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  Abstract 

  Background : Sometimes it might not be possible to conduct 
a pharmacokinetic (PK) study in neonates and infants. Under 
these circumstances, one would like to predict PK parameters 
in this age group. Because drug clearance is the most impor-
tant PK parameter, the objective of this study was to describe 
an allometric method to predict drug clearance in children  
≤ 3 months. 
  Methods : In total, 43 drugs (107 observations) were random-
ly selected for this study. The age of the children ranged from 
0 to 1   year. Children were divided into two groups:  ≤ 3   months 
and  ≥ 3   months to 1   year. Drug clearance (CL) in children was 
predicted using the following equation: CL in the child = adult 
CL × (weight of the child/70) 0.75 or 1.0 or 1.2 . 
  Results : The results of the study indicated that the exponent 
1.2 performs better in the prediction of drug clearance than 
exponent 1.0 or 0.75 for children  ≤ 3   months. By contrast, ex-
ponent 1.0 provided better prediction for children ≥  3   months 
to 1   year than exponent 1.2. Exponent 0.75 provided the 
worst results leading to substantial prediction error in chil-
dren 0 – 1   year (in many instances more than 1000 %  prediction 
error). 
  Conclusions : Overall, it appears that exponent 1.2 is the best 
method out of three methods for reasonably accurate predic-
tion of drug clearance in children  ≤ 3   months old. However, 
exponent 1.2 will underpredict drug clearance in children 
older than 3   months. The suggested approach could be used 
to support the choice of the initial dose in clinical trials for 
children  ≤ 3   months old.  

   Keywords:    allometric scaling;   clearance;   exponents;   neo-
nates and infants;   pharmacokinetics.    

   Introduction 

 Dosing of drugs in children requires thorough consideration 
of the physiological differences between children and adults. 
Owing to the advent of pediatric exclusivity and requirements 
for conducting clinical studies in children, the current empha-
sis is on fi nding safe and effi cacious doses of drugs for chil-
dren on the basis of pharmacokinetic knowledge of drugs in 
adults. There can be two scenarios for the selection of dose in 
the pediatric population  (1) :

   When no dosing or pharmacokinetic information are • 
available in the children population but this information 
is available in the adult population. In this case, one asks 
how to select a safe and effi cacious fi rst-in-children dose ?  
This question is generally raised before initiating fi rst-in-
children clinical trial.  
  When both dosing and pharmacokinetic information are • 
available in children. In this case, one asks how to select 
a fi rst-in-child dose (individual drug therapy) ?  This ques-
tion is mainly raised in clinical settings where an individual 
child needs treatment.    

 In both the aforementioned situations, one can predict phar-
macokinetic parameters using a suitable allometric approach. 
Clearance of a drug is the most important pharmacokinetic 
parameter and over the years, several methods have been sug-
gested for the prediction of drug clearance in children from 
adult data. Alcorn and McNamara  (2, 3)  developed a mathe-
matical model describing the ontogeny of hepatic cytochrome 
P450 enzyme-mediated clearance. The authors developed the 
Infant Scaling Factor, which is a specifi c functional enzyme 
normalized to body weight relative to adult values. Hayton 
and colleagues  (4, 5)  developed a maturation model to esti-
mate dosing regimen in children based on the adult dosing 
regimen and the age and weight of the child. Further inves-
tigation, however, is needed to test the validity of the Alcorn 
and Hayton models. 

 Allometric scaling is extensively used for the prediction 
of pharmacokinetic parameters from animals to humans and 
can be used for the selection of fi rst-in-human dose  (6 – 10) . 
Allometric scaling can also be used to predict a pharmacoki-
netic parameter in children from adult data or once pharma-
cokinetic information of a drug is available in children then an 
allometric model can be developed to predict a pharmacoki-
netic parameter in children within the age group from which 
the model has been developed  (11, 12) . Allometric scaling is 
simple and can be easily done once information on the phar-
macokinetics of a drug in adult or/and children is available. 
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26  Mahmood: Drug clearance in children 3 months and younger

 The simple allometric relationship has been shown to relate 
body size with a parameter of interest in the fi eld of physiol-
ogy, ecology, paleontology, and pharmacokinetics  (13) . These 
relationships are described by a power function as shown in 
Eq. [1].

