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Population Pharmacokinetics of Cyclosporine in
Cardiopulmonary Transplant Recipients

Sara E. Rosenbaum,* Gautam Baheti,*] Andrew K. Trull,§1 and Fatemeh Akhlaghi*

Abstract: A population pharmacokinetic analysis of cyclosporine
(CsA) was performed, and the influence of covariates on CsA oral
clearance and relative bioavailability was investigated. Data from 48
recipients of heart-lung (n = 21) or single (n = 18) or double (n =9)
lung transplant were included in the study. Patients received oral CsA
as either a conventional formulation (Sandimmune™) or a micro-
emulsion (Neoral™). Steady-state CsA concentrations were mea-
sured before and at approximately 2 and 6 hours after the morning
dose of CsA at the end of weeks 1, 2, 3, 4, 13, 26, 39, and 52
posttransplantation. A total of 1004 CsA concentration observations
were analyzed using mixed effects-modeling (NONMEM). A 1-
compartment pharmacokinetic model and first-order oral absorption
were used to fit the data. The absorption rate constants were fixed at
0.25 L/h for Sandimmune and 1.35 L/h for Neoral formulations. Oral
clearance (CL/F) was estimated to be 22.1 L/h (95% confidence
intervals [CI] 19.5-24.7 L/h). Itraconazole (ITRA), cystic fibrosis
(CF), and weight (WT) were identified as significant covariates for
CL/F according to the final model: CL/F = 22.1 — 11.3 X ITRA +
23.5 X CF + 0.129 X (WT — 58.7) L/h; where ITRA =1 if the
patient was taking concomitant itraconazole, otherwise 0; CF =1 if
the patient had cystic fibrosis, otherwise CF = 0; and WT is patient
weight in kilograms. The relative oral bioavailability of Sandimmune
to Neoral was 0.82. The bioavailability of both preparations increased
during the first month posttransplantation. Age, gender, and type of
transplant (single, double, or heart-lung) were not identified as
significant covariates for CsA clearance. The population pharmaco-
kinetic model developed identified some sources of variability in CsA
pharmacokinetics; however, an appreciable degree of variability is
still present in this patient population.
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he calcineurin phosphatase inhibitor cyclosporine (CsA) is

a potent immunosuppressant commonly used following
organ transplantation and for the treatment of autoimmune dis-
eases. At a cellular level CsA preferentially inhibits antigen-
triggered signal transduction in T lymphocytes, thereby
blunting the expression of lymphokines including IL-2 as
well as antiapoptopic proteins.'

The pharmacokinetics of CsA is characterized by a large
degree of inter- and intraindividual variability and poor
correlation between blood CsA concentration and the given
dose.? Following oral ingestion, CsA absorption is incomplete,
resulting in a low oral bioavailability.> CsA is distributed
widely in various tissues and is highly bound to blood cells and
plasma proteins.® It is metabolized by isoenzymes belonging
to CYP 3A4 family* and is substrate for P-glycoprotein’;
hence, it may interact with many of the inducers and inhibitors
of both of these systems. CsA therefore has a narrow
therapeutic index in clinical practice, and its concentration in
whole blood before a dose (Cyouen) has traditionally been
monitored to aid with dosage individualization. However, the
trough concentration is considered an inadequate index for
monitoring, and in recent years measuring the concentration at
2 hours postdose (C-2) has been proposed as an alternative
monitoring strategy.®

Immunosuppressive therapy in lung transplant recipients
is particularly challenging. Recipients of lung or heart-lung
transplants often experience repeated episodes of pulmonary
rejections or infections.” Unfortunately, the clinical symptoms
of a lung rejection episode are similar to those of a lung in-
fection, and the use of transbronchial biopsies to diagnose
rejection is often inconclusive. Repeated injuries to the trans-
planted lung often result in the development of bronchiolitis
obliterans syndrome (BOS), an end-stage and potentially fatal
lung disease that is the major limitation to long-term survival
after lung transplantation. Acute rejection episodes in the early
postoperative stage have been shown to be the most significant
risk factor for the development of BOS® following lung and
heart-lung transplant. Optimizing the immunotherapy by
means of careful monitoring of immunosuppressive agents is
therefore imperative to prevent acute rejection and to improve
the long-term survival of these patients.

