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Introduction

Aims To evaluate the prerequisites for using ethanol dilution to estimate total body
water, we studied the within- and between-subject variation in the parameter estimates
of a two-compartment model for ethanol pharmacokinetics with parallel Michaelis-
Menten and first-order renal elimination. Because sampling of breath might be preferable
in some clinical situations the parameter estimates derived from breath and venous blood
were compared.

Methods On two occasions, ethanol 0.4 g kg™ ' was given by intravenous infusion to
16 volunteers after they had fasted overnight. The proposed model was fitted by means
of nonlinear regression to concentration-time data measured in the breath, venous
blood and urine during 360 min. The model contained six parameters: V., and K,
(Michaelis-Menten elimination constants), CLy (intercompartmental distribution
parameter), V¢ and V7 (volumes of the central and tissue compartment, respectively)
and CLy_(renal clearance). The volume of distribution, V,, was calculated as the sum
of Veand Vo

Results The mean =+ total s.d. of the parameter estimates derived from blood data
were Ve 95425 mgmin~ ', K, 27+19 mg 17", CLy 8094232 ml min~ ', V¢
1454431, V2124441, Cl 3.64+2.0 ml min~ ' and V. 35.8+4.3 1. The
variation within subjects amounted to 3%, 9%, 21%, 21%, 17%, 26% and 2%,
respectively, of the total variation. Breath samples were associated with a similar or
lower variation than blood, both within and between subjects. About 1.5% of the
infused ethanol was recovered in the urine.

Conclusions The low within-subject variation of the key parameter I, (only 2%)
suggests that ethanol dilution analysed by the pharmacokinetic model applied here may
be used as an index of the total body water. Breath samples yielded at least as good
reproducibility in the model parameters as venous blood.
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nents

simple and gives a single value for the rate of elimination
[3], but Michaelis-Menten kinetics better describe both

The pharmacokinetics of ethanol have been studied
extensively since the 1930s [1, 2]. The classical Widmark
one-compartment model with zero-order elimination is
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the rectilinear part of the wash-out curve and the terminal
endpoints [4]. Therefore, models with one [5] or two [6]
compartments and Michaelis-Menten elimination have
been applied, although the approaches used rarely consider
urinary losses of ethanol [7]. Further development of
pharmacokinetic models for ethanol have been reported in
animals but the wide range of doses used cannot ethically
be applied in humans [8, 9]. Difficulties in the modelling
process typically consist of the variable elimination rate and
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the combination of linear and nonlinear kinetics. It is
currently debated whether first-pass metabolism of ethanol
is gastric or hepatic [10-12] and whether it is influenced by
various drugs and the rate of gastric emptying [13, 14].
After oral intake, within-subject variation of ethanol
kinetics is thought to be of similar [15] or smaller
magnitude [16] than the between-subject variation. The
components of variation, however, have not been studied
after intravenous administration of ethanol.

This study was part of a larger project aimed at
estimating total body water by the ethanol dilution
principle. To investigate the conditions for that method,
we wanted to assess the magnitude of within- and
between-subject variation of the model parameters in
repeat experiments by applying a two-compartment
model containing parallel Michaelis-Menten metabolic
elimination with first-order renal excretion to breath or
blood concentration-time data and to the cumulative
amount of ethanol excreted in the urine. Because analysis
of breath might be preferable in many clinical settings we
compared the parameter estimates obtained from invasive
(venous blood) and noninvasive (expired air) sampling. The
confounding factors of oral administration, such as
absorption, emptying rate of the stomach and first-pass
metabolism, were eliminated by using the intravenous
route for administration of ethanol.

Methods

Eight aged 3319 years and eight men
3346 years participated in the study as paid volunteers.
Their mean body weights were 71.4+8.1 kg and height
17249 cm. Body mass index was 24.0+2.9 kg m 2 All
the subjects were healthy and accustomed to moderate

women

drinking and half of them were smokers. Health-status was
assessed by laboratory screening, patient history and
physical examination. Subjects with a history of alcohol
abuse or abnormal laboratory tests for liver enzymes were
not recruited. The study was approved by the ethics
review board at the Huddinge University Hospital and
informed consent was obtained from all volunteers.

