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Abstract

Glomerular filtration rate (GFR) is an important measure of renal function. Various models for its maturation have recently been compared; however,
these have used markers, which are subject to different renal elimination processes. Inulin clearance data (a purer probe of GFR) collected from the
literature were used to determine age-related changes in GFR aspects of renal drug excretion in pediatrics. An ontogeny model was derived using
a best-fit model with various combinations of covariates such as postnatal age, gestational age at birth, and body weight. The model was applied to
the prediction of systemic clearance of amikacin, gentamicin, vancomycin, and gadobutrol. During neonatal life, GFR increased as a function of both
gestational age at birth and postnatal age, hence implying an impact of birth and a discrepancy in GFR for neonates with the same postmenstrual
age depending on gestational age at birth (ie, neonates who were outside the womb longer had higher GFR, on average). The difference in GFR
between pre-term and full-term neonates with the same postmenstrual age was negligible from beyond 1.25 years. Considering both postnatal age
and gestational age at birth in GFR ontogeny models is important because postmenstrual age alone ignores the impact of birth.Most GFR models use
covariates of body size in addition to age. Therefore, prediction from these models will also depend on the change in anthropometric characteristics
with age. The latter may not be similar in various ethnic groups, and this makes the head-to-head comparison of models very challenging.
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The glomerular filtration rate (GFR) is an important
marker of renal function. There are several published
models that estimate GFR based on the clearance of
endogenous (creatinine) or exogenous (eg, mannitol, io-
hexol, inulin, and aminoglycosides) compounds. Non-
linear mixed-effects modeling of renally cleared drugs
such as amikacin,1-3 gentamicin,4-9 and vancomycin10 is
often used to show the development of renal function
in pediatrics.11 This approach predominantly uses age
as either “postnatal age,” “gestational age at birth,”
“postconceptional” or “postmenstrual age”12-14 com-
bined with body weight (BW) as significant covariates
in population pharmacokinetic (PopPK) models. How-
ever, using age in the form of postmenstrual age or
postconceptional age alone in these models undermines
the effect of birth on the development of renal function.
A number of PopPK models proposed postnatal age,
gestational age at birth, and BW as ideal covariate
candidates to reflect the rapid development of GFR in
the first few days after birth. The scope of these models,
however, is limited to specific drugs.9,10,15-17

Serum creatinine has been historically used as a
marker of renal function in the clinic because of its
ease of measurement. Recent in vitro and in vivo stud-
ies, however, suggest involvement of active processes
beyond glomerular filtration via transporters, such
as organic cation transporter (OCT) 2,18,19 OCT3,20
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organic anion transporter (OAT)2,21 multidrug and
toxin extrusion protein (MATE) 1, andMATE2-K.22-24

Recently, Cheung et al25 and Li et al26 reported the
ontogeny of several renal transporters and showed that
expression of OCT2 but not MATE1 and MATE2-K
increased with age. Because expression and activity of
the transporters involved in active tubular secretion of
creatinine could change with age, which may not nec-
essarily be in parallel with maturation of the filtration
mechanism, it is likely that the GFR measurements
based on serum creatinine are influenced by age-related
changes in transporter protein expression. Hence, the
use of such clearance values as an indication of GFR
could be misleading. To overcome this problem, a
pure marker of GFR is required that only reflects
filtration in nephrons. Among the substrates used for
the measurement of GFR, the clearance of inulin is
regarded as the “gold standard.”27

The GFR can be predicted from different models
reported in the literature. Direct comparison of models
in the form of renal function versus age, however, is
challenging, especially if the measures related to “size”
were not similar as an input covariate. Thus, the relative
prediction of these models (for average renal function
vs age) will change depending on the population and
associated body size with age.11,14,28,29

There are multiple aims in the current study, but the
most important aims are:

• To reexamine the ontogeny function for GFR mat-
uration, using inulin clearance as a purer and more
accurate marker of GFR, which avoids the aforemen-
tioned issues with transporter ontogeny.

• To determine the impact of birth as a step change on
GFR maturation in preterm and full-term neonates.
To distinguish the GFR changes associated with pre-
natal and postnatal age, we have used gestational age
at birth, postnatal age, and BW as covariates in the
model to showwhether, for a fixed postmenstrual age,
subjects born more preterm may have a higher GFR.
This may have clinical implications in calculating the
appropriate drug dose administered to infants with
the same postmenstrual age but different postnatal
age and vice versa.

