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ABSTRACT Newborns with congenital cytomegalovirus (CMV) infection are at high risk
for developing permanent sequelae. Intravenous ganciclovir therapy is frequently used
for the treatment of congenital CMV infection. A target area under the concentration-
time curve from 0 to 24 h (AUC0–24) of 40 to 50 �g · h/ml is recommended. The stan-
dard dose has resulted in a large variability in ganciclovir exposure in newborns, indicat-
ing the unmet need of dosage individualization for this vulnerable population, but the
implementation of this strategy remains challenging in clinical practice. We aim to
evaluate the clinical utility of model-based dosage individualization of ganciclovir in
newborns using an opportunistic sampling approach. The predictive performance of a
published ganciclovir population pharmacokinetic model was evaluated using an inde-
pendent patient cohort. The individual dose was adjusted based on the target AUC0–24

to ensure its efficacy. A total of 26 newborns with congenital CMV infection were in-
cluded in the present study. Only 11 (42.3%) patients achieved the target AUC0 –24 af-
ter being given the standard dose. For all the subtherapeutic patients (achieving
�80% of the target AUC) (n � 5), a model-based dosage adjustment was performed
using the Bayesian estimation method combined with the opportunistic sampling
strategy. The adjusted doses were increased by 28.6% to 60.0% in these five pa-
tients, and all adapted AUC0 –24 values achieved the target (range, 48.6 to 66.1 �g ·
h/ml). The clinical utility of model-based dosing individualization of ganciclovir was
demonstrated in newborns with congenital CMV infection. The population pharma-
cokinetic model combined with the opportunistic sampling strategy provides a clini-
cally feasible method to adapt the ganciclovir dose in neonatal clinical practice. (This
study has been registered at ClinicalTrials.gov under registration no. NCT03113344.)
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Cytomegalovirus (CMV) is the most common source of congenital viral infection and
is underrecognized as a significant cause of serious morbidity in newborns. The

overall incidence of congenital CMV is about 0.7%, and the rates are even higher (�1%)
in developing countries (1, 2). Approximately 10% of infants with congenital CMV are
symptomatic, more than half of them develop permanent disabilities, and 5% die from
consequences of the infection. Even among the asymptomatic infants, 10% to 15% will
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still develop permanent sequelae (i.e., sensorineural hearing loss, mental retardation)
(1, 3–5). According to the previous studies, approximately 30% of cases of deafness in
childhood were caused by congenital CMV infection (6–8).

Ganciclovir is recommended for the treatment of congenital CMV infection, al-
though its use is off-label. Ganciclovir is a synthetic guanine derivative and is the first
antiviral agent against CMV (8, 9). It has a low protein binding rate (1% to 2%) and is
excreted mainly via the kidney through glomerular filtration and active tubular secre-
tion (9, 10). The pharmacokinetic-pharmacodynamic relationship of ganciclovir has
been demonstrated in both solid organ transplant adults and symptomatic congenital-
CMV newborns (11–13). A target area under the concentration-time curve from 0 to
24 h (AUC0 –24) of 40 to 50 �g · h/ml was recommended to enhance the likelihood of
efficacy of the antiviral therapy (14–16).

Although an optimal AUC target for rational ganciclovir therapy was determined,
few pediatric patients were able to achieve this target drug exposure using the
standard dosing regimen. It has been reported that after receiving the standard dosing
regimen of 5 mg/kg of body weight twice daily (BID), pediatric transplant patients had
a high variable AUC0 –24, which ranged from 11.8 to 65.2 �g · h/ml (17). It is expected
that newborns would have higher interindividual variability than children. Hence, the
standard treatment might bring high risks of therapeutic failure, antiviral resistance, or
adverse events to this vulnerable population (18). Therefore, a one-size-fits-all approach
is inadequate for neonatal dosing regimens and dosage individualization is strongly
recommended to ensure therapeutic target achievement for each individual.

Despite the unmet need of dose individualization of ganciclovir in newborns,
there is still a big barrier in application for clinical practice due to the challenges of
the small blood volume and the scarcity of sampling allowed in this special
population. In an effort to integrate the personalized dose of ganciclovir in clinical
practice, we aimed to evaluate the clinical utility of model-based dosage individ-
ualization of ganciclovir in neonates and young infants, using an opportunistic
sampling approach (Fig. 1).

RESULTS

Twenty-six Chinese newborns with congenital CMV infection were included in the
study. Informed-consent forms, signed by the patients’ parents or guardians, were
obtained from all patients. The patient characteristics are presented in Table 1. A total

FIG 1 Model-based dosage individualization in neonates and young infants.
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of 51 ganciclovir concentrations ranging from 0.3 to 5.7 �g/ml were available for
analysis (1 patient provided 3 samples, 23 patients provided 2 samples, and 2 patients
provided 1 sample). The time between the last dose given and the sample collection
ranged from 0.2 to 13.6 h. No ganciclovir-related hematotoxicity and nephrotoxicity
were observed during the ganciclovir therapy.

