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Dose/Exposure-Response Modeling to Support Dosing
Recommendation for Phase III Development of Baricitinib
in Patients with Rheumatoid Arthritis

Xin Zhang*, Laiyi Chua, Charles Ernest II, William Macias, Terence Rooney and Lai San Tham

Baricitinib is an oral inhibitor of Janus kinases (JAKs), selective for JAK1 and 2. It demonstrated dose-dependent efficacy in
patients with moderate-to-severe rheumatoid arthritis (RA) in a phase IIb study up to 24 weeks. Population pharmacokinetic/
pharmacodynamic (PopPK/PD) models were developed to characterize concentration-time profiles and dose/exposure-
response (D/E-R) relationships for the key efficacy (proportion of patients achieving American College of Rheumatology 20%,
50%, or 70% response rate) and safety endpoints (incidence of anemia) for the phase IIb study. The modeling suggested that
4 mg q.d. was likely to offer the optimum risk/benefit balance, whereas 2 mg q.d. had the potential for adequate efficacy. In
addition, at the same total daily dose, a twice-daily regimen is not expected to provide an advantage over q.d. dosing for the
efficacy or safety endpoints. The model-based simulations formed the rationale for key aspects of dosing, such as dose levels
and dosing frequency for phase III development.
CPT Pharmacometrics Syst. Pharmacol. (2017) 6, 804–813; doi:10.1002/psp4.12251; published online 11 September 2017.

Study Highlights.

WHAT IS THE CURRENT KNOWLEDGE ON THE

TOPIC?
� Modeling-based methodology is increasingly used to

optimize drug development but published examples

demonstrating its application in finding optimal doses

for phase III evaluation are limited.
WHAT QUESTION DID THIS STUDY ADDRESS?
� We investigated the use of modeling-based method-

ology to predict the performance of baricitinib doses

and dosing frequency for the treatment of RA, to

enable optimal phase III study design.
WHAT THIS STUDY ADDS TO OUR KNOWLEDGE
� Model-based simulations on phase II efficacy

(ACR20/50/70) and safety (incidence of anemia) data

enabled quantitative assessment of risk-benefit profiles
across a range of baricitinib doses, not limited to the
tested doses only. This assisted in selection of the opti-
mal dose and dosing frequencies for inclusion in phase
III studies of baricitinib in RA.
HOW MIGHT THIS CHANGE DRUG DISCOVERY,
DEVELOPMENT, AND/OR THERAPEUTICS?
� Modeling exercises can optimize clinical trial design.
They greatly informed the selection of the right dose of
an important new treatment for patients with RA. At the
same total daily dose, once-daily and twice-daily dosing
provide similar efficacy and safety responses.

Baricitinib is an orally administered, potent, selective, and
reversible inhibitor of Janus kinase (JAK)1 (half-maximal
inhibitory concentration 5 5.9 nM) and JAK2 (half-maximal
inhibitory concentration 5 5.7 nM).1 Inhibition of the JAK
signaling pathway may modulate the activity of a number of
cytokines implicated in the pathogenesis of rheumatoid
arthritis (RA).2–4 In a phase IIb study, baricitinib demon-
strated dose-dependent improvements in the signs and

symptoms of RA in patients with moderately-to-severely
active disease despite treatment with methotrexate. Bariciti-
nib seemed to be well tolerated through 24 weeks of
treatment.5

In the phase IIb study, the impact of dose and dose fre-
quency on key efficacy and safety parameters was exam-
ined to enable phase III study designs. Key efficacy
parameters included a proportion of patients achieving
American College of Rheumatology 20% (ACR20), 50%
(ACR50), or 70% (ACR70) response through 24 weeks of

treatment with baricitinib. An ACR20/50/70 response is

defined as at least 20%, 50%, or 70% improvement in the

ACR Core Set values.6 As erythropoietin (EPO) signals via

a JAK2/JAK2 homodimer, hemoglobin (Hgb) levels were

monitored as a key safety measure.7,8

Few methods are available for linking discrete endpoints,

especially ordered categorical variables, to the commonly

used dose/exposure-response (D/E-R) model. As such, a

latent variable approach was explored in conjunction with an

inhibitory indirect response maximum effect (Emax) model to

link the drug exposure to the efficacy endpoints of ACR20/

50/70. To adequately describe the time course of change in

Hgb with baricitinib treatment, simultaneous analysis of the

time-course data of red blood cells (RBCs), reticulocytes

(RETs), and Hgb was conducted using a modified transit

compartment model with a feedback describing the matura-

tion and regulation processes in the EPO system.
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The objectives of this study were: (i) to develop popula-

tion pharmacokinetic/pharmacodynamic (PopPK/PD) mod-

els relating baricitinib exposure to the efficacy endpoint of

ACR20/50/70 and safety endpoint of incidence of anemia;

(ii) to evaluate the effects of subjects’ demographic charac-

teristics on the PK/PD of baricitinib; and (iii) to use model-

based simulations to quantitatively support certain elements

of dosing regimens built into the registration trials.

