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The pharmacokinetic behavior of caffeine was compared in a group of eight healthy young m e n  

aged 20.5:e2.0 years (mean + SD), and in a group of  eight healthy, elderly men aged 71.2 • 3.9 
years. Each subject was given a 5 rng/kg dose of caffeine as either an aqueous oral solution 
or an intravenous infusion over 30 rain using a randomized crossover design. Plasma and urine 
samples were collected for 24 hr following each dose and analyzed for caffeine content using 
high-performance liquid chromatography. 

The peak times (t,~aQ, peak concentrations (C,~a~), and-the percentage of the peroral dose 
systemically available, F(%), were essentially identical in both age groups, indicating that 
caffeine was absorbed rapidly and completely after peroral administration. These results also 
indicated that the first-pass metabolism observed in rats following the peroraI administration of 
caffeine does not occur in either human group studied here. The elimination of caffeine during 
its terminal disposition phase was log-linear. Several between-group comparisons of other 
pharmacokinetic parameters were made. Although the average elimination rate constant was 
greater in the elderly, the difference did not reach statistical significance, possibly because of 
the considerable intersubject variabi6ty in the elimination rate of caffeine, with half-lives ranging 
from 2.27 to 9.87hr. The average apparent volume of distribution was significantly lower in 
the elderly subjects while the clearances were slightly, but not significantly, larger in the elderly 
subjects. It appears that most aspects of the pharmacokinetic behavior of  caffeine are very similar 
in young and elderly men. 
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I N T R O D U C T I O N  

Caffeine, ethanol, and nicotine share unique acclaim as the three most 
widely consumed psychoactive agents in the world (1). Caffeine and two 
related alkaloids, theophyl l ine and theobromine, occur in plants widely 
distributed throughout the world. More than a billion kilograms of coffee 
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are consumed annually in the United States alone (2). Tea consumption is 
only 25% that of coffee in America, but this constitutes more than forty 
billion servings per year (1). In addition, caffeine is present in cocoa and 
many carbonated beverages as well as a variety of over-the-counter and 
prescription medications. It has been established that the average coffee 
drinker consumes approximately 300 mg of caffeine per day with 20 to 
30% of adult Americans consuming up to 600 mg of caffeine per day and 
10% possibly consuming more than 1000 mg per day (1). 

In the past decade, several authors have discussed the physiologic 
changes accompanying aging and the resulting alterations in pharma- 
cokinetic characteristics observed in the elderly (3-7). Although the phar- 
macokinetics of caffeine have been studied in young subjects (8-11), and 
recently in elderly subjects (12), no studies have yet appeared specifically 
addressing the question of the effect of age on the pharmacokinetics of 
this widely consumed agent. The goal of this study was to compare the 
pharmacokinetic behavior of caffeine in a group of healthy, active young 
men and in a group of healthy, active elderly men, utilizing both intravenous 
and peroral dosing, with a view toward comparing the absorption, as well 
as distribution and elimination, in these two groups. 

M A T E R I A L S  A N D  M E T H O D S  

Subjects 

Two groups of subjects were studied. Group 1 consisted of eight young 
Caucasian males aged 18.8 to 24 years (mean=20.5 years). Group 2 
consisted of eight elderly Caucasian males aged 66 to 78.2 years (mean = 
71.2 years). The elderly group were recruited from local social clubs while 
the young group were either soldiers or university students. All subjects 
led active, normal lives; no hospitalized patients were used. Each subject 
gave written informed consent to participate in the study, which was 
approved by the Ethics Advisory Committee of the Edinburgh Royal 
Infirmary. 

None of the subjects showed any evidence, on history or examination, 
of cardiac, renal, hepatic, gastrointestinal, or other disease. In addition, 
the following laboratory parameters were normal: plasma; urea, electro- 
lytes, creatinine, bilirubin, aspartate aminotransferase, alkaline phos- 
phatase, total protein and albumin, creatinine clearance, complete blood 
count, and electrocardiogram. 

None of the subjects were taking any medications. One of the young 
and one of the elderly group were light cigarette smokers (less than 10 
cigarettes per day) while two of the elderly group were pipe smokers. The 
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remaining subjects were nonsmokers. Two of the young and two of the 
elderly subjects were nondrinkers while the remainder admitted modest 
consumption of alcohol. One of the young group drank less than three 
cups of tea or coffee per day, and one of the elderly group drank up to 
eight cups per day. The remaining subjects normally consumed three to 
six cups daily. 

