
Vol.:(0123456789)

Clinical Pharmacokinetics 
https://doi.org/10.1007/s40262-024-01417-9

ORIGINAL RESEARCH ARTICLE

Integrated Population Pharmacokinetics of Daprodustat in Patients 
with Chronic Kidney Disease with Anemia

Kelly M. Mahar1  · Shuying Yang2 · Emir Mesic3 · Teun M. Post3 · Sebastiaan C. Goulooze3

Accepted: 15 August 2024 
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2024

Abstract
Background and Objective Daprodustat is a first-in-class hypoxia-inducible factor prolyl hydroxylase inhibitor (HIF-PHI) 
approved in the USA for treatment of anemia owing to chronic kidney disease (CKD) in dialysis-dependent adults and 
in Japan for treatment of CKD in dialysis- and non-dialysis dependent adults. This analysis characterized the population 
pharmacokinetics (PopPK) of daprodustat in adults with CKD and evaluated the influence of intrinsic and extrinsic factors.
Methods This PopPK analysis included data from one phase 2B and four phase 3 studies comprising 707 CKD subjects dose 
titrated to prespecified target hemoglobin levels with daprodustat doses ranging from 1 to 24 mg once daily and 2 to 48 mg 
given three times a week (TIW). Model development leveraged a previous phase 1/2 PopPK model. Stepwise covariate analy-
sis included 20 extrinsic and intrinsic factors. Model evaluation used standard goodness-of-fit and visual predictive checks.
Results Daprodustat PopPK was adequately characterized using a three-compartment distribution model with first-order 
elimination. The absorption phase was described using five transit compartments. Oral clearance and volume of distribution 
was 24.6 L/h and 26.9 L, respectively. Body weight dependence (with fixed allometric coefficients) of clearance and volume 
terms was a statistically significant covariate. Concomitant use of clopidogrel (moderate CYP2C8 inhibitor) decreased oral 
clearance, resulting in higher area under the plasma concentration-time curve (AUC) ratio of 1.59 (90% CI: 1.39–1.82), sub-
jects’ dialysis status (non-dialysis versus dialysis) had an effect on absorption, with  Cmax ratio of 1.19 (90% CI: 1.09–1.30). 
None of the other investigated intrinsic or extrinsic covariates, including concomitant administration with phosphate binders, 
oral iron and acid reducing agents resulted in a significant change in daprodustat systemic exposure.
Conclusion The PopPK of daprodustat in the CKD population with anemia was adequately characterized. Allometrically-
scaled body weight on clearance and volume, dialysis status on absorption and clopidogrel on clearance were statistically 
significant covariates.

1 Introduction

Daprodustat (Jesduvroq) is the first orally bioavailable 
hypoxia-inducible factor prolyl hydroxylase inhibitor (HIF-
PHI) approved in the USA for treatment of anemia owing 
to chronic kidney disease (CKD) in adults who have been 
receiving dialysis for at least 4 months [1]. It is also approved 
in Japan (Duvroq) for the treatment of anemia owing to CKD 

in dialysis-dependent (DD-CKD) and non-dialysis depend-
ent (NDD-CKD) adults [2]. Daprodustat stimulates endoge-
nous erythropoiesis and modulates iron metabolism through 
inhibition of HIF-prolyl-4-hydroxylases. This activity results 
in the stabilization and nuclear accumulation of HIF-1α and 
HIF-2α transcription factors, leading to increased transcrip-
tion of the HIF-responsive genes, including erythropoi-
etin and transferrin [3]. Daprodustat mimics the effects of 
hypoxia to stimulate erythropoiesis by increasing erythro-
poietin (EPO), and subsequently hemoglobin (Hgb) levels, 
without exposing the patient to supraphysiologic EPO levels 
[4, 5].

During phase 3 clinical trials (ASCEND studies), an 
individualized dosing regimen of daprodustat was admin-
istered either once daily (QD 1–24 mg) in NDD-CKD 
and DD-CKD or three times a week (TIW 2–48 mg) in 
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DD-CKD subjects to align with their dialysis schedule. A 
semi-mechanistic longitudinal dose–hemoglobin response 
model for daprodustat was used to support the phase 3 doses 
in anemic subjects with CKD [6]. Daprodustat starting 
doses were based on baseline Hgb or prior erythropoietin 
(ESA) doses and aimed to reach or maintain Hgb within 
the target range with a minimum number of dose adjust-
ments. This titration dosing regimen was applied to ensure 
achievement and maintenance of a recommended target 
hemoglobin range of 10–12 g/dL [7]. Currently, the QD 
regimen is approved in the USA. In addition to noncompart-
mental pharmacokinetic (PK) evaluation, three sequential 
PopPK analyses were undertaken at the different stages of 
daprodustat development to inform on dosing strategy as 
well as characterize the intrinsic and extrinsic factors influ-
encing the systemic exposure of daprodustat. Although this 
paper focuses predominantly on the integrated phase 2B/3 
data analysis, salient reference is made to the companion 
PopPK models [8, 9] developed previously using phase 1 
and 2 studies as a starting point for the current analysis. A 
brief description of the basic pharmacokinetics and phar-
macodynamics of daprodustat is provided for context to the 
PopPK characterization.

