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 1 ) as to whether formaldehyde inhalation exposure may pose a human 
hazard for specific types of cancer or individual noncancer health effects, given relevant exposure 
circumstances.  The evidence integration for cancer concludes with a descriptor summarizing the 
weight of evidence for cancer according to EPA’s cancer guidelines (
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U.S. EPA, 2005a).  
Based on the current understanding of the toxicokinetics of formaldehyde inhalation 

exposure (see Appendix A.2), several practical working assumptions were applied to this 
assessment.  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 acts via a pathway 
different from a direct interaction with tissues distal to the portal of entry (POE) to elicit observed 
systemic effects.  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 formaldehyde byproducts in 
tissues distal to the POE (e.g., formate in blood or urine, brain formaldehyde levels) and health 
outcomes are not considered relevant here to interpreting the human health hazards of inhaled 
formaldehyde. 

The Toxicological Review includes an inhalation reference concentration (RfC) value for 
lifetime exposure.  The inhalation RfC (expressed in units of μg 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 

3 in air.  In addition, organ/system-specific RfCs (osRfCs) were derived for 
the 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.  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 

 
1 These level of evidence judgments and their implications are described in detail in the IRIS Handbook 
(http://cfpub.epa.gov/ncea/iris_drafts/recordisplay.cfm?deid=350086). Note that none of the health effects 
evaluated in this assessment approached the level of evidence needed to support a judgment of 

, so this level is not discussed.  

7  the organization and analyses in the assessment 
8 assume that inhaled formaldehyde is not distributed to an appreciable extent beyond the upper

respiratory tract to distal tissues; 

ssum

9 thus, it is assumed that inhaled formaldehyde acts via a pathway t
10 different from a direct interaction with tissues distal to the portal of entry (POE) to elicit observed

systemic effects.  S
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Literature Search Strategy 1 
The literature search strategy used to identify primary research pertaining to formaldehyde 2 

inhalation was conducted using the databases and approaches listed in Table I.  A separate search 3 
strategy was developed for each health hazard considered in the assessment.  These strategies are 4 
described in detail in Appendix A.5, with PECO criteria, and literature flow diagrams depicting the 5 
systematic search and sorting process.  Generally, health outcomes and search terms were selected 6 
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The synthesis of evidence (see next section) focuses on the medium and high confidence 1 

studies, if available, taking into account differences in populations and settings (e.g., children and 2 
adults; occupational, residential, or in schools), exposure levels, and other aspects of the studies. 3 

Formaldehyde exposure considerations specific to observational epidemiological studies 4 
All residential or school-based studies with measures of formaldehyde exposure were 5 

included in the hazard identification evaluation; because the database of studies with direct 6 
measurements is relatively large, residential studies with indirect measures of formaldehyde 7 
exposure (e.g., based on age of building or presence of plywood) were not included.  Most of the 8 
included studies attempted to estimate average formaldehyde levels using area samples placed in 9 
one or more locations; measurement periods ranged from 30 minutes to 2 weeks.  A few studies 10 
included more than one sampling period (e.g., sampling on multiple days in different seasons over 11 
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the course of a year).  Studies in adults and in children indicate that area-based (e.g., residential or 1 
school) samples are highly correlated with personal samples (Lazenby et al., 2012; Gustafson et al., 2 
2005); therefore, the use of measures based on residential (e.g., bedroom) samples rather than 3 
personal samples was not considered to be a limitation when evaluating a study.   4 

There was also variation in the exposure measurements used within occupational settings.  5 
For hazard identification, an accurate characterization of “high” versus “low” exposure or “exposed” 6 
versus “nonexposed” may be able to provide a sufficient contrast to examine associations, even if 7 
there is considerable heterogeneity within the high exposure group.  Exposure assessments in 8 
occupational studies involved one or more area samples in specific task areas, personal samples, or 9 
a combination of both.  Sampling periods ranged from less than 1 hour to an entire work shift over 10 
1 or more days.  Concentrations were reported as an average of all samples for a particular location 11 
or as a time-weighted average (TWA) over the sampling period.  Generally, a TWA concentration 12 
from a full-shift measurement using personal sampling was preferred as a more precise estimate of 13 
average exposure.  Other studies that used a formaldehyde-specific exposure definition or 14 
semiquantitative measure (e.g., duration, number of embalmings) also were included, although they 15 
were concluded to be limited to some extent by exposure misclassification.  Studies that defined 16 
certain occupational groups with considerable exposure to formaldehyde (e.g., embalmers, 17 
pathologists, wood or garment workers) as formaldehyde exposed were included, even in the 18 
absence of sampling data. 19 

Evaluation of controlled exposure studies in humans 20 
A process incorporating aspects of the evaluation approaches used for epidemiological 21 

studies and experimental animal studies (see below) was used to evaluate controlled exposure 22 
studies in humans.  The evaluation categories included exposure generation, outcome classification, 23 
consideration of possible bias (i.e., randomization and blinding), consideration of confounding 24 
(i.e., adequacy of randomization), and details of analysis and presentation of results.  A study was 25 
judged to be low confidence if the exposure generation method resulted in exposure to substances 26 
other than formaldehyde (e.g., emissions from pressed wood products), allocation to the order of 27 
exposure categories was not random, or subjects were not blinded to their exposure order. 28 

Evaluation of experimental studies 29 

Classification scheme 30 
Toxicological studies differ systematically from observational epidemiological studies 31 

because the former seek to control both the exposure and nonexposure conditions of an 32 
experiment.  This leads to some differences in approach and interpretation.  In general, however, 33 
toxicological study evaluations considered similar categories to the epidemiological studies.  The 34 
categories were based on the design of a toxicological study, including test animals, experimental 35 
design (e.g., duration of exposure, timing of endpoint evaluations, allocation procedures), exposure 36 

