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ABSTRACT

Introduction: Total body water (TBW) is an important parameter in pathological states where
the normal regulation of fluid balance is impaired (e.g., during critical illness, congestive heart
failure, burn injury and renal insufficiency). Dilution of water isotopes, such as deuterium
oxide (D,0), is considered the gold standard method for measuring TBW in humans. However
this procedure requires skilled staff, expensive equipment, and the results are seldom available
in a timely fashion, which makes it less suitable for clinical applications. Ethanol is completely
miscible with water and is thought to distribute into the TBW. The ethanol volume of
distribution at steady state (Vi) can be estimated by pharmacokinetic analysis of the
concentration-time profile. Ethanol can be measured in expired breath with high precision and
this non-invasive method of analysis could provide an attractive alternative with the prospect
of bedside monitoring of Vs within 4-6 hours.

The aim of this thesis was to develop an appropriate pharmacokinetic model for
intravenous ethanol administration and to identify experimental factors that impact on the
results. With this background, we compared V,, determined by ethanol dilution with TBW
determined by D,O dilution. The complicated absorption kinetics of ethanol (e.g. variable
gastric emptying and first-pass metabolism) was avoided by use of the intravenous route of
administration.

Material and Methods: Forty-six healthy volunteers (20 women and 26 men) received
intravenous infusions of ethanol (0.4-0.6 g/kg body weight) in 15-60 minutes. The
concentration of ethanol was measured in end-expired breath by infrared spectrometry and in
blood and urine by headspace gas chromatography. Specimens of blood and breath were
obtained at 5-15 min intervals for 3-6 hours post-dosing. The concentration of D,O in plasma-
water was measured with isotope ratio mass spectrometry. Subjective feelings of inebriation
were measured with a visual analogue scale.

A number of pharmacokinetic models were developed and evaluated in the course of
this thesis. The eftect of eating a meal on ethanol kinetics was investigated in crossover studies
by giving the same dose of ethanol in fed and fasted states. The magnitude and time-course of
arterio-venous differences in ethanol concentration were determined to assess the importance
of local peripheral vasodilatation and vasoconstriction on results. This was achieved by
warming the sampling hand in a heating box or cooling the hand in cold water during ethanol
infusion experiments. The impact of sampling site on pharmacokinetic parameters of ethanol
was investigated by simultaneous sampling in expired breath, arterial blood and venous blood.
Inter- and intra-individual variations in precision of the estimates of V; and TBW were studied
by making repeat infusions of ethanol a few days apart, and use of analysis of variance.

Results and discussion: The two-compartment model with parallel Michaelis-Menten kinetics
and first-order renal elimination provided an excellent prediction of the entire concentration-
time profiles of ethanol and proved to be theoretically superior to the other kinetic models
tested. A good reproducibility was obtained for all pharmacokinetic parameters, especially for
Vs and the maximal metabolic rate (Vax)-

Eating a meal increased the rate of ethanol metabolism by 30-60% and this confounding
factor needs to be considered in clinical studies when ¥V, for ethanol is estimated. Peripheral
vasoconstriction caused a lowering of the concentrations of ethanol in venous blood, which
also impacts on the pharmacokinetic parameters of ethanol. Measuring ethanol in breath agreed
more closely with arterial blood concentrations than with venous blood. The pharmacokinetic



parameters of ethanol could be measured with equally high precision in expired breath and
venous blood. An ethanol dose of 0.4 g/kg body weight infused in 15 minutes led to
unacceptable inebriation in some volunteer subjects.

The precision of estimating ¥V, by ethanol dilution was about the same as for measuring
TBW by D,O dilution (SD 0.8-1.1 litres). However, we observed a systematic bias of —13%
between ¥V, and TBW (D,0). A likely explanation for this finding might be that water in the
body, at least in part, is structured in such a way that ethanol is prevented from complete
equilibration.

Conclusions: A two-compartment model with parallel Michaelis-Menten and first-order renal
elimination gave an excellent fit to the concentration-time profile of ethanol after intravenous
infusion. Feeding state and peripheral circulation affected the estimated model parameters.
Sampling and analysis of breath provided results with the same high precision as venous blood
for estimating ethanol V.. The non-invasive nature of breath sampling makes it more suitable
for clinical purposes. The systematic bias of —13% between the Vi, and TBW by D,O dilution
suggests that ethanol does not distribute uniformly into the 7BW. The reason for this
discrepancy remains to be established.
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ABBREVIATIONS

Symbol  Explanation Unit

’H,0 Deuterium oxide, see D,O

*H,0 Tritiated water, radioactive isotope of water

A; Constant in the hybrid pharmacokinetic model, distribution (amt/vol)

o Distribution rate constant (paper II and IIT) (1/time)

ABAC Arterial blood alcohol concentration (amt/vol)

ADH Alcohol dehydrogenase

AER Alcohol elimination rate (amt/time)

ALDH Aldehyde dehydrogenase

ANOVA  Analysis of variance

AUC Area under the concentration-time curve (time « amt/vol)

B Constant in the hybrid pharmacokinetic model (equal to C,) (amt/vol)

yi) Elimination rate constant (paper II and III, equal to k,) (amt/(vol « time))

BBR Blood:breath ratio

BF Body fat (amt/amt)

B-Hb Blood haemoglobin (amt/vol)

BIA Bioimpedance analysis

BIS Bioimpedance spectroscopy

BMT Body mass index (kg/m®)

BrAC Breath alcohol concentration (amt/vol)

bw Body weight (amt)

C Concentration in the central compartment (amt/vol)

Co Extrapolated concentration at time zero (amt/vol)

Co Widmark’s extrapolated concentration at time zero (amt/amt)

CI Confidence interval

Cly Intercompartmental distribution parameter, compare flow (vol/time)

CL;y Intrinsic clearance, the hepatic blood flow independent enzymatic  (vol/time)
capacity

CLy Hepatic clearance (vol/time)

CLp Renal clearance (vol/time)

Criax Maximum concentration (amt/vol)

Cr Concentration in the tissue compartment (amt/vol)

CT Computer tomography

CcvV Coefficient of variation

D,O Deuterium oxide, stable isotope of water

df Degrees of freedom

DXA Dual energy X-ray absorption

ECW Extracellular water (vol)

Ey Extraction fraction across the liver

F Female
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,waaIer

FFM
Fy
FPM
GC
H,"0
ICU
Icw

iv

IVNAA
ko

KmH

LBM
MEOS

MRT
MS
NAD
NADH
NADPH

n.s.

po
ppm

SEM
BW
vAC

VBAC

Fractional blood water content

Fat free mass

Availability across the liver
First-pass metabolism

Gas chromatography

Water with stable isotope of oxygen
Intensive care unit

Intracellular water

Infra red

Intravenous

In-vivo neutron activation analysis
Elimination rate constant in zero-order model

Michaelis-Menten constant, the substrate concentration
corresponding to 50% of the maximal metabolic elimination rate

Michaelis-Menten constant, the substrate concentration
corresponding to 50% of the maximal metabolic elimination rate,
estimated for the liver as a separate compartment

Lean body mass

Male

Microsomal ethanol oxidizing system
Magnetic resonance imaging

Mean residence time

Mean square

Nicotinamide adenine dinucleotide
Reduced nicotinamide adenine dinucleotide
Nicotinamide adenine dinucleotide phosphate, reduced
Near-infrared interactance

Not significant

Widmark symbol for body weight (see bw)
Partition coefficient for ethanol

Per oral

Parts per million

Liver blood flow (or liver blood water flow)

Widmark factor corresponding to ratio of ethanol concentration in
whole body to that in the whole blood

Water concentration ratio between the whole body and the blood
Tissue specific resistivity

Standard deviation

Standard error of the mean

Total body water

Urine alcohol concentration

Variance

Venous blood alcohol concentration

(vol/vol) or
(amt/amt)

(amt)

(vol)

(amt/(vol « time))
(amt/vol)

(amt/vol)

(amt)

(time)

(amt)

(vol/time)
(amt/amt)

(amt/amt)

(vol)
(amt/vol)

(amt/vol)
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Ve
Va
Vi

Vmax

VmaxH

Vs.
VSAC
Vis
Vr

Volume of the central compartment
Volume of distribution
Volume of the liver compartment

Maximal metabolic rate constant derived from the integrated form
of the Michaelis-Menten eauation.

Michaelis-Menten constant, maximum metabolic elimination rate

Michaelis-Menten constant, maximum metabolic elimination rate
estimated for the liver as a separate compartment

Versus

Venous serum alcohol concentration
Volume of distribution at steady state
Volume of the tissue compartment
Impedance

(vol)
(vol)
(vol)
(amt/(vol « time))

(amt/time)
(amt/time)

(amt/vol)
(vol)
(vol)
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INTRODUCTION

Body composition

There are many ways to describe body composition. Wang et al.!"! summarized the numerous
multi-compartment models as one comprehensive model with five levels of increasing
complexity: atomic, molecular, cellular, tissue system, and whole body. In this five-level model
of body composition each component at successively higher level was composed of
components from the lower levels. The molecular level can be divided into five compartments:
fat, water, proteins, glycogen and minerals. However, a simple two-component model with
body fat (BF) and fat-free mass (FFM) as the two components is often used. FF'M contains
about 73.2% water in most human beings,””! and this observation has recently been reviewed.?!
Accordingly, it is possible to assess total body water (TBW) indirectly by any method capable
of measuring BF or FFM, such as hydrodensitometry, dual energy x-ray absorptiometry (DXA)
or total body potassium, provided the hydration of FFM is assumed to remain constant. FFM is
the whole body excluding the mass of extractable fat, whereas lean body mass (LBM) is an
anatomical term that refers to the body mass other than adipose tissue visible to the eye.

Several review articles have dealt with body composition in humans and the methods
used to estimate the separate components thereof.”'°! Weighing of organs and chemical
analysis of whole human cadavers provides the most accurate measure of body components.
However, the availability of such data is limited. Some methods of measuring body
composition are evaluated against an established reference method. For example,
anthropometry and bioimpedance include errors from the reference methods used. Another type
of body composition method, sometimes called in-vivo reference standards includes technical
and model errors. Models based on chemical relationships, such as total body nitrogen/total
body protein = 0.16, are often very stable. Models developed with nonchemical relationships
such as TBW/FFM = 0.732, are less stable and are often influenced by disease, pregnancy or
age.’!

TBW can be divided into extra-cellular water (ECW) and intra-cellular water (ICW). The
former is often measured by bromide dilution and the latter is obtained as the difference
between TBW and ECW. In the intensive care unit (ICU) the validity of ECW measurement is
uncertain, as there might be impairment of membrane patency to bromide. By estimating total
body potassium, TBW and bromide space simultaneously in I[CU-patients unrealistic values of
intracellular potassium were obtained, suggesting that in severe illness the bromide dilution
space no longer relates to ECW.!'' However, the bromide dilution method is still widely used
in the ICU setting.!'* '*!

Total body water in the clinical setting

Total body water is a dynamic factor well regulated in healthy individuals. A decrease by 15%
caused by dehydration can be life threatening. The turnover rate of 7BW in a temperate
environment is about 7% per day,'* ™! but the individual variation can be huge. Normally,
about 2 litres of water are lost per day with the urine and 800 mL to the breath, whereas losses
with sweat, faeces and transdermal evaporation are negligible.m] A host of factors influence
the state of hydration such as physical activity, feeding state, meal composition, intake of
fluids, environmental temperature and the menstrual cycle. The subjects are assumed to be in a
stable state of hydration prior to assessment of TBW or FFM.

11
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There are several situations in clinical medicine when a reliable measurement of a person’s
TBW would provide useful information. For example, in pathological states where the normal
water balance is disturbed, such as in renal failure, congestive heart failure, burn injuries and
critically ill patients in the intensive care unit (ICU). To some degree fluid balance can be
assessed from a person’s body weight (bw), or from arterial blood pressure and invasive
measurements of filling pressures to the heart. Other ways include the chemical analysis of
blood, such as osmolality, haematocrit, and sodium content as well as the volume and sodium
content of the urine. Information about the central blood volume can be obtained by
echocardiography. Just by recording a person’s body weight one fails to distinguish whether
changes are the result of hydration or catabolism of proteins. In terminal renal failure dialysis is
guided by dry weight, but changes in body composition over time make adjustments necessary
and a reliable estimate of 7B/ would be helpful.

Methods of measuring total body water - a review

The ideal method of measuring T7BW should be inexpensive, accurate, precise, easy to repeat
and use, non-invasive, and rapid enough to allow continuous bedside monitoring. Isotope
dilution methods with D,0O, *H,O or H,'0 as tracers are generally considered as the gold
standard for assessing TBW." 1% Use of ’H,0 for TBW measurement introduces a minor
radiation hazard and analysis of stable isotopes of water requires the use of expensive mass-
ratio spectrometry equipment. Making repeat measurements necessitates increasing the dose
administered because of accumulation of the tracer. However, the precision of isotope dilution
methods is good, and these techniques are widely used for research purposes, but are not so
practical in a clinical setting. Bioimpedance analysis (BIA) is a relatively new way of
estimating 7BW and is inexpensive and easily repeatable. However, BIA requires reference to
another standard TBW method and also rests on certain assumptions some of which are either
not thoroughly investigated or are known to be unreliable.” 7! Stray capacitance and variable
resistance at the electrodes reduces the precision and value of this method in the complicated
environment of the ICU.[""!

The availability of an ethanol dilution method would be a valuable complement to
traditional methods. Ethanol is cheap and readily available in pure form and reliable analytical
methods exist for quantitative determination of ethanol in body fluids."®! Moreover, the
concentration of ethanol can be determined in expired breath, which offers the possibility for
making “low-invasive” measurements and bedside monitoring of patients. The rapid
metabolism of ethanol introduces the need for repeated measurements and the use of an
appropriate pharmacokinetic model. By using a rapidly metabolised tracer accumulation of
tracer is avoided even if the measurement is repeated daily.

Direct methods

Desiccation

The direct methods of measuring TBW are completely independent of other methods or any
underlying assumptions. Fresh carcasses can be heated and all losses in weight are assumed to
represent body water. Some pioneer studies in the 19" and 20" centuries made use of human
carcasses to estimate TBW.!"2% (Table 1). However, the method is still widely used for animal
carcasses.

12
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Table 1

Total body water in adult humans by direct measurements in 11 cadavers.