M e t h o d s  

Each subject was studied twice; once after peroral caffeine and once 
after intravenous caffeine. The order of administration was randomized by 
tossing a coin, and the two experiments were separated by a minimum of 
three days, and usually by about one week. The subjects were asked to 
abstain from tea, coffee, or other caffeine-containing beverages, caffeine- 
containing foods, alcohol, and smoking for three days prior to and for the 
duration of each experiment. In order to help ensure compliance in those 
subjects who found it difficult to abstain from coffee and tea during the 
experimental period, each subject was provided with an 8 oz. tin of either 
Barleycup | or Caro | two commercially available hot-drink mixes consist- 
ing of roasted cereal grains and chicory, but no caffeine. Compliance with 
the caffeine-free regimen was verified by assaying "blank" specimens of 
plasma and urine collected immediately before each dose was administered, 
i.e., at time zero. 

The subjects were fasted from 10 : 00 p.m. the night before until at least 
2 hr after the peroral administration of caffeine, but were allowed to take 
a normal breakfast on the morning of the intravenous experiment. Each 
subject received their peroral or intravenous dose of caffeine (5 mg/kg) at 
9:00 a.m., following which blood and total urine samples were collected 
for 24 hr. The intravenous dose of caffeine (caffeine and sodium benzoate 
injection, U.S.P., Eli Lilly and Co., Indianapolis, IN 46206) was diluted 
with sufficient isotonic saline (sodium chloride solution, B.P., Travenol 
Laboratories, Ltd., Thetford, Norfolk, England) to produce 50ml of 
infusion fluid, 30 ml of which was administered into an arm vein via an 
indwelling heparinized cannula (Venflon, Viggo 18G, Viggo AB, Helsing- 
borg, Sweden) at a constant rate of I ml/min using a previously calibrated 
infusion pump (Braun Unita 1, Braun, Melsungen AG, West Germany). 
The peroral dose consisted of caffeine (caffeine, Baker grade, J. T. Baker 
Chemical Co., Phillipsburg, NJ 08865) dissolved in 200 ml of distilled 
water, which was ingested rapidly, following which the container and the 
subject's mouth were rinsed with two 50 ml portions of distilled water to 
ensure that the entire dose was administered. This procedure took 1 min 
or less to complete and zero time was recorded as the midpoint of the 
dosing interval. 
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Blood samples (5 ml) were collected via an indwelling heparinized 
cannula which, in the case of the intravenous experiment, was sited in the 
arm opposite to the one used for the infusion. The blood sampling times 
following the start of the intravenous infusion were: 5, 10, 15, 20, 25, 30, 
45, 60, 75, 90, 150, 210,270, 390, 570, 750, 930, and 1,470 rain. Sampling 
times following peroral dosing were: 15, 30, 45, 60, 120, 180, 240, 360, 
540, 720, 900, and 1,440 rain. Prior to the collection of each blood sample 
via the indwelling cannula, 2 ml of blood was withdrawn and discarded 
using a separate collection syringe. The 5 ml blood samples were then 
collected in a new syringe and transferred immediately to heparinized 
tubes. The last three blood samples were collected by individual venipunc- 
ture. All samples were centrifuged within 1 hr after collection and the 
plasma harvested and stored at -20~ until assayed for caffeine content. 
During the course of this study the stability of caffeine in plasma samples 
stored at -20~ was investigated using high-performance liquid chromato- 
graphic analysis. It was found that the caffeine remained stable over the 
4~ month period examined. The total volume of the 24-hr urine sample 
was measured and two 20 ml aliquots were retained. One aliquot of urine, 
together with an additional 5 ml aliquot of the 24-hr plasma, was assayed 
for creatinine as part of the creatinine clearance determination; the other 
aliquot of urine was stored at -20~ for subsequent caffeine assay. 

For the first 3 hr following intravenous dosing, each subject's electro- 
cardiograph was monitored continuously with an Oxford Medilog recording 
system (Oxford Medical Systems Ltd., Abingdon, Oxon, England) using a 
modified lead V5 chest electrode. Each recording was later analyzed using 
a Pathfinder II high speed electrocardiograph analyzer (Reynolds Medical 
Ltd., Hertford, England). Measurements of pulse and blood pressure were 
made at each sampling time. Due to the above monitoring procedures, the 
subjects were asked to lie or sit up in bed for the first 3 hr following the 
intravenous dose, whereas they were allowed to sit on a chair or walk 
about the room following the peroral dose. 

