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ABSTRACT

This paper gives review and opinion about several aspects of quantitative evidential breath.
alcohol analysis used in traffic law enforcement. In pariicular, physiological aspects of brea tit tesiin 2
are covered, with emphasis on factors influencing the precision and accuracy of reswlis. The
increasing use of punishable limits of blood andior breath-alcohol concentration makes chernical (es,
evidence a popular target for defense attack and liigation in trigls conterned with driving mnder the
influence (DUI). Historical develapmenis in theory and dpplication of breath testing as eviclence of
intoxication are briefly outlined. The absorption, distribution and elimination of alcohol in the human
body are covered as background for undersianding the passage of alcohol from blood to breath
Research on the bloodibreath alcohol ratio and the factors that influence this relationskip includin g
mouth-aleohal, regurgitarion, breathing technique, arlerio-venous differences, blood hematocsrit valyes
pulmonary disease, body temperature, expired air temperature, and temperature and hwmidity ap
ambient air are critically evaluated and discussed. Both blood-alcohol and breath-alcohot
measurements are suitable lo provide objective evidence of aleoho! load in the organisrm and the
associated impairment of driving skills. With per se stanues, the magnitude of sampling and analyticay
errors inhereni in methods of analyzing alcohol for legal purposes must be carefully docume nied, The
Jinal prosecution result can be adjusted to allow for uncertainties in the analytical procedure s used,

Introduction

It has been known for more than a century that a small fraction of the alcohol a person drinks is ex
unchanged in the breath (Anstic, 1874). The smell of alcochol on the breath and the individual's Eenen|
Rppearance and behavior often arouse the firs1 suspicion of over-indulgence. The simplest alcohol breath-1eg
using the human nose as sznsing device, has its roots in ancient times. Towards the end of the ninclcan;h'
century quantitative methods of analyzing aleohol in body fluids began to appear (Benedict and Moris, 189%)
Although by modem standards these techniques were fairly crude, they enabled scientists o delineate the fx,
of alcohal in the body and Lo establish an approaimate relationship between blood-alcohol conce niraton BAQ)
and various stages of alcohol influence (Mellanby, 1919).

pelleg

The tremendous increase in motor unnspanaliari after the First World War brought into sharyp
i ;¢4 by aleohol in accidents and deaths on the highway, The call for le
vo ., drunk drivers™ created an urgent need 10 develop and evaluale more reli

o

i focus the rel.
gislation and sancticns to compby

able ways of testing for alcohal,
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intoxication (Borkenstein, 1985). A clinical #xamination alone had definite shorcomings as & medicolejial st
of whethier a driver was under the influence of alcahol. The wide inter-individual variations in zigns and
symptoms of alcohol influsnce and the gxperience of the examining physician end o discredit the result
obtained by ordinary clinical means. This prompted a search for more objective ways of wsting whether a
driver was impaired and unfit 1o operat 8 Totor vehicle on the public roads, Close at hand were the chemical-
wehnical meathods for measuring alcohol in a biclogical spesimen: blood, breath or urine obtained from the
person Suspected of DUL  ‘This led to the notion of a criminal justice sysiem based on “chemical wsts for

intoxication” with punishable limits of alcohal concenmation in body fluids as a hasis faor conviction (Lovell,
1972).

The fust person 1o propose the use of breath-analysis as a test for imoxicaton was Emil Bogen in 1927
(Bogen. 1627). He collected mixed expired air in g football bladder and passed @ known volume of this
specimen of breath through 2 mixture of sulphuric acid and potassium dichromate. This reagent 13 similar to the
liquid conained in Breathalyzer ampoules. The resulting changes in color from yellow to various shades of
biue-green.-yellcw were compared with a sexies of sealed standard tubes containing the same test tEigent to
which known amounts of alcohol had been added. Bogen reported a good comelation between the concantration
&{ aleohol in breath (BrAC) and clinical signs and symptoms of intoxication.

Alcohol must reach the brain before it can exert its well kmown untoward effects on perfomance and
behavior. Because alcohol is transporied to the central nervous sysiem by the blood circulation, the
concentration of aleohe! in a specimen of blood was considersd a suitable objective tast for alcohol influence
and associated deterioration of a person's driving skills. Tt is imporant © note that the source of blood in
question, whethar drawn from artery. capillary, or vein, was initially not defined more precisely. Satutory
limits of BAC differ among countries and éven within paris of the same country. €.E.. states of the USA,
Canada, and Australia. The sampling and analysis of breath is a noninvasive technique and efforts were
therefore made to develop compact breath-alcohol analyzers suitable for police use. These appeared il the late
19305 with the introduction of the Drunkameter, the Alcolmeter and the Intoximeter (Harger, 1974). The
classic Breathalyzer was invented in 1954 by Robert F. Borkenstein (Borkenstein, 1954).

A tricky situation emerged because the drunk driving statutes were defined in 1erms of BAC although most
of the alcohol measurements for legal purposes were made in breath. 1t was therefore deemed necessary
convert the measured breath concentraton into a presumed blood concentration. ln practice this meanl
capturing a sample of expired alveolar air from the test subject and accurately measuring the concenration of
alcohol it contained. The raw BrAC reading was then converted into the presumed coexising BAC by
calibrating the breath-analyzer with a constant factor; the blood/breath ratio of alcohal. This is %cnc:nuly stated
a5 one volume of blood containing the same weight of alcohol as 2100 volumes of breath aL 34°C. The value
chosen for the blood-breath ratio of alcehol is an esséntial element which determines the accuracy of breath-
testing devices when the results are ranslated into BAC. In forensic science pracuice, the 21001 ratio is
assumed 10 apply for all people under all conditions of westing despite many differences of opinion anong carly
workers in the field (Hagpard et al., 1941). Suppart for use of the 2100:1 blood/breath ratio in law enforcement
came from a mecting of experts in 1952 under the auspices of the National Safety Council's committie on tests
for intoxication (Muehlberger st al,, 1953).

The basic principle governing the operation of the three presently used breath alcohol methods
(the Drunkometer, the Intoximeter and 1he Alcolmeter) is the consiani ralio existing betwesn the
concentration of alcohol in the alveolar air and the blood. Available information indicates that this
alveolar air-blood ratio is approximately 1:2100. However, since each method involves different
procedures, different empirical factors are involved in the calculation of concentration of alcchol in
the blood in each of the methods.

The above statemant was revised by another meeting of experts held at Indiana University, Indianapelis, in
1972. The report of the Ad Hoc Commates on blood/breath alcohol ratio contained the followin; statement
which egsentially reaffirmed the 1953 standpoint:

The basic principle governing the design of breath alcohol instruments is that a physiological
relationship exists between the concentraiion of alcokol in expired alveolar air and in the blood.
Available information indicates that 2.1 liters of expired alveolar air contain approximately the same
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- quarnnty of alcohol as 1 milliliter of blood. Continued use of this ratic in clinical and legal
applications is warranted.

Since 1972 great advances have been made in developing new methods and technology for analyzing
alcohol in expired breath. A wide range of sophisticated microprocessor-controlled breath-testing initruments
are commercially available (Jones 1989a). More and more countries are updating their existing drunk driving
suatures o include provisions for evidential breath testing. There are definite practical advantages in using
breath-alcohol analyzers for legal purposes compared with traditional methods of forensic blood-alcohol
analysis, These include non-invasive sampling techniques, on-the-spot determination of whether i oifense has
been committed, making immediate sanctions passible, and more effective traffic control and time saving by the

police. Last, but not least, one sidesteps the need Lo handle, transport, and store samples of blood from
individuals with AIDS or hepatitis. '

In European eountries, such ag Great Britain (1985), The Netherlands (1987), Austria (1986), France
(1985), Norway (1988), and Sweden (1989), the alcohol element of the offense of driving under the influsnce of
aleohol 1s now defined as a certain conceniration present in & sample of end-expiratory breath. A delicate
problem concemned the choice of statutory BrAC limits, Because punishable limits of BAC were already well
established in these European countries, the existing limits were translated dirsctly into BrAC by the nse of an
average blood/breath conversion factor. The rationale in choosing the particular blood/breath faciors by the
legislature of various European countries remains abscure.