Gender/Age bw (kg) TBW (L/kg) Method Comments Reference
M 33 69.7 0.585  Desiccation  Executed, “healthy” Bischoff, 1863 [
M 35 70.5 0.679 Desiccation Congestive heart failure Mitchell, 1945 29
M 25 71.8 0.618  Desiccation  Uraemia Widdowson, 1951 1
F42 45.1 0.560  Desiccation ~ Drowned, thin Widdowson, 1951 P!
M 48 63.8 0.815  Desiccation  Endocarditis, oedema, wasted ~ Widdowson, 1951 *'!
M 46 53.8 0.552  Desiccation '  Skull fracture Forbes 1953 1
M 60 73.5  0.514/0.506 Desiccation' Heart attack Forbes 1956 [ *
M 48 62.0 0.708 Desiccation ' Black, endocarditis Forbes 1956 14
F67° 43.4 0.734 Desiccation Advanced malignancy, wasted ~ Moore, 1968 %!
M 63 58.6 0.597 Freeze drying Oesophageal cancer Knight 1986 1%
F59° 25.9 0.512 Freeze drying Advanced malignancy, cachectic Knight 1986 26

47+14 58.1%14.9 0.62+£0.094

! Performed at 65 °C in a vacuum oven

% The cadavers of the 67 and 59 years old females were also analysed in vivo by *H,O dilution 32 days (bw 46.2
kg, TBW 0.662 L/kg) and ”a few” days before death (bw 25.2, TBW 0.619 L/kg), respectively. The large difference
in water content in 59 years old subject elucidates the difficulties of the dilution method in the clinical situation.

Possible errors include evaporation of organic compounds,”””) water bound to proteins in such a

way that it is not removed by desiccation,”® measurement error in weighing, and too short
desiccation time to reach constant weight.*”)

Lyophilization or freeze drying

In this method the carcass of the animal is weighed and then thoroughly homogenised. Samples
of the homogenate are then used for the lyophilization procedure and the weight difference
taken as the water content of the sample. Freeze drying has been validated against
desiccation.”*”) Errors are introduced if a non-representative sample is lyophilized or if water is
bound to proteins in such a way that it remains even after the drying process is complete. Other
possible errors arise from weighing, too short drying times, and loss of water or other
substances during the initial preparation procedures.

Dilution methods

The simple relationship volume = mass/concentration can be used to assess the body fluid
volume by the dilution principle. A tracer is diluted and well mixed in a solvent and the
concentration of tracer then determined in a representative sample taken from the fluid. A
variety of tracers have been used to measure different body fluid volumes in humans, such as
the Evans Blue dye or '*’I-albumin for the plasma volume, and bromide for the extra cellular
water.

An ideal tracer should be distributed only in the volume to be measured, it should be
evenly distributed in that volume, the rate of equilibration should be rapid and the tracer should
not undergo metabolism during the time of equilibration. Not many tracers fulfil all these
requirements and adjustments are often needed; e.g. to correct for distribution outside the
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volume space being investigated, to compensate for an uneven distribution of tracer by means
of an appropriate pharmacokinetic model, and to compensate for losses of volume or tracer.
Also other factors such as ready availability of tracer, purity and cost need to be considered.

Water isotopes

The discovery of deuterium (*H,0 or D,0) and tritium (*H,0) in the 1930s" *!! was soon
followed by reports of isotope dilution analysis to estimate TBW in humans®*>* (Table 2).
Dilution of water isotopes has emerged as the gold standard for measuring T7BW in humans.
Three isotopes of water are available for this purpose: D,O (*H,0), *H,0 and H,'®0. Several
animal studies have validated water-isotope dilution methods against lyophilization®" and
desiccation.?*") The unexplained difference between freeze-drying and isotope dilution in
dogs[35 I illustrates the difficulties that sometimes arise despite use of modern equipment and
careful experimental design. However, the majority of animal studies report a very close
relationship between TBW measured by water isotope dilution and TBW by desiccation.!”! It is
difficult to see any major flaw in the concept of water-dilution methods. One source of error
stems from the existence of non-aqueous hydrogen atoms in the body that equilibrate with the
tracers resulting in an overestimation of TBW. The theoretical maximal size of this hydrogen
pool has been estimated as 5.2% of TBW based on hydrogen content and turnover rate of
different tissues.[*”) Commonly used figures for the ratios of the water spaces to TBW are 1.041
for D,O and 1.007 for H,'*0.I""!

Tritiated water, *H,0, is easy to measure by scintillation counting, and was the most
commonly used isotope for several decades. However, the radiation hazard makes it less
suitable than the other two water isotopes. Deuterium oxide, D,O or *H,0, is a non-radioactive
isotope of water. However, analysis of deuterium requires use of rather complicated mass
spectrometric equipment, which is expensive and requires highly skilled operators. Because of
the relatively low mass to charge ratios, specimens cannot be analysed directly by mass
spectrometry with any acceptable precision. Isotope fractionation occurs in water vapour
relative to water fluid because of different energies or kinetic properties of the water isotopes
that can lead to errors in the ratio of “H/'H.""

The Nobel Prize winner Georg von Hevesy first measured *H,O by the falling drop
method,? but later on several other methods were developed including mass spectrometry,*?!
gas chromatography,'*! infrared spectrometry,* and nuclear magnetic resonance.*’! Today
most methods rely on isotope mass ratio spectrometry because this offers the highest precision
and very little material is needed for each analysis.[46] By this method the ratio between 'H and
’H is measured instead of an absolute value of *H. The third isotope H,'®0 is also best analysed
with mass ratio spectrometry.*’!

None of the isotopes of water fulfil all requirements of an ideal tracer as noted above.
The slight overestimation of TBW can however easily be corrected for, and there is no evidence
of an uneven distribution within 7BW. The time to reach complete equilibration requires at
least 3 hrs, and sometimes longer in situations with low cardiac output**! or in fluid overload
as often seen with ICU patients.!*”! Water isotopes are not metabolised, and once equilibrium is
developing, losses of 'H and “H are likely to be very closely related. However, if daily
measurements are required the dose must be increased to maintain a high precision because of
accumulation of tracer owing to the slow turnover of body water.

The water isotope dilution method requires that the subject fasts overnight before
specimens are taken for baseline measurements. The bladder is then emptied and an accurately
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measured dose of the tracer is given by weighing the dosing device before and after
administration. There are two ways to continue from here. In the plateau method fasting
continues and samples of blood or urine are taken after 3 and 4 hrs. If the values from these
two measurements are within £ 2 SD of the applied method the estimation is reliable and if not
it might be best to discard them. In the slope method the subjects are allowed normal intake of
food and nutrients but the sampling period is prolonged to several days or even weeks. The
subjects are urged to refrain from heavy physical activity. The TBW is then estimated from the
slope of the decay curve. This method is used in studies of metabolism with double-labelled
water.’%) The half-life of deuterium oxide in the adult human body is approximately 9 days.!’"!
The complexity of the method of stable isotope dilution precludes its use for monitoring
changes in TBW at the bedside. The long sample preparation time and the limited availability
of the necessary mass spectrometric technique forces most investigators to send their
specimens to another laboratory.

Potential errors of the water isotope dilution method include errors in the assumptions
regarding exchangeable hydrogen, too short equilibration time, residual urine, preparation
errors, dosing errors and error of analysis. If carefully conducted the precision can be as high as
1% coefficient of variation '*! being among the highest of any body composition method.

Urea

Urea is a water-soluble major end product of protein metabolism in the liver. Serum normally
contains 3-10 mmol/L urea and about 0.6 mmol is excreted in the urine daily. Variability is
related to dietary intake of proteins, catabolic state, and diuresis. Urea is routinely analysed
during care and treatment of patients with chronic renal failure to assess 7BW and the need for
dialysis."”! Although single compartment kinetic models have been used for urea giving
volumes of distribution close to TBW, compartmentalisation of urea during haemodialysis has
been proposed,**) and later confirmed by micro dialysis.”

The use of isotope labelled urea as a tracer for TBW is limited by multi-compartment
kinetics, the rate of endogenous production, and the variable renal elimination. The coefficient
of variation (CV) of the urea space has been estimated to be 7%.5°*! Dilution of **C-urea is used
as a method to determine tissue water.[>!

Antipyrine

Antipyrine is an analgesic drug developed in the 19 century and exhibits 100% bio-
availability of the dose, a very low binding to plasma proteins (10%) and an apparent volume
of distribution closely related to TBW. The metabolism of antipyrine follows first-order
elimination kinetics with a half-life of approximately 11 hrs.’-**!

The variable plasma protein binding limits the usefulness of antipyrine as a tracer for
measuring TBW and the long half-life results in accumulation of tracer with repeated dosing.
As recently as 1996, however, antipyrine was reported as a suitable and accurate measure of

total body water in haemodialysis patients.’”)

[59-61 and thiourea!®"! have also been proposed as markers for TBW, but

[62-64]

Sulphanilamide
both have been rejected because of unequal distribution in body tissues.

Ethanol

Oskar Griiner first proposed ethanol dilution for determination of total body water in 1957,!6%)
and this methodology will be described in detail.
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Table 2

Total body water in adult subjects by various indirect methods, summarized from the literature.

n, Gender, Age bw(kg) TBW (L/kg) Method Comments Reference
Male 68 0.63 °H,0 dilution  Normal subject Hevesy. 1934 [
Male, 26 y 66.0 0.725 H,0 dilution ~ Normal subject Moore, 1946
Male, 19y 70.8 0.647 H,0 dilution  Normal subject Pace, 1947 P4

17 Males, 25 + 4y 71.8+£6.6 0.618+0.037 *H,O dilution

oo Normal subject: Schloerb, 1950 B
11 Females,25+3y  582+89 051940047 *H,Odilution o o SURIects chioerd,

7 males, 3 females 90.6+339 0.510+0.110 H,'*O dilution 5 normal, 5 obese Schoeller 1980 7!

6 Males 60.5+9.3 0.545+0.030 Antipyrine Normal subjects Soberman, 1949 58!
2 Females 45.0/73.4 0.495/0.393 dilution vs.
H,0
I9M,7F 5818y 64.6 9.0 0.68+0.10 Antipyrine vs. Haemodialysis Odar-Cederl6f,
*H,0 patients 1996 71
10 Males 71.8+8.7 0.526+0.055 Ethanol dilution Normal subjects Griiner, 1957 1%
20 Males 80.6+13.2 0.578+ 0.040 Bioimpedance Patients in different Hoffer 1969 (*!
34 patients (19F) 64.6+ 145 0.588+ 0.097 vs. 2H:O degrees of hydration

Bioimpedance and anthropometry
Bioimpedance

Bioelectrical impedance analysis (BIA) is based on the different conductive and dielectric
properties of various biological tissues when an electric current is applied. Two underlying
assumptions of the method are that the body behaves as a uniform isotropic conductor of
electricity (isotropic = having like properties in all directions, like a piece of glass), and that the
body can be viewed as a single cylinder. For the single frequency method, the volume or 7TBW
is directly related to the specific resistivity of the tissues (p), the square of body stature, and
inversely to the impedance (Z).1" !

By using a large number of frequencies, typically logarithmically distributed between 1
kHz and 1000 kHz, some of the problems with single frequency bioimpedance are corrected.!*”!
This method is called bioimpedance spectroscopy, and several instruments are now
commercially available. However, there are still several shortcomings of the impedance
method in clinical practice.l’® "]

Bioimpedance is a method with rather high precision but poor accuracy. The error of
electrode placing is about 1%. Its ability to quantify changes of hydration is limited,l’* and if
peritoneal dialysis fluid is added there is a severe underestimation of these volumes.”! This is
partly a consequence of the limb dominance of whole body impedance.!”! Factors like surgical
shunts for dialysis and central venous lines have been shown to disturb measurements,”””! and
there are problems when this method is used in the ICU because of stray capacitances to the
environment.!"”! Thus, bioimpedance serves best as a supplement or substitute to
anthropometry in epidemiological field studies.
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Anthropometry

Total body water can be estimated from easily available data such as length, weight, age and
gender.”8! More sophisticated models can be made by adding skin fold thickness at various
sites, bone dimensions, and limb circumferences.! The method requires a reliable reference
method (e.g. isotope dilution) for comparison. A stepwise linear regression equation is fitted to
a large group of individuals representative of the population under study. The reliability of the
anthropometric method can never be better than the reference method and it is also difficult to
find general equations that account for pathological states. Some of the well-known sources of
error include profound malnutrition, inclusion of those with abnormal muscular mass (e.g.
body builders), pregnancy, obesity and subcutaneous oedema.l’””! In haemodialysis patients a
population-specific regression equation has been developed to estimate 7BW, but it has only
been validated in 33 subjects by comparison with D,O dilution.’®! Like bioimpedance, the
anthropometric method is suitable for epidemiological field studies.

Methods of measuring body fat

The relationship TBW = 0.732 « FFM makes any method that can accurately measure BF' a
possible indirect measure of TBW. These methods are briefly listed below with focus on
sources of errors, precision and accuracy.

Densitometry

Densitometry is a procedure for estimating body composition from body density. The most
widespread method of densitometry is underwater weighing or hydrodensitometry.””! Body
mass is easily estimated from body weight, and therefore, most densitometry techniques are
methods to measure body volume. BF can be calculated from whole body density by assuming
that body fat has a density of 0.9 kg/L and FFM 1.1 kg/L.®" The residual volume of the lungs
and air in the gastrointestinal tract are two important sources of error. Even more important,
however, is the magnitude of the deviation from the assumed fat-free composition.’*'**! The
underwater weighing method is limited to subjects that can be totally submerged in water after
a maximal expiration. The precision of FFM is about 2% and the accuracy 3%.") In recent
years air displacement plethysmography, where the subject is immersed in a closed air-filled
chamber, has begun to replace underwater weighing.™ ®! Obviously this approach is not
feasible for intensive care patients.

Dual energy X-ray absorptiometry (DXA)

Absorptiometry is the measure of an absorbed or attenuated radiation by the skeleton or soft
tissues while an energy beam is transmitted through a subject.®® High-resolution images,
improved precision and lower radiation exposure of DXA has increased the availability of this
technique. The fat content of soft tissue can be estimated by DXA from the assumed constant
attenuation of pure fat and bone free lean tissue, respectively. It is BF rather than adipose tissue
that is measured. The assumption of constant hydration of lean tissues has been pointed out as
one source of error.’” *¥] Another problem is the thickness and size of the subject. Total body
bone mineral is estimated independent of soft tissues by DXA. The precision of BF by DXA is
3% and accuracy 5-10% corresponding to a minimum detectable difference of 1 kg.”’
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Total body potassium

Potassium is essentially an intracellular cation that is not incorporated in triglycerides. The
natural abundance of 0.012% of the radioactive isotope *’K promotes estimation of body cell
mass and FFM by external counting of “’K. In humans the potassium content of FFM is
reasonably constant. Chemical analysis of a limited number of human cadavers yielded values
of 2.66 and 2.50 g potassium/kg FFM in males and females, respectively.®™ Less direct
approaches with whole body counting and determination of 7BW or densitometry yielded
similar results.”> °!) The errors of the method originate from the natural background radiation,
difficulties to discriminate the **K gamma ray from other radiations and from the assumed ratio
of potassium to FFM.

Computer tomography (CT) and magnetic resonance imaging (MRI)

CT can be used to estimate the amount of total or regional adipose tissue, and the values are
highly correlated with body fat estimated by *’K counting or densitometry.l”>**! MRI can be
obtained without known health risks, and is therefore suitable for determination of adipose
tissue. MRI can discriminate between visceral and subcutaneous adipose tissue
accumulation,”” and has even been used to assess TBW in animals.”” Both CT and MRI are
the methods of choice for measurement of visceral adipose tissue. The relationship between
body fat and total adipose tissue is not resolved, and CT radiation and the high equipment costs
limits the clinical usefulness.

