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Age-related changes in pharmacokinetics and 
pharmacodynamics: basic principles and 
practical applications

 

A. A. Mangoni & S. H. D. Jackson

 

Department of Health Care of the Elderly, Guy’s, King’s, and St Thomas’ School of Medicine, King’s College London, London

 

Advancing age is characterized by impairment in the function of the many regulatory
processes that provide functional integration between cells and organs. Therefore,
there may be a failure to maintain homeostasis under conditions of physiolog ical
stress. The reduced homeostatic ability affects different regulatory systems in different
subjects, thus explaining at least partly the increased interindividual variability occur-
ring as people get older. Important pharmacokinetic and pharmacodynamic changes
occur with advancing age. Pharmacokinetic changes include a reduction in renal and
hepatic clearance and an increase in volume of distribution of lipid soluble drugs
(hence prolongation of elimination half-life) whereas pharmacodynamic changes
involve altered (usually increased) sensitivity to several classes of drugs such as
anticoagulants, cardiovascular and psychotropic drugs. This review focuses on the
main age-related physiological changes affecting different organ systems and their
implications for pharmacokinetics and pharmacodynamics of drugs.

 

Introduction

 

Ageing is the progressive accumulation of more or less
random changes. This limits the average life expectancy
to about 85 years [1], maximum life span to around
122 years [2], and lowers the ability to cope with exter-
nal stresses. Moreover, the interindividual variability in
the physiological responses increases with age. Ageing
is not a single entity but a collective term representing
the sum of cumulative local effects at the molecular,
cellular and tissue level. Ageing is the effect of these
underlying changes and not the cause. Although an all-

encompassing definition of ageing is not possible, sev-
eral characteristics are recognized. The most consistent
is the time-related loss of functional units. These units
are the smallest structures still capable of performing
the specific physiological activities characteristic of the
organ of which they are a part (e.g. nephrons, alveoli or
neurones). A further characteristic is the disruption of
some of the regulatory processes that provide functional
integration between cells and organs. Consequently,
there is a failure to maintain homeostasis under condi-
tions of physiological stress. This loss of functional
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reserve is associated with a decrease in viability and an
increase in vulnerability. Ageing is not solely a progres-
sion of functional decline but produces anatomical and
physiological changes which might lead to decompen-
sation of the relevant system when they progress beyond
a threshold. Some important age-related physiological
changes are discussed. This is followed by a detailed
description of the age-related changes in pharmacoki-
netics (drug absorption, distribution, metabolism, and
excretion) and pharmacodynamics (the effect of a drug
on its target site).

 

Cardiac structure and function

 

Ageing produces major cardiovascular changes, includ-
ing reduced elasticity and compliance of the aorta and
great arteries [3]. This results in a higher systolic arterial
pressure, increased impedance to left ventricular ejec-
tion, and subsequent left ventricular hypertrophy and
interstitial fibrosis [4]. A decrease in the rate of myocar-
dial relaxation also occurs. The left ventricle becomes
stiffer and takes longer to relax and fill in diastole, thus
increasing the importance of a properly timed atrial
contraction in contributing to a normal left ventricular
end-diastolic volume [5]. The isotonic contraction is
prolonged and velocity of shortening reduced.

Ageing is associated with a reduction in the intrinsic
heart rate and increased sinoatrial node conduction time
[6, 7]. The response to postural changes differs between
young and elderly subjects as cardiac output is main-
tained by increasing heart rate in the young whereas
elderly subjects rely on an increase in stroke volume
to compensate [8]. During exercise the tachycardic
response is reduced. In some subjects, cardiac output is
maintained by an increase in stroke volume (relying on
the Starling mechanism), in others no compensation
occurs and aerobic capacity is reduced [9].

 

Renal system

 

Renal mass decreases with age [10]. This reflects the
reduction in nephrons [11]. Intra-renal vascular changes
also occur, consisting of hyalinization of the vascular
tuft leading to reduced blood flow in the afferent arteri-
oles in the cortex [12]. No changes in the medullary
vasculature are reported with ageing [13]. Both renal
plasma flow and glomerular filtration rate decline with
age. The decline is not uniform or consistent, however,
[14, 15]. Despite the decline in glomerular filtration rate,
there is no concomitant increase in plasma creatinine
because of age-related loss of muscle mass. Therefore,
creatinine is not a reliable indicator of glomerular filtra-
tion rate in the elderly subject. Other markers such as
serum cystatin C do not provide significant advantages

over creatinine for the measurement of creatinine
clearance [16].

Acid-base balance is maintained under physiological
conditions but a reduced response to stress is revealed
by the inability to deal with acid loads, which may be
due to defective renal tubular secretion of ammonium
ions [17]. The ability to concentrate the urine during
water deprivation is reduced. This is probably due to the
inability of the declining number of nephrons to deal
with an increased solute load or to the increased perfu-
sion of the juxtamedullary glomeruli producing medul-
lary washout [11, 17]. The response to water loading
is also impaired but the mechanisms responsible are
unclear. Basal vasopressin secretion is probably normal
in elderly subjects. However, both normal and reduced
responses to water deprivation have been described [18,
19]. Although the ability to conserve salt is maintained,
there is a delay in balancing losses [20]. Changes in
salt and water regulation also interact with age-related
change in thirst mechanisms. Reduced thirst has been
reported in elderly subjects during water deprivation
[18], despite considerable rises in plasma osmolality.
Possible mechanisms include reduced sensation of
mouth dryness and increased activity of the renin-
angiotensin-aldosterone axis [18, 21].

 

Gastrointestinal system

 

Stomach and duodenum

 

The main changes involve the secretion of hydrochloric
acid and pepsin, which are decreased under basal con-
ditions. This may be the direct consequence of changes
in the enzyme secreting cells and organs or hormonal
and neural regulatory alterations [22]. By contrast,
gastric emptying in elderly subjects is similar to that
of young subjects [23].

