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Abstract

Objective The aims of this study were to (1) determine whether opportunistically collected data can be used to develop
physiologically based pharmacokinetic (PBPK) models in pediatric patients; and (2) characterize age-related maturational
changes in drug disposition for the renally eliminated and hepatically metabolized antibiotic trimethoprim (TMP)—sul-
famethoxazole (SMX).

Methods We developed separate population PBPK models for TMP and SMX in children after oral administration of the
combined TMP-SMX product and used sparse and opportunistically collected plasma concentration samples to validate
our pediatric model. We evaluated predictability of the pediatric PBPK model based on the number of observed pediatric
data out of the 90% prediction interval. We performed dosing simulations to target organ and tissue (skin) concentrations
greater than the methicillin-resistant Staphylococcus aureus (MRSA) minimum inhibitory concentration (TMP 2 mg/L;
SMX 9.5 mg/L) for at least 50% of the dosing interval.

Results We found 67-87% and 71-91% of the observed data for TMP and SMX, respectively, were captured within the
90% prediction interval across five age groups, suggesting adequate fit of our model. Our model-rederived optimal dosing
of TMP at the target tissue was in the range of recommended dosing for TMP-SMX in children in all age groups by current
guidelines for the treatment of MRSA.

Conclusion We successfully developed a pediatric PBPK model of the combination antibiotic TMP-SMX using sparse and
opportunistic pediatric pharmacokinetic samples. This novel and efficient approach has the potential to expand the use of

PBPK modeling in pediatric drug development.
Key Points

Opportunistic pharmacokinetic data were successfully
used to evaluate the predictive accuracy of a trimetho-
prim (TMP)—sulfamethoxazole (SMX) pediatric physi-
ologically based pharmacokinetic (PBPK) model.

The model predicted TMP and SMX exposures reason-
ably well and recommended doses within the range of
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1 Introduction

Trimethoprim (TMP)—sulfamethoxazole (SMX) is a com-
bination of two synthetic antibiotics that inhibit protein
and nucleic acid synthesis [1]. Both TMP and SMX are
Biopharmaceutics Classification System (BCS) class 2
compounds (low solubility and high permeability) [2, 3].
In adults, after oral administration, TMP and SMX are
rapidly absorbed, with a mean time to peak plasma con-
centration (C,,,,) of 1-4 h [4-9]. In adults, the apparent
clearance of TMP is 0.084-0.168 L/kg/h and volume of
distribution is 1.4-1.8 L/kg, and the apparent clearance of
SMX is 0.0126-0.015 L/kg/h and volume of distribution
is 0.25-0.27 L/kg [6, 7, 10].

TMP-SMX is labeled for adults to treat Gram-negative
organisms and certain Gram-positive aerobic organisms,
and it is commonly used off-label in children with methi-
cillin-resistant Staphylococcus aureus (MRSA) infections
[11]. In in vitro time—kill studies, TMP-SMX demon-
strated time-dependent bactericidal activity against MRSA
at drug concentrations four times the mean inhibitory
concentration (MIC) [12-14]. However, in vivo pediatric
pharmacokinetic data are limited to small studies of <20
children each [15, 16]. This paucity of pharmacokinetic
data exposes children to dosing risks, including inadequate
treatment or toxicity; however, filling this gap remains
challenging. Prospective pharmacokinetic studies charac-
terizing drug disposition across the pediatric development
continuum remain hampered by informed consent barriers,
rigidity of traditional trial design, and cost, among other
factors [17-19].

Physiologically based pharmacokinetic (PBPK) models
are mathematical tools that integrate drug- and systems-
specific information to predict the effect of certain factors
on drug exposure [11, 20]. Owing to its physiologically
based structure, PBPK models allow extrapolation of phar-
macokinetic estimates between developmentally unique
age groups [21]. This approach has been used to predict
dosing regimens for pediatric clinical trials by account-
ing for developmental changes that affect drug absorption,
distribution, metabolism, and excretion (ADME) param-
eters [11]. A major barrier to widespread use of PBPK
models in pediatric regulatory submissions is the avail-
ability of drug concentration data to validate model predic-
tions. We previously presented an approach that leverages
sparse and opportunistically collected pharmacokinetic
data to develop and validate a pediatric PBPK model for
the hepatically eliminated drug clindamycin [22]. This
resulted in acceptable model performance, but questions
about generalizability remain, particularly regarding drugs
with different elimination pathways. Here, in order to
investigate pediatric dosing of TMP-SMX, we applied the
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adult PBPK model to a new pediatric model, altering key
parameters in PK-Sim® (version 5.5; Bayer Technology
Services, Leverkusen, Germany), and then tested it against
opportunistically collected patient plasma concentrations.

