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Abstract

Background Finerenone is a nonsteroidal selective mineralocorticoid receptor antagonist that recently demonstrated efficacy
in delaying chronic kidney disease progression and reducing cardiovascular events in patients with chronic kidney disease
and type 2 diabetes in FIDELIO-DKD, where 5734 patients were randomized 1:1 to receive either titrated finerenone doses
of 10 or 20 mg once daily or placebo, with a median follow-up of 2.6 years.

Methods Nonlinear mixed-effects population pharmacokinetic models were used to analyze the pharmacokinetics in FIDELIO-DKD,
sparsely sampled in all subjects receiving finerenone. Post-hoc model parameter estimates together with dosing histories allowed the
computation of individual exposures used in subsequent parametric time-to-event analyses of the primary kidney outcome.

Results The population pharmacokinetic model adequately captured the typical pharmacokinetics of finerenone and its
variability. Either covariate effects or multivariate forward-simulations in subgroups of interest were contained within
the equivalence range of 80-125% around typical exposure. The exposure-response relationship was characterized by a
maximum effect model estimating a low half-maximal effect concentration at 0.166 ug/L and a maximal hazard decrease at
36.1%. Prognostic factors for the treatment-independent chronic kidney disease progression risk included a low estimated
glomerular filtration rate and a high urine-to-creatinine ratio increasing the risk, while concomitant sodium-glucose transport
protein 2 inhibitor use decreased the risk. Importantly, no sodium-glucose transport protein 2 inhibitor co-medication-related
modification of the finerenone treatment effect per se could be identified.

Conclusions None of the tested pharmacokinetic covariates had clinical relevance in FIDELIO-DKD. Finerenone effects
on kidney outcomes approached saturation towards 20 mg once daily and sodium-glucose transport protein 2 inhibitor use
provided additive benefits.

1 Introduction towards kidney failure and a high burden of cardiovascular

mortality and morbidity [1]. The FIDELIO-DKD phase
Chronic kidney disease (CKD) in patients with type 2 dia- Il study (ClinicalTrials.gov number, NCT02540993)
betes (T2D) is associated with an accelerated progression  investigated the efficacy and safety of the nonsteroidal,
selective mineralocorticoid receptor antagonist (MRA)
finerenone compared to placebo in patients with CKD and

>4 Thomas Eissing T2D [2]. In total, 5734 patients were randomized 1:1 to
thomas.cissing @bayer.com receive finerenone (10 or 20 mg once daily) or placebo
! Leiden Experts on Advanced Pharmacokinetics and the median duration of follow-up was 2.6 years, mak-
and Pharmacodynamics (LAP&P), Leiden, The Netherlands ing it one of the largest contemporary studies to evaluate
2 Pharmacometrics, Pharmaceuticals R&D, Bayer AG, patients with CKD and T2D. Dosing and titration were
Leverkusen, Germany based on potassium and estimated glomerular filtration
?  Clinical Pharmacology, Pharmaceuticals R&D, Bayer AG, rate (¢GFR). The primary outcome of the study was that
Wuppertal, Germany finerenone significantly delayed the progression of kidney
4 Clinical Development, Pharmaceuticals R&D, Bayer AG, disease compared with placebo based on a time-to-event
Berlin, Germany (TTE) analysis of the primary composite kidney endpoint

A\ Adis


http://orcid.org/0000-0003-4378-3423
http://crossmark.crossref.org/dialog/?doi=10.1007/s40262-021-01082-2&domain=pdf

440

P.van den Berg et al.

Finerenone is a nonsteroidal, selective mineralocorticoid
receptor antagonist that recently demonstrated efficacy in
delaying chronic kidney disease (CKD) progression and
reducing cardiovascular events in patients with CKD and
type 2 diabetes in the pivotal FIDELIO-DKD study.

In this secondary model-based analysis, sparse pharma-
cokinetic samples taken in all subjects taking finerenone
revealed no clinically relevant pharmacokinetic covari-
ates in FIDELIO-DKD and allowed the estimation of
individual exposures as a basis for the investigation of
the dose—exposure response relationship for the primary
kidney outcome.

Finerenone effects saturated towards 20 mg once daily
supporting the studied dosing regimen.

Multivariate effects of established CKD markers were
quantified and indicated independent and additive ben-
efits of sodium-glucose transport protein 2 inhibitors on
top of finerenone.

[3]. As a key secondary outcome of the study, finerenone
also significantly reduced the risk of the composite cardio-
vascular endpoint [3, 4]. FIDELIO-DKD results have also
been further discussed, for example, [5, 6].

Finerenone is a non-steroidal MRA that selectively
blocks the mineralocorticoid receptor. The mode of action
of finerenone is primarily through organ protection by
counteracting inflammatory and fibrotic processes, includ-
ing in the kidneys and heart, mediated by overactivation of
the mineralocorticoid receptor and aldosterone upregula-
tion [1, 7, 8].

