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Valganciclovir (VGC) is an oral prodrug of ganciclovir (GCV) recently introduced for prophylaxis and
treatment of cytomegalovirus infection. Optimal concentration exposure for effective and safe VGC therapy
would require either reproducible VGC absorption and GCV disposition or dosage adjustment based on
therapeutic drug monitoring (TDM). We examined GCV population pharmacokinetics in solid organ trans-
plant recipients receiving oral VGC, including the influence of clinical factors, the magnitude of variability, and
its impact on efficacy and tolerability. Nonlinear mixed effect model (NONMEM) analysis was performed on
plasma samples from 65 transplant recipients under VGC prophylaxis or treatment. A two-compartment model
with first-order absorption appropriately described the data. Systemic clearance was markedly influenced by
the glomerular filtration rate (GFR), patient gender, and graft type (clearance/GFR = 1.7 in kidney, 0.9 in
heart, and 1.2 in lung and liver recipients) with interpatient and interoccasion variabilities of 26 and 12%,
respectively. Body weight and sex influenced central volume of distribution (}; = 0.34 liter/kg in males and 0.27
liter/kg in females [20% interpatient variability]). No significant drug interaction was detected. The good
prophylactic efficacy and tolerability of VGC precluded the demonstration of any relationship with GCV
concentrations. In conclusion, this analysis highlights the importance of thorough adjustment of VGC dosage
to renal function and body weight. Considering the good predictability and reproducibility of the GCV profile
after treatment with oral VGC, routine TDM does not appear to be clinically indicated in solid-organ
transplant recipients. However, GCV plasma measurement may still be helpful in specific clinical situations.

Valganciclovir (VGC), a prodrug ester of ganciclovir (GCV)
and L-valine, has been developed to overcome the poor oral
bioavailability of GCV, which limits its exposure after oral
administration. GCV administered as VGC is characterized by
a 10-fold-higher oral bioavailability (6, 10, 19, 24), with a VGC
dose of 900 mg once daily providing a systemic exposure com-
parable to that of intravenous GCV at 5 mg/kg (6, 19, 24). The
efficacy of GCV delivered as VGC has been established for the
prevention of cytomegalovirus (CMV) disease in kidney, heart,
and kidney-pancreas recipients at high risk for developing it
(i.e., CMV-seropositive donor/CMV-seronegative recipient
[D+/R—]) (21) and recently for the treatment of CMV disease
in organ transplant recipients (2).

After administration, VGC is absorbed by peptide transport-
ers through the intestinal epithelium and hydrolyzed into
GCV, which is only 1 to 2% bound to plasma protein (5) and
extensively eliminated through the kidney by both glomerular
filtration and tubular secretion. Thus, in renal insufficiency, the
dosage of VGC has to be adjusted to the estimated glomerular
filtration rate (GFR) (6). GCV is secreted through the organic
anion transporters (OAT) (14) and therefore at risk for drug
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interactions with transport inhibitors. Other factors could also
influence VGC pharmacokinetics, including a patient’s body
weight (BW), gender, and comorbidities. Pharmacokinetic
variability represents a potential nuisance for drug efficacy and
safety, if it does not receive proper consideration on prescrip-
tion. The potential burden of CMV infection plays a significant
role after transplantation in terms of morbidity and mortality
(8), and the incidence of infection is nonnegligible in CMV
D+/R— patients in the absence of preventive treatment (45%
according to Lowance et al. [18]). Thus, insufficient GCV ex-
posure may lead to breakthrough viremia, especially in high-
risk patients, or to the selection of resistant strains, as reported
with oral GCV (16). On the other hand, overexposure en-
hances the risk of dose-dependent hematologic toxicity (28).
The maintenance of circulating concentrations inside an effec-
tive and safe range is thus of therapeutic importance. This goal
requires not only that dosages are adjusted to patient factors
affecting VGC absorption and GCV disposition but also that
VGC absorption and GCV disposition are sufficiently repro-
ducible and predictable, knowing those factors. Otherwise,
therapeutic drug monitoring (TDM) may represent a useful
alternative to compensate for high interpatient variability (27).

