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Acronyms and

Abbreviations Definitions

ADAF agedependent adjustment factor

AIC Akaike Information Criteria

AMCV air monitoring comparisonvalue

ATSDR Agency for Toxic Substances and Disease Registry

°C degrees Celsius

Cl confidenceinterval

DNA deoxyribonucleic acid

DSD development support document

EC effective concentration

ED effective dose

ESL effectsscreeninglevel

CHONICE Shonthresholdc) chronic healthbasedeffects screeninglevel fornonthresholddose
response cancer effect

EtO ethylene oxide

HAWC Health Assessment Workspace Collaboration

Hb hemoglobin

HEV hemoglobinN-(2-hydroxyethyljvaline

IARC International Agency for Research on Cancer

LCL lower confidence limit

LEC lower limit on the effective concentration

LHC lymphohematopoietic cancers

LHN lymphohematopoietic neoplasms

Lymphoid cancer

Includedeukemia (and specifically myeloid and lymphocytitkémia),
nonl 2RITAYQa feYLK2YFSX FyR YdzZ i

MW molecular weight
Mg microgram
pg/L micrograms per liter
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ug/m? micrograms per cubic meter

mg milligrams

mg/m?3 milligrams per cubic meter

MLE maximumlikelihoodestimate

mm Hg millimeters ofmercury

MOA mode of action

n number

N/A not applicable

NATA National Air Toxics Assessment

NEI National Emissions Inventory

NHANES National Health and Nutrition Examination Survey
NIOSH National Institute for Occupational Safety and Health
NHL nonHodgl Ay Q& f @ YLIK2 YL

PECO Population Exposure Comparator/Controls Outcome(s)
POD point of departure

ppb parts per billion

ppm parts per million

ppt parts per trillion

ROB risk of bias

RPF relative potency factor

RR risk ratio

SAB Science Advisory Bahr

SAS Statistical Analysis System

SCE sister chromatid exchange

SD standard deviation

SE

standard error
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SEER

United Sates Surveillance, Epidemiology, and End Results (SEER)
Program

SIR standardizedincidenceratio

SMR standardized mortality ratio

TEQ Texas Commission on Environmental Quality
TRARD Toxicology, Risk Assessment, and Research Division
uccC UnionCarbide Corporation

URF unit risk factor

USEPA United States Environmental Protection Agency
USFDA United SatesFood & Drug Administratn

WHO World Health Organization

WV West Virginia
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Executive Summary

T

Ethylene oxideEtQO is a chemical with many industrial applicaticard isparticulaty

usdul as a sterilant for medical devicddrbanbackground monitored levels of Ei®

the United Statesire inthe range of 0.40.2 ppb.EtO isalsoproduced endogenously
andthe amount of EtO naturally present in the human body is equivalent to continuous
exposureof F n pbqpb in ai(Kirman and BEys 2017)

Because Et@ emitted in Texas antas been determiad by other agencieto be a

carcinogen, the TCEQ undertamkarcinogenic doseesporse assessment and

derivation ofa unit risk factor (URBNdan effecs screening levelESLjor this chemical

F2N) dzaS Ay ¢/ 9vQa NBYSRA,|lespedively I YR I A NJ LIS N)Y

Review of the EtO literature supports direct mutagenicity as the putative carcinogenic
mode of action (MOAand suggests that thexogenou€tOcancerdoseresponse
should be @ more than lineaioverall.

The TCEQ conducted a hazard assessioe the carcinogenic potentialf EtOin
humans, which included a review of the available human and animal carcinogenicity
studies as well athe MOA analysis. Based on insufficient humaited but with

sufficient animal data and a putative mutagenic M®@Ated above)the TCEQ
determined that EtO i8kely to be carcinogenic to humans

Further, the TCEQ determined that the weight of evidence sstggepotential

association between EtO atdiman lymphohematopoietic tumors but does not suggest

an association with human breastcancerK S ¢/ 9v Qa o NBF ad O yOSNJ
based on: (1) the weak primary epidemiological evidence foriddOced breast cancer

(Section 3.3.1.1.1.1); and (2)cemt meta-analysesvaluating the strength of the overall

weight of evidence for Et@hduced breast cancer (Marsh et al. 2019, Vincent et al.

2019)that showeda lack of association between EtO and breast cancer.

Based on thdikely to be carcinogenic fumansdetermination, the TCEQ conducted a
carcinogenic doseesponse assessment to derive a chronic inhalation toxicity factor for
EtO.Human data are preferred for toxicity factor development under TCEQ @uadel
(TCEQ 2015) antdd¢ TCEQ conducted asdgmatic reviewto identify humanstudies

that could inform the derivation of a cancer URF for inhalation exposures to EtO

The systematic review identifigdvo highrexposure occupational cohortsd., the
UnionCarbide Corporation (UCC) aNdtional Insitute for Occupational Safety and
Health(NIOSHgohortg thatthe TCEQ used to inform the EtO dessponse
assessmenfThese and other studies had high EtO exposures and there were no
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available human data thairovided information about the shape of thdoseresponse
curve at low (i.e., environmentatelevant) EtO concentrations

1 Cox regression is the preferred modeling methodology for health endpfiorscohort
epidemiology studieander TCEQ guidelinesQEQ 2015heTCEQ evaluad fit of
other dose-responsemodelsto the key individuaNIOSHymphoid cancer datdyut
none of these models demonstrated a superiocbmpared tathe standardCox
proportional hazards model. In addition, tkeandardCox proportional hazards model
was indistinguishdle from linear over the dose range in the NIOSH sfwdyich is
consistent witha carcinogenic MOA due to a direstting mutagen

1 Moreover,the standardCox proportional hazards modehs statistically demonstted
to predictwith reasonable accuradie number of lymphoid canceleaths observedin
the key NIOSH cohgnivhich remained true in a sensitivity analysis that assumed a
healthy worker effetfor lymphoid cancer mortalitin the NIOSH coharFinally in a
validation analysighe standardCox moel based on the NIOSH desesponse
assessmenivas statistically shown to be reasonably accuratpradictingthe number
of lymphoid cancemortalities observedn the UCC cohort.

1 The TCEQ selected tendardCox proportional hazards model fymphoidcancer
mortality in males in the NIOSH coha@ the critical cancer endpoinsinga 15year
EtO exposure lafgesults forNIOSHnaleswere more conservativehan males and
females combinel Application olUSEPA agdependent adjustment factors (ADAFS)
resulted in anADAFadjusted URF of 4.186 per ppb (2.386 per pg/n¥) and anADAF
adjustedMONE Shonthreshold(c)Of 2.4 ppb (4.3ug/m?3) at an excess cancer risk level of 1 in
100,000 (policsbased per TCEQ 2015).

1 Thescientific validity andhealth prdectivenesfthe ¢ / 9 merélingand decisions
are supported by the followingonsiderations

1 Lymphoid Cancer Risk from Cohort Studiétiman dataaloneare
acknowledged by TCEQ and USEPA to be insufficient to classify EtO as
carcinogenic to humangddtionally, he standard Cox proportional hazards
model of lymphoid cancer mortality did not show a relationship with EtO
exposure that wastatistically significantly different from zero. Therefore, by
assuming a significant positive slope in the E#Dce association, the TCEQ is
making a conservative decision to assume that EtOezhlysphoid cancer in
the exposed workeref the NIOSH cabrt. To furtheruse an upper confidence
limit on the slopasreasonable and conservative the interest of protectigthe
public from the potential carcinogenic hazard of EtO.

1 Model Fit withthe NIOSHDatag To verify thatthe standardCox proportional
hazards modebased on the NIOSH cohadequatelypredictsthe original data,
the model was used to predithe numbe of lymphoid cancer deaths based on
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the individual exposure estimates for the NIOSH cot®oth the maximum
likelihoodestimate and upper bound on the Cox model were reasonably
accurate at predicting the total number of lymphoid cancer mortalities in the
NIOSH cohort and the number in every exposure quintile. For examplks 53
lymphoid cancer deaths were observixdthis cohort of 17,530 workershe
upper bound of the Cox proportional hazard model predicted %6
confidence interval@) of 45, 78)ymphoid cancer deathsimilarly, the Cox
model neither significantly ovenor underestimated lymphoid cancer deaths
for any exposure quintile, but rather remained reasonably accurate.

1 NIOSH Model Fit with the UCC Data a validation analysis, theox
proportional hazards model based on the NIOSH desponse assessmentas
reasonably accuratat prediding the number of lymphoid canceteaths
observed in the UCC cohoitthat is, he maximum likelihood estimateMLB and
upper bound othe Cox modkfor the NIOSH cohogpredided 28 (95% CI of 19,
43) and 32 (95% CI of 22, 50) lymphoid cancer mortalitiehé&d CCGcohort,
respectively, compared to the 25 actually obseruethe UCC cohorThese
resultssupport the robustness of thetandardCoxproportional hazards model
fit to the NIOSH dat#or predicting lymphoid cancer deaths for other
populations andexposure scenarios.

1 The most recenSEPAJRF for EtO was finalized in 2016 (USEPA 20&6)parisons of
the USEPA (2016) and TCEQ EtO URfisatessed in Appendix Bhe EtO hazard
identification and dose@esponse assessmedescribed in this documerntbnsider new
data and/or analyses from the scientific literatuteat werenot available in 2016 (e.g.,
Vincent et al. 2019, Marsh et al. 2018RC 2019, Kirman and Hays 2017) as well as new
TCEQ analyses, including dossponse model predictions of thenderlying NIOSH
lymphoid cancer data, evaluation of the potential for healthy worker effects for EtO
specific cancer endpoints, Cox proportiohakards modeling results for multiple
exposure lag durations, and validation analysis of models based on @feHN\dlata using
UCC data.

1 Thus the TCEQ determined that use thie standardCox proportional hazards model to
derive a URF for inhalation Et@ncer riskis stronglysupported byrelevant
consideratiors (e.g., TCEQ guidance, the carcinogenic MOA, stanuazdd| fit criteria
combined with accurate model predictions of the key underlying cancer data, sensitivity
and validation analyseshccordingy, i K S ¢ AD@Rad)usted URFor EtOhas a
sound scientific basis and will be adopted for review of aoncentration data and for
use in air permit reviews.

Table lprovidesa summary othe riskbased value frona carcinogeni@valuation ofEtOfor
use in air permitting and air monitoring’lease refeto Section 1.6.2 of th& CEQ Guidelines to
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Develop Toxicity Factof§CEQO015 for an explanation ahe various valuessed for review of
ambient air monitoring data and air permittinjable 2provides summary informatiorand the
physical/chemicaproperties of EtQ
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Tablel: ChronicHealth-Based Screening Values fatO

occupationallyexposed workers|

. . Value 1| Value 2 Surrogated o
Screening Level Ty| Duration Usage| Flags Critical Effect(s Notes
gLevelTy (Mg/m?)| (ppb) | %29 F129% T rpr ©
hroni Lymphoidcancerin
ChronIeE Shonthresholdc)? | 70 yr 4.3 2.4 P,MR |ASD |-

Bold values used for air permit reviewslues have been rounded two significant digis.
2Based on theADAFadjusted URBf 4.1E06 perppb or 2.3E06 per pg/nt anda no significant risk level of 1 in 100,000 excess cancer risk.

Usage:

P = Used in Air Permitting
M = Used to Evaluate Air Monitoring Data
R = Used to Calculate Remediation Cleanup Levels
N = Usage Not Defined

Flags:

A = AMCVeport
S = ESL Summarggert
D = ESL Detail Rapo
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Table2: Chemical and Physical Properties
Parameter Value Reference
Molecular Formula GH.O ATSDR 1990
Chemical Structure ChemSpider 2019
CAS Registry Number 75218 ATSDR 1990
Molecular Weight 44.05g/mol ATSDR 1990
Physical State &5°C Gas ATSDR 1990
Color/Form Colorless gas ATSDR 1990
Odor Sweet, olefinic ATSDR 1990
Synonyms Ethylene oxide; oxirane; ATSDR 1990
epoxyethane

Solubility in water 1x10° mg/L ATSDR 1990
Log Kw -0.22 ATSDR 1990
Vapor Pressure 1.095<10° mmHg ATSDR 1990
Melting Point -111°C ATSDR 1990
Boiling Point 11°C ATSDR 1990
Conversion Factors 1 ppm = 1.83 mg/rh ATSDR 1990

1 mg/m? = 0.55 ppm
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2.1 Infroduction

The Texas Commission on Environmental Quality (TCEQ) dexigity factors, which are
chemicalspecific shortand longterm health- andor welfare-based concentrations or doses
that are set to protect human health and welén the general pblic, including snsitive
subgroups. These toxicity factors include the following healtid/or welfarebased values:
acute and chronic inhalation Effects Screening Levels (ESLs); acute and chronic inhalation
Reference Values (ReVd)ranic inhalatiorunit riskfactor (URF) values; and chronic oral
ReferenceDose (RfD) and slope factor (SFo) vallié® processes for developing these toxicity
FILOG2NAR | NB 2 dauidaligeS tR Develop TioKity FadtoBs (TCEQ 2015).

Inhalaion ESLs are cheraiespecific air concentrations set to protect human health /and
welfare. Exposure to an air concentration at or below the ESL is not likely to cause an adverse
health effect in the general public, including sensitive subgroups suchildsen, the eldely,
pregnant women, and people with preexisting health conditions. ESLs are used in the air
permitting process to assess the protectiveness of substapeeific emission rate limits for
facilities undergoing air permit reviewllore speifically, ealuations of modeled worstase
groundlevel air concentrations are conducted to determine the potential for adverse effects to
occur due to the operation of a proposed facility. ESLs are screening levels, not ambient air
standards. I predicted airborne levedf a chemical exceedts ESL, adverse health or welfare
effects would not necessarily be expectedoimcur, but a more indepth review would be
triggered. Longerm ESLs are associated with a lifetime exposure duration which is comimonl
assumed to be 79ears(TCEQ 2015As alluded to abovepf application in air permitting,
longterm ESLs are used to evaluate modeled woeste annual average concentrations,
consistent with ton per year emission rate limits in air permits.

Healthbased ESLs are based the most sensitive adverse health effect relevant to humfms

the type of assessment (i.e., noncarcinogenic or carcinogenic effect) and given duration (e.g.,

acute, chronic)Derivation of a Ref{generally for noncarcinogenic effefts a URKfor

carcinogenic effectspegins with a toxicity assessment involving a hazard identification and a

doseNB alLl2yasS [aaSaaySyid oFaSR 2y (KS OKSYAOlf Q&
values are then used to calculate ESLs that correpomo significantisk levelqe.g., the

policy-based 1 in 100,000 excess risk level in TCEQ.2015)

Thisdevelopment supportiocument(DSD)s a technical assessment developed and written by
the TCEQ to describe the derivation of a chronic inhalatiof fdRethylene oxid (EtO). The
purpose of toxicity factor DSDs isdocumentthe toxicity factor development process

including the scientific rationale for key decisioasd provide a summary of the key toxicity
studiesandinformatior/data used to deive inhalationor oral toxicity factors. The following
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generalanalytical approach is used to derive toxicity factors for chemicals: review essential
data (i.e., especially dogesponse) including physical/chemical properties and select key
studies; condat amode of actionfMOA) analysis; choose the appropriate dose metric;
determine the POD fahe key studyies) conduct appropriate dosimetric modeling; select
critical effect; and extrapolate from the adjusted POD to lower exposures based on the MOA
andysis. Relevant tthis assessment, the TCEQ usesflow chart shown in Figure 1 to guide
longterm ESL developmefior carcinogens (TCEQ 2015)
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Conduct literature review and solicit information
from interested parties

For cancer
effects (based on No
WOE"), is

minimum
database met?

Based on
MOA, is dose No

response
nonthreshold?

Derive URF
(Ch.3,5 &7)

Is the MOA
mutagenic?

Calculate cancer-based ESL
6x10°/ URF = [ =T I————

(Ch. 3 &5)

Derive cancer-based chronic ReV
= ReVx 0.3="""ESL o

Calculate cancer-based ESL
10°/ URF = CNONCESLnnnmmghn\d[rJ

Y

Cancer-based ESL
chmm;ES|-rmmmnasnomcc]

zhranic, -
¢ mmcESLlhreshnlﬂ{:} B

*WOE = weight of evidence

Figurel: Based on Figure-2a LongTerm ESL development for air permitting (TCEQ 2015).

2.2 EtO Badjround and Problem Formulation

2.2.1 EtO Sources and Uses

Physical/chemical properties of EtO are summarized in Table 2.

Go to
Figure 1-2 b
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EtOis used as a chemical intermediate in the manufacture of ethylene glycol (antifreeze),
polyester, detergents, polyurethane foam,lgents, medicine, adhesives, and other products.

The conversion of EtO to ethylene glycols represents a major ugt@an the US (IARC 2012).
Relatively small amounts of EtO are used in sterilization of surgical equipment and plastic, as a
fumigant, andas a sterilant for food (spices) and cosmetics (IARC 2012).

Sources of EtO emissiomso the air include, but are not lirted to, industrial emissions or
venting with other gases. Other sources of EtO air emissions include steolizeedical
equipmert and its release from commodiyimigated materials. In 201&tOwas being
produced in the UBy 9 companieat 15 facilites in 11 locations. In the US, EtO is primarily
LINE RdzOSR Ay ¢SEIFL & |yR [2dzAaAl yl o6a9iBased SyS hE
onthe] { 9 t 201@Mational Emissions Inventory (NEitps://www.epa.gov/airemissions
inventories/2017nationatemissionsnventory-nei-data), Texas industry emits approximately
40% of the EtO in the UShe general population may be exposed to EtO through bregthi
ambient air containing EtO, smoking tobacco products, and breathing secondhand cigarette
aY21S 04a9iKea2Ap§ & dihdedupifomal gropps (e.g., workers in EtO
manufacturing or workers that use EtO to produce solvents, antifreeze, texdig¢srgents,

and polyurethane foam, sterilization technicians, and agricultural workers involved in
fumigation) may be exposed ih&workplace (IARC 2012).

EtO is also produced endogenously in the body due to oxidation of ethylene, which is generated
by intestinal bacteriaandlipid peroxidation of unsaturated fats, methionine, and hemoglobin
(Kirman and Hays 2017).

2.2.2 EtO Moniteing and Modeling

I FGSNI GKS NBtSIFLasS 2F ! {9t! Qa wnmn DbladA2yLlFf 1A
evaluate facities that emit EtO. The 2014 NATA estimated that §tkstantiallycontributes to

potential elevated cancer risks in some censasttracross the US
(https://www.epa.gov/nationatair-toxicsassessment/natdrequentquestions#resulty this

riskist  NBESt & RNRA JS yntpderived KRBFUSER 2016) Begaude6f Odhicerns

related to cancer risk from EtO emissioassed by theNATAfwo EtO sterilizing facilities closed

in 2019and two suspended operatior{pased on available information)he USFood & Drug
Administration(USFDA) has warned tipeiblic about potential medical device shortages from

EtO sterilizer facility closurebt{ps://www.fda.gov/newsevents/press
announcements/statementoncernsmedicatdeviceavailabilitydue-certain-sterilization

facility-closure$. According to the USFDA, EtO is the likely sterilant for medical devices made

from certain polymergplastic or resin), mtals, or glass, or that have multiple layers of

packaging or hartb-reach places (e.g., catheters). Approximately fifty percent of all sterile
YSRAOFIE RS@GAOSE Ay GKS ' { FINB adrMedcdl SR gA K
Device& 2019).In order to prevent shortages of critical medical equipmes@-DA has been



https://www.epa.gov/air-emissions-inventories/2017-national-emissions-inventory-nei-data
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working with medical device manufacturers to find alternative locations and methods for
sterilization.

Between October 1, 2018 and March 31, 2019, tt&PA coducted air monitoringor EtO in

various locations in the Unite8tates andound that the levels of EtO concentrations that are
O2YAARSNBR (2 0SS dadzaNBly o0-0ZppENRdzyRé FNB Ay (K
(https://www.epa.gov/hazardousir-pollutantsethylene-oxide/ethyleneoxide-datasummary
nationalair-toxicstrends). In regard to longeterm levels around Et@mitting facilities, aan

example, the meaand 93" percentile modeled §ear concentrations for one sterilizer facility

% SNB F n0Beppb, respertively

(https://www.atsdr.cdc.gov/HAC/pha/sterigenic/Sterigenics _International -5G8.pd}).

2.2.3 Problem Formulation

In early 2017, as part of a standard yearly eawdf newlyderived toxicity factors, the TCEQ
Toxicology Risk Assessment, and Resedbofision(TRARDreviewedtheUD t | Q& - OF y OS NJ
based toxicity factor derivation for EtO (finalized in 2016) to determitteeifT CEQvould

provisionally adopt théJ® t ¢ r@mber for use in deriving protective concentration levels

(PCLs) for the Texas Risk Reduction Program (TRRR)ch 2017 theTRAR decided that,

instead of adoptingth&® t | Q& 9 G h it wdull defivé &n infetinORIG tOKIEty

factor for the¢ / 9 ws@ i the remediation program with a plan to conduct a compfatare
evaluation of EtO inhalation acainogenicity for use in both air permitting and remediation. The
TCEQ decided to complete this thorough evaluation because EtO is emittexiaim dhd has

been determined to be a carcinogen by the International Agency for Research on Cancer (IARC
2012), bythe World Health Organization (WHO 20Q8)d by the U&nvironmental Protection
Agency (USPA2016).