Procedure

Each subject participated in two alcohol dosing studies
performed 2 days apart under identical conditions. The
subjects arrived at the laboratory at about 07.00 h after an
overnight fast. An intravenous cannula (Venflon, BOC
Ohmeda, Helsingborg, Sweden) was inserted into a cubital
vein for infusion and another in the opposite arm for blood
sampling. The volunteer emptied the bladder just before
starting the experiment.

Ethanol 10% (w/v) in glucose 50 mg ml~"' (Apoteks-
bolaget, Umea, Sweden) was given as a 30 min constant
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rate intravenous infusion, the target dose was 0.4 g kg™
body weight. The infusion was administered by an
infusion pump IVAC model 560 (San Diego, CA,
USA) and the precise amount given was determined by
weighing the remainder and estimating the infused
volume by difference. A parallel infusion of normal
saline was given at the same rate and in the same vein to
prevent discomfort owing to the high osmolality of the
alcohol solution. This gave a total intravenous volume load
of 8 ml kg~ ' body weight in half an hour (560 ml in a 70
kg subject). The volunteers fasted, refrained from smoking
and remained in a semirecumbent position during the
study. However, they stood-up at hourly intervals, or
when necessary, close to the bed in the laboratory to
provide samples of urine.

Measurement of ethanol

Blood samples for analysis of venous blood alcohol
concentration (VBAC) were taken just before the infusion
started, every 5 min for 4 h and thereafter every 15 min
up to 6 h. The blood was drawn from the opposite arm of
the infusion into 3 ml tubes (Venoject, Terumo Europe,
Leuwen, Belgium) containing 45 units of lithium heparin.
Specimens were stored at 4° C until analysis within
14 days by headspace gas chromatography [17]. The
coefficient of variation (CV) was 1.6% at a mean
concentration of 0.4 g 17",

The breath alcohol concentration (BrAC) was measured
with a DataMaster infrared analyser (National Patent
Analytical Systems Inc. Manstield, OH, USA) at approxi-
mately the same times as the blood samples were obtained.
All breath samples were duplicates with the second
measurement 60 s after the first. A blood breath partition
coefticient of 2,300, which is well supported from
previous studies, was used [1, 18-20]. The CV of alcohol
analysis in breath was 1.5% at a mean concentration of
0.4 g17" for the postinfusion data.

The VBAC and BrAC are reported as g ethanol 17 of
the water-fraction of the blood. The transformation from
g ethanol 17" whole blood was performed to account for
the variation in the blood haemoglobin and plasma protein
and for the
variation during the experiments due to dilution. For

concentrations between the volunteers

this purpose, the water content of whole blood (w/w) was
determined by desiccation of blood samples taken at 0, 30,
90, 180 and 360 min in all experiments. Desiccation was
carried out by heating to 105° C for 24 h. The CV for this
method was 0.1%. The values for water content of the
whole blood determined as mass/mass were converted to
volume/volume by assuming a density of 1.055 at a mean
water content of 80% (w/w) [21] and making a linear
correction to a density 1.0 at 100% (w/w).

The total urinary output was determined at each
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sampling time and the concentration of alcohol was
measured by the same method as for VBAC.

Data analysis

Concentration-time data were evaluated by using the
WinNonLin Standard 1.5 program (Pharsight SCI, Cary,
NC, USA). A two-compartment model with parallel
Michaelis-Menten and linear renal elimination kinetics
and constant infusion rate (Figure 1) comprising six
fitted to the
concentration-time data. 1/, is the maximum metabolic

model parameters was experimental
rate (mg min~ ') and K,, the ethanol concentration in the
water fraction of the blood (mg 17") which gives 50% of
that rate. CL4 is the intercompartmental distribution
parameter (ml min~ ') and could be compared to tissue
perfusion. V¢ is the volume (I) of the central compart-
ment and V' the volume (I) of the tissue compartment. It
was possible to add renal clearance CLy (ml min™") to
the model as an updated figure for the urinary output was
usually obtained every hour. The following equations
were used:

Clearance of ethanol was modelled as a capacity limited
function of the concentration

Vmax

CL=——
K,+C

(1)

Infusion l

(D=

SN

Ae

max

K,+C

Figure 1 Two-compartment model for ethanol disposition with
parallel Michaelis-Menten and first order renal elimination. C is
the concentration in the central compartment as measured in the
breath or venous blood and Cr is the concentration in the tissue
compartment. A, is the measured cumulative amount of
unchanged ethanol excreted to the urine. V., is the maximum
metabolic rate, K, the concentration that gives 50% of that rate,
CL4 the intercompartmental clearance, V¢ and 17 the volumes
of the two compartments and CLy_the renal clearance.
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The turnover of ethanol in the central compartment then
becomes

dC Dy
Vee—= —CL-C—-CL4-C
¢ dt Tinf d
+ CLg-Cr—CLgC 2)

where the term D;,/T;, is set to zero for t>T;,. In the
peripheral compartment it is

dCr
dt

Vy-—L = CLg-C—CLy-Cr (3)

The accumulated amount of ethanol in urine is given by

dA,
dt

— CLg-C (4)

where CL is the metabolic elimination of ethanol from the
body (I min~ "), C the ethanol concentration (g1~ ') in the
central compartment as measured in the breath or venous
blood, and Cr (g17") the concentration in the peripheral
compartment. T;,is the infusion time (min) and D;, the
given amount of ethanol (g). A, is the cumulative amount
of unchanged ethanol excreted to the urine (g). The CL4
term can be converted to micro constants by means of the
relationship CLy=k;,* Ve=k,;* V. In addition to the
model parameters the volume of distribution at steady state
Ve (1) was estimated according to V= V¢ + I/ and the
ratio V,,../K,, was also calculated and reported.

Elimination of ethanol by breath is less than 1% at the
present BrAC levels [1]. At a ventilation of 5 1 min~ ', an
extrapolation based on the present data indicates that about
0.3% of the alcohol load was exhaled. Therefore, this route
of elimination was neglected.

Since the ethanol concentration values covered an
interval from 0.01 to 1 g1~ "' a weighting factor 1/§
(where ¥ is the predicted concentration) was applied thus
making a robust weighting, less sensitive to outliers. This
was confirmed by a graph of time vs the weighted residual,
where weighting changed the outcome from a cone
shaped pattern to a more randomly distributed form. We
discarded the notion to give low values an even higher
weight because the error increased when approaching the
limit of method sensitivity. Baseline values, obtained
before the infusion of ethanol, if other than zero (BrAC
n=5, mean 0.017 g 1_1, VBAC n=11 mean 0.011) were
treated as equilibrated throughout the two compartments.

Statistical analysis

The results are presented as mean =+ standard deviation
(s.d.) whereas differences are given as the mean and 95%
confidence interval of the mean (CI). The s.d. for the
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model parameters in each nonlinear regression were
determined by the WinNonLin program. Further statis-
tical analysis was performed using the computer softwares
STATISTICA® 5.1 (StatSoft, Tulsa, OK, USA) and
nQuery Advisor™ 3.0 (Statistical Solutions Ltd, Cork,
Ireland) for power analysis [22].

The within-subject (w), between-subject (b) and
between-day (d) mean squares (MS) were derived by
two-way ANova. The variance components (V) were
calculated from the expected MS [23], where subject was
treated as a random and day as a fixed effect. The within-
subject variance V, for a single measurement on a new
subject from the same population was approximated with
the MS,,. The between-subject variance Vi,=MS,/r is
valid if the subject is a sample from an infinite population
and r is the number of replicates (days). Vg = (MS4-MS,,)/
n is the variance that is attributed to the repeat experiments
2 days apart. The corresponding s.d. was calculated as the
square root of V. The percent contribution to the total
variance for each component was calculated by the sum of
squares. Negative variances were set to 0 when the s.d. and
percentage contribution to the total variation were
calculated.