The objectives of the present study were (i) to describe the
population pharmacokinetic profile of GCV delivered as VGC
and its variability in solid-organ transplant recipients receiving
oral VGC for either oral VGC prophylaxis or treatment, (ii) to
define clinical factors that could explain interpatient differ-
ences, and (iii) to explore the relation between GCV profile
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and efficacy and tolerability outcomes. Our findings thus help
us to evaluate the usefulness of GCV TDM after VGC admin-
istration in solid-organ transplant patients.

MATERIALS AND METHODS

Patient population. This prospective observational study was conducted from
November 2005 to January 2008 at the University Hospital of Lausanne (CHUV)
and the University Hospital of Geneva (HUG) in Switzerland. Protocols were
approved by local ethics committees. Adult solid-organ transplant patients at risk
for CMV infection (donor or recipient CMV seropositive) receiving oral VGC
prophylaxis, oral VGC treatment, or intravenous GCV treatment were enrolled
consecutively after giving their written informed consent. Exclusion criteria were
failure to provide informed consent or known intolerance to GCV or VGC. A
3-month course of VGC prophylaxis was administered from day 3 posttransplan-
tation, except in lung transplant recipients that were donor seropositive and
recipient seronegative who received VGC prophylaxis for 6 months. The VGC
prophylactic dosage was 900 mg once daily in heart and lung recipients. Kidney
transplant recipients, having on average a slight degree of renal impairment,
received 450 mg once daily. Further dose adjustment to renal function was
applied according to the manufacturer’s recommendations. VGC therapeutic
dosage for CMV disease (25) was 900 mg twice daily, adjusted to the renal
function. Two patients had to receive intravenous GCV treatment. The dosage
was of 5 mg/kg every 12 h, with further adjustment to renal function. GCV levels
were measured monthly both at the trough point and ~3 h after oral or intra-
venous administration during prophylaxis and at weekly intervals during treat-
ment. During prophylaxis, the first sample was collected after at least 3 days of
VGC administration, and the next one was given about 1 or 2 months later.
Intensive pharmacokinetic data (rich data) obtained in two kidney recipients
were also included in the analysis.

For each patient, the gender, height, age, graft type, CMV serostatus (both
donor and recipient), and comorbidities were recorded. Samples were generally
obtained under steady-state conditions (i.e., drug regimen unchanged for at least
3 days). However, when this condition was not reached, the detailed dosing
schedule was recorded during the last 3 days. Actual dosing and sampling time
information was carefully recorded on each sampling occasion, along with pa-
tient’s BW, serum creatinine, concomitant medications, adverse events (nausea,
diarrhea, skin toxicity, anemia, leucopenia, neutropenia, thrombocytopenia, and
liver enzyme elevation). Adverse events were recorded as present or absent,
including anemia (hemoglobin <10.4 g/liter [male] or <9.9 g/liter [female]),
leucopenia (leukocytes <3.5 g/liter), neutropenia (neutrophils <2.0 g/liter),
thrombopenia (platelets <140 g/liter), and liver enzyme elevation (aspartate
aminotransferase and alanine aminotransferase, >1.1 upper limit of normal
range).

Analytical method. Blood samples (5.5 ml) were collected into Monovettes
(Sarstedt, Niimbrecht, Germany), with K-EDTA as an anticoagulant. The sam-
ples were sent without delay to the laboratory, and plasma was isolated by
centrifugation and stored at —20°C to ensure stability up to the time of analysis.
Plasma GCV levels were determined by reversed-phase high-performance liquid
chromatography coupled with spectrofluorimetric detection according to a vali-
dated method (22). The calibration curve is linear between 0.1 and 10 mg/liter.
The mean absolute recovery of GCV was 100.3% = 2.5%. The method is precise
(with mean interday coefficients of variation [CVs] within 1.2% to 3.5%) and
accurate (range of interday deviations, —0.4% to +1.4%).

Model-based pharmacokinetic analyses. The analysis was performed by using
the NONMEM computer program written in FORTRAN 77 (version VI, with
NM-TRAN version II) (3) running on a mainframe station (Sun Fire 3800 server
with UltraSPARC III processors; Sun Santa Clara). It uses mixed (fixed and
random) effects regression to estimate population means and variances of the
pharmacokinetic parameters and to identify factors that influence them.

