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A new methodology for comparative bioavailability testing is described in which each drug 
formulation is compared with a stable isotope-labeled variant of the drug that is consumed orally in 
solution at the same time the tested formulation is ingested. The methodology is used to determine 
the comparative bioavailabilities of two commercially available brands of imipramine hydro- 
chloride. The power of the new methodology to detect differences between drug formulations, when, 
in fact, such differences exist, is shown to be superior to that of conventional bioavailability tests. 
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I N T R O D U C T I O N  

The probabi l i ty  that  a compara t ive  bioavai labi l i ty  test will detect  

differences be tween  formula t ions  of a drug,  when,  in fact, such differences 
exist, is known  as the "power"  of the test (1). The  statistical def ini t ion of 
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power is 1- /3 ,  where/3 is the probability of a type II ("failure to reject")  
error  (2). In the special case of analysis of variance, power can be related to a 
variable, ~b, defined as (1,2) 

r k / X,=l ( ) ~ -  Y~)2/k s2/N (1) 

where )(i is the mean value of a selected bioavailability parameter  for 
t reatment  i, )~ is the overall mean value of the same parameter  for all 
t reatments [hence ()~,-_)~-)2 is a measure of the dispersion of the mean 
values], k is the number  of treatments, s 2 is the residual mean square from 
the analysis of variance for crossover design (hence s 2 is a measure of the 
intrinsic error  of the test due to analytical and intrasubject variability), and N 
is the number  of subjects. Equation 1, together with appropriate tables (3), 
can be used to calculate the number of subjects required to achieve a given 
value of power, if the other parameters  in the equation are known or can be 
assumed. 

This article describes a new methodology for in vivo bioavailability 
testing that is notable primarily for the considerable increase in power that it 
achieves in comparison with conventional bioavailability tests. The method, 
which is hereafter  denoted by the term "relative bioavailability," is based on 
a comparison between the tested formulation and a stable isotope-labeled 
variant of it that is consumed orally in solution at the same time the tested 
formulation is ingested. Since the labeled drug is already dissolved, it can be 
regarded as being "optimally bioavailable" and thus can logically be used to 
determine the relative efficiency of absorption of each drug formulation. All 
of the conventional parameters of bioavailability, such as plasma concen- 
trations at various times, time of concentration maximum, peak concen- 
tration, area under the plasma concentrat ion-t ime profile, and half-life, can 
be determined relative to the corresponding parameter  for the internal 
standard. It will be seen that the coefficient of variation of this procedure is 
considerably smaller than that of a conventional bioavailability measure- 

ment. 
The measurement  of relative bioavailability requires that one or more 

stable isotope-labeled variants of the drug be synthesized and that the 
analytical laboratory have access to a mass spectrometer.  The methodology 
that was developed in our laboratory for the study of the relative 
bioavailabilities of two commercially available brands of imipramine (IP) 
has been described (4). The tablets, designated A (Ciba-Geigy Lot  No. 
1100681) and B (Biocraft Laboratories,  Elmwood Park, New Jersey), were 
reported to contain 25 mg of imipramine hydrochloride. The tablets were 
purchased from local pharmacies. 
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MATERIALS AND METHODS 

Analysis of Tablets 

The amounts of imipramine hydrochloride in tablets A and B were 
determined by a combination of high-performance liquid chromatography 
(HPLC) and stable isotope dilution-field ionization mass spectrometry (4). 
Six tablets of each kind were weighed and dissolved separately in 500 ml 
volumetric flasks, using 60% (v /v)  H 2 0 / C H 3 O H  as solvent. Aliquots of 
approximately 10 ml were withdrawn from each flask and were centrifuged 
to remove undissolved particulate matter,  of which there was a considerable 
quantity. A 5-1xl sample from each supernatant solution (representing 
250 ng of IP hydrochloride if the active ingredient dissolved completely and 
the tablets were correctly labeled) was then transferred to a centrifuge tube 
that contained 0.6 ml of H 2 0  and 363 ng of a multilabeled isotopic diluent, 
IP-d6 hydrochloride (4). The solutions were then extracted, using 1.2 ml of 
1.5 M Na2CO3 and 1.2 ml of hexane. Afte r centrifugation, the hexane layer 
was withdrawn and was stored in a silanized centrifuge tube. Purification of 
the extract by HPLC and mass spectrometric isotope ratio analysis was 
performed as described previously (4). 