Y = aWb [1]

    where  ‘ Y ’  is the parameter of interest,  ‘ a ’  is the coeffi cient,  ‘ W ’  
is the body weight, and  ‘ b ’  is the exponent of the allometry. 

 Eq. [1] has been extensively used to predict pharmacoki-
netic parameters such as clearance, volume of distribution, 
and half-life from laboratory animals to humans  (14) . The al-
lometric principles, however, can also be applied to predict 
drug clearance in children. It has been suggested  (15)  that the 
clearance of a drug in children can be predicted according to 
the following equation:    

CL in the child (mL/min) =  Adult CL × (weight of the 
child/70)0.75 [2]

where, 70 (in kg) is the standard weight of an adult and adult 
clearance (CL) can be normalized based on 70 kg adult body 
weight. 

 However, exponent 0.75 (as shown in Eq. [2]) is not the 
most optimum exponent for the prediction of drug clear-
ance in children. A systematic evaluation of the exponent 
0.75 by Mahmood  (16)  indicated that the exponent 0.75 is 
not suitable for the prediction of drug clearance across all 
age groups (especially in neonates and infants). In his study, 
Mahmood  (16)  evaluated the predictive performance of not 
only a fi xed exponent of 0.75 but also other exponents such 
as 0.85 and 0.80 on the body weight. All three exponents 
(0.75, 0.80, and 0.85) produced the same degree of accura-
cy or uncertainty in the prediction of clearance in children, 
suggesting that the notion that 0.75 is the most suitable al-
lometric exponent for the prediction of drug clearance in 
children is inaccurate. The prediction of drug clearance in 
neonates, infants, and very young children was highly er-
ratic when exponent 0.75 was used and the prediction error 
in some cases reached to thousands of percent. In his study, 
Mahmood also noted that the exponent 0.75 predicted drug 
clearance with a reasonable degree of accuracy when the 
children were older than 5 years. On the basis of his anal-
ysis, Mahmood  (16)  suggested that for children  ≤ 1   year 
old, no exponent should be used on the ratio of children 
and adult body weight (Eq. [2]). Basically, this approach 
suggests that the prediction of drug clearance in children 
 ≤ 1   year old can be obtained far more accurately by using 
body weight normalized clearance than using a fi xed expo-
nent of 0.75 on body weight. For example, if the clearance 
of a drug is 10   mL/min/kg in a 70-kg adult, then the pro-
jected clearance in a 3-kg child (1   year or younger) should 
be predicted as 30   mL/min rather than 66   mL/min (obtained 
from Eq. [2]). The accuracy of body weight normalized pre-
dicted clearance of drugs in children 1   year or younger has 
been demonstrated by Mahmood  (16) . 

 Although Mahmood ’ s approach for the prediction of drug 
clearance in children  ≤ 1   year old provided substantially bet-
ter prediction than the fi xed exponent of 0.75, the prediction 

error in some children remained high. A thorough review of 
the data indicated that in children  ≤ 3   months old, the expo-
nent 1.0 in Eq. [2] can give comparatively higher predicted 
values than the observed values. Therefore, the objective of 
this study was to replace exponent 1.0 by some other expo-
nent that can improve the predictive performance of Eq. [2] 
for children  ≤ 3   months old.  

  Materials and methods 

 From the literature, the clearance values for 43 drugs (all small mol-
ecules or conventional drugs) were randomly selected for children 
between 0 and 1   year. The data were obtained through a PubMed 
search. There was no preconceived notion that a particular drug has to 
be included in the study. The children were divided into two groups: 
one group consisted of children between 0 and 3   months (90 observa-
tions) and the other group consisted of children between  > 3   months 
and 1   year (17 observations). This was done to evaluate if the pro-
posed exponent 1.2 was suitable for the prediction of drug clearance 
in older children ( > 3   months). Owing to the paucity of data, some data 
were included in the second group of children where the age range was 
 < 3   months to 1   year. For example, the age range for fentanyl was 1 –
 12   months. The chosen drugs are eliminated by extensive metabolism, 
exclusively by renal route or by both mechanisms (renal and hepatic). 
The following methods were used to predict clearance in the children 
and the predicted values were then compared with the observed val-
ues. When original body weights of the children were not available, 
an average body weight for that age group was used as described by 
Haddad et al.  (17) . 