Structural model. The following stepwise procedure was used (see model
selection below): first, one- and two-compartment models with first-order ab-
sorption from the gastrointestinal tract for oral VGC were compared based on
the data from the two patients who underwent intensive kinetic investigation
(rich data) and from the entire population (sparse data). The estimated para-
meters were the systemic clearance (CL), the intercompartmental clearance (Q),
the central volume of distribution (V/}), the peripheral volume of distribution
(V>), and the absorption rate constant (k,). Since GCV was administered intra-
venously only in two patients, the bioavailability (F) could not be estimated with
sufficient accuracy and was fixed at 0.6 according to previous studies (6, 10, 19,
24). Derived parameters were the absorption half-life [¢,,, = In(2)/k,] and the
elimination half-life [¢,,5 = In(2)/\g, with Ay derived from CL, Q, V/}, and V5].
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Statistical model. Exponential errors following a log-normal distribution were
assumed for the description of interpatient variability of the pharmacokinetic
parameters and were of the form 6, = 6¢™, where 6; is the individual pharma-
cokinetic parameter value in the jth individual, 6 is the population parameter
estimate, and v, is the random effect value, which is independently and normally
distributed with a mean of 0 and variance w. Considering potential modifications
in the patients’ condition over time as a consequence of changes in pathophys-
iological processes (blood samples were drawn a few days to many months after
transplantation), an interoccasion variability (12) was assigned on clearance that
accounted for three different occasions: up to month 1, up to month 2, and up to
month 6 or more of the posttransplantation period. A specific model for time-
varying creatinine clearance (31) was also tested. Proportional and combined
proportional-and-additive error models were compared to describe intrapatient
(residual) variability.

Covariate model. The covariate analysis was performed by using a stepwise
insertion/deletion approach. Visual inspection of the correlation between post
hoc individual parameter estimates and the available covariates (demographic
characteristics, comorbidities, and concomitant medications) was first conducted
by graphical exploration. Potentially influential covariates were then incorpo-
rated sequentially into the pharmacokinetic model. The typical value of a given
parameter 6 (e.g., CL) was modeled to depend either linearly on the covariate X
(general equation: 6 = 6, - X, where 0, is the estimated coefficient) or as a power
function for categorical covariates (general equation: 6 = 0, - 0¥, where 0, is the
estimate of the basal value and 6y, is the contribution of the factor X). Covariates
(X) evaluated for inclusion during the model building process were gender (sex),
age, BW, height, GFR, comorbidities, and concomitant medications. Concomi-
tant medications included the presence or absence of calcineurin inhibitors
(ICAL) (tacrolimus or cyclosporine), mycophenolate (MMF), cotrimoxazole
(COTM), and OAT inhibitors (14). Two different equations for the estimation of
GFR were compared: (i) the traditional Cockroft-Gault equation, GFR¢ g =
[(150 — age) X BW]/Cr, X 1.1 (if male) or X 0.9 (if female) (4), and (ii) the
four-variable modification of diet in renal disease (MDRD) formula with indi-
vidual body surface area, GFRyprp = 175 X (Cr,/88.4)7 1154 x age™0-203 x
0.742 (if female) (15), where Cr; is the standardized serum creatinine value
expressed in wmol/liter and the age is given in years. This simplified four-variable
MDRD formula was shown to accurately predict GFR in kidney transplant
patients (7).

At the end of the analysis, all patient characteristics showing an influence on
the parameters were again confirmed by comparing the full model (with all
factors included) to models from which each of the factors was removed sequen-
tially.

Model selection and parameter estimation. The models were fitted by use of
the first-order conditional method (and three significant digits) with the subrou-
tine ADVAN 4, TRANS 4. Goodness-of-fit statistics and graphical displays were
used to compare models on each step of model building. The goodness-of-fit
criterion was the change in the objective function (AOF) resulting from the
addition of one covariate, which approximates a x* distribution and can be
regarded as statistically significant (P < 0.05) if it exceeds 3.8. A simulation based
on the final pharmacokinetic estimates was performed with NONMEM using
1,000 individuals to calculate 95% prediction intervals of the concentrations
versus time curve. Those individuals were taken as 70-kg male kidney transplant
patients with GFRyprp of 50 ml/min/1.73 m?. The figures were generated with
GraphPad Prism (version 4).

