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Objectives

* Discuss differences in pharmacokinetics between children with and without obesity

* Discuss the application of population pharmacokinetic modeling to characterize
drug disposition and optimize dosing in children with obesity

 Review the development and application of a virtual population of children with
obesity for physiologically-based pharmacokinetic modeling
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The Prevalence of Obesity in Children

Continues to Increase

* The overall prevalence of 19.7%

e 14.7 million children and
adolescents with obesity

e Since the 1970s, the percentage
of children and adolescents with
obesity has tripled

Figure. Trends in the prevalence of obesity among youth
aged 2—19 years in the United States (1963—-1965
through 2017-2018).

Percent
25
12-19 years
20 /
A A‘N-..//
/ \/ All ages
15 A\
10
2-5 years
5
6-11 years
0 ] ] 1 1 I N N AN [N NN SN [N N |
1963— 1966— 1971-1974 1976-1980 1988-1994 1999 | 2003— | 2007—- | 2011—- | 2015—
1965 1967 2000 | 2004 | 2008 | 2012 | 2016
2001- 2005- 2009- 2013- 2017-
2002 2006 2010 2014 2018

MNOTE: Obesity is body mass index (BMI) at or above the 95th percentile from the sex-specific BMI-for-age 2000 CDC Growth Charts
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Why Study Drugs in Children with Obesity?

* Important age- and size-dependent physiological changes

* Potentially altered dose-exposure and/or exposure-response
relationships

* Lack of available drug dosing recommendations for children
with obesity in the product labeling

* Federal legislation to expand pediatric drug development
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Physiological Changes with Obesity

Adults with Obesity Children with Obesity
Organs Renal Clearance Organs Renal Clearance
Glomerular Glomerular
T Blood flow ‘ filtration rate T Blood flow ‘ filtration rate
T Weight T Weight
Protein Binding Hepatic Clearance Protein Binding Hepatic Clearance
<>» Albumin ¢¢ Phase | Metabolism <—>» Albumin ¢¢ Phase | Metabolism
T AAG ¢¢ Phase Il Metabolism <> AAG ¢ ¢ Phase Il Metabolism
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PK Studies Have Demonstrated Alterations in
Children With Obesity Table. Changes in weight-normalized

clearance and volume of distribution.

Volume of

Drug distribution Clearance
. . . Analgesics/anesthetics
e Systematic literature review for Acetarinophen | (83%) -
. . . . . Antipyrine | (76%) 1 (50%)
studies in children with obesity Anibiotics ~ ~
Gentamicin 1 (71%)
Tobramycin 1 (75%) >
. . . . Vancomycin 1 (81%) 1 (80%)
* 20 studies of 21 drugs identified Antconvuisants
Carbamazepine 1 (89%) 1 (63%)
Midazolam >
Antineoplastics
LI . °r . Busulfapr'lI t 1 (84%)
e C(Clinically significant PK alterations Cytarabine -
. Doxorubicin T (113%) “—
were observed in 65% of drugs Etoposice o
ercaptopurine % %
studied in children with obesity Metholrexate °
Respiratory stimulants
Caffeine | (65%) 1 (30%)
Theophylline | (69%)
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Reduced Etanercept Concentrations in Children

with Obesity

Table. Dose normalized etanercept
concentrations by weight category.

250 —
* Observational study in children receiving IS 1 nermeiont
etanercept for juvenile idiopathic arthritis £ 200
) Healthy Weight
2 S i T
. . . 8 € 150 — Overweight
e 29 children with a median (range) age of 10 A
() E B
years (2-18) 5 © 100 [
 Asingle concentration measurement per child g =~ 2 | [ m’ﬁi‘
< so | | | F---4[___]
 Dose-normalized concentrations were 8 ] "l —
significantly lower in children with obesity
(40.1+23.3 vs. 94.4+55 ng/mL/ mg, P=0.01) IR, interquartite range
@ l I | \ |C gi”::::;:;:c:oo" Balevic SJ, et al. J Pediatr Pharmacol Ther. 2021; 26: 809-814. Advancing medicine for Ilfe 8