Subjects 

Eight healthy adult males, ranging in age from 18 to 57 years and in 
weight from 62 to 80 kg, participated as volunteers in the study after their 
informed consent was obtained. The bioavailability tests began at 8 A.M. 
Food or liquids other  than water had not been consumed for the previous 12 
hr. Initial blood samples were drawn into heparinized tubes, then the 
subjects were given a tablet of either brand A or brand B. The source of the 
IP was not disclosed to the subjects. 

To provide an internal standard against which to compare the 
bioavailability of each tablet, the subjects drank 120 ml of water that 
contained 25 mg of IP-d2 hydrochloride [deuterated in the ethylene bridge 
(4)]. Blood samples were drawn at selected times for up to 48 hr after 
ingestion. The samples were centrifuged as soon as possible after drawing, 
and the plasma was frozen. Normal feeding was resumed 4 hr after the 
tablets and solution had been ingested. 

One week after the study was begun, the same subjects reassembled 
and were given a new tablet of imipramine together with a new sample of the 
internal standard. Those subjects who received brand A in the first trial 
received brand B in the second and vice versa. The same procedure was 
followed in the second trial as in the first with respect to blood sampling. 
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Analysis  of  Plasma Samples 

The procedure that was used for analysis of plasma samples has been 
published (4). Briefly, plasma samples were thawed on the day of analysis 
and were spiked with a known amount (363 ng) of multilabeled IP-d6 
hydrochloride, which was used as an analytical standard. Sodium carbonate 
solution was added, then the plasma samples were extracted with 95% (v/v) 
hexane/isoamyl alcohol. Purification of the extraGts was achieved by back 
extractions into HC1 solution and, after addition of Na2CO3, into hexane, 
followed by HPLC. The concentrations of IP and IP-d2 hydrochlorides in 
the plasma relative to IP-d6 hydrochloride were simultaneously determined 
by mass spectrometric isotope ratio analysis. 

Data Analysis  

Analysis of variance for crossover design was performed by computer 
using the P R O P H E T  time-sharing computer system (see Acknowledg- 
ments). Areas under curves were calculated by the trapezoidal rule. Half- 
lives were estimated from a least-squares straight line drawn through the 
logarithms of the last three data points (obtained at 24, 34, and 48 hr) of 
each subject. 

Table I. Isotope Dilution Analysis of Imipramine Hydrochloride Contents of 
Pharmaceutical Tablets 

Total tablet Mass of IP Percent of label 
Tablet mass (mg)  hydrochloride (mg) per tablet 

92.3 24.7 98.8 
100.5 24.7 98.8 
90.8 25.1 100.4 

Brand A 90.4 24.1 96.4 
92.9 26.8 107.2 
89.6 26.5 106.0 

(Ave.) ~ 92.8 • 4.0 25.3 + 1.1 101.3 + 4.4 

174.8 25.5 102.0 
173.9 23.6 94.4 
170.2 23.8 95.2 

Brand B 190.8 27.6 110.4 
172.5 26.1 104.4 
170.5 26.8 107.2 

(Ave.) a 175.5 + 7.7 25.6 • 1.6 102.3 • 6.4 

~Errors are standard deviations. 



Bioavailability of Imipramine Tablets 237 

Table II. Results of Conventional Bioavailability Comparisons of 25-rag Imipramine 
Hydrochloride Tablets 

Parameter 

Result of ANOVA 
Treatment average a test for 

between -treatment 
Brand A Brand B averages 

Imipramine hydrochloride plasma 
concentration (ng/ml) 
1 hr 0.73 (81.2) 1.08 (74.6) NS (0.25 >p >0.1) 
1.5 hr 3.31 (62.5) 3.26 (53.2) NS (p > 0.5) 
2 hr 6.29 (52.4) 6.22 (45.4) NS (p > 0.5) 
3 hr 8.49 (33.4) 8.96 (32.7) NS (p > 0.5) 
4 hr 8.96 (27.9) 9.39 (36.7) NS (p > 0.5) 
5 hr 8.24 (23.0) 9.09 (32.4) NS (p > 0.25) 
7 hr 6.46 (35.3) 6.83 (29.4) NS (p > 0.5) 
10 hr 4.66 (27.2) 5.09 (36,9) NS (p > 0.25) 
24 hr 1.57 (47.3) 1.64 (42.9) NS (p > 0.5) 
34 hr 0.84 (46.0) 0.83 (39.9) NS (p > 0.5) 
48 hr 0.43 (67.1) 0.45 (46.4) NS (p > 0.5) 

Peak concentration (ng/ml) 9.45 (29.6) 9.79 (30.2) NS (p > 0.5) 
Time of peak concentration (hr) 3.62 (25.3) 4.00 (23.1) NS (p > 0.5) 
Area 0-48 hr [(ng/ml) x hr] 124. (31.6) 132. (31.2) NS (p > 0.5) 
Half-life (hr) 12.2 (21.5) 13.5 (22.0) NS (p >0.25) 

aAverage values are followed by coefficients of variation (percent standard deviation). 