Analyt ica l  Procedures  

Caffeine analyses in plasma and urine were performed using the 
procedures described previously (13,14) except that the precipitation of 
plasma proteins was performed using an equal volume of 12% w/w per- 
chloric acid. All intravenous and peroral doses administered to the subjects 
were assayed using this procedure. Urine assays were performed in the 
identical manner described previously (14). Urine creatinine concentrations 
were determined on a Beckman Analyzer employing the Jaff6 reaction 
(15) while plasma creatinine was determined using a Sigma kit (Sigma 
Chemical Co., St. Louis, MO 63178), which also utilized the Jaff6 reaction. 
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In order to compare more fully the effect of age on the metabolic capacity 
of the liver, both the clearances and the apparent volumes of distribution 
of the unbound drug were determined by dividing the calculated clearances 
and volumes of distribution for total drug in each subject by the unbound 
fraction of drug measured in that subject (16). 

Data  Analys i s  

Caffeine plasma concentration versus time data were fitted to both a 
one- and a two-compartment open pharmacokinetic model using nonlinear 
least-squares regression employing a simplex optimization procedure (17) 
and the weighting factor recommended by Ottaway (18). Samples contain- 
ing less than 0.5/~g/ml were not included in the data analysis since this 
concentration was previously determined to be the minimum required for 
accurate quantitation. The most appropriate model for a given data set 
was determined employing the criteria proposed by Boxenbaum et al. (19) 
and the "law of parsimony" described by Riggs (20). The areas under the 
plasma concentration versus time curves from time zero to infinity (AUC)  
were calculated from the computer generated function of best fit. The 
remaining pharmacokinetic parameters were then calculated using well- 
known methods (21). 

Since the computer program utilized fit the intravenous data to an 
equation (see Eq. 244 of ref. 21) describing the time course of the caffeine 
both during the infusion and after its cessation, the intercepts of the line 
of best fit were automatically corrected to zero time. The peroral data were 
fitted to both Eq. (1) (one-compartment) and Eq. (2) (two-compartment) 
to determine the most applicable model: 

C = C(O)(e-Xz ~,~-~,.~) _ e-K~ (1) 

C = C1 e-Xl"-"a~) + C~ e-X~<t-qa') - (C~ + C~) e-K~176 (2) 

The renal clearance CLR 
determination as follows: 

In 7 .of the 32 kinetic studies, the "blank" samples contained small but 
measurable amounts of caffeine. In these cases, the A U C  was corrected 
by subtracting from it the area contributed by the blank caffeine concentra- 
tion (Cb,~ank) as follows: 

Cblank 
A UC . . . . . .  t e d  = A UC . . . . . . .  d -- - -  (3) 

h~ 

of caffeine was calculated using a one-point 

Ae(0-24) 
CLR - A U C ( O - 2 4 )  (4) 

where Ae  (0-24) is the amount of caffeine excreted in the 24 hr post dosing, 
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and AUC(O-24) is the area under the plasma concentration versus time 
curve from 0 to 24 hr. The metabolic (nonrenal) clearance (CINR) was then 
calculated as the difference between the total plasma drug clearance (CL) 
and CLR : 

CLNR = CL - CLR (5) 

The fraction of the peroral dose systemically available (F) was calculated 
using either Eq. (6) or (7) shown below: 

F = A UCpo. Di~ (6) 
A UCiv" Dpo 

F = A UC~,o" Div" hzpo (7) 
A UCiv" Dpo" hziv 

where: hz is the elimination rate constant of the terminal log-linear disposi- 
tion phase, D is the dose, and the subscripts po and iv refer to the route 
of administration studied. The selection of which of these two equations 
to use in calculating the F value for a given subject was based upon the 
statistical considerations discussed by Upton et al. (22). 

The total body clearance of drug from plasma (CL) and the volume 
of distribution (V) during the terminal (hz) phase after distribution equi- 
librium has been achieved were calculated as follows: 

Div 
C L  - (8) 

A U C  

and 

CL 
V = - -  (9) 

Az 

For subject data exhibiting one-compartment characteristics following 
peroral dosing, the time to reach the maximum or peak plasma concentra- 
tion following drug administration (tmax) and the value of the maximum 
concentration (Cmax) were calculated from Eqs. (10) and (11): 

In (Kol/k ) 
trnax-- (Koa-k)  q-t|ag (10) 