After single oral dosing, daprodustat is readily absorbed 
with tmax observed from 1 to 4 h followed by rapid elimi-
nation with a terminal phase elimination half-life range 
of 1–4 h [10, 11]. There was no accumulation of dapro-
dustat following repeated once daily dosing which is con-
sistent with its short terminal phase elimination half-life 
[12]. Daprodustat exhibits linear pharmacokinetics over 

a dose range of 10–100 mg [11, 12]. Oral absolute bio-
availability of daprodustat is 65%. Renal excretion of the 
parent drug is negligible [10]. No relevant differences were 
observed in daprodustat PK between subjects with CKD 
and healthy subjects. Food was reported to minimally delay 
and lower the maximal plasma concentration (Cmax), with-
out significantly affecting the overall area under the plasma 
concentration-time curve (AUC), therefore, daprodustat 
can be given with or without food [13]. Daprodustat is 
extensively metabolized primarily via hydroxylation by 
CYP2C8 and a minor contribution of CYP3A4 [13]. At 
steady state, the systemic exposure of the three major cir-
culating human metabolites, M2, M3, and M13 (>10% 
drug related material) is generally lower relative to parent 
drug in subjects with CKD [14]. Concomitant administra-
tion of daprodustat with gemfibrozil, a strong inhibitor of 
CYP2C8, substantially increased daprodustat AUC 18.6-
fold and half-life 3.70-fold; therefore the coadministration 
of daprodustat with strong CYP2C8 inhibitors is contrain-
dicated [13]. However, no clinically relevant change in rate 
or extent of systemic exposure of daprodustat was shown 
with concomitant administration of trimethoprim, a weak 
CYP2C8 inhibitor [15]. Daprodustat was not a perpetrator 
of drug–drug interactions with pioglitazone (a sensitive 
CYP2C8 substrate) or rosuvastatin (an OATP1B1 trans-
porter) [15]. No clinically relevant change in exposure was 
observed in mild to moderate hepatic impairment [14]; 
however, daprodustat has not been studied in subjects with 
severe hepatic impairment. The steady-state exposure of 
daprodustat is similar in subjects with normal renal func-
tion and those with varying degrees of renal impairment 
[11].

The effect of daprodustat on change in hemoglobin (Hgb) 
is indirect and occurs through a downstream cascade where 
prolyl-4-hydroxylase (PHD) inhibition leads to erythropoi-
etin (EPO) stimulation and a subsequent increase in Hgb. 
Other pharmacodynamic markers of PHD inhibition indi-
rectly modulate iron utilization and metabolism thereby also 
contributing towards change in Hgb response. The effects 
of daprodustat on Hgb have been captured in a modeling 
framework supporting dose titration [16] and helped estab-
lish the dose titration schedule studied in the Phase 3 clini-
cal trials.

The objective of the present analysis was to further char-
acterize the PopPK of daprodustat and the influence of 
covariates in subjects with CKD based on data from one US 
phase 2B study and four global phase 3 studies. This inte-
grated PopPK analysis in patients with CKD with anemia 
further supported the pharmacokinetics aspects of dapro-
dustat during regulatory submissions.

Key Summary Points 

Daprodustat pharmacokinetics in chronic kidney disease 
was adequately characterized by a three-compartment 
distribution and first-order elimination with five transit 
absorption compartments describing the variable absorp-
tion of the drug.

Of the 20 intrinsic and extrinsic patient covariates 
evaluated, body weight effect on clearance and volume 
of distribution, dialysis status on absorption rate and 
coadministration of clopidogrel (moderate CYP2C8 
inhibitor) effect on clearance were statistically significant 
in patients with CKD with anemia.

None of the other investigated intrinsic or extrinsic 
covariates, concomitant dosing with phosphate binders, 
oral iron and acid reducing agents resulted in a meaning-
ful change in daprodustat systemic exposure requiring 
dose-adjustment.
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2  Methods

2.1  Data

2.1.1  Ethics Approval

All studies were conducted in accordance with the US Code 
of Federal Regulations (CFR), Good Clinical Practice, 21 
CFR Parts 50, 56, and 312, the ethical principles set forth in 
the Declaration of Helsinki, the International Conference on 
Harmonisation guideline regarding Good Clinical Practice 
(E6 Consolidated Guidance, April 1996), and the ethical 
requirements referred to in the European Union Directive 
2001/20/EC. The trial protocol, amendments, and informed 
consent forms were reviewed and approved by institutional 
review boards and national authorities.

2.1.2  Summary of Source Data

A subset of subjects from each of the five studies provided 
plasma samples for PopPK assessments. Sparse plasma sam-
ples, dosing, demographic, and covariate data from subjects 
recruited in the five studies (one Phase 2B and four Phase 3) 
with PK assessments were combined. A total of 707 patients 
who received daprodustat were included in the PopPK analy-
sis (Table 1). A summary of the studies and study character-
istics used in this analysis is provided in Table 2.

2.1.3  Bioanalytical Method

Plasma samples of daprodustat were assayed using a high-
performance liquid chromatography tandem mass spectro-
metric method. The lower limit of quantification (LLOQ) of 
the assay used to quantify the concentration of daprodustat 
was 0.1 ng/mL in all studies. The applicable analytical run 
for study samples met all predefined acceptance criteria, 
including bias (within ± 15%) and precision (< 15%) of 
quality control samples analyzed with study samples, as rec-
ommended by the FDA in the bioanalytical method valida-
tion guidelines [17].

2.2  Model Development

2.2.1  Previous Models

The PK of daprodustat in healthy subjects and target CKD 
adult population were characterized throughout the clinical 
development program. Overall, three PopPK models were 
developed sequentially as depicted in Fig. 1 of the Elec-
tronic Supplementary Material (ESM), which also includes 
the types of studies used in these models. The first phase 
1/2 PopPK model was the starting point for providing PK 

parameter estimates during development of both the Japan 
phase 3 PopPK model and eventually the current global 
phase 2B/3 PopPK model in the target CKD population. 
Briefly, the phase 1/2 PK model was developed using rich 
sampled phase 1 data in healthy volunteers and patients with 
CKD and was described by a three-compartment distribu-
tion model with first-order elimination. The absorption part 
of the model contained a series of transit compartments, 
followed by a saturable absorption from the final transit 
compartment into the central compartment. Four transit 
absorption compartments were used under fasted condi-
tions, and seven transit compartments were used under fed 
conditions. Additionally, the model contained allometric 
scaling of clearance (exponent = 0.75) and volume param-
eters (exponent = 1) with fixed exponents, and an effect of 
current hemodialysis (during PK sampling) on clearance. 
The PK parameters from this phase 1/2 PopPK model are 
presented in Table S1 of ESM to provide some context as 
the starting point for the model development in the current 
Phase 2B/3 analysis.