METHODS
Patients
In this randomized, double-blind, parallel-group, placebo-

controlled, multicenter phase IIb study, a total of 301

patients with moderate-to-severe RA were randomized to

q.d. baricitinib 1 mg (n 5 49), 2 mg (n 5 52), 4 mg (n 5 52),

8 mg (n 5 50), or placebo (n 5 98) for 12 weeks of treat-

ment.5 After 12 weeks of treatment, patients initially

assigned to placebo or baricitinib 1 mg were re-randomized

to either baricitinib 2 mg b.i.d. (n 5 61) or baricitinib 4 mg

q.d. (n 5 61) for an additional 12 weeks of blinded treat-

ment. Patients initially assigned to baricitinib 2, 4, and 8 mg

remained on the same treatment for an additional 12

weeks. The ACR responses were evaluated at weeks 2, 4,

8, 12, 16, 20, and 24. The Hgb was measured at baseline

and weeks 2, 4, 8, 12, 14, 16, 20, and 24. Blood samples

for pharmacokinetic (PK) analysis were collected for each

patient at week 0 (15–30 minutes and 1–3 hours postdose),

weeks 2, 4, and 8 (predose), week 12 (predose, 15–30

minutes, and 1–3 hours postdose), and weeks 14, 16, and

20 (one sample at a random time).
The study was conducted in accordance with the ethical

principles of the Declaration of Helsinki and Good Clinical

Practice guidelines. All patients provided written informed

consent, and institutional review boards or ethics committees

approved the protocol before the study started. Full details of

the phase IIb study have been described previously.5

Population pharmacokinetic model
The PK data were available from 278 patients in the phase

IIb study, contributing 2,272 measurable baricitinib concen-

tration samples. The Monte Carlo importance sampling

assisted by mode a posteriori estimation method with inter-

action in NONMEM version VII (ICON Development Solu-

tions, Ellicott City, MD) was used to model baricitinib

plasma concentrations.
The basic structure consisted of a two-compartment model

with zero-order absorption (including lag time) and a semime-

chanistic partitioning of total apparent clearance into total

apparent renal clearance (CLr/F) that is dependent on the

estimated glomerular filtration rate (eGFR) and nonrenal

clearance that is independent of the eGFR.9 The model is set

up this way because baricitinib is primarily eliminated via

renal excretion. The modification of diet in renal disease

(MDRD; Eq. 1)10 was used to calculate eGFR, whereas Scr is

serum creatinine concentration. Possible changes and fluctu-

ations were accounted for by the inclusion of a time-varying

variable of MDRD-eGFR.11 The CLr/F was estimated using

Eq. 2, where hx is the typical CLr/F based on baseline MDRD-

eGFR (BeGFRMDRD) normalized to the median GFRMDRD of

93 mL/min/1.73 m2 from a previous analysis and hy is the
time-varying effect of MDRD-eGFR.

GFR mL=min=1:73 m2� �
5 175 3 Scrð Þ21:154

3 Ageð Þ20:203 3 0:742 if femaleð Þ3 1:212 if African Americanð Þ
(1)

CLr=F5hx �
BeGFRMDRD

93
1hy � DeGFRMDRD (2)

The between-subject variability (BSV) consisted of a log-
normal distribution for CLr/F, nonrenal clearance, apparent
central volume of distribution (V1/F), intercompartmental
clearance (Q), and apparent peripheral compartment vol-
ume of distribution. A Box-Cox transformation for the distri-
bution of the zero-order absorption duration parameter (D1)
was used where one parameter transforms a normal distri-
bution into a left-skewed or right-skewed distribution.12

The PK of baricitinib had previously been modeled with
data pooled from five early-phase studies conducted in
healthy subjects and patients with RA (phase I/IIa analysis).
Estimates for PK parameters and covariates from this previ-
ous population pharmacokinetic (PopPK) analysis were
adopted as priors for initiating the current PopPK model,
and the model was further optimized through inclusion of
concentrations from the phase IIb study. Covariates that
were identified in the previous PK analysis (gender and
body weight on V1/F and eGFR on CLr/F) were included in
the current model and estimated with data from the phase
IIb study. No additional covariates were tested.