16 Breath 1 0.8
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1.2 + 4 0.6
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Figure 2 Measured alcohol concentration in expired air (O),
venous blood (@) and cumulative amount excreted by the urine
(M) and the predicted concentrations in the central compartment
(C) and peripheral compartment (Cp) and the predicted
cumulative renal excretion (A,). A two-compartment model with
parallel Michaelis-Menten and first order renal elimination was
fitted to data from one representative experiment.
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Differences in parameter estimates were analysed by
two-way repeated measures ANOVA with the two repeated
factors being site of measurement (BrAC — VBAC) and
order of experiment (day 1 — day 3). In the case of
significant interaction the factors were analysed separately.
Two outliers in the VBAC experiments were not included
in this statistical analysis but are discussed separately.
P<0.05 was considered statistically significant.

Results

The consistency was high between observed and predicted
data for the proposed model (Figure 2). The individual
breath and blood concentration time profiles for both
experiments in all 16 subjects showed that the rate of
elimination changed to a linear phase on the semiloga-
rithmic plot when the alcohol concentration fell to values
about 0.10 g 17" and lower (Figure 3). The variability was
greatest at terminal time points, which can be illustrated by
the fact that the CV for BrAC (n=32) increased from 14%
at 60 min to 49% at 240 min. For VBAC data the
corresponding values were similar, 14% and 45%,
respectively.

The water concentration of the desiccated samples of
whole blood was 0.859+0.009 (v/v) The blood-breath
partition coefficient was 2272+ 117 in 28 experiments

1 -
C
o oir
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o0
0.01 |

VBAC (gI™)
o
[

0.01

0 120 240 360
Time (min)

Figure 3 Individual concentration-time profiles of ethanol in

expired breath (BrAC) and venous blood (VBAC) after a 30 min
intravenous infusion of 0.4 g ethanol kg™ ! body weight, n=32.
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(1445 blood-breath pairs), during which the mean ethanol

concentration was 0.4 g 1=

Pharmacokinetic analysis

The mean values of V., and K, (VBAC) were
95 mg min~ ' and 27 mg 17", respectively (Table 1).
The precision of the six parameter estimates for the
individual fitted curve was highest for 17,,,., with a mean
CV of 2% (BrAC) and 4% (VBAC), and lowest for K,,,, the
corresponding CVs being 19 and 40%, respectively. The
correlation between the parameters in the regression
analysis was high for V), and K, (0.96+0.02) and
between CLy and Vi (—0.8040.05). All other correla-
tions averaged less than 0.62.

The partial derivative of the predicted concentration
with respect to each of the model parameters were plotted
vs time (Figure 4). This plot enables a graphic presentation
of time regions that are ‘information-rich’ with respect to

Pharmacokinetics of intravenous ethanol

each model parameter. K,, was the one parameter most
dependent on the terminal measurements.

Components of variation

The mean total variation of the model parameters from
both breath and blood analysis was 13-30% for V.., CLg,
Ve and Vg and 51-83% for K, and CLy, which can be
compared to 12% for the subject’s body weights (Table 1).
For all model parameters except CLy_the between-subject
variation dominated over the within-subject variation.
The highest reproducibility was obtained for V as
indicated by SD,, which accounted for only 2% of the
total variation in both BrAC- and VBAC-derived
parameters. V., had also a high reproducibility. There
was a significant between-day variability as compared with
the within-subject variability for I/ and Vrin the BrAC
derived parameters and for V¢ and V, in the parameters
derived from VBAC data.

