatively high survival may have underestimated the actual incidence of those cancers,
especially when the follow-up time may have been insufficient to capture all cancers that
may have been related to exposure. The potential for bias may depend upon the specific
survival rates for each cancer. Five-year survival rates vary among the selected cancers
(Table 2-36), from 86% for Hodgkin lymphoma (HL) to less than 50% for multiple myeloma
(MM), myeloid leukemia (ML), and oro/hypopharyngeal cancer. EPA considered the
likelihood of underreporting of incident cases to be higher for mortality-based studies of HL
and LL which may result in undercounting of incident cases and underestimates of effect
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estimates compared to general populations (e.g., (Solet et al., 1989; Mayr et al., 2010; Hayes
etal.,, 1990; Hansen et al., 1994; Hansen and Olsen, 1995)).

Table 2-36. Lymphohematopoietic and upper respiratory cancers: age-
Adjusted SEER incidence and U.S. death rates and 5-year relative survival by
primary cancer site?

Incidence rate Expected Mortality rate Expected | 5-Year survival
(per 100,000) cases® (per 100,000)¢ deaths! (%)
Cancer site 2008-2012 2014 2008-2012 2014 2005-2011

Lymphohematopoietic Cancers
Hodgkin lymphoma (HL) 2.7 8,336 0.4 1,235 85.9
Multiple myeloma (MM) 6.3 19,451 3.3 10,189 46.6
Lymphatic Leukemia (LL) 6.6 20,377 1.9 5,866 77.6
Acute lymphatic leukemia (ALL) 1.7 5,249 0.4 1,235 67.5
Chronic lymphatic leukemia (CLL) 4.5 13,894 1.4 4,322 81.7
Other 0.4 1,235 0.1 309 80.6
Myeloid & monocytic leukemia (ML) 6.1 18,833 3.4 10,497 37.5
Acute myeloid leukemia (AML) 4.0 12,350 2.8 8,645 25.9
Chronic myeloid leukemia (CML) 1.7 5,249 0.3 926 63.2
Acute monocytic 0.2 617 0.0 0 23.5
Other 0.2 617 0.2 617 33.2
Upper Respiratory Tract Cancers
Nose, nasal, & middle ear® 0.7 2,161 0.1 309 55.3
Nasopharynx 0.6 1,852 0.2 617 59.6
Oropharynx 0.4 1,235 0.2 617 41.7
Hypopharynx 0.6 1,852 0.1 309 32.2
Larynx 3.2 9,880 1.1 3,396 60.6

2Incidence rates and 5-year survival from Surveillance, Epidemiology, and End Results (SEER), 18 areas. Results.
[http://seer.cancer.gov/csr/1975_2012/results_merged/topic_survival.pdf], last accessed August 14, 2015.

bEPA calculated the expected number of cases based on incidence rates applied to U.S. census population estimate for 2014 of
308,745,538 (http://www.census.gov/search-results.htm|?q=2014+population&page=1&stateGeo=none&searchtype=web).

€U.S. Mortality Files, National Center for Health Statistics, Centers for Disease Control and Prevention

9SEER 18 areas. Based on follow-up of patients into 2012.

eSEER does not publish specific data on sinonasal cancer which would be included in the published category labeled “Nose,
nasal & middle ear.”

2) The reliance of case-control studies on prevalent cases rather than incident cases.

In order to accrue a sufficiently large population of rare cancer cases, some studies may
include cases which have been detected over a long period of time and thus include many prevalent
cases at the time of analysis. Restriction to only living cases may lead to over-representation of
cancer survivors or, if next of kin are used to provide proxy information on cases, the quality of that
data may then differ between cases and controls which can be a concern if differences may be
related to exposure. Hence, EPA considers that there is some risk of selection bias in studies
examining prevalent cases (Yang et al., 2005; Vaughan et al., 19864, b; Vaughan, 1989; Pesch et al.,
2008; Mayr et al., 2010; Armstrong et al., 2000).

3) Evaluation of exposure assessment

2-78


https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1994488
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=2590240
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626510
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626510
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1022827
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626483
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=2823651
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=25136
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=32316
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=2823477
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1079567
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1079567
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=2590240
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1222840

IRIS Toxicological Review of Formaldehyde (Inhalation)

At a minimum, exposure to formaldehyde may be inferred based on the specific occupations
(e.g., carpenter, embalmer, pathologist) or industry (e.g., production or use of formaldehyde resins,
wood-products, paper, textiles, foundries). Independent testing of various workplaces may provide
approximate exposure measurements and ranges for inferred exposures. Details in each study may
reveal the extent of exposure within occupational groups or at the individual-level based on job
histories. Some studies may have documented formaldehyde exposures using exposure monitors or
quantified the absolute or relative exposure for different tasks, which may be matched to individual
occupational patterns using” job exposure matrices” or JEMs. The quality of the exposure measure
is evaluated with respect to the accuracy of the measures and their related potential for exposure
measurement error which can lead to “information bias.” The overwhelming majority of
information bias in epidemiologic studies of formaldehyde stems from the use of occupational
records to gauge exposures with some degree of exposure misclassification or exposure
measurement error considered to be commonplace.

A primary consideration in the evaluation of these studies is the ability of the exposure
assessment to reliably distinguish among levels of exposure within the study population, or
between the study population and the referent population. A large variety of occupations are
included within the studies; some represent work settings with a high likelihood of exposure to
high levels of formaldehyde, and some represent work settings with variable exposures and in
which the proportion of people exposed is quite small. In the latter case, the potential effect of
formaldehyde would be “diluted” within the larger study population, limiting the sensitivity or
informative nature of the study. EPA categorized the exposure assessment methods of the identified
studies into four groups (A through D), reflecting greater or lesser degree of reliability and
sensitivity of the measures (see Table B-55).

For cohort studies and nested case-control studies within cohort studies, the category of
Exposure Group A included studies in industrial settings with extensive industrial hygiene data
used to determine levels of exposure (and variability within a worksite); and a job exposure matrix
that accounts for variability by time and job/task. This category also included studies with highly
exposed professions (embalmers) with comparison to the general population, or with measures
capturing variability within the cohort. For case-control studies, the category of Exposure Group A
included studies with detailed lifetime job history, more extensive than industry and occupation
codes, including information about specific tasks and setting, combined with job exposure matrix
that accounts for variability by time, setting, and job/task. Also includes some kind of validation
study or congruence of ratings based on different exposure ascertainment measures to be
equivalent to Group A cohort studies with extensive industrial hygiene data.

For cohort studies and nested case-control studies within cohort studies, the category of
Exposure Group B included studies with industrial settings with more limited industrial hygiene
data. This category also included studies with exposed professions (e.g., pathologists) with

comparison to general population, but that do not have measures capturing variability within the
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cohort. For case-control studies, the category of Exposure Group B included studies with detailed
lifetime job history, more extensive than industry and occupation codes, including information
about specific tasks and setting, combined with job exposure matrix that accounts for variability by
time, setting, and job/task.

For cohort studies and nested case-control studies within cohort studies, the category of
Exposure Group C included studies with industrial settings that are only able to use duration as a
way to distinguish variability in exposure and studies with self-report of exposure. For case-control
studies, the category of Exposure Group C included studies with lifetime job history coding based
only on industry and occupation; more detailed information about specific tasks and setting not
included in assessment of exposure potential (or, information on what was collected was not
provided). This category also included studies with self-report of exposure; and, studies with
lifetime job history, including tasks/exposure information, but analysis conducted only for job
categories rather than for an exposure category.

For cohort studies and nested case-control studies within cohort studies, the category of
Exposure Group D included studies industrial settings that do not include data to distinguish
variability in exposure (e.g., wood workers, with no information on which workers were exposed to
formaldehyde; textile workers with no formaldehyde exposure measures), or that include few
people classified as exposed. For case-control studies, the category of Exposure Group C included
studies with Job history limited to information on a single job (e.g., based on tax record, death
certificate, medical record, census data). This category also included studies with a high proportion
of next-of-kin interviews (>40%).

Outcome-specific association based on Group A exposures were consider without
appreciable information bias due to exposure measurement error while those based on Groups B-D
were considered to be somewhat biased towards the null. The categorization of the exposure
assessment methods for the assessed studies are documented in Appendix B.3.9.

Additional exposure measurement error may arise in circumstances when the time period
of exposure assessment is not well aligned with the time period when formaldehyde exposure
could induce carcinogenesis that develops to a detectable stage (incident cancer) or result in death
from a specific cancer. Epidemiology studies regularly explore the analytic impact of different
lengths of ‘latency periods’ which may exclude from the analyses the formaldehyde exposure most
proximal to each individual’s cancer incidence or cancer mortality. For analyses of the exposure-
related risks of solid tumors, it is commonplace to evaluate latency periods of 10, 15, or 20 years by
presenting results stratified by time since first exposure or to exclude (or in the parlance of
epidemiology, to “lag”) exposures in the 10, 15, or 20 years immediately prior to death from the
analyses so as to more accurately (potentially) describe what may be the more biologically relevant
window of exposure in time that could have caused carcinogenesis (sometimes called the

etiologically relevant time period). Analyses which do not evaluate latency may be inducing
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exposure measurement error by including irrelevant exposure and were considered to be
somewhat biased towards the null.

An understanding of the effects of exposure measurement error on the results from
epidemiologic analyses is important as it enables the reviewer to place these possible exposure
measurement errors in context. The effect of exposure measurement error on estimates of the risk
of cancer mortality potentially attributable to formaldehyde exposure depends upon the degree to
which that error itself may be related to the likelihood of the outcome of interest. Exposure
measurement error that is similar among both workers who died of a specific cancer, and those
who did not die of that cancer, is termed nondifferential exposure measurement error. Exposure
measurement error that is associated with the outcome (error that is differential with respect to
disease status) can cause bias in an effect estimate towards or away from the null, while
nondifferential exposure error typically results in bias towards the null (Rothman and Greenland
1998).

4) Outcome measure

The diagnosis of cancers in epidemiologic studies has historically been ascertained from
death certificates according to the version of the International Classification of Diseases (ICD) in
effect at the time of study subjects’ deaths [i.e., ICD-8 and ICD-9: (WHO, 1967, 1977)]. The most
specific classification of diagnoses that is commonly reported across the epidemiologic literature
has been based on the first three digits of the ICD code (i.e., Myeloid Leukemia ICD-8/9: 205)
without further differentiation (i.e., Acute Myeloid Leukemia ICD-8/9: 205.0)—although some

studies have reported results at finer levels. In the evaluation of the epidemiologic evidence for

upper respiratory cancers, four different types are reviewed: sinonasal cancer, nasopharyngeal
cancer, oro/hypopharyngeal cancer, and laryngeal cancer. In the evaluation of the epidemiologic
evidence for LHP cancers, four different subtypes are reviewed: myeloid leukemia (including
monocytic leukemia), lymphatic leukemia, multiple myeloma, and Hodgkin lymphoma. In
restricting the causal evaluation of LHP cancers to these four specific subtypes, another category of
LHP cancer originating from white blood cells, which includes all lymphoma not classified as
Hodgkin, was not evaluated.

In the review of study quality for cancer studies, the outcome measure was generally
considered to be accurate as the source of this information was typically from death certificates,
cancer registries, or hospitals. Some studies did provide additional information on histological
typing, but the majority did not. Histological type can be informative in understanding the
epidemiologic evidence, but the lack of such information was not judged as a major study limitation.
While it is true that death certificates and other administrative records can occasionally contain
errors, the impact of misclassification of outcome on epidemiologic results is to reduce precision in

effect estimates and not to induce bias.
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5) Consideration of likely confounding

EPA evaluated the potential for confounding based on exposures to identified risk factors
for specific, or related, cancers, whether those exposures were found to be risk factors in the
specific study and whether there was a known or likely correlation between those exposures and
formaldehyde. Information on the presence of potential confounders in a particular study was
gleaned from the study itself or from information from outside the study (e.g., information on
exposure levels from other sources).

Risk factors for LHP cancers include pharmaceuticals (chemotherapeutic drugs), biological

agents (e.g., viruses), radiation, and chemical exposures (Cogliano et al., 2011). The primary agents

of interest that were considered in the study quality review are the potential occupational and
environmental co-exposures that may be associated with formaldehyde exposure as well as LHP
cancers. Chemotherapeutic drug exposures were not expected to be correlated with formaldehyde
exposures during the etiologically relevant time period for potentially formaldehyde-related
carcinogenesis and were not considered as potential confounders. Similarly, viral exposures and
radiation exposures also were not expected to be correlated with formaldehyde exposures except,
possibly, among embalmers and pathologists who may be co-exposed by deceased persons who had
viral infections or had implanted radiation devices used in chemotherapy. Each of the chemical and
occupational exposures that were reported to be associated with risks of LHP cancers (i.e., benzene,
1,3-butadiene, 2,3,7,8-tetrachlorodibenzo-para-dioxin, ethylene oxide, magnetic fields, paint,

petroleum refining, polychlorophenols, radioisotopes and fission decay products, styrene,

tetrachloroethylene, tobacco smoking, trichloroethylene; (Cogliano et al., 2011) was examined in
the study quality review and evaluated as a potential confounder of any association between
formaldehyde and specific LHP cancers.

Risk factors for URT cancers include biological agents (e.g., viruses), radiation, and chemical

exposures (Cogliano etal., 2011). As described above, viral exposures and radiation exposures also

were not expected to be correlated with formaldehyde exposures except, possibly, among
embalmers and pathologists who may be co-exposed by deceased persons who had viral infections
or had implanted radiation devices used in chemotherapy. Each of the chemical and occupational
exposures which were reported to be associated with risks of URT cancers (i.e., acid mists, asbestos,
chromium VI, isopropyl alcohol production, leather dust, nickel compounds, radioisotopes and
fission decay products, rubber production, textile manufacturing, tobacco smoking, and wood dust

(Cogliano et al., 2011)) was examined in the study quality review and evaluated as a potential

confounder of any association between formaldehyde and specific URT cancers.

The specific chemical and occupational exposures listed above, which were reported to be
associated with LHP or URT cancers are bolded in the lists of co-exposures in each study in the
Exposure Measure column of the study evaluation documentation tables in Appendix B.3.9. This
identifies any important co-exposures which are then evaluated for their potential correlation with

formaldehyde exposure to identify potential confounders.
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6) Analysis and results (estimate and variability)

Analyses should be appropriate with respect to study design. When analytic methods are
not matched to the study design, the expected impact on the results was evaluated. For cancer
endpoints, results that examined the effects of including various latency periods using lagged
exposure of strata of time since first exposure allow for the focus of results on different etiological
windows of time that may be more biologically relevant. Studies that did not report results looking
at different latencies may be vulnerable to additional exposure measurement error as they evaluate
the effects of formaldehyde exposures during times that may not have any causal effects such as in

the years immediately preceding death.

7) Study sensitivity

In addition to potential bias, study sensitivity was specifically evaluated; study results with
low sensitivity could result in effect estimates that underestimated a “true” association if it existed.
Cohort studies should have a sufficiently long follow-up period to allow for any exposure-related
cancer cases to develop and be detected and, ideally, allow for analyses of potential cancer latency.
Outcome-specific effect estimates from cohort studies with short follow-up could be considered
uninformative depending on the size of the study population and the baseline frequency of the
cancer. Studies with small cases counts may have little statistical power to detect divergences from
the null but are not necessarily expected to be biased and no study is excluded solely on the basis of
cases counts as this methodology would exclude any study which saw no effect of exposure.
Therefore, cohort studies with extensive follow-up which reported outcome-specific results on a
number of different cancers, including very rare cancers such as NPC and SNC, are evaluated even
when few or even no cases were observed, if information on the expected number of cases in the
study population was provided so that confidence intervals could be presented to show the
statistical uncertainty in the associated effect estimated. For example, Coggon et al. (2014) followed

the mortality of 14,008 workers and yet expected only 1.7 deaths from nasopharyngeal cancer in
the exposed workers and observed just one resulting in an unstable estimated RR=0.38 (95% CI:
0.02-1.90). Meyers et al. (2013) followed the mortality of 11,043 workers and expected only 1.33
deaths from nasopharyngeal cancer and did not observe any deaths, resulting in a SMR=0 (95% CI:

0-2.77). These studies were included in the evidence syntheses, but the limitation relating to size
and resulting sensitivity was noted.

Another example of low sensitivity would be a study that might have relied on exposure-
assessment methodologies that were unbiased, but were nonspecific in nature, so as to yield effect
estimates that were likely biased toward the null and thus underestimated any true effect. In
general, cohort studies should have a sufficiently long follow-up period for any exposure-related
cancer cases to develop and be detected and ideally, allow for analyses of potential cancer latency.
Outcome-specific effect estimates from cohort studies with short follow-up could be uninformative

depending on the size of the study population and the baseline frequency of the cancer.
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The outcome-specific confidence classifications for each study and cancer endpoint
combination, as well as the individual domain evaluations are documented in Appendix B.3.9; as
with other outcomes, the studies identified as not informative are not discussed in the Toxicological

Review.

Cancer Studies in Animals

Respiratory tract cancers

All subchronic or chronic studies (and an 8-week exposure study in potentially vulnerable
mice) in experimental animals that included histopathological evaluations of respiratory tract
tissues (i.e., nose/nasal cavity, larynx, trachea, lung) were evaluated (see Appendix B.3.9), noting
that evaluations of the pharynx or mouth were uncommon in these studies, probably because
experimental rodents are obligate nose-breathers). Histopathological evaluations used standard
cross-section levels of the nasal passages that paralleled the evaluations of respiratory tract
pathology described in Section 2.3.5.

In addition to the general considerations outlined in Section 2.1, criteria specific to
evaluating respiratory tract cancer were evaluated (see Table 2-37). With one exception (see
synthesis in Section 3.2.5), studies of experimental animals exposed for at least subchronic duration
(shorter exposure durations were not considered informative to this endpoint, given the robust
database), and which performed histopathological evaluations of respiratory tract tissues, were
evaluated. As these evaluations consider many of the same studies previously evaluated for
inclusion in the noncancer respiratory tract pathology section (see Section 2.3.5), many parallels
exist between both sets of evaluations. While the important considerations across the two sections
are generally similar, several notable differences exist. For example, duration of exposure was seen
as more important for evaluations of dysplasia and neoplasms, as compared with evaluations of
noncancer respiratory tract lesions. Conversely, whereas a substantial emphasis was placed on the
characterization of the severity of the lesion for noncancer respiratory tract changes, severity was
not considered integral to the identification of cancers and dysplasia. Finally, although most studies
of respiratory pathology used paraformaldehyde or freshly prepared formalin as the test article,
some studies tested commercial formalin. While co-exposure to methanol is a major confounding
factor for systemic endpoints, it is considered to be less of a concern when identifying effects of
inhaled formaldehyde on respiratory pathology. Because of the abundance of animal respiratory
pathology studies, only those ranked as having “Good” or “Adequate” exposure quality, and several
ranked as having “Deficient” exposure quality studies solely because they tested formalin (see
evaluations in Appendix B.3.9), were included in the synthesis for respiratory tract cancers.
Additional considerations that might influence the interpretation of the usefulness of the studies
during the hazard synthesis are noted, including limitations such as the use of only one test

concentration or concentration that are all too high or too low to provide a spectrum of the possible
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effects, as well as study strengths such as very large sample sizes or use of good laboratory

practices (GLP); however, this information did not affect the study evaluation decisions.

Table 2-37. Criteria for categorizing study confidence in animal studies of
respiratory tract cancers

Overview of

Primary criteria for domain ratings
(Documentation shorthand used in Appendix B.3.9)

and appropriate
inhalation exposure
conditions (See
methods in Section
2.3.1, applied
consistently across
experimental studies;
see documentation in
Appendix B.3.1).
Studies without
tested exposure <15
mg/m?3 are flagged as
such.

Quality
[Note: for POE
endpoints such as
this, methanol co-
exposure was not a
major concern]

Exposure Quality
or “Deficient”
Exposure Quality if
the driver of the
domain rating was
use of formalin
(i.e., this was not
considered a
critical deficiency
for this POE effect)

Evaluation preferred study
domain features Good (‘++) Adequate (‘+') Deficient (‘gray’)
Exposure Quality |Well-characterized e “Good” Exposure |e “Adequate” e “Deficient”

Exposure Quality
not based on use
of formalin as the
test article
[Note: interpretation
of the exposure levels
is discussed in the
hazard synthesis and
is not, on its own, a
reason for deficient]

appropriate and
informative for
evaluating
respiratory tract
cancer or dysplasia,
including a sufficient
exposure duration
and/or appropriate
timing of endpoint
evaluations to allow
for cancer to develop,
and a lack of
additional modifying

exposure (e.g., ~2

years in rodents) to

allow for cancer to
develop

e Exposure
periodicity and
frequency
appropriate

® No evidence of
potential
confounding

< 1 year with long-
term follow-up
Minor concerns
with confounding,
or exposure
periodicity or
frequency

Test Subjects Sample size provides |e Chronic study: N> |e Generally, N<20 |e Generally, N<10
reasonable power to 20 (note: for this o Individual less e Multiple less
assess endpoint(s) in outcome, testing essential test essential study
question (e.g., only one sex not a subject details details (e.g., sex,
>20/group desired); limitation) (e.g., sex) unclear strain) unclear
species, strain, sex, & |e Details on test e High mortality e Individual essential
age relevant to subjects reported complicates study detail (e.g.,
endpoint; no overt e Randomization interpretation species) unclear
systemic toxicity preferred (but not e High mortality
noted or expected required) prevents

e Mortality unlikely interpretation or
to interfere with mortality NR
interpretations

Study Design The study design is e Long-term e Exposure duration |e Exposure duration

< 1 year without
long-term follow
up

e Factors likely to
introduce
confounding
identified

e Exposure
periodicity or
frequency likely to
be insensitive (e.g.,
brief, intermittent
exposures)
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Overview of

Primary criteria for domain ratings
(Documentation shorthand used in Appendix B.3.9)

Evaluation preferred study
domain features Good (‘++) Adequate (‘+') Deficient (‘gray’)
variables introduced
over the course of
the study. GLP-
compliant studies are
highlighted
Endpoint The protocols used to | e Pathology o Blinding not e Multiple
Evaluation assess respiratory evaluations blinded| reported (only a limitations (see
tract cancer or o Sufficient sampling minor limitation for ‘adequate’ column
dysplasia are for coverage of these endpoints, as |  at left)
sensitive and URT tissues (and the pathology is e Key URT tissues
complete (e.g., preferably expected to be (e.g., nasal cavity)
multiple tissues and including distal overt and not not examined
sections examined), respiratory tissues) reliant on subtle e Insensitive
discriminating e Evaluation decisions that protocols used
(specific), & methods reported would be impacted | (e.g., multiple
biologically sound (including number by evaluator biases) tissues and
(reliable); and region of e Minor limitations sections were not
experimenter bias tissue sections, in reporting of examined)
minimized (e.g., number of slides, evaluation e Protocols
slides blinded to etc.) methods otherwise critically
evaluator) e Limited sampling flawed
(e.g., only nasal
cavity; only a few
slides; only a
subset of URT
tissue locations;
only certain lesion
types considered)
Data Statistical methods |e Adequate e Failure to report |e Failure to report

considerations
and statistics

are reported, group
comparisons and
data/variability
presentation are
appropriate &
discerning; mortality
data are described

reporting and
presentation of
results

No evidence of
selective reporting
Statistical methods
described

statistical analyses
Concern regarding
selective reporting
Concern with
presentation of
results (e.g.,
pooling of lesions
or incidence data)
Lack of clarity of
reported data (e.g.,
unclear anatomical
location of lesions;
gualitative or
example-based
reporting)

enough data to
interpret reported
findings

e Multiple
limitations (see
‘adequate’ column
at left)
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Lymphohematopoietic cancers

Studies examining LHP cancers were evaluated using nearly identical approaches and
criteria as those for respiratory cancers (above). Given the assumed differential distribution of
inhaled formaldehyde as compared to exposure by other routes, only inhalation studies were
considered relevant to the review of LHP cancers in animals. Detailed study evaluation tables of the
four relevant inhalation studies are available in Appendix B.3.9. One notable difference from the
evaluation of respiratory tract cancers involved consideration of the test article as a key component
of the review, as co-exposure to methanol in studies using formalin could have a substantial impact
on the interpretation of potential LHP cancers (see exposure quality evaluation in Appendix B.3.1).
A minor difference involved the preference for microscopic examination of several tissues
applicable to assessing potential LHP cancers.

Table 2-38 describes the criteria for domain ratings used to inform confidence

classifications for animal studies of LHP cancers.

Table 2-38. Criteria for categorizing study confidence in animal studies of
lymphohematopoietic (LHP) cancers

Overview of Primary criteria for domain ratings
Evaluation preferred study (Documentation shorthand used in Appendix B.3.9)
domain features Good (‘++) Adequate (‘+) Deficient (‘gray’)

Exposure Quality |Well-characterized e “Good” Exposure |e “Adequate” o “Deficient”

and appropriate Quality Exposure Quality Exposure Quality
[Note: for inhalation exposure |e Co-exposures e Co-exposure likely | ® Uncontrolled co-
systemic conditions (See unlikely but controlled exposure likely
endpoints such as |methods in Section (e.g., methanol
this, methanol co- [2.3.1, applied control group with |[Note: formaldehyde
exposure is a consistently across formalin exposure) |levels are discussed
major concern] experimental studies; in the synthesis and

documentation in high levels are not a

Appendix B.3.1). reason for deficient]

Studies without
tested exposure <15
mg/m?3 are flagged as

such.

Test Subjects Sample size provides |e Chronic study: N> |e Generally, N<20 |e Generally, N<10
reasonable power to 20 (note: for this e Individual less e Multiple less
assess endpoint(s) in outcome, testing essential test essential study
question (e.g., only one sex not a subject details details (e.g., sex,
>20/group desired); limitation) (e.g., sex) unclear strain) unclear
species, strain, sex, & |e Details on test o High mortality ¢ Individual essential
age relevant to subjects reported complicates study detail (e.g.,
endpoint; no overt e Randomization interpretation species) unclear
systemic toxicity preferred (but not e High mortality
noted or expected required) prevents

interpretation or
mortality NR
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Overview of Primary criteria for domain ratings
Evaluation preferred study (Documentation shorthand used in Appendix B.3.9)
domain features Good (‘++) Adequate (‘+') Deficient (‘gray’)
e Mortality unlikely
to interfere with
interpretations

Study Design The study design is e Long-term e Exposure duration |e Exposure duration
appropriate and exposure (e.g., ~2 < 1-year with long- < 1 year without
informative for years in rodents) to| term follow-up long-term follow
evaluating allow for cancer to |e Minor concerns up
respiratory tract develop with confounding, |e Factors likely to
cancer or dysplasia, |e Exposure or exposure introduce
including a sufficient periodicity and periodicity or confounding
exposure duration frequency frequency identified
and/or appropriate appropriate e Exposure
timing of endpoint  |e No evidence of periodicity or
evaluations to allow potential frequency likely to
for cancer to develop,| confounding be insensitive (e.g.,
and a lack of brief, intermittent
additional modifying exposures)
variables introduced
over the course of
the study. GLP-
compliant studies are
highlighted

Endpoint The protocols used to | e Pathology ¢ Blinding not e Multiple

Evaluation assess respiratory evaluations blinded| reported limitations (see
tract cancer or o Sufficient sampling | @ Minor limitations ‘adequate’ column
dysplasia are for coverage of LHP| in reporting of at left)
sensitive and tissues, including evaluation o Key LHP tissues
complete (e.g., bone marrow methods (e.g., bone
multiple tissues and | e Evaluation e Limited sampling marrow) not
sections examined), methods reported (e.g., one or few examined
discriminating (including number | tissues; only e Only gross lesions
(specific), & and region of certain lesion types| quantified (i.e., no
biologically sound tissue sections, considered; only microscopic
(reliable); number of slides, certain tissues or examinations)
experimenter bias etc.) exposure levels
minimized (e.g., microscopically
slides blinded to examined)
evaluator)

Data Group comparisons, |e Adequate e Failure to report e Failure to report

considerations
and statistics

& data/variability
presentation are
appropriate &
discerning; mortality
data and statistical
methods are clearly
described

reporting and
presentation of
results

No evidence of
selective reporting
Statistical methods
described

statistical analyses
Concern regarding
selective reporting
Concern with
presentation of
results (e.g.,
pooling of lesions
or incidence data)

enough data to
interpret findings
(e.g., incidence
data, or lack of any
tumors, not
reported)

e Multiple
limitations (see
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Overview of Primary criteria for domain ratings
Evaluation preferred study (Documentation shorthand used in Appendix B.3.9)
domain features Good (‘++) Adequate (‘+') Deficient (‘gray’)
e Lack of clarity of ‘adequate’ column

reported data (e.g.,| atleft)
unclear anatomical
location of lesions;
qualitative or
example-based
reporting)

2.3.10. Study Evaluation Criteria for Mechanistic Information Related to Genotoxicity and
Cancer

Approaches for Cancer Mode of Action

Consolidated, formal systematic approaches to evaluating the studies examining
mechanistic data relevant to interpreting the potential for formaldehyde to cause either upper
respiratory tract (URT) or lymphohematopoietic (LHP) cancers were not performed. Rather, these
sections build from studies identified and evaluated through other health effect-specific literature
searches and consider those studies in the context of the specific cancer etiology being reviewed
alongside other relevant studies (e.g., those identified as described in Section 2.2.10). This includes
supplemental literature relevant to interpreting the biological relevance of some mechanistic data
from review articles and other national-level health assessments. Specifically, these sections rely
heavily on searches and evaluations performed in the following sections: genotoxicity (see below),
respiratory tract pathology (see Section 2.3.5), and mechanistic information related to noncancer
respiratory effects, focusing on inflammation and immune effects (see Section 2.3.6). Studies
identified outside of these specific searches (e.g., from reviews) were not individually evaluated.
Rather, as described in Section 2.3.1, these studies were considered within the wider body of
evidentiary support (or lack thereof) for specific, influential mechanistic events (e.g., those known
to be associated with the cancer type of interest; those previously implicated in authoritative
reviews as relevant to interpreting formaldehyde exposure-induced carcinogenicity), with
judgments based on overarching interpretations across the different sets of inter-related studies
using structured frameworks for the evaluations based on EPA’s Cancer Guidelines (U.S. EPA
2005a) (see Sections 3.2.5 and 3.3.3).

Genotoxicity-Specific Evidence Evaluation

Epidemiological studies examining genotoxic endpoints were evaluated for potential bias and other
issues using the same domains as were assessed for studies in other health effects categories (i.e.,
exposure measures and range; outcome classification; consideration of participant selection and
comparability; consideration of likely confounding; analysis and completeness of results; and study

size). Rather than confidence conclusions of low, medium, or high, an overall conclusion of “no
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obvious bias” was used if no concerns were identified; this equates to classifications of high or
medium confidence. For studies with a potential bias identified, the potential bias or issue was
summarized in the comment row. For each assay (e.g., chromosomal aberrations, CBMN, Comet
assay), factors related to assay methods that could affect the endpoint values were identified using
published reviews from collaborations that compared assay methods across epidemiological
studies (Valverde and Rojas, 2009; Mgller et al., 2020; Fenech et al., 2011; Fenech, 2020; Bonassi et

al., 2005; Bonassi et al., 2011). Such factors included sample collection and processing flows,

whether sample processing and analysis was blinded to exposure status, cell culture details, details
of scoring (number of scorers, criteria, staining, number of cells scored). An appropriate citation to
a standardized assay protocol was considered acceptable. These reviews noted that assay results
have been found to vary by age, gender, and smoking status; studies that did not report assessing
confounding by these factors were identified. In the study evaluation table for each study, row cells
have been given a gray fill for evaluation domains with identified concerns about methods. Study
evaluation concerns are discussed in the syntheses of genotoxic endpoints if they may explain
observed heterogeneity in study results. The study-specific evaluations are documented in
Appendix B.3.10.

2.4. DATA EXTRACTION METHODS

Data extraction and content management were carried out using Microsoft Word and Excel
except for studies captured in the 2021 SEM, which also used EPA’s Health Assessment Workspace
Collaborative (HAWC). Study details are documented primarily in evidence tables within the
evidence synthesis sections (Section 3). Studies evaluated as being not informative are not used in
the assessment and study details are not provided. The same is true in some cases for
low-confidence studies when many medium- and high-confidence studies were available, unless the
low-confidence studies included study designs lacking in the higher confidence studies (e.g., testing
lower exposure levels, or susceptible populations or lifestages). Data extraction was performed by

one member of the evaluation team and checked by at least one other member.

2.5. EVIDENCE SYNTHESIS METHODS

Section 3 includes evidence syntheses for the following health hazard categories: sensory
irritation; reduced pulmonary function, respiratory tract pathology, immune-mediated conditions,
focusing on allergies and asthma; cancer (respiratory tract cancers, lymphohematopoietic cancers);
nervous system effects (motor neuron disease, tests of general motor-related behaviors, neural
sensitization, learning or memory, neuropathology); developmental and female reproductive
toxicity; and male reproductive toxicity. Health hazard categories were chosen based on prior
reviews, as well as the specifics of the available literature. The units of analysis within an overall
hazard category for which a hazard conclusion was developed were determined based on biologic

considerations (i.e., specific to an organ system and considering the degree to which endpoints are
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related) and the number of studies that evaluated a particular outcome. Thus, hazard conclusions
were developed for consolidated sets of related health endpoints within an overall hazard category
in some instances (e.g., male reproductive toxicity).

For each unit of analysis (hazard category, or hazard subgrouping), and depending on the
data available, separate syntheses were developed for each of the three streams of evidence:
namely, human health effect studies, animal health effect studies, and mechanistic studies. These
evidence syntheses, which incorporate the evaluations of the strengths and limitations of the
available studies as well as considerations related to the toxicokinetics of inhaled formaldehyde,
provide a discussion of the information provided by each stream of evidence regarding the
potential for exposure to formaldehyde via inhalation to result in specific health effects. All high,
medium, and low confidence studies (see Section 2.3.1), regardless of the magnitude or direction of
results (i.e., whether yielding positive or null results) were considered in assessing the evidence;
however, the focus of the synthesis was on the high and medium confidence studies, when available.
Descriptive information about study methods and detailed results are generally presented in
tabular or graphical displays, with supportive text. The narrative summaries discuss the nature and
breadth of the available literature, highlighting details that contribute to the analysis of the strength
of evidence regarding causality in the next section. In addition, to the extent the data allow, based
on knowledge about the health outcome or organ system affected, the syntheses discuss analyses
relating to potential susceptible populations, including factors such as demographics, genetic
variability, lifestage, health status, behaviors or practices, social determinants, and exposure to
other pollutants. This information informs both hazard identification and dose-response analyses.

The syntheses of the separate streams of evidence—human health effect studies, animal
health effect studies, and mechanistic studies—involved consideration of a related set of factors, the
evaluation of which differed due to the nature of the study designs and applicability of the data.
Specifically, the syntheses inform an adapted set of considerations based on those introduced by

Austin Bradford Hill (Hill, 1965), including consistency, exposure-response relationship, strength of

the association (magnitude of effect) and precision, biological plausibility, and coherence, as well as
“natural experiments” in humans (U.S. EPA, 1994, 2005a), as described in Table 2-39.

Table 2-39. Information most relevant to describing primary factors
informing causality during evidence syntheses

Factor Description and synthesis methods

Consistency e Examines the similarity of results (e.g., direction; magnitude) across studies.

When inconsistencies exist, the synthesis considers whether results were “conflicting”
(i.e., unexplained positive and negative results in similarly exposed human populations or
in similar animal models) or “differing” (i.e., mixed results explained by differences
between human populations, animal models, exposure conditions, or study methods)
(U.S. EPA, 2005a) based on analyses of potentially important explanatory factors such as:
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Factor

Description and synthesis methods

e Confidence in studies’ results, including study sensitivity (e.g., some study results that
appear to be inconsistent may be explained by potential biases or other attributes that
affect sensitivity, resulting in variations in the degree of confidence accorded to the
study results)

e Exposure, including route (if applicable), levels, duration, etc.

e Populations or species, including consideration of potential susceptible groups or
differences across lifestages at exposure or endpoint assessment.

e Toxicokinetic information as an explanation for any observed differences in responses
across route of exposure, other aspects of exposure, species, or lifestages

The interpretation of the consistency of the evidence and the magnitude of the reported
effects will emphasize biological significance as more relevant to the assessment than
statistical significance. Statistical significance (as reported by p-values, etc.) provides no
evidence about effect size or biological significance, and a lack of statistical significance
will not be automatically interpreted as evidence of no effect.

Strength (effect
magnitude) and
precision

e Examines the effect magnitude or relative risk, based on what is known about the
assessed endpoint(s), and considers the precision of the reported results based on
analyses of variability (e.g., confidence intervals; standard error). In some cases, this
may include consideration of the rarity or severity of the findings (in the context of the
health effect being examined).

Syntheses will analyze results both within and across studies and may consider the utility
of combined analyses (e.g., meta-analysis). While larger effect magnitudes and precision
(e.g., p <0.05) help reduce concerns about chance, bias, or other factors as explanatory,
syntheses should also consider the biological or population-level significance of small
effect sizes.

Biological
gradient/dose-
response

e Examines whether the results (e.g., response magnitude, incidence, severity) change in
a manner consistent with changes in exposure (e.g., level, duration), including
consideration of changes in response after cessation of exposure.

Syntheses will consider relationships both within and across studies, acknowledging that
the dose-response (e.g., shape) can vary depending on other aspects of the experiment,
including the outcome and the toxicokinetics of the chemical. Thus, when dose-response
is lacking or unclear, the synthesis will also consider the potential influence of such
factors on the response pattern.

Coherence

e Examines the extent to which findings are cohesive across different endpoints that are
known/expected to be related to, or dependent on, one another (e.g., based on known
biology of the organ system or disease, or mechanistic understanding such as
toxicokinetic/dynamic understanding of the chemical or related chemicals). In some
instances, additional analyses of mechanistic evidence from research on the chemical
under review or related chemicals that evaluate linkages between endpoints or organ-
specific effects may be needed to interpret the evidence. These analyses may require
additional literature search strategies.

Syntheses will consider potentially related findings, both within and across studies,
particularly when relationships are observed within a cohort or within a narrowly defined
category (e.g., occupation, strain or sex, lifestage of exposure). Syntheses will emphasize
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Factor Description and synthesis methods

evidence indicative of a progression of effects, such as temporal- or dose-dependent
increases in the severity of the type of endpoint observed.

Mechanistic evidence
related to biological
plausibility

e There are multiple uses for mechanistic information (see Section 2.5.1), and this
consideration overlaps with “coherence.” This examines the biological support (or lack
thereof) for findings from the human and animal health effect studies and becomes
more impactful on the hazard conclusions when notable uncertainties in the strength
of those sets of studies exist. These analyses can also improve understanding of dose-
or duration-related development of the health effect. In the absence of human or
animal evidence of apical health endpoints, the synthesis of mechanistic information
will drive evidence integration conclusions (when such information is available).

Syntheses can evaluate evidence on precursors, biomarkers, or other molecular or
cellular changes related to the health effect(s) of interest to describe the likelihood that
the observed effects result from exposure. This will be an analysis of existing evidence,
and not simply whether a theoretical pathway can be postulated. This analysis may not
be limited to evidence relevant to the PECO but may also include evaluations of
biological pathways (e.g., for the health effect; established for other, possibly related,
chemicals). The synthesis will consider the sensitivity of the mechanistic changes and the
potential contribution of alternative or previously unidentified mechanisms of toxicity.

Natural experiments
P o Specific to epidemiological studies and rarely available, these examine effects in

populations that have experienced well-described, pronounced changes in exposure to
the chemical of interest (e.g., blood lead levels before and after banning lead in
gasoline). No well-conducted natural experiments were identified for this chemical.

Consistency, magnitude of effects, and dose-response gradients were emphasized in the
synthesis of results of epidemiological and controlled human exposure studies. The primary
considerations for synthesizing the results of animal studies were consistency (e.g., across species
and across research groups, with consideration of study confidence), magnitude and severity of the
effects, dose-response, and coherence of findings for related effects. Although the precision of
reported results could add to the strength of evidence for a health effect, results that are both
statistically significant and nonsignificant are summarized. The syntheses focus on evaluating the
potential sources of heterogeneity within sets of related studies to discern whether inconsistent
evidence can be reasonably explained by the respective study designs or other empirical factors

(U.S. EPA, 2005a). Consistency between studies was examined by comparing study results by

confidence level, specific methodological features that contributed to potential bias, exposure
setting, and level of exposure. The information from mechanistic studies in humans or animals
relevant to each apical outcome was synthesized, highlighting information that could inform either
biological plausibility, coherence, susceptibility, relevance to humans or an improved
understanding of dose-response; these considerations are grouped under “other inferences” in the
evidence profile tables and elsewhere and can inform evidence synthesis judgments (Section 2.5,
Table 2-43), evidence integration conclusions (Section 2.6) or decisions related to dose-response

analysis (Section 2.7). Approaches and considerations for the synthesis of mechanistic information
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are separately discussed in Section 2.5.1 below. Table 2-40 outlines the considerations for how the
individual factors were evaluated to inform judgments about whether the formaldehyde-specific
evidence increases or decreases the strength of the human or animal evidence for (or against)

identifying a hazard.
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Table 2-40. Primary considerations for assessing the strength of evidence for the health effects studies in human
and, separately, animal studies

Factor

Increased evidence strength
(of the human or animal study evidence)

Decreased evidence strength
(of the human or animal study evidence)

The structured categories and criteria in Tables VI and VII will guide the application of strength-of-evidence judgments for an outcome or health effect. Evidence
synthesis scenarios that do not warrant an increase or decrease in evidence strength will be considered “neutral.”

Risk of bias;
sensitivity (across
studies)

® An evidence base of high or medium confidence studies increases
strength.

® An evidence base of mostly low confidence studies decreases strength. An exception to
this is when the primary issues resulting in low confidence are related to insensitivity.
This may increase evidence strength in cases where an association is identified because
the expected impact of study insensitivity is toward the null.

® Decisions to increase strength for other considerations in this table should generally not
be made if there are serious concerns for risk of bias.

Consistency

o Similarity of findings for a given outcome (e.g., of a similar magnitude,
direction) across independent studies or experiments increases
strength, particularly when consistency is observed across populations
(e.g., location) or exposure scenarios in human studies, and across
laboratories, populations (e.g., species), or exposure scenarios
(e.g., duration, route, timing) in animal studies.

e Unexplained inconsistency (conflicting evidence) decreases strength. Generally, strength
should not be decreased if discrepant findings can be reasonably explained by study
confidence conclusions, variation in population or species, sex, or lifestage, exposure
patterns (e.g., intermittent, or continuous), levels (low or high), duration or intensity.
However, any decisions about decreased strength will be determined by the extent to
which residual questions about the evidence may persist.

Strength (effect
magnitude) and

e Evidence of a large magnitude effect (considered within or across
studies), can increase strength. Increases in rare effects or effects of a

® The presence of small effects is not typically used to decrease confidence in a body of
studies. However, if effect sizes that are small in magnitude are concluded not to be

precision concerning severity can also increase strength, even if they are small in | biologically significant, or if there are only a few studies with imprecise results, then
magnitude. strength is decreased.
® Precise results from individual studies or across the set of studies ® In animal studies, an example of evidence that can decrease strength involves an effect
increases strength, noting that biological significance is prioritized over | for which there is a lesser level of concern under some conditions (e.g., rapid
statistical significance. reversibility after removal of exposure). Note that many reversible effects are of high
concern. Such a decision is informed by factors such as the toxicokinetics of the chemical
and the conditions of exposure (see U.S. EPA (1998)), judgments regarding the
potential for delayed or secondary effects, as well as the exposure context focus of the
assessment (e.g., addressing intermittent or short-term exposures).
BIO|(?gIC3| e Evidence of dose-response increases strength. Dose-response may be | ® A lack of dose-response when expected based on biological understanding and having a
fer!::;enr;te/dose- demonstrated across studies or within studies and it can be dose or wide range of doses/exposures evaluated in the evidence base can decrease strength.

duration dependent. It may also not be a monotonic dose-response
(monotonicity should not necessarily be expected), and the analysis

e |n rare cases, and typically only in toxicology studies, the duration of exposure might
reveal an inverse association with effect magnitude (e.g., due to tolerance or
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Increased evidence strength

Decreased evidence strength

models (for the human or animal evidence, respectively) increases
strength, particularly when this evidence is observed in the same
cohort/population exhibiting the health outcome.

Evidence of changes in biological pathways or providing support for a
proposed MOA in models also increases strength, particularly when
support is provided for rate-limiting or key events, or changes are
conserved across multiple components of the pathway or MOA.

Factor (of the human or animal study evidence) (of the human or animal study evidence)
will consider the extent to which this might be explained by the acclimation). Similar to the discussion of reversibility above, a decision about whether
available evidence (e.g., different outcomes may be expected at low this decreases strength depends on the exposure context focus of the assessment and
versus high doses due to activation of different mechanistic pathways other factors.
or induction of systemic toxicity at very high doses). o |f the data are not adequate to evaluate a dose-response pattern, then strength is
® Decreases in a response after cessation of exposure (e.g., symptoms of | neither increased nor decreased.
current asthma) also may increase strength by increasing certainty in a
relationship between exposure and outcome (this is applicable to
human observational studies, but not experimental studies).
Coherence o Bi . - s . . .
iologically related findings within an organ system, or across ® An observed lack of expected coherent changes (e.g., well-established biological
populations (e.g., sex) increase strength, particularly when a temporal- relationships), particularly when observed for multiple related endpoints, will typically
or dose-dependent progression of related effects is observed within or | decrease evidence strength. The decision to decrease depends on the strength of the
across studies, or when related findings of increasing severity are expected relationship(s), and considers factors (e.g., dose and duration of exposure)
observed with increasing exposure. across studies of related changes.
M('echanlstlc e Mechanistic evidence of precursors or health effect biomarkers in well- | ® Mechanistic understanding is not a prerequisite for judging the evidence, and thus
::I:;T;;;z:ated conducted studies of exposed humans or animals, in appropriately absence of knowledge should not be used a basis for decreasing strength NTP (2015);
plausibility exposed human or animal cells, or other relevant human or animal NRC (2014a).The human relevance of animal findings is assumed unless there is

sufficient evidence to the contrary [see U.S. EPA (2005a); IARC (2006)].

Mechanistic evidence in well-conducted studies that demonstrates that the health
effect(s) are unlikely to occur, or only likely to occur under certain scenarios (e.g., above
certain exposure levels), can decrease evidence strength. A decision to decrease
depends on an evaluation of the strength of the mechanistic evidence supporting vs.
opposing biological plausibility, as well as the strength of the health effect-specific
findings (e.g., stronger health effect data require more certainty in mechanistic evidence
opposing plausibility).

aThese ideas build upon the discussion for assessing causality of disease in Hill (1965), although the use or interpretation of some of the terms differs.

bWhile humans are “exposed” and not “dosed,” and nor are animals “dosed” via inhalation, “dose-response” is used for convention throughout the assessment, although it is
acknowledged that ‘exposure-response’ may be more appropriate in many contexts.

‘There is a clear overlap in the use of mechanistic evidence to interpret coherence (e.g., informing the relatedness or comparability of potentially coherent health findings) and
biological plausibility. The available mechanistic information is also considered during the subsequent step of evidence integration across streams of evidence (see Section 2.6).

dAlthough it is not separately listed, Hill’s consideration of ‘analogy’ (information for a similar but different association that supports causation) is indirectly encompassed by the
evaluation of coherence during the review of environmental health studies; however, this use of analogous chemicals or exposure scenarios is less common.
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Summary synthesis judgments regarding the strength of the evidence from the available
human and animal studies were drawn based on evaluation of the aforementioned factors. These
judgments incorporated mechanistic evidence (or MOA understanding) in exposed humans and
animals, respectively, that informed the biological plausibility and coherence of the available
human or animal health effect studies, both of which could add to or detract from the strength of
evidence, as described in Table 2-40 above. Note, however, that a lack of mechanistic data
explaining an association did not discount results from human or animal health effect studies.
Evidence synthesis judgments regarding the strength of the human and, separately, the animal
evidence (with consideration of mechanistic information in humans and animals, respectively,
including in vitro or other relevant models) for each noncancer health effect (or groups of related
effects) and specific cancer type (or groups of related cancer types) was summarized using the
following terms: robust, moderate, slight, indeterminate, and compelling evidence of no effect based
on structured decision frameworks.

These decision frameworks, with criteria described in Tables 2-41 and 2-42, were used to
apply expert judgment to weigh the strengths and weaknesses of both positive and null studies.
These frameworks add clarity, consistency, and transparency to the evidence evaluations and
conclusions; are consistent with generally accepted principles in epidemiology and toxicology; and
are meant to convey a distribution of confidence in each body of evidence pertaining to a hazard. In
addition to the synthesis narrative and summary strength of evidence judgment, the factors (e.g.,
consistency) providing the primary support for each judgment, and their summary justifications,

are bulleted at the end of each evidence synthesis narrative in Section 3.

Table 2-41. Framework for strength of evidence judgments (human evidence)

Strength of

evidence
judgment Description
Robust A set of high or medium confidence independent studies reporting an association between the

... evidence in exposure and the health outcome, with reasonable confidence that alternative explanations,
human studies |including chance, bias, and confounding, can be ruled out across studies. The set of studies is
primarily consistent, with reasonable explanations when results differ; an exposure-response
(strong signal | gradient is demonstrated; and the set of studies includes varied populations. Additional

of effect with supporting evidence, such as associations with biologically related endpoints in human studies
little residual (coherence) or large estimates of risk or severity of the response, may increase confidence but
uncertainty) is not required.

In exceptional circumstances, a finding in one study may be considered to be robust, even when
other studies are not available (e.g., analogous to the finding of angiosarcoma, an exceedingly
rare liver cancer, in the vinyl chloride industry).

Mechanistic evidence from exposed humans or human cells, if available, may add support
informing considerations such as exposure-response, temporality, coherence, and MOA, thus
raising the level of certainty to robust for a set of studies that otherwise would be described as
moderate.
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Strength of

evidence
judgment Description
Moderate A smaller number of studies (at least one high or medium confidence study with supporting

... evidence in
human studies

(signal of effect
with some
uncertainty)

evidence), or with some heterogeneous results, that do not reach the degree of confidence
required for robust. For multiple studies, there is primarily consistent evidence of an
association, but there may be lingering uncertainty due to potential chance, bias or
confounding.

For a single study, there is a large magnitude or severity of the effect, or a dose-response
gradient, or other supporting evidence, and there are not serious residual methodological
uncertainties. Supporting evidence could include associations with related endpoints, including
mechanistic evidence from exposed humans or human cells, if available, based on
considerations such as exposure-response, temporality, coherence, and MOA, thus raising the
level of certainty to moderate for a set of studies that otherwise would be described as slight.

Slight
... evidence in
human studies

One or more studies reporting an association between exposure and the health outcome,
where considerable uncertainty exists. In general, only low confidence studies may be available,
or considerable heterogeneity across studies may exist. Supporting coherent evidence is sparse.
Strong biological support from mechanistic evidence in exposed humans or human cells may

(signal of effect | also be independently interpreted as slight. This also includes scenarios where there are serious

with large residual uncertainties across studies (these uncertainties typically relate to exposure

amount of characterization or outcome ascertainment, including temporality) in a set of largely consistent

uncertainty) medium or high confidence studies. This category serves primarily to encourage additional
study where evidence does exist that might provide some support for an association, but for
which the evidence does not reach the degree of confidence required for moderate.

Indeterminate | No studies available in humans or situations when the evidence is inconsistent or primarily of

... evidence in
human studies

low confidence

(signal cannot

be determined

for or against

an effect)

Compelling Several high confidence studies showing null results (for example, an odds ratio of 1.0), ruling
evidence of no |out alternative explanations including chance, bias, and confounding with reasonable

effect confidence. Each of the studies should have used an optimal outcome and exposure assessment
... in human and adequate sample size (specifically for higher exposure groups and for susceptible

studies populations). The set as a whole should include the full range of levels of exposures that human

(strong signal
for lack of an
effect with little
uncertainty)

beings are known to encounter, an evaluation of an exposure-response gradient, and an
examination of at-risk populations and lifestages.
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Table 2-42. Framework for strength of evidence judgments (animal evidence)

Strength of
evidence
judgment

Description

Robust
... animal
evidence

The set of high or medium confidence experiments includes consistent findings of adverse or
toxicologically significant effects across multiple laboratories, exposure routes, experimental
designs (e.g., a subchronic study and a two-generation study), or species, and the experiments
can reasonably rule out the potential for nonspecific effects (e.g., indirectly due to overt toxicity
at high exposure levels) to have resulted in the findings. Any inconsistent evidence (evidence
that cannot be reasonably explained by the respective study design or differences in animal
model) is from a set of experiments of lower confidence. At least two of the following additional
factors in the set of experiments increases certainty in the evidence for the health outcome(s):
coherent effects across multiple related endpoints (may include mechanistic evidence); an
unusual magnitude of effect, rarity, age at onset, or severity; a strong dose-response
relationship; or consistent observations across animal lifestages, sexes, or strains. Alternatively,
mechanistic data in animals or animal cells that address the above considerations or that
provide experimental support for a MOA that supports causality with reasonable confidence
may raise the level of certainty to robust for evidence that otherwise would be described as
moderate or, exceptionally, slight, or indeterminate.

Moderate
... animal
evidence

A set of evidence that does not reach the degree of certainty required for robust, but which
includes at least one high or medium confidence study and information strengthening the
certainty in the evidence for the health outcome(s). Although the results are largely consistent,
notable uncertainties remain. However, while inconsistent evidence or evidence indicating
nonspecific effects (e.g., toxicity) may exist, it is not sufficient to reduce or discount the level of
concern regarding the positive findings from the supportive experiments or it is from a set of
experiments of lower confidence. The set of experiments supporting the effect provide
additional information supporting causality, such as consistent effects across laboratories or
species; coherent effects across multiple related endpoints (may include mechanistic evidence);
an unusual magnitude of effect, rarity, age at onset, or severity; a strong dose-response
relationship; or consistent observations across exposure scenarios (e.g., route, timing,
duration), sexes, or animal strains. Mechanistic data in animals or animal cells that address the
above considerations or that provide information supporting causality with reasonable
confidence may raise the level of certainty to moderate for evidence that otherwise would be
described as slight.

Slight
... animal
evidence

Scenarios in which there is a signal of a possible effect, but the evidence is conflicting or weak.
Most commonly, this includes situations where only low confidence experiments are available
and supporting coherent evidence is sparse. It also applies when one medium or high
confidence experiment is available without additional information increasing the certainty in
the evidence (e.g., corroboration within the same study or from other studies). Lastly, this
includes scenarios in which there is evidence that would typically be characterized as moderate,
but inconsistent evidence (evidence that cannot be reasonably explained by the respective
study design or differences in animal model) from a set of experiments of higher confidence
(may include mechanistic evidence) exists. Strong biological support from mechanistic studies in
exposed animals or animal cells may also be independently interpreted as slight. Notably, to
encourage additional research, it is important to describe situations where evidence exists that
might provide some support for an association but is insufficient for a conclusion of moderate.

Indeterminate
...animal
evidence

No animal studies were available, or a set of low confidence animal studies exist that are not
reasonably consistent or are not informative to the hazard question under evaluation.
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Strength of

evidence

judgment Description
Compelling A set of high confidence experiments examining a reasonable spectrum of endpoints relevant to
evidence of no |a type of toxicity that demonstrate a lack of biologically significant effects across multiple
effect species, both sexes, and a broad range of exposure levels. The data are compelling in that the
... in animal experiments have examined the range of scenarios across which health effects in animals could
studies be observed, and an alternative explanation (e.g., inadequately controlled features of the

studies’ experimental designs; inadequate sample sizes) for the observed lack of effects is not
available. The experiments were designed to specifically test for effects of interest, including
suitable exposure timing and duration, postexposure latency, and endpoint evaluation
procedures, and to address potentially susceptible populations and lifestages.

2.5.1. Synthesis of Mechanistic Evidence

The mechanistic evidence syntheses inform multiple key decisions in the assessment,
including the evidence synthesis judgments for human and animal studies (above), the evidence
integration judgments for different health effect categories (Section 2.6), and decisions for dose-
response analysis (Section 2.7). Examples of ways that mechanistic evidence is used to draw other
inferences to inform the judgments drawn during evidence synthesis and integration (note: “other
inferences” are described within the evidence profile tables in Section 3), and derivation of toxicity
values, are described in Table 2-43. Given the exposure-related issues specific to formaldehyde and
the abundance of data available, the mechanistic evaluations in this assessment focus almost
exclusively on in vivo studies of inhalation exposures, with rare exception (e.g., evaluation of in
vitro genotoxicity studies). As noted elsewhere (U.S. EPA, 2022), reflecting the increased scope and

heterogeneity of the potentially relevant mechanistic information, the considerations and

approaches used to synthesize and draw inferences about the mechanistic information differ from
those used in synthesizing the human and animal health effect data; the specific approaches used in

this assessment are summarized below.

Table 2-43. Examples of the interpretation and application of mechanistic
evidence used to draw other inferences during evidence synthesis and
integration, and dose-response analysis

Mechanistic inferences considered Applications within the assessment

Evidence Synthesis Judgments (Section 2.5)
Biological plausibility: As applied herein,
this applies to information that either
strengthens or weakens an interpretation
of the likelihood of an association
between exposure and the health effect.
Often, differing levels of biological
plausibility (or certainty) can be drawn
(i.e., it is often not a simple “yes” or “no” | e  Strong evidence supporting the absence of expected

answer). It is important to note that the mechanistic changes in an exposed population might diminish

e  Observations of important mechanistic changes in exposed
humans or animals that are plausibly associated with the
health outcome in question can strengthen the confidence in
the health effect findings for either the human or animal
evidence base, particularly when the changes are observed in
the same exposed population presenting the health effect.
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Mechanistic inferences considered

Applications within the assessment

lack of mechanistic data explaining an
association is not used to discount
observations from human or animal
studies. The interpretation of biological
plausibility considers the existing
knowledge for how the health effect
develops and can involve analyses of
information at different levels of biological
organization (e.g., molecular, tissue).

the plausibility of an association. This considers the sensitivity
of the changes and the potential contribution of alternative or
unidentified toxicity mechanisms.

Conflicting evidence (i.e., heterogeneous results for
comparable mechanistic events using sufficiently similar
methods) across different animal species or human populations
might be explained by evidence that mechanisms differ or are
not/less operant in the different populations (e.g., evidence
demonstrating that certain animal species cannot metabolize a
chemical to its reactive metabolite). Such analyses can also
inform judgments regarding human relevance (see below).

Human relevance of findings in animals: In
the absence of sufficiently justifiable
mode of action (MOA) information, effects
in animal models are assumed to be
relevant to humans (U.S. EPA, 2005a). In
this assessment, for potential health
hazards where the evidence from animal
models is likely to influence the overall
hazard conclusion, the available
mechanistic evidence was considered in
light of human relevance.

Evidence Integration Judgments (Section 2.6)

Evidence establishing that the mechanisms underlying the
animal response do not operate in humans, or that animal
models do not suitably inform a specific human health
outcome can support the view that the animal response is
irrelevant to humans. In these cases, the animal response
provides neither an argument for nor an argument against an
overall hazard judgment.

Observations of mechanistic changes in exposed humans that
are similar or coherent with mechanistic or toxicological
changes in experimental animals (and which are interpreted to
be associated with the health outcome under evaluation)
strengthen the human relevance of the animal findings.

