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Abstract. Upadacitinib is a selective Janus Kinase 1 inhibitor which is being developed for
the treatment of several inflammatory diseases including rheumatoid arthritis. Upadacitinib
was evaluated in Phase 3 studies as an oral extended-release (ER) formulation administered
once daily. The purpose of this study was to develop a level A in vitro–in vivo correlation
(IVIVC) for upadacitinib ER formulation. The pharmacokinetics of four upadacitinib
extended-release formulations with different in vitro release characteristics and an
immediate-release capsule formulation of upadacitinib were evaluated in 20 healthy subjects
in a single-dose, randomized, crossover study. In vivo pharmacokinetic data and in vitro
dissolution data (USP Dissolution Apparatus 1; pH 6.8; 100 rpm) were used to establish a
level A IVIVC. Three formulations were used to establish the IVIVC, and the fourth
formulation was used for external validation. A non-linear IVIVC best described the
relationship between upadacitinib in vitro dissolution and in vivo absorption profiles. The
absolute percent prediction errors (%PE) for upadacitinib Cmax and AUC were less than
10% for all three formulations used to establish the IVIVC, as well as for the %PE for the
external validation formulation and the overall mean internal validation. Model was cross-
validated using the leave-one-out approach; all evaluated cross-validation runs met the
regulatory acceptance criteria. A level A IVIVC was successfully developed and validated for
upadacitinib ER formulation, which meets the FDA and EMA regulatory validation criteria
and can be used as surrogate for in vivo bioequivalence.

KEY WORDS: upadacitinib; ABT-494; in vitro/in vivo correlations (IVIVC); extended-release
formulation; pharmacokinetics.

INTRODUCTION

Upadacitinib (ABT-494) is a novel, selective Janus
kinase (JAK) 1 inhibitor that potently inhibits JAK 1, but is
less potent against other JAK isoforms [1]. In addition to
several normal physiological functions, JAKs play an essen-
tial role in the signaling of numerous cytokines involved in
inflammatory disorders and inhibition of JAKs can provide
approach for the treatment of patients with chronic systemic
inflammatory diseases [2–4]. Upadacitinib is being developed
for the treatment of several inflammatory diseases, including
rheumatoid arthritis (RA), as the enhanced selectivity of

upadacitinib against JAK 1 may offer an improved benefit-
risk profile compared to less selective JAK inhibitors [5,6].
Upadacitinib recently demonstrated efficacy in five global
Phase 3 trials in subjects with rheumatoid arthritis [7–10] and
is currently under regulatory review by different global
regulatory agencies for treatment of moderate-to-severe
rheumatoid arthritis.

Upadacitinib pharmacokinetics was characterized in
healthy subjects following the administration of the
immediate-release (IR) and the extended-release (ER) for-
mulations [11,12]. The extended-release (ER) tablet formu-
lation of upadacitinib (the to-be-marketed formulation) was
developed with the objective of decreasing the peak-to-
trough fluctuations in plasma concentrations with once-daily
dosing. Under fasting conditions, peak plasma concentrations
of upadacitinib were reached within 2 h of administration of
the ER tablet [12]. Upadacitinib plasma exposures were dose-
proportional over the range of IR and ER doses evaluated in
clinical studies; this encompassed doses ranging from 1 to
48 mg using the IR formulation and 7.5 to 45 mg using the ER
formulation [11–14]. The bioavailability of the ER
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formulation used in Phase 3 studies was estimated to be 76%
relative to the IR formulation [12,15]. Upadacitinib 15 mg
QD and 30 mg QD using the ER formulation (the doses
evaluated in Phase 3 RA studies) provide equivalent daily
AUC and comparable Cmax and Cmin to 6 mg and 12 mg BID
using the IR formulation under fasting conditions [12]. Based
on in vitro assessments, upadacitinib has been shown to be
highly permeable and highly soluble at clinically relevant
doses across the pH range of 1 to 7.5 (data on file at AbbVie).
Based on in vitro assessments, upadacitinib is considered to
be a class I drug according to the Biopharmaceutics
Classification System [16]. The release-controlling polymer
used in the upadacitinib ER formulation is hydroxypropyl
methyl cellulose (HPMC), which forms a gel layer during
dissolution and controls drug release through diffusion of the
drug molecule and erosion of polymer chains.

