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ABSTRACT Valganciclovir, the ganciclovir prodrug, is an antiviral agent adminis-
tered orally to prevent or treat cytomegalovirus infection in solid-organ transplant
recipients. The valganciclovir dosing regimen in children is still controversial, as the
number of patients reaching the area under the concentration-time curve at steady
state (AUCss) target (40 to 60 mg·h/liter) remains highly variable. The aim of this
study was to determine the population pharmacokinetics of valganciclovir in pediat-
ric renal transplant recipients and propose an appropriate dosing regimen. Children
with renal transplant who received valganciclovir to prevent or treat cytomegalovi-
rus infection at the Robert Debré University Hospital were included. Plasma ganciclo-
vir concentrations were determined by high-performance liquid chromatography and
UV detection. Population pharmacokinetic analysis was performed with NONMEM soft-
ware. A total of 104 patients aged 2 to 20 years treated with valganciclovir, adminis-
tered at a mean dose of 17.3 � 6.1 mg/kg of body weight to prevent and/or treat
cytomegalovirus infection after renal transplantation, were included. A total of 1,212
samples were available. A two-compartment model with first-order elimination best
fitted the data: ganciclovir clearance increased with body surface area, was 15%
higher in boys than in girls, and decreased with increasing creatinine concentration.
The central volume of distribution increased with body surface area and was 14%
higher in boys than in girls. According to the personalized dosing regimen, 65.7%
and 65.4% of the children were predicted to achieve the AUCss target for cytomega-
lovirus prophylaxis and treatment, respectively. A new pharmacokinetic model that
allows the proposal of an individualized dose adapted to the characteristics of pedi-
atric patients with renal transplant was built.

KEYWORDS cytomegalovirus, ganciclovir, pediatrics, population pharmacokinetics,
renal transplantation

Cytomegalovirus (CMV) infection is a major cause of morbidity in solid-organ trans-
plant recipients. Valganciclovir, an antiviral agent, is commonly used to prevent or

treat CMV infection in this population (1). Valganciclovir, the valine ester prodrug of
ganciclovir, results in ganciclovir bioavailability (F) of 55 to 60% in pediatric patients (2,
3), up to 10 times higher than that of oral ganciclovir. Valganciclovir is rapidly converted
to ganciclovir by liver and intestinal esterases and is predominantly eliminated un-
changed by renal excretion (4). The indications for treatment with valganciclovir for the
pediatric population of the Food and Drug Administration (FDA) include renal trans-
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plantation in patients aged 4 months to 16 years and heart transplantation in patients
aged 1 month to 16 years. However, valganciclovir is also used off-label to treat
congenital CMV infection and to treat or prevent CMV or Epstein-Barr virus infection
among other solid-organ and hematopoietic stem cell transplant patients in the
pediatric population (5–7).

Different valganciclovir dosing regimens have been proposed, but the optimal dose
is still controversial, as the percentage of patients reaching the pharmacological target
remains variable (8). The use of subtherapeutic levels risks the emergence of CMV
resistance (9) and clinical failure, whereas supratherapeutic levels increase the risk of
adverse effects, such as leukopenia, neutropenia, and nephrotoxicity, the most relevant
adverse effects in the pediatric population (4, 10). The objective of this study was to
describe the valganciclovir pharmacokinetics in a large cohort of children with renal
transplant and develop an optimized dosing regimen for this population.

RESULTS
Population characteristics and ganciclovir treatment. A total of 1,212 samples

were collected from 104 patients aged 2 to 20 years treated with valganciclovir
between August 1999 and December 2016, and from these, 175 pharmacokinetic
profiles (treatment, n � 30; prophylaxis, n � 145) were obtained. Valganciclovir con-
centrations ranged from 0.25 to 22.23 ng/ml. The patients’ characteristics, biological
parameters, valganciclovir treatment, and comedications are summarized in Table 1.

Valganciclovir was administered orally at a mean dose of 17.3 � 6.1 mg/kg of body
weight (BW)/dose once a day (every 24 h [q24h]) or twice a day (every 12 h [q12h]),
according to the indication (prophylaxis or treatment, respectively).