Potential susceptibilities: When a
mechanistic understanding of how a
health outcome develops, or MOA, is
known or hypothesized, knowledge about
the presence and sensitivity (e.g., across
lifestages), or modifying factors

(e.g., genetics) of important events in that
MOA can help identify susceptible groups.

Evidence Integration (Section 2.6)

Identification of susceptible lifestages or groups can add clarity
to hazard descriptions regarding whether those most likely to
exhibit effects have been adequately tested, or if large data
gaps exist.

Dose-Response Analysis (Section 2.7)

Knowledge of potential or expected susceptibilities can inform
selection of studies for quantitative analysis (e.g., prioritizing
studies including such populations).

Consideration of identified susceptible groups can inform
uncertainty factor selection and confidence in toxicity values.

Biological understanding, including the
identification of precursor events: When
mechanistic data can reasonably describe
how effects develop, this information may
inform the situations or scenarios expected
to result in these effects. Further,
well-studied MOAs can sometimes identify
mechanistic precursor events that can be

Dose-Response Analysis (Section 2.7)

Understanding how effects develop might support the use of,
for example, particular models (e.g., models assuming effects
do not occur below certain levels; biologically based models;
models integrating data across several closely related
outcomes) or measures of exposure (e.g., different external or
internal metrics).
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Mechanistic inferences considered Applications within the assessment
qualitatively or quantitatively linked to the | e  Uncertainty in the dose-dependence of responses in animals or
apical health effect in question with humans can be influenced by the occurrence of precursor
reasonable confidence. events, which can add to or subtract from the plausibility of the

findings for use in dose-response analyses. Relatedly, in rare
instances, well-established precursor events might be used as
surrogates in dose-responses analyses when the health effect-
specific data are less certain.

As described in Sections 2.2.10 and 2.3.10, consolidated systematic approaches to
identifying and evaluating (and synthesizing) the mechanistic information relevant to interpreting
the potential for formaldehyde to cause either upper respiratory tract (URT) or
lymphohematopoietic (LHP) cancers were not performed. Rather, these syntheses intentionally
addressed a broad collection of evidence built upon the other systematic reviews and pre-existing
knowledge regarding the potential cancer mechanisms and precursor events related to inhaled
formaldehyde. Consistent with the EPA cancer guidelines (U.S. EPA, 2005a) and approaches
described in the IRIS Handbook (U.S. EPA, 2022), for both cancer type groupings, the findings were

summarized and integrated into a proposed cancer MOA network that served as a framework for

the evidence evaluation and MOA analysis. Like other sections, the evidence was synthesized
following the Bradford Hill considerations, with an emphasis placed on observations following
inhalation exposure in humans and experimental animals. The syntheses were developed in the
context of carcinogenesis proceeding via one or more hypothesized, integrated cancer MOA(s), with
alternative hypotheses examined.

The syntheses of the mechanistic information specifically informing noncancer health
effects at systemic sites (i.e., developmental, and reproductive effects and nervous system effects)
was much narrower, focusing on the few available medium and high confidence studies of
inhalation exposure with relevant mechanistic information. To the extent the data allow, these
syntheses focused on identifying mechanistic events!3 in appropriate tissues that could be plausibly
linked to the apical changes observed in the human or animal studies; speculative hypotheses
without supporting data were avoided. The evidence bases were not extensive enough to conduct
formal MOA analyses, but the strengths and uncertainties of the evidence supporting each potential
mechanistic change were summarized.

Syntheses of mechanistic data that might inform potential noncancer respiratory health
effects involved an integrated and systematic review process (see additional discussion below,
detailed documentation in Appendix B.2.6 and B.3.6, and integrated analyses in Appendix C.7),

which emphasized for each potential health effect the sequence(s) of mechanistic events

13 Mechanistic event is used in this assessment as a generic term for types of endpoints, which may or may not be
required for—or even influence—a mode of action; thus, mechanistic events are not necessarily key events, which
are necessary precursor steps (or markers of such) in a mode of action (U.S. EPA, 2005a).
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interpreted to have the most reliable evidence, highlighting effects on specific tissue components
and/or functions. Based on the known or presumed linkages, these events are organized from a
“plausible initial effect of exposure” (e.g., a potential direct interaction between inhaled
formaldehyde and biological materials) to each apical toxicity endpoint in a linear fashion,
regardless of tissue region, and the summary MOA inferences are synthesized for each health effect
in Section 3. Other mechanistic changes with less reliable information are summarized in
Appendix C.7 only.

For these structured syntheses, due to the importance of considering the toxicokinetics of
inhaled formaldehyde, the human and animal experiments interpreted with high or medium
confidence and low confidence were organized according to the tissue compartment and general
type of change being examined. Individual experiments or groups of closely related experiments
across studies were divided into mechanistic events, representing empirically observable biological
changes that may inform how formaldehyde exposure might be associated with a respiratory health
effect(s). The level of evidentiary support for each mechanistic event was characterized as robust,
moderate, slight, or indeterminate based on the criteria presented in Table 2-44. Similar to the
factors emphasized during the human and animal health effect syntheses, these criteria emphasize
the confidence and consistency of the data across studies. Other relevant considerations (e.g., effect
magnitude, dose-response, coherence) are discussed when conclusions across studies could be
drawn, but these judgments were often difficult due to the heterogeneous nature of the available
mechanistic studies. Potential associations between mechanistic events were judged based on the
tissue(s)/region(s) assessed and known biological roles within those tissues for the identified
mechanistic events. The basis for each association was not individually documented; these are
more generally discussed in the individual synthesis sections, or the study evaluation tables in
Appendix B.3.6.

Table 2-44. Criteria and presentation of strength of the evidence for each
mechanistic event and for potential associations between events relating to
potential noncancer respiratory health effects

Associations between mechanistic

Evidence Mechanistic events events
judgment?® Criteria for conclusions Presentation® Criteria for conclusions Presentation®
Robust Direct evidence supporting an © Formaldehyde-specific data
effect in multiple, consistent demonstrate a linkage -
high or medium confidence Emphasized in |(i.e., inhibition of
studies® Syntheses mechanistic event “A”

prevents or reduces the
occurrence of event “B”;
events “A” and “B” are

linked by concentration,
location, or temporality)
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Associations between mechanistic
BT Mechanistic events events
judgment?® Criteria for conclusions Presentation® Criteria for conclusions Presentation®
Moderate |Direct or indirect (e.g., genetic L.
. (ee. g . O e An association between
changes) evidence supporting an P o ; ->
. . . . events “A” and “B” is
effect in at least one high or Emphasized in
. . . known based on
medium confidence study, with | Syntheses . .
. . established (basic) biology
supporting evidence
(e.g., consistent changes e An association has been
suggesting an effect in low demonstrated for similar
confidence studies)® chemicals or effects
Slight . . (’ 5 An association is justifiable,
e Evidence supporting an effect -
in one hypothesis-generatin or even expected, based on
. yp . g . & [ Minimal underlying biology, but it
high or medium confidence . .
tud Discussion in | has not been well
study Syntheses established (note: events for
e Evidence suggesting an effect which a biological
in multiple, reasonably association appears unlikely
consistent low confidence are not linked)
studies
Indetermin . . Not included |N/A N/A
e Evidence suggesting an effect |. .
-ate i i in figures; may
in one low confidence study .
be noted in
e A set of low confidence studies |synthesis text
with inconsistent results
. Not included |N/A N/A
e Evidence cannot be o
. in figures or
interpreted (no data; no .
. N synthesis text
pattern in results within or
7 across studies)
-
';-‘3 o Data suggest no change

aFor consistency, the words used to describe the judgments for apical health effect endpoints in human or animal studies were
applied (see subsequent section, Evidence Integration and Confidence Conclusions for Noncancer and Cancer Health
Outcomes), although the criteria herein are less rigorous (i.e., when evaluating sets of studies), unlike the conclusions for
apical health effects.

bSupporting evidence and documentation for these decisions is provided in Appendix B.3.6 and C.7, with only the evidence on
mechanistic changes (irrespective of the results) most informative to the health effect-specific discussions synthesized in
Section 3.

‘The presence of a comparable or stronger set of studies with directly conflicting evidence results in the identification of the
next weaker evidence descriptor (e.g., robust evidence with conflicting data would be moderate); note that the purpose of this
evaluation was not to identify mechanistic events for which there was robust evidence of no change; however, the plausibility
of the pathways (considering evidence for a lack of changes in expected events) is discussed in later sections.

For the integrated MOA analyses on each potential health effect, the most informative data
(i.e., preference is given to robust evidence) were synthesized across tissue compartments, with the
discussion spanning those mechanistic events interpreted as the most likely to be due to (or most

closely related to) direct interactions with inhaled formaldehyde molecules (i.e., “plausible initial
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effects of exposure”) to important apical toxicity endpoints (i.e., “key features of a potential hazard”,
broadly representing the specific health effect findings observed in humans or animals). The health
effect-specific syntheses sections are distilled from a broader network-based analysis of the
interconnected mechanistic changes within and across tissue compartments, and across potential
noncancer respiratory system health effects (see Appendix C.7 for the integrated analyses across
the individually synthesized respiratory health effects) using an organizational structure similar to

components of the adverse outcome pathway (AOP) approach (Villeneuve et al., 2014; Ankley et al.,

2010). These distilled evidence syntheses attempt to simplify the data and emphasize the
mechanistic events supported by the evidence interpreted with the highest confidence for each
potential health effect, but they are not intended to convey most of the available information. They
also only consider mechanistic events identified in formaldehyde-specific studies. These syntheses
focus on generalized summary findings regarding the identified mechanistic events rather than
observations in individual studies, and they include an overall summary interpretation regarding
the biological plausibility of that sequence being a mechanism by which formaldehyde exposure
might cause each noncancer respiratory health effects. Where data clearly suggest a dependence on

exposure duration or exposure level to elicit an effect, these associations are discussed.

2.6. EVIDENCE INTEGRATION METHODS

For each unit of analysis or broader health effect category, an overall evidence integration
conclusion(s) about the evidence for health effects in humans was drawn by integrating the animal
and human evidence synthesis judgments (Section 2.5) and incorporating “other inferences” (see
Table 2-43 in Section 2.5), namely the human relevance of the animal evidence (i.e., based on
default assumptions or empirical evidence), coherence across the human and animal evidence, and
susceptibility. This is summarized in an evidence integration narrative for each health effect in
Section 3. As with the evidence synthesis judgments, the overall evidence integration conclusion(s)
were reached using decision frameworks adapted from considerations originally described by

Austin Bradford Hill (Hill, 1965). During evidence integration, the body of evidence (across

evidence streams) was integrated based on a structured framework to draw an overall summary
evidence integration judgment regarding the evidence for causation (Table 2-45).
This evidence integration framework is consistent with the IRIS Handbook (U.S. EPA, 2022)

and interprets the instructions and examples provided in the cancer guidelines (U.S. EPA, 2005a) to

allow clarity and consistency in the evaluation of each potential human hazard. The framework is
consistent with the cancer guidelines in that evidence in humans generally has greater weight than
evidence in animals. Likewise, in the absence of sufficiently justifiable MOA information, effects in
animal models are assumed to be relevant to humans. For potential health hazards where the
evidence from animal models influenced the overall evidence integration judgment, the available

mechanistic evidence was evaluated to inform the human relevance of those findings in animals.
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For each potential health effect evaluated, a narrative evidence integration summary and
judgment was developed. The overall evidence integration judgments of evidence demonstrates,
evidence indicates [likely], evidence suggests, evidence inadequate (to judge hazard), and
strong evidence supports no effect are defined in Table 2-45 and presented as bolded text
throughout the assessment, accompanied by a description of the conditions of expression
(e.g., exposure levels, exposure patterns) in the studies that served as the basis for the judgment.
This is separate from the “sufficient exposure conditions” statements for noncancer health effects
that highlight for the reader that the exposure conditions (i.e., levels, duration, timing) for each
health outcome identified as a potential human health hazard during evidence integration are

further explored and elaborated upon through dose-response analyses (Section 2.7).

Table 2-45. Overall evidence integration judgments for characterizing
potential human health hazards (noncancer health effects and cancer
outcomes) in the evidence integration narrative

Overall evidence
integration judgment
in narrative Explanation and example scenarios

Evidence demonstrates | This signifies a very high level of certainty that formaldehyde exposure causes the
health effect in humans.

e This category was?® used if there was robust human evidence supporting an effect.

o This category could also be used with moderate human evidence and robust animal
evidence if there was strong mechanistic evidence that MOAs and key precursors
identified in animals were anticipated to occur and progress in humans.

Evidence indicates This reflects a reasonable certainty that the relationship between formaldehyde
(likely)® exposure and the health outcome is causal, although there may be some outstanding
questions that remain.

e This category was used if there is robust animal evidence supporting an effect and
slight-to-indeterminate human evidence, or with moderate human evidence when
strong mechanistic evidence was lacking.

e This category could also be used with moderate human evidence supporting an effect
and slight or indeterminate animal evidence, or with moderate animal evidence
supporting an effect and slight or indeterminate human evidence. In these scenarios,
any uncertainties in the moderate evidence were not sufficient to reduce or discount
the level of concern, or mechanistic evidence in the slight or indeterminate evidence
base (e.g., precursors) existed to increase confidence in the moderate evidence.

Evidence suggests (but | This conveys some concern that formaldehyde may cause a particular health effect in
is not sufficient to humans, but there were very few studies that contributed to the evaluation, the
infer)¢ evidence was very weak or conflicting, or the methodological conduct of the studies
was poor. Given the substantial degree of uncertainty, additional research would
provide valuable information for future evaluations.
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Overall evidence
integration judgment
in narrative

Explanation and example scenarios

e This category was used if there was slight human evidence and slight-to-
indeterminate animal evidence.

e This category was also used with slight animal evidence and slight-to-indeterminate
human evidence.

e This category could also be used with moderate human evidence and slight or
indeterminate animal evidence, or with moderate animal evidence and slight or
indeterminate human evidence. In these scenarios, there were outstanding issues
regarding the moderate evidence that reduced the level of concern or confidence in
the reliability of the findings, or mechanistic evidence in the slight or indeterminate
evidence base (e.g., null results in well-conducted evaluations of precursors) existed
to decrease confidence in the moderate evidence.

e Exceptionally, when there is general scientific understanding of mechanistic events
that result in a hazard, this category could also be used if there was strong
mechanistic evidence that was sufficient to identify a cause for concern—in the
absence of adequate conventional studies in humans or in animals (i.e., indeterminate
evidence in both).

Evidence inadequate®

This conveys either a lack of information or an inability to interpret the available
evidence.

e This category was used if there was indeterminate human and animal evidence.

e This category could also be used with slight-to-robust animal evidence and
indeterminate human evidence if strong mechanistic information indicated that the
animal evidence was unlikely to be relevant to humans.

A conclusion of inadequate is not a determination that the agent does not cause
adverse health outcomes or is safe. It generally indicates that further research is
needed.

Strong evidence
supports no effect

This represents a situation in which extensive evidence across a range of populations
and exposure levels has identified no effects/associations. This scenario requires a high
degree of confidence in the conduct of individual studies, including consideration of
study sensitivity, and comprehensive assessments of the endpoints and lifestages of
exposure relevant to the heath effect of interest.

e This category was used with compelling evidence of no effect in human studies and
compelling evidence of no effect or slight evidence in animal studies.

o This category was also used with indeterminate human evidence and compelling
evidence of no effect in animal models concluded to be relevant to humans.

e This category could also be used with compelling evidence of no effect in human
studies and moderate-to-robust animal evidence if strong mechanistic information
indicates that the animal evidence is unlikely to be relevant to humans.

Note: This table does not supersede or alter direction provided in EPA guidelines. It is meant only to provide added
transparency for conclusions drawn regarding the level of evidence from human, animal, and mechanistic studies.
aTerminology of “was” refers to the default option; terminology of “could also be” refers to alternative options.
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bFor some applications, such as benefit-cost analysis, to better differentiate the categories of evidence demonstrates and
evidence indicates (likely), the latter category should be interpreted as evidence that supports an exposure-effect linkage that
is likely to be causal.

‘Health effects characterized as having evidence demonstrates and evidence indicates (likely) (and, in some cases, evidence
suggests) are evaluated for use in dose-response assessment. When the database includes at least one well-conducted study
and a judgment of evidence suggests is drawn, quantitative analyses may still be useful for some purposes (e.g., providing a
sense of the magnitude and uncertainty of estimates for health effects of potential concern, ranking potential hazards, or
setting research priorities), but not for others [see related discussions in U.S. EPA (2005b)]. It is critical to transparently convey
the extreme uncertainty in any such estimates.

dSpecific narratives for each of the health effects with an evidence integration judgment of evidence inadequate may be
deemed unnecessary.

For the purposes of this assessment, the same evidence integration approach was used to
draw evidence integration judgments for both noncancer health effects and specific cancer types,
noting that the approach is based on the methods and considerations described in the EPA cancer

guidelines (U.S. EPA, 2005a). Also consistent with these guidelines, for carcinogenicity, a final step

of categorizing the weight of evidence as to whether formaldehyde inhalation exposure is
carcinogenic to humans was summarized using “descriptors,” consistent with EPA cancer
guidelines (U.S. EPA, 2005a) (Table 2-46). Thus, the descriptors build upon the overall evidence

integration judgments for individual cancer types; however, this does not alter or supersede

direction provided in EPA guidelines. These descriptors are bolded and italicized throughout the

assessment.

Table 2-46. Criteria for applying cancer descriptors to overall confidence
conclusions for cancer types

Cancer descriptor Criteria

Carcinogenic to humans This descriptor was used if the evidence demonstrates that, for at least one
cancer type, formaldehyde inhalation exposure caused the increase in cancer
incidence or mortality.

This descriptor could also be used in rare instances if the evidence indicates that
formaldehyde inhalation exposure likely causes different cancer types across
evidence bases (e.g., when one type of cancer is based on human evidence and
tumors at another site is supported by animal evidence), consistent with EPA
guidelines (U.S. EPA, 2005a) that site concordance is not required. Such a decision
would depend on mechanistic understanding (i.e., in this example, the decision
would consider differences in tumor types or ADME across species).

Likely to be carcinogenic to |This descriptor was used if the evidence indicates that, for at least one cancer
humans type, formaldehyde inhalation exposure likely caused the increase in cancer
incidence or mortality.

Similar to the rationale provided above, this descriptor could also be used in rare
instances when the evidence suggests formaldehyde inhalation exposure may
cause multiple tumor types, depending on mechanistic inference.

Suggestive evidence of This descriptor was used if, for the evidence relating to carcinogenicity, the
carcinogenic potential evidence was only suggestive that formaldehyde inhalation exposure may cause
any of the observed increases in cancer incidence or mortality for any cancer type.
This would reflect a substantial degree of uncertainty in any potential causal
inference.

2-108


https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=88823
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=6324329
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=6324329
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=6324329

IRIS Toxicological Review of Formaldehyde (Inhalation)

Cancer descriptor Criteria
Inadequate evidence to This descriptor was used if the evidence was inadequate to draw a conclusion
assess carcinogenic regarding cancers of any type with any confidence. This might reflect a lack of
potential information or highly conflicting information.

Not Likely to be carcinogenic | This descriptor conveys a high degree of certainty that there is negligible concern
to humans for carcinogenic effects. A substantial amount of evidence would be required to
support this descriptor (see (U.S. EPA, 2005a).

2.7. DOSE-RESPONSE ASSESSMENT METHODS

This formaldehyde assessment includes development of organ/system-specific RfCs (osRfC)
for noncancer health effects identified as human hazards and an overall RfC for noncancer effects,
as well as an IUR for carcinogenic effects, all presented in units of pg/ms3.14 The dose-response
analyses (Section 5) build from the hazard identification decisions, exploring and better defining
the “sufficient exposure conditions” mentioned in Section 3. This highlights that, for those
assessment-specific health effects identified as potential hazards, the exposure conditions
associated with those health effects are defined (as are the uncertainties in the ability to define
those conditions) during dose-response analysis (U.S. EPA, 2022).

Based on the data available for this assessment, the subset of studies used to develop RfCs

and inhalation unit risk estimates were from those noncancer health outcomes and specific cancer
types with an overall judgment of evidence demonstrates or evidence indicates [likely]
regarding the potential for formaldehyde inhalation to cause those effects. For noncancer toxicity
values, the dose-response analyses attempt to characterize the exposure conditions (i.e., levels,
duration, timing) that are interpreted as "likely to be without an appreciable risk of deleterious
effects during a lifetime” in any individual (i.e., RfCs are health-protective values). For cancer
toxicity values, the dose-response analysis provides an upper-bound estimate of the increased
lifetime risk of cancer from continuous exposure to an agent at a concentration of 1 ug/m?
formaldehyde in air.

From among the large body of evidence used for the hazard identification, selection of the
studies for dose-response assessment relied first on the study confidence evaluations (i.e., for this
extensive evidence base, only high or medium confidence studies were evaluated for potential use
in dose-response analyses), with particular emphasis and reconsideration (in the context of utility
of the study for dose-response analysis) of expert ratings regarding potential co-exposure and
confounding. The characteristics of the study population, details regarding exposure levels, the
accuracy of formaldehyde exposure, and the reliability of the outcome measures are also separately
reconsidered. In addition, study selection considered factors not necessarily considered during
individual study evaluations, including interpretations regarding the severity of the observed

effects, potential susceptibility, the study-specific formaldehyde exposure conditions (levels,

¥ Throughout this assessment, a conversion of 1 ppm = 1.23 mg/m3 formaldehyde is used.
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duration, periodicity), and the utility of the results for quantitative analyses. The considerations for
study selection are outlined in Table 2-47. As with the study evaluations (see Section 2.3), the
application of these considerations cannot be reduced to a formula and a scoring approach was not
used. Rather, for the evaluation of each factor, study-specific limitations interpreted to potentially
impact the utility of the study results for dose-response analysis were documented, based on expert
judgment. Specifically, considering the context of the other available studies on the effect of
interest, limitations interpreted to introduce a “critical concern” with the use of the study data in
dose-response analysis resulted in that dataset not being advanced for POD derivation. Less
significant limitations interpreted to introduce “some concern” may or may not prevent the dataset
from advancing for POD derivation; if advanced, these limitations informed later dose-response
decisions (e.g., confidence in the cRfC; see below). The evaluation of these considerations applied to
individual medium and high confidence studies for potential use in dose-response analysis is

documented in Sections 5.1.1 and 5.2.

Table 2-47. Considerations for study selection for quantification of dose
response and derivation of toxicity values

Factor Considerations
Study Study For this assessment, studies of low confidence are not considered for
Confidence Confidence |quantification. The available high and medium confidence studies are further
and differentiated on the basis of the study attributes below, as well as the specific
Confounding limitations identified and their potential impact on dose- response analyses.

Co-exposure | Studies with a design (e.g., matching procedures, blocking) or analysis (e.g.,

and covariates or other procedures for statistical adjustment) that adequately address
Confounding | the relevant sources of potential meaningful confounding for a given outcome are
preferred. For experimental studies, those with better inhalation exposure quality
ratings are preferred and studies interpreted to include potential confounding by

methanol are not modeled.

Population or Subjects Human studies are typically preferred over animal studies to eliminate interspecies
extrapolation uncertainties. Animal studies are considered the studies of primary
interest when adequate human studies are not available. For some hazards, studies
of particular animal species known to respond similarly to humans would be
preferred over studies of other species. Dose-response information for the most
susceptible subgroups is also preferred, if appropriate given the other
considerations herein and permissible based on the available information.

Exposure Exposure Exposure metrics most relevant to quantifying the effects of lifetime formaldehyde
Measures exposure for the health outcome of interest are preferred. Exposures near the

and Levels | range of typical environmental human exposures are preferred. Studies with a
broad exposure range and multiple exposure levels are preferred to the extent that
they can provide information about the shape of the exposure-response
relationship (see (U.S. EPA, 2012), Section 2.1.1) and facilitate extrapolation to
more relevant (generally lower) exposures.
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Factor Considerations
Exposure When developing the (lifetime) RfC, chronic or subchronic studies are preferred
Duration over studies of acute exposure durations. Exceptions exist, such as when a
and susceptible population or lifestage is more sensitive in a particular time window

Frequency |(e.g., developmental exposure). Likewise, studies reflecting formaldehyde
exposures most relevant to constant, lifetime exposure (e.g., of a given periodicity
or frequency) are prioritized.

Outcome Measure(s) Studies that can reliably distinguish the presence or absence of the outcome are
preferred. Outcome ascertainment methods using generally accepted or
standardized approaches are preferred. Among several relevant health outcomes,
preference is generally given to those outcomes that better represent the
identified hazard (e.g., more apical, or translatable [to human disease] outcomes
are generally preferred), and outcomes interpreted to have greater biological
significance or severity. Studies with sufficient latency for measuring the outcome
of interest are also preferred.

Results Utility |Study Size Preference is given to studies using designs expected to have power (e.g.,

and Design | considering sample size or number of cases) to detect responses of suitable
magnitude. This does not mean that studies with substantial responses, but low
power would be ignored, but that they should be interpreted in light of a
confidence interval or variance for the response. Studies that address changes in
the number at risk (e.g., through decreased survival) are preferred. Experimental
studies with evidence of selective reporting and cohort studies with apparent loss
to follow up are generally not preferred.

Results Reasonably complete reporting of the results of interest is preferred. Studies with
Reporting risk estimates for multiple exposure levels or regression coefficients per unit of
formaldehyde concentration are generally preferred over LOAELs or NOAELs
because they provide information about the shape of the concentration-response
curve and allow for benchmark dose modeling. Studies with individual-level data
are preferred in general. For example, individual-level data allow for the
characterization of experimental variability more realistically and to characterize
overall incidence of individuals affected by related outcomes.

2 A NOAEL/LOAEL approach may also be used in cases when data are not amenable to BMD modeling (e.g., those resulting from
incomplete data availability or from a lack of models that can describe the data adequately).

The ubiquitous endogenous presence of formaldehyde in the body can complicate
quantitative risk assessment for several reasons. The role of endogenously generated formaldehyde
in human diseases is largely unknown. This includes endogenous formaldehyde generated during
normal cellular metabolic processes, as well as formaldehyde produced endogenously within cells
(e.g., in the liver) as a breakdown product of external exposures to other chemicals, including

ingestion of caffeine (Summers et al., 2012; Hohnloser et al., 1980) and methanol-rich foods or

beverages, such as fruit-based liquors (Riess et al., 2010). The mode of action by which toxicity at

distal sites, such as bone marrow or reproductive tissues, may occur in response to inhalation of
formaldehyde over long periods, also is not known. Once formaldehyde is inhaled and interacts
with extracellular aqueous matrices such as mucus in nasal passages and is hydrated, the
biochemical reactivity of inhaled formaldehyde and endogenous formaldehyde are presumably
very similar, given that there are no differences in chemical structure. However, no specific data are

available to inform whether there may be differences in interactions with specific extracellular or
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intracellular macromolecular targets in vivo. While the rate of cellular detoxification of exogenous
formaldehyde remains unknown, the production and subsequent detoxification of endogenous
formaldehyde appears to be kept under strict control and has been well described (Burgos-
Barragan et al., 2017b).

The focus of the assessment is to estimate the risk over background that results from only
the exogenous exposure, and the assessment assumes that background incidence of cancer or other
health hazards that may potentially be attributed to endogenous formaldehyde is already
accounted for in the background incidence. Endogenous formaldehyde might be responsible for
some portion of background risks for some health outcomes, particularly when normal

detoxification pathways are deficient (Pontel et al., 2015); but that possibility is not the purpose of

this review. This assessment does consider and discuss the potential impact of normal levels of
endogenous formaldehyde on the penetration and distribution of inhaled formaldehyde, based on
dosimetric models ((Schroeter et al., 2014; Campbell Jr et al., 2020); see Sections 3.1, 5.1.2, and

5.2.1). In addition, efforts to incorporate the unknown contribution of endogenous formaldehyde to
background cancer incidence in an attempt to bound low-dose human cancer risks from
formaldehyde exposure have been published using a measure of internal dose for inhaled
formaldehyde. These papers are discussed in Section 5.2.5 and Appendix D.2.4.

For each health effect for which a toxicity value was derived, one or more animal or human
studies were determined to be suitable for use in quantitative dose-response assessment and
points of departure (PODs) were determined (see Section 5). In some cases, estimates considered
information from mechanistic studies. Specifically, for some outcomes (i.e., nasal cancers;
noncancer respiratory tract pathology), analyses included efforts to apply dosimetry models
estimating the uptake of inhaled formaldehyde, including an evaluation of modeling efforts to
account for the potential contribution of endogenous formaldehyde on uptake. Study-specific PODs
were adjusted as appropriate (e.g., for constant, lifetime exposure) and used to calculate candidate
toxicity values. For noncancer analyses, cRfCs for were calculated for each potential health effect
and one or more cRfCs were selected to represent the osRfC for that effect. For cancer analyses,
cancer type-specific unit risks were estimated and, for one mechanism that contributes to cancer
risk and appears to involve a threshold, cRfCs were derived. [URs addressing cancers shown to
operate through a mutagenic MOA include application of age-dependent adjustment factors
(ADAFs), consistent with EPA cancer guideline recommendations to address early life cancer risk
(U.S. EPA, 2005b). The strengths and limitations of each estimate are described, and the associated

uncertainties are discussed and weighed in selecting the final toxicity values.
A confidence level of high, medium, or low (or a combination of two of these) was assigned

to each noncancer toxicity value.15 This confidence level was determined based on evaluations of

15 For hyphenated confidence classifications, the order of the terms is used to provide greater transparency in the
confidence judgment for the purposes of this assessment, which also aids selection of osRfCs from amongst the
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several more narrowly defined confidence determinations for each cRfC that address the
interpreted accuracy, reliability, and stability of the value (see Table 2-48), each of which is
separately documented and justified in Section 5.1. Specifically, the overall confidence classification
was primarily based on confidence in the accuracy of the associated POD calculation(s) and the
reliability of the studies used to calculate the PODs, the latter of which considers the strength of the
evidence for concluding that formaldehyde inhalation results in the study-specific health effects of
interest. To a lesser extent, it also considered the interpreted confidence regarding the

completeness of the evidence base for each broader health effect category.

Table 2-48. Considerations for confidence in noncancer toxicity values

Factor Confidence considerations

Confidence in the POD This reflects a judgment regarding how well the study-specific data are able to estimate the
POD (i.e., a NOAEL, LOAEL, or BMCL). For example, a lower level of confidence would be
applied to high-concentration studies that required extrapolation far below the lowest
tested concentration to estimate a POD. A confidence classification of Low confidence
indicates that the POD derived is expected to be appreciably less accurate than Medium or,
more so, High confidence classifications.

Confidence in the Study This confidence classification builds from the individual study evaluation judgments and the
interpreted reliability of those studies for use in dose-response analysis laid out in Table 2-
47. It considers the appropriateness of the population and study design for use in deriving
the value of interest, including an emphasis on considerations related to its generalizability,
interpretability (e.g., as an effect representative of the relevant evidence integration
judgment), and its ability to address potential susceptibility. A confidence classification of
Low confidence means the reliability of the study data for use in deriving the specific value
of interest is interpreted as appreciably lower than Medium or, more so, High confidence
classifications.

Confidence in the Evidence Although a UFp = 1 was applied to all candidate and selected toxicity values for this

Base assessment given the extensive formaldehyde database and the expectation that additional
study wouldn’t substantially lower the selected overall RfC, it is recognized that the evidence
databases for the various health effects are not equal. This confidence classification builds
from the broader evidence integration judgments and primarily emphasizes the health
effect-specific areas where additional research could reduce existing uncertainties. A
confidence classification of Low confidence means the degree of certainty regarding the
stability of the value to additional study is appreciably lower than Medium or, more so, High
confidence classifications.

These confidence judgments were used with other considerations (i.e., the composite UF for
each value and the sensitivity of compared values of similar confidence) to inform toxicity value
selection. Specifically, confidence in the cRfCs informed selection of the osRfCs, and confidence in
the osRfCs informed selection of the RfC. Considering confidence in the relevant osRfC(s) and also

the completeness of the formaldehyde literature database overall, an overall level of confidence in

available cRfCs and selection of the RfC from amongst the available osRfCs. Specifically, when hyphenated, the
first term reflects the confidence category and the second term indicates whether the judgment is closer to a
higher or lower confidence category, based on the term used (e.g., Medium-high would reflect a medium
confidence judgment that is almost a judgment of high confidence). Confidence judgments are a matter of expert
judgment based on the evidence available and it can be difficult to compare confidence classifications across
assessments, particularly when developed to inform different decision purposes.
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the RfC was drawn. For noncancer dose-response analyses, multiple graphical depictions were
developed to display PODs, uncertainty factors, and candidate toxicity values across outcomes and
studies, as well as the context of these estimates (e.g., in relation to the study-specific results; in
relation to known human exposures to formaldehyde).

For the derivation of the cancer inhalation unit risk (IUR) estimate, an overall level of
confidence was assigned as described in the EPA cancer guidelines (U.S. EPA, 2005a).
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3. EVIDENCE SYNTHESIS AND INTEGRATION

Potential health hazards from the inhalation of formaldehyde were evaluated across
multiple health domains, including sensory irritation; pulmonary function; immune system effects,
focusing on allergies and asthma; respiratory tract pathology; nervous system effects; reproductive
and developmental toxicity; and cancer. Research results for several cancer sites were evaluated,
specifically cancers of the upper respiratory tract ([URT]; i.e., nasopharyngeal cancer, sinonasal
cancer, cancers of the oropharynx and hypopharynx, laryngeal cancer) and of the
lymphohematopoietic system (i.e., Hodgkin lymphoma, multiple myeloma, myeloid leukemia,
lymphatic leukemia). The evidence regarding the potential for formaldehyde exposure to cause
other cancer types (i.e., lung, non-Hodgkin lymphoma, brain, bladder, colon, pancreas, prostate,
skin) were not systematically evaluated because only a few studies reported analyses for these
cancer sites (see Appendix B.3.9 for detail). Multiple health endpoints were evaluated within each
of these hazard domains using primary research studies in human populations and experimental
animals and in supporting mechanistic studies. The mechanistic studies informing all potential
respiratory effects were considered and analyzed together due to the potential interdependencies
of the mechanisms involved (see Appendix C.7, with supporting documentation in Appendix B.2.6
and B.3.6). The majority of studies evaluating the potential toxicity of formaldehyde inhalation
exposure have focused on effects at the portal of entry (POE), primarily the URT, with less research
available to inform potential systemic, or nonrespiratory, effects. Although some uncertainties
remain, the organization and analyses in the assessment assume that inhaled formaldehyde is not
distributed to an appreciable extent beyond the upper respiratory tract to distal tissues (see
Section 3.1); thus, it is assumed that inhaled formaldehyde is not directly interacting with tissues
distal to the portal of entry (POE) to elicit systemic effects. Thus, the synthesis of the evidence for
each identified health endpoint is provided in Section 3.2 for potential respiratory system-related
effects (including cancer and noncancer endpoints) and in Section 3.3 for potential nonrespiratory
health effects.

3.1. TOXICOKINETICS OF INHALED FORMALDEHYDE

Formaldehyde is a respiratory irritant for which the human body has developed several
detoxification and removal processes, especially at the site(s) of first contact (i.e., nasal passages for
inhalation). Thus, this discussion of the toxicokinetics of inhaled formaldehyde at the POE is
organized according to the most likely sites of first contact between inhaled formaldehyde and
biological materials, in the context of the known anatomy and potential elimination processes of the
respiratory tract tissues. A more comprehensive summary of what is known about the absorption,

distribution, metabolism, and excretion of inhaled formaldehyde is provided in Appendix C.1. This

3-1



IRIS Toxicological Review of Formaldehyde (Inhalation)

section also includes a discussion of published analyses of the potential impact of endogenous
levels of formaldehyde produced during normal cellular metabolism on the toxicokinetics of

inhaled formaldehyde.

3.1.1. Distribution of Inhaled Formaldehyde

Much of what is known about the uptake and distribution of formaldehyde is based on
experimental animal studies, primarily in monkeys and rats. Several of the key considerations for
evaluating the toxicokinetics of inhaled formaldehyde at the POE in the rat nose are represented
schematically in Figure 3-1. Species differences in the structure of the airways and breathing
patterns, as well as the composition of the surface epithelium at various nasal locations, are
important considerations when interpreting results in experimental animals and extrapolating
observations to humans. While the nasal passages in humans are generally similar to those in other
mammalian species, one key difference is that humans and nonhuman primates have nasal
passages adapted for both oral and nasal (oronasal) breathing, as opposed to obligate nasal
breathing in rodents. A second key difference regards the shape and complexity of the nasal
turbinates, with relatively simple shapes in humans, and complex, folded patterns in rodents. In
general, these differences provide better protection of the rodent lower respiratory tract against

inhaled toxicants than is provided to the human lower respiratory tract (Harkema et al., 2006).

Uptake of formaldehyde (defined as retention within the respiratory tract tissue), based on
rough estimates determined from the amount of formaldehyde removed from the air, indicates that
the vast majority of formaldehyde is removed from inhaled air by the upper respiratory tract (URT)
in monkeys (Monticello et al., 1989; Casanova et al., 1991), dogs (Egle, 1972) and rats (Kimbell et
al,, 2001b; Kerns et al., 1983; Heck et al., 1983; Chang et al., 1983). Further, dosimetric modeling
studies in humans have shown close agreement with observations of exposed rodents, namely, that
90-95% of inhaled formaldehyde is deposited in the URT (Yang et al., 2020; Subramaniam et al.
1998; Overton et al., 2001; Kimbell et al., 2001b). Most recently, Yang et al. (2020) conducted

inhalation studies in 120 (70 female and 50 male) healthy human volunteers and measured their

absorption of formaldehyde and selected volatile organic compounds. The absorbed formaldehyde
Cinh — Cexh was seen to be linearly related to Cinn. The slope of this straight line, which expresses a
mean deposition rate for the range of concentrations from 2 ppb to 18 ppb was determined to be
0.97, indicating that most of the inhaled formaldehyde is absorbed, on average, at these low
concentrations. This is consistent with prior understanding regarding the extent of formaldehyde
absorbed. A detailed description of dosimetry modeling efforts in humans, monkeys, and rats is
provided in Appendix C.1. As demonstrated in monkeys and rats, and as modeled in humans, a
concentration gradient of inhaled formaldehyde follows an anterior-to-posterior distribution, with
high concentrations of formaldehyde distributed to squamous, transitional, and respiratory
epithelium, and less uptake by olfactory epithelium. Except under exercise conditions or with
exposure to high formaldehyde concentrations, very little formaldehyde reaches more distal sites
such as the lung. The possibility that more extensive distribution to the LRT may occur when people
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are regularly breathing through the mouth or when they have an upper respiratory tract infection
has not been directly investigated (see Sections 3.2.2 and 3.2.3 for discussions of the available,
indirect evidence). Likewise, no specific toxicokinetic studies focusing on the possibility of inhaled
formaldehyde distributing to the developing fetus were identified; however, based on current
understanding of its reactivity and distribution, it is unlikely that inhaled formaldehyde would
reach the developing fetus.

Asgharian et al. (2012) developed a pharmacokinetic model for transport of formaldehyde
and other gases in the human lung, across the air-tissue interface towards arterial blood, that
explicitly incorporates information on partition coefficient, metabolism, and tissue reactivities
(considered as saturable and first-order clearance pathways). This was a substantial improvement
over the approach in Overton et al. (2001) that was used for providing formaldehyde dose to the
lung in the Conolly et al. (2004) model for extrapolating cancer risk to the human; Overton et al.
(2001) did not model the tissue kinetics [and hence the systemic dose] but assumed a constant

mass transfer coefficient. There are several noteworthy results from this paper:

— Surface flux rates of formaldehyde appeared to be predictive of local tissue
concentrations.

—  97% of the inhaled formaldehyde was absorbed.

— Formaldehyde did not penetrate beyond 60 pum of tissue depth in any breathing
scenario, thus predicting that systemic penetration is not likely to take place.

— This model predicted a 25% higher tracheal mass flux of formaldehyde, and
correspondingly lesser flux to the deep lung, than Overton et al. (2001). It is important
to note that this quantitative result is not relevant to the dose-response modeling in this
assessment (see Sections 5.1 and 5.2). While the extrapolation model by Conolly et al.
(2004) uses formaldehyde dose to the human lung as input, this model is not used in
this assessment and lung cancer is not identified as a hazard (see Section 3.2.5).
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Figure 3-1. Schematic of the rat upper respiratory tract depicting the gradient
of formaldehyde concentration formed following inhalation exposure, both
from anterior to posterior locations, as well as across the tissue depth.

Modeling based on observations in rodents predicts a similar pattern of distribution in humans. Drawing is
based in part on images by NRC (2011) and Harkema et al. (2006). Note: Other components (e.g., naris,
transitional epithelium) have been omitted for clarity.

Corley et al. (2015) developed integrated air and tissue transport models for predicting

airway region-specific tissue dose of tobacco smoke in the rat and human, upper and lower,

respiratory tracts. Their approach coupled computational fluid dynamics (CFD) models for gas

transport in the airways with airway region-specific PBPK models for tissue transport, and included

realistic, transient breathing patterns. Although the paper was aimed at tobacco smoke, results

were separately provided for the acrolein, formaldehyde and acetaldehyde constituents. Metabolic

interactions and reactions were described by clearance through a saturable enzymatic pathway, a

first order pathway representing intrinsic tissue reactivity, and a first order binding to DNA to form

DPX. Details on regional distribution of metabolic enzymes and local blood perfusion rates were

incorporated and the simulations were carried out until breath-by-breath, steady-state kinetics was
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achieved in all tissues. These calculations of regional tissue concentrations as a function of tissue
depth are a substantial improvement over other dosimetry models that could model only airway

wall flux rates of formaldehyde. The primary results relevant to this assessment were as follows:

e Formaldehyde does not penetrate deep into epithelial or subepithelial tissue even in the
olfactory region where the penetration was greatest, and therefore does not transport
directly to the systemic blood circulation at moderate exposure concentrations.

e As with prior formaldehyde rat dosimetry models, their model predicted greatest initial
uptake rates of the gas in the anterior respiratory nasal region. However, the uptake was
greater in the anterior dorsal olfactory epithelium when area under the curve (AUC)
concentrations were calculated by integrating the concentration profile over time of
exposure as well as depth normal to the air-tissue interface under more realistic transient
breathing profiles.

e The simulation covered only oral inhalation in the human because the purpose of the
research was to investigate uptake from cigarette smoke. In the human, oral and laryngeal
tissues received the greatest local tissue dose. Overall formaldehyde absorbed was 97% at 2
and 6 ppm and about 94% at 15 ppm exposure concentrations.

e Formaldehyde surface fluxes did not correlate well with local time dependent tissue
concentration AUCs for all nasal tissues in the rat; the AUCs were significantly higher in the
olfactory region than would be predicted by surface flux alone. This finding was counter to
the conclusion in Asgharian et al as detailed above.

The modeling approach in Corley et al. (2015) could potentially make a tangible difference
in extrapolated dose over that computed by solely surface flux-based models in the case of reactive
gases that result in adverse effects in the rat olfactory region. Because the findings of formaldehyde
induced cancer or noncancer effects in the URT of the rat are not observed in the olfactory region
(see Section 3.2.5), this modeling approach by Corley et al. (2015) was not applied.

As inhaled formaldehyde enters the URT, it interacts with the mucociliary apparatus, the
first line of defense against inhaled materials in the nose. In nasal mucus, most of the formaldehyde

is rapidly converted to methanediol (~99.9%) and a minor fraction remains as free formaldehyde

(~0.1%) (Bogdanffy et al., 1986). Inhaled formaldehyde induces mucostasis and ciliastasis in the rat
that extends from anterior to posterior regions of the nasal cavity depending on the concentration
and duration of exposure (Morgan et al., 1986a). Thus, inhalation of higher concentrations can

potentially slow clearance mechanisms and increase the proportion of formaldehyde that is
available to react with cellular components or that is distributed to epithelium and systemic
circulation. Whether mucostasis or ciliastasis is induced with longer exposure duration to low
levels of formaldehyde is not known. Methanediol is assumed to be better able to penetrate the
tissues while free formaldehyde reacts with macromolecules. It is assumed that the equilibrium is
rapid, hence that the methanediol: free formaldehyde equilibrium ratio is maintained (Fox, 1985).
Formaldehyde levels are reduced through interactions with components of the mucus and through

mucociliary clearance, through reactions with cellular materials at the plasma membrane of the
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respiratory epithelium, via interactions with glutathione (GSH) and other macromolecules in the
intracellular and extracellular space, through localized metabolism and conjugation reactions, and
through reversible interactions with intracellular materials. These processes result in the formation
of a gradient of formaldehyde across the tissue space, with the greatest formaldehyde
concentration at the apical surface of the mucosa, and the lowest levels of formaldehyde at deeper
components of the tissue, such as the nasal-associated lymphoid tissues (NALT) and blood vessels.

Several uncertainties exist regarding the transition of inhaled formaldehyde from the
mucociliary layer to the underlying epithelium. Although direct experimental evidence is lacking,
the biochemical properties of formaldehyde make it likely that inhaled formaldehyde (in the
hydrated or anhydrated form) undergoes passive transport, via simple diffusion, across biological
membranes. As a result, higher extracellular formaldehyde levels would be expected to result in
increased diffusion into the cell owing to the concentration gradient formed. However, this
concentration gradient may be affected by endogenous formaldehyde levels, since in humans, as in
other animals, formaldehyde is an essential metabolic intermediate in all cells (Thompson et al.,
2009).

Two groups of researchers, Schroeter et al. (2014) and Campbell Jr et al. (2020) developed

toxicokinetic models of formaldehyde uptake that incorporate the production of endogenous
formaldehyde in nasal tissue. Schroeter et al. (2014) revised the fluid dynamic modeling by
(Kimbell et al., 2001a; Kimbell et al., 2001b) to explicitly include tissue pharmacokinetics. The
Campbell Jr et al. (2020) model simulates observed data for formaldehyde-induced DNA mono-

adducts (N2-hydroxymethyl-dG) using exogenous and endogenous formaldehyde adduct data
published after 2010. This model was based on a modification of Andersen et al. (2010) which
simulated formaldehyde-induced DNA-protein cross-links (DPX). Both models, Schroeter et al.
(2014) and Campbell Jr et al. (2020), interpreted their modeling results as indicating endogenous
formaldehyde to reduce uptake of inhaled formaldehyde from the air phase to the tissue
compartment.

In the first model, net desorption of the gas was predicted at exposure concentrations below
1 ppb in humans. While Schroeter et al. (2014) interpreted calculations they made on "net nasal
uptake" of formaldehyde as showing a reduction in the uptake of formaldehyde at low
concentrations, EPA believes that this mischaracterizes the modeling results. Appendix C.1.12
discusses problems with the net uptake calculations in Schroeter et al. (2014) and notes that
examination of that paper's tabulated results on formaldehyde flux into nasal tissues indicates a
process that is linear in the lower concentration range. In the second model developed only for the
rat, the model was calibrated with the restriction that formaldehyde absorption in the nose occurs
only at exposure concentrations above 0.3 ppm based upon the available experimental DNA adduct
data, and the model predicted that the inhalation rate must exceed the tissue clearance rate for
formaldehyde to be absorbed by the tissue. The results from both these pioneering projects add to

our characterization of uncertainties related to formaldehyde dose-response at low exposures; at
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sufficiently low levels of exogenous formaldehyde, the contribution of endogenous formaldehyde
could become significant. Additionally, when including endogenous formaldehyde in an analysis it
is important to incorporate considerations of the large variability in these levels. [The impact of this
variability was apparent, for example, from the individual animal data on DNA adducts formed by
formaldehyde in Swenberg et al. (2013), kindly made available to EPA by the authors. A number of
animals in these data had very high endogenous levels of these adducts; in these animals, the total
(endogenous plus exogenous) internal dose even at a low inhaled exposure concentration of 2 ppm,
as measured by the level of DNA adducts, was comparable to the mean total internal dose measured
in the group of animals exposed at 10 ppm. At this dose, considerable carcinogenicity was observed
in animal bioassays in other studies.] There are also crucial uncertainties in the measurements of
free endogenous formaldehyde levels as highlighted by Campbell Jr et al. (2020) and discussed
further in Appendix C.1.

EPA evaluated the Schroeter et al. (2014) model and determined that the model predicts
any external exposure to cause some increase in formaldehyde tissue concentration over
background levels. EPA’s evaluation, as detailed in Appendix C.1, pointed to critical uncertainties in
model assumptions; therefore, this model was not directly used in EPA calculations. However, as a
sensitivity analysis, it was seen that EPA benchmark concentrations based on formaldehyde as a
dose metric in Sections 5.1.2 and 5.2.1 do not change appreciably when results from Schroeter et al.
(2014) are used.

Extrapolation of results in Campbell Jr et al. (2020) to humans is not possible because the
data and the model are specific to rats. These models and a discussion of studies of formaldehyde
distribution in the URT are discussed further in context of the toxicokinetics of inhaled

formaldehyde in Appendix C.1.

3.1.2. Metabolism, Binding, and Removal of Inhaled Formaldehyde

In the URT, formaldehyde is predominantly metabolized by glutathione-dependent class III
alcohol dehydrogenase (ADH3) and by a minor pathway involving aldehyde dehydrogenase 2
(ALDH2) to formate. Formate can either enter the one-carbon pool leading to protein and nucleic
acid synthesis or is further metabolized to CO2 and eliminated in expired air or excreted in urine
unchanged. ADH3 and ALDH2 show region-specific differences in distribution in the respiratory
and olfactory mucosa, and higher levels of ADH3 activity have been reported in the cytoplasm of the
respiratory and olfactory epithelial cells of rats and in the nuclei of olfactory sensory cells, as

compared to other regions of the nasal mucosa (Keller et al., 1990). The presence of areas of high

enzyme activity highlights a significant barrier to the penetration of inhaled formaldehyde beyond
the respiratory epithelium.

Formaldehyde can interact with macromolecules either by noncovalently binding to
glutathione (GSH), tetrahydrofolate (THF), or albumin in nasal mucus or by covalently forming DNA
protein crosslinks (DPXs), DNA-DNA crosslinks (DDCs), hydroxymethyl-DNA (hm-DNA) adducts
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(see Appendix C.1), or protein adducts, such as N6-formyllysine (Edrissi et al., 2013b; Edrissi et al.,

2013a). In rats and monkeys, a concentration-dependent increase in DPX formation is observed in
nasal passages. Metabolic incorporation studies with 14C-formaldehyde have shown both covalent

binding and metabolic incorporation in nasal tissues (Casanova-Schmitz et al., 1984b; Casanova and

Heck, 1987). Inhaled formaldehyde induces a concentration-dependent increase in N2-

hydroxymethyl deoxyguanosine (N2-hm-dG) adducts, another form of formaldehyde-induced
covalent DNA modification, in the nasal passages of monkeys and rats. Recently, analytical methods
have been developed that can distinguish between N2-hm-dG adducts from exogenous (inhaled)
formaldehyde and N2-hm-dG adducts from endogenous formaldehyde (Moeller et al., 2011; Lu et
al., 2010a; Lu etal.,, 2011; Lu et al., 2012). For example, an increase in exogenous formaldehyde

adducts has been observed in rat nasal tissue at 0.7-15 ppm (0.86-18.45 mg/m3) formaldehyde
without any significant increases in endogenous adducts following a single 6-hour exposure (Lu et
al., 2011) or at 10 ppm (12.3 mg/m3) after exposure to formaldehyde for 1 or 5 days (6 hrs/day)

(Luetal., 2010a). However, in a more recent study with a lower detection limit for adducts and

testing lower formaldehyde exposure levels, Leng et al. (2019) did not observe an increase in
exogenous hmDNA adducts or DPXs, including in nasal and respiratory tissues as well as at
systemic sites (e.g., bone marrow), at formaldehyde levels of 0, 1, 30, or 300 ppb (up to 0.37
mg/m3) after exposure for 28 days. The lack of detectable exogenous adducts in the URT at 0.3 ppm
(0.37 mg/m3) helps to inform the evolving understanding of formaldehyde induced DPX at lower
concentrations, which would benefit from additional study. DNA monoadducts (Yu et al., 2015a;
Moeller et al.,, 2011; Lu et al.,, 2010a; Lu et al., 2011) and DPXs (Lai et al., 2016) derived from

exogenous formaldehyde were detectable in nasal tissues, but not in distal tissues (including the

bone marrow), of experimental animals exposed by inhalation, supporting that exogenous
formaldehyde is not systemically distributed. Also, toxicokinetic studies showed that labeled
carbon from inhaled formaldehyde measured in bone marrow of rats was the result of metabolic

incorporation from the 1-Carbon (1C) pool, not covalent binding, further supporting the lack of

transport of formaldehyde or metabolites of formaldehyde to the distal tissues (Casanova-Schmitz

et al.,, 1984b). Finally, inhalation exposure to formaldehyde does not appear to alter blood

formaldehyde levels (approximately 0.1 mM across different species), suggesting that inhaled
formaldehyde is not significantly absorbed into blood (Kleinnijenhuis et al., 2013; Heck et al., 1985;
Casanova et al., 1988).

The toxicokinetics of formaldehyde may be influenced by certain formaldehyde-related

effects, such as mucociliary clearance (Morgan et al., 1983), reflex bradypnea (rodents only) and

corresponding reductions in minute volume (Chang et al., 1981; Chang and Barrow, 1984), and

dynamic changes in tissue structure (Kamata et al., 1997), all of which have the potential to

modulate formaldehyde uptake and clearance. For example, during repeated inhalation exposure to
formaldehyde, mice but not rats lower their minute volume thereby restricting the intake of the gas
(Chang et al., 1981; Chang and Barrow, 1984), which may impact dosimetric adjustment if the dose-
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response results from these studies are extrapolated to humans. Exposure to formaldehyde can also
cause a perturbation of ADH3-dependent pathways involved in cell proliferation (Nilsson et al.
2004; Hedberg et al., 2000), protein modification and cell signaling (Que et al., 2005), S-

nitrosoglutathione (GSNO) metabolism, and deregulation of nitric oxide-dependent pathways

(Thompson et al., 2010). In rats exposed by inhalation to high concentrations of formaldehyde, a

rapid GSH depletion can occur, which may result in more free formaldehyde available for covalent

binding and a decrease in metabolic incorporation (Casanova and Heck, 1987).

Assumptions based on what is known about the distribution and metabolism of
formaldehyde and its detoxification products allow inferences to be made about how inhaled
formaldehyde is eliminated as CO; in expired air or in various forms in urine. Approximately one
third of inhaled formaldehyde is estimated to be removed in the URT mucus (Schlosser, 1999). It is
expected that the majority of this formaldehyde would be removed from the URT via esophageal

clearance and excreted in urine in various forms. A large amount of inhaled formaldehyde
penetrating the mucociliary layer of the URT is metabolized in the nasal cavity, giving rise to
formate, which can be excreted in urine. Part of this formate may also be further oxidized and
eliminated in the exhaled breath as CO,. Some formaldehyde is incorporated into the 1C pool and
repurposed for protein and nucleic acid synthesis.

3.2. EVIDENCE FOR EFFECTS ON THE RESPIRATORY SYSTEM

Research on several noncancer respiratory health effects was synthesized for the following
health domains: sensory irritation (see Section 3.2.1), pulmonary function (see Section 3.2.2),
immune system effects focusing on allergies and asthma (see Section 3.2.3), and respiratory tract
pathology (see Section 3.2.4).

Synthesis of the evidence relevant to potential carcinogenicity at respiratory sites focused
on cancers in the upper respiratory tract ([URT]; see Section 3.2.5), as less has been reported
concerning cancer associations at other respiratory sites (see Appendix B.3.9 for details).

As previously described, inhaled formaldehyde is highly reactive at the portal of entry
(POE), that is, nose and upper airways, which results in alterations to the local tissues that could
give rise to respiratory system health effects. The potential noncancer effects involve many of the
same biological processes; thus, a high degree of overlap across the mechanistic changes underlying
these responses is expected. Similarly, because the potential respiratory health effects are
interrelated, effects on one outcome may affect others. Accordingly, an overarching evaluation of
the mechanistic information pertinent to any or all potential noncancer respiratory system health
effects (some of which is relevant to carcinogenicity) was performed (see Appendix C.7, with
supporting documentation in Appendix B.2.6 and B.3.6). The primary mechanistic conclusions
drawn from this overarching evaluation are summarized in the MOA analyses in

Sections 3.2.1-3.2.4. Section 3.2.3 includes a discussion expanded to include mechanistic changes in
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nonrespiratory tissues that might relate to respiratory system health effects, although these
findings are also relevant to the nonrespiratory (systemic) health effects reviewed in Section 3.3.
Finally, an essential component of the analysis of potential carcinogenicity at respiratory
sites involves evaluating whether inhaled formaldehyde causes genotoxicity or mutagenicity.
Because abundant information exists on this topic, the data are comprehensively described in
Appendix C.3, with the primary conclusions summarized in Section 3.2.5. Some of the conclusions
from the genotoxicity evidence analyzed in Appendix C.3 are also relevant to interpretations

regarding potential cancers at nonrespiratory (distal) sites in Section 3.3.3.

3.2.1. Sensory Irritation

This section describes research on formaldehyde inhalation and sensory irritation in
experimental and observational studies in humans. As described in Section 2.2.2, studies describing
reports of sensory irritation prevalence based on questionnaire responses or objective measures,
such as eye blink frequency or conjunctival redness, were the focus of this review. Although not
systematically evaluated, formaldehyde inhalation-induced sensory irritation in animals is a well-

established phenomenon (Nielsen et al., 1999; Kane and Alarie, 1977; Chang et al., 1981; Barrow et

al,, 1983), as summarized in Appendix C.2.

Formaldehyde has been found to be a sensory irritant of the eyes and respiratory tract in
several epidemiological studies causing mild to severe symptoms, including itching, stinging,
burning, and watering eyes; sneezing and rhinitis; sore throat; coughing; and bronchial
constriction. Exposure levels in the residential studies ranged from 0.01 (the limit of detection
[LOD] in the available studies) to approximately 1 mg/m3, with a large proportion of residences
having levels less than 0.1 mg/m3. Symptoms of eye irritation were reported at lower
concentrations than symptoms of the nose or throat. Many epidemiology studies evaluated
symptoms of irritation among residents exposed to formaldehyde in their homes, workers involved
in the production or use of formaldehyde products, and anatomy students participating in the
dissection of formaldehyde-preserved cadavers. In addition, data from several controlled human
exposure studies are available that evaluated acute responses among healthy or asthmatic
volunteers during rest or exercise (see Table 3-1). The controlled exposure studies evaluated
formaldehyde concentrations above 0.1 mg/m3, showing that the irritant response to formaldehyde
is an immediate phenomenon apparent at concentrations of 0.1 mg/m3, the lowest concentration
evaluated, and higher. The irritation resolves when exposure is removed (Sauder et al., 1986;
Krakowiak et al., 1998; Andersen, 1979; Andersen and Molhave, 1983). Concentration was related

to both prevalence and severity of symptoms. In addition, a large variability in sensitivity to the

irritant properties of formaldehyde at specific concentrations was observed (Mueller et al., 2013;

Berglund et al., 2012). Because of the wide variability in responses, it has been difficult for

experimental studies to characterize the exposure-response relationship in the lower range of
concentrations experienced by the general population. Sensory irritation is understood to occur as

aresult of direct interactions of formaldehyde with cellular macromolecules leading directly or
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indirectly to stimulation of trigeminal nerve endings; branches of the trigeminal nerve responsible
for chemosensation innervate the oral, ocular, and nasal cavities. However, the most notable and
well-studied of these is activation within the nasal mucosa (i.e,, in the respiratory epithelium) and
stimulation in the oral cavity is unlikely to lead to eye irritation or similar symptoms.

