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ABSTRACT

Aim The pharmacokinetic (PK) properties of cyclo-
sporine (CsA) in renal transplant recipients are patient-
and time-dependent. Knowledge of this time-related
variability is necessary to maintain or achieve CsA target
exposure. Here, we aimed to identify factors explain-
ing variabilities in CsA PK properties and characterize
time-varying clearance (CL/F) by performing a com-
prehensive analysis of CsA PK factors using population
PK (popPK) modeling of long-term follow-up data from
our institution.

Methods In total, 3674 whole-blood CsA concentra-
tions from 183 patients who underwent initial renal
transplantation were analyzed using nonlinear mixed-
effects modeling. The effects of potential covariates

Xiaoyan Qiu and Weiwei Qin have contributed equally to
this work.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.
1007/511095-021-03114-9.

P4 Xiaoyan Qiu
xyqiu@fudan.edu.cn
<4 Weiwei Qin
wwqin@fudan.edu.cn
Department of Pharmacy, Huashan Hospital, Fudan

University, 12 Middle Urumqi Road, Shanghai 200040,
China

Department of Nephrology, Huashan Hospital, Fudan
University, 12 Middle Urumgqi Road, Shanghai 200040,
China

were selected according to a previous study and well-
accepted theoretical mechanisms. Model-informed indi-
vidualized therapeutic regimens were also evaluated.
Results A two-compartment model adequately
described the data and the estimated mean CsA CL/F
was 32.6 L h™! (relative standard error: 5%). Allometri-
cally scaled body size, hematocrit (HCT) level, CGC
haplotype carrier status, and postoperative time may
contribute to CsA PK variability. The CsA bioavailability
in patients receiving a prednisolone dose (PD) of 80 mg
was 20.6% lower than that in patients receiving 20 mg.
A significant decrease (52.6%) in CL/Fwas observed as
the HCT increased from 10.5% to 60.5%. The CL/Fof
the non-CGC haplotype carrier was 14.4% lower than
that of the CGC haplotype carrier at 3 months post
operation.

Conclusions By monitoring body size, HCT, PD, and
CGC haplotype, changes in CsA CL/F over time could
be predicted. Such information could be used to opti-
mize CsA therapy. CsA dose adjustments should be con-
sidered in different postoperative periods.

KEYWORDS Population analysis - Cyclosporine -
Renal transplantation - Therapeutic drug monitoring

INTRODUCTION

Cyclosporine (CsA), a potent calcineurin inhibitor, is
commonly used to prevent allograft rejection after renal
transplantation [1, 2]. With the introduction of CsA
combination therapy, the survival rates of transplant
patients, particularly short-term outcomes, have greatly
improved [3]. However, prolonged use of CsA leads to
substantial toxicity, which may reduce long-term renal
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allograft survival as well as increase the risk of cardio-
vascular morbidity and mortality [4-6]. Most adverse
events and rejection rates may correlate with the con-
centration of CsA administered.

CsA exhibits unique pharmacokinetics (PK), includ-
ing low bioavailability (approximately 25%; range
10-89%) owing to its poor aqueous solubility and low
transmembrane permeability in the intestine medi-
ated by P-glycoprotein (P-gp) [1, 7]. In addition, CsA
binds extensively to erythrocytes [8], is predominantly
metabolized by cytochrome P450 (CYP) 3A isoenzymes
[9], and is subsequently eliminated in the bile [10].
Meanwhile, CsA has a narrow therapeutic index and
large inter- and intra-individual PK variability, making
it essential to conduct routine therapeutic drug moni-
toring (TDM) to optimize the CsA dosage regimen and
minimize adverse effects [11].

Population PK (popPK), which is a superior approach
to classical PK analysis, can be used to obtain popula-
tion standard values and identify covariates with sparse
sampling during TDM [12-14]. Currently, numerous
popPK models have been developed to quantitatively
describe the PK characteristics of CsA [15]. Several
clinical factors, including body weight, postoperative
time, and hematocrit (HCT), have also been identified
to explain the PK variability of CsA [16].

The PK parameters of CsA in renal transplant
recipients are patient- and time-dependent. The dose
required to achieve targeted whole-blood concentra-
tions of CsA varies considerably among patients and
according to the time after transplantation. Two dis-
tinct challenges exist for CsA dosage individualization
in transplant recipients, i.e., predicting the initial dose
of CsA without any known concentration—time data in
a particular patient and adjusting the dose over time
after transplantation. To maintain or achieve CsA target
exposure, knowledge of time-varying PK characteristics
is necessary.

