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Executive Summary:
The purpose of this project was to create a mathematical model to simulate the removal of alcohol from the human body in order to obtain a blood alcohol content (BAC) prediction.  An accurate prediction of BAC would be useful in a variety of fields.  Lawyers, police officers, scientists, and the average person could use such predictions in many different circumstances.  

Compartmental modeling is a method of mathematical simulation where various parts of a system are represented as a “compartment” and equations are used to model transfer between compartments.  We hypothesized that a compartmental model representing the stomach, small intestine, and lean body mass could provide a more accurate estimate of BAC than current models.

We are continuing this project from last year in an effort to improve the accuracy of the simulation.  We have updated the stomach compartment by including an equation that accounts for first-pass metabolism (elimination of alcohol in the stomach) and have modified our rate equations between compartments.  Additionally, we are allowing for a variable liquid volume in the stomach and intestine to obtain a more realistic simulation.  
We wrote a computer program in C++ to implement our compartmental model and compare the accuracy of our predictions to those of currently existing models.  We chose to rewrite the program in Java this year to allow the implementation of a sophisticated Graphical User Interface (GUI) that can be used on any operating system.  We restructured the program in this process in a more efficient, object-oriented fashion.

We obtained experimental data from the Texas Transportation Institute as a benchmark for the accuracy of our predictions.  We concluded that our compartmental model provides a more accurate prediction for both male and female subjects.  

Introduction:
Predicting blood alcohol content (BAC) and the elimination rate of alcohol could be useful in a variety of circumstances.  Individuals wishing to estimate their blood alcohol content after a certain time could benefit from such a prediction as well as professionals such as bartenders, police officers, and lawyers.  Perhaps a more important application would be to scientists investigating the effects of alcohol on human health by providing a guide for effective dosing methods.  

Several general models for BAC predictions are currently used by the Traffic Department that use an average blood alcohol curve to estimate ethanol elimination.  These models do not provide an accurate prediction in a majority of circumstances because of variations in a number of factors for each individual.  Most general models merely account for the body weight and number of drinks consumed by the individual, ignoring individual height, age, gender, drinking history, amount of food in the stomach and a host of other variables affecting the accuracy of the prediction.  These models also use a general elimination curve to calculate alcohol elimination instead of modeling the process of absorption and elimination.  Using the overall body mass in predictions creates especially inaccurate results because alcohol is only distributed in the lean body mass.  People with a higher percentage of body fat reach higher blood alcohol contents after consuming the same dose of alcohol than people with a lower percentage of fat. 


Two recently developed computer models are used to predict BAC (cBAC; Addiction Research Foundation, London, Ontario, Canada, 1991; and BACest; National Highway Traffic Safety Administration, Washington, DC, 1994).  The cBAC model uses height, weight, gender, and (for men only) age to estimate total body water (TBW), and the BACest program uses only body weight and gender as variables, using a separate percentage of body weight for men and women to determine TBW.  In a recent study, Davies and Bowen (2000) tested these models to determine the accuracy of the predicted peak BAC’s compared to actual experimental data.  They found that each model seriously underestimated the peak BAC’s for their group of test subjects.


We believe that the process of ethanol metabolism can be modeled to provide more accurate estimates of blood alcohol content over time, and may overcome some of the problems posed by general models.

Materials and Methods:
We conducted a review of current literature on ethanol pharmokinetics, and learned from Kapur (1991) that most existing BAC prediction models are based on Widmark’s (1932) mathematical equation (Appendix A).  We also discovered that Watson et al. (1980) had developed regression equations to calculate total body water (TBW) to make an accurate estimation of the actual distribution volume of alcohol for each individual; this was the most notable update to Widmark’s work (Appendix A).  Pieters et al. (1990) developed a three-compartment model (stomach, small intestine, lean body mass) to simulate ethanol metabolism (Appendix A).  Their model assumed that first-pass metabolism was insignificant and that ethanol is released from the stomach at approximately a first-order rate (rate of transfer to the small intestine is dependent on the concentration of alcohol in the stomach).  This model also assumed that ethanol absorption from the small intestine followed a first-order rate and that ethanol metabolism from the lean body mass follows Michaelis-Menton kinetics (Appendix A).

