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The Effects of Age and Liver Disease on the Disposition
and Elimination of Diazepam in Adult Man

U. KLoTZ, G. R. Avmrr, A. HOYUMPA,S. SciEmmum, and G. R. WILKINSON
From the Departments of Pharmacology and Medicine, Vanderbilt University
School of Medicine, and Veterans Administration Hospital,
Nashville, Tennessee 37232

A B S T R A C T This study investigates the separate ef-
fects of age and hepatocellular liver disease on the
disposition and elimination of diazepam (Valium) in
man. The drug was given either by rapid intravenous
injection (0.1 mg/kg) or orally (10 mg) to 33 normal
volunteers ranging in age from 15 to 82 yr as well
as to 9 individuals with alcoholic cirrhosis, 8 with
acute viral hepatitis, and 4 with chronic active hepatitis.

In the normal individuals, the terminal plasma half-
life of diazepam, (ti (p)) exhibited a striking age-
dependence; at 20 yr the ti (p) was about 20 h, but it
increased linearly with age to about 90 h at 80 yr. The
plasma clearance of diazepam in the majority of the
normal subjects was between 20 and 32 ml/min and
showed no significant age-dependence. Cigarette smok-
ing did not affect the half-life or the clearance. Addi-
tionally, neither the plasma binding (97.4±1.2%, mean
±SD) nor the blood/plasma concentration ratio (0.58
±0.16) of diazepam showed any age-related changes
(P > 0.05). By contrast, analysis of the intravenous
data according to a two-compartment open model indi-
cated that both the initial distribution space (Vi) and
the volume of distribution at steady state [Vd(..)] of
diazepam increased linearly with age (P < 0.005).
The increase in Vd(.., was secondary to the change
in V1. It appears then that the prolongation of ti (p)
of diazepam with age is primarily dependent on an
increase in the initial distribution volume of the drug.
The plasma concentration/time course of the metabo-
lite, desmethyldiazepam, was also affected by age. In
older individuals, the initial presence and the peak
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values of desmethyldiazepam were observed later and
the metabolite was present in lower concentrations.
Despite the profound prolongation of ti a) with age,
the constancy of diazepam clearance indicates that
drug plasma concentrations will not accumulate any
more in the old than the young, and chronic dosage
modifications based on pharmacokinetic considerations
are unnecessary.

Data obtained in patients with liver disease were
compared with those found in age-matched control
groups. Patients with cirrhosis showed a more than
twofold prolongation in the half-life of diazepam
(105.6±15.2 vs. 46.6±14.2 h, P <0.001). This was
due primarily to a decrease in the total plasma clear-
ance of the drug in cirrhosis (13.8±2.4 vs. a normal
of 26.6±4.1 ml/min, P < 0.001). Although there was
no important change in the Vi in cirrhosis (P = 0.054),
the Vd(..) increased significantly (1.74±0.21 liter/kg
vs. normal of 1.13±0.28 liter/kg, P <0.001) and this
probably was at least partly a reflection of decreased
diazepam plasma binding in cirrhosis (95.3±1.8% vs.
normal of 97.8+1.0%, P <0.001). Patients with acute
viral hepatitis had a diazepam ti (P) of 74.5±27.5 h
and those with chronic active hepatitis of 59.7+23.0 h,
as compared to a normal value in this age group of
32.7±8.9 h (P < 0.01). In two individuals with chronic
active hepatitis who had received diazepam intra-
venously, the drug clearance was also depressed, 13.0
and 17.9 ml/min. After recovery from acute viral hepa-
titis, the diazepam half-life returned almost to normal
values; No statistically significant correlation was
noted between the diazepam ti (a) in patients with cir-
rhosis or hepatitis (and drug clearance in cirrhosis)
and any of the standard liver function tests. The re-
duced clearance of diazepam in patients with acute
and chronic parenchymal liver disease suggests that
this drug should be used with caution, especially on
a prolonged basis, in such individuals.
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INTRODUCTION
Diazepam (Valium, Roche Laboratories, Division of
Hoffmann-LaRoche Inc., Nutley, N. J.) is widely
used in the management of anxiety and tension, and
as an anticonvulsant. Despite this extensive clinical
experience, there is only limited quantitative informa-
tion upon the disposition and elimination of this drug.
Investigations in a variety of animal species have
demonstrated that metabolism of diazepam is the pre-
dominant route of elimination (1-5). In man, the
major biotransformation pathways include demethyla-
tion to Ni-desmethyldiazepam, the major metabolite de-
tectable in the plasma, and, to a lesser extent, hy-
droxylation to form Ni-methyloxazepam. These two
metabolites are hydroxylated and N-demethylated, re-
spectively, to form oxazepam. The hydroxylated metab-
olites are then conjugated to their respective glucu-
ronides, with oxazepam glucuronide as the major uri-
nary product (1-5). Most studies of the plasma elimi-
nation of diazepam have been limited to data obtained
after oral administration of the drug, particularly after
prolonged therapy. Such estimates of the half-life of
diazepam in normal volunteers and psychiatric patients
range from 9 to 35 h ;(1, 5-8). In a recent study (9),
published 'since the present investigation was com-
pleted, the mean' terminal half-life in four subjects
after' a single intravenous injection 'of the drug was
found to be 33 h.

The major involvement of the liver in the above
metabolism of diazepam (10, U) would suggest that
hepatic dysfunction might alter the drug's disposition
and elimination, as' reported for other extensively
metabolized drugs (12-20). Such a finding would be
contrary to the general clinical impression that diaze-
pam is a safe therapeutic' agent and a sedative of
choice in patients with liver disease, a concept based
on the observations that there' is no prolongation of
the sedative effect or abnormality in the electroen-
cephalographic pattern in such individuals after the
administration of a single dose of the drug (21).
Accordingly the present study was designed to in-
vestigate the influence of acute and' chronic parenchy-
mal liver disease on the disposition and elimination of
diazepam. 'During this investigation it became ap-
parent that' in normal subjects, age might be a signifi-
cant factor in these processes. To elucidate this, the
pharmacokinetics of diazepam in normal adult human
subjects were 'also studied, with particular emphasis
upon any changes that might be associated with aging
alone.