Concentration-effect analyses. Individual Bayesian estimates of the GCV
trough concentration (Cyouen) and the area under the curve (AUC) obtained
through NONMEM were used to explore the relationship with prophylaxis
outcomes (breakthrough viremia during prophylaxis and 3 months beyond) and
tolerability (nausea, diarrhea, skin toxicity, anemia, leucopenia, neutropenia,
thrombocytopenia, or liver enzyme elevation on sampling time). CMV viremia
was detected by CMV DNA PCR (20) and recorded as either negative (limit of
detection = 100 to 1,000 copies/ml depending on the cell count) or positive (limit
of quantification = 1,000 copies/ml). Adverse events were recorded as present or
absent based on the criteria presented above.

The relationship between GCV AUC and Ci,y,, and those outcomes was
assessed by using logistical regression analyses. A sample-level analysis (individ-
ual estimates) was complemented with a patient-level analysis (mean estimates)
when significant, with a statistical significance level assigned at P = 0.05 for
model improvement by the pharmacokinetic predictor (chi-square test, one-
tailed distribution). Statistical analyses were performed using STATA software
(version 8.2).
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TABLE 1. Characteristics of patients evaluated in the population
pharmacokinetic analysis of VGC

Patients (n = 65) Value % of total
or range
Baseline characteristics
Sex (men/women) (no.) 45/20 69/31
Median age (yr) 55 18-70
Median body wt (kg) 72 46-115
Median ht (cm) 172 147-192
Median creatinine (pmol/liter) 108 29-691
Graft type (no. of patients)
Kidney 41 63
Heart 10 15
Lung 12 18
Liver 2 3
CMYV serostatus (no. of patients)
D+/R— 22 34
D+/R+ 28 43
D—/R+ 15 23
Comorbidity (no. of patients)
Cardiopathy 19 29
Overweight 9 14
Cystic fibrosis 1 2
Samples (n = 437)
Drug (no. of samples)
VGC: CMV prophylaxis 353 81
VGC: CMYV therapy 78 18
GCV: CMV therapy 6 1
Concomitant medications
Tacrolimus/cyclosporine (ICAL) 347/90 79/21
Mycophenolate (MMF) 374 86
Cotrimoxazole (COTM) 321 74
OAT inhibitors 354 73

RESULTS

Data. A total of 437 GCV plasma samples from 65 solid
organ transplant patients were included in the population anal-
ysis (41 kidney, 10 heart, 12 lung, and 2 liver recipients). Blood
samples were drawn from 55 patients receiving oral VGC pro-
phylaxis (n = 330), from 5 patients receiving oral VGC treat-
ment for CMV infection or disease (n = 52), from 3 patients
receiving both successive regimens (n = 23 and 26, respec-
tively), and from 2 patients receiving intravenous GCV treat-
ment for CMV disease (n = 6). Eight patients were not en-
rolled due to transfer to another hospital or refusal. A median
(range) of 6 (1 to 22) samples per subject were available. In
addition to this sparse sampling data set, four full concentra-
tion-time profiles at steady state were available from two pa-
tients under VGC 450 mg once daily (n = 26, six to seven time
points per profile before the dose and from 2 to 24 h after drug
intake: rich data set). Among the 437 GCV samples used for
model building, 197 (45%) were collected up to 6 h after
dosing, 46 (11%) were obtained between 6 and 14 h, 168 (38%)
were obtained between 14 and 26 h after dosing, and the
remaining 26 (6%) were collected later than 26 h after drug
intake (with a maximum of 75 h). Table 1 lists the patients’
characteristics.

Population pharmacokinetic analyses. The model-building
process (structure, variability) is shown in Table 2. A two-
compartment model with first-order absorption from the
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gastrointestinal tract appropriately described the data (both
rich and sparse) (AOF = —37.5). Since GCV is known to be
almost exclusively eliminated by the kidney, GFR. 5 was
introduced as a covariate on CL at an early step, improving
significantly the description of the data (AOF = —200.9).
An interpatient variability was best assigned to both CL and
V. The use of a proportional plus additive error model for
the residual intrapatient variability was the most satisfactory
at this early step.

The pharmacokinetic estimates and the variability (CV%) of
the population model, with only GFR_g as covariate on CL,
were as follows: CL = 1.35 - GFR liters/h (26%), Q = 3.1
liters/h, 1, = 28 liters (28%), V, = 19.5 liters, k, = 0.65 h™!,
and Fg.q = 0.6.