2 Methods
2.1 Model Development Workflow

We followed US Food and Drug Administration (FDA) guid-
ance of PBPK model development and workflow in chil-
dren to build adult and pediatric PBPK models for TMP and
SMX (Fig. 1) [23, 24]. We first developed an adult PBPK
model and used concentration versus time data extracted
from the literature to assess the quality of model predic-
tions of both TMP and SMX. The final adult model served
as a basis for developing the pediatric model. In the pediat-
ric model, we maintained the physico-chemical and drug-
specific ADME parameters for each drug and replaced the
anthropomorphic and physiological information (such as
age-dependent enzyme activity and plasma protein concen-
tration) with pediatric values using established age-depend-
ent algorithms in PK-Sim®. Given the sparse availability of
opportunistic data in children, we assessed the model pre-
dictions of concentration versus time through simulations
with virtual populations of children ranging from 2 months
to 18 years of age. We excluded infants <2 months old
because TMP-SMX is contraindicated in this population
due to the risk of hyperbilirubinemia and kernicterus [11].
We generated a prediction interval (5th to 95th percentile)
of drug concentrations per timepoint for the population and
quantified the number of observed concentrations outside
the prediction interval.

2.2 Clinical Data for Model Development

We identified relevant adult TMP and SMX concentration
versus time data in the literature using a systematic search of
PubMed with the terms ‘trimethoprim’, ‘sulfamethoxazole’,
‘pharmacokinetics’, and ‘pharmacokinetic’. We selected four
adult studies with the most appropriate concentration versus
time data based on administration route, study subjects, and
analytical methods for measuring TMP and SMX concentra-
tions. Pharmacokinetic parameters and patient demographics
are summarized in the Electronic Supplementary Material
(ESM) (Online Resource 1).

To develop the pediatric PBPK model, we obtained indi-
vidual TMP and SMX plasma concentration versus time data
after oral administration of TMP-SMX from an opportun-
istic pharmacokinetic study (POPS [Pharmacokinetics of
Understudied Drugs Administered to Children Per Standard
of Care], ClinicalTrials.gov identifier NCT01431326 [57]).
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We collected pharmacokinetic samples in children receiv-
ing TMP-SMX per standard of care with standard-of-care
laboratory collections at prespecified sampling windows:
0.5-2 h, 2-8 h, and within 1 h prior to the next dose. We
measured TMP and SMX concentrations separately using a
validated bioanalytical assay [25]. We excluded concentra-
tion versus time data from pre-term infants; obese patients
(body mass index > 95th percentile); those with abnormal
laboratory values (serum creatinine > 1.2 mg/dL, albu-
min <3 g/dL); patients who received TMP and SMX via
nasojejunal, gastrostomy, or jejunostomy tubes; and those
on extracorporeal membrane oxygenation support.

We used PK-Sim® for model development and simulation
and STATA® (version 13.1, StataCorp LP, College Station,
TX, USA) for output analysis.

2.3 Adult Model Development

Using the standard whole-body 15-organ PBPK model
implemented in PK-Sim®, we predicted tissue/plasma par-
tition coefficients (Kp) using the in silico tissue composi-
tion approach proposed by Rodgers and colleagues [26-28].
Organs were kinetically equivalent to well-stirred compart-
ments. TMP was mainly eliminated renally: 61-85% was
excreted unchanged in urine [6, 7, 10]. Conversely, only
10-12% of SMX was excreted unchanged in urine [7].

The cytochrome P450 (CYP) enzymes (CYP2C9 and
CYP3A4) are the liver enzymes contributing to TMP metab-
olism [29]. SMX is primarily eliminated by metabolism via
CYP2C9 and N-acetyltransferase 2 (NAT2) [30-32]. We did
not find information in the literature about the contribution
of each enzyme to metabolism of TMP and SMX. Therefore,
we assumed equal contribution (CYP3A4 and CYP2C9 for

TMP; CYP2C9 and NAT?2 for SMX). We incorporated lit-
erature values of drug physico-chemical parameters such as
LogP, the negative logarithm of the acid dissociation con-
stant (pKa), solubility, and ADME data for TMP and SMX
separately in our initial adult model. We obtained other
ADME data from DrugBank [33]. We used a Weibull func-
tion to describe the oral formulation dissolution process.

