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Abstract

Background Sodium zirconium cyclosilicate (SZC) is an approved oral treatment for hyperkalemia that selectively binds
potassium (K*) in the gastrointestinal tract and removes K™ from the body through increased fecal excretion. Here, we
describe the population pharmacodynamic (PopPD) response of serum K* concentration in patients with hyperkalemia
who are treated with SZC, estimate the impact of patients’ intrinsic and extrinsic factors, and compare predicted serum K*
responses between 5 g alternate daily (QOD) and 2.5 g once daily (QD) maintenance doses.

Methods PopPD analysis was based on pooled data from seven phase II and III clinical trials for SZC. A semi-mechanistic
longitudinal mixed-effects (base) model was used to characterize serum K* concentration after SZC dosing. Indirect-response,
virtual pharmacokinetics—pharmacodynamics (PK-PD) modeling was used to mimic the drug exposure compartment. Full
covariate modeling was used to assess covariate impact on the half-maximal effective concentration of drug (ECs), placebo
response, and K. Models were evaluated using goodness-of-fit plots, relative standard errors, and visual predictive checks,
and data were stratified to optimize model performance across subgroups. Covariate effects were evaluated based on the
magnitude of change in serum K* between baseline and end of correction phase dosing (48 h, SZC 10 g three times a day)
and maintenance phase dosing (28 days, SZC 10 g QD) using a reference subject.

Results The analysis data set included 2369 patients and 25,764 serum K* observations. The mean (standard deviation)
patient age was 66.0 (12) years, 61% were male, 68% were White, 34% had congestive heart failure, and 62% had diabe-
tes. Mean (standard deviation) serum K™ at baseline was 5.49 (0.43) mmol/L. Both the base and full covariance models
adequately described observed data. In the final model, there was a sigmoid exposure response on K;,, with ECs, of 32.8 g
and a Hill coefficient of 1.36. The predicted placebo-adjusted dose-responses of serum K* change appeared nearly linear
in the correction and maintenance phases. No clinically meaningful difference in placebo-adjusted serum K* change from
baseline at 28 days was observed between maintenance regimens of SZC 5 g QOD and 2.5 g QD. A greater SZC treatment
response was associated with high serum K* at baseline, advanced age, lower body weight, lower estimated glomerular
filtration rate, and Black/African American and Asian race, compared with the reference patient. The impact of heart failure
status and diabetes status was only minor.

Conclusions The PopPD model of SZC adequately described changes in serum K* concentration during correction and
maintenance phase dosing. A greater treatment response was associated with various covariates, but the impact of each
was modest. Overall, these findings suggest that no adjustment in SZC dose is needed for any of the covariates evaluated.

1 Introduction

Hyperkalemia is a potentially life-threatening electrolyte
disorder that is associated with increased risk of adverse
cardiorenal outcomes, including fatal cardiac arrhythmias,
cardiac arrest, and mortality [1-3]. Evidence consistently

Extended author information available on the last page of the article

describes a U-shaped association between serum potassium
(K™) concentration and mortality and morbidity, with both
low and high K* levels contributing [3, 4].

Sodium zirconium cyclosilicate (SZC) is an oral,
highly selective K* binder approved for the treatment
of hyperkalemia in adults, including adults receiving
maintenance hemodialysis. In phase II and III clinical
trials, SZC lowered serum K* levels to within the normal
range (3.5-5.0 mmol/L) during the first 48 h of treatment
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Key Points

PopPD modeling was performed to characterize serum
K* concentrations in sodium zirconium cyclosilicate
(SZC)-treated patients who received different dosing
regimens, and to evaluate the impact of intrinsic and
extrinsic patient factors on treatment response.

A greater SZC treatment response is associated with
high serum K* at baseline, advanced age, lower body
weight, lower estimated glomerular filtration rate, and
Black/African American and Asian race, but the impact
of each covariate was modest.

Our results suggest that current SZC dosing regimens do
not need adjustment for any patient subgroups studied.

and maintained normokalemia over the longer term (for
up to 12 months) [5-8]. These beneficial effects were
consistent across all patient subgroups [i.e., chronic
kidney disease, diabetes, heart failure, and concomitant
use of renin—angiotensin—aldosterone system inhibitors
(RAASI)] [6, 8, 9].