The objective of this study was to investigate the
population pharmacokinetics of CsA in a cohort of cardio-
pulmonary transplant recipients, who participated in a ran-
domized clinical trial of 2 different CsA formulations:
Sandimmune™ and Neoral™ (Novartis Pharmaceuticals,
UK).? The aim was to identify the factors that elucidate the
sources of variability in CsA pharmacokinetics including time
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posttransplantation (TPT), cystic fibrosis (CF), CsA dosage
formulation, age, gender, weight, type of transplant, and
concomitant use of itraconazole.

PATIENTS AND METHODS

The population pharmacokinetics of CsA were studied
using data obtained from a previously published study.’ The
original study was a randomized, open-labeled clinical trial in
lung and heart-lung transplant recipients receiving either
Sandimmune or Neoral (Novartis Pharmaceuticals, UK)
formulations of CsA. The study, which was conducted at
Papworth Hospital, Cambridge, UK, was approved by the local
Ethics Committee. In addition, approval from the Institutional
Review Board (IRB) at the University of Rhode Island was
obtained to reanalyze the data.

Immediately following transplantation, patients received
intravenous methylprednisolone and rabbit antithymocyte
globulin as induction immunosuppressive therapy, followed
by maintenance triple therapy with oral CsA, azathioprine, and
prednisolone. On the first day of their transplant, a dose of
50 mg of CsA (either the Sandimmune or Neoral formulation)
was administered orally to the patients, and the dose increased
by 50 mg at each 12-hour dose until target trough levels were
achieved. Patients with cystic fibrosis (n = 8) received their
daily oral CsA at 8-hour intervals rather than 12-hour intervals.
Target concentrations for the trough levels were 300-400 pg/L
for months 1 and 2 and 200-300 wg/L for months 3 to 12.

Abbreviated blood CsA concentration—time profiles
were obtained during clinical follow-up visits at approximately
weeks 1, 2, 3, 4, 13, 26, 39, and 52 posttransplantation. In
general, each individual provided 3 blood samples per visit
obtained at approximately 0, 2, and 6 hours after the dose. CsA
concentrations in whole blood were measured in an accredited
clinical laboratory by the use of a homogeneous enzyme-
multiplied immunoassay technique (EMIT® 2000, Dade-
Behring Diagnostic UK, Ltd; Milton Keynes, UK). The lower
limit of quantification of the assay method was 50 pg/L, and
the intra- and interday coefficients of variations (n = 6) were
less than 10% and 21% at 500 pg/L and 50 pg/L, respectively.

Dosing history, blood CsA concentrations, and de-
mographic and other relevant data collected over 12-month
period were stored in a computer database. All data required for
the present analysis were extracted and formatted for population
pharmacokinetics analysis in Microsoft® Excel 2000. The
concentration—time data and relevant demographic data were
tabulated and checked for completeness and consistency. The
pharmacokinetic analyses were performed using NONMEM
(version V, level 1.1).'° In total, approximately 335 abbreviated
pharmacokinetic profiles were available, providing a total of
1004 CsA concentration observations. Each abbreviated
profile had a trough CsA concentration obtained before the
morning dose of CsA, a concentration obtained at approxi-
mately 2 hours after the morning dose and a concentration
obtained at 6 hours after the dose.

Because of the sparse nature of the data, a 1-compartment
model with first-order absorption was used (ADVAN2 and
TRANS?2) to fit the data. The model was parameterized using
the first-order absorption rate constant (k,), oral clearance
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(CL/F), and apparent volume of distribution (V/F). The
relative bioavailability of CsA was also evaluated under several
circumstances. Because of the limited concentration—time
data in the initial period after the dose, the values for the
absorption rate constants for Sandimmune and Neoral were
not estimated but fixed to literature values (0.25 and 1.35 L/h,
respectively).'!

