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Executive Summary 

¶ Ethylene oxide (EtO) is a chemical with many industrial applications and is particularly 
useful as a sterilant for medical devices. Urban background monitored levels of EtO in 
the United States are in the range of 0.1-0.2 ppb. EtO is also produced endogenously 
and the amount of EtO naturally present in the human body is equivalent to continuous 
exposure of ҒлΦрс-4.5 ppb in air (Kirman and Hays 2017). 

¶ Because EtO is emitted in Texas and has been determined by other agencies to be a 
carcinogen, the TCEQ undertook a carcinogenic dose-response assessment and 
derivation of a unit risk factor (URF) and an effects screening level (ESL) for this chemical 
ŦƻǊ ǳǎŜ ƛƴ ¢/9vΩǎ ǊŜƳŜŘƛŀǘƛƻƴ ŀƴŘ ŀƛǊ ǇŜǊƳƛǘǘƛƴƎ ǇǊƻƎǊŀƳǎ, respectively.  

¶ Review of the EtO literature supports direct mutagenicity as the putative carcinogenic 
mode of action (MOA) and suggests that the exogenous EtO cancer dose-response 
should be no more than linear overall. 

¶ The TCEQ conducted a hazard assessment for the carcinogenic potential of EtO in 
humans, which included a review of the available human and animal carcinogenicity 
studies as well as the MOA analysis. Based on insufficient human data, but with 
sufficient animal data and a putative mutagenic MOA (noted above), the TCEQ 
determined that EtO is likely to be carcinogenic to humans. 

¶ Further, the TCEQ determined that the weight of evidence suggests a potential 
association between EtO and human lymphohematopoietic tumors but does not suggest 
an association with human breast cancer. ¢ƘŜ ¢/9vΩǎ ōǊŜŀǎǘ ŎŀƴŎŜǊ ŘŜǘŜǊƳƛƴŀǘƛƻƴ ƛǎ 
based on: (1) the weak primary epidemiological evidence for EtO-induced breast cancer 
(Section 3.3.1.1.1.1); and (2) recent meta-analyses evaluating the strength of the overall 
weight of evidence for EtO-induced breast cancer (Marsh et al. 2019, Vincent et al. 
2019) that showed a lack of association between EtO and breast cancer.   

¶ Based on the likely to be carcinogenic to humans determination, the TCEQ conducted a 
carcinogenic dose-response assessment to derive a chronic inhalation toxicity factor for 
EtO. Human data are preferred for toxicity factor development under TCEQ guidelines 
(TCEQ 2015) and the TCEQ conducted a systematic review to identify human studies 
that could inform the derivation of a cancer URF for inhalation exposures to EtO. 

¶ The systematic review identified two high-exposure occupational cohorts (i.e., the 
Union Carbide Corporation (UCC) and National Institute for Occupational Safety and 
Health (NIOSH) cohorts) that the TCEQ used to inform the EtO dose-response 
assessment. These and other studies had high EtO exposures and there were no 
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available human data that provided information about the shape of the dose-response 
curve at low (i.e., environmentally-relevant) EtO concentrations.  

¶ Cox regression is the preferred modeling methodology for health endpoints from cohort 
epidemiology studies under TCEQ guidelines (TCEQ 2015). The TCEQ evaluated fit of 
other dose-response models to the key individual NIOSH lymphoid cancer data, but 
none of these models demonstrated a superior fit compared to the standard Cox 
proportional hazards model. In addition, the standard Cox proportional hazards model 
was indistinguishable from linear over the dose range in the NIOSH study, which is 
consistent with a carcinogenic MOA due to a direct-acting mutagen. 

¶ Moreover, the standard Cox proportional hazards model was statistically demonstrated 
to predict with reasonable accuracy the number of lymphoid cancer deaths observed in 
the key NIOSH cohort, which remained true in a sensitivity analysis that assumed a 
healthy worker effect for lymphoid cancer mortality in the NIOSH cohort. Finally, in a 
validation analysis, the standard Cox model based on the NIOSH dose-response 
assessment was statistically shown to be reasonably accurate at predicting the number 
of lymphoid cancer mortalities observed in the UCC cohort. 

¶ The TCEQ selected the standard Cox proportional hazards model for lymphoid cancer 
mortality in males in the NIOSH cohort as the critical cancer endpoint using a 15-year 
EtO exposure lag (results for NIOSH males were more conservative than males and 
females combined). Application of USEPA age-dependent adjustment factors (ADAFs) 
resulted in an ADAF-adjusted URF of 4.1E-06 per ppb (2.3E-06 per µg/m3) and an ADAF-
adjusted chronicESLnonthreshold(c) of 2.4 ppb (4.3 µg/m3) at an excess cancer risk level of 1 in 
100,000 (policy-based per TCEQ 2015). 

¶ The scientific validity and health protectiveness of the ¢/9vΩǎ modeling and decisions 
are supported by the following considerations: 

¶ Lymphoid Cancer Risk from Cohort Studies ς Human data alone are 
acknowledged by TCEQ and USEPA to be insufficient to classify EtO as 
carcinogenic to humans. Additionally, the standard Cox proportional hazards 
model of lymphoid cancer mortality did not show a relationship with EtO 
exposure that was statistically significantly different from zero. Therefore, by 
assuming a significant positive slope in the EtO-cancer association, the TCEQ is 
making a conservative decision to assume that EtO caused lymphoid cancer in 
the exposed workers of the NIOSH cohort. To further use an upper confidence 
limit on the slope is reasonable and conservative in the interest of protecting the 
public from the potential carcinogenic hazard of EtO. 

¶ Model Fit with the NIOSH Data ς To verify that the standard Cox proportional 
hazards model based on the NIOSH cohort adequately predicts the original data, 
the model was used to predict the number of lymphoid cancer deaths based on 
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the individual exposure estimates for the NIOSH cohort. Both the maximum 
likelihood estimate 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 example, while 53 
lymphoid cancer deaths were observed in this cohort of 17,530 workers, the 
upper bound of the Cox proportional hazard model predicted 59 (95% 
confidence interval (CI) of 45, 78) lymphoid cancer deaths. Similarly, the Cox 
model neither significantly over- nor under-estimated lymphoid cancer deaths 
for any exposure quintile, but rather remained reasonably accurate.  

¶ NIOSH Model Fit with the UCC Data ς In a validation analysis, the Cox 
proportional hazards model based on the NIOSH dose-response assessment was 
reasonably accurate at predicting the number of lymphoid cancer deaths 
observed in the UCC cohort. That is, the maximum likelihood estimate (MLE) and 
upper bound of the Cox model for the NIOSH cohort predicted 28 (95% CI of 19, 
43) and 32 (95% CI of 22, 50) lymphoid cancer mortalities for the UCC cohort, 
respectively, compared to the 25 actually observed in the UCC cohort. These 
results support the robustness of the standard Cox proportional hazards model 
fit to the NIOSH data for predicting lymphoid cancer deaths for other 
populations and exposure scenarios. 

¶ The most recent USEPA URF for EtO was finalized in 2016 (USEPA 2016). Comparisons of 
the USEPA (2016) and TCEQ EtO URF are discussed in Appendix 6. The EtO hazard 
identification and dose-response assessment described in this document consider new 
data and/or analyses from the scientific literature that were not available in 2016 (e.g., 
Vincent et al. 2019, Marsh et al. 2019, IARC 2019, Kirman and Hays 2017) as well as new 
TCEQ analyses, including dose-response model predictions of the underlying NIOSH 
lymphoid cancer data, evaluation of the potential for healthy worker effects for EtO-
specific cancer endpoints, Cox proportional hazards modeling results for multiple 
exposure lag durations, and validation analysis of models based on the NIOSH data using 
UCC data.  

¶ Thus, the TCEQ determined that use of the standard Cox proportional hazards model to 
derive a URF for inhalation EtO cancer risk is strongly supported by relevant 
considerations (e.g., TCEQ guidance, the carcinogenic MOA, standard model fit criteria 
combined with accurate model predictions of the key underlying cancer data, sensitivity 
and validation analyses). Accordingly, ǘƘŜ ¢/9vΩǎ ADAF-adjusted URF for EtO has a 
sound scientific basis and will be adopted for review of air concentration data and for 
use in air permit reviews. 

Table 1 provides a summary of the risk-based value from a carcinogenic evaluation of EtO for 
use in air permitting and air monitoring. Please refer to Section 1.6.2 of the TCEQ Guidelines to 



Ethylene Oxide 
Page 4 

 

Develop Toxicity Factors (TCEQ 2015) for an explanation of the various values used for review of 
ambient air monitoring data and air permitting. Table 2 provides summary information and the 
physical/chemical properties of EtO. 
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Table 1: Chronic Health-Based Screening Values for EtO 

Screening Level Type Duration 
Value 1 
(µg/m3) 

Value 2 
(ppb) 

Usage Flags 
Surrogated/ 

RPF 
Critical Effect(s) Notes 

chronicESLnonthreshold(c) a 70 yr 4.3 2.4 P,M,R A,S,D -- 
Lymphoid cancer in 
occupationally exposed workers 

-- 

Bold values used for air permit reviews; values have been rounded to two significant digits. 
a Based on the ADAF-adjusted URF of 4.1E-06 per ppb or 2.3E-06 per µg/m3 and a 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 = AMCV report 
S = ESL Summary Report 
D = ESL Detail Report
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Table 2: Chemical and Physical Properties 

  

Parameter Value Reference 

Molecular Formula C2H4O ATSDR 1990 

Chemical Structure 

 

ChemSpider 2019 

CAS Registry Number 75-21-8 ATSDR 1990 

Molecular Weight 44.05 g/mol ATSDR 1990 

Physical State at 25°C Gas ATSDR 1990 

Color/Form Colorless gas ATSDR 1990 

Odor Sweet, olefinic ATSDR 1990 

Synonyms Ethylene oxide; oxirane; 
epoxyethane 

ATSDR 1990 

Solubility in water 1×106 mg/L ATSDR 1990 

Log Kow -0.22 ATSDR 1990 

Vapor Pressure 1.095×103 mmHg ATSDR 1990 

Melting Point -111°C ATSDR 1990 

Boiling Point 11°C ATSDR 1990 

Conversion Factors 1 ppm = 1.83 mg/m3 

1 mg/m3 = 0.55 ppm 

ATSDR 1990 
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/ƘŀǇǘŜǊ н LƴǘǊƻŘǳŎǘƛƻƴ ŀƴŘ tǊƻōƭŜƳ CƻǊƳǳƭŀǘƛƻƴ 

2.1 Introduction 

The Texas Commission on Environmental Quality (TCEQ) derives toxicity factors, which are 
chemical-specific short- and long-term health- and/or welfare-based concentrations or doses 
that are set to protect human health and welfare in the general public, including sensitive 
subgroups. These toxicity factors include the following health- and/or welfare-based values: 
acute and chronic inhalation Effects Screening Levels (ESLs); acute and chronic inhalation 
Reference Values (ReVs); chronic inhalation unit risk factor (URF) values; and chronic oral 
Reference Dose (RfD) and slope factor (SFo) values. The processes for developing these toxicity 
ŦŀŎǘƻǊǎ ŀǊŜ ƻǳǘƭƛƴŜŘ ƛƴ ǘƘŜ ¢/9vΩǎ Guidelines to Develop Toxicity Factors (TCEQ 2015). 

Inhalation ESLs are chemical-specific air concentrations set to protect human health and/or 
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 such as children, the elderly, 
pregnant women, and people with preexisting health conditions. ESLs are used in the air 
permitting process to assess the protectiveness of substance-specific emission rate limits for 
facilities undergoing air permit reviews. More specifically, evaluations of modeled worst-case 
ground-level 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. If a predicted airborne level of a chemical exceeds its ESL, adverse health or welfare 
effects would not necessarily be expected to occur, but a more in-depth review would be 
triggered. Long-term ESLs are associated with a lifetime exposure duration which is commonly 
assumed to be 70 years (TCEQ 2015). As alluded to above, for application in air permitting, 
long-term ESLs are used to evaluate modeled worst-case annual average concentrations, 
consistent with ton per year emission rate limits in air permits. 

Health-based ESLs are based on the most sensitive adverse health effect relevant to humans for 
the type of assessment (i.e., noncarcinogenic or carcinogenic effect) and given duration (e.g., 
acute, chronic). Derivation of a ReV (generally for noncarcinogenic effects) or a URF (for 
carcinogenic effects) begins with a toxicity assessment involving a hazard identification and a 
dose-ǊŜǎǇƻƴǎŜ ŀǎǎŜǎǎƳŜƴǘ ōŀǎŜŘ ƻƴ ǘƘŜ ŎƘŜƳƛŎŀƭΩǎ ƳƻŘŜ ƻŦ ŀŎǘƛƻƴΦ ¢ƘŜ ǊŜǎǳƭǘƛƴƎ wŜ± ŀƴŘ ¦wC 
values are then used to calculate ESLs that correspond to no significant risk levels (e.g., the 
policy-based 1 in 100,000 excess risk level in TCEQ 2015).  

This development support document (DSD) is a technical assessment developed and written by 
the TCEQ to describe the derivation of a chronic inhalation URF for ethylene oxide (EtO). The 
purpose of toxicity factor DSDs is to document the toxicity factor development process, 
including the scientific rationale for key decisions, and provide a summary of the key toxicity 
studies and information/data used to derive inhalation or oral toxicity factors. The following 
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general analytical approach is used to derive toxicity factors for chemicals: review essential 
data (i.e., especially dose-response) including physical/chemical properties and select key 
studies; conduct a mode of action (MOA) analysis; choose the appropriate dose metric; 
determine the POD for the key study(ies); conduct appropriate dosimetric modeling; select 
critical effect; and extrapolate from the adjusted POD to lower exposures based on the MOA 
analysis. Relevant to this assessment, the TCEQ uses the flow chart shown in Figure 1 to guide 
long-term ESL development for carcinogens (TCEQ 2015). 
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Figure 1: Based on Figure 1-2a Long-Term ESL development for air permitting (TCEQ 2015). 

2.2 EtO Background and Problem Formulation 

2.2.1 EtO Sources and Uses 

Physical/chemical properties of EtO are summarized in Table 2. 
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EtO is used as a chemical intermediate in the manufacture of ethylene glycol (antifreeze), 
polyester, detergents, polyurethane foam, solvents, medicine, adhesives, and other products. 
The conversion of EtO to ethylene glycols represents a major use for EtO in the US (IARC 2012). 
Relatively small amounts of EtO are used in sterilization of surgical equipment and plastic, as a 
fumigant, and as a sterilant for food (spices) and cosmetics (IARC 2012). 

Sources of EtO emissions into the air include, but are not limited to, industrial emissions or 
venting with other gases. Other sources of EtO air emissions include sterilizers of medical 
equipment and its release from commodity-fumigated materials. In 2018, EtO was being 
produced in the US by 9 companies at 15 facilities in 11 locations. In the US, EtO is primarily 
ǇǊƻŘǳŎŜŘ ƛƴ ¢ŜȄŀǎ ŀƴŘ [ƻǳƛǎƛŀƴŀ όά9ǘƘȅƭŜƴŜ hȄƛŘŜ CǊŜǉǳŜƴǘƭȅ !ǎƪŜŘ vǳŜǎǘƛƻƴǎΣέ нлмуύ. Based 
on the ¦{9t!Ωǎ 2017 National Emissions Inventory (NEI; https://www.epa.gov/air-emissions-
inventories/2017-national-emissions-inventory-nei-data), Texas industry emits approximately 
40% of the EtO in the US. The general population may be exposed to EtO through breathing 
ambient air containing EtO, smoking tobacco products, and breathing secondhand cigarette 
ǎƳƻƪŜ όά9ǘƘȅƭŜƴŜ hȄƛŘŜΦ тр-21-уέύΦ /ŜǊǘŀin occupational groups (e.g., workers in EtO 
manufacturing or workers that use EtO to produce solvents, antifreeze, textiles, detergents, 
and polyurethane foam, sterilization technicians, and agricultural workers involved in 
fumigation) may be exposed in the workplace (IARC 2012). 

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

2.2.2 EtO Monitoring and Modeling 

!ŦǘŜǊ ǘƘŜ ǊŜƭŜŀǎŜ ƻŦ ¦{9t!Ωǎ нлмп bŀǘƛƻƴŀƭ !ƛǊ ¢ƻȄƛŎǎ !ǎǎŜǎǎƳŜƴǘ όb!¢!ύΣ ǘƘŜ ¦{9t! ōŜƎŀƴ ǘƻ 
evaluate facilities that emit EtO. The 2014 NATA estimated that EtO substantially contributes to 
potential elevated cancer risks in some census tracts across the US 
(https://www.epa.gov/national-air-toxics-assessment/nata-frequent-questions#results); this 
risk is ƭŀǊƎŜƭȅ ŘǊƛǾŜƴ ōȅ ǘƘŜ ¦{9t!Ωǎ ǊŜŎŜntly derived URF (USEPA 2016). Because of concerns 
related to cancer risk from EtO emissions raised by the NATA, two EtO sterilizing facilities closed 
in 2019 and two suspended operations (based on available information). The US Food & Drug 
Administration (USFDA) has warned the public about potential medical device shortages from 
EtO sterilizer facility closures (https://w ww.fda.gov/news-events/press-
announcements/statement-concerns-medical-device-availability-due-certain-sterilization-
facility-closures). According to the USFDA, EtO is the likely sterilant for medical devices made 
from certain polymers (plastic or resin), metals, or glass, or that have multiple layers of 
packaging or hard-to-reach places (e.g., catheters). Approximately fifty percent of all sterile 
ƳŜŘƛŎŀƭ ŘŜǾƛŎŜǎ ƛƴ ǘƘŜ ¦{ ŀǊŜ ǎǘŜǊƛƭƛȊŜŘ ǿƛǘƘ 9ǘh όά9ǘƘȅƭŜƴŜ hȄƛŘŜ {ǘŜǊƛƭƛȊŀǘƛƻƴ for Medical 
DevicesΣέ 2019). In order to prevent shortages of critical medical equipment, USFDA has been 

https://www.epa.gov/air-emissions-inventories/2017-national-emissions-inventory-nei-data
https://www.epa.gov/air-emissions-inventories/2017-national-emissions-inventory-nei-data
https://www.epa.gov/national-air-toxics-assessment/nata-frequent-questions#results
https://www.fda.gov/news-events/press-announcements/statement-concerns-medical-device-availability-due-certain-sterilization-facility-closures
https://www.fda.gov/news-events/press-announcements/statement-concerns-medical-device-availability-due-certain-sterilization-facility-closures
https://www.fda.gov/news-events/press-announcements/statement-concerns-medical-device-availability-due-certain-sterilization-facility-closures
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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, the USEPA conducted air monitoring for EtO in 
various locations in the United States and found that the levels of EtO concentrations that are 
ŎƻƴǎƛŘŜǊŜŘ ǘƻ ōŜ άǳǊōŀƴ ōŀŎƪƎǊƻǳƴŘέ ŀǊŜ ƛƴ ǘƘŜ ǊŀƴƎŜ ƻŦ лΦм-0.2 ppb 
(https://www.epa.gov/hazardous-air-pollutants-ethylene-oxide/ethylene-oxide-data-summary-
national-air-toxics-trends). In regard to longer-term levels around EtO-emitting facilities, as an 
example, the mean and 95th percentile modeled 5-year concentrations for one sterilizer facility 
ǿŜǊŜ ҒлΦмт ŀƴŘ 0.50 ppb, respectively 
(https://www.atsdr.cdc.gov/HAC/pha/sterigenic/Sterigenics_International_Inc-508.pdf). 

2.2.3 Problem Formulation 

In early 2017, as part of a standard yearly review of newly-derived toxicity factors, the TCEQ 
Toxicology, Risk Assessment, and Research Division (TRARD) reviewed the US9t!Ωǎ ŎŀƴŎŜǊ-
based toxicity factor derivation for EtO (finalized in 2016) to determine if the TCEQ would 
provisionally adopt the US9t!Ωs number for use in deriving protective concentration levels 
(PCLs) for the Texas Risk Reduction Program (TRRP). In March 2017 the TRARD decided that, 
instead of adopting the US9t!Ωǎ 9ǘh ǘƻȄƛŎƛǘȅ ŦŀŎǘƻǊΣ it would derive an interim EtO toxicity 
factor for the ¢/9vΩǎ use in the remediation program with a plan to conduct a complete future 
evaluation of EtO inhalation carcinogenicity for use in both air permitting and remediation. The 
TCEQ decided to complete this thorough evaluation because EtO is emitted in Texas and has 
been determined to be a carcinogen by the International Agency for Research on Cancer (IARC 
2012), by the World Health Organization (WHO 2003), and by the US Environmental Protection 
Agency (USEPA 2016).  

The purpose of the following assessment is to derive a chronic inhalation ESL and URF for EtO 
ŦƻƭƭƻǿƛƴƎ ¢/9v ƎǳƛŘŜƭƛƴŜǎ ŀƴŘ ǇǊŀŎǘƛŎŜǎ ŦƻǊ ǳǎŜ ƛƴ ¢/9vΩǎ air permitting and remediation 
programs, respectively. 

2.2.4 Document and Review History 

In August 2017, the TCEQ announced a 90-day public information request for scientific 
ƛƴŦƻǊƳŀǘƛƻƴ ŀōƻǳǘ 9ǘh ǘƘŀǘ Ƴŀȅ ōŜ ƻŦ ǳǎŜ ƛƴ ǘƘŜ ¢/9vΩǎ ǊŜǾƛŜǿΦ ¢ƘŜ ¢/9v ǘƘŜƴ ŎƻƳǇleted a 
systematic review and dose-response assessment of EtO carcinogenicity and released the draft 
DSD on June 28, 2019 for public comment, which ended in late September. The TCEQ reviewed 
and responded to the public comments and revised the draft DSD in response to the 
scientifically justified public comments. The TCEQ then posted a revised draft DSD and 
responses to public comments (both dated January 31, 2020) and engaged the Risk Science 
Center at the University of Cincinnati for an expert peer review to determine if the ¢/9vΩǎ 
proposed EtO URF is 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 (low-level) concentrations. The peer review was completed, and a final report sent to 
TCEQ on April 30, 2020.  Based on the peer review the TCEQ produced this final draft of the 
DSD that included scientifically justified revisions recommended by the peer reviewers. 