The pharmacodynamic (PD) action of SZC involves
selectively capturing K* ions in exchange for sodium
and hydrogen ions in the gastrointestinal tract [10, 11].
SZC reduces the serum K* concentration and removes
K™ from the body through increased fecal excretion, and
is not absorbed systemically [10, 11]. The K*-lowering
action of SZC is predictable and rapid, leading to a sig-
nificant reduction of serum K* within 1 h of adminis-
tration [9-11]. In patients with hyperkalemia participat-
ing in a phase III study (ZS-003), SZC demonstrated
dose-dependent reductions in serum K* levels across the
2.5-15 g dose range [10].

Population PD (PopPD) helps to inform the use of drugs
in clinical practice and can estimate potential differences
in PD in specific populations identified by their intrin-
sic and extrinsic factors. Here, we describe the PopPD
response of serum K* concentration in patients with
hyperkalemia treated with SZC, specifically the longitudi-
nal dose-response of SZC in the correction (0-48 h) and
maintenance (> 48 h) phases of treatment, estimate the
effects of patients’ intrinsic and extrinsic factors on the
serum K* response, and compare the predicted serum K*
response of SZC 2.5 g once daily (QD) and 5 g alternate
daily (QOD) maintenance doses.
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Fig.1 SZC population pharmacodynamic base model. E, , maxi-
mum effect, K,; elimination rate constant of SZC from the depot com-
partment, K;, production rate, K,,, elimination rate, K* potassium,
SZC sodium zirconium cyclosilicate

2 Methods
2.1 Data
2.1.1 Study Population, Dose, and Samples

This PopPD analysis was based on pooled data from seven
phase II and III clinical studies, consisting of 2369 patients
with hyperkalemia (screening serum K* of > 5.0 mmol/L)
with a total of 25,764 serum K* observations. A summary
of the studies included in this analysis is provided in Sup-
plementary Table 1.

2.1.2 Analytical Method

Analysis of serum K* concentration was performed at a cen-
tral laboratory. No data were recorded with serum K™ assays
below the limit of quantitation.

2.2 Model Development
2.2.1 Base Model

A semi-mechanistic longitudinal mixed-effects model was
used to describe serum K concentration after SZC dosing
(Fig. 1). An indirect-response, virtual pharmacokinetics—PD
(PK-PD) modeling approach was used to mimic the drug
exposure compartment without any measurements (none
were available as the drug is not absorbed). The virtual SZC
exposure in this compartment is driven by the amount and
frequency of SZC doses and cleared by a first-order elimi-
nation rate parameter typically used in standard PK models.
Variation in serum K* concentration is governed by a zero-
order constant for input or production response (Kj,) and a
dissociation rate constant (K,,,). A sigmoid maximum effect
(Ehax) €xposure—response inhibition function applied to the
input rate (K.,) represents the serum K*-lowering effect of
SZC.
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The SZC virtual exposure was scaled to a target of 1
(mean 24 h exposure) for steady state 1 g QD treatment.
As aresult, the half-maximal effective concentration (ECs)
parameter of the sigmoid E,,, exposure—response inhibition
function also represents dose at half-maximal effect (ED5)
for the QD regimen. Model equations are shown in the Sup-
plementary Appendix.

2.2.2 Covariate Model Development

The influence of prespecified baseline covariates on ECsy,
the placebo response, and K, were explored using full
covariate modeling. The covariates assessed were based on
physiological plausibility and prior knowledge: age, body
weight, estimated glomerular filtration rate (eGFR), serum
K*, race, sex, congestive heart failure (CHF) status, and
diabetes status. Continuous covariates were evaluated using
one functional form or a combination of functional forms as
appropriate, and dichotomous and categorical variables were
evaluated as a proportional shift using NONMEM software
(version 7.3.0; ICON Development Solutions, Ellicott City,
MD, USA). The equations are shown in the Supplementary
Appendix.

Race was investigated as a categorical variable. Each race
category other than White was identified by its own unique
variable that was set to 1 or 0. Each race variable was tested
as a covariate on prespecified parameters relative to White
race being the reference.

The use of RAASi was not considered for covariate analy-
sis because RAASi medications have been shown to have
little impact on the serum K*-lowering performance of SZC,
and the collection of RAASi medication data were not con-
sistent throughout the pooled studies to enable modeling.

