European Journal of Clinical Pharmacology (2022) 78:1421-1434
https://doi.org/10.1007/500228-022-03328-9

PHARMACOKINETICS AND DISPOSITION q

Check for
updates

Ethnicity evaluation of ferric pyrophosphate citrate among Asian
and Non-Asian populations: a population pharmacokinetics analysis

Lingxiao Zhang' - Liangying Gan? - Kexin Li® - Panpan Xie? - Yan Tan* - Gang Wei* - Xiaojuan Yuan’ - Raymond Pratt® -
Yongchun Zhou?® - Ai-Min Hui* - Yi Fang’ - Li Zuo? - Qingshan Zheng'

Received: 7 November 2021 / Accepted: 24 April 2022 / Published online: 17 June 2022
© The Author(s) 2022

Abstract

Purpose To evaluate the potential ethnic differences of ferric pyrophosphate citrate (FPC, Triferic) in healthy subjects and
patients with hemodialysis-dependent stage 5 chronic kidney disease (CKD-5HD) and identify covariates that may influence
pharmacokinetics (PK) of FPC.

Methods Data were collected from 2 Asian and 4 non-Asian clinical studies involving healthy subjects and CKD-5HD
patients. Three population PK models were developed: M1 for intravenous (IV) administration of FPC in healthy subjects;
M2 for dialysate administration of FPC in CKD-5HD patients; M3 for pre-dialyzer administration of FPC in CKD-5HD
patients. All the models were fitted to concentration versus time data of FPC using the nonlinear mixed effect approach with the
NONMEM® program. All statistical analyses were performed using SAS version 9.4.

Results In total, 26 Asians and 65 non-Asians were included in the final model analysis database. Forty healthy subjects were
administered FPC via intravenous (IV) route and 51 patients with CKD-5HD via dialysate (N=50) and pre-dialyzer blood
circuit administration (N=51). The PK parameters of FPC IV were similar. The population PK model showed good parameter
precision and reliability as shown by model evaluation, and no relevant influence of ethnicity on PK parameters was observed.
In healthy subjects, the maximum observed plasma concentration (C,,,,) and area under the plasma concentration—time curve
(AUC) decreased with increase in lean body mass (LBM) and the average serum total iron at 6 h before the baseline period
(Fe,,), whereas, in both patient populations, C,,, and AUC decreased with increase in LBM and decrease in Fey ;... Other
factors such as gender, age, Fe,,, and ethnicity had no influence on PK exposures in patients. The influence of LBM on PK
exposures in patients was smaller than that in healthy subjects (ratio of AUC,, ,, for the 5th [68 kg] and 95th [45 kg] patient’s
LBM was almost 1). The influence of Fe,, and LBM on PK exposures was < 50%.

Conclusion The population pharmacokinetics model successfully described the PK parameters of FPC in healthy subjects
and CKD-5HD patients and were comparable between Asian and non-Asian populations.
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Introduction

Iron deficiency remains a major cause of anemia in patients
with hemodialysis-dependent stage 5 chronic kidney disease
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tion is often provided to this patient population to increase
transferrin saturation (TSAT) and serum ferritin values [4].
Most iron supplements are bound to a carbohydrate moi-
ety and are effective in improving hemoglobin (Hgb) levels
and reducing the required dose of ESAs [5, 6]. More often,
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these drugs are widely used for iron replacement in patients
undergoing hemodialysis (HD). The European Best Practice
Guidelines for the management of anemia in patients with
chronic kidney disease (CKD) [7] and the National Kid-
ney Foundation (NKF)-Kidney Disease Outcomes Quality
Initiative (K/DOQI) Clinical Practice Guidelines for Ane-
mia of CKD [8] have recommended IV iron administration
in patients with CKD for achieving the target hemoglobin
(Hgb), improving survival and quality of life, and reducing
hospitalizations. However, all the available IV iron supple-
ments are iron-carbohydrate complexes which are likely to
promote cytotoxicity, increase risks of inflammation, exac-
erbate oxidative stress and endothelial dysfunction, and
lead to the progression of CKD and cardiovascular disease
[9-11].

Ferric pyrophosphate citrate (FPC, Triferic) is a novel
carbohydrate-free, water-soluble, iron replacement agent in
which citrate and pyrophosphate compounds are tightly bound
to iron, reducing risk for free iron release into the blood stream
[12, 13]. FPC, which was developed by Rockwell Medical,
was approved as a maintenance iron supplement in the USA
on January 23, 2015, to be administered via dialysate in adult
patients with CKD receiving HD [14]. The major difference
of FPC over other IV iron supplements is that iron is deliv-
ered via a dialysate and not injected [12]. The specific routes
of administration of FPC in patients with CKD-5HD are via
dialysate and via the pre-dialyzer blood circuit administration
[15]. Slow infusion of soluble FPC by dialysate was safe and
effective alternative to IV administration in patients under-
going hemodialysis (HD). Dialysate containing the desired
concentrations of FPC were generated by adding FPC to the
bicarbonate concentrate [16]. Unlike other iron supplements,
FPC allows for optimal iron utilization during erythropoiesis
and avoids iron sequestration within reticuloendothelial (RE)
macrophages [16, 17].As FPC is highly soluble in aqueous
solutions, it can also be administered intravenously. Intrave-
nous administration allows patients receiving hemodialysis
with solid bicarbonate cartridges to receive FPC iron concur-
rently with HD [12].

The multicenter randomized, placebo-controlled phase
III clinical studies (PRIME, CRUISE 1 and 2) for FPC have
found dialysate administration to maintain Hgb level and iron
balance in patients receiving chronic HD [18, 19]. Adverse
events were similar in both the dialysate FPC-treated and
placebo groups [18, 19]. The pharmacokinetic (PK) profile
of FPC has been investigated in healthy subjects and pediatric
subjects with HD in previous research, [12, 20] which was
mostly conducted in Caucasian and Asian patients.