/ƘŀǇǘŜǊ о IŀȊŀǊŘ !ǎǎŜǎǎƳŜƴǘΥ /ŀǊŎƛƴƻƎŜƴƛŎ tƻǘŜƴǘƛŀƭ 

3.1 Relevant Data 

Generally, the TCEQ only performs carcinogenic dose-response assessments for chemicals 
consideǊŜŘ ōȅ ǘƘŜ ¢/9v ŜƛǘƘŜǊ ǘƻ ōŜ ά/ŀǊŎƛƴƻƎŜƴƛŎ ǘƻ IǳƳŀƴǎέ ƻǊ ά[ƛƪŜƭȅ ǘƻ .Ŝ /ŀǊŎƛƴƻƎŜƴƛŎ ǘƻ 
IǳƳŀƴǎέ (TCEQ 2015). The TCEQ considers published toxicity values and their respective key 
studies as a starting place for gathering toxicity information to develop a DSD. However, 
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 
published to ensure that the latest data are considered prior to developing a toxicity factor. EtO 
has been evaluated for carcinogenic potential by IARC (2012), the USEPA (2016), and the WHO 
(2003). ¢ƘŜǎŜ ŀƎŜƴŎƛŜǎΩ ŎŀǊŎƛƴƻƎŜƴƛŎ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴǎ ŦƻǊ 9ǘh ŀǊŜ ǇǊƻǾƛŘŜŘ ƛn Table 3. The TCEQ 
used the IARC and the USEPA evaluations as the starting points for the carcinogenic weight of 
evidence hazard assessment and added relevant studies that were published after 2016, the 
ŘŀǘŜ ƻŦ ǘƘŜ Ƴƻǎǘ ǊŜŎŜƴǘ ŀƎŜƴŎȅΩǎ ŜǾŀƭǳŀǘƛƻƴ.  

Table 3: Carcinogenic Weight of Evidence 

Group Classification 

IARC (2012) Group I: Carcinogenic to humans 

USEPA (2016) Carcinogenic to humans 

WHO (2003) Highly likely to be carcinogenic to humans 

3.1.1 Summary of Human Studies 

In their analysis, USEPA (2016) reviewed more than 25 epidemiology studies about EtO 
carcinogenicity published between 1982-2011 (Chapter 3 and Appendix A & J of USEPA 2016). 
These studies largely encompassed occupational cohorts of workers in sterilization facilities and 
EtO production or chemical workers in the United States or Europe. Many of the studies 
represented updates of earlier cohort analyses, such that there were Ғ12 cohorts of workers 
ǎǘǳŘƛŜŘ ƛƴ ǘƻǘŀƭΦ ¢ƘŜ ¦{9t!Ωǎ ƻǾŜǊŀƭƭ ŎƻƴŎƭǳǎƛƻƴ ŦǊƻƳ ǘƘŜǎŜ ǎǘǳŘƛŜǎ is that there is some 
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, page A-36). However, they also 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 document (Section 4.1.2). 

Two recent reviews of the EtO epidemiology data have been published: Marsh et al. (2019) and 
±ƛƴŎŜƴǘ Ŝǘ ŀƭΦ όнлмфύΦ ¢ƘŜ ǇǳǊǇƻǎŜ ƻŦ ǘƘŜ aŀǊǎƘ Ŝǘ ŀƭΦ όнлмфύ ǎǘǳŘȅ ǿŀǎ ǘƻ άŎƻƴŘǳŎǘ ŀ ǎȅǎǘŜƳŀǘƛŎ 
literature review and meta-analysis of studies of lympho-hematopoietic cancers (LHC) and 
ōǊŜŀǎǘ ŎŀƴŎŜǊ Ǌƛǎƪ ŀƳƻƴƎ ǇŜǊǎƻƴǎ ƻŎŎǳǇŀǘƛƻƴŀƭƭȅ ŜȄǇƻǎŜŘ ǘƻ ŜǘƘȅƭŜƴŜ ƻȄƛŘŜΦέ hŦ ǘƘŜ ǎǘǳŘƛŜǎ 
included in the Marsh analysis, only one (Divine 1990) was not included in the USEPA (2016) 
review. The Divine (1990) study was unpublished data obtained by the Marsh et al. team and 
used in their meta-analysis. Marsh et al. conducted a study quality analysis, and in addition 
used the relative risk (RR) estimates from 11 studies to calculate a meta-RR estimate for all LHC 
(meta-RR of 1.48, 95% Confidence Interval (CI) 1.07-2.05) and 5 studies to calculate a meta-RR 
estimate for breast cancer (meta-RR of 0.97, 95% CI 0.80-1.18). The authors noted that the RRs 
for LHC studies published in the 2000s and 2010s were lower than those for studies published 
in the 1980s 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 LHC or breast cancer. 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 conclusions reached by an 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 EtO carcinogenicity, 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-, medium-, and high-quality categories. Vincent et al. found that for both 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 the low-quality categories 
did find positive, statistically significant associations. A meta-analysis of risk estimates from the 
three high-quality LHC studies generated a meta-RR of 0.98 (0.81, 1.18), from the two medium-
quality studies a meta-RR of 1.31 (0.83, 2.07), and from the three low-quality studies a meta-RR 
of 3.55 (2.2, 5.75). A meta-analysis of risk estimates from the three high-quality breast cancer 
studies generated a meta-RR of 0.92 (0.84, 1.02). There were not enough breast cancer studies 
in the medium or low-quality groups (one each) to perform a meta-analysis. The authors 
concluded 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 2013-2016 data from the National 
Health and Nutrition Examination Survey (NHANES) on EtO blood levels in the general US 
population and self-reported 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 the study). The 
author found no association between measured blood EtO and breast cancer in women (see 
the text and Table 4 of Jain 2020; p-value=0.52). While this study had the benefit of considering 
the general population exposed to environmentally-relevant EtO concentrations as well as 
much higher EtO doses from smoking, it did not have the long-term 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 of bias in epidemiology 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 general population (the external reference group) in the calculation of standardized 
mortality rates (SMRs) or standardized incidence rates (SIRs), the effect of the exposure on the 
workers may be underestimated. Therefore, if there is evidence of a healthy worker effect, then 
use of an internal reference population (a similar group of workers who did not have the 
exposure of interest) is warranted.  

The epidemiological analyses of the studies cited in this evaluation often used both external 
and internal referents and therefore this choice requires evaluation. Mikoczy 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 mortality, this cannot be 
assumed to necessarily extend to the incidence of a specific cancer. For example, the 
suggestion of the authors of Mikoczy et al. (2011) that a finding of significantly decreased 
overall mortality and cardiovascular disease mortality is indicative of a healthy worker effect for 
breast cancer incidence is 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 (Kirkeleit et al. 2013). In Kirkeleit et al. (2013), all-cause 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 population (Table 3 of the study), consistent with similar findings in Mikoczy et 
al. (2011). In contrast, the SIRs for lymphoid and hematopoietic cancers in male workers and 
female workers in Kirkeleit et al. were 0.97 (0.90, 1.03) and 1.09 (0.92, 1.27), respectively, 
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 study). Similarly, the Kirkeleit et al. (2013) 
study found that breast cancer incidence in over 83,000 female workers was as expected based 
on the general population (i.e., SIR of 1.02 (0.95, 1.09)). This strongly supports that the breast 
cancer SIR of 0.52 for the lowest cumulative exposure group in Mikoczy et al. (2011) is an 
anomalous study artifact that should not be used for internal analyses. This 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 EtO. Similarly, for other studies such as Steenland et al. (2003), 
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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 justification for internal analyses, which have the potential 
to use less reliable/stable referent rates based on much smaller 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 conclusions are of higher 
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) and Vincent et al. (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 days/week, for 2 
years. They observed a dose-dependent increase in lung tumors in male and female mice 
(statistically significant at 100 ppm) and a dose-dependent increase in mammary tumors 
(statistically significant at 50 ppm only), uterine cancers, and malignant lymphomas (statistically 
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 authors repeated the study and both times observed 
statistically significant increases in frequency and incidence of lung adenomas in EtO-treated 
mice (significant at both 70 and 200 ppm). 

Lynch et al. (1984a, b), exposed male F344 rats (80/group) to 0, 50, or 100 ppm EtO for 7 
hours/day, 5 days/week for 2 years. The authors observed dose-dependent increases in splenic 
mononuclear cell leukemia (statistically significant at 50 ppm and 100 ppm), testicular 
peritoneal mesothelioma, and brain mixed cell glioma (both significant at 100 ppm). The 
Snellings et al. research group exposed male and female F344 rats (120/group) to 0, 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 dose-dependent increase 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 dose-dependent increase 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 mice, and 
mammary tumors 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 carcinogenic 
classification; and (2) to inform low-dose extrapolation for the dose-response assessment. As 
per TCEQ guidelines (2015) and shown in Figure 1, either a mutagenic or an unknown MOA 
dictate a non-threshold approach to dose-response modeling (i.e., deriving a URF through 
linear low-dose 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 clastogenic, with little 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 
assessments could certainly 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 dose-response 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 lungs, it rapidly partitions to the blood where it is distributed 
systemically. There are two pathways to directly de-toxify EtO in the blood stream: (1) 
hydrolysis to ethylene glycol then to oxalic acid, formic acid, and carbon dioxide; and (2) 
glutathione conjugation (pathways shown in Figure 3-1 of USEPA, 2016). If not detoxified 
through these pathways, EtO (an epoxide) can directly cause alkylation of proteins or DNA 
through a SN2-type chemical reaction (i.e., a substitution-nucleophilic-bimolecular reaction). 
There is evidence that EtO can cause alkyl adducts on DNA (Wu et al. 1999, Walker et al. 1992a, 
van Sittert et al. 2000, Rusyn et al. 2005, Walker et al. 1990) and hemoglobin protein (Rusyn et 
al. 2005, Walker et al. 1992b) throughout the body in rodents in a dose- and duration-
responsive manner at concentrations as low as 4-week exposures to 3 ppm EtO (Wu et al. 
1999). There is also evidence of EtO-associated hemoglobin protein adducts in humans (van 
Sittert et al. 1993, Schulte et al. 1992, Yong et al. 2001). Several studies have investigated EtO-
associated DNA adducts in people with occupational exposure to EtO, but statistically 
significant increases have not typically been observed (Yong et al. 2007, van Delft et al. 1994), 
possibly because of a high level of inter-individual variability in levels of the most common EtO-
associated DNA adduct (Yong et al. 2007). 
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Once DNA adducts are formed, these can be repaired by DNA repair machinery, although mis-
repair or replication through an EtO-induced DNA adduct or through a mis-repaired 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 with EtO exposure have been observed in 
the Hprt gene in splenic lymphocytes in rats exposed by inhalation for 4 weeks to 50-200 ppm 
(van Sittert et al. 2000, Tates et al. 1999, Walker et al. 2000). There is also evidence for EtO-
induced mutagenesis in bone marrow in transgenic mutation-reporter 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 Big Blueϰ 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 addition, Kras gene mutations were 
more frequent in the lung tumors from mice treated with 50 or 100 ppm EtO for 2 years in 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 in the HPRT gene of peripheral blood 
lymphocytes; however, low sample sizes in these studies make interpretation of the results 
difficult (Tates et al. 1995, Tates et al. 1991, Major et al. 2001). 

Cytogenetic changes associated with EtO exposure in humans and rodents have been more 
extensively studied than point mutations, and Figure 10 of Vincent et al. (2019) outlines a 
pathway by which cytogenetic changes could occur following EtO exposure. In experimental 
exposures of rats to EtO via inhalation, shorter exposures (< 12 weeks) to EtO at concentrations 
> 50 ppm induced dose-dependent increases in sister chromatid exchanges (SCEs), but not 
typically chromosomal aberrations or micronuclei in peripheral or splenic lymphocytes 
(Kligerman et al. 1983, Preston and Abernethy 1983, van Sittert et al. 2000, Lorenti Garcia et al. 
2001). Donner et al. (2010) exposed 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 with 12 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 duration-responsive changes in SCEs in rats and chromosomal aberrations in mice 
with inhalation exposure to EtO. 

In humans, various investigators have studied the association between EtO exposure (typically 
occupational) and cytogenetic changes. The following summary focuses on results from studies 
with more than 15 individuals in each exposure group. Karelova et al. (1987) found that EtO-
exposed workers had significantly higher numbers of chromosomal aberrations in peripheral 
blood lymphocytes compared to control workers (exposure range of 0-4.8 ppm with duration 
range of 1-15 years). A study of US hospital sterilization workers exposed to >0-32 ppm-hours 
found higher SCEs in peripheral blood lymphocytes than unexposed controls, and those 
exposed to > 32 ppm-hours had a further significant increase in SCEs, but there was no increase 
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in micronuclei associated with EtO exposure (Schulte et al. 1992). Mayer et al. (1991) observed 
a higher level of SCEs in peripheral blood lymphocytes in hospital sterilization workers 
compared to controls (mean exposure duration was 8 years with a concentration range of < 
0.1-2.4 ppm EtO), but no difference in micronuclei or chromosomal aberration frequency. van 
Sittert et al. (1985) also did not find an association between chromosomal aberrations in 
workers in an EtO-manufacturing plant (exposure duration 1-5 years or 6-14 years to <0.05-8 
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 units exposed to EtO had dose-dependently higher SCEs in peripheral 
blood lymphocytes compared to controls (low exposure group mean time-weighted 8-hour 
average of 0.35 ppm, high exposure group 10.7 ppm). There was also an increase in 
chromosomal aberrations, particularly in the high exposure group. Tomkins et al. (1993) 
investigated EtO-exposed engineers (< 1 ppm EtO time-weighted 8-hour average) and matched 
controls and found no difference in chromosomal aberrations or SCEs. Hogstedt et al. (1983) 
reported increased chromosomal aberrations but not micronuclei or SCEs in peripheral blood 
lymphocytes, and increased micronuclei in bone marrow cells of occupationally-exposed 
workers (EtO time-weighted 8-hour average < 1 ppm with 1.7-3.2 years mean exposure 
duration) compared to matched controls. Richmond et al. (1985) investigated cytogenetic 
changes in the peripheral lymphocytes of workers exposed to EtO while sterilizing disposable 
medical devices (1-10 years of exposure to 1-40 ppm EtO). The study authors found increased 
SCEs and chromosomal aberrations 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 exposed to 
EtO (3-14-year exposure duration, 2-5 ppm EtO) compared to controls. These studies provide 
evidence of cytogenetic changes in peripheral blood lymphocytes and bone marrow cells 
associated with occupational exposures to EtO. 

3.2.2 WOE for a Mutagenic MOA 

In this section, based on Section 3.4.3 of USEPA (2016) and the data discussed above, the 
evidence for a mutagenic MOA for EtO carcinogenicity is examined under the MOA framework 
ƛƴ ǘƘŜ ¦{9t!Ωǎ нллр DǳƛŘŜƭƛƴŜǎ ŦƻǊ /ŀǊŎƛƴƻƎŜƴ wƛǎƪ !ǎǎŜǎǎƳŜƴǘ ό¦{9t! нллрŀύΦ This MOA 
framework is organized around the Hill considerations (Hill 1965). These considerations are 
denoted in underlined italics in the discussion below. Unless otherwise noted, specific 
references for the statements below can be found in Sections 3.3 and 3.4 of USEPA (2016) and 
in the MOA summary in Section 3.2.1 of this DSD. 

The USEPA hypothesized that EtO carcinogenicity is based on a mutagenic MOA, which is 
presumed to apply to all the tumor types. The hypothesized key events are: (1) DNA adduct 
formation by EtO, which is a direct-acting alkylating agent; (2) active processes such as errors in 
DNA repair or replication resulting in DNA mutations in oncogenes and tumor suppressor 
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genes, as well as chromosomal alterations; (3) clonal expansion of mutated cells during later 
stages of cancer development; eventually causing (4) tumor formation. Mutagenicity is a well-
established potential cause of carcinogenicity; many, but not all, mutagens are carcinogens 
(USEPA 2005a). More details about specific events in steps 1 and 2 of 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, increases in reporter gene mutations have been observed in the lung, T-
lymphocytes, bone marrow, and testes of transgenic mice and in T-lymphocytes of rats exposed 
to EtO via inhalation at concentrations similar to those inducing tumors in the rodent 
carcinogenesis bioassays. While stronger proof would be provided by, for example, evidence of 
mutations and DNA damage in target tissue at in vivo exposure concentrations Җ those that 
induced tumors (see Section 5.7.5.1.2 of TCEQ 2015), most of the studies did not conduct such 
assays. There is also some evidence from rodent inhalation studies that levels of EtO similar to 
those that cause cancer will induce SCEs and chromosomal aberrations in mice, although the 
results are not consistent. Donner et al. (2010) observed a clear duration effect in mice, with 
chromosomal aberrations being induced at the same EtO exposure levels as were used in the 
cancer bioassays only following ƭƻƴƎŜǊ ŜȄǇƻǎǳǊŜ ŘǳǊŀǘƛƻƴǎ όҗмн ǿŜŜƪǎύΦ In addition, in tumors 
from EtO-exposed mice in the cancer bioassays, shifts occurred in the mutational spectra of the 
proto-oncogenes Hras and Kras, as well as the tumor suppressor Trp53, that were consistent 
with EtO forming DNA adducts on purine bases. The evidence for a mutagenic MOA for EtO has 
strength (i.e., statistically significant increases in DNA damage or mutations with EtO exposure) 
and consistency (i.e., similar results across different experimental systems). 

Specificity (i.e., the concept that a single cause is associated with a single disease) is not 
expected for a multisite mutagen and carcinogen such as EtO (USEPA 2005a). Laboratory animal 
studies have shown that EtO causes tumors in both sexes of more than one species, in multiple 
organ systems, and can induced tumors by more than one route of exposure (see Section 3.2 of 
USEPA 2016). In addition to direct DNA reactivity, tumors observed at multiple sites, in multiple 
species, and from multiple routes of exposure is a property for mutagenicity as the key event 
for a mutagenic MOA (USEPA 2007). A temporal relationship (that is, early events occurring 
before late events) is evident, with DNA adducts, point mutations, and chromosomal effects 
observed in acute and subchronic assays. 

Dose-response relationships (i.e., increasing response with increasing dose or concentration 
exposure) have been observed between EtO exposure in vivo and DNA adducts, SCEs, and Hprt 
and Trp53 mutations.  



Ethylene Oxide 
Page 20 

 

Biological plausibility and coherence (i.e., that the MOA is consistent with current biological 
understanding and with other known carcinogenic agents) is clearly appropriate because EtO is 
a direct-acting alkylating agent that can form DNA adducts. Such adducts can lead to mutation 
formation which, if it occurs in cancer-relevant genes such as proto-oncogenes or tumor 
suppressor genes, can contribute to cancer formation.  

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

Is the hypothesized MOA relevant to humans? 

In general, in the absence of disputing evidence, chemicals that are systemic mutagens in test 
animals (such as is demonstrated for EtO above) are presumed to be human mutagens as well. 
In addition, there is some human evidence supporting a mutagenic MOA for EtO 
carcinogenicity. Several human studies found exposure-response relationships between EtO 
exposure and hemoglobin adducts (e.g., van Sittert et al. 1993, Schulte et al. 1992), similar to 
findings in rodent cells. There has been limited investigation of DNA adducts in EtO-exposed 
humans, but EtO has yielded positive results in in vitro mutagenicity studies of human cells. 
There is further evidence as well for EtO-induced chromosomal aberrations, SCEs, and 
micronucleus formation in peripheral blood lymphocytes in humans, with some evidence of 
positive relationships with increasing exposure concentration. While 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 IARC (2012) conclude that the WOE supports a mutagenic MOA for EtO 
carcinogenicity. Although other processes might contribute to the development of EtO-induced 
cancers and some of the genotoxic endpoints investigated in humans are not mutations (e.g., 
cytogenetic changes), the TCEQ agrees that the available evidence best supports direct 
genotoxicity/mutagenicity as the putative MOA mediating EtO-induced carcinogenicity (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 points and at lower doses 
than later events (i.e., tumor formation), and the quality of many of the studies is uncertain, 
particularly because most were conducted before contemporary guidelines for genotoxicity 
assays and (in the case of the human studies) with low samples sizes and potentially poor 
exposure assessments. In addition, there is little available data to test alternative MOA 
hypotheses, such as cytotoxicity and regenerative hyperplasia. However, despite these 
shortcomings, the TCEQ still considers that the weight of evidence best supports a putative 
MOA of direct genotoxicity/mutagenicity for EtO carcinogenicity. As per TCEQ guidelines (2015) 
and shown in Figure 1, either a mutagenic or an unknown MOA dictate a non-threshold 
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approach to dose-response modeling (i.e., derivation of a URF through linear low-dose 
extrapolation).  

3.3 Overall Carcinogenic Hazard Determination for EtO 

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

USEPA (2016) considered the human study evidence of EtO carcinogenicity to be substantial but 
inconclusive, and IARC (2012) determined that the human evidence was limited. These 
determinations are consistent with the recent reviews by Marsh et al. (2019) and Vincent et al. 
(2019), particularly when considering the findings using the external referent population (see 
Section 3.1.1.2 on the healthy worker effect). The TCEQ concurǎ ǿƛǘƘ ¦{9t! ŀƴŘ L!w/Ωǎ 
determinations that the human epidemiological evidence showing that EtO is carcinogenic is 
limited and inconclusive at best. EtO shows little human carcinogenic potential given the 
equivocal results from the epidemiology studies despite occupational exposure to EtO 
concentrations that were thousands to millions of times higher than environmentally-relevant 
levels. 

The TCEQ agrees that since the epidemiological evidence is less than convincing, additional 
lines of evidence are required for the EtO carcinogenic classification. Both IARC (2012) and 
USEPA (2016) considered the animal evidence of EtO carcinogenicity to be sufficient. Four 
chronic inhalation exposure studies of EtO have shown dose-dependent increases in: 

¶ lung tumors in male and female mice,  

¶ mammary tumors, uterine tumors, and malignant lymphomas in female mice, 

¶ leukemia and brain tumors in male and female rats, and  

¶ testicular tumors in male rats.  

Given this information the TCEQ concurs that there is sufficient evidence of EtO carcinogenicity 
in animals. 

As discussed extensively in Section 3.2, the TCEQ determined 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) came to the same conclusion. 

Based on this information the TCEQ determines that EtO is likely to be carcinogenic to humans, 
and so in the following chapter the agency conducted a carcinogenic dose-response assessment 
for EtO. Considering the admittedly inconclusive human evidence for EtO-induced cancer in 
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workers exposed long-term to extremely high EtO concentrationsa, both the classification of 
EtO as carcinogenic or likely carcinogenic to humans and the derivation of carcinogenicity-
based toxicity factors by the TCEQ and other regulatory agencies may be viewed as 
conservative. In the following section 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 Sites Associated with EtO Exposure 

While animal and human studies have shown associations between 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 al. (2019) have focused on two cancers: 
lymphohematopoietic cancers and breast cancers. Given that there is little evidence for other 
EtO-associated tumor types in humans, the TCEQ in this review also focuses on the evidence for 
these two cancers. 

Regarding carcinogenic 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 inconclusive. The TCEQ concurs with USEPA 
that the epidemiological evidence for EtO-induced lymphohematopoietic cancer is less than 
conclusive. 