2.2.3 Model Evaluation

Model evaluation included graphical analysis of goodness-
of-fit (GOF) plots, relative standard errors, and visual pre-
dictive checks (VPCs) (Supplementary Appendix). Stratifi-
cation by dose, visit, or covariates was used as appropriate to
ensure that models would perform adequately across impor-
tant subgroups of the data.

The adequacy of the model was evaluated using a simula-
tion-based VPC method (for absolute serum K*) and empiri-
cal Bayes-estimated individual random effects (Supple-
mentary Appendix). Predictions for the population average
dose-response were computed by sampling virtual patients
(500 replicates, each with 1000 patients with replacement)
from the database of actual patients with baseline covariates
observed in the modeled studies (Supplementary Appendix).

Simulation with between-patient variability and param-
eter uncertainty was used to provide confidence intervals
(CIs) for treatment effect predictions. Parameter vectors

were simulated using a multivariate normal distribution with
the mean set to the estimated value of each model parameter
and using the estimated variance—covariance matrix.

2.3 Inference of the Covariate Effects on SZC Serum
K* Response

The effects of covariates were evaluated based on their
capacity to alter the predicted change from baseline in serum
K* relative to the reference patient at the end of correction
phase dosing [48 h, SZC 10 g three times a week (TID)]
and maintenance phase dosing (28 days, SZC 10 g QD).
The effect of each covariate was compared versus a refer-
ence patient, based on prevalent values of categorical covari-
ates and a clinically meaningful value (near the population
median) for continuous covariates. The reference patient is
a nondiabetic, non-CHF, White male, 65 years of age, with
eGFR of 45 mL/min/1.73 m?, body weight of 85 kg, and
baseline serum K* of 5.4 mmol/L. Predictions with respect
to covariates were presented as forest plots showing the
change from baseline as a point estimate with 95% CI for
the correction and maintenance phase regimens.

2.4 Software Details

The software package NONMEM version 7.3.0 was used for
this analysis. Model fitting was performed in a Linux envi-
ronment (CentOS 7; Red Hat Software, Raleigh, NC, USA)
with GFortran FORTRAN Compiler version 5.2 (GNU
Compiler Collection; Free Software Foundation, Boston,
MA, USA). nonmem?2R version 0.2.1 (CRAN.R-project.
org/package=nonmem?2R), PsN version 4.4.8. (sourceforge.
net/projects/psn/), and R version 3.5.1 (R-project; http://
www.r-project.org) were used for the exploratory analysis,
executing NONMEM runs and postprocessing of NONMEM
output, for example, to assess GOF. mrgsolve version 0.8.12
(CRAN:.R-project.org/package=mrgsolve) was used for sim-
ulation-based illustration of the impact of covariates using
stochastic simulations.

3 Results
3.1 Dataset

All patients included in the intention-to-treat (ITT) analy-
sis set (ITT correction phase) were assessed (n = 2369),
with a total of 25,764 serum K* observations. Serum K*
concentrations measured more than 240 h (10 days) after
the last intake of experimental drug (active or placebo)
were not included in the analysis (12 observations). Three
serum K* observations were considered to be outliers
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[extreme values based on the standard deviation (SD)
of serum K* for each patient] and were excluded from
the analysis. For the longer clinical studies (ZS-005 and
D9482C00001), the observations beyond 28 days from the
start of maintenance dosing were excluded.

3.2 Study Population

Patients’ baseline demographics and characteristics are
presented in Table 1. Overall, the mean (SD) patient age
was 66.0 (12) years, 61% were male, 68% were White, 34%
had CHF, and 62% had diabetes. Mean (SD) serum K™ at
baseline was 5.49 (0.43) mmol/L.

Between-study differences in patient race resulted
in differences in baseline clinical characteristics. Body
weight and rates of CHF were lower in the three studies
that predominantly or exclusively enrolled Asian patients
(D9480C00002, D9482C00001, and D9482C00002;
Table 1).

The distributions of continuous and categorical covariates
in the SZC dataset are shown in Supplementary Fig. S1. No
continuous covariates were sufficiently correlated to cause
concern for model estimation, and no continuous character-
istics appeared to covary with categorical groups (except for
the effect of Asian race as described above).

Table 1 Pharmacodynamic population patient characteristics

3.3 SZC PopPD Model
3.3.1 Base Model

A semi-mechanistic longitudinal mixed-effects model was
used to describe serum K* concentration after SZC dosing.
Parameter estimates and their precision for the base model
are presented in Table 2.

