
Vol.:(0123456789)

Drugs in R&D (2021) 21:217–229 
https://doi.org/10.1007/s40268-021-00346-3

ORIGINAL RESEARCH ARTICLE

Population Pharmacokinetic Analysis of Rivipansel in Healthy Subjects 
and Subjects with Sickle Cell Disease

Satyaprakash Nayak1  · Brinda Tammara2  · Lutz O. Harnisch3,4 

Accepted: 12 April 2021 / Published online: 16 May 2021 
© The Author(s) 2021

Abstract
Background Sickle cell disease is an inherited blood disorder with reduced blood-carrying capacity. It is associated with a 
tendency to form microclots in blood vessels, leading to painful episodes known as a vaso-occlusive crisis. Rivipansel is a 
pan-selectin inhibitor being studied for the treatment of a vaso-occlusive crisis in patients with sickle cell disease.
Methods A population pharmacokinetic model of rivipansel plasma and urine concentrations was constructed using a two-
compartment model and data from nine different clinical studies. Creatinine clearance was calculated using the Schwartz 
formula for children and the Chronic Kidney Disease Epidemiology Collaboration formula for adults. Urine volume and con-
centration of the study drug in urine from subjects in five clinical studies were used to estimate renal and nonrenal clearance.
Results Rivipansel drug concentrations were well described by the model. The post hoc estimates of average steady-state 
concentrations were predicted to be similar for the adult and pediatric cohorts of the pivotal phase III study. Parameter esti-
mates showed almost exclusively renal excretion of rivipansel, which is consistent with the known properties of the drug.
Conclusions The pharmacokinetics of rivipansel was well characterized by a two-compartment population pharmacokinetic 
model. Our results illustrate the important role of simulations in optimizing a potential drug dosing regimen for patients with 
sickle cell disease and progressive renal impairment.

Key Points 

Rivipansel pharmacokinetics was found to be linear

A two-compartment model with renal and nonrenal 
clearance explained the pharmacokinetics well

Model simulations helped in comparing the cohorts in 
the pivotal study in order to combine them for the pri-
mary efficacy analysis

1 Introduction

Sickle cell disease (SCD) affects millions of people world-
wide, including approximately 100,000 people in the USA 
[1]. It is a chronic condition associated with substantial 
morbidity and mortality, and is responsible for more than 
75,000 hospitalizations per year in the USA, with an aver-
age stay of more than 6 days [2]. Both children and adults 
are affected [3], and greater mortality is seen in those with 
more severe disease [3–5]. Sickle cell disease is associated 
with a number of serious and potentially disabling condi-
tions that have similar symptoms but vary in severity by 
genotype [4, 6]. The disorder affects the shape of red blood 
cells and makes them adhere to the blood vessels, leading to 
formation of micro-clots in blood vessels [7]. This leads to 
a vaso-occlusive crisis (VOC), a painful and serious conse-
quence of SCD, presumably resulting from acute ischemic 
tissue injury [7, 8].

Rivipansel (formerly PF-06460031) was licensed by 
Pfizer from GlycoMimetics in 2011, and the Investigational 
New Drug application was transferred to Pfizer in the second 
half of 2013. This compound is a pan-selectin antagonist that 
has been shown to inhibit selectin binding and to improve 
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blood flow and survival in an animal model of SCD. Selec-
tins are known to play a major role in the adhesion of blood 
cells to the endothelium of blood vessels and to facilitate the 
interaction between sickled red blood cells, platelets, leuko-
cytes, and endothelial cells [7, 9]. Selectin binding is a key 
early step in the inflammatory process, leading to leukocyte 
adhesion and recruitment to inflamed tissue [7].

Three previous phase I studies were completed in healthy 
volunteers and subjects with SCD who were not experienc-
ing a VOC. Further phase I studies assessed the effects 
of age, hepatic impairment, and renal impairment on the 
pharmacokinetic (PK) properties of rivipansel [10]. In the 
phase I studies, the PK profile of rivipansel was shown to 
be linear and predictable, with a mean half-life of 7–8 h, 
no dose-related trends observed in clearance (CL) or half-
life, with rivipansel almost exclusively eliminated renally. 
Additionally, no in vitro metabolism was observed in stud-
ies with rat, monkey, or human hepatocytes [11]. The phase 
I studies were followed by a randomized phase II study 
(NCT01119833) that evaluated the efficacy, safety, and 
pharmacokinetics of two dosing regimens of rivipansel in 
patients with SCD aged 12–60 years who were hospitalized 
for a VOC [12].

