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Pharmacokinetic Variability—
Body Weight, Age, Sex, and

Genetic Factors

When mdjvjduals ais given idctticl doses of a
drug, large differences in pharmacologic response
may he seen. For cxaropk, the sfrcpiiig times of

72 rats eft r intraperiluneal admi;'iration of per-
toharhitaf sodium (30 mg/kg) ranged from ahol
30 to 190 mm; the duration of paralysis in 96 rats

after intraper;toneal administration of zoxazolani
inc (110 mg/kg) sal ied from 100 to 830 mm

Th Or_rea;C in blood gluco'.e (eapresaed as
cent t cEtoI level) 30 mm	 1tcr a ) g intravenous
dose ol 'o)hutatoidc in 97 human subjects ranged
front to more than 50cc The variable effect
of I drop of an ophthalmic solution containing 30
mg/nil phenylephrine hydrochloride instilled into
the conjunctival sac on pupil diameter in 39 sub-
jects is shown in Figure 12 -1 )

The dose required to produce a certain response
may vary widely from individual to individual. For
example, the dose of warfarin required to increase
prothrombin time to the range of 181021.5 sec in
15 patients with cardiovascular disease varied from
0.04 to 0.20 mg/kg per day.' The daily dose of
phenindionc required to achieve an adequate degree
of anticoagulation ranges from 25 to 200 mg.'

iwo sources of variability are differences in drug
levels at the site of action (as Inferred by drug
concentration in the plasma), and differences in
effect produced by a given drug concentration. Al-
though both sources contribute t'. tOC VaiI..i'; 0

response, there is increasing evidence for many
drugs that the principal variation is the drug con-
centration resulting from a given dose. This is
called pharmacokinetic variability.
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Fig. 12-1. Variable effect of 1 drop of an ophthalmic
solution containing 30 mg/m] phenytephrine hydrochloride
instilled into the conjunctival sac on pupil diameter in 39
subjects. (Data from Bertler, A., and Smith, SE .3)

The typically large variability in blood levels of
drugs is seen in the results of a study in 24 patients
with meningitis treated with continuous intrave-

)" infusion of ampicillin, 150 mg/kg per day.6

On day 5 of treatment, serum levels of ampicillin

ranged from 9 to 92 lLWml. Differences in renal
function arno'ng the patients partly explain the large
range of serum concentrations.
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IharmacOii1CIiC Variabiti(Y 
Body Weight, Age, See, eCU

A great deal of variability, both pharinacokinctic
irid pharmicodynarnic, has been seen with niida-	 50
o1am, an intravenous bcnzodiazepifle widely used
or sedation before and during surgery. InveStiga- 	 -

tors in The Netherlands studied the pharmaCOki

neticS of inidazolaiit in 17 patients on mechanical

ventilation in a general intensive care unit who

were receiving a cOflti000US iv infusion of the drug,

adjusted according to the level of sedation. 7 The	 o

half-life of midazolam was less than 2 hours in 1	 30

patient, ranged from 3.5 to  hr in ID patients, and

was greater than 10 hr in 6 patients.

	

The investigators noted that a wide range of	 w

midazohim serum levels was associated with ade- z 20
	quate sedation, and similarly the midazolant levels 	 o

	

at the I noment of awakening were highly saria-	
0

	

ble.'' Apparently, it is very difficult to establish a 	 z

	

relationship between level of consciousnes s and	 5	 10

	midazolam concentration in patients in intensive 	 -

crc hc. atise of the variety of drugs that are used
LLJ

and the state of the patient.
Not only is a high degree of variability routinely

fourri between subjects, a wide range of blood

rila also he seen when the same subject
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a drug on different occasions. It is widely

	

bhe'.cd. hosseser, that intersubject variability is	
F. 12-2. Relationshi p between the steady-state.PIa5

much jeater than inirasubject variability. 	
roitcfa	

concentration of phenytoifl in epileptic patients and the
prescribed daily dose. (Data from Lund, L.9)

determined the inter- and intrasubject variation of

digoxin renal clearance in normal adult males.

	

using data from 5 different studies. He found that 	
netics because of inteatient variability in blood

	

inasubjCCt coefficients of variation averaged 24% 	
levels. 'l'he relationship between the concentration

	

(with a range of 15 to 29%). Depending on the 	
pf phenytOin in the plasma and the prescribed daily

	

method used to calculate varianr., intersubject co-	
dose is shown in Figure 1?.-2. More than a 20-

	

efficients of variation averaged 0% (with a range 	
fold difference wac found in the apparent 	 y, stead-

	

of 18 to 42%) or 42% (with a range of 19 to 50%).	
state phenytoin concentrations in plasma among

	

Consistent with the prevailing wisdom, intersubject 	
patients who had been prescribed the same daily

	

ce of digoxin was	
dose.° The steady-state plasma chlorthalido!l e con-

	

variability in the renal clearan bility, but clearly,
	

centratiOns in to patients during treatment with a
greater than intrasubject varia standard dose of 50 mg/day varied 5-fold between
intrasubject variability is not trivial, 

	

The greatest difference between maximum and	
individuals, ranging from 211 to 1138 nml.O

	

minimum renal clearances of digoxin in the five

	
Particularly pronounced phaacokinetiC varia-

	

studies averaged 115 mI/ruin within subjects and	
bility is consistently observed with drugs subject

	

rul/mim between subjects . The ratio of intra- 	
to a high hepatic clea

183	

rance and substantial presys-

	

to interstibject variability ranged from 0.47 to 0.71 	
temic metabolisill. An example is shown for the

	

with a meat' value of 0.64. Physical activity is one 	
tricyclic antidepressant desipramine ip Figure

	

factor contributing to inasubject variability. The 	
12-3. The upper and lower curses show the ex-

	

renal clearance of digoxin is signficntlY higher 	
treme results in 2 patients, The middle, cure, shows

	

during a period of normal physical activity than

	

	
mean values for 9 other patients. All 11 patients

were treated with 25 trig of desiprantinC orally 3
during a period of immobilization. 

	

Some drugs show greater variability than others.	
timeS a day. Plasma levels differed by 30-fold,1t

	

It is particularly difficult to prescribe the appro- 	
Steady-state levels of noriptylii1e in patients with

	

priate dose for drugs with nonlinear pharmacoki- 	
psychiatric illness receiving 75 mg/day varied from
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Fig. 12-3. Desipramirie concentrations in plasma in pa-
tients during repetitive dosing with 25 mg 3 tunes a day.
Curves A and C indicate the levels in 2 patients who showed
the highest and lowest degree of drug accumulation, re-
spectively. Curve B reflects the average of 9 other patients.
The vertical bars at days 7 and 10 on curve B indicate the
range of desipramine concentrations in the individual pa-
tients. (Data from Hammer, W., idistroni, C,hl., and Sjo-
qaist, f.11)

about 10 to 260 ng/ml 1 2 Steady-state plasma con-

ccnlratioits of alprcriolol a het . hlccing drug, in

30 patients treated for a prôiongtd' period varied

25-fold between individuals receiving identical oral

doses."
Theory suggests that a drug subject to substantial

presystcmic metabolism should show less phar-
macokinetic variability after parenteral administra-
tion than after oral administration. Figure 12-4

indicates that this is the case after oral and intra-

venous administration of propranlol)
Many factors contribute to the variability in the

relationship between the amount of drug admin-

istered or prescribed and the resulting drug con-
centration in the body. This relationship is influ-

enced by the bioavailability of the drug from the
dosage form, a subject discussed in earlier chap-

ters, as well as other factors that may affect the

completeness oc a1,surtioii. Ii is also influenced
by a host of factors that affect drug disposition.

jir1t 4tO!, Vi,-. 'strihution, metabolism, and ex-

cretion processes ae bubject to individual variation

from age-related phenomena, genetic and environ-
mental factors, the consequences of disease, and

concomitant administration of other drugs. An ad-
ditional and possibly important source of variability
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Fig. 12-4. Propra flcl2l.COflCeflI.ratiOfls in plasma after a
single 80-mg oral or 10-mg intraverous (iv) dose to 5.
healthy adults. Less variability is observed after iv admin-
istration. (Data from Shand, DO., NuckoUs, EM., and

Dates, J.A.")

is that certain patients frequently fail to follow di-

rections about taking medicine.
This chapter and the two that follow are con-

cerned with factors that coatribute to inlersobject

differences in drug concentration; in bIjod and

tissues

BODY WEIGHT AND SIZE

The apparent volume of distribution of a drug is

determined by the anatomic space into which it

distributes and its relative degree of vascular and
extravascutar binding. Because the volume of both

total body water (TBW) and extracellular fluid

(ECF) in adults with normal lean-to-fat ratios is

directly proportional to body weight, there is a
relationship between apparent volume of distribu-

tion and body weight. This relationship is partic-

ularly evident for drugs that are poorly bound in

the body.
Initial blood levels following a single dose or a

loading dose of a drug that is rapidly absorbed are
largely dependent on apparent volume of distri-
bution; the larger is the volume of distribution, the

lower is the blood level. Wltcr.e'c P­ ( '11.0d

levels are of concern during drug therapy, body

weight should he considered in determining the

appropriate dose.
Organ size, function, and blood flow are alsc
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related to body weight, but the relationship be-
tween drug clearance and body weight is not clear.

The correlation between drug clearance and body

weight in normal young adults is poor; studies that

also include infants, children, and the elderly are

confounded by well known age effects on drug

clearance. Therefore, there are no general guide-

lines to relate maintenance doses of drugs to body

weight.
Because of pharmacokinetic variability in drug

absorption, binding, and elimination and because

of pharmacodynamic variability in response,

weight adjustments are generally thought unnec-

essary unless the weight of an individual differs by

more than 50% from the average adult weight (70

kg). In practice, adjustments for weight are made

only for children and for unusually small, ensaci-

ated, or obese adult patients.5

Obesity
Obesity, defined as that condition when a pa-

tient's total body weight is more than 25% above

desirable weight, occurs in almost 20% of the pop-

ulation of the United Stales and is more preialent

in women than men. Ideal body \seight (IB\V) is

usually defined as follows:

IB\V (men)	 50 kg ± I kg12.5 cm above or

below 150 cm in height 	 (12-1)

IBW (women) = 45 kg ± 1 kg/2.5 cm above or

b
e
low 150 cm in height	 (12-2)

Drug distribution rray change as a result of the

changes n od)i composition in the obese patient.

The percentage of fat and lean body mass in an

individual may be estimated by measuring height

(in inches), weight (in, kilograms), and girth (in

inches, using the umbilical level at exhalation), and

using these data in the following equations: 16

Percent fat

= 90 - 2 (Height - Girth)	 (12-3)

Lean body mass

= (100 - Percent fat) x Weight (12-4)

The smaller ratio Of body water and muscle mass

to total body weight, and the greater proportion of

body fat in the obese could lead to changes in drug

partitioning into the various body compartments.

Fat contains less extracellular fluid than other tis-

sues. Therefore, the distribution space for polar

drugs, liketibiotics, is relatively less in obese

patients and may be a reason for reducing the daily

dose, calculated on a mg/kg total body weight ba-

sis. On the other hand, the relative distribution

space for lipid-soluble drugs may be the same or

even larger in obese patients; this ni'tiy call for the

same or even larger daily doses, calculated on a
mg/kg total body weight basis. Furthermore, in

principle, drug binding, metabolism, and excretion

may be affected by obesity. For these reasons, the

selection of appropriate dosing regimens for the

severely obese patient is a formidable challenge.

Intuitively, one expects an obese patient to need

a larger dose than a normal-weight patient. Dosing

regimens based on milligrams of drug per kg of

total body weight or per square meter of body sur-

face area will indeed deliver a larger dose to the

obese patient. But, studies comparing pharmaeo-

kinetics in obese and normal-weight subjects sug-

gest that this approach is frequently wrong and may

result in drug toxicity.

A dosing regimen that is safe and effective in

the average patient may require modification if the

apparent volume of distribution. clearance, or ljalf-

life of the drug in the patient under consideration

is sufficiently different from the average value. The

volume of distribution of most drugs is greater,

sometimes dramatically greater, in obese subjects

than in normal-weight subjects. Largely for this

reason, one may find much longer half-lives in

obese subjects. On the other hand, differences in

drug clearance between significantly overweight

and normal-weight patients are often small; in

1nanycaaes, there is no nc:. .1 to change the tota

daily dose of a drug when it is given to an obese

patient.
Changes in dosing regimen for obese patients

might be anticipated if a drug is largely excreted

unchanged or eliminated through formation of sul-

fate or glucuronide conjugates Creatinine clear-

ance is increased in obese patients and the renal

clearance of a drug may be increased to a similar

or greater extent. Renal excretion of a drug may

be greater in obese pafients because of changes in

renal blood flow and glomerular filtration rate sec-

ondary to increased blood volume and cardiac out-

put. Metabolic clearance reflecting conjugation

with sulfate or glucuronic acid also seems to in-

crease as a function of body weight. Oxidative

metabolism, on the other hand, does not appear to

be affected by weight changes.

If a drug distributes poorly or not at all into the

excess body space found in tIle obese patient, one
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would expect the same plasma drug conccfltratIOi

alter administration of the same absolute amovnt
of drug to a patient with normal body weight or to
an obese patient, provided their lean body masses
were comparable- This is illustrated by the results
of studies with digoxin.° A single intravenous dose
of 0.5 rug of digoxin was given to 5 obese patients
before and after an average weight loss of 46 kg.
There were no significant differences in the blood
concentrations before and after weight reduction.

In another study, the pharmacokilletiCs of di-
goxin were determined in 13 obese subjects (aver-
age total body weight 100 kg. 162% of IBW) and
16 control subjects (average total body weight 65
kg, 98% of IBW). No important differences were -
found in absolute volume of distribution (approx-

imately 950 L), clearance (approximately 300 ml]

mm), or half-life (approximately 35 to 40 hr).18
The results of these studies indicate that the

obese patient should receive the same average load-
ing and maintenance doses of digoxin as the nor-
mal-weight patient. If the drug is dosed on a body
weight basis, the obese patient should receive the
same mg/kg of IBW dose as the normal-weight
patient but a smaller mg/kg total body weight dose
of digoxin. Digoxin dosage may be dangerously
high if calculated on the basis of total body weight

in obese patients.
Several studies have examined the harmaCO-

kinetics of aminoglycoside antibiotics in obese sub-
jects. Schwartz and associates' administered I mgi
kg gcntamicin to 6 obese subjects (average body
weight 104 kg) and 6 normal-w.eight subjects (aver-

age body weight 55 kg). The apparent volume of
distribution was significantly larger in the obese
subjects than in the normal-weight subjects (19 L
vs 13 Q. Oil other hand, the apparent volume

of distribution corrected for iotal body weight was

significantly smaller in the obese subjects than 111

the normal-weight subjects (0.185 L/kg vs 0.244

lJkg).
These results indicate that gentamicin distributes

into the excess body space of obese patients but
not as efficiently as it distributes into lean body
mass. Korsager confirmed these results and cal-
culated that the uptake of gentamicin into the ex-
cess body space in the obese subjects was about
40% of the uptake into lean body mriss. S1I:iaL

findings have been reported for tobrarnyCifl 2 ' and

ainikacin. 22 Dosing these antibiotics on a mg/kg
1BW basis produces lower peak blood levels in ar
obese patient than in a normal-weight patient; dos

ing on a mg/kg total body weight basis results in
higher peak blood levels in obese patients than in
patients of normal weight.

Bauer and associates recommend that the loading
dose of amikacin in the severely obese patient be
based oil apparent volume tf distribution (V)

calculated as follows:22

V = 0.26 [IBW + 0.38 (F\V)] (12-5)

where IBW is ideal body weight, FW is fat weight

(total body weight minus IBW), 0.26 lJkg is the

apparent volume of distribution in normal-weight
individuals, and 0.38 is a factor accounting for the
more limited distribution of amikacin in excess
body space than in lean body mass.

A patient weighing .150 kg (1BW = 70 kg) is
predicted to have an apparent volume of distribu-

tion of 26.1 L; a normal-weight patient will have

an apparent volume r1 distribution of 18.2 L. The

loading dose of amikacin (in mg or mg/kg IBW)
should be about 40% higher for the obese patient
than for the normal-weight patient.