The postoperative day (POD) is a combined reflec-
tion of various time-related factors, such as the recov-
ery of gastrointestinal function [17] and tapering of
co-administered steroid doses [18]. During the early
stages after transplantation, gastrointestinal function is
abnormal, which decreases the bioavailability of CsA.
With the recovery of gastrointestinal function during
therapy, CsA absorption improves, thereby decreasing
the apparent clearance (CL/F) [19]. However, tapering
the steroid dosage during immunosuppressive therapy
may reduce the expression of CYP3A and P-gp, leading
to increased absorption and accelerated metabolism of
CsA [20]. Moreover, an increase in the HCT level leads
to increased binding of CsA to erythrocytes, resulting in
elevated concentrations and decreased CL/F [21-23].
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In addition to the abovementioned considerations,
other unidentified confounding factors may contribute
to the complexity of the impact of POD. Therefore, a
clearer understanding of POD as a covariate is required
for dose optimization.

Although various studies have been conducted to
describe the tendency of CsA CL/F over POD [21,
24], most studies have had a short follow-up (less
than 1 year), resulting in limited information regard-
ing long-term time-related variability in CsA PK [15,
16]. Only one study conducted by Fanta et al. reported
time-varying CsA PK properties in a long-term follow-up
(>16 years) of pediatric patients [25]. They reported
that the bioavailability of CsA increases rapidly in the
immediate postoperative period and then decreases
gradually to reach the initial value approximately
1-1.5 years after transplantation. Saturable presystemic
metabolism and the effects of NR1/2 polymorphism
were found to contribute to this tendency. However,
no such research has been reported in adults.

In this study, we aimed to identify factors affecting
variability in CsA PK and characterize the time-varying
CL/Fof CsA in a comprehensive analysis of the effects
of demographic, clinical, and genetic factors on CsA
PK using popPK modeling of long-term follow-up data
available from our institution. Model-informed indi-
vidualized therapeutic regimens were also evaluated.

MATERIALS AND METHODS
Patients and Data Collection

Data were collected from 183 adults (122 men and
61 women) who underwent renal transplantation at
Huashan Hospital. The inclusion criteria were as fol-
lows: (1) allograft renal transplantation for the first
time, (2) age greater than or equal to 18 years, and
(3) CsA-based triple immunosuppressive regimen used.
The exclusion criteria were as follows: (1) administra-
tion of the conventional oral formulation of CsA, (2)
undergoing dialysis treatment, and (3) required covari-
ate data missing. Demographic and pathophysiological
data were obtained during routine clinical visits from
July 2003 to December 2016. Missing data were deter-
mined according to adjacent available data. The meth-
ods used to handle missing covariate data have been
described in Table S1.

In total, 3674 whole-blood CsA concentrations
were available for model development. Of these, 3326
sparse-PK samples of CsA predose concentrations (C)
and 2-h postdose concentrations (Cy) were retrospec-
tively collected from follow-up TDM. Additionally, 24
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concentration—time profiles (259 full-PK samples) were
evaluated during the 12 h after the morning CsA dose
within the first 90 days after transplantation. Whole-
blood samples were primarily obtained before dosing
and 0.5,1,1.5,2, 3,4, 6,8, 10, and 12 h after dosing. In
addition, 89 other samples were collected during the
absorption phase (1, 2, 3, 4, and 6 h after dosing). All
samples were stored at — 20 °C until analysis.

The study protocols were approved by the Eth-
ics Committee of Huashan Hospital and conducted
in accordance with the Declaration of Helsinki. All
patients provided written informed consent before
enrolment in the study.

Immunosuppressive Therapy

All patients were administered combined immuno-
suppressive therapy, including a CsA microemulsion
(Neoral; Novartis Pharma Schweiz AG, Emberbach, Ger-
many), mycophenolate mofetil (MMF; CellCept; Roche
Pharma Ltd., Shanghai, China) and corticosteroids. The
initial dose of CsA was 5 mg kg™' day™!, administered as
two doses under fasting conditions immediately after
surgery. Subsequent doses were empirically adjusted to
achieve target concentrations based on local guidelines
(Text S1) [26]. MMF (0.5-3 g day_]) was administered
according to body size and POD. This schedule was fol-
lowed with oral prednisolone (80 mg day'), and the
dosage was gradually decreased by 10 mg day ' until
reaching 20 mg day ! after 10 d. The dosage was further
tapered to 15, 10, and 5 mg day™! by months 1, 8, and
6, respectively.

Determination of CsA Concentration

Whole-blood samples were collected from July 2003 to
April 2011 and analyzed using a well-validated fluores-
cence polarization immunoassay (FPIA) on an AxSYM
Abbott diagnostic system (Abbott Diagnostics, Chicago,
IL, USA). Samples collected from May 2011 to Decem-
ber 2016 were analyzed using a chemiluminescent
microparticle immunoassay (CMIA) on an Architect
12000 system (Abbott Diagnostics).

The following formula (Eq. 1) [27] was used to con-
vert the CMIA measured G, before modeling, owing to
the systematic biases and cross-reactivity of metabolites
between the methods.

AXSYM = 0.87 x CMIA + 25.84 (1)

AxSYM represents the FPIA performed using an AxSYM
Analyzer, whereas CMIA was performed on an Architect
system, as described above.