The purpose of the following assessmento derive a chronic inhalation E&td URFor EtO
F2ft26Ay3 ¢/ 9v 3ITdzA RSt Ay Sad petmittiRgand¥emédiato® S & F2 NJ dz
programns, respectively

2.2.4 Document and Review History

In August 2017, the TCEQ announced @& public iformation request for scientific
AYF2NNYIGA2Y | o2dzi 9Gh GKIFG Y& 0SS 2&eddzaS Ay
systematic review and dosesponse assessment of EtO carcinogenicity and released the draft

DSD on June 28, 2019 for public commaertich ended in late Septembefhe TCE€viewed

and respondedo the publiccommentsandrevised the draft DSD mesponse to the

scientifically justifiegpublic commentsThe TCEQ thgyosted a revised draft DSD and

responses to public comments (batlated January 31, 202@ndengaged the Risk Science

Center at the University of Cincinn&tr anexpertpeerreviewto determine ifthe¢ / 9 v Qa

proposed EtO URE scientifically adequate and appropriate for estimating cancer risk at


https://www.epa.gov/hazardous-air-pollutants-ethylene-oxide/ethylene-oxide-data-summary-national-air-toxics-trends
https://www.epa.gov/hazardous-air-pollutants-ethylene-oxide/ethylene-oxide-data-summary-national-air-toxics-trends
https://www.atsdr.cdc.gov/HAC/pha/sterigenic/Sterigenics_International_Inc-508.pdf
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ambient (lowlevel) concentrations. The peer review was completed, and a final report sent to
TCE®@n April30, 2020. Based on the peererew the TCEQ produced this final draftioé
DSD that included scientifically justified revisions recommended by the peer reviewers.

| KFLIGSNI o | FTAHAINROAVEABEBANCYHIXGSYGAL

3.1 Relevant Data

Generally, the TCEQ only performs carcinogenie-desponse assessments for chemicals

considdNBSR o6& GKS ¢/ 9v SAGKSNI G2 0SS a/ I NDAy23SyAOl
| dzY | yTEEQ 2015The TCEQ considers publishedicity values and their respective key

studies as a starting place fortaring toxicity information to develop a DSHowever,

because existing toxicity factors or guideline levels may be outdated, the TCEQ also evaluates
peer-reviewed studies available after the date these toxicity factors or guideline levels were
publishedto ensure that the latest data are considérerior to developing a toxicity factoEtO

has been evaluated for carcinogenic potential by I&RQ2) the USEP&016), and the WHO

(2003)¢ KS&S F3ASyOASaQ OF NOAyYy 23Sy AindableBTh& BCEG A OF ( A 2
used the IARC and the BEISA evaluations as the starting pointstfoe carcinogenic weight of

evidence hazard assessment and added relevant studies that were published aftetl2916

RFGS 2F GKS Y2aid NBOSyid F3aSyodeqQa SgLftda GAazy

Table3: Carcinogenic Weig of Evidence

Group Classification
IARQ2012) Group l:Carcinogenic to humans
USEPA2016) Carcinogenic to humans
WHO (2003) Highly likely to be carcinogenic to humans

3.1.1 Summary of Human Studies

In their analysisUSEPA (2016) reviewed more than 25 epidemiology studies about EtO
carcinogenicity published between 192P11 (Chapter 3 and Appendix A & J of USEPA 2016).

These studies largely encompassed occupational cohorts of workers in sterilizatibie $aaiid

EtO production or chemical workers in the United States or Europe. Many of the studies

represented updates of earlier cohort analyses, such that there Ww&Pecohorts of workers
A0dzZRASR Ay G2GFf® ¢KS | {9t ! Gihatzh@dsSidsbniet O2y Of dz&
evidence of increased cancer risk with increasing dose of EtO at particular tumor sites,

principally for lymphohematopoietic cancers, with more recent studies suggesting an

association with breast cancer (Section A.3, pa@&)A Hovever, they dso concluded that

there are inadequacies and limitations of the epidemiology database and so the epidemiology
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evidence is not conclusive. The details of several of the key cohort studies are discussed
elsewhere in this documensgctiord.1.2)

Two recentreviews of the EtO epidemiology data have been published: Marsh et al. (2019) and
+AyOSyid SiG Iftfd o6HnmMpud ¢KS LizN1}R2asS 2F GKS al N
literature review and metaanalysis of studies of lympHwematopietic cances (LHC) and

ONBFad OFyOSNI NA&a]l FY2y3a LISNE2Yya 200dzld GA2Yy | §
included in the Marsh analysis, only one (Divine 1990) was not included in the USEPA (2016)
review. The Divine (1990) study was unpublistieth obtained by the Marsh et al. team and

used in their metaanalysis. Marsh et al. conducted a study quality analysis, and in addition

used the relative risk (RR) estimates from 11 studies to calculate aRfe&stimate for all LHC
(metaRR of 1.48, 95%bnfidencelnterval (Cl) 1.0-2.05) and 5 studies to calculate a mé&&

estimate for breast cancer (mefaR of 0.97, 95% CI 0-8(.8). The authors noted that the RRs

for LHC studies published in the 2000s and 2010s were lower than those for studishquibl

in the1980s and 1990s. The authors concluded that those studies that are most informative

(i.e., those published more recently and of higher study quality) do not support an association
between increased exposure to EtO and increased risk of Lbi@ast cance Marsh et al.

(2019) noted that the risk estimates that they used were based on estimates compared to the
general population, and not using internal controls. The choice of using internal or external

referent groups can affect the conclusioresched byan epidemiology study, and the concept

is discussed more in the following Section 3.1.1.2 in relation to the healthy worker effect.

Vincent et al. (2019) performed focused reviews of the epidemiological, toxicological, and MOA
evidence of EtOarcinogenidy, focusing on studies identified in USEPA (2016). The authors
conducted a study quality evaluation for the epidemiology information and divided the studies
into overall low, mediunt, and highquality categories. Vincent et al. found that fowth breast
cancer and LHC, the studies in the high and medium quality categories did not find statistically
significant associations between EtO and cancer, whereas those in thgulahty categories

did find positive, statistically significant assomat. A metaanalysis of risk estimates from the
three highquality LHC studies generated a m&R of 0.98 (0.81, 1.18), from the two medium
guality studies a metd&RR of 1.31 (0.83, 2.07), and from the three-guality studies a met&RR

of 3.55 (2.2, 5.5). A metaanalysis of risk estimates from the three highality breast cancer
studies generated a metBR of 0.92 (0.84, 1.02). There were not enough breast cancer studies
in the medium or lowquality groups (one each) to perform a medaalysis. The ahbrs

concluced from these analyses that higher quality epidemiology studies provided no evidence
of increased risk of LHC or breast cancers with EtO exposure.

In addition, a new study published in 2020 investigated the 28015 data from the National
Hedth and Nutition Examination Survey (NHANES) on EtO blood levels in the general US
population and selfeported cancer diagnoses (Jain 2020). Data from 3,955 adults were
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evaluated for the cancer analyses, of whom 1,973 were female (see Table 1 of thie Shel
author found no association between measured blood EtO and breast cancer in women (see
the text and Table 4 of Jain 2020yalue=0.52). While this study had the benefit of considering
the general population exposed to environmentalglevant EtGconcentrations as well as

much higher EtO doses from smoking, it did not have the-teng exposure information or

the follow-up of the occupational exposure cohorts discussed above.

3.1.1.2 Healthy Worker Effect

The healthy worker effect is a form ofdsin epidemology studies that relates to the reference
population. In theory, a population of workers may be healthier and less likely to develop the
disease of interest compared to the general population, and by comparing worker populations
to the geneal population (the external reference group) in the calculation of standardized
mortality rates (SMRSs) or standardized incidence rates (SIRs), the effect of the exposure on the
workers may be underestimated. Therefore, if there is evidence of a healthyenveifect, then

use of an internal reference population (a similar group of workers who did not have the
exposure of interest) is warranted.

Theepidemiologicahnalysef the studies citedn this evaluation often used both external
andinternal referentsand theefore this choiceequires evaluationMikoczy et al. (2011) is a
case in point. While study authors suggest that a healthy worker effect was indicated by
significantly decreased overall mortality and cardiovascular disease morthigycanrmot be
assumel to necessarily extend to the incidence of a specific carte@mrexample, the

suggestion of the authors of Mikoczy et al. (2011) that a finding of significantly decreased
overall mortality and cardiovascular disease mortality is indicatiaehafalthy worker effect for
breast cancer incidends inconsistent with the results of a relatively recent and large study
(366,114 workers) conducted specifically to examine the potential for the healthy worker effect
in cancer incidence studies (Kirgitlet al. 213). In Kirkeleit et al. (2013),-athuse mortality

and both ischemic heart disease and circulatory system disease mortality were statistically
significantly decreased in male workers (n=283,002) and female workers (n=83,112) compared
to the general popuation (Table 3 of the study), consistent with similar findings in Mikoczy et
al. (2011)In contrast, he SIRs for lymphoid and hematopoietic cancers in male workers and
female workersn Kirkeleit et al. were 0.97 (0.90, 1.03) and 1.09 (01927), resgctively,
consistent with the lack of a statistical difference as in Mikoczy et al. (i.e., SIR of 1.35 (0.54,
2.78) for lymphohematopoietic cancer; Table 5 of the stuBymilarly the Kirkeleit et al. (2013)
study found that breast cancer iitence in oer 83,000 female workers was as expected based
on the general populatiofi.e., SIR of 1.02 (0.95, 1.09his strongly supports that the breast
cancer SIR of 0.58r the lowest cumulative exposure groupMikoczy et al. (2011) is an
anomalaisstudy arffact that should not be used for internal analys&his SIR was not based
on a reference population only, but rather on workers who were both unexposed and who
were exposed to lower levels of EtSimilarly, for other studiesuch as Steenlahet al. (2®3),
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a presumption of the presence of a healthy worker effect for breast cancer incidence does not
appear to be a robustly supported justificatifor internal analyses, which have the potential

to use less reliable/stable referent rates bassdmuch smder worker populations than that

used in Kirkeleit et al. (2013).

In conclusion, while the TCEQ will evaluate all applicable findings from relevant epidemiology
studies, analyses that used external referent groups in drawing conclusiertshigher

priority, unless there is evidence demonstrating the presence of biases such as the healthy
worker effect for the endpoint of interest, which would necessitate the use of an internal
referent group.

3.1.2 Summary of Animal Studies

USEPA (2016) andincent et d. (2019) reference three chronic inhalation rodent EtO exposure
studies, and a fourth is described in IARC (2012). The National Toxicology Program (NTP 1987)
exposed B6C3F1 mice (50/group) to 0, 50, or 100 ppm EtO for 6 hours/day, 5 day$ow@ek,
years They observed a doskependent increase in lung tumors in male and female mice
(statistically significant at 100 ppm) and a dalpendent increase in mammary tumors
(statistically significant at 50 ppm only), uterine cancers, and maligganptiomas (satistically
significant at 100 ppm) in female mice (statistical analyses are as reported by USEPA 2016).

Adkins et al. (1986) exposed female A/J mice (30/group) to 0, 70, or 200 ppm EtO for 6
hours/day, 5 days/week for 6 months. The authorpeated the sudy and both times observed
statistically significant increases in frequency and incidence of lung adenomastire &it€ol
mice (significant at both 70 and 200 ppm).

Lynch et al(1984a, b, exposed male F344 rats (80/group) to 0, 50, or 190 gtO for 7

hours/day, 5 days/week for 2 years. The authors observed-dependent increases in splenic
mononuclear cell leukemiatatisticallysignificant at 50 ppm and 100 ppm), testicular

peritoneal mesothelioma, and brain mixed cell gliorbatk sighificant at100 ppm). The

Snellings et al. research group exposed male and female F344 rats (120/group) to O, 10, 33, or
100 ppm EtO for 6 hours/day, 5 days per week, for 2 years (Snellings et al. 1984, Garman et al.
1985). Male and female rats had a ded@pendent ircrease in splenic mononuclear cell

leukemia (significant starting at 33 ppm in males and at 10 ppm in females), and in primary
brain tumors (significant starting at 33 ppm in males and at 100 ppm in females). The male rats
also showed a dosdependent incease in testicular peritoneal mesothelioma (significant at

100 ppm).

Therefore, laboratory animal studies have shown that chronic inhalation of EtO causes tumors
in multiple organ systems, including lymphohematopoietic tumors in rats and ande,
mammarytumors in mice, but not in rats.
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3.2 Mode of Action (MOA)

For the purposes of toxicity factor development of putative carcinogens, the TCEQ uses MOA
information for two primary purposes: (1) as part of the weight of evidence for the carciimogen
classifiation; and (2) to inform lowdose extrapolation for the doseesponse assessment. As

per TCEQ guidelines (2015) and shown in Figure 1, either a mutagenic or an unknown MOA
dictate a nonthreshold approach to doseesponse modeling (i.e., demga URF though

linear lowrdose extrapolation).

For this assessment the TCEQ evaluated EtO MOA information presented in USEPA (2016), IARC
(2012), and Vincent et al. (2019). These analyses provide information showing that EtO is
mutagenic and likely clastenic, withlittle evidence available to support other potential

pathways of carcinogenesis (e.g., cytotoxicity with regenerative cell proliferation, immune
suppression, or epigenetic mechanisms). Although the MOA analyses in the aforementioned
assessmerstcould certinly be further evaluated and refined, the TCEQ has determined that

the weight of evidence supports a mutagenic and likely clastogenic MOA for EtO. This

conclusion was applied to both the hazard and dosgponse assessments in this document.

The following section summarizes MOA information that was evaluated in USEPA (2016), IARC
(2012), and Vincent et al. (2019). Unless otherwise specified, exposure durations for animal
experiments were 6 hours/day, 5 days/week for the noted number of weeks.

3.2.1 MOA Evidence Summary

When EtO is inhaled into the lungssrapidly partitions to the blood where it is distributed
systemically. There are two pathways to directlytdeify EtO in the blood streanfl)

hydrolysis to ethylene glycol then to oxalicidy formic acid, and carbon dioxide; al2))

glutathione conjugation (pathways shown in Figuré 8f USEPAR016). If not detoxified

through these pathways, EtO (an epoxide) can directly cause alkylation of proteins or DNA
through a §2-type chemicateaction (i.e, a substitutiornucleophilicbimolecular reaction).

There is evidence that EtO can cause alkyl adducts on DNA (Wu et al. 1999, Walker et al. 19923,
van Sittert et al. 2000, Rusyn et al. 2005, Walker et al. 1990) and hemoglobin protein éRusyn
al. 2005, Walker et al. 1992b) throughout the body in rodents in a-dase duration

responsive manner at concentrations as low asetk exposursto 3 ppm EtO (Wu et al.

1999). There is also evidence of Et€3ociatechemoglobin protein adducts inumans (van

Sittert et al. 1993Schulte et al. 1992, Yong et al. 2001). Several studies have investigated EtO
associateddNA adducts in people with occupational exposure to EtO, but statistically
significant increases have not typically been observed (¥balg 2007, van Delft et al. 1994),
possibly because of a high level of intedividual variabilityin levels of the most common EtO
associated DNA addugtong et al. 2007).
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Once DNA adducts are formed, these can be repaired by DNA repair machithenygtaimis

repair or replication through an Etfdduced DNA adduct or through a nanepaired DNA strand

can lead to DNA mutations or possibly to chromosomal breaks (pathways shown in Figure 10 of
Vincent et al. 2019). Increases in DNA base mutations w@le¥posure have been observed in

the Hprtgene in splenic lymphocytes in rats exposed by inhalation for 4 weeks20®GPpm

(van Sittert et al. 2000, Tates et al. 1999, Walker et al. 2000). There is also evidence for EtO
induced mutagenesis in bone maw in transgenic mutatiorreporter mice exposed for 48

weeks (but not in mice exposed for 12 or 24 weeks) to 100 or 200 ppm EtO (Recio et al. 2004),
although some inconsistency in responses has been observed, with both negative and positive
findings in Bidluex reporter mice with 4 weeks of EtO exposure to 50, 100, or 200 ppm EtO
(Walker et al. 1997, Sisk et al. 1997, Walker et al. 2000). In adtiasgene mutations were

more frequent in the lung tumors from mice treated with 50 or 100 ppm EtO faadsyn the

NTP study compared with lung tumors from control mice (Hong et al. 2007). A few studies have
been conducted in humans with occupational exposures to EtO that have shown variable
associations between EtO exposure and mutations inrHR& gene d peripheral blood
lymphocyteshowever, low sample sizes in these studies make interpretation of the results
difficult (Tates et al. 1995, Tates et al. 1991, Major et al. 2001).

Cytogenetichanges associated with EtO exposure in humans and rodents baveriore
extensively studied than point mutations, and Figure 10 of Vincent et al. (2019) outlines a
pathway by whicltytogeneticchanges could occuiollowing EtO exposurén experimental
exposures of rats to EtO via inhalation, shorter exposures (<eEkspo EtO at concentrations

> 50 ppm induced doseependent increases in sister chromatid exchanges (SCEs), but not
typically chromosomal aberrations or micronuclei in peripheral or splenic lymphocytes
(Kligerman et al. 1983, Prestand Abernethy 1983yan Sittert et al. 2000, Lorenti Garcia et al.
2001).Donner et al. (2010) exped mice to 0, 25, 50, 100, or 200 ppm EtO for 6, 12, 24, or 48
weeks and observed increases in chromosomal aberrations in peripheral blood lymphocytes at
100 ppm and above wit12 weeks of exposure, at 50 ppm and above with 24 weeks of
exposure, and at 25 ppm and above with 48 weeks of exposure. These findings demonstrate
dose and durationresponsive changes in SCEs in rats and chromosomal aberrations in mice
with inhalation exposure to EtO.

In humansvarious investigators have studied the association between EtO exposure (typically
occupational) ana@ytogeneticchanges. The following summary focuses on results from studies
with more than 15 individuals in each exposure gragi@elova et al. (1987) found that EtO
exposed workers had significantly highermbers ofchromosomal aberrations in peripheral

blood lymphocytes compared to control workers (exposure range48@mpm with duration

range of 115 years). A study of USgpkal sterilization workers exposed to 382 ppmhours

found higher SCEs in peripheral blood lymphocytes than unexposed controls, and those
exposed to > 32 pprhours had a further significant increase in SCEs, but there was no increase
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in micronuclei assoaed with EtO exposure (Schulte et al. 1992). Mayer et al. (1991) observed
a higher level of SCEsparipheral blood lymphocyteis hospital sterilization workers

compared to controls (mean exposure duration was 8 years with a concentraimge of <

0.1-2.4 ppm EtO), but no difference in micronuclei or chromosomal aberration frequency. van
Sittert et al. {985) also did not find an association between chromosomal aberrations in
workers in an Et@nanufacturing plant (exposure duration5Slyears or 614 yeasto <0.058

ppm EtO) compared to matched controls, although they did observe a positive correlation
between years of employment and chromosome breaks. Sarto et al. (1984) found that workers
in hospital sterilizing unitexposed tcEtOhad dosedependenty higher SCEs in peripheral

blood lymphocytes compared to controls (low exposure group mean-tugighted 8hour

average of 0.35 ppm, high exposure group 10.7 ppm). There was also an increase in
chromosomal aberrations, particularly in theggh exposure grup. Tomkins et al. (1993)
investigated Eteé@xposed engineers (< 1 ppm EtO thmeighted 8hour average) and matched
controls and found no difference in chromosomal aberrations or SCEs. Hogstedt et al. (1983)
reported increased chromosomalbarrations butnot micronuclei or SCEs in peripheral blood
lymphocytes, and increased micronuclei in bone marrow cells of occupatienglbsed

workers (EtO timaveighted 8hour average < 1 ppm with £3.2 years mean exposure

duration) compared to matchecontrols. Riemond et al. (1985) investigatezytogenetic

changes in the peripheral lymphocytes of workers exposed to EtO while sterilizing disposable
medical devices €10 years of exposure to-40 ppm EtO). The study authors found increased
SCEs and obmosomal abertions in the high exposure group compared to controls, but not in
the lower exposure group compared to controls. Ribeiro et al. (1994) found increased
micronuclei and chromosomal aberrations in lymphocytes of sterilization workers expmsed t
EtO (314-yea exposure duration2-5 ppmEtO compared to controlsThese studies provide
evidence otytogeneticchangesn peripheral blood lymphocytes and bone marrow cells
associated with occupational exposures to EtO.

3.2.2 WOE for a Mutagenic MOA

In this sectionbased onSection 3.4.3 of USEPA (2D&6d the data discussed abovee

evidence for a mutagenic MOA for EtO carcinogeniciéx@&ninedunder the MOA framework

Ay (GKS '{9t! Q& Hnnp DdZARSfAySa TF2INEBMAANDAYy 23Sy
framework is organized around the Hill consideratighiill 1965). These considerations are

denoted inunderlined italicsn the discussion belownless otherwise noted, specific

references for the statements below can be found in Sections 3IBahof USEP&016) and

in the MOA summary in Section 3.2.1 of this DSD.

TheUSEPAypothestedthat EtO carcinogenicitig based ora mutagenic MOAwhich s
presumed to apply to all the tumor types. Thgpothesizedkey events are: (1) DNA adduct
formation by EtO, with is a direcitacting alkylating agent; (2ctive processes such as errors in
DNA repair or replicatioresultingin DNA mutations in oncogenes and tumor suppressor
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genes, as well as chromosomal alterationsc{@)pal expansion of mutatedells duringdter
stages of cancer development; eventualgusing4) tumor formation. Mutagenicity is a well
establishedotential cause of carcinogenicitynany, but not all, mutagens are carcinogens
(USEPA 2005a)1ore details about specific events steps 1 and 2f this process are described
in Figure 10 of Vincent et al. (2019).

Is the hypothesized MOA sufficiently supported in the test animals?

Numerous studies have demonstrated that EtO forms protein and DNA adducts in mice and
rats.In addition increasesn reporter genemutations have been observed in the lung, T
lymphocytes, bone marrow, and testes of transgenic mice andympphocytes of rats exposed

to EtO via inhalation at concentrations similar to those inducing tumors in the rodent
carcinogenesis biassays While stronger proof would be provided by, for example, evidence of
mutations and DNA damage in target tissuemativoexposure concentrations¢hose that

induced tumors (see Section 5.7.5.1.2 of TCEQ 2015), most of the studies did not cadauct s
assaysThere is also some evidence from rodent inhalation studies that levels of EtO similar to
those that cause cancer will induce SCEs and chromalsaberrations in mice, although the
results are not consistenDonner et al. (2010bserveda clea duration effect in mice, with
chromosomal aberrations being inducedthé sameEtOexposure levelas were used in the
cancer bioassaysnly followingt 2 Y 3SNJ SE LJ2 & dzZNB  Rndadititidh Airetyfréors 6 » M H
from EtGexposed mice ithe cancembioassaysshifts occurred in thenutational spectra of the
proto-oncogenedrasandKras as well as the tumor suppressornp53 that were consistent

with EtO forming DNA adducts on purine basd@$ie evidence foa mutagenic MOA for Etlas
strength(i.e., statistically significant increases in DNA damage or mutations with EtO exposure)
andconsistencyi.e., similar results across different experimental syss

Specificityi.e., the concept that a single cause is associated with a single diseast)
expected for a multisite mutagen and carcinogen such as EtO (USEPA Rabbegtory animal
studies have shown that EtO causes tumors in both sexes of tim@neone species, in multiple
organ systems, and can induced tumors by more than one route of exposure (see Sebtibn
USEPA 2016). In additiondoect DNA reactivittumors observed at multiple sites, in multiple
species, and from multiple routex exposure is groperty for mutagenicity as the key event
for a mutagenic MOAUSEPA 2007Atemporal relationshigdthat is, early events occurring
before late eventsis evident, with DNA adducts, point mutations, and chromosomal effects
observed in agte and subchronic assays.

Doseresponse relationshigse., increasing response with increasing dose or concentration
exposurehave been observed between EtO exposuwrgivoand DNA adducts, SCEs, &t
and Trp53mutations.

2}
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Biological plausibilitand coherencdi.e., that the MOA is consistent with current biological
understanding and with other known carcinogenic agents) is clearly appropriate beetDsg

a direct-acting alkylating agent that can form DNA adducts. Such adducts can lead teamutat
formation which, if it occurs in canceelevant genes such as pretmcogenes or tumor
suppressor genes, can contribute to cancer formation.