PK Changes with Obesity Can Differ Between
Adults and Children

 Data from 19 adolescents with obesity
and 20 adults with morbid obesity

<
£
* The population mean midazolam 3 1.04 i
clearance was higher in adolescents with E 0.8+ .
obesity (0.71 vs. 0.44 L/min, p < 0.01) E 0.6- .'I:
_ﬁﬂ.-l- ~
 The authors hypothesized that the s
difference is due to less obesity-induced 0.0

suppression of CYP3A activity in Obese adolescents Morbidly obese adults
adolescents
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Figure. Midazolam clearance in obese
adolescents and morbidly obese adults.
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Factors to Consider When Evaluating PK in
Children with Obesity

considerations
* Evaluating the effect of obesity requires

« Lipophilicity
* Protein binding

* Degree of renal

considering drug, patient population, R ::::.:::::;%:zzg
physiological, and methodological variables o i e |aia
dosing) concentrations
. . s 0@ ”o e
* Asufficient number of children across BMils esate om0 ﬂw 'i w oy
and ages need to be enrolled comnoroue ) s o
* Transporters

When performing dose optimization,
factors such as the optimal body size metric
and the need for dose capping should be
considered

Methodological
considerations

« Variability in sampling
and dosing schemes

patient population
+ Sample size
+ Covariate selection

+ Timing with drug
development process

Patient population
considerations

O )

« Age range

* Dosing

+ Concomitant drugs
= Comorbidities

. 4

« Pharmacogenetics

« Disease state
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Direct and Indirect Measures of Body Size

Total body weight (TBW)

TBW [kg] = Measured weight of child [kg]

Fat-free mass (FFM) 3

FFM(boys) [kg]

Body mass index (BMI)

s |9) -

m2

TBW [kg]
~ Height [m]?

1-0.88 9270 « TBW [kg]

—-12.7
14 (Ag9eyl 6680 + (216 * BMI [k—gz])
134 m

=10.88 +

FFM(girls) [kg]

Body surface area (BSA) !

BSA [m?] = 0.024265 * TBW [kg]®5378 x Height [cm]®-3%6*

Ideal body weight (IBW) 2

1 = jects

BMIg,(boys)

BMIg,(girls)

Kk
IBW [kg] = BMIq, [m—gzl « Height [m]?

1-111

- (Ag+1[y])—1.1

9270 * TBW [kg]
8780 + (244 « BMI [%])

=111+

kg 8.91

— | = 2427 — v

|m< | 1+ (Age [y]) '
15.78

kg 7.51

—|=22.82- —

m*- | 1+ (Age [y]) '
13.46

Body fat percent (BFP) 4

BFP(boys) [%]

* k_g
0.647 * 00598 + £ 250BMIvs [5]
= +0.1140 — 0.00890 = Age [y]

k
0.647 + 0.0598 * (eZ'OSO*BM"’S [zl — 1)

BFP(girls) [%]

o [k
1,080 % 0.1930 # ¢°8%7BMIos [F]
= —0.0856 + 0.00682 * Age [y]

k
1.080 + 0.1930 * (e°'897*3””"5 [zl — 1)

2 See (Pai and Paloucek, 2000; Callaghan and Walker, 2015), n = 108 subjects

3 See (Janmahasatianetal.-2005: A
T ”

Sallami et al., 2015), n = 1,011 subjects

4 See (Green et al., 2021), n = 4,274 subjects
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Use of PopPK to Characterize the Effect of
Obesity

Includes evaluation of body
Size; Oexp size descriptors (e.g., total
[ ] body weight, fat free mass,
lean body weight)

\

PK; = PKstandara @* fage* ffunction* Random effeCtS
Typical value of the Body size  Ontogeny Organ function
PK parameter effect early in life effect

Gerhart JG, et al. Front Pharmacol. 2022;13:818726.

Anderson BJ, Holford NHG. Drug Metab. Pharmacokinet. 2009;24:25-36. Advancing med,c,ne for Ilfe 12
OF PHARMACY Anderson BJ, Holford NHG. Paediatr Anaesth. 2017;27:1176-1184.
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Clindamycin PK Studies in Children with Obesity
Performed by the Pediatric Trials Network

* Clindamycin is a widely prescribed
antibiotic for community-acquired
methicillin-resistant S. aureus
(MRSA)

* Clindamyin PK data collected by
the Pediatric Trials Network from
children with and without obesity
through two studies

CLINO1?
Phase I I
Number of Sites 27 6
Age Groups <21 years of age 2 to <18 years