For both TMP and SMX, we approximated renal clear-
ance using two methods: (1) total plasma clearance and
percentage of dose recovered in urine as unchanged; and
(2) glomerular filtration rate (GFR) and unbound fraction
of drug in plasma. Method 1 reflects true renal clearance,
whereas method 2 reflects renal clearance assuming the net
effect of reabsorption and tubular secretion is zero. We then
compared estimated clearance values to determine whether
the model needed an active secretion or reabsorption pro-
cess. SMX had a higher renal clearance estimated from
method 2, so we assumed that renal clearance of SMX was
the net effect of glomerular filtration and reabsorption. TMP
had a higher renal clearance estimated from method 1, so we
assumed that renal clearance of TMP consisted of GFR and
tubular secretion.

We first simulated plasma concentration—time profiles
after intravenous administration of TMP-SMX in an adult
with age and body weight corresponding to the average
values reported in adult pharmacokinetic studies by Dudley
et al. [34] (ESM Online Resource 1). We then compared
the observed concentration—time data from this study with
the simulated data using the initial adult PBPK model.
We evaluated model predictions using a visual check of
any substantial discrepancy between the PBPK model and
the observed mean intravenous concentration—time curve.
Next, we optimized model parameters for TMP and SMX,
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including intrinsic clearance, renal filtration fraction,
and tubular secretion, using the concentration—time data
from this study [33]. Using the intermediate adult PBPK
model with optimized parameter values predicting TMP
and SMX concentrations after intravenous administration
and default parameter values for absorption-related pro-
cesses in PK-Sim®, we simulated concentration-time data
in an adult with average age and body weight after oral
administration of TMP-SMX from the selected adult phar-
macokinetic studies [6, 7, 35]. We optimized dissolution
time, dissolution shape, lag time, intestinal permeability,
and solubility by comparing simulated versus observed
concentration—time data from multiple oral dose studies
and using findings from an in vitro dissolution study of
TMP-SMX (dissolution time: 10-15 min), solubility of
TMP (400 mg/L) and SMX (610 mg/L) in water, and an
in vitro permeability study of TMP (0.001897 cm/min)
and SMX (0.00079 cm/min) [33, 36, 37].

To account for inter-individual pharmacokinetic vari-
ability of critical physiological parameters in adults, we
developed an adult population PBPK model for each drug
by incorporating virtual populations while maintaining the
physico-chemical and ADME parameters from the finalized
adult PBPK model. We created virtual populations of adults
(n=100) using the demographic (sex, age, weight) distri-
bution reported in the selected papers for TMP and SMX
adult concentration—time data after oral administration of
TMP-SMX [6, 7, 35]. We included inter-individual pharma-
cokinetic variability parameters (expressed as the percentage
coefficient of variation [CV%]) in enzymes and transporters
(CYP3A4 [81%], CYP2C9 [54%], and transporter for tubu-
lar secretion for TMP [25%]; CYP2C9 [54%] and NAT2
[20%] for SMX) extracted from the literature [38—40]. We
evaluated the adult population PBPK model by comparing
the distribution of observed plasma concentration data ver-
sus the simulated data from the virtual population. We con-
sidered a model adequate if the mean + standard deviation
(SD) values of the simulated data were consistent with the
observed data.

2.4 Pediatric Model Development
2.4.1 Anatomical and Physiological Parameterization

We used pre-established age-dependent algorithms in PK-
Sim® to generate anatomical and physiological parameters—
including body weight, height, organ weights, blood flows,
cardiac output, gastric emptying time, total body water,
and lipid and protein concentrations—for children from
2 months to 18 years of age [41, 42]. We used default values
of these parameters in our pediatric PBPK model.
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2.4.2 Scaling Absorption

We assumed parameter values for dissolution shape, dis-
solution time, lag time, and intestinal permeability were the
same in children and adults. The sensitivity coefficient for
gastric emptying time is <0.1.

2.4.3 Scaling Unbound Fraction

We estimated the unbound fraction of TMP and SMX in
children using the default albumin ontogeny function in PK-
Sim® and unbound fraction of TMP and SMX in adults [11,
43].