The PK data compiled to date reveal that rivipansel is 
almost completely eliminated unchanged in urine and has 
low potential for drug–drug interactions. This is important 
because hyperfiltration, an abnormal increase in the filtration 
rate of the renal glomeruli resulting in an elevated estimated 
glomerular filtration rate, has been reported in patients with 

SCD [13, 14]. The majority of children with SCD exhibit 
hyperfiltration, but the degree of hyperfiltration depends on 
a number of factors, including the SCD genotype [14–17].

The pivotal phase III study of rivipansel (NCT02187003), 
a multicenter, randomized, double-blind, placebo-controlled, 
parallel-group study conducted to evaluate the efficacy and 
safety of rivipansel in the treatment of VOCs in hospitalized 
adult and pediatric patients with SCD, was recently com-
pleted. Clinical results of this study are reported elsewhere 
[18].

The primary objective of the current analysis was to 
develop a population PK model describing the pharmacoki-
netics of rivipansel using the combined data of all previous 
studies. A secondary objective was to generate post hoc esti-
mates for average steady-state concentration (Cavg,ss) for the 
two cohorts in the phase III study (Cohort 1: children aged 
≥ 12 years and adults; Cohort 2: children aged 6–11 years), 
provide a comparison between rivipansel exposure between 
the two cohorts, and provide a rationale for dose adjustment 
in renally impaired patients, if required.

2  Methods

2.1  Study Population and Dosing

A brief overview of the studies included in this analysis is 
shown in Table 1 [12, 19, 20]. A more detailed description 
of the studies, including dosing information, is provided in 

Table 1  Overview of studies included in the analysis

PK pharmacokinetics, SCD sickle cell disease, VOC vaso-occlusive crisis
See Table 1 of the ESM for a more detailed description of the studies, such as subject information and dosing regimen

Study number/Clinicaltrials.gov identifier Study sponsor Description

B5201001/NCT01941511 [19] Pfizer A phase I, single-dose study to evaluate the effect of intravenous doses of rivipansel  
on QTc intervals in 48 healthy black adult subjects

B5201002/NCT02187003 Pfizer A phase III, multiple-dose study to evaluate the efficacy and safety of rivipansel in 
the treatment of VOC in 300 hospitalized subjects with SCD

B5201004/NCT02998099 Pfizer A phase I, single-dose study to estimate the effect of age on the PK, safety, and 
tolerability of rivipansel in 16 subjects

B5201005/NCT02813798 Pfizer A phase I, single-dose study to estimate the effect of age of the PK, safety, and 
tolerability of rivipansel in 21 subjects with renal impairment and 7 healthy 
subjects

B5201006/NCT02871570 Pfizer A phase I, single-dose study to evaluate the PK, safety, and tolerability of rivipansel 
in eight subjects with moderate hepatic impairment and in eight healthy subjects 
with normal hepatic function

B5201009 Glycomimetics A phase I, single ascending-dose study to evaluate the safety, tolerability, and PK 
of rivipansel in 40 healthy adult subjects

B5201010 Glycomimetics A phase I, multiple ascending-dose study to evaluate the safety, tolerability, and 
PK of rivipansel in 32 healthy adults

B5201011/NCT00911495 [20] Glycomimetics A phase I/II study of the safety and PK of rivipansel in 20 adults with SCD
B5201012/NCT01119833 [12] Glycomimetics A phase II study of the efficacy, safety, and PK of rivipansel in subjects hospital-

ized for SCD VOC



219Population Pharmacokinetic Analysis of Rivipansel

Table 1 of the Electronic Supplementary Material (ESM). 
A summary of demographics and baseline characteris-
tics of the population used in this analysis is provided in 
Table 2.

2.2  Previous Modeling Experience

Three internal analyses for phase I and/or phase II studies 
(B5201009, B5201010, B5201011 [20], B5201012 [12]) 

Table 2  Demographics and baseline characteristics (active treatment only)

CV% coefficient of variance %, SCD sickle cell disease, VOC vaso-occlusive crisis, y years

Categorical parameter, n (%) Phase I Phase II Phase III Total

Subjects 174 43 156 373
Sex
 Male 133 (76.4) 18 (41.9) 78 (50.0) 229 (61.4)
 Female 41 (23.6) 25 (58.1) 78 (50.0) 144 (38.6)

Age category (years)
 6–11 0 (0.0) 0 (0.0) 23 (14.7) 23 (6.2)
 12–17 0 (0.0) 13 (30.2) 43 (27.6) 56 (15.0)
 18–64 151 (86.8) 30 (69.8) 90 (57.7) 271 (72.7)
 ≥ 65 23 (13.2) 0 (0.0) 0 (0.0) 23 (6.2)

Race
 Asian 14 (8.0) 0 (0.0) 0 (0.0) 14 (3.8)
 Black 62 (35.6) 41 (95.3) 151 (96.8) 254 (68.1)
 Other 7 (4.0) 2 (4.7) 5 (3.2) 14 (3.8)
 White 91 (52.3) 0 (0.0) 0 (0.0) 91 (24.4)

