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Introduction

The main initiative to undertake this reanalysis work was based 
on the publication in the bulletin NIAAA Alcohol Alert of  Na-
tional Institute on Alcohol Abuse and Alcoholism [1], which in-
volved the results of  the simultaneous fitting of  the average blood 
alcohol concentration after the oral administration of  different 
amounts of  alcohol to eight fasting adult male volunteers accord-
ing to study of  Wilkinson and his research group [2]. Wilkinson’s 
model is applicable to average blood alcohol concentration data 
of  subjects listed in full numeric form in this work. Wilkinson’s 
model represents the application of  a one compartment open 
model with Michaelis-Menten elimination kinetics and one ab-
sorption site and an absorption fraction dependent on the ad-
ministered ethanol dose.  It was the basis for pharmacokinetic 

modeling of  ethanol behavior in the human beings presented in 
many subsequent studies [3-6]. 
The aim of  our work includes the physiological-based explanation 
of  the AUC (area under curve) and MRT (mean residence time) 
increase observed with increasing ethanol dose by considering 
mathematical considerations different that the general assump-
tion of  Michaelis-Menten elimination ethanol kinetics. 

Our work is based on the hypothesis for a mathematical model 
construction included the first pass effect of  ethanol in the gas-
trointestinal tract and liver, especially the assumption of  ethanol 
absorption occurring in the stomach and not only in the small in-
testine (Fig.1), and the mechanistic-circulatory model of  the circu-
latory system presented below (as Mathematical model structure) 
in Fig.2. This hypothesis is closely related to Wilkinson’s study 
[2] with the main aim to explain the background and quantifica-
tion of  multiple waves of  average blood ethanol concentration 
profiles of  presented study due to the gastrointestinal tract, or to 
possible errors of  concentration profile’s measurements.

The main tool of  the presented mathematical modeling and anal-
ysis is based on linear dynamic system theory and computer simu-
lation implemented in the method CCSS (Computer controlled 
sequential simulation) [7] that were presented in previous works 
[8,9].

Materials and Methods

Subjects

Eight healthy white male volunteers (age: 21-27 years, weight: 66-
89 kg) participated in the Wilkinson`s study [2]. According to the 
specific dosage schedule at 1-week intervals, each volunteer was 
orally administered 15, 30, 45 and 60 ml of  95% ethanol in 150 
ml of  orange juice. The subjects fasted from 10h pre-dose until 
3h post-dose of  alcohol. Except for prescribed alcohol, they ab-
stained from drinking any alcohol beverages from 3 days prior to 
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the start of  each study phase until the end of  the phase. All trials 
were approved by the in-house Institutional Review Board (IRB) 
at the University of  Michigan Hospital. All trails were conducted 
in a facility at the University of  Michigan hospital complex. All 
subjects completed Informed Consent Forms.

Prior to dosing and the sampling times following the 15, 30, 45 
and 60 ml doses of  95% ethanol, 18, 25, 23 and 27 capillary blood 
samples, respectively, were taken. The samples were collected 
from a fingertip in a 50 μl calibrated micro-sampling capillary 
tube, mixed and kept in the frozen state until analyzed according 
to a sensitive and specific head-space gas chromatographic meth-
od The analysis of  the samples was carried out on a Varian 2100 
gas chromatograph equipped with flame ionization detectors [2].

The administered doses D of  15, 30, 45 and 60 ml of  95% alcohol 
were considered in the following analysis as 11.2, 22.4, 33.6 and 
45.0g of  absolute alcohol, respectively.

Mathematical model structure

The structure of  the mathematical model of  ethanol behavior 
in the body (Fig. 2) was selected by the tools of  mathematical 
modeling and analysis based on the linear dynamic system theory 
implemented in CTDB software (Clinical Trials Database). The 
structural model includes model of  the gastrointestinal subsystem 
GI, and a mechanistic-circulatory model of  the circulatory system 
containing the liver subsystem L, the cardiopulmonary subsystem 

Figure. General scheme of the first pass metabolism of ethanol. HV - hepatic vein

Fgure 2. Structural model of  gastrointestinal subsystem and circulatory system of  ethanol. 
D - ethanol dose; GI - gastrointestinal subsystem; L - liver subsystem; P - portal subsystem; CP - cardiopulmonary subsys-

tem; S - sampling subsystem; O - other subsystems; Q - blood flow; C - ethanol concentration;M - ethanol amount; RA - 
right atrium; LV - left ventricle; Hv - hepatic vein.

