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IT (S well esiablished and universafly accepted that

the conceniration of alcohal! in bigod of breaih,
properly determined and interpreted, canstitutes the besg
and most objecrjve indicator of the absence or presence
and degree of aeure alcohol-induced impairment of
driving ability in living subjeets. Henee, understanding
and appreciation of the major physiological and phar-
macolozical faeiors atfecting such aicoho) vuncenirations

are imponam 1 approprisgte use anyd erpretation of

lor atcohal jn trafTic law enlorcement,
and in research on driving impairmen; by alcahol,
Recopnition of the camplexity of (he relationships pe.
tween dase of aleohol, time and pharmacological effeg
i$ alsa esseniia) to both research and public education
in this field.

Most of the ralevant facrors and considerations af-
fecting the aleako! contents of various body tissues and
fuids and 1pe dJose-time—elTeer refationships fan into
the feld of nhnrnmuukinctica, witivh broadly concerns
the absorprion, distribuiion, biotransTornsation and cx-
Cretion: of drups, The in:urrcfu[iunship ol the aleohal
L‘u‘{'ldq..‘t‘"lll!f;lli:l__)lll:; ol difterem body - ujds: and tissues, 'su.u-.'-l_l
a5 e blood * hredrh ratio” of aleohol ag g prime
example, s an important and vomplex consideration in
aleohol deterninaion, Further, in the use of chemicul
tests Tor aleohol i teat e Law enloreement, g sulfivient
Ume mierval often efipaes berween (he significan evellr,
such 45 a crash op an ulleged violation, i sumple
collection (o produce a3 marked and very significant
difference jn e TeEpeciive aleoho) Concentrations of
blood or ather specimen marterinls, Time refationships
involving inpestion, disiribution, slorage and elimination
of alenhg) are, therefare, fnpartun: in relation o
highway salety  andg evidentiary yse of chemidal tesg
results, sometimes everwhelmingly sa,

Pharmacokineie Parameters thus affest both the va.
lidity and usefulngs; of alcohg) determinations as jndi.
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cators of driver impairment by alcohol in such respects
a5 choice ol sample materiafs angd the probarive valge
and interpretation of results of alebhol analysis. An
undersianding of alcoha) pharmacokinetics i also needed
for the proper evaluation and ASSERSMent of phe validiry
and significance of Studies correlating alcolinl COACen-
trations g body fluids wil driver performan e oF
impairment, and (or Praper appreciation of differences
between studies. In the present Paper, severul ol ghe
more relevant and problemaiic aspects of aleohol phar.
macokinetics are considered from the aspect of highway
safery, ‘

Several of these matiers have beconic criticaify im-
portant with the advent and wide adopiion of per sz
drinking-driving laws,® also called abeolure or blood
aleolol concentration offense laws. Body Muid aleaho)
concentrations constitute an clement of the offense in
per se laws, and are often the controlling evidenca
irrespective of driver impairment. The onus an the
dccuracy of the aleghol analysis and e vulidity of (e
biood. or breath nl-mhnl-mncun{_mlion T relevang
Hine s vastly. preater iy such seidings than in the previoys
raditional evidentiary use of aleahnol analysis resulls 1o
document presence of alcohol 1o an extent correborative
of the observed diiver impairment u sullicient 14
explain the erash invoivemen| or moving viofation, or
to establish a reputiople Presumption of jhe existence
of the influence of dleohol 10 an impermissible exleny,

Aspeets of Absorption, Distriburinn
and Elimination of Alcohol

Alcohal s unusual, if nor unigue, among drogs jn

FPer e stauies are Benerally migdeled afier
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several aspects of its pharmacokinetics. Particularly
siriking are the great biological intersubject variabitities
in aicohol consumpiion tolerance and in aicohel elimi-
nation, in-the patiern of short-term fluctuaticns from

the trend line af the time course of the biood and

hreath alcohol concenirations and in alcohol partition
between blood and other body fluids and tissues even
at equilibrivm. Also signjficant is that alcchol is ab-
sorbed and distributed in an unaltered state and is not
bound to protzins or complexed with other transport

systems.

Alcohel absorption

Consideration of the variability and anomalics of the
uptake and elimination of alcohol is facilitated by
reference (o the theorstical schematic time course of
the blood alcohol concentration often termed the Wig-
mark Curve (Elbel and Schlever, 1956; Wallgren and
Barry, 1970: Widmark, 1932) illustrated in Figure |,
despite the many limitations of this schematic represen-
tation.

Absarption of alcohol from the gastrointestinal tract,
including the stomach, occurs by simple passive diffu-
sion along conceniration gradients and does not invalve
an active rransport system. A small, weakly charged
maoleeule, alcohol readily penetrates cell membranes and
boundaries. s distribuion is largely governed by the
water contenl of the various organs and tissucs, espe-
cially ar equilibrium, because it is polar and completely
water soluble (Wallgren and Barry, 1970). The disrri-

L=}
T i.:'.

