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Oral drug absorption In paediatrics:
What we know and where we are going?
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Children are not just small adults

= But they do represent a small commercial market!
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Risks associated with absorption in children...

= Clinical testing is conducted in adults
» |t is assumed that extrapolation to children is risk free....

= Generic medicines
= Alternative formulations
= Manipulation of medicines
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Guidance recommendations

Relative bioavailability studies
(bridge adult to pediatric formulation)

e ICH E11 Relative bioavailability comparisons of pediatric formulations with
the adult oral formulation typically should be done in adults.

 FDA The bioavailability of any formulation used in pediatric studies should
be characterized in relation to the adult formulation. If needed, a relative
bioavailability study comparing the age-appropriate formulation to the
approved drug should be conducted in adults.

e EMA Bioequivalence studies for bridging paediatric clinical documentation
between two formulations should preferably be performed in adults, but
the applicant should justify that the study results can be extrapolated to
the paediatric population.



. Relative
Generic bioavailability study

in adults
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Typical bridging from adult to pediatric
formulation

In vitro and in silico Relative bioavailability
package to determine study of pediatric
relative bioavailability formulation in adults

eUsing FaSSIF vs FeSSIF *1Protocol available
dissolution

eRelevant animal models

Exploratory
PEDIATRICS Preclinical dose finding Confirmatory
(PK, PD, safety)

Use information to
inform study

Enabling formulations Market formulations

No guidance to support in vitro or in silico risk assessment to understand
relative bioavailability
No clear protocol to undertake study



Key risks: patient

CER

S

Absorption
P Distribution

Slow and irregular gastric emptying

Intestinal surface area Increased total body water

Intestinal transit time Decreased total body fat

Impact of food Altered blood flow
Blood flow changes

Metabolism . ..
Elimination

Ontogeny of intestinal

Renal function
transporters

Ontogeny of hepatic transporters Hepatic function
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Key risks: Age

= Example: Solubility and dissolution media - volume

= The volume of gastric fluids in children is not widely reported although a
value of approximately 0.56mL/kg has been reported in fasted children

= Equates to a volume of 37.1mL in adults

1.4mL 2.4mL 5.0mL 13.0mL H 28.0mL
Pre-term Mewhorns Infants & toddlers Children Adolescents
newhorns 27 days 28 daysto 23 months 2t0 11 years 12 to 16-18 years

UNIVERSITY vur A
BIRMINGHAM | SCIENCES )_z_s__s:g:s:?_



Studies where bioinequivalence has been seen in children
are hard to find...

= 46 literature studies were identified that _séb,w

compared the relative bioavailabllity of e AU

paediatric medicines e=reraiey
vl Pharmacokinetiés

hipharmacautica

- ““Age formulations cmax.-
Bio_(in)-equivalencecr.

ge [ty Sl slatisns Mesny Dsssns sizes

Positive effect means that

the relative bioavailability of S DediatriCe i e A RUG
i 1 : oWl Therapeutic category =
the pediatric formulation 5 hipharmaceutics: —
was higher than the pee LOG PCCAdUlELS,
Comen? Pediatr Orslrautes
reference e

H Negative (n=9)

Equivalent (n=29)

In total 63% of pediatric
formulations showed
comparable PK profiles
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The lamivudine case

 The ARROW trial provided an opportunity to Pharmacokinetics of Antiretroviral Drug Varies
collect (post-approval) PK data in children With Formulation in the Target Population
switching from solution to tablet of Children With HIV-1

P Kasirye!, L Kendall?, KK Adkison?, C Tumusiime*, M Ssenyonga*, S Bakeera-Kitaka!l,
H H H HH H 5 6 Celitiinwal W den? 8 ~iR2 Tallcor2.
Y In Ch||dren’ the b|oava||ab|||ty after the Solut|on P Nahirya-Ntege®, T Mhute®, A Kekitiinwa', W Snowden’, DM Burger®, DM Gibb* and AS Walker?;
on behalf of the ARROW Trial Team
~ o)
Was 40 A) Iowe r Com pa red to the ta bIEt The bioequivalence of formulations is usually evaluated in healthy adult volunteers. In our study in 19 HIV-1-infected
. Ugandan children (1.8-4 years of age, weight 12 to <15kg) receiving zidovudine, lamivudine, and abacavir solutions twice
formulation

aday for =24 weeks, the use of scored tablets allowed comparison of plasma pharmacokinetics of oral solutions vs. tablets.
Samples were collected 0, 1, 2, 4, 6, 8, and 12 h after each child’s last morning dose of oral solution before changing to

