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Abstract

Students can be provided insight into processemneyme kinetics and physiology via
compartmental models. Graphical modeling softwaigpsrts this. In this paper we will
discuss various models that students could implémed use to investigate blood alco-
hol concentration after consumption of one or malo®holic drinks. Results from these
computer models are compared with measured datavére obtained with breath analy-
sis equipment. The broad range of models for intakeé clearance of alcohol in the
human body ensures that students have great opfigrta practice evaluation and revi-
sion of their models. They can develop the critatéitude that is necessary for successful
modeling of biological, chemical or physical pher@ra. All models presented, ranging
from the simplest linear elimination model to a lsigticated physiologically based
5-compartmental model, are used in pharmacokingticlies. This implies that the
students’ investigation work is not only fun to doyt also resembles professional
research practice.

I ntroduction

Alcohol is widely used by secondary school pugieme facts about Dutch pupils (NDM, 2004,
NDM, 2006; Monshouwer et al, 2003; Pol & Duijse®03): 90% of fifteen-year-old pupils have
ever drunk alcohol, 52% is doing this on a weeldgib, 63% of them have got drunk once (33%
every month), and two-third of the children of tllige who are out socializing prefer to drink
alcoholic drinks (especially breezers and beereats of long drinks. 50% of fifteen-year-old
pupils consume every week. 6% of juveniles (malk famale) of age between 12 and 17 can be
considered heavy drinkers, i.e., persons who coassimor more glasses of alcohol on one or
more days per week. Binge drinking under adolescsmot unusual anymore, especially during
school holidays (in a recent survey at youth caitgs $oys are reported to drink on average 17
glasses per day). It is difficult to prevent teegragrom experimenting with alcohol; most pupils
consume their first alcoholic drink between the a1 and 14. The number of children who go
into a coma because of severe alcohol abuse andmreltaken into hospital is growing fast in the
Netherlands. Pediatricians gave the alarm abostdisturbing trend and warned that it will not
take long before children will get killed. The Ditcurrent affairs program NOVA on the 19th of
April 2006 drew people’s attention to this subjethe pediatrician Nico van der Lely of the
Reinier de Graaf Gasthuis in Delft said in the disien program: “Annually between five hun-
dred and one thousand children are taken into alDbspital because of alcoholic poisoning.”
Since 1999 he has noticed in his hospital thantimaber of hospitalizations has been multiplied
by sixteen. It involves patrticularly girls of abetween 12 and 14, who consume in short time a
huge amount of alcoholic drinks, especially mixeithids. Van der Lely: “You must think of one
to one and a half liter of alcoholic drinks withimo hours.” The situation of alcohol usage among
secondary school pupils in the Netherlands is mique: data from other Western European
counties, Australia and the United States of Anzegive the same picture of alcohol consump-
tion under adolescents. But compared to many casntalcohol consumption among school-
goers in the Netherlands is high and frequent. @rlyhe measure ‘drunkenness’, they score less
highly.

Alcohol poisoning occurs when the blood alcohol aamtration and hence the alcohol
concentration in the brains becomes so high thatcgm get senseless or even can go into coma.
A person can get alcohol poisoned at a blood alclgvel of 4%, i.e., after more than twenty
alcoholic drinks in a few hours time. There is @g@hance that the drunken person gets uncon-
scious and is in danger of losing his or her ea blood alcohol level of 5% a person runs the



risk of getting into a coma. Eventually the nerveystem is stunned to such an extent that the
respiratory system gets paralyzed and the persesm d@eenagers, but also their parents seem to
realize insufficiently that alcohol is a poison@uhstance that can be damaging. One quarter of
the young drinkers of alcohol are of opinion thatiakes at least 10 glasses to get drunk (boys:
39%:; girls: 15%). Only 11% thinks that four drinksless suffice. If teenagers (and their parents)
would realize how easily one gets drunk and howg libmakes before alcohol is removed from the
human body, they might think twice before turningatcohol abuse and they might be more care-
ful in participating to traffic after consumptio alcoholic beverages.

In this paper we will discuss various mathematioaldels that secondary school pupils
could implement and use to investigate blood altobacentration (BAC) after consumption of
one or more alcoholic drinks. BAC must be undemta® the total amount of alcohol (in gram) in
the body divided by the total amount of body wdterliter). All models originate from profes-
sional research on alcohol metabolism and are ithenaatical terms compartmental models,
which can be studied on a computer for instanceidigg a graphical modeling environment.
With computer models, pupils could investigate @asi scenarios of alcohol consumption: Does
it matter in the long term whether you drink faststowly? Does it matter whether you consume
drinks after a meal or not? Do there exist wayspeed up the clearance of alcohol from your
body? Are there gender differences in alcohol iatakd clearance? And so on. This type of work
gives the pupils a broad idea of alcohol pharmamatids and it provides them with examples of
compartmental models that can also be appliedvastigations of other biological, chemical,
and physical processes.