3.3.1.1 Site-Specific Carcinogenic Hazard Determinations for EtO 

There is epidemiological evidence, albeit inconsistent, for associations between EtO exposure 
and lymphohematopoietic cancer and female breast cancer in highly exposed workers. USEPA 
(2016) uses both lymphohematopoietic cancer and female breast cancer to derive URFs. The 
TCEQ concurs with USEPA that while the epidemiological evidence for EtO-induced 
lymphohematopoietic cancer is less than conclusive, it may be used to derive a URF. Thus, like 
USEPA (2016), the TCEQ has adopted lymphohematopoietic cancer as a key cancer endpoint.  

 

 

aEpidemiological evidence would be expected to be conclusive for cancer if EtO were a particularly potent 
carcinogen considering the large number of workers (both male and female) that were exposed long-term to 
extremely high EtO concentrations; such as the 17,500+ male and female workers in the NIOSH cohort exposed to 
long-term means (3.5-4.6 ppm EtO) up to 2,000,000 times higher than central tendency environmental levels 
(using background and environmental exposure means ҒлΦллнп-0.0034 ppb per USEPA 2016). 
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However, while the TCEQ and USEPA (2016) also acknowledge that the epidemiological 
evidence for EtO-induced breast cancer is less than conclusive, the TCEQ assesses the strength 
of evidence for EtO-induced breast cancer as particularly weak. In the following section the 
TCEQ details a more in-depth WOE evaluation for 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  

The WOE based on Table 4 below shows that the SIRs/SMRs across individual EtO studies of 
breast cancer are consistently not statistically significantly elevated, most being less than 1.b 
Considering these results, it is not surprising that two recent meta-analyses of EtO studies that 
have examined breast cancer reported meta-RRs of 0.97 (0.80, 1.18) (Marsh et al. 2019) and 
0.92 (0.84, 1.02) (Vincent et al. 2019). The Marsh et al. study concludedΣ ά9Ǿŀƭǳŀǘƛƻƴǎ ƻŦ 
workers exposed during sterilization processes do not support the conclusion that EO exposure 
is associated with an increased risk of breast cancer.έ Similarly, the Vincent et al. (2019) study 
ŎƻƴŎƭǳŘŜŘΣ άHigher quality epidemiological studies demonstrated no increased risk of breast 
ŎŀƴŎŜǊǎΦέ ¢ƘŜǎŜ ƳŜǘŀ-analysis studies are highlighted in the table below. Across studies, the 
weight of epidemiological evidence that EtO is associated with increased breast cancer risk is 
exceptionally weak. 

Table 4: Human Studies Relevant to the Breast Cancer Weight of Evidence 
Study 
Type 

Workers 
(n) 

EtO Exposure Level 
(ppm) 

Observed 
(O) 

Expected 
(E) a 

O/E 
(95% CI) 

Individual Studies 

Steenland et al. 
(2003) 

7,576 
female 
workers 

aŜŘƛŀƴ Ғмп ǇǇƳ-years; 
Mean >1 ppm b 

230 c 258.4 
0.89 d 

(0.78, 1.01) 

Steenland et al. 
(2004) 

18,235 
workers 
όҒрр҈ 

female) 
 

Mean of 26.9 ppm-years 

103 
 
 
 
 

104 e 
 
 
 
 

0.99 
(0.84, 1.17) 

 
 

0.99 f 
(0.81, 1.20) 

 

 

b Table 4 uses external referents for individual studies, as internal analyses appear not to be scientifically justified 
for breast cancer (Section 3.1.1.2). 
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Study 
Type 

Workers 
(n) 

EtO Exposure Level 
(ppm) 

Observed 
(O) 

Expected 
(E) a 

O/E 
(95% CI) 

only 
female 
workers 

Mikoczy et al. 
(2011) 

2,046 
workers 
όҒсл҈ 

female) 

Means 
ҖмΦмм ǇǇƳΤ 
Peaks up to 
40-75 ppm 

33 38.54 
0.86 g 

(0.59, 1.20) 

 
615 

female 

Mean of 0.02 ppm in 
lowest cumulative 
exposure group 

  
0.52 h 

(0.25-0.96) 

 
287 

female 

Mean of 0.021 ppm in 
middle cumulative 

exposure group 
  

1.06 
(0.58, 1.78) 

 
295 

female 

Mean of 1.11 ppm in 
highest cumulative 

exposure group 
  

1.12 
(0.65, 1.79) 

Norman et al. 
(1995) 

928 
female 

TWA 
50-200 ppm; 

5-20 ppm 
post-corrective action 

1980 

12 7.64 
1.57 I,j 

(0.90, 2.75) 

Coggon et al. (2004) 
1,012 
female 

TWA generally 
< 5 ppm; 

Peaks up to 
> 700 ppm 

11 13.1 
0.84 k 

(0.42, 1.50) 

Hogstedt et al. 
(1986) 

153 
female 

TWA 
20±10 ppm 

0 --- 
No breast 

cancer 
reported 

Meta-Analysis Studies 

Marsh et al. (2019) l     
0.97 

(0.80, 1.18) 

Vincent et al. 
(2019) l 

    
0.92 

(0.84, 1.02) 
TWA - time-weighted average  
a Based on external referent US population; see the text for information regarding why a healthy worker effect 
should not be expected for breast cancer 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 exposure for the 233 cases was 
14.0 ppm-years, and mean years exposed was 13.0 (Table 2 of the study), so mean cumulative exposure >14 ppm-
years/mean duration of 13 years = >1 ppm mean exposure. 
c From Table 3 of the study based on workers whose exposure did not lag out to zero using a 15-year lag period, 
consistent with USEPA (2016) and TCEQ; expected (E) value of 258.4 was calculated (i.e., E=O/0.89). 
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d For a 15-year lag, consistent with that used by USEPA (2016) and TCEQ. 
e Inferred from Steenland et al. (2004) Table 1. 
f Breast cancer did not show any overall excess, although there was an excess in the highest cumulative exposure 
quartile (>12,322 ppm-days) using a 20-year lag and internal exposure-response analyses found a positive trend for 
breast cancer using the log of cumulative exposure with a 20-year lag but not with cumulative exposure (Tables 1, 
5, and 8 of study). 
g CǊƻƳ ¢ŀōƭŜ о ƻŦ aƛƪƻŎȊȅ Ŝǘ ŀƭΦ όнлммύ ŀƴŘ ƛƴŎƭǳŘŜǎ ƛƴŘǳŎǘƛƻƴ ƭŀǘŜƴŎȅ ǇŜǊƛƻŘ ƻŦ җмр ȅŜŀǊǎΣ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ǘƘŀǘ 
used by USEPA (2016) and TCEQ. 
h This sǘŀǘƛǎǘƛŎŀƭƭȅ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘŜŎǊŜŀǎŜŘ ōǊŜŀǎǘ ŎŀƴŎŜǊ Ǌƛǎƪ ƻŎŎǳǊǊŜŘ ƛƴ ŦŜƳŀƭŜ ǿƻǊƪŜǊǎ ŜȄǇƻǎŜŘ ǘƻ ŀ ƳŜŀƴ ƻŦ Ғ20 
ppb EtO; this inordinately decreased SIR for the lowest cumulative exposure group produced statistically increased 
SIRs for higher cumulative exposure groups which did not experience increased breast cancer risk compared to the 
general population despitŜ 9ǘh ƳŜŀƴ ŜȄǇƻǎǳǊŜǎ ǳǇ ǘƻ ҒмΣммл ǇǇō ŀƴŘ ƳƻǊŜ Ǌƻōǳǎǘ ŦŜƳŀƭŜ ǿƻǊƪŜǊ Řŀǘŀ ǎǳƎƎŜǎǘ 
that it represents an anomalous study artifact. 
i For the most appropriate method identified by the study authors (Method 2) for the longest follow-up period 
(through 1987) with the most appropriate/matching U.S. Surveillance, Epidemiology, and End Results (SEER) 
Program rates (through 1987) used to calculate the expected number (E). 
j Includes two breast cancers diagnosed within 1 month of employment; reasonably excluding these two breast 
cancers diagnosed within 1 month of beginning work would not be expected to significantly reduce person-years 
but would result in a lower and still statistically insignificant estimated O/E (e.g., 10/7.64 = 1.31). 
k For female workers with known continuous workplace exposure, the breast cancer mortality SMR was 0.70 (5 
observed vs. 7.2 expected). 
l This meta-analysis included all the individual studies above except for Hogstedt et al. (1986), which found no 
breast cancers and therefore did not report any effect estimate for breast cancer. 

As a note, the SIRs/SMRs cited in Table 4 are those associated with comparisons to external 
reference populations. As is discussed in Section 3.1.1.2 above, there is no evidence of a 
healthy worker effect for breast cancer, and therefore the TCEQ did not use the epidemiological 
results generated using an internal referent population in these studies. Steenland et al. (2003) 
stated that they used internal referents because of the potential for under-ascertainment; 
however, since that study found that there was complete breast cancer ascertainment in the 
sub-cohort with interviews, the TCEQ still considers the external referent comparisons to be the 
most appropriate. 

Steenland et al. (2003) found no excess of breast cancer incidence among the cohort as a whole 
compared to the US population; only finding an increase in the highest exposure quintile in 
certain internal analyses; that is, categorical with exposure lagged 15 years for cumulative 
exposure and duration of exposure (see Tables 4 and 5 of Steenland et al. 2003). However, 
without scientific justification for internal analyses in this case (as discussed above), it is noted 
that when using the external referent: (1) the RR for even the highest exposed group (>14,620 
ppm-days) was not statistically increased (i.e., 1.27 (0.94, 1.69)) and the RRs for all lower 
exposure groups were < 1, consistent with no excess risk (see Table 3 of Steenland et al. 2003); 
and (2) the overall RR for breast cancer incidence was 0.89 (0.78, 1.01) (see Table 4 above), 
indicative of no excess risk overall among 7,476 female workers with relatively high exposure 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. 

Furthermore, an external expert peer reviewer indicated that without careful control in the 
analysis, the role of parity would result in a spurious positive association between EtO exposure 
and breast cancer risk (TCEQ 2020). Parity is άstrongly related to risk of breast cancer (higher 
parity predicts lower risk) and strongly related to remaining in the work force to accrue greater 
exposure (more live births predict cessation of employment)Φέ ¢Ƙŀǘ ƛǎΣ άwomen with no or few 
children have elevated risk of breast cancer and work for longer periods of time, thus accruing 
greater cumulative exposureΦέ ¢ƘŜ ǊŜǾƛŜǿŜǊ ŦǳǊǘƘŜǊ ŎƻƳƳŜƴǘŜŘ ǘƘŀt it is not clear that parity 
was effectively handled in the analysis for the NIOSH cohort, and that the finding that duration 
of exposure was more strongly associated with breast cancer incidence than cumulative 
exposure is consistent with parity bias. ThŜ ǊŜǾƛŜǿŜǊ ŎƻƴŎƭǳŘŜŘ ǘƘŀǘ άan informed, unbiased 
evaluator could well come to the judgment that TCEQ did, i.e., not considering breast cancer in 
the overall EtO assessment.έ 

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

3.3.1.1.1.2 Laboratory Animal Data 

The TCEQ and the USEPA acknowledge that human data are insufficient to establish that EtO is 
a human breast cancer carcinogen. As a result, USEPA (2016) relies on support from laboratory 
animal studies in classifying EtO as carcinogenic to humans and for the human breast cancer 
endpoint. However, upon closer scientific scrutiny, the sites of EtO-induced 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 data are often used to support various aspects of regulatory 
assessments, interspecies differences in carcinogenic responses are common (e.g., tumor types, 
sensitivity), even between rodents (e.g., EtO-induced mammary tumors in mice but not rats). 
Specifically to address this issue, IARC (2019) analyzed tumor site concordance using a dataset 
of the 111 distinct Group 1 (carcinogenic to humans) agents identified up to and including 
Volume 109. Sixty agents had both a human tumor site and an animal tumor site identified and 
were used to evaluate concordance across 39 tumor sites in animals and humans (see Figures 
21.1 and 21.2 of IARC 2019). Reported results show that breast cancer is more 
frequently/commonly induced in laboratory animal species than in humans. More telling is that 
while there is 47% overlap between agents that cause lymphoid and hematopoietic cancers in 
humans and animals, there is only a 20% overlap between agents that have been shown to 
cause breast cancer in humans and animals (Table 21.7 of IARC 2019). The IARC (2019) 
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ŎƻƴǎŜƴǎǳǎ ǎǘŀǘŜƳŜƴǘ ƛǎ ǘƘŀǘ άAt present, the state of the science does not support tumour site 
concordance as a general principle.έ  

Accordingly, current best available science indicates that animal data should not generally be 
used to support specific sites of chemically-attributable carcinogenesis in humans; even more 
so when laboratory animal results are inconsistent and the human database is relatively robust. 
For example, EtO-induced murine mammary tumors are not even predictive for rats.c 
Additionally, while lung cancer was statistically increased in both male and female mice at 
incidences of 53% and 45%, respectively (Table 3-3 in USEPA 2016), lung cancer is not a 
candidate endpoint in humans because the human data shows no increased lung cancer 
mortality with EtO exposure (i.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 increases in brain 
tumors in rats of both sexes (Table 3-5 in USEPA 2016), but again these results are not 
predictive for humans. In fact, brain cancer for the NIOSH cohort is statistically significantly 
decreased (i.e., SMR of 0.59 (0.36, 0.91) in Table 1 of Steenland et al. 2004), the opposite of 
what the rat data would suggest. 

Therefore, laboratory animal data for EtO-induced cancers cannot be relied upon to identify 
cancer sites or otherwise predict EtO carcinogenic response in humans. This applies to cancer 
sites generally and EtO-induced breast cancer specifically since: (1) the state of the science does 
not support tumor site concordance as a general principle (IARC 2019); (2) specific to breast 
cancer, there is little overlap between agents that have been shown to cause breast cancer in 
humans and animals (i.e., there are substantial interspecies differences), with discordance 
generally being the case (IARC 2019); and (3) specific to EtO, animal data are not reliable 
predictors of the purported sites of EtO-induced carcinogenesis in humans (e.g., lung and brain 
cancer in laboratory animals). Thus, the laboratory animal data are of dubious relevance for 
confirmation of, or adequately supporting, the insufficient epidemiological evidence for breast 
cancer as a known site of EtO-induced 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 no association when the external reference 
population is used as a comparison group. This is the same conclusion reached by Marsh et al. 
(2019) in their recent meta-analysis, which found that there was no evidence from the 

 

 

c Vincent et al. (2019) evaluated animal study results, concluding that they provide no strong indication that EtO 
causes mammary tumors. 
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epidemiology studies of a relationship between EtO exposure and breast cancer. The meta-
analysis conducted by Vincent Ŝǘ ŀƭΦ όнлмфύ ǊŜŀŎƘŜŘ ŀ ǎƛƳƛƭŀǊ ŎƻƴŎƭǳǎƛƻƴΣ ǎǘŀǘƛƴƎ ǘƘŀǘ άIƛƎƘŜǊ 
quality epidemiological studies demonstrated no increased risk of breast cancers.έ  In addition, 
more recently Wŀƛƴ όнлнлύ ŦƻǳƴŘ ǘƘŀǘ άCƻǊ ǘƘŜ ƎŜƴŜǊŀƭ ¦{ ǇƻǇǳƭŀǘƛƻƴΣ ƭŜǾŜƭǎ ƻŦ 9¢h ǿŜǊŜ ƴƻǘ 
fƻǳƴŘ ǘƻ ōŜ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ŎŀƴŎŜǊǎ ƛƴŎƭǳŘƛƴƎ ōǊŜŀǎǘ ŎŀƴŎŜǊΦέ When considering the evidence 
from animal studies, the TCEQ found that while there was an increase in mammary tumors in 
mice chronically exposed to EtO (NTP 1987), there was no increase in mammary tumors 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% of the evaluated Group 1 
chemicals showed site-concordance of mammary/breast tumors between 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 specific MOA or metabolic information that 
identifies breast tissues as a susceptible site for EtO-induced carcinogenesis in humans to lend 
support to the weak, inconclusive epidemiological data. Therefore, the TCEQ determines that 
there is insufficient evidence for identifying breast cancer as a hazard of EtO exposure in 
humans. 

/ƘŀǇǘŜǊ п /ŀǊŎƛƴƻƎŜƴƛŎ 5ƻǎŜπwŜǎǇƻƴǎŜ !ǎǎŜǎǎƳŜƴǘ 
Per TCEQ guidelines (TCEQ 2015), when a toxicity factor or guideline air level is identified in the 
scientific literature or databases, it is reviewed to determine whether the approaches used to 
develop the toxicity factor or guideline level are similar to the procedures that would be used 
by the TCEQ for the given chemical dose-response assessment. The ¢/9vΩǎ ǎŎƛŜƴǘƛŦƛŎ ƭƛǘŜǊŀǘǳǊŜ 
search identified USEPA (2016) as a recent carcinogenic dose-response assessment for EtO for 
consideration under TCEQ guidelines (TCEQ 2015). However, the TCEQ identified several 
substantial ǎŎƛŜƴǘƛŦƛŎ ƛǎǎǳŜǎ ǿƛǘƘ ¦{9t!Ωǎ ŀǎǎŜǎǎƳŜƴǘ όsee Appendix 6), and the procedures that 
USEPA used to derive their URF are different than the standard procedures that the TCEQ 
would utilize for the EtO carcinogenic dose-response assessment (e.g., standard model fit 
criteria calculations, use of a standard dose-response model). Consequently, the TCEQ did not 
adopt ¦{9t!Ωǎ ¦wC, consistent with relevant guidelines (TCEQ 2015). In the sections that 
follow, the TCEQ reviews information relevant to the carcinogenic dose-response assessment 
for EtO and then conducts an original assessment to derive an EtO inhalation URF based on 
TCEQ guidelines and best principles. 

4.1 Relevant Data 

4.1.1 Systematic Review 

The following is a summary of the systematic review of EtO literature that was conducted by 
TCEQ based on our published systematic review guidelines (TCEQ 2017), with full details 
discussed in Appendix 1. The TCEQ conducted literature searches with a cut-off date of 
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December 2018, as well as evaluations of the literature cited in other EtO evaluations. The 
collected studies were divided into groups by evidence stream (i.e. human, animal) and effect 
group (i.e., acute, chronic non-carcinogenic, carcinogenic). For the purposes of this DSD, only 
the human carcinogenic/epidemiologic data were considered for several reasons: 

1. In order to expedite the process, it was decided that only a health-based chronic 
carcinogenic toxicity factor would be derived for EtO in this DSD. Other toxicity factors 
(i.e. health- and welfare-based acute and chronic non-carcinogenic) may be evaluated at 
a later date with an additional systematic review continuing where this systematic 
review ended. 

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

3. Similarly, mechanistic data provide crucial information for the MOA analysis but do not 
provide the necessary dose-response information required for derivation of a chronic 
carcinogenic toxicity factor (e.g., they do not provide information on the critical adverse 
health effect). 

4. And finally, human data looking solely at cytogenetic changes, sister chromatid 
exchanges, or chromosomal abnormalities were considered useful in developing the 
MOA of EtO, but not useful as a basis for derivation of a health-based toxicity factor. 

After full text review and screening with the inclusion/exclusion criteria listed in Table 18, eight 
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 reasons (Table 19). Each of the identified studies was reviewed in detail 
and the primary data were extracted for potential use in the development of the chronic 
carcinogenic toxicity factor in this DSD (Table 20). Each of the selected studies was also 
evaluated for study quality and risk of bias (ROB) based on a number of attributes determined 
prior to this review, with scoring for each of the included studies shown in Table 24. After 
addressing the study quality and (ROB) for each of the selected studies, the primary 
information from each of the studies was compiled together and each study was assessed for 
use as a key, supporting, or informative study (Table 25). 

4.1.2 Epidemiological Studies 

After final review of the included studies, the Valdez-Flores et al. (2010) study had the most 
thorough and complete analysis (e.g., data from both the NIOSH and UCC cohorts, multiple 
cancer endpoints examined) and was therefore selected as the key study. While the Valdez-
Flores et al. (2010) study also utilized a default 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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exposure-lagged results. So rather than select a POD from the key study, the TCEQ selected 
data from both cohorts (i.e., the NIOSH and UCC cohorts) to initially evaluate and conduct an 
independent assessment using the same modeling approach but with supplemental analyses 
(e.g., the evaluation of various exposure lags). Selection of data from the NIOSH and UCC 
cohorts as the epidemiological data to initially evaluate and use of specific, TCEQ-directed dose-
response assessment analyses (rather than selection of a study POD) provide the best basis for 
a carcinogenic assessment of EtO for several reasons: 

1. Both the NIOSH and UCC cohorts have adequate size, exposure information, and follow-
up, making consideration of these data ideal for toxicity factor development (e.g., 
weight of evidence, more analyses to consider). 

2. The Valdez-Flores et al. (2010) study makes use of the Cox Proportional Hazard model, a 
standard model preferred under TCEQ guidelines (TCEQ 2015) and one that the TCEQ 
has used previously in dose-response assessments (also considered by USEPA 2016). 

3. Although Valdez-Flores et al. (2010) did not include exposure lag results in their 
publication, supplemental analyses involving a reassessment of the data using various 
exposure lags allow for the consideration of even more assessment results in the DSD. 

4. Additionally, since published in 2010, an update to the UCC data through 2013 has 
become available to the first author of the Valdez-Flores et al. (2010) study (submitted 
for publication), with whom the TCEQ contracted to perform supplemental analyses; 
consequently, results from the new study update with a longer follow-up period can 
also be included in the DSD (although the unpublished update was not used as the basis 
ŦƻǊ ǘƘŜ ¢/9vΩǎ ¦wC; see Appendix 2). 

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

Based on the systematic review conducted by the TCEQ (Appendix 1) as well as review of USEPA 
(2016) and other dose-response assessments (e.g., Valdez-Flores et al. 2010, Kirman et al. 
2004), the assessment of excess cancer risk in the NIOSH and/or UCC cohorts provides the best 
basis for a carcinogenic assessment of EtO. These studies are summarized below. 

4.1.2.1 NIOSH Cohort 

The NIOSH retrospective cohort study is an analysis of close to 20,000 workers who were 
occupationally exposed to EtO at sterilization facilities in the US from 1938 through 1985. There 
have been multiple analyses of the NIOSH cohort (Steenland et al. 1991, Stayner et al. 1993, 
Steenland et al. 2003, Steenland et al. 2004), with Steenland et al. (2003, 2004) providing the 
most recent analysis and worker follow-up through 1998. The most recent update included 
17,530 workers (55% female) in 13 US sterilizing facilities that used exposure estimates and 
measurements of EtO from 1938-1985. This cohort is by far the largest EtO occupational cohort 



Ethylene Oxide 
Page 31 

 

and has the added benefits of an extensive exposure assessment (discussed in the next 
section), both male and female workers, and little reported 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 the NIOSH cohort, the EtO exposure regression model was based on exposure estimates 
from the years 1938-1978 (no exposure measurements were available for this time period) and 
based on extensive personal monitoring data from 18 sterilization facilities from 1976 to 1985 
as well as information on factors influencing exposure, such as engineering controls (Hornung 
et al. 1994). This exposure model was used to estimate exposures for each individual in the 
cohort as a function of facility, exposure category, and time period. The investigators estimated 
the cumulative exposure (ppm-days) for each individual worker by multiplying the estimated 
exposure (ppm) for each job (exposure category) held by the worker by the number of days 
spent in that job and summing over all the jobs held by the worker.  