Step 1. Model evaluation. The predictive performance of the model was evaluated
using the present data set. The mean prediction error was 7.64% � 47.80%, and the mean
absolute prediction error was 31.30% � 36.67%. The prediction error was within �20% and
�30% for 51.0% and 70.6% of measurements, respectively.

Step 2. Calculation of individual AUC0 –24 after the standard dosing regimen.
After giving the standard ganciclovir dosing of 5 mg/kg every 12 h, the mean AUC0 –24

was 40.6 (22.9 to 79.2) �g · h/ml, and the target AUC0 –24 of �40 mg · h/liter was
achieved in 42.3% (n � 11) of patients.

Step 3. Model-based dosage individualization. A total of 23.1% (n � 6) of patients
with AUC0 –24 below 80% of the target were chosen to optimize the ganciclovir dose;
one patient who stopped taking ganciclovir after the first dose was excluded. To
achieve an AUC0 –24 of 40 �g · h/ml, the adjusted doses were increased by 28.6% to
60.0% in these patients.

Step 4. Evaluation of individualized doses. After administration of the adjusted
dose, the AUC0 –24 values were calculated from the model and ranged from 48.6 to 66.1
�g · h/ml. As a result, all five patients undergoing model-based dose individualization
achieved the therapeutic exposure target. The AUC0 –24 values before and after the
dose individualization are shown in Fig. 2.

DISCUSSION

In the current study, the feasibility of dosage individualization of ganciclovir by
a model-based approach coupled with an opportunistic sampling strategy in
neonates and young infants with congenital CMV infection is presented for the first
time.

A target AUC0 –24 of 40 to 50 �g · h/ml is recommended in both adult and pediatric
patients undergoing CMV prophylaxis and treatment. Ganciclovir pharmacokinetics are
highly variable among children (19–22) due to their developmental pharmacology and
clinical conditions, which were proved to have profound impacts on the disposition of

TABLE 1 Baseline characteristics in 26 Chinese newborns

Characteristicsa Mean (SD) Median (range)

GA (wk) 33.0 (4.2) 32.6 (26.0–39.3)
PNA (days) 28.7 (22.3) 20.0 (3.0–70.0)
PMA (wk) 37.1 (5.7) 38.5 (27.1–46.0)
Birth wt (g) 2,161.2 (660.8) 2,160.0 (1,260.0–4,200.0)
Current wt (g) 2,074.1 (896.1) 2,350.0 (690.0–3,800.0)
Creatinine concn (�mol/liter) in serum 46.0 (18.5) 39.0 (26.0–85.0)
Ganciclovir concn (�g/ml) in plasma 1.9 (1.5) 1.4 (0.3–5.7)
aGA, gestational age at birth; PMA, postmenstrual age; PNA, postnatal age.

FIG 2 AUC0 –24 before and after model-based dosage individualization.
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drugs. Intravenous ganciclovir is regarded as the first-line agent for the treatment of
symptomatic congenital CMV infection and is typically initiated with a standard dosing
regimen of 5 mg/kg BID. However, the standard dose was established based on limited
pediatric pharmacokinetic data and the assumption of an “average child” (9, 21, 23).
Consequently, the standard dose might induce side effects or treatment failure or even
contribute to CMV resistance. Therefore, dose optimization/individualization is indis-
pensable for pediatric patients to ensure that each individual patient reaches the
therapeutic target of ganciclovir exposure.

In the present study, the clinical utility of the developed model has been evaluated,
using data from an external validation group. Using only the clinical characteristics of
a patient and ganciclovir concentrations obtained with an opportunistic sampling
strategy, the model was able to calculate the AUC0 –24 for each individual patient. This
approach improved the therapeutic target achievement for the cohort of neonates and
young infants examined in the current study. Although there were 3 patients with
AUC0 –24 values ranging from 51.06 to 65.54 �g · h/ml and 4 patients with AUC0 –24

values ranging from 51.78 to 66.10 �g · h/ml before and after the dose individualiza-
tion, respectively, no obvious adverse effects have been observed during the treatment
process (9). Thereby, no dosing adjustment was performed for these patients with
AUC0 –24 above the target. The dosing adjustment should be weighted upon the target
attainment rate against drug-related toxicity.

The use of a population pharmacokinetic model combined with the opportunistic
sampling strategy in the present study is a reliable alternative strategy to the conven-
tional method for ganciclovir dosage individualization in newborns. The ganciclovir
dosing individualization is essential for improving clinical outcome; however, the major
barriers to the application of therapeutic drug monitoring (TDM) in newborns include
mainly the restriction in the number (and volume) of blood samples that can be
obtained and the difficulty in determination of the concentration of drug in plasma at
specific times. The proposed approach is an optimal option (more adapted to neonatal
clinical practice) for optimizing ganciclovir individual treatment. This approach might
provide reasonably precise predictive performance and reliable AUC estimation, reduce
both the number (and volume) of blood samples and the risks of multiple blood
sampling by exploiting the full potential of residual blood samples, and mitigate
parental concern associated with repeated blood sampling. Incorporation of such an
approach into a robust clinical dosing support tool can help guide clinicians with dose
individualization.