From the perspective dlternative hypotheses to a mutagenic MOA, there is no compelling
evidence of other ptential MOAs such as cytotoxicity and regenerative proliferation.

Is the hypothesized MOA relevant to humans?

In general, in the absence of disputing evidence, chemibatsare systemic mutagens in test
animals (such as is demonstrated for EtO above)paesumed to be human mutagens as well.
In addition, there is sombBuman evidence suppdrtga mutagenic MOA for EtO
carcinogenicity. Severhlman studies foun@xposue-response relationships between EtO
exposureandhemoglobin addud(e.g., van Sitte et al. 1993, Schulte et al. 1998)milar to
findings in rodent cells. There has been limited investigatiobA adducts in Et@xposed
humans but EtO has yieldedgsitive results inn vitro mutagenicity studies of human cells.
There is further edience as well foEtGinducedchromosomal aberrations, SCEs, and
micronucleus formation in peripheral blood lymphocytediumans with some evidence of
positive relationkips withincreasingexposure concentration/Vhile this data informs the EtO
MOA,hemoglobin adducts and genotoxic effects such as chromosomal aberrations in humans
should not be characterized as directly supporting a mutagenic MOA

USEPA (2016) and IARGQ1) conclude thathe WOE supports a mutagenic MOA for EtO
carcinogenicity Althoudh other processes might contribute to the development of #tQuced
cancers and some of the genotoricdpointsinvestigated in humanare not mutations (e.g.,
cytogenetc changes)the TCEQ agrees that tlavailable evidence best suppodsect
genotoxcity/mutagenidty as the putativeMOAmediatingEtGinducedcarcinogenicity (USEPA
2016).However, uncertainties remain. These include, for example, a lack of data for clear
demonstration that early events (i.e., mutations) occur at earlier time pointsaahalver doses
than later events (i.e., tumor formation), and the quality of many ofshedies is uncertain,
particularly because most were conducted before contemporary guidelines for genotoxicity
assays and (in the case of the human studies) withdamples sizes and potentially poor
exposure assessments. In addition, there is littleilalée data to test alternative MOA
hypotheses, such as cytotoxicity and regenerative hyperplasia. However, despite these
shortcomings, the TCEQ still considers timat weight of evidence best supports a putative
MOA of direct genotoxicity/mutagenicity f&tO carcinogenicity. As per TCEQ guidelines (2015)
and shown in Figure 1, either a mutagenic or an unknown MOA dictate-¢hneshold
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approach to doseesponse modkng (i.e., derivation of a URF through linear i{dese
extrapolation).

3.3 Overall Caloogenic Hazard Determination for EtO

In making the carcinogenic hazard determination for EtO, the TCEQ considered the human,
animal, and MOA information together, a®ll as the evaluations by other groups including
USEPA (2016) and IARC (2012).

USEPA (®6) considered the human study evidence of EtO carcinogenicity to be substantial but
inconclusive, and IARC (2012) determined that the human evidence was limiteg. The

determinations are consistent with the recent reviews by Marsh et al. (2019) andr¥iecal.

(2019), particularly when considering the findings using the external referent population (see

Section 3.1.1.2 on the healthy worker effect). The TCEQcdncws A G K | { 9t ! |y R L! v
determinations that the human epidemiological evidence showiraj &#tO is carcinogenic is

limited and inconclusive at best. EtO shows little human carcinogenic potential given the

equivocal results from the epidemiology studies jpiés occupational exposure to EtO

concentrations that were thousands to millions of timtégher than environmentallyelevant

levels.

The TCEQ agrees that since the epidemiological evidence is less than convincing, additional
lines of evidence are requidefor the EtO carcinogenidassification Both IARC (2012) and
USEPA (2016) considerdrktanimal evidence of EtO carcinogenicity to be sufficient. Four
chronic inhalation exposure studiesBfOhave showrdosedependent increases in

1 lung tumors in malend female mice,

1 mammary tumors, uterine tumors, and malignant lymphomas in female mice
1 leukemia and brain tumors in male and female rats, and

9 testicular tumors in male rat

Given this information the TCEQ concurs that there is sufficient eviderieg®aofarcinogenicity
in animals.

As discussed extensively in Section 3.2, the Td&Epmined that direct
genotoxicity/mutagenicity is the likely MOA for EtO carcinogenesis, which can in theory apply
to any tumor site. USEPA (2016) and IARC (2012) catine same conclusion.

Based on this information the TCEQ determines that Eli&elg to be carcinogenic to humans
and so in the following chapter the agency conducted a carcinogenicrdgpense assessment
for EtO. Considering the admittedly inconcleshuman evidence for EHDdduced cancer in
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workers exposed lonterm to extremelyhigh EtO concentratiofdsboth the classification of

EtO agarcinogenior likely carcinogenic to humamsd the derivation of carcinogenicity

based toxicity factors by thECEQ and other regulatory agencies may be viewed as
conservative. In the followingection the TCEQ makes a hazard determination for tumor sites
that are likely to be associated with EtO exposure in humans.

3.3.1 Hazard Assessment for Specific Tumor Skesociated with EtO Exposure

While animal and human studies have shown associabenhseen EtO exposure and cancer at
multiple tumor sites, most of the evidence as well as the evaluations by USEPA (2016), IARC
(2012), Marsh et al. (2019), and Vincent et(2019) have focused on two cancers:
lymphohematopoietic cancers and breast carscésiven that there is little evidence for other
EtOassociated tumor types in humans, the TCEQ in this review also focuses on the evidence for
these two cancers.

Regardingcarcinogenic classification under USEPA (2005a), USEPA (2016) states that there is
substantial evidence that EtO exposure is causally associated with lymphohematopoietic
cancers although altogether the human evidence is inconclusivee TCEQ concurs Wit'SEPA
that the epidemiological evidence for Et@ducedlymphohematopoieticance is less than
conclusive.

3.3.1.1 SiteSpecific Carcinogenic Hazard Determinations for EtO

There isepidemiological evidengalbeit inconsistentfor associations betweeBktO exposure
and lymphohematopoieticancer andemale breast cancen highly expsed workersUSEPA
(2016) uses bottymphohematopoieticancer andemale breast cancdp derive URFs. The
TCEQ concurs with USEPA that while the epidemiological evidangginduced
lymphohematopoieticancer is less than conclusive, it may be useddrive a URF. Thus, like
USEPA (2016), the TCEQ has addgtaghohematopoieticancer as a key cancer endpoint.

aEpidemiological evidence would be expected to be conclusive for cancer if EtO were a particularly potent
carcinogen coridering the large number of workers (both male and female) that were exposeedwngto
extremelyhigh EtO concentrations; such as th&500+ male and female workers in the NIOSH cohort exposed to
longterm means (3.81.6 ppm EtOup to 2,000,000 timesigher than central tendency environmental levels
(usingbackground and environmental exposure me&ns ® 200834 ppb per USEPA 2016).
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However, while the TCEQ abl6EPA2016) also acknowleddghat the epidemiological

evidence for Eténducedbreast cancer is less than comsive, theTCEQ assesses thieength

of evidence folEtGinducedbreast canceans particularly wealn the following section the
TCEQ details a more-depth WOE evaluatiofor the potential causal relationship between EtO
exposure and breast cancer.

3.3.1.1.1 Breast Cancer WOE

3.3.1.1.1.1 Epidemiological Evidence

TheWOEbased orlable 4belowshowsthat the SIRs/@Rs across indidual EtO studies of
breast cancer areonsistently not statistically significantly elevatanost being less than®1.
Considering these results,is not surprising thatwo recent metaanaly®s of EtO studies that
have examined breast canceaported meta-RRs of 0.97 (0.80, 1.18Marsh et al2019 and

0.92 (0.84, 1.02) (Vincent et al. 2019). The Marsh et al. study con@uded9 @I f dzl G A 2 Yy &
workers exposed during sterilization procesdesnot support the conclusion that EO exposure
is associated witlan increased risk of breast cange®imlarly, the Vincent et al. (2019) study
02 y Of tiBh®rRydality@pidemiological studies demonstrated no increased risk of breast
Ol y OS NE o ¢ -andlysiS stuslies\a® tighlighted in the table beldwross sidies, the
weight of epidemiological evishee that EtO is associated with increased breast cancer risk is
exceptionally weak.

Table4: Human Studies Relevant to the Breast Cancer Weight of Evidence

Study Workers EtO Exposwe Level Observed| Expected O/E
Type (n) (ppm) ©) (O (95% CI)
Individual Studies
Steenlandetal. | /2% | aSRAl Y #Hoeams: 0.89¢
. ’ c "
(2003) female Mean >1 ppn? 230 258.4 1 078, 1.01)
workers
0.99
18,235 103 104¢©
workers (0.84,1.17)
Steenland et al. \ .
0 F p pi| Mean of 26.9 pprryears
(2004) female)
0.99f
(0.81, 1.20)

b Table 4 uses external referents for individual studies, as internal analyses appear not to be scientificalty justifie
for breast cancer§ection 3.1.1.2
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Study Workers EtO Exposwe Level Observed| Expected O/E
Type (n) (ppm) (®) E)? (95% Cl)
only
female
workers
2,046 Means
Mikoczy et al. workers Kmomm  LILI 33 38.54 0.869
(2011) o0 f c g Peaks up to ' (0.59, 1.20)
female) 40-75 ppm
female (0.250.96)
exposure group
287 Viidle cumulntie 1.06
female (0.58 1.78)
exposure group
295 I\aiegahnegi i ﬁln%uil)aptri?/én 112
female (0.65,1.79)
exposure group
TWA
Norman et al. 928 5(;22%0p‘;$nm’ 1 - 6 1.57"
(1995) female . . ' (0.90, 2.75)
post-corrective action
1980
TWA generally
1,012 <5 ppm; 0.84kK
Coggon et al. (2004 female Peaks up to 11 13.1 (0.42, 1.50)
> 700 ppm
Hogstedt et al. 153 TWA 0 Nga?]rf;“
(1986) female 20410 ppm reported
Meta-Analysis Studies
Marsh et al(2019) 0.97
(0.80, 1.18)
Vincent et al. 0.92
(2019)' (0.84, 1.02)

TWA- time-weighted average

aBased on external referent US population; see the text for information regarding why a healthy worker effect
should not be expected for breastmeer incidence, an endpoint relied upon by USEPA (2016).
b Using the 233 cases with interviews as a surrogate, mean exposure level would be expected to be > 1 ppm since

the mean is higher than the median in a lognormal distribution, median cumulative esefiz the 233 cases was

14.0 ppmyears, and mean yearxgosed was 13.0 (Table 2 of the study), so mean cumulative exposure >14 ppm

years/mean duration of 13 years = >1 ppm mean exposure.
¢From Table 3 of the study based on workers whose exposure didgoutto zerousing a 15/ear lag period,
consistent vith USEPA (2016) and TCEQ); expected (E) value of 258.4 was calculated (i.e., E=0/0.89).
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dFor a 15year lag, consistent with that used by USEPA (2016) and TCEQ.

¢Inferred from Steenland et al. (28D Table 1.

fBreast cancer did not show any overall excess, although there was an excess in the highest cumulative exposure
quartile (>12,322 ppndays) using a 2@Qear lag and internal exposuresponse analyses fourapositive trend for

breast cancer ung the log otumulative exposure with a 2fear lag but notvith cumulative exposure (Tables 1,

5, and 8 of study).

ICNRY ¢lo0fS o 2F aAl120ile& SG Ftd onnmm0 YR AyOfdzRSa AYR
used by USEPA (2016) andEQ.

"Thisgi F GA&GAOFfte aAAYAFAOIYyidifteé RSONBIFraSR oNBF a2 OF yOSNI |
ppb EtO; this inordinately decreased SIR for the lowest cumulative exposure group produced shatisticzdsed

SIRs for higher cumulative exposgroups which did not experience increased breast cancer risk compared to the

general populationdespgt 9 Gh YSty SELR&dNB& dzLJ (2 FmImmna LILB FyR Y2
that it represents an anomalous study artifact.

"For the most appropate method identified by the study authors (Method 2) for the longest follgwperiod

(through 1987) vth the most appropriate/matching).S. Surveillance, Epidemiology, and End Results (SEER)

Programrates (through 1987) used to calculate the expectedhber (E).

I'Includes two breast cancers diagnosed within 1 month of employment; reasonably excludiagwioelsreast

cancers diagnosed within 1 month of beginning work would not be expected to significantly reduce-peassn

but would result in a loweand still statistically insignificant estimated O/E (e.g., 10/7.64 = 1.31).

KFor female workers with kiven continuous workplace exposure, the breast cancer mortality SMR was 0.70 (5

observed vs. 7.2 expected).

' This metaanalysis included all the individl studies above except for Hogstedt et al. (1986), which found no

breast cancers and therefore did naport any effect estimate for breast cancer.

As a note, the SIRs/SMRs cited in Table 4 are those associated with comparisons to external
reference popilations. As is discussed in Section 3.1.1.2 above, there is no evidence of a
healthy worker effect for keast cancer, and therefore the TCEQ did not use the epidemiological
results generated using an internal referent population in these studies. Stekptaal. (2003)
stated that they used internal referents because of the potential for urarertainment

however, since that study fourtthat there was complete breast cancer ascertainment in the
sub-cohort with interviews, the TCEQ still considers thteenal referent comparisons to be the
most appropriate.

Steenland et al(2003)found no excess of breasancer incidence among the cohort as a whole
compared to the US population; only finding an increase irhigbest exposure quintile in
certain intenal analyseshat is, categorical with exposure lagged 15 years for cumulative
exposure and durationf exposure (see Tables 4 and 5 of Steenland et al. 2B@8)ever

without scientificjustification for internal analyses in this case (as discussedeglibis noted

that when wsing the external referent(1)the RR for even the highest exposed grxpt,620
ppm-days) wasot statistically increase(.e., 1.27 (0.94, 1.693ndthe RRs for all lower
exposure groups were < tonsistent with no excess rigdee Table 3 of Steenland et al. 2003);
and (2)the overall RR for breast cancer incidence was (D88, 1.01) ¢eeTable 4above),
indicative of no excess risk overathong 7,476emaleworkers with relatively high gposure to
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EtO.Thus, no association of EtO with increased risk is demonstrated for the cohort overall or
for any exposure category

Futhermore, an external expert peer reviewer indicated thatheut careful control in the

analysisthe role of paritywould result in a spurious positive associatioetween EtO exposure

and breast cancer risk (TCEQ 202@jit¥is dstrongly related toisk of breast cancer (higher

parity predicts lower risk) and strongly related to remaining in the work force to accrueegreat
exposure (more live births predict cessation of employm@éri) ¢ Knloriien With Bo odfew

children have elevated risk of breaasancer and work for longer periods of time, thus accruing
greater cumulative exposué ¢ KS NB JA S S NI Firdshibt Kl&uNbapsgty YSy (i SR
was effectively handleth the analysis for the NIOSH cohamd thatthe finding that duration

of exposure was more strongly associated with breast cancer incidence than cumulative
exposureis consistent withparitybias Tl NB @A S 6 S NI @i igfddrbedzBrdiRsed] K| i &
evaluator could well come to the judgment that TCEQ did, i.e., not consideringtlwaacer in

the overall EtO assessment.

In summary, the weight of the epidemiological evidence does not support the oclthat
EtO causes breast cancer in humans.

3.3.1.1.1.2 aboratory Animal Data

The TCEQ and théSEPA acknowledge that human data insufficient to establish that EtO is

a human breast cancer carcinoges a result, USER2016)relies on support from laboratory
animal studies in classifying EtOcascinogenic to humarend for the human breastancer
endpoint. However, upon cles scientific scrutiny, the sites of Eiduced cancers in animal
models are of questionable human relevance for being predictive of, and therefore being used
as confirming evidence for, the site(s) of human cancers.

While laboratory animal datare often used to support various aspects of regulatory
assessmentanterspecies differences in carcinogenic responses are common (e.g., tumor types,
sensitivity), even between rodents (e.g., Etduced mammary tumors in mice boot rats).
Specifically to addss this issue, IARC (2019) analyzed tumor site concordance using a dataset
of the 111 distinct Group {carcinogenic to humansigents identified up to and including

Volume 109 Sixtyagentshadboth a human turor site andan animal tuner site identifiedand

were used to evaluate concordan@eross 39umor sites in animals and humafsee Figures

21.1 and 21.2 of IARC 2019). Reported results show that breast cancer is more
frequently/commonly induced in laboratory animgleies than in humans. More teliins that

while there is 47% overlap between agents that caysgphoid and hematopoieticancers in
humans and animals, there is only a 20% overlap between agents that have been shown to
cause breastancer in humans anahimals (Table 21.7 of IARC 201%e IARC (2019)
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O2y aSyadza a i Atpesers, yha stake®df the Kclerice dbes not support tumour site
concordance as a general princigle.

Accordinglycurrent best available science indicates thaimal datashould notgenerallybe

used to suport specific sites of chemicalttributable carcinogenesis in humaresven more

so when laboratory animal results are inconsistent and the human database is relatively robust.
For example, Etdhduced murine mammary tuors are not even predictive for t&°

Additionally while lung cancekvas statistically increased in both male and female mice at
incidences of 53% and 45%, respectively (TatderBUSEPA 2016)ng cancers not a

candidate endpoint in humansecausehe human data shows no increaskohg cancer

mortality with EtO exposur@.e., no interspecies site concordance; SMR of 1.05 (0.95, 1.17) in
Table 1 of Steenland et al. 2004). Similarly, EtO induced statistically significant incrdases in
tumorsin rats of both sexes (Table3in USEPA 2016hut againthese results are not

predictive for humansin fact,brain cancer for the NIOSH cohort is statistically significantly
decreasedi.e., SMR of 0.59 (0.36, 0.91) in Table 1 of Steenland et al. 20@4pgositeof

what the rat data would suggest.

Therefore laboratory animal data for E#dduced cancers cannot be relied upon to idénti
cancer sites ootherwisepredict EtO carcinogenic response in humartss applies to cancer
sites generally and Etfdduced breast cancer specifiasince: (1jhe state of the science does
not support tumor site concordance as a general principle (IARC 201§)g(#jc to breast
cancer, there is little overlap betweeagents that have been shown to cause breast cancer in
humans and animals (i,ehere aresubstantialinterspecies differences), with discordance
generally being the case (IARC 2019); andp@ific to EtO, animal data are not reliable
predictors of thepurported sites of Eténduced carcinogenesis in humans (e.g., lung and brain
cancer in laboratory animalsyhusthe laboratory animal data are of dubious relevarfice
confirmation of, or adequately supporting, thmesufficientepidemiological evidenckr breast
cancer as a known site of Et@uced carcinogenesis in humans

3.3.1.1.1.3 Summary of Breast Cancer WOE

In summary, the epidemiological evidence for EtO causing human breast cancer is very weak,
with most of the available studies showing n@asiation when the external reference

population is used as a comparison grotifis is the same conclusion reached by Marsh et al.
(2019) in their recent metanalysis, which found that there was no evidence from the

¢Vincent et al. (2019) evaluated animal study results, concluding that they provide no stdicefion that EtO
causes mammary tumors.
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epidemiology studies of a relationshigtween EtO exposure and breast cancer. The meta

analysis conducted by Vince@td | £ ® 6HamMdpOd NBIF OKSR | &AYAf I NI C
quality epidemiological studies demonstrated no increased risk of breast cahdrraddition,
morerecentyWl Ay 6 HnHnNnO F2dzyR GKIFIGd aC2NJ GKS 3ISYSNJI
f2dzy R G2 0S [aaz20Al SR ¢ A (Whe®donsidsngkhe dvigedde dzZR A y 3
from animal studies, the TCEQ found that while there was an increase in mammary famors

mice chronically exposed to EtO (NTP 1987), there was no increase in matamars in rats

chronically exposed to EtO (Snellings et al. 1984). In addition, IARC in 2019 released an
assessment of tumor site concordance, which found that only 20% chtaleated Group 1

chemicals showed siteoncordance of mammary/breast tumorgtween animals and humans.

While the MOA determination that EtO is carcinogenic through a mutagenic MOA generically
supports tumor sites at any location, there is no specificAM® metabolic information that

identifies breast tissues as a susceptible fteEtGinduced carcinogenesis in humans to lend

support to the weak, inconclusive epidemiologidata. Therefore, the TCEQ determines that

there isinsufficientevidence fondentifying breast cancer as a hazard of EtO exposure in

humans.

/ KF LI Sm0e ISYywQarR§y8S ! aaSaavySyi
PerTCEQ guidelines (TCE@L5H, whenatoxicity factor or guidelinair levelisidentified in the

scientific literature or databaseg,is reviewed to determine whether the approaebused to

develop the toxicity factoor guideline levearesimilar to the procedurethat would beused

by the TCE@r the givenchemical dosaesponse assessmerfhe¢ / 9 v Qa & OASY iATFTAO
search idenfied USEPA (2016) asecent carcinogenic doseesponse assessment for EtO for
consideration under TCEQ guidelines (TCEQ)28b%everthe TCEQ@entified several

substantial OA SY G A FA O A &4 dzSa seeipp&ndif){asdthe pibaeduresitiiatS & 4 Y Sy (
USEPAsed to deriveheir URFare different than the standard procedurésat the TCEQ

would utilizefor the EtOcarcinogenic doseesponse assessme(d.g.,standardmodel fit

criteria calculationsuse of a standardoseresponse model)Consequetly, the TCEQ did not

adopt; { 9t ! QcobnsistenCwvith relevant guidelines @#Q 2015)In the sections that

follow, the TCEQ reviews information relevanthe carcinogenic doseesponse assessment

for EtO and then conducts an original assessment to derive an EtO inhalation URF based on

TCEQ guidelines and best principles.

4.1 Rekvant Data

4.1.1Systematic Review

Thefollowing is a summary of theystematic reiew of EtO literaturg¢hat was conducted by
TCEQased on our published systematic review guidelifgSEQ 201)7with full details
discussed in Appendix TheTCEQ conduetl literature searchesvith a cutoff date of
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December 2018, as well agaluationsof the literature cited in other EtO evaluatiorBhe
collectedstudieswere divided into groups by evidence stream (i.e. human, animal) and effect
group (i.e., acute, chrac noncarcinogenic, carcinogenic). For the purposes of this DSD, only
the human arcinogenic/epidemiologic data were considered for several reasons:

1. In order toexpedite the process, it was decided that only a healiised chronic
carcinogenic toxicityactor would be derived for EtO in this DSD. Other toxicity factors
(i.e. health and welfarebased acute and chronic nararcinogenic) may be evaluated at
a laterdate with an additional systematic reviesontinuingwhere this systematic
reviewended

2. Suficient human data exist for EtO such that animal data, although used to inform the
carcinogenicity classification, would not be used to derive a chronic carairogicity
factor. TCEQ (2015) states that in general, human data are preferred over aaitaal
when developing toxicity factors.

