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ABSTRACT

Testing outlined in regulations implementing Section 211(b) of the Clean Air Act (the Rule)
currently requires manufacturers to perform screening toxicology testing of both exhaust and
evaporative emissions of baseline gasoline, gasoline with various oxygenates, and diesel fuel.
The testing consists of 90-day screening studies to evaluate pulmonary, systemic,
reproductive, developmental and neurologic toxicity, mutagenicity, and carcinogenicity. The
Environmental Protection Agency (EPA) recently notified fuel and fuel additive (F/FA)
manufacturers covered by the Rule that it intends to require additional testing under the
Altemative Tier 2 provisions in the Rule. Expanded toxicology testing of both exhaust and
evaporative emissions, including chronic cancer bioassays on select fuel groups, is included in
the Agency'’s alternative proposal.

At a meeting on December 11-12, 1995, representatives of the Section 211 (b) Research
Group (Research Group), requested that EPA revise the Rule to eliminate requirements for
exhaust emission studies for engines burning gasoline or gasoline containing oxygenates.
This request was based on the following:

Chronic rodent studies completed using exhaust emissions from engines
burning gasoline showed minimal effects, and these studies should be used in evaluation of
pulmonary, systemic and carcinogenic endpoints.

In the Rule, while identifying further toxicity testing to address reproductive,
developmental and neurologic toxicity, EPA has indicated that it does not want overt carbon
monoxide (CO) toxicity in the studies, thereby limiting the CO concentrations to less than 200
ppm. This position was also confirmed by the participants of the December meeting.

Dilution of exhaust gases to a CO concentration of 200 ppm will result in total
hydrocarbon concentrations of about 70 ppm. Concentrations of individual hydrocarbons at
such a dilution will rarely exceed 1 ppm. Based on a literature survey of the no-observable
effects levels (NOELSs) of individual hydrocarbons known to constitute exhaust, toxicity is not

expected at such low concentrations.




This paper includes a complete review of the study design and results of three exhaust
emission toxicology studies which provide adequate data to cover the pulmonary toxicity,
systemic toxicity, and carcinogenicity endpoints of interest to EPA. In consideration of further
toxicity testing to address reproductive, developmental and neurologic toxicity, the basis for
selecting an exhaust dilution level limiting CO to 200 ppm is also reviewed. Further, data from
the Auto/Qil Air Quality Improvement Research Program are used to estimate inhalation
exposure chamber concentrations of hydrocarbons when CO concentrations are maintained at
200 ppm. These data are then compared to published NOELSs to conclude that all the
constituents of exhaust are diluted to non-toxic concentrations. Thus, the rationale to conduct
reproductive, developmental and neurologic toxicity testing is not apparent. Finally, the paper
briefly addresses the complications of using artificial mixtures as an alternative to testing whole

exhaust.

The paper has been subjected to peer review by a panel of experts. The text has been
substantially revised to address the issues raised by these experts. Comments received from
the expert panel and our response to those comments are presented in Appendix D.

Based on the information presented, it is concluded that conducting further exhaust emission
toxicology tests cannot and will not provide meaningful data for predicﬁng human health
effects. Moreover, existing data from previously conducted toxicology studies using exhaust
emissions do not demonstrate toxic effects caused by the hydrocarbon constituents of gasoline

exhaust.

NOTE: This paper addresses issues regarding exhaust emission testing only, and none of the
information or conclusions should be construed to apply to evaporative emission toxicology
testing required by the Ruie.
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. INTRODUCTION

Section 211(b)(2) of the Clean Air Act of 1970 gave EPA authority to “require the
manufacturers of fuel and fuel additives to conduct tests to determine potential public health
effects of such F/FA (including but not limited to carcinogenic, teratogenic or mutagenic
effects)”... in conjunction with the registration of a fuel. In 1977, Congress amended the
statute by adding Section 211(3), which required EPA to implement regulations under Section
211(b)(2). Because of the difficulties in promulgating this Rule, EPA did not act until a court-
ordered mandate issued in 1990 required the Agency to issue the Rule. After issuing an
advance notice of preliminary rule-making and receiving comments, the Agency promulgated
the final rule on June 27, 1994. EPA has authority to require the data to assist in the

determination of whether further risk assessment or regulatory action for fuels is needed.

The Rule outlines a three-tiered testing program. Tier 1 requires: the characterization
of the composition of exhaust and evaporative emissions; a complete literature search of

health effects of whole exhaust and evaporative emissions and the components of these

“emissions; and an estimate of human exposures to these emissions. Tier 2 requires:

toxicology studies in rodents on evaporative emissions and exhaust emissions from engines
burning baseline gasoline and diesel fuels; and separate toxicology studies for each
oxygenated fuel blend registered with EPA. In addition, the Rule allows EPA to change the
requirements of Tier 2 until the toxicology testing begins. Tier 3 testing may be required at
EPA'’s discretion to address uncertainties remaining after completion of Tier 1 and Tier 2

requirements.

A Research Group of about 150 fuel and fuel additive (F/FA) manufacturers was
formed to comply with the Rule requirements. The Research Group contracted with the
American Petroleum Institute (API) to implement this program of research. Work toward the
completion of Tier 1 is well under way; it is anticipated that the Tier 1 requirements will be met
by the May 27, 1997, deadline.

Tier 2 is a different matter. EPA recently informed the Research Group that it intends
to increase the toxicology requirements. EPA is calling for expanded developmental and

reproductive toxicity and neurotoxicity testing, as well as two-year bioassays for both exhaust




and evaporative emissions from baseline gasoline and gasoline containing the oxygenate
methy! tertiary butyl ether (MTBE). Screening studies are to be performed on other fuel
oxygenate blends in the absence of effects from the first two study groups. EPA also has the
option of requiring two year bioassays for both evaporative and exhaust emissions from each

fuel blend tested.

Toxicology studies on the evaporative emissions of fuel biends are to be conducted
and will provide a robust data set to evaluate the health effects of fuels. However, API has
asserted consistently before, during and after the promulgation of Section 211(b), that exhaust
emission testing will yield no useful information. The more prevalent components of gasoline
engine exhaust, carbon dioxide (CO,), carbon monoxide (CO) and nitrogen oxides (NO.) are
known to be toxic and their toxicity is well defined. In fact, the Agency has recommended in
the Rule that exhaust be diluted to reduce the effects of these components.

In December, 1995, API hosted a small meeting of EPA officials, F/FA company
representatives, API staff and six outside inhalation toxicology experts (Appendix C). At that

meeting, API presented information demonstrating that:

1. Gasoline engine exhaust is well characterized;

2. Tailpipe emission gases must be diluted to the point where CO concentrations were

approximately 200 ppm to avoid overt CO toxicity;
3. This dilution would result in minimal hydrocarbons in the chamber;

4. Similar studies on tailpipe exhaust have been conducted in Europe with no untoward

effects; and

5. Consequently, no new information on the health effects of hydrocarbons would result
from conducting further exhaust emission toxicology studies.

EPA suggested that a white paper be prepared summarizing the previous studies, and

providing the basis for the calculated chamber concentrations when CO is limited to 200 ppm.




This paper formally presents information regarding the need for and the utility of
exhaust emission testing as required by the Rule. The paper:

1. Reviews in detail rodent studies on unleaded and leaded gasoline exhaust emissions;

2. Reviews CO toxicity for several toxicological endpoints providing the basis for a
maximum CO concentration of 200 ppm in additional toxicology testing for reproductive
developmental and neurological endpoints;

3. Uses gasoline engine exhaust emission data to calculate expected hydrocarbon
chamber concentrations;

4. Addresses complications with using artificial mixtures as an alternative to whole
exhaust; and

5. Concludes that additional chamber studies examining reproductive developmental and
neurological toxicity of exhaust emissions will not provide useful information and
therefore should not be performed.



Il. PREVIOUS EXHAUST EMISSION TOXICOLOGY STUDIES
ILA. OVERVIEW

One subchronic and two chronic studies have examined the effects of gasoline exhaust
exposure in rodents (Brightwell et al., 1986a, 1986b, 1989; Heinrich et al., 1986). These
studies were part of larger efforts examining the effect of gasoline or diesel exhausts on
rodents. The Brightwell study examined the systemic and puimonary toxicity and
carcinogenicity in rats and hamsters of engine-out (uncatalyzed) and tailpipe (catalyzed)
exhaust emissions from engines buming unleaded gasoline. Two studies by Heinrich
examined the subchronic and chronic toxicity and carcinogenicity in rats and hamsters of
engine-out exhaust emission using leaded gasoline. Both the Brightwell and Heinrich studies
included animals pretreated with initiating chemicals to evaluate the tumor promoting
capabilities of gasoline engine exhaust. Two additional studies examined both the subchronic
effect in rats (Pepelko et al., 1979) and chronic effects in beagles (Stara et al., 1980) of
gasoline exhaust.

This section only discusses the studies of Brightwell and Heinrich, because these
studies closely resemble the study requirements specified in the Rule. The three studies will
be described with respect to their adequacy to meet requirements set out in the Rule.
Emphasis is placed on exposure atmosphere generation system design, biological study
design, and the results and conclusions of these studies. The review focuses on engine-out
gasoline exhaust exposures. The analysis demonstrates that adequate toxicity information
exists to characterize potential carcinogenicity, and pulmonary and systemic toxicity from
gasoline exhaust exposures.

II. B. BRIGHTWELL STUDY
I1.B.1. Exposure System Design (Brightwell)

General characteristics of the emission generation system for all exhaust studies are
listed in Table 1. For the Brightwell Study, a Renault R18 1.6 liter engine with its catalyst
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Brightwell Heinrich Subchronic Heinrich Chronic

Fuel Unleaded US Leaded Gasoline Leaded Gasoline

Specs: CA ERF/G30 | European Reference | European Reference
Engine Renault R18 1.6 liter | Volkswagen 1.6 liter Volkswagen 1.6 liter
Driving Cycle FTP-72 FTP-72 72FTP-72
Precatalyst Yes Yes Yes
Postcatalyst Yes No No
Initial Dilution 1:29 1:15 1:27

211 Baseline Brightwell Heinrich
Identity Units Reference Fuel A CA ERF/G30 European Reference Fuel
Fuel 1 Fuel 2

Sulfur Content _ppm 314 - 364 200 - 400 40 40
Benzene vol % 1.23-1.83 n.d nd.' n.d.
RVP psi 84-9.0 8.85-9.28 n.d. n.d.
Octane Rating (R +M)/2 86.8 - 87.8 91 - 94° 99.7° 99.7°
Distillation Curve

10% °F 123 - 133 120.2 - 134.6 n.d. n.d.

50% °F 213 - 223 199.4 - 230 n.d. n.d.

90% °F 325 - 335 300.2 - 325.4 n.d. n.d.
Hydrocarbon
Content

Aromatics vol % 29.3-347 35 (max) 33 37

Olefins vol % 6.7-11.7 10 (max) 14 9

Saturates vol % 56.8 - 60.8 55 53 53
Lead Content g/ na.’ n.a. 0.56 0.3

' Not determined

2R.0O.N, Research octane number

® Not applicable
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removed was used to generate exhaust emissions. The engine test stand consisted of the
engine, gear box, differential, driveshaft, discbrake, matching gear, fly whee! and power brake.
During exposures of approximately 16 hours/day, the engine was continually cycled through
the US Federal Test Procedure LA-4 Driving Cycle (FTP-72). Driving cycle and fue! supply
was controlled by computer. Safety controls were also monitored by computer. Over a two
year period, 121 engine stops occurred, but exhaust was produced for 98.5% of the scheduled
time. The engine was replaced at approximately 64 weeks. Engine maintenance occurred on
a routine basis as specified by the engine manufacturer. The test fuel was a California
unleaded gasoline (CA ERF/G30) which met requirements specified by the California Clean Air
Act 1970-1972. Table 2 compares the specifications of this fuel and that specified by the Rule.

The single engine provided exhaust simultaneously to all exposure groups. The
exhaust system was directly connected to a dilution tunnel flowing at 800 m*hour. Initial
dilution of the high-dose exhaust mixture with clean filtered air was 1:29. The dilution tunnel
served as a mixing chamber to improve consistency of the exhaust and air mixture. Flow
through the entire system was provided by a difference in pressure between the origin and the
extraction system. The atmosphere for the high-dose animals was drawn directly from the
dilution tunnel. The mixture in the high-dose line was further diluted by clean air to provide

exposure atmospheres for the low-dose groups.

Extensive monitoring of exhaust gases was performed throughout the study.
Chambers were monitored daily for CO, CO,, NO,, NO, and total hydrocarbons (THC). Table
3 lists the average concentration of these components over the course of the study. In
addition, other components of exhaust were speciated 10 times throughout the study, including
individual hydrocarbons, polycyclic aromatic hydrocarbons, phenols, aldehydes, ketones, SO,
and sulphates. Constituent concentrations were measured using either gas chromatography
or high-performance liquid chromatography. Particle concentration was measured
gravimetrically. The particle concentration was below the limit of detection for each sampling

period.
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Heinrich Subchronié

Brightwell Heinrich Chronic
Dilution 1:29 1:15 1:27
CcO 224 £ 32 443 +27 305 + 21
NO, 49+5 41+10' 228+22'
THC 61+6 57+9° 365+25
Dilution 1:.83 1:27 1:61
CO 677 224 £14 155 + 11
NO, 1542 22 +4' 11.1+1.2'
THC 20+2 32+ 6 18.3+1.5°

' Non-methane hydrocarbon
 Measured as NO

Brightwell H
Species Rat, Fischer-344 Rat, WISW Rat, WISW
Hamster, Syrian Golden | Hamster, Syrian Golden Hamster, Syrian Golden
Mouse, NMRI
Number Rat: 72 @ & 72 S/dose | Rat: 70 Q/dose Rat: 60 - 83 Q /dose
Hamster: 104 © & 104 | Hamster: 64 Q@/dose Hamster; 48 - 80 Q /dose
d/dose Mouse: 60 - 83 Q /dose
Study 2 years (exposed) 13- 15 weeks 2 years (exposed)
Duration 6 month (unexposed) 6 month (unexposed)
Exposure 16 hours/day, 19 hours/day 18-19 hours/day,
Schedule 5 days/week 5 days/week 5 days/week
Doses 2 doses + control 3 doses + contral 2 doses + control
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I.B.2. Biological Study Design (Brightwell)

Exposure:

Fisher 344 rats (males and females) and Syrian Golden hamsters (males and females)
were exposed to engine-out gasoline exhaust for two years, using a control and two dose
levels: control (conditioned air), low dose (1:83 dilution), and high dose (1:29 dilution). The
Brightwell study design is summarized and compared with the two Heinrich studies in Table 4.
In addition, a duplicate experiment using hamsters pretreated with diethlynitrosamine (DEN)
was conducted. The DEN dose was not given in the study report. Each dose group contained
144 rats and 208 hamsters (or 104 pretreated hamsters), divided equally between males and
females. The nominal exposure schedule was 16 hours/day (night-time), 5 days/week, for 104
weeks. The average CO exposures in the high- and low-dose groups were approximately 224
ppm and 67 ppm, respectively. The average total hydrocarbon concentrations in the high- and
low-dose groups were 61 ppm and 20 ppm, respectively.

Biological endpoints (Brightwell)

1. Body weights were recorded approximately every two weeks for rats and every three
weeks for hamsters, and at sacrifice for both species.

2. Interim sacrifices occurred at 6, 12, 18 and 24 months for rats and at 6 and 16
months for non-pretreated hamsters." DEN-pretreated hamsters were not subject to interim
sacrifice.

3. At sacrifice, the following physiological parameters were analyzed:

a. Urinalysis: color, turbidity, pH, protein (prot.), glucose, ketones, bilirubin,
blood, specific gravity, red blood cells (RBC), white blood cells (WBC), epithelial cells, crystals,
yeast, bacteria and casts;

b. Blood chemistry: glucose, blood urea nitrogen (BUN), total protein, albumin,
total bilirubin, total cholesterol, triglycerides, calcium, inorganic phosphate, chloride, alkaline

phosphatase (AP), gamma-glutamyl transpeptidase (YGT), creatine kinase (CK), lactate

' Excess mortality among hamsters (all groups) due to infectious disease required a
reduction in the frequency of scheduled sacrifices.
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dehydrogenase (LDH), cholinesterase (CHE), alpha-hydroxybutyric dehydrogenase (HBD),
aspartate aminotransferase, alanine aminotransferase, sodium and potassium;

c. Hematology: hematocrit (HCT), hemoglobin concentration (Hb), RBC, WBC,
mean corpuscular volume (MCV), mean corpuscular hemoglobin, mean corpuscular
hemoglobin concentration (MCHC), platelets, WBC differential counts, blood oxygen partial
pressure (pO,), blood carbon dioxide partial pressure (pCO,), pH and prothrombin time;

d. Respiratory physiology: intraesophageal pressure, tidal volume, compliance,
total airway resistance, respiratory rate, minute volume, inspiratory volume, % forced vital
capacity (FVC) at 0.05, 0.2, and 0.4 seconds; flow, delta flow, peak flow during FVC, flow at:
10%, 25%, 50%, and 75% of FVC; end-expiratory pressure, mean blood pressure, heart rate,
systolic blood pressure, diastolic blood pressure, pO, in arterial blood, pCO, in arterial blood,
pH in arterial blood; and

e. Cardiovascular function (only in control and high-dose males at 24 months):
ventricular fibrillation threshold, left ventricular contractility, ventricular weights, arterial systolic
pressure.

4. Weights were recorded at death or sacrifice for the following organs: lung, heart,
brain and testes. Only lungs were weighed in DEN-pretreated hamsters.

5.. Histopathology was performed on the following: all suspected tumors; lung, larynx,
trachea, and nasal passages in all high-dose animals, two-thirds of the low-dose rats, and all
low-dose DEN-pretreated hamsters; kidneys, adrenals, liver, gall bladder, spleen, stomach,
urinary bladder, tests, prostate and seminal vesicles, ovaries and uterus, mammary gland
(female), small intestines, large intestines, salivary gland, heart, mesenteric lymph nodes, and
pancreas in ten male and ten female high-dose rats and ten male and ten female high-dose

non-pretreated hamsters.
I1.B.3. Results (Brightwell)
The results of the Brightwell study are summarized in Tables 5, 6 (rats) and 7

(hamsters). These tables present non-tumor findings that were either statistically significant at

terminal sacrifice or statistically significant at consecutive time points and tumor incidence data.
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System Dose Groups
Evaluated 1:29 Dilution Males 1:29 Dilution Females 1:883 Dilution Males 1:83 Dilution Females
Urinalysis NC' NC NC NC
Blood - cholesterol, yGT — cholesterol NC + BUN, AP, CK
chemistry LDH, HBD, CK, Na
Hematology RBC, Hb, HCT + Hb, HCT + hematocrit, MCV, ~ MCHC, eosinophils

prothrombin time ~ nucleated RBC, lymphocytes

eosinophils — segmented neutrophils

Respiratory NC + inspiratory volume, NC - expired volume 25%
System — expiratory volume 25% FVC

FvC

Cardiovascular
System

+ relative heart weight
systolic, diastolic,
mean blood pressure

+ diastolic blood pressure

NE?

NE

"No Change
? Not Evaluated




1. Rats

Body weights of high-dose males and females were reduced, compared to the control
group, at most time points during the two-year exposure. At 12 months, mean decreases were
about 5% in both high-dose males and high-dose females. At 24 months, the mean decrease
in high dose female body weight was 12%. Body weights in low-dose females were decreased
at only one time point. Mortality rates showed no treatment-related differences from the control
group at 24 or 30 months. In all groups, mortality among females was lower than among
males. The authors attributed the decreased body weights to CO in engine exhaust.

Table 5 lists statistically significant results found at 24 months or at consecutive interim
time points. Urinalysis found no significant, treatment-related changes in any group. Changes
in blood chemistry included increases in three enzymes (LDH, HBD, and CK) in high dose
males and decreased cholesterol in high-dose males and females. There were increases in
red blood cell counts (males only), hemoglobin and hematocrit in the high dose males and
females. Increased blood pressure occurred in high-dose males, and decreased expiratory
- volume was observed in females. In high-dose exposed groups, heart weight relative to body
weight was increased compared to controls. According to the final study repor, interim reports
showed that high-dose animals developed carboxyhemoglobin ievels of 14 - 20%.? Brightwell
and coworkers attributed all the following lesions or alterations in treated groups that differed
significantly from controls to CO and/or NO, toxicity: increased serum enzymes (suggestive of
CO-induced myocardial damage), increased red blood cells, hematocrit and hemoglobin, and
increased relative heart weight (indicative of CO-induced hypoxia).

Necropsy and histopathologic examination of treated rats revealed few treatment-
related effects. Pheochromocytomas occurred in high-dose rats (males and females) at higher
rates than in controls, but not significantly so. No increase in lung tumor incidence was
observed (Table 6). Evidence of lung irritation was found; however, the authors did not further
characterize this finding. High-dose males also displayed acute inflammation of the nasal

?These ranges in carboxyhemoglobin levels were mentioned in the text of the final report with
no supporting information and the reader is referred to unavailable interim reports.
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passages, microcalcifications in the liver, and an increase in hemosiderin pigmentation in the

spleen.

Incidence’

Treatment Group Males Females Total Number
Control 3/140 1/142 : 4
Low Dose (1:83 Dilution) 1/49 0/41 1
High Dose (1:29 Dilution) 0/72 1/72 1

' Number of rats with primary lung tumors over the number of rats microscopically examined.

2. Hamsters

No treatment-related changes in body weight occurred during the two years of
exposure, although all groups experienced an unexplained period of weight loss near the start
of the study. No treatment-related mortality was noted, although mortality was high in general
due to a non-treatment-related infectious disease. An outbreak of “wet tail” disease, a
nonpulmonary infection, was observed in control as well as treated animals. As a result,
antibiotics were given to the hamsters for the remainder of the study (at least one year). Male
survival was significantly greater than female survival.

Table 7 lists statistically significant results found at 16 months or at consecutive time
points. Urinalysis revealed no significant changes at any time. No significant changes in blood
chemistry were seen in the high-dose groups, and only cholesterol levels were decreased in
low-dose female hamsters. Red blood cell counts, hemoglobin and hematocrit were
significantly increased in most treatment groups. Like the high-dose rats, high-dose hamsters
maintained carboxyhemoglobin levels of about 20%. According to the report authors, chronic
CO exposure was deemed to be the cause of increased red blood cell counts, hemoglobin
concentration and hematocrit.
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System

pressure

System Dose Groups
Evaluated 1:29 Dilution Males 1:29 Dilution Females 1:83 Dilution Males 1:83 Dilution Females
Urinalysis NC' NC NC NC
Blood chemistry NC NC NC — cholesterol
Hematology + RBC, Hb, HCT + \7v?3% Hb, HCT, NC + Hb
- platelets
Respiratory System — minute volume NC ~ minute volume NC
Cardiovascular + mean blood NC NC NC

"No Change




Significant pathological changes observed were: increased lymphoid hyperplasia
and/or sinusoidal changes in high-dose females, inc_reased incidence of "bronchiolization" of
alveolar cells in high-dose animals, increased incidence of emphysema and increased
incidence of acute inflammation of the nasal passages in the high-dose groups. No treatment-
related changes in tumor incidence were noted. The report authors hypothesized that the non-
carcinogenic lesions in the respiratory tract were related to CO, and NO, exposure. Some
changes, such as decreased minute volumes and increased white blood cell counts, were not
attributed to specific causes.

3. Initiator-Pretreated Hamsters

No treatment-related changes in body weight occurred during the two years of
exposure, although all groups experienced an unexplained period of weight loss near the start
of the study. No treatment-related mortality was noted, although mortality was high in general
because of “wet tail” disease. Male survival was significantly greater than female survival.

No physiologic data were collected from the initiator-pretreated hamsters. Compared
with non-DEN pretreated hamsters, there was an increase in the incidence of respiratory tract
tumors. However, no increase in respiratory tumor rate was observed between the DEN
treated control and the animals pretreated with DEN and exposed to gasoline exhaust. Non-
carcinogenic changes were similar to those seen in the non-pretreated group, such as
bronchiolization of alveolar cells, emphysema and inflammation of the nasal passages, most
noticeably in high-dose females. Additional observations made in the high-dose groups
included increased rate of organized atrial thrombi (males and females), squamous
hyperplasia of the larynx (males), and epithelial hyperplasia of the trachea (females).

Non-carcinogenic changes in the respiratory tract were similar to those seen in the non-
pretreated animals and were likewise attributed to CO and NO, exposure by Brightwel} and
coworkers . Exposure to gasoline exhaust did not influence the incidence of respiratory tract

tumors.
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I1.B.4. Conclusion (Brightwell)

Both rats and hamsters in the high-dose groups experienced gasoline exhaust-induced
toxicity. The authors of the Brightwell report hypothesized that the observed toxicity was
related to the noxious combustion gases, particularly CO and NO,. Two-year exposure to

gasoline engine exhaust was not associated with changes in cancer incidence.
Il. C. HEINRICH SUBCHRONIC STUDY
I.C.1. Exposure System Design (Heinrich Subchronic)

For the Heinrich studies, a Volkswagen four cylinder 1.6 liter engine was used to
generate exhaust emissions (Table 1, page Il - 2). The engine test stand consisted of the
engine, automatic transmission gear box, fly wheel and power brake. The engine was
continually cycled through the U.S. Federal Test Procedure Driving Cycle (FTP-72) for
approximately 19 hours/day. The engine cycle was controlled by a computer system. No

“information was presented in the study report regarding engine performance or maintenance
over the course of the study. European Reference Fuel, a leaded gasoline, was tested in this
study. Two fuels were used during the course of the study, due to a change in the lead content
of European Reference Fuel from 0.56 g/l to 0.3 g/l. Table 2 (page Il - 2) compares the
specifications of these fuels to the fuel used in the Brightwell study and that required by the

Rule.

A constant amount of exhaust was drawn from the exhaust system regardless of the
stage of the engine cycle. The exhaust from the engine stand was cooled to 80°C in an
exhaust gas cooler. The exhaust was diluted with conditioned air. An initial dilution of 1:15
was used. The large volume of the exposure chambers (12m®) reduced the variation in the
exposure atmospheres. The atmosphere for each dose group was prepared directly from the
exhaust line by individual dilution.
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Chambers were monitored for CO, CO,, NO,, NO, total hydrocarbons and non-methane
hydrocarbons. Table 3 (page Il - 4) lists the average concentration of these components over
the course of the study. Particulates and particulate concentration of lead and polycyclic
aromatic hydrocarbons were also monitored.

1.C.2. Biological Study Design (Heinrich Subchronic)

Exposure:

Seventy female rats and 64 female hamsters per dose group were exposed to engine-
out leaded gasoline exhaust using a control and three dose levels: control (conditioned air),
low dose (1:61 dilution), medium dose (1:27 dilution), and high dose (1:15 dilutibn). The rats
and hamsters were exposed for 7.5 hours/day, 5 days/week for the first three weeks followed
by 19 hours/day, 7 days/week for the next 10 -12 weeks. The study design is summarized and
compared to the Brightwell study in Table 4 (page Il - 4). The average CO exposures in the
1:15- and 1:27-dilution groups were 443 ppm and 224 ppm, respectively. The average total
hydrocarbon exposure in the 1:15- and 1:27 dilution groups were 57 and 32 ppm, respectively.

Biological Endpoints (Heinrich Subchronic)

1. Body weights were reported for all groups at study initiation and after 12 weeks of
exposure.

2. Terminal sacrifice with evaluation of clinical chemistry and hematology occurred at
13 weeks for rats and 14 weeks for hamsters. Evaluation of pulmonary cytology and
biochemistry followed bronchoalveolar lavage at 9.5 and 13 weeks for rats, and 9.5 weeks for
hamsters. Pulmonary function tests were conducted at 13 weeks in rats and 15 weeks in
hamsters. Blood lead content was measured at 10 weeks in rats. Blood gas concentrations
were measured at 15 weeks in both rats and hamsters. The specific parameters evaluated for
each of the above are listed below:
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a. Clinical chemistry: glutamate oxaloacetate transaminase (GOT), glutamate
pyruvate transaminase (GPT), gamma-glutamyl transferase (YGT), alkaline phosphatase (AP),
cholinesterase (CHE), glutamate dehydrogenase (GLDH), serum bilirubin, blood creatinine

(creat.), blood urea and serum protein;

b. Hematology: Red blood cells (RBC), white blood celis (WBC), hematocrit
(HCT), hemoglobin (Hb), mean corpuscular volume (MCV), mean corpuscular hemoglobin
(MCH) and mean corpuscular hemoglobin concentration (MCHC);

c. Pulmonary biochemistry and cytology following bronchoalveolar lavage:
lactate dehydrogenase (LDH), alkaline phosphatase (AP), acid phosphatase, glucose-6-
phosphate dehydrogenase (G6PDH), acid protease, and neutral protease activities; total
protein, collagen concentration and trypsin inhibitory capacity (TIC); total count, viability,
differential (macrophage, granulocyte and lymphocyte) of leukocytes, phagocytosis index; and

d. Pulmonary function tests: Respiratory rate, respiratory volume, respiratory
minute volume, transpulmonary pressure, dynamic compliance, resistance, breathing time
quotient and heart rate.

3. The following organ weights were measured at terminal sacrifice: heart and lung.

4. Gross pathology on all tissues and electron microscopic examination of lung and

liver were performed.
I1.C.3 Results (Heinrich Subchronic)
1. Rats
Results presented from the Heinrich subchronic study are from the 1:27 and 1:15

dilution groups. Results in the 1:60 dilution group, where observed, were similar to those
observed at the two higher dose levels.
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A slight reduction in body weight gain was observed in the high-dose animals (statistical

significance was not defined). Carboxyhemoglobin (COHDb) levels are listed in Table 8.