Our study had some limitations. The small number of samples within the dosing
interval might introduce bias in predicting the individual AUC of a special patient,
requiring repeated dosing adjustment. The methodological aspect of designing an
“optimal” opportunistic sampling approach still needs to be evaluated. In addition, the
clinical benefits of personalized therapy in treatment efficacy and safety still need to be
confirmed in further randomized trials.

Conclusion. In conclusion, our model-based dosing approach combined with the
opportunistic sampling strategy provides a clinically feasible method for ganciclovir
dosage individualization in newborns. A close collaboration between neonatologists
and pediatric pharmacists/pharmacologists is mandatory to incorporate the ideal
model-based dosing individualization approach into clinical practice.

MATERIALS AND METHODS
This open-label pharmacokinetic study was conducted at Shandong Provincial Qianfoshan Hospital

and Children’s Hospital of Hebei Province between 2016 and 2017 (ClinicalTrials registration no.
NCT03113344). Neonates and young infants receiving intravenous ganciclovir therapy (5 mg/kg, BID) for
congenital CMV infections were enrolled in this noninterventional study, which was designed in
accordance with the legal requirements and the Declaration of Helsinki and was approved by the
institute ethics committee. A consent process includes 2 approaches: information given on a flyer/leaflet
and a formal informed-consent process. The whole study process included four steps (Fig. 1).

First step: model evaluation. A previously published ganciclovir population pharmacokinetic model
in newborns was used (11). The following modeling information was extracted from the article: a
one-compartment model with first-order elimination, interindividual variability for clearance (CL) (%
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coefficient of variation [%CV], 26.9%) by an exponential error model, residual variability using an
exponential model (%CV, 38.2%) and a significant influence of current weight (CW) on CL and volume of
distribution (V) with the following regression equations (equations 1 and 2):

CL � 0.146 � CW � 1.68 liters ⁄ h (1)

V � 1.15 liters ⁄ kg (2)

The bias and precision of the model were assessed by calculating the median prediction error (MPE)
and median absolute prediction error (MAE) (24) (equations 3 and 4). In addition, the numbers of patients
with MPE beyond �20% and �30% were calculated.

MPE % � 1 ⁄ N ���PREDi � OBSi� ⁄ OBSi� � 100% (3)

MAE % � 1 ⁄ N � |�PREDi � OBSi� ⁄ OBSi| � 100% (4)

Second step: calculation of individual AUC0 –24. Individual AUC0 –24 values were estimated for each
patient after administration of the standard dosing regimen of 5 mg/kg BID using a Bayesian estimation.
The AUC0 –24 was defined as dose/CL, and the individual CL was calculated by a Bayesian estimation
(“MAXEVAL” � 0= and ‘Post hoc’ in the $ESTIMATION step of NONMEM software, first-order conditional
estimation interaction option) using population pharmacokinetics parameters obtained from a previ-
ously developed model (11).

Third step: model-based dosage individualization. If the AUC results were substantially lower than
the target value of 40 to 50 �g · h/ml (below 80% of the target), an increased dose was calculated based
on the target AUC and subsequently given to the patient. For other sub- or overtherapeutic patients,
dose adjustment depended on clinical conditions.

Last step: evaluation of individualized dose. In order to ensure the efficacy of the drug, the
ganciclovir concentrations in plasma were measured again after the dose adjustment, and AUC0 –24 was
calculated using a Bayesian estimation.

Safety evaluation. The safety evaluation was focused on ganciclovir-related hematotoxicity and
nephrotoxicity (8), which was evaluated based on changes in absolute neutrophil count, platelet count,
and serum creatinine concentrations from baseline. Hematotoxicity was defined as a 50% reduction in
either absolute neutrophil or platelet count (25). Nephrotoxicity was defined as either a 2-fold increase
or an increase by at least 0.6 mg/dl of the serum creatinine concentrations (26). Safety evaluation was
performed from the start and at various times until the end of ganciclovir therapy.

Opportunistic sampling. Blood samples during the whole study period were collected using an
opportunistic (also called scavenged) sampling strategy (27). During the ganciclovir treatment period,
opportunistic samples were collected from blood remaining after routine biochemical tests that were
ordered by physicians. No additional blood volume was taken for these samples. Tubes with specific
research labels were used, allowing the laboratory staff to identify the opportunistic samples and store
them at �80°C after routine testing for a maximum of 48 h before analysis.

Analytical method of ganciclovir. The analytical method of ganciclovir was adapted from Zhang et
al. (28). Concentrations in plasma were determined using high-performance liquid chromatography
(HPLC) with UV detection at 254 nm. The calibration graph for ganciclovir ranged from 0.25 to 25 �g/ml
(0.25, 0.5, 1, 5, 10, and 25 �g/ml). The interday and intraday coefficients of variation (CVs) were 5.6% and
2.1%, respectively, for controls (2 and 15 �g/ml). The lower limit of quantification (LOQ) was 0.25 �g/ml,
with interday and intraday CVs of 5.8% and 1.9%, respectively. The short-term, long-term, and freeze-
thaw stabilities of ganciclovir in plasma have been validated in a previous study (29).
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