The model-building steps for the covariate analysis are de-
tailed in Table 2. A time-varying creatinine clearance (31) did
not improve the model. Inclusion of the covariates sex (AOF =
—10.5) and graft type (AOF = —34.1) as modifiers of CL in
addition to GFR_g; significantly improved the model. CL dif-
fered between female and male patients by 23%, which fairly
corresponds to the correction factor for sex included in the
Cockroft-Gault formula. The assignment of GFR,,rp rather
than GFR_ g with the addition of the covariate sex on CL
reduced the objective function (AOF = —16.4), with a differ-
ence of 24% remaining between females and males. The type
of graft had a significant influence on CL, showing a 40 and
13% lower elimination of GCV in heart and lung/liver trans-
plant patients, respectively, compared to kidney transplant re-
cipients. Among the concomitant medications potentially in-
fluencing CL, only ICAL (AOF = -16.6) significantly
improved the fit, showing a reduction in CL of 20% in patients
receiving cyclosporine versus those under tacrolimus treat-
ment.

Inclusion of the demographic covariates (BW, sex, height)
on V, significantly improved the pharmacokinetic model
with a predominant effect from weight (AOF = —30.4).
Multivariate confirmation of the significant covariates
showed that only GFR, sex, and graft type remained statis-
tically significant regarding CL (AOF = —46.7), and only
BW and sex remained statistically significant regarding 1/,
(AOF = —35.6).

The introduction of a supplemental term for interoccasion
variability, accounting for changing clearance over time from
the graft, improved significantly the fit (AOF = —62.1). The
proportional interpatient and interoccasion variability terms
were 23 and 14%, respectively. At this last step, only the
proportional error remained significant, while the additive
component vanished out.

The parameter estimates for the final model are given in
Table 3. Derived parameters were an absorption half-life (z,,,)
of 1.2 h and a median elimination half-life (t,,) of 8 h (range,
5 to 68 h). Figure 1 shows the overall goodness-of-fits plots and
the concentration-time plot of the 36 kidney transplant recip-
ients under VGC at 450 mg once daily, along with the average
population prediction and 95% prediction interval for male
kidney transplant patients receiving VGC at 450 mg once daily
(GFR bR Of 50 ml/min, body surface of 1.73 m?, and BW of
70 kg).

Prophylactic efficacy and tolerability. Viremia was moni-
tored during the 3-month prophylaxis and a further 3-month
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TABLE 2. Summary of the model-building steps of the population pharmacokinetic analysis of VGC*

Hypothesis Model 0, 0y, 0, 04 0. 0; AOF? OF¢

Model structure
One-compartment, 1st order o(CL) —4349.5
Two-compartment, 1st order o(CL) —37.5 —4386.9

Model variability (o)

GFR._g on CL, variability on CL CL = 6, - GFR(_g w(CL) 1.41 —200.9 —4587.8
and variability on V| CL = 6, - GFR.g o(CL, V}) 1.41 21.6 —20.3  —4608.2
and variability on V/; and Q CL = 6, - GFRg o(CL, V;, Q)  0.83 8.6 69.3 —4538.8
and variability on V/; and V, CL = 6, * GFR.g o(CL, V}, V,) 1.32 14.5 —33 —4611.5

Covariate analysis
Four-variable MDRD estimated GFR  CL = 0, - GFRy;prp 1.52 =29 —4899.7
Extrarenal CL? CL =0, GFRg t+ 6, 1.35  0.015 +0.8 —4896.0
Does gender influence CL (GFR)? CL = 0, GFRcg - 6,°* (sex = 127 1.23 -10.5 —4907.3