Interindividual variability in CL/F and V/F were modeled
using either an additive, proportional, or exponential error
model as follows:

0; = 0’ + my; (additive error model)
0; = 0'[1 + (ny;)] (proportional error model)
0; = 0" exp(my;) (exponential error model)

where 0; is the estimate for a pharmacokinetic parameter in the
ith individual, 0’ is the population mean of the pharmacoki-
netic parameter, and mg; represents a random variable with
a mean of zero and variance of w? that distinguishes the ith
individual’s pharmacokinetic parameter from the population
mean value predicted by the regression model.

Furthermore, a proportional error model, an additive
model, and a combined additive and proportional error model
were evaluated for residual variability. These models were as
follows:

Cij = C'ij (1 +€lj) (proportional model)
Cij = C'5 + €l (additive model)
Cij = C/ij (1 + glij) —+ Szij

(combined proportional and additive)

where C; is the observed serum concentration of the ith
individual at time j, C’; is the model’s predicted serum
concentration of ith individual at time j, and €l;; and €2; are
random variables with means of zero and variances o, and
0,2, respectively.

The pharmacokinetic analysis was initially conducted
using the first-order (FO) estimation method in NONMEM. A
base model was first developed without any covariates for the
pharmacokinetic parameters. Literature ranges for the pharma-
cokinetic parameters of CsA were used as initial estimates. A
model-building process was then employed to examine the
influence of patient covariates on the pharmacokinetic
parameters. The effects of the following patient covariates on
CL/F were evaluated individually: age, weight, gender, cystic
fibrosis, type of transplant (single-lung, double-lung, and heart
and lung), time posttransplantation, and use of concomitant
itraconazole. Additionally, the presence of cystic fibrosis, time
posttransplantation, and formulation type (Sandimmune or
Neoral) were also evaluated as potential covariates for relative
bioavailability. Age and time posttransplantation were exam-
ined as continuous variables. Weight was examined as
a continuous variable centered near the mean weight of the
patients. Gender, formulation type, presence of cystic fibrosis,
type of transplant, and the use of itraconazole as a concomitant
medication were examined as categorical variables. Because of
the limited concentration—time data in the initial period after
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the dose, it was not possible to include a model for interindi-
vidual variability of V/F in the population. Thus, the effect of
patient characteristics on this parameter was not studied.

The significance of covariates was assessed by the
precision of parameter estimates, by the reduction in interpatient
and residual variability, and by the change in objective function.
A decrease in the minimum value of objective function of 3.841
or greater following introduction of a single covariate into the
model was considered statistically significant (P < 0.05 with 1
degree of freedom) using the x* distribution. If the 95%
confidence intervals for the coefficient included the null value,
the covariate was considered to be of only borderline
significance and was not included in the full model. The
significance of covariates was also assessed by the precision of
the parameter estimate (95% confidence interval) and by the
reduction in interindividual and residual variability. All the
significant covariates identified above were included in the full
model. A backward elimination process was then employed to
identify the significant covariates for the final model using the
FO method. An increase in the objective function of 7.88 or
greater (P < 0.005) on removal of a covariate from the full
model signified that the variable was significant and required
for the final model. Once the final model had been developed
using the FO method, the statistical component of the model
was further refined. Finally, this model was then subjected to
backward elimination as described above using the more
rigorous first-order conditional estimate (FOCE) INTERAC-
TION method in NONMEM. The FOCE INTERACTION
method was used to allow residual error to be evaluated based
on conditional parameter estimates rather than typical
values.'*"® This approach appears to provide more accurate
assessment of the significance of covariates.'?

RESULTS

The demographic characteristics of the patients are
shown in Table 1. The 48 patients were an average of 42 years
old (range 19 to 66 years) and had an average weight of 58.7
kg (range 39.6-88.0 kg). The group (26 male and 22 female
patients) included patients who had undergone either single-
lung (18 patients), double-lung (9 patients), or both heart and
lung (21 patients) transplants. Twenty-one patients received
Sandimmune, and 27 patients Neoral. Eight patients had cystic
fibrosis (7 male and 1 female). Eleven patients took
concomitant itraconazole (400—600 mg/d) at some time during
the 12-month period. These patients provided a total of 36
blood CsA concentrations during itraconazole treatment. The
mean * SD oral prednisolone dose was 24.8 = 19.1 mg/d at
the first posttransplantation month, reducing to 8.8 = 4.1 mg/d
by 12 months posttransplantation. Further, azathioprine dose
was 93 = 38 mg/d at the first month posttransplantation and
61 = 29 mg/d at 12 months posttransplantation.