Uncertainties are inevitably associated with historical exposure reconstruction. The earlier time 
period before EtO exposure data was collected was likely a time period with relatively high 
exposures that would substantially contribute to cumulative exposure estimates (ppm-days, 
both unlagged and lagged). Because the study authors assumed that exposures were constant 
during the 1938-1978 period (they were fixed at the 1978 exposure level), the exposure 
estimates are likely to be biased low. A full review of the exposure estimates is beyond the 
scope of this DSD, but have been reviewed elsewhere (Bogen et al. 2019, Li et al. 2019). The 
USEPA Science Advisory Board (SAB) agreed that earlier exposure estimates are likely of lower 
reliability (because there were no exposure measurement data that could be included in the 
exposure model prior to 1979) and actual EtO exposures were likely to have been higher than is 
reflected in the estimates (p. I-41 of USEPA 2016). However, for the later monitoring data the 
regression model was able to account for 85% of the variation in average EtO exposure levels 
when evaluated against independent test data from the same set of data.  

The TCEQ notes that this worker population was exposed to extremely high concentrations of 
EtO compared to ambient exposures experienced by the general population. For example, 
Tables IV and V of Hornung et al. (1994) provide measured and estimated worker exposure 
means of 3.5-4.6 ppm, which are up to 2,000,000 times higher than central tendency 
environmental levels (using background and environmental exposure means of ҒлΦллнп-0.0034 
ppb per USEPA 2016). Animal carcinogenicity studies were conducted at even higher EtO 
exposure concentrations (10-100 ppm; see Section 3.1.2). On any given day, estimated 
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exposure for a job could have ranged from 50-77,000 ppb (pp. D-4 and D-37 of USEPA 2016), 
which is Ғ15,000-32,000,000 times higher than central tendency environmental levels of EtO. 

4.1.2.1.2 NIOSH Cohort Study Findings 

Steenland et al. (2004) present follow-up results for the cohort mortality study previously 
discussed by Steenland et al. (1991) and Stayner et al. (1993). Findings in the most current 
follow-up include statistically increased lymphohematopoietic cancer mortality (i.e., non-
IƻŘƎƪƛƴΩǎ ƭȅƳǇƘƻƳŀ ǿƛǘƘ ŀ мл-year exposure lag, hematopoietic cancer and lymphoid cell line 
tumors with a 15-year lag) in males but not females of the highest EtO exposure group (see 
Tables 4, 6, and 7 of the study), and statistically increased breast cancer mortality in females of 
the highest EtO exposure group with a 20-year lag but not without (see Tables 5 and 8 of the 
study).  

Steenland et al. (2003) present results of a breast cancer incidence study of a subcohort of 
7,576 women from the NIOSH cohort that showed statistically increased odds ratios for the 
highest exposure group with a 15-year lag but not without (see Tables 4 and 5 of the study). No 
statistically significant increases in breast cancer were found for any exposure group using 
external referents and either 0- or 15-year exposure lags (see Table 3 of the study). These 
Steenland et al. studies were included in recent scientific literature reviews and meta-analyses 
of EtO studies for these cancer endpoints that are summarized in Section 3.1.1 (Vincent et al. 
2019, Marsh et al. 2019).  

4.1.2.2 UCC Cohort 

Swaen et al. (2009) redefined and updated the UCC cohort of male workers employed in US 
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 2,063 men in the cohort were 
employed between 1940 and the end of 1988 and were observed for mortality through 2003. 
Workers from EtO departments at the Kanawha Valley, West Virginia sites hired after 1988 
were determined to have no appreciable EtO exposure and were, therefore, not added to the 
cohort. Cause-specific standardized mortality ratios (SMRs) were calculated. Internal referent 
comparison analyses were made by applying Cox proportional hazards models to the data. 

4.1.2.2.1 UCC Cohort Exposure Assessment 

The exposure assessment for the Swaen et al. (2009) update relied on the qualitative 
categorization of departments that produced and used EtO developed by Greenberg et al. 
(1990), and on quantitative estimates of average EtO exposure intensity by these department 
categories and by time period (1925-1988) developed by Teta et al. (1993). Time period cut 
points were chosen as follows: 1925, the start-up of EtO production in the Kanawha Valley; 
1940, start of cohort observation and first period with published estimates of exposure; 1957, 
chlorohydrin process for EtO production completely shut-down; 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 periods and the three 
classifications of departments into low, medium, and high exposure levels created the exposure 
matrix. Cumulative EtO exposure (ppm-years) for each study subject was then estimated by 
multiplying the estimated time-period and department-specific exposure concentrations by 
ŘǳǊŀǘƛƻƴ ƛƴ ƳƻƴǘƘǎ ŦƻǊ ŜŀŎƘ ƛƴŘƛǾƛŘǳŀƭΩǎ ŀǎǎƛƎƴƳŜƴǘǎ ǘƻ 9ǘh ŘŜǇŀǊǘƳŜƴǘǎ ŀƴŘ ǎǳƳƳƛƴƎ ǘƘŜ 
products over all assignments up through December 1988 (Swaen et al. 2009). The average 
cumulative EtO exposure was 67.16 ppm-years (Ғ16,118 ppm-days, as 67.16 ppm-years × 240 
days/year), about twice that of the NIOSH cohort. As of Swaen et al. (2009), the average follow-
up period for the UCC cohort was 10 years longer than the NIOSH cohort (36.5 versus 25.8 
years) and the percent deceased was 3-fold 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 2-3 times lower because of the much smaller cohort size in both number 
and person-years (e.g., 75,306 versus 450,906 person-years for the UCC cohort compared to 
the NIOSH cohort, respectively). Nevertheless, this is an important cohort that contributes to 
the human EtO carcinogenicity database. 

As mentioned above, uncertainties are inevitably associated with 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 (e.g., greater likelihood for 
exposure misclassification, use of surrogate exposure data; see Section 4.1 of USEPA 2016). 
USEPA further indicates that there are substantial uncertainties in the exposure estimates for 
the early years when the highest exposures occurred (Section A.2.20 of USEPA 2016), 
something both cohorts have in common.  

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 expected, 12 non-HƻŘƎƪƛƴΩǎ ƭȅƳǇƘƻƳŀ ŘŜŀǘƘǎ ƻŎŎǳǊǊŜŘ ŀƴŘ ммΦр ǿŜǊŜ 
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 exposure estimate uncertainty, 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 (all 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., unpublished as of the date of this DSD) concludes that examination of mortality 
from all causes of death, all cancers, leukemia, non-IƻŘƎƪƛƴΩǎ ƭȅƳǇƘƻƳŀΣ ŀƴŘ ƭȅƳǇƘƻƛŘ 
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malignancies revealed no evidence for an exposure-related response; EtO exposure in this 
cohort was not associated with an observable increase in lymphohematopoietic cancer 
mortality (personal communication with Ciriaco Valdez-Flores, an author of a risk assessment 
paper based in part on the Bender et al. update). The average cumulative dose of EtO (67 ppm-
years) is reported to be around two times that for the NIOSH cohort, with a Ғ63% longer follow-
up period (Ғ41 years) and a similar number of lymphoid cancer deaths in males (27 in NIOSH 
versus 25 in UCC) despite the number of person-years for males in the NIOSH cohort (189,868 
person-years) being considerably greater than that in the UCC cohort (83,524 person-years). 
For completeness, modeling results based on these updated data will be evaluated for 
comparison to NIOSH results. However, the TCEQ URF was based on unpublished follow-up 
data for the UCC cohort (see Appendix 2). 

4.1.3 Animal Studies 

Human (i.e., epidemiological) 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 data used for the EtO dose-response assessment (see Section 4.2 of 
USEPA 2016 for relevant information). However, laboratory animal carcinogenicity data for EtO 
are summarized in Sections 3.1.2 and 3.2.1 and are considered for both the MOA evaluation 
and the carcinogenic potential hazard assessment detailed in Chapter 3.  

4.1.4 Key Study 

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

¶ Adequate human data for deriving quantitative cancer risk estimates (i.e., URFs); 

¶ Large number of workers (17,530) from 13 sterilizing facilities; 

¶ Gender diverse (e.g., 55% female); 

¶ Individual worker exposure estimates; and 

¶ Little reported exposure to chemicals other than EtO. 

The TCEQ will also use the NIOSH cohort as the key study. However, the UCC cohort will also be 
evaluated as a supporting study for comparison and a more complete carcinogenic evaluation 
based on human data. Although the exposure assessment for the UCC cohort appears more 
uncertain than that for the NIOSH cohort (e.g., see Section 4.1 of USEPA 2016), it is 
nevertheless an important contribution to the human EtO carcinogenicity database. The 
weighting of potential URFs based on the NIOSH and UCC cohorts based on relevant metrics 
supports use of the NIOSH cohort as the key cohort (Appendix 2). Lastly, an analysis using UCC 
data (i.e., exposure estimates, number of lymphoid cancer mortalities) to validate the 
ǇǊŜŘƛŎǘƛǾŜƴŜǎǎ ƻŦ ¢/9vΩǎ ŘƻǎŜ-response model for the bLh{I ŎƻƘƻǊǘ ŀƭǎƻ ǎǳǇǇƻǊǘǎ ¢/9vΩǎ 
assessment using the NIOSH cohort as the key cohort (Section A3.3.3 of Appendix 3). 
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4.1.5 Key Cancer Endpoint(s) 

There is epidemiological evidence, albeit inconsistent, for associations between EtO exposure 
and lymphohematopoietic cancer and female breast cancer in 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 USEPA that while the epidemiological evidence for EtO-induced 
lymphohematopoietic cancer is also less than conclusive, it may be used to derive a URF and 
thus the TCEQ has adopted lymphohematopoietic cancer as a key cancer endpoint. 
Lymphohematopoietic cancer (also referred to as lymphoid cancer herein) includes non-
HodgkƛƴΩǎ ƭȅƳǇƘƻƳŀΣ ƳǳƭǘƛǇƭŜ ƳȅŜƭƻƳŀΣ ŀƴŘ ƭȅƳǇƘƻŎȅǘƛŎ ƭŜǳƪŜƳƛŀ (as developed in Steenland 
et al. 2004). 

4.2 Considerations for Choice of Dose-Response Models 

The TCEQ considers multiple factors when deciding on the dose-response model and low-dose 
extrapolation method for a toxicity factor derivation (e.g., MOA, type of endpoint). First and 
ŦƻǊŜƳƻǎǘ ƛǎ ǘƘŜ ŎƻƴǎƛŘŜǊŀǘƛƻƴ ƻŦ ǘƘŜ ŎƘŜƳƛŎŀƭΩǎ ah!. For example, MOA information can help 
inform expectations about the shape of the curve at low doses and the decision between a 
threshold or non-threshold dose-response model (Figure 1). For model(s) that are consistent 
with ǘƘŜ ŎƘŜƳƛŎŀƭΩǎ ah! (if known) and TCEQ guidelines (TCEQ 2015), model-fit criteria such as 
p-values and Akaike Information Criteria (AIC) values may then be evaluated to aid in model 
selection (e.g., the evaluation of model fit for dose-response data modeled using benchmark 
dose software). Another important consideration when evaluating model fit/accuracy among 
multiple dose-response models under consideration is how well each model predicts the actual 
data, in this case the cancer mortality numbers in the NIOSH and UCC cohort studies. 

The sections below outline the MOA considerations that led to the ¢/9vΩǎ ŎƘƻƛŎŜ ƻŦ ǘƘŜ /ƻȄ 
proportional hazards model as the first choice for modeling lymphoid cancers associated with 
EtO exposure from the NIOSH cohort data (Section 4.2.1). Then we describe the model fit 
considerations for the Cox model compared to the US9t!Ωǎ ŎƘƻƛŎŜ ƻŦ ŀ linear two-piece spline 
model (Section 4.2.2). Finally, the TCEQ evaluates the model predictiveness of these two 
models using the NIOSH and UCC cohort data (Section 4.2.3).  

4.2.1 MOA-Informed Dose-Response Modeling 

Use of MOA information to inform the dose-response assessment is a main focus of the TCEQ 
(2015) guidelines as shown in Figure 1, and for USEPA (2005a, b) guidelines. Generally, the MOA 
and other information may support one of the following low-dose extrapolation approaches: 
(1) Nonthreshold (typically a linear extrapolation to zero); (2) Threshold (typically identifying a 
point of departure (POD) and applying uncertainty factors); or (3) Both 1 and 2 (TCEQ 2015). 
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Thus, to the extent that the MOA for a chemical is understood, it informs the low-dose 
extrapolation procedure for that chemical. Examples of different shapes of dose-response 
curves are shown in Figure 2.  

 

Figure 2: Dose-response curve examples 

MOA information can suggest the likely shape of the dose-response curve at lower doses (TCEQ 
2015, USEPA 2005a). That is, toxicological principles can inform expectations about low-dose 
risk when truly low-dose data are unavailable. In this case, in the key epidemiological cohort 
(NIOSH) used by the TCEQ and USEPA (2016), estimated mean worker exposures to EtO were 
up to 2,000,000 times higher than central tendency ambient environmental EtO levels (see 
Section 4.1.2.1.1). EtO MOA information is discussed in Section 3.2, which supports a putative 
mutagenic MOA for EtO carcinogenicity. EtO is a direct acting DNA-reactive chemical that is also 
produced endogenously, and as such there are expected to be normal detoxification processes 
and baseline levels of DNA repair enzymes that have evolved to efficiently detoxify and/or 
repair substantial levels of endogenous EtO and associated adducts in the endogenous 
concentration range. This information suggests a no more than linear low-dose response 
component near the endogenous range with a transition to a steeper dose-response slope at 
some point above the endogenous range where the body can no longer effectively detoxify EtO 
and/or repair the EtO-induced DNA damage. Thus, across a complete range of doses from truly 
low (e.g., endogenous) to high (e.g., occupational exposures), the expected dose-response 
could be characterized as sublinear overall across doses (see Figure 2). However, if the low dose 
range in/near the endogenous range (that is expected to be responsible for overall sublinearity) 



Ethylene Oxide 
Page 37 

 

is relatively narrow, and sufficient data are not available to reveal the full shape of the dose-
response from truly low doses to high doses (e.g., endogenous to occupational), then the 
higher dose data that are available could simply appear as linear. Regulatory inhalation dose-
response assessments that utilize human data are frequently based on occupational studies, 
which generally exclusively involve relatively high doses, as is the case here.  

In contrast to direct acting mutagenic chemicals such as EtO, supra-linear responses are 
generally associated with an MOA that involves the saturation of metabolic activation where 
fewer electrophiles are formed per unit dose at higher exposures, which is not the case for EtO 
(Swenberg et al. 2008).d 

Kirman and Hays (2017) expressed this conclusion similarly. That is, based on relevant 
considerations, an overall sublinear dose-response 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 significantly greater than the normal range where the normally effective 
detoxification/repair processes are overwhelmed. This conclusion is reasonably consistent with 
ǘƘŀǘ ƻŦ ǘƘŜ ¦{9t!Σ ά9t! ŎƻƴǎƛŘŜǊǎ ƛǘ highly plausible that the dose-response relationship over 
the endogenous range is sublinear (e.g., 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 is, that the slope of the dose-response 
ǊŜƭŀǘƛƻƴǎƘƛǇ ŦƻǊ Ǌƛǎƪ ǇŜǊ ŀŘŘǳŎǘ ǿƻǳƭŘ ƛƴŎǊŜŀǎŜ ŀǎ ǘƘŜ ƭŜǾŜƭ ƻŦ ŜƴŘƻƎŜƴƻǳǎ ŀŘŘǳŎǘǎ ƛƴŎǊŜŀǎŜǎΦέ 

For exogenous EtO exposures, USEPA cites direct mutagenic activity as mechanistic justification 
for default linear low-dose extrapolation (pp. 4-22 and 4-37 of USEPA 2016). In regard to the 
shape of the EtO dose-response 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 cancer endpoints in rodents; most notably, leukemia incidence in female F344 rats) to 

 

 

d The TCEQ (2015) guidelines require sufficient mechanistic or biological data to support the application of a supra-
linear model, with a supra-linear model here defined as a model with a dose-response curve that is steeper than 
linear as illustrated in Figure 2 where the low-dose slope is steep beginning at zero dose and then transitions at 
higher doses to a ǎƘŀƭƭƻǿŜǊ ǎƭƻǇŜΦ .ȅ ¢/9vΩǎ ŘŜŦƛƴƛǘƛƻƴ ǘƘƛǎ Ŏŀƴ ƛƴŎƭǳŘŜ ŎǳǊǾƛƭƛƴŜŀǊ ƳƻŘŜƭǎ ƻǊ Ƴǳƭǘƛ-part linear 
spline models with this same shape. Mechanistic and/or biological data for EtO adequate to justify use of an 
overall supra-linear model do not exist. USEPA (2016) acknowledged to the SAB that the MOA information for EtO 
does not support a supra-linear dose-response (e.g., the linear two-piece spline model)Σ ǎǘŀǘƛƴƎ άǘƘŜ 9t! ƛǎ ƴƻǘ 
ŀǿŀǊŜ ƻŦ ŀ ƳŜŎƘŀƴƛǎǘƛŎ ŜȄǇƭŀƴŀǘƛƻƴέ όǇΦ L-29 of USEPA 2016; also see pp. I-34 and 4-71). Similarly, the TCEQ is not 
aware of any MOA or mechanistic data for EtO that would suggest that a supra-linear dose response should be 
expected. Rather, MOA-relevant information for EtO suggests a no more than linear dose-response. 
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conclude that there is no evidence that a dose-response other than linear is justified. Since 
lymphoid cancer was the primary driver of the USEPA carcinogenic assessment (i.e. was 
associated with the greatest risk), perhaps the most relevant mutagenicity data discussed by 
USEPA (2016) was that in the bone marrow of mice exposed to 25-200 ppm EtO by inhalation in 
vivo (Recio et al. 2004, Figure 3). 

 

Figure 3: Overall linear dose-response for EtO-induced mutations in the bone marrow of Big 
.ƭǳŜϰ ƳƛŎŜ όwŜŎƛƻ Ŝǘ ŀƭΦ нллпύ 
The TCEQ notes that the overall linear dose-response for mutagenicity in bone marrow is 
consistent with a linear dose-response (see C-17 of USEPA 2016) and did not plateau even at 
exposure concentrations as high as 200 ppm. Similarly, the relationship between EtO exposure 
and EtO blood levels in B6C3F1 mice exposed to Җ200 ppm is linear (Brown 1998). Furthermore, 
because exposure, absorption, and distribution are obligatory steps in the series of events 
leading to EtO-induced carcinogenesis (e.g., lymphoid cancer) and the linearity/nonlinearity of 
toxicokinetics is relevant to expectations about the shape of the dose-response for carcinogenic 
risk, it is noted: 

¶ Fennell and Brown (2001) reported that simulated EtO blood levels (area under the curve) 
after exposure to EtO concentrations between 1 ppm and 100 ppm were similar for mice, 
rats, and humans and were linearly related to the exposure concentration (see Figure 3-2 of 
USEPA 2016); 
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¶ Similarly, Kirman and Hays (2017) reported that in humans, the relationship between blood 
EtO levels and EtO exposure Ғ1.4 ppm and below is linear (R2=0.998, see Figure 3 of the 
study); and 

¶ Following the efficient absorption of EtO into the blood, which follows a linear 
relationship, EtO is rapidly distributed to all organs and tissues (USEPA 2016). 

In summary, studies show that EtO absorption and tissue concentrations are linearly related to 
inhalation EtO concentration, at least in the range of exposures used in the relevant studies 
(Җ100 ppm; USEPA 2016). As mentioned above, there is also a linear relationship between 
inhalation EtO concentration and the mutagenicity in bone marrow observed in Recio et al. 
(2004). Thus, there is a linear relationship from EtO in air to absorption, distribution, and tissue 
concentration, as well as between EtO in air and mutagenicity in the bone marrow of EtO-
exposed mice. Tissue concentrations of EtO are expected to be approximately equal in mice, 
rats, and humans exposed to a particular air concentration of EtO (Җ100 ppm; USEPA 2016).e 
Following distribution to target tissue, EtO can cause genotoxic effects as a direct acting 
mutagen and mutagenicity is a well-established potential cause of carcinogenicity (e.g., many 
mutagens are carcinogens per USEPA 2005a). 

The consideration of MOA-relevant information for EtO suggests that an overall dose-response 
that is no more than linear is expected for EtO-induced carcinogenicity, and that linear low-
dose extrapolation is appropriate and health-protective. These MOA-based considerations are 
consistent with use of a POD from Cox proportional hazards modeling as the preferred 
methodology for low-dose extrapolation from epidemiology study data under TCEQ guidelines 
(TCEQ 2015). Cox proportional hazards modeling is indistinguishable from linear over the EtO 
dose range in the key epidemiological study, which is consistent with the expected dose-
response for EtO-induced carcinogenicity based on the MOA. 

4.2.2 Model Fit Criteria 

Although some models have a biological or mechanistic basis (e.g., Chemical Industry Institute 
of Toxicology biologically-based model for formaldehyde), many models used for dose-
response assessment do not (e.g., often only to the extent that low-dose linearity is viewed as 
consistent with a mutagenic MOA). Thus, in this respect model fit alone is a lesser consideration 
compared to data (e.g., MOA data) that may (or may not) support use of a particular model. 

 

 

e Interspecies differences in carcinogenic potency are likely the result of toxicodynamic differences (USEPA 2016). 
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Model fit is a topic of interest for EtO although not a deterministic consideration on its own 
when: 

¶ MOA/mechanistic data for EtO must also be considered (TCEQ 2015); and 

¶ The accuracy of models for predicting the underlying modeled cancer data differs 
significantly. 

This section uses standard model fit criteria (i.e., p-values and AIC values) to evaluate dose-
response model fit to the NIOSH lymphoid cancer Řŀǘŀ ό¢/9vΩǎ ƪŜȅ ŎƻƘƻǊǘ ŀƴŘ ŎŀƴŎŜǊ ŜƴŘǇƻƛƴǘΣ 
as well as the primary driver of USEPAΩǎ URF) for two dose-response models that have been 
considered for EtO: 

1) The standard Cox proportional hazards model preferred under TCEQ guidance (TCEQ 
2015) and supported by MOA considerations (Section 4.3); and 

2) The linear two-piece spline model used by USEPA (2016) (linear two-piece spline model 
with knot at 1,600 ppm-days). 

The TCEQ standard Cox proportional hazards model derivation is further described in Section 
4.3 of this DSD, and the derivation of the linear two-piece spline model is described in Section 
4.1.1 of USEPA (2016).  