METHODS
Control and patient material. In investigating the dis-

position of diazepam in normal subjects, a total of 33
healthy adults (27 men, 6 women) with normal laboratory

values and ranging in age from 15 to 82 yr were studied.
13 individuals were classified as heavy cigarette smokers
(more than 20 cigarettes/day), whereas the remaining sub-
jects were all nonsmokers.

A total of 21 patients with liver disease, diagnosed by
appropriate clinical and biochemical criteria and confirmed
in 13 individuals by percutaneous liver biopsy (Table I),
were also studied. Nine male patients (age 45.7±3.7 yr,
mean±SD) had alcoholic cirrhosis, eight patients (four
men, four women; age 26.1±4.1 yr) were diagnosed as
having acute viral hepatitis, and four men (age 30.0±12.7
yr) had chronic active hepatitis. At the time of the study,
the patients with alcoholic cirrhosis and chronic active
hepatitis appeared clinically and biochemically stable. Each
individual had received multivitamins and was ingesting a
nutritionally adequate diet. Patients with acute viral hepa-
titis were studied during the early stage of their disease.
Additionally, in five such patients, liver function tests were
performed at least once weekly and the diazepam study
was repeated immediately after the total serum bilirubin
and serum glutamic oxaloacetic transaminase values became
normal. Renal function was normal in all of the patients
with liver disease.

Appropriate age-matched control groups for patients with
liver disease were constructed from the data obtained in
the normal subjects. 13 individuals (age 44.1+6.7 yr) served
as controls for the alcoholic cirrhotic group, whereas 8
subjects (age 25.2±4.0 yr) were used for the patients with
hepatitis.

Informed consent was obtained from all participants in
the studies. In all of the controls, and, unless otherwise
stated (Table I), in the patients with liver disease, neither
drugs nor alcohol were taken for at least 3 wk before the
investigation.

Clinical protocol. Diazepam (0.1 mg/kg) was admin-
istered intravenously into an antecubital vein over a 2-min
period to 20 normal individuals (17 men, 3 women), 9
patients with alcoholic cirrhosis, and 2 patients with chronic
active hepatitis. Two -of the above normal men, the re-
mainder of the normal subjects, and other patients with
liver disease received 10 mg diazepam in tablet form
orally after an overnight fast. Commencing 15 min after
drug administration, heparinized venous blood samples from
an antecubical vein were collected frequently from all
subjects over the first few hours, and then every 12 h
for 3 days in the normal subjects and for 4 days in the
diseased patients. In two normal subjects (one after intra-
venous and the other after oral administration) and one
patient with acute viral hepatitis, urine was collected at
12-h intervals for 2 days. Additionally, bile was collected
every 6 h for 3 days via a biliary T-tube from a post-
cholecystectomy patient with normal liver function, after
the oral administration of 10 mg diazepam. The plasma
binding of diazepam and desmethyldiazepam was determined
for each individual subject, by using a pre-study plasma
sample to which the drugs had been added to give each a
concentration of 100 ng/ml, by equilibrium dialysis ac-
cording to a procedure similar to that described by Evans,
Nies, and Shand (22). Additionally, the blood/plasma con-
centration ratios of the two drugs were directly determined,
without correction for differences in hematocrit, from
either the 16- or the 24-h blood sample.

Animal studies. Desmethyldiazepam is the major me-
tabolite of diazepam present in the plasma. This drug is not
available for human investigation. Therefore, to investigate
the effect of liver damage on the elimination of desmethyl-
diazepam, studies were carried out in rats in which hepatic

348 U. Klotz, G. R. Avant, A. Hoyumpa, S. Schenker, and G. R. Wilkinson



TABLE I

Clinical and Hepatic Function Characteristics of Patients with Cirrhosis and Viral Hepatitis

Prothrombin
time

Age/ Total Alkaline Plasma SGOT LDH
Patients weight t4(p) bilirubin phosphatase albumin Patient/control Other drugs

yr/kg h mg/100 ml IU/ml g/100 ml Karmen U/ml IU/ml s
Cirrhosis

C. T.*: 47/78.5 132.6 1.3 92 4.1 40 170 12.5/12.0 -

C. E.*j 49/71.8 120.7 0.7 120 3.4 21 148 13.4/11.4 -

E. T.*: 41/62.3 112.3 2.0 104 2.5 64 200 15.9/11.4 -

V. V.*: 41/75.5 104.7 1.6 128 3.3 55 127 13.4/11.9 -

W. C.*j 42/57.0 103.0 1.0 228 4.4 44 50 13.5/12.0 -

J. S. 50/81.4 101.6 3.2 138 3.3 49 193 15.6/11.9 -

C. E.*: 48/65.5 120.7 1.6 151 3.1 44 130 11.4/11.9 -

C. P.t 44/84.0 96.8 2.8 151 3.0 104 198 15.4/11.9 -

C. M.*: 49/55.0 79.1 3.4 160 3.4 58 195 10.9/12.0 -

Acute viral hepatitis
M. C. 31/78.5 94.2 15.4 97 4.5 1,290 525 12.0/11.0 Trimethobenzamide
J. B.* 30/60.8 48.8 7.6 180 3.4 297 224 10.9/12.8 -
B. S. 29/62.3 70.0 5.3 123 3.9 1.100 250 11.5/11.0 Aspirin, propoxyphene
K. J. 24/62.3 47.8 6.2 107 3.8 3,025 500 13.0/12.5 Diphenhydramine,

diphenoxylate
J. M. 26/76.5 64.8 3.8 85 4.0 1,020 330 12.5/12.5 -
J. J.* 25/46.0 89.3 13.3 68 2.6 2,350 - 13.5/11.0 Oral contraceptive,

promethazine
J. H. 26/80.0 59.6 7.3 91 4.3 1,620 407 11.0/11.9 -
M. S. 18/48.0 129.2 3.1 59 4.4 2,250 425 12.0/12.5 -