• To examine application of this model for the predic-
tion of systemic clearance for renally cleared drugs.

• To explore the comparison between different models
when input parameters into the models are different.

Methods
Literature Search and Compilation of Database
The literature was searched for studies that reported
inulin systemic clearance values after intravenous infu-
sion covering the whole pediatric age range and young
adults from newborn to 25 years. Data were retrieved

fromPubMed andGoogle Scholar searches.Keywords,
in addition to inulin, were “clearance,” in combina-
tions with “pediatric,” “neonate,” “infant,” “children,”
“adults,” or “subject.” All the articles retrieved were
screened for relevance and the reference lists scanned
to identify other applicable articles. Studies that re-
port renal clearance of inulin at steady state during
a constant intravenous infusion were included, but
single-administration studies were excluded. In partic-
ular, information on the body weight, height, body
surface area (BSA), postnatal age, gestational age at
birth, postmenstrual age, and numbers of subjects was
extracted. Inulin clearance (GFR) values from these
studies were transformed to absolute values in units of
milliliters per minute from the originally reported units
using reported or calculated BSA, as discussed in the
following sections. Absolute clearance values (mL/min)
were normalized by the mean inulin clearance value
(114.3 mL/min) in healthy adult volunteers (age, 18-
25 years; mean BW, 79.4 kg; mean BSA, 1.97 m2) to
generate the fraction of adult values across the whole
pediatric population. Details of all inulin studies are
presented in Table S1 in the Appendix. Where possible,
individual values of intravenous inulin clearance were
used. Where individual values were not available, how-
ever, bootstrapping was carried out to generate individ-
ual values of age parameters (gestational age at birth
or postnatal age) and CL (mL/min or mL/min/m2). The
flow diagram in the supplementary material (Figure S1)
presents the methodology to arrive at final individual
age and inulin clearance values (mL/min). For age
parameters, reportedminimum andmaximum values in
the references were used to perform random sampling
from a uniform distribution, as described in the next
section. Where minimum and maximum values were
not available, reported mean and standard deviation
values were used to arrive at minimum and maximum
values using equation 1 and equation 2.

Agemin = AgeMean − (2 × SD) (1)

Agemax = AgeMean + (2 × SD) (2)

where Agemin and Agemax are minimum and maximum
values of postnatal age or gestational age at birth in the
study and AgeMean and standard deviation (SD) are the
reported mean and SD in that study for postnatal age
or gestational age at birth.

In this approach, assuming a normal distribution,
95% of age values fall within 2 SD around the mean,
and thereforeminimumandmaximumvalues of age pa-
rameters are estimated from equation 1 and equation 2.

For clearance values, random sampling was carried
out from a normal distribution. Bootstrapping and
random generation of individual values for postnatal
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age, gestational age at birth, and GFR are discussed in
the following section.

Bootstrapping, Random Number Generation, and Unit
Transformation
Bootstrappingwas carried out inMicrosoftOffice Excel
to generate individual inulin clearance, gestational age
at birth, and postnatal age values from the reported
mean and SD or the calculated range of these param-
eters, where individual values were not reported within
the references. This allowed us to generate individual
values from a clinical study and facilitated weighting for
the number of subjects during the model-fitting stage.
This also allowed us to account for the variability of age
and clearance in those studies.

Random sampling for age parameters was per-
formed from a uniform distribution in Microsoft
Office Excel using the Mersenne Twister algorithm
(MT19937) based on minimum and maximum values
of parameters (equation 3).

Agei = Agemin + RAND() × (Agemax − Agemin) (3)

where Agei, Agemin, and Agemax are the individual’s
age (postnatal age), minimum andmaximum age values
reported in the article or calculated from equations 1
and 2 and RAND() is an Excel function for random
number generation. For reported mean and SD values
in clinical studies, equation 1 and equation 2 were used
to calculate the minimum and maximum values, and
then equation 3 was used to generate individual values.
In full-term neonates, if there were no information on
gestational age at birth, minimum andmaximum values
of 37 and 42 weeks were assumed.