2.4.4 Scaling Renal Clearance

We assumed the same mechanisms of renal elimination of
TMP and SMX in adults and children. Pediatric renal clear-
ance was estimated based on adult values and the develop-
mental changes in GFR and tubular secretion. We used the
default age-dependent value for GFR in PK-Sim®. Because
the transporter for tubular secretion was unknown, we used
the age-dependence of tubular secretion published by Hay-
ton [38]. We used the following equations in the scaling of
renal clearance (CLy):

GFRchild

fu,p(child)
CLGF(child) = GFR,,,
adult

X CLGFdul»
f u,p(adult)

TS child

CL _ f u,p(child)
TS(child) — TS
adult

X CL1s(adulry
f u,p(adult)

where CLGEchitg) a0d CLGE(qun) are the scaled CLg due to
a net effect of glomerular filtration and renal reabsorption
in children and adults; f, ,chila) and fy p(aqury are the scaled
fraction unbound (plasma) in children and adults; GFR ;4
and GFR, 4, are age-specific GFRs in children and adults;
CLrg chilg) @and CLygagyry are the scaled CLy due to tubular
secretion in children and adults; and TS;4 and TS, are
age-specific tubular secretion rates in the children and adults.

2.4.5 Scaling Hepatic Clearance

We calculated the total hepatic clearance of TMP and SMX
in children as the sum of scaled values of individual clear-
ance pathways using a physiologically based approach. The
process of physiologic hepatic clearance scaling is based on
the assumption that pathways of clearance are the same in
adults and children, well-stirred model conditions hold, and
enzyme metabolism follows first-order kinetics [44].

We used default settings for hepatic CYP3A4 and
CYP2C9 ontogeny in PK-Sim®. Enzyme activity of CYP3A4
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is, on average, 12% of the adult value at term, increases
to 80% by the age of 1.3 years, and reaches adult activity
by 5 years [45]. Enzyme activity of CYP2C9 reaches adult
activity at 7 months of age. For hepatic NAT2, we derived an
ontogeny function based on a maturation function of SMX
clearance in a population pharmacokinetic model for SMX
in children, but replaced postnatal age with postmenstrual
age [46]. Using this maturation function, enzyme activity of
NAT?2 is 0.4% of the adult value at term, increases to 80%
by 2.4 months, and reaches adult activity by 3 years of age
[46]. This assumption was necessary, given the number of
enzymatic and physiologic systems involved in the clearance
process for which ontogeny functions remain unknown. We
calculated scaled pediatric intrinsic clearance estimates from
adult values using the following formulas:

CLint CYP3A4(child)/g liver — OSFCYP3A4 X CLintCYP3A4(adult)/g liver»

CLin¢ cypacocehitdy/e tiver = OSFeypace X CLing cypacocaduty/g tivers

CLint NAT2(child)/g liver = OSl::NATZ X CLinl NAT2(adult)/g liver>

where CL;, cyp3as(childye liver 18 the scaled intrinsic clear-
ance due to CYP3A4 per gram of liver in children;
CLint cyp2co(childye tiver 18 the scaled intrinsic clearance due
to CYP2C9 per gram of liver in children; CL;, naT2(childye fiver
is the scaled intrinsic clearance due to NAT2 per gram
of liver in children; CL;,; cyp3a4cadultyg tiver 1S the intrin-
sic clearance due to CYP3A4 per gram of liver in adults;
CLint cYP2co(adultye tiver 18 the intrinsic clearance due to
CYP2C9 per gram of liver in adults; CLj, NAT2(adultyg liver
is the intrinsic clearance due to NAT2 per gram of liver
in adults; OSFyp;a4 18 the ontogeny scaling factor for
CYP3A4 corresponding to the age of the child; OSFqypycg
is the ontogeny scaling factor for CYP2C9 corresponding
to the age of the child; and OSFy,r, is the ontogeny scal-
ing factor for NAT2 corresponding to the age of the child.
We evaluated the area under the concentration—time curve
(AUC) and peak plasma concentration (C,,,,) assuming
10% less and 10% more contribution of CYP2C9 in an aver-
age child at age 2 months, 6 months, 1 year, 2 years, and
12 years.

2.4.6 Pediatric Dose Optimization

Using the population module in PK-Sim®, we created five
virtual pediatric populations based on age (2-5 months,
5 months—1 year, > 1-6 years, > 6-12 years, and
> 12-18 years), each comprising 100 children. Race and
sex distributions in virtual populations were based on the
general population in the USA (85% white, 15% black;
50% male) [47]. In the simulation of the virtual pediatric

populations, we incorporated interpatient variability (CV %)
associated with CYP3A4, CYP2C9, NAT?2, and the trans-
porter that mediates tubular secretion of TMP. The final
developed pediatric PBPK model evaluated optimal dosing
for the population.

