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ABSTRACT

The use of in vitro dissolution data to accurately predict the in vivo absorption
of biopharmaceuticals has been a goal for decades because it is simpler and
more ethically acceptable to conduct in vitro dissolution studies than in vivo
bioavailability (BA) or bioequivalence (BE) studies. When developing oral
small-molecule drugs, it is critical to understand how changes in formulation
may affect drug concentrations in the plasma. Linking the in vitro dissolution
profile of drug formulations to the exposures observed in vivo using in vitro-
in vivo correlation (IVIVC) models is well suited for this purpose. The
biopharmaceutics classification system (BCS) provides a method for small-
molecule immediate-release (IR) generic drug development to waive BE
studies using only dissolution data. Pharmacokinetic (PK) simulation
modelling is an valuable tool for studying IR products that can be accepted as
BCS biowaivers. PK models consider the factors influencing the absorption
and BA of drugs, including physiological conditions such as pH in the
gastrointestinal (GI) tract and the regional distribution of metabolic enzymes
and transporters along the GI tract. Moreover, an accurate description of the
dissolution and systemic PK processes is required. Physiologically-based
pharmacokinetic (PBPK) modelling has recently received considerable
attention in biopharmaceutical applications such as constructing IVIVC
models and justifying BCS biowaivers. This provides a realistic method to
incorporate physiological processes and parameters into the description of the
dissolution and PK processes. The characteristics of the different populations
can also be easily accounted for.

In this thesis, a level A IVIVC model using a Bayesian approach for a
modified-release (MR) formulation series was developed. This model is well
suited for waiving BE studies, both in new oral drug formulation development
and generic drug development. In addition, PK simulation models were
constructed and used to set appropriate and moderately stringent dissolution
criteria for BCS class 1 and 3 IR small-molecule drugs. These simulations were
performed using numerous parameter combinations obtained from a
multidimensional parameter space with a range relevant for actual drugs. In
addition, the effect of the MDR-1 efflux transporter on the BE of its substrates
was evaluated.

In conclusion, this thesis provides a successful example of using Bayesian
methodology to establish a level A IVIVC model for levosimendan. In addition,
these findings demonstrate how the regulatory dissolution criteria of BCS class
1 and 3 drugs can be further improved to allow biowaivers when appropriate
and require clinical studies only when necessary. The biowaiver criteria for
BCS class 1 drugs depend on the Tmax parameter, and BCS class 3 drugs should
be eligible for the biowaiver if the formulations are rapidly dissolved and their
dissolution profiles are similar.
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Introduction

1 INTRODUCTION

Dissolution is the release of active pharmaceutical ingredients (API) from
small molecule immediate-release (IR) and modified-release (MR) products.
Pharmacokinetic (PK) processes, such as absorption, distribution,
metabolism, and excretion, can be used to describe the concentration of a drug
in the plasma as a function of time. The use of dissolution data to predict in
vivo absorption has been a goal in biopharmaceutics for decades because it is
simpler and more ethically acceptable to conduct in vitro dissolution studies
than to conduct in vivo bioavailability (BA) or bioequivalence (BE) studies.
During the development of small-molecule drug products, it is important to
estimate how changes in formulation affect the in vivo release of drugs and
how they are reflected in the concentration-time profile of plasma. In vitro-in
vivo correlation (IVIVC) models, where variability is accurately described, are
excellent tools. They can be used to study the effects of formulation changes
on the in vivo behaviour without conducting in vivo studies for all
formulations. Therefore, these models provide an ethical method to aid drug
formulation development.

The development of generic drug formulations for small-molecule IR drug
products can greatly benefit from biopharmaceutics classification system
(BCS) biowaivers which allow the use of dissolution data to waive BE studies.
PK simulation models, where physiological conditions affecting absorption,
such as pH in the gastrointestinal (GI) tract and regional distribution of
metabolic enzymes and transporters along the GI tract, are considered,
together with an accurate description of dissolution and systemic PK processes
provide a scientifically sound method for studying when IR drug products can
be accepted as BCS biowaivers.

The use of physiologically based pharmacokinetic (PBPK) modelling in
biopharmaceutical applications, such as constructing IVIVC or justifying BCS
biowaivers, has clearly increased in the 2020s (Anand 2022, Heimbach 2021,
Han 2022, Wu 2021, Wu 2023b). This increased use is likely due to increased
knowledge of the physiological processes and parameters of the GI tract.
Although, significant progress has been made in the PBPK modelling of
biopharmaceutics for small-molecule IR drug products, there is still work to
be done to accurately describe the in vivo release of small-molecule MR drug
products and the associated variability physiologically. However, the ability to
describe and predict in vivo absorption and concentrations of drugs for
different populations, such children, the elderly or people living with diseases,
makes PBPK modelling a suitable tool for accurately describing
biopharmaceutical processes.

Owing to the long time period over which this thesis was completed, it is
structured such that the literature review contains state-of-the-art
information until the start of the thesis studies (2005). Research conducted in

14



the field after the start of this thesis (2005) is presented in the Discussion
section. Important papers for the prediction of PK of small-molecule drugs
using modelling methods for establishing relationship between dissolution
data and in vivo absorption is shown in Table 1.

15



o1

*(€461) 19-SEVT

"SUOT]OBAI 1[0 BIOW S [ONS 9PN[IUT $955900.1d [BITWAY) "SSOURIRI[O ASUPD| pUR
‘3urpuiq anssi ‘sMO[J Poo[q Sk [ons apn[oul sassa001d [eo1sAy sojdurexo se s3nip JuaIoyIp

Jursn passnosIp a1 s9ss900.1d [eoruayd pue [eo1sAyd se yons sasseo0.1d [enplalpur jJo uredss

urreydorg jounjooeunreyd r "dn-s[eos [BWIUY “TY YOLIPAQ Pamaiadl A[y3noloy) aIe uewny Surpnpul sawads uelewtiew usamiaq MJ jo dn-s[eds €L61
*(6961) 0T-915T
‘88 S wreyq [ "AI[IgR[lRAR OAIA UL Y}IM UOLIB[ELIOD DT[] *(796T) UOS[ON pue JouSep Aq PaqLIOSOp
PUE SULIOJ 93BSOP X2IOUTUIE JO S91BI UOTIN[OSSIP OIIA U] 'V  POYIowW SUIST PIJR[NO[BI SBM PIGIOS(R JUSII "OIIIA U POA[OSSIP 1usd1ad 1M PSIR[e.LIOD SeM
unelg ‘Lr osmoq ‘Od Uosuyor ‘v) BPIURL ‘YA UBWSSAI)  OAIA Ul paqlosqe Jusdiad a1oym ‘(DATAI) UOTIB[RLIOD OAIA UI-OJ1IA Ul 91} Jo uonedrjdde 1sig 6961
‘(b961) Cot-g6€T ‘€S 108 wIeyd  “Snip
Jo asop a3uts 1ok aseyd aandIosqe 9y} U UONAIOXS ATRULIN ‘sjepout uondIosqe JUSISJIp 10J Paeald
Ppue S[9A9] POO[q JO SISA[eUR dQPUD “J UOS[AN ‘Of IouSepy alom sjo[d awil} SNSIoA PaqIosqe JusdIsd uondiosqe 10} s[epouwr onouny| jo uonduossq 961
‘sonounjodeuLIeyd
*(L€61) S2e-503T LS 19Y], 10 UApPOJRULIBYJ U] YOIy  JO JOUIB] SB PAIOPISUOd SI [[@109], ‘suonjenbs [enualeygip Suisn jusunreduwod
"UOTIRISTUTUWIPE JO SOPOUI JB[NOSBARIIXS OY], '] "APOq 9Y1 01 [JBd I0J poaA[os alom so[yold swm-uonenuaouo) ‘sjuswiredwod oAy Suisn Apoq
POIOISTUTWIPR S9OURISNS JO UONLIISIP JO SONDUDY "I, ‘[[9109], URWNY Ul PIQLIOSOP 9I9M SUOIIRIIUAOUO0D STIP 919UyMm ‘[Ppout Y Jdd o2 Jo uoneordde 3sirg LE6T
ERLERETERGTLE | souerodwr pue uondLIdSIp JoLIg ECEY R

'G00¢Z [un uondiosqe oAlA Ul pue
ejep uonnjossip usamjaq diysuonejal buiysijqeiss 1oy spoyjaw builjjspow buisn sbnip ajnoajow-jjews Jo Yd Jo uonaipaid ayj o siaded juepoduwiy

‘L elqelL

uoyonpo.juy



LT

"(066T1)
28-9LY ‘6L 108 wireyd p *s[@d (g-008)) 2andiosqe [eunsajul
I10A0 s3nIp jo uoisnyrp aalssed oy} SulApnis I0] [9powr

V I "9Inno [[20 ut sSnIp jo Lodsuery ferpydy *d UOSSINLIY

*(6861) 61-9€L
‘96 AZo[orausomses) “Aiqeaurtad [erpyide [eunsajul 10y
WD)SAS [9pOU B Sk (3-00B))) SUI[ [[99 BUWOUIIIR) UO[0D URWINY

91} Jo uonezZIISIORIRYD "I IpIeydiog ‘LI, qney ‘I oS[eprH

“(Sg61)
89-6F ‘6T oy, [odeulIRyq ‘Sureos soweds [eUIIUBISIUL

pue sppow onsunjooeulieyd oI130[0ISAYJ N PUBMOY

(bg61) 6-VLet
‘€L g wreyq r ‘uondiosqe Snip juspuadop-9sop 10j [opour
[BOTWLYPOISAYJ "TH uopruy ‘q IoysL[d ‘g uewssaiq

"(6L6T) €C-€1 VL
dwi4g punoy eqr) ‘sonounjooeuLreyd jo sa[douLig * 1.0 Iayong,

*SPOI9W J9I[1BS URY} SjusWLIodxa
OJIA Ul JO UonRINp I93UO[ A[1B3[0 MO[[e A9Y] PUR UISLIO URWNY JO I8 S[[99 18] I8 POylou
SIy} Jo safejueape Jofely “Ajfiqesurtod [eunselul Apnis 0] Pasn 9 UBD SUI] [[99 OINA UI

SIL, [9POW T-00€)) B PAONPOIUT PUL ST} dures 9y} punode paysijqnd a1em s1oded omy asay],

‘pajensn[I A[1ea[d aIe spoylaw 959y} Jo Juawdofaasp pue sapdoutid

oseq ‘3ureos sewoads [ewlUeIo)UI pue S[Epouwl MJ [eo13o[osAyd Jo moemal y3noioyy,

“B]eP PIAIDSO 1M JUSISISUOD 91oM
SI[NSAI UOLIR[NWIIS 1R} PAPN[OUO0D Sem ] ‘suone[nurs Jururiofrad Aq parpnis a1om uondiosqe
SnIp uo ‘elel MO} [PUNS9IUL PUB ‘SJULIUOD [eunsalul Jo awnjoa ‘duyoid Hd se yons
s1o1oweted wdlsAs pue ‘Aiqesuriad [[em otsuLnul pue ‘Afiqnios ‘®yd se yons ‘siojowered

Snup jo 109)30 Ay, "peonponul sem uondiosqe [H Sune[nuIIs I0j [9POW Yue] SUIXIW ST,