  Method I 

 The clearance in children was predicted according to Eq. [2] (expo-
nent 0.75).  

  Method II 

 The clearance in children was predicted according to Eq. [2] but 
 exponent 0.75 was replaced by exponent 1.  

  Method III 

 The clearance in children was predicted according to Eq. [2] but ex-
ponent 0.75 was replaced by 1.2. Exponent 1.2 was selected based 
on observations. For example, in one study  (11)  it was noted that the 
exponent of allometry was  > 1.0 in neonates and infants. An internal 
analysis with other drugs also indicated that the exponent of allo-
metry was greater than 1.0 in neonates and infants. It should be noted, 
however, that in these studies the exponents of allometry widely 
varied and an exponent 1.2 was chosen as a middle ground and was 
deemed a suitable exponent to replace 0.75 or 1.0 in Eq. [2] for chil-
dren  ≤ 3   months.  

  Statistical analysis 

 Percent error between the observed and predicted values was calcu-
lated according to the following equation:     

    
%error =

∑ ( *predicted observed

observed

− ) 100

 
[3]

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:06 AM



Mahmood: Drug clearance in children 3 months and younger  27

 The precision of the methods was measured by calculating the root 
mean square error (RMSE) according to the following equations:         

    
mean square error (MSE) =

∑ (predicted observed

n

− )2

 
[4]

    RMSE (MSE)= 0 5.

 [5]

 RMSE was expressed as percent of mean using Eq. [6]:     

    
%RMSE =

(RMSE

mean observed CL

*100)

 

[6]

 Further assessment of the suitability of the methods was done by 
grouping the number of observations for each drug according to  %  
error ( ≤ 50 % , 51 %  – 99 % , and  ≥ 100 % ).   

  Results 

  Children  ≤ 3 months 

 The predicted and observed clearance values and per-
cent prediction error by all three methods in children 
( ≤ 3   months) for 34 drugs (90 observations) are summarized 
in Table  1  . The results of the study indicate that the expo-
nent 0.75  provided the worst prediction of drug clearance, 
whereas exponent 1.2 was the best for children 3   months 
and younger. In children  ≤ 3   months, there were 6, 27, and 
32 observations for which the prediction error was  ≤ 30 %  
by exponent 0.75, 1.0, and 1.2, respectively. There were 
12, 40, and 50 observations for which the prediction error 
was  ≤ 50 %  by exponent 0.75, 1.0, and 1.2, respectively. 
The number of observations for which prediction error was 
 ≥ 100 %  was 70, 32, and 12, by exponent 0.75, 1.0, and 1.2, 
respectively. There were 11, 4, and 0 observations with pre-
diction error  > 1000 %  by 0.75, 1.0, and 1.2, respectively. 
The RMSE (Table  2  ) for exponent 0.75, 1.0, and 1.2 was 
42.5, 15.3, and 12.1, respectively. Although, there was not 
much difference in the RMSE values between exponent 1.0 
and 1.2, the superior prediction of drug clearance by expo-
nent 1.2 was evident by a higher number of low prediction 
errors as compared to exponent 1.0 in children 3   months 
and younger. Out of 90 observations, there were 40 and 50 
observations by exponent 1.0 and 1.2 for which prediction 
error was  ≤ 50 % , respectively.  

  Children ( > 3 months and 1 year) 

 The predicted and observed clearance values and percent 
prediction error by all three methods in children ( > 3   months 
and 1   year) for 16 drugs (17 observations) are summarized 
in Table  3  . The results of the analysis indicated that the 
application of exponent 1.0 (body weight normalized) in 
Eq. [2] was the best method to predict drug clearance in 
children for this age group (Table  3 ). Exponent 1.2 under-
estimated the clearance for all 17 observations in children 
 > 3   months to 1   year. The number of observations (out of 
17) with  ≤ 50 %  error for exponent 0.75, 1.0, and 1.2 were 

8, 14, and 10, respectively (Table  4  ). The exponent 0.75 
was also the worst approach for this age group. The RMSE 
for exponent 0.75, 1.0, and 1.2 was 35.7, 17.6, and 29.9, 
respectively (Table  4 ). 

