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Abstract
Introduction SPI-62 is a small-molecule 11β-hydroxysteroid dehydrogenase type 1 (HSD-1) inhibitor exhibiting complicated 
nonlinear pharmacokinetics (PK) in human. Previously, we developed a target-mediated drug disposition (TMDD) model to 
characterize the substantial nonlinear PK of SPI-62.
Objective The aim of the current analysis was to perform population PK/PD analysis to further link SPI-62 exposure (i.e., 
PK) with its response (i.e., inhibition of hepatic HSD-1 activity) to gain a quantitative understanding of the SPI-62 dose-
exposure-response relationship.
Methods PK and PD data from the first-in-human (FIH) clinical trials, including single ascending dose (SAD) and multiple 
ascending dose (MAD) studies, were used for model development. During the model development process, the final model 
selection was based on biological and physiological plausibility, goodness-of-fit plots, stability of parameter estimates, and 
objective function value. The nonlinear-mixed effect modeling (NONMEM) software was used for both the implementation 
of the PK/PD model and model simulation. SPI-62 plasma levels and hepatic HSD-1 inhibition over time following various 
dose regimens were simulated.
Results The final model was a two-compartment TMDD model component for SPI-62 and an inhibitory Imax model compo-
nent for hepatic HSD-1 activity. The TMDD-hepatic PD model that we established adequately characterized all remarkable 
PK and PD behaviors of SPI-62, such as extremely low plasma exposures following the first low doses, nonlinear PK turned 
into linear PK after repeated low doses, and substantial and long-lasting hepatic HSD-1 inhibition following low doses. SPI-
62 was estimated to bind to the target with a second-order association rate constant (Kon) of 8.43  nM−1  h−1 and first-order 
dissociation rate constant (Koff) value of 0.229  h−1, indicating that SPI-62 binds rapidly to, and dissociates slowly from, its 
pharmacological target. The estimated target capacity (Rtot) of 5460 nmol corresponds to approximately 2.2 mg of SPI-62, 
which comports well with the dose range in which PK nonlinearity is prominent. Model simulation results reveal that a 6 
mg once-daily regimen can lead to long-lasting and substantial hepatic HSD-1 inhibition.
Conclusions A population TMDD-PD model that explains SPI-62 nonlinear PK and hepatic HSD-1 inhibition following 
different dose regimens in healthy adults was successfully established. Our simulation results provide a solid foundation for 
model-informed development of SPI-62.

1 Introduction

The 11β-hydroxysteroid dehydrogenases (HSDs) regulate 
the intracellular levels of glucocorticoids. There are two iso-
forms: HSD-1 converts inactive cortisone to active cortisol, 
and HSD-2 converts cortisol to cortisone [1]. HSD-2 pro-
tects mineralocorticoid-sensitive tissues (e.g., distal tubule 
of the kidney) from acute cortisol toxicity. HSD-1 is abun-
dantly expressed in tissues in which glucocorticoid signaling 
serves physiological functions (e.g., liver, fat, muscle, skin, 
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Key Points 

A population model, including a two-compartment 
target-mediated drug disposition (TMDD) model 
with three transit absorption compartments for SPI-62 
disposition and an inhibitory Imax model for hepatic 
11β-hydroxysteroid dehydrogenase type 1 (HSD-1) 
activity, was established to describe SPI-62 nonlinear 
pharmacokinetics (PK) and substantial and durable 
hepatic HSD-1 inhibition in human.

The TMDD-pharmacodynamic (PD) modeling and 
simulation results provide a strong foundation for model-
informed development of SPI-62. To the extent that 
TMDD is a class effect of HSD-1 inhibitors, the TMDD-
PD model that we developed for SPI-62 has potential to 
be utilized for other members of the class to facilitate 
interpretation of their PK and PD data as well as future 
clinical trial design.

eye, and brain) at normal levels and can have pathological 
effects when in excess. In addition to endogenous gluco-
corticoids, HSDs act similarly on the glucocorticoid medi-
cines by interconverting their inactive (e.g. prednisone) and 
active (e.g. prednisolone) forms [2]. Chronic elevation of the 
endogenous glucocorticoid cortisol can result in Cushing’s 
syndrome and autonomous cortisol secretion (ACS), condi-
tions associated with excess mortality and serious morbidity, 
including diabetes, cardiovascular disease, obesity, osteo-
porosis, mood disorders, and cognitive impairments [3–5]. 
Glucocorticoid medicines are associated with approximately 
10% of all drg adverse events, including those that result 
in hospitalization [6]. The important role of HSD-1 in the 
biology of cortisol and the corticosteroid medicines makes 
it an attractive therapeutic target for the diseases and drug 
adverse effects mentioned above [7, 8].