Some drugs (e.g., caffeine, lidocaine, braze-
pam, and thcophylline) distribute about equally be-
tween lean body mass and excess body mass
(largely adipose tissue). In this case, apparent vol-
ume of distribution is larger in obese patients but
distribution volume per kg of total body weight is
about the same in obese and normal-weight indi-
viduals. Other drugs (e.g., phenytoin, thiopental,
and diazepam), because they are lipid soluble, dis-
tribute disproportionately into excess body weight
and volume per kg total body weight is larger in
obese subjects. The distribution volume of thio-
pental per kg total body weight is 1400 ml in nor-
mal-weight subjects and 4720 nil in obese subjects.
Plots of apparent volume of distribution per kg total
body weight vs total body weight tend to be linear,
with a negative slope for drugs such as gentamicili,
a slope approximating zero for drugs such as caf-
feine, and a positive slope for drugs such as thio-

pental.
Blouin and co-workers have studied the phar-

rnacokinetiCs of vancomycin in obese subjects.
The apparent volume of distribution of vancomycifl
was considerably larger in obese subjects than in
normal-weight subjects (50 L vs 33 Q. Like the

.iiglycosides, however, the apparent volume of
distribution of vancomycin normalized for total
body weight was smaller in the obese subjects than
in the normal-weight subjects indicating (united
distribution into the excess body space. Loading
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doses of vancomycin (in tog or mg/kg IBW) should

be higher for obese patients than for normal-weight

patients.
Another important finding of the vancomyCill

studies is that the clearance of vancomycin was

more than twice as large in obese subjects than in
nornml-weight subjects (188 ml/min vs 81 mllrnin).

This result was consistent with the larger creatininc
clearance in the obese subjects compared to that

observed in normal-weight subjects (180 nillmin

vs 138 mI/mm). The same mg/kg total body weight

daily dose in obese and normal-weight subjects

yields comparable average vanconiycirt concentra-

tions at steady state.° Higher drug clearance in
obese subjects than in normal-weight subjects has

also been reported with aminoglycoside antibiot-

ics.19-"

Bauer et aL 24 studied the clearance ofcimetidiiie

in normal-weight (62 kg) and obese (140 kg) sub-

jects. In subjects with normal total body weight

and renal function, about one-half of an iv dose of
cimetidine is excreted unchanged in the urine. The

investigators observed that the clearance of cimet-

idine froin serum was much greater in obese sub-

jects than normal-;eight subjects (1147 vs 637 nih

mm). This difference was almost entirely the result

of a substantially higher renal clearance of Cutlet-

idine obese than in control subjects (808 vs 3t8

ml/min).
Studies with theophylline in obese subjects are

of interest because, unlike the ammnoglycosides,

thcophylline is almost completely metabolized via

oxidative j'iathways. Tr. large increase in absolute

volume of distribution of theophylline in obese sub-

jects, compared to that observed in normaI-wight

subjects, indicates that theophylline readily dis-

tributes into fat. Loading doses of theophylhine

should be calculated on the basis of total body
weight; however, the absolute clearance of the-

ophylline (in mLfmin) is remarkably similar in

obese and normal-weight patients." Therefore,

maintenance dose calculations for theophylline

should be based on IB\V; total daily dose (iii mg
or mg/kg 1BW) should be similar in obese and

normal weight patients. The clearance of north-

azepam (desniethyldiazepam), the active metabo-

lite of clorazepate, is also similar in obese and

normal-weight subjects."

The effects of obesity on the kinetics of three

other drugs subject to oxidative metabolism (viz,

propranolol, trazodone, and verapamil) have also

been reported. Bowman et al." compared the phar-

macokinetics of propranolol in obese and control
subjects. Clearance, determined after iv dosing,

was nearly identical in the two groups. A trend

toward decreased first-pass metabolism in the obese

group after oral administration was not statistically

significant. The half-life of propranolol was longer
in the obese group because of a nearly 2-fold

change in volume of distribution.
Similar results were observed with trazodone."

Clearance was about the same in obese and control

subjects but the large difference in apparent volume

of distribution (162 vs 67 L) resulted in a prolonged

half-life in obese subjects (13 vs 6 hr). The inves-

tigators concluded that the dose of trazodone

should be based on ideal rather than total body

weight; average daily dose should he about the

same in normal-weight and obese patients.
Abernethy and Schwartz" gave iv verapamnil to

obese and normal-weight patients with hyperten-
sion and found that elimination half-life was pro-

longed in obese patients (10 vs 4 hr) because of a

marked increase in volume of distribution (713 vs

301 L) with no significant change in total verapamil

clearance (1340 (obese) vs 1250 mI/mini.
Ibuprofen, a widely used NSAID, appears to be

an exception to the general rule that obesity has a

minimal effect on the clearance of drugs eliminated

by oxidative metabolism- 30 A 600 mg oral dose of

ibuprofen sesulted in a significantly lower peak-

concentration in obese subjects than in controls (37

vs 48 mg/L) consistent with a larger volume of

distribution. Surprisingly, the total area under the

ibuprofen concentration in plasma v Lime curve

was also lower in obese subjects. This difference

could be explained by decreased absorption or in-

creased clearance in obese subjects; plasma protein

binding was nearly the same in each group.
lbuprofcn undergoes aliphatic hydroxylation and

carboxylation rather than ring hydroxylation or ox-

idative N-dcmethylation, the more common oxi-

dative pathways. Perhaps the cytochrorne 1'-450(s)
concerned with aliphatic hydroxylation and car-

boxyluition is increased selectively in obese sub-
jects. The results suggest that larger doses of ibu-

profen are required for obese patients to attain

plasma levels similar to those in normal-weight

patients.
Relatively few drugs are eliminated by nitrore-

duction but this pathway applies to one of the most

widely used benzodiazcpines iii Europe: miitrare-
pam. Investigators have determined that the half-

life of nitrazepam is markedly greater in obese
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subjects than in controls (33.5 vs 24 hi) due to 	
than expected for normal-weight individuals with

- -- --- .1	 (290 vs 137 L), cal- 	 average clearances.
tricreascu ulsu LU""'	 -	 -
culated by assuming complete absorption after oral

administration. 31

Plasma levels of nitrazepam after a single dose
were appreciably lower in obese subjects, sug-
gesting an increased clearance. Mean oral clear-
ance was 10! mllmin its the obese group compared
with a value of 67 mi/min in the control group. A
correlation analysis involving all subjects indicated

a statistically significant relationship between ap-
parent nitrazepani clearance and percent of ideal

body weight.
These investigators observed that "benzodiaz-

epines which undergo hydroxylation or oxidative

N-demethylation, including diazepam, desmethyl-
diazepam, alprazolam, and midazolam have min-
imal if any chaoe in clearance in obese sub-

jects - . . In contrast, the benzOdiazePines
lorazcpam and oxazëpam, which are hiotrans-
formed in man by glucuronide conjugation, have
increases in clearance in obese mar, which are sveil
correlated with degree of obesity The increased
clearance of nitrazepam in obese subjects suggests

that the nitroreduction pathway for biotrarsfOr
rnation of xcnobiotics may also be increased in

obese individuals
In addition to the elimination of lorateparn 'atC

oxazeparn, drugs subject to glucuronide conjuga-
tion, the elimination of acetaminophen, which is
subject largely to sulfate conjugation, is also en-

hanced in obese subjects. 12 Another example of the

effects of obesity on conjugative rnetabolisni is

seen with salicylate. 33 The major elimination path-

ways for salicylate are glycine and glucuronide
conjugation. The clearance of salicylate after ad
ministration of aspirin was about 20'% greater in
obese subjects (113 kg TBW) than in normal-

weight subjects (67 kg TBW).
As a rule, an increase in distribution volume

results in an increase in half-life, whereas an in-
crease in cárance produces a decrease in hall-life.
Must diiigs have a longer half-life in obese than in
normal-weight subjects, reflecting changes in vol-
ume of distribution. A most dramatic example of
the effect of obesity on half-life has been reported
with theophylline in a study involving a patient
who weighed 523 kg. Although theophylltne

clearance in this patient Was similar to values ob-
served in normal-weight subjects, a half-life of
about 34 hr was determined, about 4 times longct

Neonates, Infants, and Children

Dosing guidelines for children are more com-
plicated than those for adults. Evidence indicates
that children require and tolerate larger mg/kg
doses of many drugs than do adults. For example,
the usual doses of digoxin are 15 to 20 p.g/kg per
day for children 4 weeks to 2 years of age, 10 to
15 igJkg per day for children 2 to 12 years of age
and 4 to 5 1ig/kg per day for adults. 35 These doses

result in average digoxin concentrations in plasma
of about Ito 1.5 ngiml when given to patients of

the appropriate age.
Estimates of the dose required for infants and

children are often obtained on the basis of the sur-
face area of the young patient relative to the surface
area of an adult. Body surface area (SA) can be
calculated using the following height-weight for-

mula:'

SA (mi)	 weight (kg)°

x height (cm)"' X 0.024265 (12—)

A -less accurate but stilt useful estimate of surface
area ill can be calculated from the follow-

rig equation:"

SA (m2) = weight (kg)° 728	(12-7)

The body surface area of the average adult is as-

sutsied to he 1.73 m2.

A still simpler equation to calculate body surface
area. one that is easily solved using a calculator
With a square root function, has also been pro-

posed. 39 In this relationship, surface area (in in2)

is equal to the square root of the product of height
(in cm) and weight (in kg), divided by 60. That

Is,

SA = (height x weight)' /60 (12-8)

Validation of this equation was based on measure-
ments in adolescent and adult subjects. A 185-cm
hall, 80-kg patient is predicted to have a body sur-

face area of 2.03 cm ? . Other investigators tested

the accuracy of this simplified equation when ap-

plied to children. 40 The body surface area of 168

children between the ages of I and 14 years was
calculated. The resulting values were then corn-
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pared to the classic equation of DuBois and

DuBois)' That is,

SA = 0.007184 x height°'2'

x weight°	 (12-9)

The investigators found a correlation coefficient
between the two methods of calculation of greater

than 0.99, suggesting that this simplified approach

to the estimation of body surface area is reliable

in both adults and children.
Calculations based on body surface area indicate

that, ill general, the average 3-month-old child

weighing 6 kg should receive twice the mg/kg dose

given to an average adult, whereas the average 5-

yr-old child weighing 20 kg should receive 1.5

times the mg/kg dose given to adults) 8 Because of

age-related differences in drug metabolism, how-

ever, still larger doses arc sometimes required.
One study examined the variability in peak se-

rum concentration of gentamicin in patients from

different age groups, ranging from 6 months to 42

years of age, who received parenteral doses stan-

dardized for body weight (I mgkg) or body surface

(30 mg/m2 ) . 42 Age-related variability was less after

administration of a dose calculated on surface area

than after a dose calculated on weight. Children

under 10 years of age require a larger mg/kg dose

than older patients to achieve comparable serum

gentamicin concentrations. The same mg/m l dos

of gentarnicin results in roughly comparable serum

levels in all age groups.
The requirement for larger mg/kg deses. in chil-

dren than in adults is related in part to the fact that

TBW and ECF make up a larger percentage of the

total body weight in children than in adults. Total

body water decreases with age, from 78% of the

newborn's body weight to 60% of the adult's

weight. 43 Differences in extracellular water (ECW)

are even greater. Extracellular water represents

about 45% of the body weight in the newborn but

only 20% of the adult's body weight." This means

that the same mg/kg dose of a drug that is not bound

and is distributed only in the ECW produces less

than half the blood level in the newborn as in the

adult, and about 70% of the blood level in a 2-

year-old child as in an adult)5

In general, age-related changes in drug distri-

bution tend to decrease the volume of distribution

in adults compared with neonates for most water-

soluble drugs. Drugs that are lipid soluble may
have a lower volume of distribution in neonates
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Fig. 12-5. Ethariot concentrations in blood at the end of
a constant rate intravenous infusion as a function of age.
(Data from Vestal, RE., et al.9

because of age-related differences in adipose tis-

sue.
Fisher and his colleagues46 have studied the phar-

macokirretics of vecuroniUm, a polar nondepolar-

izing muscle relaxant, in 5 infants (3 to ii months

old) and 5 children (Ito 5 years old). The muscle

relaxant was given by iv infusion after anesthesia

during elective surgery. The apparent volume of

distribution of ecuronium was larger (357 vs 204

mlikg) and the mean residence time was longer (66

vs 34 nun) in infants than in children.
The investigators pointed out that they expected

changes in the distribution volume because of sev-

eral factors. 'First, the distribution of muscle re-

laxants such as vecuronium is limited to extracel-

lular fluid (ECF). ECF volume decreases markedly

during the first year of tile, starting at appro:i-

mately 44% of body weight at birth and approach-

ing the adult value of 22% at 1 year of age."

Previous studies by these investigators found that

the volume of distribution for d-tubocurarine, a
related drug, was 514 mlfkg for infants, 405 ml]

kg for children, and 309 ml/kg for adults, values

that shadow the age-related changes in ECF.

No significant difference was observed in clear-

ance between infants and children. Values of 5.6

and 5.9 mllkg/rnin, respectively, were calculated.

Therefore, the longer mean residence time of ye-

curOfliUrts in infants is almost strictly related to the

larger volume of distribution in these patients.

Elderly Patients

Age-related changes in body composition at the

other end of life may also affect drug distribution.

On the average, lean body mass decreases and body

fat increases in relation to totl body weight in the



Table 12-2. Elimination Half-Lives (hr) of Various
Dru gs in Neonates and Adults'

'Data from Rane. A., and Tonssofl, (l.a'

Drug

Amobaibitai
Carbasnazepinc
Diazcpam
Indomethacin
Meperithne
Nortriptytiflr
Plsenylbutazofle
I'henytoin
Thcophyltifle
Tolbutaxnide

Neonates
17 to 60
S to 28

25 to 100
14 to 20

22
56

2[ to 34
21

24 to 36

ID to 40

Adults
12 to 27
2% to 36
15 to 25
2 to II
3 to 4

IS to 22
12 to 30
ii to 29
3to9
4 to 9
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aging individual. The percentage of total body
weight composed of adipose tissue is oil order
of 36% in elderly men and 48% in elderly women,
much higher than that found in young adults, 18%
in men and 33% in women. It follows that the
apparent volume of distribution of a relatively
water-soluble drug such as antipyrine may remain
the same or decrease slightly with age, whereas
that of lipid-soluble drugs such as diazepam may
be much larger in elderly patients than in younger
ones.

Vestal and co-workers have observed a decrease
in the lean body mass per unit surface area as a
function of age, over an age range of 21 to 81
years, in healthy human subjects. 47 The apparent

volume of distribution of ethanol, which is largely
unbound and distributed in TBW, also decreased
with age. The smaller volume vf body water and
the decreased lean body mass in elderly subjects
probably account for the higher peak ethanol levels
in blood after administration df a constant dose of
ethanol as compared with young subjects (Fig.

12-5).

AGE

Age itself, rather than body size and composi-
tion, also affects the distribution and elimination
of many drugs. Drug binding, metabolism, and
excretion may change as a function of age. A study
that documents changes in pharmacOkmfletie param-
eters from newborns to elderly particularly well is
that of Sereni el al., who examined the pharnia-
cokinetics of sulfatnethoxypyrida'/ inc in subjects
of different apeS.41 The study panel was divided
into 5 groups: newborns (2 to 3 days), infants (t
to 12 months), children (4 to 9 years). adults (16
to 37 years). and elderly subjects (>70 years). The
half-lives and apparent volumes of distribution of
the sulfonamide in each age group are summarized
in Table 12—I.

The half-life of sulfamethoxypyridazi 	 was

Table 12-1. llatf . Lives (t) and Apparent Volumes
of Distribution (V) of Sulfarnethoxypyridalmne in
Human Subjects of Different Ages'

	

lc'	 V

Ae groups	
(hr)	 (IJkg)

Newborns	 136	 0.47

Infants	 54	 0.36

Children	 Si	 0.20

Adults	
0.22

Liderly subjects - 	 , 98	 0.26

. Data from Sercni, F., Ct at."

considerably longer in newborns and elderly sub-
jects Than in young adult subjects. On the other
hand, infants and children eliminated the drug more
rapidly than did adults. The apparent volume of
distribution was larger innewborns and infants than
in adults, suggesting differences in binding and/or
in the relative sii.e of body compartments.

Another comprehensive examination of the ef-
fect of age on drug elimination has been reported
for ceftriaxor&e.° Clearance increased from 0.9 to
2.5 mlimin when comparing patients I to 8 days
old with patients 9 t 30 days old. The mean clear-
ance of ceftriaxone in children ranging in age from
3 to 12 months and from Ito 6 years was 6.2 ml/
min and 9.1 ml/min, respectively. The 18 to 49
year old age group had the highest clearance , of

ceftriaxone, 17 ml/min. Older groups of patients
had progressively lower values of clearance. Very
elderly patients. 75 to 92 years of age, had an
average clearance of about 8 ml/min.

These findings are generally consistent with re-
sults from other studies that compare the phar-
mnacokinelics of drugs in a more limited number
of age groups. For example the clearance of cy-
closporine. normalized for either total body weight
or surface area, is greatest in bone marrow trans-
plant recipients less than 10 years old (82 ml/min/
kg), lowest its patients older than 40 years (20 mll
mm/kg), and intermediary in patients ranging in
age from 11 to 40 years (43 mI/mm/kg).50

In general, drug elimination is impaired in new-
borns, particularly premature newborns; it im-
proves with age and tends to be more efficient in
older infants and children. Thereafter, drug elim-
ination declines with age.

