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Chapter

Summary Tabl es

Table 1 provides a summary of healtimdwelfarebased valuesesulting froman acuteand

chronic evalwuation of formaldehyde. Tabl
physical/chemical data.

Table 1 Health- and Welfare-Based Values

Short-Term Values Concentration Notes

AUES)[1 h]

15 ug/m’ (12 ppb)

Short-Term ESL for

Critical Effect(s): eye and nose irritation

(HQ =0.3) Air Permit Reviews in human volunteers

?Hcgezl:\ii;,){l n] 50 pg/m3 (41 ppb)* | Critical Effect(s): Same as above

acute ReV [24 ] 50 ug/m’ (41 ppb)* ° Critical Effect(s): Same as above

(HQ =1)

acugEg) 610 pug/m? (500 ppb)? ﬁ%‘?@?ﬁ{tgﬁzcgggrthreshoId; pungent,
UGG o concentrations producing vegetative effg

were significantly above other ESLs

Long-Term Values

Concentration

Notes

ChroniCESLnon"near(nC)

3.3 g/’ (2.7 ppb)
Long-Term ESL for

Critical Effect: elevated rates of
symptoms such as eye, nasal, and lowel

(HQ=0.3) Air Permit Reviews | airway discomforin humans
chronic ReV
(noncarcinogenic) 11 pg/n? (8.9 ppbf | Critical Effect(s): Same as above
(HQ =1.0)
ONE S Ly onlinear(c) Cancer Endpoint:

5.5ug/m’ (4.5ppb
(HQ =0.3) Hg/m™ (4.5ppb) nasopharyngeal cancer
chronic ReV " .
(carchogenic/nonlinear) 18 pg/m® (15 ppb)? Critical Effect

(HQ = 1.0)

cell proliferation/cytotoxicity in rats

chronicESI_veg

concentrations producing vegetative effe
were significantly above other ESLs

#Values that may be used for evaluatoddrambientair monitoring data.

® Appendix E provides theadiivation of the 24 hour Refér formaldehyde

Abbreviations usedopb, parts per billionug/m?, micrograms per cubic metér; hour;HQ, hazard
quotient;ESL, Effects Screening LeveReV, Reference Valué/"“ESL, acute healtfhased ESL;

S ESLogor, acute odobased ESLIESL,eq, acute vegetatiochased ESL“,h'O“'CESLnon“near(C), chronic
healthbased ESL for nonlinear desesponse cancer effe_cf@,"”'cESLnon”near(nc), chronic healtdbased
ESL for nonlinear doseesponse noncancer effectadéhm”mESLveg, chronic vegetatiobased ESL
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Table 2 Chemical and Physical Data
Parameter Value Reference
Molecular Formula CH,O ATSDR (1999)
Chemical Structure 5 ChemlIDplus
HJ\H

Molecular Weight 30.03 (g/mole) TRRP (2009
Physical State gas ATSDR (1999)
Color colorless ATSDR (1999)
Odor pungent, suffocating, highly irritating odor ATSDR (1999)
CAS Registry Number | 50-00-0 TRRP (2008
Synonyms andrade | Synonymsformic aldehyde, methanal, methyl | *ATSDR (1999)
Names aldehyde, methylene oxide 2IRIS (1989)

Trade Names: aqueougormalin, Formol,

Morbicid, Veracur; polymeriéorm -

Paraformaldehyde, Polyoxymethylene, Paraforr

Formageng;

Synonyms/Trade &imes: aldehyde formique

(French), aldehyd mravenci (Czech), aldeide

formica (Italian), BFV, FA, foraldehyd (Czech,

Polish), formalith, fyde, hoch, ivalon, karsan,

lysoform, methlene glycol, NGC02799,

oplossingen (Dutch), oxomethane, oxymethyler

polyoxymethylene glycols, RCRA Waste U122,

superlysoform, UN 1198 or 22@8oT)*?
Solubility in water 550,000 mg/L TRRP (2008
Low Kow 0.35 TRRP (2008
Vapor Pressure 3,880mm Hg at 25C TRRP (2008
VaporDensity (air =1) | .1.0 g/L at 6 C and 1 atm NAS (1999

Density (water = 1)

0.815 g/ml at20°C

ATSDR (1999)

Melting Point

-92°C

ATSDR (1999)

Boiling Point

-21°C

ATSDR (1999)

Conversion Factors

1 pg/nT = 0.813 ppb @ 25°C

1 ppb = 1.231g/m*

ATSDR (1999)
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Chapt er S0 uMacypedss e

2.1Sources

General informabn on formaldehyde sources, taken frdra Agency for Toxic Substancasd
Disease Registry (ATSDR 1999s given below.

Formaldehyde is produced by both anthropogenic and natural sources. Combustion
processes accoudirectly or indirectly for most of the formaldehyde entering the
environment. Direct combustion soureeslude power plants, incinerators, refineries,
wood stoves, kerosene heaters, and cigarétemaldehyde is produced indirectly by
photochemical oxidation of hydrocarbons or other formaldepyeeursors that are
released from combustion processes (NRC 198dring smog episodes, indirect
production of formaldehyde may be greater than direct emissions (Fishbein 1992).
Oxidation of methanes the dominant source of formaldehyde in regions remote from
hydrocarbon emissions (Staffelbach etl&91). Other amiropogenic sources of
formaldehyde in the environment include vent gas fformaldehyde production; exhaust
from diesel and gasolingowered motor vehicles; emissions from tise of formaldehyde
as a fumigant, soil disinfectant, embalming fluid, andheatanning agenemissions

from resins in particle board, and plywood; emissions from tesated fabrics and paper;
waste water from the production and use of formaldehyde in the manufacture of various
resins and as @éhemical intermediate; and wastater from the use of formaldehyde
containing resins (EPA 1976kleindienst et al. 1986; NRC 1981; Verschueren 1983).
Natural sources of formaldehyde include foffests, animal wastes, microbial products of
biological systems, and plant volatile

Formddehyde is naturally produced in very small amounts in our bodies as a part of our
normal,everyday metabolism and causes us no harm. It can also be found in the air that we
breathe at home arad work, in the food we eat, and in some products that werpatr

skin. A major source dbrmaldehyde that we breathe every day is found in smog in the
lower atmosphere. Automobile exhatrsim cars without catalytic converters or those

using oxygenatedasoline also contain formaldehyde.fgme, formaldehyde groduced

by cigarettes and other tobacco products, gas cookers, anfireptaces

The input of formaldehyde into the environment is counterbalanced by its removal by
several pathway$-ormaldehyde is removed from the air by direct photolysis and
oxidation by photochemically producérydroxyl and nitrate radicals. Measured or
estimated halfives for formaldehyde in the atmosphere rafigen 1.6 to 1%hours

depending upon estimates of radiant energy, the presence and concentratibes of
pollutants,and other factors (Atkinson and Pitts 1978; DOT 1980; EPA 1982; Lowe et al.
1980; Swet al. 1979).

Under clear daytime conditions, estimated residence time in the air may be on the higher end of
theabovereferencedange and is determined primarily byacgion with thehydroxyl (OH)

radical. Uhder rainynighttimeconditions residence time may be on the lower end of the range
due to wet depositiorChenier 2003)See Section 5.2 of ATSDR (199@r additional source
information
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As mentioned above, forngghyde is producegndogenously in our bodies. Normavéls

exhaled in human breath have been reported signéficant (Moser et al. 20Q5although TS

has serious concerns about the analytical method Hesdever, exogenous sources are also
importantThe United States Environmental {Scaetectio
Air Toxics Assessment (NATA) of emissions from the 1996 Natidioaics Inventory (NTI)

indicatedthat statewide, formaldehyde emissions from mobile sources (onroad andd)onroa

accounted for approximately 56.5% of thelNdrmaldehydeemissions in Texas, with major

facility sources and area/other sources (e.g., smaller facilities) comprising the remainder

(USEPA 2001).

The levels of drmaldehyde in indoor air are ofteen tmeshigher r morg thanlevels

outdoors depending on many factors (e.g., ventilation, indoor sources such as pressed wood
products, carpets, paints, cookiftARC 2006b).For example, average residential indoor air
concentrations in Canada are perhap®rder of magnitude higher than outdoor air
concentrationswith a reported average of 29.2 ppb indoors versus 2.7 ppb outdoors (Liteplo and
Meek 2003). In a 1997 European study (Jurvelin et al. 2003), the mean indoor residential level
was 33.3 ppleomparedo the mean outdoor residential level of 2.6 ppb, with the meanna¢rso
exposure concentration reported?24s4 ppb(IARC 2006b).In US residential indoor air,

reported mean levels range from approximateh810 ppb, including manufactured hosse

with the majority of reported means falling below 40 ppb (see Table 14 of IARC 2006b). Other
studies have reportederage indoohousehold concentration$ 26-30 ppb (nean of 26 ppb in
Krzyzanowski et al. 199@0 ppb in USEPA 1984 as cited in Imb@8% 28.5 ppb in

Quackenboss et d@989) Mobile homes may have meair formaldehyde levels of several
hundred ppb (38000 ppb), with peak concentrations potentially up to several thousand ppb
(1,7704,200 ppb) (Gough et al. 198MAS/NRC 1980ATSDR 2M®7) and higher

concentrations in newer homes (Garry et al. 1980)S office building indoor airherange of
geometriaoneanconcentratioareported for one studyreynolds et al. 20Qwas approximately
1.4-10.8 ppb, and the median in another studwafSdnd Singh 1988) was reported t®6beppb

(see Table 12 of IARC 2006 ew York and Los Angeles high school students have been
reported to have similar personal (& 22 ppbhb),
exposure levels (Sax et al. 2006)

2.2Uses

Formaldehyde is produced on a large scale and is used mainly in the production of phenolic,
urea, melamine, and polyacetal resins. Thesegare used widely as adhesieesl binders in

wood products, pulp and paper, synthetic vitreous filidustries, textile finishing, and the
production of plastics and coatings. Formaldehyde is also used extensively as an intermediate in
the manufacture of industrial chemicals (e.g.;dyfanediol) and in aqueous solution (formalin)

as a disinfectant amateservativeHistorically, the highest occupational exposure levels
(approximately 5 ppm) have been measured in the varnishing of furniture and wooden floors,
finishing of textiles, garm industry, treatment of fum manufactured board mills and
foundries,and forembalmers, pathologists, and paper workers (IARC 006

Additional informaton on formaldehyde uses, taken frémSDR (1999, is given below.

Formaldehyde is used in many industries. It is used in the production of fertilizer, paper,

4
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plywood, andureaformaldehyde resins. It is present in the air in iron foundries. It is also
used in the production @bsmetics and sugar, in weltilling fluids, in agriculture as a
preservative for grains and seed dressiimghe rubber industry ithe production of

latex, in leather tanning, in wood preservation, anghiotographic film production.
Formaldehyde is combined with methanol and buffers to make embdimiohg
Formaldehyde is also used in many hospitals and laboratories to preserge tis
specimend It is also used as a preservative in some foods, such as some types of Italian
cheeses, driefibods, and fish. Formaldehyde is found in many products used every day
around the house, suchagiseptics, medicines, cosmetics, digdshing liquids, fabric
softeners, sheeare agents, carpet cleanayisies and adhesives, lacquers, paper, plastics,
and some types of wood products. Some peoplexgresed to higher levels of
formaldehyde if they live in a new mobile home, as formaldehyde is givers a gas

from the manufactured wood products used in these homes.

See Section 4.3 of ATSDR (199@r additionaluse information.

ChaptAeEnuERal uati on
3.1Health-BasedAcute ReV andESL
3.11 Physical/Chemical Properties and Key Studies

3.1.1.1Physical/Chemical Properties

Formaldehyde is a colorless, flami@gas at room temperatuaed has a pungeristinct odor
(ATSDR 1999) The main chemical and physical propertiefonmaldehydeare summarized in
Table 2 Due to being highly water solléband reactiveinhalation exposure timrmaldehyde
produces mainly potrof-entry (POE) effects and treatedas a Category 1 Gas (USEPA 1994).

3.1.1.2 Essential Data andey Studies

Both human and animal noncarcinogestiedies mdicate thathe critical target orgarfer

airborne formaldehyde are the nose and eyes, with the lungs being a secondaryrtarget at
higher concentrations (ATSDE999. In other words, in both human studies (e.g., acute,
occupational, residential) and animal studies (i.e., acute, intermediate, chttanimopst
sensitiveor critical endpoint forexposure to formaldehyde is irritatiohthe eyesand upper
respiratorytract(i.e., nasopharyx, oral cavity, and throat)seandthroatirritation more
specifically with the eye generally being most sensi{i&&SDR 1999, Noisel et al. 2007At
concentrations higher than those generally associated with sensory irrgatadhreversible
effects on lung function have occurr@dteplo and Meek 2003)issues and organs distant from
the portalof-entrydo notexperienceoxic effects from formaldehyde levels normally expected
in ambient andvorkplace air due to rapidetocifying metabolism Additionally, results from
animal toxicity, pharmacokinetic, and anatomical airflow studies indicate that formaldehyde does
not reach lower regions of the respiratory traebatosureconcentration®©1 ppm(ATSDR

1999).

3.1.1.2.1Human Studies
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Human inhalation studies on tekortterm (i.e., acutg irritant effects of formaldehyde are
available and preferred over animal studies for the calculatian atute Reference Value
(ReV) and acute Effects Screening LeV&{'ESL). A summary ofhuman andnimal studies
may be found in ATSDR (1999).

Irritation of the eyes, nose, and throat are wleltumented effects of acutew-concentration
exposure to formaldehyde. The irritant effects of formaldehyde are restricted tegbamidly
tissues due to theigh water solubility and reactivity of formaldehydes well aghe ability of

cells to rapidly metabolize and detoxify formaldehy@tidies of humans under controlled
conditions clearlyndicate that acutéshortterm)exposures tair concentrationsanging from

0.4 to 3 ppmnduce reversiblenild to moderateye, nose, and throat irritatioproduce changes
in nasal lavage fluid contentsdicative of irritation of the nasal epitheliyenddo not
consistently or markedly affectipnonary function variables in most individug@sT SDR

1999) Controlled human exposure studies provide the bestr@spense data on the irritancy of
formaldehyddor quantitative risk assessméNMAS/NRC 1980) Two such studiefazdrak et

al. (1993)and Krakowiak et al. (1998), are used as key studies for derivation of the acute ReV
and®""ESL.

Key Studies Pazdrak et al. (1993)

Pazdrak et al. (1993) exposed 20 volentenine of whom haskin hypersensitivity to
formaldehyde, to 0.5 mg/h(0.4 ppm) formaldehyde for B. Clean air served as placebo.
Symptoms of rhinitigi.e., number of sneezedegree of mucosal edema, rhiriga, itching)

were measured and scoréthsal lavage was performed before exposure, immediately after, and
4 and 1& afterexposure had endelllorphological (e.g., cell number fiirential count) and
biochemicalle.g.,albumin and totgbrotein levelsthanges in nasal lavage fluickre evaluated.
Thetotal number of eosinophils and basophils (metachromatic cells) werenaetdr and the
differential count determined number of epithelial cells, eosinophils, neutrophils, basophils, and
mononuclear cells (includes lymphocytes and monocps200 cellsThe study showed

transient burning sensation of the eyes and nasalgegsssansient symptoms of rhinitis (i.e.,
increased itching, sneezirand congestionandnasal washing changes (i.e., increased
eosinophilcount/proportionalbumin, and totgbroteinlevels)at0.5 mg/nt (0.4 ppn). Tryptase
concentration in nasal lavageas also measured but did not show any incrdagetase is

involved in the allergic responge most abundant secretg@ranulederived serine protse
contained in mast cellanda measure of mast cell degranulatidhe study authors conclude

that the lack of evidence for mast cell degranulaielease of inflammation mediata®sch as
histaming, the unchanged number of basophils, and the similarity of responses in hedlthy a
sensitized subjects indicatee occurence of nonspecific, nonallergic inflammatory processes in
the nasal mucosdahe lowesbbserveeadverseeffect level (LOAEL) from Pazdrak et al. (1993)

is 0.5 mg/m (0.4 ppn) based on transient burning sensation of the eyes and nasal passages and
transiert symptoms of rhinitif?azdrak et al. (19938)as used by ATSDR (1999) in derivation of
the acute inhalation minimal risk level (MRL).

Key Studies Krakowiak et al. (1998

Krakowiak et al. (1998) exposed 20 volunteter.5 mg/ni (0.4 ppm) formaldehyde forl2
Ten of the volunteensad occupational exposure tarftaldehyde, had historicalgxperienced

6



Formaldehyde
Pager

rhinitis and asthmatic symptoms in the workplagere suspecteof having espiratory

formaldehyde sensitizatipandhad beemliagnosed withbronchial asthmarobably being due

to formaldehyde exposure (i.e.rfiealdehydenduced asthmaClean air served as placebo.

Nasal symptoms (i.e., number of sneezes, degree of mucosal edema, rhinorrhea, itching) were
measured and scored.d bccurrence and intensity of clinical symptoms from the lower
respiratory tract (i.e., coughing, dyspnea (shortness of breath)) were also redasiddavage

was performed before exposure, immediately after, and 4 ah@f2dr exposure had ended.
Morphological changes in nasal lavage fluid were evaludieel total number of eosinophils and
basophils (metachromatic cells) were determined, and the differential count determined number
of epithelial cells, eosinophils, basophils, and mononuclear cetlsifies lymphocytes and
monocytes) per 200 cellBiochemical (g3., albumin, total proteirtryptase and eosinophil

cationic proteirlevels) changes in nasal lavage fluid were also evaluBtedchial response

was measured bysometry. Forceaxpiratory volume in 1 second (FEMvas measured prior

to exposure, immediately after, and 5 anch2fter exposure. Peak expiratory flow (PEF) was
measured at theeginning of exposure amyery hour for 12, and again at 24 after exposure.

A histamne inhalation test utilizing various concentrations (0.03, 0.06, 0.125, 0.250, 0.5, 1, 2, 4,
8, and 16 mg/ml) and FEVheasurements was performed at the beginning of exposure, 5
minutes into the exposure, and24fter exposure?GoH was defined aghe histamine dose
producing a twenty percent decrease in EHWtal serumimmunoglobulin gamma HJE) and
formaldehydespecific serum IgE antibodies were measured.

The0.4 ppmexposuran Krakowiak et al. (1998producedransient symptoms of rhinit(se.,
increased sneezing, itching, and congestion) in all subjects, which were most severe immediately
after inhalatior(less severe K later). There was naignificantdifference in nasal response

between healthy subjects and asthmatic subjects occupatierptised to formaldehyda.

typical allergen challenge triggers both the influx of mast cells and eosinophils (leukocytes
which play major roles in allergic and inflammatory responses), and the pronounced increase in
the concentrations of their respecterezymes, tryptase and eosinophil cationic protein.
Combined, these may be used as markers of nasal allergic re@bgomumber of eosinophils

and leukocytescreased following exposurehile the levels of tryptase and eosinophil cationic
protein didnot Regarding pulmonary functionprasthmatic subjects developed clinical
symptomsof bronchial irritation, and there wene significantchanges in FEV, PEF, or PGH

values in healthy or asthmatic subjects due to formaldehyde exposure, althougieline ba

FEV; and PEF values for healthy aasthmatic subjects differeBormaldehyde did not increase

the bronchial response to histam(PC,oH) in asthmatic subjectdlo formaldehydespecific IgE
antibodiesvere detected inasthmaticsubjects with occup@nal exposureThe authors

concludel that the lack of evidence for mast cell and eosinophil degranulation and the similarity
of responses in healttand asthmatic subjects indicdlbe occurrence of nonspecific, nonallergic
inflammatory processes in tinasal mucosa he LOAEL fronKrakowiak et al. (1998) i8.5

mg/n? (0.4 ppn) based on transient symptoms of rhinitis

Supporting Study Kulle et al. (1987, 1993)

Pazdrak et al. (199@ndKrakowiak et al. (1998) are supportedKuile et al. (19871993,

which had a nabserveeadverseeffectlevel (NOAEL) for eye irritation (0.5 ppm) higher than
the LOAELSs from the two key studies (0.4 ppidille et al. (19871993 examined pulmonary
function and irritant symptoms t® volunteers exposed to up to 3p at rest (plus 2 ppm when
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exercising) for 3. Exposure groups included formaldehyde concentrations of 0, 0.5, 1.0, 2.0,
and 3.0 ppm. There were no significant decreases in pulmonary function or increases in
bronchial reactivity in response to methachelExercise significantly increased nose/throat
irritation. Nasal flow resistance was increased at 3.0 [gignificant dosaesponse

relationships in odor and eye irritation were observeitd Bye irritation(21% of subjectsand
moderateeye irritation(5% of subjectsjvereobservedat 1 ppm but not 0.5 pprKulle (1993)
reexamined the response data with additional statistical methodology and estimated threshold
levels as 0.5 to 1.0 ppm for eye irritation anddpénfor nose/throat irritationThe LOAE and
NOAEL based on eye irritation in Kulle et al. (1987, 1993) are 1 ppm and 0.5 ppm, respectively.

Data from Kulle et al. (1993) are amenable to BMD modeling. Therdfad,oxicology
Section (TSpf TCEQperformed BMDmodeling on the eye irritatiorata(i.e., mild, moderate,
mild/moderate combinegyresented in Table 3 of Kulle et al. (1993) using USEPA BMD
Modeling Software Version 1.4.Goodness of fit was evaluated by visual inspectiith scaled
residuals < 2 and goodnegsffit p values >0.1,and several modetgppeared tdit the data
adequatelyBenchmark concentration low (BMCL) valuesrrespondig to the 5% response
level (BMCLqs) for extra risk at the 95% confidence lewadre approximately 0.306.363ppm
for mild eye irritation ad 0.6120.652ppm for moderate eye irritatipwhile BMCLgs valuesfor
mild/moderate combinegereslightly lower at0.2860.329 ppm(seeAppendix A).