Standard p-values and AIC values for these models are presented in Table 5 below. 

Table 5: p-Values and AIC Values for the Cox and Linear Two-Piece Spline Dose-Response 
Models for Lymphoid Cancer Mortality in the NIOSH Cohort 

Model a p-value b AIC c 

Cox proportional hazards model (log-linear model) 0.22 464.4 

Linear two-piece spline model with knot at 1,600 ppm-days d 0.14 464.5 

AIC - Akaike information criteria, NIOSH - National Institute for Occupational Safety and Health 
a Cumulative exposure (15-yr lag) is the exposure variable.  
b p-values from likelihood ratio test; p < 0.05 considered good statistical fit. 
c For the lymphoid cancer data, Statistical Analysis System (SAS) proc NLP (where NLP = nonlinear programming) 
ŎƻƴǎƛǎǘŜƴǘƭȅ ȅƛŜƭŘŜŘ ҍн[[ǎ ŀƴŘ !L/ǎ ŀōƻǳǘ лΦп ǳƴƛǘǎ ƭƻǿŜǊ ǘƘŀƴ SAS proc PHREG for the same models, including the 
null model, presumably for computational processing reasons, and proc NLP was used for the linear RR models. 
Thus, AICs for linear models are equivalent to AICs Ғ0.4 units higher for log-linear models. In order to make the 
AICs comparable for different models, the AICs for the linear models have been increased by 0.4 to reflect the 
discrepancy in the -2LogL values reported by the SAS proc NLP and by SAS PHREG. 
d Degrees of freedom k=3 for the linear two-piece spline model, the number of parameters that were estimated in 
excess of the parameters estimated for the null model όƛΦŜΦΣ ŜǎǘƛƳŀǘƛƻƴ ƻŦ ǘƘŜ άƪƴƻǘέ ǾŀƭǳŜ ǘƘǊƻǳƎƘ ǎǘŀǘƛǎǘƛŎŀƭ 
optimization outside of SAS, the slope below the knot, and the slope above the knot). 
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Table 5 shows that the linear two-ǇƛŜŎŜ ǎǇƭƛƴŜ ƳƻŘŜƭ ǿƛǘƘ ŀ άƪƴƻǘέ ŀǘ мΣслл ppm-days used by 
USEPA (2016) does not fit the data statistically significantly better than the null model (zero 
slope) at the 5% significance level (i.e., the linear two-piece spline model does not explain the 
variability in the data statistically significantly better than the null model). Likewise, the 
standard Cox regression model preferred under TCEQ (2015) does not fit the data statistically 
significantly better than the null model. Additionally, the AIC values for the Cox and the linear 
spline models are similar. Thus, based on standard statistical model fit criteria (i.e., p-values and 
AIC values), neither model provides a statistically superior fit to the modeled individual 
lymphoid cancer mortality data.f 

Since standard statistical model fit criteria (i.e., p-values and AIC values) do not demonstrate a 
statistically superior fit with either model, other relevant scientific considerations increase in 
importance. For example, in addition to being consistent with implications of the MOA for 
dose-response model selection, use of the standard Cox proportional hazards model would be 
consistent with the US9t! {!. ǊŜŎƻƳƳŜƴŘŀǘƛƻƴ ǘƘŀǘ άǘƘŜ ǇǊƛƴŎƛǇƭŜ ƻŦ ǇŀǊǎƛƳƻƴȅ όǘƘŜ ŘŜǎƛǊŜ ǘƻ 
ŜȄǇƭŀƛƴ ǇƘŜƴƻƳŜƴŀ ǳǎƛƴƎ ŦŜǿŜǊ ǇŀǊŀƳŜǘŜǊǎύ ǎƘƻǳƭŘ ōŜ ŎƻƴǎƛŘŜǊŜŘΦέ, because the Cox model 
has fewer parameters than the linear spline model. Another consideration, which is particularly 
important, is the ability of a dose-response model to accurately predict the underlying data 
modeled, which is evaluated in the next section. 

4.2.3 Model Accuracy Evaluation - Model Predictions Versus Observed 

To evaluate the two primary EtO dose-response models (i.e., the standard Cox proportional 
hazards model and the linear two-piece spline model), the models were used to estimate the 
number of lymphoid cancer deaths predicted to occur at the EtO exposure levels estimated for 
the NIOSH cohort compared to the number of cancer deaths that were actually observed in the 
cohort (details in Appendix 3). As discussed in Section A3.3.1 of Appendix 3, U.S. background 
hazard rates are appropriate for calculating the model-predicted number of lymphoid cancer 
deaths due to the absence of a healthy worker effect for lymphoid cancer mortality both in the 
NIOSH cohort specifically (Steenland et al. 2004) and in general (Kirkleit et al. 2013; the healthy 
worker effect concept is discussed in Section 3.1.1.2). Despite study- and cancer endpoint-
specific results that do not demonstrate a healthy worker effect for lymphoid cancer, results 
from a TCEQ sensitivity analysis that nevertheless assumes a healthy worker effect for lymphoid 

 

 

f Statistical model fit criteria have been developed such that visual fit, a less object and less scientifically 

sophisticated method, need not be relied upon. However, consistent with the model fit criteria, it is noted that 
objective examination of accurate depictions of model fit to the individual data modeled reveals no readily 
apparent superior visual model fit (see section A6.3.1.2 in Appendix 6). 
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cancer mortality in NIOSH workers support findings reported in this section (see Section A3.3.2 
of Appendix 3). 

This model evaluation exercise (also called a ground-truthing exercise) demonstrated that the 
linear two-piece spline model (maximum likelihood estimate (MLE) ǿƛǘƘ ǘƘŜ άƪƴƻǘέ ŀǘ мΣслл 
ppm-days; 15-year exposure lag) predicted a total of 92 lymphoid cancer deaths (95% CI of 70 
to 122) with the EtO exposure levels estimated for the NIOSH cohort (Table 6 and Figure 4). 
However, only 53 total deaths from lymphoid cancers were actually observed, demonstrating 
that the MLE for linear two-piece spline model statistically significantly over-estimates the 
observed risk. Similarly, use of the upper bound for the linear two-piece spline model was also 
statistically significantly over-predictive for the NIOSH cohort, predicting 141 lymphoid cancer 
mortalities (95% CI of 108 to 188) compared to the 53 actually observed. 

By contrast, the MLE for the Cox proportional hazards model is reasonably accurate, predicting 
52 lymphoid cancer mortalities (95% CI of 40 to 70) compared to the 53 actually observed 
(Table 6 and Figure 4). The upper bound for the standard Cox proportional hazards model is 
also reasonably accurate, predicting 59 lymphoid cancer deaths (95% CI of 45 to 78) from EtO 
exposure compared to the 53 actually observed. 

Table 6: Total NIOSH Cohort Lymphoid Cancer Mortalities Predicted by Cox and Linear Two-
Piece Spline Models 

Model 
Slope 

Parameter 
(per ppm-day) 

Predicted if 
the Model 
were True 

100% × Ratio: 
Predicted / 
Observed 

95% CI a 
on Predicted if the 
Model were True 

Standard Cox model ς 15-yr lag 
(MLE) 

2.81E-06 52.42 98.9% (40.1, 70.0) 

Standard Cox model ς 15-yr lag 
(95% UCL) 7.17E-06 58.75 110.8% (44.9, 78.4) 

Linear two-piece spline with 
knot @ 1,600 ppm-days ς  

15-yr lag (MLE) 
7.58E-04 b 91.69 173.0% (70.1, 122.4) 

Linear two-piece spline with 
knot @ 1,600 ppm-days ς  

15-yr lag (95% UCL) 
1.80E-03 c 141.09 266.2% (107.9, 188.4) 

MLE - maximum likelihood estimate, NIOSH - National Institute for Occupational Safety and Health, UCL - upper 
confidence limit 
[Boldface values indicate that the model over-prediction of lymphoid cancer deaths is statistically significant.] 
a Confidence intervals are the result of the variability associated with the ratio of the observed and expected 
number of lymphoid deaths in the reference population (see Appendix 3). 
b The best estimate and standard error of the slope below the knot are 7.58E-04 and 6.32E-04, respectively. The 
slope and corresponding standard error after the knot are -7.48E-04 and 6.31E-04, respectively, from footnote d to 
USEPA Table D-36. 



Ethylene Oxide 
Page 43 

 

c The slope after the knot for the 95% upper confidence limit for the model is -1.79E-03 (-7.48E-04 to 1.645×6.32E-
04, which is the 95% LCL on the slope above the knot). This conservatively assumes perfect negative correlation of 
the slope before and after the knot. Thus, the over-prediction may be larger than what is shown in the table. The 
assumption of perfect negative correlation is consistent with the covariance values obtained by USEPA (see 
footnote to Table D-36 in the appendices of US9t!Ωǎ 2016 report where the covariance is approximately equal to 
the negative of the variances for the slopes above and below the knot (i.e., covariance=-3.99E-07, Var1=3.99E-07, 
and Var2=3.98E-07). 

Similarly, for quintile-specific results, this model accuracy analysis demonstrated that use of the 
MLE for the linear two-piece spline model is statistically significantly over-predictive for all but 
one of the exposure quintiles (Table 7 and Figures 5-8). Moreover, for every cumulative EtO 
exposure group, the upper bound for the linear two-piece spline model statistically significantly 
over-predicts the observed 11 lymphoid cancer mortalities that occurred in each exposure 
quintile. The model used by USEPA (2016) predicts statistically significant increases in lymphoid 
cancer mortality even in the lowest EtO exposure group (i.e., the lower ends of the 95% CIs for 
the MLE and upper bound of the linear two-piece spline model are 11.7 and 16.7 for lymphoid 
cancer mortalities, respectively, compared to the 9 lymphoid cancer mortalities in the controls), 
which was not observed in the data. 

On the other hand, the MLE for the standard Cox proportional hazards model is reasonably 
accurate at predicting the observed risk, and neither significantly over- nor under-predicts the 
number of lymphoid cancer mortalities (11) that occurred in each exposure quintile group 
(Table 7 and Figures 5-8). Likewise, the Cox model assessment does not significantly over- or 
under-predict the lymphoid cancer deaths observed in any NIOSH cumulative EtO exposure, but 
rather remains reasonably accurate at predicting the observed risk.  

Table 7: Quintile-Specific NIOSH Cohort Lymphoid Cancer Mortalities Predicted by Cox and 
Linear Two-Piece Spline Models  

Model a Quintile 2 b Quintile 3 Quintile 4 Quintile 5 

Lymphoid Cancer Deaths 
Observed in NIOSH Cohort 

11 11 11 11 

Standard Cox model ς 15-yr lag 
(MLE) 

14.4 
(8.1, 28.9) 

8.0 
(4.5, 16.1) 

9.4 
(5.2, 18.8) 

9.1 
(5.1, 18.3) 

Standard Cox model ς 15-yr lag 
(95% UCL) 

14.5 
(8.1, 29.0) 

8.1 
(4.5, 16.2) 

9.8 
(5.5, 19.6) 

15.0 
(8.4, 30.0) 

Linear two-piece spline with 
knot @ 1,600 ppm-days ς  

15-yr lag (MLE) 

20.9 
(11.7, 42.0) 

17.6 
(9.8, 35.2) 

20.8 
(11.6, 41.7) 

20.9 
(11.7, 41.9) 

Linear two-piece spline with 
knot @ 1,600 ppm-days ς  

15-yr lag (95% UCL) 

29.9 
(16.7, 60.0) 

30.5 
(17.1, 61.2) 

35.8 
(20.0, 71.7) 

33.4 
(18.7, 67.1) 

MLE - maximum likelihood estimate, NIOSH - National Institute for Occupational Safety and Health, UCL - upper 
confidence limit 
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[Boldface values indicate that the model over-prediction of lymphoid cancer deaths for the quintile is statistically 
significant.] 
a The footnotes to Table 6 apply here also, except that the assumption of perfect negative correlation of the slopes 
before and after the knot in US9t!Ωǎ фр҈ ¦/[ ŦƻǊ ǘƘŜ linear two-piece spline model does not affect the predictions 
in quintile 2. 
b Quintile 1 is the control (unexposed lagged-out) group with 9 lymphoid cancer mortalities 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 in more detail in Appendix 3, the linear two-piece spline model 
statistically significantly over-predicts the number of lymphoid cancer mortalities in the key 
NIOSH cohort whether based on the MLE or the associated 95% UCL. This over-prediction 
applies to the cohort as a whole and to the cumulative exposure groups. By contrast, the 
standard Cox proportional hazards model (TCEvΩǎ ǇǊŜŦŜǊǊŜŘ ƳƻŘŜƭ under TCEQ 2015) 
reasonably accurately predicts the number of lymphoid cancer mortalities observed in the key 
cohort and its various exposure quintiles, including the lowest exposure quintile.  

In a similar manner as with the NIOSH cohort data, the TCEQ also evaluated the predictiveness 
of the Cox proportional hazards and linear two-piece spline models, fit to the NIOSH dose-
response data, for the lymphoid cancer mortalities observed in the UCC cohort. Despite 
substantial differences in the exposure assessments for the NIOSH and UCC cohorts (see 
Section 4.1.2 of this DSD and Section 4.1 of USEPA 2016), using UCC cohort data to evaluate the 
validity of the models derived based on the NIOSH dose-response assessment results in the 
same conclusion; namely that the Cox proportional hazards model is reasonably accurate at 
predicting the number of lymphoid cancer mortalities observed in the UCC cohort while the 
linear two-piece spline model is statistically significantly over-predictive whether using the MLE 
or upper bound (see Section A3.3.3 of Appendix 3). Thus, the Cox model is demonstrated to be 
reasonably predictive and realistic, lending strong support to its scientific credibility for 
regulatory agency use (e.g., EtO URF derivation). 

This evaluation of the accuracy of dose-response model predictions, especially in conjunction 
with the consideration of relevant guidance (TCEQ 2015), the MOA (Section 4.2.1), and model 
fit criteria (Section 4.2.2), strongly supports use of the standard Cox proportional hazards model 
for derivation of an inhalation URF for EtO. 
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Figure 4: Total NIOSH cohort lymphoid cancer mortalities predicted by Cox and linear two-
piece spline models  
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Figure 5: Quintile 2 - NIOSH cohort lymphoid cancer mortalities predicted by Cox and linear 
two-piece spline models  

 



Ethylene Oxide 
Page 47 

 

 
Figure 6: Quintile 3 - NIOSH cohort lymphoid cancer mortalities predicted by Cox and linear 
two-piece spline models  
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Figure 7: Quintile 4 - NIOSH cohort lymphoid cancer mortalities predicted by Cox and linear 
two-piece spline models  
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Figure 8: Quintile 5 - NIOSH cohort lymphoid cancer mortalities predicted by Cox and linear 
two-piece spline models   
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4.2.4 Selection of the Dose-Response Model 

In selecting the dose-response model for the EtO carcinogenic assessment, the TCEQ has 
considered the following: 

¶ Relevant guidance (TCEQ 2015); 

¶ 9ǘhΩǎ ŎŀǊŎƛƴƻƎŜƴƛŎ ah!Τ 

¶ Standard statistical model fit criteria (p-values and AIC values); and 

¶ Evaluation of the accuracy of dose-response model predictions for key underlying 
epidemiological cancer data. 

Taken together and as discussed in the previous sections, these considerations strongly support 
use of the standard Cox proportional hazards model for derivation of the URF for EtO. The 
9ǳǊƻǇŜŀƴ /ƻƳƳƛǎǎƛƻƴΩǎ {ŎƛŜƴǘƛŦƛŎ /ƻƳƳƛǘǘŜŜ ƻƴ hŎŎǳǇŀǘƛƻƴŀƭ 9ȄǇƻǎǳǊŜ [ƛƳƛǘǎ adopted the 
same modeling approach for their EtO cancer assessment (SCOEL 2012). Additionally, use of the 
standard Cox proportional hazards model abides by the USEPA SAB recommenŘŀǘƛƻƴ ǘƘŀǘ άǘƘŜ 
principle of parsimony (the desire to explain phenomena using fewer parameters) should be 
ŎƻƴǎƛŘŜǊŜŘΦέ Thus, based on the bulleted considerations above, the TCEQ selects the standard 
Cox model for the carcinogenicity assessment of EtO. 

In summary, use of the standard Cox proportional hazards model is justified based on: 

1. TCEQ guidance - as the preferred epidemiology modeling methodology under TCEQ 
guidelines (see Section 7.7.5 of TCEQ 2015), Cox regression has been used previously by 
the TCEQ such as for the 1,3-butadiene carcinogenic assessment (TCEQ 2008); 

2. Carcinogenic MOA - the Cox proportional hazards model is indistinguishable from linear 
across doses of interest and appropriate for dose-response assessment of a direct-acting 
mutagenic carcinogen, particularly in the absence of mechanistic data supporting the 
competing model (Section 4.2.1); 

3. Standard model fit criteria - the more parsimonious Cox proportional hazards model fits 
the data just as well as the linear two-piece spline model used by USEPA (2016) (Section 
4.2.2); and 

4. Statistically accurate model predictions of the observed NIOSH and UCC lymphoid 
cancer data - the Cox proportional hazards model is shown to neither statistically over- 
nor under-predict the observed data, unlike the linear two-piece spline that is 
statistically significantly over-predictive (Section 4.2.3). 

Cox proportional hazards modeling results are provided and discussed in the following section. 
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4.3 Cox Proportional Hazards Model Results 

In accordance with sections above, Cox proportional hazards modeling results are used to 
derive the URF for EtO based on lymphoid cancer as the key cancer endpoint in the NIOSH 
cohort (UCC cohort results are used as supporting information). Briefly, the Cox proportional 
hazards model defines a risk set for every case (e.g., every cancer mortality from the specific 
cause), rather than needing a control (i.e., unexposed) group to derive the slope of the relative 
risk model. The Cox modeling risk sets include all the individuals that are at risk at the time the 
case occurred (e.g., the time of the cancer mortality from the specific cause), both exposed and 
unexposed workers. Thus, the TCEQ uses the full risk set, including unexposed and exposed 
individuals, for every case in the NIOSH study, each possibly having more than 17,000 
individuals in the risk set.g 

Valdez-Flores et al. (2010) is a published study that provides Cox proportional hazards modeling 
results for EtO and lymphoid cancer in the NIOSH and UCC cohorts. However, the results do not 
incorporate any exposure lag, and exposure lags are often appropriate for modeling 
carcinogenic risk from long-term exposure to a chemical (e.g., USEPA 2016 utilizes an exposure 
lag of 15 years for the NIOSH cohort). Therefore, in preparing this DSD, the TCEQ contracted 
with the first author on the Valdez-Flores et al. (2010) study to provide Cox model exposure-
lagged results that had been previously developed for lymphoid cancer in the course of his 
research. 

4.3.1 Parameter Estimates 

The lymphoid cancer parameter estimates provided in the sections below are based on all 
individual worker data in the full NIOSH and UCC datasets. 

4.3.1.1 Key NIOSH Study 

Tables 8 and 9 contain log-linear (Cox regression) model results for lymphoid cancer mortality 
in the NIOSH (male + female) and NIOSH (male only) workers, respectively, at various EtO 

 

 

g By contrast, for example, using 100 randomly selected controls for each case (from the pool of 
all those who survived without the cancer of interest to at least the age of the index case) leads 
to potentially less precise RRs that are not easily reproducible (e.g., Steenland et al. 2004). This 
is because of the randomness in the selection of the 100 individuals used compared to using 
the full risk set for every case. 
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exposure lags. None of the exposure lags results in a model that fits the NIOSH study lymphoid 
cancer data statistically significantly better than the log-linear (Cox regression) model with no 
lag (at the 5% significance level). Results for the supporting UCC cohort are provided in the next 
section. 

Table 8: Lymphoid Cell Lineage Tumor Mortality - NIOSH (male + female) - MLE and Standard 
Error (SE) of the Estimate for Different EtO Exposure Lags 

Lag 
(years) 

MLE (SE) 
Deviance a: 

-2 × Ln(Likelihood) 
(p-value vs null) b 

Likelihood Ratio Test 
Statistic: 

 

Deviance (null model) 
ς Deviance (model) 

(p-value vs zero lag) c 

0 3.48×10-6 (1.83×10-6) 726.188 (0.1088) 2.571 (n/a) 

5 3.45×10-6 (1.95×10-6) 726.495 (0.3224) 2.264 (1.0000) 

10 3.11×10-6 (2.23×10-6) 727.308 (0.4841) 1.451 (1.0000) 

15 d 2.81×10-6 (2.65×10-6) 727.899 (0.6505) 0.860 (1.0000) 

20 1.67×10-6 (3.87×10-6) 728.598 (0.9227) 0.161 (1.0000) 

25 1.48×10-6 (5.19×10-6) 728.687 (0.9646) 0.072 (1.0000) 

30 2.03×10-6 (6.74×10-6) 728.680 (0.9613) 0.079 (1.0000) 

MLE - maximum likelihood estimate, NIOSH - National Institute for Occupational Safety and Health, SE - standard 
error  
a Deviance is -2 × Logarithm of the Likelihood. -2 × Ln (Likelihood) = 728.759 when beta = 0 (null model). The 
decrease in the deviance at a specific exposure lag (compared with the deviance at 0-years 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 non-zero exposure lag (compared with the deviance for the null model) has to be at least 5.99 for 
the improvement in the deviance to be statistically significant at the 5% significance level. 
b p-value vs null compares the maximum likelihood of the model fit to the maximum likelihood of the null model. A 
small p-value indicates that the model with the specified lag fits the data better than the null model. 
c p-value vs zero lag compares the maximum likelihood of the model fit with the specified lag to the maximum 
likelihood of the model with zero lag. A small p-value indicates that the model with the specified lag fits the data 
better than the model with zero lag. None of the exposure lags results in a model that fits the cancer data 
statistically significantly better than the model with no lag at the 5% significance level. 
d Exposure lag used by USEPA (2016). 
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Table 9: Lymphoid Cell Lineage Tumor Mortality - NIOSH (male only) - MLE and SE of the 
Estimate for Different EtO Exposure Lags 

Lag 
(years) 

MLE (SE) 
Deviance a: 

-2 × Ln(Likelihood) 
(p-value vs null) b 

Likelihood Ratio Test 
Statistic: 

 
Deviance (null model) 
ς Deviance (model) 

(p-value vs zero lag) c 

0 3.89×10-6 (1.77×10-6) 354.312 (0.0696) 3.293 (n/a) 

5 3.85×10-6 (1.89×10-6) 354.761 (0.2412) 2.844 (1.0000) 

10 3.47×10-6 (2.17×10-6) 355.795 (0.4045) 1.810 (1.0000) 

15 d 3.12×10-6 (2.61×10-6) 356.553 (0.5910) 1.052 (1.0000) 

20 1.63×10-6 (4.08×10-6) 357.467 (0.9333) 0.138 (1.0000) 

25 6.50×10-7 (6.06×10-6) 357.594 (0.9945) 0.011 (1.0000) 

30 1.70×10-6 (8.66×10-6) 357.604 (0.9995) 0.001 (1.0000) 

MLE - maximum likelihood estimate, NIOSH - National Institute for Occupational Safety and Health, SE - standard 
error  
a Deviance is -2 × Logarithm of the Likelihood. -2 × Ln (Likelihood) = 357.605 when beta = 0 (null model). The 
decrease in the deviance at a specific exposure lag (compared with the deviance at 0-years 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 non-zero exposure lag (compared with the deviance for the null model) has to be at least 5.99 for 
the improvement in the deviance to be statistically significant at the 5% significance level. 
b p-value vs null compares the maximum likelihood of the model fit to the maximum likelihood of the null model. A 
small p-value indicates that the model with the specified lag fits the data better than the null model. 
c p-value vs zero lag compares the maximum likelihood of the model fit with the specified lag to the maximum 
likelihood of the model with zero lag. A small p-value indicates that the model with the specified lag fits the data 
better than the model with zero lag. None of the exposure lags results in a model that fits the cancer data 
statistically significantly better than the model with no lag at the 5% significance level. 
d Exposure lag used by USEPA (2016). 