Studies in humans provide robust evidence of sensory irritation based on the controlled
human exposure studies and observational epidemiology studies, and this effect also is well
described and accepted across a range of experimental animal species (robust). Further, there is an
established MOA for this well-studied health effect, based primarily on mechanistic evidence in
experimental animals, and this MOA is interpreted to be operant in humans. Overall, a judgment
was drawn that the evidence demonstrates that inhalation of formaldehyde causes sensory
irritation in humans, given sufficient exposure conditions. The primary support for this conclusion
is based on residential studies with mean formaldehyde concentrations >0.05 mg/m3 (range 0.01 to
approximately 1.0 mg/m3) and controlled human exposure studies testing responses to

concentrations 0.1 mg/m3 and above.

Human Studies

The following discussion is organized by exposure setting, starting first with evidence from
controlled human exposure studies, followed by studies of residential exposure, and then
laboratory and occupational studies. Evidence tables for each exposure setting (see Tables 3-1
and 3-2) are organized by level of confidence (high, medium, and low) in the study’s results and
then by publication year. Fifteen studies were considered not informative ((Yang et al., 2001; Wei et
al., 2007; Wantke et al., 1996a; Thun et al., 1982; Schuck et al., 1966; Sauder et al., 1986; Saowakon
etal., 2015; Salonen et al., 2009; Norsted et al., 1985; Lovreglio et al.,, 2009; Day et al., 1984; Dally et
al,, 1981; Cometto-Muiiiz and Hernandez, 1990; Bracken et al., 1985; Akbar-Khanzadeh et al.
1994)). The study evaluations are included in Appendix B.3.2.

Controlled human exposure studies (acute exposure)

Controlled human exposure studies testing exposures from less than 1 hour to 5 hours
reported slight-to-moderate irritation of the eyes, nose, and throat detected by subjects at
formaldehyde concentrations beginning at around 0.3-0.4 mg/m3 (see Table 3-1), although the
data do not clearly identify the concentration at which symptoms of irritation begin. Eye irritation
was reported at lower concentrations than nasal or throat irritation, and symptoms increased in
frequency and severity with exposure level.

Both prevalence and severity of symptoms were associated with increasing concentration
between 0.12 and 2.5 mg/m3 (see Table 3-1). Overall, the prevalence of eye irritation increased
from <10 to >80% across several studies with formaldehyde concentrations of 0-4 mg/m3 (see
Figure 3-2). The prevalence of mild-to-moderate irritation varied among individuals at specific
concentration levels. For example, at concentrations above 2 mg/m3, prevalence ranged from 53 to
100% (Witek et al., 1987; Schachter et al., 1986; Schachter et al.,, 1987; Kulle et al., 1987; Andersen
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and Molhave, 1983). Possible reasons for the variation may include differences in exposure

duration or differences in the characteristics of the volunteers (e.g., interindividual variation due to
smoking status, prior exposure history, or respiratory health). In addition, one research group
reported a much lower symptom prevalence (27%) among healthy and asthmatic subjects exposed

to 3.7 mg/m3 formaldehyde for 60 minutes (Green et al., 1987); however, this response is not

directly comparable to the other studies because the authors only presented irritation prevalence
for more severe symptoms (moderate severity or greater). Two high confidence controlled human
exposure studies that were also not directly comparable to the studies above used a different
metric to measure symptoms, a subjective symptom score using a validated questionnaire (Mueller
etal., 2013; Lang et al., 2008). The results of the two studies differed; Lang et al. (2008) reported an
increase in symptom scores for eye irritation at 0.3 mg/m3, although with control for responses to
questions that assessed “negative affectivity,” the association was not observed until 0.5 mg/m3,
and Mueller et al. (2013) reported no effect related to formaldehyde exposure at concentrations up
to 0.86 mg/m3. Participants in all of the studies were 18 to 39 years old.

Only a few studies evaluated whether symptom prevalence or severity changed over the
course of the exposure period. One research group recruited university volunteers and compared
their responses to controlled formaldehyde exposure against responses in hospital laboratory
workers with routine exposure to formaldehyde; responses were similar between the two groups
during the 40-minute period at 2 ppm (Schachter et al., 1986; Schachter et al., 1987). The study of

the laboratory workers was concluded to have medium confidence because some study aspects may

have reduced the study’s sensitivity, including that the previous formaldehyde exposure was not
characterized, and other characteristics, such as being a smoker, were not controlled. The
university volunteers reported the highest symptom scores when subjects first entered the
exposure chamber with declines over the 40-minute exposure period. Andersen and Molhave
(1983) also found that eye irritation was experienced earlier in the exposure period among subjects
exposed to higher concentrations (1 and 2 mg/m?3) and that symptom severity increased and then
plateaued or decreased after 3 hours. However, the initiation of symptoms was delayed at lower
concentrations (0.3 and 0.5 mg/m3), and symptom severity continued to increase over the rest of
the exposure period. Other studies involving exposures from a few minutes to 1 hour also reported

irritation responses that slightly decreased or plateaued (Green et al., 1987; Bender et al., 1983).

Note that Bender et al. (1983) used a protocol involving exposure to the eyes only, which may
involve a different type of response compared to inhalation. Therefore, these few studies suggest
that some acclimatization may occur over a few hours at higher concentrations; however, this
phenomenon may not be apparent when concentrations are lower (<1 mg/ms3). Further, based on
the few studies available, individuals with long-term occupational exposure to formaldehyde do not

appear to respond differently than individuals with no previous known exposure.
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Figure 3-2. Prevalence of eye irritation in medium and high confidence
controlled human exposure studies of acute formaldehyde exposure.

Medium and high confidence studies (all of which randomly assigned the order of exposure levels) are
graphed in relation to formaldehyde concentration. The results from Schachter et al. (1987) are graphed
in open symbols because subjects were also exposed to formaldehyde through their occupations or
cigarette smoke. *The high confidence study included in this graphic provided prevalence only for
irritation severity of moderate or greater (as compared to other studies reporting any severity, for
example mild or greater). Not included in the graph are three high confidence studies reporting increases
in symptom intensity or scores for eye irritation but not reporting prevalence data by formaldehyde
exposure level (Mueller et al., 2013; Lang et al., 2008; Green et al., 1989) and one medium confidence
study attempting to identify a threshold for irritation based on “sniffs” of formaldehyde (Berglund et al.,
2012). Note that the figure does not convey differences in severity scores, which also increased with
formaldehyde exposure level.

In addition to subjective reports, some investigators evaluated objective measures,
including eye blink frequency, conjunctival redness, and nasal flow and resistance (Mueller et al.
2013; Lang et al., 2008; Andersen, 1979; Andersen and Molhave, 1983). Eye blink frequency was

increased at exposure levels above those where subjective symptoms were reported. For example,

two studies evaluated responses to a combination of concentration peaks superimposed on a
constant formaldehyde exposure (Mueller et al., 2013; Lang et al., 2008). Lang et al. (2008) found

that increased eye blink frequency and conjunctival redness occurred at 0.62-1.2 mg/m3 among
subjects who also reported symptoms of eye irritation at 0.37 mg/m3. Mueller et al. (2013) found
no exposure-related effect on blinking frequency and conjunctival redness, although total symptom

scores increased beginning at 0.37 mg/m3 with peaks of 0.7 mg/m3 in a group with nasal
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hypersensitivity. Studies using objective measures of nasal irritation reported variable results

including no change in nasal flow and resistance between 0.19 and 0.62 mg/m3 (Lang et al., 2008), a

decrease in nasal mucus flow at a concentration

1983), and an increase in nasal flow rate among

of 0.37 mg/m3 and higher (Andersen and Molhave,

hypersensitive participants at 0.86 mg/m3 (Mueller

etal., 2013). Subjects exhibited a large degree of individual variability in sensitivity for both

objective and subjective responses (Mueller et a

1., 2013; Lang et al., 2008; Berglund et al., 2012).

Table 3-1. Summary of controlled human exposure studies of formaldehyde

and human sensory irritation

Study and design

Results

Mueller et al. (2013)

Design: N = 41, age 32 + 9.9 years, nonsmoking, healthy male
volunteers; categorized into hyposensitive and hypersensitive
based on CO; sensitivity measurements in nasal mucosa
(cutpoint median 80.3 mm on visual analogue scale [VAS]).
Exposure order randomly assigned; repeated measures cross-
over design; blinding not described. Five 4-hour exposure
conditions, 1 per day, over 5 days. Four 15-minute cycle
exercise segments during exposure period.

Outcome: Irritation assessed by conjunctival redness (digital
photographs), blinking frequency (blinks counted in 60-
second segments from 5-minute video, two counters blind to
concentration), tear film break-up time (time to first close of
eyelid while staring at mark on wall), nasal flow and
resistance (rhinomanometry), and validated symptom
questionnaire (SPES German version) measured before
exposure and shortly before the end of exposure. Severity
rated using VAS with 100-mm scale.

Exposure: 4 hours in groups of 2. Clean air, 0.3 + 4 peaks of
0.6 ppm, 0.4 + 4 peaks of 0.8 ppm, 0.5 ppm and 0.7 ppm (0.0,
0.37 +0.74,0.49 + 0.98, 0.62, and 0.86 mg/m3).2
Formaldehyde generation via thermal depolymerization of
paraformaldehyde, dynamic chamber, analytical
concentrations reported.

Study evaluation: High confidence

Results presented in graphs of difference between pre- and end
of test values. Large interindividual variability in scores between
subjects for all measures. Blinking frequency and conjunctival
redness—no exposure-related effect, tear film break-up
time—increased in 0.4/0.8 ppm and 0.5 ppm (p < 0.05), nasal
flow rate increased in hypersensitive 0.7 ppm (p < 0.01); total
symptom score increased in hypersensitive at 0.3/0.6 ppm

(p <0.001) and 0.4/0.8 ppm (p < 0.01), perception of impure air
increased in hypersensitive at all exposure levels (including
clean air, 0.01 ppm). Control for “negative affectivity” did not
alter associations.

Combined eye symptom score reported to be increased with
higher scores among hypersensitives at all exposures except
0.7 ppm (0.86 mg/m3). Changes in scores were not statistically
significant and no exposure-response was observed (results in
online supplemental resource 10 in Mueller et al. (Mueller et
al., 2013)). Severity measured using VAS ranged between -0.2
and 2.1 mm).

SPES Symptom Score (SD)—Eye Irritation

mg/m?3 Hypo- Hyper-
Average/peak sensitive? sensitive?
0 -0.17 (2.02) 1.96 (7.59)
0.37/0.74 0.23 (2.65) 2.13 (4.71)
0.49/0.98 0.62 (5.71) 1.43(5.31)
0.62 -0.09 (2.14) 1.24 (2.84)
0.86 0.94 (4.56) 0.52 (4.14)

aSensitivity categorized as above or below

median for nasal sensitivity to CO, irritation.

3-14



https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626903
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=22932
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=22932
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1222921
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1222921
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1222921
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626903
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1509502
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1222921
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1222921
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1222921

IRIS Toxicological Review of Formaldehyde (Inhalation)

Study and design

Results

Lang et al. (2008

Design: N = 21, age 19-39 yrs, nonsmoking, healthy
volunteers. Exposure order randomly assigned; double
blinded. Ten 4-hour exposure conditions, 1 per day, over 10
days. Three 15-minute cycle exercise segments during
exposure period.

Outcome: Irritation assessed by conjunctival redness (digital
slit lamp photographs, two scorers), blinking frequency
(90-second count from 6-minute video), nasal flow and
resistance (rhinomanometry), and symptom questionnaire
(SPES German translation) measured before, three times
during, and after exposure, and after last exposure day. Rated
on 5 levels (0-5).

Exposure: 4 hours in groups of 4. Clean air, 0.15, 0.3, and 0.5
ppm (0.0, 0.19, 0.37, and 0.62 mg/m3); additional 0.3 and 0.5
ppm with peaks up to 1.0 ppm (1.23 mg/m3).2

Additional 0.0, 0.3, and 0.5 ppm with ethyl acetate (EA)
introduced as a “mask” for formaldehyde odor.
Formaldehyde generation via thermal depolymerization of
paraformaldehyde, quasi-static chamber, analytical
concentrations reported.

Study evaluation: High confidence

Blinking frequency, conjunctival redness significantly increased
at 0.5 ppm with peaks of 1.0 ppm.

Symptoms: Maximum scores at 195 minutes; eye and olfactory
symptom scores were elevated at 0.3 ppm (p < 0.05). With
control for “negative affectivity,” eye irritation symptoms
significantly associated with 0.5 ppm with EA or 0.5 ppm with
peaks. Severity: Average severity scores were less than 2
(“somewhat”).

Nasal irritation: no significant increase in objective measures;
symptoms significantly increased at 0.5 ppm and 0.3 ppm with
coexposure to EA (also an irritant; p < 0.05).

Green et al. (1989)

Design: N = 24, 10 male, mean age 24 + 0.7 yr. nonsmoking,
no history of allergies or hay fever. Random assignment to
order of exposure; double blinded. Four 15-min exercise
segments in the 2-hr exposure period.

Outcome: Symptoms questionnaire (presence and severity,
scored none = 0 to severe = 5) before, and four times during
exposure. Testing pre- and during exposure period
(approximate 15-min intervals).

Exposure: 2 hr, four exposures over 4 wks, clean air, 3 ppm
(3.69 mg/m3)a, 0.5 mg/m3 activated carbon aerosol (ACA),
HCHO + ACA.

Formaldehyde generation via thermal depolymerization of
paraformaldehyde, dynamic chamber, analytical
concentrations reported.

Study evaluation: High confidence

Symptom scores presented graphically for 80-min time point.
Formaldehyde treatment elevated symptom scores (p < 0.05) at
all time points for eye, nasal and throat irritation, odor, chest
discomfort. No effect modification by ACA exposure. Average
eye irritation scores <1.5 at 80 minutes; similar response at all
measurements (20, 50, 80, and 110 minutes).

No separate effect on cough by formaldehyde, but combined
formaldehyde and ACA exposure resulted in elevated score for
cough at 20 minutes (p < 0.02) and 80 minutes (p < 0.05).

Green et al. (1987)

Design: n = 22, mean age 26.9 + 3.6 years, nonsmoking, no
history of allergies or hay fever. Random assignment to order
of exposure; single blinded. Two 15-min exercise segments in
the 60-min exposure period.

Outcome: Symptoms questionnaire (presence and severity,
scored none = 0 to severe = 5) before, and four times during
exposure. Testing pre- and during exposure period
(approximate 15-min intervals).

Exposure: 60 minute, clean air and 3 ppm (3.69 mg/m?3).2
Formaldehyde generation via thermal depolymerization of
paraformaldehyde, dynamic chamber, analytical
concentrations reported.

Study evaluation: High confidence

Mean symptom scores associated with 3-ppm exposure at all
time points, difference from clean air statistically significant for
odor, nose or throat irritation, and eye irritation. Individual
severity scores ranged from none to severe.

Prevalence of scores 2 moderate
severity at 3 ppm (p < 0.01)

Healthy Asthmatic
(%) (%)
Odor 23 31
Nose/throat 32 31
Eye 27 19
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Study and design

Results

Berglund et al. (2012)

Design: N = 31 healthy volunteers, 52% male, age 24.5 years,
nonsmokers. Exposure concentrations randomly presented;
blinding not described.

Outcome: Participants evaluated detection of odor and nasal
irritation for each “sniff” with forced-choice responses
(yes-yes, yes-no, no-yes and no-no). Goal was to identify the
concentration at which a participant detected nasal irritation
in all (100%) of the 12 presentations.

Exposure: Series of 18 concentrations; 6.36-1,000 ppb
(0.0078-1.23 mg/m?3).?

12 presentations at each concentration plus 72 blanks; 1 sniff
in exposure hood (<3 seconds) followed by clean air, 3 sniffs
per minute; 36 exposures per each of eight 12-minute
sessions over 4 hours.

Formaldehyde generation via thermal depolymerization of
paraformaldehyde, dynamic chamber, analytical
concentrations reported.

Study evaluation: Medium confidence

Blinding not described; Focus on detection threshold rather
than symptom prevalence.

None of the 31 participants detected nasal irritation in 100% of
12 presentations at any formaldehyde concentration. 13% false
alarms (reports of detection of odor or irritation for blanks).
Large variation in individual distributions of percentage
detections for nasal irritation vs. log concentration. Authors
could not calculate threshold distributions for irritation. See
pooled data below (see Figure 5 in paper).

100

80

% Detection

Formaldehyde

O Odor
® |rritation
——Faelse alarms

1.5

2 25 3

Concentration in log ppb

35

Kulle et al. (1987); Kulle (1993)

Design: Group 1 (N = 10), Group 2 (N =9), nonsmoking
healthy, age 26.3 + 4.7 years, 53% male. Exposure order
randomly assigned; Blinding not reported. 3-hour exposures
each week, at same time on five occasions. 8-minute exercise
segment every half hour during 2-ppm exposure.

Outcome: Symptom questionnaires before and after each
exposure, and 24-hours postexposure. Severity was scored
none, mild, moderate, severe (0-5).

Exposure: 3 hour, Group 1: 0.0, 0.5, 1.0, or 2.0 ppm (0.0, 0.62,
1.23, 2.46 mg/m?3)? at rest, and an additional 2.0 ppm with
exercise; Group 2: 0.0, 1.0, or 3.0 ppm (0.0, 1.23, or

3.69 mg/m3) at rest, and an additional 2.0 ppm with exercise.
Formaldehyde generation via thermal depolymerization of
paraformaldehyde, dynamic chamber, analytical
concentrations reported.

Study evaluation: Medium confidence

Deficiencies in reporting detail regarding blinding and
guantitative results

Mean difference in scores before and after exposure period:
Linear dose-response (N = 19) for odor and eye irritation, 0, 1,
and 2 ppm (p < 0.0001); and nose/throat (Group 2, p = 0.054).
Log-linear dose-response for odor and eye irritation, 0, 0.5, 1.0
and 2.0 ppm (Group 1, p < 0.05). Test for nonlinearity not
significant. Data presented graphically, prevalence reported in
Kulle et al. (1993), Table 3 in the paper.

Concentration N Prevalence SE?
(mg/m?3) (#) (mild/moderate)
0 19 0.05 0.050
0.62 10 0 -
1.23 19 0.26 0.101
2.46 19 0.53 0.115
3.69 9 1.0 -

aEstimated as: SE = sqrt(p*(1-p)/N)
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Study and design

Results

Schachter et al. (1987)

Design: N = 15 healthy hospital laboratory workers routinely
exposed to formaldehyde as part of their job, age 32 + 11.3
years, 33.3% male, N = 2 smokers. Random assignment to
order of exposure, double blinded. Two dose levels, four

Symptoms during exercise not different from rest.

Prevalence and scores during rest

Concentration (ppm)

exposure conditions, 2 days at rest and 2 days with exercise. 0 2
One 10-minute exercise segment at 5 minutes in the # (%) s? # (%) s?
40-minute exposure period.
Outcome: Symptoms diary, scores 0-4, at t =0, t = 30 Odor 7(46.7) 10 12 (80.0) 22
minutes, and 4-8 hours and 24 hours postexposure. Eye 0 0 7 (46.7) 9
Exposure: 40 minutes; clean air and 2.0 ppm (2.46 mg/m?3).? N 1(0.07 ) 0 0
Formaldehyde generation via thermal depolymerization of ose (0.07)
paraformaldehyde over boiling 2-propanol, dynamic chamber, | Throat 1(0.07) 2 0 0
analytical con?entrat|or.15 report.ed. *Total Score Across all Subjects
Study evaluation: Medium confidence
Co-exposure to 2-propanol, potential confounding by smoking | Eye Irritation Severity by Exposure, # (%)
0 ppm 2 ppm
Mild 0 5(33.3)
Moderate 0 2(13.3)
Severe 0 0
Witek et al. (1986); Witek et al. (1987) Symptoms during exercise not different from rest.
Design: n = 15 with asthma, ages 18-35 years, nonsmoking.
Random assignment to order of exposure; double blinded. Prevalence (%) and severity scores during rest
Two protocols (at rest and c_Iuring. exercise).. 0 ppm 2 ppm
Outcome: Symptoms questionnaire, severity scores (0-4). # (%) g # (%) G
Testing at beginning and at 30 min during and 4- to 8-hr and 2 >
24-hr postexposure. Odor 5(33.3) 7 15 (100) 30
Exposure: 40 minutes, 0 and 2 ppm (2.46 mg/m3).?
Formaldehyde generation via thermal depolymerization of Eye 1(6.7) 2 11(73.3) 16
paraformaldehyde over boiling 2-propanol, dynamic chamber,
analytical concentrations reported. Nose 3(20) 4 7 (46.7) 10
Study evaluation: Medium confidence Throat 4(26.7) 4 5(33.3) 6

Co-exposure to 2-propanol

aTotal severity score across all subjects

Symptoms reported to have disappeared postexposure.
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Study and design

Results

Witek et al. (1986); Schachter et al. (1986)

Design: N = 15 healthy, age 18-35 year, nonsmokers. Random
assignment to order of exposure, double blinded. Two
protocols (at rest and during exercise), separated by 4 days.
Outcome: Symptoms questionnaire at beginning and at 30
min during exposure and at 8 and 24 hr after exposure,
severity scores (0-4).

Exposure: 40 min; clean air and 2 ppm (2.46 mg/m?3).2
Formaldehyde generation via thermal depolymerization of
paraformaldehyde over boiling 2-propanol, dynamic chamber,
analytical concentrations reported.

Study evaluation: Medium confidence

Co-exposure to 2-propanol

Symptoms during exercise not different from rest; highest
symptom scores at beginning of exposure with decrease by 30
minutes.

Prevalence (%) and severity scores during rest

0 ppm 2 ppm
# (%) s #(%) s
Odor 7 (46.7) 7 12 (80.0) 18
Eye 0 0 8(53.3) 12
Nose 4(26.7) 4 6 (40.0) 7
Throat 2(13.3) 2 4(26.7) 4

aTotal severity score across all subjects

Eye Irritation Severity by Exposure, n (%)

0 ppm 2 ppm
Mild 0 5(33.3)
Moderate 0 2(13.3)
Severe 0 1(7)

Andersen (1979); Andersen and Molhave (1983)
Design: N = 16 healthy students, age 30-33, 68.8 % male,
31.2% smokers, groups of four over 4 days. Exposure order
determined by Latin square design, blinding not described.
Testing before (during 2-hour clean air) and two times during
exposure.

Outcome: Subjects used a pointer to express the degree of
airway irritation (scale 1 to 100) while being exposed.
Exposure: 5 hours; 0.3, 0.5, 1.0 and 2.0 mg/m? (0.24, 0.40,
0.81 and 1.61 ppm respectively).

Formaldehyde generation via thermal depolymerization of
paraformaldehyde, dynamic chamber, analytical
concentrations reported as within 20% of target.

Study evaluation: Medium confidence

Variation in exposure concentrations, reporting deficiencies
regarding blinding, potential confounding by smoking

Irritation prevalence with clean air was not reported. At end of
exposure to 0.3, 0.5, 1.0, and 2.0 mg/m?3 of formaldehyde; 3, 5,
15 and 15 subjects respectively of the 16 who participated
reported conjunctival irritation, dryness in the nose and throat.
Smokers were found to be less sensitive than nonsmokers.

Severity: Maximum individual scores ranged from 30 (slight
discomfort) at 0.3 mg/m3 to 50 (discomfort) at 3 mg/m3. After
the first 2 hours, discomfort increased during the exposure
period at 0.3 and 0.5 mg/m3. In two highest concentrations,
discomfort reported during first hour, increased to hour 3, then
plateaued or decreased.

Eye blinking increased at 2.0 mg/m?3 (1.70 ppm).
Subjects reported no symptoms the next morning.
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Study and design

Results

Bender et al. (1983)
Design: Panels of seven volunteers from Battelle Memorial
Institute (age, health status, smoking status, and gender not

Median time to first irritant response decreased with increasing
concentration (Cochran’s y? test for trend). Severity index
increased with increasing concentration.

reported) exposed to clean air and formaldehyde. Individuals
who responded to 1.3 and 2.2 ppm formaldehyde were
tested.

Order of exposure assignment not reported, blinding not

Proportion with shorter response to
formaldehyde compared to clean air

i ) Respondents
described. Eye-only e)fposures for 6 mlnutes.. . PPM Total " %
Outcome: Response time (seconds); proportion of subjects
with shorter response time to formaldehyde than to clean air. 0 28 - -
Subjective score (0-3) when first detected and after 0.35 12 > 41.7
6 minutes. 0.56 26 14 53.8
Exposure: 6 minutes, eye only, 0, 0.35, 0.56, 0.7, 0.9 and 0.7 7 57.1
1.0 ppm (0.0, 0.43, 0.69, 0.86, 1.11, and 1.23 mg/m3).2 0.9 5 3 60.0
Formaldehyde generation via thermal depolymerization of 1.0 27 20 74.1°

paraformaldehyde, dynamic chamber, analytical
concentrations not reported.

Study evaluation: Low confidence

Reporting deficiencies regarding analytical concentrations,
random allocation, and blinding. Sample size <10.

*p < 0.05, compared to control

Organized by study confidence, then descending publication year. Results for low confidence studies are shaded gray.

Abbreviations: ACA = activated carbon aerosol; ATS = American Thoracic Society; EA = ethyl acetate; HCHO = formaldehyde;
NASA = National Aeronautics and Space Administration; S = Symptom score; SPES = symptom questionnaire; UFFI = urea foam
insulation.

2Concentrations reported by authors as ppm or ppb converted to mg/m3.

Studies in residential settings
Three studies investigated the prevalence of irritation symptoms in relation to residential
formaldehyde exposure [(Zhai et al., 2013; Liu et al., 1991; Hanrahan et al., 1984); see also (Sexton

etal., 1986) for exposure details of Liu et al. (1991)]. Two studies of occupational exposure in

mobile trailers (Olsen and Dossing, 1982; Main and Hogan, 1983) are included with this group

because the exposure settings (mobile homes with particle board paneling) are similar.
Formaldehyde exposure was associated with an increasing prevalence of eye irritation as well as
nose and throat irritation (see Table 3-2 and Figure 3-3). One study, Olsen et al. (1982), assessed
the severity of symptoms as well as their presence within the previous month using a linear
analogue scale. Among those reporting symptoms of eye irritation, a severity at approximately the
midpoint of the scale was reported, which is consistent with the mild or moderate severity reported
by the controlled human exposure studies. Two studies in residential populations analyzed
exposure-response relationships and observed a statistically significant relationship between
increasing formaldehyde concentration (from the LOD of 0.01 mg/m3 to >0.98 mg/m?3) and
symptoms of irritation using logistic regression models with adjustment for age, gender, smoking

behavior and other potential confounders (Sexton et al.,, 1986; Liu et al.,, 1991; Hanrahan et al.,

1984). Data were collected on symptoms occurring after participants had moved into their homes

(Hanrahan et al.,, 1984) or those that occurred during the week prior to the end of the one-week
formaldehyde sampling period (Liu et al.,, 1991). Although the sampling period used by Hanrahan et
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al. (1984) was shorter (1 hour), the method was consistent with NIOSH method 3500 (NIOSH
1994) and was considered to have high accuracy for the 1-hour samples. In addition, the presence

of smokers or gas appliances in the home, sources that might contribute to variability in
concentrations, was not associated with indoor formaldehyde concentrations. However, the lack of
concordance of the one-hour sampling period for formaldehyde with the period of symptom
ascertainment assessed by Hanrahan et al. (1984) adds some uncertainty regarding the reported
dose-response relationship. Other emissions released from the same sources as formaldehyde that
also can contribute to eye irritation, such as phenols from resins in floor or wall coverings or pinene
and terpenes from wood products, were not analyzed. However, a strong exposure-response
relationship with formaldehyde, as a cumulative measure (ppm-hr) or a 1-hour concentration, was
reported by two medium confidence studies, which is unlikely to be explained to a great extent by
unmeasured confounding. Although limited by low participation rates, participants were randomly
selected for recruitment, and the investigators noted that the characteristics of the respondents and
nonrespondents, such as age of housing stock, demographics, and formaldehyde concentrations,
were comparable.

Figure 3-3 graphs prevalence of eye irritation (or burning eyes) by formaldehyde
concentration reported by high or medium confidence controlled human exposure studies and
residential studies. These results are complementary for the most part and indicate a consistent
pattern in response to formaldehyde concentrations between 0 and 1 mg/m3. As seen in Figures 3-2
and 3-3, the concentration-response curve for eye irritation in the Kulle et al. (1987) study was
shifted to the right compared to other studies that evaluated multiple concentration levels.

Other URT symptoms were reported by these studies as well, including irritation of the nose
and throat. A study of formaldehyde levels in redecorated homes in China and respiratory
symptoms among residents exposed from 1 month to 3 years, reported a higher prevalence of nasal
irritation and throat irritation among adults and children at concentrations above 0.08 mg/m3 (Zhai

etal., 2013). There was also an increased odds ratio for any symptoms of irritation that was

independent of other factors including age, gender, smoking in the family, occupation, education,

presence of domestic animals, family history of allergy, and ventilation frequency.
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A. Residential studies
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Figure 3-3. Prevalence of eye irritation in medium confidence studies of
groups exposed to formaldehyde in residential settings and medium
confidence controlled human exposure studies.

Panel (A): Hollow symbols reflect medium confidence observational studies with formaldehyde exposure
in residential settings. The data for Liu et al. (1991) reflect reconstructed exposure information based on
(Sexton et al., 1986) as reported in Table 3-2 and Appendix D.1.1. Panel (B): Hollow symbols reflect
medium confidence observational studies and closed symbols reflect the medium confidence controlled
(intentional) exposure studies for comparison purposes. Two controlled exposure studies from Figure 3-2
are not included as those results are less comparable due to reporting of prevalence of moderate or
greater severity only (Green et al., 1987) or formaldehyde exposure through the subjects’ occupations or
cigarette smoke (Schachter et al., 1987). SEs were calculated as described in the associated evidence
tables or using the formula: SE = sqrt(p*(1-p)/N).
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Table 3-2. Summary of epidemiological studies of residential exposures to

formaldehyde and human sensory irritation

Study and design

Results

Zhai et al. (2013)

Jan 2008-Dec 2009 (China) (prevalence)

Population: 186 homes in Shenyang surveyed, homes were decorated
in past 4 years and occupied within the past 3 years; randomly selected
one adult from each house, plus 82 children (assisted by parents);
characteristics of participants were not described.

Outcome: Reported symptoms and disorders via questionnaire Ferris
(1978)

Exposure: Cited code for indoor environmental pollution control of civil
building engineering (GB50325-2001); sampling duration not reported.
Samplers in breathing zone in bedroom, living room, and kitchen;

N =558 in 186 homes; exposure groups “polluted” homes:

>0.08 mg/m3, mean 0.09-0.13 mg/m?3, range 0.01-0.55 mg/m3, in three
rooms; nonpolluted <0.08 mg/m?3, mean 0.04-0.047 mg/m?3.

Analysis: Compared symptom prevalence for children and adults by
exposure category (reported p-values); multivariate logistic regression
of respiratory system symptoms (all) in children and adults, adjusting
for age, gender, smoking in family, occupation, education, ventilation
frequency, domestic pets, house facing, family history of allergy, height,
weight.

Evaluation:?

For analysis of combined symptoms:

Medium confidence

Combined analysis does not distinguish URT irritation symptoms from
asthma-related symptoms; Sampling period duration not reported;
timing of questionnaire administration in relation to air monitoring
uncertain. Although potential confounders were not considered in
symptom-specific analysis, the magnitude of the differences is unlikely
to be explained by confounders.

Respiratory system symptoms and disorders
by exposure group (N = 186 adults, 82
children)

>0.08 <0.08
Symptom mg/m3 (%)  mg/m?3 (%)

Cough, adults 16.0* 4.5
Cough, children 25 8.1
Phlegm, adults 6.7 3.0
Phlegm, children 15 6.7
Wheeze, adults 5.0 3.0
Wheeze, children 10 6.6
Nasal irritation, 52.1** 16.4
adults

Odor disorder, 21%* 3.0
adults

Throat irritation, 31.9% 13.4

adults

*p < 0.05, **p < 0.01

Association of formaldehyde exposure with
respiratory system symptoms in adults and
children (N = 186 adults, 82 children)

Odds Ratio 95% ClI
Adults? 2.6 1.8,3.8
Children® 4.3 2.1,8.8

a0ther statistically significant covariates were
ventilation frequency (OR = 1.6) and domestic
pets (OR = 1.5)

bOther statistically significant covariates were
ventilation frequency (OR = 1.8) and family
history of allergy (OR = 1.9)

Sexton et al. (1986); Liu et al. (1991) (California)

Prevalence survey, 1984-1985.

Population: 2,203 randomly selected mobile home occupants recruited
44% response (836 of 1,895 contacted). 1,394 residents in 663 mobile
homes in summer and 1,096 residents in 523 mobile homes in winter.
20-64 years of age.

Outcome: Symptoms (occurrence during 1 week prior to end of
sampling period) from mailed questionnaire, questionnaire not
described.

Exposure: Formaldehyde sampling using passive monitors mailed to
participants, 7-day samples, two rooms.

Average concentration: 0.091 (SD 0.069, range <0.01 (LOD)-0.464) ppm
in summer and 0.091 (SD 0.052, range 0.017-0.314) in winter. (0.11 (SD
0.095), range <0.012-0.57 mg/m?3)

Cumulative formaldehyde: formaldehyde concentration x hours spent
in the residence (ppm-hr).

Significant associations with burning/tearing eyes,
stinging/burning skin in summer, and
burning/tearing eyes, chest pain, sore throat in
winter (effect estimates from logistic regression
model were not presented).

Prevalence Burning/Tearing Eyes (Liu, 1991)

ppm-hr summer Winter (%)
(%)
<7.0 133 10.8
7.0-12 17.1 14.7
>12.0 21.4 20.6

Burning/tearing eyes higher among females in
regression models (note: females exhibit a higher
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Study and design

Results

Analysis: Logistic regression adjusting for age, gender, smoking status,
time spent at home, and chronic respiratory/allergy status.
Evaluation:?

Medium confidence

Questionnaire not described but outcomes reported without
knowledge of formaldehyde levels. Low participation rate but uncertain
whether possible selection bias, if any, was nondifferential or
differential.

background prevalence of dry eye disease; (Farrand

etal., 2017))

Prevalence (p) Burning/Tearing Eyes
(EPA reconstruction; see Appendix D.1.1)

Summer Winter N 95% ClI

PN (0,%)  (p,%) (homes) (%)
0.0431 13.3 - 315 1.91
0.0475 - 10.8 205 2.17
0.0906 17.1 - 192 2.72
0.0912 - 14.7 208 2.46
0.1698 - 20.6 110 3.86
0.1943 214 - 156 3.28

3Estimated as: SE = sqrt(p*(1-p)/N)

Hanrahan et al. (1984) (Wisconsin)

Prevalence survey, 1979

Population: 61 teenage and adult occupants from 65 of 208 randomly
selected mobile homes. Mean age 48 years, 61% female. Participants
blinded to exposure status.

Outcome: Current symptoms with occurrence since moving into home
from self-administered questionnaire, questionnaire not described.
Exposure: Formaldehyde measurements: 1-hour samples, average of
measurements in two rooms.

Median: 0.16 ppm (0.2 mg/m3). Range: <0.1 ppm to 0.80 ppm (<0.12 to
0.98 mg/m?3). Outdoor mean (SD) = 0.04 (0.03) ppm. Windows closed,
smoking banned, gas appliances turned off for 30 minutes prior to
measurements.

Analysis: Logistic regression adjusting for age, gender, and smoking.
Evaluation:?

Medium confidence

Low participation rate, but exposure and demographic characteristics
were comparable among respondents and nonrespondents to the
health questionnaire. Differential participation in the study based on
symptom severity is unknown but cannot be ruled out. Uncertainty
regarding correspondence of one hour exposure measurement with
period for symptom ascertainment (years); Questionnaire not described
but outcomes reported without knowledge of formaldehyde levels.

A statistically significant concentration-response
relationship was reported individually for burning
eyes and eye irritation; no regression coefficients
provided.

Burning Eyes

Formaldehyde Prevalence  Upper95%  SE
(ppm) (%)° Cl (%) (%)°

0.1 3.8 18 7.2

0.2 18.2 35 8.6

0.3 36.2 55 9.6

0.4 52.5 74 11

0.5 65.5 84 9.4

0.6 73.5 91 8.9

0.7 80.6 94 6.8

0.8 84.6 96 5.8

2Predicted response estimated by EPA from
graphical presentation of logistic regression results
normalized to mean age (see Appendix D.1.1).
bEstimated as: SE (%) = (upper 95% Cl- central
estimate)/1.96

Formaldehyde concentration not associated with
presence of smoker in home or gas appliances.
Regression model showed higher prevalence of eye
irritation in younger persons.

Olsen and Dossing (1982) (Denmark)

Prevalence survey, 1979.

Exposed Population: 66 of 70 employees of seven mobile day care
centers (average building age ~6 months old) paneled indoors with urea
formaldehyde glued particle board; mean age 29 years, 10/90
percentiles 19/40 years. Referent: 26 of 34 employees randomly
selected from three control (nonmobile home) centers with no
materials containing formaldehyde. Mean age 32 years, 10/90
percentiles 25/38 years. All worked in day care centers for >3 months.
Outcome: Prevalence (yes/no), Severity of symptoms experienced
within 1 month measured in centimeters on scale from 0 to 10, “linear”
analogue self-assessment method.”

The average frequency of mucous membrane
irritation of eyes, nose, and throat was 3x higher
among staff of mobile units vs. stationary
institutions (p < 0.01). Symptoms disappeared after
end of work.

Percentage (p) with affirmative answer

o Exposed SE  Referent SE
Irritation
(%) (%)° (%) (%)°
Eye 56 5.93 14.6 5.24
Nose/throat 74 6.06 25 7.43
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Study and design

Results

Exposure: Formaldehyde measurements taken after questionnaire
study: 2-hour samples in 2-4 locations in the homes. Mean mobile
units = 0.43 mg/m3 (range 0.24-0.55 mg/m?3).

Mean referent = 0.08 mg/m3 (range 0.05-0.11 mg/m?3).

Analysis: Prevalence and average impact scores compared.
Evaluation:?

Medium confidence

Some uncertainties regarding temporal concordance of exposure (< one
day) and symptom assessments (within last month), but not expected
to be substantial. Sample size in referent group small.

astimated by EPA from bar chart in Figure 1 in the
paper.
bEstimated as: SE = sqrt(p*(1-p)/N)

Ritchie and Lehnen (1987) (Minnesota)

Prevalence survey, 1979

Population: Over 2000 occupants residing in 900 mobile and
conventional homes referred by physician to health department for
formaldehyde monitoring.

Outcome: Symptom prevalence reported by interview administered at
time of air monitoring.

Exposure: Area samples; average of 30-min samples in 2 rooms.
Bedroom mean: Mobile homes 0.43 mg/m3, Conventional 0.15 mg/m3,
range 0.012 (LOD) to 6.79 mg/m?3.

Analysis: Logistic regression using formaldehyde concentration
categorized in 3 levels (< 0.12 mg/m3, 0.12 - 0.36 mg/m3, > 0.36
mg/m?3), by age, smoking status, and sex.

Evaluation:?

Low confidence (T)

Potential selection based on exposure and outcome status.

Eye Irritation Prevalence (% (SE); N))

Mobile Homes (by smoking status)

Non-
3 . .
mg/m Active Passive smoker
<0.12 2 (1.6) 1(0.9) 1(0.8)
N =36 N =46 N =53
<0.12 32 (4.8) 20 (3.8) 18 (2.9)
-0.36 N =65 N =69 N =126
5036 93 (1.5) 88 (2.3) 86 (2.2)
N =143 N =133 N =180

Conventional Homes (any smoking status) |

<0.12 1(0.5); N = 695
<0.12

0,36 12 (1.7); N = 380
>0.36 89 (3.5); N =81

Nose and Throat Irritation Prevalence (% (SE); N)

Mobile Homes (by smoking status)

mg/m3 Active Passive Non-smoker
<0.12 8(3.1) 10 (4.2) 5(2.1)
N =36 N=17 N =34
<0.12- 25(4.2) 30 (6.5) 17 (3.1)
0.36 N =65 N=24 N=93
5036 85 (2.6) 88 (3.1) 78 (3.2)
N=143 N =65 N=132

Conventional Homes (by smoking status and age)
Age 7 — 54 years

copp 43 200 2(0.6)
N-=83  N=84 N =274
<0.12- 23(44) 15 (4.0) 12 (2.2)
036 N=59  N=50 N = 160
50.36 86 (4.6) 79 (6.5) 74 (6.7)
N=17  N=16 N =21

Age 55+ years

7(28)  5(2.0) 4(1.3)

<012 w_17  N=15 N = 64
<0.12- 36(88) 25(8.4) 20(5.7)
036 N=9 N=1 N =19
oz 925 87(58) 84 (6.0)

N=3 N=2 N=7

Main and Hogan (1983)
Prevalence survey

Symptom Prevalence While at Work:
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Study and design Results
Population: 21 exposed individuals working in two mobile trailers for 2
Exposed Referent X
34 months (mean [SD] age 38 [9] years, 76% male) Symptom _ _
18 referent staff members who did not work in the trailers (mean [SD] (n=21) (n=18) (p-value)
age 30 [6] years, 50% male) Eye 20.9
. i ; ; 0.71 0.0
Outcome: Modified ATS questionnaire . irritation (<0.001)
Exposure: Three 1-hour area samples taken on four occasions (August,
. Nasal 7.3
September, December, April) always on a Monday. At least one sample 0.33 0.0
was taken from each office in both trailers. sympiams (0.01)
Concentration range 0.12-1.6 ppm (0.15-1.97 mg/m3)? Throat 0.48 0.0 11.5
Analysis: Group comparisons, x? statistic irritation ’ ’ (0.001)
Evaluation:?

Low confidence

Potential dissimilarity between comparison groups; more exposure to
ETS among referent; small sample size increased potential for unreliable
results. Uncertainty regarding participant recruitment process or
participation rate. Responses among exposed likely not blinded to
exposure status.

Organized by study confidence, then descending publication year. Results for low confidence studies are shaded gray.

LOD = limit of detection; RD50 = concentration resulting in a 50% reduction in the respiratory rate; RIL = recommended indoor
limit; VOC = volatile organic compound.

2Evaluation of sources of bias or study limitations (see details in Appendix B.3.2).

Direction of anticipated bias indicated by arrows: “{,” for overall confidence indicates anticipated impact would be likely to be
toward the null (i.e., attenuated effect estimate); “” for overall confidence indicates anticipated impact would be likely to be
away from the null (i.e., spurious or inflated effect estimate).

Laboratory and occupational exposure

The studies of anatomy students and formaldehyde-exposed workers provide further
evidence that formaldehyde exposure is associated with symptoms of eye, nose, and throat
irritation. These studies are summarized in tables in the appendix for sensory irritation
(Appendix C.4). Exposure levels experienced during anatomy laboratory courses and in
occupational settings were high and variable. Formaldehyde levels during anatomy courses
generally averaged 0.9 mg/m3 and above during the lab, with short-term peaks above 5 mg/m3
(Wantke et al., 2000; Uba et al., 1989; Takahashi et al., 2007; Kriebel et al., 1993; Kriebel et al.,

2001). These exposures were episodic, one to two sessions per week, for 1-4 hours. Study designs

that analyzed reported symptoms and formaldehyde levels measured in close temporal proximity

were considered less subject to information bias. The intensity of symptoms (Kriebel et al., 2001)

and prevalence or frequency of occurrence (Wantke et al., 2000; Takigawa et al., 2005) of

symptoms was related to exposure during the lab. Over time, the magnitude of the increase in
symptoms during a laboratory session was reported to decline over the succeeding weeks of the
course (Kriebel et al., 1993; Kriebel et al.,, 2001). Kriebel et al. (2001) modeled average

formaldehyde concentration during each lab session in relation to irritation symptoms (separate

models for eye, nose, and throat irritation) and reported that intensity of eye irritation symptoms
increased by 1.22% per unit increase in ppm, and the magnitude of the increase in intensity

declined with each successive week during the course.
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Formaldehyde concentrations in the workplace varied by industry. Examples of industrial
formaldehyde levels include mean levels of 0.26 mg/m3 in a formaldehyde-producing plant in
Sweden (Holmstrom and Wilhelmsson, 1988), 0.96 mg/m3 in a melamine formaldehyde resin-

producing plant (Neghab etal., 2011) in Iran, and 1.04 mg/m3 in a particleboard plant (Horvath et

al., 1988). Excursions above 2 mg/m3 were measured in some industries. Most of the studies
compared responses in exposed groups to those in a referent group, and symptoms of URT and eye
irritation were associated with exposure status in these studies. One study also reported a strong
exposure-related trend for burning nose, stuffy nose, burning eyes, itchy nose, sore throat, and itchy
eyes in multiple regression models, although quantitative results were not reported (Horvath et al.
1988).

Summary of Human Evidence Synthesis Judgments

The following factors, in particular the strong consistency and observed dose-dependence, were
influential to the synthesis judgment that the human studies on sensory irritation provide robust
evidence of formaldehyde exposure-induced effects.

e (onsistency and Study Confidence: Increases in sensory irritation of the eye, nose and throat
from formaldehyde exposure were consistent across 10 high and medium confidence
studies involving acute controlled exposure and four medium confidence studies of
symptom prevalence in residential settings. This evidence is supported by consistent
findings from several studies with longitudinal designs following formaldehyde exposure in
laboratory or occupational settings.

e Dose-Response: Demonstrated exposure-response trends for symptom prevalence and
symptom severity were observed in multiple studies.

e (oherence: Different manifestations of irritation, including various symptoms and objective
measures, were observed.

In addition to the judgment above, a general inference can be drawn based on the human studies.
Specifically, although the evidence base does not completely address the uncertainties associated
with such an observation, the currently available studies indicate that the irritant effects of

formaldehyde do not appear to appreciably worsen with longer formaldehyde exposures.

Animal Studies

Summary of Animal Evidence Synthesis Judgments

Although not formally synthesized, the wealth of data for this effect in animals is inferred to provide
robust evidence for formaldehyde inhalation exposure-induced effects on sensory irritation. As
previously described, the sensory irritant effects of formaldehyde in animals represent a well-
established phenomenon (see Summary in Appendix C.2). In addition, the mode of action

information (discussed below) describing how formaldehyde inhalation can cause sensory
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irritation is primarily based on experimental studies in animals, supporting the biological

plausibility of the animal evidence and reinforcing this judgment.

Evidence on Mode of Action

Sensory irritation is understood to occur as a result of direct interactions of formaldehyde
with cellular macromolecules i leading directly or indirectly to stimulation of trigeminal nerve
endings; branches of the trigeminal nerve responsible for chemosensation innervate the oral,
ocular, and nasal cavities. However, the most notable and well-studied of these is activation within
the nasal mucosa (i.e., in the respiratory epithelium) and stimulation in the oral cavity is unlikely to
lead to eye irritation or similar symptoms. While other mechanistic changes (e.g., oxidative stress;
airway inflammation; damage or dysfunction of the respiratory epithelium) and biological
differences (e.g., tissue morphology; underlying allergy, infection, or other respiratory conditions)
are expected to be strong modifiers of this sequence of events, the pathway leading to stimulation
of trigeminal nerve endings is likely to be the dominant mechanism by which formaldehyde
exposure causes sensory irritation. The primary evidence for this conclusion includes mechanistic
changes in the URT, which are supported by robust or moderate formaldehyde-specific data (see
summary interpretations in Figure 3-4 and Table 3-3; Appendix C.7 includes additional details and
evidence supporting other relevant mechanistic changes, some of which are discussed briefly
below), and the relationships described are largely well understood biological phenomena, or they
have been demonstrated following formaldehyde exposure. Access of airborne formaldehyde to
other chemosensory afferents (e.g., in the eye) is expected to contribute to this response. This
mechanistic understanding provides strong support for the biological plausibility of this effect.
Although the primary support for an MOA reliant on stimulation of receptors on nasal trigeminal
nerve endings is from studies in experimental animal models, the mechanistic events presumed to

be driving sensory irritation after formaldehyde exposure are expected to be conserved in humans.

3-27



IRIS Toxicological Review of Formaldehyde (Inhalation)

Possible Initial Alterations Secondary Alterations Effector-Level Changes Key Hazard Feature
@ @ @ Al
4 oxidative URT TRPA1 Trigeminal nerve Centrally mediated
stress in URT binding stimulation in URT sensory iritation
Legend EVIDENCE RELATIONSHIP
Plausibly an initial o Robust — Robust
effect of exposure
(") Moderate  -> Moderate
n Key feature of sensory
irritation L+ Slight Slight

Figure 3-4. Possible mechanistic associations between formaldehyde
exposure and sensory irritation.

An evaluation of the formaldehyde exposure-specific mechanistic evidence informing the potential for
formaldehyde exposure to cause respiratory health effects (see Appendix C.7 for clarifying details) identified this
sequence of mechanistic events as likely to be the dominant mechanism by which formaldehyde inhalation could
cause sensory irritation.

As illustrated in Figure 3-4, formaldehyde exposure appears to result in activation of
chemosensory afferents, likely trigeminal nerve C fibers, including in the URT, presumably in the
anterior third of the nasal cavity, based on the pattern of chemosensory activation and consistent
with the distribution of inhaled formaldehyde (see Appendix C.7). This activation (which can also
occur in the eyes) initiates central signals that result in the burning sensation characteristic of
sensory irritation. The rapid detection of these sensations in exposed individuals, as well as insights
from other irritants, suggest a receptor-mediated event that is dependent on formaldehyde
penetration to the nerve endings, which may not have an exposure duration threshold. Thus,
mechanisms that prevent access of formaldehyde to these sites?6, or that reduce the number or
response of receptors at these sites, would be expected to reduce such irritant responses. In vitro
and ex vivo studies suggest that activation of the trigeminal nerve by formaldehyde is mediated, at
least in large part, through cation channels, primarily the Transient Receptor Potential A1 channel
(TRPA1). Alongside the centrally mediated physiological response, the initial activation of the
trigeminal nerve is also known to cause a localized release of neuropeptides, such as substance P,

from nerve terminals (not shown in Figure 3-4), which can affect local inflammatory and immune

16 For example, although only indirectly applicable to formaldehyde exposure-induced sensory irritation, dry eye
disease is far more prevalent in older individuals (age 50+) than younger individuals (under 18) (Farrand et al.,
2017). This is based, at least in part, on differences in tissue physiology that help regulate access of airborne
irritants to sensitive components of the eye (e.g., reduced tear production and changes in lipid composition with
aging). While this may also apply to the direct irritant effects of airborne formaldehyde on the eye, it is unclear the
extent to which parallel, protective, age-dependent mechanisms exist within the nasal epithelium.
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responses. Observations of these local neuropeptide changes have been reported at slightly higher
formaldehyde levels than those shown to activate the trigeminal nerve, generally at >1 mg/m3,
although the data suggest that they too may be dependent on TRPA1 activation. All of these direct
and indirect interactions could act independently or together in a concentration- and duration-
dependent manner.

While the response to some irritant chemicals exhibits desensitization or fading of the

irritant response over time (e.g., through receptor downregulation) (Nielsen, 1991), it is not clear

this is the case with formaldehyde. As previously discussed, results from acute, controlled human
exposure studies indicate that some acclimatization may occur over exposures of a few hours at
higher concentrations; however, this reduction in symptoms is less apparent (or may be absent)
when concentrations are lower (<1 mg/m3), and changes to this response pattern in humans over
time, particularly with exposure longer than 1 day, remain poorly tested. Studies of reflex
bradypnea in rodents (see Appendix C.2), a phenomenon dependent on the activation of the
trigeminal nerve, show that repeated exposure for up to a month elicits a similar level of activation
of this pathway. However, uncertainties with the rodent data include a nonconstant exposure

(i.e., there is at least partial recovery from the reflex effects in rodents with continued exposure in
acute studies of minutes to hours, while the available short-term studies employed work hour-like
exposure periodicity) and testing only at reflex bradypnea-inducing levels (e.g., >1 mg/m3). It is
unclear whether the results based on acute or episodic exposures apply to long-term responses to
constant oronasal exposure in humans (who do not exhibit reflex bradypnea) at lower
formaldehyde levels.

Sensitivity (i.e., the threshold for activation of this pathway) is expected to vary between
individuals due to differences in TRPA1 channel sensitivity or access of formaldehyde to TRPA1
channels, as might occur due to differences in tissue structure, mucus production, or TRPA1
channel density in the airways or eyes. Thus, enhanced irritation could plausibly occur directly as a
result of sensitization of the receptors to formaldehyde with prolonged exposure or due to the
accumulation of other factors that could reduce the threshold for TRPA1 activation by
formaldehyde, or indirectly by increased access of formaldehyde to trigeminal nerve endings, for
example following damage to juxtaposed epithelial cells or reduced mucociliary function. Airway
inflammation has been shown to reduce the threshold for activation of afferent fibers, through an

unknown mechanism (Carr and Undem, 2001), and lipid peroxidation byproducts can

independently stimulate sensory nerve activation. These latter possibilities are of particular
relevance, as exposure to formaldehyde (possibly even at lower levels, e.g., <1 mg/m3) appears to
result in airway inflammation and increased oxidative stress. Conversely, other modifications to the
respiratory epithelium following formaldehyde exposure (e.g., at levels causing effects such as
squamous metaplasia, which is generally observed in animals at 22.5 mg/m3; see Section 3.2.4)
could plausibly result in a decreased access of formaldehyde to receptors at trigeminal nerve

endings. However, while the structure and function of the URT across species is similar,
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interpretation of compensatory or adaptive changes within the human URT following long-term
exposure based on findings in experimental animals is difficult to infer, and modification of sensory
nerve signaling in the context of these important scenarios has, for the most part, not been directly
tested. In addition, studies of related chemicals suggest that human sensitivity may also be
dependent on demographic factors such as age, gender (women are generally more sensitive), and

allergy status (Shusterman, 2007; Hummel et al., 2003), complicating an understanding of changes

in sensitivity. While additional studies clarifying modifications to the sensitivity of this pathway

with longer-term exposure or under different exposure scenarios would be useful, it is likely that

rodents acutely exposed to ~0.2 mg/m3 formaldehyde under normal conditions would exhibit

sensory irritation, and exposed humans are expected to be more sensitive.

Table 3-3. Mechanistic evidence most informative to the occurrence of sensory
irritation after formaldehyde inhalation

Endpoint Endpoint-specific findings and confidence Summary of evidence Conclusion
M URT Human: Increased nasal epithelial M1dG Direct and indirect evidence of Moderate
Oxidative § adducts (oxidative stress and lipid peroxidation |elevated reactive oxygen species
Stress S marker) (Bono et al., 2016): unknown duration |(ROS), possibly at low

% (but likely years) at >0.066 mg/m3 concentrations (e.g., at
° Animal: mRNA changes indicating increased >0.066 mg/m’; r:naximum of
‘% stress-response proteins (Andersen et al. 0.444 mg/m?®) with prolonged
2008): short-term exposure at >2.46 mg/m?3 human exposure
Human: Increased nasal lavage nitrites (Priha et |Data suggest elevated oxidative
al., 2004): acute (8-hr shift) exposure at stress at very low formaldehyde
0.19 mg/m3 concentrations with acute and
3 Animal: Increased glutathione peroxidase short-term exposure
= and/or nonprotein sulfhydryl groups (Cassee
and Feron, 1994; Cassee et al., 1996): short-
term (3 d) duration at 3.94 and 4.43 mg/m?3,
respectively
TRPA1 Human: None Moderate (data
Stimulation Animal: Formaldehyde and related chemicals are primarily from
e such as acrolein activate the trigeminal system acute or short-
3 in wild-type mice, but not TRPA1 knockout mice term exposure)
9 following acute exposure, at least at high Indirect data identify TRPA1 as a
§ exposure levels (Yonemitsu et al., 2013); taken |molecular target for formaldehyde
< together with the established role for TRPA1 in exposure-induced sensory effects
‘;,9:’ acrolein-induced sensory effects (e.g., (Bautista
et al., 2006)), these data indirectly support a
role for TRPAL in sensory nerve-related changes
following formaldehyde exposure
Human: None
Animal: Formaldehyde activates TRPA1 in in Indirect data identify TRPAl as a
vitro and ex vivo models relevant to acute molecular target of formaldehyde
s inhalation exposure of the URT and upper LRT |exposure with acute or short-term
) (Mcnamara et al., 2007; Luo et al., 2013), and is |exposure; inhibitor studies
well established in in vivo models using formalin|demonstrate that downstream
as a pain stimulus (not a focus of this review); |effects of sensory nerve stimulation
inhibition of TRPA1 channels localized to depend on TRPA1 stimulation
sensory nerve endings reduces formaldehyde
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Endpoint Endpoint-specific findings and confidence Summary of evidence Conclusion

exposure-induced nerve currents in rat trachea
(Luo et al., 2013) and immune-related
responses in mice (Wu et al., 2013; Lu et al.,
2005) with short-term (2- or 4-week) exposure
at 1 or 3 mg/m?3

Trigeminal Human: None Increased activity of trigeminal Robust
Nerve § Animal: Increased afferent nerve activity nerve afferents at <0.5 mg/m’ (data are primarily
Stimulation | & (Tsubone and Kawata, 1991): acute duration following acute exposure in from acute
§ exposure resulted in ~20% at 0.62 mg/m?and  |[2nesthetized rats exposure)
< ~50% at 2.21 mg/m3; (Kulle and Cooper, 1975):
‘% acute exposure (threshold detection at 25
seconds) at 0.31 mg/m3
Human: None Supportive indirect evidence from

Animal: Indirect evidence: with acute exposure, €X Vivo and in vitro experiments

dose-dependent increase in nerve currents and
Cl- release in intact rat trachea (Luo et al.

2013), and stimulation using in vitro neuronal
preparations (Mcnamara et al., 2007; Kunkler et
al., 2011)

Low

Summary of Inferences Regarding Mode of Action

Robust and moderate evidence for important mechanistic events identifies stimulation of the
trigeminal nerve as the dominant MOA. This MOA is assumed to be relevant to sensory irritant
effects in humans based on similarities in the systems mediating the identified MOA across species.
The identified MOA highlights large variations in sensitivity across individuals, depending on
features such as tissue health and physiology, including altered mucociliary function in the nasal

cavity, that could influence the stimulation of key receptors (e.g., TRPA1).

Evidence Integration Summary

Symptoms of sensory irritation were consistently reported by studies of formaldehyde
exposure in multiple exposure settings, and both prevalence and severity of symptoms increased
with the level of exposure. Sensory irritation is an acute phenomenon, and symptoms resolve when
exposure is removed (Sauder et al., 1986; Andersen, 1979; Andersen and Molhave, 1983). Irritation

of the eyes was reported to occur at lower concentrations compared to irritation of the nose or
throat (Mueller et al.,, 2013; Lang et al., 2008). The irritant effects of formaldehyde on the eyes and

URT were reported by several controlled human exposure studies that evaluated responses among
healthy or asthmatic volunteers using relatively high formaldehyde concentrations (0.12 and

3.7 mg/m3) during rest or exercise. In addition to subjective reports, some investigators evaluated
objective measures, including eye blink frequency, conjunctival redness, and nasal flow and
resistance (Mueller et al., 2013; Lang et al., 2008; Andersen, 1979; Andersen and Molhave, 1983).