Throughout the life-cycle of a drug product, the need
often arises to change some aspects of the formulation, the
manufacturing process, or the manufacturing site. Some post-
approval changes require the need to demonstrate bioequiv-
alence between the modified and the marketed formulation
through an in vivo clinical study that is adequately powered
to demonstrate bioequivalence [17,18]. Further, establishing
in vivo–in vitro correlation (IVIVC) can allow for the
prediction of the plasma concentration time profile of a
formulation without having to conduct in vivo bioavailability
studies, thus saving time and costs and avoiding the need to
administer a drug to healthy volunteers [19]. The availability
of a predictive IVIVC can facilitate the establishment of
clinically meaningful dissolution specifications for release and
reduce the number of in vivo bioavailability studies which
may be needed to approve and maintain a drug product on
the market [17,18].

In the present study, the in vitro dissolution and in vivo
pharmacokinetics for four ER formulations (30 mg strength)
with various in vitro release profiles, including the proposed
commercial formulation, were evaluated relative to a 24-mg
dose of the immediate-release (IR) capsule formulation. The
methodology for the evaluation and establishment of a non-
linear level A IVIVC for upadacitinib ER formulations are
described.

MATERIALS AND METHODS

Formulations

Four ER formulations (A, B, C, and D) were developed
with identical amounts of upadacitinib (30 mg) but varying
amounts of the release-controlling polymer HPMC. Three
formulations (Formulation A, Formulation B, and Formula-
tion D) contained 10%, 15%, and 35% HPMC, respectively.
The fourth formulation evaluated (Formulation C) contained
20% HPMC as a prototype for the planned commercial
formulation. A single 24-mg dose of upadacitinib (2 × 12 mg
IR upadacitinib capsules) was used as the reference formu-
lation in the in vivo clinical study.

In Vitro Dissolution Study

A USP Dissolution Apparatus 1 operating at a rotating
speed of 100 rpm was used to generate the in vitro dissolution

profiles. The dissolution medium was 900 mL of 0.05 M
phosphate buffer (pH 6.8). An automatic sampler collected
1.5 mL of each of the sample at multiple time points (0, 1, 2,
4, 6, 8, 10, 12, 16, 20, 24 h), and the samples were then
analyzed with high-performance liquid chromatography
(HPLC). Several additional dissolution methods were also
evaluated (Supplemental Table 1) in an attempt to mimic the
deconvolved in vivo profiles and to establish a linear IVIVC
(methods included different pH media, stirring speeds, dual-
pH conditions, dual-RPM conditions, and use of surfactants).

In Vivo Bioavailability Study

A Phase 1, single-dose, open-label study conducted
according to a five-period, randomized, crossover design was
used to characterize the bioavailability of four upadacitinib
ER tablet formulations with different dissolution release rates
relative to upadacitinib immediate-release capsules under
fasting conditions. The study was conducted at PPD Devel-
opment (Austin, TX, USA), and subjects were confined to
the study site and supervised for approximately 21 consecu-
tive days. Adult male subjects (N = 20) in general good health
were selected to participate in the study. All procedures
performed in studies involving human participants were in
accordance with the ethical standards of the institutional and/
or national research committee (Salus IRB, Austin, TX) and
with the 1964 Helsinki Declaration and its later amendments
or comparable ethical standards. Informed consent was
obtained from all individuals included in the study prior to
any study-related procedure. Enrolled subjects were ran-
domly assigned in equal numbers to one of five sequences of
regimens A, B, C, D, and E consisting of five periods. In each
of the five periods, a single dose of upadacitinib was taken
orally with approximately 240 mL of water after a fasting for
a minimum of 10 h and at least 4 h before lunch. Each dose
was separated by a washout interval of 4 days. Blood samples
for upadacitinib assay were collected into dipotassium
ethylenediaminetetraacetic acid-containing collection tubes
prior to dosing (0 h) and at 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10,
12, 16, 24, 36, 48, and 72 h after dosing in each period. Plasma
concentrations of upadacitinib were determined using a
validated liquid chromatography method with tandem mass
spectrometry [11]. The lower limit of quantitation (LLOQ)
for upadacitinib was established at 0.05 ng/mL; the assay
coefficient of variation (%CV) was ≤ 8.9%, and the mean
absolute bias was ≤ 4.1%.

