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ABSTRACT Ganciclovir is indicated for curative or preventive treatment of cytomeg-
alovirus (CMV) infections. This study aimed to characterize ganciclovir pharmacoki-
netics, following intravenous ganciclovir and oral valganciclovir administration, to
optimize dosing schemes. All children aged ,18 years receiving ganciclovir or valgan-
ciclovir were included in this study. Pharmacokinetics were described using nonlinear
mixed-effect modeling. Monte Carlo simulations were used to optimize the dosing
regimen to maintain the area under the concentration-time curve (AUC) in the pre-
ventive or therapeutic target. Among the 105 children (374 concentration-time obser-
vations) included, 78 received intravenous (i.v.) ganciclovir, 19 received oral valganci-
clovir, and 6 received both drugs. A two-compartment model with first-order
absorption for valganciclovir and first-order elimination best described the data. An
allometric model was used to describe the bodyweight (BW) effect. Estimated glomeru-
lar filtration rate (eGFR) and medical status of critically ill children were significantly
associated with ganciclovir elimination. Recommended doses were adapted for prophy-
lactic treatment. To obtain a therapeutic exposure, doses should be increased to
40mg/kg of body weight/day oral or 15 to 20mg/kg/day i.v. in children with normal
eGFR and to 56mg/kg/day oral or 20 to 25mg/kg/day i.v. in children with augmented
eGFR. These doses should be prospectively confirmed, and therapeutic drug monitor-
ing could be used to refine them individually. (This study has been registered at
ClinicalTrials.gov under identifier NCT02539407.)
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Intravenous (i.v.) ganciclovir is indicated for curative or preventive treatment of cyto-
megalovirus (CMV) infections in immunocompromised patients (e.g., following an

organ transplant or chemotherapy). The oral form valganciclovir is indicated for the
prophylactic treatment of CMV infections after a solid-organ transplant and for the pre-
vention of CMV reactivation in CMV1 patients (1, 2). The recommended ganciclovir doses
are either 5mg/kg of body weight every 12h in curative treatment or 5mg/kg/day in
preventive treatment. Dose should be reduced by half for creatinine clearance between
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50 and 69ml/min, to a quarter for creatinine clearance between 25 and 49ml/min, and
divided by eight in patients with creatinine clearance between 10 and 24ml/min. Oral
doses of valganciclovir, the prodrug of ganciclovir, are recommended using the Pescovitz
algorithm (3) based on body surface area (BSA) and creatinine clearance (CLCR).

Following oral administration, valganciclovir, ganciclovir’s prodrug, is rapidly and exten-
sively metabolized to ganciclovir by intestinal and hepatic esterases. The absolute bioavail-
ability is 60% after administration of food. Ganciclovir distributes with a steady-state vol-
ume of distribution from 0.54 to 0.87 liters/kg. Binding to plasma proteins is weak,
between 1 and 2% for ganciclovir concentrations of 0.5 to 51mg/ml. Ganciclovir is primarily
eliminated by renal excretion after glomerular filtration and active tubular secretion of
unchanged ganciclovir. In patients with normal renal function, more than 90% of the intra-
venous dose of ganciclovir is recovered as unchanged drug in the urine within 24h of
administration (2).

Relationships between concentrations and effects of ganciclovir have been shown
in adults. They suggested an area under the concentration-time curve from 0 to 24 h
(AUC0–24) or 0 to 12 h (AUC0–12) between 40 and 60mg/liter·h to prevent or cure CMV
infections, respectively (5).

However, few pharmacokinetics studies have been conducted in children, especially
for ganciclovir as a curative treatment. These studies showed high variability and possi-
ble underdosing (6–8). Our study aimed to characterize ganciclovir pharmacokinetics
(PK) following ganciclovir and valganciclovir administration with a population PK
approach to identify relevant covariates that could explain interindividual variability (IIV).
The final goal was to assess current dose recommendations for children and to suggest
appropriate dosing for optimal exposure.

RESULTS
Plasma concentration data. In total, 105 patients were included, with 374 ganciclo-

vir plasma concentrations (1 to 18 samples per patient). Among the 105 children, 58
were from the pediatric immune-hematology unit (IHU), 29 were from pediatric inten-
sive care unit (PICU), 2 were from cardiology, 8 were from pediatric hepatology, 1 was
from pediatric pneumology, 1 was from pediatric nephrology, and 6 were from general
pediatrics departments of Necker-Enfants Malades Hospital (Paris, France). Table 1 sum-
marizes the patient characteristics. Construction of the model was made with the first
70 patients included, and validation was with the 35 following patients.