Eye blink frequency was increased at exposure levels above those where subjective symptoms were

reported. Symptoms of sensory irritation also were documented in the epidemiological literature

among residential and occupational populations, and students exposed in anatomy classes. Exposed
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groups described eye, nose, and throat symptoms with formaldehyde exposure, including itching,
stinging, burning, and watering eyes; sneezing and rhinitis; sore or dry throat; and coughing.
Average formaldehyde concentrations for exposed populations were 0.9 mg/m3 (median) among
anatomy students (Kriebel et al., 1993), > 0.3 mg/m3 among occupational groups (Neghab et al.,
2011; Horvath et al., 1988; Holmstrém and Wilhelmsson, 1988), and 0.2 mg/m3 and lower among
residential populations (Zhai et al., 2013; Liu et al., 1991; Hanrahan et al., 1984). A statistical

exposure-response relationship for the prevalence of eye irritation or burning eyes was described
using regression models in some studies (Liu et al., 1991; Kulle et al., 1987; Kriebel et al., 1993;
Kriebel et al., 2001; Horvath et al., 1988; Hanrahan et al., 1984). Alternative explanations for these

symptoms can be ruled out since there is strong evidence from controlled human exposure studies

and residential studies, with exposure-response trends that were adjusted for potential
confounders, including age, gender, and smoking. Coexposures in homes, such as that from
terpenes, phenol, and acetaldehyde, which are emitted from wood products, carpets and wall
coverings, and combustion, were present at lower levels compared to those of formaldehyde.
Sensory irritation also was reported among groups in exposure settings without those coexposures
(e.g., controlled human exposure studies, anatomy labs). NO,, which is emitted from gas stoves, has

not been correlated with formaldehyde levels in homes (Mullen et al., 2015).

The magnitude or severity of symptoms does not appear to worsen over periods of
prolonged exposure, and some studies have observed decreases over observation periods lasting a
few weeks. However, change in responses over time has been examined in only a few studies.
Notably, controlled human exposure studies involving occupationally exposed individuals did not
observe responses that were less sensitive than those among subjects with no occupational
exposure, suggesting that the response persists even with prolonged exposure. Controlled human
exposure studies that examined change in response during exposures at relatively high levels
(>1 mg/m3) reported higher symptom scores initially with subsequent declines suggestive of

acclimation during exposure (Schachter et al.,, 1986; Green et al., 1987; Andersen and Molhave,

1983). However, at lower concentrations (0.3 and 0.5 mg/m3), the initiation of symptoms was
delayed, and symptom severity continued to increase during the exposure period (Andersen and

Molhave, 1983). Overall, these few studies suggest that some acclimatization may occur over a few

hours at higher concentrations; however, this phenomenon may not be apparent when
concentrations are lower (<1 mg/ms3).

Stimulation by formaldehyde of sensory nerve endings, predominantly in the URT (but also
possibly in the eyes) and presumably involving activation of TRPA1 ion channels on C fibers of the
trigeminal nerve, is likely to be the dominant MOA for the observed effects on sensory irritation. It
is expected that differences in tissue anatomy and respiratory health status would be strong
modifiers of this MOA.

In conclusion, studies in humans provide robust evidence based on the controlled human

exposure studies and observational epidemiology studies, robust evidence exists supporting an
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effect in animals (this phenomenon is well described and accepted across a range of experimental
species), and there is an established MOA based on mechanistic evidence in animals (the identified
MOA is interpreted to be operant in humans). Overall, the evidence demonstrates that inhalation
of formaldehyde causes sensory irritation in humans, given sufficient exposure conditions. The
primary support for this conclusion is based on well-conducted residential studies with mean
formaldehyde concentrations >0.05 mg/m3 (range 0.01 to approximately 1.0 mg/m3) and
controlled human exposure studies testing responses to concentrations 0.1 mg/m3 and above (see
Table 3-4).

3-33



IRIS Toxicological Review of Formaldehyde (Inhalation)

Table 3-4. Evidence integration summary for effects of formaldehyde inhalation on sensory irritation

Evidence

Factor

Increasing certainty

Decreasing certainty

Synthesis judgment

Hazard determination

Human

Consistency and
Study Confidence

e Four medium confidence studies of
symptom prevalence (eye, nose,
throat) among adults and children in
residential settings (mean
>0.05 mg/m3 formaldehyde, range
0.01 to approximately 1.0 mg/m3)

e Consistent findings from several
studies involving acute controlled
exposure

e Consistent findings in studies with
longitudinal designs (e.g.,
occupational, panel studies of
medical students)

Strength and
Precision

N/A

Dose-Response

e Consistent and clear exposure-
response trends in numerous
studies

Coherence . . .
o Different manifestations of

irritation, including various

symptoms and objective measures,

were observed
Biological . . .

L No directly relevant human mechanistic studies were found

Plausibility

Robust

Based primarily on
consistent and dose-
dependent findings
across residential,
controlled acute
exposure, and
longitudinal studies

Animal

Although animal studies were not formally evaluated, formaldehyde inhalation-induced sensory
irritation in rodents is a well-documented phenomenon (see Appendix C.2)

Robust

The evidence
demonstrates that
formaldehyde inhalation
causes sensory irritation
in humans given sufficient
exposure conditions?

Primarily based on robust
human evidence from
well-conducted
residential studies with
mean formaldehyde
concentrations

>0.05 mg/m? and
controlled human
exposure studies testing
>0.1 mg/m3. Strong
supporting evidence
exists, including
established mechanistic
understanding

Potential susceptibility:
Potentially large
variations in sensitivity
are expected, depending
primarily on differences
in nasal health (including
allergy or inflammatory
status) and underlying
physiology, but also age
and sex
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Evidence Factor Increasing certainty Decreasing certainty Synthesis judgment

Hazard determination

Biological Inferred as a well-

Plausibilit * Understanding of the MOA defined phenomenon
4 underlying the development of with est:blished

sensory irritation following biological
formaldehyde inhalation is primarily .

. L understanding
based on experimental studies in
animals

Other

. e Relevance to humans: The effect was observed in humans (robust evidence)

inferences

e MOA: Robust and moderate evidence for mechanistic events from animal studies identifies stimulation of the trigeminal nerve
as the dominant MOA. This is assumed to be relevant to humans based on similarities in systems mediating the identified MOA

across species

e Other: This effect does not appear to worsen with longer exposure durations, although some uncertainties with that judgment
remain

N/A = indicates the factor was not applicable to (i.e., did not influence) the judgment drawn.
aThe “sufficient exposure conditions” are more fully evaluated and defined through dose-response analysis in Section 5.1.
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3.2.2. Pulmonary Function

This section describes research on formaldehyde inhalation and pulmonary function effects
in experimental and observational studies in humans. The study selection criteria (PECO) included
studies of pulmonary function responses to any exposure duration including long term
occupational or continuous residential exposure, episodic exposures during anatomy classes, or
controlled human exposure studies for a few hours. EPA focused the hazard evaluation on exposure
settings most relevant to the dose-response assessment and derivation of a RfC for chronic duration
exposure scenarios. These studies include occupational studies of workers with long-term exposure
(typically, years), residential or school exposures to adults or children, and episodic (weekly)
exposures to medical students in anatomy classes followed over a period of months. Studies of
acute- and short-term exposure scenarios did not provide a clear indication of effects on pulmonary
function and these results are summarized in the appendix (see Appendix C.5.1 for controlled
human exposure studies and Appendix C.5.2 for studies of workers or medical students and
pulmonary function changes across a work shift or over a dissection lab). Animal studies of
analogous endpoints were not included in the hazard evaluation because there were few directly
relevant studies in the peer-reviewed literature and the extensive literature on these endpoints in
humans was considered adequate to draw a hazard conclusion.

The review of the epidemiological literature provides evidence that long-term
formaldehyde exposure is associated with declines in pulmonary function, including forced
expiratory volume (FEV;), forced vital capacity (FVC), FEV1/FVC, and expiratory flow rates. Pre-
shift pulmonary function was lower in highly exposed occupational groups employed at exposed
jobs for long durations compared to their nonexposed or lesser-exposed comparison groups. The
few longitudinal studies found evidence of declines in some measures in excess of that expected
from aging, although the duration of follow-up and individual variation combined with small group
sizes may have resulted in lack of associations with other measures. Panel studies of anatomy
students also provide evidence that formaldehyde exposure during dissections results in declining
pulmonary function over time. There are few studies of residential exposure; however, a clear
exposure-response relationship in children was reported by a well-conducted residential study

with most household concentrations <0.045 mg/m3 (Krzyzanowski et al., 1990). There is

mechanistic support, primarily from studies in animals, for the biological plausibility of
formaldehyde exposure-induced effects on decreased pulmonary function, although a definitive
MOA(s) has not been fully defined. Overall, the most relevant mechanistic evidence (predominantly
evidence interpreted as moderate or robust) included inflammatory structural alterations and
eosinophil increases in the lower airways that appear to be at least partially related to indirect
activation of sensory nerve endings. However, the initial cellular or tissue modifications that
ultimately lead to these later events are not understood, and given the limitations of the available
studies, it is unclear whether and to what extent certain events would be triggered with chronic,

low-level exposure. Although there is an expectation that other important mechanistic events
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would be identified with additional study, the available data were interpreted to provide
reasonable support for the biological plausibility of the observed associations and to identify what
is likely to be an incomplete mechanism by which formaldehyde inhalation could cause decreased
pulmonary function.

Spirometric measures are used along with other diagnostic criteria in the evaluation of
asthma and chronic obstructive pulmonary disease in individuals. While a group mean decrement
in any pulmonary function measure does not indicate that the prevalence of these respiratory
diseases has increased, EPA considered a decrease in mean values to suggest a shift toward a
decline in the respiratory health status of the population. Poor pulmonary function, as well as a
decrease in pulmonary function, is an important health endpoint associated with the development
of chronic respiratory disease, coronary heart disease, and mortality (Young et al., 2007; Sorlie et
al., 1989; Sin et al., 2005; Schunemann et al., 2000; Schroeder et al., 2003; Menezes et al., 2014;

Clayton et al., 2014). The American Thoracic Society evaluated the clinical significance of small

average declines in pulmonary function observed in a population in response to air pollutants and
concluded that although the magnitude of the observed declines may not be clinically relevant to an
individual, a shift in the population distribution toward lower pulmonary function, assuming the
association is causal, may have a large impact on public health (ATS, 2000).

Overall, based on moderate human evidence from observational epidemiology studies, with
corresponding slight evidence for an effect in animals based on mechanistic studies supporting
biological plausibility, the evidence indicates that long-term inhalation of formaldehyde likely
causes decreased pulmonary function in humans given sufficient exposure conditions. The primary
support for this conclusion includes a study of children and adults in a residential setting (mean,
0.03 mg/m3, maximum 0.17 mg/m3) and numerous studies of workers with long-term exposure to
>0.2 mg/m3.

Human Studies

The synthesis of pulmonary function first discusses studies of long-term exposures among
occupational groups or residential populations of adults and children. Then, panel studies of
students in anatomy labs with episodic exposure over a period of weeks or months are discussed.
Evidence tables for each exposure setting (see Tables 3-5 through 3-8) are organized by level of
confidence in the study’s results and then descending publication year. The table summarizing the
studies of occupational exposure are organized first by study design (cross-sectional, longitudinal),
then by confidence in study results and descending publication year. Eleven of the studies that met
the PECO criteria were considered not informative after evaluation (Tanveer et al., 1995;
Sripaiboonkij et al., 2009; Pourmahabadian et al., 2006; Ostoji¢ et al., 2006; Mohammad “pour and
Maleki, 2011; Milton et al., 1996; Marks et al., 2010; Kilburn et al., 1985; Kilburn et al., 1989a;
Imbus and Tochilin, 1988; Gamble et al., 1976). The study evaluations are included in Appendix

B.3.3. Generally, in the included studies of formaldehyde exposure and effects on pulmonary

function, groups exposed to formaldehyde during the course of their jobs experienced TWA
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concentrations above 0.2 mg/m3 with intermittent peaks above 1 mg/m3 (see Table 3-5). Students
meeting once or twice a week in anatomy labs experienced fluctuating concentrations during
dissections averaging between 0.1 and >1.0 mg/m3 (see Table 3-8). Formaldehyde concentrations
in residential or primary school settings were much lower, continuous, and less variable

(<0.1 mg/m3) (see Tables 3-6 and 3-7).

Occupational exposure

Overall, the set of occupational studies indicates that inhalation of formaldehyde over long
periods at work is associated with deficits in measures of pulmonary function. With only a few
exceptions, average values for FEVy, FVC, and FEF measured before a work shift at the beginning of
the work week were lower among exposed workers than average values in their referent groups
(see Table 3-5). The occupational groups under study were exposed to high average formaldehyde
concentrations (20.2 mg/m3) in a variety of industries, including funeral homes (embalming), wood
products (plywood, cabinetry), chemical products (formaldehyde resins), and manufacturing.

Employees had worked at these jobs for at least 5 years, and in a few studies, for more than

10 years. While a few studies conducted longitudinal analyses (Nunn et al., 1990; Lofstedt et al.,
2011; Alexandersson and Hedenstierna, 1989), most of the occupational studies were cross-

sectional in design, recruiting only current employees (Schoenberg and Mitchell, 1975; Neghab et

al., 2011; Malaka and Kodama, 1990; Lofstedt et al., 2009; Levine et al., 1984b; Khamgaonkar and
Fulare, 1991; Horvath et al., 1988; Holmstrom and Wilhelmsson, 1988; Herbert et al., 1994;

Alexandersson et al., 1982; Alexandersson, 1988; Alexandersson and Hedenstierna, 1988). In

general, when only current employees are recruited for a cross-sectional study of an exposure that
causes symptoms, there is a possibility that former workers may have left their jobs to reduce their
exposure (lead time bias, healthy worker survival effect). Further, for studies that recruited from
among those present on the day of the study, if employees were not present because of symptoms
related to their formaldehyde exposure, attenuated effect estimates may have been observed

(Alexandersson et al., 1982; Alexandersson, 1988; Alexandersson and Hedenstierna, 1988).

Additional limitations also were identified that could result in attenuated risk estimates, which are
noted in the evidence summary table (see Table 3-5). Despite their decreased sensitivity, most
studies observed deficits in pre-shift pulmonary function associated with formaldehyde exposure,
which increased EPA’s confidence in their findings. Moreover, an increase in pulmonary function
deficits with increasing cumulative exposure was reported in a study of woodworkers with area

formaldehyde levels ranging from 0.27-4.28 mg/m3 (Malaka and Kodama, 1990).

Figure 3-5 presents forest plots of the difference in mean FEV;, FVC, and FEFs.75 between
exposed and referent groups for 10 study results reported by 9 publications. Mean FEV; in exposed
groups was consistently lower than their un- or lesser-exposed referent group across all industries,
ranging from -3.6 to -9.5 percent in wood products workers, -1.7 to -12.2 percent in chemical
manufacture workers, and -1.5 percent in embalmers. While no difference in mean FVC (%) was

found by a few of the studies, and a higher mean was reported by a small study, most of the
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comparisons indicate that exposed groups had lower mean values compared to their respective
referent group ranging from -2.0 to -8.1 percent in wood products workers and -6.6 to -13.9
percent in chemical manufacture workers. A set of four studies of wood products workers reported
consistently lower mean FEF;s.75 compared to their unexposed referent groups ranging from -2.0 to
-10.4 percent. Studies that reported only the absolute values or used a different analysis could not
be plotted (Levine et al., 1984b; Khamgaonkar and Fulare, 1991; Herbert et al., 1994). All reported

deficits in pulmonary function measures among exposed groups with varying degrees of precision.

In general, the studies of formaldehyde exposure in wood products industries reported the
highest average and peak concentrations (TWA 0.4-1.0 mg/m3, maximum 1.3-4.3 mg/m3) (Malaka
and Kodama, 1990; Horvath et al., 1988; Alexandersson et al., 1982; Alexandersson, 1988;

Alexandersson and Hedenstierna, 1988), although levels were reported to be lower in two studies

(minimum, 0.1 and 0.05 mg/m3; maximum, 0.3 and 0.5 mg/m3) (Holmstrém and Wilhelmsson,

1988; Herbert et al., 1994). Average concentrations in the chemical industries generally were lower

and less variable, although there was variation between industries. Average concentrations in a

melamine resin factory were 1.0 £ 0.49 mg/m3 (Neghab et al., 2011) in contrast with 0.1 mg/m3

(range 0.01-0.4 mg/m3) among Hot Box foundry workers (Neghab et al.,, 2011). Differences in

exposure levels between studies of these highly and variably exposed occupational groups do not
clearly explain differences in the magnitude of deficits observed among exposed groups compared

to their referent.
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Figure 3-5. Forest plots depicting mean difference in pre-shift pulmonary
function (percentage predicted) between exposed and comparison groups for
FEV4, FVC, and FEF.

The plots show the author and year, number of exposed (HCHO) and unexposed referents (Ref), and the
mean difference in preshift values (%) between exposed and referents. The plots include results from six
studies that reported the percentage of predicted normal function accounting for age, gender, and height,
and three studies that reported mean absolute values and mean reference values for exposed and
referent groups from which the percentage of the reference group could be calculated (Holmstrém and
Wilhelmsson, 1988; Alexandersson et al., 1982; Alexandersson, 1988; Alexandersson and Hedenstierna,
1988). The forest plot compares the mean difference between all exposed and referent groups when
available, although one study reported appropriate data only for subgroups [e.g., low, and high exposure
categories; (Malaka and Kodama, 1990)]. The average of the standard deviations for a spirometric
parameter specific to an exposure group, weighted by the size of the referent group, was used when no
statistics from the individual study were available (Holmstrom and Wilhelmsson, 1988; Alexandersson et
al., 1982; Alexandersson, 1988; Alexandersson and Hedenstierna, 1988).
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In addition to accounting for age, gender, and height, most of the studies adjusted for
smoking in their statistical analyses or otherwise addressed potential confounding by smoking.
(Nunn et al., 1990; Neghab et al., 2011; Malaka and Kodama, 1990; Lofstedt et al.,, 2011; Levine et
al,, 1984b; Horvath et al., 1988; Holness and Nethercott, 1989; Holmstrém and Wilhelmsson, 1988;
Herbert et al.,, 1994; Alexandersson and Hedenstierna, 1989).

The studies evaluated three types of occupational settings—wood products industries,

chemical production, and mortuaries—and employees in these industries were exposed to other
chemical and physical agents that may co-occur with formaldehyde. Other common exposures in
the wood products industry can include phenols and other solvents contained in resins and glues,
terpenes, and dust, while embalming fluids include methanol. Phenol and terpenes are not expected
to have strong effects on pulmonary function, particularly at the concentrations reported by the
studies. However, occupational exposure to high concentrations of wood dust (>2 mg/m3) has been

associated with reductions in pulmonary function (Mandryk et al., 2000). Many of the studies of

wood products workers reported measurements for dust, terpenes, and phenols, stating that levels
were a fraction of occupational exposure limits. Studies that either adjusted for dust levels or
compared effects in formaldehyde-exposed groups with and without dust exposure did not find an
independent effect by dust (Malaka and Kodama, 1990; Holmstrém and Wilhelmsson, 1988). The

chemical industries included manufacture of formaldehyde products such as formaldehyde-phenol

or formaldehyde-melamine resins and may involve exposures to phenols, other alcohols, VOCs, and
other compounds, some of which may affect pulmonary function. However, since a pattern of
reduction in pulmonary function was observed across several different exposure settings, all
involving high formaldehyde exposure (TWA concentrations above 0.2 mg/m3 with intermittent
peaks above 1 mg/m3), confounding by a coexposure becomes less likely to be an alternative
explanation for the observed associations.

Three studies conducted longitudinal analyses of small groups of workers with continued

exposure over 4-6 years (Nunn et al., 1990; Lofstedt et al., 2011; Alexandersson and Hedenstierna,

1989). All three longitudinal studies measured FEV1 and reported no change in the cohorts over
the study period. However, Nunn et al (1990), a study of workers at a formaldehyde-urea resin
manufacturing factory reported that among exposed nonsmokers, the annual decline was -45
mL/year (95% CI -28, -62 mL/year), which is 50% greater than the expected rate of age-related
decline in FEV1 in nonsmokers (-29 mL/year), (Redlich et al., 2014; Lee and Fry, 2010). The annual

decline among unexposed nonsmokers in this study was -29 mL/year, consistent with the expected

rate of decline with age. In addition, Alexandersson and Hedenstierna (1989) reported a decline in
FEF25-75 at a TWA concentration of 0.42-0.5 mg/m3. FEF25-75 percentage among the carpentry
workers declined by -168 + 46 mL/second (10.1 L/minute) for each year of exposure over a 5-year
period (p < 0.001). There was a larger decrease among nonsmokers compared to smokers

(=212 mL/sec/year and -60 mL/sec/year, respectively). The annual decrease was corrected for

aging and reference pulmonary function spirometry values. The number of years that participants
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were followed by the three studies, 4-6 years, is the minimum length of time considered adequate

to observe changes (Redlich et al., 2014). Given the large amount of within-person variability in

these measures when assessed over time, these studies would have had limited sensitivity to detect
a small longitudinal change. Further, information in the reports for the three studies indicated a
potential differential loss to follow-up of exposed individuals who may have changed jobs or left the
industry because of the irritation effect of formaldehyde. Despite the low sensitivity of these
studies, declines in FEV1 and FEF25-75 over time were reported.

Duration of work in an exposed job was associated with decreased pulmonary function
values in two studies (Schoenberg and Mitchell, 1975; Neghab et al., 2011), but not others (Horvath
et al., 1988; Holmstrém and Wilhelmsson, 1988; Alexandersson et al., 1982). These analyses

controlled for age, height, gender, and cigarette smoking. One study examined associations with
cumulative exposure (ppm-years) and observed reductions in pulmonary function measures (FEV;,
FEV1/FVC, and FEF;5_75) among male employees at a plywood company who had worked an

average of 6-7 years (Malaka and Kodama, 1990). In addition to other relevant covariates, this

analysis controlled for cigarette smoking and dust levels in the regression model. Another study
among wood products employees reported no association with a cumulative exposure measure, but

did not present the results quantitatively (Holmstrom and Wilhelmsson, 1988).

Table 3-5. Formaldehyde effects on pulmonary function in occupational

settings
Study and design Results
Cross-sectional studies
Reference: Horvath et al. (1988) Comparison of mean preshift pulmonary
Cross-sectional study, Wisconsin. function (percentage predicted (SD))

Population: 109 exposed (workers at a particleboard and

molded products operation, 68.6% of all exposed), average age Exposed Referent

37.4 +11.7 years, 57% males; 53.2% current and former FEV1(L) 103 (13) 105 (13)
smokers, average work duration in exposed: 10.3 years

FVC(L 105 (12 107 (13
(1-20 years). 254 unexposed (workers from nearby food (L) (12) (13)
processing facilities; average age 34.2 + 10.6 years, 44% male). | FEVi/FVC 96 (8) 95 (8)
53.1% current and former smokers. PEFR (L/sec) 100 (23) 103 (22)
Exposure: 8-hour TWA measured using personal passive

FEF5-75 (L/SEC) 83 (22) 85 (25)

monitors on the day of the exam (LOD 0.15 mg/m3). Area levels
measured with an active sampling train (impingers). FEF3s (L/sec) 6.91 (2.12) 6.73 (1.98)
TWA 0.69 ppm, range 0.17-2.93 ppm (0.85 mg/m?3, range

, FEFso (L/sec) 4.5 (1.46) 4.38 (1.43)
0.21-3.60 mg/m?3),2 and 0.05 ppm, range 0.03-0.12 ppm
(0.062 mg/m3, range 0.037-0.15 mg/m?3)® in the exposed and FEFs (L/sec) 1.63(0.8) 1.66 (0.77)
unexposed industries, respectively. p>0.05

Other exposures in exposed: Respirable particulates (PEL

5 mg/m3): median 0.11 mg/m?3; phenol (PEL 5 ppm): mean
0.15 ppm; carbon monoxide (PEL 50 ppm): mean 7.35 ppm;
sodium hydroxide (PEL 2 mg/m3): 0.4-0.21 mg/m?3; nitrogen
dioxide: ND; acrolein: ND.

Exposure group was not associated with baseline
absolute values in multiple linear regression
models. Work duration was not associated with
preshift pulmonary function.
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Study and design

Results

Methods: Spirometry (volumetric) before and after the work
shift. Pulmonary function (ATS methods) as percentage of
predicted normal compared between exposed and unexposed
(unpaired t-test); multiple linear regression of baseline absolute
values by exposure group, adjusting for age, height, sex, and
smoking.

Evaluation:?

High confidence

FEV;, forced expiratory volume in 1second; FVC, forced
vital capacity; PEFR, peak expiratory flow rate; FEF,
forced expiratory flow; FEFs, 50, 75 indicate flow
expiratory flow rates at 25%, 50%, and 75% of FVC,
respectively.

Reference: Neghab et al. (2011)

Cross-sectional study, Iran.

Population: 70 male workers at a local melamine-formaldehyde
resin-producing factory with current exposure to formaldehyde
and 22 years work history (mean age 38.2 + 8.4 years, work
duration 13.2 £ 7.8 years, 24.3% smokers).

24 healthy males from the same industry and comparable
socioeconomic and demographic status, and no present or
former formaldehyde or other exposure to respiratory irritants.
100% participation (mean age 40.0 + 8.2 years, work duration
14.5 + 8.1 years, 25% smokers).

Exposure: Area samples (N = 7) in seven workshops with
exposure and one area sample in office area (sampling in
different time points and shifts). Sampling time 40 minutes.
Exposed mean formaldehyde: 0.78 + 0.4 ppm

(0.96 + 0.49 mg/m?3)®; referent: not detected.

Methods: Pulmonary function tests (Vitalograph COMPACT),
ATS methods) before and at the end of the work shift on the
first working day of week, percentage predicted.

Group comparisons and cross-shift difference among exposed,
and multiple linear regression analysis of pulmonary function
comparing exposed and referent adjusting for smoking, age,
weight, height.

Evaluation:®

Medium confidence (/)

Potential for healthy survivor bias with attenuation in measure
of association.

Percentage predicted pulmonary function
(mean (SD))

Exposed Referent
Preshift (N = 70) (N =24)
VC 77.9 (12.0)° 99.3 (21.0)
FVC 86.6 (14.5)° 100.5 (14.5)
FEV:1 86.6 (14.4)° 98.8 (14.6)
FEV:/FVC 100.2 (8.8) 98.8 (5.3)
PEF 90.9 (15.9) 89.8 (31.2)

aDifference between exposed and referent,
p <0.025

Difference in pulmonary function between
exposure groups

Regression coefficients (percentage difference; SD
provided by author; p-value):

VC -21.43 (3.48) (p = 0.001)

FVC -13.88 (3.44) (p = 0.001)

FEV; -12.23 (3.42) (p = 0.001)

Change in pulmonary function per year work
duration

Regression coefficients (unit change/year):
VC -0.1 (p =0.315)

FVC-0.43 (p=0.02)

FEV; -0.375 (p = 0.035)

FEV:/FVC -0.1 (p = 0.225)

PEF -0.28 (p =0.2)

VC, vital capacity; FVC, forced vital capacity; FEVy,
forced expiratory volume in the first second;
PEF, peak expiratory flow.

Reference: (Herbert et al., 1994)

Cross-sectional study, Canada.

Population: 99 oriented strand board workers (exposed, 98%
participation), mean age 35.4 years, 51.5% smokers; work
duration 5.1 years; 165 oil/gas field plant workers (not exposed
to formaldehyde or oil and gas vapors) from same geographic

Preshift pulmonary function (mean) by
exposure group

0SB Oilfield
FEV1 (mL) 4203  4.223
FVC (mL) 5364  5.257
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area (82% participation), mean age 34.9 years, 27.9% smokers,
work duration 10 years. Excluded 14 workers in referent with
hydrogen sulfide exposure.

Exposure: TWA formaldehyde and dust concentrations at OSB
plant based on 21 hours of continuous sampling in the
breathing zone at five work sites on 2 separate days.
Formaldehyde range: 0.07-0.27 ppm (0.09-0.33 mg/m3),® dust
mean: 0.27 mg/m?3, 2.5 um diameter.

Methods: Spirometric testing (volumetric, best of five
satisfactory maneuvers) at start of work shift and after 6 hours
(ATS guidelines).

Analysis ANCOVA controlling for age, height, and smoking.
Evaluation:?

Medium confidence ()

Potential for healthy survivor bias with attenuation in measure
of association. Possible irritant exposure in referent.

FEV1/FVC (%) 78.6° 80.3?

23p =0.028

Risk of airway obstruction (FEV1/FVC < 75%) by
smoking category (N = number below criteria)

Odds

Ratio 95% ClI
Nonsmokers (17) 1.68 0.54,5.25
Exsmokers (15) 1.08 0.32,3.64
Current (25) 2.98 1.10, 8.07

Reference: Khamgaonkar and Fulare (1991)

Cross-sectional study, India.

Population: 74 individuals working in anatomy and
histopathology departments at three colleges and exposed to
formaldehyde. Selected every 2nd person from occupational
list. Comparison group matched by age and sex (N = 74)
(individuals not working in laboratories with formaldehyde).
Comparable for mean height and weight. Excluded persons with
a history of pulmonary disease before their present occupation.
Exposure: Multiple 30-minute area samples collected in the
breathing zone in both the exposed (N = 43) and unexposed

(N =18) areas.

Mean (SD) exposed 1.00 ppm (0.556), range 0.036-2.27 ppm
(1.23 mg/m?3 (0.68), range 0.044-2.79 mg/m3).P

Referent 0.102 ppm (0.115), range 0-0.52 ppm (0.125 mg/m?
(0.141) range ND-0.64 mg/m3).°

Methods: Pulmonary function tests on a subset of 37 exposed
and 37 comparison individuals on a Monday morning after days
of no exposure.

Evaluation:®

Medium confidence ()

Possible exposures in referent that affect pulmonary function;
exposure to formaldehyde in referent labs.

Mean pulmonary function values by
exposure group
Exposed Referent
(N=37) (N=37)

FVC (L) 2.18 2.63?
MMEFR (L/sec) 1.55 2.71°
FEV1 (%) 60.68 78.74°

3p<0.01, °p < 0.05

FVC, forced vital capacity; MMEFR, maximum mid-
expiratory flow rate; FEV;, forced expiratory volume in 1
second.

Reference: Malaka and Kodama (1990)

Cross-sectional study, Indonesia.

Population: Male employees at plywood company. Exposed
workers (N = 93) randomly selected with stratification by
smoking status and work duration (<5 and 25 years; 93%
participation), mean age 26.6 years, work duration

6.2 + 2.4 years; unexposed group (N = 93) matched for age,
ethnicity, and smoking status (53%), mean age 28.8 years,
similar in height, work duration 6.7 + 2.3 years, worked in areas
where formaldehyde was not used, and had no previous or

Mean baseline spirometric values (adjusted
for dust) (SD)

Exposed Referent
FEV1/FVC (%) 84.7 (6.5) 86.9 (4.9)°
FEV; (L) 2.78 (0.41)  2.82(0.30)
FVC (L) 3.28 (0.44) 3.37 (0.36)
FEF25-759% 3.04 (0.76) 3.44 (0.78)?
(L/sec)
ap < 0.005
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current exposure to formaldehyde based on occupational
histories; 93% participation rate.

Exposure: Area sampling and personal monitoring. Average
exposed 0.9 ppm (1.1 mg/m?3),° range 0.22-3.48 ppm
(0.27-4.28 mg/m?3)®; calculated by EPA from weighted average
of area specific averages in Table 2 in the paper; referent
0.003-0.07 ppm (0.0037-0.09 mg/m3).°

Cumulative exposure measure developed using area
concentrations and duration in current job (mean

6.29 ppm-year, SD 2.72). Categorized into none (N = 93), low
(<5 ppm-year) (N = 37), and high (=5 ppm-year) (N = 56).
Other exposures: average total dust 1.35 mg/m?3, average
respirable dust 0.6 mg/m3.

Methods: Baseline (Monday) and cross-shift spirometric
measurements (volumetric) followed ATS methods.
Pulmonary function (percentage of expected function) by
category of cumulative exposure analyzed using analysis of
covariance. Stepwise regression of pulmonary function on
cumulative formaldehyde (continuous) adjusted for age, height,
weight, cigarettes/day, and dust.

Evaluation:®

Medium confidence (4,)

Potential for healthy survivor bias with attenuation in measure
of association.

Multiple regression model of pulmonary

function?
B(per ppm-year
FA)
FEV1/FVC (%) -0.347°
FEV1 (L) -0.015"
FVC (L) NS
FEF»5-75 (L/sec) -0.043"

2adjusted for age, height, weight,
cigarettes/day, and dust.
bp < 0.05

Mean pulmonary function (percentage predicted)
(SD) by Categories of Cumulative Exposure

None Low High
FEV, 94.4 (20.0) 87.4(10.2) 90.8(12.7)
FVC 92.0(9.2) 87.1(8.4) 91.7(10.4)
FEV:/FVC 86.9(4.9) 85.3(6.4) 84.4(6.5)
FEF25-75 90.4 (20.0) 79.5(18.2) 80.0(20.1)

Dust was not associated with any pulmonary
function measures.

Reference: Holness and Nethercott (1989)

Cross-sectional study of funeral workers, Canada.

Population: 67 currently active embalmers and 17 formerly active,
recruited through a list of funeral homes from a district funeral
directors association (86.6% participation). Average work
duration 10 years. Unexposed group (N = 38) recruited from
large service organization and paid student volunteers.
Exposure: Average concentration from two area samples
(impingers), measured during embalming procedures lasting
from 30 to 180 minutes, 0.36 + 0.19 ppm, range 0.08-0.81 ppm
(0.44 +0.23 mg/m?, range 0.10-1.0 mg/m3).

Unexposed average concentration: 0.02 ppm (0.025 mg/m?3).°
Methods: Information on symptoms, past and family medical
history, and work practices by questionnaire.

Spirometry (volumetric) tests on 22 embalmers before and after
embalming procedure and on 13 referents 2-3 hours after first
test.

Pulmonary function (percentage predicted) compared using
multiple regression, correcting for age, height, and pack-years
smoked.

Evaluation:®

Medium confidence

Comparisons of baseline pulmonary function
(percentage predicted) (SD)

Exposed Unexposed

(N =84) (N =38)
FVC 100.5 (12.3) 100.9 (11.5)
FEV: 99.2 (12.9) 100.7 (12.9)
FEV:/FVC 98.4(7.9) 99.4 (8.7)
FEFso 104.8 (29.7) 110.3 (34.5)
FEF7s 76.2 (32.9) 86.6 (36.0)

Active (N =67) Inactive (N = 17)

FvC 100.7 (12.2) 95.8 (12.0)°
FEV:1 100.8 (12.19) 93.1 (14.1)°
FEV:/FVC 98.9 (7.8) 96.6 (8.0)
FEFso 107.5 (28.7) 94.1 (32.3)
FEF7s 80.8 (33.1) 57.1(24.7)

ap = 0.0385, °p = 0.0652
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Differences in source populations for exposed and referent groups
lead to uncertainty in comparability, with no consideration of
potential confounding.

Reference: Alexandersson and Hedenstierna (1988);
Alexandersson (1988)

Cross-sectional study, carpentry shop, Sweden.

Population: 38 exposed employees working with
acid-hardening lacquers for the previous 12 months [mean age
(SD): 34 (10) years, mean duration employment 7.8 years] and
at work on the study day. 18 referent employees at the same
company (mean age [SD] 37 [9] years). Asthmatics excluded.
Exposure: Personal exposure monitored during three to four
15-minute periods during the workday. No formaldehyde
measurements reported for referent group.

TWA 0.40 mg/m3, range: 0.12-1.32 mg/m?3. Peak concentration
(15 minute) 0.70 mg/m?3, range 0.14-2.6 mg/m?.

Additional measurements of solvents and dust (4 hr)—
considered very low compared to Swedish threshold limit
values.

Methods: Spirometry (volumetric) on Monday after 2 days
unexposed and again at end of shift on second day. Half of
referent employees tested before, and half tested after, shift.
Compared difference from sex, age, and height matched
reference values.

Evaluation:®

Medium confidence (/)

Potential for healthy survivor bias with attenuation in measure
of association. Small sample size in referent.

Pulmonary function before work on Monday
(Mean difference from reference values)

Exposed Referent
(N =38) (N=18)
Difference (SD)  Difference (SD)

FVC(L)  -0.24 (0.64)* 0.03 (0.65)
FEVi(L) -0.21(0.51)**  0.15(0.42)
FEV% -0.7 (6.7) 1.8 (5.3)
FEVas.7s  —0.10 (0.98) 0.31(0.76)
(L/sec)

*p < 0.05; **p < 0.01

Difference from reference values greater among
nonsmokers than smokers.

Reference: Holmstrém and Wilhelmsson (1988)

Cross-sectional study, Sweden.

Population: 3 study groups: 70 individuals (87% male) in
formaldehyde products group (mean age 36.9 years); 100
furniture workers exposed to formaldehyde and wood dust
(93% males, mean age 40.5 years). Comparison group, 36
persons (56% male, mean age 39.9 years), primarily local
government clerks. 100% participation. Mean duration of
employment 10.4 years for exposed and 11.4 years for referent
group.

Exposure: Mean formaldehyde in 1985.

Group 1: mean 0.26 + 0.17 mg/m3, range 0.05-0.5 mg/m?3, Dust
<1 mg/m3.

Group 2: mean 0.25 + 0.05 mg/m?3, range 0.2-0.3 mg/m?, dust
1.65 + 1.06 mg/m?3.

Referent: mean 0.09 mg/m3.

Data on formaldehyde concentrations available 1979-1984 and
from 1 to 2 hours personal sampling in breathing zone at
different workstations in 1985.

Mean annual exposure estimated for each participant from
start of employment; dose-years.

Pulmonary function values compared to
expected by exposure group

FA FA-dust

exposed exposed Referent

(N=70) (N=98) (N=36)
FVC
Observed  4.979° 4.929° 4.539
Expected  5.556 5.593 4,718
FEV%
Observed 80.8 78.3 814
Expected  80.6 79.5 80.7
3paired t-test comparing observed to
expected, p < 0.001.

No correlation of FVC with cumulative
formaldehyde dose or years of service >5 years.
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Other exposures (phenol, ammonia, epichlorhydrin, methanol,
ethanol) <1% of occupational exposure limit.

Methods: Spirometric measures analyzed as percentage of
expected normal based on age, sex, smoking, height, and
weight.

Evaluation:®

Medium confidence ()

Potential for healthy survivor bias with attenuation in measure
of association. Comparison groups selected from different
source populations.

Reference: Levine et al. (1984b)

Cross-sectional study, USA, 1978.

Population: 105 white, male morticians attending postgraduate
course (94% participation).

Exposure: # embalmings.

Exposure index: rank ordering of the total # embalmings;
divided into categories of low and high exposure based on

# bodies embalmed, matched on age (within 3 years).
Methods: Completed self-reported respiratory disease
questionnaire (ATS) and detailed occupational history;
pulmonary function testing (volumetric spirometer) (N = 99),
analysis of 90 with complete data after excluding pipe and cigar
smokers.

Evaluation:®

Medium confidence

Uncertainty regarding assignment of exposure rank.

Change in pulmonary function per unit exposure

rank (N = 90)
Variable Exposure Rank
FVC (L) +0.0003
FEV; (L) -0.0001
FEV1/FVC +0.0019
FEF5-75 (L/s) -0.0016
FEF5-75/FVC -0.0002
Rank FVC/predicted -0.0547
Rank FEV1/predicted +0.0229
FEF,s-75/predicted -0.0676

Coefficients were not statistically significant
(p>0.05).

Multiple regression equations adjusted for age,
height, number of pack-years, and exposure
index.

Comparison of pulmonary function by exposure
group (low, high) in nonsmokers (N = 24); mean

(SE)

Measure Low High
FVC (L) 4.69 (0.22) 4.56 (0.32)
FVC % 100.5 (3.1) 98.9 (3.4)
predicted
FEV1 (L) 3.80(0.22) 3.64 (0.27)
FEV1 % 108.9 (3.3) 105.5 (4.1)
predicted
FEV1/FVC 0.807 (0.02) 0.797 (0.02)
FEFs-75 (L/sec) 4.28 (0.48) 3.88 (0.49)
FEF25-75 % 117.9 (8.8) 110.5 (11.7)

predicted

Groups matched on age, similar in height
Group comparisons, p > 0.05

Reference: Alexandersson et al. (1982)
Cross-sectional study, Sweden.

Comparisons of pre-shift mean pulmonary
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Population: 47 exposed carpentry workers employed at the function (SD)
plant for >1 year and at work on study day (mean age 35 years, Exposed Referent
mean duration 5.9 years) and 20 unexposed employees. No (N = 47) (N = 20)
asthmatics were included. ' ' =V 5.73 (0.14) 6.0(02)
Exposure: TWA concentration, measured using personal
sampling over a working day, 0.47 mg/m3 (range FEV1(L) 4.52(0.12)*  4.86(0.15)
0.05-1.62 mg/m3). FEV% 79.2 (1.0) 80.7 (1.32)
Other exposures: Terpenes: range ND-9 mg/m3; dust (all MMF 4.94 (0.2) 5.08 (0.31)
particle sizes) mean 0.5 mg/m? (range 0.3-0.7 mg/m3). (L/sec)
Methods: Spirometric measurements (volumetric, ATS V% 16.7 (1.07) 17.1(1.5)

methods) Monday morning preshift and after work for exposed.

Pulmonary function was measured in the unexposed in the
morning or the afternoon. Statistical analysis of preshift values
and cross-shift change, two-tailed Student’s t-test. Linear
regression of association with duration of employment.
Evaluation:®

Medium confidence (/)

Potential for healthy survivor bias with attenuation in measure
of association. P-values were reported.

2Difference from reference value, p = 0.08

No association with duration of employment
(quantitative results not presented).

Reference: Schoenberg and Mitchell (1975)

Cross-sectional study, USA.

Population: Employees using formaldehyde-phenol resin in the
filter acrylic wool filter department of a filter manufacturing
plant.

Exposed production line workers and supervisors, N = 63 (94%
of recruited); younger age and cigarette smoking (packs/year)
less among present line group compared to never on-line.
Exposure: Measurements taken by insurance company during
same month; 0.5-1 mg/m?3.

3 breathing zone samples, 10.6-16.3 mg/m3.

Exposure groups

Present line, N = 40

Previous line, N =8

Never-on-line, N = 15

Some in never-on-line had some exposure.

Other exposures:

Phenol, four breathing zone samples, 7-10 mg/m3.

Methods: Standardized questionnaire, pulmonary function
measured before and after shift on Monday and Friday
(pneumotachometer); 5 maneuvers, average of best two used
to calculate values; compared to predicted based on age,
height, and gender.

Evaluation:®

Medium confidence ()

Potential for healthy survivor bias with attenuation in measure of
association. Multiple exposures: formaldehyde, phenol. Phenol
is an irritant but may not be associated with pulmonary
function at these levels. Small sample size.

Monday preshift pulmonary function by
exposure duration (mean, SEM)

1-4
Never <lyear vyears >5years
(N=15) (N=15) (N=10) (N=15)
Fvc? 104.3 103.7 108.8 112.2
(2.9) (2.9) (2.7) (3.8)
FEV,? 98.9 100.7 99.6 97.2
(3.6) (3.1) (3.5) (4.4)
FEV./FV 79.4 79.9 74.1 71.2
C, %° (1.3) (1.4) (2.2) (2.6)°
MEFso%/ 90.3 87.1 73.6 64.0
FVC, % (4.0) (6.1) (8.4) (6.2)¢

apercentage predicted

bStandardized to cigarette consumption of 15
pack-years

Different from never-on-line group (p < 0.05)
dDifferent from never-on-line group (p < 0.005)

Reference: Main and Hogan (1983)

Mean pulmonary function (percentage
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Cross-sectional study, USA. predicted)
Population: 21 exposed individuals working in two mobile Exposed Unexposed
trailers for 34 months (mean age 38 + 9 years, 76% male, 19% (N = 14) (N =17)
nonsmokers).
18 referent individuals who did not work in the trailers (mean ! = 28
age 30 £ 6 years, 50% male, 22% nonsmokers). FvC %4 97
Exposure: Three 1-hour area samples using impingers taken on FEFso 93 90
four occasions (August, September, December, April) always on FEF7s 69 70
a Monday. At least one sample from each office in both trailers. %A FEFsg 55 43

Concentration range 0.12 to 1.6 ppm (0.15-1.97 mg/m?3).?
Methods: Volumetric spirometer, percentage predicted FEV;
and FVC stratified by smoking status (unadjusted group means
compared using t-tests).

Evaluation:®

Low confidence

Comparison groups selected from different sources (possible
unmeasured confounding), ETS in referent; small sample size
(low sensitivity).

Longitudinal studies

Reference: Nunn et al. (1990)

Prospective study at chemical factory manufacturing urea
formaldehyde resin, Duxford, England.

Population: Exposed: 164 workers, aged 25 or older, exposed to
free formaldehyde in 1980; 29% <35 years, 46% current
smokers, 22% employed >22 years; referent: 129 workers from
bonded structures division at same factory in 1980; 39%

<35 years, 45% current smokers, 4% employed >22 years.
Followed over 6 years (1980-1985).

Exposure: Area samples (1-6 hours) periodically, 1979 and
1985, and personal sampling for representative exposed
workers, 1985 to 1987. Exposure prior to 1976 based on
subjective determinations and knowledge of process changes
and industrial hygiene measures. Pre-1979 levels estimated as
low, medium, and high, corresponding to an 8-hour day.

TWA of 0.1-0.5 ppm (0.12-0.62 mg/m?3),® 0.6-2.0 ppm
(0.74-2.46 mg/m?3),° and >2 ppm, respectively.

Other exposures: Records examined for random sample of 20
per group; more exposure to asbestos, carbon and glass fibers,
siliceous fillers, aliphatic amines in referent group; both groups
exposed to phenol and urea formaldehyde resin (not free
formaldehyde).

Methods: Data on FEV; and FVC (volumetric spirometer)
highest of two readings within 5% of each other) obtained from
routine annual health screenings conducted by the same nurse
throughout the study period. Follow-up complete for 76% of
exposed and 74% of unexposed. FEV; values adjusted for height
(FEV1/height®), regressed on time of screening visit for each
worker, adjusted for age in 1980, smoking status in 1980, and at

Decline in FEV; with age by smoking history

(mean slope, mL/year (95% Cl)

Smoking
status Exposed N Unexposed N

Never -45 26 -29 13
(-28,-62) (-7,-51)

Ex- -33 34 -40 31

smoker  (-20, -46) (-26, -54)

Current -46 57 -46 36
(-33,-59) (-32,-61)

Total -42 117 -41 80
(-34,-51) (-32,-50)

Among those lost to follow-up, FEV; was less than
predicted among 75% of 12 exposed and 33% of

27 referent compared to 36% of 117 exposed and
45% of 80 referent followed.
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final assessment, maximum and mean exposure, assessment
level, and total duration of exposure.

Evaluation:®

Medium confidence (J/)

Concern for selection bias: loss to follow-up higher among exposed
with low pulmonary function compared to referent; referent exposed
to other potential irritants.

Reference: Alexandersson and Hedenstierna (1989)
Prospective occupational study, follow-up of Alexandersson et
al. (1982), Sweden.

Population: 47 exposed cabinetry workers and 20 unexposed
workers examined in 1980, 34 exposed and 18 unexposed were
examined again in 1984. Of the 47 originally exposed, 13 had
been reassigned to other unexposed jobs. Average exposure
duration among exposed and transferred workers: 11 years.
Exposure: Personal monitoring during 3 or 4 15-minute periods
during workday.

TWA 0.42 +0.27 mg/m?3in 1980 and 0.50 + 0.12 mg/m3 in 1984.
Other exposures: terpenes ND; respirable dust: mean

0.1+0.2 mg/m3.

Methods: Spirometric measures (volumetric, ATS methods)
compared with reference values for sex, age, height, and
weight. 5-year change corrected for age-dependent change.
Results presented by smoking status.

Evaluation:®

Medium confidence ()

Potential for healthy survivor bias with attenuation in measure
of association; small sample.

Annual change (1980-1984) in exposed, mean
(SD)

Smokers Nonsmokers All
(N =10) (N=11)  (N=21)

FVC -15(24) -10(26)  -12(16)
(mL/year)

FEV, -15(21) -31(20)  -24(20)
(mL/year)

FEV1/FVC -0.1(0.4) -0.4(0.2)* -0.3(0.3)
(%/year)

FEF25-75 -60 (69) -212 (66)* -168 (46)?
(mL/s/year)

V% -0.6(0.3) 0.2(0.4) -0.2(0.3)
(%/year)

3p < 0.001, compared to predicted normal
Pulmonary function was unchanged among
referent group.

Pulmonary function was correlated with
formaldehyde concentration in unadjusted
regression analysis.

Pulmonary function improved after a 4-week
holiday.

Reference: Lofstedt et al. (2011)

Prospective study; follow-up of Lofstedt et al. (2009), Sweden.
Population: One of four foundries opted out of follow-up, plus
39 individuals (14 exposed workers and 25 referents) were lost
to follow-up. 25 of 64 workers from 2009 study involved with
Hot Box method; 55 of 134 referents from 2009 study working
outside core-production and die-casting halls; not exposed to
chemicals. Prevalence of childhood allergy lower in exposed
than in referent in 2005 (4 vs. 31%, p < 0.05); higher prevalence
of nasal symptoms among referent in 2005.

Exposure: Formaldehyde, isocyanic acid, and methyl isocyanate
measurements on same day as spirometry.

Monoisocyanates: Mean of 4 to 5 15-minute samples
Formaldehyde: sampling over entire shift

Individual exposure estimated for 2001 and 2005 (mg/m?3);
levels 50% lower in 2005 (mean, range).

2001 0.098 (0.094) 0.014-0.44

Decreased across shift pulmonary function
reported in 2001 was correlated with decreased
preshift pulmonary function in 2005.
VCr=0.51, FEV r=0.57, p < 0.05

Preshift value and change in pulmonary
function (percentage predicted), 2001-2005

2001 2001-2005
Mean
Mean (SD) (SD) Range

\'/e

Exposed 93.3(12.1) -0.8(4.2) -11.2-6.5
Referent 93.9(10.8) -0.4(3.8) -11.0-5.9
FEV,

Exposed 94.4(11.6) -1.3(5.5) -14.0-8.8
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2005 0.045 (0.043) 0.01-0.19

Correlation low between formaldehyde and either methyl
isocyanate (r =-0.20) or isocyanic acid (r = 0.09); 61% of
exposed were coremakers where formaldehyde levels were
highest and isocyanate levels were lower.

Methods: Pulmonary function by spirometry (volumetric) using
ATS guidelines. Pre- and postshift after 2 days with no exposure.
Percentage predicted using Swedish reference. Regression
analysis of formaldehyde adjusted for MIC, smoking, and
childhood allergy.

Evaluation:?

Low confidence

Limited sample size to detect small changes between 2001 and
2005; concern for survivor bias; coexposure to methyl
isocyanate and isocyanic acid in exposed—unable to

Referent 96.3(11.6) 0.3(5.3) -13.8-10.3

differentiate for comparisons of change from 2001 to 2005.

Across shift change was not different between
exposure groups (data not provided).

No association of formaldehyde with change in
pulmonary function at follow-up in regression
analysis (data not provided).

Within each grouping by study type, organized by study confidence, then descending publication year. Results for low

confidence studies are shaded gray.

2Evaluation of sources of bias or study limitations (see details in Appendix B.3.3).
Direction of anticipated bias indicated by arrows: “{,” for overall confidence indicates anticipated impact would be likely to be
toward the null (i.e., attenuated effect estimate); “I*” for overall confidence indicates anticipated impact would be likely to be

away from the null (i.e., spurious or inflated effect estimate).
bConcentrations reported by authors as ppm or ppb converted to mg/m?3.

Exposure in residences or school

Adults

Results among four studies of residential exposure among adults are difficult to compare

because different methods were used to assess pulmonary function and two of the studies did not
report results quantitatively (Norback et al., 1995; Broder et al., 1988c) (see Table 3-6). A cross-

sectional study of residential formaldehyde exposure in a large, representative sample in Arizona

observed a dose-dependent decline in PEFR among adult smokers at formaldehyde concentrations

between 0.049 and 0.172 mg/m3, but not among the group as a whole (Krzyzanowski et al., 1990).

Another study among elderly nursing home residents observed an elevated risk of low pulmonary

function (defined as values falling in the lower 20% of the distribution) in association with

formaldehyde concentrations above the median level measured in each nursing home (Bentayeb et

al., 2015). The overall median and range of formaldehyde concentrations was 0.007 mg/m3 and

0.001-0.021 mg/m3, respectively, but the concentrations

associated with elevated risks varied

according to the median in each nursing home. Two additional studies that assessed effects of

formaldehyde exposure on pulmonary function in primarily adult residential populations exposed

to concentrations between 0.009 and 0.279 mg/m3 reported no associations, although the

outcomes evaluated by each study were not directly comparable (Norback et al., 1995; Broder et al.,

1988c).
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The study by Krzyzanowski et al. (1990), which used the most thorough exposure-
assessment protocol and included repeated measurements of PEFR (thus enhancing the ability to
detect an association at the lower concentrations found in the homes) was interpreted with high
confidence. The stability of the formaldehyde measurements over the two one-week sampling
periods, some of which were separated by weeks or seasons, was confirmed by the authors

(Quackenboss et al., 1989a; Quackenboss et al., 1989c) and reasonably represents exposures in the

homes during the previous weeks and months (i.e., the etiologically relevant exposure window for
pulmonary function status). Of the residential studies, only Krzyzanowski et al. (1990) examined
effect modification by smoking status. Confidence in the regression results by Norbéack et al. (1995)
is low because most of the measured formaldehyde concentrations were less than the LOD and the
sensitivity of the study was low. Overall, results from the small set of studies suggest that

participants 15 years of age and older did not experience declines in pulmonary function at average

formaldehyde levels less than 0.05 mg/m3 (Krzyzanowski et al., 1990), however, declines may be
experienced at lower concentrations among susceptible individuals (e.g., elderly, smokers)
(Krzyzanowski et al., 1990; Bentayeb et al., 2015).

Table 3-6. Formaldehyde effects on pulmonary function among adults in
residential settings

Study and design Results
Reference: Krzyzanowski et al. (1990);Quackenboss et al. (1989c); Change in PEFR in L/min in relation to indoor
(Quackenboss et al., 1989a) formaldehyde, ages >15 years. (N = 526; 8,463
Cross-sectional study, Arizona, USA. observations); B (SE)
Population: A stratified randon_w sample_ of 202 househol.ds of municipal Formaldehyde (household 0.09 (0.27)
employees, selected based on information about potential exposure (age of mean)
housing) and potential susceptibility obtained from an initial screening : R
guestionnaire. Households with children aged 5-15 years (613 adults and 298 Morning formaldehyde (vs. -5.9(1.1)
children) were eligible for inclusion. bedtime)
Mean age: >15 years old: 37 years, percentage male: 43.4%, percentage white: | Bedroom formaldehyde -0.07 (0.04)®
70.4%, 24.4% current smokers. x morning
Asthma prevalen.ce: >15 years old: 12.9%. . . Morning x smoking -7.4(2.6)
Exposure: Sampling: two one-week samples (a subset in multiple seasons) from Bedroom 0.59 (0.13)¢

each individual’s kitchen, living area, and bedroom using passive sampling

tubes (sensitivity 12 pug/m? for 1 week, 15% accuracy). formaldehyde x morning x smo

Average formaldehyde concentration, 26 ppb [0.032 mg/m3],° maximum 140 king

ppb, [0.172 mg/m3].b Bedroom -0.007
The majority of subjects (83%) lived in homes with 2-week average formaldehyde? x morning (0.001)?
concentrations below 40 ppb [0.049 mg/m3].° x smoking

Methods: Trained subjects measured peak expiratory flow rates (PEFRs) using Constant 491.7 (8.5)

Mini-Wright peak flow meters four times daily, in the morning, at noon, in the
early evening, and before bed, for 2 weeks. The largest of three test results was
recorded for each test period. Evening and morning values were used in

3p < 0.05,°0.05< p < 0.10

analysis. In adults, only the morning PEFR values were
Analysis of PEFR in relation to indoor formaldehyde concentration, random affected by formaldehyde concentrations.
effects model adjusting for asthma status, smoking status, SES, NO;, levels, Smoking status was shown to affect the
episodes of acute respiratory illness, and time of day. Analysis performed relationship between PEFR and formaldehyde
separately for ages younger and older than 15 years. exposure.

Evaluation:?

High confidence
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Study and design

Results

Reference: Bentayeb et al. (2015)

Cross-sectional study, 2009-2011; 7 European countries.

Population: 600 elderly residents (20 randomly selected per home)
permanently living in randomly selected nursing homes (8 per city) in selected
city in seven countries. Exclusion criteria stated (neurological or psychiatric
disorders), 71.8% female, 62.8% >80 years old, 35% active smokers, 13.8%
passive smoking.

Exposure: Measurements in common room; 1-week samples; also measured
particulates, NO,, ozone, temperature, humidity and CO;; range of 1-week
averages 0.001-0.021 mg/m?3, median 0.006 mg/m3; categorical (low and high)
based on median concentration in each nursing home.

Methods: Assessed by same team in all countries; medical visit and
standardized questionnaire (European Community Respiratory Health Survey);
lifetime COPD (ever told by doctor; spirometry (ATS/European Respiratory
Society guidelines), percentage predicted. General estimating equations
analysis, accounting for correlations within nursing homes; adjusted OR (95%
Cl) for risk of values <20% of distribution; stratification by presence of
ventilation.

Evaluation:?

Medium confidence

Confounding by coexposures was not assessed; median concentrations which
defined low and high exposure categories were not reported.

Association of formaldehyde (cutpoint median
in the nursing home) with pulmonary function
< 20% of distribution among elderly nursing
home residents

aOR® 95% CI
FEV, 1.12 0.97-1.28
FvC 1.16 1.06-1.28
FEV1/FVC < 70% 0.46 0.12-1.66

2a0R: adjusted OR

Stratification by poor (n = 436) or adequate
(n = 105) ventilation.

FEV; aOR (95% Cl), 2.65 (1.29, 5.45).

Reference: Broder et al. (1988b, 1988c); Broder et al. (1988a)
Cross-sectional study, February 1983-March 1984, Toronto, Canada.
Population: 1,726 occupants from 517 households with urea formaldehyde
foam insulation (UFFI) identified from registry maintained by Urea
Formaldehyde Foam Insulation Information and Coordination Centre,
Consumer and Corporate Affairs, Canada (50% male, mean age 40 years, 80%
over 16 years, 18% current smokers). 231 referent households (n = 720)
selected at random from streets adjacent to UFFI households (49% male, mean
age 35 years, 20% current smokers). Interviewers and respondents were not
blinded with respect to the focus of the study or the presence of UFFI
insulation.

Exposure: Formaldehyde sampling 5 hours on 2 successive days in central
hallway, all bedrooms and in yard.

Inside: referent 0.035 ppm, range 0.006-0.112 ppm [0.043 mg/m3, range
0.007-0.138 mg/m3].> 90% 0.061; UFFI 0.043 ppm, range 0.007-0.227

[0.053 mg/m3, range 0.009-0.279 mg/m?3],> 90% 0.073 ppm.