Eye irritationbased on mild/moderate combingds selected as the endpoint of concern from
Kulle et al.(1987, 1993)While several models had adequate goodness, ¢iiditprobit and
logistic models had lowdand similar)AIC values, indicating a better fithe BMCLgsvalues
from these two models (0.286 and 0.316 ppm) were averaged to give a humanf-gejpdrture
value PODyec) value of 0.30 ppniThis value issimilar tothe study NOAEL(0.5 ppm)at which
0% of the study participants respond&de California EnvironmentalProtectionAgency
(CalEPA)calculated aimilar BMCLqs (0.44 ppm based orthe probit model and th&ulle et al.
datafor derivationof thefinal 1999acute reference exposure leyeHL) and the draft 2007
acute REL (CalEPA 1999, 2007)

Supporting Study Lang et al. (2008)

The key studies are also supported by Lang €2@08), which had eeportedNOAEL for eye
irritation of 0.5 ppmfor a 4h exposurewith no peakexposurs. This reported NOAEL ikigher
than the LOAEL®f 0.4 ppmfrom the two key studietang et al. (2008) examined sensory
irritation (objective andubjective measures), nasal flow and resistance, pulmonary function
(e.g., PEF, FEY}, reaction time, and personality factors in 21 healthy human subjects exposed
for 4 h to 10 different exposure conditions. The exposure conditions indiuadyed

formaldehyde concentrations of 0.15, 0.3,0% ppm, with or withoutour formaldehyde peaks

of 0.6 or 1ppm andin thepresence or abseno&ethyl acetate (:26 ppm) as an odorous
masking agent (see Table 1 of Lang et al. 2008¢. study data most applicalite supporting
derivation of the acute ReV afAt"ESL is that based on exposure without peaks, although a
discussion of the results of exposure with peaks is also proAdagal analytical exposure
levels are reported in Table 6 of the studgntrolexposure was either to O ppm formaldehyde
or 0 ppm formaldehyde with the addition of ethyl acetatenasdarousnasking agent, which
was reported not to ba aritant at the concentrations usddhe perception of odors may cause
increased reporting ofritation due to insufficient distinction between olfactory stimulation and

8



Formaldehyde
Paged

trigeminal nervanduced irritationObjective measures of sensory irritation included
ophthalmologic grading of conjunctival mucosa rednegs (L=very slight to 4=severe) and
blinking frequency (blinks per 90 seconds), and subjective measures included scores for
eye/noshaespiratoryirritation and olfactory symptome(g.,1=slight to 5wvery strong) as
reported orcomplaint questionnaires (seable 3 of Lang et al. 2008).

Expoaures without peaks:There were no significant differences in nasal resistance/flow or
pulmonary functionDecision reaction time in response to a visual and/or acoustic stimulus, but
not motor reaction time (i.e., movement time), was significantly incdeasine 0.3 ppm

exposure group. However, this was not observed in any of the 0.5 ppm formaldehyde exposure
groups and was not considered exposalated. Reported eye irritation was significantly

increased at 0.3 and 0.5 ppm formaldehyde as compareel @opgpm control exposure.

However, reported eye irritation was not increased at 0.3 or 0.5 ppm formaldehyde as compared
to the O ppm plus masking agent control exposure. Consequently, the study authors apparently
did not consider 0.3 or 0.5 ppm formalddbyas the LOAEL for eye irritation (i.e., the increased
reporting could have been due Thestutytaghogser cept i
report the NOAEL based on objective and subjective measures of eye irritation to be 0.5 ppm for
exposure witbut peaks

Exposures with peaksNasal resistance/flow and pulmonary function did not show significant
differencesSignificantly increased nasal irritation was reported at 0.3 ppm with 0.6 ppm peaks
(and 0.5 ppm with 1 ppm peaks) as compared to bothat@moups (i.e., 0 ppm formaldehyde

andO ppm plus masking agen8tatistically increased conjunctival rednassl blinking

frequency werebserved at 0.5 ppm with fourghm peaksbut not in any of the 0.3 ppm
formaldehyde group£ye irritation wassignificantly increased at 0.3 ppmth 0.6 ppm peaks

(and 0.5 ppm with 1 ppm pegkas compared to the 0 ppm plus masking agent control exposure
However, eye irritation at 0.3 ppm with 0.6 ppm peaks was not reporédsbtbesignificantly
increased copared to the O ppm group, although it seems it should be based upon examination
of Figure 7 of the study.

The finding ofsignificantly increased reporteglye irritation in the 0.3.6 ppm range in this
study(i.e., 0.3 ppm with 0.6 ppm peaks comparedhéoQ ppm plus masking agent control, 0.3
and 0.5 ppm compared to the O ppm contieids support to theye irritation LOAEL of 0.4
ppm fromthe Pazdrak et al. (1993&ey study

3.1.1.2.2 AnimalStudies

Human studies are available and preferred overarstndies for calculation of the acute ReV
and®*“ESL. Therefore, this document focusesrelevant human studies (see aboR&ase
refer to ATSDR (1999) for a discussion of shi@tm animal inhalation studies.
3.1.2Metabolism and Mode-of-Action Analysis

3.1.2.1 Metabolism

Formaldehyde is an essential metabolic intermediate in all cells. It is produced duringriaé n
metabolism of serine, glyte, methionine, and choline and by the demethylation-pSNand
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O-methyl compounds. The metaboligihother chemicals (e.g., carbon tetrachloride, endrin,
paraquat, dichloromethane, 2,3;1,8DD) is also known to generate formaldehy€igure 1
(which is Figure 23 from ATSDR 1999) summarizes the metabolic pathways of formaldehyde
biotransformationFollowing endogenous production, formaldehyde is rapidly metabolized by
formaldehyde dehydrogenase to formate (glutathae@endent) in all tissues of the body and is
quickly removed by the blood. Ultimately, formate is either excreted in the urine (pyiragril
formic acid), incorporated into other cellular molecules (e.g., purines, thymidine, and amino
acids via the tetrhydrofolatedependent orearbon biosynthetic pathways), fartheroxidized

to carbon dioxide and exhal@dTSDR 1999) Most formate i®xidized to carbon dioxide and
exhaled (Collins et al. 200ARC (2006) reports that while urinary levels of formate have
considerable intreand interindividual variability, the average is about 12.5 mddeither
formaldehyde nor formate as¢ored taany significant extent in any tissue of the body (ATSDR
1999).

Exogenous formaldehyde appears to be readily absorbed from the respiratory (and
gastrointestinal) tracMore than 90% of inhaled formaldehyde is absorbed in the upper
respiratory tract (IARQ006G). Absorption appears to be limited to cell layers immediately
adjacet to the point of contachn rats it is almost entirely absorbed in the nasal passages, while
in monkeysit is also absorbed in the nasopharynx, trachea, and proximal regiesrojor
bronchi (IARC 2008). Formaldehyde dehydrogenageickly metabolies the formaldehyde
glutathione conjugate to formateue to rapid metabolism to formatg formaldehyde
dehydrogenasdittle (if any) formaldehyde can be found in the blood (ATSDR 19@8jile

there is intetindividual variability, the mean blood concentration prior to an inhalation exposure
wasreported to b2.76 pg/g of blood in one study (Heck et al. 19&8)d IARC(2006) reports

that the concentration of endogenous formaldehyde in human blood is ebouy/2. TheHeck

et al. (1985ktudydemonstrated thdbrmaldehyde exposure in rats (14.4 ppm fdW 2nd

humans (1.9 ppm for 40 minutes) did not significaniyréeasdormaldehydéblood levels,

indicating thatappreciable absorptiamly occurred in tissues of the respiratory tract, absorbed
formaldehyde was metabolized before reaching the bloodstream, and toxicity at distant sites (i.e.,
systemic toxicity) is olikely. Additionally, Casanova etl. (1988)showed no differences
betweerpre- and postexposureRhesus monkey blood formaldehyde levels follovadgweek
exposure to 6 ppm, which the authors attributed to rapid local metabolism. Heck et al. (1982)
showed that formaldehyde levels in the nasal mucosa of rats did not increase following subacute
exposure (6 ppm, B per day for 10 days), which might also be attributed to rapid metabolism.
Formaldehyde not metabolized by formaldehyde dehydrogenase may fofapidtein cross

links (Figure 1).

The glutathionanediated metabolism of formaldehyde has been shown to be satorettesht
exposure concentrations above 4 pfime approximate concentration where significant increases

in cell proliferation, DNAprotein crosdinks, and tumors begin to occur (NICNAS 2006)s
expected that thisaturation contributes significantly to the nonlinearity of the induction of
DNA-protein crosdinks, nasal lesions, and nasal tumors at exposures above 5 to 6 ppm tn the ra
(CHT 1999) The inhibition of DNA replication bypNA-protein crosdinks is likely a major

cause of formaldeydeinduced mutations (CIIT 1999and has implications for the carcinogenic
assessment (see Section 4.2.52eATSDR (1999)for additionalinformation regarding
formaldehyde metabolism.
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1. Metabolism to Formate / CO2;
glu-cys-gly
FDH |

FM + glu-cys-gly g glu-cys-gly ———— s + NADH + H+

(GSH) NAD+ |

-CH20 HCO
SFeR slu-eys-gly HCOO — co:
- 1.SH + (Formic Acid)
(GSH) \

MNa Formate
(excreted in urine)

2. Binding to Tetrahydrofolate (TH4):

Intermediary metabolism reincorporate into
FM + TH4 g™ FM ---THs —W=— in C‘Wpoo'l ™ macromolecules

3. Non-enymatic reactions with suifhydryl groups and urea:

FM + cysteine —==—  thiazolidine-4-carboxylate
S,

FM + OC(NHz2)z ~—#— HOCHz—HN—C—NHz + HOCHz=—NH— C— NH —CH20H
(urea hydroxymethyl adducts in urine)

4. DNA and Protein Cross-Linking:

FM + DNA + protein ——®=— DONA— NH=— CHz— NH— protein
(DNA and protein cross-links)

fast slow

1h pathway
EM + protein m protein— NH— CHz20H ———
- (protein conjugation) — ——a——

protein= NH —CHz2 =— NH —protein
(protein cross-links)

Key to Figure:

FM = Formaldehyde TH4 = Tetra hydrofolate DMA = Deoxyribonucleic Acid GSH = Glutathione
NAD+ = Nicotinomide adenosine dinucleotide SFGH = S-Formyl Glutathione hydrolase
FDH = Formaldehyde Dehydrogenase

Sources: Bolt 1987, Restani & Balli 1991; d'A. Heck et al. 1990;
IARC 1995 WHOD 1989; Casanova-Schmitz et al. 1984

Figure 1. Metabolic Pathways of Formaldehyde

3.1.2.2Mode of Action (MOA)Analysis

An MOA is generallydefined as a sequence @ykevents and processesgafting with

interaction ofan agent with a cell angroceeding through opéranal and anatomical changes)
resulting in toxicity(USEPA 2005a)The toxicity of famaldehyde is routdependent and

irritation at the point of contacgésults frominhalation,oral, and dermal exposurt sufficiently

high air concentrationsormaldehydeand nmany other compoundsre irritating to theyes and
respiratory tractln regardto the MOA, tritation may be sensory and/or pathological in nature
(Arts et al. 2006). Chemicadly-induced sensoryritation involves interaction with local nerve
endngs €.g.,nervus trigeminus), and is also called chemosensory irritation or trigeminal
stimulation Sensory irritation can also involve the chemical stimulation of the vagal or
glossopharyngeal nerveBhe free nerve endings of the trigeminal system innervate the walls of
the nasal passages and eyes and respond with, for example, nasal pungency or watery/prickly
eyes to a large variety of volatile chemicals. Chemigaltijuced trigeminal nerve stimulatio
contributes to a sensation of general nasal and eye irritability, but does not necessarily lead to
pathological changes such as cell or tissue darffateet al. 2006). Paustenbach (2000)

defines sensory irritants as chemicals that produce temporynaesirable effects on the eyes,
nose, or throaSensory irritation induced Hprmaldehyde mainly consists of eye and nose
irritation. Pathological irritation involves a localizgathologicalor pathophysiologicalesponse
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(e.g.,cell necrosistissuedamage hyperplasiaswelling, redness, prurigitching) or pain in a
localized area of the respiratory trait)a chemica{Arts et al. 2006 Sensory and pathological
irritation are threshold effects whialnayoccurin tissueat sites wheréormaldehyde is
deposited and absorbdie., points of contact)

Most inhaled formaldehyds ideposited and absorbed&gions of the upper respiratory tract
with which it firstcomes into contact. In obligate nose breathers (e.g., rats, mice)
depositim/absorption occurs primarily in the nasal passages, while in oronasal breathers (e.qg.,
monkeys, humansit occurs in the nasal passages, oral cavity, trachea, and bronchus (Liteplo
and Meek 2003)Since formaldehyde is highly reactive and cells at tteecdicontact are readily
able to metabolize {i.e., the ability of cellso metabolizédormaldehyde isibiquitous),
inhalationand oraltoxicity studies have generally found thab r ma | dtexic gffdces ars
restricted to portabf-entry tissueOnly under conditions where local detoxification capacity is
overwhelmed would distant site effects be plausible (Collins et al. 2A0fhgchanisnthrough
which distant site toxicity might be expressed is unclear.exampleexposurdo relatively

high corcentrations (rats exposed to 14.4 ppm for Bumans exposed to 1.9 ppm for 40
minutes) doesot significantly increase blood levdldeck et al. 1985)Thus, toxicity at distant
sites (i.e., systemic toxicity) is unlikely.

3.1.2.3 Possible Mechanisms Attion

Mechanism of actigras opposed to MOAs a more detailed understanding and description of
events, often at the moldanlevel (USEPA 2005aA general discussioon the possible
mechanisi(s) of action forformaldehyde toxicityprimarily taken fom ATSDR (1999), is given
below.

While thespecificmechanisr(s) ofaction by whicformaldehydemay exerits irritant,

corrosive, and cytotoxic effects anetknown, relevant information is discussed here.
Formaldehyde (and otheldahyde$ are reactivand have highly electronegative oxygen atom
and leslectronegative atontf carbon. The carbonyl grougelectrophilicandreacs readly

with nucleophilic sites on cethembranesndamino groups in protein and DNA (Feron et al.
1991).Formaldehydeeadily combines with free, unprotonated amino groups of amino acids to
yield hydroxymethyl amino acid derivatives and a protor)(hivhich is believed to be related to
its germicidalpropertes. Higher concentratioqgecipitate potein (Loomis 1979). Hiter of
thesetwo mechanistiropertieq(i.e., reactiorwith free, unprotonated amino grouips
precipitation of proteindr perhaps other unknown properties may be responsible for the
formaldehydenduced irritation|t is probablethat toxicity occurs whemtracellular levelsof
formaldehydesaturate formaldehyde dehydrogenase actittitgreby overwhelmingatural
protection againstormaldehyde and allowingnmetabolizedormaldehyddo exert its effects
locally. High doses are cytotoxic and result igdreration and necrosis of mucosal and
epithelial celllayers,consistent with the hypothesis that toxic effectsnaeeliated lp
formaldehyde itself and not timeetabolitesFormaldehyde caalsoform DNA-protein cross

links in vivo.

See Section 2.4.2 of ATSDR (1999) for more detailed information on the possible mechanism(s)
of action forformaldehydeinduced toxicity.
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3.1.3Dose Metric

In thekey and supportingtudies, data oformaldehyde aiconcentratiorareavailable.
Formaldehyde aiconcentrations the most appropriate dose metric for the acute evaluation as
concentration is the dominant determinant of irritation in acute exposure studies (TCEQ 2006).

3.1.4Points-of-Departure (PODs) for the Key and Supporting Studies

The LOAEL 0f0.5 mg/nt (0.4 ppm) (analytical concentration) from the Pazdrak et al. (1993)
and Krakowiak et al. (199&ey studies will be used as theman equivalent concentration
pointof-departure (PORxc) in calculation of the acute ReV and E&lortheKulle et al. (1987
1993 study, the calculatedBM CL s (0.30ppm) islower thanthe NOAEL (0.5 ppmand will be
usedas the POR:cfor supporting study calculationSor the Lang et al. (2008) supporting
study, the reported NOAEL (0.5 ppm) will be dses thdPODyec,

3.1.5Dosimetric Adjustments

Sincetheacute irritant effectsf formaldehyde appear to be marily concentration dependent,
exposure duration adjustmemtsrenot used to extrapolate fromh2o 1 h for the key studies, or
from 3 h and 4 Ho 1 h for the supporting studigsonsistent with TCEQ (2006)

Pazdrak et al. (1992)nd Krakowiak et al. (199&ey studies
PODyec= 0.5 mg/nt (0.4 ppm) (LOAEL)

Kulle et al. (1987pupportingstudy
PODyec= 0.30ppm BMCLos)

Lang et al. (208) supporting study:
PODuec= 0.5 ppm (NOAEL)

3.1.6Critical Effect and Adjustments of the PODgec

3.1.61 Critical Effect

The most sensitivendpoint for exposure to formaldehyde (shartd lorg-term) isirritation of
the eyes and upper respiratory tria&., nasopharyx, oral cavity, and throat)seand throat
irritation more specifically (ATSDR 19997 he specificcritical effectof formaldehydeexposure
in the key studiefPazdrak et al. 199&nd Kiakowiak et al. 1998is sensory irritation, more
specifically,eye and nose irritation arsymptoms of rhinitige.g., increased itching, sneezing
and congestion The sipporing studiedy Kulle et al. (1987and Lang et al (200&)Iso
repored formaldehydeénducedeye(and noseijrritation.

3.1.6.2Uncertainty Factors (UF$

Sensory irritation is the critical effect of shoerm formaldehyde exposure aisa threshold
effectasdiscussed ithe MOA analysis$ection 3.1.2). For noncarcingenic effectsvhich
exhibit athreshold (i.e.honlineaj MOA, a PODQyec is determine@ndappropriatdJFsare
appliedto derive a ReV
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The LOAEL fromthe Pazdrak et al. (1992)nd Krakowiak et al. (199&ey studies@.5 mg/m)
was used as theODyec and divided bythe following uncertainty factors (UFs): 3 for
extrapolation from a LOAEL to a NOAE(UF,), 3 for intrahuman variabilitfUFy), and 1 for
database uncertain(UFp) (total UF = 10). The UF for extrapolation from animals to humans
(UFR,) is inapplicable and is assigned a value of 1 in the equation belbll, Af 3 was used
since the LOAEL is considered minimal due to the mild symptoloservedmild and reversible
irritant effects see Table 2 of TCEQ 200 and the clinical significance @ehanges in the
nasal lavage fluid is uncertaimhis is consistent with ATSDR (1999), which utilizetVg,_ of 3
with Pazdrak et al. (1993) for use of a minimal LOAIELcalculating he acutenhalation MRL

A UFy of 3 was used for intrahuman variability since the irritant ¢$feere observed in studies
which includedpotentiallysensitive subpopulatiati.e., formaldehyde sensitizeat potentially
sensitizedndividuals). AUF of 1 was used because the ovei@icological database for
formaldehyde is extensiv&he acute database contains numerous inhalation studies in both
humans and animals examining a range of potential formaldehgdeed effects both more
serious (e.g., nasal epithelial necrosis, hylasip, squamous metaplasia, increased cell
proliferation, ciliary destruction) and less serious (e.g., eye, nose, throat irritation, small changes
in pulmonary function)n nature Several human studies have included potentially sensitive
individuals (e.g.asthmatics), and among animal studéeveral species/strains have been
utilized (e.g., rats, mice, guinea pigs), including monKéysSDR 1999).

TheBMCL s based orKulle et al. (19871993 wasused as aupporting® ODyec with the
following UFs: 10for the UFy, 1 forthe UFp, and 1 forthe UF, (total UF = 10). Consistent with
TCEQ guidelines (TCEQ 2006),U of 1 was used since BMD modeling was performed.
BMD modeling of the data was conductgdhe 5% response level wi#% confidenceand

the lesultingBMCL s (0.30ppm) was lower than the actual NOAEL (0.5 ppm). The 8F
inapplicable and iassigned valueof 1 in the equation below. A value of 10 was usedtfer
UF since the study did not include a potentially sensitive subpopul@ignsensitized
individuals, children)and the scientific literature indicatasroad range of reported
susceptibility of humans to the irritating properties of airborne formaldehyde (ACGIH Z2001).
UFp of 1 was used because the overatidological databse for formaldehydes extensive.

The NOAEL based on Lang et al. (2008) waed as aupporting?ODyec with the bllowing

UFs 10 forthe UFy, 1 forthe UFp, and 1 for th&JF_ (total UF = 10). AUF_ of 1 was used since
the NOAEL was utilized as tHeOD4ec. The UR is inapplicable and iassignedx valueof 1 in

the equation below. A value of 10 was usedi@UF since the study did not include a
potentially sensitive subpopulati¢e.g., sensitized individuals, childreand the scientific

literature indicatesa broad range of reported susceptibility of humans to the irritating properties
of airborne formaldehyde (ACGIH 2001A.UFp of 1 was used because the overall toxicological
database for formaldehyde is extensive.

3.1.7Health-BasedAcute ReV and *““ESL

As discusseth the previous section, UFseaapplied to th€ OD4ec from thekey studies
(Pazdrak et al. 1993 and Krakowiak et al. J98&derive theacute ReV

Pazdrak et al. (1993)nd Krakowiak et al. (1998) key studies
acute RV = PODyec/ (UFy X UFaX UF X UFp) =0.5 mg/ni/ (3 x 1x 3 x 1) =
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0.05 mg/n? or 41ppb
Kulle et al. (19871993 supporting study

acute RV = PODQyec/ (UFRy X URAaX UFR_ X UFp) = 0.30ppm / (10x 1 x 1 x 1) =
0.030 ppm or @ ppb

Lang et al. (200Bsupporting study

acute RV = PODQyec/ (UFRy X URAaX UF X UFp) = 0.5ppm / (10x 1 x 1 x 1) =
0.05 ppm or 50 ppb

Theacute ReWalue based on the key studieas rounded towo significant figures at the end
of all calculationsThe roundedicute ReWvas then used to callate the®"ESL.Rounding to
two significant figures, the £h acute Re\is 50 ug/m® (41 ppb) based on Pazdrak et al. (1993)
and Krakowiak et al. (1998\t the target hazard quotient of 0.3, 8f8ESL is 15ug/m® (12
ppb) (Table 3.

