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ABSTRACT 

This dissertation deals with two major topics: aiiometric (or interspecies) scaling of 

pharmacokinetic parameters, and the interaction of cocaine and ethanol. These topics are 

tied together by the inclusion of allometric analyses of both cocaine and ethanol. 

Currently, to make initial predictions of human pharmacokinetic parameters using 

allometr\'. aiiometric slopes of 0.75. 1.0. or 0.25 (for clearance, volume, and half-life, 

respectively) are applied to the appropriate parameter value measured in a single species. 

Chapter 1 demonstrates the validity of this practice, and. using literature data on many 

diverse compounds, suggests that the monkey is the best species for predicting human 

data. Chapter 2 uses allometric principles to show that hepatic extraction ratio (ER) is 

independent of body weight, and thus constant across species. This is due to the fact that 

ER is the ratio of two parameters with identical allometric slopes, hepatic clearance and 

blood How. Chapter 3 demonstrates that cocaine can be scaled using allometric 

relationships, leading to reasonably accurate predictions of the parameters in humans. 

Chapter 4 shows that the pharmacokinetic parameters of ethanol can be scaled 

allometrically. This was previously thought to be impossible, since ethanol undergoes 

saturable elimination, and as a result, the pharmacokinetic parameters (clearance and half-

life) are dose-dependent. By scaling other parameters that are dose-independent, such as 

the Vlichaelis-Menten parameters, predictions of human concentration-time plots can be 

simulated. The co-administraiion of cocaine and ethanol is shown to cause a 

superadditive response. This is a result of two mechanisms: ethanol inhibits cocaine 
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clearance, thus increasing cocaine concentrations, and, an active metabolite, 

cocaethylene. whose effects are similar to that of cocaine, is formed in vivo after co

administration of the two drugs. Because this drug combination is so common, and 

because of the resultant increased risk of toxicity and death, it is important to understand 

how much cocaethylene is formed after co-administration of cocaine and ethanol. 

Chapter 5 outlines a procedure used to calculate the fraction of cocaethylene formed after 

co-administration of the two drugs Chapter 6 then summarizes the pharmacokinetic-

pharmacodynamic models of cocaine given alone, compared to the combination. 



17 

Chapter 1 

Prediction of Pharmacokinetic Parameters in Humans on the Basis of Ailometric 

Scaling Using a "Globar Slope 

INTRODUCTION 

One of the most difficult and challenging problems faced by pharmaceutical scientists in 

the early stages of drug development is the accurate prediction in humans of the 

absorption and disposition parameters of new drug candidates. Ideally, useful approaches 

should be incorporated into drug design strategies during the early discovery process. The 

desired disposition properties may vary depending upon pharmacological category, 

mechanism of action, and other aspects of the e.xpected clinical use of the candidate 

compound. 

This issue has become particularly critical in recent years as a consequence of 

synthetic methodologies te.j,'.. combinatorial chemistry) that routinely give rise to literally 

thousands of potentially active compounds in a short time. Demands for rapid 

experimental through-put and the attending logistic challenges are enormous. Estimation 

of disposition parameters is now being routinely achieved for 5 to 10 or more compounds 

in a single in vivo animal experiment using the so-called "cassette" (or "N-in-one" or 

••cocktail") dosing approach. The practicality of that approach remains to be proven, 

especially in light of demanding analytical methods and issues of drug-drug interactions 

(even if doses are reduced in proportion to the number of test compounds). Furthermore. 
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to be useful, the parameter values estimated must provide, at the very least, a rank-order 

relation between the test species and humans. 

Several theoretical and experimental paradigms may prove especially useful in 

meeting the current demand for rapid and reliable estimates of parameter values. One 

approach, which appears to have received relatively little attention in the literature, takes 

the same tact as that used in developing structure-activity relationships. In this instance, 

some aspect of the molecule (such as a structural, physical, or chemical property) would 

be related to its dispositional properties. Ideally, this would be established for a large 

database of compounds. In a more limited application, such a correlation could be applied 

to an homologous series of compounds in order to provide some guidelines for the 

subsequent synthesis of additional homologs having more ideal properties. In the absence 

of a stmcture-disposition relationship, some effort has gone into an examination of 

correlation analysis between, for example, a single disposition parameter and some 

physical chemical measure, such as oil/water partition coefficient. Such analyses have 

been quite limited, usually focusing on a single homologous series of compounds. 

Another correlation-based approach examines the predictive relationship for a 

given disposition parameter between a single species and humans. This has recently 

been reported by Bachmann and colleagues {Sarver et ui. 1997). Those investigators 

examined the predictability of human half-life and apparent volume of distribution from 

rat data. .A surprisingly good prediction was found for over 100 drugs by simply 

performing a linear regression between half-life in the rat vs. half-life in humans. This 

study was limited to one parameter and one animal species but it proves useful as it 



demonstrates a clear, significant relationship between a pharmacokinetic parameter in a 

human and another species. 

The approach used by Bachmann represents a considerable truncation of the 

"complete" allometric scaling of a given parameter across five or more mammalian 

species. In the method of allometry. the parameter. P (e.g.. clearance, half life, or 

volume) for a specific drug is plotted vs. body weight. BW. on a log-log scale for 

several species, and a regression line is fitted through the data. The y-intercept and 

slope of this line are represented by the a and b values, respectively, in the empirical 

allometric equation: 

P=a-BW'' (1.1) 

where BW is in kilograms. 

A trend has been noted in the literature, that for a wide range of different drugs, 

the allometric slope b often takes on the following values: 0.75 for clearance (CL); 1.0 

for apparent volume of distribution (V); and 0.25 for half-life (ti/:). These values are 

often used to obtain an initial estimate of these pharmacokinetic parameter values in 

humans. The measure of the parameter of interest is obtained in one animal species, 

and using the appropriate presumed value for the allometric slope, an estimate of that 

parameter in humans would be determined by: 
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D _ p  
• human 'animal 

h 
animal ^ BW. 

human 

(1.2) 

The purpose of this chapter is to address three questions. First, is the practice of 

using the same slope for all drugs to obtain estimations of disposition parameters in 

humans a valid one? If so. is there a slope that is more predictive of the human values 

than those currently used (as noted previously)? Lastly, since in the method described 

above, the parameter value is obtained in a single animal species, is there a particular 

species that provides the best prediction of the human parameter value? This study 

allowed a determination of "the most predictive" species by comparing the accuracies of 

the estimates of the human parameter based on each species. The species in this study 

were limited to a group of commonly used experimental animals: mouse, rat. rabbit, dog. 

and monkev. 



METHODS 

The literature was reviewed non-selectively in order to obtain as many studies as possible 

in which allometric analyses were performed on one or more of the following disposition 

parameters: clearance (CL). apparent volume of distribution (Vd). steady state volume of 

distribution (Vss). and/or half life (t|/;). The only requirements were that the study 

involve multiple species, including humans, and that values for body weight were 

provided. If a value for Vd was not reported but CL and ti/: values were available. Vd 

was calculated using the following equation: 

t|^-I • CL 
V. =-li= (1.3) 

0.693 

Data for 65 compounds were collected. The data were compiled in a database and 

adjusted so that the pharmacokinetic parameters had consistent units (mL/min for CL; L 

for V; and min for ti/2). Body weight. BW. was expressed in kg. 

For each drug and for each parameter P. log P vs. log BW was plotted for all 

species examined in the study, including human, and a linear regression was performed 

through the points. The allometric parameters were calculated from this regression line 

based on the following expression, which is a log transformation of the allometric 

equation defined above: 

log P = log a + b • log BW. (1.4) 
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It can be seen from the above relationship that the slope of a plot of log P vs. log BW is b 

and the intercept is log a. Therefore, for each drug and for each parameter, values for a 

and b were obtained. The b-value will, henceforth, be referred to as the "regression 

slope" for drug D and parameter P. 

For each drug and parameter (D/P) combination, specific animal-to-human slopes 

were also calculated. These were determined for the non-human species in the original 

analysis (limited to the mouse, rat. rabbit, dog. and monkey), and calculated from the 

t'ollowing e.xpression: 

Adog P) _ log Phuman ~ ^animal (15) 

M log B W) log B Whuman " 'og B 

Thus, if there were 5 non-human species examined, a total of 5 animal-to-human slopes 

would be obtained (per parameter), in addition to the single b-value from regression of 

the entire data set (per parameter). Figure 1.1 illustrates this concept. 

The regression slopes were then averaged across aJl drugs to calculate an average 

("global") slope, designated Pgiobai- There is one global slope for each parameter. 

Averages were also obtained for each animal-to-human slope for each parameter, 

designated Pammai (e.g.. Pmouse is the average over all drugs of the slope between the mouse 

and human). 

The proposed method will predict the human parameter value from that of an 

animal using the following approach: the measured parameter value for the animal will be 
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plotted on log-log axes versus its body weight. A straight line of a specific slope (either 

pL'i.ihai or the appropriate Panimai) is drawn through this point. The P value that corresponds 

with the human BW is then extrapolated from the straight line. Clearly, although simple, 

this method is not a practical one: thus, the same results can be achieved mathematically, 

using the following equation: 

human 
= P, 

animal 
BW„ animal 

( 1 .6 )  

where b represents the slope of the straight line that would be drawn through the animal 

point. There were 10 possible species/slope pairs for each parameter: mouse/pgiobai-

mouse/pniousc- ... monkey/pgiobai. rnonkey/Pmonkcy- For example, for rat/pgiobai- "rat" 

replaces "animal" and "pgiobai" replaces "b" in equation 1.6. For each drug, the 

appropriate Phuman calculations were done for each species that appeared in the 

publication. 

.•\ number of different measures, based on Pprcdictcd ^ind Pobscr%ed (where P is the 

human parameter value), quantified the goodness of prediction of each of the 

species/slope pairs. Since the ideal outcome is Pobserved = Ppredicted for all drugs, the linear 

regression through the Pobserved vs. Pprediaed data should be as close to the line of identity as 

possible. Therefore, the slope of this regression was compared to 1 and the intercept to 0, 
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The ratio, log {P<ibsened/Pprcdicted)» was then calculated for each pair of values. If 

this ratio fell within -0.5 and 0.5. Ppredicied would therefore fall within approximately 

l/3-Pobscr^cd ^nd 3-Pobsened. 10-fold range, determined by the experimenters to be 

satisfactory'. For each species/slope pair, franae. the fraction of ratio values that fell within 

this allowable range, was determined. This value was compared to the ideal value of 1 

(all predicted values within the allowable range). 

Root mean squared error for each species/slope pair was aLso calculated: 

Ideally, if Pohscncd were equal to Ppredicted in all ca.ses. the RMSE would be equal to zero, 

so when comparing species/slope pairs, the smaller RMSE is the better predictor. 

The absolute percent error between Pob«:n.ed ^ind Ppredktcd was calculated for each 

drug; 

observed predicted 
RMSE (1.7) 

I % error | = 
p — P 
'^observed 'predicted J Q Q  

p 
' observed 

(1 .8)  

The number of predictions that fell below 10% error was counted; this was divided by the 

total number of points in order to find the percentage of values that fell within this range. 

Similarly, this was repeated for 20. 30. 50. 100. or >100% error. The percentage of 
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\alues within each range was plotted versus the high end of the range to create a 

cumulative frequency distribution. Ideally, the more reliable predictors would have a 

higher percentage of values that fall within the smaller errors. 
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RESULTS 

Table 1.1 displays a summary of the drugs used in the analysis. The species used in each 

study, and the a. b. and r" values of the linear regressions through log P vs. log BW are 

shown. Note that the b values in this table are the "regression slopes" that were averaged 

to get p^iohai fof <^ach parameter. Figure 1.2 displays these regression slopes for all drugs 

on one plot. The thick, solid line extending through each plot represents the average 

regression slope (pgiobai) for each parameter. 

Figure 1.3 shows the distribution of the regression slopes and animal-to-human 

slopes calculated for each drug. The boxes indicate the 25"'^ and 75'*^ percentiles of the 

data. A solid line inside the box marks the value of the 50"^ percentile, the capped bars 

indicate the lO"' and 90"^ percentiles, and closed circles mark all data outside of this 

range. The mean of each group is represented by a dotted line and represents the Pgiobai 

and panmiai valucs for each parameter. These Pgiobai and Pammai values are displayed with 

their standard deviations in Table 1.2. The heading of each column in Table 1.2 includes 

the traditionally employed slope value for making initial predictions of the human 

parameters; the range of P-values listed in each column encompass this slope, which 

helps support the validity of the current practice. 

The values in Table 1.3 and the plots in Figures 1.4-1.11 were used to determine 

the most predictive species and slope. Note that only the rat. dog. and monkey 

information is shown, for the sake of simplicity: any values of interest for the mouse or 

rabbit will be highlighted in the discussion. In Table 1.3. under each animal heading. 
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there are two main columns. The first column describes the human parameter values 

estimated using equation 1.6. with b = Pgiobai, whereas the second applies a slope of Pammai 

through the corresponding animal data point. 

The first set of values under each heading is the intercept, slope, and r" value of 

the linear regression through the Pprcdicicd vs. Pobser\<;d data. The highlighted values 

indicate the intercept and slope along the rows that are closest to those of the line of 

identity. 0 and 1. respectively. The Ppreuictcd vs. Pohservcd plots are shown in Figures 1.4. 

1.6, 1.8, and 1.10 for CL. Vss. Vd. and ti/2. respectively. Because the parameter values 

range over many orders of magnitude (e.g.. CL ranges from 0.3 to 2000), the data are 

shown on log-log a.\es. Thus, the regression line through the untransformed data appears 

curved. In addition, the line of identity is shown on each plot for comparison purposes. 

The top row of plots shows the predicted values based on the global slope, and the bottom 

based on the appropriate Pammai-

The next value under each heading in Table 1.3 is frange- the percentage of Ppa-dicicd 

values that fell within the 10-fold range around Pobserved- The highlighted values in these 

rows are those that are closest to 1. which indicates that 100% of the Pprcdicted values 

within the allowable range. Figures 1.5. 1.7. 1.9. and 1.11 are visual representations of 

these data. The two horizontal lines on each plot represent the 10-fold range (-0.5 < 

log(Pobs/Ppa-d) < 0.5). and all data falling outside this range are indicated by open circles. 

.As in the previous set of figures, the top row of plots shows the predicted values based on 

the global slope, and the bottom based on the appropriate Pammai-
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The remaining value in Table 1.3 is the root mean squared error, or RMSE; the 

highlighted values in these rows show the values that are closest to 0. the ideal value of 

RMSE. 

The last measure of the goodness of prediction is assessed visually, as shown in 

Figure 1.12. These plots show the cumulative frequency distribution of the percent error 

for the three most commonly utilized experimental animals: rat. dog. and monkey. These 

arc based on predictions using the global slope. Note that in the ca.se of Vd. about 309c of 

the predictions based on the monkey are within 10% error, compared to about lO^c and 

S'Ti of the predictions from rat and dog. respectively. The.se figures indicate that the 

monkey has the lowest errors for the higher percentage of the estimates. To choose 

between Ps;i„hai or Pmonkey as the appropriate slope for making human parameter 

predictions. Figure 1.13 was constructed, showing the cumulative frequency distributions 

of the two data sets. 
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DISCUSSION 

Figure 1.2 demonstrates the validity of the practice of using a single slope to predict 

parameter values in humans. It is interesting to note that despite the differences in the 

structures, the physico-chemical properties, and the pharmacologic actions of the drugs, 

the slopes for CL and V are remarkably similar across the different drugs: in addition, the 

standard deviations listed in Table 1.2 are relatively small. Figure 1.2 indicates that t|/; 

tends to show more variance in the slope values, and the standard deviation of ti/: is 

larger in comparison to the mean value; however, the majority of the lines appear to 

follow the same trend. In addition, tu: is a composite parameter, dependent upon both 

CL and V. and can be calculated using these, apparently more stable, values. 

Both Figure 1.3 and Table 1.2 indicate that the range and the standard deviations 

of the dog-to-human slope values is very large compared to the other animals. This may 

be due to the fact that most of the other species used in e.xperiments tend to be limited to 

one or two strains, whereas the dogs used in e.xperiments are often "mongrels:" mixed 

breed dogs will have widely varying parameter values. 

The highlighted values in Table 1.3 suggest the most predictive of the 

experimental animals. Of the 16 possible "best" values (intercept, slope, fnmge, and 

R.MSE for each parameter), there are 9 highlighted values under the columns for the 

monkey. (If two values are identical in a row. such as in the case of frangc for Vss and Vd 

under the monkey heading, both are noted but counted as a single highlight). With the 

exception of the Vss prediction, it appears that the monkey is generally superior in 

predicting the human parameter values. For Vss. the dog data with the pdog slope applied 
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through it seems to be the best predictor of the human value; however, under the monkey 

heading, the frange value for both slopes (Pgiobai and Pmonkey) iire 100%, indicating that 

despite the deviation from identity, all of the predictions are still within the allowable 

distance from the observed values. For Vd. the smallest RMSE value is actually that 

from the rabbit, based on Prabbii. with a value of 174.78; this value is not shown in the 

table. 