Chronic active hepatitis
J. S.*: 24/73.9 76.0 5.5 106 4.1 1,950 425 13.5/12.0 -
H. C.* 49/66.4 70.4 1.3 179 2.6 26 134 14.5/11.9 Spironolactone,

chloral hydrate.
pentazocine

R. M.* 23/57.8 25.7 1.2 100 4.2 242 178 14.4/11.8 -
K. S. *1 24/56.0 66.7 4.9 237 4.0 2,110 292 11.3/12.4 Pentazocine

Normal upper limits for these liver function tests are given in Table IV. The lower limit of normal for serum albumin is
glutamic oxaloacetic transaminase; LDH, lactate dehydrogenase.
* Diagnosis confirmed by liver biopsy.
$ Diazepam given intravenously.

morphology and function were altered by pretreatment with
carbon tetrachloride (CC14) or by bile duct ligation (23).
Male, nonfasted Sprague-Dawley rats (200-250 g) were
given CCl4 (0.6 ml/kg) by gavage or underwent common
bile duct ligation; appropriate control rats received saline
or were sham-operated, respectively. Desmethyldiazepam
was administered intraperitoneally 24 h after the above
procedures as a polyethylene glycol 300 solution (2.5 mg/kg
in 0.5 ml). At 30-min intervals the animals were anesthe-
tized and heparinized blood was collected by aortic puncture.

Analytical measurements. The concentrations of diaze-
pam and desmethyldiazepam in the various biological fluids
were determined by a gas chromatographic procedure modi-
fied from the method of de Silva and Puglisi (24). To a
0.05-1.0-ml sample were added 1 ml 0.067 M phosphate
buffer, pH 7.4, and 1 ,ug medazepam (internal standard)
in 50 ILI 95% ethanol. The solution was extracted with 5 ml
freshly distilled diethyl ether, which, after centrifugation,
was transferred to a tube containing 2 ml 1 N HCL. After
extraction, the ether phase was discarded, the aqueous
phase washed with ether, made alkaline with 1 ml 2.5 N
NaOH, and then extracted with 5 ml freshly distilled ether.
The ether was transferred to a 10-ml centrifuge tube and
concentrated to about 20-50 ul in a water bath maintained
at 450C. About 2 ul of the ether concentrate was injected

3.5 g/100 ml. SGOT, serum

into the gas chromatograph. All samples were run in dupli-
cate and averaged.

A Varian gas chromatograph, Model 2100, equipped
with a tritium electron capture detector was used (Varian
Associates, Palo Alto, Calif.). The column was Pyrex
glass, 1 mX 2 mmX X in, packed with 1.5% OV-17 coated
on Chromosorb G, 100/120 mesh (Johns-Manville Products
Corporation, New York). Operating conditions were: oven
temperature, 2450C; injector temperature, 2600C; detector
oven temperature, 250'C, and nitrogen flow rate, 40 ml/min.

The concentrations of diazepam and desmethyldiazepam
were obtained by calculating the ratio of peak heights of
the drugs to that of the internal marker and relating this
to previously constructed linear calibration curves over the
concentration range of 1-50 ng/ml. All reagents were pre-
pared with double-distilled water and the glassware was
allowed to stand overnight in chromic acid before being
washed.

Pharmacokinetic and statistical calculations. After rapid
intravenous injection, the diazepam plasma concentration de-
clined biphasically and could be fitted by the exponential
time function, CP(t) = Aeat + Be-O, where Cpt) is the
plasma concentration at time t, A and B are constants, and
a and # are the rapid and slow exponential disposition con-
stants, with appropriate half-lives tj (a) and tj (p), respec-
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FIGuRE 1 Correlation of diazepam ti (p) and age. Each
symbol represents a separate study in 33 normal individuals
(see Methods). Solid circles refer to nonsmokers and open
circles to smokers (more than 20 cigarettes per day).
Statistical details of the least sum-squares regression line
are given in Table II.

tively (25). Therefore, the data for each subject were
analyzed, after weighting by a coefficient of variation of
0.05, according to a two-compartment open model and by
a modified version of the least squares iterative digital com-
puter program SAAM-23 (26). The kinetics of this model
and definitions of the characteristic parameters have been
well described (25, 27). Briefly, diazepam is considered to
distribute almost instantaneously into an initial distribution
space (V.,),' consisting of the blood and some well-perfused/
partitioning tissues, which may be estimated after rapid
intravenous injection from the relationship V. = dose/Cp ()
(28). Irreversible elimination occurs from this compartment
and may be characterized by the first-order rate constant
kus. Drug also reversibly distributes into a peripheral tissue
space, consisting of the more slowly equilibrating tissues,
and represented by the first-order rate constants ken and
ks.. The total volume into which the drug ultimately dis-
tributes, i.e. V, plus the peripheral tissues, is often charac-
terized by an apparent volume of distribution, estimated by

1Abbreviatiow. used in this paper: t p), terminal plasma
half-life; V1, initial distribution space; Vd..), volume of
distribution at steady state.
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FIGURE 2 Relationship of total plasma clearance of dia-
zepam with age. Each symbol represents a single normal
individual. Solid circles refer to nonsmokers and open
circles to smokers. Statistical details are given in Table II.