We optimized pediatric dosing for TMP-SMX to achieve
a TMP exposure of at least the lower limit of the reference
adult exposure in>80% of children and less than a safety
margin of TMP in>95% of children. The reference expo-
sures for TMP and SMX were determined as the AUC at
steady-state in adults. We calculated this as a product of dose
interval and mean steady-state concentration of TMP and
SMX after the recommended dose for treating MRSA (oral
TMP 160 mg/SMX 800 mg, every 12 h) [48]. For TMP, the
reference adult exposure is an area under the concentration-
time curve at steady state (AUC,) > 20.6 mg-h/L. The safety
margins of TMP (C,,,. 13.6 mg/L, AUC 141.8 mg-h/L)
and SMX (C,,,, 372 mg/L and AUC 4119.4 mg-h/L) were
determined based on a previous study in healthy adults,
taking into account central nervous system toxicities, hepa-
totoxicity, and bone marrow suppression [6]. Additionally,
to evaluate whether sufficient TMP and SMX concentra-
tions are attained in target organs and tissues (skin), we
extrapolated the serum concentrations to theoretical skin
concentrations for a goal of greater than the MRSA MIC
(TMP 2 mg/L; SMX 9.5 mg/L) for at least 50% of the dosing
interval following the optimized pediatric dosing regimen
as our pharmacodynamic target, since prior studies suggest
that bactericidal coverage for 50% of the dosing interval is
adequate to yield a positive clinical response [49-52].

3 Results
3.1 Adult Model

The adult PBPK model adequately described the observed
plasma concentrations of TMP and SMX and fractions of
TMP and SMX excreted unchanged in urine for all three
dosing regimens: (1) TMP 5 mg/kg and SMX 25 mg/kg
intravenously once, using data from Dudley et al. [34]; (2)
TMP 160 mg and SMX 800 mg orally once, using data from
Varoquaux et al. [7]; (3) TMP 400 mg and SMX 2000 mg
orally once, using data from Kaplan et al. [35]; and (4)
multiple doses of TMP 5 mg/kg and SMX 25 mg/kg orally,
using data from Stevens et al. [10]. This is demonstrated by
the plots overlaying simulated data from the PBPK model
with plasma concentrations and the fraction of drug excreted
unchanged in urine for TMP and SMX after the respec-
tive doses (Fig. 2 and ESM Online Resources 2—4). Spe-
cific physico-chemical and ADME data used for the adult
TMP-SMX model are presented in Table 1.
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Fig 2 Mean observed (dots) and simulated (lines) plasma concentra-
tions and fraction of the drug excreted unchanged in urine for TMP
(a) and SMX (b) after a single oral dose of TMP 160 mg and SMX
800 mg in healthy adults. Error bars refer to range of concentration in
observed patients. SMX sulfamethoxazole, TMP trimethoprim

Weight, age, and sex were comparable between our
virtual adult population and the population that provided
the observed TMP and SMX concentration—time data
(ESM Online Resource 5). The distribution (mean + SD)
of plasma concentrations of TMP and SMX after a single
oral dose of TMP 160 mg and SMX 800 mg from the Varo-
quaux et al. [7] study was plotted and overlaid with simu-
lated data from the adult population PBPK model. The
mean and SD of observed plasma concentrations for TMP
and SMX were acceptably simulated by the adult popula-
tion PBPK model (Fig. 3). PK-Sim®-predicted intestinal
permeability for TMP and SMX resulted in poor predic-
tion of pharmacokinetic profiles. The apparent clearance,
bioavailability, and volume of distribution of TMP and
SMX resulting from the final adult PBPK model were 1.74
and 0.30 mL/min/kg, 96% and 98%, and 1.40 and 0.27 L/
kg, respectively. All parameters were consistent with prior
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Table 1 Physico-chemical, absorption, distribution, metabolism, and
excretion, and anatomic/physiologic data for trimethoprim and sul-
famethoxazole

Data TMP SMX
Physico-chemical
LogP? 1.364 0.89
pKa® Base 7.3 Acid 6.0
MW (g/mol) 290.318  253.278
Solubility at pH 7 (mg/L) 500 700
ADME
Dissolution shape 0.77 0.73
Dissolution time (50% dissolved, min) 15 20
Lag time (min) 0 0
Intestinal permeability (transcellular), cm/  5.9% 107 4.52x107°
min
fu? 0.56 0.30
Binding protein Albumin  Albumin
CLin(hep-cyp2co) (L/min) 0.020675 0.0173
CLin(hep-cyp3as) (L/min) 0.020675
CLin(hep-NaT2) (L/min) 0.0173
Tubular secretion (L/min) 0.05575
Renal filtration 1 0.117
ADME absorption, distribution, metabolism, and excretion,