 The current analysis further strengthens the previous 
observations of Mahmood  (11, 16)  that the exponent 0.75 
is the worst approach for the prediction of drug clearance 
in neonates and infants. The approach produces unaccept-
able prediction error (in many cases over 1000 %  error) in 
very young children. By contrast, when exponent 1.0 was 
used on the body weight, the prediction of clearance was 
somewhat reasonable and far less erratic than 0.75 for 
children  ≤ 1   year old. However, the prediction error was 
further reduced when exponent 1.2 was used for children 
 ≤ 3   months old. Overall, out of 107 observations, there were 
66 observations for which prediction error was  ≤ 50 %  when 
exponent 1.0 and 1.2 (combined) were used for children 
between 0 and 1   year of age. By contrast, there were only 
20 observations out of 107 observations for which predic-
tion error was  ≤ 50 %  when exponent 0.75 was used for this 
age group.   

  Discussion 

 The pharmacokinetics and pharmacodynamics of a drug 
can differ between adults and children. These differences 
are mainly due to the physiological and biochemical differ-
ences among infants, children, adolescents, and adults. The 
ontogenesis of clearance mechanism can be the most critical 
determinant of a pharmacological response in infants and 
children  (2, 3) . Numerous articles have been published out-
lining the developmental changes in children and the need 
to predict drug clearance in children in order to select an 
optimal dose  (3, 59) . Several methods  (2, 60, 61)  have been 
suggested to predict the clearance in children from adult 
data and one of these methods is based on allometric size 
models  (15) . This model uses a fi xed exponent of 0.75 based 
on Kleiber ’ s  (62)  original work relating basal metabolic 
rate against body weight across several species. However, 
a systematic analysis by Mahmood  (11, 16)  indicated that 
the exponent 0.75 is not the best exponent for the predic-
tion of drug clearance in children across all age groups. 
Exponent 0.75 performs reasonably well when children are 
over 5   years of age but its use in children  ≤ 5   years should 
be avoided. 

 The exponents of clearance for a given drug are not uni-
versal and will vary depending on the species and sample 
size used in the allometric scaling  (63) . Owing to this very 
nature of the exponents of allometry, it is not surprising that 
one single exponent can neither be used for interspecies scal-
ing  (63, 64)  nor for predicting drug clearance in children 
across all ages  (11, 16) . 

 Although there are many proponents  (15, 65 – 68)  of a fi xed 
exponent of 0.75 for basal metabolic rate or drug clearance 
(these two terms are unrelated but many fail to recognize 
this difference), the investigative studies of many with ex-
perimental data suggest that the concept of exponent 0.75 is 
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 Table 1      Predicted and observed clearance (mL/min) in children  ≤ 3 months.  

Drugs/age a Observed CL
(mL/min)

Predicted CL
(0.75)

Predicted CL
(1.0)

Predicted CL
(1.2)

 %  Error
(0.75)

 %  Error
(1.0)

 %  Error
(1.2)