"PoIBIISN[[I pUE PISSNISIP a1 ‘uIpuiq
Snip pue AAnoe awAzua ‘Mofj poolq se yons ‘sioouwreted [eorSojoisAyd pue ‘@oueres|d
‘UOTINLIISTP JO SWIN[OA ‘DJI[-J[BY UOIIRUTWI[ SB Yons ‘s1ojourered Y J U90MIdq NUIT SI[(eLIBA

[eo13o101sAyd 03 payul] ST MJ SUIqLIOSIp Uaym Apoq 9y} Jo uonejuasaidal [ejusunreduro)

0661

6861

Gg61

Q61

6.61

ERLIEREVERR 1

douerrodwr pue uondLIdSIp Jarag

Tedx




QT

*(1002) L9-1+§ ‘T [ddng 0S A9y Al[a(] SnIJ APY "AlI[I(B[IRAROI]
SnIp [eI0 uO sossed0rd [eOTWSYPOI] Ppue [edrdoorsAyd

Jo 1oedut oy} Sunoipald "GN 195[0g ‘SM ZSOHOM ‘g Welody

*(L661) Anysnpul 10J 90UBPIN.
*SUOTIR[2.LIO)) OAIA UJ/0NIA U] Jo uonjeorddy pue ‘uorrenjeay

QuowdopPas(q :suLio] 98eso( [BIQ 9SeS[DY PIPULIXY VAA

*(966T1) QI-TIT ‘Ob1 wireyq (juy ‘suewny
UL MO[J JISURI]} [BULSIIUL [[RWS JO SISA[RUR [opowl uolsIadsip

pue Jsuer [ejuswireduwro) "TH UOPIUIY Y[ UOSLI) X NX

*(§66T1) 02-C1b ‘2T sy uLIRy AN[IqR[IRAROI]
OAIA UI pue uonn[ossip 1onpoid SnIp oA Ul JO UOHB[LIOd
ayp
[BOHAI0R V Y[ UOSH ‘dA YBYS ‘H SPUIUULT “TH UOpruy

:uoneoyissep  Snip onnooewreydolq e 10y SIseq

*(g661) 16-Eter
‘6 soy wireyd “uew ul uonidiosqe Snip [e1o Apnis o3 ypeoidde
OAIA Ul mdu e ‘uoisnjrod Teunfa( [euoidey T mozeed

‘IN OpAY “T uosinwy] “ UaI3[[eH ‘O 1PAISULIY ‘H SBUISUUST

‘[epowr LyJV Sursn sSnIp uowuiod
10J porIpard AJmysseoons o1e so[godd SWI-UORIIUSOUOD Pue ‘AJ[Iqe[RAROI( ‘PICIOSqe
UOT}ORI,] "PAQLIOSIP 916 WIST[0]RIAW d[qeIn]es pue ‘uondIosqe sANOR pue sAlssed ‘UONN]OSSIP
‘sponpouad SnIp 9sea[aI-PaY[0IIU0D 10] UOTIRId]I] SNIP JO UOTIBIO] PUE ‘JUIXI ‘)Rl 91|, ‘[opout

(LvOV) usuen pue uondiosqe [ejusunteduiod paoueape 0} [ppowr IvD jo judwdopasq

SULIOJ 93BSOP [RIO0 10J DATAI YSI[qeIS? 01 MOT] U0 V(] Aq payjeIp aurepms I

‘[epouwt uorsiadsip uey) xadwod
SS9] pue [epow juswlredwiod S[3urs 01 IoLedns punoj sem [spow SIyJ, ‘sjusurlredwod
UoAdS IM [epouwr lisuen) [ejuswiredwiod Aq poinided sem MO[J 1ISURI] [RULISOIUL
[[eWS JO 9[Joiq "19eI] [PULSSIUL [[BWS URWNY dY} Y3noiy; suLoj a3esop [elo Jo ssaoord

1suer a3 Jo uondLiosap 10j pajuasaid sem [ppout (LvD) Msuel], uondiosqy [erusunreduio)

‘uon1dI0Sqe OAIA UT [IIM 9191100 18] UI1S9] UOTIN[OSSIP OI}A Ul I0] SPIRPUER]S SUI9S SMO[[R
WASAS SIY ], A[iqesuriad [eUI}SIUIOIISES PUB UONIN[OSSIP 119} UO PIseq SISSe[d Inoj ojul

PayIsse[d aq ued s3nIp 2I8yM ‘(SOF) WRISAS UOTIBOYISSE[D SornaveuLIeydolq Jo uononpoIuy

*QUNISAIUT 9} JO SIUSWIZAS [RUOLZI JUIPIP Jo uondiosqe SulApnis

POMO[[e OS[e yoIym paonponul sem uorsniad [eunfo( Sulpnis 10j [9POW OAIA UI UBWINE]

T00¢

L661

9661

G661

T661

ERLIEREVERR 1

douerrodwr pue uondLIdSIp Jarag

Tedx

uoyonpo.juy



61

*(S00%2) £1-50€ ‘Pg 108 uLIRyd [ INF "BIPAU UOLIN[OSSIP
1UBAD[IOl] UHM PpOYPdW UONN[OSSIP UYSNOIY}-MO[} 9}
Sursn ‘Jozeuep ‘Snuap 9[qnjos A[100d B I0J SUOLIR[OLIOD OIJIA UT

OAIA U] 'V ZMI[[NIA ‘DH USSUSISLIY “Tg USSIopad ‘HA Uasaung

*(S00g) ST-LI9T b6 10§ WLIRY{ [ "9PLIO[YO0IPAY
QuUIpIMIUBI :SULIO}] JSesop [BIO PI[OS JSEI[dl dJeIPIWI
10§ sydeiSouowr 1oAremorq ‘N Spuateq ‘dA yeys I eYPIA
‘YH JeSuiSunp ‘gp uewssalq ‘N e[mIedix ‘H 1areleojioy

*(§00%) €2-1T ‘2T SOy WLIRY{ "WD1SAS UOLIBOLISSR[D
uonisodsip Snip sonnooeurreydolq e jo juawdoasdp
pue Aepdiojur uoneurwip /uondiosqe/yodsuen :§Og jo

uonedrjdde e uonisodsip Snap Sunorpald 77T 19Uag ‘XD DM

‘(vooz)
8-ty ‘T [ouypa], AepoJ, A0osIq SniQ ‘suonoeIslul Inip
-S1Ip J1[0qeIoU ,01}1A UI, JO S9OUINDISU0D ,0AIA UI, Y} SSISSB

0] SUOTIB[NWIIS ,001[IS UJ, "D JoYon], ‘v ueSa(poH-Tureisoy

"BIPOWI UOTIN[OSSIP JUBAJ[I0IQ SUISN PIIONIISUOD DATAT IS 9T,

*s3nup 1 ssep §Og 10J pasodoxd

A[UO 910M SISATEMOI( ‘A[SNOIARI{ “(SUIpTIIURT) SNIP € SSB[O SO 10] PIONPOIIUL ISATEMOT] ISIL]

“paIapisuod osfe st uondiosqe Snip uo sielrodsuery aandiosqe
PUE XN[JJ9 JO S109JJ0 J} PUL UOTILUTWI[D SNIP JO SIINOI dIYM (SO ) WAISAS UOTILILISSEd

uonisodsip Snip sonneoewireydolq pawreu SO JO UOISIOA PAUPAI JO UOLONPOIUL

*UOTIBNIIS OAIA UT JO uonoIpald 10} Blep uonoeIalul SnIp

-8nap orjoqelaw o1A ul uisn SUOLIR[NWIS 0D1[Is Ul Jo sanyiqissod pue uondLdsap ySnoioy,

Soozc

Sooz

Sooz

Yooz

ERLIEREVERR 1

douerrodwr pue uondLIdSIp Jarag

Tedx




Review of the literature until 2005

2 REVIEW OF THE LITERATURE UNTIL
2005

2.1 LINKING DRUG DISSOLUTION WITH IN VIVO
EXPOSURE

The ability to predict in vivo exposure using in vitro dissolution data would
enable a decrease in the number of clinical studies and lessen the time needed
for drug development. To link in vitro dissolution and in vivo exposure, the
factors that influence dissolution and absorption in the GI tract need to be
understood. Several modelling methods have been proposed to correlate the
in vitro-determined dissolution of drug products and the in vivo absorption
profiles of oral small-molecule drugs. The goal of these methods is to use in
vitro-generated data to waive and better understand in vivo BA/BE studies.
These methods include IVIVR/IVIVC, BCS and PBPK models. IVIVR/IVIVC
and PBPK models can be written using general modelling software or one can
use customised software. An accurate description of variability is important
when describing and predicting in vivo exposure at the population level.
Nonlinear mixed-effects modelling and the Bayesian approach are excellent
tools for this purpose.

211 DISSOLUTION

Dissolution is a process in which a drug substance is released and dissolved
from the drug product into liquids in the GI tract (Rowland 1995). The drug
can only be absorbed after dissolution. Dissolution can be studied in vitro by
measuring the percentage of the drug dissolved from the dosage form.
Authorities such as the Food and Drug Administration (FDA) have clear
requirements for dissolution testing (FDA Guidance 1997a). Dissolution
testing conditions such as apparatus, rotation speed, temperature, dissolution
medium, dissolution volume, and sampling schedule were clearly defined.
Differences in the testing conditions leads to differences in the observed
dissolution data. As a result of in vitro dissolution test one obtains dissolution
profile as a function of time. The dissolution profiles vary greatly between the
IR and MR products. FDA has defined that 80% of IR solid oral drug products
containing a highly soluble drug substance should have dissolved within 30
min (FDA Guidance 2018). If the dissolution is slower than this criterion, then
product is considered to have an MR profile.
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2.1.2 ABSORPTION FROM GI TRACT

For an orally administered drug to be absorbed, it must be dissolved (Rowland
1995). In addition to dissolution, drugs face several barriers during
absorption. These processes include excretion, metabolism, permeation and
they have been depicted in Figure 1. The intestinal wall contains several
absorptive (such as MCT1 and PEPT1) and efflux (such as MDR1 and BCRP)
transporters in the apical and basolateral membranes (Pang 2003). Absorptive
transporters increase and efflux transporters decrease permeation. The gut
wall also contains several drug-metabolising enzymes, such as CYP and UGT.

Permeation

and flow

through
Permeation portal vein T temi
. 0 systemic

Gut lumen P Gut wall > Liver ——p O°Vte
circulation
Excretion . . .
Metabolism Metabolism Metabolism

to feces

Figure 1 The main barriers and processes involved in drug absorption from the Gl tract,
figure is modified from Rowland (2005).

The total BA (F) is the overall fraction of the drug reaching systemic circulation
and can be calculated as follows

(€))] F =Fp-Fg-Fy,

where Fr is the fraction which is not excreted in the faeces or metabolised in
the gut lumen, Fg is the fraction that escape metabolism in the gut wall, and
Fn is the fraction that escape liver metabolism (Rowland 2005).