Population
 Non-SCD 160 (92.0) 0 (0.0) 0 (0.0) 160 (42.9)
 SCD without VOC 14 (8.0) 0 (0.0) 0 (0.0) 14 (3.8)
 SCD with VOC 0 (0.0) 43 (100.0) 156 (100.0) 199 (53.4)

Renal impairment
 None 7 (4.0) 0 (0.0) 0 (0.0) 7 (1.9)
 Mild 7 (4.0) 0 (0.0) 0 (0.0) 7 (1.9)
 Moderate 7 (4.0) 0 (0.0) 0 (0.0) 7 (1.9)
 Severe 7 (4.0) 0 (0.0) 0 (0.0) 7 (1.9)

Hepatic impairment
 None 8 (4.6) 0 (0.0) 0 (0.0) 8 (2.1)
 Moderate 8 (4.6) 0 (0.0) 0 (0.0) 8 (2.1)

Continuous variables Non-SCD, adults SCD without 
VOC, adults

SDC with VOC, 
6–11 y

SCD with VOC, 
12–17 y

SCD with VOC, adults

Age (y)
 Mean (CV%) 41 (42.6) 33 (33.0) 10 (19.0) 15 (12.5) 28 (31.3)
 Range 19–80 19–50 6–11 12–17 18–56

Weight (kg)
 Mean (CV%) 80 (17.7) 65 (15.7) 33 (35.3) 53 (25.7) 70 (22.5)
 Range 49–131 48–91 18–65 31–81 41–145

Height (cm)
 Mean (CV%) 173 (5.7) 171 (3.2) 136 (9.4) 159 (7.5) 168 (5.6)
 Range 141–198 162–180 109–158 136–188 140–196

Serum creatinine (mg/dL)
 Mean (CV%) 1.1 (57.1) 0.7 (36.1) 0.4 (27.7) 0.5 (25.0) 0.7 (29.8)
 Range 0.5–4.6 0.4–1.4 0.2–0.7 0.3–0.8 0.2–1.6

Creatinine clearance (mL/min)
 Mean (CV%) 111.3 (31.7) 119.5 (23.6) 91.6 (32.5) 118.7 (27.6) 144.7 (19.9)
 Range 14.8–180.7 64.2–167.5 49.9–163.1 69.4–203.7 70.9–214.8
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were performed. In the first analysis, which included studies 
B5201009, B5201010, and B5201011, two-compartment 
and three-compartment linear PK models (implemented in 
nonlinear mixed-effects modeling using NONMEM Ver-
sion 7.1.2 [ICON plc, Dublin, Ireland]) were fit to the data; 
the three-compartment model was preferred based on the 
statistical analyses. Various approaches to scaling for body 
size were evaluated; an allometric model was preferred 
statistically. No other covariates appeared to influence the 
PK characteristics of rivipansel. Subjects with stable SCD 
(study B5201011) did not appear to differ from those in the 
other two studies. In the second internal analysis, param-
eters obtained from modeling analysis 1 were used in the 
population PK modeling of data from the phase II study in 
subjects with SCD experiencing a VOC (study B5201012). 
The structural parameters were fixed at the values obtained 
from the modeling of phase I healthy volunteer data (stud-
ies B5201009 and B5201010; no longer normalized allo-
metrically), and the magnitude of inter-individual variabil-
ity was estimated. An additional factor for systemic CL was 
needed to reconcile the legacy values to those obtained 
in subjects with VOC. One covariate, creatinine clearance 
(CrCl) normalized to body surface area (BSA), was added 
to the model.

For the third internal analysis, an integrated exercise 
using a nonlinear mixed-effects modeling approach (NON-
MEM Version 7.4) for the combined data from the phase 
I and II studies (B5201009, B5201010, B5201011, and 
B5201012) was performed. While the previous population 
PK model analyzed the healthy volunteer and patient trials 
(phase I and phase II data) independently, the combined 
model integrated fixed effects across all subjects who had 
received rivipansel. To better support extrapolation into the 
target population of children aged 6–11 years, the already 
described fixed-effects parameters and inter-individual vari-
ances were re-estimated in the previously described three-
compartmental model. In the combined model using phase 
I and phase II study data, CL was described as a function 
of CrCl, the volume of distribution was described as a func-
tion of weight, and an additional factor that distinguished 
CL in subjects with SCD with VOC with that estimated in 
healthy volunteers or subjects with stable SCD was esti-
mated. These results were published, and the simulation 
results used for the dose recommendation in the population 
of subjects aged 6–11 years [11]. A key insight gained from 
the combined model was that, in general, the estimates of 
CL and volume of distribution from the combined model 
were not very different from the previously described indi-
vidual models. However, because this model had the advan-
tage of combining both phase I and phase II PK data to date 

(studies B5201009, B5201010, B5201011 and B5201012) 
and estimating covariances, it was used as the starting point 
of the current population PK modeling exercise.