0 if male, sex = 1 if female)
Does gender influence CL CL = 0, - GFRyprp * 0,° (sex 143 1.24 —-16.4 —4913.2
(GFRyprD)? = 0 if male, sex = 1 if female)
Does ICAL influence CL? CL = 0, - GFRg * 0,/“*F 1.40 0.79 —-16.6 —4913.4
Does MMF influence CL? CL = 0, - GFR( g * 6,MMF 1.36 0.99 0.0 —4896.8
Does IOAT influence CL? CL = 0, - GFR g - 6,'9AT 1.37 098 -03 —4897.1
Does COTM influence CL? CL = 0, - GFR( g * 6,€°™ 1.30  1.06 —3.4  —4900.2
Does Card influence CL? CL = 0, - GFRg - 6, 133 1.05 -0.5 —48973
Does graft type influence CL? CL = 04, * GFRc g (K: 6, H: 150 090  1.31 —34.1 —4930.9
0y, Lu/Li: 6.)
Does BW influence V/,? V, = 064 (BW/70) 30.0 —304 —4927.2
Does gender influence V,? Vi = 0q 0.5 (sex = 0 if male, 28.7 0.64 -16.0 —4912.8
sex = 1 if female)
Do BW and gender influence V;? Vi = 64 (BW/70) - 6.5 (sex = 27.7 0.79 =53 —49324
0 if male, sex = 1 if female)
Does HGT influence V/;? V, = 64 - (HGT/170) 29.2 —6.7 —4903.5
Do BW and HGT influence V,? V=04 (BW/70) - (HGT/170) 26.4 —-1.5 —4928.6
Does graft type influence V/;? Vi = O - (BW/70) (K: 04, H: 301 29.6 302 =304 —49272
0., Lu/Li: 6p)
Simple model CL = 0, * GFRcg 1.35 —4927.2
V= 64+ (BW/70) 30.0
Interoccasion variability (IOV) on CL CL = 0, - GFR¢g 1.39 —62.1 —4989.3
V= 64 (BW/70) 232
Final model with IOV CL = 04, * GFRyprp (K: 0, 1.68 086 117 1.21 —66.4 —5055.7
H: 6, Lu/Li: 6,) - 6,°*
V, =6, (BW/70) - 6 24.0 0.72

“ GFR(.g , GFR estimated with Cockroft-Gault formula (liters/h); ICAL (tacrolimus = 0, cyclosporine = 1); IOAT, OAT inhibitors; Card, cardiopathy; K, kidney
recipients; H, heart recipients; IOV, interoccasion variability; Lu/Li, lung and liver recipients; GFRy;prp, GFR estimated with four-variable MDRD formula (liters/h);

BW, body weight (in kg); HGT, height (in cm).

> AOF, difference in the NONMEM objective function compared to the best previous model.

¢ OF, NONMEM objective function.

follow-up in 49 and 41 patients, respectively. During prophy-
laxis, CMV viremia was detected in three (6%) patients (one
lung [D+/R~—] and two heart [D+/R— and D+/R+] recipi-
ents); however, this did not exceed a low level (<100 copies/
ml). No association between estimates of mean GCV expo-
sure (AUC) or trough concentration and breakthrough
viremia was noticed (P = 0.4 and = 0.2, respectively [chi-
square test]). During the 3 months after prophylaxis cessa-
tion, CMV viremia was detected in 13 of 41 (32%) trans-
plant recipients, including 2 patients (D+/R—) with CMV
disease who were treated with oral VGC. The remaining 11
patients had low-grade viremia and were not treated with
VGC. No association was observed either between estimates
of GCV AUC or Cy, ., and after prophylaxis viremia (P =
0.6 and = 0.7, respectively).

Regarding VGC prophylaxis and tolerability, nausea/vomit-
ing was reported in 7% of patients, diarrhea was reported in
18% of patients, skin toxicity (nonserious) was reported in 9%
of patients, anemia in 67%, leucopenia was reported in 14% of
patients (neutropenia in 9% of patients), thrombocytopenia
was reported in 16% of patients, and liver enzyme elevation
was reported in 25% of patients. Per-sample analyses indicated
a significant association between estimates of GCV AUC and
the occurrence of anemia, neutropenia, and leucopenia and
between Ci, ., and diarrhea (P = 0.004 [chi-square test]).
However, these associations did not retain a statistically signif-
icant level in per-patient analyses, except Cy,q,qn @and diarrhea
(P = 0.009). Considering only patients under VGC prophy-
laxis, no significant association remained between Ci,,0p and
the occurrence of diarrhea.
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TABLE 3. Population pharmacokinetic parameter estimates
of VGC

Mean estimate (SE)

Parameter®
Population (%)” % Variability

F 0.6 (fixed)

k, (h™h) 0.56 (19)

CL (liters/h) = 86rasrype * GFRypRD 26 (54)*
(hters/h) : efemulesex

Okidney 1.68 (5.5)

eheart 0.86 (14)

elung/liver 1.17 (90)