In vivo neutron activation analysis (IVNAA)

IVNAA is a technique used to measure major body elements such as nitrogen, hydrogen and
chlorine directly, as opposed to volumes and attenuation by other nuclear-based methods.
When a subject is scanned through a neutron beam, some nuclei become excited for a short
time and then return to their lower ground state with the emission of gamma rays that can be
collected to form a composite spectra.l’”’! The method has been validated against wet chemical
analysis of two cadavers”® and phantoms.[98] In vivo precision is 5% for total body nitrogen
and total body chloride. Together with *H,O dilution a five-compartment model including
water, protein, minerals, carbohydrate and fat has been developed, and used in ICU patients.!*:
191 Fnaccurate estimation of TBW, the validity of assumptions regarding the ratio between
different compounds, random errors, positioning of the patient, variations in body habitus and
in the measurements of body habitus constitute some of the potential sources of error for the
IVNAA method. The high instrument cost limits the availability of the method.

Near-infrared interactance (NII)

NII is a technique based on the principles of light absorption and reflection using near-infrared
spectroscopy. It is performed by scanning over near-infrared wavelengths of 700-1100 nm. The
instrument is suitable for field studies of body fat in non-obese subjects,'”" but has not yet
reached a precision that could challenge DXA.'%
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Table 3

Transformation of units for ethanol

Measured unit Transformed unit

1.00 /L 21.7 mmol/L

1.00 mmol/L (mM) 0.0461 g/L

1.00 vol% (vol/vol) in water 0.792 weight% in water

1.00 weight% (w/w) in water 1.26 vol% in water

10.0 weight% (w/w) in water 12.3 vol% in water

1.00 g/LL whole blood, B-Hb 140 1.19 g/L of the water fraction of the blood
1.00 g/L. whole blood 0.947 g/kg whole blood

1.00 g/L whole blood 1.12 g/L plasma

1.00 g/2300L expired air 1.00 g/L venous whole blood

Bioanalytical and sampling issues of ethanol

Units and transformations

It is easy to become confused by the many different units used to report ethanol concentrations
in alcoholic beverages and laboratory samples of blood, serum, urine and breath (Table 3).
Ethanol (C,HsOH) has a molecular weight of 46.1 Daltons, which means that g/L. can be
transformed to mmol/L or mM (mg/L/46.1 = mmol/L). The density of ethanol is 0.792 kg/L
(specific gravity at 25°C), which makes it possible to transform units of weight/weight to
volume/volume if the density of the solvent is also known. Density is temperature dependent
and at 15°C ethanol has a density of 0.798 kg/L. Note that the transformation of vol/vol to w/w
and the reverse is dependent on the prevailing ethanol concentration, for example, 100 vol% is
the same as 100 weight% but the value in Table 3 is applicable for all ethanol data in human
experiments (1.262 for 1.0 weight%, 1.266 for 0.01 weight%). For water the density 1.0 is used
for all practical purposes, but if the solvent is whole blood the density of whole blood must be
used (1.055).

The blood:breath ratio of ethanol

The partition coefficient of ethanol between blood and air has been determined in-vitro as
1756:1 at 37°C.I") The equilibration is strongly temperature dependent and the partition
coefficient increases by £6.5% per degree centigrade.!'”! A physiological relationship exists
between the concentration of ethanol in blood and breath, and breath-alcohol testing
instruments are widely used in forensic casework instead of taking blood samples. Indeed, the
breath-analysers used are usually calibrated by use of an in-vivo blood:breath factor to give
results in close agreement with venous blood alcohol concentration. A common value for the
in-vivo blood:breath ratio in the post-absorptive state of alcohol metabolism is 2300:1,!'%%7!
although for legal purposes, a ratio of 2100:1 is generally used."®! A considerable variability
in the blood:breath ratio of ethanol has been noted in recent studies with modern technology,
with CVs of 9-19%.1'% 1] Among other things, the value appears to be higher after reaching
Cpax than during the ascending phase of the concentration-time plot."'*""* In a recent review
on the blood:breath alcohol ratio'' it was suggested that a constant exhaled ethanol
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concentration is never reached during a single prolonged exhalation because of interactions of
ethanol molecules with the mucous surfaces in the conductive airways via diffusion from the
bronchial circulation rather than with alveolar air.''®! Several sources of error need to be
considered when breath-alcohol measurements are used instead of blood samples such as lung
disease, vital capacity, forced expiratory volume, faulty heating of exhaled air, changed body
temperature in the subject, and errors in instrument calibration.

Chemical properties, lipophilicity and endogenous levels of ethanol

All primary alcohols have a similar structure with one hydroxyl group (-OH), attached to a
saturated carbon chain. Ethanol, CH;-CH,-OH, is formed during fermentation of grapes, or
other parts of plants that are high in sugar or starch, together with water and yeast. When the
concentration of ethanol reaches about 15% (vol/vol) most yeasts die and fermentation
terminates. Higher ethanol concentrations can be reached by a distillation process. Ethanol
provides 7.1 kcal/g (29 kJ/g) when oxidised to carbon dioxide and water in the body.

The lipid:water partition coefficient of ethanol (P) varies considerably depending on the
nature of the lipid and aqueous phase studied. Whereas P for octanol:water is close to 0.5,
81 p for oil:water is 0.035"'! and resembles the value of 0.09 obtained for P
membrane:buﬁ‘er[”g] when calculated from other solvent systems. Ethanol has an infinite
solubility in water and low solubility in lipids, which means that only a small fraction of the
amount ingested will dissolve into body fat. If a normal subject has 40 L body water, 20 kg
body fat and a lipid:water partition coefficient of 0.05, then theoretically 2.5% of a given
ethanol dose could disperse into the body fat and the TBW would be overestimated by the same
figure. A similar relationship can be obtained from the ethanol partition coefficients between
oil:air and blood:air."*"!

Trace amounts of endogenous ethanol are produced in the gastrointestinal tract from
micro-organisms such as yeasts or bacteria acting on carbohydrates from the diet. The
concentration of endogenous ethanol is in the range 0 - 0.0008 g/L in whole blood and lacks
clinical or forensic relevance.l'?!) These very low concentrations have been determined by gas
chromatography, and the limit of detection could be lowered to about 0.0001 g/L by a salting-
out technique. This entails saturating the biological specimen with an inorganic salt (NaCl or
Na,CO3) prior to equilibrium at 50 or 60 degrees C. The added salt helps to increases the
vapour pressure of non-electrolytes, such as ethanol, relative to water thus boosting the
sensitivity of the analysis. Endogenous concentrations of ethanol can be increased in rare
instances of severe infections with candida albicans in Japanese subjects or in bacterial
peritonitis.!'?% 17!

Ethanol pharmacokinetics

Reliable methods for analysing ethanol in small volumes of blood were developed in the
1920s."'**! Widmark presented the pseudolinear concentration-time curve for ethanol
elimination in the 1930s.!"**! The enzyme mainly involved in the oxidation of ethanol is hepatic
alcohol dehydrogenase (ADH), which was first isolated from horse liver in 1948.1* A few
years later the wet chemical oxidation method for blood-alcohol analysis was replaced by an
enzymatic oxidation, the ADH-method, having better sensitivity and specificity for
determination of ethanol.'>”! The limit of quantitation of ethanol was now lowered from 0.1 to
0.01 g/L in body fluids, which allowed Lundquist and Wolthers?*! to show that the entire post
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absorptive ethanol concentration-time curve took the shape of a hockey stick. They also
showed that concentration-time data could be fitted to a kinetic model with Michaelis-Menten
elimination. Gas chromatography is now the method of choice for ethanol analysis in research
and forensic science and a high accuracy and precision is possible. For a single determination
the coefficient of variation is 1.0% at a blood-ethanol concentration of 0.8 g/L.[ 1291

Absorption

Absorption of ethanol across biological membranes occurs by passive diffusion along
concentration gradients in the same transmembrane channels that allow the passage of
water.' Absorption from the stomach begins immediately after the start of drinking an
alcoholic beverage. Because the surface area for absorption is considerably larger in the small
intestine than in the stomach, available data suggests that the absorption rate is about 30 times
faster from the duodenum and jejunum than from the stomach.!’*>" *!! Therefore, the rate of
gastric emptying seems to be the most important factor influencing the rate of absorption after
oral intake of ethanol. Several factors that modulate gastric emptying have an impact on the
absorption rate of ethanol, such as the presence of food in the stomach before drinking
starts, !> cigarette smoking,**! drugs that retard or accelerate gastric emptying,[**"*! the
concentration of alcohol in the drink,!®" and thus choice of alcoholic beverage.'*” The
feeding state has major importance for within- and between-subject variation in the
pharmacokinetic parameters of absorption.!"*?! The non-linear kinetics of gastric emptying
rate!™" 2! makes it difficult to apply a pharmacokinetic model to the absorption part of the
ethanol curve.l' ™ Another factor that has been almost completely ignored by most
investigators is the blood flow rate in the gastrointestinal mucosa, which might have a major
influence on rate of absorption of ethanol especially after small doses are ingested.['*>- 1461

First-pass metabolism (FPM) refers to the additional fraction of a dose of ethanol that is
metabolised in the liver or gastrointestinal tract before ethanol is diluted in the total body
water.'*”! The significance of FPM has been much debated in recent years particularly whether
this occurs in the liver the gastric mucosa or in both places.!"*"**! Some investigators maintain
that the stomach is the main site of FPM,["**">°! whereas others argue that it is the delivery rate
of ethanol to the liver that governs the amount of FPM and that the concentration of ethanol in
portal venous blood is of crucial importance.!"*” '**! This means that the FPM of ethanol is
closely related to the ethanol absorption and thereby also to gastric emptying rate. Furthermore,
the Michaelis-Menten kinetics of ethanol metabolism invalidates the method of comparing
areas under the concentration-time curve (4UC) after oral and intravenous dosing to assess
bioavailability of the drug.!"*”! Even the definition of FPM has been debated.!"*" 1%

In summary the presence of food in the stomach at the time drinking begins will delay
gastric emptying resulting in slower absorption and a lower peak blood concentration and also
diminished impairment of the ability to drive a motor vehicle. Gastric emptying has a major
impact on within- and between-subject variation in C,,, and apparent first-pass metabolism.

Distribution

Ethanol is believed to disperse into the total body water.l"™ > The fat free fraction of body
mass is not only related to the size of the subject but also to obesity, gender and age. As TBW is
closely related to FFM, these factors are important determinants of the volume of distribution
of ethanol and thus also organ toxicity and overall risk of ethanol exposure.“"’o’l(’z] In
epidemiological studies of medical disorders associated with heavy drinking the notion of
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reporting total dose ingested has been questioned. Instead, dose/kg or dose/kg body water
seems more appropriate when subjects of both sexes are included."®%! A number of
investigators have used ethanol as an index of 7BW, and this topic will be covered in greater
detail later.

The distribution rate of ethanol into body fluids is obscured by the rate of absorption. In
many drinking experiments this confounding influence has not been well recognised. At the
start of the 1970s ethanol was investigated as an anaesthetic agent for minor gynaecological
surgery and the distribution phase of ethanol was demonstrated after intravenous
administration.”'®® 71 Arterio-venous equilibrium occurred within 7 minutes. The utility of
ethanol as an anaesthetic agent was abandoned because of unacceptable nausea and
hangovers."® Later, a two-compartment model was applied to data after intravenous infusion
of ethanol and the apparent half-life of the distribution phase was found to be 9.5 min.!'®"!

Metabolism and Excretion
Extent of metabolism

About 95% of an absorbed dose of ethanol is eliminated by metabolism in the liver and another
1% is conjugated with glucuronic acid and excreted in urine. Losses into the breath are
proportional to the amount of ethanol in blood, but as natural losses of water in the breath are
only about 30 mL per hour, this route of elimination is less than 1% in most cases. Loss of
ethanol with the faeces, sweat or by transdermal convection is also negligible under normal
conditions. The urinary ethanol concentrations are proportional to those in the blood and
excretion might become significant if diuresis occurs at high blood alcohol levels. Normally
however, excretion of ethanol in urine is less than 5% of the dose ingested.

Metabolic pathways

Three different enzymatic pathways regulate the metabolism of ethanol (Figure 1). Alcohol
metabolising enzymes are distributed throughout the body, but at least 90% of the metabolism
takes place in the liver.

Alcohol dehydrogenase (ADH) is the most important enzyme involved in oxidative
degradation of ethanol. Six classes of ADH enzymes have been identified and some of them
are polymorphic with two or more alleles. They show a wide variety of V. and K,, values in
vitro, and these can be incorporated into a physiologically based pharmacokinetic (PBPK)
simulation,"' " but it is almost impossible to obtain sufficient in vivo data for such calculations.
Class IV isozymes of ADH are predominantly located in the gastric mucosa, and much of the
discussion regarding FPM focuses on whether the metabolic capacity of the stomach is
sufficient to account for FPM, considering the weight of the gastric mucosa is only ~70 g!'*°!
compared with 1500 g for the liver. The high K, of class IV gastric ADH together with a very
high ethanol concentration in the alcoholic beverage ingested speaks in favour of a significant
FPM.!"* 1331 However, this notion has been challenged by calculations based on measured
gastric absorption rate.'"**! The ADH isozymes of the liver appear in different proportions for
Caucasians, African Americans and Asians especially Japanese.!'’!)

The rate of the ADH-enzymatic oxidation depends on alcohol delivery rate, the re-
oxidation of NADH to NAD", and the activity of acetaldehyde dehydrogenase (ALDH).!'’* 7]
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ETHANOL CH3;CH,0OH

A
NADPH + O, + H' NAD* H,0,
CYP2E1 ADH Catalase
(microsomes) (cytosol) (peroxisomes)
v NADP*+ 2 H,0 v NADH + H* v 2 H,0

ACETALDEHYDE CH;CHO

NAD* NAD*
ALDH1 ALDH2
(cytosol) (mitochondria)

NADH NADH

ACETATE CH,COOH

Figure 1
Metabolic pathways for ethanol. Alcohol dehydrogenase (ADH) is quantitatively most important at low
alcohol levels, and Cytochrome P450 CYP2E] is the inducible pathway.

Thermodynamically the reduction of acetaldehyde to ethanol is favoured at physiological pH
and temperature but the very low K,, for ALDH means that acetaldehyde is very effectively
oxidised. The concentration of free acetaldehyde in hepatic venous blood is more than 1000
times less than the ethanol concentration. In certain Asian populations the inactive ALDH2*2
allele is predominant making these individuals sensitive to even small amounts of alcohol
owing to higher concentrations of acetaldehyde being present in the blood.!"’”*! Homozygotes
are almost completely protected against the development of alcohol dependence, and
experience the effects of acetaldehyde including the alcohol-flush reaction even after very
small amounts of ethanol are taken.!"”)