1  Studies in adults and in children indicate that area-based (e.g., residential or 
2 school) samples are highly correlated with personal samples (Lazenby et al., 2012; Gustafson et al.,
3 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. 
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conduct, endpoint evaluation procedures, and data presentation and analysis.  The specifics of the 1 
considerations applied were different for each type of health outcome examined (see 2 
Appendix A.5). 3 

As the expectation is that experimental studies should attempt to control all variables, any 4 
study limitation interpreted as capable of influencing the data was considered to have negatively 5 
affected the quality (e.g., validity, accuracy) of the results.  Thus, these “confounding factors” differ 6 
substantially from what would be deemed a potential “confounder” in epidemiological studies.   7 

Formaldehyde exposure considerations specific to controlled exposure (animal or human) studies 8 
Typical human exposures to formaldehyde can be complex and difficult to translate to 9 

experimental systems.  Experimental exposure to formaldehyde by inhalation is typically achieved 10 
through volatilization of formalin or depolymerization of paraformaldehyde.  Methanol, present in 11 
aqueous formaldehyde solutions to inhibit polymerization, is a potential confounder of associations 12 
between observed health outcomes and formaldehyde exposure via formalin.  As experimental 13 
studies, including controlled exposure studies in either humans or animals should aim to control all 14 
variables other than the exposure or manipulations of interest; coexposure to methanol in these 15 
studies introduces uncertainty that the effects were caused by formaldehyde alone.  Inhaled 16 
methanol could affect health endpoints or introduce quantitative uncertainty.  An example of the 17 
former would be if methanol were distributed to different locations than inhaled formaldehyde, 18 
where it could either directly cause effects or, theoretically, be metabolized to formaldehyde and 19 
cause effects.  An example of the latter would be that, because methanol is metabolized to 20 
formaldehyde in vivo, substantial coexposure to methanol could result in differences in tissue-21 
specific formaldehyde levels at identical external formaldehyde exposure levels when different test 22 
articles are used.  This limitation typically introduces a bias toward an effect and is of particular 23 
concern in studies observing systemic effects after exposure.  Thus, the test article used to generate 24 
the formaldehyde atmosphere in experimental studies was critically evaluated (see Appendix A.5 25 
for details), including consideration of whether a methanol-only control group was used.3  Although 26 
this evaluation was applied to all experimental systems, conclusions about the level of uncertainty 27 
introduced by this coexposure varied by health outcome, with a far greater level of concern for 28 
potential impacts on nonrespiratory health effects (see Section 1.3, Nervous System Effects, 29 

 
3While one study used a sprayer in a heated vessel to generate formaldehyde from a formalin solution 
containing a known concentration of methanol (Kamata et al., 1997), presumably resulting in the release of 
formaldehyde and methanol in proportions that would be conserved from liquid to gas (i.e., allowing air 
methanol levels to be relatively accurately estimated based on air formaldehyde levels), the remaining 
formalin studies generally evaporated formalin from solution.  Notably, the liquid:air partitioning of methanol 
and formaldehyde is influenced by the proportions of these agents in aqueous solutions (Albert et al., 2000).  
Thus, as chamber methanol levels were not analytically measured in the other identified studies, a methanol 
control group may not eliminate uncertainty.  Unfortunately, a calculation for estimating methanol levels 
released (e.g., by evaporation) from formalin solutions at different levels of inhaled formaldehyde was not 
identified. 

5 study limitation interpreted as capable of influencing the data was considered to have negatively 
affected the quality (

11  Methanol, present in
12 aqueous formaldehyde solutions to inhibit polymerization, is a potential confounder of associations 

between observed health outcomes and formaldehyde exposure via formalin. 
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developmental and reproductive system effects, and lymphohematopoietic (LHP) cancers), as 1 
compared to respiratory health effects (see Section 1.2).  This disproportionate level of concern is 2 
primarily based on two factors: (1) as compared to formaldehyde, which does not appear to be 3 
distributed to distal sites in appreciable amounts, inhaled methanol would be readily transported 4 
beyond the portal of entry (POE) and could elicit direct effects at distal target tissues, and 5 
(2) certain systemic effects evaluated in this assessment (i.e., reproductive and developmental 6 
toxicity, nervous system effects) are health outcomes known to be a target of methanol toxicity, 7 
while other health outcomes, although generally less well studied, have not been clearly associated 8 
with methanol exposure (U.S. EPA, 2013).  These issues are discussed further in each major 9 
endpoint discussion in Sections 1.2 and 1.3. 10 

For certain health outcomes, the irritant and odorant nature of formaldehyde gas and the 11 
inescapable nature of these exposures (animals cannot terminate exposure at irritating levels), can 12 
complicate interpretations of causality.  In addition, reflex bradypnea is an irritant response that 13 
exists in rodents, typically at formaldehyde concentrations exceeding 1 mg/m3 (see Section 1.1.3), 14 
but not humans and can cause large variations between the administered and internal exposures.  15 
Although the understanding of irritation-related responses, including reflex bradypnea in rodents, 16 
is incomplete (e.g., responses following repeated and prolonged exposure are not well studied; 17 
see Appendix A.3), it is generally assumed that irritation- and odorant-specific changes are either 18 
short lived or markedly reduced shortly after formaldehyde exposure is removed.  In light of these 19 
considerations, care was taken to consider in detail the specifics of the study protocols related to 20 
formaldehyde exposure (e.g., determining whether a sufficient duration was allotted between 21 
exposure and testing, evaluating whether the exposure levels tested were capable of introducing 22 
variables such as reflex bradypnea) for certain health outcomes. 23 

Overall, as in observational studies in humans, considerations related to the quality of the 24 
exposure paradigms used in experimental studies typically had the strongest influence on study 25 
confidence determinations. 26 