But not only mathematical models serve this purposaclusions could also be drawn
and would make stronger impressions on pupils fdata collected with breath analyzing equip-
ment. Such data are anyway useful in discussiotiseofarious mathematical models, not in the
least to remind pupils of the fact that not underding of the mathematical models is important,
but understanding of the phenomenon under invegiigaeven under circumstances that meas-
urements of the biological processes in the hunaaly lare complicated. Our own test data were
collected with the Drager Alcotest 6510, which lasaccuracy of 0.017%. within the range of
measurements (Drager Safety, 2006). Breath alaokalsurement can be used as a reliable esti-
mate of blood alcohol concentrations since the $9@d the accuracy of the equipment used
means that it can be reliably applied in clinidaldées. However, a recent technical design project
(Killian & Kerkstra, 2003) shows that pupils colddild their own breath analyzer from a suit-
able, low cost gas sensor and use the professaopugppment to evaluate or calibrate their own
alcohol tester. Finally, this paper gives an impi@s of the possibilities of graphical modeling,
and in particular the modeling environment of Co&dMioduszewska & Ellermeijer, 2001).

M athematical M oddls of Alcohol M etabolism

First we will give a review of mathematical mod&snd in the research literature that discusses
what happens after alcohol consumption. The rarigeadlels give a good view on issues that
concern researchers who try to model clearancdcohal from the human body [see (Lands,

1998), (Weathermoon & Crab, 1999), and (Swift, 2003

Widmark model

Widmark (1932) developed the first model that peeslithe blood alcohol concentration after

consuming alcohol. It is still much used in forenssearch because it works well with real data
for a large range of values. This model is in fattopen 1-compartment model with a zero-order
elimination process: it is assumed that the alc@ft@dr consumption is quickly taken into the

body and spread over the total body water, i.edjsgibuted rapidly into the bloodstream from

the stomach and small intestine, and further ineowatery fluids in and around somatic cells.
Alcohol does not dissolve into body fat. Hereaftbg alcohol in the human body is assumed to
be eliminated at a constant rate. The whole prasesshematically drawn in Figure 1.



After absorption of alcohol, the blood alcohol |kigerepresented Fig. 1. Widmark model.
in the Widmark model by the formula

BAC = D 1 alcohol
T p, intake

whereD is the amount of alcohol consumed (in gramis the
so-called Widmark factolV is the body weight (in kg is the
rate of metabolism (clearance rate in g/I/h), aigthe time (in
hours) after consuming alcohol. The rate of alcahetabolism
is individual (for example different for occasiordtinkers and
alcoholics, men and women, and age dependentgpierits on
circumstances (for example before or after a mead) it varies
from 0.10 to 0.20 g/l/h. The Widmark factor is aisdividual
and depends mainly on body composition. Mean vaime<.68
for men with standard deviation 0.085 and 0.55Women with standard deviation 0.055 (the
lower value for women is explained because the lerbady contains in general a higher per-
centage of body fat and therefore less body whter the male body). The productW is equal
to the volume of distributioWy, i.e., the theoretical volume of the total bodytevacompartment
into which the alcohol is distributed. It is considd in most pharmacokinetic models equal to the
total body water. Various methods can be foundhénresearch literature to estimate the Widmark
factor or the volume of distribution from variablgsch as height, weight and age. For example,
Seidl et al (2000) gave the following formulas:

r(men) = 0.316% 0.00482AV + 0.004632

r(women)= 0.3122 0.00644%/ + 0.004466

whereH is the body height (in cm). Assuming a percen@iy@0% water in blood, Watson et al
(1980) determined various linear regression formulavo of these formulas, in whi&GEis in
years, are:

0.8V, (men)
0.8V, (women)

0.3626W - 0.1183AGE+ 20.
0.2540N + 14.46

Hybrid, open 1-compartment model with zero-ordéenilation

In reality it takes some time before consumed altget distributed in the total body water com-
partment. You can deal with this explicitly in tf@mula of the Widmark model: for exam-
ple,BAC = D/(r W) -B[{t-0.5) expresses a time difference of half an hour betvoemsump-
tion and absorption of alcohol. A more reliable noet is the following (Lotsof, 2003): Assume

that alcohol intake is a first order absorptiongass and that clearance is linear in time, jus as
the Widmark model, then the blood alcohol concéiatnas given as:

C, +a[Q1— H(t—tO)Ee_"a(t_t"))—BEt,

whereC, is the BAC at timd = 0, a is a constant proportional to the amount of altaonm-
sumed at timeé = 0,k; is the absorption coefficiertt, is the retardation time for absorption, atd

is the Heaviside function. This formula can be ittem for t > t;as:

BAC=BE"“"+ A-B LI,
wherek, is estimated (Hahn et al, 1997) at 0.08 ivith standard deviation 0.03, which corre-
sponds with a half-time of 8.7 min, for drinkingttvian empty stomach, is estimated at 1.6
minutes with standard deviation 0.5. A third waydefling with delayed absorption of consumed
alcohol in the body in a mathematical model isgsume that absorption of a dd3¢akes a cer-

tain amount of timeT, (say 30 minutes) and that alcohol distributionthie total body water
compartment during this time interval happens astant speed / T,.