Cmax=FDe -kt~X (11) 
V 

where Kol is the first-order absorption rate constant (rain-l), k is the 
first-order elimination rate constant (min-1), tlag is the absorption lag time, 
and V1 is the volume of the central or plasma compartment, calculated 
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from Eq. (9) after replacing Az with k (i.e., in the one-compartment model, 
V = V1 and Az = k). For subjects whose data exhibited two-compartment 
characteristics following peroral dosing, tm,x and Cmax were obtained by 
substituting various values of time (t) into the "best-fit" equation until 
the maximum value of C was obtained. Differences in pharmacokinetic 
parameters between the young and elderly groups were assessed using a 
two-tailed Student's t test for unpaired data, while differences due to route 
of administration within a subject group were assessed using the same test 
for paired data. In each case, p <0.05 was taken as the minimum level of 
significance. 

R E S U L T S  

No arrhythmias were recorded in any of the young subjects after either 
peroral or intravenous caffeine. In six of the elderly group, sporadic ven- 
tricular extrasystoles were noted in the basal recording, but these did not 
increase in frequency following either peroral or intravenous caffeine. Two 
of the young subjects experienced some light-headedness about 10 mix 
after the peroral dose, but not during the intravenous infusion. One young 
subject experienced a similar sensation around the end of the infusion, but 
not after the peroral dose. No other side effects were recorded. 

The mean plasma concentration versus time data following single 
peroral and intravenous doses in young and elderly subjects are shown in 
Figs. 1 and 2, respectively. The continuous lines drawn through the data 
points represent the curves of best-fit calculated using the mean plasma 
concentrations at each time point. The intravenous data shown in Fig. 2 
represent a one-compartment model. Although the data fitted a two- 
compartment model much better in terms of both the visual appearance 
and the weighted sum of squares, the difference was not great enough to 
achieve statistical significance using a p <0.05 criterion and the F test 
described by B oxenbaum e t  a l. (19). Thus the law of parsimony was invoked 
and the one-compartment fit reported. 

']?able I illustrates some of the demographic and laboratory parameters 
measured in the two groups studied. These data, together with the other 
laboratory findings, physical examinations, and health histories, demon- 
strate that the subjects were all in good health and apparently free of any 
disease that could confound the interpretation of results. In addition, the 
use of male subjects only ensured that there would be no sex-linked 
variations in the pharmacokinetics of caffeine. 

'Fable II summarizes the comparative absorption characteristics of 
caffeine in young and elderly men. These data illustrate how the peroral 
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Fig. 1. Mean plasma caffeine concentration vs. time profiles in young men (N = 8) 
following peroral (A--~)  and intravenous (A--A) doses of 5 mg/kg. The vertical 
bars represent one standard deviation. 

and intravenous doses given to the subjects were essentially identical within 
each group as well as between each group, and very close to the desired 
dose of 5 mg/kg. This is a prerequisite for this type of comparison since 
there is a potential for altered drug kinetics when substantially different 
doses are given, which could confound the data interpretation. The results 
also indicate that caffeine was absorbed rapidly in both groups, reaching 
a peak at about 33-38 min and attaining an average peak concentration 
of about 9/zg/ml in each group. The absorption rate constants and the 
absorption lag times were not significantly different between the two groups. 
The mean half-lives of the absorption process, calculated as In 2/the mean 
K01, were 2.05 and 5.73 min in the young and elderly groups, respectively. 
The absorption lag times varied from less than a minute to nearly 13 rain 
and averaged about 8.8 min in the young group and 5.5 min in the elderly 
group. Again, these differences were not statistically significant. Thus, while 
the young subjects were slower in starting to absorb caffeine, their somewhat 
shorter absorption half-lives resulted in them achieving a peak concentra- 
tion (Cm~x) at essentially the same time as the elderly group. While the 
estimates of Kol and tlag shown in Table II indicate that the absorption 
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Fig. 2. Mean plasma caffeine concentration vs. time profiles in elderly men 
(N= 8) following peroral (C)--C)) and intravenous (I)--O) doses of 5 mg/kg. 
The vertical bars represent one standard deviation. 