SPI-62 (formerly known as ASP3662, CAS# 1204178-
50-6), is a potent and selective small-molecule HSD-1 
inhibitor with high affinity against human HSD-1 and 
minimal activity on HSD-2 [9]. Currently, SPI-62 is in 
clinical development for Cushing’s syndrome and ACS, 
and as adjunctive therapy to prednisolone in patients with 
polymyalgia rheumatica. As part of the clinical develop-
ment of SPI-62, the safety, pharmacokinetics (PK) and 
pharmacodynamics (PD) of SPI-62 in healthy adults were 
evaluated in a single ascending dose (SAD) trial as well as 
a multiple ascending dose (MAD) trial [9]. The PK results 
from these two phase I clinical trials showed that SPI-
62 has substantial and complex nonlinear PK in humans, 
which appeared to be caused by the specific and saturable 
binding of a highly potent small molecule, SPI-62, to its 

low-capacity pharmacological target HSD-1, known as 
target-mediated drug disposition (TMDD) [10, 11]. The 
key nonlinear PK behaviors of SPI-62 are: (1) following 
single doses, SPI-62 demonstrated linear PK at high doses 
but pronounced nonlinear PK at low doses; and (2) fol-
lowing multiple doses, nonlinear PK observed following 
first low doses turned into linear PK with unusually high 
accumulation ratios for low doses that cannot be explained 
by SPI-62’s elimination half-life [9]. Based on the PK data 
from SAD and MAD trials, we established a TMDD model 
to characterize SPI-62 nonlinear PK in humans [12].

In MAD trial low-dose cohorts, in addition to PK, 
exploratory PD assessments were also performed. Cor-
tisol and cortisone are converted by sequential action of 
5α- and 5β-steroid reductases followed by 3-steroid reduc-
tase to form tetrahydrocortisol, allotetrahydrocortisol, and 
tetrahydrocortisone that are excreted in urine [13, 14]. The 
urinary ratio of cortisol metabolites (tetrahydrocortisol + 
allotetrahydrocortisol) to cortisone metabolite (tetrahy-
drocortisone) is commonly referred as the urinary HSD-1 
ratio since it represents HSD-1 inhibition in liver. The 
urinary HSD-1 ratio data clearly showed that substantial 
HSD-1 inhibition was observed even after the first dose 
of 0.7 mg [9]. After repeated doses, full HSD-1 inhibi-
tion was achieved by all dose levels evaluated (0.2 mg 
with a 3 mg loading dose, 0.4 mg, 0.7 mg, and 2 mg). In 
addition, HSD-1 inhibition was long-lasting, as reflected 
by the incomplete return of the urinary HSD-1 ratio to 
baseline approximately 16 days after the last dose even 
with the lowest dose tested, i.e., 0.2 mg [9]. The data of 
the time course of the HSD-1 activity are informative and 
valuable—they not only serve as strong evidence of HSD-
1-mediated nonlinear PK of SPI-62 (i.e. pharmacological 
TMDD) but also provide an opportunity to quantitatively 
evaluate the exposure-response relationship between SPI-
62 and hepatic HSD-1 inhibition. As noted earlier, we pre-
viously developed a TMDD model to characterize the rela-
tionship between dose and exposure of SPI-62 in human. 
The aim of the current analysis was to perform population 
PK/PD analysis to further link SPI-62 exposure (i.e. PK) 
with its response (i.e. inhibition of hepatic HSD-1 activity) 
using the pooled PK data from the SAD and MAD trials 
and PD data from the MAD trial.

2  Methods

2.1  Data Source

The modeling work was conducted based on the key PK 
and PD data from two phase I clinical trials (SAD and 
MAD) conducted in healthy adults [9]. The data included 
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in the analysis are summarized in Table 1 and are briefly 
described below.

In the SAD trial, 48 subjects were randomized into six 
dose cohorts: 1, 3, 6, 10, 30, and 60 mg. In each cohort, 
subjects were randomized to receive either placebo (n = 2) 
or SPI-62 oral administration (n = 6). Data used for the 
model development were from the 1, 3, 6, and 10 mg 
cohorts. For PK evaluation, serial blood samples were 
collected at 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, 18, 24, 36, 48, 
and 72 h after oral dose administration for the 1, 3, and 10 
mg cohorts, while two additional blood samples were col-
lected at 96 and 120 h after dose administration for the 6 
mg cohort. SPI-62 plasma concentrations were determined 
by a validated high-performance liquid chromatography 
with tandem mass spectrometry (LC-MS/MS) method. The 
lower limit of quantification (LLOQ) was 0.1 ng/mL [9].

The MAD trial investigated high (10, 20, and 50 mg) 
and low (0.2, 0.4, 0.7, and 2 mg) oral doses separately. As 
high-dose data were not included in our analysis, here we 
only describe the low-dose design. Four subjects received 
a 3 mg loading dose on Day 1 and then 0.2 mg once-daily 
doses on Days 2–14. Four subjects received 0.4 mg once-
daily doses on Days 1–14. Twelve subjects (six each at 0.7 
and 2 mg doses) received a single dose of SPI-62 on Day 
1, followed by a 6-day washout period, and then once-
daily doses on days 7–20. For the PK assessment, serial 
blood samples were obtained at 0.5, 1, 1.5, 2, 3, 4, 8, 12, 
16, and 24 h after the first dose, as well as 0.5, 1, 1.5, 2, 
3, 4, 8, 12, 16, 24, 48, 72, 96, 120, 144 and 168 h after 
the last dose. Six additional PK samples were collected at 
36, 48, 72, 96, 120, 144 h after the first dose of 0.7 or 2 
mg. SPI-62 plasma concentrations were determined by a 
validated LC–MS/MS assay. The LLOQ was 4 pg/mL [9]. 
For PD assessment, urine samples from the first-morning 
void were collected at predose, and on Days 1, 2, 3, 4, 5, 
6, 8, 10, 12, 14, 16, 18, 20, 22, 23, 24, 25, 26, and 27 for 
subjects administered 0.7 or 2 mg SPI-62. Urine samples 
from the first morning void were collected at predose, 
and on Days 1, 8, 10, 12, 14, 16, 18, 20, 21 for subjects 
administered 0.2 or 0.4 mg SPI-62 [9]. The urine samples 
for steroid analysis were analyzed using validated liquid 
chromatographic-tandem mass spectrometric methods [9, 
15]. The hepatic activity of HSD-1 was calculated as the 
urinary ratio of (tetrahydrocortisol + allotetrahydrocor-
tisol)/tetrahydrocortisone. While the amounts of tetrahy-
drocortisol, allotetrahydrocortisol, and tetrahydrocortisone 
vary (similarly to cortisol) between urine samples, the 
ratio is comparatively invariant.