Based on th8 MCLgs from the supportinglulle et al. (1987 1993)study, the céculated
supportingacute ReV (30 ppb or 31g/m’) and®**““ESL(9 ppb or 1L pg/m°) are similar Similar
supporting values would have also resulted from utilizing the NOAEL (0.5 ppm) frdie é€u
al. (1987 1993) as the PQlpc (0.5 ppm / total UF of 16 supporting acute ReV of 50 ppb and
ESL of 15 ppb)Additionally, the spporting acute ReV (50 ppland®**“"ESL (15 pph based on
Lang et al. (2008) are similar

3.1.8 Comparison of AcuteReV to other Acute Values

The acute ReV41 ppb) isalmost identical tahe acute MRL(40 ppb)by ATSDR (1999knd the
nationalshortterm investigation level (24 concentration of 40 pplused by Australia in the
interpretation of monitoring data and thature/extent of public health risk (NICNAS 2006). It is
slightly lower than the 1999 final acute REInd 2007 draft acute RElevelopedy CalEPA
(1999 2007, the 3@minute air quality guideline for Europe (WHO 2008hd the recommended
shortterm(e.g, hourly)ambientair (and indooy standard for Australia (NICNAS 20Q6)he
aUESL (12 pph is the same as the Australiatate environment protection policy ley&ih)

used to evaluate air monitoring data (NICNAS 2006).
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Table 3 Derivation of the Acute ReV and *“"ESL

Parameter Summary

Study Pazdrak et al. (1993) and Krakowiak et al. (1998)
Study population Pazdrak et al. (199320 human volunteers (9 with sk

hypersensitivity to formaldehydefrakowiak et al.
(1998):20 human volunteerd.0 with bronchial asthm
andsuspected respiratory formaldehyde sensitizatio

Study quality medium

Exposure Methods 0.5 mg/m (0.4 ppm) formaldehyde for2

LOAEL 0.5 mg/mi (0.4 ppm)

NOAEL None (0.5 ppm for the supporting study)

Critical Effects Eye and nose irritatiosymptoms of rhinitis
POD.ec 0.5 mg/m

Exposure Duration 2h

Extrapolationto 1 h Not Applicable, effects concentration dependent
Extrapolated 1 h concentration 0.5 mg/m

Total UFs 10

Interspecies UR 1

Intraspecies UR 3

LOAEL UF| 3

Incomplete Database U| 1
Database Quality high

Acute ReV [1 H (HQ = 1) 50 pg/m° (41 ppb)

Acute ESL [1 h] (HQ =0.3) 15 pg/m® (12 ppb)

3.2.Welfare-Based Aute ESLs
3.2.1 Odor Perception

Formaldehyddnas a pungent, suffocatirandhighly irritating odor (ATSDR1999). Nagata
(20@) and Leonardos et 4l1969) havendor threshold information for formaldehyde and have
been approved by TED) as references (see Appendix OGEQ 2006. Nagata (208) listsa

50% odordetectionthreshold of 500 ppt610 pg/nT) for formaldehyde, and Leonardos et al.
(1969) lists a recognition threshold of 1.2 mg{thppm). Therefore, 500 pfb10 pg/nt) will

be used as tHE"ESLqor Since odor is a concentratialependeneffect, thesame™  ESLygor iS
assigned to all averaging times.

3.2.2 Vegetation Effects

Mutters and Madorel@93) conclude thatconcentrations five times higher than previously
observed peaks in and around urban areas will probably have no harexdtsg eff shorterm
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plant growth(i.e., concentrations up to about 365 pphjditionally, rees have a sufficient
ability to absorb and rapidly metabolize formaldehyde and could act as an important sink for
atmospheric formaldehyd&ondo et al. 1996)in three tree species, exposure to concentrations
as high as 2,000 ppb forh&lid not produce visible foliar injury, consistent with other studies
which showed no adverse effects on various plant species (e.g., spider plants)jeeses) to
shortterm (eg., 25 h) concentrations ranging from 44®,000 ppl{Kondo et al. 1996).
However,exposure to 2.88 mg/f(2.4 ppm) for 1 tor 0.44 mg/ni (0.37 ppm) of formaldehyde
for 5h has been shown to decrease the pollen tube length of lighpgrains Lilium
longiflorum). Exposure to @4 mg/ni (0.37 ppm)or 1 h, however, did not produce this effect
(WHO 1989. Additionally, exposure to 700 ppb forbwas reported to causeliar (leaf)
lesions in alfalfabut not spinach, endive, beats oats(HaagerSmit et al. 1952)Exposure to
2,000 ppb for 2 hhowever, was not reported to cause foliar injury in alfaif@ach, endive,
beets, or oatdAn *"ESL,.,Was not developedrge the 1h concentration (2.4 ppm) aneh2
concentration (2 ppnproducng effectsaresignificantly higher thathe acutdhumanhealth
basedkey studyL OAELs discussed above (Op¢pm) and the calculatedcute ReV (4ppb) and
acu'Eg) (12 ppb are significantly éss than the sherérm (15 h) levels discussed above which
produced effects (372,400 ppb) Therefore, thacute ReV an8™"ESL are expected to be
protective of acute vegetative effects, and there is no need to devéfifE@i, 4 value.
Additionally, based on historical data-h concentration range for 20@D06 of approximately
0.4-69 ppb, th mean < 10 ppbshorttermambient ailevels measured in Texase not
expected to approacphytotoxic levels.

3.3.ShortTerm ESLand Values for Air Monitoring Evaluation
The acute evaluation resulted in the dation of the followingvalues:

1 acute Re\=50ug/m3(41 ppb)
1 acuteESL 25ug/m3(12ppb
9 acuteESLodor 610 ug/m3(500 ppb)

The shortterm ESL for air permit reviews is the healtased"ESL of 15 ug/m® (12 ppb) asit
is lower tharthe **“"ESLyqor (Table 1).The healtkbased " ESL is used only for air permit
reviews, and is not for the evaluation of ambient air monitoring Batahe evaluation of air
monitoring datathe acute ReV d50 ug/m® (41 ppb)is thelowestacutecomparison value
although bothhe acute ReV antf""ESLygor values maye used for the evaluation of air data
(Tablel).

ChaptGhroni c Evaluation
4.1 Noncarcinogenic Potential

4.1.1 PhysicalChemical Properties andKey Studies
Physical/chemical propertied formaldehydere discussed in Chapt8rin bothhuman and

animal noncarcinogenic studies, data suggest the most sensitive endiplaingferm exposure
to formaldehyde is irritation and associated respiratory symptsmserelevanthuman studies
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are availablend preferable over animal studies, lamstudieswere reviewed andsed to
develop the chroninoncarcinogeni®eV. The bngterm dfects offormaldehyden animals are
discussed in ATSDR (1999

Threestudies were identified as providing POlsed on relevant and sensitive efféots
calculation of the chronic noncarcinogenic ReV and ESL (chronicESLnonlineaKaoc)).

reasons discussed in Sectibd.7 Wilhelmsson and Holmstrom (199@lkimately served as the
key study with supporting calculations based on Holmstrom et al. {1 886Krzyzanowskiet

al. (1990) Other studies have also shown relationships between formaldehyde and eye/upper
respiratory irritation at concentrations similar to those identified by the key and supporting
studies (e.g., Broder et al. 1988a, 1988b, 1988meé$sl and Nethercott 1989, Ballarin et al.
1992 Olsen and Dossing 198Rorvath et al. 19838

Key Study Wilhelmsson and Holmstrom (1992)

Wilhelmsson and Holmstrom (1992) evaluated reported symptoms (e.g., nasal, lung, eye, skin,
mucosal hypereactivity) in 66 workers chronically exposed (average of 10 years) to a mean
formaldehyde concentration of 0.26 mg{®.21 ppm). The mean formaldehyde concentration
for the 36 members of theferencegcontro) group was 0.09 mg/0.07 ppm)Formaldehyde
concentrations were measured with personal sampling equipment (sampling tubes) in the
ambient air of all worker worksites. The stated purpose of the study was to determine the
mechanisms underlying symptoms (er@gsal) in exposed workers (i.e., direcitétion, hyper
reactivity in atopics, hypeteactivity in nonatopics, immunologicaliyediated type 1
(immediate) reaction to formaldehyd&he rates of symptoms such as eye, nasal, and lower
airway discomfort (e.g., cough, wheezing) were found to batel in the formaldehyee
exposed workers as compared to riderence(control) group.

The formaldehydexposed group was reported to contain a smaller percentage (11%) of atopics
(as determined by a laboratory test) thanréierencegcontrol) group (83%). This difference

suggests that atopics, who have Type 1 hypersensitivity or allergic reaction for which there is a
genetic predisposition (Davis 1989), may have left the formaldehyde gnoilne. formaldehyde
epicutaneous (skin) teshe formaldehydexposed group contained a greater percentage of
workers with positive immediate or delayskin reaction(30%) than theeferencgcontrol)

group (17%)Blood serum levels of IgE antibodies to formaldehyde were also determined to
assess the possible megisan of IgEmediated sensitization to formaldehyde, which would

result in a type 1 (immediate) local inflammatory response (e.g., allergic rhinitis) upon exposure.
Formaldehydeexposed atopic subjects did not have a significantly higher rate of clinical
symptoms related to the upper and lower airways, eyes, or skin. This finding is not in
concordance with the general belief that atopic individuals are more prone to develop clinical
symptoms in occupational environments. Of the formaldeleygpe®sed workers ith a positive

skin test, 92% had clinical symptoms of the nose or lower airways. However, the study does not
indicate whether this is significantly different from exposed workers without a positive skin test,
and examination of data for the groupgashde does not suggest this sirfugh percentages of
formaldehydeexposed workers experienced general and workptelaéed nasal or lower airway
symptoms. Additionally, there were no significant findings regarding IgE values in relation to
symptoms. Therefe, while the studyincluded potentially sensitive subgroups such as atopics

and those with a positive skin reaction, these subpopulations did not demagstitte
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sensitivity toformaldehyde orelated symptomge.g., clinical symptoms related to theper and
lower airways, eyes, or skirflowever, the percent difference (22%) between atopics in the
exposed and nonexposed groups suggedte authorshat atopics sensitive to formaldehyde
may have left the formaldehya@xposed group.

In regardto possible underlying mechanisms, the authors concluded that although formaldehyde
can induce IgEnediated type 1 reaction in the nose in certain circumstances, in most cases
formaldehyde induces nasal discomfort through nonspecific/nonimmunologicaregatvity,

which caused nasal discomfort in about 50% of the exposed population. For purposes of the
study, they defined hypeeactivity as significant nasal discomfort/obstruction in an

environment where not all the exposedbjectsexperience annoygnsymptoms and allergic
mechanisms can be ruled olihe LOAEL and NOAEL from this study based on eye, nasal, and
lower airway discomfort are 0.26 mgf0.21 ppm) and 0.09 mgirt0.07 ppm), respectively.
Wilhelmsson and Holmstrom (199@psused by CalEPAor derivation of thel 999 final

chronic RELand the 2007 draft chronic REL (CalEPA 1999, 2007)

Supporting Study Holmstrom et al. (1988)

The supportingHolmstrom et al. (1989 studycompared histological changes in nasal tissue
specimens from 70 cbnically-exposed (mean of 10.4 yearsgaotfical plant workers to those

from 36 office workers. The median formaldehyde concentration for the chemical plant workers
was0.3 mg/ni (0.24 ppn), and the median concentration for the office workers@m@8 mg/ni

(0.07 ppmM. A group of 100 furniture workers exposed to both formaldehyde and wood dust was
also evaluated, with formaldehyde concentrations mostly betwegh®rg/ni and wood dust

mean levels between2.mg/nt. In addition to historical chemical facodata collected from
19791984, formaldehyde concentrations for all subjects were measured with personal sampling
equipment (sampling tubes) in the breathing zone ambient air of worker stations. Smoking was
not significantly different between the groupsvo nasal tissue specimefrem the medial or

inferior aspect of the middle turbinate were collected from each study participant. Changes in the
nasal mucosa were classified histologically by a pathologist blindly (i.e., without knowledge of
exposure) saing the specimens on a grading scale-8f @ith 0 being normal epithelium (see
Table | ofHolmgrom et al.198%).

The mean histological score for chemical workers (mean of 2.16) was significantly different than
that of thereferencecontrol) group(mean of 1.8). This was not the case for workers exposed

to both formaldehyde and wood dust, which is aketwn irritant, causes both physiological
and histological changes in the nasal mucosa, and has been reported to act as an additive
carcinogen witHormaldehyde lolmgrom et al.198%). Loss of cilia, goblet cell hyperplasia

and cuboidal and squamous cell metaplasia replacing the columnar epithelium occurred more
frequently in chemical workers. There was no evidence of an association betweegibatolo
score and duration of exposure, accumulated dose, or smdkiag OAEL and NOAEL from

the supporting Holmstrom et al. (198%tudybased on subclinical histological effects

indicative of mild nasal epithelial damagee 0.3 mg/m(0.24 ppm) and 0Dmg/ni (0.07 ppm),
respectivelyEdling et al. (1988) also found histopathological changésaemasal mucosa of
workers chronically exposed to similar levésd a high frequency of nasal symptoms)

although no reliable LOAEL can be identified from #tedy.Holmstrom et al. (1988 was

used by ATSDR (1999) for derivation of the chromicalation MRL The key study of
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Wilhelmsson and Holmstrom (1993)ong with this supporting studguggests a LOAEL in the
range of 0.260.3 mg/m (0.21-0.24 ppm) for the irritant effects of formaldehyde in human
occupational workers.

Supporting Study Krzyzanowski et al. (1990

The study population ithe Krzyzanowski et al. (199®&upporting studyncluded 298 children
(6-15 years old) and 613lalts surveyed on standard chronic respmasymptom
guestionnaires.dak expiratory flow rateEFRs) were obtained each day,to four times per
day (mornimg, near noon, evening, bedtinfe) two weeks by study participants trained on use
of mini-Wright peak flow meterS?EFR isa measure of pulmonary functitimtrepresents the
maximum flowof air attained during a forcekpiratory maneuver, corresponding to the peak on
a flow-volume curve PEFRhas been reported to be higlabrrelated witHFEV; (Gautrin et al.
1994) and eécreased PEFRs have beenrelatedvith decreased FEMNn chronic obstructive

lung disease (Berube et al. 199hyavith chronic respiratory symptoms (Cook et al. 1989)
Additionally, PEFR decreases mhg used in assessment of the severity of asthma symptoms
(NAEPP 2007), and may be more predictive of sevéeitgl group under the NAEPP asthma
guidelines thasymptomsalone(Koshak 1999)For each week of th2:week period,

formaldehyde measurementsre@nadeby passive sampleis the kitchen, mai living area,

and each subjelits b e Mean@pno.s ur e | ev el s 40pph;, 460 gpb,andpre d a's
60 ppb.

Based on a random effects modedigmificant relationship betweedecreased PEFRmsd
houséold formaldehyde levels wasported for children, with PEFR measurements (both
morning and bedtime) decreasilivigarly with increasing formaldehyde levels. Morning PEFR
was further decreased in children with asthAts80 and 60 ppb, the estimated PEFR
decrements in children weapproximatelyl0% and 22%, respectivelfEFR decrements in
children were not related to environmental tobacco smoke expésuradultseffects on PEFR
were smallergnly morning PEFR was related to formaldehyde expdsand occurred
predominantly in smokeré&dditionally, a statistically significant trend for increasprgvalence
ratesof physiciandiagnosed chronic bronchitad asthmavith increasing formaldehyde
concentration wareported for childrerbut only inthose also exposed émvironmental tobacco
smoke By contrast, no respiratory diseases in adults were significantly related to formaldehyde
levels.The prevalence of seteported bronic respiratory symptoms wast related to
formaldehyde exposure fodalts or children.

This studyprovidesevidence uncorroboratetb date that children may be more susceptible than

adults todecreases in pulmonary functidoe to elevated formaldehyde in residential\Ahile

the clinical significace of these findirggs uncertain (ATSDR 1999) Sselectedhe

formaldehyde concentration cutoff of 60 ppb for the high exposure fpougeas he LOAEL

based ora 22% decrease IREFR in childrenTS did not select 30 ppb as the LOAEL as it was
associateavith only a 106 decrease, and an indicator of pulmonary function, a decrease in

PEFR of O 20% in asthmatics is indicative of
define Anormal o in studies of chronic obstruc
2003).
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4.1.2MOA Analysis and Dose Metric

The MOA by which formaldehydenay produceioncarcinogenic effec{ge.g., eye/respiratory
irritation) is discussed in Section 3.122For the key and supporting studjetata on
formaldehyde aiconcentratioafor residentsandoccupationally exposed workesseavailable
Formaldehyde aiconcentrations an appropriate dose metric for the chrareacarcinogenic
evaluation agir concentration ishe dominantleterminant of irritationn long-term studies
(e.g., as oppmed to blood concentration fekample) TCEQ 2006).

4.1.3PODs for Key and Supporting Studies

The NOAEL from theWilhelmsson and Holmstrom (199®&y study (0.09 mg/fror 0.07 ppm)
will be used asheoccupational exposure concentrat@D (PODyc) in calculation of the
chronic noncarcinogenic ReV and E§\lr°(“CESLnon"near(n¢). The NOAEL from theHolmstrom
et al. (1988) supporting study0.09 mg/ni or 0.07ppm)andthe LOAEL from the
Krzyzanowski et al. (199Gupportingstudy(60 ppbor 74pg/m®) will be used as PODs in
calculation ofsupporting valuedVhile the NOAELfrom Wilhelmsson and Holmstrom (1992)
bein% used athe PODoc value, TSnotes thatise of the LOAELwould result inchronic ReV
and """ ESLnoninearneyvalues essentially identical to those derived using the NOAEL.

4.1.4Dosimetric Adjustments

Because Wilhelmsson and Holmstrom (1982)iHolmstrom et al. (1988 areoccupational

studies the necessity to adjust occupational exposure levels to environmental exposure levels
must be evaluatedhe relationship between concentration and total (lsgcentration times
exposure duratiort)as been studied in experimentsere rats were exposamvarious
concentrationaind lengths of time sudhat the total inhaledose washe same although

exposure concentration variafhile some studies suggest concentration is more important than
the product of concentration times duration in formaldelydection of epithelial damage in

the upper respiratory tract (e.g., Wilmer et al. 1987, 1989, Swenberg et al. 1983), others suggest
that cumulative dose may be important as effects are demonstrated with exposure levels over
longer durations (e.g., Kamagaal. 1997, Kerns et al. 1983, Swenberg et al. 1980) that did not
produce effects over shorter durations (e.g., see Wilmer et al. 1989 and CalEPA 1999). While
there is uncertainty regarding whether an adjustment is necessary, the occup&ons(0.09
mg/nt) from Wilhelmsson and Holmstrom (199@)dHolmstrom et al. (1989 was

conservatively adjusted to a continuous exposure (see below). As Krzyzanowski et al. (1990)
was a residential study, no such adjustment is necessary and thed?O&D ppb.

Wilhelmsson and Holmsim (1992)key study and Holmstrom et al. (138%upporting study
PODyec = PODoe X (VER/VE 1) X (days per week/days per wegk)
where:VE, = occupational ventilation rate for an eigtiurday (10 ni/day)
VE};, = noroccupationabentilation rate for a 2&our day (20 riiday)
days per week = occupational weekly exposure frequency (study
specific)
days per wegk; = residential weekly exposure frequency (7 days per
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week)
PODyec = 0.09 mg/nix (10/20) x (5/7) =0.032 mg/m or 32 pgm?® (26 ppb)

Krzyzanowski et al. (199Gupporting study
PODygc= 60 ppb

4.1.5Critical Effect and Adjustments of the PODyec

4.15.1 Critical Effect

The most sensitive or critical endpoint for exposurtmaldehydaes irritation of theeyes and
upper respiratory tra¢e.g.,noseand throat irritationand associated symptomologyssues
and organs distant from the portdtentry are spared toxic effects from formaldehyde levels
normally expected in ambient and workplace air due tolr@pd detoxifying metabolism
(ATSDR 1999) The specific critical effestof formaldényde exposure in the key study
(Wilhelmsson and Holmstrom 1992)eincreasedates of symptoms such as eye, nasal, and
lower airway discomforfe.g., cough, wheezing) imorkers

4.152UFs

Section 3.1.2 discusses the MOA by whidbrmaldehydemay produce toxicity. Determining a
POD and appiyng appropriate UFs usedo derive a ReMor noncarcinogenic effectsith a
threshotl/nonlinear MOA Therefore UFs wereapplied to the PORc values from the kegnd
supportingstudiesin derivingthe chronicnoncarcinogeni®eV. The PORQyec (32 pg/m°) from
Wilhelmsson and Holmstrom (1992hdHolmstrom et al. (1988 wasdivided byan

intrahuman variabilityF of 3 (UF,) andadatabase UBf 1 (UFp). AlthoughtheWilhelmsson
and Holmstrom (1992ey studyincluded somepotentially £nsitive subpopulations (e.g.,
atopics, dermalhgensitized individualsh value of 3vas used fothe UR; sincethere is a
potential for a halthy worker effect (i.e., sensitive workers could have avoided jobs with
formaldehyde)study data suggests atopics may havactleft the formaldehydexposed

group and the scientific literature indicatedroad range of reported human suscepfjiiitthe
irritating properties of airborne formaldehyde (ACGIH 2004 )JJF of 3 (as opposed to 10)
was also used for tHdolmstrom et al. (1988 supporting studpecause although information is
not presented which indicates the study population contpioketidly sensitive subgroups, this
studyalso hadVilhelmsson and Holmstroms authoreindseems tdhavedrawn subjects from
the sameavorkerpopulation(e.g.,very similar number of exposed workers, identical number of
controls very similar mean agegjentical exposure concentratitor controlg, and greater
sensitivity was not demonstratedwWilhelmsson and Holmstrom (19928 UFp of 1 was
selectebecause the overall toxicological database for formaldehyde is extéagjyerumerous
human and rodent chronic studies evaluating a variety of respiratory, systemic, neurological, and
immunological endpointare availablg Other UFs are not applicable (i.e., extrapolation from a
LOAEL to a NOAEL, use of a subchronic study)

The PORec (60 ppb or 741g/m®) from the Krzyzanowski et al(1990)supporting studyvas

divided by a UFof 3 for extrapolation from a LOAEL to a NOAE(UF,), 1 for theUFy, and 1
for theUFp. A UF_ of 3wasapplied to the LOAEL (60 ppb), which was asisted with a PEFR
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reduction of 22%n a random effects modedo that the restihg concentration40 ppb) would

correspond toraestimated PEFR decrement (7%) well below 28%an indicator of

pul monary function, a ademtceisiwieatiieof gdddEcB®olof O 2
( NAEPP 2007) and has been used to define fAnor
disease (Jackson and Hubbard200 he resulting concentratiaf 20 ppb is also well below

the cutoff concentration uddor the reference (control) group (40 ppb)value of 1 was used

for the URy since the study included childrésome with asthmap potentially sensitive

subpopulation. A UFof 1 was used because the overall toxicological database for formaldehyde

is extensive.

4.1.6Health-BasedChronic ReVand “""ESL noninear(ne)

As discusseth the previous section, UFsesapplied to th€ ODyecvalues from the kegnd
supportingstudiesin derivingthe chronicnoncarcinogeni&eV (Table 4.

Table 4 Comparison of UFs applied to the PORec

LOAEL -to-
Intra - Database | Total Reference

PODHEC Species UR NOUAI‘:EL UF UF Value
Key Study:
Wilhelmsson and
Holmstrom (1992) . L L 2 11 pg/m’
Supporting Study: (8.9 ppb)
Holmstrom et al. (1989
32 ug/m® (NOAEL)
Supporting Study:

. 20 ppb
Krzyzanowski et al. (1990 1 3 1 3 (25 p/pmg)
60 ppb (LOAEL) HO

Rounding to two significant figures at the end of all calculatfonghe Wilhelmsson and
Holmstrom (1992key studyyields achronic noncarcinogeaiReV of 11 ng/nt (8.9 ppb) At
the target hazarguotient of 0.3, th&""ESLoniinearnejis 3.3 pug/nt (2.7 ppb)(see Table  Use
of theHolmstrom et al. (1988 supporting study yiels identical supporting values, arskewf
theKrzyzanowski et al(1990 supporting study yieldsomewhathigher supportingalues.