Wagner model

The third model that predicts the blood alcohol stomptions
comes from Wagner (1972). Like the Widmark modéd &n open
1-compartment, with the only difference that theachnce of alco-

alcohol
intake

Fig. 2. Wagner model.

hol is now described by Michaelis-Menten kinetissg Figure 2).
This means that after absorption of alcohol, the od change in
blood alcohol concentration is given by the follagiformula:

v, gg_tBAc = Ve [BAC

k +BAC’
whereV, is the volume of distribution of the total bodytetacom-
partment (the total amount of body watdg), is the Michaelis-
Menten constant, andg,., is the maximum disappearance rate.
Figure 2 we use the clearance factor CL that iscated with
Michaelis-Menten kinetics. For a high value of BA&@ have that the value of the clearance rate
CL is almost equal to the maximum removal natg (=140 mg/min) and the graph of BAC vs.
time looks like a straight line. Curvature in th@agh becomes noticeable when BAC reaches half
of the maximum removal rate. At this point BACkz and this value is mostly taken between 5
and 50 mg/l.

In

Fig. 3. Norberg 2-compartment mode|l.
Norberg 2-compartment model
Norberg et al (2000) used a 2-compartment mogel

consisting of the central compartment, which is |in
this case the plasma and the tissues that argieh rp

alcohol
intake

equilibrium with it (liver and kidney), and the peg- c
ripheral compartment, which contains the rest ef th ;... CLy
body fluids in other tissues. From the central com- ] Vi

. Cl=
partment there is parallel alcohol clearance thinoyg CL, k +C
the liver following Michaelis-Menten kinetics angd 4,

through the kidneys (unmodified alcohol in urin
following a linear first-order kinetic process. Bye way, only a small portion of the consumed
alcohol (2-5%) is excreted in breath, sweat andeuriVe denote the alcohol concentration and
the volume of the central and peripheral compartrbgrC, Ve and byCq, Vi, respectively. The
increase in the amour, of unmodified alcohol in the urine is determinedthe elimination
constantCLy. The distribution of alcohol over the two compaetits is determined by the
intercompartmental distribution parame@lt;. The relation

CL=V,,/(k.* C)
corresponds with Michaelis-Menten kinetics. So his tpharmacokinetic model, the following
equations hold after absorption of alcohol in thatral compartment:

V. BC;—?z—CL[C— Cl, OC+ CL,0C - CI.OC

VWBd(j—C;r=CLdEC—CLUDCr

Norberg and colleagues came to the following patamelues in clinical trials with intravenous
infusion of alcohol and via analysis of blood saespht various times:
V., =95.0+ 25.1(mg min), k. = 278 18.9 (g I),CL, =

V. =145+ 4.3(), V, = 21.2 4.4()),

889 232(miny
ClL =3.65 2.04(fnl min).



Norberg 3-compartment model

Norberg (2001) extended the 2-compartment modeh teemi physiological 3-compartment
model consisting of the central compartment, frolmiclw alcohol is eliminated via urine, the
liver, in which alcohol is metabolized following khaelis-Menten kinetics, and the peripheral
compartment (see Figure 4).

Fig. 4. Norberg 3-compartment model.
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This model takes into account that alcohol carritiste directly through the hepatic portal vein
from the gastrointestinal tract into the liver $mtta portion of the consumed alcohol can be
eliminated before the alcohol is distributed via thiood stream to other fluid parts of the body.
By the way, this so-called ‘first-pass metabolisi®’ not undisputed. Some researchers [see
(NIAAA, 1997), (Lim et al, 1993), and (Ammon et,al996)] are of the opinion that enzymes in
the stomach play an important role, while otheee [E_evitt, 1996) and (Levitt et al, 1997)] are
of the opinion that the liver is the most importg@tace in the first-pass metabolism. In all re-
search work is concluded that under normal drinliebavior first-pass metabolism contributed
only for a small portion to the total clearancealmfohol.
In the Norberg 3-compartment model we have thieviohg equations after intravenous

administration of alcohol:

V C = %

Cdt T,

inf

v, 5 = Q, [T~ Q, 06, - Chy G

—Q, [C+ Q 1G, - Cl LG+ CLUG- CLUC

v, it = cL, e Cl 0

Here, D,y is the given amount of alcohdl is the infusion time, and the tel / Tis in the
first equation is set to zero O for tTss. Cy is the concentration in the liver compartmen,is
the liver water volume, an@y is the liver blood water flow rate. is The livdearance rate is
given by Michaelis-Menten kinetics:

CLy = Vpa/(Kn+ Gy ).
The following parameter values can be taken (Narle¢al, 2003):
V.., =89+18(mg min), k. = 2. 5.1(mg l), @ = 1100(l min),\y = 1N
It follows that the value 0¥, is close to the value in the 2-compartment molet,that the

parameteik, strongly depends on the model choice. This pammetlue turns out to depend
much on the value @.



Pieters 3-compartment model

Pieters et al (1990) also modeled alcohol clearavittea 3-compartment model. However, their
model considers the central compartment, in whicbrel is metabolized following Michaelis-
Menten kinetics, the stomach and the small intestirhe alcohol goes into the stomach first,
hereafter into the small intestine, and finallynfréhere it is absorbed into the bloodstream and
rapidly distributed over the central compartmerigufe 5 illustrates the model, in which the
volumes of distribution of the compartments arespecified, but hidden in the parameters.