 

Small intestine

 

Advancing age is accompanied by reduced absorption
of several substances (e.g. sugar, calcium, iron) while
digestion and motility remain relatively unchanged
[24, 25].

 

Colon

 

The studies investigating the relationship between age
and colonic motility have shown conflicting results. In
one study, elderly subjects had a slower colonic transit
time of radiolabelled plastic particles than young sub-
jects [26]. No significant age-related changes in colonic
transit time have been observed in a recent study com-
paring young and middle-aged subjects [27].
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Pancreas

 

Some uncertainty exists regarding the effects of advanc-
ing age upon pancreatic secretion [28]. Of the major
enzymes, some (amylase) remain constant whereas
others (lipase, trypsin) decrease dramatically [29].
Secretin-stimulated pancreatic juice and bicarbonate
concentrations remain unchanged [30].

 

Liver

 

Advancing age is associated with a progressive reduc-
tion in liver volume and liver blood flow [31]. Alteration
of hepatic structure and enzymatic functions with age-
ing is moderate. In the healthy elderly person, routine
tests of liver function involving the metabolism and
elimination of specific dyes, radioisotopes, and protein
synthesis do not show significant differences between
individuals aged 50–69 and 70–89 years [31–33].

 

Neuroendocrine responses

 

Ageing is accompanied by changes in neuroendocrine
responses to psychosocial or physical stress. In particu-
lar, an altered function of the hypothalamic-pituitary-
adrenal (HPA) axis has been observed. Excessive HPA
activation and hypersecretion of glucocorticoids can
lead to dendritic atrophy in neurones in the hippocam-
pus, resulting in learning and memory impairment.
Damage or loss of hippocampal neurones results in
impaired feedback inhibition of the HPA axis and glu-
cocorticoid secretion, leading to further damage caused
by elevated glucocorticoid concentrations. This positive
feedback effect on hippocampal neuronal loss is known
as the glucocorticoid cascade hypothesis [34]. Thus,
glucocorticoids may sensitize hippocampal neurones to
cell death and/or functional impairment, indirect effects
that are likely to be age-dependent.

Under conditions of chronic stress, there would be
insufficient adjustments in HPA axis activity in response
to the challenge of sustained glucocorticoid levels. This
might be caused by impaired feedback regulation of the
HPA axis activity [35].

 

Body composition

 

Significant changes in body composition occur with
advancing age. There is a progressive reduction in total
body water and lean body mass, resulting in a relative
increase in body fat [36].

 

Pharmacokinetic implications

 

Drug absorption

 

Although earlier studies reported significant apparently
age-related effects including reduced gastric acid

secretion [37, 38] and gastric emptying [39], reduced
splanchnic blood flow [40], and absorptive capacity of
the small intestine [41], probably due to the effects of
disease states, more recent reports have not confirmed
these findings in healthy subjects [23, 25, 42, 43].

Pharmacokinetic studies on the effect of ageing on
drug absorption have provided conflicting results. While
some studies have not shown significant age-related
differences in absorption rates for different drugs [23,
44–49], the absorption of vitamin B

 

12

 

, iron and calcium
through active transport mechanisms is reduced [22, 50]
whereas the absorption of levodopa is increased. The
latter is probably secondary to a reduced amount of
dopadecarboxylase in the gastric mucosa [51]. Some of
the discrepancy in the results obtained from these
studies might be due to different methods of assessing
drug absorption.

 

First-pass metabolism and bioavailability

 

Ageing is associated with a reduction in first-pass
metabolism. This is probably due to a reduction in liver
mass and blood flow [52]. As a result, the bioavailability
of drugs undergoing extensive first-pass metabolism
such as propranolol and labetalol can be significantly
increased [53–55]. On the other hand, several ACE
inhibitors such as enalapril and perindopril are pro-
drugs and need to be activated in the liver. Therefore,
their first-pass activation might be slowed or reduced
with advancing age [56, 57].

 

Drug distribution

 

As a consequence of the age-related changes in body
composition [36], polar drugs that are mainly water-
soluble tend to have smaller volumes of distribution (

 

V

 

)
resulting in higher serum levels in older people. Gen-
tamicin, digoxin, ethanol, theophylline, and cimetidine
fall into this category [58–60]. Loading doses of digoxin
need to be reduced to accommodate these changes [60].
On the other hand, nonpolar compounds tend to be lipid-
soluble and so their 

 

V

 

 increases with age. The main effect
of the increased 

 

V

 

 is a prolongation of half-life. Increased

 

V

 

 and 

 

t

 

1/2

 

 have been observed for drugs such as diazepam,
thiopentone, lignocaine, and chlormethiazole [61–66].
The reduction in 

 

V

 

 for water-soluble drugs tends to be
balanced by a reduction in renal clearance (CL) with
little net effect on 

 

t

 

1/2,z

 

, as shown in the following equation:

where 

 

t

 

1/2,z

 

 

 

=

 

 elimination half-life, 

 

Ln

 

(2) 

 

=

 

 natural log
of 2 (0.693), 

 

V

 

 

 

=

 

 apparent volume of distribution, and
CL 

 

=

 

 clearance.

t
Ln V
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2
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Protein binding

 

Acidic compounds (diazepam, phenytoin, warfarin, sali-
cylic acid) bind principally to albumin whereas basic
drugs (lignocaine, propranolol) bind to 

 

a

 

1

 

-acid glyco-
protein. Although no substantial age-related changes in
the concentrations of both these proteins have been
observed [33, 67], albumin is commonly reduced in
malnutrition or acute illness whereas 

 

a

 

1

 

-acid glycopro-
tein is increased during acute illness. However, the
importance of such changes remains to be elucidated as
the main factor determining drug effect is the free con-
centration of the drug. Although plasma protein binding
might theoretically contribute to drug interactions or
physiological effects for drugs that are highly protein-
bound, its clinical relevance is probably limited. The
reason for this is related to the fact that the initial and
transient effect of protein binding on free plasma con-
centration is rapidly counterbalanced by its effects on
clearance [68].