4.1.7Comparison of Results

Thesupportingchronic ReV and"" ESLoniinearncvalues based oolmstrom et al. (1989
are identicato those based on the key study of Wilhelmsson and Holmsir®é®?( and
supporting valuebased orKrzyzanowski et al(1990 are very similabut slightly hidner (by
about a factor of two While the Krzyzanowski et al. (1996tudy has some desirablérdoutes
such as inclusion & potentially sensitive subpopulation (childrercluding asthmatigs
without the potential for a healthy worker effect and usenefronmenta(as opposed to
occupationalexposure concentrationES believes therenay besubstantial uncertainty
associated with the reported PEFR decrem&htsh precludes its use as a key stuéy.
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examplethere is wide variability inhe publishedreference values for PEFR (NAEPP 2007),

PEFR varies with factors such genderage, andeight(Boezen et al. 19949Quackenboss et al.

1989) and no information was presented in the study to demonstrate theftetteaceg control)

and exposure groups would be expected to have similar PEFRs in the absence of formaldehyde
exposureHowever, Krzyzanowski et al. (1991 valuable as a supporting study for comparison

of calculated values to those based on the key studychronic ReV(8.9 ppb)based on the

selected key studg similarttoAT SDRO6s chroni c i rahdec laER dAdhs MRAO { 8
draft chronic REL (7 pphjand the" " ESLyoninearnc)(2.7 ppb)is similarandC a | E R999 s

final chronic REL(2 ppb.

Table 5 Derivation of the Chronic Noncarcinogenic Re\and “"°"ESLoninear(nc)

Parameter Summary
Study Wilhelmsson and Holmstrom (1992)
Study Population 66 exposed workers, 36 controls
StudyQuality high
Exposure Levels 0.26 mg/nifor workers
0.09 mg/nifor controls
Critical Effects elevated rates of symptoms such as eye, nasal, a
lower airway discomfort
PODvc (NOAEL) 0.09 mg/nt
Exposure Duration 5 days per week, 10 years (mean)
Extrapolation to continuous exposu| 0.032 mg/m (32 pg/nT)
(PODyEec)
Total UFs 3

Interspecies UH NA

Intraspecies UF 3

LOAEL-to-NOAELUF | 1

Subchronic to chronic UF NA

Incomplete Database U| 1
Database Quality high

Chronic Noncarc.ReV (HQ = 1) 11 pg/m® (8.9 ppb)

CMOMCE S oniinearne) (HQ = 0.3) 3.3pg/m° (2.7 ppb)

4.2 CarcinogenicPotential
4.2.1 Carcinogenic Weight oEvidence

4.2.1.1 WOEClassifications by Various Agenciemd Recent Data

ATSDR (1999) provides the following general discussion oM@E classifications for
formaldehydeby various agencies
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Several studies of laboratory rats exposed for life to high amounts of formaldetaide
found that theats developed nose cancer. Some studies of humans exposed to lower
amounts of formaldehyde wiorkplace air found more cases of cancer of the nose and
throat (nasopharyngeal cancer) than expettgidother studies have not found
nasopharyngeal cancer in other groups of workers expodedtaldehyde in airThe
Department of Health and Human Services (DHHS) has determinddriaidehyde
may reasonably be anticipated to be a human carcinogen (NTP). The International
Agencyfor Research on Cancer (IARC) has determined that formaldehyde is probably
carcinogenic to human$his determinton was based on specific judgnts that there is
limited evidence in humans asdfficient evidence in laboratory animals that
formaldehyde can cae cancer. The Environmengotection Agency (EPA) has
determined that formaldehyde is a probable human carcinogen basmiexhevidence

in humans and sufficient evidence in laboratory animals

However, a more recent collaborative review of the datd SEPA and the Chemical Industry

Institute of Toxicology (CIIT 1998) appeared to take a less certain position and concluded that,

Ai't appears that a weak association between n
cannot be completely ruled oufATSDR 1999)

In regard to formaldehyde being classified as a human carcinogen by regulatory agencies, HEI
(2007) interprets human evidence as weak and inconsistent. Health Canada (2001) did not assign

a carcinogenic classification to formaldehyde, buestéhe conditions under which

formal dehyde is consi der edBasalprimariyupprsdatat a car
derived from laboratory studies, therefore, the inhalation of formaldehyde under conditions that
induce cytotoxicity and sustained regeative proliferation is considered to present a
carcinogenic hazard to humans. 0

SinceATSDR (1999) was published, IARC has recategorized formaldehyde as carcinogenic to
humangGroup 1) based on sufficient evidence that formaldehyde causes nasophargngeal

in humans (IARC 2004, 2006b). Evidence for cancer of the nasal cavity and paranasal sinuses
and leukemia in humans waset considered sufficient #te time the IARC monograph was
published in December 20QBARC 2006b) A key part of IARC (2006b3onsidering human

data sufficient was the excess nasopharyngeal cancer observed irpthetNational Cancer
Institute (NCI) cohort study of formaldehyeexposed workers (Hauptmann et al. 2004). In
Hauptmann et al. (2004), peak exposure of 4 ppm arebhigas found to increase the incidence
of nasopharyngeal cancer (Arts et &0@a).Marsh and Youk (2005) reanalyzed tR€| data

and showed that the reported expogesponse for peak exposure was primarily the result of six
cancer deaths from Plant 1 (there were only 10 nasopharyngeal cancers across all ten plants). In
fact, plant 210 workers had a 35% deficit in nasophaygal cancer mortality. A recent second
reanalysis (Marsh et al. 2007a) suggests that NCI did not explicitly account for an important
interaction between plant group (plant 1 versus plaiif8)zand peak formaldehyde exposure
which prohibits a generalizaticof formaldehyde effects both within and beyond the NCI cohort.

Additionally, a recent nested casentrol study (Marsh et al. 2007b) of nasopharyngeal cancer in
plant 1 workers suggests that the large nasopharyngeal cancer excess may not be due to
formddehyde exposure but rather may reflect the influence of external employment in metal
industries with possible exposures to suspected risk factors for upper respiratory cancer (e.g.,
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sulfuric acid mists, mineral acid, metal dusts). Updated epidemiolagiadies from NCI are
expected irR008. The recent 2007 studies mentioned above, and obviously the updated NCI
studies yet to be released, were not available for review in 2006, may have impacted the IARC
(2006b) evaluation and designation of formaldehydecarcinogenic to humans, and may
eventually affect the carcinogenic classification of formaldehyde by other agencies as well.

4.2.12 Human Dataon Specific Cancer Types

Possible associations between formaldehyde exposure and various cancers haventieed ex
extensively in epidemiological studies (e.g., cohort, case control) of occupatierpiiged
workers, both industrial (e.g., formaldehyde production workers) and professional (e.qg.,
pathologists). More than 25 cohort studies and more than 1&aaiel studies have examined
the association between formaldehyde and cancer (see Tables 16 and 17 of IARC 2006b).

4.2.1.21 Lung Cancer

Based on epidemiological studies of exposed workers, little evidence exastossible
association between formaldete exposure and lung cangerg., Coggan et al. 200@hiazze

et al. 1997, and traditional criteria of causality such as consistency and strength of association
and exposureesponse are not fulfille(Liteplo and Meek 2003Health Canada 20p1For

exanple, Hauptmann et al. (2004) found no association with lung cancer in a cohort of 25,619
US workers and is consistent with several otlferly recentstudies (Pinkerton et al. 2004,

Collins et al. 1997, Marsh et al. 2001, Youk et al. 20Bljact, lurg cancer mortality in
Hauptmann et al. (2004) decreased with exposure duration and cumulative exgasgure
respiratory cancer risk in Pinkerton et al. (2004) decreased with duration of employment and
time since first exposu@ARC 2006b).Additionally, Bond et al. (1986) reported a negative
association between formaldehyde exposure and lung cancer moataditPartanen et al. (1990)
reported less than expected lung camgér odds ratios adjusted for smoki(l@RC 2006b).
Acheson et al. (1984oncludel that their reported results are against the view that
formaldehyde is a lung carcinogeandAndjelkovichet al. (199%, 1995h found no association
between formaldehyde exposure and malignancies of the respiratory . &yateu on available
data, TScannot concludéat formaldehyde causes lung cancer.

4.2.1.22 Leukemia

The biological plausibility of formaldehyde possibly being associated with an increased risk of
lymphohematopoietic malignancies such as leua@moccupationallexposed workers is
currently a debatwithin the scientific communitywWhile increased risks of nemespiratory tract
cancerge.g.,leukemiain Hauptmann et al. 20G&hd Pinkerton et al. 20D#ave been reported
only sporadically with little consistent pattgiiteplo andMeek 2003, Health Canada 2004)
hypothetical MOA has been proposed at some toxicolagyiak assessment conferences,
though not published’he hypothetical MOA requires that B lymphocytes or hematopoietic
progenitor cellsn the naal-associated lymphd tissue(NALT) undergo formaldehydmduced
mutagenic change at the PO&ading toa sustainednalignant transformatigrthen migration
back to the bone marrow or primary lymphatic tissutmately producing
lymphohematopoietic malignan¢iyatt etal. 2008) A thorough discussion of the diverse
subjectsand dataelevant to evaluation of the hypothetical MOA isdé the scope of this
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documentHowever, based on available information, TS considers formaldehgideed
leukemia inoccupationallyexposed workers to be of dubious biological plausibilim8 basic
information andstudyconclusiongelevant to thigleterminatiorarepresentedbelow, butthe
reade is referedto the referencestudies for detailed informaticaand disassions

A recent evaluatio(Pyatt et al. 2008ndicates that availabkcientificdata do not support the
proposedypothetical MOAor the notion that formaldehyde can calysephohematopoietic
malignanciege.g., epidemiological and animal bioassaydkhown etiology and risk factors

for such malignancies, lack of demonstrated inhaled formaldehygdeed hematotoxity). For
example, rats and mice also have NALUt Animal studies have not demonstratet chronic,
high-dose inhalation (or oral) ewsure to formaldehyde causes hematopoietic toxicity or
malignanciesNonrHodgki ndés | ymphoma (NHL) arising in
primary malignancy observed if the hypothesized MOA were operative, but nasal lymphomas
are absent in studies of opationallyexposed workersStudy results with formaldehyde are
contrast to studies with established leukemogenic agents, mitidncedoserelated
hematotoxicitypone marrow hypoplasiegeproducible hematopoietic malignancies in rodents,
etc.In othe words, brmaldehyde does not meet the key fundamental characteristics for
leukemogenic chemicals, which concern the ability to reach the bone marrow and induce
hematotoxicity Additionally, the critical assumptions necessary for the hypothesized MOA to b
operative(e.g., inhalation exposure would have to result in the direct contact of formaldehyde
with immune cells in the NALTgircumventing the necessity for distant site toxicity) are not
supported by experimental data, ahe hypothesized MOA doestnoeet the explicit USEPA
criteria for evaluation of an MO#see Table 1 of Pyatt et al. 200BYatt et al. (20083oncluded

that existing science does not support the proposed hypothetical MOA as a logical explanation
for proposing that formaldehyde isealistic etiological factor for any lymphohematopoietic
malignancy(e.g., leukemia)Furthermorea possible link with leukemia has been reported not to
fulfill traditional criteria for causality (e.g., consistency, biological plausibility) (Liteplo and
Meek 2003, Health Canada 2001), aederal researchehave discussed the biological
implausibility (e.g., Heck and Casanova 20G#lden et al. 20Q&Collins 2004 Schmid and

Speit 200) or improbability (e.g., Cole and Axten 2Q@2ollins and Lineke2004 Marsh and

Youk 2004 Casanova et al. 20Pdf such an associatioror example, Heck and Casanova

(2004) conducted an extensive review and concluded that it is highly unlikely that formaldehyde
is leukemogenic.

On the other handjauptmann et al. @3)reported an associatiaf leukemia with peak
exposureandwith average exposure intensity and exposure duration to a lesser (iegneet
cumulative exposureHowever, most of the relative risk confidence intervals (22 out of 24) for
the types ofeukemia evaluated include 1 (see Tables 3, 4, and 6 of Hauptmann et al. 2003),
which could be indicative of no excess riakd the authors suggest caution in drawing
conclusions regarding an association with leukeMersh and Youk (2004) reanalyzed
leukemia risk from Hauptmann et al. (2003) and indicated that the elevated leukemia and
myeloid leukemia risks reported in the higher exposure categories (and reported trends for
highest peak and average intensity of exposure) occurred because of convpi#tiison
statistically significanteukemia and myeloid leukemia deakéficits in thebaseline category
used to calculate relge risk (least exposed worker referent grpugimilar deficits occurred in
unexposedvorkers. Additionally, the studyauthors indtatedthat the weak association between
leukemia and duration of exposure reportedHyptmann et al. (2003) was not robust as
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exposure recategorization produced no ewvad of an association, and the associdtion

average exposure intensity was onlyaklg robust.Leukemia and myeloid leukemia risk does

not appear to be elevated or increase with increasing duration of time worked in a highest peak
category or with increasing highest peak exposure given the same duration (see Table 6 in Marsh
and Youk 204), with essentially the same findings for average exposure intensity (see Tables 7
and 8).For Pinkerton et al. (2004), all standiaetl mortality ratio confidence intervals for the
leukemia types evaluated include 1 (see Table 3 of Pinkerton et al. 2dd#jonally, Coggan

et al. (2003) reported lower than expected leukemia among the Hexgghdged workerdARC

2006D).

Despiteunpersiasive and conflicting study findings abiblogical mplausibility considerations
IARC (2006b)interprets available data as being strong but not sufficient evidence for a causal
association betven leukemia and formaldehyddowever, overall, availableatia do not support
formaldehyde as being leukemogenic (NICNAS 2006, Naya and NakanishiR4ibet al.

2008. TSinterprets currently availablpidemiologicablata as beingreak andnsufficientin
regardto formaldehyde causing leukema&nd considerformaldehydeinduced leukemian
occupationallyexposed worker beof dubious biological plausibilithased on available
information(e.g., rapid metabolism at the site of contact, limited ability to increase blood
concentrationsHowever, TS will reevaluate these issuas new data become available.

4.2.1.23 Nasal and Nasopharyngeal Cancer

For nasal and nasopharyngeal canetiich is relatively rare in humanthere is inconsistent
evidence of an association basedohort studiegfrom whichthere has been little evidence of
an exposurgesponse relationshigLiteplo and Meek 2003Monticello and Morgan 1997
Health Canada 2001For example, risk for nasopharyngeal car{ogwst often squamous cell
carcinoma)vas not increased in a studyasfatomistg¢Stroup et al. 198&)r mortuary workers
(Hayes et al. 1990n a study ofL4,014chemical/plastic factory worke(§ plants)in the United
Kingdom(Coggan et al. 20Q0&ardner et al. 1993in a study of 11,03882% femalelUS
garment factoryvorkers (Pinkerton et al. 2004 follow-up to Stayner et al. 198%imd 1988,
a.k.a. the NIOSH cohgrtor in 3,929 iron foundry workerg&\(djelkovichet al. 199%5).

On the other handpncreased riskor nasopharyngeal canosas reported in a cohort studf

26,561 workers (10 plants) in the United Stateith relative risks increased for average

exposure intensity, cumulative exposure, highest peak exposure, and exposure duration
(Hauptmann et al. 2004, a follewp of Blair et al. 198 and 1990k Subsejuent analysesf this

large US cohor{a.k.a. the NCtohort)have found that the increased risk was primarily the

result of sixcancer deaths from plantdndthatplant 210 workers had a 35% deficit in
nasopharyngeal cancer mortaljfiyarsh and Youk 2005). For exposed workers in NCI plants 2

10, about 3 deaths (3.15) were expected compared to 2 observed (Tarone and McLaughlin 2005).
On the other hand, less than 1 death (0.66) was expected for plant 1 of the NCI study, and 6 were
obseved. The magnitude of the difference between the standardized mortality ratio (SMR) for
plant 1 exposed workers (9.1) versus platD2vorkers (0.6), especially considering that 3 of

the 6 nasopharyngeal cancer deaths from plant 1 occurred in workese@xpdormaldehyde

for less than 8 months, raise doubt concerning the interpretation of risk estimates from
Hauptmann et al. (2004) as supporting an association between formaldehyde and nasopharyngeal
cancer (Tarone and McLaughlin 2005).
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Because of thiarge difference in SMRs, plant 1 workers have been studiedatosedy in
regardto other possible exposures (silver smithing/other metal wstlalies of plant 1 workers
have foundhat three of the four original nasopharyngeal cases in plant 1 ha@mpboyment
in jobs involving exposure to metal fumes or diddarsh and Youk 2005), and that the large
nasopharyngeal cancer excess in plant 1 workers may reflect the influence of external
employment in metal industries with possible exposures to sespesk factors for upper
respiratory cancer (e.g., sulfuric acid mists, mineral acid, metal dusts) (Marsh et al. 2007b
Marsh et al. 2002 There was a Hbold increased nasopharyngeal cancer risk associated with
silver smithing for plant 1 workers, angey a #fold increase for silver smithing/other metal
work (see Table 4 d¥larshet al. 2007b)Across the British, NIOSH, and NCI (plantslR)
cohortstudies, approxnately 6 nasopharyngeal cancer deéhtl)were expected ersus 3
observed, two timefewer nasopharyngeal cancer dedtta exgcted(Tarone and McLaughlin
2005)

In threecasecontrol studies (Vaughan et al. 1986, Roush et al. 1987, West et al. 1993),
significantly increased risks of nasopharyngeal caweseobserved in workers witlhé highest

levels or duration of exposure. In three other studies of nasal squamous cell carcinoma, either a
nonsignificant increase (Hayes et al. 1990, Olsen and Asnaesdrd86)ncrease (Luce et al.

1993) was found. All these casentrol studies areonsidered to have limitations. For example,
measures of exposure are less reliabldnese populaticihased investigatiorthan in the larger

and more extensive cohort studies, and methodological limisat@mplicate the interpretation

of several othesestudies (Liteplo and Meek 200Bealth Canada 20QJAs opposed to distant

site cancers (e.g., leukemia), nasal and nasopharyngeal cancer wpaithbef-entry cancers

and more biologically plausible based on form
metabolism at the site of contact, and limited ability to increase blood concentrations

While epidemiological studies are inconsistent,asda whée, do not provide strong evidence,

the possibility of a causal association between formaldehyde exposure and an increased risk of
upper respiratory cancer in humans cannot be excluded (Liteplo and Meek 2003, NICNAS 2006
Health Canada 2001

4.2.13 Animal Data

As mentioned previous)formaldehyde is known to induce cancer in laboratory animbkxe

is indisputable evidence that inhalation exposure is carcinogenic to rats, with tumors being
limited to the site of contact (nasal passages) (Liteplo arek@03 Health Canada 201
Formaldehyde concentrations ranging from approximately 6 to 15 ppm increaseddbeda

of nasal tumors in thrd@oassays with Fishe€44 rats (Kamata et al. 199Mpnticello et al.
1996,Kerns et al. 1983 anBwenberg eal. 1980) SeeAnimal Cancer Studiea Section2.2.1.8
of ATSDR (1999) for a detailed description of these three bioassaigsly a general discussion
is provided hereNasal squamous cell carcinoma was the main cancer {82846l of the cancers
in thesethree studies)although nasal polyploid adenorfi®%), buccal squamous cell
carcinoma2%), and squamous cell papillonie%) were also foundNo malignant nasal tumors
were induced at concentrations of 2 ppm and lower (ATSDR 1988)e)osureresponse
relationships similaracross rat studiemnd highly nofinear, with sharp increases in tumor
incidence occurring only at concentrations greater than 6 Wpsal tumors are markedly
increasednly in rats exposed to loAgrm formaldehydeoncentrations in the range of
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approximately 10 to 15 ppm (Liteplo and Meek 2088alth Canada 20QJAvailable maise
data from Kerns et al. (198B)dicate that mice are less sensitive than rats to formaldehyde
induced cancersvhich may be due ta moe efficient reduction in minute volumes during
formaldehyde exposures (ATSDR 1999, Chang et al. 1981, .1988pitethat the nasal
anatomy, air flow, and breathipgtterngnasal versus oronasa) rats and humans are
markedly different, in 199IWUSEPAULtilized the Kerns et al. (1988at study (conducted for
CIIT) to calculate theurrentunit risk factor (URF) on the Integrated Risk Information System
(IRIS).

4.2.2Carcinogenic MOA

A carcinogenidviOA is a sequence of key events and processes (starting with interaction of an
agent with a cell and proceeding through operatiandbnatomical changes) resulting in cancer
formation. A key event is an empirically observable precursor step thatfigiteressary
elementof the MOA or is a biologicalhbased marker for such an element. There are many
examples of possiblearcinogenidVlOAs, such as mutagenicity, cytotoxicity with reparative cell
proliferation, mitogenesis, inhibition of cell deathdammune suppression (USEPA 2005a)
Sustaineatytotoxicity with reparative cell proliferation is a carcinogenic M@énsidered
particularly relevantto formaldehyde.

4.2.2.1 RelevanbData

Animal studies provide the vast majority of data relevant to the carcinogenic MOA for
formaldehydeA brief summary of some of the most important information is provided here.

Based on animal data, it may be concludedriaabpharyngeal cancer is foundyoathigh
formaldehyde levelghat is, thosassociated with cytotoxicity, tissue damage, and repair
(restorative hyperand metgplasia) of the respiratory epithelium (Arts et al. 200@bpther

words, the findings from rat studies indicate that faldehyde induces nasal cell carcinomas at
exposure concentrations causing severe damage to the nasal epitBeposure concentrations

of about 6 ppnfand higheyhave been shown to cause severe nasal epithelial damage (i.e.,
cytotoxicity/cell necrosisin rats, generally leading to restorative hyperplasia (Arts et al. 2006a).
Similar exposure concentrations (approximatelf/@pm) have been reported as BMGalues

in a recent subacute genomics study of rat nasal epithelium for gene ontology categories
associated with the presumed MQiAcluding cell proliferatior{e.g.,mean BMG, of 5.68 ppm

for expression chang@s182genes n t he fipositive regul ati on
ontology category(Thomas et al. 2007[Even at concentrations of aralié ppm, formaldehyde
has induced only a very low incidence of nasal squamous cell carcinoma in rats. In Kerns et al.
(1983), 5.6 ppm induced nasal squamous cell carcinoma in 2 of 235 animals, and in Monticello
et al. (1996)6.0 ppm induced nasal squamaedl carcinoma in only 1 of 90 animal&/hile

slight respiratory epithelial hyperplasia amétaplasia were seen in rats exposet3qpm, it

was without the occurrence of nasal tum@ms et al. 2006b)Thus, severe damage to the nasal
mucosa may ba prerequisite for formaldehydaduced nasal tumors as an increased incidence
of nasal c# carcinoma is seen concurrenith cleaty cytotoxic effects (Arts et al. 2006&pr
example, Woutersen et al. (1989) found that the high incidence ofstasahals cell
carcinomag26%)at 9.8 ppnover 28 monthsf exposureoccurred on} in animals with a
mechanicallyinduced, severeldamaged nasal mucoga., not in those exposed to 9.8 ppm
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with initially intact nasal mucosa)

While concentrations of aroundp®m have been shown to cause nasal epithelial damage and a
very low incidence of nasal squamous cell carcinomarpsincreases in nasal epithelial
damagetell proliferation and tumor incidence only ocatgreaterconcentrations(Liteplo and

Meek 2003Health Canada 2001More specifically, asal tumors are markedly increasedy

in rats exposed to chronficrmaldehyde concentrations in the rangalodut10 to 15 ppm

wherecell proliferationresulting from cytotoxicitys also markedly increasefvailable limited

data show thatustained cytotoxicity and regenerative proliferation were observed in the nasal
cavities of rats exposed subchronicgBymonths)}o concentrations whicimduced nasal tumors

in cancer bioassays, but the converse is notyawae(see Table 3 of Liteplo and Meek 2003).