2.3  Model Description

The base model structure was derived from the integrated 
analysis of phase I and phase II studies [11]. As mentioned 
before, it was a three-compartment model with BSA normal-
ized CrCl as a covariate for CL and weight added as a struc-
tural covariate for the volume of distribution. Additionally, to 
account for hyperfiltration, an additional factor was added to 
CL for subjects with SCD actively experiencing a vaso-occlu-
sive event. The Cockroft–Gault equation was used to calculate 
CrCl in the model. We employed this model to the updated 
dataset containing PK data from all studies listed in Table 1, 
except the phase III study (B5201002). We used this approach 
as the phase III study was still ongoing during model develop-
ment. Therefore, our strategy was to develop the model with-
out using phase III data and compare the empirical Bayesian 
estimates obtained from the final model with observed PK 
concentrations in Study B5201002 to assess the appropriate-
ness of the model to the new (phase III) data. However, the 
base model with three compartments was unable to converge 
with the addition of new studies. Therefore, we started with 
a two-compartment model but also included urine data col-
lected in a subset of studies as described in the later section.

Inter-individual variability (IIV) of the PK parameters 
was incorporated using a log-normal random-effects model 
of the form:

where �i is the individual value of the parameter (e.g., CL 
or volume), �TV is the typical value of the parameter, and �i 
denotes the inter-individual random effect accounting for the 
ith individual’s deviation from the typical value. The �i were 
assumed to be normally distributed, with a mean of zero and 
a variance of �2.

Renal fraction of total CL was modeled to be dependent 
on CrCl calculated by the Chronic Kidney Disease Epidemi-
ology Collaboration (CKD-EPI) formula [21], normalized 
by the BSA for adults, instead of the Cockroft–Gault equa-
tion used in previous models. For children aged younger 
than 18 years, CrCl was calculated by the bedside Schwartz 
formula, normalized by BSA [22]. Body surface area was 
calculated using the Dubois and Dubois formula [23]. We 
tried other commonly used formulae for calculating CrCl, 
such as Modification of Diet in Renal Disease [24] and the 
Cockroft–Gault [25], for the adult population, but we found 

�i = �TV × e�i ,
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that CrCl calculated using CKD-EPI provided the best fit for 
our data. Thus, renal CL was modeled as:

where �Cl is the fixed effect for CL and �Cl is the IIV for 
CL, and

where FCrCli
 is the factor based on CrCl. The CrClmedian is 

the median CrCl based on all the included studies, �CrCl is 
the factor for CrCl dependent factor on CL, and FDisi

 is the 
fractional difference of change in CL based on the disease 
status, i.e.,

where �Disi is the relative increase in CL due to disease status 
(i.e., whether it is an SCD subject experiencing a VOC). 
Similarly, volume in the central and peripheral compartment 
was modeled as:

where FWTi
 is the factor based on weight, defined as:

Residual variability, a composite measure of assay error, 
dose/sample time collection errors, model misspecification, 
and any other variability was modeled using a combined 
(proportional and additive) error model as follows:

where Yi,j denotes the observed concentrations for the ith 
individual at the time tj , Ci,j denotes the corresponding pre-
dicted concentration based on the PK model, � is the residual 
error, and �i,j denotes the intra-individual (residual) random 
effect. The random effect was assumed to have a normal 
distribution with a zero mean and variance of �2 . The model 
code is provided in the ESM.

2.4  Incorporation of Urine Data

Among the studies listed in Table  1, five (B5201005, 
B5201009, B5201010, B5201011, and B5201012) included 
urine PK data in addition to the plasma PK concentrations. 

Cli = �Cl × e�Cl × FCrCli
× FDisi

,

FCrCli
=

(

CrCli

CrClmedian

)�CrCl

,

FDisi
=
(

1 + �Disi

)

,

�i = �TV × eηi × FWTi
,

FWTi
=

(

WTi

WTmedian

)(θWT)
.

Yi,j = Ci,j +
√

C2
i,j
+ θ2 × �i,j,

These studies included the volume of urine collected during a 
fixed time interval, (e.g., 96 h after dosing for the renal impair-
ment study, B5201005), and the concentration of the drug in 
urine. We incorporated these data in the population PK model 
to calculate the renal and nonrenal fractions of total CL. We 
incorporated the urine data according to a recent NONMEM 
tutorial published by Bauer [26].

