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Abstract Purpose: To evaluate the plasma protein
binding and pharmacokinetics of prednisolone during
therapeutic use in children with acute lymphoblastic
leukemia (ALL) using the population approach.
Methods: A two-compartment pharmacokinetic model
was used to describe data from 23 children with ALL
(aged 2-15 years). Prednisolone (60 mg/m? per day in
three divided doses) was administered both orally and
intravenously, and samples were obtained on several
days during the initial 5 weeks of remission induction
therapy. Unbound plasma concentrations (n=288)
were determined by HPLC and ultrafiltration. Non-
linear mixed-effects modeling (WinNonMix version
2.0.1) was used to estimate the pharmacokinetic
parameters, to identify significant covariates, and to
estimate the protein binding parameters. Results: Pred-
nisolone showed complete oral bioavailability. The
median unbound clearance (32 1/h per m?) was lower,
and the half-life (3.6 h) longer than previously reported
in childhood ALL. Body weight was a significant
covariate for the central and peripheral volumes of
distribution resulting in interindividual variabilities of
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50% and 42%. Including body surface area as a
covariate for clearance decreased the interindividual
variability to 14%. The estimated areas under the
unbound plasma concentration-time curves showed less
than twofold variation among patients, and a residual
variability of 20% indicated that the pharmacokinetic
parameters remained stable during induction therapy.
The estimated protein binding parameters were com-
parable to, but slightly lower than, previously published
values and independent of the albumin concentration.
Conclusions: The study showed complete oral bioavail-
ability, a lower unbound clearance and a longer half-life
for prednisolone than previously reported in childhood
ALL. Plasma protein binding was independent of the
albumin concentration. Due to the small inter- and
intraindividual variations in the pharmacokinetic
parameters, body surface area-based dosing is sufficient
to obtain similar systemic exposure among patients.

Keywords Acute lymphoblastic leukemia - Child -
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Introduction

Glucocorticoids have been used in the treatment of
leukemias for more than 50 years [36]. The adminis-
tration of glucocorticoids in acute lymphoblastic leu-
kemia (ALL) induces apoptosis of leukemic cells [19],
and a poor response to a 1-week prephase regimen of
prednisone (and one intrathecal dose of methotrexate)
has been shown to be of prognostic significance in
childhood ALL [38]. Furthermore, the in vitro sensi-
tivity to prednisolone, the active metabolite of predni-
sone, correlates with the residual leukemia following
4 weeks of remission induction therapy [46]. Despite
the widespread use of glucocorticoids in childhood
ALL, only a single pharmacokinetic study of prednis-
olone involving six patients has previously been
reported, which showed an up to fourfold difference in
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the pharmacokinetic parameters [6]. A study measuring
the urinary excretion of prednisolone metabolites in 19
children with ALL showed a large interindividual
variation [27].

Prednisolone exhibits dose-dependent pharmacoki-
netics with twofold changes in clearance and volume of
distribution in the therapeutic dose range of 5-40 mg
[44]. This dose-dependency is primarily due to nonlinear
binding to the plasma protein transcortin and results in a
change in protein binding from 95% at low prednisolone
concentrations to about 60% at high concentrations. The
pharmacokinetic parameters become essentially constant
when they are based on the unbound concentrations [24,
42, 44]. Prednisolone undergoes reversible metabolism to
the inactive prednisone. The reaction is catalyzed by
11p-hydroxysteroid dehydrogenase [8] and results in four
to ten times higher concentrations of prednisolone in
plasma [24, 44]. After an intravenous (i.v.) dose of
prednisolone, 15-20% is excreted unchanged in the urine
as the parent drug and 2-4% as prednisone. Urinary
6p-hydroxyprednisolone makes up 2-10% of an admin-
istered dose, and other metabolites include 20f-
hydroxyprednisolone (5-7%), 20a-hydroxyprednisolone
(3-5%) and 20p-hydroxyprednisone (< 1%) [15, 16, 24,
44].

The population pharmacokinetic (PPK) approach
offers the possibility of analyzing data from unbal-
anced and sparsely sampled studies [2, 30]. This is
especially relevant for the pediatric population where
intensive sampling is complicated by limited blood
volumes [7].