Table i. Selected Demographic and Laboratory Findings in Subjects at the Time of Their 
Kinetic Trials 

Young group Elderly group 
(N = 8) (N = 8) 

Probability 
Parameter Mean SD Mean SD (young vs. elderly) 

Age (yr) a 20.45 2.01 71.20 3.94 p < 0.001 
Height (cm) 178.00 3.69 166.63 4.96 p < 0.001 
Weight (kg) 74.36 5.81 70.15 8.85 NS a 
Percent of 104.53 6.53 99.37 14.61 NS 

average weight b 
Body surface 1.92 0.08 1.78 0.09 p < 0.01 

area (m 2) 

Creatinine clearance 93.81 15.57 67.82 13.79 p < 0.005 
(ml/min/1.73 m2) c 

aCalculated from birth to the median day between the peroral and intravenous trials. 
bCalculated employing tabular data found in ref. 23. For the elderly group, the age 60-69 

values were used as no values could be found for men over 69 years of age. 
CValues for each subject were calculated as the means from two urine samples (peroral and 

intravenous), each measured twice by independent methods. 
dDifferences not significant. 
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Table II. Comparative Absorption Characteristics of Caffeine in Young and Elderly Men 

Young group Elderly group 
(N = 8) (N = 8) 

Parameter Mean SD Mean SD 

Probability 
(~roun~ vs. 
elderly) 

Peroral dose (rag) 
Peroral 'dose 

(mg/kg) 
I.v. dose (nag) 
I.v. dose (mg/kg) 
AUCpo 3738.5 

(txg' rain" m1-1) r(3785.8) a 
AUCIu NS|  3909.2 

(tzg' min' m r  1) I-(3942.1) ~ 
F(%) 108.8 
Time to peak b 33.0 

(t . . . .  rnin) 
Corlc. at peak 

( C ~ ,  rain) 
Absorption rate 

constant 
(K01, rain -1) 

Absorption half-life c 2.05 
(tl/2, Kol); min 

Absorption lag 8.84 
time (tl~g, min) 

367.3-] 32.3 345.7---] 56.5 NS 

i-----4.94[ NS 0.10 3[-3~0 91 [NS 0.19 NS 
NsJ3623  , 7 3  Ns : 469 Ns 

1 4 8 6  . 0.32 t---4.99 0.31 NS 
1491.5 3683.2 1921.4 

(1508.8)" r(3706.7) a (1774.4) ~ NS 
2038.4 NS| 3403.9 1246.1 

(1737.4) ~ L(3428.7) a (1292.2) a NS 
12.7 102.8 6.3 NS 
27.9 37.9 22.9 NS 

9.01 2.9 9.13 1.6 
(9.08) ~ (2.7) a (9.28) ~ (1.5) ~ NS 
0.3385 0.3716 0.1209 0.0590 NS 

5.73 

3.10 5.52 3.92 NS 

aValues in parentheses have been adjusted to a dose of 5 mg/kg. 
b Corrected for the absorption lag time. 
c Calculated as the harmonic mean. 

process was very rapid in bo th  age groups,  it should  be noted  that  because  
of the rapidi ty of the absorpt ion  phase,  insufficient p lasma sampling points  
were ob ta ined  to character ize this process adequate ly ,  and hence  the values 
of these parameters  m a y  be  somewha t  inaccurate.  The  rapid perora l  absorp-  
t ion of caffeine f rom the aqueous  solutions utilized resulted in an essentially 
comple te  bioavailabil i ty with average  F ( % )  values of 108.8 and 102.8 in 
the young  and elderly groups,  respectively. The  calculated values of F 
ranged  f rom 94% to 130% but,  again, the values for  the two groups  were  
not  significantly different. 

A l t h o u g h  b lood  to p lasma concent ra t ion  ratios were  not  de te rmined ,  
if we assume that  this rat io is unity, then an est imate of the hepat ic  first-pass 
metabol i sm of caffeine can be  obtained.  This assumpt ion  seems reasonable  
in view of  reports  that  the b lood to p lasma ratio of  the related xanthine,  
theophyll ine,  is equal  to unity (24,25). The  m e a n  s teady-s ta te  extract ion 
ratio (fraction lost dur ing first-pass hepat ic  metabol ism) equals b lood  meta -  
bolic (hepatic) c l ea rance /hepa t i c  b lood  flow. Assuming  a liver b lood  flow 
of 1500 m l / m i n  and using the values for  CLNR found  in Table  I II ,  we 
obta in  mean  values of 0 .0697 and 0 .0742 for  the young  and elderly subjects,  
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Table III. Summary of Average Pharmacokinetic Parameters for Caffeine in Young and 
Elderly Men 

Young group Elderly group Probability 
Parameter (N = 8) (N = 8) (young vs. elderly) 

0.00234--7 0.00312-- I NS 
~z (min-'),~ (0'00085)b I NS (0"00111) INS 

Az (min-1)po 0.00270 --a 0.00319----J NS 
(0.00091) (0.00127) 

tl/2, z (min)i~ ~ 296.2 222.2 
q/2, z (min)po a 256.7 217.3 
fu(%) 64.34 65.03 NS 