Model construction. A two-compartment model with first-order elimination and
the following six parameters best fitted the data: absorption rate constant (ka), lag time
(ALAG), apparent oral clearance (CL/F), apparent central volume of distribution (V1/F),
apparent intercompartmental clearance (Q/F), and apparent peripheral volume of

TABLE 1 Characteristics of the patients included in the pharmacokinetic analysis

Characteristic

Value for the following groupa:

Total Female Male

Patient characteristics
No. (%) of patients included 104 38 66
Median (range) age (yr) 12.2 (2.1–20.5) 13.2 (2.6–18.4) 10.1 (2.1–20.5)
Median (range) CW (kg) 30.35 (11.9–83.0) 38.6 (11.9–73.7) 25.85 (12.5–83.0)
Median (range) ht (m) 1.34 (0.85–1.84) 1.49 (0.87–1.65) 1.19 (0.85–1.84)
Median (range) BSA (m²) 1.08 (0.54–1.95) 1.28 (0.54–1.83) 0.91 (0.54–1.95)
Median (range) serum creatinine concn (�mol/liter) 72.5 (22.0–265.0) 75.0 (26.0–265.0) 70.5 (22.0–187.0)
Median (range) CrCLS (ml/min/1.73 m2) 94.0 (10.0–189.0) 94.5 (10.0–180.0) 94.0 (53.0–189.0)

Valganciclovir treatment characteristics
No. of pharmacokinetic profiles 175 65 110
Median (range) dose in:

mg/dose 450 (125–900) 450 (250–900) 450 (125–900)
mg/kg/day 18.5 (5.0–70.2) 18.5 (5.0–42.1) 18.5 (5.0–70.2)

No. of patients with the following dosing interval (h):
12 30 9 21
24 145 56 89

No. of patients with the following no. of pharmacokinetic profiles/patient:
1 104 38 66
2 53 20 33
3 18 7 11

No. of pharmacokinetic profiles with the following cotreatment:
Mycophenolate mofetil 173 64 109
Tacrolimus 154 57 97
Cyclosporine 20 7 13
Azathioprine 1 0 1

aAge, current body weight, height, body surface area, serum creatinine concentration, and creatinine clearance (Schwartz formula) (CrCLS) were not significantly
different between female and male children (Wilcoxon test, P � 0.05).
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distribution (V2/F). Interindividual variability was best described by an exponential
model, and residual variability was best described by a proportional model. Interindi-
vidual variability on Q/F and ALAG did not improve the model. The interoccasion
variability of CL/F, ka, and V2/F improved the model significantly.

The allometric model was first tested and resulted in a significant drop in the
objective function value (OFV) to 164.9. Body surface area (BSA) was the most signifi-
cant parameter, impacting V1/F and allowing a drop in the OFV to 177.9, and so the
allometric model was not retained. Creatinine clearance on CL/F was then identified to
be the most important covariate and associated with a significant drop in the OFV
(difference in the OFV [ΔOFV] � 47.1). BSA on CL/F also showed a significant drop in the
OFV (ΔOFV � 74.1). A further decrease was observed with the implementation of the
serum creatinine concentration on CL/F (ΔOFV � 25). Finally, gender on V1/F and CL/F
showed a significant drop in the OFV (ΔOFV � 9.3 and 7.1, respectively). The additional
variables tested did not decrease the OFV significantly. After the backward elimination,
creatinine clearance estimated by the Schwartz formula (CrCLS) did not remain signif-
icant (ΔOFV � 1.7), and three covariates (BSA, serum creatinine concentration, and
gender) were retained after the backward elimination process. The results of the
covariate analysis are presented in Table 2. Table 3 summarizes the parameter esti-
mates of the final model. The estimated CL/F was 11.3 � 3.1 liters/h, the estimated
mean volume of distribution at steady state (the sum of V1 and V2) was 75.1 � 23.9
liters, the intercompartmental clearance was 1.5 liters/h, ka was 9.0 � 5.8 h�1, and
ALAG was 0.86 h. Apparent ganciclovir clearance increased with BSA, was 15% higher
in boys than in girls, and decreased with increasing creatinine concentration. The
central volume of distribution also increased with BSA and was 14% higher in boys than
in girls.