The purpose of the present study was to evaluate the
plasma protein binding and pharmacokinetics of pred-
nisolone during therapeutic use in children with ALL
using the population approach.

Materials and methods

Patients

The study included 23 children with ALL (aged 2 to 15 years)
diagnosed at The University Hospital, Rigshospitalet, Copenha-
gen, Denmark, from February 2000 until September 2001. The
patients did not differ significantly from the total number of
patients diagnosed in this period (n=35) with respect to age, sex,
immunophenotype, risk group assignment or white blood cell
count (WBC) at diagnosis. The Regional Ethics Committee and
the Danish Medicines Agency approved the study protocol.
Verbal and written information about the study was given to the
parents and written informed consent was obtained. If appro-
priate, informed consent was also obtained from the child.

Patient nos. 1-20 were treated according to the NOPHO ALL-
1992 protocol (The Nordic Society for Pediatric Hematology and
Oncology) and patient nos. 21-23 according to the NOPHO
ALL-2000 protocol. Risk classification was based on WBC at
diagnosis. Non-high-risk (n-HR) patients were those with WBC
<350x10%/1, and high-risk (HR) patients were those with WBC
>50x10°/1 and/or the presence of CNS or testicular leukemia, T
cell disease, a mediastinal mass, lymphomatous leukemia, chro-
mosomal translocations t(9;22) or t(4;11), or a day-15 M3 or a
day 29 M2 bone marrow [22].

Procedures

Prednisolone (60 mg/m> per day) was administered in three daily
doses during the first 36 days of remission induction therapy.
Concomitant chemotherapy consisted of weekly vincristine
(2.0 mg/m? x6), doxorubicin (40 mg/m? days 1 and 22; plus day 8
for HR patients on ALL-1992), and intrathecal methotrexate (10—
12 mg days 1, 8, 15 and 29). Prednisolone was administered orally
as either tablets or an oral solution (Prednisolone, SAD, Denmark)
or i.v. as the hemisuccinate ester of prednisolone (Solu-Decortin H,
Merck, Darmstadt, Germany). Intravenous prednisolone was
administered as a bolus injection into a peripheral vein during a
scheduled anesthetic procedure in order to avoid contamination of
the central venous catheter used for blood sampling. Fasting was
only required prior to i.v. administration. Between four and nine
blood samples were obtained over an 8-h period following the
morning dose of prednisolone on several days of induction therapy
after both oral and i.v. administration. Blood samples were drawn
into heparinized glass tubes, immediately cooled, and then centri-
fuged within 30 min (1500 g, 15 min at 5°C) for separation of
plasma. Plasma samples were stored at —20°C until analysis.

Bioanalysis

Quantification of plasma prednisolone

Plasma prednisolone was determined based on the methods de-
scribed by McBride et al. [29] and McWhinney et al. [31] with
minor modifications. A Merck Hitachi high-performance liquid
chromatography (HPLC) system with a Spherisorb RP-18
(250%4.6 mm, 5 um) column and a LiChrospher 100 RP-18e (5 pum)
guard column was used with UV detection at 254 nm. The mobile
phase consisted of tetrahydrofuran/deionized filtered water (28:72
v/v). The flow rate was 1.0 ml/min and the temperature 31°C.
Standard curves were linear in the range 0-2500 ng/ml. The intra-
day coefficient of variation (CV) was 7% at 20 ng/ml and 4% at
2500 ng/ml, whereas the interday CV ranged from 9% at 20 ng/ml
to 5% at 2500 ng/ml. The detection limit (signal-to-noise ratio
3:1) was 6 ng/ml and recovery was >90%. After thawing, 1 ml
plasma sample was mixed with 150 ul internal standard (fludro-
cortisone 150 ng) and 6 ml diethyl ether/chloroform (60:40 v/v).
The tubes were tightly capped, vortexed for 15 s and centrifuged at
1800 g for 10 min. The organic phase was aspirated and evapo-
rated to dryness under a stream of dry air. The residue was
reconstituted in 150 ul mobile phase and 50 ul was injected onto
the column.