R E S U L T S  

Tablet Analyses  

T h e  to ta l  weights  and  i m i p r a m i n e  h y d r o c h l o r i d e  con ten t s  of six t ab le t s  
of  b r a n d  A and  six of  b r a n d  B a re  l i s ted  in T a b l e  I. I t  is seen  that  the  ave rage  
i m i p r a m i n e  h y d r o c h l o r i d e  con ten t s  were  essent ia l ly  iden t ica l  and  cor-  
r e s p o n d e d  well  with the  va lues  r e p o r t e d  on  the  labels .  

Comparative Bioavailabilities of  Tablets A and B 

The  p a r a m e t e r s  used  to assess the  c o m p a r a t i v e  b ioava i lab i l i t i e s  of the  
two i m i p r a m i n e  fo rmula t ions  a re  given in Tab le  H. It  is ev iden t  that  no 
signif icant  d i f ferences  were  found ,  accord ing  to these  conven t iona l  
b ioava i l ab i l i t y  cr i ter ia .  

A p lo t  of  the  ave rage  p l a sma  concen t r a t i ons  of  i m i p r a m i n e  h y d r o -  
ch lo r ide  p r o d u c e d  by  t ab le t s  A and  B is shown in Fig. 1. V e r y  s imi lar  
ave rage  concen t r a t i ons  were  p r o d u c e d  by  each  drug  p r e p a r a t i o n .  Since,  as 
shown in Tab le  H, the  d i f ferences  at  each  t ime  are  no t  s ignif icant  (p  > 0.1), 
the  s u p e r i m p o s i t i o n  p r inc ip le  (5) is fulfi l led,  and  the two p r e p a r a t i o n s  can be  
r e g a r d e d  as b ioequ iva len t .  
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Fig. 1. Mean plasma concentration of imipramine hydrochloride following 
ingestion of a 25-mg tablet of brand A (solid line) or brand B (dashed line). 

Relative Bioavailabilities of Tablets A and B 

The various parameters used to assess bioavailability in Table II were 
also determined relative to the corresponding values for the internal stan- 
dard, IP-d2 hydrochloride (4). The results of these measurements are 
summarized in Table III. It is again obvious that the relative measurements 
also fail to detect any significant differences between brands A and B, 
Notable,  however, is the decreased coefficient of variation (percent standard 
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TaMe III. Results of Relative Bioavailability Comparisons of 25-rag Imipramine 
Hydrochloride Tablets Using a 25-rag IP-d2 Hydrochloride Internal Standard 

Parameter 

Result of ANOVA 
Treatment average ~ test for 

between -treatment 
Brand A Brand B averages 

Relative imipramine hydrochloride 
plasma concentration 

1 hr 0.331 (55.9) 0.399 (51.6) NS (p>0.5) 
1.5 hr 0.615 (15.9) 0.612 (26.8) NS (p>0.5) 
2 hr 0.790 (13.7) 0.760 (19.9) NS (p > 0.5) 
3 hr 0.896 (7.5)  0.919 (6.1) NS (0.25>p>0.1) 
4 hr 0.930 (12.5) 0.954 (4.5) NS (p >0.25) 
5 hr 0.997 (9.4)  0.984 (6.4) NS (p>0.5) 
7hr 0.986 (7 .8)  0.993 (4 .7 )  NS(p>0.5) 

10 hr 0.968 (10.0) 0.962 (8.2) NS (p > 0.5) 
24hr 0.919(14.7) 0.997 (7.5) NS (0.25 >p >0.1) 
34 hr 1.010 (22.6) 1,087 (10.5) NS (p > 0.25) 
48 hr 1.245 (36.8) 1.200 (10.9) NS (p > 0,25) 

Relative peak concentration b 0.887 (9 .8)  0.931 (4.5) NS (0.25>p>0.1) 
Relative time of peak concentration c 1.0 (0.0) 1.1 (17.9) NS (0.25 >p >0.1) 
Relative area 0--48 hr 0.935 (5 .5)  0.960 (4.4) NS (0.25>p>0.1) 
Relative half-life 1.18 (13.5) 1.13 (7.6) NS (p>0.25) 

aAverage values are followed by coefficients of variation (percent standard deviation). 
bThe relative peak concentration is defined as the ratio of the maximum concentration of IP to 
the concentration of IP-d2 found at the same time. 