CL;yhep-cyp2co) intrinsic clearance of hepatic isozyme CYP2C9,
CL;ynep-cypsagy intrinsic clearance of hepatic isozyme CYP3A4,
CL;hep-nat2) Intrinsic clearance of hepatic isozyme N-acetyltrans-
ferase 2, CYP cytochrome P450, fu, plasma fraction unbound, LogP
logarithm of the octanol-water partition coefficient (lipophilicity),
MW molecular weight, pKa negative logarithm of the acid dissocia-
tion constant, SMX sulfamethoxazole, TMP trimethoprim

“Data came from Drugbank [33]

reported pharmacokinetic data in adult studies [6, 7, 34,
35].

3.2 Pediatric Model

To evaluate the predictive accuracy of the pediatric PBPK
model, we used 85 TMP and 89 SMX plasma concentrations
from 54 participants in the POPS study. Participants received
a median of eight doses (range 1-23) of TMP-SMX via
oral administration at a median dose of 2.86 mg/kg (range
1.06-12.05) for TMP and 14.29 mg/kg (range 5.29-60.24)
for SMX. All drug concentrations were above the limit of
quantifications, with a median number of samples collected
per participant of 1 (range 1-3). Table 2 summarizes the
demographic characteristics of children with pharmacoki-
netic data by age groups. No concomitant medications were
reported for these participants.

We observed good model predictability when comparing
predicted and observed concentration—time data. Because
pediatric participants in the POPS study had different dosing
regimens, we generated a 90% prediction interval of TMP
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and SMX plasma concentrations for each individual dosing
regimen. The number of observations and subjects in each
age group and the number of observations outside the 90%
prediction interval are summarized in Table 3. The devel-
oped PBPK model characterized 67-87% and 71-91% of
the opportunistic pharmacokinetic data across age groups
for TMP and SMX, respectively. Predictions were poorest
in the 5-month to 1-year age group.

When evaluating different contributions of CYP2C9,
the differences in AUC and C,,,, were < 1% except in the
2-month-old group where the difference was 10%. This sug-
gests the initial model assumption of equal contribution pre-
dicted concentrations in pediatric patients reasonably well.

Following the optimized age-based dosage regimens (oral,
every 12 h), approximately 90% of subjects had an AUC of at
least the lower limit of TMP exposure in adults, and < 1% of

20 30 40 S0 60 70

Time [h]

subjects had a C,,,, or AUC above the safety margin (Fig. 4a
and Table 4). The PBPK model predicted therapeutic TMP
concentrations at the target organs and tissues were above the
MRSA MIC (2 mg/L) for at least 50% of the dosing interval
in>84% of patients (Table 4). For SMX, 63-90% of subjects
had AUC greater than the reference exposure (Fig. 4b and
Table 5). One of the subjects in the > 1-6 years old group
(1%) had C,,,, or AUC, values above the safety margin. The
PBPK model predicted that therapeutic SMX concentrations at
the target organs and tissues were more than the MRSA MIC
required to inhibit the growth of 90% of organisms (MICy,)
(9.5 mg/L) for at least 50% of the dosing interval in>98% of
patients (Table 5).
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Table 2 Demographic characteristics of children with pharmacokinetic data

Variable Median (range) or n (%)
2 months—1 year 1-2 years 2-5 years 6-11 years 12-18 years
n 12 10 9 5 18

38 (37-39)
0.45 (0.18-0.98)
63.4 (47.1-91.3)

Gestational age® (weeks)
Postnatal age (years)
Postmenstrual ageb (weeks)

1.36 (1.05-1.91)
111.07 (94.6-139.4)

423 (2.45-5.9)
260.6 (168-348)

7.86 (7.04-9.14)
450 (407-517)

16.0 (12.2-18.6)
876 (678-1012)