Evaluation of mechanistic studies 27 
For the datasets described previously, evaluations of individual mechanistic studies 28 

involving formaldehyde inhalation in experimental animals or in vitro models of gaseous 29 
formaldehyde exposure considered the same general features evaluated for more apical measures 30 
of toxicity (i.e., evaluations of exposure quality and study design were emphasized).  The specific 31 
criteria were simplified, however, to accommodate the increased heterogeneity of the available 32 
mechanistic studies, as compared to the data available for apical measures of toxicity.  Similarly, 33 
study evaluations of individual mechanistic studies involving exposed humans emphasized 34 
consideration of exposure assessment, study design, outcome ascertainment, and comparison 35 
groups for potential sources of bias and their potential impact.  For the mechanistic studies related 36 
to potential noncancer respiratory effects, given the large number of studies identified, individual 37 
experiments were characterized as high or medium confidence, low confidence, or not informative.  38 

nate 
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These evaluations emphasized exposure-related considerations and were designed to identify the 1 
mechanistic data most likely to be associated with constant, chronic inhalation exposure to 2 
formaldehyde (see Appendix A.5.6 for additional details).  As these individual study evaluations 3 
were less endpoint specific than the evaluations of the individual health effect-specific studies, 4 
these evaluations were generally less rigorous.  Subsequently, groupings of studies or related 5 
endpoints were evaluated to assess the strength of the evidence for different “mechanistic events” 6 
as robust, moderate, slight, or indeterminate.  Likewise, potential associations between mechanistic 7 
events were judged based on the tissue(s)/region(s) assessed and known biological roles within 8 
those tissues for the identified mechanistic events.  The criteria and presentation of decisions for 9 
the strength of the mechanistic evidence relating to potential respiratory health effects are 10 
illustrated in Table 1-II.  For studies of genotoxicity biomarkers in exposed humans, conclusions 11 
about bias and sensitivity were drawn using the same approach as for other epidemiological 12 
studies.  13 
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outcome.  Thus, hazard conclusions were developed for consolidated sets of related health 1 
endpoints within an overall hazard category in some instances (e.g., male reproductive toxicity). 2 

For each hazard category, or hazard subdivision, and depending on the data available, 3 
separate syntheses were developed for each of the three lines of evidence: namely, human and 4 
animal health effect studies and mechanistic studies.  These evidence syntheses, which incorporate 5 
the evaluations of the strengths and limitations of the available studies as well as considerations 6 
related to the toxicokinetics of inhaled formaldehyde, provide a discussion of the information 7 
provided by each line of evidence regarding the potential for exposure to formaldehyde via 8 
inhalation to result in specific health effects.  All informative studies (see above), regardless of the 9 
magnitude or direction of results (i.e., whether yielding positive or null results) were considered in 10 
assessing the evidence; however, the focus of the synthesis was on the high and medium confidence 11 
studies, when available.  Descriptive information about study methods and detailed results are 12 
generally presented in tabular or graphical displays, with supportive text.  The narrative summaries 13 
discuss the nature and breadth of the available literature, highlighting details that contribute to the 14 
analysis of the strength of evidence regarding causality in the next section. 15 

The syntheses of the separate lines of evidence—human health effect studies, animal health 16 
effect studies, and mechanistic studies—involved related considerations that differed due to the 17 
nature of the study designs and applicability of the data (see Table III).  Consistency, magnitude of 18 
effects, and dose-response gradients were emphasized in the synthesis of results of epidemiological 19 
and controlled human exposure studies.  While the precision of effect estimates could add to the 20 
strength of evidence for a health effect, all of the results were summarized.  Consistency between 21 
studies was examined by comparing study results by confidence level, specific methodological 22 
features that contributed to potential bias, exposure setting, and level of exposure.  The primary 23 
considerations for synthesizing the results of animal studies were consistency (e.g., across species 24 
and across research groups, with consideration of study confidence), magnitude and severity of the 25 
effects, dose-response, and coherence of findings for related effects.  The information from 26 
mechanistic studies in humans or animals relevant to each apical outcome was synthesized, 27 
highlighting information that could inform either biological plausibility, coherence, susceptibility, 28 
relevance to humans or an improved understanding of dose-response.  Given the exposure-related 29 
issues specific to formaldehyde and the abundance of data available, the mechanistic evaluations in 30 
this assessment focused almost exclusively on in vivo studies of inhalation exposures, with rare 31 
exception (e.g., evaluation of in vitro genotoxicity studies).    32 

23 The primary 
24 considerations for synthesizing the results of animal studies were consistency (e.g., across species 
25 and across research groups, with consideration of study confidence), magnitude and severity of the 

effects, dose-response, and coherence of findings for related effects. The 
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Evidence Integration and Integration Judgments for Noncancer and Cancer Health Outcomes 1 
For transparency in the sequential decision steps taken to draw overall evidence 2 

integration judgments, a two-step, sequential process was used (Figure III).  First, judgments 3 
regarding the strength of the evidence from the available human and animal studies were made in 4 
parallel.  These judgments incorporated mechanistic evidence (or MOA understanding) in exposed 5 
humans and animals, respectively, that informed the biological plausibility and coherence of the 6 
available human or animal health effect studies.  Second, the animal and human evidence judgments 7 
were combined to draw an overall conclusion(s) that incorporated inferences drawn based on 8 

reg
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reliable evidence (e.g., mechanistic events and associations with robust evidence are preferred).  1 
Based on the known or presumed linkages, these events are organized from a “plausible initial 2 
effect of exposure” (e.g., a potential direct interaction between inhaled formaldehyde and biological 3 
materials) to each apical toxicity endpoint in a linear fashion, regardless of tissue region.  4 
Additional details and other mechanistic changes that might contribute to the observed health 5 
effects are discussed in Appendix A.5.6.  Note, however, that the lack of mechanistic data explaining 6 
an association did not discount results from human or animal health effect studies.  To draw these 7 
judgments, a modified set of considerations was applied to evidence from studies in humans and 8 
animals (Table III).  Examples of ways that mechanistic evidence was used in causal analyses and 9 
derivation of toxicity values are described in Table IV. 10 