Model building. A data set with 70 patients (275 samples) allowed us to build the
model. A two-compartment model with first-order absorption and first-order elimina-
tion best described oral and i.v. ganciclovir concentrations (see Fig. S1 in the supple-
mental material). Parameters of the model were bioavailability (F), absorption rate con-
stant (Ka), volumes of distribution of central and peripheral compartments (V2 and V3),
clearance (CL), and intercompartmental clearance (Q). Twenty-seven (10%) ganciclovir
concentrations were lower than the lower limit of quantification (LOQ). These concen-
trations were kept in the data set and left-censored in the analysis. Data were not suffi-
cient to estimate IIV for F, ka, Q, and V3, and fixing the variance of these random effects
to zero had no influence on the objective function value (OFV). The residual variability
was best described by a proportional error model. Adding the effect of body surface
area (BSA) on CL decreased the OFV by 37 points, and the addition of the allometric
model decreased the OFV by 71 U. The allometric model, using a median BW of 11.7 kg,
was added on the structural model. The effect of estimated glomerular filtration rate
(eGFR) on CL (median eGFR, 174ml/min/1.73 m2) decreased the OFV by 102 U and the IIV
from 0.43 to 0.24. The addition of critically ill medical status (children hospitalized in
PICU) on CL decreased OFV by 8 U and IIV from 0.24 to 0.222. The effect of other covari-
ates was not statistically significant. PK parameter estimates are summarized in Table 2.

Model assessment: validation on the remaining third of the data. Graphically,
the model showed good adequacy between predicted concentrations and observed
concentrations (Fig. S2). Mean prediction error (MPE), root mean squared prediction
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error (RMSE), and mean absolute prediction error (MAE) were20.41mg/liter, 1.95mg/li-
ter, and 1.00mg/liter, respectively.

Thus, building and validation data sets could be modeled together (Fig. S3). Final PK
parameters are summarized in Table 2, and measured concentrations for the full data
set as a function of time are represented in Fig. S3. Diagnostic plots from the final
model are shown in Fig. 1. Prediction-corrected visual predictive check (pc-VPC) of the
final population PK model showed the comparison between the 5th, 50th, and 95th
predicted percentiles for the 1,000 simulations and the observed concentrations of
ganciclovir for oral and i.v. administration (Fig. 2).

Subpopulation definition. The final model was used to define different subpopula-
tions according to the covariates included in the model (BW and eGFR). Three groups
were distinguished: children with low eGFR (eGFR, 70ml/min/1.73 m2), children
with medium eGFR (70# eGFR, 200ml/min/1.73 m2), and children with high eGFR
(eGFR $ 200ml/min/1.73 m2).

Plasma concentration simulation. Several i.v. and oral dosing regimens were simu-
lated, and the percentages of patients with ganciclovir AUC0–24 (i) with insufficient ex-
posure (below 40mg/liter·h), (ii) preventive exposure (between 40 and 80mg/liter·h), (iii)
curative exposure (between 80 and 120mg/liter·h), and (iv) exposure at risk of toxicity
(above 120mg/liter·h) were reported in Fig. 3. These percentages were also estimated af-

TABLE 2 Pharmacokinetic parameters for a BW of 11.7 kg in all children, with an eGFR of
167ml/min/1.73 m2

Fixed population effect

Estimate (% RSE) by dataset

Building Building and validation
Ka (h21) 0.55 (15) 0.506 (12)
CL (liters· h21) 2.92 (6) 2.55 (6)
V2 (liters) 6.11 (11) 5.96 (8)
Q (liters·h21) 0.484 (44) 0.222 (38)
V3 (liters) 1.75 (20) 1.29 (19)
F 0.444 (11) 0.438 (11)
Effect of eGFR on CLa 0.839 (8) 0.763 (7)
Effect of critically ill on CLa 0.763 (6) 0.806 (6)
IIV
vCL 0.23 (13) 0.236 (11)
vV 0.236 (46) 0.22 (40)

Residual variability
Residual proportional error 0.457 (5) 0.477 (4)

aThe equations for the final model were CLi ¼ CL�ðBWi
11:7Þ0:75�ðeGFRi167 Þ0:763�0:806critically ill , with critically ill equal

to
0 or 1, V2i ¼ V2 � ðBWi

11:7Þ1,Qi ¼Q� ðBWi

11:7Þ0:75, and V3i ¼ V3 � ðBWi

11:7Þ1.