2.5  Covariate Analysis

The CKD-EPI formula contains age, sex, serum creatinine, 
and race as its inputs, and the BSA calculation by Dubois 
and Dubois formula requires height and weight as its inputs. 
Therefore, these variables were not included explicitly as 
covariates in the model. We explored an additional effect 
of weight on CL and volume by explicitly adding it as a 
covariate. However, the decrease in the objective function 
value was not significant to include weight as a covariate in 
the model for CL.

2.6  Adjustment for Low CrCl Values

Exploration of the random effects in the base model showed 
that the effect of CrCl on the random effect on CL 

(

�i
)

 was 
skewed in the lower range of CrCl values. As CrCl was a criti-
cal factor influencing renal CL of rivipansel, an additional fac-
tor was added for CrCl values below 60 mL/min. Thus, the 
final model contained the following equation for renal portion 
of total CL:

If CrCl was at least 60 mL/min:

otherwise:

where �2 is the additional exponent to correct for bias in �CL 
for low CrCl values.

2.7  Half‑Life Calculation

The population estimated CL was used to compare the popula-
tion terminal half-life for a two-compartment model with the 
previously estimated values. The formula used to calculate the 
model-derived terminal half-life [27] is

FCrCli
=

CrCl

CrClmedian

(�1)
,

FCrCli
=

CrCl

CrClmedian

(�1+�2)
,

t1∕2 =
log (2)

1∕2 ×

[

(

K12 + K21 + K10

)

−

√

(

K12 + K21 + K10

)2
− 4K21K10

] ,
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w h e r e  K10 = CL∕Vcentral  ,  K12 = Q∕Vcentral  ,  a n d 
K21 = Q∕Vperipheral.

2.8  Software and Estimation Method

The plasma and concentration–time data were analyzed 
using a nonlinear mixed-effects modeling methodology as 
implemented in the software program NONMEM Version 
7.4.1 [28]. Exploratory analyses, diagnostic plots, and post-
processing of NONMEM output were performed using R 
(Version 3.6.1; R Foundation for Statistical Computing, 
Vienna, Austria) [29]. Perl-speaks-NONMEM (PsN) Ver-
sion 4.8.0 was used for performing visual predictive checks 
(VPCs). The NONMEM analyses were conducted using the 
first-order conditional estimation method with interaction.

2.9  Simulation Scheme

The purpose of the simulation exercise was to assess and contrast 
the model-predicted Cavg,ss value with the empirical Bayesian 
estimates obtained from the observed concentration data in the 
phase III study, B5201002. In the simulation exercise, weight was 
simulated from a normal distribution, with a mean and standard 
deviation obtained using all of the included studies for adults. 
For pediatric subjects, such distribution was calculated using the 
phase II study, which had younger subjects with SCD. The other 
covariate required for simulations was serum creatinine, which 
was simulated from a normal distribution obtained from subjects 
with SCD undergoing a VOC only, i.e., using the phase II study 
only. The design of the simulation study was similar to the phase 
III trial and 200 such studies were simulated in NONMEM with 
the model parameter values set at their final estimates. Thus, indi-
vidual CLs were calculated for each simulated subject, based on 
their demographic data, serum creatinine, and dose of rivipansel 
received, which were then used to calculate simulated Cavg,ss.

3  Results

Figure 1 shows the VPC plots of rivipansel plasma con-
centrations from study B5201002 stratified by age cohort 
(Fig. 1a, b), loading dose vs maintenance doses in Cohort 
1 of B5201002, subjects aged ≥ 12 years (Fig. 1c, d), and 
loading dose vs maintenance doses in Cohort 2, subjects 
aged 6–11 years (Fig. 1e, f). The goodness-of-fit plots for 
rivipansel plasma concentrations for all of the included 
studies from the final model are provided in Fig. 1 of the 
ESM. As seen from the VPC, the model provided an over-
all good fit to the observed PK data of both the cohorts of 
Study B5201002 through the entire time course of treat-
ment. Goodness-of-fit plots for all the urine concentra-
tions in the model are shown in Fig. 2 of the ESM. The 
diagnostic plots of post hoc empirical Bayesian estimates 
of individual subjects in study B5201002 are shown in 
Fig. 3 of the ESM.

Table 3 shows the parameter estimates and nonparamet-
ric bootstrap results of the final model. Bootstrap analysis 
was performed with 1000 samples using PsN-4.8.0 software. 
Table 3 shows that the NONMEM estimate and the bootstrap 
median for the parameters match well with each other, and 
the residual square error is low for most parameters. The 
highest residual square error of about 50% is observed for 
the disease state-dependent hyperfiltration parameter. This 
could be attributed to the fact that only one study out of nine 
included the population experiencing an active VOC. The 
95% confidence interval obtained from the bootstrap analysis 
shows that most of the observed parameter estimates were 
tightly constrained.