Table 1 Values (mean+s.d.) and the components of variation derived by two-way anova with day as a fixed and subject as a random effect for

the six model parameters and 2 secondary parameters in a two-compartment model with parallel Michaelis-Menten and first order renal

elimination, when ethanol 0.4 g kg ™' body weight is given intravenously in repeat experiments. Significance for variance ratios in two-way

ANOVA when compared with within-subject mean square given as * P<0.05, ** P<(0.01 and *** P<0.001.
Note that the number of subjects is different because of two excluded outliers in the VBAC series.

a) Breath analysis, n=16

Standard deviations (s.d.), % of total variation in brackets

Parameter estimate’ regression’ within-subject’ between-subject” between-day’
Vs (mg min™") 95.3+20.7 2.0 4.8 (3%) 20.4 (97%) 2.1 (1%)
K, (mg 1™ 245+20.3 5.2 9.4 (11%) 18.2 (88%) 2.7 (1%)
CLg (ml min™") 8364149 46 60 (9%) 138 (91%) 8 (0%)

Ve ) 11.34+2.0 0.42 1.3 (20%) 1.5 (74%) 0.7 (6%)*
Vr (1) 23.1+3.1 0.48 0.9 (4%) 2.9 (91%) 0.9 (4%)**
CLy (ml min™") 3.61+1.84 0.11 1.36 (28%) 1.29 (72%) 0 (0%)

Vi O 344439 0.39 0.7 2%) 3.9 (98%) 0 (0%)
Vinax/ K (I min™) 5.87+3.59 2.32 2.03 (16%) 3.03 (84%) 0 (0%)

b) Blood analysis, n= 14 Standard deviations (s.d.), % of total variation in brackets

Parameter estimate’ regression” within-subject’ between-subject” between-day’
Viax (mg min™") 95.0+25.1 4.6 6.3 (3%) 24.8 (97%) 0 (0%)

K, (mg 1™ 27.0+18.9 12.4 7.8 (9%) 17.5 (91%) 0 (0%)

CLy (ml min™) 809+ 232 128 147 (21%) 177 (75%) 63 (4%)

Ve () 145443 1.14 2.7 21%) 3.0 (66%) 2.2 (13%)**
Vr (1) 21.2+44 1.23 2.5 (17%) 3.6 (81%) 0.8 2%)
CLy (ml min™") 3.6542.04 0.18 1.46 (26%) 1.47 (74%) 0 (0%)

Ve (D) 35.8+4.3 0.94 0.9 2%) 4.2 (94%) 1.2 (4%)***
Vinax/ K (I min™) 4.71+2.66 4.12 1.61 (19%) 2.07 (76%) 0.81 (5%)

1

s.d. based on all 32 (a) or 28 (b) individual measurements and reflecting within-subject, between-subject and between-day variability.

2 . . . . .
The regression s.d. is the square root of the mean variance of all the separate nonlinear regressions.

* The within-subject s.d. applies to a single measurement of a new subject from the same population.

* The between-subject s.d. if the volunteers is a sample from an infinite number of similar subjects.

> The between-day s.d. is attributed to the experimental design with repeat experiments 2 days apart.

© 2000 Blackwell Science Ltd Br J Clin Pharmacol, 49, 399408
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Figure 4 Partial derivatives, indicating the relative contribution
of various time segments to the parameter estimates, based on a
simulation using the mean parameter estimates from BrAC data
n=32. The six model parameters are I/, (1), K, (O), CLq4
V), Ve (B, Vi (A) and CLy (®).

Differences in parameter estimates

The differences in primary kinetic parameters between
sample sites and days of measurements were calculated and
compared. Ve was 21% lower (CI 11-30) and V' 10%
higher (5-16) in BrAC as compared with VBAC
(Table 2). V¢ was 15% lower (6-23), Vi was 7% higher
(1-14) and CLg4 was 9% higher (3—15) on day 3 than on
day 1. The interaction factor was significant P<0.01 for
V,, as there was a day-effect for VBAC but none for BrAC.
With 14 subjects the study had 80% power to detect an
effect size of 0.81 using a paired t-test with a 0.05 two-
sided significance level [22]. That corresponds to a
and in K,
for the sample site and order

difference in V., of 3.2 and 6.0 mg min
14.4 and 8.6 mgml™'
factors, respectively.