The pharmacokinetics of CsA were modeled using a 1-
compartment model with first-order absorption. As discussed
earlier, the limited number of blood samples collected during
the absorption phase precluded the modeling of the absorption
of CsA. During the development of the base model, inter-
individual error for CL/F was best described using the expo-
nential model, and a proportional error model was found to
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TABLE 1. Characteristics of Study Patients (n = 48)

Characteristic Data

Demographic data
Gender (male/female) 26/22
42 (range 19-66)

58.7 (range 39.6-88.0)

Mean age (years)
Mean total body weight (kg)

Cystic fibrosis 8 patients
Transplant type
Single-lung 18 patients
Double-lung 9 patients
Heart and lung 21 patients
Formulation (Sandimmune/Neoral) 21/27
Concomitant itraconazole 11 patientst
Pharmacokinetics data
Number of cyclosporine concentrations 1,004
Number of samples per patient (range)* 21 (3-24)
Mean *= SD of cyclosporine dose (mg/d)¥ 417 = 218

*Three blood samples were obtained during a dosing interval at approximately 0, 2,
and 6 hours after dose. This was repeated for a maximum of 8 occasions over the course of
the first year posttransplant.

FTNon—cystic fibrosis patients received cyclosporine (25-450 mg) every 12 hours;
cystic fibrosis patients received cyclosporine (100-500 mg) every 8 hours.

fFour patients who received concomitant itraconzole were on Sandimmune, and 7
patients were on the Neoral arm of the study.

best model residual variability. The 95% confidence intervals
for the estimates of interindividual variability on V/F contained
the null value, and thus, interindividual variability was not
modeled on this parameter.

The pharmacokinetic parameter estimates (95% CI) from
the base model for CL/F and V/F were 23.1 (19.8-26.4) L/h
and 202 (159-245) L, respectively. The interindividual
variability in the estimate of CL/F, expressed as approximate
percentage coefficient of variation (CV%), was 32.1%. Re-
sidual error was estimated to be 60.1%.

Table 2 shows the effect of the various patient
characteristics when added individually as covariates for
either CL/F or relative bioavailability (F.). Concomitant
itraconazole, cystic fibrosis, gender, and patient weight were
identified as significant covariates for CL/F. The type of
transplant was found to be significant based on the change in
OBJ function (P < 0.05). However, the 95% CI for the
coefficient included 0. Thus, as described in the Methods, this
was considered to be only borderline significant and not
included in the full model. Patient age was not found to be
a significant covariate for CL/F (P > 0.05). Type of
formulation and cystic fibrosis were identified as significant
covariates for F.; (P < 0.005).

To probe the potential effect of time posttransplantation,
the NONMEM data set was recoded so that each patient was
given a different identification number for each clinic visit.
Post-hoc values of CL/F were then estimated for each patient
on each of the different clinic visits. Those occasions when the
patient was taking concomitant itraconazole were removed
from the data set. A plot of CL/F, normalized by CL/F at the
first visit, against time posttransplantation indicated that CL/F
decreased to 80 = 15% of the initial value by week 4 and then
recovered to 96 = 17% by 12 months (Fig. 1).

© 2005 Lippincott Williams & Wilkins
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TABLE 2. Summary of Analysis of Covariate Effect Tested on Oral Clearance or Relative Bioavailability