Fig. 5. Pieters 3-compartment model.

oral intake
of alcohol

Vmax

k k k_+ C,
—1s (o ) =25 ¢ | —
STOMACH SMALL INTESTINE CENTR%@P%RT[\[ENT
The model equations are:
dc, k dG,_  k dc, y
=- T, -—2=— G-k, -—2=k0OG-—"2[C,
dt  1+alc® dt 1+aDq2[Cl L gt e k+ C G

with initial conditions

[€.(0),C,(0),C, (0] =[ G,,0.,4
whereCy = Do/ V, the initial amount of alcohd,, divided by the volume of distributiov of the
central compartment, and whe@g, C,, andC; are the alcohol concentrations in the stomach,
small intestine and central compartment, respdgtivelated to the volume of distribution of the
third compartment. Tabulated parameter valuesRiggdr et al, 1990):

Table 1. Parameter values for the Pieters model.

Mean Values

Parameter Dimension Men  Women
Vo gO*mh? 0470 0.480
K. g 0.380 0.405
C, g 0.455 0.703
K, h? 5.55 4.96
K, h? 7.05 4.96
a 12 (g2 0.42 0.75

The first differential equation in the Pieters mioaehich models emptying of the stomach, does
not represent a simple first-order process, bugedlhack control is built-in that depends on the
instantaneous concentration in the stomagit). The parametea in the quadratic term of the
denominator determines whether gastric emptyintass¢er (negativea) or slower (positives)
than the first order rate under normal conditions. So, the effect of an gnaptfull stomach on
alcohol clearance can be taken into account mattieadig (Wedel et al, 1991). By the way, food
promotes alcohol clearance, even when alcohol éntakes place via an intravenous infusion
(Hahn et al, 1994). The Pieters model cannot explas.



Physiologically based modeling Fig. 6. Umulis 5-compartment model.
Umulis et al (2005) described a model of fi
organ compartments that exchange mater ."-!'E.l'runr}l'l.'-'.‘mmh
The compartments are the central compd Vg

ment, stomach, gastrointestinal tract, liver, g
muscle. The scheme in Figure 6, taken frg

el

- v

Liver

the original paper, describes the exchange N

el
alcohol between the compartments. All cof - *
partments, except the liver, are modeled | Ve
stirred reactors; the liver is modeled as a tul

lar flow reactor. The stomach in this mod
contains zero tissue water volume and only
volume of liquid content¥s (alcoholic bever-
age), which is absorbed into the gastrointe
nal tract in accordance with a first-ordd
process of which rate constdatdepends nonlinearly of the amouhbf alcohol consumed. The
delayed absorption of alcohol is described by trestantky, which is equal to 0 for > T, for a
given time intervally (the termky- Ty is usually chosen smaller than the dB3eThe equation is:

dV,

d_ts = ks Vs + kg,

kS :kSm

where

(1+am?)’

The gastrointestinal compartment accounts for ifsi¢ water volume of the intestines and the
stomach where alcohol is first absorbed. The stbnaan intestines water volumes are grouped
into one compartment because they are connectedtlgtito the liver via the hepatic portal vein
and because they are the sites of oral alcohokrptiso. The blood flow rate in the hepatic portal
vein is about 2/3 of the total blood flow raiein the lever. LeCce andCge: denote the ethanol
concentration in the central compartment and trstrgatestinal compartment, respectively. Let
V; be the volume of distribution of the gastrointesticompartment and I€ls, be the initial con-
centration of ethanol in the stomach. A mass baantthe gastrointestinal compartment gives
the following differential equation:

C 2
VG d?et :§V|_ ch(;et - CGet) + kSDvSDCS'
After entering the liver, ethanol is converted iattetaldehyde by the enzyme alcohol dehydro-
genase (ADH) and cytochroom P450 (CYP). This sulggtdés poisonous, but it is converted into
acetate by enzyme aldehyde dehydrogenase (ALDHs& houpled chemical reactions, of which
the first one in reversible and the second noty pla important role model of enzyme kinetics
(see Fogler, 2005). The rate of disappearagaeeith which ethanol is eliminated is a function of
the ethanol and acetaldehyde concentrat@pnandC,. (other symbols are reactions constants),
and it is given by the following formula:

C J _ VmaxADH ECet B VrevADH [Cac

et»~ac/
K + Cet + lﬂevADH [C,

MADH ac

Ty (®

The rate of disappearancg of acetaldehyde elimination is given as a functbthe concentra-
tion C,. (other symbols are reactions constants) by

_rac(cac) =M.

k +C

MaLpH ac



We will use both formulas in the modeling of alcbhwtabolism in the liver. Le€c,. and Cgye
be the acetaldehyde concentration in the centralpaotment and in the small intestine. The
change of acetaldehyde concentration in the gaststinal tract is given by the equation
C