Several models have been proposed to explain the hepatic metabolism of ethanol with
Michaelis-Menten elimination kinetics.!'® '"”! Because ethanol is rarely measured in the portal
and liver veins, most investigators apply data from peripheral venous blood concentrations to a
well-stirred model.!'*”) However the determination of K. is extremely sensitive to the choice of
model, the true hepatic concentration of ethanol and the hepatic blood flow rate!'”® !, which
makes the scaling from in vitro estimations to in vivo predictions very tricky. The parallel tube
model has occasionally been applied to liver kinetics of ethanol.!'’® ¥

The microsomal ethanol oxidizing system (MEOS), located in the endoplasmic reticulum of
hepatocytes, contains the cytochrome-P 450 isozymes, which are a group of important enzymes
for oxidative metabolism of xenobiotics, prescription drugs and endogenous substances. The
most important component for ethanol metabolism is the inducible CYP2E1 isozyme.!'s"- 1#2]
Induction is achieved by substrate stabilisation of the enzyme, which decreases the turnover
rate of enzyme.["®¥) It has been suggested that most of the observed increase in rate of ethanol
metabolism associated with chronic heavy drinking is accounted for by induced CYP2E1
enzyme. Blocking CYP2E1 by drugs has shown that CYP1A2 is also capable of ethanol
metabolism,!"®* but this has so far not been characterized in humans. The MEOS system
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requires oxygen and reduced nicotinamide adenine dinucleotide phosphate (NADPH) to
oxidise alcohol. A K, exceeding 0.50 g/L. has been reported in vitro."’?! Efforts to model two
parallel Michaelis-Menten systems have been provided in rabbits"®*! and humans.'*"!

Catalase is found in liver peroxisomes. However, this pathway probably contributes little to the
overall elimination of ethanol in vivo. Catalase activity is limited by the availability of the toxic
co-substrate hydrogen peroxide that hardly exists in sufficient amounts in the liver to play any
quantitative role.

Factors affecting the rate of elimination

The elimination rate of ethanol is often presented as a single value depicting the descending
phase or slope of the pseudolinear part of the post-absorptive blood-alcohol concentration-time
plot, ko, or as the amount of ethanol cleared from the body per hour, the alcohol elimination
rate, AER. A common value for &y is 0.15 g/kg/h (range 0.10-0.24) and AER is about 0.10
g/kg/h or 7 g/ for a 70 kg subject.!'™! Most experiments on ethanol kinetics have been
performed under controlled drinking conditions after a standardized dose is ingested in a short
time (5-15 min) either in the fasting state or 1 hour after eating a meal. Even if this is
unrealistic compared to social drinking, a host of factors have been identified that impact on
the elimination rate of ethanol such as gender,'®® ¥ age """ 191 ethnicity,!""*'*! circadian
rhythm,!"* ¢! and regular high alcohol intake in alcoholics.!"®- 17! The size of the liver itself
relates to the ethanol elimination rate in rats,!"®® and seems to explain some of the ethnic or
gender differences in humans."*> ' Liver blood flow is likely to be important after small
doses are ingested because the intrinsic clearance of ethanol in the liver is high which makes
the rate of ethanol elimination dependent on blood flow. The model parameters of ethanol
elimination are often confounded by the rate and extent of absorption seen in many controlled
drinking experiments. Furthermore, concurrent distribution is rarely considered, and the
multiple enzymatic pathways of ethanol metabolism must be simplified as a single enzyme
system.

A better alternative to the zero-order elimination rate k&, is the Michaelis-Menten
elimination kinetics characterized by the maximal metabolic rate V. and the blood
concentration that corresponds to half of that rate, K,,. These kinetic parameters are not easy to
determine from controlled dosing studies when alcohol is given orally.

Ethanol dilution as a measure of total body water
To predict blood ethanol concentration Widmark derived the following equation:[ 1231

a=c,-p-r (1)

where a = ethanol dose (g), ¢y = the blood ethanol concentration that would result if all the
ethanol was immediately distributed into its total volume of distribution (g/kg blood), p = body
weight (kg) and » = ethanol concentration ratio between the total body and blood, the so-called
Widmark factor. Compartmental pharmacokinetic models were developed much later although
today one might say that the Widmark equation represents an one-compartment model with
zero-order elimination kinetics. When Griiner drew the conclusion that ethanol is dissolved
exclusively in the body water'®! he realised that both ¢, and r depended on the TBW of each
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particular subject. The concentration ratio r,, between the water concentration in the body TBW
(w/w) and the water concentration in the blood fB,,4zer (W/W) is

- TBW (w/w) @)
IBuyarer (W W)
With r = r,, equations (1) and (2) can combine to form
TBW(W/W): a..waater(W/w) (3)
p-c

This equation can be modified to express TBW directly in litres. The amount of alcohol in the
body has been exchanged with the dose D,, or D;. for oral and intravenous administration,
respectively.

D, - fB, e (vol [vol)
CO

TBW = @)

The above formula is almost identical to the general dilution formula, namely volume =
dose/concentration at equilibrium. It is important to note that Widmark reported ¢, in units of
mass/mass. Today the method of gas chromatography is the gold standard for analysis of blood
ethanol and results are reported as mass/volume units. This is denoted C or Cy in the particular
case of back extrapolation to time zero. The measurement units for fB,., are mass/mass,
which is confirmed by the figure 80% used by Griiner.[ Therefore, either C, must be
transformed to concentration of ethanol in the water fraction of the blood or /B4 needs to be
reported as volume/volume units. The transformation must be done with the aid of the blood
density expressed as mass/volume (1.055).

After the pioneer work by Griiner'®! there was a limited interest in measuring TBW by
the ethanol dilution method and only a few papers appeared over the following years.?**2%21 A
renewed interest in the method of ethanol dilution appeared recently with the introduction of
quantitative breath-alcohol analysers that furnish a non-invasive way to monitor blood-ethanol
and to derive TBW in a clinical setting.[m’ 2941 yarious methods for measuring 7BW in humans
by ethanol dilution have been used (Table 4).

Two articles described use of urine samples for TBW measurements.**> %! Although
these have the benefit of non-invasive sampling, possible shortcomings include pooling of
urine in the bladder that makes the time point of the sample analysed uncertain if urinary
excretion is variable, the presence of residual urine, diuresis induced by ethanol and the
difference between a density of 1.000 and the actual density of urine.

Allowing the volunteer subjects or patients to drink the required dose of ethanol is non-
invasive, but introduces a number of sources of error such as incomplete absorption, first-pass
metabolism in the liver or gastric mucosa, and a difficulty to define zero-time if there is a lag
time before ethanol reaches the portal vein and liver where pseudo zero-order elimination
occurs. Moreover, the subjects must be in the fasting state before drinking otherwise the
bioavailability of ethanol will be reduced thus introducing a significant error in the calculation
of TBW. Only data from the post absorptive part of the concentration-time curve should be
used owing to the complicated patterns of gastric emptying.
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Table 4
Measurement of TBW in humans by ethanol dilution, mean +SD.
Subjects bw (kg) TBW (L/kg bw) Model and methods * Reference
Gender (M, F), n ethanol other relation
M 27, volunteers 70 61 - 1-comp, 0-order, VBAC Grimer 1957 [**]
M 10, volunteers 718487 526455 54.9+57 0959+ Photometry. po0.5g/kg bw
Antipyrine 0,023
M 10, volunteers - 530+3.1 538+37 0959+ l-comp, 0-order, VBAC Griiner 1961 %71
Antipyrine 0.023  photometry, po 0.5 g/kg bw
? no 1-comp, 0-order, L/AC, 0.35g/kg Pawan 1963 2’]
bw
M 35, healthy 60.3+6.0 61.8+50 0977+ 1-comp,O-order, BrAC, GC,po Loeppky 1977 [l
*H,0 0.073  0.5-0.35 g/kg bw
M 18, F 10 HD-pat 674  579+8.1 no 1-comp, 0-order, ¥SAC GCx2 + Walle 1980 **!)
ADHx3, po 0.5 g/kg bw
M 12, healthy 593+9.8 59.1+3.1 no 1-comp, 0-order, po 0.6g/kg bw Avadhany 1986 [2°°!
UAC
M15 80.5+154 40985 no 1-comp, 0-order, po 0.6¢/kg bw, Jones 1992 1*%1
403+ 8.6 plasma and blood
M 15, healthy 739 582426 59.8+3.0 0978+ 1-comp, O-order, VSAC GCx2 + Endres 1994 2%l
Fs 7.6 506422 S11+23 0021  ADH,po 0.8 g/kgbw
D,0
M 8, PD-pat 840+108 53+7 49+4 1.08  1-comp, O-order, BrAC by dual Dahl 1999 1*!]
F 11, PD-pat 673+182 Anthropo- beam IR, po 0.3g/kg bw
metry
M 8, healthy 727+9.5 517149 612146 0.845+ 2-comp, MM, UAC: GC, Norberg, paper V
D,0 0.045 BrdAC: IR, iv 0.4 g/kg bw
535454 0873+ VBAC.GC
0.038
F 8, healthy 70.1+£6.7 453+47 53.8+59 0.844+ BrdC Norberg, paper V
0.045
F6 459457 523+62 0879+ VBAC
0.040

! Compartments (0-1-2), elimination (0-order or MM = Michaelis-Menten elimination), site of measurement
(V=vein, Br=breath, B=blood, S=serum, U=urine, AC=alcohol concentration), method (GC=gas chromatography,
IR=infrared, ADH=enzymatic), administration (po or iv), dose (g ethanol/kg bw).

Furthermore, distribution and absorption easily becomes confounded and are therefore often
neglected. The precision of Cy is also dependent on the number of concentration-time points on
the descending phase and the length of the back extrapolation to the time of dosing (Figure 2).
Too high a dose or too rapid administration can also be a problem because of inebriation and
other side effects of ethanol impairment.

Loeppky et al.”*! investigated TBW in 35 healthy males with ethanol and *H,O dilution.
They found a good agreement between the two methods, r = 0.90, but the individual
differences were considerable and exceeded 10% in 9 subjects. They also assessed LBM by
hydrodensitometry and derived regressions between LBM and TBW by ethanol dilution.
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Figure 2

Left panel: Concentration-time plot after oral administration according to Griiner,
extrapolated concentration at the start of drinking.

Right panel: Concentration-time profile after intravenous infusion of ethanol. Dotted lines mark the
cut-off from the initial phase (100 min) and terminal (elimination) phase (0.12 g/L), respectively.

(9 \where C, is the

Endres and Griiner® 2! compared TBW assessed by D,O dilution with the volume of
distribution for ethanol and found a remarkably good correlation (r = 0.966). They used a
relatively high dose of ethanol, 0.8 g/kg bw, that possibly overcame some of the problem with
first-pass metabolism. Ethanol was measured by gas chromatography and enzymatically and
transformed from promille (%o) ethanol in whole blood to %o ethanol in the water fraction of
the blood by considering blood water content (w/w). The use of %o as unit of ethanol
measurement creates some uncertainty whether this value is in g/kg or g/L, especially as they
stated that a certain sample volume was used for analysis. This could give rise to an
overestimation of the ethanol space by 5%.

Jones et al.”®® showed that TBW could be assessed from both blood and plasma
concentrations of ethanol and that similar results were obtained. This agrees with reports that
ethanol content of blood and plasma is proportional to the water content of the two
specimens.?'?!2l TBW obtained from extrapolation to C, of the ethanol concentration time
profiles in blood and plasma was compared with TBW from anthropometric data.”’®*"*! A mean
difference of 2% was observed.

In one study the method of ethanol dilution was used to determine 7BW in 37
anaesthetised dogs.*®” The correlation between the ethanol volume of distribution and 7BW by
*H,0 dilution was high, r = 0.967, although the intra-gastric ethanol space was thought to be
overestimated owing to delayed gastrointestinal absorption. First-pass metabolism possibly
contributed to this discrepancy. Volume changes resulting from acute saline infusions in anuric
animals were reflected by changes in both the ethanol and *H,O spaces. An ethanol dose of
0.35-0.5 g/kg bw, arterial plasma specimens, and a single compartment model with zero-order
elimination was used.

In summary the reproducibility of the ethanol-dilution method in comparison with the
isotope-dilution method for measurement of 7BW has been poorly investigated and the results
can be questioned because the experimental designs have often involved oral dosing of the
tracer and the kinetic analysis of the ethanol concentration-time data has not been appropriate.
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AIMS OF THE THESIS

The aims of this thesis can be summarized as follows:

28

To investigate the properties of ethanol distribution and elimination and to develop
appropriate pharmacokinetic models for intravenous ethanol, which is necessary to obtain
correct estimates of the ethanol volume of distribution (paper II, IIL, IV).

To find an optimal intravenous ethanol dose and infusion rate that provides sufficient
kinetic data for modelling while avoiding untoward side effects of ethanol (paper II).

To evaluate the impact of the feeding state on the rate of elimination for ethanol given by
intravenous infusion (paper I).

To estimate the influence of the local peripheral blood flow on blood ethanol
concentrations and pharmacokinetic parameters of ethanol (paper III).

To evaluate the impact of site of sampling and the magnitude of arterial-venous differences
in ethanol concentration on pharmacokinetic parameters of ethanol (paper III, IV).

To compare ethanol dilution with deuterium oxide dilution for estimating total body water
in healthy volunteers (paper V).
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ETHICAL CONSIDERATIONS

All experimental protocols used in this thesis were approved by the local ethics committee at
Huddinge University Hospital. Factors to consider included the use of healthy paid volunteers
without any alcohol problems, the use of indwelling catheters in a cubital vein and in one study
an arterial line, volume load, volume of blood sampled and potential toxicity of ethanol and
deuterium oxide. Informed consent was obtained from the volunteers before each study and
they were given a physical examination and various biochemical tests were made to check liver
function, circulatory and renal status.

The infused volume of ethanol and isotonic fluid was 4-8 mL/kg bw or 280-560 ml in a 70 kg
subject. The effect of this volume loading in 15-60 minutes was considered negligible.

An indwelling intravenous catheter was inserted into a cubital vein of each subject and this
procedure caused no discomfort apart from the pain of the initial penetration of the needle.

An arterial line (paper III) was inserted in the radial artery after local anaesthesia by an
experienced anaesthetist. The complications of this invasive technique are well
illvestigated.[214‘ 23] No adverse side-effects were observed.

The volume of blood sampled amounted to about 200 mL per subject in paper III and 200 mL
per experiment in study IV. These volumes can be compared to 450 mL of whole blood
normally taken by the hospital blood bank.

The toxicity of alcohol (all papers) is low and the dose of 0.4 g/kg bw equals 28 g in a 70 kg
subject. This amount of alcohol is contained in about 2 glasses of wine (250 mL) or in 2% cans
of Swedish “folk61” (1.25 L of 2.8 vol%). The intravenous application gave a maximum blood-
ethanol concentration of about 1.0 g/L (~1 promille) at the end of the infusion. This caused a
moderate feeling of inebriation, but this sensation rapidly diminished as the ethanol distributed
from the central compartment into the ethanol volume of distribution. One subject experienced
severe inebriation by the shortest ethanol infusion (0.4 g/kg bw in 15 min, paper II), but did not
vomit and recovered quickly. Volunteers were observed until breath-alcohol concentration had
reached zero, and were warned about driving home because of possible hangover effects.