Owing to the differences in genetic, physiological, and
pathological factors between ethnic/racial groups, it is pos-
sible for PK parameters of drugs to vary with ethnicity [21,
22]. To date, no analyses have evaluated the influence of
ethnicity on PK parameters of FPC. Hence, in the current

@ Springer

analysis, we established a population PK model by com-
bining data from studies performed in Asians, particularly
Chinese and non-Asians, including African American and
Caucasian populations. Population PK modeling was used
to evaluate potential ethnic differences of FPC among Asian
and non-Asian subjects for 3 different routes of administra-
tion: IV administration in healthy subjects, dialysate, and
pre-dialyzer administration in patients with CKD-5HD.

Materials and methods
Description of clinical studies

A consolidated dataset for analysis was generated by com-
bining PK data following FPC administration via the IV
route in healthy subjects, via dialysate in patients with CKD-
SHD, and via the pre-dialyzer blood circuit administration in
patients with CKD-5HD. The route of administration might
influence the PK parameters of the drug; hence, the influ-
ence of route of administration in PK parameters was evalu-
ated for which data was available from Asian, particularly
Chinese, and non-Asian including African American and
Caucasian populations. Data were collected from 6 clini-
cal studies: clinical studies conducted in Chinese healthy
subjects (CHN-FPC-14, CTR20181113) and patients with
CKD-5HD (CHN-FPC-21, CTR20181119) and clinical
studies conducted in non-Asian healthy subjects (USA-
FPC-12, NCT02636049 and USA-FPC-18, NCT02767128)
and patients with CKD-5HD (USA-FPC-16, NCT02739100
and USA-FPC-20, NCT02767128). Source data for this anal-
ysis were provided by Jiangsu Wanbang Biopharmaceuticals
Co., Ltd., and Rockwell Medical Inc.

Details on dosage regimen and blood sample collection
after FPC administration of the included studies is provided
in Online Resource 1 and the design of our study is pre-
sented in Online Resource 2.

All included studies were conducted under the principles
of the Declaration of Helsinki and the Good Clinical Prac-
tice guidelines of the International Conference on Harmo-
nization. All participants provided written informed consent
before enrollment in each study.

Pharmacokinetics data analysis

Population PK analysis was performed using 3 datasets,
namely, M1, healthy individuals; M2, CKD-5HD patients
treated with FPC dialysate; and M3, CKD-5HD patients
treated with pre-dialyzer FPC (administration of FPC
through pre-dialysate blood circuit for 3 h). Three separate
models were established to accurately quantify the effects
of covariates such as ethnic differences and to achieve the
research purposes.
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There are differences in PK parameter under different
dosing regimens; hence, in this analysis, 3 different models
were established to accurately determine the influence of
ethnicity on PK parameters. All statistical analyses were per-
formed using SAS (version 9.4, Cary, North Carolina, USA).

Base model development

All model parameters were estimated using the first-order
conditional estimation with interaction (FOCEI) method
using nonlinear mixed effects modelling software (NON-
MEM, version 7.3, ICON Development Solutions, Ellicott
City, MD, USA) [23]. The PK of FPC was determined by one-
compartment base model parameterized in terms of apparent
clearance (CL for FPC administration via IV route and CL/F
for FPC administration via dialysate and pre-dialyzer) and
apparent volume of distribution (V4 for IV route and V ,/F
for dialysate and pre-dialyzer administration) (Supplemen-
tary Fig. 1). The Akaike information criterion (AIC) with a
threshold of 2 (model in which the difference in AIC relative
to AIC,;, was <2 will be considered) was used to choose the
base model [24].

Building random effects model

Random effects were accounted by including inter-individual
variability for PK parameters and residual error for iron con-
centrations. Inter-individual variability in PK parameters was
characterized using an exponential model according to the
following relationship:

P, = Ppy - exp (ni) (1)

where P; is the estimated parameter for individual i, Py is
the typical population value of the parameter, and 7, is the
inter-individual random effect variable for individual i and
is assumed to be normally distributed with a mean of 0 and
variance of ’.

The difference between the model-predicted total iron
plasma concentrations and observed concentrations was
modeled using a residual error model. Residual error mod-
els accounted for error in the bioanalytical assay, sample
collection, and model misspecification. Residual variability
was evaluated using 3 different residual error (¢) models:
additive Eq. 2), proportional Eq. 3), and combined additive
and proportional (Eq. 4) error models.

Yabs,ij = Ypred,ij + 8ij,2 (2)
Yobs,ij = Ypred,ij X (1 + eij,l) (3)
Yobs,ij = Ypred,ij X (1 + 8[],1) + 8[]’,2 (4)

where Y, ;and Y, are the observed and predicted total

iron concentrations in the ith individual at time j, €1 is a

random variable for the proportional error model with a

mean of 0 and variance of o7, €;, 1s a random variable

for the additive error model with a mean of 0 and variance
2

Of O,y .

Covariate model development

Covariate evaluation included gender, age, average serum
total iron at 6 h before the baseline period [Fe,,], serum
total iron at O h before administration [Fey,;,.], lean body
mass [LBM], red blood cell [RBC] count, hemoglobin
[Hgb], serum creatinine clearance rate [CrCL], aspartate
aminotransferase [AST], alanine aminotransferase [ALT],
albumin [ALB], total bilirubin [TB], total cholesterol [TC],
C-reactive protein [CRP], and ethnicity. As the Fey i, of
FPC is not 0, it might affect the PK parameters; hence, the
influence of Fe,, in FPC IV administration and Fe,, ;.. in
administration via dialysate and pre-dialyzer administra-
tion dataset were evaluated. First, a graphical approach was
used to examine the correlation between covariates. If the
covariates showed significant correlation (correlation coef-
ficient > 0.8), only the clinically meaningful covariates were
included into the final covariate model to avoid collinearity
(Online Resource 3). After the base model was developed,
correlation scatter plots were generated using Empirical
Bayes (EB) estimate of individual PK parameter and covari-
ates. The final covariates evaluated were determined based
on the trends of correlation scatter plots and the physiologi-
cal significance of the covariates [25].