2.2.2  Starting Model

The starting model for the phase 2B/3 analysis differed in 
several aspects from the phase 1/2 PK model described in 
the previous section. Because daprodustat was dosed without 
regard for food in the phase 2B/3 studies, four transit com-
partments were used in the starting model for all subjects (as 
opposed to four or seven transits with fasted or fed, respec-
tively, in the phase 1/2 model). Additionally, the saturable 
absorption term in the phase 1/2 model (Michaelis constant 
of 182 mg) was removed from the model, because this term 
destabilized the model and had limited relevance at the dose 
range for the phase 2B/3 studies (maximum dose 48 mg for 
TIW dosing) [18]. Finally, owing to the proportion of plasma 
data below the limit of quantification (BLQ) up to 20% in 
these studies (Table 1), the M3 method (likelihood-based) 
was used to simultaneously analyze the non-BLQ and BLQ 

Table 1  Overview of number of observations and subjects used for 
the global phase 2B/3 PopPK model

HDD, hemodialysis dependent; PDD, peritoneal dialysis dependent; 
NDD, non-dialysis dependent; LLOQ, lower limit of quantification; 
Nobs, number of observations; NIDs, number of individual subjects

Study DIALYSIS-
DEPENDENCY

Nobs > LLOQ Nobs < LLOQ (%) NIDs

205665 HDD 736 42 (5.4%) 44
204837 HDD 942 230 (19.6%) 235
201410 HDD/PDD 370 85 (18.7%) 89
200807 HDD/PDD 914 99 (9.8%) 203
200808 NDD 561 117 (17.3%) 136
Total NDD/HDD/PDD 3523 573 (14.0%) 707
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data in NONMEM [19]. The non-BLQ data were modelled 
as log-transformed data with additive residual error (on 
log-scale). In the starting model, all parameter estimates 
were fixed to the estimates of the phase 1/2 PK model, with 
the exception of the absorption rate constant (owing to the 
changes in the absorption model).

2.2.3  Structural Model Update

The starting model was applied to the phase 2B/3 data to 
assess if the data were adequately described by the model. 
It was then explored whether re-estimation of selected PK 
parameters based on the phase 2B/3 data would significantly 
(p < 0.001) improve model fit. This approach was selected 
to give the flexibility to characterize the phase 2B/3 data 
while allowing the analysis to leverage the information 
from the phase 1/2 PK model, which included mostly stud-
ies with intensive PK sampling. Thus, a stepwise inclusion 
of estimated factors associated with the phase 2B/3 data on 
the fixed PopPK parameters was undertaken to quantify the 
differences in relation to the starting model to achieve an 
adequate fit of the current phase 2B/3 dataset. Models that 
resulted in a decrease of at least 10.8 in the objective func-
tion value (OFV) value [ρ < 0.001, χ2, 1 degree of freedom 
(df)] after inclusion of a factor were ranked, starting with 
the factor that generated the largest drop in the minimum 
value of the objective function (MVOF). Subsequently, the 
ranked factors were included one by one. If inclusion of 
the additional factor was still statistically significant at the 
ρ < 0.001 level, the factor was kept and the next factor in 
rank was tested until all ranked factors were tested. At this 
point, the model was evaluated to consider if the structural 
parameter update resulted in an adequate fit of the data, and 
if not, additional modifications of the model were performed 
to improve the model fit including evaluation of the number 
of absorption transit compartments. The resulting model was 
considered the base model.

2.2.4  Statistical Model

The inter-individual variability (IIV) for PK parameters was 
modelled as log-normal distributions. The decision to reduce 
or expand the IIV model was based on improvements in 
the objective function value (OFV) and model performance 
assessed by visual predictive checks (VPCs). Various com-
binations of inter-individual variability (IIV) models were 
investigated with and without off-diagonal elements. The IIV 
parameters were removed if they were estimated with high 
uncertainty [> 50% relative standard error (RSE)], resulted 
in large condition numbers (e.g., > 1000) and shrinkage of 
random effects (η-shrinkage and ε-shrinkage were prefer-
ably < 30%).

2.2.5  Covariate Analysis

Predefined covariates for evaluation are listed in Table S2 
of ESM and covariates were selected on the basis of phys-
iologic plausibility and/or prior knowledge. It is note-
worthy that phosphate binders, acid reducing agents, and 
oral iron were new covariates tested in this global phase 
2B/3 model and were not available for inclusion in the 
previous PopPK models. In addition, clopidogrel was the 
most commonly administered moderate CYP2C8 inhibitor 
with only three subjects recorded as taking other CYP2C8 
inhibitors.

Following development of the base model, covariate 
effects of interest were included in a model-based evalua-
tion using a step forward inclusion and backward elimination 
approach [20]. As a first step, all preselected continuous and 
categorical covariates were added individually to the base 
model (parameterization of covariate effects are specified 
in the ESM). Covariates achieving a drop in the OFV less 
than 6.63 points (p < 0.01, χ2, 1 df) during the univariate 
implementation were considered non-significant and were 
not tested further in the forward inclusion. Covariate rela-
tionships were tested in a forward inclusion (ΔOFV of 6.63 
p < 0.01, χ2, 1 for 1 df) and backward exclusion (ΔOFV of 
10.83, p < 0.001, χ2, for 1 df) procedure. If the final covari-
ate model contained a highly correlated covariate, the supe-
rior covariate was selected on the basis of statistical sig-
nificance or clinical considerations. It was also evaluated 
whether estimation or removal of the allometric exponents 
was statistically, significantly better than fixing them.