VG dGac __ A I:QCCac Gac)
The liver is modeled as a tubular flow reactor idarted into N subcompartments that each
contribute to alcohol clearance. Let the total naduof distribution in the lever bé and let the
distribution volume for each part 8/, (thus:AV, =V_/N). Let C_ ¢y andC, .1 be the ethanol
and acetaldehyde concentration, respectively, bt@upartment 1 of the lever, and so on. We
get the following equations:

Subcompartment 1:

. 1 2
AV|_ % =V Eﬁé CCet +§|:CGet_ CLe1j+ rel( CLan CLa]:) AV

AVL % = V|_ [éé Qac +§ [CGac_ CLadj - ret( CLEI' CLa]:) [A VL+ rﬁ( C '—a‘) v

Subcompartment 2:

CdljtetZ =V [qqetl - qetz) ( CLegy C|_a(2) A VL

C
AVL dLacZ =\ EGQacl Qacz) ( CLeTZ’ CLa(?) A VL+ raf( CLaﬁ) AV

Subcompartmentl:

dc,,
AVL G(Ljig(mva |:qq_et(N—l) - CLeT( N))+ I’et(C'-e( N’ C'-at N)mvl

dCLac(N) _
AV, GT =V [chac(N—l) ~ Clg N)) - ret( C e vy Crae m) AVF TLCeNBY

Finally we describe the exchange of material betwibe central compartment and the muscle
and fat compartment. Some notatiowg:is the blood flow rate to the muscle and fat cortipa
ment,Vc andVy, are the volume of distribution in the central camment and in the muscle and
fat compartment, respectively, ar@,.; andCy, are the ethanol and acetaldehyde concentration
in the muscle system, respectively. The followiqgations hold:

C
Vc dcet =V EGCCet - CLe( r\y) — Vu [Q CCet_ CMe)
C
VC d(;ac = V I:GCCac Lag M) - VM[G CCac_ CMag
il\t/lm = VM [qget - (:Nlet)
VM C:Mac = V EGQZaC CMac)

dt
For the ‘standard man’ with weight of 69.4 kg yoayrchoose the following parameter values
(Umulus et al, 2005):
V; =2.4(), vV, =1.1(), . =11.6(), ,, = 25.8(l),y = 1.35(I/min y, =0.75(/min),
V, =101(mg/min/[kg liver]), k, = 18. 4(mg/|,

maXap

V, =32.6(mmol/min/[kg liver]), k

T€VapH €VapH

Vinax,, o, = 124.5(mg/min/[kg liver]), kmALDH = 0.055(mg/I

maXy, p



Graphical computer models of alcohol metabolism

All mathematical models that were described in pinevious section can be converted into
computer models. In general, the computer impleatemt of a mathematical model consists
roughly of two phases: specification of the mathiéeah model and simulation of the model.
Starting with the description of the first phas®aCh 6 has a graphical interface to describe a
model qualitatively (see the screen shots in themgtes below). In the graphical model you
specify which quantities in the mathematical moplely a role (distinguishing parameters and
state variables), how they depend on each othechwibrmulas for quantities are used and which
values parameters have. The graphical model isnaitcally translated into a system of
equations that is used in a computer simulatien, in running the model. We will look at some
examples of alcohol clearance from the human b®dy.will assume that a ‘standard glass’ in
the catering industry contains 10 grams of alcoregardless of the type of beverage. Parameter
values are estimated on the basis of the repdtegdture values.

Widmark computer model

We start with the Widmark model, in which we workiwthe formulas of Seidl et al (2000) for
the Widmark factor. Thus, after immediate consuamptfn drinks holds:

ditAcz_B[ﬂ, BAC(O)z_:@, r(men)= 0.316% 0.00482 + 0.004632

r(women)= 0.3122 0.00644%/ + 0.004466

The screen shot below (Fig. 7) shows the graphicaleinand a run for the average German man
who has consumed two drinks. The graph illustrates tiere is a weakness in the computer
model: the computed BAC becomes negative after aldauhours. In reality this is not possible
of course. But having a critical look at the qualif a (computer) model is actually something
that pupils have to learn or that has to becomersknature.

Fig. 7. Screen shot of the simple Widmark computedel after two alcoholic drinks.
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We can already make the Widmark computer model sdraemore realistic by choosing min-
utes as time unit instead of hours, and choosing BAXas stop condition. Furthermore, we will
assume that not all drinks are consumed at ondegtlregular intervals, say of 30 minutes. This
means that we assume that every 30 minutes the lhlootol concentration increases instanta-
neously with O (r -W). In the screen shot below (Fig. 8) you see thehgcal model, the graph
of computed blood alcohol concentration againsefiand a measured BAC curve of the author
drinking eight glasses of red whine at regular tintervals. Ignoring the apparent overshoot of
BAC shortly after each drink, the accordance betwmedel and measurement is good for a
clearance rat@ of 0.0025 g/l/min. By the way, the alcohol consuimpthas been specified as a



repeated pulse of height/ Vy every ‘drink_interval’, but it could also have Inespecified by
drawing a sketch of the drinking behavior or by iempenting a repetition loop by means of
‘events’. From the computed BAC curve you could dithe conclusion that BAC after con-
sumption of two glasses has come above the legil ¢ifrD.2%0. for persons under age of 24.
Another conclusion is that this particular persorstnmait more than seven hours after his final
drink before the blood alcohol concentration isiadpelow 0.2%o.