Covariate
Parameters v
Covariates Model A OBJF @1 (L/h) 05,06 (%CV)
Base model CL/F=61 (OBJ = 457.0) NA 23.1 (19.8-26.4) NA 32.1
Itraconazole* CL/F=61 — 65 X ITRA 556.8 28.0 (24.4-31.6) 16.4 (12.0-20.8) 30.9
Cystic fibrosis* CL/F=61 + 05 X CF 282.8 21.7 (18.6-24.8) 32.7 (19.0-46.4) 23.7
Time posttransplant CL/F=01 X ¢”® TPT 91.0 27.5 (22.9-32.1) 0.0079 (0.001-0.17) 30.9
Gender* CL/F=61 + 05 X GENDER 160.9 18.3 (13.1-23.5) 10.3 (2.46-18.1) 33.2
Type of Transplant: TYPE = I, CL/F = 61 61.6 21.5 (15.0-28.0) 05=1.12 (=9.01-11.3) 32.1
TYPE = 2, CL/F = 61 + 65 06=11.7 (—1.00-24.4)
TYPE = 3, CL/F = 61 + 66
Weight* TVCL/F=61 + 05 X (WT-58.7) 922 23 (19.9-26.1) 0.299 (0.019-0.579) 32.1
Age TVCL/F=01+05 X Age 0 23.1 (10.3-35.9) 0 32.1
Formulation* Frel = 1*FORM + 605 X (1-FORM) 60 NA 0.721 (0.486-0.956) 30.0
Time posttransplant* Frel = (1 — ¢ % TPT) 231.8 NA 0.537 (0.327-0.747) 29.9
Time posttransplant* Fsandimmune = (1 — ¢~ % T°T) 239.0 NA 05: 0.456 (0.273-0.639) 29.1
Freora = (1 — 7% TPT) 06: 0.584 (0.335-0.833)
Cystic fibrosis Frel=1 — 65 X CF 251.0 NA 0.641 (0.546-0.730) 229

*Denotes statistical significance, P < 0.05; values are mean and 95% confidence intervals.

FNot included in the final model because estimate involved an null value in 95% CI.

A OBJF, decrease in the minimum objective function compared to the base model; CF, CF = 1 if patient has cystic fibrosis, otherwise 0; FORM, cyclosporine formulation: Neoral = 0,
Sandimmune = 1; F, relative bioavailability; gender, male = 1, female = 0; ITV, Interindividual variability; ITRA, 1 if patient is taking itraconazole, otherwise 0; TPT, time posttransplant
in weeks; TYPE, type of transplant: TYPE = 1 for heart and lung, TYPE = 2 for single-lung, and TYPE = 3 for double-lung transplant; WT, weight in kilograms.

Previous reports on the relationship between CL/F and
time posttransplantation have suggested that CsA bioavailability
or clearance or both may change during the early period
following transplantation.'*'* Thus, time posttransplantation
was investigated as a covariate for both CL/F and F,.;. Based on
the change in objective function, an exponential model for the
influence of time posttransplantation was found to best fit the
data (Table 2) and also found to be a significant covariate for
both CL/F (CL/F = 81X e~ % * ™T) and relative bioavailability
(Frg = 1 — €% > TT) individually. Furthermore, when
posttransplantation time was included as a covariate for
relative bioavailability, a better fit was obtained when the 2
formulations had individual covariates (Table 2).

Probably because of the interrelationship between F,
and CL/F, it was not possible to obtain model convergence

1.2 1
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0.8 1
0.6 1

0.4 1

0.2 4

Apparent Clearance Ratio

0 T T T T T T T T T T T T 1
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Time Post Transplant (weeks)
FIGURE 1. Mean = SD of cyclosporine oral clearance

normalized relative to the oral clearance at the first week
posttransplantation.
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when cystic fibrosis and time posttransplantation were included
as covariates for both relative bioavailability and CL/F. In the
full model, cystic fibrosis and time posttransplantation were
modeled with the parameter (either CL/F or F) that resulted
in the larger change in the objective function when they were
added individually (Table 2). Thus, in the full model, cystic
fibrosis was modeled as a covariate for CL/F, and time post-
transplantation for F.

The full model containing all of the significant covariates
was then subjected to backwards elimination (data not shown).
Asaresult ofthis process, gender was eliminated from the model
and individual parameters for Sandimmune and Neoral for the
influence of time posttransplantation could no longer be justified
statistically and a combined parameter for both formulations
was used. Thus, the final model from the FO estimation method
contained itraconazole, cystic fibrosis, and weight as covariates
for CL/F, and formulation and time posttransplantation as
covariates forapparent bioavailability. Once this model had been
identified, the statistical component of the model was refined. As
aresult, a combined additive and proportional error model was
found to best describe residual variability.