CP, the portal subsystem P, the sampling subsystem S (e.g. perife-
rial circulation), and other subsystems O.
When it is assumed that the all significant subsystems shown in 
Fig.2 are within the measured concentrations formalized as lin-
ear dynamic systems, then i-subsystems can be described by the 
transfer function  , which is a general mathematical model of  a 
subsystem presented by a well-stirred model with time delay as

( )
1
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+
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where s is the Laplace operator, T is the time constant of  the 
subsystem and  is the time delay of  the subsystem. 
For gi constant it is generally valid that

                        gi=lim Hi(s)                             s→∞

If  Cli  is the subsystem clearance and  Qi  is blood flow i.e., plasma 
flow by subsystem, respectively then for gi  it is valid that

                          gi=1-Cli /Qi
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If  Cl=0  then gi=1  ; otherwise gi < 1
Transfer function  HGI of  the GI tract comprising absorption and 
gastric emptying GE, is defined as

                                   HGI(s)=MA(s)/D(s)

where D(t)=Dose.δ(t). δ(t) is the Dirac function and MA  is ab-
sorbed amount per unit of  time in the GI subsystem during the 
first pass metabolism of  the ethanol. Consequently, the presented 
subsystem can be described by the model structure according to
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where F1 and T1 are the ethanol fraction and time delay of  ab-
sorption site AS1 (stomach), Fj and τj are the ethanol fraction and 
time delay of  absorption site AS2 (small intestine).

For ethanol concentration in the right atrium CRA is valid that

( ) ( ) ( ) ( ) ( ) ( )( ) L L O O S S L O S
RA

CP CP

C t Q C t Q C t Q M t M t M tC t
Q Q

+ + + +
= =

where QCP is the blood flow through the cardiopulmonary 
system expressed by the form

CP L O SQ Q Q Q= + +

and QL, QO and QS are blood flow via liver, other and sampling 
subsystems, respectively.

Pursuant to the symbolism in Fig. 2, M is the amount of  ethanol 
per unit of  time that is possible for the models of  other subsystems 
to consider (as inputs) following transfer functions, respecting the 
mass balance.

The definition of  the cardiopulmonary subsystem CP and the 
model in the transfer function form is expressed as follows

( ) 1( )
( )
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RA CP

C sH s
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= =

where CLV is the ethanol concentration in the left ventricle, MRA 
is the ethanol amount in the right atrium and QCP is the blood 
flow through the cardiopulmonary system.

The definition of  the portal subsystem P and the model in the 
transfer function form is expressed as follows

( )( )
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where MP, gP, QP and TP are the ethanol amount, gain, blood flow 
and time constant related to the portal subsystem.

The definition the liver subsystem L and the model in the transfer 
function form is expressed as follows

( )( )
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+

where MHv is the ethanol amount in the hepatic vein, ML, gL and 
TP are the ethanol amount, gain and time constant related to the 
liver subsystem.

The definition of  the other (i.e. passive) subsystem O and the 
model in the transfer function form are expressed as follows

1
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where   is number of  passive model subsystems, MO is the ethanol 
amount in the other subsystem, CLV is the ethanol concentration 
in the left ventricle, gi, Qi, Ti  and τj are the gain, blood flow, time 
constant and time delay related to the subsystem.

The model for the peripheral sampling subsystem S was thought 
to be an ideal subsystem for which it is valid

( ) 1SH s =

Employing the parameters of  the developed structural 
mathematical model (Fig. 2), the vector λ of  estimated parameters 
was determined as follows

( )ë ô ô ô ô ô ô ô1 2 3 4 5 1 2 3 4 5 1 2 1 2 1 2 1 2, , , , , , , , , , , , , , , , , , , ,O O L P O O P O OF F F F F T T T T T T G G G=

where F1, τ1 and T1 are the ethanol fraction, time delay and 
time constant of  absorption site AS1 (stomach); F2 - F5, τ2 -τ5 
and T2  are the ethanol fractions, time delays and time constant, 
respectively, related to the absorption site AS2 (small intestine); 
τO1 - τO2, TO1 - TO2, GO1 - GO2 are the time delays, time constants 
and gains, respectively, related to the other subsystem; TL and TP 
are time constants of  the liver and portal subsystems, respectively; 
GP is the gain of  the portal subsystem. 