Outside: referent 0.005 ppm, UFFI 0.005 ppm.

Carbon dioxide sampled in central hallway and in yard (as indication of
ventilation).

Methods: Questionnaire on symptoms and household characteristics,
spirometry (minimum of three satisfactory tests, recorded largest value).
Testing on ages 10 years and older.

Statistical comparisons by group and within group (multiple linear regression),
adjusted for date of examination, gender, age, race, height, smoking, total
hours spent in house per week.

Evaluation:?

Medium confidence

For within group analyses: Results not presented for formaldehyde.

Between group analysis: Small exposure contrast between exposure groups

Formaldehyde concentration within group was
not associated with pulmonary function in
multiple regression models (quantitative results
not presented).

Between-group comparisons were not
informative for formaldehyde associations
because formaldehyde concentrations were
comparable.

Reference: Norback et al. (1995)

Cross-sectional study, Uppsala, Sweden.

Population: 88 men and women (47 with asthma symptoms and 41 without)
who agreed to participate (57%) from a group of 154 eligible randomly selected

FEV1 mean percentage predicted (SD): 106%
(13%).
PEF mean variability (range): 5% (1-18%).
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Study and design Results
from 488 preliminary subjects from general population of Uppsala in 1990, FEV1 percentage predicted, and PEF variability
aged 20-44 years. Mean duration in homes 6 years (range 0.5-31 years). (during the day) were not associated with
Exposure: Field measurements: October 1991-April 1992. log-transformed formaldehyde concentration
Formaldehyde (one 2-hour sample) and guanine (house dust mites) in the using Kendall’s rank correlation test (data not

bedroom at pillow height. Room temperature, air humidity, VOCs, respirable presented).
dust, and CO; in living room and bedroom.

Formaldehyde mean (range):

29 (<5-110 pg/m3) in homes of those with nocturnal breathlessness.

17 (<5-60 pg/m3) in homes without symptoms.

Formaldehyde and VOCs concentrations were correlated and could not be
evaluated in same regression model (no data presented).

Methods: Structured interview, spirometry (N = 82), blinded to exposure.
FEV; spirometry, percentage predicted, multiple regression model, Kendall’s
rank correlation test.

Evaluation:?

Low confidence

Exposure: Sampling period less than one day. Low sensitivity, most exposed to
concentration <LOQ; study population selected for high prevalence of asthma
symptoms; correlated coexposure: VOCs.

Organized by study confidence, then descending publication year. Results for low confidence studies are shaded gray.

aEvaluation of sources of bias or study limitations (see details in Appendix B.3.3). Direction of anticipated bias indicated by
arrows: “{,” for overall confidence indicates anticipated impact would be likely to be toward the null (i.e., attenuated effect
estimate); “I*” for overall confidence indicates anticipated impact would be likely to be away from the null (i.e., spurious or
inflated effect estimate).

bConcentrations reported by authors as ppm or ppb converted to mg/m?3.

Children
A cross-sectional study of residential formaldehyde exposure in a large (298 children),

population-based sample observed a linear relationship between increased formaldehyde exposure

and lower peak expiratory flow rate (PEFR) averaged over 12 days among children aged 5 to 15

years exposed to average concentrations of 0.032 mg/m3 (26 ppb) (Krzyzanowski et al., 1990).
Earlier reports showing preliminary results provided details about the methods used to sample
formaldehyde concentrations and the stability of one-week averages separated in time.
Formaldehyde concentrations measured during consecutive one-week sampling periods were
compared to one-week averages separated by one or more weeks, including different seasons, in a
subset of households Quackenboss et al. (1989c); (Quackenboss et al., 1989a). While correlation
between the consecutive averages was higher than averages separated in time (consecutive weeks

correlation coefficient = 0.9, R2 = 0.85; separated weeks R = 0.69, n=16), week to week differences
were not statistically significantly different from zero indicating stability over time. These data
support the conclusion that the average of two-week measurements represented stable
formaldehyde levels present in the households over an extended period during the previous weeks

and months (i.e., the etiologically relevant period for this outcome)(Krzyzanowski et al., 1990).

Since no trend was observed in the PEFR values over the 12 days of measurements, the 12-
day average of PEFR in an individual was concluded to represent the current average pulmonary
function for the children at the time of the study and the association with formaldehyde

concentrations averaged over two one-week sampling periods was judged to indicate a "persistent”
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effect of formaldehyde exposure. As presented in Figure 3-6, the investigators reported a
statistically significant decrease of -1.28 + 0.46 L/minute in PEFR per ppb household mean
formaldehyde. The figure shows the incremental decrement in PEFR measured at bedtime versus
morning and shows differences in the morning among asthmatics and nonasthmatics. Asthmatic
children (15.8% of the total) showed a steeper decline in PEFR in the morning at formaldehyde
concentrations less than 0.049 mg/m3 (40 ppb). The analysis of multiple PEFR measurements
resulted in an increased statistical power to detect an association at the lower formaldehyde levels
present in the homes. Environmental tobacco smoke and NO; exposure, as well as socioeconomic
status, were not confounders of the association between formaldehyde exposure and PEFR in the
children.
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Figure 3-6. Association of PEFR measured at bedtime and in the morning with
household mean formaldehyde concentration among children less than
15 years of age (KrzyzanowskKi et al., 1990).

Reproduced with permission.

Two other studies among children evaluated exposure to formaldehyde at home (Franklin

etal.,, 2000) and at school (Wallner et al., 2012). The range of formaldehyde concentrations was

similar to those in the homes evaluated by Krzyzanowski et al. (1990). While no associations were
reported for FVC or FEV; by either of the two studies that evaluated these measures (Wallner et al.
2012; Franklin et al., 2000), Wallner et al. (2012) also measured maximal expiratory flow at 50 or

75% of FVC (MEFso and MEF75) and observed an approximate 3% decrease per standard deviation
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increase in formaldehyde concentration measured in elementary school classrooms. Several
pollutants were evaluated by this study, and a few also were associated with MEF7s. These
pollutants, benzylbutylphthalate and polybrominated diphenylether congeners, both measured in
dust, would be expected to originate from different sources than formaldehyde, and therefore, were
not likely to be highly correlated with formaldehyde in air. The exposure contrast in the homes
evaluated by Franklin et al. (2000) was relatively small, limiting the ability of the study to detect an
association with formaldehyde. The interquartile range was 0.011-0.035 mg/m3, and
concentrations between 0.062 and 0.107 mg/m3, the range in the higher exposure group, were
found only in 10 homes.

The studies of formaldehyde exposure in homes and schools are limited in their sensitivity
to detect a small reduction in pulmonary function associated with formaldehyde exposure at
concentrations below 0.1 mg/m3 (see Table 3-7). However, a methodologically robust (high
confidence) study reported an association with lower average peak expiratory flow rate (PEFR)
measured multiple times per day over a 12-day period in this concentration range (Krzyzanowski

etal.,, 1990). These findings are supported by lower levels of MEFs5, and MEF75 (but not other

measures) in association with increasing formaldehyde concentration in a separate medium
confidence study (Wallner et al., 2012).

Table 3-7. Formaldehyde effects on pulmonary function among children in
residential or school settings

Study and design Results
Reference: Krzyzanowski et al. (1990); Quackenboss et al. (1989c); Change in PEFR (L/min) in relation to indoor
Quackenboss et al. (1989a) formaldehyde, random effects longitudinal
Cross-sectional study, Arizona. model, ages <15 (N = 208; 3,021
Population: A stratified random sample of 202 households of observations)
municipal employees, selected based on information about Factor b (SE)
potential exposure (age of housing) and potential susceptibility Formaldehyde (household ~ -1.28 (0.46)°
obtained from an initial screening questionnaire. Households with mean, ppb)
children aged 5-15 years (613 adults and 298 children) were eligible | \Morning formaldehyde -6.1(3.0)°
for inclusion. (vs. bedtime)
Mean age: <15: 9.3 years, percentage male: <15: 50.2%, percentage | Bedroom formaldehyde 0.09 (0.15)
white: <15: 67.3%, Asthma prevalence: <15: 15.8%. *morning
Exposure: Sampling: two 1-week samples (a subset in multiple Bedroom formaldehyde 0.0031
seasons) from each individual’s kitchen, living area, and bedroom squared *morning (0.0015)3
using passive sampling tubes (sensitivity 12 pg/m? for 1 week). Morning*asthma 4.59 (9.60)
Average concentration, 26 ppb [0.032 mg/m?3],> maximum 140 ppb, | Bedroom -1.45 (0.53)?
(0.172 mg/m?).° formaldehyde*morning*
The majority of subjects (83%) lived in homes with 2-week average asthma
concentrations below 40 ppb (0.049 mg/m?).” Bedroom formaldehyde 0.031 (0.006)?
Methods: Trained subjects measured peak expiratory flow rates squared *morning*asthma
(PEFRs) using Mini-Wright peak flow meters four times daily, in the | constant 349.6 (13.2)
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Study and design

Results

morning, at noon, in the early evening, and before bed, for 2 weeks.
The largest of three test results was recorded for each daily test
period (e.g., morning, bedtime). Evening and morning values were
used in analysis.

Analysis of PEFR in relation to indoor formaldehyde concentration,
random effects longitudinal model including morning and bedtime
formaldehyde concentration, adjusting for asthma status, smoking
status, environmental tobacco smoke, socioeconomic status, NO,
levels, episodes of acute respiratory iliness, and time of day.
Analysis performed separately for ages younger and older than

15 years.

Evaluation:®

High confidence

2p < 0.05,°0.05<p<0.10
PEFR decreased in children as formaldehyde
concentrations increased with a difference

noted between the measurements taken in the

morning vs. bedtime. The morning PEFR was
further decreased in children with asthma.

Reference: Wallner et al. (2012)
Cross-sectional study; Austria.

Population: 433 children (aged 6-10 years) with spirometry of 596
eligible (72.7%) in two classrooms each at 9 of 19 schools that
volunteered to participate in study (50% male). 53% of the children
were exposed to environmental tobacco smoke at home.
Exposure: Pollutant measurements for 252 agents: 2 samples in
each classroom, 1 per season (autumn, spring).

Formaldehyde: 24-hour sampling period, all values > LOQ

34 chemicals selected for statistical analysis were those with
substantial variation across schools based on an arbitrarily selected
criterion (ratio of between-school variance to the pooled within-
school variance >4).

Methods: Questionnaire completed by parents, spirometry
assessed at school between 8:30 am and 12:30 pm by trained
technician, ATS protocol except 6-second minimum exhalation time
(not feasible in children). Values expressed as percentage of
reference based on age, gender, height, and weight. Regression of
log-transformed values on mean concentration of chemical
adjusted for education and occupation of parents, urban/rural
residence, and # smokers at home. No adjustment of statistical
significance criterion for multiple comparisons (exploratory).
Evaluation:®

Medium confidence

No adjustment for coexposures in classroom that were also
associated with pulmonary function, but correlation not
anticipated.

Percentage change in pulmonary function
(95% Cl) per 1 SD change in formaldehyde
concentration

% Change 95% Cl
Fvce -0.94 -3.29,1.35
FEV,? -2.16 -4.80, 0.41
MEF;s°  -3.31 -6.6, -0.08
MEFso -2.60 -4.31,-0.91

aAssociations with ethylbenzene, m-,
p-xylene, and o-xylene in air, tris
(1,3-dichlor-2-propyl)-phosphate in
particulate matter, and
benzylbutylphthalate (FEV; only) and
polybrominated diphenylether congeners
in dust were statistically significant.
PAssociations with benzylbutylphthalate
and polybrominated diphenylether
congeners in dust also were statistically
significant.

Reference: Franklin et al. (2000)
Cross-sectional study, Australia.

Mean pulmonary function (SD) by
exposure group?

<50 ppb >50 ppb
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Study and design Results

Population: 224 healthy children (116 girls, 108 boys) with no FVC (L) 2.21(0.55) 2.18(0.46)
current or history of upper or lower respiratory tract disease based Percentage 99.1(10.2) 101.4(7.3)
on responses to respiratory health questionnaire and household predicted

inventory distributed through local primary schools. FEV, 1.89 (0.46) 1.83(0.24)
Age provided by author: <50 ppb, 9.5 years (SD 1.6); 250 ppb, Percentage 96.3(11.1) 97.2(5.4)
9.2 years (SD 1.9). predicted

Exposure: 3 to 4-day passive samples collected in the child’s FEV/FVC (%) 89.1(9.2) 93.1(11.3)

bedroom and the main living area of the house, average of both
rooms; 214 homes.

TWA categorized into two groups: <50 ppb (0.062 mg/m?3)° and =50
ppb (10 homes).

Additional information from author:

Mean (SD): 20.1 ppb (15.6) (0.025 mg/m3)?; range ND-86.6 ppb
(ND-0.107 mg/m?3)®.

Median (IQR): 15.6 ppb (0.019 mg/m3)? (range 9.2-28.1)
(0.011-0.035 mg/m3).

Methods: Clinical respiratory measures obtained at children’s
hospital. Measured spirometry (ATS guidelines), exhaled nitric oxide
(eNO), and skin prick tests for seven common allergens.
Evaluation:®

Medium confidence

Limited exposure contrast; few subjects in high exposure group.

2Not reported; data provided to EPA by
author; percentage predicted based on
age, sex, and height.

eNO levels by exposure category

HCHO (ppb) eNO (ppb) Range
250 15.5 10.5-22.9
<50 8.7° 7.9-9.6

2p = 0.002, linear regression adjusted for
age, atopic status.

Organized by study confidence, then descending publication year.

2Evaluation of sources of bias or study limitations (see details in Appendix B.3.3).

Direction of anticipated bias indicated by arrows: “{,” for overall confidence indicates anticipated impact would be likely to be
toward the null (i.e., attenuated effect estimate); “” for overall confidence indicates anticipated impact would be likely to be

away from the null (i.e., spurious or inflated effect estimate).
bConcentrations reported by authors as ppm or ppb converted to mg/m?3.
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Panel studies of changes in pulmonary function among anatomy/pathology students

Three panel studies examined pulmonary function changes over the course of 10 weeks,

12 weeks, and 7 months among anatomy students exposed to formaldehyde, with average

concentrations ranging from 0.12 to 6.2 mg/m3 intermittently [once or twice a week: (Uba et al.
1989; Kriebel et al., 1993; Kriebel et al., 2001); see Table 3-8]. The primary source of formaldehyde

exposure in the laboratory air was formalin, a preservative composed of a mixture of formaldehyde

(37%) and methanol (14%). Methanol is not expected to be associated with pulmonary function
deficits and would not be a strong confounder in these studies (U.S. EPA, 2013). One study that

measured pulmonary function using spirometry did not observe statistically significant declines

over 7 months (Uba et al., 1989). Two studies by the same research group using repeated peak
expiratory flow measures taken by students trained in the procedure at multiple points during the
lab sessions suggested a dose-dependent average decline in PEF over 2 to several weeks related to

concentration averaged over the entire duration, as well as reductions during dissections (Kriebel

etal., 1993; Kriebel et al., 2001). Cumulative exposure (ppm-minutes) summed over all previous
weeks was not a significant predictor of changes in pulmonary function. The measurement of
multiple measures of PEF per student in the studies by (Kriebel et al., 1993; Kriebel et al., 2001)

increased the precision of the mean value and, consequently, the statistical power to detect a

significant change. Evidence from these panel studies provides support that formaldehyde
exposure during anatomy labs results in pulmonary function declines over several weeks duration,
although interpretation of the analyses by both Kriebel et al. and Uba et al. is complicated by the
consideration that class attendance as well as formaldehyde concentrations decreased over the
semester in the studies (Uba et al., 1989; Kriebel et al., 2001).

Table 3-8. Formaldehyde effects on pulmonary function in panel studies
among anatomy or pathology students

Study and design Results
Reference: Uba et al. (1989)
Panel study, California Pulmonary function by test day
Population: 96 medical students (72.5% participation) during a (mean £ SD) (N = 96)
7-month anatomy class meeting twice a week for 4 hours. Mean Before
age: 24.3 years, 88% white, 73.8% male, nonsmokers, exposure  FVC (L) 5.246 £ 1.025
12 asthmatics. (Day 1) FEV1 (L) 4.379 £0.846
Exposure: Personal sampling monitors (impingers) in the FEF25-75
breathing zone, 32 samples during different class periods in 7- (L/sec) 4.492 +1.216
month period. Short-term samples (N = 16) for peak FEV1/FVC 0.835
concentrations during dissection. 2 Weeks  FVC(L) 5.277 £1.027
Range of TWA formaldehyde: below LOD (0.05 ppm) to FEV: (L) 4.409 £ 0.824
0.93 ppm (0.06 to 1.14 mg/m?3)? FEF2s5-75
Monthly averages in September, October, and May: 0.6, 0.8, (L/sec) 4.484 +1.151
and 0.1 ppm (0.74, 0.98, and 0.12 mg/m3),? respectively. FEV:/FVC 0.836
Peak concentrations: During dissection: mean 1.9 ppm 7 months  FVC (L) 5.308 + 1.027
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(2.3 mg/m3)? range 0.1 to 5.0 ppm (0.12 to 6.1 mg/m3),?
observing dissection: mean 1.2 ppm (1.5 mg/m?3)? range 0.2 to
2.0 ppm (0.25 to 2.5 mg/m3)?

Methods: Pre- (noon) and postlab spirometric measures (ATS
methods) taken before the class began, after the first 2 weeks,
and after 7 months.

Analyzed using repeated measures ANOVA, adjusted for sex.
Evaluation:®

High confidence

FEV: (L) 4399 +0.823
FEF25-75

(L/sec) 4392 +1.198
FEV1/FVC 0.829

Reference: Kriebel et al. (2001) Panel study, USA
Population: 51 gross anatomy students (out of 54 total) during a

12-week class meeting once per week for 2.5 hours. Mean age:
24.9 years, 23.7% male, two current smokers, four with history
of asthma.

Exposure: Continuous monitoring in six homogenous sampling
zones (LOD = 0.05 ppm). 12-minute work-zone concentrations
calculated per student using sampling data and recorded work
locations.

Geometric mean concentration: 0.7 ppm (0.9 mg/m3)? (GSD:
2.13 ppm). Peak 12-min concentration: 10.91 ppm

(13.4 mg/m3).2

Average concentration: 1.1 ppm (1.35 mg/m?3)? (SD = 0.56 ppm).
Concentrations decreased over 12-week semester.

Methods: Spirometry (FEV,, FVC) using ATS criteria before 1st
exposure and during 10th week. Pre- and post-lab PEF
measurements obtained for at least 1 week for 38 students. PEF
as fraction of value before 1st lab session; individual pre-lab and
cross-lab change data analyzed together in relation to recent,
average, and cumulative formaldehyde in single generalized
estimating equations model. Generalized estimating equations
regression adjusted for cold on lab day.

Evaluation:?

Medium confidence ({/)

Attrition and declining concentration over course—bias to
healthy individuals and toward null

Exposure metrics: Recent exposure = mean
concentration during 2.5-hour lab;
cumulative exposure = ppm-minutes for all
previous weeks;

past average exposure: Cumulative exposure
divided by total number of minutes of
exposure.

PEF as fraction of baseline (before 1st
lab) (L/s per ppm)

R (SE) p-value
Recent exposure  —1,05(0.33) 0.002
Recent exposure 0.69 (0.24) 0.004
*In(week)
Past average -0.52 (0.30) 0.08
exposure
Cold on lab day -1.67 (0.41) 0.001

No association with cumulative exposure.
Pulmonary function among asthmatics not
different.

Reference: Kriebel et al. (1993) Panel study, USA
Population: 24 clinical anatomy students (out of 25 total) during

a 10-week anatomy class meeting once a week for 3 hours.
Mean age 26, 42% male, 1 current smoker, five reported history
of asthma.

Exposure: Personal samples in the breathing zone, 1-1.5 hours
sampling periods.

Formaldehyde concentration geometric mean: 0.73 ppm

(0.9 mg/m?3),2 GSD 1.22; range: 0.49-0.93 ppm

(0.6-1.14 mg/m?3); 8 samples. No trend in concentrations over
semester.

PEF (L/min) during course (mean * SD)

(n=20)
Weeks 1-2 PEF (L/min) 538.9 (86.9)
Weeks PEF (L/min) 529.4 (88.4)
9-10°
Weeks PEF (L/min) 536.6 (86.2)
24-25

2End of course.

Decrement over 10-week course,
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Pentachlorophenol: ND (LOD = 83 pg/m3). B =-2.7 £ 1.1 L/min per week; p = 0.01,
Methods: PEF measured by trained students pre- and postlab Model included asthma, asthma x week,
and 1-3 times during lab using Mini-Wright peak flowmeters. eye symptoms, nose symptoms.

Mean absolute value (SD) pre- and cross-lab change in
pulmonary function analyzed in separate models using
multivariate linear models, including asthma, asthma x week,
eye and nose or throat symptoms.

Evaluation:®

Medium confidence

Limited sample size

Organized by study confidence, then descending publication year.

2Evaluation of sources of bias or study limitations (see details in Appendix B.3.3). Direction of anticipated bias indicated by
arrows: “{,” for overall confidence indicates anticipated impact would be likely to be toward the null (i.e., attenuated effect
estimate); “” for overall confidence indicates anticipated impact would be likely to be away from the null (i.e., spurious or
inflated effect estimate).

Summary of Human Evidence Synthesis Judgments on Pulmonary Function

The following factors, in particular the observed dose-dependence, were influential to the synthesis

judgment that the human studies of long-term (months to years) formaldehyde exposure provide

moderate evidence of formaldehyde exposure-induced decrements in pulmonary function.

Consistency and Study Confidence: The majority of the numerous high and medium
confidence studies reported consistent decrements in pulmonary function in relation to
formaldehyde exposure; in different settings including occupational, residential and
anatomy labs. Associations with pulmonary function deficits were found in occupational
studies with longitudinal designs as well as cross-sectional analyses. Although one panel
study among anatomy students did not report declines related to formaldehyde exposure,
evidence from two panel studies conducted by one investigator group provides support that
formaldehyde exposure during anatomy labs results in pulmonary function declines over
several weeks duration.

There was less consistency across studies for deficits in individual measures of pulmonary
function (e.g., FEVy, FVC or FEF25.75).

Dose-Response: Demonstrated exposure-response trends were observed in four high or
medium confidence studies. In addition, well-conducted studies of individuals likely to be
more susceptible to these effects (e.g., children; persons with asthma, elderly) showed that
these effects occurred in these persons at lower formaldehyde levels (<0.05 mg/m3) in
analyses that ruled out confounding by smoking status, environmental tobacco smoke and
NO; exposure.

Strength and Precision: Decrements in FEV;, FVC or FEF25.75 of 3% or greater were reported
by several studies, although many analyses were imprecise which reduces certainty to a
limited extent.
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In addition to the judgment above, a general inference can be drawn based on the human studies.
Specifically, children and individuals with compromised respiratory health are likely to be more

sensitive to the effects of formaldehyde inhalation on pulmonary function.

Animal Studies

Summary of Animal Evidence Synthesis Judgments

Animal studies of apical pulmonary function endpoints were not formally evaluated (see Section
2.2.3). However, the mode of action information (discussed below) describing how formaldehyde
inhalation might result in decrements in pulmonary function is primarily based on experimental
studies in animals, which supports the biological plausibility of such effects and, by itself, is

interpreted to provide slight animal evidence for effects on pulmonary function.

Evidence on Mode of Action

Although an MOA for formaldehyde-related effects on pulmonary function remains
incompletely defined, it is likely that it involves the indirect activation of sensory nerve endings in
the lower respiratory tract (LRT), increases in airway eosinophils, or both (see Figure 3-7).
Moderate evidence exists for the mechanistic changes that could be directly related to decrements
in pulmonary function (e.g., inflammatory changes in airway structure), and moderate or robust
evidence supports the linkages between events in this pathway. However, the initial cellular or
tissue modifications that ultimately lead to these later events are not completely understood and
given the limitations of the available studies (see Appendix B.3.6), it is unclear whether certain
events would be triggered at low-exposure levels. It is also possible that structural and functional
changes in the upper respiratory tract (URT) might contribute to decreased pulmonary function;
however, these possibilities are considered unlikely to be significant drivers of these effects (see
additional discussion below). Overall, the airway inflammatory changes in the LRT, which may be at
least partially related to indirect activation of sensory nerve endings, is judged as likely to be an
incomplete mechanism by which formaldehyde inhalation could cause decreased pulmonary
function. As the mechanistic event(s) critical to understanding the observed relationship remain
unknown, including how sensory nerve endings in the LRT might be stimulated without
distribution of inhaled formaldehyde to the LRT, it is expected that important insights would be
gained from additional studies, particularly those testing longer exposure durations. Although
much of the mechanistic support is from studies in experimental animals, it is expected that related
mechanisms are operant in exposed humans and could contribute to the consistent decrements in
pulmonary function observed in the available epidemiology studies. Variation in sensitivity is likely
to be affected by underlying respiratory health status and the exposure history of the individuals,

including exposure to known allergens.
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Figure 3-7. Possible mechanistic associations between formaldehyde
exposure and decreased pulmonary function.

An evaluation of the formaldehyde exposure-specific mechanistic evidence informing the potential for
formaldehyde exposure to cause respiratory health effects (see Table 3-9 and Appendix C.7) identified
these sequences of mechanistic events as those most directly relevant to interpreting effects on
pulmonary function. Evidence of airway inflammatory changes, including eosinophil, is considered as
likely to represent an incomplete mechanism by which formaldehyde inhalation could cause decreased
pulmonary function, although whether certain events occur at lower exposure levels is unclear, and other
unexplored mechanistic events are expected to contribute. URT modifications, primarily structural
changes (bottom pathway), may also contribute; however, this is not interpreted as likely to be a
significant contributing mechanism.

The most plausible support for a mechanism(s) that explains the observed decreases in

pulmonary function includes evidence of increased airway eosinophils and other immunogenic

changes that could be attributed to sensory nerve activation in the LRT (presumably, the vagus

nerve) of exposed rodents, although the potential involvement of LRT sensory nerve stimulation is

poorly studied (i.e., slight evidence). It is expected that LRT sensory nerve activation would be

reliant on a secondary response to TRP channel-activating stimuli increased in the LRT via indirect

mechanisms, such as increased LRT oxidative stress or inflammatory mediators, or both, released

from activated immune cells. This response is unlikely to result from direct stimulation of the nerve

by inhaled formaldehyde or in response to cellular damage, as inhaled formaldehyde is unlikely to

reach the LRT in appreciable amounts and overt epithelial damage in the LRT is not supported by

the available evidence (see Appendix A.5.6). While it might also be explained by a central
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trigeminal-to-vagal neural reflex response to irritation of the URT (i.e., a “nasobronchial” reflex!7),
the existence of this reflex in humans is debated and a clear scientific consensus does not exist
(Togias, 1999, 2004; Sahin-Yilmaz and Naclerio, 2011; Giavina-Bianchi et al., 2016).

Stimulation of sensory nerve endings can cause a localized release of neuropeptides.

Accordingly, moderate evidence supports that formaldehyde exposure results in increased LRT
neuropeptides, including substance P, typically at formaldehyde concentrations 22.5 mg/m3, with
coherent moderate evidence for rapid activation of the primary receptor for substance P, the
neurokinin (NK1) receptor, after acute exposure to higher formaldehyde levels. Further, the
activation of the substance P pathway has been experimentally linked to formaldehyde-induced
leakage of the LRT microvasculature. Airway edema and related inflammatory structural changes
(i.e., in airway bronchi), which have been reported in experimental animals following short-term
formaldehyde exposures ranging from >0.3 to >3 mg/m3 and which appear to be exacerbated by
prior allergen exposure, may represent consequences of increased microvascular leakage and
inflammation (see below). To date, potential experimental linkages between these structural
changes and sensory nerve stimulation or substance P signaling have not been studied after
formaldehyde exposure. Similarly, while these changes could lead to an increased permeability to
bronchoconstrictors such as histamine, and while substance P itself can increase the
responsiveness of airway smooth muscle, these endpoints were generally unexamined in the
available studies. Any or all of these immunogenic changes could plausibly contribute to airway
narrowing or obstruction and affect pulmonary function, although airway obstruction would
generally be expected to require much higher exposure levels or effects that cumulate over an
extended period of time. Importantly, however, the majority of the evidence available to inform
these immunogenic changes is from studies of short-term exposure.

Substance P and NK1R signaling has been implicated in establishing the successful
recruitment and adhesion of eosinophils to inflamed airways, and it can promote immune cell
survival and activation through the release of cytokines and chemokines (Mashaghi et al., 2016).
Moderate evidence for an association between formaldehyde exposure and increases in LRT
eosinophils was identified, including amplification of the response of these cells in rodents
previously exposed to allergens. Considering the evidence in the respiratory tract, a generalized
increase in airway eosinophils after formaldehyde exposure is supported by robust evidence.
Increased airway eosinophils have been reported following exposure of laboratory rodents for
several weeks at effective concentrations above 0.5 mg/ms3, with increases generally not being
observed following acute exposure. Recruitment of eosinophils to the airways might be related to
the moderate evidence for LRT markers of oxidative stress, as eosinophils can release toxic

mediators, including lipid-active factors and reactive oxygen species (again noting that it is

Note: neural reflexes involving afferent and efferent activity of the vagus nerve (e.g., across different LRT
regions), some of which may involve C fibers and TRP channels, are better established (Mazzone and Undem,
2016).
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considered more likely that any oxidative stress increases would result from changes in
inflammatory factors and immune cells in the LRT, rather than LRT epithelial damage). However,
the activation characteristics of the recruited airway eosinophils, including factors released, have
not been defined, preventing a more complete understanding of whether and how these cells might
decrease pulmonary function in these contexts.

As noted above, modifications to the URT respiratory epithelium could also result in
changes that might indirectly affect pulmonary function. Such modifications include potential
effects on immunological functions, such as an altered release of secreted factors from damaged
epithelial cells, or effects on structural functions (e.g., modified clearance or barrier processes due
to dysfunction of the mucociliary apparatus or cell type transitions or narrowing of upper airways
due to inflammation or proliferation). If increased URT cytokines or other soluble mediators were
to reach the LRT, they could contribute to decreased pulmonary function through airway
hyperreactivity or hypersensitivity to challenges such as allergen exposure (Hulsmann and
Dejongste, 1996). However, it is expected that most immune factors released from URT respiratory
epithelial cells are tightly controlled and locally acting, and that modest increases would be unlikely
to have significant effects on the lower airways and lungs. Similarly, it is reasonable to presume that
physical modifications to the URT would need to be severe to cause a noticeable change in function,
which would not be expected with typical exposure scenarios. Direct, formaldehyde-specific
examinations of any such associations between the robust evidence for structural URT changes and
LRT effects were not identified, further limiting the interpretation of this potential association.

While evidence for some events at low formaldehyde levels (e.g., <1 mg/m3) exists, some of
the more convincing associations have only been tested at high formaldehyde concentrations.
Additionally, the supporting mechanistic evidence is generally from studies of short-term (i.e., days
to weeks) exposure. Therefore, the relevance and sensitivity of the proposed mechanistic pathways
to chronic, low-level exposure scenarios is uncertain. It is also presumed that several important
mechanistic events are currently unidentified. In particular, the initial effects of formaldehyde
exposure that lead to the LRT changes remain undefined, although speculative, untested scenarios
explaining the associations can be hypothesized based on the data available. Similarly, no
explanation exists for the observed exaggerated effects on some mechanistic events following prior
allergen exposure. Overall, however, although a definitive MOA has not been fully identified, several
contributing mechanistic events interpreted with moderate or robust evidence appear to impact
pulmonary function and, taken together, these data provide support for the biological plausibility of

formaldehyde exposure-induced decreases in pulmonary function (see Table 3-9).
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Table 3-9. Mechanistic evidence most informative to the occurrence of
decreased pulmonary function after formaldehyde inhalation

Endpoint Endpoint-specific findings and confidence Summary of evidence | Conclusion
Modifications in the nose and upper airways
Modification Human: No direct evidence [note: binding of formaldehyde | Consistent with its known Robust
of biological to albumin and other soluble proteins in human mucus has | chemistry, formaldehyde
macro- been demonstrated in vitro, e.g., (Bogdanffy et al., 1987)]; can modify cellular
molecules hemoglobin adducts are observable after months-to-years macromolecules, including
(see exposure at ~0.2 mg/m3(Bono et al., 2012). DNA, and interact with
Appendix C.1 § | Animal: Multiple animal studies testing various exposure soluble factors such as
and C.3 on S | durations demonstrate that inhaled formaldehyde can bind | @lPumin and glutathione,
ADME and % and modify biological macromolecules, which is consistent | after exposure to low levels
Genotoxicity < | with the known biological reactivity of formaldehyde; (e.g., <0.5 mg/m?) across a
for additional ':lg:] evidence includes increased DNA-protein crosslinks (DPXs), | Wide range of exposure
detail) hydroxymethyl (hm) DNA adducts, and reactions with durations.
glutathione [e.g., increased DPXs are observed at
>0.37 mg/m3(Casanova et al., 1989)]; and hmDNA adducts
and protein adducts are observed at 20.86 mg/m3 (Lu et al.,
2010a; Lu et al., 2011; Edrissi et al., 2013b).
E N/A: Sufficient information for ‘robust’ from high or medium confidence studies.
Impaired Human: Decreased mucus flow at 0.3 mg/m? after acute Decreased mucus flow and Robust
mucociliary exposure and pathological changes in mucociliary clearance | ciliary beat, and impaired
function in workers at mean exposed levels of 0.25-0.26 mg/m? after | clearance, in humans and
chronic exposure (Holmstrom and Wilhelmsson, 1988; rats at 20.25 and
(see § Andersen and Molhave, 1983). >2.5 mg/m3, respectively
Appendix C.7 | S | Animal: Mucociliary function was generally unaffected at (observed across exposure
for additional % <0.57 mg/m? after short-term exposure, with minor changes | durations), eventually
detail and g noted at the next exposure level, around 2.5 mg/m3; robust leading to cilia loss.
discussion) ':? changes were observed at the next highest concentrations
tested, >7.27 mg/m?3 after acute or short-term exposure;
there was a general lack of recovery with longer exposure
duration (e.g., (Morgan et al., 1986a; Morgan et al., 1986¢;
Monticello et al., 1989); see Appendix C.7 and B.3.6).
Human: Increases in ciliary activity at 1.23 mg/m?3 in
dissociated human nasal epithelial cells (Wang et al., 2014b), Suggestive of decreased
with decreased ciliary beating frequency in human epithelial ciliary beat and ciliastasis at
cells at 23.46 mg/m?3 (Wang et al., 2014b; Schafer et al., 25 mg/m? in humans and
1999): in vitro, acute exposure. alilriels v ses
2 exposure, and ciliary
S [Animal: Ciliastasis and mucostasis after acute exposure in damage at 20.5 mg/m? with
vitro (Morgan et al., 1984): frog palates at 25.36 mg/m?3 (with S T eI
early activity increases, even at 1.69 mg/m?3); structural cilia usually preceded by initial
changes were also observed (Monteiro-Riviere and Popp, effects including slight
1986): short-term exposure at 0.5 mg/m?; and (Abreu et al., Tnraees b mrnn
2016): acute exposure at 0.25, but not 1.2-3.7 mg/m?3.
Structural = Human: Membrane hypertrophy, atrophy, rhinitis (Lyapina Mucus membrane damage Moderate
change in URT | I |etal.,, 2004): chronic (years) exposure at 0.87 mg/m3. and swelling in humans at (particularly
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Endpoint Endpoint-specific findings and confidence Summary of evidence | Conclusion
mucus Animal: None 0.87 mg/m?3 with chronic in persons
membrane or exposure. with nasal
nasal Human: Data suggest increased mucosal swelling, nasal damage)
obstruction obstruction or rhinitis in workers by (Holmstrém and

Wilhelmsson, 1988): chronic exposure at 0.26 mg/m3, and Observations at
(Norback et al., 2000): short-term exposure at <0.26 mg/m? in humans or
<0.016 mg/m?3, which did not increase in severity with longer at >3.5 mg/m?in rats
% exposure; increased mucosal swelling was also noted in support data from the
- symptomatic nasal distress patients, but not healthy controls el e e S 208
(Falk et al., 1994): acute (2-hr) exposure at >0.073 mg/m?3. suggest increased acute
vulnerability of people with
Animal: Rhinitis and necrosis in rats after acute or short-term alprior nasal condition.
exposure, generally at 3.5 mg/m?3 (see Appendix C.6 and
c.7).
URT epithelial Human: Indirect data indicating epithelial damage, including | Duration-dependent Robust
damage or loss of ciliated cells, in occupational studies at 0.1 to epithelial damage, typically
dysfunction >2 mg/m?3 (Holmstrém and Wilhelmsson, 1988; Holmstrom at >2.5 mg/m3in
(see et al., 1989c¢; Edling et al., 1987a, 1988; Ballarin et al., 1992), |subchronic or chronic rat
Section 3.2.4 with some equivocal findings (Boysen et al., 1990); however, |studies, and with
for additional these histopathological symptom scores included supportive indirect findings
detail) g | hyperplasia and metaplasia, which complicate from human studies at
% interpretation. 0.1-0.2 mg/m3, generally
% Animal: Increased epithelial damage and related nasal correlates with inhibited
% lesions [e.g., (Andersen et al., 2010)]: duration dependent, | Mucociliary activity.
T |typically 22.46 mg/m3 in subchronic and chronic studies,
with general correlation with inhibited mucociliary activity;
goblet cell loss noted in monkeys (Monticello et al., 1989):
short-term (1 week) exposure at 7.38 mg/m?3; indirect
evidence mRNA or miRNA changes associated with apoptosis
(Rager et al., 2013; Rager et al., 2014): short-term (2-d in
macques or 28-d in rats) exposure at >2.46 mg/m?3.
Human: None Studies suggest that nasal
Animal: Goblet cell damage and decreased junctional epithelial damage is
proteins between epithelial cells in rats (Arican et al., 2009): | Increased, even in
subchronic (12-week) exposure at 18.5 mg/m?3; mRNA short-term studies, at
§ changes in DNA repair genes in rats (Andersen et al., 2010): | 22-3 mg/m?.
short-term (1-week) exposure, but not longer (4- to 13-
week) durations at >12.3 mg/m?3; rhinitis and necrosis in rats
after acute or short-term (1- to 3-d) exposure at 23.94 or
4.43 mg/m3.
N URT See Section 3.2.1 for a description of the direct and indirect evidence of elevated reactive Moderate
oxidative oxygen species (ROS) in the URT, possibly at very low concentrations (e.g., at >0.066 mg/m?3)
stress with prolonged exposure.
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Endpoint Endpoint-specific findings and confidence Summary of evidence | Conclusion
N Neuro- Human: None Indirect evidence after Moderate
peptide g |Animal: Increased substance P in plasma in mice (Fujimaki et subchronic exposure in a (for 1 neuro-
release 2 | al., 2004b): subchronic exposure at 2.46 mg/m>; mouse study at peptides)

§ microvascular leakage in rats (Ito et al., 1996): acute 2.46 mg/m?; Indirect
E exposure to 18.45 mg/m?3; this was inhibited by NK1 receptor evic.:len.ce foracute Moderate
£ | antagonists (note: substance P binds NK1R). activation of the. receptor (for NK.1R
for substance P in rats at stimulation)
>18 mg/m3.
Human: Substance P in nasal lavage (in URT) is increased in | Data suggest formaldehyde (note:
human volunteers with ocular exposure (He et al., 2005): 4-d | activates TRP channels on relevant to
(5-min/d) exposure at 3 mg/m3, not 1 mg/m3. sensory neurons, leading to both URT and
Animal: In URT models, formaldehyde stimulates release of | "¢lease of CGRP and LRT)
calcitonin gene-related protein (CGRP) in in vitro models substance P, with acute or
relevant to inhalation exposure of the URT (Kunkler et al. short-term exposure at
2 2011); experiments using the related chemical, acrolein, >1 mg./r’rf. An inhibitor
= | suggest this is TRPA1l-mediated (Kunkler et al., 2011). study in isolated rat LRT
In LRT models, inhibition of substance P receptor (NK1R) tissue provides evidence of
inhibited formaldehyde-induced currents in isolated rat NK1R involvement,
trachea (Luo et al., 2013); increased substance P and CGRP in | 3lthough the relevant
mouse BAL, both amplified with ovalbumin (OVA) inhalation exposure levels
sensitization, and both involved TRP activation (Wu et al. are unknown.
2013): short-term exposure at 3 mg/m3.
Nasal cellular Human: None Cellular infiltration Moderate
inflammatory Animal: Increased inflammatory response, mostly observed by histology, (T granulo-
response neutrophils but also mention of lymphocytes and other primarily neutrophils, but cytes:
inflammatory cells (e.g., assumed monocytes, basophils and | indirectly supporting other | neutrophils
eosinophils) (Monticello et al., 1989): short-term (1- or immune cell infiltration, in and
6-week) exposure at 7.38 mg/m?3; “inflammatory cell” short-term animal studies | eosinophils)
§ infiltration (Andersen et al., 2008): acute or short-term (1-d at7.38 mg/m?®. Indirect
S | to 3-week) exposure at 7.38 mg/m? miRNA changes evidence of increases in (Note: data
% associated with inflammation in rats and nonhuman granulocytes (and possibly | on lympho-
% primates (Rager et al., 2013; Rager et al., 2014): short-term | lYMPphocytes) ?t c.ytes were
T | (1- or 4- week, with some miRNA changes reversible with 2.46 mg/m? with short- indeterm-
1-week recovery) exposure at 2.46 mg/m3; in rats, 35 term exposure. inate)
formaldehyde-responsive transcripts in the nose known to
be related to immune cells indirectly indicated increases in
granulocytes (i.e., eosinophil and neutrophil markers) and
lymphocyte changes (Andersen et al., 2010): short-term (1-
week, but not >4-week) exposure at >12.3 mg/m?3.
Human: N/C in nasal lavage cell counts, but increased total Suggestive of cellular
protein (Priha et al., 2004): occupationally exposed (8-hr inflammation, particularly
shift) 0.19 mg/m?3; allergy-independent increased eosinophils, at 0.5 mg/m?3
eosinophils, permeability (albumin index) and total protein and indirect markers of
§ in lavage (Pazdrak et al., 1993): acute (2-hr) exposure at eosinophil recruitment at

0.5 mg/m3; increased eosinophils, leukocytes, and
permeability (albumin index) in lavage (Krakowiak et al.,
1998): acute (2-hr) exposure at 0.5 mg/m3 (reversible);
indirect evidence of eosinophil infiltration (increased

lower levels in humans,
following acute exposure;
neutrophil inflammation
observed at 26 mg/m3in
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Endpoint Endpoint-specific findings and confidence Summary of evidence | Conclusion
markers: lysozyme and eosinophil cationic protein), but not | rats with short-term
neutrophils, at very low levels (Norback et al., 2000): exposure.
<0.02 mg/m? for unknown duration (likely 2months) in
schools.
Animal: Neutrophil inflammation (Monteiro-Riviere and
Popp, 1986): short-term exposure at 26 mg/m3.

Modifications in the lower airways
Human: None Demonstrated increased Moderate
Animal: Increased in rats (lto et al., 1996): acute exposure at leakage from acute (only
exposure 26.15 mg/m3in examined in

1 Lower
respiratory
tract (LRT)

microvascular

High or Medium

>6.15 mg/m3; note: inhibited at 18.45 mg/m3 by NK1
receptor antagonist (note: substance P binds NK1R), but not
histamine or bradykinin antagonists.

1 study, which appears to
be mediated by
substance P.

Human: None

Animal: Transiently increased in rats (Kimura et al., 2010):
acute exposure at >1.23 mg/m3 (duration-independent);

One study suggests acute
exposure as low as
1.23 mg/m?3 induces

acute studies)

leakage note: leakage blocked by inhibiting mast cells, but not :
2 ) o o microvascular leakage,
S | blocking cyclooxygenases; indirect mechanistic data althoughicontinued
following injection of formalin into the trachea, causing
exposure appeared (at least
leakage that appeared to be dependent on substance P iNthelneartermlralrasuiE
release after stimulation of C-fiber afferents (Lundbergand |.
i in less leakage.
Saria, 1983).
§ Human: None Bronchial edema in one Moderate
2 short-term study at (may require
§ Animal: Increased edema in lung bronchi, but not alveoli, 0.31 mg/m?. high
< without signs of inflammation in lower airways in guinea pigs exposure
S ; . 3 3
2 Airway £ | (Riedel et al., 1996): 5d at 0.31 mg/m3, not at 0.16 mg/m3. levels or
edema or Human: None Airway structural changes allergen
other Animal: Airway structural changes consistent with fmth allerge.n SEELAE sen5|t|z.a'.c|on
inflammatory inflammation (e.g., wall thickening; cell infiltration) in mice I D SIS (z?\nd, ol to elicit
structural s (Jung et al., 2007), some evidence for which was slight (Wu Iesse.r.ext.ent, W.'thOUt pronounced
changes S |etal., 2013; Liu et al., 2011a), and in mice and rats sensitized sensitization) with short- changes)
with OVA (Wu et al., 2013; Qiao et al., 2009; Liu et al., term e"pg’sure Gl
2011a), but not in nonsensitized rats (Qiao et al., 2009): all 2- 23 mg/m>.
to 3-week exposure at >3 mg/m? [Note: most studied
bronchial airways].
€ No evidence to evaluate Slight
= | Human: None 8
s (levels
§ required for
< Animal: None potential
LRT sensory I activation are
nerve Human: None A single acute rat study and | unknown;
activation Animal: With acute exposure, dose-dependent increase in indirect evidence from may involve
2 |nerve currents and CI- release in intact rat trachea (Luo et potentially related TRPfAl
N exposures suggest that binding)

al., 2013), with supporting evidence of substance P and NK
receptor involvement. Indirectly, increased substance P and
CGRP were observed in mouse lung tissue, both were

lower airway sensory nerve
afferents may be activated,
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Endpoint Endpoint-specific findings and confidence Summary of evidence | Conclusion
amplified with OVA, and both were dependent on TRP but the inhaled
activation (Wu et al., 2013): short-term exposure at formaldehyde levels
3 mg/m3. Note: the potential involvement of required for such potential
tracheobronchial reflexes, as is shown with direct LRT activation have not been
stimulation by irritants including cigarette smoke experimentally
constituents and capsaicin (e.g., (Widdicombe, 1998)), may | demonstrated.
provide indirect support.
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Endpoint Endpoint-specific findings and confidence Summary of evidence | Conclusion
Human: Increased exhaled nitric oxide, a noninvasive marker | Increased biomarkers Moderate
of lower airway inflammation and oxidative stress, in healthy | (indirect evidence) of (observed in
or asthmatic children (Franklin et al., 2000; Flamant-Hulin et | oxidative stress in children children at

g |al., 2010): unknown duration (likely months to years: at 20.04 mg/m3, but not in low levels:
% classrooms or homes) at 0.04-0.06 mg/m3, but not in elderly | elderly individuals at ~0.04 mg/m?3)
S | nursing home patients at lower levels (Bentayeb et al., 2015) | <0.01 mg/m? with
E for unknown duration (likely months to years) at prolonged (months—years)
‘% 0.005-0.01 mg/m3. exposure, with indirect
Animal: Increased iron and zinc, indirect markers of potential | SUPPOrt from a subchronic
oxidative stress, in lungs of male rats: 13 weeks at rat study at >6 mg/m>.
>6.15 mg/m?3(Ozen et al., 2003).
A LRT Human: None Multiple studies in two
oxidative Animal: In mice: NO and NOS activity increased with 3 d species suggest elevated
stress exposure at 3 mg/m? (Yan et al., 2005), GSH levels decreased | ©Xidative stress at
with 3-week exposure at 0.5 mg/m3 (Ye et al., 2013b), and |21 mg/m? with short-term
increased ROS or lipid peroxidation markers were observed | €XPOsure.
with 3-week exposure at 21 mg/m?3 (Ye et al., 2013b) or 2-
week exposure at 26.15 mg/m? (Jung et al., 2007), but
§ decreased with acute exposure in one study (Matsuoka et
al., 2010): 24-hr exposure at 0.12 mg/m3.
In rats: short-term studies at 212.3 mg/m3 demonstrated
increased total oxidant levels and decreased total
antioxidant level (Aydin et al., 2014), increased lipid
peroxidation markers and protein oxidation markers (Sul et
al., 2007), and decreased gamma-glutamyl transpeptidase
(indirect evidence) (Dinsdale et al., 1993).
§ Human: None Increased after subchronic Moderate
},5) exposure to 2.5 mg/m3in (with short-
% Animal: I in rats at 2.5 mg/m?3 with coexposure to the mice coexposed to antigen. term
2 antigen, ovalbumin (OVA) (Fujimaki et al., 2004b). exposure at
':lg:] >0.5 mg/m3;
/_I\ LRT_ Human: Two studies did not observe increases following Evidence of increases with note:
eosmophnls'? acute exposure at 0.1 mg/m?3 ((Casset et al., 2007); note: short-term exposure (in moderate
(see Appendix trend toward 1) and 0.5 mg/m3 (Ezratty et al., 2007) with general, at 20.5 mg/m3) in evidence for
C.7 for allergen coexposure (i.e., dust mite antigen; pollen). both rats and mice; the increases in
discussion of
LRT evidence Animal: 1 in four short-term studies of mice in the absence | data suggest that changes | total BAL Cej”S
onother cell | s of antigen [12.3 mg/m3; (Jung et al., 2007)], with antigen may not occur after acute OLItOtZI wlf:|te

types and S | (>~12.3 mg/m?with house dust mite antigen; (Sadakane et | €XPOSUre 0o ?e _S'

under similar

soluble factors)

al., 2002)?), or both with and without antigen

(at 0.5-3 mg/m?3 + OVA (Liu et al., 2011a), and at 3 mg/m?
+ OVA (Wu et al., 2013)); 1 in one short-term rat study at
0.5-3.1 mg/m?3with OVA antigen (Qiao et al., 2009)

One acute rat study did not observe effects at 6.2 mg/m3

without antigen (Kimura et al., 2010).

conditions;
see Appendix
C.7)

3Reported as 0.5% formaldehyde solution; concentration assumed to be >12.3 mg/m?3 (Sadakane et al., 2002).
bThere was also slight evidence for increases in eosinophil attractant and adhesion factors (see Appendix C.7).
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Summary of Inferences Regarding Mode of Action

Although a definitive MOA has not been fully identified, several contributing mechanistic
events interpreted with moderate or robust evidence appear to impact pulmonary function and,
taken together, these data provide support for the biological plausibility of formaldehyde exposure-
induced decreases in pulmonary function. However, important gaps in understanding of the MOA
exist and some of the most biologically relevant mechanistic findings have not been examined at
lower formaldehyde concentrations (e.g., < 1 mg/m3). In addition, several important mechanistic
events have only been examined in longer-term, or conversely short-term studies, complicating

interpretations of duration-dependence. Thus, notable uncertainties exist.

Evidence Integration Summary

Measures of pre-shift FEV1, FVC, FEV1/FV(C, and expiratory flow rates were generally
lower in highly exposed occupational groups compared to their nonexposed or lesser-exposed
comparison groups. While the direction of the associations was generally consistent, some effect
estimates were imprecise. The differences may be a result of individual variability, lower sensitivity
in some studies to detect small mean differences or changes, or random variation. Another source
of variation may be incomplete control for confounders (e.g., smoking, dust, other pollutant
exposure), although some studies did adjust for these factors and still observed an independent
association with formaldehyde, and associations were found among groups in different exposure
settings. Evidence from two of three panel studies, both conducted by one investigator group,
provides limited support that formaldehyde exposure during anatomy labs results in pulmonary
function declines over several weeks duration.

Demonstrated exposure-response trends were observed in four high or medium confidence
studies (Wallner et al., 2012; Malaka and Kodama, 1990; KrzyzanowsKi et al., 1990; Kriebel et al.,

2001). An increase in pulmonary function deficits with increasing exposure was reported by a

study of woodworkers with area formaldehyde levels ranging from 0.27-4.28 mg/m3 (Malaka and

Kodama, 1990). Dose dependent decreases in pulmonary function were observed among adults

smokers and children who lived in mobile homes with average formaldehyde concentrations of

0.032 mg/m3 and a maximum of 0.172 mg/m3 (Krzyzanowski et al., 1990) and also by a study of

pollutant exposures among school children (Wallner et al., 2012). Dose-dependent decreases in PEF

also were observed among anatomy students exposed to an average formaldehyde concentration of
1.35 mg/m3 with peak concentrations of 13.4 mg/m3 (Kriebel et al., 2001).

Smoking, health status, and lifestage may increase sensitivity to inhaled formaldehyde. The

limited number of population-based studies evaluating lower exposure levels indicates that while,
in general, no associations were observed among adults as a whole, declines were reported for
smokers and the elderly living in nursing homes. The study with the strongest design and methods
found an association with declines in PEFR among adult smokers and increasing average

formaldehyde concentration between 0.049 and 0.172 mg/m3 (Krzyzanowski et al., 1990). In this
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large, population-based sample, the investigators also observed a linear relationship between
increased formaldehyde exposure and decreased peak expiratory flow rate (PEFR) among children
exposed to average concentrations of 0.032 mg/m3 (26 ppb), and a stronger response was observed
among children with asthma. The stability of average exposure concentrations between sampling
periods, some separated by weeks, was confirmed by the investigators, thus the high quality
exposure assessment addressed the etiologically relevant time window for the evaluation of
associations with ongoing pulmonary function status. The analyses controlled for other exposures
including smoking status, environmental tobacco smoke and NO». This finding is supported by
declines in some of the pulmonary function measures in a medium confidence study in schools
(Wallner et al.,, 2012).

While there were very few studies in humans that inform potential biological mechanisms

(i.e., several studies indirectly support inflammatory changes in the LRT), experimental evidence
primarily from animal studies provides robust or moderate evidence of mechanistic changes that
can be plausibly associated with effects on pulmonary function, including increases in airway
eosinophils and other inflammatory airway changes that appear to be at least partially dependent
on indirect activation of sensory nerve endings in the LRT. Taken together, the data provide what is
likely to be an incomplete mechanism explaining how formaldehyde exposure might result in
decreased pulmonary function. Uncertainties remain regarding the initial cellular or tissue
modifications that ultimately lead to the observed mechanistic changes in the lower airways, and it
is unclear whether certain events would be triggered with chronic, low-level exposure.

Overall, based on moderate human evidence from observational epidemiology studies, with
corresponding slight evidence for an effect in animals based on mechanistic studies supporting
biological plausibility, the evidence indicates that long-term inhalation of formaldehyde likely
causes decreased pulmonary function in humans given sufficient exposure conditions. The primary
support for this conclusion includes a study of children and adults in a residential setting (mean,
0.03 mg/m3, maximum 0.17 mg/m?3) and several studies of workers with long-term exposure to
>0.2 mg/m3 (see Table 3-10).
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Table 3-10. Evidence integration summary for effects of long-term (months to years) formaldehyde inhalation on
pulmonary function

Evidence

Factor

Increasing certainty

Decreasing certainty

Synthesis Judgment

Hazard determination

Human

Consistency and
Study Confidence

e Numerous high and medium
confidence studies show a pattern
of lower mean pulmonary function
in formaldehyde-exposed
occupational groups compared to
referent groups across a variety of
exposure settings and countries,
plus longitudinal declines in two
occupational populations and a
panel study of medical students.

o A large, population-based study
observed a linear relationship
between increased formaldehyde
exposure and decreased peak
expiratory flow rate (PEFR) among
children overall, with a stronger
response among children with
asthma. A study among school
children also found deficits using a
different measure.

Null or equivocal associations were
identified for some studies; these
studies had limitations that may have
contributed to lower sensitivity.

Some inconsistencies across studies
were noted for specific PEF measures;
possible explanations include random
variation and low study sensitivity.

Strength and
Precision

e One high and two medium
confidence studies in residential and
school populations indicate that
susceptible individuals may
experience reduced pulmonary
function at lower average
concentrations (<0.05 mg/m?3).

Some of the observed decreases in
pulmonary function were small in
magnitude (< 1-2%).

Some of the differences between
exposed and their referent groups in
occupational studies were imprecise.

Moderate

Based on consistency
across exposure
settings (residential,
occupational) and study
designs (cross-
sectional, longitudinal),
multiple observations
of dose-dependent
reductions and greater
sensitivity among
susceptible groups
(children, asthmatics,
adult smokers, elderly).
Confidence is
moderated by less
consistent observations
for individual
pulmonary function
measures across
studies.

The evidence indicates
that long-term inhalation
of formaldehyde likely
causes decreased
pulmonary function in
humans, given sufficient
exposure conditions?.

Primarily based on
moderate human
evidence from a study of
children and adults in a
residential setting (mean,
0.03 mg/m3, maximum
0.17mg/m?3) and
numerous studies of
workers with long-term
exposure to >0.2 mg/m?3
formaldehyde.

Potential Susceptibilities:
Variation in sensitivity is
anticipated to depend on
age and respiratory
health (including smoking
status), with the potential
for children (particularly
children with asthma) to
be more sensitive.
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Evidence

Factor

Increasing certainty

Decreasing certainty

Synthesis Judgment

Hazard determination

Dose-Response

e Concentration-related decrements
in pulmonary function from four
high and medium confidence
adjusted analyses indicate an
independent association for
formaldehyde exposure.

Coherence

N/A

Biological
Plausibility

e Some indirectly supportive
mechanistic information from well-
conducted human studies exists
related to increased lower airway
oxidative stress following exposures
likely to span months to years.

Animal

Animal studies of pulmonary function endpoints were not formally evaluated (see Section 2.2.3).

Biological
Plausibility

e Understanding of the partial MOA
likely to underly the development of
pulmonary function decrements
following formaldehyde inhalation is
primarily based on experimental
studies in animals. Although
uncertainties remain, this strong
mechanistic evidence alone is
considered to support an animal
evidence synthesis judgment
stronger than indeterminate.

Slight

Based on mode of
action evidence from
experimental animal
studies.

Other
inferences

e Relevance to humans: The primary effect of interest was observed in humans (moderate evidence).

e MOA: Not established, but likely to involve airway eosinophil increases and stimulation of airway sensory nerve endings.
Specifically, robust and moderate evidence for several mechanistic events, primarily from experimental animal studies,
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Evidence

Factor Increasing certainty Decreasing certainty Synthesis Judgment

Hazard determination

provides support for inflammatory changes in the lower airways, including eosinophil increases, which appear to be at least
partially dependent on indirect stimulation of sensory nerve endings. While evidence exists for some changes in the range of
0.3-0.5 mg/m? with exposure for several weeks, some potential associations in the identified, incomplete MOA pathway have
only been tested at higher (i.e., >1 mg/m?) levels and with shorter-term exposures. This partial MOA is assumed to be relevant
to humans based on similarities in systems mediating the identified MOA across species and some supportive findings for
lower airway mechanistic changes in exposed humans.