Model evaluation. Model diagnostics showed an acceptable goodness of fit for the
final model without a prediction bias: no trends in the plots of conditional weighted
residuals (CWRES) and population predicted concentration (PRED) versus time were
observed (Fig. 1). The median parameter estimates resulting from the bootstrap
procedure closely agreed with the respective values from the final population model,
indicating that the final model was stable and could redetermine the estimates of the
population pharmacokinetic parameters. The results of 500 bootstrap replicates (a
93.4% successful run) are summarized in Table 3. The distribution of the normalized
prediction distribution error (NPDE) and histograms was consistent with the theoretical

TABLE 2 Covariate analysisa

Parameter
Pharmacokinetic
parameter(s) OFV (�OFV)

IIV
Residual
error (%)CL V1 V2 ka

Structural model ALAG, ka, CL, V1, V2, Q 690.6 (�22.3) 35.4 41.2 106.7 101.5 33.3
Interoccasion variability CL, V2, ka 396.6 (�294.0) 32.6 43.9 0.75 59.5 23.5

Impact of covariates, forward selection
BSA/V1 V1 218.7 (�177.9) 31.8 12.4 37.4 56.4 23.3
BSA/V1 and CrCLS/CL CL, V1 171.6 (�47.1) 29.4 12.4 1.0 56.1 23.3
BSA/V1, CrCLS/CL, and BSA/CL CL, V1 97.5 (�74.1) 19.9 11.5 53.2 56.1 23.5
BSA/V1, CrCLS/CL, CREA/CL, and BSA/CL CL, V1 70.7 (�26.8) 16.8 10.7 53.7 56.4 23.6
BSA/V1, CrCLS/CL, CREA/CL, BSA/CL, and gender/V1 CL, V1 61.4 (�9.3) 17.1 9.4 54.9 58.7 23.5
BSA/V1, CrCLS/CL, CREA/CL, BSA/CL, gender/V1 and gender/CL CL, V1 54.3 (�7.1) 16.0 9.3 54.6 59.2 23.5

Final model, backward selection, BSA/V1, CREA/CL and BSA/CL,
gender/V1 and gender/Cl

CL, V1 54.7 (�0.4) 16.0 9.3 54.6 59.2 23.5

Others modelsb

CrCLS/CL and gender/V1 CL, V1 340.6 30.3 42.9 58.0 59.5 23.6
CrCLS/CL, BSA/V1, and gender/V1 CL, V1 150.0 29.4 10.8 40.2 59.0 23.3

aOFV, objective function value; ΔOFV, difference in OFV; IIV, interindividual variability; CREA, creatinine concentration; ALAG, lag time; ka, absorption rate constant; CL,
apparent clearance; V1, apparent central volume of distribution; V2, apparent peripheral volume of distribution; Q, apparent intercompartmental clearance.

bThese 2 models showed that valganciclovir pharmacokinetics were better explained with BSA, creatinine concentration, and gender on CL and BSA and gender/V1

separately than when they were included in the CrCLS formula.
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N(0,1) distribution and density, indicating a good fit of the model to the individual data
(Fig. 1). The mean and variance of the NPDE were 0.0381 (Wilcoxon signed-rank test,
P � 0.402) and 1.05 (Fisher variance test, P � 0.223), respectively. The residuals also
presented a normal distribution with no trend function for time or concentration.

The prediction-corrected visual predictive check (pc-VPC) showed that the prediction-
corrected concentrations observed were consistent with the concentrations simulated by
the model (Fig. 2).

Dosing regimen optimization. According to our current dosing regimen and rich
pharmacokinetics (n � 174), only 42.5% of the values of the area under the concentration-
time curve at steady state over 24 h (AUCss-24 h) were within the therapeutic range for
CMV prophylaxis, 30.8% were over 60 mg·h/liter, and 26.7% were under 40 mg·h/liter
and only 34.5% of the values of the area under the curve at steady state over 12 h
(AUCss-12h) were within the therapeutic range for CMV treatment, 20.7% were over
60 mg·h/liter, and 44.8% were under 40 mg·h/liter.