Fig. 8. Screen shot of the Widmark computer modetdégular consumption of 8 standard units.
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Wagner computer model

In the screen shot below (Fig. 9) we assume an dloaimsumption of drinking three glasses ‘ad
fundum’ on an empty stomach: one at the start efdkperiment, one after 40 minutes, and
another drink 50 minutes later. In the computer ehoee have specified thé*and ¥ intake of
alcohol by means of ‘events’ (represented graplyidgl an icon with a thunderbolt). Coach is a
actually hybrid modeling environment for continudime and discrete-event dynamic modeling.
With events one can take actions when a certainitonds met; see the yellow page in the
screen shot for the event of consuming the thindkdiThe first alcoholic drink is just the initial
condition (BAC(0) = BACincrease). Alternatively, thetake can be specified by means of
mathematical formulas (e.g., with the Pulse fungtion by drawing a sketch of the drinking
behavior.

Fig. 9. Screen shot of the Wagner computer modekfgular consumption of 3 standard units.
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In the comparison of the computer model and thasmed data we assume a time delay
of half an hour for absorption of the consumed ladtanto the total body water: for this reason
we have translated the graph of the measured BAC i80tes to the left. Alcohol clearance
follows in the Wagner model Michaelis-Menten kinsti®he parameterg..x = 170 mg/min and
kn = 45 mg/l have been chosen such that a reasonsitsh between the measured data and the
computer model exists, at least if one ignores shaot of blood alcohol concentration. But
obtaining good values for parameter appears taulie tricky in practice: for instance, the values
Vimax = 340 mg/min and,,, = 290 mg/l are almost as good.

Norberg 2-compartment computer model

Comparing a mathematical model with real data ierg&d for judging the quality of a model.
We use in this paper data collected by ourselvel wibreath analyzer as well as data from
research literature. We will use in our model ofk& and clearance of alcohol data collected for
subjects no. 19 and no. 22 in the clinical studgcdbed in the SWOV-report R-2001-19
(Mathijssen & Twisk, 2001). Subject no. 22 (fem&é,kg, 40 years, drinking daily) consumed,
just like most of the participants, on two differelatys 72 grams of pure alcohol, in three equal
portions of 24 gram. For each alcohol portion waailaple a drinking time of 25 minutes. A
quarter of an hour later began measurements bysredfareath analysis. Subject no. 19 (female,
66 kg, 20, drinking weekly) consumed only one portxd 24 grams of alcohol. Using the hybrid
Widmark formula and using the formulas of Watsoralet1980) for the volume of distribution,
the blood alcohol concentration could be predieted
D

c 18.075+ 0.3186G pHt-09),
whereD is the amount of alcohol consumed (in gran)is the clearance rate (in g/l/h), anis
the amount of time (in hours) passed since alcaboksumption. The measured data and the
predicted values for the two participants are liste@iable 2 below.

Table 2. BAC data of subjects no. 19 and no. 2R&nSWOV-report (Mathijssen & Twisk, 2001)

Development of BAC after consumption of 72 g purehdt by subject no. 22

Time of measurement (after start, in minutes) 4080| 120| 150| 180, 210
Amount of alcohol consumed 24 48 72 72 72 72
BAC measurement 1 0.550.97| 145 1.38| 1.27| 1.10
BAC measurement 2 0.55 1.15| 147| 1.47| 1.31| 1.22
Predicted value}=0.175) 0.52| 1.09| 1.65| 1.56| 1.48| 1.39
Development of BAC after consumption of 24 g pur@lét by subject no. 19

Time of measurement (after start, in minutels) 4070| 100| 130

Amount of alcohol consumed 24 24 24 24

BAC measurement 0.46 0.32] 0.21| 0.16

Predicted valueff=0.2) 0.44| 0.34| 0.24| 0.14

The screen shot below (Fig. 10) illustrates thatNloeberg 2-compartment model does
not give a good match between measurements and rfardslubject 19, whereas the hybrid
Widmark model worked reasonably. In the computer ehade have used a rate of intake of
alcohol equal to 24/25 = 0.96 g/I/min for time be¢we and 25 minutes, and 0 elsewhere. Such a
function can be specified in Coach by means ofthise function: Pulsg(;25;24/25). Thus, we
obtain the following system of differential equatsan the 2-compartment model:

‘Litt: Pulsgt ;0;24;24/2p-CL[C - CL, OC+ Cl, 0G - Cl,0C
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whereA¢, Ar, andA,, are the amounts of alcohol in the central conmpant, in the peripheral

compartment, and in the urine, respectively.