Besides FIDELIO-DKD, the efficacy and safety of finer-
enone are investigated in three additional phase III stud-
ies: FIGARO-DKD (NCT02545049), which recently com-
pleted [9] in patients with less advanced CKD and T2D
compared with patients in FIDELIO-DKD, FIND-CKD
(NCTO05047263) in patients with non-diabetic CKD, and
FINEARTS-HF (NCT04435626) in patients with heart
failure with a left ventricular ejection fraction of > 40%,
whereby FIGARO-DKD and FINARTS-HF have cardiovas-
cular outcomes as primary endpoints.

The clinical pharmacology program for finerenone com-
prises 27 phase I studies to date and the main results have
been published [10-15]. The program was complemented
by population pharmacokinetic (PK) and pharmacody-
namic analyses including evaluations of patients in late-
stage studies. Population PK and pharmacodynamic analy-
ses of data from the phase IIb studies ARTS-DN (global:
NCTO01874431 and Japan: NCT01968668) have been
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published [16-18]. Here, the ARTS-DN population phar-
macokinetic and pharmacodynamic analyses [17] have been
extended to the pivotal phase III study FIDELIO-DKD to
include an extensive covariates analysis for pharmacokinet-
ics also providing post-hoc parameter estimates to calculate
exposures for a subsequent exposure-response (ER) analysis
of which the ER analysis for the primary kidney composite
TTE endpoint including an evaluation of prognostic factors
is described.

2 Methods
2.1 Clinical Study

Details on study design, patient characteristics, and the main
results have been published [2—4]. Information on informed
consent, ethics, and analytical methods are summarized in
the Electronic Supplementary Material (ESM).

In brief, FIDELIO-DKD was a randomized, double-blind,
placebo-controlled phase I1I study investigating the efficacy
and safety of finerenone, in addition to standard of care with
maximally tolerated labeled doses of a renin-angiotensin
system inhibitor, on the progression of kidney disease in
patients with T2D with CKD. The starting dose of the study
drug was selected based on eGFR measured at the screening
visit: patients started on finerenone 10 mg/day or match-
ing placebo if their eGFR was between 25 and < 60 mL/
min/1.73 m? if their eGFR was > 60 mL/min/1.73 m?, the
starting dose was 20 mg/day. Patients could be up-titrated
or down-titrated according to changes in eGFR and serum
potassium and at the discretion of the investigator [2, 19].

Plasma concentrations of finerenone were determined
using a sparse sampling approach in all participating
patients, informed via trial simulation prior to the study
based on the phase IIb model to provide reliable individual
exposure estimates [17]. Samples were collected at month 4
(trough sample) and at each of the yearly visits (post-dose at
any time on the visit day). The primary endpoint of FIDE-
LIO-DKD was a composite of (1) time to the first occurrence
of kidney failure, (2) a sustained decrease of eGFR > 40%
from baseline over at least 4 weeks, or (3) renal death.

2.2 Population PK Model Development

The population PK model based on phase IIb data could
adequately capture finerenone concentration—time data fol-
lowing doses from 1.25 to 20 mg [17] and was used as a
starting point for modeling PK data from FIDELIO-DKD
including outlier identification as detailed in the ESM. The
PK model was developed using a dataset based on an interim
analysis that was planned per protocol when approximately
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two-thirds of the expected events occurred. The optimiza- To assess the magnitude of covariate effects, two types of
tion process was focused on re-estimation of the parameters ~ model-based simulations were performed:
without structural model changes, re-evaluation of the ran-

dom-effects structure, and a dedicated covariate analysis. 1. Simulations to assess the magnitude and uncertainty of
The algorithm for the covariate analysis included single the pure covariate effects.

addition (statistical significance at the 0.01 level), forward 2. Simulations to compare the exposure of finerenone at
inclusion (significance at the 0.01 level), and backward dele- steady state in subgroups of interest taking combined
tion (significance at the 0.001 level) steps. An overview of (multivariate) individual covariate effects into account.
the tested covariates is provided in Table 1. Upon availability

of the final data, final model parameters were re-estimated. Further details on the simulations are provided in the

ESM.