TABLE 1 Characteristics of the population

Characteristic, median (range)

Value by dataset

Building Validation Overall
No. of patients (sampling) 70 (275) 35 (99) 105 (374)
Administration route (p.o./i.v./i.v.1 p.o.) 13/51/6 6/27/0 19/78/6
Oral dose (mg/kg/day) 41 (14.6–83.8) 32.4 (18.1–66.7) 36 (14.6–83.8)
i.v. dose (mg/kg/day) 10 (2.4–14.8) 10 (1.2–15.4) 10 (1.2–15.4)
No. of administrations/day (1/2/3/4) 8/56/3/3 4/30/0/1 12/86/3/4
Sex (no. male/female) 40/30 19/16 59/46
Age at inclusion (yr) 2.3 (0.2–17.3) 3.0 (0.01–16.0) 2.5 (0.01–17.3)
No. aged 0–1 yr/1–12 yr/12–18 yr 18/45/7 13/18/4 31/63/11
Body weight (kg) 11.3 (3.8–80) 14.8 (2.6–49) 11.7 (2.6–80)
Height (cm) 85 (50–178) 92 (47–165) 85 (47–178)
Serum creatinine (mmol·liter-1) 22 (10–159) 26 (5–83) 22 (5–159)
eGFR (ml/min/1.73m2) 166 (43–392) 172 (61–425) 167 (43–425)
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ter a simulation of an oral administration of doses calculated with Pescovitz et al. (3),
Åsberg et al. (8), and Villeneuve et al. (9) algorithms (Table 3).

DISCUSSION

The pharmacokinetics of ganciclovir have been described with a 2-compartment
model with first-order absorption for the oral route and first-order elimination. This
structural model was consistent with previous analysis in children and adults (10–12).
In our study, PK parameters were comparable to those previously reported. Clearance
and volume of distribution were 0.22 liters/h/kg and 0.51 liters/kg, respectively, com-
pared to 0.19 liters/h/kg and 0.38 liters/kg in Åsberg et al. (8), 0.21 liters/h/kg and

FIG 1 Observation data versus population predictions (upper left) and versus individual predictions (upper right) in the
final model, noncensored data (full circle), and censored data (empty circle), represented with a log-log scale. The black
line is the identity line. Normalized prediction distribution error versus time (bottom left) and predictions (bottom right).
The horizontal line is the theoretical mean (0).

FIG 2 Prediction-corrected visual predictive check for i.v. (linear scale on the left and log-linear scale in the middle) and oral (right)
administration. Colored areas represent 95% CIs of 5th, 50th, and 95th simulated percentiles. Lines are empirical (observed) 5th, 50th,
and 95th percentiles. Dots are observed data. Full and empty circles are the noncensored and censored data, respectively.
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1.25 liters/kg in Vezina et al. (12), and 0.24 liters/h/kg and 0.23 liters/kg in Pescovitz et
al. (3).

An allometric model was used to represent the physiological process of child devel-
opment. The effects of both BW and BSA were tested, as evidenced previously (3, 10,
12), but the effect of BW was much more significant than that of BSA in our population.
No additional effect of age was evidenced, although 31 children were younger than 1year
at inclusion. However, an age effect (,2years versus 2 to 13 years) has indirectly been
included on ganciclovir clearance through the inclusion of eGFR by the Schwartz formula.

The effect of eGFR on ganciclovir CL is easily explained, since ganciclovir is elimi-
nated via the kidneys. This effect has already been reported in previous studies in chil-
dren (3, 8, 10). Renal clearance was described by eGFR using the Schwartz formula (13).
However, this formula does not take into account gender, muscle mass, nutrition/
hydration status, or liver dysfunction and could under- or overestimate GFR. An effect
of critically ill children was found to decrease elimination clearance by 20% in our
model. This effect was found whatever the level of eGFR. We attributed it to an overes-
timation of eGFR with the Schwartz formula for critically ill children, leading to an over-
estimation of ganciclovir clearance. The critically ill effect, which decreases ganciclovir
clearance, allows us to correct this overestimation. A more precise approach would be
to use creatinine clearance (CLCR), calculated with urine (Ucr) and plasmatic (Scr) creati-
nine concentrations. Unfortunately, data on Ucr and urine output were not available for
most of our patients (14).