213 IVIVC

In vitro dissolution rates of sustained-release formulations can be correlated
with in vivo absorption (=currently BA) profiles (Cressman 1969). To perform
a correlation, the plasma concentration-time level of the drug should be
converted to a percentage of the dose absorbed as a function of time using a
method called deconvolution. This can be accomplished using the method
developed by Wagner and Nelson (1964). In this method, the following
equation was used to estimate the percentage absorbed at a given time:

Cr+k-f{D) cdt

K[, oo cat +100,

(2) %absorbed = j—T- 100 =
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where Ar is cumulative amount of drug absorbed from time o to time T, A« is
the amount of drug eventually absorbed, K is overall elimination rate constant
and Cr is plasma concentration in time T. IVIVC can be defined as a predictive
mathematical model describing the relationship between an in vitro property
of an extended release dosage form (usually the rate or extent of drug
dissolution or release) and a relevant in vivo response, such as plasma drug
concentration or amount of drug absorbed (FDA Guidance 1997b). A
representative example of the in vitro-in vivo correlation between the
percentage of dissolved dose and the percentage of dose absorbed using
deconvolution is illustrated in Figure 2. The correlation between in vitro
dissolution and in vivo absorption can also be established using convolution
which directly relates in vitro dissolution rates to in vivo plasma concentration
profiles (Buchwald 2003). This can be achieved with compartmental models
where the rate of in vitro dissolution is connected to the rate of in vivo input
through a general function where lag time and scaling are possible. This is
illustrated in Figure 3.

% Absorbed

25 50 100
% Dissolved

Figure 2 Representative example of quantitative IVIVC of sustained-release formulations
using deconvolution.
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r(t)

dac

k =@ -k-C

7(8) = @Paps(t) - Sy * Tais(to + 51+ t)

Figure 3 An example of a direct convolution-type one-compartment IVIVC model where C is
the plasma concentration, k is the elimination rate constant, r(t) is the rate of in vivo
input, rais(t) is the in vitro dissolution rate, gans(t) is the time-dependent multiplying
factor, to is the lag time, and s and s+ are the scaling constants. Figure modified
from Buchwald (2003).

The goal of this study was to accurately and precisely predict the expected in
vivo absorption characteristics of an extended-release (ER) product from its
dissolution profile. If in vitro dissolution is predictive of in vivo absorption,
the established relationship could allow the introduction of changes in
formulations and manufacturing without conducting an in vivo BA/BE study.
Three levels of IVIVC have been defined by the authorities (FDA, 1997; EMA,

1999):

e Level A is typically linear and represents a point-to-point relationship
between the in vitro dissolution and in vivo input rate.

o Level B uses the principles of statistical moment analysis where the
mean in vitro dissolution time is compared with either the mean
residence time (MRT) or the mean in vivo dissolution time.

e Level C is a single-point relationship between dissolution parameters
(such as percentage dissolved in 4 h) and PK parameters, such as the
area under curve (AUC).

Although IVIVC can be defined using two formulations with different release
profiles, the FDA recommends that three or more formulations with different
release rates should be used to develop IVIVC (FDA 1997). To use the
developed IVIVC model for waiving in vivo study, the predictability of the
established correlation should be evaluated. Predictive ability should be
evaluated both internally and externally using data used to develop the model
and using data not used in the development of the IVIVC. Assessing
predictability with an appropriate metric is a crucial part of the IVIVC
development and should not be overlooked (Eddington et al. 1998). Inter- and
intrasubject variability in PK can be greater than the variability between
formulations (Mauger et al 1997). Methods to describe variability in IVIVC
models exist; for example using nonlinear mixed effects modelling, as was
done by Bigora et al. (1997). The authors first calculated the in vivo cumulative
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amount of drug absorbed by ER formulations by performing deconvolution
using IR formulation data as a unit impulse function. The correlation between
the in vivo cumulative amount absorbed and the in vitro cumulative amount
dissolved was modelled with linear and four nonlinear relationship equations
using nonlinear mixed effects modelling to simultaneously estimate the
parameters and their intersubject variability. Nonlinear mixed-effects
modelling is suitable for describing variability when developing an IVIVC.
Although nonlinear relationships describe the data better than linear
relationship in this example, the use of more complex nonlinear functions
should be carefully evaluated.

214 BCS

Classifying orally administered drugs into classes based on their
biopharmaceutical characteristics will make it possible to set standards for in
vitro dissolution testing which will correlate with in vivo processes (Amidon et
al 1995). BCS is based on the concept that the fundamental parameters
controlling the rate and extent of absorption are dissolution and GI
permeability. Drugs can be divided into four classes based on their solubility
and permeability. This classification is illustrated in Figure 4. There are
differences between these classes regardless of whether an IVIVC is expected.
For low permeability classes, limited or no IVIVC was expected. For class 1
drugs correlation between in vitro dissolution and in vivo absorption is
possible if the dissolution rate is slower than gastric emptying rate. The
possibility of IVIVC was the highest for class 2 drugs. 130 orally administered
drugs from the Model list of Essential Medicines of the World Health
Organisation was attempted to classify based on BCS (Lindenberg et al 2004).
Only 61 of the 130 drugs were classified into the four classes with certainty.
The remaining 79 drugs were not assigned to specific classes mainly because
of insufficient or conflicting data.
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High solubility Low solubility

Class 1 Class 2

High solubility Low solubility
High permeability High permeability
(Rapid Dissolution
for Biowaiver)

Class 3 Class 4

High solubility Low solubility
Low permeability Low permeability

High

permeability permeability

Low

Figure 4 The BCS as defined by the FDA (Guidance 2000) after Amidon 1995, modified from
Wu 2005.

The BCS states that if an IR drug (BCS class 1) has high solubility, high
permeability and product dissolves rapidly, a waiver for performing BE studies
(biowaiver) can be scientifically justified. Biowaiver monographs were written
for the class 1 compounds verapamil hydrochloride, propranolol
hydrochloride and atenolol based on literature data (Vogelpoel et al 2004).
The purpose of these monographs is to provide a scientific basis for biowaivers
based on the BCS using literature data. Although limited IVIVC is expected, a
waiver of BA/BE studies has been proposed for class 3 compounds for fast-
dissolving products without excipients that may modify GI transit or
membrane permeation (Blume 1999). The first biowaiver monograph of class
3 compounds was presented for ranitidine hydrochloride (Kortejarvi 2004). It
stated that ranitidine hydrochloride could be granted a biowaiver under
conditions where the IR solid oral dosage form of ranitidine hydrochloride is
formulated with a certain list of excipients in typical amounts and the product
is rapidly dissolving.

21.5 BDDCS

Modification of the BCS of orally administered drugs was suggested where
overall drug disposition is predicted with consideration of routes of drug
elimination and the effects of efflux and absorptive transporters on drug
absorption (Wu et al 2005). This system considers when the transporter-
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enzyme interplay will yield clinically significant effects (such as low BA and
drug-drug interactions), the direction, mechanism, and importance of food
effects; and transporter effects on postabsorption systemic drug
concentrations following oral and intravenous dosing. Compounds with high
permeability are good candidates for cytochrome P450 (CYP) enzymes (Smith
1994). Analyses of drugs in the four BCS classes showed that compounds in
classes 1 and 2 were primarily eliminated through metabolism whereas class 3
and 4 compounds were primarily excreted unchanged in the urine and bile
(Wu et al 2005). Therefore, it was suggested that the permeability component
in the original BCS is changed to a route of elimination in BDDCS. This
modification was expected to expand the number of class 1 drugs eligible for a
waiver and it was also expected to provide enhanced predictability of drug
disposition for drugs in classes 2, 3 and 4. The modified classification system
is illustrated in Figure 5.

High solubility Low solubility

Class 1 Class 2

High solubility Low solubility

Extensive metabolism || Extensive metabolism
(Rapid dissolution and 270%
metabolism for biowaiver)

Extensive
Metabolism

Class 3 Class 4

High solubility Low solubility
Poor metabolism Poor metabolism

Poor
Metabolism

Figure 5 The BDDCS, modified from Wu and Benet (2005).

21.6 PBPK MODELLING

In PBPK modelling, PK processes are generally defined in terms of parameters
related to the underlying physiology, anatomy and biochemistry (Rowland
1985). PK events in each organ, tissue, or group of kinetically related tissues,
can be described using tissue size, vascular perfusion, permeability of the
tissue membrane to the drug, binding or partitioning of the drug between
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components in the blood and those in the tissue, and elimination processes.
The PBPK concepts are described in more detail in Section 2.2.

2.1.7 NONLINEAR MIXED-EFFECTS MODELLING

Nonlinear mixed effects modelling is a method for describing variability, for
example, in drug concentration-time data. The nonlinear mixed-effects model
is a hierarchical model which typically contains two levels of random effects to
describe between subject parameter variability and residual variability in
observations that are not accounted for in other parts of the model (Pillai
2005). The nonlinear mixed-effects model can be described using the
following equations for the structural model (3), random effects, and covariate
model (4):

(3) yij = f(xij, i) + &5 €;~N(0,0%)
(4) Y = g(zii 9) + ni Th"’N(O, Q‘):

where yj is jth observation in ith subject, f is parametric function of the
structural model, xi is design variables for the jth observation in the ith
subject, i is model parameters for ith subject, &ij is residual error for the jth
observation in ith subject, 02 is variance of the residual unidentified variability,
g is parametric function of the covariate model (reduces to 0 if no covariates
are included), z is vector of covariates for the ith subject, 0 is vector of fixed
effects parameters, n; is vector of individual random effects and Q is variance-
covariance matrix of the random effects parameters.

2.1.8 BAYESIAN DATA ANALYSIS

Bayesian data analysis can be considered a practical method for making
inferences from data using probability models for observed and unobserved
quantities (Gelman 1995). For a problem where observed data were y and
model parameters were 0 posterior distribution of 0 given y can be described
as follows using Bayes’s rule

_ r®py6)
(5) p(@ly) = o)

which can be presented as unnormalised posterior distribution as follows

(6) p(@ly) x p(@)p(y|6)

where p(0) is prior distribution and p(y| 8) is sampling distribution.
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2.2 DEVELOPMENT OF PBPK

500
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o 8 8
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2009
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2004 m—
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Graphic 1  Number of publications per year containing key word “pbpk” from 2002 until
4.4.2023 in PubMed.

2.2.1 HISTORY OF PBPK

PK aim to provide a mathematical presentation for describing and predicting
the concentration of drugs in the body as a function of time (Tucker 1979). The
PK principles are often explained by the compartmental representation of the
body. These compartments can be purely hypothetical with no relationship to
real tissues or organs. However, in the context of physiological modelling,
circulating blood and individual tissues can be assigned to their own
compartments, in which physiological and anatomical properties are
considered (Rowland 1985). PK parameters such as elimination half-life,
volume of distribution and clearance are easily understood when they are
directly related to primary physiological parameters such as blood flow,
enzyme activity and drug binding (Tucker 19779). In 1937, the essential features
of a physiological model, such as individual tissues and circulating blood, were
introduced within the context of a more general model describing drug
kinetics (Teorell 1937). The first physiological model includes five
compartments, as shown in Figure 6.
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can be made per o1, per rectum, by infralation, ete.

Figure 6 Scheme of the first physiologic PK model by Teorell (1937)

Physiological modelling of anaesthetic agents was considered in the 1950s and
the 1960s (Papper 1963). Since then, physiological modelling has been used
for several other drugs (Dedrick 1973, Himmelstein 1979). For example, drugs
such as thiopental, methotrexate, cytarabine, adriamycin, cyclocytidine and
digoxin have been described using PBPK models (Bischoff 1968, Bischoff 1970,
Bischoff 1971, Dedrick 1972, Harris 1975, Himmelstein 1977, Harrison 1977).
Physiological modelling methods have also been applied to environmental
agents (Andersen 1982). The use of PBPK has increased, as is evident from the
number of publications shown in Graphic 1.