For AxSYM, the limit of detection (LOD) was
21.8 ng mL™Y, and the calibration range was
40-800 ng mL!; for CMIA, the LOD was 25 ng mL™,
and the calibration range was 30-1500 ng mL™".

Genotyping and Haplotype Analysis

Five single-nucleotide polymorphisms (SNPs),
i.e., CYP3A4*1G, CYP3A5*%3, and ABCBI C1236T,
G2677T/A, and C3435T, were genotyped by an inde-
pendent external contractor (GeneCore BioTech-
nologies Co., Ltd., Shanghai, China) using a DNA
sequencing apparatus (Applied Biosystems 3730;
Thermo Fisher Scientific, Waltham, MA, USA) [28].
Deviations from the Hardy-Weinberg equilibrium
were examined using Pearson’s y*test. Linkage dis-
equilibrium (LD) between different pairs of ABCBI
SNPs was determined using the absolute standardized
LD coefficient. Further details are available in Text
S2.

PopPK Model Development

PopPK model was developed using nonlinear mixed-
effects modeling software (NONMEM version 7.4;
ICON Development Solutions, Ellicott City, MD, USA),
with Pirana 2.9 as an interface for Perl Speaks NON-
MEM (PsN; version 4.9.0) [29]. Graphical analyses
were processed using R software (version 3.5.0; http://
www.r-project.org/). The first-order conditional estima-
tion method, including n-e interactions (FOCE-I), was
employed throughout the method-building procedure
[30].

Base Model

Based on visual inspection of the data and a review of
the literature, a two-compartment model with first-
order absorption and lag time was used to describe CsA
PK [16]. The estimated parameters included CL/F, cen-
tral volume of distribution (V_/F), inter-compartmental
clearance (Q/F), apparent peripheral volume of distri-
bution (VP/I*), absorption rate constant (K,), absorp-
tion lag time (T},,), and bioavailability (F) relative to a
population standard value defined as 1.

Between-subject variability (BSV) was estimated for
all parameters, except Tlag, and was assumed to be log-
normally distributed. Proportional and combined pro-
portional as well as additive structures were tested to
describe the residual unexplained variability.
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Covariate Model

Demographic and pathophysiological data, as well as
concomitant medications (Table 1), were evaluated
as covariates. Data extracted from medical records,
including body size, HCT, PODs, and prednisolone
dose (PD), were evaluated as possible covariates of CsA
PK. These covariates were selected according to a previ-
ous study and their clinical relevance [16]. The correla-
tions between preselected covariates and the changes
of covariates with POD were investigated graphically.

As the most frequently identified covariate in the
final models, the change in CL/F and volume of dis-
tribution as a function of body weight was described
allometrically [31, 32]. Body size was based on fat-free
mass (FFM) predicted from total body weight, height,
and sex (Text S3) [33].

Considering the hypothesis that tapering PD may sig-
nificantly influence bioavailability [34, 35], the relation-
ship between PD and F'was described using linear, E
or sigmoidal E_, model (Eq. 2-4), as follows:

max

max

F = F,, X (1 + Slope x (PD — 20)) (2)

b pox (14 Fna X (PD =20 5

o EDs, + (PD — 20) (3)
F o X (PD = 20)

FeFyx 14 fma™( ) (4)
ED?, + (PD — 20’

F,, is the bioavailability of CsA for a PD of 20 mg,
assumed to be 1. Slope is a dose-dependent linear
change in F. Parameters F,,,, and ED;, are the maximal
increase in Fand the dose above 20 mg, which corre-
sponds to half the F,,,, respectively. The parameter y is
a shape parameter.

As for substrates of CYP3A and P-gp, we also compre-
hensively evaluated the influence of genotype, includ-
ing single gene sites, combined genotypes, and hap-
lotypes of the drug-metabolizing enzymes CYP3A5%3
and CYP3A4*1G and the multidrug resistance

ax’

Table | Patients demographics
used to develop and evaluate
population model

Characteristics

Model development dataset Model evaluation dataset

Number or median (range) Number or median (range)

No. of patients (male/female)?
No. of samples (Co/C,/other)®
Age (years)
Height (cm)
Weight (kg)
Fat-free mass (kg)
Post-operation days
CsA daily dose (mg day™")
Prednisolone dose (mg day™")
Co (ng mi™h
C, (ngmi™"
Hematocrit (%)
Total bilirubin (umol L")
Alanine aminotransferase (U L")
Aspartate transferase (U L™")
Albumin (g L")
Total protein (g L")
Serum Creatinine (mol L™")
Creatinine Clearance (ml min™')¢
Concomitant medications®
Felodipine
Nifedipine
Perdipine

127 (81/46) 56 (41/15)
2528 (1082/1180/266) 146 (541/605)
40 (19-60) 41 (18-58)

168.0 (150.0~188.0)
58.0 (40.0-95.0)
47.8 (289-66.2)

24 (1-5998)