On the one hand, it has been reported that in prophylactic treatment, an AUC0–24 of
50mg/liter·h led to an incidence of viremia of 1.3%, whereas an AUC0–24 of 25mg/
liter·h was associated with an 8-fold higher risk of viremia. On the other hand, it has
been shown that an AUC0–24 of .60mg/liter·h corresponded to an incidence of

FIG 3 Percentage of patients with an AUC0–24 below 40mg/liter·h, between 40 and 80mg/liter·h, between 80 and 120mg/liter·h, and above 120mg/liter·h
after 2.5- to 25-mg/kg/day i.v. dose and 8- to 56-mg/kg/day oral dose according to eGFR.

TABLE 3 Percentage of patients with an AUC0–24 of,40, from 40 to 80, from 80 to 120, and.120mg/liter·h following oral administrations of
doses calculated with published algorithms

Dose according to algorithm

% of patients with an AUC0–24 (mg/liter·h) of:

<40 40–80 80–120 ‡120
Pescovitz et al. dose algorithm (3) 0 12 55 33
Åsberg et al. dose algorithm (8) (applying the proposed 20% increase) 13 60 13 14
Villeneuve et al. dose algorithm (9) (interval for 28–32 mg/kg/day) ,1 53–61 20–30 11–14
Our oral proposed doses: 16, 40, and 56 mg/kg/day for low, medium,
and high eGFR (maximum, 1,800 mg daily)

0 23–32 50–60 13–18
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leukopenia and neutropenia of 20% and 50%, respectively. Thus, for therapeutic drug
monitoring, the target exposure is between 40 and 60mg/liter·h, being AUC0–24 for pro-
phylaxis and AUC0–12 for treatment of active disease (5). In our simulations, four win-
dows of ganciclovir AUC0–24 were determined: below 40mg/liter·h (underexposure),
between 40 and 80mg/liter·h (preventive range), between 80 and 120mg/liter·h (curative
range), and above 120mg/liter·h (at risk of toxicity).

Three algorithms were developed to predict appropriate valganciclovir pediatric-
specific doses, two of which implemented the eGFR. Pescovitz et al. (3) proposed the
equation dose (mg/day) = 7 � BSA (m2) � CLCR (ml/min/1.73 m2), with CLCR calculated
with the Schwartz formula and BSA as the square root of height (HT) (cm) � BW (kg)/
3,600. This algorithm is implemented in various recommendations (1). This algorithm
has been developed in 26 children with renal transplantation, with a mean 6 standard
deviation (SD) CLCR of 109.96 43.6ml/min and 20 children with liver transplantation
with a mean 6 SD CLCR of 153.46 75.3ml/min. Applying this formula for dose calcula-
tion to our population, our PK model predicted that 0%, 12%, 55%, and 33% of children
had an AUC0–24 of ,40mg/liter·h, 40 to 80mg/liter·h, 80 to 120mg/liter·h, and
.120mg/liter·h, respectively. With a mean CLCR in our population of 175.56 66.9ml/
min/1.73 m2, the impact of a linear relationship of CLCR on predicted dose seemed too
important for our population, leading to a third of the patients having very high expo-
sure. More recently, Åsberg et al. (8) evaluated valganciclovir PK among 104 pediatric
solid-organ transplant recipients with median (range) GFR of 112 (46 to 212) ml/min
and BW of 25.9 (5.8 to 89.4) kg, using BW instead of BSA and reducing the impact of
GFR in this new dosing algorithm: dose (mg) = WT (kg) � [0.07 � GFR (ml/min) 1 k],
where k= 5 for GFR# 30ml/min, k=10 for GFR. 30ml/min, and WT. 30 kg and k= 15
for GFR. 30ml/min and WT# 30 kg. GFR was estimated with the Cockroft-Gault for-
mula. However, the percentage of children achieving the target AUC0–24 of 80 to 120
mg/liter·h was low; thus, the authors suggested that this equation should be multiplied
by 1.2 for all age and GFR ranges. This last equation (with addition of coefficient 1.2)
was tested in our population, and 13%, 60%, 13%, and 14% had an AUC0–24 of ,40, 40
to 80, 80 to 120, and .120mg/liter·h, respectively. Those levels would be sufficient for
prophylaxis but too low for therapy. Villeneuve et al. (9) used a simple weight-based
regimen of 14 to 16mg/kg twice a day. In our population, ,1%, 53 to 61%, 20 to 30%,
and 11 to 14% of the children had an AUC0–24 of ,40, 40 to 80, 80 to 120, and
.120mg/liter·h, respectively. Again, this regimen could be used for prophylaxis but
would be insufficient for curative treatment.