For inulin clearance, reported mean and standard
deviation from the studies were used to generate
a normal distribution for the number of subjects
in that report in Microsoft Office Excel using the
NORMINV(rand(), mean, SD) function. Normal dis-
tribution (NORMINV function in Excel) was used to
generate inulin clearance values normalized per BSA.
Samplingwas repeated if negative clearance values were
generated. If the age range of subjects was reasonably
narrow (ie, a few days in neonates) or in adults, in
whom significant age-related changes in demographics
were not expected, only random number generation
(uniform distribution) was used to produce individual
clearance values.

If the reported or generated clearance values were
in units of mL/min/1.73 m2 or mL/min/m2, BSA
was used to transform the units of GFR to mL/min.
For calculation of BSA, male height and weight
relationships in equation 4 to equation 7 were used.
Full-term height and BW relationships were based
on our in-house analysis based on data from UK
1996 growth charts (equations 4 and 5). For preterm

neonates, equations from Abduljalil et al30 were used
(equations 6 and 7).

Height = 0.0000176179 × Age7 − 0.00119874 × Age6

+0.0323848 × Age5 − 0.444112 × Age4

+3.2946 × Age3 − 13.2191

×Age2 + 33.75 × Age+ 52.62152 (4)

Bodyweight = 7.826 × (1.0 − exp (Age× −1.2))

+exp ((Height×0.0209)+(0.023×Age))
(5)

where Age is in years, BW is in kilograms, and height
is in centimeters.

Height = −43.205 × PMA2

+111.84 × PMA− 9.4871 (6)

Weight = PMA× (0.0373 ×Height)2.36 (7)

where postmenstrual age is measured in years.30

Where BW and height were calculated from the
above equations, an additional fixed CV (coefficient of
variation)= 15% for BWandCV= 6% for height based
on in-house analysis were applied to these parameters
before being used in BSA calculations. In full-term
neonates, the BSA calculation was done using Haycock
et al31 for BW below 15 kg and Du Bois and Du Bois32

for BW over 15 kg, the modified Meban equation was
used in preterm neonates.30,33

Model Building
A variety of models (exponential, linear, sigmoid,
Gompertz, and polynomial functions) were assessed in
Phoenix 7.0.0.2535 to obtain the best fit to the clinical
data. To avoid weighting for the size of clinical study
and at the same time benefit from the variability of
data, the reported individual or bootstrapped data were
included in the analysis. Body weight ratio (RBW, ratio
of present body weight relative to adult BWof 79.4 kg),
BSA ratio (ratio of present body surface area relative
to adult body surface area of 1.97 m2), postnatal age,
and gestational age at birth were tested as covariates
in the model. The information on these covariates was
provided in the majority of studies.

The best model fit from mathematical functions was
selected based on minimum −2LL and the uncertainty
(CV) on the estimated parameters; these functions are
presented below.

GFRRatio 1 = 0.01 + exp(P2×(GAB − 25)) × RP3
Bw

(8)
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GFRRatio 2 =
[(
P4 − (

0.01 + exp(P2×(GAB − 25))

×RP3
Bw

)) × PNAP5

P6P5 + PNAP5

+ (
0.01 + exp

(
P2×(GAB − 25)

)

×RP3
Bw

)] × RP10
Bw (9)

GFRRatio 3 =
[(
P4 − (

0.01 + exp(P2×(GAB − 25))

×RP3
Bw

)) × PNAP5

P6P5 + PNAP5

+(
0.01+ exp(P2×(GAB − 25))×RP3

Bw

)]

×RP10
Bw + P7 × exp(P8 × (PNA − P9))

(10)

where GAB is gestational age at birth, PNA is postnatal
age, and RBW is the ratio of individual body weight
to the average adult body weight of 79.42 kg. The
parameters in the equations above were P1, a fixed
fraction of the GFR value for viable neonates if born
before 25 weeks’ gestational age; P2, the rate of the
GFR increase during gestational age; P3, the allometric
exponent; P4, the maximum GFR ratio value between
birth and 10 years; P5, the sigmoidicity factor showing
how fast maximum level is reached; P6 (in weeks),
the age at which half-maximum value was reached
before 10 years; P7, the additional baseline; P8, the
rate of GFR increase after 10 years; P9 (in weeks), the
age for switch between postnatal models; and P10, the
allometric exponent.

Because there were no subjects born before 25 ges-
tational weeks in this analysis, the value for P1 was
fixed at a GFR ratio of 0.01 (1% adult GFR). This
value was derived based on average GFR ratios from 16
neonates less than 1 day old as a postnatal age and born
between 27 and 30 weeks of gestation. This value was
also estimated during the fitting exercise, and a similar
value of 0.01 was obtained.