extrapolating the terminal portion of the logarithm of the
plasma concentration/time curve to zero time and dividing
this intercept into the dose of drug administered. However,
such a procedure provides a biased estimate of distribution,
since it is a function of the elimination process (27, 28).
A better assessment of the purely distributive property of
diazepam is provided by the volume of distribution at steady-
state (Vd(..)). This parameter is dependent only upon V
and the distribution constants (Vd csu) = V1 [1 + (kul/ks) I)
and may be regarded as the volume of distribution that
would be attained if the drug were intravenously infused
until steady state were attained (29). In the above kinetic
model the slow disposition constant (f), or its half-life
(ti (p)), is a true measurement of the overall rate of re-
moval of diazepam from the body. It is, however, dependent
on the quantitative manner in which the drug distributes in
the body, i.e., the values of knl and kst (25), and therefore
the half-life does not solely reflect the elimination process.
The elimination constant k1l is also a function of drug
distribution as indicated by the relationship kn = clearance/
V1, where clearance refers to the total volume of plasma
from which drug is irreversibly removed in unit time. It

TABLE I I
Statistical Analysis of Linear Regression of Diazepam's Pharmacokinetic Parameters

Slope of Intercept of Correlation Statistical
Parameters i regression regression coefficient significance

ti(O) vs. age, all subjects 35 1.085 1.98 +0.83 P < 0.001
ti(p) vs. age, nonsmokers 22 1.094 2.26 +0.83 P < 0.001
tj(p) vs. age, smokers 13 0.977 5.34 +0.76 P = 0.003
VI/kg vs. age 16 0.0061 0.08 +0.70 P = 0.003
Vd(.,)/kg vs. age 16 0.0172 0.42 +0.74 P < 0.001
kis/k2l vs. age 16 0.0032 2.75 -0.05 P = 0.848
k13 vs. age 16 0.0012 0.1226 -0.76 P < 0.001
Clearance vs. age 20 -0.186 32.52 -0.39 P = 0.089
%plasma binding vs. age 30 -0.0002 97.32 +0.003 P = 0.986
Blood/plasma ratio vs. age 16 0.0047 0.38 +0.54 P = 0.546
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is this latter term, the total plasma clearance, that provides
the best estimate of the body's efficiency to remove diaze-
pam. Furthermore, total clearance is a model-independent
parameter (30), calculable after intravenous drug adminis-
tration as the ratio of the inj ected dose to the area under
the plasma or blood concentration/time curve from zero to
infinite time. In the present study, good agreement was
observed between this estimate and that from the product
of the best-fit model parameters k1, and Vi, and only the
latter estimates are reported.

In four of the intravenous studies in normal subj ects, the
data were sufficient only to define the terminal or p-phase
of the plasma concentration/time curve. The tj (p,, in these
cases, and in all of the oral studies, was estimated by linear
regression analysis of the logarithm of the plasma concen-
tration/time curve. Statistical analysis of all studies was
performed by the two-tailed Student t test, with P = 0.05
as the minimal level of significance.

RESULTS

Effect of age

After both intravenous and oral administration, and
subsequent to the distributive and absorptive phases,
respectively, the plasma concentration of diazepam de-
clined monoexponentially. The half-life of this process

(ti C)) showed a striking age dependence ranging
from about 20 h at 20 yr to about 90 h at 80 yr (Fig.
1). The precise characteristics of this relationship are

not clear; however, linear regression analysis shows a

highly significant correlation coefficient (Table II). Co-

variant analysis, adjusted for age, showed no sig-
nificant difference (P> 0.05) between those subjects
who smoked cigarettes and those who did not (Fig. 1,
Table II). No significant relationship could be dis-
cerned between age or cigarette smoking and plasma
clearance of diazepam (Fig. 2, Table II). The ma-
jority of subjects exhibited clearance values in the range
of 20-32 ml/min, although one individual had a value
of 43 ml/min. There were, however, four subjects
aged 56-63 yr who had an almost twofold smaller
clearance than the other individuals. As indicated
earlier, plasma concentrations of diazepam declined
smoothly and biexponentially in all subjects after in-
travenous injection (Fig. 3), allowing analysis of the
data according to the two-compartment open system,
and providing an explanation for the above findings.
Both Vi and Vd(..3 showed a significant age depend-
ence, whether calculated as absolute volumes or cor-

rected for body weight (Fig. 4, Table II). The change
in Vd..5 appeared to be a result of the change in V,
rather than of any age effect upon the peripheral tissue
distribution constants, since a constant ratio existed
between the two volumes (Table II). In the model,
clearance is identified as the product, knsVi, and, in view
of the constancy of this measurement with age, and
the increase in Vi, it was not surprising to find a sig-
nificant decrease in the value of the rate constant ki
with age (Fig. 5, Table II).
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squares regression lines are given in Table II.

The metabolite, desmethyldiazepam, was detected in
the plasma of all subjects, and its time course was

dependent upon the age of the subject. In the younger
individuals the metabolite was first detected after about
1-2 h. It rose slowly to reach a shallow maximum
between 24 and 48 h, and then gently declined. With
increasing age the metabolite was detected later and
peak concentrations were lower, and these too occurred
later (Fig. 3). Since the kinetics of formation and
elimination of desmethyldiazepam in man are unknown,
no attempt was made to analyze pharmacokinetically
plasma concentrations of this metabolite. Diazepam
and desmethyldiazepam were both extensively bound to
plasma constituents (97.4±1.2%, mean±SD, and 97.6
±1.3%, respectively) and subjects who had a high

binding of diazepam also manifested high binding of
the metabolite. There was no significant effect of age
upon the binding of diazepam and desmethyldiazepam
or upon the blood/plasma concentration ratio of the
former, 0.58±0.16 (Table II).

After oral administration of 10 mg diazepam, ab-
sorption was rapid and peak plasma levels of diazepam

FIGuRE 5 Correlation of the elimination constant, kis, of
diazepam with age in normal individuals. Each symbol
refers to a single study and statistical details of the least
sum-squares regression line are given in Table II.