In our simulations, 3 groups of patients were constituted, according to their eGFR:
,70, 70 to ,200, and $200ml/min/1.73 m2. Increased creatinine clearance is fre-
quently observed in critically ill patients (16% to 80% of patients with creatinine
clearance of .130ml/min/1.73 m2) (15, 16) and could lead to underexposure for many
drugs, such as antibiotics (17). With oral administration, only 2 children had an eGFRof
,70ml/min/1.73 m2, and 16mg/kg daily would be suitable for them. A dose of 32mg/
kg/day would be adapted for prophylaxis in children with an eGFR of $70ml/min/1.73
m2. For curative treatment, 40mg/kg/day in children with eGFR from 70 to,200ml/min/
1.73 m2 and 56mg/kg/day with eGFR of $200ml/min/1.73 m2 should be prescribed. All
of these doses were limited to a daily amount of 1,800mg. Using our simulations instead
of the Pescovitz formula, 13 to 18% of the children versus 33% would be at risk of toxic-
ity, and 23 to 32% of the children versus 12% would attain the preventive target.

Pharmacokinetic data of i.v. ganciclovir in children are sparse. Pescovitz et al. (3)
concluded that patients ,5 years of age had AUC values approximately 50% lower
than those of older age ranges (around 22 versus 39mg/liter·h). Launay et al. (6)
reported data from 10 children with a median age of 5.2 years, receiving 10mg/kg/day;
median daily exposure was 22.9mg/liter·h. In our cohort (median age of 2.5 years), we
also found that exposures were low.

According to our simulations, for the 3 patients with i.v. administration with an
eGFR of ,70ml/min/1.73 m2 (one at 43ml/min/1.73 m2), a half dose of 5mg/kg/day
would lead to low exposure, and an increase could be needed to reach prophylactic
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and therapeutic targets. For patients with 70 # eGFR ,200ml/min/1.73 m2, the ganci-
clovir i.v. recommended dose of 10mg/kg/day produced prophylactic exposure in 67%
of children and curative exposure in 9% of them. An increased dose to 15 or 20mg/kg
would allow 37 and 46% of children to be in the therapeutic range. For children with
eGFR of $200ml/min/1.73 m2, a 10-mg/kg dose is insufficient, an i.v. 15-mg/kg/day
dose seems sufficient for prevention, and an i.v. dose of 20 to 25mg/kg/day should be
more adequate for curative purposes.

Jorga et al. (18, 19) proposed an adaptation of the Pescovitz algorithm for i.v. admin-
istration: dose (mg/day) = 3 � BSA (m2) � CLCR (ml/min/m2). In our population, 0%,
12%, 50%, and 38% of children had an AUC0–24 of ,40, 40 to 80, 80 to 120, and
.120mg/liter·h. As for oral administration, the impact of a linear relationship of CLCR
on the dose seemed too important for our population, and this algorithm would lead
to an overdosage in 38% of the children.

Our study has limitations. No information was reported on CMV viral load or related
toxicity effects. The active phosphorylated form was not measured; however, relation-
ships were reported between effect (efficacy and toxicity) and exposure in plasma. Only
6 children received both i.v. and oral doses. The estimated bioavailability, which is
lower than that in previous studies (44% versus 55% [3] and 59% [8]), might have been
slightly underestimated, although both i.v. and oral concentrations seemed correctly
described. Only 2 children had an eGFR of ,70ml/min/1.73 m2; thus, we were not able
to propose an oral dose for these patients, and the proposed oral dose for
70, eGFR# 200ml/min/1.73 m2 may need to be refined for children with an eGFR of
around 70 to 80ml/min/1.73 m2.

Our dosing regimen propositions need to be confirmed prospectively. Estimated
GFR is an important covariate and is susceptible to increase or decrease quickly in crit-
ically ill patients; thus, therapeutic drug monitoring, combining drug measurement
with Bayesian estimation of the area under the curve from a population model, could
become an everyday tool to adapt the dose individually.