We based our new model on the information from our research.  Our model uses three compartments (stomach, intestine, lean body mass) to implement our equations.  In the stomach compartment, we account for changes in liquid volume based on gastric secretions and the volume of alcohol being consumed.  Ethanol leaves the stomach compartment either through first-pass-metabolism, simulated by a Michaelis-Menton kinetics equation, or through the pyloric sphincter to the small intestine at a first-order rate.  We assume that the volume of liquid in the stomach leaves at a zero-order rate (constant rate) because of feedback inhibition in the small intestine controlling the rate of release.  In the small intestine, we assume that the ethanol is absorbed into the lean body mass at a first-order-rate.  Liquid is also assumed to leave the small intestine at a first-order-rate as it is absorbed by the intestines.  Finally, we assume that ethanol is eliminated from the lean body mass following Michaelis-Menton kinetics, being dissolved in a liquid volume equal to the TBW.  We use Watson et al. TBW equations to calculate TBW in our model.  We considered modeling the transport of ethanol through the bloodstream (allowing ethanol to return to compartments it had left previously), but ultimately decided not to include this factor in our model because of the difficulty of obtaining specific blood flow rate values.  We felt that the inclusion of this factor without reliable data would adversely affect the accuracy of our predictions, rather than improving them.
Our model last year did not account for several factors important in the process of ethanol metabolism.  Previously, we ignored first-pass metabolism in the stomach, and assumed that it was merely a zero-order transport compartment (serving only to delay the absorption of ethanol into the body).  We also ignored the presence of food in the stomach and the drinking history of the subject, which both affect the rate of ethanol absorption into the body.  Additionally, we did not calculate separate liquid volumes for each compartment, instead dividing the amount of ethanol in each compartment by the TBW to calculate concentration (consequently affecting our transfer rates).
We developed a computer program to test our model in an efficient fashion and allow a user to input values for each subject to be tested.  To estimate errors associated with the prediction model, we used a root-mean-square calculation, a statistical method of finding deviation from a mean value (see Results).  

Model:

The following is a visual representation of the compartmental model used in our project.  Constant values are omitted for simplification.
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Program:

This chart shows the processes and logic used by our program to implement the model.






     Metric or 


                Imperial Units?





     No


      Yes
Results:

Our model this year has produced more accurate results than both last year’s model and other models like BACest and cBAC, as demonstrated by a root-mean-square analysis (lower numbers are better because they represent values closer to the actual value).
	Root-Mean-Square Analysis 
of Prediction Values

	Models
	Blood Alcohol Content

	
	Males
	Females

	Our Current Model
	0.009
	0.014

	Our Model in 2002-2003
	0.011
	0.017

	BACest
	0.015
	0.017

	cBAC
	0.013
	0.016


The following graphs plot our model’s predictions compared to the actual value for each subject.  For an exact prediction, the dot will lie on the blue line.  If the prediction overestimates the BAC, the dot will lie below the line, and above the line if the program underestimates the BAC.  The black line is a linear regression of the data.



Discussion:


The results support the hypothesis that a compartmental model can be used to more accurately predict BAC.  The root-mean-square analysis of the data showed that the accuracy of the predictions made with the new model was better in both male and female subjects.  A scatter plot of the data shows that our model exhibited no apparent trend of over or underestimation in male subject.  The predictions for females showed a slight trend of overestimation.  These results are more accurate than the predictions from the cBAC and BACest programs tested by Davies and Bowen (2000).  

Recommendations:
To further improve the accuracy of the predictions of the new model, we need to acquire more data like that from the Texas Transportation Institution.  By comparing our results to an even wider variety of individuals, we could easily determine specific groups of people (i.e. certain weights, ages, etc.) that our program over or underestimates for, and alter our equations appropriately.  Additionally, we need to find additional literature to confirm the rate equations we use in our model and allow us to account for blood flow between compartments.   
A statistical analysis could be implemented to determine the probability of our prediction lying within the range of measured BAC values for subjects with similar inputs (age, height, weight, etc).  Finally, to determine its significance to the accuracy of the predictions, the time step used in the program (one minute increments) may be shortened, allowing the efficiency versus accuracy to be studied statistically.  
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Appendix A
Widmark Formula
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n = number of drinks     d = oz. ethanol/drink     w = subject weight     B = hourly decrease     

(0.0514) = lbs. ethanol/oz. drink     (1.005) = g ethanol/mL

R = Widmark “R” value – percentage of body mass containing alcohol (total body mass – mass  of fat and bone)

Watson TBW (males)
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a = age in years     h = height in cm     w = weight in kg
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h = height in cm     w = weight in kg
Formula Derived From Michaelis-Menton Equation
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Vm = maximum elimination rate when the alcohol-oxidizing enzyme is saturated