Drug Metabolism in Newborns
The most dramatic age-related differences in

drug elimination often occur between the newborn
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and the adult, Most of the enzymatic microsolnal

systems required for drug metabolism are present

at birth, but their titers are usually lower than adult
levels. In general, drugs subject to bio-

transformation are eliminated more slowly in new-

borns than in adults (Table 12-2).'
Apparent exceptions to this generalization in-

clude the anticonvulsant drugs phenytoin and car-
bamazepine. The similarity of plasma half-lives of

these drugs in newborns and adults is in contrast

to the other drugs listed in Table 12-2. These data,

however, were obtained in newborns who acquired

the drug in utero from the mother who was re-

ceiving anticonvulsant treatment during pregnancy.

Chronic exposure of the fetus to antiepileptic drugs

throughout gestation may lead to induction of drug-

metabolizing enzymes.
Although drug oxidation in the neonate seems

to be almost uniformly impaired, drug conjugation

in the newborn presents a mixed picture. Sulfate

conjugation seems to be as efficient in newborns

as in adult-c, but conjugation with gfucüronie acid
is considerably reduced, reaching adult levels only

after 3 years of age. This deficiency is rsponsible

for the serious adverse effects observed in new-

borns after administration of chloramphenicol a
drug that is ordinarily conjugated with glucuronic

acid. Blood levels of chloramphenicol are higher

and persist considerably longer in I - and 2-day-old

infants than in 4- to 5-year-old children.
Reports of the variable effectiveness of indo-

methacin in the closure of significant patent ductus
asteriosus in preterm infants have prompted an ex-

amination of the relationship between cestational

age and indoniethacin elimination in the newborn.

One investigator found that the half-life of indo-

methacin decreased with gestational age. 35 Im-

proved indornethacin elimination during develop-

ment may be associated with treatment failures.

Infants who did not respond to indomethacin elim-

inated the drug more rapidly and had lower plasma

levels than those infants who did respond to the

drug.
Investigators in Seattle studied the pharinaco-

kinetics of morphine in infants less than 10 weeks

of age. 11 The' clearance of morphine irs newborns

(1 to 4 days old) was less than half that found in

older infants (6 vs 24 nil/mm/kg). Differences in

volume of distribution between the two groups

modulated the effect of clearance on half-life but

the half-life of morphine was longer in the new-

borns (7 vs 4 hr) The investigators suggested that

time, hours

Fig. 12-6. Semilogarithmic plot of caffeine concentra-
tions after a single iv dose to the same infant at ages 1.5

ma W and 2.5 ma (0). Half-life decreased from 4110 16
hr from one administration to the next. (Data from Aranda,
iv., et al.)

the combination of lower clearance and longer

elimination half-life in newborns may explain a

prolonged duration of action for morphine in very

young infants.
iheophylline is used frequently in newborns for

treatment of apnea associated with immaturity,

weaning from mechanical ventilation, and as a

bronchodilator in infants with bronchopulrnc'nary

dysplasia. Compared with an adult, the prelerm

infant has a low clearance for theophylline. The

amount of unchanged theophylline in urine in pre-

mature infants decreases with postnatal age,

whereas the excretion of metabolites increases with

age. One study found a strong correlation between

thcophyllinc half-life and postnatal age in prema-

ture infants 12 to 191 days old; half-life decreased

from about 50 hr to 5 hr over this age ran2e.56

Differences in the elimination of caffeine in new-

borns and adults are among the most remarkable

reported for any drug. 5755 The half-life of caffeine

in the newborn is about 4 days; in adults, it is about

4 hr. Adults eliminate less than 7% of a dose of

caffeine unchanged in the urine; the rest of the dose

is metabolized to dernethylated xanthines and

orates. In the newborn, however, unnietabolized

caffeine a.ccelipts for more than 85% of the urinary

excretion products. 57 Caffeine remains the predom-

inant urinary component for the first 3 months of

life, but its percentage decreases gradually to the

adult level of less than 2% by the age of 7 to 9

months. Figure 12-6 shows plasma levels of caf-

feine iii time same infant at ages 1.5 months and
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2.5 months. The long half-life of caffeine in the

neonate is the result of slow urinary excretion of

unchanged drug, which is the primary route of

elimination in the infant because there is little or

no metabolism.
Sonic drugs are metabolized in the gastrointes-

tinal tract by intestinal bacteria in the large bowel.

CardioinactiVe digoxin reduction products can be

detected by radioimmunoassay in the urine of about

one-third of adults during treatment, signalling in-

activation of digoxin by reduction of the lactone
ring, mediated by anaerobic intestinal bacteria.

About 10% of adult patients excrete large amounts

of reduced metabolites. In these patients, more than

4017c of total urinary digoxin and its derivatives is

in the form of digoxin reduction products.

Investigators in New York carried out a study

to determine whether infants and children metab-

olize digoxin in this way. 59 Eighty-nine patients on

chronic digoxin therapy, younger than 21 years of
age, were evaluated. None of the 36 digitalized

infants 8 months of age or less excreted reduced

di-oxin metabolites in the orine; about 12 patients

would have been expected in this category if the

adult pattern prevailed. Among the 45 children
older than 16 months, digoxin reduction products

were found in the urine of 20. However, large

quantities of digoxin reduction products in the

urine, such as are found in 10% of adults, were

not found in children less than 9 years of age.

Even though reduced metabolites were not found

early in life, stool cultures of 20 of 73 infants

younger thi' 8 months of age cor.ained high con-

centrations of bacteria that reduced and inactivated

digoxin in vitro, in some cases as early as the

second week of life. In summary, children were

found to be colonized with intestinal bacteria early

in life but the capacity to inactivate digoxin de-

veloped only gradually. The investigators con-

cluded that "the discrepancy between the time di-

goxirt reduction product-forming organisms appear

in the stool and production is detectable in vivo

dictate caUion in characterizing gut flora metabolic

processes based only on in vitro observations."

Plasma Protein Binding in Newborns

Differences in plasma protein binding and tissue

binding of drugs have also been reported between

newborns and adults. Table 12-3 shows binding

data and apparent volumes of distribution for sev-

eral drugs in neonates and adults.°° In each case,
binding to plasma proteins is less in the newborns

than in the adults. Generally consistent with the

decrease in plasma protein binding is an increase

in apparent volume of distribution in the newborn.

Diazepam. despite the fact that the fraction un-

bound to plasma proteins is 4 times larger in neo-

nates than in adults, is art exception. Apparently,

the extravascular (tissue) binding of diazepam is

even more impaired in the newborn than is plasma

protein binding.
The relatively low , plasma protein binding in

neonates is often associated with elevated levels of
bilirubin, which is avidly bound to albumin and

may compete with drug for binding sites. At one

time it was thou ght that competition between drugs

and bilirubin for binding Sites on albumin could

result in displacement of bilirubin leading to its

deposition in the central nervous system and ker-

nictel-us. Current thinking is that displacement of

bilirubin by a drug is unlikely because the affinit)

of bilirubin for albun.[n is greater tharrCt of any
drug studied to date. Other mechanisms are prob-

ably involved in the development of CNS toxicity

in neonates with elevated bilirubin and jaundice.

Decreased plasma protein binding of drugs and

differences in body composition with respect to

TBW and ECW largely explain why larger mg/kg

doses are required to produce peak blood levels in

neonates comparable to those in adults.

Table 12-3. Plasma Protein Binding (Fraction Free in Plasma), and Apparent Volume of Distribution in

Neonates and Adults
Volume (tJtg)

Neontei	 -AdAB

	

1.6	 2.4
StolO	 7

	

1.0	 0.55

	

1.3	 0.63

	

0.47	 0.24

	

0.38	 0.16

Free rrucl,on

Drug	 Neonates	 Adults

Diazcpans	 0.16	 004
Digoxin	 0.8	 0.7
Phenobarbital 	 068	 0.53
Phcn>ioin	 0.2	 . 0. I
SulfamcthoxypyraliflC	 0.43	 0.38
Sulfisoxazole	 032	 016

Data from Murselti, P.L."
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Renal Excretion in Newborns
Although the ratio of kidney weight to total body

weight in the newborn is twice that in the adult,

the oman is anatomically and iunctii,iial' imma-

ture; all c;pcct.s of renal function ui c I c kluced. Neo-

natal renal plasma how and glomcmular filtration

rates normalized for body surface are still only 30

to 40% those of the adult, as indicated by arid-

nohippurate and inulin studies."' One would an-
ticipate that drugs subject to renal excretion would

be eliminated more slowly in the newborn than in

the adult patient.
The different processes of renal excretion mature

at different rates. Average glumerular filtration rate

is 38.5 nil/min/1.73 sq in and maximal tubular
secretory capacity for para-aminohippurate (PAll)

is 16 mg/ruin/1.73 sq or in full-term neonates, com-

pared with adult values of 127 and 80, respectively.
At 6 months of age, gloinemular filtration rate is

nearly 90% that found in the average adult, whereas

maximal tubular secretory capacity for PAll is only

about 60% of the adult value. 63 lrii,riatuie icmil

function affects the elimination of amirroglyc-

sides, indomethacin, di goxin, peniciilins sulijrt

amides, and many other drugs. The risk ci advcre

drug effects in ncborns is high urilcass close at-

tention is paid to the size of the dose.
Studies with digoxin are illustrative. Repetittve

administration of 12 to 13 ig!kg per day of digrcxin

to full-term neonates (3 to 30 days), infants (I co

12 mo), and children (Ito 10 years) results in mean

steady-srte plasma digoxin levels of 2.1. 1.2,
1.4 og/mI, fespectively.The elevated digoxin ks-

els in the neonates are related to the low ranal

clearance of digoxin, which is, on the average, !ss

than half that found in children and adults with

normal renal function.

Drug Metabolism in Children
Although drug metabolisni is impaired in neo-

nates compared to adults, older infants and children

actually metabolize certain drugs more rapidly than
adults. Rates of drug metabolism for many drugs

reach a maximum somewheresomewhere between 6 months

and 12 years of age and thereafter decline with age.

Accordingly, children often require higher mg/kg

doses than do adults.
Drugs showing faster elimination in children

than in adults include antipyrine, clindaniYcill, di-
azoxide, phenobarbital, carbaniazepinc, valpi oic

acid, ethosuxinnide, and theophylline. lIscopinyl-

line has been the most carefully documented.

In one study the pharrinacokinctics of' theuphyl-

line were determined 'in asthmatic children (6 to
17 years of age) and ill normal adults, after a 4

mg'k g in Ira venous dose of ani i nophy Iii ire. ' The

aver .. total clearance of then; vlline was 87 roll
hr per kg in the children and 57 ralihr per kg in

the adults. The average half-life of theophyllinc

was 3.7 hr in the children and 5.5 hr in Ire adults.
Wyatt and co-workers determined that the aver-

age daily dose of theophyllinc required to maintain

serum levelslevels in the therapeutic range of 10 to 20

pglnil was 24 tog/kg for children up to 9 years of

age, 18 mg,kg for children aged 12 to 16 years,

and 13 nag/kg for patients older than 16 years.

Administration of the adult dose to the younger

children seldom produces therapeutic levels; ad-

ministration of the dose required for children to
adults results in blood levels usually associated

with adverse effects.
Rudy surface area has been found to he a better

'coieltitc r.f dosing requirements in ch i ldren than

b':rly weight, perhaps because it is c better correlate

of card i ac output, of hepatic and renal blood flow,

a ad of glor nero lar filtration rate 
in children and

adats. According to oinc.' approach bawd on body

surface area, a child's maintenance dose is calcu-

lated as follows.

S,i. of child (:n)
Childs dose

1.73

m7  Adult dose (mg/day)

(12-10)

where 1.73 on 3 is the surface area (SA) of the aver-

age 70-kg adult: The SA of the child may be es-

timated from Equations 12-6 or 12-7. Equation
12 10 leads to higher mg/kg doses for a child than

for the adult. The larger mg/kg dose resulting from

the use of Equation 12-8, however, is still inad-

equate to meet the requirements for tlieophylline

in children.
Clinical experience in pediatric patients has sug-

gested that children often require large doses of

procainamide for suppression of arrhythmias. In

adults, the half-life of procainamide ranges from
2.5 to 5 hr, with rapid acetylators grouped at the

Lower end of the range; plasma cewartcc averages

about S to 9 ml/mitt/kg. A study in 5 children 7 to

12 years of age found an average half-life of 1.7

hr and it clearance of nearly 20 nil/ininikg. 67 Quin-

idinc is also metabolized more rapidly in children

than adults.'t
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Drug Elimination in the Aged	
tion may not be necessary because ranitidine is

The probability of experiencing adverse effects 	
substantially free of dose-rc ated adverse effects.

from a drug in adults appears to increase with age.

	

	
Other investigators found marked differences in

the disposition of the angiOtcflSin-converting en-

This is related in part to the decline in organ func-
tion that occurs as a result of advancing age. For 	

zyme inhibitor cnalapl and its active metabolite,

example, cardiac output decreases by 30 to 40%	
enalaprilat, between healthy young and elderly sub-

between the ages of 25 and 65 years. Glomerular 	
jCCtS.7 The apparent clearance of enalaprit after

filtration rate (GFR) declines progressively with

	

	
oral administration and the clearance of enahiprilat

after iv administration were about 30% lower in

age after the age of 20 yr. 70 Differences in the

pharmaeOkinetiC5 of certain drugs between young 	
the elderly subjects. The clearance of each was

and old adults are anticipated, and, indeed, some	
significantly correlated with creatinifle clearance,
which averaged 92 ml/ruin in the younger group

important differences have been observed.1173	 and 66 ml/min in the older group.

TGlomerular filtration falls at a rate of about I	 he decreased clearance and higher blood levels

mi/ruin per 1.73 m' per year between the ages of 	 of enaiaprilat may explain in part the greater hy-

20 and 90 years.'° Parallel declines in tubular Se- 	 potensive effect and prolonged convertinSen7.Yme

cretion and active tubular reabsorPtion have also 	 inhibition observed in elderly subjects. Some dos-

been observed The total clearance of drugs largely 	 age adjustments based on creatinine clearance may

jiminated I y renal excretion decline c approxi-	 ae necessary.

mately in proportion to the reduced ('iFR. '[he 50%	
During the development of a new diuretic/anti-

decline in renal function in the elderly patient rel- 	
hypertensive combination product of trianiterene

ative to the young patient is often of little clinical	 (1) and hydrochiorothia7.id e (HCT) (Maxride),

importance, but must he considered in determining 	
with bioavailabilitY characteristics superior to the

the appropriate dose of certain drugs in the elderl 	
original combination product (Dyazide). Williams

these drugs include digoxin, cimetidinc, lithium, 	
Ct al.' compared the two formulations in patients

and the arninoglycoSide antihiotiCS." 	
with mild to moderate hypertension . I-or each prod-

The same amount (0.5 rug) of digoxin adniin-	
uct, they found higher blood levels of I-ICI' than

istered intrasenouSly to elderly men (73 to si 	
they had observed in earlier studies with healthy

years) and young nen (20 to 33 years) resulted in	
subjects. The clearance of HO appeared to be

higher blood concentrations and longer half-lives 	
lower in the patients than in healthy subjects.

This is principally due to dimiin the elderly." This 	
An important difference between the two groups

ishcd urinary excretion of digoxin in the elderly, 	
was age. The mean age was 50 years for the pa-

Renal clearance of digoxin averaged 53 mt/mm	
tients and 24 years for the healthy subjects. Age

1.73 m7 in the old and 83 mi/ruin per 1.73 m' i	
in the patient population ranged from 22 to 69

the young men. Although serum creatinifle levels 	
years. Those patients less than 60 years of age had

i	

a peak I ICT concentration in plasma of 455 ng/ml,

n the old and young subjects were not different, 
crcatinine clearance averaged 56 iiil/min per 73 	

whereas those greater than 60 years of age had a

mean peak level of 600 rig/rill. Similar differences

M7 in the elderly and 122 m	 m- inI/ruin per 1.73	 were noted with regard to the plasma levels of the

the young subjects.
principal metabolite ofT, hydroxytriitrfltere fle sul-

A report from Europe showed that the total fate (FUFS), which like HCT is el i minated by renal

plasma clearance of cimetidifle decreased by half . excretion. Relatively small differences in levels of

between the ages of 30 and 65 years, largely as a	 T were observed.

result of it profound decrease in the renal clearance	 Analysis of the data suggested that age is an

of cimetidine
Will, 	 The clearance of raniti- 	 important factor in determining the elimination of

The investigators observed that
dine was also found to be significantly lower in an 	 UCT and I ITS. 

elderly group compared with a group of y"ung	 'because j ncrCioIg age is associated with r'duced

adults, consistent with the aifference in creatiflifle 	
renal function, decreasing renal function might also

clearance between the two groups." These inves- 	
have contributed to the alteration in drug disposi-

tigators predicted that ranitidine levels in plasma	
tion seen in our data." In fact, highly significant

would be about 60% higher in the elderly compared	
correlations were obsci ved between (he renal clear-

with young adults, but suggested that dose reduc-	
ancc values of I 1C1, 1, and its active metabolite,
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I IFS, and both age and measured creatininC clear-
ance when the data from both the patients and the

healthy subjects were combined.