Many of the results in Table 1.3 can be determined strictly by observation of 

Figures 1.4-1.11. For example, although in Figure 1.4 (log predicted vs. log observed 

CL) it appears that the regression line through the dog data is closest to the line of 

identity, it should be noted that this line does not encompass all of the data; below the 

observed human CL value of about 100. the regression y-values become negative, and 

therefore cannot be plotted on log-log axes. For the rat. based on either slope, at high 

observed values the regression line is close to the line of identity, but. despite the y-values 

remaining greater than zero, the regression line deviates significantly at lower observed 

CL values. The monkey regression lines, based on both Pgiobai and Pammai. also tends to 

tollow the line of identity well at high observed CL values, but appears to deviate much 

less than the rat from ideal at low observed CL values. In addition. Figure 1.5 illustrates 

that while a great number of the rat-predicted values fall outside of the acceptable lO-fold 

range, as do several of the dog values, very few of the monkey predicted values do so. 

.A,ll of these observations suggest that the monkey is (comparatively) the best predictor of 

human clearance, which supports the results in Table 1.3. 
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Although overall the monkey was deemed to be the best predictor of human 

pharmacokinetic parameters, the values in Table 1.3 indicated that the human Vss value 

was better predicted by the dog. This is quite apparent in Figure 1.6 which shows that the 

regression line is practically identical to that of the line of identity for the dog; the dog 

clearly is a better predictor of human Vss than either the monkey or the rat, according to 

this plot. In addition, few of the values fall outside the acceptable range for the 

predictions based on the dog, as shown in Figure 1.7; all monkey-predicted values fail 

within the range. Figures 1.8-1.11. which show the same plots for Vd and ti/:. also 

support the conclusions that were based on the values in Table 1.3. 

In Figure 1.12. the cumulative frequency distribution of the error between Pobsc^cd 

and PprcdiciL-d- the percentage of predictions with smaller errors is consistently higher in the 

monkey than in the other two species. Although not as dramatic as Vd. the other 

parameters show the same basic trend, indicating that the predictions based on monkey 

data tend to be more accurate than those based on rat or dog data. The second objective of 

this study was to choose the slope (Pgiobai or Pmonkev) that results in the most accurate 

predictions. There are more highlighted values in the Pmonkey column than the Pgiobai in 

Table 1.3; however, direct comparison of the two columns shows that, with the exception 

of CL. the numbers are quite close. In addition, the cumulative frequency distributions of 

the two data sets, shown in Figure 1.13. do not demonstrate a substantial difference 

between the predictions from the two slopes; the exception again appears to be CL. in 

which the Pmonkey prediction appears to be more accurate than that of the global slope. 
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Thus, one can conclude that for all parameters, the use of pmonkey will provide estimates 

with accuracy greater than or equal to those based on Pgiobai-

However, it should be kept in mind that as allometric studies are performed on 

new compounds and added to the database, the values for each Panimai ^ind Pgiobai will be 

continually updated. Based on Figures 1.2 and 1.3. the regression slopes tend to be fairly 

tight in range, and the addition of new compounds will probably not cause the mean or 

the standard deviation to differ appreciably. Having several animal data points in the 

regression may stabilize the slope, whereas each animal-to-human slope is dependent 

upon only two points; thus, the spread of values is e.xpected to be larger, which is 

supported by the larger standard deviation values of Pammai compared to Pgi„bai for all of 

the parameters. As a result, the Pammai values are more likely to be altered significantly by 

the addition of new information to the databa.se compared to Pgiobai- causing the most 

predictive species and slope to potentially change. Therefore, the use of Pgiobai over pammai 

is suggested, for purposes of stability of the method. 

In summary, the current use of the slope values of 0.75 for CL. 1.0 for V. and 0.25 

for ti/; to compute initial estimates of human parameters is supported by the 

corresponding calculated global p values of 0.699. 0.920. and 0.211. respectively (as 

well as by the Pmonkcy values of 0.77. 0.99. and 0.21). The human pharmacokinetic 

parameter predictions based on the monkey for both Pgiobai and Pmonkey consistently 

showed slopes closest to I. intercepts closest to zero. low RMSE values, and high frange 

values. .Also. Pmonkey performed as well as Pgiobai for predicting the human parameter 
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values. Therefore, based upon analysis of literature data, the most accurate prediction for 

human parameter values is found using the equation: 

P = P 
' human ' monkev 

BW, human 

BW, monkev 

(1.9) 

where use of P= P^iobai i-s suggested. 

It must be understood that although there is great congruence between the global 

slopes and those currently used for making predictions, these results may be skewed by 

••publication bias." In general, the use of 0.75. 1.0. and 0.25 as allometric slopes for CL. 

V. and t|/2. respectively is so well known that when one performs an allometric analysis 

and obtains a slope that is wildly divergent from its "e.xpected" value, the investigator 

might feel that this value is an anomaly, and therefore may choose not to publish these 

results. Based upon this probability, it is almost predictable that the global slopes would 

correspond with the currently used values. 

Si.xty-tlve drugs were used in this analysis, and it is possible that as more data 

become available, the p values, and therefore the most predictive species and slope, may 

differ. However, based on the data that is currently available, there are some future 

studies that may give some insight into the predictability of allometry. Specific species 

are often used to test drugs that affect particular physiologic systems, such as dogs for 

cardiovascular drugs, and swine for GI drugs. It may be of interest, therefore, to separate 

the drugs by their pharmacologic action, and determine if specific animals are more 
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predictive of the human pharmacokinetic parameter value for each of these groups. 

Another possible analysis is to examine unbound intrinsic clearance instead of systemic 

clearance; unbound intrinsic clearance removes the bias in clearance values due to 

binding and blood flow differences between species. Lastly, different strains of each 

species may have been used in the different studies, and perhaps different genders, and 

therefore the variation due to these factors must be investigated. 
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Dru^ Hcf 

M 

spccies 

K li 

* 

l> K 

Clciiruiicc (iiil./iilin) 

a li 

Sic-ud)' stale N'oliiiiie 

(1.) 

a l» 

Apparent N'oliiiiie 
(I-) 

a l» 

liairiifc (mill) 

u 1) 

3TC 1lusscy X .\ I.VI6 0.767 1.00 1.90 ().S4K 0.98 l()().08 0.081 0,60 

5-Muoroiiracil Khor X X 7.()2 0.736 0.99 0.79 0.931 0.9S 1.33 0.775 0.98 125.34 0.045 0.57 

Acivicin Mc(iovrcu X X x X -1.03 0.604 0.9H 0.65 0.942 1.00 1 13.24 0.337 0.95 

ACI'C Chcrovsky X X X X .V44 0.«01 0.99 0.73 0.9K4 1.00 0.S4 0.965 1.00 168.48 0.164 0,97 

Aircntanil llkiw X x 33.70 0.667 0 94 0.76 1.002 0.9S 2.39 ().7«6 0.99 49.22 0.119 0.58 

AiDphotLTicin Kobbfc X X X X 0.9S 0.S43 0.99 3.02 1.047 0.99 4.3S 1.131 0.98 2964.63 0.280 0.62 

Ainsacrinc I'axloii X \ X X 3K.|y 0.460 0.91 3.37 0.812 0.99 3.K4 0.901 0.95 69.74 0.440 0,90 

Azr Paid X X X X 0.463 0.9« 1 (19 1.046 0.99 2.06 0.945 0.97 54.94 -0.018 0.03 

A/trcoMiimC'L Swabb X X X X 4.5H 0.695 0.93 

A/.lrct)nainV Swabb X X X X 0.24 0.910 0.99 

lk)Hcntaii I,avc X X X X I6.-)I 0.542 0.64 

BSI! Mchla X X X 2.13 0.676 0.95 1.56 0.K65 1.00 

CalTcinc lioiiati X X X X (i.2<) 0.739 0.9K 0.79 1.005 1.00 90.70 0.253 0.91 

Caiutoxatrilat Kayo X X X X y..s.s 0664 0.99 

C'arhcnicilliii Kivierc X X 26.98 0.226 1,00 

C'l)4-lg(i Morilciui X X X O.H) 0.737 0.96 (1.06 1.010 0 99 

Ccfa/olin Sawaila X X X X X 4.SI 0.679 0.97 O.IK 0.939 0.99 0.19 0.946 0.98 29.35 0.266 0.93 

C'crnicla/olc Savvaila \ X X X X 12.27 0.595 0.92 0.27 0.N5I 0.9N 0.34 O.Sh'9 0.97 18.98 0.295 0.90 

C'c(bpcra/i>nc SawaJa X X X X X 6.()9 0.571 0.K2 0.23 0.913 0.99 0.36 0.KS9 0.99 37.48 0.318 0.74 

CcfDlclan Savvaila X X X X X (>.32 0 533 0.X5 0.22 0.93« 0.99 0.30 0.KS3 0.99 32.49 0.350 0.86 

Ccfpiramiilc Sawatia X X X X X 4.09 0.404 0.59 0.24 0.K14 0.93 0.2S ().SI6 0.93 47.18 0.412 0.91 

Ccpliapirin Riviere X 21.97 0.135 0.97 

C'hlorjiioina/iiic Sawaila X X 23.44 O.S52 1.00 

CI-921 Paxlon X X X X 15.24 0.5(t7 0.K3 1.22 0.676 0.94 1.77 0.765 0.93 80.71 0.258 0.62 

Cicvitlipim: I'licssoii X X X 307.56 0.5N1 0.93 0.26 1.057 0.93 l.«3 1.091 0.97 4.31 ().2()0 0.48 

CyclospDrinc Saiigalli X X X 5.K0 0.993 0.93 5.54 0.N2.S 0.99 6X1.39 -0.1 76 0.36 

1)A-II3I Kim X X X X 11.43 0.!SI6 0.99 0.19 0.979 0.99 

*Kcy; M (nuuise), R (rat), H (rabtiil), I) (ilog), K (monkey) 
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analy/cd 

l)run Kef 
spccics * Clfuruiicv (iiil./iiiln) 

Sleaily stale N'oliiiiie 

(I-) 

Apparent N'oliiiiic 

(I-) 
Half life (mill) 

M K 1) K a l> 2 
r u 1) a h 

> 

r* a 1) 2 
r 

DiX" Ibrahim X X X I5,4S 0.SI6 o.ys 0.92 0.9XS 0.97 1.76 0.812 0.99 78.88 -0.004 0.00 

Diilasclron Sanwald-Diicray X X X 73.10 0.724 0.94 I5.()9 0.920 0.94 146.37 0.200 0.93 

linprDlyllinc Tsuiiekawa X X X X 6.(11 0.725 0.K5 0.37 l.((4X 0.98 

l-rythromycin Diitlui X X X X .1().K() ().(.5') 0.97 3.71 0.729 0.94 4.01 0.800 0.97 75,47 0.141 0.96 

lab (irene-Lerougc X X X 1.()() O.OS'J 1.00 0.42 0,970 1.00 270,42 0.290 0.99 

K'H221()1 
liniiymiopoulos. 

X X X X 1 1 .()') O.K4.^ 0.96 0.11 1.246 0.98 0.22 1.178 0.97 13,53 0.341 0.76 K'H221()1 
l.overing 

l-idcona/olc Jcvci|iicl X X X 1 22 0.710 1.00 0.77 0.981 1.00 437,45 0.288 0.99 

(lcnlan)ycin Riviere X X X 57,78 0.158 0.72 

G/.Q22.1 (iaili X X h.f>2 0.662 0.8K 0.2S 0.850 0,97 1.1 1 0,815 0.99 116.95 0,162 0.59 

Inlcrl'cron-a Lave X X X X X AiM 0.«07 0.97 0.22 1.040 0.98 0.70 1.024 0.97 117.90 0.217 0.53 

l.amifiban l.ave X X X () IS 0.7S2 0.91 0.30 1.091 0.97 0.42 1.071 0.94 47.30 0,289 0.88 

Ixnurcupt Ricliter X X X X 0.01 O.'J.K) 0.99 O.OS 0.966 1.00 0.09 0.956 1.00 731 1.24 0.020 0.02 

Muloxicain Bu.sch X X X O..VI O.S45 0.84 0.43 1.067 0.91 0.62 0,996 0.83 1249.70 0.151 0.21 

Monogaril Adams,I'gorin X X X •(.•S..U) ().7N4 o.oa 30.52 0.725 (J. 98 51.05 0.646 0,97 781.01 -0.138 0.25 

Mcta/osin l.a|)ka X X X 11.4X 0.2K() 0.94 2.24 0.594 0.97 

Moxalaclain Sawada X X X X X 5.03 0.662 0.99 0.21 0.921 1.00 0.28 0,874 0,99 38.78 0.213 0.91 

MoxiHoxacin Sielert X X X X IS.2S 0.571 0.95 3 49 0.948 0.99 4.61 0,926 0.98 174.71 0.355 0.95 

Naiisagatran l.ave X X X X 52.2'> 0.605 0.K3 0.61 0.905 0.93 1.15 0,970 0.94 15.24 0.366 0.82 

Oleandomycin Dnilui X X X 3().-JS ().()*; 1 1.00 2.X3 0.738 0.98 2.62 0,758 1.00 59.51 0.066 0.56 

I'CI' Owens X X X X 52.14 0.6.17 0.K9 10.38 0,956 0.97 132.03 0.322 0.80 

I'rcdnisohiMC Riviere X X 30.13 0.272 0.74 

Propafenone I'uigdemont X X X X ()(>.7I 0.K66 0.96 4.27 0.935 0.97 4.81 0,945 0.97 49.96 0.078 0.48 

rt'lM Mordcnii X X X 0.64S 0.99 0 05 1.022 0.97 

Relaxin Moidenti X X X X (>.02 0.7'J6 0 99 0.3K 0.915 0.98 

Kcmikircn 
t'oassolo. 

X X X 50.52 ().67.< 0.95 2.55 0.759 0.99 7.83 0.856 0.97 107.36 0.182 0.41 Kcmikircn 
Kleinbloescm 

*Ki:y; M (nu>usu), R (rat), H (rabbit), 1) (dog), K (monkey) 



I'iihlc 1.1 (coiitiiuicil): Tlic s|)L'cics iiscil in cacli slinly, and llic a, b, and r" values oflhe linear regressions lliroiigli log I' vs. log BW are lisied for all drugs 

analyzed. 

DruK Kcl 
spctics* 

M K It l> K 

Clcaraiicc (tiil./iiiiii) 

a h r' 

Steady stale Vuluine 

(1.) 

a l> r' 

Appurvnl Volume 

(I-) 

a li 

Half life (mill) 

a It r' 

RilF VIII Mordcnli X ().16 ().7()« 1.00 0.09 0.858 1.00 0.11 0.883 1.00 451.71 0.176 0.99 

rh(ill Mordenii X X 6.S3 0.709 099 0.11 0.839 1.00 
Ro 25-6«33 Rieliler X X X 1.()() 0.934 0.«9 0.16 0.987 0.98 103.63 0.070 0.09 

ri-l'A Mordenii X X X X X lf).S.5 0.«38 0.99 0,18 0.839 0.98 
Sth3'l3.|3 I'luinig X X X X X 13.S3 0.790 0.94 0.21 1.059 1,00 0.33 1.083 0.99 16.66 0.293 0.81 
Sildenafil Walker X X X 27.72 0.659 1.00 1.54 1.104 0.97 41.71 0.435 0.74 

SK&F l()7647 Brocks X X 7.23 0.629 0.96 0.27 0.9()0 1.00 0.31 0.938 1.00 29.83 0.309 0.90 
Siiiiialriptan t'osson X X X 32.36 0844 0.97 2,75 0,917 0.98 3.63 0.944 0.98 77.78 0.100 0.76 
'rebufelone C'ru/e X X X 30.86 0.790 0.96 22,80 1.236 0.95 511.30 0.447 0.79 
Teiracyeline Riviere X 168.07 0.249 0.97 
rhcophylline (iaspari X X X 1.K9 0.810 0.95 0.72 1.005 0.98 271.78 0.196 0.65 
'I'oleapone l.ave X X X 7.23 0.646 0.92 0.22 0.882 0.99 0.45 0.824 0.96 42.65 0.178 0.86 

'I'rospeclomyein Nieiiois X X X 2.41 (1.914 0.98 

*Key: M (nuiiise), R (ral), B (rabbil), D (dog), K (monkey) 



I'ablc 1.2: Mean and standard deviations ol" the regression slopes ((5)^i„iui) ;ind the aniinal-to-luinian 

slopes (|ia„im.ii)- • he niiniber in parentheses at the heading of each eolunin is the commonly used slope 

value I'or making initial prediciiotis Tor ihc human para;iielcr values. 

CLs (0.75) Vss (1.0) Vd (1.0) tl/2 (0.25) 

A- 0.699 ± 0.14 0.920 ± 0.13 0.930 ± 0.12 0.211 ± 0.14 

Pinousc 

Pral 

Pruliliil 

Pdoj! 