The influence of covariates on the CL or CL/F and V
or V4/F were tested. Eqs. 5 and 6 were applied to test con-
tinuous covariates using fractional and power models, and
categorical covariates were modeled as shown in Eq. 7.

P, =Py, X[14+6,X(COV, —COV,pia)] 5)
P =Py x [ =2V e (6)
e COVmedian

where P; is the PK parameter estimate in the ith individual
and COV, is the kth continuous covariate centered or nor-
malized by the median covariate value (COV .4iun) Pry is
the typical population value of a parameter, 9, represents the
fractional change or exponent of the power model associated
with the kth covariate.

Py if Category =1

Pry x (14 0), if Category =2
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where P, is the parameter estimate in the ith individual, 0 is
the categorical covariate coefficient, and Py, is the typical
population value of a parameter for one category.

Forward inclusion to establish full covariate model

Covariates were introduced into the final base model in a
stepwise manner. A likelihood ratio test was used to evalu-
ate the statistical significance of addition of each covari-
ate to the model. Covariates with significant improvements
(P <0.05) in the objective function value (OFV, a decrease
in OFV > 3.84) were retained in the model. This procedure
was repeated, adding each covariate relationship individu-
ally, until all significant covariates were identified to estab-
lish the full covariate model.

Backward elimination to establish the final covariate model

Following forward addition, covariates were then removed
one-by-one from the full covariate model to determine if
they should be retained. A covariate was retained in the
model if its removal was associated with a significant
increase in the OFV (OFV increase of > 6.63, P<0.01). The
remaining non-significant covariates were removed from the
model. The final model was obtained after completion of
the backward elimination process. No correlation > 0.95
between individual random effect parameters (covariates)
should be present in the final model.

Model evaluation

Various goodness of fit (GOF) diagnostics were used to
evaluate the quality of the model fit to the data. Diag-
nostics included GOF plots of observed concentrations
versus population predicted and individual predicted
concentrations, CWRES versus population predicted
concentrations, and weighted residuals versus time. To
be considered reliable, relative standard error of model
parameter estimates should be < 50%. Bootstrap runs
(n=1000) were performed to provide point estimates and
precision estimates of PK parameters for the final model.
Point estimates for each parameter were calculated as the
median value across bootstrap runs. In addition, the suc-
cessful rate of bootstrapping method and precision of the
parameter estimates derived from bootstrapping were used
to evaluate the robustness of the final model by re-sam-
pling the original data for 1000 times to obtain 1000 new
datasets and parameters for each dataset were estimated.
Non-parametric bootstrap estimate for each parameter
was calculated for the median and 95% percentile inter-
val (PI) of the 1000 simulations, which is the 2.5th and
97.5th percentile of the 1000 bootstrapping estimates of
the parameter. The parameter estimates from the original
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data were compared to the 95% CI of those estimated from
bootstrapping method.

Furthermore, a visual prediction check (VPC) was used
to evaluate the performance of the final pop PK model by
simulating 5th, 50th, and 95th percentile of FPC concen-
tration time data for each of 1000 simulations of the final
dataset with the final pop PK model. The 95% confidence
interval of 5th, 50th, and 95th percentiles from the 1000
simulations were compared to that of observed 5th, 50th,
and 95th percentiles of the actual data.

Differences in PK between Asian and non-Asian popula-
tions were evaluated. The effects of covariates retained in
the final population PK model on total iron exposure were
also evaluated. A geometric mean ratio of 0.8 to 1.25 for PK
parameters between two ethnic groups indicated no influence
of ethnicity, whereas the ratio beyond this range showed
ethnic difference for PK parameters [26].

Results
Demographics

The total population including Asians (N=26) and non-
Asians (N=65) was 91, out of which 40 healthy subjects
were administered FPC via IV route and the remaining 51
patients with CKD-5HD were given FPC via dialysate and
pre-dialyzer blood circuit administration. There were 14
healthy Asians from CHN-FPC-14, 12 healthy non-Asians
from USA-FPC-12, and 14 healthy non-Asians from USA-
FPC-18 study, all of whom were administered FPC via IV
route and included in the final model analysis database
(M1). In the FPC administration via dialysate dataset, there
were a total of 50 patients with CKD-5HD (one patient of
USA-FPC-20 lacked PK data of dialysate administration)
consisting of 12 Asians from CHN-FPC-21, 25 and 13 non-
Asians from USA-FPC-20 and USA-FPC-16 study, respec-
tively, who received FPC via dialysate (M2). And all the 51
patients with CKD-5HD consisted the pre-dialyzer blood
circuit administration dataset (12 Asians from CHN-FPC-21,
26 and 13 non-Asians from USA-FPC-20 and USA-FPC-16
who received pre-dialyzer administration of FPC) (M3). The
baseline characteristics of patients in all the studies are pre-
sented in Table 1, and the baseline demographics each study
used for the development of M1, M2, and M3 is presented
in Online Resource 4,