In other wordsregenerative proliferation was found at all concentrations which induced tumors,
but tumors were not always found at all concentrations which induced proliferétisn
information suggestat sustained cytotoxicitinducedregenerative proliferation of the nasal
epithelium may be a prerequisiteut may not be sufficierfgr formaldehydenduced nasal

tumors.

Sustained cytotoxicityinduced regenerative pratifation of the nasapitheliumhave not been
observed in rats exposed to 2 ppm or less, regardless of exposure period (e.g., acute versus
chronic), and these effects appear to be more closely related to concentration than total
cumulative dose (i.e., concentration times dargt(Liteplo and Meek 2003ealth Canada

200]). A formaldehyde level of 1 ppm has been considered a NOAEL for nasal injury in long
term animal toxicity studies (Arts et al. 20068hme additional information relevant to the
carcinogenic MOA foformaldényde is discussed below

4.2.2.2Carcinogenic MOA

ATSDR (1999)provides the followinggenerad i scussi on on formal dehyde
MOA.

Several key points or events determine the mechanism by faniohldehyde induces

cancer in ats. First, a singlhigh dosle 40 ppm) for acute durations is not likely

sufficient to induce squamous cell carcinoma cancer (Bhalla et al. 1990; Menteiro
Riviere and PopA986; Wilmer et al. 1987); repeated exposures for protracted durations
are required to induce nasal canin rats. Second, the data indicate that a sequence of
cellular events must occur in order to induce neaatinomas. The induction of nasal

cancer in rats by formaldehyde requires repeated exposyrmfonged periods of time

to high concentrationthat are both irritating and that cause cell damageptapalation

of the nasal mucosa cells lining the nose. Exposure to high concentrations for prolonged
periods during inhalation exposure overwhelms or otherwise exhausts the inherent
defense mechanisnisformaldehyde (mucociliary clearance, FDH, DNA repair). This
cellular and tissue damage inflicted lnymetabolized formaldehyde is then followed by a
regenerative hyperplasia and metaplasia phase (@&tahgl1983; Feron et al. 1988;

Rusch et al. 1983Vilmer et al. 1987; Woutersen et al. 1987, 1989), whesllts in

increased cefturnover rates within the mucosa. Formaldehyde has been demonstrated to
begenotoxic in some (but not all) cell lines and test systems (Basler et al. 1985; Donovan
et al. 183; Grafstrom et al. 1985, 1993; Rithidech et al. 1987; Snyder and Van Houten
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1986; Valencia et al. 1989yoodruff et al. 1985; Yager et al. 1986). DNvoteincross

links have been demonstratedexrperimental animals after inhalation exposure to
formaldéhyde and can cause mutation or chromosa@hbafrations if not repaired prior to

cell replication. The DNA damage that occurs in these altered celisrisd into

subsequent cell populations and thereby greatly enhances the progression of preneoplastic
cdls to cancer. In this manner, formaldehyde likely can act as a complete carcinogen
(providinginitiation, promotion, and progression) with repeated and prolonged duration

of exposure at cytotoxiconcentrations.

4.2.2.2.1Role of Sustained Cytotoxicity, Rgenerative Proliferation, andDNA-
Protein CrossLinks in Tumorigenesis

Formaldehyde is highly cytotoxic, and based on available data, it has been hypothesized that a
sustained increase in nasal epithelial cell regenerative proliferation resulting fioxmyty is

a requisite precursor in the MOA for the induction of tumdtsnorswereobserved only at
concentrations whicbhaused sustained cytotoxicity and regenerative proliferationpareasd
DNA-pratein crosdinks, in subchronicallyexposedats(see Section 4.2.2.1Furthermore, there
is concordance in the incidence of these three endpointsyi@oxicity/proliferation, DNA
protein crosdinks, tumors) across regionsthie nasal passagéhat is, tmors andncreased
cytotoxicity-inducedproliferation/DNA-protein crosdinks are found in similaregions of the
nasal passageshe exposureesponse relationstsfor thesethreeendpointsarehighly
nonlinear, with significant increases occurring at 4 pphis shows good agreementth the
concentrationsvhere glutathionenediated metabolism is saturated (4 ppm) and mucociliary
clearance is inhibited (> 2 pprtNICNAS 2006)

Regenerative cell proliferation may convert DNA adducts mutations before DNA repair can
occurand maybe vieved as a necessary, but not always sufficient, event for tumor formation
Cytatoxicity-induced cell proliferation is the fundamental obligatory step in the carcinogenic
process focarcinogens with aongenotoxiecytotoxic MOA, and no increased cancer risk
would be expected for such chemicals atsyiotoxic concentration@utterworth et al. 1995)
The Australian Department of Health and Age(BdiA), for examplejndicates that
regenerative cell proliferation associated with cytotoxicity appears to dleligatory stepn
formaldehydenduced cancethe most significant determinant of neoplastic progressiod
considers therkey precursor eventbdlasal cancer does not occur in rats at concentrations which
do not significantly increase cell proliferati (Monticello and Morgan 1997Additionally, there
is good correlation between key events aegional tumor incidencgtes(NICNAS 2006).For
example, in Monticello et al. (1996), rat tumor rate was highly correlated(@8) with
populationweightedunit-length labeling indexLLI), which is a measure of cell proliferation
that takes into acunt the number of cells at the site of inte(est, target cell population size)
(Monticello and Morgan 1997).iteplo and Meek (2003nd Health Canada (20Pconcludel

that he degree of confidence in regenerative proliferation being an obligatory step in
formaldehydenduced nasal tunms in rats is moderate to higind based on available data, TS
concurs.

4.2.2.2.2Role of Genotoxicity and Mutation
In addtion to cytotoxicityinduced cell proliferationgenotoxicity and mtation, for which DNA
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protein crosdinks may serve as a marker, may gi¢ay a role in formaldehydmduced
carcinogenesis in nasal tisqligteplo and Meek 2003Health Canada 20DIDNA-protein
crosslinks arepotentiallyuseful markes of genotoxicity andnutagenic potential because they
may initiate DNA replication errors, which may result in mutafi@@RC 2006a).The exposure
response for DNAprotein crosdinks is highly nonlinearwith a sharp increase at concentrations
higher than 4 ppm and without accumulation on repeated exposure (Liteplo and Megk 2003
Health Canada 2001The use of DNAprotein crosdinks as a dosimeter in cancer target tissues
is supported by correlative arvations of the relationship betweenmaldehyde air
concentration an®NA-protein crosdink formation in nasal epithelium (rats, monkea)d

similar exposuragesponse relationships for rat tumors (Casanova et al. 1991, 1994, USEPA
1991a). In both ca&s, the exposunesponse relationships are convex (i.e., nonlinear), and may
be explained by a number of mechanisms such as the saturation of formaldehyde metabolic
enzymes, decreased removal of formaldehyde by the mucociliary ladder, the saturation of
protein-binding kinetic mechanisms, and the saturation of BpMdtein crosdink repair
mechanisms (ATSDR 1999). However, at similar formaldehyde concentrationspBitsin
crosslinks in the upper respiratory tract (middle turbinates, lateral wall andraept
nasopharynx) of monkeys are approximately an order of magnitude less than in the nasal cavity
of rats (Liteplo and Meek 200&8asanova and Heck 19¥Health Canada 201

The genotoxic effects of formaldehyde appear to be amplifie@lbproliferation, which is
increased considerably at concentrations grelaser 6 ppnand increases the occurrence of
malignant lesions in the nasal passages of rats (IARCaUDRA replication has to occur to
covert a DNA adduct or crodsk into a mutaibn, andformaldehydenduced cytotoxicitygell
proliferationincreases the number of DNA replications and the probability that a-jprit&in
crosslink will result in mutationbefore DNA repair can occuBoth regenerative cell
regeneration and DNAvrotein crosslinks are considered necessary, but not sufficient, events
for formaldehydenduced tumor formatiarCell proliferation appears to be essential for
mutations in the developmentfofmaldehydenducedtumors since there appears to be a more
direct relationshipbetweerregenerative cell proliferation and tumor formation than for DNA
protein crosdinks (CIIT 1999. This is contrary to a mutagenic MOA, where mutation is the first
step which initiates a cascade of other key events such as cytotoxioély proliferation

(USEPA 2007).

The International Programme on Chemical Safety (IPCS) of the World Health Organization
(WHO) has published a framework for analyzing the relevance of a cancer MOA for humans
(Boobis et al. 2006). Utilizing that framewoidcGregor et al. (2006) indicates that while a role
for mutagenicity in the development of formaldehydeéuced tumors cannot be ruled out, a
MOA of nonlinear prolonged regenerative cell proliferation due to sustained cytotoxicity (i.e.,
nornrmutagenic M@\) is consistent with biological plausibility and available datae German
MAK Commission concluded that genotoxicity plays no part, or at most a minor part, in
formal dehydeds c ar clhcreasgdecellular prdlifgratipnN@a&kconze@uzi2ce .
of epithelial cytotoxicity appears to be the most significant determinant of formaldetdudzd
neoplastic progressigiiteplo and Meek 2003ealth Canada 20pITherefore pased on
available dataexposure to formaldehyde at levels which induce cytotoxicity and sustained
regenerative epithelial proliferation in the respiratory tract is considered to represent
carcinogenic hazard to humabased on a nonlinear MOA.iteplo and Meek 2003, Arts et al
20063 NICNAS 2006Health Canada 2001
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4.2.2.2.3 WOE for Carcinogenic MOA

The hypothesized MOA for formaldehydteduced nasal tumors is consistent wvitte substantial
scientificdataavailableand the growing body of evidence supporting the bioldgieausibility

of prolonged regenerative cell proliferation being a causal mechanism in carcinogenesis (Liteplo
and Meek 2003, IPCS 200Realth Canada 20QINumerous potentially carcinogenic biological
activities are associated with the hyperprolifemstate (Butterworth et al. 199%)s mentioned
previously, brmaldehydenduced cytotoxicity and subsequent regenerative cell proliferation
increases DNA replications and the probability that a Biétein crosdink will result in a

DNA replicating erroland mutation. This MOA satisfies several criteriaW®E, including
consistency, concordance with expostggponse relationships for intermediate endpoints,
biological plausibility,andcoherence of the database, and is likely relevant to humans @Litepl
and Med& 2003, NICNAS 2006Health Canada 20D1See the referenced studies for a more
detailed discussiorn regardto target tissues for potential carcinogenic effects, formaldehyde
induced tumors at the site of contact are consistent with biological plausibility and toxicokinetic
considerations as formaldehyde is highly water soluble and reactive, and is quickbedbso

(and metabolized) at the site of contact.

4.2.3Approaches for Evaluation of Carcinogenic Potential

The purpose of the carcinogenic evaluation is to develop a Hpralictive air concentration
consistent with TCEQ guidelines (TCEQ 2008)henthe arcinogenic MOA supports a linear
doseresponse extrapolation (e.g., purely mutagenic M@Aufficient information on the
carcinogenic MOA is lackin¢e.qg., likely MOA not understooddhe @lculation of a health
protective air concentration based oncaawgenic effects due to inhalation is accomplished
through use of linear lowlose extrapolation (USEPA defaniethod) anaalculation otthe
resulting URF. The UREanthenbe used to calculate an air concentration (assuming lifetime
exposure) correspoimt) to a particular targetxcesgisk level. In accordance with TCEQ
guidance, TS usestarget excess cancer riskloin 100,000 (TCEQ 2006). However,
information on the carcinogenic MOAdicative of nonlinearitye.g., vinyl acetatand
chloroformcytotoxicity) may supporapproaches other than limdaw-dose extrapolation as
moreappropriateln such cases, protection against noncatiwesholdeffectswhich data
indicateare key precursor events in the development of tugeogs, formaldehydénduced
cytotoxicity and regenerative cell proliferatiaztgnbe considered protective against an increased
risk of cancer (TCEQ 2006).

Information on the carcinogenic MOA for formaldehyde supports use of nonlinear approaches as
more appropriate than linego@oaches for calculation of an air concentration protective of
carcinogenic effects (i.erespiratoryasopharyngeal canceBased on the carcinogenic MOA
analysis (see Section 4.2.2), cytotoxicity is believed to be a key precursor event in formaldehyde
induced carcinogenesis and a threshold effect (Schlosser et al. 2003). Additibradlysé

resporse relationships fdormaldehydeinducedtumors, cell prdiferation, andDNA-protein

crosslinks arehighly nonlinear

Therefore, bsed onnformation regardinghe carcinogenic MOATS believesthata nonlinear
BMD analyss basedon cellular proliferation(an early key precursor eventy the biologically
based model discussed in CIIT (19899d Conolly et al. (2004)s more appropriatéor
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formaldehydeThenonlinear BMD analysis based on cellular proliferation is presented fitst as
is the basis of the carcinogemiorlinear ReV and" ™ ESLyonineary and is followed by
discussion ofhe CIIT biologically-basednodel approach.df the sake of comparis@md in the
interest of making the most informed decision based on scientific, imezér low-dose
extrapolatiompproachearealsopresented

4.2.3.1 Nonlinear BMD Approach

Sincethe carcinogenic MOA supports a nonlinear cargamnic evaluation (see Section 4.2.2), a
POD based on a precursor key evget, cellular proliferationjn the development of tumors
was determinednd appropriate URsere appliedo derive a chronic carcinogenic ReMpich

is multiplied by 0.3 to devie the™" ™ ESLyonineary The POD is generally the NOAEL, LOAEL,
or lower confidence limit on the BMCL (TCEQ 2006).

4.2.3.1.1 BMC/POD

Schlosser et al. (2003) used BMC modeling to calculate BMCs/PODs for rats based on both
tumor and cell proliferation endpoints. Tumorigenesis is the primary endpoint of interest in the
carcinogenic assessment for development of a POD. Cell proliferatitihzed as an endpoint

for POD development because it is believed to play a key role in formaldetdutzed

carcinogenesis, there is a good correlation between elevations in cell proliferation and elevations
in tumor risk, and it is predicted by BMC madthg to occur at concentrations lower than those
predicted to produce a tumor response. The BMCs/PODs developed in Schlosser et al. (2003) for
tumorigenesis and cgdroliferation in rats werextrapolated to humans using two mechanistic
models. The firsmmodel used computational fluid dynamics (CFD) to calculate rates of delivery
(flux) of formaldehyde to the nasal linimd rats and humans (direct air flow extrapolation), and
human exposure concentrations that produce fluxes equal to those irvthendhe rat is

exposed to the BMC(L)S he second mechanistic model combined CFD with a pharmacokinetic
model to calculate tissue dose and formaldehigdaced DNAprotein crosdinks (DPX) as the

dose metric (fluXDPX extrapolation)and human exposuremcentrations that produce DPX

levels equal to those in the rat when the rat is exposed to the BM@(hils. the two methods

each have their own strengths, TS selectedBIBX as the basis fonterspeciegxtrapolation

(ratsto humankfor purposes of @veloping a chronic carcinogenic ReV since formaldehyde
inducedtissue DPX(internal dose metria¥ closely associated with tumafise., doseresponse,
anatomical locationsandmay serve aa marker for genotoxicity and play a role in
carcinogenesisJSEPA also used DPX as the dose metric for their 1991 carcinogenic assessment
(USEPA 1991)This selection has little consequence as the two extrapolation methods result in
nearly identical human environmental exposure BMCs/PODs.

Table V of Schlosser et 4R003) presents BMCs and 95% BMCLs associated with various
response rates (1, 5, and 10% response) and models (e.gstagsti Weibull, power law) for
both tumor and cell proliferation endpoints in rdtse tumor data modeled includadotal of

482 iats exposed at five different concentrations (0.7, 2.0, 6.0, 10.0, and 15.0 ppm) and 122
controlsfrom Kerns et al(1983 andMonticello et al.(1996)(see Table bf Schlosser et al

2003) Ninety-four animals that had not been examined for the Montielhal. (1996) study
were included in thenodeledtumor dataThemodeledcell proliferation data included a total of
236 rats expsed to the same fivancentrations (0.7, 2.0, 6.0, 10.0, and 15.0 ppm) and 48
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controls from Monticello et al. (1996) (sealdle Il of Schlosser et al. 2003)able VIII of

Schlosser et al. (2003) presents BMCs and 95% BMCLs associated with various tumor response
rates and models, assumicantinuousenvironmental exposure, for both tumor and cell

proliferation endpoints basexuh flux-DPX extrapolation to humans.

BMCLs to be used as PODs should be in or near the range of data where the response is
observedi.e., the lowest dose level supported by the datdecrease uncertainffCEQ 2006)
While a BMCL corresponding to a 1084mor response (BMGk) may be an appropriate

standard POD for many chemicals, for formaldehypd®MCL corresponding to a 1% tumor
response (BMC4,) is appropriate as a POD because tumors were observed at exposure levels
which produced tumors in8% ofthe animalsn two bioassays. BMCLo;is more

conservative than a BMGh.for use as a POD as it corresponds to a lower air concentration (see
Table VIII of Schlosser et al. 2003)dditionally, use of cell proliferation as the endpointlieu

of tumorsas the endpoint, is more conservative as cell proliferation is a key event predicted to
precede the formation of tumoi®S conservatively selected the 95% BMgbased on cell
proliferation(1% increase in ULLIjand the power law model (0.44 ppm) from Tea¥lll of
Schlosser et a(2003 for use as the PQRRc. This 95% BMClg; (0.44 ppm)is slightly more
conservative than the sard8% BMClLy; based on direct air flow extrapolation adjusted to
environmental exposure (2.55 ppm from Table VEohlosser et ak003divided by a duration
adjustment factor of 5.6 cited in study = Opf8n). ThisPOD.ec is based on a threshold

endpoint (cell proliferation/cytotoxicity) which is predicted to precede tumor formation (the
lowest 95% BMCl; for tumors is 0.71 ppmandis the lowest of the BMCLSs presentedsed

on flux-DPX extrapolation.

4.23.1.2 UFs and the Health-Based Chronic ReV and™ " ESL nonjinear(c)

The following UFs were applied to the PQU2 of 0.44 ppm: a LOAELO-NOAEL UF of 1

(UF.) was used consistentth TCEQ guidelines (TCEQ 2006) since BMD modeling was
performed an interspecies UF of 3 ({)as interspecies differences in toxicokinetics have
already been taken into account by the pharmacokinetic modeling; an intrahuman variability UF
of 10 (UFR,) to account for potentially sensitive subpopulations; and a database UF of)1a@JF

the formaldehyde database is extensive (total UF = 30).

chronic carcinogeniR®eV = PODyec/ (UF. X UFA X UFRy x UFp)
=044 ppm/ (1 x3x10x1)
= 0.44 ppm / 30 = 0.0148om = K.6ppb

Rounding to two signi€ant figures yields @hronic carcinogenic Redf 15 ppb (18ug/n).
Thechronic carcinogenic ReV is conservatively based on increased cell proliferation, a precursor
to tumorigenesisAt the target hazard quotient 6f3, the "™ ESLyoniinear)is 4.5 ppb (5.5
ug/m°) (Table 6).

Parameter Summary

Study Schlosser et al. (2003)

36



Formaldehyde

Page37
Study Population total of 236 exposed rats, 48 controls
Study Quality high
Exposure Levels 0.7, 2.0, 6.0, 10.0, and 15.0 ppm
ExposureDuration 2-year study
(with interim sacrifices at 3, 6, 12, and 18 months)
Critical Effects cell proliferation (key precursor event to tumorigeneg
POD4ec (BMCLoy) 0.44 ppm
(already adjusted for continuous environmental
exposure)
Total UFs 30

Interspecies UR 3

Intraspecies UH 10

LOAEL-to-NOAEL UF| 1

Subchronic to chronic U NA

Incomplete Database U| 1
Database Quality high

Chronic Carc. ReV (HQ = 1) 18 pg/nT (15 ppb)

ChrcmICESLnonIinear(c) (HQ = 03) °.5 “g/n? (4'5 ppb)

Table 6 Derivation of the Chronic Carcinogenic ReVand " ESL oniinear(c)
4.23.2 CIIT Full Biologically -Based Model

CIIT incorporated available mechanistic and dosimetric information on formaldehyde to develop
a risk assessmeabnsistent with USEPA guidelines for carcinogenic risk assessment (CIIT
1999). Although CIIT primarily developed the model (CIIT 1999), other entities involved were
USEPA, Health Canada, and Toxicology Excellence Risk AssessmenTERA, as well as

those involved in the external peer review (Liteplo and Meek 2003). CIIT is now the flagship
institute of the Hamner Institutes of Health Sciences.

4.2.3.21 Model Description

The goal of CIIT (1999) was to develop a dossponse model for formaldehyde which
incorporates as much of the biological database on formaldehyde as pd$si®IT model is
an example of how relevant biological and mechanistic information can replace default
assumptions (e.glinear dosaesponse relationshimn the estimation dfiuman respiratory tract
risk, offering the potential to decrease tigk assessmenincertainties associated with
interspecies and higlo-low dose extrapolationtsy maximizing the use of scientific data
(NICNAS 2006 CIIT 1999.