Rat Hamster
Exposure Atmosphere | Subchronic | Chronic Subchronic | Chronic
Control N.G.2 1.1+£0.58 N.G.2 0.9910.72
1/61 Dilution 11.6+0.78 | 14.3+1.47 | 13.4 +0.81 15.8+£0.93
1/27 Dilution 204+2.89 | 241+1.39 | 26.2+2.29 28.4+2.34
1/15 Dilution 31-32° N.A.‘ 40° N.A.

'Heinrich et al., 1986

¢ Control COHb levels not given for subchronic study.
* Data only presented as range in text

“ Not Applicable

* Data only presented as mean with no standard error in text
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Statistically significant results from the subchronic gasoline exhaust exposures are
listed in Table 9. Alterations in clinical chemistry were observed in the 1:15 dilution group
(increased serum creatinine, AP, GPT, bilirubin and decreased total protein) and 1:27 dilution
group (decreased serum YGT, and increased serum total protein, glutamate pyruvate
transaminase, GOT and bilirubin). Changes were observed in hematology in the 1:15 and
1:27 dose group animals with decreased WBC counts, and increased red blood cell count,
hemoglobin and hematocrit. Enzyme activities of lung lavage fluid were increased in the 1:15
dilution group (LDH, Acid Phosphatase, GBPDH, Acid Protease); only G6PDH was increased
in the 1:27 dilution group. An increase in granulocytes and a decrease in macrophages was
reported in the cellular content of lung lavage fluid. Pulmonary function alteration was
observed in the 1:15 dilution group as decreased resistance and respiratory rate and an
increase in respiratory volume. Exposure to both 1:15 and 1:27 dilutions of gasoline exhaust
increased the partial pressure of CO, and decreased blood pH. The authors attributed
changes in hematology and pulmonary function to CO, NO,, and lead particulate. Heinrich and
coworkers could not conclude whether increased serum enzyme activities, indicative of liver
damage, in the high dose treated animals were or were not causally linked to hydrocarbon

exposure.

Absolute and relative lung and heart weights were increased in both the 1:15 dilution
and 1:27 dilution group. The authors link increased heart weights to CO exposure.
Histopathological examination of the iung parenchyma demonstrated injury at the high dose
(1:15 dilution) with fibrotic changes of the alveolar membrane and vacuolization of the Type |I
pneumocytes. Changes in the lung were related to lead particle burden of the lung and
exposure to CO and NO,. Liver changes were also observed at the high dose with enlarged
sinusoids, vacuolization of the hepatocytes, and enlarged Kupffer cells. The authors postulated
that free ribosomes and enlarged mitochondria observed in hepatocytes were indicative of lead

poisoning at the subcellular level.
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Fischer-344 Rats

Syrian Golden Hamsters

1:15 Dilution 1:27 Dilution 1:15 Dilution 1:27 Dilution
Blood + Bilirubin, creat, AP, | + GPT, bilirubin, GOT, | GpT, Bilirubin, Total |+ Bilirubin, GLDH,
chemistry GPT Total prot Prot, Urea Urea, creat
— Total prot - ¥GT
— GOT, CHE, Total
prot
Hematologyv + RBC, Hb, HCT + RBC, Hb, HCT + RBC, Hb, HCT, MCV, + RBC, Hb, HCT,
— WBC, MCHC — WBC MCH WBC
- MCHC
Respiratory abs. andrel. lungwt. | + abs. and rel. lung wt. + rel. lung wt. rel. lung wt.
System LDH, Acid Phos., + G6PDH - AP, G6PDH, Total Alk. Phos.
G6PDH, total prot., Prot., TIC, Acid
Acid Protease + Granulocytes Protease — Leukocyte count
+ Granulocytes ~ Macrophages — Macrophages
+ Phagocytosis Index + granulocytes
— Macrophages + pCO 9
_ ? + Lung volume
- Resistance, - pH 0. oH
respiratory rate — respiratory rate - PY%p
+ Lung volume + pCO,
+ pCO,
— pH
Cardiovascular | + abs. and rel. heart + abs. and rel. heart wt. + abs.andrel. heartwt. | + abs. and rel. heart
System wt. wit.




2. Hamsters

Results presented from the Heinrich subchronic study are from the 1:27 and 1:15
dilution groups. Results in the 1:60 dilution group, where observed, were similar to those
observed at the two higher dose levels.

No changes in body weights were observed. Carboxyhemoglobin levels are listed in
Table 8.

Table 9 lists the significant results observed in hamsters following subchronic exposure
to gasoline engine exhaust. Exposure to the 1:15 dilution of gasoline exhaust resulted in more
significant findings than exposure to 1:27 dilution. This was evident in evaluation of clinical
chemistry, hematology, pulmonary cytology and biochemistry, and pulmonary function. Similar
to results observed in rats, clinical chemistry, and hematological effects were observed in both
dose groups (increases in red and white cell counts, hemoglobin, and hematocrit).
Additionally, increases in mean corpuscular volume, mean corpuscular hematocrit and _
decreased mean corpuscular hemoglobin concentration were also observed in the 1:15 dilution
group. Lung injury was observed primarily in the 1:15 dilution group by increased enzyme
activities (alkaline phosphatase, glucose-6-phosphate dehydrogenase, acid protease), protein
(total profein), trypsin inhibitory capacity and granulocyte counts. Pulmonary function was
altered in only the 1:15 dilution group (increased respiratory volume). A reduction in blood pO,
and pH and an increase in blood pCO, were observed in the 1:15 dilution group. Similar to
observations in the rats, the authors related alterations in hematology to the CO content of
exhaust. Heinrich and coworkers hypothesized that pulmonary function changes were related
to CO, NO, and lead particulate.

Relative lung weights were increased in both dilution groups, and absolute and relative

- heart weights were increased in both the 1:15 and 1:27 dilution groups. Histopathological and

electron microscopic examination demonstrated injury similar to that observed in the rats.
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I1.C.4. Conclusion (Heinrich Subchronic)

Toxicity was observed in the lung, liver and heart. The authors speculated that the
effects observed were due to CO, NO, and lead particulate as they note the effects observed
were similar to the effects produced by these agents alone.

Il. D. HEINRICH CHRONIC STUDY
1.D.1. Exposure System Design (Heinrich Chronic)

The exposure system used for the chronic study was the same as used for the
subchronic study (see page Il - 12). The initial dilution was 1:27.

I1.D.2. Biological Study Design (Heinrich Chronic)

Exposure:

Eighty female Bor:WISW rats and 80 female Syrian Golden hamsters per dose group
were exposed for two years to engine-out leaded gasoline exhaust using a control and two
dose levels: control (conditioned air), low dose (1:61 dilution), and high dose (1:27 dilution),
and were examined for pathological and histological changes at the end of exposure. An
additional 80 rats and 48 hamsters per dose group were exposed for clinical chemistry,
hematology and lung function tests. These rats were sacrificed at 1, 2 and 2.5 years, and the
hamsters were sacrificed after one year. To examine the tumor-promoting ability of leaded
gasoline exhaust, rats were pretreated with dipentylnitrosamine (DPNA; either 25 x 0.5g/kg, or
25 x 0.25 g/kg; sc) and hamsters were pretreated with diethyinitrosamine (DENA; 3 mg/kg; sc)
or benzo(a)pyrene (B(a)P; 20 x 0.25 mg; i.tr), with subsequent exposure to gasoline exhaust
for two years. Adult NMRI mice were pretreated intratracheally (i.tr.) with an initiator, either
B(a)P (20 x 50 pg ) or dibenz(a,h)anthracene (DB(a,h)A; 10 x 100 ug or 10 x 50 pg), and were
exposed to leaded gasoline engine exhaust for one year and maintained for an additional year.

Male and female NMRI newborn mice were pretreated with DB(a,h)A (4 pg or 10 ug; sc), and
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exposed to gasoline exhaust for six months. For all animals, the nominal exposure schedule
was 18 - 19 hours/day (night-time), 5 days/week. The average CO exposures in the high- and
low-dose groups were approximately 305 ppm and 155 ppm, respectively. The average total
hydrocarbon concentration during exposure in the high- and low-dose groups were 36 and 18
ppm, respectively.

Biological Endpoints (Heinrich Chronic)

1. Body weight and mortality were determined throughout the experiment for rats,
hamsters and mice.

2. Sacrifices occurred at 1, 2 and 2.5 years for rats and one year for hamsters to
examine clinical chemistry, hematology, pulmonary cytology, pulmonary biochemistry,
pulmonary function tests, blood lead content, and blood pH, pCO, and pO,. Individual
parameters measured for each of the above are listed below:

- a. Clinical chemistry: glutamate oxaloacetate transaminase (GOT), glutamate
pyruvate transaminase (GPT), gamma-glutamyl transferase (yGT), alkaline phosphatase (AP),
cholinesterase, glutamate dehydrogenase (GLDH), serum bilirubin, blood creatinine (creat.),

blood urea and serum protein;

b. Hematology: Red blood cells (RBC), white blood cells (WBC), hematocrit
(HCT), hemoglobin (Hb), mean corpuscular volume (MCV), mean corpuscular hemoglobin

(MCH) and mean corpuscular hemoglobin concentration (MCHC);

c. Pulmonary biochemistry and cytology following bronchoalveolar lavage:
lactate dehydrogenase (LDH), alkaline phosphatase (AP), acid phosphatase, glucose-6-
phosphate dehydrogenase (G6PDH), acid protease, and neutral protease activities; total
protein, collagen concentration and trypsin inhibitory capacity (TIC); total count, viability,
differential (macrophage, granulocyte and lymphocyte) of leukocytes, phagocytosis index; and
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d. Pulmonary function tests: Respiratory rate, respiratory volume, respiratory
minute volume, transpulmonary pressure, dynamic compliance, resistance, breathing time
quotient and, heart rate.

3. The following organ weights were reported at terminal sacrifice: heart and lung.

4. Histopathological examinations were conducted on the respiratory tract, lung, larynx,
trachea and nasal passages, pituitary gland, thyroid gland, parathyroid gland, esophagus,
spleen, heart, stomach, liver, kidneys, adrenals, urinary bladder, ovaries and uterus. All
tumors were examined histologically to determine type of tumor. The respiratory tract and liver

were examined by electron microscopy.
I1.D.3. Results (Heinrich Chronic)

1. Rat

Body weights were reduced in the 1:27 dilution group animals, primarily after the first
~ year of exposure. Mortality showed no treatment-related differences at 24 or 30 months.
Carboxyhemoglobin levels are listed in Table 8.

Table 10 lists statistically significant non-tumor results observed in the chronic study for
rats and hamsters. The results listed were observed either at terminal sacrifice or at
consecutive interim sacrifices. Changes in blood chemistry were observed in only the 1:27
dilution group. These values returned to control by six months after the two-year exposure
ended. Hematologic changes were observed predominantly in the high-dose group blood, and
included increased red cell counts, hemoglobin, hematocrit and mean corpuscular volume.
Contrary to expectation, these changes did not return to normal six months after the chronic
study exposures ended. In the respiratory system, lung weight was increased in both the 1:27
and 1:61 exposure groups. An increase in G6PDH activity of lung wash fluid was observed in
the 1:27 dilution animals. Lung-function parameters were changed in the high-dose group
(decreased compliance, increased transpulmonary pressure, resistance and end expiratory
work). The changes in lung function returned to control values six months after cessation of
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Bor:WISW Female Rats

Syrian Golden Female Hamsters

wt.

1:27 Dilution 1:61 Dilution 1:27 Dilution 1:61 Dilution
1
Blood chemistry |+ GOT, GPT, AP, GLDH NC + AP, Total Prot. + AP, GLDH, Total
Prot.
~ CHE rol
Hematology + RBC, Hb, HCT, MCV | + MCV + RBC, Hb, HCT, + Hb, HCT
MCV
Respiratory + abs. and rel. lung wt. rel. lung wt. + rel. lung wt. + leukocytes
System + G6PDH pCo, + LDH, G6PDH - pO,, O,-Hb
+ lymphocytes - PH - O,-Hb
— compliance |
+ transpulmonary B p|%$::§;y
pressure, resistance, ¢
end expiratory work
+ pCO,
- pH, pO,, O,-Hb
— pulmonary clearance
Cardiovascular NC NC + abs. and rel. heart NC

'No Change




exhaust exposure. Blood gas levels were altered in the 1:27 and 1:61 dilution groups
(increased pCO,, decreased pO, and pH). Hematological changes were related to CO
exposure. Alteration of lung function was related to lead particulate exposure. CO and CO,
were associated with the changes in blood gases. Changes in blood chemistry were not
attributed to any exhaust component.

No increase in any tumor type was observed (Table 11). Histopathological evaluation of
the respiratory tract by light microscope showed infrequent metaplasia and hyperplasia.
‘Evaluation by electron microscopy revealed metaplasia and rarefaction of ciliated epithelium in
larynx and trachea. Metaplasia was further demonstrated by an increased occurrence of
ciliated and basal cells at alveolar and terminal bronchi. No changes were observed in the
alveoli by either light and electron microscopy. Other than hypertrophic livers, no remarkable
pathology was observed in histological evaluation of other organs.

Treatment Group n . Total Benign Malignant

Control 74 2 1 1

Low Dose (1:61 Dilution) 82 1 - 1

High Dose (1:27 Dilution) 77 4 2 2
2. Hamsters

No changes in body weights or mortality were observed. Carboxyhemoglobin levels
are listed in Table 8.

Statistically significant results observed in hamsters during the chronic study are listed
in Table 10. Minor changes in blood chemistry were observed in both dose groups.
Hematologic changes were observed in both the 1:27 and 1:61 dilution groups, and included
increases in red blood cell counts (1:27 dilution only), hemoglobin and hematocrit. Activity of
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two enzymes (lactate dehydrogenase and glucose-6-phosphate dehydrogenase) was elevated
in lung wash fluid in high-dose animals. No differences in iung function were observed. The
partial pressure of oxygen was reduced in the 1:61 dose group. Increased heart weight was
observed in the high-dose group. The authors attributed the hematological changes and
increased heart weight to CO exposure.

No increase in any tumor type was observed (Table 12). Histopathological evaluation of
the respiratory tract by light microscope showed infrequent metaplasia and hyperplasia
development. The authors hypothesized that these changes were due to the irritating gases of

exhaust. No pathological changes were observed in any other organ examined.

Treatment Group n Total Benign Malignant
Control 83 - - -
Low Dose (1:61 Dilution) 80 3 2 1
High Dose (1:27 Dilution) 75 1 1 -

3. Initiator-Pretreated Animals

To examine the tumor-promoting activity of gasoline exhaust, several groups of animals
were treated with tumor initiators and then treated with gasoline exhaust for one year (mouse)
or two years (rat and hamster).

a. Rats

Treatment of rats with DPNA increased tumor incidence as compared to non-initiated
control rats. Pretreatment of rats with the tumor initiator DPNA, followed by treatment with
gasoline engine exhaust, did not increase the overall tumor incidence in the respiratory tract,
or at any other organ site when compared with exposure to DPNA pretreatment alone (Table
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13). However, the number of benign tumors was increased and the number of malignant
tumors was decreased with DPNA and exhaust treatment over DPNA alone. When tumor
incidence was split between upper respiratory tract (nasal cavities, larynx, and trachea; Table
14) and lower respiratory tract (lung; Table 15), it was observed that exhaust gas increased
tumor formation in the upper respiratory tract and decreased tumor formation in the lung. This

was due to an increase in the number of benign tumors in the upper respiratory tract.

Treatment Group Total/N Benign/N Malignant/N
25 x 0.5 g/kg body weight DPNA
No Exhaust 48/48 5/48 43/48
Low Dose (1:61 Dilution) 48/48 14/48* 34/48*
High Dose (1:27 Dilution) 42/47* 9/47 33/47*
25 x 0.25 g/kg body weight DPNA
No Exhaust 33/46 4/46 29/46
Low Dose (1:61 Dilution) 32/45 14/45* 18/45*
High Dose (1:27 Dilution) 28/50 15/50* 13/50*

' Animals with tumors/total number of animals examined.

** Indicates significant difference from corresponding “no exhaust” control; p < 0.05; Chi® Test

Treatment Group ] Total/N' ”Benign/N Malignant/N

25 x 0.5 g/kg body weight DPNA
No Exhaust 19/47 11/47 8/47
Low Dose (1:61 Dilution) 41/47* 22/47 19/47*
High Dose (1:27 Dilution) 32/46* 10/46 22/46*
25 x 0.25 g/kg body weight DPNA
No Exhaust 13/46 8/46 5/46
Low Dose (1:61 Dilution) 21/43* 16/43* 5/43
High Dose (1:27 Dilution) 23/51* 21/51* 2/51

' Animals with tumors/total number of animals examined.

* * Indicates significant difference from corresponding “no exhaust” control; p < 0.05; Chi® Test

ih-25




“Total/N

Treatment Group Benign/N Malignant/N
25 x 0.5 g/kg body weight DPNA
No Exhaust 44/49 4/49 40/49
Low Dose (1:61 Dilution) 33/49** 8/49 25/49*
High Dose (1:27 Dilution) 28/48* 4/48 24/48*
25 x 0.25 g/kg body weight DPNA
No Exhaust 27/48 1/48 26/48
Low Dose (1:61 Dilution) 15/47* 1/47 14/47*
High Dose (1:27 Dilution) 13/54* 2/54 11/54*

" Animals with tumors/total number of animals examined.

* * Indicates significant difference from corresponding “no exhaust” control; p < 0.05; Chi’ Test

b. Hamsters

Pretreatment of hamsters with either DENA or B(a)P increased the tumor incidence

compared to non-initiator-treated controls. No significant increase in tumor rate was produced

by administration of gasoline exhaust subsequent to tumor initiation with either DENA or B(a)P

at any site in hamsters as compared to hamsters pretreated with DENA or B(a)P alone (Table
16).

1

Treatment Group Total/N' Benign/N Malignant/N

1 x 3 mg/kg body weight DENA
No Exhaust 10/78 10/78 0/78
Low Dose (1:61 Dilution) 11/81 11/81 0/81
High Dose (1:27 Dilution) 5/78 5/78 0/78

20 x 0.25 g/kg body weight B(a)P
No Exhaust 6/77 5/77 1/77
Low Dose (1:61 Dilution) 8/77 8/77 0/77
High Dose (1:27 Dilution) 3/80 3/80 0/80

' Animals with tumors/total number of animals examined.
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¢. Mouse

Initiator pretreatment, both B(a)P and DB(a,h,)A, increased tumor incidence in mice
compared to non-pretreated controls. No difference was observed in tumor incidence between
mice initiated with either intratracheal administration of B(a)P (adult animals) or DB(a,h)A
followed by long-term exposure to gasoline exhaust (Table 17). Further, no increase in tumor

incidence was observed in mice initiated by subcutaneously administered DB(a,h)A with

subsequent exposure to gasoline engine exhaust.

Treatment Group Total/N Benign/N Malignant/N
10 x 50 ug DB(a,h)A
No Exhaust 47/51 3/51 44/51
Low Dose (1:61 Dilution) 37/45 9/45* . 28/45*
High Dose (1:27 Dilution) 39/46 2/46 37/46
10 x 100 ug B(a)P
No Exhaust 36/42 16/42 20/42
Low Dose (1:61 Dilution) 31/40 3/40* 28/40*
High Dose (1:27 Dilution) 26/38 4/38* 22/38
20 x 50 ug B(a)P
No Exhaust 30/42 15/42 15/42
Low Dose (1:61 Dilution) 21/36 16/36 5/36*
High Dose (1:27 Dilution) 14/35** 11/35 3/35*

' Animals with tumors/total number of animals examined.

? * Indicates significant difference from corresponding “no exhaust” control; p < 0.05; Chi® Test
I1.D.4. Conclusion (Heinrich Chronic)
Gasoline exhaust-induced toxicity was observed. Heinrich and coworkers hypothesized

that the noncarcinogenic effects were due primarily to CO, NO,, and lead particulate. The

authors state that a causal relationship between the hydrocarbon content of gasoline exhaust
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and the toxicity observed could not be established. Gasoline exhaust alone did not increase

the incidence of tumor formation.
Il.LE. CONCLUSIONS FROM PREVIOUS STUDIES

The results of Brightwell and Heinrich studies provide no evidence that gasoline engine
exhaust is an animal carcinogen. The strongest dose-response and time-response
relationships observed in these studies were linked to CO exposure (hematological and
cardiovascular indices). The authors of these reports speculated that the respiratory and
histopathological changes of the lung were associated with NO_, CO or lead particulate.
Although there were some minor changes not associated with either CO or NO, exposure, no
causal relationship could be established with exhaust hydrocarbons. '

These studies also provide useful information for consideration of future exhaust
toxicology testing. These studies suggest that the observed toxicity of gasoline engine exhaust
is related to CO and NO,. Although some uncertainty exists in this analysis, the lesions that
were observed are typical of these toxicants. It is well known that CO has marked effects on
hematological and cardiac indices (USEPA, 1991). Further, subchronic exposure to 250 ppm
CO resulted in lung hypertrophy (Penney et al., 1988). A more detailed discussion of CO
toxicity is provided in section Ill.B and Appendix A. Nitrogen oxides are known to adversely
affect the respiratory tract producing morphological and functional changes. These effects are
summarized in detail in the Air Quality Criteria For Oxides of Nitrogen (USEPA, 1993). From
this report, the toxicity of NO, and NO are summarized in Tables 18 and 19 below. Both NO,
and NO produce adverse effects on the respiratory tract following both subchronic and chronic
exposure. The exposure ranges reported in Tables 18 and 19 are within the ranges reported
for NO (Brightwell, 44 £ 12 ppm; Heinrich, 22.8 + 2.2 ppm) and NO, (Brightwell, not measured,;
Heinrich, 1.0 £ 0.2 ppm). Thus although Brightwell and Heinrich speculated on these findings,

based on the known toxicity of CO and NO, this hypothesis appears reasonable.
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Nitrogen Dioxide (ppm) Species Observed Effects Reference
(Exposure Duration)
0.04 ppm (continuous, 9 | Rat Increases lipid peroxidation Ichinose et al. (1983)
mo) (ethane in exhaled breath) Sagai et al. (1984)
0.2 ppm (continuous base | Mouse Increased susceptibility to Miller et al. (1987)
for 1 year) plus 0.8 ppm respiratory infection an
(1-h peak, 2 x/day, decreased vital capacity and
5 days/week) respiratory system

compliance, compared to

control or baseline only
0.3 ppm (2 h/day, 2 days) | Rabbit Decreased phagocytosis of Schiesinger (1987)

alveolar macrophages
0.4 ppm (continuous, 9 Rat Increased antioxidants and Ichinose et al. (1983)
mo) antioxidant metabolism Sagai et al. (1984)
0.4 ppm (continuous, up Rat Slight increase in thickness of | Kubota et al. (1987)
to 27mo) air-blood barrier at 18 mo,

becoming significant by 27

mo; also alterations in

bronchiolar and alveolar

epithelium by 27 mo
0.5 ppm (continuous, 3 Mouse Increased susceptibility to Ehrlich and Henry
mo) respiratory infection (1968)
0.5 - 28 ppm (6 min to 1 Mouse Linear increase in Gardner et al.
year) susceptibility to respiratory (1977a,b)

infection with time, increased

slope of curve with increased

concentration, concentration

more important than time
0.5 ppm (continuous Rat Alterations in Type 2 cells and | Crapo et al. (1984)

base, 6 weeks) plus 1.5
ppm (1-h peak, 2 x/day,
5 days/week)

increased interstitial matrix of
proximal alveolar region, no
changes in terminal
bronchiolar region of adults

Chang et al. (1986,
1988)

1. Based on studies summarized in the USEPA, Air Quality Criteria for Oxides of Nitrogen,

EPA/600/8-91/049aF.
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Nitric Oxide (ppm) Species Observed Effects Reference
(Exposure Duration)
[NO, level measured
during exposure]
2.0 ppm (continuous, 6 Rat Slight emphysema-like Azoulay et al.
weeks) [0.08 ppm NO,] alterations of alveoli (1977)
5.0 ppm (continuous, 14 Rabbit Edema, thickening of alveolo- Hugod (1979)
days) [< 0.1 ppm NO,] capillary membrane due to fluid

in interstitial space, fluid-filled

vacuoles seen in arteriolar

1 endothelial cells and at

junctions of endothelial cells, no

changes in alveolar epithelium,

no inflammation
10 ppm (2h/day, 5 Mouse Enlarged airspaces in lung Holt et al. (1979)
days/week, up to 30 periphery, paraseptal
weeks) | emphysema; some hemorrhage,

some congestion in alveolar

septa, increased concentration

of goblet cells in bronchi
10 ppm (continuous, 6.5 Mouse Bronchiolar epithelial Oda et al. (1976)

mo) [1-1.5 ppm NO,]

hyperplasia, hyperemia,
congestion, enlargement of
alveolar septum, increase in

ratio of lung to body weight

1. Based on studies summarized in the USEPA, Air Quality Criteria for Oxides of Nitrogen,

EPA/600/8-91/049aF.

These studies demonstrate that the combustion gases, in particular CO , will limit

exposure to exhaust gases. Indeed, increasing the overall exposure to gasoline engine

exhaust primarily produced a larger response in the effects associated with CO and NO,

(Heinrich subchronic versus Heinrich chronic). Finally, these studies indicate that exhaust

hydrocarbon effects will be difficult to observe due to the overt toxicity of CO and NO,.
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Ii.LF. ADEQUACY TO MEET RULE REQUIREMENTS

Previous gasoline engine exhaust emission toxicology studies, particularly the
Brightwell study, meet the requirements set out in the Rule for systemic and pulmonary toxicity
and carcinogenicity. This section compares the previous exhaust studies with Rule
requirements to note where they have been fulfilled or exceeded.

Il.LF.1. Exposure System

a. Fuel

As shown in Table 2, the specifications of the unleaded gasoline used in the Brightwell
study are markedly similar to the fuel specifications for baseline gasoline described in the Rule
at 40 CFR 79.55. Although the ranges for the various specifications in the Brightwell fuel are
wider than for the Rule’s baseline gasoline, the ranges for the temperature distillation curve are
very similar. The hydrocarbon class composition of the fuel is very close to the range specified
in the Rule. Hydrocarbon emissions from the combustion of the Brightwell fuel are similar to
what would be expected from combustion of a fuel meeting the Rule’s specifications for
baseline gasoline (Table 21).

The fuel used in the Heinrich study was a leaded gasoline, and thus would not meet the
requirements of the Rule. In terms of hydrocarbon components, however, it is similar to Rule
specifications for baseline gasoline. No exhaust hydrocarbon speciation results were reported
for the Heinrich study, so it is not known if the hydrocarbon components of the exhaust were
similar to those produced through combustion of the fuel required by the Rule. One would not
expect the presence of lead-containing combustion products to mitigate the toxic effects of
gasoline. Instead, it might very well intensify any observed effects.

Octane rating differences for both studies are due to a difference in the reporting of the

octane number between the United States and Europe. The US octane rating is derived by
the equation (R + M)/2, where R is research octane, or numoer derived theoretically based on
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fuel components, and M is motor octane, or number derived from an actual engine test. In

Europe only a research octane number is used.

The Brightwell study meets the Rule’s requirements for baseline gasoline in all material
respects. As discussed in Section Ill (page Ill - 6 and Table 21) and Appendix B, the exhaust
emission products in the Brightwell Study are similar to those observed with combustion of the -
fuel required in the Rule. Therefore, differences in exposure atmospheres observed in the
Brightwell study and that expected with a new study would not be significantly different.

The Heinrich fuel would not meet the Rule’s requirements for baseline gasoline. First
the fuel contains lead, which is not allowed in the Rule. Second, the distillation characteristics,
vapor pressure, and benzene content were not reported. The hydrocarbon speciation of the
Heinrich fuel is similar to the Rule’s requirements, and thus the hydrocarbon content of the
exhaust may be similar to that observed in Brightwell. Although the fuel does not meet the
Rule’s specifications for baseline gasoline, the Heinrich studies are still valuable in interpreting
potential health effects of gasoline engine exhaust as they do support the observations of the
Brightwell study.

b. Exposure System Design

The design of the animal exposure system in the Rule is described in 40 CFR
79.57(e)(2). To meet Rule requirements, exhaust is to be generated continuously from test
vehicles or engine test stands operating on a repeating transient cycle, FTP-Urban Dynamic
Driving Cycle (UDDS). Once generated, the exhaust is to enter a mixing chamber, where
swings in the individual exhaust componenis are to be integrated. The exhaust is to be diluted
to preserve its character, and then transferred to animal chambers. The integrity of the
exposure system is to be measured and CO, CO,, NO,, SO, and total hydrocarbons are to be
measured on a daily basis.