Population pharmacokinetic model

A one-compartmental model adequately described the PK
of FPC in Asians and non-Asians. The residual error in M1
was described by an additive error model, and in M2 and
M3 by a combined additive and proportional error model.
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The inter-individual variability (RSE %) in CL and V;in M1
were 42.8% (23%) and 33.8% (16.7%), respectively, while
the additive residual error (RSE%) was 174 ng/ml (8.9%)
in the final model. Similarly, inter-individual variability
(RSE%) in CL/F and V ,/F were 41.5% (11.9%) and 18.1%
(21.0%) in M2, and 36.6% (8.9%) and 21.0% (23.2%) in M3,
respectively, while the proportional residual errors (RSE%)
in M2 and M3 were 23.6% (8.9%) and 27.1% (7.8%), respec-
tively, in the final model. The inter-individual variability of
both base and final models in patients was lower than that
in healthy subjects. About 2—5% inter-individual variability
of the base models was explained by the covariates. The
residual errors in M2 and M3 were mostly described by the
proportional error resulting in low additive errors in M2 and
M3, while it was high in M1 which was described only by
the additive error. The CL and V, in FPC IV administration
in healthy subjects and CL/F and V ,/F in FPC via dialysate
and pre-dialyzer in patients with CKD-5HD were similar.
When FPC IV was administered in healthy subjects, the CL
and V; were 0.477 L/h and 3.62 L, respectively (Table 2).
In the administration of FPC via dialysate in patients with
CKD-5HD dataset, the CL/F was 0.982 L/h and V4/F was
3.32 L. Similarly, when FPC pre-dialyzer was adminis-
tered in patients with CKD-5HD, the observed CL/F was
1.02 L/h and V 4/F was 3.57 L. When FPC IV was admin-
istered in healthy subjects, except for the relative standard
error (RSE)% of covariate sex on V4 which was 30.1%, the
RSE% of other parameters was < 30%. With the increase in
LBM and Fe,, V, also increased which was 2.8 times higher
in women than in men. In administration via dialysate data-
set except for the RSE% of covariate LBM on V,/F (RSE:
35.4%), the RSE% of other parameters was <30%. CL/F
decreased with the increase in Fey ;. and V ,/F increased
with the increase of LBM. The RSE% for all the parameters
in FPC pre-dialyzer administration data set was < 30%. The
CL/F decreased with the increase in Fey, ;... Whereas the
V /F increased with the increase in LBM. The influence of
covariates on PK exposure parameters of all the final mod-
els (M1, M2, and M3) is presented in Online Resource 5,
and the simulated drug concentration—time curve is shown
in Fig. 1. When FPC was administered via dialysate (M2)
and pre-dialyzer (M3) in patients with CKD-5HD (the tar-
get population) in Asians and non-Asians, the influence
of each of the covariates on the PK exposures (AUC and
Cpnax) Was < 50%. The effect of each of the covariates on PK
exposures was analyzed separately, and the effect was not
clinically significant. The effects of LBM and Fe,, ;. on
AUC and C_,, were similar in Asian and non-Asian patient
populations (Table 3). In Asians, the effects of LBM and
Fepeeiine 0N PK exposures (AUC and C,,,,) were 1 to 1.39
and 0.59 to 0.89, respectively, whereas the effects of LBM
and Fe, i, on AUC and C,, were 1 to 1.35 and 0.57 to
0.89, respectively, in non-Asian patients with CKD-5HD. In

addition, the combination of covariates was analyzed and the
effects of LBM combined with Fe, ;.. on AUC and C,,, on
the PK exposure were 1.45 to 1.77. The GOF plots for each
model showed that the model predictions were similar to
the observations, especially for medium and high concentra-
tions. For very low concentration, there was over-estimation
to some extent in the model for healthy subjects. The high
standard deviation (174 ng/mL) for M1 may also explain the
discrepancy. However, owing to a relatively small low con-
centration sample points, which could result in the estima-
tion bias, the predictions for PK exposures (C,,,, and AUC)
can still be considered (Fig. 2). The regression trend line was
close to the standard line, and the CWRES value was + 6,
which was evenly distributed on both sides of the coordinate
axis [27]. Sensitivity analysis was performed to remove the
outliers with the ICWRESI value > 3, and since there was no
influence on all the model parameter estimations, the outli-
ers were retained in the analysis data. For the bootstrapping
evaluation, the proportion of successful minimizations were
98.8%, 97%, and 100% for M1, M2, and M3, respectively
(Table 2). The median and 95% PI (2.5-97.5% percentile
range) of bootstrap was similar to the parameter estimates
and its 95% CI, indicating similar uncertainties in param-
eter estimates to a nonparametric bootstrap approach. The
prediction-corrected VPC plots for all the models (Fig. 3)
showed that observations were included within the range of
concentrations simulated with the models.

Influence of ethnicity on PK exposure parameters

The differences in the PK exposure between Asian and
non-Asian populations after the adjustment for final model
covariates are presented in Table 4. The geometric mean
differences in the PK exposure parameters including maxi-
mum observed plasma concentration (C,,,,) (ng/mL), area
under the plasma concentration—time curve from time 0 to
4 h (AUC4 ) (h ng/mL), AUC from time 0 to 12 h (AUC
o0-121) (h ng/mL), AUC from time 0 to 24 h (AUC_,,4,) (h
ng/mL), AUC from time O to infinity (AUC,_.) (h ng/mL)
in healthy subjects with FPC IV administration were <40%,
indicating that there was no significant ethnic difference. In
patients with CKD-5HD who were administered FPC via
dialysate or pre-dialyzer, the geometric mean difference in
the PK exposure parameters in dialysate and pre-dialyzer
blood circuit administration was < 20%, also indicating that
there was no difference in ethnicity.

Discussion
The effectiveness of FPC in patients with CKD-5HD has been

demonstrated in various studies, such as the physiological
replenishment iron maintenance equivalency (PRIME) study,
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Table 1 Baseline demographic characteristics of each study

Asians (N =26)

Non-Asians (65)