Appropriate dosimetry isritical in interspecies extrapolatioetausef differences between test

species (e.g., rats) and humans in the anatomy of nasal/respiratory passages, air flow patterns,
and breathingatterngobligate nasal versus oronasNJCNAS 2006) For examplein humans
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(oronasal breathers), effects are likely to be observed deeper within the respiratory tract (similar
to formaldehydeexposed monkeysgpecies differences in nasalsimedry are accounted fan

CIIT (1999)by anatomically realistic thredimensonal computational fluid dynamic&FD)

modeling of formaldehyde fluk variousrat and humanasal regiongLiteplo and Meek 2003).
Additionally, the modelccountsdr oronasal breathing in humaasdincorporates local doses
(surface fluxes) over the entire human respiratory tract (see Section 6.3 of CIIT 1999). The upper
respiratory tract was considered to begin at the lips or nostrils, through the oropharyx, continuing
to the proximal end of the traea (beginning of the lower respiratory tract). The lower

respiratory tract is divided into the tracheobronchial and pulmonary regions. The
tracheobronchial region consists of the trachea, bronchi, and bronchioles, ending at the terminal
bronchioles afte® to 22 branching generations. The pulmonary-ggahange) region follows

the terminal bronchioles, beginning with respiratory bronchioles which eventually branch into
alveolar sacsRegional dose is a function fafctors affectinghe amount delivered bghaled air
(e.g.,airflow patterns, atphase diffusionand the absgtion characteristics of the lining (e.qg.,
amount absorbed at the-#iming interface, mucous/tissyghase diffusion, clearance rates,

chemical reactions and solubility) within vargoregions of the respiratory trgttiICNAS 2006

CIIT 1999. Species differences in these facidesermine speciespecific regional dose

distributions The model utilizes anatomically realistic models to accurately describe the effects
of interspecies atomical differences on the respiratory tract dosimetry of formaldelGidE

1999.

CFD-generated predictions ofgional flux (doseand number of cells at risdee linkedto two
MOAs which jointly contribute to tumor formatian the CIIT model cytotaicity/regenerative

cell proliferation and mutagenicity (mediated DINA-protein crosdinks) (Conolly et al. 2003).
The model incorporates regenerative cell proliferation as a required step in tumor induction and a
contribution from mutagenicity that hddse greatest impact at low exposures through modeling
of complex functional relationships for cancer due to the effects of formaldehyde on mutation,
cell replication, and exponential clonal expansion (Liteplo and Meek 2003). Formaldehyde is
assumed to aets a direct mutagen in the mo¢i@loportional to tissue DN#rotein crossink
concentrationflespite animal studies which suggest a thresfooldarcinogenic effectsvhich
provides a conservative and cautionary element in recognition of a lack bf eldigidated
carcinogenic MOA (NICNAS 2006). The CIIT model incorporates data on cell proliferation and
the probability of mutation (based on tissue Ditein crosdink data) into a twestage clonal
growth modelwhich describes cancer as a successigenetic changeand altered growth
behaviors that lead to the progressive conversion of normal cells into cancéCaorbdly et al.
2003). The clonal growth modsiructureis identical to other biologicaltpased, twestage

clonal growth models (a.& Moolgavkar, Venzon, and Knuds@kVK) models) and

incorporates information on normal growth, cell cycle time, and respiratory tract-sgggaiiic

cells at risk.-The incorporation of roles for both cytotoxicity and mutagenicity represents a
significart advance over previous risk assessmdiiis.clonal growth model provides a good
description of the relatively high dose rat tumor ddéscribes a lovdose linear response for

both rats and humans at exposure levels where cytotoxicity and regenezltpreliferation do

not play a role ircarcinogenesjsand was developed to be conservativbere scientific
uncertainty existed, choices were made that tetmlederpredict risKCIIT 1999)

Induction of a proliferative respongerespons&o cytotoxcity plays a critical role in
carcinogenesis of many compounds which are also mutagenic, aisteiyecancer modeling
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has been used for formaldehyde to reflect the relative importance of cytotaxatitsed cell
proliferation versus chemicalyduced @ect mutation in tumorigenesis (Subramaniam et al.
2007).A sensitivity analysis of the CIIT modedlicatesthat direct mutation is not a significant
action of formaldehyde as the optimum value for the KMU parameter, which determines the
extent of directmutation, is zergConolly et al. 2004, CIIT 1999 other words, the model
explains tumor dataptimally without dependence on a directly mutagenic effect of
formaldehyde (i.e., when KMU is zero thereby excluding a direct mutagenic effect) (Conolly et
al. 2003).

4.2.3.22 CIIT Model Calculation of Air Concentrations at 1 in 100,000 Excess
Cancer Risk

Since the CIIT model is not linear, the CIIT model itself must be used to calculate an air
concentration at 1 in 100,000 excess cancer Agksuant to 8CEQ request, CIIT performed
modeling assuming lifetime environmental exposure for smokers, nonsmokers, and
smokers/nonsmokers mixed utilizing gheblishedCIIT hockeystick modelfrom Conolly et al.
(2004),the TCEQ target excessrazer risk level of 1n 100,000 andthe TCEQ default lifetime
exposure duration of 70 yeafihe CIIT hockeystick model is much more conservative than the
alternative shaped doseesponse models the response at low doses is forced to be Jinear
reflecting the linearity ofhe DNA-protein crosdink model (contribution of mutagenicity) over

the low environmental concentration ranG8.T modeling performed for the TCEQ indicates

that thelifetime environmental air concentrations corresponding to an additional cancer risk level

of 1 in 100,000 for smokers, nonsmokers, and smokers/nonsmokers mixed are 300, 955, and 400

ppb, respectivelyDr. Cecilia Tan ofCIIT provided a discussion of the modelirggults thais

provided inAppendix B Given the pantial inherentsensitivity of the model, use of the most
conservative air concentration corresponding to 1 in 100,000 additional cancer risk (300 ppb for
smokers)s justifiedfor evaluation for potentiause in developing a carcinogeriased chronic

ESL

A recent paper by Subramaniam et al. (2007) indicates that theafpsmse predictions by the
CIIT modelat concentrations less than those causing tumors iamatensitive to the choice of
controldata Although the work isiot yet published, information in a presentatigrthe same
group of researcheet the 2006 Society for Risk AnalygSRA) conference indicatebat using
National Toxicology ProgranN\(TP) inhalation controls, human risks frothe hockey stick
model can be 60 times higher using theimn@lementation of the modat 10 pphk(see slide9
and 21in Appendix Q. While the scientific merit or defensibility of altering the model control
data is debatableyen consideringrauncetainty factor of60, the noncarcinogenic ESL (2.7
ppb) would be lowethan the most conservatiearcinogenic ESL based ¢ime CIIT model (300
ppb) divided by 60 (5 ppb).herefore TSbelieves the results of the CIIT model (300 ppb)
demonstrate that air concentrations protective of noncarcinogenic irritant effects (chronic
noncarcinogenic ReV of 8.9 ppb afild"E SLyoninearn)0f 2.7 ppb) are also protective of
carcinogenic effectshis is consistenwith Health Canada (2001), which concluded that,
Aout put of the model is considered adequate
sensory irritation in human populations are sufficiently protective with respect toamgenin
potential . o

4.2.3.23 Evaluating Susceptibility from Early-Life Exposures
39
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USEPA (200%) provides default agdependent adjustment factors (ADAFs) to apply to the

URF to account for potential increased susceptibility in children due telgargkposure when

a chemical haslearlybeen showiy the scientific communitio actthrough a mwgenic MOA

for carcinogenesigs opposed to unknown or multiple MOAShe scientific community has

not shown the carcinogenic MOA for formaldehyde to be mutagéfhde the weightof-

evidence indicates that formaldehyde is capable of reacting with DNAm@ducing genotoxic
effects, especiallgt high concentrationshen metabolic capacities are exceeded (ATSDR
1999),it is only weakly genotoxic (Liteplo and Me@k03).Additionally, although DNA

protein crosdinks play a role in the generation of miubas, there seems to be a more direct
relationship between regenerative cell regeneration and tumor formation than between DNA
protein crosdinks and tumor formation (CIIT 1999, Liteplo and Meek 2003)ere was

evidence of cytotoxicity in all cancer easin the Swenberg et al. (1983) rat experiments, and
cytotoxicity leading to cell necrosis and rapid replication is a known cause of cancer (Imbus
1988). Biologicallybased modeling of the carcinogenic response indicates that direct mutation is
not a sigificant action of formaldehyde (i.e., the optimum value for KMU, which determines the
extent of direct mutation, is zero) (Conolly et al. 2004, CIIT 1999).

Themost significant determinant of formaldehyeluced neoplastic progression appears to be
increased cellular proliferation as a consequence of epithelial cytotoxXtyitgtoxicity followed

by regenerative cell proliferation is a nongenotoxic MOA (Butterworth et al. 1885pal data
suggest formaldehyde is an epigeneticcinogends opposed toaving a mutagenic MO}
implying a thresholdbelow which there is no carcinogenic respofisdiing et al. 1988).
Formaldehyde appears to be an example of a chemical with an MOA which contains one
component with a nonlinear desesponse (cytotoxicity/cefiroliferation) and one which may

be assumed to be ledose linear (DNAprotein crosdinks/mutagenicity) resulting in a
nonlineardoseresponse for tumor inciden¢@homberg et al. 2007)

As previously mentioned, utilizing the IP@@mework(Boobis et al. 2006) for analyzing the
relevance of a cancer MOA for humaMs;Gregor efal. (2006) indicatéhat althougla role for
mutagenicity in the development of formaldehydéuced tumors cannot be ruled out MOA

of nonlinear prolonged regemaive cell proliferation due tsustained cytotoxicity (i.enon
mutagenic MOA) is consistent with biological plausibility and available datditionally, the
German MAK @mmission concluded that genotoxicity pay part, or at most a minor part, in
for mal dehydeds c¢ ar c iTheoetpre,masedion ayaildblMiAfgrmaidh @izl ) .
consistent with USEPA200%) and TCEQ(2006)guidelines ADAFs would not be applied if a
ChONE S, oniineary based on the CIIT mod@r a " ESLineare) Wereto be selected by TS
Regardless, the issuevisthout consequencgnce even iARDAFs were appliedo the
ChONE S, oniineary based on the CIIT modehe resulting value (300 ppx 0.6 = 180 ppb) would
be significantlyhigher than thehronicnoncarcinogenic Re¥8.9 ppb)and®™°™ESLoniinear(nc)

(2.7 ppb).
4.2.3.2.4Use of CIIT Model by Other Environmental Agencies
USEPA

For their 2006NATA of 1999 enissiors cata (a.k.a. the 1999 NATA) and the 20Ddmbustion
Turbine Source Category Risk&racterization USEPA judged CIIT (1999) to represent the
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best application of available mechanistic and dosimetric science omedpeEmse (i.e., it

incorporates statef-the-art analyses for specispecific dosimetry) and the best available

approach foportalof-entry cancers due to formaldehyde (USEPA 2006, 2004). Therefore,

USEPA utilized a URF for formaldehyde of 5:68 perug/m® (6.8E09 per ppb or 6.886 per

ppm) based on CIIT (1999) for the 1999 NATRATA at EPA). The 1999 NATA URF

indicates that formaldehyde is about 2,450 times less potent of a carcinogen than the 1991 URF
currently on IRIS, which idased on a rat study without consideration ofvaié biological and
mechanistic information. Derivation of the UR
Combustion Turbine Source Category Risk CharacterizdWSEPA 2004) (sefppendix D.

Examination of predicted risks at various environmental axgdgvels based on CIIT (1999)
indicates that use of the 1999 NATA URF (5-8& perug/m® or 6.8E09 per ppb) to evaluate
long-term levels less than 100 ppb, where lbagn environmental levels (< 10 ppb) are
expected, may be conservative (i.e., yielggér risk estimates than those predicted for lower
concentrations such as20 ppb) (see Table-Z of CIIT 1999). However, predicted risks
increased somewhat based on the updated CIIT model (hetikkynodel for cytotoxicity
regenerative cell proliferiatn in Conolly et al. 2004), making use of the 1999 NATA URF
underpredictive for smokers and smokers/nonsmokers mixed at environmeetaihant
exposure levels (20 ppb), while still being conservative for nonsmokers (see Table 8 of
Conolly et al. 2004

Health Canada and Australia

In addition to USEPA having utilized the CIIT model, Health Canada indicates irPtinaity
Substances List Assessment Refoofiormaldehyde (Health Canada 2001) that the CIIT model

is considered to provide the mosteledible estimates of cancer risk and is clearly preferred for
characterization of the dosesponse for formaldehydeduced cancer on the basis that it
encompasses more of the available biological data, thereby offering considerable improvement
over defalt approaches.

Australiadés DHA also considers the CIIT model
than default assumptions due to the incorporation of all available biological data (NICNAS
2006).

Based on CIIT modeling results, Health Canagiacludedthat cancer risk (upper respiratory

tract) associated with formaldehyde in air in Canada is exceedingly low (risk ©8)7E

Australiadd s D H Asindlar riskvconclusions for the general population (including children)

due to ambient air levels #ustralia (maximum annual average of 5.5 ppb) based on the CIIT
model. The longerm (1 month to 1 year) mean ambient air concentrations reported in Section
2.3.2.1.1 of Health Canada (2001) (0.78 to 8.76 [igin®.63 to 7.1 ppb) are similar to or

greaterthan sampling site means measured in Texas from-2997 (1.5 to 5.2 ppb with a

statewide mean of 3.6 ppb), and in the US in 2006 (mean of 3.1 ppb, median of 2.1 ppb). Based
on the low cancer risks predicted using the CIIT (1999) model for formaldemyekniadian air,

Health Canada places emphasis for the characterization of formaldehyde health risk on the
noncarcinogenic effects that occur at the lowest concentrations (i.e., sensory irritation) (Health
Canada 2001).iteplo and Meek (2003), who arewkthe al t h Canada, concl ude
of the model is considered adequate as a basis to ensure that measures taken to prevent sensory
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irritation in human populations are sufficiently protective with respectarcinogenic

p ot e nTScoadurs with trs conclusiorand notes that the chronic noncarcinogenic ReV (8.9
ppb) and"™ESLyoninearney(2.7 PPb) and lower thathe chronic carcinogenic ReV (ppb) and
ChONE S, oniinear()(4.5 ppb) and the most conservative value from the CIIT model (300 ppb).

4.2.33 Linear Low-Dose Extrapolation Approaches

These results are presented for comparison purposes only as TS does not believe that linear low
dose extrapolation is the most appropriate roetitior evaluating the carcinogenic potential of
formaldehyde.Linear extrapolation likely ovepredicts risk at low (e.g., environmentally
relevant) exposure levels because: (1) the -desponse relationships for both tumor and cell
proliferation endpoirg are highly nonlinear; (2) cytotoxicity is believed to play a key role in
formaldehydenduced carcinogenesis and is a threshold effect; and (3) a stronger association
between formaldehyde exposure and nasal cancers may be expected in epidemiology studies
true cancer risk were similar to that predicted utilizing linear-dmse extrapolation (Schlosser

et al. 2003)Therefore, TS believes the nonlinear BMD approach discussed in Section 4.2.3.1 to
be most appropriate for assessing human health risk (asosed to linear lovdose
extrapolation).

4.23.31 Linear BMD Approach

As previously discusse@chlosser et al. (2008j}ilized a BMD approach to evaluate the
carcinogenicity of formaldehyde, as opposed to the full biologitaled modeling approach
enployed in CIIT (1999) an€onolly et al. (2004). Thapproab combinedBMD and
pharmacokinetic modeling t¢1) calculate human BMCs for use in a margfrexposure

(MOE) analysis (e.g., environmental exposure human BMCs in Table VIIl and MOEs in Table
IX of Schlossr et al. 2003), which is a nlimear approachand (3 estimate human cancer risk
from formaldehyde exposure assumingddese linearity(seerisk estimates ifable IX of
Schlosser et al. 20033 chlosser et al. (2003)atecthatif a BMD mettod is preferred over the
CIIT model (CIIT 1999, Conolly et al. 2004 nonlinearapproachs believed to be more
appropriate thathe lowdose linearity approachlthoughBMD results based dow-dose
linearity were presentefbr comparisonA nonlinear BMD approach was discussed in Section
4.2.3.1 above, and a BMD approach based on lineadtmsg extrapolation is presented below.

4.2.3.3.1.1Determination of URFs and 1 in 100,000 Excess Cancer Risk

Thetwo mechanistic modefer extrapolatbn to humangdirect air flow and fluxDPX) gave
identicalresults when used to estimate human cancer risk assuming linedosevextrapolation
for tumors(see Table IX oBSchlosser et aR003) Using flux-DPX or direct air flow
extrapolation, formaldefde-induced tumors as the endpoint of interest (as opposed to cell
proliferation), and assuming no threshold (Idese linearity), the human additional lifetime
cancer risks given in Table 1&f Schlosser et a(2003)at 0.1 ppm for the 95% upper boundlan
maximum likelihood estimate (MLE) are 1.4 and 1.3ED3, respectively. These risk estimates
for the 95% upper bound and MLE correspond to URFs of-Q51&nd 1.3ED5 per ppb,
respectively (e.g., 95% upper bound URF = 108# 100 ppb = 1.4E5 per pph. Air
concentrations corresponding to an additional lifetbaecer risk of 1 in 100,000 using the 95%
upper bound anMLE URFswould be approximately 0.7 and 0.8 ppb, respectively
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1in 100,000 additional lifetime risk air concentration using the 95%rupgpund =
target risk level / URF = 1.085 / 1.4E05 per ppb = 0.71 ppb

1in 100,000 additional lifetime risk air concentration using the MLE =
target risk level / URF = 1.685 / 1.3E05 per ppb = 0.77 ppb

For comparisonbased on th&991USEPA URK1.6E-05 per ppb), which is slightlynore
conservative than the URFs mentioned above bas&tlinsser et a(2003), the air
concentration at a lifetime cancer risk ah1100,000 is approximately Opgph:

1 in 100,000 additional lifetime risk air concentration using the USEPA URF =
targetrisk level / URF = 1.0ED5 / 1.6E05 per ppb = 0.62ppb

However,USEPA no longer considers the URF (1-@&per pg/mor 1.6E05 per ppb) on IRIS,

which utilized a 1983at study Kerns et al. 1983kgnd was placed on IRIS in 1991, to be based

on the best available science (USEPA 2006, 2004). USEPA is in the process of updating the IRIS
assessment and awaiting updated epidemiological studies from NCI. The draft IRéSeass

is currently scheduled to be out for public comment in April 2008, with thedssdssment

posted in January 2009.

4.2.3.3.2 Linear Approach Based oiluman Nasopharyngeal CanceRelative Risk

As arelativelycrude comparisoto the URFs mentioneabove based on Schlosser et al. (2003)
and that from USEPATScalculated a URF artthe 1 in 100,000 air concentration based on the
relative riskfor nasopharyngeal cana&ported for the highest cumulative exposure group in
Table 5 ofHauptmann et a(2004) the kst published NCI cohort update. TS employadous
conservative assumptioriBhe URF calculatiormethodology is onemployed in USEPA

(1986) More gecifically, TS usedherelative risk modeéquation founen various pagesf

that documen(e.g., bottom of page-809, top of page-215), which is a linear lovdose
extrapolation methodhe equation is given below and requires estimates of background rate for
the cancer of interest, relative riskm the studyand average itime exposureoncentration

for the exposure group of interest (i.e., the exposure group corresponding to the relative risk
utilized).

TS utilized readilyavailableconservative values for the parameterso that the resultingRF

and air concentratiomalues could bconservatively compared to the URFam the linear BMD

and IRIS assessments aboVke highest cumulative exposure gronpiauptmann et al. (2004)

had a high rative riskfor nasopharyngeal canc@r.14) compared tother exposure groups and
metricsThe hi ghest cumul at i v e -years,aodshe loveendywasusgd wa s
(5,500 ppbyeary as itwas readily available anithe most conservative for this exposure group
(i.e.,results in a more conservative URF

The value of 5,500 ppiears coresponds toraaveragdifetime environmental exposure
concentration of 18.7 ppb (5,500 ppkars x (5/7 days) x (8/2%) x (1/70 years) = 18.7 ppb).
This isavery conservativealueas itis based on a cumulative exposure methich includes a
15yearlagandassumes no exposure side of work. Arerageindoorexposure to formaldehyde
is significant relative to the 18.7 ppb calculated abewvel may exceetlbased on available
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data Most workers were O 30 vye(seeTabledbfd at t he
Hauptmann et al. 2004and most were followed for over 30 yeaks.the background
nasopharyngeal cancer rai&§ used the USiasopharyngeal cancerortality rate of 0.8 per

100,000 for ages over 65 years (ldble XX-4b of SEER 2007bas itmay be the most

appropriate readily available background rate r@sdlts in a more conservative URF., it is 8

times the rate for ages less than 65 yearsatt4 times the rate for white males, which

comprised most of the cohhrThese values weresad with the following equatio SEPA

1986)

URF =background mortality rate for the cancer endpgi(relative risk-1)
average lifetime exposure level

URF = 0.8E05 x ((4.14-1)/18.7 ppb) = 1.316 per ppb

1in 100,000 additional lifetime risk air concentration =
target risk level / URF = 1.6B5 / 1.3E06 per ppb = 7.7 ppb

This same methodology was used with the nasopharyngeal cancer relative risk (1.19) reported
for the next highest cumulative exposgreup (1.5 < 5.5 ppryears) in Table 5 of Hauptmann

et al. (2004)along with the lower (1,500 pplears) and upp€b,500 ppbyears) endsf the
cumulativeexposure range. This resulteda URFrangeof 8.1E08 t03.0E07 per ppband an

air concentratio rangeat 1 in 100,00@ancerrisk of 33to 123ppb (calculations not shown).

While relatively crude in nature, thedeeeexamples demonstratthat employing even very
conservative parameter values, tieFsresulting from tis method8.1E08 to 1.3E06 per
ppb)based on relative risks frothe NClepidemiological studyHauptmann et al. 2004ye
about one or twordess of magntude less conservative than the UbRdsed on animal data
currently on IRISJ1.6E05 per ppb)pr thosebased on the linear BMBnalysis(1.3E05 to 1.4E
05 per pph)Additionally, the chronicESL basean noncarcinogenic effects (20pb) is lower
than the air concentrations corresponding to 1 in 100,000 cancer risl?@ ppb) based on the
URFs resulting from this method

As an additional comparison to then 100,000 air concentratiarsingthe USEPA URF and the
linearized multistage model (0.6 ppb), Imbus (1998) presents MLE estimates for other models
(e.g., probit, multhit). The MLE air concentratiorfsom Imbus (1988torresponding to 1 in
100,000 excess riskre several orders of magnitude higher, ranriogy 1762,140 ppb.

Again, as TS does not believe that linear-ibege extrapolation is the most appropriate method
for evaluating the carcinogenic potential of foraehyde, these results are presented for
comparison purposes only.