For the distribution parameters, CLy, V¢ and Vi
(Figure 5), the variances were significantly smaller for
BrAC than for VBAC (P<0.01).

Renal excretion data

The fraction of the total elimination that could be
attributed to renal excretion was 3.8+2.1% at BrAC
1.0 g 17" and 0.4840.27% at BrAC 0.1 g1~ . In these
experiments 1.5240.71% of the given dose of ethanol was
eliminated by urinary excretion. Nearly all the renally
excreted ethanol could be recovered within 2 h of starting
the infusion.

The urinary data had little effect on the other parameter
estimates. Fitting a two-compartment model without renal
excretion and urinary data to the BrAC data significantly
increased V.. by 1.8% (CI 1.3-2.3), I'r by 0.9%
(0.6-1.2) and V, by 0.6% (0.4-0.8) and for VBAC data
(n=14) the increases were 1.5% (0.6-2.3) in V.., 0.8%
(0.1-1.5) in V7 and 0.6% (0.3-0.8) in V..

Outliers

Results with two female subjects deviated with respect to
the VBAC-time profiles (Figure 6) showing very high CV
for some of the model parameters in the regression. Poor
precision was obtained both in CLy, Ve and V7, the
distribution parameters, as well as in K,,. Fitting a one-
compartment model to the VBAC data did not change this
fact. Both subjects showed the poorest fit to the proposed
model on day 1, but even on day 3 they were still the
subjects with the lowest correlation coefficient in the
regression. The parallel BrAC data were not distorted.
Because comparison of components of variation and
differences in parameter estimates is complicated by
outliers these 2 subjects were excluded from the statistical
analysis.

Discussion

The present experiments show that a distribution phase
exists when ethanol is given as a rapid intravenous
infusion, and this supports the use of a multicompartment

Table 2 Difference in model parameter estimates depending on sampling site and study day analysed by two-way repeated measures ANOva with
two repeated factors. The 95% confidence interval (CI) is given for differences. Significance is given as * P<0.05 and ** P<0.01.

Model Mean BrAC — VBAC Day 1 — day 3
parameter n=14 mean difference (CI) mean difference (CI)
Viyax (mg n1in71) 95.8 1.7 (—1.1-4.5) 2.3 (—2.0-6.5)

K, (mg 17" 24.8 —4.3 (—14.5-6.0) 4.0 (=2.1-10.1)
CLy (ml min~") 826 34 (—48-117) —66 (—111= —21)*%
Ve 12.8 —3.3 (—=5.0- —1.6)** 2.2 (0.8-3.5)**
V(1) 22.3 2.0 (0.9-3.2)** —1.4 (=2.6- —0.2)*
CLz (ml min~") 3.62 —0.1 (—0.2-0.04) 0.2 (—1.0-1.3)

Ve () 35.1 —1.2 (=22- —-0.3)* 0.8 (0.3-1.2)**
Viax/ K,y (I min 1) 5.45 1.5 (0.1-2.9)* —0.8 (—1.6-0.0)

404 ©2000 Blackwell Science Ltd Br | Clin Pharmacol, 49, 399—408
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Figure 5 Within-subject variability for three of the model
parameters based on analysis of BrAC (O) and VBAC (e). The
x-axis is the mean value for day 1 and day 3 and the y-axis is the
difference between them. The mean difference and limits of
agreement (+2.16 s.d., n=14) are shown as solid lines, and line
of identity as a broken line.

model when analysing the disposition of ethanol. The dose
and the infusion rate were carefully chosen to allow a
distinct initial phase to appear without having the
volunteers develop symptoms of intoxication such as
nausea and vomiting [5, 7, 24]. The intravenous route,
which creates a controlled situation with respect to gastric
emptying and first pass metabolism, and a frequent
sampling schedule allow a more correct analysis of the
nonlinear disposition with parallel Michaelis-Menten and
first-order renal elimination kinetics.