Great Britain and Holland opted for 2300:1 blood/breath relationship, which means that their respective
carlier BAC limits of 80 mg/100 mi and 0.50 mg/ml now become BrACs of 35 pug/100 m! and 220 pgAiter
respectively . In Austria a 2000:1 blood/breath ratio was selecled by the legislature so thal the BAC limit of
0.80 mg/ml became 0.40 mgAiter of breath. In Norway and Sweden, with BAC limits of 0.50 mp/g (0.525
mp/ml), the blood/breath ratio is 2100:1 o give a breath alcohol limit of 0.25 mgAiter now enlarced. The
previously existing blood-alcohol statutes operate in parallel with the new breath-aleoho} concentration limits,
In the USA, Canada and Ausualia, countries in which quantitative evidential breath-analyzers have been used
for decades, the blood o breath conversion factor of 2100 15 used, But many states in the USA have now
adopted drinking driving statutes that criminalize 0.10 g/210 liiers breath or more per se. This means that the
2100:1 blood/breath ratio is incorporated directy into the statute. IF, instead of this approach, the ligislamres

1 decided to eriminalize BrACs equal 1o or greater than 0.47 mg/iter [{0.10/2100) x 1000], this would have
removed emphasis from the use of 21001 conversion factor, The possibility that a DUI suspect might have a
concentration of alcohol that was legal in the blood, but llegal in the breath, or vice versa, creates a problem for
the legislature and this dilemma has not yet been resolved. The inter-conversion betwesn blood-aleohal (BAC)
and breath-alcohol concenuaton (BrAC) limits is done simply as follows:

BAC = BrAC x blood/breath conversion facior

Ta set the stawtory BrAC limid, the legislature commonly takes the existing BAC limit and divicles this by
thF bload/breath ratio of alcohol deemed appropriate for the particular jurisdiction. Whether milligrams (mg).
micragrams (Wg), or grams (g) of alkechal present in a breath volume defined in terms of milliliters (mb),
“eiliters (dB), or liters (L) are selecied as the units of concentration seems to be an arbitrary decision.

. 1able 1 shows Lhe relationship among various units used 1o repon the concentrations of alcohol in bload for
clinical and forensic purposes. This is important information because blood samples for aleohol analysis are
somelimes sent 1o hospitat clinical chemistry laboratories and the resulis afterwards presentzd in the law courts.
Delense and prosecution auorneys should therefore be aware of these different ways of expressing BAC results.

Table 2 gives examples of the currently used statutory limits of blood and breath-alcchol concentrations in

those countries where both kinds of biological specimen are approved for forensic purposes and the results
Afierwards used for prosecution of drinking drivers,

Fate of Alcohol in the Body

b Ethano! (CH,CH,OH), generally called alcohol, is the second member of & family of monchydric (one
ydroxyl [-OH) group) aliphatic alcohols; the first member being methanol (CH,0H) and the third member
"Propanal or n-propanal (CHyCH,CH,0H). Ethanot has a malecular weight of 46,06, boils &t 78°C and mixes
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TABLE 1

Ditferent ways of reporting blood-alcohol concentration (BAC) whith
appear In the reports from clinical and forensic laboratorles.

BAC concantration units BAC unilis in tha United States
0.05 g% 0.08g% (.10g%

Parcant alcshel in blood (w/v; /100 mi) 0.05 0.08 010
Miligrams par deciltar {mg/dl; mg/100 m) 50 80 101)
Milligrams par milliiter (wA7; mg/ml) 0.50 0.80 ‘.00
Milligrams per gram {(wiw; mg/ig)* 0.47 0.76 .95
Girama par [ter {g/) 0.50 0.80 1.00
Millmolas par liter (mM; mmold.)® 108 17.3 21.7

2 The apeciiic gravity of whole blood is takaen as 1.05;1 mi = 1.05 4.
® Tha molecular weight of athanol is taken as 46

TABLE 2

Concentration units currently used to express blood-alcohol and breath-
alcohol concentration and the statutory blood/breath aicohol
relationships chosen by the legislature In various countries.

Country Effective ratlo  Statutory concentration thrashold
bload/breath Breath alcohoi  Blood alcohol
UsA 2100:1 p.10gI0L 0.10 g/100 ml
Graat Britain 23000 36 ng/100 ml 80 mg /100 ml
Tha Natherlands 2300:1 220 pg/l 0.50 mg/ml
Austria 20001 0.40 mg/L 0.40 mg/ml
Norway 21001 0.25 mg/L 0.50 mo/y?
Sweden 210011 0.2% mg/L 0.50 mg/g?

2Nate: 0.50 mg/g is equivalent o 0.525 mg/mi; spacific weight of blood is 1.05

with water in all proportions. These physicochemical properties combined with the relatively low reactivity of
the neutral hydroxyl group mean that alcohol can easily pass through biological membranes, interstitial spaces,
and the blood-brain barrier. Absorbed alcohol is distributed by the blood inta all body fluids and ssue
according 1o the amount of water they contain. Ethanol does naot combine with plasma proweins and other |
endogenous maolecules and therefore the equilibrium concentrations reached in body fluids sch as urine and -
saliva, which are roughly 99% wjw water, will be higher than in the same volume of whole blood which
contains onty 80% w/w water, Major developments in methods of alcohol analysis in body fhuids were recently;
the subject of a comprehensive review (Dubowski, 1986) and this topic will not be covered in the present articley
Besides the determination of alcoho! in blood and breath for legal purposes, other biologital specimens are:
available from living subjects for analysis of alcohol. The materials listed below have been used at one ime &
another as the biological mawix for alcohol analysis in clinical medicine, research or medicolegal practice: |
Plasma and serum (Winek and Carlanga, 1987)

Eryihrocytes (red-blood cells) (Payne et al., 1968)

Tears (Lund, 1584)
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Saliva: mixed secretion (Jones, 1979), parotid (DiGregorio el al., 1978)
Urine (Biasotws and Valentine, 1985)
Cerebrospinal fluid (Mehrtens and Newman, 1933)

fe Sweat and perspiration (Brown, 1985)

T Breast milk (Kestniemi, 1974)

The faie of alcohol in the body after drinking can be followed through three different physiological
processes: absorption, distribution, and elimination (Kalant, 1971). The relative influence of shsorption of
alcohol compared with the speed of reaching diffusion equilibrium leads to & situation whereby the thape of the
blood-concentration versus lime profile can be completely different for the same quantity (dos¢) administered
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Concantration-lime profiles of ethanal in $pecimens of vanous biood of healthy men and
*37en, Tha test subjects drank 0.8 g ethanolkg body waight in 30 min after food deprivation
~ «=3 hours, Tha drink was made from 95% v athanol diluted 1o about 25% viv with orange
uica ta give a cocklail. The sax, age, bady waight, and velume of alcohol consumed by aach

subject is shown on the figure. Tha voluma is givan as 40% v alcohol, being about the same
slrength as vadka.
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per kilogram body weight and {or the same pattern of drinking. Actual examples of the unpredictable nature af
aleohol absorption from the stomach and the wide variation in the peak BAC reached are illustrated in Figure 1.
This depicts the venous BAC profiles obained when six voluntzers (3 men and 3 women) drank (.80 g alcohal
per kg body weight in 30 minutes. The alcohol was givenasa 25% v/v orange juice cockail at about 2~3 hours
after their last meal. The concentration-ume profiles and the peak BAC reached showed wide inter-subject

variation from 57-130 mg/dl. The tume of occurence of the peak after end of drinking ranged from 10-110
minutes,

Absorption Process

The absorption of alcohol begins Lo occur immediately after drinking. The rate of absorption of alcohol
depends (o a large extent on the nature and volume of the stomach contents before subjects stan to drink. The
smount and composition of any food present, whether carbohydrate, protein, or fat seem to piay an important
role becanse of the delaying influence these have on the emptying time of the stomach (Sedman et al, 1976a).
The amount or doss of alcohol taken, the frequency of intake, and the kind of alcoholic beverage consumed also
influence the rate of absorption and peak BAC reached. The alcohol contained in liguor such as whisky and
vodka (40% vfv, 31.6 g/100 ml) is thought 1o be absorbed faster than for beer (3.6 /100 ml) or wine 10 g/100
ml), but there is a lack of well-designed swdics addressing this issue, The dilution and buffer capacity of the
beverages taken also seems to influence absorption rate (Newman and Abramsaon, 1942),

Mixed drinks or cocktails are sometimes more rapidly absorbed than neat spirits. Intake of spinits in an
undiluted form with an empty stomach might cause imitation of the gastric surfaces. In same people this lcads
10 a delayed absorption mediated through a tight clasure of the pylorus valve and this condition is commonly
called pyloric spasm. This is associated with a stow absorpdon profile and peak limes lasting 2.1 hours are nat
uncommon in these special crcum3ances. The much larger surface arca available in the small intesting makes
it certain that uptake of alcohol into the blood is very fast when the stomach emptics its conlents ino the
duodenum. The apening of the pylorus valve, which controls gastric emptying, therefore plays a key role in
regulating the rate of absorpion of alcohol. Moreover, the speed of absorption relative o distribution might
influence the magnitude of any alcohol concentration gradients operating in the anerial (A) and the venous (V)
blood circulation. As disgussed later in this review, the existence of A-V differences is impertant 10 conside
when a constant blood/breath ratio is used 1o estimate venous RAC indirectly from the analysis of breath,

In DUI wials only general guidelines can be given about the rate of alcohal absorption for a random subject
from the population of drivers because so many unknown factors must be considered. An actual experiment
designed 10 replicate the dnnking patiem just prior 10 the offense might provide the most ¢learcut evidence.
Uncenainties surrcunding the absorption kinelcs of aleohol make it very difficult for a forenic expert witness
1o state unequivocally whether the BAC was rising or {alling at the ime of the road-traffic incident. A relavely
chort time interval between conssmption of alcohol on the one hand and driving the vehicle un the other hand
lead 1o DU suspects pleading the so-called »rising blood-alcohol defense”. 1M evidence can be mustered to
sugpest that the peak BAC was reached after the incident, the driver might have been belaw the statutory limil at
the Lime of driving and an acquittal is therefore a possible oulcome.