BAC or BrAC— o
T

TIME —

Fisumg |, Theoretical blood aleohol or breath alcohol curve (afier
Widmark): | = sbwrption ghase, 2 = plarean, 3 = dilfusion-
cuthibraian, 4 = eliniagtion phase,

bution process is much speeded by vascularization and
blood flaw. Organs with a rich blood supply, sueh as
the brain and the fungs, achicve the highest initial
concantrations of aleahol. A positive differential, which
may be as great as 50-100% (Forney, 1971), persists
between the arterial and venous blood alcohol concen-
trations during the dctive absorption and prior o egui-
libration (Forney et al., 1964; Harger and Hulpieu,
1956). The time lag from initial absorption of alcohol
to the beginning of the postabsorptive phase is 2 key
varizble in relation to highway safety. [t brings about
significant differences in the magnitude and timing of
alcohol concentrations in different organs. The resoltant
affects on the eentral nervous system are carlier and
more marked than those on the skeletal musculature
and other somatic systems.

The rate of alcohol absorption afier oral intake is
greatly influenced by the nature and concentration of
the alcoholic beverage, food intake and a multitude of
ather physical, biological, psychological and time Factors
that combine with the individual's sex, body weight and
body water, and related habitus characteristics as well
as offsetting merabolic dispositien to deiermine the
ultimate peak blood aleohol concentration and other
characteristics of the time course of the blood alcohal
concentraiion. The term comsumption tolerance is often
applied 1o all of these combined factors and effects, in
distinction to the cenastiiutional tolerance, which denotzs
the differences between persons in the effecis of alcohol
ar the tissue and organ level and in individual resisiance
10 those affects ar idenrical blood and rissue alcohol
concentfations,

The peak blood alcohol concentration and the time
for irs achievement are important parameters in vagious

_ respects. The peak ofien marks, for example, the

changeover between the rising and. falling blood aleahol
concentrations, reflecting- the absorption (o}.and elimi-
nation {f) phases of distribution—a matter related 10
acule adapration (o the effecrs of aleohol (Mitchell,
| 9R35).

These two variables aiso illustrate splendidly the sub-
srantial biological variability in alcohol pharmacokinet-
ics, even under controlled experimental condiviens. In
single-dose experiments with both men and women,
Dubowski (1976a) found elapsed time {rom.end of
alcohol intake to peak blood aleohol concentration
varying from 14 to 138 min, a nearly 10-fold variation,
with mean times for men and women 57 and 42 min,
respectively. In subsequent additioomat studies on men,
with a different experimental protocol (Dubowski, 1976b),
the data summarized in Table 1 were obrained. A 14
fold wvariation between absorption limes (0 the peak
blood alcohol concentrations in different subjects was
demonsiraied even in a reasonably homogenceous healthy
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Taatz |. Time 10 reach peak biood zaicohol coneentrations and peak
biood afvohal ; dose relalionship in healthy adull men

Coelficient
af
PFharmacokinetis variation
lactor M Mean £ 5D {%a) Range

Time 1o peak. blood alcohol
cpncenlralian, min” 79 29 £ 17 58.5 Gujtd

Timeg ro peak blood aieohol

cuageniration, mim” 69 520 x .6 6.5 12- 186

Pcak blood alcohol

concentration  dose,
mgrdl
i'ks 148 1275 % 21.1 18.5

8-1u2

“ Qubjects ingesting 0.5 § alvohol/kg body weight.
# Subjeuts ingesting 1.0 g aleohol/kg body weight,

populaiion. Total population variability 15 obviously
much greater. Other investigators have reporied com-
parable intersubject variability of experimentally meas-
“ured peak blood alcohol times after the end of drinking
(Maeve, 1973).

Péak blood alenhol concentrariens reached after inges-
tion of identical weight-adjusted doses of aleohol rypi-
cally also vary two- to ihreefold, ¢ven in homogeneous
cxperimental subject populations and under identical
experimental conditions (Dubowskl, 1976z; O'Neill et
al., 1983). Of healthy men given an alcohol dose of
1.0 g/kg, 95% can be cxpected to reach peak blood
aleohal concentrations of 85~170 mg/dl; the remaining
subjects will fall ourside that range. For a given total
alcohol dose, divided-dose drinking, as commonly occurs
in social setrings, typically produces slower stepwise
increases in blood alcohol concentrations than the single
dose often ingested cxperimentally (Forney and Hughes,
1963). Accumulation of ajcohol in the blaod and ather
tissues owgurs whenever the rates of alcohol intake and
absorption exceed the drinker’s rate of alcohol elimi-
nation, Co

Afeohol elimination

Eliminarion of alcohol oecurs principally  through
enzymatic oxidation in the liver, with wsuzlly minar
nonhepatic oxidation pathways and minor excretion of
unaliered alcohol in the urine, breath and perspiration
(Hawkins and Kalanr, 1972; Khanna and lseael, 1980
Lizber, 1977; Majchrowicz, 1973). The pharmacokinetics
involved have bezn explained variously as corresponding
to 2 one compartment open model with zero-order
(consiant rate) elimination, a one compariment open
model with Michaelis-Menten (1913) elimination kinetics
{Lundquist and Walihers, 1958), and a two compartmen:
open model with Michaelis-Menten elimination kinetics.
The first-listed theory was initially advanced by Mel-
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lanby (1919) and is the original basis for the schemaii
Widmark Curve (Figure 1},