Pnioiikfy 

0.679 ± 

0.664 ± 

0.598 ± 

0.564 i 

0.796 ± 

0.14 

0.19 

0.25 

0.47 

0.21 

0.886 

0.881 

0.929 

0.816 

1.002 

± 

± 

± 

± 

± 

0.12 

0.17 

0.23 

0.33 

0.19 

0.908 

0.911 

0.902 

0.788 

0.988 

± 

± 

± 

± 

± 

0.11 
0.13 

0.24 

0.43 

0.20 

0.214 

0.224 

0.283 

0.281 

0.209 

± 

± 

± 

± 

± 

0.13 

0.17 

0.18 

0.40 

0.20 



Table 1.3: Measures of the gDociness dI" precliclinii of llie alU)nielric nielhod. Only the rat, dog, and 
monkey values are shown, for the sake of simplicity. The llrst column under each animal heading 

describes the human parameter values estimated using equation 1.6, with b ^ whereas the second 

represents b -

R A P  DOG MONKliY 
CLs {jlohal CLs animal CLs global CLs animal CLs global Cl.s animal 

•'intercept 73.4ii intercept 58.84 intercept -89.20 inlercept -69.81 inlercept -2.01 intercept 1.23 
"slope 1.08 slope 0.89 slope 1.64 slope 1.30 slope 0.87 slope 1 . 1 1  

11 2 
Y 0.52 

"> 

r" 0.52 
•) 

r" 0.50 r" 0.50 
") 

r" 0.57 
T 

r" 0.58 
b(. 0.73 0.72 'laiiyc 0.83 'i.ingc 0.85 'laiiBC 0.94 'laiigc 0.97 

'RMSli 482.29 RMSU 390.68 RMSli 91 1.54 RMSli 686.59 RMSli 330.76 RMSli 416.25 

Vss global Vss animal Vss global Vss animal Vss global Vss animal 
•'intercept 24.77 intercept 20.12 intercept 6.20 intercept 4.20 intercept -23.75 inlercept -28.73 

•'slope 1.44 slope 1 . 1 4  slope 1 . 1 3  slope 0.96 slope 2.00 slope 2.48 
it 2 
r 0.71 

"> 

r' 0.71 
•> 

r" 0.88 r" 0.88 
") 

r" 0.99 
•) 

r" 0.99 
b,. 
' range 0.80 'raiiyc 0.76 ^ ranj-'L' 0.94 'liiiiBf 0.94 'laiigc i.OO 'lanyc 1.00 

" R M S H  \ 2 2 A 1  RMSli 87.23 RMSli 73.64 RMSli 59.63 RMSli 143.13 RMSli 210.79 

'' Intercept, slope, and r* value of the linear regression through i',,iciiKiai 

Highlighted values indicate intercepts and slopes closest to 0 and I, respectively. 

'' I'ercentage of values that fell within the lO-fold range around 

Highlighted values indicate values closest to 1. 

Root mean squared error. Ilighlighled values indicate RMSH values closest to 0. 



I able 1.3 (conlinucd); Mca.siircs of ihc goodness oi" prediction of the alU)nietric method. Only the rat, 

dog, and n)onkey values are shown, for the sake of simplicity. The first column under each animal 

heading describes the human parameter values estimated using equation 1.6, with b - whereas the 

second represents b - (i,iiimai-

RAT DOG MONKEY 
Vd global Vd animal Vd global Vd animal Vd global Vd animal 

•'intercept 83.61 intercept 75.03 intercept -69.82 intercept -53.00 intercept -22.63 intercept -27.03 

•'slope 0.34 slope 0.30 slope 1.80 slope 1.40 slope 1.53 slope 1.79 
ii 2 
r 0.29 

7 
r" 0.29 

7 
r' 0.78 

1 
r* 0.78 r" 0.95 !•- 0.95 

'•f 'riiiiKC 0.82 0.82 'range 0.90 'range 0.93 'range 1.00 ' range '-00 

'RMSli 297.69 RMSli 297.18 RMSli 518.17 RMSh 341.63 RMSli 299.48 RMSli 420.47 

t,/2 animal (i/2 global t|/2 animal <1/2 global t|/2 animal 

•'intercept 608.31 intercept 645.38 intercept 263.17 intercept 299.20 intercept -84.02 intercept -82.29 

•'slope 0.64 slope 0.68 slope 0.44 slope 0.48 slope 1.43 slope 1.41 
u 2 
r 0.23 r" 0.23 

•) 

r" 0.71 r" 0.70 
•> 

r" 0.98 r" 0.98 
h,. 0.85 'taiigf 0.83 'range 0.91 'range 0.95 'range 0.96 'range 0.96 

'RMSli 4171.25 RMSL 4370.89 RMSl£ 2263.06 RMSli 2182.97 RMSli 902.29 RMSli 866.79 

''hiterecpt, slope, and r* value of the linear regression through vs. I'oi.^cno.i-

Highlighted values indicate intercepts and slopes closest to 0 and 1, respectively. 

' Percentage values that fell within the 10-fold range around 

Highlighted values indicate f,„„j,^. values closest to 1. 

Root mean squared error. Highlighted values indicate RMSH values clo.sest to 0. 
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Figure 1.3: Box and whisker plots illustrating the distribution of the regression 

slopes and animal-to-human slopes for all drugs. The boxes indicate the 25th and 

75th percentiles of the data. A solid line inside the box marks the median, the 
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A: CL. B: Vd. C: Vss. D; t„2 

Key: G (regression slopes). M (mouse). R (rat). B (rabbit). D (dog). K (monkey) 
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Chapter 2 

Allometric Analysis of Organ Extraction Ratios 

INTRODUCTION 

Experimental determination of the organ extraction ratio (ER) of a substrate requires 

direct measurement of concentrations across an eliminating organ, usually at steady-state. 

Measuring the difference between incoming (arterial) and outflowing (venous) 

concentrations requires considerable experimental effort if conducted in the anesthetized 

living animal. Alternatively, a perfused organ system (e.g.. liver or kidney) may be used; 

however, since such experiments are usually conducted in rats, experimentally 

determined ER values are available only for this species. For all other species, including 

humans, the ER must be e.stimated by calculation. The two most frequently applied 

methods for calculating the ER require knowledge of organ blood clearance (CD or 

intrinsic organ blood clearance (CLINT )  ^ IND estimates of organ blood flow (Q).  

ER= — 
Q 

(2.1) 

(2.2) 
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Because ER is rarely experimentally measured in more than one species, there are limited 

data upon which to establish a relationship between ER and animal weight. Using 

ullometric scaling principles to estimate ER and CLINT values across species could be 

used to develop physiologically-based pharmacokinetic models and to extrapolate animal 

data during early stages of drug development. The purpose of this chapter is to examine 

the expected allometric relationship for ER and to provide evidence in support of the 

theoretical prediction. 

Organ clearance hepatic or renal) for a wide variety of drugs has been shown 

to scale with animal body weight according to the basic allometric relationship. 

where W is body weight (kg) and a and b are the coefficient and exponent, respectively, 

determined from a plot of log CL vs. log W. Organ blood flow has also been shown to 

scale to the same relationship. It follows, therefore, that ER. which is the ratio of CL to 

Q. can be expressed as: 

CL=aW^ (2.3)  

ER= ^ 
CL a,W^'-

a-i 
(2.4)  

Q a.w": 
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In general, it has been noted for many drugs that the allometric parameter. b|, for 

clearance is approximately equal to the corresponding value for blood flow. bj. In this 

situation. bi equals b:. so b? equals zero, and therefore ER equals a constant, a^ As a 

consequence, on the basis of the allometric relationships for CL and Q. ER should bear 

no relationship with body weight across species; that is. ER is expected to be a constant 

for all species. 

Figure 2.1 illustrates the type of plot most often prepared for allometric analysis of 

a pharmacokinetic parameter. The upper and lower lines represent blood flow and hepatic 

blood clearance, respectively, for a given drug. Based upon the above discussion, the two 

lines should be approximately parallel since they are expected to have the same slope (the 

allometric exponents bi and b: are equal). The intercepts are seen at a body weight value 

of 1.0. denoted in Figure 2.1 as ai and a^. Ba.sed upon the above analysis, the ratio of the 

intercepts (ai/a:) is equal to ER (i.e.. a?). 
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METHODS 

The only acceptable approach to testing this proposal is to analyze ER values that were 

experimentally measured {i.e., not derived from equation 2.1 or 2.2). As noted above, 

there are few such studies which have used different animal species. The only studies that 

we are aware of are those which have examined propranolol pharmacokinetics (Evans et 

AI. 1973). The measured hepatic clearance (CLH) and extraction ratio (ERHJ for 

propranolol were presented for four animal species in the Evans et al. {1973) study, along 

with the corresponding body weights. Hepatic blood tlow. measured in several species, 

was obtained from the literature (Bo.xenbaum. 1980). The values of each of these 

parameters (CLH- ERH. QH) are listed in Table 2.1. When ER was calculated from the 

measured clearance and blood flow, however, the calculated values for extraction ratio 

were approximately 307c lower than the measured, as shown in Table 2.2. The reason for 

this discrepancy is that the use of QH from the literature was not appropriate, since 

propranolol and other ^-adrenergic blocking agents have been shown to reduce hepatic 

blood tlow by 20-30% (Nies et al.. 1973: Routledge and Shand. 1979). Thus, the 

reported hepatic blood tlow values were corrected downward by 28.9% (the average 

percentage difference between actual and calculated QH for all species). The corrected 

values for QH are listed in Table 2.3.. along with the resultant calculated values for ERH; 

note the calculated values are in very good agreement with the experimental 

measurements (3 '^ ' '  column). Allometric analyses were performed on the measured CLH 

and ERH in Table 2.1.  and the corrected QH in table 2.3.  
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RESULTS 

Figure 2.1 illustrates the allometric plot of propranolol hepatic blood clearance and 

hepatic blood tlow for the four species, and Figure 2.2 shows the same plot for extraction 

ratio. The lines represent the linear regression fit to the data, used to determine the a and 

b values, according to equation 2.4. Table 2.4 lists the allometric parameter values for 

these parameters. 

As equation 2.4 shows, it is e.xpected that a,-,, the a-value for ERH. should be 

approximately equal to ai/a^. the ratio of the CLH and QH a-values. The a-value for ERH, 

0.781. is indeed identical to the ratio. 0.773. This value is also approximately equal to the 

average measured ERH (0.807). In addition, the exponents (b-values) for CLH ^ind QH are 

virtually identical and that for ERH is essentially zero. 
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DISCUSSION 

The ERH value for propranolol in the monkey (0.46) is considerably lower than those 

determined in other species (Table 2.1). This comparatively lower value has been noted 

by Xies er. al. (1973). who conducted the study in monkeys, but there is no obvious 

explanation for its occurrence. However, despite this difference, the calculated ERH 

value for the monkey is essentially identical to its measured value, as seen in Table 2.3. 

Furthermore, even though the monkey represents one of four points in the allometric 

linear regression, and. therefore, influences the slope of the line, the b-, value is identical 

tn zero; this is shown in Table 2.4 and also in Figure 2.2. 

An important point to recognize about the relationship developed above is that, if 

the ER of a clearing organ is constant across species, one has a basis for estimating the 

intrinsic clearance of that organ in a particular species. Using the value for ER and the 

blood now value corresponding to that organ in the species of interest, rearrangement of 

equation 2.2 will allow estimation of intrinsic clearance. 

The practical applicability of this approach for estimation of ER in humans, for 

example, will depend upon how well behaved the allometric relationship is for clearance. 

There are compounds such as diazepam (Boxenbaum and DiLea. 1995) where human 

clearance displays substantial vertical allometry. This occurs when the human value for 

clearance is lower than the predicted allometric line for all other species. In that instance, 

a large overestimate of ER would be obtained. 

In principle, the theoretical relationship noted here between CL and Q will apply 

to all organ clearing mechanisms and corresponding organ blood flows. As a 
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consequence, and as noted above for hepatic extraction ratio, an organ extraction 

ratio for a given compound should be essentially constant for all species. Although 

these propranolol data present compelling evidence to support ER being constant across 

species, this compound may not represent the best test of our hypothesis. Propranolol has 

a high hepatic clearance, and. therefore, clearance is expected to be rate-limited by 

hepatic blood tlow. Thus, it is predictable that these two parameters will scale similarly. 

A less biased test would therefore be with compounds that have a low organ extraction 

ratio. However, there are currently no available data, to our knowledge, to further test our 

proposal. 
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Table 2.1: Measured hepatic clearance and extraction ratio of propranolol, and 

measured hepatic blood flow, for several species 

Species 
Weight 

(kg) 
CLH 

(mL/min) ERH 
QH 

(mL/min) 

Rat 0.275 9.08 0.97 13.2 

Dog 13 390 0.90 230 

Monlcey 4.6 69 0.46 559 

Human 70 980 0.90 1540 



Table 2.2: Measured vs. calculated hepatic e.xtraction ratio 

Species 
Measured 

ERH 
''Calculated 

ERH 
error 

Rat 0.97 0.69 29.08 

Dog 0.90 0.70 22.48 

Monkey 0.46 0.30 34.78 

Human 0.90 0.64 29.29 

average = 28.91 

ERH.calculaled - CLh/Qh 
error = (ERnieisured"ER,.-aiculalcd)/ERmcasun;d 



Table 2.3: Measured vs. calculated hepatic extraction ratio after 

correcting hepatic blood flow for the effects of propranolol 

Species 
''Corrected 

QH 
(mL/min) 

Measured 
ERH 

^Calculated 
ERH error 

Rat 9.4 0.97 0.97 0.42 

Dog 397 0.90 0.98 -9.15 

Monkey 164 0.46 0.42 8.54 

Human 1095 0.90 0.89 0.56 

average = 0.09 

' QH.a.raxiai = QH.inca.'.urcd Corrected downwards by 28.9% 

ERH.calculatcd = CLh/Qh .corrcctcd 
'̂ c error = (ER|iieasun:d"ERcalculaied)''ERniea!iun:tl 



Table 2.4: Allometric parameter values for propranolol 

CLH QH (corrected) ERH 
(mL/min) (mL/min) (measured) 

a 26.61 34.44 0.781 

b 0.875 0.874 -0.004 

r" 0.97 0.98 0.0008 
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Figure 2.1. Log-log plot of hepatic blood clearance (CLh •—) of propranolol 

and corrected hepatic blood flow (QH —) for four animal species as a 

function of body weight. The lines represent the linear regression analyses of 

the data. The intercept for each line, determined where W=l. is shown as ai 

(for CLH) JIND a: (for QH). The equations of the regression lines are: CLH = 

26.607W"^'- (r- = 0.972): QH,corT,:>:ted = 34.435W"(r" = 0.985). 



66 

10 r 

1 -

cr 

LU 

0.1 

0.01 0.1 1 10 100 

Body weight (kg) 

Figure 2.2: Log-log plot of hepatic extraction ratio (ERH A—) of 

propranolol for four animal species as a function of body weight. The 

equation of the regression line is: ERH = 0.781W 
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Chapter 3: 

Allometric Analyses of the Disposition Parameters of Cocaine 

INTRODUCTION 

Cocaine is one of the most widely abused daigs in the world. It produces a number of 

pharmacological responses, which will be discussed in greater detail in subsequent 

chapters, that include sympathomimetic, cardiovascular, and central nervous system 

effects. Cocaine is al.so both hepato- and cardiotoxic. especially when co-administered 

with ethanol. and it is responsible for a number of drug-related deaths. Due to the 

prevalence of cocaine abuse, it is of interest to fully understand both the physiological 

effects, as well as the pharmacokinetics, of this drug. 

To our knowledge, only one other drug of abuse. PCP (Owens el a/., 1987) has 

ever been shown to scale with body weight. An important implication of understanding 

these allometric relationships is the ability to predict human pharmacokinetic parameters 

based upon body weight, and possibly to use this information to approximate the 

concentration-time profile after a specific dose. Perhaps this could be useful in 

extrapolating back to the time of an arrest or a drug-related incident, to estimate the 

concentration of drug in the person's system at the time. Because much is known about 

the relationship between cocaine concentration and its pharmacological effect, an 

estimate of the person's capability (or lack thereof) at the time of the incident may be 

estimated. 



Allometric analyses are beginning to be used more and more often to estimate 

human pharmacokinetic parameters from measured animal data. As more retrospective 

allometric studies on pharmaceutical compounds, both legal and illegal, are performed 

and shown to be successful in predicting human pharmacokinetic parameters, this helps 

support the use of allometrv by researchers in the pharmaceutical industry. During the 

drug screening process, these researchers use the human predictions to reject or accept a 

candidate drug; alternatively, allometry can be used in the clinical area to e.stimate the 

most appropriate first time dose in humans. Allometry can be a powerful tool, and each 

study that evaluates its strengths or its shortcomings will be useful. 

In the method of allometry. the parameter. P (e.g.. clearance, half life, or volume) 

tor a specific drug is plotted vs. body weight. BW. on a log-log scale for several species, 

and a regression line is fitted through the data. The y-intercept and slope of this line are 

represented by the a and b values, respectively, in the empirical allometric equation: 

P=a•BW^ (3.1) 

where BW is in kilograms. 

