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Formaldehyde: RoC Background Document

FOREWORD

The Report on Carcinogens (RoC) is prepared in response to Section 301 of the Public
Health Service Act as amended. The RoC contains a list of identified substances (i) that
either are known to be human carcinogens or are reasonably be anticipated to be human
carcinogens and (ii) to which a significant number of persons residing in the United

States are exposed. The Secretary, Department of Health and Human Services (HHS), has
delegated responsibility for preparation of the RoC to the National Toxicology Program
(NTP), which prepares the report with assistance from other Federal health and
regulatory agencies and nongovernmental institutions.

Nominations for (1) listing a new substance, (2) reclassifying the listing status for a
substance already listed, or (3) removing a substance already listed in the RoC are
reviewed in a multi-step, scientific review process with multiple opportunities for public
comment. The scientific peer-review groups evaluate and make independent
recommendations for each nomination according to specific RoC listing criteria. This
background document was prepared to assist in the review of formaldehyde. The
scientific information used to prepare Sections 3 through 5 of this document must come
from publicly available, peer-reviewed sources. Information in Sections 1 and 2,
including chemical and physical properties, analytical methods, production, use, and
occurrence may come from published and/or unpublished sources. For each study cited in
the background document from the peer-reviewed literature, information on funding
sources (if available) and the authors’ affiliations are provided in the reference section.
The draft background document was peer reviewed in a public forum by an ad hoc expert
panel of scientists from public and private sectors with relevant expertise and knowledge
selected by the NTP in accordance with the Federal Advisory Committee Act and HHS
guidelines and regulations. The document has been finalized based on the peer-review
recommendations of the expert panel and public comments received on the draft
document. The document also has been reviewed and revised for technical accuracy and
clarity. Any interpretive conclusions, comments, or statistical calculations made by the
authors or peer reviewers of this document that are not contained in the original citation
are identified in brackets [ ].

A detailed description of the RoC nomination review process and a list of all substances
under consideration for listing in or delisting from the RoC can be obtained by accessing
the 12th RoC at http://ntp.niehs.nih.gov/go/9732. The most recent RoC, the 11th Edition
(2004), is available at http://ntp.niehs.nih.gov/go/19914.
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Criteria for Listing Agents, Substances, or Mixtures in the Report on Carcinogens

U.S. Department of Health and Human Services
National Toxicology Program

The criteria for listing an agent, substance, mixture, or exposure circumstance in the RoC
are as follows:

Known To Be Human Carcinogen:

*
There is sufficient evidence of carcinogenicity from studies in humans , which indicates
a causal relationship between exposure to the agent, substance, or mixture, and human
cancer.

Reasonably Anticipated To Be Human Carcinogen:

There is limited evidence of carcinogenicity from studies in humans , which indicates
that causal interpretation is credible, but that alternative explanations, such as chance,
bias, or confounding factors, could not adequately be excluded,

or

there is sufficient evidence of carcinogenicity from studies in experimental animals,
which indicates there is an increased incidence of malignant and/or a combination of
malignant and benign tumors (1) in multiple species or at multiple tissue sites, or (2) by
multiple routes of exposure, or (3) to an unusual degree with regard to incidence, site,
or type of tumor, or age at onset,

or

there is less than sufficient evidence of carcinogenicity in humans or laboratory
animals; however, the agent, substance, or mixture belongs to a well-defined,
structurally related class of substances whose members are listed in a previous Report
on Carcinogens as either known to be a human carcinogen or reasonably anticipated to
be a human carcinogen, or there is convincing relevant information that the agent acts
through mechanisms indicating it would likely cause cancer in humans.

Conclusions regarding carcinogenicity in humans or experimental animals are based on
scientific judgment, with consideration given to all relevant information. Relevant
information includes, but is not limited to, dose response, route of exposure, chemical
structure, metabolism, pharmacokinetics, sensitive sub-populations, genetic effects, or other
data relating to mechanism of action or factors that may be unique to a given substance.
For example, there may be substances for which there is evidence of carcinogenicity in
laboratory animals, but there are compelling data indicating that the agent acts through
mechanisms which do not operate in humans and would therefore not reasonably be
anticipated to cause cancer in humans.

E3

This evidence can include traditional cancer epidemiology studies, data from clinical studies, and/or data
derived from the study of tissues or cells from humans exposed to the substance in question that can be
useful for evaluating whether a relevant cancer mechanism is operating in people.
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Executive Summary

Introduction

Formaldehyde is a high-production-volume chemical with a wide array of uses. The
predominant use of formaldehyde in the United States is in the production of industrial
resins (mainly urea-formaldehyde, phenol-formaldehyde, polyacetal, and melamine-
formaldehyde resins) that are used to manufacture products such as adhesives and binders
for wood products, pulp and paper products, plastics, and synthetic fibers, and in textile
finishing. Formaldehyde is also used as a chemical intermediate. Resin production and
use as a chemical intermediate together account for over 80% of its use. Other, smaller
uses of formaldehyde that may be important for potential human exposure include use in
agriculture, medical use as a disinfectant and preservative (for pathology, histology, and
embalming), and use in numerous consumer products as a biocide and preservative.

Formaldehyde (gas) is listed in the Eleventh Report on Carcinogens (RoC) as reasonably
anticipated to be a human carcinogen based on limited evidence of carcinogenicity in
humans and sufficient evidence of carcinogenicity in laboratory animals (NTP 2005a); it
was first listed in the 2nd RoC (NTP 1981). Formaldehyde (all physical forms) was
nominated by NIEHS for possible reclassification in the 12th RoC based on the 2004
review by the International Agency for Research on Cancer (IARC 2006), which
concluded that there was sufficient evidence for the carcinogenicity of formaldehyde in
humans.

Human Exposure

Formaldehyde has numerous industrial and commercial uses and is produced in very
large amounts (billions of pounds per year in the United States) by catalytic oxidation of
methanol. Its predominant use, accounting for roughly 55% of consumption, is in the
production of industrial resins, which are used in the production of numerous commercial
products. Formaldehyde is used in industrial processes primarily as a solution (formalin)
or solid (paraformaldehyde or trioxane), but exposure is frequently to formaldehyde gas,
which is released during many of the processes. Formaldehyde gas is also created from
the combustion of organic material and can be produced secondarily in air from
photochemical reactions involving virtually all classes of hydrocarbon pollutants. In
some instances, secondary production may exceed direct air emissions. Formaldehyde is
also produced endogenously in humans and animals.

Formaldehyde is a simple, one-carbon molecule that is rapidly metabolized, is
endogenously produced, and is also formed through the metabolism of many xenobiotic
agents. Because of these issues, typical biological indices of exposure, such as levels of
formaldehyde or its metabolites in blood or urine, have proven to be ineffective measures
of exposure. Formaldehyde can bind covalently to single-stranded DNA and protein to
form crosslinks, or with human serum albumin or the N-terminal valine of hemoglobin to
form molecular adducts, and these reaction products of formaldehyde might serve as
biomarkers for exposure to formaldehyde.
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Occupational exposure to formaldehyde is highly variable and can occur in numerous
industries, including the manufacture of formaldehyde and formaldehyde-based resins,
wood-composite and furniture production, plastics production, histology and pathology,
embalming and biology laboratories, foundries, fiberglass production, construction,
agriculture, and firefighting, among others. In fact, because formaldehyde is ubiquitous, it
has been suggested that occupational exposure to formaldehyde occurs in all work places.

Formaldehyde is also ubiquitous in the environment and has been detected in indoor and
outdoor air; in treated drinking water, bottled drinking water, surface water, and
groundwater; on land and in the soil; and in numerous types of food.

The primary source of exposure is from inhalation of formaldehyde gas in indoor settings
(both residential and occupational); however, formaldehyde also may adsorb to respirable
particles, providing a source of additional exposure. Major sources of formaldehyde
exposure for the general public have included combustion sources (both indoor and
outdoor sources including industrial and automobile emissions, home cooking and
heating, and cigarette smoke), off-gassing from numerous construction and home
furnishing products, and off-gassing from numerous consumer goods. Ingestion of food
and water can also be a significant source of exposure to formaldehyde.

Numerous agencies, including the Department of Homeland Security, CPSC, DOT, EPA,
FDA, HUD, the Mine Safety and Health Administration, OSHA, ACGIH, and NIOSH,
have developed regulations and guidelines to reduce exposure to formaldehyde.

Human Cancer Studies

A large number of epidemiological studies have evaluated the relationship between
formaldehyde exposure and carcinogenicity in humans. The studies fall into the following
main groups: (1) historical cohort studies and nested case-control studies of workers in a
variety of industries that manufacture or use formaldehyde, including the chemical,
plastics, fiberglass, resins, and woodworking industries, as well as construction, garment,
iron foundry, and tannery workers; (2) historical cohort studies and nested case-control
studies of health professionals, including physicians, pathologists, anatomists,
embalmers, and funeral directors; (3) population-based cohort or cancer registry studies;
and (4) population-based or occupationally based case-control incidence or mortality
studies of specific cancer endpoints. In addition, several studies have re-analyzed data
from specific cohort or case-control studies or have conducted pooled analyses or meta-
analyses for specific cancer endpoints.

The largest study available to date is the cohort mortality study of combined mixed
industries conducted by the National Cancer Institute (NCI). This cohort includes 25,691
male and female workers, enrolled from 10 different formaldehyde-producing or -using
plants, employed before 1966 and followed most recently to 1994 and 2004, most of
whom were exposed to formaldehyde (Hauptmann ez al. 2003, 2004 and Beane Freeman
et al. 2009). Quantitative exposure data were used to construct job-exposure matrices for
individual workers, some of whom experienced peak exposures to formaldehyde > 4
ppm. This cohort is the only study in which exposure-response relationships between
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peak, average, cumulative, and duration of exposure and mortality for multiple cancer
sites were investigated. Two other large cohort studies are available: (1) a large multi-
plant cohort study (N = 14,014) of workers in six chemical manufacturing plants in the
United Kingdom (Coggon et al. 2003), which calculated SMRs among ever-exposed and
highly exposed workers for formaldehyde, and (2) a NIOSH cohort of garment workers
(N =11,039) (Pinkerton et al. 2004) which evaluated mortality for duration of exposure,
time since first exposure, and year of first exposure to formaldehyde for selected cancer
sites. The other cohort studies (for both industrial and health professional workers) were
smaller, and in general only reported mortality or incidence for ever-exposed workers in
external (SMR or PMR) analyses, although some of the studies of health professional
workers attempted indirect measures of exposure (such as length in a professional
membership) as a proxy for exposure duration. Several of the nested case-control studies
attempted to evaluate exposure-response relationships, but were limited by small
numbers of exposed cases, and many of the population-based case-control studies lacked
quantitative data or sufficient numbers of cases to evaluate exposure-response
relationships. However, the nested case-control study of lymphohematopoietic,
nasopharyngeal, and brain cancers among U.S. embalmers and funeral directors by
Hauptmann et al. (2009) had large numbers of exposed cases of lymphohematopoietic
cancer and used both questionnaire- and experimental model-based exposure metrics of
exposure, including average, cumulative, peak, and duration of exposure, and number of
embalmings. [Since most of the cohorts have relatively low statistical power to evaluate
rare cancers such as sinonasal and nasopharyngeal cancers, case-control studies are
generally more informative for these outcomes.] Findings across studies for cancer sites
that have been the principal focus of investigation are summarized below.