Upadacitinib Pharmacokinetic Parameters

Pharmacokinetic parameters were estimated using non-
compartmental methods in Phoenix® Version 7.0 (Pharsight,
A Certara® Company, St. Louis, MO, USA). The maximum
observed plasma concentration (Cmax) of upadacitinib and
time to Cmax (tmax) values were determined directly from the
plasma concentration versus time data for each subject. The
apparent terminal phase elimination rate constant (β, BETA)
was obtained from the slope of the least squares linear
regression of the logarithms of the plasma concentration
versus time data from the terminal log-linear phase of the
profile. The terminal phase elimination half-life (t1/2) was
calculated as ln (2)/β. The area under the plasma
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concentration versus time curve from zero to the last
measurable concentration (AUCt) and area under the plasma
concentration versus time curve from zero to infinity
(AUCinf) were calculated by the linear trapezoidal method.

Development of In Vitro–In Vivo Correlation (IVIVC)

A two-stage procedure was employed to develop a level
A IVIVC: in vivo plasma concentration versus time profiles
were first deconvolved followed by correlation of the fraction
of drug absorbed and the fraction of drug dissolved. All
numerical IVIVC analyses were conducted using IVIVC
Toolkit® within Phoenix®.

The following steps were followed to develop the IVIVC
model:

1) The in vitro dissolution time profile for each of the
four formulations were fitted to a Hill (Eq. 1) or
Weibull functions (Eq. 2).

Fdiss;vitro tð Þ ¼ F inf � tb
MDTb þ tb

ð1Þ

where Fdiss, vitro is the fitted fraction dissolved at time t, Finf is
the fraction dissolved at time infinity—fixed to 1, MDT is the
mean dissolution time (hours), and b is the slope factor.

Fdiss;vitro tð Þ ¼ F inf � 1−exp −
t

MDT

� �b
� �� �

ð2Þ

The equation to use was selected based on adequacy of
fitting the in vitro dissolution data and the Akaike Informa-
tion Criteria (AIC) from each equation [20].

1) Individual unit impulse response (UIR) parameters
were generated using the IR formulation in vivo
data. The individual UIR parameters were esti-
m a t e d b y fi t t i n g a max imum o f t h r e e
polyexponential function with a time lag to each
individual profile from the IR formulation and
choosing the one which best fits the profile based
on the AIC with a uniform weighting scheme. Since
the reference formulation was an IR formulation,
the Bstrip Ka^ approach was followed to ensure that
the UIR is decoupled from the absorption process as
previously described [21]. This assumes that absorp-
tion is truly first-order and fits a model that is n-
compartment poly exponential. Within the model,
the maximum number of UIR exponentials was set
to 3. Additionally, a lag time (Tlag) was incorporated
into the model to allow for a time lag in absorption.
The adequacy of the selected model was determined
through evaluating the agreement between model-
predicted and observed upadacitinib plasma concen-
tration versus time profiles.