Plasma protein binding of prednisolone

The plasma protein binding of prednisolone was determined as
previously described by Chakraborty et al. using ultrafiltration and
based on microplate scintillation counting (Topcount, Packard,
Downers Grove, Ill.) [5].

Data analysis

Population pharmacokinetics

A two-compartment pharmacokinetic model with first-order
absorption (for oral dosing) was used to describe the concentration
versus time data for prednisolone. Due to the nonlinear binding of
prednisolone to plasma proteins, the unbound fraction of pred-
nisolone was determined for each sample, and only the unbound
concentrations were modeled. Pharmacokinetic parameters esti-
mated were k, (first-order absorption rate constant), F (bioavail-
ability), V. (central volume of distribution), V|, (peripheral volume
of distribution), CL (systemic clearance) and CL4 (intercompart-



mental clearance). Secondary parameters estimated were t, > (half-
life), AUC (area under the plasma concentration-time curve), Vg
(volume of distribution at steady state) and Vg (volume of distri-
bution in the beta phase). The bioavailability was estimated by the
simultaneous fitting of oral and i.v. data. Prednisolone doses
administered within 48 h of blood sampling were entered in the
model along with the time of dosing. For patients with more than
one sampling day, data were entered as a continuous time stream.
Constant CV error models were used for the interindividual and
residual variabilities. The evaluation of the base model without
covariates was based on goodness-of-fit criteria including visual
inspection, examination of residuals, and the objective function
value.

The effects of the following covariates on the PPK model
parameters were examined: age, sex, risk group (n-HR versus HR),
WBC at diagnosis, weight, height, body surface area (BSA) [20],
body mass index, protocol day, fasting, the formulation of pred-
nisolone (oral solution, tablet, i.v.), and the concentrations of
albumin, serum creatinine, bilirubin, alanine aminotransferase
(ALAT), and coagulation factors II + VII + X. The distribution and
grouping of the covariates in the population are shown in Tables 1,
2, and 3. The weight/BSA ratio showed a twofold variation (22—
40 kg/m?) in the population indicating that BSA could not be
predicted from weight alone. The effect of each covariate on the
pharmacokinetic parameters was identified by forward univariate
analysis. A decrease in the objective function value of at least 3.84
(4%, P=0.05, df=1) was considered statistically significant. Sub-
sequently, all significant covariates identified in the univariate
analysis were included in a multivariable model, and backward

Table 1 Values of the continuous covariates in the population
(BSA body surface area, BMI body mass index)

Covariate Median® Range
BSA (m?) 0.8 0.6-1.8
BMI [kg/(hei§ht in m)*] 16 13-27
Protocol day - 2-31
Albumin (g/1)° 36 2346
Serum creatinine (mmol/1) 0.042 0.027-0.076

“For patients with more than one sampling day, the average of the
covariate was used to calculate the median for the population
®No median calculated for protocol day

“Twelve patients (52%) had decreased albumin according to age-
related criteria

9Three patients (13%) had decreased creatinine according to age-
related criteria

Table 2 The distribution and grouping of categorical covariates in
the population

No. (%)

Fasting Yes 30 (64)

No 17 (36)
Formulation Oral solution 4 (8)

Tablet 21 (45)

Intravenous 22 (47)
Liver function® 1 8 (17)

2 18 (38)

3 21 (45)

“Based on ALAT, bilirubin and coagulation factors IT+ VII+X.
1 All normal; 2 At least one parameter abnormal, but ALAT and
bilirubin increased less than three times and factors I+ VII+X
greater than 0.5 U/l; 3 ALAT or bilirubin increased more than
three times and/or factors I+ VII+ X less than 0.5 U/l
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elimination was performed to exclude covariates that resulted in an
increase in the objective function value of less than 6.63 (y2
P=0.01, df=1). The remaining, significant covariates were then
included in the final PPK model.