Both the Brightwell and Heinrich studies generated exhaust from engine test stands,
continually repeating the FTP-72. In the Brightwell study, exhaust was immediately diluted and

II-32



the dilution tunnel served as a mixing chamber to reduce the swings in exhaust emissions. In
the Heinrich study, exhaust was delivered to animal exposure chambers via heated pipes and
was diluted immediately prior to reaching the exposure chambers. Mixture of the exhaust
occurred in mixing drums prior to entry into animal exposure chambers. The uniform
distribution of the hydrocarbon mixture in the exposure chambers was confirmed in both
studies. During exposure periods in both studies, chambers were monitored continuously for
CO and daily for CO,, NO, and total hydrocarbons. Individual hydrocarbons were speciated in
the Brightwell study. Thus, the Rule’s requirements for exhaust generation were met in both

studies.
Il.F.2. Biological Study Design
a. Exposure Requirements

The Rule’s exposure requirements for toxicology studies are described in 40 CFR
79.61. The dilution delivery system must be made of material that minimizes the chance of
chemical interaction (stainless steel is recommended), and that has high enough flow to deliver
the exhaust to animal chambers quickly (within seconds). Initial dilutions of the exhaust are to
be in the range of 1:5 to 1:50. The Rule allows for either whole body or nose only exposures.
Rats are the preferred species for testing, and animals are to be no more than 10 weeks of
age. Three exhaust concentrations plus an air-only control must be used such that the highest-
dose mixture produces toxicity and the lowest-dose mixture produces no toxicity. The
preferred duration of animal exposure is 6 hours/day, 7 days/week, but 5 days/week for 13
weeks is acceptable. This would be equivalent to 30 or 42 hours of exposure per week. CO
level in the chambers is to be monitored continuously, and CO,, NO,, SO, and total
hydrocarbons are to be monitored daily. Specific requirements are set out for humidity,
temperature, light, noise and reporting of data.

The exhaust delivery system in the Heinrich study was made of steel alloy; the

composition of the delivery system was not described in the Brightwell study, but is assumed to
be steel construction. Flow of air was 800 m*hour in the dilution tunnel in the Brightwell study.
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Heinrich reported a flow of and 120 - 140 m*/hour through the animal chambers. Initial
dilutions of exhaust were 1:15 in the Heinrich subchronic study, 1:27 in the Heinrich chronic
study, and 1:29 in the Brightwell study. Animal species examined in the Brightwell study
included rats and hamsters which were 6 - 8 weeks of age. Heinrich examined rats and
hamsters (10 - 12 weeks of age) and mice (10 -12 weeks of age and newborn). Brightwell
tested both male and female animals; Heinrich tested females only. Two exhaust exposure
concentrations plus air control were tested in the Brightwell and Heinrich chronic studies.
Heinrich tested three exhaust exposure concentrations and an air control in the subchronic
study. In all studies, the highest concentration produced toxic effects associated with CO and
NO..

In both chronic studies, animals were exposed for 16 - 19 hours/day, 5 days/week,
totaling 80 - 95 hours of exposure per week, for two years, far in excess of the exposure
requirements of the Rule. During exposures, chambers were continuously monitored for CO,
while CO,, NO, and total hydrocarbons were monitored daily. Humidity, temperature, light and
noise were recorded, although the reporting of the data may not meet Rule specifications
entirely. These are minor points in the overall Rule, and procedures utilized in the two studies

were state-of-the-art at the time they were conducted.

Based on the above comparison, it can be concluded that both studies meet all of the

significant Rule requirements for exposing animals.
b. Biological Endpoints

The Rule’s biological study design and information on the conduct of specific tests are
described in 40 CFR 79.62 -79.68. Included in these is the assessment of pulmonary,
systemic, reproductive, developmental and neurologic toxicity, mutagenicity and
carcinogenicity of gasoline fuel blends. The Rule proposes that these endpoints all be
evaluated in a large, subchronic “screening study” ,with satellite groups to evaluate particular
endpoints. The screening study is described in 40 CFR 79.62.
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The screening study contains a core group of 15 animals per sex for systemic toxicity
evaluation including clinical chemistry and hematology. At sacrifice, these animals are to be
used for general pathology and neurovpathology and testicular pathology. Ten animals per
dose group are assessed for neurotoxicity by glial fibrillary acidic protein assay. Reproductive
and developmental toxicity are to be assessed by a fertility screen of 25 females and 15 males.
The females are to have estrous cycles evaluated and then be mated to the males following
seven weeks of exposure. Once mating has been confirmed, these females are to be exposed
until the 15th day of gestation and sacrificed on the 20th day of gestation for evaluation of fetal
effects. Satellite groups of five animals per dose per sex are to be used to evaluate
micronuclei and sister chromatid exchange following exposure for 13 weeks. The specific tests
are described in more detail in 40 CFR 79.63 - 79.68.

The endpoints covered by the Heinrich and Brightwell studies cover several of the
endpoints required by the Rule, often in greater detail and with greater exposures. In particular
these studies have adequately addressed pulmonary, systemic and carcinogenic endpoints.
The pulmonary endpoints covered by both studies included biochemical and cytological

~ evaluations on bronchoalveolar lavage fluid and pulmonary function tests in addition to

pulmonary histopathology. These tests far surpass the Rule’s requirement for pulmonary
histopathology after 13 weeks exposure. Systemic toxicity evaluations were more robust than
required by the terms of the Rule in both studies in duration of exposure, test group size and
parameters measured. Additionally, the carcinogenicity of gasoline engine exhaust was
completely evaluated. These studies did not examine reproductive, developmental and
neurological toxicity or mutagenicity of gasoline engine exhaust.

These tests far surpass the Rule’s requirement to evaluate carcinogenicity potential by
sister chromatid exchange and micronucleus evaluation of gasoline exhaust after a 13-week
exposure. The Brightwell and Heinrich studies examined the carcinogenic activity of gasoline
as a complete carcinogen following two-year exposure and as a tumor promoter subsequent to
initiation by a variety of tumor promoters.
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II.F.3 CONCLUSION

Based on the above comparison of the Rule requirements and the previous studies,
adequate information exists to evaluate carcinogenicity, pulmonary toxicity and systemic
toxicity of gasoline exhaust emissions. Therefore, no further studies of these endpoints need to
be undertaken. The utility of further gasoline engine exhaust toxicology studies to evaluate
the reproductive, developmental, and neurologic toxicity outlined in the Rule will be addressed

in the next section.
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. GASOLINE EXHAUST EMISSION TOXICOLOGY STUDIES WILL NOT PROVIDE
USEFUL DATA.

lllLA. OVERVIEW

As was noted previously, neither the Brightwell study nor the Heinrich studies assessed
reproductive, developmental and neurologic toxicity of gasoline engine exhaust. This section
addresses the utility of conducting any further toxicology testing on gasoline exhaust emissions
to address these endpoints. Further, the need to test each fuel oxygenate mixture will be
discussed. This section concludes that additional exhaust emission toxicology testing is not
needed.

This conclusion is based on the following points. Carbon monoxide toxicity will limit the
overall eXposure to all gasoline exhaust emission components. At acceptable levels of CO,
total hydrocarbon exposure will be under 100 ppm, well below any observable effects levels.
Finally, only small differences exist in gasoline exhaust hydrocarbon composition between
different fuel blends, and exposure to individual hydrocarbons in exhaust will be well below the
observable effects range. Thus, additional toxicology studies on gasoline engine exhaust will
produce results that can already be inferred from the available data.

These conclusions are supported by empirical data. The toxicology of CO is briefly
reviewed, focusing on the endpoints required by the Rule and demonstrating that CO toxicity
will limit exhaust exposure levels. Exhaust emission characterization studies are described
providing general characteristics of exhaust, different fuels that have been tested, and
hydrocarbon composition of exhaust from several gasoline blends. Next, extrapolations will be
made from exhaust work to expected chamber concentrations of total and individual
hydrocarbons based on the dose-limiting carbon monoxide exposure level of 200 ppm. Finally,
concentrations of individual hydrocarbons at 200 ppm CO are compared to no-observed-effect
levels. These data support the conclusion that no additional gasoline exhaust toxicology
studies need to be conducted.
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lil.B. CARBON MONOXIDE TOXICITY
I1.B.1. Introduction

Because of the high concentration of CO in engine-out exhaust emissions, CO is the
dose-limiting factor in exhaust emission testing, a fact which is recognized by EPA in the
following statement from the Preamble to the Rule, “The CO concentration in the emissions is
expected to be a limiting factor in establishing the appropriate dilutions for the testing of F/FAs.
.." (59 FR 33068 VI.B.2.). The toxicity of CO has been extensively studied and reviewed
(USEPA, 1991, 1979; National Research Council, 1977), and it is not within the scope of this
paper to provide a comprehensive review of the primary literature on CO toxicity. The purpose
of this section is to summarize pertinent information documenting that CO is the dose limiting
factor for gasoline exhaust exposure toxicity studies, and dilution to 200 ppm CO is appropriate
for exhaust toxicity testing. CO-induced neurotoxicity, effects on lung morphology,
cardiomegaly and developmental toxicity are evaluated. The 1991 USEPA document Air
Quality Criteria for Carbon Monoxide (USEPA, 1991) was the source of most of the information
presented in this section. A more complete discussion of CO toxicity is presented in Appendix
A.

The majority of toxic effects associated with exposure to CO have been attributed to
formation of carboxyhemoglobin (COHb). Toxic effects of CO are due to the high affinity of Hb
for CO, which is 245 times greater than the affinity of Hb for oxygen. As blood COHb levels
increase, oxygen delivery to tissues decreases, resulting in tissue hypoxia. The brain, heart
and developing fetus are particularly sensitive to CO-induced hypoxia. Compensatory
mechanisms to offset CO-induced hypoxia include incréases in hematocrit and cardiomegaly.

I1.B.2. Neurobehavioral Effects

Considerable scientific literature exists on the neurobehavioral effects of CO exposure
in both animals and humans. Much of the data in humans pertain to low level exposures and
effects on measures of sustained attention and performance. It appears that behaviors
requiring sustained attentior/performance are those that are most sensitive to disruption by
elevated levels of COHb. Studies in animals have focused on analysis of schedule-controlled
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operant (i.e., taught or conditioned) behavior and generally have involved exposure to higher
concentrations of CO than used in the human studies. In reviewing the available data, EPA
concluded in 1991 that significant effects on behavior generally are not evident until COHb
levels reach about 20 percent. Above this level, dose-related effects have been convincingly
demonstrated in both human and animal studies. Below the 20% COHb level, effects appear
to be absent or difficult to detect. Similar conclusions were reached by Benignus et. al. (1990).
Because COHDb levels below 20% are unlikely to result in readily detectable neurobehavorial
changes in rats, other physiological/toxicological endpoints are more sensitive measures of CO
toxicity; only marginal, if any, neurobehavioral effects would be expected at chamber
concentrations of 200 ppm CO.

l11.B.3. Effects of Carbon Monoxide on Lung Morphology

Due to the emphasis on lung histology in the Rule, a review of the effects of CO on
lung morphology has been included in this manuscript and is summarized in Appendix A. The
available laboratory data indicate that it is unlikely that acute or subchronic CO exposure has
any direct effects on lung morphology except at extremely high concentrations associated with
CO poisoning (USEPA, 1991). In several studies cited in the EPA Criteria Document, COHb
concentrations of up to 39% failed to result in any consistent effects on lung cells. Thus, as
with neurobehavioral changes, other physiological/toxicological endpoints are more sensitive
measures of CO toxicity. Only marginal, if any, changes in lung morphology would be
expected at chamber concentrations of 200 ppm CO.

Il1.B.4. Cardiomegaly

Results from animal studies indicate that inhaled CO causes cardiomegaly (i.e.
increase in heart size). The threshold for this response is near 200 ppm (15.8% COHb) in
adult rats and 60 ppm in fetal rats (USEPA, 1991). Consequently, cardiomegaly in adult and
developing rats is a sensitive measure of CO toxicity and would be expected at chamber
concentrations of 200 ppm CO.
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I11.B.5. Developmental Effects

Experimental data indicate that the fetus is particularly sensitive to the effects of CO
exposure. Studies in laboratory animals of several species provide strong evidence that
matermnal CO exposure to 150 to 200 ppm, leading to approximately 15 to 25% COHb,
produces reduction in birth weight, cardiomegaly, delays in behavioral development, and
disruption in cognitive function. Isolated experiments suggest that some of these effects may
be present at concentrations as low as 60 to 65 ppm CO (approximately 6 to 11% COHb)
maintained throughout gestation (USEPA, 1991). Thus, developmental effects are a most
sensitive measure of CO toxicity and would be expected at chamber concentrations of 200
ppm CO.

ll.B.6. CO Concentrations in Previous Exhaust Emissions Studies

CO was the dose-limiting component of the emissions in the Brightwell, Heinrich
subchronic and Heinrich bhronic studies. The highest average CO concentrations to which
animals were exposed in these studies were 224 ppm, 443 ppm and 304 ppm, respectively.
As noted previously, the few significant adverse health effects observed in these studies were
attributed to the chronic exposure to CO and NO, in the exhaust, rather than the exhaust
hydrocarbon components.

1.B.7. Summary and Conclusions on Carbon Monoxide Toxicity

Table 20 presents estimates of no-observable-adverse-effects levels (NO(A)ELs) and
low-observable-adverse-effects levels (LO(A)ELs) for CO effects by endpoint. These estimates
are based on the information presented above and discussed in greater detail in Appendix A.
Estimated carbon monoxide NO(A)ELs and LO(A)ELS in animal models range from 50 to 200
ppm CO and 60 to 500 ppm CO, respectively, for critical endpoints of neurobehavioral toxicity,
developmental toxicity and cardiomegaly. Above 200 ppm, CO toxicity could mask any
potential toxicity associated with other exhaust components.
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Endpoint Estimated Estimated
NO(A)EL LO(A)EL
(ppm) (ppm)
Neurobehavioral Effects <200 500
Developmental Toxicity <60 150
Systemic Effects/Toxicity:
COHb, Hb, Hct <50 100
Cardiomegaly
adult <100 200
neonate <60 60
Lung Morphology
acute <1300 5000
subchronic - < 250

1. Based primarily on studies summarized in the USEPA, Air Quality Criteria for
Carbon Monoxide, EPA/600/8-90/045F. See Appendix A for more detailed discussion
of these estimated values.

I1.C. COMPONENTS OF GASOLINE ENGINE EXHAUST ARE WELL CHARACTERIZED

Numerous gasoline exhaust emission characterization studies have been conducted
which measure gasoline engine exhaust as engine-out emissions or as tail-pipe emissions.
Engine-out emissions are collected from the exhaust stream prior to passage over a catalytic
converter, promoting the conversion of hydrocarbon species to H,0 and CO,. Tailpipe exhaust
emissions are collected after treatment by the catalytic converter.

These studies are performed on vehicles or engine test stands running through a
predetermined drive cycle, most commonly that specified by the Federal Test Procedure (FTP-
75) which simulates driving conditions lasting up to 21 minutes. The FTP collects a sample
bag of exhaust emissions for each of the three different phases of vehicle operation. The first
phase includes starting a cold engine (“cold start”) and driving at variable speeds to mimic city
driving. In the second phase, speed is kept elevated and more constant to mimic highway
driving. The third phase repeats the first variable phase with a warmed engine (“hot start”).
The exhaust collected during these phases can be analyzed for the combustion gases CO,
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CO,, NO,, SO, and for total hydrocarbons. The hydrocarbon component can be further
analyzed to provide individual hydrocarbon speciation. These data then provide useful

information on the composition of exhaust.

The Auto/Qil Air Quality Improvement Research Program (AQIRP) is one of the most
comprehensive exhaust emission analysis programs ever conducted. The AQIRP collected
extensive vehicle emissions measurements on a wide range of fuels from automobiles and
light trucks, and conducted air-quality-modeling studies to predict the effects of the measured
emissions on ozone formation. The AQIRP developed an extensive database on the level and
composition of exhaust and evaporative emissions from up to 20 well-maintained model year
(MY) 1989 cars and light trucks operated on industry average gasoline (RFA), and gasoline
blended with the oxygenates methyl tertiary-buty! ether (MTBE), ethanol (EtOH) and ethyl
tertiary-butyl ether (ETBE). Specifications for RFA are the same as the test fuel required by
the Rule. A brief description of these two data sets, Auto/Oil AQIRP Pilot Study and Phase |
Working Data set, is provided below. Data have been presented in a series of papers
published by the Society of Automotive Engineers (SAE); Technical Bulletins produced by the
program and are summarized in Appendix B.

Data generated in the AQIRP have been used to calculate concentrations of exhaust
emission components expected in inhalation chambers while diluting the exhaust to achieve
200 ppm CO. Two data sets were used to make these calculations. The first data set, AQIRP
Pilot Study, compared engine-out and tailpipe emissions from three cars burning either RFA or
gasoline containing 15% by volume MTBE. The second data set, AQIRP Phase | Working
Data Set, measured tailpipe emissions from 10 cars buming RFA, and gasoline containing
either 15% by volume MTBE, 17% by volume ETBE, or 10% by volume EtOH. To convert data
from grams/mile to ppm, a molar ratio is created between a hydrocarbon and CO and then
converted to ppm by using 200 ppm CO. For the Phase | Working Data Set, a second
conversion was needed to convert tailpipe data to engine-out data, as the Rule calls for toxicity
studies on engine-out emissions. Fortunately, the AQIRP Pilot Study data can be used to
calculate the efficiency of the catalytic converter in eliminating hydrocarbons. This efficiency
factor is used to convert tailpipe data to engine-out emissions. A more detailed discussion of
converting engine-out and tailpipe data and presentation of all converted hydrocarbon species
is presented in Appendix B.
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AQIRP Pilot Study data are compared to hydrocarbon speciation data from the
Brightwell study in Table 21 (and in more detail in Appendix B). The Brightwell data are listed
as the range of 10 samplings from one vehicle over the course of the study (average of the ten
samples is listed in parenthesis) in units of mg/m®. The converted data from the AQIRP Pilot
study have been converted from ppm to mg/m’ for both RFA and gasoline containing 15%
MTBE by volume. As can be seen, the calculated concentrations compare qualitatively with
those measured in the Brightwell study. Quantitative differences do occur between the data
sets, particularly when comparing compounds such as the aldehydes, butane, toluene, and the
obvious absence of MTBE from the Brightwell fuel. These differences are most likely due to
the following reasons. First, it is important to note that the Brightwell data is the average of ten
measurements on one vehicle over the course of two years, and AQIRP data is the average of
two FTP tests for three vehicles. Further, the emissions in the Brightwell study were generated
by two engines of the same make and model, a four cylinder Renault 1.8 L engine, due to
replacement of the starting engine. The AQIRP data were collected from three vehicles, a
1991 Chevy Camaro with a 5.7 L eight cylinder engine, a 1988 Ford Taurus 3.0 L six cylinder
engine and a Dodge Shadow with a 2.5 L four cylinder engine. It has been estimated that car
to car variability in exhaust emissions averages at about 30%, ranging from 15% to 49%
(Painter and Rutherford, 1992). Thus, car to car exhaust emission variability may explain
some of the differences between the data sets.

The comparison of the Brightwell data to the extrapolated AQIRP data is believed valid.
Although differences do occur between the Brightwell and AQIRP data sets, comparison of
these data and the extrapolation of the Brightwell health effects data for the purposes of
Section 211(b) is appropriate. It is important to note that the differences are of analytical
importance and not of biological importance. Specifically, the extrapolated values in Table 21
(in ppm units) are compared with known NOELs and LOELSs for individual hydrocarbons in
Table 23. This comparison indicates that exposure to these hydrocarbons would be below the
respective NOEL and LOEL values. Thus, little if any difference in biological response would
be expected between exhaust generated by Brightwell and the expected exhaust

concentration in a new study.
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Brightwell AQIRP Pilot Study
Fuel Type California Baseline Gasoline with
(CA ERF/G30) Gasoline MTBE
Units mg/m® mg/m® ma/m®
Compound Range Range Range
(Average) (Average) (Average)
Methane 1.90 - 4.94 1.00 - 1.08 1.02-1.14
(2.96) (1.03) (1.09)
Ethane 0.13-0.78 0.36 - 0.45 0.36-0.43
~(0.50) (0.41) (0.40)
Ethylene 2.16 - 4.32 2.69 - 3.61 2.47 - 3.09
_(2.85) (3.11) (2.84)
Acetylene 0.81-2.36 1.98 -2.31 1.92-2.15
_(1.41) (2.10) (2.06)
Propylene 0.34 - 2.06 1.44 - 1.81 1.30-1.60
(1.35) (1.64) (1.48)
Butane 0.13-0.96 0.72 - 0.85 0.26 - 0.28
(0.21) (0.78) (0.27)
Benzene 0.45-2.26 1.27 - 1.53 1.13-1.26
(1.39) (1.39) (1.20)
Toluene 2.59 - 6.86 2.00-2.10 1.36 - 1.51
(4.1) (2.05) (1.45)
Formaldehyde 0.104 - 0.590 0.48 - 1.15 0.71 - 1.03
(0.308) (0.82) (0.91)
Acetaldehyde 0.073 - 0.297 0.20 - 0.35 0.20-0.29
(0.148) (0.26) (0.24)
Acetone 0.0059-0.032 | 0.061-0.108 0.13-0.18
(0.0221) (0.083) (0.16)
Acrolein 0.0105-0.048 | 0.123 - 0.224 0.14-0.18
(0.0288) (0.162) (0.16)
Crotonaldehyde 0.0007 - 0.0353 | 0.040 - 0.085 0.049 - 0.060
(0.0156) (0.057) (0.054)
Benzaldehyde 0.009 - 0.238 0.193 - 0.294 0.13-0.17
(0.121) (0.229) (0.14)
MTBE 1.65-2.16
(1.95)
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Several conclusions can be drawn from this comparison. First, the extrapolated AQIRP
data are not markedly different from the composition of the exhaust atmosphere in the
Brightwell study. This is not unexpected because the specifications for the fuel used in the
Brightwell study are similar to the specifications for RFA, and the fuel to be used in 211 (b).
This comparison also indicates that extrapolation of AQIRP data to exposure concentrations is
valid. Second, exposures to hydrocarbon components in a 211(b) toxicology study will be
similar to the exposures in the Brightwell study. Thus, results observed in the Brightwell study
are applicable to exhaust emissions generated from 211(b) baseline gasoline. Finally,
because minimal differences exist between the exhaust characteristics of RFA, whose
specifications are the same as 211(b) gasoline, and gasoline containing MTBE, the
toxicological results from the Brightwell Study can also be used reasonably for the latter fuel.
Thus, it can be concluded that the results from the Brightwell study are appropriate to use in an
evaluation of health effects of gasoline exhaust emissions for RFA, as well as gasoline
containing oxygenate.

Comparisons of expected chamber concentrations extrapolated from the Phase |
Working Data Set are presented in Table 22. This data set contains tailpipe emission
characterization data for RFA, and gasoline containing MTBE (15%), ETBE (17%) or EtOH
(10%). A greater number of hydrocarbon species are presented for the four fuels. These data
demonstrate that exposure to the individual hydrocarbon components will be extremely low in
inhalation chambers. Second, these data indicate that although substantial quantities of
oxygenate are added to the fuel, only minor differences exist in the exhaust of these fuels.
The most notable differences are the presence of parent oxygenate (approximately 1 ppm) and
an increase in some aldehydes (formaldehyde and acetaldehyde) in the exhaust. Thus, it can
be concluded that exposure to individual hydrocarbons will be low, and that the hydrocarbon
differences in exhaust between the fuels will not be great.
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Hydrocarbon

Gasoline

Gasoline/MTBE

23
Gasoline/EtOH

Gasoline/ETBE

Ethyne

Ethene
Methane
Propene
Toluene
Formaldehyde
2M-Butane
Benzene
224-TM-Pentane
24-DM-Pentane
2M-Propene
Butane

Ethane

mé&p xylene
2M-Pentane
234-TM-Pentane
3M-Heptane
Pentane
13-Butadiene
23-DM-Pentane
t-2-Butene
Acetaldehyde
Hexane
23-DM-Butane
E-Benzene
3M-Pentane
22-DM-Butane
2M-Heptane
o-Xylene
2M-2-Butene
Acetone
225-TM-Hexane
24-DM-Hexane
124-TM-Benzene
1M-3E-Benzene
23-DM-Hexane
M-Cyclopentane
3M-Hexane
Heptane
2M-Hexane
1M-4E-Benzene
24-DM-Octane
135-TM-Benzene
ETBE

Octane
c-2-Butene
25-DM-Hexane
Cyclopentane
MTBE

EtOH

4.51
2.46
1.57
1.27
0.71
0.55
0.35
0.33
0.32
0.29
0.29
0.28
0.28
0.25
0.24
0.22
0.21
0.21
0.17
0.16
0.14
0.14
0.14
0.13
0.13
0.12
0.08
0.09
0.09
0.08
0.07
0.06
0.06
0.06
0.06
0.04
0.04
0.03
0.03
0.03
0.03
0.03
0.02
0.02
0.02
0.00
0.00
0.00
0.00
0.00

4.52
2.73
1.72
1.11
0.756
0.49
0.23
0.34
0.05
0.07
0.56
0.22
0.25
0.26
0.40
0.02
0.22
0.27
0.20
0.02
0.13
0.15
0.20
0.12
0.13
0.24
0.16
0.09
0.09
0.08
0.09
0.01
0.01
0.08
0.06
0.01
0.05
0.05
0.05
0.04
0.03
0.03
0.03
0.02
0.02
0.00
0.00
0.00
1.24
0.00

4.27
2.70
1.71
1.256
0.68
0.41
0.36
0.32
0.29
0.28
0.30
0.27
0.28
0.23
0.23
0.20
0.19
0.20
0.18
0.14
0.15
0.29
0.13
0.11
0.12
0.11
0.09
0.07
0.08
0.07
0.05
0.06
0.05
0.05
0.05
0.04
0.03
0.04
0.03
0.03
0.03
0.02
0.02
0.02
0.02
0.00
0.00
0.00
0.00
1.35

4.67
2.89
1.71
1.22
0.72
1.35
0.25
0.44
0.06
0.09
0.65
0.26
0.28
0.27
0.34
0.03
0.22
0.26
0.20
0.04
0.14
0.43
0.17
0.14
0.156
0.16
0.15
0.06
0.10
0.07
0.10
0.01
0.02
0.08
0.07
0.01
0.04
0.05
0.05
0.04
0.03
0.03
0.03
1.22
0.02
0.00
0.00
0.00
0.00
0.00
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N.D. EXPOSURE TO HYDROCARBON COMPONENTS OF EXHAUST ARE BELOW THE
OBSERVABLE EFFECTS RANGE FOR ENDPOINTS REQUIRING EVALUATION

The expected chamber concentrations of hydrocarbons are compared to known no-
observable effects levels (NOELs) for non-cancer endpoints in Table 23 for some alkanes,
aromatics, alkenes, aldehydes, ketones and oxygenates present in gasoline engine exhaust.
Cancer potency values were omitted as the 211(b) Research Group believes that the
carcinogenicity of gasoline engine exhaust has been adequately addressed based on the
Brightwell and Heinrich studies. The NOELs for these chemicals were obtained by searching
IRIS, RTECS and ATSDR databases for non-cancer toxicology studies. Additionally,
toxicology reports of the American Petroleum Institute were examined. Inhalation toxicity
studies in rodents are used primarily. However, data from oral route of exposure were used
when no other information was available. For each chemical, studies are reported from the
databases which gave the lowest NOEL and LOEL for a particular toxicology endpoint. The
animal species used for derivation of the NOEL is listed as well as study type. Additionally, a
ratio developed by dividing the inhalation NOEL by the expected exposure concentration is
presented.

Dilution of gasoline engine exhaust to levels where minimal CO toxicity is observed
establishes a built-in safety factor for the hydrocarbon components of exhaust. In all cases the
level of exposure is below the observable-effects range. Acrolein possesses the smallest
safety factor (six-fold), due to irritation of the olfactory epithelium from inhalation exposure. All
other ratios provide at least a 10-fold factor. Thus, it is not surpn'sihg that overt hydrocarbon
effects were not observed in the Brightwell or Heinrich studies. Even with an exposure to 400
ppm CO, as done in the Heinrich subchronic study, the concentrations of hydrocarbons would
be below the observable-effects range. Therefore, it is highly unlikely that the concentrations of
the hydrocarbons in gasoline engine exhaust will produce any measurable effects in toxicity
testing of combustion emissions.