Sinonasal cancers

In cohort studies, increased risks of sinonasal cancers were observed among male (SPIR
=2.3,95% CI = 1.3 to 4.0, 13 exposed cases) and female (SPIR = 2.4, 95% CI = 0.6 to
6.0, 4 exposed cases) Danish workers exposed to formaldehyde (Hansen and Olsen 1995,
1996) and among formaldehyde-exposed workers in the NCI cohort (SMR = 1.19, 95%
CI =0.38 to 3.68, 3 deaths) (Hauptmann et al. 2004). One death from squamous-cell
sinonasal cancer was reported in the study of tannery workers among formaldehyde-
exposed workers by Stern et al. (1987). No increase in risk was found among
formaldehyde-exposed workers in the other large cohort studies (Coggon et al. 2003,
Pinkerton ef al. 2004). The smaller cohort studies did not report findings or did not
observe any deaths for this specific endpoint. [Sinonasal cancers are rare, and even the
larger cohort studies have insufficient numbers of exposed workers and expected deaths
(e.g., approximately three in the NCI cohort) to be very informative.]

Of the six case-control studies reviewed, four (Olsen et al. 1984 and Olsen and Asnaes
1986; Hayes et al. 1986; Roush et al. 1987; and Luce et al. 1993) reported an association
between sinonasal cancers and formaldehyde exposure; statistically significant risks were
found in three studies among individuals ever exposed to formaldehyde or with higher
probabilities or levels of exposure (Olsen et al. 1994 and Olsen and Asnaes 1986; Hayes
et al. 1986; and Luce ef al. 1993). All of these studies found elevated risks among
individuals with low or no exposure to wood dust or after adjusting for exposure to wood
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dust. Stronger associations were found for adenocarcinoma, with higher risks for this
endpoint observed among individuals with higher average and cumulative exposure,
duration of exposure, and earlier dates of first exposure (Luce et al. 1993). A pooled
analysis of 12 case-control studies of sinonasal cancer from seven countries (Luce et al.
2002) found statistically significant increases in adenocarcinoma among subjects in the
highest exposure groups (OR = 3.0, 95% CI = 1.5 to 5.7, 91 exposed cases for men,
adjusted for wood dust exposure; and OR = 6.2, 95% CI = 2.0 to 19.7, 5 exposed cases
for women, unadjusted for wood dust exposure). For squamous-cell carcinoma, the
corresponding ORs were 1.2 (95% CI = 0.8 to 1.8, 30 exposed cases) for men and 1.5
(95% CI = 0.6 to 3.8, 6 exposed cases) for women; neither OR was adjusted for wood
dust exposure. A statistically significant increase in risk for sinonasal cancers (mRR =
1.8, 95% CI = 1.4 to 2.3, 933 deaths) was found in a meta-analysis of 11 case-control
studies by Collins et al. (1997); however, no increase in risks was found in meta-analyses
of three cohort studies by Collins et al. (1987) or in eight industrial cohort studies by
Bosetti et al. (2008).

Nasopharyngeal cancers

Similar to sinonasal cancers, nasopharyngeal cancers are rare [and most of the risk
estimates reported in the cohort studies are based on small numbers of expected cases or
deaths]. Among cohort studies, a statistically significant increase in mortality from
nasopharyngeal cancer was observed in the large NCI cohort (SMR = 2.10, 95% CI =
1.05 to 4.21, 8 deaths) (Hauptmann et al. 2004), and statistically nonsignificant elevated
risks were observed among white embalmers from the United States (PMR = 1.89, 95%
CI =0.39 to 5.48, 3 deaths) (Hayes ef al. 1990) and among male Danish workers exposed
to formaldehyde (SPIR = 1.3, 95% CI = 0.3 to 3.2, 4 cases) (Hansen and Olsen 1995,
1996). One incident case of nasopharyngeal cancer was reported among Swedish workers
in the abrasive materials industry (expected deaths not reported, but only 506 workers
were potentially exposed) (Edling ef al. 1987b). No associations between formaldehyde
exposure and nasopharyngeal cancer were found in the other two large cohorts: one death
was observed (vs. 2 expected) in the British chemical workers cohort (Coggon et al.
2003) and no deaths were observed (vs. 0.96 expected) in the NIOSH cohort (Pinkerton
et al. 2004). The other, smaller, cohort studies did not report findings or did not observe
any deaths for nasopharyngeal cancer.

Exposure-response relationships between formaldehyde exposure and nasopharyngeal
cancer were evaluated in the large NCI cohort study. Among seven exposed and two
unexposed deaths, relative risks of nasopharyngeal cancers increased with cumulative
exposure (Pygend = 0.025 among exposed groups) and with peak and average exposure
(Piend = 0.044 and 0.126, respectively, across exposed and unexposed groups, using
unexposed as the referent as no deaths were observed in the lowest exposed group).
Adjustment for duration of exposure to a number of potentially confounding substances
and plant type did not substantively alter the findings. Most of the deaths occurred at one
factory (Plant 1), which appears to have had the largest numbers of highly exposed
workers. In a nested case-control analysis of nasopharyngeal deaths in this plant, Marsh
et al. (2007b) reported that several of the nasopharyngeal cancers occurred among
workers with previous employment in metal-working occupations.
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Six of the nine available case-control studies reported increases in nasopharyngeal
cancers in association with probable exposure to formaldehyde or at higher levels or
duration of estimated exposure (Olsen et al. 1984 [women only], Vaughan et al. 1986a,
Roush et al. 1987, West et al. 1993, Vaughan et al. 2000, and Hildesheim et al. 2001).
Risks of nasopharyngeal cancers increased with exposure duration and cumulative
exposure in two population-based case-control studies (Vaughan et al. 2000, Hildesheim
et al. 2001). In some studies, higher risks were found among individuals in the high-
exposure groups (Vaughan et al. 1986a, Roush et al 1987), or with more years since first
exposure (West ef al. 1993), and some studies reported that risks were still elevated after
taking into account smoking (Vaughan et al. 2000, Vaughan ef al. 1986a, West et al.
1993) or exposure to wood dust (Hildesheim ez al. 2001, Vaughan et al. 2000, West et al.
1993). No associations between nasopharyngeal cancer and formaldehyde exposure were
found in population-based case-control studies in Denmark (Olsen et al. 1984 [men
only]), and Malaysia (Armstrong et al. 2000), a case-cohort study among Chinese textile
workers (Li ef al. 2006), or in a nested case-control study among embalmers (Hauptmann
et al. 2009).

Several meta-analyses were available. A statistically significant increase in risk (mRR =
1.3,95% CI=1.2 to 1.5, 455 deaths) was reported in a large meta-analysis of 12 case-
control and cohort studies (Collins et al. 1997), and a nonsignificant increase in risk in a
small meta-analysis of three other cohort mortality studies (SMR = 1.33, 95% CI = 0.69
to 2.56, 9 deaths) (Bosetti ef al. 2008). Bachand et al. (2010) reported a borderline
statistically significant risk in a meta-analysis of seven case-control studies (mRR = 1.22,
95% CI = 1.00 to 1.50) but did not find an increase in risk (mRR = 0.72, 95% CI = 0.4 to
1.29) in an analysis of data from six cohort studies, which excluded Plant 1 of the NCI
cohort and used the re-analysis data from Marsh et al. (2005) for the other plants. [The
Bachand meta-analysis used data for all pharyngeal cancer or buccal cavity cancer from
some cohort studies and one case-control study, however.]

Other head and neck cancers, and respiratory cancer

Most of the cohort studies reported risk estimates for cancers of the buccal cavity,
pharynx, larynx, and lung, or combinations of these cancers. Most of these studies,
including two of the large cohorts (Pinkerton et al. 2004 and Coggon et al. 2003), three
of the professional health worker studies (Hayes et al. 1990, Walrath and Fraumeni 1983
and 1984), and two of the smaller industrial cohorts (Andjelkovich et al. 1995 and
Hansen and Olsen 1995, 1996) found elevated (between approximately 10% and 30%)
but statistically nonsignificant risks for cancers of the buccal cavity or buccal cavity and
pharynx combined; risk estimates were usually based on small numbers of deaths or
cases. In the NCI cohort, increased risks for all upper respiratory cancers or buccal cavity
cancer combined were generally found among workers in the highest categories of
exposure (compared with the lowest category), but trends were not statistically significant
(Hauptmann et al. 2004).

Most of the population-based or nested case-control studies that reported on head and
neck cancers found small increases (usually statistically nonsignificant) in risks for
formaldehyde exposure and cancers of the buccal cavity and pharynx (or parts of the
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pharynx) (Vaughan ef al. 1986a, Merletti et al. 1991, Gustavsson et al. 1998, Laforest et
al. 2000, Marsh et al. 2002, Wilson et al. 2004, Berrino et al. 2003) or of the upper
respiratory tract (Partanen ef al. 1990). Exposure-response relationships were not clear in
most of the available studies; however, positive exposure-response relationships between
probability and duration of exposure and cancers of the hypopharynx and larynx
combined were reported by Laforest et al. (2000) and between combined probability and
intensity of exposure and salivary cancer by Wilson ef al. (2004). No associations
between formaldehyde exposure and pharyngeal cancers (subtypes or combinations) were
observed in case-control studies by Shangina et al. (2006) and Tarvainen et al. (2008).
Most of the cohort studies and two of the four available case-control studies found no
association between formaldehyde exposure and laryngeal cancer. Two case-control
studies (Wortley et al. 1992, Shangina et al. 2006) reported increased risk among subjects
with the highest exposure to formaldehyde.

Small excesses of mortality or incidence of cancers of the lung or respiratory system
among formaldehyde-exposed workers were observed in four cohort studies
(Andjelkovich et al. 1995, Dell and Teta 1995, Hansen and Olsen 1996 [women only],
and Coggon et al. 2003). A statistically significant increase in risk of lung cancer was
observed in the large study of British chemical workers (SMR = 1.22, 95% CI = 1.12 to
1.32, 594 deaths, among all workers) (Coggon et al. 2003). In this study, risks increased
with increasing exposure level (Pyeng < 0.001) but not with duration of exposure. No
association between formaldehyde exposure and lung cancer was observed in the other
two large cohorts (Pinkerton et al. 2004, Hauptmann et al. 2004), in several of the
smaller cohorts (Bertazzi et al. 1989, Hansen and Olsen 1995 [in men], Edling et al.
1987b, Stellman et al. 1998, Stern 2003), or in the six studies of health professional
workers. Findings from the population-based or nested case-control studies were also
mixed. Increases in risk were reported in several studies (De Stefani ez al. 2005, Gérin et
al. 1989, Andjelkovich ef al. 1994, Chiazze et al. 1997), and were statistically significant
in two studies (Marsh ef al. 2001, Coggon et al. 1984). Risks did not increase with
increasing exposure in most of the studies. An exception is the study by De Stefani et al.
(2005), in which a statistically significant trend with duration of employment was
observed. No association between lung cancer and formaldehyde exposure was reported
in three other occupational case-control studies (Bond ez al. 1986, Jensen and Andersen
1982, Partanen et al. 1990) and one population-based study (Brownson ef al. 1993).

Lymphohematopoietic cancers

Among workers in the NCI cohort study, peak exposure to formaldehyde was associated
with increased mortality for several types of lymphohematopoietic cancers (Beane
Freeman et al. 2009). For all lymphohematopoietic cancers combined, for leukemias
combined, and for myeloid leukemia, relative risks increased with increasing peak
exposure: statistically significant increased risks were found among workers with the
highest peak exposure (> 4 ppm) vs. the lowest exposed category for all
lymphohematopoietic cancers (RR = 1.37, 95% CI = 1.03 to 1.81, 108 deaths, Piend =
0.02), and statistically nonsignificant increases for all leukemias combined and peak
exposure > 4 ppm (RR = 1.42, 95% CI = 0.92 to 2.18, 48 deaths, Pyend = 0.12) and for
myeloid leukemia and peak exposure > 4 ppm (RR = 1.78, 95% CI = 0.87 to 3.64, 19
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deaths, Pyend = 0.13; trends among exposed person-years). No associations were found
with cumulative or average exposure.