3. Similarly, mechanistic data provide crucial information for the MOA analysis but do not
provide the necessary dogesponseanformation required for derivation of a chronic
carcinogenic toxicity factdie.g., they danot provide information on the critical adverse
health effect)

4. And finally, human data looking solely@togenetic changesister chromatid
exchanges, or chmosomal abnormalities were considered useful in developing the
MOA of EtO, but not useful asasis for derivation of a heakbased toxicity factor.

After full text review and screening with the inclusion/exclusion criteria ligtéfable 18eight
human carcinogenic studies were identified for further consideration in this systematic review.
Several human studies (directly or indirectly related to carcinogenicity) were reviewed and later
excluded for various reasoif$ablel9). Each of the identified stlies was reviewed in detail

and the primary data wre extracted for potential usén the devdopment of thechronic
carcinogenic toxicity factan this DSOTable 2(. Each of the selected studies walso

evaluated for study quality andsk of biasROB based on a number of attributes determined
prior to this review with scoring for each oht included studies shown in Table 2dter
addressing the study quality afROB for each of the selected stiek, theprimary
informationfrom each of the studies/as compiled together andach study waassessed for

use asakey, supportinger informative stud/ (Table 25.

4.1.2 Epidemiological Studies

After final review of the included studies, the Valddpres et al. (2010) study had the most
thorough and complete analysis (e.g., data from both the NIOSH and UCC cohorts, multiple
cancer endpointsxamined) and was therefore selected as the key study. While the \faldez
Flores et al. (2010) study also utilizedefault lifetime duration (70 years) consistent with
TCEQ guidance (TCEQ 2015), there were aspects that were not ideal, such as the lack of
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exposurelagged results. So rather than select a POD from the key study, the TCEQ selected
data from both cohortsife., the NIOSH and UCC cohorts) to initially evaluate and conduct an
independent assessment using the same modeling approach but with suppiehamalyses
(e.g., the evaluation of various exposure lags). Selection of data from the NIOSH and UCC
cohorts & the epidemiological data tioitially evaluate and use of specific, TG&i€cted dose
response assessment analyses (rather than selectianstidy POD) provide the bdssis for

a carcinogenic assessment of Et©several reasons:

1. Both the NIOSH andCC cohorts have adequate size, exposure information, and follow
up, making consideration of tisedata ideal for toxicity factor developmefe.g.,
weight of evidence, more analyses to consider).

2. The Valde#lores et al. (2010) study makes use of the Rayportional Hazard model, a
standard model preferred under TCEQ guidelines (TCEQ 2015) and one that the TCEQ
has used previously in dosesponse assessments (also considered by USEPA 2016).

3. Although ValdeFlores et al. (2010) did not include exposwag tesults in their
publication, supplemental analyses involving a reassessment of the data using various
exposure lags allow for the considéom of even more assessment results in the DSD.

4. Additionally, since published in 2010, an update to the UCCttetagh 2013 has
become available to the first author of the Valdépres et al. (2010) study (submitted
for publication) with whomthe TCE@ontracted to perform supplemental analyses;
consequently, results from the new study update with a longer ¥eligp period can
also be included in the DSBIthough the unpublished updat®as notused as the basis
F2N) 0KS ;Gdedppéndix)2 wC

5. Fimally, conducting these new analyses will allow for the appropriate consideration of
model fit to the individual dta (rather than the categorical data) for the model
assessment ultimately selected by the TCEQ.

Based on the systematic review conducted by TCEQAppendix ) as well as review of USEPA
(2016) and other doseesponse assessments (e.g., ValBerres efal. 2010, Kirman et al.

2004), the assessment of excess cancer risk in the NIOSH and/or UCC cohorts provides the best
basis for a carcinogenassessment of EtO. These studies are summarized below.

4.1.2.1NIOSH Cohort

The NIOSH retrospective cohort studyan analysisf close to 20,000 workers who were
occupationally exposed to EtO at sterilization facilitrethe USrom 1938 through 1985There
have been multiple analyses of the NIOSH cotftednland et al1l99], Stayner et al1993
Steenland et al. 2003, Steenland et al. 2004), with Steenland et al. (2003, 2004) providing the
most recent analysis and worker follewp through 1998. Theost recent update included
17,530workers(55% femalein 13 USsterilizing facilitiegthat used eposure estimates and
measurements of EtO from 193®85.This cohort is by far the largest EtO occupational cohort
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and has the added benefits of an extersaxposure assessment (discussed in the next
section), both male and female workers, and little rejed exposure to chemicals other than
EtO.

The following sections summarize the exposure assessment conducted by Steenland et al. and
the study results.

4.1.2.1.1 NIOSH Cohort Exposure Assessment

For he NIOSH cohagrthe EtO exposure regression modehsbased on exposure estimates

from the years 1938978 (no exposure measurements were available for this time period) and
based on extensive personal monitaogi data from 18 sterilization facilities from 1976 to 1985
as well as information on factors influeing exposure, such as engineering controls (Hornung
et al. 1994). This exposure model was used to estimate exposures for each indivitheal
cohortas afunction of facility, exposure category, and time peridtie investigators estimate

the cumulative exposure (pprdays) for each individual worker by multiplying the estimated
exposureg(ppm)for each job (exposure category) held by the worker by the nemab days

spent in that job and summing over all the jobs held by the worker.

Uncertainties are iavitably associated with historical exposure reconstructibime earlier time
period before EtO exposure data wesllected was likely a time period with latively high
exposures that wouldubstantiallycontribute to cumulative exposure estimates (pgatays,

both unlagged and lagged). Because the study authors assumed that exposures were constant
during the 19381978 period (they were fixed at the 1978 exposlevel), the exposure
estimates are likely to be biased low. A full review of the exposure etgns beyond the
scope of this DSD, but have been reviewed elsewhere (Bogen et al. 2019, Li et alT2819).
USEPA Science Advisory Board (SAB) agreeeattiarexposure estimateare likely of lower
reliability (because there were no exposure measoeat data that could be included in the
exposure model prior to 197@nd actual EtO exposures wdileelyto have beerhigherthanis
reflected in the estnates (p. 41 of USEPA 2016). Howe\eer, the later monitoring datahe
regressiormodelwas ableto account for 85% of the variation in average EtO exposure levels
when evaluated against independeteist data from the same set of data.

TheTCEQ notesat thisworker population vasexposed taextremelyhigh concentrations of
EtOcompared to ambient exposures experienced by the general populd&onexample,
Tables IV and V of Hornung et al. (1994) provide measured and estimated worker exposure
means ¢ 3.54.6 ppm, whichare up to 2,000,000 times higér than central tendency
environmental levelsusingbackground and environmental exposure meanhg n & 00034
ppb per USEPA 201@&nimal carcinogenicity studies were conducted at even higher EtO
exposure concentrations (3000 ppm; see SectionB32). On any given day, estimated
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exposure for a job could have ranged fromB0000 ppb (pp. £ and D37 of USEP2016),
which isF15,00032,000,000 times higher thazentral tendency environmental leved$ EtO.

4.1.2.1.2 NIOSH Cohort Study Findings

Steenand et al. (2004) present followp results for the cohort mortality study previously
discussed byt8enland et al. (1991) and Stayner et al. (1988)dings in themostcurrent
follow-up includestatisticallyincreased lymphohematopoietic cancer mortgliii.e., non

| 2RI Ay Qa f & Y-y axpdsuredaddéniatopoietie sanceandlymphoid celline
tumorswith a 15year lag) in males but not females of the highest EtO exposure group (see
Tables 4, 6, and 7 of the studgpdstatistically increasg¢tbreast cancer mortality in femalex
the highest EtO exposure group with ayar lag but not vihout (see Tables 5 and 8 of the
study)

Steenlancet al. (2003) present results of a breast cancer incidence study of a subcohort of
7,576 women from the NIOSH cohtinat showed statistically increased odds ratios for the
highest exposure group with &4ear lag but not without (see Tables 4 and 5ha study) No
statistically significant increases in breast cancer were found for any exposure group using
external referents and either-@r 15year exposure lags (see Table 3 of the study). These
Steenand et al. studies were included in recemtentific literature reviews and meta-analyses
of EtO studies for these cancer endpoitiiat are summarized in Section 3.XMincent et al.
2019, Marsh et al. 2019).

4.1.2.2UCC Cohort

Swaen et al. (2009) refieed and updated the UCC cohort of male workergptayed inUS
industrial facilities where EtO was produced or used. Previous studies of the UCC cohort were
published by Greenberg et al. (1990) and Teta et al. (1993). All 2,068 rtiencohortwere
employed between 1940 and the end of 1988 and were observed for mortality through 2003.
Workers from EtO departments at thianawha Vallg West Virginiasites hired after 1988

were determined to have no appreciable EtO exposure and were, therefot@duedto the

cohort. Caussespecific standardized mortality ratios (SMRs) were calculated. Intezfeaknt
comparisomanalyses were made by applying Cox proportional hazards models to the data.

4.1.2.2.1 UCC Cohort Exposure Assessment

The exposure assement fo the Swaen et al. (200Qipdate reliel on the qualitative
categorization oflepartments thatproduced andused EtQleveloped by Greenberg et al.
(1990), and on quantitative estimates of averdff® exposuréntensity by these department
categories and bytime period (19251988) developed by Teta et al. (1993). Time period cut
points were chosen as follows: 1925, the stapt of EtO production in thEanawha Valley
1940, start of cohort observation and first period with published estimates of &x@p 195,
chlorohydrin process for EtO production completely sdatvn; and 1974, the period when
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airborne exposures declined substantially due to process and exposure controls. The
combination of the average exposure for the four different time periadd the tiree
classifications of departments into low, medium, and high expokwelscreated the exposure
matrix. Cumulative EtO exposure (ppyears) for each study subject was then estimated by
multiplying the estimated timgoeriod and departmenspecfic exposire concentrations by
RdzNF GA2Y Ay Y2yiKa FT2NJ SIFOK AYyRAQGARdzZ f Qa |
products over all assignments up through December 1988 (Swaen et al. Z083verage
cumulative EtO exposure was 67.16 pyears £16,118 ppmdays, as 67.16 ppiearsx 240
days/year), about twice that of the NIOSH cohé. of Swaen et al. (2009), the average follow
up period for the UCC cohort was 10 years lorthan the NIOSH coho(B86.5 versus 25.8
years) and the percent decease@s 3fold greater than the NIOSH cohort (51% versus 16%).
However, the number of expected cancer deaths for the UCC cohort (a measure of study
power) was between-3 times lower because of thrmuchsmaller cohort size in both number
and personryears (e.g.75,306versus 450,906 perseyearsfor the UCC cohort compared to

the NIOSH cohort, respectivil\Nevertheless, this is an important cohort that contributes to
the human EtO carcinogenicity database.

Qx
Qx
>

As mentioned above,ncertainties are inevitably assm@ted wth historical exposure

reconstruction For example, USEPA (2016) characterizes the EtO exposure assessment for the
UCC cohort as more uncertain than that for the NIOSH cohort ¢geagter likelihood for

exposure misclassificatipnse of surrog@ exposue data; see Section 4.1 of USEPA 2016).
USEPA further indicates that there agbstantialuncertainties in the exposure estimates for

the early years when the highest exposures occurred (Section A.2.20 of USEPA 2016),
something both cohorts haviea comman.

4.1.2.2.2 UCC Cohort Study Findings

Swaen et al. (2009) report that no indications were found for excess cancer risks from EtO

exposures, including the lymphohematopoietic malignancies (e.g., 11 leukemia deaths occurred

and 11.8 were expected2nonH2 RI{T Ay Qa f &8YLIK2YIl RSIFGKa 2 00dzNN.
expected). Cox proportional hazards modeling for all cause, leukemia, and lymphoid

malignancies mortality revealed no trends or associations with cumulative EtO exposure. In
recognition of exposurestimate wuncertainty, it is also important to note that no statistically

significantly elevated SMRs were found in the analysis by hire date, and there were no

statistically significant increases in the longest duration category and no suggested trends by

duration @ll surrogates of exposure). Study authors concluded that the cohort showed no long

term carcinogenic effects associated with EtO exposure.

Similarly, an as of yet unpublished update of the UCC cohort through 2013 (submitted as
Bender et al., unpblished & of the date of this DSD) concludes that examination of mortality
from all causes of death, all cancers, leukemia,hc@ RI {1 Ay Qa f &8YLK2YlF X | yR
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malignancies revealed no evidence for an exposetated response; EtO exposure in this
cohort was notassociated with an observable increase in lymphohematopoietic cancer
mortality (personal communicatiowith Ciriaco ValdeFElores,an author of a risk assessment
paper based in part on the Bender et @hdate).The average cumulative dosé EtO(67 ppm
years) is reported to be around two times that for the NIOSH cohort, w386 longer follow
up period £41 years) and a similar number of lymphoid cancer deaths in males (27 in NIOSH
versus 25 in UCC) despite the number of pergears for males in the NIOSH cohort (189,868
personyears) beingonsiderablygreater than that ithe UCC cohort (83,524 persgnars).

For completeness, modeling results based on these updated data will be evafoated
comparison to NIOSH results. However, the TCEQUaBbased on unpublished followp

data for the UCC cohofsee Appendix 2

4.1.3Animal Studies

Human(i.e.,epidemiologica)l data are available for a carcinogenic assessment of EtO and are
preferred over animal data for toxicity factor (i.e., URF) development (TCEQ 2015). Therefore,
animal carcinogenicity datased for the Et@oseresponse assessment (see Sectan of

USEPA 2016 for relevant informatioRpwever, laboratory animalarcinogenicity datéor EtO
aresummarized in Sections 3.1.2 and 3.2.1 and are considered for both the MOA evaluation
and the carcinogenic potential hard assessment detailed in Qiver 3.

4.1.4KeyStudy

USEPA (2016) utilized the NIOSH cohort for their ORFNIOSIdohort has several positive
study attributes:

Adequatehumandata for deriving quantitative cancer risk estimates., URFs)
Large nmber ofworkers(17,530 from 13 sterilizing facilities

Gender diversée.g., 55% female)

Individual workerexposure estimats and

Little reported exposure to chemicals other than EtO.

= =4 -4 4 A

The TCEQ will also use the NIOSH cohort as the key blogver, he UCC cohort will also be

evaluated as a supporting study for comparison and a more compétenognic evaluation

based on human datalthough the exposure assessment for the UCC dadppears more

uncertain than that for the NIOSH cohoetg.,seeSection 4.1 of USEPA 2016), it is

nevertheless an important contribution to the human EtO carcinogenicity datalidse.

weighting of potential URFs based on the NIOSH and UCC cbasetion relevantmetrics

supports use of the NIOSH cohort as the keyocbfAppendix 2)Lastly, an analysis using UCC

data (i.e.,exposure estimatesnumber of lymphoid cancer mortalitie®) validate the

LINSERAOGA @Sy S aespoisé mobldl orih@ d hR2 a &2 K2 NI | f a2 & dzLJLJ?
assessmentising the NIOSH cohaas the key cohorSection A3.3.3 of Appendix. 3)
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4.1.5Key Cancer Endpoi(s)

There isepidemiological evidengealbeitinconsistent for associations between EtO exposure

and lymphohematpoieticcancer andemale breast cancen highly exposed workers

However, in Section 3.3.1.1 the TCEQ conducted a weight of evidence evaluation and concluded
that there is insufficient evidence that EtO causes human breast cancer.

The TCEQ concurs with USEPAwtalke the epidemiological evidender EtQinduced
lymphohematopoieticcancer isalsoless than conclusive, ihay be used talerive a URFRand

thus the TCE@as adoptedymphohematopoieticanceras a key cancemdpoint.
Lymphohematopoieticancer (also referred to as lymphoid cancer herein) inclunbes

Hodgh y Q& f @ YLIK2Y Il X Ydzf GALX S Y &@Sdeegedin $teéridand & Y LIK 2
et al. 2004.

4.2 Consideratios for Choice oDoseResponsévodels

TheTCEQ considers multiple factors when deciding on the-desgonse model and lowdose
extrapolationmethod for a toxicity factor derivatiofe.g., MOAtype ofendpoint). First and
F2NBY2ald Aa GKS O2y aA R BoNdxample yMomdFmatiok &n @ik S YA O f
inform expectations about the shape of the curve at low dosesthrdlecsionbetween a
threshold or northreshold doseresponse modef{Figure 1)Formodel(s) thatare consistent
withd KS OK S Y Aifkhoivg)and BCEQ guidelin€BEQ 2015)modelHit criteria such as
p-values and Akaike Information Crit@(AIQ valuesmay thenbe evaluated to aid in model
selection(e.g., the evaluation ahodel fit for doseresponse data modeled usitgnchmark
dose softwae). Another important considerationvhen evaluating model fit/accuracgmong
multiple doseresponse models under considei@t ishow welleachmodel predicts the actual
data, in this cae the cancer mortality numbers in the NIOSH and UCC cohort studies.

The sections belowutline the MOA considerations that ledthe¢ / 9 v Q4 OK2 A0S 27F
proportional hazards model as ttiest choice for modeling lymphoid canceassociated with

EtOexposure from the NIOSH cohort data (Sectidhl4. Then we describe the model fit

considerations for the Cox model comparedtoth® t ! Q& O KnRak td&pie@Ipling

model (Sectior.2.2). Finally, the TCEQ evaluates the model predictivenetbesé two

models using the NIOSH and UCC cohort data (Secf#d).4.

4.2.1 MOA-Informed DoseResponse Modeling

Use of MOA informatiomo inform the doseresponse assessmeista main focusfahe TCEQ
(2015)guidelines as shown in Figureahdfor USER (2005ab) guidelines Generally,lte MOA
and other information may support one of the followilayv-doseextrapolationapproaches:

(1) Nonthreshold (typically a linear extrapolation to zer(®) Threshold (typicallydentifyinga
point of departure POD and applyinguncertainty factors)or (3)Both 1 and 2(TCEQ 2015)
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Thus, to the extent thathe MOA for a chemical is understood, it informs the {dose
extrapolation procedure for that @mical. Examples of different shapes of dosspmse
curves are shown iRigure2.

Response

>

Dose

Figure2: Doseresponsecurve examples

MOA information can suggest the likely shape of the d@sponse curve at lower doseBGEQ
2015,USEPAR005a).That is, toxicological principles can infoexpectations about lovdose

risk when truly lowdosedata are unavailabldn this case, in the key epidemiological cohort
(NIOSH) used lifte TCEQ andSEPA (201&stimatedmeanworker exposurs to EOwere

up to 2,000,000 times higher than central tenderaaypbientenvironmentalEtOlevels(see
Sectiord.1.2.1.3. EtO MOA information is discussed in Section 3.2, which supports a putative
mutagenic MOA for EtO carcinogenicitO isa direct acting DNAeactivechemicalthat isalso
produced endogenously, and as such there are expected twh®al detoxification processes
andbaseline levels of DNA repair enzyntiest haveevolved toefficiently detoxify and/or
repairsubstantiallevels ofendogenous®O and assoeted adductsin the endogenous
concentrationrange This informatiorsuggestano more than linear lowdoseresponse
component near the endogenous ranggh atransition to asteeperdoseresponse slopat
some point above the endogenous gamwhere thebody can no longer effectively detoxify EtO
and/or repair theEtGinduced DNA damagdhus, across eompleterange of doses from truly
low (e.g., endogenous) to high (e.g., occupational exposures), the expectededpsmse

could be charactezed as sulihear overall across doséseeFigure 3. However ,if the low dose
rangein/near the endogenous range (thategpected to be responsible for overall sublinegrity
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is relatively narrowandsufficientdata are not available to reveal the fglape ofthe dose
responsefrom truly low doses to high dosé€e.g., endogenous to occupationghen the
higherdose data that ar@available could simply appear as line@egulatory inhalation dose
response assessments that utilize human data are feetjy base on occupational studies,
which generallyexclusivelynvolve relatively high doseas is the case here

In contrast to direct actinghutagenicchemicals such dstQ supralinear responses are
generallyassociated wittan MOA that involvethe saturaton of metabolic activation where
fewer electrophiles are formed per unit dose at higher exposures, which is not the casegfor
(Swenberg et al. 2008).

Kirman and Hays (2017) expressed this conclusion similarly. That is, based on relevant
consderations,an overall sublinear doseesponse would be expected over the range of

possible exposures to EtO, from those that result in total body burdens (endogenous +
exogenous) within the normal endogenous level range to those that result in a total body
burden sgnificantly greater than the normal range where the normally effective
detoxification/repair processes are overwhelmed. This conclusion is reasonably consistent with
GKFG 2F GKS ! { 9highlEpladsible that tDedgsieapBnSeN@tiorishipover

the endogenous range is sublingarg., that the baseline levels of DNA repair enzymes and
other protective systems evolved to deal with endogenous DNA damage would work more
effectively for lower levels of endogenous adducts), that ist tha slope of the doseresponse
NBfFGA2YAaKALI F2NJ NAa]l LISN F RRdzOG g62dz R Ay ONBI

For exogenous EtO exposuresHP&citesdirect mutagenic activity asiechanistic justification
for default lineadow-doseextrapolation(pp. 422 and 437 of USEPA 20186 regard to the
shape of theEtOdoseresponse overall, Vincent et al. (2019) consider the MOA and-dose
response analysis of the early effect data in humans/animals (as well as modeling results of
relevant caner endpoins in rodents; most notably, leukemia incidence in female F344 rats) to

4The TCEQ (2015) guidelines reqsinéficient mechanistior biological datgo support theapplicationof a supra

linear model, with a suprinear model here defined as a model with a d@ssponse curve that is steeper than

linear as illustrated in Figure 2 where the lo\@se slope is steep beginning at zero dose and then tiansiat
higherdosestod KI t f 2 SNJ af 2LJS® . & ¢/ 9vQa RSTAYApatingar i KAa Ol y
spline models with this same shapeebthanistic and/or biological data for EtO adequate to justify use of an

overall suprdinear mode do not existUSEPA (2@) acknowledgd to the SAB thathe MOA information for EtO

does notsupportasupralineardoseresponse(e.g., the linear twepiece spline model) &G F GAy3 aiKS 9t !
gl NB 2F +F YSOKI y-200UUSEPA 8614lI3b sey ppiB4 ahd/471). Simiddrly,lthe TCEQ is not

aware of any MOA or mechanistic data for EtO that would suggest that a-bnpaa dose response should be

expected. Rather, MGf£elevant information for EtO suggestsia more than lineadoseresponse.
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conclude that there is no evidence that a dassponse other than linear is justifiedn8e
lymphoid cancewas the primary driver ahe USEPA carcinogenic assessnfiemtwas
associated with the greatest risk)erhaps the most relevant mutagenicity data discussed by
USEPA (2016) was that in the bone marrow of mice expos28200 ppmEtO by inhalatiomn
vivo (Recio et al. 20Q4gure 3.
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Figure3: Overall linear doseresponse for Et@nduced mutations in the bone marrow of Big

f dzSu YAOS 6wSOA2 SO |fd HAanno
The TCEQ notes that the overall linear dosgponse for mutagenicity in bone marrow is
consister with a linear dosaesponse(see C17 of USEPA 20)&nd did nofplateaueven at
exposure concentrations as high280 ppm Similarly, the relationship between EtO exposure
and EtO blood levels in B6C3F1 mice exposel2@ ppm is linear (Brown 199&urthermore,
because exposure, absorpti, and distribution are obligatory stepstime series of events
leading toEtOinduced carcinogenesis (e.g., lymphoid cancer) and the linearity/nonlinearity of
toxicokinetics is relevant to expectations about theph of the dosaesponse for carcinogen
risk, it is noted:

1 Fennell and Brown (2001) reported that simulated EtO blood levels (area under the curve)
after exposure tdetOconcentrations between 1 ppm and 100 ppm were similar for mice,
rats, and humans andere linearly relatedo the exposureconcentration (see Figure 3of
USEPA 20156)
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1 Similarly, Kirman and Hays (2017) repdrthat in humans, the relationship between blood
EtOlevelsand EtOexposuref1.4 ppmand belowis linear (R=0.998, sedigure 3 of the
study) and

1 Following theefficient absoption of EtOinto the blood which follows a linear
relationship, EtO igapidly distributed to all organs and tisSuUg$SEPA 2016).