4.3.1.2 Supporting UCC Study 

For the supporting UCC (male only) cohort, Table 10contains log-linear (Cox regression) model 
results at the same EtO exposure lags used for the key NIOSH study (Tables 8 and 9). These 
results are based on an update of the UCC cohort through 2013 that is not yet published. None 
of the EtO exposure lags results in a model that fits the UCC cohort lymphoid cancer data 
statistically significantly better than the log-linear (Cox regression) model with no lag (at the 5% 
significance level). 
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Table 10: Lymphoid Cell Lineage Tumor Mortality - UCC/Dow 2013 update (males) - MLE and 
SE of the Estimate for Different EtO Exposure Lags 

Lag 
(years) 

MLE (SE) 
Deviance a: 

-2 × Ln (Likelihood) 
(p-value vs null) b 

Likelihood Ratio Test 
Statistic: 

 
Deviance (null model) 
ς Deviance (model) 

(p-value vs zero lag) c 

0 -1.42×10-5 (9.17×10-6) 299.443 (0.0592) 3.559 (n/a) 

5 -1.50×10-5 (9.44×10-6) 299.216 (0.1506) 3.786 (0.6338) 

10 -1.58×10-5 (9.74×10-6) 299.021 (0.1366) 3.981 (0.5159) 

15 d -1.60×10-5 (9.94×10-6) 299.059 (0.1392) 3.943 (0.5355) 

20 -1.52×10-5 (9.91×10-6) 299.497 (0.1733) 3.505 (1.0000) 

25 -1.53×10-5 (1.03×10-5) 299.744 (0.1961) 3.258 (1.0000) 

30 -1.51×10-5 (1.07×10-5) 300.156 (0.2410) 2.846 (1.0000) 

MLE - maximum likelihood estimate, SE - standard error, UCC ς Union Carbide Corporation  
a Deviance is -2 × Logarithm of the Likelihood. -2 × Ln (Likelihood) = 303.002 when beta = 0 (null model). The 
decrease in the deviance at a specific exposure lag (compared with the deviance at 0-years 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 non-zero exposure lag (compared with the deviance for the null model) has to be at least 5.99 for 
the improvement in the deviance to be statistically significant at the 5% significance level. 
b p-value vs null compares the maximum likelihood of the model fit to the maximum likelihood of the null model. A 
small p-value indicates that the model with the specified lag fits the data better than the null model. 
c p-value vs zero lag compares the maximum likelihood of the model fit with the specified lag to the maximum 
likelihood of the model with zero lag. A small p-value indicates that the model with the specified lag fits the data 
better than the model with zero lag. None of the exposure lags results in a model that fits the cancer data 
statistically significantly better than the model with no lag at the 5% significance level. 
d Exposure lag used by USEPA (2016). 

In summary, none of the EtO exposure lags results in a model that fits the key NIOSH cohort or 
supporting UCC cohort lymphoid cancer data statistically significantly better than the log-linear 
(Cox regression) model with no lag (Tables 8 to 10). This statistical consideration does not give 
rise to a preference for any particular exposure lag duration; however, from a biological 
perspective it is reasonable to include an exposure lag of some duration to account for a 
latency period between exposure and cancer. For this reason, as well as consistency with 
USEPA (2016), the TCEQ utilized an exposure lag of 15 years for derivation of risk-based air 
concentrations and URFs. 
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4.3.2 Risk-Based Air Concentrations and URFs 

Consistent with the discussion above, results with a 15-year lag duration were utilized for URF 
derivation and are highlighted and bolded in the tables below. The calculations include 
adjustments for ADAFs using the approach described in Sielken and Valdez-Flores (2009a). 
However, as this approach has little effect on 15-year lagged results compared to more 
standard calculations used by USEPA and TCEQ (2015) for application of ADAFs, the TCEQ will 
conservatively consider the results with the 15-year lag duration to be ADAF-unadjusted. 

Risk-based air concentrations and URFs are based on lymphoid cancer mortality. As discussed in 
TCEQ guidelines (TCEQ 2015), uncertainty is increased if the endpoint used in calculating excess 
risks (e.g., cancer incidence) is different than the endpoint used in the dose-response modeling 
(e.g., cancer mortality). It is most appropriate, when excess risks for the inference population 
are being calculated, for the health endpoint to be the same health endpoint as was used in the 
dose-response modeling. The computational details of the BEIR IV methodology are different 
for incidence and mortality (e.g., see Sielken and Valdez-Flores 2009b). Accordingly, the TCEQ 
does not generally use a mortality-based exposure-response model as the basis for the 
calculation of excess risks for an incidence response (or vice versa). This DSD adheres to the 
general principle in TCEQ guidance (TCEQ 2015) that the health endpoint used for dose-
response modeling and the excess risk calculation should match. Thus, since the available data 
are for mortality, lymphoid cancer mortality (not incidence) ǎŜǊǾŜǎ ŀǎ ǘƘŜ ōŀǎƛǎ ŦƻǊ ǘƘŜ ¢/9vΩǎ 
risk-based air concentrations and URFs. 

4.3.2.1 Key NIOSH Study 

Tables 11 and 12 contain environmental EtO air concentrations corresponding to the 1/100,000 
excess risk level (policy-based target risk per TCEQ 2015) and associated URFs for lymphoid 
cancer mortality in the NIOSH (male + female) and NIOSH (male only) workers, respectively. The 
Cox proportional hazard model was used to directly estimate the 1/100,000 extra risk level, 
which is at the low end of the observable range, based on the full NIOSH data set (Appendix 4). 

Table 11: Lymphoid Cell Lineage Tumor Mortality - NIOSH (male + female) - MLE and 95% 
Lower Confidence Limit (95% LCL) of the Environmental EtO Concentration at 1 in 100,000 
Excess Risk 

Lag (years) 

MLE Environmental 
Concentration 

(1/100,000 excess risk) 
ppm a 

95% LCL Environmental 
Concentration (1/100,000 

excess risk) 
ppm a 

MLE URF 
per ppm 

95% UCL URF 
per ppm 

0 8.02×10-3 4.30×10-3 1.25×10-3 2.32×10-3 

5 8.82×10-3 4.57×10-3 1.13×10-3 2.19×10-3 

10 1.08×10-2 4.93×10-3 9.30×10-4 2.03×10-3 
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Lag (years) 

MLE Environmental 
Concentration 

(1/100,000 excess risk) 
ppm a 

95% LCL Environmental 
Concentration (1/100,000 

excess risk) 
ppm a 

MLE URF 
per ppm 

95% UCL URF 
per ppm 

15 b 1.32×10-2 5.18×10-3 7.57×10-4 1.93×10-3 

20 2.49×10-2 5.18×10-3 4.01×10-4 1.93×10-3 

25 3.20×10-2 4.73×10-3 3.12×10-4 2.11×10-3 

30 2.71×10-2 4.19×10-3 3.69×10-4 2.38×10-3 

LCL ς lower confidence limit, MLE - maximum likelihood estimate, NIOSH - National Institute for Occupational 
Safety and Health, SE - standard error, UCL ς upper confidence limit, URF ς unit risk factor 
a Environmental concentration = (240 days/365 days) × (10 m3/20 m3) × occupational concentration; 1/100,000 
excess risk levels were estimated directly from the Cox proportional hazard model, consistent with USEPA (2005a) 
on selection of a POD at the lower end of the observable range of responses. 
b Exposure lag used by TCEQ. 

Table 12: Lymphoid Cell Lineage Tumor Mortality - NIOSH (male only) - MLE and 95% LCL of 
the Environmental EtO Concentration at 1 in 100,000 Excess Risk 

Lag (years) 

MLE Environmental 
Concentration 

(1/100,000 excess risk) 
ppm a 

95% LCL Environmental 
Concentration (1/100,000 

excess risk) 
ppm a 

MLE URF 
per ppm 

95% UCL URF 
per ppm 

0 5.83×10-3 3.34×10-3 1.71×10-3 3.00×10-3 

5 6.43×10-3 3.56×10-3 1.56×10-3 2.81×10-3 

10 7.84×10-3 3.86×10-3 1.28×10-3 2.59×10-3 

15 b 9.67×10-3 4.07×10-3 1.03×10-3 2.46×10-3 

20 2.08×10-2 4.06×10-3 4.81×10-4 2.46×10-3 

25 5.94×10-2 3.64×10-3 1.68×10-4 2.75×10-3 

30 2.64×10-2 2.81×10-3 3.79×10-4 3.56×10-3 

LCL ς lower confidence limit, MLE - maximum likelihood estimate, NIOSH - National Institute for Occupational 
Safety and Health, SE - standard error, UCL ς upper confidence limit, URF ς unit risk factor 
a Environmental concentration = (240 days/365 days) × (10 m3/20 m3) × occupational concentration; 1/100,000 
excess risk levels were estimated directly from the Cox proportional hazard model, consistent with USEPA (2005a) 
on selection of a POD at the lower end of the observable range of responses. 
b Exposure lag used by TCEQ. 

For lymphoid cancer in the NIOSH cohort (male + female), Table 11 provides an EtO air 
concentration of 13 ppb (1.32E-02 ppm) as corresponding to a no significant excess risk level of 
1 in 100,000 based on the MLE for the cohort (15-year exposure lag). Based on the 95% LCL 
(i.e., lower limit on the effect concentration LEC01), 5.2 ppb (5.18E-03 ppm) is the EtO air 
concentration corresponding to a 1 in 100,000 excess risk. Results for NIOSH (male only) are 
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similar with somewhat lower risk-based air concentrations. That is, Error! Reference source not 
found. provides MLE and 95% LCL 1 in 100,000 excess risk EtO air concentrations of 9.7 ppb 
(9.67E-03 ppm) and 4.1 ppb (4.07E-03 ppm), respectively. 

4.3.2.2 Supporting UCC Study 

Table 13 contains environmental EtO air concentrations corresponding to the 1/100,000 excess 
risk level (policy-based target risk per TCEQ 2015) and associated URFs for lymphoid cancer 
mortality in the UCC (male only) cohort. 

Table 13: Lymphoid Cell Lineage Tumor Mortality - UCC/Dow 2013 Update (males) - MLE and 
95% LCL of the Environmental EtO Concentration at 1 in 100,000 Excess Risk 

Lag (years) 

MLE Environmental 
Concentration 

(1/100,000 excess risk) 
ppm a 

95% LCL Environmental 
Concentration (1/100,000 

excess risk) 
ppm a 

MLE URF 
per ppm 

95% UCL URF 
per ppm 

0 n/a c 2.59×10-2 0 3.86×10-4 

5 n/a 4.76×10-2 0 2.10×10-4 

10 n/a 1.24×10-1 0 8.06×10-5 

15 b n/a 8.70×10-2 0 1.15×10-4 

20 n/a 3.08×10-2 0 3.25×10-4 

25 n/a 2.35×10-2 0 4.25×10-4 

30 n/a 1.79×10-2 0 5.58×10-4 

LCL ς lower confidence limit, MLE - maximum likelihood estimate, UCC ς Union Carbide Corporation, UCL ς upper 
confidence limit, URF ς unit risk factor 
a Environmental concentration = (240 days/365 days) × (10 m3/20 m3) × occupational concentration; 1/100,000 
excess risk levels were estimated directly from the Cox proportional hazard model, consistent with USEPA (2005a) 
on selection of a POD at the lower end of the observable range of responses. 
b Exposure lag used by TCEQ. 
c n/a implies that the estimated dose-response relationship was non-increasing. 

For lymphoid cancer in the UCC cohort (males), an EtO air concentration of 87 ppb (8.70E-02 
ppm) corresponds to a no significant excess risk level of 1 in 100,000 based on the 95% LCL for 
the cohort (15-year exposure lag). This air concentration is approximately 17-21 times higher 
than the corresponding risk-based values based on the 95% LCL for NIOSH (male + female) 
workers (5.2 ppb; Table 11) and NIOSH (male only) workers (4.1 ppb; Table 12). No risk-based 
air concentration based on the MLE is provided in Table 13 because of the negative slope of the 
dose-response model (as shown in Table 10), consistent with no increased risk with cumulative 
EtO exposure for the cohort as modeled and reported. 
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The fact that the associated MLE, which represents the best fit to the data (i.e., by definition, 
the MLE maximizes the likelihood of the observed data), is consistent with no excess lymphoid 
cancer mortality risk for the UCC cohort suggests that the use of statistical bound results (i.e., 
LEC01) for estimating excess risk for both the UCC cohort and other populations (e.g., the 
general population) may be conservative. Furthermore, as part of the WOE, it suggests that use 
of lymphoid cancer excess risk results based on the NIOSH cohort, particularly the 95% upper 
statistical bound on excess risk, may be conservative. This is further supported by the fact that 
none of the slopes for lymphoid mortality in the key NIOSH cohort (male + female, male only) 
or supporting UCC cohort (males) is statistically significantly greater than zero at the 5% 
significance level. Thus, any excess risk estimates based on these lymphoid cancer analyses may 
be conservative, erring on the side of health protection against the potential carcinogenic 
effects of EtO, particularly if the 95% UCL URF is utilized for calculation of the EtO air 
concentration corresponding to 1 in 100,000 excess risk. 

4.3.3 Selected URF and Air Concentration at 1 in 100,000 Excess Risk 

Tables 11 and 12 contain URFs and 1 in 100,000 excess risk EtO air concentrations based on 
lymphoid cancer in the key NIOSH (male + female) and NIOSH (male only) workers, respectively. 
For protection against lymphoid tumors, a value based on males is more conservative. For 
example, the URF (MLE) for NIOSH (male + female) is 7.57E-07 per ppb (15-year lag; Table 11) 
whereas the URF (MLE) for NIOSH (male only) is 1.03E-06 per ppb (15-year lag; Table 12), which 
is 36% higher. Thus, 9.7 ppb is the EtO air concentration corresponding to 1 in 100,000 excess 
risk based on the MLE for the NIOSH (male only) data, while 13 ppb is the corresponding air 
concentration based on the MLE for the NIOSH (male + female) data. 

Accordingly, and erring on the side of health protection for both males and females, the final 
EtO URF will be based on the NIOSH (male only) data with a 15-year lag duration. Again, 
modeling results indicate that a lymphoid cancer URF value based on males is conservative for 
application to females; that is, results in higher excess risk estimates for females compared to a 
URF based on males and females combined. Furthermore, as both a scientifically reasonable 
and health-protective selection (e.g., in consideration of the available lymphoid cancer data 
being based on cancer mortality), the URF (95% UCL) of 2.5E-06 per ppb will serve as the final 
URF (ADAF-unadjusted) for lymphoid tumors (Table 13).  

EtO URF = 2.5E-06 per ppb or 1.4E-06 per µg/m3 (ADAF-unadjusted) 

The corresponding 1 in 100,000 excess risk EtO air concentration for lymphoid tumors based 
on this ADAF-unadjusted URF is 4.0 ppb or 7.1 µg/m3 (i.e., 1E-05/2.5E-06 per ppb = 4.0 ppb; 
1E-05/1.4E-06 per µg/m3 = 7.1 µg/m3). See the next section for a discussion of the application 
of ADAFs. A lymphoid cancer 1 in 100,000 excess risk EtO air concentration value based on the 
full NIOSH (male + female) cohort would be somewhat higher at 5.2 ppb. Similarly, as 
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mentioned above, based on the URF (MLE) values, 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, respectively (Tables 11 and 12).  

4.3.3.1 Evaluating Susceptibility from Early-Life Exposures 

Per Section 3.2, the WOE supports mutagenicity as the putative carcinogenic MOA for EtO. A 
mutagenic MOA is considered relevant to all populations and life stages. See Section 3.5.2 of 
USEPA (2016) for available information on potentially susceptible life stages and populations 
(e.g., those with higher hemoglobin N-(2-hydroxyethyl)-valine (HEV) adduct levels due to a null 
GSTT1 genotype or with DNA repair deficiencies). USEPA (2016) indicates that there are no data 
on the relative susceptibility of children (or young animals of other species) to EtO (e.g., the 
potential for decreased detoxification/clearance by hydrolysis as a primary metabolic pathway 
and/or glutathione conjugation). In the absence of chemical-specific data to evaluate potential 
child/adult differences in susceptibility, USEPA (2005b) provides default ADAFs to account for 
potentially increased susceptibility in children due to early-life exposure when a chemical has 
been identified as acting through a mutagenic MOA. An adjustment using these ADAFs is 
performed because this URF will be applied to the general population. Therefore, because of 
the WOE supporting a mutagenic MOA and the lack of chemical-specific data on potential 
differences in susceptibility, increased early-life susceptibility should be assumed and ADAFs 
applied (TCEQ 2015). As previously mentioned, the results utilized by the TCEQ (e.g., Tables 11 
and 12) incorporate USEPA (2005b) ADAFs through the approach described in Sielken and 
Valdez-Flores (2009a). However, as mentioned in Section 4.3.2, this approach has little effect 
on the results with a 15-year lag duration utilized to derive the URF compared to more standard 
ADAF calculations used by USEPA and TCEQ (2015), so the TCEQ conservatively considered the 
results to be ADAF-unadjusted. Accordingly, the TCEQ calculated an ADAF-adjusted 
chronicESLnonthreshold(c) for EtO consistent with equation 5-17 of the TCEQ guidelines (TCEQ 2015): 

ὉὛὒ
φȢπ  ρπ

ὟὙὊ

φȢπ  ρπ

ςȢυ  ρπ ὴὩὶ ὴὴὦ

έὶ ρȢτ  ρπ ὴὩὶ ‘ὫȾά

  

chronicESLnonthreshold(c) = 2.4 ppb or 4.3 µg/m3 (ADAF-adjusted, two significant figures) 

This equation takes into account the ADAF-adjustment for a carcinogen with a mutagenic MOA. 
Refer to Section 5.7.5.3 of TCEQ (2015) for a complete derivation of the equation. Briefly, it 
assumes a 10-times 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 
exposure of 70 years. This is the same set of equations and risks as is used by USEPA (2005b). 
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Rounded to two significant figures, the ADAF-adjusted EtO chronicESLnonthreshold(c) is 2.4 ppb or 4.3 
µg/m3. Appendix 5 puts these risk-based results into biological context utilizing information on 
normal endogenous EtO levels. 

To calculate the ADAF-adjusted URF with the ADAF-unadjusted URF (URFunadj): 

ὟὙὊ
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 URFADAF-adjusted = 4.1E-06 per ppb or 2.3E-06 per µg/m3 (two significant figures)  

4.4 Final EtO URF and chronicESLnonthreshold(c) 

The ADAF-unadjusted URF is 1.4E-06 per µg/m3 (2.5E-06 per ppb) based on lymphoid cancer. 
The corresponding URFADAF-adjusted is 2.3E-06 per µg/m3 (4.1E-06 per ppb). The ADAF-adjusted 
EtO chronicESLnonthreshold(c) is 4.3 µg/m3 or 2.4 ppb, rounded to two significant figures. 

4.5 Long-Term ESL and Value for Air Monitoring Evaluation 

The chronic evaluation resulted in the derivation of the following values for EtO: 

¶ URFunadjusted  = 1.4E-06 per µg/m3 (2.5E-06 per ppb) for lymphoid cancer 

¶ URFADAF-adjusted = 2.3E-06 per µg/m3 (4.1E-06 per ppb) for lymphoid cancer 

¶ chronicESLnonthreshold(c) = 4.3 µg/m3 (2.4 ppb) (ADAF-adjusted; rounded to two significant 
figures) 

The long-term ESL for air permit reviews and the evaluation of long-term ambient air 
monitoring data, set at an excess risk of 1 in 100,000 (policy-based target risk per TCEQ 2015), is 
the ADAF-adjusted chronicESLnonthreshold(c) of 4.3 µg/m3 (2.4 ppb). The URFADAF-adjusted is 2.3E-06 per 
µg/m3 or 4.1E-06 per ppb. 
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!ǇǇŜƴŘƛȄ м {ȅǎǘŜƳŀǘƛŎ wŜǾƛŜǿ ŀƴŘ 9ǾƛŘŜƴŎŜ LƴǘŜƎǊŀǘƛƻƴ 

A1.1 Problem Formulation and Protocol 

Problem formulation identifies and defines the causal questions and describes the extent of the 
evaluation. These questions structured the systematic review for EtO: 

¶ What are the physical and chemical properties of EtO? 

¶ What is the critical effect following exposure to EtO? 

¶ Are there sensitive subpopulations? 

¶ What is the mode of action (MOA)? 

¶ Does route of exposure play a role? 

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

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

Table 14: PECO Statement Used by the TCEQ to Develop Toxicity Factors for EtO 

Population General human population and any relevant sensitive subpopulations, animals, and 
vegetation 

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

Comparator/
Control 

Populations exposed to concentrations below the concentration that causes the most 
sensitive critical effect 

Outcome(s) The most sensitive critical effect directly related to EtO exposure 

The protocol used for the systematic review and the development of toxicity factors for EtO is 
as follows: 

1. Identify the chemical of interest and define the causal questions 
2. Conduct a systematic review for the dose-response 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  
f. Rate the confidence in the evidence 
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3. Derive toxicity factors (TCEQ 2015) 
a. Review the essential data, including chemical/physical properties and selected 

key studies from the systematic review 
b. Conduct MOA analysis 
c. Choose the appropriate dose metric considering toxicokinetics and MOA 
d. Select critical effect, based on human equivalent exposure considering each key 

study 
e. Extrapolate from the adjusted POD to lower exposures based on MOA analysis 

A1.2 Systematic Literature Review and Study Selection 

As a first step, publically available databases were searched using explicitly stated search 
criteria. Please see TCEQ (2015) for a list of available databases that were searched. The search 
terms used in literature review for EtO, along with the number of results from PubMed, are 
found in Table 15. Additional references were also identified using the reference sections from 
some of the selected studies. This literature review was conducted in December 2018, and 
therefore studies published after this date were not available at the time of the review. 