(221-440 ng/ml) were observed 1 h after ingestion of
the drug. Plasma diazepam concentrations then de-
clined rapidly before a slower rate of change was

established after about 6-9 h, i.e., an "absorption nose"
was present (Fig. 6). The plasma level/time profile
of desmethyldiazepam was comparable to that observed
after intravenous diazepam administration. In two in-
dividuals in whom both intravenous and oral studies
were carried out, the ti () values were almost identical
(18.2 vs. 21.1 h and 21.5 vs. 21.4 h, respectively).
Analysis of this data indicated that although the rate of
absorption of oral diazepam was initially rapid, it was

followed by a slower rate of absorption, and the bio-
availability of the oral drug was only about 75%.
Replicate oral studies in three subjects were carried
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FIGuRE 6 Plasma concentration/time profile of diazepam
after oral administration (10 mg) to a normal subject.
Solid line refers to diazepam and dashed line to desmethyl-
diazepam.
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out (in one subject, three experiments) with little
variability in the terminal half-life.

In the two subjects from whom urine was collected,
negligible amounts of unchanged diazepam (0.04 and
0.06% of administered dose) or desmethyldiazepam
(0.04 and 0.10%) were excreted in the first 48 h.
Similarly, only 0.3% diazepam and 0.2% desmethyl-
diazepam were recovered over a 72-h period in bile
from the patient with a T-tube.

Effect of liver diseases

Cirrhotic patients. The rapid intravenous injection
of diazepam in cirrhotic individuals produced qualita-
tive plasma concentration/time profiles for diazepam
and desmethyldiazepam like those observed in the nor-
mal control subject; diazepam concentrations declined
biexponentially while the metabolite accumulated slowly
in the plasma (Fig. 7). There were, however, signifi-
cant quantitative differences between the two groups
(Table III). Analysis of the diazepam data according
to the two-compartment open model indicated a more
than twofold prolongation in the ti (pe of this drug in
alcoholic cirrhotics compared to age-matched control
subjects (105.6±15.2 h vs. 46.6±14.2 h, P < 0.001,
Fig. 8). In the cirrhotics there was an increase of
borderline significance (P = 0.054) in the initial dis-
tribution volume (Vi/kg) of diazepam but a highly
significant increase (P < 0.001) in the Vd(a)/kg. These
distributional changes were not, however, primarily
responsible for the increase in diazepam's ti (P) in cir-
rhosis, since such patients also manifested a twofold
decrease in the total plasma clearance (13.8±2.4 vs.
26.6+4.1 ml/min), and accordingly, a significant de-
crease in the first-order elimination rate constant, k1a,
of the drug (0.030±0.001 vs. 0.075±0.030 h-', Table
III). Plasma binding of diazepam was lower in the
cirrhotic group. However, this did not cause any
change in the blood/plasma drug concentration ratio,
P > 0.05 (Table III). Accordingly, the calculated blood
clearance of diazepam decreased to the same degree as
the plasma clearance in alcoholic cirrhosis (24.8±12.7
vs. 44.8±9.1 ml/min, P = 0.022, Table III).

Plasma levels of the metabolite, desmethvldiazepam,
were detectable in normal age-matched subjects within
2-3 h after administration of diazepam and rose to a
maximum level after 35.3±8.0 h. In alcoholic cir-
rhotics, there was a delay in the initial appearance
of the metabolite (3-8 h) and peak concentrations were
not attained until much later, 103.5+26.4 h. In fact, in
some cases the concentration of desmethyldiazepam
was still rising at the end of the study (4 days).
Although the peak concentrations attained in the cir-
rhotics was not statistically different from the values

observed in normal subjects, there was a trend towards
lower values in these patients.

Hepatitis patients. The data collected in the ma-
jority of the patients with hepatitis permitted calcula-
tion of only the ti (P) of diazepam. A significant pro-
longation of this parameter was observed in both
patients with acute viral hepatitis (74.5±27.5 h) and
chronic active hepatitis (59.7±23.0 h) as compared to
the values obtained in age-matched controls (32.7±8.9
h) (Fig. 8). Some of the patients with hepatitis had
previously received other drugs, usually only as a single
dose (Table I), but no difference in the half-life of
diazepam was discernible between these individuals and
those patients who were free of other drugs (P >
0.05). In the two patients with chronic active hepatitis
who were administered diazepam intravenously, the
increase in tj (p was associated with a reduction in
plasma clearance of the drug to 13.0 and 17.9 ml/min,
respectively.

In the five patients with acute viral hepatitis, who
were followed periodically during recovery, the study
was repeated later, when the hepatic function tests
had just returned into the normal range. In all sub-
jects the elimination of diazepam was faster at re-
covery than in the active phase of the disease (Table
IV), but the ti (P was still prolonged relative to the
range (mean±SD) observed in normal subjects. In
patient J. H. the reduction in the half-life was initially
minimal but 4 mo later the ti (P) (33.0 h) was within
the normal range. The fraction of the administered
dose excreted in the urine as diazepam or desmethyl-
diazepam in the single patient with acute viral hepa-
titis was negligible and comparable to the results ob-
served in normal subjects.

In patients with alcoholic cirrhosis there was no
statistical correlation between diazepam ti (ps) or clear-
ance and any of the routine liver function tests, and
similar results were obtained with the ti (P in in-
dividuals with viral hepatitis.

Animal studies. In normal, bile-duct ligated, and
sham-operated rats the plasma elimination of un-
changed drug after intraperitoneal administration of
desmethyldiazepam was rapid and identical in all three
groups, tj () = 1.7 h. However, rats with CCl-induced
liver damage exhibited a prolonged ti on (3.6 h, P <
0.005).