When comparing the toxicity of individual hydrocarbons to the toxicity of a mixture there

is always a concern regarding the toxic interactions of the individual components. These
interactions can be additive, inhibitory or synergistic. Available evidence indicates that the
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Compound Chamber Endpoint NOEL to Reference
Conc. (ppm) (ppm) Exposure Ratio
Formaldehyde 0.580 15 mg/kg® Systemic rat Tiletal., 1989
74 mg/kg® | Developmental rat Marks et al., 1980
Acetaldehyde 0.145 150 Systemic rat 1000 Appleman et al., 1981
Acrolein 0.071 0.4 Systemic rat 6 Kutzman, 1981
4 Reproductive rat 60 Kutzman, 1981

Acetone 0.035 100 mg/kg® Systemic rat US EPA, 1986

2200 Developmental rat 63000 NTP, 1988b

3000 Neurological rat 86000 Goldberg, 1964
Butane 0.330 4500 Systemic rat 14000 Aranyi, 1985
1,3-Butadiene 0.351 6.25° Reproductive mouse 18 Melnick et al., 1989, 1990

NTP, 1984

Pentane 0.170 2 g/kg’ Lethality rat Piccirillo, 1985
C6 Alkane 3000 Developmental rat Neeper-Bradley, 1989
Mixture 3000 Reproductive rat Neeper-Bradley, 1991

9000 Neurological rat Robinson et al., 1980
Hexane 0.100 500 Neurological rat 5000 Huang et al., 1989

100 Neurological mouse 1000 Miyagaki, 1967

200 Developmental rat 2000 Mast et al., 1987

500 Systemic mouse 5000 Dunnick et al., 1989
Benzene 0.436 10 Developmental rat 23 Kuna and Kapp, 1981

300 Reproductive rat 700 Kuna et al., 1992

30 Reproductive mouse 70 Ward et al., 1985

300 Neurological mouse 700 Dempster et al., 1984
Methylcyclo- 0.045 2 g/kg® Lethality rat Piccirillo, 1985

entane

' No Observable Effect Level

° Oral Exposure

® Low Observable Effect Level




Compound Chamber NOEL' Endpoint Species NOEL to Reference
Conc. (ppm) (ppm) Exposure Ratio
Heptane 0.037 400 Systemic rat 11000 Bio/dynamics, 1980
3000 Neurological rat 81000 Bio/dynamics, 1980
Toluene 0.545 56 Neurological rat 100
500 Reproductive rat 1000 IRDC, 1985
750 Developmental rat 1400 Brooker et al., 1993
m-and p- 0.407 99 Neurological rat 240 Ghosh et al., 1987
Xylene 250 Developmental rat 600 Balogh et al., 1982
1000 Reproductive rat 2500 Nylen et al., 1989
Ethylbenzene 0.188 100 Developmental rat 500 Andrew et al., 1981
100 Systemic rat 500 Clark, 1983; NTP 19883,
1989, 1990
Styrene 0.060 25 Neurological human 400 Mutti et al., 1983
250° Reproductive rat Beliles et al., 1985
500 Systemic rat 8300 NTP, 1991
600 Developmental rat 10000 Murray et al., 1978
C9 Aromatic 100 Reproductive rat IRDC, 1989
Mixture 100 Developmental rat IRDC, 1988a
1320 Neurological rat IRDC, 1988b
MTBE 0.542 1000 Reproductive rat 1900 Greenough et al., 1980
1000 Developmental mouse 1900 Tyl and Neeper-Bradley, 1989
400 Neurological rat 200 Chun and Kintigh, 1993
Ethanol 1.35 20,000 Developmental rat 15,000 Nelson et al., 1985
ETBE 1.22 500 Neurological rat 400 Ferguson et al., 1991

' No Observable Effects Level

¢ Oral Exposure



hydrocarbons in gasoline exhaust are not synergisﬁc. First, the exhaust studies of Brightwell
and Heinrich resulted in toxic effects that can be reasonably attributed to either NO, or CO. In
these studies, animal exposures to gasoline engine exhaust (at least 16 hours/day; 5
days/week;104 weeks) are more robust than the exposures outlined in the Rule (6 hours/day;
5 days/week; 13 weéks). Because the exposure regimen outlined in the Rule will be less
severe than the previous exposures, the likelihood of observing synergistic effects will also be
lessened. If synergism amongst the hydrocarbon components was occurring, it would have
been apparent in the previously reported results. Additionally, it is unlikely that the small
increases in certain components of automobile exhaust with the addition of oxygenates, listed
in Table 22, are large enough to result in a measurable effect. Further, the hydrocarbon
components of exhaust, with the exception of aldehydes and the short-chain alkanes and
alkenes, are present in whole gasoline, and wholly vaporized gasoline has been tested for
developmental, systemic and carcinogenic endpoints (MacFarland et al., 1984). The results of
these studies indicate that wholly vaporized gasoline produces male rat kidney tumors by a
mechanism unique to the male rat, and female mouse liver tumors at 2000 ppm exposure for
two years. No other adverse effects were apparent. In contrast to the Brightwell and
Heinrich studies, the total hydrocarbon concentration was not limited by CO. Thus, if a
synergistic relationship exists between the hydrocarbon components of gasoline, it should
have been apparent in the tests on wholly vaporized gasoline. Therefore, it is unlikely that an
effect will be observed and related to the hydrocarbon mixture present in gasoline exhaust.

As noted above, it is unlikely that the hydrocarbon concentrations present in gasoline
engine exhaust will be high enough to elicit neurotoxicity, or reproductive and developmental
toxicity. Although neurotoxicity batteries were not conducted in the Brightwell and Heinrich
studies, it is likely that any gross changes, such as behavioral changes, would have been
detected in the previous toxicology studies. It is important to remember that the evaporative
emissions of fuels will undergo extensive toxicology testing. Evaporative emissions of gasoline
contain many of the same hydrocarbons present in exhaust emissions. These studies will
examine the systemic, pulmonary, reproductive, developmental and neurologic toxicity. The
dose levels for these tests will not be limited by CO and thus more classical toxicology studies
can be conducted. Thus, the rationale for conducting more studies on gasoline engine

exhaust is not apparent.
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l.LE. ALTERNATIVES TO TESTING WHOLE-EXHAUST EMISSIONS

Because dilution of exhaust emissions to minimize CO toxicity also will reduce
hydrocarbon concentrations, it has been suggested that a mixture of compounds could be
developed which might be used to simulate engine-out exhaust emissions, but which would
contain higher concentrations of hydrocarbons than diluted exhaust. This might be done either
by exposure of animals directly to vapors generated from a mixture of hydrocarbons, or by
adding those vapors to whole exhaust to increase concentrations of hydrocarbons.

Using artificial mixtures in place of whole exhaust presents a number of problems.
While it may be possible theoretically to produce and test such a mixture using either method
suggested above, several major technical problems would be encountered. The number of
compounds which could be included in the mixture would be limited greatly by the difficulties
associated with mixing and monitoring them. Continuously metering 20 to 25 different
compounds individually into an air stream such that uniform chamber concentrations are
achieved is not feasible. Many of the compounds of interest may not be available in quantities
and at purity levels needed to generate sufficient test material to complete all tests.
Differences in physical properties such as vapor pressures and boiling points make mixing the
various compounds complicated, and significantly decrease the likelihood that the mixture
could be maintained at a consistent formulation throughout testing duration. Even if the
difficulties associated with mixing gaseous and liquid components could be overcome, the
stability of the mixture would be unknown. Accurate characterization of such mixtures presents

analytical difficulties.

If the formidable technical problems could be overcome, animals could be exposed to
the mixtures at concentrations high enough to produce toxicity. However, the interpretation of
the toxicity data and its relevance to human risk assessment would be highly questionable. It is
important to note that the health effects data generated from this regulation is intended to
provide data for comparative risk assessment in support of registration requirements for fuels,
fuel additives and fuel blends. Any synthetic mixture will not be representative of registered
fuels, fuel additives and fuel blends. Only a few of the more than 250 volatile organic
compounds measured in automobile exhaust would be in the mixture. The tested mixture

would bear little resemblance to urban atmospheres, because it would not have been
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produced by combustion, would not have been aged, and would not have been subjected to
ultra violet radiation. Further, the mixture would not contain any of the “unknown” chemicals
that seemed to be of most concern to participants in the December, 1995, meeting, while many
of the known components are in the evaporative emissions, which will be tested. Thus, the
mixture would not adequately address the potential health effects of gasoline engine exhaust.
Conversely, there would be temptation to extrapolate results from such a study to a more
generic situation. As noted in the June 13, 1996 draft “Risk Assessment and Risk
Management in Regulatory Decision-Making” by the Commission on Risk Assessment and
Risk Management, extrapolation of health effects data from mixtures to environmental
exposure levels is fraught with difficulty. Specifically the Commission states “...interactions that
occur at one set of doses (such as those in a rodent bioassay) is likely to provide very little
information about interactions at very different doses (such as those generally encountered in
the environment).” Such extrapolation could lead to erroneous conclusions about human risk,

and poor decisions about managing risk.

i-16




IV. OVERALL SUMMARY AND CONCLUSIONS

IV.A. PREVIOUS EXHAUST EMISSION STUDIES ADEQUATELY ADDRESS THE HEALTH
EFFECTS OF GASOLINE EXHAUST EMISSIONS FOR SYSTEMIC AND PULMONARY
TOXICITY AND CARCINOGENICITY.

The design of both the Brightwell and Heinrich studies should be considered adequate
to address the carcinogenic and systemic endpoints for exhaust emissions outlined in Section
211 (b) of the Clean Air Act. First, the animal exposures were more robust than those required
in Section 211(b) (80-95 hr/week versus. 30-42 hr/week). Second, a greater number of
animals and endpoints were examined in interim and final sacrifices than are required by the
Rule. The design of the exposure system is similar to that of the Rule. The fuel used in the
Brightwell study is similar to the fuel required by the Rule (Table 2) and the components of
auto exhaust for the Brightwell fuel and the Section 211(b) fuel are not markedly different
(Table 21). Both the Brightwell and Heinrich studies reported some biological adverse effects,
and the effects that were reported were hypothesized to be due to prolonged exposure to CO,
NO,, or, when present, lead particulate by the authors. The International Agency for Research
on Cancer (IARC, 1989) concluded on the basis of these reports that there “is inadequate

evidence for the carcinogenicity in experimental animals of whole gasoline engine exhaust.”

IV.B. CARBON MONOXIDE TOXICITY WILL LIMIT ANY EXPOSURE TO COMBUSTION
GASES.

Carbon monoxide is a large component of non-catalyzed engine-out exhaust. CO
produces systemic, pulmonary, cardiovascular, and developmental toxicity at various levels of
exposure. These effects have been reviewed and summarized briefly in this paper. The
Agency has stated clearly in the Rule that toxicity of combustion gases should be limited so as
to allow for the more subtle effects of the hydrocarbons to become apparent. CO toxicity
occurs at exposure levels that will limit co-exposure to the hydrocarbon component of
automobile exhaust to under 100 ppm total hydrocarbon.



IV.C. TOTAL OR INDIVIDUAL HYDROCARBON EXPOSURE WILL BE BELOW THE
OBSERVABLE EFFECTS RANGE.

Due to the limiting concentrations of CO, the exposure to total and individual
hydrocarbons will be very low. At a dose-limiting CO concentration of 200 ppm, total
hydrocarbon exposures will be under 100 ppm. Exposure to ethene, the most abundant
hydrocarbon species, will be approximately 2.5 ppm. Only four other hydrocarbons will be
above one ppm, with the vast majority of hydrocarbons being under one ppm. For the
individual hydrocarbons, these concentrations are in most cases well below the observed
effects range (Table 23). The ratios between NOELs and predicted exposure levels ranges
from 6 to 11,000 fold. Thus, with the dilution to reduce CO content, a safety factor has been
built into the exposure system for hydrocarbons. This safety factor makes it inherently unlikely
any biologically meaningful effects will be observed.

Additionally, synergism is not expected between these hydrocarbon components as no
remarkable effects were observed in the Brightwell or Heinrich studies. The design of
exposure systems was similar to those described in Section 211(b); and the exposures were
conducted for longer daily duration and over a longer period of time. Additionally, no
synergism was detected in the oncogenicity and developmental toxicity studies of wholly
vaporized gasoline, which contains many of the same hydrocarbons found in automobile
exhaust, and exposures were not limited by carbon monoxide. Therefore, it is reasonable to
conclude that, once controlled for the known toxicity of carbon monoxide, the exposures to
gasoline engine exhaust will only produce information that already can be inferred from the

available data.

IV.D. DIFFERENCES IN EXHAUST EMISSIONS BETWEEN THE DIFFERENT FUEL
BLENDS ARE MINIMAL ONCE DILUTION FOR CARBON MONOXIDE HAS OCCURRED.

Addition of oxygenates to gasoline reduces the emission of carbon monoxide in
gasoline exhaust. However, with oxygenated fuel blends, once the carbon monoxide content
of an exhaust stream is controlled, changes in the nature of the hydrocarbon mixture are
minimal compared to baseline gasoline (Table 22). As noted above, the exposure to the

individual hydrocarbon components is extremely small. The slight increases in exposure to



aldehydes and the oxygenates in exhaust are below the biological observable effects range.
Thus, it would be impossible to detect any differences between the different mixtures, and
testing the exhaust mixture of each oxygenated fuel blend would not produce additional
meaningful data.

IV.E. SYNTHETICALLY PRODUCED MIXTURES WILL BE OF LITTLE USE FOR RISK
CHARACTERIZATION OR RISK MANAGEMENT.

While it is theoretically possible to generate synthetic hydrocarbon mixtures to evaluate
the toxicity of the hydrocarbon component of automobile exhaust, the practice has numerous
technical drawbacks. More importantly, the data generated would be of no use in hazard
identification or risk characterization of automobile exhaust as the most toxic components of
exhaust, CO and NO,, have been removed.

IV.F. CONCLUSION

Adequate information exists on systemic and pulmonary toxicity and carcinogenicity of
gasoline engine exhaust. The toxic effects observed in previous studies were hypothesized to
be due to CO and NO, concentrations in gasoline engine exhaust. This conclusion seems
reasonable due to the known toxicity of these materials.

CO levels will limit gasoline engine exhaust exposure in any future study to assess
additional toxicology endpoints, such as reproductive, developmental and neurologic toxicity.
Once dilution for CO has occurred, the exposure to hydrocarbons will be below the observable
effects range. Addition of oxygenates to gasoline does not increase the concentration of any
hydrocarbon component above the observable effects range. Thus, additional testing of
gasoline engine exhaust is not warranted for baseline gasoline or any of the oxygenated fuel
blends.

Toxicology testing of synthetic or artificial mixtures will provide EPA with no useful
information to determine whether certain gasoline formulations should be prohibited or
controlled.
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APPENDIX A
CARBON MONOXIDE TOXICITY

A.1 INTRODUCTION

The toxicity of carbon monoxide (CO) has been extensively studied and
reviewed (USEPA, 1991, 1979; National Research Council, 1977). It is not within the
scope of this paper to provide a comprehensive review of the primary literature on CO
toxicity. The purpose of this appendix is to further review pertinent information on CO
toxicity to provide the rationale for CO as the dose limiting factor for gasoline exhaust
exposure toxicity studies. This discussion will focus on the toxic endpoints of greatest
concem to the USEPA - neurotoxicity, effects on lung morphology, cardiomegaly and
developmental toxicity. The discussion also will be confined primarily to rodent data.
The 1991 USEPA document Air Quality Criteria for Carbon Monoxide was the source of
the majority of the information presented in this section (USEPA, 1991).

A.2 CARBOXYHEMOGLOBIN

The majority of toxic effects associated with exposure to CO have been
attributed to formation of carboxyhemoglobin (COHb) and the consequent displacment
of oxygen. These toxic effects of CO are due to the high affinity of hemoglobin (Hb) for
CO, which is 240 times greater than the affinity of Hb for oxygen (Wyman et al., 1982).
As blood COHb levels increase, oxygen delivery to tissues decreases resulting in tissue
hypoxia. The brain and heart are particularly sensitive to CO-induced hypoxia.
Compensatory mechanisms to offset CO-induced hypoxia include increases in
hematocrit and cardiomegaly. Because the toxicity of CO is so closely linked to blood
COHb concentrations, many studies, particularly older ones, express CO exposure in
terms of COHb rather than actual CO concentrations.

Many factors influence the rate of formation and elimination of COHb, such as
concentration and duration of CO exposure, ventilatory rate, ambient temperature,
health status and characteristic metabolism of the species and individual exposed. The
formation of COHb is reversible. However, the elimination half-life is quite long, varying



from 2 to 6.5 hours in humans (Land'aw, 1973; Peterson and Stewart, 1970). Several
mathematical models predicting COHb levels from ambient CO concentrations have
been developed. The Cobum, Forster and Kane equation is considered to be the best
all around model for COHDb prediction (USEPA, 1991; Cobum, Forster and Kane,
1965). Figure A-1 illustrates the relationship over time between COHb formation in rats
and ambient CO concentration. Because of this correlation, blood COHb level
represents a useful measure for exposure and dose received of CO.
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Figure A-1. COHb as a function of time. Small points are observed
individual values, circles are Coburn, Forster and Kane equation -
predicted values, and the Iihes were drawn through the means of the
observed data. (Reproduced from Benignus and Annau, 1994).

Results from animal studies indicate that inhaled CO can increase Hb
concentration and hematocrit ratio and that the threshold for this response for adult and
neonatal rats appears to be near 100 ppm (COHb = 9.26%) and 60 ppm, respectively
(USEPA, 1991). Typical blood COHb levels and effects on hemoglobin (Hb) and
hematocrit (HCT) associated with known exposures to CO are illustrated in Table A-1.
Small increases in Hb and HCT probably represent a compensatory mechanism for the
reduction in O,-transport caused by CO. At higher CO concentrations, excessive



Type of Study CO Concentration COHb Level Effect Estimated | Estimated | Reference
NOEL' LOEL'
Rat, guinea pig, 51 ppm 3.2-6.2% Increases in rat <51 ppm = 96 ppm Jones et al.
monkey and dog 96 ppm 49-127 % Hb and HCT at 96 (rat) (rat) (1971)
exposed for 90 200 ppm 9.4-202% and 200 ppm,
days increases in all > 96 ppm = 200 ppm
animals at 200 (all other (all other
ppm species) species)
Adult rats 100 ppm (46 days) 92 % Hb increased at alll - < 100 ppm Penny et al.
continuously 200 ppm (30 days) 15.8 % levels (1974b)
exposed 500 ppm (20-42 days) 11% Threshold close to
100 ppm
Rat, rabbit and 50 ppm rat 1.8% Slight increase in < 50 ppm = 50 ppm Musselman
dog exposed rabbit 3.2% Hb and HCT in (rats and (dogs) et al. (1959)
continuously for dog 7.3 % dogs rabbits)
3 mo
Rats (dams) 60 ppm na? Hb and HCT < 60 ppm =125 ppm Prigge and
exposed for 21 125 ppm depressed with 60 Hochrainer
days of 250 ppm ppm. and elevated (1977)
gestation 500 ppm by 250 and 500
ppm
Rats (dams) 200 ppm 27% in newborns | Hb and HCT lower - <200 ppm | Penney et al.
exposed for last (1980)
18 days of
gestation
Rats (dams) 157-200 ppm 21.9-33.5% in Depressed RBC - <200 ppm | Penney et al.
exposed for last newboms (1983)
17 days of
gestation

'NOEL and LOEL estimated from the information summarized. No specific estimates of NOELs or LOELs were presented in the
USEPA monograph or other sources cited unless specifically noted.

% n.a. - not available




increases in Hb and HCT may impose an additional workioad on the heart and
compromise flow to the tissue (USEPA, 1991).

A.3 NEUROBEHAVIORAL EFFECTS

Many studies evaluating neurotoxic effects of CO in rodents focus on
neurobehavioral effects. Typically, exposure conditions include prenatal (i.e. in utero),
perinatal and adult exposure, with assessment of a variety of behavioral endpoints up
to 18 months post-exposure. Neurobehavioral effects resulting from prenatal CO
exposure will be discussed in the following section on CO developmental toxicity.

A considerable amount of scientific literature exists on the neurobehavioral
effects of CO exposure in both animals and humans. Much of the data on humans
pertains to low levels of exposure and effects on measures of sustained attention and
performance. It appears that behaviors requiring sustained attention/performance are
those that are most sensitive to disruption by elevated levels of COHb. Studies of
animals have focused on analysis of schedule-controlled behavior and have generally
involved exposure to higher concentrations of CO than used in the human studies. In
reviewing the available data, EPA concluded that significant effects on behavior are
generally not evident until COHDb levels reach about 20 percent (USEPA,1991). Above
this level, dose related effects have been convincingly demonstrated in both human
and animal studies. Below the 20% COHb level, effects appear to be absent or difficult

to detect. Similar conclusions were reached by Benignus et. al. (1990).

Published studies in which CO effects have been assessed generally have
employed sensitive measures of behavior, such as operant (i.e. taught or conditioned
behavior) techniques. Below the 20% COHb level, effects on functional observation
battery (FOB) and motor activity appear to be absent or difficult to detect (USEPA,
1991). Table A-2 highlights neurobehavioral effects of CO in animals in several
representative studies. These studies all involved assessments of animals exposed as
adults. Other neurochemical/neurobehavioral data discussed in the section on
Developmental Toxicity suggest that animals exposed to CO in utero may be more
sensitive to CO than animals exposed during adulthood.



Type of Study CO COHb Level Effect Estimated | Estimated | Reference
Concentration NOAEL' LOAEL'
Adult rats; 100 ppm 9% Decreased 200 ppm 500 ppm | Annau, 1975
SCOB 200 ppm 18 % rate of
continuous 500 ppm 41 % responding.
reinforcement 1000 ppm 58 %
schedule; ‘
Exposed for 2
hrs.
Adult rats; 500 ppm 32% Decreased - 500ppm | Ator, 1982
SCOB DRL 700 ppm 49 % rates of
schedule; 900 ppm 56 % responding
Exposed for 75 as a function
min of CO conc.
Adult rats; 100 ppm 8% Lower 600 ppm 750 ppm Ator, 1976
SCOB DRL 250 ppm 17 % response
schedule; 500 ppm 33 % rates.
Exposed for 600 ppm 37 %
1.5 hr. 750 ppm 45 %
1000 ppm 54 %
Monkeys; 900 ppm Continuous Decreased -- 16-22% Purser &
schuttle test; distribution schuttling COHb Berrill, 1983
exposed for 30 up to 33% velocity at
min. 16-22%
COHb

" NOAEL and LOAEL estimated from the information summarized. No specific estimates of
NOAELs or LOAELs were presented in the USEPA monograph or other sources cited unless
specifically noted.

Results of neurobehavioral studies on humans exposed to CO are not covered

in this review, since the principle purpose is to consider issues relevant to animal
testing. The reader is referred to the EPA CO Criteria Document (USEPA, 1991) and
the review article by Benignus et. al. (1990) for a more in-depth discussion of the

individual animal and human studies.

In conclusion, COHb levels below 20% are unlikely to result in readily detectable

neurobehavioral changes in rats. Based on the information summarized above, the

estimated no observable adverse effect level (NOAEL) and lowest observable adverse

effect level (LOAEL) for CO-induced neurobehavioral changes in rats are 200 ppm and

400 ppm, respectively.




A.4 EFFECTS OF CARBON MONOXIDE ON LUNG MORPHOLOGY

A synopsis of information on the effects of CO exposure on lung morphology is
included in Table A-3. The available laboratory data indicate that it is unlikely that CO
has any direct effects on lung morphology except at extremely high concentrations
associated with CO poisoning (USEPA, 1991).

Animal studies by Niden and Schulz (1965) and Fein et al. (1980) found that
very high levels of CO (5,000 ppm and 10,000 ppm) for 15 to 45 minutes were capable
of producing capillary endothelial and alveolar epithelial edema in rats and rabbits,
respectively. In a study by Penney et al. (1988) male albino rats were exposed to
incrementally increasing concentrations of CO ranging from 250 to 1,300 ppm for 7.5
weeks. Increases in lung weight were found, but there was no evidence of edema (i.e.
fluid accumulation) in the lungs. The authors also reported that this effect was not due
to increased blood volume in the lung, nor due to fibrosis, as measured by
hydroxyproline content. There was, therefore, no obvious explanation for the lung
hypertrophy observed in this study after chronic exposure to high concentrations of CO.

Fisher et al., (1969) failed to find any histologic changes in the lungs of mongrel
dogs exposed to CO concentrations of 8,000 to 14,000 for 14 to 20 min. (up to 18%
COHD). Similarly, no morphological changes were found by Hugod (1980) in lungs of
adult rabbits continuously exposed to 200 ppm CO for 6 weeks (range 11.9 to 19%
COHb) or to 1,900 ppm for 5 hours (range of 31 to 39% COHDb).

Minimal effects were observed on alveolar macrophages following CO exposure
(Chen et al., 1982). Rats were exposed to 500 ppm (41 to 42% COHb) from birth
through 33 days of age, at which time alveolar macrophages were obtained by
bronchoalveolar lavage. Morphological and functional changes in the exposed cells
were minimal. There were no statistically significant differences in cell number, viability,
maximal diameter, surface area or acid phosphatase activity. Alveolar macrophage
phagocytic activity was enhanced, but, the biological significance of this finding is



Type of Study | CO Concentration | COHb Level Effect Estimated Estimated
NOAEL' LOAEL' ce
Rats exposed for | 5,000 to 10,000 ppm na.? Capillary endothelial and < 5000 ppm < 5000 ppm Niden
15 TO 45 min alveolar epethelial and
edema Schulz
(1965)
Rabbits exposed | 5,000 to 10,000 ppm 63 £ 4% Capillary endothelial and < 5000 ppm < 5000 ppm | Fein et
for 15 TO 45 min (mean + alveolar epethelial al.
standard error) edema; mitochondria (1980)
disintegrated; Type 2 '
cells depleted of lamellar
bodies
Male albino rats 250 to 1,300 ppm n.a. Increase gross lung wt; - <250 ppm | Penny et
exposed to no lung edema al.
incrementally (1988)
increasomg conc.

of CO for 7.5 wk
Dogs exposed to 8,000 to 14,000 up to 18% No lung histologic > 14,000 ppm - Fisher et
CO for14to 20 changes observed (for short al.

min exposure) (1969)
Adult rabbits 200 ppm for 6 wk 119 -19% No morphological > 200 ppm - Hugod
1,900 ppmfor5h 3110 39% changes in lungs (6 wk exp.) (1980)
> 1,900 ppm
(5hexp.)

Rats exposed 1 500 ppm 41 -42% Minimal morphological < 500 ppm = 500 ppm Chen et
to 33 d of life; ex or functional changes al. (1982)
vivo examination observed

of alveolar
macrophages

" NOAEL and LOAEL estimated from the information summarized. No specific estimates of NOAELs or LOAELS were presented in the
USEPA monograph or other sources cited unless specifically noted.

? n.a. - not available



questionable because few (n = 5) animals were evaluated and no follow-up studies
have been performed (USEPA, 1991).

In conclusion, animal studies on the effects of CO exposures producing COHb
concentrations up to 39% failed to find any consistent effects on lung parenchyma
(USEPA, 1979; Hugod, 1980; Fisher et al., 1969) or on alveolar macrophages (Chen et
al., 1982). The lack of significant changes in lung tissue is consistent with the lack of
histologic changes in the pulmonary and coronary arteries (USEPA, 1991). Thus, as
with neurobehavoral changes, it would appear that other physiological/toxicological
endpoints are likely to be more sensitive measures of CO effects. Estimated NOAEL
and LOAEL values for CO effects on lung morphology are 1300 ppm and 5000 ppm,
respectively for acute exposures and less than 250 ppm for subchonic CO exposure.

A.5 CARDIOMEGALY

Cardiomegaly following prolonged exposure to CO has been demonstrated in
several animal models including the rat, mouse, dog, monkey and baboon (Theodore et
al., 1971; Penney et al., 1974a,b; Fechter et al., 1980). Results of the studies
summarized below are presented in Table A-4.

Theodore et al. (1971) reported cardiomegaly in rats exposed to 500 ppm CO
(32 to 38% COHD) for 168 days, but not in mice, dogs, monkeys or baboons.
Increased heart weights as a measure of cardiomegaly were observed in rats exposed
to 500 ppm for 42 days (Penney et al., 1974a). Heart weights were 133% of control
heart weights after 14 days of exposure, and 140% to 153% of controls after 42 days of
exposure. Penney et al. (1974b) followed up these studies to determine the threshold
for cardiomegaly. Rats were exposed continuously to 100, 200, or 500 ppm CO (9.26,
156.82, and 41.14% COHDb) for various times ranging from 20 to 46 days; heart weights
and hemoglobin concentrations were measured. Significant increases in heart weights
were observed at 200 and 500 ppm CO, with changes occurring in the left and right
ventricles, left septum and atria. The authors concluded that the threshold for
cardiomegaly and Hb response was near 200 and 100 ppm, respectively. Additionally,
these authors concluded that unlike cardiomegaly caused by altitude, which primarily



Type of Study CO Concentration COHb Level Effect Estimated | Estimated | Reference
NOAEL' LOAEL'
Rat, mouse, 400 - 500 ppm 32-38% Cardiac hypertropy in 500 = 400 ppm =~ 500 ppm | Theodore
dog, monkey ppm rats; no changes in (rat) (rat) etal.
and baboon other species (1971)
exposed for 168 > 500 ppm -
days (all other
species)
Adult rats 100 ppm (46 days) 92 % Cardiac hypertrophy =100 ppm = 200 ppm | Penny et al.
continuously 200 ppm (30 days) 15.8 % observed at 200 and 500 (1974a,b)
exposed to CO | 500 ppm (20-42 days) 411 % ' oom
for varying Threshold for cardiac
periods of time enlargement near 200
' ppm
Rats exposedto | 400 ppm 35 % HW/BW* increased in all < 400 ppm - Styka and
CO for 6 wk 500 increasing to 1,100 58% groups; was reversible in Penney
ppm low dose group (1978)
Rats exposed 500 ppm 38-42% Fetal HW increased; < 500 ppm - Penney
until 50 days of response greater in and Weeks
age;, beginning younger group (1979)
on either day 5
or day 25 of life
Newborn rats 500ppm 38-42 % HW/BW higher - < 500 ppm | Penney et
exposed for the al. (1982)

first 32 days of
life

" NOAEL and LOAEL estimated from the information summarized. No specific estimates of NOAELs or LOAELs were presented in the
USEPA monograph or other sources cited unless specifically noted.

2

3

* HW/BW - heart weight to body weight ratio

n.a. - not available
HW - heart weight




involves the right ventricle, cardiac hypertrophy caused by CO involves the entire heart
(USEPA, 1991; Penney et al., 1974a,b). -

The reversibility of CO-induced cardiac hypertrophy was evaluated by Styka and
Penney (1978) in rats continuously exposed to high (400 ppm, 35 % COHb or 500 to
1,100 ppm, 58% COHb) concentration of CO for six weeks. Heart weight to body weight
(HW/BW) ratio increased from 2.65 in controls to 3.52 and 4.01 in two dose groups,
respectively. Forty-one to 48 days after terminating CO exposure, Hb had returned to
control levels in all groups; HW/BW ratio remained significantly elevated only in the
high-dose group.

Cardiomegaly has been observed in offspring of CO-exposed dams at as low as
60 ppm CO during gestation (Prigge and Hochrainer,1977). Cardiac hypertrophy as a
result of prenatal CO exposure will be discussed in the next section on CO
developmental toxicity.