(6.77) (6.88) 
KIN (plasma); M 1.180 • 1 0  - 3  1.089 X 1 0  - 3  

Apparent V (ml/kg) c 613.0 524.1 p < 0.01 
(18.8) (16.5) 

Apparent V~ (ml/kg) c 923.7 816.7 p < 0.05 
(89.8) (74.1) 

tl/2, Al(min) o'c 8.87 d 11.62 e 
q/2, k21(min) ~'c 19.17a 17.99" 

CL (ml/hr/kg) c 85.35 96.29 NS 
(28.09) (29.37) 

CL~ (ml/hr/kg) c 128.48 153.12 NS 
(42.87) (54.65) 

CLR (ml/hr/kg) c 0.93 1.06 NS 
(0.24) (0.48) 

CLR. (ml/hr/kg) ~ 1.40 1.69 NS 
(0.38) (0.83) 

CLNR (ml/hr/kg) ~ 84,42 95.22 NS 
(28.13) (29.11) 

CLNR, (ml/hr/kg) ~ 127.08 151.43 NS 
(42.94) (54.13) 

Caffeine excretion 4.21-1 3.65-1 NS 
Ae(0-24)(mg)~ (2.35) INS (1.06) INS 

Caffeine excretion 4.17 ~ 6.21J NS 
Ae(O-24)(mg)po (1.63) (6.95) 

Caffeine excretion~ l. 12-] 1.07-] NS 
(% of dose, % Ae) (0.46) l NS (0.36) t NS 

Caffeine excretionpo 1.13J 1.89-J NS 
(% of doge, % Ae) (0.41) (Z29) 

Calculated as the harmonic mean. 
bValues in parentheses represent one standard deviation. 
CThese d parameters were calculated using intravenous data only. 

Based upon N = 3. 
eBased upon N = 2. 

r espec t ive ly .  T h u s  a p p r o x i m a t e l y  9 3 %  of a p e r o r a l  dose  w o u l d  b e  e x p e c t e d  

to  r e ach  the  sys t emic  c i r cu l a t i o n  in tac t .  
T h e  r e m a i n i n g  p h a r m a c o k i n e t i c  p a r a m e t e r s ,  d e s c r i b i n g  the  d i s t r i b u t i o n  

a n d  e l i m i n a t i o n  of caffe ine ,  a re  s h o w n  in  T a b l e  III .  T h e  first i t e m  to n o t e  

h e r e  is tha t  t he  m e a n  Az va lues  in  the  e lde r ly  g r o u p  a re  s o m e w h a t  h ighe r  
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than those measured in the young subjects. In addition, the mean hz values 
for the peroral and intravenous treatments are much closer in magnitude 
in the elderly subjects than they are in the young group. However, none 
of these differences were statistically significant. The result is that the 
half-lives are somewhat longer and more variable between treatments in 
the young subjects. The half-lives in the elderly group varied from 136 to 
521 min following the intravenous dose and from 152 to 468 min following 
the oral dose. In the young group, the half-lives varied from 163 to 550 min 
following intravenous dosing and from 179 to 592 min following oral dosing. 

The apparent volume of distribution for total drug (V) was also 
significantly higher (p < 0.01) in the young group. The mean plasma clear- 
ance of total drug (CL) is smaller and slightly less variable in the young 
group. The average renal clearance of unmetabolized total caffeine was 
low and similar between the two groups, with the result that the mean 
metabolic clearances closely paralleled the total body clearances. None of 
these differences reached statistical significance. The values of clearance 
(CLu) and apparent volume of distribution (Vu) corrected for the degree 
of plasma binding exhibited the same trends as the uncorrected values 
between the subject groups as well as within a given subject group. This 
is not surprising in view of the close similarity of the mean values for the 
percent of caffeine unbound, fu (%), and the dissociation constant for the 
binding expressed in moles/liter (K/N) in both groups, shown in Table 
III. The quantities of caffeine excreted unchanged in the 24 hr following 
dosing, Ae(0-24), averaged 1 to 2% of the dose. 

Following the peroral dose, data from one elderly and one young 
subject were best described by a two-compartment model, while after the 
intravenous dose, data from two elderly and three young subjects were 
best fitted by a two-compartment model. All other data were described 
adequately by a one-compartment model. Only subject SS exhibited data 
which were best described by the two-compartment model following both 
peroral and intravenous dosing, as shown in Fig. 3. 