6 t the lack of mechanistic data explaining
an association did not discount results from human or animal health effect studies. 

mech
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For carcinogenesis only, the weight of evidence as to whether formaldehyde inhalation 1 
exposure is carcinogenic to humans was summarized using descriptors, consistent with EPA 2 
guidelines (U.S. EPA, 2005a) (Table IX).  For this assessment, the descriptors build upon the overall 3 
evidence integration judgments for individual cancer types, as described in Table VIII; however, 4 
this does not alter or supersede any EPA guidance.  These descriptors are bolded and italicized. 5 

Table . 
 

Cancer descriptor Criteria 
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reproductive toxicity, male reproductive toxicity, respiratory tract cancers (i.e., nasopharyngeal 1 
cancer), and lymphohematopoietic cancers (i.e., myeloid leukemia).  In some cases, estimates 2 
considered information from mechanistic studies (see Table ES-2, footnote c for examples of how 3 
these data were considered quantitatively).  Specifically, for some outcomes (i.e., nasal cancers; 4 
noncancer respiratory tract pathology), analyses included efforts to apply dosimetry models 5 
estimating the uptake of inhaled formaldehyde, including an evaluation of modeling efforts to 6 
account for the potential contribution of endogenous formaldehyde on uptake (see Section 2.2).  7 
Candidate osRfCs or cancer unit risk values were estimated for each of these noncancer or cancer 8 
health outcomes, respectively, and the associated uncertainties were discussed.  In addition to the 9 
overall evidence integration judgment for concluding that formaldehyde inhalation results in 10 
specific health effects (which incorporates the individual study confidence), a confidence level of 11 
high, , or low was assigned to each osRfC regarding the reliability of the associated POD 12 
calculation(s).  Confidence in the completeness of the database for each osRfC was also assigned.  13 
These judgments were used to select the RfC, draw an overall level of confidence in the RfC, and 14 
determine the completeness of the formaldehyde literature database.  For noncancer health 15 
hazards, multiple graphical depictions were developed to display PODs, uncertainty factors, and 16 
candidate osRfCs across outcomes and studies, as well as the context of these estimates (e.g., in 17 
relation to the study-specific results, in relation to known human exposures to formaldehyde).  18 
Organ/system-specific RfCs, a single, overall RfC, and unit risk were selected; the specific rationale 19 
is described in Section 2, Dose-Response Analysis.  For the derivation of the cancer inhalation unit 20 
risk (IUR) estimate, exposure-response analyses for nasopharyngeal cancer (NPC) from an 21 
occupational cohort study and cancers of the nose across two bioassays in rats, and for 22 
lymphohematopoietic malignancies from an occupational cohort study, were considered.  The IUR 23 
was based on the preferred unit risk estimate for NPC and application of age-dependent adjustment 24 
factors (see Section 2.2.6).  An overall level of confidence was assigned to the IUR.  For one 25 
mechanism that contributes to cancer risk, cytotoxicity-induced regenerative proliferation, a 26 
contributing mechanism which appears to involve a threshold, cRfCs were derived using different 27 
data sets from rat bioassays. 28 
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The role of endogenously generated formaldehyde in human diseases is largely unknown.  1 

This includes endogenous formaldehyde generated during normal cellular metabolic processes, as 2 
well as formaldehyde produced endogenously within cells (e.g., in the liver) as a breakdown 3 
product of external exposures to other chemicals, including ingestion of caffeine (Summers et al., 4 
2012; Hohnloser et al., 1980) and methanol-rich foods or beverages, such as fruit-based liquors 5 
(Riess et al., 2010).  The mode of action by which toxicity at distal sites, such as bone marrow or 6 
reproductive tissues, may occur in response to inhalation of formaldehyde over long periods, also is 7 
not known.  Once formaldehyde is inhaled and interacts with extracellular aqueous matrices such 8 
as mucus in nasal passages and is hydrated, the biochemical reactivity of inhaled formaldehyde and 9 
endogenous formaldehyde are likely to be very similar, given that there are no differences in 10 
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chemical structure.  However, no specific data are available to inform whether there may be 1 
differences in interactions with specific extracellular or intracellular macromolecular targets in 2 
vivo.  While the rate of cellular detoxification of exogenous formaldehyde remains unknown, the 3 
production and subsequent detoxification of endogenous formaldehyde appears to be kept under 4 
strict control and has been well described (Burgos-Barragan et al., 2017b). 5 

Although understanding of the contribution of endogenous formaldehyde levels on health is 6 
minimal, the Toxicological Review assumed that these impacts on background incidence of 7 
prevalence of cancer or other health hazards were accounted for because the focus of the 8 
assessment is to estimate the extra risk that results from exogenous exposure over background 9 
risk.  Endogenous formaldehyde might be responsible for some portion of background risks for 10 
some health outcomes, particularly when normal detoxification pathways are deficient (e.g., Pontel 11 
et al., 2015); but that possibility is not the purpose of this review.  This assessment does consider 12 
and discuss the potential impact of normal levels of endogenous formaldehyde on the penetration 13 
and distribution of inhaled formaldehyde, based on recent dosimetric models Schroeter et al. 14 
(2014) and Campbell Jr et al. (2020); see Section 2.2).  In addition, efforts to incorporate the 15 
unknown contribution of endogenous formaldehyde to background cancer incidence in an attempt 16 
to bound low-dose human cancer risks from formaldehyde exposure have been published using a 17 
measure of internal dose for inhaled formaldehyde.  These papers are discussed in Section 2.2 and 18 
Appendix B.2.3. 19 