2.2.2 METHODOLOGY

PBPK models can be described using three main components: physiological
data, drug-specific data and model structure (Rowland 2004). Physiological
parameters characterise the anatomical structures and physiological processes
of animals and humans (Nestorov 2003). These parameters include body
weight; tissue/organ/fluid weights and volumes; volumes of different tissue
sections, such as tissue vascular, interstitial, and cellular volumes; cardiac
output; regional and tissue blood flows; bile and lymph flows; and other
allometric parameters (=changes with body size). Drug-specific parameters
include parameters characterising processes such as binding (such as fraction
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unbound in blood, plasma or tissues), partitioning (such as blood:plasma ratio
or tissue:plasma distribution coefficients), permeability (such as permeability
surface area products), and metabolism (intrinsic clearance).

The model structure comprises tissues/organs connected by blood flow. An
example of the model structure is shown in Figure 7.

‘QH_N{ Uier J?O_U{ Intestines |.§%
CL

Q Q
T

Venous blood
Arterial blood

Figure 7 PBPK model structure, where CLint = intrinsic clearance; Q = blood flow (Nestorov
2003), and the subscripts for Q indicate blood flow to specific tissues.

Tissues can be perfusion rate-limited or permeability rate-limited. The
perfusion rate-limited tissue model represents the tissue as a single well-
stirred compartment, whereas the permeability rate-limited tissue model
represents the tissue as two or more well-stirred compartments with
permeability rate-limited transfer between them. The different tissue models
are shown in Figure 8.
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T cL,
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I pc *
v TOT
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Figure 8 In the top perfusion rate-limited tissue model and the bottom permeability rate-

limited tissue model, C is concentration, CL is clearance, K; is tissue:plasma
distribution coefficient, PS is permeability surface area coefficient, Q is blood flow, V
is volume, subscript ART is arterial, EV is extravascular, T is tissue, V is vascular,
and VEN is venous (Nestorov 1998).

PBPK models are often described using ordinary differential equations
(Teorell 1937, Himmelstein 1979). Differential equations were specified for
each compartment. Equations differ for different types of tissues, for example
whether the tissue is an eliminating organ (Rowland 1986). PBPK models can
first be constructed for animal species such as rats and then scaled to humans
(Bernareggi 1991). An example of a set of ordinary differential equations
describing the PBPK model for cyclosporins is presented below:

Blood-to-plasma concentration ratio in effluent blood:

P Cu5°+Kp1'/.i

where Ri is blood-to-plasma concentration ratio in venous blood leaving the
ith organ, H is haematocrit, fu is fraction unbound in plasma,n-Pr is the
maximum capacity of the erythrocytes for binding cyclosporine, Cuso is the
unbound plasma concentration at 50% of maximum binding capacity, Cr; is
concentration in ith tissue and Kpui is tissue-to-unbound plasma
concentration ratio at steady state for ith tissue.

Noneliminating organs and tissues:

dCr;

8) Vi Sk = Qry (€1 — s,

a fuKpu;
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where Vt;1 is the volume of the ith tissue, Qr,1 is the blood flow for the ith tissue
and Ca is the arterial blood concentration.

Liver:

dCur _ v QriCriRi o _Cu (QH'RLI ] )
9) Vir=; —Zl—fu_Kpui + Qi Ca *pun U ru + CLine ),

where LI is the liver; i includes the gut, spleen, stomach and pancreas; Qu is
the hepatic blood flow and CLint is the intrinsic clearance calculated as

_ __QWE

(10) Cline = 70 gy

where E is CLb/Qn, fup is the unbound fraction in the blood and CLs is
clearance from the blood.

Venous blood:

dCV_Z'M_chv'FRo
A ’

(11) VV? - fuwKpu;

where i includes the brain, heart, kidneys, skeleton, testes, muscle, liver, skin,
and adipose tissue; Vv is the volume of the venous blood pool, Cv is the mixed
venous blood concentration, Ro is the dose/duration of the infusion; and Q. is
the total venous blood flow (cardiac output).

Lungs:

dc, iRy
(12) £ ar o} (CV fu-Kpul)’

where Vi is the lung volume, C; is the concentration in the lungs, and R. is the
blood-to-plasma ratio in the lungs.

Arterial blood:

dca _ CrRi
(13) VAF =@, (fu_Kpui CA)}

where Va is volume of arterial blood pool.

Systemic blood concentration:

(14) C, = &

T 1-H+H-fut+H fu(n-Pr)/(Cuso+fu-Cp)’
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2.2.3 DESCRIPTION OF ADME PROCESSES IN PBPK MODELS

The main PK processes involved include absorption, distribution, metabolism,
and excretion. In this chapter, absorption, distribution and metabolism in
PBPK modelling are explained in detail because their role is greater than
excretion in the context of this thesis.

2.2.3.1 Absorption

Several parameters are involved in the complex process of drug absorption in
the GI tract (Agoram 2001, Nestorov 2003). Drug- or drug -product-specific
parameters of drug absorption include pKa, solubility, stability, diffusivity,
lipophilicity, salt form, surface area, particle size, crystal form, release and
dissolution rates of dosage forms (solution, tablet, capsule, suspension,
emulsion, gel and modified release), permeability across the intestinal wall,
and intrinsic metabolic clearance in the gut or liver. Physiological parameters
involved in absorption include GI pH, rate of gastric emptying, transit times
in the small and large bowel, efflux and transport protein expression levels,
and the number of metabolic enzymes in gut and liver.

The regional permeability (currently absorption) of drugs can be studied using
an in vivo model (Lennernis 1992). In this invasive model two inflatable
balloons are used to isolate a region of the GI tract, and the perfusion of the
drug in that region from the apical to the basolateral side can be determined.
The active and passive permeability of drugs in the intestine can also be
studied using an in vitro CaCo-2 model (Hidalgo 1989, Artursson 1990). CaCo-
2 cells are well-differentiated human colon adenocarcinoma cells. A
comparison of the above-mentioned in vivo and in vitro methods was
summarized by Lennernids (1997). It was observed that for passively
transported drugs, permeability could be predicted well using all methods. For
drugs with carrier-mediated transport mechanisms special care is needed
when interpreting the results and especially with preclinical permeability
models a scaling factor must be used.

To simulate the conditions in the lumen of the GI tract as realistically as
possible, a multi-compartmental GI model was designed (Minekus et al. 1995).
Several mathematical models have been developed to simulate drug
absorption (Suzuki 1970a, Suzuki 1970b, Ho 1972, Dressman 1984, Yu 1996,
Yu 1999, Agoram 2001). Earlier models described drug absorption
theoretically using a two-phase compartment model with a well-stirred
aqueous phase, an aqueous diffusion layer, and a lipid barrier. In the mixing
tank model of Dressman (1984), transit within intestinal tract was also
described using two separate tanks. In the compartmental absorption transit
model proposed by Yu et al., transit across the intestinal tract included seven
different compartments. The advanced compartmental absorption transit
(ACAT) model includes the key processes of oral drug absorption: release,
dissolution, luminal degradation, metabolism and absorption/exsorption of
drugs as they transition through successive compartments (Agoram 2001).
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The compartments and processes involved in the ACAT model are shown in
Figure 9.
IVSTach.—,_fﬁ—— Dose -
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Figure 9 ACAT model (Agoram 2001).

The ACAT model was first implemented into PBPK modelling software
Gastroplus™,

2.2.3.2 Distribution

The distribution of drugs from the plasma into tissues can be described using
tissue:plasma partition coefficients which are estimated using in vitro/in silico
data (Poulin 2000, Poulin 2001, Rodgers 2005, Rodgers 2006). An alternative
method for studying tissue:plasma partitioning using nonclinical in vivo
methods where the drug would need to be in a steady -state, would require a
lot of time and would be rather expensive. The parameters needed to estimate
these partition coefficients include the partition coefficient between vegetable
oil and water or if not available, the partition coefficient between octanol and
water (log P, currently the standard method); unbound fraction of drug in
plasma and in tissues; fractional volumes of water, neutral lipids, and
phospholipids in plasma and tissues; fractional content of plasma in blood;
and fractional content of interstitial space in tissues. The equations described
by Poulin used to calculate tissue:plasma partition coefficients are shown
below (Poulin 2000, Poulin 2001).

Non-adipose tissue assuming homogenous distribution and passive diffusion:

Koo' (Ve +0.3Vppe) + (Ve +0.7Vpne)  fup
(15) Py = : ) : o
Kyow (Vap+0.3Vpnp)+(Vwp+0.7-Vpnp)  fue
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Non-adipose tissue where distribution is restricted to intestinal space in
tissues:

Fr fu
16 p. =% I
( ) t:p Fp fur

Adipose tissue:

Koow (Vat+0.3Vpnt)+ (Vwe+0.7-Vpne)  fup
Kyoow (Vap+0.3Vpnp )+ (Vwp+0.7-Vpnp) 1

(17) Pat:p =

where Kvo:w is the vegetable oil:water partition coefficient (can be predicted
using Po:w (Leo 1971)), K'vow is the vegetable oil:water partition coefficient
representing the distribution between non-ionised species in oily phase and
non-ionised and ionized species in aqueous phase, fuy is the unbound fraction
of drug in the plasma, fu: is the unbound fraction of drug in tissues (can be
predicted using fup), Vnt is the fraction of total volume of neutral lipids in
tissue, Vpnt is the fraction of total volume of phospholipids in tissue, Vwt is the
fraction total volume of water in tissue, Vyp is the fraction of total volume of
neutral lipids in plasma, Vphp is the fraction of total volume of phospholipids
in plasma, Vwp is the fraction of total volume of water in plasma, F: is the
fractional content of interstitial space in tissues, and F; is the fractional
content of plasma in blood.

2.2.3.3 Gut and liver metabolism

The gut wall and liver are the two main places for drug metabolism. One
method to estimate the fraction of drug escaping the gut metabolism (Fcut) is
to describe it using the following equation (Rostami-Hodjegan 2004)

(18) Four = Jout

b
QGut+fuGut CLint,Gut

where Qaut is the nominal blood flow in the gut, fucut is the free fraction of the
drug at the enzyme site in the gut and CLintgut is the intrinsic metabolic
clearance in the gut.

Hepatic metabolism can be calculated using different models such as the well-
stirred, parallel-tube and dispersion models (Pang 1977, Roberts 1986,
Rowland 1973, Wilkinson 1975). The most commonly used model is the well-
stirred model presented below:

Qu'fupCLint
1 CLy = ———™
(19) H ™ Qu+fupCln
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where CL# is the hepatic clearance, Qu is the liver blood flow, fus is the fraction
unbound in blood and CLint is the intrinsic clearance.

Intrinsic clearance is the ability of an organ (such as gut or liver) to metabolise
drugs without restrictions such as blood protein binding or blood flow to
organs (Rostami-Hodjegan 2004). Intrinsic clearance can be determined
using different in vitro systems such as microsomes, hepatocytes or
recombinant CYP enzymes (McGinnity 2001).

2.24 SOFTWARE

There is a wide variety of general software for coding, developing and
implementing PBPK models such as ACSL (with SIMUSOLVE), MATLAB with
SIMULINK, Stella, Berkeley Madonna, Mathematica, CMATRIX, SCoP and
SCoPfit programs. There are also specialised software for PBPK modelling
such as Gastroplus, IDEA, SIMCYP, and PK-Sim (Agoram 2001, Parrott 2002,
Rostami-Hodjegan 2004, Willmann 2003). These specialised software
packages include model structure, drug-specific and physiological parameters.
Short descriptions of these specialized software are included Table 2.
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Table 2.