4.2.4Discussion of Potential CarcinogeniBased ESLs

Utilization of thedifferentapproaches for evaluating the carcinogenic potential of formaldehyde
resulted in the following values:

1 4.5ppb(5.5ug/m*) based on a nonlinear BMD approach for a key precursor event (cell
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proliferation)predicted to precede tumorigenesis

300 ppb(369ug/m°) based on thenost conservative 1 in 100,000 additional lifetime risk
level (for smokers¥rom theCIIT full biologically-based mdel

f 0.6to 0.8ppb(0.7 to 1pg/m’) based ora 1 in 100,000 additional lifetime risk level from
linear lowrdose extrapolation (USEPA default approaaiat data

For reasonsentionedn Sections 4.2.3.2 and 4.2.3.21& beliewes that results from the CIIT

full biologically-based mdelare more likely to be representative of air concentrations

corresponding to an additional lifetime cancer risk of 1 in 100080 results from linear low

dose extrapolatiarHowever, considerind CEQ6s i nterest i n pheotectin
potentialuncertaintywhich may be associated withe CIIT mode(e.g., ongoing sensitivity

analysis by Subramaniam et alShas seleadthe “"°*"ESLyoninear(c)Of 4.5 ppb as the chronic
carcinogeniebased ESIC"°"ESluoninear(c)-

The ™™ ESLyoninearc)(4.5 ppbor 5.5ug/m’) is expected to be protective of carcinogenic effects
becaus@f the following

1 the default linear lowdose extrapolation method doeg appear to be appropriate

1 the endpoint dytotoxicity) is believed tobe a key evenin formaldehydeinduced
carcinogenesis;

the endpoint is a threshold effect pitdd to precede tumor formaticemd

it is significantly lower tharwhat the carcinogeniebased ESL would be (300 ppb) if
based on the full biologicalpased model which many researchers consider
representative of the best available science.

1
1

This " ESLyoninear(e)iS based on preventing cytotoxicity,which there was evihcein all

cancer cases CIIT rat experiment§Swenberg et al. 1983ndwhichwas not increased in the
nasal mucosa of rats until approximately 5,600 ppb, the same level where the incidence of nasal
cancer began timcrease irkerns et al. (1983)gscited bylmbus 1988). Fothe Kerns etla
(1983)and Tobe et al. (1985judiescombined, nasal cancer incidence was zero in 268 rats
(most sensitive laboratory animal species) exposed to 2,000 ppb (Imbus 1988). Therefore, the
ChONE S|, oniinear(c)(4-5 ppb) is at least 1 times less than concentrations shown to cause nasal
cancer in rats in the Kerns et al. (1983) study (5,6@01a,300 ppb), and is about 4difhes

lower than the nasal cancer NOAEL in this study (2,000 ppb). Kerns et al. (1983pessik for

the current (1991) USEPA URF on RIAdditionally, thé" " ESLyoninear(c)(4.5 ppb) is

significantly lower than the sherérm air quality guideline for Eurod81 ppb), a concentration

at which WHO (2000) indicates there is negligibld 6§ upper respiratory tract cancer in
humanslf necessary for the protection of public hedddsed on scientific meyit S will re-

evaluate the carcinogenic potehiof formaldehyde when the update@l| studies are published

or upon completion of thiRIS reassessment.

The chronic noncarcinogenicReV/ESL valueq8.9 and 2.7 ppb)being lower than the
carcinogent ReV/ESL valuegl5 and 45 ppb) indicates that chronic values which are
protective of noncarcinogenic irritant effects are also protectiveaofinogenic effects. This is
consistent with Hedft Canada (2001)and others (e.g., Naya and Nakanishi 2005), which
concludethat measures taken to prevent sensory irritation in human populations are sufficiently
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protective with regect to carcinogenicgiential.

4.3.Welfare-BasedChronic ESL

Dataon longtermvegetative effects of formaldehyde lisnited, butavailable data indicatiat

levels protective of irritant effects in humsmarealso expected to be protective of effects on

plants (Cape 2003Jror example, exposure to 900 ppb for 14 days has been shown to cause bean
leaf margin necrosis (Van Haut and Prinz 1929d exposu to 3650pb for 4 weeks affected
beanplant leaf weightindappearancelthough the authors attributed only a srpalition of the
observed variation to formaldehyde exposure (Mutters and Madore. POW'%SLWQ was not
developed since available data indicate that the levels producing effects are significantly higher
than thecalculatecchronicnoncarcinogenic Re¥8.9 ppb) and ™™ ESLyoniinearnc(2.7 PPH).

Therefore, thehronic noncarcinogenic Redahd“" ™ ESLyoninearnc@re expected to be protective

of chronicvegetative effectand there is no need to develoff"8"ESL, value Additionally,

based on historical dat@ng-termconcentrationsneasured in Texas ambient air (199¥07

sampling site means 1.5 to 5.2 ppbmean across sites of 3.6 p@aiog not expected to approach
phytotoxic levels
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4.41Long-Term ESLand Values forAir Monitori ng Evaluation
The chronic evaluation resulted in the gation of the followingvalues:

chronic ReV(noncarcinogenic) = 1fig/m* (8.9 ppb)
CRONE S| onlinearne= 3.3Ug/M° (2.7 ppb)

chronic ReV (carcinogenic/nonlinear) 8 ig/m® (15 ppb)
CRONE S onlinear@)= 5.5Hg/Mm° (4.5ppb)

= =4 =4 -4

The_noncarcinogeni&hm”'CESLnon"nea(nc) of 2.7 ppb islower than thearcinogenic
CRONE S|, oniineate) OF 4.5pph. Thereforethelong-term ESL is2.7 ppb @.3 ug/m?) based on
noncarcinogenic effec(@able 1) The ™ ESLyonineatnc) is only used for air permit reviews,
and is not used for the evaluation of ambient air monitoring Bataheevaluation of longerm
air monitoring datathe chronic noncarcinogeniteVof 8.9ppb (L1 ug/m°) is thelowestchronic
comparison value, althoughe carcinogeniebasedchronic ReVmayalso beused forthe
evaluation ofir data (Table 1)
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AppenmMdBenchmar k Dose

(1987, 1993)

Mild/moderateeye irritationcombinedwas selected as the endpoint of concern from Kulle et al.
(1987, 1993)Results from the benchmark dose modelindais ormild, moderate, and
mild/moderate eye irritation combiné@m Table 3n Kulle et al. 1993 using USEPA
Benchmark Dose Software (Version 1.4.1) are presented bEmwodeling mild irritation
alone, the number of subjects responding with moderate irritaagrsubtracted from the total
number of subjects as those reporting moderate irritation were not availadgp@tomild.
Likewise, formodeling moderate irritation, the number of subjects responding with mild
irritation was subtracted from the total nuenlof subjects. For modeling mild/moderate irritation
combined, the endpoint of concern, no adjustment ttotabnumber of subjects was necessary.
Goodness of fit was evaluated by visual inspection with scaled residuals < 2 and gobddihess
p values> 0.1.While several models had an adequateofitrhild/moderate eye irritain

combined, the probit arldgistic models gave lowdand similar)AIC values, indicating a better
fit. Therefore, the benchmark concentrations low (BMCLS) corresponding &/hresponse

level (BMCLgs) from these two model(0286 and 0.316 ppm) were averaged to gidECL o5

of 0.30 ppm. This value sgnificantly below the study NOAEL (0.5 ppra) which 0% of the
study participants responded

Table 7 Kulle et al. Modeled Data
Kulle et al. (1987, 1993) Modeled Data

Mode IKiund eReg ul

Exposure Number Number Number Responding | Number Responding
Concentration of Responding with with Moderate with Mild or Moderate
(ppm) Subjects Mild Irritation Irritation Irritation

0 19 1 0 1

0.5 10 0 0 0

1 19 4 1 5

2 19 6 4 10

3 9 5 4 9

Data from Table 3 of Kulle et al. (1993)
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Table 8 BMC Modeling Results based on Kulle et al. (1987, 1993) Data

Level of BMC g5 BMCL g5 Dichotomous Goodnessof-Fit X
o Model AIC value
Eye Irritation (ppm) (ppm) p value®
mild 0.560 0.363 logistic 0.3710 55.660
mild 0.792 0.321 weibull 0.1974 57.391
mild 0.743 0.305 gamma 0.1790 57.924
mild 0.499 0.326 probit 0.3567 55.795
moderate 1.134 0.652 weibull 0.7010 29.002
moderate 1.068 0.611 gamma 0.5863 30.035
moderate 1.105 0.626 logistic 0.5545 30.190
moderate 1.055 0.637 probit 0.5186 30.532
mild + moderate 0.440 0.286 probit 0.3686 64.645
mild + moderate 0.679 0.329 gamma 0.1819 66.839
mild + moderate 0.677 0.320 weibull 0.2108 66.225
mild + moderate 0.489 0.316 logistic 0.3644 64.737
p value > 0.1 indicates adequate fit
®lower AIC valuesgenerallyindicate betterfit and a di fference of

t humb. o
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Benchmark Dose ComputatioRrobit Modelfor Mild/Moderate Eye Irritation Combined
Specified effect 8.05
Risk Type =extra risk
Confidence level .95
BMD = 0.440167ppm
BMDL = 0.28601%pm

Probit Model with 0.95 Confidence Level

; Probit ]
1 I BMD Lower Bound ——— E
0.8 - " ]
0.6 | ]
0.4 | 1
0.2 :
0 - 1
BMDL  BMD |
0 0.5 1 1.5 2 2.5 3

dose
14:46 10/16 2007
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Benchmark Dose Computatiobogistic Model for Mild/Moderate Eye Irritation Combined
Specified effect 8.05
Risk Type =extra risk
Confidence level ©.95
BMD = 0.489256 ppm
BMDL = 0.316306ppm

Logistic Model with 0.95 Confidence Level

i Logistic
1 BMD Lower Bound ——
0.8 - "
0.6 ¢
0.4 |
0.2
0"
BMDL  BMD
0 0.5 1 15 2 2.5 3

dose
14:47 10/16 2007
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AppemnBdCIxI T Modeling Results for

The following information was provided by Dr. Cecilia Tan of CIIT regarding the modeling runs
performed at the request of TCEQ.

Conolly et al. (2003) developed a biolodlganotivated computational model to describe the
F344 rat squamous cell carcinoma (SCC) deta. overall model consisted of three linked
modules: (1) an anatomically realistic thiienensional computational fluid dynamics (CFD)
model described rat nasatflow and sitespecific flux of formaldehyde into the tissue in which
the nasal SCC developed; (2) flux was the dose driver for two modes of action: formation of
DNA-protein crosdinks (DPX) and cytolethality/regenerative cellular proliferation (CR@RY}
(3) a twostage clonal growth model that links modes of action with mutation accumulation and
tumor formationlt was found that the tumor desesponse predicted by this model was
sensitive to the shape of dassponse for CRCP, which issBapedBesides the-3haped tumor
doseresponse, Conolly et al. (2003) also provided a hoskiel-shaped transformation of the
CRCP data to estimate a monotonically increasing tumor dose response.

This model was ernhded to humans (Conolly et 2D04) to predict the potential human cancer

in response to inhaled formaldehydée parameters and their values used for the human model
can be foud in Table 4 in Conolly et a2004). We used this published human model to
estimate the inhaled formalagde concentrations that could potentially result in a 1 in 100,000
tumor risk level if an individual inhales a constant level of formaldehyde for 70 Ydwgs.
hockeystick-shaped CRCP was used to predict tumor responses fammokers, a mixed
populatian of nonsmokers and smokers, and for smokEws.each group, the model was run
repeatedly at various inhaled concentragiontil the model simulates a 1 in 100,000 tumor risk.
Our results show that for smokers, mixed, and nonsmokers, the inhaled catmmehthat result

in 1 in 100,000 tumor risk level are 300 ppb, 400 ppb, and 955 ppb, respectively.
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AppenCd$Iixi des from 2006 Society for
Conference

Consideration of Uncertainties in
the CIIT Model for Formaldehyde
Carcinogenicity in the Human

Respiratory Tract

Crump KS', Subramaniam R, White P2, Chen C?,
Schlosser P2, Van Landingham C’, Covington TR',
DeVoney ¥

TENVIRON International Corporation,
2USEPA

Disclaimer: The views expressed in this presentation are those of the

authors and do not necessarily reflect the views or policies of the
U.S. EPA.

Effect of animal controls upon
human risk at constant 0.01 ppm

95% LB Point Est 95% UB Risk/ 95% UB
DPX DPX DPX CIIT Risk DPX
Hockey Stick J-Shape
CIT Model 3.2E-07 1 -9.7E-05
Modified model using
All Historical Controls 0 0 9.2E-07 3 -1.2E-04
Inhalation Controls 7.0E-07 25E-06 1.9E-05 62 -7.9E-05

Concurrent Controls  1.53E-06 Infinite Infinite Infinite Infinite

(Here “DPX" refers to the estimated DPX coefficient. E.g., if this coefficient is
zero, there is no mutational effect upon risk.)

9
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Conclusions

» This limited sensitivity analysis provided information

on some aspects of the qluantitative uncertainty in the
CIIT formaldehyde model.

e |f only NTP inhalation controls are used in rat
modeling, instead of all NTP controls, human risks

from hockey stick model can be 60-fold larger than in
CIIT model.

* If only concurrent controls are used in rat modeling,
model is not capable of bounding the human risk.
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AppenmdAxpendi x H @d mbUSSEtPIA®s Tur bi ne
CategoChaRBask eg2r0iOz4at i on

Appendix H
Derivation of Formaldehyvde Risk Value
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Supplement to GTA Gas Turbine Delist Petition

Rationale for Selecting Formaldehvde Risk Value
Based Upon CIIT Dose-Response Assessment — 1999

Exposure Scenario: The maximum, worst-case exposure to formaldehyde resulting
from gas turbine emissions was estimated in the GITA petition to be 0.0239 ug«"kn3) (See
GTA Petition Table 6-2, GE TFA, Non-GEP stack height, simple terrain). An exposure
0f 0.0239 ug/m3 is equivalent to 0.019 ppb, as indicated in the following equation:

1.1g.-"'1113 = ppb x MW/24 .45,

where MW = molecular weight of compound. For formaldehyde, the molecular weight is
30, leading to:

0.0239 ug/m3 x 24.45/30 = 0.0195 ppb.

The 1999 CIIT dose-response assessment provides a range of exposure scenarios and
corresponding predicted human risk values for formaldehyde exposures (see table below
excerpted from CIIT). CIIT provides risk values for exposures down to 1 ppb.

The maximum exposure level predicted from gas turbines 1s well less than 1 ppb, but in
keeping with the conservative, worst-case analysis philosophy of the GTA petition. GTA
assumed an exposure level of 1 ppb (50 times higher than the highest modeled
expostire) when selecting a formaldehyde risk value from the CIIT paper, in part
because the CIIT paper did not provide risk values for exposures below 1 ppb.

Selection of Risk Value: Assuming an exposure level of 1 ppb from gas turbine
emissions, a review of the CIIT exposure scenario table indicates a predicted human
additional risk for environmental exposure of a smoker (the highest and worst-case
scenario) of 4.9 x 10”. This value is at the lower end of the exposure scenarios provided
by CIIT, and does not extrapolate linearly from higher exposure risk values, since the
CIT model assumes disproportionately lower risk with lower concentrations.

In order to be even move conservative, GTA started with the highest CIIT risk value
provided for environmental exposure of a smoker (6.7 x 10™'at 0.10 ppm (100 ppb)), and
assumed a linear extrapolation down to a 1 ppb level. This produced a risk value of 6.7 x
107 /ppb, W hich 1s higher and more conservative than the value in the CIIT table for 1 ppb
(4.9x10° ) GTA believed using this higher risk value in the risk assessment would be
more defensible than use of the lower value provided by CIIT.
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The CIIT risk value of 6.7 x 10”7 at 1 ppb 1s equivalent to 5.5 x 107 at 1 ug/m3, according
to the following equation:

ug/m’ = ppb x MW/24.45,

where MW = molecular weight of compound. For formaldehyde, the molecular weight is
30, leading to:

ug.-"'m3 =1ppbx30/24.45=1.23 ug.-"m3
6.7x10°/1.23 ug/m’ =5.45x 107 / ug/m’ = 5.5 x 10”° (ug/m’)*

Notwithstanding this lower calculated risk value of 5.5 x 10° (ug.-"mj)'l. GTA used mn 1ts
risk assessment the higher value of 6.7 x 107 (ug/m*)”!, again to be more conservative,
resulting in higher modeled risk than would actually be expected to occur.

This selection process by GTA results in an exposure risk value with several layers of
conservatism:

1. GTA assumed an exposure concentration of 1 ppb when calculating a risk
value, when conservative, worst-case modeling indicates that the highest
possible exposures are actually 0.0195 ppb and less. In fact, the majority of
modeling scenarios have exposures less than 0.01 ppb. or two orders of
magnitude lower than the 1 ppb exposure assumed by GTA to derive a nisk
value.

2. GTA started with the highest CIIT risk value provided for environmental
exposure of a smoker (6.7 x 10”'at 0.10 ppm (100 ppb)). and assumed a linear
extrapolation down to a 1 ppb level. GTA did not adjust this value down
further to account for the conversion from ppb to ug/m’.

3. GTA assumed the maximum exposed individual was a smeoker, resulting in
use of the highest and worst-case risk values in the CIIT tables.

4. GTA assumed the dose-response relationship was linear, and extrapolated
down from the highest risk value provided by CIIT for environmental
exposures, notwithstanding the fact that the CIIT tables would have supported
use of a disproportionately lower risk value, reflecting CIIT’s non-linear
model with substantially lower risks at lower exposures.

Finally, it should be noted that all of the CIIT risk values for environmental exposure

assume 80 years of continuous exposure, and therefore are even more conservative than
the 70-year exposure scenario assumed by US EPA.
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FORMALDEHYDE:

Hazard Characterization and Dose-Response
Assessment for Carcinogenicity
by the Route of Inhalation

REVISED EDITION

Chemical Industry Institute of Toxicology
September 28, 1999

©1999 by the Chemical Industry Institute of Toxicology (CIIT)
6 Davis Drive, Research Triangle Park, NC 27709
All rights reserved.
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Predicied human additional risk of respiratory tract cancer due to environmental and
pccupational exposures to formaldshvde.

Formaldehyde
s Exposure scenarios
Concentration _ —
Environmental® Occupational
(ppm)
MNon- Non-
smoking Mixed Smoking | smoking Mixed Smoking
0.001 2.3X107° | 3.9X10% | 4.9X10% —F -— -
0.02 4.8¥10% | 1.0X107 | 1.2X107 - - —
0.04 1.0X10®° | 2.1X107 | 2.5X107 — - -
0.08 1.5X10®% | 3.3X107 | 3.8X107 — “es
0.08 21X10° | 4.5X107 | 5.3X107 - - -
Q.10 27X10% | 5.8X107 | 6.7X107 | 4.1X10% | 7.6%10% | 1.0X107
0.30 -F = - 1.3%10° | 2.6X107 | 3.8X107
0.50 - - 2.5X10% | 5.0X107 | 7.2X107
0.70 -_ - e 3.4X107 | 8.0%10% | 6.6X10*
1.00 - - 8.8x10% | 2.1X10* | 1.5X10%

*B0 year lifetime continuous exposure at indicated ppm.

80 year lifetime continuous exposure at 0.004 ppm with 40 years occupational
exposure (Bhriday, 5 days/week) at indicated ppm beginning at age 18 years. ICRPEE
(1954) “light working” breathing pattern

“simulations not done.

The 2-stage clonal growth model is a parameter- and data-rich model in the
context of cancer risk assessment. Even with the richness of the formaldehyde data,
calculating all of the parameters of the clonal growth model directly from data is not
possible. Some parameter values were estimated by calculating the maximum
likelihood of the data. Further, there were points in the model development process
where choices between alternative possible approaches were required. If insufficient
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Table 8-1. Evolution of risk assessments for formaldehyde: human risk estimates for
exposure to 0.1 ppm inhaled formaldehyde

Human risk at 0.1 ppm inhaled formaldehyde, 6 h/d, 5 d/wk

Risk Estimates MOEs
Risk Assessment Upper bound (MLE) vs. LEDgy (MLEg+)
Clonal growth modeling2
Workplace scenariob
Smokers 1.0x1077 —
Nonsmokers 4.1x10°° —
Environmental scenario®
Smokers 6.7x10°7 -
Nonsmakers 2 7x10°8 =
CIIT, BMD (1% risk)d
Flux-DPX modeling
Based on tumors 4.2x10°4(3.9x1074) 23.6 (25.8)
Based on labeling index 7.9x10°% (5.3x10°%) 12.6 (18.8)
Airflow extrapolation only
Based on tumors 2.5x104 (2.4x107%) 39.9 (42.3)
Based on labeling index 3.9x10°* (2.9x10°%) 25.5 (34.2)

EPA, 1991 (U.S. EPA, 1991)

(rat-based, from q;)d 2.8x104 -
(rat-based, using full model)  3.1x10°% (3.1x10°5) —
(monkey-based, full model)  3.3x10°5 (4.2x10°7) —

EPA, 1987 (U.S. EPA, 1987) 1.6x10°3 (5x10°7) —

a Clonal growth risk estimates derived from a biologically-based model that incorporated
various toxicological, mechanistic, and dosimetric data, that estimated parameters and
optimized the likelihood from the data, and that provided an integrated approach to
dose-response characterization.

b Workplace exposure scenario involved 40 years of exposure to 0.1 ppm for 8 hr per day
S5 days per wk beginning at age 18. All nonwork hours from birth to age 80 involved
exposure to 0.004 ppm.

¢ Environmental scenario involved 80 years of continuous exposure to 0.1 ppm.
d Weibull model calculation with y-intercept.

8-13
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Appendi x E: Derhiovuart iRoenf eorfe ntchee Va4 u e

Formal dehyde

The 24hour ReV for formaldehydeas finalized June 16, 2014

E.1 Background

For chemicals detected in thenbient ai monitoring network, Isortterm AMCVs have
generally been derivdaly the TCEQo evaluate 4h repoted concentrations and lotgrm
AMCVs have been derived to evaluate annual averages. Seigeifecant amount of ambient
air data is collected over a-Pdduration, lhe derivaibn of chemicalspecific 24h AMCV values
is needed tdoetterevaluate ambient 24 data.This consideration applies to formaldehyde since
it is detected in the TCEQ ambient air monitoring network ugif dnitrophenylhydrazine
cartridgesamples. Whout a 24h AMCV for formaldehyde, oly a very limited evaluation of
the eported 24h levels is possibleéecause -h and chronic (i.e., lifetime) AMCVs amgenerally
inappropriate for this purposé&hus, the development af24h AMCYV is necessary for the be
possible health effects evaluation odlividual 24h sampleresults, and would signifamtly
complement the shetérm andchronic evaluatios of formaldehydambient ai data

A 24-h ReVis derived for human health hazards associated with thresholdekgsmse
relationships (typically effects other than cancer) and is defined as an estimate of an inhalation
exposure concentration that is likely to be without an appreciable risk osadféects to the
human population (including susceptible subgroups) forl@&4osureThe ReV is used as the
AMCYV (TCEQ 2012).The critical step in deciding whether or not to derive @a2MCV is the
availability of appropriate toxicity studies thabpide meaningful information fazvaluaton of

a 24h exposure duratiorAn evaluation of the mode of action, dose metric, and the
toxicokinetics and toxicodynamics of the chemical as well as exposure duration adjustments that
are unique for the derivatioof a 24h AMCYV is conductedThe same analytical steps used to
derive acute -h AMCV's and chronidaMCV s (TCEQ 2012) are used to derive al2AMCV

(TCEQ 2014 2015. OECD (2010) also provides guidance applicable to the development of
acute reference coentrations.