However, zero-order kinetics, characterized hy cor
stant-ratc ¢limination independent of alcohol dose o
initial blood alcohol concentrarion, is an inappropriat
description for the eliminaticn of alcohol in humans
ar least in @ significant portion of the populatios
(Dubowski, 1976a, 1976b; Lundguist and Walthers
1958, Wilkinson, 1980). In most subjects and cireum
stances, the decrease in blood aicohol concentration pe
unit time in the fully postabsorptive state is a valic
reflection of the insiant rate of alcohol elirminzdon, |
15 most appropriately described by a one FOmparimen
open modal with Michaelis-Menten {1913} aliminacior
kinetics when only a single specimen material (e.g..
expired alveolar breath) or blood from a single sice
fe:g., vein, capillary or artery) is examined. Such 3
process describes a mixed pattern of zero-order {constam
¢limination rate} kinetics, which occurs when the rate.
limiting enzymatic alcohol oxidation step is saturated,
with first-order kinetics when there is an excess of
enzyme and which is. characterized by an exponential
rate of change (i.e., a constant froction of alcohol is
climinated per unit 1ime). The usual graphical presen-
tation of the Michaelis-Menten equation is that of 2
rectanguiar hyperbola. The characteristics of this process
include a slope of the apparent or pseudolinear deciine
rate in blood alcohol concentration, which increases
with increases in body dose of ingested alcohol and in
initial biood alcohol concenrration (Wagner and Patel,
1972; Wagner et al., 1976). Both the absorprion and
elimination rates of alcohal are significantly subject to
the effects of food (Sedman et al., 1976; Vitale ¢t al.,
1953), and 10 a much smaller extent ro the effects of
type and dilution of the ingested alcoholic beverage
{Dubowski, 1976Dh), :
Quantitative data on alcohol climination have been
obtained in profusion, mostly from repeated meagure-
ment of blood or breath alcohel concentrations. In
addition to these controlled pharmacekinetic studies,
considerable information has been published on bloeod
alcohol concentration changes with time in drivers who
drink, usually by caleulation from testing ar two points
along the elimination curve, The number of subjects
tested and the variability of the results e¢ncountered
have been much greater than in the laboratory studies,
Morcover, the blood alcohol concemirations involved
were usualty much higher in the studies of drivers wha

drink. For exampie, in 922 men raffic offenders, Abele

(1935) found a blood alcohol decrease rate range of 6
to 40 mg/di/hr, with a mean of 18,4 and a mode of
18.0. In ather studies in which (we samples were tested,
ranges of 1 to 80 mg/dl/hr (meap = SD, 204 £ 10.5)
among 1312 subjects (Schweitzer, 1968), ¢ 10 26 mg/
dl/hr {mean, 17.2 + 5.1) among 1655 subjecrs (Ponsald
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and Heite, 1960), and 9 t0 30 mg/di/hr {mean, 18.6 + a)
for 1142 subjects (Hilgermann and Schlayar, 1970) were
reported. In 16 (raffic offenders, the breath alcohol
decrease range measured by twe [ests was 7 1o 17 mg/
210 L/he! (mean, 1.0 = 2.8) (Loomis, 1574}, Several
of these and other authors found alcohol elimination
rates 10 be normally distributed (Lund, 1979), as has
the present author.

Results of observations limited 10 two points on the
elimination curve have many obvious shoricomings and
limirations for determining functional blood or breath
alcohol deercase rates, but they do illustrate the wide
range encountered.” The other extreme of studies i
represented by controlled pharmacokinetic experiments
int ‘which the rate of aleohol decrease in blood or breach
is determined by appropriate individual mathemarical
modeling of cach multipoint alcohol concentration ver-
sus time curve. In 134 adult men in the posiabsarptive
state, Dubowski (1976b) cbrained the data shown in
Table 2 and illuscrated in Figure 2. The data were
determined by infrared spectrometry and computer mod-
eling of #ach subject curve.

The underlying dara follow a Gaussian distribution,
From these data, it can be estimated thar the mean
fiourly breath alcohol concentration decrease for 95%
of such a population liss between 5.9 and 23.9 mg/230
L/hr and for 99.7% of such a population lies berween
1.4 and 28.4 me/230 L/hr.

Different siudies have been variously reported as
indicating blood alcohol decrease rates 1o be independent
of initial alcohol concentrations or positively correlated
with nnial blood alcohol concenirations, ithus corre-
spanding (o zero-order and first-order pharmacokinetics,
respectively, Abele (1953} reporied dependence of mean
blood aicohol decrease rates on the bload alcahol
concentration, as did .others-(Dubawsk.i_, H976a, 1976b;
Schweitzer, 1968; Wagner et al., 1976). Dose dependence
of the blood aleohal decrease rare was found by Alha
(1951), Vitale et al. (1953) and others. Na significant
effect of blood aldohol concentration on aleohol de.
Credse rates was reporied by Ponsold and Heite (1960)
and many early investigaiors. The term acute mergbalic
tolerance has been recendy applied (0 an increase in
blood aleohol elimination rate within a few hours for
most subjects after a second dose of aleohol (Wilson
el al., 1984),

It deserves emphasis thac the eate of decrease of
blocd aleeho!l concentration does not directly and ex-
clusively reflect the metabolic disposition of alcohol
because the changes in conceniration are also, in part,
& product of alcohol elimination through urine, breath,

"The wonversion fagor e Loof blood = 2100 L o eapired
alveolar air,

Tanlg 2. Rates of breath zleaho! decicuse in the POSLAbLOFBLive yiace
for heakhy adult men, determined from individual subject brean
Muahul conceniration vs time tegressions