Short descriptions of specialized software used for PBPK modelling

Software

Short description

Gastroplus

IDEA

SIMCYP

PK-Sim

Simulates GI absorption and PK of drugs, is originally
based on CAT model (Yu 1996) with nine compartments
for the digestive tract (stomach, seven small intestinal
compartments, and colon).

Simulates human physiology and accounts for regional
variations in intestinal permeability, solubility, surface
area and fluid movement; is based on work by Grass
(1997).

Is based on global consortium formed by the University
of Sheffield and several pharmaceutical companies in
2000 with aim of producing automated platforms for
IVIVE in virtual populations. The program incorporates
extensive data on demographics, disease states,
anatomical, physiological, and genetic and biochemical
variables, as well as input of information on in vitro
drug metabolism and transport and outputs population
distributions of the extent of a metabolic drug-drug
interactions.

‘Whole-body’ PBPK simulation; description of oral
absorption of the compound, systemic distribution of
the body, and metabolism and excretion, integrated in
one simulation model, introduced by Willmann et al
(2003).

37



Aims of the thesis

3 AIMS OF THE THESIS

The motivating assumption in this thesis is that the best method to
construct an in vitro- in vivo correlation (IVIVC) for small-molecule drugs is
to use PBPK, in which all relevant physiological processes are accurately
described.

Aims of the thesis are:

1. To develop a probabilistic level A IVIVC model to aid in levosimendan
modified-release formulation optimisation and to act as a surrogate for
BE studies.

2. To use PK modelling of BCS I drugs to demonstrate that very rapid
dissolution is not necessary to guarantee their BE.

3. To use PK simulations to explore the dissolution acceptance criteria

best suited for BCS I and III biowaivers and to examine the effect of
MDR-1 efflux transporter on BE of substrates.
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4 MATERIAL AND METHODS

4.1 BAYES IVIVC (1)

41.1 INVIVO DATA

Concentration data from three BA studies for levosimendan- modified-release
formulations A—F were used in the IVIVC model using a Bayesian approach.
Formulation E was the same as formulation A and, formulation F was the same
as C, except that the dose of levosimendan was 1 mg in E and F and 2 mg in A
and C. Main characteristics of the three BA studies are shown in Table 3.

Table 3. Main characteristics of BA studies where levosimendan modified-release
formulations A-F were studied.

BA study Description Used for

1 Formulation C studied in ten Prior data
subjects

2 Formulations A, B, C, and D Formulations A and D
studied in 9 subjects for likelihood function

All formulations A, B,
C, and D for testing
internal predictability
3 Formulations E, and F studiedin =~ Testing external
15-16 subjects predictability

4.1.2 INVITRO DATA

The release rate of all levosimendan modified—release formulations A - F were
studied using the United States pharmacopoeia (USP) basket method
(rotation speed, 100/min) in sink conditions with phosphate buffer (pH 5.8,
500 mL, 37 °C). A UV spectrophotometre at 210 nm was used to analyse the
concentrations of levosimendan in the samples. Each formulation was tested
by six parallel dissolution measurements.

The average dissolution data in fractions for each formulation (scaled to
intervals of 0-1) were fitted to the following equation to obtain the dissolution
rate constants (Ka) for all formulations:

(20) Diss(t) =1 — e Xat,
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where Diss(t) is the cumulative fraction of dissolved drug and t is time. The
underlying assumption of this equation was that the residual variability is
homoscedastic. The dissolution data were fitted as a separate data pre-
processing steps.

41.3 IVIVC MODEL WITH BAYESIAN APPROACH

4.1.3.1 Structural model to describe levosimendan concentration-time
profile

The dissolution and permeability processes were simultaneously determined
using the IVIVC model. To account for the time delay between the drug input
rate into the plasma and in vivo dissolution, the lag time (tiag) was included in
the model. The in vitro dissolution was described using the dissolution rate
constant (Ka) which was calculated separately for all formulations (A, B, C, D,
E, and F). In addition, a time scaling factor (a) was used to scale in vitro
dissolution rate constant (Ka) to an in vivo absorption rate constant (Ka =
a-Ka). Therefore, the plasma -concentration profiles were predicted directly
using in vitro Kda constants without any additional analysis.

The equation used to describe the levosimendan concentration-time (C(t))
profiles is shown below:

C(t) = O, t< tlag

— _@KaFDpo { —k10'(t—flag) - —a'Kd'(t—tlag)} ’
c(t) = ket & e , £ > tigg

(21)

where a is the time scaling factor between in vitro and in vivo dissolution, Ka
is the dissolution rate constant, F is the total BA, Dyo is the per oral dose of
levosimendan, V. is the volume of the central compartment, kio is the
elimination rate constant, and tig the lag time of drug absorption. The
parameter F could not be solved and this unidentifiability was considered by
estimating the combined parameter F/V. as described in the next paragraph.
A one-compartmental model was chosen because it adequately described the
data in the preliminary analyses. The two-compartmental model does not
provide any significant added benefit.

4.1.3.2 Stochastic model

The variability in the IVIVC model was constructed using the Bayesian
approach. The Bayesian IVIVC model is presented as a posterior distribution
of model parameters which includes both prior information and a likelihood
function, that defines the connection between the model parameters and

40



observed data. The posterior distribution, which is simulated for all the data
simultaneously, can be described as follows:

(22) p(6,0%y,Kg) o [T I1; [Tk N(logyiji|log Cij (t; 6),0%)] -

[TT: Nerune @1l 521 - [ ],

where 0 is parameter vector that contains parameters a, F/Vc, kio and tiag
(subject-specific, that is tiag = (tiag,, ..., tlag)); 02 is variance of the observed
data under the assumed model; y is observed data; Ka is dissolution rate
constant; N() is normal distribution; index i is for formulation; index j is for
test subject; index k is for time point; index 1 is for the element of the
parameter vector; t is time; Ntunc() is truncated normal distribution; p is mean
of normal distribution; 82 is variance of normal distribution; and [1/ 02] refers
to noninformative prior distribution (Box 1973).

4.1.3.3 IVIVC model structure

Dissolution is the rate-limiting step in the absorption process when
constructing the IVIVC model. The role of in vivo dissolution and absorption
was evaluated using the MRT approach. The mean absorption time (MAT) was
calculated as only 0.1—0.2 h. Together with the high BA (87%) this indicates
high intestinal permeability and rapid absorption of levosimendan. The mean
dissolution times for formulations A-F were 0.5—1.5 h, which are several times
slower than MAT (0.1-0.2 h). This indicates that dissolution is the rate-
limiting step in the absorption of levosimendan by modified-release capsules.

4.1.3.4 Simulations

The Metropolis algorithm was used to simulate the posterior distribution.
Three parallel simulation runs with different starting points were used, with
50000 simulated parameter vectors per sequence. The last half of each
simulation sequence was pooled; thus total number of simulated parameter
vectors was 75000. The first half of each simulation sequence is ignored to
reduce the effect of the starting point.

4.2 PK SIMULATIONS FORBCS CLASS 1& 3
BIOWAIVERS (Il & Ill)

Simulations were conducted to investigate two questions related to this thesis:
to demonstrate that very rapid dissolution is not necessary to guarantee BE for
BCS class 1 drugs and to explore the dissolution acceptance criteria best suited
for BCS class 1 and 3 biowaivers and to examine the effect of MDR-1 efflux
transporter on BE of substrates.
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421 PKSIMULATION MODEL

The structure of the PK model (compartmental absorption and transit [CAT]
model + systemic two-compartment model) used to simulate BCS class 1 and
3 drug products is shown in Figure 10.

The PK model requires knowledge of the absorption rate constant parameter
(Ka), which was calculated for all real drugs extracted from literature using
following equation by Linnankoski et al.:

(23) logK, = 0.623 + 0.154 - logDg o — 0.007 - PSA,

where log De.o islog D at pH 6.0 and PSA is the polar surface area (Linnankoski
2006).
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Figure 10  The structure of the PK model (CAT + systemic two-compartment model) and the
parameters used in the model: GE is the gastric emptying for solid drugs, Kod is the
gastric emptying rate constant for dissolved drugs, Kq is the dissolution rate
constant, Kt is the distribution and transit rate constant for solid and dissolved
drugs, respectively, Ka is the absorption rate constant, Kei is the elimination rate
constant, K1z is the distribution rate constant into the peripheral compartment and
K21 is the distribution rate constant into the plasma compartment.

4.2.2 EVALUATION OF RAPID AND VERY RAPID DISSOLUTION
CRITERIA FOR BCS CLASS 1 BIOWAIVERS (II)

This thesis aims to investigate whether very rapid dissolution is necessary for

biowaived BCS class 1 drugs to guarantee BE. Different dissolution criteria for

BCS I biowaivers were evaluated by performing PK simulations for 32 real BCS
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I drugs and theoretical values for absorption and elimination. The model used
in the simulations is shown in Figure 10: however, the peripheral
compartment was omitted. The PK model parameter values used to compare
the different dissolution criteria in the simulations are summarised in Table 4
and Table 5. The tablet versus oral solution comparison investigated whether
tablet dissolution played any relevant role as a rate-limiting step for overall
absorption. The oral solution means that the drug dose is directly
administered to “Stomach solution” compartment in Figure 10. In vitro Ka
value of 8 approximately correspond to a 85% dissolution within 15 min. In
vitro Ka value of 4 approximately corresponds to a 85% dissolution after 30
min. It was unnecessary to investigate the apparent volume of the distribution
values because the volume of the distribution did not affect the Cmax ratios. The
investigation explored all the relevant ranges of parameter values for drugs
exhibiting one-compartment PK behaviour, since K. and Kel are the only
parameters that matter once V¢/F (the volume of distribution/BA) is ruled out.

Table 4. Dissolution rate constant values that were used in PK simulation model.
Rapid
Very rapid Rapid dissolution and
dissolution 85%  dissolution 85% similar
in 15 min in 30 min dissolution
profiles
In vitro Ka (1/h) 8 4 4Vs 5.5
In vivo Ka (1/h) 4 2 2 VS 2.75
“Slow dissolved”
Comparison Tablet vs oral solution tablet vs “fast

dissolved” tablet

Table 5. Parameter values of real and theoretical (nine different Ka and 12 different Kei
values, that is, total of 108 combinations) drugs that were used in PK simulation model.

Parameter Value
GE (mg/h) 513
dose (mg) 1000
Kod 3.47
Kt (1/h) 2.1
Ka range (1/h) for real drugs 0.48-10.9
Ka range (1/h) for theoretical drugs 0.4-12
Kel range (1/h) for real drugs 0.0012—0.69
Kel range (1/h) for theoretical drugs 0.001-0.9

The ratios of Cmax for formulation comparison (tablet vs. oral solution or slow-
dissolved tablet vs. fast-dissolved tablet) were calculated from the PK
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simulations. Real or theoretical drugs with a ratio of Cmax of >0.9 were
considered to have a low risk for bioinequivalence.