Healthy subjects Patients with CKD- Healthy subjects Healthy subjects Patients with CKD- Patients with CKD-
5HD 5HD 5HD
CHN-FPC-14 CHN-FPC-21 USA-FPC-12 USA-FPC-18 USA-FPC-16 USA-FPC-20
N=14) N=12) N=12) (N=14) (N=13) (N=26)
Age (year)
Mean+SD 30.8+5.9 543+164 38.4+8.9 39.1+11.9 49.2+8.8 53.8+8.2
Min, max 19, 40 25,77 24,54 21,62 34,63 36, 68
Sex
Male/female 13/1 9/3 1072 12/2 1172 21/5
Weight (kg)
Mean+ SD 68.1+6.9 69.3+10.2 84.4+12.8 73.7£12.9 97.7£19.9 849+14.4
Min, max 57.3,76.6 56.7,91.1 65, 104.9 53.3,95.3 65,129 51.3,122.8
RBC (x10'%/L)
Mean+SD 5.08+0.3 37+£04 4.8+04 4.7+03 4.0+0.5 39+05
Min, max 44,55 3.1,45 4.0,5.4 42,55 33,54 3.0,4.8
Hgb (g/dL)
Mean =+ SD 15.7+1.0 11.9+1.2 145+1.2 14.6+0.8 123+1.2 11.7+1.5
Min, max 13.3,18 99,144 12.9, 16.6 13.2,16.1 10.5,15.2 92,143
PLT
Mean+SD 267.9+54.2 188.3+50.3 220.5+52.0 226.9+36.3 154.8+46.3 190+ 67
Min, max 167, 366 107, 244 148, 333 152,272 87,252 94, 339
CrCL (mL/min)
Mean+SD 137.7+20.7 6.9+1.0 114.5+22.8 103.7+£21.8 144+6.4 125+44
Min, max 98.7, 166.0 55,89 93.1, 176.5 64.9, 162.1 6.9, 28.0 6.6, 26.5
AST(U/L)
Mean+SD 19.1+4.0 142+35 19.2+3.1 21.1+4.5 21.2+£12.2 18.1+5.1
Min, max 13,27 10,23 14,23 15,29 11,54 10, 33
ALT (U/L)
Mean+SD 19.9+10.0 13.6+7.2 21.8+6.2 21.6+8.1 229+19.8 13.0+6.8
Min, max 8,44 4,28 13,30 10, 41 10, 84 3,33
ALP (U/L)
Mean+SD 84.6+16.2 91.9+29.46 63.3+15.1 66.9+19.5 121.9+66.72 96.5+40.7
Min, max 66, 115 50, 153 42,87 39,119 42,313 34, 186
TBL (pmol/L)
Mean +SD 0.6+0.2 0.4+0.1 0.4+0.2 0.6+0.2 0.4+0.2 0.3+0.1
Min, max 0.4, 1.09 0.27,0.76 02,09 04,12 0.1, 1.1 0.1, 0.7
TC (mmol/L)
Mean+SD 164.3+21.2 155.9+27.8 178.5+25.4 188.1+40.7 155.2+34.6 151.6+33.3
Min, max 123.7,210.7 88.5,185.2 140, 216 125, 264 114,232 88,210
CRP (mg/dL)
Mean + SD - 04+04 1.1+0.4 1.4+0.7 0.8+0.8 0.8+0.6
Min, max - 0.07,1.4 1,24 1,3.1 0.03,2.2 0.01,2.3
Baseline Fe,,,
(CONCO) (ng/
mlL)
Mean+SD - 794.7+222.9 - - 594.6 +206.1 613.2+246.1
Min, max - 369.6, 1254.4 - - 320, 920 210, 1100
Fe,, (ng/mL)
Mean+SD 946.4+221.4 - 1170.7 +£352.7 1425.5+554.6 - -
Min, max 583.1, 1250.2 - 490.7, 1732.9 693.3,2828.6 - -
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Table 1 (continued)

Asians (N =26)

Non-Asians (65)

Healthy subjects Patients with CKD- Healthy subjects Healthy subjects Patients with CKD- Patients with CKD-
5HD 5HD 5HD

CHN-FPC-14 CHN-FPC-21 USA-FPC-12 USA-FPC-18 USA-FPC-16 USA-FPC-20
N=14) (N=12) (N=12) (N=14) N=13) (N=26)

Fe ,,..(ng/mL)

Mean+SD 1054.4+217.1 - 1367.9+402.2 1750.8 +648.1 - -

Min, max 694.4, 1360.8 - 584, 1949 1074, 3301 - -

LBM (kg)

Mean+SD 51.8+5.0 50.5+6.5 59.1+8.7 54.0+6.8 62.3+8.5 57.1+£5.6

Min, max 37.9,56.31 37.8,61.1 41.7,70.3 37.6,64.2 48.7,76.7 43.8,67.7

AL, alanine aminotransferase, AST aspartate aminotransferase, CrCL serum creatinine clearance, CRP C-reactive protein, Fe ,, average serum
total iron at 6 h before the baseline period, Fe,,,;;,, serum total iron at O h before administration, Hgb, hemoglobin, LBM lean body mass, RBC
red blood cell, PLT platelet, SD standard deviation, 7B total bilirubin, 7C total cholesterol

which showed that the administration of FPC via dialysate in
patients with CKD-5HD maintained Hgb with reduced ESA
dose requirements [18]. In addition, FPC delivered via dialysate
during HD in the CRUISE 1 and 2 trials effectively replaced
iron losses, maintained Hgb concentrations, did not increase iron
stores, and exhibited a safety profile similar to that of placebo
[19]. The PK exposure of FPC has been demonstrated in non-
Asians [12, 20]. As the ethnicity influences the PK parameters
of the drugs [28], in the present study, we compared the PK data
obtained from healthy subjects as well as Asians and non-Asian
patients with CKD-5HD to evaluate the potential influence of
ethnicity on the exposure to FPC by population PK mode-
ling analysis. Sampling points for patients were shorter, usu-
ally <12 h, while it was longer for healthy subjects, usually 24 h
which may lead to large fluctuations in the low-concentration of
blood drug concentration points, thereby resulting in higher ITV
of base and final models in healthy subjects.