Morphine  (18) 
   24 – 41 weeks (GA) 5.7 78 30 14 1276 426 144
    < 1 week 23 148 70 38 551 208 69
   1 week – 2 months 35 161 78 44 357 122 25
Fentanyl  (19, 20) 
    < 2 days 29 65 27 13 121  – 9  – 55
   0.5 – 7 days 44 77 33 17 74  – 24  – 61
   1 – 71 days 96 129 67 39 34  – 31  – 59
   0.5 – 14 days 38 84 37 20 120  – 2  – 48
    < 1 month 52 92 43 23 78  – 18  – 55
Midazolam  (21, 22) 
   1 – 7 days (PT) 2.5 32 13 6.5 1184 428 159
   1 – 7 days (term) 5 44 20 10.5 770 296 111
   34 – 41 weeks (GA) 21 45 20 11.0 112  – 3  – 48
Propofol  (23) 
 4 – 25 days 57 159 69 35 180 20  – 39
Theophylline  (3, 24) 
   1 – 7 days (PT) 0.6 3.2 1.3 0.6 448 126 11
   7 – 28 days (PT) 1.5 4.3 2.0 1.0 183 29  – 32
   1 – 7 days 1.0 4.8 2.2 1.2 401 136 28
   7 – 28 days 1.6 5.9 3.0 1.7 275 90 9
   3 – 15 days 1.2 5.4 2.6 1.5 348 120 24
   25 – 57 days 3.8 7.3 4.0 2.4 92 4  – 37
   1 – 3 months 2.8 6.4 3.3 1.9 124 16  – 32
Caffeine  (3) 
   1 – 7 days (PT) 0.2 6.8 2.8 1.4 3043 1192 535
   7 – 28 days (PT) 0.6 9.2 4.2 2.2 1438 600 273
   1 – 3 months 4.2 13.5 7.0 4.1 225 68  – 1
Linezolid  (25) 
   Preterm  < 1 week 4 8.3 3 1.7 107  – 15  – 58
   Full-term  < 1 week 11 11.2 5 2.7  – 1  – 55  – 76
    > 1 week  < 28 days 20 13.9 7 3.8  – 32  – 67  – 81
    > 28 days –  < 3 months 30 17.7 9 5.6  – 40  – 68  – 81
Vancomycin  (3) 
   7 – 28 days (PT) 3.3 8.8 4.0 2.1 163 20  – 36
   1 – 7 days (term) 2.5 8.8 4.0 2.1 250 60  – 15
   7 – 28 days (term) 3.8 10.9 5.3 3.0 183 39  – 22
   1 – 3 months 10.0 12.8 6.7 3.9 28  – 34  – 61
Gentamicin  (3) 
   1 – 7 days (PT) 1.7 7.4 3.0 1.5 329 76  – 13
   7 – 28 days (PT) 5.2 10.0 4.5 2.4 94  – 12  – 53
   1 day (term) 3.0 10.0 4.5 2.4 236 53  – 18
   1 – 7 days (term) 4.1 10.0 4.5 2.4 142 10  – 41
   7 – 28 days (term) 7.3 12.4 6.0 3.4 70  – 17  – 53
Furosemide  (26, 27) 
   2 – 58 days (PT) 0.15 7.9 2.9 1.3 5154 1851 783
   1 – 18 days (term) 0.48 12.4 5.3 2.7 2480 1014 469
   3 – 32 days 0.52 10.9 4.5 2.2 1997 767 328
Methotrexate  (28) 
   0 – 3 months 17 18 9 4.8 3  – 50  – 72
Amphotericin B  (29) 
   17 days 0.13 0.59 0.19 0.08 357 48  – 39
Ertythromycin  (30) 
   1.5 days 33 47 21 11 42  – 35  – 66
   15 days 32 53 25 14 66  – 22  – 57
   29 days 39 58 29 16 50  – 26  – 59
Cisapride  (31) 
   31 days 13 30 12 6 125  – 11  – 57
   41 days 37 44 20 11 19  – 46  – 71
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Drugs/age a Observed CL
(mL/min)

Predicted CL
(0.75)

Predicted CL
(1.0)

Predicted CL
(1.2)

 %  Error
(0.75)

 %  Error
(1.0)

 %  Error
(1.2)