 

Drug clearance

 

Kidney

 

Reduction in renal function in elderly subjects,
particularly glomerular filtration rate, affects the clear-
ance of many drugs such as water-soluble antibiotics
[69, 70], diuretics [71], digoxin [72], water-soluble 

 

b

 

-
adrenoceptor blockers [73], lithium [74], and nonsteroi-
dal anti-inflammatory drugs [75, 76]. The clinical
importance of such reductions of renal excretion is
dependent on the likely toxicity of the drug. Drugs with
a narrow therapeutic index like aminoglycoside antibi-
otics, digoxin, and lithium are likely to have serious
adverse effects if they accumulate only marginally more
than intended. However, a recent study has questioned
the importance of age-related reduction in renal function
in affecting pharmacokinetics. Although creatinine
clearance was slightly reduced in healthy elderly sub-
jects, excretion of atenolol, hydrochlorothiazide and
triamterene was similar to young subjects [77].

 

Liver

 

The drug clearance by the liver depends on the
capacity of the liver to extract the drug from the blood
passing through the organ and the amount of hepatic
blood flow, as illustrated by the following formula:

where E 

 

=

 

 steady-state extraction ratio, Q 

 

=

 

 liver blood
flow (sum of hepatic portal and hepatic arterial blod

Cl Q QEliver
a v

a

=
-[ ]

[ ]
=

C C

C

 

flow), [

 

C

 

a

 

] 

 

=

 

 concentration of drug in portal vein and
hepatic artery; [

 

C

 

v

 

] 

 

=

 

 concentration of drug leaving the
liver in the hepatic vein, and CL

 

liver

 

 

 

=

 

 clearance by the
liver. Therefore, the clearance by the liver depends on
both the blood flow and the extraction ratio. The latter
is dependent on the metabolizing capacity of the liver.

Drugs can be classified into three groups according
to their extraction ratio: high (E 

 

>

 

 0.7, such as
chlormethiazole, dextropropoxyphene, glyceryl nitrate,
lignocaine, pethidine, and propranolol), intermediate
(E 0.3–0.7, such as aspirin, codeine, morphine, and
triazolam), and low extraction ratio (E 

 

<

 

 0.3, such as
carbamazepine, diazepam, phenytoin, theophylline, and
warfarin). When E is high, CL is rate-limited by perfu-
sion. When E is low, 

 

C

 

v

 

 is similar to 

 

C

 

a

 

 and changes in
blood flow produce little changes in CL. Therefore, the
reduction in liver blood flow with ageing will mainly
affect the clearance of drugs with a high extraction ratio.

Several studies have shown significant reductions in
the clearance of many drugs metabolized by phase-1
pathways in the liver [78, 79]. The main factor is prob-
ably represented by the age-related changes in liver size
and hepatic blood flow as the activity of drug metabo-
lizing enzymes is preserved [80]. Studies on human liver
tissue showed that mono-oxygenase activities are main-
tained even in advanced old age [81]. These results have
been confirmed by 

 

in vivo

 

 studies using radiolabelled
erythromycin breath tests as probes for CYP3A activity
[82]. It is unclear whether enzyme responsiveness
changes with ageing in man. Some pharmacokinetic
studies have reported that factors such as cigarette
smoking do not induce drug metabolism in older people
to the same extent as in younger people [83]. Other
authors reported similar theophylline clearances in old
and young smokers [84]. Conflicting reports also exist
regarding the inducing effects of various drugs [85, 86].
The evidence regarding enzyme inhibition in ageing is
more consistent, most of the human studies showing
enzyme inhibition similar to young subjects [87, 88].
Much less effort has been directed into investigating the
effects of ageing on conjugative metabolism. In general,
studies reported no major effects of ageing in the path-
ways of conjugation [89–93].

Recently, it has been observed that a reduction in
renal function may significantly affect not only renally
excreted drugs but also drugs undergoing extensive
metabolism in the liver [94–96]. A decrease in liver
cytochrome P450 activity, secondary to reduced gene
expression, has been observed in renal failure [96].
Therefore, the age-associated reduction in renal function
might potentially affect drug metabolism in the liver.
Further research is needed to clarify this issue.
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Age-related pharmacokinetic changes in specific 
clinical situations

 

Congestive heart failure

 

Studies investigating possible age-related differences in
cardiovascular function in patients with congestive heart
failure show a progressive decrease in heart rate and an
increase in systemic vascular resistance in older pa-
tients [97]. This is associated with increased plasma
noradrenaline and serum creatinine concentrations [97].
The therapeutic implications of some pharmacokinetic
changes involving the main agents used for the treat-
ment of this condition are discussed.

 

Digoxin

 

Digoxin is well absorbed in the gastrointestinal tract.
However, the time to peak plasma concentrations is
prolonged with advancing age from a mean of 38 h in
younger subjects to 69 h in elderly subjects [60]. There-
fore, the time to reach steady-state plasma concentra-
tions increases from 7 to 12 days in elderly subjects. The
volume of distribution is decreased in elderly patients.
As a result, loading doses should be reduced by approx-
imately 20% [60].

Because digoxin is cleared mainly through the kid-
neys and digoxin clearance is proportional to creatinine
clearance [98], the systemic clearance of digoxin is
reduced with age [60]. As clearance is the main deter-
minant of the maintenance dose, the daily dose of
digoxin should be reduced. This should be guided by
renal function and body weight.

 

Diuretics

 

Several studies investigated the effect of ageing on the
pharmacokinetics of frusemide administered intrave-
nously [99, 100]. The volume of distribution was similar
in older subjects as compared with younger individuals.
This was associated with a reduced renal clearance and
a prolonged half-life in elderly subjects [99, 100]. The
reduced effects of frusemide with ageing seem to be due
mainly to a decrease in tubular secretion. The latter may
be caused by a reduction in renal plasma flow.