N/A = indicates the factor was not applicable to (i.e., did not influence) the judgment drawn.
aThe “sufficient exposure conditions” are more fully evaluated and defined through dose-response analysis in Section 5.1.
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3.2.3. Immune-mediated Conditions, Focusing on Allergies and Asthma

This section examines the evidence pertaining to the effect of formaldehyde exposure on
immune-mediated responses, primarily in the respiratory system, focusing on allergy-related
conditions (e.g., rhinitis, rhinoconjunctivitis, eczema), and asthma; sensitization related to dermal
exposure is not a focus of this review. Lower respiratory tract conditions in infants and children up
to 3 years in age, in particular wheezing episodes, are also examined as a separate endpoint.
Experimental animal studies were ultimately concluded to be unsuitable models
(i.e., indeterminate) for evaluating allergy-related conditions and asthma as apical outcomes (see
discussion in Immune-mediated Conditions, Focusing on Allergies and Asthma, in Animal Studies).
Studies examining respiratory immune function (i.e., the ability to respond to infection) are
discussed within the wider context of potential mechanistic changes that might explain respiratory
health hazards (see Appendix C.7 and discussion below in Evidence on MOA), rather than as an
independent health hazard to be evaluated. The mechanistic studies considered most relevant to
these health outcomes provided biological support for the immune-mediated conditions observed
in humans, although complete and definitive MOAs could not be established and several changes
thought to be important to the development or progression of asthma, in particular, were not
identified. The few available studies on developmental immunotoxicity in animals (hypersensitivity
studies) were indeterminate in regard to the information necessary to draw conclusions.

The general population studies in children (ages >= 5 years) and adults (ages 18 to 65
years) provided evidence of an association between formaldehyde exposure and prevalence of
rhinitis, or rhinoconjunctivitis, with a relative risk of approximately 1.2 for formaldehyde
exposures of around 0.04-0.06 mg/m3. Although the effect size was small, these are relatively
common conditions and could result in a large impact in the population. A stronger association
(two-fold risk) was seen in the only study of eczema in adults. Eczema, while not indicative of an
allergic respiratory response, is often associated with other allergic disorders, including those

affecting the respiratory system [e.g., allergic rhinitis; (Weidinger and Novak, 20164, b)], and it

appears that some inhaled allergens may have the potential to exacerbate this condition (Morren et

al., 1994; Mendell et al., 2011). The available general population studies also provided evidence of

an association between formaldehyde exposure and the prevalence of current asthma, typically as
determined by symptoms or medication use in the past 12 months, in studies with some exposures
above 0.05 mg/m3, but associations were not seen in settings with exposures below 0.05 mg/m3.
For the allergy-related outcomes and asthma, the study designs and outcome classification used in
the high and medium confidence studies were considered to be appropriate by the two expert
panels consulted by the EPA. The two studies examining asthma control or severity among children
with asthma suggest associations may be seen at lower exposures (e.g., 0.04 mg/m3) in this
potentially susceptible population. Relatively strong associations were seen in studies examining
prevalence of current asthma in relation to formaldehyde exposure in occupational settings

(exposures above 0.10 mg/m3). The mechanistic evidence supports that formaldehyde exposure
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can induce bronchoconstriction and lead to the development of hyperresponsive airways,18
particularly with allergen sensitization. These heightened responses may be due to a combination
of potentially progressive changes, including neurogenic increases in tachykinins and eosinophil
recruitment and activation in the lung. The mechanistic studies also provided consistent evidence
that formaldehyde may stimulate a number of immunological and neurological processes related to
asthmatic responses; however, a molecular understanding of how formaldehyde exposure favors
asthmatic T-helper 2 (Tu2) responses has not been experimentally established.

Overall, based primarily on a moderate level of human evidence supporting an association
from the available epidemiological studies, with corresponding slight evidence for an effect in
animals based on mechanistic studies in animals supporting biological plausibility, the evidence
indicates that inhalation of formaldehyde likely causes an increased risk of prevalent allergic
conditions and prevalent asthma symptoms, as well as decreased control of asthma symptoms,
given sufficient exposure conditions. The primary basis for this conclusion involves studies of
occupational settings (>0.1 mg/m3) and population studies where formaldehyde concentrations

measured in schools and homes averaged between 0.05 and <0.1 mg/m3.

Human Studies

In the following sections, the evidence regarding allergic conditions (symptoms, skin prick
tests) from general population studies is discussed by age category (i.e., children, adults). For
asthma, general population studies of asthma prevalence and degree of control among children and
adults are discussed by exposure setting (general population, occupational). In addition, responses
among asthmatics to acute exposure are described (controlled human exposure studies), followed
by other respiratory conditions in infants and toddlers, and a discussion of factors that may
increase susceptibility. As described in Section 2.3.4, these studies were evaluated and classified by
confidence (see Appendix B.3.4 for documentation). The studies are summarized in tables for these

outcomes that are ordered by age group, confidence in study results, and publication year.

Allergic conditions

The set of seven high and medium confidence general population studies of allergy-related

conditions were conducted in school children in France (Annesi-Maesano et al., 2012), Romania
(Neamtiu et al., 2019), Malaysia (Norback et al., 2017), Korea (Yon et al., 2019), and China Huang et
al. (2017) and in adults in France (Billionnet et al., 2011) and Japan (Matsunaga et al., 2008). These

studies provide evidence that formaldehyde exposure around 0.04 mg/m3 and above is associated

with an increased prevalence of rhinitis or rhinoconjunctivitis in children, with relative risks of

approximately 1.2 (see Figure 3-8, Table 3-11). Two studies in children did not observe an

8Hyperresponsive airways (or hyperresponsiveness) represents a mechanistic event (supported by robust
evidence) and a potential key feature of respiratory health hazards that is defined to encompass any of a range of
relevant airway features, including hyperreactivity (exaggerated response) and hypersensitivity (lower dose to
elicit response). See also Appendix C.7.
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association with rhinitis at lower exposure levels (0.004-0. 027 mg/m3) (Norback et al., 2017);

Huang et al. (2017). The point estimates of the relative risks in two studies of rhinitis in adults

covering a higher exposure range were also around 1.2, but these estimates were highly imprecise
and so cannot be interpreted as strong support for an association (or for no association) in this

older population (Matsunaga et al., 2008; Billionnet et al., 2011) (see Figure 3-8). Annesi-Maesano

etal. (2012) examined more than two exposure groups in relation to rhinoconjunctivitis risk in
children and observed the highest relative risk in the highest exposure group compared to the
referent group, with weaker or no associations seen in the lower exposure categories; no other
pollutants (e.g., NOx, PM;s, acetaldehyde, acrolein, ETS) were associated with rhinoconjunctivitis in
this study. Another school-based study reported associations with the prevalence of rhinitis (RR
1.207,95% CI: 1.02,1.44) and with severity of rhinitis (RR 1.28, 95% CI: 1.07, 1.54) per 0.01 mg/m3

increase in formaldehyde at levels up to 0.066 mg/m3 (Yon et al., 2019). A stronger association (RR

2.25,95% CI: 1.01, 5.01) was seen in the only study of eczema in adults at exposures of 0.058 -
0.161 mg/m3 compared to < 0.058 (midpoint approximately 0.033) mg/m3 (Matsunaga et al.,
2008). Neamtiu et al. observed a 3-fold increased risk (RR 3.23, 95% CI: 1.31, 8.00) for a
combination of symptoms relating to eye, nose, and skin in children exposed to formaldehyde

(Neamtiu et al., 2019). A relative risk of 1.4 for formaldehyde exposures above approximately
0.035 mg/m3 and atopy based on skin prick tests was also seen in a study in children (Garrett et al.
1999), but not in the study by Palczynski et al. (1999) (see Table 3-12). Both of these were

classified as medium confidence with respect to the results in children. The exposure range

examined in Garrett et al. (1999) is wider than that in Palczynski et al. (1999), and the exposure
measurement protocol (four 1-day samples in different seasons) was an additional strength of the
study by Garrett et al. (1999). This study also reported associations between formaldehyde
exposure and both wheal size and the number of positive skin prick tests (from a mean of
approximately 1.5 in the lowest to 4.0 in the highest category of exposure). A limitation of the skin
prick test studies was the uncertainty regarding the congruence between the exposure measure
and the exposure during the relevant time window with respect to development of sensitization;
EPA considered this to be of particular importance with respect to studies of skin prick tests in
adults. In particular, all of the residences in the study by Palczynski et al. (1999) had been built

10 years prior to enrollment in the study, and sensitization may have occurred years before the
exposure assessment, possibly when exposure levels were higher. A similar concern was raised for
Garrett et al. (1999), as the authors did not report the age of the housing stock for participants and
74% of the children had lived in their homes at least 5 years.

Results from the two occupational studies were mixed (see Table 3-13). Both are
considered low confidence based primarily on limitations of the outcome ascertainment used in
these studies.

Because of the limitations noted above with respect to interpretation of skin prick tests,

EPA has higher confidence in the studies of allergy-related conditions. Consistent results were
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observed for various symptoms or combinations of symptoms across this set of studies in children
at exposures around 0.05 mg/m3 and above, and in the only study of eczema in adults comprising
diverse populations. The pattern of exposure-response seen in the studies with sufficient sample
size and range of exposure to examine these patterns suggests that formaldehyde exposure at levels
seen in the general population studies can enhance the immune hypersensitivity response to

allergens. The studies of allergy-related conditions are summarized in Figure 3-8.
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Figure 3-8. Relative risk estimates for prevalence of allergy-related conditions
in children and adults in relation to formaldehyde in residential and school

settings.

Results are depicted for rhinitis (circles), rhinoconjunctivitis (diamonds), eczema (triangles) and symptom
combinations (squares). High and medium confidence studies are included in the figure. Open symbols
are for studies in children (panel a); closed symbols are for studies in adults (panel b). NS = no quantitative
results were available; however, Norback et al. (2017) reported no association. Mg/m? = for studies using
categorical analysis, is approximate midpoint of formaldehyde levels calculated for the group being
compared to the referent group. For studies using continuous analysis, different measures were available
for the different studies; the 75 percentile was used for Huang et al. 2017; the mean + 1 SD was used for
Yon et al. 2019; and the maximum value was used for Norback et al. 2017. Low, mid, and high refer to the
relative formaldehyde levels; RR = relative risk. in studies with categorical analysis.
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Table 3-11. History of allergy-related conditions in relation to formaldehyde
exposure, by age group

Study and design?

Results

Nasal

Dermatologic

Children

Annesi-Maesano et al. (2012)
(France)

Design: Prevalence study, n = 6,683,
ages 9-10 years, participation rate
69%. Sampling from 108 schools, all
classes of specified grade level per
school.

Exposure: 5-day samples in
classrooms. Median (75" percentile)
0.027 (0.034) mg/m3; maximum
0.055 mg/m?3; (estimated from
Figure 1 in paper).

Outcome: Based on ISAAC
guestionnaire, parent report,
sneezing and runny nose, with itchy
eyes, without a cold, in past

12 months.

Evaluation®:

High confidence

Rhinoconjunctivitis prevalence 11.8%,
OR (95% Cl) (adjusted)

<0.0191 mg/m?3 1.0 (referent)
>0.0191-0.0284 1.11 (0.94, 1.37)
>0.0284-~0.055 1.19(1.03, 1.39)

(Confidence intervals estimated from
Figure 3 in paper)

Adjusted for age, gender, passive smoking,
maternal and paternal history of asthma
and allergic diseases.

Not examined

Yon et al. (2019

(Seongnam City, Korea)

Design: Prevalence study, n = 427
school children recruited from 22
randomly selected classrooms at 11
elementary schools; 68.9%
participation rate, ages 10—12 years.
Exposure: Formaldehyde sampling
in each classroom using monitors
with pumps during the 1st and 2nd
half of the school year.

Mean 0.027 + 0.0077 mg/m?3; as high
as 0.06 mg/m3 in some classrooms.
Duration and sampling methods
were not described.

Outcome: Rhinitis definition:
presence of characteristic symptoms
and /or signs during the previous

12 months using ISAAC
questionnaire. Rhinitis severity: low,
moderate, severe, using Allergic
Rhinitis and Its Impact in Asthma
guidelines.

Evaluation:

Medium confidence

Uncertainty regarding validation of
ISAAC in this population; uncertainty
regarding exposure measurement
period and other protocol details.

Rhinitis prevalence: 57.6%, n = 246

OR (95% Cl) per 0.010 mg/m3

1.21 (1.02, 1.44) adjusted for age, sex,
environmental tobacco smoke exposure,
and physician-diagnosed allergic rhinitis in
parents.

Rhinitis severity

OR (95% Cl) per

n 0.010 mg/m?3
Control 181 Reference
Mild 44 1.21(0.91, 1.60)

Moderate/ 202 1.28(1.07, 1.54)
Severe

P trend = 0.011

[Results represented by authors were in
units of per 1 ug/m?3 increase; EPA
converted these to per 0.01 mg/m?
increase to facilitate comparison with
other studies]
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Study and design®

Results

Nasal

Dermatologic

Neamtiu et al. (2019) (Romania)
Design: Prevalence study; n = 281
89.7% participation rate.

Sampling from five primary schools
in one county, 3 classrooms per
school.

Exposure: 5-day samples in each
classroom.

Median (75th percentile)

0.035 (0.045) mg/m3,

maximum = 0.066 mg/m>.
Outcome: Allergy-like symptoms in
the past week based on ISAAC
questionnaire, as skin conditions
(e.g., rash, itch, eczema), eye
disorders (e.g., red, dry, swollen,
itching, or burning eyes, or sensation
of “sand in the eyes,” and rhinitis
symptoms (e.g., itching nose,
sneezes, and/or stuffy or blocked
nose.

Evaluation?®

Medium confidence

Outcome definition for allergy-like
symptoms using ISAAC
questionnaire included combined
symptoms of rhinitis (nose), eye, and
skin conditions (rash, itch, and
eczema), which could mask an effect
in one of these categories. Skin
condition question not specific for
eczema.

Allergy-like symptoms (eyes, nose and
skin)

OR (95% Cl), above compared to below
median (0.035 mg/m3):

3.23(1.31, 8.00).

Logistic regression model adjusted for age,
gender, NO,, CO, CO,, temperature,
relative humidity, ventilation rate, and
tobacco smoke exposure for the past
week.

Norbéck et al. (2017) (Malaysia)
Design: Prevalence study, n = 462
randomly selected children recruited
from 8 randomly selected schools
(15 students in each of 4 randomly
selected classes per school). 96%
participation rate. Mean age

14 years (range 14-16 years), 48%
male.

Exposure: Formaldehyde sampled
continuously over 7 days in each
classroom using diffusion samplers.
Samplers placed 2 meters above
floor, methods described.

Mean concentrations formaldehyde
indoor 0.0042 mg/m3(SD not
reported), max 0.018 mg/m3, 100%
samples above the detection limit.
Outside 0.005 mg/m3, max 0.0060
mg/m?3, 100% samples above the
detection limit.

Rhinitis, weekly symptoms during previous
3 months.
Prevalence 18.8%.

No association with formaldehyde in initial
model; quantitative results were not
reported.

Initial stepwise multiple logistic regression
model included indoor exposures (CO,,
NO,, formaldehyde and VOC), personal
factors (sex, race, current smoking, atopy,
parental asthma/allergy) and home
environment factors (ETS, dampness/mold,
recent indoor painting), total amount of
dust in the classroom and the
concentration of endotoxin, and ergosterol
in vacuumed dust.
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Results

Study and design® Nasal Dermatologic

Outcome: Rhinitis defined by two
questions combined regarding nasal
catarrh or nasal congestion in
standardized questionnaire. Cases
defined by reporting symptoms
weekly over a 3-month period.
Evaluation®:

Medium confidence

Results for rhinitis were reported as
“not statistically significant” without
providing quantitative effect
estimates. Very low indoor
formaldehyde concentrations.

Huang et al. (2017 Current rhinitis 41.4%

(Shanghai, China) OR (95% Cl) per IQR (0.0152 mg/m?3)
Design: Case-control study, n =409 |0.72 (0.47, 1.10).

children, aged 5-10 years, who were
participants in a previous cross- Logistic regression adjusted for age, sex,
sectional study (2011-2012) family history of atopy, family annual
selected from 88 kindergartens income, household (ETS), early and current
located in 6 Shanghai districts. household dampness-related exposures,
Eligible children lived in homes not | early antibiotics exposure, early home
renovated in prior two years and decoration, and the inspection season.
agreed to home inspection during
March 2013-December 2014.
Exposure: Formaldehyde sampling
in child’s bedroom, 24 hours, in
breathing zone (detection range:
0.012-0.08 mg/m3). Mean (+ SD)
concentration (mg/m3), 24-hr
0.0215 + 0.0130; 75th percentile
0.0275 mg/m3

Range 0.006-0.060 mg/m3, 3 homes
above.

Outcome: Rhinitis and eczema in
past 12 months using selected
questions from translated ISAAC
questionnaire.

Evaluation?:

Rhinitis:

Medium confidence

Participation rate unclear, and
potentially differential with respect
to exposure and disease status.
Eczema:

Low confidence

See above, and uncertainty
regarding validation of truncated
version of ISAAC questionnaire for
eczema in this population.

Current eczema 13.4%
OR (95% Cl) per IQR (15.2 ug/m?3)
0.75 (0.41, 1.39).

3-84



https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=4453002

IRIS Toxicological Review of Formaldehyde (Inhalation)

Study and design®

Results

Nasal

Dermatologic

Isa et al. (2020

(Malaysia)

Design: Prevalence study; n = 470,
participation rate not reported.

8 randomly selected schools

(4 urban, 4 suburban), randomly
selected students from 4 classes
(Form two, aged 14 years) during
August-November 2018 & February
2019.

Exposure: One-hour samples in four
classes during class session.

Median (IQR) Urban: 0.0132
(0.0093) mg/m3, Suburban: 0.0031
(0.0052) mg/m?3 (reported as mg/m3
but likely ug/m3).

Outcome: Allergy information and
symptoms within defined period
using ECRHS and ISAAC
questionnaires. Allergic symptoms in
last 12 months: rhinitis, skin allergy.
Evaluation:

Low confidence

Uncertainty in exposure
concentrations and distribution
given short sampling duration; very
low concentrations in half the
schools.

Rhinitis in last 12 months 55.5%

OR (95% ClI) per 10 units formaldehyde
(reported as mg/m?3 but likely pg/m?3).
1.10 (1.03, 1.17)

Adjusted for atopy, parental
asthma/allergy, and NO,.

Skin allergy in last 12 months 14.5%
OR (95% Cl) per 10 units formaldehyde
(reported as mg/m?3 but likely pg/m3).

2.41(0.96, 6.07)

Adjusted for atopy, sex, doctor’s
diagnosed asthma, parental asthma/
allergy and urban/suburban location; not
modeled further because this result was
considered not statistically significant,
Stronger association seen with NO, and
PMj0 but no model presented with
formaldehyde and these other exposures.

Hsu et al. (2012) (Taiwan)

Design: Case-control study, n = 48
allergic rhinitis cases, 36 eczema
cases 42 controls, recruited through
kindergartens and day care centers,
ages 3-9 years at enrollment.
Participation rate (clinic exam and
home measures) approximately 5%
of potential cases and controls (but
differential at various steps).
Exposure: 2-hour household sample
(probably bedroom; converted from
ppb)

Median (25th, 75th percentile):
Controls 0.017 (0.005, 0.030) mg/m?3
Outcome: Initial screening through
parent report of history (ages 2-6)
with confirmation (1-3 years later)
by clinical examination.

Evaluation®:

Low confidence

Low and differential (at various
steps) participation rate. Short
exposure sampling period and no
information on protocol.

Allergic rhinitis

Formaldehyde concentrations lower in
cases than in controls:

(n) Median (25th, 75th percentile) mg/m3
Controls (42) 0.017 (0.005, 0.030)
Allergic rhinitis (48) 0.005 (0.005, 0.020)
(p=0.02)

Mann-Whitney nonparametric test

Eczema

Formaldehyde concentrations lower in
cases than in controls:

(n) Median (25th, 75th percentile) mg/m?3
Controls (42) 0.017 (0.005, 0.030)
Eczema (36)0.006 (0.005, 0.018)
(p=0.07)

Mann-Whitney nonparametric test
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Results

Study and design® Nasal Dermatologic

Choi et al. (2009) (Korea) Not examined Formaldehyde levels (mg/m?3):
Design: Case-control study, n = 50
atopic dermatitis cases, 28 controls,
recruited through university
outpatient clinic; recruitment
procedures not described. Mean age Controls 0.043 0.115
(SD) 15.4 years (3.4) and 16.2 years p<0.01

(4.1) in atopic dermatitis cases and
controls, respectively. Housing age
and type: cases 58% <3 years old
and 72% apartments; controls 29%
<3 years old and 50% apartments.
Location: 44 and 21% near road for
cases and controls, respectively.
Exposure: Household sample
(sampling period not reported, but
closed windows and use of
duplicates).

Geometric mean, 25th, and 75th
percentiles in controls: 0.043 (0.024,
0.115) mg/m3. 92% above LOD.
Outcome: Atopic dermatitis based
on medical history, skin prick test
and IgE (criteria not provided).
Evaluation®:

Low confidence

Selection and recruitment process
not reported; sampling period not
reported and specific criteria for
case definition not reported;
potential confounders not
addressed (age and type of housing
and location differed between cases
and controls, as measure of
socioeconomic status). Limited
analysis.

Geometric 75th
mean percentile
Cases 0.100 0.220

Smedje and Norback (2001) Allergies (incidence) Not examined
(Sweden) RR (95% Cl) per 0.010 mg/m?3,

Design: Prospective (incidence) Pollen allergy: 1.3 (0.95, 1.7)

nested case-control study, children, | Pet allergy: 1.1(0.7,1.7)

1,258 without asthma at baseline, Adjusted for sex, age, history of atopy,
88 incident cases of pollen allergy smoking.

and 50 incident cases of pet allergy
in 4-year follow-up; 78%
participation in follow-up, mean age
10.3 years at baseline. School-based
sample; 1st, 4th, and 7th grades.
Exposure: Two 4-hour samples in
2-5 classrooms per school;
measured in 1993 (n = 98) and 1995
(n=101).

mean 0.008 mg/m?3, geometric mean
0.004 mg/m?3 (min, max) (<0.005,
0.072) mg/m?3, 54% of 1993 samples
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Results

Study and design® Nasal Dermatologic

and 24% of 1995 samples below
detection limit (0.005 mg/m?3);
median among those above
detection limit = 0.010 mg/m3.
Individual student values based on
average of 1993 and 1995
classrooms (<0.005 to 0.042 mg/m?3).
Outcome: Parent report, hay
fever/pollen allergy or pet dander
allergy.

Evaluation®:

Low confidence

Exposure measures in only 2 of the
4 years and 2/3 of the students left
the school more than a year before
follow-up; uncertainty about
distribution; relatively high
percentage <LOD. Confounding by
other exposures not fully addressed
but pattern of results differed among
the exposures examined.

Related References: Smedije et al.
(1997).

Adults

Billionnet et al. (2011) (France) Rhinitis prevalence 38.3% Not examined
Design: Prevalence study, n = 916 OR (95% Cl), above vs. below 75th
adults from 490 dwellings (drawn percentile:

from nationally representative 0.028 to 0.0863 vs. <0.028 mg/m3
sample; 13.6% participation rate), 1.14 (0.8, 1.6)

median age 44 (15-89); 48% men. Adjusted for age, gender, smoking,
Exposure: 1-week sample in education, relative humidity, time of
bedroom survey, pets, mold, outdoor pollution
Median, 75th percentile (minimum, | measures.

maximum) 0.0194, 0.028 (0.013,
0.0863) mg/m?3.

Outcome: ISAAC questionnaire;
wheezing, running or blocked nose
without cold or respiratory infection,
in past 12 months.

Evaluation®:

Medium confidence

Low participation rate but potential
for differential participation (by
formaldehyde exposure and disease
status) uncertain.

Matsunaga et al. (2008) (Osaka, Allergic rhinitis (14.0% prevalence) Atopic eczema (5.7% prevalence)

Japan) mg/m3 n OR (95% Cl) mg/m3 n OR (95% CI)
Design: Prevalence study. Adults, <0.022 298 1.0 (referent) <0.022 298 1.0 (referent)
n =998 women, median 17th week 0.022- 299 1.06 (0.65,1.73) 0.022-0.033 299 1.03 (0.47,2.29)
of pregnancy, median age ~30. 0.033 0.034-0.057 301 1.11 (0.50,2.42)
Recruited through obstetric clinics 0.034- 301 0.85 (0.51,1.40) 0.058-0.161 100 2.36 (0.92, 6.09)
and public health nurses. 0.057 (trend p-value) (0.08)
0.058- 100 1.17 (0.60,2.28)
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Results
Study and design® Nasal Dermatologic
Participation rate 17% of pregnant 0.161 0.058-0.161 vs. 2.25 (1.01,5.01)
women in the area. (trend p-value) (0.91) <0.058
Exposure: 24-hour personal sample 0.058-0.161vs. 1.22 (0.68, 2.20) per0.0123 mg/m3 1.16 (0.99, 1.35)

(converted from ppb).

Median 0.030, maximum

0.161 mg/m3.

Cutpoints based on 30th, 60th, and
90th percentiles (<0.022,
0.022-0.033, 0.034-0.57, and
>0.058 mg/m3).

Outcome: Self-report, treatment for
allergic rhinitis or atopic eczema in
past 12 months.

Evaluation®:

Medium confidence

Low participation rate but potential
for differential participation (by
formaldehyde exposure and disease
status) uncertain. Some uncertainty
pertaining to sensitivity and
specificity of outcome assessment.

<0.058

Adjusted for age, gestation, parity, family

history (of asthma, atopic eczema, allergic
rhinitis), smoking status, current passive
smoking at home and work, mold in
kitchen, indoor domestic pets, dust mite
antigen level, family income, education,
and season.

(Midpoint of highest quartile estimated as
0.07 mg/m3 based on personal
communication (Matsunaga, 2012))

Adjusted for same factors as allergic
rhinitis analysis.

Additional analyses examined effect
modification by family history of asthma,
atopic eczema, or allergic rhinitis, see
Figure 3-11 in this report.

(Midpoint of highest quartile estimated as
0.07 mg/m?3 based on personal
communication (Matsunaga, 2012)).

Within each age group, organized by study confidence, then descending publication year. Results for low confidence studies are

shaded gray.

Abbreviations: ISAAC = International study of Asthma and Allergies in Children; ECRHS = European Community Respiratory

Health Survey.

2Evaluation of sources of bias or study limitations (see details in Appendix B.3.4).
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Table 3-12. Skin prick tests in relation to formaldehyde exposure, by age

group
Study and design Results
Children
Garrett et al. (1999) (Australia) Atopy prevalence: 88/145 = 0.61
Design: Prevalence study, n = 145 (57 asthma cases, 88 Exposure (mg/m?3) N Proportion with atopy
controls; combined for this analysis; some cases and controls <0.020 30 0.33
from same household; three excluded for total n = 145), ages 0.020-0.050 75 0.64
7-14 (mean 10.2) years. >0.050-0.139 40 0.75
Exposure: 4-day (one per season) measures in home (trend p-value) (<0.001)
(bedroom, living room, kitchens, outdoors). 74% of the per 0.020 mg/m3increase OR 1.42 (0.99, 2.04)
children had lived in the house for at least 5 years; 34% for 0Odds ratio, adjusted for parental asthma history, sex; other
entire life. factors examined (passive smoke, pets, indoor NO,, fungal
Median (maximum) 0.0158 (0.139) mg/m3. spores, house dust mite allergens). (Similar trend seen based on
Outcome: Atopy based on skin prick tests to 12 allergens (cat, | bedroom measure: prevalence 0.50, 0.59, 0.74, trend p = 0.06.)
dog, grass mix #7, Bermuda grass, house dust, two dust mite, Exposure Number of
five fungi). (mg/m?3) N allergens? Wheal size?
Evaluation®: <0.020 30 13 0.5
Medium confidence () 0.020-0.050 75 34 1.0
Uncertainty about effect of recruitment process and ability to >0.050-0.139 40 3.9 1.3
fully address household correlation of cases and controls; (trend p-value) (0.004) (0.002)
could result in attenuated effect estimate. 2Estimated from Figure 1 (Garrett et al., 1999)
Children and adults (stratified)

Palczynski et al. (1999) (Poland) Positive Skin IgE
Design: Prevalence study, n = 278 adults ages 16-65 years; (n)  Prick Test (%) (>100kU/L) (%)
n = 186 children ages 5-16 years from 120 households with Children
children (random selection from 10-year-old apartment <0.025 mg/m3 (101) 34.7 37.6
houses). Participation rate not reported. 0.025-0.050 (82) 28.0 32.9
Exposure: 24-hour household sample (area not specified) 0.051-0.067 (4) 25.0 25.0
Mean (£SD) (minimum, maximum) 0.026 (+0.011) (0.002, Adults
0.067) mg/m3; 2% >0.050. <0.025 mg/m3 (142) 29.6 26.1
Outcome: Allergy based on skin prick tests (SPT) to allergens 0.025-0.050 (131) 28.2 25.6
(dust, dust mites, feathers, grasses) 0.051-0.067 (5) 60.3 40.0
Evaluation?

. Additional analyses demonstrated effect modification by
Children: . . .

. . environmental tobacco smoke, see Table 3-20 in this report.

Medium confidence
Not informative above 0.050 mg/m?3 because of sample size
(<5).
Adults:
Low confidence
Uncertainty about time window of exposure measurement for
skin prick test results (greater uncertainty in adults than in
children). Not informative above 0.050 mg/m3 because of
sample size (<5).

Results classified as low confidence are shaded gray.

aEvaluation of sources of bias or study limitations (see details in Appendix B.3.4). Direction of anticipated bias indicated by
arrows: “{,” for overall confidence indicates anticipated impact would be likely to be toward the null (i.e., attenuated effect
estimate); “” for overall confidence indicates anticipated impact would be likely to be away from the null (i.e., spurious or
inflated effect estimate).
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Table 3-13. Allergy symptoms or skin prick tests in relation to formaldehyde

exposure in workers

Study and design

Results

Allergy symptoms

Fransman et al. (2003) (New Zealand)

Design: Prevalence study. Plywood mill workers, n = 112. Participation rate 66%. Mean
age 34.5 years, 71% men, mean duration 4.7 years.

Exposure: Personal samples (15-minute samples) in jobs held by 49 workers: (n),
geometric mean (+geometric standard deviation) (mg/m3).

all (22) 0.080 (3.0)
dryers (14) 0.070 (3.2) (one outlier)
pressing (5) 0.160 (2.7)

other areas 0.030-0.040 mg/m?3 (at or near detection limit)
Total inhalable dust (full-shift personal samples): geometric mean 0.7 mg/m?3.
Outcome: Self-report, allergy symptoms based on sensitivity to house dust, food,
animals, or grasses/plants.

Evaluation®:
Low confidence

Uncertain impact of outcome classification (inclusion of food allergies) and uncertainty
regarding details of analysis. Selection out of the exposed work force of “affecteds”
possible in this type of prevalence study. “Low” exposure group exposed to levels of
formaldehyde up to 0.080 mg/m?3.

Allergy symptoms prevalence

Low (<0.080 mg/m?3, n = 38) 31.6%
High (>0.080 mg/m?3; n = 11) 45.5%
OR (95% Cl) (>0.080 vs. <0080 mg/m3):
2.4(0.5,11.8)

Adjusted for age, sex, ethnicity,
smoking. Internal comparison by
exposure category limited to the 49
workers with same job titles as those
with the 22 air sample measurements.
Dust not related to high formaldehyde
exposure. Not clear if these specific
symptoms were or were not related to
other exposures (e.g., endotoxin).

Skin prick tests

Herbert et al. (1994) (Canada)
Design: Prevalence study. Oriented strand board manufacturing (n = 99). Comparison
group (n = 165) oil field workers, not exposed to gas or vapors. Participation rate 98%
in workers, 82% in comparison group. Mean age ~35 years in both groups.
Exposure: 21 hours continuous area sampling, 2 consecutive days

Saw line, debarking: 0.090-0.160 mg/m3

Postheat, press conveyor, packaging, storage: 0.200-0.290 mg/m?3

Preheat conveyor: 0. 330 mg/m?3
Total dust: mean 0.27 mg/m3, median aerodynamic equivalent diameter = 2.5 um.
Outcome: Atopy based on skin prick test to six allergens (wheat, rye, Alternaria, cat,
house dust, birch; four of these are common allergens in this area).
Evaluation®:
Low confidence
Selection out of the exposed work force of "affecteds" possible in this type of
prevalence study. Uncertainty about exposures in referent group. Uncertainty about
time window of exposure measurement with respect to skin prick test results in adults

Atopy prevalence not reported

OR (95% Cl) 0.75 (0.40, 1.35)
Dust exposure considered low; not
included in analysis.

Results classified as low confidence are shaded gray.

2Evaluation of sources of bias or study limitations (see details in Appendix B.3.4). Direction of anticipated bias indicated by
arrows: “{,” for overall confidence indicates anticipated impact would be likely to be toward the null (i.e., attenuated effect
estimate); “” for overall confidence indicates anticipated impact would be likely to be away from the null (i.e., spurious or

inflated effect estimate).

Asthma

Asthma affects approximately 5-10% of the U.S. population, and results in a significant

individual and societal burden in terms of morbidity, health care costs, and indirect costs [e.g., due
to absences from work (Shenolikar et al., 2011; Bahadori et al., 2009)]. The potential for
formaldehyde to induce or exacerbate asthma symptoms has been described in occupational

settings in reports spanning several decades (see for example, (Popa et al., 1969; Nordman et al.,
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1985)). Characterization of this risk on a population level requires more extensive evaluation.
Epidemiological studies have investigated potential associations between formaldehyde and
asthma in children and adults using formaldehyde measurements conducted in occupational,
residential, and school-based settings. The outcomes studied include the incidence of asthma

(i.e., the number of people newly diagnosed with asthma in a period of time), 19 prevalence of
current asthma (typically ascertained through a set of questions pertaining to symptoms or
medication use over a period of time, e.g., past 12 months), and asthma control (typically
ascertained through a larger set of symptoms, medication, and medical care use over a shorter
period of time, e.g., 2-4 weeks). Asthma control pertains to the extent to which symptoms can be
reduced or eliminated with medication. The prevalence of current asthma includes newly
diagnosed patients, as well as previously diagnosed patients who are experiencing the expression
(and thus the costs and burden) of this condition. EPA considered “ever had asthma” to be of
limited use in this review, as the formaldehyde measures available do not reflect cumulative
exposures that could be related to cumulative risk, and thus EPA did not include results using the
definition, “ever had asthma.” However, there were a small number of studies where asthma was
not defined clearly but study details appeared to indicate that the definition was not “ever had
asthma”; these were included but the limitation was noted. Altered lung function in people with
asthma, examined in acute controlled exposure studies, is also discussed in this section, although
these acute, high exposure scenarios are of less direct relevance to the question of risks of chronic

exposures.

Asthma prevalence studies

The collection of studies evaluated associations between formaldehyde exposure and
prevalence of current asthma, as determined by symptoms or medication use in the past
12 months. Based on advice from the expert panel consulted by the EPA, this type of questionnaire-
based outcome classification used in a cross-sectional design was considered to be an appropriate
choice for studies of exposures that could affect the occurrence of asthma episodes. The five
medium or high confidence studies in homes or schools with relatively low exposures
(<0.05 mg/m3, most from approximately 0.02 to 0.04 mg/m3) reported relative risks around 1.0
(ranging from 0.72 to 1.14; see Tables 3-14 and 3-15, Figure 3-9). This set of studies included a
variety of designs and populations; the school-based studies are large (from 1,014 to 6,683 total
participants). The case definition of wheezing during the past year used by Venn et al. (2003) is
interpreted to be relevant to a definition of current asthma as used in this assessment since 88% of

the cases also reported using a reliever inhaler in the past year.

19 Only one incidence study was found in the literature search (Smedje and Norback, 2001); this study was
classified as a low confidence study because only two formaldehyde measures were taken over the four-year
period, and 2/3 of the students left the school before the follow-up evaluation which added to the uncertainty in
the relevance of the exposure measure. The evidence from this study was not considered in the synthesis; the
study details are presented in Table 3-14 and characterized as a low confidence study.
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Seven medium confidence general population studies in children or adults where a
proportion of the study sample had exposures of 0.05-0.1 mg/m3 (e.g., the 75th percentile was >
0.05 mg/m3) were available (see Tables 3-14 and 3-15; Figure 3-9). A hospital-based case-control
study of children (mean age 10 years) examined prevalent asthma using the ISAAC questionnaire
followed by spirometry results (an FEV; increase of 15% in response to 3-agonist inhalation) (Liu
etal., 2018). The authors reported an association with formaldehyde levels based on a regression
analysis using quartiles of formaldehyde concentration (OR = 2.736, 95% CI: 1.098, 5.516).
Exposure levels in the highest quartile ranged from 0.05 to 0.14 mg/m3. In a school-based study in

Romania, an OR of 2.7 (95% CI: 1.04, 6.97) was seen for asthma symptoms occurring in the past
week, a less sensitive and specific outcome compared to “current asthma,” comparing children
exposed to formaldehyde at levels of 0.035 to 0.066 mg/m3 to the referent group of < 0.035 mg/m3
(Neamtiu et al., 2019). Results from a school-based study in Portugal reported an OR of 1.19 (95%
CI: 0.60, 2.39) for formaldehyde levels above versus below the median (0.0225 mg/m3); the 75t
percentile in that study was 0.0646 mg/m3 (Branco et al., 2020). Two other studies with relatively
high exposures included both children and adults (Zhai et al., 2013; Krzyzanowski et al., 1990), and

each provides evidence of a greater susceptibility in children. Both studies compared effects in
groups exposed to levels approximately 0.08 mg/m3 or above to lower exposed groups; a limitation
of the Krzyzanowski et al. (1990) analysis is the relatively small number in the highest exposure
group (n = 21), possibly contributing to the imprecision of the effect estimate for that group. Two
other medium confidence studies with exposures above 0.05 mg/m3 were conducted only in adults

(Matsunaga et al., 2008; Billionnet et al., 2011). Billionnet et al. (2011) compared the asthma

outcome for subjects exposed to exposures greater than the 75t percentile of 0.028 mg/m3 to those
exposed to less than the 75t percentile. While most of the study population was exposed to lower
concentrations, a portion were exposed to concentrations as high as 0.09 mg/m3, which likely
influenced the observed RR of 1.4. In the study by Matsunaga et al. (2008) the point estimates were
below 1.0 for exposure groups < 0.050 mg/m3 but was 2.65 in the highest exposure group (0.058 to
0.161 mg/m3); however, the confidence intervals around each of the estimates indicated some
imprecision in these estimates (see Figure 3-9).

Epidemiological studies in occupational settings examining the incidence of asthma in a
cohort of individuals after they initially enter a workplace have not been conducted. The available
studies generally did not attempt to examine the timing of symptoms in relation to when the
subjects are present in the workplace (i.e., over the course of a workday or comparison between
workdays and weekend days) and so would not have the level of detail that would be included in a
clinical workup of occupational asthma; rather, these studies can be thought of as studies of the
prevalence of current asthma among workers exposed to formaldehyde. The occupational exposure
literature included three medium confidence studies of plywood and other layered wood

manufacturing workers in Canada (Herbert et al., 1994), New Zealand (Fransman et al., 2003), and

Indonesia (Malaka and Kodama, 1990); each of these studies included between 93 and 112 exposed
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workers (see Table 3-16). Exposure levels varied by work area, but generally ranged from 0.10 to
>0.50 mg/m3. A greater than three-fold increased risk of asthma was seen in each of these studies.
One of the wood worker studies addressed potential confounding by dust exposure by the inclusion
of this variable in the analysis (Malaka and Kodama, 1990), and another study specifically noted

that the measured dust levels were not related to high formaldehyde exposure and that the asthma
symptoms were not strongly related to other exposures including endotoxin measures (Fransman

et al., 2003); these factors provide support for the idea that the associations seen with

formaldehyde are not due to confounding by other work-site exposures The results from these
studies may represent underestimates of risk; two factors contribute to this concern. All of the
studies were prevalence surveys of workers who have remained in a workplace for some time
(e.g., 2 or more years), which could be biased by the loss of affected individuals from the workforce
(e.g., because of the “healthy worker effect” inherent in this type of study design). In addition, in
two of the studies, the comparison group included workers who may have also been exposed to

formaldehyde or other respiratory irritants (Herbert et al., 1994; Fransman et al., 2003). Inclusion

of this type of exposure in the comparison group reduces the possibility that the observed
associations were influenced by differential reporting of asthma among the exposed but raises the
possibility that the relative risk estimated against this comparison group underestimates the risk
that would be represented by a comparison with a population that does not have these other
exposures. Another limitation to note is that the sensitivity and specificity of the symptom-based
questionnaire measures may be lower in occupational settings than in general population studies;
EPA did not find validation data specific to these types of wood manufacturing settings. However,
given the strength of the relative risks, the consistency of the associations seen in the three
different workplaces and populations, and the likelihood that the observed associations were
underestimates of the true associations, these studies collectively support a strong association
between formaldehyde concentrations above approximately 0.100 mg/m3 in occupational settings

and increased prevalence of current asthma (see Figure 3-9C).
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Figure 3-9. Relative risk estimates for prevalence of asthma in children and
adults in relation to formaldehyde by exposure level in general population
and occupational studies.

Study details are described in Tables 3-14 (Panel A), 3-15 (Panel B), and 3-16 (Panel C). Data in children =
unfilled symbols; data in adults = filled symbols. Panels represent lower level exposure (circles) and higher
level exposure (squares) in general population settings (Panels A and B, respectively); as well as exposure
in occupational settings (diamonds, Panel C). High and medium confidence studies are included in the
figures. Levels for most of the participants in the study groups in Panel A, low exposure, were < 0.05
mg/m3. Exposure levels in Billionnet et al. (2011) ranged to a maximum of 0.09 mg/m?3, which resulted in
classifying the study as high exposure. Effect estimates are RR or OR. Regarding “mg/m3”: for studies
which used categorical analysis, mg/m3is midpoint, calculated for the group being compared to the
referent group; the mean + 1 SD is used for the continuous analysis conducted by Kim et al. 2011; the 75"
percentile was used for the 4-quartile analysis in Liu et al (2018).
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Table 3-14. Prevalence of asthma in children in relation to residential or
school formaldehyde exposure in studies

Study and design® Results

High Confidence Studies
Annesi-Maesano et al. (2012) (France) Prevalence 6.9%, OR (95% Cl)

Design: Prevalence study; n = 6,683, ages 9-10 years, | <0.0191 mg/m3 1.0 (referent)
participation rate 69%. Sampling from 108 schools, alll .4 0191-0.0284 1.10 (0.85,1.39)
classes of specified grade level per school. 50.0284-~0.055 0.90 (0.78,1.07)

Exposure: 5-day samples in classrooms. . . . . .
Median (75th percentile) 0.027 (0.034) mg/m?; (Confidence intervals estimated from Figure 4 in paper.)

maximum 0.055 mg/m3 (estimated from Figure 1 in Adjusted for age, gender, passive smoking, and paternal or maternal
paper). history of asthma or allergic disease.

Outcome: Asthma based on ISAAC questionnaire;
wheezing or whistling in chest at nighttime; taken
asthma treatment in past year. see Figure 3-11in this report.
Evaluation®:
High confidence

Additional analyses examined effect modification by atopy status,

Kim et al. (2011) (Korea) Prevalence of asthma: 6.9%
Design: Prevalence study; n = 1,028, mean age OR (95% Cl), per 0.010 mg/m?:

10 years, participation rate 96%. Sampling from 12 | cthma. current 1.04 (0.78, 1.40).
schools, 2-3 classes per school.

Exposure: 7-day samples in classrooms (n = 34) and
one outdoor area per school (n = 12) (all samples
collected in same season).

Mean (£SD), (minimum, maximum) 0.028 (+0.0083)
(0.016, 0.047) mg/m3.

Outcome: Asthma based on current use of asthma
medication or asthma attack in past 12 months.
Evaluation?®:

High confidence

Adjusted for age, sex, self-reported pet or pollen allergy,
environmental tobacco smoke at home, other home environment
(indoor dampness, remodeling, changing floor, age of home).

Medium Confidence Studies

Branco et al. (2020) (Portugal) Asthma prevalence: 5.5%

Design: Prevalence study: School children, n=648 [Medium confidence]

preschoolers (3-5 years) and n=882 primary school |OR (95% Cl) above compared to below the median: 1.19 (0.60, 2.39)
children (6-10 years) randomly recruited from urban
and rural nursery (n=17) and primary schools (n=8), [[Low confidence]

participation rate 39%. OR (95% Cl) per IQR increase in exposure:
Exposure: Daily exposure based on time-averaged air |0.666 (0.37, 1.21).

concentration and reported time in specific school
locations. Continuous monitoring in each room (24 h |Logistic regression models adjusted for site (urban, rural), study
to 9 days). Mean formaldehyde concentration (SD): |phase, sex, age group, BMI and parental history of asthma. Also

0.035 (0.043) mg/m3; median, 75 percentile: controlled for surrogates of home indoor exposure including
0.0225, 0.0646 mg/m? [data provided in email from |mother’s education, living with smoker. Other covariates for contact
author to Dr. Glinda Cooper (Branco et al., 2020)]. with farm animals during 1st year of life, pets at home in previous
Outcome: Asthma diagnosis by study physicians year &/or 1st year of life.

based on either reported symptoms using ISAAC
questionnaire or a report of ever having 1 or more
symptoms plus spirometry before and after
bronchodilator (ERS/ATS and Global Initiative for
Asthma guidelines).

Evaluation®:

Dichotomized analysis:
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Medium confidence

Low participation rate, but potential for differential
participation (by formaldehyde exposure and disease
status) uncertain.

Continuous variable analysis:

Low confidence

Uncertainty regarding interpretation of linear
regression given the bimodal distribution of
formaldehyde. Uncertainty regarding interpretation
of analysis as a continuous variable because of
bimodal distribution.

Neamtiu et al. (2019) (Romania)

Design: Prevalence study; n = 280 children, 89.7%
participation rate

Sampling from five primary schools in one county, 3
classrooms per school.

Exposure: 5-day samples in each classroom.
Median (75th percentile) 0.035 (0.045) mg/m?3,
maximum = 0.066 mg/m?3.

Outcome: Asthma-like symptoms based on ISAAC
questionnaire, asthma-like symptoms defined as
difficult breathing, dry cough and wheezing in the
past week (any symptom).

Evaluation?

Medium confidence

Outcome definition (asthma-like symptoms) is
limited to past week.

Asthma-like symptoms (prevalence not reported)
OR (95% Cl), above compared to below median (0.035 mg/m?3):
2.7 (1.04, 6.97)

Logistic regression model adjusted for age, gender, NO,, CO, CO,,
temperature, relative humidity, ventilation rate, and tobacco smoke
exposure for the past week.

Liu et al. (2018) (China)

Hospital based case-control study. n = 180 cases, 180
controls, mean age 10 years, sex, and age
comparable. Participation rate not reported.
Exposure: Two-month samples in living room and
bedroom. NO, and PM also measured.

Household: median (range), 75" percentile

Cases 0.0384 (0.012-0.142), 0.057 mg/m?3

Control 0.0251 (0.012-0.094), 0.046 mg/m?
Outcome: Asthma diagnosis via ISAAC questionnaire
(2 or more incidents of cough, wheezing, and
dyspnea for 3 or more consecutive days). Plus, FEV;
increased by >15% after B-agonist inhalation and
persistent asthma was stable for 3 or more months
prior to study.

Evaluation®:

Medium confidence

Uncertainty regarding interpretation of
formaldehyde as a single variable representing 4
quartiles.

Current asthma
OR (95% Cl), formaldehyde by quartile
2.736 (1.098, 5.516)

Regression models adjusted for history of allergy, breastfeeding, ETS
and PMz,s

Association of lower magnitude (OR = 2.029) also was reported for
PM3s

Note: the units for the odds ratio were not provided, but authors
stated that quartiles of concentration were included in the model.

Zhai et al. (2013) (China)

Design: Prevalence study; 186 homes from a
household survey, with random selection of
participants within households; 82 children.
Exposure: Samples in three rooms per house
(bedroom, living room, kitchen); sampling time not
specified.

Prevalence by exposure category:

n (%)
<0.08 mg/m?3 62 3.22
0.08-0.15 mg/m3 20 40.0

RR 12.4 (2.9, 53.7) [calculated by EPA]
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64% of the 186 houses, and 24% of the 82 houses
with children were >0.08 mg/m?3 (“polluted”). Mean
formaldehyde levels in the 3 locations 0.09-0.13
mg/m3in the “"polluted” homes and 0.04-0.047 in
the “unpolluted” homes

Outcome: (American Thoracic Society questionnaire
(physician diagnosed) Ferris (1978).

Evaluation®:

Medium confidence

Uncertainty regarding exposure measurement period
and validation of case ascertainment in this
population. Although potential confounders were not
considered in asthma-only analysis, given the
magnitude of the results, the formaldehyde
association is unlikely to be explained only by
confounders.

Venn et al. (2003) (United Kingdom)

Design: Nested case-control study; n = 193 persistent
wheeze cases, 214 controls, ages 9-11 years.
Participation rate: 54% response to 1998 follow-up of
1995-1996 study; of identified cases and controls,
participation was 79% among cases, 59% among
controls.

Exposure: 3-day samples in bedroom; median

~0.022 mg/m3; 75" percentile 0.032 mg/m?3;

median in top quartile 0.041 mg/m3.

Outcome: Parent report, wheeze in past year
(reported for both of two periods, 1995-1996 and
1998), validated by medical records for 115 cases and
164 controls.

Evaluation®:

Medium confidence

Uncertainty regarding impact of loss of subjects
between 1995 and 1998.

(n cases), OR (95% Cl):

<0.016 mg/m3 (49) 1.0 (referent)

0.0161-0.022  (46) 1.14 (0.65, 2.00)
0.0221-0.032  (51) 1.08 (0.62, 1.86)
0.0321-0.123  (44) 1.04 (0.59, 1.82)

(trend p =0.93)
Adjusted for age, sex, socioeconomic status. Venn et al. (2003) did
not find that evidence of an adverse effect of NO, or VOCs other than
formaldehyde on children’s respiratory health.
Similar results in group with validation of case status from
prescription asthma medication records.
(Median in top quartile provided in email from Dr. Venn, March 29,
2012.)

Palczynski et al. (1999) (Poland)

Design: Prevalence study; n = 187, ages 5-15 years
from 120 households with children (random

Children results: Asthma prevalence 4.8%

Exposure category (n) prevalence

- e All children
selection, 10-year old apartments). Participation rate <0.025 mg/m (101) 5.0%
not reported.
Exposure: 24-hour household sample (area not 0.025-0.050 (82) 4.9%
specified). 0.0501-0.067 (4) 0.0%
Mean (£SD) (minimum, maximum) 0.026 (+0.011)
(0.002, 0.067) mg/m3
2% >0.050 mg/m3
Outcome: Bronchial asthma diagnosed using
American Thoracic Society criteria.
Evaluation®:
Medium confidence
Uncertainty regarding asthma definition. Not
informative above 0.050 mg/m?3 because of sample
size (<5).
[Data from this study on the sample of adults
presented in table above]
Krzyzanowski et al. (1990) (United States, Arizona) Prevalence:

Design: Prevalence study. n = 298 ages 5-15 years,
mean 9.3, from 202 households (stratified sample

asthma, current (physician diagnosed) 15.8%
(n), asthma prevalence by exposure category,
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Study and design® Results
from municipal employees). Participation rate not <0.049 mg/m?3 (248) 11.7%
reported. 67% white. 0.049-0.074 (24) 4.2%
Exposure: Two 1-week samples (opposite seasons) in| >0.074-0.172 (21) 23.8%
kitchen, living area, and bedroom (converted from (trend p < 0.03)

ppb)
Household: mean 0.032 mg/m3

<0.049 mg/m3 83.7%

0.049-0.074 10.0%

>0.074-0.172 6.3%
Only a few values above 0.111 mg/m3
Outcome: American Thoracic Society questionnaire
(physician diagnosed) Ferris (1978).
Evaluation®:
Medium confidence
For children, relatively small n in higher exposure
categories; for adults, incomplete reporting
Related references: Quackenboss et al. (1989a);
Quackenboss et al. (1989b).

[Data from this study on the sample of adults
presented in table above]

Log-linear models, stratified by environmental tobacco smoke,
adjusted for socioeconomic status, ethnicity.

Highest vs. lowest group: RR (95% Cl) 2.0 (0.88, 4.8) (EPA calculation,
unadjusted)

Additional analyses demonstrated effect modification by
environmental tobacco smoke, see Table 121 in this report.

Low Confidence Studies

Yon et al. (2019) (Seongnam City, Korea)

Design: Prevalence study, n = 427 school children
recruited from 22 randomly selected classrooms at
11 elementary schools; 68.9% participation rate,
ages

10-12 years.

Exposure: Formaldehyde sampling in each classroom
using monitors with pumps during the 1st and 2nd
half of the school year.

Mean 0.027 + 0.077 mg/m?3; as high as 0.06 mg/m3in
some classrooms.

Duration and sampling methods were not described.
Outcome: current asthma definition: presence of
characteristic symptoms and /or signs during the
previous 12 months using ISAAC questionnaire, Self
report.

Evaluation?®:

Low confidence

Uncertainty regarding validation of ISAAC
questionnaire in this population; uncertainty
regarding exposure measurement period and other
protocol details; few (n=10) children with asthma
contributed to analyses.

Current asthma prevalence n = 10

OR (95% Cl) per 1 pug/m3

1.023 (0.96, 1.089) adjusted for age, sex, environmental tobacco
smoke exposure, keeping a pet at home, and physician-diagnosed
asthma and allergic dermatitis in parents.

Huang et al. (2017

(Shanghai, China)

Design: Case-control study, n = 409 children, aged 5—
10 years, who were participants in a previous cross-
sectional study (2011-2012) selected from 88
kindergartens located in 6 Shanghai districts. Eligible
children lived in homes not renovated in prior two
years and agreed to home inspection during March
2013-December 2014.

Exposure: Formaldehyde sampling in child’s
bedroom, 24 hours, in breathing zone (detection

Current wheezing 27.8%
OR (95% Cl) per IQR (15.2 pg/m?3)
0.93 (0.59, 1.47)

Logistic regression adjusted for age, sex, family history of atopy,
family annual income, household (ETS), early and current household
dampness-related exposures, early antibiotics exposure, early home
decoration, and the inspection season.
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range: 0.012-0.08 mg/m3). Mean (+ SD)
concentration (mg/m?3), 24-hr 0.0215 (+ 0.0130); 75th
percentile 0.0275 mg/m3

Range 0.006—0.060 mg/m?3, 3 homes above.
Outcome: Wheezing in past 12 months using
selected questions from translated ISAAC
questionnaire.

Evaluation®:

Low confidence

Participation rate unclear, and potentially
differential with respect to exposure and disease
status; uncertainty regarding validation of truncated
version of ISAAC questionnaire in this population

Madureira et al. (2016) (Porto, Portugal)

Design: Case-control study, October 2012—-April 2013,
random recruitment of 38 residences among
asthmatic children and 30 residences among
nonasthmatic children previously identified in a
cross-sectional study. Mean age 8.5 years. Excluded
respondents with a recent renovation or who had
moved since responding.

Exposure: Continuous passive sampling in bedroom
over 7 days. Formaldehyde concentrations all above
the detection limit; see distribution in results
column.

Outcome: For asthma cases, parents responded yes
to both of 2 questions in ISAAC questionnaire: 1) Has
your child ever had asthma diagnosed

by a doctor? and 2) In the past 12 months, has your
child had wheezing or whistling in the chest? Parents
of controls responded no to both questions.
Evaluation®:

Low confidence

Potential for selection bias, with greater
environmental controls among asthmatic families.
Differences in temperature and relative humidity not
addressed in analysis.

Formaldehyde concentration in bedroom, mg/m3

Cases Controls
N 38 30
Mean (SD) 0.015 (0.010) 0.017 (0.095)
Median 0.011 0.015
IQR 0.007-0.018 0.009-0.022
Min; Max 0.004; 0.051  0.005; 0.043
p value = 0.199

Hsu et al. (2012) (Taiwan)

Design: Case-control study; n = 9 cases, 42 controls,
recruited through kindergartens and day care
centers, ages 3-9 years at enrollment (mean age 7.0
years). Participation rate (clinic exam and home
measures) approximately 5% of potential cases and
controls).

Exposure: 2-hour household sample (probably
bedroom; converted from ppb)

Median (25th, 75th percentile): Controls 0.017
(0.005, 0.030) mg/m3.

Outcome: Initial screening through parent report of
history (ages 2-6 years) with confirmation by clinical
examination.

Evaluation®:

Low confidence

Low and differential (at various steps) participation
rate. Short exposure sampling period and no

Formaldehyde concentrations lower in cases than in controls:

(n) Median (25th, 75th percentile) mg/m?3

Controls (42) 0.017 (0.005, 0.030)

Asthma cases (9) 0.005 (0.004, 0.012)

(p =0.03)

Nonparametric (Mann-Whitney) comparison of formaldehyde by
group.
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information on protocol. In addition, small sample
size (n = 9) for asthma.

Hwang et al. (2011) (Korea)

Design: Case-control study drawn from 1,005

Formaldehyde level, geometric mean (SD)
mg/m?3, by group:

elementary students (one school, all grades; 84%
participation rate). 33 cases (out of 129) and 40
controls (out of unspecified number) agreed to
participate in environmental measurement study.
Controls selected from respondents with no asthma
symptoms or diagnosis, age- and sex-matched to
cases.

Exposure: 3-day household sample (2 rooms) and
personal sample

Geometric mean (tgeometric SD) mg/m3 in controls:
0.036 (+0.002) household; 0.029 (+0.002) personal
Outcome: Parent report of asthma based on ISAAC
questionnaire.

Evaluation®:

Low confidence

Asthma definition includes current asthma and ever
asthma. Uncertainty regarding selection processes
(high prevalence of family history of asthma in cases
[86%] and controls [96%]); uncertainty about analysis
and distribution of formaldehyde levels

Household Personal sample
sample
Cases  0.031(0.002) 0.027 (0.002)
Controls 0.036 (0.002)  0.029 (0.002)

OR (95% Cl), per unit increase in formaldehyde: 1.0 (1.0, 1.1)

Comparison of distributions of exposure (ttests); logistic regression
adjusted for gender, age, income, education level of parents,
passive smoking.

Hulin et al. (2010) (France)

Design: Case-control study; (n = 32 urban cases, 31
urban controls; n = 24 rural cases, 24 rural controls),
mean age 12.5 years. Drawn from previous
schoolbased surveys. Participation rates 22 and 13%
in urban cases and controls, 52 and 75% in rural cases
and controls, respectively.

Exposure: 7-day sample in living room; median
(minimum, maximum)

Total (n = 112) 0.019 (0.004, 0.075) mg/m3

Outcome: Parent report of child’s history of asthma,
use of asthma medications, or wheezing in past

12 months.

Evaluation®:

Low confidence

Small sample size and uncertain interpretation of the
stratified analyses (and unspecified n in analysis of
current asthma).

OR (95% ClI) for above vs. below median)

Total sample: 1.7 (0.7, 4.4)

urban OR =0.24 (0.04, 1.5)

rural OR =9.0 (1.0, 98)

(interaction p < 0.05)

(Confidence intervals estimated from figure in the paper.)

Adjusted for age, sex, family history of allergy, passive smoke
exposure during childhood, and allergic rhinitis.

Levels of other pollutants that are risk factors for asthma were higher
in urban areas.

Choi et al. (2009) (Korea)

Design: Case-control study. n = 36 allergic asthma
cases, 28 controls, recruited through university
outpatient clinic; recruitment procedures not
described. Mean age cases 15.4 years (SD = 3.4;
controls 16.2 years (SD = 4.1). Housing age and type:
cases 58% <3 years old and 72% apartments; controls
29% <3 years old and 50% apartments. Location: 44
and 21% near road for cases and controls,
respectively.