D I S C U S S I O N  

The present study illustrates several aspects of the comparative phar- 
macokinetic behavior of caffeine in a young and an elderly group of healthy, 
active male subjects. The first point to note is that a 5 mg/kg dose of 
caffeine given either as a bolus perorally or as an intravenous infusion over 
30 rain produced no substantive alterations in the blood pressure, pulse 
rate, or electrocardiogram of the subjects. These observations, together 
with the subjective responses of our volunteers, indicate that this dose of 
caffeine is safe and produces no major undesirable side effects in either 
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Fig. 3. Semilogarithmic plot of plasma caffeine concentration vs. time data in subject S S  

(age 23.3 years) following peroral (~x--A) and intravenous (A- -A)  doses of 5.17 and 
4 . 8 8  mg/kg caffeine, respectively. The perora] dose was given 10 days after the intravenous 
dose. 

age group. The creatinine clearance data support some previous observa- 
tions of Kampmann and Molholm Hansen (26), who noted that the 
creatinine clearance decreases with age. 

Caffeine is absorbed rapidly and completely in both age groups follow- 
ing its administration perorally as an aqueous solution, as indicated by the 
tmax, Cmax, Kol, hag, and F(%) values, which did not differ significantly 
between the two age groups. Previous reports have indicated that caffeine 
administered perorally to rats is subject to first-pass metabolism (27,28). 
However, in view of the essentially complete peroral absorption of caffeine 
observed in this study, this does not appear to occur in humans. This is 
illustrated by the close similarity of the mean plasma concentration versus 
time curves following peroral and intravenous administration of essentially 
identical doses of caffeine, shown in Figs. 1 and 2. These figures also 
illustrate the similarity of the pharmacokinetic behavior of caffeine in the 
two age groups. 

Caffeine has also been reported to exhibit dose-dependent kinetics in 
rats at relatively low ( ~  10 mg/kg) peroral doses (27,28). This behavior 
apparently is not observed in other species including mice, rats, cynomolgus 
monkeys, and man (29,30). In all of the subjects studied here, the elimina- 
tion of caffeine in the postabsorptive and/or postdistributive phases was 
log-linear following both peroral and intravenous administration. Other 
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workers have shown that the disappearance of caffeine from the plasma 
of adults (9,11) and infants (31,32) at doses comparable to the dose used 
here obeys first-order kinetics. While none of these single-dose studies 
(including this one) proves conclusively that caffeine pharmacokinetics in 
man are not dose-dependent, a recent study by Newton etal. (33) employing 
peroral doses of 50, 300, 500, and 750 mg indicated that caffeine obeys 
linear pharmacokinetics in man over this dose range. 

While reductions in the gastrointestinal absorption of some compounds 
with aging have been reported (34,35), no such reduction was observed 
for caffeine in this investigation. Caffeine is a lipophilic molecule which 
readily penetrates biological membranes, and hence it is not too surprising 
that it is absorbed rapidly and completely. What was somewhat surprising 
was the extreme rapidity of the absorption following the peroral dose, with 
the result that for several subjects the peak plasma concentration (Cmax) 
was reached before or shortly after the first plasma sampling point. This 
meant that for a few subjects, it was difficult to characterize the plasma 
concentration-time curve in the region near Cmax. To alleviate this problem, 
additional samples were collected at 5 and 10 min after oral dosing in some 
of the subjects studied toward the end of this investigation. 

The average apparent volumes of distribution (for both free and total 
drug) observed here were significantly lower in the elderly subjects. This 
observation is consistent with the general reduction in total body water 
and lean muscle mass (36) accompanying aging, and the fact that caffeine 
reportedly distributes freely into total body water (9). The average apparent 
volume of distribution of total drug observed in our young group 
(613.0 ml/kg) compares favorably with the value previously reported (11) 
for young, healthy subjects (610 :t: 80 ml/kg). 

The mean plasma clearance of total drug in our young group 
(85.35 ml/hr/kg) was somewhat lower than that observed in our elderly 
group (96.29 ml/hr/kg). This latter figure is very close to the value observed 
by Parsons and Neims (11) in 13 young, healthy, nonsmoking subjects. 
The average renal clearance of caffeine observed here was 0.93 ml/hr/kg 
in the young group and 1.06 ml/hr/kg in the elderly group, corresponding 
to a mean urinary excretion of unchanged caffeine equal to 1.13% of the 
dose in the 24 hr after dosing. This value is consistent with previous 
observations that 1-2% of a dose of caffeine is excreted unchanged (9,10). 
The metabolic clearance of caffeine was higher in the elderly group, indicat- 
ing that the oxidative metabolic capabilities of their livers were, on the 
average, slightly greater than those of their younger counterparts. However, 
these small differences were not statistically significant. 