Table 1 Overview of tested

. Covariate/PF Tested in finerenone Tested in TTE model for
covariates and PEs PK model renal composite endpoint
Albumin X°
Alcohol consumption x® X
Age X X
Alkaline phosphatase X
Alanine aminotransferase x®
Aspartate aminotransferase x®
Bilirubin X°
Body height X
Body mass index X X
Body surface area X*
Body weight X X
Lean body mass X
Likely Child-Pugh score at screening X* X
Long-term co-medication of CYP3A4 inducers X* X
Chronic co-medication of CYP3A4 inhibitors X* X
eGFR-MDRD at baseline X#
eGFR-MDRD time dependent X#
eGFR-EPI at baseline X# X
eGFR-EPI time dependent X
Ethnic group X X
Gamma glutamyl transferase X2
Gender X X
GLP-1 agonist long-term co-medication X
HbAlc X
K+ X
Race/ethnicity X2 X
Serum creatinine X?
SGLT?2 inhibitor chronic co-medication X? X
Smoking status X2 X
Total protein Xt
UACR X

CYP cytochrome P450 3A4, eGFR estimated glomerular filtration rate, EPI CKD Epidemiology Collabora-
tion equation, GGT gamma glutamyl transferase, GLP-1 glucagon-like peptide-1, HbAIc hemoglobin Alc,
MDRD Modification of Diet Renal Disease study equation, PFs prognostic factors, PK pharmacokinetic,
SGLT?2 sodium-glucose co-transporter-2, TTE time-to-event, UACR urine albumin-to-creatinine ratio
*Tested in the PK model

"Not tested in the PK model as the visual inspection of empirical Bayes estimate plots did not show a clear
correlation. If not indicated otherwise, covariates refer to baseline values
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2.3 Time-to-Event Model Development

To characterize the effect of finerenone on the time to first
occurrence of the composite kidney endpoint, a parametric
TTE model was developed. The model development was
performed in a stepwise approach using the interim dataset
(Fig. 1) [20]. First, a placebo model was developed. Poten-
tial prognostic factors (PFs) for the baseline hazard, i.e.,
treatment-independent hazard (Table 1), were identified
using the Cox proportional hazard analysis. All statistically
significant PFs at a 0.05 level were included in a parametric
hazard model after appropriate lumping (coined ‘the full
model’). The full model was run using different hazard
shapes (detailed in the ESM) to select the optimal paramet-
ric hazard model. Subsequently, non-significant PFs were
removed via backward deletion (significance at 0.01 level).

Upon inclusion of the active treatment data, the ER rela-
tionship was investigated using a maximum effect (E,,,,)
model. Individual predicted finerenone concentration—time
profiles based on the post-hoc estimates from the PK model
considering the individual actual dosing history, the indi-
vidual finerenone PK parameters of the subjects, and their
covariates were used as input for the ER model. For subjects
from the full analysis set without PK parameters, typical PK
parameters were used considering their individual covariate
values. As part of the ER investigation, it was tested whether
inclusion of a delay and/or Hill coefficient in the E,,, func-
tion would further improve the fit. After inclusion of the
ER relationship, PFs that were removed from the placebo

CPH Screening / Lump

Strategy PFs
Placebo

data
Determine Hazard
Shape Full model (AIC)

¥

Backward Deletion PF’s
(LRT) + VPC

¥

Implement ER
(LRT)

All data
Re-evaluate PF/Lump +
Hazard Shape (AIC) +
VPC

Fig. 1 Time-to-event model development workflow. Dashed black
line indicates the switch from non-parametric to parametric models.
AIC Akaike information criterion, CPH Cox proportional hazard, ER
exposure-response, LRT likelihood ratio test, PF prognostic factor,
VPC visual predictive check
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model during backward deletion were re-investigated and
re-included if significant at a 0.01 level.

Upon availability of the final data, parameters were re-
estimated. Further details are provided in the ESM.

2.4 Model Evaluation

The performance of the PK model was evaluated by compar-
ing simulations with the observed data, from here on referred
to as the prediction-corrected visual predictive check [21].
The prediction-corrected visual predictive check simulations
include residual error and inter-individual variability, but not
parameter uncertainty.

Predictive performance of the TTE model was evaluated
by means of visual predictive checks using an observed
dropout. Using the parameter estimates of the final model,
the individual survival probability curves were calculated
for each subject in the full analysis set, taking individual
PK parameters, dosing history, and prognostic factors into
account. Censoring of simulated TTE was based on the indi-
vidual observed censoring times, if applicable, or the end
of the study if the subject was not censored in the origi-
nal dataset. Uncertainty of the parameter estimates was not
considered.

3 Results
3.1 Clinical Study

Out of 5734 patients randomized, 60 were prospectively
excluded from all analyses because of critical Good Clinical
Practice violations. Of the 5674 subjects valid for analysis
in the FIDELIO-DKD study population, 2841 were rand-
omized to placebo and 2833 to finerenone (2622 of whom
started on a 10 mg dose and 211 on a 20 mg dose). The
median (5th-95th percentiles) eGFR and urine albumin-to-
creatinine ratio (UACR) at baseline in FIDELIO-DKD were
43.0 (26.7-66.9) mL/min/1.73m? and 852 (140-3366) mg/g,
respectively. More details on baseline characteristics have
been published [2]. The average dose level over time was
15.1 mg [3]. Based on post-baseline serum potassium obser-
vations, 34.8% of these were at the 10 mg dose level, 48.7%
at the 20 mg dose level, and 16.5% during (permanent or
temporary) treatment interruption [19].