To estimate the model parameters, the Monte Carlo method as 
implemented in CCSS method (Computer controlled sequential 
simulation) [7] were used. 

The number m of  the other, passive subsystems of  circulatory 
system and the number of  fractions n  for the optimal model were 
particularly detected for the individual ethanol dose on the base 
of  minimal value of  Akaike’s information criterion [10].

Based on the estimation of  parameter vector λ, the simulation 
of  the model was performed and the gain of  the system G was 
defined as

( )
0
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G

D
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and may be calculated as   3
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where QCP is the blood flow through the  cardiopulmonary 
subsystem and Gi includes GP, GO1, GO2 parameters.
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For the mean residence time of  the ethanol of  the whole body 
MRTw  after oral administration  is valid that

w GI circMRT MRT MRT= +

where MRTGI is mean residence time of  gastrointestinal subsystem 
and MRTcirc is mean residence time of  circulatory system.

The MRTGI parameter is expressed by the form

( )
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where T1 and T2 are the time constants of  absorption sites AS1 
and AS2, respectively,  τ is  time delay of  the subsystem and F 
represents the absorbed ethanol dose fractions.

Mean residence time of  ethanol in the circulation system MRTcirc 
is calculated according to relation

circ w GIMRT MRT MRT= −

The parameter MRT of  the whole system is calculated numerically 
as
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where r is the number of  measured points in the terminal phase 
of  concentration-time profile (e.g. the elimination phase).

Considering the models of  Hi subsystems, where i = P (P is 
portal subsystem, and O are other subsystem), the contents of  the 
product of  parameters gi, Qi can not be individually identified, 
therefore only parameters Gi=giQi  is estimated.

In the case of  analogous serially ordered L and P subsystems is not 
possible to obtain an individual estimate of  gL and GP parameters 
and then the parameter gL= 1  must be considered.

The rate constant of  absorption ka1 of  absorption site AS1 is 
expressed as follows

1
1

1
ak

T
=

where T1 is the time constant of  absorption site AS1.

The rate constant of  absorption ka2 of  absorption site AS2 is 
expressed as follows

2
2

1
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T
=

where T2 is the time constant of  absorption site AS2.

The rate constant of  elimination ke is expressed as follows
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where GP is the gain of  the portal subsystem, QCP is the blood 
flow through the cardiopulmonary subsystem, T2 is the time 
constant of  absorption site AS2, TL is the time constant of  liver 
subsystem and TP is the time constant of  portal subsystem.

Results

Summaries of  the dependence of  the absorbed ethanol dose 
fraction, the time delay and the time constant parameters on the 
four oral administered ethanol doses are shown in Fig.3a, b, c. 
On the basis of  Akaike’s information criterion [10], the optimal 
fraction numbers  n = 3, 4, 4, 5 for ethanol doses 11.2, 22.4, 33.6 
and 45g, respectively, were detected (Fig.3a).

The decompositions of  the average ethanol concentration-time 
profiles after the oral administration of  11.2g and 45g ethanol 
doses are described in detail in Fig. 4a, b. Presented decompositions 
describe multiple waves of  the ethanol concentration-time profile 
representing F1 to Fn fractions, and closely associated with Fig.3a, 
b, c. The model of  the whole concentration-time ethanol profile 
is expressed by the form

( ) ( )
1

n

i
i

C t C t
=

= ∑

where for 11.2g ethanol dose is valid  n=3 and for 45g ethanol 
dose is valid n=5  ; C1 represents the model expressed F1 fraction 
related to the absorption site AS1, C2 to Cn represent the model 
expressed F2 to Fn fractions related to the absorption site AS2.

The representation of  the relationship between AUC, G parameters 
and four different ethanol doses after oral administration to eight 
fasting male subjects is depicted in Fig.5a, b. The dependence of  
AUC and G parameter on ethanol doses was analyzed by quadratic 
parabola (Fig.5a) and linear line (Fig.5b), respectively.

Figure 6 includes the regression analysis results of  mean residence 
time of  the whole body MRTw (circles and solid line), mean 
residence time related to gastrointestinal subsystem MRTGI 
(squares and dashed line) and circulatory system MRTcirc 
(triangles and dotted line) depending on the dose. The dependence 
of  parameters MRT on ethanol doses is expressed by single line.