30 to 40 mg/kg/day
IV every 6 or 8 h

Standard of care

Clindamycin Dosing

POPO01: Pharmacokinetics of Understudied Drugs Administered to Children per

Standard of Care.
CLINO1: Safety and Pharmacokinetics of Multiple-Dose Intravenous and Oral

Clindamycin Pediatric Subjects With BMI>85th Percentile.
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Clindamycin PK studies in children with obesity

CL (liters/hour) = 13.8 X (TBW/70)"7> X [PMA*¥/(39.5*%3 + PMA*¥)]
V (liters) = 63.6 X (TBW/70) X (ALB/3.3)™%% X (AAG/2.4)" "%

Median (range) for age category®

>2-6 yrsb >6-12 yrs >12 yrse

Parameter Nonobese (n = 8) Obese (n = 12) Nonobese (n = 15) Obese (n = 20) Nonobese (n = 26) Obese (n = 44)
CL (liters/h) 4.17 (0.90-9.10) 5.69 (1.84-8.27) 12.50 (3.55-34.40) 10.70 (4.71-26.70) 14.25 (5.56-37.40)  19.15 (3.92-33.70)
CL (liters/h/ka 0.23 (0.082-0.78) 0.28 (0.11-0.40) 0.33 (0.13-0.78) 0.22 (0.092-0.64) 0.23 (0.064-0.53) 0.18 (0.041-0.65)

V (liters) 15.25 (7.58-19.70) 17.60 (8.39-25.20) 29.0 (17.50-57.40)  46.90 (32.90-85.80)*" 60.10 (22.50-94.60) 85.75 (28.50-160.0)*"
V (liters/kg) 0.81 (0.69-1.26) 0.86 (0.66-1.03)  0.90 (0.67-1.06) 1.03 (0.66-1.29) 0.89 (0.70-1.34) 0.89 (0.62-1.58)
Half-life (h) 241 (1.12-5.85) 2.15(1.53-4.36)  2.15 (0.95-5.77) 3.03 (1.19-6.26) 2.84 (1.1/-7.60) 3.55 (0.90-11.30)

aStatistically significant differences (**) were observed using a rank sum test.
bThree participants with missing height (and BMI) were not included in this parameter summary.
cTen participants (6 nonobese and 4 obese) who were =18 years of age were included in the parameter summary.
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Clindamycin PopPK Model Dosing Simulations

Total body weight-based dosing with a max adult dosage (900 mg IV every
8 hours) was found to match adult exposure

Eeame

Adult (LIO kg) 2-8 years‘& Obese 2-6 years & Nonobese >6-12 yearls & Obese  >6-12 years & Nonobese >12 yearsl & Obese >12 years & Nonobese
600 mg (~8.5 mg/kg) 12 mg/kg 12 mg/kg 10 mglkg _ 10 mg/kg 10 mg/kg 10 mg/kg
Age Category and Recommended Dosing

1251

—
(=]
o

-~
(4]

(4]
[=]

Simulated Total Steady-State AUC (0-8) (mcg*h/mL)
]
o

o

o l l P I ESHELMAN SCHOOL . o . _ _ ] . . e .
~:”.=‘D— C OF PHARMACY Smith M, et al. Antimicrobial Agents Chemother. 2016;60(5):2888-94. Advanc,ng medICIne for Ilfe 15




Pantoprazole PopPK in Children with Obesity

* Pantoprazole is a proton pump inhibitor
used in children with gastroesophageal Figure. Visual predictive check for pantoprazole (A) and
reflux disease (GERD) pantoprazole-sulfone (B). The lines represent the 97.5t,
50th, and 2.5t percentiles for the simulated data.

* Data from 40 children with obesity (aged
6—17 years; n = 40) were used to perform A a0 | B 0,
a population PK analysis (273 E 0| - N
pantoprazole and 256 pantoprazole- £ oo s E . :
sulfone plasma concentrations) S som sEV 5L
g 4000 % § 150 gg I ° °
e Two-compartment models for g ™ g5 Foiin j =
pantoprazole and pantoprazole-sulfone 5] §8w| i1 3%
provided the best fit of the data g R T - s
& ’ o 2 . 6 8 10 12 0 0 2 4 6 ol
e CYP2C19 genotype and total body weight e Aftertastbose® I
were covariates for pantoprazole CL
@ l I |\ | C ZiHPE:r:;AiC:OOL Shakhnovich V, et al. Paediatr Drugs. 2018;20(5):483-495. Advancing medicine for life 16




Pantoprazole Dose Optimization in Children with
Obesity

* When compared to total body weight-based and lean body weight-based dosing, the FDA-approved
weight-tiered dosing resulted in pantoprazole exposure more comparable to non-obese peers and adults

Table. Population pharmacokinetic model predicted pantoprazole exposure in children and
adolescents with obesity compared to published reported values in non-obese peers and adults.