. scored tablets of Combivir (coformulated zidovudine + lamivudine) and abacavir; this was repeated 4 weeks later. Dose-
i I na d u |tS, t h e tWO fo rmu I at Ions were normalized area under curve (AUC),, ,, and peak concentration (C_ . ) for the tablet formulation were bioequivalent with
. . those of the oral solution with respect to zidovudine and abacavir (e.g., dose-normalized geometric mean ratio (dnGMR)

b loe q uiva I ent (tablet:solution) for zidovudine and abacavir AUC,,_, , were 1.01(90% confidence interval (Cl) 0.87-1.18) and 0.96 (0.83-

1.12), respectively). However, lamivudine exposure was ~55% higher with the tablet formulation (AUC, ,,dnGMR=1.58
(1.37-1.81), C,,,, dnGMR = 1.55(1.33-1.81)). Although the clinical relevance of this finding is unclear, it highlights the impact
of the formulation and the importance of conducting bioequivalence studies in target pediatric populations.

Epivir, label 12.3

The relative bioavailability of EPIVIR oral solution is approximately 40% lower than
tablets containing lamivudine in pediatric subjects despite no difference in adults.
The mechanisms for the diminished absolute bioavailability of lamivudine and
relative bioavailability of lamivudine solution are unknown.




Key risks: drug solubllity

= 88% of studies (15/17) showed equivalence in paediatric to adult
product where drug was high solubility

= BCS1or3

= 48% of studies (14/29) showed equivalence in paediatric to adult
product where drug was low solubility

= BCS2o0r4
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Why is Gl anatomy and physiology important anyway?

100 - 250 mL with drug

Ingest i
2000 miiday e ¥ : 5050““';%”
water

Bile salt conc:
~5mMin fasted

v ~15 mM in fed (30-60 min)

pH 1.3 in fasted
pH 4.9 in fed

. Bile
pH 6.5-7.4 in fasted 500 ml/day
pH 5.4-7.5in fed sl

intestine P ,
absorbs a‘n$rec|ﬂc
jvices
8500 mifday 1500 mi/day

Intestinal secretions
1500 mliday

Colon
obsorbs
400 ml/day

2 100 ml/day

water excreled
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History of dissolution and biorelevant media

= Adult FaSSIF introduced in 1998
= Adult FeSSIF introduced in 2008

* Details about paediatric FaSSIF/FeSSIF first muted in 2014...
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Current paediatric simulated intestinal fluids....

Table 4.6 Pediatric Fed-State Simulated Gastric Fluids (P-FeSSGF)
Table 4.4 Pediatric Fasted-State Simulated Gastric Fluids (P-FaSSGF)

Component Pnc-FeSSGF* Pns-FeSSGF®
Component Pn-FaSSGF* Pi-FaSSGF® Sodium Chloride (mM) 100.35 94.79
Sodium Taurocholate (uM) 20 60 Acetic Acid (mM) 7.25 7.25
Tecithin (aM) 3 T3 Sodium Acetate (mM) 64.65 64.65
Pepein (mg/mD) G 5095 Milk:buffer 1:1 1:1

HCI/NaOH gs pH 5.7 pH 5.7
Sodium Chloride (mM) 342 342

pH 5.7 5.7
HCl gs pH 1.6 pH 1.6

H 1.6 1.6

P Osmolarity (mOsm/kg) | 340 240
Osmolarity (mOsnvkg) 120.7 120.7 Buffering Capacity | 15 15
Buffering Capacity (mEq/L/ ApH) (mEq/L/ ApH)

a - Pnc-FeSSGF — pediatric fed-state gastric media representative of neonates (0-28 days) fed cow’s

a - Pn-FaSSGF — pediatric fasted-state gastric media representative of neonates (0-28 days) milk-based formula

b - Pns-FeSSGF — pediatric fed-state gastric media representative of neonates (0-28 days) fed soy-

b - Pi-FaSSGF - pediatric fasted-state gastric media representative of infants (I1-12 months) based formula

Parameterization of In Silico Oral Disposition Models: Focus on Pediatrics by Anil Maharaj
Pharmacy Waterloo, Ontario, Canada, 2017
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What fluid is present in a child’s intestines?

= Volume that children drink with medicines?

» Internal studies (University of Birmingham) show
<50mL water is consumed with multiparticulate or
tablet formulations in children aged 4-12 years.
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Magnetic Resonance Imaging Quantification of Gastrointestinal
Liquid Volumes and Distribution in the Gastrointestinal Tract of
Children

Eleni Papadatou-Soulou, Julie Mason, Caron Parsons,” Adam Oates,” Manigandan Th)-'agarajan,g
and Hannah Katharine Batchelor®'

"School of Pharmacy, Institute of Clinical Sciences, University of Birmingham, Edgbaston, B15 2TT, UK.