 20 
The organization, decision process, and conclusions of the Toxicological Review are 21 

presented in Table XI.  This table summarizes the results of the various evidence identification and 22 
evidence analysis steps performed for each health hazard.  Table XI portrays how a large body of 23 
identified literature (well over 15,000 articles) was distilled to those studies most germane to the 24 
potential health effects of inhaled formaldehyde, as well as how the databases for the various health 25 
hazards vary (e.g., a large number of nonspecific, as well as lower quality, studies were identified 26 
for reproductive and developmental toxicity and nervous system effects), highlighting potential 27 
data gaps/deficiencies.  The conclusions in this assessment are based on a large set of published 28 
research studies (~300).  Only a few of the most informative studies in each health hazard category 29 
were considered best suited for dose-response analyses to develop candidate RfCs and cancer 30 
unit risks.  31 
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-2
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 2 
Overall, the  integration  that inhalation of formaldehyde causes 3 

increased sensory irritation and respiratory tract pathology in humans, given the appropriate 4 
exposure circumstances.  Well-conducted studies in humans and animals support these hazard 5 
conclusions, and strong mechanistic evidence in animals provides plausible modes of action 6 
(MOAs) for the identified endpoints. 7 

The available  that formaldehyde inhalation likely causes decreased 8 
pulmonary function, an increased frequency of current asthma symptoms or difficulty controlling 9 
asthma, and increased allergic responses in humans, given the appropriate exposure circumstances.  10 
These conclusions were supported primarily by evidence in exposed humans, with supportive 11 
mechanistic evidence indicating that formaldehyde inhalation results in biological changes related 12 
to these outcomes in exposed animals.  In addition, the  that inhalation of 13 
formaldehyde likely causes female reproductive or developmental toxicity and reproductive 14 
toxicity in men, given the appropriate exposure circumstances.  The conclusion for female 15 
reproductive or developmental toxicity is supported by evidence in humans, specifically increases 16 
in time-to-pregnancy (TTP) and spontaneous abortion risk; mechanistic evidence explaining such 17 
effects without systemic distribution of formaldehyde is lacking.  The conclusion for male 18 
reproductive toxicity is supported primarily by coherent evidence of several alterations to the male 19 
reproductive system in animals exposed to very high levels of formaldehyde (>6 mg/m3), with 20 
some corroborative changes in an occupational epidemiological study; although no MOA is 21 
available, some relevant mechanistic changes have been observed in well-conducted studies of the 22 
male reproductive organs of exposed rodents. 23 

Lastly, while a number of studies reporting evidence of potential neurotoxic effects were 24 
available, including developmental neurotoxicity, multiple manifestations of behavioral toxicity, 25 
and an increased incidence of, or mortality from, the motor neuron disease amyotrophic lateral 26 
sclerosis (ALS), due to limitations identified in the database (e.g., poor methodology, lack of 27 
consistency), the integration of the evidence ultimately resulted in the determination that 28 
formaldehyde inhalation may pose a human health hazard, and additional study is warranted. The 29 
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available data on potential nervous system effects were considered insufficient for developing 1 
quantitative toxicity estimates.  2 

 3 
Formaldehyde is Carcinogenic to Humans by the Inhalation Route of Exposure.  This 4 

conclusion is supported by two lines of evidence: 5 

The  that formaldehyde inhalation causes nasopharyngeal cancer 6 
(NPC) in humans, based on observations of increased risk of NPC in groups exposed to 7 
occupational formaldehyde levels and nasal cancers in animals, with strong, reliable and 8 
consistent mechanistic evidence in both animals and humans (i.e., robust evidence for both 9 
the human and animal evidence, and strong mechanistic support for the human relevance of 10 
nasal cancers observed in animals).   11 

The that formaldehyde inhalation causes an increased risk of 12 
myeloid leukemia in humans, based on observations of increased risk in groups exposed to 13 
occupational formaldehyde levels.  This evidence integration judgment is further supported 14 
by other studies of human occupational exposure that provide strong and coherent 15 
mechanistic evidence identifying clear associations with additional endpoints relevant to 16 
LHP cancers, including an increased prevalence of multiple markers of mutagenicity and 17 
other genotoxicity in peripheral blood cells of exposed workers, other perturbations to 18 
immune cell populations in blood (primarily from human studies), and evidence of other 19 
systemic effects (i.e., developmental or reproductive toxicity).  Generally, evidence 20 
supporting the development of LHP cancers after formaldehyde inhalation has not been 21 
observed in experimental animals (i.e., rodents), including a well-conducted, chronic cancer 22 
bioassay in two species, a similar lack of increased leukemias in a second rat bioassay, and 23 
multiple mechanistic evaluations of relevant biological changes, including genotoxicity 24 
(i.e.,  ). 25 

Additional support:  26 

This carcinogenicity conclusion is corroborated by several other lines of evidence for which 27 
the integration of the   that formaldehyde inhalation likely causes that 28 
cancer type in humans, namely sinonasal cancer, oropharyngeal/hypopharyngeal cancer, 29 
and multiple myeloma.  30 

Formaldehyde is genotoxic in several test systems and operates, at least in part, through a 31 
mutagenic MOA.  Specifically, a mutagenic MOA was identified in association with the 32 
development of nasopharyngeal and sinonasal cancers.  The exact mechanism(s) leading to 33 
cancer formation outside of the respiratory tract are unknown. 34 