A slight reduction in the renal clearance of thiazide
diuretics and triamterene, alone or in combination, has
also been observed with advancing age [101, 102]. The
latter findings have been disproved by a recent study
[77].

 

ACE inhibitors

 

Some of the drugs of this class are active compounds
(i.e. lisinopril) but most are pro-drugs undergoing

activation in the liver (i.e. enalapril, perindopril). This
biotransformation might be impaired in patients with
severe heart failure and hepatic congestion. Most of
the ACE inhibitors are excreted through the kidney by
glomerular filtration and tubular secretion. In the pres-
ence of renal impairment their plasma concentration
increases [103, 104]. Therefore, the dose needs to be
adjusted accordingly, especially when the creatinine
clearance is below 30 ml min

 

-

 

1

 

 [103, 104]. Some of the
newer ACE inhibitors, such as benazepril, fosinopril,
spirapril, and zofenopril, are also eliminated by the
biliary route thus potentially compensating for the
reduced renal clearance in elderly subjects [104].

 

Pharmacodynamic implications

 

Some important pharmacodynamic age-related changes
are illustrated in Table 1. Since the effect of age on
drug sensitivities varies with the drug studied and the
response measured, generalizations are often difficult.
Studies of drug sensitivity require measurement of
concentrations of drug in plasma as differences in
pharmacokinetics with increasing age may increase or
decrease differences in response to the drug.

 

Table 1

 

Selected pharmacodynamic changes with ageing

 

Drug Pharmacodynamic effect
Age-related
change

 

Adenosine Heart-rate response

 

´

 

Diazepam Sedation, postural sway

 

≠

 

Diltiazem Acute and chronic

antihypertensive effect

 

≠

 

Acute PR interval prolongation

 

Ø

 

Diphenhydramine Postural sway

 

´

 

Enalapril ACE inhibition

 

´

 

Furosemide Peak diuretic response

 

Ø

 

Heparin Anticoagulant effect

 

´

 

Isoproterenol Chronotropic effect

 

Ø

 

Morphine Analgesic effect

 

≠

 

Respiratory depression

 

´

 

Phenylephrine

 

a

 

1

 

-adrenergic responsiveness

 

´

 

Propranolol Antagonism of chronotropic

effects of isoproterenol

 

Ø

 

Scopolamine Cognitive function

 

Ø

 

Temazepam Postural sway

 

≠

 

Verapamil Acute antihypertensive effect

 

≠

 

Warfarin Anticoagulant effect

 

≠

≠

 

 

 

=

 

 increase; 

 

Ø

 

 

 

=

 

 decrease; 

 

´

 

 = no significant change;
ACE = angiotensin-converting enzyme.
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Anticoagulants
There is evidence of a greater inhibition of synthesis of
vitamin K-dependent clotting factors at similar plasma
concentrations of warfarin in elderly compared with
young patients. However, the exact mechanisms respon-
sible for the increased sensitivity are unknown [105].
By contrast, the relationship between plasma heparin
concentration and anticoagulant effect does not change
with increasing age [106].

Cardiovascular and respiratory drugs
Although elderly subjects are less sensitive to the effects
of verapamil on cardiac conduction, the effect on blood
pressure and heart rate tends to be greater in older than
in younger patients [107]. This might be explained by
an increased sensitivity to the negative inotropic and
vasodilator effect of verapamil as well as diminished
baroreceptor sensitivity. The acute intravenous adminis-
tration of diltiazem causes greater prolongation of the
PR interval (dromotropic effect) in young than in elderly
subjects [108].

Reduced b-adrenoceptor function is observed with
advancing age. Elderly patients are less sensitive to the
chronotropic effect of isoprenaline [109]. The impaired
response, however, is due primarily to an age-related
reduction in the influence of reflex cardiovascular
effects on heart rate rather than reduced b-adrenoceptor
sensitivity [110]. On the other hand, both  salbu-
tamol (b2-adrenoceptor agonist) and propranolol (b-
adrenoceptor antagonist) show reduced responses with
age. This is secondary to impaired b-receptor function
due to reduced synthesis of cyclic AMP following recep-
tor stimulation. The total number of receptors seems to
be maintained but the postreceptor events are changed
because of alterations of the intracellular environment
[109]. The responsiveness of a-adrenoceptors, on the
other hand, is preserved with advancing age [111, 112].

Psychotropic drugs
Elderly patients are particularly vulnerable to adverse
effects from neuroleptics, including delirium, extrapyra-
midal symptoms, arrhythmias, and postural hypotension
[113, 114]. Advancing age is also associated with
increased sensitivity to the central nervous system
effects of benzodiazepines [115]. Sedation is induced by
diazepam at lower doses and lower plasma concentra-
tions in elderly subjects [116, 117]. Advancing age is
also associated with increased sensitivity to the effects
of nitrazepam, flurazepam, and loprazolam [118–120].
The exact mechanisms responsible for the increased
sensitivity to benzodiazepines with ageing are unknown,
however.

Conclusions
The ageing process is characterized by structural and
functional changes affecting all organ systems and
results in reduced homeostatic capacity. Although the
function of a particular system may be maintained
during resting conditions, the reduction of functional
reserve is responsible for an increased vulnerability to
stress. Changes in body composition, hepatic and renal
function are responsible for an increase in the volume
of distribution of lipid soluble drugs, reduced clearance
of lipid soluble and water soluble drugs, respectively.
All these changes lead to a prolongation of plasma elim-
ination half-life. Significant pharmacodynamic changes
also occur which, in general, tend to increase sensitivity
to drugs. The reduced functional reserve itself also leads
to an increase in sensitivity by impairing homeostatic
compensatory mechanisms. A better understanding
of the effects of ageing on the clinical pharmacology
of therapeutic agents would enhance the quality of
prescribing.

References
1 Fries JF. Aging, illness, and health policy. implications of the 

compression of morbidity. Perspect Biol Med 1988; 31: 407–28.
2 Harman D. Aging: phenomena and theories. Ann N Y Acad Sci 

1998; 854: 1–7.
3 Vaitkevicius PV, Fleg JL, Engel JH, et al. Effects of age and aerobic 

capacity on arterial stiffness in healthy adults. Circulation 1993; 
88: 1456–62.