Shrinkage in ETA (the discrepancy of an individual
parameter from the typical population value, a distribution
of mean of 0 and variance OMEGA; 18.9% K,, and 35.2%
ECs,) and EPS (random variability associated with indi-
vidual observations, a distribution with a mean of 0 and
variance SIGMA; 5.1%) were reasonable.

Inspection of model diagnostics showed that the model
described the data adequately. GOF plots showed no bias
in predictions across serum K* value, time, or dose in the
stable regimen studies or in those using maintenance dose
titration (Supplementary Figs. S2 and S3).

3.3.2 Full Covariance Model

Parameter estimates of the final covariate model are pre-
sented in Table 2. The sigmoid E,,, exposure response was
characterized by a high value for the ECs, (32.8 g) and a Hill
coefficient of 1.36.

Inspection of model diagnostics showed good agreement
between the observed data and the model. Specifically,
GOF plots showed no bias in predictions across serum K*

7S-002 7S-003 7S-004 ZS-005 D9480C00002 D9482C00001 D9482C00002 Total
N 90 753 258 267 150 103 2369
Age, years, mean (SD) 71.1 (9.6) 65.6(12) 64.0(13) 63.6(13) 67.8(11) 71.5(11) 73.2 (1.7) 66.0 (12)
Body weight, kg, mean (SD) 89.8 (23)  87.1(21) 87.8(23) 86.4(22) 68.0(14) 62.8 (12) 63.0 (12) 87.6 (22)
¢GFR?, mL/min/1.73 m?, 47.7 473 48.8 50.0 314 46.0 349 459
mean (SD) [range] (8.8) 27 (32) (34) 20) (23) 20 29)
[30.3-68.0] [4.38-153] [4.99-159] [5.95-190] [3.46-152] [17.4-142) [8.42-104] [3.46-190]
Serum K*, mmol/L, mean 5.13(0.3) 5.35(0.35) 5.52(0.45) 5.57(0.42) 5.69 (0.51) 5.51(0.43) 5.54 (0.37) 5.49 (0.43)
(SD)
Male, n (%) 52 (58) 448 (59) 149 (58) 447 (60) 171 (64) 112 (75) 77 (75) 1456 (61)
Race, n (%)
White 88 (98) 643 (85) 214(83) 623(83) 40(15) 0 0 1608 (68)
Black/African American 1(1) 86 (11) 36 (14) 88 (12) 0 0 0 211 (9)
Asian 0 12 (2) 4(2) 25 (3) 198 (74) 150 (100) 103 (100) 492 (21)
Other” 1(1) 12 (2) 4(2) 12 (2) 29 (11) 0 0 58 (2)
Medical history, n (%)
Congestive heart failure 37 (41) 300 (40) 94 (36) 284 (38) 50 (19) 22 (15) 14 (14) 801 (34)
Diabetes 50 (56) 451 (60) 170 (66) 470 (63) 172 (64) 87 (58) 62 (60) 1462 (62)

eGFR estimated glomerular filtration rate, K* potassium, MDRD Modification of Diet in Renal Disease, SD standard deviation

2The MDRD equation was used to estimate glomerular filtration rate

bOther race includes all patients not identifying as White, Black/African American, or Asian
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Table 2 Populatipn Parameter Base model, estimate (RSE Full model,

pharmacodynamic model %) estimate (RSE

parameters for the base and full %)

covariate models
SZC MTT, h 145 (4.8) 137 (5.0)
Serum K* K, 1/h 0.644 (5.8) 0.548 (6.9)
Placebo effect on K;, 0.934 (0.28) 0.923 (0.41)
E, . % inhibition 43.4 (12) 63.3 (30)
ECy), g 15.3 (15) 32.8 (47)
Hill coefficient 1.60 (8.3) 1.36 (13)
BPV of ECj, variance 0.33 (9.1) 0.171 (16)
BPV of placebo variance 0.036 (4.8) 0.00296 (5.2)
Residual error variance 0.34 (0.6) 0.118 (1.7)
BL covariate on ECs, - — 1.04 (45)
Age covariate on ECs, - —0.486 (20)
Body weight covariate on ECs, - 0.515(17)
eGFR covariate on ECj - 0.316 (14)
Black/African American covariate on ECy, - -0.325(23)
Asian covariate on ECs, - —0.134 (71)
‘Other’ race covariate on ECj - —0.122 (85)
BL covariate on placebo - 0.44 (7.6)
eGFR covariate on placebo - 0.0371 (8.7)
Heart failure status covariate on placebo - 0.00121 (260)
Diabetes status covariate on placebo - —0.0133 (21)
Sex covariate on K, - 0.254 (50)