ACR response model
All evaluable data comprising 2,299 observations of ACR20/
50/70 from 299 patients in the phase IIb study were included
for the ACR modeling. A sequential modeling approach, in
which the individual post hoc PK parameters from the final
PopPK model were fixed prior to modeling the ACR data,
was used. Estimates of the ACR model parameters and
associated error term were obtained using the general non-
linear model and Laplacian method in NONMEM.

Similar to a previously published approach,13 an indirect
response model with drugs inhibiting the formation of the
disease was used to describe the time course of the dis-
ease state, represented by a latent variable (ACR latent-
dependent variable (ACRL)) is shown in Eq. 3:

d ACRLð Þ
dt

5Kin 12
Emax3 Cp
EC501Cp

2PBO tð Þ
� �

2Kout 3ACRL tð Þ; ACRL051

(3)

where Kin and kout are the formation and elimination rate
constant of ACRL, Emax is the maximum inhibition by drug
concentration (Cp), and EC50 is the half-maximal response
concentration. PBO(t) is the placebo effect over time:

PBO tð Þ5Eplcm 12e20:693=Tplb3t
� �

(4)

where Eplcm is the maximum placebo effect, t is the time
after the first dose, and Tplb is the half-life of the placebo
effect in hours.
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Logistic regression was used for fitting the categorical
endpoint of ACR20/50/70. The logit function to attain each
ACRr is described in Eq. 5:

logit prob ACRr51½ �ð Þ5logit 12
r

100

� �
1logit 12ACRLð Þ1g (5)

where r 5 20, 50, or 70 and ACRL spans values from 0 to
1. The logit value for a particular ACRr responder status
and prob[ACRr 5 1] is the likelihood of a patient achieving
one of four possible responder states: nonresponder or
responder to ACR20/50/70. At time 5 0, ACRL was set at 1
such that the logit 12ACRLð Þ is 0 and translates to ACRr
not achieved at the baseline. Because of the nature of
logit 12ACRLð Þ, the model does not need to estimate the
intercept values, which are fixed to logit 12 r

100

� �
:

The likelihood of a particular responder status was calcu-
lated as follows:

Liker 5
elogit ACRrð Þ

11elogit ACRrð Þ (6)

where the logit from Eq. 5 was used to calculate the likeli-
hood of achieving state r for responder status Likerð ), which
are ACR20/50/70.

The probability of ACRr response was then calculated as
follows:

P0512 Like20; non2responder

P15Like202Like50; responder ; ACR20

P25Like502Like70; responder ; ACR50

P35Like70; responder ; ACR70 (7)

where P0, P1, P2, and P3 are the probabilities of being a
nonresponder or responder to ACR20, ACR50, and
ACR70, respectively.

Patient factors tested included body surface area, height,
weight, body mass index, age, gender, race, alcohol use,
smoking status, C-reactive protein, erythrocyte sedimenta-
tion rate, tender joint counts, and swollen joint counts.

Hemoglobin model
A total of 2,770 RET, 2,781 RBC, and 2,781 Hgb observa-
tions from 298 patients in the phase IIb study were used
for the modeling of the Hgb level. Estimates of the parame-
ters for the Hgb model and associated error terms were
obtained by fitting these data in combination with individual
Bayesian post hoc PK parameter estimates using the gen-
eral nonlinear model with differential equations with NON-
MEM. Incidence of anemia (defined as Hgb <10 g/dL) was
summarized from the modeled time course data of Hgb at
steady-state of dosing following various dosing regimens.