Distribution Process

Alcohol is absorbed from the gastroiniestinal tract into the blood capillaries that drain the stomach and

(smalrinicsiiieé These forn the portal circulation which lmd@ The hepatic vein carries the blood

away from the liver and any alcohol present becomes diluted With Tixed venous blood returning o the right
side of the heart >The blood is then immediately pumped via the, pulmonary arte int@ the lungsyhere an
exchange of gases 1akes place. The oxygenated blood rewms to the Tefi side ol il;e hear ™ {itmonary
vein. Thereafter blood is circulated throughout the body. During its passage o all body organs and tissus some
of the alcohol is removed from the arerial blood. All vody fluids and tissues which are initially alcohol-free are
supplied with alcohal from the arerial Blood until the whole sysiem reaches a state of equililriom. This loss of
alcohol from aneral blood and uptake by tissue occurs pragressively as ahsorption from the gut continues. The
time taken 10 achieve equilibrium far alcohol depends on the rate of blood flow 10 the variqus organs and Lissue,
their water contants, and the alcoho! concanuation gradients present (Kalant, 1971).
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Organs with a rich blood supply, such as the lungs, the kidneys, and the brain, receive a poportionally
higher concentration of alcohol during the early siages of absorplion when the BAC curve is rising. The
concentration of alcohol in anerial blood is therefore higher than that in the venous returns from an anticubital
(elbow) of femoral (leg) vein. This phenomenon is known as the anetio-venous alcohol difference. It follows
that the concentration of alcohol in the breath is a beter reflection of brain exposure t alcohol than the venous
RAC during the absorption stage of the concentation-time profile. The concentration of alcohol in capillary
biood during this time is closer to the arterial blood (Forney et al., 1964). When the concentration ol alcoha] in
all body fluids and tissue equilibrates with the anerial blood, which occurs after drinking when absorption ends,
the distribution of alcohol is complete. This A-V crossaver point for alcoho! might serve as one irdex of the
time of onset of the “post-absorplive™ stage of alcohol kinetics, But, in forensic practice, the time aftr the peak
BAC is generally uszd 1o denote the sian of the past-absorptive period, The venous BAC will now be slightly
higher than the capillary and arterial BAC and remains 5o for the test of the time alcohol is elevated in blood
(Martin et al., 1984; Jones et al., 1989). Differencas in alcohol concenmation may also exist betweoen lefi-right
&' veins, and between the arms and legs (Fomney et al., 1964; Jones et al., 1089).

Elimination Process

Alcohol 15 removed from the body in twe fundamentally differeny ways. The bulk of the totzl amaount of
alcohal absorbed and distributed into the water compartment of the body is broken down or metabolized in
organs and tissue (liver, kidney and gur) or wheraver alcohol-metabolizing enzymes exist. The primnary product
of ethanol metabolism by all known pathways is a substance called acetaldehyde (CH3CHO), which is itself
rapidly oxidized inio acetate. The end products of alcohal metabolism are carbon dioxide and waier generated
from acerate through the normal mewabolic pathways. These metabolic events are controlled by the enzymes
alcohol dehydrogenase (EC 1.1.1.1, ADH), which oxidizes alcoho!l into acetaldehyde, and aldehyde
dehydrogenase (EC 1.2.1.3, ALDH), which converts acetaldehyde into acetate (Crabb &t al., 1987), Both these
biclogical oxidation reactions require the coenzyme nicotinamide adenine dinuclentide (NAD™! which is
converted into its reduced form NADH. Many of the untoward effects of ethanal on the body's normal
metabolic funcions and intermediary metabolism can be explained by the excess NADH generated in the Liver

celi during combustion of aleohal (Lieber, 1982). These alcohol oxidatien reactions are usually depicted in
“emical symbols as follows:

CH3CH0H+NAD* & CH3CHO + NADH + H*
CH3CHO + NAD* = CH3COOH + NADH + H+
CH3COOH = CO3 + H40

The principal alcohol metabolizing enzyme ADH is mainly located in the liver, but some activity exists also
in the gastrointastinal tract and i the kidney (Licber, 1988). Aboul 95-98% of 3 moderate dose of aleohol is
removed from the body by enzymatic oxidauon, predominantly taking place in the liver, The remaining 2-5%
of the dose is excreted unchanged in urine, sweal and expired air (Holford, 1987). The rale of disappearance of

vl from blood is normally calculated from the slope of the rectilinear elimination phase of the BAC time-
¥ulie. By tradition, this is denoted as Widmark's beta (B} facior (Widmark, 1932). Beia factors viry among
individuals, depending in part on geneuc and racial differences, the maximom BAC reached afiar drinking and
t!w- person’s drinking habits. Values of B ranging from 0.01 to 0.025 &% per hour are easy to find in the
littrature and higher rates of elimination may occur in alcoholics on a drinking binge (Holzbecher ind Wells,
1984). An alcohol-tolerant individual will tend 16 “bum-off” alcohol faster than an occasional drinker. The
lu:'r.'r is equipped with another metabolic pathway for removal of alcohal from the blond known as the
Tmicrosomal ethano! oxidizing sysiem (MEOS). ‘This is located in a sub-cellular structure of the lives cells called
the endoplasmic reticylum (Teschke and Gellent, 1986). MEOS has the propeny of becoming more active in the
CDI-\{M of chronic aleohol exposure, 8 process known as enzyme induction, But, after a shont period of
al?wt:ncnu (2-3 days), the rate of ethanal metabolism rewms W near normal limits (Keiding et al., 1983).

- twaver, the MEQS enzymes exert their maximum effect when the BAC exceeds about 0.05 g/100 ml; that is,
after moderare drinking.
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PHARMACOLOGICAL
EXOGENOUS EFFECTS
ETHANOL
1=2%.
EXCRETION

IN EXPIRED AIR

|

v DISTRIBUTION
METABOLISM .
STOMACH =) THROUGHOUT BOOY —— | "pie | \VER 96-98%,

WATER
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traces
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FIGURE 2

Schamatic diagram depicting the fate of alcohel in the body atter drinking. About 96-98% of
the dose administered is removed by enzymatic oxidation occurring mainly in the livar. Tha
ramaining 2-4% is excretad unehangad in urine, expired air and swaat. Alcohal must cross 1hy

bload-brain-barriar (BBB) balore 1t exeris its wall-known pharmacological eftacts on
performance and behavior.

Another aspect of ethanol metabolism which is starting to generate rescarch interest 18 the “first piiss effect”
(DiPadova et al., 1987). This implies that a part of the dose of alcohol a person drinks is removed from the
body before it reaches the general circulation. This phenomenon might have implicabons in forensic science
practice when an expert witness is asked to make theoretical calculations of expected BAC based an amounts
consumed, Inierestingly, first-pass metabolism of alcohol is less pronounced in alcoholics cun"a_pwamd with
moderate drinkers and also less evident in women compared with men. The firsi-pass effect is maxirum when
alcohol is consumed together with or after food and is least under fasting conditions (DiPadova et al., 1989).
The magnitude of this phenomenon is dos¢-dependent and seems 1o be greater when small quantioes of a.IcoI_'ml
are taken (0.15-0.30 g/kg). For the same dose of alcohol, the peak BAC reached is lower and alechol remains
in the blood for shorter periods of time in those individuals displaying a measurable “firsi-pass efiect”. The
proposed mechanism of first-pass removal is the oxidation by 1sozymes of alcohol dehydrogenase in the
stomach mucous lining (Caballeria et al., 198%). A part of the alcohol consumed is therefore oxidizid pefore it
reaches the liver. This gut-ADH is less active in women and heavy drinkers and these groups accordingly show
a smaller first-pass effect. The proportion of the population that exhibiis & first-pass metabolism i5 ynknowo -
and the resuls obtained 5o far are confined 10 low doses of aleohol (0.15-0.30 g/kg) administered in the
motning about 60 min after a normal breakfast (Palmer, 1989). '

Figure 2 is a schematic representation of what happens 1o alcohol in the body afier drinling. This
background on the fate of alcohol in the human body is imponant for a proper understanding of treath-glcohol
analysis and the scientific basis of chemical testing for intoxication,
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FIGURE 3

Schematic diagram showing tha relationship batween lungs and stomach, The trachea
(windpipa) connacts the uppar airway, nose, mouth, and throat, all carpated with a walery
Mucaus membrane, 1o the two bronchi. Each bronchus undergoss repeated and eantinunus
subdivision tarminating in tha microscopic alveolar sacs whare gas exchange betweaen blood
and breath lakes place. The gullet (asophagus) connacts tha Throat and mauth to tha stormach.

The Pylorus valve controls the emptying of stomach contants inlo tha uppar part of tha srmall
intestine (duodenum).