Dosing regimen  Obese Non-obese Adults [34]
Children (aged 611 years) n=18 Adolescents (aged 12-17 years) n=19 Children (aged  Adolescents (aged
6-11 years) 12-16 years)
n=12[34] n=11[33]
FDA-approved LBW-based TBW-based FDA-approved LBW-based TBW-based 40 mg FDA-approved FDA-approved
weight-tiered dosing dosing weight-tiered dosing dosing weight-tiered dosing
dosing dosing dosing
Dose 20 mg (weight 1.2 mg/kg 1.0 mg/kg 20 mg (weight 1.2 mg/kg 1.0 mg/kg 40 mg 20 mg (weight 40 mg
15-39 kg) 40 m 15-39 kg) 40 m 15-39 kg) 40 mg
weight >40 ke weight > 40 ke weight >40 kg

Cpoe (HZ/mL)  3.69+1.08 447+1.12 5.60+1.08 2.58+0.61 4.37+0.76 4.98+1.09 . 2.5
(2.02-5.45) (2.34-6.59) (3.55-7.46) (1.70-3.41) (3.14-6.35) (3.39-6.75)

AUC,_,, (pgxh/ 5.94+1.97 7.28+£2.56 9.15+2.92 473+1.93 7.95+£2.68 9.20+£3.89 . 4.8 (1.4-13.3)

mL) (3.00-8.89) (3.12-13.39) (4.39-15.13) (2.35-11.03) (4.70-16.55) (4.70-22.07)

ESHELMAN SCHOOL . . .
OF PHARMACY Shakhnovich V, et al. Paediatr Drugs. 2018;20(5):483-495. Advancmg medicine fOI’ /Ife 17
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PBPK Modeling to Evaluate Obesity Effects
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Development of a Virtual Population of Children
with Obesity

ORIGINAL RESEARCH ARTICLE l')

Check for
updates

Development and Evaluation of a Virtual Population of Children
with Obesity for Physiologically Based Pharmacokinetic Modeling

Jacqueline G. Gerhart' - Fernando O. Carreiio’ - Andrea N. Edginton? - Jaydeep Sinha' - Eliana M. Perrin® -
Karan R. Kumar®> - Aruna Rikhi* - Christoph P. Hornik*® - Vincent Harris' - Samit Ganguly'-¢ -

Michael Cohen-Wolkowiez** - Daniel Gonzalez' © on behalf of the Best Pharmaceuticals for Children Act—
Pediatric Trials Network Steering Committee

Objectives:
* To develop a virtual population of children with obesity to enable PBPK modeling?

* To use the virtual population to evaluate the PK of various drugs, including clindamycin?,
trimethoprim/sulfamethoxazole!, metformin?, fentanyl®, methadone3, and enoxaparin*

3Gerhart I. CPT Ph i t Ph /.
f"\ﬂ‘[ ]1\ IC ESHELMAN SCHOOL 1Gerhart JG, et al. Clin Pharmacokinet. 2022;61:307-320. Gerhart IG, eta armacomemc;osg11_;’;‘;’_';201 19
= OF PHARMACY *FordJ, etal. J Clin Pharmacol. 2022;62:960-969. sGerhart JG, et al. Clin Pharmacol Ther. 2022;112:391-403.




Development of a Virtual Population of Children
Wit h O beSity Figure. Updated growth curves based on NHANES pooled data for

male and female groups. Key BMI percentiles: blue (5th percentile),
Data black (50th percentile), dark red (85th percentile), and red (95th
percentile). BMI cutoff for obesity as defined by the CDC is shown in
the bold red dashed line.