2.2.6  Model Evaluation

In addition to inspection of parameter estimates and good-
ness-of-fit (GoF) plots [21], the predictive performance 
and robustness of the developed PK model was evaluated 
using simulation-based method(s), namely visual predictive 
checks (VPC) and normalized prediction distribution errors 
(NPDE). The VPCs illustrate the model’s ability to simulate 
the data that have been used for the model development. 
Percentiles (10th, 50th and 90th) of the observations were 
compared with percentiles (including confidence intervals) 
of the simulated values. These VPC plots were stratified 
by study. VPCs for the non-BLQ data were created using 
dose-normalized log concentrations for both observed and 
simulated data. Additionally, to evaluate whether the model 
adequately predicted the percentage of data points below 
LLOQ, the data were also split into three bins: “predose/
trough,” “0.5 h post dose sample,” “other samples.” For 
each of these bins, the observed percentage of BLQ data 
was compared with the interval of the simulated percentage 
of BLQ data.
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The normalized prediction distribution errors (NPDEs) 
were obtained from the NONMEM output, using a method, 
which allows for its use in PK models that use the M3 
method to analyze normal and BLQ PK data [22]. Each 
observation was simulated 1000 times (ESAMPLE = 1000 
option in NONMEM). For each of the observations, the pre-
diction discrepancy was calculated as the percentile of the 
observation in the predicted distribution. A decorrelation 
step was performed for both the observed and simulated data 
(to correct for the fact that more than one sample/observa-
tion was available per subject resulting in correlations). The 
resulting prediction distribution errors were reported fol-
lowing a normal distribution with mean 0 and variance of 
1. From the NONMEM output, population predictions and 
NPDEs were obtained for both the normal and BLQ sam-
ples. To evaluate the model, the NPDEs were plotted versus 
the population predictions and time after dose.

For PK parameters that were fixed in the final PK model 
(because re-estimating via a phase 3 factor did not signifi-
cantly improve the fit), the informativeness of the phase 
2B/3 data to these parameters was evaluated by calculating 
the uncertainty of the parameter when estimated.

2.3  Simulations to Illustrate Impact of Covariates

Both forest plots and typical profile simulations were applied 
to visualize the impact of covariates on the estimated sys-
temic exposure of daprodustat from the final model. Indi-
vidual dose-normalized model-predicted AUC and Cmax for 
each occasion with PK observations was created, along with 
baseline covariates of each subject. Cmax at steady state were 
determined from the simulated profiles and AUC over the 
steady state dosing interval was calculated as: AUC = 

dose * F1

apparent clearance
.

Forest plots were created to illustrate the impact of pre-
defined intrinsic or extrinsic factors of interest (listed in 
Table 2 of ESM) on the individual dose-normalized model-
predicted AUC and Cmax. Covariates identified in the model 
were also included in the forest plots, even if they were not 
prespecified for completeness.

To assess the difference in AUC and Cmax for the pop-
ulations of interest, a linear model [analysis of variance 
(ANOVA)] was fitted to the log-transformed dose-normal-
ized exposure metrics predicted for each subject using the 
final PK model. The forest plot included the estimate and 
90% confidence interval of the ratio of the exposure metrics 
in the populations of interest relative to the reference popu-
lation. Comparisons were only included if the respective 
populations had a sufficient number of subjects (> 5% of 
subjects in the final PK dataset).

Typical daprodustat profiles without inter-individual 
variability were simulated to show the isolated impact of 

covariates included in the model. These simulations were 
stratified by the discrete covariates. In each plot, the typi-
cal daprodustat PK profile at median bodyweight and at the 
5th and 95th percentiles of the bodyweight distribution in 
the data were depicted. From these typical profiles, the esti-
mated impact of covariates included in the model on AUC 
and Cmax were also calculated.

2.4  Software

The analysis was performed by means of non-linear mixed-
effects modelling as implemented in the NONMEM soft-
ware package (version 7.5.0; Icon Development Solutions, 
Ellicott City, Maryland USA) [23], in combination with PsN 
(version 5.0.0) [24, 25]. GFortran (version 9.3.0) was used 
as compiler. Diagnostic graphics, exploratory analyses, and 
post-processing of NONMEM output were performed using 
R (version 4.0.3; The R foundation for Statistical Comput-
ing) [26], and RStudio (version 1.3.1039; RStudio Inc, Bos-
ton, USA)

3  Results

3.1  Analysis Dataset

For the PopPK population subset, there were 707 patients 
(males, 378; females, 329) and a total of 4096 plasma con-
centration values included in the analysis dataset. Mean age, 
weight, and body mass index were 59 years, 77 kg and 26.95 
kg/m2, respectively, in the pooled dataset. A summary of the 
patient key demographics by study is included in Table 3. 
The actual doses were titrated based on hemoglobin (Hgb) 
level ranging from 1 to 24 mg as once daily dosing and 2–48 
mg when given as three times a week (TIW) dosing sched-
ule. There were 571 subjects on dialysis (DD), 136 subjects 
not on dialysis (NDD), and 3 subjects on peritoneal dialysis 
(PDD). Apart from the estimated glomerular filtration rate 
(eGFR), which was lower in DD subjects, no other appar-
ent differences were observed between NDD, DD and PDD 
subjects.