Fig. 10. Screen shot of the Norberg 2-compartmempeer model with data of subject no. 19.
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A number of things catch the eye in the computed BAfVe: there exists a fast increase of BAC
in the central compartment and after the peak vilaealcohol concentration falls rapidly down

under the values of the peripheral compartment.sbare time there is a decline in alcohol con-
centration in both compartments that is almostaing@he amount of alcohol that leaves the body
via urine is in the computer model about 1% of tihtal amount consumed. It cannot be denied
that the match between measurements and computk msonot good. The main reason for this

is that we applied a mathematical model f
intake of alcohol via intravenous infusio
under completely different circumstance
viz., oral intake of alcohol. Of course th
blood alcohol concentration raises rapid csopcun g 00
when it is injected directly into the blood — t7 mscuesesc o
stream. Our graphs are indeed consist ]
with graphs found in the scientific literatur
about clinical trials in which alcohol ig
supplied by intravenous infusion. The 1
compartment model is not really made f
oral intake of alcohol. Such a critical look i
circumstances under which experimer
take place is something that we want

achieve with our pupils: a critical look at th
applicability of methods should be secof
nature.

Fig. 11. Norberg 2-compartment cont@u
model with data of subject no. 19 using
‘effective dose’.

For a better match between the measurements ambtherg 2-compartment model we
must use a better model for the intake of alco@wie solution is to use a smaller dose in the
computation, as if just part of the alcohol constioip really matter. Figure 11 shows the
computed graphs when we use an ‘effective dose’ gfraBis of alcohol in 25 minutes. Then we
achieve a nice match, but in an artificial way. ®lgrromising is it to use the Norberg 3-
compartment model because in this model intraveaadsoral intake have been separated.



Norberg 3-compartment computer model

In the Norberg 3-compartment model the so-callext-fiass metabolism is taken into account: in
the screen shot below (Fig. 12), which is a computerfor subject no. 19, you can see that the
peak value of BAC in the central compartment is gnahan in the 2-compartment model. For
the rest there is no great improvement in the magtiween experiment and computer model.
With a suitable choice of ‘effective oral dose’sflike we did in the 2-compartment model, the
conformity between experiment and model can be ing@ianuch. The volumes of distribution
are theoretical volumes anyway. Henceforth we will insthe computer models the notatidg,
Ar A, andA, for the amount of alcohol in the central comparitméhe peripheral compartment,
the liver and the urine, respectively.

Fig. 12. Screen shot of the Norberg 3-compartmemipcter model with data of subject no. 19.
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Fig. 13. Screen shot of the Norberg 3-compartmentpeter model with data of subject no. 19.
and with improved modeling of intake of alcohol.
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Another description of oral intake of alcohol leadsa better, but still not perfect match
between experiment and model: a delayed absorpitowing fist-order kinetics, like we have
described before in the hybrid Widmark model. Thisans that we assume:



0 ift <t,
Dk, & ™) if t> ¢,

whereD is the alcohol dosek, is the absorption coefficient, anglis the time of delay. The
screen shot above (Fig. 13) shows that the aladrdentrations in the liver and the central com-
partment take less extreme values than beforeratdatgood result can be obtained for suitable
choices of parameter values. By the way, we haveleti the intake of alcohol during con-
sumption time into four equal parts in order to genore realistic consumption pattern (here we
use again th@ulse function). We have not included the intakeimtravenous infusion anymore
because the dose will be taken zero in all examples

For a more adequate model we need a mathematarelrthat uses more organs. In the
Pieters 3-compartment model and in the physioldigide@sed 5-compartment model of Umulis
et al this is the case. But before we do this, bksge a look at the nice result shown in figure 14,
in which measurement 1 of subject no. 22 is comp&oesuitable parameter vales with the result
obtained with the Norberg 3-compartment model.

rate of intake= {

Fig. 14. Screen shot of the Norberg 3-compartmentputer model with data of subject no. 22.
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Pieters 3-compartment computer model

Figure 15 shows a graphical implementation of tietelPs model that compares well for suitable
parameter values with the measurement of subject 19

Fig. 15. Screen shot of the Pieters 3-compartmamipciter model with data of subject no. 19.
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Solved by RK4



For the initial concentration in the first compagtm (the stomach) we have chosen the alcohol
concentration that would hold in the human bodgase the alcohol had been able to distribute
immediately over the total body water in an estadatolume of distributio.

Disadvantage of the data set in the previous elaimspthat so small. In Figure 16 we
present the measured data of the author drinkigip8ses of red whine at once on an empty
stomach early in the morning. The Pieters modethes for suitable parameter values the recor-
ded blood alcohol concentration very well. In tlenputer model we have chosen for the feed-
back parameter a negative valae=(—0.6 f/g?) to get an accelerated intake of alcohol because
drinking happened after fasting. Other parametduesgahave also been chosen within ranges
reported in the literature for the Pieters model.

Fig. 16. Screen shot of the Pieters 3-compartmamipciter model after drinking 3 standard units.

S
2>=00\wa Q2 EABEE
0.76F C3igl
DEER(E) Yl ¥ 0.70F 1 Egng
0E5f G2 S8
/ 0.60 measur:a
[
[~ V [~ B [
C1(g C2 (afl) 3 ()
alg™21°2) Kl {1/h) k2 (1/h) v_mex (1/h)  k_m (g
Solved by Rk4

A physiologically based 5-compartment computer hode

Most detailed is the physiologically based 5-cortipant model of Umulis et al (2005). This
model is typically not implemented by pupils thetass, but it serves as an example for them of
how modeling is done in modern pharmacokineticasde(Rowland et al, 2004).