If postnatal age was zero (at birth), GFR ratio 1
(equation 8), if postnatal age was less than 10 years (P9,
10 years), GFR ratio 2 (equation 9), and if postnatal
age was equal or greater than 10 years, GFR ratio 3
(equation 10) will be used to predict inulin clearance.

Equation 8 describes the model for GFR value at
birth according to gestational age at birth andBWratio.
Equation 9 and equation 10 predict the GFR value
after birth depending on postnatal age (weeks) and
BW ratio. Equation 10 predicts GFR using postnatal

age until 25 years. The switch between equation 9 and
equation 10 (P9) occurs based on a floating cutoff that
is automatically estimated during the fitting exercise in
Phoenix.

Model Application
The GFR model was developed based on all the re-
trieved inulin clearance data from the literature. This
model was applied to predict clearance values (mL/min)
of renally cleared drugs amikacin, gentamicin, van-
comycin, and gadobutrol in different age groups. The
clinical studies reporting amikacin, gentamicin, van-
comycin, and gadobutrol were identified with the same
methodology as described for inulin clearance. These
data are presented in Tables S2-S5. Amikacin, gen-
tamicin, vancomycin, and gadobutrol clearance values
(mL/min) were predicted using equation 11:

CLPredicted = CLAdult ×Ontgeny function (11)

where CLpredicted is the amikacin, gentamicin, van-
comycin, and gadobutrol clearance (mL/min) predicted
in different pediatric studies, CLadult is the mean adult
value of CL (mL/min) for these drugs based on meta-
analysis of data from adult sepsis patients with normal
renal function and ontogeny function is the prediction
from inulin model for that age. Adult clearance values
for these drugs from a meta-analysis of studies in
patients with infection were 93.9 ± 37.9 and 89.8 ±
39.3 mL/min for gentamicin34,35 and vancomycin (el-
derly subjects excluded),36 respectively. Amikacin clear-
ance for healthy subjects was 97.3 ± 15.0 mL/min.37,38

Vancomycin pediatric data used in this comparison
were from those studies that measured or monitored a
patient’s renal function during the course of therapy to
avoid nephrotoxicity.

Predicted versus observed clearancewas plotted, and
2-fold intervals were used to evaluate the predictions on
a logarithmic scale. Assuming the constant CV between
adults (CLadult) and pediatrics, standard deviations on
pediatric predictions (CLpredicted) were calculated and
added to the graph. The standard deviation from the
observed data was also added to the graph where
possible.

Prospective Prediction
The difference in GFR between preterm and full-
term neonates is expected to disappear later during
postnatal age. The inulin model was used to predict
postmenstrual age (in weeks) at which the difference
in GFR between preterm and full-term neonates is
less than 5%. For this purpose GFR fractions were
predicted at gestational ages at birth of 25, 28, 31, 34,
and 40 weeks and at fixed postmenstrual age of 32, 37,
40, and 105 weeks. The pattern of GFR development
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for these gestational ages at birth was established. The
reason for selecting these gestational ages at birthwas to
use the appropriate BW and height relationships based
on postnatal age and gestational age at birth provided
in the literature,39 instead of using the general post-
menstrual age-based equations that were used in inulin
model building. The equations reported by Troutman et
al39 allowed generation of BW and height at different
postnatal ages for the given gestational age at birth.
Unfortunately, these relationships are only limited to
certain gestational ages at birth and hence could not be
applied in the inulin model-building process.

Comparison of Models
The GFR predictions by some of the models reported
in the literature (Johnson, 2006; Rhodin, 2009 [empiri-
cal model]; De Cock et al, 2014; andWang, 2019 [PNA-
GA])11,29 were compared with the current model and
between themselves. In this comparison, average BW
and height changes with age for male children were
extracted from Japanese and Dutch growth charts and
used as input into the models (either directly as BW
or after combining with average height to give BSA).
The predicted average GFR values for each country
were plotted against age. The equations applied in this
comparison include:

GFR = (−6.1604 × BSA2) + (99.054 × BSA)

− 17.74 Johnson 2006

GFR =
(
BW
70

)0.632

× PMA3.33

55.43.33 × PMA3.33

×112 Rhodin 2009

GFR = CLGFR ×
(
BW
4

)BDE

and

BDE = 2.23 × BW−0.065 DeCock 2014

GFR =
(
BW
70

)0.75

× (1 − (0.404 ×
(
GAB

37

)3.3

×exp
(
−PNA×

(
0.693
20.8

))
)×121 Wang 2019.