4.2.3 EVALUATION OF RAPID AND VERY RAPID DISSOLUTION
CRITERIA FOR BCS CLASS 1 AND 3 BIOWAIVERS WITH AND
WITHOUT INTERACTION WITH MDR-1 EFFLUX TRANSPORTER
()

This thesis aimed to investigate which dissolution criteria are best for judging
whether a biowaiver can be allowed for BCS class 1 and 3 drugs. This
evaluation was performed by simulating PK for 44 real BCS class 1 drugs, 26
real BCS class 3 drugs, and for theoretical drug products. Drugs were classified
as BCS class 1 or 3 based on their absorption rate constants being above (BCS
1) or below (BCS 3) 0.8 1/h. The model used in the simulations is shown in
Figure 10. When modelling the effect of being a substrate for the MDR-1 efflux
protein, it was assumed that absorption was two or five times slower from the
ileum (intestinal compartments 4-7) than from the jejunum and duodenum
(intestinal compartments 1-3). The simulation scheme is presented in Figure
11. The PK model parameter values used to compare different dissolution
criteria with and without interaction with the MDR-1 efflux protein in the
simulations are summarised in Table 6 and Table 7. The dissolution rate
constant Kq values in Table 6 are slightly different from those in Table 4.
Values in Table 6 reflect more accurately exactly 85% being dissolved by 15 or
30 min, and same is reflected also in similar dissolution profiles. The
macroparameters displayed in Table 7 were assumed to be uncorrelated with
the simulated theoretical drugs. Interestingly, only the ratio of
macroparameters A and B is needed and not their specific values because the
absolute values of A and B will cancel out once the Cmax or AUC ratios are
calculated. This helps reduce the parameter space required for the
simulations. The total number of simulated theoretical drugs was 123670.
The ratios of Cmax and AUC for formulation comparison (tablet vs. oral solution
or slow-dissolved tablet vs fast-dissolved tablet) were calculated from the PK
simulations. Real or theoretical drugs with ratios between different dosage
forms for Cmax and AUC >0.9 and <1.1 were considered to have a low risk for
bioinequivalence. In addition, the time point of maximum plasma
concentration Tmax was evaluated in the simulations for cases in which the Cmax
ratio was <0.9.
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Table 6.

Simulation progress. The starting point for the simulations was clinical one- and two
compartment drug products (a and b), which had marketing authorisation.
Theoretical simulations have primarily been performed for drug products that follow

two- compartment pharmacokinetics. These drug products were simulated without
efflux interaction (d), the drug as an efflux substrate but without excipients

interacting with efflux transporters (e and f), or efflux was inhibited either in the test

(g and i) or reference product (h and j). Figure modified from publication IlI.

Dissolution rate constant values that were used in the PK simulation model.

Parameter

Very rapid dissolution
85% in 15 min

Rapid dissolution and similar

dissolution profiles

In vitro Kq (1/h)

In vivo Kq (1/h)

Comparison

7.6
3.8
Tablet vs oral solution

3.8vs.5.2

1.9vs. 2.6

“Slow dissolved” tablet vs
“fast dissolved” tablet
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Table 7. Parameter values of real and theoretical drugs used in the PK simulation model.

Parameter Value
GE (mg/h) 590
dose (mg) 1000
Kod 3.47
K: (1/h) 2.1
One-compartment drugs
Ka range (1/h):
real drugs 0.076—5.305
theoretical drugs 0.038-10.611
Ke range (1/h):
real drugs 0.004—0.693
theoretical drugs 0.002-1.386
Two-compartment drugs
Ka range (1/h):
real drugs 0.03—7.082
theoretical drugs 0.015—-14.164
a range (1/h):
real drugs 0.642-13.555
theoretical drugs 0.321-27.110
B range (1/h):
real drugs 0.008-1.560
theoretical drugs 0.004—3.120
A/Brange:
real drugs 0.574-11.396
theoretical drugs 0.287-22.792
K. (1/h) e
a-fp
Ka (1/h) K>y
K. (1/h) a+pB— Ky —Ke




Results

5 RESULTS

The main results of this thesis are summarised in this chapter. A detailed
presentation of these results can be found in Publications I- III.

Publication I provides a successful example of the development of a
probabilistic level A IVIVC model for levosimendan.

In Publication II, PK simulations for real 32 BCS I drugs and theoretical values
for absorption and elimination rate constants demonstrated that there is no
need to tighten the dissolution criterion from rapid to very rapid for BCS class
1 drugs.

In Publication III, the optimal dissolution criteria for BCS class 1 and BCS class
3 biowaivers were proposed, with and without interaction with the MDR-1
efflux transporter by performing large number of PK simulations using the
CAT model combined with a 1- or 2-compartment model. It was found that for
BCS I drug products that for Tmax<0.6 h, there is risk for bioinequivalence
irrespective of the dissolution criteria, and when 0.6 h<Tmax<0.9 h, one should
use "very rapid" dissolution criterion and if Tmax>0.9 h, both dissolution
criteria "rapid and similar" and "very rapid" are suitable. In addition, using
both dissolution criteria, all BCS III drug products were suitable as biowaivers.
In addition, when drug products or an excipient is inhibitors of MDR-1 efflux
transporter, there is risk of bioinequivalence for almost all BCS III drug
products (89%) and for several (9 — 57%) of BCS I drug products. Thus, to
avoid the risks of bioinequivalence, excipients with prior use in bioequivalent
products should be used.

5.1 DESCRIPTION OF VARIABILITY IN LEVEL A IVIVC
MODEL WITH BAYESIAN APPROACH [l]

Dissolution limits the rate of absorption of levosimendan MR formulations.
The PK profiles of the different levosimendan MR formulations were described
and predicted using a level A IVIVC model with a Bayesian approach to
describe variability.

The predictive ability of developed IVIVC model was evaluated comparing
predicted marginal posterior distributions AUCo-x, Cmax and plasma-
concentration-time profiles to observed ones. Internal predictability was
evaluated using data from four formulations A, B, C, and D from BA Study 2,
in which PK was studied with nine subjects in a cross-over fashion. External
predictability was evaluated using data from two formulations, E and F, from
BA Study 3, in which PK was studied with 15-16 subjects in a cross-over
fashion. The observed and predicted plasma -concentration profiles of the
formulations for testing the internal predictability (A, B, C and D) and the
external predictability (E and F) are shown in Figure 12.
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There were slight differences when comparing the observed concentration-
time profiles with the predicted ones for internal formulations A—D. For
external formulations, the predicted plasma-concentration profiles were well
consistent with the observed curves.

We concluded that the model was predictive both for formulations used in
model development and for formulations not used in model development.
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Figure 12 Internal and external predictability of the IVIVC model: observed average values of
the plasma concentration-time profiletSEM (dots with error bars), predicted 95%
posterior probability interval curves for average levosimendan concentrations in
plasma (dashed lower and upper lines) and MAP values (continuous middle line) for
modified-release capsulesA — F.

An alternative multi-step approach was also attempted, where %absorbed was
first calculated, and then compared with average %dissolved. Nonlinear model
was built to relate these two quantities, and this nonlinear model was then
used to predict the time-concentration profiles for formulations E and F.
Prediction errors of Cmax were 15% and 70% for formulations E and F
respectively, indicating poor performance of this multi-step approach. For this
dataset, the one-step approach of directly correlating the Ka values to
absorption rate constants was better than the multi-step approach.
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5.2 EVALUATION OF DISSOLUTION CRITERIA FOR
BCS CLASS 1 DRUGS USING PK SIMULATIONS [Ii]

5.21 DESCRIPTION OF PK SIMULATIONS FOR EXPLORATION OF
DISSOLUTION CRITERIA

A CAT model combined with a one-compartment systemic PK model was used
in the simulations to explore the dissolution criteria for BCS I drugs to qualify
as biowaivers. Because the Cmax parameter is more sensitive to changes in the
dissolution rate than the AUC, it was used in simulations to compare
formulations. Tablet and oral solution formulations were simulated, where the
dissolution rate constants (Ka) were chosen to represent different dissolution
criteria by the WHO, FDA and EMEA (currently EMA). When the Cmax ratio
between the two formulations in simulations was >0.9, the drug was
considered to have a low risk of failure in the BE study. A time scale factor of
two was introduced to describe different conditions between in vivo and in
vitro dissolution.

Simulations were performed for 32 BCS I drugs with different absorption and
elimination properties where elimination rates varied from 0.0012 to 0.69 h-
and absorption rate constants varied from 0.48 to 10.9 h. In addition,
theoretical simulations were performed to further explore the sensitive regions
of the BE.

The simulation results are shown in Figure 13. This figure outlines the
predicted Cmax ratios as a functions of absorption and elimination rate
constants. Data are shown for 32 real drugs, and the contours represent the
predictions for any hypothetical drug with an absorption rate constant in the
range 0—12 1/h, and elimination rate constant in the range 0—0.9 1/h. The
leftmost subfigure shows the predictions for very rapid dissolution, where a
tablet of which 85% dissolution in 15 min is compared to an oral solution, that
is, instant dissolution, this comparison represents the maximal possible
between-product dissolution rate difference in the case where both products
can dissolve 85% in 15 min or less. A risk of bioinequivalence (Cmax ratio < 0.9)
is not present at all within the graph, which supports the current contention
that a dissolution-based biowaiver can be applied to very rapidly dissolved
BCS class 1 drugs.

The subfigure in the centre shows the results for rapid dissolution, that is, a
scenario which a tablet of which 85 % dissolves in 30 min is compared to an
oral solution, that is, instant dissolution, this comparison represents the
maximal possible between-product dissolution rate difference in the case
where both products are able to dissolve 85% in <30 min. The chosen in vitro
Ka values of 4 and 5.5 can be considered a worst-case scenario because even
though these K4 values produce dissolution profiles that are similar for average
profiles, it is possible that if intra-product variability was included the profiles
may not be similar (Shah 1998).
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A combination of a high elimination rate constant and fast absorption can lead
to a risk of bioinequivalence (gray area in the subfigure). This suggests that
rapid dissolution alone is not a sufficient for a dissolution-based biowaiver,
which is in line with current regulatory requirements.

Finally, the subfigure on the right shows the results for the scenario with rapid
dissolution and similar dissolution profiles. It features a slower dissolving
product, of which 85% is dissolved within 30 min, and a faster-dissolving
product, which still has a similar dissolution profile when compared to the
slower-dissolving product. This provided a representative comparison of the
products with rapid dissolution and similar dissolution profiles. The subfigure
indicates that the risk of bioinequivalence was not present in the relevant
parameter ranges investigated in this study. This provides scientific
justification for the application of biowaiver to rapidly dissolving drug
products with similar dissolution profiles.
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5.3 EXPLORATION OF DISSOLUTION CRITERIA FOR
BCS CLASS 1 AND 3 BIOWAIVERS WITH AND
WITHOUT MDR-1 EFFLUX TRANSPORTER USING
PK SIMULATIONS [lll]

A CAT model combined with a one- or two-compartment systemic PK model
was used in the simulations to explore two different dissolution criteria for
BCS class 1 and 3 biowaivers with or without interaction with the MDR-1 efflux
transporter.