3.2  Daprodustat PK Model

3.2.1  Base Model

In the starting PK model, all PK model parameters were 
fixed to the phase 1/2 PopPK structural model parameter 
estimates. Subsequently, the inclusion of a “phase 3 fac-
tor” (quantifying the difference between the phase 1/2 esti-
mates and the current phase 2B/3 dataset) was tested for all 
structural parameters in a stepwise manner as described in 
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Sect. 2.2.3. The following three “phase 3 factor” param-
eters were found to significantly improve the model and 
were included in the base model: absorption rate constant 
(PH3KA), a shared factor for central compartment volume 
(PH3V2), and first peripheral compartment volume (PH3V3) 
as they had similar “phase 3 factor” estimates and a third fac-
tor on the second peripheral inter-compartmental clearance 
(PH3Q2). Two factors that were initially implemented (on 
V6 and F1) were removed owing to high (> 400%) RSE and 
collinearity issues, respectively. A five transit-compartment 
absorption model better characterized the phase 2B/3 data 
compared with the four transit compartments in the start-
ing model. A sensitivity analysis showed the clearance (CL) 
parameter could be estimated with good precision (RSE = 
3.0%) from the phase 2B/3 dataset without fixing this param-
eter in the PopPK model. Since this CL estimate was within 
1% of the phase 1/2 estimate and was not significantly dif-
ferent, no “phase 3 factor” on CL was needed and the CL 

parameter was fixed to the phase 1/2 estimate. A schematic 
of the final PopPK phase 2B/3 model is provided in Fig. 1 
with final PK parameters in Table 4.

3.2.2  Covariate Effects

Bodyweight was incorporated in the structural part of the 
PopPK model with fixed allometric exponents for volume 
and clearance terms. Coadministration with clopidogrel 
showed a fractional decrease in CL [point estimate: − 0.42, 
95% confidence interval (CI): − 0.54 to − 0.31]. In the 
non-dialysis population, there was a fractional increase in 
the rate of absorption constant (ka) with point estimate of 
0.46 (95% CI 0.22–0.69). It is noteworthy that the phase 2 
study 205665 was a significant covariate with effect on PK 
parameters, namely, inter-compartmental clearance (Q2), 
relative bioavailability (F1), and absorption rate constant 
(ka), when compared with the phase 3 studies. This observed 

Table 3  Pharmacokinetic 
population subject 
characteristics

CKD, chronic kidney disease; DD, dialysis-dependent; RI, renal impairment; eGFR, estimated glomerular 
filtration rate; NDD, non-dialysis-dependent; SD, standard deviation
eGFR [mL/min/1.73  m2] determined by the Modification of Diet in Renal Disease Study equation
*Measured only in two studies, 200808 and 201410
# Three missing values in study 201410

Study no 200807 200808 201410 204837 205665 Overall

N 203 136 89 235 44 707
Male, n (%) 116 (57) 54 (40) 54 (61) 129 (55) 25 (57) 378 (54)
Age(y), mean (sd) 55 (14) 66 (13) 55 (14) 60 (14) 61 (11) 59 (14)
Weight (kg), mean(sd) 77 (20) 78 (19) 78 (20) 76 (19) 83 (19) 77 (19)
e-GFR (mL/min), mean(sd) – 22 (12) 9 (4) – – 17 (11)*
Clopidogrel use during PK visit (%)
 Yes 14 (7) 11 (8) 9 (10) 25 (11) 11 (25) 70 (10)
 No 189 (93) 125 (92) 80 (90) 210 (89) 33 (75) 637 (90)

Race, n (%)
 White 148 (73) 111 (82) 69 (70) 170 (72) 22 (50) 520 (74)
 Black 37 (18) 16 (12) 12 (13) 39 (17) 21 (48) 125 (18)
 Asian 11 (7) 8 (6) 6 (7) 18 (7) 0 (0) 43 (6)
 American Indian/Alaska 2 (1) 0 (0) 2 (2) 1 (0.4) 0 (0) 5 (0.7)
 Other/missing 3 (1) 1 (1) 0 (00) 6 (3) 1 (2) 14 (2)

CKD stage, n (%)
 2, eGFR 60–89 0 (0) 1 (0.7) 0 (0) 0 (0) 0 (0) 1 (0.1)
 3, eGFR 30–59 0 (0) 24 (18) 0 (0) 0 (0) 0 (0) 24 (3)
 4, eGFR 15–29 0 (0) 72 (53) 0 (0) 0 (0) 0 (0) 72 (10)
 5, eGFR < 15 and NDD 0 (0) 39 (29) 0 (0) 0 (0) 0 (0) 39 (5.5)
 Dialysis dependent 203 (100) 0 (0) 89 (100) 235 (100) 44 (100) 571 (81)

Dialysis stage
 Non-dialysis 0 (0) 136 (100) 0 (0) 0 (0) 0 (0) 136 (19)
 Dialysis 203 (100) 0 (0) 89 (100) 235 (100) 44 (100) 571 (81)

Dialysis population
 Hemodialysis 201 (99) 0 (0) 88 (99) 235 (100) 44 (100) 568 (80)
 Peritoneal dialysis 2 (1) 0 (0) 1 (1) 0 (0) 0 (0) 3 (0.4)
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disparity between the phase 2B and phase 3 studies could 
not be explained on the basis of any differences in patient 
characteristics between study 205665 and the other studies. 

All other tested covariates (Table 2 of ESM) were found not 
to be significant.

Fig. 1  Schematic of final 
PopPK model for daprodustat in 
phase 2B/3 studies. ka: absorp-
tion rate constant; Tr: transit 
absorption compartment; V2: 
central volume of distribution; 
V3: volume of distribution 
peripheral 1 compartment; 
V6: volume of distribution 
peripheral 2 compartment; CL: 
clearance

Table 4  Final PK parameter estimates for daprodustat in phase 2B/3 studies

RSE (%) is calculated as SE/Estimate*100; 95% CI is calculated as estimate +/− 1.96*SE; %CV is calculated as sqrt(exp(ω2 )−1)*100. Shrink-
age of empirical bayes estimates for CL and ka are 14.6% and 7.6%, respectively
PH3KA, PH3V3, PH3V2, and PH3Q2 are factors that reflect the differences of these parameters in the current analysis relative to the phase 1 
estimate (parameter estimated as difference on a log-scale)
*Showing RSE, 95% CI and %CV from phase 1 PK model (Table 1 of ESM) for illustrative purposes
ω2—variance of random effect, σ—standard deviation of residual error

Parameter name Estimate SE RSE
(%)