An excess of leukemia, especially myeloid leukemia, was also found among garment
workers in the large NIOSH cohort (Pinkerton et al. 2004), but not in the British
chemical workers cohort (Coggon et al. 2003). In the NIOSH cohort, risks for leukemia,
myeloid leukemia, and acute myeloid leukemia were higher among workers with longer
duration of exposure (10+ yrs), longer time since first exposure (20+ years), and among
those exposed prior to 1963 (when formaldehyde exposure was thought to be higher)
(Pinkerton et al. 2004). In the smaller industrial cohort studies, some studies reported
excesses for all lymphohematopoietic cancers combined among formaldehyde-exposed
workers (Bertazzi et al. 1989, Stellman et al. 1998) or leukemia (Hansen and Olsen 1995,
1996), but others observed no association for all lymphohematopoietic cancers combined
(Andjelkovich et al. 1995, Stern 2003, Pinkerton et al. 2004) or leukemia (Andjelkovich
et al. 1995, Stellman et al. 1998, Stern 2003).

Each of the six cohort studies of health professionals, and the nested case-control study of
embalmers from three of these studies, found elevated mortality for lymphohematopoietic
cancers. Hall e al. (1991), Hayes et al. (1990), Stroup et al. (1986), Levine et al. (1984)
and Walrath and Fraumeni (1983, 1984) reported increases in risk for all
lymphohematopoietic cancers combined and for leukemia. Most estimates were
statistically nonsignificant with the exception of the studies of Hayes et al. (1990) and
Stroup et al. (1986), where statistically significant excess mortality was found for all
leukemia combined or for myeloid leukemia in association with formaldehyde exposure.
In the nested case-control study by Hauptmann et al. (2009), sufficient numbers of cases
of lymphohematopoietic cancer deaths among embalmers and funeral directors were
identified to enable evaluation of exposure-response relationships, using models of
potential formaldehyde exposure. A significant increase in nonlymphoid
lymphohematopoietic cancers was observed among ever-embalmers (OR = 3.0, 95% CI =
1.0 to 9.5, 44 exposed cases), and significant increases in risk were observed at the
highest levels of cumulative, average, and peak exposure. Most of the increase was
attributable to myeloid leukemia, which was significantly elevated among ever-
embalmers (OR = 11.2, 95% CI = 1.3 to 95.6, 33 exposed cases) and showed significant
trends with duration of exposure and peak exposure, and a more attenuated trend with 8-
hour time-weighted average intensity of exposure. In further analyses of non-lymphoid
lymphohematopoietic cancers using workers with < 500 lifetime embalmings as the
reference group, statistically significant increases in relative risks were found among
workers with the longest duration of working in jobs with embalming, the highest number
of lifetime embalmings, and the highest cumulative exposure to formaldehyde.

With respect to other case-control studies, a population-based study found no clear
association between leukemia and exposure to formaldehyde (Blair ez al. 2001), and two
nested case-control studies reported statistically nonsignificant increases in leukemia risk
based on small numbers of exposed cases (Partanen et al. 1993, Ott et al. 1989).

Few cohort or case-control studies reported findings for subtypes of
lymphohematopoietic cancers other than leukemia. Most of the cohort studies had
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relatively low power to detect effects, and either did not report findings or did not
evaluate exposure-response relationships. For Hodgkin’s lymphoma, the NCI study was
the only cohort or case-control study that reported an increase in risk. In an external
analysis, an SMR of 1.42 (95% CI = 0.96 to 2.10, 25 deaths) was observed among
formaldehyde-exposed workers and, in internal analyses, statistically significant
exposure-response relationships were observed with peak (Pieng = 0.01 among the
exposed group) and average exposure (Pyend = 0.05 among the exposed group), but not
with cumulative exposure (Beane Freeman et al. 2009). For non-Hodgkin’s lymphoma,
statistically non-significant increases in risks were observed in one cohort study (Hayes et
al. 1990), and in most of the population-based or nested case-control studies (Partanen et
al. 1993, Ott et al. 1989, Richardson et al. 2008, Wang et al. 2009a, Tatham et al. 1997,
Blair et al. 1993). The risk of non-Hodgkin’s lymphoma (large B cell type) increased
with increasing probability of exposure (Pyend < 0.01) in a large case-control incidence
study of U.S. women (Wang ef al. 2009a). No increase in non-Hodgkin’s lymphoma was
reported in the population-based case-control study by Gérin et al. (1989), or in the
nested case-control study of embalmers by Hauptmann et al. (2009). For multiple
myeloma, peak exposure of > 4 ppm was associated with a statistically significant
increase in risk in the NCI cohort (RR =2.04, 95% CI = 1.01 to 4.12, 21 deaths, Pieng =
0.08 among the exposed group) (Beane Freeman et al. 2009), although an increase in risk
was also seen among unexposed workers for this endpoint. Increased risks also were seen
among British chemical workers (Coggon et al. 2003), abrasive materials workers
(Edling et al. 1987b), and U.S. embalmers (Hayes et al. 1990). Other cohort studies did
not find associations, based on small numbers of observed deaths or cases, or did not
report findings. Among case-control studies, statistically nonsignificant increases in risks
were observed by Boffetta et al. (1989), Pottern et al. (1992) (women only), and
Hauptmann et al. (2009), but not by Heineman ef al. (1992) (men only).

Several meta-analyses were available. (Hauptmann et al. [2009] was not available for any
of the analyses.) Statistically significant risks were reported for all lymphohematopoietic
cancers and leukemia among cohort studies of health professionals by Bosetti et al.
(2008) (RR =1.31, 95% CI = 1.16 to 1.47, 263 deaths for all lymphohematopoietic
cancers; and RR = 1.39, 95% CI = 1.15 to 1.68, 106 deaths for leukemia) and among
studies of occupations with known high formaldehyde exposure by Zhang et al. (2009a),
(mRR =1.25, 95% CI = 1.09 to 1.43, 19 studies for all lymphohematopoietic cancers
combined; mRR = 1.54, 95% CI =1.18 to 2.00, P < 0.001, 15 studies for leukemia; and
mRR =1.90, 95% CI =1.31 to 2.76, P = 0.001, 6 studies for myeloid leukemia. A
statistically nonsignificant increase in leukemia risk was also estimated among the
combined studies of health professional workers by Bachand ez al. (2010). No increased
risks for leukemia were found in the available meta-analyses of industrial cohorts (Bosetti
et al. 2008, Bachand et al. 2010), or combined cohort and case-control studies (Collins
and Lineker 2004).

Other cancer sites

With the exception of brain and central nervous system cancers, few of the cohort studies
reported consistently elevated risks for cancers at other sites. Few case-control studies of
other cancer endpoints have been conducted. Excess mortality from brain and central
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nervous system cancers has been reported in each of the six cohort studies of health
professionals, with statistically significant SMRs/PMRs (1.94 to 2.7) reported in three
studies (Stroup et al. 1986, Walrath and Fraumeni 1983, 1984). However, in the nested
case-control analysis of brain cancers among embalmers and funeral directors by
Hauptmann et al. (2009), which used subjects from cohort studies of Hayes et al. (1990)
and Walrath and Fraumeni (1983, 1984), a statistically nonsignificant increase in brain
cancers was observed in association with ever-embalming (OR = 1.9, 95% CI = 0.7 to
5.3, 42 exposed cases). There were no clear exposure-response patterns with duration of
employment in embalming jobs, or estimated cumulative, peak, or average exposure to
formaldehyde, however. No increases in brain and central nervous system cancers have
been observed in the industrial cohort studies that have reported findings. A meta-
analysis by Bosetti ef al. (2008) reported a statistically significant increase in the risk of
brain cancer among health professional workers (RR = 1.56, 95% CI = 1.24 to 1.96, 74
deaths), but not among industrial workers.

Several industrial studies have reported increases in one or more of stomach, colon,
rectal, and kidney cancers, and a case-control study of pancreatic cancer (Kernan et al.
1999) suggested an increase in this endpoint at higher levels of formaldehyde exposure.
Two meta-analyses of pancreatic cancer (Ojajéirvi et al. 2000, Collins ef al. 2001) showed
no consistent increase in risk across studies, however, with the exception of a borderline
statistically significant increase among pathologists, anatomists and embalmers.

Studies in Experimental Animals

Formaldehyde has been tested for carcinogenicity in mice, rats, and hamsters. Studies
reviewed include chronic and subchronic inhalation studies in mice, rats, and hamsters;
chronic and subchronic drinking-water studies in rats; and one chronic skin-application
study in mice. No chronic studies in primates were found, but one subchronic inhalation
study and one acute/subacute inhalation study in monkeys was reviewed. [Several of
these studies were limited by a small number of animals per group, short exposure
duration, short study duration, incomplete pathology or data reporting, and/or incomplete
statistical analysis. ]

Formaldehyde exposure resulted in nasal tumors (primarily the extremely rare squamous-
cell carcinoma) in several strains of rats when administered chronically by inhalation
(Kerns et al. 1983a, Sellakumar et al. 1985, Appelman et al. 1988, Woutersen et al. 1989,
Monticello et al. 1996, Kamala et al. 1997). Only two inhalation studies in mice or
hamsters were found. No tumors were reported in C3H mice exposed to formaldehyde at
200 mg/m’ [163 ppm] for 1 hour/day, 3 days/week, for 35 weeks (Horton et al. 1963), but
squamous-cell carcinoma of the nasal cavity occurred in 2 of 17 B6C3F; male mice
exposed at 14.3 ppm for 6 hours/day, 5 days/week, and sacrificed at 24 months (Kerns et
al. 1983a). Although the increase was not statistically significant, the authors concluded
that the tumors were exposure-related. [Biological significance is implied because these
tumors are extremely rare in non-exposed mice and rats; no nasal squamous-cell
carcinomas have been observed in more than 2,800 B6C3F; mice and 2,800 F344 rats
used as controls in NTP inhalation studies.] No tumors were reported in Syrian golden
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hamsters exposed at 10 ppm 5 hours/day, 5 days/week for life (Dalbey 1982) or at 2.95
ppm 22 hours/day, 7 days/week for 26 weeks (Rusch ef al. 1983). No tumors occurred in
male cynomolgus monkeys exposed at 2.95 ppm for 22 hours/day, 7 days/week for 26
weeks (Rusch et al. 1983) or in male rhesus monkeys exposed at 6 ppm for 6 hours/day,
5 days/week for 6 weeks (Monticello et al. 1989); however, squamous metaplasia and
hyperplasia in the nasal passages and respiratory epithelia of the trachea and major
bronchi occurred.