Oemale (male: sex = 0, female: 1.21 (8.3)
sex = 1)

V, (liters) = 0w - [BW (kg)/70 20 (75)*
kg] : efemalescx

Opw 24 (12)

Bemare (male: sex = 0, female: 0.78 (9.7)
sex = 1)

Q (liters/h) 4.1(19)

V, (liters) 22(7.4)

IOV (CV %) 12 (54)F

Tprop (CV %) 21 (41)%

“ F, bioavailability; GFRy;prp four-variable MDRD estimated GFR; BW,
body weight. The other abbrviations are as defined in the text. The IOV on CL
is expressed as the CV (%). The residual variability (o) in the GCV plasma
concentrations was associated with the proportional error term and is expressed
as CV (%).

® The standard errors (SE) of the estimates, calculated as SE.y;ma/estimate,
expressed as a percentage, are given in parentheses.

¢ Estimates of variability are expressed as the CV (%). *, Interpatient; T,
interoccasion; ¥, residual. Standard errors (SE) of the variance components,
calculated as \/SE_gimacc/€stimate, are expressed as a percentage.

DISCUSSION

Oral VGC is currently supplanting GCV in most indications,
including the prophylaxis of CMV infection in solid-organ
transplant patients and the treatment of overt CMV infection.
According to the manufacturer, VGC (similar to GCV) is to be
adjusted to renal function. However, graft recipients most of-
ten receive the standard dosage regimen without regard to the
type of organ transplant, BW, sex, associated comorbidities,
and medications. Notably, a normal renal function will never
be fully restored in most kidney transplant recipients. The
characterization of VGC pharmacokinetic profile, the identi-
fication of influential covariates beyond GFR and the quanti-
fication of interpatient and intrapatient variability are impor-
tant elements for evaluating the potential usefulness of more
elaborated dosage adjustment recommendations, including a
TDM strategy.

The pharmacokinetic results of our population analysis are
in agreement with other recently reported estimates (1, 32).
Derived parameters such as absorption and elimination half-
life are also congruent with previous observations (1, 6, 32).
Our population of patients is characterized by a wide range of
renal function (GFR_g range, 10 to 170 ml/min), leading to a
comparable range of elimination half-life values.

The dominant influence of renal function on GCV clearance
has been reported in previous population analyses (1, 6, 32).
GFR can be estimated with the traditional Cockroft-Gault
formula and by the MDRD formula, which has shown some
advantages in renal transplant patients (26). A difference in
clearance between male and female patients was observed
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beyond the factor of correction for sex included in both for-
mulas and the calculation for individual body surface area. The
higher clearance observed in females could be due to sex-
related differences in OAT expression, as reported in the rat
and mouse (9, 17). Our model includes a small but significant
difference in the correlation between GFR and GCV clearance
according to graft type. This effect could be explained by the
difference in the patients’ drug regimens between types of
transplantation. For example, the administration of an ICAL
affected clearance significantly in the univariate analysis, but
no more than when it was combined with graft type; noticeably,
cyclosporine was almost exclusively received by heart trans-
plant recipients, this drug being known to decrease effective
renal plasma flow to a slightly larger extent than tacrolimus, for
the same degree of immunosuppressive effect (13). Regarding
concomitant medication, both MMF and trimethoprim have
been shown to reduce GCV renal clearance (11, 34). Although
both drugs were administered to a large proportion of our
population of patients (in 86 and 73% of samples, respec-
tively), no effect of MMF on the GCV pharmacokinetic profile
could be detected. COTM, which was specifically investigated
in two kidney transplant recipients, also did not show such an
effect (data not shown). A large proportion of our patients
received various agents reported as OAT inhibitors (such as
omeprazole, acetylsalicylic acid, etc. [14]) that did not affect
GCV CL in our analysis, probably because several redundant
anion transporter systems exist in the kidney (29).

The interpatient variability in GCV clearance and the vol-
ume of distribution estimated in the present study are in ac-
cordance with recently reported data (1, 32), despite the in-
clusion of an interoccasion variability term in our model. An
interoccasion variability was justified considering the sampling
schedule for patients under VGC prophylaxis, with a first
blood sample collected during the first week posttransplant
and subsequent samples collected after 1 and 2 months.

