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Fifteen volunteers were exposed to an acetone vapor concentration of 964—8 610 umol/m* (56—500 mg/m?)
for 2—4 h in an exposure chamber. Ten subjects were at rest during the exposure, and five were exposed
at alternate rest and light physical exercise. Subsequently 104 workers occupationally exposed to acetone
were studied. The relative uptake averaged about 53 %, and the ratio of the alveolar concentration to
the environmental concentration averaged about 0.28. Both for the experimentally exposed subjects and
the occupationally exposed workers the urinary acetone concentration showed a linear relationship to the
corresponding environmental time-weighted average concentration. A linear equation also .existefl between
urinary concentrations and the amounts of acetone absorbed. The findings enable a consideration of the
urinary concentration of the unaltered acetone as an appropriate exposure indicator and the proposal

of a “‘biological equivalent threshold’” to be used in the field of biological monitoring.
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Acetone is a highly volatile solvent and widely used
in industry. Its uptake at the workplace occurs main-
ly through the lungs. It is extremely soluble in blood
and water (13, 20, 22, 25, 28, 32), but its fat and oil
solubility is much lower (13, 28). General studies have
been devoted to its uptake, its distribution in body tis-
sues, and its elimination (1, 2, 3, 34). The postexposure
elimination of acetone via the lung is about 20 %; small
amounts of acetone (approximately 1 %) are elimi-
nated as such in the urine (34). The metabolized
amount excreted in the urine exceeds 75 % (34). The
biological indicators proposed thus far for the evalua-
tion of occupational exposure to acetone are its con-
centration in alveolar or mixed-expired air (7, 8, 21)
and its concentration in venous or arterial capillary
blood (8, 34). Urinary formic acid values have also
been proposed (6, 19).

Recently close relationships between environmental
and urinary concentrations of some solvents and anes-
thetics have been found (12, 15, 16, 23, 26, 27, 29, 30,
31). These results suggest that the solvent or anesthetic
concentration in a sample of urine produced during
the exposure period could be considered an appropriate
indicator of exposure levels. In the case of acetone
however the correct interpretation of the results could
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be complicated by the amount of endogenously pro-
duced and eliminated substance (10), mainly if the
metabolic acetone elimination is not constant (33).

The main aim of our study was to verify the rela-
tionship between the urinary acetone concentrations
and the corresponding mean environmental concentra-
tions in the breathing zone or the amounts absorbed.
We also aimed to derive an acetone ‘‘biological equiv-
alent limit”’ [urinary concentration corresponding to
the environmental threshold limit value (TLV) pro-
posed by the American Conference of Governmental
Industrial Hygienists (4) to be used in the field of bio-
logical monitoring].

Subjects and experimental design

The experiments were performed either with healthy
volunteers in a laboratory (stage 1) or directly on work
premises with groups of subjects occupationally ex-
posed (stage 2). Details of the experimental design and
analytical methods were described in a previous report
(25).

In short, in stage I 15 subjects, 13 men and 2 women
(24 to 52 years of age), were exposed to acetone in an
open exposure chamber. The acetone vapors were pro-
duced with a dynamic diffusion system previously de-
scribed (14). The acetone concentrations (analyzed
every 5 min by means of a gas cromatograph-mass
selective detector system) differed from subject to sub-
ject but were kept constant during each exposure
period (table 1).

The total group was divided into three “‘five-
subject’’ subgroups as follows: subgroup 1: 2-h ex-
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Table 1. Single values of the time-weighted average of the environmental concentration (Cj), uptake (U) of acetone during expo-
sure [U (zmol) = V - (C;j—Cpg) - t/1 000 if V is expressed as liter per minute and C;j and Cg as micromoles per cubic meter], the
venous blood concentration (C,) (blood withdrawn immediately after the end of exposure), and the urinary concentration (Cg)
(urine sampled immediately after exposure). The last column shows the regression equation relating Cg, C, and C;. The relation-

ship between C; and U is C; = 0.0142 x U + 14.85(r = 0.82; N = 15).