The hazard conclusion for cancer is consistent with those drawn by other expert review 35 
panels.  Formaldehyde was classified as a known carcinogen by the NTP (NTP, 2011) and a Group 1 36 
carcinogen by IARC (IARC, 2012a, 2006a) , both based on evidence for nasal cancers in humans and 37 
animals and myeloid leukemia in humans, with supporting data on mechanisms of carcinogenesis.  38 
In addition, an expert committee convened by the NAS confirmed the conclusions of the NTP 12th 39 
Report on Carcinogens (RoC) and conducted an independent review of the literature through 2013, 40 
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concluding that formaldehyde is a known carcinogen.  The European Union and Health Canada 1 
concluded that formaldehyde is a genotoxic carcinogen with a cytotoxic MOA (SCOEL, 2017; ECHA, 2 
2012; Health Canada, 2006, 2001). 3 

-R  4 

 5 
The reference concentration (the RfC) of 0.007 mg/m3 is the concentration one can breathe 6 

every day for a lifetime that is not anticipated to cause any harmful noncancer health effects. 7 

Organ- or system-specific reference concentrations (osRfCs)  8 
In this assessment, the RfC is based on several osRfCs, which are themselves based on 9 

candidate reference concentrations (cRfCs).  The cRfCs are estimates for a specific endpoint based 10 
on a single, specific study within an organ- or system-specific hazard domain.  The osRfCs differ 11 
from the associated cRfCs only when there are multiple cRfCs for the same organ system. 12 

The osRfCs that were used to calculate the overall RfC in this assessment were all based on 13 
epidemiological studies and were interpreted with either high- or medium-confidence based on 14 
(1) the study results (i.e., confidence in the individual studies used to derive the osRfC), (2) the 15 
point of departure (POD) and the cRfC derivation, and (3) the hazard determination (the strongest, 16 
highest confidence judgment of  was preferred) (see Table ES-1).  In 17 
general, the studies preferred as the basis for the derivation of the RfC were those human studies 18 
that best represented the general population, including sensitive subgroups.  An osRfC was typically 19 
selected from those cRfCs that had a greater degree of certainty with regard to both reliability of 20 
study results and cRfC derivation (including POD selection).  In addition, candidate RfCs with lower 21 
composite uncertainty factors (UFCs) were preferred. 22 

The overall RfC is within the narrow ran  mg/m3) of the group of respiratory 23 
system-related osRfCs (sensory irritation, pulmonary function, allergy-related conditions, and 24 
current asthma prevalence or degree of control).  The health effects generally were observed in the 25 
range of indoor formaldehyde concentrations in population studies (effects were observed in 26 
studies at approximately  3), and these were used to arrive at the osRfCs associated with 27 
the lowest UFCs.  Thus, the selected RfC is at the upper end of the range of outdoor formaldehyde 28 
levels recorded in some locations (average or median levels of formaldehyde in outdoor air 29 
typically range from 0.4 to 3), and it would be expected that levels in indoor air would 30 
exceed this concentration in many situations.  However, as the RfC is interpreted to be without 31 
appreciable risk, even in sensitive subgroups, it is important to note that the potential for health 32 
effects in individuals at concentrations between the RfC (0.007 mg/m3) and levels at which health 33 
effects have been observed in the available population studies (~  3) is unknown. 34 

Although the RfC is designed to apply to exposures over a lifetime, the relevant window of 35 
exposure for some of the effects observed in the contributing studies may be less than a lifetime.  36 

21 In addition, candidate RfCs with lower
composite uncertainty factors (UFCs) were preferred.
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3 (see Table ES-2).  EPA guidance recommends that ADAFs be used when estimating the risk 1 
of NPC from childhood inhalation exposures to formaldehyde because the NPCs are judged to be 2 
due, at least in part, to a mutagenic MOA.  In the absence of information to support a chemical-3 
specific age adjustment factor, EPA’s default ADAFs should be applied.  Thus, the unit risk estimate 4 
was adjusted using age-dependent adjustment factors (ADAFs) to address expected increased 5 
susceptibility from early-life exposures (see Table ES-1).   6 

Overall confidence in the IUR is m .  The availability of suitable human data from 7 
which to derive unit risk estimates eliminates one of the major sources of uncertainty inherent in 8 
most unit risk estimates—the uncertainty associated with interspecies extrapolation.  The NCI 9 
longitudinal cohort study used as the basis for the preferred unit risk estimate is a well-conducted 10 
study for the purposes of deriving unit risk estimates and there is high confidence in the study’s 11 
results. However, it was the only independent study with adequate exposure estimates for the 12 
derivation of unit risk estimates.  13 

There are some uncertainties that could result in an underestimation of the IUR. An 14 
important uncertainty is the inability to derive unit risk estimates for all cancer sites with 15 
conclusions of  or  that formaldehyde inhalation 16 
exposure is likely to cause these cancer types given relevant exposure circumstances, resulting in 17 
an underestimate of the IUR,  Since industrial workers are healthier than the general population 18 
overall, the unit risk estimates derived from the NCI worker cohort data could underestimate the 19 
cancer risk for the general population to an unknown, but likely small, extent. Given the high 20 
survival rates for NPC, cancer incidence risk estimates were calculated using the dose-response 21 
relationships from the NCI mortality study to reduce the potential to underestimate the unit risk. 22 
However, the calculation required certain assumptions, thus, the estimates may under- or 23 
overpredict the true risk by an amount expected to be relatively small. 24 

Because a mutagenic MOA was established for NPC, the IUR was calculated using linear low-25 
dose extrapolation from the 95% lower bound on the exposure level associated with the extra risk 26 
level serving as the benchmark response, which is considered to be a plausible upper bound on the 27 
risk at lower exposure levels.  The low dose extrapolation is a source of uncertainty potentially 28 
resulting in overestimation of the IUR, possibly by a substantial (e.g., over an order of magnitude) 29 
extent. 30 