TheWangmodel uses the compound adult clearance
value. In this case, the value of 121 mL/min based on
the Rhodin (2009) theoretical model is applied to the
Wang equation assuming normal renal function in all
subjects.

Results
Literature Search and Compilation of Database
Fifteen clinical studies, 688 subjects in total, reporting
intravenous inulin clearance data were included in the
analysis. Table S1 in the Appendix presents the details
of the clinical studies used in this analysis. The re-
ported individual inulin clearance values were used as
a fraction of the adult mean inulin clearance value of
114.3 mL/min from 38 adult subjects 18 to 25 years40-42

in the analysis.

Model Building
An ontogeny model consisting of 3 functions was de-
rived using the best-fit models for GFR values relative
to the mean adult inulin clearance (114.3 mL/min)
versus age. Estimated model parameters are presented
in Table 1. Three covariates including gestational age
at birth, postnatal age, and BW ratio were used in
the model. Body weight ratio in combination with
gestational age at birth significantly (P< .05) decreased
−2LL and improved the model-predicted GFR values
at birth and during postnatal age. Table S6 in the Ap-
pendix compares the −2LL values for different tested
models.

Figure 1A shows the inulin clearance values for
147 subjects from birth to 1-day-old for full-term and
preterm newborns and the fitted line from GFR ratio
1 (equation 8). Subjects reported to be born within
minutes and hours up to 1 day were included here (post-
natal age ≤1 day). This model provides the baseline
GFR value at birth for neonates born after 25 weeks
of gestation (lowest reported gestational age at birth in
the data set). GFR at birth increases as a function of
gestational age at birth and BW ratio. The exponential
line shows the best-fit model based on −2LL. The body
weight ratio is calculated in this model as the fraction
of adult average body weight. Figure 1B shows the
predicted versus observed GFR ratios and the 2-fold
intervals around the line of unity.

In neonates older than 1 day postnatal age, infants,
children, and adults, a Hill (279 subjects), and Hill
combined with an exponential (137 subjects) model
was used to account for postnatal age and BW ratio.
Figure 2 presents the age-related changes in fraction
of GFR as a function of postnatal age and RBW.
Figure 2A,B shows that the development of GFR
values is in agreement at older ages when postnatal and
postmenstrual age are almost the same. Figure 2C,D
demonstrates different GFR developmental patterns in
subjects younger than 45 weeks PMA. Subjects in Fig-
ure 2C are preterm and full-term neonates, but subjects
in Figure 2D are neonates and infants depending on
their gestational age at birth. Postnatal age (Figure 2C)
will provide a different picture compared with



164 The Journal of Clinical Pharmacology / Vol 61 No 2 2021

Table 1. Parameter Values for the Final GFR Model and Uncertainty Around the Estimated Parameters

Parameter Estimated Standard Error CV% Definition

P1a 0.009 0.001 40 A fixed fraction of GFR value for viable neonates if born before 25 weeks GAB

P2 0.039 0.03 84 Rate of GFR increase during gestational age
P3 1.434 0.20 14 Allometric exponent
P4 0.546 0.06 12 Maximum GFR ratio value between birth and 10 years
P5 0.481 0.06 12 Sigmoidicity factor shows how fast maximum level is reached
P6 (weeks) 7.200 5.39 75 Age at which half-maximum value is reached before 10 years
P7 0.051 0.02 44
P8 0.003 0.0004 15 Rate of GFR increase after 10 years
P9 (weeks)b 519.857 0.31 0.1 Age for switch between PNA models
P10 0.379 0.09 24 Allometric exponent

GFRRatio 1 = 0.01 + exp(P2×(GAB − 25)) × RP3
Bw

GFRRatio 2 = (((P4 − GFRRatio 1) × PNAP5

P6P5+PNAP5 ) + GFRRatio 1) × RP10BW
GFRRatio 3 = GFRRatio 2 + P7 × exp(P8 × (PNA − P9))
a
P1 the values for P1 are the mean,CV, and SE of GFR ratios for 16 less than 1-day neonates born between 27 and 30 GAB week to show the variability on this
parameter.
b
P9 is 10 years.