3.2 Population PK Modeling and Simulation

The interim dataset used for the analysis included a total of
4308 valid finerenone concentrations from 2250 subjects.
The final PK dataset used for the analysis contained 5057
valid finerenone concentrations from 2284 subjects. After
a stepwise model development on the interim dataset, a
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two-compartmental PK model with volumes set equal (see
Methods in the ESM) and absorption through a series of
transit compartments and first-order elimination [17] ade-
quately captured the finerenone concentration—time data in
FIDELIO-DKD (Fig. 2).

Compared to the ARTS-DN model [17] that was used
as the starting point for model development, the structural
model was unchanged and the inter-individual variability
parameter on the absorption rate was dropped as data were
not sufficiently informative. Significant covariates included
in the ARTS-DN model were bodyweight on the volume of
distribution (V/F) and eGFR derived using the Modifica-
tion of Diet Renal Disease study equation (¢eGFR-MDRD)
[22-24] on apparent clearance (CL/F) and bioavailability
(F). Replacing eGFR-MDRD by eGFR derived according to
the CKD Epidemiology Collaboration (eGFR-EPI) [25, 26]
did not result in a significant change; however, an exchange
by time-varying eGFR-EPI improved the model fit. Hence,
the effect of eGFR on CL/F and F was retained in the model
as was the effect of bodyweight on V/F. This model was
used as a starting point for a further covariate analysis (see
also the ESM).

In addition to bodyweight, race/ethnicity (Korean sub-
jects only) was found to have a statistically significant influ-
ence on V/F, while in addition to time-varying eGFR, body
height, serum creatinine, smoking status, cytochrome P450
(CYP) 3A4 inhibitor use, and sodium-glucose transport pro-
tein 2 inhibitor (SGLT2i) use showed a statistically signifi-
cant effect when applied on both CL/F and F (which was
superior to an effect on CL/F only and motivated by the
high first-pass clearance of finerenone [11]). Furthermore,
gamma glutamyl transferase was found to have a statistically
significant influence on CL/F. A summary plot illustrating

Fig.2 Prediction-corrected
visual predictive check of the

observed data

prediction interval . Cl of predicted median

the influence of the identified covariate effects on Maximum
finerenone plasma concentration at steady-state after once
daily dosing (C,,, mg) and Area under the finerenone plasma-
concentration-time curve within a 24 h dosing interval at
steady-state after once daily dosing (AUC, ) is shown
in Fig. 3. For continuous covariates, C,,, .4 and AUC_ 4
at the 5th—95th percentiles of the covariate distribution
were within the general acceptance range for equivalence of
80-125% of the exposure at the median covariate value. For
the categorical covariates, the largest effects were found for
Korean subjects on C,, g (21.2% decrease, no impact on
AUC, ,4) and long-term (i.e., more than 50% of the time tak-
ing finerenone) SGLT2i users on AUC_ 4 (17.1% decrease,
9.73% decrease in C,,; ,4)- Overall, all covariate effects are
small and within or close to the typical equivalence range.

Observed and predicted median and variability of the
concentration—time profile closely resemble each other
(Fig. 2) supporting that the final population PK model
described all data adequately. The pharmacokinetics were
dose linear over the investigated dose range. Apart from
the small influence of time-varying eGFR-EPI on CL/F
and F, the pharmacokinetics of finerenone were not found
to be time dependent. The relevant half-life for steady-
state exposure and accumulation (t,, ,) was estimated at
2.7 h, indicating near steady-state conditions are reached
after the second dose of finerenone. Final model param-
eter estimates are shown in Table 2 and the final model
code is provided in the ESM. The condition number was
183, indicating that the model was stable and without
collinearity in its parameters.

Simulations were performed to compare the expo-
sure of finerenone at steady state in subgroups of inter-
est (stratified for the following covariates: gender, age,

—— observed median - - observed quantile

pharmacokinetic model for
finerenone. Black/gray dots:
prediction-corrected obser-
vations; red line: observed
median; red dashed lines: 2.5th
(as long as above the lower
limit of quantification) and
97.5th percentiles of observa-
tions; red area: 95% variability-
based prediction interval of the
simulated medians; gray area:
95% prediction interval; blue
symbols: observations below
the lower limit of quantification.
CI confidence interval

1e+03

1e+01

[Finerenone] (mcg/L)

1e-01

Time after dose (h)
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eGFR-EPI time-varying |-~