The Passage of Alcohol from Blood to Breath

" 115 passage through the liver, the blood containing alcohol is pumped from the right side of the heart

« b ciiars 1he lungs via the pulmonary artery at a flow rate of about 5-6 liters/min. This massive Wood flow is
distributed over a large surface area of about 60 square meters (Comroe, 1962). The valume of blood in the
lung capillaries ar any given uime varies from 60-140 ml which means that there is a thin film spread over an
charmous surface area. The human respiratory tract can be considered, for simplicity, to exist in two parts, cach
:‘;‘”mg a different function, The upper pan, or upper respiratory tract (URT), comprises the nose, the mouth,
lu; Pharynx (throat), the trachea (windpipe) and the two bronchi befare they undergo subdivision within the
- ug:f The ma.m'f unction of the URT is 1o remove foreign particles and dust from the inhaled air and also w
Anduzguw condition of the air with respect 1o its temperature and water content (humidity} (Proctor and
- nl.h 1982). The inhaled air is warmed 10 body temperature and saturated with water vapor by the time it

M ® microscopi¢ gas exchange surfaces in the alveoli. This conditioning process is conwolled by the
. us ‘"h!ﬂ: lines the wills of the URT (Proctor, 1977). The mucus provides heat and moisture 1o warm
Foliowins suring breathing in cold climates. This results in 8 cooling of the mucous surface. During the
vapor g normal exhalation the alveolar air, which is now at body 1emperature (37°C) and sarurared with water
' Teturns heat and moisture to the mucus. When expired air leaves the mouth the eir temperature has

aier mllubx]ibnm 34.5_°C during its passage through the respiratory tract (Jones, 1982a). It must be obvious that
uble agenis like acetone and alcohol, if these are present in the expired air, will interact with the airway
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mucous membranes during breathing. The equilibration of alcohol vapar between respired air and the inucus
occurs during normal breathing and is exaggerated by any sbnormal change in a subject’s pattern of bregthing or
by extreme alterations in the temperature and humidity of the ambient air breathed. A failure in the past 1
monitor carefully the way in which breath specimens are provided for analysis, because of the high solubility of
alcohol in the airway mucus, explains to a large extent the wide range of blood-breath ratios of alcohol reparted
inthe literamre, Figure 3 gives a much simplified anatwmical scheme of the stomach and the lungs in humans.

Exchange of Gases in the Lungs

The second part of the respiratory system begins al the point where the raches divides into the two bronchi,
the left and right sides of the lung, to form the bronchia! tree. Each bronchus then undergoes repeated and
continuous subdivision 23 times before terminating in the bronchioles which open into fine micToscopic whes
called the respiratory bronchioles (Davson and Eggleton, 1968). These branch into the alveolar ducts. The
lungs of an adult person with average body build contain approximately 300 million alveoli. The mieralveolar
Septa are covered with a rich capillary network which facilitates effective EBs exchanges betwesn blood and
alveolar air. The total surface area available for gas exchange is berween 50-90 square meters, being about 70
square melers on average, This is roughly equal to the floor area of & room 34 fest long by 25 feet wide. The
blood and air in the lungs are separated by the alveolar-capillary membrane which is only 0.001 mm thick
(Ganong, 1979). Oxygen is taken up from the inspired air and combines with hemoglobin, a protein within the
red blood cells. This is the mode of transport of oxygen throughout the body. Excess carbon dioxide prasent in
the pulmonary blood is removed to maintain the proper acid-base balance and CO7 is therefore a waste pioduct
excreted in the breath. The exchange of gases across the alvealar-capillary membrane is a dilfusion process and
whether uptake or excretion oceurs depends on the concentration gradients existing. A list of respiratory
parameters relevant o gas exchange in the lungs is given in Table 3.

TABLE 3

Respiratory paramatars of the adult lung important in connection with gas exchange and
physiclogy of braath-aleohol measuremaents. Al values are taken fram standard warks in

réspiration physiclogy except for end-respiratory temparatures which ware reportad by
Dubowski and Essary (1085),

Parameter Averaga values for hoalthy males

Pulmanary bload flow § ltars par minute

Alvaolar ventilation 4 litars par minuta

Suraca area for gas exchange 70 squara matars

Number of alvecli 300 miflien

Thickness of alveolar membrana 0.001=0.002 millimetars

Tidal volume at rest 500 mi

Raspiratory frequancy 10=13 breaths per minuta

Ventilation/parfusion ratio 0.8 avarage

Forced vital capacity Man 4.5 lters
Woman A.2 liters

Anatomical deadspace 150 mi

End-axpiratory temperature Man 34 85°C (range 32.41-36.32)
Woman 34.67°C (range 33.53-35.77)

The passage of alcohol from blood 1o breath follaws the same basic process as for the respiratory ‘gnsﬂ.i
The main difference is that alcohol is much more soluble in water and, therefore, in blood, which contain:; 80%;
wiw water. Alcohol diffuses from the pulmonary blood into the alvealar air ynil an equilibrinm is estsb)i
it the prevailing body temperature of about 37°C. The ratio of the concenirations of alcohol in blood an
alveolar air at equilibrium is called the blood/breath partition coelficiant or the Ostwald solubility coef/ici
(Eger and Larson, 1964). In facy, this has never actually been measured ap the alveolar-capillary membrane
humans because of wchnical dilficultes and ethical issues, The analomy and physiology of the lung is

i
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Ventilation-Perfusion Relationship

An imporant aspect of the uptake and/or elimination of Bases in the alveolar regions of e lung is the
relationship between ventilation (V) and blood flow or perfusion (Q). VAQ is the matio between the volume of
fresh air reaching an alveolus per minute 1o the volume of blood perfusing the same alveoluy Per minute
(Klocke, 1977). Lung ventilation is the product of two factors: the tdal volume, which is the tmount of air
moved with cach breath per minute, and the respiratory rate, which at rest is about 10-13 breaths per minute. In
A person with g tidal volume of 500 ml, only about 350 mi of fresh Mir is available for effective: §as exchange.
The remaining 150 m1 stays in the first part of the upper airway, which is called the dead-spuc region of the
long. With an average pulmonary blood-flow of 5.0 litstsminute and u ventilation of 4.0 liters/minute the VR
is simply calculated ac 4/5 angd therefore equals 0.8. This represents an average VAQ for the lung a4 s whole and
this varies between and within individuals from sbout 0.7 10 1.0. In certain simations, an alvecius might be
ventilated, but not perfused, and vics versa Accordingly, V/Q is different for different region: of the lung.
~2lues of VAQ might range from 0.5 for alveali at the base of the lung to 3.0 for those at the apex (Davsan and
Eggleton, 1968),

TABLE 4

Vallies of bloadrair panition coefficiants for athanal compared with othar gases and vapors
encounlered in respiration physiology. Thera will be 1800 pans athanc! prasant in biood with
enly 1 part present in the alvealar air. The inleraction batween gas solubility (k) and the

ventilaton—parfusion ralationship (VAQ). according ta Farhi and Yokayama (1967), is givan by
tha following aquatian;

P K
% Ratertion = =2 - —r—
¢ Py [k+yd]

Where P, and Py are the partial pressuras of the §as or vapor in anarial and venous bluod
respactively. This aquation estimates the retention of the vapar in bload as it flows thraugh an

alvaclus. Claarly, retantion of highly soluble vapors such as ethanol is negligibly influences by
large variations in V/Q.

Subslance Average blosd/alr partition Raferance
eonffielant ot 37°C

<iylane 0.140 Eger and Larson (1964)
Nitrous oxida ' 0.468 Egoer and Larson {(1964)
Tolueng 7.0 Wallén (1986)
Chlarctarm 103 Eger and Larson (1964)
Diethy! ather 15.2 Eger and Larson {1964)
Acstaldahyda 18% Slowall et al. (1880)
Acatona 275 Wigaaus el g, {(1881)
n-butanal 1200 trand o1 al. (197§)
Ethanot 1800

Jones (1943a)

v the respiratory and anaesthetic EACS extreme variations in V/Q for g panticular alvealus can
vapors | ~. . D3I the uptake or washout of these agents thrgugh the lung (Kelman, 1982). Bui, for gases and
lungs h;:m hxgh_ volubility in waier, such as alcohulz one might expect that variations in V/Q thmughout the
Poorly oo marginal effect on the concentration entening the alveolar air (Farhj and Yokoyame, 1947). Even g

¥ perfused alveqlys will have a certain vapor tension of alcohol derived from alcohot dissolved in the
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walery liquid membrane at the pulmonary blood/alveolar air interface, Table 4 gives the values of blood/uir
partition coefficients for ethanol compared with other gases and vapors equilibrated in vigro at 37°C. The

equatien which defines the relationship between solubility of the agen: and ventilationsperfution ratio in the
lung is also given.