Renal CL was utilized to estimate the percentage of drug 
eliminated in urine, and the calculated urinary excretion 
rates were compared with the observed values, wherever 
clinical data were available. Figure 2 shows a comparison 
between the observed and model estimated cumulative per-
centage of drug cleared in urine for the study with renally 
impaired subjects (study B5201005). Excretion rates for 
subjects in study B5201005 are shown in Fig. 4 of the 
ESM. As seen from Fig. 2, the model derived cumulative 
drug eliminated in urine matched well with the observed 
values for each cohort representing subjects with different 
degrees of renal impairment. A key point to note is that 
the observed cumulative drug eliminate in urine for the 
cohort with no renal impairment is calculated to be lower 
than nearly 100% (~77%) owing to missing data in one 

Fig. 1  Visual predictive check (VPC) for the phase III study. The top 
row shows VPC plots stratified by cohorts of the phase III study, i.e., 
a shows subjects aged ≥12 years (Cohort 1) and b shows subjects 
aged 6–11 years (Cohort 2). The middle and bottom rows show VPCs 
for Cohort 1 and Cohort 2 separately, stratified by loading dose and 
maintenance doses respectively, i.e., c shows the loading dose in sub-
jects aged ≥12 years, d shows the maintenance dose in subjects aged 
≥12 years (Cohort 1). Similarly, e shows the loading dose in subjects 
aged 6–11 years, and f shows the maintenance dose in subjects aged 
6–11 years (Cohort 2). Note that while the x-axis for the top row 
shows time after the first administered dose, the x-axis for the middle 
and bottom rows shows time after the last administered dose

◂
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subject, but it matches with the earlier reported value for 
this cohort [10].

As any missing observations in either urine volume or 
drug concentration affected every subsequent calculation 
of total amount eliminated in urine, the excretion rates for 
each collection period were also calculated because their 
calculation for one collection period was independent of 
another collection period. As seen from Fig. 4 of the ESM, 
the model-predicted excretion rates match very well with the 
values calculated from the observed data.

Derived PK metrics, such as Cavg,ss, were also calculated 
from the empirical Bayesian estimates of CL, obtained from 
the post hoc estimates for the phase III study (B5201002). 
Specifically, Cavg,ss was calculated according to the formula:

where � is the inter-dosing interval and Dosei and CLi are 
the individual dose and Bayesian estimate of individual 
CL, respectively. A comparison of the Cavg,ss for the two 
cohorts of the phase III study is shown in Fig. 3, where the 
circles represent individual Cavg,ss values and the box plot 
provides a summary of the observed  Cavg,ss values. As seen 

Cavg ss,i =
1

�
×
Dosei

CLi

,

from the figure, Cavg,ss values were similar across the two 
cohorts in the phase III study (Fig. 3a) and were also similar 
when Cohort 1 was divided into adult and pediatric strata 
(Fig. 3b). More importantly, only a few observations were 
found to be below the Cavg,ss value of 30 μg/mL, the median 
Cavg,ss for the lower dose of the phase II study (B5201012). 
Even fewer observations were below the minimum threshold 
of 10 μg/mL. The median Cavg,ss was observed to be within 
42.65–46.20 µg/mL, the median maximum concentration 
was observed to be within a range of 208.31–276.01 µg/mL, 
and the median minimum concentration was observed to be 
within a range of 11.24–20.10 µg/mL for the two cohorts.

A key objective of the population PK analysis was to 
assess the similarity of exposures between the two cohorts 
of the phase III study (B5201002). Similarity of expo-
sures was adjudicated based on a predefined criterion 
where the exposures were assumed to be similar if 80% 
of the exposures in Cohort 2 (subjects aged 6–11 years) 
were found to be between the 5th and 95th percentile 
of the exposure values in Cohort 1 (subjects aged ≥ 12 
years). Figure 4 shows a cumulative distribution function 
overlay of the exposures in the two cohorts. As seen in 
the figure, approximately 91.5% of the exposure values 

Table 3  Parameter estimates and bootstrap results of the final pharmacokinetic model

Estimated parameters from final model using all studies, except B5201002
CI confidence interval, CL renal clearance, CLn nonrenal clearance, CrCl creatinine clearance, CV% coefficient of variance %, IIV inter-individ-
ual variability (IIV values represent the square root of variance [×100] of the IIV parameter), non-SCD-VOC subjects without sickle cell disease 
or subjects with stable sickle cell disease not experiencing a vaso-occlusive crisis, SCD-VOC subjects with sickle cell disease experiencing a 
vaso-occlusive crisis, Q inter-compartmental clearance, Vc central volume of distribution, Vp peripheral volume of distribution