2) The fraction of upadacitinib dose absorbed in vivo
(Fa) from each of the four upadacitinib ER formula-
tions relative to the IR formulation was estimated by
numerical deconvolution of the observed plasma

concentration versus time profiles against the UIR
from the reference IR formulation of upadacitinib.
Exploratory plots were generated to evaluate the
relationship between Fa and Fdiss, vitro as well as
between the in vitro dissolution time (Tvitro) and
in vivo absorption time (Tvivo).

3) Several linear and non-linear models were evaluated
for correlation between the fraction dissolved versus
time and fraction absorbed versus time profiles of
upadacitinib. Three formulations (formulation A, C,
and D) were used to establish the IVIVC, and the
fourth formulation (formulation B) was used for
external validation. Default linear models in Phoenix
IVIVC toolkit which employ absorption scale, time
scale, and/or time shift for different dissolution
conditions were initially evaluated. However, all the
evaluated linear models demonstrated under-
prediction for upadacitinib Cmax and a linear IVIVC
could not be established. A user-specified non-linear
IVIVC was evaluated by fitting a non-linear Emax

model to scale the Tvitro to the Tvivo, as shown in Eq.
2. After implementing non-linear time scaling, no
additional scaling factor was used between Fa and
Fdiss, vitro.

Tvitro ¼ A1 � Tvivoð Þ
A2þ Tvivoð Þ

� �
−B2 ð3Þ

where A1, A2, and B2 are constants characterizing the Emax

relationship between Tvitro and Tvivo.

Fig. 1. Cumulative percent dissolved (mean ± SD) versus time
profiles for upadacitinib ER formulations containing 10% HPMC
(formulation A), 15% HPMC (formulation B), 20% HPMC (formu-
lation C; target formulation), and 35% HPMC (formulation D). F2
values comparing the four formulations are presented
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Validation of the IVIVC

The developed IVIVC relationship was used to predict
Fa (Fa, pred) corresponding to Fdiss, vitro at different time points
for each formulation. The Fa, pred for each of the four ER
formulations and the individual UIRs from the IR capsule
formulation were used as the input function for convolution

to generate individual predicted plasma concentration versus
time profiles for the different ER formulations. The predicted
pharmacokinetic parameters, Cmax, AUClast, and AUCinf

were estimated using non-compartmental analysis within the
Phoenix IVIVC toolkit.

The prediction error, %PE, was calculated for AUCinf

and Cmax for each ER formulation as:

predicted–observedð Þ=observed½ � � 100%

Additionally, a cross-validation was conducted using the
leave-one-out approach. The final IVIVC model was re-run
using each of the four extended-release formulations (A, B,
C, and D) as an external validation formulation and the
remaining three formulations for model building and internal
validation. The %PE was calculated for internal and external
validation formulations for each of the cross-validation runs.

The predictive ability of the IVIVC was assessed for the
numerical IVIVC through evaluating each method’s internal
and external predictability per FDA and EMA guidance
documents [17,18]. To establish the internal predictability of
the IVIVC, an average absolute % PE of 10% or less for
Cmax and AUCinf was required. In addition, the absolute %
PE for each individual formulation was required not to
exceed 15%. For external validation, the absolute %PE was
required not to exceed 10% for Cmax and AUCinf.

RESULTS

In Vitro Dissolution Study

The in vitro drug-release profiles for the four
upadacitinib ER formulations using the selected method

Fig. 2. Mean upadacitinib plasma concentration versus time profiles following administra-
tion of IR capsule and ER tablet formulations of upadacitinib. ER formulations of
upadacitinib contained 10% HPMC (formulation A), 15% HPMC (formulation B), 20%
HPMC (formulation C; target formulation), and 35% HPMC (formulation D). Insert: Log-
linear scale of mean upadacitinib plasma concentration versus time profiles following
administration of IR capsule and ER tablet formulations of upadacitinib