Gamma Glutamyl | .
Transferase

Race (Asian): Korean

Race (Asian): All other races* -

Glycosurics (SGLT-2 inhibitor
categories): >50%

0.8 0.9 1.0 1.1 1.2 0.8 0.9 1.0 1.1 1.2
Fold change Cpaxmd Fold change AUC; g

s

Glycosurics (SGLT-2 inhibitor | ©
categories): 0-50%/None

Smoking status: |
Former/Current

Smoking status: |
Never

CYP3A4 inhibitor use: None -+ AR

CYP3A4 inhibitor use: >50% -+ i

CYP3A4 inhibitor use: |
<50%/Unclassified

Fig. 3 Forest plots illustrating the influence of the identified covariate

effects on C,,, ,q and AUC_ 4 relative to the median covariate value

(continuous covariates) or reference subgroup (categorical covari-
ates). Black dots indicate the reference or the fold change relative to
the reference. Whiskers, shaped as an arrow, indicate the pharmacoki-
netic parameter values at the 5th-95th percentiles of the covariate
distribution, where the rear end of the arrow corresponds to the 5th
percentile and the tip of the arrow corresponds to the 95th percen-
tile of the covariate distribution. Gray bars indicate the uncertainty
(5th-95th percentiles of the simulated Sth percentile, median, and

country, race, ethnicity, renal impairment categories).
Figure 4 shows that ratios of the median exposure (C,,; nq
and AUC_ ) for a specific racial or ethnic group, includ-
ing Koreans, and the reference (subject with median expo-
sure) is always contained within the 80-125% range for
both the post-hoc-based exposure as well as the exposure
based on 1000 trial simulations. This was also the case
for all the other subgroups of interest (provided as Figs.
S2-S5 of the ESM).

3.3 TTE Model Analysis
The interim and final datasets used for the analysis contained
a total of 5659 and 5674 subjects, respectively. During a

median follow-up of 2.6 years, a kidney event contributing
to the composite endpoint occurred in 504 of 2833 patients
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95th percentile based on 10,000 simulated pharmacokinetic curves).
Vertical dashed lines indicate unity and general acceptance range for
equivalence of 0.8-1.25. AUC, ,, Area under the finerenone plasma-
concentration-time curve within a 24h dosing interval at steady-state
after once daily dosing, C, « Maximum finerenone plasma concen-

max,m

tration at steady-state after once daily dosing, CYP cytochrome P450,
eGFR-EPI estimated glomerular filtration rate derived according to
the CKD Epidemiology Collaboration, SGLT-2 sodium-glucose co-
transporter-2

(17.8%) in the finerenone group and in 600 of 2841 patients
(21.1%) in the placebo group.

The kidney composite TTE data were best described with
a Weibull hazard model. The ER relationship was imple-
mented as an E_, model with finerenone concentration in
the central compartment driving the response with neither a
Hill coefficient nor a delay. Final model parameter estimates
are shown in Table 3 and the final model code is provided in
the ESM. In general, the final kidney TTE model captured
the ER adequately (Fig. 5 and Figs. S8-S15 of the ESM).
The condition number was 1078, which indicates the pres-
ence of some collinearity in the parameter estimates. This
likely reflects the correlation of the two Weibull function
parameters and was accepted because all other statistical
criteria for model acceptance were met.
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Table 2 Par.arr}eter estimates Parameter name Estimate RSE (%)
and uncertainties of the
finerenone pharmacokinetic K, (1/h) 225 16.2
model CL/F (L/h) 29.9 3.62
VJ/F (L) 113 2.79
Q/F (L/h) 0.335 9.28
Ratio VP/F and V/F 1 (fixed) -
Absorption lag time (h) 0.215 (fixed) -
Relative bioavailaility 1 (fixed) -
Effect of body weight on V_/F 0.501 9.87
Effect of eGFR-EPI (time-varying) on CL/F and F 0.155 20.1
Effect of body height on CL/F and F 0.720 16.1
Effect of creatinine on CL/F and F 0.118 38.4
Effect for Korean subjects on V /F 1.29 6.79
Effect of SGLT?2 inhibitor use (>50% of on treatment period) on CL/F and F 1.10 2.23
Effect of smoking (current or former smokers) on CL/F and F 1.04 1.11
Effect of GGT on CL/F —0.0694 16.2
Effect of CYP3A4 inhibitor use (weak, moderate, or strong >50% of on-treat-  0.951 1.66
ment period) on CL/F and F
Effect of CYP3A4 inhibitor use (other categories) on CL/F and F 0.996 2.17
Inter-individual variability
o? CL/F* 0.0961 7.30
o? VJ/F° 0.104 18.4
Covariance CL/F X Vc/F 0.0442 194
Residual error
¢’ 0.313 2.83

CL clearance, CV coefficient of variation, CYP cytochrome P450, eGFR-EPI estimated glomerular filtra-
tion rate according to the CKD Epidemiology Collaboration equation, F bioavailability, GGT gamma glu-
tamyl transferase, K, absorption rate constant, Q intercompartmental clearance, RSE relative standard error
of estimate, SGLT2 sodium-glucose co-transporter-2, V, central volume of distribution, V,, peripheral vol-

ume of distribution

Shrinkage was 26.6%, variability expressed as CV: 31.8%
"Shrinkage was 47.8%, variability expressed as CV: 33.0%