This study is the first to show that cocaine pharmacokinetic parameters can be 

ailometrically scaled, and. human parameter value estimates can be made with relatively 

aood accuracv. 
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METHODS 

The literature was exhaustively searched for studies in which cocaine plasma 

concentrations were measured in any species, including human, after an intravenous (FV) 

bolus dose. Twenty-seven such studies were found, encompassing several species (rat, 

dog. sheep, pig. and human). An exception to the IV bolus dosing requirement was made 

in order to increase the number of species in the allometric analysis, however, a single 

study was found in which cocaine was administered to rhesus monkeys, via the 

intramuscular (IM) route. It was assumed, for the purpose of this analysis, that the IM 

dose was lOO'/r bioavailable. and thus the clearance and volume resulting from these data 

would be identical to those following an FV bolus dose. 

The parameter values of interest for this allometric analysis were clearance (CL). 

apparent volume of distribution (Vd). steady state volume of distribution (Vss), and half-

life (ii/:). These values were collected into a data base using Microsoft Excel and units 

were standardized to LVhr for CL, L for Vd and Vss. and min for ti/;. Some of the authors 

of the cocaine studies performed a pharmacokinetic analysis on their data, and the 

parameter values were listed. Those studies that did not contain the pharmacokinetic 

parameters either displayed the data in tabular or in graphical form. If data were only 

given graphically, concentration-time plots were scanned and the data. recovered by 

computer digitization (Mayersohn and Tannenbaum. 1998). The concentration-lime data 

from the studies were analyzed using the noncompartmental analysis module of 

WinNonlin to find values of the pharmacokinetic parameters, which were then added to 

the database. 



Generally, allometric analyses are performed using one data point per species. 

Because there were several species in which multiple cocaine studies were found, the 

data were "summarized" in two ways. First, a weighted average was determined for 

each species; each mean parameter value was multiplied by the number of subjects in 

that study. The weighted parameters for all studies in a particular species were summed, 

and then divided by the total of all subjects of that species studied. The weighted 

average is represented by the following equation: 

I ( n - P )  

Pi.wciehted = ' _ l?-2) 
In 

I 

where P represents the pharmacokinetic parameter (CL. Vd. Vss. tu:). n is the number of 

subjects used in each study, and i represents the species of interest. In addition to 

calculating the weighted average for each species and each parameter, the median 

parameter values for each species were also determined. 

Prior studies in our laboratory (Pak and Mayersohn. unpublished) have shown that 

use of median values for allometric analyses tend to provide better predictions of the 

human parameter values than the arithmetic or weighted means. Medians are calculated 

based on a single (mean) parameter value for each study: all studies for a particular 

species are grouped, and the median parameter value is determined. Thus, similar to the 

weighted mean calculation, there will be a single parameter value per species. Results 

from both the weighted mean and the median were examined in this study, and it was 
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found that the median provides better predictions than the weighted mean (results for the 

weighted mean not shown). Each median parameter was then plotted versus body weight 

on a log-log scale for all species. A linear regression was performed through the data to 

find the allometric parameters, a and b. 

These allometric parameter values, especially the slope (b-value) can be used to 

make corrections to concentration-time data in order to make observations about drug 

disposition between species. Naturally, one would expect that if concentration-time data 

following an IV bolus dose were plotted for several studies, in multiple species, without 

any correction for dose, weight, or physiological differences affecting drug disposition, 

that there would be little to no consistency among the data sets. Dedrick plots 

(Boxenbaum and Ronfeld. 1983) are meant to compress the scatter of these 

concentration-time data from individual studies from a number of different species. The 

"simple Dedrick plot" is constructed by dividing the concentration values for each study 

by the weight-corrected dose (mg/kg). This procedure compresses the data along the y-

axis. and does allow for more consistency among studies within the same species. 

However, this plot does not account for differences in drug disposition. 

Because data must be collected for 4-6 half lives in order to fully characterize 

drug disposition, those species with a shorter half-life will be compressed into the left 

side of the graph, whereas only those with a longer half-life will be more represented at 

the later times. Dedrick suggested correcting the time values by dividing time by 

weight, raised to the power of (bvu - bcL). vvhere these b-values are the values of the 

allometric slopes for Vd and CL. respectively. Note that because ti/a is a ratio between 



Vd and CL (specifically, equal to 0.693-Vd/CL). that the b-value for ti/2 should be 

approximately equal to (bvd - bcJ: thus, time is being corrected for differences in half-

life between the species. In addition, rather than simply dividing concentration by dose 

per weight, the correction factor is changed to dose per weight to the power of bvj. This 

procedure appears to correct for differences in drug distribution between species. When 

adjusted concentrations are plotted versus adjusted time, this plot is called a "complex 

Dedrick plot." Those studies which provided concentration-time data in graphical or 

tabular form were used to create the three plots described above. Data for the sheep 

could not be included as raw data were difficult to recover, and the monkey study was 

not included because, although the concentration-time data were available, the dose was 

administered via the IM route, not by an [V bolus. Table 3.1 summarizes the correction 

factors used to create each of the three plots. 
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RESULTS 

Table 3.2 summarizes the pharmacokinetic parameter data obtained from the published 

literature. Studies that are cited multiple times (such as Boni et al.. 1991) gave more than 

one dose of cocaine to the study subjects: the concentration-time data for each dose was 

analyzed separately to obtain the pharmacokinetic parameters. These data were used to 

tlnd the weighted average and median parameter values, listed in Tables 3.3 and 3.4. 

respectively. The median values were then used to perform the allometric analyses. 

The allometric analyses of CL. Vd. Vss. and ti/; are represented in Figures 3.1 

through 3.4. respectively. In each plot, the solid symbols represent the experimental 

animals used in the allometric analysis. Becau.se one of the purposes of allometric scaling 

is to predict human pharmacokinetic parameters, the human value, represented by the 

open circle, was not u.sed in the analysis. However, the human value is shown on the plot 

in order to assess how well the linear regression through the animal data would predict 

this human value. This can be determined by obser\'ing how close the line, representing 

the linear regression, comes to the human data point. 

There are three allometric plots per page. The left-most plot represents the linear 

regression using all animal species (rat. dog, pig. sheep, monkey). The center plot shows 

this same analysis with the sheep removed, and the right plot shows the data with the pig 

removed as well. The center and right plots were constructed due to some questionable 

data values obtained from these two species. Removal of the sheep improved the human 

predictions quite significantly for CL and ti/:, and only slightly for the volumes (Vd and 

Vss). thus, the final analyses were performed without the sheep: further rationale for the 
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removal of this species will be presented in the subsequent discussion section. As for the 

pig data, it was observed that for CL. the removal of the pig decreased the percent error 

between observed and predicted human values by approximately one-half. Although it is 

difficult to see in Figure 3.1. due to the compressed nature of a log-log scale, the 

prediction does improve dramatically: in fact, the regression line goes directly through the 

human data point after removal of the pig. For the other parameters, however, the pig did 

contribute to the goodness of prediction of the human parameter value. Indeed, 

comparison of the center (with pig) vs. the right hand (without pig) plots in Figures 3.2-

3.4 show that removing the pig pulls the regression line further away from the human data 

point. Based upon these data, the a. b. and r" values for the allometric linear regressions 

are listed in Table 3.5. 

Figures 3.5-3.7 display the uncorrected, simple, and complex Dedrick plots, 

respectively. These plots are shown on the same scale in order to assess how well each 

subsequent correction compressed the data. 
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DISCUSSION 

It is encouraging to find that the species that predict the human CL for cocaine most 

accurately are those species most commonly used in pharmacokinetic studies (rat. dog. 

and monkey). The pig is also beginning to be appreciated for its similarities to humans 

in terms of most body systems, and the use of this animal as an experimental animal is 

becoming more common. 

Figures 3.1-3.4 display the allometric analyses of CL. Vd. Vss. and ti/:. 

respectively. Data for all species were used on the left-most plot, followed by the 

removal of the sheep, and then the pig. in the subsequent two plots. Although it can be 

observed that removal of the pig and sheep for CL. and of the sheep for Vd. Vss. and 

ti/:. improve the human predictions, as indicated in the figures, there must be a 

physiological basis for deleting these data from the analysis. 

Although the sheep weighs slightly more than one-half of the human, the CL is 

over 7-times greater, and the volume terms are approximately the same, causing the t|/2 to 

be significantly smaller than expected. It should be noted that the mean weight of the 

sheep is quite small for an adult, indicating that the animals used in this study might be 

juveniles, and parameter values might therefore be different than for adult sheep. Khan et 

ill. (1987) commented upon the pharmacokinetic parameter values found in the sheep and 

the fact that the sheep is likely to be an inappropriate model for examining the disposition 

of cocaine. The CL of cocaine in the sheep exceeded the cardiac output by 4-fold, which 

is not something seen in other animal models. This finding suggests that there may be 

lung or blood clearance occurring in addition to the hepatic and renal pathways. Kahn's 
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group then did an in vitro experiment to test cocaine blood clearance. The results of this 

experiment indicated that blood clearance is quite low. suggesting that, therefore, 

pulmonarv' clearance contributes significantly to the very high clearance value. Thus, 

because of the physiological differences between the sheep and other animals, it is 

appropriate to remove these data from the allometric analysis. 

Interestingly, one of the body systems in which the swine is similar to humans is 

hepatic metabolism, which leads to the question: why does the inclusion of the pig to the 

allometric analysis for CL cau.se predictions to become worse, rather than better? After 

all. cocaine is primarily removed from the body via hepatic metabolism, and only a very 

small percentage is excreted in the urine in unchanged form. Perhaps the explanation for 

this has to do with the size of the animal (approximately 26 kg). The publication from 

which the data were obtained (Kambam et ai. 1992) did not include the strain or age of 

pigs used in the study. We therefore concluded that, most likely, farm animals were used, 

rather than mini- or micro-pigs which are bred for experimental work and tend to be 

comparatively small. If farm animals were used, then the mean weight of 26 kg indicates 

that these pigs were not fully grown; adult farm pigs can weigh more than 300 kg. The 

CL value for the pig is only slightly larger than that of the human; however, the body 

weight of the human is almost 3 times that of the pig. It is possible, therefore, that the 

enzymes are close to adult levels in the juvenile pig. leading to a considerably larger than 

expected CL value for an animal that size. The volume terms tend to correspond well 

with the body weight, however, and are expected to rise accordingly as the animal 
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becomes larger and body fat increases, causing distribution of the relatively lipophilic 

drug out of the plasma. 

The allometric analyses were completed with the appropriate set of species data, 

and the parameter values are shown in Table 3.5. The regression slopes, or b-values. are 

less than the commonly used values of 0.75. 1.0. and 0.25 for CL. V. and ti/2. 

respectively (see Chapter I). It should be noted that removal of the pig from the 

allometric relationship for ti/; increases the slope from 0.11 to 0.24; despite the fact that 

inclusion of the pig improves the prediction of the human ti/:. it may be appropriate to 

remove the pig from the t|/2 analysis, simply because tm is a ratio of V and CL. and CL 

for the pig was a incongruent value. 

The b-values for CL and V were used in constructing the Dedrick plots, shown in 

Figures 3.5-3.7. The uncorrected plot in Figure 3.5. as expected, shows a wide scatter of 

data along both the y- and the x-a.\es. Even among individual species, the data do not 

superimpose, likely because doses varied (0.22 to 1.72 mg/kg for human studies. 0.15 to 

5.24 mg/kg for rat studies, and 1-9 mg/kg for dog studies). Especially for the rat. with an 

almost 35-fold difference between the high and the low doses, a similar wide range in 

resultant concentrations is expected. Dividing the concentrations by the weight-corrected 

dose does improve the concentration ranges, as shown in Figure 3.6. and in fact, seems to 

compress the rat data quite efficiently (represented by the triangle symbol). Dog data 

tends to remain quite scattered, perhaps due to the fact that mongrel dogs were used in the 

studies; thus, clearance may not be consistent among these mixed-breed animals. 

Although correction by dose does not cause the human data to superimpose, it does form 
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a band with a relatively consistent terminal slope. The differences in half-life between 

the species, however, continues to spread the data over a long time range, and in a 

somewhat triangular shape. 

Figure 3.7. the complex Dedrick plot, shows the data after correction for 

disposition. Surprisingly, the data are quite nicely compressed, and it appears that the 

terminal slopes of these data are fairly consistent. These results greatly increa.se the 

confidence in the allometric analyses performed in this study, and indicate that cocaine is 

another compound for which interspecies scaling is appropriate. Indeed, this study lends 

further support to the u.se of allometric scaling for making initial predictions of 

disposition parameters in humans ba.sed upon animal data. 
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Table 3.1: Summary of correction factors^ used in Dedrick plots 

Plot 1 (Uncorrected C-t plot) 

Plot 2 (Simple Dedrick plot) 

Plot 3 (Complex Dedrick plot)^ 

Concentration Time 

correction factor correction factor 

none none 

DAV none 

•'Concentration and time values are divided by the corresponding correction factor 

and bcL are the allometric slopes for Vd and CL. respectively 
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Table 3.2: Summar\' of cocaine pharmacokinetic parameters collected from the literature 

Ref n'' Species wt (kg) CL(Lhr) V(L) Vss (L) Ti 2 (min) 

Boni 91 2 Rat 0.168 2.35 4.94 2.88 87.60 

Boni 91 3 Rat 0.168 2.66 5.07 2.65 79.20 

Booze 97 7 Rat 0.309 3.78 1.21 1.02 13.30 

Booze 97 8 Rat 0.325 3.92 1.23 1.04 13.00 

Booze 97 7 Rat 0.340 3.98 1.15 0.95 12.00 

Kim 97 4 Rat 0.278 2.58 1.70 1.05 29.00 

Kim 97 4 Rat 0.282 2.40 2.10 0.87 32.00 

Lau 99 4 Rat 0.382 3.00 1.76 0.88 24.40 

Levine 94 6 Rat 0.163 1.24 0.58 0.43 19.43 

Ma 99 4 Rat 0.381 3.13 1.87 1.36 24.80 

.Vfets 99 7 Rat 0.395 3.74 2.74 30.48 

Mets 99 7 Rat 0.406 3.78 2.95 2.13 32.52 
N'ayak 76 J Rat 0.135 2.00 1.54 1.00 32.01 

Noblietti 94 4 Rat 0.375 4.41 1.35 3.14 12.70 

Pan 91 5 Rat 0.313 1.98 0.90 0.53 18.99 

Pan 9iS 6 Rat 0.325 2.38 1.57 0.84 27.40 

Garrett 94 1 Dog 25.00 86.46 115.00 55.40 

Hayes 91 2 Dog 25.60 27.80 100.18 83.11 149.85 

Hayes 91 1 Dog 25.60 46.62 151.86 103.27 135.46 

Hayes 91 7 Dog 25.60 18.70 92.97 69.45 206.76 

Hayes 91 2 Dog 25.60 30.87 72.83 46.89 98.12 

.\lisra 76 3 Dog 16.00 51.06 56.40 42.50 46.00 

Parker 96 6 Dog 17.50 49.53 55.08 29.53 46.26 

Parker 98 7 Dog 17.50 67.38 43.30 30.93 26.73 

Khan 87 6 Sheep 41.33 775.06 159.27 145.87 8.58 

Khan 87 6 Sheep 41.33 844.24 197.25 185.94 10.23 

Khan 87 6 Sheep 41.33 514.65 129.30 98.48 10.34 

Kambam 92 4 Pig 25.75 122.40 71.21 76.41 24.19 

Lamas 95 6 Monkey 6.30 35.07 30.81 44.74 

Bamett 81 3 Human 73.67 118.86 127.76 127.76 45.79 

Chow 85 5 Human 66.88 125.77 143.01 131.84 44.76 

Cone 88 5 Human 68.30 141.54 114.60 110.63 32.50 

Cone 88 5 Human 68.30 122.52 111.20 109.91 37.30 

Cone 95 4 Human 77.68 117.60 198.56 164.12 69.28 

Hart 00 6 Human 70.00 79.25 162.17 156.97 85.11 

Hart 00 6 Human 70.00 72.62 172.95 131.43 99.05 

Javaid 83 4 Human 70.00 147.11 160.67 35.34 

Jeffcoat 89 8 Human 75.70 98.39 233.00 169.30 98.46 

Perez-Reves 94 6 Human 66.70 60.57 146.35 100.49 

•'Number of subjects per study 



Table 3.3: Weighted average values oCcoeaine pharniaeokinetie 
parameters for eaeh speeies 

Species wt (kg) C'L (L/hr) V(L) Vss(L) ti/2 (niin) 

Rat 0.31 3.10 1.83 1.35 25.91 

Dog 19.99 50.41 66.73 44.49 70.96 

Sheep 41.33 775.06 159.27 145.87 10.23 

Pig 25.75 122.40 71.21 76.41 24.19 

Monkey 6.30 35.07 30.81 44.74 

liumun 71.34 103.56 171.35 144.82 73.53 



Table 3.4: Median values of cocaine pharmacokinetic parameters for 
each spccies 

Species wt (kg) CL(L/hr) V(L) Vss(L) t|/2 (min) 

Ral 0.32 2.83 1.64 1.03 26.10 

Dog 25.30 48.07 82.90 46.89 76.76 

Sheep 41.33 775.06 159.27 145.87 10.23 

Monkey 6.30 35.07 30.81 44.74 

Pig 25.75 122.40 71.21 76.4! 24.19 

Human 70.00 118.23 153.51 131.63 57.54 

CO 
I o 



Tabic 3.5; Allomctric parameter values ofcocaine, based on median 
parameter values 

"CL (L/hr) "V(L) 'Vss (L) ''l|/2 ('iiin) ''t|/2 (mill) 

a 7.14 4.82 2.97 31.26 32.85 

b 0.68 0.88 0.93 O . l l  0.24 
2 0.938 0.995 1.000 0.957 0.957 

''Based on data tVoiii rat, im)nkcy,and dog 

''Hased on data from rat, monkey, dog, and pig 

OO 
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I'igure 3.1: Allomclric plot Tor C'L (log CL vs. log BW) ba.scd on nicciian phamiacokinclic parameters for each 

species. The graphs from left to right include all species, all species e.xccpl sheep, and all species without sheep and 

pig, respectively. 'J'he ope;) circle represents tlie human data point, and is not used in the regression, but is included in 

the plot to determine the goodness of prediction of the allometric relationships in estimating this human value. 