Hydrochiorothiazide is eliminated primarily by

renal excrction. Between the ages of 25 and 50

years, the renal clearance of I Id declined by about
one-third. In subjects older than 60 years, the clear-

ance of 1 ICT may he reduced 50% or more. [here-

fore, a given dose of 1-ICT will result in higher
blood levels in elderly individuals than in young

adults. Because of the important role of metabolism

in the elimination of trianiterene, little accumula-

tion occurs in the presence of renal impairment.

On the other hand, renal excretion is the major

route of elimination of I-ITS, and considerable ac-

cumulation occurs in older patients.
Iii evaluating renal function in the elderly patient

one must bear in mind the decline of muscic mass

and lean body mass relative to total body weight

that occurs with old age. Since serum creatinine

concentration depends nit creatinine turnover,

which is a function of muscle mass, as well as

renal creatinine clearance, the decline in renal func-
tion may not he accompanied by an elevation in

senini creatinine. Estimates of creatinine dlearance

from serum creatinine levels must take the patient's

age into account.
Changes in drug metabolism with age are not

nearly as predictable as changes in the renal ex-

cretion of drugs. There is a growing list of drugs

subject to oxidative metabolism that are cleared

less efficiently in the elderly, but this is not the

case for all such drugs. Drug conjugation reactions,

on the other hand, seem to be gely ind_pendent

of age.
Hepatic blood flow declines with age, partly be-

cause of reduced cardiac output. Accordingly, the

clearance of drugs with liver blood flowdcpendnt

elimination may decrease in the elderly. Important

age-related changes have also been reported for

drugs showing marked first-pass metabolism.

The prototypical drug for studying metabolic ox-
idation in humans has been antipyrinc. Swift et

al . 7x measured liver volume and antipyrine kinetics

in two groups of healthy individuals aged 20 to 29

years and 75 to 89 years. Liver voluhse and anti-

pyrine clearance were reduced in the elderly group.

On the average, clearance was 42 mllinin in the
young subjects and 24 nil/inn in the elderly sub-

jects. The investigators concluded that "hepatic

drug oxidation as measured by antipyrifle clearance

declines in man with aging and this is partly due

to a decrease in liver size and partly to reduction

in nlicrosomal enzyme activity.''
Most studies examining the effect of age on

human liver size in vivo have used ultrasound.

Swift et al. 71 found a reduction in estimated liver

volume from a mean of 1100 nil in subjects 30 to

39 years of age to 990 ml in subjects aged 75 to

86 years. Bach et al) 9 rcpoi ted a 17% decrease in

liver volume over a similar age range. lit a review

of age-related changes in liver size and blood flow,

and the implications for drug metabolism in the

elderly, Woodhouse and Wynne° noted that the

largest study of this kind found a significant leg-

alive correlation between estimated liver volume

and age. A 28% fall in liver volume was noted in

those over 65 years of age compared with those

under 40.
Other investigators measured the plasma clear-

ance of antipyrine after intravenous injection in

normal male subjects aged 22 to 72 years.M They

found that antipyrine clearance declined with age

in the group as a whole, but that the change was

much greater in smokers than nonsmokers. Anti-

pyrine clearance was higher in smokers than non-

smokers among subjects less than 40 years of age

but there was little difference between them among

subjects older than 40. These findings suggest that

the enzyme . inducing effects of smoking diminish

with age.
The effects of aging on the pharmacokinetics of

anticonvulsants is also of interest. Investigators de-

termined the pharmacokinetics of phenytoin after

an intravenous injection of tOO nig to a group of

young healthy adujs Vvith a mean age of 29 years

and to a group of elderly patients with a mean age

of 83 years. 79 The clearance of phenytoin appeared

to be similar in each group, about 50 inlmmin, but

plasma protein binding was considerably decreased

iii the elderly. Therefore, the clearance of unbound
(free) phenytoin was significantly lower in the older

patients (309 vs 569 ml/mm), suggesting a need

for lower doses of phenytoin in such patients.

The pharmacokincticS of valproic acid were

compared in healthy young and elderly subjects

during repeated dosing with oral valproate, 250 trig

every 12 hr. 85 Steady-state concentrations of vat-

proic acid were practically identical in both groups,

about 40 to 45 mg/L. Free fraction in plasma, how-

ever, was significantly larger in the elderly than in

• the young subjects (0.11 vs 0.06). Calculation of
unbound vaiproic acid concentrations indicated that
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frer drug Iev..is at steady ate are almost twee as
high in the elderly as in the young subjects.

Changes in plasma protein and (issue binding on
aging complicate the evaluation of the effects of

age on drug metabolism. For example, Klutz and
associates found a striking increase in the half-life
of diazepam as a function of age in a panel of
subjects ranging in age from 15 to 82 years, half-
life increased from 20 to 90 hr (Fig. 12-7)." The
clearance of diazepam, however, was independent
of age. The entire change in half-life can he ac-
counted for by an age-dependent increase in the
apparent volume of distribution of diazepam see-
ondar to changes in tissue binding of the drug. A
similar situation has been reported fc. nitraze-

pain.84
An even more striking increase in the half-life

of chlordiazepOxide with age has been reported.
Unlike the situation with diazepain, this age-related

increase in half-life is the result of both all
in apparent volume of distribution and a decrease
in the metabolic clearance of chlordiazepOXide.

The effects of aging on the elimination of two
short-acting benzodiazepiflcS, triazolam and mid-
azolam, have also been studied. The elimination

of both drugs principally involves hepatic metab-
olism to hydroxylated metabolites.

Plasma triazolam concentrations were measured
illijode and female subjects, i anging in age froir
21 to 87 years after a single 0.5-mg oral dose.'
The apparent oral clearance of triazola'o in toali
and female elderly subjects (>61 years) was 0111

about half that observed in the younger subject
(<34 years). The initial hypnotic (lose of triazolaii
in elderly patients with insomnia should be aho

half that recommended for a young adult of similar

weight.
Similar but less pronounced effects have been

observed with midizolam 
.17 Elderly are not only

less efficient in their ability to metabolize t-nida-
i,olani, they are also much more sensitive to the

effects of the drug."
Several benzoclia7.ePiflCS, including oxazcpam,

lorazcpam, and temazepain, are not subject to ox-
idative metabolism but are eliminated by conju.
gation with glucuronie acid. Several studies have
shown little or no effect of age on drug clearanc.
In regard to these drugs, Greenblatt -And his .-col-

leagues have observed in a widclyited littrature
review" that "total clearance tends to decline with
age, but the amount of variability attributable to.
age is small, making age-related changes in clear-

-ice either , i sigriificant or of torder-lir signifi-

cance."
Early population pharmacokinetiC studies sug-.

gested a need to lower theophylhne doses in ldcrly
patients bcatse of reduced clearance. Subequcnt

studies, however,.indicated that these preliminary

observations may have been confounded—by not
controlling for disease state and smoking-habits.
These later reports suggested that theophylline
clearance was independent of age iii both smokers
and nonsmokers and that cigarette smoking in-

creased the clearance of theophylline ill 	 young

and elderly subjects."'-
A carefully controlled investigation of the cffet

of age on theophyll:ne metabolism ill young and
old cigarette smokers, using stable isotope meth-
odology, may have resolved this controversy.92
These investigators found that the plasma clearance
of theophylline in old nonsmokers was about one-

third less than in young nonsmoker.TheOPl1Ylliie
clearance was also lower in older smokers than in
young smokers but the difference, in the order of
20%, was less than that observed in nonsmokers.
It appears the metabolism of theophyllinc is slightly
impaired in the elderly but the change is difficult
to detect because the variability in theophyllinc

kinetics is large.
Age-related changes in hepatic blood flow and

in the effects of smoking on micrOSoiltal drug me-
tabolizing enzyme activity can also complicate the
evaluation of the effects of age on drug metaho-
lisrn. Vestal and co-workers determined in a group
of 27 healthy subjects. consisting of smokers and

o	
nonsmokers and ranging in age from 21 to 73 years,

it	 that the systemic clearance of propranolol, deter-

.•2
06 0

age, years

Fig. 12-7. Relationshi p between the half-life OfdIaZePam

and age in a group of healthy subjects. (Data from Klotz.

U., etal.B))
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Fig. 12-8. Relationship between liver blood flow and age
in smokers (•) and nonsmokers (0), r = 0.55. (Data from
Vestal, RE., et al.93)

mined after intravenous administration, decreased
as a function of age. 93 Propranolol has a high met-
abolic (hepatic) clearance that depends on both he-
patic blood (low rate and the intrinsic ability of the
hepatic enzymes to metabolize the drug (intrinsic
clearance). The decline in the systemic clearance
of propranolol as a function of age is largely the
result of an age-dependent decrease in liver blood
flow (Fig. .12-8). A similar age-related decline in
the systemic clearance of indocyanine green has
also been reported .14

Vestal and co-workers also found that the in-
trinsic hepatic metabolism of propranolol (deter-
mined after oral administration) decreased with age
in smokers but not in nonsmokers. 93 Cigarette
smoke induces hepatic microsomal enzymes in-
volved in the metabolism of propranolol. Young
smokers metabolize propranolol more efficiently
than young nonsmokers; however, there is little
difference in the intrinsic metabolic clearance of
propranolol in elderly smokers and nonsmokers.
The results are consistent with a decreased induc-
tion of drug-metabolizing enzymes with aging.
This age-related effect on enzyme induction has
also been found with antipyrine.94

The effects of aging on the kinetics of other beta-
blockers have also been investigated. The bio-
availability of metoprolol, which like propranolol
undergoes substantial first-pass metabolism after
oral administration, was studied in healthy young
and elderly subjects- 95 Large iritersubject differ-
ences were observed in both groups, but no sig-

nificant difference in area under the drug concen-
tration in plasma versus time curve (AUC), peak
concentration, or°half-life was found between the

groups.
The pharmacokinetics of labetalol, a mixed

alpha- and beta-blocker has also been studied after
oral and iv administration to a small group of pa-
tients with hypertension, ranging in age from 28
to 75 years. 96 Labetalol bioavailability, incomplete
because of first-pass metabolism, varied from 9 to
68% but was significantly correlated with age. The
regression equation predicts a bioavailability of 15
to 20% in a 20-year-old patient and 55 to 60% in
a 70-year-old patient.

These preliminary findings were confirmed by

Abernethy et at .97 On comparing 'the pharmacologic

effects and pharmacokinetics of labetalol in young
and elderly patients with systemic hypertension,
they concluded that "the combination of increased
antihypertensive effect and decreased clearance
suggests that smatter labetalol doses may be re-
quired in elderly hypertensive persons to achieve
antihypertensive effects comparable to those in
young hypertensive patients.'

In another study,"' a prolonged-release tablet
containing oxprenolol, a beta-blocker used outside
the United States, was given once daily for 8 days
to normal young adult subject and elderly hyper-
tensive patients. The elderly patients had a signif-
icantly higher AUC and peak drug concentration
after the first and last dose of oxprenolol, presum-
ably related to decreased clearance. Although it is
not possible to sort out the effects of disease from
those of age per se on the kinetics of oxprenolol,
it is clear that the results of pharmacokirsetic studies
in young healthy subjects do not apply to an older
population with hypertension.

This important distinction of age and disease

may apply to other beta-blockers Rigby et al.5'9
measured steady-state blood levels in elderly pa-
tients with hypertension and in young healthy
adults after repeated oral dosing of atenolot, me-
toprolol, oxprcno)ol, and propranolol. In each
case, drug levels were considerably higher in the
elderly patients than in the young healthy subjects.
The ratios of steady-state concentrations (elderly:
young) were 2.0 for atenolol, 1.6 for nsetoprolol,
1.5 for oxprenolol, and 2.1 for propranolol.

Calcium channel blockers produce a greater hy-
potensive effect in elderly patients than in younger
ones. Studies with verapamil, nifedipine, and let-



250
	

ttk,h,irniacrri ties and Clinical Ph;irrnacokiiit-iks

odipinc indicate age-related changes in drug dis-

position contribute to the enhanced effects.

Abernethy Ct aI . a studied the pharmacodynam-

ics and pharmacokinetics of verapansil in young
(23 to 36 years), elderly (61 to 74 years), and very

elderly (75 to 102 years) male patients with hy-

pertension. After a single 10-mg dose of iv vcrap-

aniil, mean arterial blood pressure decreased more
in elderly and very elderly patients than iii young

patients. The plasma clearance of verapamil was
lower in the elderly and very elderly patients, re-

sulting in prolonged elimination half-lives in these

patients.
It is worth noting that few studies have included

subjects beyond 75 years of age. Although statis-

tically significant differences between the elderly

and very elderly patients were not seen in this

study, the investigators point out "there was a trend
toward even greater changes in the very elderly

compared with the young hypertensive patients in

both pharmacodynamic and pharmacokitletic

data." Age-related changes appear to continue with

athancing age into the eighth and ninth decades of

life.
Robertson et al.' studied the kinetics of nife-

dipine in healthy norniotensive subjects aged 22 to

35 years and 73 to 83 years. Following a small iv

dose, the clearance of ntfedtpine was 348 ml/mm

in the elderly compared with 519 mUrnin in the
young but volume of distribution was similar in -

each group. Mean peak concentration and AUC

after oral administration were also much higher in

the elderly than in the young subjects.
No hcrnodynantic effects were observed in the

group of young subjects after oral nifedipine. In

contrast, nifedipine had a significant acute hypo-

tertsive effect in the elderly. The investigators

concluded that the results are consistent with an

age-related decrease in the hepatic clearance and

first-pass metabolism of nifedipine, as well as im-

paired baroreceptor function, all of which contrib-
ute to its increased hypotensive effect in elderly

patients.
Other dihydropyridine calcium channel blockers

will probably be found to show age-related changes

in pharmacokinetics similar tonifedipinc. For ex-

ample, Landahl et al. 101 found blood levels of fel-

odipine, an investigational dihydropyridine, to be

3 times higher in elderly than in young subjects.

Moreover, the effect on blood pressure correlated

with plasma concentration of felodipine.