- Growth curve generation:

* Pooled NHANES data (n = 34,135) (a) Males (b) Females
. . . — b5th percentile —— 95th percentile
* Asian-, Black-, Mexican-, and White- il [ T — G
Amencan pOpu|at|0ns 491 = 85th percentile 45
40- 40
g 351 <€ 351
- Growth curve evaluation: ;330 ;:30-
* Pediatric Trials Network Data aa ) 251
. 20 - 20 -
Repository data (n = 76,258) - )
* Asian-, Black-, Mexican-, and White- . o
American populations 2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
Age (yr) Age (yr)
@_ l l |\ | C ZiHPE:r:;ASCC:OOL Gerhart JG, et al. Clin Pharmacokinet. 2022;61(2):307-320. Advancing medicine fOf /Ife 20




PBPK Modeling of Clindamycin in Children with
O bESity Figure. Clindamycin and trimethoprim

weight normalized clearance and volume of
distribution vs. extended BMI percentile.

« Decrease in weight normalized clearance and

(a) CLIN Clearance (b) CLIN Volume of Distribution
volume of distribution for clindamycin and 1 -
trimethoprim with increasing extended BMI g: i
percentile E il 2
e The extended BMI percentile is the BMI percentile ° o g |
for a child's given age and sex divided by 95% 0 eoncoa s parconte (0 " Evended B Parcerte ()
(obese = extended BMI percentile > 100%) 4(c)TMP Clearance o (d) TMP Volume of Distribution
* Although absolute clearance is increased, it is not £ g
increased to the same degree as body weight with 52 §::
obesity 5 fon
0
O Dndat oM peroanio () ™ Eeendey oM personie 36
@UNC ZiHPE:r:;AiC:OOL Gerhart JG, et al. Clin Pharmacokinet. 2022;61(2):307-320. Advancing medicine for life 21




Clindamycin PBPK Modeling in Children with
Obesity Confirms PopPK-Guided Dosing

* PBPK modeling confirms the
PopPK-guided dosing selection
based on total body weight (12
mg/kg IV for children aged > 2—
6 years and 10 mg/kg IV for
children aged > 6—18 years)

e Dose capped (900 mg) vs.
unrestricted dosing resulted in
similar exposure, especially for
children >2-6 years and >6-12
years

Figure. Boxplots of simulated clindamycin AUC,_; ., in virtual healthy
adults (reference) and virtual children with obesity following
population simulations (n = 1000 per age group).

180 - . Not capped

160- - Capped
- Fixed adult dose

140 -
120-
100 -
80+
601
40+
20+
04

AUCo gss (Mg™h/mL)

Adult >2-6y >6-12y >12-18y
Age Group

Adult dose: 600 mg IV; Adult capped dose: 900 mg; Dashed lines: AUC, 4 . range that is within 30% of the
adult median AUC,_; . value.

ESHELMAN SCHOOL
OF PHARMACY

TUNC

Gerhart JG, et al. Clin Pharmacokinet. 2022;61(2):307-320. Advancing medicine for life 22




Metformin PBPK Modeling in Children with Obesity

Figure. Simulated metformin plasma AUC (a, b) and CL/F (c, d) at
steady state following a 500-mg (a, c) or 1000-mg (b, d) dose.

Figure. Population simulation (n = 1000) of plasma
concentration in children and adolescents with severe obesity
following a 1000-mg dose of metformin. The solid line is the
simulated median, the shaded region is the 90% prediction
interval, and the open circles are observed data from 28
children with severe obesity.
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Conclusions

. . . . . PEDIATRIC STUDY
Dosing recommendations for children with obesity PLANNING PHASE EERAIRICTRIS S FCSEMARKETING
are generally lacking PBPK MODELING
Pediatric clinical pharmacology studies should include opdaicpopltor Evaliale PEPIC ol pracictions °m'75j§2%mm'
. . . . with and without obesity. ) fecsivg
children with and without obesity to evaluate oo el sofacprae E ot o i cf e
differences in pharmacokinetics/pharmacodynamics POPPK MODELING
Population pharmacokinetic analyses can help to differentiate the ey .v..°°:“§t°',°”u§‘?°m'}§;'§;.j§§n{
. . = : in on PK parameters rea
effects of body size, age, organ function, and other relevant * Fnadeing o chren. ol e e
covariates and facilitate dose optimization in children with obesity
REAL WORLD DATA
PBPK models can account for changes in physiology and body PR sl iy i sy
- . . . in children with obesity receiving
composition, and be used to simulate drug exposure, including the drug per standard of care.
initial predictions during the pediatric study planning phase
@ l I |\|C ESHELMAN SCHOOL Gerhart JG, et al. Front Pharmacol. 2022;13:818726. Advancing medicine for life 24
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