The results of the study revealed that the PK parameters
were not significantly different between Asian and non-
Asian populations. Furthermore, PK analyses by population
PK model gave robust results, and no relevant influence of
ethnicity on PK parameters was observed for both healthy
subjects and patients with CKD-5SHD. ICWRESI value of >3
were considered as outliers and sensitivity analysis was per-
formed to remove the outliers and there was no influence
on all the model parameter estimations [27]. Overall, the
PK parameters were comparable between Asian and non-
Asian populations. Covariates such as Fe i, and LBM
had slight impact on the PK exposure in both the Asian and
non-Asian populations. The allometric exponents for the
relationship to LBM in M2 and M3 were more consistent
with an allometric expectation of an exponent of 1, but the
allometric exponent in M1 was comparatively higher; this
might be attributed to the small sample size; hence, valida-
tion in further studies with larger sample size is warranted

to provide further insights. In the population PK model (M 1)
of healthy subjects who were given FPC IV, the influence of
sex on model parameter V4 showed that the PK exposures
of women were much higher than that of men. However,
conclusion cannot be drawn on the impact of gender on PK
parameters based on this result as the sample size of female
subjects in the study was very small. Hence, the impact of
gender on PK exposure requires substantiation in further
studies with large sample size. The observed value of PK
parameters in our study were in line with that of a phase I
study which evaluated the PK and safety of IV FPC. The CL
or CL/F in the current study were 0.474, 0.976, and 1.02 L/h
in M1, M2, and M3, respectively. In healthy subjects with
FPC, similar CL values were obtained that was in the range
of 0.41 to 0.56 L/h [12].

In healthy subjects, PK exposures (C,,,, and AUC)
decreased with increase in LBM and Fe,,, while in both the
patient populations, C,,, and AUC decreased with increase
in LBM and decrease in Fe, ;.- Other factors such as gen-
der, age, Fe,,, and ethnicity had no influence on PK expo-
sures in patients. The influence of LBM on PK exposures in
patients was smaller than that in healthy subjects. The ratio
of AUC,,, for the 5th and 95th patient’s LBM was almost
1 indicating that dose regimen need not be adjusted as per
patients’ weight. The Fe i, levels showed some influence
both on Asian and non-Asian patients and a higher Fe,, .jinc
levels may indicate a higher FPC exposures. Considering the
influence of Fe ;. Was relatively small (a 5th/95th ratio of
0.57-0.89), the efficacy of FPC is unlikely to be influenced.
Furthermore, there was no influence of LBM and Fe, ;. On
PK exposures in both Asian and non-Asian patients (a 5/95%
ratio of 1.45-1.70 and 1.46-1.77, respectively) even in the
extreme covariate combinations for the highest or for the low-
est exposures. In a clinical study by Pratt et al., the absorption
of iron after the administration via dialysate roughly doubled
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Table 2 Parameter estimates for the final population PK model of FPC

Parameters Final Model Bootstrap
Estimates (RSE%) 95% CI Median 95% P1
FPC IV administration in healthy subjects® Bootstrap (988/1000)*
PK parameters
CL, L/h 0.477 (8.2) 0.400, 0.554  0.474 0.406, 0.555
Vs L 3.62 (7.0) 3.12,4.12 3.60 3.16,4.11
LBMon V, 3.26 (18.7) 2.06, 4.46 3.31 1.91,4.48
Fe ,, on V4 (x 107 7.71 (17.5) 5.06, 10.0 7.82 4.49,9.77
B,ex ON V4 1.80 (30.1) 0.738, 2.86 1.81 0.970, 3.54
Inter-individual variability
ol (CL, %) 42.8 (23) 0.235,0.621  42.0 25.0, 60.7
®2 (Vd, %) 33.8 (16.7) 0.227,0.449 305 20.7,41.5
Residual error
o (add), ng/ml 174 (8.9) 143, 204 173 144, 205
FPC dialysate administration in patients with CKD-5HD" Bootstrap (970/1000)*
PK parameters
CL/F, L/h 0.982 (6.3) 0.861,1.103  0.976 0.870, 1.12
V4/F, L 3.32(3.5) 3.09, 3.55 3.33 3.11, 3.54
Fepseline 0N CL/F (X 107%) —17.28(6.4) -8.19,-637 —-17.07 -9.62,-3.19
LBM on V/F 0.726 (35.4) 0.222,1.23 0.712 0.172, 1.24
Inter-individual variability
ol (CL, %) 41.5(11.9) 31.8,51.2 40.4 31.0~50.4
®2 (Vy, %) 18.1 (21.0) 10.7,25.6 17.2 8.10, 24.0
Residual error
ol (prop), % 23.6 (8.9) 0.195,0.277  0.230 0.196, 0.279
62 (add), ng/ml 0.0220 (0.0) - 0.0220 -
FPC pre-dialyzer administration in patients with CKD-5HD* Bootstrap (1000/1000)*
PK parameters
CL/F, L/h 1.02 (5.9) 0.902, 1.14 1.02 0.924,1.13
V/E L 3.57 (3.8) 3.30, 3.84 3.56 3.35,3.80
Fep,etine N CL/F (X 107%) —17.02 (23.6) -10.2,-3.77 —-6.88 -9.90,-4.11
LBM on V/F 1.14 (28.2) 0.510, 1.77 1.11 0.598, 1.70
Inter-individual variability
ol (CL, %) 36.6 (8.9) 30.2,43.0 35.6 29.3,42.0
02 (Vy, %) 21.0 (23.2) 11.4,30.5 19.9 7.99,27.7
Residual error
ol (prop), % 27.1(7.8) 0.230,0.312  0.271 0.237, 0.309
62 (add), ng/ml 0.0710 (0.0) - 0.0710 -

ClI confidence interval, CKD-5HD hemodialysis-dependent stage 5 chronic kidney disease, CL apparent clearance, Fe,

av

average serum total iron

6 h before the baseline period, Fey,,;;,, serum total iron at O h before administration, /V intravenous, LBM lean body mass, PK pharmacokinetic,

RSE relative standard error, V, apparent volume of distribution

V0= Vv X (1+0.000771 x [Fe ,, — 1110]) X (LBM/55.24)** x COV

COV, =1 COVyppe=1+6,,=2.8
PCL; g = CLyy X (1 —0.000728 X [Fey e jine — 642.00]), where
Vipa= Yy X (LBM/56.28)%7%

°CLjpg=CLypy X (1 =0.000702 X [Feyejine — 660.801)

