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Article

Use of a Statistical Model to Predict
the Potential for Repeated Dose and
Developmental Toxicity of Dermally
Administered Crude Oil and Relation
to Reproductive Toxicity

Richard H. McKee1, Mark Nicolich2, Timothy Roy3,4, Russell White5,
and Wayne C. Daughtrey1

Abstract
Petroleum (commonly called crude oil) is a complex substance primarily composed of hydrocarbon constituents. Based on the
results of previous toxicological studies as well as occupational experience, the principal acute toxicological hazards are those
associated with exposure by inhalation to volatile hydrocarbon constituents and hydrogen sulfide, and chronic hazards are
associated with inhalation exposure to benzene and dermal exposure to polycyclic aromatic compounds. The current assessment
was an attempt to characterize the potential for repeated dose and/or developmental effects of crude oils following dermal
exposures and to generalize the conclusions across a broad range of crude oils from different sources. Statistical models were
used to predict the potential for repeated dose and developmental toxicity from compositional information. The model pre-
dictions indicated that the empirical data from previously tested crude oils approximated a ‘‘worst case’’ situation, and that the
data from previously tested crude oils could be used as a reasonable basis for characterizing the repeated dose and developmental
toxicological hazards of crude oils in general.

Keywords
crude oil, petroleum, repeated-dose toxicity, developmental toxicity, CAS number 8002-05-9

Introduction

The United States Environmental Protection Agency (US EPA)

announced a voluntary chemical data collection effort in 1998

called the High Production Volume (HPV) Challenge Pro-

gram.1 The HPV chemicals are those produced or imported

into the United States in aggregate quantities of at least 1

million pounds per year. Approximately 400 petroleum sub-

stances were sponsored in the EPA’s Challenge Program by

companies belonging to the Petroleum HPV Testing Group

(PHPVTG). The various substances were organized into 13

categories to facilitate data sharing and to avoid redundant

testing. These categories include crude oil (petroleum), gases,

gasoline, kerosene/jet fuel, gas oils, heavy fuel oils, lubricating

oils, waxes, aromatic extracts, asphalts, grease thickeners,

petroleum coke, and wastes. This article reports an investiga-

tion into the toxicological hazards of petroleum (commonly

called crude oil), a complex substance of variable composition

identified by CAS number 8002-05-9 and defined as a complex

combination of hydrocarbons. It consists predominantly of

aliphatic, alicyclic, and aromatic hydrocarbons. It may also

contain small amounts of nitrogen, oxygen, and sulfur

compounds. This category encompasses light, medium, and

heavy petroleums as well as the oils extracted from tar sands.

Hydrocarbonaceous materials requiring major chemical

changes for their recovery or conversion to petroleum refinery

feedstocks such as crude shale oils, upgraded shale oils, and

liquid coal fuels are not included in this definition.

It is difficult to precisely define the toxicological hazards of

any specific crude oil, because oils from different sources are

compositionally distinct and because the toxicological hazards

are ultimately the consequence of the constituents that they

contain. In acute situations, the hazards of crude oils are largely
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related to central nervous system effects resulting from over-

exposure to hydrocarbon vapors or other volatile constituents

such as hydrogen sulfide or other sulfur-containing molecules

such as mercaptans.2,3 The hazards associated with prolonged

and repeated dermal exposures to crude oils are mostly due to

those associated with polycyclic aromatic compounds (PACs)

including both polycyclic aromatic hydrocarbons and other

aromatic molecules in which 1 or more of the carbons is

replaced by a sulfur, oxygen, or nitrogen atom. In short, crude

oil contains a number of hazardous constituents but as the

levels of these hazardous constituents vary between crude oils,

the overall hazard characteristics of crude oils also vary in

accordance with their individual compositions.

Historically, the principal concern about repeated exposures

to crude oils during production or as a consequence of acciden-

tal discharge has been its potential to cause dermal cancer.

Although the human evidence per se was judged as ‘‘inade-

quate’’ by International Agency for Research on Cancer,4 crude

oils do contain PAC, and have been shown to produce squa-

mous cell carcinomas when tested in dermal administration

assays in C3H mice.5-7 However, there have also been investi-

gations into the potential for mutagenic potential,8,9 as well as

systemic effects10,11 and developmental toxicity12,13 in mam-

malian species. It has been reported that for ‘‘high-boiling’’

petroleum-derived substances (ie, those with final boiling

points �650�F [343�C]), the potential for systemic and devel-

opmental effects is associated with the levels of 3- to 7-ring

PACs.14 This association was further elaborated as part of the

work done by the PHPVTG,15 which resulted in a series of

empirical models with which the potential for systemic and

developmental effects could be predicted from compositional

information.15-17

To develop these models, compositional data, that is, poly-

cyclic aromatic profiles, were compared to 4 indicators of

target organ effects (increased liver-to-body weight ratios,

reduced thymus weight, reduced platelet count, and reduced

red blood cell count) and 3 indicators of developmental

effects (live fetus count, fetal weight, and percent resorp-

tions). The effects data were taken from approximately 19

studies of high-boiling petroleum substances including gas

oils, heavy fuel oils, lubricant base oils, aromatic extracts,

and crude oils. For the repeated dose studies, each dose group

response was the mean response of all the animals in the dose

group in the respective study. For the developmental toxicity

studies, the dose group response was the unweighted mean of

the means of all the litters in the dose group in the respective

study.