The purpose of this document is to summarize the main steps involved in the development of the
24-h AMCV for formaldehydeGeneral &eps discussed below for developing ali2dalue
include:

1 availability of appropriate toxicity studies that pide meaningful information to
evaluate a 24 exposure duration;

1 identification and review of appropriate toxicity studies;

1 identification of a point of departuffer the critical effect(s) based on review of dose
response dat@r relevant toxicity engoints;

1 consideration o&n exposure duration adjustment;
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1 animalto-human nhalation dosimetric adjustment (if applicable);
1 selection and application of applicable uncertainty factond
1 derivation of the 2 AMCV.

Please refer to Section 3.1 for degdiinformation on human and animal studies, mode of action
information, etc.

E.2 Acute 24h AMCV

Both human and animal noncarcinogenic studies indicate that the critical target organs for
airborne formaldehyde are the nose and eyes, with the lungsabs@upndary target at much
higher concentrations (ATSDR 1999). In other words, in both human studies (e.g., acute,
occupational, residential) and animal studies (i.e., acute, intermediate, chronic), the most
sensitive or critical endpoint for exposure dorhaldehyde is irritation of the eyes and upper
respiratory tract (i.e., nasopharyx, oral cavity, and throat), nose and throat irritation more
specifically, with the eye generally being most sensitive (ATSDR 1999, Noisel et al. 2007).

E.2.1Key and Suppating Studies

Acute studies with exposure durations less than 24 h are appropriate for use as the basis for a 24
h AMCV when, for example, available data indicate that the adverse effect induced by the
chemical is primarily concentratiesependent (e.gsensory irritation induagat the point of

entry)and 24h exposuravould not be expected tesult in a different adverse effect (TCEQ

2014 2019. This is the case for formalehydeduced sensory irritation. For example, acute to
chronic exposure (in bottumans and laboratory animals) results in the saitieal effect of
formaldehydeinducedsensory irritation, and there is no indication that extending exposure

beyond typical acute study exposure durations (e-4 hdurs) would increase formaldehyde

irritative response or sensitivity (ATSDR 1999, WHO 2010).

Since relevant human studies are available and preferable over animal studies, human studies
were reviewed and used to develop2deh AMCV. Studies of humans under controlled
conditions clearly indicate that acute (skh@rm) exposures to air concentrations ranging from

0.4 to 3 ppm induce reversible mild to moderate eye, nose, and throat irritation, produce changes
in nasal lavage fluid coants indicative of irritation of the nasal epithelium, and do not
consistently or markedly affect pulmonary function variables in most individuals (ATSDR
1999).Controlled human exposure studies provide the bestrdspense data on the irritancy of
formddehyde for quantitative risk assessment (NAS/NRC 1980). Two such studies, Pazdrak et
al. (1993) and Krakowiak et al. (1998), are used as keyesttmr derivation of the 24 AMCV.

Other studies were also reviewed for potential use as supporting geidie&ulle et al. 1987

and 1993, Lang et al. 2008, Mueller et al. 2013). The key stadkesupporte by the studies of

Kulle et al. (1987, 1993) and Lang et al. (2008)esk are the same key and supporsiuglies

used to develop the acuteh AMCV and their studysummaies wergaken from TCEQ (2008).
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E.2.1.1 Key Studies
E.2.1.1.1Pazdrak et al. (1993)

ThePazdrak et al. (1993tudywasalsoused by ATSDR (1999s a key studin derivation of

the acute inhalation minimal risk level (MRI9r up to14 days of exposure to formaldehyde.
Pazdrak et al. (1993) exposed 20 volunteers, nine of whom had skin hypersensitivity to
formaldehyde, to 0.5 mgf(0.4 ppm) formaldehyde for 2 fihis exposure concentration is

below the lower level of odor detectioh% ppm) as determined from properly conducted human
volunteer chamber studies (ATSDR 2008 as cited by Golden 20IEBn air served as placebo.
Symptoms of rhinitis (i.e., number of sneezes, degree of mucosal edema, rhinorrhea, itching)
were measured arstored. Nasal lavage was performed before exposure, immediately after, and
4 and 18 h after exposure had ended. Morphological (e.g., cell number, differential count) and
biochemical (e.g., albumin and total protein levels) changes in nasal lavage flaidwa@ated.

The total number of eosinophils and basophils (metachromatic cells) were determined, and the
differential count determined number of epithelial cells, eosinophils, neutrophils, basophils, and
mononuclear cells (includes lymphocytes and motesjyper 200 cells. The study showed
transient burning sensation of the eyes and nasal passages, transient symptoms of rhinitis (i.e.,
increased itching, sneezing, and congestion), and nasal washing changes (i.e., increased
eosinophil count/proportion, alimin, and total protein levels) at 0.5 mgd/.4 ppm). Tryptase
concentration in nasal lavage was also measured but did not show any increase. Tryptase is
involved in the allergic responde most abundant secretory grartégived serine protease
contaned in mast cells, analmeasure of mast cell degranulati®he study authors concluded

that the lack of evidence for mast cell degranulation (release of inflammation mediators such as
histamine), the unchanged number of basophils, and the similarity of responses in healthy and
sensitized subjects indicate the ateace of nonspecific, nonallergic inflammatory processes in
the nasal mucosd@he lowesbbserveeadverseeffect level (LOAEL) from Pazdrak et al. (1993)

is 0.5 mg/m (0.4 ppm) based on transient burning sensation of the eyes and nasal passages and
transient symptoms of rhinitis.

E.2.1.1.2Krakowiak et al. (1998)

Krakowiak et al. (1998is a relevant study for the Z0AMCV and is discussed in the supporting
documentation for the-14 day acute inhalation MRL (ATSDR 1999). Krakowiak eeaposed

20 volunteers to 0.5 mg/f(0.4 ppm) formaldehyde for 2 h. Ten of the volunteers had

occupational exposure to formaldehyde, had historieadperienced rhinitis and asthmatic

symptoms in the workplacejere suspectedf having respiratory formaldehyde sensitiaat

and had been diagnosed with bronchial astprohably being due to formaldehyde exposure

(i.e., formaldehydenduced asthma)lean air served as placebo. Nasal symptoms (i.e., number

of sneezes, degree of mucosal edema, rhinorrhea, itching) wenereteasd scored. The

occurrence and intensity of clinical symptoms from the lower respiratory tract (i.e., coughing,
dyspnea (shortness of breath)) were also recorded. Nasal lavage was performed before exposure,
immediately after, and 4 and 24 h after esqpre had ended. Morphological changes in nasal

lavage fluid were evaluated. The total number of eosinophils and basophils (metachromatic cells)
were determined, and the differential count determined number of epithelial cells, eosinophils,
basophils, and ononuclear cells (includes lymphocytes and monocytes) per 200 cells.
Biochemical (e.g., albumin, total protein, tryptase, and eosinophil cationic protein levels)
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changes in nasal lavage fluid were also evaluated. Bronchial response was measured by
spiromety. Forced expiratory volume in 1 second (REWas measured prior to exposure,
immediately after, and 5 and 24 h after exposure. Peak expiratory flow (PEF) was measured at
the beginning of exposure and every hour for 12 h, and again at 24 h after expdsatamine
inhalation test utilizing various concentrations (0.03, 0.06, 0.125, 0.250, 0.5, 1, 2, 4, 8, and 16
mg/ml) and FEY measurements was performed at the beginning of exposure, 5 minutes into the
exposure, and 24 h after exposurepdPiGvas defied as the histamine dose producing a twenty
percent decrease in FEVIotal serum immunoglobulin gamma E (IgE) and formaldehyde
specific serum IgE antibodies were measured.

The 0.4 ppm exposure in Krakowiak et al. (1998) produced transient symptomstef (he.,

increased sneezing, itching, and congestion) in all subjects, which were most severe immediately
after inhalation (less severe 4 h later). There was no significant difference in nasal response
between healthy subjects and asthmatic subjectgpationally exposed to formaldehyde. A

typical allergen challenge triggers both the influx of mast cells and eosinophils (leukocytes

which play major roles in allergic and inflammatory responses), and the pronounced increase in
the concentrations of thaiespective enzymes, tryptase and eosinophil cationic protein.

Combined, these may be used as markers of nasal allergic reaction. The number of eosinophils
and leukocytes increased following exposure, while the levels of tryptase and eosinophil cationic
protein did not. Regarding pulmonary function, no asthmatic subjects developed clinical
symptoms of bronchial irritation, and there were no significant changes in PEY¥, or PgH

values in healthy or asthmatic subjects due to formaldehyde exposureghlthe baseline

FEV; and PEF values for healthy and asthmatic subjects differed. Formaldehyde did not increase
the bronchial response to histamine {80 in asthmatic subjects. No formaldehysjeecific IgE
antibodies were detected in asthmatic subjedts @ccupational exposure. The authors

concluded that the lack of evidence for mast cell and eosinophil degranulation and the similarity
of responses in healthy and asthmatic subjects indicate the occurrence of nonspecific, nonallergic
inflammatory process in the nasal mucosehe LOAEL from Krakowiak et al. (1998) is 0.5

mg/n? (0.4 ppm) based on transient symptoms of rhifiis, increased sneezing, itching, and
congestion)

E.2.1.2 Supporting Studies
E.2.1.2.1Kulle et al. (1987, 1993)

Pazdrak et al. (1993) and Krakowiak et al. (1998) are supported by Kulle et al. (1987, 1993),
which had a nabserveehdverseeffectlevel (NOAEL) for eye irritation (0.5 ppm) higher than

the LOAELs from the two key studies (0.4 ppm). Kulle et al. (198%93) examined pulmonary
function and irritant symptoms in 19 volunteers exposed to up to 3 ppm at rest (plus 2 ppm when
exercising) for 3 h. Exposure groups included formaldehyde concentrations of 0, 0.5, 1.0, 2.0,
and 3.0 ppm. There were no significantida@ses in pulmonary function or increases in

bronchial reactivity in response to methacholine. Exercise significantly increased nose/throat
irritation. Nasal flow resistance was increased at 3.0 ppm. Significanteszense

relationships in odor and eyritation were observed. Mild eye irritation (21% of subjects) and
moderate eye irritation (5% of subjects) were observed at 1 ppm but not 0.5 ppm. Kulle (1993)
reexamined the response data with additional statistical methodology and estimated threshold
levels as 0.5 to 1.0 ppm for eye irritation and 1.0 ppm for nose/throat irritaherLOAEL and
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NOAEL based on eye irritation the supporting study ¢fulle et al. (1987, 1993) are 1 ppm
and 0.5 ppm, respectively.

Data from Kulle et al. (1993) are anmable tobenchmark doseBMD) modeling. Thereforghe
Toxicology Division (TD of the TCEQ performed BMD modeling on the eye irritation data

(i.e., mild, moderate, mild/moderate combined) presented in Table 3 of Kulle et al. (1993) using
USEPA BMDModeling Software (see TCEQ 200&}o0o0dness of fit was evaluated by visual
inspection with scaled residuals < 2 and goodwédi p values > 0.1, and several models

appeared to fit the data adequately. Benchmark concentration low (BMCL) values corresponding
to the 5% response level (BM@J) for extra risk at the 95% confidence level were

approximately 0.308.363 ppm for mild eye irritation and 0.601652 ppm for moderate eye
irritation, while BMClLys values for mild/moderate combined were slightly lower at®2829

ppm Gee Appendix bf TCEQ 2008.

Eye irritation based on mild/moderate combined was selected as the endpoint of concern from
Kulle et al. (1987, 1993). While several models had adequate goodness of fit, the probit and
logistic models had loweafd similar) AIC values, indicating a better fit. The BMg\alues

from these two models (0.286 and 0.316 ppm) were averaged to give a humanf-gejpdrture
value (PODRec) value of 0.30 ppm. This value is similar to the study NOAEL (0.5 ppm) at which
0% of the study participants responded. The California Environmental Protection Agency
(CalEPA) calculated a similar BMG4(0.44 ppm) based on the probit model and the Kulle et al.
data for derivation of th2008acute reference exposure level (RECRIEPA 2008).

E.2.1.2.2Lang et al. (2008)

The key studies are also supported by Lang et al. (2008), which had a reported NOAEL for eye
irritation of 0.5 ppm for a4 exposure with no peak exposures. This reported NOAEL is higher
than the LOAELSs of 0.4 ppm fro the two key studies. Lang et al. (2008) examined sensory
irritation (objective and subjective measures), nasal flow and resistance, pulmonary function
(e.g., PEF, FEY), reaction time, and personality factors in 21 healthy human subjects exposed
for 4 hto 10 different exposure conditions. The exposure conditions included target
formaldehyde concentrations of 0.15, 0.3, or 0.5 ppm, with or without four formaldehyde peaks
of 0.6 or 1 ppm, and in the presence or absence of ethyl acetdté fp2n) as an @tous

masking agent (see Table 1 of Lang et al. 2008). The study data most applicable for supporting
derivation of the24-h AMCV is that based on exposure without peaks, although a discussion of
the results of exposure with peaks is also provided. Achaytical exposure levels are reported

in Table 6 of the study. Control exposure was either to O ppm formaldehyde or 0 ppm
formaldehyde with the addition of ethyl acetate as an odorous masking agent, which was
reported not to be an irritant at the concatiins used. The perception of odors may cause
increased reporting of irritation due to insufficient distinction between olfactory stimulation and
trigeminal nervanduced irritation. Objective measures of sensory irritation included
ophthalmologic gradingf conjunctival mucosa redness (e.g., 1=very slight to 4=severe) and
blinking frequency (blinks per 90 seconds), and subjective measures included scores for
eye/nose/respiratory irritation and olfactory symptoms (e.g., 1=slight to 5=very strong) as
repored on complaint questionnaires (see Table 3 of Lang et al. 2008).

Exposures without peaksThere were no significant differences in nasal resistance/flow or
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pulmonary function. Decision reaction time in response to a visual and/or acoustic stimulus, but
not motor reaction time (i.e., movement time), was significantly increased in the 0.3 ppm
exposure group. However, this was not observed in any of the 0.5 ppm formaldehyde exposure
groups and was not considered exposalated. Reported eye irritation wsignificantly

increased at 0.3 and 0.5 ppm formaldehyde as compared to the O ppm control exposure.
However, reported eye irritation was not increased at 0.3 or 0.5 ppm formaldehyde as compared
to the O ppm plus masking agent control exposure. Consequéstitudy authors apparently

did not consider 0.3 or 0.5 ppm formaldehyde as the LOAEL for eye irritation (i.e., the increased
reporting could have been due Theauthonsgthiper cept i
supportingstudy report the NOAEbhased on objective and subjective measures of eye irritation

to be 0.5 ppm for exposure without peaks.

Exposures with peaksNasal resistance/flow and pulmonary function did not show significant
differences. Significantly increased nasal irritation wasntel at 0.3 ppm with 0.6 ppm peaks

(and 0.5 ppm with 1 ppm peaks) as compared to both control groups (i.e., 0 ppm formaldehyde
and 0 ppm plus masking agent). Statistically increased conjunctival redness and blinking
frequency were observed at 0.5 ppm Vithr 1 ppm peaks, but not in any of the 0.3 ppm
formaldehyde groups. Eye irritation was significantly increased at 0.3 ppm with 0.6 ppm peaks
(and 0.5 ppm with 1 ppm peaks) as compared to the 0 ppm plus masking agent control exposure.
However, eye irritabn at 0.3 ppm with 0.6 ppm peaks was not reported to also be significantly
increased compared to the O ppm group, although it seems it should be based upon examination
of Figure 7 of the study.

The finding of significantly increased reported eye irriatin the 0.30.6 ppm range in this

study (i.e., 0.3 ppm with 0.6 ppm peaks compared to the O ppm plus masking agent control, 0.3
and 0.5 ppm compared to the O ppm control) lesaisesupport to the eye irritation LOAEL of

0.4 ppm from the Pazdrak et al903) key study.

E.3 Mode of Action (MOA) and Dose Metric

The MOA by which formaldehydeay producaioncarcinogenic effects (e.g., eye/respiratory
irritation) is discussed iTCEQ (2008).Forthe key and supporting studies, data on
formaldehyde aiconcentratiors are availabld=ormaldehyde aiconcentrations an appropriate
dose metric for the acute noncarcinogenic evaluation for theAMCV as air concentration is
the dominant determinant of irritation.

E.4 Critical Effects and Point of Departure

The TCEQ generally identifies the relevant, adverse health effect observed at theHQAkst

in an appropriate study and sensitive species as the critical adverse effect (TCEQ 2012). Thus,
PODyec values corresponding to effect levels (e.g., LOAELS) ardectéo make direct
comparisons in order to identify the critical effect. Comparing NOAfie PODs or comparing
PODs that are incomparable in regard to the occurrence of effects (e.g., Ni2&&éd versus
LOAEL-based POR:c values) cannot generally be reliapon to be informative regarding the

first effect which may be expected to occur as concentrations rise (i.e., the critical effect).

For the acute assessment of formaldehyde, key and supporting studies indicate sensory irritation
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to be the critical effet. More specifically, the key studiesi®ézdrak et al. (1993) and
Krakowiak et al. (1998provide helowestPOD.ec value associated with effecisQAEL of 0.5
mg/nt or 0.4 ppm)and identifyeye and nose irritation and symptoms of rhinitis (éngreased
itching, sneezing and congestjas the specific sensory irritation critical effects for this
assessmenthus, the®?ODyec of 0.4 ppm (LOAEL) will be used to derithe 24-h AMCV.

Pazdrak et al. (1993) and Krakowiak et al. (1998) key studies:

PODyec= 0.5 mg/ni (0.4 ppm) (LOAEL)

E.5 Potential Duration Adjustments

An exposure duration adjustmestjudged not to be necessary becaiseoncentration is the
dominant determinant of formaldehydeluced irritation(TCEQ 20142015;Golden 2011)
Thisis consistent with other agencies (edgrivation of the 414 day acute inhalation MRL by
ATSDR 1999.

E.6 Uncertainty Factors and Derivation of the 24 ReV

The default procedure for deriving heafifotective concentrations for noncarcinogenieefs

is to determine a POD and apply appropriatecertainty factors(UFs) (i.e., assume a
threshold/nonlinear MOA) (TCEQ 2012JThe LOAEL from the Pazdrak et al. (1993) and
Krakowiak et al. (1998) key studies (0.5 md)rwas used as the PQE and divided by the
following UF (total UF=10, consistent with TCEQ 2008

1 A LOAEL-to-NOAEL UF, of 3;
1 Anintrahuman variabilityJF4 of 3; and
1 A database uncertaintyFp of 1.

A UF_ of 3 was used since the LOAEL is considered minimal due to the mild symptoms
observed (mild and reversible irritant effects; see Tabi of TCEQ 2012 and the clinical
significance of changes in the nasal lavage fluid is uncertain. This is consigte AT&DR
(21999), which utilized a UFof 3 with Pazdrak et al. (1993) for use of a minimal LOAEL in
calculating the acut@l-14 day)inhalation MRL.

A UFy of 3 was used for intrahuman variability since the irritant effects were observed in studies
which included potentially sensitive subpopulations (i.e., formaldehyde sensitized or potentially
sensitized individuals}However, a value of 1 was not used since data suggestpattestially
sensitive subpopulatien which were not included For example, ocal irritation was
significantly (p < 0.001) higher among wearers of contact lenses compared with students without
contacts in Tanaka et al. 2003 (as cited by CalEPA 2008). Hitlmmugh the key studies
includedpotentially sasitive subpopulationsome acertainty about intraspecies differences in
sensitivity remaingind use of &Fy greater than 1 (e.g., 3) is justified

A UFp of 1 was used because the overall toxicological database for formaldehyde is extensive.
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The acute database contains numeroudatiba studies in both humans and animals examining

a range of potential formaldehydeduced effects both more serious (e.g., nasal epithelial
necrosis, hyperplasia, squamous metaplasia, increased cell proliferation, ciliary destruction) and
less seriouge.g., eye, nose, throat irritation, small changes in pulmonary function) in nature.
Several human studies have included potentially sensitive individuals (e.g., asththases
otherwise identified as sensitive).mdng animal studies, several species/strains have been
utilized (e.g., rats, mice, guinea pigs), including monkeysl information on the potential for
developmental/reproductive effects is also availéhlESDR 1999).

24-h ReV = 24h AMCV = PODuec/ (UFL x UF4 x UFp)
= 0.5mg/nt/ (3x 3 x 1)
= 0.5mg/n? / (10)
= 0.06 mg/nt or 50 pg/nt

Table 9shows a summary of the derivation of thelRAMCV
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Table 9 Derivation of the Acute 24-H AMCV

Parameter

Summary

Study

Pazdrak et a[1993) and Krakowiak et al. (1998)

Study population

Pazdrak et al. (1993): 20 human volunteers (9 with s
hypersensitivity to formaldehyde); Krakowiak et al.
(1998): 20 human volunteers (10 with bronchial asth
and suspected respiratory formaldehydesgation)

Study quality

medium

Exposure Methods

0.5 mg/m (0.4 ppm) formaldehyde for 2 h

Critical Effects

Eye and nose irritation, symptoms of rhinitis

POD:ec LOAEL of 0.5 mg/mi (0.4 ppm)

Extrapolation to 24 h Not Applicable, effects concentratiolependent
24-h PODyec 0.5 mg/nt

Total UFs 10

Intraspecies UH

3

LOAEL UF

3

Incomplete Database U
Database Quality

1
high

Acute 24h ReV (HQ =1)

Acute 24h AMCV

50 pg/nt (41 ppb)
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E.7 Values for Air Monitoring Evaluation
The acute evaluation resulted in the derivation of the following values:

f 1-h acute healtthased AMCV = 50 pg/(41 ppb) (TCEQ 2008)
 24-h acute healttbased AMCV = 50 ug/th(41 ppb)

1 1-h acute odebased AMCV = 6@ pg/m® (500 ppb) (TCEQ 2008)

The 24h AMCYV of 50 ug/nt (41 ppb) may be used for the evaluation oh2dmbient air
monitoring data (Table 1)t is sufficiently conservative to protect public health against the
potential adverse effects of formaldehyde ttug4h exposure and would significantly
complement TCEQ health effect evaluations of ambient air data, which currently utiliaad
chronic (i.e., lifetime) healtprotective and welfarbased (i.e., odor, vegetation) AMCVs.
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