Body weight (kg) 5.8 (3.98-9.5) 9.95 (6.94-11.6) 16.6 (10.5-22.4) 22.5(17.4-32.3) 51.85 (33.2-69)
Female (%) 7 (58) 5(50) 6 (67) 1 (20) 10 (56)
Race
White 7 (58.3) 8 (80) 7 (78) 3 (60) 15 (83)
Black or African American 4 (33.3) 1(10) 1(11) 2 (40) 2(11)
Asian 1(8.4) 0(0) 0(0) 0(0) 0(0)
Other race 0(0) 1 (10) 0(0) 0(0) 0(0)
> 1 race 0(0) 0 1(11) 0(0) 1(6)
4Gestational age was only collected for subjects with postnatal age < 120 days
Postmenstrual age was calculated as postnatal age + 40 weeks when gestational age was missing
Table 3 N}lmber of . 2 months—1 year = 1-2years 2-5years 6-11years 12-18 years
concentration datapoints out of
90% prediction interval TMP
Total number of subjects 12 10 9 5 18
Total number of datapoints 22 12 14 7 30
Number (%) of datapoints 4 (18) 4(33) 321 2 (28.6) 4(13)
outside of 90% prediction
interval
SMX
Total number of subjects 12 10 9 5 18
Total number of datapoints 23 13 16 7 30
Number (%) of datapoints 2(8.7) 2 (15) 3(19) 2(28.6) 6 (20)

outside of 90% prediction
interval

SMX sulfamethoxazole, TMP trimethoprim

4 Discussion

We developed a pediatric population PBPK model to pre-
dict TMP and SMX exposure using an established work-
flow for scaling PBPK models from adults to children, and
evaluated the model using sparse and opportunistic pediat-
ric concentration versus time data. To our knowledge, this
is the first report of using this approach to characterize the
pharmacokinetics of a primarily renally eliminated drug
such as TMP-SMX.

Our developed adult population PBPK model ade-
quately characterized the pharmacokinetics of TMP and
SMX. The model-predicted clearance, volume of distribu-
tion, and bioavailability were comparable to previously
reported values, and the model adequately captured the
concentration—time data of these studies [6, 7, 34, 35].
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The final pediatric model adequately characterized the
opportunistic pharmacokinetic data collected in children:
67-87% of the observed data were predicted by the popu-
lation PBPK model for TMP and 71-91% were predicted
by the population PBPK model for SMX. Observed values
may be different from predicted values since opportunistic
data were collected as part of routine care, which may be
associated with higher degrees of unspecified error than
prototypical pharmacokinetic studies dedicated to a single
drug. However, rather than being purely opportunistic, our
samples were collected at set times relative to dosing to
collect the most optimal pharmacokinetic data possible.
Furthermore, PBPK models do not account for residual
variability. Further deviation from the predicted values
may be due, in part, to the validity of underlying assump-
tions regarding the type and speed of maturation of the
involved clearance pathways in addition to limitations
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Fig4 Simulated total drug exposure (AUC,,) of TMP (a) and SMX (b) with age-based TMP-SMX dosage regimens. Dotted lines demonstrate
target and toxicity thresholds. AUC; area under the concentration—time curve at steady state, SMX sulfamethoxazole, TMP trimethoprim

Table 4 Percentage of virtual patients achieving trimethoprim phar- margins (AUC,>141.8 mg-h/mL and C,, >13.6 mg/L) with age-
macokinetic targets (AUC>20.6 mg-h/L), pharmacodynamic targets based trimethoprim—sulfamethoxazole dosage regimens [6]
(trimethoprim concentration in skin>2 mg/L), and exceeding safety

Age group (postnatal age) TMP dose (mg/ % subjects with % subjects with TMP in % subjects with % subjects with
kg)every 12h  AUC skin>2 mg/L for half of dosing ~ AUC Cirax > 13.6 mg/L
>20.6 mg-h/L interval >141.8 mg-h/L
> 2 months-20 weeks 6 91 90 0 0
> 5 months—1 year 6 84 84 0 0
> 1-6 years 6 86 87 0 0
> 6-12 years 6 93 94 0 0
> 1218 years 4 91 92 0 0

AUC, area under the concentration—time curve at steady state, C,,,. peak plasma concentration, SMX sulfamethoxazole, TMP trimethoprim

Table5 Percentage of virtual patients achieving sulfamethoxa- and exceeding safety margins (AUC,>4119.4 mgh/mL and

zole pharmacokinetic targets (AUC, >816 mg-h/L), pharmacody- Crax>372 mg/L) with age-based trimethoprim—sulfamethoxazole

namic targets (sulfamethoxazole concentration in skin >9.5 mg/L), dosage regimens [6]