~The relative time of the peak concentration is the ratio of the time of the peak concentration of 
IP to the time of the peak concentration of IP-d2. 

deviat ion) of  each pa rame te r  in Table  I I I  in compar i son  with the cor-  
responding  pa rame te r  in Table  II. 

A plot  of  the average  of the ratio of unlabeled  to labeled imipramine  
hydrochlor ide  p roduced  by tablets A and B is shown in Fig. 2. The  general  
fo rm of these curves illustrates the marked  kinetic differences that  exist 
be tween  the p lasma concen t r a t ion - t ime  profiles of  oral ly adminis tered 
imipramine  tablets and solution. It m a y  be no ted  that  IP-d2 hydrochlor ide  
adminis tered  oral ly in solut ion appears  m u c h  m o r e  rapidly in the p lasma 
than does IP  hydrochlor ide  ingested as tablets. This result is, of  course,  to be 
expected,  since tablet  dissolution should  not  occur  instantaneously.  The  
per iod of  tablet  dissolution, which takes place s imul taneously  with s tomach  
empty ing  and absorpt ion  of  IP-d2 hydrochlor ide ,  is shown as the initial 
steeply rising por t ion  of  the two curves. Thereaf ter ,  the concent ra t ion  of  
unlabeled IP  was essentially identical to that  of  the internal  s tandard  
[a l though bo th  concent ra t ions  were  changing rapidly (Fig. 1)], which resul-  
ted in the I P / I P - d 2  ratios being very  close to unity. The  last data  point,  at 
t = 48 hr, exhibits a slightly increased value for  the ratio, indicating a slightly 
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Fig. 2. Mean plasma concentration of imi- 
pramine hydrochloride relative to imipra- 
mine-d2 hydrochloride following ingestion of a 
25-mg tablet of brand A (solid line) or brand B 
(dashed line) and a 25-mg dose of imipramine-d2 
hydrochloride dissolved in water. 

higher concentration of the unlabeled compound than of the labeled 
compound  in plasma. This difference suggests a possible inverse isotope 
effect in the elimination of IP-d2 hydrochloride, but further studies are 
needed to establish whether  the observed difference is persistent and 
repeatable.  

Relative Efficiency of Absorption of Tablets A and B 

The area under the curve of each preparat ion,  relative to that of the 
internal standard (Table III),  can be regarded as a measure  of the relative 
absorption efficiency, since, as stated previously, the internal standard 
should be optimally bioavailable. In both cases, the relative areas are slightly 
smaller than unity. Application of the t-test (6) indicates that the small 
difference is statistically significant (0.005 > p >  0.0005 for brand A and 
0 . 0 2 5 > p  > 0 . 0 1  for brand B; one-tailed test, 7 df). Hence  neither drug 
preparat ion appears  to be as fully bioavailable as the solution, although the 
difference between tablet and solution is quite small. 

D I S C U S S I O N  

Bioequivalence  of Tablets A and B 

The data of Tables I - I I I  clearly demonstra te  that the two imipramine 
formulations are bioequivalent within the limits of precision of these tests. It 
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Table IV. Selected Bioavailability Parameters, Corresponding Residual Mean Squares, and 
Estimated Power Values 

Residual Power 
Parameter Brand A Brand B mean square a (1 _/3)b 

Area 0-48 hr [(ng/ml) x hr] 124 132 698 0.04 
Peak concentration (ng/ml) 9.45 9.79 5.18 0.01 
Relative area 0-48 hr 0.935 0.960 0.0014 0.19 
Relative peak concentration 0.887 0.931 0.0026 0.31 

aBased on analysis of variance for crossover design. 
bTables of power (actually graphs) given by Dixon and Massey (3) do not include values of q~ 
smaller than 1.2 for a = 0.05 and ul = k - 1 = 1 df for treatment variability. To estimate 1 -/3 
for small values of &, the tables were redrawn using linear graph paper, and a smooth curve was 
extrapolated from the lowest reported value of 1 -/3 = 0.30 down to 1 -/3 = 0. 

shou ld  not ,  of course ,  be  in fe r red  tha t  all f o rmu la t i ons  of  i m i p r a m i n e  are  
b ioequ iva len t .  