The UACR was the most significant PF influencing the
baseline hazard (that applies to both treatment groups), with
a 85.0% decrease and a 324% increase of the hazard rela-
tive to median at the 5th and 95th percentiles of the UACR
distribution, respectively. Additional PFs were: eGFR-EPI
at baseline (+ 30.2% to — 21.7% at 5th-95th percentiles),
body mass index (+ 22.8% to — 22.2% at 5th-95th percen-
tiles), age (+ 36.9% to — 18.4% at 5th-95th percentiles),
race/ethnicity (African American + 102%, all Asian except
Japanese + 20.3%, compared to all other races/ethnicities
including Japanese), long-term use of SGLT2i treatment
(= 50.7% vs no use), any GLP-1 agonist use (— 34.2% vs
no use), and hepatic impairment (+ 69.9% for individuals
likely Child Pugh B vs likely Child Pugh A or no impair-
ment). The magnitude of these PFs is illustrated in Figs. S6
and S7 of the ESM.

The visual predictive checks of the final kidney TTE
model, stratified by exposure (defined as average expo-
sure from randomization until event) quartiles, are shown
in Fig. 5. In general, the observed Kaplan—Meier for each
exposure quartile was contained within the 95% prediction
interval. The event rate slightly decreased with higher finer-
enone exposure. A slight overprediction of the event rate in
the first 2 years in the placebo group is observed. In addi-
tion, visual predictive checks stratified by PFs in general
indicated that the TTE data are adequately captured across
the PF ranges (continuous PFs) and categories (categorical
PFs) [Figs. S8-15 of the ESM].

In general, the final kidney TTE model captured the ER
relationship adequately. The half-maximal drug effect was
estimated at 0.166 pg/L and the maximum decrease of the
hazard was estimated at 36.1% (E

max) *
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Fig.4 Comparison of C,,, g
and AUC_ 4 between racial
and ethnic groups relative to the
overall population. The % indi-
cates the percentage of subjects
within each group when com-
pared to the total population of
subjects in analyzed data. Red
dots and whiskers represent the
median and 5th-95th percen-
tiles of the C,,, ,,¢ and AUC, 4
ratio using a subject with
median C,, .4 and AUC_, as
reference, based on 1000 trial
simulations. The red areas indi-
cate the uncertainty (5th-95th
percentiles of the simulated

5th percentile, median, and

95th percentile). Blue dots and
whiskers represent the median
and 5th-95th percentiles of the
Cinax.ma and AUC, 4 ratio using
a subject with median C,,; .4
and AUC_ 4 as reference, based
on the posthoc estimates. Verti-
cal dashed lines indicate unity
and the 0.8-1.25 lines

White

Black or African American -

Asian Indian

Japanese A

Korean A

Chinese

Thai

Other

America indian or Alaska native

Native Hawaiian or other Pacific Islander

Not reported

Multiple

Table 3 Parameter estimates and uncertainties of the time-to-event
model for the renal composite endpoint

Parameter name Estimate RSE (%)
Lambda (log scale, Weibull hazard) —-19.2 2.50
Alpha (Weibull hazard) 1.80 2.76
E ax —0.361 12.9
ECs, 0.166 16.9
HILL 1 (fixed) -
Age (log-transformed) -1.13 17.8
Body mass index (log-transformed) —0.747 234
eGFR-EPI (log-transformed) —0.554 20.7
UACR (log-transformed) 1.05 4.50
Likely/certain Child-Pugh B 0.699 23.8
SGLT?2 inhibitor use >50% of on treatment — 0.507 21.1
period

Any on-treatment GLP-1 agonist use —0.342 21.3
Black/African-American 1.02 24.4
All Asian ethnicities, except Japanese 0.203 45.0

ECs, half-maximal drug effect, eGFR-EPI estimated glomerular fil-
tration rate derived according to the CKD Epidemiology Collabora-
tion, GLP-1 glucagon-like peptide-1, RSE relative standard error of
estimate, SGLT2 sodium-glucose co-transporter-2, UACR urine albu-
min-to-creatinine ratio
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4 Discussion
4.1 Pharmacokinetics

The population PK analysis of the pivotal phase III study
supports the finding from phase IIb analysis that, overall, the
pharmacokinetics are similar in patients of the target popula-
tion with CKD and T2D (ARTS-DN and FIDELIO-DKD),
phase Ila patients (ARTS) and healthy participants in phase
I studies, if differences in covariates, especially eGFR, are
taken into account [17].