Anesthesiologists have long been concerned

about dosing requirements for-anesthetics in elderly
patients undergoing surgery. There is considerable

evidence to show that the dose of thiopental re-
quired to induce or maintain a light level of in-

csthesia decreases with age. Many have assumed
that this is because elderly patients are more sen-

sitive to the effects of thiopental than younger pa-

tients. In fact, there is a general clinical impression

that the aged brain is pl iarinacodynamically more

sensitive to sedative hypnotic. and anesthetic

drugs.
Homer and Stanski' 3 reexamined the question

of dosing requirements of thiopental in the elderly

and confirmed earlier findings The dose of thio-

pental needed to achieve a measured degree of sup-

pression of brain activity, as determined by the

electroencephalogram (LEG) decreased linearly

with age. The regression equation predicted a dos-
age requirement of 10.4 mg(kg for a 20-)ear-old

patent but one of only 4.4 mgkg for an 80-Near-

old patient. For each 10-year increment in age. the

dose of thiopental decreased about 1 mg/kg.
Tle decreased dosage requirement for ihiopental

could result from either age-related changes in
brain response or pharmacokineticS. These inves-

tigators, however, ssere unable to find a relation-

ship between age and serum concentration of either

total or unbound thiopental needed to reach half-

maximum EEG suppression- This means that the

need for smaller doses of thiopental in older pa-
tients must be due to age-related changes in phar-

macokinetics. This aspect was investigated further

in patients ranging in age from 24 to 88 years, who
were given a bolus or very short iv infusion of

thiopental. Blood samples were taken frequently

after administration.
After a bolus dose of thiopental or after termi-

nating a short infusion, there is pronounced itiul-

tiexponential decline of drug levels in serum with

time. Although no age-related changes were found

with respect to clearance, unbound clearance, vol-

utne of distribution, or half-life, marked differ-

ences in the initial distribution kinetics of thiopen-
tal were found. The apparent volutije of the

so-called central compartment changed markedly

with age, ranging from about 25 U in young adults

(20 to 30 years of age) to 5 U or less in patients
more than 60 years old. This smaller initial distri-

bution voltinrit in the elderly results in much higher
serum levels (and presumably brain levels) im-

mediately after dosing.
The investigators concluded that "this phanna-
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cokinetic difference explains the clinical impres- 	
to the quantity of parent drug, demethylated me-

sion of 'increased sensitivity' of the elderly tO thio- 	
tabolites, and hydroxylated metabolites present."

pental. Having a smaller central compartments the 	
Unfortunately, the findings with imipranine and

elderly develop high serum levels of thiopental	
desiprainine cannot be generalized to other tricyclic

quickly and require less drug to show an effect. 	
antidepressants. This is clearly illustrated by the

Thus, the dose of thiopental required to reach a 	
findings of Schulz et al) who studied the effects

surgical level of anesthesia significantly decreased	
of age on the kinetics of arnitriptyline after iv and

with increasing age."	
oral administration. Although the half-life of am-

Considerable attention has also been given to the	
itriptyline was marginally longer in the elderly

disposition of antidepressant drugs in the elderly.	
group (22 vs 16 hours), there was no change in

These drugs are widely used in older patients; some 	
clearance with age. Furthermore, drug levels were

estimate that clinically important depression is	
similar in both groups after oral administration;

present at any given time in at least 10% of the 	
first-pass metabolism eliminated 52% of the dose

elderly population. 	
in the young adult subjects and 57% in the older

In 1977, Nies et al."" reported that older de- 	
subjects. These findings indicate that amitriptyline

pressed patients treated with imipramine developed 	
kinetics in healthy subjects, unlike those of imip-

higher steady-state plasma levels of imipramifle	
ramirie, are relatively insensitive to age.

and desipramine, its active metabolite, than	
On the other hand, the elimination of nortrip-

younger patient.. The age related differences in 	
tylir, the deruethylated active metabolite of am-

irnipramine and desipramine levels occurred de-	
itriptyline, is much 1owei'in the elderly, at least in

spite the fact that all of the younger patients, less 	
those who are hospitalized Pind depressed, than in

than 65 years, were receiving 150 rug imipramifle 	
young healthy subjects. According to Dawling et

per day, but the dosage for the older group ranged	 al. ,107 the apparent clearance of fioririptyline in

front 50 to 150 mg/day with a mean value of 92	
young healthy subjects following an oral dose

mg daily. Despite the lower dose, higher drug 1ev- 	
ranged from 16 to 115 Llhour, with a mean of 54

els were generated	
L/hour; the mean apparent clearance in elderly pa-

More recently. Abernethy et al. 101 studied the	 tients was only 20 IJhour. with a range of 8 to 38

disposition of imiprarnine and desipramine directly	 llhour.

in healthy subjects older than 65 years ,or younger	 These age-related differences in the parmaco-

than 40 years. Each subject was given iN and oral	 kinetics of tricyclic antidepressants provide, at least

doses of irnipramine and an oral dose of desipra- 	
in part, an explanation for the increased suscepti-

mine. After iv administration, imipramine half-life 	
bility of older patients to side effects, including

was considerably prolonged in elderly subjects 	
postural hypotensiOn, urinary retention, tach)-car-

compared with younger subjects (30 vs 17 hours).	
dia, and mental confusion- They also provide a

This change was almost entirely due to reduced 	
rationale for using lower doses in the elderly.

clearance.	
Reports of serious adverse reactions with be-

Still greater differences were noted after oral	
noxaprofen, a nonsteroidal anti-inflammatory drug

administration of imipramine because of a de- 	
(NSAID) subsequently recalled from the market

creased first-pass effect in the elderly. Peak levels	
because of toxicity, heralded the current era of

of imipramine in elderly men were about twice 	
heightened concern as to drug dosage in the elderly.

those found in younger men; a 4-fold difference 	
No other drug class has undergone greater scrutiny

was seen in women as a function of age. In con- 	
in this regard. Some of the more important studies

trast, small age-related differences were observed 	
with NSAIDs are reviewed below.

after oral desipramifle. 	
Upton et al)° studied naproxen pharmacOki-

These findings suggest that the metabolism of	
netics in healthy elderly and young men. They

imipralninc, a tertiary amine predominantly subject	
found a substantial decrease in plasma protein bind-

to demethylation, may be more sensitive to effects	
ing of naproxen in the elderly panel of subjects.

of age than the metabolism of desipramine, which	
Consequently, although serum levels of total na-

largely involves hydroxylation. The investigators 	
proxen were similar in each group, steady-state

are cautious in offering dosage recommendations,	
concentrations of unbound naproxen were about

pointing out that "total pharmacologic activity for 	
twice as great in the elderly individuals than in the

both imipraminc and dcsipramine may be related 	
younger subjects. These findings support the view
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of some clinicians who recommend that geriatric
patients he treated, at least initially, with only one-
half the usual dose of naproxcn.

The elimination of ketopmfen, one of the more
recently introduced NSAIDs, also appears to be
impaired in the elderly. On oral dosing, plasma
concentrations of ketoprofen were consistently
higher in elderly patients than in young adult sub-

jects. 09 The mean apparent clearance of ketoprofen
was 89 nil/min for the panel of young adults but
only 37 ml/min in the elderly panel. Ketoprofen,
like naproxen, is highly bound to plasma proteins,
and even greater differences may exist in the un-
bound clearance of ketoproferi between young and
elderly subjects but the investigators did not report

binding data.
Conjugation with giucuronie acid, resulting in

an ester glucuronide, is the major route of keto-
profen elimination. About two-thirds of an oral
dose is recovered in urine as ketoprofen glucuron-
ide; a negligible amount of unchanged kctoprofen
is excreted in urine. The investigators concluded
that the decreased elimination of kembrofen in the
elderly is due to decreased conjugation with gb-
curonic acid.

An alternative explanation, based on the sus-
ceptibility of ester glucuronides to hydrol,sis in
biological fluids, has been advanced. Since the
elderly have reduced renal function, old age should
also result in a decreased excretion of ketoprofen
glucuronide. The resulting accumulation of this
ester glucurortide may lead to increased systemic
deconjugatiori (regeneration of the parent com-
pound).''

In 1987, a leading representative of the Food
and Drug Administration discussed guidelines for
the clinical investigation of drugs for use by the
elderly." The underlying principle of these guide-
lines is that age-related differences in response to
drugs can arise from either pharinacokinetic or
pharmacodynamic changes, but studies to evaluate
possible differences in the elderly should focus
initial attention on assessment of pharmacokinctic
differences between age groups.

The critical features of a proper evaluation of a
new drug with respect to the elderly are the fol-
lowing: 1. Include the elderly in clinical trials if
they will be exposed to the new drug after it is
marketed ... Although it is reasonable and nec-
essary to exclude patients too inirtn to participate
in clinical trials, patients unable to provide mean-
ingful informed consent, and patients with too

much complicating illness, rigid age cutoffs and
routine exclusion of all patients with concomitant
illness and medication is unnecessary and counter
productive. It tends merely to delay discovery of

npoitant problem-s and interactions: it cannot pre-
vent them . . . 2. Analyze the influence of age on
adverse events and effectiveness . . In the past,
it was uncommon to examine trial experience to
see whether age affected response . . Any at-
tempt to relate benefit or adverse effect to factors
such as age will be greatly improved by good phar-
macokinetic data ... 3. Seek and transmit via la-
beling better information on all of the factors that
affect pharrnacokinetics of the drug, including
age.''

We are still a long way off front understanding
why some drugs show important age-related
changes in clearance while others do not. Many
factors have been examined but one factor that has
not been considered is the possibility of age-related
stereoselective changes in elimination. About 10
to 15% of all drugs are marketed as racemic
mixtures. Racemic drugs \% hose enantiomers use
different oxidatis e metabolic pathways could ex-
hibit selective a g e-related changes in drug metab-

olism.

In pursuit of this idea, investigators in Kentucky
studied the disposition of hexobarbital enantionlcrs
in young and elderly healthy mate subjects. '' 2 The

well-recognized and striking difference in the elim-
ination of d- and l-hexoharhital was clearly seen
in the panel of young subjects. Oral clearance was
16.9 mllmirvkg for the I-form but only 1.9 ml/mini
kg for the d-form.

Interestingly, the difference between the hexo-
barbital enantiomers was considerably less in the
elderly subjects. The reason for this was that al-
though the oral clearance of d-hexobarbital was
about the same in elderly and young subjects (1.7
vs 1.9 ml/min/kg), the mean oral clearance of 1-
hexobarbital in the elderly panel was less than half
that found in the young panel (8.2 vs 16.9 mllmin/
kg). A substantial age-related fall in the clearance
of the I-form of hexobarbilal but not of the ti-form
was observed. The investigators pointed out that
age-related preferential decline in metabolism of
one enantiomer over another has never been re-
ported for any racemic drug in animals or humans.

Gender

Large sex-related differences in the capacity of
rats to metabolize drugs are widely recognized.''3
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hales. The formation clearances for acetathino..
then sulfate (105 vs 80 nil/ruin) and for acetamin-
phen oxidation products (38 vs 28 mllmin) were
ilso higher in men than in women. The major dim-
nation pathway for temazepam, oxazepam, and
orazepamn also involves conjugation with glucu-

ronic acid.
In another study by Miners arid his associates,' 9

salicylic acid clearance was found to be about 60%
higher in male than in female subjects, an effect
due largely to enhanced activity of the glycine con-
jugation pathway (salicyluric acid formation) in
males. Still lower clearance values were found in

women using oral contraceptives.
It is clearly established that combination oral

contraceptives, consisting of a synthetic estrogen
and a progestin, inhibit the oxidative metabolism
of many drugs. Studies comparing users with non-
users have found that oral contraceptives decrease

th e clearance of antipyrine, chiordialePOxide, di-
azcpam, prednisolone, imipranline, and metopro-

• lol, among other drugs. In one study, in women
using the salile oral contraceptive for 6 months to
4 years, antipyrine clearance was 28 ml/min during
use but increased to 37 ml/min 4 weeks after stop-

ping medication)'
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These differences are routinely considered in de-
signing toxicology studies for new drugs. An ex- 	 ç

ample may be found in a recent report by Trenk	 c

et al.,­ who studied the pharmacokinetics of pheri-
procoumOn, an oral anticoagulant, in female and

male inbred LcwisWistar rats. The clearance of

phen
'

prOCOuflS°fl was significantly lower in females
than males (7.9 vs 24.5 mI/ruin/kg) and its apparent
volume of distribution was also much smaller in

females than males (288 vs 67 ml/kg).
The low clearance of phenprocoumOn in female

rats is consistent with a slower metabolism found
for many drugs metabolized by P-450 enzymes in
rats and appears to be related to differences in sex

hormones. in this species, androgens strongly stim-
ulate the activity of microsomal mixed function
oxidases. The smaller distribution volume of phen-
procoumon in females relates, at least in part, to
a higher degree of plasma protein binding. i'ercent
unbound was 0.96% in females and 1.24% in

males.
Important gender-related differences in metab-

olism are not generally observed in the mouse,
guinea pig, dog, rabbit, or human. A review of the
literature in 1977 concluded that although sex-
related differences in thug metabolism did exist in
human subjects, the difterences were small and did
not warrant rnodiflcaUon of dosage as a function
of gender. ihis corclus311 still applies, but today

we recognize that II scx-rriated differences are to

be found, other variables including age, smoking
habits, and the use of oral contraceptives need to

be controlled.
The kinetics of a large number of benzodiaze-

pines have been studied with respect to sex-related
differences. Findings with compounds that are
largely eliminated by oxidative metabolism are
inconclusive. More consistent results have been
.observed with bcnzodiazepifles eliminated by
metabolic conjugation. The clearance or apparent

clearance of tcmazepam, 115 oxazepam,' t6 and

lorazepam'° is significantly less in human female
subjects than in males. These differences parallel
those found in rats but are far smaller.

Two studies in human subjects with acetamin-
ophen indicate that clearance is about 40% greater
in males than in females. Based on the data pro-
vided by Miners et al. ,° we can calculate that
most of the difference is due to increased activity
of the glucuronidation pathway in males; the for-
mation clearance of acetaminophen tlucuronide
was 252 nil/ruin in males and 173 mlimin in fe-

Pregnancy
The pssibleffects of pregnancy on plasma

drug ccnccntra1iois have been reviewed by Eadie

and o-viorkers) 2 ' Late pregnancy is associated
with delayed gastric emptying and decreased mo-
tility of the gastrointestinal tract. These changes
may reduce the rate of drug absorption.

The volume available for drug distribution in-
creases during pregnancy, with the gro'.th of the
uterus, placenta, and fetus. Maternal plasma vol-
ume and ECF volume also increase. The concen-
tration of plasma proteins tends Lo fall gradually

during pregnancy, and drug binding may be re-

duced.
Perucca and Crerna' 22 reviewed the literature

dealing with plasma protein binding of drugs in
pregnancy. They noted that "experimental studies
conducted mostly in vitro have shown that the
plasma protein binding of many (but not all) drugs
is decreased during pregnancy, particula.rly during
the last trimester. -Notable examples . - . include
diazcpani, valproic acid, phenytOifl phenobarbi-
tone, salicylic acid, pcthidine, lignocaine, dcxa-
inethasone, sulphafurazole and proprano101."

Chen et al)" studied the serum protein binding
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of phenYtoin and phenobarbital in Vitro in healthy

pregnant and nonprcgnnt women and in vivo in

pregnant and nonpregnant women with epilepsy

who were under treatment with phenytoin, phen-

obarbital, or combinations of either or both with
other anticonvulsants. They found for both phen-

ytoin and phenobarbital that binding to plasma pro-

teins was reduced during pregnancy in both healthy

women and women with epilepsy.

There was a clear trend toward decreased drug

binding during the course of the pregnancy. Coin-

pared with the mean value found in nonpregnant

women with epilepsy, the free fraction of ITheny-

tom was 13% higher in the first trimester and 24%

higher in the third trimester. The same applied to

phenobarbital. The degree of impaired binding (lur-

ing pregnancy paralleled the decrease in serum al-

bumin over this period. In the absence of changes

in drug excretion or metabolism, impaired plasma

protein binding alone during pregnancy should

present few problems. One would expect to see a

decrease in total drug concentration in plasma but
no change in free drug concentration. Under these

conditions, there is no need to chanue the dose. A

decision to increase the dose because total drug

concentration is below some preconceived thera-

peutic level may result in drug toxicity.

Plasma protein binding decreases in pregnancy

but glomerutar filtration increases. One study in

pregnant women showed that crcatinine clearance

fell from 136 ml/mitt per 1.73 m 2 during the third

trimester to 98 mlfmin per 1.73 m 2 6 to 12 weeks

postpartum. 123 In some cases, notably for drugs

largely eliminated by renal excretion, this change

may result in unusually rapid elimination and un-

dcrrnedication in pregnant patients.

For example, the plasma clearance of ampicillin

is about 50% greater in pregnant women than in

nonpregnant controls.°' Consistent with this find-

ing, ampicillin levels in plasma following treatment

with pivampicillin, a prodrug, are much lower in

pregnant womcn. 126 Controlled studies with am-

picillin, ccphradine, and cefuroxime have found 30

to 50% lower plasma levels and substantially

shorter half-lives during pregnancy than after de-

livery.' 27 Oilier investigators reported that the mean

plasma clearance of ccphradine was nearly 60%

greater during pregnancy than afterwards.

Higher mg/kg doses of ampicillin and other anti-

biotics may be required in pregnant patients to

avoid the risk of treatment failure.'

In parallel with the changes in glomerular filtra-

tion rate, the clearance of digoxin is also increased

during pregnancy. ' One study dctcnntncd that

renal clearance of digoin fell from 103 mI/nun

per 1.73 m 2 during the third trimester to 86 nillmia

per 1.73 in 2 posrparlum and that digoxin renal

clearance and creatinine clearance were signifi-

cantly correlated. Consistent with these findings,

the 24-hour urinary excretion of digoxin in patients

treated with 0.375 mg/day oral digoxin fell From

186 tg during the third trimester to 134 jig post-

pa rluin.
These results suggest the possibility of inade-

quate serum levels of digoxin in pregnant patients

treated with ordinarily adequate doses. Surpris-

ingly, the opposite has been found. 14 Twelve of

IS patients evaluated had higher serum digoxin

concentrations during pregnancy than after deliv-

ery. On the avera ge, serum digoxin was 1.28 ng/

ml in the third trimester and 1.0 rig/ml postpartum.

Several reasons come to mind to explain the
elevated serum digoxin level during pregnancy in

the face of increased renal clearance: a decrease in

nonrenal clearance, an increase in the bioavail-

ability of di goxin, or a combination of the two.