Table 15: Search Strings Used in the Literature Review of EtO 
Search Term/String PubMed Results 

ethylene oxide 9,626 

άŜǘƘȅƭŜƴŜ oxideέ 7,478 

άŜǘƘȅƭŜƴŜ oxideέ OR oxirane 10,374 

άŜǘƘȅƭŜƴŜ oxideέ OR oxirane OR 75-21-8 10,374 

These 10,374 studies were imported into the desktop application SWIFT-Review 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 tag levels created by the 
SWIFT-Review software. The tags used and the number of studies with certain tagged studies 
removed are found in Table 16.  
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Table 16: SWIFT-Review Tags and Results 
Data Set/Tag Number of Studies 

Initial PubMed Search 10,374 

Tag ς Health Outcomes, any (excluded studies with no tag) 7,468 

Tag ς Evidence Stream, any (excluded studies with no tag) 4,914 

Tag ς MeSH Chemicals, only Ethylene Oxide (excluded everything else) 1,520 

Additionally, several governmental and private sector organizations were searched for 
published literature and toxicity values for EtO (Table 17), and the available documents along 
with their relevant references were added to the pool of selected material as needed. 

Table 17: Available Reviews and Inhalation Toxicity Values for EtO 
Organization Year Toxicity Value 

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

1990 Intermediate MRL 

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

Office of Environmental Health Hazard Assessment (OEHHA) 
CalEPA 

2000 Chronic REL 

Inhalation Slope Factor 

MRL ς minimal risk level, REL ς reference exposure level 

Following this initial review, specific inclusion and exclusion criteria were used to narrow down 
the pool of available data. The criteria along with examples of the kinds of studies that were 
excluded can be found in Table 18.   
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Table 18: Inclusion/Exclusion Criteria used in the Review of EtO 
Study Type Inclusion Criteria Exclusion Criteria 

General Complete study available for 
review 

- Only abstract is available 

- Study in a language other than English 

- Unpublished report/unable to retrieve 

 Study contains original data or 
utilizes existing data in a novel 
way 

- Study is a review article or meta-analysis 

- Study comments on a previous method without 
providing a sufficient alternative 

 Exposure concentration is 
known or can be reasonably 
estimated 

- Exposure concentration unknown 

- Exposure environment/conditions unsuitable to 
concentration estimation 

 Study examines effects related 
to chemical exposure 

- Study measures concentration in air, factories, etc. 

- Study does not examine health effects 

 Study focused on the chemical 
of concern 

- Study examined mixture effects 

- Study on treatment following EtO exposure 

 Route of exposure is relevant 
to exposure and toxicity factor 
development 

- Exposure through intravenous, intraperitoneal, or 
subcutaneous injection 

- Study examining oral or dermal exposure 

Animal Relevant animal model and 
endpoints examined 

- Study used non-mammalian animal models 

- Endpoint studied not relevant to human health 

- Endpoint not applicable to toxicity factor 
development 

 Appropriate study populations 
and methods were used 

- Study lacked appropriate numbers or doses 

- Exposure method unsuitable for dose-response 

Human/Epi Relevant endpoints examined - Study focused solely on cytogenetic changes 

- Study only measured sister chromatid exchanges 
(SCEs), protein adducts, or chromosomal changes 

 Study populations allowed for 
significant findings and follow 
ups 

- Case studies examining single high-dose exposures 

- Studies without appropriate follow-up studies 

- 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 non-carcinogenic, carcinogenic). For the purposes of this DSD, only the 
human carcinogenic/epidemiologic data were considered for several reasons: 
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1. In order to expedite the process, it was decided that only a health-based chronic 
carcinogenic toxicity factor would be derived for EtO in this DSD. Other toxicity factors 
(i.e. health- and welfare-based acute and chronic non-carcinogenic) may be evaluated at 
a later date with an additional systematic review continuing where this systematic 
review ended. 

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

3. Similarly, mechanistic data provide crucial information for the MOA analysis but do not 
provide the necessary dose-response information required for derivation of a chronic 
carcinogenic toxicity factor. 

4. And finally, human data looking solely at cytogenetic changes, sister chromatid 
exchanges, or chromosomal abnormalities were considered useful in developing the 
MOA of EtO, but not useful as a basis for derivation of a health-based 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 this systematic review. Several 
human studies (directly or indirectly related to carcinogenicity) were reviewed and later 
excluded for various reasons (Table 19).  
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Table 19: Excluded Human Studies Related to Carcinogenicity 
Reason for Exclusion Study 

No exposure or dose-response 
information available to 
directly derive a toxicity factor 

(Not useful in the 
development of a 
carcinogenic-based 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 

Greife et 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 

Mosavi-Jarrahi et al. 2009 

Norman et al. 1995 

Olsen et al. 1997 

Swaen et al. 1996 

Wong and Trent 1993 

Follow-up study available 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 

Hogstedt et al. 1979b 

Hornung et al. 1994 

Kita 1991 

Shore et al. 1993 

Sielken and Valdez-Flores 2009a 

Sielken and Valdez-Flores 2009b 

Steenland et al. 2011 

Valdez-Flores et al. 2011 

Valdez-Flores and Sielken 2013 

 

 

A1.3 Data Extraction 

Each of the identified studies was reviewed in detail and the primary data were extracted for 
potential use in the development of the chronic carcinogenic toxicity factor in this DSD (Table 
20). 
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Table 20: Data Extraction from Epidemiological Studies 

Study (cohort) Size Exposure 
Measurement 

Tumor Type(s) Notable Results a Notes 

Hogstedt 1988 
(Swedish, 
chemical) 

539 m 

170 f 

Years of employment, 

1-9 years, җ 10 years 

Stomach SMRs ς 597, 608 Exposure estimates conducted in 
original study but not presented 
here. 

Blood/Lymphatic SMRs ς 380, 330 

Leukemia SMRs ς 322, 880 

Kirman 2004 

(NIOSH + UCC) 

18,254 (NIOSH)  

(55% m, 45% f) 

1,896 m (UCC) 

ppm-years, 

7.4, 64.8, 187.4, 477.7  

Leukemia 

 

POD-ED001 estimated at 265 
ppm-years, URFs: 

linear 4.5×10-7 /µg/m3 

Quadratic 4.5×10-8 /µg/m3 

(no lag or latency periods) 

Concentration at 1×10-5 cancer risk: 

Linear ς 22 µg/m3 (12 ppb) 

Quadratic ς 222 µg/m3 (120 ppb) 

Nonlinear ς 37 µg/m3 (21 ppb) 

Mikoczy 2011 

(Swedish, sterilant) 

862 m 

1,309 f 

ppm-years, 

0-0.13, 0.14-0.21, җ лΦнн  

Breast SIRs ς 0.52, 1.06, 1.12 Compared with/out 15-year latency 
and between follow-ups 

LHN SIRs ς 1.35, 1.32, 1.08 

Steenland 2003 

(NIOSH) 

7,576 f 

(5,139 f 
interviewed) 

ppm-days, 

0, >0-647, 647-2026, 
2026-4919, 4919-14620, 
14620+ 

Breast 

(Compared to US 
population) 

SIRs ς 0.88, 0.77, 0.77, 0.94, 
0.83, 1.27  

(15-year lag, cumulative) 

Subset of the NIOSH cohort, multiple 
other comparisons presented, 
including cumulative, categorical, 
and log cumulative exposure, 
positive trends for continuous 
exposure, duration of exposure, and 
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 20-year lag 
increased to 2.07 (95% CI: 1.0-3.54) 

Breast 

(Compared to study 
population, whole 
cohort) 

Odds Ratios ς 1.00, 1.07, 
1.00, 1.24, 1.17, 1.74* 

(15-year lag, categorical, 
cumulative) 

Breast 

(Compared to study 
population, only 
interviewed cohort) 

Odds Ratios ς 1.00, 1.06, 
0.99, 1.24, 1.42, 1.87* 

(15-year lag, categorical, 
cumulative) 
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Study (cohort) Size Exposure 
Measurement 

Tumor Type(s) Notable Results a Notes 

Steenland 2004 

(NIOSH) 

7,645 m 

9,885 f 

 

ppm-days,  

0, >0-1199, 1200-3679, 
3680-13499, 13500+ 

NHL 

 

SMRs ς 2.09, 0.61, 0.88, 
0.79, 2.37*  

m, 10-year lag, cumulative 

Multiple other comparisons 
presented, including cumulative, 
categorical, and log cumulative 
exposure, 10, 15, and 20-year lag, 
positive trend for lymphoid tumors 

ppm-days,  

0, >0-646, 647-2779, 
2780-12321, 12322+ 

Breast 

 

SMRs ς0.80, 1.05, 1.01, 
1.15, 2.07*  

f, 20-year lag, cumulative 

Swaen 2009 

(UCC) 

2,063 m ppm-years, 

0-15, 15-65, 65+ 

None Authors state no long-term 
carcinogenic effects 
associated with EtO 
exposure 

Cohort experienced more than twice 
the average estimated cumulative 
exposure compared to NIOSH cohort 

Teta 1999 

(multiple 
reviewed, dose-
response done for 
NIOSH and UCC) 

Multiple, meta-
analysis 

8,214 m & 

10,040 f 
(NIOSH) 

1,896 m (UCC) 

ppm-years, 

0, 0-33, 33-125, 125-
285, >285 

Lymphoid 
(lymphocytic leukemia 
and NHL) 

Added Risk (environmental) 

UCC ς none 

NIOSH ς 10-8 ς 10-5 /ppb 

Compared 0 and 10-year latency, 
and 0 and 5y lag periods, POD-ED001 
values ranged from 0.81-1.58 ppm 
assuming a 10-year latency and a 5-
year lag period. POD-ED001 of 0.81 
ppm gives a URF of 0.12/ppm, and a 
concentration at 1×10-5 cancer risk 
of 0.083 ppb (0.15 µg/m3) 

Leukemia Added Risk (environmental) 

UCC ς 10-12 ς 10-6 /ppb 

NIOSH ς 10-15 ς 10-6 /ppb 

Valdez-Flores 2010 

(NIOSH + UCC) 

7,634 m & 

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

ppm-days, 

dose ranges varied by 
endpoint 

Examined 12 cancer 
endpoints in 6 
subcohorts 

No statistically significant 
increases in SMRs, trends, 
cumulative continuous, or 
categorical exposure. 

No heterogeneity between dose-
response models of the two major 
cohorts and the pooled study, 
combining increases the power. 

NIOSH - National Institute of Occupational Safety and Health, SMR ς Standardized Mortality Ratio, SIR ς Standardized Incidence Ratio, NHL ς Non-IƻŘƎƪƛƴΩǎ 
Lymphoma, LHN ς Lymphohematopoietic neoplasms, m ς males, f ς females, UCC ς Union Carbide Corporation, ED001 ς effective dose at 1E-03 excess risk 
a Due to space constraints, only notable results are presented here. See individual studies for a more in-depth review. 
*  Denotes statistical significance at h =0.05 level, 95% confidence interval does not include 1 
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A1.4 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 determined prior to this review. For this review, study quality 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 conduct relating to reporting, risk of bias, and study 
sensitivity. Each domain receives a score of Good, Adequate, Deficient, Critically Deficient, or 
Not Reported, and once all domains are evaluated, a confidence rating of High, Medium, or Low 
confidence or Uninformative is assigned to each study. The evaluated domains and 
explanations are found in Table 21, while the general guidance for scoring each of the studies 
are found in Tables 22 and 23. 

Table 21: Study Quality Domains for Epidemiology Studies (taken from HAWC) 
Domain Study Design Questions and Aspects 

Selection and 
Performance/ 
Participant 
Selection  

Is there evidence that selection into or out of the study (or analysis sample) 
was jointly related to exposure and to outcome? 

Study design, where and when was the study conducted, and who was included? 
Recruitment process, exclusion and inclusion criteria, type of controls, total 
eligible, comparison between participants and nonparticipants (or followed and 
not followed), final analysis group. Does the study include potential 
vulnerable/susceptible groups or life stages? 

Exposure 
Methods/ 
Measures 

Does the exposure measure reliably distinguish between levels of exposure in 
a time window considered most relevant for a causal effect with respect to the 
development of the outcome? 

Source(s) of exposure (consumer products, occupational, an industrial accident) 
and source(s) of exposure data, blinding to outcome, level of detail for job 
history data, when measurements were taken, type of biomarker(s), assay 
information, reliability data from repeat measures studies, validation studies. 

Outcome 
Methods/Results 
Presentation 

Does the outcome measure reliably distinguish the presence or absence (or 
degree of severity) of the outcome? 

Source of outcome (effect) measure, blinding to exposure status or level, how 
measured/classified, incident versus prevalent disease, evidence from validation 
studies, prevalence (or distribution summary statistics for continuous measures). 

Confounding Is confounding of the effect of the exposure unlikely? 

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

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

Extent (and if applicable, treatment) of missing data for exposure, outcome, and 
confounders, approach to modeling, classification of exposure and outcome 
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Domain Study Design Questions and Aspects 

variables (continuous versus categorical), testing of assumptions, sample size for 
specific analyses, relevant sensitivity analyses. 

Selective 
Reporting 

Is there concern for selective reporting? 

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

Sensitivity Are there concerns for study sensitivity? 

What exposure range is spanned in this study? What are the ages of participants 
(e.g., not too young in studies of pubertal development)? 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., the extent to which the 
'unexposed group' is truly unexposed, and the prevalence of exposure 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 classified, these ratings will be 
combined to reach an overall study confidence classification of High, Medium, 
Low, or Uninformative. 

This classification will be based on the classifications in the evaluation domains 
and will include consideration of the likely impact of the noted deficiencies in 
bias and sensitivity on the results. 
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Table 22: Study Quality Domain Scoring 
Score Reasoning 

+ + 
Good ς Study meets or exceeds domain properties, may have minor deficiencies but 
none that would affect the outcome of the study or the development of toxicity 
factors. 

+ 
Adequate ς Study meets most of the domain properties, may have some deficiencies 
but none are severe or are expected to have a serious effect on the development of 
toxicity factors. 

- 
Deficient ς Study has one or more deficiencies that are likely to affect the outcome 
of the study or the development of toxicity factors, but development may still occur 
with some added uncertainty. 

- - 
Critically Deficient ς Study has serious deficiencies that would severely inhibit the 
development of toxicity factors. These studies are typically classified as 
άǳƴƛƴŦƻǊƳŀǘƛǾŜέ ǳƴƭŜǎǎ ŀ ŘŜǘŀƛƭŜŘ ŜȄǇƭŀƴŀǘƛƻƴ ƻǘƘŜǊǿƛǎŜ ƛǎ ǇǊƻǾƛŘŜŘΦ 

NR 
Not Reported ς Domain properties are not provided in the study or referred to in 
ǇǊŜǾƛƻǳǎ ŀǳǘƘƻǊΩǎ ǎǘǳŘƛŜǎΦ 5ŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ŘƻƳŀƛƴ ŀƴŘ ǘȅǇŜ ƻŦ study, these studies 
should be carefully considered prior to use. 

 

Table 23: Study Quality Confidence Rating Scoring 
Score Reasoning 

+ + 
High ς Overall a well conducted study, no serious deficiencies identified, no concern 
for issues with sensitivity or risk of bias (ROB), most domains should be scored good 
or adequate. 

+ 
Medium ς Some deficiencies may be noted, but nothing that would cause significant 
concern for issues with sensitivity or ROB, most domains should be scored adequate. 

- 
Low ς Deficiencies noted, some severe, and some concern over bias or sensitivity 
that may impact the assessment, study has domains that scored deficient. 

- - 

Uninformative ς Severe deficiencies that would seriously impact the assessment, 
study is typically unusable for toxicity factor development without a detailed 
ŜȄǇƭŀƴŀǘƛƻƴΦ !ƴȅ ǎǘǳŘȅ ǿƛǘƘ ŀ ŘƻƳŀƛƴ ƭƛǎǘŜŘ ŀǎ ά/ǊƛǘƛŎŀƭƭȅ 5ŜŦƛŎƛŜƴǘέ ǎƘƻǳƭŘ ōŜ 
considered for this category. 

Scoring for each of the included studies is shown in Table 24. Each reviewer (composed of two 
members of the TCEQ Toxicology, Risk Assessment, and Research Division and authors on this 
DSD) scored the included studies independently, then came together as a group to agree on a 
single score for each domain/study (individual scoring not shown). 
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Table 24: Study Quality and Risk of Bias Scoring Visual 
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Selection and Performance/Participant 
Selection  

+ + + + + + + + + + + + 

Exposure Methods/Measures - + - + + - + + 

Outcome Methods/Results Presentation + + + + + + + + + + 

Confounding - + - + + + + + + 

Analysis + + + + + + + + + + 

Selective Reporting + + + + + + + + 

Sensitivity - + - + + + + + 

Overall Study Confidence - + + + + + + + 
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A1.5 Evidence Integration 

After addressing the study quality and ROB for each of the selected studies, the primary 
information from each of the studies was compiled and each study was assessed for use as a 
key, supporting, or informative study for the EtO carcinogenic dose-response assessment 
detailed in Chapter 4 (Table 25). 

Table 25: Evidence Integration Table for Human Studies 
Study Cohort Type Reasoning 

Hogstedt 
1988 

Swedish 
chemical 
workers 

Informative - Relatively small cohort with little information on co-
exposures 

- Exposure concentrations or estimations not provided 

- Primary cohort to show increased leukemia mortality rates 

- Also presented increased stomach and blood/lymphatic 
cancer 

Kirman 
2004 

NIOSH + 
UCC 

Supporting - Combined data from two largest cohorts and examined 
leukemia and lymphoid tumor mortality data 

- Provided results for several different extrapolation methods 

- Selected a single outcome and POD to carry through 

Mikoczy 
2011 

Swedish 
sterilant 
workers 

Informative - Relatively small cohort with little exposure information 
presented 

- Healthy worker effect likely influenced the results 

- Non-significant increases in leukemia, NHL, and 
lymphohematopoietic cancer mortality 

- Significant increases in the rate ratios of breast cancer in the 
two highest exposure groups 

Steenland 
2003 

NIOSH 
(females 
only) 

Informative - Subset of the largest cohort study available, additional 
nested case-control using subjects who answered personal 
interviews 

- Examined breast cancer mortality and incidence data 

- Positive trend for increased incidence, but not significantly 
increased 

Steenland 
2004 

NIOSH Supporting - Update to the largest EtO-exposed cohort data available 

- Focused mainly on hematopoietic and breast cancers, and 
examined various exposure variables and lag periods 

- No significantly increased cancer incidences, but a positive 
trend observed for lymphoid tumors (males, 15-year lag) 

Swaen 
2009 

UCC Supporting - Although a relatively smaller cohort, the strength of the 
update was made up for in the length of follow-up and 
number of deaths 

- Little to no exposure monitoring data available, estimates 
made from work history 
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Study Cohort Type Reasoning 

- Examined a wide array of cancer types but no lag/latency 
periods included in the analysis 

- No cancer associations observed 

Teta 1999 Meta-
analysis, 

NIOSH, 
UCC 

Supporting - Very basic meta-analysis of 10 EtO cohorts but lacked dose-
response data, detailed analysis on individual NIOSH and UCC 
cohorts only 

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

- UCC cohort showed no added risk, while NIOSH cohort 
predictions were in the range of 10-7 to 10-5 at 1 ppb 
environmental exposures 

Valdez-
Flores 
2010 

NIOSH + 
UCC 

Key - Combined most recent data from the UCC and NIOSH 
cohorts 

- Examined 12 cancer endpoints (breast, leukemia, lymphoid, 
etc.)  and 6 sub-cohorts (NIOSH males, females, UCC males, 
etc.) using Cox proportional analyses without latency/lag 
periods 

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

EtO ς ethylene oxide, NIOSH - National Institute for Occupational Safety and Health, SMRs ς standardized mortality 
ratios, UCC ς Union Carbide Corporation 

After final review of the included studies, the Valdez-Flores et al. (2010) study had the most 
thorough and complete analysis (e.g., included data from both the NIOSH and UCC cohorts, 
examined multiple cancer endpoints) and was therefore selected as the key study. While the 
Valdez-Flores et al. (2010) study also utilized a default lifetime duration (70 years) consistent 
with TCEQ guidance (TCEQ 2015), there were aspects that were not ideal for the evaluation 
described in this DSD, such as the lack of results with lags in exposure. So rather than select a 
POD from the key study, the TRARD selected data from both cohorts (i.e., the NIOSH and UCC 
cohorts) to initially evaluate and conduct an independent assessment using the same modeling 
approach but with supplemental analyses (e.g., the evaluation of various exposure lags). 
Selection of data from the NIOSH and UCC cohorts as the epidemiological data to evaluate and 
use of specific, TCEQ-directed dose-response assessment analyses (rather than selection of a 
study POD) provide the best basis for a carcinogenic assessment of EtO for several reasons: 

1. Both the NIOSH and UCC cohorts have adequate size, exposure information, and follow-
up, making consideration of all the data ideal for toxicity factor development (e.g., 
weight of evidence, more analyses to consider). 

2. The Valdez-Flores et al. (2010) study makes use of the Cox proportional hazards model, 
a standard model preferred under TCEQ guidelines (TCEQ 2015) and one that the TRARD 
has used previously in dose-response assessments (also considered by USEPA 2016). 
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3. Although Valdez-Flores et al. (2010) did not include results with exposure lags in their 
publication, supplemental analyses involving a reassessment of the data using various 
exposure lags allow for the consideration of even more assessment results in this DSD. 

4. Additionally, since 2010, an update to the UCC data through 2013 has become available 
to the first author of the Valdez-Flores et al. (2010) study (submitted for publication, 
personal communication), with whom the TCEQ contracted to perform supplemental 
analyses; consequently, results from the new study update with a longer follow-up 
period can also be included in the DSD. 

5. Unlike USEPA (2016) that uses a lifetime exposure duration value of 85 years, the TCEQ-
directed dose-response analyses use a standard default of 70 years consistent with 
TCEQ guidance (TCEQ 2015). 

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

A1.6 Confidence Rating 

Table 26provides scoring criteria to rate the confidence and uncertainty for each aspect or 
element of the toxicity assessment. The table provides the name of the element and the 
magnitude of the confidence in each element using a qualitative ranking system of low, 
medium, or high confidence. Table 27 displays the overall confidence in the EtO carcinogenic 
assessment. Once the noncarcinogenic assessments are completed for EtO, the confidence 
rating will be updated to cover the entire assessment.  
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Table 26: Confidence Scoring Criteria for EtO Carcinogenic Assessment 
Element Low Medium High 

Database 
Completeness 

Only a single study or a few 
low-quality studies were 
available. 

Several studies were available, 
but some important studies 
were missing. 

Several high-quality studies were 
available for selection. 

Systematic 
Review 

A systematic approach was 
not used. 

A systematic approach was 
considered and some methods 
were applied, but a full review 
was not conducted. 