TABLE 3 Population pharmacokinetic parameters of valganciclovir and bootstrap resultsa

Parameter

Full data set Bootstrap analysis (n � 500)

Final estimate RSE (%) Median 95% confidence interval

CL (liters/h) � �1 � FRENAL � FBSA/CL � FGENDER/CL

�2 9.07 3.7 9.04 8.36, 9.80

FRENAL � (creatinine concentration/72.5)�8

�8 �0.768 7.6 �0.765 �0.98, �0.63

FBSA/CL � (BSA)�9

�9 1.31 8.5 1.32 1.07, 1.57

FGENDER/CL � �11
GENDER

�11 1.15 4.3 1.16 1.06, 1.26

V1 (liters) � �2 � FBSA/V � FGENDER/V

�2 45.0 3.3 44.9 41.6, 48.0

FBSA/V � (BSA)�7

�7 1.28 5.0 1.28 1.16, 1.42

FGENDER/V � �10
GENDER

�10 1.14 3.9 1.14 1.06, 1.22

Q (liters/h) � �3

�3 1.46 13.6 1.50 1.13, 2.20

V2 (liters) � �4

�4 18.5 17.9 18.4 14.0, 30.9

ka (h�1) � �5

�5 6.96 16.2 7.11 5.29, 11.00

ALAG (h) � �6

�6 0.86 1.9 0.86 0.83, 0.91

Interindividual variability (%)
�CL 16.0 36.0 14.9 7.0, 20.7
�V1

9.3 51.0 8.7 0.7, 12.8
�V2

54.6 101.7 49.5 0.5, 128.9
�ka

59.2 79.2 58.7 0.7, 93.9

IOV (%)
IOVCL 14.4 24.4 14.4 10.7, 18.3
IOVka

111.4 20.4 111.4 91.7, 135.6
IOVV2

77.2 51.0 74.1 0.5, 113.2

Residual variability, �P 23.5 11.6 23.3 20.5, 25.7
aRSE, relative standard error; IOV, interoccasion variability.
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FIG 1 (a to d) Population predicted concentrations (PRED) versus observed concentrations (DV) (a),
individual predicted concentrations (IPRED) versus DV (b), conditional weight residual concentrations
(CWRES) versus PRED (c), and CWRES versus time since last dose (d). The dashed lines represent the
lines of identity, and the solid red lines represent the linear regression lines. (e to h) QQ (quantile-
quantile) plot of the distribution of the normalized prediction distribution errors versus the theoretical
distribution, N(0,1) (represented by the red line) (e), histogram of the distribution of NPDE, with the
density of the standard Gaussian distribution overlaid represented by the red line (f), plot of NPDE versus
time (TAD, time after last dose) (g), and plot of NPDE versus PRED (h).
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Based on the final model, personalized optimized dosing was calculated with the
following formulas: prophylactic valganciclovir dose (number of milligrams every 24
h) � AUCss-24 h target � CL/F and therapeutic valganciclovir dose (number of
milligrams every 12 h) � AUCss-12h target � CL/F, where clearance (CL) was calculated
using the equation developed from the model CL/F � 9.07 � (serum creatinine con-
centration/72.5)�0.768 � BSA1.31 � 1.15gender, with the serum creatinine concentration
being expressed in micromoles per liter, BSA being expressed in square meters, and
gender being fixed to 1 for male and 0 for female.

Using the personalized dosing regimen, 65.7% of AUCss-24 h values would be within
the therapeutic target for CMV prophylaxis, 19.7% would be over the therapeutic target
range for CMV prophylaxis, and 14.6% would be under the therapeutic target range for
CMV prophylaxis, while 65.4% of AUCss-12h values would be satisfactory for CMV
treatment, 14.5% would be over 60 mg·h/liter, and 20.1% would be under 40 mg·h/liter.

DISCUSSION

This work successfully described the valganciclovir population pharmacokinetics in
a large cohort of children with renal transplant. Valganciclovir pharmacokinetics were
better described by a two-compartment model with first-order elimination and were
influenced by BSA and the serum creatinine concentration, and, for the first time in

FIG 2 Prediction-corrected visual predictive check of the final model describing the pharmacokinetics of valgan-
ciclovir in children. The circles represent the prediction-corrected observed concentrations. The solid line repre-
sents the median of the prediction-corrected observed concentrations, and the semitransparent blue field
represents the simulation-based 95% confidence intervals for the median. The observed 2.5th and 97.5th percen-
tiles are indicated by dashed lines, and the 95% confidence intervals for the model-predicted percentiles are
indicated as corresponding semitransparent blue fields.
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children, a gender effect on clearance and the central volume of distribution was
observed.