Estimates of the patient-specific pharmacokinetic parameters
were obtained from the final model by posthoc analysis. The PPK
analysis was performed by nonlinear mixed-effects modeling using
the first-order method in WinNonMix, version 2.0.1 (Pharsight
Corporation, Mountain View, Calif.). Initial pharmacokinetic
parameter estimates were obtained by naive pooled analysis. The
validity of the AUC estimates was evaluated by comparison with
estimates obtained by noncompartmental analysis using the
trapezoidal method in WinNonlin, version 2.1 (Pharsight Cor-
poration).

Modeling of protein binding

The binding of prednisolone to the plasma proteins transcortin and
albumin can be described by the following equation when no cor-
tisol is present in plasma:

Biax1 - D

I_TMTII.DILJ"KM'DL(“FDL( (1)
where Dy and Dy, represent the total and unbound concentra-
tions of prednisolone in plasma, K, is the affinity constant for
transcortin, and B, and K, are the binding capacities of
transcortin and albumin. A population approach was used to ob-
tain estimates of By,.x1, Kj and K, and the albumin concentration
was tested as a covariate for K.

The modeling was performed independently of the PPK anal-
ysis. Protein binding measurements for each patient obtained on
different days of induction therapy were pooled and modeled to-
gether, and the average albumin concentration was used. Constant
CV error models were used for the interindividual and residual
variabilities and the modeling was performed by the conditional
first-order method using WinNonMix. Initial parameter estimates
were obtained from the literature [4, 14, 33, 41].

Diotar=

Statistics

Apart from the covariate analysis, all statistical data analyses were
performed using SAS, Version 8.02 (The SAS Institute, Cary,
N.C.). The Wilcoxon rank sum test, the two-sample ¢-test and
Spearman’s rank correlation test were used to test possible differ-
ences between patient groups. P-values less than 0.05 were con-
sidered statistically significant.

Results
Population pharmacokinetics

Blood samples were obtained after 47 doses of prednis-
olone in 23 patients (25 oral and 22 i.v.; median dose
20.8 mg/m?, range 18-24 mg/m?). The patients were
studied on 1 to 4 days during induction therapy, and 11
patients had samples taken after both oral and i.v. doses
(Table 3). A total of 288 blood samples were obtained
(median 12 per patient).

Plots of observed versus predicted unbound predniso-
lone concentrations are shown in Fig. 1 for the complete
dataset, and examples of individual predicted versus ob-
served plasma concentration-time profiles are shown in
Fig. 2. Prednisolone appeared in plasma soon after both
oral and i.v. administration, indicating that the oral
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Table 3 Patient characteristics and estimated pharmacokinetic parameters of unbound prednisolone (WBC white blood cell count at

diagnosis, n-HR non-high-risk group, HR high-risk group)