Breath alcohol concentration devrease, mg/ 230 Lonr
-—
Coefficiem
of variation
N Mean = 8D Tn Range
TH [4.94 = 4.50 kel 59-31y

perspiration and other rowtes. Excretion through thosa
routes would be expected 10 be positively. correlated
with the plasma alechol concentration because it involves
passive diffusion of alcohol in accordance with i3
roncentration gradients for the roure involved,

Aspecis of alcohol distribution

Most state drinking-driving laws {imit reference to
alcohol coneentrations 1o those in blood regardless of
the specimen material actually analyzed, aithough an
increasing number of jurisdictions are adopting the
definition of alcohol concenfration of the Uniform
Vehicle Code,? which relates that term to the analyzed
specimen. Common statutory terminology refers 1o **the
amount of alcohol in the person's blood at the (ime
aileged as shown by chemical analysis of rhe person's
bload, urine, breath or other bodily subsiances.” Con.
sequently, the alcohal distribution process and the par-
tition ratios for alcoho! berween blogd and other
specimen materials are of great pracrical importance.
Often they are the subject of vigorous attacks against
trial evidence of “*blood” alcohol concentrations dertved
from the analysis of other body fluids,

Breath aleohol analysis is by far the most L'Drnrnorxly
employed form of chemical testing in fraffic law en.

forcement. Hence the true blood : breath ratio far al-

cohol, originally used to calibrate breath aleohol analyzers
1o indicate the supposedly corresponding blood aleohol
vonceniration, has been a subject of muych scientific
investigation and debate for abour 50 years. It 15 evident
from considerations of quantitative human biology that
4 single ratio or conversion factor will no apply 10 al
persons (Mason and Dubowski, 1974, 1576). Meverthe-
less, for half of that period, there was gencral accepr.
ance of 2100 : 1 as the partition ratio of alcohal between
bicod and aiveolar brearh, as a population mean {Bar-
kensiein er al., 1972 Harger et al., 1950: MNational
Safety Council, 1953). Quantitative evidential breath
aleoho!l analyzers are siilf currently lactory-calibrated in

YAz chudged in 1979, Uniform Vebicle Code Section 1902 ey
reads; **Abahol cancemration shall Mmean either grams of sicohol per
160 mullilivers of blood or grams of aicohod per 280 likers ol beeath.*
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grams of alcohol per 210 L of breath. Some official
guidefines incorporate this calibration {National Highway
Traffic Safety Administration, 1984), thus in effect
retaining a 2100 : | bloed alcchol : breath aleohol con-
centration ratio for those jurisdictions staturorily re.
quiring the reporting of evidentiary alcohol concentrations
in terms of blood.

Later siudies on larger subject groups, with more
sophisticated chemical analyses of biood and breath for
aleohol and more extensive data irearment, indicared
that the mean alcohol partition factor between blood
and breath in the postabsorptive phase in healthy adult
men is very close to 2300 : 1| (Dubowski, 1975: Du.
bowski and O'Neill, 1979; Jones, 1976; Jones et al.,
1975). However, significant variations from this popu-
lation mean exist during active alcohol absorption and
in some individuals even in the postabsorptive phase:
The typicai biological variability of human alcohol
pharmacokinetic parameters is well illustrated by the
data from studics of Dubowski and O Netll (1979).
These are summacized in Table 3, for the ratic of
alephol concentrations in whole blood and end-axpira-
tery breath in feabthy adult men in the fully postab-
sorptive phase. .

These experimemally determined ratios have a Caus
stan distribution. Hence a posiabsorptive blood alcohal:
breath alcohol conecentration  ratio range of 1797 : |
to 2763 1 1 can be cstimated for 95% and 1555 ¢ 1 g
3005 : 1 for 99.7% of such a population. Those statis-
tical projections agree closely with the experimenially
found range of values,

The various scientific, technical and forensic ASQeECEs
of this complex marcter have been reviewed in detail by
Mason and ‘Dubowski (1976). They proposed that the
affease of driving ‘under the influence of aicohol be
stacutorily defined in. terms of the concentration of
-aleghal in. he "breath-and in the blood, thai breath
alcohol analysis éontinue 10 be employed in traffic law
enforeement But that conversion of breath alcohol con-
centrations to. blood alcoho! concentrations be aban-
doned for forensic purposes. These recommendarions

have been implemented in an increasing number of

jurisdictions.
There is massive documentation that the bload alcohol

Trale 3. Functional ratio of alcahol coneentrations in venous whoie
btood and cad-cxpitalory breath in the pustabsarptive phase, in healihy

adult men

Blood aleehol convenization ; Breath aliohol CONCEN[ration

Lo ient

ol varadon
N siean = M g Range
143 1280 x 418 164 1706~ 306

concentration cannot he established sufficiently ref
for forensic purposes from the alcohol concentratie
a pooled bladder urine specimen because of the 2xte
variability of the blood : urine ratio of alcohol, Part
ratios of 0.21 : 1 to 2.66 : | have been reported (i
agan et al., 1977 Kaye and Cordona, 1969: Mor
1963, Stevens et al., 1966), From the data TEporte
Raye and Cordona {1969), it can be determined

the urine : blood aleohol concentration ratiops are

mally distributed and it can be estimated tha; 950
such ratios in the population wiil fall between 0.3t
and 2.20 : 1, and 99.7% between near 0 apg 2.66
These problems have been recognized in policy s
ments of the Mational Safety Council’s Commitice
Alcohol and Drugs (1979) and of the National High
Traffic Safety Administration (1975), which list bl
and breath as specimens of choice for alcohol anal
and discourage usc of urine for alcohol derermina:
in law enforcement.