Valganciclovir, the prodrug of ganciclovir, is administered orally to prevent and treat
CMV infection in renal transplant recipients (4). Its bioavailability is much higher than
that of ganciclovir (11), but the pharmacokinetic variability of the ganciclovir disposi-
tion is high.

In the present study, the mean of the weight-normalized estimated clearance
(0.39 � 0.14 liter/h/kg) was comparable to the values previously reported in adults (0.32
liter/h/kg) (12) and in children (0.30 liter/h/kg/) (13). Monitoring of ganciclovir on the
basis of the area under the concentration-time curve is recommended in both adult
and pediatric solid-organ transplant patients (14), with the target being an AUCss

between two administrations (12 or 24 h) and at steady state of between 40 and
60 mg·h/liter (14, 15).

Different pharmacokinetic models describing ganciclovir pharmacokinetics have
been published, and different dosing algorithms have been tested in adults and
children, but the optimal dosing regimen remains controversial. In children in different
age groups and with different indications for treatment, BSA, CW, and/or renal clear-
ance has been identified to be a covariate explaining part of the observed variability (3,
8, 10, 13, 15, 16). Our first population pharmacokinetic study in 22 children with renal
transplant identified that current weight and creatinine clearance, two factors that were
included in the proposed dosing regimen, influenced ganciclovir clearance (13). The
pharmacokinetic model by Vaudry and coauthors (8) suggested that the individual dose
be calculated with the following equation: dose � 7 � BSA � CrCLS, where the dose
is in milligrams and BSA is in square meters. However, this formula was associated with
high exposures and toxicity in children with renal transplant with a low current weight
and normal renal function, as pointed out by the FDA in 2010 (17). Pescovitz et al.
revealed the influence of age on the valganciclovir apparent AUCss and CL, with
bioavailability being lower in the youngest children (3). They recommended that doses
be adjusted according to both BSA and renal function and that 100%, 50%, and 25% of
a 520-mg/m2 dose be given when renal clearance was over 70, between 50 and 69, or
between 40 and 49 ml/min, respectively (3). As a result, with a pediatric dosing regimen
derived from the adult dose and adjusted to renal function, the youngest patients (age,
�5 years) were underexposed (4). Moreover, information on children with poor renal
function is lacking, as they were excluded from the study. Åsberg et al. proposed a
different population-based dosing algorithm, depending on CW and estimated clear-
ance calculated by the Cockcroft and Gault equation (GFR): dose (in milligrams) �

weight � (0.07 � GFR � k) (where k is a correction factor for renal function), but this
was still not optimal in patients with extreme renal function or CW (15). Additional
observational studies that have tested manufacturer doses and different dosing regi-
men, that have reported AUCs in small groups of patients (18–20), and that have shown
that the target AUCss for ganciclovir was achieved only in a limited number of patients
are available.

Dosing simulations with the published models tested different dosing regimens, but
the percentage of patients reaching the pharmacologically desired ganciclovir expo-
sure was, at most, 30% (15, 19, 20) and was 40% in the Robert Debré University Hospital
prior to the present study. In contrast, by individualizing valganciclovir doses, 65.7%
and 65.4% of AUCss values were within the therapeutic range for CMV infection
prophylaxis and treatment, respectively, and are much higher than those achieved in
previous studies. Moreover, as V1 and apparent CL are higher in boys than in girls, boys
would need higher doses than girls to reach the AUC target. Such an influence of
gender on valganciclovir pharmacokinetics was already described in adults (21) but was
not described in children. Since ganciclovir is partly secreted by the kidney, this may
result from gender differences in organic anion transporter expression and maturation
(22).

Our study has some weaknesses, as the model was built only with ganciclovir
concentrations following oral valganciclovir administration and bioavailability could
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not be calculated. However, this parameter showed low variability in children, ranging
from 55% to 60% (3, 11, 15).