Patient Age Sex  Risk group WBC Weight Height No. of CL CLg4 V. (I/m?) Vo (1/m?) ti2 (h) AUC
(years) (M/F)(n-HR/HR) (x10°/l) (kg)* (cm)* samples/days (I/h/m?) (I/h/m?) (ng-h/ml)®
1 34 M HR 25 14.7 103 4/1 323 19.1 39.3 41.9 2.8 611
2 85 M HR 143 28.0 132 112 30.1 12.2 57.1 38.6 3.6 687
3 3.1 M n-HR 25 17.0 101 6/1 31.8 17.9 443 46.7 3.3 693
4 52 M HR 27 18.4 116 6/1 31.7 16.1 50.1 37.8 2.9 616
5 111 F n-HR 9.4 42.0 152 16/3¢ 30.0 9.3 31.8 49.3 5.0 780
6 24 M HR 48 14.2 98 6/1 28.0 19.9 36.4 37.9 2.7 1030
7 63 F n-HR 11 18.5 108 6/1 33.7 16.5 27.0 489 3.3 632
8 52 F n-HR 1.2 24.4 120 12/2 32.4 13.7 453 57.6 45 696
9 54 M HR 65 18.2 113 18/3 31.8 16.4 78.4 43.0 3.6 644
10 92 M HR 22 49.2 140 18/3¢ 33.7 8.9 55.8 41.1 4.3 646
11 74 F n-HR 2.6 28.3 133 17/3¢ 28.4 12.1 10.5 43.9 3.7 819
12 74 M n-HR 1.4 26.0 133 21/3° 32.1 12.6 37.8 48.5 4.0 759
13 137 M n-HR 6.0 44.1 165 12/2¢ 29.9 8.8 53.7 53.8 5.8 784
14 49 M n-HR 13 21.1 110 11/2 26.6 155 52.6 87.2 6.8 1004
15 98 F HR 628 36.0 131 11/2¢ 26.3 10.8 37.9 50.1 49 1012
16 27 M n-HR 6.0 13.7 92 10/2 243 20.9 452 473 3.6 855
17 68 M HR 206 19.3 113 21/3¢ 24.8 15.9 23.0 40.2 3.2 811
18 43 M HR 790 17.9 112 12/2¢ 36.0 16.6 45.5 39.0 2.7 687
19 152 F n-HR 16 73.7 166 32/4° 323 6.7 63.0 65.3 7.2 695
20 57 F n-HR 2.7 19.7 122 12/2¢ 33.1 15.1 28.8 37.8 2.7 803
21 29 M n-HR 5.5 13.1 99 5/1 33.8 20.6 45.0 39.3 2.6 659
22 38 M n-HR 0.7 15.0 102 14/2¢ 32.0 19.0 43.7 33.1 2.5 664
23 53 M HR 117 24.2 125 7/1 30.8 13.5 38.3 36.0 3.0 743
Median 5.4 16 19.7 116 12/2 31.8 155 443 43.0 3.6 696
Range 2.4-15.216/7 13/10 0.7-790 13.1-73.7 92-166  4-32/1-4  24.3-36.0 6.7-20.9 10.5-78.4 33.1-87.2 2.5-7.2 611-1030

“For patients with more than one sampling day, the average value is shown

®Normalized based on a dose of 20 mg/m>
“Samples obtained after both oral and i.v. administration

absorption and the hydrolysis of the i.v. ester occur rap-
idly. The i.v. doses yielded a biexponential disposition,
and for the oral doses the maximum plasma concentration
(Cax) and time to Cax (Thhax) showed median values of
221 ng/mland 1.3 h. Further, the plasma profiles for oral
and i.v. dosing indicated a high oral bioavailability.
Inclusion of an oral absorption lag time in the PPK model
was attempted, but resulted in negligible estimates.

The estimated pharmacokinetic parameters are
shown in Table 3 and their interindividual variabilities
in Table 4. The interindividual variability in k, and CLq4
could not be accurately estimated and only the popula-
tion estimates were obtained. Complete absorption of
prednisolone after oral administration was seen with an
estimated F of 1.0 (range 0.9-1.2) and a negligible in-
terindividual variability of 0.1-0.2%. The absorption
rate constant, k,, was estimated to 1.35 h™!. The esti-
mated CL (median 32 I/h per m?) and dose-normalized
AUC (median 696 ng-h/ml) differed less than twofold
among individuals, whereas V., V,,, Vi, and Vg showed a
three- to sevenfold variation with median values of 44,
43, 86 and 150 1/m? and ranges of 54-140 and 110-393 1/
m? for Vg and V. Further, a median t;,, of 3.6 h with
an almost threefold range from 2.5 to 7.2 h was ob-
served. For 21 out of the 23 patients, the AUC estimates
obtained by nonlinear mixed-effects modeling were
within £20% of the estimates obtained by noncom-
partmental analysis, whereas they were within +50%
for the remaining patients (data not shown).

Tables 5 and 6 illustrate the influence of patient co-
variates on the pharmacokinetic parameters. The V. and
V,, values were linearly correlated with weight, while CL
was proportional to BSA. Taking these covariates into
account decreased the interindividual variability for the
final model compared to the base model as shown in
Table 4. This effect was especially pronounced for CL
where the variability decreased from 28% to 14% after
inclusion of BSA. In the final model, the patient-specific
CL values normalized for BSA were not related to sex
(medians: male 31.7 I/h per m?, female 32.3 1/h per m?;
P=0.84), age at diagnosis (r,=-0.05; P=0.81; Fig. 3),
WBC at diagnosis (rs=-0.27; P=0.28), risk groug
(medians: n-HR 31.8 I/h per m?, HR 31.7 1/h per m*;
P=0.48) or body weight (r,=-0.07; P=0.74). The
residual variability decreased from 25% in the base
model to 21% and 20% for oral and i.v. dosing,
respectively, in the final model.