Figure 1. Fraction of adult GFR at birth increases with gestational age. The model predicts neonatal GFR as a fraction of the adult value (values in
mL/min, not normalized for body size), at birth in preterm and full-term neonates based on the gestational age at birth and body weight ratio. (A) GFR
ratio in neonates born with median body weight (50th centile) at different gestational ages.Gray area shows this model predictions for neonates born
with body weight within the 2nd and 98th centiles. (B) Predicted versus observed GFR ratios. The solid line is the line of unity, and broken lines are
2-fold intervals around the line of unity. The observed data and references are reported in Table S1 of the supplementary material.

postmenstrual age between 25 and 45 weeks
(Figure 2D). Including postnatal age and gestational
age at birth in the baseline model enabled the impact
of birth at a specific gestational age to be taken into
account, which could not be considered based solely
on using either gestational age at birth, postnatal age,
or postmenstrual age alone.

The left-hand panel in Figure 3 shows that for
neonates with similar postmenstrual age, babies with
lower gestational age at birth will have higher GFR val-
ues compared with neonates of the same postmenstrual
age who were born more mature (ie, effect of being
outside the womb). In additional to having different
GFR values at birth (based on their gestational age

at birth and BW), neonates will show different GFR
values for a given postmenstrual age compared with
those born at different gestational ages. These differ-
ences tend to disappear from about 1.25 years postnatal
age (105 weeks’ postmenstrual age). The right panel in
Figure 3 shows the same information from a different
angle. Figure 3 shows postmenstrual age at various
gestational ages at birth, highlighting that the effect of
birth (being premature or mature) certainly disappears
by postmenstrual age of 105 weeks.

Model Application
Figure 4 shows the model predictions when applied
to predict clearance for amikacin, gentamicin,
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Figure 2. Fraction of adult GFR value from birth across the whole age range (values in mL/min, not normalized for body size). (A) Fraction of GFR
versus postnatal age after birth until 25 years. (B) Fraction of GFR versus PMA until 25 years. (C) First 4 weeks of postnatal age from (A). (D) First few
postmenstrual age weeks for subjects younger than 45 postmenstrual weeks. Gray circles represent observed in vivo data as a fraction of GFR values
at each age relative to the mean adult reference value (114.3 mL/min). The black solid line is the best-fit models to the observed ratios. Observed
data are from the clinical studies reported in Table S1. The values of 500 and 1000 PNA weeks correspond to 9.6 and 19.2 years, respectively. (A) and
(B) are in agreement at higher ages, when postnatal and postmenstrual ages are almost the same. The observed data and associated references are
reported in Table S1 of the supplementary material.

vancomycin, and gadobutrol in different age groups
versus observed data. The horizontal error bars
show standard deviation on observed data (where
reported), and vertical error bars show standard
deviation for predictions based on adult CV. Figure 4
shows a systematic departure in preterm neonates for
amikacin, vancomycin, and gentamicin. Predictions
for gadobutrol in children are in close agreement with
inulin clearance. Although the data are limited in some
age groups, the overall trend shows improvement in
predictions with increasing age.

Comparison of Models
Body surface area (BSA) increases with age at different
rates in children from different countries. At a certain
age, children from different ethnicities may have differ-
ent BSAs (Figure 5). In general, Dutch and Japanese
children have the highest and lowest BSAs; however,
the difference between nationalities is not linear in each
age group. Japanese children have the lowest BSA at
birth but, at certain times during infancy, have a higher
BSA compared with children from China and Saudi

Arabia. Figure 6 shows predicted average GFR values
for pediatric subjects using models by Johnson et al28,
Rhodin et al24, an empiricalmodel,DeCock et al11, and
Wang et al29, maturation (GA, PNA) model. Figure
6 shows that the relative pattern of GFR with age in
models is dependent on the anthropometric measures
used to inform the models (Japanese [A, B, and C]
versus Dutch [D, E, and F] in this case).

Discussion
As opposed to focusing on any specific drug, under-
standing the ontogeny of various aspects of renal
function can enable prediction of renal clearance in
different pediatric populations for any drug. To achieve
this, the specific attributes associated with a particular
drug can be related to aspects of renal function and
predicted over time.