Please note that during model development process, 
we initially used PK data from all dose groups, including 
those ≥ 20 mg dose groups where linear PK was dem-
onstrated. However, although the model converged and 
generated similar parameter estimates as those obtained 

using the subset (doses up to 10 mg only) data, combin-
ing all data provided poor model fitting for those low-dose 
groups, which is not acceptable since those low doses are 
the target doses in patients. We would like to highlight that 
almost complete inhibition of hepatic HSD-1 was achieved 
with regimens as low as 0.2 mg once daily, the lowest 
dose tested; this indicated that data from those high-dose 
groups (≥ 20 mg) will not be informative, as those doses 
will not be considered in the patients.

In the population modeling analysis, there were 996 
plasma concentrations, with 222 below LLOQ, and 279 
observed baseline-corrected hepatic HSD-1 activity (%) 
data, with one outlier excluded. The PK and PD data were 
from 44 healthy subjects, including 24 subjects from the 
SAD study and 20 subjects from the low-dose cohort of the 
MAD study. Below the limit of quantification (BLQ) data 
for SPI-62 were replaced with LLOQ/2, considering that it 
has provided the best model fitting among seven different 
methods for BLQ inference that we have evaluated [12].

2.2  Pharmacokinetic (PK) and Pharmacodynamic 
(PD) Modeling

Simultaneous PK and PD modeling was performed using 
the nonlinear mixed-effect modeling approach with NON-
MEM (version 7.4.3; Icon Development Solutions, Ellicott 
City, MD, USA) using the first-order conditional estima-
tion method with interaction (FOCEI) and a user-defined 
subroutine (ADVAN13). Simulations were performed in 
NONMEM (version 7.4.3; ICON Development Solutions) 
using the final PK/PD model. Data formatting, simulation 
dataset creation, and simulation postprocessing were per-
formed using R software version 3.4.0. Graphical analyses 
were conducted using Sigmaplot 13.0 (Systat Software, San 
Jose, CA, USA) and R software (The R Foundation for Sta-
tistical Computing, Vienna, Austria).

We previously established a two-compartment TMDD 
model with three transit compartments to characterize 
nonlinear PK of SPI-62 in healthy adults. In the current 
analysis, SPI-62 plasma concentrations from the SAD 
(≤ 10 mg dose groups) and MAD (≤ 2 mg dose groups) 
trials, as well as HSD-1 activity data from the MAD trial, 
were pooled together for simultaneous fitting. The TMDD 
model structure is identical to the one we have published. 
Only a brief description of model structure with key equa-
tions for that reported TMDD model is provided here. In 
our reported model, SPI-62 in the depot was absorbed 
into the central compartment through three transit com-
partments, which were parameterized using four identical 
transit absorption rate constants (Ktr). SPI-62 was distrib-
uted between the central compartment and the peripheral 
compartment following a distribution flow (Q). Linear 
elimination of SPI-62 from the central compartment was 
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characterized by clearance (CL). SPI-62 distributed in the 
central compartment could bind with HSD-1 to form a 
drug-target complex with a second-order association rate 
constant (kon), and in turn, the complex could dissociate 
to free drug and HSD-1 with a first-order dissociation rate 
constant (koff). The total amount of HSD-1 (Rtotal) was 
assumed to be a constant. No target synthesis or degrada-
tion processes were included in that model. Following are 
the equations used to characterize the PK data.

The equations for the depot and the three transit compart-
ments were as follows (Eqs. 1–4):

(1)
dAdepot,SPI62

dt
= −Ktr × Adepot,SPI62

Adepot,SPI62(0) = Dose × F

(2)
dAtrans1,SPI62

dt
= Ktr × Adepot,SPI62 − Ktr × Atrans1,SPI62

Atrans1,SPI62(0) = 0

(3)
dAtrans2,SPI62

dt
= Ktr × Atrans1,SPI62 − Ktr × Atrans2,SPI62

Atrans2,SPI62(0) = 0

where Adepot,SPI-62, Atran1,SPI-62, Atran2,SPI-62, and Atran3,SPI-62 
represent the amount of SPI-62 in depot and transit com-
partments 1, 2, and 3, respectively; Ktr represents the transit 
absorption rate constant; and F represents the bioavailability 
of SPI-62.