Exposure: Household sample (sampling period and
area not reported, but closed windows and use of
duplicates).

Formaldehyde levels (mg/m?3):

Geometric 75th percentile
mean
Cases 0.054 0.108
Controls 0.043 0.115

p-value not reported (>0.05)
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Geometric mean, 25th, and 75th percentiles in
controls: 0.043 (0.024, 0.115) mg/m3

Outcome: “Allergic asthma” based on medical
history, skin prick test, and IgE (criteria not
provided).

Evaluation?®:

Low confidence

Selection and recruitment process not reported;
sampling period not reported and specific criteria for
case definition not reported; potential confounders
(age and type of housing and location differed
between cases and controls, as measure of
socioeconomic status) not addressed. Limited

analysis.

Mi et al. (2006) (Shanghai, China) Prevalence of:

Design: Prevalence study; n = 1,414, ages 12-17 Asthma, current  3.1%
(mean 13) years, percentage with environmental Wheeze, whistling 3.1%

tobacco smoke not reported, participation rate 99%.
Sampling from 10 schools, 3 7th-grade classes per
school.
Exposure: 4-hour samples in 30 classrooms.
Mean (£SD), (minimum, maximum) 0.009 (+0.0089) |OR (95% Cl), per 0.010 mg/m3:
(0.003, 0.020) mg/m?3. No information on LOD or Asthma, current  1.30 (0.72, 2.32)
percentage <LOD. Symptoms in past 12 months
Weak Cf)rrelation (Spearman r ranged from—p.lS to Wheeze, whistling 1.01 (0.56, 1.81)
0.08) with other exposures (NO, and ozone, |ndo.or Daytime attack 1.09 (0.86, 1.38)
and outdoor measurements). Moderate correlation

Nighttime attack 1.26 (0.63, 2.53)

(Spearman r ~0.40) with room temperature and
relative humidity. Adjusted for age, gender, smoking, observed water leakage and

Daytime attack  23.0%
Nighttime attack 2.6%

Outcome: Current asthma (medication use or asthmalindoor molds.
attack in past 12 months), symptoms in past

12 months (wheeze or whistling in the chest, daytime
breathlessness attack at rest or after exercise,
nighttime breathlessness attack).

Evaluation®:

Low confidence

Short exposure measurement period and uncertainty
about exposure distribution and analysis

(e.g., percentage <LOD and treatment in analysis as
continuous variable).

Tavernier et al. (2006) (United Kingdom) OR (95% Cl), by exposure tertile (exposure levels not reported;
Design: Case-control study. n = 105 cases, 95 controls|median in Gee et al. (2005) reported as 0.037 and 0.049 mg/m? in
(from two primary care practices, age- and sex- living room and bedroom, respectively)

matched), ages 4-16 years, lower socioeconomic Living room Bedroom

status. Participation rate 50%. Lowest 1.0 (referent) 1.0 (referent)

Exposure: 5-day sample in living room and bedroom. |[Middle  0.82 (0.33, 2.05) 1.26 (0.47, 3.40)
Outcome: Asthma based on validated screening Highest 1.22(0.49,3.07) 0.99(0.39, 2.52)
questionnaire (84% positive predictive value; but
included questions on respiratory infection). Odds ratio, conditional logistic regression, adjusted for measured
Low confidence exposures (e.g., endotoxin, Der p 1, particulate matter) and other risk
Uncertainty regarding selection process and loss of  [factors.

almost half of the cases. Outcome classification
includes questions that are not specific to asthma.
Uncertainty as to exposure range, particularly upper
tertile (no response from email to corresponding
author).
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Related Reference: Gee et al. (2005)

Smedije and Norback (2001) (Sweden).

Design: Prospective (incidence) nested case-control
study. 1,258 without asthma at baseline, 56 incident
cases of asthma in 4-year follow-up (incidence rate
1.1% per year); 78% participation in follow-up, mean
age 10.3 years at baseline. School-based sample; 1st,
Ath, and 7th grades.

Exposure: Two 4-hour samples in 2-5 classrooms per
school; measured in 1993 (n = 98) and 1995

(n =101).

Mean 0.008 mg/m?, geometric mean 0.004 mg/m?3,
(min, max) (<0.005, 0.072) mg/m3, 54% of 1993
samples and 24% of 1997 samples below detection
limit (0.005 mg/m3); median among those above
detection limit = 0.010 mg/m?3. Individual student
values based on average of 1993 and 1997
classrooms (<0.005 to 0.042 mg/m?3).¢

Outcome: Parent report of physician diagnosis of
asthma and six lower respiratory symptom questions;
previous validation study (73% sensitivity, 99%
specificity).

Analysis: Odds ratio, adjusted for sex, age, history of
atopy, smoking.

Evaluation®:

Low confidence

Exposure measures in only 2 of the 4 years and 2/3 of
students left the school more than a year before
follow-up; uncertainty about distribution; relatively
high percentage <LOD. Confounding by other
exposures not fully addressed but pattern of results
differed among the exposures examined.

Related Study: Smedje et al. (1997).

OR (95% Cl) per 0.010 mg/m?3:

total sample: 1.2 (0.8, 1.7)

with history of atopy: 0.6 (0.3, 1.3)

no history of atopy: 1.7 (1.1, 2.6)

(Atopy defined at baseline based on positive response to questions
on childhood eczema, allergy to pollen, or allergy to pet dander.)

Additional analyses examined effect modification by atopy status,
see Figure 3-11 in this report.

Garrett et al. (1999) (Australia)

Case-control study. 53 cases (physician diagnosis), 95
controls (no asthma diagnosis) from 80 households
(some cases and controls from same household),
ages 7-14 (mean 10.2) years.

Exposure: 4-day (1 per season) measures in home
(bedroom, living room, kitchen), and outdoors.
Median (maximum) Indoor 0.0158 (0.139) mg/m3
Outcome: Parent report, doctor-diagnosed asthma,
and respiratory symptom questionnaire.
Evaluation®:

Low confidence

Uncertainty about asthma definition (current asthma
or ever asthma?). Uncertainty about effect of
recruitment process and ability to fully address
household correlation of cases and controls; could
result in attenuated effect estimate. Incomplete
reporting of results (adjusted results reported as “not
statistically significant”).

Incomplete reporting of results
(n), proportion with asthma (overall proportion 53/148 = 0.36):

<0.020 mg/m3>  (31) 0.16
0.020-0.050 (76) 0.39
>0.050-0.139 (41) 0.44

(trend = 0.02)

Adjusted for parental asthma history, sex.

Adjusted results reported as “not statistically significant” (numeric
results not reported).

Organized by study confidence, then descending publication year. Results for low confidence studies are shaded gray.
aEvaluation of sources of bias or study limitations (see Appendix B.3.4). Direction of anticipated bias is indicated by arrows: “J,”

for overall confidence indicates anticipated impact would be likely to be toward the null (i.e., attenuated effect estimate); “1

”

for overall confidence indicates anticipated impact is likely to be away from the null (i.e., spurious or inflated effect estimate).
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Table 3-15. Prevalence of asthma in adults in relation to residential
formaldehyde exposure

Study and design® Results
Medium Confidence Studies
Billionnet et al. (2011) (France) Prevalence of asthma: 8.6%
Design: Prevalence study, n = 905 adults from 490 OR (95% Cl), adjusted for multiple risk factors, above vs. below 75th

dwellings (drawn from nationally representative sample; |percentile (0.028-0.0863 vs. <0.028 mg/m?3):
13.6% participation rate), median age 44 (15-89) years; 1.43 (0.8, 2.4)

48% men. (Confidence intervals estimated from graph)

Exposure: One-week sample in bedroom Adjusted for age, gender, smoking status, relative humidity, mold,
Median, 75th percentile (minimum, maximum) 0.0194, |pets, outdoor sources of pollution within 500-meter radius, highest
0.028 (0.0013, 0.0863) mg/m3 education level in household, time of data collection.

Outcome: Asthma based on self-report, asthma attack,
woken by shortness of breath, or using asthma
medication in past 12 months

Evaluation®:

Medium confidence

Low participation rate but potential for differential
participation (by formaldehyde exposure and disease
status) uncertain.

Matsunaga et al. (2008) (Japan) Asthma (2.1% prevalence)

Design: Prevalence study. Adults, n = 998 women, mean mg/m? n OR (95% Cl)
17th week of pregnancy, median age ~30 years.

Recruited through obstetric clinics and public health <0.022 298 1.0 (referent)
nurses. Osaka prefec.ture, Japan. Participation rate 17% 0.022-0.033 299 0.80 (0.23, 2.84)
of pregnant women in the area.

Exposure: 24-hour personal sample (converted from 0.034-0.057 301 0.72 (0.19, 2.77)
ppb)

Median 0.030, maximum 0.161 mg/m? 0.058-0.161 100 2.15 (0.41,11.3)
Cutpoints based on 30th, 60th, and 90th percentiles (trend p-value = 0.47)

(<0.022, 0.022-0.033, 0.034-0.57, and >0.058 mg/m?3)

Outcome: Self-report, treatment for asthma in past 0.058 t0 0.161 vs. <0.058 2.65 (0.63,11.1)
12 months Adjusted for age, gestation, parity, family history (asthma, atopic
Evaluation?: eczema, allergic rhinitis), smoking, passive smoking, mold in kitchen,
Medium confidence indoor domestic pets, dust mite antigen level, family income,
Low participation rate but potential for differential education, season of data collection.

participation (by formaldehyde exposure and disease

status) uncertain. Some uncertainty pertaining to

sensitivity and specificity of outcome assessment, but

considered adequate

Palczynski et al. (1999) (Poland) Asthma prevalence: 5.8%

Design: Prevalence study; n = 278, ages 16-65 years Exposure category (n) prevalence

from 120 households with children (random selection,  |All adults

10-year old apartments). Participation rate not reported. [<0.025 mg/m?3 (142): 6.3%
Exposure: 24-hour household sample (area not 0.025-0.050 (131): 4.6%
specified). 0.0501-0.067 (5): 20.0%
Mean (+SD) (minimum, maximum) 0.026 (+0.011) (0.002,
0.067) mg/m?3

2% >0.050 mg/m3

Outcome: Bronchial asthma diagnosed using American
Thoracic Society criteria.

Evaluation?®:

Medium confidence

3-103


https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=733119
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=124284
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626812

IRIS Toxicological Review of Formaldehyde (Inhalation)

Study and design®

Results

Uncertainty regarding asthma definition. Not informative
above 0.050 mg/m3 because of sample size (<5).

[Data from this study on the sample of children
presented in table above]

Krzyzanowski et al. (1990) (United States, Arizona)

Design: Prevalence study. n = 613 ages >15 years, mean
37) from 202 households (stratified sample from
municipal employees). Participation rate not reported.
67% white.
Exposure: Two 1-week samples (opposite seasons) in
kitchen, living area, and bedroom (converted from ppb)
Household: mean 0.032 mg/m3

<0.049 mg/m3 83.7%

0.049-0.074 10.0%

>0.074-0.172 6.3%
Only a few values above 0.111 mg/m3
Outcome: American Thoracic Society questionnaire
(physician diagnosed) Ferris (1978).
Evaluation?®:
Medium confidence
For children, relatively small n in higher exposure
categories; for adults, incomplete reporting
Related references: Quackenboss et al. (1989a);
Quackenboss et al. (1989b).

[Data from this study on the sample of children
presented in table above]

Prevalence of asthma: 12.9%

wheeze without a cold: 21.5%

shortness of breath with wheezing: 14.0%
Reported as “not significantly related” but rate of wheeze was
“somewhat higher” with higher exposure.

Low Confidence Studies

Zhai et al. (2013) (China)

Design: Prevalence study, with random selection of
participants within households; 186 homes

186 adults.

Exposure: Samples in three rooms per house (bedroom,
living room, kitchen); sampling time not specified.

64% of the 186 houses, and 24% of the 82 houses with
children were >0.08 mg/m? (“polluted”). Mean
formaldehyde levels in the 3 locations 0.09-0.13 mg/m3
in the “"polluted” homes and 0.04-0.047 in the
“unpolluted” homes

Outcome: (American Thoracic Society questionnaire

(physician diagnosed) Ferris (1978).
Evaluation®:

Low confidence

Uncertainty regarding exposure measurement period
and validation of case ascertainment in this population.
Although potential confounders were not considered in
asthma-only analysis, given the magnitude of the results,
the formaldehyde association is unlikely to be explained
only by confounders.

For adults, small number (n=2) of positive responses.
Data from this study on the sample of children presented
in table above]

Prevalence by exposure category
Adults

n (%)
<0.08 mg/m?3 66 (0.0)
0.08-0.15 mg/m?3 120 (1.6)
RR not calculated

Norback et al. (1995) (Sweden)

Design: Nested case-control within random population
sample; n = 47 cases, n = 41 controls, ages 20-44 (mean

Mean (minimum, maximum) formaldehyde levels for nocturnal
breathlessness:

With symptom 0.029 (<0.005, 0.110) mg/m?

3-104



https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=27351
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=998990
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1576317
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=27176
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1988007
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=998990
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626372

IRIS Toxicological Review of Formaldehyde (Inhalation)

Study and design®

Results

32) years. Participation rate 64 and 57%, respectively,
among selected cases and controls.

Exposure: 2-hour sample measured in bedroom.

Mean (Min, Max) 0.029 (<0.005, 0.110) mg/m?3.

Strongly correlated with total volatile organic
compounds (correlation coefficient not shown).

Mean duration in home = 6 years (minimum 0.5,
maximum 31).

Outcome: Cases defined by positive response to: asthma
attack in past 2 months, nocturnal breathlessness in past
12 months, or current use of asthma medication.
Controls responded “no” to all three questions.
Evaluation?®:

Low confidence (1)

Uncertainty about exposure (most values <LOQ). Similar
results for volatile organic compounds, and not possible
to distinguish effects of formaldehyde and these other
compounds; could result in inflated effect estimate.

Controls 0.017 (<0.005, 0.060) mg/m?

(p<0.01)

OR 12.5 (2.0, 77.9) per 10-fold increase in formaldehyde (log-
transformed), similar results for volatile organic compounds.

Odds ratio, adjusted for age, sex, current smoking, wall-to-wall
carpets, and house dust mites.

Low Confidence Studies: Combined analysis of adults and children

Yeatts et al. (2012) (United Arab Emirates)

Design: Prevalence studyurvey; n = 1,590 (1,007 ages
19-50 years, 583 ages 6-18 years from 628 nationally
representative sample of household (75% household
participation).

Outcome: Asthma, wheeze symptoms based on several
standardized questionnaires.

Analysis: Odds ratio, adjusted for sex, urban/rural area,
age group, household tobacco smoke; children and
adults combined in analysis.

Exposure: 7-day sample (living room)

71% <limit of quantification (0.0074 mg/m3); 95th
percentile 0.059 mg/m3; 99th percentile 0.114 mg/m3
(converted from ppm)

Correlation with sulfur dioxide relatively high (r=0.63);
also higher in homes using incense >1 per week
Evaluation®:

Low confidence (1)

Difficult to disentangle possible effects of sulfur dioxide
from those of formaldehyde (similar effect sizes;
moderate—strong correlation; could result in inflated
effect estimate. Does not separate analysis of children
and adults; only 29% above LOD—analyzed as above vs.
below LOD

o OR
Prevalence % (95% Cl)
Wheezing in past 0.64
12 months 2 (0.71, 2.42)
Wheezing in past 3.5
4 weeks o (0.81, 14.9)
Difficulty
breathing or 12.0 1.43
chest tightness in ’ (0.83, 2.46)
past 12 months
Difficulty
breathing or
chest tightness 7.0 6.5
(1.9, 22.3)

once or more
times a month

Similar results seen with sulfur dioxide.

Odds ratio, adjusted for sex, urban/rural area, age group, household
tobacco smoke; children and adults combined in analysis.

Organized by study confidence, then descending publication year. Results for low confidence studies are shaded gray.

aEvaluation of sources of bias or study limitations (see details in Appendix B.3.4). Direction of anticipated bias indicated by
arrows: “{,” for overall confidence indicates anticipated impact would be likely to be toward the null (i.e., attenuated effect
estimate); “” for overall confidence indicates anticipated impact would be likely to be away from the null (i.e., spurious or

inflated effect estimate).
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Table 3-16. Prevalence of asthma in relation to occupational formaldehyde

exposure

Study and design®

Results

Medium Confidence Studies

Fransman et al. (2003) (New Zealand)
Design: Prevalence study. Plywood mill workers, n = 112. Participation rate 66%.

Mean age 34.5 years, 71% men, mean duration 4.7 years. Internal comparison by
exposure level and external comparison group (n = 415) from general population
(random sample) surveys in the study area.

Exposure: Personal samples (15-minute samples) in jobs held by 49 workers: (n),
geometric mean (xgeometric standard deviation) (mg/m?3); none exceeded 1.25
mg/m3

all (22) 0.080 (3.0)

dryers (14) 0.070 (3.2) (one outlier)

pressing (5) 0.160 (2.7)

other areas 0.030-0.040 mg/m?3 (at or near detection limit)
Total inhalable dust (full-shift personal samples): geometric mean 0.7 mg/m?.
Dust levels highest among composers; formaldehyde levels in this group

were <detection limit (0.030 mg/m?3)

Outcome: Current use of asthma medications or history in past 12 months of an
asthma attack or being woken by shortness of breath

Evaluation®:

Medium confidence ()

Selection out of the exposed work force of “affecteds” possible in this type of
prevalence study. “Low” exposure group exposed to levels of formaldehyde up to
0.080 mg/m3. Either limitation could result in reduced (attenuated) effect
estimate.

Prevalence of asthma in exposed workers,
external comparison group 20.5%, 12.5%

(n) OR (95% Cl):
All workers  (112) 1.5(0.9, 2.8)
By duration:
<2 years (34) 0.5(0.2,1.7)
2-6.5years (39) 1.0(0.3,2.7)
>6.5years (39) 3.1(1.3,7.2)
By category:

Low (<0.080 mg/m?3) (38) 1.0 (referent)
High (>0.080 mg/m?3) (11) 4.3 (0.7, 27.7)
Weaker association with terpenes (OR 2.0
for high vs. low exposure); no association
with other exposures (e.g., dust,
endotoxin) examined in this study.
Adjusted for age, sex, ethnicity, smoking.
Internal comparison by exposure category
based on job title (limited to workers with
same job titles as those with the 22 air
sample measurements).

Herbert et al. (1994) (Canada)
Design: Prevalence study. Oriented strand board manufacturing (n = 99).

Comparison group (n = 165) oil field workers, not exposed to gas or vapors.
Participation rate 98% in workers, 82% in comparison group. Mean age ~35 years.
Exposure: 21 hours continuous area sampling, two consecutive days

Saw line, debarking: 0.090-0.160 mg/m?3

Postheat, press conveyor, packaging, storage 0.200-0.290 mg/m3

Preheat conveyor 0.330 mg/m3

Total dust: mean 0.27 mg/m3, median aerodynamic equivalent diameter = 2.5 um
Outcome: International Union Against Tuberculosis and Lung Disease (1986)
guestionnaire (symptoms past 12 months).

Evaluation®:

Medium confidence (J/)

Selection out of the exposed work force of “affecteds” possible in this type of
prevalence study. Uncertainty about exposures in referent group. Either
limitation could result in reduced (attenuated) effect estimate.

Prevalence in exposed workers,
comparison group
Asthma 13.3%, 3.0%
Wheeze attacks 25.3%, 9.7%
Woken by shortness of breath

8.1%, 1.2%
OR (95% Cl)
Asthma 5.48 (1.85, 16.2)
Wheeze attacks 3.34 (1.66, 6.73)
Woken by shortness of breath

6.78 (1.40, 32.7)
Adjusted for age, smoking. Dust exposure
considered low, not included in analysis.

Malaka and Kodama (1990) (Indonesia)
Design: Prevalence study. Plywood workers, n = 93 exposed (93% participation

rate), 93 unexposed from same plant, matched by age, ethnicity, smoking history
(all men). Mean age ~27 years, mean duration 6 years.

Prevalence in exposed workers,
comparison group:

Occupational asthma 14%, 8%
Asthma 30%, 8%
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Exposure: Personal and area samples (duration not reported)
Mean by area (converted from ppm)
Exposed—Plywood: 0.78 mg/m?3; Particle board: 2.9 mg/m3; Block board:

0.62 mg/m3
Other (“unexposed”): <0.086 mg/m?3
Outcome: Ferris (1978) questionnaire. Asthma based on “ever had attack of
wheezing that made you feel short of breath?” or ever diagnosed with asthma
and experienced currently; occupational asthma not defined.
Evaluation®:
Medium confidence
Selection out of the exposed work force of “affecteds” possible in this type of
prevalence study. “Unexposed” exposure group exposed to levels of
formaldehyde up to 0.086 mg/m?3. Either limitation could result in reduced
(attenuated) effect estimate. Unclear definition of asthma used in the analysis:
“Occupational asthma” not defined, and lack of clarity in asthma definition
pertaining to current prevalence.

OR (95% Cl):
Occupational asthma

2.84 (not reported) (p = 0.02)
Asthma

6.31 (not reported) (p < 0.01)
Adjusted for age, smoking, dust

Low Confidence Studies

Neghab et al. (2011) (Iran)

Design: Prevalence study, melamine-formaldehyde resin plant, n = 70 exposed,
24 unexposed (office workers from same plant, no present or past exposure to
formaldehyde or other respiratory irritant chemicals; all men). Similar
demographics, smoking history. Participation rate 100%. Duration >2 years.
Exposure: Area samples (40 minutes) in seven workshops and one area sample in
office area (converted from ppm)

Exposed (mean £SD) 0.96 (+0.49) mg/m3; unexposed nondetectable

Outcome: Ferris (1978) questionnaire, wheezing symptoms (period not specified).
Evaluation®:

Low confidence

Selection out of the exposed work force of “affecteds” possible in this type of
prevalence study; could result in reduced (attenuated) effect estimate. Potential
low specificity and low sensitivity of outcome measure; no covariates.

Prevalence in exposed workers,
comparison group:

Wheezing symptoms 48.6%, 8.3%;
OR (95% CI not reported) OR 10.4
(p=0.001)

Holness and Nethercott (1989) (Canada)
Design: Prevalence study, funeral home workers, n = 84 exposed (funeral

directors and apprentices); 38 unexposed (from community service organization
and students). Participation rate 87% of invited funeral home workers. Average
exposure (embalming) duration 10 years.

Exposure: 2 area samples during embalming, 30 to 180 minutes.

Range in exposed 0.10-1.0 mg/m3, referent mean 0.025 mg/m?3

Outcome: Ferris (1978) questionnaire: wheeze (no details of questions).
Evaluation®:

Low confidence

Uncertainty regarding asthma definition. Differences in source populations for
exposed and referent groups lead to uncertainty in comparability. No
consideration of potential confounding.

Prevalence in exposed workers,
comparison group:
Wheeze 19%, 11% p =0.32

Organized by study confidence, then descending publication year. Results for low confidence studies are shaded gray.

2Evaluation of sources of bias or study limitations (see Appendix B.3.4). Direction of anticipated bias indicated by arrows: “J”
for overall confidence indicates anticipated impact would be likely to be toward the null (i.e., attenuated effect estimate); “1”
for overall confidence indicates anticipated impact would be likely to be away from the null (i.e., spurious, or inflated effect

estimate).
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Asthma control studies

The previous discussion focused on the association between formaldehyde and prevalence
of current asthma (i.e., symptoms or use of medications in the past 12 months). A different question
concerns the association between formaldehyde and asthma control among people with asthma.
This population could represent a group with greater susceptibility or vulnerability than the
general population. EPA identified two observational studies that examined symptom frequency
and medication use in the past 4 weeks and an intervention study that examined symptoms and
medical care utilization in 12 months before and after an air quality control measures were taken to
reduce residential formaldehyde levels (see Table 3-17). These studies provide additional support
for the effects of formaldehyde exposure among children with asthma at levels at or below those
seen in the studies of formaldehyde in relation to the prevalence of asthma.

In the United Kingdom, Venn et al. (2003) examined symptoms recorded in daily diaries
over the course of 1 month in relation to formaldehyde levels measured in the child’s home (3-day
samples from bedrooms). No association was seen with the prevalence of wheezing during the past
year in the case-control analysis (as discussed in the previous section), but among the 193 cases, a
two- to three-fold increased risk of frequent symptoms (defined as symptoms recorded on 210
consecutive days) was seen in the highest quartile of exposure (>0.032 mg/m3) compared with
exposures <0.016 mg/m3, with some evidence of an increased risk at even lower exposures (see
Figure 3-10; p-value for trend = 0.05). For nighttime symptoms, which may be most relevant with
respect to measurements taken in the bedroom, the relative risk estimate was 3.33 (95% CI 1.23,
9.02; p-value for trend = 0.02). The case definition of wheezing during the past year is interpreted
as relevant to the definition of current asthma as used in this assessment, since 88% of the cases
also reported using a reliever inhaler in the past year. These results were not impacted by inclusion
of measures of room dampness in the models and were stronger when limited to patients with
atopy (based on positive skin prick test results). Venn et al. (2003) did not find evidence of an
adverse effect of NO2 or VOCs other than formaldehyde on children’s respiratory health. In a

smaller study of 37 low-income children in Boston, Dannemiller et al. (2013) observed higher

formaldehyde levels in homes of children with poor asthma control compared to those with better

asthma control (geometric mean 0.066 and 0.042 mg/ms3, p = 0.078).

Intervention studies
A randomized controlled trial measured the impact of an intervention on indoor air

contaminants (including formaldehyde) on symptom exacerbation among asthmatic children

(Lajoie et al., 2014). A 50% reduction in formaldehyde concentrations in the bedroom was

associated with a 14 to 20% decrease in the annual change in some symptoms or medical care (one
or more episodes of wheezing, night cough, or one or more emergency room visit; p-values between
0.01 and 0.037) in the intervention group (Lajoie et al., 2014). Smaller reductions (7-11%

decreases) were seen for more severe outcomes (severe wheezing, = 4 episodes wheezing, > 1

hospitalization, p-values between 0.17 and 0.25). Pre-intervention, formaldehyde levels in 30% of
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the intervention home were > 0.050 mg/ms3; post-intervention all formaldehyde levels were < 0.050
mg/m3- Other coexposures were reduced by the intervention resulting in uncertainty in the
independent effect of formaldehyde, although the reductions were smaller in magnitude and

separate effects of the other factors were not analyzed.

Frequency of Symptoms
Among Children with Persistent Wheeze:

A Prevalence of B Daytime Symptoms @ Nighttime Symptoms
Persistent Wheeze
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Figure 3-10. Relative risk of persistent wheeze and of increased frequency of
symptoms among children with wheeze in relation to residential
formaldehyde exposure.

Effect modification by disease status: comparison of formaldehyde associations with prevalence of
current asthma (persistent wheeze) and with increased frequency of symptoms only among cases. Data
from Venn et al. (2003); study details in Table 3-17.

Table 3-17. Exacerbation of asthma symptoms in relation to residential
formaldehyde exposure

Study and design ? Results

Observational Studies

Venn et al. (2003) (United Kingdom) (n cases, percentage with frequent symptoms), OR (95% Cl):
Design: Nested case-control study; Symptom Frequent nighttime symptoms

control among persistent wheeze cases (symptoms <0.016 mg/m3  (39,41%) 1.0 (referent)

during past year) (n = 193), ages 9-11 years. 0.0161-0.022  (35,49%) 1.40 (0.54, 3.62)

Participation rate 79%.

0.0221-0.032 36,53%) 1.61(0.62,4.19
Exposure: 3-day samples in bedroom during home ( ‘) ( )

0.0321-0.083  (33,67%) 3.33(1.23,9.01)
(trend p = 0.02)

visit.
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Results

Median ~0.022 mg/m3; 75th percentile

0.032 mg/m3

Median in top quartile 0.039 mg/m3

[Maximum and median in top quartile provided in
email from Dr. Venn to Glinda Cooper, March 29,
2012; (Venn, 2012)]

Outcome: 1-month daily diaries recording
symptoms: daytime and nighttime wheezing, chest
tightness, breathlessness, and cough, each
measured on 0-to-5 scale. “Frequent” symptoms
defined as recorded on 210 days.

Evaluation:

High confidence

OR per quartile increase:
1.45 (1.06, 1.98)
2.06 (1.37,3.09)

full sample
limited to atopic cases
Frequent daytime symptoms

<0.016 mg/m3 (37,62%) 1.0 (referent)
0.020-0.022  (34,47%) 0.47 (0.17,1.25)
0.022-0.032  (37,73%) 2.00 (0.71,5.65)
0.032-0.083  (32,73%) 2.08 (0.71,6.11)

(trend p = 0.05)
OR per quartile increase:
full sample 1.40 (1.00, 1.94)
1.68 (1.10, 2.57)

Odds ratio, adjusted for age, sex, and Carstairs deprivation index

limited to atopic cases

Additional adjustment for dampness or other exposures including visible
mold, total VOCs, or NO,, did not affect formaldehyde results.

No evidence of an adverse effect of NO; or VOCs other than
formaldehyde on children’s respiratory health.

Similar results in group with validation of case status from prescription
asthma medication records.

Dannemiller et al. (2013) (United States)
Design: Symptom control among 37 asthma cases,

mean age 10.5 years. Participation rate 79% (37 out
of 47)

Exposure: 30-minute pumped sample in kitchen
(converted from ppb)

Median 0.044 mg/m3

Range 0.006-0.162 mg/m3

31% >0.060 mg/m?

Outcome: Five-question survey about symptom
control in past 4 weeks at same time as
environmental sampling.

Evaluation®:

Medium confidence

Recruitment is not from a well-defined population.
Limited exposure measurement period (but quality
control details provided, and none were < LOD).

Related reference: Sandel et al. (2014)

Asthma Control Question
Geometric mean formaldehyde (mg/m?3)

Frequency N (%) with Most
during past most severe  severe All other
4 weeks rating group groups  p-value

Asthma interfered 5 (14%) 0.070 0.042  0.066
with activities

Shortness of 3 (8%) 0.079 0.043  0.086
breath

Nighttime 4 (11%) 0.065 0.043 0.184
symptoms

Used rescue 4 (11%) 0.055 0.044  0.409
inhaler or
nebulizer
medication

Asthma control 3 (8%) 0.074 0.043 0.128
rating

Score <12 (very 6 (16%) 0.066 0.042 0.078

poor control)

Similar results adjusted for season.

Examined season, temperature, and relative humidity in the
analysis

Intervention Studies
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Study and design ? Results
Lajoie et al. (2014) (Quebec, Canada) Asthma symptoms
Design: Intervention study October 2008—June Change from year 1 to year 2 in prevalence of asthma symptoms and

medical care in the past year associated with a 50% reduction in

2011, n = 43 intervention group, n = 40 control
formaldehyde concentration. Analyses in intervention group, n = 43:

group; Asthmatic children with exacerbation
requiring medical care in the past year referred by

Outcome % Change (95% Cl) p value
physicians at tertiary care center, 3—12 years old, > 1 episode
(n=83, 71.5% of those meeting inclusion criteria) in Wheezing -14.8 (-28.6,-0.9) 0.037
homes with low ventilation rates [<0.30 air Night cough -20.4 (-35.7,-5.0) 0.010
exchange per hour (ACH)). Randomly assigned to > 1 emergency
intervention to increase ventilation rates by 0.15 Room visit -16.0 (-30.5, -1.5) 0.031

ACH.

Exposure: Passive air sampling for formaldehyde in | Analyses used mixed linear models with repeated measures. adjusted

bedroom, 6-8 days, during winter and summer for age and eczema.

seasons; . . .
- Other outcomes analyzed with smaller reductions were disturbed sleep

Outcome: Symptom prevalence (rhinitis and ] )

asthma) over last 12 months based on ISAAC (-15.7%, change, p = 0.130), = 4 episodes wheezing -7.2% change, p =

questionnaire administered to parents pre- and 0.255), effort wheezing (-9.1% change, p = 0.173) and 1 or more

post-intervention. Also include questions on asthma | hospitalization (-7.9% change, p = 0.218). There was no change or non-
control and a daily symptom diary completed for significant increases in severe wheezing (1.5% change, p = 0.888) and
two weeks per month in November through March | 1 initis (11.0% change, p = 0.105).

for both the pre- and the post-intervention years. .
Change in exposure levels:

Evaluation: . . . .
Medium confidence Intervention group pre- and post-intervention, Fall/winter
Other coexposures that have been associated in measurements: Pre-geometric mean 0.037 (0.032-0.043) mg/m?3; 30.1%

literature with asthma symptoms also declined in | homes 2 0.050 mg/m3; post- geometric mean 0.024 (0.021~
intervention group (toluene, ethylbenzene, styrene, | 0.028) mg/m?3; 0% homes > 0.050 mg/m53;

limonene, alpha-pinene, airborne mold spores), Control group, pre- geometric mean 0.037 (0.031-0.043) mg/m3; 25.5%
although formaldehyde reduction was greatest. homes > 0.050 mg/m?3; post- geometric 0.035 (0.030-0.041) mg/m?3;
22.9% homes > 0.050 mg/m?3.

Organized by study confidence, then descending publication year.
aEvaluation of sources of bias or study limitations (see details in Appendix B.3.4).

Acute exposure—controlled chamber studies—people with asthma

Most of the acute formaldehyde exposure studies among adults with asthma provide little
or no evidence of an immediate effect on pulmonary function in response to formaldehyde
inhalation (see Table 3-18); however, no controlled exposure studies have been conducted in
children with asthma. The exposure duration in these studies ranges from 10 minutes to 3 hours,
and so does not represent a chronic exposure scenario. The studies are fairly small (ranging from 7
to 19 participants) and use various measures of pulmonary function (e.g., FEVy, FVC) and airway
reactivity. Only two of these studies included an assessment of the response to an allergen
challenge: dust mite in Casset et al. (2006) and grass pollen in Ezratty et al. (2007). One of these
studies demonstrated a reduction in the average dose of mite allergen required for a 20% decrease
in FEV; from baseline (PD2o FEV1) after a 30-minute exposure via mouth breathing only to 0.092
m/m3 of formaldehyde compared to ambient air controls (0.032 mg/m3 formaldehyde) [54.7 ng
versus 73.2 ng, respectively; (Casset et al., 2006)]. Formaldehyde exposure also increased the late-

phase response, expressed as the maximum fall in FEV; from baseline observed during the 6-hour
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follow-up, by 15% in FEV; in the exposed individuals compared to an 11% reduction among

controls. However, these effects were not observed in the study by Ezratty et al. (2007). One

difference in these studies is that the Casset et al. (2006) protocol used a nose clip, thus resulting in

inhalation solely by mouth. In addition, for all of these studies, the severity of asthma among the

volunteers in these experiments is not known; thus, the results may not be generalizable to all

people with asthma.

Table 3-18. Controlled acute exposure chamber studies of pulmonary function
with formaldehyde exposure among people with asthma

Study and design

Exposure
measures

Results

Pulmonary function

Bronchial
challenge—airway
reactivity

Studies with allergen challenge

Ezratty et al. (2007
n =12, ages 18-44, nonsmoking,

60 minutes, 0
and

No difference in FVC or FEV; before

or immediately after (data not

Early phase response—PD;s
FEV; grass allergen: compared

at home 0.037 + 0.004 mg/m? (24-
hour sample). Testing pre-exposure
and every hour up to 6 hours
postexposure. House dust mite
challenge (Der p 1 11.08 pg/mL,
11.12 pum) (protocol described).
Evaluation®:

High confidence

Note: applies to mouth breathing.

(breathing by
mouth)

positive history of pollen allergy. 0.500 mg/m3 |shown) with placebo, higher in five
Design: Random assignment to order subjects and unchanged in
of exposure (2 weeks apart); double seven after exposure.
blinded. Testing pre-exposure and Median (range) index of
every hour up to 8 hours reactivity:
postexposure. Grass pollen (5 Placebo 0.25 (0.10-2.0)
allergens) challenge (protocol Exposed  0.80(0.15-2.0)
described). (p =0.06)
Evaluation®: Late-phase response (8 hours
High confidence postexposure and allergen
challenge)
PD;s FEV1

Placebo 0.17 (0.03-4.0)

Exposed 0.23

(0.01-3.6) (p = 0.42)
Casset et al. (2006 30 minutes, No difference in at-pretreatment or | Early phase response—PDxg
n =19, ages 19-35 years, nonsmoking, | 0.032 early-posttreatment assessment; FEV; Der pl
positive IgE to dust mites. (background) | Late-phase response— Mean % SE; median (ng):
Design: Random assignment to order |and Mean + SE reduction FEV;: Placebo 73.2 +17.3; 39.7
of exposure (3 weeks apart); double 0.092 mg/m3 | Placebo 11+ 1.6 Exposed 54.7 +12.6; 28.1
blinded. Mean formaldehyde exposure | Nose clip Exposed 15 + 1.6 (p = 0.046) (p=0.05)
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Study and design

Exposure
measures

Results

Pulmonary function

Bronchial
challenge—airway
reactivity

Studies without allergen challenge

Witek et al. (1986); Witek et al.
(1987)°

n =15, ages 18-35 years, nonsmoking

40 minutes, 0
and 2,000 ppb
[OI

Few differences in FVC, FEV1, Raw, OF
other lung function measures
At 30 min postexposure, resting

PDyo FEV: mean + SD; median
Pre-exposure:
24.0+15.7;27.4

Design: Two protocols (at rest and 2.46 mg/m3] | protocol Postexposure:

during exercise). Random assignment FvC FEV1 Raw [13.6+20.5;3.1

to order of exposure; double blinded. Control 0.82 -031 -6.64 |(p=0.12)

Testing during and at 10 and 30 2 ppm -2.78 0.60 -3.05

minutes postexposure; PEFR assessed Similar patterns in exercise protocol.

from 1 to 24 hours postexposure. No decline in PEFR over 24 hours in

Evaluation®: either group.

High confidence

Note: nonparametric analysis could be

preferred but individual data provided

Harving et al. (1990) 90 minutes, No difference in: FEV;  Raw SGaw | No difference in challenge
n =15, ages 15-36, nonsmoking. filtered air (8), | 0.008 mg/m?3 100.9 2.21 10.67 |test:

Design: Random assignment to 0.120 and 0.12 mg/m3 99.4 2.23 10.63 PCyo PEF

exposure order (one per week); 0.850 mg/m? | 0.85 mg/m3 105.0 2.29 11.17 |0.008 mg/m3 0.29
double blinded. Testing pre-exposure 0.12 mg/m3 0.36
and near end of exposure period. 0.85 mg/m3 0.26
Evaluation®:

High confidence

Related Reference: Harving et al.

(1986)

Green et al. (1987 60 minute, No difference in FVC, FEV1, SGaw, OF No difference in challenge

n =16, ages 19-35 years, nonsmoking.
Design: Two 15-minute exercise
segments in 60-minute exposure
period. Random assignment to order
of exposure; single blinded. Testing
pre- and during exposure period, ~15
minute intervals.

Evaluation®:

Medium confidence

Randomized, single blinded

clean air and
3,000 ppb [0,
3.69 mg/m3]

other lung function measures

At 55 minutes FVC FEV: SGaw
Control 462 354 0.114
3 ppm 456 3.46 0.111

test:

PD3s5SGaw
Control 3.69
3 ppm 3.86

Sauder et al. (1987)

n =9, ages 26-40, nonsmoking.
Design: Clean air followed by
formaldehyde (1 week apart); blinding
of participant not specified. Testing
during and at end of exposure.
Evaluation®:

Low confidence

Not randomized, blinding not specified

3 hours, clean
air and 3,000
ppb [0,

3.69 mg/m3]

No difference in FVC, FEV1, SGaw, OF
other lung function measures.

At 180 minutes FVC  FEV: SGaw
Control 411 3.02

0.101
3 ppm 4.16 3.07

0.106

No difference in challenge
test:

PD35 SGaw
Control 0.93
3 ppm 0.96
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Results
Bronchial
Exposure challenge—airway
Study and design measures Pulmonary function reactivity

Krakowiak et al. (1998) 2 hours, No difference in FEV; or PEF (mean No difference in challenge
n =10, ages 23-52 years, some 0.500 mg/m?3 | values shown on graph; no indication |test (PDyo FEV;) (mean values
smokers, with occupational of variability in measures) shown on graph; no indication
formaldehyde exposure of variability in measures)
Design: Single blinded. Testing 2 hours
pre-exposure and up to 24 hours after
exposure.
Evaluation®:
Low confidence
Not randomized, single blinding, SE or
SD not reported
Sheppard et al. (1984) 10 minutes, 0, | No difference between pre- and post | Not assessed
n =7, ages 18-37, nonsmoking 1,000, and SGaw® in either protocol:
Design: Two protocols (at rest and 3,000 ppb [0, Resting Exercise
during exercise). 21 day apart; blinding | 1.23, Control -1.0 1.8
of participant not specified. Testing 3.69 mg/m3] lppm 0.2 2.2
before and 2 minutes after exposure. 3 ppm NC 2.9
Evaluation®:
Low confidence NC= not conducted
Not randomized, blinding not specified

Within each category, organized by study confidence, then descending publication year. Results for low confidence studies are
shaded gray.

Abbreviations: Double blinded = investigator and participants unaware of which exposure; single blinded = participants were
unaware of exposure. Late phase: between 4 and 6 hours after end of house dust mite bronchial challenge. PDy = dose
required to induce an x% reduction in the specified pulmonary function measure (i.e., PD1s FEV; = dose required to induce a
15% reduction in FEV); R,y = airway resistance; SG,y = specific airway conductance (corrected for lung volume); PEFR = peak
expiratory flow rate.

@Evaluation of sources of bias or study limitations (see details in Appendix B.3.4).

bWitek et al. (1987) includes the same subjects as the Witek et al. (1986) paper, but with additional results presented in 1987.

cPostminus preexposure SGay (liters x cm H,O/liter); negative value indicates lower SG.,, postexposure.

Lower respiratory tract symptoms in infants and young children

Five studies (all medium confidence) examined other respiratory conditions in infants
(followed up to age 18 months) and young children (age 6 months to 3 years); these studies focused
on wheeze-relating symptoms, with or without accompanying lower respiratory tract infection
(see Table 3-19). Li et al. (2019) is essentially a replication of Yu et al. (2017) in that it is conducted
in the same area with the same study design but using a later birth cohort. These two studies are
presented as a single entry in Table 3-19. Rumchev et al. (2002) is a study of emergency room visits
for what was characterized as asthma (based on discharge diagnosis); information on the
recruitment and selection process was not presented. The relatively young age of the children
(mean 24 months, range 6 to 36 months) does not reflect the phenotypic expression of asthma, and

thus this study likely represents wheezing episodes and various respiratory tract infections. Two 8-
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hour measures, in different seasons, of formaldehyde were taken in case and control homes; the
length of time between the hospital visit and the study was not specified. Roda et al. (2011) was a
follow-up of 2,940 infants in a birth cohort, with questionnaires regarding respiratory symptoms
including lower respiratory infections and wheeze, completed by parents at 1, 3, 6, 9 and

12 months. Formaldehyde exposure was modeled based on housing characteristic data and the
mean of four 1-week samples taken in homes at 1, 6, 9, and 12 months in a randomly selected
subset of 196 homes. The sensitivity and specificity of the modeling was estimated as 72.4 and
73.6% respectively for categorization based on the median and 57.4 and 82.1% for categorization
based on tertiles. EPA noted in its evaluation, however, that the modeling was not tested on a
separate sample, and thus these model characteristic estimates may be high. Both of these studies
reported associations between the examined outcome and residential formaldehyde levels, with
effects seen above 0.020 mg/m3 in Roda et al. (2011) and above 0.060 mg/m3 (possibly above
0.050 mg/m3) in Rumchev et al. (2002). Another cohort study of infants used daily symptom diaries
to assess wheezing episodes and did not see an association with formaldehyde at relatively low
levels (OR 0.67,95% CI: 0.29, 1.54, for exposures at 0.026 to 0.035 mg/m3 compared to

0.012 mg/m3) Raaschou-Nielsen et al. (2010). The two studies in Hong Kong were prospective

studies of new-onset wheeze in infants. Both of these found increased risk of development of a first
wheeze episode in relation to formaldehyde levels measured in the home. Li et al. (2019) Yu et al.
(2017). The hazard ratio for time to first episode was 1.002 and 1.004 per 0.010 mg/m3 increase in

formaldehyde at a mean level of 0.051 mg/m3. Although the conditions included in these studies do

not fit within the usual classification of asthma, the observation of wheezing episodes at these early
ages may have implications for subsequent disease risk, and in the case of Rumchev et al. (2002)
(emergency room visits), also reflects an outcome with accompanying health care costs. The
association of formaldehyde exposure with symptoms consistent with increased lower respiratory
infections also may be indicative of immune suppression in the children, although this was not
directly tested in the available studies, and mechanistic findings that may support these
observations were similarly indirect and inconclusive (see Evidence on Mode-of-Action

Section below). Although the congruence between the outcomes examined within these studies is
not clear, the results of these studies indicate that the relationship between indoor formaldehyde
exposure and respiratory conditions in infants and young children is an area requiring additional
research.

Table 3-19. Lower respiratory tract conditions in infants and young children
in relation to residential formaldehyde exposure

Study and design® Results
[Note: these two related studies were considered New onset wheeze
together; see below] Li et al. (2019)
Li et al. (2019) (Hong Kong) Prevalence 12.5% at mean age of 13.4 months.
HR (95% Cl) per 10 pg/m3
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Study and design®

Results

Design: Prospective study of birth cohort (2013-2014),
Infants aged <4 months (>2.5 kg, gestation =36 weeks)
followed to 18 months; n = 963 (67% of recruited) with
outcome and exposure data.

Yu et al. (2017) (Hong Kong)

Design: Prospective study of birth cohort (2009-2011),
Infants aged <4 months, followed to 18 months;

n =535 (76% of recruited) with outcome and exposure
data.

Exposure: Air sampling (NO,, formaldehyde), 72 hour
samples at 6 months of age (concentrations not
reported), ISAAC questionnaire included questions on
environmental conditions in residence.

Exposure levels provided in Yu et al. (2017)

Mean (SD) concentrations

formaldehyde 0.051 (0.075) mg/m3

Outcome: Parent questionnaire (ISAAC) prior to

4 months, weekly respiratory health diary and monthly
telephone survey to 18 months. New onset wheeze
(time to event) measured from 6 to 18 months of age.
Evaluation:

Medium confidence

Low participation rate but potential for differential
participation (by formaldehyde exposure and disease
status) uncertain. Authors did not respond to queries;
EPA assumed exposure measurement details and
exposure levels were similar in these two studies.

1.002 (1.001,1.003)

Cox proportional hazard models adjusted for NO,, sex, neo-natal
respiratory illness, sibling, keeping pets, cooking fuel, and family
history of non-asthma allergy or asthma.

Yuetal. (2017

Prevalence 11% at mean age of 11.4 months.
Hazard Ratio (95% Cl) per 10 ug/m?3

1.004 (1.001,1.007)

Also adjusted for living area (ft?)

Roda et al. (2011) (France)

Design: Prospective study of birth cohort, infants
(singleton, >2,500 g) followed through age 1 year;

n = 2,940 with 12-month questionnaire and
formaldehyde measures (70% of 4,177 initial
enrollees; 76% of those completing at least one
questionnaire).

Exposure: Questionnaire on home characteristics at
baseline and updated at 3, 6, 9 and 12 months.

N =196 randomly selected for predictive modeling
analysis; 4 1-week measures at 1, 6, 9 and 12 months.
Predictive model used to assign subjects to categorical
levels.

LOD 0.008 mg/m3. Median (25, 75th percentile)
0.020 (0.014, 0.027) mg/m3. Exposure prediction
model for high vs. low (based on median):

Exposure prediction model for high vs. low (based on
median):
Sensitivity 72.4%; Specificity 73.6%

OR (95% Cl)
Lower respiratory tract infection (Prevalence through age 1 year

45.8%)

Per interquartile range increase:

1.32(1.11, 1.55)

Above vs. below median (0.02 mg/m?3):
1.20(1.03, 1.41)

Top tertile vs. lowest tertile:

1.31(1.10, 1.57)

Lower respiratory tract infection with wheeze

(Prevalence through age 1 year 22.3%)
Per interquartile range increase:
1.41(1.14, 1.74)

Above vs. below median (0.02 mg/m?3)
1.31(1.07, 1.59)

Top tertile vs. lowest tertile:

1.43 (1.14,1.79)

Adjusted for sex, prenatal and postnatal environmental tobacco
smoke exposure, breastfeeding history, number of older siblings, day
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Study and design?® Results
Exposure prediction model by tertile: Sensitivity care attendance, furry pets in the home, humidity, parental history of
57.4%,; Specificity 82.1%. asthma, and socioeconomic status.

Outcome: Parent questionnaire at 1, 3, 6, 9, and

12 months used to define lower respiratory infections
with and without wheeze

Evaluation®:

Medium confidence

Did not test predictive model on separate sample (may
overestimate sensitivity and specificity)

Raaschou-Nielsen et al. (2010) (Denmark) (n), OR (95% Cl) by exposure quintiles. Outcome = any wheezing
Design: Prospective study of birth cohort, n = 343, symptom day:

infants of mothers with asthma (83% of 411 enrollees, | <0.012 mg/m3 (67) 1.0 (referent)

90% of 378 who participated through 18 months). 0.012-0.016 (69) 1.11(0.47,2.63)

Exposure: 10-week samples in bedrooms, 1 to 3 0.016-0.020 (68) 1.21(0.51.2.92)

sampling periods (at 6, 12, and 18 months of age). 0.020-0.026 (71) 1.40(0.57,3.47)

Analysis of variance: 31% between and 69% within >0.026 (68) 0.67(0.29, 1.54) (trend p = 0.49)
person. Adjusted for sex, area of residence, education of mother and log
mean 0.020 mg/m3 transformed baseline lung function

median 0.018 mg/m?3

95th percentile 0.037 mg/m?3

Outcome: Daily symptom diaries kept from birth to
18 months (reviewed at clinic visit every 6 months),
recording of wheezing symptoms affecting activity or
sleep.?

Evaluation®:

Medium confidence

Analysis does not take into account important features
of the data (e.g., temporal variations in symptoms and
large within individual variability in formaldehyde

levels).

Rumchev et al. (2002) (Australia) OR (95% Cl) by exposure category®:

Design: Case-control study, n = 88 cases, n = 104 Emergency room discharge diagnosis of asthma

controls (health department); ages 6 months to 0.010-0.029 mg/m3 0.95(0.8,1.1)

3 years (mean 25 months for cases, 20 months for 0.030-0.049 0.95(0.8,1.2)

controls). Participation rates not reported. 0.050-0.059 1.2(0.9,1.6)

Exposure: Two 8-hour measures (winter, summer) in >0.060 1.39(1.1,1.7)

home (living room, bedroom) Per 0.010 mg/m?3: 1.003 (1.002, 1.004)

mean (max) (mg/m3) (OR and 95% Cl for all categories except 20.060 mg/m? estimated
living room: 0.028 ((0.189); bedroom: 0.030 0.244) from figure in the paper; numbers in each exposure were not
Outcome: Emergency room discharge diagnosis of reported)

asthma Adjusted for age, sex, allergic sensitization to common allergens,
Evaluation?®: family history of asthma, relative humidity, indoor temperature,
Medium confidence socioeconomic status, pets, air conditioning, gas appliances, smoking

Recruitment process not described; uncertainty asto | inside, house dust mite levels
what is included within this case definition and length
of time between emergency room visit and
subsequent exposure measure.

Related References: Rumchev et al. (2004)
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Organized by study confidence, then descending publication year.
2Evaluation of sources of bias or study limitations (see Appendix B.3.4).

Susceptibility: modifying factors affecting prevalence of asthma or allergic sensitization

Asthma and atopic sensitization are hypothesized to be affected by a combination of genetic
and environmental factors. Several sensitization and asthma studies included analyses pertaining
to effect modification by factors that may help elucidate pathogenesis and susceptibility, such as

atopy. In the study of adult women by Matsunaga et al. (2008), the association between use of

medication for atopic eczema and formaldehyde exposure was stronger among women with no
family history of allergy (OR 2.96, 95% CI 0.87, 10.12) than among women with a family history of
allergy (OR 1.63, 95% CI 0.58, 4.57) at exposures of 0.058 to 0.161 mg/m3 compared with
<0.058 mg/m3. The pattern across exposure levels also revealed an increase in risk of atopic
eczema at lower exposures in the negative family history group (OR 1.37, 1.88, and 4.21) compared
with the positive family history group (OR 0.80, 0.92, and 1.45) (see Figure 3-11A). The pattern is
difficult to interpret in the study by Annesi-Maesano et al. (2012) (see Figure 3-11 B), as an
indication of effect modification at lower exposures was not seen at higher exposures. Note that the
direction of effect modification seen in Matsunaga et al. (2008) differs from that described in the
preceding section (i.e., the stronger association between formaldehyde and asthma control among
children with atopy compared to nonatopics in Venn et al. (2003). Examination of the presence of
interactions and the factors contributing to them requires large studies designed to test specific
hypotheses defined a priori; thus, additional research is needed to address the question of potential
effect modification of atopic eczema or asthma symptom prevalence by atopy status.

Tobacco smoke represents an environmental factor that may increase the incidence of
hypersensitivity responses in formaldehyde-exposed individuals. Two studies included IgE or
asthma analyses stratified by environmental tobacco smoke exposure among children and adults

(nonsmokers) (Palczynski et al., 1999; Krzyzanowski et al., 1990). There was some evidence of

effect modification by environmental tobacco smoke (i.e., stronger associations, or associations
seen at lower formaldehyde exposures, seen with this coexposure). In the Palczynski et al. (1999)
study, there was no association between formaldehyde and either IgE levels or asthma prevalence
in the full sample of children or of adults. Analyses stratified by the presence of environmental
tobacco smoke exposure in the home, however, indicated associations between formaldehyde (at
levels of 0.025-0.050 mg/m3) and (1) elevated IgE in children (but not adults), and (2) asthma in
adults (but not in children). In the study by Krzyzanowski et al. (1990), an association between
formaldehyde and asthma was seen in children exposed to environmental tobacco smoke, but
evidence of this type of effect modification was not seen in adults (see Table 3-20). Additional
studies are needed to establish if this interaction is seen only in children, only in adults, in adults

and children, or in neither group.
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Figure 3-11. Examination of effect modification by family or personal history
of atopy.

(A) Relative risk of prevalence of atopic eczema in adults (Matsunaga et al., 2008). Family history defined
as parent or sibling with doctor-diagnosed asthma, atopic eczema, or allergic rhinitis. (B) Relative risk of
prevalence of asthma in children (Annesi-Maesano et al., 2012). Atopy based on positive skin prick test (10

allergens).

Table 3-20. Effect modification by environmental tobacco smoke: results from

studies in children and adults

Study and design?® Results
Palczynski et al. (1999) (Poland) N per group (Percentage with
Design: Prevalence study, n = 278, ages 16-65 and Current Asthma)
n =187, ages 5-15 years from 120 households with Environmental Tobacco Smoke
3 — -
children (random selection, 10-year old apartments). Exposure (mg/m°) Positive Negative
L Children, IgE >100 kU/L

Participation rate not reported.
Exposure: 24-hour household sample (area not <0.025 39 (38.5) 55 (29.1)

P e P 0.025-0.050 44 (52.3) 46 (23.9)
specified) 0.051-0.067 2(0.0) 1(100.0)
Mean (£SD) (minimum, maximum) 0.026 (+0.011) (Fisher’s exact test (0.005)
(0.002, 0.067) mg/m?3 p-value, children)
2% >0.050 mg/m3 Adults, IgE >100 kU/L
Outcome: Bronchial asthma diagnosed using American <0.025 34 (23.5) 67 (29.9)
Thoracic Society criteria. 0.025-0.050 36 (22.2) 57 (26.3)

0.051-0.067 2(0.0) 2(0.0)
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Study and design?® Results
Evaluation?: Children, Asthma
Medium confidence <0.025 39 (6.9) 55 (5.4)
Uncertainty regarding asthma definition. Not 0.025-0.050 44 (2.3) 46 (6.5)
informative above 0.050 mg/m?3 because of sample size 0.051-0.067 2(0.0) 1(0.0)
(n=4). Adults, Asthma
<0.025 34 (5.9) 67 (4.4)
0.025-0.050 36 (13.9) 57 (1.8)
0.051-0.067 2(0.0) 2(0.0)
(Fisher’s exact test (0.03)
p-value, adults)
Krzyzanowski et al. (1990) (United States, Arizona) N per group (Percentage with Current
Design: Prevalence study, adults (n = 613 ages >15, Asthma)
mean 37) and children (n = 298 ages 5-15, mean 9.3) Children En_vi_ronmental Tobacco Sm.oke
from 202 households (stratified sample from municipal E’:;?::;)e Positive Negative
employees). Participation rate not reportt?d. 67% whlt_es <0.049 106 (15.1) 142 (8.5)
Exposure: Two one-week samples (opposite seasons) in 0.049-0.074 12 (0.0) 12 (33)
kitchen, living area, and bedroom (converted from ppb). >0.074-0.172 11 (45.5) 10 (0.0)
Household: mean 0.032 mg/m? (trend p-value) (<0.05) (>0.50)
<0.049 mg/m?3 83.7%
0.049-0.074 10.0% Log-linear models, stratified by environmental tobacco smoke,
>0.074-0.172 6.3% adjusted for socioeconomic status, ethnicity.
Only a few values above 0.111 mg/m>. Adults: Results reported as “not significantly related” but rate of
Outcome: Current asthma (doctor diagnosed) and wheeze was “somewhat higher” with higher exposure; analyses

asthma symptoms based on American Thoracic Society stratified by environmental tobacco smoke exposure not reported.
questionnaire (physician diagnosed) Ferris (1978).
Evaluation®:

Medium confidence

or children, relatively small n in higher exposure
categories; for adults, incomplete reporting.
Related references: Quackenboss et al. (1989a);
Quackenboss et al. (1989c)

Organized by study confidence, then descending publication year.
2Evaluation of sources of bias or study limitations (see Appendix B.3.4).

Summary of Human Evidence Synthesis Judgments on Immune-Mediated Conditions
Allergic Conditions

The following factors, in particular the consistency, strength, and precision were influential
to the synthesis judgment that the human studies of allergic conditions provide moderate evidence

of formaldehyde exposure-induced effects.

e (onsistency and Study Confidence Among the seven high or medium confidence studies in
residential and school settings, elevated risks for at least one of the allergy-related
conditions examined (symptoms relating to nose, eyes, or skin) at exposures around 0.04
mg/m3 and above were seen. These studies were conducted in 6 different countries in
Europe and Asia, using a variety of study designs that were considered appropriate by the
expert panel consulted by EPA.
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e Biological Gradient: An exposure-response gradient was seen across categories of disease
severity, and in the studies of rhinoconjunctivitis in children and eczema in adults that
examined multiple exposure categories.

e Strength and Precision: The effect size was relatively small for rhinitis and
rhinoconjunctivitis (RR around 1.2); stronger effects were seen in the only study of eczema
in adults, and in a study examining the combination of symptoms involving eyes, nose, and
skin.