A statistical model of the dose–response curve was devel-

oped independently for each of the 7 toxicological end points.

The models were based on least-squares linear regression

methods with the toxicological end point (eg, fetal body

weight) as the dependent or predicted variable, with the rele-

vant toxicological study design variables (eg, control group

response, litter size, and sex) and the test material weight

percentage of each of the aromatic ring fractions as the inde-

pendent (or predicting) variables.

The models were developed to be as simple as possible but

still adequately describing the data. The final model was

selected based on the overall model multiple correlation coef-

ficient (r) and the error mean square (EMS). These measures

were selected because, among their other characteristics, the

r value is a measure of the closeness of the observed and model

predicted values, while the EMS is related to the width of the

confidence interval of the predicted value. The final models

showed a good correlation between the observed and predicted

data, specifically, a mean r of 0.94 and a minimum r of 0.91.

The PHPVTG collected and summarized the available

published information on crude oils along with unpublished

information from industry sources.18 The PHPVTG also

selected 46 samples of different crude oils from those in com-

merce in 2004.19 The necessary compositional information for

these samples was obtained, and predictions of toxicity were

made and compared to the previously existing data. The lowest

levels associated with these predicted results were similar to

the results of a previously tested crude oil,11,13 indicating that

the potential hazards of crude oils were generally consistent

with those previously identified and that the potential for target

organ effects and developmental toxicity of any crude oil could

be characterized using information on the types and levels of

PACs that it contains.

Materials and Methods

Samples

From a group of 170 crude oils, which were being processed in

US refineries in 2004, 46 samples of uniquely identified crude

oils were randomly chosen.19 One way in which crude oils are

differentiated within the petroleum industry is by the use of

specific gravity to separate them into ‘‘light’’ (ie, crudes with

specific gravities �0.860) and ‘‘heavy’’ (ie, crudes with spe-

cific gravities �0.887). Of the 46 crude oils assessed, 12 were

heavy, 19 were intermediate, and 15 were light. (The underly-

ing data are given in Table 1.) These 46 samples were pentane

deasphalted (modified ASTM D6560) to remove very high-

molecular-weight, nonaromatic constituents to allow the

remaining materials to be evaluated for PAC content as

described subsequently. Chromatographic standards were

obtained from Sigma-Aldrich (St. Louis, Missouri).

The PAC Analysis

The 46 crude oil samples were evaluated for PAC content

based on the method described by Roy et al20,21 (for a more

complete description, see Gray et al22). Briefly, a 4-g sample of

each deasphalted crude oil was weighed in a 60-mL separatory

funnel and dissolved in 10 mL of cyclohexane. The sample was

then extracted with 2 � 10 mL dimethyl sulfoxide (DMSO).

The DMSO extracts were combined in a 125-mL separatory

funnel, diluted 2:1 with 40 mL of 4% aqueous sodium chloride,

and extracted with 20 and 10 mL of cyclohexane. The cyclo-

hexane fractions were combined in a 60-mL separatory funnel,
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washed with 2 � 5 mL of distilled water, and filtered through

anhydrous sodium sulfate into a 50-mL flask. The cyclohexane

was evaporated to near dryness at 40�C followed by further

evaporation at 80�C (15-20 Torr) for 0.5 hour. Once

equilibrated to room temperature, the flask was weighed and

the residue dissolved in cyclohexane (*50 mg/mL) and stored

at 4�C pending analysis.

The extracts were analyzed by gas chromatography with

mass selective detection (GC/MSD). The gas chromatograph

was equipped with a 30m � 0.25 mm � 0.25 mm Zebron-5HT

capillary column (Phenomenex Inc, Torrance, California). The

oven temperature was held at 70�C for 0.5 minutes and then

programmed to 300�C at a rate of 5�C/min and held at the final

temperature for 35 minutes. A split mode of injection (50:1)

was used. Other general conditions of analysis were as follows:

carrier gas—helium; 30 cm/sec; detector and injection port

temperatures—300�C. The GC/MSD chromatograms of the

extracts were integrated in the slice mode. Standards of

naphthalene (Aldrich; 99þ% purity), phenanthrene (Aldrich;

98% purity), 1,2-benzanthracene (Aldrich; 99% purity), ben-

zo[a]pyrene (Sigma; * 98% purity), benzo[ghi]perylene

(Aldrich; 98% purity), and coronene (Aldrich; sublimed, 98%
purity) standards were used to define the boundaries of reten-

tion times for PACs containing 2 through 7 rings. Data were

reported by ring number as the weight percent of the starting

material, and the results are referred to as the aromatic ring

content (ARC) profile.

For comparative purposes, the literature information was

taken from studies of systemic and developmental toxicity in

which crude oils were administered to rats by dermal applica-

tion.11,13 The test materials (identified in the previous publica-

tions as crude I and crude II) had differing compositions in

which the principal differentiating characteristics were the

polycyclic aromatic constituents. More specifically, crude I

contained approximately 50% saturated (aliphatic) and 50%
aromatic constituents of which 35% was composed of 1- and

2-ring aromatics with the remaining 15% being aromatics of 3

or more rings. Crude II contained approximately 37% saturated

constituents and 63% aromatics of which 42% was <3 rings and

21% was aromatics containing 3 or more rings.

Predictions of Systemic and Developmental Toxicity

The compositional information was used to predict the dose

response for systemic and developmental effects for each of the

46 crude oils. Specifically, the predicted systemic end points

are increases in liver-to-body weight ratios and decreases in

thymus weights, platelet counts, and hematocrit. The predicted

developmental end points are reduction in fetal body weights

and offspring live-born and increased resorptions. The predic-

tions were based on a series of statistically developed empirical

models.15-17 Each sample was characterized by the dose asso-

ciated with a 10% change in the control group response, iden-

tified as the ‘‘predicted dose response at 10% (PDR10).’’ The

PDR10 is similar in concept to the benchmark dose (BMD10).23

However, there are several important differences; (1) unlike the

BMD10 that is derived by fitting a model to data from a single

study, the PDR is calculated by fitting a model derived from a

series of toxicity studies covering a range of materials; (2) the

PDR10 is based on 1 model, whereas there are several

Table 1. Relative Density Information for 46 Crude Oils.

Sample number Relative density 60/60�Fa,b

70920 0.973
50905 0.938
10953 0.936
70918 0.929
30903 0.927
30913 0.925
70912 0.922
70917 0.914
30905 0.913
70916 0.913
70910 0.902
50910 0.895
10956 0.884
50907 0.882
70911 0.882
50908 0.880
10959 0.878
30965 0.878
10952 0.877
10954 0.874
50906 0.873
70913 0.873
50909 0.873
30902 0.872
70919 0.870
30906 0.868
30907 0.868
30909 0.863
30910 0.863
50904 0.863
10960 0.862
30904 0.860
10957 0.859
30964 0.859
30908 0.859
10951 0.858
50902 0.857
70914 0.842
10958 0.840
50901 0.835
30911 0.833
10955 0.829
30914 0.829
50903 0.828
30912 0.817
70915 0.796

Abbreviation: API, American Petroleum Institute.
a Relative density (or specific gravity) is the ratio of the density (mass of a unit
volume) of a substance to the density of a given reference material.
b The distinction between ‘‘light’’ and ‘‘heavy’’ crude oils is based on relative
density. More specifically, a ‘‘light’’ crude oil has a relative density �0.860 (or
�33 �API). A heavy crude oil has a relative density �0.887 (or <28 �API). The
conversion between specific gravity and �API is by the following relationship:
�API ¼ [141.5/specific gravity] � 131.5.

McKee et al 19S
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competing models for the BMD calculation making the BMD

dependent on the specific model selected24; and (3) the PDR10

is based on a large amount of data taken from many studies,

whereas each BMD calculation is specific for a single study

and is usually based on 3 to 5 data points.

Biological response data for crude oils were taken from the

literature sources.11,13 The BMD10 values were estimated for

the 4 systemic and 3 developmental end points listed previ-

ously. The values were calculated using the linear model from

the EPA BMD application.25

The compositional information was then used to predict

the potential for systemic and developmental effects for each

of the crude oil samples using empirical models.

Results

As indicated in the Materials and Methods section, 46 samples

of crude oils from various sources were obtained and evaluated

for PAC content. As shown in Table 2, the total condensed ring

aromatic contents of these oils (as measured by the DMSO

extraction procedure26) ranged from approximately 1.9% to

5.8%. For most of the oils, the 2-ring aromatic molecules were

the most abundant aromatic species present, but many of the

oils had appreciable concentrations of molecules with 3 or

more aromatic rings.

Based on the compositional data, the PDR10 values (doses of

dermally applied crude oil samples that were associated with

10% changes in systemic and developmental effects) for all 46

crude oil samples were estimated and plotted (Figure 1A and

B). (All of the predicted values are listed in Tables 3 and 4.)

Literature data from the 2 studies in which the systemic and

developmental toxicity of crude oils administered dermally

was assessed were also included for comparative purposes.11,13

(The literature data are represented in the figures by a star [*]

and a diamond [♦].) The systemic effects reported for these

samples included increased relative liver weights and reduc-

tions in thymus weights, platelet counts, and red blood cell

counts. The BMD10s for target organ effects of crude I were

increased relative liver weights ¼ 249 mg/kg/d (M) and 107

mg/kg/d (F); reduced thymus weights ¼ 468 mg/kg/d (M) and

211 mg/kg/d (F); reduced platelet counts ¼ 581 mg/kg/d (M)

and 1900 mg/kg/d (F); and reduced red blood cell counts¼ 895

mg/kg/d (M) and 1900 mg/kg/d (F). The BMD10s for target

organ effects of crude II were increased relative liver weights

¼ 818 mg/kg/d (M) and 783 mg/kg/d (F); reduced thymus

weights ¼ 502 mg/kg/d (M) and 656 mg/kg/d (F), reduced

platelet counts ¼ 1039 mg/kg/d (M) and 2000 mg/kg/d (F);

and reduced red blood cell counts ¼ 1838 mg/kg/d (M) and

2000 mg/kg/d (F).

The BMD10 for developmental effects of crude I were 445

mg/kg/d for reduced fetal body weight, 135 mg/kg/d for reduc-

tions in numbers of live fetuses per litter, and 186 mg/kg/d for

increases in percentage resorptions. For crude II, the corre-

sponding BMD10 were 2000 mg/kg/d for reduced fetal body

weight, 594 mg/kg/d for reductions in numbers of live fetuses

per litter, and 1344 mg/kg/d for increases in percentage

resorptions.

As shown in Table 5, the lowest PDR10 values for thymus

weights, platelet counts, and liver-to-body weight ratios were in

the 80 to 141 mg/kg/d range. The lowest PDR10 value for hema-

tocrit reduction was approximately 865 mg/kg/d. Note that the

lowest predicted doses for reduced thymus weight and increased

liver-to-body weight ratios were associated with sample 70920,

whereas the sample associated with the lowest dose predicted to

reduce platelet count and hematocrit was 70917. As indicated in

Table 1, these are the 2 samples with the highest content of

DMSO extractable material of the 46 crude oils tested. However,

as shown by Nicolich et al,15 the effects of the PAC-containing

oils are related not only to the total amount of DMSO extractable

material but also to the ring distributions.

The estimated PDR10 values for developmental parameters

are shown in Table 6. The sample associated with the lowest

dose reducing maternal thymus weight (36 mg/kg/d) was

70920 (the same sample predicted to reduce thymus weights

in male and nonpregnant female rats as indicated in the

previous paragraph). The sample associated with the lowest

doses causing reductions in fetal body weight (308 mg/kg/d),

offspring survival (64 mg/kg/d), and increased resorptions

(126 mg/kg/d) was 70917.

Discussion

Crude petroleum oils are complex substances of variable com-

position. The toxicological hazards of these oils are related to

the levels of certain specific constituents that they contain. In

those situations in which the exposures are to relatively high

levels over short periods of time, the most hazardous constitu-

ents are volatile components including hydrogen sulfide, other

volatile sulfur-containing compounds, and volatile hydrocar-

bon constituents. These volatile components can cause acute

central nervous system effects that may have serious conse-

quences, particularly under conditions of overexposure.2,3

However, there are other crude oil constituents including ben-

zene and PACs, which are carcinogenic and may present

chronic hazards under conditions involving repeated exposures

at lower levels. Historically, these hazards have been managed

through efforts to identify and then limit exposure to particu-

larly toxic constituents.

Another historical practice of the petroleum industry has

been to test materials that are ‘‘representative’’ of certain types

of substances in order to use the results to characterize the

potential hazards of similar substances, a pragmatic approach

necessitated by the complex nature of many petroleum-derived

substances. Another early decision was to focus on dermal

cancer as the toxicological end point of greatest concern. The

decision to focus on dermal cancer was also a pragmatic choice

but does not address whether crude oils might produce other

toxic effects, and, if so whether control measures that minimize

the potential cancer risks are also sufficient to mitigate these

other hazards. The HPV Challenge afforded the opportunity to

address the ‘‘noncancer’’ toxicological end points.

20S International Journal of Toxicology 33(Supplement 1)
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The specific overall objective of the PHPVTG was to char-

acterize the potential for crude oil to cause repeated dose and

developmental effects. As indicated previously, the potential for

crude oil to cause nonacute effects in animals is associated with

the levels of PACs that the oils contain. Because of the large

number of crude oils, testing all possible substances is not prac-

tical. Rather, a series of empirical statistical models15 was

developed by which it was possible to predict the likelihood of

systemic17 and developmental16 toxicity based on ARC profiles.

Two crude oils that have been tested for repeated dose and

developmental toxicity by dermal administration were

available for comparison.11,13 Systemic effects included

reduced thymus weight, platelet count, and hematocrit and

increased liver-to-body weight ratios. Based on BMD10

Table 2. Aromatic Ring Content (ARC) Profiles for 46 Crude Oils.a,b

Sample number Total DMSO extractable wt% ARC 1 wt% ARC 2 wt% ARC 3 wt% ARC 4 wt% ARC 5 wt% ARC 6 wt% ARC 7 wt%

70920 5.8 0.0 0.6 1.7 1.2 1.2 0.6 0.3
50905 3.3 0.0 1.0 1.6 0.3 0.2 0.1 0.0
10953 3.7 0.0 1.8 1.1 0.4 0.2 0.0 0.0
70918 3.9 0.1 1.6 1.6 0.4 0.4 0.1 0.0
30903 4.4 0.0 1.3 1.3 0.4 0.4 0.4 0.0
30913 3.7 0.0 1.9 1.5 0.2 0.1 0.1 0.0
70912 4.0 0.0 0.8 1.6 0.8 0.4 0.4 0.1
70917 5.3 0.1 1.6 1.6 1.1 0.5 0.5 0.1
30905 3.3 0.0 1.7 1.0 0.2 0.1 0.1 0.0
70916 4.2 0.1 1.2 1.2 0.8 0.4 0.3 0.1
70910 3.9 0.0 1.2 1.6 0.4 0.3 0.2 0.0
50910 4.3 0.0 0.9 2.1 0.9 0.3 0.2 0.0
10956 1.9 0.0 0.4 0.2 0.1 0.0 0.0 0.0
50907 2.5 0.0 0.5 1.0 0.5 0.3 0.2 0.1
70911 3.8 0.1 1.5 1.2 0.4 0.4 0.3 0.0
50908 2.7 0.1 1.3 0.8 0.2 0.1 0.1 0.0
10959 2.6 0.1 1.5 0.8 0.2 0.1 0.0 0.0
30965 3.9 0.1 2.3 1.2 0.2 0.2 0.1 0.0
10952 3.2 0.0 2.2 1.0 0.2 0.0 0.0 0.0
10954 3.3 0.0 1.6 1.0 0.3 0.1 0.0 0.0
50906 3.3 0.0 1.6 1.3 0.2 0.1 0.1 0.0
70913 4.7 0.1 1.9 1.4 0.5 0.3 0.2 0.0
50909 3.2 0.0 1.0 1.6 0.3 0.2 0.1 0.0
30902 4.5 0.2 2.2 1.3 0.4 0.3 0.2 0.0
70919 4.0 0.0 1.2 1.2 0.8 0.4 0.3 0.0
30906 5.0 0.2 2.5 1.5 0.4 0.3 0.1 0.0
30907 4.1 0.2 2.5 1.2 0.2 0.1 0.1 0.0
30909 5.0 0.1 3.5 1.0 0.1 0.0 0.0 0.0
30910 4.4 0.1 2.2 1.3 0.4 0.2 0.1 0.0
50904 3.6 0.0 1.4 1.4 0.3 0.2 0.1 0.0
10960 2.7 0.0 1.9 0.5 0.2 0.0 0.0 0.0
30904 4.6 0.1 2.8 1.4 0.1 0.0 0.0 0.0
10957 3.1 0.1 1.6 0.9 0.3 0.1 0.0 0.0
30964 4.9 0.1 2.0 2.0 0.4 0.2 0.2 0.0
30908 3.5 0.1 2.1 0.7 0.1 0.1 0.1 0.0
10951 3.8 0.0 2.3 1.1 0.4 0.1 0.0 0.0
50902 3.0 0.0 1.2 1.5 0.3 0.1 0.1 0.0
70914 2.5 0.0 1.2 0.7 0.2 0.1 0.1 0.0
10958 2.6 0.1 1.5 0.8 0.2 0.0 0.0 0.0
50901 3.7 0.1 1.9 1.5 0.2 0.1 0.1 0.0
30911 4.5 0.3 2.7 1.3 0.1 0.0 0.0 0.0
10955 3.0 0.1 1.8 0.9 0.2 0.0 0.0 0.0
30914 3.3 0.1 2.6 0.7 0.0 0.0 0.0 0.0
50903 4.2 0.0 2.1 1.7 0.2 0.1 0.0 0.0
30912 3.0 0.1 2.1 0.6 0.1 0.1 0.1 0.0
70915 3.2 0.2 1.9 0.6 0.2 0.1 0.1 0.0

Abbreviations: DMSO, dimethyl sulfoxide; PAC, polycyclic aromatic compound.
a As determined by PAC-2 method.20-22

b ‘‘ARC 1%’’ is the weight percent (wt%) of PACs that have 1 aromatic ring within the total sample. ‘‘ARC 2%’’ is the percent of PACs with 2 aromatic rings, and so
forth to 7 aromatic rings.
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Figure 1. (a) Summary information on predicted dose for 10% change (PDR10) predictions for indicators of systemic effects (reduced thymus
weights, reduced platelet counts, reduced hemoglobin concentrations, and increased liver-to-body weight ratios) for 46 crude oils as compared
to the bench mark dose for a 10% change (BMD10) values for those same end points for 2 crude oils (crude oil 1* and crude oil 2♦). (b) Summary
information on predicted dose for a 10% change (PDR10) predictions for indicators of developmental effects (reduced fetal body weight, reduced
fetal survival, increased resorptions) for 46 crude oils as compared to the bench mark dose for a 10% change (BMD10) values for those same end
points for 2 crude oils (crude oil 1* and crude oil 2 ♦).
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Table 3. Doses (mg/kg/d) of Crude Oil Predicted to Cause 10% Reductions in Thymus Weights, Platelet Count, and Hemoglobin Content and
10% Increases in Relative Liver Weights.a,b

Sample
number

Thymus weight
(male)

Thymus weight
(female)

Platelet count
(male)

Platelet count
(female)

[Hb]
(male)

[Hb]
(female)

Liver/body
weight (male)

Liver/body weight
(female)

70920 99 87 288 292 2000 2000 141 139
50905 661 583 1290 312 2000 2000 409 409
10953 302 267 144 146 2000 2000 685 677
70918 263 232 256 260 2000 2000 335 332
30903 529 466 349 355 1879 1875 354 350
30913 1339 1181 228 232 2000 2000 707 699
70912 306 270 375 382 1146 1144 278 275
70917 179 158 122 125 867 865 256 254
30905 1080 953 194 197 2000 2000 1132 1120
70916 235 207 169 172 1351 1348 349 346
70910 457 403 489 498 2000 2000 356 352
50910 248 219 367 373 1330 1327 259 257
10956 2000 2000 560 570 2000 2000 2000 2000
50907 398 351 585 595 2000 2000 2000 2000
70911 380 335 236 240 2000 2000 2000 2000
50908 1000 882 250 255 2000 2000 1196 1184
10959 579 511 195 198 2000 2000 1398 1383
30965 524 462 144 146 2000 2000 814 806
10952 1005 886 130 133 2000 2000 2000 2000
10954 503 444 175 178 2000 2000 1034 1023
50906 1356 1196 268 273 2000 2000 761 753
70913 313 276 155 158 2000 2000 437 433
50909 661 583 1290 1312 2000 2000 409 406
30902 345 304 138 140 2000 2000 517 511
70919 217 191 165 168 1920 1916 333 329
30906 275 242 122 124 2000 2000 492 487
30907 734 647 128 130 2000 2000 1360 1345
30909 865 763 80 81 2000 2000 NPb NPb

30910 359 317 130 132 2000 2000 654 647
50904 553 488 314 319 2000 2000 503 497
10960 869 766 125 127 2000 2000 NPb NPb

30904 1359 1198 122 124 2000 2000 2000 2000
10957 467 409 168 170 2000 2000 1189 1177
30964 603 532 237 241 1798 1794 396 392
30908 1106 975 141 144 2000 2000 2000 2000
10951 373 329 109 111 2000 2000 1252 1239
50902 1087 958 486 494 2000 2000 549 543
70914 1120 988 253 257 2000 2000 1320 1307
10958 970 856 191 195 2000 2000 2000 2000
50901 1152 1016 232 236 2000 2000 705 698
30911 939 828 126 128 2000 2000 2000 2000
10955 930 819 161 164 2000 2000 2000 2000
30914 1611 1421 112 114 2000 2000 NPb NPb

50903 729 643 204 209 2000 2000 646 639
30912 1048 924 135 137 2000 2000 2000 2000
70915 692 611 139 141 2000 2000 2000 2000
Crude oil 1c 468 211 581 1900 895 1900 249 107
Crude oil 2c 502 656 1039 2000 1838 2000 818 783

Abbreviations: BMD, benchmark dose; [Hb], hemoglobin content; NP, not predicted; PAC, polycyclic aromatic compound; PDR10, predicted dose for 10% change.
a As determined by PAC-2 method.20-22

b In those situations in which the test material has a dose–response curve that is relatively flat, the model may either predict a slightly increasing or slightly
decreasing dose response (random variation problem). If the model predicts a dose response that is contrary to what is expected for the end point (say a slope of
0.01 where a negative slope is expected), then no model prediction is presented. Note that the samples which have missing data points are relatively nontoxic
based on high PDR10s for other estimated end points.
cValues given for crude oils are BMD10 values, not predicted values.
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analysis, the most sensitive parameters were increases in rela-

tive liver weights and decreases in thymus weights for which

the BMD10 values ranged from 62 to 236 mg/kg/d. In the

developmental toxicity studies, there was evidence of reduced

fetal weight and increased frequency of resorption with the

lowest BMD10 value of 122 mg/kg/d. When the BMD10 values

from the experimental data from these 2 crude oils are com-

pared to the predicted outcomes, it is apparent that there is

reasonable agreement between the outcomes of studies of the

more toxic of the crude oils and the lowest predicted levels for

all of the outcome parameters except reduction in platelet

counts for all the 46 crude oils that were examined in the

predictive models (Figure 1A and B).

The differences between the predicted and the measured

effects on platelet counts are difficult to rationalize, but since

the predicted outcomes are below the measured outcomes, the

predictive models appear to be conservative, that is, the models

predict that dermal treatment with crude oils will result in

significant reductions in platelet counts at lower doses than

those found experimentally to cause such reductions. Accord-

ingly, the models seem more likely to overestimate than to

underestimate the potential for crude oils to reduce platelet

counts. Aside from platelet counts, it is apparent that the pre-

dicted values are in reasonable agreement with the empirical

evidence and that as the data obtained in the study of the more

toxic of the crude oils are similar to the lowest estimated PDR10

values for the 46 crude oils for which estimates were made, the

published data on crude oil provide a reasonable worst-case

basis for purposes of characterizing the toxicological hazards

of crude oils in general.

In a larger sense, data provided to the EPA under the HPV

program indicate that crude oils are minimally acutely toxic by

Table 4. Doses (mg/kg/d) of Crude Oil Predicted to Cause 10%
Reductions in Fetal Body Weights and Live Fetuses/Litter and a 10%
increase in Percent Resorptions.a

Sample
number

Fetal body
weight

Live
fetuses/litter

Percent
resorptions

70920 690 144 261
50905 2000 749 1815
10953 2000 NPb NPb

70918 2000 2000 NPb

30903 618 104 213
30913 2000 2000 2000
70912 464 91 179
70917 308 67 126
30905 2000 2000 NPb

70916 565 138 252
70910 1536 280 583
50910 702 171 325
10956 2000 2000 NPb

50907 1318 302 574
70911 775 146 285
50908 1545 361 678
10959 2000 NPb NPb

30965 2000 2000 NPb

10952 2000 NPb NPb

10954 2000 NPb NPb

50906 2000 1274 2000
70913 1020 261 476
50909 2000 749 1815
30902 870 208 381
70919 662 160 294
30906 2000 2000 2000
30907 1402 407 712
30909 2000 NPb NPb

30910 2000 2000 2000
50904 2000 2000 NPb

10960 2000 NPb NPb

30904 2000 NPb NPb

10957 2000 NPb NPb

30964 850 167 336
30908 2000 2000 2000
10951 2000 NPb NPb

50902 2000 437 936
70914 2000 1315 2000
10958 2000 2000 2000
50901 1875 408 828
30911 NPb NPb NPb

10955 2000 2000 NPb

30914 2000 NPb NPb

50903 2000 NPb NPb

30912 2000 2000 2000
70915 1193 339 572
Crude oil 1 44 135 186
Crude oil 2 2000 59 1344

Abbreviations: NP, not predicted; PAC, polycyclic aromatic compound; PDR10,
predicted dose for 10% change.
a As determined by PAC-2 Method.20-22

b In those situations in which the test material has a dose–response curve that
is relatively flat, the model may either predict a slightly increasing or slightly
decreasing dose response (random variation problem). If the model predicts a
dose response that is contrary to what is expected for the end point (say a
slope of 0.01 where a negative slope is expected), then no model prediction is
presented. Note that the samples that have missing data points are relatively
nontoxic based on high PDR10s for other estimated end points.

Table 5. Minimum Predicted Dose for 10% Change (PDR10) Values
for Indicators of Systemic Effects (mg/kg/d) Based on the Predicted
Results From 46 Crude Oil Samples.

Systemic end point
Male,

mg/kg/d
Female,
mg/kg/d

Reduced thymus weight (sample # 70920) 99 87
Reduced platelet count (sample # 70917) 80 81
Reduced hematocrit (sample # 70920) 867 865
Increased liver to body weight (sample # 70920) 141 139

Table 6. Minimum Predicted Dose for 10% Change (PDR10) Values for
Indicators of Developmental Toxicity and Maternal Effects (mg/kg/d)
Based on the Predicted Results From 46 Crude Oil Samples.

Developmental end point
PDR10,
mg/kg/d

Reduced fetal body weights (sample # 70917) 308
Reduced number of live-born offspring (sample # 70917) 67
Increased percent resorptions (sample # 70917) 126
Reduced maternal thymus weights (sample # 70920) 36
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oral and dermal routes of administration, do not cause eye or

skin irritation, and do not produce allergic contact dermatitis.18

These data also indicate that crude oils contain PAC and pro-

duce skin cancer when tested in mice. Systemic effects associ-

ated with dermal application of crude oils include reduction in

thymus weights and red blood cell parameters and liver enlar-

gement. Developmental effects include reduced fetal survival

and reduced fetal weights. The doses producing these effects

have been estimated from compositional information, and the

lowest doses are consistent with previous crude oil data.

To meet the expectations of the HPV program, the industry

provided toxicological data that encompassed acute, repeated

dose, mutagenic, and developmental toxicity end points as well

as reproductive toxicity. Previous data along with the information

reviewed earlier covers the majority of these end points; the one

not specifically addressed is reproductive toxicity. For EPA’s

HPV Challenge Program, reproductive toxicity can be addressed

in several different ways, among them by a combination of devel-

opmental toxicity data and evidence from repeated-dose tests

showing that reproductive organs are not affected.27 Examination

of the data from the repeated dose studies of crude oils11,13 indi-

cates that, in fact, there were no significant pathological changes

in reproductive organ tissues, providing evidence that reproduc-

tive organs were not affected by crude oil exposure at levels that

produced other evidence of systemic toxicity.

There are 2 reports of the effects of orally administered crude

oil on reproductive parameters in rats. In the first of these, crude

oil was administered as Tween 80 solutions to male rats at levels

of 200, 400, and 800 mg/kg/d. The animals were treated daily for

7 days, and then sacrificed for gross and pathologic examination.

It was reported that testicular weights were significantly reduced

in the 800 mg/kg/d group and epididymal sperm counts were

significantly reduced in the 400 and 800 mg/kg/d groups. Some

pathological effects in the testes were also reported, but the doses

given in the table did not correspond to those in the text so the

interpretation is somewhat difficult.28 In a second study,

Sprague-Dawley rats were given crude oil by oral administration

at doses of 0.1, 0.2, or 0.4 mL crude oil. The rats were treated

every other day for 4 weeks. The doses used corresponded to

approximately 566, 1132, or 2264 mg/kg.29 The authors reported

significant reductions in epididymal sperm count in all dose

groups, but relative testicular weights were unaffected. A critical

evaluation of these studies is difficult as the methods were not

described in detail; some important outcome data including

information on the health of the treated animals were not pro-

vided, and there were some inconsistencies between the tabu-

lated information and the text. It may also be important that the

epididymal sperm counts in the controls were reported as

approximately 135 � 106/mL in the first study and approxi-

mately 21 � 106 in the second, although it is not clear whether

these data are comparable. Nevertheless, if these data are taken

at face value, they raise the possibility that oral administration of

crude oil at levels greater than 200 mg/kg/d can result in reduc-

tions in epididymal sperm count.

It should be noted that there are data from reproductive toxi-

city studies of a heavy oil with a high aromatic content derived

from a catalytic cracking process and described most commonly

as ‘‘clarified slurry oil.’’30,31 This type of substance contains the

highest levels of PACs of any of the petroleum-derived sub-

stances. In the studies of clarified slurry oil, there were no effects

on fertility following dermal administration of ‘‘clarified slurry

oil’’ at doses of 0.1, 1, 10, 50, or 250 mg/kg/d, the highest level

tested.30 These data suggest that the PAC constituents in high-

boiling petroleum-derived substances are unlikely to affect fer-

tility. In contrast, in developmental toxicity studies of clarified

slurry oil dermal treatment at levels between 1 and 250 mg/kg/d

resulted in both maternal and fetal effects of which the most

profound were significant increases in resorption and signifi-

cantly reduced maternal and fetal body weights.31 Developmen-

tal delays were also observed. These studies provide evidence

that developmental toxicity is much more sensitive to the types

of PACs found in high-boiling petroleum substances than ferti-

lity and reproductive organ effects.

In consideration of the that mentioned earlier, further assess-

ment of the reproductive effects of crude oil would not seem to

be justified, in part because the data already available indicate

that if there are effects on fertility and/or reproductive organs,

these effects are unlikely to occur at exposure levels below

those causing developmental effects. This being the case, it is

not clear what practical value would be provided by further

assessment of reproductive parameters, particularly as there are

already management measures to control exposure to crude oil

due to its potential carcinogenic effects.

To facilitate appropriate classification and labeling of petro-

leum substances, including crude oil, IPIECA (the global oil and

gas industry association for environmental and social issues) has

developed guidance endorsed by the UN Subcommittee of

Experts on globally harmonized system (GHS).32,33 The first ver-

sion of the document, called Guidance on the application of GHS

criteria to petroleum substances, identifies the constituents of

concern for crude oil as hydrogen sulfide, benzene, and PACs.

It guides the user through the GHS criteria to meet national and

international standards for classification and labeling. From there,

appropriate risk management actions can be designed to minimize

human health risks from potential exposure to crude oil.

In conclusion, the lowest predicted effect levels for systemic

and developmental effects of 46 crude oils are similar to those

obtained in toxicological studies. From this it is evident that of the

crude oil samples already tested, crude I is a reasonable worst case

for purposes of assessing the toxicological hazards of crude oils

for these end points. Other available information indicates that the

acute toxic hazards are most likely associated with the potential

for exposure to volatile constituents, particularly hydrogen sul-

fide. The chronic hazard of greatest concern is most likely the

potential for carcinogenic effects. Management practices to limit

exposures to crude oil in order to protect from these hazards

would also seem to afford a sufficient measure of protection from

other toxicological hazards assessed as part of the HPV program.
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