Key; Rat (•), Monkey (•), Dog (A),  Pig (•), Sheep (•), Human (O) 
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I'igiire 3.2: Allomctric plot for Vd (log Vd vs. log BW) based on median pharniacokinelic parameters for each species. 

The graphs from left to right include all species, all species except sheep, and all species without sheep and pig, 

respectively. The open circle represents the human data point, and is not used in the regression, but is included in the 

plot to determine the goodness of prediction of the allometric relationships in estimating this human value. 

Key: Rat (•), Monkey (•), Dog (•), Pig (T),  Sheep (•), Human (O) 
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Figure 3.3: Alloinelrie plol for Vss (log Vss vs. log BW) hased on median pharmaeokinelie parameters for eaeh 

speeies. The graphs from left to right inelude all speeies, all speeies except sheep, and all species without sheep and 

pig, respectively. The open circle rc|)resents the human data point, and i.s not used in the regression, but is included in 

the plot to determine the goodness of prediction of the allometric relationships in estimating this human value. No 

value for Vss was found for the monkey. 

Key; Rat (•), Dog (A),  Pig (•), Sheep (•), Human (O) 
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Figure 3.4: Allometric plot for ti/i (log ti/i vs. log BW) based on median pharmacokinetic parameters for each species. 

The graphs from left to right include all species, all species c.xcept sheep, and all species without sheep and pig, 

respectively. The open circle represents the human data point, and is not u.sed in the regre.ssion, but is included in the 

plot to determine the goodne.ss of prediction of the allometric relation.ships in estimating this human value. 

Key: Rat (•), Monkey (•), Dog (•), Pig (•), Siieep (•), Human (O) 
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Figure 3.5: Cocaine plasma concentrations vs. time following an IV 

bolus dose administered to several species; rat (A), dog (•), pig 

(•). and human (O). Multiple studies are included for each 

species. 
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Figure 3.6: Simple Dedrick plot: cocaine plasma concentrations 

(same as in Figure 3.5), normaJized for weigiit-corrected dose 

(mg/icg). vs. time following an IV bolus dose administered to 

several species: rat (A), dog (•). pig (•). and human (O). 
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Figure 3.7: Complex Dedrick plot: cocaine plasma concentrations 

0 88 
(same as in Figure 3.5). normalized by DAV . vs. time, 

normalized by W"*"'". following an IV bolus dose administered to 

several species: rat (A),  dog {•). pig (•). and human (O). 
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Chapter 4: 

Drugs that Undergo Saturable Elimination Can Be Allometricaily Scaled: Ethanol 

as a Prototype Drug 

INTRODUCTION 

Ethanol occupies a unique position among all drugs on the basis of its ready availability, 

general social acceptance, potential for short- and long-term toxicity, and the enormous 

price exacted from society for its abuse. The extent of ethanol ingestion world-wide is 

matched only by two other "social drugs." caffeine and nicotine. 

Ethanol. however, is unique from these compounds, and from most other drugs, in 

that it undergoes non-linear (or dose-dependent) metabolic elimination, by virtue of its 

saturable enzymatic processing. Ethanol is known to undergo extensive metabolism in 

mammals primarily to acetaldehyde (and subsequently, acetate) via alcohol 

dehydrogenase (ADH). which exists in a variety of forms. The Km associated with ADH 

is about 191- 270 |j.M. which, in humans, indicates enzymatic saturation at relatively 

small doses compared to those ingested during social drinking (approximately 30 mL of 

100 proof solution). 

The metabolism and disposition of ethanol have been examined in numerous 

animal species, which normally would allow relatively easy extrapolation of animal 

information to humans, perhaps by the method of allometric scaling. As indicated in 

previous chapter, allometry is the process of predicting pharmacokinetic and physiologic 

parameter values in humans from an empirical mathematical relationship based on body 
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weight. This relationship is constructed from fitting measured parameter values in 

several experimental animals to the relationship: 

P  =  A • W ^  ( 4 . 1 )  

where P is the parameter of interest. W is the body weight of the animal in kg. and a and 

b are derived allometric parameters. As demonsirated in Chapter 1. the pharmacokinetic 

parameters clearance, volume of distribution, and half-life can be accurately predicted in 

humans for many drugs using allometric scaling. For all of these compounds, however, 

drug disposition could be described by linear or first-order kinetic proces.ses (i.e.. the 

pharmacokinetic parameters are dose-independent). 

Drugs that undergo saturable or non-linear disposition, however, like ethanol. may 

not be amendable to allometric scaling, because the pharmacokinetic parameter values 

(clearance and half-life) vary with dose. Even for a single species, ethanol doses can vary 

10-fold among studies, causing the pharmacokinetic parameters of ethanol reponed in the 

literature for that species to vary significantly. There is no simple correction factor that 

can be applied to normalize the parameters for dose. 

Compounds that undergo saturable elimination follow .Michaelis-Menten kinetics. 

The rate of elimination is characterized by; 

dC 

"dT 

Vm.x-C 

K „ , + C  (4.2) 



where C is the drug concentration in the plasma. Vn,a.x is the maximal rate of elimination, 

and K,n. the Michaelis constant, is the concentration of the drug at 50% of Vma,,. and 

K|., do not appear to be dependent on the dose of ethanol that is administered. In addition, 

the ratio of Vn,ax/K,n is equal to the intrinsic hepatic clearance, or CL,. Intrinsic clearance 

is a measure of the intrinsic activity of the liver enzymes to metabolize a compound, and 

is also not a dose-dependent parameter. And. since volume of distribution (V) is not 

affected by saturable elimination, this parameter is also not dependent upon the dose of 

ethanol administered. 

It is logical, based on the successful scaling of first order parameters for many 

drugs, to hypothesize that Vn,a.x. Km. CL,. and V may scale successfully. This chapter 

will, therefore, examine whether or not non-linear behavior permits allometric analysis. 
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METHODS 

Studies were collected from the published literature in which the mean Michaelis-

Menten parameters of ethanol (V^ax ^ind Km) were reponed for a particular species: data 

were found for the rat, rabbit. Macaque. Rhesus monkey, sheep, and human. These data 

were compiled into a single spreadsheet table, including the mean weight in kg (W). and 

the voiume of distribution (V). if this information was included in the study. The units 

were standardized to mg/mL/hr for mg/mL for Km. and L for V. To calculate CLi 

in the correct units (mL/min). however. V'max had to be in units of mg/hr. Thus, when 

available or easily calculated. Vmax was also recorded in these units. The median value 

for each parameter. P. and for the weight. W. was found for each species and u.sed in the 

allometric analyses. 

An allometric analysis was performed for each parameter P (P = Vmax. Km. V. 

CL,). using the following procedure. The allometric equation (4.1) is linearized by 

taking the logarithm of both sides of the equation: 

log P = log a + b-log W (4.3) 

Therefore, when log P is plotted versus log W. the slope of the linear regression line 

through the data is b and the intercept is log a. 

An important implication of allometric analyses is that from the estimated 

pharmacokinetic parameters in humans, the concentration-time profile after a dose of the 

drug can be predicted simply based upon the dose and the subject weight. In two of the 
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human studies from which data were obtained for the ethanol aJiometric analyses 

(Wilkinson ei ai, 1976; Rangno ei al., 1981). sufficient information was given to be able 

to recover the observed concentration-time data. Thus, we were able to observe whether 

our allometric relationships provided adequate predictions of human ethanol 

concentration-time data. Using the average weight and dosage information, along with 

the average values of the parameters of interest found in each study and the Michaelis-

Menten equations described below, simulations were performed to create a concentration-

time profile for the observed mean data from each study. The Michaelis-Menten 

equations used for the simulations are shown below. 

During intravenous infusion, the rate of change of concentration is: 

d C  _ k ,  C  

d t  V  K n , + C  
(4.4) 

The integrated form of this equation is: 

^ ^ ~ ^max '  ̂  m " 
a  +  b - C  ̂  

max + bC (4.5) 
a 

V 

where a = — • K~ and b = — - V 
V ^ V 

max * 
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After the end of infusion, the rate of change of concentration is: 

dC -C 
— = (4.6) 
d t  K ^ + C  

which, when integrated, becomes: 

v„„ l^K^. J'^^j+(CT-C)+V„„ T (4.71 

where Cj is the concentration at the end of infusion (time T). 

Using the aliometric equations, the values of Vmax- V. and CL, were estimated 

based on the average weight of the subjects. Since the aliometric relationship for Km 

could not accurately predict the value in humans, the values for Km used in the 

simulations were calculated from Vmax/CL,. From the integrated Michaelis-Menten 

equations (equations 4.5 and 4.7). the predicted concentration-time profile was also 

simulated. These predicted concentrations were compared to the observed to assess the 

predictability of the aliometric analyses. 
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RESULTS 

The pharmacokinetic parameter values of ethanol from the literature are shown in Table 

4.1. The median value for each parameter. P. and for the weight. W. are listed in Table 

4.2. and these values were used in the allometric analyses. 

The allometric plots are shown in Figure 4.1. The line on each plot represents the 

linear regression through the four black points, each of which symbolizes the median 

parameter value of a single species. Since one purpose of this analysis was to determine if 

animal data are sufficient to predict human data, the human data point was left out of the 

allometric analysis, but is shown on the plot as an open circle. The allometric parameter 

values for the plots in Figure 4.1 are listed in Table 4.3. 

For the Wilkinson et al.{\916) and Rangno et al. (1981) studies, the average 

weight and dosage information, along with the average values of the parameters of 

interest found in each study, are listed in Table 4.4. The plots of observed and predicted 

concentration-time profiles for the two publications are shown in Figure 4,2. 
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DISCUSSION 

Figure 4.1 shows that the human point is on or very close to the regression line for Vmax-

V. and CL,: this suggests that the animal data for these parameters can predict the human 

data within a reasonable error. However, for Km. the allometric relationship appears to 

considerably underestimate the actual human Km value. Based on successful predictions 

of Vnux and CL,. however. Km can be calculated from the ratio of these two parameters, 

rather than using the allometric relationship to obtain the human value estimate. 

Figure 4.2. which displays the observed and predicted ethanol concentrations after 

an intravenous infusion for two different studies, shows that in all cases the predictions 

underestimate the observed concentrations. The rea.son for this consistent 

underestimation could not be determined by simple observation of the parameter values. 

A sensitivity analysis may elucidate the parameter(s) that are responsible for this 

incongruence. 

When the volume of distribution is adjusted for body weight of each species, VAV 

ranges from 0.67 - 0.79 L/kg for the animal species (average = 0.74). This can be 

restated as: volume is equal to approximately 0.74-W. or 74^^ of total body weight, in 

non-human species. Note that this is quite similar to the allometric relationship 

determined for volume: 0.766-W°^'^. since 0.977 is very close to 1. This relationship is 

also vinually identical to the allometric equation for antipyrine volume of distribution 

(0.756 W"determined by Boxenbaum (1982). which, like ethanol. is known to 

distribute into total body water. 
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However, it has been determined that total body water is approximately 60% of 

body weight (approximately 42 L) in humans; this is further supported by the 0.57 L/kg 

average value found for VAV for humans. Using the allometric relationship based on 

animal data would thus result in an overestimation of the volume of distribution in 

humans, which may be panially responsible for the underestimation of plasma 

concentrations. 

Matsumoto et al. (1999) previously performed an allometric analysis on ethanol 

data; however, their approach to the data was quite different than ours. They used a two-

companment (rather than a one-companment) Michaelis-Menten model, and as a result, 

scaled a different set of model parameters, including intercompartmental clearances and 

the volume of distribution of the central compartment. Although they did validate their 

relationships by predicting the concentration time profile for ethanol. this was for rat data 

rather than human. The only parameter that we had in common with Matsumoto et al. 

(1999) was volume of distribution (V); their allometric relationship for V (0.762-W""'"') 

was vinually identical to ours, further supporting the validity of the allometric values 

obtained in this study. 
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Table 4.1: Mean pharmacokinetic parameters for ethanol for different species. 

Ref Species n 
W 

(kg) 

V * max 
(mg/mUhr) 

V 

(L) 
^ max 

(mg/hr) (mg/mL) 

CL, 

(mL/min) 

1 Rat 16 0.26 0.70 0.20 140.00 0.07 33.33 
Rat 4 0.28 0.52 0.12 
Rat 6 0.30 0.63 0.21 130.20 0.10 22.46 

4 Rat 4 0.24 1.08 0.17 181.18 0.12 25.59 
5 Rabbit 20 2.00 0.41 1.47 602.50 0.03 334.72 

1 Rhesus 

•Monkey 
4 1.80 0.63 0.21 

6 .Macaque 11 6.55 0.25 5.19 1270.91 0.06 359.89 
7 Sheep 3 48.30 0.30 32.60 9617.74 0.03 4993.63 
8 Human 8 78.00 0.22 40.82 9100.00 0.03 5687.50 
9 Human 6 80.08 0.23 42.72 9918.65 0.08 2372.62 
10 Human 8 74.55 0.17 48.57 8588.13 0.05 3301.65 
11 Human 8 74.55 0.20 44.10 8908.20 0.08 1815.04 
12 Human I 74.90 0.23 0.09 

•'Although not used in the allometric analyses. Vn\a.\ in mg/hr is shown when used to 

calculate CL,. 
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Table 4.2; Median pharmacokinetic parameters for each species. 

Species 
W V ' max Kn. 'W V CL, 

Species 
(kg) (mg/mL/hr) (mg/mL) (kg) (L) (mL/min) 

Rat 0.27 0.66 0.11 0.26 0.20 25.59 
Rabbit 2.00 0.41 0.03 2.00 1.47 334.72 
Rhesus 
Monkev 

1.80 0.63 0.21 

Macaque 6.55 0.25 0.06 6.55 5.19 359.89 
Sheep 48.30 0.30 0.03 48.30 32.60 4993.63 
Human 74.90 0.22 0.08 76.28 43.41 2837.13 

•'Median weights for the limited number of studies in which V and CL, are available. 
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Table 4.3: Allometric parameter values for the pharmacokinetic parameters of ethanol. 

a b r" 
Vmax (mg/mL/hr) 0.514 -0.184 0.644 

V ( L )  0.766 0.977 0.999 
Km (mg/mL) 0.0885 -0.239 0.305 
CL, (L/hr) 103.85 0.960 0.957 
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Table 4.4: Pharmacokinetic and dosing parameter values for ethanol in 

two human studies. These parameters were used to generate "observed" 

concentration-time profiles, using equations 5 and 7. 

Wilkinson 
Rangno 

dosel dose2 dose3 
Rangno 

wt(kg) 78.0 78.0 78.0 80.1 
Dose (g/kg) 0.375 0.50 0.75 0.579 

Dose rate (g/hr) 58.5 78.0 117.0 23.17 
Infusion duration (hr) 0.5 0.5 0.5 2.0 

Vmax (mg/mL/hr) 0.211 0.229 0.231 0.232 
V ( L )  44.46 37.44 40.56 42.73 

Km (mg/mL) 0.03 0.03 0.02 0.082 
CLi (mL/min) 5200.0 4766.67 7800.0 2016.3 
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Figure 4.1; Allometric plots (log P vs. log W) for the pharmacokinetic parameters of 

interest (P = V, V^ax. CL,. Km for plots A-D. respectively). The closed circles represent 

the animal species and the open circles represents the human. The allometric equations 

are: V (L) = 0.766-W"'^'' (r" = 0.999); V^a., (mg/mlVhr) = 0.514-W" (r" = 0.644); CL, 

(L/hr) = 103.85-W"'^^" (r' = 0.957); K^, (mg/mL) = 0.0885-W"^^ (r" = 0.305). 
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Figure 4.2: Observed and predicted human plasma concentration-time profiles for an 

intravenous infusion of ethanol. The solid line represents the observed and the dotted 

represents the predicted profile. Plots A-C represent the three intravenous infusion doses 

(0.375. 0.50. and 0.75 g/kg. respectively) administered to subjects (Wilkinson et al.. 