Parameter Estimate Relative standard 
error (%)

Bootstrap median Bootstrap 95% CI

CL (L/h) 1.15 1.91 1.15 1.10–1.19
CLn (L/h) 0.0718 22.2 0.0686 0.0380–0.108
Vc (L) 6.75 2.56 6.72 6.40–7.06
Q (L/h) 2.01 6.60 2.02 1.80–2.25
Vp (L) 4.48 2.80 4.49 4.27–4.74
Fractional increase in CL for SCD-VOC subjects 0.116 50.4 0.115 0.0204–0.220
CrCl factor exponent on CL 0.477 12.8 0.471 0.349–0.594
Additional additive exponent at low CrCl (< 60 mL/min) 0.413 17.6 0.412 0.263–0.564
Weight factor exponent on Vc 0.512 14.4 0.511 0.368–0.664
IIV, CL (CV%) 20.0 16.4 20.0 16.7–23.7
Correlation, CL and Vc 0.513 37.6 0.535 0.320–0.703
IIV, Vc (CV%) 32.5 39.9 31.6 22.7–46.3
IIV, Q (CV%) 24.8 100.0 28.4 0.134–45.4
IIV, Vp (CV%) 22.4 54.8 22.2 15.2–32.6
IIV,  CLn (CV%) 82.6 34.4 77.8 4.87–113
Residual error for SCD-VOC (ng/mL) 1.53 9.68 1.51 1.23–1.81
Residual error for non-SCD-VOC (ng/mL) 0.865 23.2 0.912 0.338–6.70
σ residual error for SCD-VOC (CV%) 21.49 8.6 20.9 15.2–26.3
σ residual error for non-SCD-VOC (CV%) 9.71 24.9 9.65 9.0–10.3
σ residual error for urine data (CV%) 31.1 23.9 30.7 24.8–38.5
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in Cohort 2 were between the predefined 5th and 95th 
percentiles of the values in Cohort 1. This result provides 
us with confidence that the plasma drug exposure was 
similar between Cohort 1 and Cohort 2.

To support dosing in renally impaired subjects, a simulated 
population of subjects was constructed and categorized into 
normal, mild, moderate, and severely renally impaired subsets, 
based on CrCl values obtained from the CKD-EPI formula. 
Height and weight for these subjects were simulated from the 
demographics reported in the phase III study. The simulations 
showed a clear correlation between renal impairment and PK 
parameters (CL) as well as derived PK parameters, such as 
Cavg,ss, Cmax,ss, and total area under the concentration–time curve 
(Table 1 of the ESM). A wide variability was observed in Cavg,ss 
values, with the median values of Cavg,ss being approximately 
100 µg/mL and 180 µg/mL for moderately and severely renally 
impaired subjects, respectively.

Similarly, to understand the effect of age in the model, a 
simulated population of pediatric subjects with demograph-
ics similar to subjects in the phase III study (B5201002) was 
assessed. Figure 5 shows a comparison between observed and 
simulated Cavg,ss, stratified by age. As seen in the figure, with 
lower age, a lower predicted/simulated concentration range is 
projected from the model. This could be due to the fact that 
with lower age, the mg/kg dose does not correct entirely for 
the scaling of exposure with CrCl.

Finally, using the population estimates from Table 3, 
and using the formula provided in Sect. 2.7, we calculated 
the terminal half-life of rivipansel to be about 7.5 h. This 
value matches well with a previously calculated estimate 
of 7–8 h.

Fig. 2  Percentage of drug cleared in the phase I study in subjects with 
varying degrees of renal impairment. Each panel shows the mean and 
1 standard deviation of observed data (green lines), the mean popula-
tion prediction from the model (red lines), and mean individual pre-

dictions of cumulative drug eliminated in urine (blue lines) for sub-
jects with varying degrees of renal impairment from the phase I study 
in renally impaired subjects (Study B5201005)
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4  Discussion

At the time these studies were conducted, rivipansel was 
in development as a therapy to treat patients with SCD 
experiencing painful VOCs. Here, we provide a population 

PK analysis of all previously conducted studies of rivipan-
sel in healthy subjects and in stable subjects with SCD, 
including those experiencing an active VOC (Table 1). 
This modeling analysis extends the work done previously 
by Tammara and Harnisch [11], which modeled plasma 
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Fig. 3  Average steady-state concentration in the phase III study. For 
the phase III study data shown in this figure, Cohort 1 represents 
subjects who were aged 12 years or older, Cohort 2 represents sub-
jects in the 6–11 years of age range (panel a). The two different strata 
of Cohort 1 are shown in panel b. The black dashed horizontal line 
indicates the minimum target concentration of 10 µg/mL. Solid red 

and green lines indicate the median concentration of the low dose  
(30 µg/mL) and the high dose (75 µg/mL), respectively, and dashed 
red and green lines indicate the upper and lower limits of the 95% 
prediction intervals of the low and high dose respectively, obtained 
from the phase II study (B5201012)