4 Chen CH, Nakayama M, Nevo E, Fetics BJ, Maughan WL, Kass 
DA. Coupled systolic-ventricular and vascular stiffening with age: 
implications for pressure regulation and cardiac reserve in the 
elderly. J Am Coll Cardiol 1998; 32: 1221–7.

5 Geokas MC, Lakatta EG, Makinodan T, Timiras PS. The aging 
process. Ann Intern Med 1990; 113: 455–66.

6 Jose AD, Collison D. The normal range and determinants of the 
intrinsic heart rate in man. Cardiovasc Res 1970; 4: 160–7.

7 Josephson ME. Clinical Cardiac Electrophysiology: Techniques 
and Interpretations, 2nd edn. Philadelphia, Lea and Febinger, 
1993.

8 Lakatta EG. Heart and circulation. In Handbook of the Biology of 
Aging, 3rd edn, eds. Schneider, EL, Rowe, J. New York, Academic 
Press 1990, 181–216.

9 Rodeheffer RJ, Gerstenblith G, Becker LC, Fleg JL, Weisfeldt ML, 
Lakatta EG. Exercise cardiac output is maintained with advancing 
age in healthy human subjects: cardiac dilatation and increased 
stroke volume compensate for a diminished heart rate. 
Circulation 1984; 69: 203–13.

10 Dunnill MS, Halley W. Some observations on the quantitative 
anatomy of the kidney. J Pathol 1973; 110: 113–21.

11 McLachlan MS. The ageing kidney. Lancet 1978; ii: 143–5.



A. A. Mangoni & S. H. D. Jackson 

12 57:1 Br J Clin Pharmacol

12 Tracy RE, Parra D, Eisaguirre W, Torres Balanza RA. The action 
of aging upon coronary intima and renal microvasculature in 
USA and Andes populations. Mech Ageing Dev 2002; 123: 
327–39.

13 Ljungqvist A, Laggergren C. Normal intrarenal arterial pattern in 
adult and aging human kidney. J Anat 1962; 96: 285–36.

14 Davies DF, Shock NW. Age changes in glomerular filtration rate, 
effective renal plasma flow and tubular secretory capacity in 
adult males. J Clin Invest 1950; 29: 496–507.

15 Lindeman RD, Tobin J, Shock NW. Longitudinal studies on 
the rate of decline in renal function with age. J Am Geriatr Soc 
1985; 33: 278–85.

16 O’Riordan S, Ouldred E, Brice S, Jackson SH, Swift CG. Serum 
cystatin C is not a better marker of creatinine or digoxin clearance 
than serum creatinine. Br J Clin Pharmacol 2002; 53: 398–402.

17 Meyer BR. Renal function in aging. J Am Geriatr Soc 1989; 37: 
791–800.

18 Phillips PA, Rolls BJ, Ledingham JG, et al. Reduced thirst after 
water deprivation in healthy elderly men. N Engl J Med 1984; 
311: 753–9.

19 Crowe MJ, Forsling ML, Rolls BJ, Phillips PA, Ledingham JG, Smith 
RF. Altered water excretion in healthy elderly men. Age Ageing 
1987; 16: 285–93.

20 Epstein M, Hollenberg NK. Age as a determinant of renal sodium 
conservation in normal man. J Lab Clin Med 1976; 87: 411–17.

21 O’Neill PA, McLean KA. Water homeostasis and ageing. Med Lab 
Sci 1992; 49: 291–8.

22 Blechman MB, Gelb AM. Aging and gastrointestinal physiology. 
Clin Geriatr Med 1999; 15: 429–38.

23 Gainsborough N, Maskrey VL, Nelson ML, Keating J, Sherwood 
RA, Jackson SHD, Swift CG. The association of age with gastric 
emptying. Age Ageing 1993; 22: 37–40.

24 Webster SG, Leeming JT. The appearance of the small bowel 
mucosa in old age. Age Ageing 1975; 4: 168–74.

25 Husebye E, Engedal K. The patterns of motility are maintained 
in the human small intestine throughout the process of aging. 
Scand J Gastroenterol 1992; 27: 397–404.

26 Madsen JL. Effects of gender, age, and body mass index on 
gastrointestinal transit times. Dig Dis Sci 1992; 37: 1548–53.

27 Graff J, Brinch K, Madsen JL. Gastrointestinal mean transit time 
in young and middle-aged healthy subjects. Clin Physiol 2001; 
21: 253–9.

28 Laugier R, Sarles H. Pancreatic function and diseases. In 
Gastrointestinal Tract Disorders in the Elderly, eds Hellemans, J, 
Vantrappen, G. London, Churchill Livingstone, 1984; 243.

29 Meyer J, Necheles H. Studies in old age. IV. The clinical 
significance of salivary, gastric, and pancreatic secretion in the 
aged. JAMA 1940; 115: 2050.

30 Rosenberg IR, Friedland N, Janowitz HD, Dreiling DA. The effect 
of age and sex upon human pancreatic secretion of fluid and 
bicarbonate. Gastroenterology 1966; 50: 191.

31 Koff RS, Garvey AJ, Burney SW, Bell B. Absence of an age effect 
on sulfobromophtalein retention in healthy men. 
Gastroenterology 1973; 65: 300–2.

32 Kampmann JP, Sinding J, Moller-Jorgensen I. Effect of age on 
liver function. Geriatrics 1975; 30: 91–5.

33 Fu A, Sreekumaran Nair K. Age effect on fibrinogen and 
albumin synthesis in humans. Am J Physiol 1998; 275: 
E1023–E1030.

34 Sapolski RM, Krey LC, McEwen BS. Prolonged glucocorticoid 
exposure reduces hippocampal neuron number: implications for 
aging. J Neurosci 1985; 5: 1222–7.