Although it is usually assumed that digoxin is

largely excreted unchanged, the nonrenal compo-

nent is considerable, accounting for about 40% of

digoxin clearance.
A substantial decrease in the r,onrenal clearance

ofdigoxin during pregnancy, on the order of 50%,

could account for the higher serum levels of di-

goxin despite the enhanced renal excretion of the
drug. Alternatively, an increase from abouL 60%

(pre- or post-pregnancy) to about 85% (during
pregnancy) in the bioavailability of digoxin would

also produce the elevated serum levels that were
observed. This explanation appears to be more

likely, although one cannot rule out some decrease

in the nonrenal clearance of digoxin during preg-

nancy.
In the later stages of pregnancy, bowel motility

decreases as a result of high progesterone levels,

leading to increased transit time in the small bowel

and increased absorption of certain drugs. Studies

have hown that decreased gastric emptying and

intestinal transit time significantly increase the bia-

availability of digoxin, particularly front slowly

dissolving preparations.

Considerable attention has been given to the ef-

fects of pregnancy on the phrmacokinetics of an-

ticonvulsants.°° The major concerns in the preg-

nant epileptic patient are loss of seizure control and
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the teratogenic effects of anticonvulsant drugs on
the fetus. One investigator found that seizdre fire-
qucnc' increased during pregnancy in 45% of the
women treated for idiopathic epilepsy."'

Epileptic patients must be carefully monitored
when they become pregnant. At least part of the
reason for the seeming deterioration in seizure con-
trol during pregnancy is a decline in the plasma
levels of anticonvulsant drugs even though the dose
is maintained and compliance appears to be unaf-
fected. This problem is well documcrited' 3 - 13 and

may be related to accelerated metabolism of anti-
convulsants during pregnancy, but the interpreta-
tion is complicated by concomitant changes in drug
binding to plasma proteins.

Phenytoin, phenobarbital, and valproic acid
binding to serum proteins is significantly decreased
in pregnant women, consistent with the mild hy-
poalbuminemia that occurs during pregnancy. As
a result, there is a decrease in total drug concen-
tration at steady state during pi.gnancy. However,
Chen et al. 123 found that the fall in phenytoin and

phenobarbital serum levels during pregnancy was
greater than could be accounted for by changes in
protein binding and free drug levels were lower in
pregnant women than in nonpregnant women. The
mean free concentration of phenytoin at steady
state was 0.51 p.g/ml in pregnant subjects and 0.75
vg/ml in nonpregnant controls; for phenobarbital,
the respective values were 8.6 and 10.1 p.g/ml.

These findings suggest either accelerated metab-
olism or reduced absorption of anticonvulsants dur-
ing pregnancy. In view of the ph ysiologic changes
in gastrointestinal motility that occur during preg-
nancy, reduced absorption appears to be an un-
likely explanat i on. Most investigators favor a
mechanism involving decreased plasma protein
binding and accelerated metabolism to explain the
declining set urn levels of anticonvulsant drugs dur-
ing pregnancy. This hypothesis, however, remains
to be proven.

Induction of hepatic drug metabolizing enzymes
by circulating progesterone ma y be a factor con-

tributing to the suspected increased clearance of
anticonvulsants during pregnancy. One study found
the apparent clearance of meihimazole, the active
metabolite of carbima7.ole, to be significantly

higher in pregnant hyperthyroid patients than in
nonpregnant hyperthyroid patients.° 4 In one pa-
tient, the clearance of methi nazole increased about
40% from the first trimester to the third trimester
of pregnancy.

Further evidence for the accelerated metabolism
hypothesis is found in studies with metoprolol, the
cardioselective beta-blocker widely used in the
treatment of hypertension during pregnancy. In one
report, single 100-mg oral doses were given to
pregnant women during the last trimester of preg-
nancy and again 3 to 5 months after deliveiy.13.

Individual peak plasma levels in the last trimes-
ter were only 20 to 40% of those found postpartum.
The apparent oral clearance ranged from 251 to.
502 nil/minlkg with a mean value of 362 mllmini
kg.! In contrast, apparent clearance values deter-
mined after delivery ranged from 53 to 108 mu
mitt/kg with a mean of 82 ml/mm/kg. These results
suggest that pregnancy profoundly affects the in-
trinsic hepatic metabolism of metoprolol. The bind-
ing of nietoprolol to plasma proteins is low, on the
order of 10%, and changes in binding cannot ex-
plain the differences observed during and after
pregnancy.

In another study, investigators examined the ef-
fects of pregnancy on the pharmacokinetics of me-
toprolol after both oral and intravenous adminis-
tration. 136 Women who developed hypertension
during pregnancy received in the third trimester a
single 10-mg intravenous dose of metoprolo!; 3
days later each patient received a single 100-mg
oral dose of the drug. The procedure was repeated
3 to 6 months after delivery.

Again, the metabolism ol'metoprolol appeared
to be markedly accelerated during pregnancy. The
clearance of iv metoprolol decreased from 1.38 L/
min during pregnancy to 0.65 IJmin after delivery,
and the apparent oral clearance fell from 9.56 to
1.71 L/min. The hioavailability of oral metoprolol,
which reflects only first-pass metabolism because
metoprolol is probably completely absorbed, was
21% in the third trimester and 42% postpartum.

These results convincingly demonstrate that the
increased clearance of nietoprolol during preg-
nancy is a result of increased hepatic metabolism
and -a substantially greater first-pass effect after oral
administration. The investigators note that the rec-
ommended doses of mnetoprolol for hypertension
do not differ from different patient categories and
urge that dose-effect and plasma concentration-
effect relationships be studied in pregnant women
to determine if larger than average doses of me-
toprolol are needed.

GENETIC FACTORS

A major cause of intersubject differences in drug
conccnlriitions in the blood or plasma is variability
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in drug metabolism. In any large population, one
linds individuals who metabolize a drug much more
slowly or much more rapidly than the average per-
son. It is now evident that genetic factors contribute
substantially to the large differences among people
in metabolic clearance of drugs. The study of these
differences is called pharmacoRcnctics.

Studies in Twins

The genetic component of individual variation
in drug metabolism can he estimated by comparing
the pharmacokinetics of a drug in identical and
fraternal twins. If the differences among individ-
uals are largely related to genetic factors, the var-
iability in rates of drug metabolism will he much
smaller in ntonozygotic (identical) twin pairs than
in dizygotic (fraternal) twin pairs.

Estimation of the half-lives of antipyrine, di-
cumarol, and phenylbutaione, all of which are
eliminated by oxidative metabolism, in identical

and fraternal twins indicates that differences are
appreciably greater in fraternal twins.m These data
are summarized in Table 12-4. Similar findings
have been reported for the metabolism' of etha-
nol, halothane, salicylate,° and nortrip-
i)line lll in human twin pairs. For nortriptytine,
plasma protein binding as well as metabolic clear-
ance appears to be principally undcr'genetic con-

trol

Polymorphic Acetyla (ion

Jsoniazid. The rnctabolisni of most drugs in
man seems to he under mull ifactorial or polyge-
nctic control. This judgment prevails because fre-
quency distribution plots of metabolic parameters
usually yield continuous unimodal curves similar
to a normal distribution curse. Metabolism data for
some drugs. howes cc, show a bimodal distribution.

Figure 12-9 is a frequency distribution histo-
gram for isoniazid concentrations in the plasma 6

Table 12-4. Antipyrine,_Dicunarol, and Phnlhutain tlalf-Uves in ldcnle31 and Fraternal fains*
lit

Antip%rine	 likumarol	 ('hen) tbu(azone
Ts.in	 Age	 Sc'	 thr)	 hr)	 (da's)

H M.
lINt.

D. T.
v.w-

Cy.
P.
J.

C.'-
Fl.
G. L.
GL.
D. H.
D.\V

A.M.
S.M.

D.
D.S.

S. A.
S.

''H.
i-H-
PD.
P. D.
L.D.
L.
E.K.
R. K.

Data from \'csctl, E.S.

Identical Toinu
113
11 .3

0.3
9.6

ILl
tt 5
14.9
14.9 -

6.9
7.1

2.3
2,8

lt'O
11.0

Fraternal Twins
15.1
63

72
15.0

5''
2.5

(2.0
6.0

14.7
9,3
8.2
6.9

7.3
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Fig. 12-9. Distribution of isaniazid concentrations in
placma 6 hr after an oral dose to 267 human subjects.
(Data from Evans, D.A.P., Marley, K.A., and McKusick,
V.0 143)

hr after administration of a 10 m Ikg oral dose to

267 subjects. tm A bimodality is evident with a

mean of about I p.g'ml for one subpopulation and

a mean of about 4 to 5 )L2 ml for the other. The

suhpopulations are desianated rapid inactivators

and slow inactivatons of isoriiaid: they are as-

sumed to represent two distinct phenotypes. The

main route of elimination of isoniazid in roan is

conjugation with acetylcoenzyme A to form ace-

tylisoniazid. Slow inactivators of isoniazid have

less N -acetyl trans ferase in their liver than do rapid

inactivators.
The half-life of isoniazid depends on how rapidly

the drug is acetylatcd. In rapid inactivators the half-

life of the drug ranges from 45 to 80 ruin; in slow

inactivators the half-life of isoniazid is about 140

to 200 min. At a given dosing rate, the steady-

state plasma isoniazid lesel is lower in rapid in-

activators than in slow inativators. Rapid acety-

lators excrete small amounts of the drug unchanged

in the urine (about 3c of the dose), whereas slow

acetylators may excrete up to 30 11C of dose as Uri-

metabolized isoniazid.

Widely differenL geographic and racial distri-

butions of the acetylator phenotypes have been re-

ported.'° The upper extremes are the Eskimos and

most populations of an Oriental origin; about 80

to 100% of these populations are rapid acetylotors.

The lower extremes investigated are Eg y ptians and
certain groups of European Origin these popula-

tions consist of about 20 to 40% rapid acetylators.

About one half of the United States population is

classified as rapid aceylators.

Slow acetylators treated with isoniazid are more
prone to develop peripheral neuropathy, are more

prone to the adverse effects of phenytoin when
simultaneously treated with isoniazid, and show

greater tendency to develop antinuclear antibodies

(ANA) and clinical signs of a systemic lupus ery-

thema)osus-like syndrome (SLE).' 4° Rapid acery-

lators respond less favorably to treatment for pul-

monary tuberculosis with a once-weekly isoniazid

dosage regimen and may be more prone to develop
^O	 145isoniazid-related hepatitis.

Polyneuritis is a well known adverse effect of

.isoniazid.; it occurs more frequently in slow ace-

tylators than in rapid acetylators. In one study,

polyneuritis occurred during isoniazid therapy in 4
of S slow inactivators but in only 2 of 10 rapid

inactivators) 46 Another study found peripheral

neuropathy in 20% of slow inactivators compared

with an incidence of 3/c in rapid inactivators of

'isoniazid.'

As a consequence of the inhibitory effect of iso-

niazid on phenvtoin metabolism, slow acetvlators

are more prone to the side effects of phenytoin than

are rapid acctylators when both drugs are gis en

together. 144 The dose of phenyoin should be re-

duced in such Situations to avoid this complication.

Under certain conditions, slow acetylators show

a higher cure rate than rapid acct) litors. A study

in 775 patients with pulmonary tuberculosis on

standard isoniazid regimens showed that sputum

conversion generally occurred earlier in slow than

in rapid inactivators. iF4 After 6 months, however,

no clinicall y detectable differences were observed

between rapid and slow phenotypes. If isoniazid is

administered only, once a week, then responses are

better in slow than in rapid inaclivator patients with

tubercUlosis. 00 A more recent report indicated that

when patients were treated once a week for 12

months with isoniazid plus rifampin. 59 of the

rapid acet y lators had an unsatisfactory response;

the treatment was conipletelv successful in slow

aeetylators. I)!

Isoniazid is metabolized in acetylisoniazid and

subsequently to acetylhydrazine, which can he con-

verted to a potent acylating agent that produces

liver necrosis. This metabolic sequence is the basis

for the hypothesis that fast ncctylators, who form

more acetylisoniazid, are more susceptible to iso-

ni azid-associated liver injury than slow acetylators.
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Clinical evidence for this, however, is conflict-	
enced side effecis during sullas;ilai.ine therapy

	

ing)" One reason that acetylator phenotype may	 were phcnotypcd as SlOW acct5lators." 1 Adveise

	

not be a major determinant of isoniazid-induced 	
effects to sulfasalazinc regularly occur when serum

	

hepatitis is that acetyihydrazine is 'inactivated by 	
concentrations of sulfapyrtdinc exceed 50 jigiml.

	

acetylation to form diacetyihydrazine, a nontoxic 	 Dapsone. Dap'vonc is used in the treatment of

	

metabolite, this acetylatiort is subject to the same	
leprosy and dermatitis herpetiformis. Acetylation

	

phenotype as the conversion of isoniazid to ace- 	
is an important elimination pathway of the drug.

tylisoniazid)"	
Slow acetylators treated with dapsone may be more

There is a strong correlation of acetylator plie- 	 prone to hernatologic side effects; rapid acetylators

	

notype between isoniazid and many other drugs, 	
may require higher doses for effective treatment. `5

	

including sulfadiazine. sulfamethazine (sulfadi-	
Dapsone has also been used for determining ace-

	

midine), dapsonc, procainamide, hydralazine and 	
tylator phenotype by calculating the concentration

	

nitrazepam.' 45 Sulfanilamide, aminosztlicylate, and	 ratio of monoacecyldapsone (MAD) to dapsone

	

a tninobenroate are also acetylated but show no cor-	
(DDS) in plasma 3 hr after a single 100-mg dose

	

relation with phenotype, suggesting that the en- 	
of dapsone. A study of acetylator phenotype ir 50

zyme system or rate-limiting step for acetylation	
healthy Caucasians found 50% to be rapid accty-

	

of these drugs is different than that of isoniazid. 	
lators (MAD DDS ratio of 0.14 to 0.28), 44% to

A recent investigation found no correlation be-	
be slow acetylators (MAD)DDS ratio of 0.42 to

tween acetylator status and the formation of the 	
t.06), and 6% to be of indeterminate phenotype

acetyl metabolite ofacebutolol. a -b1ockcr. 15 ' Un-	 (MADIDDS ratio of 0.32 to

like isoniazid arid related drugs, where the acetyl 	 Procainamide. Proca;namide P.\) is an orally

metabolite is formed directly from the parent drug, 	
effective drug for the treatment of ventricular ar-

aeebutolol is probably first hydrolyzed to an limine 	
rhythmias. In patients s tb nornial renal function.

which is then N-accty]ated. This hydrolysis step is 	
more than half the dose is excreted unchanged;

not genetically controlled and may be rate limiting,	
from 20 to 40% of the dose is acctylated to give

Sulfonamides. Sulfadiazine, sulfaniethazinc,	 Nacet1procaina1Tiide (NAPA). The amount of

and sulfapy ridine are subject to polymorphic ace[- 	
NAPA formed depends on the acetyl ator phenotype

ylation. Sulfainethazine (sulfadimidine) is widely	
of the patient. The steady-state serum concentration

used to determine aeetylator phenotype."' Urine is 	
ratio of NAPA to PA is about 1.3 in fast acetylators

collected for 8 hr after oral administration of sul- 	 and about 0.5 in slow acetylators. 1w This ratio in-

fametha.zine (45 mg/kg) and assayed for unmetab- 	
creases with decreasing renal function because un-

olize4 sulfamethazine and 'total" sulfamethazine. 	
nary excretion is more important to the elimination

AcetylsulfamCthaZifle is assumed to represent the 	
of NAPA than to that of PA. For a given dosage

difference between ''total" and utimetabolized sul- 	
regimen, steady-state blood levels of PA will be

fansethazine. People who excrete more than 64%	
about 30% higher in slow acetylators than in fast

of the dose as acetyl metabolite are classified as 	 acetylators. Accordingly, fast acetylators may re-

rapid acetylators; those who excrete less are clas- 	 quire higher daily doses of PA than slow acetyla-

sifled as slow acetylators. Phenotype can also be 	
tons, to achieve comparable blood levels)"

detentilned from the concentration ratio of acetyl-	
The long-term use of PA is limited by the do-

sulfametha.zine to sulfametha.zine in plasma at cer-	
velopment of a systemic lupus erytheinatosUs

lain times after administration of a test dose.	
(SLE)-like syndrome, almost invariably preceded

The adverse effectsof sulfasalazine are related 	 by high liters of antinuclear antibodies (ANA).

to acetylator phenotype because it is metabolized	 Early reports estimated the incidence of ANA in

by intestinal bacteria to sulfapyridine. Most of the 	
PA therapy to be 50%, but with longer duration of

toxic symptoms ascribed to the drug can be related 	 therapy it rises to almost 100%. The incidence of

to high sentns concentrations of sulfapynidine. One	 clinical lppus has been estimated to be 30% but

study found that the mean serum concentration of 	
may be higher with a longer duration of PA treat-

sulfapyridine at steady stale in patients with ulcer- 	 ment.mhl

alive colitis treated with sulfasalazitse was 54 14	 It is widely held that NAPA is far less likely to

ml for slow aectylators and 31 .Lg/m1 for fast ace- 	
induce SLE than is PA. Therefore, the acetylator

tylators.° In another study, 24 of 28 patients with 	 phenotype of the patient may affect the onset or

ulcerative colitis or Crohn's disease who esperi-	 incidence of PA-related ANA or SLE.
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of ANA was found; the incidence was 38% for

rapid acetylators and 67% for slow acetylators.165

More recently. 27 hypertensive patients were

treated with hydralazine and followed for evidence
of autoimmunity.° Acetylation phenotype pro-

foundly affected this response: slow acetylators had

a much higher incidence and larger amounts of

autoantibodies than rapid acetylators
Other investigators have studied the role of ace-

tylator phenotype in determining the response to

hydralazine in patients with hypertension. 167 Hy-

dralazine was added to diuretic and beta-blocker at

doses not exceeding 200 rug daily, consistent with
current dosing recommendations for patients with

unknown acetylator status. Phenotype was deter-

mined with sulfamethazine. About 37 17c of the 57

	

\Voosley and co-workets determined the rate of	
patients were classified as rapid acetylators and the

	

development of ANA in 20 patients. II slow ace- 	
rest were considered to be slow acetylatos.