A transit compartment model14 was modified and applied
to describe the time courses of RETs, RBCs, and Hgb
simultaneously in the phase IIb study. Briefly, the model
consists of a progenitor cell pool (Prol) that develops to
form circulating RETs through a series of three transit com-
partments (T1–T3), followed by a maturation chain of four
transit compartments representing maturation of the RETs

(RETT4–T7), and a further maturation chain with four transit

compartments for RBCs (RBCT9–T11). The change in Hgb

levels was modeled using a proportionality scaling factor SHb,

which represents the Hgb content per cell assumed based on

the RET and RBCs (Ncells) at time t (Eq. 20). Drug effect

(Edrug) was evaluated as a linear (including a sigmoidal) func-

tion of drug concentration on the Prol and subsequent transit

compartments prior to RETs. Key differential equations

describing the model are shown in Eqs. 8–20. Detailed model

equations were included in a previous presentation.15

dProl
dt

5ktr1 � Prol � 12Edrug
� �

� FB2ktr1 � Prol (8)

dT1

dt
5ktr1 � Prol2ktr1 � T1 12Edrug

� �
(9)

dT2

dt
5ktr1 � T1 � 12Edrug

� �
2ktr1 � T2 � 12Edrug

� �
(10)

dT3

dt
5ktr1 � T2 � 12Edrug

� �
2ktr1 � T3 � 12Edrug

� �
(11)

dRETT4

dt
5ktr1 � T3 � 12Edrug

� �
2ktr2 � RETT4 (12)

dRETT5

dt
5ktr2 � RETT4 2ktr2 � RETT5 (13)

dRETT6

dt
5ktr2 � RETT5 2ktr2 � RETT6 (14)

dRETT7

dt
5ktr2 � RETT6 2ktr2 � RETT7 (15)

dRBCT8

dt
5ktr2 � RETT7 2kcir � RBCT8 (16)

dRBCT9

dt
5kcir � RBCT8 2kcir � RBCT9 (17)

dRBCT10

dt
5kcir � RBCT9 2kcir � RBCT10 (18)

dRBCT11

dt
5kcir � RBCT10 2kcir � RBCT11 (19)

Hb tð Þ5SHb � Ncells (20)

where ktr1, ktr2, and kcir are the transit rate constant for

Prol, RET, and RBC, respectively. The total number of RET

(RETT4, RETT5, RETT6, and RETT7) and RBC (RBCT8,

RBCT9, RBCT10, and RBCT11) counts was the summation

of each respective transit compartment at a given time. The

transit compartments in the above equations are desig-

nated by their respective subscripts, where n represents

the transit compartment number.
It was assumed that RET and RBC were at steady-state

prior to drug administration (i.e., dRET0/dt 5 0 and dRBC0/

dt 5 0) and all baseline values were related to RET, as

given by Eqs. 21–32:

Prol05
RET0 � ktr2

ktr1
(21)

T15
RET0 � ktr2

ktr1
(22)
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T25
RET0 � ktr2

ktr1
(23)

T35
RET0 � ktr2

ktr1
(24)

RETT4 5RET0 (25)

RETT5 5RET0 (26)

RETT6 5RET0 (27)

RETT7 5RET0 (28)

RBCT8 5
RET0 � ktr2

kcir
(29)

RBCT9 5
RET0 � ktr2

kcir
(30)

RBCT10 5
RET0 � ktr2

kcir
(31)

RBCT11 5
RET0 � ktr2

kcir
(32)

where RET0 and RBC0 are baseline RETs and RBCs.
A feedback mechanism is applied to characterize the

effect of endogenous growth factors and cytokines on the
Prol in response to changes in circulating cell counts.16–18

The feedback was assumed to be related to RETs and
RBCs causing an increase of Prol by increasing the pro-
duction rate of cells in the Prol compartment and equal to 1
at steady state.

FB5FBRET � FBRBC5
RETo

RET

� �c1

� RBCo

RBC

� �c2

(33)

where c1 and c2 are the feedback factors for RET and
RBC, respectively.

The RET-RBC-Hgb of baricitinib had previously been
modeled in the phase I/IIa analysis. Estimates for parame-
ters and covariates from this analysis were adopted as pri-
ors for initiating the current model and the model was
further optimized through inclusion of data from the phase
IIb study. No additional covariates were tested.

The PopPK, ACR, and Hgb models were evaluated using
the standard model diagnostic methods, which consisted of
concordance plots, weighted residual error plots, weighted
residual error distribution plots and random effects distribu-
tion plots, and simulation-based diagnostics, such as poste-
rior predictive check.

RESULTS
Pharmacokinetic profiles comparing dosing regimens
Model check via goodness-of-fit plots and visual predictive
checks suggested reasonable agreement between predicted
and observed plasma concentrations (data not shown). Esti-
mates for key PK parameters together with BSV are summa-
rized in Supplementary Table S1. The predicted median
plasma concentration profiles over a dosing interval at
steady-state for dosing regimens of baricitinib 1 mg b.i.d.,
2 mg q.d., 2 mg b.i.d., and 4 mg q.d. are compared in Figure 1.