Creatinine clearance is commonly used as a measure
of GFR after accounting for the endogenous pro-
duction rate and its covariates (such as age, sex, and
weight). In studies in mice, however, estimated values
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Figure 3. Simulated GFR development from birth using different gestational ages at birth (A). The lines and associated symbols present the pattern
of GFR development from birth onward with postmenstrual age (weeks) for the given gestational age at birth. The circles indicate the GFR value at
birth for the given gestational age. Please note the y axis is on a logarithmic scale. Effects of increasing postmenstrual age on the GFR (B) as a ratio of
adult absolute value (mL/min) and not normalized for size in premature neonates of varying gestational ages at birth.

using creatinine clearance were higher compared with
simultaneous inulin clearance using bolus and infusion
methods.43,44 In a study in healthy volunteers, measured
inulin and creatinine clearance values were 105 and
117 mL/min, respectively.45 A comparison of creatinine
with inulin clearance ratios in adults, children, and
neonates showed that, in general, the ratios are more
than 1 in adults and below or close to 1 in the pediatric
age groups.45-48 Although these authors have applied
different methodologies, the results indicate creatinine
compared with inulin is excreted via additional mecha-
nisms thatmay not be fully developed in young subjects.
Recently the complexity of creatinine renal clearance
and the involvement of several transporters have been
highlighted.22,23 Therefore, measured serum creatinine
clearance is the net effect of both filtration and active
tubular secretion. The latter can be affected by changes
in the activity of transporters and therefore confound
the prediction of GFR based on serum creatinine.

This model was developed using inulin data, which
is considered the “gold standard” measure of GFR, to
avoid the risk of “contamination” of results because
of active tubular secretion or reabsorption. The main
aim was to investigate the effect of birth as a step
change on maturation of GFR. Birth is associated with
complex physiological changes to the cardiovascular,
respiratory, hematologic, central nervous, endocrine,
gastrointestinal, and renal systems in the newborn. The
latter includes increase in renal blood and reduction
in vascular resistance and increased urine output. All
these are likely to affect neonatal GFR, both during
birth and following umbilical cord clamping for the
subsequent hours and weeks.49-51 The model illustrates
that for a given postmenstrual age (weeks), neonates
born earlier (more preterm) have a higher GFR value,
suggesting faster ontogeny and/or a step change in

GFR maturation when the baby is outside the womb.
This increase in GFR seems to be an adaptation mech-
anism and follows the events that occurred after birth
and therefore are considered similar in all neonates. The
GFR difference does not persist between preterm and
full-term and tends to disappear beyond postmenstrual
age of 105 weeks (1.25 years of age), regardless of
gestational age at birth. Our model shows that the ab-
solute GFR (mL/min) reaches the half-maximal value
(54.8 mL/min) at about 12.5 years.

Assuming all neonates less that 1 day old are “just
born,” a relationship between GFR at birth and gesta-
tional age at birth was established. Each subject takes
the GFR at birth as a baseline and develops GFR with
postnatal age. In this way, the subjects have a different
starting GFR baseline depending on how mature they
are. If only postmenstrual age were used, however, this
difference could not be identified.

The covariates tested in model building were limited
to age, BW, and BSA, whereas others such as Apgar
score and critical illness may play a role in GFR
but, because of lack of available information for all
individuals, could not be tested in the current study.

Because the demographic data were not reported
for all subjects, bootstrapping and sampling techniques
were used, and some of demographic parameters were
predicted. The age was generated by uniform distri-
bution and then height, BW, and BSA were calcu-
lated based on the currently available relationships for
average male pediatric subjects. All the above could
have contributed to a large estimation error associated
with P2 (rate of GFR increase during gestational age)
and P6 (age at which half-maximum value is reached
before 10 years). It is important to recall that error
estimates for model parameters may not necessarily be
independent from one another and may reflect variance
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Figure 4. Predicted and observed CL values for gentamicin, amikacin, vancomycin, and gadobutrol. Solid line is line of unity, and dashed lines are 2-fold
intervals. Observed data for these drugs are presented in Table S3 to Table S6.

within the data set itself, whereas observing appropriate
covariance in parameters will retain goodness of fit.