Male Wistar rats administered formaldehyde in drinking water at 5,000 ppm for 32 weeks
developed forestomach tumors (squamous-cell papillomas) in one study (Takahashi et al.
1986); however, in two other drinking-water studies, no tumors were reported in either
male or female Wistar rats administered formaldehyde at concentrations ranging from 20
to 5,000 ppm for two years (Til ef al. 1989, Tobe et al. 1989). In another study, male and
female Sprague-Dawley breeder rats administered formaldehyde at 2,500 ppm in

drinking water. Offspring of these breeder rats exposed transplacentally beginning on
gestation day 13 and postnatally via drinking water for life showed increased incidences
of benign and malignant tumors of the gastrointestinal tract, particularly intestinal
leiomyosarcoma (a very rare tumor). Male Sprague-Dawley rats administered
formaldehyde at concentrations up to 1,500 ppm showed increased incidences (compared
with control groups given tap water) of the number of animals bearing malignant tumors,
hemolymphoreticular neoplasms (leukemia and lymphoma combined), and testicular
tumors (interstitial-cell adenoma) (Soffritti ez al. 2002a). Compared with the vehicle
control group (tap water containing 15 mg/L methanol), the incidence of testicular tumors
was significantly higher in the 1,000-ppm exposure group, and the incidence of
hemolymphoreticular tumors was higher in the 1,500-ppm exposure group. Female rats in
the 1,500-ppm exposure group showed higher incidences of malignant mammary-gland
tumors and hemolymphoreticular neoplasms than the tap-water control group; however,
the incidences were not significantly higher than in the vehicle control group. In addition,
some rare stomach and intestinal tumors occurred in a few male and female rats in the
exposed groups but not in the control groups.

Other studies examined the promoting effects of formaldehyde when administered after
initiation with DBMA, DEN, MNU, or MNNG or cocarcinogenic effects when
administered with coal tar, benzo[a]pyrene, wood dust, and hydrogen chloride. Some of
these studies did not show an enhanced tumor response. However, a few studies,
including a skin-painting study in mice (Iverson et al. 1986), a drinking-water study in
rats (Takahashi et al. 1986), and inhalation studies in rats (Albert e al. 1982, Holmstrom
et al. 1989a) and hamsters (Dalbey ef al. 1986), indicated that formaldehyde could act as
a tumor promoter or act as a co-carcinogen when administered with other substances.

Adsorption, distribution, metabolism, and excretion

Formaldehyde is a metabolic intermediate that is essential for the biosynthesis of purines,
thymidine, and some amino acids. The metabolism of formaldehyde is similar in all
mammalian species studied. Differences in distribution following inhalation exposure can
be related to anatomical differences. For example, rats are obligate nose breathers while
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monkeys and humans are oronasal breathers. Thus, in humans, some inhaled
formaldehyde will bypass the nasal passages and deposit directly into the lower
respiratory tract. The endogenous concentrations in the blood of humans, rats, and
monkeys are about 2 to 3 pg/g and do not increase after ingestion or inhalation of
formaldehyde from exogenous sources (Casanova et al. 1988, Heck et al. 1985, Heck and
Casonova 2004). Although formaldehyde is rapidly and almost completely absorbed from
the respiratory or gastrointestinal tracts, it is poorly absorbed from intact skin. When
absorbed after inhalation or ingestion, very little formaldehyde reaches the systemic
circulation because it is rapidly metabolized by glutathione-dependent formaldehyde
dehydrogenase and S-formyl-glutathione hydrolase to formic acid, which is excreted in
the urine or oxidized to carbon dioxide and exhaled (IARC 2006). Formaldehyde
reaching the circulation is rapidly hydrated to methanediol, which is the predominant
form in the circulation (Fox et al. 1985). Although the metabolic pathways are the same
in all tissues, the data indicate that the route of absorption does affect the route of
elimination. When inhaled, exhalation is the primary route of elimination; however, when
ingested, urinary excretion as formate is more important. Unmetabolized formaldehyde
reacts non-enzymatically with sulthydryl groups or urea, binds to tetrahydrofolate and
enters the single-carbon intermediary metabolic pool, reacts with macromolecules to
form DNA and protein adducts, or forms crosslinks primarily between protein and single-
stranded DNA (Bolt 1987).

Toxic effects

Formaldehyde is a highly reactive chemical that causes tissue irritation and damage on
contact. Formaldehyde concentrations that have been associated with various toxic
effects in humans show wide interindividual variation and are route dependent.
Symptoms are rare at concentrations below 0.5 ppm; however, upper airway and eye
irritation, changes in odor threshold, and neurophysiological effects (e.g., insomnia,
memory loss, mood alterations, nausea, fatigue) have been reported at concentrations <
0.1 ppm. The most commonly reported effects include eye, nose, throat, and skin
irritation. Other effects include allergic contact dermatitis, histopathological
abnormalities (e.g., hyperplasia, squamous metaplasia, and mild dysplasia) of the nasal
mucosa, occupational asthma, reduced lung function, altered immune response, and
hemotoxicity (IARC 2006). Some studies of Chinese workers suggest that long-term
exposure to formaldehyde can cause leucopenia, and one study reported that a
significantly higher percentage of formaldehyde-exposed workers had blood cell
abnormalities (leucopenia, thrombocytopenia, and depressed serum hemoglobin levels)
compared with unexposed controls (reviewed by Tang et al. 2009). Zhang et al. (2010)
reported that Chinese factory workers exposed to high levels of formaldehyde had
significantly lower counts of white blood cells, granulocytes, platelets, red blood cells
and lymphocytes than unexposed controls. /n vitro studies indicated that formaldehyde
exposure caused a significant, dose-related decrease in colony forming progenitor cells
(Zhang et al. 2010). Other studies have shown that formaldehyde exposure affects
changes in the percentage of lymphocyte subsets (Ying et al. 1999, Ye et al. 2005).
Higher rates of spontaneous abortion and low birth weights have been reported among
women occupationally exposed to formaldehyde (IARC 2006, Saurel-Cubizolles et al.
1994). Oral exposure is rare, but there have been several apparent suicides and attempted
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suicides in which individuals drank formaldehyde. These data indicate that the lethal dose
is 60 to 90 mL (Bartone et al. 1968, Yanagawa et al. 2007). Formaldehyde ingestion
results in severe corrosive damage to the gastrointestinal tract followed by CNS
depression, myocardial depression, circulatory collapse, metabolic acidosis, and multiple
organ failure.

The toxic effects of formaldehyde in experimental animals include irritation, cytotoxicity,
and cell proliferation in the upper respiratory tract, ocular irritation, pulmonary
hyperactivity, bronchoconstriction, gastrointestinal irritation, and skin sensitization.
Other reported effects include oxidative stress, neurotoxicity, neurobehavioral effects,
immunotoxicity, testicular toxicity, and decreased liver, thyroid gland, and testis weights
(IARC 2006, Aslan et al. 2006, Sarsilmaz et al. 2007, Golalipour et al. 2008, Ozen et al.
2005, Majumder and Kumar 1995).

In vitro studies have demonstrated that formaldehyde is directly cytotoxic and affects cell
viability, cell differentiation and growth, cell proliferation, gene expression, membrane
integrity, mucociliary action, apoptosis, and thiol and ion homeostasis (IARC 2006).
Since metabolism of formaldehyde is glutathione-dependent, cells depleted of glutathione
are more susceptible to formaldehyde toxicity (Ku and Killings 1984).

Carcinogenicity of metabolites and analogues

Formic acid (formate + H'), the major metabolite of formaldehyde, has not been tested
for carcinogenic effects. Acetaldehyde, an analogue of formaldehyde, is listed as
reasonably anticipated to be a human carcinogen by the NTP (2004). Acetaldehyde
induced respiratory tract tumors in rats (adenocarcinoma and squamous-cell carcinoma of
the nasal mucosa) and laryngeal carcinoma in hamsters. In addition, epidemiological
studies have reported increased risks of cancers of the upper digestive tract (esophagus,
oral cavity, and pharynx) and upper respiratory tract (larynx and bronchi) in humans
(Salaspuro 2009).

Glutaraldehyde and benzaldehyde have also been tested for carcinogenicity in 2-year
bioassays by the NTP. Glutaraldehyde was not considered to be carcinogenic in rats or
mice, and benzaldehyde was not considered to be carcinogenic in rats. The NTP
concluded that there was some evidence of carcinogenicity for benzaldehyde in mice
based on an increased incidence of squamous-cell papilloma and hyperplasia in the
forestomachs of male and female mice (NTP 1999).

Genetic and related effects

Formaldehyde is a direct-acting genotoxic compound that affects multiple gene
expression pathways, including those involved in DNA synthesis and repair and
regulation of cell proliferation. Most studies in bacteria were positive for forward or
reverse mutations without metabolic activation and for microsatellite induction (Mu and
Harris 1988). Studies in non-mammalian eukaryotes and plants also were positive for
forward and reverse mutations, dominant lethal and sex-linked recessive lethal mutations,
and DNA single-strand breaks (Conaway et al. 1996, IARC 2006). In vitro studies with
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mammalian and human cells were positive for DNA adducts, DNA-protein crosslinks,
DNA-DNA crosslinks, unscheduled DNA synthesis, single-strand breaks, mutations, and
cytogenetic effects (chromosomal aberrations, sister chromatid exchange, and
micronucleus induction).

In in vivo studies in rats, formaldehyde caused DNA-protein crosslinks (in the nasal
mucosa and fetal liver but not bone marrow) (Casanova-Schmitz et al. 1994a, Wang and
Liu 2006), DNA strand breaks (lymphocytes and liver) (Im et al. 2006, Wang and Liu
2006), dominant lethal mutations (Kitaeva et al. 1990, Odegiah 1997), chromosomal
aberrations (pulmonary lavage cells and bone marrow in one of two studies) (Dallas et al.
1992, Kitaeva et al. 1990), and micronucleus induction in the gastrointestinal tract
(Migliore et al. 1989). However, it did not induce sister chromatid exchange or
chromosomal aberrations in lymphocytes or micronucleus formation in peripheral blood
(Kilgerman et al. 1984, Speit et al. 2009). Mutations in the p53 gene were detected in
nasal squamous-cell carcinomas from rats (Recio et al. 1992). Inhalation exposure to
formaldehyde also induced DNA-protein crosslinks in the nasal turbinates, nasopharynx,
trachea, and bronchi of rhesus monkeys (Casanova ef al. 1991). In mice, formaldehyde
exposure did not cause dominant lethal mutations (Epstein ef al. 1972, Epstein and
Shafner 1968), micronucleus induction (Gocke et al. 1981), or chromosomal aberrations
(Fontignie-Houbrechts 1981, Natarajan et al. 1983) when exposed by intraperitoneal
injection or induce micronuclei by intravenous or oral exposure (Morita et al. 1997), but
did induce heritable mutations when exposed by inhalation (Liu ez al. 2009b).

In studies of lymphocytes from health professional workers exposed to formaldehyde,
higher levels of formaldehyde-albumin adducts were found in workers exposed to
relatively high concentrations compared with workers exposed to lower concentrations
(Pala et al. 2008) and higher levels of DNA-protein crosslinks, strand breaks, and
pantropic p53 protein levels were found in exposed workers compared with unexposed
workers (Shaham et al. 2003). Wang et al. (2009) found higher levels of DNA adducts
(N°-hydroxymethyldeoxyadenosine [N°~-HOMe-dAdo]) among smokers compared with
non-smokers; however, the source of formaldehyde is not clear (for example, it could be
formaldehyde in tobacco or a metabolite of a tobacco-specific compound). Numerous
studies have evaluated chromosomal aberrations and sister chromatid exchange in
lymphocytes and micronucleus induction in lymphocytes, or nasal or oral epithelial cells
from humans exposed to formaldehyde (primarily health professionals, but also industrial
workers, volunteers and subjects exposed from environmental sources). Among
formaldehyde-exposed subjects, statistically significant increased frequencies (compared
with unexposed, low exposure or pre- exposure vs. post-exposure) of cytogenetic damage
in lymphocytes were observed for chromosomal aberrations in 7 of 12 reviewed studies,
sister chromatid exchanges in 6 of 12 studies and micronuclei induction in 5 of 7 studies
reviewed. In addition to these studies, Zhang et al. (2010) reported that lymphocytes from
workers exposed to high levels of formaldehyde had statistically increased frequency of
monosomy of chromosome 7 and trisomy of chromosome 8. Statistically significant
increased frequencies of micronuclei were also observed in the buccal cavity or oral
epithelium in four of five reviewed studies and in the nasal epithelium in all five

available studies (Note that findings from two studies, Suruda et al. [1993] and Tikenko-
Holland ef al. [1996], evaluating the same study participants are treated as one study in
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this count). In addition to these studies, a review of cytogenetic studies in the Chinese
literature on formaldehyde-exposed workers reported increased incidences of
chromosomal aberrations in lymphocytes (one study) and micronuclei in lymphocytes
and nasal epithelial cells (one study each); however, two studies did find increases in
sister chromatid exchanges in lymphocytes.