The overview of  rate constants of  absorption ka1 and ka2 and rate 
constants of  elimination ke and ke according to Wilkinson`s study 
[2] and ke** estimated from the measured r-points in the terminal 
phase of  ethanol concentration-time profile by exponential 
function depending on four oral administered doses is listed in 
Table 1.

Discussion

The measured blood ethanol concentration-time profiles from 
the data of  the Wilkinson et al. [2] study are approximated by 
a physiologically-motivated structural model of  a gastrointestinal 
subsystem and circulatory system (Fig.2) aimed to provide the 
estimation of  physiologically interpretable parameters and 
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C

Figure 3. Comparison of  the absorbed dose fraction, the time delay and the time constant parameter dependence on four 
oral ethanol doses administrated to eight male adult subjects. 3a) F1 - dose fraction related to AS1 (stomach); F2 - Fn, where 

n is the fraction number - dose fractions related to AS2 (small intestine); 3b) τ1 - time delay related to AS1; τ2, τ3, τ4, τ5 - 
time delays related to AS2; 3c) T1 - time constant related to AS1; T2 - time constant related to AS2; AS1, AS2 - absorption 

sites.

Figure 4. Decomposition of  mean blood ethanol concentration-time profile with multiple waves of  fractions following the 
oral administration of  the doses of  11.2g (a) and 45g (b) of  absolute ethanol to eight male adult subjects. Circles - mean 

measured blood ethanol concentration; solid line C - the model predicted mean concentration-time profile; 4a) solid lines C1 
to C3 - the model predicted blood ethanol concentration-time profile expressed for fractions F1 to F3; 4b) solid lines C1to C5 - 

the model predicted blood ethanol concentration-time profile expressed for fractions F1 to F5.

Figure 5. Relationship between AUC and G parameters depending on four oral ethanol doses. 5a) AUC - area under curve; 
circles and solid line - calculated AUC values and model in the form of  quadratic parabola; 5b) G - gain of  the whole body; 

circles and solid line - calculated G values and model in the form of  regression line.

A B
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TABLE 1: Characteristics of  rate constants of  absorption and elimination according to different oral ethanol doses. ka1 
and ka2 - rate constants of  absorption of  AS1 and AS2; ke- rate constant of  elimination; ke* - rate constant of  elimination 
according to Wilkinson et al. [2]; ke** - rate constant of  elimination estimated from the measured r-points in the terminal 

phase of  ethanol concentration-time profile
Dose ka1 ka2 ke ke* ke** r
(g) (1/h) (1/h) (1/h) (1/h) (1/h)
11.2 3.627 3.633 1.703 3.3 1.68 6
22.4 3.471 2.021 1.157 1.09 1.21 3
33.6 3.439 1.715 0.997 0.514 1.8 3
45 3.075 1.616 0.863 0.293 1.02 3

Figure 6. Relationship between MRT parameter depending on four oral ethanol doses. MRT - mean residence time; circles, 
squares and triangles - calculated MRTw, MRTGI and MRTcirc values; solid line, dashed line and dotted line - model in the 

form of  regression line; MRTw - mean residence time of  the whole body; MRTGI - mean residence time of  gastrointestinal 
subsystem; MRTcirc - mean residence time of  circulatory system.

consequently to model of  the first pass effect of  ethanol through 
gastrointestinal tract. Contrary to the study of  Wilkinson et al. [2], 
our structural model does not use Michaelis-Menten elimination 
kinetics (Fig.2) and does not consider the maximum velocity Vm, 
Michaelis constant Km and total body water V in the structure.

The Wilkinson’s model assumed a little absorption from the 
stomach and the alcohol dose was rapidly absorbed in the 
intestine. The rate of  gastric emptying was a postulated but not 
demonstrated feed-back mechanism; some of  the alcohol was 
absorbed from the stomach directly but was not included in this 
model [2]. However our structural model includes the assumption 
of  ethanol absorption from both the stomach and the small 
intestine, directly to the blood circulation. Many authors aimed 
to study of  percentage of  absorbed ethanol from the stomach. 
Following Levitt et al. [11], the absorption of  the ethanol from 
the stomach is 10%, and 28% with the meal, respectively. It seems 
to be a contradiction to the finding of  Cortot et al. [12] that about 
70% of  the ethanol ingested with a meal is absorbed from the 
stomach after the oral administration of  6.7 times higher dose 
of  ethanol. This also supports our results that the higher dose is 
absorbed from the stomach rather than from the small intestine. 
Holt [13] indicates that ethanol can be absorbed from the 
stomach up to 43%. Marco and Kelen [14], Eckardt et al. [15] and 
Smith et al. [16] claim that 80% of  the ethanol is emptied into the 
small intestine. This suggests the fact confirmed by the Haseba 
et al. [17] study with mice that changes of  elimination kinetics 
of  ethanol depending on approach and density of  administered 
doses. According to results obtained with our physiologically-
motivated structural model, 85.2%, 49.2%, 44.1% and 35.5% of  
absorbed ethanol after the oral administration of  11.2g, 22.4g, 
33.6g and 45g doses of  absolute ethanol, respectively, were from 