35 Gust DA, Wilson ME, Stocker T, Conrad S, Plotsky PM, Gordon 
TP. Activity of the hypothalamic-pituitary-adrenal axis is altered 
by aging and exposure to social stress in female rhesus monkeys. 
J Clin Endocrinol Metab 2000; 85: 2556–63.

36 Fulop T Jr, Worum I, Csongor J, Foris G, Leovey A. Body 
composition in elderly people. I. Determination of body 
composition by multiisotope method and the elimination kinetics 
of these isotopes in healthy elderly subjects. Gerontology 1985; 
31: 6–14.

37 Kekki M, Samloff IM, Ihamaki T, Varis K, Siurala M. Age- and sex-
related behaviour of gastric acid secretion at the population level. 
Scand J Gastroenterol 1982; 17: 737–43.

38 Evans MA, Triggs EJ, Cheung M, Broe GA, Creasey H. Gastric 
emptying rate in the elderly: implications for drug therapy. J Am 
Geriatr Soc 1981; 29: 201–5.

39 Bender A. The effect of increasing age on the distribution of 
peripheral blood flow in man. J Am Geriatr Soc 1965; 16: 192–8.

40 Warren PM, Pepperman MA, Montgomery RD. Age changes in 
small-intestinal mucosa. Lancet 1978; ii: 849–50.

41 Corazza GR, Frazzoni M, Gatto MR, Gasbarrini G. Ageing and 
small-bowel mucosa: a morphometric study. Gerontology 1986; 
32: 60–5.

42 Johnson SL, Mayersohn M, Conrad KA. Gastrointestinal 
absorption as a function of age: xylose absorption in healthy 
adults. Clin Pharmacol Ther 1985; 38: 331–5.

43 Greenblatt DJ, Allen MD, Locniskar A, Harmatz JS, Shader RI. 
Lorazepam kinetics in the elderly. Clin Pharmacol Ther 1979; 26: 
103–13.

44 Ochs HR, Otten H, Greenblatt DJ, Dengler HJ. Diazepam 
absorption. effects of age, sex, and Billroth gastrectomy. Dig Dis 
Sci 1982; 27: 225–30.

45 Dreyfuss D, Shader RI, Harmatz JS, Greenblatt DJ. Kinetics and 
dynamics of single doses of oxazepam in the elderly: implications 
of absorption rate. J Clin Psychiatry 1986; 47: 511–14.

46 Greenblatt DJ, Divoll MK, Harmatz JS, Shader RI. Antipyrine 
absorption and disposition in the elderly. Pharmacology 1988; 
36: 125–33.

47 Castleden CM, Kaye CM, Parsons RL. The effect of age on plasma 
levels of propranolol and practolol in man. Br J Clin Pharmacol 
1975; 2: 303–6.

48 Divoll M, Ameer B, Abernethy DR, Greenblatt DJ. Age does not 
alter acetaminophen absorption. J Am Geriatr Soc 1982; 30: 
240–4.

49 Wynne HA, Cope LH, Mutch E, Rawlins MD, Woodhouse KW, 
James OF. The effect of age upon liver volume and apparent 
liver blood flow in healthy man. Hepatology 1989; 9: 297–301.



Age-related changes in pharmacokinetics and pharmacodynamics

Br J Clin Pharmacol 57:1 13

50 Bhantumnavin K, Schuster MM. Ageing and gastrointestinal 
function. In Handbook of the Biology of Ageing, eds Finch CE, 
Hayflick L. New York, Van Nostrand Reinhold, 1977; 709–23.

51 Klawans HL. Emerging strategies in Parkinson’s disease. 
Neurology 1990; 40(Suppl 3): 1–76.

52 Anantharaju A, Feller A, Chedid A. A review. Gerontology 2002; 
48: 343–53.

53 Robertson DR, Waller DG, Renwick AG, George CF. Age-related 
changes in the pharmacokinetics and pharmacodynamics of 
nifedipine. Br J Clin Pharmacol 1988; 25: 297–305.

54 Castleden CM, George CF. The effect of ageing on the hepatic 
clearance of propranolol. Br J Clin Pharmacol 1979; 7: 49–54.

55 Greenblatt DJ, Harmatz JS, Shapiro L, Engelhardt N, Gouthro TA, 
Shader RI. Sensitivity to triazolam in the elderly. N Engl J Med 
1991; 324: 1691–8.

56 Davies RO, Gomez HJ, Irvin JD, Walker JF. An overview of the 
clinical pharmacology of enalapril. Br J Clin Pharmacol 1984; 
18(Suppl 2): 215S–229S.

57 Todd PA, Fitton A. Perindopril. A review of its pharmacological 
properties and therapeutic use. Drugs 1991; 42: 90–114.

58 Vestal RE, McGuire EA, Tobin JD, Andres R, Norris AH, Mezey E. 
Aging and ethanol metabolism. Clin Pharmacol Ther 1977; 21: 
343–54.

59 Redolfi A, Borgogelli E, Lodola E. Blood level of cimetidine in 
relation to age. Eur J Clin Pharmacol 1979; 15: 257–61.

60 Cusack B, Kelly J, O’Malley K, Noel J, Lavan J, Horgan J. Digoxin 
in the elderly: pharmacokinetic consequences of old age. Clin 
Pharmacol Ther 1979; 25: 772–6.

61 Owen JA, Sitar DS, Berger L, Bronwell L, Duke PC, Mitenko PA. 
Age-related morphine kinetics. Clin Pharmacol Ther 1983; 34: 
364–8.

62 Christensen JH, Andreasen F, Jansen JA. Influence of age and 
sex on the pharmacokinetics of thiopentone. Br J Anaesth 1981; 
53: 1189–95.

63 Greenblatt DJ, Allen MD, Harmatz JS, Shuder RI. Diazepam 
disposition determinants. Clin Pharmacol Ther 1980; 27: 
301–12.