Analysis of alcohol in saliva has basp limjeed
research applicatons because of the inheren: probk
in field collection of specimens. Modern studies o
refined analytical methods and small sampie vl
have shown mean partition ratios for alcohal of 1.04
for parotid saliva : plasma (DiGregorio et al,, 1978) :
1.08 : I for pooled saliva : blood (Jones, 1979},

Aleohol is excereted in part in sweat. Based an t
'act, an adhesive pad for sweal collection from. the s
for periods up to 8 days has been suggested as
indicator of aleohol consumption (Phiilips and M
Aloon, 1980). The validity and uselulness of aleol
measurement in sweat thus collected by sweat pal
over a period of days as an indicator of alcal
abstention or use is still under evaluation, with diverg
results (Phillips, 1984; Phillips et al., 1984),

f"ar historical reasons, and because  drinking-drivi
laws ukiforinly -refer i blood aleohdl in the who
blood sense, studies of driving impairmént by aleot
and of aicohol distribution between body fluids ha
mostly used whole blood as the specimen when blo
was sampled. Because aleohol is not uniformly distri
uted between the cellular and nonceliular Ccomponay
of blood and because of the relative frequency
hematological abnormalities in the population as w
as circadian and other shifts of fluid volumes, use
whaole blood aleohol concentrations further complical
the physical, chemical and biclogical factors involv
in aleohol distribution and partition (Mason and D
oowski, 1976). Plasma is a physioiogically and phs
macokinetically more appropriate specimen.

Sex. age and lime-retated differences

In many of the pharmacokinetiv parametyrs for
cohol, marked diffsrences related 1o sex and age exis
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In regard to the former, differences in body composi-
tion, especially in body water and adipose tigsue pro-
poritons, are usuaily cited 10 explain the documented
papulation differances, with less [requent ati¢ntion lo
stage of the menstrual cycle and use of oral contracep-
tives (Zziner, (983). Some of the differences are signif-
icant. ln parallel studies of oral aleohol inake in men
and women, using identical weight-adjusted alcohol doses
and drinking times, Dubowski (1976a) found the mean
time to peak biood alcohol cencentration after end of
drinking to be 1.35 times a8 long in men as in women,
the mean peak blood alcohol concentration : dose re-
. [ationship to be 12.8% higher in women than in men
and the mecan hourly rate of decrease of the biood
alcohol concentration o be 23.6% greater in women
than in men. Women during the premenstrual phase of
the ovulation cycle reached significantly higher peak
blood alcohol concentrations for identical weight-ad-
justed moderate acure doses and showed greater ab-
sorption rates ‘than men, or than women tested during
the menstruum and around the time of ovulation (Jones
and Jones, 1976). Wamen taking oral contraceptives
reached lower peak blood alcohol concentrations and
had significantly lower body alcohol ¢limination rates
and blood alcohol disappearance raies than women not
on oral contraceptives (Jones and Jones, 1984; Zeiner,

19835, Michaelis-Menten maximum velocity values for
alcohol disappearance from the blood, reflecting alcohol
metabolizing capacity, have been found 10 be 1.9 times
as great in women as in men (Sutker et al., 1983).

Age-related differences in alcohol pharmacokinetics
have not been siudied extensively in humans. Data for
men in five age groups showed consistent and significant
increase in blood alcohol elimination rates with increas-
ing.age (Schweitzer, 1968). Intravenous alcohol irifusion
af 2 weight-adjusied dose produced sllghuy hxghcr ai-
_ cohol concenfrations . in "blood water in. o[dcr submcms
than in younger men . and the peak alcohal concentra-
tions in blood water were age corvelated. The rate of
alcoho! disappeararce from the blood water, however,
was not significantly correlated with age (Vestal et al.,
1977). The differences were considercd mostly attribut-
able to age-related changes in body compaosition, such
as a decreased lean body mass and total body water in
oldar subjects.

The possible effects of time of day on alcohol
pharmacokinetics as well as on effects of alcohol have
been considered, although not siudied cxtensively in
humar sitbjects. Circadian rhythms have been claimed
(o afllect peak blood alcohol concentrations {Zeiner,
1974) and alcahol elimination rates (Jones, 1974; Wilson
et al., 1956). Others were unable o demonsirate sig-
nificant time of day-related differences in these phar-
macokinetic parameters (Lawrence of al., [1983). Reviews

of the relationship of time of day 10 akeohol pharma-
cokinetics have appeared (Minors and Waterhousz, 1980;

Sturtevant, 1976).
Ancmalies and Short-Term Floctuations
of Blood Alcohal Curves

For many purposes, the fitting of regression lines o
experimental data points by manual or vomputerized