In the simulations test and reference formulations dissolution rate constants
(Ka) where chosen to represent two different dissolution criteria: very rapid,
or rapid and similar. When simulating the effect of the drug as an MDR-1
substrate, the model was modified such that absorption was two or five times
slower from the ileum (last four compartments of the intestine in the CAT
model) than from the jejunum and duodenum (the first three compartments
of the intestine in the CAT model)

Both the Cmax and AUC values were simulated for the test and reference
products according to two different dissolution criteria with or without
interaction with the MDR-1 efflux transporter, for BCS class 1 and 3 drugs. The
limit of 0.9 for Cmax and AUC ratios between the test and reference
formulations were considered indicators of low risk of failure in the BE study.
Simulations were performed for 44 BCS class 1 and 26 BCS class 3 drugs. In
addition, a wide range of theoretical simulations was performed, including
123670 parameter combinations. Simulation results for theoretical two-
compartment BCS class 1 and 3 drug products with dissolution criterion "rapid
and similar" are shown in Figure 14. The gray colour indicates areas where the
Cmax ratio is <0.9 which can be considered a risk for bioinequivalency. The
results shown in Figure 14 indicate that the risk of bioinequivalency is higher
for two-compartment drugs that have a pronounced distribution phase
(subfigure A) and are rapidly absorbed (subfigure B). Results are presented
both for BCS class 1 (Ka > 0.8 1/h) and class 3 (Ka < 0.8 1/h) drugs together in
Figure 14. The percentages of theoretical two-compartment BCS class 1 and 3
drug products with a risk of bioinequivalence for both dissolution criteria and
with or without interaction with the MDR-1 efflux transporter are shown in
Table 8, in the absence of efflux, only BCS class 1 drugs were shown to have a
risk of bioinequivalence in some cases, and BCS class 3 drugs were not shown
to have a risk of bioinequivalence in any of the cases because the risk of
bioinequivalence is associated with rapid absorption, and none of the BCS
class 3 drugs, by definition, have rapid absorption. The results comparing the
minimum values of the Cmax ratios with different dissolution criteria for BCS
class 1 and 3 drug products, following either one-or two-compartment kinetics
for real and theoretical drugs are shown in Table 9.

53



Results

For cases where the Cmax ratio was less than 0.9, the time point of the
maximum drug concentration (Tmax) in the plasma was also simulated. For
BCS I drug products where Tmax<0.6 h (corresponding to Ka > 4 h*and a > 3.4
h-1), there is risk for bioinequivalence irrespective of the dissolution criteria
used. When Tmax is between 0.6 h and 0.9 h (corresponding to 2.2 h-t < Ka < 4
htand 1.9 h' < a < 3.4 h), it is better to use "very rapid” dissolution criterion.
If Tmax for drug product is greater than 0.9 h, then both dissolution criteria
"rapid and similar" and "very rapid" are suitable. Based on simulations, it was
also clear that all BCS class 3 drug products are suitable biowaivers using both
dissolution criteria. When drug product or an excipient is inhibitor of MDR-1
efflux transporter, there is risk of bioinequivalence for almost all BCS class 3
drug products (89%) and for several (9 — 57%) of BCS class 1 drug products.
To avoid these risks, excipients with prior use in bioequivalent products must
be used.
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0.29
0.47
0.76

1.23

A/B

5.30
8.62
14.02

22.79

Ka (h™)

Figure 14

a(h™)

032 053 086 141 231 377 6.18 1012 16.56 27.11

A/B=22.79, 0=16.56
B (h")

0.0040 0.0084 0.0176 0.0368 0.0772 0.1617 0.3389 0.7103 1.4887 3.1200

0.015| 097 097 097 098 098 098 098 098 097 097

0.032| 097 097 098 098 098 098 098 098 097 0.97

0.069 098 098 098 098 098 098 098 098 097 097

0.147| 098 098 098 098 098 098 098 097 097 096

0.315| 098 098 098 098 098 098 098 097 09 095

0.674 098 098 098 098 097 097 096 095 094 094

1.444| 095 095 094 094 094 094 094 093 092 091

3.091| 091 091 091 091 091 091 091 090 089 089

6.616| 089 088 088 088 0838 088 088 087 087 086

14164 087 087 087 087 087 087 087 08 086 085

Simulations for theoretical 2-compartment BCS class 1 and 3 drugs with dissolution
criterion “rapid and similar” without efflux interaction. Gray signifies areas where the
Cmax ratio is <0.9 indicating a risk of failing a BE study. Table (A) represent all 8800
simulations and each small square contains the same parameter ranges for ka and
3 as presented in table (B) for parameters A/B = 22.79 and a = 16.56.
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Results

Table 8.

The percentages of theoretical two-compartment BCS class 1 and 3 drug
products having Cmax or AUC (in parenthesis) ratio < 0.9 or >1.1 with different dissolution
criteria. Effl. subst. 2x or 5x lower represents the situation, when the drug is a substrate for
efflux and thus drug has lower absorption from ileum than duodenum and jejunum. Efflux
inhibited refers to the case where the excipient has inhibited the efflux protein.

Test Reference Very rapid Rapid and similar
percent of ratios <  percent of ratios <
0.9 or >1.11 0.9 or >1.11
BCS1 Theoretical 2-comp  Theoretical 2-comp 6 11
Effl. subst. 2x lower  Effl. subst. 2x lower 5 11
Effl. subst. 5x lower  Effl. subst. 5x lower 6 14
Efflux inhibited Effl. subst. 2x lower 6 (0) 9(0)
Efflux inhibited Effl. subst. 5x lower 11 (0) 18 (25)
Effl. subst. 2x lower  Efflux inhibited 6 (0) 32(0)
Effl. subst. 5x lower  Efflux inhibited 20 (25) 57 (25)
BCS 3 Theoretical 2-comp  Theoretical 2-comp 0 o
Effl. subst. 2x lower  Effl. subst. 2x lower o [}
Effl. subst. 5x lower  Effl. subst. 5x lower 0 o
Efflux inhibited Effl. subst. 2x lower 89 (100) 97 (100)
Efflux inhibited Effl. subst. 5x lower 96 (100) 97 (100)
Effl. subst. 2x lower  Efflux inhibited 94 (100) 100 (100)
Effl. subst. 5x lower  Efflux inhibited 99 (100) 100 (100)
Table 9. Comparison of minimum values of Cmax ratios with different dissolution criteria of

BCS class 1 and 3 drug products, following either one-or two compartment kinetics.

Test Very rapid Cmax ratio min ~ Rapid and similar Cmax
values ratio min values
BCS1 Real 1-comp. 0.99 0.95
Theoretical 1-comp. 0.96 0.91
Real 2-comp 0.98 0.94
Theoretical 2-comp. 0.75 0.85
BCS 3 Real 1-comp. 0.98 0.97
Theoretical 1-comp. 0.98 0.96
Real 2-comp 0.98 0.97
Theoretical 2-comp. 0.98 0.94
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6 DISCUSSION

The overall goal of this thesis is to investigate the best method to construct an
IVIVC/IVIVR in which all relevant physiological phenomena and variability
are accurately described. A crucial step in constructing IVIVC/IVIVR is to
determine the in vitro method that best describes the in vivo conditions by
optimising the in vitro testing conditions. The probabilistic level A IVIVC
model in Publication I was successfully established using the Bayesian
approach. Successfully constructed IVIVC is a valuable tool for formulation
optimisation during drug development. As several parameters affect the in
vivo absorption process, it is important to use simulations to determine the
areas in the multidimensional parameter space which may contain a risk of
bioinequivalence for BCS class 1 and 3 drugs. In Publications II and III, a
significant number of simulations were performed to investigate the role of
dissolution criteria for IR small-molecule drug products to qualify as
biowaivers. BCS class-based biowaivers can greatly aid generic drug
development by decreasing the need for BE studies.

Owing to the long time period of this thesis, it is structured such that the
literature review contains state-of-the-art until the start of the thesis studies
(2005). Research conducted in the field after the start of this thesis (2005) is
presented in this chapter, and own publications are compared with more
recent work in this field of science. Important papers for the prediction of PK
of small-molecule drugs using modelling methods for establishing
relationship between dissolution data and in vivo absorption is shown in Table
10.
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Discussion

6.1 ESTABLISHING IVIVC FOR MR FORMULATIONS
WITH VARIABILITY

The number of publications containing the keywords dissolution, IVIVC, or
IVIVR is shown in Graphic 2. The number of publications per year has
increased over the last 25 years.

20-
| | “‘
N l-IIIIII--IIIIII I

2000 2005 2010 2015 2020
Year

count

Graphic 2 Number of publications per year containing key words “dissolution (ivivc OR ivivr)
modelling” until 25.4.2023 (Pubmed search)

The Publication I was a probabilistic level A IVIVC model in which the
Bayesian approach was used with good predictive capacity. Previous studies
have included variability in constructing the IVIVC using mixed-effects
modelling (Mauger 1997, Bigora 1997). The Bayesian approach allows for a
combination data from different studies and sources. This makes it possible to
combine observed data and prior knowledge to obtain results as probability
distributions. In Publication I, the in vivo data used to construct and evaluate
the internal and external predictability of the IVIVC model using the Bayesian
approach consisted of three separate clinical studies. Prior data were obtained
using the formulation from Study 1. Two of the four formulations in Study 2
were used as observed data. The remaining two of the four formulations in
Study 2 were used to test the internal predictability and two formulations in
Study 3 were used to test the external predictability of the model. The goal was
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to thoroughly test the predictive ability of the IVIVC model. However, one
could argue that even further confidence could have been gained by including
more clinical data as observed data, for example, include Study 1 and entire
Study 2 as observed data. In addition, it would have been possible to generate
prior distribution using earlier knowledge from different compounds or in
vitro data combined with in silico tools. This knowledge can be used to create
initial estimates of the time scaling factor between in vitro dissolution and in
vivo absorption, absorption rate, volume of distribution and clearance
(Linnankoski 2006, Poulin 2002, Rowland 2022). An additional topic would
have been the simultaneous fitting of the time-dissolution profiles and drug
time-concentration profiles. The direct convolution method used in
Publication I has been used previously (Buchwald 2003), however it is more
common to construct an IVIVC using the deconvolution method, that is,
linking the in vitro dissolution profile with the in vivo absorption profile.
Direct convolution is a one-step approach in which estimates of drug
concentrations in the plasma can directly obtained. However, it may
sometimes be more beneficial to first link in vitro dissolved to in vivo absorbed
to visualise the possible nonlinearities in correlation, and to aid in dissolution
method development toward being more biopredictive.

The development of a mechanistic modelling approach PBPM (physiologically
based biopharmaceutics modelling, which is basically the same as PBPK)
together with an increasing amount of detailed data on different
biopharmaceutical and PK processes provides an interesting method for the
construction of IVIVC (Anand 2022). The FDA released draft guideline on the
use of this method for oral small-molecule drug development, manufacturing
changes, and controls (FDA draft guidance 2020). When linking in vitro
dissolution data with in vivo absorption data in the modelling context, it is
crucial to realise and describe the differences between in vitro and in vivo
conditions. The intestine is not a single compartment where dissolution occurs
under constant conditions such as pH and the amount of bile salts (Lindahl
1997, Perez de la Cruz 2006, Clarysse 2009). Addionally, the amount of fluid
in the intestine varies as well (Schiller 2005, Mudie 2014).

There are variations in the abundance of metabolic enzyme and transporter
expression in different segments of GI tract, which causes variance in enteric
metabolism and intestinal permeability along the intestine (Berggren 2007, Li
2020, Olivares-Morales 2015; Pade 2017). PBBM is a mechanistic tool used to
separately characterise the roles and magnitudes of the aforementioned
processes involved in in vivo absorption. Recently, several reviews have been
published on the use of PBBM (Wu 2021 ,Anand 2022, Wu D 2023b, Han
2022). Biopredictive dissolution is crucial when establishing an in vitro- in
vivo link using PBBM. Several methods to incorporate dissolution data into
PBBM exist, as reviewed by Jamei et al. (2020). However, for MR drug
products, the direct input of dissolution data and Weibull functions fitted to
dissolution data are currently the main options used for creating an IVIVC
(Babiskin 2015, Jaiswal 2021, Jereb 2019, Ni 2017, Wu X 2022). Neither of
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these methods provide mechanistically accurate descriptions of in vivo
dissolution; therefore there is still a lack of mechanistic models for the
dissolution of MR products.