BL baseline, BPV between-patient variability, ECs, half-maximal effective concentration, eGFR estimated

glomerular filtration rate, E, .

maximum effect, K* potassium, K;, production rate, K, elimination rate,

MMT mean transit time, RSE relative standard error, SZC sodium zirconium cyclosilicate

value, time, or dose in the stable regimen studies or in those
using maintenance dose titration (Supplementary Figs. S4
and S5). The full model empirical Bayesian estimates of
the random effect on K, (ETA1) and ECs, (ETA2) were
consistent across the categorical and continuous covariates
studied, including correction and maintenance phase dose
(Supplementary Fig. S6), and shrinkage in ETA (16.4% K,,
and 46.5% ECs;,) and EPS (4.7%) remained reasonable.

The model was deemed acceptable for use in
dose-response simulation and the empirical Bayesian esti-
mates appropriate for covariate impact analysis. VPCs are
shown in Supplementary Figs. S7 and S8.

From the base model to the full covariate model, most
parameters remained similar or decreased (between patient
and residual variance); however, the estimate of ECj,
increased from 15.3 to 32.8 g and the estimate of E,
increased from 43.4 to 63.3%.

max

3.4 Dose—Response Simulation

The predicted placebo-adjusted dose—response of serum
K* changes from baseline at 48 h and 4 weeks are shown
in Fig. 2. In the correction phase, the predicted placebo-
adjusted dose—response of serum Kt change from baseline

after 48 h appeared nearly linear. In the maintenance phase,
the predicted placebo-adjusted dose-response for a regimen
of SZC 10 g TID dosing for 48 h followed by 0-15 g QD for
4 weeks appeared nearly linear at 28 days.

Dosing regimens in the correction and maintenance phase
had similar predicted serum K*-lowering behavior based on
predicted placebo-adjusted change from baseline (Fig. 2).
No clinically meaningful difference in placebo-adjusted
serum K* change from baseline at 28 days was observed
between maintenance regimens of SZC 5 gQOD and 2.5 g
QD [-0.19 (95% CI — 0.23 to — 0.14) versus — 0.17 (95%
CI — 0.21 to — 0.13), respectively]. Simulated individual
trajectories and median serum K* over time after 48 h with
10 g TID followed by 4 weeks of 0—15 g QD are shown in
Fig. 3.

3.5 Effects of Covariates on SZC Serum K* Response

The full covariate modeling approach considered the follow-
ing covariates: five on ECs: baseline serum K*, age, body
weight, eGFR, and race; four on placebo (K;,) response:
baseline serum K*, eGFR, heart failure, and diabetes; and
one on serum K* dynamics (K,,,): sex.
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SZC dose-response (change in
placebo-adjusted serum K*) after 48 h

SZC dose-response (change in
placebo-adjusted serum K*) after 48 h of

of TID dosing 10 g TID dosing followed by 4 weeks
0-15 g QD dosing
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Correction phase dose (g) [QD] Maintenance phase dose (g) [QD]
SZC dose (9) Placebo-adjusted serum K* change Placebo-adjusted serum K* change
from baseline at 48 h, TID dosing, from baseline at 28 days, QD dosing,
predicted mean (95% Cl) predicted mean (95% ClI)
25 -0.14 (- 0.18 to — 0.11) -0.17 (- 0.21 to - 0.13)
5 -0.32 (- 0.36 to — 0.27) -0.37 (- 0.42to - 0.32)
10 —0.66 (— 0.73 to — 0.59) —0.75 (- 0.82 to — 0.65)
15 —0.95 (- 1.06 to — 0.81) —1.06 (- 1.17 to — 0.89)

Fig.2 Predicted dose-response in the SZC correction and mainte-
nance phases. CFB change from baseline, CI confidence interval, K*
potassium, QD once daily, SZC sodium zirconium cyclosilicate, T/D
three times a day. Graphs: Predicted population average (line) with
95% CI (shaded region). Table: Correction phase predictions were
calculated using a TID regimen and the maintenance phase predic-

The impact of covariates on the predicted 48 h and 28
day serum K* placebo-adjusted treatment response (change
from baseline) relative to the reference patient is displayed
in Fig. 4. Greater SZC treatment response is associated with
high baseline serum K*, more advanced age, lower body
weight, lower eGFR, and Black/African American and Asian
race, compared with the reference patient.