300 (50-575)

20 (0-80)

1368 (22.6-974.6)
7619 (108.8-2572.8)
302 (10.5-60.5)

9.0 (1.0-1689)

21.0 (4.0-420.0)

20,0 (5.0-383.0)

36,0 (20.0-52.0)

62.0 (41.0-88.0)
1100 (14.0-1088.0)
617 (62-3607)

74
54
14

1700 (150.0~186.0)
61.0 (39.4-90.0)
50.3 (28.7—67.1)
111.5 (2-3942)
250.0 (50—600)

7.5 (0-80)

123.6 (254-587.4)
703.0 (34.6-2109.0)
347 (15.6-57.0)
10.8 (1.7-48.3)

19.0 (3.0-374.0)
18.0 (1.0-279.0)
37.4 (220-51.0)
67.0 (46.0-88.0)
107.0 (48.0~776.0)
67.1 (62—182.6)

23
18
7

C, pre-dose concentration; C, 2-h post-dose concentration

*Data are expressed as number of patients

®Data are expressed as number of samples
“Calculated following the Cockcroft-Gault formula: Clcr=[(140-Age(year)) x WT(kg))/(0.818x Scr (Mmol

L=")) x (0.85 for female)
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transporter ABCBI with C1236T, G2677T/A, and
C3435T polymorphisms.

Potential covariates were screened using a stepwise
approach [30]. The influence of other continuous
covariates was explored using a linear, exponential, and
power function model. Categorical variables, such as
SNPs and concomitant medications, were investigated
by estimating the fractional change in one group com-
pared with that in the other groups.

Model Selection Criteria

Visual model fit was evaluated using standard good-
ness-of-fit (GOF) criteria, reductions in the objective
function value (OFV), and acceptable precision on
estimates [30]. A covariate was considered significant
if its inclusion decreased the OFV by more than 3.84
(*test, P<0.05, df=1) and if backward elimination of
the covariate increased the OFV by more than 10.83 (y*
test, P<0.001, df=1). Moreover, a clear pharmacologi-
cal or biological basis was also considered as covariates
were added. During the model development process,
the condition numbers were calculated, and no more
than 1,000 were kept to avoid over-parameterization
[36].

Model Evaluation

Fifty-six patients from the evaluation group were
included in the analysis to examine the predictability of
the final model. The adequacy of the model was exter-
nally evaluated using GOF plots, prediction-corrected
visual predictive checks (pcVPCs), and normalized pre-
diction distribution errors (NPDEs) [37, 38]. A nonpar-
ametric bootstrap was employed to assess the robustness
of the model parameter estimates [39].

The dataset was simulated 2000 times for the pcVPCs
and NPDEs. The 95% confidence intervals for the
median, and the 5th and 95th percentiles of the sim-
ulations at different time points were calculated and
graphically compared with the observations in pcVPCs,
using automatic binning. The NPDE was determined
using an add-on R package [38]. A histogram of the
NPDE distribution as well as plots of NPDE versus PRED
and NPDE versus POD were used to evaluate the final
model.

For the nonparametric bootstrap procedure, 500
bootstrap datasets were generated by random sampling
with replacement using Perl modules [40]. The median
and the 2.5th to 97.5th percentiles of the parameters
after bootstrap runs with successful convergence were
compared with the final model parameter estimates.

Dosing Regimen Optimization

Monte Carlo simulations were conducted using param-
eter estimates from the final model to determine the opti-
mal starting dosing regimen and achieve the target con-
centration during different postoperative periods (Text
S1) [26]. The CsA dose was simulated from 50 mg q12h
to 300 mg q12h for a standard-sized subject (FFM 50 kg)
with different covariate levels (Table S2). Time-concen-
tration profiles were simulated based on 1000 hypotheti-
cal individuals, and the steady-state C,,/C, value for each
simulated subject was calculated. The median and the
25th to 75th percentiles of a steady-state G/ C, value were
calculated to select the optimal dosing regimen.

RESULTS
Patients

Demographic characteristics and clinical data of the
study population are presented in Table 1. In total,
3674 CsA whole-blood measurements were available
from 183 renal transplant recipients. A median of 15
CsA observations was obtained for each patient (range
2-50). A description of the sampling points is provided
in Table S3. Sampling occasions varied from day 1 to
day 5998 (>16 years) after transplantation (Table S4)
and CsA doses ranged from 25 to 300 mg twice daily.

All allele frequencies of CYP3A4*1G, CYP3A5%*3, and
ABCBI genetic polymorphisms were in Hardy—Wein-
berg equilibrium (Table 2). D’ values between ABCBI
G2677T/A or C1236T and C3435T were 0.69 and 0.75,
respectively, whereas that between ABCBI G2677T/A
and C1236T was 0.60. These results indicate that ABCBI
C1236T and G2677T/A were in LD with C3435T.
Haplotype frequencies of ABCBI C1236T-G2677T/A-
C3435T were calculated using SHEsis [41]. Only haplo-
types with frequencies and patient proportions greater
than 8% were analyzed (Table S5).