‘:'Univcreiit)-' Hospitals Coventry and Warwickshire NHS Trust, Clifford Bridge Road, Coventry CV2 2DX, UK.
§Bin‘ningh_un Children's Hospital NHS Trust, Steelhouse Lane, Bin'n'mgham B4 6NH, UK.

[ ] Supporting Information

ABSTRACT: The volume and localization of fluid in the #7798 &
paediatric gaslruintestina] tract is crucial to the dusign ofin [ A 5
vitro and in silico models that predict the absorption of oral . } 'Y
drugs administered to children. Previous studies have used | a k

magnetic resonance imaging (MRI) to quantify fAuid volumes
and localization in the intestines of adults; this study is the
first to undertake similar analysis of pediatric participants.
This study quantified the amount and distribution of fluid in
fasted and fluid-fed children using MRI data captured during
the routine clinical assessment. Data from 32 fasted children I
(agl:d 0-16 }rl:ars] and 23 fluid-fed children (agl'd 8—16
yuars] were evaluated. The gastric volume ra.nged from 0 to 9
mL in the fasted and 19—423 mL in the fluid-fed state. The
asted and 6—91 mL in the fluid-fed state with an average number of
significant differences in gastric volumes and the number of fluid
uid-fed children (p < 0.05). Both the number and the volume of
riously reported in adults. This study is the first to report intestinal

ation to achieve the design of biorelevant in vitro models and real
hth fluid-fed and fasted children show the extremes of fluid volumes
1 to understand the variability associated with drug absorption in

MR to image fluid pockets in children

orelevant dissolution




Video of fluid location
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Volumes present

== Schiller (2005) (n=12)
= Steingoetter (2006)
(n=12)
=== Fruehauf (2007) (n=8)
== Fruehauf (2007) (n=8)
== Mudie (2014) (n=12)
=@—Grimm (2018b) (n=6)
et Grimm (2018b) (n=6)
=a==Grimm (2018b) (n=6)
Grimm (2018b) (n=6)
==@==Grimm (2018a) (n=8)
== Grimm (2018a) (n=8)

Grimm (2018a) (n=120)

== Current Paediatric Study

(n=32)
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=9=—>Schiller (2005) (n=12)
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=== Grimm (2018b) (n=6)
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(n=32)
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Simple modelling on impact of fluid present

* The impact of using relevant luminal fluid volumes on a PBPK

model of Ritonavir absorption in children

Default
FASTED

Default
FED

New Data
FASTED

New Data
FED

Duodenum

34.4

34.4

34.4

34.4

Jejunum |

21.2

21.2

43

46.5

Jejujum
Il

21.1

21.1

43

46.5

lleum
|

12.6

12.6

3.5

1.7

lleum
I

12.6

12.6

3.5

1.7

lleum
]|

12.6

12.6

3.5

1.7

lleum
v

12.6

12.6

3.5

1.7

Table 1: Parameters used for the default Simcyp paediatric model and

for our study using relevant intestinal volumes.
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Systemic Concentration (mg/L)

Mean Values of Systemic concentration in plasma of Ritonavir over

Time
2.50
2.00
'// a --\‘\_\
1.50 \\\
‘\‘\\.;

1.00 AN

0.50

0.00

0.0 2.0 4.0 6.0 8.0 10.0 12.0
Time (h)
—CSys Chokephaibulkit_2002_12 HIV children Default Simcyp_100 mg

Figure 2: Model Verification using data from HIV infected children. Dose 100 mg soft

gel capsules twice a day. The data points show the observed data and the green line
the predicted concentration using the new Gl volumes [CSys: Systemic
Concentration].



Fluid composition

[ We have an eX|St|ng NIHR Clinical Research Network

project that seeks to

characterise the paediatric

. t t Characterisation of fluids and mucosal tissues from paediatric stomach I
intestine and small intestinal tract to enable development of biorelevant models to
predict drug absorption

PaedGIFT (Paediatric Gastro-Intestinal Fluid and Tissue)

= We can use this data to
better understand key
Inputs for accurate

=) UNIVERSITYOF
) BIRMINGHAM

Chief Investigator: Hannah Batchelor - Senior Lecturer in Pharmaceutics,
Formulation and Drug Delivery

Researcher: Eleni Papadatou- Soulou - PhD Student

7

® L4 Local Principal Investigators: Dr Rafeeq Muhammed - Consultant Paediatric m

. . . ‘ Gastroenterologist and Mr Ingo Jester - Consultant Paediatric Surgeon Birmingham Women'’s

I I I O d e | | I n g an d S I I I l u Iatl O n . Research Nurses: Alison Watson and Kate Cotter :H';gofnl;iﬂ:e.rﬂi
@

v I
>
P.
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How do we get fluids from stomachs and small intestines
from children??