In summarystudies show thaEtO absorption antissue concentrabns arelinearly relatedo
inhalationEtOconeentration, at least in the range of exposures used in tAkevant studies
(P00 ppm; USEPA 2016s mentioned above, there is also a linear relationship between
inhalation EtO concentration and the mutageity in bone marrow observed in Recio et al.
(2004).Thus, there is a linear relationship from EtO in air to absorptiofrjlgigion, and tissue
concentration, as well as between EtO in air and mutagenicity in the bone marrow-of EtO
exposed mice.i$sue oncentrationsof EtOare expected to be approximately equalmice,
rats,and humans exposed to a particular air concentmatof EtOOH,00 ppm; USEPA 201%).
Following distribution to target tissue, EtO can cause genotoxic effects as aatitiect
mutagen and mtagenicity is a wekstablishedpotential cause of carcinogenicifg.g., nany
mutagens are carcinogemper USEPA 2005a)

The consideration of MO#4elevant informationfor EtOsuggests thaén overall doseesponse
that is no more tha linear is expected for Efdduced carcinogenicifyand that linear low
dose extrapolation is appropriate and heajthotective. These MOAasedconsiderations are
consistent with use o POD fronCoxproportional hazards modelingsthe preferred
methodology forlow-dose extrapolation fronepidemiology stugl dataunder TCEQ guidelines
(TCEQ 2025Cox proportional hazards modeling is indistinbaisle from linear over the EtO
dose range in the key epidemiological study, which is consistent with thecesgdose
response for Eténhduced carcinogenicity based on the MOA.

4.2.2 Model Fit Criteria

Although some models have a biological or mechanigtgis (e.g.ChemicallndustryInstitute

of Toxicologybiologicallybased model for formaldehyde), many models used for dose
response assessment do not (e.g., often only to the extent thatdose linearity is viewed as
consistent with a mutagenic MOAJJhus, in this respect model fit alone is a lesser camaitbn
compared to data (e.g., MOA data) that may (or may not) support use of a particular model.

¢ Interspecies dferences in carcinogenic potenaye likely the result of toxicodynamic differencd SEPA 2016).
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Model fit is a topic of interest for EtO although not a deterministic consideration on its own
when:

1 MOA/mechanistic datéor EtOmust also beconsidered (TCEQ 2015); and
1 The accuracy of models for predicting the underlying modeled cancer data differs
significantly

This sectioruses standard model fit criteria (i.g;values andAICvalues) to evaluateose

response model fit to the NIOSymphoid canceR I G 60¢/ 9v Qa {1 Sé& O2K2NI |
as well aghe primary driver of USERPYAREF for two doseresponse models that have been

consideredor EtQ

1) The standardCox proportional hazards model peefed under TCEQ guidance (TCEQ
2015) andsupported by MOA considerations (Sect#8); and

2) The lineartwo-piece spline modalsedby USEP/&£016) (linear two-piece sgine model
with knot at 1,60Qppm-days.

The TCEQ standard Cox proportidmatardsnodd derivation is further described Becton
4.3 of this DSDand the derivation of théinear two-piecespline model is described in Section
4.1.1of USEPA (2016).

Stardard pvalues and AIC valués these modelsare presented inrable5 below.

Table5: p-Values and AIC Values for tligox and Lineafwo-PieceSplineDoseResponse
Models for Lymphoid Cancer Mortality in the NIOSH Cohort

Model 2 p-value® AlC®
Cox proportional hazards model (Kigear model) 0.22 464.4
Lineartwo-piecespline model with knot at 1,600pm-days® 0.14 464.5

AIC- Akaike information criteriaNIOSH National Institute for Occupational Safety and Health

aQumulative exposurg¢l5-yr lag isthe exposure variakl

bp-values from likelihood ratio &; p <0.05 considered good statistical.fit

¢For the lymphoid cancer dat&tatistical Analysis System (Sp®c NLP (where NLP = nonlinear programming)
Oz2yaraidSyidte @AStRSR bH[ [ aSABHYEFPHRAG/fol the sank daddels) taigdhdzy A (1 a 2 .
null model, presumably foromputational processing reasons, and proc NLP was used for the RiRearodels.

Thus, AICs for linear models are equivalent to A0C4 units higher for loginear modelsln order to make the

AICs comparable for diffent models, the AICs for the linear models have been increased by 0.4 to reflect the

discrepancy in the2LogL values reported by the SAS proc NLP and by SAS PHREG.

dDegrees of freedork=3 for the linear twepiece spline modethe number ofparameters that were estimated in

excess of the parameters estimated for the null modlel @S ®> S&A G A YilE§ ©2 f dBT (KN daB Ky A G |
optimizationoutside of SAShe slope below the knotand the slope above the knpt
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Table Sshows thatthe lineartwoLJA SOS A LJX Ay S Y2 RS ppmaldysusedby a1y 2
USEPA (201@pes noftfit the data statisticallysignificantly better than the null modétero

slope)at the 5% significance level (i.e., the linear tpiece spline model does not expiahe

variability in the data statistically significantly better than the null modgRewisethe

standard Cox rgression model preferred under TCEQ (2015) does not fit the data statistically
significantly better than the null modeAdditionally, theAIC value$or the Cox and the linear

spline modelsre similarThus,based on standard statistical model fit crie(i.e., pvalues and

AIC values)either model provides a statistically superior fit to tedeledindividual

lymphoidcancer mortalitydata

Since standard statistical model fit criteria (i.eygdues and AIC values) do not demonstrate a
statisticdly superior fitwith either model,other relevantscientificconsiderationsncreasen

importance. For examplein addition to being consistent with implications of the MOA for
doseresponse model selectionse ofthe standard Cox proportional hazardedel would be
consistentwiththe U$t ! {! . NBO2YYSYyRI A2y GKIFG aiKS LINA
SELX AY LKSy2YSyl dzAAy3 TS S Nkchisete C&imSdelE 0 & K 2
has fewer parameters than the linear spline modelother consideration which isparticularly

important, is the ability of a doseesponse model to accurately predict the underlying data

modeled, which is evaluated in the next section.

4.2.3Model AccuracyEvaluation- Model Predictions Versus Observed

Toevaluatethe two primary EtOdoseresponse modelds.€.,the standard Cox proportional
hazards model and thinear two-piece spline model), the models were used to estimate the
number of lymphoid cancer deaths predicted to occur at the EtO exposure levels estifoat
the NIOSH colrbcompared to the number of cancer deaths that were actually observedein th
cohort (details imPAppendix 3. As discussed in Secti83.3.10f Appendix 3U.S background
hazardrates areappropriate forcalculating themodekpredicted number oflymphoidcancer
deaths due tahe absence of dealthyworker effect for lymphoidcancermortality both in the
NIOSH cohort specifical$teenland et al. 2004nd in generafKirkleit et al. 2013the healthy
worker effect concept is discussén Section 3.1.1.2Pespite study and cancer endpoint
specific results that do natemonstratea healthy worker effect for lymphoid cancer, results
from a TCEQ sensitivity analysis that nevertheless assumes ayhsaltter effect for lymphoid

f Statistical model fit criteria have been developed such that visual fit, algsest and lesscientifically
sophisticated methd, need not be relied uparHowever, consistent with the model fit criteria, it is noted that
objective examination oficcurate depictions of model fit to the individual data modeled revealseadily
apparent superior visual model fit (see section A6Bih Appendix 6)
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cancer nortality in NIOSH wders support findings reported in this secti@geé Section A3.3.2
of Appendix3).

This modekvaluationexercise(also called a grountfuthing exerciseflemonstrated thathe

linear two-piece spline modgmaximum likelihood estimatéMLE A § K G KS a1y 20 ¢
ppm-days 15-year exposure lagiredicteda total of92lymphoid cancer deaths (95@ of 70

to 122) with the EtO exposure levels estimated for the NIOSH cohort (Balvid Figuret).

However, only 53 total deaths from lyrpid cancers were actually observed, demonstrating

that the MLE forlinear two-piece spline model statistically significantly oestimatesthe
observedrisk. Similarly use of theupper boundfor the linear twopiece spline modelasalso
statistically gynificantly overpredidive for the NIOSH cohbypredictingl41lymphoid cancer
mortalities (95% CI of 108 to 138ompared to the 53 actually observed

By contrastthe MLE for the Cox proportional hazards model is reasonably accurate, predicting
52 lynphoid cancer mortalitie$95% CI of 40 to 7@pmpared to the 53 actually observed

(Table6 and Figured). The upper bound for thestandard Cox proportional hazards nedds
alsoreasonably accurate, predicting 59 lymphoid caraeaths(95% CI of 45 to J&om EtO
exposure compared to the 53 actually observed.

Table6: Total NIOSHCohortLymphoid Cancer Mortalities Predicted I§yox and Lineafwo-
PieceSplineModels

Slope Predicted if | 100%x Ratio: 95% Ct
Model Parameter the Model Predicted/ | on Predicted if the
(per ppmday) were Tue Observed Model were True

Standard Cox model15-yr lag
(MLE) 2.81E06 52.42 98.9% (40.1, 70.0)
fg’;‘;)dagsox modellSyriag | 7 17g06 58.75 110.8% (44.9, 78.4)
Lineartwo-piece splinewith
knot @ 1,600 ppruaysg 7.58E04° 91.69 173.0% (70.1, 122.4)
15yr lag (MLE)
Lineartwo-piecespline with
knot @ 1,600 ppruaysg 1.80E03° 141.09 266.2% (107.9, 188.4)
15yr lag (95% UCL)

MLE- maximum likelihood estimateNIOSH National Insitute for Occupational Safety and HealtUCL: upper
confidence limit

[Boldfacevalues indicate that the model ow@rediction of lymphoictancerdeaths is statistically significant.]
aConfidence intervals are the result of the variability associatel thie ratio of the observed and expected
number of lymphoid deaths in the refenee population (see Appendix 3).

bThe best estimate and standard error of the slope below the knot are 7088thd 6.3204, respectively. The
slope and corresponding standberror after the knot are7.48E04 and 6.3184, respectively, from footnotd to
USEPAable 336.
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¢The slope after the knot for the 95% upper confidence limit for the modél ¥9E03 (-7.48E04 to 1.645x6.32E

04, whichis the95% LCL on the slopbove the knot). This conservatively assumes perfect negative correlation of

the slopebefore and after the knotThus, the ovetprediction may be larger than what is shown in the tabl€he
assumption of perfect negative correlation is consistent with ¢tbegariance values obtained hj&FEPA (see

footnote to Table EB6 in the appendice ofUD t | 2M&report where the covariance is approximately equal to
the negative of the variances for the slopes above and below the (keotcovariance3.99E07, Var£3.99E07,

and Var2=3.9887).

Similarly for quintile-specific resultsthis modelaccuracyanalysis demonstrated thatse of the
MLE for the linear twapiece spline modesk statistically significantly ovegpredictive for all but
one of the exposure quties (Table7 and Figure 5-8). Moreover,for every cumulative EtO

exposure groupthe upper bound for thdinear two-piece spline model statistically significantly

over-predicts theobservedll lymphoid cancer mortalities that occurred in each exposure

quintile. The modelused by USEPA (2016¢gictsstatistically significant increases in lymphoid

cancer mortalityevenin the lowest EtO exposure grogipe., the lower ends of the 95% Qs
the MLE and upper bound of thmear two-piece spline modedre 11.7 and 16.7for lymphoid

cancer mortalitiesrespectivelycompared to the 9 lymphoid cancer mortalities in the controls)

whichwasnot observedn the data

On the other handthe MLE for thestandard Cox proportional hazards modeteasonably
accuate at predicting he observed riskand neither significantly ovenor underpredicts the
number of lymphoid cancer mortalities (11) that occurred in each exposure quintile group
(Table7 and Figure 5-8). Likewisethe Cox modehssessmentdoes not sigificantly over or
under-predict the lymphoid canceteaths observed in any NIOSH cumulative EtO exppbute
rather remains reasonably accuradé predicting the observed risk

Table7: Quintile-Specific NIOSEohortLymphoid Cacer Mortalities Predicted byCox and
LinearTwo-PieceSplineModels

15yr lag (95% UCL)

Model 2 Quintile 2° Quintile 3 Quintile 4 Quintile 5

Lymphoid Cancer Deaths
Observed in NIOSH Cohort 1 1 1 11
Standard Cox model15-yr lag 14.4 8.0 9.4 9.1
(MLE) (8.1, 28.9) (4.5, 16.1) (5.2, 18.8) (5.1, 18.3)
Standard Cox model15-yr lag 14.5 8.1 9.8 15.0
(95% UCL) (8.1, 29.0) (4.5, 16.2) (5.5, 19.6) (8.4, 30.0)
t':;%‘"’&%gf;fﬂ;‘;;‘g'th 20.9 17.6 20.8 20.9
15yr lag (MLE) (11.7, 42.0) (9.8, 35.2) (11.6 41.7) (11.7, 41.9)
I'j:;agv"logggfsrfn;';‘;f”h 29.9 30.5 35.8 33.4

’ (16.7, 60.0) (17.1, 61.2) (20.0, 71.7) (18.7, 67.1)

MLE- maximum likelihood estimate, NIOSNationallnstitute for Occupational Seffy and Health, UCLupper

confidence limit




Ethylene Oxide
Page44

[Boldfacevalues indicate that the model ovg@rediction of lymphoidcancerdeaths for the quintile is statistically
significant.]

aThe footnotes toTable Gapply here alspexceptthat the assumption of perfemegative correlatiorof the slopes
before and after the knotiu® t | Qa p:r lifedrtwo-preBeNsplitieSdel desnot affect the predictions
in quintile 2.

® Quintile 1is the control (unexposed laggeuit) graup with 9 lymphoid cancer mortalés observed and 11.5
mortalities predicted by all models with a 95% confidence interval of (6.0, 25.2).

In summary, as shown here and iora detail in Appendi8, the linear two-piece splinenodel
statistically significatly over-predicts the number of ipphoid cancer mortalities in the key
NIOSH cohort whether based on thNB_E or the associate®b% UCLThis ovetprediction

applies tothe cohort as a whole antd the cumulative exposure growgpBycontrast, the
standardCox proportional hazards mod@CE Q& LINB T UNNEREQR@)R S f
reasonablyaccurately predicts the number of lymphoid cancer mortalities observed in the key
cohortand itsvariousexposure quintilesincluding the lowesgéxposure quintile

In a smilar manner as with the NIOSH cohdata, the TCEQ also evaluated the predictiveness
of the Cox proportional hazards and linear tpi@ce spline modsl fit to the NIOSH dose
response datafor the lymphoid cancer mortalities observed in thECC cohortDespite
substantialdifferences irthe exposure assessments for the NIOSH and UCC cohorts (see
Sectiord.1.20f this DSD and Section 4.1 of USEPA 20%#)g WCC cohort data &valuak the
validity of the models derived based on the NIOSH desponse asessmentesults in the
same conalsion; namely that the Cox proportional hazards model asomablyaccurate at
predicting the number of lymphoid cancer mortalitiesserved in the UCC cohort whilee

linear two-piece spline modek statistically sigificantly overpredictve whether wsing the MLE
or upper boundsee Section A3.3& Appendix3). Thus, the Cox model is demonstrated to be
reasonably predictive and realistic, lending strong support tedtsntific credibility for
regulatory agency usg.g.,EtOURF derivation).

This evaluation d the accuracy ofloseresponsemodel predictionsgspecially in conjunction
with the consideration ofelevant guidance (TCEQ 201thg MOA (Sectiod.2.1), and model

fit criteria (Sectiord.2.2), stronglysupportsuse of the standar€ox proprtional hazards model
for derivation of an inhalation URF for EtO
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Figure6: Quintile 3- NIOSHohort lymphoid cancermortalities predicted by Cox andinear
two-piece pline models
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Figure7: Quintile 4- NIOSHoohort lymphoid cancermortalities predicted by Cox andinear
two-piece pline models
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Figure8: Quintile 5- NIOSHohort lymphoid cancermortalities predicted by Cox andinear
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4.2.4 Selecton of the DoseResponseéModel

In selecting the doseesponse model for the EtO carcinogenic assessment, the TCEQ has
considered the flowing:

Relevant guidance (TCEQ 2015);

9GhQa OF NOAYy23ISYyAO ah!T
Standardstatisticalmodd fit criteria (pvalues and AIC values); and

Evaluation of the accuracy of desesponse model predictiorfer key underlying
epidemiological cancer data.

E N

Taken togeier and as discussed in tipgevioussections these considerationstrongly support

useof the standardCox proportional hazards modielr derivation ofthe URF for EtOThe

9dzNRB LISHY [/ 2YYAadaAirzyQa {OASYyGATAOadogedtad (1SS
same modeling approador their EtO cancer assessmegiCOEL 2012Additionally,use of the
standard Cox proportional hazards model abides byUS&EPSABecommeR | G A 2y G KI
principle of parsimony (the desire to explain phenomena using fewer parameters) should be

02 v & A RBuNJBsedan thebulleted considerations above, thECEQ selects thetandard

Cox model for the carcinogenicity assessment of EtO.

In summary use ofthe standardCoxproportional hazardsnodel is justified based on:

1. TCEQ guidanceas the preferredepidemiologymodeling methodologynder TCEQ
guidelines ¢ee Section 7.7.5 of TCEQ 201b) regressiomas been used previously by
the TCEGuch as fothe 1,3butadiene carcinogenic assessménCEQ 2008

2. CarcinogenidVlOA- the Cox proportional hazards model is indistinguishable from linear
across doses ofiferest and appropriate for dosesponse assessment of a direxdting
mutagenic carcinogen, particularly in the absence of mechanistic data supptiréing
competingmode (Sectior4.2.1);

3. Standard model fit criteriathe more parsimonious Cox proportiahhazards model fits
the datajustas well as théineartwo-piece splinenodelused by USERR016) (Section
4.2.2); and

4. Statistically accurate model predictions of tbleserved NIOSkEind UC@Gymphoid
cancer data the Cox proportional hazards model fsosvn to neither statistically over
nor underpredict the observed datajnlike thelineartwo-piece splinghat is
statistically significantly ovepredictive(Sectiord.2.3.

Cox proportional hazards modeling results are provided and discussed inlthwirfigl section.

2y

a |
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4.3 Cox FPoportional HazardsModel Results

In accordance with secti@above, Coyroportional hazads modeing resultsare used to

derive the URFor EtObased on lymphoid cancer as the key cancer endpoitiie NIOSH
cohort (UCC cohoresults are used as supporting informatioByiefly, he Cox proportional
hazards model defirga risk set for evercase (e.g., every cancer mortality from the specific
cause) rather thanneednga control {.e.,unexposed) group to derive the slope bktrelative
risk model. Th&€ox modelingisk sets include all the individuals that are at risk at the time the
cas occurred (e.g., the time of the cancer mortality from the specific cabs#) exposed and
unexposed workers. Thuthe TCEQ usdhe full riskset, includngunexposed and exposed
individuals for every casén the NIOSH studyachpossiblyhavingmore than 17,000

individuals in the risk sét

ValdezFlores et al. (20103 a published study thadrovides Cox proportional hazards modeling
resultsfor EtO and lymphoid cancer the NIOSH and UCC cohoHswever, the results do not
incorporake any exposure lagnd exposure lags are often appropriate for modeling
carcinogenic risk from longerm exposure to a chemical (e, §SEPA 2016 uaks an exposure
lag of 15 yearfor the NIOSH cohoytTherefore, in preparing this DSD, the TCEQ coteta
with the first author on the ValdeElores et al. (2010) study to provid®mx modeexposure
lagged results that had been previously developedyorphoid cancem the course of his
research.

4.3.1 Parameter Estimates

Thelymphoid canceparameterestimatesprovided in the sections beloare based orall
individual worker data ithe full NIOSHnd UC@atases.

4.3.1.1 Key NIOSH Study

Tables8 and9 containlog-linear (Cox regressiompodelresults for lymphoid cancer mortality
in the NIOSH (male + female) and NIOSH (male only) workers, respectively, at various EtO

9By contrast, for example, usidg0 randomly selected controls for each césem the pool of
all those who survived withouhe cancer of interestd at least the age of the index cgdeads
to potentially less precise RRs tlaat not easily reprodudile (e.g., Steenland et al. 2004). This
isbecause of the randomness in the selection of the 100 individualsam®agared to using

the full risk sefor every case
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exposure lagdNone of theexposurdags resulsin a model that fits the NIOS$iudy lymphoid
cancer datastatistically signifiantly better than the loginear (Cox regressionpodel with no

lag (at the 5% significanceel). Results for the supporting UCC cohort are provided in the next
section.

Table8: Lymphad Cell LineageTumor Mortality - NIOSH (male female)- MLEand Sandard
Eror (SE)f the Estimate for Different EtO KposurelLags

Likelihood Ratio Test
Statistic:
La Deviancé:
( ea?s) MLE (SE) -2 x Ln(Likelihood) _
y (p-value vs nully Deviance (nulmodel)
¢ Deviance (model)
(p-value vszero lagyf
3.48x10° (1.83x10) 726.188 (0.1088) 2.571 (n/a)
3.45x10¢ (1.95x10C) 726.495 (0.3224) 2.264 (1.0000)
10 3.11x1¢ (2.23x10) 727.308 (0.4841) 1.451 (1.0000)
154 2.81x1¢ (2.65x10) 727.899 (.6505) 0.860 (1.0000)
20 1.67x10 (3.87x10) 728.598 (0.9227) 0.161 (1.0000)
25 1.48x10P (5.19x10) 728.687 (0.9646) 0.072 (1.0000)
30 2.03x1¢ (6.74x10) 728.680 (0.9613) 0.079 (1.0000)

MLE- maximum likelihood estimate, NIOSNational Institite for Occupational Safety and Health,-SEandard
error

aDeviance is2 x Logarithm of the Likelihood2 x Ln (Likelihood) = 728.759 when beta = 0 (null motie8.
decrease in the deviance at a specific exposure lag (compared with the deviangeats(ag) has to be at least
3.84 for the improvement in the deviance to be statistically significant @%b significance level. The decrease in
the deviance at a nozero exposure lag (compared with the deviance for the null model) has to be abl&8&sfor
the improvement in the deviance to be statistically significant at the 5% significance level.

bp-value vs null compares the maximum likelihood of the model fit to the maximum likelihood of the null model. A
small pvalue indicates that the modelith the specified lag fits the data better than the null model.