Fathological conditions thal cause a thickening of the lveolar walls or disturbances in VAQ ratio are of
minor importance for gases with blood/air solubility coefFicients as high as ethanal, 1800 at 37°C (Jones,
19831). Respiratory physiclogists consider that the general anaesthetic vapor diethyl ether is a very soluble gas
in terms of its blood/air partition cocfficient, which is 15 compared with ethanol's 1800, The excrefion of very
soluble gases and vapors through the human limg, such as aceione with a blood/air partition mtio of 275 a1 37°C
(Wigaeus et al,, 1981), should be marginally influenced by gross abnormalities of the ventilation/perfusion
relationships within the alveoli (Farhi and Yokoysma, 1967). Instead, these highly water soluble agents behave
abnormally in the lung because of the vapor/liquid exchanges uking place with the airway muocus during
breathing. The concentration of alcohol in expired air is less than in alveolar gir but how much less depends on
a host of physiological factors. Key variables are the heating and cooling processes in the airway and the
dynamic equilibration of alcohol with the mucous membranes. This offers one possible explanation for the
wide range of blood/air ratios of ethanol reported in the literature derived from in vivo studies. It seems likely
that the stats of equilibrinm at the alveolar-capitlary membrane plays a subordinate role.

Application of Henry's Law of Gas Solubility

Early proponents of breath alcohol analysis for legal purpases often cited Henry's law as the scientific basis
for the ute of this technique. Henry was a British chemist who swdied, amang other things, the physical
properties of solutions of various gases and valarile substances in water. In 1803 he published his work which
became accepied as a scientific law or principle pertaining to the solubility of gases in Lquids and ihe effects of
pressure, volume, and temperature thereon (Henry, 1803). Henry never mentianed testing alcohal in his
experiments and certainly not solutions of it in blood. Moreaver, breath analysis in vivo is a dynami¢ pas
exchange process not only involving a diffusion across the alveslar membrane, but also air/liquid exchanpes
throughout the respiratory tract during breathing. To compare breath-alcohol measurements in law enforcement
practice with Henry's law of gas solubility is therefore an over-simplification of the process. Nevertheless, this
reference 1o Henry's law gave the sarly techniques of breath analysis 3 ind of scientific credibility and, indesd,
this law certainly applies when an equilibrator or simulawor device is used 1o produce a known concentration of :
alcohol in air. These devices are used cxtsnsively 1o produce air-alcohol-vapor standards 1o check the accuracy |
of breath-alcohol analyzers before and after a subject is tested (Dubowski, 1979). '

Henry's law i stated in text books in differant ways, one of which is “the quantity of a gas which dissolves
in a liquid is direcdy proportional 10 the partial pressure of the gas and when an equilibrium is reached, the
partial pressure in the gaseous phase will equal the partial pressure in the liquid phase.” It therefore follows that
when a gas or volatile agent equilibrates between two phases, for example air and water, the ratio of 1the
concentration of the substance in one phase 1o its congentration in the other phase is a constant. When
equilibrium is reached at a fixed temperature the liguid/air solubility coefficient is given by:

Concentration in the liquid phase .
Con¢entration in the vapor phase F

i

Solubility coefficient =

The value of the solubility coefficient or partition ratio for distribution of aleohal betwesn air and varion
liquid phases (water, biood, urine, and plasma) can be determined in vitro in a number of ways. The classic
study of Harger et al. (1950a) is ofien cited in connection with the use of breath-aleohol analysis for I
enforcement purpases. Results of my own work concerned with in vitro equilibration of ethanol using bloo
samples taken from healthy men and women are presented in Table 5 (Jones, 1983a). The differcnces obsars
for blood samples taken from men and women afier adding alcohol were staistically significant. The low
mean hematocrit valus of female blood suggests more water per unit volume of whale blood, Thus, with !
Samé concentration of elcohal in whale blood, those specimens with low hematocrit value (such as fem
blood) will have a lower concentration of alcohol in the available water fraction and therefore a Inv
cancentrauon in an air or vapor phase equilibrated with it This leads o slightly higher blood/air ratio
ethanol at equilibrium for bloods with law hematoerit value (Jones, 1983a),

.
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: ﬁ-%‘h’:“i;:gtqnu of anerio-venous differences in th
:;I-_:- Mﬁd much mgl:t‘; 0(1930). This seminal work was continued by Ralla N. Harger and his collabors lors who

TABLES

Blood/air panition ratios for dilute aclutions of athanal in specimens of whale blood abtainid

fram heahhy men and womaen. Specimans ware held at aquilibium tamparatures of 34°C ard
37°C in vitro, Valugs given are maean + standard emor {Jones, 1983a).

Equilibrium Malea (N~ 20) Famales (N = 15)
temparatura Hematocrt value 44.3  0.72%, Hamatoerit value 40.0 £ 0.7744
4 2157 + 9.8 2155 +10.9

arc 1783+ 8.1 18301+ 7.8

Breath-Analysis and the Blood/Breath Alcohol Relationghip

In 1910 a Brtish pharmacologist, A R. Cushny, investigated the ex¢retion of vario
acctone, chloroform, and alcohol through the lungs of cais (Cushny,

attention to the behavior of aleohol, his conclusions are ofien ciied hy
alcohol analysis:

us volatile agieits such ag
1910). Although he gave only scant
those who review the history of breath-

The exhalation of volatile substances from the lungs is exacily analogous 10 their evaporation from
solutions in water and the pulmonary cells seem io be purely passive in this pracess,

This staiement implies that Henry's law operates for volatile agents like alcohgl even under in vivo conditions
and therefore during the transfer of gases and vapors {rom blood ta breath. But, when alveolar air pisses over
the mucous membrane of the upper respiralory traci, re-equilibration oceurs and the lemperature of the system
drer fram 37°C 10 aboot 34.5°C in the course of a full exhalation (Jones, 1982a). The measured
bl ured-air ratio of ethanal is composed of blood/alveolar air equitibrinm at the pulmonary menbrane of
the lungs as well ag airway fluid/expired air equilibrium at lower wemperatures in the upper respiratory tract
Uones, 1983b). Tt seems that the nearest one comes o the general application of Henry's law as siaited in text
ks of physical chemisiry is that concentrations of alcohol in expited breath increase as a direct function of
the coexisting BAC. The proportionality constant between the two is the *
Pantition ratio, which is taken as 2100:1 for taffic law enforcement purposa

\ i‘ V “ork concemned with the physiclogical principles of breath-aleghol measurement was done by
"::1’_' " « ~15, Liljestrand and Linde (1930). They studied the distribution of alcohol berwien blood

Habvanous wquilibrigm lemperatures by putting small volumes of blood into large glass flasks and then
snalysing the conc i

entration of alcohol entering the blood and the air phases after a few hours at
¥mperaiure, From th : F

Pan of the ¢

¢se in vilro experiments they estimated the blood/air partition coefficient for cthanal, Ina
were determined in

me study, human volunteers drank moderate amounts of ethanal and the concentrations
hed N samples of end-expired breath and arierialized venous blood. The blood samples were
RAC .Mrm’mlﬂg a subject's hand in hol water before puncluring a superficial vein, They repeirted that

g followed a time course similar 1o BrAC x 2000. This implies the following relaticnship
ween blood ang breyn alcohal concentrations:

Arterial BAC = End-expired BrAC x 2000

st iaied with “mouth-alcohol” and the possibility of stomach gases erypting into .lht: mouth gs

€ concenwration of alcohol wers wel recognized by

Eelling breath-alcohot analysis accepied for use in trallic law enforcement as an indiract
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way of measuring BAC (Harger et al, 1950, 1956). During his long scientific carcer Harger became the main
supponer and outspoken advocate of the use of breath-alcohol analysis as a test for inoxication (Harger, 1974).

Qbviously, there cannot exist a universal fixed blood/breath mtio of ethanol which applies for all subjects
under all conditions of wsting. The values derived empirically show inter- and intra-individyal variations
depending on. among other things, the nature of the blood sample analyzed, whether from artery, vein, or
capillary, and the technique of sampling breath before enalysis, such es end-expiratory, mixed-expiratory, or
rebreathed air.  Furthermore, the precision, accuracy and specificity of the methods of analysis used )
dewrmine alcohol in blood and breath will conuribute to the variations and the reporied range of values of the
ratios. It is pointless and misleading to compute apparent blood/breath ratios when the concentration of aleohol
in the specimens is less than about 0.03 g% w/v. At these low BACs, relatively small absolute differences in
concentration ténd to enlarge the calculated ratio. The current use of a 2100:1 blood/breath ratio for law
enforcement purposes can be considered a compromise thar survives from the 1950s. Many recent blood/breath
correlation studies appearing in the litzrature paint to a partition ratio higher than 2100:1 and, indeed, 2300:1-
2400:1 seems to give betler agreament beiwean post-absorptive venous blood and end-expiratory breath
(Dubowski, 1985; Wright et al., 1975; Alobaidi et al., 1976; Dubowski and Q'Neill, 1979; Emerson et al.,
1980). The theoretical range of blood/breath ratios could be from 1800:1, corresponding to the blood/air ratio of
alcohol at 37°C, o 2586:1, which represents the waler/air partition coefficient at 34°C. This lauer value might
apply it alcohol in expired air equilibrates with watery mucus or saliva before the breath Teaves the mouth.
Table 6 presents capillary-blood/end-expired breath ratios of ethanol for healihy men and women when tested
with two diflferent breath-alcohol analyzers (Jones, 1989b). If venous blaod had been used for analysis in the:s

experiments, the corresponding post-absorplive blood/breath ratios would have averaged somewhat highor
(Jones et al,, 1989).