A significant aspect to consider when constructing correlation or relationship
between in vitro and in vivo data is the description of inter- and intrasubject
variability. Especially, it is known that physiological entities such as pH in
intestinal tract, osmolarity, bile salts and gastric emptying are variable (Butler
2019, Hens 2017, Parrott 2021, Rabbie 2015, Riethorst 2016). However,
although intersubject variability has been characterised for variability in the
GI tract, intrasubject variability is more difficult to describe. To accurately
describe the extent of intra- and intersubject variability, it is necessary to
measure these parameters directly from the GI tract of several subjects and on
more than one occasion per individual subject. This in vivo characterisation
approach has been used while measuring PK profile of ibuprofen in both the
intestine and plasma (Bermejo 2020). However, this approach is invasive
because a tube is inserted in GI tract to enable fluid measurements. Bayesian
population modelling of the semi-physiological PK absorption model for
buprion hydrochloride oral dosage forms was used to characterize intra- and
interindividual variability when linking in vitro dissolution and in vivo
absorption data (Hsieh 2021). This type of stochastic modelling can capture
variability well and can be used to perform virtual BE trials to discover
bioequivalent dissolution profiles. Although this type of stochastic modelling
enables informative predictions as probability distributions, the amount of
data needed to create these models may be a hindrance. To capture both intra-
and intersubject and formulation-dependent variability, one typically requires
in vivo data from several formulations and preferably same type of
formulation should be administered more than once to the same subject. In
addition, to accurately describe the differences in GI conditions caused by
demographics such as age or disease-related factors the clinical data used to
construct the model would need to consist of a wide enough range of these
factors. In PBBM models it is possible to evaluate the effect of these factors
using mechanistical models and parameters. The Bayesian approach is often
more difficult to apply for fully mechanistic models owing to computational
issues and lack of observed data for accurately estimating a large set of
parameters: However, despite these complexities, this method can still be
useful in formulation development because of its ability to predict variability
by combining variability in observed data and prior knowledge. This was also
demonstrated in Publication I, where the Bayesian approach was applied to
the IVIVC for the formulation series.
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6.2 EXPLORING DISSOLUTION CRITERIA FOR BCS
CLASS 1 AND 3 BIOWAIVERS USING PK
SIMULATION MODELS

The number of publications containing the keywords dissolution, biowaiver
and modelling is depicted in Graphic 3. The number of publications per year

increased over the last 25 years.
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Graphic 3  Number of publications per year containing key words “dissolution biowaiver
modelling” until 25.4.2023 (Pubmed search)
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6.2.1 SIMULATIONS FOR BCS CLASS 1

The eligibility of BCS class 1 drugs for biowaivers has been evaluated in
Publications II and III. It was found that the eligibility for the biowaiver and
the suggested dissolution criterion are dependent on the time to reach the
maximum concentration (Tmax) of the drug product.

PK simulations using a CAT model combined with systemic one-compartment
model were used to evaluate the need for very rapid dissolution criterion (85%
in 15 min) for BCS class 1 biowaivers for 32 real drugs and theoretical values
of absorption and elimination rate constants in Publication II. The very rapid
dissolution criterion for rapidly dissolving drug products was also found to be
conservative when studied using PK simulations for three model drugs with
slight differences in the model structures (Kaus 1999). In addition, the need
for a very rapid dissolution criterion for four real BCS class 1 drugs was
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explored using PBPK modelling approach with Gastroplus simulation
software (Kovacevic 2009). Based on these three separate analyses it can
concluded that rapid dissolution (85% in 30 min) and similar dissolution
profiles should be sufficient for biowaiver justification. In Publication III, the
exploration of suitable dissolution criteria was extended by performing
simulations with CAT + systemic one- or two-compartment models for BCS
class 1 compounds, where their role as substrate for MDR-1 efflux transport
was also investigated. It was possible to determine suitable dissolution criteria
by categorising the compounds based on differences in Tmax. A comparison of
the biowaiver acceptance criteria (FDA, EMA and WHO) for dissolution, with
suggestions based on the simulations, is shown in Table 11. By finding the best
and not too stringent dissolution criterion for each compound, biowaivers can
be granted using the most optimal method, thus decreasing the need for in
vivo studies when it is not scientifically justified. It was also observed that if
drugs or excipients of drug product inhibit MDR-1 efflux transporters, there is
a risk of bioinequivalence in several BCS class 1 drugs. Although these results
concern only MDR-1 inhibitors, the general implication is that excipients
which inhibit any relevant transporter in the body can increase the risk of
bioinequivalence.

Table 11. Comparison of the acceptance criteria for dissolution and excipient—efflux
interaction of BCS-based biowaivers (class 1) set by the FDA (2000), EMA (2010) and WHO
(2006) and suggestions based on simulations.

BCS class 1
FDA, EMA and WHO

Based on simulations

Dissolution  Very rapid dissolution/Rapid Tmax < 0.6 h: No biowaiver candidate
dissolution and similar dissolution Tmax 0.6—0.9 h: Very rapid dissolution
profiles at pH 1.2, 4.5 and 6.8 Tmax > 0.9 h: Very rapid dissolution or

rapid dissolution and  similar
dissolution profiles

Criteria to Well-known excipients and usual Well-known excipients and usual

exclude amounts, which is consistent with the amounts, which is consistent with the

excipient- intended function in solid immediate intended function in solid immediate
efflux release dosage forms. Excipients have release dosage forms. Excipients have
interaction been used earlier with API under been used earlier with API under

consideration.
FDA in addition: Linear PK, No Pgp-

efflux substrate

consideration
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6.2.2 SIMULATIONS FOR BCS CLASS 3

The eligibility of BCS class 3 drugs for use in biowaivers was investigated using
the same simulation model as that for BCS class 1 compounds in Publication
ITI. A comparison of the biowaiver acceptance criteria (EMA and WHO) for
dissolution, with suggestions based on the simulations, is presented in Table
12. Using both studied dissolution criteria, it was shown that BCS class 3 drugs
are suitable for biowaivers. As shown in Table 8,none of the BCS class 3 drugs
were at a risk of bioinequivalence. As the absorption of BCS class 3 drugs is
slower, dissolution is less likely to be a bottleneck for the overall absorption
processes of these drugs. The use of a less stringent dissolution criterion may
increase the number of BCS class 3 drugs accepted as biowaivers, thereby
reducing the need for in vivo testing. However, when a drug or excipient of a
drug product inhibits the MDR-1 efflux transporter, there is a risk of
bioinequivalence for almost all BCS class 1 drugs. This high risk of
bioinequivalence is likely present when other transporters are inhibited.
Importantly, the criteria for BCS class 3 biowaivers can be justified
scientifically considering all relevant processes.

Table 12. Comparison of the acceptance criteria for dissolution and excipient efflux
interaction of BCS-based biowaivers (class 3) set by the EMA (2010) and WHO (2006) and
suggestions based on simulations.

BCS class 3
EMA and WHO Based on simulations
Dissolution  Very rapid dissolution at pH 1.2, 4.5 Very rapid dissolution/rapid dissolution
and 6.8 and similar dissolution profiles at pH
1.2, 4.5 and 6.8
Criteria to Qualitatively and Well-known excipients and usual
exclude quantitatively very similar composition =~ amounts, which is consistent with the
excipient- intended function in solid immediate
efflux release dosage forms. Excipients have
interaction been used previously with API
considered

6.2.3 SIMULATIONS FOR ALL BCS CLASSES

The use of mechanistic approaches such as PBBM to simulate the role of
dissolution criteria for biowaivers enables a more accurate description of
different processes in in vivo drug absorption (Wu et al 2021). By separately
describing the major factors such as shear stress, buffer capacity, and fluid
volume within the PBBM, one can describe the drug release variability at the
site of absorption. In addition, one can separately account for drug-specific
parameters, for example solubility, bile:micelle partition coefficient,
formulation-specific parameters such as particle size in these mechanistic
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models and GI variability, for example intraluminal pH. These parameters
combined with other important knowledge, such as regional differences in the
abundances of metabolic enzymes and transporters along the intestinal tract,
effect of food, fluid distribution along the intestine, and gastric emptying are
processes and parameters that can be individually investigated using PBBM.
In addition, knowledge of the actual inter- and intrasubject variability in
different physiological parameters can be incorporated into these mechanistic
models.

PBBM models have been successfully used to create a safe BE space for new
bioequivalent formulations and to set clinically relevant in vitro specifications
to ensure drug product quality (Wu 2022). Several case studies for drugs from
different BCS classes has been presented for applications such as how to set in
vitro dissolution/particle size distribution specifications, widening dissolution
specification to supersede f2 tests, or application toward a scale-up and post-
approval changes biowaiver. This type of mechanistic modelling, combined
with relevant biopredictive dissolution data, can aid in avoiding unnecessary
BE studies in healthy volunteers. Therefore, it is necessary that the acceptance
of simulation tools such as PBBM be further endorsed in both new and generic
drug development.

6.3 FUTURE PROSPECTS

The use of in vitro dissolution data to predict in vivo absorption through PK
modelling has seen significant advances over the past decades. The rise of
mechanistic PBPK modelling (or equivalently PBBM), together with emerging
knowledge and detailed data on different processes and phenomena related to
GI absorption, such as abundance, location, and intersubject variability of
metabolic enzymes and transporters in the intestine has led to the possibility
of a more accurate and realistic prediction of in vivo behavior based on in vitro
dissolution data. This is particularly true for IR small-molecule drug products.
There is room for improvement in the mechanistic description of the in vivo
release/dissolution process of MR/ER oral small-molecule drug products.
There will be an increasing number of studies focusing on a detailed
physiological description of how different components and excipients of
formulations affect the release, dissolution, metabolic, and permeation
processes in the near future. In addition, a clear future focus will be on
improving the description of intra- and intersubject variability in PBPK
models. Recent advances in artificial intelligence and machine learning will
also impact how in vitro- in vivo relationships will be constructed in the future
(Terranova 2023). It will automate several parts of the process and hopefully
enable the optimal use of all available data. However, scientific progress in
predicting in vivo absorption based in vitro dissolution data will still depend
on new ideas from experienced biopharmaceutical scientists, PK experts,
pharmacometricians, and physicians.
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7 CONCLUSIONS

In this study, a level A IVIVC model with a Bayesian approach was developed
for modified-release formulation series of levosimendan. The model quantifies
the relationship between in vitro dissolution data and in vivo concentrations,
and can be used to waive BE studies both in new oral drug formulation
development and in generic drug development.

In this thesis, PK simulations in relevant multidimensional parameter spaces
were used to set the appropriate dissolution criteria for both BCS class 1 and 3
IR small-molecule drugs. The effect of the MDR-1 efflux transporter on the BE
of the substrates was also evaluated. Relevant updates to the current
regulatory biowaiver criteria for BCS class 1 and 3 IR small molecule drugs
have been proposed.

This thesis contributes to the overall scientific discussion of quantifying the
relationship between in vitro dissolution and in vivo concentration data.
Finally, it was concluded that the best and most accurate method to create an
in vitro- in vivo link is through the use of in vivo relevant physiological and
drug-specific parameters.
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