Regulation of gene expression by formaldehyde was investigated in eight studies.
Formaldehyde exposure increased expression of genes involved in intracellular adhesion,
inflammation, xenobiotic metabolism, nucleic acid metabolism, cell-cycle regulation,
apoptosis, and DNA repair. Thus, multiple biochemical pathways are affected by
formaldehyde exposure.

Mechanistic considerations

Although the biological mechanisms associated with formaldehyde-induced cancer are
not completely understood, it is important to recognize that chemicals can act through
multiple toxicity pathways and mechanisms to induce cancer or other health effects
(Guyton et al. 2009). Potential carcinogenic modes of actions for formaldehyde include
DNA reactivity (covalent binding), gene mutation, chromosomal breakage, aneuploidy,
and epigenetic effects.

Studies evaluating nasal tumors in rats have shown that regional dosimetry, genotoxicity,
and cytotoxicity are believed to be important factors. Computational fluid dynamics
models have been developed to predict and compare local flux values in the nasal
passages of rats (Kimbrell ez al. 1993, 1997), monkeys (Kepler ef al. 1998), and humans
(Subramaniam et al. 1998). Regions of the nasal passages with the highest flux values are
the regions most likely affected by formaldehyde exposure. Similar flux values were
predicted for rats and monkeys for regions of the nasal passages with elevated cell
proliferation rates, thus providing support for the hypothesis that formaldehyde flux is a
key factor for determining toxic response. Furthermore, DNA-protein crosslinks and cell-
proliferation rates are correlated with the site specificity of tumors (Pala et al. 2008). Cell
proliferation is stimulated by the cytotoxic effects of formaldehyde. Increased cell
proliferation may contribute to carcinogenesis by increasing the probability of
spontaneous or chemically induced mutations. The dose-response curves for DNA-
protein crosslinks, cell proliferation, and tumor formation show similar patterns with
sharp increases in slope at concentrations greater than 6 ppm. The observed sequence of
nasal lesions is as follows: rhinitis, epithelial dysplasia, squamous metaplasia and
hyperplasia, and squamous-cell carcinoma.

Biological mechanisms have been proposed for the possible association between
lymphohematopoietic cancers and formaldehyde exposure. Proposed mechanisms for
formaldehyde-induced leukemia are: (1) direct damage to stem cells in the bone marrow,
(2) damage to circulating stem cells, and (3) damage to pluripotent stem cells present in
the nasal turbinate or olfactory mucosa (Zhang et al. 2009a,b). Evidence in support of the
potential for DNA damage to circulating hematopoietic stem cells is that DNA-protein
crosslinks have been identified in the nasal passages of laboratory animals exposed to
formaldehyde, and increased micronuclei have been identified in the nasal and oral

Xvill 1/22/10



Formaldehyde: RoC Background Document

mucosa of formaldehyde-exposed humans. In addition, olfactory epithelial cells obtained
from rat nasal passages contain hematopoietic stem cells, which have been shown to re-
populate the hematopoietic tissue of irradiated rats (Murrell ez al. 2005). However, some
authors have questioned the biological plausibility of an association between
formaldehyde exposure and leukemia, because formaldehyde is rapidly metabolized, and
it would not be expected to enter the systemic circulation (Cole and Axten 2004, Golden
et al. 2006, Heck and Casanova 2004, Pyatt et al. 2008). They stated that formaldehyde
does not cause bone marrow toxicity or pancytopenia, which are common features of
known leukemogens, and that the genotoxic and carcinogenic effects in animals and
humans are limited to local effects. [The recent reports of adducts in leukocytes of
smokers (Wang et al. 2009b), albumin adducts in medical research workers (Pala et al.
2008), DNA-protein crosslinks measured in peripheral blood cells of hospital workers
(Shaham et al. 2003), and the hematologic changes measured by Zhang et al. (2010)
suggest that formaldehyde might enter the systemic circulation of humans exposed to
formaldehyde.]
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Abbreviations

ACGIH: American Conference of Governmental Industrial Hygienists
ADC: adenocarcinoma

ADH: alcohol dehydrogenase

AGT: 0°-alkylguanine DNA alkyltransferase (also known as MGMT)
AIPH: 2,2'-azobis-[2-(2-imidazolin-2-yl)propane] dihydrochloride
ALDH: aldehyde dehydrogenase

AML.: Acute myelogenous leukemia

ANOVA: analysis of variance

AOPC: all other pharyngeal cancers (except NPC)

ATSDR: Agency for Toxic Substances and Disease Registry

b.w body weight

BCF: bioconcentration factor

BEAM: Boston Exposure Assessment in Microenvironments

BEI: biological exposure indices

BLS: Bureau of Labor Statistics

BMCR: binucleated micronucleated cell rate

BrdU: 5-bromodeoxyuridine

C: control

CA: chromosomal aberrations

CAS: Chemical Abstracts Service

CDC: Centers for Disease Control and Prevention

CFD: computational fluid dynamics

CHO: Chinese hamster ovary

CLL: chronic lymphocytic leukemia
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cm:
CMBN:
CML:
CNS:
CPBI:
CR:
CYP:
Cyt-B:
Da:
DC:
DDX:

DNA:

DNA-GSH:

DOT:
dpm:

DPX:

EBV:
EPA:
EPHX:
ESTR:

E.U.

FDA:

FDH:

centimeter

cytokinesis-blocked micronucleus assay

chronic myeloid leukemia

central nervous system

cytokinesis proliferation block index

creatinine

cytochrome P450

cytochalasin B

Dalton

decarboxylase

DNA-DNA crosslinks

deoxyribonucleic acid
S-[1-(N*-deoxyguanosinyl)methyl]glutathione

Department of Transportation

disintegrations per minute

DNA-protein crosslinks

exposed

Epstein-Barr virus

Environmental Protection Agency

epoxide hydrase

expanded simple tandem repeats

European Union

female

Food and Drug Administration

formaldehyde dehydrogenase
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FEMA:
FISH:

FR:

GGT:
GI:
GPA:
GSH:

h:

HA:
HazDat:
HCHO:
HE:
HEL:
HFC:
Hg:
HIC:
HID:
HMMEC:s:
HPLC:
HR:
HSA:
HSDB:

Hz:

Lp.:

Federal Emergency Management Agency
fluorescence in-situ hybridization
frequency ratios

gram

gamma-glutamyl transpeptidase
gastrointestinal

glycophorin A

glutathione

hour

hydroxylapatite

Hazardous Substances Release and Health Effects Database

formaldehyde

human erythrocytes

human embryonic lung

high-frequency cells

mercury

highest ineffective concentration

highest ineffective dose

human mucosal microvascular endothelial cells
high performance liquid chromatography
hazard ratio

human serum albumin

Hazardous Substances Data Bank

Hertz

intraperitoneal
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IARC:
ICAM:
ICD:
IFN:
IgG:
IgM:
IMIS:

IRR:

IUPAC:

JEM:

oW+

LC:
LDsy:
LEC:
LED:
LH:

LHC:

LWAE:

MAK:

International Agency for Research on Cancer
intercellular adhesion molecule

International Classification of Diseases
interferon

immunoglobin G

immunoglobin M

Integrated Management Information System
incidence rate ratio

The International Union of Pure and Applied Chemistry
job-exposure matrix

1,000 becquerel (units of radioactivity)
kilogram

soil organic carbon-water partitioning coefficient
octanol-water partition coefficient

liter

liquid chromatography

lethal dose for 50% of the population

lowest effective concentration

lowest effective dose

lymphohematopoietic

lymphohematopoietic cancer

lifetime weighted average exposure

male or molar

cubic meter

maximum workplace concentration
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MAPKs: mitogen-activated protein kinases
mCi: millicuries

MDF: medium-density fiberboard

MDS: myelodysplastic syndrome

mEH: microsomal epoxide hydrolase
MEF: melamine-formaldehyde

mg: milligram, 10 gram

MGMT: O°-methylguanine DNA methyltransferase (also known as AGT)
mL: milliliter

mm: millimeter

mM: millimolar

MN: micronuclei

mol wt: molecular weight

mRNA: messenger RNA

mRR: meta relative risk

MS: mass spectrometry

MTT: methylthiazole tetrazolium

MUF: melamine-urea-formaldehyde

N: sample size

NA: not available

NA-AAF: N-acetoxy-2-acetylaminofluorene

NAcT: N-acetyltransferase

NADPH: nicotinamide adenine dinucleotide phosphate, reduced form
NALT: nasal associated lymph tissue

NAP: not applicable
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NCEs:
NCHS:
NCI:
ND:
NDMA:
NDT:
NF-«B:
ng:
NGEF:
NHANES:
NHL:
NI:
NIEHS:
NIOSH:
NLM:
NMR:
NNK:
NOS:
NPC:
NQ:
NR:
NRC:
NS:
NT:

NTP:

micronucleated normochromatic erythrocytes
National Center for Health Statistics

National Cancer Institute

not detected

N-nitrosodimethylamine

not determined

nuclear factor kappa B

nanogram

nerve growth factor

National Health and Nutrition Examination Survey
non-Hodgkin’s lymphoma

not identified

National Institute of Environmental Health Sciences
National Institute for Occupational Safety and Health
National Library of Medicine

nuclear magnetic resonance
4-(N-nitrosomethylamino)- 1-(3-pyridyl)-1-butanone
not otherwise specified

nasopharyngeal cancer

not quantified

not reported

National Response Center

not significant

not tested

National Toxicology Program
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OH:

OHPC:

OPC:

OR:

OSB:

OSHA:

OVA:

PAH:

PBL:

PCEs:

PCMR:

PCR:

PEL:

PET:

PF:

PGA:

PHA:

PHEMA:

PMR:
POTW:
ppb:
ppbv:

ppm:

Ref:

hydroxyl

oro- or hypopharyngeal
oropharyngeal

odds ratio

oriented strandboard

Occupational Safety and Health Administration
ovalbumin

polycyclic aromatic hydrocarbon
peripheral blood lymphocytes
micronucleated polychromatic erythrocytes
proportionate cancer mortality ratio
polymerase chain reaction
permissible exposure limit
polyethylene terephthalate
phenol-formaldehyde

phenylglyoxylic acid
phytohemagglutinin
phenylhydroxyethyl mercapturic acids
proportionate mortality ratio

publicly owned treatement works
parts per billion

parts per billion by volume

parts per million

correlation coefficient

referent group
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REL:

RLU:

RNA:

RoC:

RTECS:

SB:

S.C.:

SCC:

SCE:

SD:

SDH:

SE:

SEER:

SIR:

SMR:

SNC:

SOC:

SOCMLI:

SPIR:

SSB:

STEL:

TLV:

TRI:

recommended exposure limit

relative light units

ribonucleic acid

Report on Carcinogens

relative risk

RNA-RNA crosslinks

Registry of Toxic Effects of Chemical Substances
DNA strand breaks

subcutaneous

squamous-cell carcinoma

sister chromatid exchange

standard deviation

sorbitol dehydrogenase

standard error of the mean

Surveillance, Epidemiology and End Results program
standardized incidence ratio

standardized mortality ratio

sinonasal

Standard Occupational Classification

Synthetic Organic Chemical Manufacturing Industry
standardized proportionate incidence ratio
single-strand breaks

short-term exposure limit

threshold-limit value

Toxics Release Inventory
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TSH:

TWA:

UDS:

UF:

UFFI:

USITC:

VCAM:

VOC:

WHO:

XRCC:

ne:

thyroid stimulating hormone
time-weighted average

unscheduled DNA synthesis
urea-formaldehyde

urea-formaldehyde foam insulation
United States International Trade Commission
vascular cell adhesion molecule

volatile organic chemical

World Health Organization

X-ray repair cross-complementing group
year

microgram; 10 gram
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1 Introduction

Formaldehyde is a high-production-volume chemical with a wide array of uses. The
predominant use of formaldehyde in the United States is in the production of industrial
resins (mainly urea-formaldehyde [UF], phenol-formaldehyde [PF], polyacetal, and
melamine-formaldehyde [MF] resins) that are used to manufacture products such as
adhesives and binders for wood products, pulp and paper products, plastics, and synthetic
fibers, and in textile finishing. Formaldehyde is also used as a chemical intermediate.
Resin production and use as a chemical intermediate together account for over 80% of its
use. Other, smaller uses of formaldehyde that may be important for potential human
exposure include use in agriculture, medical use as a disinfectant and preservative (for
pathology, histology, and embalming), and use in numerous consumer products as a
biocide and preservative.

Formaldehyde is present in outdoor air as a result of its formation from the combustion of
organic materials (e.g., in automobiles, forest fires, and power plants), its formation from
the breakdown of hydrocarbons in the air, and releases from industrial facilities. In indoor
air, it is present as a result of off-gassing from formaldehyde-containing materials such as
wood products, carpets, fabrics, paint, and insulation, and it is formed from combustion
sources such as wood stoves, gas stoves, kerosene heaters, open fireplaces, and furnaces,
through cooking, and in cigarette smoke. It has been found in numerous foods and
beverages, including drinking water.

Formaldehyde (gas) is listed in the Eleventh Report on Carcinogens (RoC) as reasonably
anticipated to be a human carcinogen based on limited evidence of carcinogenicity in
humans and sufficient evidence of carcinogenicity in laboratory animals (NTP 2005a); it
was first listed in the Second Annual Report on Carcinogens (NTP 1981). Formaldehyde
(all physical forms) was nominated by NIEHS for possible reclassification in the Twelfth
Report on Carcinogens based on the 2004 review by the International Agency for
Research on Cancer (IARC 2006), which concluded that there was sufficient evidence for
the carcinogenicity of formaldehyde in humans.

1.1 Chemical identification

Formaldehyde is the simplest aldehyde. It is a highly reactive gas and is formed by
oxidation or incomplete combustion of hydrocarbons (ChemIDPlus 2009a). Figure 1-1
shows the chemical structure of formaldehyde, and Table 1-1 provides some chemical
identifying information.

O—O0O

H h

Figure 1-1. Chemical structure of formaldehyde
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Commercially, formaldehyde is most often available as 30% to 50% (by weight) aqueous
solutions commonly referred to as formalin (IARC 2006), to which have been added
stabilizers, generally up to 15% methanol or lower concentrations (usually several
hundred milligrams per liter) of various amine derivatives. In the absence of stabilizers,
formaldehyde in solution oxidizes slowly to form formic acid and polymerizes to form
oligomers, including paraformaldehyde (HSDB 2009a).

Table 1-1. Chemical identification of formaldehyde

Characteristic Information References
CAS Registry number 50-00-0 HSDB 2009a
ITUPAC systematic name methanal IARC 2006
Molecular formula CH,O HSDB 2009a
Synonyms Fannoform, Formalith, formalin, formic aldehyde, HSDB 2009a

Lysoform, methanal, methyl aldehyde, methylene
oxide, Morbicid, oxomethane, oxymethylene,
Superlysoform

1.2 Physical-chemical properties

Formaldehyde exists at room temperature as a nearly colorless gas with a pungent,
suffocating odor (ATSDR 1999, HSDB 2009a). Formaldehyde gas is generally stable in
the absence of water, but it is flammable and can be ignited by heat, sparks, or flame.
Vapors form explosive mixtures with air. Formaldehyde gas reacts violently with strong
oxidizing agents and with bases and reacts explosively with nitrogen dioxide at around
180°C (Akron 2009). It reacts with hydrochloric acid to form bis(chloromethyl) ether
(which is listed in the RoC as known to be a human carcinogen). In its pure state,
formaldehyde is not easily handled, because it is extremely reactive and polymerizes
readily.

The physical and chemical properties of formaldehyde are summarized in Table 1-2.
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Table 1-2. Physical and chemical properties of formaldehyde

Property Information References
Molecular weight 30.0 HSDB 2009a
Melting point (°C) -92 HSDB 2009a
Boiling point (°C) -19.5 HSDB 2009a
Specific gravity 0.815 at —20°C/4°C O'Neil et al. 2006
Vapor pressure (mm Hg) 3,890 at 25°C HSDB 2009a
Vapor density (air = 1) 1.067 HSDB 2009a
Critical temperature (°C) 137.2 to 141.2 HSDB 2009a
Solubility HSDB 2009a
water at 20°C 400 g/L
acetone, alcohol, benzene, ether soluble
Octanol-water partition coefficient 0.35 HSDB 2009a
(log Kow)
Dissociation constant (pK,) 13.27 at 25°C HSDB 2009a
Henry’s law constant 3.4 x 107 atm-m*/mol HSDB 2009a
Unit conversion (air concentrations) mg/m’ = 1.23 x ppm (assuming TARC 2006
normal temperature)

The primary form of formaldehyde in dilute aqueous solutions is its monomeric hydrate,
methylene glycol (methanediol) (Figure 1-2), and the primary forms in concentrated
solutions are oligomers and polymers of polyoxymethylene glycols (IARC 2006).
Formaldehyde can also exist as paraformaldehyde, a polymer with 8 to 100 units of
formaldehyde, and as 1,3,5-trioxane, a cyclic trimer (Figure 1-2).

) ] :
Sraun®

H u H

Methylene glycol Paraformaldehyde 1,3,5-Trioxane

Figure 1-2. Chemical structures of hydrated and polymeric formaldehyde

1.3 Formaldehyde Polymers

Paraformaldehyde is a white crystalline powder with the odor of formaldehyde. It has the
molecular formula (CH,0), and is a mixture of linear polyoxymethylene glycols
containing 90% to 99% formaldehyde (O'Neil ef al. 2006, HSDB 2009b).
Paraformaldehyde dissolves slowly in cold water and more readily in hot water, with
evolution to formaldehyde. It is soluble in fixed alkali hydroxide solution, but insoluble
in alcohol and ether. Paraformaldehyde is used as an engineering plastic because it has
good resistance to wear, chemicals, and temperature, a low coefficient of friction, and
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good mechanical properties of strength and stiffness (Inventro 2009). Trioxane is a white
crystalline solid with a chloroform-like odor and the molecular formula (CH,O); (HSDB

2009c). It is stable and easily handled. In acidic solutions, it will decompose to

formaldehyde. Both paraformaldehyde and trioxane are used as low-water-content
sources of formaldehyde. Table 1-3 shows chemical identifying information and some
physical and chemical properties of paraformaldehyde and trioxane.

Table 1-3. Chemical identification and physical and chemical properties of
paraformaldehyde and trioxane

Characteristic/Property

Paraformaldehyde

1,3,5-Trioxane

CAS Registry number

30525-89-4

110-88-3

Molecular formula

(CH,0),"

C3H¢Os

Synonyms

Aldicide, Paraform, polyacetal,
polyformaldehyde, polymethylene

metaformaldehyde, s-
trioxane,

oxide, polyoxymethylene® trioxymethylene

Molecular weight 30.03 (monomer)” 90.08

Melting point (°C) 164 (decomposes) 64

Boiling point (°C) slowly sublimes, forming 114.5 at 759 mm Hg
formaldehyde gas®

Density 1.46 at 15°C 1.17 at 65°C

Vapor pressure (mm Hg) 10.5 at 25°C 13.0 at 77.0°F¢

Vapor density 1.03¢ 3.1°

Water solubility at 18°C 2 x 10° mg/L 1.7 x 10° mg/L
500 mg/L"¢

Octanol-water partition coefficient | NR —0.43"

(log Kow)

Dissociation constant (pK,) 15.50 at 25°C NR

Henry’s law constant NR 1.97 x 10™

Source: HSDB 2009b,c¢ unless otherwise noted.

NR = not reported.
*O’Neil et al. 2006.

°PolymerProcessing 2009 and HSDB 2009b.

“Mallinckrodt 2009.
NOAA 2009.

°ScienceLab 2009a.
'ScienceLab 2009b.

¥The higher-molecular-weight polymers are insoluble in water (ScienceLab 2009b).

"ChemIDPlus 2009b.

1.4 Metabolites and analogues

Formaldehyde is an endogenous metabolic product of N-, O-, and S-demethylation

reactions and an essential metabolic intermediate in all cells (ATSDR 1999, Feick et al.
2006, IARC 2006). It is oxidized to formate, primarily by glutathione-dependent
formaldehyde dehydrogenase. Formate may be excreted in the urine, further metabolized
to carbon dioxide and water, or incorporated into the folic acid metabolic pathway for
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synthesis of nucleic and amino acids. Formaldehyde metabolism and other biological
reactions are discussed further in Section 5.

Analogues of formaldehyde include other low-molecular-weight aldehydes, such as
acetaldehyde, propionaldehyde, butyraldehyde, n-pentanal, glutaraldehyde, and
benzaldehyde. The chemical structures and molecular weights of these compounds are
shown in Table 1-4, and carcinogenicity data for these analogues are discussed in
Section 5.5.

Table 1-4. Some low-molecular weight formaldehyde analogues

Compound Molecular weight Chemical structure
Acetaldehyde 44.1 ﬁ
CH
He”
Propionaldehyde 58.1 ‘i)
H1C CH
3 \C e
Hz
Butyraldehyde 72.1 O
P
Ha
n-Pentanal 86.1 0]
HsC 2 |CH
3 C
AN \C/
H2 H’2
Glutaraldehyde 100.1 0 o]
doow
\C - \C -
Hz Ha
Benzaldehyde 106.1 ﬁ
CH
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2 Human Exposure

Formaldehyde is an important chemical with numerous industrial and commercial uses.
Annual U.S. industrial production in the early to mid 2000s averaged nearly 5 million
tons. In addition to intentional industrial production, formaldehyde is produced
unintentionally from human activities and from natural sources through the breakdown of
hydrocarbons and other precursors. Formaldehyde is also produced endogenously in
humans and other animals. Workers can be exposed to formaldehyde during its
production or during the production or use of derivative products. The general population
can be exposed to formaldehyde primarily from breathing indoor or outdoor air, from
ingestion of food and water, from tobacco smoke, and from use of cosmetic products
containing formaldehyde. In the natural environment, formaldehyde has been detected in
indoor and outdoor air, surface water, rainwater, fog water, groundwater, soil, and food.
Numerous U.S. federal agencies, including the Environmental Protection Agency (EPA),
Food and Drug Administration (FDA), Department of Housing and Urban Development
(HUD), and Occupational Safety and Health Administration (OSHA), have enacted
regulations aimed at reducing formaldehyde exposures.