TABLE 6

Blood/braath ratios of athanol datarmined in tests with haalthy man and woman after thay
drank a boius dosa of 0.8 ghg body waight as pure ethanol diluted with tonic water 50:50.
Capillary fingeriip blood was analyzed in triplicate and end-axpiratory air in duplicate. tha
maan BAC and BrAC rasults ware than usaed to calculate apparent blood/breath ratios.
Intoxilyzer 4011 is a single wavaelangth inlra-red analyzer and Alecimatar AE-D1 makes vse of
an glactrochemical axidation principla for analysis of ethanal (Jonas, 1989b). N = number of
blood-braath pairs. All valuas below BAC of 0.02 g/100 mi were omitted.

Men Womaean
Breath-analyzar N Moeant 3D  Range M MeaaniSD Range

Intoxilyzer 4011 97 2094 £243 1780-2522 B 21441217 18642683
Alcolmatar AE-DY 115 2148 £ 736 1663-2876 106 M74 2197 1621-2558

Physiological Variables Influencing
Breath-Alcohol Measurement

A host of physiological factors must be considered when breath-alcohal instruments are used for clinica!
and legal purposes (Hlastala, 1985). Table 7 lists the main physiological sources of variation that might arise
during practical usz of breath-ests for intoxication. To alarge extent these potential physiological errors can B¢
minimized and therefore conurolled for if standardized procedures are followed during the day-io-day routin
use of breath-alcohol analyzers (Wilson, 1986). Moreover, some of the latest generation of evidential breath
testing instruments incarporate sensing devices Lhat can monitor the changes in temperature, volume nf
concentration of alcohol in a subject’s breath during 2 prolonged exhalation. :

a
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TABLE?7

List of physioiagical variaklos potantially impertant in connection with breath-alcohiol
maasuramant for kegal purpases. Fallure to adequalaly contral thase biclogics! factory yill
contributa {o the variations in tha blood/broath aleshal ralationship reported in the terature.

— *  Phase of ethanol matabalism
*  Anerio-vanous diffarances
Source of bicod analyzed; sderal, vanays, capillary
Bksad hamatclogy: hematocrit value, sah, fat, and protain eontant
Intra-puimonary gas prassure
*  Ambient tempaerature and humidity

=% * Expired-breath temparature
*  Braathing patiern; hypo- and hypar-ventilation
..._i}; Branchopulmonary disease
*  Presaence ol mouth akohol
*  Regurgiation of stomach fluids
Phase of exhalation; end axpiratory or top-lung air
Breath speciman; tebwaathed, and-axpired, mixed expirad
Body temperature; hyperthermia~hypotharmia

Blood Composition and Hematocrit

Whole blood is a complex fluid containing abeut 80% w/w water, small amounts of lipid (fars), glucose,
prol¢ins, urea, inorganic salts as well as a constellation of other substances in wace amounts (Leniner, 1982).
The composition of whole blood varies from person lo person and is exaggerated in various disease states. If a
“=* lube containing whole blood is centrifuged at several thousand revolutions per minutes, the ved cells or
~:3illrocyles separate al the bouom of the tube and the clear liquid abave them is the plasma fraction. The
volume of packed cells in relation to the volyme of whole blood is called the hematocrit value, The warer
content of plasma is 92% w/w, being greater than for red cells (68% w/w water). This means that a blood
*pecimen with an abrormally low hematocrit value will have more water per unit volume than a bleod with high
hematacrit value. Healthy adult men have a mean hematocrit value of 46.2% (range 43.2-49.2) and healthy
adult women a mean of 40.6% (range 35.8-45.4) (Lenwer, 1982).  For two individuals with the same
toncentrauon of alcohol in whole blood, the person with the higher hematocnl value will have a slightly higher
concentration of alcohol in the water fraction of whole bload and likewise in the air phase (or breath)
equilibrated with i Accordingly, high hemaocrit values {male blood) are associated with a lower blood/air
Tl of ethanol when equilibrated in viro (Janes, 1983a). It might therefore be argued, but has never been
dertmnsirated expenmemally, that a similar sitpation applies when breath-alcohol measuremenis are made for

loses. Two individuals with the same BAC might have diflerent BrAC simply because of e differant
hemalocrit values of blood and therefors wtal blood-water eantent. In practice, however, it seems that there are
50 many other physiclogical factors and biological vaniations inherent in the quantitalive measurement of BrAC

that this hematocrit effect is complelely submerged (Jones, 198%b).

“Mouth-Alcohol” Effect

When breath-test results are intended for quantitative evidential purposes, the measurements raust not be

?,:f: less than 15-20 minutes after the subject has finished drinking. This time delay is necessary (o allow for
(e on of high concenirations of alcohol mixed with safiva and mucous secretions in the mouth. The
.&'c e “tinng of a.lcphnl in beer, wine, and spirits are hundreds of times greater than thoge in the blood and
md*‘of-‘& there is a risk of contaminating expired air with beverage alcohol if 1ests are made too soon afier the
readinps l"l:kmg (Bogan, 1527). This could Invalidate resulls of evidential breath-tests and lead 1o false high
(Caddg - ~onurolled studies have shown thal 20 minutes is ample time to eliminate the mouth-alcchol effect

Yelal., 1978). In one swdy the presence of dentures in the mouth did wot prolong the wash-gut time for
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mouth alcohol (Begg eral., 1964), A simple way to control for the existence of a mouth-alcohotl effect is always
1o make duplicate determinations on scparaic breaths 3-5 minutes apart (Dubowski and Essary, 1187).
Immediately afier drinking, the concentrations of alcohal in the saliva and mucus of the mouth drops mpidly in
an exponential manner (Dubowski, 1975), If the individual assays of each duplicawe determination show good
agreement or if the second result is higher than the first, this speaks against the existence of significant mouth
alcohol, But, if the first exhalation is significantly higher than the second by more than about 0.025 g/210 liters,
& mouth alcohol effect might be present and further control tests should be made. Some of the latest staieoi-the.
art quantitative evidential breath analyzers are able to monitor the rate of change of breath-alcohol during a
single exhalation, If the BrAC up-slope is above the pre-set tolerance limit, or rapidly declines after an initial
nise, the instrument warns of a possible influence from mouth-aleohol or, otherwise, the breath-tast is abored.

Regurgitation or Vomiting of Stomach Fluid Contents

Two recent studies addressed the question of regurgitation of stomach contents into the mouth and the
influence this might have on breath instrument readings (Denney and Williams, 1987: Penners and Bilzer,
1987). Although higher breath instrument response was obtained immediately after subjects regurgitated, this
was a ransient effect and the results retumed to normal within a few minutes. The interval of ume after
drinking to the point when subjects regurgital® was an important variable 1o consider. The concentration of
aleohol in the stomach decreases alter drinking, owing 1 a possible dilution with stomach contents and thiough
4 conunuous diffusion of alcohol inta the blood. Any auempt o invalidate results of breath-alcohol analysis for
legal purposes by alleped belching or burping immediately before supplying a sample of breath for amilysis
must be considered seriously. The breath-instrument operator should make earafyl observations of the subject
and record any body mavements or unusual behaviar Just prior 1o testing. Some people suffer fram a complain
known as gastro-esophageal reflux and these individuals might spontaneously bring up stomach content; into
the throat and mouth. Indeed, alcoho! consumption itself might provoke this gastro-esophageal reflux sction
(Kaufman and Kaye, 1978). An alleged eruption of aleohel from the stomach into the mouth was documented
in a successfyl dafense ¢challenge in a British DUI case (Duffus and Dunbar, 1984). It was reporiedl and

commented upan in the medical literature and the wstimony from a consultant gastroenlerologist got the suspect
acquitied (Wright, 1984},

Arterio-Venous Differences in Concentration of Alcohol
The concentration of alcohal in different segments of the vascular sysiem, such as the arterial, the venous,
or the capillary circulation, are not the same and the magnitude of the dilference depends to a large extent on the
phase of cthanal mewbolism when specimens of blood were oblained (Fomey er al,, 1964; Manin et al., 1984,
Jones et al., 1989). During absorption of alcohol from the gut arterial BAC » capillary BAC > venous BAC,
whereas during the post-absorptive phase this concentration gradient is reversed. This provides one explanation
for the observed variability in blood-breath ratios of alcoho! measured as a funclion of time after drinking
(Yones, 1978). Because breath-alcahol concentrations mirror the concentration of aleohal in anenial bload in the,
lungs, sysiematic difference in the time course of arterial BAC and BrAC should be small or negligible
regardicss of the phase of metabolism when comparisons were made. The widely used 2100:1 blood/tread
ratio of ethanol was originally esublished by analy2ing end-expired breath and presumed post-absorpti¥
venous or capillary blood. The practical importance of anerio-venous differences in siiations when ve.n0d
BAC is estimated from BraC during the absorplian stale is ofien speculated upon by defense expents. Expi
air gives a betier indication of exposure of the brain 1o alcohal and therefore of the severity of alcohol-ind
impairment compared with venous blood during rapid absorption of alcohol from the gut (Janes, 1988).