The metabolism of caffeine in man is complex, involving primarily 
successive N-demethylations to form di- and monomethylated xanthines, 
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followed by oxidation at C-8 to form uric acid derivatives. These oxidative 
biotransformations occur primarily in the liver and proceed via the micro- 
somal cytochrome P45o monooxygenases (37). Caffeine is known to be a 
particularly good substrate for cytochrome P448 (38), and it has been 
proposed that the delayed maturation of caffeine metabolism in the human 
neonate may be related to a particularly slow rate of development of this 
pathway relative to other functions of the hepatic monooxygenase system 
(37'). While recent studies have helped to elucidate the complexities of the 
metabolism of caffeine in neonatal (37) and adult humans (39), there have 
been no studies to date which have examined whether there are any 
metabolic differences between young and elderly humans. Such differences 
would not be unexpected in view of previous studies examining the effect 
of aging on hepatic elimination (40). One recent study involving the related 
xanthine theophylline, which shares some common metabolic pathways 
with caffeine, indicated that both N-1 demethylation and C-8 oxidation 
may be less viable in the elderly (41). 

The fairly wide range of biological half-lives and clearances observed 
in the present investigation probably reflects variations in the hepatic 
elimination of caffeine since about 98-99% of the caffeine filtered at the 
glomerulus is reabsorbed (42). The range of caffeine half-lives observed 
in this study (i.e., 2.27 to 9.87 hr) is consistent with those reported 
by Parsons and Neims (11) for 13 young, healthy, nonsmokers (i.e., 
mean, 6.0 hr; range, 3.0-9.4 hr). The difference in the half-lives between 
the two subject groups is probably a reflection of the differences in their 
volumes of distribution and clearance, which in concert determine the 
half-life. 

The metabolic clearance of unbound drug (i.e., CLNn~), is a better 
reflection of the metabolic capacity of the liver than the total metabolic 
clearance (CLNR) (43). The implicit assumption used in calculating the 
CLNR~, is that the binding of caffeine to plasma protein is constant with 
time and independent of concentration in a given subject (44). These 
assumptions were checked and found to be valid (16). Although caffeine 
is, on the average, only about 35% bound to plasma protein in the subjects 
studied (16), the drug clearances and apparent distribution volumes could 
be influenced by interindividual differences in the unbound fraction. Thus, 
it was felt that the parameters for unbound clearance and apparent volume 
of distribution of caffeine would be a better indication of its clearance and 
distribution than those based upon total drug measurements (45). When 
the metabolic clearances of unbound caffeine in the two age groups were 
compared, the results were similar to those observed when metabolic 
clearances of total drug were compared in that no significant age-related 
differences were observed. These results indicate that the plasma protein 
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binding of caffeine is similar enough in both age groups so as not to be a 
major determinant of the metabolic clearance of caffeine. 

The corrected apparent volumes of distribution, like the uncorrected 
values, were significantly lower (p < 0.05) in the elderly subjects. However, 
the differences in the corrected values between the two groups were 
somewhat less marked, indicating that some of the differences in the 
uncorrected values may have been due to interindividual differences in the 
plasma binding of caffeine. However, these results again confirm the fact 
that the plasma protein binding of caffeine does not exert a substantial 
influence on the distribution pattern of caffeine in young or elderly men. 

In conclusion, it appears that most aspects of the pharmacokinetic 
behavior of caffeine are very similar in young and elderly males, with the 
one major difference being the reduced apparent volume of distribution 
in the elderly. This similarity is probably due, in large part, to the rigid 
criteria used for subject selection and the willing compliance of our subjects 
with the instructions given to them. In addition, a drug like caffeine, which 
is rapidly and completely absorbed and readily distributes throughout the 
body, may be less than optimal for characterizing the relatively small 
differences that often seem to exist between the types of subjects appropri- 
ate for investigating age-related aspects of pharmacokinetics; i.e., healthy, 

active, medication-free, and compliant (46,47). Since health and level of 
activity appear to play a much more important role than chronologic age 
in altering bodily functions, including pharmacokinetics, it may be more 
fruitful to develop and utilize indices of aging other than chronology in 
making such comparisons. 
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