Cardiomegaly also has been observed in rats exposed to CO at birth. Penney
and Weeks (1979) examined the effects of CO on cardiac growth in young rats
exposed to 500 ppm CO (38 to 42% COHDb) beginning at 5 or 25 days of age and
terminating at 50 days of age. The greatest changes in heart weight and DNA
synthesis were observed in the younger rats, leading these investigators to the
conclusion that the potential for CO-induced changes in cardiac DNA synthesis and
muscle cell hyperplasia ends in rats during the 5th through 25th days of postnatal
development (USEPA, 1991; Penney and Weeks, 1979). In newborn rats exposed to
500 ppm CO (38 to 42% COHb) for 32 days, followed by further development without
exposure to CO, it was observed that HW/BW ratio increased sharply after birth,
peaked at day 14, and then fell progressively. HW/BW ratio remained higher in CO-

exposed rats, as compared to controls, for up to 107 days of age.

In summary, results from animal studies indicate that inhaled CO does cause
cardiac hypertrophy. The threshold for this response is near 200 ppm (15.8% COHb) in
adult rats and 60 ppm in fetal rats (Penney et al., 1974a,b). Based on this information,
estimated NOAEL and LOAEL for cardiomegaly in adult rats are 100 ppm and 200



ppm, respectively. Estimated values for neonatal animals are lower; 60 ppm is
proposed as the LOAEL for neonatal rats, with the NOAEL somewhere below 60 ppm.

A.6 DEVELOPMENTAL EFFECTS

Developmental toxicity includes those effects to the unborn which arise from
exposure of the mother during pregnancy. Developmental effects include structural or
functional abnormalities, altered growth, behavioral effects, or death.

Experimental data indicate that the developing organism is particularly sensitive
to the effects resulting from CO exposure (Table A-5). Evidence from animal studies
indicate increases in fetal mortality in mice at CO exposure levels of 500 ppm (Singh
and Scott, 1984), with decreased birth weights occurring in rats at exposure levels of
150 ppm and maternal COHD levels 12-15% (Fechter and Annau, 1976, 1977,
1980a,b). Reduced litter size was observed in rats exposed to 200 ppm CO during the
last 18 days of gestation (Penny et al., 1980). Skeletal anomalies were found in rats
exposed to 750 ppm on gestation day 7, 8, or 9 (Choi and Oh, 1975). Schwetz et al.
(1979) observed an increase in minor skeletal variants (no teratogenicity) in mice
exposed to 250 ppm CO from gestation day 6-15.

Cardiomegaly, or an increase in heart weight, has been reported in several
animal studies following CO exposure (Table A-6). Laboratory data indicate that the
cardiomegaly resulting from prenatal CO exposure may be proportionately greater than
in adult animals at a given maternal CO-exposure level. Whether this is the result of a
greater affinity for CO of fetal hemoglobin and therefore higher fetal COHb levels, or
whether some other process is at work, is currently unknown. Some studies indicate
that this condition can be transitory in nature. However, it is unclear at this time
whether these effects can lead to altered cardiac function, or whether cardiovascular
effects are produced that are not triggered until later in life. Prigge and Hochrainer
(1977) reported an increase in fetal heart weight in rats following CO exposures as low
as 60 ppm. Other studies have demonstrated severe cardiomegaly following prenatal
exposures of 200 ppm (Clubb et al., 1986; Penny et al., 1980, 1983).
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Type of Study CO Concentration COHb Level Effect Estimated | Estimated | Reference
NOAEL' LOAEL'
Rats, CO 750 ppm n.a. Absorptions, < 750 ppm - Choi and
exposure for 3 skeletal "~ Oh,
hr/day on Gd anomalies, (1975)
7.8,9 decreased fetal
BW
Rats, CO 30 ppm 48-88 14% increase in 30 ppm 90 ppm Garvey and
exposure on GD 90 ppm brain st, 24% Longo, 1978
3-20 (length/day decrease in lung
exp. not reported) st., serotonin
conc. decrease in
brain at 90 ppm
Mice, CO 125 ppm n.a. Increased fetal 250 ppm 500 ppm Singh and
exposure on Gd 250 ppm mortality at 500 Scott
8-18 500 ppm ppm (1984)
Rats, CO 150 ppm 12-15% Litter size normal | < 150 ppm - Fechter and
exposure Decreased Annau
throughout birthweights and (1976,1977,
gestation preweanling 1980a,b)
weights
Behavioral
testing
differences
Rats, CO exp. for 200 ppm 28% Reduced litter < 200 ppm - Penney et
last 18 days of size al,, 1980

' NOAEL and LOAEL estimated from the information summarized. No specific estimates of NOAELs or LOAELSs were presented in the
USEPA monograph or other sources cited unless specifically noted.

2

n.a. - not available




- Estlmé{éd

Reference

Type of CO _ Estimated
Study | Concentration | Level NOAEL' | LOAEL'
Rats, CO 60 ppm n.a. Fetal heart < 60 ppm 60 ppm Prigg and
exposure 125 ppm weight Hochrainer,
21 days 250 ppm increase at all 1977
500 ppm concentrations
Rats, CO 200 ppm n.a. Heart weight | <200 ppm - Clubb et al,
exposure increase 1986
onGD7 during
through postnatal
weaning period
Rats, 200 ppm 27.8% Fetal heart < 200 ppm -- Penney et
prenatal ' weight al, 1980
exposure increases
(effects
transitory; per
authors, “no
lasting effects
of prenatal
exposure”)
Rats, CO 157 ppm 21.8 - | Increased fetal | < 157 ppm - Penney et
exposure 166 ppm 33.5% heart weight al, 1983
on GD 2-22 200 ppm

" NOAEL and LOAEL estimated from the information summarized. No specific estimates of
NOAELs or LOAELSs were presented in the USEPA monograph or other sources cited unless
specifically noted.

2

n.a. - not available

Many neurobehavioral studies employing a variety of behavioral tasks to assess

nervous system function have been conducted in experimental animals (Table A-7).

Abnormalities in behavior can be indicative of a particular neurological disorder or

general nervous system dysfunction. Neurobehavioral effects have been observed in

rats and mice exposed prenatally to CO at dose levels ranging from 65-150 ppm
(Singh, 1986; Mactutus and Fechter, 1984,1985; Fechter and Annau, 1980a,b:
Abbatiello and Mohrmann, 1979; Di Giovanni et al., 1993).

Several studies have been conducted which measure the effects of CO

exposure upon a variety of neurochemical parameters (Table A-8). A change in these

parameters can have important consequences for subsequent brain development,




Type of Study CO Concentration COHb Level Effect Estimated | Estimated { Reference
NOAEL' LOAEL'
Mice, CO 60 ppm n.a. Impaired righting reflex PD < 65 ppm 65 ppm Singh
exposure on GD 125 ppm 1, negative geotaxis PD 10 (1986)
8-18 at 125 ppm. Impaired aerial
righting at 65 and 125 ppm
(Behavioral testing
differences)
Rats, CO 150 ppm 15.6% Significant retention deficits < 150 ppm - Mactutus
exposure in weanling and young and Fechter
throughout _ adults. Impairments in (1984,1985)
gestation learning and retention in
aging (1-yr old) rats.
Interpretation: permanent
neurological sequelae of
prenatal CO exposure
Rats, CO 150 ppm Estimated 12%- | Behavioral testing <150 ppm - Fechter
exposure 15% based on | differences and Annau
throughout previous (1980a,b)
gestation experimentation
Mice, CO 60-65 ppm Maternal COHb | Increased errors in heat- <60 ppm - Abbatielio
exposure 6-11% motivated Y-maze at PD 40 and
throughout Mohrmann
gestation (1979)

" NOAEL and LOAEL estimated from the information summarized. No specific estimates of NOAELs or LOAELSs were presented in the USEPA
monograph or other sources cited unless specifically noted.

2

n.a. - not available




Type of Study T

COHDb Level

Reference

CO Concentration Estimated Estimated
NOAEL' LOAEL'
Rats, CO 75 ppm n.a. Sig. reduction in minimum 75 ppm 150 ppm | p; Giovanni
exposure GD 0- 150 ppm freq. of ultrasonic calls etal.
20 emitted by rat pups (1993)

removed from nest from
prenatal exp. to 150 ppm.
Sig. dec. In responsiveness
(rate of calling) in male pups
to challenge dose of
diazepam from prenatal
exp. to 150 ppm.
Sig. alteration in acquisition
of active avoidance task.
(All behavioral changes)

" NOAEL and LOAEL estimated from the information summarized. No specific estimates of NOAELs or LOAELs were presented in the USEPA
monograph or other sources cited unless specifically noted.

2

n.a. - not available




because the transmission of information between nerve cells is based on

neurochemical processes. Altered neurochemical development has been observed with

chronic prenatal and perinatal exposures of rats to 150-300 ppm CO (Storm and
Fechter, 1985a, 1985b; Storm et al., 1986).

Type of CO COHb Effect Estimated | Estimated | Reference
Study Concentration | Level NOAEL' LOAEL'
Rats, 150 ppm 16 - Decreased <150 ppm -- Storm and
chronic 18% cerebellar wt., Fechter
prenatal CO increased (1985a)
exposure norepinephrine
levels (in
cerebellum)
between ages
14-42 days
(duration of
experiment)
Rats, CO 0 ppm 259 Reduced GABA 75 ppm 150 ppm Storm et
exposure 75 ppm 11.5% levels in al., (1986)
from 150 ppm 18.5% cerebellum at
beginning 300 ppm 26.8% 150 and 300
of gestation ppm on PD 10
until PD 10 and PD 21
Rats, 75 ppm n.a. Reduced 75 ppm 150 ppm Storm and
chronic 150 ppm cerebellular wt. Fechter
prenatal 300 ppm at 150 ppm and (1985b)
exposure 300 ppmon PD
21 and in 300
ppm at 42 days
of age

" NOAEL and LOAEL estimated from the information summarized. No specific estimates of
NOAELSs or LOAELs were presented in the USEPA monograph or other sources cited uniess
specifically noted.

2

n.a. - not available

In summary, studies in laboratory animals of several species provide strong
evidence that maternal CO exposure to 150 to 200 ppm, leading to approximately 15
to 256% COHDb, produce reduction in birth weight, cardiomegaly, delays in behavioral

development, and disruption in cognitive function (Singh, 1986; Storm et al., 1986;
Storm and Fechter, 1985a,b; Mactutus and Fechter, 1984, 1985; Fechter et al., 1980;
Penney et al., 1980, 1983; Fechter and Annau, 1980a,b, 1977, 1976). Isolated
experiments suggest that some of these effects may be present at concentrations as
low as 60 to 65 ppm CO (approximately 6 to 11% COHb) maintained throughout
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gestation (USEPA, 1991; Abbatiello and Mohrmann, 1979; Prigge and Hochrainer,
1977). Thus, based on this information, estimated developmental toxicity NOAEL and
LOAEL for rats are 60 ppm and 150ppm CO, respectively.

A.7 OTHER SYSTEMIC EFFECTS OF CARBON MONOXIDE

Laboratory animal studies suggest that enzyme metabolism of xenobiotic
compounds may be affected by CO exposure (Roth and Rubin, 1976a,b ; Pankow et
al., 1974; Swiecicki, 1973; Martynjuk and Dacendo, 1973; Pankow and Ponsold, 1972,
1974; Kustov et al., 1972; Montgomery and Rubin, 1971). Most of the authors of these
studies have concluded, however, that effects on metabolism at low COHb (£ 15%) are
attributable entirely to tissue hypoxia produced by increased levels of COHb because
they are no greater than the effects produced by comparable levels of hypoxic hypoxia.
At higher levels of exposure, where COHb concentrations exceed 15 to 20%, there may
be direct inhibitory effects of CO on activity of mixed-function oxidases (USEPA, 1991).

Inhalation of high levels of CO, leading to COHb concentrations greater than
15%, have been reported to cause a number of other systemic effects in laboratory
animals as well as effects in humans suffering from acute CO poisoning. Tissues of
highly active O, metabolism, such as heart, brain, liver, kidney and muscle may be
particularly sensitive to CO poisoning. The impairment of function in the heart and
brain is well known and has been described above. Other systemic effects of CO
poisoning are not as well known and are, therefore, less certain. There are reports in
the literature of effects on liver, kidney, bone and immune capacity in the lung and
spleen (Giustino et al., 1993; Zebro et al., 1983; Katsumata et al., 1980; Kuska et al.,
1980; Snella and Rylander, 1979). Generally it is agreed that these effects are caused
by the severe tissue damage occurring during acute CO poisoning due to one or more
of the following: (1) ischemia resulting from the formation of COHb, (2) inhibition of 0,
release from O,Hb, (3) inhibition of cellular cytochrome function (e.g., cytochrome
oxidases), and (4) metabolic acidosis (USEPA, 1991).



A.8 SUMMARY AND CONCLUSIONS ON CARBON MONOXIDE TOXICITY

The toxic effects associated with exposure to CO are attributed to tissue
hypoxia caused by reduced oxygen delivery as a result of COHb formation in the blood.
Estimates of NO(A)ELs and LO(A)ELs for CO effects by endpoint are summarized in
Table A-9. The brain, heart, lung and developing organisms are sensitive to CO-
induced hypoxia to varying degrees. Estimated carbon. monoxide NO(A)ELs and
LO(A)ELS in animal models range from 50 to 200 ppm CO for critical endpoints of
neurobehavioral toxicity, developmental toxicity and cardiomegaly. Developing
organisms and the heart are the most sensitive to the toxic effects of CO.
Consequently, based on this information, CO concentration is likely to be a dose-

limiting factor in toxicity testing of complex mixtures containing CO.

Endpoint Estimated Estimated
NO(A)EL LO(A)EL
(ppm) (ppm)
Neurobehavioral Effects <200 500
Developmental Toxicity <60 150
Systemic Effects/Toxicity:
COHb, Hb, HCT <50 100
Cardiomegaly
adult <100 200
neonate < 60 60
Lung Morphology
acute <1300 5000
subchronic - < 250

1. Based primarily on studies sumarized in the USEPA, Air Quality Criteria for

Carbon Monoxide, EPA/600/8-90/045F.
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APPENDIX B

PREDICTION OF ANIMAL EXPOSURES FROM EXTRAPOLATION OF EXHAUST
EMISSION CHARACTERIZATION DATA

B.1 INTRODUCTION .

Concentrations of hydrocarbons expected in inhalation exposure chambers can be
estimated by use of both Auto/Oil data and the limiting concentration of CO. As noted in the
Sections II, 11.B and Appendix A, CO toxicity will act as a dose-limiting factor for gasoline
engine exhaust. Review of the CO toxicity literature demonstrates that developmental and
) systemic toxicity of CO was observed at 200 ppm CO. Thus, this CO concentration was used
to predict the concentration of total and individual hydrocarbons in an exposure chamber.
These conversions demonstrate that dilution of gasoline engine exhaust to reduce the well
known and documented effects of CO will dilute hydrocarbon levels below the observable
effects range.

B.2 AUTO/OIL AIR QUALITY IMPROVEMENT RESEARCH PROGRAM

Numerous gasoline exhaust emission characterization studies have been conducted
which measure gasoline engine exhaust as engine-out emissions or as tailpipe emissions.
Engine-out emissions are collected from the exhaust stream prior to passage over a catalytic
converter. Tailpipe-exhaust emissions are collected after treatment by the catalytic converter,
which promotes the conversion of hydrocarbon species to H,0 and CO,. These studies are
performed on vehicles or engine test stands running through a predetermined drive cycle, most
commonly that specified by the Federal Test Procedure (FTP) which simulates driving
conditions lasting up to 21 minutes. The FTP collects a sample bag of exhaust emissions for
each of the three different phases of vehicle operation. The first phase includes starting a cold
engine (“cold start”) and driving at variable speeds to mimic city driving. In the second phase,
speed is kept elevated and more constant to mimic highway driving. The third phase repeats
the first variable phase with a warmed engine (“hot start”). The exhaust collected during these
phases can be analyzed for the combustion gases, CO, CO,, NO, and SO, and total
hydrocarbon. The hydrocarbon component can be further analyzed to provide individual




hydrocarbon speciation. These data then provide useful information on the composition of
exhaust.

The Auto/Qil Air Quality Improvement Research Program (AQIRP) is one of the most
comprehensive exhaust emission testing programs ever conducted. The AQIRP collected
extensive vehicle emissions measurements on a wide range of fuels from automobiles and
light trucks and conducted air-quality-modeling studies to predict the effects of the measured
emissions on ozone formation. The AQIRP developed an extensive database on the level and
composition of exhaust and evaporative emissions from up to 20 well-maintained model year
(MY) 1989 cars and light trucks operated on industry average gasoline (RFA), and gasoline
blended with the oxygenates MTBE, ethanol and ETBE. Specifications for RFA are the same
as the test fuel required by the Rule. A brief description of these two data sets, Auto/Oil AQIRP
Pilot Study and Phase | Working Data set, is provided below. Detailed descriptions of the data
in these two data sets are presented in technical papers contained in SAE Publication SP-920,
Auto/Oil Air Quality Improvement Research Program, February 1992,

Data from the AQIRP Pilot Study which were used for this paper include both engine-
out and tail-pipe exhaust measurements of 156 hydrocarbon and oxygenated species sampled
and composited over the three phases (bags) of the FTP (Table B-1). Duplicate engine-out
and tailpipe-out measurements were made on three well-maintained MY 1989 cars. Two fuels
were tested: (a) industry average (RFA) gasoline, and (b) a gasoline blended with 15% by
volume MTBE (fuel H). Industry average fuel has the same specifications as required for the
test fuel in section 211(b). Data from this study are reported in units of grams/mile or

milligrams/mile.

Data from the Phase | Working Data Set used for this report include exhaust tailpipe
measurements of 156 hydrocarbon and oxygenated species, sampled and composited over
the three phases (bags) of the FTP (Table B-2). Measurements were made on 10 well-
maintained MY 1989 cars and light trucks. The test fuels included RFA gasoline, and a series
of oxygenated gasolines containing blends of 15% by volume MTBE, 10% by volume EtOH,
or 17% by volume ETBE. The exhaust tailpipe measurements reported in this paper
represent the mean FTP composite values by species and by test fuel averaged across the 10
vehicles.




Several general observations can be drawn from these two data sets. First, the most
predominant species in engine-out gasoline exhaust are CO,, CO and, although not shown,
H,O. Total hydrocarbon and NO, emissions are approximately equivalent to each other and
substantially less than CO,, H,0 and CO. Next, catalytic treatment of gasoline exhaust
dramatically reduces the emissions of all exhaust components except CO, as demonstrated by
the tailpipe data in Tables B-1 and B-2.

These data have important implications when considering gasoline engine exhaust
toxicology testing. First, experience and review of the literature demonstrate that CO
concentrations in exhaust will establish exposure levels for the entire exhaust mixture. This
was demonstrated in previous exhaust studies (Brightwell et al., 1986, and Heinrich et al.,
1986) and was shown in a review of the CO toxicity literature for a variety of toxicity endpoints.
Second, the dilution level required to reduce the toxic effects of CO also will reduce other
components of gasoline engine exhaust. This point will be discussed in more detail below.
This dilution will also reduce the concentration of total and individual hydrocarbons below
observable effect levels.

B.3. CONVERSION OF ENGINE-OUT DATA

Typical speciated exhaust engine-out and tailpipe hydrocarbon data from three vehicles
tested as part of the AQIRP Pilot Study are illustrated in Table B-1. These data are composited
values of the measured species collected over all three phases of the FTP for engine out and
tail pipe emissions. The data are listed for major combustion products CO,, CO, NO,, and total
and individual hydrocarbons. To extrapolate these data to units more appropriate for
inhalation toxicology, a ratio is first developed of individual hydrocarbon species to CO. By use
of molecular weights of CO and the individual hydrocarbon species, a mole to mole ratio is
developed. This molar ratio can then be converted to expected hydrocarbon concentration in
an inhalation chamber for a given concentration of CO. This process is illustrated in the

equation below.




(HC.. )+ HCmoL W)
(co..)+ comot.wt.)

X [Cocxp chamb ] = [H Cexp chams }

Where [HC_, ] is the measured concentration in mg/mile of a hydrocarbon species from
Auto/Oil; HC mol. wt. is the molecular weight for a given hydrocarbon species; [CO, ] ] is the
measured concentration in mg/mile of carbon monoxide from Auto/Qil; CO mol. wt. is the

molecular weight of carbon monoxide; [CO,_ ] is the expected chamber concentration of

exp chal

carbon monoxide set at 200 ppm; and [HC ] is the expected animal exposure chamber

exp chamb

concentration of a particular hydrocarbon species in ppm.
B.4. CONVERSION OF TAILPIPE DATA

The major difference between engine-out data and tailpipe data is that the tailpipe
combustion emissions have passed across a catalyst to promote a more complete combustion
of carbon monoxide and hydrocarbon species. It is necessary to extrapolate tailpipe data to
- expected animal exposures because only tailpipe hydrocarbons were speciated for
oxygenated fuel blends. In order to extrapolate tailpipe data to hydrocarbon concentrations
expected in an exposure chamber from a uncatalyzed exhaust emission source, an additional
conversion needs to take place to account for the efficiency of the catalyst in removing
hydrocarbons. Engine-out and tailpipe data from the AQIRP Pilot Study were used to develop
a factor for catalytic converter efficiency. This is illustrated in Table B-3. Using this factor for
each hydrocarbon, the chamber concentration for exhaust can be extrapolated by the equation

below, which is a modification of the equation listed above.

[ ([HCuh ]+ HCmol. wt.)+ HC tail pipe correction factor

([€O..4 ]+ COmol.wt.)+ CO 1ail pipe correction factor Jx [coc,,,c,m,, ] = [Hcexpc,mb]

Where [HC_,] is the measured concentration in mg/mile of a hydrocarbon species from
Auto/Oil; HC mol. wt. is the molecular weight for a given hydrocarbon species; tail pipe

]11is the
measured concentration in mg/mile of carbon monoxide from Auto/Qil; CO mol. wt. is the

correction factor is the inverse value for a hydrocarbon derived from Table B-3; [CO

exh:

molecular weight of carbon monoxide; tail pipe correction factor is the inverse value for carbon

B-4



monoxide derived from Table 3; [CO,,. ...} is the expected chamber concentration of carbon
monoxide in ppm; and [HC,,, .,....] is the expected animal exposure chamber concentration of a
particular hydrocarbon species in ppm.

In addition to MTBE, AQIRP examined the hydrocarbon speciation for two other
oxygenates, EtOH and ETBE. This data is contained in the AQIRP Phase | Working Data Set,
however, the measurements are tailpipe data (Table B-2). To extrapolate to chamber
concentrations, an assumption needs to be made for the efficiency of the catalyst in removing
EtOH and ETBE from exhaust. Since the AQIRP Pilot Study demonstrated that 95% of MTBE
was removed by the catalytic converter, this estimate would be appropriate to use for EtOH
and ETBE. However, because the range of catalytic removal is 85 - 95% for other
hydrocarbons, an assumption of 90% catalysis was used. Thus, using the equation above,
concentrations of oxygenate in inhalation-exposure chambers can be determined.

B.5. EXTRAPOLATED HYDROCARBON EXPOSURE

Based on a dose limiting concentration of 200 ppm as a LOAEL level for CO on a large
number of toxicity endpoints (developmental and systemic), the expected chamber
concentrations of hydrocarbons can be extrapolated from Auto/Qil data using the equations
listed above. The values for CO, CO,, NO_ and total hydrocarbon are listed in Table B-4 for
RFA and MTBE gasoline. These data demonstrate that for a CO concentration of 200 ppm,
total hydrocarbon concentrations will be approximately 70 ppm for both RFA and gasoline with
MTBE. These data are similar to data obtained in the Brightwell and Heinrich studies, which
also are listed in this table. Average CO concentration was maintained at 224 ppm in the
Brightwell study, and at 443 ppm (subchronic) and 305 ppm (chronic) in the Heinrich study.
Average total hydrocarbon exposures were 61 ppm (Brightwell), 57 ppm (Heinrich,
subchronic), and 36.5 ppm (Heinrich, chronic). Extrapolation of the Auto/Oil AQIRP data
indicate that total hydrocarbon concentrations will be low in animal exposures using either RFA
or MTBE gasoline. These data also indicate the hydrocarbon exposure levels will be similar to
the levels observed in the previous gasoline engine exhaust toxicology studies, where only CO
and/or NO, effects were observed.



Table B-5 lists the expected concentrations, after exhaust dilution to 200 ppm CO, in
animal chambers for individual hydrocarbons comprising approximately 80% of total
hydrocarbons from combustion of RFA and gasoline containing 15% byv volume. These data
were derived by extrapolating the engine-out data reported by the Auto/Oil AQIRP Pilot Study.
Several observations can be made from these data. First exposure to individual hydrocarbons
will be low. The highest individual hydrocarbon exposure is to ethylene (ethene) at 2.72 ppm.
Only ethylene (ethene), acetylene (ethyne) and methane concentrations are above 1 ppm.
The exposure to the hydrocarbons of toxicologic interest, such as toluene, meta- and para-
xylene, propene, benzene, 1,3 - butadiene and formaldehyde will range from 0.4 - 1 ppm.
Concentrations of other hydrocarbons will be under 0.4 ppm. The concentration of
uncombusted MTBE in the engine out exhaust will be approximately 0.5 ppm. Thus, not only
will the exposure to total hydrocarbons be low, the exposure to individual hydrocarbons will be

extremely low.

The second major observation to draw from these data is that the individual
hydrocarbon components does not vary greatly between RFA and gasoline containing MTBE.
Some slight differences exist between the exhaust compositions, particularly with respect to
the presence of MTBE (= 0.5ppm) and slightly elevated formaldehyde levels (0.664 to 0.740
ppm) in the exhaust of vehicies fueled with gasoline containing MTBE. However, on the
whole, the composition of the exhaust steams for the two fuels will be remarkably similar.
Thus, the likelihood of observing an effect due to a difference in the exhaust stream is very

remote.

Hydrocarbon speciation data from the Brightwell study can be directly compared to
extrapolated data from Table B-5. This comparison is made in Table B-6. The data from
Brightwell is listed as the average of ten samplings over the course of the study as well as the
range. The extrapolated AQIRP data are expressed as the average of the three vehicles as
well as the range of the three vehicles. Additionally the extrapolated data have been
converted from ppm to mg/m’ to make a direct comparison to Brightwell easier. |

The extrapolated data is not directly comparable as quantitative differences do occur
between the data sets, particularly when comparing compounds such as the aldehydes,
butane, toluene, and the obvious absence of MTBE from the Brightwell fuel. It is important to




note that the Brightwell data is the average of ten measurements on one vehicle over the
course of two years, and AQIRP data is the average of two FTP tests for three vehicles.
Further, the emissions in the Brightwell study were generated by two engines of the same
make and model, a four cylinder Renault 1.8 L engine, due to replacement of the starting
engine. The AQIRP data were coliected from three vehicles, a 1991 Chevy Camaro with a 5.7
L eight cylinder engine, a 1988 Ford Taurus 3.0 L six cylinder engine and a Dodge Shadow
with a 2.5 L four cylinder engine. It has been estimated that car to car variability in exhaust
emissions averéges at about 30%, ranging from 15% to 49% (Painter and Rutherford, 1992).
Thus, car to car exhaust emission variability may explain some of the differences between the
data sets. However, it is apparent that the expected concentrations for individual
hydrocarbons is similar to what was actually measured in the Brightwell study. This suggests
that the extrapolation of these values from Auto/Qil data produces results that would be
expected in gasoline engine exhaust exposures. /

Several conclusions can be drawn from this comparison. First, the extrapolated

Auto/Oil AQIRP data are not markedly different from the composition of the exhaust

- atmosphere in the Brightwell study. This is not entirely surprising since the specifications for

the fuel used in the Brightwell Study are similar to the specifications for RFA and the fuel to be
used in 211(b). This comparison also indicates that extrapolation of Auto/Oil AQIRP data to
exposure concentrations is valid. Second, exposures to hydrocarbon components in a 211(b)
toxicology study will be similar to the exposures in the Brightwell study. Thus, results observed
in the Brightwell study are applicable to exhaust emissions generated from 211(b) baseline
gasoline. Finally, since minimal differences exist between the exhaust characteristics of RFA,
whose specifications are the same as 211(b) gasoline, and gasoline containing MTBE, the
toxicological results from the Brightwell Study also can be reasonably used for the Iatter fuel.
Thus, two conclusions can be made. First, the results from the Brightwell study are
appropriate to use in an evaluation of health effects of gasoline exhaust emissions on the test
fuel specified by the Rule. Second, because the composition of exhaust is not dramatically
different between unoxygenated and oxygenated fuel, the Brightwell study results can be used
to evaluate the health effects for oxygenated gasolines.

The Auto/Oil AQIRP Working Data Set | was used to extrapolate expected chamber
concentrations of hydrocarbon species from tailpipe speciation data for RFA and oxygenated




fuel mixtures MTBE, EtOH or ETBE gasoline (Table B-7). Similar to the comparison of engine-
out data for RFA and MTBE gasoline (Table B-5), these data indicate that the addition of
oxygenate to gasoline does not dramatically alter the composition of gasoline exhaust. As was
seen with the engine-out data, parent oxygenate was observed in the exhaust stream, at
concentrations of approximately 1 ppm. Additionally, the concentration of aldehydes was
increased with the addition of oxygenate, most notably formaldehyde and acetaldehyde. The
remaining hydrocarbon species are not affected greatly by addition of oxygenate. Thus, it can
be concluded that addition of oxygenate does not dramatically alter the composition of and the
subsequent results of animal exposure to gasoline engine exhaust. Therefore, the Brightwell
study results can be used to evaluate the health effects of oxygenated gasolines.