1976). Plot D shows the observed data points from the study by in Rangno et al. (1981) 

in addition to the observed and predicted profiles. 
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Chapter 5 

Estimation of the Fractional Conversion of Cocaine to Cocaethylene 

when Co-administered with Ethanol 

INTRODUCTION 

Cocaine (COC) and eihanol (EtOH) are two of the most widely abused drugs in the 

United States (Grant and Harford. 1990). COC abusers have found that when they take 

these two daigs together, they achieve a longer and more pleasant high, and a decrease in 

the negative effects associated with COC. such as paranoia and agitation (Farre et al., 

1997; Hart et al.. 2000; McCance et al.. 1995; VlcCance-Katz et al., 1993; Wilson et al.. 

2001). In fact, approximately 60-90% of COC users regularly co-ingest these two drugs 

together for this reason (Grant and Harford. 1990). However, it is unfortunate that this 

drug combination also significantly increases COC-related toxicity and death, primarily 

due to cardiovascular complications (Henning and Wilson. 1996; Dean et al., 1992; Rose 

et al.. 1990). There are two primary causes for the increased responses to COC in the 

presence of EtOH. First. EtOH is an inhibitor of COC metabolism; this decreases COC 

clearance and. as a result, leads to increased COC concentrations (Cami et al., 1998; 

Dean et al.. 1992; Farre et al., 1993; Pan and Hedaya, 1999; Wilson et al., 2001). 

Second. COC combines with EtOH in vivo in a unique way. to produce a third compound, 

the pharmacologically active metabolite, cocaethylene (CE). which has similar effects to 

COC (Perez-Reyes and Jeffcoat. 1992; Farre et al., 1993; Farre et al.. 1997; McCance-
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Katz et al.. 1993). The formation of CE by the transesterification of COC and EtOH is 

illustrated in Figure 5.1. 

Landr\' (1992) states that this is the only known process of the body producing a 

third compound during the co-administration of two others; it is of special importance too 

that all three drugs are toxic and psychoactive. The biological occurrence of CE was 

discovered in the late 1970's and given relatively little consideration (Jatlow. 1996); 

however, it was noticed that what was thought to be a simple metabolite of COC was 

often showing up in the body Huids of victims of COC-related overdoses, sometimes in 

higher concentrations than that of COC it.self (Heam et al., 1991; Jatlow et al.. 1991; 

Bailey. 1993). Further study showed CE to also possess neurochemical effects and 

cardiovascular effects similar to COC. (Jatlow. 1996). Although it has been shown in 

several studies to be somewhat less potent than COC in its cardiova.scular effects 

(.McCance et al.. 1995; Han et al.. 2000; Perez-Reyes et al.. 1994), CE has been shown to 

be more potent at mediating lethality in mice (Heart et al.. 1991a). with an LD50 value 

(201.6 iimol/kg) considerably less than that of COC (306.6 |imol/kg). 

Clearly, due to the potentially toxic effects of CE. and the prevalence of the co

administration of COC and EtOH. it is of importance to be able to quantify the amount of 

CE formed during the co-administration of COC and EtOH. Literature data exist from 

which an estimation of the fractional conversion of COC to CE in the presence of EtOH 

may be calculated. The purpose of this chapter is to summarize the literature data 

available, and to report estimates of the amount of this metabolite formed in humans. 
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METHODS 

Kaplan et cil. (1973) outlined a method based upon area analysis that may be used to find 

the fraction of the systemic COC dose that is converted to CE when administered in the 

presence of EtOH. After dosing COC with EtOH. frequent plasma samples must be 

collccted in order to fully characterize the concentration-time profile of both cocaine and 

the formed CE. CE must also be dosed separately an another occasion and all the 

concentration-time data collected. 

According to this method, the fraction of CE formed from COC. fccx:-»CE > 

f = ^coc ,5 1) 
coc-CE AUC^^^^^ 

AUC is shorthand for "total area under the plasma concentration-time curve." Thus. 

AUC^^ represents the area of CE resulting from the dosing of COC with EtOH. 

and AL'C^^ is the area of CE after the dosing of CE alone. Dccx: ^ind DC E  represent 

the available systemic doses of COC and CE. respectively. All AUCs and doses are 

expressed in molar terms. 

In order to calculate the fraction of COC convened to CE in the presence of 

ethanol. the literature was searched for studies in which COC was co-administered with 

EtOH to humans, and the concentrations of formed CE were measured. There were three 
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such publications found (McCance-Katz et ciL, 1993; Farre et ai, 1997; Farre et ciL. 

1993). In addition, three studies were found in which CE was directly administered to 

humans and the concentration-time profiles of CE determined (McCance et ai. 1995; 

Perez-Reyes et ai. 1994; Hart et ai. 2000). 

In the experiments in which COC and EtOH were co-administered, COC was 

dosed by the intranasal (IN) route; this made it necessary to calculate the absolute 

intranasal bioavailability of cocaine, in order to obtain the proper systemic dose of 

cocaine administered. An estimate was achieved by comparing the dose-corrected AUC 

after an IN dose to that after an IV dose, based upon the following equation: 

(AUC/DW 
F .  ,  = 7  ' 5 . 2 )  

absolute (AUC'D)IV 

This relationship is derived based upon the assumption that the compound undergoes 

first-order (dose-independent) pharmacokinetics, indicating that AUC is linearly related 

to dose. Also, the clearance is assumed to be the same for the two routes of 

administration. Equation 5.2 was used to calculate the absolute intranasal bioavailability 

of CE as well, since in McCance et ai (1995). CE was dosed by the IN route. To account 

for EN dosing, this bioavailability term was included in the equation for calculating the 

fraction of the COC dose convened to CE after co-administration with EtOH: 
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AUC / 
CE<-COC/' 

/F • D 
f / COC COC (5.3) 
C0C-»CE AUC 

CE<-CE/ 

When COC or CE was administered by the IV route. F was set to I. since fV dosing 

introduces 1007c of the dose directly into the systemic circulation. 

To calculate the bioavailability, an e.xhaustive search of the literature was 

conducted to tlnd pharmacokinetic studies in which COC was administered to humans: 

nine more studies were found in which COC was administered to humans, eight by the FV 

route (Jcffcoat et uL. 1989; McCance et uL, 1995: Perez-Reyes et ciL. 1994: Hart et al., 

2000: Chow et ai. 1985: Bamett et at.. 1981: Javaid et al.. 1983: Jeffcoat et al., 1989: 

Cone et ai. 1988) and two by the IN route (Jeffcoat et al.. 1989; McCance et al.. 1995). 

If the data were not given in tabular form in these publications, the concentration-

time plots were scanned and then, using the program Sigma Scan/Image, the data were 

recovered using digitization techniques (Mayersohn and Tannenbaum. 1988). These data 

could then be e.xported into Excel for pharmacokinetic analysis. The AUC values were 

determined using the trapezoidal rule. All doses and AUC values were then converted to 

molar units in order to account for the different molecular weights of the two compounds 

of interest: COC (303.35 g/mol) and CE (317.37 g/mol). 
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RESULTS 

Table 5.1 summarizes the collected literature data for COC. For data sets 1-3. CE 

concentrations were measured after co-administration of IN COC and orally dosed (PO) 

EtOH. The AUC values for CE and COC. with and without co-administration with 

EtOH. are listed in the last three columns of Table 5.1. Figures 5.2-5.4 are plots of the 

recovered data from these three studies. Data sets 4-15 are for COC administered alone, 

either by the IN route or by the IV route: the AUC values obtained from these studies are 

shown. Table 5.2 presents the same information for CE. administered alone via IN or IV 

dosing; these data sets are numbered 16-20. 

Table 5.3 summarizes the data u.sed to calculate the absolute bioavailability of 

COC after IN dosing. The numbers in bold are the AUC/D values calculated from the 

information in Table 5.1. The numbers in the body of the table were calculated using 

equation 5.2. For example, the boxed F-value. 0.769. is equal to 0.469. the dose-

corrected AUC from data set 4. in which COC was administered IN. divided by 0.610. 

from data set 13 (IV). These two data sets are from the same publication: this is the most 

reliable individual value of F since the concentrations were measured in the same group 

of people in a crossover study. This value agrees quite well with the calculated F for 

COC of 0.747. It should be noted that this value does not include the shaded F-values in 

the table, which all exceed the maximum possible value for absolute bioavailability of I: 

the grand mean would be 0.815 if all data were included. Table 5.4 shows the calculation 

for the absolute intranasal bioavailability of CE. 0.872. 



Table 5.5 displays the data used to calculate the fraction of the COC dose 

converted to CE after co-administration with EtOH. The AUC values in this table come 

from Table 5.1; AUCCE—coc is the AUC of CE formed after co-administration of COC 

and EtOH. and AUCCE^CE is the AUC of CE after administration of CE. This 

information is used in Table 5.6 to perform the calculations, using equation 5.3: the mean 

value for the fraction of COC converted to CE is equal to 0.153. or 15.3%. and the 

individual values range from 11.5 to 18.4%. 
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DISCUSSION 

CE is almost identical to COC in its subjective and cardiovascular effects, with some 

exceptions. CE blocks the reuptake of dopamine; these increased levels of dopamine 

create the pleasurable "rush" that COC provides, but also generate a sympathomimetic 

cffect that stimulates the heart muscle. In contrast. COC also blocks the reuptake of 

serotonin and norepinephrine (Heam ei al.. 1991a: Pan et uL. 1999). CE does not (Heam 

L'l III.. 1991a; McCance et at.. 1995; Jatlow et al.. 1996; Bradberry et al.. 1993; Randall 

1992). This is important because serotonin is thought to have a dampening effect upon 

the "high" created by COC administration, causing the agitation that follows the high. 

Thus, paired with the fact that CE resides in the brain (Volkow and Fowler. 1994) and in 

the plasma (Hart et ai. 2000; Perez-Reyes et ul.. 1994; .VIcCance et al., 1995; Cami et al.. 

199S) for a longer time than COC. this may be one cause for the les.sening of the 

dysphoria that users experience when COC is admini.stered alone. 

In addition, like COC. CE acts directly upon the heart muscle via local anesthetic 

effects; CE binds to cardiac sodium channels (Xu et al., 1994). blocking the sodium and 

calcium exchanges necessary for myocardial function. As indicated in Chapter 6. when 

COC is administered, these two effects compete, causing significant depression of the 

myocardium at high concentrations, followed by an intense stimulation as concentrations 

diminish. This cardiovascular stimulation may very well contribute to the agitation and 

dysphoria that follow a COC high. However. CE has a considerably higher affinity for 

the cardiac sodium channels, and takes longer to be released from the binding sites. 
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keeping the stimulatory effect of COC at bay (as seen in Chapter 6) and also helping to 

decrease the agitation that normally follows a COC high. 

CE is formed by the metabolism of COC in the presence of ethanol. Normally. 

COC is converted to benzoylecgonine (BE) by spontaneous hydrolysis in plasma, and in 

the liver by hepatic nonspecific carboxylesterase enzymes. However, this enzyme, in the 

presence of EtOH. is also responsible for a process called transesterification. in which the 

ethyl group from EtOH and the methyl group from COC are switched, creating 

cthylcocaine. or CE. (Dean el ai. 1991). This reaction is illustrated in Figure 5.1. Thus, 

when EtOH is present. COC metabolism to BE is inhibited, leading to higher COC 

concentrations, and CE is formed; this combination is what results in the increa.sed 

cardiovascular and subjective effects seen when COC and EtOH are co-administered. 

The values in Table 5.1 and the data in Figures 5.2-5.4 support the fact that co

administration of COC and EtOH results in increased COC concentrations and thus 

higher AUC values. It has been shown in humans and other species (Cami et ai. 1998; 

Dean et ciL. 1992; Farre ei ai. 1993; Pan and Hedaya. 1999; Wilson ei ai. 2001) that 

EtOH can inhibit the metabolism of COC after co-administration, leading to prolonged 

high COC concentrations after FV administration. However, because COC was given by 

FN dosing in these studies, there is the possibility that the higher concentrations and AUC 

values may also be due to EtOH increasing the intranasal bioavailability of COC. This is 

not an unreasonable assumption, considering that ethanol is a vasodilator; increasing the 

diameter of the blood vessels in the nasal mucosa could conceivably increase cocaine 

absorption (Perez-Reyes ei ai, 1994; Pan et ai, 1999; Farre et ciL, 1993; McCance-Katz 
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et III.. 1993). Pan et al. (1999) and Farre et al. (1993) found that IN COC showed a 

significantly lower value in the presence of COC. indicating a faster rate of 

absorption, which they attributed to this vasodilatory effect; this would account for higher 

COC concentrations at early times but it does not necessarily affect the total amount of 

drug absorbed. In fact, when Farre et al. {1997) summed the molecular weight corrected 

.AL'Cs of COC and each of its metabolites as an indicator of amount absorbed, this value 

did not differ between COC alone and COC plus EtOH administration. This finding 

suggested that the e.xtent of absorption did not change, and thus, it is the reduction in 

COC clearance that is responsible for the increased concentrations. A third possibility, 

which is a combination of increased absorption and decreased clearance, takes into 

account the fact that often, a significant percentage of an IN dose is swallowed (Song et 

al.. 1999: McCance-Katz et al.. 1993; Pan et al.. 1999). Since COC undergoes 

significant first-pass hepatic metabolism, the swallowed drug would normally be highly 

metabolized en route to the systemic circulation; however. EtOH is known to inhibit 

COC metabolism by competing for the hepatic carboxylesterase enzyme that forms BE. 

Less drug would be lost via presystemic metabolism (resulting in increased COC 

concentrations), but a consequence of the EtOH being present may also be the increased 

formation of CE. created during the first-pass through the liver. The AUC ratios of BE to 

COC from Jeffcoat et a/.(1989). in which COC was administered by three different 

routes, were 3.9. 4.8. and 6.2 for IV. smoked, and IN dosing, respectively. Song et al. 

(1999) calculated these values and suggested that this indicated that IN dosing undergoes 
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significant presystemic metabolism due to swallowed drug, and therefore greater 

concentrations of BE formed. 

In calculating the bioavailability of COC using equation 5.2. AUC values after 

COC dosing (not after COC plus EtOH) were used. If the bioavailability were increased 

uhen COC and EtOH were co-administered, this F-value would, therefore, be 

underestimated. .Accordingly, the predicted systemic dose of COC would thus be lower 

than the actual, leading to an overestimation of the fraction of COC convened to CE. 

Based upon the data available, however, for the purposes of the calculations in this study, 

it is necessary to assume that the intranasal bioavailability for COC alone is the same as 

u hen COC is co-administered with EtOH. 

Observation of the AUC and molar doses for IV COC in Table 5.1 indicates that 

there is an approximately 1:2 ratio between these two values. Indeed, the second row of 

Table 5.3 shows these ratios, and with the exception of the first three data sets (6-8). the 

dose-corrected AUC values are approximately 0.5. Data set 6 (Perez-Reyes et al., 1994) 

shows an almost 1:1 correspondence between IV dose and AUC: this is reflected in the 

considerably lower F-values in that column, compared to the rest of the table. It is 

unclear why the .AUC/D value is so large in this study. Data sets 7 and 8 were recovered 

from the same study (Han ei al., 2000). in which the mean weight of the study 

panicipants was not included and 70 kg was assumed. If a higher weight had been 

assumed, the dose would have been larger and the ratio smaller: however. 70 kg is the 

generally acceptable mean adult human body weight used in most studies. Even with 
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these studies included in the grand mean for Fcoc. however, there is a good agreement 

between the mean value of 0.747. and the value from the crossover study. 0.769. 

It is of some concern that there are many values in Table 5.3 which exceed the 

maximum possible value of 1.0 for absolute bioavailability. By definition, since FV 

administration introduces 100% (F = 1.0) of the dose directly into the systemic 

circulation, it is not possible for the absolute bioavailability to exceed this, unless one of 

the underlying assumptions (first-order kinetics, clearance is route-independent) is 

violated. Despite the fact that it h as been suggested that COC displays dose-dependent 

pharmacokinetics in some animal studies (Khan et al.. 1987; Parker et al.. 1998). this has 

never been demonstrated in humans. The values exceeding 1 are probably due to the fact 

that each AUC is calculated using mean concentration data from a number of subjects. 

Directly comparing FV and IN dosing within a single subject would likely not exceed 1. 

In addition, since these values are quite close to 1. and many of the table values are above 

0.9. this indicates that bioavailability may be considerably higher than 78%. perhaps 

closer to the mean of the entire table (0.815). However, it does not seem to make an 

appreciable difference which F is used: when the calculations for fcoc-.CE were done 

using Fcoc = 0.815 instead of 0.747. the fraction of COC converted to CE was altered 

only slightly (14.0% vs. 15.3%). 