When children have an
endoscopy we asked to collect
the spare fluid

We can then analyse this in the
laboratory

Also requesting enterostomy
tissues — larger tissue samples




Paediatric Gl samples collected to date (since April 2019)

Age groups Recruitment per
Group

Neonate: 0-31 days 0

Infant: >31 days - day before 2nd 2

birthday

Young child: 2 - day before é6th birthday 7

Child: 6 - day before 12th birthday 19

Adolescent: 12 - day before 16th birthday 21

e Gastric Fluid: 50
e Duodenal Fluid: 39

e Duodenal Biopsy: 34




Preliminary data: pH
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medn
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Jens Van Den Abeele, Maissa Rayyan, llse Hoffman, Els Van de Vijver, Wei Zhu, Patrick
Augustijns. Gastric fluid composition in a paediatric population: Age-dependent changes

relevant for gastrointestinal drug disposition. European Journal of Pharmaceutical Sciences,

Volume 123, 2018, Pages 301-311,
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Preliminary data: osmolality

Intestinal

max

medn

500+

Osmolality (mOsm.kg™")

100+

4001

[
—3
—
4
T

200+

Gastric Osmolality
615
157
1
o °
: ] :
< o Q-%‘} < ¢
0% B o B Sen 5
: o )
:; o
o o T,
: o o
T SR S
0 2 4 6 8 10 12 14 16
Age (y)

Osmolality
631

271

91

Jens Van Den Abeele, Maissa Rayyan, llse Hoffman, Els Van de Vijver, Wei Zhu, Patrick
Augustijns. Gastric fluid composition in a paediatric population: Age-dependent changes
relevant for gastrointestinal drug disposition. European Journal of Pharmaceutical Sciences,
Volume 123, 2018, Pages 301-311,
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Buffer capacity

. . Intestinal buffer capacity vs age
Gastric buffer capacity vs age
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[ J
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- HPLC with ELS detector

Bile salt quantification

Column: C18

1100 Eleni Testing #5 ABS 032 EL3 1
UV
Detector: ELS

14923 -6.303 8189 . 9973

Mobile Phase: A: Water +
0.05% TFA and B: MeCN+
0.05% TFA

Method:

800~

600
Lo Eluent B started running at

- - time 0 at 30%. At t=7 min,
u MethOd development IS OngO|ng o eluent B changed to 100%
until  t,=11 min. When
i t,=11.100 min, eluent B

= Preliminary data with HPLC ELS was not |~ ] T came back o 70%. After 2
sufficiently sensitive ’

to eluent B=50%. At t;=16

——— min, eluent B decreased and
00 50 10.0 150 200 260

reached 30%. This lasted

until the completion of the
Figure 1. Separation of bile salts mixture at 0.32 mM method at t,,.,= 26 minutes.

! ,.h_.J',_—u—— IS

The column temperature
was 45 degrees (for better
separation of the bile salts)
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Manufacture of simulated paediatric intestinal fluid

= Also looking at microstructure and colloid self-assembly for a
range of poorly soluble drugs
» |mpact of bile salt composition
» |mpact of addition of lecithin and oleic acid/sodium oleate

UNIVERSITYOF A=A L
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Intestinal biopsy/tissue samples

= Ongoing work to quantify the expression of transporters
and enzymes

* Provide age-related data on expression in biopsies
available

UNIVERSITYOF CLINICAL
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Preliminary associated work

Malnutrition occurs due to deficiencies,
excesses or imbalances in intake of
proteins, calories and other essential
micronutrients

It is a major health problem in infants
and older children worldwide.

WHO- In 2018, globally there were 149
million children under 5 years of age
who were stunted, 49 million wasted

UNIVERSITYOF INSTITUTE OF
BIRMINGHAM | SCIENCES

European Journal of Pharmaceutics and
Biopharmaceutics

FILSEVIER Volume 137, April 2019, Pages 9-22

Review article

A review of GI conditions critical to oral drug
absorption in malnourished children

Lisa Freerks ®, Eleni Papadatou Soulou b, Hannah Batche c’b, Sandra Klein 2 2 &

kwashiorkor ITRAT A5 FTILES

normal hair

swelling of legs {oedema)

sparse halr old man or wizensd
moon face,  with littie it
interest in surroundings thin limbs with

flaky sppearance of skin little mwschs or fat

vty undarwsight
by

swmlben abdaman

Lhin musches, bt [al presem



Consequences of malnutrition on pharmacokinetics

Distribution
Absorption » Changes in body’s fat/lean mass ratio may also lead to an
= alteration of nutrient alteration of drug distribution,
/drugs transport = J protein-binding capacity. Reduced plasma protein, mainly
= mucosal and villous albumin
atrophy = /] in the free drug concentration — leads to drug toxicity