The placebo-adjusted predicted serum K* changes from
baseline of SZC 10 g TID for the 10 and 90% quantile of
baseline serum K*, age, and body weight were all within the
range defined by the SZC 5 and 15 g response of the typi-
cal patient (— 0.21 to — 0.76 mmol/L). A stronger impact
was observed for eGFR with SZC treatment response, pre-
dicted to be — 0.37 mmol/L and — 0.71 mmol/L for patients
with eGFR of 88 mL/min/1.73 m* and 17 mL/min/1.73 m?,
respectively, compared with —0.48 mmol/L for the reference
patient with eGFR of 45 mL/min/1.73 m>. Point estimates
for Black/African American race (— 0.69 mmol/L) and
Asian race (— 0.55 mmol/L) were likewise estimated within
the 5-15 g range of the reference patient response.

The impact of heart failure status and diabetes status was
very minor, with a predicted placebo-adjusted change from
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tions were calculated based on a regimen of SZC 10 g TID for 48 h,
followed by SZC 10 g QD for 28 days. The CI was determined by
simulating 500 virtual trials of 1000 patients each, calculating the
mean population dose-response and distribution, from which the 2.5
and 97.5% quantiles were determined

baseline of — 0.48 and — 0.49 mmol/L, respectively, com-
pared with — 0.48 mmol/L for the reference patient who
had neither medical condition. Taken together, the predicted
treatment responses suggest that no SZC dose adjustment is
needed for the intrinsic and extrinsic covariates considered.

4 Discussion

This pooled PopPD analysis was based on 25,764 serum
K* samples from 2369 patients across seven trials, and is
the first to characterize the effects of prespecified covari-
ates on SZC PD. A virtual modeling approach was used to
mimic drug exposure effect without having any measure-
ments of drug exposure (none were available, as the drug
is not absorbed). The serum K* over time was described
by an indirect response model where K* is added to and
eliminated from a compartment corresponding to serum K*
measurements. The impact of SZC exposure was modeled as
inhibition of the K* production rate, consistent with the SZC
mechanism of action to bind K* and lower its absorption and
appearance in circulation. Inspection of model diagnostics
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Fig.3 Simulated serum K* time course after 48 h of SZC 10 g TID
dosing followed by 4 weeks of dosing with placebo (0 g), or SZC 5,
10, or 15 g QD. K* potassium, QD once daily, SZC sodium zirco-
nium cyclosilicate, TID three times a day. Individual data are shown

showed that the model adequately described the data. Over-
all, the findings from the PopPD analysis show that there is
no need for clinical dose adjustment of SZC based on the
patient covariates considered, and that the SZC label dosing
is appropriate.

The full covariate model was deemed appropriate for use
in dose—response simulation and covariate impact analysis.
From the base model to the full covariate model, the esti-
mate of ECs increased from 15.3 to 32.8 g and the estimate
of £, increased from 43.4 to 63.3%. Black/African Ameri-
can and Asian patients comprised 9 and 21% of the analysis
pool, respectively, and the ECs, for each was lower than that
for White patients. In the base model, the ECs, is an estimate
for the entire analysis population, while the ECs, in the full
covariate model is that of the prevalent White patients. For
these reasons, the full covariate model ECs is expected to
be higher than that of the base model. A further contribut-
ing factor may be that ECs, and E , are correlated (due to
the dose range over which data exist) and, therefore, despite
E, .« and EC increasing together, the net result leads to no

in yellow (subset of 100 patients). Median (red solid line), 25 and
75% quantiles (red dashed lines), and 5 and 95% quantiles (red dotted
lines) are based on 1000 simulated patients, with model uncertainty
and residual variability

change in the drug effect when comparing the inhibition of
K;, at the same SZC dose.