A systematic approach was used in 
study evaluation and clear criteria 
were established for judgment. 

Key Study 
Quality 

Selected study has 
deficiencies, but was still 
considered useful. 

Selected study was reasonably 
well done but some restrictions 
must be considered. 

Selected study was well done and 
can be used without restriction. 

Critical effect Critical effect or dose-
response curve was 
moderate to severe. MOA 
information was not 
available.  

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

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

Relevance of 
Critical Effect 

Critical effect was only 
presumed to be relevant for 
the general population; 
MOA was not known for 
the critical effect. 

Critical effect appeared to be 
relevant for the general 
population. MOA was known for 
the critical effect and possibly 
relevant to humans. 

Critical effect based on a human 
study or matches observed human 
experience; MOA was well 
understood so critical effect was 
assumed relevant. 

Point of 
Departure 
(POD) 

Many uncertainties exist in 
POD; only a few dose 
groups; no dose-response 
modeling was used. 

Some uncertainty exists in POD; 
few dose groups; difference 
between confidence limits was 
large. 

Basis for POD well understood; 
multiple dose groups, dose-
response modeling was conducted. 

Sensitive 
Populations 

Many uncertainties on 
sensitive population(s) 
existed and were not 
addressed. 

Information on sensitive 
population(s) was not known but 
default procedures are 
presumed to be conservative. 

Human data on sensitive 
populations were available and 
uncertainties were addressed. 

Peer Review Limited or no peer review; 
disregarded comments 
would significantly change 
risk value; no independent 
check. 

Adequate peer review. Most 
substantive comments 
addressed; disregarded 
comments would not 
significantly change value. 

High quality panel peer review 
with appropriate experts; all 
substantive comments addressed 
as per independent check. 

Toxicity Value 
Comparison 

Relevant risk values show a 
greater than 10-fold 
difference without 
justification.  

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

All relevant risk values agreed 
within 3-fold of each other or 
there was sufficient justification 
for differences. 
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Table 27: Confidence in the Toxicity Assessment 
Element Score Basis 

Database 
Completeness 

Medium - Several occupational cohorts (i.e., preferred human data) and 
animal studies available 

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

- However, estimated exposures are based on incomplete 
information, are remarkably high, and are not in/near lower 
range of interest (i.e., not environmentally relevant) 

Systematic Review High - Systematic review conducted 

Key Study Quality High - Valdez-Flores et al. (2010) was a well-conducted study of two 
cohorts and multiple cancer endpoints with standard Cox 
proportional hazards modeling but lacked the use of a lag period 

- Reassessment in this DSD of these key epidemiological data 
utilizing multiple exposure lags and new UCC cohort data 
allowed for informative supplemental and updated analyses 

Critical effect Low - Human data not conclusive despite very high exposure (e.g., 
results vary between studies) 

- Model (slope > 0) not statistically significantly different than 
the null model (slope = 0) at the 5% significance level 

Relevance of 
Critical Effect 

Medium - Assumed relevant although general population exposed to EtO 
concentrations that are orders of magnitude lower than the 
occupational study wherein lymphoid cancer was statistically 
increased only in the highest cumulative exposure group 

Point of Departure 
(POD) 

High - Cox Proportional Hazard model used 

- Modeling results demonstrated to be predictive of cohort study 
findings 

Sensitive 
Populations 

Medium - No specific data on sensitive subpopulations 

- Default ADAFs were applied to account for potentially 
increased susceptibility in children due to early-life exposure 

Peer Review High - DSD proposed for public comment and reviewed by a 
consulting academic statistician and subject matter expert 
regarding potential statistical issues ŀǘ ¢/9vΩǎ ŘƛǊŜŎǘƛƻƴ 

- DSD reviewed by an external panel of 6 experts in the fields of 
occupational epidemiology, dose-response modeling, and risk 
assessment 

Toxicity Value 
Comparison 

High - TCEQ Chronic ESL based on lymphoid cancer mortality is Ғ2,000 
times higher than the USEPA value based on lymphoid/breast 
cancer incidence at the same excess risk level (1E-05) 

- ¢/9vΩǎ ŀǇǇǊƻŀŎƘ ƛǎ ǎǳǇǇƻǊǘŜŘ ōȅ ƳǳƭǘƛǇƭŜ ƭƛƴŜǎ ƻŦ ŜǾƛŘŜƴŎŜ as 
discussed in the DSD 
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Element Score Basis 

- Extensive comparisons, calculations, and explanations as to the 
differences with ¦{9t!Ωǎ ƳŜǘƘƻŘǎ ŀǊŜ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ 5{5 (e.g., 
¦{9t!Ωǎ ƳƻŘŜƭ ŀǎǎŜǎǎƳŜƴǘ ƛǎ ŘŜƳƻƴǎǘǊŀǘŜŘ ǘƻ be statistically 
significantly over-predictive; Appendix 6) 

Confidence Scoring Summary 

Not Evaluated Low Confidence 

Critical Effect 

 

Medium Confidence 

Database Completeness 

Relevance of Critical Effect 

Sensitive Populations  

 

High Confidence 

Systematic Review 

Key Study Quality 

Point of Departure 

Toxicity Value Comparison 

Peer Review 

ADAF ς age-dependent adjustment factor, DSD ς development support document, ESL ς effects screening level, 
UCC ς Union Carbide Corporation  
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!ǇǇŜƴŘƛȄ н ²ŜƛƎƘǘƛƴƎ ƻŦ ǘƘŜ bLh{I ŀƴŘ ¦// /ƻƘƻǊǘǎ 
The weighting of data from the NIOSH and UCC cohorts was a consideration in determining the 
key cohort. In the TCEQ (2011) assessment of the carcinogenicity of nickel, a weighting factor of 
person-years × 1/SE2 for the ̡  (MLE) was used to weight URFs from different studies. As stated 
in TCEQ (2011), generally there is more confidence in cohort studies with large worker 
populations and/or long follow-up periods, which increase person-years at risk. Similarly, 
variance in ǘƘŜ ʲ ǾŀƭǳŜǎ ǳǎŜŘ ǘƻ ŘŜǊƛǾŜ ¦wCǎ ǊŜŦƭŜŎǘǎ ǳƴŎŜǊǘŀƛƴǘȅ ƛƴ ǘƘŜ ʲ ŜǎǘƛƳŀǘŜǎ ŀƴŘ Ŏŀƴ ŀƭǎƻ 
ōŜ ǳǎŜŘ ŀǎ ŀ ǿŜƛƎƘǘƛƴƎ ŦŀŎǘƻǊΦ DŜƴŜǊŀƭƭȅΣ ǘƘŜǊŜ ƛǎ ƳƻǊŜ ŎƻƴŦƛŘŜƴŎŜ ƛƴ ʲ ǾŀƭǳŜǎ ǿƛǘƘ ǎƳŀƭƭŜǊ 
variance. In the carcinogenic assessment of inorganic arsenic (TCEQ 2012), the inverse of the 
variance (1/SE2) for the ̡  (MLE) was used to weight URFs. Inverse-variance weighting (without a 
person-years weighting factor) is a more standard statistical procedure used in meta-analyses 
(TCEQ 2015). 

Standard error (SE) values for the slopes were obtained from Tables 9 and 10 (15-year lag) for 
the Cox proportional hazards model evaluation of lymphoid tumors in NIOSH cohort males 
(SE=2.61E-06) and UCC cohort males (SE=9.94E-06), respectively. For comparison, it is noted 
that the SE (2.65E-06; Table 8) for the full NIOSH cohort (male + female) provides similar 
weighting results. Both types of weighting factors previously used by the TCEQ were calculated 
(i.e., 1/SE2 and person-years × 1/SE2) and are provided in Table 28. 

Table 28: Weighting Factors for the Lymphoid Tumor Analyses for the NIOSH and UCC Cohorts 

Cohort Gender Slope SE 
Weight 
1/SE2 

Weight 
Ratio 

NIOSH/ 
UCC 

Person-
Years 

Total Weight 
Person-Years × 

1/SE2 

Relative 
Total 

Weight 
NIOSH/ 

UCC 
NIOSH M 2.61E-06 1.47E+11 14.5 189,868 2.79E+16 33.0 

NIOSH M/F 2.65E-06 1.42E+11 14.1 450,906 6.42E+16 76.0 

UCC M 9.94E-06 1.01E+10 --- 83,524 8.45E+14 --- 
F ς female, M ς male, NIOSH - National Institute for Occupational Safety and Health (NIOSH), SE ς standard error, 
UCC ς Union Carbide Corporation 

As shown in Table 28, using person-years × 1/SE2 as a weighting factor results in the NIOSH 
όƳŀƭŜ ƻƴƭȅύ ŎƻƘƻǊǘ ǊŜŎŜƛǾƛƴƎ җоо-fold greater weight than the UCC (males) cohort. Using 1/SE2 
as a weighting factor produces >14-times greater weight for the NIOSH (male only) cohort than 
the UCC (males) cohort. Thus, 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 air concentration) can be based on the NIOSH cohort alone, because a weighted URF 
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). 
Accordingly, the TCEQ utilized the NIOSH cohort as the sole key cohort for derivation of the 
URF. 
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!ǇǇŜƴŘƛȄ о wŜŀƭƛǘȅ /ƘŜŎƪ ƻŦ 9ǇƛŘŜƳƛƻƭƻƎƛŎŀƭ 9ȄǇƻǎǳǊŜπwŜǎǇƻƴǎŜ 
aƻŘŜƭ wŜǎǳƭǘǎ ŦƻǊ 9ǘh ŀƴŘ [ȅƳǇƘƻƛŘ /ŀƴŎŜǊ aƻǊǘŀƭƛǘȅ 
A robust method of dose-response model comparison is to see how well the parametric models 
predict the number of lymphoid cancer deaths (the key cancer endpoint) versus the actual 
number of deaths observed in the key NIOSH cohort. A good (i.e., reasonably accurate) 
parametric model should predict the observed number of lymphoid cancer deaths with some 
confidence (e.g., the observed number of lymphoid cancer deaths in the NIOSH cohort should 
be inside a 95% confidence interval of the predicted number of lymphoid cancer deaths).  

Here, the standard Cox proportional hazards model of Sielken & Associates (S&A), which uses 
the full risk set as opposed to 100 randomly selected controls for each case, and some of the 
models from USEPA (2016), were used to check whether the models were reasonably accurate; 
that is, whether the models predicted within a margin of error, the number of lymphoid cancer 
deaths in the NIOSH cohort. Cox proportional hazards modeling is preferred under TCEQ 
guidelines (TCEQ 2015) and the linear two-piece spline model is used by USEPA (2016), so these 
are the two major models considered in this model evaluation. The estimated number of 
lymphoid cancer deaths for a specific model for the rate ratios were calculated using age-, sex-, 
race-, and calendar-year specific background hazard rates. Sections A3.3 and A3.4 of this 
appendix illustrate how the calculations to predict the number of expected deaths for each 
model were performed with methodology used in the calculation of standard mortality ratios 
(SMRs). The SMR is a measure that shows the ratio of observed to expected number of deaths 
in the cohort. Similarly, the 100(1- )h% confidence interval on the SMR is a confidence interval 
on the ratio of observed to expected number of deaths in the cohort (method for this 
calculation described in Section A3.3). 

Herein, the inverse of the SMR (SMR-1, the ratio of expected to observed number of deaths) is 
used as a measure of over-prediction or under-prediction of the actual number of observed 
deaths. Similarly, the inverse of the confidence limits of the 95% confidence interval on the 
SMR result in a 95% confidence interval on the inverse of the SMR. In turn, using the SMR-1 and 
its 95% confidence interval, a 95% 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 be compared with the observed number of deaths. If the observed number of 
deaths is inside the 95% confidence interval, then the expected number and observed number 
of deaths are not statistically significantly different at the 5% significance level. If the observed 
number of deaths is below the lower end or above the upper end of the 95% confidence 
interval, then the expected number is statistically significantly different than the observed 
number of deaths at the 5% significance level. 

At issue is the predictiveness (or lack thereof) of the Cox proportional hazards and linear two-
piece spline models used by the TCEQ and USEPA (2016), respectively. The predictiveness of 
these models can be readily and objectively evaluated by direct numerical comparisons of the 
modelsΩ predictions to the number of cancer deaths in the EtO-exposed cohort. Upon 
performing this evaluation, the sections below show that only the log-linear model (standard 
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Cox proportional hazards modelΤ ¢/9vΩǎ preferred model) and the best estimates of the linear 
model predict the number of observed lymphoid deaths in the NIOSH cohort with 95% 
confidence. By contrast, the linear two-ǇƛŜŎŜ ǎǇƭƛƴŜ ƳƻŘŜƭ ǿƛǘƘ ǘƘŜ άƪƴƻǘέ ŀǘ мΣслл ǇǇƳ-days 
(used by USEPA) statistically significantly over-estimates (at the 5% significance level) the 
number of observed lymphoid cancer deaths. This remains the case even after restricting the 
model to assume zero increase in the rate ratio for cumulative exposures above the knot. 

A3.1 Predicted Versus Observed Number of Lymphoid Cancer Deaths in the 
NIOSH Cohort 

Table 29 and Figure 9 show the predicted number of lymphoid cancer deaths in the NIOSH 
cohort for male and female workers using several different EtO exposure-response models. 
There are 53 lymphoid cancer deaths in the NIOSH cohort (brown horizontal line in Figure 9). 
Exposure-response models fit to the NIOSH data were used to estimate the number of 
lymphoid cancer deaths that each model would predict in the NIOSH cohort, if the fitted model 
were true. The MLE of each model as 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 number of deaths predicted by each model and its upper bound on the slope, a 95% 
confidence interval in the predicted number of deaths was derived using a confidence interval 
for the ratio of the predicted to the observed number of lymphoid cancer deaths in the NIOSH 
cohort (method for this calculation described in Section A3.3). 

The 95% confidence intervals for the number of lymphoid cancer deaths predicted by the log-
linear models (Cox proportional hazards model) and its upper bounds (models 1, 2, 3, and 4) 
include the number of lymphoid cancer deaths actually observed (53) in the NIOSH cohort. The 
95% confidence interval for the number of lymphoid cancer deaths predicted by the best 
estimate of the linear model (model 5) also includes the number of lymphoid cancer deaths 
actually observed in the NIOSH cohort, but the upper bound of the linear model (model 6) 
statistically significantly over-predicts the observed number of lymphoid cancer deaths.  

Models 7, 8, 9, and 10 are two-piece spline models (USEPA 2016). Every two-piece spline model 
estimate of the lymphoid cancer deaths in the NIOSH cohort statistically significantly over-
predicts the actual number of lymphoid cancer deaths in the NIOSH cohort. For comparison 
purposes, Models 11, 12, 13, and 14 are the two-piece spline models restrained by setting the 
slope after the knot equal to zero (i.e., the rate ratio increases with cumulative exposure up to 
the knot and stays flat after the knot). In every instance, even restrained two-piece spline 
models (with the slope after the knot set equal to zero) statistically significantly over-predict 
the actual number of lymphoid deaths in the NIOSH cohort, for both the MLE and 95% UCL.  

In short, the standard Cox proportional hazards model is reasonably accurate at predicting the 
number of lymphoid cancer mortalities observed in the NIOSH cohort (53), neither statistically 
significantly over- nor under-estimating, while the two-piece spline models (including the linear 
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two-piece spline model) all statistically significantly over-estimate the number of lymphoid 
cancer mortalities observed. 

Table 29: Predicted Number of NIOSH Cohort Lymphoid Cancer Mortalities using Cox, Linear, 
and Two-Piece Spline Models  

Model 
Slope 

Parameter 
(per ppm-day) 

Predicted if 
the Model 
were True 

100% × Ratio: 
Predicted / 
Observed 

95% CI 
on Predicted if the 
Model were True 

Background  

(No Model) 
n/a 50.39 95.1% (38.5, 67.3) 

1. S&A ς Loglinear ς 15-yr lag 
(MLE) a ς Model Preferred by 
TCEQ 

2.81E-06 52.42 98.9% (40.1, 70.0) 

2. S&A ς Loglinear ς 15-yr lag 
(95% UCL) a 

7.17E-06 58.75 110.8% (44.9, 78.4) 

3. USEPA - Loglinear - 15-yr Lag 
(MLE) a USEPA Table 4-2 

4.74E-06 b 54.52 102.9% (41.7, 72.8) 

4. USEPA - Loglinear - 15-yr Lag 
(95% UCL) a USEPA Table 4-2 

1.03E-05 c 66.41 125.3% (50.8, 88.7) 

5. USEPA - Linear - 15-yr Lag 
(MLE) USEPA Table D-36 

1.23E-05 d 57.58 108.6% (44.0, 76.9) 

6. USEPA - Linear - 15-yr Lag 
(95% UCL) USEPA Table D-36 

4.71E-05 e 77.3 145.8% (59.1, 103.2) 

USEPA (2016) Spline Models with Knot at 1,600 ppm-days 
7. USEPA ς Loglinear Spline ς 
15-yr lag (MLE) ς  

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

4.89E-04 f 88.24 166.5% (67.5, 117.8) 

8. USEPA ς Loglinear Spline ς 
15-yr lag (95% UCL) ς  

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

9.08E-04 g 144.15 272.0% (110.2, 192.5) 

9. USEPA ς Linear Spline ς  

15-yr lag (MLE) ς  

USEPA Table 4-4 Knot @ 1,600 
ppm-days ς Model used by 
USEPA 

7.58E-04 h 91.69 173.0% (70.1, 122.4) 

10. USEPA ς Linear Spline ς  

15-yr lag (95% UCL) ς  

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

1.80E-03 i 141.09 266.2% (107.9, 188.4) 

Results using above USEPA models  
but assuming that slope for RR is ȊŜǊƻ ŀŦǘŜǊ ǘƘŜ άƪƴƻǘέ 

11. USEPA ς Loglinear Spline ς 
15-yr lag (MLE) ς  

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

4.89E-04 84.59 159.6% (64.7, 112.9) 
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Model 
Slope 

Parameter 
(per ppm-day) 

Predicted if 
the Model 
were True 

100% × Ratio: 
Predicted / 
Observed 

95% CI 
on Predicted if the 
Model were True 

12. USEPA ς Loglinear Spline ς 
15-yr lag (95% UCL) ς USEPA 
Table 4-4 Knot @ 1,600 ppm-
days 

9.08E-04 141.97 267.9% (108.5, 189.5) 

13. USEPA ς Linear Spline ς  

15-yr lag (MLE) ς  

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

7.58E-04 86.39 163.0% (66.0, 115.3) 

14. USEPA ς Linear Spline ς  

15-yr lag (95% UCL) ς  

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

1.80E-03 135.19 255.1% (103.4, 180.5) 

MLE ς maximum likelihood estimate, NIOSH - National Institute for Occupational Safety and Health, RR ς rate ratio, 
S&A ς Sielken & Associates, UCL ς upper confidence limit 
[Boldface values indicate that the model over-prediction of lymphoid cancer deaths is statistically significant.] 
a The models used by S&A and USEPA [appearing as an appendix in USEPA (2016)] are the same models; however, 
USEPA did not use all of the individual data ς Steenland et al. (2004) and USEPA (2016) only used a subsample of 
the individual data as discussed in Section 4.3. 
b The best estimate and standard error of the slope are 4.74E-06 and 3.35E-06, respectively. 
c The 95% upper confidence limit on the slope is 1.03E-05 (4.74E-06 + 1.645×3.35E-06). 
d The best estimate and standard error of the slope are 1.23E-05 and 2.12E-05, respectively. The standard error 
(2.12E-05) of the slopes was inferred from the upper bound on the slope (4.75E-05) given in Table D-36; that is 
1.23E-0-5 = (4.71E-05 ς 1.23E-05)/1.645. 
e The 95% upper confidence limit on the slope is 4.71E-05 from Table D-36. 
f The best estimate and standard error of the slope below the knot are 4.89E-04 and 2.55E-04, respectively. The 
slope and corresponding standard error after the knot are -4.86E-04 and 2.56E-04, respectively, from Tables 4-4 
and D-33 log-linear with knot @ 1600 ppm-days. 
g The slope after the knot for the 95% upper confidence limit for the model is -9.07E-04 (-4.86E-04 - 1.645×2.56E-
04, which a 95% LCL on the slope above the knot). This conservatively assumes perfect negative correlation of the 
slope below and after the knot. Thus, the over-prediction may be larger than what is shown in the table. The 
assumption of perfect negative correlation is consistent with the covariance values obtained by USEPA for linear 
two-piece spline model; e.g., see footnote to Table D-36 in the appendices of US9t!Ωǎ ǊŜǇƻǊǘΦ 
h The best estimate and standard error of the slope below the knot are 7.58E-04 and 6.32E-04, respectively. The 
slope and corresponding standard error after the knot are -7.48E-04 and 6.31E-04, respectively, from footnote to 
Table D-36.  
i The slope after the knot for the 95% upper confidence limit for the model is -1.79E-03 (-7.48E-04 - 1.645×6.32E-
04, which a 95% LCL on the slope above the knot). This conservatively assumes perfect negative correlation of the 
slope below and after the knot. Thus, the over-prediction may be larger than what is shown in the table. The 
assumption of perfect negative correlation is consistent with the covariance values obtained by USEPA (see 
footnote to Table D-36 in the appendices of US9t!Ωǎ ǊŜǇƻǊǘ ǿƘŜǊŜ ǘƘŜ ŎƻǾŀǊƛŀƴŎŜ ƛǎ ŀǇǇǊƻȄƛƳŀǘŜƭȅ Ŝǉǳŀƭ ǘƻ ǘƘŜ 
negative of the variances for the slopes above and below the knot; i.e., covariance=-3.99E-07, Var1=3.99E-07, and 
Var2=3.98E-07). 
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Figure 9: Total NIOSH cohort lymphoid cancer mortalities predicted by Sielken & Associates 
(S&A) and USEPA loglinear, linear, and two-piece spline models 

A3.2 Predicted Versus Observed Number of Lymphoid Cancer Deaths in the 
NIOSH Cohort by Quintiles 

Table 30 expands on the results presented in Table 29 to calculate the observed and expected 
number of lymphoid cancer deaths in each of ǘƘŜ bLh{I ŎƻƘƻǊǘΩǎ five exposure quintiles. A 
total of 53 lymphoid cancer deaths were observed in the NIOSH cohort. The first quintile 
included the nine NIOSH workers who died with lymphoid cancer and whose cumulative 
exposure to EtO (with an exposure duration of 15 years) was equal to zero. Cumulative 
exposures to EtO lagged 15 years were defined so that quintiles 2 to 5 included the same 
number of lymphoid cancer deaths (11) in each quintile.  

Only the best estimates of the log-linear (Cox proportional hazards) model (models 1 and 3), 
the linear model (model 5), and the 95% upper confidence limit of the log-linear (Cox 
proportional hazards) model (model 2Τ ¢/9vΩǎ preferred model) predict a number of lymphoid 






























































































