Km = concentration at which the elimination rate is ½ Vm
C3 = concentration of ethanol in compartment three (lean body mass)
Pieters Rate Equations
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Cx = concentration for compartments 1, 2, 3
k1 = rate constant for compartment one (stomach)    
k2 = rate constant for compartment two (small intestine)
a = feedback control (faster for neg. values, slower for pos. values)

Vm, Km = see Formula Derived From Michaelis-Menton Equation
Root-Mean-Square Formula
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Appendix B (code)







	Driver.java
package metab;

import metab.*;

import java.io.*;

import java.text.*;

class Driver {

    private static NumberFormat setp = new DecimalFormat("000.000");

    public static void get_compute_store(String infile, String outfile) throws IOException, FileNotFoundException {// for use only with orignal test data -

                                                                                                                                // modify appropriately if needs change

        BufferedReader in = new BufferedReader( new FileReader( infile ) );//input filestream

        BufferedWriter out = new BufferedWriter( new FileWriter( outfile ) );//output filestream

        String inputbuffer;

        int numofinputsubsmen = 0, numofinputsubswomen = 0;

        double difference_TBW_M, difference_BAC_M, difference_TBW_F, difference_BAC_F;

        double sigma_TBW_M = 0;//

        double sigma_TBW_F = 0;//          These are used only for our new model

        double sigma_BAC_F = 0;//          Other purposes could be designed if modified

        double sigma_BAC_M = 0;//

        out.write("(sex    obs. BAC   obs. TBW   pred. BAC    pred. TBW)");

        out.newLine();

        out.newLine();

        while ((inputbuffer = in.readLine()) != null){

            char sex_MF = in.readLine().charAt(0);

            int age_in_yrs = Integer.parseInt(in.readLine());

            double h_in_cm = Double.parseDouble(in.readLine());

            double w_in_kg = Double.parseDouble(in.readLine());

            double observed_BAC = Double.parseDouble(in.readLine());

            double observed_TBW = Double.parseDouble(in.readLine());

            Drink [] thedrinks = {new Drink(20,.2 / 0.0295735297, "200 mL of 20% alcohol")};

            NMSubject sub = new NMSubject(age_in_yrs, h_in_cm, sex_MF, w_in_kg, thedrinks,

                        new DrinkTime(12,0,DrinkTime._PM), new DrinkTime(2,0,DrinkTime._PM),

                        "Boba", NMSubject._NO_MEAL | NMSubject._MODERATE_DRINKER | NMSubject._METRIC);

            sub.runModel();

            if (sub.getGender() == 'M'){

                numofinputsubsmen++;

                difference_TBW_M = observed_TBW - sub.getTBW();

                difference_BAC_M = observed_BAC - sub.getPeakBAC();

                sigma_TBW_M += Math.pow(difference_TBW_M, 2);

                sigma_BAC_M += Math.pow(difference_BAC_M, 2);

            }

            else if (sub.getGender() == 'F'){

                numofinputsubswomen++;

                difference_TBW_F = observed_TBW - sub.getTBW();

                difference_BAC_F = observed_BAC - sub.getPeakBAC();

                sigma_TBW_F += Math.pow(difference_TBW_F, 2);

                sigma_BAC_F += Math.pow(difference_BAC_F, 2);

            }

            out.write( "  " + sex_MF + "     " + setp.format(observed_BAC) + "     "

                      + setp.format(observed_TBW) + "     " + setp.format(sub.getPeakBAC()) + "     " + setp.format(sub.getTBW()));//output to file stream

            out.newLine();

        }

        double rms_TBW_M = Math.sqrt(sigma_TBW_M / numofinputsubsmen);

        double rms_BAC_M = Math.sqrt(sigma_BAC_M / numofinputsubsmen);

        double rms_TBW_F = Math.sqrt(sigma_TBW_F / numofinputsubswomen);

        double rms_BAC_F = Math.sqrt(sigma_BAC_F / numofinputsubswomen);

        out.write("rms TBW men: " + setp.format(rms_TBW_M) + "  rms TBW women: "

                  + setp.format(rms_TBW_F));

        out.newLine();

        out.write("rms BAC men: " + setp.format(rms_BAC_M) + "  rms BAC women: " + setp.format(rms_BAC_F));//ouput to file stream

        out.close();//close file stream

        in.close();//close file stream

    }


public static void main(String args[]) throws IOException{

        get_compute_store("inputdata.txt", "outputdata.txt");


}

}
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