In summary. COC and EtOH. both widely used drugs of abuse, are co-ingested 

more than half of the times that COC is self-administered. COC users enjoy the fact that 

the co-administration of the two drugs produce a "better high." and also helps lessen the 

crash and agitation that follows a COC experience. However, these two drugs are also 
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considerably more toxic when combined, due to the increased concentrations of COC 

resulting from EtOH inhibiting COC clearance, as well as to the formation of a third, 

active compound, CE. Because of the clinical relevance of this drug combination , it was 

of interest to determine the fraction of COC that is converted into CE after co

administration with EtOH, in order to determine CE exposure. It was found that 

approximately 159c of the COC dose is converted to CE. after a single dose of COC with 

EtOH. 



I able 5.1: Summary t)f cDllccted liteiaturc ilaia a((cr ailttiinistnitioii ot'lOC aloiic or wilit lilOII i/i limiiaiis 

Ki'f Dula SL'I II \\l (k}>) 
KlOH close 

(jj/ku) route (iiiK/k};) 

(•(K 

<"»K) 

' dose 

(^niol) route ( <K 

AlIC (iiiiiol'iiiiii/iul) 

C (K ( K" 
M\V-.10.V.15 (uhir ( (>( ') (aflcrX'OC^K) (afU'r ('()('t K) 

<:<)( +KIOII 

Mcl'ancc-Kul/, 1 (i 7(f 1.00 I'O 2.00 140.0 461.5 IN 202,5 237,9 64.2 
I'ane IW7 2 K 69.6 O.KO I'O 1.44 100.0 329,7 IN I4K,7 IK5.3 34.2 

I'urn; 1W3 3 9 66.6 1.00 I'O 1.50 100.0 329,7 IN 136,1 IK5.4 47.K 

('<>(' only 
jL-rfcoiii lys'i 4 If. 75.7 1.25 94.6 31 1,9 IN 146,2 

Mcfancc 5 H 70- 0.92 64.4 212,3 IN 102,K 
I'ercv-Rcyc.s l'>'>4 6 6 66.7 0.25 16.7 55,0 IV .54,5 

Han 2()()() 7 (> 7(f 0.25 17.5 57.7 IV 43,7 

Hurl 2(K)0 « 6 yo" 0.50 35.0 115.4 IV 95,3 
Chow 19K5 9 5 66.9 0.4S 32.0 105.5 IV 50.3 

Hanicit 1981 10 3 73.7 1.36 100.0 329,7 IV 166,4 
Javaid I9S3 II 4 70 0.46 32.0 105,5 IV 43,0 
Cone 1995 12 4 77.7 0.32 25.0 K2,4 IV 42,0 

Jcllcoal I9«9 13 16 75.7 0.27 20.5 67,6 IV 4 1 2  
C one I9KS 14 5 6H.3 0.22 15.0 49,4 IV 21,0 
Cone 19KK 15 5 6K.3 0.59 40.0 13 1,9 IV 64,6 

•"Weight not given, iissuineil to bu 70 kg 

''(."(mfciilriilii)ii oCCI; I'liniial al'IcTL'oiuliniiii.slralion ol'C'OC ami 



Table 5.2: Summary ofeolleeted literature data after eocaethylene administration to humans 

Ref 
Data 
set 

n wt (kg) 
CE dose 

(mg/k}») (inji) (^iiiul) 
M\V=3I7.37 

route 

AUC (iimol-miii/ml) 

ce" 
(afler CK) 

CE 

McCanee 1995 

McCanee 1995 

Perez-Reyes 1994 

Mart 2()()() 

Hart 2000 

16 

17 

18 

19 

20 

8 

8 
6 

6 

6 

70" 

70" 

66.7 

70" 

70" 

0.48 

0.95 

0.25 

0.25 

0.50 

33.6 

66.5 

16.7 

17.5 

35.0 

105.9 

209.5 

52.5 

55.1 

110.3 

IN 

IN 

IV 

IV 

IV 

111.6 
192.9 

63.5 

58.7 

124.6 

"Weight not given, assumed to be 70 kg 

''Coneentration of Cl£ after administration of CI-

O 



Table 5.3: Calculation ofabsolute bioavailability ofcocainc after intranasal administration to humans 

AUC„ 
I>. 

calculation 6" 

0.991 
7 

0.757 
8 

0.826 
9 

0.477 
10 

0.505 
11 

0.408 
12 

0.510 
13 

0.610 
14 

0.424 
15 

0.490 

1" 0.439 0.443 0.580 0.531 0.920 0.869 1.076 0.860 0.720 1.035 0.896 

AUC,.. 2 0.451 0.455 0.596 0.546 0.945 0.893 1.106 0.884 0.739 1.064 0.921 

I>i„ 3 0.413 0.417 0.545 0.500 0.866 0.818 1.013 0.809 0.677 0.974 0.843 

4 0.469 0.473 0.619 0.567 0.983 0.929 1.149 0.919 '0.769 1.106 0.957 

5 0.484 0.489 0.640 0.586 1.015 0.960 1.188 0.949 0.794 1.143 0.989 

''Data set from which AUC/D was calcuhited 

"All absolute liioavailability values > 1 arc shaded 

calculaled from crossover study in same subjects 

mean of all data: 0.S15 

mean of all F < 1: 0.747 



Table 5.4: Calculation of absolute bioavailability of 
cocaethylene after intranasal administration to humans 

AUCiv 

Div 

Ffi; calculation 18" 19 20 
3.809 3.357 3.560 

16" 3.322 
17 2.901 

0.872 0.990 0.933 
0.762 0.864 0.815 

"Data set from which AUC/D was calculated 



Table 5.5: Data used for calculation of fraction of COC converted to Cli when C'OC is coadministered with litOII in 

humans 

Data drug dose 
set administered (^mol) route 

1 coc 461.51 IN 0.747 

2 coc 329.65 IN 0.747 
3 coc 329.65 IN 0.747 

16 Cli 105.87 IN 0.872 

17 Cli 209.53 IN 0.872 
18 Cli 52.54 IV 1 
19 Cli 55.14 IV 1 
20 Cli 110.28 IV 1 

F l )  ALIC (nniol-miii/iiil) AUC( |.--^ ()c 
AUC( AL)C.( |,;,_t t.; 

AUC( 
F(KI> 

•k-<:K 

CK 

344.66 

246.19 

246.19 

92.37 

1X2 .K2  

52.54 

55.14 
11().2X 

64. IK 

34.18 

47.S2 

111.62 
192.89 

63.51 
58.75 

124.62 

0.19 

0.14 

0.19 

1.21 
1.06 
1 .21  
1.07 

1.13 

lO 



Table 5.6; Calculation of fraction of COC converted to CH 
after coadministration with EtOII in humans 

AUC( 

FcK-Dt,.: 

16" 17 18 19 20 

calculation 1.21 1.06 1.21 1.07 1.13 

ALIQ K<-( <K 1" 0.19 0.154 0.176 0.154 0.175 0.165 

()(• 2 0.14 O.I 15 0.132 0.115 0.130 0.123 

3 0.19 0.161 0.184 0.161 0.182 0.172 

''Data set from which AUC/FD was calculated 

I mean: 0.153 

lo 4s. 
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Figure 5.2: Plasma concentration vs. time after 2 mg/kg IN COC administered 

without EtOH C) and with 1 g/kg PO EtOH (•). and CE formed after co

administration of COC and EtOH {• ). Data recovered from McCance-Katz er ai. 

1993 (data set 1). Concentrations are corrected for molecular weights (COC = 

303.35 g/mol. CE = 317.37 g/mol). 
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Figure 5.3: Plasma concentration vs. time after 100 mg IN COC 

adminisiered without EtOH (c) and with 1 g/kg PO EtOH (•). and CE 

fonned after co-administration of COC and EtOH (•). Data recovered from 

Farre ei al.. 1993 (data set 2). Concentrations are corrected for molecular 

weights (COC = 303.35 g/mol. CE = 317.37 g/mol). 
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Figure 5.4: Plasma concentration vs. time after 100 mg IN COC 

administered without EtOH (c) and witii 0.8 g/kg PO EtOH (•). and CE 

formed after co-administration of COC and EtOH (• ). Data recovered from 

Farre et al.. 1997 (data set 3). Concentrations are corrected for molecular 

weights (COC = 303.35 g/mol. CE = 317.37 g/mol). 
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Chapter 6 

A Pharmacokinetic/Pharmacodynamic Analysis of Cocaine, Cocaethylene, and 

Cocaine Plus Ethanoi in the Dog: A Literature Evaluation 

INTRODUCTION 

Daig abusers have found that the co-ingestion of cocaine and ethanoi provides a more 

desirable effect than that from the administration of cocaine alone. Studies have 

supponed the fact that ethanoi prolongs and heightens the euphoria (the "high") 

produced by cocaine and lessens the dysphoria (the "down") caused by cessation of 

cocaine use. There are two mechanisms responsible for the preceding effects. First, the 

metabolism of cocaine in the presence of ethanoi results in the formation of an active 

compound, cocaethylene. whose effects are similar to those of cocaine. Second, ethanoi 

can affect the disposition of cocaine in the body, slowing the elimination and prolonging 

high concentrations of cocaine in the system over time. This interaction was discussed 

extensively in Chapter 5. 

In addition to intensifying the central nervous system effects of cocaine, ethanoi 

co-administration can also significantly increase the risk of cardiovascular toxicity due 

to cocaine use; cocaine either depresses or overstimulates the myocardium, depending 

on concentration, and ethanoi exacerbates this effect. 

The objectives of this study were to compare the cardiovascular pharmacological 

effects of cocaine and cocaethylene. and to compare the combined effect of cocaine and 

ethanoi to that of cocaine alone. These objectives were met by constructing a 
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pharrnacokinetic/pharmacodynamic (PK/PD) model for each compound and combination 

of compounds, and comparing the resultant parameter values obtained from fitting the 

observed data. The literature data analyzed are based upon experiments conducted in 

dogs. 
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METHODS 

All data were recovered from a series of studies published by Henning and Wilson et al. 

On separate occasions, ethanol (E). cocaine (COC). cocaethylene (CE). and cocaine plus 

ethanol (COC+E) were administered to mongrel dogs. Ethanol was administered via an 

intravenous infusion of 1 g/kg for 20 minutes (from -30 to -10 minutes). COC. 7.5 

mg/kg. or one of three doses of CE (3.75. 7.5. and 11.25 mg/kg) were administered as an 

IV bolus at time 0. The molar doses were 24.72 mmol/kg for COC and 11.82. 23.63. and 

35.45 mmol/kg for the three doses of CE. The data were analyzed by two separate 

approaches; in the first method, all three doses of CE were included in the analysis, and 

for the second approach, in order to have approximately equimolar do.ses of COC and CE. 

the 7.5 mg/kg dose of CE was chosen. 

For each animal, plasma concentrations and pharmacological responses were 

measured as a function of time after dosing. The cardiovascular responses measured 

were ventricular contractility (VC) and ventricular relaxation (VR). quantitative 

determinants of how well the myocardium is functioning. VC was recorded as the 

maximum rate of left ventricular pressure increase, and VR as the maximum rate of left 

ventricular pressure decrease. The rate of pressure increase/decrease was determined 

from the maximum difference between two consecutive pressure measurements 

(measured every 2 ms) on the ascending/descending limb of the left ventricular pressure 

waveform. 

VC and VR were transformed from the original units to percent of baseline, and 

averaged for all animals at each time. VC. VR. and mean plasma concentrations were 
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plotted versus time, and these figures were included in the original publications. The 

original figures, however, did not give an accurate representation of the data. Figure 6.1 

shows the original and recovered CE concentration vs. time plots. Note that the x-scale 

in the original figure is not uniform {i.e.. uneven divisions were used in graphing the 

data). Bccause of the way the data were plotted, one-third of the distance on the x-axis 

encompasses only 8 minutes, yet the last time value is 360 minutes. .As a result of the 

plotting strategy used, there appears to be a prolongation of the concentration-time data, 

which leads to a visual misimpression concerning the elimination of the compound from 

the body; elimination appears to last longer than it really does. The data were recovered 

by computer digitization and were replotted on regular axes. The point reported in the 

publication as "2-4" minutes was replotted at 3 minutes. Note the very different visual 

impression concerning cocaethylene elimination that one gets when viewing these two 

plots. 

Figure 6.2 illustrates the original and recovered VC plots after the three doses of 

CE. Once again, the authors chose to plot these data using an uneven time scale and. as 

noted above, the tlrst 8 minutes encompass about one-third of the entire x-axis whose last 

value is 360 minutes. The visual impression is that it takes a long time for the response to 

return to baseline {i.e.. 100 9c control). The recovered and replotted data (using a uniform 

x-axis) offers a very different impression from that obtained by viewing the original 

graph; the response returns to baseline much sooner than the original figure might 

suggest. 
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From the original publications, concentration-time. VC-time, and VR-time data 

were recovered for E, COC. CE. and (COC+E). The concentration-time profiles are 

shown, on properly scaled axes, in Figure 6.3. The CE plot illustrates the concentration 

measurements after the middle dose (7.5 mg/kg) only. The effect-time profiles will be 

shown with fitted lines later in this section. 

Despite the fact that the original investigators measured plasma concentrations 

and pharmacologic effects of the compounds at the same times, they did not take the 

opportunity to link the information to create a PK/PD model. Thus, using the recovered 

data, we were able to plot effect vs. concentration and analyze these data using PK/PD 

models. Two different approaches were taken in analyzing these data. 

APPROACH 1 

Based on the recovered data following administration of each of the compounds, two 

additional response-time data sets were calculated: (COC+E)-E and (COC)+(E). This 

was done by taking the responses measured at each time for the first experiment 

I (COC+E) or COC alone) and adding or subtracting the corresponding measurements 

after ethanol administration (E). {COC)+(E) differs from (COC+E) in that the latter term 

indicates that the two compounds were administered together, compared to the addition 

of the responses obtained from the two independently administered compounds. The 

reason these data were calculated was to compare (COC+E)-E to COC alone, and to 

compare (COC+E) to (COC)+(E). If the contribution of E to (COC+E) was strictly 

additive, the resulting responses would be approximately equal. 
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First, effects (VC or VR) vs. plasma concentrations for E. COC, CE, (COC+E), 

(COC+E)-E. and (COC)+(E) were plotted. These responses were all fit, using 

WinN'onlin. to the simplest Emax model: 

E C — "^max ^ . , E = (6.1) 

EC50 + c 

where E is the measured effect (VC or VR). C is the plasma concentration of the drug 

(COC or CE). E,„ax is the maximum % of baseline that is reached after dosing, and EC^o 

is the drug concentration necessary to produce a response of 50*!^ of baseline. The 

smaller the ECso, the more potent the compound/combination of compounds 

In addition, the maximum inhibitory response (Imax) was calculated from the 

tabular data: 

Imax = 1007c - Emm (6.2) 

where E„„n is the lowest 7c of baseline reached after dosing. The greater the Imax value the 

more efficacious the compound/combination of compounds. 

Administration of all compounds led to a significant initial inhibition of response 

followed by a gradual return towards baseline (100%). For (COC+E) and (COC+E)-E. 

the response did not return to baseline during the time of the experiment. As 

concentrations of COC, CE, and (COC)+(E) decreased, however, the response surpassed 



135 

and then remained above baseline for the duration of the experiment. That behavior 

suggested that some siimulatory mechanism was occurring in addition to the inhibition, 

and that a mixed inhibitory-stimulatory model might be more appropriate. Approach 2 

was designed to test this hypothesis. 

APPROACH 2 

The observation that there were measurable responses above the baseline at low 

concentrations of COC and CE suggested that rather than being purely inhibitory, the 

mechanism might be a combination of inhibition and stimulation. Thus, the following 

model was proposed: 

E of ba.seline) = 100 -1 + S. where (6.3) 

i c , ' max , , 
i = (6.4) 

IC^o+C"^ 

(Smax -So)-C" 
and S = S H (6.5) 

SC?o+C" 

In the equations above. E represents the measured effect (VC or VR) and C is the plasma 

concentration of the drug (COC or CE). The inhibitory parameters are: Imax, the 

maximum inhibitory response, and IC50, the concentration at 50% of I^ax- The 

stimulatory parameters are: Smax. the maximum stimulatory response: So. the minimum 
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stimulatory response, and SC50, the concentration at 50% of Smax- The remaining 

parameters, m and n. iire fitting parameters which account for the sigmoidicity of each 

cur\e. These parameters were added to the model in order to account for any potential 

curvature of the individual mechanism (S or I) plots. A minimum inhibitory response, lo. 

was originally included in the inhibition portion of the model, but it was consistently 

found to be equal to zero, and was therefore removed from the model to minimize the 

number of parameters. 

After administration of (COC+E). a purely inhibitory model was used. ba.sed on 

the determination that the effect never rises above the baseline measurement. 