64 Kraus JW, Desmond PV, Marshall JP, Johnson RF, Schenker S, 
Wilkinson GR. Effects of ageing and liver disease on disposition 
of lorazepam. Clin Pharmacol Ther 1978; 24: 411–19.

65 Roberts RK, Wilkinson GR, Branch RA, Schenker S. Effect of age 
and parenchymal liver disease on the disposition and elimination 
of chlordiazepoxide (Librium). Gastroenterology 1978; 75: 
479–85.

66 Nation RL, Triggs EJ, Selig M. Lignocaine kinetics in cardiac 
patients and elderly subjects. Br J Clin Pharmacol 1977; 4: 
439–48.

67 Gunasekera JBL, Lee DR, Jones L, Maskrey VL, Swift CG, 
Jackson SHD. Does albumin fall with increasing age in the 
absence of disease? Age Ageing 1996; 25(Suppl 1): P29 
(Abstract).

68 Benet LZ, Hoener BA. Changes in plasma protein binding 
have little clinical relevance. Clin Pharmacol Ther 2002; 71: 
115–21.

69 Lumholtz B, Kampmann JJ, Siersbaeck-Nielsen K, Hansen JM. 
Dose regimen of kanamycin and gentamycin. Acta Med Scand 
1974; 196: 521–4.

70 Triggs EJ, Johnson JM, Learoyd B. Absorption and disposition 
of ampicillin in the elderly. Eur J Clin Pharmacol 1980; 18: 
195–8.

71 Somogyi A, Hewson D, Muirhead M, Bochner F. Amiloride 
disposition in geriatric patients: importance of renal function. 
Br J Clin Pharmacol 1990; 29: 1–8.

72 Portnoi VA. Digitalis delirium in elderly patients. J Clin Pharmacol 
1979; 19: 747–50.

73 Rigby JW, Scott AK, Hawksworth GM, Petrie JC. A comparison of 
the pharmacokinetics of atenolol, metoprolol, oxprenolol and 
propranolol in elderly hypertensive and young healthy subjects. 
Br J Clin Pharmacol 1985; 20: 327–31.

74 Hewick DS, Newbury P, Hopwood S, Naylor G, Moody J. Age 
as a factor affecting lithium therapy. Br J Clin Pharmacol 1977; 
4: 201–5.

75 Oberbauer R, Krivanek P, Turnheim K. Pharmacokinetics of 
indomethacin in the elderly. Clin Pharmacokinet 1993; 24: 
428–34.

76 Ritch AE, Perera WN, Jones CJ. Pharmacokinetics of 
azapropazone in the elderly. Br J Clin Pharmacol 1982; 14: 
116–19.

77 Fliser D, Bischoff I, Hanses A, et al. Renal handling of drugs in 
the healthy elderly. Creatinine clearance underestimates renal 
function and pharmacokinetics remain virtually unchanged. Eur 
J Clin Pharmacol 1999; 55: 205–11.

78 O’Malley K, Crooks J, Duke E, Stevenson IH. Effect of 
age and sex on drug metabolism. Br Med J 1971; 3: 607–9.

79 Swift CG, Homeida M, Halliwell M, Roberts CJ. Antipyrine 
disposition and liver size in the elderly. Eur J Clin Pharmacol 
1978; 14: 149–52.

80 Schmucker DL. Liver function and phase I drug metabolism in 
the elderly: a paradox. Drugs Aging 2001; 18: 837–51.

81 Hunt CM, Westerkam WR, Stave GM. Effect of age and gender 
on the activity of human hepatic CYP3A. Biochem Pharmacol 
1992; 44: 275–83.

82 Hunt CM, Westerkam WR, Stave GM, Wilson JA. Hepatic 
cytochrome P-4503A (CYP3A) activity in the elderly. Mech 
Ageing Dev 1992; 64: 189–99.

83 Wood AJ, Vestal RE, Wilkinson GR, Branch RA, Shand DG. Effect 
of ageing and cigarette smoking on antipyrine and indocyanine 
green elimination. Clin Pharmacol Ther 1979; 26: 16–20.

84 Cusack B, Kelly JG, Lavan J, Noel J, O’Malley K. Theophylline 
kinetics in relation to age: the importance of smoking. Br J Clin 
Pharmacol 1980; 10: 109–14.

85 Salem SA, Rajjayabun P, Shepherd AM, Stevenson IH. Reduced 
induction of drug metabolism in the elderly. Age Ageing 1978; 
7: 68–73.

86 Pearson MW, Roberts CJ. Drug induction of hepatic enzymes in 
the elderly. Age Ageing 1984; 13: 313–6.

87 Feely J, Pereira L, Guy E, Hockings N. Factors affecting the 
response to inhibition of drug metabolism by cimetidine – dose–



A. A. Mangoni & S. H. D. Jackson 

14 57:1 Br J Clin Pharmacol

response and sensitivity of elderly and induced subjects. Br J Clin 
Pharmacol 1984; 17: 77–81.

88 Vestal RE, Cusack BJ, Mercer GD, Dawson GW, Park BK. Aging 
and drug interactions. I. Effect of cimetidine and smoking on 
oxidation of theophylline and cortisol in healthy men. 
J Pharmacol Exp Ther 1987; 241: 488–500.

89 Divoll M, Greenblatt DJ, Abernethy DR, Shader RI. Cimetidine 
impairs clearance of antipyrine and desmethyldiazepam in the 
elderly. J Am Geriatr Soc 1982; 30: 684–9.

90 Greenblatt DJ, Divoll M, Harmatz JS, Shader RI. Oxazepam 
kinetics: effects of age and sex. J Pharmacol Exp Ther 1980; 215: 
86–91.

91 Greenblatt DJ, Harmatz JS, Shader RI. Clinical pharmacokinetics 
of anxiolytics and hypnotics in the elderly. Therapeutic 
considerations (Part I). Clin Pharmacokinet 1991; 21: 165–77.