95% CI

CL (L/h) 24.6 [fixed] 2.76* (23.2, 25.9)*
V2 (L) 26.2 [fixed] 4.61* (23.8, 28.5)*
Q (L/h) 0.917 [fixed] 8.62* (0.763, 1.07)*
V3 (L) 3.26 [fixed] 4.49* (2.97, 3.54)*
ka (1/h) 4.96 [fixed] 9.59* (4.03, 5.90)*
F1 (-) 1 [fixed]
Q2 (L/h) 0.359 [fixed] 14.4* (0.257, 0.461)*
V6 (L) 27.1 [fixed] 37.1* (7.38, 46.9)*
PH3KA (–) −0.33 0.035 10.6 (−0.399, −0.261)
PH3V3/PH3V2 (–) 0.432 0.037 8.55 (0.360, 0.505)
PH3Q2 (–) −1.42 0.173 12.2 (−1.76, −1.08)
Clopidogrel effect on CL (–) −0.424 0.0603 14.2 (−0.542, −0.306)
Non-dialysis dependence effect on ka (–) 0.456 0.12 26.3 (0.220, 0.691)
Study 205665 effect on Q2 (–) 2.44 0.289 11.8 (1.88, 3.01)
Study 205665 effect on F1 (–) −0.956 0.117 12.2 (−1.19, −0.727)
Study 205665 effect on ka (–) 0.623 0.177 28.4 (0.276, 0.970)

Interindividual variability Estimate SE RSE (%) %CV

ω2 – CL 0.446 0.0169 3.78 75
ω2 – ka 0.657 0.0435 6.61 96.4

Residual error Estimate SE RSE
(%)

95% Cl

σ Additive error (log-scale) for all studies except 
study 205665

0.979 0.00896 0.915 (0.961, 0.997)

σ Additive error (log-scale) for Study
205665

1.63 0.0203 1.24 (1.59, 1.67)
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3.2.3  Final Model

The final PopPK model adequately characterized the model 
parameter values and associated uncertainties (based on 
%RSE) relating to the influence of the phase 3 studies, as 
shown in Table 4. Low eta-shrinkage estimates of 14.6% 
and 7.6% for CL and absorption rate constant (ka), respec-
tively, were obtained reflecting the validity of using post 
hoc individual parameter estimates for model diagnosis and 
creation of forest plots. Interindividual variability in volume 
parameters could not be estimated . The expected hetero-
geneity of the phase 2B/3 study populations is described 
by the parameters PH3KA, PH3V3/PH3V2, and PH3Q2, 
which reflect the estimates with corresponding 95%CIs (on 
log-scale) for the differences of these PK parameters in the 
current population relative to the corresponding parameters 
from phase 1/2 PopPK model. For ease of interpretation, 
after exponentiation, the phase 2B/3 data shows a fractional 
decrease (relative to the phase 1/2 PopPK model estimates) 
in the absorption rate constant (ka) [point estimate: −0.28 
(95% CI −0.23 to −0.33], a fractional increase in periph-
eral volume of distribution (V2/V3) [point estimate: 0.54 
(95% CI 0.43–0.66)] and fractional decrease in the inter-
compartmental clearance (Q2) [point estimate: −0.76 (95% 
CI −0.66 to −0.83)]. For the covariate effect of phase 2B 
study 205665, the three parameters Q2, ka and F1 were sig-
nificantly different from those of the four phase 3 studies in 
the present analysis (Table 4).

In the final model, three PK parameters remained fixed 
on the phase 1/2 estimates (CL, Q and V6). As a sensitivity 
analysis, a model was tested in which these were also esti-
mated . The estimates for CL and Q had good precision 
(RSE of 3.0% and 19.9%, respectively) and were estimated 
within 1% of the phase 1/2 model parameter estimates (data 

not shown). In addition, this sensitivity analysis showed 
parameter V6 was estimated at 115L (324% higher than 
phase 1/2 estimate) with low precision (RSE = 53%), and 
this model was not significantly better than the final model 
(p > 0.001, df = 3).

All parameters (structural and covariate) were esti-
mated with good precision (RSE < 30%, Table  4). 
The condition number was 12.8, indicating that the 
final model was stable with acceptable collinearity of 
the parameter estimates. The final model adequately 
described the BLQ observations as shown by the VPC 
where the 95% confidence intervals (Fig.  2) of the 
model-predicted percentage of BLQ contain the observed 
mean percentage of BLQ data. Appropriateness of the 
final PopPK model was also evaluated using goodness-
of-fit (Fig. 2 of ESM) plots as well as simulation-based 
diagnostics including VPC of the dose-normalized 
daprodustat concentration versus time stratified by study 
(Fig. 3). Additionally, normal prediction discrepancy 
error (NPDE) plots with pooled data with time and pre-
dicted concentrations, respectively (Fig. 3 of ESM) were 
also evaluated. NPDE plots stratified by study are shown 
in Fig. 4 of ESM. These plots indicate adequacy of the 
model to describe the observed data with no evidence of 
systematic bias. The apparent deviation from the iden-
tity line at low concentrations (particularly visible in the 
population prediction versus observation plots; Fig. 2 of 
ESM) can be explained by the lower limit of quantifi-
cation of 0.1 ng/mL. While it is possible to have pre-
dicted concentrations below 0.1 ng/mL, there will, by 
definition, not be any non-BLQ observations below 0.1 
ng/mL. The VPC plots demonstrate that there was good 
concordance of the 10th, 50th, and 90th percentiles of the 
simulations and corresponding percentiles of observed 

Fig. 2  Visual predictive check 
of percentage of data below 
lower limit of quantification 
(BLQ) for final phase 2B/3 PK 
model. Solid lines depict the 
observed percentage of BLQ 
data, and the grey area shows 
the intervals of the percentage 
BLQ in the simulations, which 
include variability (interindi-
vidual and residual error) but 
not parameter uncertainty
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data. However, some bias was noted at 24 h in the 90th 
percentile, possibly owing to outliers. 