DISCUSSION

The first major finding in this study is the demon-
stration of a four-to-five-fold increase in diazepam
half-life (ti *p)) with increasing age (Fig. 1). Informa-
tion on age-induced changes in drug disposition and
elimination in man is limited, despite the observations
that elderly patients often exhibit an apparent sensi-
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FIGURE 7 Plasma concentration/time profile for diazepam (solid line) and desmethyldiazepam
(dashed line) after rapid intravenous injection of diazepam (0.1 mg/.kg). The left panel
shows a representative normal age-matched control subject and the right panel, a typical
patient with alcoholic cirrhosis.

tivity to various therapeutic agents (31, 32). Modest
increases in the plasma half-life of antipyrine (33),
phenylbutazone (33), and aminopyrine (34) in older
individuals have been reported previously. These find-
ings were felt to represent a decrease of hepatic drug
metabolism similar to that observed in the rat (35,
36). Such an impairment should manifest iteself as a
reduction in the metabolic clearance of the drug and,

TABLE III
Pharmacokinetic Parameters of Diazepam in Normal

Age-Matched Control and Alcoholic Cirrhotic
Subjects (mean 4 SD)

Alcoholic
Normal cirrhosis P

Parameter n = 5* n = 9 value

tIhy). h 0.82 0.23 1.294-0.77 0.220
tj(p). h 46.6E14.2t 105.6d15.2 <0.001
Vi/kg. liter/kg 0.31 =LO.12 0.42 -0.09 0.054
Vd(os)/kg, liter/kg 1.13 +0.28 1.7440.21 <0.001
kit, h-i 0.0754-0.035 0.03040.010 0.003
Plasma clearance. ml/min 26.644.1 13.842.4 <0.001
Blood clearance, ml/misn 44.849.1 24.8+12.7 0.022
Blood/plasma

concentration ratio 0.5840.15 0.62 h0.20 0.720
Plasma binding. % 97.8h1.05 95.3h1.8 <0.001

* Due to plasma sampling times, detailed pharmacokinetic calculations
were possible in only 5 of the 13 controls in whom diazepam was admin-
istered intravenously.
* n - 13.
in = 11.

if urinary and biliary drug excretion are negligible,
as with diazepam, this decrease should be directly re-
flected in the total plasma clearance. However, since
in 80% of our subjects no such reduction in clearance
was observed over the age range studied, the increase
in ti () cannot be attributed to any age-dependent im-
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FIGURE 8 Comparison of the tj (p. of diazepam in patients
with alcoholic cirrhosis and acute viral hepatitis, and their
age-matched controls. Each point represents an individual
subject and the hatched area indicates the mean±-SD. The
tj (P values in both the cirrhotic and acute viral hepatitis
groups were significantly longer (P < 0.001) than in the
corresponding age-matched control groups.
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TABLE IV
Correlation between Hepatic Function Tests and tj(O) of Diazepam in the Same Patients at

Time of Acute Viral Hepatitis and at Recovery

Alkaline
Subject top) Bilirubin LDH SGOT phosphatase Albumin

h mg/lOG ml lU/mi Karmen U/ml lU/mi g/100 ml

B. S.* 70.8 5.3 250 1,100 123 3.9
B. S41 47.4 0.9 169 43 79 5.0

M. C.* 94.2 15.4 525 1,290 97 4.5
M. C. 62.2 1.0 150 30 42 4.2

J. H.* 59.6 7.3 407 1,620 91 4.3
J. Ht 57.2 0.8 133 30 37 5.6
J. H.§ 36.0 0.3 167 12 40 5.6

J. M.* 64.8 3.8 330 1,020 85 4.0
J. M4t 53.3 1.1 138 25 65 4.8

J. J.* 89.3 13.3 n.a. 2,350 68 2.6
J. J4 49.0 1.1 156 44 41 4.2

Upper normal limit 45.4 1.0 200 40 85

* Acute stage.
t Recovery stage.
§ 4 mo after all hepatic function tests had returned to normal.

pairment of drug-metabolizing activity. On the other
hand, significant alterations in the distribution of di-
azepam occurred with aging, in that both V1 and Vd(.5)
increased in a linear fashion with age (Fig. 4). Since
Vd(..) = Vi [1 + (ka/ka)], and there was no age-de-
pendent alteration in the distribution ratio khi/ku (i.e.
the fractional distribution of diazepam between the
initial and tissue compartments), the linear increase in
Vd(..) with age simply reflects the linear change in
Vi. The initial distribution space is generally conceived
to represent drug distribution in the blood and in the
tissues that rapidly come into equilibrium with the blood,
relative to the sampling times (25). The rate of drug
uptake into the tissues is dependent on several param-
eters, including the rate of tissue perfusion with
blood, the mass of tissue, and the partition character-
istics of the compound between blood and tissue. The
latter involves such factors as membrane permeability,
intra- and extracellular pH, and plasma and tissue drug
binding. Cardiac output and tissue perfusion are both
reduced with age (37), but drug distributional changes
due to these alterations may well be offset by changes in
the tissue distribution of the cardiac output, as well as
decreases in tissue and lean body masses (31, 32). No
age-related differences were observed in the plasma
binding of diazepam, but it is possible that tissue binding
may have altered. The distribution of a drug such as
diazepam is so complex that it is difficult to identify
precisely the specific biological causes of the change in
the kinetic findings.

In four older subjects, a significant reduction in the
total plasma clearance contributed to the prolongation
of diazepam half-life. Chronological age is arbitrary
and does not necessarily correspond to biological age,
and aging leads to an increasing divergence in drug
response among individuals (31). Consequently, it is
possible to speculate that these four individuals were
examples of a further age-dependent phenomenon:
namely, a reduction in the hepatic extraction of di-
azepam associated with an impairment of drug-metabo-
lizing enzyme activity.

Although the relationship between age and ti (pi
was linear from 20 to 80 yr, such a correlation cannot
be extrapolated to younger individuals. In premature
infants the half-life of diazepam is considerably pro-
longed, whereas young children exhibit values around
18 h (38). The complete lifetime temporal pattern of
the drug half-life/age relationship is therefore com-
plex and the changes probably involve multiple causa-
tive factors.