Power of Conventional and Relative Bioavailability Tests 

A l t h o u g h  the  two fo rmu la t i ons  of IP  a re  b i o e q u i v a l e n t  accord ing  to 
bo th  conven t i ona l  and  re la t ive  tests ,  it is i m p o r t a n t  to cons ide r  w h e t h e r  one  
test  m a y  be  in t r ins ica l ly  m o r e  p o w e r f u l  than  the  o ther .  A n  increase  in p o w e r  
wou ld  enab l e  fewer  sub jec t s  to be  e m p l o y e d  and  t h e r e f o r e  w o u l d  r educe  the  
risk,  cost,  and  t ime  of in vivo test ing.  

To  e s t ima te  the  p o w e r  of  each  test ,  the  a reas  u n d e r  the  p l a s m a  
c o n c e n t r a t i o n - t i m e  curves  and  the  p e a k  p l a s m a  concen t r a t i ons  will 
be  used  as the  m e a s u r e s  of b ioava i lab i l i ty .  T h e  a b s o l u t e  and  re la t ive  
values  of these  p a r a m e t e r s  a re  given in Tab les  II  and  I I I ,  respec t ive ly .  F o r  
ease  of r e fe rence ,  these  va lues  a re  r e p e a t e d  in T a b l e  IV,  t o g e t h e r  wi th  
the  c o r r e s p o n d i n g  res idua l  m e a n  squares  f rom the  analysis  of va r i ance  
for  c rossove r  des ign  and  the  e s t i m a t e d  p o w e r  va lues  ca l cu la t ed  f rom 
e q u a t i o n  1. 

I t  is ev iden t  f rom the  last  co lumn of T a b l e  IV  tha t  the  re la t ive  
b ioava i l ab i l i t y  m e a s u r e m e n t s  a re  cons ide r ab ly  m o r e  power fu l  than  the  
c o r r e s p o n d i n g  abso lu t e  m e a s u r e m e n t s ,  cons i s t en t  wi th  the i r  sma l l e r  
coeff icients  of  var ia t ion .  I t  is equa l ly  obvious ,  however ,  tha t  the  p o w e r  
va lues  ach ieved  by  bo th  tes t ing m e t h o d s  a re  too  smal l  to r e l i ab ly  d e m o n -  
s t ra te  d i f ferences  of  the  m a g n i t u d e s  shown in T a b l e  IV. Such smal l  
d i f fe rences  might ,  however ,  be  r e g a r d e d  as cl inical ly u n i m p o r t a n t .  A l t h o u g h  
the re  is no genera l  rule  pe r t a i n ing  to eve ry  d rug  f o r m u l a t i o n  tha t  specif ies 
how large  a d i f fe rence  mus t  be  be fo re  it b e c o m e s  t he r apeu t i ca l l y  significant,  
a poss ib le  c r i t e r ion  sugges ted  by  W a g n e r  (5) in a c c o rda nc e  with  F D A  
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guidelines (7) is that a difference of 20% should be demonstrable when 
a = 0.05 and 1 - fl = 0.8. 7 

If the above recommendation is accepted, we can calculate the number 
of subjects that would be required to detect (with a probability of 0.8) a 
difference of 20% between brand A and a hypothetical  impramine prep- 
aration having a (presumably) lesser bioavailability. We assume the same 
values for the residual mean square error as in the present case (Table IV). 

The procedure of calculation is to assume values of N and then to 
calculate ~b 2 (equation 1). Values of ~b 2 are also obtained from tables (3), 
corresponding to v2 = ( k - 1 ) ( N - 2 )  degrees of freedom for the residual 
mean square error, a = 0.05, and 1 - fl = 0.8. N is varied until approximate 
agreement is obtained between the calculated and tabulated values of q~2. 

An  example of this calculation is given below for the measurement of 
absolute areas, assuming a 20% difference in means between brand A and a 
hypothetical imipramine formulation. Using equation 1, we find that 

~b 2 = [ ( 1 2 4 -  1 l l .6)z  + (99.2 - 111.6)2]/2 

6 9 8 / N  

= 0 .22N (2) 

Values of ~ 2 corresponding to different values of N, the corresponding 
values of v2, and the tabulated values of 4, z are assembled in the upper part 
of Table V. It is seen that the solution lies between N = 19 and N = 20. Since 
a two-way crossover study requires an even number of subjects, we conclude 
that about 20 subjects would be needed. 