At the same total daily dose, the q.d. dosing produces slightly

higher peak concentrations compared to the b.i.d. dosing, with
the daily average concentrations over the 24-hour interval at

steady-state being essentially the same for the b.i.d. and q.d.

dosing regimens, as shown by the overlapping horizontal lines

in Figure 1.

Dose-response relationship for ACR20/50/70 for

various dosing regimens
The predicted and observed ACR20 response rates over
time following baricitinib treatment at various doses are

shown in Figure 2. Similar plots for ACR50 and ACR70 are

included in Supplementary Figure S1. Onset of action

seemed more rapid with the 8 mg and 4 mg q.d. doses

compared to the 2 mg q.d. dose (e.g., estimated ACR20 at
week 2 is 38.0%, 32.7%, 25.0%, and 11.2% for 8 mg,

4 mg, 2 mg doses, and placebo, respectively). Overall, the

observed response rates were largely within the prediction

intervals (PIs), suggesting no obvious misfits to the data. A

summary of the parameter estimates for the ACR20/50/70

model is presented in Table 1. The Emax for the ACRL was
estimated to be 0.861 (standard error of estimate 5 3.22%).

This value translates to predicted maximum response rates

(due to drug effect) of 87%, 64%, and 39% for the ACR20,

ACR50, and ACR70 response rates, respectively.
The predicted mean with 90% PIs and observed dose-

response (D-R) relationships for ACR20, ACR50, and
ACR70 at week 12 are shown in Figure 3a–c, respectively.

The observed data for 2 mg b.i.d. are from week 24 after

12 weeks of dosing. The D-R relationship was well cap-

tured within the dose range of 0–8 mg tested in the phase

IIb study. A dose of 4 mg seemed to reach the plateau por-

tion of the D-R curve for ACR20/50/70 with incremental
benefit over 2 mg, whereas a dose of 8 mg adds minimal

benefit compared to 4 mg. The observed and estimated

ACR20 response rates were 75.0% and 63.5% for 4 mg
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Figure 1 Model-predicted median plasma concentration profiles
over a dosing interval at steady-state for 1 mg b.i.d., 2 mg q.d.,
2 mg b.i.d., and 4 mg q.d. baricitinib. Blue, red, black, and green
horizontal dashed lines indicate the mean concentrations over
the 24-hour interval at steady-state for 1 mg b.i.d., 2 mg q.d.,
2 mg b.i.d., and 4 mg q.d., respectively.
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and 53.8% and 57.7% for 2 mg, respectively, at week 12,
they were 79.6% and 67.3% for 4 mg and 64.0% and
60.0% for 2 mg, respectively, at week 24. The observed

and predicted response rates were similar between the
2 mg b.i.d. and 4 mg q.d. doses. The model-predicted
ACR20/50/70 response rates for 1 mg b.i.d. (red symbols,
Figure 3a–c) were comparable to those for 2 mg q.d., and
lower than those for 4 mg q.d.

To further evaluate the predictive performance of the
model, the PopPK/PD model was fitted to a dataset that
included only q.d. dosing, excluding data obtained from the
2 mg b.i.d. dosing group from weeks 12–24. The model was

subsequently used to predict the ACR20/50/70 response rate
of the 2 mg b.i.d. dosing group during the second 12 weeks
in the phase IIb study (Figure 3d–f). The predicted and

observed responses were in reasonable agreement, sugges-
ting that the model developed with q.d. data is capable of pre-
dicting responses of the b.i.d. dosing regimen.

None of the patient factors tested (age, gender, height,
weight, body mass index, body surface area, race, alcohol
use, smoking status, high sensitivity C-reactive protein,
erythrocyte sedimentation rate, tender joint counts, and
swollen joint counts) were identified as a significant covari-
ate on the ACR20/50/70 model.
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Figure 2 Model-predicted and observed time course of American College of Rheumatology (ACR)20 response rates for various doses
of baricitinib through week 24. The solid line is model-predicted median response rate, the shaded area represents the 90% prediction
intervals, and the open circles represent observed sample proportions.