Modeling of protein binding

The plasma protein binding of prednisolone was non-
linear in the observed concentration range as shown in
Fig. 4. The percent of protein-bound prednisolone in
plasma ranged from 93% at low concentrations to 35—
66% at concentrations above 1000 ng/ml. At low con-
centrations prednisolone primarily binds to transcortin
with high affinity and low capacity. Binding to albumin
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Fig. 1a, b Scatterplots showing the relationship between the observed
unbound prednisolone concentrations and (a) the predicted popu-
lation concentrations or (b) the predicted individual concentrations
for the final covariate model
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Table 4 Interindividual variability (%CV) in pharmacokinetic
parameters

CL (/h/m* V. (m?  V, {jm?)
Base model without 28% 60% 53%
covariates
Final covariate model 14% 50% 42%

with low affinity and high capacity predominates when
transcortin becomes saturated at higher concentrations.
The population estimates of the protein binding
parameters along with their interindividual variabilities
are shown in Table 7. Apart from B,,,,; with an inter-
individual variability of 27%, the variabilities were
negligible. Further, albumin was not found to be a co-
variate for K3 (P=0.71). The residual variability was
estimated to 9%.

Discussion

In the present study, a PPK model was applied to as-
sess the determinants of the pharmacokinetics of
prednisolone in children with ALL. The simultaneous
fitting of oral and i.v. data made it possible to estimate
the bioavailability based on all measurements and not
only on the 11 patients given both formulations. Even
though the route of administration and the fasting
status of the patients were not randomized, the com-
plete bioavailability seen in the present study indicates
that the systemic exposure to prednisolone is indepen-
dent of these factors in children with ALL. Studies of

Fig. 2a—f Predicted versus 1000
observed plasma concentration-
time profiles for (a) patient 5
(oral dose at 144 h, day 7), (b)
patient 13 (oral dose at 336 h,
day 15), (¢) patient 13 (i.v. dose
at 672 h, day 29), (d) patient 8
(oral dose at 48 h, day 3), (e)
patient 8 (oral dose at 336 h,
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Table 5 Regression models describing relationships between unbound prednisolone pharmacokinetic parameters and patient covariates in
the forward univariate analysis (BSA body surface area in m?, WT weight in kg, AOBJF change in the objective function value upon

inclusion of the covariate)

Run no.

1 2

3 4

Regression model®
Estimated regression

CL=0,xBSA

coefficients
0, 22.6 30.4
0, 12.8
05 0.82
04
05
0s
AOBJF -90 -26
P-value <0.001 <0.001

Vo=0,+ 0:xWT

V,=04+0sxWT CL=(0,xBSA)+ Ogxsex

30.7 29.7
14.0 12.4
0.73 0.81
17.3 18.0
1.35 1.16

5.2
-16 —6.1

<0.001 <0.05

“The most significant regression model for the particular run

Table 6 Regression models describing relationships between un-
bound prednisolone pharmacokinetic parameters and patient co-
variates in the final covariate model (BSA4 body surface area in m?,
WT weight in kg)

Regression model Estimated regression coefficients

Coefficients of variation

CL (1/h) = 0,xBSA

0, 30.7 6.5
Ve () = 0,+0:xWT
0, 14.0 34
03 0.73 21
Vp ()=04+0sxWT
04 17.3 54
0s 1.35 35
40
< ¢ <O L 4
o~ 30 - - & e o & °
% . * o o
= -
g 20
=)
© 10
0 T T T
0 5 10 15 20
Age (years)

Fig. 3 Relationship between age and prednisolone clearance for
male (®) and female (<) patients

prednisolone in patients and volunteers have shown an
oral bioavailability of 60-100% [17, 40, 44] and com-
plete absorption has been reported in children with
inflammatory bowel disease [33, 34]. Malabsorption in
childhood ALL has previously been described by some
[9, 35] but not all authors [23], but even if malab-
sorption was present during induction therapy, this

apparently did not influence the bioavailability of
prednisolone, and oral administration seems appropri-
ate in this population.