Cl,q is the individual predictive value of CL; CLyy is a typical value of CL

V4= Vv X (LBM/55.85)114

Vinq 18 the individual predictive value of Vy; Vry is a typical value of V; CL,, is the individual predictive value of CL and CLy, is a typical

value of CL

*The successful times in 1000 bootstrap minimizations
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Fig. 1 Simulated drug concentration—-time curve M1 after the admin-
istration of IV FPC 6.5 mg for 4 h in healthy subjects, M2 after the
administration of FPC 6.5 mg for 4 h via dialysate in patients with
CKD-5HD, and M3 after the pre-dialyzer administration of FPC

with increasing age. In addition, iron exposure was greater
after the administration via dialysate than after IV admin-
istration in patients with CKD-5HD [20]. However, in our
study, a similar PK exposure was observed in administration
via dialysate and pre-dialyzer administration in patients with
CKD-5HD. Interestingly, in the IV administration model of
healthy subjects, V4 of female subjects was 2.8 times higher
than that of male subjects. This may be attributed to the fact
that estrogens dilate and androgens constrict the renal micro-
vasculature, where dilation and vasoconstriction increases
and decreases the hematocrit levels, respectively [29].
According to the US trial, the 24-h fluctuation of serum
total iron in healthy subjects during the baseline period is
large, and there is no significant change in serum total iron
in patients with CKD-5HD during the 24-h period. There-
fore, it is reasonable for healthy subjects to use the corrected
serum total iron in the baseline period, while for patients

6.5 mg for 3 h in patients with CKD-5HD. CKD-5HD, hemodialysis-
dependent stage 5 chronic kidney disease; IV, intravenous; LBM, lean
body mass

with CKD-5HD to directly use the serum total iron before
each administration. In our study, the difference of serum
total iron between Asian and non-Asian healthy subjects was
significantly higher at 6 h before baseline, which reduced
post 6 h with no significant difference between the 2 popula-
tions. We selected Fe.,, as the final covariate to describe the
baseline iron level, based on the fact that there was a strong
collinearity between Fe.,, and Fe.,,, (correlation coefficient:
0.975).

In this study, the PK of healthy subjects, patients with
dialysate and pre-dialyzer administration were modelled
separately by three models. In addition, a combined model
with healthy subjects and patients together was explored,
but the fitting for healthy subjects was poor and the added
parameter estimation of F or between-trial variance could
not solve the issue. Furthermore, only healthy subjects had
i.v. data, so for a combined model, the bioavailability and

max
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Table 3 Effect of covariates on Covariates Conax AUC) 41 or 031 AUC 151, AUC 541

PK parmeters in Asians and (ng/mL) (h.ng/mL) (h.ng/mL) (h.ng/mL)
non-Asians

Population PK model of CKD-5HD patients treated with dialysate (Asians)

LBM
51 (39.01 kg) 1400.3 3413.22 7277.01 7548.96
95th (58.3 kg) 1201 2799.70 6923.82 7523.46
Ratio(5th/95th) 1.16 1.22 1.05 1.00
Febaseline
5% (453.32 ng/mL) 1106.8 272391 5642.31 5817.10
95" (1099.28 ng/mL) 1408.4 3205.99 8667.50 9820.80
Ratio (5th/95th) 0.78 0.85 0.65 0.59
LBM + Febaseline
S5thLBM, 95th Fey,cjine 1594.9 3727.58 9132.32 9886.06
95th LBM, 5th Fey,jine 1063 2577.76 5584.30 5814.94
Ratio 1.50 1.45 1.64 1.70
Population PK model of pre dialyzer administration in CKD-5HD patients (Asians)
LBM
5th (39.07 kg) 1596.9 2867.20 6773.90 6885.46
95th (58.23 kg) 1217.2 2058.06 6387.22 6862.41
Ratio (5th/95th) 1.31 1.39 1.06 1.00
Febaseline
5th (517.4 ng/mL) 1243.5 2186.61 5628.09 5786.78
95th (1146.6 ng/mL) 1488.6 2466.86 8548.65 9576.26
Ratio (5th/95th) 0.84 0.89 0.66 0.60
LBM + Fey,qeiine
S5th LBM, 95th Fey,jine 1842.7 3157.27 9159.71 9652.91
95th LBM, 5™ Fey,jine 1144 1974.28 5532.7 5782.38
Ratio 1.61 1.60 1.66 1.67
Population PK model of CKD-5HD patients treated with dialysate (non-Asians)
LBM
5th (45.73 kg) 1193.5 2950.71 6030.67 6201.30
95th (68.55 kg) 1031.5 2431.76 5780.49 6187.60
Ratio (5th/95th) 1.16 1.21 1.04 1.00
Febaseline
5th (280 ng/mL) 1003.9 2478.09 5087.95 5236.46
95th (1040 ng/mL) 1301.4 2953.52 8078.87 9212.54
Ratio(5th/95th) 0.77 0.84 0.63 0.57
LBM + Fehaseline
5thLBM, 95th Febaseline 1452.8 3371.2 8476.34 9274.23
95thLBM, 5th Febaseline 951.12 2301.73 5018.32 5233.9
Ratio 1.53 1.46 1.69 1.77
Population PK model of pre dialyzer administration in CKD-5HD patients (non-Asians)
LBM
5th (48.4 kg) 1316.9 2325.27 5878.92 6027.96
95th (68.66 kg) 1026.9 1726.10 5527.55 6001.56
Ratio (5th/95th) 1.28 1.35 1.06 1.00
Febaseline
5th (317 ng/mL) 1091.2 1913.79 4980.84 5130.65
95th (1022 ng/mL) 1301 2153.28 7517.27 8448.65
Ratio (5th/95th) 0.84 0.89 0.66 0.61
LBM + Febaseline
SthLBM, 95th Fey,jine 1504.9 2543.26 7911.29 8506.17
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Table3 (continued) Covariates Cone AUCy4por03n AUCy 12 AUCy 4,
(ng/mL) (h.ng/mL) (h.ng/mL) (h.ng/mL)
95thLBM, 5th Fe,,.jine 972.35 1664.09 4854.89 5123.69
Ratio 1.55 1.53 1.63 1.66
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AUC,. 3, area under the plasma concentration—time curve from time O to 3 h in pre-dialyzer administra-
tion in CKD-5HD patients, AUC,,_, ;, area under the plasma concentration—time curve from time O to 4 h
inCKD-5HD patients treated with dialysate, AUC,;, ;, area under the plasma concentration—time curve
from time O to 12 h, AUC,.,, , area under the plasma concentration—time curve from time 0 to 24 h, CKD-