As a final step in the analysis, the final model obtained
using the FO estimation method was subjected to backward
elimination using the FOCE INTERACTION method. The
statistical significance of all the covariates was confirmed
using this more rigorous estimation method (data not shown).
The final model parameters derived from the FOCE
INTERACTION procedure are shown in Table 3. It can be
seen that the modeling process resulted in a substantial
reduction in the interindividual variability of CL/F and residual
variability. Additionally, a plot of observed blood CsA
concentrations versus predicted concentration was much
closer to the line of unity for the final model than for the
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TABLE 3. Comparison of Parameter Estimates for Base and
Final Model

Base Model Final Model
Parameter (FO Method) (FOCE Interaction)
CL/F (L/h) 23.1 (19.8-26.4) 22.1 (19.5-24.7)
V/F (L) 202 (159-245) 147 (130-164)
05: Itraconazole NA 11.3 (7.36-15.2)
06: Cystic fibrosis NA 23.5 (15.1-31.9)
O7: Weight NA 0.129 (0.022-0.236)
08: F Sandimmune NA 0.820 (0.661-0.979)
09: TPT NA 0.886 (0.676-1.10)
IIV: CL/F (% CV) 32.1 17.1
Residual variability
proportional (% CV) 60.1 44.0
additive NA 76.4 ng/L

The values are reported as mean and 95% confidence intervals of the mean.
A 1-compartment model with first-order absorption was used.
Final model:
CL/F (L/h) =22.1 — 11.3 X ITRA + 23.5 X CF + 0.129 X (WT-58.7).
Relative bioavailability of Sandimmune = 0.820.
F= (1 _ 670.886 X TPT

k, fixed: Sandimmune = 0.25/h, Neoral = 1.35/h.

A proportion error model for residual error was used for the base model, and
a combined additive and proportional model for the final model.

CF = 1 if patient has cystic fibrosis, otherwise 0; CL/F, oral clearance; FO, first-order
method; FOCE, first-order conditional estimates; IIV, interindividual variability; an
exponential model was used for IIV in CL/F in both the base and final models; ITRA = 1
if patient is taking itraconazole otherwise 0; NA, not applicable; TPT, time posttransplant
in weeks; V/F, volume of distribution; WT, weight in kg.

initial base model (Figs. 2, 3). Cystic fibrosis was found to
cause an increase in oral clearance values by about 108%
whereas concomitant administration of itraconazole was found
to decrease CL/F by about 50%. Weight was found to have
amodest effect on CL/F. For example, assuming the absence of
cystic fibrosis and itraconazole, the weight range in this
population (39.6-88.0 kg) would be associated with a range of
19.64-25.88 L/h in CL/F. Formulation type was found to be
a significant covariate for bioavailability. Sandimmune was
found to have a relative bioavailability of 82.0% compared
with Neoral. The rate constant for the exponential increase in
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FIGURE 2. Model-predicted versus observed cyclosporine
concentration obtained from initial model based on population
parameter estimates (n = 1004). The solid line represents the
line of identity.
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FIGURE 3. Model-predicted versus observed cyclosporine
concentration obtained from final model based on population
parameter estimates (n = 1004). The solid line represents the
line of identity. One-compartment model with first-order
absorption was used. The final model is given by:

CL/F =22.1 —11.3 X ITRA 4 23.5 X CF

+0.129 X (WT — 58.7) L/h

Relative bioavailability of Sandimmune = 0.820. F = (1 -
e 0886 X TPTy \where k, is taken as fixed: Sandimmune = 0.25/h
and Neoral = 1.35/h. An exponential model was used for
interindividual variability in CL/F in both the base and final
models. A proportion error model for residual error was used
for the base model, and a combined additive and proportional
model for the final model. Abbreviations: CF = 1 if patient has
cystic fibrosis, otherwise 0; CL/F = oral clearance; F, = relative
bioavailability; 1V = interindividual variability; ITRA = 1 if
patient is taking itraconazole, otherwise 0; NA = not applicable;
TPT = time posttransplantation in weeks; V/F = volume of
distribution; WT = weight in kilograms.

F., after transplantation was found to be 0.886/wk. Thus,
based on first-order kinetics, one would expect the F.; to
stabilize at about the fourth week posttransplantation.