The extensive plasma binding of diazepam, shown
here, has been reported previously (6). This binding
may well be responsible, at least in part, for the small
distribution of diazepam into the erythrocyte, as indi-
cated by the low blood/plasma concentration ratio,
similar in magnitude to that reported by Zingales (39).
Plasma binding may also play an important role in
the hepatic metabolism of the drug, irrespective of any
distributional factors. If the normal total hepatic blood
flow is equal to 1.5 liter/min (40), the estimated un-
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bound drug clearance is, within experimental error,
almost equal to the diazepam blood clearance calculated
from the observed plasma clearance and the blood/
plasma concentration ratio of the drug. This suggests,
but not conclusively, that only the unbound diazepam
present in blood delivered to the liver is extractable
by the organ. Additionally, the inferred low extraction
ratio for total drug would indicate a lack of effect of
changes in hepatic blood flow upon the clearance of
the drug (41). This type of elimination would appear
to provide an alternative explanation for the long half-
life of diazepam rather than enterohepatic recycling
(6, 7) or storage in some kinetic "deep" compart-
ment (9). The lack of significant biliary excretion also
appears to reduce the contribution of this process to
the erratic fluctuations in diazepam plasma concentra-
tions that some investigators have reported (5-7),
but which were not observed in the present and other
studies (8, 9).

Recent epidemiological studies have indicated a sta-
tistical relationship between the depression of the cen-
tral nervous system during chronic diazepam therapy
and cigarette smoking; drug-attributed drowsiness be-
coming less common as the exposure to cigarette smoke
increases (42). Such findings might be explained by
stimulation of diazepam's metabolism by one or more
of the constituents of cigarette smoke (42). Such an
effect would manifest itself by an increase in the plasma
clearance and by a reduction in the ti (P) of the drug,
yet no obvious differences between these values in
smokers and nonsmokers were seen at any age in the
present study. Differences may exist in the value of
the half-life after single versus multiple doses of diaze-
pam in some individuals (9, unpublished observation)
and the chronic half-life may be affected by cigarette
smoking more significantly than the acute value. How-
ever, the present results suggest that factors other
than inferred changes in metabolism are involved in
the greater incidence of side-effects of diazepam in
nonsmokers (43).

The metabolite, desmethyldiazepam, has similar (but
probably weaker) pharmacological activity to the parent
drug (3, 44, 45), but lack of knowledge of its kinetics
of disposition and elimination when administered per
se prevented any analysis of the effect of age upon its
formation, distribution, and elimination after diazepam
administration. However, the lower concentrations, the
delay in appearance, and the time to peak concentration
of this metabolite with increasing age would be con-
sistent with an age-dependent change in the distribu-
tion of both the metabolite and the parent drug.

The second important new observation in this study
is the demonstration of a major impairment of diaze-
pam elimination, independent of the effect of age, in

drug and alcohol-free patients with alcoholic cirrhosis.
Similar results were obtained in individuals with acute
and chronic viral hepatitis, some of whom had re-
ceived other drugs before the study. The primary cause
of this prolongation of diazepam ti (P in the cirrhotics
and the two patients with chronic active hepatitis, who
received the drug intravenously, was a significant,
twofold reduction in diazepam clearance from the
blood (Table III). This process is a direct reflection
of hepatic drug removal and could be the result of de-
creased hepatic perfusion, impaired hepatic extraction
of diazepam, or both conditions. With regard to hepatic
perfusion, the magnitude of drug clearance relative to
total liver blood flow is not sufficient to suggest that
changes in the latter would have an important effect on
drug clearance (41). The data on diazepam's half-life
in patients with acute viral hepatitis support this con-
clusion, since such individuals do not exhibit gross
evidence of shunting of blood around the liver or de-
crease in hepatic blood flow (46) and yet show a major
prolongation of drug ti (P). These considerations sug-
gest that the decrease in diazepam clearance with liver
disease reflects an impairment of drug extraction by
the liver, which in turn is probably a result of a re-
duced capacity to metabolize the compound. In vitro
studies with human liver biopsy samples have demon-
strated a reduction in the activity of various mixed-
function oxidase systems in cirrhosis and hepatitis,
although the disease had to be severe before these
changes were seen (47, 48). In as much as hepatic ex-
traction of diazepam in normal individuals appears to
be limited to unbound drug in blood (vide supra), one
might anticipate that the decreased diazepam plasma
binding in cirrhosis would tend to increase and not
decrease the blood clearance of the drug. Hence, the
present assessment of impaired hepatic extraction of
diazepam in cirrhosis may be actually an underestina-
tion of the effect of hepatic damage on the metabolism
of the drug.

The site (s) of impairment in the hepatic metabo-
lism of diazepam were not specifically investigated in
the present study; however, certain observations may
be appropriate to the problem. After diazepam ad-
ministration, desmethyldiazepam is the only metabolite
readily detectable in the plasma. The delay in appear-
ance, i.e. formation, of the compound and the occur-
rence of the peak concentration at a later time in
liver disease patients would suggest that the N-demeth-
ylation pathway is impaired. It is likely that the sub-
sequent hydroxylation of desmethyldiazepam is also
affected, since the maximal plasma concentration of
the metabolite is comparable in the diseased and con-

trol groups. The studies in rats with CCl4-induced liver
damage support this suggestion. Human hepatic dis-
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ease, therefore, may produce impairment at multiple
sites in the overall metabolism of diazepam, but at
present supportive data exist only for the demethyla-
tion step.