Fig. 4  Cumulative distribu-
tion function overlay of the 
exposures in the two phase III 
study cohorts (B5201002). The 
red and teal lines depict the 
cumulative frequency distribu-
tion of the fraction of patients 
with drug concentration  
(in μg/mL) on the x-axis. The 
blue vertical dashed lines 
represent 30 and 75 μg/mL 
concentrations, which are the 
median concentrations of the 
low dose and high dose of the 
phase II study respectively. The 
gray horizontal dashed lines are 
the guidelines representing the 
5th and 95th percentiles
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drug concentrations from three phase I studies and one 
phase II study using a three-compartment model to inform 
dosing recommendations for patients aged 6–11 years par-
ticipating in the phase III study of rivipansel. Final param-
eter estimates for the rate of CL of rivipansel were slightly 
lower in the current analysis (1.15 L/h) compared with the 
previous exercise (1.25 L/h), as was the peripheral volume 
of drug distribution (4.48 L vs 4.68 L), while the estimated 
central volume of distribution was higher in the current 
analysis (6.75 L vs 6.24 L).

In this population PK analysis, we included plasma and 
urine data from all of the phase I studies, the phase II 
study, and studies conducted by Pfizer in special popula-
tions, such as renally or hepatically impaired subjects and 
subjects in different age categories, to provide a compre-
hensive picture of the PK profile of rivipansel. Our mod-
eling analysis corroborates the almost exclusive elimina-
tion of the drug via the kidneys, as previously observed. 
The population estimated renal CL as a fraction of total 
CL was 0.94, and the model-predicted amount of drug 
excreted in urine matched well with clinical observations 
in the four studies in which urine data were collected. As 
rivipansel is cleared almost exclusively renally, the excre-
tion rate has a potential to be used as a marker for renal 
CL. Our modeling also shows that the excretion rate plots 
were better than the cumulative elimination plots, as the 
excretion rate in one interval is unaffected by missing data 
in other intervals.

In the context of the phase III RESET study, the popu-
lation PK model provided a novel framework to compare 
exposures between the two study cohorts. The findings from 
the phase III study population PK modeling suggest that 
dose adjustments of rivipansel may have been required in 
renally impaired patients and in pediatric patients.

A comparison of different formulae to estimate the glo-
merular filtration rate in our analysis showed that the CKD-
EPI formula for adults and the bedside Schwartz formula 
for children provided the best fit model, although we had 
to include an additional factor for subjects with a low esti-
mated glomerular filtration rate to evaluate the renal CL of 
rivipansel. We tried an alternative approach by including 
serum creatinine and the various components to the different 
formulae as covariates in the model individually, which did 
not lead to an improvement in the model.

Subjects with SCD are known to have a greater degree 
of renal filtration than healthy adults, known as hyper-
filtration; thus, it is important to quantify the higher CL 
observed in subjects with SCD. Our analysis showed that 
this hyperfiltration was approximately 12%, which is lower 
than the previously calculated value from the modeling 
conducted with phase I studies only. Thus, we found that 
the degree of hyperfiltration may change, depending on 
the composition of the study population, but our popu-
lation PK model provides a framework to calculate the 
degree of hyperfiltration for future studies in subjects with 
SCD. In conclusion, the population pharmacokinetics of  

Fig. 5  Comparison of observed and simulated average steady-state 
concentration (Cavg,ss) stratified by age. Red box plots show the range 
of values obtained from the simulation. Teal box plots show a sum-
mary of the post hoc estimated Cavg,ss values and blue circles show 
the individual observed Cavg,ss values from the phase III study. Solid 

red and green lines indicate the median concentration of the low dose 
(30 µg/mL) and the high dose (75 µg/mL), respectively, and dashed 
red and green lines indicate the upper and lower limits of the 95% 
prediction intervals of the low and high dose, respectively, of the 
phase II study (B5201012)
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rivipansel was well described by a two-compartment 
model with CL having a renal and a non-renal compo-
nent. The renal CL was modeled to be dependent on CrCl, 
age, and an additional factor for subjects with SCD under-
going a VOC. Our modeling analysis also corroborated 
the almost exclusive renal elimination of rivipansel and 
showed that derived PK estimates (Cavg,ss) were similar 
between the pediatric (aged 6–11 years) subjects and sub-
jects aged ≥ 12 years in the pivotal phase III study.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s40268- 021- 00346-3.
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