	

tylators and 9 fast acetylators- receiving chronic	
The addition of hydralaine satisfactorily low-

	

PA therapy. 161 As shown in Figure 12-10, the do- 	 ered blood pressure in only 47% of the patient

	

ration of therapy required to induce antibodies in 	
population. Most rapid acetylators reached the

50 17c
 of slow and rapid aeety lators was about 3 . maximum dosage of hydralazine (200 mg/day), but

	

months and 7 months. respectively. After 5.5 	 only 27% of these patients were controlled at the

	

months. ANA had developed in all the slow ace-	
end of the 6-month trial. In contrast, satisfactory

	

tvlaiors. but in onl y 36% of the rapid acetylators. 	 control of blood pressure was achieved in 65% of

	

Alter I car of treatment. antibodies had deseluped 	
the slow acets boors at daiI doses of 50 or 100

in all but two patients.
These investigators also evaluated ih effect of

acetlator phenotype on the rce of deselopreent

of the lupus syndrome in 7 patients, 4 slow ace-

tylators and 3 fast acetylators)° The mean duration
of therapy befcre development of lupus was 12

months for the slow acetvlators and 54 months for

the rapid acetytators. These findings suggest that

acety lation of the arylamine group of PA serves as

a protective pathway of biotransformation, reduc-

ing the amount of drug or reacti e metabolite avail-

able for initiating the immunopathology associated

with drug-induced lupus.

Ilydralazine. The metabolism of the antihy-

pertensive drug hydralazinc is complicated, but

acetylation plays an important role. Plasma con-

centrations of hydralazine after a standard oral dose

vary by as much as IS-fold among individuals, but

are lower in rapid acetylators than in slow acety-
lators."" Current dosing guidelines for hydralazine

specify a maximum of 200 mg/day for patients with

unknown acetylator status and a maximum dose of

300 mg/day for fast acctylators.
Ilydralazine. like PA, induces ANA and an SLE-

lAc syndrome. In r studs of 57 patients trCatc(
with hydrala7ine for h) pertcnsvn. a 54 incidence
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Fig. 12-10. Incidence (expressed as percert of patient
population) of development of antinuclear antibodies (ANA)
during treatment with procainamide (PA) in slow and rapid
acetytators. (Data from Woosley, RI - et al.t)

np
The ins etigators recommended that patients

who do not respond to hvdralazinc at daily doses

of 200 mL and for whom continued use of h>-

drafazine at hi g her dosage is deemed preferable to

the use of another drug be phenotyped for acety-

lator status. They further suggested that about 70%

of those evaluated will be rapid acetylators for
whom the daih dose of hvdralazinc may be safely

increased to 300 mg or even 400 mg.

Oilier Drugs. Amrinone is a positive inotropic

agent with vasodilatory properties used to a limited
extent in the treatment of congestive heart failure.

In both animals and man, arurinone has been shown

to be converted to its N-acet I metabolit
e
s. flat"-

ilion  et al. 11,1 studied the influence of acetylator

phenotype on the pharmacokineticS of amrinone in

healthy human subjects. After being phenotyped,
the subjects received iv amrinone 75 mg over 10

minutes.
The clearance of amrinone was significantly

lower in slow acetylators than in fast acety]atnrs
(277 vs 620 ml'ntin). There was more than a 4-

fold difference between the highest clearance in the

fast ticet y lators and the lowest clearance in the slow

acetylators. As expected, the ratio of N-acctylam-
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rinonc to ainrinonc in urine was much higher in

fast acelylators.

Roth isoitiazid and sulfatnethazine have been

uwd to determine acetylator status but these agents

may produce •adverse effects in certain patients.

[he search for a safer phenotyping agent has fo-

cused on caffeine. The urinary ratios of two caf-

feine metabolites, 5-acctylamino-6-formylamino-

3-meihyluracit (AEMU) and t-metliylxanthine

(MX) are closely related to acetylation phenotypes

determined with the use of sulfamethazine.

Evans et al. 1,9 administered caffeine, in the form

of a cola beverage, to children and adolescents and

measured the ratio of metabolites in urine collected

over the first 4 hours. Subjects with a molar ratio

(AFMU:MX) less than 0.3 were defined as slow

acetylators; those with ratios greater than 0.4 were

classified as rapid acetylators. Fifteen children

were ranked as rapid acet y lators, nine were clas-

sified as slow acetylators, and two had intermediate

metabolic ratios. It is likely that caffeine will be-

come the probe of choice to determine acetylator

phenoti pe.

Polymorphic Oxidation—Debrisoquin Type
The hydroxylation of debt-isoquin, an adrener-

ic-bIocker used in the treatment of hypertension

is expressed as two phenotypes, designated exten-

sive metabolizer (EM) and poor metabolizer

5PM)J° The ratio of debris(xquiti to 4-hydroxy-

debrisoquiri in urine collected for 8 hr after a 10-

mg oral test dose of debrisoqttin ranged from 0.6

to 1.5 in EM subjects and from 19.3 to 22.9 in

PM subjects. The frequency of 4-hydroxylation de-

fect (PM phenotype) was about 3% (3 of 94 sub-
jects).

The metabolism of guanoxan, an antihyperten-

sive drug chemically related to debrisoquin and

guanethidine, and phenacetin was studied in

healthy subjects previously phenotyped for their

ability to hydroxylate debrisoquin)° Frotn 31 to

60% of the guanoxan dose was excreted unchanged

cri the urine in PM subjects, whereas only 1.2 to

1.9% was excreted unchanged in EM subjects. The

rate of formation of acetaminophen, an active me-

tabolite of phenacetin, was considerably slower in

the PM group than in the EM group. Therefore,

the hydroxylation defect shown for debrisoqu in

also applies to the oxidative metabolism of phe-

naeetin and guanoxan.

More recent studies suggest a correlation of ox-

idation phenotype between debrisoquin and nor-

1.0
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Fig. 12-11. Relationship :st.een nortriptyiine clearance
(hr per kg) and the urinary 5xCetion ratio of debrisoquin
(D) to 4-hydroxydebreoquir OlD). (Data from Bertilsson,
L., et al.1?O

tn pt)'1 inc. ' phen tom. metoprolol '174 phenfor-

iuin, 5 and perhexiline.' 6 but not antipyrine.' 72 A

correlation was also observed between the plasma

clearance of nortriptyline and the debrisoquin to 4-

hydroxydebrisoquin urinary excretion ratio in the

same individual (Fig. 12-11). "2
The clinical consequences of polymorphic oxi-

dation continue to be examined. The small per-

centage of the population sho are poor metabol-

izers may be at risk of adverse effects from the

usual closes of many drugs.

Shah and co-workers have suggested a relation-

ship between the incidence of neuropathy in pa-

tients with ischemic heart disease treated with per-

hexiline and the uxitlative metabolism status of the

patient. 16 The average debrisoquinl4-hydroxyde-

brisoquin ratio was 14.4 in patients with neurop-

athy but only 0.65 in patients ' with no signs of

neuropathy.
Debrisoquin and sparteine have been used most

frequently to study genetic polymorphism in oxi-

dative metabolism of the debrisoquin type. The
impaired metabolism of debrisoquiri and sparteine

in PMs has been showi, to follow Mendelian in-
heritance. PM subjects are homozygous for an au-

tosomal recessive gene.
The molecular mechanism of impaired drug ox-

idation is under study in laboratories throughout
the world. The findings to date suggest impaired

metabolism is the result of the absence of or altered

catalytic properties of the P .450 cytoclirotne in-

volved in the oxidative metabolism of debrisoquin

and other drugs.
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To better understand polymorphic oxidation, in-

vestigators from Germany and Switzerland studied

sparteine metabolism in human liver microsornes

prepared from liver samples obtained from patients

undergoing cholecystectomy. The patients had
been phenotypcd with sparteine before laparotOtny.

The ratio of sparteine to the sum of 2- and 5-

dehydrosparteine in urine, termed the metabolic

ratio (MR), was the basis for phenotyping. The

study panel consisted of 6 patients with MR <I

(EMs), 4 patients with MR >20 (PMs), and 3

patients classified as intermediates with MR values

ranging from 3 to 18.
In hepatic microsomes from PMs, the Michaelis-

Menten constant (Ks,) for the formation of 2-

dehydrosparteine was 30 times larger than in

microsomes from EMs (1880 vs 58 mol/L). In-

termediary metabolizers had an average K. of 658
1imoL'L. The K. values for 2dchydrospartcifle for-

mation correlated strongly(r = 0.98) with urinary

MR values. There were no significant diffecnces

in V,,,,,, values between EM and PM si.tbjects. .-
Dehydrosparteine was dtccted only inmicrot9mal

preparations from EMs. The investigators con-
eluded that "the data obtained jr-, this study indicate

that the basis of the differences in oxidative Ca-

pacity between PMs and EMs is more likely to he

the reseli of a variant isozyme with defective càt-

alytic properties rather than a decreased ariount of

enzyme."
Difficulty in obtaining debtisoquin as well as its

potential for adverse eflects have prompted invès-

tigators to evaluate other probes for phenotyping.

Dextromeihorphan (DM) is qu:ckly becoming the

agent of choice. There is a strong relationship be-
tween dextromethorphan O.deniethylation and de-

brisoquin 4-hydroxylation.

Investigators in Sweden 178 determined serum

concentrations of DM and its metabolites in healthy

subjects given DM orally- The same subjects were
phenotyped using the urinary ratio of debrisoquin

and 4-hydroxydebrisoquin; 4 of 29 subjects were

classified as PMs.
PMs had very low serum levels of the 0-dc-

methylated metabolite of DM. dextromethorphan

(D), whereas the serum levels of DM were highest

in these subjects. The opposite was seen in EMs.

The two groups were characterized by a large dif-

ference in DM/1) ratio and were easily identified

after a single dose of DM. The ratios in PMs were

3.6 or more compared with ratios of 0.11 or less

in EMs.

Evans et al. 169 reported the use of dextronse-

thorphan to phenotype children and adolescents.

These investigators also found that analysis of urine

collected for 4 hours after coadministration of DM

and caffeine permits the simultaneous determina-

tion of both oxidation (dehrisoquiii type) and at-

ylation phenotypes in an individual subject.
Gene frtquencies for the loci involved in im-

paired metabolism may vary among racial and eth-

nic groups, resulting in differences in polymorphic

distribution. A well -establ ished difference between

Caucasians and Orientals is the responsiveness to
ethanol, involving differences in both alcohol and

aldehyde dchydrogcnases. More recently, intereth-
nic differences in debrisoquin hydroxylation were

studied in healthy white subjects living in the U.S.

(n = 183) and Japanese subjects living in Japan

(n= 100), using the 8-hour urinary metabolic ratio

of debrisoquirt to identify EMs and PMs."6
In white subjects, the frequency of PMs for de-

brisoquin was 8.7%. In contrast, no PMs of de-

brisoquin were found among the Japanese subjects.

These findings are important bccause differences

in polymorphic distribution of oxidative drug me-
tabolizing ability have implications for interethnic

efficacy and toxicity of drugs and other chemicals
metabolized by the involved cytochrome P-450.

"Given the international nature of drug develop-
ment aqd use and the multiracial nature of the pop-

ulations of many countries, it appears that the po-

tential for genetically determined interethnic
differences in drug responsiveness caused by drug

dispositional factors should be given increased rec-

ognition.
The relative importance of genetic and environ-

mental factors in determining differences among

individuals in debri soquin hydroxylation was stud-

ied in 52 families in Sweden."° The major influ-

ence on interindividual variation was genetic her-

itability, accounting for 79% of the variance. Only
a minor part of family resemblance was actually

due to common culture and environment. The in-

vestigators concluded that "the debrisoquin met-

abolic phenotype seems to be extensively con-

trolled by a monogenic system and not significantly

influenced by environmental factors or age."

Genetic polymorphism in oxidative metabolism

raises an intriguing question. What other tenden-

cies cosegregate with the metabolism phenotype'!

There is some evidence that lung cancer is more

frequent in EMs than in PMs, suggesting that met-

abolic activation of environmental carcinogens by

I.
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the involved hydroxylase has a part in the dis-
case) K o2 More recently, differences in personality

between [Ms and PMs have been reportcd.'3

Fifty-one PMs and 102 EMs, matched for age

and sex, were evaluated using standardized tests.

Significant differences in personality were meas-

ured. Scores for PMs implied high vitality, alert-
ness, efficiency, and ease of decision making. Con-

sistent with lack of hesitation in making a decision

was the significantly higher frequency of extreme

responses in the PMs. The investigators speculated

that ''the relation between debrisoquin hydroxy-

lation phenotype and personality may indicate that

debrisoquin hydroxylase is also involved in the me-

tabolism of endogenous substances important for

central nervous system function.'

Beta-Blockers. The metabolism of several beta-

adrenoceptor blocking drugs (e.g.. metoprolol, al-

prenolol, timolol) appears to be linked to debri-

soquin oxidative polymorphism. Poor metabolizers

of debrisoquin may have relatively high plasma

concentrations of these drugs when treated with

usual doses and ma y he susceptible to adverse

effects.

Lewis et al. 1S4 studied tiniolol and atenolol in 6

EMs and 4 PMs of debrisoquin. Tintolol is exten-

sively metabolized in humans, largely by oxidative

pathways. Atenolol undergoes little metabolism

and is largely excreted unchanged.

Mean plasma concentration of timolol were more

than twice as high in poor mctabolizers of debri-

soquin than in extensive metabolizers. Beta-block-

ade, determined by bicycle ergomet.ry, following

a 20-mg oral dose of timolol was also greater in

PMs than, in EMs. At 24 hours after the dose, the

mean degree of blockade was 16% in the PMs and

6% in the EMs. Statistically significant correlations

were found between the debrisoquinl4-hydroxy-

debrisoquin ratio in urine after a test dose and the

AUC of tirnolol (r = 0.75) as well as between the

urinary ratio and the degree of beta-blockade at 24

hours (r=0.66). There was no relation between

oxidation phenotype and plasma atetsolol levels or

the degree of beta-blockade following a single 100
mg dose of atenolol.

Other investigators studied propranolol in EMs

-and PMs of debrisoquin) Dramatic differences

were observed between the two groups with respect

to the formation of 4-hydroxypropr.inolol (4-HP).

Total AUC for unconjugated 4-HP following a sin-

gle 160 mg oral dose of propranolol averaged 21

rig-hr/ml in PMs and 94 ng-hr/ml in [Ms. The AUC

for total 4-1111, detcruoncd after hydrolysis, was

also more than 4 tiirtcs greater in PMs than in EMs.

Similar differences in plasma concentrations of un-

conjugated and total 4-HP were found after mul -

tiple oral doses of propranolol. At steady-state,

4-11P accounted for about 20-25% of drug-related

material in urine in PMs but for less than 5% in
EMs.

Despite the differences in 4-HP plasma levels

and urinary recoveries, plasma concentrations of

propranolol were about the same in EMs and PMs.

Furthennore, although propranolol and 4-HP are

equipment, no difference in beta-blockade was

found between the two groups. These findings sug-

gest that fonnatiun of 4-HP is a minor pathway in

the overall metabolism of propranolol and that

4-UP does not contrihute significantly to beta-

blockade during treatment with propranolol.

Encainide. Encainide is a class I antiarrhythmnic

agent recently approved for use in the United

States. Disturbing findings suggesting excess

deaths in patients treated s ith encainide, reported

shortly after the diug's approval, foreshadow that

the use of encainide wtl be limited in the United

States. Nevertheless, its metabolism, pharmaco-

kinetics, and pharmacdvnamics are sufficiently

interesting to merit discussion.