 31 
Overall, the most extensive research on the health effects of inhaled formaldehyde and 32 

susceptible groups indicates a greater susceptibility among children to respiratory disease, 33 
manifested as reduced pulmonary function, increased prevalence of current asthma, and greater 34 
asthma severity (reduced asthma control).  More research is needed to investigate the role of sex, 35 
race, nutrition, exercise, and coexposures that may modulate susceptibility to formaldehyde 36 
toxicity.  Increased early-life susceptibility for cancer is assumed because of the mutagenic MOA for 37 
NPC carcinogenicity.  Health status and disease, particularly related to the respiratory system, are 38 
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likely to be modifying factors of formaldehyde toxicity.  Studies suggest that asthmatics are more 1 
susceptible than nonasthmatics to declines in respiratory function following formaldehyde 2 
exposure.  Based on multiple mechanistic studies of respiratory hypersensitivity, it also appears 3 
likely that persons with preexisting respiratory allergies would be more sensitive to the respiratory 4 
health effects of formaldehyde exposure, although the data informing potential associations 5 
between more generalized atopy and respiratory effects in the available human studies were 6 
inconsistent.  In addition, epidemiological and toxicological studies identify female reproductive or 7 
developmental toxicity as a hazard of formaldehyde exposure.  At this time, it is not clear whether 8 
increased time to pregnancy and spontaneous abortion rates seen in occupationally exposed 9 
women are due to reproductive system toxicity or to toxicity to the developing fetus.  Finally, 10 
reproductive toxicity in males has been associated with formaldehyde inhalation, although this 11 
association has only been tested in well-conducted studies of rodents at very high formaldehyde 12 
concentrations.13 
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systematic searches for studies of sensory irritation in experimental animals were not conducted.  1 
However, mechanistic data informing this health effect were identified and evaluated as part of the 2 
overarching review of mechanistic data relevant to potential respiratory health effects (see 3 
Appendix A.5.6 for details).  Epidemiological studies describing reports of sensory irritation based 4 
on questionnaire responses or objective measures, such as eye blink frequency or conjunctival 5 
redness, were included.  Articles reporting on case reports, illness investigations, and surveillance 6 
studies were not included because the studies were not designed to derive an effect estimate of the 7 
association between measures of irritation and formaldehyde exposure.  The bibliographic 8 
databases, search terms, and specific strategies used to search them are provided in Appendix A.5.2 9 
and A.5.6, as are the specific PECO criteria.  Literature flow diagrams summarize the results of the 10 
sorting process using these criteria and indicate the number of studies that were selected for 11 
consideration in the assessment through 2016 (see Appendix F for the identification of newer 12 
studies through 2021).  The relevant health effect studies in humans, as well as the mechanistic 13 
data informative to sensory irritation, were evaluated to ascertain the level of confidence in the 14 
study results for hazard identification (see Appendix A.5.2 and A.5.6). 15 

Methodological issues considered in evaluation of studies 16 
This review focused on the results of controlled human exposure studies and observational 17 

studies of exposure to residential populations.  The relevant period for the assessment of irritant 18 
responses was considered to be concurrent with the time period of the exposure assessment 19 
because the symptoms associated with irritation occur immediately (Krakowiak et al., 1998; 20 
Andersen and Molhave, 1983; Andersen, 1979).  The controlled human exposure studies were able 21 
to evaluate symptoms in a controlled environment; therefore, the exposure-response relationship 22 
was more precise, and potential confounders were of less concern.  However, the study groups 23 
were selected for age (younger adults) and were healthy enough to conform to study protocols.  24 
These studies evaluated formaldehyde concentrations above 0.1 mg/m3, while exposure levels in 25 
the residential studies ranged from 0.01 (the limit of detection [LOD] in the available studies) to 26 
approximately 1 mg/m3, with a large proportion of residences having levels less than 0.1 mg/m3.  27 
The studies of residential formaldehyde exposure included a wider range of ages (adults and 28 
children) and potentially susceptible individuals, some of whom had existing respiratory issues and 29 
other health conditions.  Evaluations of individual mechanistic studies emphasized consideration of 30 
issues related to exposure conduct, as previously described (see Preface and Appendix A.5.6). 31 

Sensory Irritation Studies in Humans 32 
The following discussion is organized by exposure setting, starting first with evidence from 33 

controlled human exposure studies, followed by studies of residential exposure, and then 34 
laboratory and occupational studies.  Evidence tables for each exposure setting (see Tables 1-1 35 
and 1-2) are organized by level of confidence in the study’s results and then by publication year. 36 
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constant formaldehyde exposure (Mueller et al., 2013; Lang et al., 2008).  Lang et al. (2008) found 1 
that increased eye blink frequency and conjunctival redness occurred at 0.62–1.2 mg/m3 among 2 
subjects who also reported symptoms of eye irritation at 0.37 mg/m3.  Mueller et al. (2013) found 3 
no exposure-related effect on blinking frequency and conjunctival redness, although total symptom 4 
scores increased beginning at 0.37 mg/m3 with peaks of 0.7 mg/m3 in a group with nasal 5 
hypersensitivity.  Studies using objective measures of nasal irritation reported variable results 6 
including no change in nasal flow and resistance between 0.19 and 0.62 mg/m3 (Lang et al., 2008), a 7 
decrease in nasal mucus flow at a concentration of 0.37 mg/m3 and higher (Andersen and Molhave, 8 
1983), and an increase in nasal flow rate among hypersensitive participants at 0.86 mg/m3 (Mueller 9 
et al., 2013).  Subjects exhibited a large degree of individual variability in sensitivity for both 10 
objective and subjective responses (Mueller et al., 2013; Berglund et al., 2012; Lang et al., 2008). 11 
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0.4/0.8 ppm  ppm p  

 ppm p  
 ppm p  

0.4/0.8 ppm p  

0.01 ppm
 

 
0.7 ppm  mg/m3

-
 

  

SPES Symp  
mg/m3 

Average/peak 
Hypo-

a 
Hyper-

a 
0   
0.37/0.74   
0.49/0.98   
0.62   
0.86   
a

2    
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Table 1-2 ical 
 

Study and design Results 
  

 
Population:  186 homes 

 
 

Outcome:  Ferris 
. 