Fig. 3. Point Estimates and 90% confidence intervals for the
bioavailability of upadacitinib following administration of single doses
of upadacitinib 30 mg extended-release tablets with different release
rates relative to single 24 mg dose of the upadacitinib immediate-
release capsules
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(USP App 1 at pH 6.8) are shown in Fig. 1 along with f2
values comparing the different formulations to each other.
Formulations A, B, C, and D released at least 80% of drug by
6, 8, 10, and 16 h, respectively. To evaluate the possibility of
linear IVIVC, additional dissolution conditions were evalu-
ated, but a linear IVIVC that could meet the FDA required
predictions error criteria was not established (Supplemental
Table 1). A Weibull function (Eq. 2) was used to fit the
in vitro dissolution data as it provided better fit compared to a
Hill function (Eq. 1) and resulted in lower AIC values by 10
to 35 points (for formulations A, B, C, and D, AIC values
were − 61, − 63, − 62, and − 84, respectively, for Weibull
function and − 40, − 53, − 39, and − 48, respectively, for the
Hill function).

In Vivo Bioavailability Study Results

The mean plasma concentration versus time profiles
from the in vivo study for the ER formulations A, B, C, and
D and the IR formulations are presented in Fig. 2. The
evaluated ER formulations (A, B, C, and D) showed central
ratios of upadacitinib AUCinf and Cmax relative to the
reference IR capsule formulation in the rank order of their
in vitro release rate and HPMC content (Fig. 3). The ratios of
central values for upadacitinib Cmax were 0.5, 0.46, 0.38, and

0.29 for formulations A, B, C, and D, respectively, relative to
the IR capsule formulation. The ratios of the central values
for upadacitinib AUCinf were 1.1, 1.0, 0.96, and 0.85 for
formulations A, B, C, and D, respectively, relative to the IR
capsule formulation. The pharmacokinetic parameters of
upadacitinib following administration of single doses of
upadacitinib IR capsules (24 mg) and ER tablets (30 mg)
are described in Table I. Median Tmax of upadacitinib was 2.0,
2.5, 3.0, and 3.0 h for ER formulations A, B, C, and D,
respectively, as compared to 1.0 h for the IR formulation.
Upadacitinib terminal half-life was similar across the ER
formulations and comparable to that of the IR formulation
(approximately 10 to 13 h).

IVIVC Model

The mean fraction of upadacitinib dose absorbed versus
time profiles are presented in Fig. 4 for the different
extended-release formulations based on deconvolution. Ex-
ploratory plots for the fraction of upadacitinib Fa and Fdiss,

vitro as well as between Tvivo and Tvitro are presented in Fig. 5.
Based on the exploratory plots, the relation between Fa, obs

and Fd, obs is linear (R2 = 0.92; Fig. 5a); however, there is a
clear non-linearity between Tvivo and Tvitro (Fig. 5b). There-
fore, default linear models with Phoenix IVIVC toolkit could

Table I. Pharmacokinetic Parameters of Upadacitinib Following Administration of Single Doses of Upadacitinib IR Capsules (24 mg) and ER
Tablets (30 mg) with Different Release Rates Under Fasting Conditions

Formulation

Pharmacokinetic
Parameters (units)

IR Capsules
UPA 24 mg
(N = 20)

ER formulation A
10% HPMC
UPA 30 mg
(N = 20)

ER formulation B
15% HPMC
UPA 30 mg
(N = 20)

ER formulation C*
20% HPMC
UPA 30 mg
(N = 20)

ER formulation D
35% HPMC
UPA 30 mg
(N = 20)

Cmax(ng/mL) 159 ± 45.7 79.3 ± 24.3 72.6 ± 19.7 59.5 ± 16.7 46.2 ± 14.7
Tmax

a (h) 1.0 (0.5–2.0) 2.0 (0.5–4.0) 2.5 (1.5–4.0) 3.0 (1.0–6.0) 3.0 (1.0–6.0)
AUCt (ng · h/mL) 507 ± 85.0 549 ± 89.5 515 ± 114 487 ± 120 422 ± 106
AUCinf (ng · h/mL) 510 ± 85.1 562 ± 89.3 529 ± 111 497 ± 121 443 ± 113
t1/2

b (h) 10.2 (6.92) 12.2 (8.24) 10.7 (7.65) 9.96 (6.09) 12.5 (8.06)