Encainide is cxtensisel metabolized to form 0-

and N-desmnethylencaitmide (ODE and NDE); ODE

is further metabolized to 3 -mcthoxy-O-destnethyl-

encainide (MODE). Studies in laboratory animals

suggest that all three metaholits are active,

potency decreasing as follows: OD > MODE =

encainide > NDE.

Early clinical trials with encainide turned up a

nonresponder who, paradoxically, had much

higher plasma levels of encainide than patients re-

sponding to the drug. Further probing indicated that

this patient was also a poor metabolizer of debni-

soquin. These results prompted Wang et a ] . 116 to

study encainide in [Ms and PMs of dcbrisoquin.

Dramatic differences in the pharinacokinctics of -

eneainide were observed. Total clearance, deter-

mined after intravenous administration, was 1.8 U

min in EMs but only 0.22 Uniin in PM5. After an

oral dose, hioavailability was 26% in EMs and 88%

in PMs, reflecting large differences in first-pass

metabolism. Plasma levels of ODE after a single

oral dose of encainide were more than 10 times

higher in EMs than PMs. Substantial plasma con-

centrations of MODE were also found in EMs but
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this metabolite could not be detected in slow
metabolizers.

Important differences were also found in the
pharmacologic effects of encainide in EMs and
PMs. Measurement of ECG changes after 3 days
of oral encainide showed a significant delay in in-
traventricular conduction in EMs but not in PMs.
Although poor netabolizers have substantially
higher and more persistent levels of encainide than
extensive metabolizers, PMs appear to be less re-
sponsive to the effects of the drug than EMs. These
findings suggest an important role for ODE and
MODE in the clinical effects of encainide.

These investigators also studied cncainide in S
patients with ventricular arrhythmias, 2 of whom
were phenotyped as PMs of debrisoquin.° 1 En-
cainide suppressed ventricular ectopic beats by
greater than 90% in all patients. QRS interval on
the ECG was prolonged by 3110 62% in the 6 EMs
and by 22% and 29% in the 2 PMs. At steady-
slate, encainide concentrations in plasma were
about 5 times higher in the 2 PMs than in the EMs.
On the other band, unlike the PMs, the EMs had
apreciablc levels of both ODE and MODE.

In both PMs, arrhythmia suppression and pro-
longation of the QRS interval were significantly
correlated with encainide levels in plasma. This
was not the case in the EMs. Arrhythmia suppres-
sion and effects on the ECG in EMs were strongly
correlated with concentrations of ODE and MODE.

These findings support the hypothesis that
among EMs, who probably constitute more than
90% of the U.S. population, metabolites of en-
cainide are primarily responsible for the clinical
effects of the drug. On the other hand, encainide
seems to be an effective antiarrhythmic agent in its
own right, at least at the high concentrations found
in poor metabolizers of debrisoquin.

"In both phenotypic groups, there is an active
compound in plasma with a relatively long half-
life ODE in [Ms (ti. = >6 hours) and encainide
in PMs (>8 hours)."'." Frequency of dosing of
encainidc should reflect these half-lives rather the
relatively short half-life of encainide itself, about
3 hours, found in EMs.

More recently, Barbey et al. 8 studied the phar-
rnacokinetics and antiarrhythmic effects of ODE
and MODE directly in 9 patients with ventricular
arrhythmias, 2 of whom were PMs. Intravenous
infusion of both ODE and MODE suppressed
chronic ventricular arrhythmias. The clearance of
ODE was also it function of debrisoquin phenotype.

Mean clearance in EMs was 914 ml/min, with a
range front 554 to 1314 mI/mm. ODE clearance
was 434 ml/mm in one poor metabolizer and 298
ml/min in the other. MODE was detected during
ODE infusion iii all 7 EMs but in neither poor
metabolizer. The clearance of MODE in EMs

ranged from 180 to 410 ml/min. MODE clearance
in one PM was well within this range but was only
78 ml/min in the other. Whether MODE clearance
is a function of metabolic phenotype requires a
larger panel of subjects to answer.

Propafenozie. Propafenone is a new arttiar-
rhythmic agont undergoing clinical testing in the
U.S. At least one active metabolite of propafenone
is recognized. 5-hydroxypropafenone, with antiar-
rhythmic properties similar to the parent drug.
Large variability in blood levels has been observed
during the early clinical trials with propafenone.
Some patients, for no obvious reason, exhibit un-
usually long half-lives and high plasma levels.

The occurrence of high blood levels and slow
elimination in a small fraction of the patients taking
propafenone prompted Siddoway and his
colleagues to consider the possibility of poly-
morphic nietabol i sni These investigators studied
the pharmacokinetics and pharmacodynamics of
propafenone in symptomatic patients with more
than 30 ventricular ectopic depolarizations (VEDs)
per hour, who had been phenoyped with debri-
soquin.

The half-life of propafenone was 5.5 hr in EMs
and 17.2 hr in PMs. The apparent clearance after
oral administration was about 4 times greater_ in
EMs than in PMs, 1115 vs 264 mI/mm. The con-
cordance between debrisoquin and propafenone
metabolism suggest a low capacity for hydroxy-
lation of propafenone in PMs. Consistent with this
hypothesis, the ratio of propafenone to the 5-hy-
droxy metabolite is much smaller in EMs than in
PMs.

Surprisingly, the relationship between propa-
fenonc dose and concentration in plasma was also
different in EMs and PMs. A total of 17 patients
(13 EMs and 4 PMs) received doses of 600 mg/
day and '900 mg/day. This 50% increase in dose,
as expected, resulted in a mean increase of about
50% in steady-state trough levels in PMs, from
1340 to 2030 ngiml. In Elvis, however, this modest
increase in dose resulted in more than a 200% in-
crease in drug levels. These results suggest that the
pharmacokinetics of propafenonc are markedly
nonlinear in EMs, whereas, over the dosage range
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sttidi 'i. the kinetics of propafcnOne appear to be 	 in EMs. In other words, about 40% of a 50-mg

linear in PMs.	
oral dose Of irnipramine WaS systemically available

'[he rcwsliriear kinetics of propiifenofle have been	
in EMs compared with 70% of the dose in PMs.

continJ by Zoble et a!	 These investigators 	 Desipramine showed similar results but a closer

foIlo'	 169 patients of unknown phenotype with	
relationship was found between the extent of first-

chrorc ventricular isrrhythn i a during treatment	
pass meiabolisrn and metabolic ratio (MR), (Icier-

with saric'Lis doses of propafenone. They found that 	 mined from the ratio of spar to dehydrospar-
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teine in a 12-hour urine sample. Mean first-pass

mgd.xy. mean steady-state trough propafenone 	
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or less. 27% in EMs with MR values ranging from

Si.oy et al. 19 also reported that the trough 	
0.72-0.98. and 14% in I'Ms with MR values rang-

plasma c'ocentrations of propafenone at which 	 in g from 62-140.

more z±an 70 17c suppression of VEDs was realized	 There is also evidence that the metabolism of

ranse'.± j-,xn 40 to 1800 ne ml. This rane could 	 tlecainide. an orally effective antiamchythinic agent,
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is under roonogenic control. Interestingly, flecain-
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Of pr-cc-^.feone are found in EMs, this roup ap- 	
ide is both metabolized and excreted unchanged.
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Urinary exeredon is pH-dependent.
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min in EMs and 308 ml/min in PMs. Renal excre-
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in both EMs and EN unless dosage is adjusted.
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In patients with no renal function, one may cal-

culate from the nonrenul clearance values reported

in this study that ficcainide levels will be 2.5 times

greater in PMs than in EMs.

Polymorphic Oxidation_MepheflYtoin Type
Poor hydroxylators of phcnytoifl have been rec-

ognized for about 25 years. These individuals are

at risk of severe adverse effects because hydrox-

ylation is the principal elimination pathway for
phenytoin. Many investigators believe that this

problem is an inherited one, but evidence for con-

cordance with the debrisoquin phenotype has not

been forthcoming.
The hydroxylation of mephenytoin, a closely re-

lated drug, also demonstrates polymorphism. In

one study '194 the urinary excretion of hydroxy-

mephenytoin was determined after a single oral

dose of mephenyloin in 118 Caucasians and 70
Asians. The urinary excretion of the metabolite was

bimodal in these populations; 13% of the Asians

and 4% of the Caucasians were classified as poor

metabolizers. 1-lydroxymephenytoin accounted for

about 40 to 45% of the dose of iephenytoin in

EMs but for only I to 3% for the dose in PMs.

Family studies have suggested that deficient hy-

droxylation of mephenytoin is genetically deter-

mined.
Mephenytoin is a racemate and its metabolism

is stereoselective; hydroxylation strongly favors the

S-enantiomer. It follows that the ratio of S- to R-

mephenytoin in urine will be very small in EMs

but nearly 1.0 in PMs. Wedlund et al. 195 tested this

hypothesis by determining the urinary recovery of

hydroxyphenytoin and the urinary S:R enantio-

ineric ratio of rnephcnytoin after a single 100-mg

dose of mephenytoin-
On the basis of urinary excretion data, 4 of the

156 Caucasians studied were classified as PMs of

mephenytoin. These individuals excreted negligi-

ble quantities of the hydroxy metabolite, whereas

the rest of the panel excreted about 40% of the dose

as hydroxyrlieplienytoin. The mean S:R ratio of

mephenytoin was 0.99 in the 4 PMs but only 0.16

in the EMs. This difference is consistent with the

stereoselective metabolism of mcphcnytoin in EMs

but not in PMs.
The panel was also phenotyped with debriso-

quin. Using this probe. 11 subjects (7%) were clas-

sified as PMs. All 4 poor metabolizers of mcphen-

ytoin were classified as extensive metabolizers of

debrisoquin and all II poor metabolizers of debri-

soquin were found to be extensive mctabolizcrs of

mephenytoin. On the basis of these results, the

investigators concluded that-4-hydroxylation of
mephcriytOin is a new polymorphism independent

of that for debrisoquin."

More recently, Wcdlund et al. 196 determined the

plasma levels of the enantiomerS of both mcphen-

ytoin and its pharmacologically active N-dcmethy-
lated metabolite, phenylethylhydantoin (PEW,

after a single oral dose of mephcnytoin in subjects

who had been phenotyped. In extensive metabo-

lizers of mephenytoiti, substantial plasma levels of

both R-mephenytoin and R-PEH were measured,

whereas very low levels of the S-form of niephen-

ytoin and its metabolite were seen. A 100- to 200-
fold difference in the oral clearance of S- and R-

mephenytoin was calculated. Average values were
4700 ml/min for the S-enantiomer and 27 ml/min

for the R-enanhiomer. Mean half-lives were 2 hours

for S- and 76 hours for R-mephenytoin.
In these same extensive metabolizers, R-PEH

concentrations accumulated over several days after

a single dose of mephenytoin and then declined

with a half-life of about 200 hours. Plasma levels

of S-PEH were negligible.
A different picture emerged in poor metabolizers

of niephenytoin. The stcrcoscicctive elimination of

meplienytoin essentially disappeared. Average oral
clearance values in PM5 were 29 ml/min for S-

mephenytoin and 20 ml/min for R-mephenytoin.

Almost comparable plasma levels of 5- and R-PEH

were also found. The investigators suggested that

such large differences between EMs and PMs
would be expected to have clinical consequences

for both desired and untoward effects of mephen-

ytoin when it is used as an .anticonvulsant.
The rate of 4-hydroxylation of S- and R-me-

phenytoin has also been studied in human liver

microsonics from 13 extensive metabolizers of me-

phenytoifl and 2 poor metabolizers.' 97 Microsomal

metabolism of S.mephenytoin in the two subjects
classified as PMs was characterized by a larger K,_

(ISO and 180 1imol/L versus a mean value of 38

1j.nsol/L in EMs), a smaller V (0.8 and 0.7 nmol]

mg protein per hour versus a mean value of 4.8

nmol/nig protein per hour in EMs), and loss of

stereoselectiVitY. On the other hand, the formation

of 4-hydroxymephenYtoifl from R-mephenytoin
was not dependent on inephenytoin phenotype. The

investigators concluded that these results support

our hypothesis that the mephenytoin polymorphism

is caused by a partial or complete absence or in-
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activity of a cytocliroitic P-450 isozytne with high
affinity for S-nieplienytoifl.'

Not surprisingly, reports are now being pub-
lished suggesting that the metabolism of many
dnigs may be influenced by the mephertytoin phe-
notype. For example, Kupfer and Branch' 91 found
that the metabolism of mephoharbital cosegregates
with mephenytoin hydroxylation. They measured
the 8-hour urinary recovery of 4-hydroxymepho-
barbital (4-HP) after a single oral dose of racemic
mephobarbital in 17 EMs and 6 PMs of mephen-

ytoin.
The recovery of 4-111' in EMs ranged from 2.5

to 48%, with a mean value of about 10%. No
metabolite was detected in the urine of poor me-
tabolizers of mephenytoin. One extensive nietabo-
lizer received similar doses of R- and S-rnepho-
barbital on separate occasions. Urinary recovery of
the 4-hydroxy metabolite was 33% of the dose
when R-mephoharbital was given but less than 1%
of the dose when S-mephobarhital was adminis-
tered. Studies a to absolute configuration have
shown that S-mephenytoin is the analog of R-me-
phoharbital. Based on their Findings, Kupfer and
Branch suggested that 'mephoharhital is stereo-
selectively hvdroxylated by the same drug me-
tabolizing enz y me that is responsible for the
stereosciective aromatic hydroxylation of roephen-

\toin.
Investigators in Sweden studied the importance

of genetic factors in the metabolism of diazepain.'9
They administered single oral doses of diazepam
and its metabolite, desmethvldiazepani (DM1)), on
separate occasions to 4 poor metaholizers of de-
hrisoqui n, 3 poor metaholizers of mephenytoi a,
and 9 extensive metaholizers of both drugs.

Among the 16 subjects, a statistically significant

correlation (r = 0.83) was found between the total
plasma clearance of diazepam and that of DMD.
There was no relationship between diazepam or
DMD disposition and debrisoquin status. Diaze-
pant clearance was 22 mi/niin in EMs and 26 ml/
min in PMs of debrisoquin. However, poor me-
taholizcrs of mephenytoin had less than half the
plasma clearance of both diazepam and DMD than
extensive metaholizers. Mean diazepam clearance
was 26 ml/niin in EMs and 12 ml/mm for PMs of
mephenytoin. Corresponding values fo'r DMD
were 11 mI/nun and 5 mI/mitt. Mean halt-life of
diazepam was 88 hours in PMs and 41 hours in
EMs. ''This study shows that the metabolism of
diazepam (mainly demethylation) and desniethyl-

di azepaili ( ma nl) hyd ro.s Lit ion) is related to the
ntcpheny tOi fl but not to the debrisoqu in hydro xy -
lation phenotype.

Ward et at .'° examined the relative contributions
of the debrisoquin and mephenytoin isozyrnes to
the stereoselective metabolism of oral propranolol
in a panel of health) subjects who had been phen-
otyped. Six subjects were extensive metabolizers
of both drugs (EM). 4 were poor metabohizers of
dbrisoquin (PM 0), 5 subjects were poor metah-
olizers of mephenytoin (PM 51), and I subject was
a poor metaholizer of both drugs (PM O ).

The total oral clearance of R-propranolol was
significantly greater than that of the S-form in the
EM, PM,. and PM 51 groups. The highest mean
clearance of R-propranolol was seen in the EM
group (2666 ml/mm) and the lowest values oc-
curred in the one individual who was deficient for
both drugs (918 rnlhnin). Oral clearance values in
the other two groups were similar and intermedi-
ary. 1860 rnl!min for the PM 11 group and 2012 mll
mm for the PM, group. The same pattern emerged
for S-propranolol.

The partial metabolic clearance of each pro-
pranolol cnantiomer to 4 -hydroxypropranolol in the
PNI, group was only about 25 1/( that found in the
EM and PM,, groups. suggesting a major contri-
bution of the debrisoquin iso?.) me to this route of
metabolism. The partial metabolic clearance to
naphthoxylactic acid (NLA) in the PM, group was
about half that found in the EM and 1').l groups,
suggesting that the mephenytoin isozyme contrib-
utes to the metabolic conversion of propranolol to

NLA.
It appears that the 4-hydroxylation of propran-

do] cosegregates with the debrisoquin polymorph
but the side-chain oxidation of propranolol to NLA
is catalyzed in part by the mnephcnytoin isozytne-
Propranolol is the first drug identified where two
independent isozytnes of cytochrome P-450, iden-
tified as being responsible for debrisoquin and toe-
phenytoin hydroxylation, contribute to the two sep-
arate oxidative pathways. A deficiency in both
routes will probably result in impaired total clear-
ance of propranolol.
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