The equation for the central compartment is shown below 
(Eq. 5):

The equation for the peripheral compartment is as fol-
lows (Eq. 6):

The equation for binding with the high-affinity/low-
capacity site compartment is shown below (Eq. 7):

(4)
dAtrans3,SPI62

dt
= Ktr × Atrans2,SPI62 − Ktr × Atrans3,SPI62

Atrans3,SPI62(0) = 0,

(5)

dAcen,SPI62

dt
= Ktr × ATrans3,SPI62 − Kon × Ccen,SPI62 × (Rtotal − RC)

+ Koff × RC − CL∕Vcen,SPI62 × Acen,SPI62 − Q∕Vcen,SPI62

× Acen,SPI62 + Q∕Vperi,SPI62 × Aperi,SPI62

Acen,SPI62(0) = 0.

(6)

dAperi,SPI62

dt
=

Q

Vcen,SPI62

× Acen,SPI62 − Q∕Vperi,SPI62 × Aperi,SPI62

Aperi,SPI62(0) = 0.

Table 1  Overview of SPI-62 PK and hepatic HSD-1 activity data included in the population PK/PD analysis

PK pharmacokinetic, PD pharmacodynamic, MAD multiple ascending dose, SAD single ascending dose, QD once daily, LLOQ lower limit of 
quantification

Study Dosing regimens Data type Sampling time points

SAD (n = 6 for each dose) 1, 3, 6, 10 mg single dose PK 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, 18, 24, 36, 48, and 72 h post-dose; 
additional 96 and 120 h postdose for the 6 mg dose (LLOQ = 0.1 
ng/mL)

MAD (n = 4 for 0.2- and 
0.4-mg dose groups; n = 6 
for 0.7- and 2-mg dose 
groups)

3 mg loading dose on day 1
0.2 mg qd doses on days 2–14

PK 0.5, 1, 1.5, 2, 3, 4, 8, 12, 16, and 24 h after the first dose; 0.5, 1, 
1.5, 2, 3, 4, 8, 12, 16, 24, 48, 72, 96, 120, 144, and 168 h after 
the last dose (LLOQ = 4 pg/mL)

PD Predose and Days 1, 8, 10, 12, 14, 16, 18, 20, and 21 from the first 
morning void

0.4 mg QD doses on days 1–14 PK 0.5, 1, 1.5, 2, 3, 4, 8, 12, 16, and 24 h after the first dose; 0.5, 1, 
1.5, 2, 3, 4, 8, 12, 16, 24, 48, 72, 96, 120, 144, and 168 h after 
the last dose (LLOQ = 4 pg/mL)

PD Predose and Days 1, 8, 10, 12, 14, 16, 18, 20, and 21 from the first 
morning void

0.7 and 2 mg single dose on day 1
QD doses on days 7–20

PK 0.5, 1, 1.5, 2, 3, 4, 8, 12, 16, 24, 36, 48, 72, 96, 120, and 144 h 
after the first dose and 0.5, 1, 1.5, 2, 3, 4, 8, 12, 16, 24, 48, 72, 
96, 120, 144, and 168 h after the last dose (LLOQ = 4 pg/mL)

PD Predose and Days 1, 2, 3, 4, 5, 6, 8, 10, 12, 14, 16, 18, 20, 22, 23, 
24, 25, 26, and 27 from the first morning void
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where Acen,SPI-62 and Ccen,SPI-62 represent the amount and 
concentration of SPI-62 in the central compartment, respec-
tively; Aperi,SPI-62 represents the amount of SPI-62 in the 
peripheral compartment; Vcen,SPI-62 and Vperi,SPI-62 represent 
the volume of distribution of the central and peripheral com-
partments; CL and Q represent the clearance and distribution 
flow, respectively; Kon and Koff represent the association and 
dissociation rate constants, respectively; RC represents the 
amount of SPI-62: R complex; and Rtotal represents the total 
amount of HSD-1.

2.2.1  PD Structural Model

Hepatic HSD-1 activity was measured as the urinary ratio 
of (tetrahydrocortisol + allotetrahydrocortisol) /tetrahydro-
cortisone. For modeling convenience, observed baseline-
corrected HSD-1 activity was used and was calculated as 
shown in the following formula (Eq. 8):

Accordingly, the pharmacologic effect of SPI-62 on 
hepatic HSD-1 is calculated as follows (Eq. 9)

Exploratory graphical analysis was performed first to 
examine the relationship between the observed HSD-1 
activity and SPI-62 exposure. Urine samples for PD assays 
and blood samples for the SPI-62 assay were not collected 
at the same times. Hence, time-matched SPI-62 plasma 
concentrations were predicted using the established TMDD 
model. Time-matched model-predicted SPI-62 concentra-
tions were then plotted against the HSD-1 activity to bet-
ter visualize the potential relation between each other. As 
a nonlinear relationship was observed, several different 
inhibitory Imax models were evaluated to describe the expo-
sure-response relationship between SPI-62 concentrations 
and hepatic HSD-1 activities (electronic supplementary 
material [ESM] Table S1). The final PK/PD model con-
tained a TMDD model with three transit absorption com-
partments for SPI-62 PK, and an inhibitory Imax model to 
link SPI-62 concentrations with HSD-1 activities. Hepatic 
HSD-1 activity (%) was modeled as follows (Eq. 10):

(7)
dRC

dt
= Kon × Ccen,SPI62 × (Rtotal − RC) − Koff × RC

RC(0) = 0,

(8)

Observed baseline corrected HSD-1 activity

=
HSD-1 activity in specific sampling timepoint

baseline
× 100(%).

(9)

Hepatic HSD-1 inhibition (%) = 100

− Observed baselinecorrected HSD-1 activity.