While in previous studies only selected covariates were
investigated, a more comprehensive covariate screen was
conducted based on the phase III data. The identified covari-
ates are visualized in Fig. 3. Bodyweight and eGFR were
already identified based on phase IIb data [17]. In the current
analysis, eGFR calculated based on the ‘CKD Epidemiol-
ogy Collaboration’ (CKD-EPI) formula [25, 26] performed
comparably to eGFR calculated based on the ‘Modification
of Diet in Renal Disease’ (CKD-MDRD) formula used his-
torically [22-24]. However, time-varying eGFR (based on
CKD-EPI) was superior to baseline eGFR for reasons further
discussed below. Interestingly, also serum creatinine was
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Fig.5 Visual predictive check plot of the kidney time-to-event model
applied to FIDELIO-DKD data. The study was replicated 1000 times,
where individual time-to-event sampling was based on a numerical
inversion of the individual survival probability curve using a granu-
larity of 7 days. This resulted in 1000 Kaplan—-Meier (KM) curves
consisting of 5674 subjects each. The 2.5th-97.5th percentiles of
these KM curves were calculated, plotted, and overlaid with the
observed KM curve. Next to the fit of the placebo data (gray), the

identified as an independent covariate on clearance next to
eGFR, compensating for parts of the eGFR effect. Because
of the negligible renal clearance of finerenone, kidney mark-
ers such as eGFR and creatinine should be considered as
surrogates representing a more complex underlying patho-
physiology where likely accumulating uremic toxins ulti-
mately impair CYP3A4 metabolism [27]. The small effect
of SGLT2i use on clearance might also be attributable to
this phenomenon, as at least pre-clinical data indicate that
SGLT2i use may partly reverse this pathophysiology [28].
Use of CYP3A4 inhibitors showed a smaller effect than
expected based on finerenone metabolism and phase I stud-
ies [11], which is not untypical for co-medication effects
in phase III studies as, for example, co-medication dosing,
timing, and PK sampling are naturally not optimized to
show maximal effects. Additionally, the minor and clini-
cally not relevant effect of gamma glutamyl transferase as
a liver marker can possibly be attributed to an effect on
hepatic metabolization in line with small effects observed
in the hepatic impairment study [12]. The small influence
of smoking status on clearance is difficult to explain con-
sidering the known metabolism pathways of finerenone (via

finerenone-treated subjects were divided into four exposure quartiles
based on average concentration until (censored) event. The QTLS4_R
numbers at the top indicate the exposure ranges in ug/L. Thick lines
indicate the observed KM curves, where, owing to the visit-related
nature of the event, the left corner of each step should be used to
evaluate the goodness of fit relative to the ribbon, which indicates the
95% PI. PI Prediction Interval

CYP3A4 and CYP2CS, both not known for being induced by
smoking) and may reflect a more complex health impact. In
addition to bodyweight on volume, the current analysis iden-
tified body height as an additional size descriptor covariate,
however, affecting clearance and bioavailability. While dis-
cussions on allometric rules and optimal body size descrip-
tors to relate to clearance are ongoing [29, 30], it should be
noted that, generally, different size descriptors are correlated
and identifying one over the other may have various reasons.
The analysis of different races and ethnicities only showed
an effect in Korean individuals on the volume that is not
straightforward to explain. This may be a spurious finding
based on limited data (only 2.4% of subjects were Korean).

While several covariates were statistically significant on
the pre-specified level, either covariate effects themselves
or forward simulations of their effects in special subgroups
of interest, which considered the multivariate distribution of
additional covariates, were contained within typical equiv-
alence ranges (80-125%) including Korean ethnicity (see
Fig. 4). Generally, statistical significance may be achieved
also based on the large number of patients in total; however,
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the small effect sizes indicate that no covariate was clinically
significant in FIDELIO-DKD.

In line with previous analyses [14, 17], the current analy-
sis supports that the pharmacokinetics of finerenone are dose
linear. As the eGFR of patients declines over time, reflecting
both the progressive nature of CKD and age-related decline
in kidney function, this introduces a small time dependency
in the pharmacokinetics of finerenone on long time scales
as identified in the current analysis by time-varying eGFR
as a covariate, which was not observed in previous stud-
ies with a shorter duration. Overall, the final population PK
model adequately captured the typical pharmacokinetics of
finerenone and its variability in FIDELIO-DKD and allowed
for the estimation of individual PK parameter post-hoc esti-
mates to support subsequent ER analyses.

4.2 Exposure vs Kidney Outcome Events

The ER analyses of the primary kidney endpoint confirmed
the treatment benefit [3] and showed that patients with
higher finerenone exposure had a small additional benefit
from treatment. However, with a half-maximal drug effect
estimated at 0.166 pg/L, most patients receiving the higher
finerenone dose exceed that level for the entire dosing inter-
val. Therefore, the effects on the primary endpoint appear
largely saturated (Fig. S16 of the ESM). The saturation of
kidney benefits towards 20 mg of finerenone once daily is
qualitatively in line with the UACR response observed in the
ER analysis of phase IIb data approaching saturation [17].