Table 1 Pharmacodynamic parameter estimates from the final population exposure-response model for ACR20/50/70 in patients with rheumatoid arthritis on

baricitinib

Model parameter (units)

Population mean

(%SEE) 95% Confidence interval from bootstrap analysis

Elimination rate constant Kout (week21) 0.171 (20.1) (0.0839–0.450)

Half-life for loss of placebo effect Tplb (hours) 341 (56.3) (5.99–6280)

Maximum ACRL effect Emax 0.861 (3.22) (0.264–0.897)

Concentration for half maximal ACRL effect EC50 (nM) 68.0 (20.0) (4.67–105)

Variance for BSV (logit scale) 1.79 (11.5) —

ACR, American College of Rheumatology; ACR20/50/70 5 20%, 50%, and 70% improvement in ACR score, respectively; ACRL, ACR latent-dependent vari-

able; BSV, between-subject variability; EC50, half-maximal response concentration; Emax, maximal response; SEE, standard error of estimate; Tplb, half-life of

the placebo effect in hours.
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Dose-response relationship for incidence of anemia for

various dosing regimens
The model diagnostics based on goodness-of-fit and

visual predictive checks for the Hgb model are presented

in Supplementary Figures S2 and S3, respectively. The

random distribution of individual weighted residual and

conditional weighted residual values suggests no apparent

bias in the predicted Hgb concentrations. A summary of
the parameter estimates for the Hgb model is presented in
Table 2. Age, gender, and baseline Hgb levels were identi-
fied as significant covariates and were included in the final
model.

The model-predicted and observed incidence of anemia

over the dose range of 0–8 mg during weeks 0–12 and weeks

12–24 are compared in Figure 4. Reasonable agreement is

demonstrated between predictions and observations, sugges-

ting that the model predicted the incidence of anemia within

the dose range studied in the phase IIb study. From weeks 0–

12, the D-R curve is relatively flat from placebo (0 mg dose)

through the 4 mg dose with a subsequent small increase from

4 to 8 mg. Similar findings were observed for the week 12–24

predictions and observations. For the comparisons shown in

Figure 4, the actual baseline Hgb concentrations observed in

the study were used in the simulations rather than a simu-

lated distribution of baseline values.
Simulated Hgb levels and corresponding incidences of

anemia for 1 mg b.i.d., 2 mg q.d., 2 mg b.i.d., and 4 mg

q.d. from week 0 through week 24 are shown in Figure 5a.

There were no observed differences for either outcome

between 1 mg b.i.d. and 2 mg q.d. or between 2 mg b.i.d.

and 4 mg q.d. The impact of baseline Hgb levels on the

incidence of anemia is shown in Figure 5b,c (Figure 5a,b

seem similar because a majority of the patients had a

baseline Hgb >12 g/dL). There is no apparent difference

when comparing the incidence of anemia between the b.i.d.

and q.d. dosing regimens at the same total daily doses.

DISCUSSION

Modeling-based methodology is frequently used to under-

stand the D/E-R and to optimize future clinical study

designs. Modeling and simulation incorporates prior knowl-

edge,19–21 accounts for sources of variability,22,23 and

allows exploration of alternative dosing regimens without

the need for costly additional clinical trials.24,25 The analysis
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Figure 3 Estimated dose American College of Rheumatology (ACR)20/50/70 response relationship for baricitinib after 12 weeks of
treatment based on all data (a–c) and based on observed data including only q.d. dosing regimens (d–f). The solid lines and the
shaded area are model-predicted median response with 90% prediction interval. Open circles and filled triangles are for observed data
for q.d. and b.i.d. doses, respectively. The red triangle with error bar is for predicted data for 1 mg b.i.d. or 2 mg b.i.d.
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of the phase IIb study reported here exemplified the bene-
fits of applying a modeling approach in drug development to
aid clinical decision making. The integrated PopPK/PD

models, by relating the doses as well as exposures over a
broad range to the clinical endpoints, provided key insights
about the doses with the optimal risk-benefit profiles and

Table 2 Pharmacodynamic parameter estimates from the final population exposure-response model for hemoglobin in patients with rheumatoid arthritis on

baricitinib

Model parameter Unit

Population mean

(%SEE)a BSVb (%SEE)a

Baseline RETc,d 109 cells/L 16.3 (2.12) 28.3 (10.4)

Transit rate constant from proliferation pool to RET (ktr1) Hour 0.0418 (7.51) —

Feedback factor for RET — 0.352 (14.4) —

Transit rate constant from RET to RBC (ktr2) Hour 0.0975 (1.82) —

Drug effect on proliferation pool — 0.00534 (21.9) —

Sigmoidal function for drug effect on proliferation pool — 0.586 (7.27) —

Transit rate constant for RBC (kcir) Hour 0.00139 FIX 27.4 (10.6)