3.3  Model‑Based Simulations for Covariate Effects

In addition to body weight already included in the start-
ing model, the other significant covariates, namely, coad-
ministration with clopidogrel, showed a fractional decrease 
in CL [point estimate: −0.42 (95% CI −0.54 to −0.31)]. 
This equates to an AUC ratio for subjects on clopidogrel to 
those not on clopidogrel of 1.59-fold (90% CI 1.39–1.82) 
as depicted in the forest plot (Fig. 4). In the non-dialysis 
population, there was a fractional increase in the rate of 
absorption constant (ka) with point estimate of 0.46 (95% 
CI 0.22–0.69); thus, the Cmax ratio estimate for subjects not 
on dialysis versus dialysis is 1.19 (90% CI 1.09–1.30). Forest 
plots show the impact of these significant covariates as well 
as other demographic/physiological characteristics in the 
analysis dataset with respect to individual model-predicted 
dose-normalized AUC (Fig. 4) and Cmax (Fig. 5). Except for 
weight and clopidogrel, the 90% CIs of the other covariates 
did not reveal marked changes in exposure.

Furthermore, as shown in Fig. 6, population (typical) 
profiles of dose-normalized concentrations of daprodustat 

were simulated to illustrate the estimated size of covariate 
effects in the model, namely, bodyweight, clopidogrel use, 
and dialysis status. As shown in Table 5, concomitant dosing 
with clopidogrel as independent covariate resulted in a 1.74-
fold higher AUC of daprodustat relative to the typical (inde-
pendent) effect of clopidogrel on daprodustat. Additionally, 
the fold-change in Cmax and AUC based on the other covari-
ates bodyweight and dialysis relative to a reference subject 
(non-dialysis dependent, not using clopidogrel, bodyweight 
of 74.6 kg) is shown in Table 5.

4  Discussion

This is the first publication of an integrated population 
pharmacokinetics analysis of daprodustat in adults with 
CKD across the phase 2B and 3 studies in both NDD-CKD 
and DD-CKD indications and provided supportive evi-
dence in the regulatory submissions of daprodustat. The 
previously developed PopPK models of daprodustat [9] in 
mostly healthy as well as patients with CKD were used as 
a starting point for the current analysis comprising a more 
heterogenous CKD population in terms of study designs, 
sampling variability, and patient characteristics (as well as 

Fig. 3  Visual predictive check of dose-normalized daprodustat con-
centration versus time for final model stratified by study. Solid lines 
depict the observed median concentration, dashed lines the observed 
10th and 90th percentiles, and the grey areas show the intervals of 

these statistics in the simulations, which include variability (interin-
dividual and residual error) but not parameter uncertainty. Both x-axis 
and y-axis are displayed on a log-scale
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new covariates). The final model in this analysis was a three-
compartment distribution and first order elimination with a 
five-transit compartment absorption phase, which adequately 
described the pharmacokinetics of daprodustat. This final 
model also quantified the impact of the statistically signifi-
cant covariates bodyweight (included as allometric expo-
nent), dialysis status, and concomitant clopidogrel use on 
relevant PK parameters.

There were some changes relating to structural modifica-
tions and updates of parameter estimates that were needed 
to the final model compared with the previous phase 1/2 
PopPK models based on the expected heterogeneity of the 
phase 3 population as mentioned above. The final model 
had five transit absorption compartments (N = 5) which can 
be explained by removal of the food restriction in the phase 
2B/3 studies while the phase 1 PK model had four or seven 
transit absorption compartments when daprodustat was 
taken in fasted or fed state, respectively [18].

The updates of parameter estimates were explored by esti-
mating “phase 3 factors” to quantify the difference in param-
eters in the current phase 2B/3 population relative to the 
phase 1/2 model parameter estimates. The fractional change 
in the absorption rate (ka), volume, and inter-compartmental 
clearance parameters were well estimated in the phase 2B/3 
studies while keeping the remaining PK parameters fixed 

to those from the phase 1/2 model. Both the comprehen-
sive model evaluation based on goodness-of-fit diagnostics 
and simulation-based assessments in addition to sensitivity 
analyses strongly support the characterization of the final 
model and suitability of the present analysis to investigate 
the impact of extrinsic and intrinsic factors on the exposure 
estimates of daprodustat.

Of the 20 intrinsic and extrinsic covariates evaluated, 
only body weight (included with fixed allometric expo-
nents), and two statistically significant covariates were iden-
tified. Firstly, patients that were non-dialysis-dependent had 
46% higher oral absorption rate constant compared to dial-
ysis-dependent patients. Dialysis status in end stage renal 
failure (ESRD) is expected to decrease rate of absorption 
of drugs in chronic renal failure [27]. Secondly, concomi-
tant clopidogrel (moderate CYP2C8 inhibitor) use reduced 
apparent clearance of daprodustat by 42%. As presented 
in Table 5, the typical fold change in Cmax between non-
dialysis and dialysis dependent are not deemed to be clini-
cally relevant. Although the 1.74-fold increase in AUC of 
daprodustat in a typical individual following concomitant 
dosing with clopidogrel (Table 5) would not be considered 
clinically important, further discussion during FDA regu-
latory review [1] recommended a reduction in the starting 
dose (2 mg once daily) of daprodustat by half in patients 