the stomach (Fig. 3a). These results point to extremely fast ethanol 
absorption from the stomach beginning with its early residence 
(Fig.3b, c).

The  structural developed model is able to provide estimation 
of  significant physiologically interpretable model parameters, i.e. 
absorbed ethanol dose fraction F, time constant of  the subsystem 
T, and time delay of  the subsystem τ. Obtained results show that 
the volume of  the ethanol doses presented the markedly influence 
to the variation of  the model parameters. As for ethanol dose 
fractions (Fig. 3a), the fraction F1 related to AS1 (i.e. stomach) 
for the least ethanol dose (11.2g), presents the highest fraction 
(85.2%) in comparison with other ethanol dose. As shown 
in Fig.3b, the time delays τ2 to τ5 of  the fractions related to 
absorption site AS2 signify the proportionality with the increasing 
dose. This finding can show the influence of  the amount of  oral 
administered ethanol dose, as well as gastric emptying, on the 
start of  the absorption of  the fractions from the small intestine. 
The similar proportionality with the increasing oral ethanol dose 
was observed in the case of  time constant parameter within the 
gastrointestinal tract (Fig.3c). Interpretation of  the figures point 
to a regulation mechanism of  ethanol when, in the case of  the 
highest dose of  absolute ethanol (45g), the fraction F5, related to 
absorption site AS2 (see Fig.3a), was absorbed with the latest time 
delay τ5 (see Fig.3b) and achieved the longest mean time in the 
absorption site AS2 (see Fig.3c).

Proposed model is able to fit multiple waves of  ethanol 
concentration-time profiles expressing the individual dose 
fraction of  ethanol. The shapes of  these profiles after the oral 
administration of  the ethanol doses show similarity between 
measured and estimated concentration profiles without significant 
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deviations. The illustration of  multiple concentration waves after 
the oral administration of  the lowest (11.2g) and the highest (45g) 
ethanol doses is depicted in Fig.4a, b.

In Table 1, it is seen that the rate constants of  elimination 
estimated from the structural model ke, are closer to ke** value 
estimated from the terminal phase of  ethanol concentration-
time profile, than ke* estimated from the Wilkinson´s model 
[2] with Michaelis-Menten elimination kinetics. The parameter 
ke** demonstrates more stability (dose independence), than the 
parameter ke* that demonstrated up to threefold lower values at 
higher ethanol doses. Similarly, the rate constant of  absorption, 
25.1 h-1 according to Wilkinson et al. [2], is not in accordance 
with the markedly lower rate constants ka1, ka2 values listed in 
Table 1. 

The regression functions of  dependence between chosen model 
parameters, estimated parameters and ethanol dose were detected 
on the base of  minimal value of  Akaike’s information criterion 
[10] and good fit of  dependence between model parameters and 
dose in the all cases (Figs.5, 6).

As shown in Fig. 5a, the dependence of  AUC on ethanol dose 
is parabolic, while the dependence of  parameters G (Fig.5b) and 
MRT on the dose (Fig.6) is linear. This relationship indicates an 
underlying system that is markedly nonlinear because for a linear 
system the AUC dependency on dose presents a linear increase 
and G, MRT values are constants. From this viewpoint presented 
physiologically-motivated structural model is a linearized model 
of  the nonlinear system defined only for administered ethanol 
doses values. 

Conclusions

The presented results indicate significant increasing of  ethanol 
mean residence time in the body and increasing of  the absorbed 
fraction number in connection with the increase in ethanol dose.
The regression dependences in this work suggest that the overall 
picture about nonlinearity of  the system of  alcohol elimination 
from the human body is possible to obtain only by the study of  
dependence of  observed parameters on the individual ethanol 
doses. The developed model presents a useful linearization 
based on physiologically understood parameters of  the complex 
nonlinear ethanol metabolism.
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