. mathematical modeling s satisfactory. The compiete

blood alcohol or breath alcohol versus time curve usuaily
requires nonlinear regression analysis, in keeping with
the pharmacokineric phenomena discussed abave. How-
ever, for somc purposes, a trend-line curve is markedly
inappropriate or useless. That is especially true for
attempts to engage in retrograde or forward extrapo-
lation of blood or breath alcohol concentrations beyond
obsarved values, Among the major reasons [or the
infeasibility of retrograde extrapolation, three stand out:
{5y lack of knowledge, usually, about the timing of the
alcohol concentration peak and absorption-postabsarp-
tion status; (2) ignorance about the mathemarical char-
acteristics (e.g., linear, psendolinear, exponentinl) and
the mean rate of change of the individual's blood or
breath alcohol elimination curve; and (3) unpredictable
irregularities of the curve, especially short-term fluciua-
tions from the best-fit trend line of the blood or breath
aleohol ecurve. o

‘The nature, extent and freguency of the breath alcohol
curve irregularity and especially the short-term fluciva-
tions have been illustrated in ather repoets (Loomis,
1974 Schmutte et al., 1972; Shumate et al., 1947;
Terfloth and Wuermeling, 1968). The same phenomena
ol blood alcohol curves have heen exemplified elsewhere
(Ditr and Forster, 1964; Leithoff, 1964; Magve et al.,
1971; Schieyer, 1959; Schmuitte et al., 1972, Wehner,

{972). The reporis by Leithof{ and by Wehngr are

particularty persuasive of the existence and exient of
short-term blood alcohol fluctuations because these in-
vasiigators employed auiomated analysis of blood con-
tinuously sampled through an indwelling venous catheler.

The same phenomenon i§ fiustrated in Figure 2,
which consists of six representative breath alcohal versus
time curves obtained in the studies of Dubowski (1976b).

Under highly standardized conditions, healthy adult
men ingested alcohal doses of 0.5, 0.8 or 1.0 g/kg
body weight after a 4-hr fast, according to 2 Laiin-
square design, by rapid (20 min) or slow (40 min)
drinking of one of four alcoholic beverages (champagne,
beer, diluted whisky, straight whisky), accompanied by
snack foods. Alcohol concentrations of end-expiratory
breath were measured at (requent intervals, usually every
5 min, by infrared spcctrometry with an Intoxilyzes
apparatys, calibration of which was closely monitared



A3/BE/ 2006 16:41 2662744395 LASH LAROLE IV PAGE B7/11

J'_é.}f"
H.)_l_‘l_\_,“.-.;u\

104 ALCOHOL AND HIGHWAY SAFETY
10 ; lv]
Eill L[ RN | T I i - ! E| I| T 1 1 T T ] I—i—]—\—'—rﬂ.
' | - -
P - .
1
o S N - i B
~ Bt ]‘ - ~d L. T
[ — ! . - & [
-y — — -—
E;GQ:/J ‘ . ¥ o E
£ : - Eu!OD ‘
- — ] ;
=) F - — =
T I 4 %
8 :;i: ! T ] 5 i
d han 11 “'\ . 3 :
T L ! - = '
S =7 - e —
[t ] =
g [ . - h ;
q 1 | == ) ¢
-1 — T e
:: l T . :
H
R N AT A A I A A S AT AN W NN
a i z a 4 5 0 I 2 3 4
TIME. HQULRS TIME, HOURS
- :
‘ 130
N TN e I S I B s e o B T T T T T T T T
- c 2 -
S E - 3
L _ ©
ey — . L]
sg.m:—f 7] :\:.m
3 — — E
\ .
o £ - =
3 i I =)
8 - ‘ 7 g
: R = ¥
E 50 [—— — éso
! L
L i - ]
& - - =
/i = ? ‘
vl .
gLt} [ L1 L ¢ IJI_;] POy Y S T P4 I A A |
0 t 2 £ 4 -] 0 [ 2 3 4
TIME, HOURS TIME, HOURSY
150 .
r‘ T T T [}a1s] -
..Iulirl‘i!‘_ E‘J:{liutll I S T I A
1 e 3 = - E
: Fo T
100 - E\m:—_—; — LML A~
; - . L.
=) — = -
: -3 P e N
Ly 5 ]
3 7 iﬁ;} " i
= 50 ] 3 50 [t
o 7] = I M A
— — i
g - § £/
Z § £/
- N ! -
— i
g [ [T S N R e A a1 AN O TN N N N U S O 5
o ! 2 3 4 5 0 | 2 3 4
TIME, HOURS

TIME, HOURS

TH ] ER T ] T . - ks - . i H i

Fle;itRE 2 I‘.\purnnf.nu.i human breath alcohol curves showing 4 typreal Widtrark patern (2A7 sad various soemalios and shor-iepn beesth aleol
J'luctuuuurfa (ZH-:'.H_L l;u\."h pluticd point ropresents a separale Breath aleohal meusurement in £/ 230 1., The doited line veur the lefl ordinme indjyy
the end af wleeho! ingestion, The arrow shows the apparend peik breath aleohal voncentration ar least 15 min. afier the end of alcahal ingesii



A3/@6/ 2006

16:41 BEEZ2744335

LASH LAROUE IMW

FPAGE B8/11

PHARMACOLOGY OF ALCOHOL: IMPAIRMENT OF DRIVER PERFORMANCE i

by analysis of vapor-alcohol samples and was verified
hy frequent comparison with simulianeous biood sam-
ples.