E {7c of baseline) = 100 - r. where (6.6) 

Oina.x -Io)-C 
tn 

l ' = l  ^  ( 6 . 7 )  'O 
"'50 
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RESULTS 

Figure 6.4 illustrates the cardiovascular responses, VC and VR. vs. log plasma ethanol 

concentration following the intravenous infusion of ethanol. It appears that ethanol has 

a slight stimulatory effect upon both cardiova.scular responses, being more pronounced 

for VR than VC. 

APPROACH 1 

Effect (VC or VR) vs. log plasma concentration plots are shown (Figures 6.5-6.8) for: 

COC vs. CE: COC vs. (COC+E); COC vs. (COC+E)-E: and (COC)+(E) vs. (COC+E). 

The points represent the observed data and the lines are generated from the optimized 

parameter values. It should be noted that the lower the effect on the effect vs. log C plot, 

the greater the inhibition of response. The optimized parameter values obtained from 

fitting the effect-concentration data to the Enm model using WinNonlin are listed in 

Tables 6.1 and 6.2. 

Similar parameter values were found for both VC and VR. as indicated in Tables 

6.1 and 6.2. It can be observed that COC has a lower Ima., and a higher EC50 than CE. 

(COC+E). or (COC+E)-E. and that (COC)+(E) has a lower Ima.^ and a higher ECso than 

(COC+E). For each of these comparisons. CE. (COC+E). and (COC+E)-E aJl cause a 

greater inhibition of response at all concentrations of cocaine than COC alone. Also. 

(COC+E). the two compounds administered concurrently, causes a greater inhibition of 

VC and VR than if the responses based on separate doses of the two compounds were 

added together. 
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APPROACH 2 

Figures 6.9. 6.10. 6.15. and 6.16 show effect vs. time and effect vs. log concentration for 

COC. CE. and (COC+E). After fitting each data set to the appropriate model using 

Win.N'onlin. optimized parameter values were obtained and are listed in Tables 6.3 and 

6.4. for VC and VR. respectively. These parameter values were used to simulate the 

model predictions, which are represented by the lines in the aforementioned figures, 

whereas the points represent the observed data. These optimized values were also used to 

simulate the separate stimulatory and inhibitory effects, shown in Figures 6.11 and 6.12 

for VC. and 6.13 and 6.14 for VR. 
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DISCUSSION 

The significant initial inhibition of cardiovascular response followed by an increase above 

and beyond the baseline after COC dosing may be explained by the following 

physiological mechanism. At high concentrations. COC/CE blocks cardiac sodium 

channels, causing pronounced myocardial depression; this leads to an initial decrease in 

VC and VR. However. COC/CE also inhibits catecholamine reuptake, leading to 

increasing peripheral and brain catecholamine concentrations, which stimulate the 

myocardium. As COC/CE concentration decreases, the sodium channels regain function, 

and myocardial function is restored (i.e.. the inhibitory effect returns towards baseline). 

.•\s this occurs, the stimulatory effect of the increa.sed catecholamine concentrations in the 

brain begins to predominate: VC and VR are increa.sed significantly, possibly pa.st the 

point of baseline. 

This combination of mechanisms is fully supponed by the work of Stambler et al. 

(1993). This group administered 1 mg/kg of COC to conscious dogs and measured a 

number of cardiovascular effects, including VC; they noted the same significant initial 

depression followed by an increase back towards and then above the ba.seline as seen in 

this study. The authors also examined VC after COC dosing in the presence of a p-

adrenergic blocker (propranolol) and during full autonomic blockade. In both cases, the 

initial decrease in VC was observed: however, the response simply returned gradually 

towards baseline and never showed a stimulatory effect. Kersten et al. (1995) found the 

same results after co-administration of COC and dexmedetomidine. an adrenergic 

blocker. These results suggested that a sympathetic stimulatory mechanism was causing 
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ihe stimulation of the myocardium, but that the initial decrease in VC was due to a 

nonadrenergic mechanism. The latter conclusion was supported by the fact that lidocaine. 

a local anesthetic, showed the same significant initial depression of VC and then a return 

to baseline, but no stimulatory effect (Stambler et ai, 1993). 

APPROACH 1 

Clearly, based upon the above mechanism and the observed data, approach 1. in which all 

data sets were tit to the same, strictly inhibitory model, is not accurate. However, the 

results of these analyses do suggest several important factors for consideration. 

COC has a lower Uax and a higher ECso than CE. indicating that COC is less 

potent and less efficacious than CE for VC and VR. This means that at equimolar 

concentrations. CE causes a greater inhibition of response than COC alone. 

The most important result of these analyses is that the co-administration of COC 

and E causes a more than additive cardiovascular response. This is demonstrated by three 

separate comparisons: COC vs. (COC+E); COC vs. (COC+E)-E; and (COC)+(E) vs. 

(COC+E). In all three cases, the former compound or combination of compounds has a 

lower Imax and a higher EC50 than th^ latter. The parameter values indicate that the 

combination of COC and E is more efficacious and more potent than COC alone. 

•Although the effects of E alone are small and stimulatory. (COC+E) causes a larger 

inhibition at all concentrations of COC than administration of COC alone, as shown in 

Figures 6.6-6.8. 
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If the continbutiofi of E to (COC+E) was strictly additive, then (COC+E)-E should 

result in approximately the same effects as COC alone and (COC+E) should result in 

approximately the same effects as (COC)+(E). However, in both cases the former 

((COC+E)-E and (COC+E)) is more efficacious and more potent than the latter (COC and 

(COC)+E). Also, when the two compounds are administered concurrently (COC+E). 

there is a greater inhibition of VC and VR than if the responses were based on separate 

doses of the two compounds. It can. therefore, be concluded that (COC+E) causes a 

"supra-additive" effect. Since at the same concentrations of COC. (COC+E) causes a 

greater inhibition of respon.se than COC alone, this may be a result of the formation of CE 

in vivo, contributing to the inhibitory effect of COC. This possibility will be further 

discussed later in this section. 

Because at high concentrations of COC and CE the response surpassed and then 

remained above baseline for the duration of the experiment, some stimulatory mechanism 

might be occurring in addition to the inhibition. Thus, a mixed inhibitory-stimulatory 

model might be more appropriate; approach 2 used such a model to test this theory. 

.APPROACH 2 

COC compared to CE 

Figures 6.9 and 6.10 indicate that equimolar doses of COC and CE produce a 

similar net effect on VC or VR. However, it appears that each compound's effect on the 

individual mechanisms (stimulatory or inhibitory) are not identical. Figures 6.11-6.14 

show the curves for the two mechanisms separately (simulated from the optimized 
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parameter values) after administration of COC or CE. Figures 6.11 and 6.13 show the 

two mechanisms (S and I) for a single compound (COC or CE) on each plot, and Figures 

6.12 and 6.14 show the same mechanism (S or [) for both compounds (COC and CE) on a 

single plot, for comparison purposes. Both Figures 6.11 and 6.13 display a predominant 

stimulatory' effect at low concentrations, whereas at high concentrations, inhibition 

dominates. This is supportive of the proposed physiological mechanism described 

above. 

The S vs. log C and I vs. log C plots for VC after administration of COC or CE 

arc presented in Figures 6.11-6.12. Figure 6.11 shows that the values of S and I, relative 

to each other, are appro.ximately the same within each compound; this causes the similar 

net effect displayed in Figure 6.9. However, there is a significant difference in the extent 

of stimulation or inhibition between the two compounds, as shown in Figure 6.12. The 

range of both the stimulatory and inhibitory effects of CE appear to be substantially 

greater than COC. Part of the reason why these ranges are so much greater is that the 

concentrations of CE were 2-3 fold higher than those of COC. even after the same molar 

dose; the effects that result from those higher concentrations are indicated by dotted lines. 

However, it should be noted that the Ima.x value for COC (320.7%) is greater than that of 

CE (212.1%); indeed. Figure 6.12 suggests that inhibition from COC would continue to 

increase with increasing concentrations, whereas it appears that inhibition from CE is 

leveling out at the highest concentration measured in the study. Although the parameter 

values suggest that COC is a more efficacious inhibitor than CE. it has a 3-fold higher 

IC^o value than CE (33.(X) vs. 10.38 nmol/mL). indicating that CE is a more potent 
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inhibitor than COC. In addition, according to the parameter values. COC is a more potent 

(SC51) = 5.67 vs. 10.88 nmol/mL) but less efficacious (Snm = 86.46 vs. 166.5%) 

stimulator compared to CE. This is reflected in the stimulatory effect curves in Figure 

6.12.  

The S vs. log C and I vs. log C plots for VR after administration of COC or CE 

are presented in Figures 6.13 and 6.14. Note that the scales for these graphs differ 

considerably (0-250 vs. 0-100) from those for VC. The net effects, however, did not 

differ in magnitude from those for VC. 

Whereas the individual mechanism curves were essentially superimposable for 

each drug tor VC. in the ca.se of VR. the curves differ in both shape and magnitude. For 

both COC and CE. the range of the inhibitory effects are considerably greater than that 

for the stimulation. Although from Figure 6.13. CE appears to have a significantly larger 

difference between the S and I ranges than COC. the parameter values indicate that they 

are quite similar for the two drugs: Uax for COC (257.3%) is approximately 7 times 

greater than (Snm - So) (35.9%). compared to 70.85 vs. 11.4. a 6-fold difference, for CE. 

Indeed, the inhibition from COC appears to continue to increase at the highest 

concentrations, whereas inhibition from CE begins to level out to its maximum value. 

Again, because the values of S and I, relative to each other, are similar for the two drugs, 

the net effect is almost identical, as shown in Figure 6.10. Interestingly, despite the fact 

that Figure 6.13 and the parameter values both indicate the dominance of the inhibitory 

effect. Figure 6.10 shows curves that are shifted upwards (compared to VC in Figure 6.9). 
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implying that the stimulatory effect should be stronger. It is difficult to determine the 

cause for this disparity. 

For VC. the range of both the stimulatory and inhibitory effects of CE were much 

greater than COC: however, it appears that in Figure 6.14. that the opposite is true for 

VR. For both effects, the range of COC values is 3- to 4-fold larger than those for CE. 

Although the inhibitory effect curves appear to be quite similar, note that the CE curve is 

leveling off at the highest concentration, whereas the COC curve, given higher 

concentration values, would increase to its l^ax value of 257.39^. The parameter values 

indicate that CE is a more potent stimulator of VR than COC (SCso = 2.2 vs. 8.2 

nmol/mL) and a more potent inhibitor (IC.-^o = 4.4 vs. 27.5 nmol/mL). For both I and S. 

COC is more efficacious, however, as indicated by the higher Snm and In,a, values. 

COC compared to (COC+E) 

.Although the effects of E alone on VC are negligible, as indicated by Figure 6.4. 

Figure 6.15 shows that the co-administration of E and COC causes a larger inhibition at 

all concentrations of COC compared with administration of COC alone. In addition, the 

ICso value of (COC+E) indicates that the combination of compounds produces a more 

potent inhibition than COC alone (16.3 vs. 33.0 nmol/mL). In fact, it appears that the 

inhibition is so potent, that the stimulatory effect is masked; the (COC+E) VC 

measurements never return to baseline, and in fact, level out at approximately 80% of the 

baseline value. 
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For VR. E alone has a somewhat sizable stimulatory effect, as shown in Figure 

6.4. Thus, despite the similar IC50 values of COC and (COC+E) (27.5 and 14.7 

nmol/mL) to those found for VC. Figure 6.16 shows the (COC+E) curves shifted 

upwards, which displays the contribution of this stimulatory effect. The VR 

measurements do not e.xceed the baseline, but do return to lOO'/c. Again, the combination 

of compounds produces a more potent inhibitory effect than COC alone. 

The parameter values for the combination of COC and E must be accepted with 

caution, however, as the model failed to take into account the presence of a second active 

compound (the formed CE) in addition to the administered COC. Although 

concentrations of formed CE after co-administration were not measured, we a.ssume that 

it was formed in vivo after co-administration of COC and E. an a.ssumption which is 

supported by many literature studies (Song et ai. 1999; Parker ei ciL. 1998; Parker et at.. 

1999; Wilson ei ai. 2001). A more appropriate model would, therefore, have had 4 

terms; an S term for COC and for CE. and an I term for COC and for CE; however, since 

the CE concentrations were not available, this model could not be constructed. 

For (COC+E). the stimulatory effect is either inhibited or completely 

overwhelmed by an inhibitory effect. There are several possible mechanisms to explain 

the data. It has been demonstrated by many experimenters that E decreases COC 

clearance and. therefore, prolongs high levels of COC in the plasma. However, no 

difference was seen in the concentration of COC with and without E in the study from 

which these data were recovered. The change in effect is therefore not due to increased 

COC concentrations after co-administration of E. A second possibility is that E itself 
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may produce an inhibitory effect on VC or VR; this is not probable as Figure 6.4 shows 

that the effect of E on these responses is comparatively small, and actually produces a 

slight increase above baseline. Other possibilities are that the potent inhibitory effect of 

the formed CE may overwhelm the stimulatory effect of COC. or that E may inhibit the 

stimulatory effect of COC. 

You-Qiu et al. (1994) examined the effect of CE on cardiac sodium channels. 

They concluded that CE is a more potent sodium channel blocker than COC for two 

reasons; t"irst. the affinity of CE for inactivated sodium channels was higher than that of 

COC. Second, the rate at which CE unbinds from the sodium channels is significantly 

slower than that of COC. Thus, it is possible that the rea.son that (COC+E) never exceeds 

the baseline within the experiment is that the formed CE is prolonging the local 

anesthetic effect by keeping the sodium channels blocked: the high levels of 

catecholamines cannot stimulate the myocardium in this state. 

Of all the mechanisms proposed, the latter two possibilities are the most likely, 

but specific experiments mu.st be done to determine the most appropriate mechanism. 

These experiments would require looking at the two competing mechanisms (stimulation 

and inhibition) as separate entities; this has not been done in the past as interest has 

always been in the net effect. 



I'ahlc 0.1: i 'arainetcr valiic.s oblaincd fiDni filling VC v.s. concentration data to the model used in Approach I 

VC coc ClL (COC+K)-[<: (COC+K) (COC)+(E) 

^ limit 33.471 80.754 61.601 56.865 28.664 
(% of baseline) 

ECso 23.135 14.025 18.402 16.689 23.626 
(f.imol/L) 

Eina.\ 110.713 112.857 82.355 95.300 118.450 
(% of baseline) 



Table 6.2: Paiaiiieter values t)btaineci iVom lining VR vs. cDiicenlralioii ciala to the model used in Approaeh I 

VR coc CE (COC+E)-E (COC+E) (COC)+(E) 

^IIIUX 22.893 78.750 62.893 61.269 21.269 
(% of baseline) 

EC50 28.673 12.261 10.831 9.035 25.457 
(}.imol/L) 

E||lux 124.004 122.567 97.326 123.165 139.964 
(% of baseline) 



Table 6.3: I'araineler values obtained iVoni fitting VC" vs. eoncentration data 

the eonibination stinnilation/iniiibition or the pure inhibition model used 

Approaeh 2 

VC 

l„ (%) 

Imax  (%)  

IC50 (nmol/niL) 

111 

S„ (%) 

(%) 

SC50 (iiniol/mL) 

II 

COC Cli (COC+K) 

17.21 

320.69 212.07 106.91 

33.00 10.38 

0.69 

5.67 

2.69 

2.93 

34.70 11.61 

S6.46 166.52 

10.88 

3.68 

16.28 

2.86 



Tahlc 6.4: Paratnctcr values ohlainecl from fitting VR vs. coiicciilration tiala (o 

tile combinalion stinuilation/inhihitioii or the pure inhihition iiuulel used in 

Approach 2 

VR 

lo (%) 

In iax  (%)  

IC50 (nmol/niL) 

111 

S„ (%) 

S„.„. (%) 

SC50 (nmol/iiiL) 

11 

COC CE (COC+K) 

().()() 

257.34 70.85 118.73 

27.48 4.40 

1.27 

8.17 

5.81 

.87 

24.94 31.88 

60.80 43.30 

2.17 

5.46 

14.67 

2.23 

o 
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Figure 6.3: Plasma conceiUration vs. time for H (A), COC (B), and Cli (C). The Cli plot shows the concentrations 

following the 7.5 mg/kg dose only. The concentrations of COC after co-administration with li are not shown because, 

according to the original study from which these data were obtained, COC concentrations were not affected by H. 

This finding contradicts most other studies, however, which indicate that !• inhibits the metabolism of COC, leading to 

higher concentrations of COC over time. li and COC data taken from llenning d al. (1994) and CI- data from Wilson 

cl al. (1995). 
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I'iguic 6.9: VC vs. time and VC vs. log plasma concentration after administration of COC or CH. COC 

data taken from I lenning et al. (1994) and CH data from Wilson ft al. (1995). 
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Figure 6.13: Slinuilalory and inliibilory effeci ofCOC (A) or CI- (B) on VR 
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