Inter-individual variability (IIV) was estimated using 
an exponential model that was assumed to be normally 
distributed, with a mean of 0 and a variance of ω2.

Additive and proportional models, and a combined pro-
portional and additive residual variability (RV) model, 
were tested for both PK and PD structural models. RV 
was assumed to be normally distributed, with a mean of 
0 and a variance of 2ס.

After the structural PK/PD model was constructed, 
covariate analyses were conducted. Individual estimates 
of IIVs for several PK/PD parameters (Vcentral, CL, Ktr, 
Koff, Rtotal and  IC50) were plotted against covariates 
including age (35.9 ± 9.65 years [mean ± SD]; distri-
bution is shown in ESM Fig. S1), sex (33 males and 11 
females), body weight (76.5 ± 12.1 kg [mean ± SD]; dis-
tribution is shown in ESM Fig. S1), and race (14 Black, 
26 White, 3 Asian, and 1 Native) to visualize the potential 
relationships. Formal covariate analysis was to be per-
formed using stepwise covariate modeling with an alpha 
level of 0.05 (ΔOFV >3.84, Δdf = 1) for forward addition 
and an alpha level of 0.001 (ΔOFV >10.83, Δdf = 1) for 
backward deletion.

2.2.2  Model Evaluation

The final model was selected based mainly on graphical 
diagnostics and objective function values. When models 
are nested, ΔOFV is nominally Chi-square distributed, 
and a difference of −3.84 corresponds approximately 
to a p value < 0.05 for 1 degree of freedom. Graphical 
diagnostics included standard goodness-of-fit plots (pop-
ulation-predicted concentrations [PRED] vs. observed 
concentrations [DV]; individual-predicted concentra-
tions [IPRED] vs. DV; conditional weighted residuals 
[CWRES] vs. PRED; and CWRES vs. time), model fitting 
for time course PK and PD data, and prediction‐corrected 
visual predictive check (pcVPC).

2.2.3  Simulations

PK sampling timepoints included prior to dosing (i.e., 0) and 
0.5, 1, 1.5, 2, 3, 4, 8, 12, 16, and 24 h after the first dose, as 
well as 0.5, 1, 1.5, 2, 3, 4, 8, 12, 16, 24, 48, 72, 96, 120, 144, 
and 168 h after the last dose. PD samples were scheduled to 
be collected immediately before each daily dosing (trough) 
and collected for 1 week after the last dose. Using the final 
model and its parameter estimates, 1000 virtual observations 

(10)

Predicted hepatic HSD-1 activity (%) = 100 ×

(

1 −
Imax × C

r

IC50
r + Cr

)

.
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at each sampling time point were simulated. Variability in 
the simulation results was contributed by IIV in PK param-
eters. The 5th, 50th, and 95th percentiles of the simulated 
data were then plotted.

The following dosing scenarios were simulated:
Scenario 1: 0.4, 1, 2, 3, 6, 10 mg once-daily dose on days 

1–14.
Scenario 2: 3 mg loading dose on day 1 followed by a 0.4 

mg or 1 mg once-daily dose on days 2–14.

3  Results

3.1  Observed Data

Figure 1 shows the time course of hepatic HSD-1 inhibition, 
calculated based on the observed remaining HSD-1 activity, 
and time-matched SPI-62 concentrations predicted using the 
TMDD model established using PK data alone. As shown 
in Fig. 1, following low doses of SPI-62, substantial HSD-1 
inhibition was observed, even though the plasma exposure of 
SPI-62 was extremely low. After the last dose of SPI-62, the 
HSD-1 inhibitory effect persisted for many days. In addition, 
there was no time delay between the maximum concentra-
tion (Cmax) of SPI-62 and maximal HSD-1 inhibition, indi-
cating a direct relationship between SPI-62 exposure and 
response. Figure 2 shows the relationship between observed 
hepatic HSD-1 activity and time-matched SPI-62 concen-
trations predicted using the final TMDD model established 
using PK data alone. As shown in Fig. 2, a clear inhibitory 
nonlinear relationship was demonstrated.

3.2  Final Model Structure

During the model development phase, the TMDD model 
component for the PK part and the different types of Imax 
model component for the PD part were explored. In addition 
to the structural model, we also optimized the statistical 
model component by testing IIV on different parameters as 
well as error models. Among the different models tested, the 
TMDD model with three transit absorption compartments 
for PK and an inhibitory Imax model (100 ×

(

1 −
Imax×C

r

IC50
r+Cr

)

) 
with IIV on  IC50 for PD was found to be the best PK/PD 
model structure (Fig. 3). Exploratory covariate analysis 
showed that there was no meaningful impact of age, sex, 
body weight or race on any model parameters (p > 0.05 for 
all plots) [ESM Fig. S2]. Accordingly, formal standard for-
ward addition and backward elimination covariate testing 
was not performed. Since there were no covariates, the final 
PK/PD model was identical to the base PK/PD model.