Proportionality scaling factor (SHb) pg/cell 30.2 (0.0748) —

Feedback factor for RBC — 0.925 (12.5) —

Age effect on baseline RETd — 20.00164 (92.7) —

Age effect on transit rate constant on RBCe — 20.00131 (115) —

Gender effect on baseline RETd — 20.110 (9.27) —

Covariance for baseline RET and kcir
f — 0.0722 (10.7) —

Proportional residual error for RETg — 0.219 (4.18) —

Additive residual error for RETg — 11.2 (5.04) —

Proportional residual error for RBCg — 0.0655 (4.55) —

Additive residual error for RETg — 78.3 (60.8) —

Additive residual error for Hgbg — 7.82 (1.99) —

BSV, between-subject variability; FIX, fixed; Hgb, hemoglobin; RBC, red blood cell; RET, reticulocyte; SEE, standard error of estimate; SQRT, square root.
aThe standard errors were obtained by selecting the S matrix feature.
b% coefficient of variation 5 (square root(SQRT)(exponential (EXP)(OMEGA(N)))21) * 100%.
cEstimate for each RET-related compartment.
dBaseline RET*EXP((Age-48)*Age effect on baseline RET) * (1 1 IND*Gender effect on baseline RET); where IND 5 1 for women and 0 for men; age is age at

study entry; 48 is the median age in years from the phase I/IIa analysis.
eTransit rate constant for RBC*EXP((Age-48)*Age effect on transit rate constant on RBC); where age is age at study entry; 48 is the median age in years from

the phase I/IIa analysis.
fCovariance between x2.
gStandard deviation.
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Figure 4 Comparison of predicted versus observed incidence of anemia (defined as hemoglobin <10 g/dL). Bold line represents
model-predicted median incidence, dashed lines correspond to the 95% prediction interval, and the observed incidence of anemia at
particular dose levels for q.d. dosing (•) and 2 mg b.i.d. dosing (�) regimens, respectively.
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whether lower individual doses given with greater frequency

might provide a different risk-benefit profile.
The PopPK model consisted of a two-compartment model

with zero-order absorption. Use of a zero-order absorption

with a Box-Cox BSV distribution more closely approximated

the observed rapid absorption compared to a first-order

absorption with an exponential BSV distribution. The mean

terminal half-life of baricitinib was estimated to be �14 hours

in patients with RA, consistent with a q.d. dosing strategy.

The simulation suggested with the same total daily doses,

b.i.d. and q.d. dosing, produced similar average daily con-

centrations over 24 hours, which is considered to be the driv-

ing force of efficacy and safety for baricitinib. Although the

covariates of body weight and gender are statistically signifi-

cant on V1/F, their effect sizes are generally small and within

the BSV in the exposure estimates of baricitinib; therefore,

they are not considered clinically relevant.
A latent-variable approach in conjunction with an inhibi-

tory indirect response model was used for describing the

time course and D/E-R for the ordered categorical end-

points of ACR20/50/70. This modeling approach represents

several advantages. First, it links discrete endpoints to the

mechanistic and physiologically plausible indirect response

models. Baricitinib acts as a JAK1/2 inhibitor that inhibits

the cytokine-induced JAK/signal transducers and activators

of transcription signaling pathway,26 and this model described

baricitinib as having an inhibitory pharmacological effect on

the disease condition. Second, the placebo effect was mod-

eled to have a corresponding pharmacological effect via the

same inhibitory mechanism as the active drug. The model for

ACR20/50/70 is able to account for both baricitinib and the

combined placebo and methotrexate effects. The placebo

effect could be estimated based on the time-course data

from the placebo group, and the maximum achievable bariciti-

nib effect was subsequently estimated through subtraction of

the placebo effect from total effect. Last, the model allows

simultaneous modeling of multiple endpoints that are categor-

ically ordered. Modeling multiple endpoints (ACR20, ACR50,

and ACR70) simultaneously has advantages over modeling a

single endpoint alone because all information available is

included and accounted for in the modeling, especially due to

the correlation between these endpoints and the fact that all

three ACR endpoints are derived from a progression of

change in the ACR component measures. As a potential limi-

tation, the intercepts for describing the ordinal relationship

among ACR20/50/70 (in Eq. 5) could not be reliably deter-

mined and were fixed. Further improvement of the model

allowing estimation of the intercepts may be warranted for

future studies. Nevertheless, the overall predictive perfor-

mance of the current model was acceptably robust.
For a more complete evaluation of benefit-risk profiles,