. The distribution of alcohol inte various segments of the vascular system, including expired air,
mvesligated in detail by Forney et al. (1964), They observed that venous BAC lagged behind arterind

during the absorption phase and was about equal at the platcau of the BAC curve when equilibrium of ak-g!
reached in the wtal body water, Unforiunately, the experiments were lerminated oo soon afier subjucw_ﬂﬂ
drinking alcohol and it became generally accepted that during the bost-absorpuve siate the concentt'_l_tﬂj
alechol was the same in all parts of the vascular system. This was not confirmed when venous and ﬂ'ﬂ‘
BAC were measured a1 15 minute imervals for the eniire BAC ume frame (Sedman el al., 1976b; Jﬂnﬂ:i‘
1989). The phenomenon of marked dependence of drug concentration on blood sampling site !m';,

¥
"
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implications this might have in pharmacokinetics and toxicology was recently the subject of 4 comprehensive
review (Chiou, 1989a, b).

Most quantitative evidential breath-alcahol analyzers are calibrated 1o read directly in terms of BAC based
on & 2100 breath to blood conversion factor, This makes it impossible 1o get perfect agrmemen: between near
simultaheous venous blood and breath alcohol concentrations throughout absorption, distribution and
elimination stages of metabolism. The actual venous BAC and the values estimated indirectly by analysis of
breath will show deviations depending on the phase of metabolism when samples were taken. During the
absorption phase and around the peak BAC, breath analysis wends to overestimate venous BAC and the
differences will depend on the actual blood/breath ratio for the person t2sied in comparison with the 2100
clibration factor and the magnilude of arierio-venous difference. The best agreement between blood- and
breath-alcohol over the entire concentration-time frame would be expected if arterial blood were rompared with
BrAC. This sssumes that the arterial-blood/breath ratio was calculated empirically and this result used to
calibrate the breath analyzer w give direct readings in terms of presumed arterial BAC,

Several careful stodies indicats that a blood-breath conversion factor of 2300 or 2400 is more appropriate 10
give unbiased estimates and closest agreement between post-gbsorplive venous BAC and end-exyyiratory breath
in laborarory (ests and in the field (Cobb and Dabbs, 1985). Accordingly, breath-1eg results obained with an
instrument calibraied with a 2300 conversion factor will 12nd w exaggerale differences during the absorption
period if venous BAC and breath are compared. It therefore follows thal the 2100 conversion Lactar, which is
used exiensively in the USA, works to the suspect’s advantage (typically 9% less than venous BAC) il
comparisons are made when subjects are posi-absorptive. Funthermore, if comparisons are made during the
rising portion of the BAC profile (absorption phase), the differences beiween venous BAC and breath-test
results will be less for a 2100 conversion factor compared with 2300,

Drink-driving suatules rarely if ever specify the source of blood required for analysis. This sugpests thal
arterial, venaus or capillary (fingerup) blood suffice. Bul the concentrations of alcohal in these samples are not
the same, as discussed above, and any future speculation about the most correct value of the blood/breath ratia
should consider the source of blood being used for aleohol analysis.

Body Temperature and Breath Temperature

The lemperature coelficient of ethanol solubility for solutions in water and biological media is 6.5% for
cach degree Celsius change in the equilibrium temperature (Harger et al., 1950a; Jones, 1983a). The
lemperature in the lungs and upper airway is therefore an important respiratory parameter influencing the
measured breath-alcohol concentration. The (emperature of breath as it leaves the mouth rises from about 33.3
o 34.4°C as the volume of breath exhaled rises from 500 to 4500 ml (Jones, 1982a). Dubowski and Essary
(1985} made exiensive measurements of expired air wmperature for 2 large number of healthy male and female
subjects. The resulis are given in Table 3, Mason and Dubowski {1974) suppest that breath-aloohol analyzers

should be equipped with ﬁspﬂnding ih device and in this way monitor the temperiture of expired

" hoand, if necessary adjust Yhe-Breat-aleohol phading to 2 constant temperature, such as 34°C, for alt
- . -15, Factors that eteyat y lemperatur

lemperature and therefore in the expi

ch as a fever might be expecied 10 cause a rise in breath
-2lcohol concentration.

. Anin vive siudy showed that the blood/expired-air ratio of alcohol increased on average by 5.7% per 1°C
fise in breath temperature (Jones, 1983b). Fox and Hayward (1987) let voluntesr subjects stand in cold water up
ta their necks and in this way lower Lhe core body temperatare. This brought aboul Lthe expecled lowering of
BrAC. On leaving the water, the subject’s BrAC increased again in paraliel with normalization of core body
Iemperalure. A drop in ¢ore temperalure works lo the advantage of the suspect when breath test results arc
reported for legal purposes. The conclusion that Breathalyzer results were invalid in subjects with low body
iemperature was therefore disputed (Hodgson, 1988). Fox and Hayward (1989} also looked at the influence of
h}'p'mhcl'rnia on BrAC determined with a Breathalyzer 900, Subjects swod immersed in hot water up to their
. =" ihd their body wemperature (mouth and rectum) was monilored before, during and afier the immersion.

*Chibus BAC and Breathalyzer results were compared during the experiment. Venous BAf{] proliles were
unchanglud by hot water immersion whereas the BrAC measuremenis were diziored and the concentration of
aleshol in breath increased. Thesc workers reported average increases in BrAC over BAC by _R:E:E: for each
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degres Celsius increase in deep-core body temperaiire. These findings support the notion of making some kind
of temperature control in connection with evidential beeath wsting and if necessary a correction (o the results.

Temperature and Humidity of Ambient Air Breathed

The wmperature and humidity of the ambient air & person breathes is an important consideration when
quanfilative evidential breath-alcohol measurements are made. The heating and cooling process within the
arway during breathing are tightly linked with obsarved variations in breath-alcohol concentration. Whenever
possible, breath-alcohol instruments used for evidential purposes should be placed in an air conditioned room
maintained at constant temperature and humidity. 1 studied the influence of extreme change in the temperature
and humidity of the inhaled air on the BrAC during exhalation (Jones, 1982b). On breathing cold-dry-air, cold-
wel-gir, warm-dry-air of warm-wet-air, the overall effect was & decrease in (he concentration of alcohol in
expired air by as much as 10%. This finding was atribuied to cooling of the airway surfaces because of the
evaporation of water needed to moisten the dry inhaled air. The gxpired alveolar air, which is initially at In¢dy
temnperature, therefore has to retum heat and water to the mucus, The expired air on leaving the mouth is now
cooled below its normal temperature and the alcohal concentiation it containg is mccordingly fowered,
Breathing air saturated with moisture at higher emperatures than 37°C dilutes the mucous surfaces with excrss
water through condensation and this leads 10 @ greater removal of alcohal from expired alveolar gir when it
moves back aver the airway surfaces during exhalaion. The mechanism of heat and water exchanges in the
respiratory bract is a complex biophysical process (Walker et al., 1961). Somewhat similar effects on brtath
alcohol were noted when subjects held ice cold water in their mouths immediately before breath was provided
for analysis (Gaylarde et al., 1987). This finding is probably related 1o a cooling of the mucous surfaces that
equilibrate with expired aleohol during exhalation. The temperature of expired air at (he point of analysis was
unfortunately not reported in the study. However. 2 marked lowering can be predicted. In addition, some
alcohol from the expired alveolar air might be removed by dissolving in the excess waler present in the mouth.

Breathing Technique

The subject’s manner and mode of breathing just prior to providing breath for analysis can significandy
alter the concentation of alcohol in the resulung exhalation (Janes, 1982c: Schoknecht et al., 1989). The effect
of hyperventilation, high frequency deep : nhalations and exhatations of room air, immediately before blowing
into the breath analyzer has now been well studied (Mulder and Neuteboom, 1987; Normann et al., 1988). This
breathing mansuver lowers the breath-alcohol concentration by as much as 20% compared with 2 single
moderate inhalation and forced exhalation used as conurol 1esis (Jones, 1982¢). Holding the breath for a short
time (20 seconds) before exhalation increases the alcohol concentration in exhaled air by 15%. The overall
change in the concentration of alcohal from hyper- 1o hypoventilation can therefore be much greater than 20%.
This might explain, at least in part, some ol the large differences (=002 g% wiv BAC equivalent} berween the
sesults of duplicate determinations made within 2=3 minutes under field conditions. In Great Britain, for
example, the statutory regulations for evidential breath testing permi use of the lowest of lwo separaw breath-
1est resulls as the prosecution evidence (Walls and Brownlie, 1985). This has become comman knowled;:e and
has encouraged drunk drivers to hyperventilate imentionally in auempts 10 get as big a difference as possible
between the two consecutive readings. The observed rise or fall in breath-alcohal can be partly auributed to the
drop in expired-breath temperawre induced by hypervenilation and concomimnt altered interaction of alcohal at
the airway surfaces (Jones, 1982c).