Table B-1
AUTO/OIL AQIRP PILOT PROGRAM
EXHAUST HC SPECIES RANKED FROM HIGHEST TO LOWEST ENGINE-OUT EMISSIONS

FTP Composite - mg/mile

ENGINE-OUT EXHAUST EMISSIONS TAILPIPE-OUT EXHAUST EMISSIONS

INDUSTRY AVERAGE RF-A AUTO/OIL FUEL "H" INDUSTRY AVERAGE RF-A AUTO/OIL FUEL "H"

Veh# Veh# Veh# Veh# Veh# Veh# Veh# Veh# Veh# Veh# Veh# Veh#

__HC Species: 050 060 070 050 060 070 050 060 070 050 060 070
| Ethene 200.2 192.8 127.2 186.6 1826 120.1 12,8 164 129 144 13.7 8.8
Ethyne 128.2 128.0 93.3 129.1 129.6 93.4 3.0 6.6 25 5.0 9.5 34
Toluene 116.6 130.2 94.3 81.3 95.3 71.2 80 166 133 54 104 7.7
m&p-Xylene 103.3 126.9 92.1 60.8 77.2 69.0 7.1 136 7.9 3.9 6.8 4.0
Propene 1005 106.2 68.2 93.3 98.6 63.3 5.5 7.3 6.1 5.3 5.8 3.1
Benzene 84.9 B86.6 59.8 721  77.8 65.3 6.7 124 156.6 5.6 8.9 9.9
FORMALDEHYDE 63.9 618 22.6 69.0 634 34.8 4.1 2.0 0.6 6.8 1.6 0.8
Methane 69.7 646 47.4 66.5 70.0 49.8 68.1 37.1 28.1 73.3 40.7 27.7
E-Benzene 45.0 63.0 37.6 26.3 32.7 24.1 3.2 6.4 34 1.8 2.9 16
Butane 42.2 539 34.0 16.7 1741 13.6 10.9 8.0 9.2 3.7 2.6 24
2M-Pentane 39.6 485 30.0 26,8 324 21.3 4.7 6.8 7.2 3.9 4.6 4.0
2M-Propene 371 318 24.0 90.5 105.9 70.5 1.6 4.0 2.1 7.2 1141 6.2
2M-Butane 36.9 46.7 31.0 56.8 65.9 45.0 5.9 7.0 7.8 84 9.4 9.3
124-TM-Benzene 366 41.7 33.4 169 214 17.8 2.1 4.2 1.9 0.7 1.8 0.7
o-Xylene 36.1 423 31.1 20.7 25.8 19.6 2.1 4.7 2.8 15 2.3 1.3
224-TM-Pentane 31.7 37.2 25.0 18.6 223 15.3 3.9 6.3 6.4 2.2 3.1 3.0
1M-3E-Benzene 28.2 33.2 25.3 151 185 144 1.7 3.6 2.0 0.9 1.5 0.7
Pentane 26.8 34.7 22.0 341 419 28.1 4.5 6.7 6.0 6.4 5.6 6.2
Ethane 25.0 254 17.2 25.6 26.1 17.4 18.8 4.3 45 20.2 6.5 4.3
3M-Pentane 20.3 24.9 16.6 16.6 21.0 13.8 25 35 2.9 24 2.8 23
13-Butadiene 20.2 241 14.7 22.8 246 19.6 0.9 0.9 0.5 0.9 1.1 0.5
ACETALDEHYDE 19.2 145 9.6 171 148 9.8 1.4 1.0 0.3 1.3 0.8 04
Hexane 19.0 241 16.2 20.3 26.0 17.6 2.4 3.4 2.8 2.8 35 2.7
BENZALDEHYDE 16.3 128 9.1 9.9 8.7 6.2 0.5 0.3 0.2 0.3 0.1 0.0
234-TM-Pentane 16.1 20.2 12.8 12.0 15.0 10.2 1.4 2.7 1.8 1.1 1.3 1.0
Styrene 15.7 15.6 111 7.2 8.2 6.7 0.7 0.6 0.4 0.2 0.4 0.0
1-Butene 16,0 11.9 11.0 0.0 0.0 0.0 0.9 0.0 0.2 0.0 0.0 0.0
t-2-Butene 13.7 135 10.2 12,7 166 10.6 0.6 0.7 0.4 1.3 0.6 0.0
23-DM-Butane 135 16.3 10.1 1.8 3.3 4.4 15 2.3 1.9 0.3 0.9 0.5
23-DM-Pentane 12.7 15.9 10.1 9.0 10.9 7.4 1.2 2.3 1.8 1.0 1.3 1.0
ACROLEIN 124 8.8 5.8 10.6 9.8 6.8 0.5 0.1 0.1 0.6 0.1 0.1
135-TM-Benzene 12.1 14.4 11.3 6.5 8.0 6.2 0.7 1.7 0.7 0.2 0.6 0.3
1M-4E-Benzene 12.0 143 1.1 6.6 8.2 6.6 0.7 1.4 0.7 0.3 0.6 0.4
2M-2-Butene 118 13.2 8.3 170 213 14.3 0.8 1.3 0.7 1.7 2.2 1.6
22-DM-Butane 11.6 13.0 8.2 2.9 25 1.6 2.1 1.8 16 0.0 0.0 0.0
3M-Hexane 116 143 9.1 10,9 13.8 9.5 1.0 21 1.6 1.4 1.8 1.3
2M-Hexane 11.0 143 8.9 1186 14.2 9.8 10 1.9 1.6 11 1.9 1.4
1E-2M-Benzene 103 11.2 8.8 4.9 6.1 4.7 0.7 1.0 0.5 0.1 04 0.0
3M-Heptane 91 11.3 7.8 6.6 8.1 6.3 0.8 1.7 14 04 0.9 0.6
24-DM-Pentane 8.7 104 6.7 6.0 7.0 6.1 0.8 1.6 1.2 0.5 0.9 0.6
M-Cyclopentane 85 10.2 6.9 128 164 11.2 0.8 1.3 1.2 1.6 2.3 1.7
2M-1-Butene 8.4 8.6 5.4 148 17.2 11.3 0.4 0.4 0.3 0.9 0.8 0.6

24-DM-Octane 8.1 2.4 5.6 4.2 6.4 4.2 0.5 0.3 04 0.2 0.2 0.0



Table B-1 (Cont’'d)

AUTO/OIL AQIRP PILOT PROGRAM
EXHAUST HC SPECIES RANKED FROM HIGHEST TO LOWEST ENGINE-OUT EMISSIONS
-FTP Composite - mg/mile

ENGINE-OUT EXHAUST EMISSIONS TAILPIPE-OUT EXHAUST EMISSIONS

INDUSTRY AVERAGE RF-A AUTO/OIL FUEL "H" INDUSTRY AVERAGE RF-A AUTO/OIL FUEL "H"

Veh# Veh# Veh# Veh# Veh# Veh# Veh# Veh# Veh# Veh# Veh# Veh#

HC Species: 050 060 070 050 060 070 050 060 070 050 060 070
n-ButBenzene 8.0 8.9 8.7 6.2 3.7 3.9 0.6 0.9 0.7 0.0 0.2 0.0
Heptane 8.0 104 6.8 8.7 144 7.9 0.7 15 1.3 0.7 1.2 0.8
t-2-Pentene 7.1 8.0 6.0 124 154 103 0.5 0.5 04 1.1 13 1.1
n-PropBenzene 7.0 8.2 6.0 3.5 4.6 3.3 04 0.6 0.4 0.0 0.3 0.0
2M-Heptane 6.9 8.8 6.8 6.1 7.0 3.8 0.6 1.2 0.6 0.2 0.6 0.2
2M-13-Butadiene 6.8 1.8 4.6 9.2 7.4 7.5 0.5 0.4 0.3 04 0.6 0.3
24-DM-Hexane 6.6 7.7 5.3 3.2 4.2 2.8 0.5 0.9 0.5 0.3 04 0.3
Cyclopentadiene 6.6 6.6 4.2 75 4.9 6.3 0.5 0.3 0.0 0.3 0.5 0.0
123-TM-Benzene 6.5 7.6 6.2 3.1 3.9 33 04 0.6 0.4 0.0 0.3 0.0
ACETONE 6.0 5.0 2.9 11.0 10.0 6.5 0.6 0.2 0.3 0.1 1.0 0.5
Octane 6.4 7.3 4.9 4.2 6.7 3.9 0.6 1.0 0.5 0.3 0.5 0.3
c-2-Butene 6.2 6.8 4.1 6.3 8.6 6.9 0.3 0.8 0.0 0.9 0.3 0.1
p-TOLUALDEHYDE 4.7 3.7 24 2.5 1.7 1.2 0.1 0.0 0.0 0.0 0.1 0.0
CROTONALDEHYDE 4.7 3.0 1.9 3.6 3.2 24 0.0 0.0 0.0 0.0 0.0 0.0
c-2-Pentene 4.6 4.6 2.9 7.5 8.9 6.1 0.2 0.3 0.2 0.5 0.6 0.5
4M-Octane 44 54 3.8 1.2 33 1.8 0.4 0.6 0.4 0.0 0.2 0.0
23-DM-Hexane 4.3 5.0 2.6 2.8 3.2 2.0 0.3 04 0.3 0.0 0.3 0.0
225-TM-Hexane 4.3 5.4 34 1.0 15 04 0.3 0.7 0.3 0.0 0.0 0.0
25-DM-Hexane 4.3 6.4 3.7 0.0 2.4 0.0 0.3 0.5 04 0.0 0.2 0.0
1-Pentene 4.2 4.3 3.2 6.5 8.3 5.3 0.1 0.0 0.0 0.4 0.5 0.3
13-DE-Benzene 4.1 45 3.2 0.8 1.0 0.6 0.0 0.1 0.0 0.0 0.0 0.0
M-Cyclohexane 4.1 5.7 2.8 6.3 6.4 4.7 0.4 0.5 0.2 04 0.7 0.5
3M-t-2-Pentene 4.1 4.7 2.8 6.8 8.3 5.6 0.3 0.3 0.3 04 0.6 05
ETBE 3.9 4.3 2.6 6.1 7.8 4.9 0.0 0.3 0.0 0.4 0.6 0.5
Naphthalene 3.7 4.0 3.7 0.0 0.6 0.4 0.2 04 0.4 0.0 0.0 0.0
t-12-DM-CycloPentane 3.6 4.4 3.0 4.6 6.6 3.9 0.0 04 0.0 0.2 0.5 0.4
Indan 34 4.1 3.1 0.4 2.1 0.3 0.0 0.3 0.0 0.0 0.0 0.0
3M-1-Butene 3.3 3.0 1.2 4.3 4.2 2.9 0.0 0.0 0.0 0.0 0.0 0.0
Propane 3.2 1.8 0.9 3.0 1.2 0.2 0.0 0.3 0.0 0.6 0.0 0.0
Propadiene 3.1 7.3 2.0 7.7 6.0 2.0 0.1 0.0 0.0 0.2 0.0 0.0
1235-TetMBenzene 3.1 2.4 3.2 0.3 0.4 0.2 0.0 0.3 0.0 0.0 0.0 0.0
3M-Octane 3.0 4.3 2.7 0.8 1.0 0.4 0.0 04 0.0 0.0 0.0 0.0
2M-2-Pentene 2.9 3.4 0.8 4.5 6.6 3.8 0.0 0.0 0.0 0.0 0.4 0.3
t-2-Hexene 2.9 34 2.0 4.9 6.9 4.0 0.0 0.0 0.0 0.3 04 0.3
4M-Heptane 2.7 34 2.3 0.9 2.3 0.6 0.0 0.3 0.0 0.0 0.0 0.0
1-Hexene 2.6 2.7 14 2.8 34 23 0.0 0.0 0.0 0.0 0.0 0.0
14-DE-Benzene 2.6 3.2 2.3 14 2.1 24 0.0 04 0.1 0.0 0.0 0.0
1245-TetMBenzene 25 2.0 2.8 0.3 2.3 0.3 0.0 0.0 0.0 0.0 0.0 0.0
Cyclopentene 2.6 2.8 1.3 4.6 6.2 3.7 0.0 0.0 0.0 0.3 0.3 0.2
Cyclopentane 24 2.4 0.7 3.2 4.0 2.7 0.0 0.0 0.0 0.3 0.3 0.1
2M-1-Pentene 2.4 2.6 1.3 3.2 4.1 3.0 0.0 0.0 0.0 0.0 0.0 0.0
12-DE-Benzene 2.3 2.7 24 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0

¢-13-DM-CycloPentane 2.2 2.8 0.9 2.9 3.9 2.7 0.0 0.2 0.0 0.0 04 04



Table B-1 {Cont'd)
AUTO/OIL AQIRP PILOT PROGRAM
EXHAUST HC SPECIES RANKED FROM HIGHEST TO LOWEST ENGINE-OUT EMISSIONS
FTP Composite - mg/mile

ENGINE-OUT EXHAUST EMISSIONS TAILPIPE-OUT EXHAUST EMISSIONS

INDUSTRY AVERAGE RF-A AUTO/OIL FUEL "H" INDUSTRY AVERAGE RF-A AUTO/OIL FUEL "H"

Veh# Veh# Veh# Veh# Veh# Veh# Veh# Veh# Veh# Veh# Veh# Veh#

060 060 070 060 060 070 060 060 070 060 060 070

2M-Propane 2.1 1.8 0.0 0.3 04 0.3 0.0 0.0 0.6 0.2 0.5 0.0
PROPIONALDEHYDE 2.0 24 13 3.0 2.2 1.7 0.1 0.0 0.0 1.2 0.0 0.0
n-BUTYRALDEHYDE 1.9 1.7 1.6 2.6 2.0 2.2 0.2 0.1 0.0 0.4 0.3 0.3
i-PropBenzene 1.8 1.1 04 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
4M-1-Pentene 1.6 0.2 0.0 3.0 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Nonane 1.2 1.9 0.5 0.1 0.6 0.1 0.0 0.0 0.0 0.0 0.0 0.0
BUTANONE 1.2 1.3 1.4 2.0 16 1.2 0.0 0.1 0.0 0.1 0.0 0.0
c-2-Hexene 1.1 1.8 0.3 2.5 3.3 2.1 0.0 0.0 0.0 0.0 0.2 0.0
PENTANALDEHYDE 1.0 1.0 0.2 0.7 0.7 0.9 0.0 0.0 0.0 0.0 0.0 0.0
1234-TetMBenzene 1.0 1.6 1.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cyclohexane 0.8 1.6 04 15 2.6 1.0 0.0 0.0 0.0 0.1 0.1 0.0
35-DM-Heptane 0.7 0.9 0.4 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0
t-3-Hexene 0.7 1.1 0.4 3.2 4.0 2.7 0.0 0.0 0.0 0.0 0.1 0.0
MTBE 0.5 0.6 0.0 123.1 133.1 80.3 0.0 0.0 0.0 4.8 0.0 5.0
2M-2-Hexene 0.6 0.9 0.3 1.6 2.9 0.9 0.0 0.0 0.0 0.0 0.0 0.0
¢-13-DM-CycHexane 0.4 0.5 0.3 0.4 2.6 0.4 0.0 0.0 0.0 0.0 0.0 0.0
4M-t-2-Pentene 0.4 1.7 0.0 14 4.6 04 0.0 0.0 0.0 0.0 0.0 0.0
t-13-DM-CycHexane 0.4 0.4 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1-Nonene 0.4 0.6 0.1 0.8 11 0.4 0.0 0.0 0.0 0.0 0.0 0.0
~ 33-DM-Pentane 0.3 1.4 0.2 0.3 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3M-1-Pentene 0.3 0.8 0.2 2.7 2.7 1.5 0.0 0.0 0.0 0.0 0.0 0.0
1-Butyne 0.3 0.3 0.0 0.3 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0
~ t-3-Heptene 0.2 04 0.0 0.8 18 0.3 0.0 0.0 0.0 0.0 0.0 0.0
. Cyclohexene 0.2 0.6 0.0 1.5 1.8 0.5 0.0 0.0 0.0 0.0 0.0 0.0
33-DM-Hexane 0.2 0.7 0.0 0.2 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0
24-DM-Heptane 0.2 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Dodecane 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1M-4-i-ButBenzene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
s-ButBenzene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
E-CycHexane 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
23-DM-Heptane 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
t-14-DM-CycHexane 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1¢c-2-DM-CycloHexane 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
235-TM-Hexane 0.0 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Decane 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0
Undecane 0.0 0.2 . 0.0 1.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0 1.4
1c2t3-TM-CycPentane 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0
HEXANALDEHYDE 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3
22-DM-Octane 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3E-c-2-Pentene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1-Heptene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
c-2-Octene 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

c-2-Heptene 0.0 0.0 0.0 0.2 05 0.0 0.0 0.0 0.0 0.0 0.0 0.0



Table B-1 (Cont'd)

AUTO/OIL AQIRP PILOT PROGRAM
EXHAUST HC SPECIES RANKED FROM HIGHEST TO LOWEST ENGINE-OUT EMISSIONS
FTP Composite - mg/mile

ENGINE-OUT EXHAUST EMISSIONS TAILPIPE-OUT EXHAUST EMISSIONS
INDUSTRY AVERAGE RF-A AUTO/OIL FUEL "H" INDUSTRY AVERAGE RF-A AUTO/OIL FUEL "H"
Veh# Veh# Veh# Veh# Veh# Veh# Veh# Veh# Veh# Veh# Veh# Veh#
HC Species: 050 060 070 050 060 070 050 060 070 050 060 070
23-DM-2-Pentene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3M-1-Hexene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
t-2-Octene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1-Octene 0.0 0.4 0.0 0.0 04 0.0 0.0 0.0 0.0 0.0 0.0 0.0
t-2-Heptene 0.0 0.1 0.0 0.7 0.9 0.3 0.0 0.0 0.0 0.0 0.0 0.0
t-4-Octene 0.0 0.2 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0
244-TM-1-Pentene 0.0 0.1 0.0 0.5 0.8 0.3 0.0 0.0 0.0 0.0 0.0 0.0
244-TM-2-Pentene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
22-DM-Pentane 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
33-DM-1-Butene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
22-DM-Hexane 0.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Propyne 0.0 7.0 0.0 0.0 3.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0
223-TM-Butane 0.0 0.0 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2-Butyne 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3M-Cyclopentene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3M-t-3-Hexene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
22-DM-Propane 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
E-Cyclopentane 0.0 0.0 0.0 2.7 14 2.6 0.0 0.0 0.0 0.0 0.2 0.3
c-3-Hexene 0.0 0.0 0.0 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0
4M-c-2-Pentene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.7 0.0
Sum of Identified
Exhaust HC Species (gm/mi 1.77 1.93 1.30 1.67 1.88 1.27 0.21 0.22 0.17 0.21 0.19 0.14
FID Exhaust HC (gm/mi) 1.88 2.10 1.53 1.72 1.94 1.38 0.23 0.26 0.20 0.23 0.21 0.16
Corrected FID HC (gm/mi) 1.94 2.16 1.55 1.80 2.03 1.44 0.23 0.26 0.20 0.23 0.22 0.16
Non-Methane HC (gm/mi) 1.82 2.04 148 1.66 1.87 1.33 0.16 0.22 0.17 0.16 0.17 0.13
CO (gm/mi) 12.70 1458 10.82 13.74 14.13 11.17 0.88 4.44 4.36 1.13 3.89 3.62
NOx (gm/mi} 186 5.10 3.18 1.76 4.89 3.19 0.82 1.01 0.71 0.91 1.06 0.67
CO2 (gm/mi) 505 422 3356 483 414 338 540 452 358 524 436 356

Number of Tests: 2 2 2 2 2 2 2 2 2 2 2 2




"

Table B-2

LARGEST CONSTITUENTS OF AUTOMOBILE EXHAUST HC EMISSIONS
(Ranked in Descending Order of Wt Pct & Keyed to Base Fuel)

Wt Pct mg/mi

Non-Oxy 16 vol% 10 vol% 17 vol% Non-Oxy 16 vol% 10 vol% 17 vol%
HC Species BASE MTBE ETOH ETBE BASE MTBE ETOH ETBE
METHANE 17.6 19.3 19.0 18.7 37.6 39.8 39.3 34.9
2,2,4-TM-Pentane 6.2 0.9 6.6 1.2 13.3 1.8 11.4 2.2
Ethene 6.3 6.8 6.7 8.0 11.3 12.0 11.8 11.2
2M-Butane 4.3 2.8 4.3 3.0 9.2 6.7 8.8 6.6
2M-Pentane 3.6 6.9 3.3 4.9 7.6 12.1 8.8 8.0
Ethyne 3.3 3.3 3.2 3.4 7.2 . 8.6 6.3
Butane 3.3 2.7 3.2 3.1 7.1 . 8.6 5.7
Propene 3.2 2.8 3.1 3.0 6.9 R 8.6 6.8
Ethane 3.0 2.7 3.0 3.0 8.4 . 8.2 6.6
2,3.4-TM-Pentane 2.9 0.3 2.7 0.4 8.3 . 6.6 0.8
Pentane 28 3.8 2.7 3.3 8.0 K 6.6 6.2
m&p-Xylene 2.3 2.3 2.1 2.6 4.9 . 44 4.6
2,3-DM-Pentane 2.3 0.3 2.0 0.6 4.9 . 4.1 1.0
2M-Propene 2.1 4.1 2.2 4.8 4.6 N 4.6 8.6
Hexane 1.8 2.3 1.6 2.0 3.6 R 3.2 3.7
3M-Pentane 1.6 3.1 14 2.1 3.3 X 3.0 3.8
2,3-DM-Butane 1.6 14 1.3 1.6 3.2 . 2.7 3.0
2,2-DM-Butane 1.2 2.2 1.1 1.9 2.6 X 2.3 3.6
E-Benzene 1.1 1.1 1.0 1.2 2.3 . 2.1 2.3
2,4-DM-Pentane 1.1 0.2 1.0 0.3 2.3 . 2.1 0.8

2,4-DM-Hexane 0.6 0.1 0.6 0.2 1.3 0.3 1.1 0.3
1M-3E-Benzene 0.6 0.6 0.6 0.7 1.2 1.3 1.1 1.2
2,2,6-TM-Hexane 0.6 0.1 0.6 0.1 1.1 0.1 1.0 0.2
1,2,4-TM-Benzene 0.6 0.7 0.6 0.7 1.1 1.4 0.9 1.3
3M-Hexane 04 0.6 0.4 0.6 0.9 1.3 0.9 1.1
2M-2-Butene 0.4 04 0.4 04 0.9 0.9 0.8 0.7
Heptane 04 0.7 04 0.8 0.9 14 0.9 1.1
2,3-DM-Hexane 0.4 0.1 0.4 0.1 0.8 0.1 0.8 0.2
2,4-DM-Octane 0.4 0.2 0.1 0.2 04 0.4 0.3 0.4
) M-Cyclopentane 04 0.6 0.3 0.6 0.8 1.0 0.7 0.8

2M-Hexane

3M-Heptane 0.3 0.3 0.7 0.6 0.6
2,6-DM-Hexane 0.3 0.1 0.2 0.6 0.3
ACETONE 0.3 04 0.8 0.4 0.8
¢-2-Butene 0.3 0.2 0.6 0.8 0.4
1M-4E-Benzene 0.2 0.3 0.6 0.6 0.6
1,3,6-TM-Benzene 0.2 0.2 0.6 04 0.6
Cyclopentane 0.2 0.3 0.7 0.6 0.7
2M-Heptane 0.2 0.2 0.6 0.4 0.3

Oct

Total Wt Pct of

Listed Species 80.1 90.3 91.1 90.3
Exhaust HC {gm/mi) 0.21 0.21 0.21 0.19
CO (gm/mi) 2.84 2.72 2.71 2.40
NOx (gm/mi) 0.62 0.66 0.60 0.62
CO2 (gm/mi) 403 412 393 402

Source: Auto/Oil AQIRP, RVP/Oxygenates Matrix




Table B-3

ENGINE-OUT VS TAILPIPE EMISSIONS
OF SELECTED HC SPECIES
(Industry Average Gasoline)

HC Species:
Formaldehyde
Acetaldehyde
Benzene
Toluene
Styrene
o-Xylene
Ethyl-Benzene
m&p-Xylene

1,3-Butadiene ., |

Methane

Exhaust HC (gm/mi)

CO (gm/mi)
NOx (gm/mi)

CO2 (gm/mi)

Engine Tailpipe Percent
(mg/mi) (mg/mi) Change

46.1
14.4
77.1
113.7
14.1
36.2
45.2
107.1
19.6
57.2

1.8

12.7
3.4

421

2.2
0.9
11.2
12.3
0.6
3.2
4.0
9.6
0.8
44 .4

0.2

3.2
0.8

450

Source: Auto/Oil AQIRP, Pilot Study

-95.2%
-93.8%
-85.5%
-89.2%
-95.7%
-91.2%
-91.2%
-91.0%
-95.9%
-22.4%

-88.9%

-74.8%
-76.5%

6.9%




Compound AQIRP Brightwell Heinrich
CO 200 224 305200
Total Hydrocarbon 68 61 36.5"
NO. 32 49 23
CO, 4200 6000 4000

' Non-methane hydrocarbon

? Measured as NO




Baseline Gasoline Gasoline With MTBE
Hydrocabon Veh 050 | Veh 060 | Veh 070 |Average | Veh 050 | Veh 060 | Veh 070 Average
Ethene 3.163 2.645 2.351 2.716 2.702 2.583 2.150 2.478
Ethyne 2.174 1.891 1.857 1.974 2.024 1.976 1.801 1.933
Toluene 0.559 0.544 0.530 0.544 0.360 0.411 0.388 0.386
m&p xylene 0.393 0.417 0.411 0.407 0.214 0.264 0.255 0.244
Propene 1.055 0.971 0.840 0.956 0.905 0.930 0.756 0.864
Benzene 0.480 0.426 0.397 0.434 0.377 0.395 0.355 0.376
Formaldehyde 0.939 0.663 0.390 0.664 0.802 0.838 0.582 0.740
Methane 1.645 1.551 1.533 1.576 1.694 1.734 1.560 1.663
E-Benzene 0.187 0.192 0.183 0.187 0.101 0.122 0.114 0.112
Butane 0.321 0.357 0.303| - 0.327 0.110 0.117 0.117 0.115
2M-Pentane 0.182 0.194 0.162 0.179 0.110 0.134 0.111 0.118
2M-Propene 0.174 0.130 0.132 0.145 0.392 0.446 0.376 0.405
2M-Butane 0.226 0.249 0.223 0.233 0.316 0.363 0.313 0.331
124-TM-Benzene 0.121 0.123 0.133 0.126 0.053 0.065 0.069 0.062
o-Xylene 0.133 0.140 0.139 0.137 0.073 0.088 0.085 0.082
224-TM-Pentane 0.113 0.115 0.104 0.111 0.061 0.071 0.062 0.065
1M-3E-Benzene 0.096 0.098 0.101 0.098 0.047 0.056 0.056 0.053
Pentane 0.164 0.185 0.158 0.169 0.193 0.231 0.196 0.206
Ethane 0.367 0.325 0.297 0.330] 0.348 0.345 0.291 0.328
3M-Pentane 0.093 0.100 0.084 0.092 0.070 0.087 0.072 0.076
13-Butadiene 0.165 0.171 0.141 0.159 0.172 0.180 0.182 0.178
Acetaldehyde 0.192 0.127 0.113 0.144 0.158 0.133 0.112 0.134
Hexane 0.097 0.108 0.091 0.099 0.096 0.120 0.103 0.106
Benzaldehyde 0.068 0.046 0.044 0.053 0.038 0.033 0.029 0.033
234-TM-Pentane 0.057 0.063 0.053 0.058 0.039 0.048 0.042 0.043
Styrene 0.067 0.058 0.055 0.060 0.028 0.031 0.032 0.031
1-Butene 0.118 0.082 0.102 0.100 0.000 0.000 0.000 0.000
t-2-Butene 0.108 0.093 0.094 0.098 0.092 0.110 0.095 0.099
23-DM-Butane 0.069 0.073 0.061 0.068 0.009 0.015 0.026 0.016
23-DM-Pentane 0.051 0.056 0.048 0.051 0.033 0.039 0.034 0.035
Acrolein 0.098 0.060 0.054 0.071 0.076 0.069 0.061 0.069
135-TM-Benzene 0.041 0.043 0.045 0.043 0.020 0.024 0.024 0.023
1M-4E-Benzene 0.041 0.042 0.044 0.042 0.021 0.025 0.025 0.024
2M-2-Butene 0.075 0.072 0.061 0.0701 0.099 0.121 0.102 0.107
22-DM-Butane 0.059 0.058 0.049 0.056 0.014 0.012 0.009 0.012
3M-Hexane 0.051 0.055 0.047 0.051 0.044 0.055 0.048 0.049
2M-Hexane 0.049 0.055 0.046 0.0501 0.047 0.056 0.049 0.051
1E-2M-Benzene 0.035 0.033 0.035 0.034 0.015 0.019 0.018 0.017
M-Cyclopentane 0.045 0.047 0.043 0.045 0.062 0.077 0.067 0.069
Heptane 0.035 0.040 0.035 0.037 0.035 0.057 0.040 0.044
N-Propylbenzene 0.026 0.026 0.026 0.026 0.012 0.015 0.014 0.014
Cyclopentadiene 0.043 0.037 0.032 0.037 0.045 0.029 0.039 0.038
123-TM-Benzene 0.022 0.022 0.025 0.023 0.010 0.012 0.013 0.011
Acetone 0.046 0.033 0.026 0.035 0.077 0.068 0.056 0.067
Crotonaldehyde 0.030 0.016 0.014 0.020 0.021 0.018 0.017 0.019
MTBE 0.000 0.000 0.000 0.000 0.570 0.599 0.457 0.542
Total Hydrocarbon | 71.286| 69.136] 66.852] 69.091] 56.720| 62.090| 53.059] 57.290