Conclusions. This study described ganciclovir and valganciclovir PK in children and
showed the impact of bodyweight and eGFR on drug clearance. Simulations from mod-
eling suggested that the recommended dose is adequate for prophylaxis, but doses
should be increased for curative treatment in children with normal and high eGFR.

MATERIALS ANDMETHODS
Patients. This prospective study was conducted in several pediatric units: the intensive care unit,

immune-hematology, cardiology, pneumology nephrology, and general pediatric departments of
Necker-Enfants Malades Hospital (Paris, France). All children, aged less than 18 years old and weighing
more than 2.5 kg, receiving i.v. ganciclovir or oral valganciclovir were included. These inclusions took
part in the Optimome study, which was approved by the Ethics Committee of the Necker Enfants-
Malades Hospital and registered at www.clinicaltrials.gov (NCT02539407). Prior to inclusion, oral consent
was obtained from the patient’s legal representative after oral and written information. Patients with
hemofiltration or extracorporeal membrane oxygenation were excluded.

Baseline patient characteristics were recorded, including sex, age, bodyweight (BW), height (HT),
body surface area (BSA), creatinine level, and indication for drug administration. Estimated glomerular fil-
tration rate (eGFR; ml/min/1.73 m2) was calculated with the Schwartz formula (13) as
CLCRðml=min=1:73m2Þ ¼ KCR � Height ðcmÞ

Plasma creatinine concentration ðmg�dl�1Þ, where KCR is a coefficient equal to 0.45
for ages of ,2 years and BW of $2.5 kg, 0.55 for ages of $2 and,13 years and for females
aged$13 years, and 0.7 for males aged$13 years. Critically ill medical status was defined as a binary
covariate coded 1 for children admitted to the critical care unit and 0 for other children.

Drug administration and blood sampling. The prescribed doses referred to medical child history
(preventive or curative treatment), the disease, local protocols, and the route of administration. In most
cases, ganciclovir and valganciclovir were administered twice daily but were sometimes given every 6, 8,
or 24 h. Blood samples were collected during routine laboratory testing regardless of the delay since the
administration. Median (range) daily doses were 10 (1.2 to 15.4) mg/kg/day for i.v. ganciclovir and 36
(14.6 to 83.8) mg/kg/day for oral valganciclovir. The median delay between drug intake and sample col-
lection was 11 h, and the interquartile range was 5 to 12 h.

Assay. Ganciclovir concentrations in plasma samples were measured using a high-performance liq-
uid chromatography tandem mass spectrometry method. Samples were centrifuged (4,000 rpm, 5min)
to yield plasma and then stored at –20°C before analysis. The analysis was performed using a TSQ quan-
tum discovery max chromatographic system (Fisher Scientific, Les Ulis, France). A volume of 100ml of
plasma samples was precipitated with 500ml of acetonitrile. The supernatants were evaporated to
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dryness under a 40°C nitrogen flow. The residues were then reconstituted in 500ml of water, and a vol-
ume of 10ml was injected into the chromatographic system. The chromatographic separation was carried
out on an Atlantis T3 C18 column (Waters, Saint-Quentin, France) using a mobile phase composed of
water (0.05%, vol/vol, formic acid) and methanol (0.05%, vol/vol, formic acid). The method was fully vali-
dated according to Food and Drug Administration guidelines for validation of bioanalytical assays (20).
The calibration of ganciclovir was linear over the range of 0.05 to 16mg/ml. The lower limit of quantifica-
tion (LOQ) was 0.05mg/ml, determined based on the signal-to-noise ratio, which was at least 10:1, and
checking that the bias and coefficient of variation of LOQ did not exceed 20% during the analysis of six
different samples.

Population pharmacokinetics. Data were analyzed using the nonlinear mixed-effect modeling soft-
ware Monolix 2018R1 (version 2018R1; https://lixoft.com). Parameters were estimated by computing the
maximum likelihood estimator of the parameters using the stochastic approximation expectation maxi-
mization (SAEM) algorithm combined with a Markov chain Monte Carlo (MCMC) procedure. The number
of MCMC chains was fixed to 5 for all estimations. The data set was divided into two parts: two-thirds of
the children were used to build the model, and one-third was used for the validation of the model.
Finally, all data were analyzed simultaneously to perform dose simulations. To model simultaneously
ganciclovir and valganciclovir PK, doses and concentrations were converted to molarity, e.g., dividing
mass concentrations by the molar mass of each compound. In Monolix, the extension of the SAEM algo-
rithm performed a simulation of the left-censored data in a right-truncated Gaussian distribution with an
integration below the limit of quantification (BLOQ) to obtain the probability of BLOQ (21). Analytical sol-
utions were used to code i.v. and oral routes simultaneously. Numerical and graphical outputs were
obtained with R software (version 3.6.1). Simulations were performed with NONMEM 7.4. The area under
the concentration-time curve and the percentages of patients in each interval were calculated using R
and represented with Excel.