Application of the inulin model to predominantly
renally cleared drugs shows a systematic departure
of clearance in preterm neonates. This observation is
consistent with lower than 1 ratio of creatinine, the
inulin ratio reported in newborns and infants.46,47 This
overprediction might indicate the contribution of other
mechanisms involved in elimination of these drugs
that develop at various rates in the preterm group.
The information on ontogeny of some transporters
has recently been published with some mRNA data in
the preterm, but there is a need for more data in this
area.25 It is important that drugs used for application
of the model are predominantly eliminated by GFR,
with minimal contribution from other processes. There

is incomplete evidence to confirm lack of involvement
of all renal transporters for all drugs applied to the
current model, and hence, all the intravenous systemic
clearance is attributed to GFR. Some data show van-
comycin is cleared through renal excretion as well
as nonrenal pathways including biliary excretion.52,53

Renal excretion was reported to be 89% in healthy
volunteers by Golper et al.45 Vancomycin is reab-
sorbed from kidney tubules by megalin receptors.54,55

Drug interaction studies in rat showed lack of in-
teraction with probenecid (OAT1) and nonsignificant
interactions with cimetidine (MATEs and OCT2) and
quinidine (P-glycoprotein).56 In rabbit kidney tubules,
vancomycin is actively secreted.57,58 For amikacin
and gentamicin, there is some evidence of secretion
and reabsorption.59-61 Gadobutrol is suggested as the
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Figure 5. Comparison of BSA (m2) versus age in children from different countries: (A) birth-2 years, (B) 2-12 years, (C) 12-16 years.BSA was calculated
using Haycock et al (1978) for BW below 15 kg and Du Bois and Du Bois (1989) for BW over 15 kg.

Figure 6. Predicted average GFR (mL/min) values in Japanese (A–C) and Dutch (D–F) pediatric subjects using different GFRmodels from the literature.

closest agent to inulin in terms of GFR.62 Gadobutrol
is not approved for use in infants and neonates, and
because of lack of data, the performance of inulin
model could not be evaluated in subjects younger
than 2 years for this drug. Another potential factor
contributing to this departure might be higher urine
pH in metabolic acidosis of preterm neonates because
of immaturity of ion transporters in early days that
affects the ionization and excretion of these drugs.63

Also, in our model, unlike Troutman et al,39 we have
included height as a pure function of postmenstrual
age, which does not account for gestational age at birth
of individuals in the model. The changes in height and
weight for these preterm babies might be different from
those growing inside the womb and might be another
contributing factor to this departure.

Filtration of drugs is affected by the fraction un-
bound (fu) and renal blood flow.64 Inulin is considered
completely unbound in plasma, and therefore, binding
covariates were not modeled. For the tested drugs, how-
ever, applying an fu correction to adult and pediatric
clearance values would improve the predictions espe-
cially in preterm neonates; however, this was outside the
scope of this study.

The pediatric clinical data are mainly from critically
ill patients, which can impact the pharmacokinetics of
drugs. To account for this effect to some extent, the
clearance data from adult sepsis patients with normal
renal function were used instead of clearance values
from healthy adult volunteers. It is not clear, however,
whether the renal function in some of these preterm
neonates was normal, and it is not clear if the diseased



Salem et al 169

state could differ between adults and preterm neonates.
For example, for the renin-angiotensin system that
regulates urine output to maintain fluids and blood
pressure shows higher plasma renin activity in preterm
compared with full-term neonates.65

When comparing the models that use or do not
use size as covariates, the difference in anthropometric
measurements should be considered, and comparison
should be made under different scenarios. Our simula-
tion results demonstrated thatGFRpredictions (vs age)
using various models in the literature will have different
relative values depending on the study population and
age-covariate relationship in that population. These
relative differences are more pronounced in younger
children. This comparison will require an independent
data set for a compound that is purely filtered in
glomeruli and known anthropometric measures of the
population.

Conclusion
Age-dependent “active secretion” limits creatinine use
as a pure measure of GFR ontogeny. A GFR ontogeny
model is built using inulin data, avoiding the impact
of active secretion. The model shows that birth has
an impact on GFR value, and neonates with the same
postmenstrual age who have been outside the womb
longer have higher GFR values compared with more
birth mature but younger neonates (with the same
postmenstrual age but shorter postnatal age). Prenatal
and postnatal GFR trajectories were distinguished.
This difference should be considered when renally
cleared drugs are administered to preterm neonates of
different gestational and postnatal ages. Application of
the GFR model to some renally cleared drugs tested
shows a departure from systemic clearance for these
drugs, indicating involvement of other mechanisms in
addition to GFR in the clearance of these drugs.
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