The same procedure can be used to estimate the numbers of subjects 
that would be needed to detect a difference of 20% (with a probability of 
0.8) in the peak concentrations, relative areas, and relative peak concen- 
trations. The results of these calculations are also shown in Table V. The 
estimated numbers of subjects are 26 for the measurement of peak concen- 
trations, but are less than 3 for relative areas and approximately 4 for 
relative peak concentrations. (Values of N < 4 are, of course, unrealistic, 
since N must be at least 4 to ensure that u2 is nonzero and that N is even.) 
We conclude that no more than 4 subjects would be needed by the relative 
tests but that 20-26 subjects would be required by the conventional absolute 
methods of testing. It is clear that the increase in power achieved by using 
relative bioavailability permits a substantial reduction to be made in the 

7Elsewhere in his book (p. 304 of reference 1), Wagner remarks that the criterion that 
1-/3 =0.8 may require an excessively large number of subjects (using conventional 
bioavailability techniques). He suggests that the required number of subjects be estimated 
using the confidence interval approach (8) as well as by means of power calculations to 
determine how different the estimates are. Both methods are used in this article (see Tables V 
and VII). 
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Table V. Estimation of Number of Subjects, N, Required to Achieve 1-/3 =0.8, 
Assuming 20% Difference in Selected Bioavailability Parameters for Brand A and a 

Hypothetical Imipramine Tablet a 

From tables (3) 

P a r a m e t e r  N q~ 2 /J2 b t~ ~ 2 

18 3.97 16 2.11 4.45 
19 4.19 i7 2.10 4.41 Area 0-48 hr 20 4.41 18 2.09 4.36 
21 4.63 19 2.08 4.32 

24 4.13 22 2.078 4.32 
25 4.30 23 2.073 4.30 Peak concentration 
26 4.47 24 2.069 4,28 
27 4.64 25 2.066 4.27 

Relative area 3 18,7 1 -3.3 c -11 c 

Relative peak concentration 3 9.09 1 ~3.3 c -11 c 
4 12.12 2 ~3.0 c - 9  c 

~For a = 0.05 and residual mean squares given in Table IV. 
bDegrees of freedom of residual mean square, equal to ( k -  1)(N-2), where k is the 
number of treatments. 

CDixon and Massey (3) do not tabulate values of 6 at 1 -/3 = 0.8 for u2 < 6. The 4, values 
given here were estimated by graphic extrapolation of the Dixon and Massey tables (3) 
to lower values of u2 and should be regarded as approximate only. 

n u m b e r  of subjects  requi red  to pe r fo rm these bioavai labi l i ty  compar i sons  at 
the desired level of significance. 

Application of Relative Bioavailability to the Method  of 
Confidence Intervals 

A n  al ternat ive  p rocedure  for compar ing  the bioavai labi l i t ies  of two 
drug fo rmula t ions  is the use of confidence intervals  (8). In  this procedure ,  

two drug fo rmula t ions  are conc luded  to be b ioequ iva len t  if it can be stated 
with 95% confidence that  their  bioavai labi l i t ies  are wi th in  a certain small  

pe rcen tage  of each other.  The  magn i tude  of this percentage  will d e p e n d  
u p o n  the par t icular  drug, bu t  Wes t lake  (8) suggested as an example  that  two 

drug formula t ions  might  be  regarded as be ing  essent ial ly b ioequ iva len t  if 
their  bioavai labi l i t ies  differ by no more  than  15% (95% confidence limit). 

If we accept Wes t l ake ' s  cr i ter ion,  we can test the propos i t ion  that  
tablets  A and  B are b ioequ iva len t  according to the m e t h o d  of confidence 
intervals.  In  this method ,  two different  values  of S tuden t ' s  t are de te rmined ,  

kl  and  k2, such that  the integral  u n d e r  the t -d is t r ibut ion curve f rom k2 to kl  
is 0.95. The  values of kl  and  k2 mus t  also satisfy the equa t ion  (8), 

kl + k2 = ( 4  -)(~)(2N)l/Z/s (3) 
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where ~ and ~ are mean values of a particular bioavailability parameter 
for two treatments i and j, N is the number of subjects in a two-way 
crossover study, and s is the square root of the residual mean square 
calculated from the analysis of variance for crossover design (9). Individual 
values of kl and k2 are obtained by assuming a value for one of them, 
calculating the other using equation 3, and determining the area under the 
t-distribution profile from ka to kl for N - 2 df using tables of the probability 
distribution function for Student's t (10). The assumed values are adjusted 
until this area is equal to 0.95. 