Alfentanil  (19) 
   27 – 36 weeks (GA) 4.4 25 10 5 475 136 16
   0 – 4 days 5.3 30 13 7 464 145 26
Ketamine  (18) 
    < 3 months 53 137 67 33 158 26  – 38
Meropenem  (32) 
   5 – 44 days 3 12 4 2 314 47  – 36
Moxalactam  (33) 
   0 – 7 days 1.2 4.9 1.9 0.9 312 55  – 29
   0 – 7 days 3.0 8.1 3.6 1.9 170 20  – 38
   7 – 28 days 3.0 8.8 4.0 2.1 192 33  – 29
Cefoperazone  (34) 
   GA 33 – 36 weeks (PT) 0.8 3.5 1.3 0.6 361 67  – 26
   GA 27 – 32 weeks (PT) 2.0 7.1 3.3 1.8 257 64  – 12
   GA > 37 weeks (term) 3.5 7.8 3.7 2.0 124 6  – 42
Pleconaril  (35) 
   7 – 18 days 91 44 21 12  – 52  – 77  – 87
Zidovudine  (36, 37) 
   5.5 days (PT) 3.1 90 32.8 15 2810 959 372
   17.7 days (PT) 9 130 53.4 26 1376 507 198
    < 14 days (term) 31 167 74.8 39 439 141 27
    > 14 days (term) 61 185 85.4 46 203 40  – 24
Fluconazole  (38) 
   1 day 0.16 0.76 0.26 0.1 377 61  – 33
   7 days 0.30 0.76 0.26 0.1 155  – 14  – 64
   13 days 0.52 0.83 0.29 0.1 59  – 45  – 77
Isepmacin  (39) 
   0 – 7 days 2.2 6.8 2.8 1.4 210 27  – 37
   0.6 – 2.9 months 10.7 13.5 7.0 4.1 27  – 35  – 61
Acetaminophen  (40) 
   27 – 35 weeks GA 3.8 22.9 9.4 4.6 502 147 21
   37 – 40 weeks GA 9.4 41.5 19.3 10.5 341 105 12
    < 1 day 7 27.0 11.8 6.0 286 68  – 14
    > 10 days 7.2 31.0 14.1 7.5 330 96 4
Bupivacine  (18) 
   1 – 21 days 12 53.1 24.5 13.2 342 105 10
Salbutamol  (41) 
   54 – 105 days 17 39.6 16.7 8.3 133  – 2  – 51
Famotidine  (42, 43) 
   0 – 3 months 13 58.1 28.4 16.0 347 118 23
   5 – 19 days 15 85 47 29 467 213 93
Indomethacin  (3) 
   7 – 28 days 0.42 9.2 4.2 2.2 2098 900 433
Piperacillin  (44) 
   29 – 31 weeks GA 1.7 10.3 3.6 1.5 508 112  – 10
   33 – 35 weeks GA 4.5 20.5 9.0 4.6 356 100 2
   38 – 42 weeks GA 8.6 26.4 12.6 6.9 207 47  – 20
Ceftazidime  (45) 
   Day 3 0.58 4.8 1.7 0.8 735 198 30
   Day 10 0.84 5.1 1.9 0.8 511 122  – 1
Netilmicin  (46) 
   GA 23 – 28 weeks (PT) 4.4 3.5 1.2 0.5  – 20  – 73  – 89
   GA 29 – 32 weeks (PT) 6.8 4.0 1.4 0.6  – 41  – 79  – 91
   2 – 16 days 2.8 7.9 3.5 1.8 183 25  – 35
Amoxicillin  (47, 48) 
   29 weeks GA 1.0 8.5 3.1 1.4 751 207 36
   10 – 52 days 6.81 13.9 5.9 3.0 104  – 13  – 56
Ibuprofen  (49) 
   22 – 31 weeks GA 0.034 2.2 0.8 0.3 6449 2135 846

(Table 1 continued)

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:06 AM



30  Mahmood: Drug clearance in children 3 months and younger

Drugs/age a Observed CL
(mL/min)

Predicted CL
(0.75)

Predicted CL
(1.0)

Predicted CL
(1.2)

 %  Error
(0.75)

 %  Error
(1.0)

 %  Error
(1.2)

Meperidine  (50) 
   Preterm 22.4 85.8 35.7 17.7 283 59  – 21
   Term  < 1 week 29.4 125.8 59.5 32.7 328 102 11
   Term  > 3 weeks 61.9 166.9 86.7 51.3 170 40  – 17
Rifampicin  (51) 
   11 – 55 days 5.8 14.4 5.6 2.6 148 4 57

    a Numbers in parenthesis are reference numbers. GA, gestational age; PT, preterm.   

(Table 1 continued)

theoretical and without any merit  (64, 69 – 74) . There is no 
place for any fi xed exponent in allometric scaling because the 
exponents of allometry are data-dependent. 

 Although others reported that the exponent of basal meta-
bolic rate and body mass is 0.75 in mature animals, it does 
not seem that this concept is true when animals at different 
stages of development are used  (71, 75, 76) . In humans, a 
study by Brody indicated different slopes for basal metabo-
lism. For example, in males for ages 0 – 3   years, 3 – 16   years, 
16 – 31   years, 31 – 60   years, and over 60   years, the exponents 
of basal metabolism were 1.02, 0.59, 0.65, 0.56, and 0.55, 
respectively. In females, for ages 0 – 3   years, 3 – 16   years, 
16 – 31   years, 31 – 60   years, and over 60   years, the exponents 
of basal metabolism were 1.05, 0.64, 0.46, 0.38, and 0.57, 
respectively  (75) . 