The sigmoid E,,, exposure-response implemented in
the model was characterized by a high value for the ECy,
(32.8 g) and a Hill coefficient of 1.36, and the predicted
dose—response appeared nearly linear within the range of
SZC doses studied (0—15 g). To assess doses below 5 g QD,
both 2.5 g QD and 5 g QOD (using the same 5 g sachets of
SZC) were evaluated. Dose-response simulations showed
no clinically meaningful difference between maintenance
regimens of 5 g QOD and 2.5 g QD in the pooled patient
population studied, indicating that either regimen may be
used in clinical practice to maintain serum K*.

Evaluation of covariates in the final model revealed that
greater treatment response (i.e., serum K* change from
baseline) was associated with high serum K* at baseline,
more advanced age, lower body weight, and lower eGFR.
Furthermore, a greater treatment response was predicted
for Black/African American and Asian patients compared
with White patients but remained within the range of SZC
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Fig.4 Predicted serum K* change from baseline for selected covari-
ates for the correction phase (48 h 10 g TID) and maintenance phase
(48 h 10 g TID followed by 4 weeks 10 g QD). CHF congestive heart
failure, eGFR estimated glomerular filtration rate, K potassium, QD
once daily, SZC sodium zirconium cyclosilicate, TID three times
a day. The vertical black line in each panel represents the placebo-

response defined by 5 and 15 g lower and higher doses,
respectively. Diabetes (versus nondiabetic) and heart fail-
ure (versus no heart failure) did not clinically impact the
serum K* dose-response of SZC. The modest quantitative
impact of each covariate relative to the reference dose range
(5-15 g) and the overall results of this analysis support the
conclusion that no dose adjustment is needed for SZC based
on any of the tested covariates.
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adjusted treatment response of SZC 10 g for the reference patient: a
nondiabetic, non-CHF, White male, 65 years of age, with eGFR of
45 mL/min/1.73 m?, body weight of 85 kg, and baseline serum K* of
5.4 mmol/L. Dashed lines in each panel display the SZC 5 and 15 g
placebo-adjusted treatment response in the reference patient

Serum K* change from baseline is a PD endpoint; there-
fore, traditional concepts of PK bioequivalence are not
necessarily appropriate for assessing the importance of cat-
egorical and continuous covariate relationships. Instead of a
prescribed range, such as 80-125% maximum concentration
(Cpnax) Or area under the concentration-time curve (AUC),
the impact of each covariate relative to the reference patient
was simulated virtually. Virtual simulations have been used
in previous models to help determine the mean response to
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an intervention and also increase confidence that prospective
simulations of response to novel therapeutics will reflect the
interpatient variability seen in clinical practice [12, 13]. Fur-
thermore, a K* homeostasis mathematical model in patients
who were hyperkalemic was previously developed, which
used a virtual population to describe K* distribution in the
gastrointestinal tract, blood, and extracellular and intracel-
lular spaces of tissue, the renal clearance of K*, and the
K*-SZC binding and excretion in the gastrointestinal tract.

5 Strengths and Limitations of the Analysis

The strengths of this study were that PopPD modeling was
performed using pooled data from seven clinical trials,
which together spanned a broad patient population. In addi-
tion, the dataset was representative of the patients for whom
SZC is used in clinical practice.

However, there were limitations. Some intrinsic vari-
ables were generated by virtual PopPD modeling, as SZC is
not absorbed systemically [10, 11] and so no detailed SZC
exposure data were available. The PK-PD relationship of
drugs acting in the gastrointestinal tract can be complex
due to the variability of the intestinal environment. As SZC
can be taken with or without food and because there are no
expected effects of other medicinal products on the phar-
macologic action of SZC [10, 11], oral absorption factors
were not expected to impact the PopPD modeling. How-
ever, differences in dietary K* intake and gastrointestinal pH
may impact the effectiveness of SZC. In addition, there were
limitations of observability for certain physiological param-
eters, and the PopPD model relied on a number of assump-
tions, for example, that the disease state did not change or
progress over the 28 days of SZC maintenance therapy.

6 Conclusions

The PopPD model of SZC adequately described the changes
in serum K* concentration during correction and mainte-
nance phase dosing in the seven clinical studies. Greater
treatment response was associated with high serum K* at
baseline, more advanced age, lower body weight, lower
eGFR, and Black/African American and Asian race; how-
ever, the impact of each covariate was modest. The overall
results of this analysis support the conclusion that no dose
adjustment is needed for SZC based on any of the tested
covariates.
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