Fig. 4  Forest plot for model-
predicted dose-normalized AUC 
at steady-state. AUC, area under 
the plasma concentration-time  
curve over a 24-h dosing inter-
val at steady state; n, number 
of individuals in each category. 
Circles indicate estimated 
change relative to reference. 
The error bars indicate the 90% 
confidence interval
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with CKD with anemia when initiating treatment with 
moderate CYP2C8 inhibitors such as clopidogrel. This 
recommendation was based on consideration of other data 
from drug-drug interaction studies evaluating administra-
tion of daprodustat with mild and strong CYP2C8 inhibi-
tors, trimethoprim and gemfibrozil [13], respectively, 
as well as from physiologically-based pharmacokinetic 
(PBPK) modeling of daprodustat (manuscript in prepara-
tion) which predicted an average 4.3-fold increase in AUC 
for daprodustat when coadministered with clopidogrel. A 
recent publication evaluating the mechanism of CYP2C8-
OATP1B1 drug–drug interaction with daprodustat predicted 
an average 3.6-fold increase in AUC when coadministered 
with repeated clinical doses of clopidogrel [28]. Possible 
reasons for the smaller effect size of the drug interaction of 
daprodustat with clopidogrel in the PopPK analysis may be 
owing to factors including lack of accurate timing of records 
for co-medication intake. However, since treatment with 
daprodustat requires a titration-based posology to achieve 
and maintain target hemoglobin levels in CKD patients with 
anemia, any clinical impact of clopidogrel coadministra-
tion on the PK of daprodustat would be mitigated based on 
this individualized dosing regimen. Moreover, following 
4 weeks of daprodustat dosing, hemoglobin changes from 

baseline were similar in subjects with and without concomi-
tant use of clopidogrel [1].

It is noteworthy that the phase 2B study 205665 was a 
significant covariate with effect on PK parameters, namely, 
inter-compartmental clearance (Q2), relative bioavailability 
(F1), and absorption rate constant (ka), resulting in much 
lower exposure when compared with the phase 3 studies. 
Moreover, the residual unexplained error in the model was 
higher for the phase 2B Study 205665 (standard deviation 
of additive error of 1.63 on log-scale) compared with the 
phase 3 studies in the analysis dataset. This difference could 
not be explained based on any deviations in either patient 
or study design characteristics. The estimation stabilization 
strategy used in the present analysis of phase 2B/3 data by 
fixing parameter estimates based on richly sampled PK data 
from early clinical studies in both healthy and target CKD 
population is a reasonable practical approach. Subsequent 
selective PK parameter updates based on the “phase 3 fac-
tors” stabilized the structural model as shown by the model 
evaluation tools and good model fit to the data. The fact 
that the CL parameter (which was fixed in the final model) 
could be estimated with good precision based on the phase 
2B/3 data, supports the informativeness of the dataset for 
this parameter and the investigation of covariate effects for 

Fig. 5  Forest plot for model-
predicted dose-normalized Cmax 
at steady-state. n, number of 
individuals in each category. 
Circles indicate estimated 
change relative to reference. 
The error bars indicate the 90% 
confidence interval
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this parameter. However, it is acknowledged that there are 
alternative methods, such as combining study data across all 
phases of development for analysis [29] or using the Bayes-
ian PRIOR subroutine in NONMEM [30, 31] to leverage 
the summary PK information (priors) to provide less biased 
parameter estimates compared to fixing PK parameters. Nev-
ertheless, all these methods have their own well documented 
disadvantages and practical challenges [30, 31].

Because PK visits were scheduled on dialysis days for 
dialysis dependent subjects, the difference in PK between 
dialysis and non-dialysis days among subjects dependent 
on dialysis could not be investigated. However, in a phase 
2 study, the steady-state pharmacokinetics of daprodustat 
in subjects with normal renal function, anemic non-dialysis 
(ND)-dependent CKD subjects (CKD stage 3/4) and anemic 
subjects on either hemodialysis (HD) or peritoneal dialysis 
(PDD) did not reveal any marked changes in the pharma-
cokinetics of daprodustat [11] which is expected given that 
daprodustat is highly protein bound (> 98%) [14]. Effects of 
various co-medications on daprodustat PK were investigated 
during covariate analysis. Only clopidogrel coadministration 
showed a statistically significant increase in systemic expo-
sure, whilst other comedications, such as phosphate bind-
ers and oral iron, did not show relevant changes in AUC. 
However, since the timing of comedication intake was not 
recorded (and may therefore not have been simultaneous 
with daprodustat administration during PK visits), the pos-
sibility of a potential drug–drug interaction on (the extent 
of) absorption cannot be excluded.

Fig. 6  Simulated typical 
dose-normalized PK profiles 
illustrating estimated covariate 
effects. Solid line indicates the 
profile of a subject with median 
bodyweight (74.6 kg), while the 
dashed lines indicate subjects 
with 5th and 95th percentile 
bodyweight. The exposure 
estimates (Cmax, AUC) in each 
panel are reported as: median 
[95th–5th] bodyweight. Ph3, 
phase 3; NDD, non-dialysis 
dependent; CLOPI, clopidogrel 
use; DD, dialysis dependent

Table 5  Simulated (independent) covariate effect sizes in typical sub-
jects from final model

Fold-changes of exposure metrics AUC and  Cmax are calculated rela-
tive to the following reference subject: non-dialysis dependent sub-
ject, without concomitant clopidogrel use and bodyweight of 74.6 kg

Covariate Fold-
change in 
AUC 

Fold 
change in 
Cmax

Bodyweight = 50.1 kg (5th percentile) 1.35 1.44
Bodyweight = 114.2 kg (95th percentile) 0.73 0.68
Concomitant clopidogrel use 1.74 1.18
Dialysis (phase 3 studies) 1.00 0.86
Dialysis (phase 2B study 205665) 0.38 0.41
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5  Conclusions

The three-compartment distribution and first order elimina-
tion pharmacokinetic model with a five serial transit absorp-
tion compartments adequately described the pharmacokinet-
ics of daprodustat in subjects with chronic kidney disease. 
While body weight, dialysis effect, and clopidogrel coad-
ministration were statistically significant, of the 20 intrinsic 
and extrinsic patient covariates evaluated, the other covari-
ates including phosphate binders, oral iron, and acid reduc-
ing agents did not show significant increases in systemic 
exposure.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s40262- 024- 01417-9.
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