Deuterium oxide toxicity (paper V) has been estimated in animal experiments. A critical but
non-toxic threshold of D,O is about 10%, and the limit of absolute harmlessness is about 1-
2%."1! The dose used resulted in an atom per cent excess of less than 150 ppm or about a
doubling of the background level. This equals a level of 0.03%, far from any risk of toxicity.
The use of DO did not necessitate evaluation by the hospital isotopic committee.
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MATERIAL AND METHODS

Subjects

All subjects who participated in the experiments described in this thesis were paid volunteers,
mostly hospital employees, in good health. Demographic details for the 46 volunteers are
summarized in Table 5. All subjects were accustomed to moderate drinking and 24 were
smokers but they were not allowed to smoke during the experiments.

Study conditions

General study conditions

All studies were done in a clinical research laboratory setting at the Huddinge University
Hospital. The subjects arrived in the morning after an overnight fast. A commercial ethanol
solution 100 g/L. (Apoteksbolaget, Umea, Sweden) with glucose 50 g/L. was used for
intravenous infusion of ethanol in papers I, III and IV. In paper II ethanol 60 g/L in saline was
used instead. Ethanol infusions were performed via an indwelling catheter in the cubital vein.
The cannula was removed after the end of infusion. Specimens of whole blood were taken into
Vacutainer™ tubes from an indwelling catheter in a forearm or cubital vein on the opposite
arm. The catheter was kept patent by flushing with normal saline after each sampling. The
subjects remained non-smoking and seated in a hospital bed in a semi-recumbent position,
often watching video films or reading between sampling schedules.

The high osmolality of the ethanol infusions can sometimes cause discomfort or even
pain during infusion. Therefore the subjects also received small amounts of an isotonic
electrolyte solution (Ringer’s acetate) in study L. In study II an ethanol solution with a lower
concentration was used for infusion to minimise discomfort. The problem seems to be related
to the blood-flow in the vessel of the infusion. In paper IV we gave an equal amount of normal
saline in the same vein and at the same rate as the ethanol infusion.

An outline of the various studies is presented in Table 6. A total of 110 ethanol
infusions were made. By sampling in more than one vascular segment or in the breath a total of
190 alcohol concentration-time plots were obtained. The total number of measurement points
in each study and number of blood and urine specimens taken for analysis exceed 3500.

Table 5
Demographic details of the subjects, mean +SD.

]

Subjects N Exp Ser’ Age Heigth Weight BMI’
(vears) (cm) (kg) (kg/m’)
Male volunteers 26 52 116 330+52 180.7+63 767+98 23.5+32
Female volunteers 20 56 72 342+£9.0 166.5+56 679+87 24.6+38
All volunteers 46 108 188 33571 174573 729%£102 23.9+3.1
Significance * ns. p<0.001 p<0.01 ns.

! Exp is the total number of experimental session in the group.

2 Ser is the total number of series in the group based on simultaneous measurements at different sites such as
breath and venous blood.

*n.s. is not significant.
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Table 6
Study conditions
Paper Number Repeats M/F' Dose Exp. time  Site of Inf. time
n r (g/kg bw) (min)  sampling ' (min)
I 12 2 6/6 0.4 180 Vv 45
I 6 5 0/6 0.4,0.6 180 v 15, 30, 45, 60
I 12 2 12/0 0.4 210 + A, V, Br 30
[Vand V 16 2 8/8 0.4 360 V., Br 30

'V = venous blood, A = arterial blood, Br = exhaled breath, M/F = male/female

Paper 1

Six female and six male subjects were studied in the fasted and fed state. On the same study
day, two alcohol infusions were given. The subjects were randomly allocated to a light
breakfast or hospital kitchen lunch. The lunch was served about 4 hours after the start of the
first infusion. When a breath-alcohol analyser (Alcolmeter S-D2, Lion Laboratories Ltd., Barry,
U.K.) showed negligible concentrations of ethanol after about 5 hours the second ethanol
infusion was given. Inebriation was reported on a visual analogue scale. Alcohol was analysed
in venous blood sampled at exactly timed intervals. The pharmacokinetic calculations of
clearance, mean residence time and volume of distribution at steady state (V) were performed
by non-compartmental methods on individual data sets. The single compartment zero-order
model was used to calculate the ethanol elimination rate from the blood.

Paper I1

The rate of ethanol distribution into 7TBW was studied in six females who received infusions of
the same ethanol dose (0.4 g/kg bw) in 15, 30, 45 or 60 minutes on four separate occasions.
The infusions were given in random order and at least two days apart in each subject. The
higher dose 0.6 g/kg bw was given in a second series of experiments. The degree of subjective
alcohol intoxication was reported on a visual analogue scale. Alcohol was analysed in venous
blood at exactly timed intervals. The ethanol concentration-time plots were analysed from the
time of ending the infusion by a kinetic model where ethanol is distributed within a well-stirred
single compartment and eliminated by a zero-order process (saturated Michaelis-Menten
kinetics).

Paper 111

Twelve healthy male volunteers participated in experiments where the influences of cooling
and warming of the hand used as blood sampling site was studied. The impact of
vasoconstriction or vasodilatation on ethanol concentrations and pharmacokinetics was also
investigated. Each subject was given two ethanol infusions on the same study day. One
infusion was a control experiment, and in the other experiment the sampling hand was either
warmed or cooled. The experiments were performed in random order and a hospital lunch was
served between the two experiments. Ethanol was measured in arterial and venous blood and in
expired breath at exactly timed intervals. Pharmacokinetic analysis of the whole concentration-
time data set was performed by a model with first-order distribution within a single
compartment and followed by zero-order elimination.

31



Ake Norberg 2001

Paper IV and V

Eight female and eight male volunteers received two ethanol infusions in the fasted state two
days apart. Deuterium oxide was given as an intravenous injection immediately before the start
of the ethanol infusion. Ethanol was measured in expired breath, venous blood and urine.
Breath and blood samples were taken every 5 minutes for 4 hours and then every 15 minutes
for the remainder of the study. Urine was obtained by voiding every hour or when necessary.
Deuterium oxide was measured in blood serum, saliva and urine every hour. Pharmacokinetics
was analysed by a two-compartment model with parallel Michaelis-Menten and first-order
renal elimination applied to ethanol data from blood and urine or breath and urine. The
obtained pharmacokinetic parameters were compared by analysis of variance (ANOVA) to
establish the precision and sources of variability of parameter estimates. Ethanol V; was
compared with total body water obtained by deuterium oxide dilution.

Methods of measurement

Blood alcohol by gas chromatography (1,11, 11,1V, V)

Samples of arterial (lll) or venous blood were taken from indwelling catheters into 5 mL
Vacutainer™ tubes containing 20 mg NaF and 143 units of heparin (1, Il, lll), or into 3 mL tubes
containing 45 units of lithium heparin (1IV). Aliquots of whole blood, 100 uL, were removed
from the tubes and diluted 11 times with n-propanol 80 mg/L as an internal standard. The
blood with internal standard was transferred into 22 mL headspace sampling vials, which were
immediately made air-tight with rubber-stoppers and crimped-on aluminium caps. A glass
column packed with Carbowax C (0.2% Carbowax 1500 on Carbopack 80-100 mesh) was used
as the stationary phase for gas chromatography. The analytical precision of a single
measurement increased with the alcohol concentration. At 0.8 g/L the CV was less than 1.0%,
but at 0.1 g/L. CV was about 5%. The limit of quantitation was approximately 0.01 g/L.!'*!

Urine alcohol by gas chromatography (IV,V)

The total volume of urine was measured at each sampling time, and a 5 mL aliquot was taken
into an empty urine tube. The analysis of alcohol in urine was performed in exactly the same
way as for blood.

Breath alcohol by infrared technique (lll, 1V, V)

Many volatile compounds can be analysed from their absorption of radiation at discrete
wavelengths. Ethanol absorbs infrared radiation at several distinct wavelengths but for
quantitative analysis the 3.4 micron range is used, which corresponds to the C-H stretching
frequency in the molecule. To avoid interferences from other endogenous volatile substances
containing C-H bonds, such as acetone, the absorption of IR radiation is monitored at two
distinct wavelengths of 3.38 and 3.42 microns and the results are compared.

We used a DataMaster (National Patent Analytical Systems Inc., Mansfield, Ohio,
USA) for breath-alcohol analysis. This is a quantitative infrared analyser where the subject
provides a prolonged exhalation into an electrically heated plastic tube. The heating prevents
condensation of water vapour on the walls of the tubing. According to the manufacturer the CV
for a single determination of breath-alcohol is 3%. The subjects were asked to exhale for as
long as possible to obtain end-expired alveolar air. A convenient exhalation time was tested
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before the start of the experiments, and the subject was then asked to try to exhale in a similar
way and for a similar manner during each measurement. We either used a single measurement
mode (IIT) or duplicates (IV). The sampling chamber for infrared analysis was rinsed before,
after and between the two samples with room air and duplicate analysis could be made within
about 60 sec. With duplicates the CV was about 1% at an ethanol concentration of 0.4 g/L,
which is better than that claimed by the manufacturers.

Inebriation assessed by visual analogue scale (1,11)

To evaluate the subjective degree of intoxication as a function of blood alcohol concentrations,
the volunteers were asked to report their “feeling of inebriation” on a visual analogue scale
(VAS) graded from 0 to 10. "Maximal imaginable feeling of inebriation” was indicated by 10.
The concept of acute tolerance (“Mellanby Effect”) was based on observations of greater
behavioural impairment while ethanol levels were rising compared to when they were falling to
the same blood ethanol concentrations in humans and dogs.?*'”-2'%!

Blood water by desiccation (IV, V)

To account for changes in blood water concentration between the volunteers and within each
experiment, 1 mL aliquots of whole blood were desiccated by heating to 100 °C for 24 h. The
water content of the blood (w/w) was then estimated from the weight difference before and
after heating.

Deuterium by isotope-ratio mass spectrometer (V)

We used the plateau method, where the subjects remain fasting throughout the equilibration
period. We also made the measurement period long to make sure that complete mixing was
obtained. Deuterium was given as an intravenous injection of 10 mL with 50% atom percent
excess, which means that the subjects received about 5 mL of D,0. The exact amount of D,O
was determined by weighing the syringe before and after injection on a precision scale. The
dose was chosen to create an isotope excess of about 120-140 ppm in body fluids. The
background level, about 100 ppm, was assessed in samples of blood, urine and saliva taken
before the D,O injection. Specimens for D,O-analysis were taken after 15, 30 and 60 minutes
and then hourly until 8 h. The subjects were encouraged to void every hour. Specimens were
taken from urine, venous blood and in 10 subjects also from saliva. The blood specimens were
centrifuged at 10°C, and serum transferred to 3.5 mL glass vials (Labora, Sollentuna, Sweden)
that were immediately made air-tight by crimped-on aluminium caps and stored at 4°C until
analysis within 10 days.

[sotope ratio enrichments of the samples were analysed in duplicate relative to
laboratory reference water samples, standardized against the Vienna Standard Mean Ocean
Water and Standard Light Arctic Precipitation, using a isotope-ratio mass spectrometer (SIRA,
Series II, VG Isogas Ltd., Middlewich, Chesire, UK). Serum samples were distilled prior to
analysis. The “H/'H ratio of the specimens were analysed after reduction of water to hydrogen
gas at 500 °C with the use of 200 mg zinc reagent (The Biochemical Lab, Indiana University,
IN, USA). The analytical precision, including the preparation of analyte gas, was <1 ppm
corresponding to a CV of 0.75%.

After complete equilibration in all body fluids, the “H/"H ratio should be constant if the
disappearance rate of both isotopes can be considered equal and no food or water is
administered. TBW can be calculated from the “H/'H ratio. The ratio of the deuterium dilution
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space to TBW was assumed to be 1.041:1, which accounted for the nonaqueous hydrogen
exchange.“G] Equilibration of D,O was assumed to be complete after at least after 8 h.
Therefore, samples were compared from 8 h and backwards until 2 samples were found to be
within 2% of each other. The mean of all samples within + 2% of the value for the last point in
time was used for the calculation of TBW.

Cooling and arterialization of venous blood (1)

Arterialization of venous blood was performed by heating one hand in a special heating box
with an electric heater and a fan. The hand was covered with cloth to prevent thermal radiation
injury. The heating box method is a well-established way to obtain arterialized blood.***?*!]

Cooling was performed by putting the forearm in cold water, at about 15 °C. Cooling
was started 15 min before the start of the ethanol infusion and maintained to the end of the
experiment or at least for 3 hours. The temperature was chosen to avoid too much discomfort
for the subjects. Cooling is sometimes used in pain research as a repeatable standardized pain
stimulus.???! Skin temperature was measured on the forearm close to the site of the blood
sampling cannula and reached about 25°C after 60 min.

Transformation of ethanol in whole blood to ethanol in blood water (IV,V)

When ethanol dilution is used for determination of 7BW it is the volume of distribution in the
water phase of the body that is of interest. If whole blood is used for kinetic analysis one can
use values from the literature as the fractional blood water content (fBarer). As for ethanol it is
easy to get confused by weight% and volume% (see Table 3, page 19)

An improvement from using a single value from a textbook is to estimate the actual
water content of the blood samples. The variation in water content between subjects arises
mainly from differences in the erythrocyte fraction and plasma proteins. As we gave a rapid
infusion and sampled about 200 mL of whole blood per session we caused a dilution of the
blood during the experiment. To account for the variations between subjects and within
experiments, we determined blood water at 0, 30, 90, 180 and 360 minutes. The values were
transformed from weight/weight to vol/vol assuming a whole blood density of 1.055 at blood
water 80% (w/w) and making a straight line to 1.0 at 100% (w/w). This yields the linear
relationship

By (v0l [v0l) = (1275~ 0.275- fB, 0 (w/W))- /B,y (/W) (5)

The density of whole blood and plasma has been reported as 1.056 kg/L. and 1.027 kg/L,
respectively.*?* ! Density is also temperature dependent and often referred to the water
density at 4°C. The density of plasma in healthy volunteers was 1.0310 at 4°C and 1.0205 at
37°C, respectively, and for whole blood 1.062 and 1.051, respectively.**!

The values obtained for blood-water (vol/vol) were connected with straight lines and
finally the whole blood ethanol concentration time data sets were transformed to ethanol in the
water fraction of the blood by individual correction factors for each measurement point.
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Pharmacokinetic models

One-compartment, zero-order elimination (1,V)

The classical Widmark model represents a single compartment with zero-order elimination,
which means that a constant amount of ethanol is eliminated per unit time independently of the
prevailing blood-alcohol concentration. Consequently, clearance increases with decreasing
concentration of ethanol. This model is still much used in forensic science, because it gives a
single figure for the blood ethanol elimination rate when only two specimens are available in
forensic casework. Ethanol concentration can only be accurately described in the post-
absorptive phase by the straight line

C=C,—k,-t (6)

In this equation, C is the alcohol concentration in whole blood, Cy is the concentration in whole
blood if the ethanol dose had been immediately absorbed and dispersed in the entire volume of
distribution (noted B in paper II and III), ¢ is time after start of administration, and k is the
zero-order elimination rate, (noted P in paper II and III). Other notations for &y in the literature
include B-slope or B60[ 125. 188, 189. 226l BEDR for blood ethanol disappearance rate”?” or DLS for
descending limb slope.!'”)