There was a high consistency between observed and
model predicted data, and most parameters could be
estimated with high precision in both blood and breath.
This 1s of particular interest for I, which might be used as
an index of the total body water. The between-subject
component of variation dominated over the within-
subject in all parameters except CLy, which indicates that
the parameter estimates had good quality. We also tried
the parallel first-order and Michaelis-Menten elimination
without use of urinary data [8], but failed to improve the
results further owing to a very small contribution from the
first-order component.

Variations between sampling sites

Venous blood sampling reflects not only the kinetics of a
compound in the whole body but also the circulation in
the particular tissue drained by the sampled vein [25].
Breath data correlates strongly with the arterial blood
alcohol concentration [26] and therefore more closely
reflects the whole-body process. Thus, V¢ is over-
estimated and V' underestimated by data obtained from
venous blood as compared with breath data. Our
interpretation of Figure 5 is that, even under the
controlled conditions of this trial, the local blood flow
varied more between days than whole body blood flow. In
contrast, we found that elimination of ethanol was

© 2000 Blackwell Science Ltd Br J Clin Pharmacol, 49, 399408
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Subject AJ, day 1

Subject TG, day 1

Alcohol concentration (gl™)
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Figure 6 Concentration-time profiles of ethanol for two subjects
after 0.4 g ethanol kg™ ' b.w. was given intravenously over

30 min. In both subjects the modelling failed when VBAC data
were used (@) while the profile was normal when BrAC data

were studied (O).

unaffected by the site of measurement. This makes sense
if there is no elimination in the peripheral tissue.

The females had about 16%
distribution (V, Vy and V) than the males. Two
experiments in the female group of nonsmokers also
showed marked deviations between the actual blood data
and the proposed model. This phenomenon has been

lower volumes of

reported previously in a similar subject [27] and we believe
that a marked stress-induced vasoconstriction is the most
likely explanation. As breath data were apparently
unaftected by these problems, one could propose that it
is generally superior to venous blood for disposition studies
of ethanol in man. On the other hand, one possible
shortcoming of that method is that one needs to assume or
determine an average blood-breath partition coefficient
[28]. By applying a wide range of different partition
coefficients to a single breath data set, we found that K,
was directly proportional to the partition coefficient, Ve,
V', CLgand CLy varied inversely to it, whereas 1/, was
unaffected by the chosen value. The CV of the partition
coefticient was 5.1% so a similar proportion of the
differences in the dependent model parameters between
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blood and breath can be explained by this variability,
which may be due to changes in the whole body or local
circulation in the tissues drained by the sampled vein, body
temperature or exhalation technique. It is difficult to
determine whether the breath or venous blood most
accurately reflects the ethanol distribution in the body. If
ethanol dilution is to be used as a measure of the total body
water, however, the chosen sampling site must be
associated with a reasonably small within-subject variation.
The present results suggest that breath measurements can
be as good as blood in this respect.

Between-day variations

In contrast to the elimination parameters, which differed
very little between the study days, the distribution
parameters changed appreciably. The higher CL4 and
lower Ve on day 3 probably implies an increased
circulation in the peripheral compartment due to
vasodilatation. The reason for these differences might be
a psychological effect, as the subjects were more familiar
with the experimental procedure on day 3, or an altered
distribution induced by the first ethanol dose. The two
outliers showed more normal curves on day 3.

One of the most important components of the
microsomal ethanol oxidizing system (MEOS) is
CYP2E1, which can be quickly induced by ethanol in
animal experiments [29], even after a single large dose [30].
The lack of difference in V/,,,, between day 1 and day 3,
however, suggests that the induction of MEOS was too
small to be detectable in our study.