¢p-value vs zero lag compares the maximiikelihood of the model fit with the specified lag to the maximum
likelihood of the model with zero lag. A smalv@lue indicates that the modelithh the specified lag fits the data
better than the model with zero lagdNone of the exposure lags ressilh a model that fits the cancer data
statistically significantly better than the model with no lag at the 5% significance level

4 Exposure lag usdoly USEPA (2016).
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Table9: Lymphoid Cell Linege Tumor Mortality - NIOSH (male only)yMLEand SEof the
Estimate for Different EtOExposure Lags

Likelihood Raib Test
L Deviance Statistic:
9 MLE (SE) -2 x Ln(Likelihood) ,
(years) (p-value vs nullf Dewan.ce (null model)
¢ Deviance (model)
(p-value \s zero lagy
0 3.89x10F (1.77x10) 354.312 (0.0696) 3.293 (n/a)
5 3.85x1¢ (1.89x10) 354.761 (0.2412) 2.844 (1.0000)
10 3.47x1C¢° (2.17x10) 355.795 (0.4045) 1.810 (1.0000)
154 3.12x1¢ (2.61x10) 356.553 (0.5910) 1.052 (1.0000)
20 1.63x1C° (4.08x10) 357.467 (0.9333) 0.138 (1.0000)
25 6.50x10 (6.06x1C) 357.594 (0.9945) 0.011 (1.0000)
30 1.70x1¢° (8.66x10) 357.604 (0.9995) 0.001 (1.0000)

MLE- maximum likelihod estimate, NIOSHNational Institute for Occupational Safety and Health; &&ndard
error

aDeviance is2 x Logarithm of the Likelihood2 x Ln (Likelihood) = 357.605 when beta = 0 (null moded.
decrease in the deviance a specific exposuragd) (compared with the deviance aty@ars lag) has to be at least
3.84 for the improvement in the deviance to be statistically significant at the 5% significance level. The decrease in
the deviance at a noaero exposure lag (compatavith the deviance fothe null model) has to be at least 5.99 for
the improvement in the deviance to be statistically significant at the 5% significance level.

®p-value vs null compares the maximum likelihood of the model fit to the maxifiketihood of the null model. A
smdl p-value indicates that the model with the specified lag fits the data better than the null model.

¢p-value vs zero lag compares the maximum likelihood of the model fit with the specified lag to the maximum
likelihoodof the model with zero lag. A smalvalue indicates that the model with the specified lag fits the data
better than the model with zero lagNone of the exposure lags ressiih a model that fits the cancer data
statistically significantly better than éhmodel with no lag at the 5% sifjnance level

dExposure lag used by USEPA (2016).

4.3.1.2 Supporting UCC Study

For the supporting UCC (male only) cohdgble 1@ontainslog-linear (Cox regressiompodel
results at the same EtO exposure lags usedhe key NIOSH study (Tables 8 &hdrhese
results are based on an update of the UCC cohort through 2013 that is not yet pubhlsimed.
of the EtO exposuréags resulsin a model that fits thdJCCcohortlymphoid cancer data
statistically significatty better than the loglinear (Cox rgressionmodel with no lagat the 5%
significance levg
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Tablel10: Lymphoid Cell Linege Tumor Mortality - UCC/w 2013 update(males)- MLEand
SEof the Estimate for Different EtO KposureLags

Likelihood Ratio Test
: Statistic:
Lag MLE (SE) 2 xDL?wVI(aL?lfj:hood)
(years) (pvalue vs nully Devian_ce (null model)
¢ Deviance (model)
(p-value vs zero lad)
-1.42x10%° (9.17x10) 299.443 (0.0592) 3.559 (n/a)
-1.50x1¢ (9.44x10) 299.216 (0.1506) 3.786 (0.6338)
10 -1.58x1¢ (9.74x10) 299.021 (0.1366) 3.981 (0.5159)
15¢ -1.60x1C° (9.94x10) 299.059 (0.1392) 3.943 (0.5355)
20 -1.52x10 (9.91x10) 299.497 (0.1733) 3.505 (1.0000)
25 -1.53x1C (1.03x10) 299.744 (0.1961) 3.258 (1.0000)
30 -1.51x1C (1.07:4.0%) 300.156 (0.2410) 2.846 (1.0000)

MLE- maximum likelihood estimate, SEtandard error, UCEUnion Carbide Corporation

aDeviance is2 x Logarithm of the Likelihoad2 x Ln (Likelihood) = 303.002 when beta = 0 (null mote8.
decrease in the eviance at a specific exposure lag (gared with the deviance at-Qears lag) has to be at least
3.84 for the improvement in the deviance to be statistically significant at the 5% significance level. The decrease in
the deviance at a nozero exposure lagcompared with the deviance for the hunodel) has to be at least 5.99 for
the improvement in the deviance to be statistically significant at the 5% significance level.

bp-value vs null compares the maximum likelihood of the model fit to the maximwiihidod of the null model. A
small pvalue indicates that the model with the specified lag fits the data better than the null model.

¢p-value vs zero lag compares the maximum likelihood of the model fit with the specified lag to the maximum
likelihood ofthe model with zero lag. A smaHvalue indicates that the model with the specified lag fits the data
better than the model with zero lagNone of the exposure lags ressilh a model that fits the cancer data
statistically significantly better than theadel with no lag at the 5% sigitiince level

dExposure lag used by USEPA (2016).

In summary, nne of theEtO exposuréags resukin a model that fits the&key NIOSHohort or
supportingUCCcohortlymphoid cancer datatatistically significantly bettethan the loglinear
(Cox regresen) model with no lagTables 8o 10). Thisstatistical consideratiodoes not give
rise to a preference for any particular exposure lag duratimwever from a biological
perspective it is reasonable to include an espe lag of soméurationto accaunt for a
latency period between exposure and candeor this reason, as well as consistency with
USEPA (2016), the TCEQ utiliae exposure lag of 15 yedi® derivation of riskbased air
concentrations ad URFs
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4 3.2 RiskBased Air Concentrations and URFs

Consistent with the discussion above, reswith a 15year lag duratiorwere utilized for URF
derivation andare highlighted and bolded ithe tables belowThe calculationsiclude
adjustments for ADAFs using taeproach described in SielkamdValdezFlores(200%).
However, as this approach has little effect onyEar lagged results compared noore
standardcalculationsused by USEP#d TCEQ (2018)r application ofADAFsthe TCEQ will
conservatively conder the resultswith the 15year lag duratiorio be ADAFunadjusted.

Riskbased air concentrations and URFs are based on lymphoid cancer mortality. As discussed in
TCEQ guidelines (TCEQ 20183eutainty is increased if the endpoint used in calculatingess
risks(e.g., cancer incidenc& different than the endpoint used in the desesponse modeling

(e.g., cancer mortality)t is most appropriate, when excess risks for the inference population

are being calculated, for the health endpoint to be tlaeng health endpoint as was used in the
doseresponse modeling. The computational details of the BEIR IV methodology are different

for incidence and mortalitye.g., seeSielken and Valdezlores 2009b)Accordingly, te TCEQ

does not generally use a moriigtbased exposureesponse model as the basis for the

calculation of excess risks for an incidence respgoiseice versa This DSD adheres to the

general principle in TCEQ guidance (TCEQ 2015h#haealth endpoint used for dose

response modeling anithe excess risk calculation should mat@lhus, since the available data

are for mortality,lymphoid cancer mortalitynot incidencea SNIS & Fa GKS ol aia
risk-based air concentrations and URFs.

4.3.2.1Key NIOSH Study

Tables 11 and 1@ontain environmental EtO air concentrations correspondinght® 1/100,000
excess risk levépolicy-based target risk per TCEQ 20aB)l associated URFs for lymphoid
cancer mortality in the NIOSH (male + femaledl NIOSH (male onlyorkers respectivelyThe
Cox proportional hazard modelas used to directly estimatie 1/100,000 extra risk iee|,
which is at the low end of the observable range, based on the full NIOSH datgpendix 4.

Tablell: Lymphoid Cell Linege Tumor Mortality - NIOSH (male + femaleMLE and 95%
Lower ConfidenceLimit (95% LCL) of thEnvironmental EtO ©ncentration at 1 in 100,000
ExcessRisk

MLE Bvironmental 95% LCLriwironmental
Lag (years) Concentration Concentration (1/200,000 MLE URF | 95% UCL UR
9y (1/100,000excess risk excess risk per ppm per ppm
ppm * ppm?
8.02x1¢ 4.30x1C° 1.25x1¢ 2.32x1C¢°
8.82x1¢° 4.57x1C 1.13x1¢ 2.19x1¢
10 1.08x1(? 4.93x10° 9.30x10¢ 2.03x1¢

'.F
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MLE Bvironmental 95% LCLrizironmental
Lag (years) Concentration Concentration (1/200,000 MLE URF | 95% UCL UR
9 (1/100,000excess risk excess risk per ppm per ppm
ppm? ppm?
15° 1.32x16 5.18x16° 7.57x10 1.93x10°
20 2.49x107 5.18x10° 4.01x1¢ 1.93x1C°
25 3.20x10? 4.73x16° 3.12x1¢ 2.11x1C°
30 2.71x1% 4.19x16° 3.69x10* 2.38x10°

LClL¢ lower confidence limit, MLEmaximum likelihood estimate, NIOSNational Institute for Occupational
Safety and Health, SEtandad error, UCLg upper confidence limitJRFg unit risk factor

aEnvironmental concentration = (240 days/365 day&0<n¥/20 m®) x occupational concentratigri/100,000
excess risk levels weestimated directly from the Cox proportional hazard modehsistent withUSEPA (2008
on selection ofh PODat the lower end of the observable range of responses

bExposure lag used BCEQ

Table12: Lymphoid Cell Lineage Tumor Mortali#yNIOSH (male only)MLE and 95% LCL of
the Envionmental EtO Concentration at 1 in 100,000 Excess Risk

MLE Environmental 95% LCL Environmental
Lag (yars) Concentration Concentration (1/100,000 MLE URF | 95% UCL UR
9y (1/100,000 excess risk) excess risk) per ppm per ppm
ppm * ppm*

5.83x1¢ 3.34x1¢ 1.71x10° 3.00x1¢

6.43x1C° 3.56x1C 1.56x16 2.81x1C

10 7.84x1C° 3.86x1C 1.28x16 2.59x1¢
15° 9.67x1C° 4.07x16° 1.03x1¢ 2.46x16°
20 2.08x1( 4.06x1C 4.81x1¢ 2.46x10°
25 5.94x1( 3.64x1C 1.68x10* 2.75x10°
30 2.64x10 2.81x10° 3.79x10 3.56x1C¢

LClL¢ lower confidence limit, MLEmaximum likelihood estimate, NIOSNational Institute for Occupational
Safety and Health, SEtandard error, UCE upper confidence limit, UREunit risk factor

aEnvironmental concentrain = (240 days/365 days)*0 n¥/20 m3) x occupational concentratigri/100,000
excess risk levels weestimated directly from the Cox proportional hazard model, consistent WHEPA (200&)
on selection ofh PODat the lower end of the observable ramgof responses

bExposure lag used @CEQ

For lymphoidcancer in the NIOSH cohort (male + femal@ple 1lprovidesan EtQair
concentrationof 13 ppb (1.3282 ppm) as corresponding to a no significartess riskevel of
1in 100,000 based on thdLE for thecohort (15-year exposure lag). Based on the 95% LCL
(i.e.,lower limit on the effect concentratiohEGy), 5.2 ppb (5.1883 ppm) is the EtO air
concentration corresponding to lin 100,000 excess risResults for NIOSfrhale only are
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similarwith somewhat lowe riskbased air concentrations. That E;ror! Reference source not
found. provides MLE and 95% LCL 1 in 100,000 excess risk EtO air concentrations of 9.7 ppb
(9.6 /=03 ppn) and 4.1 ppb (4.0783 ppm), respectively.

4.3.22 Supporting UC Study

Table 1Xontains environmental EtO air concentrations corresponding talfh®0,000excess
risk level(policybased target risk per TCEQ 204&b}l associated URFs for lymphoid cancer
mortality in theUCC (male only) cohort.

Tablel3: Lymphoid Cell Linege Tumor Mortality - UCC/w 2013 Update (males)MLE and
95% LCL of thenvironmental EtO @ncentration at 1 in 100,00@&xcessRisk

MLE Environmental 95% LCL Environmeal
Lag (years Concentration Concentration (1/100,000 MLE URF | 95% UCL UR

gl (1/200,000 excess risk) excess risk) per ppm per ppm

ppm? ppm?
n/ac 2.59x1% 0 3.86x10
n/a 4.76x10 0 2.10x10
10 n/a 1.24x10 0 8.06x1C
15°P n/a 8.70x1¢ 0 1.15x10*
20 n/a 3.08x1% 0 3.25x10
25 n/a 2.35x17 0 4.25x10
30 n/a 1.79x1@ 0 5.58x10

LCL¢ lower confidence limit, MLEmaximum likelihood estimate, UQQJnion Carbide Corporation, UGupper
confidence limit, URE unit riskfactor

aEnvironmental concentration = (240 days/365 days) x (¥20vm?®) x occupational concentratigri/100,000
excess risk levels weestimated directly from the Cox proportional hazard model, consistent WHEPA (2008
on selection of PODat the lower end of the observable range of responses

bExposure lag usedy/d@ CEQ

°n/a implies that the estimated dosesponse relationship &as nonincreasing.

For lymphoidcancer in the UCC cohort (malem) EtOair concentratiornof 87 ppb (8.708€2
ppm) corresponds to a no significaexcess rislevel ofl in 100,000 basedn the95% LCL for
the cohort (15year exposure lag)rhis air conagration is approximatelyl7-21 times higher
than the correspondingisk-basedvalues based orthe 95% LCL fadIOSH (male + female)
workers (5.2 ppb; TablellandNIOSHmale only) workrs(4.1 ppb; Table 4). Norisk-based

air concentration based on thdLE is provideth Table 13ecause of the negativeope of the
doseresponse model (as shownTable 10, consistent with no increased risk with cumulative
EtO exposure for the cohoas modeled and reported.
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The factthat the associated MLEvhichrepresents the best fit to the data (i.e., by definition,
the MLEmaximizes the likelihood of the observed daia)consistent with no excess lymphoid
cancer mortality risk for the UCC caheuggests that the use @itatistical bound redlis (i.e.,
LEGy) for estimaing excess risk for both the UCC cohort and other populations (e.qg., the
general population) may be conservatiurthermore as part of the/VOE it suggests that use
of lymphdd cancer excess risksults based on the NIOSH cohguarticularly the 95% upper
statistical bound on excess riskay be conservativelhis is further supported by the fact that
none of the slopes for lymphoid mortality in tlkeyNIOSH cohort (malefémale, male only)
or supportingUCC cohort (maleg statistically significantly greater than zesbthe 5%
significance level. Thuany excess risk estimates based on these lymphoid cancer analyses may
be conservativeerring on the side dfiealth protection against the ptential carcinogenic
effects of EtQparticularly if the 95% UCL URF is utilized for calculation of the EtO air
concentration corresponding to 1 in 100,000 excess risk.

4 .3.3SelectedURF and Air Concentration at 1 in 100,000 Excesk R

Tables 11 and 1@ntain URFs and in 100,000 excess rigkOair concentrations basedn
lymphoid cancer ithe keyNIOSH (male + femalahd NIOSH (male onlyjorkers respectively.
For protection against lymphoid tumors, a value based on malesiis conservativeFor
example, the URF (MLE) for NIOSH (male + female) is0757& ppb (15/ear lag Table 1)
whereas the URF (MLE) for NIOSH (male only) is-O®BEr ppb (15/ear lag;Table 12, which
is 36% highefThus 9.7 ppb ighe EtO air cocentration corresponding to 1 in 100,000 excess
risk based on th&ILE for theNIOSH (male only) datavhile 13 ppbis the correspondingir
concentration basedn the MLE for the&lIOSH (male + femaldata

Accordinglyanderring on the side of health ptection for both males and femalethe final

EtO URF will be based on the NIOSH (male datg)with a15-year lagduration. Again,

modeling results indicate that a lymphoid cancer URF value based on males is conservative for
application to femalesthat is, results in higher excess risk estimates for females comparad to
URF based on malesdfemales combined. Furthermore, as both a scientifically reasonable
andhealth-protectiveselection(e.qg., in consideration of the available lymphoid cancer data
being based on cancer mortalifyhe URF (95% UCL) of 2@&Eper ppb will serve as the final

URF ADAFunadjusted) for lymphoid tumors (Table 13).

EtO URF = 2.585 per ppb or 1.486 per pg/n? (ADAFunadjusted)

The corresponding 1 in 100,000 exces& f4O air concentration for lymphoid tumors based
on this ADAFunadjusted URF is 4.0 ppb or 7.1 ugitine., 1E05/2.5E06 per ppb = 4.0 ppb
1E05/1.4E06 perpg/m3 = 71 ug/m?3). Seethe next sectiorfor a discussion of the application
of ADAFsAlymphoid cancer 1 in 100,000 excess risk EtO air concentratibre based on the
full NIOSHmale + femalegohortwould be somewhat higheat 5.2 ppb Similarly as
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mentioned above based on the URF (MLE)Iwes, EtO air concentrations corresponding to 1 in
100,000 excess risk for both the NIOSH (male + female) full cohort and NIOSH (male only)
cohort would be somewhat higher at 13 ppb and 9.7 ppb, respectiValglés 11 and )2

4.3.3.1 Evaluating Susceptibility from Earyife Exposures

PerSection 3, the WOEsupports mutagenity as the putative carcinogenMOA for EtOA
mutagenicMOAIs considered relevant to all populations and life stagese Section 3.5.2 of
USEPA (2016) for available information on potentially susceptible life stages and population
(e.g., those with highenemoglobin N(2-hydroxyethylvaline(HEY adduct levelslue to a null
GSTT1 genotypar with DNA repair deficiencies). USEPA (2016) indicates that there are no data
on therelative susceptibility of childreifor young animals afther speciesjo EtO (e.g., the
potential for decreased detoxification/clearanbg hydrolysis as a primary metabolic pathway
and/or glutathione conjugation). Ithe absence of chemicabecific data to evaluatpotential
child/adult differences in susgaibility, USEPA (2005b) provides default ADAFs to account for
potentially increasal susceptibility in children due to eaflije exposure when a chemical has
been identified as acting through a mutagenic M@A.adjustment using thestDABis
performedbecause this URF will be applied to the general populafiberefore, becausef

the WOEsupporinga mutagenidMOAandthe lack of chemicatpecific data on potential
differences in susceptibilityncreased earhjife susceptibility should be assumed aADAFs
applied(TCEQ 2015). As previously mentionée,resultsutilized by the TEQ €.g9.,Tables 11
and 12 incorporate USEPA (2005b) AD#iFsughthe approach described in Sielken and
ValdezFlores (2008). However,as mentioned in Sectiof.32, this approach has little effect

on the resultswith a 15year lag durationutilized to derive the URF comparedritwre standard
ADAFRalculationsused by USEPA and TCEQ (2015), so the TCEQ conservatively considered the
results to beADAFunadjusted. Accordngly, the TCEQ calculaten ADAFadjusted

chronigE Shonthresholacfor EtOconsistent with equation A7 of the TCEQ guidelines (TCEQ 2015)

@3t pTm @81 p T
Y'Y'O ¢® p TN ANW
Eip8 p1mNQNTH

oY

chronicE S nthreshold(c)= 2.4 ppb or 4.3 pg/m (ADAFadjusted, two significant figure$

This equation takes into account the AB&djustment for a carcinogen with a mutagenic MOA
Refer toSection 5.7.5.3 of TEQ (2015) for@omplete derivation of the equatiorBriefly, it
assumes a Hdmes greater risk from exposure occurring between the ages of 0 and 2, and a 3
times greater risk from exposure occurring between the ages of 2 and 16, within a lifetime
exposue of 70 years. fis is the same set of equations and risks as is used by USEP#) (2005
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Rounded to two significant figures, the AD&djusted EtG"°"E Shonthreshold(c)iS 2.4 ppb o#.3
ug/m3. Appendix 5 puts these ridkased results into biologicabotext utilizing information on
normal endogenous EtO levels.

To calculate the ADA&djusted URF with the ADAIRadjusted URF (URkwj):

Y'Y'O
e qui i . p Wi i
YY™O pmMm——. YYO o —
XL | X 1
- VIR AT
Y'Y 'O
X i i
. ol i Pl i RN
@ PP IT PP O ST PP S

URRpAFadjusted=4.1E06 per ppb or 2.386 perpg/m? (two significant figures)

4.4 Final EtOURFand “""NE Shonthreshold(c)

The ADARInadjustedURFs 1.4E06 per pg/nt (2.5E06 per ppb)ased orlymphoid cancer
ThecorrespondingURRparadjustediS 2.3E06 perpug/m?3 (4.1E06 per pph). The ADAFadjusted
EtONONE Shonthreshold(c)is 4.3 Ug/m?3 or 2.4 ppb, rounded totwo significant figurs.

4.5 LongTerm ESL and Value for Air Monitoring Evaluation
The chronic evaluation resulted in the derivation of the following vatae&tQ

1 URHRnadjusted = 1.4E-06 perug/m? (2.5506 per ppb for lymphoidcancer

1 URRparadjusteds= 2.3E06 perug/m? (4.1E06 per ppb¥or lymphoidcancer

| ChrONE Shonthresholde)= 4.3ug/m3 (2.4 ppl) (ADAFadjusted; rounded to two significant
figures)

The longterm ESL for air permit revievesid theevaluation of longerm amhent air
monitoring data set at an excess risk of 1 in 100,@p6licy-based target risk per TCEQ 2Q018)
the ADAFadjusted®"™"NE Skonthresholdcof 4.3 ug/m? (2.4 pph). TheURRparadiustediS 2.3E06 per
ug/m3or 4.1E£06 per ppb
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Al.1 Problem Formulation and Protocol

Problemformulation identifies and defines the causal questions and describes the extent of the
evaluation. Theseugstions structured the systematic review faCE

What are the physical and chemical properties of EtO?

What is the critical effect following exposuto EtO?

Are there sensitive subpopulations?

What is the mode of action (MOA)?

Does route of exposure pfea role?