UPA upadacitinib
*Target formulation
aMedian (minimum through maximum)
bHarmonic mean (pseudo-standard deviation)

Fig. 4. Mean in vivo absorption versus time profile of upadacitinib extended-release
formulations based on numerical deconvolution
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not be used to establish an IVIVC for upadacitinib ER
formulations. The relationship between Tvitro and time Tvivo

was best described by a non-linear Emax function with
intercept (Eq. 2) as described in methods and presented in
Fig. 5b. The mean estimates (and standard error of the
estimates) of the IVIVC parameters (Eq. 2) were 11.6
(0.42) h for A1, 2.66 (0.28) h for A2, and 3.49 (0.47) h for B2.

Internal and External Validation

Summary of the observed and predicted upadacitinib
AUCinf and Cmax for each of the three formulations used to
develop the IVIVC (formulations A, C, and D) as well as for
the external validation formulation (formulation B) are
presented in Table II. The average %PE was less than 10%
for both AUCinf and Cmax for the ER formulations (A, C, and
D). The %PE for each of the individual ER formulations A,
C, and D were also well below 15% for both AUCinf and
Cmax. In addition, the external %PE for ER formulation B
was less than 10% (Table II). These results demonstrate that
the established IVIVC meets the predefined internal and
external validation criteria.

Results from the cross-validation using the leave-one-out
approach are presented in Table III. All cross-validation runs

met the acceptance criteria (%PE for each formulation <
15%; average internal validation %PE < 10%; external
validation %PE < 10%).

DISCUSSION

A predictive level A non-linear IVIVC was established
for upadacitinib ER formulation using in vivo and in vitro
data for formulations containing a range of the release-
controlling polymer (HPMC) of 10 to 35%. This range
encompasses the target to be marketed formulation (formu-
lation C) which contains 20% HPMC. The established IVIVC
meets both the internal and external predictability per the
FDA and EMA criteria and can potentially be used as
surrogate for in vivo study if there is a need for formulation
change (within the design space of the IVIVC) or
manufacturing process change. Additionally, the established
IVIVC enables setting the release specifications based on
clinical relevance using the predicted range of upadacitinib
exposures for formulations that fall within the proposed
specifications. These analyses highlight the importance of
evaluating non-linear models when linear IVIVC relation-
ships cannot be established.

Fig. 5. Correlation between a the observed fraction absorbed and the fraction dissolved and b in vivo absorption time and in vitro dissolution
time for upadacitinib ER formulations

Table II. Results of the Internal and External Validation for Upadacitinib IVIVC

Internal validation formulations External validation
formulation

Formulation A
10% HPMC

Formulation C
(target formulation)
20% HPMC

Formulation D
35% HPMC

Average for
internal validation

Formulation B
15% HPMC

Parameter Obs. Pred. %PE Obs. Pred. %PE Obs. Pred. %PE Obs. Pred. Absolute %PE Obs. Pred. %PE

Cmax (ng/mL) 75.9 78.6 3.55 57.2 58.0 1.40 44.0 44.6 1.22 57.6 58.8 2.06 70.2 68.2 − 2.85
AUClast (h · ng/mL) 532.0 561.8 5.60 463.2 462.6 − 0.13 400.5 389.1 − 2.84 462.1 465.9 2.86 494.1 524.1 6.08
AUCinf (h · ng/mL) 545.1 565.3 3.70 472.9 466.9 − 1.27 420.0 393.8 − 6.24 476.6 470.2 3.74 508.2 528.3 4.00