Patients were divided into two groups: data from
127 patients were used for model development, and
data from 56 patients were used for model evaluation.
Sixteen patients without genetic information were
included in the evaluation dataset. No concentrations
below the lower quantification limit were included in
the analysis.

PopPK Model Development
Base Model

A two-compartment model with first-order absorption
and lag time was selected as the base model to describe
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Table 2 Allele frequencies of genetic polymorphisms in CYP3A4,
CYP3A5 and ABCBI genes

Single nucleotide polymorphisms Number of  Frequency (%)
recipients
CYP3A4*1G (G82266A, rs 2242480)
GG (*1/*1) 95 569
GA (*1/*1G) 63 377
AA (*¥I1G*IG) 9 54
CYP3A5*3 (A6986G, rs776746)
AA (*I7*1) 8 4.8
GA (*1/*3) 75 449
GG (*3/*3) 84 50.3
ABCBI-C1236T (rs| 128503)
cC 25 15.0
cT 68 40.7
T 74 44.3
ABCBI-G2677T/A (rs2032582)
AA 9 54
GG 40 24.0
GA 20 12.0
T 31 18.6
TG 54 323
TA 13 7.8
ABCBI-C3435T (rs1045642)
cC 63 377
cT 79 47.3
T 25 150

The allele frequencies are found to be in Hardy—Weinberg equilibrium
(P>0.05)

CsA PK. The data was not sufficiently informative to
support estimation of complex absorption models,
such as zero-order model, Erlang model, and Weibull
model [42-44]. The exponential model provided the
best results for the residual variability. The BSV of the
mean CL/Fin the base model was 24.2%, with a relative
standard error of 9.6%. The parameter estimates and
associated precisions are listed in Table S6.

Covariate Model

Before the stepwise process, the correlation between
PK parameters and potential covariates was investigated
graphically. The CsA CL/Ftended to first decrease with
POD after renal transplantation, and then increase,
eventually reaching stability (Fig. 1), consistent with the
results from Fanta et al. [25]. This was further demon-
strated by the boxplots of CsA daily dose normalized C,
over different postoperative periods (Figure S1). There-
fore, POD was incorporated into the base model expo-
nentially; the GOF improved, and the OFV decreased
by - 54.1 (Table S6). The GOF plots are presented in
Figure S5.
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Fig. | Empirical Bayes estimates of cyclosporine clearance (CL/F) dur-
ing the post-transplantation follow-up. The model-predicted typical
CL/F (red dashed line) and the individual CL/F (blue circles) are shown

Although the base model with POD could partly
describe the changes in CsA CL/F over time, a model
in which covariates describe this time dependency
is more useful for TDM. The correlations between
preselected covariates and the changes of covari-
ates with POD were investigated graphically. First,
the changes in covariates and POD were examined
by graphical inspection to identify potential covari-
ates (Figure S2 and Figure S3). Then, the identified
covariates were incorporated into the base model to
test the effects on CsA PK properties.

The influence of patient body size on CsA disposi-
tion was best described by allometric scaling based on
FFM rather than total body weight for all PK disposition
parameters, with the OFV reduced by - 11.2 (P<0.001).
Considering that the HCT level was low during the early
postoperative period and increased during the first
months after transplantation, the effect of the HCT
on CsA clearance was investigated. The OFV substan-
tially decreased by — 41.4 (P<0.001) when the HCT was
included, indicating a significant model improvement.
A decrease (52.6%) in CL/Fwas observed as the HCT
increased from 10.5% to 60.5%.

As the PD was tapered dramatically during the initial
stage of transplantation, the effects of prednisolone on
Fwere added to the model because a high PD may influ-
ence CsA absorption nonlinearly. Therefore, nonlinear
E, .« model describing the effect of PD on F (Eq. 3)
reduced the OFV by - 24.4 (P<0.001) and was superior
to a linear model (AOFV 261.9, Eq. 2). F,,,, and EDj,
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were estimated as — 0.288 and 23.8 mg, respectively.
The relative standard errors estimated for F, . and
ED;, were 24.2% and 35.4%, respectively. Moreover,
CsA bioavailability in patients receiving a PD of 80 mg
was 20.6% lower than that in patients receiving a PD of
20 mg. The parameter v in the sigmoidal E,, model
(Eq. 4) was not estimated successfully and the function
was simplified to the E_ . model.

Multiple genetic variants in genes encoding the
CsA-metabolizing enzymes CYP3A4/5 and the multid-
rug resistance transporter ABCB1 were analyzed [45].
However, no significant effects of the selected SNPs
on CsA PK were found. Previous genotyping analysis
results indicated that ABCBI C1236T and G2677T/A
are in strong LD with C3435T. Thus, the influence of
the ABCB1 C1236T-G2677T/A-C3435T haplotypes on
CsA PK was considered. The CL/Fof the non-CGC hap-
lotype carrier was 14.4% less than that of the CGC hap-
lotype carrier 3 months following the operation (AOFV
- 15.0, P<0.001).