Table 4 represents the mean and 95% confidence interval
values of the observed and predicted CsA concentrations at
times 0, 2, and 6 hours after dose. The mean predicted CsA
concentrations at times 0 (C0) and 2 hours (C2) are 2.3% and
5.8% different from the observed values while the predicted
concentration at 6 hours postdose (C6) is approximately 15%
higher than the observed CsA concentration.

DISCUSSION

In this study we have characterized the population
pharmacokinetics of conventional (Sandimmune) and the
microemulsion (Neoral) formulations of CsA in lung trans-
plant recipients over the first postoperative year. The main
objective of this study was to investigate, using a population
method, factors that influence the variability in the pharma-
cokinetic parameters, especially the apparent clearance. The
only other population pharmacokinetics study of CsA in lung
transplant patients'® did not explore the effects of covariates on
the clearance of CsA. Therefore, our study is the first to
characterize the interaction between various covariates on the
apparent clearance of CsA in cardiopulmonary transplant
recipients. In addition to the analysis described in this

© 2005 Lippincott Williams & Wilkins
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TABLE 4. Mean and 95% Confidence Intervals of Observed
and Predicted Cyclosporine Concentrations at Different
Times Postdose

Cyclosporine Concentration (jg/L)

Time Postdose Observed Predicted Residual
CO (n = 335) 385 (361, 408) 376 (351, 402) 13 (=9, 36)
C2 (n=335) 1054 (988, 1121) 992 (948, 1036) 62 (5, 118)
C6 (n = 334) 567 (538, 596) 664 (636, 693)  —98 (—127, —69)

C0, cyclosporine concentration before the dose; C2, cyclosporine concentration at
approximately 2 hours postdose; C0, cyclosporine concentration at approximately 6 hours
postdose.

manuscript, we are also investigating the association between
CsA concentrations at 2 hours after the dose and clinical
outcomes after cardiopulmonary transplantation, which will be
published separately.

The conventional immunosuppressive regimen includes
concomitant use of calcineurin inhibitors (CsA or tacrolimus),
antiproliferative/antimetabolite agents (azathioprine or myco-
phenolic acid), and glucocorticoid (prednisolone or methyl-
prednisolone). CsA has some similarities to the other
calcineurin inhibitor (tacrolimus) in that it has a narrow
therapeutic index and exhibits significant and unpredictable
toxicities including mnephrotoxicity,'” neurotoxicity,'® and
hepatotoxicity. In a clinical setting, as a guide to dosage
adjustment, total (protein-bound and free) concentration of
CsA is monitored on a regular basis. However, the association
between this concentration and either the clinical outcomes or
the side effects is not clear; the optimal therapeutic range is not
fully established,'® and the time of sampling (trough concen-
tration versus AUC or concentration at 2 hours postdose) is
subject to debate.®

Of the factors considered in this transplant group, cystic
fibrosis was the most important patient characteristic to
influence the pharmacokinetics of CsA, whereas neither
patient’s gender nor type of transplant had a major influence.
Cystic fibrosis is a disease of the exocrine system with severe
consequences on lipid absorption. Transplant recipients with
cystic fibrosis absorb CsA poorly, especially from non-
microemulsified formulations like Sandimmune.?® The Neoral
formulation, however, has been shown to provide better
absorption and higher CsA concentrations in bile-deficient
liver transplants®' or lung transplant recipients with cystic
fibrosis?® as compared with Sandimmune. Our final model
indicates that on average the apparent clearance of CsA in
transplant recipients with cystic fibrosis is 2-fold higher than
the non-cystic fibrotic patients.

Comparisons between the pharmacokinetic character-
istics of the oil based CsA formulation (Sandimmune) and
the microemulsified formulation of CsA (Neoral) have been
well documented.”” In general, administration of Neoral is
associated with a faster absorption, better bioavailability and
a reduced inter- and intra- individual variability in CsA
exposure.”® The relative bioavailability of Sandimmune to
Neoral observed in the present study was 0.82. This value is
somewhat higher than 0.74 or 0.15, the reported relative
bioavailability of Sandimmune to Neoral in adult heart
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transplant'' or in liver transplant recipients with external
biliary diversion,*' respectively.