Upon i.v. administration, the prednisolone hemisuc-
cinate ester is rapidly hydrolyzed with an essentially
complete conversion to prednisolone and a half-life of
about 18 min [10]. In the present study, no stabilizing
agent was added to the blood samples, but as the sam-
ples were cooled immediately and centrifuged within
30 min only minimal additional hydrolysis could have
taken place. Besides, the peak concentration of pred-
nisolone appeared as early as 6-10 min after i.v.
administration in our study indicating rapid hydrolysis.

Pharmacokinetic studies of prednisolone in children
have been carried out over the past 25 years [1, 6, 11, 13,
18, 21, 32, 33, 34, 40, 43, 45], but the present study is the
first population approach. Further, as shown in Table 8,
the pharmacokinetics of unbound prednisolone have
been described in only a few pediatric studies. The
median CL seen in the present study (Table 3) was only
half the value observed by Choonara et al. in six children
with ALL [6]. Our value of CL was, however, in
accordance with that seen in asthmatic children [43] and
in children with inflammatory bowel disease [33],
whereas children with nephrotic syndrome show both
higher [18] and lower [32] clearance values (Table 8).
Further, the estimates of both CL and V. in the present
study were generally in agreement with those observed in
adults [5, 28, 44, 47]. Regarding estimates of volume of
distribution in the pediatric population, our results were
lower than those previously reported in ALL [6], but
higher than seen in nephrotic children [32] (Table 8).

The t;, of 3.6 h in the present study was longer than
mean values previously seen in the pediatric population
(1.3-2.9 h) [6, 18], but ranges of 1-6 h have been re-
ported [13, 21]. The longest t;;, of 7.2 h in our study was
seen in the oldest patient (15 years). Apart from the
study in ALL patients (median age 4.8 years) [6], the
children studied in the studies listed in Table 8§ were
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Fig. 4 Relationship between
the total concentration of
prednisolone and percentage
prednisolone bound to plasma
proteins. The line represents the
predicted population profile
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older (median ages ranging from 10 to 18 years) than
our population. Since drug clearance is often relatively
higher in younger children compared to adolescents and
adults [3, 12], our population seems to have had a lower
clearance than would be expected based on the age
distribution. Relling et al. hypothesized that hepatic
leukemic infiltration at the time of diagnosis could
generally decrease drug clearances [39]. However, tumor
burden (WBC at diagnosis) was not found to affect the
pharmacokinetic parameters in the present study. Like-
wise, no patients received concurrent medication known
to alter prednisolone metabolism, and prednisolone it-
self does not induce its own metabolism in humans [24,
37]. Further, no covariate linked to liver function arose
from the present study even though most patients had
increased values of ALAT due to tumor lysis.

Table 7 Prednisolone plasma protein binding parameters and in-
terindividual variability expressed as coefficients of variation

Parameter Estimate Interindividual
variability (%)
Coefficient
of variation
Biaxi 6.77 5.6 27
K, (MY 0.95x107 18 1.3
Ko 0.80 24 0.6

Total concentration (ng/ml)

The covariate testing showed that BSA had a statis-
tically significant effect on CL while body weight had
effect on both volumes of distribution (Tables 5 and 6).
Upon inclusion of BSA as a covariate for CL, the
influence of other correlated covariates (e.g. age, weight)
disappeared. Likewise, adding weight as a covariate for
V. and V, made the influence of age and BSA disappear.
During the backward elimination analysis, sex was ex-
cluded as a covariate for CL. Even though the criterion
for significance during backward elimination (P=0.01)
was strict in the present study, the minor influence of sex
was probably due to the higher median age of the girls
included in the present study (Fig. 3). The interindivid-
ual variability decreased in the final model after addition
of explanatory covariates (Table 4). The model seemed
to capture the interindividual variability for CL very
well when BSA was included, but for V. and V, the
interindividual variability remained high (50% and
42%) after weight had been taken into account.