Note: Values are reported as the geometric mean
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Non-linear IVIVC models, although less common than
linear models, are considered acceptable as long as internal
and/or external validation demonstrates adequate predictabil-
ity of the IVIVC and that the same non-linear time scale is
used for all formulations [17–19]. Evaluation of linear models
for upadacitinib ER formulation consistently resulted in
under-prediction of upadacitinib Cmax, (data not shown)
suggesting slower dissolution in vitro than in vivo dissolution
that was not adequately accounted for using a linear time
scaling factor. This was also the case for various other in vitro
test conditions evaluated to mimic the in vivo conditions

(Supplemental Table 1). In general, potential causes for non-
linearity in IVIVC can be expected to be the lack of
uniformity in absorption of a drug throughout the gastroin-
testinal tract, possible saturation of transporters or first-pass
metabolic pathways, or the nature of the formulation [22,23].

Upadacitinib is a highly soluble and highly permeable
drug that exhibits linear pharmacokinetic characteristics over
the range of doses that have been studied (up to a dose of
45 mg using the extended-release formulation and up to
48 mg using the immediate-release formulation). Given the
high permeability and high solubility of upadacitinib,

Table III. Cross-Validation Results for the Non-Linear IVIVC Model Using the Leave-One-Out Approach

Validation
Initial correlation estimates
Final parameter estimates

Formulation Parametera Predicted Observed %PE

Model developed with formulations A, C, and D.
Formulation B used for external validation
Initial estimates:
A1: 15 h; A2: 5 h; B2: 8 h
Final Estimates:
A1: 11.6 h; A2: 2.7 h; B2: 3.5 h

A AUCinf 565 545 3.7
A Cmax 79 76 3.6
C AUCinf 467 473 − 1.3
C Cmax 58 57 1.4
D AUCinf 394 420 − 6.2
D Cmax 45 44 1.2
Avg internal AUCinf 470 477 3.7
Avg internal Cmax 59 58 2.1
B AUCinf 528 508 4.0
B Cmax 68 70 − 2.9

Model developed with formulations B, C, and D.
Formulation A used for external validation
Initial estimates:
A1: 15 h; A2: 5 h; B2: 8 h
Final estimates:
A1: 11.6 h; A2: 2.4 h; B2: 3.7 h

B AUCinf 527 508 3.7
B Cmax 69 70 − 1.9
C AUCinf 465 473 − 1.6
C Cmax 59 57 2.4
D AUCinf 392 420 − 6.7
D Cmax 45 44 2.5
Avg internal AUCinf 458 466 4.0
Avg internal Cmax 57 56 2.2
A AUCinf 565 545 3.6
A Cmax 79 76 4.4

Model developed with formulations A, B, and C.
Formulation D used for external validation
Initial estimates:
A1: 16 h; A2: 6 h; B2: 10 h
Final estimates:
A1: 17.1 h; A2: 3.2 h; B2: 7.3 h

A AUCinf 592 545 8.6
A Cmax 73 76 − 3.6
B AUCinf 561 508 10.4
B Cmax 63 70 − 10.2
C AUCinf 503 473 6.4
C Cmax 55 57 − 4.4
Avg internal AUCinf 551 508 8.4
Avg internal Cmax 63 67 6.0
D AUCinf 433 420 3.1
D Cmax 41 44 − 6.3

Model developed with formulations A, B, and D.
Formulation C used for external validation
Initial estimates:
A1: 16 h; A2: 6 h; B2: 10 h
Final estimates:
A1: 11.6 h; A2: 2.0 h; B2: 4.2 h