5HD, hemodialysis-dependent stage 5 chronic kidney disease, C,

max

maximum observed plasma concentra-

tion, Fey, i, Serum total iron at 0 h before administration, LBM lean body mass, PK pharmacokinetic
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Fig.2 Goodness of fit of FPC in (M1) IV model of healthy sub-
jects, (M2) dialysate model of patients with CKD-5HD, and (M3)
pre-dialyzer model of patients with CKD-5HD. Blue circles repre-
sent observed or model-predicted data points; black lines represent
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the line of unity or horizontal line with y=0; and red lines represent
the regression lines. CWRES, conditional weighted residuals; CKD-
SHD, hemodialysis-dependent stage 5 chronic kidney disease; IV,
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Fig.3 Visual predictive check of FPC in A IV model of healthy
subjects, B dialysate model of patients with CKD-5HD, and C pre-
dialyzer model of patients with CKD-5HD. Blue circles represent
observed values; blue solid lines and red solid line represent Sth,
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95th, and 50th percentiles of the observed data; blue and red shaded
areas represent the model-predicted 95% confidence interval for the
Sth, 95th, and 50th percentiles. CKD-5HD, hemodialysis-dependent
stage 5 chronic kidney disease; IV, intravenous
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Table 4 Effect of ethnicity on PK parameters after covariate correction in the final population pharmacokinetic model

Parameters Ethnicity Base model of PopPK PopPK final model
GM LS mean Asian-to-non-Asian GM LS Mean Asian-to-non-Asian
Ratio (%) Ratio (%)

Intravenous

administration in

healthy subjects

Cax (ng/mL) Asians 1738.4 184.2 1477.7 124.2
Non-Asians 943.6 1189.9

AUC 4y, (hng/mL) Asians 3903.6 196.8 3261.4 139.5
Non-Asians 1983.5 2338.2

AUC, ,,, (hng/mL) Asians 10,981.7 163.5 9982.2 128.9
Non-Asians 6716.3 7743.2

AUC 5, (hng/mL) Asians 12,729.5 114.8 12,322.1 100.9
Non-Asians 11,087.5 12,210.2

AUC, , (hng/mL)  Asians 12,9299 97.6 12,869.9 97.6
Non-Asians 13,241.3 13,189.8

Dialysate adminis-
tration in patients
with CKD-5HD

Cpax (ng/mL) Asians 1215.8 112.9 1116.8 101.5
Non-Asians 1076.7 1100.8
AUC, 4, (h.ng/mL)  Asians 2970.0 114.9 2742.9 104.3
Non-Asians 2585.8 2630.0
AUC, ;,, (h.ng/mL) Asians 6479.7 107.0 5787.0 93.3
Non-Asians 6056.2 6202.0
AUC 5, (h.ng/mL) Asians 6899.9 104.3 6074.9 90.1
Non-Asians 6617.1 6741.6
AUC,, ., (h.ng/mL)  Asians 6955.4 103.9 6102.0 89.7
Non-Asians 6693.9 6801.5
Pre-dialyzer
administration
in patients with
CKD-5HD
Cax (ng/mL) Asians 1390.9 121.5 1272.8 107.7
Non-Asians 1145.1 1182.3
AUC 3y, (hng/mL) Asians 2386.9 121.9 3290.1 108.0
Non-Asians 1957.9 3046.2
AUC, ., (hng/mL) Asians 6638.9 116.3 6068.0 103.5
Non-Asians 5706.3 5864.1
AUC 5, (hng/mL) Asians 7052.4 114.0 6390.8 101.6
Non-Asians 6188.2 6289.6
AUC_, (hng/mL)  Asians 7101.3 113.5 6411.0 101.2
Non-Asians 6258.0 6336.6

AUC,_,, area under the plasma concentration—time curve from time 0 to 4 h, AUC, 3, area under the plasma concentration—time curve from time
0 to 3 h, AUC,_;, ;, area under the plasma concentration—time curve from time 0 to 12 h, AUC,_,, ;, area under the plasma concentration—time
curve from time O to 24 h, AUC,,_,, area under the plasma concentration—time curve from time O to infinity, C,,,. maximum observed plasma con-

max

centration, CKD-5HD hemodialysis-dependent stage 5 chronic kidney disease, PopPK population pharmacokinetic

the difference between healthy subjects and patients could  Hence, the modeling for patients’ data together was explored
not be distinguished. However, combining M2 and M3 data  and showed similar results, including model parameters,
together is a good way to improve the power of covari- inter-individual variability, and covariates influence as M2
ates selection and support the result of M2 and M3 model. and M3.
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To our knowledge, this was the first population PK study
to evaluate the effect of ethnicity on the PK of FPC in
healthy subjects and patients with CKD-5HD. The results
of our study revealed that ethnicity does not influence the PK
parameters of FPC in both healthy subjects and patients with
CKD-5HD. Further research should include the concentra-
tions of various serum biomarkers of oxidative stress and
inflammation as covariates into this PK model to determine
their influence on ethnicity. A relatively small sample size
for subject variability characterization poses as a limitation
to the study. To provide further insights in to the generaliz-
ability of the results, studies with larger sample size is war-
ranted. The effect of LBM and Fey ;.. on PK exposure in
Asian and non-Asian populations were comparable; hence,
data for either of these populations could be bridged to the
other, thereby avoiding the duplication of effort and cost.

Conclusion

In conclusion, we evaluated the ethnic differences in FPC PK
profiles between Asian and non-Asian populations using a
population PK model. No clinically relevant differences were
found for the PK properties, indicating the clinically effective
administration of FPC in CKD-5HD Asian population.
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