The interaction between itraconazole and CsA has long
been recognized.”* Azole antifungal agents, including keto-
conazole and itraconazole, inhibit the activity of CYP3A4 and
P-glycoprotein and therefore increase the concentration of
CsA reaching the systemic circulation. The concomitant use of
these agents with immunosuppressive drugs in immunocom-
promised transplant recipients is often necessary because
of repeated episodes of life-threatening fungal infections.
We have found that administration of itraconazole decreases
the apparent clearance of CsA by approximately 50%.
This finding is consistent with the result of a conventional
pharmacokinetic study of the CsA-itraconazole interaction
indicating that a 48% reduction in CsA dose was required to
achieve the same CsA AUC.”

The relationship between CsA clearance and body weight
is not clear. In a pharmacokinetic study in 10 obese uremic
patients awaiting kidney transplantation, the average values for
weight-adjusted clearance and volume of distribution were not
significantly different from those of 35 nonobese patients.*
The influence of body weight on pharmacokinetics of CsA in
underweight transplant recipients, similar to the patients
included in this study, has not been previously reported. The
mean weight in this study was 58.7 (range 39.6-88.0) kg, and
for each 10-kg deviation from the median weight the CsA
apparent clearance changed by 1.2 L/h. This observation must,
however, be applied with caution to other groups of transplant
recipients and/or when the patient’s weight is much higher than
the upper end of weight range observed in this study.

The dependence of CsA clearance on time after trans-
plantation observed in this study is in agreement with that
observed in recipients of other organs.'**”-*® Time posttrans-
plantation is thought to affect the bioavailability rather than
clearance of CsA. In a population pharmacokinetic study in
heart transplant recipients,'* the effect of postoperative day
was modeled on clearance but was not found to be statistically
significant.'* However, modeling postoperative day on relative
bioavailability provided a superior fit for the data. In the
present study, CsA apparent bioavailability increased during
the first 4 weeks posttransplantation and then returned almost
to baseline by 12 months. This finding is consistent with the
influence of time posttransplantation in another population
pharmacokinetic study in bone marrow transplant recipients.'®
The mechanism for the increased bioavailability of CsA after
transplantation is not clear but may be related to variation in
gastrointestinal CYP3A4 and/or P-glycoprotein expression.

The most important advantage of this study was the
availability of abbreviated concentration—time profiles at 8
occasions in the first year posttransplantation. This study
design has enabled consideration of the effect of time
posttransplantation on CsA clearance during the full course
of the first postoperative year and in relation to intermittent
administration of itraconazole.

One of the major limitations of this study was the
fixed sampling time for CsA concentration. Population phar-
macokinetic studies ideally should consist of concentration—
time data obtained at randomized times across a dosing in-
terval. The original design of this study was such that the
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concentrations were obtained before dose (C0), around 2 hours
(C2) and at 6 hours after the dose. Unfortunately, because of
the paucity of information in the early period after
administration, it was not possible to model the absorption
characteristics of CsA, nor was it possible to evaluate potential
covariates for V/F. Nevertheless, the use of fixed absorption
rate constant from the literature enabled us to model the data
and obtain good estimates for the oral clearance. In addition,
the predicted concentrations of CsA before and at 2 hours after
CsA administration were comparable to the observed values.

CONCLUSION

We have described the mixed effects modeling of CsA
clearance and relative bioavailability in cardiopulmonary
transplant recipients during the first postoperative year. Many
of the covariates included in our model have been previously
described by others; however, the model described illustrates
the interplay of these important covariates in relation to the
CsA clearance and bioavailability in a group of clinically
difficult-to-manage transplant recipients. Although some
sources of variability were identified, an appreciable degree
of pharmacokinetics variability is still present in this patient
population that is not accounted for by the present model. In
the context of CsA therapy in lung transplant recipients,
utilization of this model will allow clinicians to calculate the
values of CsA apparent clearance based on patient specific
demographic characteristics, CsA dosage form, or concomitant
administration of itraconazole and will enable them to more
objectively initiate or adjust CsA dosage. In addition, to further
validate this model, a prospective clinical study is warranted in
a different cohort of cardiopulmonary transplant recipients.
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