Fig. 17. Screen shot of the Umulis 5-compartmentmaer model.
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Figure 17 illustrates the complexity of the modelour implementation of the liver as a tubular
flow reactor we have divided the organ into fivdbcompartments. Not all relation arrows be-
tween parameters and other variables have beemdrathe graphical model for the sake of
clarity of the picture. The dotted lines in the gjtecal model indicate that we would like to see
the liver as one unit and that the details canaiert out of sight of the user of the computer
model; Figure 18 show this looks like. Using thisgentation of the computer model teacher and
pupils can discuss the model more easily. The mhttiveen model and data measured for
subject no. 19 is good. However, since we are nigalith a stiff system of differential equations,
the time step in the ODE solver must be chosen gemgll (0.001 min) to avoid numerical
problems. This means that the computation takeg lon

Fig. 18. Screen shot of the Umulis 5-compartmentpuater model with data of subject no. 19.
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For those who still have doubts about the usefglioéshe physiologically based model
we give Figure 19 that is a screen shot of the hggaglf alcohol concentration in the small
intestine and the central compartment of a sobesopewith a personal weight of 80 kg after con-
sumption of 24 grams of alcohol in 20 minutes. Baekground graph belongs to measured data
from a clinical trial (Di Padova et al, 1987). ¢t éasy to see that it takes about is two hours afte
consumption of this amount of alcohol before thecamtrations in the two compartments are
equal. At that moment, most of the consumed alcbhslbeen taken into the total body water.

Fig. 19. Umulis 5-compartment contpu
model of alcohol consumption in a clinic
trial with an empty stomach.
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Fig. 20. Umulis 5-compartment contpu
model of alcohol consumption with a fi
stomach.
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In the computer model of Figure 19 we have choseriife feedback parameter a nega-
tive value & = —0.0003) to get an accelerated intake of alcbkohuse the subject in the clinical
trial had fasted before the experiment. Choosingpsitive value can simulate the effect of a
meal. Figure 20 has been obtained by chooaiegual to +0.0003. It is evident that the peak
value of BAC for alcohol consumption with a fullostach is less high than with an empty
stomach. The effect is after some time gone.

Conclusion

The last example in the previous section illusgaite particular the power of mathematical
modeling: After one has successfully constructeghathematical model and a corresponding
computer model that describe reality adequatelyvMeli-chosen parameter values, one can inves-
tigate the influence of various factors in the nidole varying the parameter values. We have
already seen that the physiologically based 5-comat model predicts that someone gets
drunk faster if he or she consumes alcohol witlempty stomach than a person who drinks after
or during a meal. With this computer model, bubalsth the less complicated models described
in this paper, a pupil can investigate whether rsg@ewho drinks 3 glasses of beer at once may
drive a car earlier than a person who consumesahe amount of alcohol, but at a slower speed
and with time intervals in between. A pupil canodimd clues that explain why women in gene-
ral get drunk earlier than men when they consumesdime amount of alcohol. A pupil could
investigate what happens when drugs inhibit thevemion of acetaldehyde into acetate.
Anyway, the amount of acetaldehyde would accumulatger these circumstances. This chemi-
cal substance has physiological side effects likkness, decrease of blood pressure, flushing,
and qualms. These aversive sensations in peopbarally used in treatments of alcoholics.

The diversity of the models of alcohol intake astéarance in humans that have been
discussed in this paper give a good idea of thenmmmmethod of working in mathematical
modeling: first one simplifies the situation to buan extent that a simple (computer) model can
be constructed. Hereafter one evaluates this mpdefierably by comparing it with experimental
data, and one adapts the model if necessary. Ipriheess of evaluation, parameter estimation
plays an important role as well. The complexityfinfling suitable parameter values must not be
underestimated. Adaptation of the model normallansethat one makes the model more compli-
cated by taking more factors that cannot reallpdglected into account or by undoing some ear-
lier simplifications. In this way one comes intetprocess of simplifying first and then adding
step-by-step more details to the model, with theppse of matching the model better with
reality.

This progressive aspect of graphical modelinglss a pointer to a suitable manner to
introduce it to pupils: it seems best not to letnthconstruct out of the blue some well-functioning
model, but to let them first improve an existingdabby changing or adding details. Here it is
important that pupils can compare the results efabmputer model with real data, preferably
collected in an earlier measurement activity. F@ modeling of alcohol intake and clearance
breath analysis equipment of sufficient qualityisilable for the price of 125 euro; professional
equipment, which researchers use in clinical trdald which the police uses for traffic control is
more expensive (about 700 euros), but it can beedesind sometimes borrowed. A third alterna-
tive is to build yourself analysis equipment by meaf a rather cheap gas sensor (about 20
euros). Anyway, measurement of intake and cleararicelcohol in humans are feasible as
practical work for pupils at school. Confrontatiafi a model with reality turns graphical
modeling not only into a fun way of learning, buitaiso makes it exciting, challenging, and
concrete work for pupils. Experience is that tlsigpracticable (TdB, 2003) and that pupils can
actually use the same theoretical framework, mettaod techniques as practicing professionals.
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