Hybrid model with first-order distribution to an equilibrated single compartment and zero-
order elimination (I, 1Il)

The existence of an initial (assumed distribution) phase for ethanol became obvious after the
testing of ethanol as an anaesthetic agent in the early 1970s.!'*"! The concept that ethanol
distributes into the total body water for a limited time period and then stays completely
equilibrated still persists among many investigators''® '*°! in spite of some theoretical
shortcomings, that will be discussed later. Some researchers have mentioned or postulated
multi-compartment pharmacokinetics of ethanol but still use a single compartment in their
modelling.!'* 2!

When the concentration-time plot is extrapolated back to zero-time to obtain the y-
intercept Cy the uncertainty in this value depends on the coefficients in the regression equation
relating C(¢) and sampling time. The smaller the residual standard deviation the higher the
precision in estimating Cy. The proposed model aimed at decreasing the length of extrapolation
to determine Cy, which theoretically increases the precision. It also helped to find the rate of
distribution and thereby the time when the pseudo-linear part of the plot started. Alcohol
concentration after the end of infusion could be described by

C=d4-e" +C,—k, t %)

where A4; is the additional concentration of ethanol in blood at the end of infusion above the
straight line of the Widmark model, and « is the first-order decay constant for the distribution.
In study III the mathematical model was further developed to include all measurement points
from the start of the ethanol infusion.

Two-compartment, parallel Michaelis-Menten and first-order renal elimination (IV,V)

The difficulty in fitting data to a combined linear and concentration dependent model can be
overcome by use of non-linear regression software such as WinNonlin (Pharsight SCI, Cary,
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NC, USA). The model contains six parameters and three differential equations. Clearance of
ethanol was modelled as a capacity limited function of the concentration

|4
CL= "™ 8
K,+C ®)

where CL is the metabolic elimination of ethanol from the body (L/min). The maximal
metabolic rate (¥V,.) and the concentration that gives half of that rate (K,) are called the
Michaelis-Menten constants. The turnover of ethanol in the central compartment then becomes

dC D,
. =--CL-C-Cl,-C+Cl,-C, —CL,-C )
da T,
where V¢ is the volume of the central compartment, Cl; the intercompartmental distribution
parameter, D;, is the given amount of ethanol (g), T}, is the infusion time, and the term D;/T;,s
is set to zero for t > T, In the peripheral compartment the equation is

dc,
V- P c,.-c-a,-c, (10)
where Vr (L) is the volume and Cr (g/L) is the concentration of the tissue compartment,
respectively. The accumulated amount of ethanol in urine 4, (g) can be calculated from

dA,
4 =CLe € (11)

where CLy is the first-order renal clearance of ethanol (L/min).

Model selection and validation

There are several ways to determine if one pharmacokinetic model is superior to another. Even
if the F-test of variances shows statistical significance, this does not mean one model is
necessarily better than the other. If the number of data points is abundant, significance may
readily appear, but a parameter with a huge CV% is of limited value.

There are some practical rules like ”use the least complicated model that fits the data”.
When compartmental models are compared, the most important difference arises between the
one-compartment and multi-compartment models. The applied models are shown in Figure 8.

Weighting the data is often used to give a more even distribution of residuals, because
the errors are usually more likely to be proportional to concentration of alcohol instead of being
constant over the whole range of values. As a rule of thumb, weighting should be considered
necessary when the values exceed a range of 20:1, but the most valuable information is
obtained from the plot of residuals. To compare models with Akaike or Schwarz criteria or by
F-test of variances, constant weighting of data are necessary, which means that weighting
cannot be related to the predicted concentrations.!'””- %)

In general, non-compartmental analysis is not appropriate for dealing with non-linear
kinetic systems. However, for comparing a robust parameter such as clearance, it might be
useful to assess the influence of different study conditions.
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Statistics

Conventional statistical methods were used to evaluate the results generated in this thesis and
the software programs StatView™ (paper I-IIl) and STATISTICA® (paper IV and V) were
adopted. Means, standard deviations (SD), standard errors of the mean (SEM, paper 1) and
coefficients of variation (CV) were calculated by normal methods. For skewed distributions
medians and range were used (paper I and II). Partial F-test and the run’s test were used to
evaluate the model of paper II. Paired t-test or Wilcoxon’s matched pair test were used to
compare groups as appropriate. Differences between means were calculated together with 95%
confidence interval (CI) of the mean difference (paper IV and V). Correlation-regression
analysis was done by the method of least squares and association established by Pearson’s
correlation coefficient (). Analysis of variance (ANOVA) was adopted to derive within- and
between-subject components of variation for kinetic parameters, and repeated measures
ANOVA as appropriate.

The issue of analytical precision has been repeatedly addressed in the literature.
Although the precision of a method, a pharmacokinetic model, or an experimental design can
be assessed by repeated experiments, most studies on ethanol pharmacokinetics are performed
using other experimental designs. Simultaneous assessment of between-day, between-subject
and within-subject variance can be obtained by two-way ANOVA. The components of variance
will differ according to the statistical model used. Another way to assess precision is to
calculate the SD of the difference for a group of paired observations as proposed by Bland and
Altman.?*’ Interestingly, the variance obtained gives a slightly different value by this method
and consequently a different precision compared with ANOVA. The main target of the
criticism of Bland and Altman was the use of Pearson’s correlation coefficient to assess the
agreement between two methods. Correlation means association, which is not the same as
agreement.

[230-232]
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RESULTS

Paper |
Eating a meal increases the clearance of ethanol given by intravenous infusion.

Eating a meal increased the apparent clearance of ethanol from 0.24 = 0.05 to 0.38 £ 0.03
L/min (p<0.001) and shortened mean residence time from 2.64 £ 0.57 to 1.63 £ 0.54 hours,
when calculated by non-compartmental analysis. These parameters cannot be compared with
similar parameters estimated from compartmental modelling. However, feeding also increased
the zero-order elimination rate (k) from 0.132 + 0.032 to 0.168 + 0.032 g/L/min. Alcohol
intoxication was less pronounced at the end of the ethanol infusions preceded by eating a meal
(p<0.01). The variability in concentration-time profiles is displayed in Figure 3, showing that
in the fed state peak concentrations are lower and the observed 4UCs are smaller.

1.27 FASTED 1 FED

o
©

Ethanol conc. (g/L)
o
(o))

0.3/ /
ﬁ — 1/
0.0t : S [ . .
0 120 240 360 0 120 240 360
Time (min) Time (min)
Figure 3

Spaghetti plot of data firom paper I showing the individual variability and the effect of feeding state.

Paper Il
Rate of distribution of ethanol into the total body water

The terminal data points followed zero-order elimination with a mean r* of 0.995. The
exponential rate constant (&) was 0.118 + 0.041 per minute corresponding to a distribution
half-life of 6.6 + 2.6 min. The ethanol infusion rate was associated with subjective inebriation
(p<0.001), and the most rapid infusion rate caused pronounced inebriation in one subject. The
“Mellanby effect” was confirmed by the subjective inebriation rating (Figure 4).1'®!

Paper Il

Pharmacokinetics of ethanol in arterial and venous blood and in end-expired breath during
vasoconstriction and vasodilation

The curvefitting to the proposed model gave a mean #* of 0.992. The arterio-venous difference
during infusion was doubled by cooling, whereas warming reduced the difference by 10-80%.
The arterial-breath difference was positive during infusion, but always became negative within
5 minutes after cessation of the infusion.
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Inebriation by VAS

0.0 0.3 0.6 0.9 1.2
VBAC (g/L)
Figure 4
Alcohol inebriation assessed by visual analogue scale (VAS) vs. venous blood alcohol concentration

(VBAC), after 50% of the dose (¥), r = 0.51, p = 0.026, at the end of infusion (®), r = 0.55, p = 0.013
and 30 minutes after the end of infusion (), r = 0.38, p = 0.097. Data from paper IL.

Cooling maintained the increased arterial-venous difference for another 45 min. The model
parameter B (equivalent to Cy and thus closely related to V;) was 2% lower in venous blood
compared with arterial blood, and this difference was increased to 10% by cooling the
sampling hand. Breath sampling agreed better with arterial blood than with venous blood.
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Figure 5
Changes in blood water fraction (fByae;), open circles, and haemoglobin (B-Hb), closed circles, as a
function of time following a 30-min intravenous infusion of ethanol in 32 experiments (paper IV).
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Paper IV

Within- and between-subject variation in pharmacokinetic parameters of ethanol by analysis
of breath, venous blood and urine

The two-compartment model with parallel Michaelis-Menten and renal first-order elimination
gave an excellent fit to the whole concentration-time profile after intravenous infusion of
ethanol. The between-subject variability of ethanol concentration increased with the time after
the end of the ethanol infusion. The mean * total SD of the six model parameter estimates
derived from breath and urine data were V5, 95 £ 21 mg/min, K, 25 £ 20 mg/L, CI,; 836 = 149
mL/min, V¢ 11.3 £ 2.0 L, V7 23.1 £ 3.1 L and CLg 3.6 £ 1.8 mL/min. The within-subject
variation of the six parameters in the model varied from 3% for V. to 28% for CLg. The
between-subject variability dominated over the within-subject variation for all parameters
except CLg. Breath samples were associated with similar or lower variation than blood, both
within- and between-subjects. V¢ was 21% lower in breath compared with blood and 15%
lower on day 3 compared with day 1. The within-subject variability was significantly lower in
breath for the distribution parameters Cl,, V¢ and V.

B-Hb was decreased because of multiple blood sampling and infusions of ethanol-
glucose and saline solutions, and there was a reciprocal decrease in fByq.r (Figure 5). There
was a close relationship between B-Hb and fB,, .- with an r of 0.94 (Figure 6).
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Figure 6

Scatterplot of blood haemoglobin (B-Hb) and the water fraction in whole blood fBsaer (W/W) for 157
samples from 32 ethanol infusion experiments in 16 healthy subjects (paper 1V). The regression
equation obtained was fByaer = 0.940 — 0.00097 ¢ B-Hb, and Pearson’s correlation coefficient
r=0.94.
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Figure 7

Association between ethanol concentration in expired breath at the end of infusion (C,yu) and body
mass index (BMI) for the 16 subjects of paper V after an ethanol infusion of 0.4 g/kg bw.

Chax = 0.027 + 0.047 « BMI, Pearson correlation coefficient r = 0.77 and the regression line was
significantly different from zero (p<0.001).

Paper V
Do ethanol and deuterium oxide distribute into the same water space in healthy volunteers?

Mean TBW, determined by D,O dilution, corresponded to 0.61 L/kg in men and 0.54 L/kg in
women. The within-subject coefficient of variation was 2.2-2.6% for ethanol Vs and 1.8% for
TBW by isotope dilution, corresponding to a 95% confidence interval of = 1.6 to + 2.2 L for the
applied methods. For the two-compartment model there was a bias of —12.4% (95 CI of mean
10.2-14.6) and —15.6% (13.2-17.9) between V, determined by ethanol dilution (venous blood
and breath, respectively) and 7BW by D,O dilution. One-compartment analysis overestimated
ethanol Vs, by 9% and 13% for venous blood and breath, respectively, compared with the
applied two-compartment model. Blood ethanol concentration at the end of infusion (Cya) Was
associated with body mass index (BMI) of the subjects (Figure 7), which suggests that the
highest ethanol concentrations could be avoided by ethanol dosing by BMI instead of by body

weight.
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DISCUSSION

Pharmacokinetic models for ethanol

Choice of best model

During the course of the work in this thesis, a considerable development in our understanding
of the best pharmacokinetic model for ethanol disposition has taken place. We were initially
influenced by the generally accepted concept that ethanol was distributed into the total body
water and that once this distribution was completed a single compartment model would suffice
to describe the terminal phase of the ethanol concentration-time plot.'** ! We wanted to
improve on earlier results and started to look for factors that might increase the precision of
estimating Cy, the y-intercept. Mathematically the error increases with the distance of
extrapolation from a linear regression. To get earlier time points one can either decrease the
infusion time (paper II) or try to use earlier time points by determining the half-life of the initial
(assumed distribution) phase (paper II). It became clear that a 15 min infusion time gave
unacceptable side effects such as nausea and inebriation in some subjects with an ethanol dose
0.4 g/kg.

We also tried to improve our estimates by using data from the whole concentration-time
profile (papers II and IIT). These efforts led to a hybrid model (Figure 8). A high coefficient of
correlation was obtained between model prediction and concentration-time data. However,
with increased pharmacokinetic experience we came to realise that this was not a modern way
to proceed because a distribution is always followed by a redistribution and a two-compartment
model will never reach a steady state after a short infusion time except for a momentary
pseudo-equilibrium when the curves cross some time after the cessation of the infusion.

Finally we arrived at a two-compartment model with parallel Michaelis-Menten and first-
order renal elimination, which has a sound theoretical foundation (paper IV and V).

Aspects of one- vs. multi-compartment models

When considering different models to describe the disposition of exogenous compounds in the
human body, awareness of some basic physiological processes is of great help. Distribution of
any compound can be rate-limited by either permeability or perfusion. If tissue membranes do
not constitute a barrier to distribution, perfusion-rate limitation is likely to prevail. The muscles
represent a water reservoir for the body comprising about 50% of TBW, but the resting muscles
only receive 15% of cardiac output at rest, and therefore represent the lowest perfusion per mL
tissue water content (Table 7).

Ethanol is a small extremely hydrophilic compound and is believed to use the same
transmembrane channels as water,'”! and is therefore likely to follow perfusion-limited
kinetics. To consider the whole body as a single well-mixed compartment, as in the one-
compartment model, is therefore theoretically doubtful. The initial phase of the concentration-
time plot observed in our studies (all papers), and by other investigators after intravenous
infusions of ethanol!'¢”- ' 1! guggests the need for a multi-compartment model for ethanol. In
spite of the abundant evidence of multi-compartment kinetics for ethanol only a few studies
have applied such kinetic models after intravenous administration, probably because it is
difficult to obtain sufficient data for such modelling owing to the very complicated absorption
kinetics of ethanol in drinking experiments.['¢% 1°1-2%]
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Table 7
The distribution of body water and blood flow in different tissues of a normal 69.4 kg male with a total
body water of 40.8 L or 58.5% (w/w) estimated by desiccation.™

Tissue ' Weight * Tissue water content Blood flow *

(kg) % (w/'w) (kg % (ww) % of TBW mL/min % of CO mL/min/mL

tissue water

Blood 3.42 5.0 2.84 83.0 7.0 (5000) 100 -
Bone 11.1 15.9 2.44 22.0 6.0 250 5 0.10
Brain 137 2.0 1.03 75.0 2.5 700 14 0.68
Fat 12.6 18.2 3.76 29.9 9.2 200 4 0.053
Kidneys 0.259 0.4 0.214 82.7 0.5 1100 22 5.14
Liver 1.58 2.3 1.08 69.3 2.6 1350 27 1.25
Lungs 0.475 0.7 0.375 79.0 0.9 (5000) 100 13.33
Muscle (resting) 29.1 41.8 22.0 75.7 53.9 750 15 0.034
Skin 4.85 6.9 3.49 72.0 8.6 300 6 0.095

! Heart, gut, spleen and miscellaneous organs amount to 6.8% of body weight, 8.8% of total body water and 7% of
cardiac output.