A AUCinf 558 545 2.4
A Cmax 79 76 4.4
B AUCinf 518 508 1.8
B Cmax 69 70 − 1.6
D AUCinf 380 420 − 9.6
D Cmax 45 44 2.9
Avg internal AUCinf 479 488 4.6
Avg internal Cmax 63 62 3.0
C AUCinf 455 473 − 3.8
C Cmax 59 57 2.6

aUnits are ng · h/mL for AUCinf and ng/mL for Cmax
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intestinal transporters are not expected to have clinically
relevant role in upadacitinib disposition in vivo and no data
suggest lack of uniformity in absorption throughout the
gastrointestinal tract in humans. Therefore, it is likely that
the nature of the formulation and how it releases the drug
in vivo is driving the non-linear relationship between Tvitro

and Tvivo. Analysis of deconvolved in vivo absorption profiles
(Fig. 4) demonstrated a common two-stage profile for all four
tested formulations: rapid early absorption over the first 4 to
5 h, followed by slower absorption afterward. Drug release
from gel-forming hydrophilic matrices (such as that used in
this upadacitinib controlled release formulation) has been
known to come from two mechanisms: diffusion of drug
molecules across the gel layer formed on the surface of the
tablet and erosion of the polymer on the tablet surface (or the
outer layer of the gel). The dissolution conditions tested
in vitro (including those that used two different pHs or RPMs
in the same test; Supplemental Table 1) were unable to mimic
the time course of the release in vivo for all formulations;
thus, establishing a linear IVIVC relationship was not
feasible. Only a non-linear IVIVC with prediction errors
meeting the acceptance criteria could be achieved no matter
what dissolution condition was used. An important consider-
ation for the development and validation of this non-linear
correlation is that the model fitted to correct for the time
scale difference between the in vitro data and the in vivo data
is the same for all the formulations tested and is independent
of the formulation or its release rate.

It is worth noting that the relationship between Tvitro and
Tvivo appeared linear up to approximately 8 h in vivo. An
approach that is alternative to the use of non-linear model
would be to establish a linear IVIVC with in vivo cutoff time
(tcutoff). However, use of tcutoff implies ignoring collected
in vivo and in vitro data after the selected tcutoff. Additionally,
Phoenix software that does not allow estimating the optimal
tcutoff value and tcutoff will need to be selected as an arbitrary
value based on observed data. Both of the aforementioned
points can potentially introduce bias in the analysis when
tcutoff is used. We opted to use a non-linear IVIVC approach
rather than use of linear IVIVC with tcutoff to be able to use
the totality of the data thus to avoid ignoring any in vitro or
in vivo data and to allow the software to estimate the best-
fitting parameters for the non-linear relationship based on the
data.

The IVIVC model was developed while a Phase 3 study
which evaluated the safety and efficacy of upadacitinib doses
of 15 mg and 30 mg QD using the ER formulation was
ongoing. The upadacitinib ER formulation is considered
proportionally similar between the 15 and 30 mg strengths,
and upadacitinib plasma exposures are linear over a wide
range of IR and ER doses [8,15]. Therefore, the IVIVC,
developed using the highest clinically relevant strength at the
time of conducting the analysis (30 mg strength), is consid-
ered applicable to the 15 mg strength.

The robustness of the model was evaluated through
cross-validation using the leave-one-out approach; all cross-
validation runs meet the acceptance criteria (%PE for each
formulation < 15%; average internal validation %PE < 10%;
external validation %PE < 10%). This assessment, although
not a requirement per regulatory guidance documents,

demonstrate robustness of the IVIVC and that it is not
sensitive to data from a specific formulation. With a validated
IVIVC, an in vitro test can potentially serve as a surrogate for
bioavailability testing as well as a tool to screen formulations
and set the dissolution and drug-release acceptance criteria.

CONCLUSION

A robust non-linear level A correlation that meets the
FDA and EMA validation criteria for both internal and
external predictability was established for upadacitinib ER
formulation. This IVIVC can be used as surrogate for
bioequivalence studies in case of future formulation changes
that are covered by the IVIVC release rates tested. This
correlation will enable the setting of clinically meaningful
dissolution specifications based on acceptable differences in
plasma concentrations corresponding to the upper and lower
limit of the dissolution specifications.
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