Interpatient differences in oral absorption were not specifi-
cally identified during the NONMEM analysis and were there-
fore combined with interpatient variability in clearance and
volume (since bioavailability was fixed in our model). The
variability in both of those parameters remained limited, how-
ever (26 and 20%, respectively), meaning that the absorption
and disposition profile of VCG was fairly reproducible and
predictable in our population of transplant recipients.

Our pharmacodynamic analysis did not reveal any significant
association between GCV exposure (AUC) or trough concen-
tration and the occurrence of breakthrough viremia during
prophylaxis or during the following 3 months after prophylaxis
discontinuation. In a previous population pharmacokinetic-
pharmacodynamic study including 240 D+/R— solid-organ
transplant recipients, GCV systemic exposure appeared to cor-
relate with antiviral activity in terms of the incidence of devel-
oping CMV viremia during prophylaxis (3 months posttrans-
plantation) and for the following month (33). Among our
population of D+/R— patients, 14% developed detectable
low-grade CMV viremia during prophylaxis (compared to 12%
reported by Wiltshire et al. [33]). Despite this comparable
incidence, our analysis was certainly limited by the small num-
ber of patients. GCV needs to be bioactivated in cells into
GCV triphosphate to inhibit virus replication. The GCV
plasma concentration is thus only a surrogate of the actual
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FIG. 1. Goodness-of-fit plots of the final model for VGC. (A) Log-log plot of observed concentrations versus population predictions. The line
indicates the line of identity. (B) Log-log plot of observations versus individual predictions. The line indicates the line of identity. (C) Population
residuals versus population predictions. The line is at ordinate value zero. (D) Population-weighted residuals versus population predictions. The
dotted line is at ordinate value zero. (E) Plasma concentrations in 65 solid-organ transplant recipients receiving VGC prophylaxis (O) or treatment
(CJ) of CMV infection/disease. (F) Pharmacokinetic profile of ganciclovir in a selection of 36 kidney transplant recipients under VGC at 450 mg
once daily (men, A; women, O) with average population prediction (solid line) and a 90% prediction interval (dashed lines) for male kidney
transplant patients (GFR of 50 ml/min, body surface area of 1.73 m?, BW of 70 kg).

active-form concentration, explaining the loose concentration-
effect relation.

Our analysis did not detect significant relationships between
GCV exposure or trough concentration and the occurrence of
adverse events. Wiltshire et al. (33) reported a weak tendency
toward increased neutropenia and leucopenia with high GCV
exposure, but no association with anemia. Here again, our
study population was probably inadequate to assess concentra-
tion-toxicity relationships. The identification of diarrhea as a
concentration-related side effect was probably associated with
patients treated for CMV disease (including some with CMV
colitis) with a high dose of VGC. The occurrence of diarrhea
may be related to a high dose of VGC and/or CMV caolitis, a
confounding factor that could not be circumvented. Taking
into account all these elements, a routine clinical pharmaco-

kinetic monitoring of VGC in solid-organ transplant recipients
cannot be expected to be of much benefit. Nevertheless, in our
experience, selective TDM of VGC appeared to be useful in
specific clinical cases (e.g., unstable or not assessable renal
function or continuous renal replacement therapy [23], itera-
tive hemodialysis, and an unexplained absence of treatment
response).

In conclusion, the pharmacokinetic parameters of VGC in a
population of solid-organ transplant patients were adequately
described by our population model, confirming a predominant
role for renal function in clearance and for BW in the central
volume of distribution. The type of transplant and gender also
influenced clearance and the central volume of distribution,
respectively. No drug interactions were found to impact VGC
disposition. Only a limited degree of interpatient variability



VoL. 53, 2009

remained unexplained, which suggests a minor effect of addi-
tional unidentified covariates (e.g., genetic influences and ab-
sorption issues). Residual variability was moderate as well.
Efficacy outcomes, as well as the occurrence of adverse events,
did not correlate with drug exposure. This analysis highlights
the importance of thorough adjustment of VGC dosage to
renal function and BW. Considering the good predictability
and reproducibility of the GCV profile after the administration
of oral VGC in solid-organ transplant recipients, routine TDM
does not appear to be clinically indicated. However, GCV
plasma measurement may still be helpful in specific clinical
situations.
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