(i) Structural model building. One- and two-compartment models were tested, with first-order
absorption, with or without lag time and first-order elimination. Ganciclovir concentrations below the
LOQ were left-censored. Proportional, additive, and combined models were investigated to describe re-
sidual variability. IIV was defined by an exponential model.

Data for ganciclovir and valganciclovir then were fitted jointly. Only significant interindividual varia-
bilities on the PK parameters were kept, i.e., a decrease in the objective function value (OFV) of $3.84 U.

The continuous covariates considered were BW, age, HT, BSA, and eGFR using the Schwarz formula

(13). Continuous covariates were integrated as u i ¼ u pop� Covi
MedianðCovÞ

� �b
, where u pop is the typical value

of clearance or volume of distribution for a patient with the median covariate value and b is the esti-
mated influential factor for the continuous covariate estimated by the modeling software. For BW (me-
dian, 11.7 kg), according to the allometric rule, b was fixed at 0.75 for the clearance and 1 for the volume
of distribution (22). Categorical covariates, such as sex, were tested as u i ¼ u pop � b COVi , where COVi is
equal to 0 or 1 and b is the estimated factor for the covariate.

Covariates were retained in the model if their effects were biologically plausible, if they produced a
reduction in the PK parameter IIV, and if the OFV was decreased by at least 3.84 (equal to chi-squared
with one degree of freedom, equivalent to a P value of 0.05) in the forward inclusion phase and was
increased by more than 6.63 (equal to chi-squared with one degree of freedom, equivalent to a P value
of 0.01) in the backward phase.

(ii) Model evaluation. (a) Validation on the remaining third of the data. To assess predictive per-
formance of the model, we first compared goodness-of-fit plots of the population-predicted concentra-
tions and the observed concentration. We calculated mean prediction error (MPE) (equation 1) and mean
absolute prediction error (MAE) (equation 2) to assess bias and root mean squared prediction error
(RMSE) (equation 3) to assess precision between population predicted concentrations of the model and
observed concentrations of the validation data set (23).

MPE ¼ 1
n

Xn

i¼1

Cpredi2Cobsið Þ (1)

MAE ¼ 1
n

Xn

i¼1

jCpredi2Cobsij (2)

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn

i¼1

ðCpredi2CobsiÞ2
vuut (3)

(b) Evaluation of the final model with building and validation data set. The following goodness-of-
fit plots were generated: observed concentrations versus population predictions and versus individual
predictions, normalized prediction distribution error metrics (npde) versus time and versus predictions.

From the final model, Monte Carlo simulations were performed to compute the prediction-corrected
visual predictive check (pc-VPC). The observed concentration data were overlaid on the 5th, 50th, and
95th percentiles of the simulated concentrations at each time, and a visual inspection was performed.
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(iii) Simulations. One thousand Monte Carlo simulations were performed from the final population
PK model to simulate ganciclovir area under the curve. According to previously published reports, pro-
phylactic and curative antiviral efficiency is reached for ganciclovir AUC0–24 at 40 to 60mg/liter·h and
AUC0–12 at 40 to 60mg/liter·h, respectively (5, 24). For an easier presentation of the results, the therapeu-
tic targets were converted to an AUC0–24 between 80 and 120mg/liter·h, and the preventive range has
been expanded to an AUC0–24 between 40 and 80mg/liter·h. Several dosing regimens were tested, from
2.5mg/kg/day to 25mg/kg/day, for i.v. administration. For oral administration, doses from 8 to 56mg/
kg/day were simulated, corresponding to an increase of 75% of an oral dose of 32mg/kg/day. The per-
centages of patients with an AUC0–24 below 40mg/liter·h, between 40 and 80mg/liter·h, between 80 and
120mg/liter·h, and above 120mg/liter·h were reported.
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