The increase in V1 of diazepam with cirrhosis was
of borderline statistical significance but could have con-
tributed to the prolongation of ti (P). This may have
been a disease-related effect, but since V, for diazepam
is also a function of age, it may reflect a less than
optimal biological age-matching of control and cirrhotic
individuals by chronological age alone. The increase in
Vd(.., in cirrhosis was sufficiently significant, however,
that a real change due to cirrhosis is likely. This may be
due to the observed decrease in diazepam plasma bind-
ing, although alterations in tissue uptake and binding
in cirrhosis cannot be excluded. Similar findings in
patients with liver disease have been reported recently
for lidocaine (14).

The lack of any significant statistical correlation
between the ti (P) or plasma clearance of diazepam and
any of the commonly employed biochemical tests for
the assessment of liver function in the present patients
is in accord with our previous findings with meperidine
(15) and also with the data for lidocaine (14) and
carbenicillin (17). The delay in return of diazepam's
elimination to normal in all five patients with acute
viral hepatitis, in whom recovery of the biochemical
parameters had been achieved, also suggests that such
tests do not adequately reflect the capacity of the liver
to metabolize diazepam. Serum albumin concentration
and/or the prothrombin index have been shown to be
good indicators for the prolongation of ti (P) of anti-
pyrine (12), amylobarbital (13), and phenylbutazone
(16), but only when these functions showed major
impairment. However, these findings are of little gen-
eral predictive value, especially when these parameters
are within the normal range but drug disposition and
elimination are significantly altered: a classification
into which many of our patients could be placed. It
appears, therefore, that no single test is presently
capable of predicting the effect of liver disease upon a
drug's elimination; each drug must be separately in-
vestigated. This is not surprising in view of the di-
versity in site and nature of the rate-limiting processes
for the multitude of reactions carried out in the liver.
Interestingly, some of the present patients with liver
disease were also subjects in a similar study involving
meperidine (15). In these cases good agreement was
seen between the changes in elimination for the two
drugs; those patients with the most impaired elimina-
tion of diazepam also had the greatest reduction in
clearance of meperidine, and vice versa.

The ti n, of diazepam after a single dose is pro-
longed by both aging and various types of liver disease.

However, because of the different mechanisms respon-
sible for this prolongation, the consequences of these
conditions, in relation to the clinical usage of the
drug, particularly according to some fixed-interval mul-
tiple dosing schedule, are profoundly different for the
two groups of individuals. During continuous therapy
the drug plasma concentration accumulates at a rate
proportional to ti (p), however, the final steady-state
levels are controlled by the total clearance rate (49).
Accordingly, the impaired clearance and prolonged ti (i)
of diazepam in liver disease would suggest that after
acute administration the plasma concentration of un-
changed drug would be higher, and that chronic drug
administration would exaggerate the difference between
these patients and normal subjects receiving a standard
dosage regimen. Presumably, the pharmacological ef-
fects of diazepam are related to the plasma concentra-
tion of unchanged drug, and consequently, the clinical
effects would be greater in the diseased group. If the
elimination of the pharmacologically active metabolites
of diazepam is also impaired in these patients, then the
accumulation of such compounds may further increase
the sedative effect of the drug. Furthermore, any re-
duction in the extent of plasma drug binding would
tend to exaggerate the clinical effects at any given
total drug plasma level. Clearly, studies of parent drug
and metabolite accumulation during chronic adminis-
tration and the relationship of these levels to the clini-
cal effects elicited are needed. Pending such investi-
gations, it would appear prudent to use diazepam
cautiously in patients with severe parenchymal liver
disease.

In the aging normal subjects, where the prolonga-
tion of ti (P) is due to an alteration in the distribution
of the drug rather than to its clearance, a much dif-
ferent situation will arise if the pharmacokinetics elu-
cidated after a single dose are applied to chronic inter-
mittent dosing. During the dosing interval, because
clearance is constant, the average steady state plasma
level of diazepam will be unaffected by aging. The
only effect of the prolongation of ti (p with age will be
a blunting of the fluctuation between the peak and
trough drug levels at the beginning and end of the
interval, respectively. In addition, steady state will be
achieved more rapidly in the younger subjects than in
the old individuals since this condition is achieved in
approximately four times the elimination half-life (49).
With aging, a greater mass of drug will also be
present in the tissue compartment at a steady-state, but
again since Vd(.. is proportional to V1, and there is
no age-dependency in the distribution ratio, kal/kS.,
the concentration of drug in this pharmacokinetic com-
partment will be similar in all individuals and inde-
pendent of age. The frequency of central nervous sys-
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tern side effects related to chronic diazepam adminis-
tration has been noted to increase significantly be-
tween the age of 40 and 70 (42). This may reflect an
increased concentration of pharmacologically active
drug at the receptor site that is not revealed by the
compartmental analysis of the present data. But an
alternative hypothesis, consistent with other observa-
tions of drug activity in the aged (31), is that the
sensitivity of the involved receptor site increases with
age. Accordingly, dosage modifications for diazepam
in geriatric patients cannot be based solely on the
patient's disposition and elimination characteristics.
Clearly more investigation is required to define ade-
quately the mechanisms of the altered clinical respon-
siveness to therapeutic agents that occurs with many
drugs as the individual ages (31, 32), the temporal
pattern of any changes throughout the life of the
individual, and those drugs for which such alterations
are clinically relevant.

The present studies clearly demonstrate the prob-
lems involved in directly associating changes in ti (P)
or a model-dependent rate constant of elimination such
as kis with the biological processes of drug excretion
and metabolism. It is essential that the mechanism(s)
for the observed pharmacokinetic changes be delineated,
particularly if modifications in dosage regimens are
to be based on such data. For example, a lack of ap-
preciation of the central role of the distribution volume
changes in the prolongation of ti (,o) with aging would
lead to the erroneous conclusion that greater drug con-
centrations would occur in older subjects maintained
on the same dosage regimen as the young individuals.
A greater awareness of the concept of clearance (50)
and the relationship of the latter to the commonly esti-
mated pharmacokinetic constants would do much to
overcome this and similar problems associated with
the application of pharmacokinetics to rational drug
usage.
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