G ] o] Cs . .
Subgroups (wmol/m?) (umol) (ymc‘;lll) (#m;m) Regression equations
First
Subject 1 1894 1015 27.8 32.8 C;=0.0125x C;+5.87 (r=0.98)
Subject 2 3134 1102 42.4 36.5
Subject 3 7025 3250 104.3 95.7
Subject 4 1722 499 216 295 C,=0.0152 x C;—1.9 (r=0.99)
Subject 5 3115 1773 51.3 46.6
Second
Subject 6 2307 2600 35.5 39.3 C;=0.0145x Cj + 6.97 (r=0.96)
Subject 7 4167 3771 42.9 65.2
Subject 8 5.269 4546 119.3 83.7
Subject 9 6612 4787 124.3 117.2 C,=0.0182xC;-7.5 (r=0.87)
Subject 10 7749 6733 117.9 109.5
Third
Subject 11 2238 3530 48.5 36.5 C;=0.018 X Cj—4.52 (r =0.99)
Subject 12 3667 6078 83.7 48.7
Subject 13 964 912 21.1 18.8
Subject 14 8610 8 162 172.8 155.2 C, =0.0196 x C; + 5.8 (r =0.99)
Subject 15 2 307 2651 52.2 39.5
]
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Figure 1. Scheme applied during the experimental chamber exposure (stage 1) and during occupational exposure (stage 2) to
acetone. 1st, 2nd, and 3rd refer to the three subgroups considered. (See the text.) The arrows during the exposure period indicate
the collecting times of environmental (C;), alveolar (C,), mixed-expired air (Cg), and pulmonary ventilation (V) measurements;
arrows in the postexposure period refer to collecting times of alveolar samples (minutes) and urine samples (hours). [a = the
beginning of the exposure (emptying the bladder) and b = the end of exposure (collection of urine and blood samples]

posure at rest; subgroup 2: 4-h exposure at rest; sub-
group 3: 2-h exposure alternating light physical exercise
and rest (20 min at a work load of 50 W on a bicycle
ergometer followed by 20 min at rest, three times each
during 2 h of exposure) (figure 1, stage 1). The sub-
jects entered the exposure chamber immediately after
they emptied their bladders. During the exposure,
samples of chamber air (C,), alveolar air (C,), and
mixed-expired air (Cg) were collected at regular inter-
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vals of 20 min. Pulmonary ventilation (V) was mea-
sured for 5 min simultaneously with the expired air
sampling. The apparatus employed for the C,, Cg,
and V measurements has already been described
earlier (26). Immediately after the end of the exposure,
a venous blood sample was taken from a brachial vein,
and a urine sample was collected, the necessary pre-
cautions being taken (26). During the postexposure
period the alveolar air sampling continued for 10 min.



Additional samples of the urine were collected 4, 7,
9, 12, and 20 h after the end of the exposure (figure 1).

Stage 2 involved 104 subjects (average age 43 years)
employed in three factories with different exposure
levels. The physical demand of the work involved was
practically the same in the three factories. There was
one paint factory, one plastics factory (with styrene as
an additional pollutant), and one artificial fiber factory
(where acetone was the only pollutant). Shifts were
8 h daily (0800—1600, with a half-hour lunch break
at 1200). Urine was collected from all the subjects at
0800 and 1200, a total of 208 samples being taken
(figure 1). In addition the individual time-weighted en-
vironmental concentration of acetone in the breathing
zone was measured during the 4 h of exposure by
means of personal passive samplers (18).

Methods

The urinary (C;) and venous blood (C,) concentra-
tions of acetone were measured by means of a gas
chromatograph (GC) (Hewlett-Packard 5880 A) plus
a mass selective detector (MSD) (Hewlett-Packard
5970 A). The analytical conditions for the GC were:
cross-linked column 5 % phenyl methyl silicone (in-
ternal diameter 0.2 mm, length 25 m), column tem-
perature 30°C, carrier gas helium with a flow rate of
1 ml/min, retention time of acetone 1 min 42 s, and
sampler volume (kept at 37°C) 0.5 ml. The analytical
conditions for the MSD were: monitored ion 43, dwell
time 100 ms, single-ion-mass window time 0.1 AMU
(amount mass unit), and electromultiplier voltage 2 000
V. The lower limit of detection of acetone for the MSD
was 1.4 umol/I. The following equation was used for
obtaining the urinary (C;) and the venous blood (C,)
concentrations:

CE or Cv = (X/VI) [)\(VI/Va) + l)’

where V| is the volume of the urine (10 ml) or blood
(5 ml), V, is the air head-space volume in the vials
used, X is the acetone concentration in the head space
after equilibration between the two phases, and X\ is
the acetone Ostwald partition coefficient urine:air or
blood:air at 37°C, corresponding respectively to 350
(17) and 265 (25).

The alveolar (C,) and mixed-expired air (Cg) mea-
surements of acetone were made with the same GC and
MSD and under the same analytical conditions used
for the blood and urine samples.

The activated charcoal of the passive dosimeters used
in stage 2 to measure the time-weighted average (TWA)
of the environmental concentration of acetone in the
breathing zone (Cj) was desorbed with 5 ml of carbon
disulfide and then kept at room temperature (20°C)
for 1 h and periodically shaken (18). Last, 0.5 ul of
the desorption liquid was injected into the GC-MSD
unit, the working conditions being as described pre-
viously.

Results

Stage 1

The average concentration in the exposure chamber
(Cp ranged from 964 to 8 610 pmol/m*® (56 to 500
mg/m?) for the different subjects (table 1). During the
exposure the chosen values for each subject were main-
tained at relatively constant levels [coefficient of varia-
tion (mean value: standard deviation) 9 %]. The mean
relative uptake (R), measured from C; and Cg (R =
1—-Cg/Cy) was 0.54 (SD 0.04) at rest and 0.53 (SD
0.06) during light physical exercise; the same parameter
obtained from the C,:C; ratio and the proposed
equation (R = —0.72 X C,:C, + 74.6) (2) had
practically the same value, ranging from 0.53 to 0.59.
The mean pulmonary ventilation (V) under standard
conditions (0°C, 103 kPa, dry) was 7.3 (SD 1.14) I/min
for the subjects at rest and 17.6 (SD 1.55) 1/min for
those who performed light physical exercise. The mean
values of the alveolar clearance followed the changes
in V (Cl, = V x R) and were found to be 3.92
(SD 0.52) 1/min for the subjects at rest and 9.63 (SD
0.35) I/min for those who performed light physical
exercise. The amounts absorbed from each subject
during the exposure time (t) [total uptake (U) =
V(C,—Cp)t] ranged from 499 to 8 162 umol (29 to
474 mg) (table 1).

The TWA environmental concentration (C;) and
the urinary (C;) and blood (C,) concentrations ob-
tained for the three ‘‘five-subject’” subgroups at the
end of exposure are shown in table 1, together with
the total uptake (U) and the regression equations.

The C; values displayed a statistically significant
linear relationship with the corresponding C; values
(table 1). A close relationship was also found between
C; and the amounts of acetone absorbed (U, pmol)
(figure 2). The y intercept is in accordance with the
average urinary endogenous acetone concentration ob-
tained for the 15 subjects under study [13.1 (SD =
10.8) umol/1]; none of these volunteers had previously
been exposed to acetone. When the endogenous
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Figure 2. Scatter diagram relating the amount of acetone ab-
sorbed (U) by each subject experimentally exposed and the cor-

responding urinary concentration (Cg). The regression line
(Cz = 0.0142 x U + 14.85; N = 15, r = 0.82) is also shown.
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Figure 3. Decrease of alveolar concentration (A) of acetone in
the course of the postexposure period. The concentration va-
lues are expressed as the percentage of the end-exposure
ones. The mean alveolar concentration (C,) of the entire group
of subjects was 1 059 umol/m®. During the first 10 min after the
end of exposure the C, values at 0.5, 1.5, 2.5, 5 and 10 min
were 341, 284, 246, 198, and 162 ymol/m?, respectively, cor-
responding to a decrease of 67.8, 73.2, 76.8, 81.3, and 84.7 %,
respectively, of the average end-exposure value. The urinary
concentration (B) of acetone in the course of the first 20 h fol-
lowing the end of exposure is also shown. The mean coef-
ficients of variation were 45 % for the alveolar acetone con-
centration (C,) and 32 % for urinary acetone concentration (Cy).
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Figure 4. Scatter diagram relating the time-weighted average
of the environmental concentration (in the breathing zone) (C;)
and the urinary concentration (Cg) of acetone (urine collected
after 4 h of exposure) for the occupationally exposed subjects.
The regression line (C; = 0.033 x C;—0.005; r = 0.94; N =
104) is also shown.
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acetone concentration is subtracted, the equation
becomes:

A C; = 0.0145 x U-0.024,

where U is expressed in micromoles and A C; in
micromoles per liter.

A significant relationship was also found between
the instantaneous acetone environmental concentration
(C)) and the alveolar concentration of acetone (C,)
[correlation coefficient (r) = 0.91] (N = 92):

C, = 3.60 x C, + 182.5,

where C; and C, are expressed in micromoles per cu-
bic meter.

A close relationship between the blood concentra-
tion of acetone (C,) and the corresponding C; also
existed (table 1).

The mean alveolar concentration (C,) of the entire
group of subjects was 1059 (range 120—2 927)
pmol/m?. During the first 10 min after the end of the
exposure the C, values decreased as shown in figure
3 A. The C; trend in the course of the 20 h following
the end of exposure is also shown in figure 3 B.

Stage 2

A close relationship between the TWA environmental
concentration (Cj) and the corresponding urinary con-
centration (Cj) also existed for the group of subjects
occupationally exposed to acetone vapor (r = 0.94)
(N = 104) (figure 4):

C; = 0.033 x C;—0.005,

where C; is expressed in micromoles per liter and C;
in micromoles per cubic meter. The equation obtained
after the preexposure acetone concentration values
were subtracted from the postexposure ones is the fol-
lowing (r = 0.91) (N = 104):

A C; = 0.0189 X C;j + 4.06.

Discussion

The starting values for the relative uptake (R) and
relative alveolar concentration (C,:Cj) of acetone
should depend on its blood:air partition coefficient
(A blood : air). Our results (R = 0.55, C,:C; = 0.28)
practically confirm the data of previous investigations
(7, 11, 34, 35); another report gives instead a lower
value (24). Because of the very high \ blood :
air value, theoretically the expected values of R should
be higher (and consequently the C,:Cj values lower).
It is possible that the relatively low fat : air partition
coefficient plays an important role as a limiting factor
in the transfer of acetone through the alveolar capil-
lary membrane (34). In addition the exchanges with
the tissues surrounding the respiratory dead space (due
to the high solubility of acetone) and, consequently,
the contamination of the alveolar samples could be an



explanation (9). The R value and C,:C; ratio trends
during exposure depend on the possibility of the bio-
logical tissues to store solvent and on the rate of its
biotransformation. Our results, in accordance with
those already published (34), show a practically con-
stant value for R and the C,:C; ratio throughout the
entire exposure time (therefore at least up to the end
of the fourth hour) in the range of the environmental
concentration values chosen (964—8 610 umol/m? or
56—500 mg/m?®). Such behavior permits us to exclude
the saturation of the biological compartments as a
cause for the low R acetone values.

The main aim of the present research was, however,
to determine whether a linear relationship existed
between the acetone exposure levels [expressed either
as the TWA environmental concentration (Cj) or as
amounts of acetone absorbed (U)] and the acetone uri-
nary concentrations (Cz). Experimentally (stage 1) we
found that the slope of the regression line was differ-
ent in the three subgroups considered. In the first sub-
group the regression coefficient was 0.0125; in the sec-
ond it was 0.0145; finally in the third it was the highest,
ie, 0.018 (table 1). The difference in slope between the
equation obtained after 2 and 4 h of exposure at rest
(first and second subgroups, respectively) probably
means that a continuous increase of acetone in arterial
blood [as referred to by Wigaeus et al (34)] and there-
fore in urine occurs from the beginning of exposure
and up to 4 h. The urinary instantaneous concentra-
tions (C,) should in fact be proportional to the arte-
rial concentrations (C,), with a proportional coef-
ficient corresponding to the X blood : urine value, on
the assumption that the exchange of solvent between
the arterial blood and urine occurs after simple parti-
tion in accordance with Henry’s law. Only when a
constant C, value has been reached, should the slope
of the regression lines be independent of the exposure
time, the instantaneous C; values then being constant.