Brightwell

AQIRP Pilot Study

Fuel Type California Baseline Gasoline with
(CA ERF/G30) Gasoline MTBE
Units mg/m® mg/m® mg/m®
Compound Range Range Range
(Average) (Average) (Average)
Methane 1.90 - 4.94 1.00 - 1.08 1.02-1.14
(2.96) (1.03) (1.09)
Ethane 0.13-0.78 0.36 - 0.45 0.36 - 0.43
(0.50) (0.41) (0.40)
Ethylene 2.16-4.32 2.69 - 3.61 2.47 - 3.09
(2.85) (3.11) (2.84)
Acetylene 0.81-2.36 1.98 -2.31 1.92-2.15
(1.41) (2.10) (2.06)
Propylene 0.34 - 2.06 1.44 - 1.81 1.30 - 1.60
(1.35) (1.64) (1.48)
Butane 0.13-0.96 0.72-0.85 0.26 - 0.28
(0.21) (0.78) (0.27)
Benzene 0.45-2.26 1.27 - 1.53 1.13-1.26
(1.39) (1.39) (1.20)
Toluene 2.59-6.86 2.00-2.10 1.36 - 1.51
(4.1) (2.05) (1.45)
Formaldehyde 0.104 - 0.590 0.48-1.15 0.71-1.03
(0.308) (0.82) (0.91)
Acetaldehyde 0.073 - 0.297 0.20 - 0.35 0.20-0.29
(0.148) (0.26) (0.24)
Acetone 0.0059-0.032 | 0.061-0.108 0.13-0.18
(0.0221) (0.083) (0.16)
Acrolein 0.0105-0.048 | 0.123-0.224 0.14-0.18
(0.0288) (0.162) (0.16)
Crotonaldehyde 0.0007 - 0.0353 | 0.040 - 0.085 0.049 - 0.060
(0.0156) (0.057) (0.054)
Benzaldehyde 0.009 - 0.238 0.193 - 0.294 0.13-0.17
(0.121) (0.229) (0.14)
MTBE 1.65-2.16

(1.95)




Hydrocarbon Gasoline | Gasoline/MTBE | Gasoline/EtOH | Gasoline/ETBE
Ethyne 4.51 452 4.27 4.67
Ethene 2.46 2.73 2.70 2.89
Methane 1.57 1.72 1.71 1.71
Propene 1.27 1.11 1.25 1.22
Toluene 0.71 0.75 0.68 0.72
Formaldehyde 0.55 0.49 0.41 1.35
2M-Butane 0.35 0.23 0.36 0.25
Benzene 0.33 0.34 0.32 0.44
224-TM-Pentane 0.32 0.05 0.29 0.06
24-DM-Pentane 0.29 0.07 0.28 0.09
2M-Propene 0.29 0.56 0.30 0.65
Butane 0.28 0.22 0.27 0.26
Ethane 0.28 0.25 0.28 0.28
mé&p xylene 0.25 0.26 0.23 0.27
2M-Pentane 0.24 0.40 0.23 0.34
234-TM-Pentane 0.22 0.02 0.20 0.03
3M-Heptane 0.21 0.22 0.19 0.22
Pentane 0.21 0.27 0.20 0.26
13-Butadiene 0.17 0.20 0.18 0.20
23-DM-Pentane 0.16 0.02 0.14 0.04
t-2-Butene 0.14 0.13 0.15 0.14
Acetaldehyde 0.14 0.15 0.29 0.43
Hexane 0.14 0.20 0.13 0.17
23-DM-Butane 0.13 0.12 0.11 0.14
E-Benzene 0.13 0.13 0.12 0.15
3M-Pentane 0.12 0.24 0.11 0.16
22-DM-Butane 0.09 0.16 0.09 0.15
2M-Heptane 0.09 0.09 0.07 0.06
o-Xylene 0.09 0.09 0.08 0.10
2M-2-Butene 0.08 0.08 0.07 0.07
Acetone 0.07 0.09 0.05 0.10
225-TM-Hexane 0.06 0.01 0.06 0.01
24-DM-Hexane 0.06 0.01 0.05 0.02
124-TM-Benzene 0.06 0.08 0.05 0.08
1M-3E-Benzene 0.06 0.06 0.05 0.07
23-DM-Hexane 0.04 0.01 0.04 0.01
M-Cyclopentane 0.04 0.05 0.03 0.04
3M-Hexane 0.03 0.05 0.04 0.05
Heptane 0.03 0.05 0.038 0.05
2M-Hexane 0.03 0.04 0.03 0.04
1M-4E-Benzene 0.03 0.03 0.03 0.03
24-DM-Octane 0.03 0.03 0.02 0.03
135-TM-Benzene 0.02 0.03 0.02 0.03
ETBE 0.02 0.02 0.02 1.22
Octane 0.02 0.02 0.02 0.02
c-2-Butene 0.00 0.00 0.00 0.00
25-DM-Hexane 0.00 0.00 0.00 0.00
Cyclopentane 0.00 0.00 0.00 0.00
MTBE 0.00 1.24 0.00 0.00
EtOH 0.00 0.00 1.35 0.00




APPENDIX C
CLEAN AIR ACT SECTION 211(b)
APVEPA INFORMATION MEETING - DECEMBER 11-12, 1995

PA REPRESENTATIVES

Charles Auer Prevention, Pesticides & Toxic Substances (202) 260-3749
Frank Black Research and Development (RTP) (919) 541-3039
John Brophy Mobile Sources (202)

Jim Caldwell Mobile Sources (202) 233-9303
Rich Cook Mobile Sources (Ann Arbor) (313) 668-

Dan Costa Research and Development (RTP) (919) 541-2532
Mike Davis Research and Development (RTP) (919) 541-4162
Susmita Dubey Office of General Council (202) 260-7866

Stan Durkee Research and Development (202)
Judy Gray Mobile Sources (Ann Arbor) (313) 668-4231
John Holley Mobile Sources (202)
Dave Kortum Mobile Sources (202) 233-9011
Courtney Riordan Air and Radiation (202)
Charles Ris Research and Development (202)
Gary Timm Prevention, Pesticides & Toxic Substances (202) 260-1859
ON TOXICOLO TS
Joe Mauderly Inhalation Toxicology Research Institute 505) 845-1169

Roger McClellan
Kathleen Nauss

Guenter Oberdorster

Chemical Industry Institute of Toxicology
Health Effects Institute
University of Rochester

(

(919) 558-1202
(617) 621-0266
(716) 275-3804

Emil Pfitzer Research Institute for Fragrance Materials (202) 488-5527
Richard Schlesinger New York University Medical Center (914) 351-5140
NDUS R ESENTATIVES

Larry Andrews ARCO Chemical Company (610) 359-4876
Sarah Armstrong Cambridge Environmental (617) 225-0810
Richard Cavalli Chevron Research & Technology (510) 242-7011
Wayne Daughtrey Exxon Biomedical Sciences (908) 873-6244
John Del Pup Texaco Inc. (914) 838-7631
John Kneiss Oxygenated Fuels Association (703) 841-7100
Terry Pullin Ethyl Corporation (804) 788-5031
Gerry Raabe Mobil Oil Corporation (609) 737-6121
John Sepesi Shell Oil Company (713) 241-0277
Russell White Chevron Research & Technology (510) 242-7038
OTHER GUESTS

Lynn Bradiey Assoc of State & Terr. Health Officers (202) 546-5400
AP| STAFFE

Robert Barter Health & Environmental Sciences (202) 682-8342
Alice Crowe Office of General Council (202) 682-8249
Robert Drew Health & Environmental Sciences (202) 682-8308
David Lax Health & Environmental Sciences (202) 682-8479
David Mongillo Health & Environmental Sciences (202) 682-8341
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ENDIX D

PEER REVIEW COMMENTS AND RESPONSE

Dr. Roy Albert

Department of Environmental Health
University of Cincinnati Medical Center
3228 Eden - P.O. Box 670056
Cincinnati, OH 45267-0056

Phone: 513-558-0411

Dr. Steven Ayers*

Virginia Commonwealth University
MCYV Intemnational Health Programs
Millhauser Health

916 W. Franklin Street - Room 103
Richmond, VA 23220

Phone: 804-828-5356

Dr. Curtis Klaassen

Department of Pharmacology and Toxicology
University of Kansas Medical Center

Kansas City, KS 66160-7417

Phone: 913-558-7714

Dr. George Lucier

National Institute of Environmental Health
Sciences

111 T.W. Alexander Drive

Bldg. 101 - Room A330

Research Triangle Park NC 27709

Phone: 919-541-3802

Dr. Joseph Mauderley

Inhalation Toxicology Research Institute
Bldg. 9217, Area Y

KAFB (East)

Albuquerque, NM 87115

Phone: 505-845-1169

Dr. Roger McClellan

Chemical Industry Institute of Toxmology
P.O. Box 12137 - 6 Davis Drive
Research Triangle Park, NC 27709
Phone: 919-558-1202

Dr., Guneter Oberdorster

Department of Environmental Medicine
University of Rochester

Rochester, NY 14642

Phone: 716-275-3804

Dr. Emil Pfitzer

Department of Toxicology and Pathology
Hoffmann-La Roche, Inc.

340 Kingsland Street, Bldg. 100

Nutley, NJ 07110

Phone: 201-235-3028

Dr. Richard Schlesinger

Institute of Environmental Medicine
New York University Medical Center
Long Meadow Road

Tuxedo, NY 10987

Phone: 919-351-5140

Dr. Bemard Schwetz

National Center for Toxicological Research
HFT-1, 3900 NCTR Road

Jefferson, AR 72079-9502

Phone 501-543-7517

* no comments received as of 7/30/96.
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University of Cincinnati Department of Environmental Heaith

Medical Conter University of Cincinnatl
PO Box 870056
Cincinnati O 45267-0056

Delivery Aodress:
123 East Shigids Street
Cincinnati OH 45220

July 2, 1996

Robert T. Drew, Ph.D.

Director, Health and Environmental sciences Department
American Petroleum Institute

Washington, DC 20005=4070

Dear Bob:

I very much enjoyed reading the material you sent me. However, I
don‘t think that your document, entitled, ¥ The Utility of Exhaust
Emisgion Toxicology Testing", at all makes the case that inhalation
studies of exhaust emissions are a waste of time. Quite the
contrary, the document makes it clear that such studies can
denmonstrate a promoting effect on the upper respiratory tract of
the rat by gascline exhausts &8 in the Frauenhofer study. The
associated depression in lower respiratory tract tumors is net .
regarded as contrary evidence. It is commonplace that increased
turmor yields from carcinogens in NTP bicassays are accompanied by
decreased incidence of other tumors. Nobody pays attention any
more. Years ago Weinberg wrote an article in Risk Analysis about
the phenomenon called, “Ambiguous Carcinogens and Their
Regulation", I was asked, as the then Chairman of the EPA’s
Carcinogen Assessment Group to write a response, which I diaQ.

Your document has to deal with this promotion issue head on, and
Still make the case that 2 Year inhalation toxicology studies will
be not worth doing. I‘ve got some ideas that we could discusson on
how the document could be revised,

Best regards,

Roy(E. Albert M.D.
Professor and Emeritus Director

175 YEARS OF CAEATING FOTURES YOB2TNER

Patient Care * Educalion » Research o Community Service
An alfirmative action/equal opportunity insthution




The University of Kansas Medical Center

School of Medicine

Department of Pharmacology.
Toxicology and Therapeutics

June 27, 1996

Robert T. Drew, Ph.D.

Director, Health and Env. Sci. Department
American Petroleum Institute

1220 L Street, N.W.

VWashingion, ODC 20005-4070

Dear Dr. Drew:

I have reviewed the white paper entitled “The Utility of Gasoline Engine Exhaust Emission
Toxicology Testing”. | found this to be an excellent summary of the research that has been
_done in the area, as well as a very logical treatise on why additional toxicology testing of
automobile exhaust is not necessary.

[ agree that:

1.

I'have little to add to this document. | feel it is excellent. | have a few small suggestions . __
in the presentation:

Previous exhaust emission toxicology studies are sufficiently rigorous
and adequate to address the requirements of Section 211(b).

Based on well characterized toxic effects, 200 ppm is the dose-
limiting concentration of carbon monoxide (CO) in exhaust emission
toxicology studies.

When limited by 200 ppm CO, the concentration of total and individual
hydrocarbons in exhaust will be below any biologically meaningful
level and any additional exhaust emission toxicology testing will
produce results that can already be inferred from available information
- i.e. CO and possibly NO, toxicity.

The generation of synthetic or artificial mixtures as surrogates for
automobile exhaust is associated with formidable technical difficulties.
Even if these were overcome, such studies would not provide data
relevant to human risk assessment of fuels.
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Robert T. Drew, Ph.D.
American Petroleum Institute
Page 2

June 27, 1996

Page 11-1, line 14: Since should be used to indicate time.
Page 11-3, line 18: low-dose groups

Page 11-16, line 14: function

Page 11-16, line 15: high-dose

Page 11-18, 4 lines from bottom: pulmonary function
Page 11-19, 8 lines from bottom: dipentylnitrosamine
Page 11-24, 3 lines from bottom: non-initiator-treated
Page 11-25, line 9: CO, NO

Page 111-2, 11 lines from bottom: low-level

Page 111-2, 2 lines from bottom: ef al.

Page 111-8, line 12: Since - reserve for time

Page 111-13, 3 lines from bottom: 100-fold

Page 111-14, 9 lines from bottom: Since

Curtis D. Klaassen, Ph.D.
Professor of Pharmacology and Toxicology

CDK/mas




National Institutes of Health
Nationa! Institute of
Environmental Health Sciences

DEPARTMENT OF HEALTH & HUMAN SERVICES P.O. Box 12233
Research Triangle Park, N.C. 27709

June 12, 1996

Dr. Robert T. Drew

Director, Health and Environmental
Sciences Department

American Petroleum Institute

1220 L Street, Northwest

Washington, DC 20005-4070

Dear Dr. Drew:

Enclosed is a review of the white paper entitled “The Utility of Exhaust Emission
Toxicology Testing." As specified in your cover letter, we have addressed the four
critical issues that substantiate your position. We hope this review will be of help to
the EPA in making decisions about the alternative testing program currently under
consideration. The review was coordinated by Dr. Dan Morgan, Head of our
Respiratory Toxicology Group. You may contact Dr. Morgan or myself regarding the
review. His address is the same as mine, adding Mail Drop IF-00. His telephone
number is 919 541-2264.

Sincerely yours,

;ﬂ,W(}M>

George W. Lucier, Ph.D.
Director, Environmental Toxicology Program

Enclosures



1. “Previous exhaust emission toxicology studies are sufficiently rigorous and
adequate to address the requirements of Section 211(b).”

Although there are many studies on the toxicity of exhaust emissions, there are few
chronic studies, fewer that meet the requirements of Section 211(b), and no recent
chronic studies. The two chronic studies cited in this document do not meet current
National Toxicology Program standards for chronic toxicity and carcinogenicity
testing, although they were likely state-of-the-art 12 years ago.

The studies met some of the requirements of Section 211, although the Heinrich study
met fewer of these specifications. The hamster data in the Brightwell study was
compromised by animal infections, and probably should not be considered in the
evaluation. Neither study specifically addressed issues relative to potential
reproductive, developmental, and neurotoxicity. As designed, these studies essentially
evaluated chronic carbon monoxide exposure and as such did not adequately address
issues pertaining to carcinogenicity.

It is unclear whether the concentrations of exhaust emission components used in these
studies are comparable to that which humans are exposed to environmentally. Under
what conditions would humans be chronically exposed to air containing 200 ppm CO
and hydrocarbons at the concentrations reported in this document?

Although considerable supporting data is provided for CO toxicity, there is no
information concerning the toxicity of up to 49 ppm NOx. How much of the NOx is
estimated to be NO2? Can the pulmonary toxicity observed in the Brightwell study be
correlated with the known toxicity of NO2 at comparable levels?

2. “200 ppm is the dose-limiting concentration of carbon monoxide in exhaust
emission toxicology studies.”

The carbon monoxide concentration appears to have been the dose-limiting factor in
the Brightwell and Heinrich studies. Based upon the supplementary data on carbon
monoxide toxicity presented in this document, 200 ppm is probably acceptable as the
dose-limiting concentration of carbon monoxide. However, at the ratio of CO to
hydrocarbons used in these studies, it would be difficult to detect effects of other
components of the emissions.



3. “When limited by 200 ppm CO, the concentration of total and individual
hydrocarbons in exhaust will be below any biologically meaningful level and any
additional exhaust emission toxicology testing will produce results that can already
be inferred from available information - i.e. CO and possibly NOx.”

When diluted out to 200 ppm carbon monoxide, the hydrocarbon concentrations in the
exhaust emission will be below acutely toxic levels; however, I would be
uncomfortable stating unequivocally that there will be no biological meaningful effects
based only on empirical assumptions. It is stated repeatedly in the paper that the data
from the Brightwell and Heinrich studies demonstrate that the only observed toxicity
resulted from CO and possibly NOx. However, this conclusion was not demonstrated
by these studies, but was inferred based upon CO toxicity data from other studies.
One cannot rule out the possibility that the CO toxicity masked or modified subtle
effects of hydrocarbons.

4. “The generation of synthetic or artificial mixtures as surrogates for automobile
exhaust is associated with formidable technical difficulties. Even if these were
overcome, such studies would not provide data relevant to human risk assessment of

Suels.”

The generation of a synthetic mixture for use as a surrogate for automobile exhaust is
not without merit. Although there are technical problems associated with such an
approach, these problems are not insurmountable; especially if the synthetic mixture
contained only the more prevalent or those compounds for which there is greatest
concern. This approach may be the only way to unequivocally demonstrate whether
the hydrocarbons in exhaust emissions are carcinogenic.
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INHALATION TOXICOLOGY RESEARCH INéTITUTE
ITRI

LOVELACE BIOMEDICAL AND ENVIRONMENTAL RESEARCH INSTITUTE, INC,
PO. Bex 5800 « Abuquerque, NM 87185 ¢ (505) 845-1037 ¢ FAX (505) 845-1198

June 28, 1996

Dr. Robert T. Drew, Director
Health and Environmental Services
American Petroleum Institute

1220 L Street, NW

Washington DC, 20005-4070

o
. Dear D¢~ :

1 have reviewed the white paper, “The Utility of Gasoline Engine Exhaust Emission
Toxicology Testing”, as requested. As noted in the attached comments, I find the paper to be a
good start, but not a finished product. Overall, increased attention needs to be given to
presenting your arguments on a more objective, factual basis. Certain sections of the present

document are developed in a manner that diminishes the credibility, and potential influence, of
your effort.

I would be pleased to respond to questions concerning my comments. I will be in the
office on Monday afternoon, 7/1, and then will be in Kansas on vacation at 316-273-8421 for the
rest of the week, returning to the office on 7/8.

Sincerely,

N

Joe L. Mauderly,

JLM/im
Antach: 4 peges of comments

a

Courier Address: Oparated tor the U.S. Department of Energy under
Bidg. 9217, Area V, KAFB Esst Contact DE-AC04-T6EV01013
Albuquerque, NM 87115 An Equal Opportunity/Affirmative Action Employer
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Review of Draft Paper
THE UTILITY OF GASOLINE ENGINE EXHAUST EMISSION TOXICOLOGY TESTING
Joe L. Mauderly, DVM

June 28, 1996

GENERAL COMMENTS

1 consider this to be a reasonsble review draft, but not a finished product. It is incomplete
by svoiding some important issues, and by overstating others. These deficiencies are readily
remedied, but they need attention before the paper can be sufficiently credible to influence the

decision process.
1. The paper evoids comparing the assays performed in past studies to the test requirements
posed by EPA.

It seems an obvious omission theat there is no teble in which the assays performed
in the past studies are checked off against those required by the proposed test rules. 1
would think that this, and an exhaust comperison, would be the two most important
pieces of information in the paper. These tables would provide a foundation upon which
API can begin to argue its case for the extent to which past studies provide the same, or
equivalent, information, or information indicating that other assays are not needed. In
cases where the past studies don't provide the same or equivalent information, it is the
work of API to argue that the information isn’t needed on the basis of some other
knowledge, rather than just ignoring the issue. 1f that argument can’t be made well, then it
is the responsibility of API to note that certain assays, or studies, need to be done to
comply with the intent of the rule. An example is the lack of meation in the present
version that no reproductive, developmental, or neural toxicity assays were included in the
previous studies. It seems to me that, after introducing the past studies, this comparison
should frame the entire rest of the document.

2. The present document seems to overstate the case for the similarity of the exhaust in past
studies to that expected with new studies.

Everyone reading the document will understand that API would like to make the
case that the exhaust in past studies adequately represents that expected in new studies.
The credibility of that case is diminished by an apparent lack of objectivity in the
comparison. Readers will anticipate both similarities and differences, and will expect an
objective comparison to be presented. As written, the comparison appears far from
objective. The mo3t flagrant example is the treatment of the hydrocarbon comparison
based on Table 11. The differences may not be biologically significant, but that case is not
made. Instead, the reader is presented with a table in which more than half of the
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constituents listed differ by 50% or more, yet the match is described as “remarkably
similar” and “applicable” to current emissions. No case is made for the “remarkable”
similarity by showing data in which some other fuel or operating variable produces much
greater variation. No case is made that the differences are small in comparison to those
known to cause biological responses. I assume that these comparisons could be made. If
they can’t, then AP1 is off base declaring the compositions so remarkably similar that it
couldn’t possibly make a biological difference.

The document is too quick to make the case that the biological effects observed in past
studies were caused by CO, NO,, and lead.

Throughout the document, an assertion with increasing strength is made that
effects are caused by these constituents:

P II.23: “Aheration of lung function was related to lead particulate exposure”.

PII-25: “—studies demonstrate that the primary toxicity of gasoline engine
exhaust is related to CO and NO,".

P II1-13: “—resulted in toxic effects associated with either NO, or CO”.
P IV-3. “The effects were associated with CO and NO,”.

It is possible that the assertion is true that the reported effects were not due to
hydrocarbons. That assertion, however, is far from proven, and is only offered as a
suggestion, or hypothesis, by the original authors.

Brightwell:

P 8.2: “—probably the result of high concentrations of acutely toxic gases,
notably CO and NO,”".

P 8.5: “—it is possible that this effect was due to presence of irritant

gases”.
P 8.10: “—probably due—",

(However the effects were not seen in the filtered diesel group having
comparable gas exposures to gasoline/csatalyst, and the effects did not differ
by an order of magnitude between catalyst and non-catalyst, as did the gas
concentrations.) :

~
~
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Heinrich:

P 62: “These injuries with a very high probability were in a more or less
direct causal relationship to the exhaust gas components CO, NO,, and
lead”.

P 63: “The nitrogen oxides and lead certainly had a very substantial share
in this”,

(These quotes are from the short-term study. The same lesions were not
described for the long-term study. Perhaps longer exposures to gases and
particles is better?)

Neither the original authors nor AP give any supporting evidence for causation by
the gases or “lead” particles. The original papers are technical reports, and were not peer-
reviewed, therefore, no reviewers challenged those statements by asking the authors to
give references or additiona! information to support their speculations. Neither the

/ original authors nor API give reference to even one report showing these effects from CO
or NO, alone, or present a mechanistic rationale for causation. The original authors
tossed in those statements as possible explanations, and those reports contained no
thorough analysis of causation. Nothing is offered to make the case that other
constituents could not have caused the effects. The point is not that the assertion is
clearly wrong - indeed, it may be right. The point is that the assertion is not given any
basis for support and thus lacks credibility.

SPECIFIC COMMENTS

P 1.3, Item 1: One study and one study don’t make three.

P II-7, Table S: There are items in the second and third columns that aren’t Respiratory System,
but are Cardiovascular System.

PII-16, § 1: First, “function” is misspelled in the third to last line. Second, I don’t find the last
sentence to be supported by the original document. What is the basis for stating as a fact
that the effects were not causally linked to hydrocarbon exposure? If this is to be
accepted as fact, you’d better back it up in some way.

P 10-23, § 2,16: “Both” should be “either”.

P II-25, {3,16: “Associated” is misspelled.

P 10-26, 9 4,15: “That” should be “those™.
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P II-30, 4. While it is true that e lifespen carcinogenicity study is a better carcinogenicity assay
than SCE or micronucleus, it is nevertheless true that the Heinrich and Brightwell studies
did not assess these required endpoints.

P II-31: The conclusion that the previous studies adequately addressed toxicity avoids the issue
of their lack of assessment of reproductive, developmental, and neural toxicity. This issue
can't be simply ignored as if it didn’t exist.

PII-6, §3, L 1: It should be “— dats are -*, not “—data is .

PIN-8, 1, L 1: What is the basis for saying that the differences were “most likely” due to
driving cycles? Is there information on variation in aldchydes, etc. with driving cycle that
you can reference to support this statement?

P II-8, § 2 (and Table 11): The issue of differences between the Brightwell hydrocarbons and the
AQIRP data is glossed over too readily, and because of this, the assertion that they are
“remarkably similar” lacks credibility. I would like to see columns in the table showing the
percentage differences, or ratios, of the Brightwell data to the others. I had to calculate
them myself to decide if I bought your story, and the reader shouldn’t have to do that.
When you do, you find that 8 of the 15 hydrocarbons differ by more than 50%. To assert
that this is an insignificant difference, you need to refer to toxicology data, or create some
other rationale, to support your claim that these differences could not be of any biological
importance. To simply list the data, ignore the differences, and claim that they are

“remarkably similar” and “applicable”, without some supporting rationale, just plain lacks
credibility.

P I11-14, 1 3, last sentence: I agree that it would not be useful to do studies with a fabricated
mixture and extrapolate the results to risks from whole exhaust. On the other hand, you
are proposing to take results from Brightwell and Heinrich and extrapolate them to “a
more generic situation” to cover baseline gasoline and MTBE. You seem duplicitous in
claiming that this extrapolation leads to erroneous conclusions, but yours doesn’t. You'd
be ahead to leave out the last two sentences of the paragraph.

PIV-1, 1 1. The terms “extremely similar” and “remarkably similar” are too strong. You can’t

make your case more solid by adding adjectives. If you want to make the case for
similarity, use facts and rationale.

PIV-3, 92 12: “Practice” is misspelled.

P IV-3, § 3, second sentence: As described above in the general comments, I consider this

statement to be an overstatement of your knowledge that the effects were caused by CO
and NO,.

~



Chemical Industry Institute of Toxicology

P.O. Box 12137

Roger O. McClellan, D.V.M. 6 Davis Drive
President Research Triangle Park,
reside North Carolina 27709

(919) 558-1200
FAX (919) 558-1300

June 26, 1996

Dr. Robert T. Drew

Director '

Health and Environmental
Sciences Department

American Petroleum institute

1220 L St., NW

Washington, DC 20005-4070

A
4\. l/‘ N
Dear E/r Drew:

In response to your request of May 29, 1996 | have reviewed the draft document “The
Utility of Gasoline Engine Exhaust Emission Toxicology Testing.”

In my professional opinion, this is a well written and authoritative document that
appropriately addresses the issue raised in the title of the document. It reviews in a
comprehensive manner the relevant information available that should be considered in
making a decision on the utility of conducting further studies in which rodents are exposed to
whole engine exhaust. The conclusion that “---conducting further exhaust emission
toxicology tests cannot and will not provide meaningful data for predicting human health
effects. Moreover, existing data from previously conducted toxicology studies using exhaust
emissions demonstrate no toxic effects caused by the hydrocarbon constituents of gasoline
exhaust” are fully supported in the text of the document.

| personally concur with these conclusions. Let me amplify on my conclusions by
referring to the four questions raised in your ietter.

1. That previous exhaust emission toxicology studies are sufficiently
rigorous and adequate to address the requirements of section 211 (b).

The three studies analyzed are remarkable in the rigor of their design and conduct
recognizing that they were conducted more than a decade ago. They fully meet today’s
standards. There is no new information of significance that would likely be obtained by
repeating such studies today. | urge the EPA to accept those studies as fully meeting the
requirements of section 211(b) for information on exhaust emissions of baseline gasoline and
gasoline with oxygenates. | personally feel strongly that the conduct of new studies using
laboratory animals would be totally contrary to current animal welfare concerns and
standards for use of laboratory animals.



Dr. Robert T. Drew
June 26, 1996
Page Two

2. That based on well characterized toxic effects, 200 ppm is the dose -
limiting concentration of carbon monoxide (CO) in exhaust emission
toxicology studies.

I strongly concur with the position that it would be inappropriate to conduct additional
long-term rodent studies with exposure atmospheres containing in excess of 200 ppm CO.
The Appendix on Carbon Monoxide Toxicity is a comprehensive summary of the available
information on this topic and fully documents the basis for this conclusion. -

3. That when limited by 200 ppm CO, the concentration of total and
individual hydrocarbons in exhaust will be below any biologically
meaningful level and any additional exhaust emission toxicology testing
will produce results that can already be inferred from available
information, i.e., CO and possibly NOx toxicity.

Modern gasoline engines very effectively combust complex mixtures of hydrocarbons,
i.e., fuel, to produce CO2, H20, low levels of CO and NOx and traces of specific
hydrocarbons. The effectiveness of the combustion process minimizes the concentration of
any individual potentially toxic compounds. Moreover, this total concentration of
hydrocarbons is below concentrations which would be predicted to cause effects. Indeed,
the Heinrich et al. and Brightwell et al. studies demonstrate that at the lowest dilutions (and,
thus, highest concentrations) of whole exhaust that can be studied effects other than those
attributabie to CO and NOx are not observed.