In addition to pathophysiological and genetic factors,
concomitant medications were also investigated, but
none displayed significant relationships with PK param-
eters. After other covariates were tested, the incorpo-
ration of POD reduced the OFV by - 79.1 (P<0.001),
indicating that other sources of time-related variability
should be considered in further analyses. The CL/I-
POD relationship improved in different postoperative
periods after including POD-related factors (Figure S4).

In the final model, all retained covariates caused a
significant increase in OFV upon removal. For these
reasons, this model was accepted as the definitive final
model. Equation 5 shows the results of the covariate
analysis for CsA CL/F

CL/F =32.6 X (FFM/50)"" x (HCT/30)""**® x (POD/30)"***!

X 0.856 (if POD > 90, non — CGC haplotype carriers)

(5)
In this equation, influence scopes were adjusted
according to their respective median values as deter-
mined from the dataset. The parameter estimates and
associated precisions are shown in Table 3. The data
was not sufficiently informative to support estimation
of BSV on F. Additionally, shrinkage values of BSVs and
RUVs, except for V./Fand Q/F, were <35%, which may
be due to the relatively small intensive sample size. The

condition number of the final model was 240.1.

Model evaluation

The GOF plots externally evaluated for the final models
are presented in Fig. 2. Compared with the base model

and the model incorporating only POD, the final model
was greatly improved and showed no obvious bias. Over
99.6% (1141/1146) of the observations were within +4
conditional weighted residuals.

The pcVPC results demonstrated good predictability
of drug concentrations. The pcVPCs of the final model
are depicted in Fig. 3. The simulated data corresponded
well with the observed data, indicating a lack of sig-
nificant model misspecifications. In the NPDE analy-
sis, no trend in the scatterplots was observed (Fig. 4).
The Pvalues obtained using the Wilcoxon signed rank
test were >0.05, while those obtained via the Fisher’s
variance test were <0.05, indicating an inconsistency
between the evaluation and simulation data for vari-
ance. Bootstrap parameter estimates closely matched
the mean estimates from the population model, con-
firming model stability (Table 3).

Dosing Regimen Optimization

The results of the Monte Carlo simulation are
shown in Table S7. The predicted time course
of CsA concentrations in a ‘typical’ patient (i.e.,
patients with median covariates), which was simu-
lated based on 1000 hypothetical individuals in dif-
ferent postoperative periods, is shown in Fig. 5. A
stable recommended dosing regimen could main-
tain median concentrations within a desired con-
centration range, indicating that the final model
could be applied to design the dosing regimen.

DISCUSSION

Although nearly 20 CsA popPK studies have been
reported in adult renal transplant recipients, no large
long-term follow-up cohort study has been conducted
to elucidate the time-related variability in CsA PK [16].
Moreover, CsA PK characteristics may change with
POD, thereby requiring dose adjustment to achieve
target exposure. Therefore, it is essential to identify
factors that can explain the variability in CsA PK and
characterize the time-varying CL/F of CsA.

To the best of our knowledge, this is the first popPK
study of long-term changes in CsA CL/Fwith POD in
adult renal transplant patients. A two-compartment
model with first-order absorption and lag time ade-
quately described the CsA PK properties. In the final
model, FFM, HCT level, POD, and the presence of the
ABCBI CGC haplotype were the most influential covari-
ates with regard to CsA clearance. Tapering of the PD
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Table 3 Parameter estimates Parameters Final model Bootstrap of final model
for the final model and the
bootstrap procedure Estimate RSE (%) Shrinkage (%) Median 95% Cl
Objective function value 277375 / / / /
K, (™ [.94 289 / 206 126271
CLF(Lh™ 326 50 / 322 28.2-35.2
V. /F (L) 127 13.0 / 128.5 103.5-1524
QIF (Lh™ 28 223 / 275 152-353
V/F (L) 505 48.7 / 490.3 312.1-868.1
Tag (M) 0453 4.3 / 0459 0.407-0.486
Covariate effect on CL/F
HCT - 0426 289 / -0410 - 0.610—(-0.209)
cGce 0.856 14.8 / 0.856 0.658—1.038
POD 0.0821 46.5 / 0.0759 0.0348-0.142
PD effect on F
Frox —-0288 242 / - 0.301 — 0.656—(— 0.135)
EDsy (Mmg) 23.8 354 / 296 40-957
Between-subject variability
K, (%) 885 20.6 345 94.8 69.2—-129.7
CLF (%) 254 14.6 9.8 250 20.2-31.1
V IF (%) 26.8 15.3 49.0 254 15.5-358
Q/F (%) 363 26.6 49.1 372 I1.7-554
V/F (%) 1353 269 213 134.4 94.1=211.9
Residual variability
Proportional (%) 36.7 36 4.4 363 33.7-387