Is EtO carcinogenic, and if so, is it carcinogenic by a specific route of exposure?

= =4 =4 4 -8 -9

Protocol development is another important aspect in thigial process. A protocol is typically
developed around a PECO statement: Populations, Exposure, Caarfi2oatrol, and
Outcomes. These identifiers are used to lay out the framework for the literature search and
inclusion/exclusion criteria. The PEG&ement for EO followed these criteria:

Tablel4: PECO Statemersed by the TCE® Develop Toxicity Factors for EtO

Population General human population and any relevant sensitive subpopulatamimals, and
vegetation

Exposure Exposure to ©, surrogates with demonstrated similar MOAs, and any identified
metabolites

Comparator/ | Populations exposed to concentrations below the concentration that causes the
Control sensitive criticaéffect

Qutcome(s) | The most sensitive cittal effect directly related totD exposure

The protocol used for the systematic review and the developineé toxicity factors for B is
as follows:

1. Identify the chemical of interest and define the causal questions
2. Conduct a systematic reviefor the doseresponse assessment
a. Conduct a systematic literature search
b. Identify the inclusion/exclusion criteria
c. Extract the relevant data from each data stream (human, animal, mechanistic)
d. Assess the study quality and conduct a risk of bias analysis
e. Weigh the evidence in each data stream and then integrate the evidence across
the data streams
Rate the confidence ithe evidence

—+
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3. Derive toxicity factors (TCEXR15

a. Review the essential data, including chemical/physical properties and selected
key studiedrom the systematic review

b. Conduct MOA analysis

c. Choose the appropriate dose metric considering toxicokinetics and MO

d. Select critical effect, based on human equivalent exposure considering each key
study

e. Extrapolate from the adjusted POD to lower exposupased on MOA analysis

Al.2 Systematic Literature Review and Study Selection

As a first step, publically availablatdbases were searched using explicitly stated search
criteria. Please see TCEQ (2015) for a list of available databases that were sefinehsshrch
terms used in literature review fort@, along with the number of results from PubMed, are
found inTabk 15 Additional references were also identified using the reference sections from
some of the selected studies. This literature review w@sducted inDecember 2018&nd
therefore studies published after this date were not available at the time of thieeve

Tablel5: Search3rings Used in theLiterature Review of EO

Search Term/String PubMed Results
ethyleneoxide 9,626
G S K &xid&y S 7,478
G S i K ®&xXid& P’ oxirane 10,374
G S i K &xXid& P’ oxirane OR 7AL-8 10,374

These 10,374 studies were imported into the desktop application SRéViEW by Sciome and
briefly searched to ensure that the key studies used in several other reviews were present in
the data set. The data set was further narrowed down using the tagdeveated by the
SWIFIReview software. The tags used and the number of studlitscertaintagged studies
removedarefound inTable 16
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Tablel6: SWIFTReview Tags and Results
Data Set/Tag Number of Studies
Initial PubMed Seah 10,374
Tagg Health Outcomes, any (excluded studies with no tag) 7,468
Tagq Evidence Stream, any (excluded studies with no tag) 4,914
Tagg MeSHChemicals, only Ethylene Oxide (excluded everything else) | 1,520

Additionally, several governmental apdvate sector organizations were searched for
published literature and toxicity values fot@E(Table 17, and the available documents along
with their relevant references were added to the pool of selected matasaheeded

Tablel7: Available Reviews and Inhalation Toxicity Values for EtO
Organization Year Toxicity Value

Agency for Toxic Substances and Disease Registry (ATSDR)| 1990 | IntermediateMRL
Toxicological Profiles

Integrated Risk Information System (IRIS) USEPA 2016 | Inhalation Unit Risk

Office of Environmental Health Hazard Assessment (OEHHA)| 2000 | ChronicREL
CalEPA Inhalation Slope Factor
MRL¢ minimal risk level, RELreference exposure level

Following this initial review, specific inclusion and exclusion criteei@ used to narrow down
the pool of available data. The criteria along with examples okthds of studies that were
excluded can be found ifable 18.
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Tablel8: Inclusion/EBxclusionQriteria used in theReview of EO

Study Type Inclusion Criteria Exclusion Criteria
General Complete study available for | - Only abstract is available
review - Study in a language other than English
- Unpublished report/unable to retrieve
Study contains original datar | - Study is a review articler meta-analysis
utilizes existing data in@ovel | - Study comments on a previousethod without
way providing a sufficient alternative
Exposure concentration is - Exposure concentration unknown
known or can be reasonably | - Exposure environmeritonditions unsuitable to
estimated concentration estimation
Study examines effectelated | - Study measures concentrationair, factories etc.
to chemical exposure - Study does not examine health effects
Study focused on the chemicg - Study exanried mixture effects
of concern - Study on treatment followingtD exposure
Route ofexposure is relevant | - Exposure througimtravenous, intraperitonealpr
to exposure and toxicity factorl subcutaneous injection
development - Study examiningral ordermal exposure
Animal Relevant animal model and | - Study usedchon-mammalian animal models
endpoints examined - Endpoint studied not relevant to human health
- Endpoint not applicable to toxicity factor
development
Appropriate study populations - Study lacked appropriate numbers or doses
and methods were used - Exposure method unsuitable for desesponse
Human/Epi| Relevant endpoints examined| - Study focusedolelyon cytogenetic changes
- Study only measured sister chromatid exchanges
(SEs), protein adducts, or chmosomal changes
Study populations allowed for| - Case studies examining single higse exposures
significant findings and follow| - stydies without appropriate followp studies
ups - Historical studies that have been updated

epi- epidemiological

Studies were then divided into groups by evidence stream (i.e. human, animal) and effect group
(i.e.,, acute, chronic noftarcinogenic, carcinogenic). For the purposes of this DSD, only the
human carcinogenic/epidemiologic dataeve consideed for several reasons
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1.

4.

In order toexpedite the process, it was decided that only a hedaktiised chronic
carcinogenic toxicity factor would be derivéat EtOin this DSD. Other toxicity factors
(i.e. health and welfarebased acute and chronic nararcinogenicjnaybe evaluaed at
a laterdate with an additionakystematic revieveontinuingwhere this systematic
reviewended

Sufficient human data exi$br EtOsuchthat animal data, although used to strengthen
the carcinogenicity claggation, would not be used to derive@hronic caraiogenic
toxicity factor. TCEQ (2015) states that in general, human data are preferred over
animal data when developing toxicity factors.

Similarly, mechanistic dagarovide crucial information for the MOA analybist do not
provide the necesmy doseresponse information required foderivation of a chronic
carcinogenic toxicity factor.

And finally, human data looking solely@togenetic changesister chromatid
exchanges, or chromosomal abnormalities were considered useful in develoging th
MOA of EtObut notuseful as a basis falerivation of a healtkbased toxicity factor.

After full text review and screening with the inclusion/exclusion criteria listed above, eight
human carcinogenic studies were identified for further use in thisesgatic review. Several
human studiegdirectly or indirectly related to carcinogenicitypere reviewed and later
excludedfor various reasonslable 19.
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Tablel19: Excluded Human Studid®elated to Carcinogenicity

Reason for Exclusn

Study

No exposure or doseesponse
information availabléo
directly derive a toxicit factor

(Not useful in the
development of a
cardnogenicbased toxicity
factor)

Ambroise et al. 2005
Austin and Sielken 1988
Bisanti et al. 1993
Coggon et al. 2004
Fondelli et al. 2007
Gardner et al. 1989
Greenburg et al. 1990
Greifeet al. 1988
Hagmar et al. 1991
Kardos et al. 2003

Kiesselbach et al. 1990
Kiran et al. 2010

Kirman and Hays 2017
Morgan et al. 1981
MosaviJarrahi et al. 2009
Norman et al. 1995
Olsen etal. 1997

Swaen et al. 1996

Wong and Trent 1993

Followup study avdable

Greenberg et al. 1990
Hagmar et al. 1995
Hogstedt et al. 1979a
Hogstedt et al. 1986

Stayner et al. 1993
Steenland et al. 1991
Teta et al. 1993

Review, methods, or case
study

Hogstalt et al. 1979b

Hornung et al. 1994

Kita 1991

Shore et al. 1993

Sielken and Valdezlores 2009a

Sielken and Valdezlores 2009b
Steenland et al. 2011
ValdezFlores et al. 2011
ValdezFlores and Sielken 2013

Al1.3 Data Extraction

Each of the identified sties was reviewed in detail and the primary datareextractedfor
potential usein the development of thechronic carcinogenic toxicity factor this DS§Table

20).
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Table20: DataExtraction from EpidemiologicaBudies

population, whole
cohort)

(15yearlag, categorical,
cumulative)

Breast

(Compared to study
population, only
interviewed cohort)

Odds Ratiosg 1.00, 1.06,
0.99, 1.24, 1.42, 1.87*
(15yearlag, caegorical,
cumulative)

Study(cohort) Size Exposure TumorType(s) Notable Results® Notes
Measurement
Hogstedt 1988 539 m Years of employment, | Stomach SMRg; 597, 608 Exposure estimates conducted in
(Swec'iish, 170 f 1-9 years 10 years Blood/Lymphatic SMR 380, 330 original study but not presented
chemical) here.
Leukemia SMRg; 322, 880
Kirman 2004 18,254 (NIOSH, ppmyears, Leukemia PODEDo: estimated at 265 Concentration at £10° cancer risk:
(NIOSH + UCC) | (55% m, 45% f) 7.4, 64.8, 187.4, 477.7 ppm-years,URFs: Linearg 22 ug/m? (12 ppb)
1,896m (UCC) linear 4.5107 /pg/m?3 Quadraticg 222 ug/m?3 (120 ppb)
Quadratic 456x10®/pg/m?® | Nonlinear¢ 37 pg/m2 (21 ppb)
(no lag odatency periods)
Mikoczy 2011 862 m ppmyears, Breast SIRg 0.52,1.06, 1.12 Compared with/out 15yearlatency
(Swedish, sterilant| 1,309 f 0-0.13,0.140.21,% n and between followups
LHN SIRg; 1.35, 1.32, 1.08
Steenland 2003 | 7,576 f ppm-days, Breast SIRg 0.88, 0.77, 0.77, 0.94 Subset of the NIOSH cohortpitiple
(NIOSH) (5,139 f 0, >0647,647-2026 (Compred to US 0.83,1.27 other comparisons presented,
interviewed) | 20264919 491914620, | population) (15yearlag, cumulative) | including cumulative, categorical,
14620+ _ and log cumulative exposure,
Breast Odds Ratiog 1.00, 1.07, | yositive trends for continuous
(Compared tostudy | 1.00, 1.24, 1.17, 1.74* exposure, durdion of exposure, ano

log of cumulative exposure.
Overall SMR for NIOSH cohort for
breast cancer is 0.99. Exposure
response analysis showed highest
group SMR of 1.27, with A@earlag
increased to 2.07 (95% CI: BB3(b4)
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(NIOSH + UCC)

9,859 f(NIOSH)
2,063m (UCC)

dose ranges varied by
endpoint

endpoints in 6
subcohorts

increases in SMRs, trends
cumulative continuousor

categorical exposure.

Study(cohort) Size Exposure TumorType(s) Notable Results® Notes
Measurement
Steenland 2004 | 7,645 m ppm-days, NH- SMRg; 2.09, 0.61, 0.88, Multiple other comparisons
(NIOSH) 9,885 f 0, >01199, 12083679, 0.79,2.37* presented,including cumulative,
368013499, 13500+ m, 10yearlag cumulative | categorcal, and log cumulative
ppm-days, Breast SMR<0.80, 1.05, 1.01, | exposure, 10, 15, and 3@arlag,
0, 0646, 647-2779 1.15,2.07* positive trend for lymphoid tumors
278012321, 12322+ f, 20yearlag cumulative
Swaen 2009 2,063 m ppm-years None Authors state no longerm | Cohort experienced more than twic|
(UCC) 0-15, 1565, 65+ carcinogenic effects the average estimated cumulative
associated with EtO exposure compared to NIOSidhort
exposure
Teta 1999 Multiple, meta | ppm-years, Lymphoid Added Risk (environmental Compared 0 and X@earlatency,
(multiple analysis 0, 033, 33125, 125 (lymphocytic leukemig UCC; none and 0 and 5y lag periods, P@&Do1
reviewed, dose 8,214 m & 285, >285 and NHL) NIOSHc 108 ¢ 105 /ppb values ranged from 0.81.58 ppm
response done for| 10,040 f Leukemia AddedRisk (environmental| @ssuming a 1§earlatency and a 5
NOSH ana UgC | MO UCG: 102 10%lppb | esre perce BODIO OB
1.896m (UCC) NIOSH 10% ¢ 10°/ppb concentration at ¥10° caner risk
of 0.083 ppb (0.15g/m3)
ValdezFlores 2010 7,634 m & ppm-days, Examinedl2 cancer | No statistically signifant | No heterogeneity between dose

response models of the two major
cohorts and the pooled study,
combining inceases the power.

NIOSH National Institute of Occupational Safeipd Health, SMR Standardized Mortality Ratio, StRStandardized Incidence Ratio, NHNonrl 2 RI{ Ay Q&

Lymphoma, LHN Lymphohematopoietimeoplasms, nt males, f¢ females,UCGC; Union Carbide Corporation, edog effective dose at 1183 excess risk
aDue to space constraints, only notable results are presented here. See individual studies for a-aepthinreview.
* Denotesstatisticalsignificanceat " =0.05 level95%confidence interval does not include 1
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Al.4 Study Quality and Risk of Bias (ROB)

Each of the selected studies was evaluated for study quality and ROB based on a number of
attributes detemined prior to this reviewkor this review, studguality methods were adapted
from the USEPA version of the Health Assessment Workspace Collaboration (HAWC) online
software. For epidemiology studies, seven evaluation domains are used to critically assess
different aspects of study design and conducatilg toreporting, risk of biasand study
sensitivity. Each domain receives@reof Good, Adequate, DeficienCritically Deficientor

Not Reportedand ace all domains are evaluated, a confidencéngaof High, Medium, or Low
confidence or Uninfanative is assignetb each studyThe evaluated domains and
explanationsare found inTable 21 while the general guidance for scoring each of the studies
arefound inTables 22 and 23

Table2l: Study Quality Domains for Epidemialy Studies (taken from HAWC)

Domain Study Design Questions and Aspects
Selection and Is there evidence that selection into or out of the study (or analys&mnple)
Performance/ was jointly related to exposure and to outcome?
Part|C|pant Study asign, where and when was the study conducted, and who was inclu
Selection Recruitment process, exclusion and inclusion criteria, type of controls, total

eligible, comparison between participants anonparticipants (or followed and
not followed), final analysigroup. Does the study include potential
vulnerable/susceptible groups or life stages?

Exposure Does the exposure measure reliably distinguish between levels of exposure
Methods/ atime window considered most relevant for a causal effect witbspect to the
Measures development of the outcome?

Source(s) of exposure (consumer products, occupational, an industrial accig
and source(s) of exposure data, blinding to outcome, level of detajbb
history data, when measurements were taken, type of kanoker(s), assay
information, reliability data from repeat measures studies, validation studies

Outcome Does the outcome measure reliably distinguish theesence or absence (or
Methods/Results | degree of severity) of the outcome?
Presentation Source of otcome (effect) measure, blinding to exposure status or level, hov

measured/classified, incident versus prevalent disease, evidence from valid
studies, prevalence (or distributisummary statistics for continuous measure

Confounding Is confoundingof the effect of the exposure unlikely?

Background research on key confounders for specific populations or setting
participant characteristic data, by group; strategy/approach fmmsideration of
potential confounding; strength of associations betwestposure and potential
confounders and between potential confounders and outcome; degree of
exposure to the confounder in the population.

Analysis Does the analysis strategy amatesentation convey the necessary familiarity
with the data and assumptions?

Extent (and if applicable, treatment) of missing data for exposure, outcome,
confounders, approach to modeling, classification of exposure and outcome
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Domain Study Design Questions and Aspects
variables (continuous vsus categorical), testing of assumptions, sample sizg
specific analyseselevant sensitivity analyses.

Selective Is there concern for selective reporting?

Reporting Are results presented with adequate detail for all the endpoints of interest? 4
results presented for the full sample as well as for specified subgroups? We
stratified analyses (effect modification) motivated by a specific hypothesis?

Sensitivity Are there concerns for study sensitivity

What exposure range is spanned in this studii?at are the ages of participant
(e.g., not too young in studies of pubertivelopment)? What is the length of
follow-up (for outcomes with long latency periods)? Choice of referent group
and the level of exposure contrast between groups (i.e., ther@xtewhich the
‘unexposed group' is truly unexposed, and the prevalencexpbsure in the
group designated as 'exposed’). Is the study relevant to the exposure and
outcome of interest?

Overall Study
Confidence

Once the evaluation domains have been cld&sl, these ratings will be
combined to reach an overall study confidencessification of High, Medium,
Low, or Uninformative.

This classification will be based on the classifications in the evaluation domg
and will include consideration of the ligeimpact of the noted deficiencies in
bias and sensitivity on the results.
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Table22: Study Quality Domain Scoring
Score Reasoning

Goodg Study meets or exceeds domain properties, may have minor deficiencie
none that would affect the outcome of the study or the development of toxicity
factors.

Adequate¢ Study meets most of the domain properties, may have some deficiel
but nore are severe or are expected to have a serious effect on the developmer
toxicity factors.

Deficientg Study has one or more deficiencies that are likely tociffiee outcome
of the study or the development of toxicity factors, but development may still oc
with some added uncertainty.

Critically Deficientg Study has serious deficiencies thatwa severely inhibit the
development of toxicity factors. Tke studies are typically classified as

Gdzy AYF2NXYI GABSe dzyft Saa | RSGIAETSR S
Not Reported¢ Domain properties are not provided in the study or referred to in
NR LINBGA2dza | dzi K2 NR& &G dzRA Sa ® sthdy,ltiSsg Sudigs
should be carefully considered prior to use.

g §S |

Table23: Study Quality Confidece Rating Scoring
Score Reasoning

Highg Overall a well conducted study, no serious deficiencies identified, no con
for isaues with sensitivity orisk of biasROB, most domains should be scored goo
or adequate.

Medium ¢ Some deficiencies may be noted, but nothing that would cause signifi
concern for issues with sensitivity or ROB, most domains should be scoredatele

Low ¢ Deficiencies noted, some severe, and some concern over bias or sensitiv,
that may imm@ct the assessment, study has domains that scored deficient.

Uninformative ¢ Severe deficiencies that would seriously impact the assessmen
study istypically unusable for toxicity factor development without a detailed
SELX I ylLiA2yd yé &ddzRé 6AGK | R2YL A
considered for this category.

N |

Scoring for each of the included studisshownin Table 24 Each reviewe(composed of two
members of the TCEQ Toxicology, Risk Assessment, and Research Division and authors on this
DSD}cored the included studies independently, then came toge#sa groupto agree on a

single score for each domain/study (individual sconogshown).
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Table24: Study Quality andRisk of Biascoring Visual

Hogstedt 1988
Kirman 2004
Mikoczy 2011

Steenland 2003

Steenland 2004
Swaen 2009

Teta 1999
Valdez-Flores 2010

Domain/Study

Selection and Performance/Parijgant
Selection

Exposure Methods/Measures

Outcome Methods/Results Presentation

Confounding

Analysis

Selective Reporting

Sensitivity

Overall Study Confidence
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Al.5 Evidence Integration

After addressing the study quality and ROB for each of the selected studigsjriteey

informationfrom each of the studies/as compiled anéach study waassessed fause asa
key, supportingor informative stud for the EtO carcinogenic dosesponse assessment
detailed in Chapter {Table 23.

Table25: Evidence Integration Table for Human Studies

Study Cohort Type Reasoning
Hogstedt | Swelish Informative | - Relatively small cohort with little information on-co
1988 chemical exposures
workers - Exposure concentrationsr estimations noprovided
- Primary cohort to show increased leukemia mortality rate
- Also presented increased stomach anddallymphatic
cancer
Kirman NICSH + | Supporting | - Combined data from two largest cohorts and examined
2004 uccC leukemia and lymphoid tumor mortality data
- Provided results for several different extrapolation metho
- Selected a single outcome and PODdoy through
Mikoczy | Swedish | Informative | - Relatively small cohort with little exposure information
2011 sterilant presented
workers - Healthy worker effect likely influenced the results
- Nonsignificant increases in leukemia, NHL, and
lymphohematomietic cancer mortality
- Signifcant increases in the rate ratios of breast cancer in
two highest exposure groups
Steenland NIOSH Informative | - Subsebf the largest cohort study available, additional
2003 (females nested caseontrol using subjecteho answered personal
only) interviews
- Examined breast cancer mortality and incidence data
- Positive trend for increased incidence, but not significantl
increased
Steenland NIOSH Supporting | - Update to the largest Et®xposed cohort data available
2004 - Focused mainly on hematopoietic and breast cancers, an
examined various exposure variables and lag periods
- No significantly increased cancer incidences, but a positi
trend observed for lymphditumors (males, 1year lag)
Swaen uccC Supporting | - Aithough a relatively smaller cohort, the strength of the
2009 update was made up for in the length of follayp and

number of deaths

- Little to no exposure monitoring data available, estimates
made flom work history
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Study Cohort Type Reasoning
- Examined a wide array of cancer types batlag/latency
periodsincluded in the analysis

- No cancer associations observed

Teta 1999 Meta- Supporting | - Very basieneta-analysis of 10 EtO cohorts but lacked dos
analysis, response data, detailed analysis on individual NIOSH and
NIOSH, cohats only

ucc - Examined lymphoid and leukemia rates with various lags
latency periods and control groups using Poisson regressi

- UCC cohorshowed no added risk, while NIOSH cohort
predictions were in the range of I@o 10°at 1 ppb
environmental expsures

Valdez NIOSH + | Key - Combined most recent data from the UCC and NIOSH
Flores uccC cohorts

2010 - Examined 12 cancer endpoints (bredstikemia, lymphoid,
etc.) and 6 sulwohorts (NIOSH males, females, UCC male
etc.) using Cox proportional anadgswithout latency/lag
periods

- No statistically significantly increasing SMRs or trends in
of the cancer endpoints examined

EtOc¢ ethylene oxideNIOSH National Institute for Occupational Safety and HeaBMRg; standardized mortality
ratios,UGC¢ Union Carbide Corporation

After final review of the included studies, the Valddpreset al.(2010) study had the most
thorough and complete analys{s.g.,includeddata fromboth the NIOSH and UCC cohorts,
examinedmultiple cancer endpointsdnd was therefore selected as the key studyhilethe
ValdezFlores et al. (2010) study also utilized a default lifetime duration (adsyeonsistent
with TCEQ guidance (TCHEQ15), there were aspectthat were not ideafor the evaluation
described in this BQ such as the laadf resultswith lags in exposuteSo rather than select a
POD from théeystudy, theTRARDBelecteddata from both cohorts (i.ethe NIOSH and UCC
cohortg to initially evaluateand conduct an independent assessmeasing the samenodeling
approach but with supplemental analyses (e.g., the evaluatioranbusexposure lags)
Selection oflata from theNIOSH and UCC cohortstlas epidemiological datéo evaluateand
use of specificTCEQlirecteddoseresponseassessmenanalysegrather than selection of a
study PODprovide the besbasis for a carcinogenic assessment of letGeveral reasons:

1. Boththe NIOSH and UCC cohorts have adequate size, exposure information, ane follow
up, makingconsiderationof all the data ideafor toxicity factor developmente.g.,
weight of evidence, more analyses to consider)
2. The Valde#loreset al.(2010) study makeuse of the Coproportionalhazards model,
a standardmodelpreferred under TCEQ guidelines (TCEQ 2015) anthahthe TRARD
has wsed previously in doseesponse assessment@so considered by USEPA 2016)
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3. Although Valde#loreset al.(2010) did noincluderesults with exposure lags their
publication supplementalnalyses involving @assessment of the datasing various
exposure lagsallow for theconsideration of even morassessment resulis thisDSD

4. Additionally, since 2010, an update to the UCC dataugh 2013has become available
to the first authorof the ValdezFloreset al.(2010) study gubmitted for publication
personal communicationwith whom the TCEQ contracteid perform supplemental
analyses; consequentlyesults from the new study updateith a longer followup
period canalsobe included in the DSD

5. Unlike USEP®O016) thatuses a lifetimeexposure duation value of & years, theTCEQ
directed doseresponse analysasse a standardefault of 70 yearsonsistent with
TCEQ guidanc&@ CEQ 2015)

6. Hnally, conductinghese new analysesill allow forthe appropriate consideration of
model fit to the individal data(rather than the categorical dajdor the model
assessment selected by tRE€CEQ

Al.6 Confidence Rating

Table 2@rovides scoring criteria to rate the confidence and uncertainty for each aspect or
element of the toxicity assessment. The table pded the name of the element and the
magniude of the confidence in each element using a qualitative ranking system of low,
medium, or high confidencd&.able 27isplays the overall confidence in tE#O carcinogenic
assessmentOnce the noncarcinogenic &ssments are completed for EtO, the coefide
rating will be updated to cover the entire assessment.
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Table26: Confidence Scoring Criteria for EtO Carcinogenic Assessment
Element Low Medium High
Database Only asingk study or a few| Several studies were available, Several higlyuality studiesvere

Completeness

low-quality studies were
available

but some important studies
were missing.

availablefor selection

considered useful

Systematic A systematic approach wa| A systematic apach was A systematic approach was used

Review not used. considered and sommethods | study evaluation and clear criterig
were applied, but a full review |were established for judgment
was not conducted

Key Study Selected study has Selected study was reasonably| Selected study was well done an

Quality deficiencies, butvas still | well done but some restrictions| can be used without restrictian

must be considered

Critical effect

Critical effect or dose
response curve was
moderate to severe. MOA
information wasnot
avalable.