4. That the generation of synthetic or artificial mixture as surrogates for
automobile exhaust is associated with formidable technical difficulties.
Even if these were overcome, such studies would not provide data
relevant to human risk assessment of fuels.

In my professional judgment, it would not be appropriate to attempt to create a “super
exhaust” containing high concentrations of exhaust components and then use such “super
exhaust” for animal studies.

Studies have already been conducted with dilutions as low as 1:15 without detecting
any unique effects attributable to constituents other than CO or NOx. In my opinion, this
represents a No Observed Adverse Effect Level (NOAEL) that is fully adequate for use in
characterizing risk of exposure to exhaust at concentrations many orders of magnitude lower.
This fact would not be changed by any studies conducted with a special “super exhaust.”

Beyond these substantial scientific considerations, | am concerned about the ethics of
using laboratory animals in “super exhaust” studies in the absence of convincing scientific
need. The conduct of such studies would run contrary to current “animal welfare” standards.




Dr. Robert T. Drew
June 26, 1996
Page Three

Beyond the above points | have several specific comments in the document. These are
detailed in an attachment to this letter.

I look forward to receiving a copy of the final report.
Sincerely,
4 ‘,(__ N
Roger O. McCiellan, D.V.M.
President

ROM/s!

Attachment




The Utility of Gasoline Engine Exhaust Emission Toxicology Testing.
Specific Comments
The authors of the report should be identified.

Pg. i, line 10. The names and affiliations of attendees at the December 11-12, 1995 meeting
should be identified as a listing in an appendix to the report.

Pg. i, line 16-17. This sentence might be reworded to reflect that there was general
consensus that CO concentrations should be limited to less than 200 ppm. This view was not
unique to EPA personnel.

Pg. ii, line 8-9. Reword sentence - “Moreover, existing data from previously conducted
toxicology studies...”.

Pg. ii, Abstract. The abstract should include reference to animal welfare concerns being
expressed about the conduct of new studies that would not yield unique new information.
This would represent an unjustified use of laboratory animals.

Pg. I-3. Mention might be made here of the animal welfare issue.

Pg. lI-3, line 5. What is meant by computer control of safety.

Pg. 1I-8, last 2 lines of text. Make reference to evidence of lung irritation in a separate
sentence rather than linking with reference to lack of lung cancer. It might be appropriate to
give a more complete description of the specific histopathoiogical findings.

Pg. 11-10. Put reference to mean blood pressure in a separate row entitled -
“cardiovascular”.

Pg. I-25, line 16-28. | suggest this be revised to read (hematological and cardiovascular
indices).

Pg. 1i-28, line 24. It may be useful to specifically note the weekly exposures of 42 hr or 30 hr
that EPA would find acceptable.

Pg. I-29, line 14. It may be useful to note the weekly exposures of 80-95 hr.
Pg. lIl-13, line 13—14. Revise to read “...at 2000 ppm exposure for 2 years.”

Pg. IV-1, line 7. Define robust, i.e., 80-95 hours of exposure per week versus the 3042 hours
per week acceptable to EPA.

Pg. IV=3. | believe it would be appropriate that the conduct of new studies that would not
have any likelihood of obtaining unique new information would be totally contrary to current
animal welfare standards. '
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Review of
The Utllity of Exhaust Emission Toxicology Testing
American Petroloum Institute

1. 1 believe that the axisting toxicology studies on exhaust emissions from a gasoline
engine should be sufficient to meet EPA’s needs. However the document may bs
improved by considering the following:

* & side-by-side comparison of the protocols with current EPA guidelines for
chronic/carcinogenicity testing, pointing out where the protocols are in
excess of guidelines, and, whare the protocols do not meet guidelines,
specifically justifying that repetition of the study should not be necessary.

* have an exparienced pathologist review the histopathology to certify that
sufficient organs, tissues, etc., have basn axamined to qQualify the study as
adequate to show 'sufficient lack of evidence’ for carcinogenicity.

» the quole from IARC on page IV-1 is correct, but IARC also put gasoline
engine exhaust in Group 2B; should there be some discussion of this ?
(reference should be Volume 46, not 45),

* on page II-30 there is description of guidelines for neurotoxicity, reproduction
and developmental toxicity, but there is no discussion of the justification as
to why these tests are not available, or necessary.

¢ in the overview, clarify ‘two studies' in the first paragraph with ‘three studies’
in the second paragraph.

2. | believe that the data support that 200 ppm of CO should be dose-limiting for long
tarm toxicity studies. However,

 the report repeatedly states that the authors considered the toxicity to be
due to CO and NO, ; wouldn't it be better to have your own assessment of
the adverse effects as typical of CO toxicity or NO, toxicity 7

3. | believe that you have convincing data to support the lack of observable toxicity due
to total hydrocarbons (including interactions), However,

* in view of the concems raised by the recent NRC report about emissions in
cold dimates, what can be said about the likely emissions profile if the
engines were run in an environment at 35 F. or lower ?

4. Rather than emphasizing the 'formidable technical difficultias’ of generating
synthetic mixtures as suogates for automobile exhaust, | think it would be better to
stress that, while synthetic mixtures could provide data of academic interest, there
wouid be no sound scientific basis to extrapolate the findings for reak-life axposure and
appropriate control decisions.

#8388
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Overall, ! think the document is sound. Attimes it reads more as a literature review
than a ‘white paper' defenses of your proposals. Also run a ‘spelicheck’.

Thanks for letting me review the document.

Eom A, Phzar /éimﬁ Y. %

Tuly 8 144¢
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MHESTER DEPARTMENT OF ENVIRONMENTAL MEDICINE
Diwsion of Respirasory Biology & Toxicology

Tele. 716-275-3709

July 8, 1996

Washingtan, DC  20005-4070
Dear Bob:

Lhave read the White Paper entitled “The Uniliiy of Exhaust Emission Toxicology Testing”

prepared by the American Petroleum Institute. Iam quite familiar with the subchronic and chronic
inhalation studies discussed in the paper, and I agree with most of the conclusions reached in the
paper. Specifically, I concur with the following conclusions:

* Previous toxicology inhalation studies with gasoline exhaust emission are

iently rigorous and adequate 1o address the requirements of Section 211(b)

:1{{ the Clean Air Act for evaluation of pulmonary, systemic and carcinogenic
octs,

* 200 ppm of carbon monoxide (CO) in subchronic and chronic 8es and exhaust
inhalation srudies sppears o be the dose limiting concentration,

* Due to the limitation of 200 PPm CO for longer-term inhalation studies it can
8lso be predicted that the concentration of total and individua] hydrocarbons in
the exhaust are so low that they will not produce new results which cannot
already by inferred from available data.

* Generation of synthetic or artificial mixtures as alternatives for automobile
exhaust toxicity testing does not &ppear to be a valid alternative to automobile
exhaust (from line) and data may not be relevant for human risk agsessment
of gasoline fuel exhaust.

Due to several deadlines I have to meet 1 could not provide a more detailed critique of the

White Paper at this point.
S
Giintgr O +D.VM,, Ph.D
Professor of Toxicology
GO4h Head, Resp. Biol. & Toxicol,
375 Elmwosd Aveniue, Box EHSC
Rocheser, New York 14642
Fau (716) 256-2631
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Tele: (914) 351-5140
FAX: (914) 351-5472

June 21, 1996

Dr. Robert Drew

American Petroleum Institute
1220 L Street, NW
Washington, DC 20005-4070

Dear Bob,
I have enclosed some comments on the Emissions Toxicity White Paper. Please call

if you have any questions.

Very truly yours,

\

Richard B. Schlesinger, Ph.D.
Professor
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FAX: (914) 351-5472

Richard B. Schlesinger, Ph.D

COMMENTS ON WHITE PAPER

1. Assessment of previous studies

A. Gasoline formulation and exhaust emissions

The specifications of the gasoline used in the Brightwell study is
generally similar to that indicated for base fuel properties in the Regulation.
The major differences are the lack of benzene measurement and a higher
octane rating in the Brightwell gasoline, although the latter is due to
differences in methods of reporting octane between the US and Europe. Since
there was no carcinogenicity associated with exposure, the lack of a benzene
measurement in the Brightwell formulation creates somewhat of a problem
in interpreting results of the study in relation to the baseline formulation for
the Rule.

On the other hand, the Heinrich formulation cannot be considered as

similar to the required base fuel, since sulfur is much lower and most other

T4



- characteristics are not known. In addition, the presence of lead could

confound biological results due to potential mixture interactions. Because of
the above, this study cannot be considered to be a substitute for additional
testing.

The summary of hydrocarbons produced from the Brightwell fuel and
the baseline fuel indicate general similarities. However, there appear to be
significant differences in amounts of methane, acrolein and crotonaldehyde
between the two formulations. The Brightwell gasoline has more of the first
species, and less of the two others. This would produce some differences in
the exposure atmospheres for the two gasoline types.

B. Exposure System and Protocol

The Rule requires daily measures of CO, CO2, NOx, SOx and total
hydrocarbons. The Brightwell study assessed all of these on a daily basis except
SOx, which was measured ten times during the study period. This is similar
enough to the Rule requirements. Initial dilution in the Brightwell study is
within the range required by the Rule.

The Rule requires animals to be exposed for at least 6 hr/ day, 7 day/wk
for the exposure period, which for a chronic study in rats is two years.
However, exposures for at least 6 hr/d for 5 days/wk is also acceptable. At least
three concentration levels should be used plus a control group. The
Brightwell study exposed for 16 hr/d, 5 d/wk for 2 years and used two doses
plus control. The highest dose did result in toxicity, as required by the Rule.
Thus, for the most part fhe Brightwell study meets the requirements for
chronic study under the Rule.

C. Biological Endpoints

Various endpoints are required by the Rule and the Brightwell study

encompasses many, but not all, of them. The Brightwell study did examine



- carcinogenicity, so there is no need for mutagenicity screening tests. However,

no fertility /teratology test was performed.

2. Carbon Monoxide as Limiting Factor in Exposure

In the Brightwell study, many of the biological responses were
apparently due to the CO in the exhaust. Mean levels were as high as 224
ppm. The CO toxicity database does support the conclusion that levels above
200 ppm would produce numerous toxic sequalea which could mask any
toxicity due to other exhaust components. The 200 ppm concentration may
not be high enough to produce changes in lung morphology, but is clearly
high enough to produce potentially severe effects in other organ systems.
Thus, a level of 200 ppm is reasonable to consider as a dose-limiting
concentration for exhaust emission studies. Once this level of CO is fixed,
then the concentration of hydrocarbons will also be fixed. It appears that the
level of individual hydrocarbons will generally be below biologically effective

levels at the maximum CO concentration used.

3. Use of Artificial Mixtures for Toxicity Testing

The use of artificial laboratory generated mixtures to assess toxicity
from "real world" complex mixtures is always problematic. There is the
question of which components of the real mixture to use and in what relative
proportion. This is also the issue of aged vs. fresh material. Thus, the
relevance of toxicity results from such artificial mixtures in terms of health
risk from exposure to the real mixture is questionable. Accordingly, such

artificial mixtures would likely not serve the purposes of the Rule.
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June 12, 1996

Robert T. Drew, Ph.D.

Director, Health and Environmental Sciences
American Petroleum Institute

1220 L Street, Northwest

Washington, DC 20005-4070

Dear Bob:
| have reviewed your white paper entitied "The Utility of Exhaust Emission

Toxicology Testing" and the related documents you provided. My responses to your
four points are as follows.

1. That previous exhaust emission toxicology studies are sufficiently rigorous and
adequate to address the requirements of Section 21 1(b).

Whether previous studies are adequate to address the requirements of Section
211(b) is not an easy question to answer. The requirements mentioned in the
Federal Register focus on short-term genetic toxicity screens that don't appear to
have been conducted. The chronic toxicity and carcinogenicity studies that are
reported, referred to as the Heinrich study and the Brightwell study in the white
paper, provide information beyond what would be learned from the genetic toxicity
data alone. However, if the requirement has changed to include two-year
carcinogenicity assays, the Heinrich and Brightwell studies would need to be
reevaluated. Histological examination of organs outside the respiratory tract was
limited to ten animals in the Brightwell study and the number in the Heinrich study
was not obvious. Reporting of data is inadequate, particularly in the Brightwell study
where large blocks of data are just summarized by arrows or statements that there
was no effect. Thus, the actual data are not reported to permit the reader to draw
conclusions. As a result of these limitations, it is difficult to conclude that the
reported studies are a rigorous analysis of carcinogenicity.

2. That based on well characterized toxic effects, 200 ppm is the dose-limiting
concentration of carbon monoxide (CO) in exhaust emission toxicology studies.

I agree that 200 ppm is a reasonable limit for the level of exposure to CO. Even at
this concentration, the animals are always in a state of compensation and are not
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normal. The degree of confounding would only increase at concentrations higher
than 200 ppm.

3. That when limited by 200 ppm CO, the concentration of total and individual
hydrocarbons in exhaust will be below any biologically meaningful level and any
additional exhaust emission toxicology testing will produce results that can
already be inferred from available information - i.e., CO and possibly No, toxicity.

The basis for this conclusion would seem to be the information contained in Table 13
of the white paper. How the endpoints were selected for inclusion in the table is
unclear, but at least in one case, 1,3-butadiene, there is a more compelling LOEL
than the one cited. The report of the National Toxicology Program entitied
Toxicology and Carcinogenesis Studies of 1,3-Butadiene (Report no. 434) presents
the results of inhalation carcinogenesis studies at concentrations of 6.25 ppm and
above, with a finding that "There was no exposure level in this study at which a
significant carcinogenic response was not observed." From the standpoint that you
are inferring the lack of a carcinogenic response at the chamber concentrations
listed in Table 13, | think the NTP study is much more relevant to the question than a
reproductive endpoint. More importantly, the slope of the dose response curves for
alveolar/bronchiolar adenoma and alveolar/bronchiolar adenocarcinoma or
carcinoma reported in the NTP studies raises some doubt about assuming that
concentrations lower than 6.25 ppm, including the 0.351 ppm level reported in Table
13, should be without a carcinogenic response.

| did not search the literature to identify more relevant or lower NOELSs for the other
chemicals listed in Table 13.

4. That the generation of synthetic or artificial mixtures as surrogates for automobile
exhaust is associated with formidable technical difficulties. Even if these were
overcome, such studies would not provide data relevant to human risk assess-
ment of fuels.

| agree that it would be very difficult to generate a surrogate for automobile exhaust
that (a) was low in components with high acute toxicity such as CO, (b) was
representative of the components of concern over carcinogenic potential, and (c)
could be generated repeatedly over a range of concentrations that could be used for
chronic exposures of animals. Because any contrived mixture would not completely
reproduce automobile exhaust, studies conducted on such a mixture would be
difficult to extrapolate to humans. However, the studies that are available now are
also difficult to extrapolate. Samples of natural exhaust with lowered levels of CO
and NO, would permit the design of more relevant studies.
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I hope these comments are useful to you and the EPA in your further deliberations. |
agree with you that this is an important public health issue.

Sincerely,

AR S cwau;tj

B. A. Schwetz, D.V.M., Ph.D.
Director, NCTR, and
Associate Commissioner for Science, FDA



RESPONSE TO PEER REVIEW COMMENTS
ISSUE 1

Previous exhaust emission toxicology studies are sufficiently rigorous and adequate to
address the requirements of section 211(b).

Drs. Klaassen, McClellan, Oberdorster, and Pfitzer agree with this conclusion.

Dr. Schlesinger indicates that the Brightwell study meets “for the most part” the
exposure and protocol requirements delineated in the Rule. Dr. Schlesinger notes that
systemic and carcinogenic endpoints of the Rule were met by the Brightwell study, but that the
Heinrich studies can not be considered as an adequate substitute for additional testing.

Drs. Albert and Mauderly do not specifically address this issue.

Drs. Lucier and Schwetz note that the Brightwell and Heinrich studies do not meet
current NTP cancer bioassay standards. However, the reviewers did not go on to specifically
address whether meaningful conclusions can be drawn from the available data to assess the
potential cancer hazard of automobile exhaust or whether further testing would improve the
basis for evaluation or change the evaluations that can be currently made. We believe that
given the requirement for screening studies in the Rule, more than adequate conclusions can
be drawn from the studies that have been conducted, and that additional studies on gasoline
engine exhaust are not likely to add substantial information to what is already known.

Several reviewers (Drs. Lucier, Mauderly, Schwetz, and Schlesinger) noted that the
studies do not meet requirements for reproductive, developmental, neurological and genetic
toxicity testing. It was not our intent to indicate that the Brightwell and Heinrich studies did
cover those endpoints and this is acknowledged in the text. in the Abstract, Introduction,
Section I, and Section I, it is now explicitly stated what studies have been conducted, what
endpoints specified by the Rule have been met, and what information is presented to cover
additional endpoints.

Several reviewers (Drs. Lucier, Mauderly and Pfitzer) indicate that our reliance on
Brightwell's and Heinrich’s assessments suggesting that the toxicity observed in the gasoline
exhaust studies are due to CO and NO, may overstate the case. We agree, and the document
has been amended to reflect the uncertainty in the authors original statements. However, we



did provide references that indicated that the toxicity observed in the Brightwell and Heinrich
studies is similar to what may be expected with CO or NO, individually.

Drs. Mauderly and Schlesinger note that there are differences in exhaust composition
between the Brightwell fuel and the baseline fuel required in the Rule’s test program. Greater
discussion is provided on the differences in the exhaust composition between the Brightwell
study and the AQIRP study. Specifically, the differences in exhaust collection and sampling is
described in greater detail. Finally, as Dr. Mauderly suggests, where differences do occur
between exhaust components, the biological relevance of these differences is discussed.
These changes occur in Section lIl.

Dr. Schlesinger observed that the fuel from the Brightwell study is generally similar to
the fuel required in the Rule, although the benzene content of the fuel is not given in the
Brightwell report. The report specification of the fuel used, CA ERF/G30 (a Califomia
reference fuel), did not provide information on benzene content. Aromatic content of fuel was
increased after lead prohibitions for gasoline were put in place to increase octane ratings of
fuel. The aromatic materials used in fuel blending are produced through catalytic reforming.
This process generates predominately toluene, ethylbenzenes, and xylenes. However, some
benzene is also produced. At the time the study was conducted, the Consumer Product
Safety Commission had in place a hazard communication regulation limit of 5% benzene in
gasoline. Thus, it would be reasonable to assume that benzene was present in the Brightwell

gasoline.

Dr. Schlesinger was concerned about the lack of carcinogenic response in the
Brightwell study as it related to benzene content. These findings are consistent with results of
an American Petroleum Institute (AP)) study (MacFarland et al., J. Am. Coll. Toxicol. 3:231-
248,1984) where benzene comprised 2.23 wt. % of the gasoline formulation tested in a chronic
rodent bioassay. Wholly vaporized gasoline was tested at concentrations in excess of 2000
ppm for two years in rats and mice (40 ppm benzene exposure). Male rat kidney and female
mouse liver tumors were the only tumors observed. These tumor sites have not been
previously identified in rodent bioassays on benzene (zymbal gland, oral cavity and skin
tumors in rat; zymbal, lymphoma, lung, mammary, preputial ovarian and haderian gland tumors
in mouse; NTP, 1986). |



Research sponsored by AP| has demonstrated that wholly vaporized gasoline-induced
male rat kidney tumors were due to alpha, -globulin protein accumutation in the kidneys
(USEPA, “Alpha, -globulin: Association with chemically induced renal toxicity and neopiasia in
the male rat,” report no. EPA/625/3-91/019F, 1991). Female mouse liver tumors appear to be
related to tumor promoting ability of unleaded gasoline, potentially through an antiestrogenic
mechanism (Standeven et al., Carcinogenesis, 14:2137-2141, 1993; Standeven et al., Cancer
Res. 54:1-7, 1994). This effect also does not appear to be related directly to benzene. Thus,
even at concentrations of 40 ppm (approximately 100 - fold higher than what would be
observed in an exhaust exposure) benzene did not influence the cancers observed in the
bioassay of wholly vaporized gasoline.

Dr. Lucier commented that “As designed, these studies essentially evaluated chronic
carbon monoxide exposure and as such did not adequately address issues pertaining to
carcinogenicity.” The 211(b) Research Group disagrees and suggest that these studies did
address the carcinogenicity of automobile exhaust. As currently defined, an oncogenicity
study requires at least two years exposure to a test material at a dose that does not exceed
the maximum tolerated dose (MTD). The maximum tolerated dose is defined as a dose that
produces no toxicity greater than a 10% reduction in body weight. These studies were
conducted for two years duration to what can be considered as the maximum tolerated dose.
The test substance was automobile exhaust, a complex mixture composed of combustion
products containing CO, CO,, NO,, SO,, water vapor and hydrocarbons. The Rule requires
health effects data on the evaporative and exhaust emissions in support of the registration of a
fuel or fuel blend. The exhaust emissions of these fuels include carbon monoxide.

Finally, in response to Dr. Lucier's comment on exposure, it is estimated by the EPA
that automobile exhaust is diluted 1:1000 when exhaust leaves the tail pipe of an automobile.
The minimum dilution in both chronic studies was about 1:30. Thus, these exposures were
significantly higher than that to which the public would be exposed.



ISSUE 2

Based on well characterized toxic effects, 200 ppm is the dose limiting concentration of
carbon monoxide (CO) in exhaust emission studies.

Drs. Klaassen, Lucier, McClellan, Oberdorster, Pfitzer, Schiesinger, and Schwetz agree
with this conclusion.

Drs. Albert and Mauderly did not specifically address this issue.
ISSUE 3

When limited by 200 ppm CO, the concentration of total and individual hydrocarbons in
exhaust will be below any biologically meaningful level and any additional exhaust
emission toxicology testing will produce resulits that can already be inferred from
available information, i.e., CO and possibly NO_ toxicity.

Drs. Klaassen, McClellan, Oberdorster, Pfitzer, and Schiesinger agree with this
conclusion.

Drs. Albert and Mauderly do not specifically address this issue.

Dr. Schwetz noted that the carcinogenic effect for 1,3-butadiene was not given in the
table listing no observable effects levels (NOELs) and lowest observable effect levels (LOELs)
for selected hydrocarbon components of gasoline exhaust (Section lll, Table 23). Additionally,
Dr. Schwetz pointed out that the rationale for the selection of NOELs and LOELs was not
explained. Non-cancer hydrocarbon NOELs and LOELs were provided intentionally in order to
address the Rule’s testing requirements for neurological, reproductive, developmental, and
systemic endpoints. Thus, cancer potency values for butadiene, benzene, styrene, and
formaldehyde, for example, were not included. This intentional exclusion of hydrocarbon
cancer potency values was done because it is the Research Group’s position that the
carcinogenicity of automobile exhaust has been adequately tested. This rationale has been
more clearly explained in the document. Moreover, a description is provided in the text as to
how these values and supporting studies were selected from IRIS, ATSDR, and API

databases.

To more specifically address the issue of 1,3-butadiene, it is present in gasoline engine
exhaust as a byproduct of the incomplete combustion of aromatic compounds such as



benzene and toluene. Although not measured, it is reasonable to assume that 1,3-butadiene

was present in the automobile exhaust generated for both the Brightwell and Heinrich studies.

Dr. Lucier is “ . . uncomfortable stating unequivocally that there will be no biological
meaningful effects based only on empirical assumptions.” Further, the reviewer disagrees that
the studies indicate the observed toxicity was related to CO and NO, and that this conclusion
was inferred from other studies on CO. The statements relating observed toxicity from the
Brightwell and Heinrich studies to CO and NO, were taken from the study manuscripts. As
another reviewer has pointed out, these statements were hypotheses and have been noted as
such throughout the paper. An enhanced discussion with references is provided which lends
support to the hypothesis that the toxicity observed in the previous exhaust studies is
consistent with CO- and NO,-induced toxicity.

The reviewer is correct that one cannot unequivocally state that no biologically
meaningful results will be seen. It is true that the comparison of expected exposure
concentrations and NOELs and LOELs is an empirical exercise. However, relevant
experimental data exist. Brightwell and Heinrich exposed animals to gasoline engine exhaust
for longer daily exposures and longer total duration than what is required in the Rule. The
toxicity that was observed is similar to the toxicity observed with CO and NO, exposures.
Further, comparison of expected hydrocarbon chamber concentrations and NOELs and LOELS
for systemic, reproductive and developmental toxicity suggest that at least a six-fold safety
factor already exists. Of the exhaust emission hydrocarbons evaluated, acrolein has the lowest
extrapolated NOEL to chamber concentration ratio, 0.4 ppm to 0.071 ppm, respectively. If this

ratio is considered a safety factor, the calculated safety factor for acrolein would be 5.6 at
chamber emission concentrations diluted to 200 ppm CO. Similarly calculated safety factors
for other hydrocarbons range from18 to 86,000. Thus, although one can not state
unequivocally that biologically meaningful results will not occur, it is our belief that one can

reasonably assume these effects would not occur.

Similarly, although one cannot:rule out the possibility that CO toxicity may mask or
modify more subtle toxic effects of hydrocarbons, as suggested by Dr. Lucier, the likelihood of ‘
this possibility is low due to the relationship of the NOELs to expected chamber concentrations |
of the hydrocarbons in engine exhaust diluted to 200 ppm CO. Thus, we stand by our initial ‘



conclusions that hydrocarbon exposures, after dilution for CO, will be below any biologically

meaningful level.

ISSUE 4

The generation of synthetic or artificial mixtures as surrogates for automobile exhaust is
associated with formidable technical difficulties. Even if these were overcome, such
studies would not provide data relevant to human risk assessment of fuels.

Drs. Klaassen, Mauderly, McClellan, Oberdorster, Pfitzer, and Schlesinger agree with
this conclusion.

Dr. Albert does not specifically address this issue.

Dr. Lucier responded that the use of synthetic mixture is not without merit. The
reviewer further stated that technical difficulties of a synthetic mixture can be overcome by
producing a mixture of the most prevalent compounds, or those of greatest concern. The
reviewer believes that this may be the only way to determine if the components in automobile
exhaust are carcinogenic. Dr. Lucier's suggestion of testing mixtures of most abundant
compounds or compounds of greatest concem does not address whole automobile exhaust.
Furthermore, results of such limited studies would be difficult to extrapolate for regulatory
decisions. The generation of this data is not an academic exercise. The data are to be used
in direct support of fuel and fuel additives registration. A mixture of the most 15 - 20 most
prevalent compounds (presumably hydrocarbons) would not address health effects of the
remaining components. In testing for the compounds of greatest concem, it is assumed that
the reviewer is referring to aldehydes (formaldehyde), olefins (butadiene), and aromatics

(benzene). Most of these have already been extensively tested.

Dr. Lucier does not address how these tests would be related to risk assessment and
risk management of fuel and fuel additives being registered. As noted before, the health
effects data generated is to support the registration of fuels and fuel additives. The tests are to
be conducted on the evaporative and exhaust emissions of specific fuel blends. Testing a
synthetic mixture will not address the health effects of the exhaust emissions of these fuels.




Dr. Schwetz agrees that it would be difficult to produce such a mixture. Additionally, Dr.
Schwetz agrees that such studies would be difficult to extrapolate to humans. However, this
reviewer states that studies of exhaust with low CO and NO, would permit more relevant
analyses. How this mixture would be generated and how to extrapolate these results to
human exposures to exhaust emissions, as well as subsequent regulation and registration of
fuels and fuel additives are not addressed.

Response to Dr. Albert’s comments

Dr. Albert suggests that conducting further exhaust studies is warranted since the
Fraunhofer Institute study demonstrated a promotional effect on the upper respiratory tract.
The promotional effect was indeed observed as was noted on page Il - 24. Dr. Albert suggests
that this issue be dealt with “head on” and the conductance of further exhaust emission studies
may not be a “waste of time.”

Data on the tumor promotion capacity of gasoline exhaust is more fully presented and
the discussion has been expanded in Sections 11.B.3 and I1.D.3. Promotion of upper
respiratory tumors was observed in female rats treated with a tumor initiator, DPNA, with
subsequent chronic exposure to gasoline engine exhaust for two years. This effect was not
observed in animals (rats and/or hamsters) exposed for two years to gasoline engine exhaust
alone. Additionally, this finding was not observed in mice (Heinrich study) or hamsters
(Heinrich and Brightwell) chronically exposed to gasoline engine exhaust by itself. We do not
believe that the finding of tumor promotion, subsequent to tumor initiation, in one sex of one
species warrants further studies. The fundamental question is whether further studies will add
dramatically to the understanding of health effects of gasoline engine exhaust. Based on the
results of the two chronic studies, and the dose limiting effect of CO, it appears that little
information will be added.

The bioassay conditions set forth in the Rule do not require pretreatment of animals
with a tumor initiator. Animals are to be exposed to exhaust or evaporative emissions of fuels
and fuel additive mixtures. This has been conducted in the Brightwell and Heinrich studies.
No carcinogenic effect was observed in animals exposed to gasoline engine exhaust without
pretreatment by a tumor promoter.



Specific Comments

All specific comments were incorporated into the text except where noted below.

Dr. Pfitzer asked about the possibility of independent pathology review of the Brightwell and
Heinrich studies. Pathology review is currently beyond the scope of this review effort.

Dr. McClellan raised the issue of ethical use of animals in research. We agree that this is an
important consideration prior to the onset of any testing. However, we also believe the
decision on further toxicology testing should be based on scientific merit and that the existing
scientific information does not support further testing of automobile engine exhaust.

Finally, many of the concems raised about hydrocarbon toxicity will be addressed in the
studies of the evaporative emissions.
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