= modification of
permeability of the

Biotransformation and excretion

intestinal mucosa = liver dysfunction in malnutrition is the main reason for the
" altered activity of small- altered metabolism of drugs
intestine enzymes .

impaired renal function, especially in dehydration,
significantly influences drug excretion

Do W W —¢

Protein deficiency -J, mixed function oxidase, P Glucuronyl transferase, J, Glucuronyl, J, Glutathione-S-transferase
Carbohydrate- |, mixed function oxidase, 4 Glucuronyl transferase, Glucuronyl-No change, {, Glutathione-S-transferase

(Krishnaswamy 1987)

Y Y N



e Many studies (Table 2) have shown Gl morphological changes such as villous atrophy (reduced villous height, number),
thinned mucosa, increased intestinal permeability, loss of tight junction proteins and increased pore size leading to
delayed absorption of drugs or plasma concentrations resulting in therapeutic failure.

Fig.1: Histological sections (Owino
et al.,, 2016) from distal duodenal
biopsy specimens (A) Healthy
children; normal mucosa with long
villi and short crypts depth (3:1
height to depth ratio) (B)
Malnourished children;  villus
shortening and reduction in villus
height:crypt depth ratio (>1:1) (C)

4 Characteristics small intestinal
mucosa at 100 times magnification
1. Top of the vill 1-2 Height of vill .
2. Vﬁﬁi;'cq:tﬁluﬁzliun 2-3 D:ﬁm n:llzfﬂ?elf:iryms (PlreS et aI'I 2002)
3. Lamina propria 1-4 Total mucosa thickness
4. Muscularis mucosae 2-4 Mucosa thickness




Mean Values of Systemic concentration in plasma of

Mean Values of Systemic concentration in plasma of A o . .
Quinine HCL over Time in Kwashiorkar children (n=6)

Quinine HCL over Time in Healthy children (n=7)

10.00 10

——Simulated Oral 10 mg/kg

y \ Salako_ 1989
/

——Simulations Oral 10 mg/kg

Salako 1989_10 mg/kg

=
=)
S
1
—

Systemic Concentration (ug/mL)
o
)

Systemic Concentration (ug/mL)

0.1 -
0.01 0.01
2 12 24 36 .
Time (h) 2 12 Time (h) 36 48
A |
Summary Statistics
ummary Statistic — . Mean _ 4 Age-1-3years,
From (h) |To (h) TMax (h) |CMax (ug/mL) |AUC (ug/mL.h)|  n=@_7 1.26 FOLD INCREASE IN AUC PROFILE

CPlasma (pg/mL) - Kwas 000 148.00| 3.37 1.55 33.09 Oral, fasted, IN KWASHIORKAR CHILDREN
CPlasma (ug/mL) - Healthy 0.00 [36.00| 272 2.20 26.02 single dose 10

mg/kg



Mean Values of Systemic concentration in plasma of Mean Values of Systemic concentration in plasma of

Chloroquine in Healthy Children (n =6) Chloroquine in Malnourished (Kwashiorkar) children (n =5)
100
[ ] __
~ 100 - - 1
£ | [ £ — 1 |
ey ~
£ £
S { 5 ‘
€ o s 10 o
g 10 Simulations_Oral_10 mg/kg § W ——Simulations Oral 10 mg/kg
[ =
8 Walker_1987_Oral_ 10 mg/kg § ‘ Wagner_1987 Oral 10 mg/kg
g g
& &
1 1
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time (h) Time (h)
. . 1
Summary Statistics Mean 2.4 & 2.7 FOLD DECREASE IN
b | b | A | b | k|
From (h) |[To (h)|TMax (h) |CMax (ng/mL) |AUC (ng/mL.h) AUC & Cmax of CQ IN
CPlasma (ng/mL)- Healthy 0.00 24.00 6.00 133.83 2542.27 KWASHIORKAR CHILDREN
CPlasma (ng/mL)-Kwas 0.00 2400 11.65 50.11 1069.38




Summary

= There is much to be learned about the composition of fluids in the
Gl tract of children

» Understanding absorption is complex

= The lack of available clinical data limits evaluation of new In vitro
and In silico models.
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Pediatric drug absorption - Evidence from the literature

Slower absorption
in premature
neonates but T
bioavailability
Paracetamol
Anderson et al 2002

Bioavailability
same bhut slower

absorption e.g. Oral
g G
phenobaritone

sulphonamides
Heimann 1980

| rate conversion

pro drug
e.g Famciclovir to 1. Bioavailability
penciclovir) due to | 1 pass
Blumer et al 2010 and | absorption
e.g. Oral
Zidovudine

Capparelli et al 2003,
Boucher et al 1993
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Slower absorption
e.g. Oral

Ciprofloxacin
Pentola et al 1992

~ T &

3y

| Bioavailability due
to 1 gastric pH
e.g. Oral

ketoconazole
van den Anker et al
1993

No Change in F or
Ka
e.g. Pleconaril

‘ 1993

' Kearns et al 1999,
2000

1 Bioavailability due
Ka for to | 15t pass
acetaminophen / e.g. Oral
theophylline / midazolam
indomethacin de Wildt et al 2002
reaches adult levels

1 week after birth
Somani et al 2015
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Drug absorption model

Jamei et al. 2009, Darwich et al. 2010 and Harwood et al., 2013

Duodenum
Jejunum |
Jejunum |l
lleum Il
lleum [l
lleum IV
Colon

Schematic representation of the Advanced
Dissolution, Absorption & Metabolism
(ADAM) model, displaying the mechanistic
segmentation of the Gl tract into 9 sections
with segregated blood flows to each section

Can we parameterize this model for pediatrics?

CERTARAD
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Pediatric absorption model development

v Stomach volume
M Gastric emptying

M No significant effect of age on mean
gastric residence time

M Food type effects significant
M Intestinal length/diameter

M T as function of age
M Transit times

M No change with age (Maharaj DMD 2016;

44: 1080)
M Permeability
M pH

M Gastric: T in early postnatal period

M Intestinal CYP3A ontogeny
M T in expression and activity with age

 Bile production and composition

M Salivary production and flow
M Age related change

M Intestinal transporter ontogeny
M Some information on P-gp
M Little information on BCRP, MRP2

M Gl tract fluid dynamics

O Intestinal UGT/other drug-
metabolizing enzyme ontogeny

U Unstirred water layer characteristics
L and others
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Gastric emptying

« Several review articles state that the ‘Time of gastric emptying is
delayed immediately after birth for both full and preterm neonates. It
approaches adult values within first 6-8 months of life’

Morselli 1976 - Beneditti and Baltes, 2003 - Kearns et al 2003 - Smits et al 2012

Data collection for meta analysis

« Total number of studies evaluated: 174

o Total number of studies used in analysis: 49

« Total number of individuals the data represents: 1991

* Preterm neonates of 28 weeks gestation through to adults
 Median age (range) in months: 1.47(0.011-744)

* Food types: Aqueous, breast milk, formula, semi-solid, solid
« Other covariates: age, weight, volume, gestational age

CERTARAD
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Modelling gastric emptying
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* Double Weibull function was used to model data
e Allowed incorporation of biphasic nature of emptying, but makes no
assumptions about relative speed of either phase
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Gastric emptying meta-analysis:

No significant effect by postnatal or gestational
age, weight or volume of intake but Food
Type a significant COVARIATE

g 4 o
-
% 4 Aqg= aqueous (44.8 mins)
Bm= breast milk (56.6 mins)
2 | Fm=formula milk (64.1 mins)
Mean gastric ° Ss= semi-solid (87.1 mins)
residence time g | Sol=solid (97.7 mins)
(mins) < °
=]
o | o
. SR
s ° s = i
N . R S
R g
o a R E—
T T T T T
aq bm fm S5 sol

Biogharm Drug Dispos.  2015; 35:245-257

Does age affect gastric emptying time? A model-based meta-analysis of
data from premature neonates through to adults.

Bonner JJ', Vajiah P, Abdulialil K, Jamei M, Rostami-Hodiegan A Tucker GT. Johnson TH.
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Other age related changes
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Ontogeny of CYP3A enzymes in the Gut
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Intestinal transporter ontogeny

P-gp mRNA data

Mooij et al., DMD 2014; 42: 1268

CERTARAD

Mooij et al., DMD 2016; 44: 1014
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Application of Paediatric ADAM model (Ketoconazole)

Development and applications of a physiologically-based model of
paEdiatric Drﬂl drug abSDrptiDﬂ European Journal of Pharmaceutical Sciences 115 (2018) 5767

T.N. Johnson®*, J.J. Bonner®, G.T. Tucker”, D.B. Turner®, M. Jamei®

Ketoconazole BCS class 2 drug — high permeability, low solubility — model
accounts for bile mediated solubility and supersaturation / precipitation

10

94 [ 20
-l
® 8 - \ =15
E 2 :
[ ? 1T E =
i —
= | 10 o 0
5 6| & £
= | \ E =
= (=
§ 5 - || & 5
c f O
4 ] i*
S 4 || 0 g &
u i 0.4
£ 3
g &
& .
& s 2
1 - 10 1.5 f
0 J - Gastric emptying (h) 20
0 i = Fig. 7. Sensitivity analysis of the effects of changing both gastric emptying time and
Time (h) gastric pH on Cpa values of ketoconazole after administration of a 10 mg/kg suspension
Fig. 6. A comparison of predicted mean (black lines with 95% confidence limits in grey) dose to neonates. The open circles are clinical data (van den Anker et al., 1994) and the
and observed (data points and bars indicating absolute range; (Ginsburg et al., 1983)) filled black circle is the typical Cp,, after administration of a 400 mg dose to adults.

plasma drug concentration - time profiles of ketoconazole given as a 5 mg/kg as a sus-

pension to children aged 2 to 12.5 years.

CERTARAD
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Applications of Paediatric Absorption models

Development of physiﬂlngicall_y based pharmacokinetic model]
to evaluate the relative ?stemlc exposure to quetiapine after
administration of IR and XR formulations to adults, children Case study 1
and adolescents

Trevor N. Johnson®, Diansong Zhou®, and Khanh H. Bui®™* Bioprhiarsie. Dingy Dispos. 35: 341-352 (XN 4)

Physiologically Based Pharmacokinetic Models in the Prediction of Oral Drug
Exposure Over the Entire Pediatric Age Range—Sotalol as a Model Drug

; ol . . 3 The AAPS Journal (0 2004)
Feras Khalil' and Stephanie Lier’ DOL: 10.1208/512248413-9555-6

Exploratory Investigation of the Limiting Steps of Oral Absorption of
Fluconazole and Ketoconazole in Children Using an In Silico Pediatric
Absor[)tion Model Journal of Pharmaceutical Sciences 105 (2016) 2794—2803

Rodrigo Cristofoletti %, Naseem A. Charoo **?, Jennifer B. Dressman *

Investigating Oral Absorption of Carbamazepine in Pediatric Populations

The AAPS Journal (© 2017)
DOL: 10.1208/s12248-017-0149-6

Philip Kohlmann,' Cordula Stillhart," Martin Kuentz,” and Neil Parrott™?

Pharmacokinetics of rivaroxaban in children ‘®
using physiologically based and population
pharmacokinetic modelling: an EINSTEIN-Jr

phase I StUdy Willmann et al. Thrombosis Journal (2018) 16:32
stefan Willmann', Kirstin Thelen', Dagmar Kubit https:ﬁdoi_o[gﬂ 0.1186/512959-018-0185-1

Jan Stampfuss®, Rolf Burghaus', Wolfgang Muick?
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Case study 1: Quetiapine example — bridging between formulations

e Antipsychotic Drug (BCS class 2)

e Immediate release formulation (IR) — BD

e Developed extended release (XR) — QD

AIM: Predict exposure of new formulation in paediatric patients

(>10y)
Retrograde model w

Healthy adults 2>  Adults patients (lower CL — refined)
IR IR

Model Development: w Retrograde model

Adult patients
XR

ADAM input data: Dissolution Profile
For sustained release formulations
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Quetiapine example

Figure 2. Simulated mean plasma drug concentration-time profile (solid black line) during dosing of 150 mg IR
guetiapine bid (A) and 300 mg XR gqd (B) in adults. The corresponding mean and individual observed data are
shown by black filled or grey unfilled circles, respectively. The grey dashed lines represent the 5t and 95t
percentiles for the predicted values.
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Figure 3. Regional distribution of the predicted fraction of dose absorbed in each segment of the Gl tract
following administration of the IR (A) and XR (B) formulation of quetiapine.
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Quetiapine example

Healthy adults =2 Adults patients

IR IR V/

1200 . Adult patients .

1,000 XR V"
800 - y

Systemic Concentration (ng/mL)

Systemic Concentration (ng/mL)

600 -
400 -
i S
\. TN
0 2 : Sl
40 50 60 70 80 90 100
Time (h)

Development of physiologically based pharmacokinetic model
to evaluate the relative systemic exposure to quetiapine after
administration of IR and XR formulations to adults, children
and adolescents Biopharm Drug Dispos 2014; 35: 341-52.

Trevor N. Johnson®, Diansong Zhou®, and Khanh H. Bui®*

Systemic Concentration (ng/mL)
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Quetiapine example

CERTARAD

Figure 4. Predicted mean plasma quetiapine concentration-time profiles after the last of 5 daily doses of the

300 mg XR formulation (A) and 150mg BID IR formulation (B) in adults, children and adolescents.

Adult

Adoles13-17y Child 10-12y Adult

500 A

Adoles13-17y Child 10-12y

110 120
Time (h) Time (h)

Table 2. Summary of predicted exposure to quetiapine after administration of 150 mg bid as an IR

formulation in comparison with 300mg daily as the XR formulation in adults, adolescents and older children.

All values are geometric means with the exception of ., values which are medians.

300mg dose AUC,_,, (ng/ml/h) Cax (mg/ml) tmax (N)
Minimal PBPK

IR XR | XR/IR | IR XR | XR/IR| IR XR | XR/IR
Adult 2464 | 2570 @ 1.04 254 249 | 098 142 43 3.0
10-17y 3316 | 3738 | 1.13 393 447 | 1.14 161 4.5 2.8
13-17y 2974 2986 1.0 344 342 099 167 4.4 2.6
10 - 12y 3958 4227 1.07 517 523  1.01 165 4.6 2.8
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Case study 2: Treating adrenal insufficiency in adults and children

Why develop age appropriate formulations?

Example hydrocortisone capsules made in a pharmacy

C E RTARA:) © Copyright 2019 Certara, L.P. All rights reserved.
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New Hydrocortisone formulations

1) Infacort granule formulation (Taste mask)

“TASTE MASKING™ COAT

-_—

Development and Testing in Healthy Adults of Oral
Hydrocortisone Granules With Taste Masking for the
Treatment of Meonates and Infants With Adrenal

Insufficiency DRUG LAYER
1 Clin Endocrinol Metah, April 2015, 10004 1681-168E8 '
Martin 1. Whitaker,® Sarah 5pielmann,* Dena Digweed, Hiep Huatan,
Dawid Eckland, Trevor M. Johnson, Geoffrey Tucker, Heiko Krude,
Oliver Blankenstein, and Richard ]. Ross
MICROCRYSTALLINE "SEAL" COAT

CORE
0.5, 1, 2, and 5 mg capsules

2) Chronocort EC granule formulation (Diurnal variation)

A Phase 2 Study of Chronocort, a Modified-Release
Formulation of Hydrocortisone, in the Treatment of

Adults With Classic Congenital Adrenal Hyperplasia

1 Clin Endocrinol Metab, March 2015, 100(351137-1145 Critewic
Ashwini Mallappa, Minet Sinaii, Parag Kumar, Martin 1. Whitaker, Lori-Ann Daley, s caal

Dena Digweed, David J. A. Eckland, Carol Van Ryzin, Lynnette K. Nieman,
Wiebke Arlt, Richard J. Ross, and Deborah P. Merke
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PBPK Modelling workflow

Hydrocortlso.ne Human adult
physicochemical physiology
data
Hydrocortisone y y
model (IV and s .
. ( . Development and verification of adult hydrocortisone PBPK Model refinement:
immediate- - model in Simcyp® using data from published IV studies distribution/metabolism
release oral
tablet) l
Further development and verification of adult Model refi ¢ |
hydrocortisone PBPK model in Simcyp® using data from ode ri mem_en ¢ ora
published oral studies absorption
_ y -

Model verification using Model development: oral

PK data after Infacort® —>» | absorption of sustained

administration in adults release formulation

‘ \ 4
Development of paediatric Model ificati ing PK
Infacort® Infacort® PBPK model using oce’ verflication using Chronocort®
model — demographic changes with age data after Chronocort® S— del
administration in adults moade
and enzyme ontogeny
A A

Pa(e;ldiatrli.c m.odel verification Model application to predict

andapp |cat|on. to neonates, — | Chronocort PK in adolescents

infants, and children 0.044 -

4.7 years of age 12 - 18 years old
— —
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Figure 1. Oral Infacort PK in adults and pediatrics
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Chronocort PK in adults, dose projections in adolescents

Modelled as EC formulation with trigger pH = 7.2

.E 1000 El - 1000 El
& - £ - < :
5 s _
g £ 100
8 & 100 - S ]
3 83
Tt = ° 2 10
8] E 1
&
1 0.1 f f f f f |
48 0 4 8 12 16 20 24
Time (h) Time (h)
20mg evening, 10mg morning in adults 11.6 mg/m? evening, 5.8 mg/m?2 morning

adolescents aged 12 to 18 years (solid line).
Adults (dotted line).

o
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Summary

* Beginning to apply PBPK absorption model to more complex formulations.

« Verification of model held back by lack of clinical absorption data with age
particularly in young children.

* Various system parameters still need further data including:
— Age gaps in existing data e.g. gastric pH.
— Intestinal UGT and other drug-metabolizing enzyme ontogeny.
— Unstirred water layer characteristics.
— Luminal fluid dynamics with age.
— Permeability changes with age.
— Bile mediated solubility with age and fasted and fed intestinal fluid changes with age.
— ....and others

* More research on effects of excipients (e.g. Adkinton et al. CPT 2018; 103: 402-408)
« Collaborations between academia, industry, regulators
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