CGC ABCBI CGC haplotype carrier; Cl percentile confidence intervals; CL/F apparent clearance; ED;, the dif-
ference in prednisolone daily dose from 20 mg at which half maximum on F is reached; F the bioavailability

relative to |; FFM fat-free mass; F,

max

the maximal increase in F with increasing prednisolone daily dose; HCT

hematocrit; K, absorption rate constant; PD prednisolone daily dose; POD postoperative days; Q/F inter-com-
partmental clearance; RSE relative standard error; Tj,, absorption lag time; V. /F apparent central volume of
distribution; V,,/F apparent peripheral volume of distribution

*The CL/F of non-CGC haplotype carriers was 0.856 times to CGC haplotype carriers since postoperative

three months

following the initial stage of transplantation may con-
tribute to changes in bioavailability.

In a study conducted by Fanta et al. as PK data on
intravenously and orally administered CsA were avail-
able, potential factors affecting the absorption process,
which may be related to long-term PK properties, were
analyzed [25]. Dose-dependent absorption or saturable
presystemic metabolism contributed to this tendency.
In this study, the factors that may influence CsA distri-
bution were also considered, and we found that time-
varying clearance could be largely attributed to changes
in erythrocyte binding owing to increased HCT levels
with time after transplantation.

Although available models have identified covari-
ates primarily through empirical investigation, in our
previous study, we found that theory-based modeling
is helpful to improve model predictability [46]. Unlike
empirical covariate selection, theory-based covariate

@ Springer

selection allows the incorporation of relationships link-
ing parameters and covariates based on a fundamental
understanding of PK processes rather than on the avail-
able data alone, and may improve model predictability
[47]. Therefore, in this study, our modeling was based
on theoretical mechanisms and the data properties.
First, the correlation between the changes in potential
covariates and POD were investigated graphically. We
then included identified covariates in the model to
exam the statistical significance. After all POD-related
covariates were analyzed, we incorporated the POD in
final model.

In the final model, the oral bioavailability of
CsA increased by approximately 35.6% in the first
month after transplantation, consistent with a previ-
ous report [25]. CsA exposure in the early phases
after transplantation was 15.4% lower than that
in the stable period when the same CsA dose was
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Fig. 2 Externally evaluated
diagnostic goodness-of-fit plots | |

for the final model. A Observa-
tions versus population predic-
tions; B observations versus indi-
vidual predictions; € conditional
weighted residuals (CWRES)
versus population predictions; D
CWRES versus PODs. (A-D)
The locally weighted regression
line (red dashed lines). (A, B) the
line of unity (black solid lines),
and (C, D) y=0 (solid lines) are
shown
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administered. The increased CsA bioavailability
in the initial period may correlate with improved
absorption in the intestine [48] and reduction in
dose of co-administered steroids [46]. Steroids can
activate the pregnane X receptor (PXR) to upregu-
late CYP3A and P-gp activity [35, 49]. Thus, high
doses can lead to reduced bioavailability. Specifi-
cally, the maximum reduction, estimated in the
final model, was induced by steroids in I above
20 mg was 0.288. Moreover, differences in steroid
doses from 20 mg, at which half the F,,,, is reached,
was 23.8 mg, corresponding to a dose of 43.8 mg.
The model further predicts CsA bioavailability in
patients receiving a PD of 80 mg to be 20.6% lower
than that in patients receiving a PD of 20 mg. How-
ever, there is a lack of intravenous vs. oral data to
verify these results.

Approximately 58% of circulating CsA is bound to
red blood cells [50]; therefore, changes in the HCT

1000

1500 2000 0 1000 2000 3000 4000

Postoperative days (days)

level with POD may influence CsA PK. HCT level was
low in the early postoperative period but increased dur-
ing the first months after the transplantation, which is
consistent with previous findings [51, 52]. The effect
of the HCT on CsA clearance was retained in the final
model, and a reduction in the HCT from 60.5% to
10.5% led to a 1.1-fold increase in CsA exposure. This
relationship is consistent with known physiological
properties [53]. Moreover, increases in the HCT lev-
els led to the elevation of CsA binding to erythrocytes,
which could partly prevent CsA extraction via the liver
and distribution into peripheral tissues, resulting in
elevated concentrations and decreased CL/F[21-23].
However, the potential clinical significance requires
further validation.

During the modeling process, we also attempted to
estimate the effect of HCT on CsA clearance based
on theoretical relationships, as reported in our previ-
ous study [46]. However, compared to the empirical
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Fig. 3 Prediction-corrected vis-
ual predictive checks (pcVPCs)
stratified on postoperative days ! ! !