the relationship between dose regimen and incidence of
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Figure 5 Model-predicted absolute value of hemoglobin at steady-state of dosing and corresponding incidence of anemia for all base-
line hemoglobin (Hgb) (a), for baseline Hgb �12 g/dL (b), and for baseline Hgb >12 g/dL (c), for 1 mg b.i.d., 2 mg q.d., 2 mg b.i.d.,
and 4 mg q.d. dosing regimen. The box plots represent the absolute values of Hgb and were constructed with median, 25th and 75th
percentiles, and the minimum and maximum values and uses y-axis on the left. Circles represent incidence of anemia and uses y-axis
on the right.
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anemia was evaluated. It should be noted that baricitinib
was well tolerated overall, with no unexpected safety find-
ings across doses tested in the phase IIb study.5 An evalu-
ation of Hgb was conducted because a dose-dependent
decrease in the Hgb level was observed and this decrease
is considered mechanism-related. Quantitative assessment
for absolute neutrophil count as a putative mechanism-
related safety biomarker demonstrated a conclusion on the
D-R relationship similar to Hgb and, therefore, was not
included in this presentation. Modeling for other laboratory
parameters was not warranted given the small magnitude
of changes and/or unknown mechanism.5 The semime-
chanistic Hgb model adequately characterized the time
course of Hgb in a manner consistent with the mechanism
of action of the inhibition of JAK by baricitinib, and the
model structure is a reasonable approximation of the under-
lying biological processes related to EPO.27 The estimated
D-R curve showed a relatively flat relationship between the
incidence of anemia and baricitinib dose with a small
increase in the incidence of anemia from 4–8 mg. A differ-
ence in the incidence of anemia was observed between
women and men. This can be largely attributed to the lower
baseline Hgb levels in women compared to men and were
accounted for in the model with the covariate effect of gen-
der on baseline Hgb level.

The addition of a b.i.d. dosing regimen in the phase IIb
study was based on data from early clinical studies that
showed a relatively short half-life in the range of 6–10
hours in healthy subjects. The 2 mg b.i.d. dosing data
available from the second 12 weeks of treatment provided
valuable information on an alternative dosing frequency to
serve as a useful validation of the model prediction for
b.i.d. dosing regimen. When only q.d. dosing data in the
phase IIb study were included in the fitting of the ACR
model, the model reasonably predicted the observed response
rates for 2 mg b.i.d. in the second 12 weeks of treatment in
the phase IIb study. The prediction of response for 1 mg b.i.d.
was of particular interest, because this dosing regimen was
never evaluated in a clinical study. The fact that the observed
response rates were similar between 4 mg q.d. and 2 mg b.i.d.
does not automatically allow the same conclusion to be drawn
while comparing 2 mg q.d. and 1 mg b.i.d. The 4 mg q.d. (or
2 mg b.i.d.) and 2 mg q.d. (or 1 mg b.i.d.) doses reside on dif-
ferent parts of the D-R curve, which are the plateau (4 mg
q.d.) and ascending portions (2 mg q.d.) of the curve, respec-
tively. Therefore, simulations based on data over a wide range
of doses and various dosing regimens were essential to
ensure an accurate prediction of the efficacy of the 1 mg b.i.d.
dosing regimen. The associated data supported the clinically
important conclusion that a b.i.d. dosing regimen does not offer
advantages in terms of outcome over a q.d. dosing regimen,
which would be anticipated as more convenient for patients.

In conclusion, this analysis of the phase IIb study was
designed to adequately characterize the D/E-R relation-
ships for ACR20/50/70 and incidence of anemia following
administration of baricitinib in patients with RA. The model-
ing integrated efficacy and safety data observed from
phase IIb to conclude that a dose of 4 mg q.d. was likely to
offer the optimum benefit-risk balance, whereas 2 mg q.d.
may potentially show some efficacy; thus, both doses had

acceptable benefit-risk profiles worthy of further exploration

in confirmatory phase III trials. In addition, simulations were

used to demonstrate that, at the same total daily dose,

splitting the dose into a b.i.d. dosing regimen is unlikely to

provide any efficacy or safety benefit over q.d. dosing regi-

men. In this case, modeling and simulation eliminated the

need to conduct additional clinical studies to gain informa-

tion on a b.i.d. dosing regimen.
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