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ABSTRACT
Hydrocarbon solvents are liquid hydrocarbon fractions, often with complex compositions.
Because of the potential for human exposure, primarily to the more volatile solvents,
considerable effort has been directed towards the development of occupational exposure
recommendations. Because of the complex and variable nature of these substances, the
recommended approach is to calculate occupational exposure levels (OELs) using an
adaptation of the mixture formula developed by the ACGIH® in which “group guidance
values” are assigned to similar constituents. This approach is supported by the results of
toxicological studies of hydrocarbon solvents and their constituents which have shown that,
with a few, well characterized exceptions, exposures to these substances do not cause
toxicologically important systemic effects. Accordingly, the effects that seem most
appropriate for use in setting OELs are upper respiratory tract irritation and acute central
nervous system (CNS) depression. In early studies, volunteers were exposed to these
substances over a range of concentrations to identify exposure levels suitable for
occupational settings. In more recent years, for ethical reasons, there has been a shift to the
use of animal data to characterize these effects, particularly the potential for acute CNS
effects, with volunteer studies now being used primarily to confirm that the recommended
exposure levels are below effect levels. Using the data from animal studies, along with
physiologically-based pharmacokinetic (PBPK models), it is possible to predict no effect
levels in humans, and to then compare the predictions to empirical evidence from human
studies. These comparisons provide evidence that the recommended approach to setting
OELs for complex hydrocarbon solvents yields recommendations that are below the no
effect levels for acute effects while also providing protection from longer term effects
associated with the more problematic constituents.
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INTRODUCTION
Hydrocarbon solvents are liquid hydrocarbon fractions derived from crude oil, intended
specifically for solvent use.1 These solvents collectively span a carbon number range of
approximately C5-C20 and may contain normal-, branched (iso-), cyclic (cyclo-) aliphatic
constituents and/or aromatic rings. Although some hydrocarbon solvents are monoconstituent (e.g., n-pentane), many are complex and may contain large numbers of isomers
of some or all of the 4 hydrocarbon types. Because some hydrocarbon solvents are volatile,
it is important to provide occupational exposure recommendations to allow users to control
hazards in specific work environments. Indeed this has been an area of active investigation
for many years. One specific difficulty is that many hydrocarbon solvents have complex and
variable compositions, due in part to the methods of production and the technical
requirements. Additionally, with increasing molecular weight the numbers of isomers
becomes very large, and it is difficult to identify all possible constituents, let alone
characterize their hazards individually. However, with a few, well characterized exceptions,
hydrocarbon solvent constituents have very similar toxicological properties and can be
assessed on a generic basis.
Historically the toxicological properties of hydrocarbon solvents have been characterized via
a representative substance approach, and the results have then been verified with studies of
specific constituents (for further discussion on this subject see McKee et al., 2015). In a
systematic assessment of the toxicological hazards of volatile hydrocarbon solvents and
related materials, Carpenter et al. (1975a-h, 1976a-e, 1977a-c, 1978) tested 16 commercial
products for acute effects in rats and mice, repeated dose effects in rats and beagle dogs,
and also exposed volunteers for short periods of time to assess the potential for irritation
and acute CNS effects. One objective of the Carpenter studies was to provide base data that
could be used to set occupational exposure limits. One outcome of the Carpenter studies
was the observation that hydrocarbon solvents produce minimal systemic effects; more
specifically, the only effects, observed in some studies, were pathological changes in the
kidneys of male rats that were believed at the time to be an exacerbation of chronic
progressive nephrosis but are now understood to be the consequence of an α2u-globulinmediated process that is sex and species dependent and not relevant to humans (USEPA,
1991; Swenberg and Lehman-McKeeman, 1998).2 From this work Carpenter drew three
over-arching conclusions: (1) that the effects of hydrocarbon solvents most relevant to
occupational exposure recommendations were upper respiratory tract irritation and acute
central nervous system (CNS) depression; (2) that the aromatic and cycloparaffinic
constituents were more irritating than the corresponding alkanes; and (3) that these
properties were additive (Carpenter et al., 1977c).
More recent repeated exposure studies have provided additional evidence that most
hydrocarbon solvents and their constituents do not produce toxicologically relevant
1

A hydrocarbon solvent is defined as a chemical compound composed of carbon and hydrogen and
capable of dissolving another substance (Lewis, 1993). In this context hydrocarbon solvents differ
from petroleum-derived fuels which have a common origin and similar processing steps but have
wider boiling ranges and may have higher levels of problematic constituents.
2
Note that Carpenter hypothesized that these effects were an exacerbation of chronic progressive
nephropathy, a spontaneous aging lesion. In subsequent studies it was reported that these effects
are caused by isoparaffinic hydrocarbons and, in the early literature, referred to as “light hydrocarbon
nephropathy”.
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systemic effects. As discussed in detail in reports summarizing information on key studies
(Adenuga et al. 2014a; 2014b; Carrillo et al., 2013; 2014), the common systemic effects
associated with repeated exposure to representative solvents of different types are α2uglobulin-mediated kidney changes in male rats, increased liver weights, and, in a few studies,
small but statistically significant reductions in hematocrit and/or hemoglobin content. The
renal effects are species-specific and not relevant to humans (US EPA, 1991; Swenberg and
Lehman-McKeeman, 1998); the increased liver weights are an adaptive response to
increased metabolic demands (Maranpot et al., 2010); and, although the underlying
mechanism for the hematological changes is unknown, the differences are within normal
physiological limits and not considered toxicologically important (Car et al., 2006). The only
known exceptions to these generalizations are n-hexane, the specific isomers of diethyl- and
triethylbenzene which have ethyl groups are on adjacent carbons, and naphthalene. nHexane produces a peripheral neuropathy through a process involving the formation of a γdiketone metabolite (2,5-hexanedione) (IPCS, 1991). Whereas other structurally similar
substances including n-pentane, other hexane isomers, cyclohexane and heptane are not
metabolized to a γ-diketone at toxicologically relevant levels and do not produce chronic
neurological effects (Egan et al., 1980; Frontali et al., 1981; Ono et al., 1981; Takeuchi et al.,
1980). The diethyl- and triethylbenzenes with the ethyl groups on adjacent carbons also
produce a neurotoxic effect that is similar to the effect of n-hexane through a process for
which the mode of action requires the formation of specific acyl metabolites (Kim et al.,
2001 2002, Sabri et al., 2007). The other diethyl- and triethylbenzene isomers cannot form
this metabolite and are not neurotoxic (Gagnaire et al., 1990, 1991, 1992, 1993).
Naphthalene is highly irritating and has caused respiratory tract tumors in chronic studies in
rodents. It is believed that the effects of naphthalene are related to metabolites formed by
ring oxidation (Morris and Buckpitt, 2009). This distinguishes naphthalene from most of the
other aromatic constituents of hydrocarbon solvents which are primarily metabolized by
side chain addition. It should be noted, however, that ring oxidation is one of the pathways
(although minor, depending on length of alkyl chain) by which alkylnaphthalenes are
metabolized, and like naphthalene, these molecules can also be quite irritating, at least in
rodents.
The problem of setting occupational exposure limits for complex hydrocarbons thus
becomes a question of how to avoid vapor concentrations that are irritating or cause acute
CNS effects while also assuring that the occupational exposure recommendations for specific
constituents are not exceeded. An approach to dealing with the compositional variability
was proposed by McKee et al. (2005), by which occupational exposure levels were calculated
for hydrocarbon solvents through the use of a reciprocal calculation formula3 previously
developed by the ACGIH® for mixtures. In the calculation, “guidance values” were used to
represent ranges of hydrocarbon solvent constituents with similar physical and chemical
properties, and occupational exposure limits were then calculated using the relationship:
Fa/OELa + Fb/OELb + Fc/OELc + … = 1/OEL complex hydrocarbon solvent
In which Fa is the mass fraction of constituent a, OELa is the exposure limit for constituent a,
Fb is the mass fraction of constituent b and OELb is the exposure limit for constituent b, etc.
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This is the Reciprocal Calculation Procedure (RCP) by which an occupational exposure limit can be
calculated for a complex hydrocarbon solvent based on its composition.
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These recommendations were incorporated into Appendix H of the ACGIH® guidance
(ACGIH, 2015) (Table 1).
Table 1. Group Guidance Values (GGVs) and ACGIH TLV® values for specific hydrocarbon
solvent constituents (Table adapted from Appendix H of ACGIH TLV® documentation).

Hydrocarbon Solvent
Constituent Group

Group Guidance Value/Specific
Substance Value

Constituents with ACGIH TLVs®
Pentane, isomers – 2950 mg/m3
Hexane isomers – 1760 mg/m3

C5-C8 Alkanes

1500 mg/m

3

Heptane isomers – 1640 mg/m3
Octane isomers – 1400 mg/m3
Cyclopentane – 1720 mg/m3
Cyclohexane – 350 mg/m3

C9-C15 alkanes

1200 mg/m3

Nonane – 1050 mg/m3
Toluene – 75 mg/m3

C7-C8 aromatics 1

200 mg/m3

Xylene, all isomers – 434 mg/m3
Ethylbenzene – 87 mg/m3

C9-C15 aromatics

100 mg/m3

Trimethylbenzene isomers – 100
mg/m3

Naphthalene

50 mg/m3

50 mg/m3

n-Hexane

175 mg/m3

175 mg/m3

1

Since these values were proposed there have been reductions in the ACGIH TLV® values for toluene and
ethylbenzene. As a result, it has been recommended that this guidance value be withdrawn in favor of the
TLV® values for the specific substances when they are present in solvents at levels high enough to impact
the overall calculation.

One objective of the guidance was to provide reasonable assurance that the occupational
exposure recommendations for specific hydrocarbon solvent constituents would not be
exceeded as long as the calculated occupational exposure limit for the solvent was
respected. Accordingly, the development of guidance values was strongly influenced by
consensus occupational exposure recommendations for hydrocarbon solvent constituents as
they existed at the time the method was developed. In particular the recommendations
were influenced by the ACGIH TLV® values and by the recommendations of the European
Scientific Committee for Occupational Exposure Limits (SCOEL). More recently, detailed
characterizations of the hazards (physical/chemical, toxicological, environmental) of
hydrocarbon solvents were prepared to meet the needs of the Organization for Economic
Cooperation and Development (OECD) High Production Volume (HPV) initiative and to
register hydrocarbon solvents in accordance with the European REACH (Registration,
Evaluation, Authorization and Restriction of Chemicals) Regulation. These recent data
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compilations afford the opportunity to assess whether the underlying assumptions of the
RCP are supported by the underlying toxicological information.
Historically, the potential for irritation and acute CNS effects of hydrocarbon solvents has
been assessed in volunteer studies such as the previously mentioned Carpenter studies.
Early studies encompassed a range of exposure levels to establish no effect levels; however,
human studies are now more commonly used to confirm that occupational
recommendations are appropriate and exposures do not normally exceed occupational
levels. Although irritation can probably be best assessed in humans, acute CNS effects are
now most commonly investigated in animal studies. Because of the presumed relevance of
acute CNS effects to occupational exposure levels for volatile hydrocarbon solvents, a series
of studies was conducted to define a battery of tests by which similar effects could be
assessed in humans and animals (Hissink et al., 2007; 2009; Lammers et al., 2007; 2009;
2011; McKee et al., 2006; 2010; 2011). As the studies have been completed and published, it
is appropriate to review the information to determine whether protection against acute CNS
effects is afforded by the occupational exposure recommendations for this group of
substances.

ACUTE CENTRAL NERVOUS SYSTEM DEPRESSION
Acute CNS depression is a condition of diminished mental function due to reductions in
release of neurotransmitters. With respect to hydrocarbon solvents acute CNS depression is
related to the levels of hydrocarbons in the central nervous system and has, as its most
sensitive indicators, disinhibition and reduced attention. However, at exposure levels that
are sufficiently high, the effects can become more profound, eventually leading to loss of
consciousness or even death. Indeed, some of the more volatile hydrocarbon solvent
constituents were investigated as potential anesthetic agents (e.g., Virtue, 1948). Normally
acute CNS effects are quickly reversed when exposures are terminated, and no long term
consequences are known unless the depression had been so profound as to cause anoxic
hypoxia. Some of the earliest occupational exposure recommendations for hydrocarbon
solvents were intended to avoid the onset of overt acute effects including acute central
nervous system (CNS) depression, which could impact job performance and/or limit the
ability to escape emergency situations, as well as ocular and upper respiratory tract irritation
which could produce intolerable conditions in the workplace.

Experimental Studies to characterize the potential for hydrocarbon solvents to produce acute
CNS effects in humans and experimental animals
To characterize the acute CNS effects of hydrocarbon solvents, an experimental program
was initiated to identify a battery of tests that could be used in rats and humans. Studies
were then conducted using these tests in both rats and volunteers to obtain observational
information for two model substances, white spirit4 and cyclohexane, and to also collect
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“White spirit” is a trade name for a hydrocarbon solvent containing approximately 80% C9-C11
aliphatic constituents and 20% aromatic constituents, primarily isomers of trimethylbenzene and
ethyltoluene. The solvent was invented in 1927 for use in the dry cleaning industry with technical
specifications which, among other things, limited the aromatic content to a maximum of 25%. This
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information that could be used in developing physiologically-based pharmacokinetic models
to relate the human and animal data. Finally, the acute CNS effects of a number of
hydrocarbon solvent constituents and representative solvents were assessed in studies in
rats to develop a method to predict the acute CNS effects of hydrocarbon solvents based on
compositional information. The overall objective was to compare the predicted values to
occupational exposure recommendations and human observations to assure that acute CNS
effects would not occur when the recommendations were observed.
The first of these studies (McKee et al. 2006) used ethanol as a reference substance to
characterize tests of acute CNS effects in rats and humans. Ethanol was administered to
volunteers at levels sufficient to achieve blood levels approximating the legal limits for
motor vehicle operation in the Netherlands (the country in which the testing was
performed). A battery of functional and neurobehavioral tests was administered, and blood
level data was obtained. As expected, some functional impairment was observed after dose
administration, but this resolved over a period of hours as the alcohol was metabolized and
eliminated. The testing in animals was analogous, but the administered doses were
substantially higher. The results were qualitatively similar in that similar domains were
affected in both species, but there were qualitative differences related to species differences
in ethanol metabolism.
Studies of “white spirit” and cyclohexane were then conducted in both rats and volunteers,
using this test battery to obtain observational data as well as information that could be used
in the development of pharmacokinetic models (Lammers et al., 2007; 2009). Volunteers
were exposed for 4 hours to “low” and “high” levels of the selected substances with the
highest levels being 570 mg/m3 for “white spirit” and 860 mg/m3 for cyclohexane,
approximating the occupational exposure limits in the Netherlands. The volunteers were
tested prior to, during, and 90 minutes after the exposure period. Blood samples, taken 10
minutes prior to the end of the exposure period, were considered to reflect steady-state
conditions. The rats were exposed at higher levels, 8 hours/day for 3 consecutive days and
tested for neurobehavioral effects immediately after being removed from the exposure
chambers on each of the treatment days and then 24 hours after the final exposure.
Separate groups of animals were sacrificed at regular intervals to collect blood and tissue to
measure hydrocarbon levels in these compartments. Because white spirit is a complex
solvent, two marker compounds, n-decane and 1,2,4-trimethylbenzene (TMB) were selected
to represent the aliphatic and aromatic fractions. In the white spirit studies, the principal
effect in rats was an increase in time to respond in a performance test in which the rats had
been trained to press a lever in response to a visual cue (Lammers et al., 2007). Statistically
significant differences were found among rats exposed to either 2400 mg/m3 or 4800
mg/m3; the no effect concentration was 600 mg/m3. There were no effects in rats tested 24
hours after exposure, confirming the acute and reversible nature of these findings. Among
the volunteers exposed to 570 mg/m3, the finding most closely linked to exposure was an
approximately 5% increase in time to respond in a simple reaction time test. Although the
difference was statistically significant, the effects were too subtle to be noticed by the

product was originally named Stoddard (or Stoddard’s) solvent after its inventor, but has traditionally
been called “white spirit” in Europe and “mineral spirit” in the United States. The sample used in the
studies by Hissink et al. (2007) and Lammers et al. (2007) contained 25.6% aromatics with the
remainder being C9-C12 aliphatic constituents.
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subjects and most likely within the normal range (Blake, 1971). The cyclohexane studies
(Lammers et al., 2009) followed a similar design. In rats exposed at levels up to 28000
mg/m3, 8 hours/day for 3 consecutive days, there was some limited evidence of tremor and
effects on gait, sensorimotor reactivity and psychomotor speed in the high exposure group,
but all of the differences were small and their relationship to treatment was uncertain. The
no effect concentration was 8000 mg/m3. In the volunteer studies, there were no objective
findings in subjects exposed to 860 mg/m3 for 4 hours, but there was an increase in some
subjective complaints. The possibility that the subjective findings were influenced by odor
must be considered.
The blood and tissue levels were used in PBPK models to compare no effect levels in
humans and rodents. More specifically, Hissink et al. (2007; 2009) estimated the brain
concentrations in humans corresponding to those measured in the rat studies at equivalent
external exposure levels. In the white spirit study, at 600 mg/m3, the no effect level in rats,
the constituent concentrations in the central nervous system were 1175 ng/g n-decane and
430 ng/g TMB. The predicted concentrations in the human central nervous system at
equivalent external exposure levels were 950 ng/g n-decane and 721 ng/g TMB (Hissink et
al., 2007). In the cyclohexane study, the no effect concentration in rats (8000 mg/m 3)
corresponded to a predicted human exposure level of 4200 mg/m3. Thus, assuming the
degree of acute CNS effects in humans and rats to be similar at similar central nervous
system concentrations, the no effect levels for linear and branched alkanes in humans would
be similar to those in rats, whereas for cycloparaffins and aromatics, the human no effect
levels would be approximately half the corresponding no effect levels in rats.
The acute CNS effects of hydrocarbon solvent constituents over the range of C5-C10 were
then characterized in rats. Higher molecular weight constituents (i.e., C10-C20) were not
tested as the vapor pressures are too low to allow the generation of concentrations high
enough to produce effects. Studies by Nilsen et al. (1988), and, later Bowen and Balster
(1998) provided empirical evidence that the highest sustainable concentrations of C10+ nand iso-paraffins do not produce acute CNS effects in rodents.
The C5 constituents (n-, iso-, cyclopentane) did not produce acute CNS effects at 20,000
mg/m3, the highest exposure levels tested (approximately half of the lower explosive limit)
(Lammers et al., 2011; McKee et al., 2010; 2011). The absence of effects at these levels is
consistent with evidence that C5 aliphatic constituents are poorly absorbed and rapidly
eliminated (see McKee et al., 1998 for more information). Indeed, Virtue (1948) reported
that cyclopentane could produce profound CNS depression leading to respiratory arrest and
death in rats but only at levels > 8% (i.e., approximately 80,000 ppm, or 240000 mg/m3).
Acute central CNS effects were not observed in studies of n- and iso-octane at exposure
levels of 14,000 mg/m3, the highest concentrations tested (Lammers et al., 2011; McKee et
al., 2011). A complex C6-C7 cycloparaffinic solvent produced minor reversible effects at
14,000 mg/m3 with a no effect concentration of 4200 mg/m3 (McKee et al., 2011).
n-Decane and a complex C9-C11 isoparaffinic solvent produced minor, reversible CNS effects
at 5000 mg/m3 with 1500 mg/m3 as the no effect level; whereas a C10 cycloparaffinic
solvent did not produce acute CNS effects at 5000 mg/m3, the highest concentration tested
(Lammers et al., 2011; McKee et al. 2011).
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In studies of C9-C11 aromatics (alkylated benzenes and naphthalenes), no effect levels
ranged from approximately 200 mg/m3 to 1250 mg/m3 (McKee et al., 2010).
Other investigators have reported similar results. Christoph et al. (2000) reported that there
was no evidence of acute CNS effects in rats exposed for 6 hours to cyclohexane at levels up
to 2000 ppm (6000 mg/m3) but that small effects were observed in the 7000 ppm (21000
mg/m3) exposure group. Boyes et al. (2000) reported that inhalation exposure of rats to
1,2,4-trimethylpentane (an iso-octane isomer) altered visual evoked potentials and signal
detection behavior after 62 minutes of exposure at 2500 ppm (approximately 12000 mg/m 3)
with 2000 ppm (9500 mg/m3) as the no effect concentration. Korsak and Rydzynski (1996)
reported that in acute exposure studies of each of the 3 trimethylbenzene isomers, acute
effects were observed a levels > 2000 mg/m3. Cushman et al. (1995) reported that exposure
to cumene at levels > 2500 mg/m3 increased motor activity. Douglas et al. (1993) showed
that repeated exposure to a mixed C9 isomer aromatic solvent had no persistent effects on
the central nervous system. Thus, the data from Lammers et al. (2006; 2009; 2011) and
McKee et al. (2010; 2011) are consistent with results from other investigators but most
suited for an overall comparison as they represent the largest data set obtained using a
common protocol.

Hydrocarbon Solvent Constituent Distribution to the Central Nervous System
The evidence of acute CNS effects summarized above paralleled the kinetic data from
Zahlsen et al. (1992; 1993) who showed that the concentrations of n- and iso-alkanes in the
central nervous system increase with increasing carbon number from C6 to C10 (Figures 1ac). This is consistent with the evidence that the lowest no effect levels (1500 mg/m 3) for the
alkanes were achieved with n- and iso-decane. The central nervous system concentrations of
cycloparaffins were higher than those of the corresponding n- and iso-alkanes for
constituents with carbon numbers < C8, but the levels then decreased as the carbon
numbers increased. The finding that the highest concentrations of cycloparaffins were
found for C8 constituents is consistent with the experimental evidence that lower no effect
levels for acute CNS effects were found for the C6 and C7 cycloparaffinic constituents than
the C10 cycloparaffins. As shown by Nilsen et al. (1988), it is not possible to achieve stable
vapor concentrations at concentrations of C10+ n-alkanes to produce acute CNS effects. The
authors attributed this in part to the limited saturated vapor concentrations imposed by the
lower vapor pressures of the higher molecular weight constituents, but it was also noted
that the blood/air and brain/air ratios declined for n-alkanes with carbon numbers > C10,
indicating that these higher molecular weight constituents were not as efficiently distributed
to the brain as is n-nonane. Hau et al. (2001) suggested that blood/brain barrier effects may
inhibit uptake of higher molecular weight alkanes.
Considering the data above, across the range of aliphatic hydrocarbon solvent constituents,
1500 mg/m3, the no effect level for the C10 n- and iso-alkanes, was the lowest value
reported. Based on PBPK modeling, the predicted no effect level for n-alkanes in humans
approximates that experimentally defined in rats (Hissink et al., 2007). Thus, the human no
effect level for acute CNS effects of C5-C10 alkanes should not be lower than the no effect
concentration for n-decane, 1500 mg/m3. Based on the data for cycloparaffinic
hydrocarbons, the lowest no effect level of 4200 mg/m3 for a complex C6-C7 would
approximate the lowest no effect concentration for these constituents. The theoretical
8

analysis from Hissink et al. (2009) predicted that the human no effect levels would be
approximately half the levels measured in rats, making the lowest predicted no effect level
in humans approximately 2100 mg/m3.
The kinetic data for aromatics does not provide an upper concentration limit as the highest
measured value was recorded for a C10 aromatic which was also the highest molecular
weight species tested. However, as the low vapor pressures for these constituents limit the
potential exposures to higher molecular weight constituents, it would be reasonable to
assume that the lowest no effect level would approximate the lowest value obtained from
the rodent rodents (200 mg/m3, McKee et al., 2010). The theoretical analysis predicted that
no effect levels in humans would be approximately half the levels in rats (Hissink et al.,
2006), making the overall lowest no effect level in humans approximately 100 mg/m 3.

HUMAN EVIDENCE
Historically occupational exposure recommendations were based on observations of
workers and tested in studies in which volunteers were exposed for short periods of time to
levels high enough to establish no effect levels for upper respiratory tract irritation and/or
acute CNS depression. Among the earliest of the volunteer studies was a report by Patty
and Yant (1929) on the CNS effects of volatile aliphatic hydrocarbons. Nelson et al. (1943)
conducted human investigations of the effects of Stoddard solvent along with other
industrial solvents. Nau et al. (1966) used volunteer testing as the basis for their
occupational exposure recommendations for alkylbenzene-containing solvents. And
Carpenter and associates (1975a-h, 1976a-e, 1977a-c, 1978) used volunteer studies to either
provide occupational exposure recommendations for commercial hydrocarbon solvents or
to confirm that the advice being provided by the ACGIH® was reasonable. Although many of
the hydrocarbon solvents tested by Carpenter and associates are no longer commercially
available, some are still in use, and the data are relevant to the determination of no effect
and low effect levels. In other cases, the solvents have been replaced, and, although the
data are not directly relevant, they may still be useful for comparative purposes, it may not
be directly relevant to the present situation. One aspect of these studies is that the
volunteers were exposed over a range of concentrations including levels that produced
overt effects as a means of identifying tolerable workplace conditions. However, since the
development of ethical standards for human testing (e.g., World Medical Association, 1989),
volunteer studies have normally been conducted to validate occupational exposure
recommendations derived from animal data, and human exposures are restricted to levels
that are not expected to cause undue discomfort or other adverse effects.

Aliphatic Solvents
The more limited human data for complex aliphatic solvents is related to time at which these
substances were introduced into commerce. More specifically, although some normal
paraffinic solvents have been available at least since the early part of the 20th century, the
first complex hydrocarbon solvent, Stoddard solvent (also known as white spirit or mineral
spirit), a solvent containing approximately 80% aliphatic and 20% aromatic constituents, was
introduced in the 1920s. Less volatile, low aromatic solvents became commercially available
in the US in the 1960s and in Europe in the early 1980s, and, since their introduction, these
9

solvents have replaced comparable products with higher aromatic levels in many
commercial applications. In recent years, most of the human studies have been of either
aromatic solvents (as described in the previous section) or higher molecular weight aliphatic
solvents, in particular comparisons of the complex aliphatic/aromatic solvents to the
comparable low aromatic grades.
In one of the earliest volunteer studies with normal paraffinic hydrocarbons, Patty and Yant
(1929) exposed volunteers in groups of 3 to 6 to vapors of aliphatic hydrocarbons with 4 to 7
carbons. They reported that exposure to n-pentane at levels up to 0.5% (approximately
15000 mg/m3) did not produce CNS effects: that exposure to hexane at 0.2% (approximately
7000 mg/m3) did not produce CNS effects but that there was some evidence of acute CNS
effects at 0.5% (approximately 17,500 mg/m3); and that among humans exposed to nheptane there was slight evidence of acute CNS effects at levels as low as 0.1%
(approximately 4000 mg/m3), the lowest concentration tested.
Complex aliphatic solvents with low aromatic content were not widely available
commercially when the Carpenter studies were being conducted, so the majority of the
studies of low aromatic solvents have primarily been confirmatory rather than investigative
studies, primarily comparisons of low aromatic hydrocarbon solvents to “aliphatic/aromatic”
solvents such as “white spirit” in which aromatics may comprise as much as 25% of the total
volume of the solvents. In an early publication, Pedersen and Cohr (1984) compared the
responses of 12 volunteers to exposure for 6 hours at approximately 600 mg/m 3 to a C10C12 isoparaffinic solvent (in which the levels of aromatics are very low; <2%), a complex C9C11 solvent which has been processed (de-aromatized) to reduce the concentration of
aromatics to low levels (<2%), and regular “white spirit” containing 18% aromatics. This
study was followed by a second in which the volunteers were exposed to the de-aromatized
solvent for 6 hours at levels of approximately 300, 600, or 1200 mg/m 3. Pedersen and Cohr
(1984) reported that none of the volunteers experienced any signs or symptoms of either
upper respiratory tract irritation or acute CNS depression in either of these studies, making
1200 mg/m3 the no effect concentration for complex aliphatic solvents with low aromatic
content. Ernstgard and colleagues compared the irritant and acute CNS effects of regular
“white spirit” and a complex de-aromatized hydrocarbon solvent. In initial studies Ernstgard
et al. (2009a) exposed volunteers in 10 minute intervals to vapor levels increasing from 0.5
to 600 mg/m3. The authors reported that the median ratings for both irritation and acute
CNS effects were “hardly at all” for the de-aromatized solvent, and none of the differences
was statistically significant. As discussed in more detail below, the ratings were a bit higher
for the regular “white spirit” with small but statistically significant differences recorded in
the 500 and 600 mg/m3 groups. In a subsequent study, volunteers were exposed for 4 hours
to regular “white spirit” and the corresponding de-aromatized solvent at 100 and 300
mg/m3. There was a statistically significant increase in eye irritation in the volunteers
exposed to regular “white spirit” at 300 mg/m3, but there were no effects in the study of the
de-aromatized solvent. According to the subjective VAS ratings employed in the study,
reports of eye discomfort ranged from “not at all” to slightly higher than “hardly at all”.
Furthermore, the authors concluded that their data supports the “low potency of white
spirits to cause reports of eye irritation at moderate concentrations”. It should be noted that
the study included detailed pulmonary function tests and acoustic rhinometry parameters
for both substances and at both exposure concentrations. The authors reported no
exposure-related effects. In an additional study that included a more detailed assessment of
nervous system effects, Juran et al. (2014) reported that neither white spirit nor the
10

equivalent de-aromatized solvent produced statistically significant effects at exposure levels
up to 300 mg/m3. In a study of n-decane, Kjaergaard et al. (1989) exposed 63 human
subjects at levels up to 100 µl/L (which the authors reported was equivalent to 582 mg/m3).
Although the subjects were able to distinguish odor and knew when they were being
exposed to test material, there was little indication of irritation or acute CNS effects. The
only parameters that were considered to be dose-related were olfactory index, odor
intensity, and mucous membrane irritation; however, the statistical association of mucous
membrane irritation with exposure was weak and the results were considered inconclusive.
In short, these studies provide evidence that the de-aromatized hydrocarbon solvents and
their constituents are less irritating than the corresponding aromatic-containing substances.
There is no evidence that the low aromatic and/or de-aromatized solvents produce ocular or
upper respiratory tract irritation or acute CNS effects at levels up to approximately 1200
mg/m3.

Aromatic Solvents
The occupational exposure recommendations for the alkylbenzenes and the solvents
containing them were derived initially from occupational experience and volunteer testing.
Battig et al. (1956) summarized observations of 27 painters who had used a commercial
solvent containing 80% trimethylbenzene isomers at levels ranging from approximately 10 –
60 ppm (50-300 mg/m3). Reported symptoms included headaches, feelings of tiredness
during and after the shift, bronchitis with expectoration and coughing, bleeding of nose and
gums with hematomas and reduced coagulation times, and a reduction in the number of
erythrocytes. Animal studies confirmed the upper respiratory irritation and hematological
effects (Battig et al., 1958), but hematological effects were not observed in subsequent
studies with similar solvents (Nau et al., 1996; Clark et al., 1989), leading one author to
suggest that the solvent used in the 1950s may have contained low levels of benzene as a
contaminant (Gerarde, 1960). For comparative purposes, solvents of this type now contain
< 10 ppm benzene (McKee et al. 2015). Based on their initial observations, Battig et al.
(1958) recommended 35 ppm (175 mg/m3) as an 8 hour time weighted average occupational
exposure limit. Based on data from volunteer studies, Nau et al. (1966) recommended 50
ppm (250 mg/m3). After consideration of these data, the ACGIH® adopted a value of 25 ppm
(125 mg/m3) as an 8 hour time-weighted average (TLV®). In tests of a similar solvent
Carpenter et al. (1977a) reported that irritation of the throat was observed at 190 mg/m 3
but that no effects were observed at 100 mg/m3, providing empirical support for the ACGIH
TLV® of 25 ppm (125 mg/m3). In 1994 the Scientific Committee for Occupational Exposure
Limits (SCOEL) recommended an occupational exposure limit of 20 ppm (100 mg/m 3) based
primarily on results of repeated inhalation studies in rats. This recommendation was then
confirmed through human testing by three independent research organizations; all of whom
reported that in periods ranging from 2 to 8 hours, and over an exposure range of 5 mg/m3
to 150 mg/m3, there were no signs of irritation, CNS depression or any other clinical
evidence of effects from exposure at these levels (Jarnberg et al., 1996; 1997; Kostrzewski et
al., 1997; Jones et al., 2006). In summary, independent expert groups using quite different
methods, developed similar occupational exposure levels for alkylated benzenes, and three
independent groups then used volunteer studies to demonstrate that exposure at the
recommended levels was not associated with adverse effects.
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In studies of two ring aromatics, Robbins (1951) reported that there were signs of ocular
irritation in humans exposed to naphthalene at levels greater than 15 ppm (75 mg/m 3). Nau
et al. (1966) reported that for C11-C12 aromatics, the minimum concentration which
produced lacrimation and/or irritation of the eyes, skin, or mucus lining was 19 ppm
(approximately 100 mg/m3). Based in part on these data, the ACGIH® recommended an 8
hour TLV of 10 ppm (50 mg/m3). As SCOEL recommended the same value, 50 mg/m3 was
used as a Substance Specific Value (SSV) in the reciprocal calculation formula to differentiate
naphthalene from other aromatic solvent constituents. In more recent years, evidence that
exposure to naphthalene by inhalation could produce pulmonary alveolar/bronchiolar
adenomas in female mice and nasal tumors in rats (Abdo et al., 1992; 2001; Adkins et al.,
1986; NTP 1992; 2000) has led to reconsideration of the occupational exposure
recommendations. Complicating the process is that the rodent tumors may have been
secondary to a cytotoxic process (e.g., North et al., 2008). As naphthalene is more irritating
to the upper airways of rodents than humans, the potential for species-specificity must be
considered (Buckpitt et al., 2002; Morris and Buckpitt, 2009). The ACGIH® had proposed a
reduction in the TLV® for naphthalene, but reversed itself and continues to recommend 50
mg/m3. SCOEL withdrew its Indicative Occupational Exposure Limit (IOELV) of 50 mg/m 3 but
did not recommend an alternative value. In Germany the AGS reduced the occupational
exposure limit for naphthalene to 0.5 mg/m3, but has tabled that limit pending completion
of an investigation of the irritating effects of naphthalene under occupational conditions. In
short, there appears to be a consensus that protection from the irritant effects of
naphthalene would also protect against other effects, but there is no agreement on the level
of protection required.
The situation as it pertains to methylnaphthalenes is similar, but there is less data. Some
fraction of methylnaphthalenes are, like naphthalene, metabolized by ring oxidation, so
similar metabolites are expected. There is also evidence that methylnaphthalenes are upper
respiratory irritants in rodents; in fact the ACGIH TLV® for methylnaphthalenes (apparently
the only regulatory value for these substances) is 0.5 ppm (approximately 2.5 mg/m3) based
on sensory irritation tests of the two isomers in mice (Korsak et al., 1998). As human studies
provide evidence that the methylnaphthalene isomers may be more irritating to rodents
than to humans (Medeiros et al., 2000), it would seem reasonable to either reduce the
guidance value for 2 ring aromatics to 50 mg/m3, or to conduct a volunteer study with the
methylnaphthalene isomers to provide additional information if a value separate from that
of naphthalene seems warranted.

Complex Aliphatic/Aromatic Solvents
As previously noted, the first complex hydrocarbon solvent, Stoddard solvent (also known as
white spirit or mineral spirit), a solvent containing approximately 80% aliphatic and 20%
aromatic constituents, was introduced in the 1920s. Less volatile, low aromatic solvents
became commercially available in Europe in the early 1980s, and, since their introduction,
have replaced comparable solvents with higher aromatic levels in many commercial
applications. In recent years, most of the human studies have involved either aromatic
solvents or higher molecular weight, low aromatic solvents, in particular comparisons of the
complex aliphatic/aromatic solvents to the comparable low aromatic grades as discussed
above.
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In one of the first volunteer studies of complex aliphatic/aromatic solvents, Nelson et al.
(1943) reported studies to assess the irritating effects of several substances in studies in
which groups of 10 volunteers were exposed for 3 to 5 minutes at increasing concentrations.
They reported that “Stoddard’s Solvent” produced no marked evidence for irritation at
levels up to 400 ppm (approximately 2000 mg/m 3) although they considered that level too
high for an 8 hour occupational exposure limit.
Astrand et al. (1975) reported that in preliminary information of humans exposed to “white
spirit” at varying levels, there was evidence of severe discomfort and acute CNS effects at
5000 mg/m3 with symptoms at a lesser degree at 2500 mg/m3. The number of subjects and
the length of the exposure periods were not specified. In a related study, Gamberale et al.
(1975) exposed groups of 7 subjects to “white spirit” for 30 minutes at levels ranging from
625 to 2500 mg/m3 and found no evidence that either subjective reactions or performance
had been affected. In a second experiment the authors reported that effects on reaction
time and probably impaired short term memory were associated with exposures of 4000
mg/m3. Carpenter et al. (1975c) exposed volunteers in groups of 6 to “Stoddard solvent” at
levels of 140, 850, or 2700 mg/m3 and reported that 140 mg/m3 was a no effect
concentration, that there was slight evidence of throat irritation at 850 mg/m3, and that at
2700 mg/m3, there was evidence of ocular and upper respiratory tract irritation and acute
CNS depression. Carpenter et al. (1975c) concluded that their data supported the ACGIH
TLV® of 200 ppm (1150 mg/m3) that had been published in 1971. However, by the time the
Carpenter paper had been published, the ACGIH® had revised its TLV® downwards to 100
ppm (550 mg/m3). Since that time, at least 8 additional studies have been conducted to
assess whether there is any evidence of irritation and/or acute CNS effects at exposure
levels approximating recommended occupational exposure levels. Some of these studies
also assessed the potential for corresponding low aromatic solvents to produce effects. The
majority of these studies reported that there were no, or at the most minimal, effects at
recommended levels. More specifically, Cohr et al. (1980) compared responses of naïve
(students) and previously-exposed (painters) subjects to “white spirit” vapor for 7 hours at
concentrations ranging from 34 to 400 ppm (approximately 170 to 2000 mg/m 3). The
number of subjects was not specified. The students reported upper respiratory tract
irritation at levels > 1000 mg/m3 and evidence of acute CNS effects at levels > 2000 mg/m3.
The painters reported upper respiratory tract irritation and acute CNS effects at levels of 500
mg/m3. Most of these effects resolved quickly at the end of the exposure period. In
neurobehavioral tests, the students were reported to have demonstrated statistically
significant decrements in all of the performance tests at levels > 500 mg/m3 but apparently
showed no effects in tests of memory function at levels up to 2000 mg/m 3. The painters on
the other hand, had no decrements in performance tests at exposure levels up to 500
mg/m3 (the highest level tested in this group), but did exhibit effects on memory at levels of
either 250 or 500 mg/m3. The authors were unable to determine whether the effects on
memory in the painters were due to solvent exposure or age related effects. Hastings et al.
(1982) exposed 25 subjects to “Stoddard solvent” for 30 minutes at 600 mg/m 3 and
concluded that, at that level, there was no evidence for significant irritation or acute CNS
depression. Pedersen and Cohr (1984) exposed 12 subjects to “white spirit” for 6 hours at
approximately 600 mg/m3 and found no evidence of either upper respiratory tract irritation
or acute CNS effects. Jarnberg et al. (1997) exposed 7 volunteers to “white spirit” for 2
hours at 300 mg/m3 and reported no indication of irritation or acute central nervous system
depression. Lammers et al. (2007) exposed 12 volunteers for 4 hours to “white spirit” at
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approximately 500 mg/m3, and reported that there was no objective evidence of irritation
but that there were small but statistically significant decrements in two measures of
neurobehavioral performance. Ernstgard et al. (2009a) exposed 8 volunteers to white spirit
at increasing levels between 0.5 and 600 mg/m3. They reported that reports of irritation and
evidence of CNS effects increased with increasing exposure levels, with the differences
becoming statistically significant at 500 mg/m3. Ernstgard et al. (2009b) exposed 12
volunteers for 4 hours to “white spirit” at levels of 300 mg/m3 and reported that there was a
significant elevation in eye irritation although the overall degree was in the range between
“hardly at all” and “somewhat”. Juran et al. (2014) exposed 12 volunteers to “white spirit”
for 4 hours at levels of 100 and 300 mg/m3 and reported that there was no evidence of CNS
effects at these levels. Taking these data as a whole, it appears that for the
aliphatic/aromatic hydrocarbon solvents upper respiratory tract irritation is a more sensitive
indicator of effects than acute CNS effects, and that, overall, 300 mg/m3 is a no effect level
in humans for all effects, with subtle effects being reported over the range of approximately
400-600 mg/m3. It should be noted that the aromatic constituents are the primary
contributors to the irritant and acute CNS effects, and, as the levels of aromatics in
commercial solvents can vary over a range up to a maximum of 25%, small differences in no
effect concentrations could be due to the compositional variability.

COMPARISONS OF PREDICTED NO EFFECT LEVELS TO HUMAN OBSERVATIONS
In 2005, McKee et al. proposed a method to calculate occupational exposure limits for
complex hydrocarbon solvents based on the reciprocal calculation formula from the ACGIH®
(Appendix H). As a basis for the calculation, constituents were separated into four groups
and assigned guidance values; specifically C5-C8 aliphatics, 1500 mg/m3; C9-C15 aliphatics,
1200 mg/m3; C7-C8 aromatics, 200 mg/m3; and C9-C15 aromatics, 100 mg/m3 (n-hexane and
naphthalene were assigned separate values but are not directly relevant to these examples).
With respect to acute central nervous system effects, as discussed above, among the C5-C8
aliphatic constituents, the lowest no effect levels were approximately 14000 mg/m 3 for
alkanes, and 4200 for cycloparaffins. Among the C9-C15 aliphatics, the lowest no effect
levels were 1200 mg/m3 for alkanes and > 5000 mg/m3 for cycloparaffins. For the C9-C13
aromatics, the lowest no effect level was 200 mg/m3. The PBPK models predicted that at
equivalent external exposure levels, alkane levels in the central nervous system would be
similar to humans and rats, whereas levels of cycloparaffins in humans would be
approximately twice the levels in rats. Assuming the degree of acute CNS effects in humans
and rats to be similar at equivalent concentrations of hydrocarbons in the central nervous
system, and using the no effect levels from the studies in rats with the correction factors
from the PBPK models, theoretical human no effect levels can be calculated for solvents of
differing composition. These predictions can then be compared to the results of volunteer
studies of hydrocarbon solvents of known composition. Although many of the solvents
tested by Carpenter and associates are no longer representative of products in commerce,
the human evidence is well suited to this purpose. Accordingly, 3 examples were chosen,
rubber solvent, Varnish Makers’ and Painters (VM&P) naphtha, and Stoddard solvent.
Rubber Solvent – As described by Carpenter et al. (1975d) “rubber solvent” was an aliphatic
solvent containing 42% C6-C7 alkanes, 54% C6-C7 cycloparaffins, and 3% C7 aromatics (i.e.,
toluene). Using a reciprocal procedure and assuming additivity of effects (and using the
ACGIH TLV® of 75 mg/m3 for toluene) the predicted no effect level in humans is:
14

(0.42/14000) + (0.54/2100) + (0.03/75) = 1/predicted no effect level = 1449 mg/m3.
In tests of volunteers exposed to “rubber solvent” at levels of 1700, 3100, 6700 and 8100,
the concentration considered most appropriate as an occupational standard was 1700
mg/m3.
A theoretical occupational exposure level for this solvent calculated in accordance with the
reciprocal calculation procedure is:
(0.97/1500) + (0.03/75) = 1/occupational exposure limit = 952 mg/m 3.

VM&P naphtha – Carpenter et al. (1975b) described this solvent as containing 26% C6-C8
alkanes, 29% C9-C11 alkanes, 21% C5-C8 cycloparaffins, 9% C9-C11 cycloparaffins, and 12%
C7-C10 aromatics. Using the same assumptions (but with a common GGV of 100 mg/m3 for
all aromatics) given above, the predicted human no effect concentration is:
0.26/14000 + 0.29/1200 + 0.21/2100 + 0.09/2500 + 0.12/100 = 1/predicted human no effect
level = 627 mg/m3.
The no effect level derived from human testing is 1400 mg/m3.
The occupational exposure limit, calculated using the reciprocal formula is:
0.26/1500 + 0.29/1200 + 0.21/1500 + 0.09/1200 + 0.12/100 = 1/occupational exposure limit
= 571 mg/m3.
Using the Guidance Values from TRGS 900, the calculated occupational exposure level is:
0.26/1500 + 0.29/600 + 0.21/1500 + 0.09/600 + 0.12/100 = 476 mg/m3.

Stoddard Solvent – According to Carpenter et al. (1975c) the test sample of Stoddard solvent
contained 48% C9-C12 alkanes, 7% C7-C8 cycloaraffins, 31% C9-C12 cycloparaffins, and 14%
C9 aromatics. The predicted no effect level in humans is:
0.48/1200 + 0.07/2100 + 0.31/2500 + 0.14/100 = 1/human no effect level = 512 mg/m3.
As summarized above, the lowest reported no effect level for acute effects was 270 mg/m3
with 850 mg/m3 as a low effect level with the evidence from all studies suggesting a most
likely no effect level in the range of 400 – 500 mg/m3.
The calculated occupational exposure limit is:
0.79/1200 + 0.07/1500 + 0.14/100 = 1/calculated occupational exposure limit = 476 m g/m3.
Using the guidance values from TRGS 900, the calculation is:
0.79/600 + 0.07/1500 + 0.14/100 = 364 mg/m3.
As shown in these three examples, the human no effect level was reasonably predicted from
information derived from animal data and adjusted using PBPK modeling. The predicted and
empirically derived no effect levels in humans were similar, and higher than the
occupational exposure levels calculated using the reciprocal procedure following the
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method proposed by McKee et al (2005) and described in Appendix H of the ACGIH TLV®
manual.

SUMMARY AND CONCLUSIONS
Toxicological studies of hydrocarbon solvents have shown that in most cases repeated
exposures produce minimal systemic effects (e.g., McKee et al., 2015). The findings most
commonly reported are liver enlargement without pathological changes or elevated levels of
marker enzymes. When the animals are held without treatment during a post-exposure
period, the liver weights return to values consistent with the untreated control animals.
These results provide evidence that the liver weight increases reflect a compensatory
process related to increased metabolic demands, and are, therefore, adaptive rather than
adverse (Maranpot et al., 2010). In studies in which rats are exposed to isoparaffinic and/or
cycloparaffinic hydrocarbons, α2u-globulin-mediated nephropathy is often observed. This
process is male rat specific and not relevant to humans (US EPA, 1991; Swenberg and
Lehman-McKeeman, 1998). Finally, in some studies, there are small but statistically
significant reductions in hemoglobin content/and or hematocrit levels. The underlying
mechanism is unknown, but as the differences are within normal physiological ranges, the
changes are not considered to be toxicologically important (Car et al., 2006). With this as
background, the effects that are most useful in setting occupational exposure levels for
hydrocarbon solvents are upper respiratory tract irritation and acute CNS depression, and,
indeed, these effects are commonly cited as the basis for ACGIH TLV® recommendations.
There are some constituents, n-hexane and diethyl- and triethylbenzene isomers with ethyl
groups on adjacent carbons, that can produce chronic neurotoxic effects, but these effects
require the production of constituent-specific metabolites. Other hydrocarbon solvent
constituents, including those with very similar structures, do not produce the neurotoxic
metabolites at toxicologically relevant levels.
As discussed above, upper respiratory tract irritation is often assessed in human volunteer
studies. Irritation can be assessed fairly rapidly since, as discussed by Ernstgard et al.
(2009a), chemosensory irritation will often appear within 10 minutes. Acute CNS depression
may require a longer exposure period to be fully expressed as the effects are related to
hydrocarbon concentrations in the central nervous system which, although increasing
rapidly from the onset of exposure, may not reach steady state for several hours. In the
early days volunteers were often exposed for short periods of time over a range of
concentrations to identify no effect levels, a strategy which was probably an efficient means
to assess irritation but might have underestimated the potential for acute CNS effects as the
exposure periods were not long enough to achieve steady state levels of hydrocarbons in the
central nervous system. In recent years, volunteers have been exposed for longer periods of
time, but usually not at levels exceeding occupational exposure recommendations. Thus,
the older data is more suited to setting occupational exposure limits whereas more recent
studies have been used to confirm recommendations derived in other ways, usually from
animal data.
Because of the ethical limitations of human testing, animal studies are conducted to the
extent possible. The animals can be exposed to relatively high levels under controlled
conditions, but there is always the issue as to how to relate the results to humans exposed
at lower levels. As summarized, the acute CNS properties of a range of hydrocarbon
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constituents was assessed in rats, and PBPK models were then used to compare the human
and animal data, assuming the degree of acute CNS effects is similar in the two species at
equivalent brain concentrations (Hissink et al., 2007; 2009). These data were then used to
predict human no effect levels which could then be compared to the results of volunteer
studies of solvents of known composition as well as to the occupational exposure limits for
the same solvents calculated in accordance with the reciprocal calculation procedure
proposed by McKee et al. (2005). As demonstrated, the calculations predicted human no
effect levels similar or below those obtained experimentally, and the calculated occupational
exposure levels were even lower.
In summary, this analysis shows that the occupational exposure limits calculated following
the recommendations of McKee et al. (2005) protect against the most sensitive of the
human effects. In this respect the proposal which had previously been based on consensus
occupational exposure limits is shown to be consistent with the most current scientific
information, and to also have been validated by comparison to human experience.
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Figure 1: Correlation of brain/blood ratios and No-Effect-Levels for C6-C10 (a) n-paraffins (b)
iso-paraffins and (c) cyclo-paraffins in rats. Solid lines – brain/blood ratios, dashed lines –
NOECs. Brain and blood levels of hydrocarbons (µmol/kg) were obtained from rats exposed
to 100 ppm of each n-paraffin on day 1 for 8 hrs (Zahlsen et al., 1992, 1993). NOECs were
obtained from Lammers et al., 2009, 2011 and McKee et al., 2011. Note that each curve
represents a polynomial regression fit to the actual data. R2 correlation of coefficient values
are indicated for each curve-fit.
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