Exposure:  
- . 

N = 
 mg/m3 0.13 mg/m3 0.55 mg/m3

 mg/m3 0.047 mg/m3. 

Analysis:  
p-

 

 

Evaluation:a 

 

 

-  

Respiratory system symptoms and disorders 
by exposure group (N = 186 adults, 82 
children) 

 mg/m3  mg/m3  
 16.0* 4.5 

 25 8.1 
 6.7 3.0 

 15 6.7 
s 5.0 3.0 

 10 6.6 

 
52.1** 16.4 

 
21** 3.0 

 
31.9* 13.4 

*p  p  0.01 

Association of formaldehyde exposure with 
respiratory system symptoms in adults and 
children (N = 186 adults, 82 children) 
   

a 2.6 1.8 3.8 
 4.3 2.1 8.8 

a

 = 
 =  

 were 
 = 

 =  
 

  

 

20 64 years of age. 

Outcome:  S  week 

 

Exposure:  
-  

  ppm 

0.57 mg/m3  
 × 

-  

Analysis: 
 

 

Prevalence Burning/Tearing Eyes 

ppm-hr 
Summer 

  
 13.3 10.8 

7.0 12 17.1 14.7 
 21.4 20.6 
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Study and design Results 
Evaluation:a 

 

  

 

 

Outcome:  me 
from self-  

Exposure: -
 rooms.  

 ppm  ppm  ppm
 =  ppm.  

 

Analysis:  

Evaluation:a 

  

-

provided. 

Burning Eyes  

 a 

0.1   
0.2  17.5 
0.5  65 
0.8  80 

a

 

 

  

 
 

of 6 

of 34 employees 

 s. 

Outcome:  
  

-  

Exposure:  
-

 = 0.43 mg/m3 0.55 mg/m3  

 = 0.08 mg/m3 0.11 mg/m3  

Analysis:   

 
p  
 

Percentage with affirmative answera 

 
Exposed 

  
Eye 56 14.6 

 74 25 
a Figure 1 
paper. 

Cf
Overall 

Medium
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Study and design Results 
Evaluation:a 

 

 

 
ilers for 34 s 

 

 

Outcome:   

Exposure:  Three 1- four 
 sample 

 

–1.6 ppm .15 1.97 mg/m3 a 

Analysis: Group 2  

Evaluation:a 

 

 

Symptom Prevalence While at Work 

 

Ex-
posed 
n =  

Ref-

n =  
2 

p-  
Eye 

 
0.71 0.0 20.9 

 
Nasal 

 
0.33 0.0  

 
0.48 0.0 11.5 

 
 

 =  =  = r 
 =  

a  A.5.1 A.5.2  =  = 
 =  = 

 
  

 

Laboratory and occupational exposure 1 
The studies of anatomy students and formaldehyde-exposed workers provide further 2 

evidence that formaldehyde exposure is associated with symptoms of eye, nose, and throat 3 
irritation.  These studies are summarized in tables in the appendix for sensory irritation 4 
(Appendix A.5.2).  Exposure levels experienced during anatomy laboratory courses and in 5 
occupational settings were high and variable.  Formaldehyde levels during anatomy courses 6 
generally averaged 0.9 mg/m3 and above during the lab, with short-term peaks above 5 mg/m3 7 
(Takahashi et al., 2007; Kriebel et al., 2001; Wantke et al., 2000; Kriebel et al., 1993; Uba et al., 8 
1989).  These exposures were episodic, one to two sessions per week, for 1 4 hours.  Study designs 9 
that analyzed reported symptoms and formaldehyde levels measured in close temporal proximity 10 
were considered less subject to information bias.  The intensity of symptoms (Kriebel et al., 2001) 11 

Cf
Overall 

Low
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1- . Possible s de 
 

ehyde exposure-
  

 l
 

 
As illustrated in Figure 1-4, formaldehyde exposure appears to result in activation of 1 

chemosensory afferents, likely C fibers, in the URT, presumably in the anterior third of the nasal 2 
cavity, based on the pattern of chemosensory activation and consistent with the distribution of 3 
inhaled formaldehyde (see Appendix A.5.6).  This activation initiates central signals that result in 4 
the burning sensation characteristic of sensory irritation.  The rapid detection of these sensations in 5 
exposed individuals, as well as insights from other irritants, suggest a receptor-mediated event that 6 
is dependent on formaldehyde penetration to the nerve endings, which may not have an exposure 7 
duration threshold.  In vitro and ex vivo studies suggest that activation of the trigeminal nerve by 8 
formaldehyde is mediated, at least in large part, through cation channels, primarily the Transient 9 
Receptor Potential A1 channel (TRPA1).  Alongside the centrally mediated physiological response, 10 
the initial activation of the trigeminal nerve is also known to cause a localized release of 11 
neuropeptides, such as substance P, from nerve terminals (not shown in Figure 1-4), which can 12 
affect local inflammatory and immune responses.  Observations of these local neuropeptide 13 
changes have been reported at slightly higher formaldehyde levels than those shown to activate the 14 
trigeminal nerve, generally at >1 mg/m3, although the data suggest that they too may be dependent 15 
on TRPA1 activation.  All of these direct and indirect interactions could act independently or 16 
together in a concentration- and duration-dependent manner. 17 

While the response to some irritant chemicals exhibits desensitization or fading of the 18 
irritant response over time (e.g., through receptor downregulation) (Nielsen, 1991), it is not clear 19 
this is the case with formaldehyde.  As previously discussed, results from acute, controlled human 20 
exposure studies indicate that some acclimatization may occur over exposures of a few hours at 21 
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