3.3  Parameter Estimates

The parameter estimates for the final simultaneous PK/
PD model are presented in Table 2. SPI-62 bound to its 
target with a Kon of 8.43  nM−1  h−1, and dissociated from 
the SPI-62:R complex with a Koff of 0.229  h−1. These PK 
parameters estimated using combined PK and PD data 
are very close to those estimated using the PK data alone. 
The capacity of the target (Rmax) was estimated to be 5460 
nmol, which is similar to the value estimated using PK 
data alone (6070 nmol). The  IC50 of SPI-62 on hepatic 
HSD-1 inhibition was estimated to be 0.0787 nM (i.e., 
0.0334 ng/mL), within twofold of the average Cmax of a 
single dose of 0.7 mg SPI-62 (0.0185 ng/mL). The esti-
mated  IC50 is close to the estimated Kd (0.0272 nM), cal-
culated as the ratio of Koff and Kon, and is far less than the 
Ki (5.3 nM) value measured in vitro. As shown in Table 2, 
the standard errors of the estimated typical structural PK/
PD parameters were all estimated with sufficient preci-
sion, as suggested by low relative standard errors.

3.4  Model Evaluation

The time courses of mean observed versus population 
predicted plasma concentrations of SPI-62 after single- or 
multiple-dose in healthy adults are presented in Fig. 4. 
Concentration–time profiles of SPI-62 after various sin-
gle-dose level (1–10 mg) administrations were adequately 
captured by the final model. This model also provided 
a good fit for SPI-62 PK profiles in the multiple-dose 
study, except for a slight overprediction for concentrations 
measured on day 1 of the 0.7 mg dose group.

The time course of mean observed versus population 
predicted SPI-62 concentrations and HSD-1 activity after 
0.2, 0.4, 0.7, and 2 mg multiple doses in healthy adults are 
presented in Fig. 5. The final model adequately character-
ized the HSD-1 activity time profiles after multiple-dose 
administrations. There is good agreement between the 
observed and predicted data, except for slight overpre-
diction for HSD-1 activity on day 1 of both the 0.7 and 2 
mg dose groups.

Additional goodness-of-fit plots, presented in ESM 
Fig. S3, further confirmed that the final model described 
SPI-62 PK and PD adequately at both the population 
and individual levels. The pcVPC plots, which show the 
adequacy of the final TMDD-liver PD model, are shown 
in Fig. 6.
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3.5  Simulation Profiles

To better understand the PK/PD relationship, simulations for 
PK and PD (HSD-1 activity) under different dose regimens 
were conducted. The results are shown in Figs. 7 and 8.

Substantial HSD-1 inhibition was predicted for all simu-
lated doses, with full inhibition being achieved when SPI-62 
≥ 2 mg once daily is administered. The inhibitory effect of 
SPI-62 on hepatic HSD-1 is long lasting, as reflected by 
the substantial inhibition through 7 days after the last dose. 
The time to reach maximum PD effect is dose-dependent. 
For example, it took around 10 days to reach steady-state 
after a 0.4 once-daily dose and only about 1 day to reach 
steady-state after a 4 mg once-daily dose. Administration 
of a loading dose, as shown in Fig. 8, could bring HSD-1 
inhibition to its maximum level within the first dose interval. 

The variability of simulated HSD-1 activity became smaller 
as SPI-62 dose increased.

4  Discussion

For small molecules exhibiting TMDD with targets located 
in tissues, although the TMDD model has been developed 
for several of them [16–18], reports on the TMDD-PD 
model are quite limited, possibly due to the lack of time-
course PD data. Extensive time-course hepatic HSD-1 activ-
ity data, together with the unusual and complex nonlinear 
PK of SPI-62, enabled construction of a population TMDD-
PD model that adequately captured SPI-62 nonlinear PK and 
hepatic HSD-1 inhibition following different dose regimens 
in healthy adults. The final model structure contains a two-
compartment TMDD model with three transit absorption 

Fig. 1  Time courses of mean observed hepatic HSD-1 inhibition and 
mean individual model-predicted SPI-62 plasma concentrations fol-
lowing 0.2, 0.4, 0.7, and 2 mg oral multiple doses of SPI-62. Vertical 
black lines represent the start and stop of multiple doses. For subjects 

who received 0.2 mg SPI-62, a loading dose of 3 mg was adminis-
tered. For subjects who received 0.7 mg or 2 mg, a single dose of 
SPI-62 was followed by a 6-day washout before the start of the QD 
dose regimens. QD once daily
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compartments for SPI-62 disposition and an inhibitory Imax 
model for hepatic HSD-1 activity. SPI-62 was estimated 
to bind to the target with a second-order association rate 
constant (Kon) of 8.43  nM−1h−1, and dissociate back to free 
enzyme and drug with a  Koff value of 0.229  h−1, indicating a 
rapid binding and slow dissociation of SPI-62 to its pharma-
cological target, HSD-1. The estimated target capacity (Rtot) 
of 5460 nmol corresponds to approximately 2.2 mg of SPI-
62, which comports well with the dose range in which PK 

nonlinearity is prominent. Both the estimated dissociation 
equilibrium constant (Koff/Kon) of 27.2 pM from the TMDD 
model component and estimated  IC50 of 78.7 pM from the 
PD model component are consistent with very high SPI-62 
potency and observed achievement of substantial HSD-1 
inhibition at steady state, with SPI-62 daily doses substan-
tially lower than would be predicted from a measured Ki of 
5.3 nM.