Conclusion. The ganciclovir pharmacokinetic model developed in children with
renal transplant receiving valganciclovir revealed that its apparent clearance is
higher in boys than in girls, increases with BSA, and decreases with the serum
creatinine concentration. The new dosing regimen would allow two-thirds of
children to reach the pharmacological target but will need to be validated pro-
spectively.

MATERIALS AND METHODS
Study population. Pediatric renal transplant recipients receiving valganciclovir to prevent or treat

CMV infection at the Robert Debré University Hospital were included in this retrospective analysis. Only
patients with pharmacokinetic samples drawn during routine valganciclovir therapeutic drug monitoring
were selected. The research was conducted in accordance with the recommendations of the institutional
research committee (Comité de l’Evaluation de l’Ethique des Projets de Recherche Biomédicale de Robert
Debré CEERB, no. 221), the 1964 Helsinki Declaration and its later amendments, and the French good
clinical practice guidelines. No consent was required for this type of retrospective study. All patients
received an induction therapy with antilymphocyte serum or basiliximab and were treated with pred-
nisone, azathioprine, or mycophenolate mofetil (MMF)-mycophenolic acid (MPA) and tacrolimus or
cyclosporine after transplantation.

Valganciclovir administration, therapeutic drug monitoring, and pharmacokinetic sampling.
Valganciclovir was administered orally once a day (q24h; for prevention) or twice a day (q12h; for
infection). Plasma samples for clinically indicated therapeutic drug monitoring were drawn at 1 h, 2 h, 4
h, 8 h, 12 h, and/or 24 h after valganciclovir administration, depending on the dosing regimen. A sample
was obtained at 24 h when valganciclovir was administered once daily. The dosing recommendations in
the Robert Debré University Hospital are dependent on the child’s age and creatinine clearance
estimated by the Schwartz formula (CrCLS) (23).

The valganciclovir dosing regimen for CMV prophylaxis depends on age: (i) for children less than
12 years of age, the recommended dose is calculated as dose (in milligrams) � 7 � body surface area
(BSA) � CrCLS (in milliliters per minute per 1.73 m2) once a day, with an upper limit of 150 ml/min/1.73
m2 for CrCLS and with BSA estimated by Mosteller’s equation {BSA (in square meters) � [height (in
centimeters) � weight (in kilograms)/3,600]0.5} (8), and (ii) in children over 12 years of age, the recom-
mended dose is adjusted according to CrCLS (900 mg/24 h, 450 mg/24 h, 450 mg/48 h, and 450 mg/72 h
for those with a CrCLS over 60 ml/min/1.73 m2, 40 to 59 ml/min/1.73 m2, 25 to 39 ml/min/1.73 m2, and
10 to 25 ml/min/1.73 m2, respectively) and is contraindicated in those with a CrCLS below 10 ml/min/
1.73 m2. For the treatment of CMV infection, the same doses are given twice daily when CrCLS is over
40 ml/min/1.73 m2, once daily when CrCLS is between 25 and 39 ml/min/1.73 m2, and every 48 h when
CrCLS is under 25 ml/min/1.73m2. The ganciclovir area under the concentration-time curve at steady
state (AUCss) target was between 40 amd 60 mg·h/liter.

Data on dose administration (e.g., start date, route, time of sampling, age, weight, gender) were
available on the monitoring form requested for therapeutic drug monitoring. Additional patient char-
acteristics and associated therapies were collected retrospectively from the medical charts: gender,
height, serum creatinine concentration, proteinuria, underlying disease, indication for treatment (CMV
infection or prophylaxis), and associated therapies.

Analytical assay method for ganciclovir. The analytical method for ganciclovir was adapted from
the method described by Zhao et al. (13). Plasma concentrations were determined using high-
performance liquid chromatography (HPLC) with UV detection at 254 nm. The calibration curve for
ganciclovir ranged from 0.25 to 25 mg/ml (0.25, 0.5, 1, 5, 10, and 25 mg/ml). The intraday coefficients of
variation (CVs) were between 0.5% and 2.3% for calibration concentrations, and the interday CVs were
6.25% for calibration and 3.3% for the controls. The lower limit of quantification (LLOQ) was 0.25 mg/ml.
Serum creatinine concentrations were measured by the Jaffé method using the Architect C system
(Abbott Diagnostics, IL, USA).