% Data taken from Bischoff.!"”!

3 CO = cardiac output. Data taken from Rowland and Towser.?**]

Another question is whether Cy in the one-compartment model is proportional to the ethanol
dose. Simulations with different ethanol doses and the achieved mean model parameters of the
two-compartment model, using time points from 100 to 480 min and excluding all values
below 0.12 g/L to assess Cy by linear regression, showed that Cy increases more than expected
for the dose given. Thus, the obtained ¥ is dose-dependent and overestimated by the lower
doses. This is in agreement with the findings of Wagner et al.*>! who compared zero-order
and Michaelis-Menten elimination from a one-compartment model. In summary the one-
compartment model with zero-order elimination and the estimation of ¥, from Cj are based on
erroneous assumptions.

The liver as a separate compartment and consequences for parameter estimates

We applied the data from paper IV to a semi-physiologic three-compartment model with
elimination from the liver compartment and constant values for the liver water volume 1.1 L
and liver blood water flow 1.1 L/min (Figure 8). This seemed physiologically justified and
helped to determine model parameters for the liver. Equations 8, 10 and 11 (page 36) were
used and the turnover of the central compartment (Equation 9) was modified;

€Dy o chp,.C,—Cl, CHCl,-C, ~CL,-C  (12)
dat T,

The turnover in the liver compartment was;

dc
VH~T:’=QH-C—QH~CH -CL-Cy 13)

where Cy is the concentration in the liver compartment, Vj is the liver water volume and Qy
the liver blood water flow rate.
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Figure 8

Models of ethanol pharmacokinetics. Roman numbers refer to papers included in this thesis. The three-
compartment semi-physiologic model is described on page 44. The parameters Vyan and K,y indicate
that they are derived from a model with a separate liver compartment.

Some of the parameters of ethanol kinetics are sensitive to the model used. This is particularly
true for K, (Table 8). Our finding that K, was reduced to 10% of the systemic value, when the
three-compartment model of Figure 8 was applied to the data set of paper IV, agreed with
another study where the liver was modelled as a separate compartment.'*”! ¥, on the other
hand was hardly affected at all. Some of the difficulties with ethanol pharmacokinetics can be
illustrated by the fact that several investigations report K, estimates that appear to be
erroneous."** ¢ 227] Furthermore, errors in the measurement units occur repeatedly, % 134 1%
1% and a very strange model with first-order absorption and an elimination that was first-order
for 155 min before changing into a Michaelis-Menten elimination for the rest of the time
recently appeared in a well-respected journal.*®!

Further aspects of the two-compartment model

To obtain a better understanding of the components of the two-compartment model, the effect
of each parameter was studied. Mean estimates of the model parameters from paper [V were
used in a simulation of concentration-time profiles where in turn each of the model parameters
was altered from mean + 2SD (Figure 9).
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Table 8
Vnar & K,y values summarized from the literature and compared with paper IV
Reference Study design 1C, integrated e 2C liver-C
) Vil Ko Vi Ki  Viartt ' Kot
Wilkinson 1976%%! 78/39
Vestal 19771 0.57, iv, 50M 95/60
Rangno 1981!'¢! 0.4-1.2, iv/ipo, 8M 156/30
Minors 1985!'%*! 0.4-0.8, po,5M6F /92
Wagner 19891271 183/70 140/70
Kohlenberg-Muller  0.17, iv, LOMF 108/35
199081
Pieters 19901 28.5g, 6M6F 475/392
Levitt 199447 60/2.1
Sharma 1995!'% 0.3, iv, 12M 192/451
Amir 1996 0.3, iv, SM 179/95
Ammon 199671 0.6, iv/po, 6M6F 4782/814
Gentry 199914 0.3, iv, 6M 191/98
Mumenthaler 2000 0.69, po, 27F 136/96
Baraona 2001(%! 0.3, iv, 32M33F 175/118
Norberg, Paper [ 0.4, iv, 6M6F fasted 105/17
fed 133/17
Norberg, Paper IV 0.4, iv, SM8F 104/35 94/24 89/2.9

! Ethanol dose per kg bw, route of administration, number of subjects and gender.

2 ¥, has the unit mg/L/h as opposed to V,,,, that has mg/min.

3 Liver-C means that the values are derived from a model where the liver constitutes a separate compartment, and
the rest of the body is either one (Levitt) or two (Norberg, thesis page 43) compartments.

Whereas CLy lacks importance it is noteworthy that changes in V,, and K, can produce
similar effects on the concentration-time profile. The assumptions of the two-compartment
model were scrutinized:

Two well-stirred compartments are sufficient to describe ethanol pharmacokinetics and
calculate Vs with a high precision. The major problem with introducing more compartments is
the increased number of model parameters. This results in a decreased precision of the
parameter estimates. The data sets of paper IV were re-analysed with a model containing a
third peripheral compartment but precise parameter estimates could not be obtained.

Cl; is constant during the measurement period. This is a weak point of the model. Any
muscular activity is likely to change Cl;, as will stress-induced vasoconstriction or a rise in
body temperature. Ethanol itself might influence cardiac output or local circulation in muscle
and thus indirectly CI,.

CLg is constant and the first-order elimination is an appropriate model of renal elimination.
Ethanol consistently increases renal water excretion.”*?*!! Each gram of ethanol induces
diuresis of about 10 mL, but the variability is great and related to the rapid rise in blood alcohol
concentration.”*! The strong diuresis persists for 1-3 hours after end of drinking and is
followed by anti-diuresis.’**?! Plasma osmolality contributes to the ethanol diuresis.”***!
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Figure 9

Simulated impact on the concentration-time plot by each parameter in the two-compartment model
with parallel Michaelis-Menten and first-order renal elimination. Mean parameter — 2 SD (dotted
lines) and + 28D (hair lines)

Ethanol’s diuretic effect is thought to involve inhibition of the antidiuretic hormone plasma
arginin vasopressin,?*** 2**! but others have failed to confirm this finding.”** >**! Basal fluid
balance seems to be crucial for the hormonal response to ethanol. Well-hydrated subjects had
increased urine output after an ethanol dose of 1.0 g/kg. However, no changes were observed in
plasma atrial natriuretic factor, plasma arginin vasopressin or plasma renin activity with either
ethanol or orange juice.**’! Noradrenergic mechanisms may be involved in ethanol induced
diuresis.”*! In summary less than 5% of the ethanol dose is eliminated by renal excretion.
Because of this limited contribution to total elimination, an increase in the number of
parameters for renal elimination is not motivated. Furthermore, scrutinizing of data suggests
that the diuretic response to ethanol does not follow first-order elimination in all cases (paper
V).

The maximal metabolic rate (Vyay) is constant during the measurement period. This issue will
be covered in detail below, although it is likely that the changes in metabolism induced by
feeding has a gradual onset that is not considered by the present model.
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Experimental factors influencing model parameters

Feeding state

Eating a meal accelerates ethanol metabolism by about 30% even when the intravenous route is
used (paper I). A recalculation of data with the more appropriate two-compartment model and
Michaelis-Menten elimination kinetics confirmed this finding. This effect is difficult to detect
in drinking experiments. Two recent studies!'”* 2*”) made use of breath ethanol clamping of
intravenous ethanol infusions to investigate the effect of food on ethanol metabolic rate. They
reported increases in AER in accordance with paper I of this thesis. This “‘food-effect”
phenomenon has also been reported for other drugs, and food-induced alteration in liver blood
flow has been suggested as a possible mechanism.***)

Liver blood flow, Qg

If more than 70% of a compound is extracted from the blood during a single pass through the
liver it is called a high extraction compound (Eg > 70%), and the liver blood flow rate will be
an important determinant of clearance of the drug. Ethanol is such a high clearance compound
at low concentrations and it has even been suggested as a tool to estimate liver blood flow (Qg)
from infusions of low doses of ethanol.*** 2**) Hepatic elimination can be estimated from the
following equation:

_ QH 'CLimr

CL, =
Oy +CL,,

(14)

If liver blood flow (Qp) is increased there will be an increase in the elimination of ethanol
provided Cy is low. However, hepatic clearance of ethanol is also concentration dependent.
Intrinsic clearance (CL,,) can be defined as the flow-independent maximal enzymatic rate of
elimination, and can be calculated according to the following equation:

V
CLy = ™" (15)
K., +Cy

Vimnaxr and Ky,p are parameters derived from a model with the liver as a separate compartment.
In the two-compartment model the apparent CL;,, was about 4 L/min and in the 3-compartment
semi-physiological model it was 30 L/min, assuming a constant Qg of 1.1 L/min and Cyz = 0.
With these figures a 50% increase in Qg to 1.65 L increases CLy by 16% and 6% at alcohol
concentrations of 0.1 and 0.4 g/L, respectively. Such an increase in Qg in association with
eating a meal is reasonable,***! but cannot alone explain the difference in elimination rate
between the fed and fasted states in all cases. The combined effects of the ethanol
concentration in the liver and liver blood flow on hepatic elimination rate of ethanol are shown
in Figure 10. Another complicating factor is that ethanol itself seems to increase liver blood
flow.!!

Intrinsic clearance

Another mechanism that might accelerate metabolism of ethanol in the fed state is an increase
of Vina that can be achieved either by an increased amount of enzymes or by a change in co-
factors such as the rate of re-oxidation of NADH or decreased activity of ALDH. Rats deprived
of food for 24 hours exhibited a reduction of the liver size with a concurrent 40% decrease in
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Figure 10
Hepatic clearance (CLy) as a function of hepatic blood alcohol concentration (Cy) and hepatic blood

water flow (Qg). The mean values from paper IV were used in the calculations (V. 0.095 g/min and
K, 0.0245 g/L).

ADH activity.”**! The higher basal metabolic rate and shorter life cycle of rodents makes the
scaling of such results to humans difficult.

We observed a significant difference in metabolic rate after only 5-10 hrs of fasting
(paper I). However, it cannot be ruled out that fasting lowers the amount of active enzyme for
ADH, ALDH or some co-factor and that they amount to a significant part of the decreased
ethanol metabolic rate in the fasted state in humans.

Temperature and vasoconstriction

We found that heating of the hand decreased but did not abolish the arterio-venous difference
in blood ethanol concentrations (paper III). Such ethanol experiments have not been performed
earlier, and the degrees of successful arterialization for other compounds are variable.[?2%2*1

We had observed that the distribution phase could be almost abolished in certain situations and
we interpreted this as a result of stress induced vasoconstriction.”**! Local cooling increased
the arterio-venous difference in ethanol concentrations in healthy male volunteers but a
prominent distribution phase was preserved in all subjects (paper III). The difference between
the apparent volume of distribution from arterial and venous blood increased in the cooling
experiments. Peripheral vasoconstriction was thus identified as a confounding factor for correct
estimation of ethanol V. The mechanism was not clarified, but we believe that a decreased
blood flow rate alone can cause this effect. A high degree of arterio-venous shunting would
have resulted in a decreased arterio-venous difference.

In conclusion, decreased peripheral circulation impairs the representativness of venous
blood for the whole blood volume and should warn the investigator that estimates of
pharmacokinetic parameters obtained might be erroneous.
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Miscellaneous
Oral versus intravenous administration of ethanol

We thought that intravenous administration of ethanol would improve the precision and
repeatability of the Vi, estimation. We performed data-simulations to investigate the effects of
gastric emptying rate and lag-time on the VBAC-time profile. No FPM was anticipated, but
nevertheless a slow emptying decreases the available time span of the pseudolinear part of the
VBAC-time plot and a lag-time of 5 minutes increases Cy by 3%. With low doses of ethanol the
FPM seems to be an important factor influencing inter- and intraindividual variability.'”!

Some efforts to model ethanol absorption kinetics exist, but stable parameter estimates
could not be obtained.!*" '**! The highly variable gastric emptying rate, absorption from the
stomach and first-pass metabolism in the liver and/or gastric mucosa requires high-resolution
data of several sources.

The ethanol dose, infusion rate and inebriation

Several investigators report dropouts in ethanol experiments because of inebriation and
nausea.!'?! 228251 Ap ethanol dose of 0.4 g/kg bw consumed rapidly by elderly women made
some of the subjects unable to provide breath ethanol measurements.*>* Occasionally a higher
dose of 0.8 g/kg bw orally has been reported to cause no adverse side-effects, but perhaps these
subjects were accustomed to a higher ethanol consumption.”®!

The dose of 0.4 g/kg in 15 minutes caused unacceptable side-effects in some subjects as
determined by the visual analogue scale (paper II). The same dose as a 30 min infusion
therefore became our choice to obtain a prominent distribution phase, a reasonably long
sampling time period and a minimum of side effects. An adjustment of the ethanol dose
according to an anthropometric estimation of 7BW would avoid the highest transient blood
ethanol levels in subjects with a high body mass index (Figure 7).

Subjective feeling of inebriation by a visual analogue scale (VAS) proved to be a very
blunt instrument for assessment of VBAC. VAS 30 min after the end of the ethanol infusion
ranged from 2.5 to 9.5 when VBAC varied from 0.32 to 0.57 g/L (paper II). Similar large
variability has also been reported using more sophisticated sedation indexes after ethanol
administration.”?”!

Subject selection

The choice of subjects is of great importance in all ethanol pharmacokinetic experiments. The
impact of gender on peak ethanol concentrations and elimination rates has been much
investigated.“ss‘ 188, 189. 1991 \Women exhibit a lower value for Vs compared with men,
something that was confirmed in paper IV and found to relate to a lower TBW (paper V). We
did not find a gender related difference in V.4, but others have found significant differences in
ky or AER!'8% %1 Bthanol elimination rate decreases with age,[191] and the volume of
distribution relates to age dependent changes in 7BW.!'*! Our subjects did not cover the age-
span where age dependency is likely to become significant.

We did all our experiments in healthy volunteers, although our two-compartment model
for ethanol pharmacokinetics should be valid for other subjects. However, the size of the bias
between ethanol V;, and TBW by isotope dilution might vary with disease, ethnicity, or old age,
and these factors may prove to be important for estimation of V and even for the optimal
experimental design.
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Site of measurement

The vascular system

The interpretation of arterial and venous blood sampling in pharmacokinetics has been
reviewed by Chiou.”® 7] He stressed that arterial blood is a reflection of the whole body
pharmacokinetics, whereas venous blood represents the sum of the whole body process and the
local absorption, distribution and elimination in the tissues drained by the particular sampling
vein. In the case of ethanol the distribution and re-distribution will show local variations
because of different blood flow rates and tissue water content. Factors that govern the local
blood flow or tissue hydration is therefore likely to alter the arterio-venous difference.