Properly chosen values of kl and k2 can then be used to calculate a 
parameter,  A, defined as (8) 

A = k l s / (N /2 )  1/2- (Xi - X i )  

= -[k2s/(N/2)1/2 _ (P(i - Yfi)] 
(4) 

where A is the 95% confidence limit for the possible deviation that could 
exist between the true treatment means. The ratio, a/f:2i, is the fractional 
deviation of the mean of sample/" from the mean of sample i that might exist 
with 95% confidence. According to Westlake's suggestion (8), this ratio 
should not exceed 0.15 if the formulations are to be considered bio- 
equivalent. 

This procedure was applied to the bioavailability results that were 
obtained in this investigation, using the parameters given in Table IV as four 
measures of bioavailability. The results of these calculations are summarized 
in Table VI. 

According to Table VI, if we had chosen a maximum acceptable 
deviation of 15% for practical bioequivalence, we would have been unable 
by the conventional methods of testing to conclude that the two tablets are 
bioequivalent, since the mean areas and mean peak concentrations could 
differ by as much as 28.6% and 30.2%, respectively, and still fall within the 

Table VI. Comparison of Selected Bioavailability Parameters of Tablets A and B Using the 
Method of Confidence Intervals 

From tables (10) 

Parameter ka k2 A 

95% confidence limit for 
percent deviation of 

tablet B from tablet A 

Area 0-48 hr 3.29 -2.08 35.5 ~ 28.6 
Peak concentration 2.81 -2.21 2.85 b 30.2 
Relative area 4.64 -1.97 0.0618 6.6 
Relative peak concentration 5.41 -1.96 0.0940 10.6 

~Units: (ng/ml) x hr. 
bUnits: ng/ml. 
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Table VII. Estimation of Number of Subjects, N, Required to Conclude with 95% Confidence 
That Selected Bioavailability Parameters of Tablet B Are Within 15% of Those of Tablet A 

Confidence limit 
Parameter A N kl k2 (%) 

Area 0-48 hr 18.6 a 34 4.15 -1.65 94.6 
36 4.27 -1.70 95.1 

26 2.78 -1.71 94.4 
Peak concentration 1"418b 28 2.89 -1.77 95.2 

Relative area 0.140 4 6.25 -4.36 96.3 

Relative peak 0.133 4 4.91 -2.47 91.4 
concentration 6 6.01 -3.02 97.9 

~Units: (ng/ml) x hr. 
bUnits: ng/ml. 

95% confidence range. However ,  by using relative bioavailability, we can 
conclude with 95% confidence that the mean relative areas and mean  
relative peak  concentrations differ by no more  than 6.6% and t0 .6%,  
respectively. Since these deviations fall within the acceptable range of 15%, 
we infer with 95% confidence that the two formulations are bioequivalent 
for all practical purposes. 

A further application of the method of confidence intervals is to 
calculate the minimum numbers  of subjects required to conclude with 95% 
confidence that the deviations between sample means are no larger than 
15%. We assume the same values of X~, Xj, and s that are given in Table IV, 
and using equation 4 we calculate values of kl and ks for different values of 
N, given that h/)~i = 0.15. The desired value of N in each case is that which 
yields an integral under the t-distribution profile f rom ks to kl equal to 0.95 
or slightly greater.  The final results are assembled in Table VII.  

For the conventional bioavailability measurements ,  we find that 36 and 
28 subjects, respectively, would be required to conclude with at least 95% 
confidence that the areas under the plasma concentra t ion- t ime curves and 
the peak  plasma concentrations of imipramine produced by brands A and B 
differ by no more  than 15%. By using relative bioavailability, however,  the 
same conclusion would be reached with only 4 and 6 subjects, respectively. 
Thus the possibility of demonstrat ing the practical bioequivalence of two 
formulations by means of confidence intervals represents a further useful 
application of relative bioavailability. 

S U M M A R Y  A N D  C O N C L U S I O N S  

This article describes the first example of the use of an internal standard 
for bioavailability comparisons.  It is important  to note that although the 



246 Heck, Buttrill, Flynn, Dyer, Anbar, Cairns, Dighe, and Cabana 

internal standard has presumably similar pharmacological effects to the 
tested drug, it is pharmacokinetically distinct from the tested formulations 
primarily as a result of the differing dosage forms (solution vs. tablets), and 
possibly as a result of (presumably minor) isotope effects in absorption, 
distribution, and elimination. By administering the internal standard at the 
same dose and by the same route as the tested formulations, however, 
possible kinetic differences between IP and IP-d2 that could be caused by 
nonlinear effects were presumably avoided. In a comparative bioavailability 
test, kinetic differences between the internal standard and the tested formu- 
lations would, of course, exist in each case and therefore should not affect 
comparisons between the formulations, except by reducing the level of 
precision. 