I TR, PRI

Pulmonary Disease
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Diseases of the lungs will certainly influence the magnilude and vadation of some of the respiratary;
parameters listed in Table 3. Obstrucuve pulmonary disease, for example, is associated with smalhm
capacity and forced expiratory volumes are also lower than normal values. Whether thess pathological ¢
influence hreath-alcohol concenmation and the blood/breath ratio must be tested experimentally. Several
have addressed this issue because of the high prevalence of chuonic obstructive pulmonary diseass am
smokers who might also be heavy drinkers and therefore potential DUT suspects. 1f a person suffers
bronchepulmonary digaase and this can be proved 10 influence his apparent blood/breath ratio of alcoliol e
this might conceivably influence the outcome of the DU mial when resulls are ranslated inlo presumed TBAC.-_]
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In one study, anerial BAC was compared with BrAC determined with a Breathalyzer 900 device (Haas and
Morris, 1972). Twenty-four patients suffering from chronie bronchopulmonary disease were svaluated, but,
unfortunately, there were no tests made with a contml group of subjects with & nomnal lung funciion. The
Breathalyzer results averaged 15% less than the ancrial BAC measurements, It is a well known fact that this
kind of breath-analyzer always reads low compared with near simoltaneous measurements of venous BAC in
part because of the 2100:1 blood/breath ratio used for calibration (Begg et al., 1964), The pmatical importance
of pulmonary disease in sccounting for this observed blood-breath aleohol difference iz Uierefore hard 1o
interpret, Another study (Russell and Jones, 1983) recorded breath-aleohol profiles during a single continuous
exhalation in subjects with nomal fung function and in those with obstructive pulmonary disea:e. There were
differences in the alcohol-congentration expired volume profiles for the two groups of subjects, bul, according
10 & correlation and regression analysis of the results, the blood-breath scatter diagrams were not significantly
different. A third swdy (Wilson et al., 1987) atiempted to eswblish a relationship between the age and a
pesson's blood/breath ratio of alcahol for individuals with and without chronic pulmonary disens:. The average
blood/breath mtio was 3760 for subjects with lung disease and 3051 for an age-matched (65 y) control group.
The reason for these high apparent ratios compared with the 2100:1 calibration value requin:s explanation.
Indeed, for a group of younger healthy subjects (33 y) tested with the Breathalyzer 900 on a diflerent occasion,
the blood/breath ratios were on average much less, being 2283, There was a positive assoc:ation between
blood/breath ratio of alcohol and increasing age of the subject tested, although the data presented were pot very
convincing. The Breathalyzer results underestimated coexisting venous BAC for the individuals with
pulmonary disease more than for the healthy control subjects. This discrepancy gives an advaniage (o the
suspect and can be tolerated in forensic practice.

Concluding Remarks

Whatever ¢lse, the analysis of end-expiratory breath provides an cxcellent way 10 monitor the presence of
gases and volatile substances circulating in the blood (Manolis, 1983). In the case of alcohol, even if the
samples of breath analyzed come from the upper airway and therefore represent air residing in Lthe dead-space
region of the lungs, the concentration of alcohol is at least 3% of the concentration in end-expired alveolar air
(Jones, 1982a). This observation is not generally recognized, bul follows as 2 consequénse of the high
s0lubility of alcohal in the mucous surfaces of the mouth and upper airway. Some alcohal always tends to
diffuse from the mucus inlo the dead-space air. As a sereening test for alcohal influence even the worst possible
technique of breath sampling gives a good indication of the alcohol 1oad in the body. Thus, evin a qualitative
breath-alcohol test gives useful information 1o challenge or support clinical signs and symptoms of intoxication
derived from the use of various field sobriety lests.

One drawback with the prasent use of breath-alcohol analyzers in law enforcement is that quality assurance
and proficiency testing programe under operational conditions in the field are less well developed compared
with methods of forensic blood-alcohol analysis. In law enforcement practice, quantitative evidential breath-
analyzer units replace the technician ar blood-alcohol laborawories. More rescarch is therefore needed on the
cuhject of analytical quality control and the day-to-day performance of breath-alcohol analyzzrs under field

litions.  The recent inreduction of computer networks and telephone modem communications linking

idual breath-analyzer units to a cenural agency is a step in the right direction. It might prove a shrewd
Liclie 10 have the quality assurance tests and all necessary statistical evaluation supervised by scienlists who are
ndependent of the police depariment. Morcover, all the breath-lest records should be stored on-ling in the
inlernal memory of the analyzer and this material periodically down-loaded by those experienced with
principles of quality control. All stored information about the individual test results and the: subject tested
should be resisiant 1o manipulation by unauthorized police personnel. These changes in breath 1esting
Procedures might help 1o reduce the frequency of litigation in DUT trals.

It is gralifying to note increasing use of duplicate determinations of BrAC as a mandatery requirement
when breath-analyzers are used for evidential purpascs (Cobb and Dabbs, 1985; Guliberg, 1988). Bur this
makes it important to point out that the spread of the differences in concantration batwes=n duphcate readings,
"o “isameasure of analyrical precision, ¢ontains components of variation for bath sampling of breath and the
- x5 of ethanol. By contrast, the differences berwesn duplicate determinations of the concentration of
alcahol in a specimen of blood sent to a forensic laboratory reflect anly the analytica! sources of variation
Unless, of course, two tybes are drawn a few minutes apart and aliquots taken for analysis from each wbe
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separately. This basic difference beiween BAC and BrAC measurements must be tonsidered when precision,
accuracy and reliability of breath-testing is compared and commenied upon in the medicolegal litesature.

As suggesied by many workers, the concept of using a presumed blood/breath pantition ratio should be
abandoned and driving under the influence statutes should be wrilten in texms of the concentration of alcohal
present in the breath specimens analyzed (Mason and Dubowski, 1974). In addition (o this, & wise move would
be to make a deduction from the mean result of at least duplicate determinations on two separite breqths
(Dubowski and Essary, 1987). The size of the subtraction term is open (o discussion, but it must be calculated
by conventional methods of statistics according 10 the size and structure of the random errors inherent in the
techniques of breath analysis used. The allowance should include components for both the mmplm_g breath- -
breath and the analytical errors inherent in the instrument. As a suggestion, if the deduction tem 15 r.'.n‘lcul.imd
so that the final prosecution result is not more than the true valve with 99.9% confidence this gives the
defendant an acceptable margin of safety. This high level of probability can be achicved by subtracting about
0.015 g/210 liters from the mean of a duplicate determination on scparalc breaths scconding to 1sts with ame
of the latest generntion of quantitative evidential breath-analyzess, This leaves a1 in 1000 chance. that the
prosecution figure is higher than the frue value. But this will only have any releyancr. at me:n!:.mucmus of
alcohol exacily at a critical legal limit Nonetheless, if $9.9% probability is sufficient to meet the “beyond a
reasonable doubl™ standard normally demanded in eriminal justice proceedings then I am confident that both the

tested individual and society would develop a greater respect and understanding for the use of chemical wsis of
intoxication involving analysis of breath,

REFERENCES

Alobaidi, T.A.A., Hill, D.W. and Payne, 1.P. (1976). Significance of variations in blood/breath partition
coefTicient of alcohol. British Medical Journal, ii: 1479-81,

Anstie, FE. (1874). Final experiments on the ¢limination of alcohol from the body. FPractitioner, 13: 15-18.

Astrand, L. Ovrum, P., Lindqvist, T. and Hultengren, H. (1976). Exposure W butyl alcohol: Uptake and
distribution in man. Scandinavian Journal gf Work, Environment and Health, 3: 165-13.

Begg, T.B.. Hill, 1.D. and Nickolls, L.C. (1964). Breathalyzer and Kitagawa-Wright methods of measuring
breath alcohol. British Medical Journal, i: 9-15.

Benedict, F.G. and Norris, R.S. (1808). The determination of small quantities of alcohol. Journal of the
American Chemical Saciety, 20: 293-302.

Biasoui, A.A_ and Valentine, T.E. (1985). Blood alcohol concentration delermined from urine samples as a

practical equivalent or allernative 10 blood and breath alcohol tests. Journal of Forensic Seiences, 30 194-
207.

Bogen, E. (1927). Drunkenness: quantitative study of acute alcoholic intoxication. Journal of the American
Medical Assaciaiion, 89: 1508-11.

Borkenstein, R.F. (1954). A new method for analysis of alcohal in the breath: the Breathalyzer. U.5. Patent.

Borkenstein, R.F. (1985). Historical perspective: North American traditional and experimental responsc.
Journal of Studies on Alcohol, Supplement 10: 3-12.

Bro\yn, J.D. (1985). The pharmacokinetics of alccho! excretion in human perspiration, Methods and Findings
in Experimenial and Clinical Pharmacology, 7: 53944,

Caballeria, 1., Frezza, M., Hernfindez-Mufioz, K., DiPadova, C., Korsten, M.A., Baraona, E. and Lieber, C.5.

(1989). Gasuic origin of the [irst-pass mewbolism of ethanol in humans: Effect of gastrectomy-
Gastroenterology. 97 120509,