We found that the arterio-venous difference changed direction within 5 minutes of
ending the ethanol infusion (paper III). This finding suggests that ethanol pharmacokinetics is
governed by perfusion rather than by permeability. Others have also reported changes in
ethanol concentrations between different segments of the vascular system.['*- 167- 238 2591
During absorption the following relations of blood alcohol concentrations were obtained:
arterial > capillary > cubital vein > hand vein. In the post-absorptive phase the relationships
were reversed: arterial < capillary < cubital vein. Our results (paper III) confirm this notion,
and suggest that a single well-mixed compartment is insufficient to explain ethanol disposition.
As noted in the cold hand experiment (paper III) pharmacokinetic parameters can be affected
by the choice of sampling site in the vascular system. In paper IV two venous blood
concentration-time profiles did not provide sufficient data for the two-compartment analysis,
again stressing the vulnerability of venous blood sampling to factors such as stress-induced
vasoconstriction.

Variations in blood water content can be handled by transforming the concentrations of
ethanol in whole blood into concentrations in the water fraction of the blood (paper IV and V).
However, this is hardly necessary unless a very accurate estimate of Vi, is required. Instead of
measuring blood water content by desiccation, the close relationship between blood
haemoglobin and blood water can be used (Figure 5). The problem of variable haematocrit can
be handled by analysis of plasma ethanol, because the variability of the water fraction of
plasma is much less. Pharmacokinteic parameters will be affected by the choice of body fluid
(Table 9). Other investigators have used the haematocrit instead of haemoglobin to form
relations with the blood water content.”** 2! Values in the literature were used for the density
and water content of red blood cells and plasma.[223 - 2241 However, one still needs to assume
that there were no appreciable changes in red cell haemoglobin concentration. The validity of
this assumption can be questioned especially under pathological conditions such as uraemia,
congestive heart failure or in the ICU because a rise in blood water is likely to cause swelling
of the erythrocyte with a concomitant fall in red cell haemoglobin concentration.

Density is defined as mass/volume and this is a temperature dependent unit as most
compounds increase in volume if the temperature is raised and thus density decreases. If the
specimen is measured at a temperature of 20°C and referred to the density of water at 4°C this
is noted d,. This means that the temperature must be considered if a correct transformation of
whole blood alcohol concentration to alcohol in the water fraction of the blood is required. The
magnitude of error that can be introduced is about 29%.12%]
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Table 9

Pharmacokinetic parameters are affected by the choice of specimen analysed and by the particular
blood breath ratio (BBR) used. The correction factors are obtained by simulation in classical analysis,
and in a two-compartment model with parallel Michaelis-Menten and renal first-order elimination.
Whole blood and breath-alcohol agree well when a BBR of 2300 is used. Blood density was assumed to
be 1.055 g/L at a blood water fraction of 80% (w/w), and plasma density 1.027 g/L at a plasma water
content of 92% (w/w).*%

Pharmacokinetic Whole blood Plasma Blood water BBR 2100
parameter BBR 2300 (g/L) (g/L) (g/L) (g/L)
C. Cpay and Cp (/1) ' 1.0 1.11 1.19 0.91
ko (g/L/M) ! 1.0 1.11 1.19 0.91
AUC (geh/L) ' 1.0 1.11 1.19 0.91
V(L) 1.0 0.90 0.84 1.10
Ve (/) ! 1.0 1.0 1.0 1.0
K, (gL)’ 1.0 1.11 1.19 0.91
Ve, Vrand ¥, (L) 1.0 0.90 0.84 1.10
Cl, and CLg (L/min) 1.0 0.90 0.84 1.10

'If mmol is used instead of g ethanol, the parameters will require a correction factor of 21.7.

The blood:breath ratio for ethanol

We report that breath analysis correlated well with venous blood-alcohol for estimating
pharmacokinetic parameters of ethanol (paper IV and V). We used a blood-breath ratio of
2300:1 (paper IV and V), and the influence of the chosen ratio on the kinetic parameters was
investigated by simulations with different ratios (Table 9). The lower V¢ reported for breath
data (paper IV) is in accordance with the strong correlation between breath and arterial blood
alcohol (paper IIT) suggesting a centralisation of arterial kinetics. ¥, was very similar in venous
blood and breath with the chosen blood-breath ratio (paper V). We took great care to
standardize the exhalations, which might have contributed to the good results obtained. It is
also important to note that excellent breath concentration-time profiles were obtained for the
two outliers in paper IV, whereas the venous blood sampling failed to provide sufficient data
for the two-compartment analysis.

According to pharmacokinetic theory the total amount of a compound entering a certain
tissue and the total amount leaving it must be identical if there is no significant metabolism or
elimination in the region drained by the sampling vein. If breath ethanol is considered an index
of arterial blood ethanol it should be possible to compare 4UCs from breath and venous blood
sampling to determine the blood:breath ratio of a particular subject. We found a mean value of
2200 in the subjects participating in paper IV corresponding to a CV of 5.1%. However, the
variability of the estimated Vg, in paper V was not improved by this procedure.

Local blood flow related to CI; might not be constant during the sampling time, but
more importantly the venous blood:breath ratio is not constant during an intravenous ethanol
experiment (Figure 11). There is a continuous increase of the venous blood:breath ethanol
ratio, and further model development is necessary to explain and interpret these differences.
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Figure 11
Spaghetti plot showing the variation of venous blood:breath ratio of ethanol following a 30-min
infusion of 0.4 g/kg body weight. Data from 32 experiments (paper IV).

Total body water by ethanol dilution

Precision

The precision of estimating V;; for ethanol almost reached 2% for the two-compartment model
with parallel Michaelis-Menten and first-order renal elimination (paper [V and V), which is
similar to the precision of the isotope dilution method for estimating TBW (paper V). Breath
measurements were at least as good as venous blood in providing repeatable results.

Based on the results of paper II, we opted for an ethanol dose of 0.4 g/kg bw given as an
intravenous infusion in 30 min, to avoid the side-effect of inebriation and still get enough data
points to obtain precise estimates of the multi-compartment parameters of ethanol kinetics.
With the intravenous route all problems associated with the complicated absorption kinetics of
ethanol were avoided.

In previous investigations of the ethanol dilution technique a single experiment was
performed in each subject (Table 4), with the exception of Dahl ef al.**" who determined the
ethanol space a second time in 17 subjects after 2-30 days. Bland-Altman analysis showed a
mean difference of -4 mL/kg with 95% limits of agreement of -40 and 32 mL/kg corresponding
to a SD of the difference of about 17 mL/kg or about 3% of the estimated T7BW. This precision
is slightly less than the 2.2% obtained using classical analysis based on zero-order elimination
kinetics (paper V). The statistical analysis of precision is covered in some detail in the statistics
section (page 37).

Accuracy of two-compartment analysis

To our disappointment, the high precision of the ethanol Vs, with the two-compartment model
was accompanied by a bias of —12.5% or —15.7% for venous blood and breath measurements,
respectively, compared with the TBW assessed by isotope dilution. Two other studies have used
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a similar two-compartment analysis for ethanol kinetics, but did not primarily address the issue
of TBW. However, V, was assessed with high precision, and data were provided in good
agreement with our findings. Rangno et al."*" showed that ¥, was overestimated by 17% by
the one-compartment analysis, where we found a 9% overestimation. However, their subjects
were permitted to eat during the sampling time and the figure of 17% was an average of oral
and intravenous studies. Vestal et al.!"") reported both LBM and ethanol V. By assuming LBM
= FFM the relationship TBW = 0.732 « FFM could be used. The ratio between ethanol V, and
this calculated TBW-value was 0.815 £ 0.093 which compares well with our values of 0.844
and 0.876 for breath and venous blood, respectively.

Previous investigations of the relationship between Vs, and TBW

All previous studies of ethanol dilution as an index of TBW relied on the classical one-
compartment analysis with zero-order elimination, and the dose of ethanol was administered
orally (Table 4).!6%200- 201 2032081 The values presented did not differ from the expected TBW,
and the studies that compared ethanol ¥, with TBW assessed by antipyrine’!, D,0”%! or
anthropometry®®! all show good agreement between the ethanol ¥, and the reference method.
The bias reported between the one-compartment analysis in paper V and TBW is slightly
greater than previous reports. This difference might be caused by use of the intravenous route,
the 6% difference when blood water is estimated as vol/vol instead of w/w, differences in
ethanol dose, and the rigorous control of other confounding factors in our study. However, we
feel that the two-compartment model is superior to the one-compartment model for predicting
ethanol kinetics after intravenous infusion in spite of the greater bias between ethanol Vg, and
TBW by isotope dilution.

The ratio between tissue ethanol and whole blood ethanol

To explore if ethanol is a suitable marker for the total body water as compared to deuterium
oxide dilution the relationship in Figure 10 can be considered. The relationship between
deuterium oxide space and TBW has been well investigated by others (Figure 12, I and IV, see
pages 14-15). During much of this thesis work we focused on different pharmacokinetic
models and their implications for the determination of Vi, (Figure 12, I). The bias between Vi,
by the two-compartment model with parallel Michaelis-Menten and first-order renal
elimination and 7BW by D,O dilution turned our interest to the basis for the generally

Total
()| Body |(—)
Water
I II 111 v

Figure 12
Relationships between total body water and the distribution volumes for ethanol and deuterium oxide,
respectively, that need to be considered for an ethanol dilution method and validation experiments.
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accepted assumption that ethanol is distributed into the total body water” (Figure 12, II) that is
one of the three main features of ethanol kinetics.!""! The affinity of ethanol to other
substances in blood is low.*'?! Furthermore, the ratio between whole blood and plasma ethanol
concentrations are similar to the ratio between whole blood water and plasma water.*'*21!
However, blood does not necessarily represent the whole body water pool. It is the skeletal
muscles that contain most of the 7TBW and therefore the comparison between water content and
ethanol content should be performed in that tissue. The partition coefficient for ethanol
between blood and skeletal muscle has been reported in vitro as 0.80 in rats®®* 2% and 0.64 in
humans”®! whereas the muscle/blood ratio of water in humans is about 0.9. The only
experiment that reports muscle ethanol in vivo did not report the relationship to blood ethanol
concentrations but according to two illustrations a ratio of 0.65 can be deduced.**"!

The discussion of brain tissue:blood ethanol concentrations in literature elucidates some
of the difficulties with in vivo studies, such as measuring in the dynamic state of non-
equilibrium, great regional variability in ethanol concentrations between different brain
regions, and the use of small rodents that only permit one sampling time point per
individual ¢72%’!

Even if the exact mechanism and nature of the difference between the ethanol space and
TBW is not solved by these experiments, our results, as well as the results of others, suggests
that ethanol is not distributed into the 7BW.

Properties of biological water

Biological water has been reported to be structured to a great extent,’”’’! and extracellular water

has been described as a gel rather than as a free fluid.*’'! Up to 8 layers of water can cover a
biological surface by electrostatic bindings.””?! Water can also form hydrogen bounds on two
positions and form hydrostatically unresponsive pentagons over hydrophobic protein
domains.””*! Cell activity has been suggested to depend on changes in the relationship between
high- and low-density water that probably correlate to the issue of structured water.?*!

In contrast to water, ethanol has only one position for a hydrogen bond and a capability
to bind simultaneously to hydrophilic and hydrophobic membrane targets. Different solvent
properties of ethanol and water have been reported.”””! The mechanisms of ethanol action
include partitioning into the lipid bilayers of membranes,”’”® allosteric changes of protein
conformation at receptor sites,”””! or dehydration of the cell-surface microdomain owing to
hydrophilic properties.””®! In summary, it seems likely that water and ethanol molecules might
not be freely exchangeable in all biological tissues, owing to their different polar, steric and
solvent attributes.

Considerations for the ICU setting

Our vision to determine 7BW by ethanol dilution in the ICU setting carries a number of
difficulties that were not investigated in the work for this thesis. During the acute phase of
critical illness circulation is often supported by vasoactive drugs. Bleeding or capillary leakage
can cause loss of tracer and considerable variations in liver blood flow. Huge amounts of
intravenous fluids and blood components might be infused. Circulatory stability is often
developed after some time and the foremost benefit of the method should be in patients with a
longer duration of critical illness with wasting of muscle tissue. Only a few studies on body
composition in critical illness have been published,“z’ 13, 49, 100] probably because of the
methodological and ethical difficulties.
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Furthermore, the physiological side effects of administering ethanol also need to be
carefully considered. Ethanol is probably the most self-prescribed drug, and a considerable
number of the ICU patients are critically ill because of injuries caused either directly or
indirectly by over-consumption of ethanol. Physiological effects of chronic alcoholism have
been repeatedly reviewed.?”” %) After the small amounts of ethanol used in this thesis acute
effects are very limited in healthy subjects, but they might be important in certain states of
critical illness such as liver disease and in severe cardiac arrhythmias.[zsl’ 2]

Pharmacokinetic parameters from breath sampling could be determined with a high
precision. Therefore, the bias between the ethanol dilution method and 7B by isotope dilution
might be investigated in critically ill subjects on ventilator treatment by some device for
automated breath sampling. However, many issues need to be addressed and the practical
usefulness remains to be determined.
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CONCLUSIONS

The work described in this thesis comprises clinical studies with healthy volunteers who were
given ethanol by intravenous infusions in doses of 0.4-0.6 g/kg body weight in 15-60 minutes.
The results obtained allow the following conclusions regarding the distribution and elimination
kinetics of ethanol after intravenous infusion:
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A two-compartment model with parallel Michaelis-Menten and first-order renal elimination
gives an excellent fit to ethanol concentration-time data in breath, venous blood and urine
after intravenous infusion.

The classical one-compartment zero-order elimination model is based on erroneous
assumptions, and overestimates the ethanol Vs, obtained by two-compartment analysis by
about 9% when blood specimens were analysed.

The rate of elimination of ethanol from blood was increased by about 30% after subjects
had eaten a meal, even though the ethanol was administered by intravenous infusion.

Heating the hand used to draw blood samples reduced, but did not abolish, the arterio-
venous differences in ethanol concentration.

Local vasoconstriction induced by immersion of the hand used to sample blood in cold
water confounds the pharmacokinetic parameters of ethanol and exaggerates the arterial-
venous differences in concentration.

Breath ethanol concentrations were highly correlated with arterial blood ethanol
concentrations. Breath measurements can be as good as blood measurements for
pharmacokinetic analysis and can provide an estimate of ethanol V; at the bedside.

The rate of intravenous administration of ethanol had a profound effect on alcohol-induced
inebriation with more rapid rates producing greater effects on the individual. Giving a dose
of 0.4 g/kg bw in 15 min produces undesirable side effects in some subjects, but giving the
same dose in 30-45 minutes was well tolerated.

Ethanol Vs can be determined with high precision (CV 2%) after a single intravenous
infusion.

There is a bias of approximately -13% between V;; for ethanol and TBW as determined by
D,0 when a correction was made for exchange with non-aqueous hydrogen.

An ethanol dilution method for determination of 7BW in critically ill patients could not be
established because of an unexpected bias between ¥V, and TBW by water isotope dilution.
The nature, variability and physiological relevance of the difference between TBW and
ethanol V, remains to be explored.
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