This section begins with a discussion of formaldehyde’s various uses (Section 2.1).
Section 2.2 discusses industrial production of formaldehyde and formalin, natural sources
of formaldehyde, and endogenous production of formaldehyde in living organisms.
Section 2.3 discusses the issues surrounding biological indices of exposure to
formaldehyde. Occupational exposure levels are presented in Section 2.4 and
environmental levels in Section 2.5. Section 2.6 provides data from studies that have
estimated intake of formaldehyde by the general public from various sources. Section 2.7
provides regulations and guidelines that have been established with the intent of reducing
exposure. Section 2 concludes with a summary (Section 2.8).

Several organizations have prepared review articles on formaldehyde (e.g., ITARC, WHO,
ATSDR); the most recent being a 2006 IARC monograph. These review articles have
been used extensively in this section for information for the period before 2006. In
addition to the review articles, an extensive literature search was conducted as recently as
March 2009, and identified publications were reviewed for inclusion. Throughout this
section, when data are cited from a review article, the primary citation is provided when
available.

The occupational epidemiology studies presented in Section 3 of this document include a
number of international studies; therefore, international occupational exposure data are
included in Section 2.4 (occupational exposure) in addition to U.S. data. For
environmental media, only U.S. levels are provided with the exception of levels that have
been measured in food and bottled water because a possibility of exposure to these
substances exists for the U.S. general public.
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2.1 Use

Formaldehyde has many and varied uses; however, its predominant use in the United
States is in the production of industrial resins, accounting for over 50% of formaldehyde
use in the early to mid 2000s (Bizzari 2007, ICIS 2007). Other major uses include as a
chemical intermediate (~29%), various agricultural uses (~5%), paraformaldehyde
production (~3%), production of chelating agents (~3%), and various minor uses (~5%)
such as in the medical field, in funeral homes, in histology, and in numerous consumer
products (see Figure 2-1).

The predominant formaldehyde-based industrial resins consumed in the United States are
urea-formaldehyde (UF) resins, accounting for 22% of the total formaldehyde consumed
in 2006 (Bizzari 2007). The largest use of UF resins is as a wood adhesive in the
manufacture of composite wood products, mainly particleboard and medium-density
fiberboard (MDF). Bizzari (2007) reported that UF resins account for over 95% of the
adhesives used in manufactured particleboard and that 45% of United States. UF
consumption in 2006 was for particleboard manufacture. Wood adhesives made of UF
resins are also used to produce MDF, hardwood plywood, and other composite-wood
products. UF resins have also been used in the production of glass fiber roofing mats, as
urea-formaldehyde foam for insulation (UFFI) in buildings, and in mining, where hollow
areas are filled with foam (ATSDR 1999).

Three other major resins are produced from formaldehyde: phenol-formaldehyde (PF)
resins, polyacetal resins, and melamine-formaldehyde (MF) resins. In the United States,
PF resins accounted for roughly 18%, polyacetal resins for nearly 12%, and MF resins for
roughly 3% of total formaldehyde consumption in 2006 (Bizzari 2007). Forecasts of U.S.
demand through 2011 show little change in these patterns. Demand for PF, MF, and
polyacetal resins is expected to grow between 0.1% and 3% annually through 2011, while
consumption of UF resins is expected to decline by approximately 0.3% annually,
primarily as a result of decreased particleboard production in the United States (Bizzari
2007).

Formaldehyde is also used as a chemical intermediate in the production of other
chemicals and products. In 2006, the predominant chemicals produced from
formaldehyde (based on the amount of formaldehyde consumed in production) were 1,4-
butanediol (10% of total U.S. consumption) and methylenebis(4-phenyl isocyanate) (11%
of total U.S. consumption) (Bizzari 2007). Formaldehyde also is used in the manufacture
of chelating agents (2.7% of total U.S. consumption in 2006), primarily in the
manufacture of ethylenediaminetetraacetic acid (EDTA) (57%), diethylenetriamine
pentaacetic acid (DTPA) (20%), hydroxyethylethylenediaminetriacetic acid (HEDTA)
(7%), and nitrilotriacetic acid (NTA) (16%) (Bizzari 2007).

Formaldehyde has many other varied uses that account for a small percentage of its total
consumption. It has been used as a disinfectant in hospital wards and operating rooms
and is used as a tissue preservative and disinfectant in embalming fluids (ATSDR 1999,
IARC 2006, Dascalaki et al. 2008). It is used as an antimicrobial in many cosmetic
products, at reported levels of up to 0.5% in lotions, cream rinses, and bubble-bath oils,
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and up to 4.5% in nail hardeners. Other cosmetic products that may contain formaldehyde
include suntan lotions, hand creams, bath products, mascara and eye make-up, cuticle
softeners, nail creams, vaginal deodorants, shaving creams, soaps, shampoos, hair
preparations, deodorants, and mouthwashes. The Agency for Toxic Substances and
Disease Registry (ATSDR 1999) also noted that trace levels of formaldehyde may exist
in cosmetic products as a result of its use as a disinfectant for the equipment used to
manufacture the product. Formaldehyde has been used as a preservative in many
consumer goods, including household cleaning agents, dishwashing liquids, fabric
softeners, shoe-care agents, car shampoos and waxes, and carpet-cleaning agents; these
products generally contain less than 1% formaldehyde. It has been found in moist toilet
tissues for babies at levels exceeding 100 pg/g (100 ppm) (WHO 2002). It also has been
added to finger paint as a preservative and has been measured at levels of 441 to

793 mg/kg in two types of finger paints; formaldehyde was undetectable (limit of
detection = 189 ng) in two other types (Garrigos et al. 2001). It has been used in pet-care
products at levels less than 0.5% and in various glues, epoxies, and adhesives intended
for household use at levels up to 9% (HPD 2009).

In the food industry, formaldehyde has been used for preserving dried foods, disinfecting
containers, preserving fish and certain oils and fats, and modifying starch for cold
swelling (ATSDR 1999). Formaldehyde has been used as a bacteriostatic agent in cheese
and other foods and in juice production, and paraformaldehyde has been implanted into
maple syrup tap holes to deter bacterial growth. Formaldehyde has been used as a
chemical germicide to control bacterial contamination in water distribution systems
(IARC 2006). It also has been used in the animal feed industry as a preservative and to
improve handling characteristics of feed (WHO 2002).

Although formaldehyde has many medical uses, consumption of formaldehyde in this
industry is relatively small, reflecting only about 1.5% of total U.S. volume in the late
1980s (ATSDR 1999). Formaldehyde is used as an antibacterial agent delivered via
hydrolysis of formaldehyde-releasing prodrugs, such as methenamine, used to treat
urinary-tract infections (FDA 2006, MedScape 2006). Rectal instillation, topical
application, and other techniques for administration of formalin solutions (typically 4%
formalin) have been used to treat radiation proctitis (Haas et al. 2007, Leiper and Morris
2007). The synergy between doxorubicin and formaldehyde-releasing prodrugs in killing
cancer cells has been shown to be due predominantly to formaldehyde (Rephaeli et al.
2007). Rephaeli et al. reported that these prodrugs also protected neonatal rat
cardiomyocytes and adult mice against the toxicity of doxorubicin.

Other reported minor medicinal applications for formaldehyde have included its use
during vasectomies, as a treatment for athlete’s foot, as a sterilant for Echinococcus
(tapeworm) cysts prior to their surgical removal, and in dentistry (IARC 1982, 2006).

Formaldehyde has had many uses in agriculture, including use as a fumigant, for
prevention of mildew in spelt wheat and rot in oats, as a preservative in fodder, as a
preplanting soil sterilant in mushroom houses, as a germicide and fungicide for plants
and vegetables, as an insecticide for flies and other insects, as a disinfectant in brooding
houses, in the production of herbicides, for seed treatment, and in the manufacture of
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controlled-release fertilizers (used in agriculture and on residential lawns) (ATSDR 1999,
WHO 2002). Formaldehyde also is used to produce glyphosate, which is the active
ingredient in the herbicide Roundup (Bizzari 2007).

Additional uses of formaldehyde have been reported for the manufacture of glass mirrors,
explosives, artificial silk, and dyes; as a bactericide in coating agents and other chemicals
used in paper mills; for tanning and preserving animal hides; for hardening gelatin plates
and papers, toning gelatin-chloride papers, and chrome printing and developing in the
photography industry; as a biocide for latex, an adhesive additive, and an anti-oxidizer
additive for synthetic rubber in the rubber industry; as a biocide in oil-well drilling fluids
and as an auxiliary agent in petroleum refining; in chemical toilets; in the manufacture of
crease-resistant and flame-retardant fabrics; as an anticorrosive agent for metals; and in
formaldehyde-based resins often used as core binders in foundries (ATSDR 1999, WHO
2002).

Some products are not preserved with formaldehyde directly, but instead, with agents that
break down and release formaldehyde under conditions of usage (WHO 2002, de Groot
et al. 2009). The levels of decomposition and formaldehyde release depend mainly on
temperature and pH (WHO 2002). de Groot et al. (2009) identified 42 substances that
they determined, either unequivocally or with a high degree of certainty, were
formaldehyde releasers (note that this includes chemicals that release formaldehyde as a
result of decomposition, and chemicals synthesized from formaldehyde that may still
contain residues of free formaldehyde, such as formaldehyde resins). Formaldehyde
releasers that are used in cosmetics include quaternium-15, imidazolidinyl urea,
diazolidinyl urea, DMDM hydantoin, and 2-bromo-2-nitropropane-1,3-diol (de Groot et
al. 2009). Other products that often contain formaldehyde releasers are industrial and
household cleaning agents, soaps, shampoos, paints, lacquers, and cutting fluids (WHO
2002). Examples of formaldehyde-releasing antimicrobial agents used in metalworking
fluids are tris(N-hydroxyethyl) hexahydrotriazine, tris(hydroxymethyl)nitromethane and
hexahydro-1,3,4, tris(2-hydroxyethyl)-S-triazine (NIOSH 2001, de Groot et al. 2009). No
data were identified on formaldehyde levels resulting from formaldehyde releasers.
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Figure 2-1. Major uses of formaldehyde in the United States

Resins = UF, PF, MF and polyacetal resins; chemical Intermediates = 1,4-butanediol, methylenebis(4-
phenyl isocyanate), pentaerythritol, hexamethylenetetramine, trimethylolpropane; agriculture = controlled-
release fertilizers and herbicides; chelating Agents = EDTA, DTPA, HEDTA, and NTA.

Source: Bizzari 2007.

Because formaldehyde is fairly easy to make, is costly to transport, and can become
unstable during transport, it usually is produced to satisfy captive requirements for the
production of derivatives or to supply local merchant sales (Bizzari 2007). The uses for
formaldehyde vary regionally within the United States. Almost all formaldehyde
produced in the West is consumed for wood adhesives; formaldehyde produced in the
Gulf region is used primarily in chemical derivatives and to a lesser extent for wood
adhesives; and production in the South and Southeast is used primarily for wood
adhesives and to a lesser extent in chemical derivatives.