The kinetic differences that exist between IP and IP-d2 did not prevent 
the present study from achieving an increased level of precision. Dissolution 
of the tablets was sufficiently rapid that the plasma concentrations of IP and 
IP-d2 were similar over most of the profile. For comparisons among more 
slowly dissolving or "controlled release" drug formulations, however, pre- 
dissolution of the internal standard might be undesirable if it resulted in a 
plasma profile that differed too greatly from those of the tested formula- 
tions. 

The calculations presented in this discussion have shown that the 
measurement of relative bioavailability is a superior method for detecting 
differences between drug formulations, when, in fact, such differences exist. 
Conventional bioavailability measurements using 8-12 subjects may be 
inadequate to detect medically significant differences with a high prob- 
ability, either by hypothesis testing or by the method of confidence intervals, 
particularly in cases where the residual mean square error is large. In 
contrast, by using only 4-6 subjects, relative bioavailability tests can readily 
detect differences of 20% with a probability of 0.8, or, alternatively, can 
demonstrate with 95% confidence the practical bioequivalence of two 
formulations. It is expected that the use of relative bioavailability techniques 
will become particularly important for resolving difficult problems of 
bioavailability and their associated legal ramifications. 
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Table IA. In Vitro Dissolution Tests of Tablet A (10 Tablets) and Tablet B 
(6 Tablets) 

Percent dissolved a 
Significance level 

Time (min) Tablet A Tablet B for two-tailed test b 

5 0.39• 0.33 3.21+ 0.72 Sig(0.001>p) 
10 0.81• 0.75 8.98+ 3.19 Sig (0.001>p) 
20 14.75• 25.19• NS (0.2>p >0.1) 
40 56.50• 55.58• NS (p>0.5) 
60 80.48• 82.68+10.21 NS (p >0.5) 
75 98.35• 4.67 96.03• 1.96 NS(0.3>p>0.2) 
90 100.3 4- 1.88 97.594- 3.33 NS(0.1>p>0.05) 

aAverage value is followed by the standard deviation. 
bFrom Student's t, 14 df. 

A P P E N D I X :  IN VITRO D I S S O L U T I O N  TESTS OF T A B L E T S  A 
A N D  B 

S. Dighe and B. E. Cabana 

A c o m p a r i s o n  b e t w e e n  the  t ab le t  d i s so lu t ion  ra tes  of  the  two 
i m i p r a m i n e  fo rmu la t i ons  was m a d e  in the  l a b o r a t o r i e s  of the  F o o d  and  D r u g  
A d m i n i s t r a t i o n .  T h e  d i sso lu t ion  ra tes  were  d e t e r m i n e d  using a H a n s o n  
p a d d l e  run  at  50 r p m  for 60 min  and  at  150 r p m  for  an a dd i t i ona l  30 min  i n  
500 ml of 0.1 M HC1. A to ta l  of 10 t ab le t s  of  b r a n d  A and  6 of b r a n d  B were  
used  for  the  d e t e r m i n a t i o n .  T h e  resul t s  a re  s u m m a r i z e d  in T a b l e  I A .  

It  is seen  tha t  u n d e r  the  tes t  cond i t ions  b r a n d  B dissolves  s ignif icant ly 
m o r e  r ap id ly  than  b r a n d  A dur ing  the  ini t ia l  10 min  of  the  test .  T h e r e a f t e r ,  
for  2 0 -  < t - < 9 0 m i n ,  the  d i f ferences  b e t w e e n  b r a n d s  A and  B are  no t  
s ignif icant .  

T h e  ini t ial  m o r e  r a p i d  d i sso lu t ion  of b r a n d  B than  b r a n d  A was not  
o b s e r v e d  in v ivo .  I m i p r a m i n e  was no t  d e t e c t e d  in p l a s m a  f rom e i the r  
f o r m u l a t i o n  at  concen t r a t i ons  s ignif icant ly  g r e a t e r  t han  ze ro  unt i l  1 hr  had  
e l a p s e d  fo l lowing  inges t ion .  Since the  p l a s m a  concen t r a t i ons  were  no t  
s ignif icant ly  d i f ferent  at  i hr, it can  be  in fe r r ed  tha t  equ iva l en t  a m o u n t s  of 
d i s so lved  drug  were  p r o d u c e d  by  each  t ab le t  by  the  t ime  d e t e c t a b l e  a b s o r p -  
t ion had  occur red .  
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