 This view was also supported by Wieser  (76)  who also 
maintained that the rate of metabolism of a mammal changes 
during its development through various life stages. In each of 
these stages, the allometric exponent for metabolism is differ-
ent than the other stages. For example, he mentions that the 
exponent for a growing fetus is similar to a maternal organ but 
there is a rapid increase in the exponent after birth. McMahon 
and Bonner  (77)  pointed out that a log-log plot of arm length 
against body height resulted in two slopes. The slope at the 
early stages of development is 1.2 and it is 1.0 at the later 
stages of development. 

 In light of above examples and considering that the slopes 
of basal metabolism vary during different stages of life, it is 
not logical to use a universal exponent across all age groups 
for the prediction of drug clearance in children. The current 
analysis further supports the views of Chappell and Mordenti, 
Wieser, and McMahon and Bonner. 

 Table 2      RMSE and the number of drugs within different categories 
of percent error in the prediction of clearance in neonates  ≤ 3 months 
(n = 90).  

Error Exp 0.75 Exp 1.0 Exp 1.2

 %  RMSE 42.5 15.3 12.1
 %  Error
    ≤ 30    6 27 32
    ≤ 50 12 40 50
   51 – 99    8 18 28
    ≥ 100 70 32 12

 In this study, although exponent 1.2 was found the most 
suitable exponent for the prediction of drug clearance in chil-
dren  ≤ 3 months old, there could be exceptions. For example, 
for morphine, exponent 1.2 was the best exponent for the 
 prediction of drug clearance in all three age groups, yet for 
fentanyl, exponent 1.0 was found to be better than 1.2 in all 
fi ve age groups. It is therefore practically impossible to select 
a best exponent for every drug. As a result, one has to rely on 
an exponent which performs reasonably well across most of 
the drugs. In this particular case, it seems that the exponent 
1.2 performs better for most of the drugs than exponent 1.0 for 
the prediction of drug clearance in children  ≤ 3   months old. 

 It should be noted that the methods II and III (exponent 1.0 
and 1.2) as compared to method I (exponent 0.75) could help 
in reducing the prediction error but not necessarily provide 
an accurate prediction of drug clearance in children. For ex-
ample, the prediction error in morphine clearance in children 
24 – 41   weeks of gestational age was 1276 % , 426 % , and 144 %  
by exponent 0.75, 1.0, and 1.2, respectively. Although, expo-
nent 1.2 substantially improved the prediction of morphine 
clearance in the children (24 – 41   weeks of gestational age) 
as compared to exponent 0.75 or 1.0, yet the prediction error 
by exponent 1.2 was 144 %  which might not be acceptable 
in real life situations. Despite this uncertainty in the predic-
tion of drug clearance in children, a given method could be 
more acceptable than other methods. For example, out of 90 
observations in children  ≤ 3 months, 78 observations (87 % ) 
had less than 100 %  prediction error by exponent 1.2, whereas 
58 observations (67 % ) had less than 100 %  prediction error 
by exponent 1.0. The worst prediction was obtained by ex-
ponent 0.75; there were only 20 (23 % ) observations with less 
than 100 %  prediction error. Thus, uncertainty in the predic-
tion of drug clearance in certain age groups of children does 
exist, yet a given method could prove to be more accurate 
than other method(s). 

 The current method adds to all other available methods 
which are attempts to predict drug clearance in children. It 
should be noted that none of the currently available methods 
(including the current proposed method) is perfect and will 
predict drug clearance in children with different degrees of 
 accuracy and error. The prediction error by a particular meth-
od cannot be conceived a priori because a particular method 
can yield a good prediction for a given drug for a given age, 
yet that method could prove to be highly erratic for another 
drug for the same age group. Therefore, the suggested method 
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is not a substitute for a clinical trial in children and an accurate 
estimate of pharmacokinetic parameters in children for a drug 
can only be obtained by conducting a true pharmacokinetic 
study. However, the practical application and importance of 
allometry for the prediction of drug clearance in children can-
not be ignored because predicted clearance values (although 
with some prediction error) can be very useful.  

 Table 3      Predicted and observed clearance (mL/min) in children  > 3 months and  ≤ 1 year.  