Asthma

The consistent and strong magnitude of effects at formaldehyde levels > 0.05 mg/m3 were
most influential to the synthesis judgment that the human studies of the prevalence of current
asthma provide moderate evidence of formaldehyde exposure-induced effects.

e Consistency and Biological Gradient: The five medium or high confidence studies at
exposures of <0.050 mg/m3 do not indicate risk at these lower exposure levels. In contrast,
seven residential or school studies with higher exposure levels reported an elevated risk for
asthma, beginning around exposure levels of 0.05 mg/m3 formaldehyde, with most of these
risk ratios around 2.0 for children. Two studies with relatively high exposures included
both children and adults (Zhai et al., 2013; Krzyzanowski et al., 1990), and each provides
evidence of a greater susceptibility in children. The set of high or medium confidence studies
in residential and school settings were conducted in the United States, Europe, and Asia, and
used a variety of study designs that were considered appropriate by the expert panel
consulted by EPA. In addition, the three medium confidence occupational studies at higher
formaldehyde levels similarly observed increased risk, with relative risk estimates between
1.5 and 5.5 for exposures ranging from 0.1 mg/m3 to > 0.5 mg/ms3 formaldehyde.

e Strength and Precision: Large elevations in risk were observed in three medium confidence
occupational studies; the summary RR for the high-exposure (> 0.1 mg/m3) occupational
studies was 3.79 (95% CI 1.98, 7.28). These findings were supported by smaller (around 2-
fold) elevations across residential- and school-based exposure studies above 0.05 mg/m3.

e (Coherence: The two medium or high confidence studies of control of asthma symptoms
provide additional support for the effects of formaldehyde exposure among children with
asthma at levels at or below those seen in the studies of formaldehyde in relation to the
prevalence of asthma. This effect on symptom control is further supported by indirect
evidence from a randomized controlled trial designed to improve ventilation rates and thus
reduce exposure to formaldehyde and other indoor air pollutants; although levels of
formaldehyde showed the largest decline in this study, it is not possible to solely attribute
the improvements seen in symptoms control to formaldehyde.

The studies of wheezing episodes in infants, particularly the birth cohort studies,
are not classified as studies of asthma per se, but could be indicative of respiratory effects
with implications for subsequent disease risk. Thus, the associations seen between
residential formaldehyde exposure above 0.50 mg/m3 and frequency or onset of first
wheezing event in these studies provides further support for the relevance of the body of
evidence relating to asthma.
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Animal Studies
The animal studies most relevant to evaluating potential effects on allergy-related
conditions and asthma, as well as a single study suggesting a potential increased vulnerability to

respiratory infections, are discussed in the sections below.

Allergy-related conditions and asthma
There are currently no universally accepted animal models applicable to humans for

determining dose-response relationships or the potency of low molecular weight chemicals to

induce allergic symptoms via the inhalation route (IPCS, 2012). The majority of the experimental
animal formaldehyde studies that are most relevant to interpreting these respiratory
immune-mediated conditions used the ovalbumin (OVA) murine model, the best studied animal
model of asthma. However, the OVA mouse model has several limitations relative to human data for

hazard characterization. They include the following:

o Key features of human asthma are absent or minimal in the OVA model, including a lack of
airway remodeling (Shin et al., 2009) and minimal airway hyperreactivity and eosinophilic
inflammation (Mullane and Williams, 2014)

e OVA challenge models a small subset of endpoints and genes compared with those in
humans (Mullane and Williams, 2014)

e The OVA model elicits an acute disease in contrast to the chronic condition in humans (Shin
etal.,, 2009), and the antigen ovalbumin has questionable relevance and poor translatability
for human asthma (Mullane and Williams, 2014; Bates et al., 2009)

e A standardized method for OVA administration is lacking; this precludes comparing results
between laboratories and evaluating study protocols (Bates et al., 2009)

e There is uncertainty regarding the biological significance of airway hyperreactivity in mice
(Bates et al., 2009)

In light of these limitations, EPA concluded for this assessment that the OVA model was
more appropriate for examining mechanistic questions in support of hazard identification, based in
part on the reasonably large number of well-conducted human studies on these endpoints. As such,
the experimental animal studies were considered to be less informative than human studies for
drawing interpretations regarding the potential for formaldehyde inhalation exposure to induce or
exacerbate allergy-related conditions or asthma, and these studies are discussed below as

mechanistic information that may add insight to the apical effects observed in exposed humans.

Other respiratory conditions

One experimental animal study of medium or high confidence evaluated endpoints related
to the potential for formaldehyde exposure to cause other immune-mediated respiratory conditions

and reported a decrease in pulmonary antibacterial activity in mice exposed to 1.23 mg/m3
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formaldehyde for less than 1 day (Jakab, 1992). While such a finding could indirectly suggest that
formaldehyde exposure might predispose animals to developing lower respiratory infections, this
hypothesis was not specifically tested and other notable uncertainties with the study design exist
(see Appendix B.3.6). Animal studies of long-term duration that are specifically designed to

examine the functional capacity of the respiratory immune response would be informative.

Summary of Animal Evidence Synthesis Judgments

As described above, the available animal studies most relevant to evaluating potential
effects on allergy-related conditions and asthma were ultimately considered as mechanistic
information rather than as an independent line of evidence. Taken together with the other available
mechanistic information (see below), the available data are interpreted to provide slight animal
evidence for an effect of formaldehyde inhalation on both allergic conditions and the prevalence of

current asthma.

Evidence on Mode of Action

An integrated evaluation of the abundant mechanistic information that might be relevant to
the potential development of immune-mediated conditions following formaldehyde inhalation
exposure is described in Appendix C.7, including evaluations of the individual mechanistic studies
(Appendix B.3.6). The evaluation includes the somewhat heterogeneous data related (either
directly or indirectly) to possible increases in respiratory infections after exposure, although those
data are not discussed in detail in this section. Thus, this discussion focuses on mechanistic
information that may inform the potential for formaldehyde to affect allergic conditions or asthma.
This includes animal models using the allergen, OVA, which, although they do not fully capture the
phenotype of human asthma or allergy-related conditions, can provide insight into some of the
mechanistic changes that are relevant to these human conditions.

As shown in Figure 3-12, the integrated analysis identified three pathways describing
potential associations between the most relevant mechanistic data available, with several of the
initial or early events in these hypothesized pathways (e.g., oxidative stress and molecular or
cellular inflammatory changes) generally observed to occur at lower formaldehyde levels than
other downstream changes (see Table 3-21). Overall, the mechanistic support for airway
inflammation-induced hyperresponsiveness was stronger than for the other potential pathways
(i.e., based primarily on moderate evidence of mechanistic events and their relationships). Although
a definitive MOA(s) could not be defined, and it is unclear whether some important events would
occur with chronic low-level formaldehyde exposure, the data were interpreted to identify an
incomplete mechanism(s) by which formaldehyde exposure could cause this effect (see
Figure 3-12), providing biological plausibility for inflammatory airway changes that could
contribute to respiratory immune-mediated conditions. The mechanistic support for allergic
sensitization was less clear (i.e., based on some potentially relevant events interpreted with

moderate evidence and, in general, slight evidence for the relationships between events), because
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reliable data identifying mechanistic changes typically thought to be essential for sensitization,
including changes in IgE, were lacking. However, moderate evidence for several mechanistic
changes relevant to these responses was identified, providing some biological support. Importantly,
while many individual mechanistic events observed in animals are considered to be relevant to
interpreting changes that may occur in the human airways, including potentially amplified
responses to inhaled materials, it is unclear how translatable these pathways are to interpreting
complex human diseases like asthma, and notable key events have not been observed. Some of the
data most informative to drawing conclusions for these health endpoints are described in greater
detail below (see Tables 3-21 and 3-22).
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Figure 3-12. Possible mechanistic associations between formaldehyde
exposure and immune-mediated conditions, including allergies and asthma.

An evaluation of the formaldehyde exposure-specific mechanistic evidence informing the potential for
formaldehyde exposure to cause respiratory health effects (see Tables 3-21 and 3-22, and Appendix C.7)
identified these mechanistic pathways as most relevant to interpreting effects on respiratory immune-
related conditions such as asthma and allergic responses. Similar to effects on pulmonary function, events
related to indirect stimulation of lower respiratory tract (LRT) sensory nerve endings (top pathway) were
considered as likely to represent an incomplete mechanism by which formaldehyde inhalation could
cause airway hyperresponsiveness, although whether certain events occur with chronic, low-level
exposure remains unclear. While the observed alterations to circulating antibodies (i.e., primarily related
to 1gG and not IgE) following formaldehyde exposure might contribute to the development of both allergic
sensitization and airway hyperresponsiveness (middle pathway), in the absence of additional clarifying
data, this could not be identified as a likely mechanism for these effects. Likewise, the slight evidence of
altered T cell-related airway responses and, secondarily, inflammatory eosinophil responses might be
useful for explaining allergic sensitization (bottom pathway) if additional data were available to better
explain the pattern and strength of these associations. Conversely, sustained airway inflammation, at
least in animals previously sensitized to an allergen, was interpreted as likely to be an incomplete
explanatory mechanism for airway hyperresponsiveness, although the sequence of events leading to
inflammation remain unclear. Interdependencies between the top and bottom pathways are likely to exist
for airway hyperresponsiveness.
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It is informative to consider the formaldehyde-specific mechanistic information in the
context of the known pathogenesis of human asthma and related conditions. Asthmatic airways are
characterized by an infiltration of eosinophils, plasma B cells, activated mast cells, and T cells that
contribute to thickening of the airway wall, mucous secretion, airway remodeling, and airway
hyperresponsiveness. Initiation and perpetuation of asthma are believed to be the result of Ty2
activity (Cohn et al., 2004). Specifically, Tu2 cells accumulate in the airway and secrete cytokines IL-
4 and IL-13, which stimulate B cells to produce IgE (Barnes, 2008) (see Figure 3-13). Mast cells bind

IgE and display this immunoglobulin as an allergen-specific receptor on their surfaces. When an

allergen binds to this IgE, the mast cell is activated, triggering its release of several
bronchoconstrictors (e.g., histamine, leukotrienes), which drive the disease state. T2 cells also
release IL-5 that activates eosinophils following their migration into the airways. The precise role of

eosinophils in asthma is unknown, but they are thought to contribute to inflammation (Barnes

2008). Immune function and inflammatory responses do not fully explain the pathogenesis of

asthma, particularly with respect to the varying phenotypes seen at a clinical level (Anderson
2008). The interaction between nerve cells and the immune system also includes evidence that

neuropeptide release may contribute to neurogenic inflammation and heightened airway

responsiveness (Veres et al., 2009).
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Figure 3-13. Inflammatory and immune cells involved in asthma

Inhaled allergens activate sensitized mast cells by crosslinking surface-bound IgE molecules to release
prostaglandin D2. Epithelial cells release stem-cell factor (SCF), which is important for dendritic cells,
which are conditioned by thymic stromal lymphopoietin (TSLP) secreted by epithelial cells and mast cells
to release the chemokines CC-chemokine ligand 17 (CCL17) and CCL22, which act on CC-chemokine
receptor 4 (CCR4) to attract T-helper 2 (Ty2) cells. Ty2 cells have a central role in orchestrating the
inflammatory response in allergy through the release of interleukin-4 (IL-4) and IL-13 (which stimulate B
cells to synthesize IgE), IL-5 (which is necessary for eosinophilic inflammation), and 11-9 (which stimulates
mast-cell proliferation). Epithelial cells release CCL11, which recruits eosinophils via CCR3. Patients with
asthma may have a defect in regulatory T (Teg) cells, which may favor further Ty2-cell proliferation.
Reprinted from Barnes (2008) with permission from Nature Publishing Group.
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The mechanistic evidence that provides the most direct information regarding the potential
role of formaldehyde in respiratory hypersensitivity responses consists of five high or medium

confidence studies, some of which appeared to study the same animals (Swiecichowski et al., 1993;

Riedel et al., 1996; Larsen et al., 2013; Ito et al., 1996; Fujimaki et al., 2004b).20 These studies all

differed in the conditions under which formaldehyde affected asthma-relevant endpoints,
specifically increased bronchoconstriction and airway hyperresponsiveness, using short-term and
acute exposures in sensitized and nonsensitized animals. Formaldehyde exposure of 0.369 to

36.9 mg/m3 increased bronchoconstriction in guinea pigs exposed for 2 to 8 hours (Swiecichowski

etal., 1993). Both the in vivo and ex vivo data from this study indicate that smooth muscle airways

are a (presumably indirect) target for formaldehyde. A 5-day formaldehyde exposure of
0.31 mg/m3 prior to OVA sensitization increased OVA-induced bronchoconstriction in guinea pigs,

indicating that formaldehyde exposure enhances reactivity to OVA sensitization (Riedel et al.

1996). Finally, a single 60-minute formaldehyde exposure of 7.0 mg/m3 induced
bronchoconstriction in OVA-sensitized mice housed only in humid, but not dry, environments,
indicating that the bronchoconstrictive effects of formaldehyde may be impacted by humidity
(Larsen et al., 2013). Taken together with supportive findings from a number of low confidence

human and animal studies (see Appendix C.7, with study evaluation documentation in Appendix
B.3.6), results across multiple species indicate that formaldehyde exposure is sufficient to trigger
bronchoconstriction in both sensitized and nonsensitized animals, and that exposure appears to
result in the development of hyperresponsive airways,?! particularly in sensitized animals. This
finding is consistent with the evidence supporting increases in microvascular leakage, edema, and
other inflammatory airway changes with formaldehyde exposure after allergen sensitization (see
Section 3.2.2 and Appendix C.7). Overall, the data do not indicate that formaldehyde is itself
immunogenic, but instead suggest formaldehyde may augment immune responses to other
allergens.

Other findings that may be relevant to asthma or allergic conditions with at least a
moderate level of evidence include increases in airway eosinophils, increases in protein mediators
of bronchoconstriction such as tachykinins, and changes in antibody titers (see Section 3.2.2 and
Table 3-21). Although a precise role for eosinophils in asthma is unknown (i.e., eosinophilia is not
necessary for the development of asthma), eosinophilic airway inflammation (presumably
mediated by Tu2 lymphocytes) is a hallmark of asthma (George and Brightling, 2016); the

formaldehyde-specific evidence supports that eosinophils are increased in both the upper and

20Note: Swiecichowski et al. (1993) and Leikauf (1992) are interpreted to use the same cohort of animals.

21As the challenge stimuli used in the formaldehyde studies included allergens as well as nonimmunological stimuli,
and because most experiments did not attempt to delineate the specifics of the functional changes, “airway
hyperresponsiveness” or “hyperresponsive airways” encompasses any of a range of possible airway features:
hyperreactivity (exaggerated response), hypersensitivity (lower dose to elicit response), altered ventilatory
parameters (e.g., maximal response, resistance), recovery (longevity of response), or others.
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lower airways following formaldehyde exposure, particularly with allergen sensitization (see

Section 3.2.2). As activation of eosinophils can induce airway hyperresponsiveness and perpetuate

further recruitment of inflammatory mediators into the airway (Cohn et al., 2004), these changes
provide coherent biological support for the more apical immune-mediated conditions. In addition,
as previously discussed (see Section 3.2.2), it appears that formaldehyde exposure mediates (at
least in part) lung inflammation via tachykinins in rats and mice. For example, high or medium

confidence studies show that substance P, a tachykinin and NK1 ligand, is dose-dependently

increased in mice exposed for 12 weeks to 0.1 to 2.5 mg/m3 formaldehyde (Fujimaki et al., 2004b),
and that an antagonist of the NK1 receptor can completely abrogate formaldehyde-induced airway
inflammation, at least following a 10-minute formaldehyde exposure at 18 mg/m3 (Ito et al., 1996).

Somewhat surprisingly, however, the formaldehyde-induced increases in substance P observed by
Fujimaki et al. (2004b) were not observed in animals sensitized to OVA, despite the observation
that airway eosinophils were increased at 2.5 mg/m3 formaldehyde only in animals that were
sensitized. Thus, some uncertainties remain. The results related to antibody production, although
providing moderate evidence of an effect, were difficult to interpret in the context of their relevance
to asthma. Specifically, while evidence from human and animal studies suggests that formaldehyde
exposure modifies antibody responses, the most consistently observed responses were associated
with changes in IgG, not IgE (see Table 3-21). The relevance of IgG-related responses to asthma or
allergies is unclear.

Several other airway changes relevant to asthma or allergic conditions were not supported
by moderate or robust evidence in the available studies. For example, slight evidence supports
changes in CD8+* T cells or asthma-relevant Tu2 cytokines, including IL-4 [and, to a lesser extent, IL-
5 and RANTES (regulated on activation, normal T cell expressed and secreted)], in the lungs after
exposure to 0.5-12 mg/m3 formaldehyde in both sensitized and nonsensitized rodents; however,
no changes in IL-13 or histamine have been reported. At the cellular level, while slight evidence
supports that CD8* T cells might be increased in naive rodents exposed to >7 mg/m3 formaldehyde,
mast cells or other T cell populations did not appear to be changed in the few studies that examined
them, and none of the identified studies investigated other cells of interest (e.g., dendritic cells,
smooth muscle cells).

Immune-related changes in the blood may also be relevant to interpreting the development
of allergic conditions, and possibly asthma, albeit indirectly. A number of studies, across different
human and animal populations, spanning an array of formaldehyde exposure scenarios, have
reported changes in blood cell counts and secreted factors (see Table 3-22). Although some of the
specific changes vary across studies, taken together, the data provide robust evidence of an
association between formaldehyde exposure and hematological effects. Interestingly, some changes
noted in the blood of individuals exposed to formaldehyde are contrary to the cellular changes
noted in the respiratory tract (e.g.,, CD8* T cells appear to be increased in the respiratory tract and

decreased in the blood) (see additional discussion in Appendix C.7). Potential explanations could
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include recruitment of subsets of immunoresponsive cells from the circulation to the irritated and
inflamed respiratory tract (e.g., due to a gradient of chemoattractants or other factors across tissue
compartments, potentially resulting from sustained airway inflammation), or species differences in
responses (i.e.,, LRT data are mostly from animal studies, while the data in blood are primarily from
humans); however, none of the identified human studies report data across tissue compartments,
and the animal data do not address such hypotheses. Overall, similar to the cellular changes in the
LRT, no explanation exists for how formaldehyde exposure could affect blood immune cell counts.
One of the most consistent blood cell changes observed across studies was a decrease in the
total number of white blood cells (WBCs), including moderate evidence of CD8* T cell decreases
following formaldehyde exposure and a corresponding increase in the ratio of CD4+/CD8* T cells
(see Table 3-22). Depending on the specific stimuli, stimulated CD8+ T cells can produce interferon-

Yy (IFN-y) and inhibit production of IL-4 and immunoglobulin (i.e., IgE) responses (Holmes et al.

1997), or their phenotype can be driven toward production of excess IL-4, a situation hypothesized
to be associated with atopic asthma (Lourenco et al., 2016). IL-4 can stimulate T cell receptors on
CD4+and CD8+* T cells (Serre et al., 2010), and can both drive CD4+ T cells toward a Tu2 response
(Kopf et al., 1993) and influence the activation and development of antigen-specific CD8* T cell

immunity by shifting the phenotype of these cells from IFN-y production to IL-4 production (Erb
and Le Gros, 1996). Moderate evidence provides support for increases in blood IL-4 (slight

evidence supports similar increases in the LRT) and decreases in [FN-y after formaldehyde
exposure. Interestingly, several lines of evidence suggest a pattern of immune cell effects related to
formaldehyde concentration, with potential stimulation at lower formaldehyde exposure levels and
decreases at higher levels. This included slight evidence of changes in total T cells, NK cells, and IL-
10. A complex relationship exists between IL-10, NK cells, and subsets of CD4+ T cells (e.g., Tyl and
Tu2 cells), which can affect antibody responses (Moore et al., 2001). However, the potential effects

of formaldehyde exposure on the specific phenotype of CD4+ or CD8+ T cells, or on the relationship
between changes in lymphocyte populations or secreted factors and respiratory hypersensitivity,
have not been well studied and remain to be elucidated.

Several other changes in the blood are of interest to the development of immune-mediated
conditions (see Appendix C.7 for additional discussion). Moderate evidence supports that
formaldehyde exposure alters the percentage of B cells in the circulation. These cells produce
antibodies upon stimulation with antigen (e.g., allergens) and can contribute to airway

hyperresponsiveness (Hamelmann et al., 1997). While this finding, along with slight evidence of

increased antigenic markers, suggests the potential for alteration of the adaptive immune response
after formaldehyde exposure, this observation alone is insufficient to indicate functional changes
such as exposure-induced differences in clonal expansion and differentiation to antibody-producing
cells, evidence of which would support a more convincing biological relationship. In addition, red
blood cell counts were decreased in both human and animal studies (moderate evidence), generally

at formaldehyde concentrations above 0.5 mg/m3, although the relevance of these changes to
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respiratory system health effects is unknown. It is plausible that sustained increases in oxidative
stress (markers for which are consistently elevated in blood and respiratory tissues after
formaldehyde exposure), or other soluble factors that could result from airway inflammation, might
affect the viability of circulating erythrocytes and immune cells, or the circulating precursors for
these cells; however, no evidence exists to substantiate this hypothesis. An increased level of the
circulating stress hormone, corticosterone (the major animal glucocorticoid; in humans, it is
cortisol), with short-term, but not acute, formaldehyde exposure is also suggested. Persistent
increases in circulating glucocorticoids can also negatively impact the function and health of

circulating immune cells, causing immunosuppression of most cell types (O'Connor et al., 2000).

However, these potential linkages have also not been examined.

Overall, although additional studies clarifying inconsistencies across the studies would be
informative, the available data support a conclusion that formaldehyde exposure can modify
immune system function in the blood across a range of concentrations and exposure durations.
Many of these observations would benefit from more specific studies on WBCs focused on
understanding the phenotype of the modified cells, and the profile of secreted factors in the blood,
particularly after formaldehyde exposures of varying duration and concentration. Taken together,
the available mechanistic studies provide consistent evidence that formaldehyde may stimulate a
number of immunological and neurological processes related to allergic or asthmatic responses;
however, a molecular understanding of how formaldehyde exposure might favor asthmatic Tx2
responses has not been established and additional experimental support is necessary to interpret
the translatability of these pathways to complex human airway diseases such as asthma.
Importantly, the evidence supports that formaldehyde exposure induces bronchoconstriction with
and without allergen sensitization, providing strong biological support for the development of
hyperresponsive airways that could contribute to at least some of the observed respiratory
immune-related symptoms. This heightened bronchoconstriction response may be due to a
combination of neurogenic mechanisms through reduction of anti-inflammatory molecules or
increased tachykinins, increased Ty2 cytokines and antibodies, and eosinophil recruitment and
activation in the lung. Inmune- and inflammatory-related changes in the blood provide additional
support for exposure-induced alterations relevant to the development of these immune-mediated
conditions. Additional studies are necessary to clarify the incomplete understanding of mechanisms
that describe the association between formaldehyde exposure and these effects, as well as the
exposure concentration and duration dependence of some of the more influential findings from the
current studies. Collectively, the available studies provide mechanistic support for the biological

plausibility of the formaldehyde exposure-induced changes observed in humans.
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Table 3-21. Mechanistic evidence most informative to the development of
immune-mediated conditions after formaldehyde inhalation2

Endpoint

Endpoint-specific findings and confidence

Summary of evidence

Conclusion

Modifications in the upper or lower respiratory tract (URT or LRT)

Some of these mechanistic changes have been discussed in previous sections.

See Section 3.2.2, Evidence on Mode of Action, for presentation of the evidence for:
‘M LRT oxidative stress (moderate); LRT sensory nerve activation (slight); 4 LRT neuropeptides (moderate); 9 LRT
microvascular leakage (moderate); 4 LRT eosinophils (moderate); 4* airway edema or other inflammatory structural change;

and URT epithelial damage (robust)

Human: Increased frequency and duration of URT infections Indirect evidence of Slight
§ in symptomatic workers; increased chronic URT inflammation | decreased immune capacity | (indirect
Upper ‘5 (and decreased function of blood neutrophils, but N/C in in a human study of long- evidence of
alrway § leukocyte counts) in exposed workers (Lyapina et al., 2004): term exposure at 0.87 MNURT
indicators | S chronic (years) exposure at 0.87 mg/m? (Note: recent URT mg/m?3 (note: mRNA infection)
of altered T infection was often an exclusion criterion in observational changes were not
immune studies focusing on pulmonary function) necessarily indicative of a
function Animal: mRNA changes suggestive of altered immune decreased immune
(inferred response (Andersen et al., 2010): short-term (21 week) response)
from URT exposure at 212.3 mg/m3
infections)
Human: None No evidence to evaluate
3
= Animal: None
Human: Increased LRT infections in infants (Roda et al., 2011): |Indirect evidence in a single |Moderate
32-41% increase in incidence per 0.0124 mg/m?3 increase in study of infants exposed to |(indirect
e formaldehyde (LOD: 0.008 mg/m?3); ~1-year exposure at 0.020 |a median of 0.020 mg/m3  |support for an
% mg/m3 (median) observing an association increased
§ between exposure and propensity for
3 Animal: Decreased antibacterial activity in mice (Jakab, 1992): |increased infections. One  |LRT infections,
Llower 1S |acute exposure at 1.23 mg/m3, noting that this finding acute mouse study also particularly
airway | = appeared to be particularly sensitive to the pattern of provided indirect support  |during
indicators formaldehyde exposure for an increased likelihood |development)
of altered of respiratory infections.
immune
function Human: Increased emergency room visits for episodes Direct and indirect evidence
(inferred including LRT infections (Rumchev et al., 2002): children aged |of impaired LRT immune
from LRT 6-36 months at mean levels 0.028-0.030 mg/m3 (maximum function in children and in a
infections) 0.12-0.22) short—te_rm rat study,
2 Animal: Decreased expression of immune-related genes in rat |resPectively
= lung (Sul et al., 2007), specifically HSP701a (involved in antigen
presentation), complement four binding protein (binds
necrotic or apoptotic cells for cleanup), and Fc portion of IgGiii
(involved in leukocyte activation): 2 week exposure at
>6.15 mg/m?3
Changes in Human: None Acute and short-term Robust
pulmonary E § Animal: [allergen challenge]: With ovalbumin [OVA] studies in two animal (T Hyper-
function '% < |sensitization, increased airway obstruction in guinea pigs species demonstrate that  |responsive
with (Riedel et al., 1996): short-term exposure at 0.31 mg/m3and  |formaldehyde increases airways®)
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Endpoint Endpoint-specific findings and confidence Summary of evidence | Conclusion
challenge increased reactivity in mice (Larsen et al., 2013): acute responsiveness to allergens
(e.g., with exposure at ~5-7 mg/m?3 in humid or dry environments; and bronchoconstrictors,
broncho- [acetylcholine challenge]: Increased airway resistance and particularly with prior
constrictor reactivity in guinea pigs (Swiecichowski et al., 1993; Leikauf, sensitization, at levels as
allergen) 1992): acute exposure at 1.23 mg/m3 low as 0.31 mg/m3
(Note: un- Human: [histamine challenge]: Hyperreactive airways with Suggestive evidence of
provoked prolonged exposure (Gérski and Krakowiak, 1991): >1 year increases with prolonged
responses exposure at <0.5 mg/m3, but N/C after acute exposure exposure, and possibly
are not (Krakowiak et al., 1998): at 0.5 mg/m3; [allergen challenge]:  |acute mouth-breathing
included) hypersensitivity with acute exposure when exposure was exposure when challenged
restricted to mouth breathing in allergic asthmatics with a with specific allergens, but
large allergen (mite) (Casset et al., 2006): acute exposure at not acute exposure alone, to
0.1 mg/m3; N/C after oronasal exposure in allergic asthmatics |<0.5 mg/m?3 in human
> using a different allergen (pollen), including a methacholine adults; also, increased at >3
2 (MCh) responsiveness test after allergen exposure (Ezratty et [mg/m3 in short-term or
al., 2007): acute exposure at 0.5 mg/m3 acute studies across three
Animal: [MCh challenge]: Hyperresponsive airways (increased |[SPecies, particularly with
reactivity and sensitivity) with exposure in mice and rats (Wu |Prior sensitization
etal.,, 2013; Qiao et al., 2009; Liu et al., 2011a): short-term
exposure at 23 mg/m?3, and in monkeys (Biagini et al., 1989):
acute exposure at 3.1 mg/m?3; in mice and rats, this response
was amplified with OVA sensitization; TRP antagonists reduced
the hyperresponsiveness in mice (Wu et al., 2013)
Human: Increased exhaled nitric oxide, a noninvasive and Immune cell counts are Moderate
indirect marker of lower airway inflammation and oxidative continually elevated in a (may require
£ stress, in healthy or asthmatic children (Franklin et al., 2000;  [subchronic mouse study allergen
% Flamant-Hulin et al., 2010): unknown exposure duration (likely |with allergen stimulation at |sensitization)
§ months to years; in classrooms or homes) at 0.04-0.06 mg/m?3 |2.46 mg/m?3; increased
E Animal: Eosinophils and monocyte counts remain elevated bi?markers (indirect‘
~:5:’ with continued exposure for subchronic duration with allergen .eV|dence) ?f lower airway
Sustained (OVA) sensitization (Fujimaki et al., 2004b): 12-week exposure |I"flammation are observed
Inflam- at 2.46 mg/m? in children with prolonged
mation exposure.
Human: None BAL cell counts and
Animal: Immune cell counts were increased with short-term  |histologic evidence suggest
exposure in several studies at 20.5 mg/m?3 (see Table 1-23; that inflammation persists
§ histological evidence of inflammation without epithelial for several weeks with
damage was noted in short-term exposure studies, typically at [short-term exposure, and
higher concentrations, which were amplified by allergen these effects are amplified
(e.g., 23 mg/m?3; (Wu et al., 2013; Kimura et al., 2010) by allergen
2 CDBHT | & § Human: none No evidence to evaluate Slight ;
cellsin LRT _‘§, '§ E)at >7”mg/m ;
T = Animal: none ut allergen
~  ©|Human: none
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Endpoint Endpoint-specific findings and confidence Summary of evidence | Conclusion
Animal: Increased in short-term exposure studies in rats [at 7.4|A study in rats and another |stimulus
mg/m?3; (Sandikci et al., 2007b)] and mice [at 12.3 mg/m?3; in mice suggest that CD8+ T |unstudied)
(Jung et al., 2007)]; no change with short-term exposure ina |cells in the BAL might be (note: mixed,
mouse study at >6.2-12.3 mg/m? (Kim et al., 2013a) increased after short-term |indeterminate

exposure to high (>7 evidence for B
mg/m3) levels, although a |cells, and CD4+
second mouse study cells; Appendix
reported no changes A.5.6)
S £ Human: none No evidence to evaluate Slight
5 ;QgJ (n IL-;l at>0.5
T = Animal: none meg/m” and IL-
5 at >6 mg/m?3)
Human: No change in IL-4 or IL-5 at 0.5 mg/m?3 after acute IL-4 was increased in short-
2 Tha- exposure and pollen coexposure (Ezratty et al., 2007) term studies of rats and (note: mixed,
related Animal: 1 IL-4 in 4 studies in mice and one study in rats (all mice at Ie\3/els.as low a‘s‘ indeterminate

(primarily) hort-term exposure) testing exposures of 0.5-12.3 mg/m? and 9'5 me/m’, ,Wlth ar.'npllfled evidence for
S p g eXp g

cytokines in observing larger increases with antigen (OVA) administration mereases with 'ant|gen; 5 IL-10, 1L6, IL-

IRT | = |(wuetal,2013; Qiao et al, 2009; Lu et al., 2005; Liuetal, | "> mcreasedin2of3 113, and for Thi
S - ’ : ’ : ’ ‘ studies in mice only testing |cytokines; see
2011a; Jung et al., 2007) .
; o , |higher (>6mg/m?) levels Appendix
N IL-5 in 2 short-term exposure studies in mice at 6.2 mg/m
(Sadakane et al., 2002; Jung et al., 2007) A.5.6)
No change in IL-4 in a short-term exposure study in mice at
>12.3 mg/m? with co-administered house dust mite antigen
(Sadakane et al., 2002) ©
Modifications in the blood
[[See Table 3-22 for cellular and cytokine responses in the blood]]
S Human: None Slight (at = 3 mg/m?3) Moderate
% % Animal: No evidence suggesting changes (Fujimaki et al., B?sed on no.changes. ina forIgG
T = |2004b): subchronic exposure at <2.46 mg/m? high or medium confidence
subchronic mouse study at |Slight
Human: No evidence suggesting changes (Wantke et al. <2.46 mg/m3 and evidence |for IgE
1996b; Wantke et al., 2000; Palczynski et al., 1999; Ohmichi et |of increased IgE in two (only with
al., 2006; Erdei et al., 2003): short-term exposure at <1.8 short-term low confidence |specific
Total IgE mg/m? (duration in Erdei et al. unknown) formalin studies in mice at |exposure
2 Animal: Evidence of increases in mice, which were increased |23 mg/m?, but no evidence |scenarios)
=~ further by OVA sensitization (Wu et al., 2013; Jung et al., for changes in low
2007): short-term exposure at >3 mg/m?3; evidence of no confidence studies in mice |Indeterminate
changes in mice by FA alone (Kim et al., 2013b; Gu et al., or humans at <2 mg/m? for IgM or IgA
2008), although FA exacerbated house dust mite-induced IgE (i.e., very little
(Kim et al., 2013b): short-term exposure at 0.12-1.2 mg/m3 evidence; data
IS Human: Elevated in one study of children (Wantke et al. Slight (in children) not shown: see
Formal- % 1996a): years of exposure (assumed) at ~0.06 compared to Based on increases in a high Appendix
dehyde § ~0.03 mg/m?3 (note: elevations were unrelated to symptoms); |or medium confidence long- A.5.6)
(F_A_)' E N/Cin adults (Kim et al., 1999): 4 years at 3.74 mg/m3 term study of children at
Specific IgE §’ Animal: None <0.1 mg/m3; although, no
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Endpoint Endpoint-specific findings and confidence Summary of evidence | Conclusion
Human: No evidence of changes across multiple studies in changes were observed in a
adults (Zhou et al., 2005; Wantke et al., 1996b; Thrasher et al., |high or medium confidence
1987; Ohmichi et al., 2006; Gdrski and Krakowiak, 1991): long-term study of adults at
short-term (weeks) or long-term (years) exposure at ~0.1-1.81 |3.74 mg/m3and there was
mg/m?3; however, findings were unclear in two adult studies of [no clear evidence of
long-term exposure in which a small proportion of subjects did |changes across multiple low

% have FA-IgE (Thrasher et al., 1990; Dykewicz et al., 1991), and |confidence short-term and
- one study noted slight increases with longer exposure (Wantke |long-term studies in adults
et al., 2000): 10 week, not 5 week, at 0.265 mg/m3 at<1.81 mg/m3
Animal: No change in guinea pigs with acute challenge (Lee et
al., 1984) at 2.5 or 4.9 mg/m?3 after short-term exposure to 7.4
or 12.3 mg/m?3 (note: no measures without formaldehyde and
isotype was unspecified)
. £ Human: None Slight
% % Animal: N/C in OVA-IgE (Fujimaki et al., 2004b): 12 week B?SEd on no.changes. ina
T = |exposure at 0.1-2.46 mg/m? (OVA i.p.) high or medium confidence
subchronic study with i.p.
Human: None antigen sensitization and
Antigen- Animal: Increased OVA-specific IgE in mice in two short-term evidence in low confidence
Specific IgE exposure studies (Tarkowski and Gorski, 1995; Gu et al., 2008): short-term studies in mice
(does not 10 d at 2 mg/m3 (but not 1 d/week for 7 week, or when OVA exposed to 1 mg/m? that
include FA- sensitization i.p.) and 5 week at 0.98 mg/m? with i.p. OVA (but |2PP€ars to be highly
specific Ig) § not <4 week), respectively; however, N/C in mice in three situational (e.g., dependent
short-term (all 4-week) exposure studies: (Wu et al., 2013) at 3 on duration and periodicity
mg/m?3 with s.c. OVA sensitization, (Kim et al., 2013b) at of formaldehyde exposure,
0.2-1.23 mg/m3 with dermal house dust mite (HDM) and antigen type and
sensitization, and (Sadakane et al., 2002) at >12.3 mg/m?3 with administration route)
i.p. HDM sensitization ®
§ Human: Decreased in a single study of exposed workers (Aydin |Moderate
"“EJ et al., 2013): 7 year exposure at 0.264 mg/m3 Based on decreased total
§ Animal: Decreased total IgG in rats (Sapmaz et al., 2015): lgG i.n a high or medium
§  |short-term exposure at 26.15 mg/m? confidence long-term study
T in adult workers exposed to
Human: N/C in children at ~0.007-0.07 mg/m?3 (Erdei et al., 0.264 mg/m? and a high or
2003): unknown exposure duration (likely months-years) medium confidence short-
Total IgG Animal: 1gG1 (N/C in 1gG2a) increased by FA alone, whereas FA term study in rats exposed
) ¢ to 26.15 mg/m3. 1gG
exacerbated IgG2a increases (N/C in IgG1) in atopic-prone isoforms were affected in 2
2 mice (Kim et al., 2013b): short-term exposure at 0.25, but not ]
3 1.2, mg/m3; increased IgG1 and IgG3, but decreased IgG2a and of 3 low confidence short-
- ! ! term mouse studies, but not
2b, in C57 mice (Jung et al., 2007): short-term exposure at a low confidence study of
26.15 mg/m?; children at low levels
N/Cin I1gG Balb/c mice (Gu et al., 2008): short-term exposure at
<1 mg/m3
s & Human: Slight (i.e., <10%) increase in a single study of adults |Moderate
FA-Specific .2 % (Kim et al., 1999): years of exposure at 3.74 mg/m3 Based on slight increases in
I8G % § Animal: None a high or medium
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IRIS Toxicological Review of Formaldehyde (Inhalation)

Endpoint Endpoint-specific findings and confidence Summary of evidence | Conclusion
Human: Increased in two studies (Thrasher et al., 1987; confidence long-term study
Thrasher et al., 1990) and unclear in one study in which 5/55 |of adults at 3.74 mg/m?3 and
subjects did have FA-IgG (Dykewicz et al., 1991): all three increases in low confidence
studies examined years of exposure at <0.1-<1.0 mg/m3; N/C |studies of adults with long-
N in one study (Wantke et al., 2000): short-term exposure at term exposure at <1 mg/m3,
3 0.265 mg/m3 but not with short-term
Animal: No change in guinea pigs with acute challenge (Lee et [eXPOsure at higher levels;
al., 1984) at 2.5 or 4.9 mg/m? after short-term exposure to 7.4 |Studies in children were not
or 12.3 mg/m3 (note: the study did not present measures identified
without formaldehyde exposure, and isotype was unspecified)
Human: None Moderate (with inhaled
§ Animal: Increased OVA-specific IgG1 in guinea pigs (Riedel et antigen)
S al., 1996): 5 d at 0.31 mg/m3 with inhaled OVA; questionable |Based on increased OVA-
% decrease (i.e., effects were observed at 0.49, but not 2.46, I8G1 in a high or medium
% mg/m?) in OVA-IgG1 and OVA-IgG3 in mice (Fujimaki et al. confidence short-term study
T |2004b): 12 weeks exposure with i.p. OVA sensitization (N/Cin |in 8uinea pigs at 0.31 mg/m?
OVA-IgG2) with inhaled allergen, but
. not a longer high or medium
Antigen- Human: Increased IgG against 2 bacterial pathogens in 3™ .
Specific IgG grade children with respiratory complaints (Erdei et al., 2003): c?nf|dence mou.se S,tL,de ot
(does not <0.1 mg/m?3, unknown exposure duration (likely years, home similar Iev§lslusmg injected
include FA- measures) allergen. Slmll.arly, along-
specific Ig) pp— . - - - : term low Fonfldence study
nimal: N/Cin OVA-IgG or Der f-IgG1 in mice (Wu et al., 2013; |opserved increased lgG
g Sadakane et al., 2002; Gu et al., 2008): up to 5 week exposures |sansitization to airway
~  |at0.123-3 mg/m? or >12.3 mg/m3®; N/C in IgG specific to antigens in children,
vaccine antigens in rats (Holmstrom et al., 1989a): 22 months |\yhereas several low
exposure at 15.5 mg/m3. In all cases, s.c. or i.p. exposure was |confidence studies in mice
used for sensitization and rats suggest that IgG
sensitization does not occur
when antigen is injected.
. Human: None Increased at 3 mg/m? Slight
0 - ~_§ Animal: Increased corticosterone in rats with short-term, but |formaldehyde ina study in
Circulating ':E:’ § not acute, exposure (Sorg et al., 2001a): at ~3 mg/m3 rats with short-term, but
Stress not acute, exposure
Hormones | o Human: None No evidence to evaluate
3 Animal: None
Modifications in other non-Respiratory Tissues
Human: Increased marker of lipid peroxidation in adult serum |Two studies in adults Moderate

/1 Oxidative
stress
in
nonrespira-
tory tissues

High or Medium

lymphocytes (Bono et al., 2010): likely months-to-years

exposure (assumed) at 20.066 mg/m?3; Increased F2-
Isoprostanes (suggested as the best in vivo biomarker of lipid
peroxidation) in urine (Romanazzi et al., 2013): 0.21 mg/m3

chronic occupational exposure (indirect for effects in blood),
although smoking and formaldehyde were not additive, both
were independently associated with ROS—Note: serum and

urine IsoP measures are often correlated [e.g., (Rodrigo et al.

indicate elevated oxidative
stress markers at 20.066—
0.21 mg/m3 with long-term
exposure. Given the
uncertainty regarding use of
urine to reflect associations
in blood, one study
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IRIS Toxicological Review of Formaldehyde (Inhalation)

Endpoint Endpoint-specific findings and confidence Summary of evidence | Conclusion
2007)], suggesting that urine levels may reflect similar serum |contributes as indirect
changes evidence
Animal: None
Human: Increased oxidative stress biomarkers (F2- Several studies in three
Isoprostanes; malondialdehyde) in urine (Bellisario et al., species suggest increases in
2016): work-shift exposure at ~0.034 mg/m?3 (indirect for markers of oxidative stress
effects in blood; responses likely reflect short-term exposure) |with acute or short-term
Animal: Increased oxidative stress markers in mice (Ye etal., |€XPOsure, even at
2013b; Matsuoka et al., 2010): acute or short-term exposures |formaldehyde levels <1
2 at as low as 0.12 mg/m?; increased oxidative stress markers mg/m?; it is not clear
= and protein indicators in rats (Im et al., 2006; Aydin et al., whether and to what extent
2014): short-term exposure at 6.48-12.3 mg/m3, although one this persists with long-term
study with a longer exposure (10 week) observed a decrease in |SXPOsUre
MDA in rats (Katsnelson et al., 2013): at 12.8 mg/m?3; other
indicators in rodents included decreased GSH (Ye et al., 2013b;
Katsnelson et al., 2013) and increased NO and SOD (Matsuoka
et al., 2010): short-term exposure at >1 mg/m?3
Human: None Suppression of CD8+ T cells |Moderate (for
in immune tissues { CD8+ T cell
Animal: Decreased CD8+ T cells and increased CD4*/CD8" ratio (8., spleen) is indicated in _ response in
§ in both thymus (immature immune cells) and spleen (mature Or.]e g-w§ek mouse study, ~ |spleen and
§ immune cells) in male mice (Ma et al., 2020): Eight weeks of with indirect support from a |thymus)
S second short-term mouse
5 exposure at 2 mg/m3; No change in splenic CD4*/CD8" ratio in study, at around 2 mg/m?; |Slight
3 female mice (Fujimaki et al., 2004b): 12 week at up to 2.46 effects on CD4*/CDS* ratio |NK cells (1 at
T mg/m?3; Increased splenic regulatory T cells (subset of CD4+) ixed across 2 low level; | at
Cell counts and indirect markers for suppression of effector T cell (CD8+) Z\:Jet::h::iec mouse studies | high Ieve,I)
In immune activity in female mice (Park et al., 2020): short-term exposure
tissues (not at 21.38 mg/m3 )
including . Indeterminate
bone Human: None Multiple short-term mouse |for other cell
marrow) Animal: N/C in tissue weight, total cellularity or T or B cell studit-es suggest that overall |counts
counts in mice (Kim et al., 2013a; Gu et al., 2008; Dean et al., |SPlenic cell Tand B cells are
1984); altered NK cell number and function was noted in mice, unchanged; however, 2
- with one study showing decreases (Kim et al., 2013a): 2-3 studies suggest that NK cells
S week at 12.3 mg/m3, and another showing increases (Gu et al., |3 be affected (1 study
2008): 5 week at up to 0.12 mg/m?, and a third showing N/C in [Showed NK cells were
lymphocyte proliferation, functional parameters, IgM stimulated at low
production, or NK cytotoxicity (Dean et al., 1984): 3 week at  |formaldehyde levels, and
18.5 mg/m3 another that high levels are
inhibitory/toxic)
Systemic | 5 § Human: None No evidence to evaluate Indeterminate
indicators | 5, S |Animal: None
ofaltered | T =
immune | 5 Human: Increased autoantibodies in adults (Thrasher et al., 1 study in adults suggests
function |3 1990): long-term exposure at 0.06-0.95 mg/m?3 that autoantibodies are
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IRIS Toxicological Review of Formaldehyde (Inhalation)

Endpoint

Endpoint-specific findings and confidence

Summary of evidence

Conclusion

Animal: Improved cell-mediated immune response to bacteria
challenge, but N/C against tumor challenge or delayed-type
hypersensitivity response in mice (Dean et al., 1984): 3 week
exposure at 18.5 mg/m3 (Note: N/C in vitro measures of
immune cell function in the same study)

elevated with low-level,
long-term exposure;
somewhat in contrast, one
mouse study suggests
short-term high-level
exposure improves host
response to bacteria

aSeveral studies examining the lineage and maturity of immune and non-immune cells in the bone marrow and other systemic
tissues (e.g., blood; spleen) are not discussed in this section. Although it is possible that differences in the maturation
phenotype of cells could indirectly contribute to the immune changes of interest to this section, such alterations would be
expected to cause functional or other detectable changes in more apical mechanistic events relevant to immune responses in
the respiratory system. Thus, this discussion focuses on those mechanistic events considered more directly relevant to these
POE outcomes. Please see Section 3.3.3 for a discussion of these cell lineage and maturation markers in the context of
lymphohematopoietic cancer MOA.

bAs the challenge stimuli used in the formaldehyde studies included allergens as well as nonimmunological stimuli, and because
most experiments did not attempt to delineate the specifics of the functional changes, “airway hyperresponsiveness” or
“hyperresponsive airways” encompasses any of a range of possible airway features: hyperreactivity (exaggerated response),
hypersensitivity (lower dose to elicit response), altered ventilatory parameters (e.g., maximal response, resistance), recovery
(longevity of response), or others.

Reported as 0.5% formaldehyde solution; concentration assumed to be >12.3 mg/m? (Sadakane et al., 2002).

Table 3-22. Summary of changes in cell counts and soluble immunological
factors in the blood following formaldehyde exposure

(above dashed line= human studies; below

high or medium confidence = *and bold)

No changes observed

dashed line= animal studies;

Significant® increases (1) or decreases (V)
(above dashed line= human studies; below dashed

line= animal studies;

high or medium confidence = *and bold)

Conclusion
Endpoint | mg/m? |Length® References (details) mg/m3  |Length® References (details) (notes)
0.87 Years |((Lyapina et al., 2004)* J 1.6 Years (Hosgood et al., 2013)*; Moderate { in
0.25 Years |[(Aydin et al., 2013)* (same |(Zhang et al., 2010)* WBCs &
0.018 | Years® |(Erdei et al., 2003) cohort) |(Bassig et al., 2016)*
(asthmatic children) 4 N/A® Year vs. |(Thrasher et al., 1990)
(1) Mo (Kuo et al., 1997)
1,20.29 Years
m
(9]
@
2
l’
Y| Total
§ WBCs | >9.23 |8 week |(Morgan et al., 2017) 22.46f Short  |(Rager et al., 2014)* (rats)
% (mice)* (indirect) (zZhang et al., 2013b) (mice)
£
3 4 05-3  [short
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IRIS Toxicological Review of Formaldehyde (Inhalation)

No changes observed Significant® increases (1) or decreases (V)
(above dashed line= human studies; below |(above dashed line= human studies; below dashed
dashed line= animal studies; line= animal studies;
high or medium confidence = *and bold) high or medium confidence = *and bold)
Conclusion
Endpoint | mg/m3 | Length® ‘ References (details) mg/m3  |Length® References (details) (notes)
J 1.6 Years (Hosgood et al., 2013)*; Slight { in
(same |(Zhang et al., 2010)* granulocytes
cohort) |(Bassig et al., 2016)* (appears to
reflect
potential
changes in
neutrophils at
higher
concentrations
All with short-term
18.5 Short |(Dean et al., 1984) (mice)" or longer
exposure)
g
g
‘_2; 0.25 Years |(Aydin et al., 2013)* J 0.87 Years |(Lyapina et al., 2004)*
® <0.29 Years |(Kuo etal., 1997) (i.e., function, in workers
0.018 | Years® |(Erdei et al., 2003) with URT dysfunction)
(asthmatic children)
Neutr
ophils| >9.23 | 8 week |(Morgan et al., 2017) 13 Short (Katsnelson et al., 2013)
0.5-3 Short |(mice) (mice) (rats)
(Zhang et al., 2013b) (mice)
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IRIS Toxicological Review of Formaldehyde (Inhalation)

No changes observed Significant® increases (1) or decreases (V)
(above dashed line= human studies; below |(above dashed line= human studies; below dashed
dashed line= animal studies; line= animal studies;
high or medium confidence = *and bold) high or medium confidence = *and bold) .
Conclusion
Endpoint | mg/m? |Length® References (details) mg/m?3 ‘ Length® ‘ References (details) (notes)
<0.29 Years |(Kuo etal., 1997)
0.018 | Years® |(Erdei et al., 2003)
(asthmatic children)
Eosino
phils | >9.23 | 8 week |(Morgan et al., 2017)
(mice) (mice)
<0.29 Years |(Kuo etal., 1997)
Baso
phils
No animal studies identified
0.2 & 0.8| Months |(Jia et al., 2014)* 4 1.6 Years |(Hosgood et al., 2013)%; Indeterminate
N/A® (<1)| Year vs. |(Thrasher et al., 1990) (Ying (same |(Zhang et al., 2010)* ¢ (multiple
" 0.51 Mo |etal., 1999) cohort) |(Bassig et al., 2016)* changes noted,
.“;’. <0.29 | Weeks |(Kuo et al., 1997) 10.25 Years |(Aydin et al., 2013)* but pattern is
E All 0.018 Years |(Erdei et al., 2003) indiscernible)
g' Years® |(asthmatic children)
>
-
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IRIS Toxicological Review of Formaldehyde (Inhalation)

No changes observed
(above dashed line= human studies; below

dashed line= animal studies;
high or medium confidence = *and bold)

Significant® increases (1) or decreases (V)
(above dashed line= human studies; below dashed
line= animal studies;
high or medium confidence = *and bold)

Conclusion
Endpoint | mg/m? |Length® References (details) mg/m3  |Length® References (details) (notes)
18.5 Short |(Dean et al., 1984) (mice) " [ 13 Short (Katsnelson et al., 2013)
29.23 | 8 week |(Morgan et al., 2017)* (rats)
(mice) { 0.5-3 Short (Zhang et al., 2013b) (mice)
1.6 Years |(Hosgood et al., 2013)%; 1 0.99 Months |(Ye et al., 2005)* (peak Moderate for
(same ((Zhang et al., 2010)* levels up to 1.69 mg/m3)  |altered number
cohort) |(Bassig et al., 2016)* 0.2 & 0.8 |Months |(Jia et al., 2014)* of B cells
0.25 Years |[(Aydin etal., 2013)* ™ N/A® Year vs. |(Thrasher et al., 1990) (Ying |(direction of
0.09-0.7| Years |(Thrasher et al., 1987) (=1) Mo etal., 1999) change may
M™0.51 Weeks |(Costa et al., 2019)* (peak |differ by
J 0.47 Years |levels to 3.94 mg/m3) exposure levels
(Costa et al., 2013)* (peak |or duration)
J 0.36 Years |levels to 0.69 mg/m?3)
B Cells
No animal studies identified
0.2-0.8 |Months |(Jia et al., 2014)* 4 1.6 Years |(Hosgood et al., 2013)%*; Slight for
N/A® (<1)| Year vs. |(Thrasher et al., 1990) (same |(Zhang et al., 2010)* ¢ altered total T
Mo cohort) |(Bassig et al., 2016)* cells
4 0.99 Months |(Ye et al., 2005)* (mixed results
(peak levels to 1.69 mg/m?3)|suggest dose-
T Cells ™ 0.36 Years |(Costa et al., 2013)* (peak |dependence,
(Total) levels to 0.69 mg/m?3) with | at
™ 0.25 Years |(Aydin etal., 2013)* higher levels;
{4 0.9 Years (Jakab et al., 2010) possible P at
4 0.51 Weeks |(Ying et al., 1999) low levels, with
J =0.09 Years (Thrasher et al., 1987) longer
(levels up to 0.68 mg/m?3)  |duration)
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https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=2387
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=4532294
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1987924
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=2452557
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1579019
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626137
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=3420801
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1313374
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626821
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626654
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=2452680
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626818
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626658
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626658
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=6129394
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1578367
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=2452680
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626818
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1579019
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626137
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=3420801
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626654
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1578367
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1313374
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=655746
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626658
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626821

IRIS Toxicological Review of Formaldehyde (Inhalation)

No changes observed
(above dashed line= human studies; below

dashed line= animal studies;
high or medium confidence = *and bold)

Significant® increases (1) or decreases (V)
(above dashed line= human studies; below dashed

line= animal studies;

high or medium confidence = *and bold)

Conclusion
Endpoint | mg/m3 |Length"‘ References (details) mg/m3  |Length® References (details) (notes)
N7.4 Short  |(Sandikci et al., 2007a, b)
(rats)
1.6 Years |[(Hosgood et al., 2013)* ™ 0.36 Years |(Costa et al., 2013)* (peak |Indeterminate
(same |(note: Tz cells) levels to 0.69 mg/m?3) (mostly N/C,
cohort) |(Zhang et al., 2010)* J 051 Weeks |(Ying et al., 1999) but variable
(Bassig et al., 2016)* and,
0.99 |Months |(Ye et al., 2005)* (peak considering
levels up to 1.69 mg/m3) also studies of
0.47 Years |(Costa et al., 2019)* (peak spleen (above),
levels to 3.94 mg/m?3) suggests effects
0.25 Years |[(Aydin etal., 2013)* might exist for
T Cells| 0.2-0.8 | Months |(Jia et al., 2014)* certain subsets
(CD4’) No animal studies identified of CD4 cells)
0.36 Years |(Costa et al., 2013)* (peak | 1.6 Years |(Hosgood et al., 2013)*; Moderate
levels to 0.69 mg/m?3) (same |(Zhang et al., 2010)* ¢ J CD8and 1
0.25 Years |[(Aydin et al., 2013)* cohort) |(Bassig et al., 2016)* CD4/CDS8 ratio
0.2-0.8 |Months [(Jia et al., 2014)* Months |(particularly memory cells) | (likely dose-
T Cells 4 0.99 (Ye et al., 2005)* dependence, as
(cpg) Weeks |(peak levels to 1.69 mg/m3)|consistent
{051 Years |(Ying etal., 1999) observations
N 0.47 (Costa et al., 2019)* (peak |are at higher
levels to 3.94 mg/m?3) levels)

3-140



https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=667198
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626633
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1579019
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626137
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=3420801
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626654
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=6129394
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1313374
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=2452680
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1578367
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626658
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1578367
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1313374
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=2452680
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1579019
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626137
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=3420801
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626654
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626658
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=6129394

IRIS Toxicological Review of Formaldehyde (Inhalation)

(above dashed line= human studies; below

high or medium confidence = *and bold)

No changes observed

dashed line= animal studies;

Significant® increases (1) or decreases (V)
(above dashed line= human studies; below dashed
line= animal studies;
high or medium confidence = *and bold)

Conclusion
Endpoint | mg/m3 | Length® ‘ References (details) mg/m?3 ‘ Length® ‘ References (details) (notes)
N/C CD4/CD8 ratio in these 3 studies (orin | 4 CD4/CDS8 ratio in all but one of these studies
(Thrasher et al., 1990) comparing durations)
No animal studies identified
J 1.6 Years |[(Hosgood et al., 2013)*; Slight for
(same |(Zhang et al., 2010)* %; altered number
cohort) |(Bassig et al., 2016)* of NK cells
J 0.36 Years |(Costa et al., 2013)* (peak |(mixed results
levels to 0.69 mg/m?3) suggest dose-
™ 0.25 Years |(Aydin et al., 2013)* dependence
0.2 Months [(Jia et al., 2014)* like total T
N/Cat0.8 cells)
NK
Cells No animal studies identified
1.6 Years |(Hosgood et al., 2013)%; 1 0.018 Years® |(Erdei et al., 2003) Indeterminate
(same |(Zhang et al., 2010)* ¢ (asthmatic children) (data suggest
cohort) |(Bassig et al., 2016)* N/C, at least in
0.25 Years |(Aydin et al., 2013)* human adults)
Mono
cytes
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https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626818
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1579019
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626137
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=3420801
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1578367
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1313374
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=2452680
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1579019
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626137
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=3420801
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1313374
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=90767

IRIS Toxicological Review of Formaldehyde (Inhalation)

No changes observed
(above dashed line= human studies; below

dashed line= animal studies;
high or medium confidence = *and bold)

Significant® increases (1) or decreases (V)

(above dashed line= human studies; below dashed

line= animal studies;

high or medium confidence = *and bold)

Conclusion
Endpoint | mg/m? |Length® References (details) mg/m3  |Length® References (details) (notes)
29.23 | 8 week |(Morgan et al., 2017) {4 18.5 Short |[(Dean et al., 1984) (mice)
(mice) { 0.5, not | Short ((Zhangetal., 2013b) (mice)
3
0.25 Years |[(Aydin et al., 2013)* 4 1.6 Years |(Hosgood et al., 2013)%; Moderate {in
<0.29 | Years |(Kuo etal., 1997) (zhang et al., 2010)* ¢ RBCs'
0.018 | Years®© |(Erdei et al., 2003) J 0.87 Years |(Lyapina et al., 2004)* (suggests dose-
(asthmatic children) (association with duration) |and duration-
Red Blood dependence)
Cells
29.23 | 8 week |(Morgan et al., 2017) J 0.5-3 Short |((Zhang et al., 2013b) (mice)
(mice)
0.87 Years |(Lyapina et al., 2004)* (Kuo |, 1.6 Years |(Hosgood et al., 2013)%; Slight { in
<0.29 Years |etal., 1997) (same |(Zhang et al., 2010)* ¢ platelets
0.018 | Years® |(Erdei et al., 2003) cohort) |(Bassig et al., 2016)* (possible dose-
(asthmatic children) dependence as
Platelets noted above)
29.23 | 8 week |(Morgan et al., 2017) ™ 0.5-3 Short |(Zhang et al., 2013b) (mice)
(mice)
1.8 Years [(Seow et al., 2015)* (peak |4 0.25 Years |[(Aydin etal., 2013)* Slight ™
° levels to 6.9 mg/m?3) TNF-oe and C3
é - 0.2-0.8 | Months |(Jia et al., 2014)*
[J]
E| 8| TNF-a
e No animal studies identified
© g
vl <
ol
S|
£%
Sl E
Bl& Compl| 0.25 Years |(Aydin et al., 2013)*
§ ement (i.e., C3, C4)
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https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=4532294
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=2387
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=2452557
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1313374
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1578804
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=90767
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1579019
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626137
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626727
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=4532294
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=2452557
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=626727
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1578804
https: