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Partition coefficients between human blood or  adipose tissue and air 
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Pierce CH,  Dills RL, Silvey GW, Kalman DA. Partition coefficients between human blood or adipose tissue and air 
for aromatic solvents. Scand J Work Environ Health 1996 ;22 :1124 .  

Objectives The partitioning of lipophilic toxicants into blood and into adipose tissue plays an important role in 
the physiological distribution and toxicology of these substances. The partition coefficients between blood and 
air and adipose tissue and air were determined for widely used aromatic solvents in an in vitro test system using 
human tissue samples. 
Methods Samples of whole venous blood (N=35) were drawn from 10 subjects. In addition, samples of 
perirenal and epididymal adipose tissue were obtained from F344 rats, along with subcutaneous, omental, or 
inguinal adipose tissue from 43 patients who had undergone surgery. Portions of each tissue were injected into 
vials for equilibration with atinospheres containing deuterated and nondeuterated organic solvents. Gas chroma- 
tographic headspace analysis was then used to determine the partition coefficieilts between blood and air and 
adipose tissue and air. 
Results The mean partition coefficients between human blood and air or adipose tissue and air were 334 
(SE 11)  (adipose tissue) for benzene; 1764 (SE 49) (adipose tissue) for ethylbenzene; 31 84 (SE 84) (adipose 
tissue) for styrene; 18.3 (SE 0.24) (blood) and 962 (SE 32) (adipose tissue) for toluene; 35.2 (SE 0.45) (blood) 
and 2460 (SE 63) (adipose tissue) for o-xylene; 31.9 (SE 0.45) (blood) and 1919 (SE 53) (adipose tissue) for 
111-xylene; and 39.0 (SE 0.70) (blood) and 2019 (SE 102) forp-xylene. Regressioil ailalyses revealed coefficients 
of determinatioii of 0.88 (human) and 0.98 (rat) between blood and air and log tissue and air. A value of 0.98 was 
found for partition coefficients between rat and human adipose tissue. 
C O ~ C ~ U S ~ O ~ S  The partition coefficients between blood and air and adipose tissue and air were strongly 
correlated. The partitioning of aromatic solvents into rat adipose tissue is predictive of partitioning into human 
adipose tissue. 

Key terms benzene, distribution, ethylbenzene, fat, physiologically based pharmacokinetics, styrene, toluene, 
toxicokinetics, xylene. 

The distribution of lipophilic toxicants into adipose tis- 
sue plays a pivotal role in the kinetics of these substances 
( I ) .  During the onset of systemic exposure, toxicants 
accumulate in all tissues that have partition coefficients 
between tissue and blood that are greater than one. After 
exposure ceases, toxicants are slowly released from these 
tissues into blood. The accumulation of lipophilic toxi- 
cants in adipose tissue thus results in prolonged internal 
exposure after external exposure ceases. Adipose tissue, 
blood, and all blood-perfused tissue concentrations of a 
lipophilic toxicant are therefore affected by the partition 
coefficient between adipose tissue and blood (2, 3). The 
partition coefficient between tissue and blood is com- 
inonly determined by dividing the tissue-air coefficient 
by the blood-air coefficient (4). 

The toxicologic importance of solvent partitioning 
has been demonstrated in measurements of solvents in 
subcutaneous adipose tissue after controlled exposure 
(5) and after occupational exposure (6); these measure- 
ments have been valuable in estimating the slow rates of 
solvent loss from this tissue. The long-term presence of 
lipophilic toxicants in the adipose tissue of nonoccupa- 
tionally exposed persons has been demonstrated in the 
United States by the National Human Adipose Tissue 
Survey (7), in which the five toxicants most frequently 
detected in 14 000 specimens analyzed over the period 
1970-1992 included benzene (96%), styrene (loo%), 
toluene (91%), and xylenes (100%). 

Partition coefficients are useful predictors of phar- 
macological and toxicologic effects. Partition coefficients 
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between adipose tissue and air, oil and air, and blood and 
air have been found to correlate with the narcotic poten- 
cy of numerous chemicals, including chloroform, ether, 
and chlorinated aliphatic hydrocarbons (8, 9). General 
anesthetic agents with higher partition coefficients be- 
tween blood and air are associated with a more rapid 
onset of narcosis and slower elimination through exhala- 
tion, while higher partition coefficients between adipose 
tissue and air produce narcosis at lower tissue concentra- 
tions (10). Geyer et al (1 1) found that partitioning of the 
lipophilic toxicants tetrachlorodibenzo-p-dioxin (TCDD) 
and dieldrin into adipose tissue is inversely correlated 
with toxicity in animal species; they suggested (3) that 
this relationship exists for many toxicants and species. 

The partition coefficients between blood and air and 
adipose tissue and air are integral components of physio- 
logical models (12) that simulate blood and tissue levels 
of toxicants in test species and humans (13-15). Sensi- 
tivity analyses of such models (16), including those done 
in our own laboratory, have identified partitioning coef- 
ficients between both blood and air and adipose tissue 
and air as important deterlninants of toxicokinetics. A 
simulation study by Sato et a1 (17) found that the parti- 
tioning of organic solvents into adipose tissue had pro- 
nounced effects on the profiles of the blood and urinary 
concentration curves. 

Human toxicokinetic analyses (4, 18) have relied on 
the determination of the partition coefficient between 
tissue and air using animal tissues (12, 19). The aim of 
our work was to determine the values of the partition 
coefficient between blood and air for toluene and the 
xylenes in human blood and to perform a comprehensive 
study of the tissue-air coefficients for benzene, ethylben- 
zene, styrene, toluene, and o-, nz-, andp-xylene in human 
adipose tissues. Perdeuterated solvents were included in 
this analysis to provide information supporting their use 
in our laboratory as tracers of solvent kinetics following 
controlled human exposures. 

Materials and methods 

Atmosphere generation and vial equilibration 
For determinations of the blood-air coefficients, the 
solvent atmosphere was produced by a commercial dy- 
namic vapor generator (model 450 dynacalibrator, VICI 
Metronics, Santa Clara, California, United States). Be- 
cause of the greater partitioning of solvent vapor into fat 
compared with blood, the initial solvent vapor concen- 
trations for the tissue-air determinations had to be greater 
so as to rernain above the quantitation liinit after equili- 
bration. As such, static test atmospheres were prepared 
for the tissue-air determinations by adding liquid sol- 
vents to an empty aluminum scuba tank (11.7 1). The 

tank was then pressurized to 700 psi (4.8 MPa) with 
nitrogen and then warmed to 50°C in a water bath. The 
temperature of the tank at the regulator was kept con- 
stant, and external surfaces were insulated. For dctermi- 
nations of both partition coefficients, the solvent-con- 
taining atmosphere from the dynacalibrator or tank was 
discharged at approximately 10 l . min-I through insu- 
lated tubing to a 5.1-1 glove box. For the blood-air deter- 
minations, each atmosphere contained three solvents at 
concentrations of approximately 100 ppm; the tissue-air 
determinations used concentrations of approximately 
1000 ppm for each of two to four solvents (20) at room 
temperature and pressure. The glove box contained un- 
capped autosampler vials (tmget style, 2.0 ml nominal 
volume; National Scientific Company, Lawrenceville, 
Georgia, United States) and was kept under positive pres- 
sure. After a 20-min equilibration period, the vials were 
capped with tetrafluoroethylene/cl~lorobutyl rubber 
crimp-top seals while inside the glove box. Because of 
nitrogen enrichment the atmosphere was kept below the 
lower explosion limits both in the tank and in the glove 
box in the tissue-air experiments (21). A flash auestor was 
placed in line between the scuba tank and the glove box. 

Tissue collection and preparation 
Venous blood samples (5 ml, N=35)  were collected 
from rnale volunteers (N= 10) into Vacutainerm vials 
treated with citrate or ethylene-dialnine-tetraacetic acid, 
and then stored at S°C and analyzed within 4 h. Test 
vials for the blood-air deterlnination were injected with 
200 p1 of blood using a glass intraderinal syringe (0.5 ml 
with 26 gauge needle, Becton, Dickinson & Company, 
Rutherford, New Jersey, United States). Both the refer- 
ence (atmosphere only) and test vials (atmosphere and 
blood) were placed in an orbital shaker (220 rpm) for 
I 0  ~ n i n  at 37°C. The blood-air values were determined 
from five replicates (aliquots) of each sample. 

Perirenal and epididy~nal adipose tissues from male 
F344 rats were collected and pooled together so that a 
comparison could be made with previous tissue-air de- 
terminations (12) and with results found using human 
tissues. Samples of subcutaneous, ornental, or inguinal 
adipose tissue (normally discarded) were obtained from 
43 patients undergoing various surgical procedures. Each 
10-1 00 g sample was drained of any residual liquid and 
homogenized with a Polytron PCU-2 tissue homogenizer 
(Kineinatica, Lucerne, Switzerland). Portions (approxi- 
mately 30 mg) of each homogenate were then loaded 
into syringes and injected into the vials containing the 
solvent atmosphere. Tissue sample mass was determined 
by weighing each vial before and after tissue injection. 
The sample volume was calculated using a no~ninal adi- 
pose tissue density of 0.908 g . ml-' (19). For human 
tissues, 3-12 replicate portions of each tissue homoge- 
nate from 5-16 subjects, resulting in a total of 21 to 
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84 vials, were used for each solvent. This study was 
approved by the University of Washington Human Sub- 
jects Division. 

Gas chromatographic analysis 

Initial experiments demonstrated that solvents equili- 
brated rapidly (< 20 min) between the headspace and 
tissue at 37OC. Vials were allowed to equilibrate for 
30 min and were maintained at this temperature during 
the analyses. Injections of vial headspace (125 p1) were 
performed by an autosampler, as previously described 
(20); solvent concentrations were measured using a 
Hewlett-Packard 5840 gas chromatograph with flame 
ionization detection. The gas chromatographic conditions 
were as follows: initial temperature 45"C, initial time 
1 min, rate 10°C . min-I, final temperature 140°C, hy- 
drogen cassier gas at 1.35 ml . min-I, and 30 m DB-20 
wax column (inner diameter 0.25 mm). The coefficient 
of variation for repeated analyses of the analytes from 
the reference vials was 10-12%, and for those from the 
headspace of blood samples it was 12-15%. The varia- 
tion of the measurement of the analyte concentration in 
vials containing adipose tissue was higher and showed 
more variation between compounds: toluene 6%, ethyl- 
benzene and xylene 10-18%, and benzene 23%. The 
response was linear for all analytes over the measured 
range. No interfering peaks were found, as demonstrated 
by blank samples. 

To check for solvent losses from the headspace dur- 
ing the course of the chromatographic analysis, five vials 
containing test atmosphere but no tissue homogenate 
were sampled at the beginning and end of each sequence; 

0 10 20 30 40 50 
Pb,a from t h i s  s t u d y  

Figure 1. Comparison of the human blood-air partition coefficient 
(P,) datafrom thisstudy with thosefrom previous studies. The line has 
a slope of 1 and r = 0.96. (@ from reference 9, 0 from reference 23, 
E from reference 12, from reference 8, V from reference 20) 

during the experiments with a large number of vials 
(2 7 3 ,  five vials were analyzed in the middle of each 
sequence as well. To inspect further for analytic vari- 
ability and partitioning equilibrium over the course of 
the analysis, 2-10 samples of homogeneous beef or rat 
adipose tissue were also sampled at the beginning and 
end of each sequence. No differences were detected in 
the blank or animal tissue standard vials over the course 
of the analyses. Moreover, no bias was found in an ex- 
amination of the partition coefficient versus tissue mass. 

Data and statistical analyses 

Partition coefficients were determined using the mass 
balance-derived equation P,,, or Pi,, = [C,,,(V ,,,,) - 
C,(V ,,,,, - V,)]/ [C,(V,)] (1 2), where P,,, is the partition 
coefficient between blood and air and Pi,, is that between 
adipose tissue and air, C,,, and C, are the solvent concen- 
trations in the reference and sample vial, respectively, 
and VVi,, and V, are the volumes of the empty vial (2.07 k 
0.02 ml) and tissue sample, respectively. 

Because deuterated and nondeuterated solvent iso- 
mers were simultaneously equilibrated with the same 
tissue samples, paired t-tests were used to determine the 
isomeric differences in the blood-air and tissue-air val- 
ues. The differences between the individual tissue do- 
nors were assessed by an analysis of variance. The mea- 
sured tissue-air values were compared with previously 
measured values, the blood-air values, and various mea- 
sures of chemical polarity, including the dipole moment, 
the log octanol-water partition coefficient, and the die- 
lectric constant, across solvents. Linear regression analy- 
sis was performed to determine possible correlations be- 
tween these parameters and the tissue-air and log tissue- 
air values for both the human and rat tissues, and be- 
tween the tissue-air values determined for human and rat 
tissues. 

Results 

The measured mean blood-air partition coefficients 
were 18.3 (SE 0.24) for 'HE-toluene, 18.1 (SE 0.24) for 
2H,-toluene, 35.2 (SE 0.45) for iH,,-o-xylene, 35.1 
(SE 0.42) for 2H,,-o-xylene, 31.9 (SE 0.45) for 'HI,-m- 
xylene, 31.6 (SE 0.52) for 2Hio-m-xylene, 39.0 (SE 0.70) 
for 'HI,-p-xylene, and 38.4 (SE 0.72) for 2H,o-p-xylene. 
A comparison of these values with those determined 
previously for human blood is presented in figure 1. 
Using paired t-tests, we found differences between the 
perdeuterated versus nondeuterated blood-air values only 
for p-xylene (P = 0.003). No interindividual differences 
in the blood-air values were detected with the analysis of 
variance. 

The tissue-air data for benzene, IH,- and 2H,-styrene, 
toluene, and o- and nz-xylene are presented for the ex- 
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Table 1. Animal-derived partition coefficients between adipose tissue and air. 

Solvent Adipose tissue source 
F344 Rats (this study) F344 Rats (reference 12) Rabbits (reference 19) 

N Mean Standard N Mean Standard N Mean Standard 
error error error 

Benzene 
'HE-Styrene 
2H,-Styrene 
Toluene 
o-Xylene 
m-Xvlene 

a Calculated from Phlood.air . Pl,ssue.blood data in reference 19. 
'Ha- and 2Ha-styrene were significantly different in the  paired t-test (P < 0.005). 

periment with F344 rat tissue in table 1 with compari- 
sons with values determined for F344 rat tissue (12) and 
rabbit tissue (19) in earlier studies. Figure 2 presents a 
graphic comparison of rat tissue-air values with those 
previously measured for rats (12), rabbits (19), and lard 
(22). 

In the comparison of the partition coefficients be- 
tween adipose tissue and air in four tissue groups (hu- 
man, this study; F344 rats, this study; F344 rats, refer- 
ence 12; and lard, reference 22) with the blood-air par- 
tition coefficients and measures of chemical polarity, 
the following coefficients of determination were ob- 
tained: 0.95 (SD 0.05) for the blood-air coefficient and 
the log tissue-air coefficient, 0.73 (SD 0.06) for the log 
octanol-water partition coefficient and log tissue-air co- 
efficient, 0.58 (SD 0.13) for the dielectric constant and 
the tissue-air partition coefficient, and 0.35 (SD 0.25) 
for the dipole moment and the log tissue-air partition 
coefficient. 

Table 2 presents the human tissue-air coefficients for 
benzene and the perdeuterated and nondeuterated iso- 

Table 2. Human adipose tissue-air partition coefficient data. 

0 1000 2000 3000 4000 

PVa from this study 

Figure 2. Comparison of the partition coefficient (P,) data for adipose 
tissues from F344 rat tissues in this study with those from previous 
studies using animal tissues. The line has a slope of 1 and r = 0.85. 
(e from reference 19, 0 from reference 12,  from reference 22) 

Chemical Number of Total All determinations 
individuals determinations Mean Standard Coefficient of 

error variation 
(Yo) 

a Differences between individuals were significant in an analysis of variance (P < 0.05). 
Deuterated and nondeuterated isomers were different in the paired t-test (P < 0.05). 
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Figure 3. Correlation of the  partition coefficient between adipose tissue 
and air (P,) as measured for human (Phuman) and rat (Prat) tissues. 
The line indicates the least squares fit to the data (r2 = 0.98) and is 
defined by Prat = 1 . 0 9 ,  Phuman + 41, 

mess of ethylbenzene, styrene, toluene, o-xylene, 172-xy- 
lene, and p-xylene. Figure 3 presents a graphic compari- 
son of the tissue-air values determined for human and rat 
tissues. 

Two tissue samples obtained during liposuction pro- 
cedures on the same individual, six months apart, were 
also used for partition coefficient determination. The 
mean partition coefficients for the 'HI,- and 2Hlo-ethyl- 
benzene and IH,,- and 2Hlo-o-xylene determined in these 
samples (N = 1 1) [I338 (SE 46), 145 1 (SE 57), 1959 (SE 
103) 2044 (SE 92), respectively] were lower (P < 0.05, 
t-test) than those determined from other samples (ta- 
ble 2). The liposuction surgery yielded a mixture of adi- 
pose tissue with some blood; the higher proportion of 
blood contained in the liposuction-derived tissue is like- 
ly to have produced the lower tissue-air values. 

Small but statistically significant lower tissue-air 
values were found in paired t-tests of perdeuterated ver- 
sus nondeuterated solvents, in the case of styrene (rat 3% 
and human 2% lower), and 712- and y-xylene (human 8% 
and 9% lower, respectively) (tables 1 and 2). Significant 
interindividual differences of approximately 15% were 
found for the tissue-air partition coefficient between the 
human tissue samples and all the solvents except IH,- 
and 2H,-toluene (table 2). 

Discussion 

This is the first publication, to our lcnowledge, of a com- 
prehensive determination of partition coefficients be- 
tween adipose tissue and air using human tissues. Fisero- 

va-Bergerova et a1 (9) determined tissue-air values of 
425 (SE 50) and 962 (SE 188) for benzene and toluene, 
respectively, using three replicates of human tissue talcen 
from five cadavers at autopsy. Sato et a1 (19) performed 
five replicates using tissue from a single human subject 
and found values of 406 (SD 10) and 1296 (SD 92) for 
the same solvents. Our values of 334 (SE 11) and 962 
(SE 32) (table 2) are within 26 (range 0-26, mean 16)% 
of these previously reported values. 

Previous studies have determined tissue-air partition 
coefficients with the use of rat tissues (12), rabbit tissues 
(19), and lard (22). Figure 2 illustrates a general agree- 
ment of the values found from F344 rat tissues in our 
study with those previously determined in animal tis- 
sues. Our measurements of rat tissue-air coefficients 
closely correlated (r2 = 0.83) with values determined by 
Gargas et a1 (12), both studies using F344 rat perirenal 
and epididymal adipose tissues. Despite the larger sam- 
ple sizes, th: standard error values were larger in our 
study than those found in the Gargas et a1 study. This 
result may in part be explained by differential tissue 
preparation - Gargas et a1 used a homogenized mixture 
of 0.5 ml of tissue and 1.5 ml of saline, whereas we used 
only homogenized tissue. The use of smaller tissue vol- 
umes without the addition of a threefold volume of saline 
may more closely reflect the true heterogeneity of adi- 
pose tissue and variability in the tissue-air values. 

The blood-air partition coefficients were very closely 
associated with the log tissue-air values [r2 = 0.95 
(SE 0.05)]. An analysis of the values found by Gargas et 
a1 (12) showed a similar correlation (r2 = 0.94 for blood- 
air versus tissue-air, and r2 = 0.80 for blood-air versus 
log tissue-air). This relationship was also reflected in the 
similarity of the slopes (0.024-0.036) and intercepts 
(2.4-2.5) of the regression lines. Among the measures 
of chemical polarity, the log octanol-water partition co- 
efficients were the   no st closely associated with the log 
tissue-air coefficient [r2 = 0.73 (SE 0.06)]. In contrast, 
Fiserova-Bergerova et a1 (9) examined 1 1  volatile C2- 
C, hydrocarbons and halogenated hydrocarbons, and 
found "no reasonable relationship" between the log octa- 
nol-water and the adipose tissue-air coefficients without 
the addition of a dummy constant in the regression equa- 
tion. Across the parameters tested, the blood-air coeffi- 
cient was the best predictor of rat and human tissue-air 
values. 

Deuterated blood-air and tissue-air values were lower 
than nondeuterated values for the most lipophilic sub- 
stances (styrene, 712-xylene, and p-xylene). Deuterium 
substitution in these solvents may thus result in slightly 
increased volatility, decreased lipophilicity, or both. 

Given the finding of interindividual differences for 
adipose tissue but not for blood, and the range of coeffi- 
cients of variation of 16-31 % for the tissue-air coeffi- 
cient versus 7.2-1 1.1 % for blood-air coefficients, adi- 
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pose tissue was found to be a more heterogeneous tissue 
between subjects. This finding is consistent with the 
knowledge that, as a fluid, blood is Inore homogeneous 
than adipose tissue, which is composed of several cell 
types (eg, adipocytes, endothelial cells) of varying pro- 
portions and of fatty acids with varying degrees of satu- 
ration. Interindividual differences in human tissue-air 
partition coefficients could thus be due to differences in 
the tissues between individuals, between sites of tissue 
removal, or both. However, the average tissue-air coeffi- 
cient of variation for human values was 23%, co~npared 
with the value of 16% using F344 rat tissues, suggesting 
that although intersubject and sampling site differences 
do contribute, most variability is due to analytic proce- 
dures. This conclusion is also supported by the finding of 
a nonsignificant correlation (r2 = 0.051) between the 
number of individuals sampled and the resulting coeffi- 
cient of variation (table 2). If interindividual variability 
had contributed greatly to the average tissue-air value, a 
closer relationship between these variables would have 
been expected. 

Higher solvent blood-air partition coefficients are as- 
sociated with a more rapid onset of central nervous sys- 
tem effects, a longer time to reach steady-state blood 
levels during constant exposure, and a Inore gradual loss 
through exhaled air after the cessation of exposure. Based 
upon results of this study, these effects would be ex- 
pected in the following order, given exposure at the same 
concentration: p-xylene > o-xylene = m-xylene > tolu- 
ene. Higher partition coefficients between adipose tissue 
and air are associated with deeper anesthesia among an- 
esthetic agents, a longer time to reach adipose tissue 
steady-state levels during constant exposure, and a more 
gradual loss from adipose tissue (and therefore from the 
entire body) after the cessation of exposure. Results 
found in this study indicate that these effects would be 
expected in the following order: styrene > o-xylene > 11- 
xylene = 111-xylene > ethylbenzene > toluene > benzene. 

The determination of partition coefficient informa- 
tion using human blood and adipose tissues is essential 
to the understanding of solvent toxicokinetics. The close 
association between the tissue-air values of humans and 
F344 rats (slope of 1.09 and r2 = 0.98) (figure 3), how- 
ever, indicates similar solvent partitioning characteris- 
tics. These observations together provide refinement in 
the development of models to better predict human risk 
from organic solvent exposure, while offering assurance 
that previously used approaches have been useful. 
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