Figures 2A-F reflect the {ollowing protocol conditions,
and individual breatch aleohol curve characteristics as deter-
mined from [amily regression analysis of breath alcohol
concentration vs time during the postabsorptive elimina-
tion phase of each curve. The notaiions used {or all regres-
sion squations arc the following: ¥y = breath aleahol con-
ceniration in /230 L, x = hour alter apparent peak of
breath alcohal conceniation, R? = coelfcient of deter-
mination for the regression, SEE = standard errar of the
estimate, i.¢., square root of the residual variance.

In Figurz 2A, sleohol intake i3 suaight B6-proof whisky,
0.8 g/kg, fast drinking. The curve displays a typical
regular Widmark pattern with minimal fluctuations from
the trend line. The maost appropriate mathematical descrip-
tion of the climination period is a linear modei:
y = 0,116 —~ 0.017x, R' = 0981, SEE = 0.003. In
Figure 28, alcohol intake iz steaight whisky, 0.8 g/kg,
siow drinking. The curve displays moderate paositive and
acgative fluciuations from the trend ling, The most ap-
propriate deseription of the elimination peried 1s an ex-
ponential model: y = 0.113g*n R = 0,958,
SEE = 0.052, In Figure 2C, alcohol intake is champagne,
0.5 g/kg, fast drinking. The curve displays minimal [Tue-
tuations from the trend line and the breath alcohol con-
centration remains in a narrow range for several hours.
The most appropriate description of the elimination period
is a parabolic model; y = 0.061 — 0.006x — 0.003x?,
R = 0.966, SEE = 0.001.

In Figure 20, alcohol intake is champagne, 1.0 g/ke,
fast drinking. The curve displays a markedly delayed peak,
with marked fluctuations " from the trend line. Mo
mathematical mode] provides excellent correlation, but the
most appropriale description of the elimination period is
a paraholie model; y = 0,115 + 0.005x - 0.012x%,
R' = 0.564, SEE = 0.007. The . maost appropriate
description for the entire curve is also a better correlated
parabolic? model: v = 0.005 + 0.72x - 0.011x%,
R* = 0.927, SEE = 0.007. In Figure 2E, alcoho! intake
is beer, 1.0 g/kg, fast drinking. The curve generally
follows a Widmark patern, bur with significant fluctua-
nons [rom the trend line and marked positive and negative
spiking thoughout the entire curve. The most appropriate
mathemaltical description of the elimination period is a
hincar model: y = 0.129 = 0.013x, R* = 0.8%1,
SEE = 0.005. In Figure 2F, alcchol intake i3 straight
B6-frool whisky, 1.0 g/kg, slow drinking. The curve
displays marked irregulaniiies and posjitive and negative
spiking as great as 0.030 g/230 L in less than 10 min.
MNa mathematical model provides excellant correlation, but
the mast appropriate deseription of the elimination period

is & linear model: y = 0107 - 0.017x, R* = (.55
SEE = 0.008.

All of these curves share the fluctuations phenomens
to an extent and deégree varying considerably berwe
subjects. Particularly striking arc portions of the eyrv
tn Figures 2D, E and F around che (00 mg/230
concentration region. It is evidear from these rath
typical curves that breath alcohol analysis results ev
under highly coptrolled condirions can and do rapid
oscillate in short time periods above or below any give
concentration. This should be recognized in bhoth
search on alcohal and -in evidentiary use of blood |
breath alcohol concentrations in the prosecution of p
se law vialations,

These phenomena are nof limited to breath alcoh
analysis, as shown by comparable curve patterns 0
discrete or continuous blood alcohol monitering in o}
studies cited, and by the very close correlation
numerous separately measured simultapeous biood 3
cotol and breath aleohol concentrations in the cour.
of the experiménts that yielded the curves in Figur.
2A-F (Dubowski and O'Neill, 1979).

Summary and Conclusions

Key aspects of the pharmacokinetics of alcohol a
highly relevant to highway safety. Of particular per
nence are the partition of alcohol between various bac
tissues and fluids and rhe resulting alcohol concentratic
ratios for blood : breath and other body fluids, a5 we
as the irregularity and short-term fluctuations of t
blood and breath alcohol curves,

Most alcohol pharmacokinetics parameters are subje
to wide intersubject variability, as exemplified by pea
blood alcohal concentrations reached on ingestion «
identical weight-adjusted doses, time to peak after en
of drinking and the rate of alcohol alimination fro
the blood. This great biological intersubject variabilin
when combined with sex-, age- and time-related diffe
ences, makes the blood alcohol information in wide!
distributed alcohol consumption nomograms and tabl
based on mean data inappropriate as a guide for it
drinking behavior of individuais.

Although there is good statistical correlation betwes
the alcohol concentration of different body tissues an
fhids in the fully postabsorptive state, wide individu;
variations from the population mean alcohol partitio
values exist. It 15 aften impossibie 1o determine whethe
the postabsorptive siate has bren reached at any give
time. Those factors make il impossible or infeasible |
convert the aleohol concentration of breath or urine |
the simultapeous blood alcohol concentradon with fi
rensically acceptable certainty, especially under per |
ar absolute alcohol- concentration laws. Inclusion ¢
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breath aleohal concentrations in drinking-driving sial-
utes, as definitions or per s¢ offense elements, makes
unnecessary the conversion of breath alcohol analysis
results into equivalent blood alcohol concentrations.
Urine aleohol concentrations are inadequately correlated
with blood aicohel copeentrations or with driver im-
pairment, and analysis of bladder urine is, therefore,
inpppropriate in traffic law enforcement.