30 <POD =90

(POD:s) for the final model, : : i :
based on 2000 simulations. The . .
median observed values per bin —E' 1000 — — _EI 1000 — =
(red solid line), the 5th and 95th > B = > B E
percentiles (red dashed lines) of % ] C E’ 7 C
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method (AOFV - 31.3, P<0.001), the theory-based
method (AOFV - 28.7, P<0.001) did not significantly
reduce the OFV. Moreover, a potential challenge
was noted regarding the clinical application of this
model. That is, the parameters used to predict CsA
plasma concentrations (Cp) were assumed to be con-
stant, resulting in the C; exhibiting a linear correla-
tion with CsA whole-blood concentration (Text S4),
which does not accurately reflect clinical samples [54].
Besides, CsA C]D is not determined in routine practice,
which may limit the use of this theory-based model.
Therefore, we included the effect of HCT on CL/F
empirically.

Multiple intrinsic/extrinsic factors, including
demographic factors, genetic polymorphisms in
drug-metabolizing enzymes and transporters, dis-
ease progression, concomitant medications, and
their combined effects, may influence the in-vivo
behaviors of drugs in the clinic [55]. Most of these
covariates contribute to inter- and intra-individual
variability [16]. POD is a surrogate for many time-
varying factors [56]. Changes in covariates with POD

@ Springer
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were visually inspected and tested based on theoreti-
cal mechanisms in this study. In the final model, the
tendency of CsA CL/F over POD was described by
the POD-related covariates (known factors, such as
PD and HCT) and POD (other unknown factors).
More valuable information may be provided as these
time-varying covariates can partly explain the effects
of POD as a covariate on inter-individual variability
[57]. Other currently unknown POD-related factors
represent additional sources of inconsistencies, as the
model describes variability, and should be evaluated
in future studies. Meanwhile, a combination of these
factors, the minimum CL/Fvalue would be reached
within one to six months, the required time for which
would depend on the prednisolone daily dose.

In addition to time-varying factors, ABCBI genetic
polymorphisms were also included in the final
model. In this study, we found that ABCBI C1236T-
G2677T/A-C3435T haplotypes may be an effective
index for the characterization of CsA PK. The CL/F
of the non-CGC haplotype carrier was 14.4% lower
than that of the CGC haplotype carrier 3 months post
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Fig. 4 Normalized prediction A B
distribution error (NPDE) plots < - —
for the final model. A Q-Q plot s | -
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operation. P-gp is distributed widely on the brush
border surface of the intestine and mainly influ-
ences the CsA absorption process [58]. Mutations
at the above three sites may decrease the amount
or activity of P-gp, resulting in the reduced excre-
tion of CsA into the intestinal lumen and increased
bioavailability [19, 59]. However, the clinical signifi-
cance must be further confirmed in future studies.
Fanta et al. reported that the NR1/2 genotype, which
encodes PXR, may influence CsA bioavailability [25].
However, no such information was available for this
study, and additional studies are needed to evaluate
this mechanism.

In this study, the recommended dosing regimens
in different simulation scenarios were given based
on the prior distributions of the final model. Clini-
cians can design an optimal regimen for each patient
based on the individual’s status. According to the sim-
ulation results in this study, different dose regimens
were needed to achieve different target exposures
during different postoperative periods. However, all
of these regimens were obtained based on popPK
parameter distributions in the final model. Enhanced
individualized dose predictions can be designed via
Bayesian forecasting using available concentrations
as prior information [16, 60].

PRED (ng/mL)

One potential limitation of this study was its ret-
rospective observational design. And the informa-
tion pertaining to CsA exposure and drug-induced
response relationship was not available. Moreo-
ver, there was no way to confirm whether patients
adhered to their prescribed dosage regimen. Addi-
tionally, this was a single-center study. Multicenter
validation is necessary to improve model predictabil-
ity and assess the impact of CsA minimization and
precision-dosing strategies.

In conclusion, a popPK model for adult renal
transplant recipients was developed based on a
large long-term follow-up cohort study, and the
time-varying CL/F of CsA was comprehensively ana-
lyzed. Allometrically scaled body size, HCT level,
CGC haplotype carrier, and postoperative time may
mediate CsA PK variability. Additionally, tapering of
PD during the initial stage of transplantation may
contribute to changes in bioavailability. Increases
in HCT resulted in the enhancement of CsA bind-
ing to erythrocytes, leading to increased CsA con-
centrations and decreased CL/F, which may affect
the time-varying CL/F of CsA. Therefore, CsA dose
adjustments should be considered during different
postoperative periods.
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Fig. 5 The concentration—time
profiles of cyclosporine (CsA)
from Monte Carlo simulation

of 1000 hypothetical individuals
with median covariates following
different postoperative periods.
The 25th and 75th percentiles of
the simulation data (light blue),
the median of the simulated
data (red solid line), and both
the therapeutic range of CsA
predose concentrations (black
solid lines) and 2-h postdose
concentrations (black dashed
lines) are shown. HCT, hema-
tocrit; PD, prednisolone daily
dose; POD, postoperative days.
The simulation scheme with an
asterisk (*) indicates the ABCB/
CGC haplotype carrier
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