Critical effect was moderate;
other studieswere deemed
necessary to determine the
critical effect.

Critical effect was minimal, or the
confidence in the critical effect
was high. MOA informatiowas
available.

Relevance of
Critical Effect

Criticd effectwas only
presumedto be relevantfor
the general population
MOAwasnot known for
the critical effect

Critical effect appeadto be
relevantfor the general
population MOAwas known for
the critical effect and possibly
relevant to humans.

Critical effect based on a human
study or matches observed humg
experience; MOAvas well
understood so critical effeavas
assumed relevant.

disregarded comments
would significantly change
risk value; no independent
check

Point of Many uncertainties exist in Some uncertainty exists in PQL Basis for POD well understood

Departure PODpnly afew dose few dose groups; difference multiple dose groupsjose

(POD) groups;no doseresponse |betweenconfidence limitsvas | responsemodelingwasconducted
modelingwasused. large

Sensitive Many uncertaintes on Information on sensitive Human data on sensitive

Populations | sersitive populatiors) populations)was not known buf populationswere available and
exisied andwere not default procedures are uncertaintieswere addressed.
addressed. presumed to be conservative.

Peer Relew | Limited or no peer review; | Adequate peer review. Most | High quality paal peer eview

substantive comments
addressed; disregarded
comments would not
significantly change value

with appropriate experts; all
substantive comments addressed
as per independent check

Toxicity Value
Comparison

Relevant risk values show
greater than 16fold
differencewithout
justification

Some relevant risk values agcke
within 3-fold of each other,
others disagred within 10fold
without justification.

All relevant risk values agrde
within 3-fold of each otheror
there was sufficient justification
for differences.
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Table27: Confidence in thél oxicity Assessment
Hement Score Basis
Database Medium | several occupational cohatti.e., preferred human data) and
Completeness animal studies available

- Evidence of carcinogenic effects found in both human
epidemiological and animal studies

- However, stimated exposws arebased on incomplete
information, areremarkably highandare not in/near lower
range of interest (i.e., not environmentally relevant)

Systematic Review| ~ High - Systematic review conducted

Key Study Quality High - ValdezFores et al. (2010) wasweell-conducted studyf two
cohorts and multiple cancer endpointsth standard Cox
proportional hazards modelinigut lacked the use of a lag perig

- Reassessmeiin this DSf these key epidemiological data
utilizingmultiple exposure lags and new UCg@hort data
allowed forinformative supplementabndupdated analyss

Critical effect Low - Human data not conclusiv@espitevery high exposure (e.g.,
results vary between studigs

- Model (slope > 0) nddtatistically significantly different than
the nul modd (slope = 0) at the 5% significance level

Relevance of Medium | _ Assumed relevant althougtegeral population exposed tBtO
Critical Effect concentrations that arerdersof magnitudelower thanthe
occupational stugd wherein lymphoid cancer wasasistically
increased only in the highest cumulative exposure group

Point of Departure High - Cox Proportional Hazard model used

(POD) - Modeling results demonstrated to be predictiva cohort study
findings

Sensitive Medium | - No specificdata onsensitive subpopulations

Populations - Default ADAFs were applied to account for potentially

increased susceptibility in children due to edifg exposure

Peer Review High - DSD poposed fompubliccommentand reviewed by
consulting academistatistician an subject matter expert
regardingpotential statistical issues i ¢/ 9v Q& RA

- DSD reviewa by an external panel of 6 experts in thelds of
occupational epidemiology, dogesponse modeling, and risk

assessment
Toxicity Value High - TEEQ Chroni&Slbased on lymphoid cancenortality is 2,000
Comparison times higher than the USEPA vahased on lymphoid/breast

cancer incidencat the same excess risk level {0%)

-¢/ 9vQa | LILINRI OK A& &dzLlLiz Mg 4
discussed in the DSD
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- Extensive comparisons, calculations, and explana as to the
differenceswith! { 9t | Qa YS(iK2Ra | 8.,
L{9t! Qa Y2RSft | &asa heststicallyh a
significantlyover-predictive Appendix &

Confidence Scoring Summary

Not Evaluated

Low Confidence Medium Confidence

Critical Effet

Database Completeness
Relevance of Critical Effe
Sensitive Populations

High Confidence
Systematic Review
Key Study Quality
Point of Departure
Toxicity Value Compariso
Peer Review

ADAR; agedependent adjustment factor, DS{devdopment support document, EQLeffects screening level,
UCC; Union Carbide Corporation
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The weighting of data from the NIOSH and UCC cohorts was a consideration in determining the

key cohort.In the TCE@O011) assessment of the carcinogernji@f nickel, a weighting factor of
personyears x 1/SHor thei (MLB was used taveight URE from different studiesAsstated

in TCEQ (2011), generally there is more confidence in cohort studies with large worker
populations and/or londollow-up periods, which increase persgears at risk. Similarly,
varianceini KS 1 @ f dzSa dzaSR G2 RSNAGYS ! wCa NBTf
0S dzaSR Fa | ¢gSAIKIAYI FIL OG2N¥P DSYySNItfe:x
variance In the carcinogenic assessment of inorganic arsenic (TCEQ 2012\yehse of the
variance (1/S8 for thei (MLE) was used to weight URFs. Invamgance weightingwithout a
personyears weighting factonis a more standard statistical predure used in metanalyses
(TCEQ 2025

SO 2
GdKS

Standard error (SEplues for the slpes were obtained fronTables 9 and 1(QL5-year lag¥or

the Cox proportional hazards model evaluation of lymphoid tumors in NEOBétt males
(SE2.61E06)and UCEohortmales (SE®94E06), respectively. For comparison, it is noted

that the SE (2.6506; Table § for the fullNIOSHohort (male+female) provides similar

weighting resultsBoth types of weighting factors previously used by the TCEQ were calculated
(i.e., 1/¥2 and personyears x 1/S# and are provided ifable 28

Table28: Weighting Factors for the Lymphoid Tumor Analyses for the NIOSH and UCC Cohorts

Weight _ Relative

Weight Ratio Person Total Weight To_tal

Cohort | Gender | Slope SE PersonYears x| Weight
1/SE NIOSH/ Years

UCC 1/Se NIOSH/

uccC

NIOSH M 2.61E06 | 1.47E+11 14.5 189,868 2.79E+16 33.0

NIOSH M/F 2.65506 | 1.42E+11 14.1 450,906 6.42E+16 76.0

UccC M 9.94506 | 1.01EH0 83,524 8.45E+14

F¢ female, M¢ male, NIOSHNational Institute for Occupational Safety and Health (NIOSH,) s&dard error,
UCGQC; Union Carbide Corporation

Asshown inTable 28 using persofyears x 1/SHas a weighting factor results in the NIOSH
OYFES 2yfed OHddynedier Wekgitd ®an tha YCT (maltes) cohbing 1/SE

as a weighting factor produced 4times geater weight for theNIOSH (male only) cohort than

the UCC (males) cohoithus, based on the considerations inherent to the weighting factors
applied, results suggest that for all practical purposes the URF (and corresponding 1 in 100,000
excess risk aroncentration)canbe based on the NIOSH cohatbne, because a weightedRF

and ESL that consider both the NIOSH and UCC cohorts would be almost the same as one
derived from the NIOSH cohort alone (i.e. within the rounding error of the calculated value)
Accordinglythe TCE@itilized the NIOSH cohort as tlsmlekey cohort forderivation of the

URF.
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A robustmethod of doseresponse modetomparison is to see howell the parametric models
predictthe number ofymphoidcancerdeaths(the key cancer endpointjersus the actual
number of death®bservedin the keyNIOSH cohort. A godde., reasonably accurate)
parametric model should predithe observed number diymphoid cancerdeaths with some
confidence(e.g., the observed number of lymphaidncerdeaths in the NIOSH cohort should
be inside a 95% confidence interval of ghredictednumber of lymphoidccancerdeaths.

Here,the standardCox proportional hazards metiof Sielken & Associates (S&A), which uses
the full risk set as opposed )0 randomly selected controls for each cagedsome of the
modelsfrom USEPA (201,6yere used to check whether the models were reasogaucurate
that is, whether the modelpredicted within a margin of errothe number of lymphoiacancer
deaths in the NIOSH coho@ox proportional hazards modeling is preferred under TCEQ
guidelines (TCEQ 2015) and the linear-piece spline model issedby UEPA (2016), so these
are thetwo major modelsconsidered in this model evaluatiohhe estimated number of
lymphoidcancerdeaths for a specific model for the rate ratios were calculated using age,
race, and calendayear specific background hazamtes. Sections A3.3 and A3l of this
appendixillustrate how the calculations tpredictthe number of expected deaths for each
model wereperformedwith methodology used in the calculation of standard mortality ratios
(SMRs). The SMR is a measure thats the ratio of observed texpected number of deaths
in the cohort. Similarly, the 100{1)%confidence interval on the SMR is a confidence interval
on the ratio of observed to expected number of deaths in the cofradthod for this
calculation described in Section A3.3)

Herein, the inverse of the SMBMR,, the ratio of expected twbservel number of deathsis
used as a measure of ovprediction or undesprediction of the actual number of observed
deaths. Similarly, the inverse of the confidence limits of3B&confidence interval on the

SMR result in 85% confidence interval othe inverse of the SMR. In turn, using the SMRd

its 95%confidence interval, 85%confidence interval on the expected or predicted number of
deaths can be easily calculated. Using this confidence interval on the predicted number of
deaths can then & compaed with the observed number of deaths. If the observed number of
deaths is inside th85%confidence interval, then the expected number and observed number
of deaths are not statistically significantly different at ## significance level. If thabsened
number of deaths is below the lower end or above the upper end oB&%¥confidence

interval, then the expected number is statistically significantly different than the observed
number of deaths at th&% significance level.

At issue is the pradtiveness (or lack thereof) of th€ox proportiondhazards andinear two-
piecesplinemodek usedbythe TCEQ andSEPA2016), respectivelylhe predictiveness of
thesemodelk can be readily and objectively evaluateddisect numerical comparis@of the
modelpredictions to thenumber of cancer deaths in the EExposed cohortUpon
performing this evaluation, the sections below show tbatythe loglinear model (standard
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Cox proportional hazards model ¢ / pgeferfed model) and the best edtnates of he linear

model predict the number of observed lymphoid deaths in the NIOSH cohort with 95%
confidence. By contrasthe lineartwoLJA SOS aLJX AyS Y2RSt gHayK (GKS
(usedby USEPpstatistically significantlpver-estimates (at the 5% mgnificance level) the

number of observed lymphoidancerdeaths This remains the caswven after restrictinghe

model to assume zero increase in the rate ratio for cumulative exposures above the knot.

A3.1 Predicted Versus Observed NumbengimphoidCancerDeaths in the
NIOSH Cohort

Table 29 and Figureshow the predicted number of lymphowhncerdeaths in the NIOSH
cohort for male and female workerssing several differerEtOexposureresponse models

There are 53 lymphoidancerdeaths n the NIOSHKohort (brown horizontal line ifigure 9.
Exposureresponsemodels fit to the NIOSH data were usedetimatethe number of
lymphoidcancerdeaths thateachmodel would predict in the NIOSH cohort, if the fitted model
were true. TheMLEof eachmodel & well as the upper 95% confidence limit on the model
parameters were used to obtain the predicted number of deaths. In addition to calculating the
expected nurber of deaths predicted by each model and its upper bound on the skbp8%
confidence intervhin the predicted number of deaths was derived using a confidence interval
for the ratio of the predicted to the observed number of lymphoa&hcerdeaths in he NIOSH
cohort (method for this calculation described in Section A3.3)

The 95% confidence imealsfor the numberof lymphoidcancerdeaths predicted by the loeg
linear modelgCox proportional hazards modeaihd its upper bounds (models 1, 2, 3, and 4)
include the number of lymphoidancerdeaths actually observed (53) in the NIOSH cofidre
95%confidence intervafor the number of lymphoictancerdeaths predicted by théest
estimate of thelinear model (model 53lsoincludesthe number of lymphoic¢ancerdeaths
actually observed in the NIOSH cohort, but the upper bound of the linear nfoele! 6)
statistically significantlpver-predicts the observed number of lymphatdncerdeaths.

Models 7, 8, 9and 10 ardwo-piece spline models (USEPA 20E)ery twepiece spline model
estimate of the lymphoid¢ancerdeaths in the NIOSH cohatatigically significanthover-
predictsthe actual number of lymphoidancerdeaths in the NIOSH cohoRor comparison
purposes, Models 11, 12, 18nd 14 ardhe two-piece spline models restrained by setting the
slope after the knot equal to zero (i.e., thate ratio increases with cumulative exposure up to
the knot and stays flat after the knothn every instance,\&n restrained twepiece spline
models(with the slope after the knot set equal to zesthtistically significantly ovesredict

the actual number of lymphoid deaths in the NIOSH cohéot, both the MLE and 95% UCL

In short, the standar€ox proportional hazards modelreasonablyccurate at predicting the
number of lymphoid cancer mortalities observed in the NIOSH cohort (53), neithististdty
significantly overnor underestimating, while the twepiece spline models (including the linear
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two-piece spline model) all statisally significantly oveestimate the number of lymphoid

cancer mortalities observed.

Table29: PredictedNumber of NIOSH Cohort Lymphoid Cancer Mortalitiessng Cox, Linear,

and Two-PieceSplineModels

USEPA Table-4 Knot @ 1,600
ppm-days

Slope Predicted if | 100%x Ratio: 95% CI
Model Parameter the Model Predicted / | on Predicted if the
(per ppm-day) were True Observed Model were True
Background o
(No Model) n/a 50.39 95.1% (38.5, 67.3)
1. S&A¢ Loglinearg 15-yr lag
(MLEY ¢ Model Preferredby 2.81E06 52.42 98.9% (40.1, 70.0)
TCEQ
2.S&A¢ Loglinearg 15-yr lag
(95% UCL) 7.17E06 58.75 110.8% (44.9,78.4)
3. UEPA Loginear- 15-yr Lag b
(MLEY USEPA Table-2 4.74E06 54.52 102.9% (41.7,72.8)
4. UEPA Loglinear 15-yr Lag
(95% UCIUSEPATable 42 1.03E05° 66.41 125.3% (50.8, 88.7)
5.UEPA Linear- 15yr Lag d
(MLEJUSEPA Table B6 1.23E05 57.58 108.6% (44.0, 76.9)
6. UEPA Linear- 15-yr Lag
(95% UCLYEPA Table 56 4.71E05° 77.3 145.8% (59.1, 103.2)
UEPA(2016)Spline Modes with Knot at 1,600 ppradays
7.UEPA Loglinear Spline
15yr lag (MLEg, ¢
USEPA Table-4 Knot @ 1,600 4.89=04 88.24 166.5% (67.5, 117.8)
ppmdays
8. USEPA Loglinear Spline
15yr lag (95% UCKL)
USEPA TableKnot @ 1,600 9.08E049 144.15 272.0% (110.2, 192.5)
ppm-days
9. UEPA Linear Spling
15yr lag (MLEg
USEPA Table-4 Knot @ 1,600 7.58E04" 91.69 173.0% (70.1, 122.4)
ppm-days¢ Model usedby
USEPA
10. USEPALinear Spling
15yr lag (95% UCKL) i 0
USEPA Table4Knot @ 1,600 1.80E03 141.09 266.2% (107.9, 188.4)
ppm-days
Results using above USEPA models
but assuming that slope for RRISSN2 | FGSNJ 0 KS a{y2
11.UEPA; Loglinear Spline
15yr lag (MLES 4.89E04 84.59 159.6% (64.7, 112.9)
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Slope Predicted if | 100%x Ratio: 95% CI
Model Parameter the Model Predicted / | on Predicted if the
(per ppm-day) were True Observed Model were True
12. UEPA; Loglinear Spline
15yr lag (95% UCEUEPA
Table 44 Knot @ 1,600 ppem 9.08E04 141.97 267.9% (108.5,189.5)
days
13.UEPA Linear Spling
15yr lag (MLEg, o
USEPA Table-4 Knot @ 1,600 7.58E04 86.39 163.0% (66.0, 115.3)
ppm-days
14. USEPALinear Spling
15yr lag (95% UCEL) _ o
USEPA Table4Knot @ 1,600 1.80E03 135.19 2551% (103.4, 180.5)
ppm-days

MLE¢ maximum likelihood estimate, NIOSMNational Institute for Occupational Safety and Health ¢R&e ratio,
S&A¢ Sielken & Associates, UCupper confidence limit

[Boldfacevalues indicate that the model ovg@rediction of lymploid cancerdeaths § statistically significant.]

a2The models used bg&Aand UEPAappeaing as an appendix dEPA (201 are the same models; however,
UEPAdid not use all of the individual dataSteenland et ali2004)and UEEPA2016)only useda subsample of

the individual dataas discussed in Section 4.3

bThe best estimate and standard error of the slope are 4J@&nd 3.3586, respectively

¢The 95% upper confidence limit on the slop&.33E05 (4.74E06 + 1.6453.35E06).

dThebest esimate and standard error of the slope are 1.28%and 2.1285, respectively. The standard error
(2.12E05) of the slopes was inferred from the upper bound on the slope (40Bgiven in Table-B6; that is
1.23E0-5 = (4.7105¢ 1.23E05)/1.645.

€The 95% upper confidence limit on the slope is £05 from Table EB6.

fThe best estimate and standard error of the slope below the knot are 98%hd 2.5584, respectively. The
slope and corresponding standard error after the knot &&86E04 and 256E04, respectively, from Tables#4

and D33 loglinear with knot @ 1600 pprdays

9The slope after the knot for the 95% upper confidence limit for the mod8l@¥E04 (4.86E04 - 1.645<2.56E

04, which a 95% LCL on the slope above the kiibis onservatively assumes perfect negative correlation of the
slope below and after the knoT hus, the oveiprediction may be larger than what is shown in the tabl€he
assumption of perfect negative correlation is consistent with the covariancevalotaned byUSEPA fotinear
two-piece spline model; e.g., see footnote to Tabl8®in the appendices D t | Qa NB L2 NI ©

hThe best estimate and standard error of the slope below the knot are 7088thd 6.3204, respectively. The
slope and correspading seindard error after the knot are7.48E04 and 6.3184, respectively, from footnote to
Table B36.

The slope after the knot for the 95% upper confidence limit for the modélFOE03 (7.48E04 - 1.645<6.32E

04, which a 95% LCL on the slopewe theknot). This conservatively assumes perfect negative correlation of the
slope below and after the knoT hus, the oveiprediction may be larger than what is shown in the tabl€he
assumption of perfect negative correlation is consistent with tbeaciane values obtained by EPA (see
footnote to Table E86 in the appendices @Dt | Qa NBLR2 NI 6KSNB GKS 0201 NAIFyOS
negative of the variances for the slopes above and below the knot; i.e., covari8r@@E07, Var1=3.9987, and
Var2=3.9887).
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Figure9: Total NIOSHohort lymphoid cancermortalities predicted by Sielken & Associates
(S&A) andJEPAloglinear,linear, andtwo-piece gline models

A3.2 Predicted Versus Observed Number of LymphoahceDeaths in the
NIOSH Cohort by Quintiles

Table 3Cexpandson the resultspresentedin Table 220 calculate the observed and expected
number of lymphoictancerdeaths ineachafi KS b L h { five egbsuuihti@s A

total of 53lymphoidcancerdeathswere observedn the NIOSH cohort. The first quintile
included the nine NIOSH workex$o died with lymphoidcancerandwhosecumulative
exposure to EO (with an exposure duration df5 yearywas equal to zero. Cumulative
exposuresto BO lagged 15 yeamsere defined so that quintiles 2 to 5 included the same
number of lymphoiccancerdeaths (11) in each quintile.

Only thebest estimates of théog-linear (Cox proportional hazardsiodel(models 1 and B
the linear model(model 5), andhe 95% upper comdence limit of thelog-linear (Cox
proportional hazardsinodel (model Z ¢ / p8eferfed model) predict a number of lymphoid





























































































































































