Paraformaldehyde is a high-formaldehyde-content product that is commercially available
as 91% or 95% prills; roughly 2.6 metric tons of 37% formaldehyde are required to
produce 1 metric ton of paraformaldehyde (Bizzari 2007). The main applications for
paraformaldehyde are foundry resins and applications where the presence of water could
interfere with a production process. Being a solid, paraformaldehyde is preferred over
aqueous formaldehyde for shipping over long distances (Bizzari 2007).
Paraformaldehyde has been used as a fumigant to decontaminate laboratories and to
disinfect sickrooms, clothing, and linen; in pesticide applications; for making varnish
resins, thermosets, and foundry resins; in the synthesis of chemical and pharmaceutical
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products; in the preparation of disinfectants and deodorants; and in the production of
textile products. In 2006, the production of paraformaldehyde accounted for almost 3%
of U.S. formaldehyde consumption (Bizzari 2007, EPA 2007).

Formaldehyde is also marketed in solid form as its cyclic trimer, trioxane (Bizzari 2007).
In acidic solutions, trioxane decomposes to generate three formaldehyde molecules
(HSDB 2009c). Trioxane and hexamine (C¢H2N4) are the main components of solid
fuel tablets, commonly known as Esbit, which are used by campers, hobbyists, the
military, and relief organizations primarily for boiling water and cooking (ZenStoves
2009). Trioxane is also used in the production of polyacetal resins (Bizzari 2007) and has
many other potential industrial applications (BASF 2006).

2.2 Production

2.2.1 Industrial production

Formaldehyde has been produced commercially since 1889 by catalytic oxidation of
methanol. Currently, the two predominant production processes are a silver catalyst
process and a metal oxide catalyst process (Bizzari 2007).

Formaldehyde is produced and consumed at various concentrations; the data on industrial
levels presented here are based on a concentration of 37% unless otherwise noted. In
2006, worldwide formaldehyde production was around 28 million metric tons [31 million
tons], with Western Europe being the highest producer, at 7.8 million metric tons

[8.6 million tons], and China the second-highest producer, at 7 million metric tons

[7.7 million tons] (Bizzari 2007). In the United States, production has gradually but
steadily increased from 0.9 million metric tons [1 million tons] in 1960 to 4.5 million
metric tons [5 million tons] in 2006. Figure 2-2 shows U.S. formaldehyde production
from 1960 through 2006. Bizzari reported in 2007 that U.S. formaldehyde production
capacity was 5.4 million metric tons [6 million tons] per year.
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Figure 2-2. Formaldehyde production in the United States

Source: Bizzari 2007

In the United States in 2009, formaldehyde was reported to be produced at 39
manufacturing plants (SRI 2009a) by an estimated 12 companies (estimate based on
Bizzari 2007), and paraformaldehyde and trioxane were each produced at one U.S.
manufacturing facility (SRI 2009b,c). In 2009, 36 suppliers of formaldehyde, 25
suppliers of paraformaldehyde, and 11 suppliers of trioxane were identified in the United
States; 152 formaldehyde suppliers in 25 countries were identified internationally, 59
paraformaldehyde suppliers in 15 countries, and 21 trioxane suppliers in 9 countries
(ChemSources 2009a,b,c).

Because of transportation and storage issues associated with formaldehyde, it usually is
produced close to the point of consumption; international trade in formaldehyde is
therefore minimal, accounting for approximately 2% of worldwide production in 2006
(Bizzari 2007). In the United States, formaldehyde imports in 2006 were about 10,000
metric tons [11,000 tons], or roughly 0.2% of consumption, while exports were about
14,000 metric tons [15,400 tons], or about 0.3% of production.

2.2.2 Other production sources

In addition to intentional industrial production, formaldehyde is produced unintentionally
from natural sources and from human activities. Combustion processes account either
directly (i.e., release of formaldehyde) or indirectly (i.e., release of chemicals that are
reduced to formaldehyde in the environment) for most of the formaldehyde entering the
environment (Howard 1989, ATSDR 1999). Combustion sources include automobiles
and other internal combustion engines, power plants, incinerators, refineries, forest fires,
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wood stoves, and cigarettes. Photochemical oxidation of hydrocarbons and other
precursors released from combustion processes can be a significant indirect source of
formaldehyde. Formaldehyde may also be produced in the atmosphere by the oxidation
of methane; this is probably the predominant source of formaldehyde in regions remote
from hydrocarbon emissions. Formaldehyde is also formed in the early stages of
decomposition of plant residues in soil (IARC 2006).

2.2.3 Endogenous production

In humans and other animals, formaldehyde is an essential metabolic intermediate in all
cells and is produced endogenously from serine, glycine, methionine, and choline, and
from the demethylation of N-, O-, and S-methyl compounds (IARC 2006) (see Section
5.1). Zhang et al. (2009a) reported that the endogenous concentration of formaldehyde in
the blood of humans, monkeys, and rats is approximately 2 to 3 mg/L.

2.3 Biological indices of exposure

Direct measures of exposure to formaldehyde normally would involve determination of
formaldehyde or its major metabolite formic acid (or formate) in blood or urine of
exposed individuals. Neither formaldehyde nor formate has been very useful for direct
biological monitoring, for several reasons. Levels of both of these molecules show large
intrapersonal and interpersonal variation even in the absence of formaldehyde exposure
(ATSDR 1999). Because both formaldehyde and formate are simple one-carbon
molecules that are rapidly metabolized and incorporated into the one-carbon pathway or
oxidized to carbon dioxide (Shaham ef al. 2003), most of the formaldehyde taken into the
body becomes unidentifiable as the parent molecule or major metabolite. A further
complication is the formation of formaldehyde in vivo from the metabolism of many
xenobiotics, including carbon tetrachloride, endrin, paraquat, dioxins, and
dichloromethane (ATSDR 1999). Formate can also be part of the metabolic pathways of
chemicals such as methanol, halomethanes, and acetone (ATSDR 1999, Shaham et al.
2003).

Formaldehyde can bind covalently to single-stranded DNA and protein to form crosslinks
or with human serum albumin (HSA) or the N-terminal valine of hemoglobin to form
molecular adducts, and these reaction products of formaldehyde might serve as
biomarkers for exposure to formaldehyde. Pala et al. (2008) reported a significant
relationship between levels of exposure to airborne formaldehyde and formaldehyde-
HSA conjugate (FA-HSA); however, no relationship was observed between exposure
levels and chromosomal aberrations, micronuclei, or sister chromatid exchanges.
Metabolism of formaldehyde and adduct formation are discussed in Section 5.3, and the
potential for these molecules as biomarkers for formaldehyde exposure is described in the
remainder of this section.

Shaham et al. (1996a, 1997) conducted a pilot study to investigate the use of DNA-
protein crosslinks as a biomarker for formaldehyde exposure in humans. DNA-protein
crosslinks were measured in white blood cells from 12 exposed workers (physicians and
technicians) and 8 unexposed controls. The workers had been exposed to formaldehyde
from 2 to 31 years, with a mean of 13 years. Formaldehyde concentrations were
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measured in the room air and in personal samples. Concentrations ranged from about 1.4
to 3.1 ppm. The levels of crosslinks were significantly higher (P = 0.03) in exposed
workers than in controls and significantly higher (P < 0.05) in the most-exposed workers
(technicians) than in less-exposed workers (physicians). Furthermore, the years of
exposure and levels of crosslinks were linearly related. Smoking did not influence the
results. The authors concluded that DNA-protein crosslinks can be used as a method for
biological monitoring of formaldehyde exposure. Zhang ef al. (2009a) reported that the
level of DNA-protein crosslinks observed in the controls were an order of magnitude
higher than those typically reported, and, therefore, the findings need to be replicated in
other molecular epidemiology studies.

Shaham et al. (2003) conducted a follow-up study of the relationship of DNA-protein
crosslinks to occupational exposure to formaldehyde. This study also investigated effects
on p53 protein expression (see Section 5.6.4). The workers included physicians,
laboratory assistants and technicians, and hospital orderlies at 14 hospital pathology
departments, and the workers had a mean exposure period of 15.9 years (range = 1 to 51
years). The exposed group included 59 men and 127 women, who were further divided
into low- and high-exposure subgroups. The low-exposure group, which consisted of
laboratory assistants and technicians, had exposure levels ranging from 0.04 to 0.7 ppm,
while the high-exposure group, which consisted of physicians and orderlies, had exposure
levels ranging from 0.72 to 5.6 ppm. [Note that characterization of the exposure levels of
physicians and technicians as being high or low differed between the two studies by
Shaham et al.] The control group included 213 administrative workers (127 men and 86
women) at the same hospitals. Age distribution, sex, origin, and education differed
significantly between the exposed and control groups; therefore, the data were adjusted
for these variables. DNA-protein crosslinks were measured in the mononuclear-cell
fraction of peripheral blood. The adjusted mean number of crosslinks was significantly
higher (P < 0.01) in the total exposed group than in the control group. The mean number
of crosslinks did not differ significantly by level of exposure or median years of exposure
(£ 16 vs. > 16 years).

Pharmacokinetic modeling suggests that the rate of formation of DNA-protein crosslinks
is dose-dependent (IARC 2006), and it has been suggested that this rate can serve as a
surrogate for the delivered dose of formaldehyde (Casanova et al. 1991, Shaham et al.
2003). DNA-protein crosslinks are also a marker for effect of exposure and are discussed
further in Section 5.

Madison et al. (1991) reported that levels of immunoglobin M (IgM) and

immunoglobin G (IgG) isotypes to FA-HSA were significantly higher in a group of
subjects exposed to formaldehyde from an urea-formaldehyde spill than in a non-exposed
group (see Section 5.4.2 for additional details). Carraro et al. (1999) later developed an
indirect competitive enzyme immunoassay to titrate serum anti-FA-HSA antibodies

using FA-HSA adducts conjugated in vitro. The assay was used to examine two groups of
roughly 90 healthy adults each, using adducts with a different ratio of formaldehyde to
HSA for each group (5:1 and 10:1). The assay was more sensitive and specific with the
10:1 adduct than with the 5:1 adduct. The authors noted that the results of this study
supported the assertion that the FA-HSA adduct is a good marker for formaldehyde

1/22/10 15



Formaldehyde: RoC Background Document 2.0 Human Exposure

exposure and concluded that this assay appeared to be able to evaluate immunological
response against this adduct, in particular when the adduct with the 10:1 ratio was used.
They suggested that the assay could be a useful tool for investigating formaldehyde
exposure; however, no follow-up to this study was found in the literature.

Bono et al. (2006) found that the prevalence of N-methylenvaline (a molecular adduct
formed by addition of formaldehyde to the N-terminal valine of hemoglobin) in blood
was significantly higher in exposed workers than in non-exposed controls, and that levels
of N-methylenvaline in blood were positively related to formaldehyde exposures. The
authors concluded that its measurement in blood could be useful as a biomarker for
occupational exposure to formaldehyde. For this study, 21 volunteers occupationally
exposed to formaldehyde were recruited from a plywood factory and a laminate factory;
30 non-exposed workers served as a control group. The procedure for each subject
consisted of the administration of a questionnaire, application of a passive sampler for
one eight-hour working day, collection of a venous blood sample for N-methylenvaline
determination, and collection of a urine sample to investigate the presence of cotinine (a
biomarker for tobacco smoke exposure). Formaldehyde levels in personal air samples
were significantly higher (P = 0.0001) for workers at both factories than for the controls,
whereas the difference between the two factories was not statistically significant. Mean
exposure levels were 0.092 mg/m’ [0.075 ppm] for the plywood factory and 0.076 mg/m’
[0.062 ppm] for the factory producing laminates. N-Methylenvaline distribution in blood
showed a direct positive relationship to formaldehyde exposure ( = 0.465), and
prevalence of the molecular adduct (as 