Drugs/age a Observed CL
(mL/min)

Predicted CL
(0.75)

Predicted CL
(1.0)

Predicted CL
(1.2)

 %  Error
(0.75)

 %  Error
(1.0)

 %  Error
(1.2)

Morphine  (18) 
   2 – 6 months 132 227 124 76 72  – 6  – 42
Fentanyl  (19, 20) 
   1 – 12 months 107 79 146 48  – 27 36  – 55
Caffeine  (3) 
   3 – 12 months 13.7 19.3 11.2 7.3 41  – 18  – 47
Vancomycin  (3) 
   3 – 12 months 13.3 18.3 10.6 6.9 37  – 20  – 48
Methotrexate  (28) 
   6 – 12 months 39 29 17 11.1  – 24  – 56  – 72
   0 – 1 year 71 27 15 9.5  – 62  – 79  – 87
AmphotericinB  (29) 
   1 – 8 months 7.2 0.9 0.4 0.2  – 87  – 95  – 97
Omeprazole  (3) 
   0.25 – 1 year 47 93 53 33 99 12  – 30
Nizatidine  (52) 
   0.46 year 76 123 67 41 62  – 12  – 46
Alfentanil  (19) 
   0.3 – 0.9 year 62 92 53 34 49  – 15  – 46
Cefetamet  (53) 
3.5 – 11 months 15 27 16 9 78 3  – 40
Meropenem  (54) 
   2 – 5 months 17 33 16 9 92  – 6  – 47
Cefepime  (55) 
   2 – 6 months 10 14 7 4 42  – 32  – 63
Rapacuronium  (56) 
   2 – 11 months 50 94 54 35 88 8  – 30
Famotidine  (42, 43) 
    > 3 – 12 months 50 83 46 28 66  – 9  – 43
Ciprofl oxacin  (57) 
   3 months – 1 year 67 82 46 29 23  – 31  – 57
Trovofl oxacin  (58) 
   4 – 12 months 15 18 10 6 19  – 36  – 60

    a Numbers in parenthesis are reference numbers.   

 Table 4      RMSE and the number of drugs within different categories 
of percent error in the prediction of clearance in infants  > 3 months 
and  ≤ 1 year (n = 17).  

Error Exp 0.75 Exp 1.0 Exp 1.2

 %  RMSE 35.7 17.6 26.9
 %  Error
    ≤ 30 3 11    3
    ≥ 50 8 16 11
   51 – 99 9    1    6
    ≥ 100 0    0    0

  Conclusions 

 The current analysis is an attempt to improve the prediction 
of drug clearance in children  ≤ 1   year old. Although exponent 
1.0 or body weight normalized clearance in children for this 
age group provides a very reasonable prediction of drug clear-
ance, it appears that an improvement in the prediction of drug 
clearance in children  ≤ 3   months can be obtained by a slight 
change in the approach. Therefore, I suggest the following for 
the prediction of drug clearance in children  ≤ 1   year of age:

   If the age of the child is  • ≤ 3   months, then the exponent 1.2 
should be used in Eq. [2].  
  If the age of the child is  • > 3   months and  ≤ 1   year, then ex-
ponent 1.0 should be used in Eq. [2]. It must be recognized 
that application of 1.2 in Eq. [2] for children  > 3   months 
old could substantially underestimate predicted clearance 
as shown in Table  3 .  
  Exponent 0.75 should not be used at all for the afore-• 
mentioned age groups as this approach will substantially 
overpredict the drug clearance.  
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  The suggested approach could be used to estimate a fi rst-• 
in-children dose in clinical trials based on the knowledge 
of observed adult clearance and predicted clearance in 
children. It should also be noted that in some instances 
exponent 1.2 in children  ≤ 3   months underpredicted drug 
clearance. A better approach could be to obtain a range of 
drug clearance values in this age group by using both expo-
nents (1.0 and 1.2) and then use the scientifi c judgment to 
select fi rst-in-children dose.  
  Although the current proposed method provides a reason-• 
able degree of accurate prediction of drug clearance (which 
is a mean value within a given age group) in children, this 
approach might not be applicable for the prediction of drug 
clearance for an individual child in the age group reported 
in this study (1   year or less).     
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