Significantly large sex-related differences in pharma-
cokinetic parameters have been demonstrated (c.g., in
peak blood alcohol copcentrations for weight-adjusted
doses). The effects of age and time of day have been
fess extensively $tudied and are less clear.

HBreath and blood aicohol time curves are subject to
short-term fluctuations from the trend line and other
irregularities, and often do not follow the typical Wid-
mark pattern. From the existing information an phar-
macokinetics of alcohol and the characieristics and
variability of biood and breath alcoho!l versus time
curves, the following conclusions can be reached, First,
not all bloed and breath alcohol curves follow the
Widmark pattern, nor is the elimination phase neccs-
sarily linear. Second, alcohol absorption. is not always
complete within 60 to 90 min, as often claimed, Thicd,
the peak altohol concentration cannot be validly pre-
dicted or established in an individual instance without
frequent and timely measurement of alcohol concentra-
tions. Fourth, it is not possible to establish whether an
individual is in the absorption or elimination phase, or
1o establish the mean overall rate of alcohol elimination
from the blood or breath, from the results of (wo
consecudive blood or breath alcohol measurements, how-
ever timed. Fifth, significantly large shortterm fluctua-
iions occur in some subjects and result in marked
positive and negative departures from the alcohol con-

centration trend fine. Sixth, short-term, marked oscil-

lation of the blood or breath” alcohol cosncentration can
occur  at variows points of the curve, resuliing in
repeaied excursions of the alcohol concentration above
and below a given concentration {such as 80 or 100
mg/dl) within a few -mimees or for hours. Finally, no
forensically valid forward or backward exirapolation of
bleod or breath alcohol concentrations is ardinarily
possible in a given subject and occasion solely on the
basis of time and individual analysis resulrs,

Future Research Needs

Most research an alcohsl pharmacokinetics and on
the effects of alcohol on driving has been conducted
with low or moderate quantitics of alohol ingested in
a single dose. Research subjects have heen predomi-
nantly young apd middie-aged adult men. Because of
_lhc pharmacokinetics vonsiderations reviewsd gboave, there
;sluﬁcn uncertaintly about whether and when the subjects
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are in the pastabsorptive phase. These limitations am
extreme variability in previous experimental protocol
and conditions make comparisons among the resuls o
different studies as difficult as practical application o
many of thoss findings 10 alcoha! and highway safer
sertings.

There is need for standardization of research proto
cols, especially for studies of alcohol-relating  driving
impairment. Because 'of the many factors and variable:
involved, it may be best to develop cunscmus on the
most appropriate protocol(s) through one or more con.
ferences of experienced ‘Investigators, under the spon:
sorship of a cognizant hody such as (he Mationa
Institure on Alcohol Abuse and Alcoholism or the
National Research Council. The protocol(s) should make
suitable provision for alcohol dosing (e.g., by divided:
dose drinking); for study of sex-, age- and rime-refated
effects; and for frequent cnough, accurate alcohol meas.
urement (preferably by proper breath alcohol analysis)
to provide valid information for correlation with ob-
served subject effects. Because results of siudics on
rormal, healthy subjects who use alcoholic heverages
lightly or moderasely may not be equaily applicable to
heavy drinkers, separatc provisions are nceded 1o in-
vestigate the applicability of general findings and con-
clusions to the fatter group.

The major shertcomings of currently available alcohdl
consumption charts, graphs and nomograms for general
public use include the likelihood of danperous -under-
cstimation for many persons of the blood aleohol
conrcentration rcached by ingesting a given quantity of
alcohol. Self-test devices for breath alcohol measurement
arc similarly flawed. There is need, therefore, to develap
and validate alternate and better means of providing
valid information o the public on blood alcohol con-

«centrations likely to be reached, or actually achieved,
* for a given .amount of alcohal intake,

The proliferation of per se or absolute alcchol con-
centration offense laws makes it likely that the resubrs
of blood and breath alcohol analyses will continve to
constitute a prmary form of evidence in trials of
alcohol-related traffic offenses, Testing of suspecied
violatars under forensically aceeprable standards is in-
feasible at the time of first contact, Extrapolation of a
later alcohol test result to the rime of the alleged
offens¢ is always of uncertain validity and therefore
forensically unacceptable. Thé laws of differemt juris-
dictions address this problem in various ways, as by
specifying that the analysis result ar the time of the
st shall govern, or by judicially approving retrograde
extrapolation of results, o by defining the atienge to
consist of driving a vehicle after having comsumed
sufficient alcohol to reach a specified alcoho! concen-
1ration “‘at any relevant time after the driving,” There
is need 10 develop ane or maore legally acceprable and
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scientifically valid schemes for specifying the ajcohol
coneentralion element of aleohol-retated traffic offenses,
and for obtaining forensically reliable alconol analysis
resutts, while aveoiding the pitfalls and dilemmas of
currem practices. )

Also needed are further studics on some methodolog-
ical problems, The nature, extent and population fre-
guency of the anomalies and [luctvations of blood and
breath aleohol time curves should be established by
carefully controlled large-scale siudies at appropriate
alcohol coacenirations in men .and women, and the
uaderlying mechanisms need elucidation, The utility of
the sweat-patch test for alcohol consumption requires
further investigation.
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