The greater slope of the regression line in the third
subgroup was instead due to the work load. Under such
conditions, R values being equal, the amounts of
acetone absorbed are obviously larger (depending on
pulmonary ventilation). Greater C, values are there-
fore reached (2, 34), consequently greater C; values
as well. The trend of alveolar (C,) and urinary (Cy)
concentrations in the course of 10 min and 20 h after
exposure, respectively, is shown in figures 3 A and B.

The C; value measured 4 h after the end of expo-
sure was always higher than that measured immediately
after exposure (figure 3 B). The explanation for such
apparently paradoxical behavior, which has been seen
also by others (34), could be connected with a slow
urinary decrease during the postexposure period.

A close relationship between the TWA environ-
mental concentration in the breathing zone (C;) and
the urinary concentration (Cg) of acetone in samples
collected after 4 h of exposure also existed for the
group of occupationally exposed subjects (r = 0.94)
(figure 4). The regression coefficient was 0.033. This

value is higher than the one obtained in the third sub-
group of experimental exposures. The urine samples
of the occupationally exposed subjects were collected
after 4 h of exposure, and the work load may have been
greater than in the third subgroup.

The urinary concentration (C;) corresponding to
the TWA TLV (4) (30 651 pmol/m?® or 1 780 mg/m?)
is 1 000 pmol/1 (58 mg/l) and the corresponding bio-
logical exposure limit (95 % lower confidence limit of
the regression line) is 930 umol/l (54 mg/l). Unlike
other solvents studied from that point of view (12, 15,
16, 23, 26, 27, 29), acetone is a normal component of
the biological compartments. In the present study the
endogenous acetone concentration in urine averaged
13.1 pmol/l with a high standard deviation (10.8
umol/1). It is also well known that heavy exercise in-
creases the endogenous amounts of acetone eliminated
(21, 33). This possibility could represent a hindrance
to a correct interpretation of the exposure. Under con-
ditions of light work load, however, this phenomenon
should not play a significant role. In five volunteers
not exposed to acetone and performing light physical
exercise, the urinary concentrations of acetone did not
increase significantly because of the effort (table 2).

The biological indicators proposed thus far for oc-
cupational exposure to acetone are the acetone con-
centration in alveolar air (5, 7, 8), the acetone con-
centration in venous or arterial capillary blood (5, 8,
34), and the urinary excretion rate of formic acid (6).
The results obtained both experimentally from volun-
teers exposed in an exposure chamber and from groups
of subjects occupationally exposed enable us to use also
the acetone urinary concentration.

The urinary acetone concentration is a weighted
value indicating a natural weighting over time of the
rather fast partitioning between air and arterial blood
and between arterial blood and urine (the bladder
serving as a collecting and mixing vessel); so the
Cg-weighted values measured from samples of urine
produced throughout the exposure, and collected at the
end of it, provide an appropriate index of the mag-
nitude of exposure during the production time of urine.
Moreover, the situations of higher uptake of acetone
(the environmental concentration being equal) by sub-
jects working under different work loads are clearly
detected by the C; values (figure 2). In addition it

Table 2. Average values of the endogenous acetone urinary
concentration (umol/l) of five volunteers at rest (first day) and
performing light physical exercise (second day).

Time

0800 1000 1200 1400 1800 2000 2300
First day
(without effort)
Mean 349 241 198 228 235 241 268
SD 161 144 105 132 164 144 148
Second day
(with effort)
Mean 153 161 113 149 148 206 186
sD 74 7.8 79 938 96 87 122
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should be pointed out that the unchanged acetone uri-
nary concentration should not be affected either by
other solvents interfering with each other in the
biotransformation rate or by the presence of common
metabolites. Last, the method is simple, quickly
performed, and noninvasive.
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