Our results provide a compelling example showing that 
TMDD, mediated by its pharmacological target, does occur 
in small-molecule compounds. TMDD is a term to describe 
nonlinear PK that is caused by the interaction between a 
drug and its pharmacological target [10]. Although TMDD 
in large-molecule compounds is well accepted, its occur-
rence in small molecules has not been widely recognized 
[11, 19, 20]. One reason for this oversight is that mecha-
nistic studies or PD investigation are often not conducted 
for many small molecules that exhibit TMDD. As a result, 
whether the observed nonlinear PK are truly caused by the 
interaction with the drug’s pharmacological target might 
remain unverified. For small molecules exhibiting TMDD 
with target located in tissues, they demonstrate linear PK at 
high doses and substantial nonlinear PK following single 
low doses, as reflected by unusually low plasma exposures 
[19, 21]. The explanation for this nonlinear PK behavior 
is that after a first low dose, a large fraction of the dose is 
trapped to a high-affinity/low-capacity site so that only a 
small amount of drug molecules is present in systemic cir-
culation, resulting in extremely low plasma exposures [21]. 
If this ‘site’ is truly the drug’s pharmacological target, a 
significant PD effect should be observed following the first 

Fig. 2  Log-scale scatter plot of the relationship between time-
matched SPI-62 plasma concentrations predicted using the estab-
lished TMDD model and the percentage of the observed baseline-
corrected hepatic HSD-1 activity. TMDD target-mediated drug 
disposition, LLOQ lower limit of quantification

Fig. 3  Final TMDD model describing the pharmacokinetics and 
pharmacodynamics of SPI-62. The absorption process of SPI-62 was 
characterized by four sequential first-order transit absorption rate 
constants (Ktr). SPI-62 in the central compartment (Ccentral, Vcentral) 
can distribute to the peripheral compartment (Cperipheral, Vperipheral) by 
distribution flow (Q) and be eliminated by a linear elimination path-
way that is characterized by CL/V. SPI-62 can bind with HSD-1 (i.e., 
R) with second-order association rate constant (Kon) to form SPI-
62:R complexes. SPI-62:R can dissociate back to free drug and free 

HSD-1 target with the first-order dissociation rate constant (Koff). 
The total amount of HSD-1 in human (Rmax) is assumed to be con-
stant. The relation between HSD-1 inhibition versus SPI-62 plasma 
concentrations was described by a sigmoid  Imax model. In the sigmoid 
Imax model, the sigmoid character of the curve is determined by the 
power coefficient γ. Imax maximum drug inhibition effect, IC50 SPI-
62 plasma concentration at 50% of Imax, TMDD target-mediated drug 
disposition
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dose no matter how low the plasma exposure is. In addition, 
the PD effect would last long after the last dose since drug 
molecules bind tightly to the pharmacological target. That 
is exactly what was observed in SPI-62 in these two phase 

I clinical trials. For example, more than 40% of hepatic 
HSD-1 inhibition was observed following a single dose of 
0.7 mg SPI-62, when the average Cmax of SPI-62 was only 
0.02 ng/mL and concentrations were undetectable at many 
time points [9]. In addition, inhibition of hepatic HSD-1 
persisted even after a 6-day wash out, with > 30% inhibition 
being observed on day 6. Similarly, full HSD-1 inhibition 
was observed after repeated doses in all low dose groups 
(0.2–2 mg), and the inhibition lasted many days after the last 
dose, even with the lowest dose tested, i.e. 0.2 mg [9]. The 
TMDD-hepatic PD model that we established adequately 
characterized all remarkable PK and PD behaviors of SPI-
62, such as extremely low plasma exposures following the 
first low doses, nonlinear PK turned into linear PK after 
repeated low doses, as well as substantial and long-lasting 
hepatic HSD-1 inhibition following low doses.

The nonlinear PK behavior of SPI-62 in human is not 
unique. Other HSD-1 inhibitors, including ABT-384 [17], 
MK-0916 [22], and BMS-823778 [23], showed strikingly 
similar nonlinear PK patterns in SAD and MAD trials when 
drug PK across a wide dose range, starting from a very low 
dose, were evaluated in healthy adults. For ABT-384 nonlin-
ear PK, we previously performed population PK modeling. 
The best model was found to be a two-compartment TMDD 
model with three transit absorption compartments [17], a 
model structure that is identical to the one we established 
for SPI-62 in the current analysis. In the ABT-384 MAD 

Table 2  Parameter estimation from the final PK/PD model

PK pharmacokinetic, PD pharmacodynamic, RSE (%) Relative standard error (%)
a These are apparent parameters as bioavailability (F) is unknown

Parameter Unit Definition Estimates RSE (%) Shrinkage (%)

Vcen
a L Volume of distribution of the central compartment 152 16

CLa L/h Clearance 10.1 6
Qa L/h Distribution flow 2.38 12
Vperi

a L Volume of distribution of the peripheral compartment 116 6
Ktr h−1 Transit absorption rate constant 8.82 11
Kon nM−1  h−1 Association rate constant 8.43 6
Koff h−1 Dissociation rate constant 0.229 31
Rtotal nmol Total amount of HSD-1 enzyme 5460 7
γ Power coefficient 0.441 7
Imax % Maximum inhibition effect 99.9 2
IC50 nM Half maximal inhibitory concentration 0.0787 16
IIVVcentral % Interindividual variability on  Vcentral 51.9% 33 14
IIVCL % Interindividual variability on CL 19.2% 84 21
IIVKtr % Interindividual variability on  Ktr 50.2% 38 7
IIVKoff % Interindividual variability on  Koff 119% 55 15
IIVRtotal % Interindividual variability on  Rtotal 27.5% 31 9
IIVIC50 % Interindividual variability on  IC50 39.5% 63 37
σPK % Proportional residual variability for PK 27.4% 3 7
σPD % Proportional residual variability for PD 19.3% 12 5