92 Miners JO, Penhall R, Robson RA, Birkett DJ. Comparison of 
paracetamol metabolism in young adult and elderly males. Eur 
J Clin Pharmacol 1988; 35: 157–60.

93 Wynne HA, Cope LH, Herd B, Rawlins MD, James OF, 
Woodhouse KW. The association of age and frailty with 
paracetamol conjugation in man. Age Ageing 1990; 19: 419–24.

94 Rostami-Hodjegan A, Kroemer HK, Tucker GT. In vivo indices of 
enzyme activity. the effect of renal impairment on the 
assessment of CYP2D6 activity. Pharmacogenetics 1999; 9: 
277–86.

95 Yuan R, Venitz J. Effect of chronic renal failure on the disposition 
of highly hepatically metabolized drugs. Int J Clin Pharmacol 
Ther 2000; 38: 245–53.

96 Pichette V, Leblond FA. Drug metabolism in chronic renal failure. 
Curr Drug Metab 2003; 4: 91–103.

97 Cody RJ, Torre S, Clark M, Pondolfino K. Age-related 
hemodynamic, renal and hormonal differences among 
patients with congestive heart failure. Arch Intern Med 1989; 
149: 1023–8.

98 Ewy GA, Kapatic GC, Yao L, Lullin M, Marcus FL. Digoxin 
metabolism in the elderly. Circulation 1969; 39: 449–53.

99 Andreasen F, Hansen V, Husted SE, Mogensen CE, Pedersen EB. 
The influence of age on renal and extrarenal effects of frusemide. 
Br J Clin Pharmacol 1984; 18: 65–74.

100 Kerremans AL, Tan Y, van Baars H, van Ginneken CA, Gribnau F. 
Furosemide kinetics and dynamics in aged patients. Clin 
Pharmacol Ther 1983; 34: 181–9.

101 Williams RL, Thornhill MD, Upton RA, et al. Absorption and 
disposition of two combination formulations of 
hydrochlorothiazide and triamterene: influence of age and renal 
function. Clin Pharmacol Ther 1986; 40: 226–32.

102 Sabanathan K, Castleden CM, Adam HK, Ryan J, Fitzsimmons TJ. 
A comparative study of the pharmacokinetics and 
pharmacodynamics of atenolol, hydrochlorothiazide and 
amiloride in normal young and elderly subjects and elderly 
hypertensive patients. Eur J Clin Pharmacol 1987; 32: 53–
60.

103 Kelly JG, O’Malley K. Clinical pharmacokinetics of the newer ACE 
inhibitors. A review. Clin Pharmacokinet 1990; 19: 375–84.

104 Burnier M, Biollaz J. Pharmacokinetic optimization of angiotensin 
converting enzyme inhibitor therapy. Clin Pharmacokinet 1992; 
22: 375–84.

105 Shepherd AM, Hewick DS, Moreland TA, Stevenson IH. Age as a 
determinant of sensitivity to warfarin. Br J Clin Pharmacol 1977; 
4: 315–20.

106 Whitfield LR, Schentag JJ, Levy G. Relationship between 
concentration and anticoagulant effect of heparin in plasma 
of hospitalized patients: magnitude of predictability of 
interindividual differences. Clin Pharmacol Ther 1982; 32: 
503–16.

107 Schwartz JB. Calcium antagonists in the elderly: a risk-benefit 
analysis. Drugs Aging 1996; 9: 24–36.

108 Schwartz JB, Abernethy DR. Responses to intravenous and oral 
diltiazem in elderly and younger patients with systemic 
hypertension. Am J Cardiol 1987; 59: 1111–17.

109 Vestal RE, Wood AJ, Shand DG. Reduced beta-adrenoreceptor 
sensitivity in the elderly. Clin Pharmacol Ther 1979; 26: 181–
6.

110 Ford GA, James OF. Effect of ‘autonomic blockade’ on cardiac 
beta-adrenergic chronotropic responsiveness in healthy young, 
healthy elderly and endurance trained elderly subjects. Clin Sci 
(Lond) 1994; 87: 297–302.

111 Pan HY, Hoffman BB, Pershe RA, Blaschke TF. Decline in beta 
adrenergic receptor-mediated vascular relaxation with aging in 
man. J Pharmacol Exp Ther 1986; 239: 802–7.

112 Elliott EH. Alpha-1-adrenorepector responsiveness: the influence 
of age. J Cardiovasc Pharmacol 1988; 12(Suppl 8): S116–S123.

113 Gregory C, McKenna P. Pharmacological management of 
schizophrenia in older patients. Drugs Aging 1994; 5: 254–62.

114 Maixner SM, Mellow AM, Tandon R. The efficacy, safety, and 
tolerability of antipsychotics in the elderly. J Clin Psychiatry 1999; 
60(Suppl 8): 29–41.

115 Kruse WH. Problems and pitfalls in the use of benzodiazepines 
in the elderly. Drug Saf 1990; 5: 328–34.

116 Reidenberg MM, Levy M, Warner H et al. Relationship between 
diazepam dose, plasma level, age, and central nervous system 
depression. Clin Pharmacol Ther 1978; 23: 371–4.

117 Swift CG, Ewen JM, Clarke P, Stevenson IH. Responsiveness to 
oral diazepam in the elderly: relationship to total and free plasma 
concentrations. Br J Clin Pharmacol 1985; 20: 111–18.

118 Castleden CM, George CF, Marcer D, Hallett C. Increased 
sensitivity to nitrazepam in old age. Br Med J 1977; 1: 
10–12.

119 Greenblatt DJ, Divoll M, Harmatz JS, MacLaughlin DS, Shader RI. 
Kinetics and clinical effects of flurazepam in young and elderly 
noninsomniacs. Clin Pharmacol Ther 1981; 30: 475–86.

120 Swift CG, Swift MR, Ankier SI, Pidgen A, Robinson J. Single dose 
pharmacokinetics and pharmacodynamics of oral loprazolam in 
the elderly. Br J Clin Pharmacol 1985; 20: 119–28.