The residual variability expresses both the intraindi-
vidual variability and the variability due to model mis-
specification, sampling and assay errors, and patient
compliance. By obtaining blood samples on several
occasions for most of the patients, a substantial intra-
individual variability would thus influence the estimated
residual variability. This is essential as a large intrain-
dividual variability can limit the potential feasibility of

Table 8 Pharmacokinetic studies of unbound prednisolone in pediatric patients

Reference Patients Dose CL (I/h/m?) V (I/m?) tyz (h)
6 6 ALL (3-12 years) 10-20 mg oral 63* (37-111) 116" (54-206) (V.) 1.3
18 9 nephrotic syndrome (415 years) Approx. 2 mg/kg oral 5740 - 2.9
32 11 nephrotic syndrome (4-16 years) 30-65 mg i.v. 6.7 (4-15) 51 (29-74) (Vp) 2.1
43 10 asthmatics (8—12 years) 40 mg i.v. 39¢ - 2.5
33 7 inflammatory bowel disease (8-20 years) 20-40 mg oral, i.v. 27 - 2.5

ICalculated from pharmacokinetic parameters or demographic data in the article
®Result in 1/h/m? obtained by multiplying the CL value in 1/h/kg by 30
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therapeutic drug monitoring [25]. In the present study,
both the administration of prednisolone and blood
sampling were performed or supervised by study per-
sonnel in order to minimize variations related to these
factors. The residual variability of about 20% in our
study indicates that the pharmacokinetics of predniso-
lone remained stable throughout induction therapy de-
spite the intensive chemotherapy regimen and the
disease process itself. This is in accordance with a study
by Langhoff et al. in which 11 patients with renal
transplants or collagenosis were studied on two occa-
sions separated by 45-325 days and showed only minor
changes in pharmacokinetic parameters [26].

Based on the low variation in the estimated AUC
values, an equivalent systemic exposure to prednisolone
was seen in the patients after a dose of 20 mg/m?
administered three times daily. This is in accordance
with previous findings in the pediatric population [18,
33]. Further, simulations performed with dosage regi-
mens of 2-2.5 mg/kg resulted in larger, but statistically
insignificant, variations in the estimated AUC values.
Thus, a dosage regimen based on BSA seems appropri-
ate for the administration of prednisolone in childhood
ALL to obtain a similar systemic exposure in all pa-
tients. However, whether the exposure and dosage reg-
imen used in the present protocol would result in an
optimal antileukemic efficacy is unknown.

The protein binding of prednisolone was found to be
nonlinear in the observed concentration range, as pre-
viously reported [24, 42, 44]. The competitive binding of
cortisol to transcortin and albumin could be excluded
from the analysis as the dosing regimen of prednisolone
produced pronounced suppression, and we observed
essentially negligible concentrations of endogenous cor-
tisol.

In general, the estimated protein binding parameters
(Table 7) were comparable to but slightly lower than
previously published data, where mean values ranging
from 8-30 (Bpax1), 1.5-5.1x107 (K;) and 0.9-1.45 (K,
have been reported [4, 14, 33, 41]. Albumin was not
found to be a covariate for K ;. A reason for this might
have been that the twofold difference in albumin con-
centrations in the present study was too small to cause
significant changes in protein binding. Further, all
samples from an individual patient were pooled without
taking the difference in albumin concentrations on dif-
ferent sampling days into account. However, re-analyz-
ing the data as 47 individual sampling days only caused
minor (3-5%) changes in the parameter estimates and
did not make albumin a significant covariate for K,
(P=0.94).

In conclusion, the nonlinear plasma protein binding
and the pharmacokinetics of prednisolone in children
with ALL were evaluated using the population ap-
proach. The study showed complete oral bioavailability,
a lower clearance, and a longer half-life than previously
reported. The pharmacokinetic parameters remained
stable throughout induction therapy and the patients
experienced similar systemic exposures to prednisolone.

Thus, individualized dosing of prednisolone based on
AUC values does not seem indicated in childhood ALL,
even though further validation of the predictive perfor-
mance of the PPK model is needed.
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