Fig. 4  Time courses of mean observed (symbols) and population 
model-predicted (lines) SPI-62 plasma concentrations following 1, 3, 
6, and 10 mg single oral doses of SPI-62, as well as 0.2, 0.4, 0.7, and 
2 mg oral QD doses of SPI-62. Subjects who received 0.2 mg SPI-62 
also received a loading dose of 3 mg. Subjects who received 0.7 mg 
or 2 mg SPI-62 were administered a single dose of SPI-62, followed 
by a 6-day washout before the start of 14-day QD dosing. QD once 
daily
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Fig. 5  Time courses of mean observed (symbols) and population 
model-predicted (lines) SPI-62 plasma concentrations and hepatic 
HSD-1 activity following 0.2, 0.4, 0.7, and 2 mg oral QD doses of 
SPI-62. Subjects who received 0.2 mg SPI-62 also received a load-

ing dose of 3 mg. Subjects who received 0.7 mg or 2 mg SPI-62 were 
administered a single dose of SPI-62, followed by a 6-day washout 
before the start of 14-day QD dosing. QD once daily

Fig. 6  pcVPC of SPI-62 PK and PD. The observed prediction-correct 
data are represented by blue circles, and the median of prediction-
corrected observed and simulated data are represented by the solid 
red and black lines. The semi-transparent red field represents a simu-
lation-based 95% CI for the median. The observed and simulated 5% 

and 95% percentiles are represented by dashed red and black lines. 
The 95% CIs for the corresponding model-predicted percentiles are 
shown as semi-transparent blue fields. pcVPC prediction-corrected 
visual predicted check, PK pharmacokinetic, PD pharmacodynamic, 
CI confidence interval
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trial, daily doses of 1–100 mg were evaluated, but HSD-1 
activity was evaluated only prior to the first dose (Day−1) 
and on the last day of dosing (Day 7 or 14). Although not as 
informative as time-course HSD-1 activity data available for 
SPI-62, ABT-384 PD results clearly showed that full hepatic 
HSD-1 inhibition was achieved following the lowest daily 
dose of 1 mg ABT-384 [15]. That observation is consist-
ent with the SPI-62 results. These interesting PK and PD 
behaviors of HSD-1 inhibitors indicate that small-molecule 
TMDD might be a class effect. The nonlinear PK observed 
at those low doses should not be ignored as they provide a 
strong sign of target engagement.

After the final TMDD-PD model was established, we 
performed comprehensive simulation to predict SPI-62 
PK and time course of hepatic HSD-1 activity following 
various dose regimens, including those that have not been 
evaluated in the clinical trials. The simulation results showed 

substantial and long-lasting HSD-1 inhibition in all dose 
groups evaluated, including the lowest presented daily dose 
of 0.4 mg; full hepatic HSD-1 inhibition can be achieved 
following administration of ≥ 2 mg once daily. The time 
needed to reach maximum HSD-1 inhibition is dose-depend-
ent. For example, it takes around 10 days to reach PD steady 
state with 0.4 mg SPI-62 once daily, but only 2 days with 
2 mg SPI-62 once daily. To rapidly reach maximal HSD-1 
inhibition, a loading dose as shown in Fig. 8 should be con-
sidered. It is worth pointing out that the simulated work only 
predicts hepatic HSD-1 inhibition and cannot necessarily be 
extrapolated to target inhibition of HSD-1 located in other 
tissues. Work to establish PK/PD models for HSD-1 inhi-
bition by SPI-62 in human brain and adipose is ongoing. 
When available, the results of the three models together 
will inform dose selection for future SPI-62 clinical trials. 
The TMDD-PD modeling and simulation results provide a 

Fig. 7  Time course of the median, 5th and 95th percentiles of the simulated SPI-62 plasma concentration and hepatic HSD-1 activity in 1000 
virtual subjects receiving 0.4, 1, 2, 3, 6, or 10 mg SPI-62 once daily on days 1–14. PK pharmacokinetic, PD pharmacodynamic
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strong foundation for model-informed development of SPI-
62. In addition, since TMDD has been reported to be a class 
effect of HSD-1 inhibitors [24], the TMDD-PD model that 
we developed for SPI-62 has potential to be utilized for other 
members of the class to facilitate interpretation of their PK 
and PD data as well as future clinical trial design.

5  Conclusions

Due to the complex nonlinear PK and the disconnect 
between plasma exposure and PD effect, as reflected by 
the significant HSD-1 inhibition with extremely low or 
undetectable drug concentrations in plasma, pharmacomet-
rics modeling is important to evaluate the dose-exposure-
response relationship. In the current analysis, we established 
a TMDD-PD model for SPI-62 that adequately captured the 

Fig. 8  Time course of the median, 5th and 95th percentiles of the simulated SPI-62 plasma concentration and hepatic HSD-1 activity in 1000 
virtual subjects receiving a 3 mg loading dose on day 1 followed by 0.4 mg or 1 mg SPI-62 QD on days 2–14. QD once daily
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complex nonlinear PK of SPI-62 and substantial and durable 
hepatic HSD-1 inhibition in human.
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