Population pharmacokinetic analysis. Data were imported into R or Excel software for exploratory
analysis and formatted for subsequent modeling. Pharmacokinetic analysis was carried out using the
nonlinear mixed effects modeling program NONMEM (v7.2; Icon Development Solutions, Ellicott City,
MD, USA) with the gfortran (v4.6.0) compiler. Oral doses of valganciclovir were administered into a depot
compartment. The absorption of valganciclovir was modeled as a first-order process, and conversion to
ganciclovir in the central compartment was assumed to be instantaneous. A first-order conditional
estimation (FOCE) method with an interaction option was used to estimate the pharmacokinetic
parameters and their variability. One- and two-compartment models with first-order elimination were
tested. The two-compartment model aimed to estimate the absorption rate constant (ka), apparent oral
clearance (CL/F), apparent central volume of distribution (V1/F), apparent peripheral volume of distribu-
tion (V2/F), apparent intercompartmental clearance (Q/F), and lag time (ALAG) using the ADVAN
subroutines.

Interindividual variability was best described with an exponential model and was expressed as
follows: �i � �mean � e�i, where �i represents the parameter value of the ith subject, �mean is the typical
value of the parameter in the population, and �i is the variability between subjects, which is assumed to
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follow a normal distribution with a mean of zero and a variance of �2. To find the most appropriate
residual error model, additive, proportional, and mixed error forms were tested.

Covariate analysis. The following continuous and categorical covariates were tested: demographic
covariates (current body weight [CW], height, age, BSA, and gender), clinical covariates (comedications
and underlying disease), and biological covariates (serum creatinine concentration, creatinine clearance,
serum uremia, and proteinuria). Results are reported as the mean and standard deviation for continuous
variables and number and percentage for categorial variables, with a P value of �0.05 being considered
statistically significant.

Covariate analysis followed a forward and backward selection process.
The likelihood ratio test was used to test the effect of each variable on the model parameters. During

the first step of covariate model building, a covariate was included if a significant decrease (P � 0.05, 	2

distribution with 1 degree of freedom, reduction � 3.84) in the objective function value (OFV) from the
basic model was obtained. All the significant covariates were then added simultaneously into a full
model. Subsequently, each covariate was independently removed from the full model. If the increase in
the OFV was higher than 6.635 (P � 0.01, 	2 distribution), the covariate was considered significantly
associated with the pharmacokinetic parameter and was therefore retained in the final model.

The allometric size approach was tested by incorporating the CW into the basic model (a coefficient
of 1 for V1/F and V2/F and a coefficient of 0.75 for CL/F and Q/F).

Model validation. Validation of the final model was based on graphical and statistical methods. The
goodness of fit was assessed by the population predicted concentration (PRED) and individual predicted
concentration (IPRED) versus the observed concentration (DV) and conditional weighted residuals
(CWRES) versus PRED and time. A prediction-corrected visual predictive check (pc-VPC) and normalized
prediction distribution errors (NPDE) were performed by using simulated concentrations of 500 virtual
data sets with the final population model parameters. Then, the stability and performance of the final
model were also assessed by means of a nonparametric bootstrap analysis with resampling and
replacement. Resampling was repeated 500 times, and the values of the estimated parameters from the
bootstrap procedure were compared with those estimated from the original data set. The 2.5th and
97.5th percentiles of the median population pharmacokinetic parameters were regarded as the lower
and upper 95% confidence interval limits, respectively.

Dosing regimen optimization. The parameter estimates obtained from the model were used for
valganciclovir dosing optimization. Five hundred simulated trials were performed using NONMEM. The
simulation cohort was built with all the patients from the original data set. As the recommend AUCss is
between 40 and 60 mg·h/liter over 24 h for prevention and over 12 h for treatment (14), the AUCss value
of 50 mg·h/liter was selected for both prevention (AUCss-24 h) and treatment (AUCss-12 h) (14, 15).
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