The maximal hazard decrease for the primary endpoint is
estimated at 36.1%, assuming continuous treatment on a maxi-
mally effective dose. While the primary statistical efficacy
analysis indicated a risk reduction of 18%, an on-treatment sen-
sitivity analysis indicates a larger risk reduction of 22% [3]. On-
treatment analysis included events that occurred during phases
where dosing was interrupted and excluded events that occurred
more than 30 days after permanent drug discontinuation. In
addition, not all subjects received the 20 mg dose continuously.
Analysis of the secondary endpoint, doubling of serum creati-
nine (corresponding to an sustained eGFR decrease > 57%),
indicated a reduction of 32% under finerenone treatment [3], an
endpoint that was part of the primary composite in other recent
CKD studies such as CREDENCE [31]. These observations
highlight the potential of finerenone to significantly improve
the treatment of patients with CKD.

The parametric TTE model indicated a slight overpredic-
tion of the event rate of the primary kidney endpoint in the first
2 years in the placebo group, which may be explained by an
initial eGFR decline after start of treatment not included in the
model. An initial decline in eéGFR is observed with initiation of
MRAs as well as with renin-angiotensin system inhibitors and
SGLT2is. This decline is postulated to reflect reduced intraglo-
merular pressure, and correlates with long-term preservation of
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kidney function [32, 33]. The hypothesis that this may impact
the time to a primary kidney event is supported by explora-
tions indicating an improved fit of the placebo data when con-
sidering the initial eGFR decline (data not shown). However,
overall effects are small, also with respect to conclusions. With
more detailed eGFR analysis including data from the recently
published FIGARO-DKD study [9], this aspect may be further
evaluated and the models independently validated.

Eight PFs were identified for the treatment independent
hazard, i.e., also independent of finerenone exposure. High
UACR is an established independent prognostic factor for
kidney events and a marker of kidney damage and inflamma-
tion, and was the most significant PF. Similarly, low eGFR
(at baseline) is an established independent risk factor for fur-
ther progression towards kidney failure and was a significant
PF as well. Body mass index and age have a counter-intuitive
effect with a higher risk for kidney events associated with
lower age and lower body mass index, which is difficult
to explain. However, the magnitudes of these effects were
relatively small. African American ethnicity is a PF that
has been observed previously and may be related to a high
burden of co-morbidities and access to healthcare [34, 35].
Moderate hepatic impairment also is a PF, likely reflecting
the impact of the co-morbidity on the risk for these patients
per se, while not significantly influencing the pharmacoki-
netics in FIDELIO-DKD.

During the conduct of FIDELIO-DKD, evidence of cardio-
renal protection in patients with CKD was also observed with
SGLT2is in other phase III trials [31, 36]. As shown in the
FIDELIO-DKD analysis here, SGLT2i use reduced the risk of
a kidney event independent of finerenone treatment by 50.7%
(95% confidence interval 29.8-71.6). This effect size is even
larger than what has been reported from, for example, the CRE-
DENCE trial where MRA use was excluded and may reflect
confounding factors not reflected in the multivariate analysis
[31]. As the primary statistical subgroup analysis was not con-
clusive on the benefits of finerenone in the subgroup of patients
receiving SGLT2is at baseline [3], SGLT2i use was additionally
(post-hoc) tested for its potential to modify the treatment effect
of finerenone. No significant effect of SGLT2i use on the effect
of finerenone on the primary endpoint per se was found. These
analyses therefore indicate independent and additive effects of
finerenone and SGLT2is on the primary kidney endpoint. The
more conclusive findings of the ER analysis compared with the
statistical sub-group analysis can be explained by differences
in the SGLT?2i use definition (in the subgroup analysis, base-
line use only was considered, while in this analysis, long-term
treatment use was considered), the difference between TTE
approaches (non-parametric in the subgroup analysis compared
to the parametric approach allowing for inclusion of several PFs
and thus multivariate analysis), and finally, the higher power of
identifying an effect when considering treatment as a continu-
ous exposure rather than a binary variable only. The finding
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could be important for patients and prescribers as it supports a
potential use of a SGLT2i on top of finerenone, or vice versa.
As a potential limitation it should be noted that the number of
SGLT2i users as defined here was limited as well, and long-
term treatment use did not consider exact drug, time, duration,
or dose regimen information of concomitant SGLT2i use. Thus,
refined analysis and future data could be used to further sub-
stantiate this finding.

5 Conclusions

In summary, the analyses support the previous analysis
indicating that the pharmacokinetics of finerenone is over-
all well characterized. In FIDELIO-DKD, no clinically
relevant covariates for pharmacokinetics were identified.
The exposure vs TTE analyses are in line with the primary
efficacy analysis, support the tested dosing regimen, and
indicate an independent and additive benefit of finerenone
and SGLT?2i use.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40262-021-01082-2.
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