Renal clearance, CLg

The concentration of ethanol in the urine can be expected
to be the same as in the water fraction of the blood at any
given time interval provided re-uptake of ethanol from
urine to blood is negligible. Therefore, the renal
elimination of ethanol was small owing to the low ethanol
dose. The quality of the urine data was poorer than for
breath and blood owing to fewer samples and a high
prevalence of residual urine (n=5). There was a 10-fold
variation in the diuretic response among the subjects with
a consequent variation in CLy_of the same order. Others
have reported a slightly higher fraction of the ethanol dose
being excreted in the urine than 1.5% [7, 12], but this can
be explained by the fact that they administered a higher
dose of ethanol, which theoretically would increase the
renal excretion. The renal clearance of 0.23 1 h ™' that we
report can be compared with 0.161h~"' [7] and
0.47 1h~' [12] found by others. These differences are
probably caused by the degree of hydration and the
associated differences in urine flow rate; fasting subjects
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were used in one study (0.16 1 h™") and the other was
done after a standard meal (0.47 1 h™ ).

Previous studies

There are few previous studies dealing with the kinetics of
ethanol after intravenous administration. Wilkinson et al.
[5] gave a 2 h constant-rate infusion of 0.58 g kg~ ' to six
fasting male subjects. A one-compartment model with
Michaelis-Menten kinetics was all that could be fitted to
the data. A two-compartment model with Michaelis-
Menten kinetics was first described by Vestal et al. [7],
using a model similar to ours but without obtaining useful
estimate of K,,. Instead, they applied a theoretical K,
derived from in vitro studies of human ADH of 0.06 g 17"
They tried to elucidate whether the MEOS contributed to
ethanol metabolism but found their data unsatisfactory to
answer this question.

Rangno et al. [6] clarified some of the difterences
between the traditional zero-order model and a two-
compartment model with Michaelis-Menten kinetics in
eight male subjects. Difterent doses of ethanol were given
to strengthen the model. The subjects had lunch ‘when
necessary’ and after the first hour plasma ethanol samples
were taken every 30 min, which makes pharmacokinetic
curve fitting less precise. No urinary data were collected.

The metabolic elimination of ethanol is a capacity-
limited model being characterized by the Michaelis-
Menten parameters V.. and K,,. Some difficulties in
obtaining accurate estimates of these parameters have been
pointed out by Metzler & Tong [31], who even
considered this impossible by single dose experiments
and claimed that several measurements below K, are
needed. In simulation studies they found a high correlation
of V,u and K,,. This has been reaffirmed after oral
experiments by Wagner ef al. [32] who proposed,
however, that single dose experiments are sufficient if
carefully designed.

The V4 of 95 mg min~" we report is approximately
60% of the value obtained by other investigators [5, 6].
The strict fasting condition for the volunteers probably
accounts for most of this difference. Eating a meal is
known to increase the rate of elimination of ethanol even
when the alcohol is given intravenously [33]. Thus, having
ameal 1 h post infusion [5] or ‘when necessary’ [6] might
distort the disposition of ethanol. On the other hand,
Vestal et al. [7] reported a 1, identical to ours in subjects
fasting throughout the sampling period.

We found a K,, of 27 mg 17" whereas most others
report about 80 mg 17" [1, 5]. Some of this difference is
probably model dependent — the only group that has
previously assessed K, in a two-compartment model with
Michaelis-Menten elimination kinetics to the post infu-
sion blood data from 90 min and onwards, which is 50%
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higher than for the two-compartment model. As K,, is
more dependent on measurements at low alcohol
concentrations than the other parameters, it would also
benefit most in precision by an optimal experimental
design. Even I/, increased by 12%, on the average, by
the use of a one-compartment model.

Conclusions

The within-subject variation of the parameter estimates
reported here is fairly low, which suggests that ethanol
dilution analysed by a two-compartment model with
parallel Michaelis-Menten and first-order renal elimina-
tion may be used as a measure of the total body water.
However, comparison with an established marker of the
total body water is required to confirm this suggestion.
Parameters dervied from the breath-ethanol data were at
least as precise as those from blood-ethanol data, which
makes the analysis of breath an attractive alternative owing
to its noninvasive character.

The authors thank research nurse Viveka Gustavsson for helpful
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part by a grant from the Forensic Science Centre, Linkdping
University, Linkoping, Sweden.
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