Age group (postnatal age) SMX dose (mg/ % subjects with % subjects with SMX in % subjects with % subjects with
kg)every 12h  AUC,>816 skin>9.5 mg/L for half of dosing AUC Croax> 372 mg/L

mg-h/L interval >4119.4 mg-h/L

> 2 months—-20 weeks 30 74 100 0 0

>5 months—1 year 30 63 99 0 0

> 1-6 years 30 78 100 1 1

>6-12 years 30 92 99 0 0

>12-18 years 20 85 98 0 0

AUC, area under the concentration—time curve at steady state, C,,,. peak plasma concentration, SMX sulfamethoxazole, TMP trimethoprim

from the opportunistic nature of the data. The primary  hepatic metabolism through both the CYP2C9 pathway
route of TMP elimination is renal, with 75-85% of the = and N-acetylation by NAT-2 [29]. The most prominent
parent drug being eliminated unchanged in the urine [11,  hepatic metabolite, N-acetylsulfamethoxazole, is mainly
48, 53]. Only 10-20% of TMP is metabolized via CYP2C9 excreted in the urine [11, 48, 53]. However, the exact
and CYP3AA4 to inactive metabolites [29]. SMX undergoes combination of renal elimination mechanisms, glomerular
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filtration, tubular secretion, and tubular reabsorption ulti-
mately responsible for the clearance of both TMP and
SMX is unknown. Similarly, the assumption of equal con-
tribution of liver enzymes to metabolism holds for older
age ranges but may not as adequately reflect metabolism in
the youngest infants. This is due to the different ontogeny
curves for these enzymes. Our model may also be further
limited by the overarching assumption of physiologic scal-
ing—that pediatric pathways are the same as adults [54].
When compared to a recently published pediatric popula-
tion pharmacokinetic study of TMP and SMX, our PBPK
model-predicted clearance, volume of distribution, and
bioavailability for TMP were similar [46].

Pediatric drug trials are challenging. Once validated, our
PBPK model offers a potential alternative to data collection
for population pharmacokinetic model development for both
blood and other compartments. Our model leverages existing
knowledge of drug disposition and physiology and extrapo-
lates it across different life stages [21]. It is therefore less
dependent on prospectively collected population-specific
pharmacokinetic data. We previously published our suc-
cessful pediatric PBPK model for clindamycin [22], which
showed that opportunistic pharmacokinetic data were well-
suited for PBPK model development (which is more reliant
on prior knowledge than clinical data). However, to truly
confirm this hypothesis, it was important to replicate this
result with other drugs. Taken together, our prior clindamy-
cin model and this TMP-SMX model support the validity of
this approach across the two main drug elimination routes,
and create a basis for an efficient, minimally invasive method
of pharmacokinetic study in children.

The optimal dosing identified using this modeling
approach is in the range of the current treatment guidelines
from the Infectious Diseases Society of America (IDSA)
[55]. Not surprisingly, our model predicted that higher body
weight-normalized doses were needed in children (than in
adults) to achieve similar exposures [48]. This was further
reinforced when comparing our results to dosing recommen-
dations from a recent population pharmacokinetic model in
children up to 21 years of age [46]: for the same dosing regi-
men of TMP 8 g/kg/day divided every 12 h, exposures were
lower than reference adult exposures for children < 6 years
old (AUC 19.0-19.2 mg-h/L) but were comparable at ages
6-21 years (19.5-22.8 mg-h/L).

Our model is primarily limited by assumptions made dur-
ing its development, including renal clearance maturation
in children, and that both glomerular filtration and tubular
secretion are responsible for renal elimination of TMP while
glomerular filtration and tubular reabsorption are responsi-
ble for renal elimination of SMX. Further, we applied previ-
ously described ontogeny functions for glomerular filtration
and tubular secretion, the latter of which had to be general-
ized given that the actual transporters for both TMP and
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SMX at the renal tubules are unknown. We are also lim-
ited by racial considerations. We chose a racial distribution
reflective of our sampling population; however, there are
known differences in hepatic metabolism in the Asian race
compared with Caucasians [56]. More robust studies may be
helpful to evaluate the differences in TMP-SMX metabolism
between races. We are currently performing a prospective
clinical trial to validate our model-predicted dosing and fur-
ther optimize the PBPK model.

5 Conclusion

The developed pediatric population PBPK model adequately
characterized the pharmacokinetics of TMP and SMX, and
supports age- and body weight-based dosing regimens to
treat MRSA. We have shown success in developing mod-
els that predict both hepatically metabolized and renally
excreted drugs. Once properly validated, this approach offers
an alternative to the use of sparse and opportunistic data for
population pharmacokinetic model development. Due to the
scarcity of pediatric data, leveraging adult data and scaling
a model to children can diminish the need for more complex
pharmacokinetic trials. PBPK models can also be used to
determine age-specific dosing parameters, accounting for
developmental changes. Our findings support the generaliz-
ability of using opportunistic pharmacokinetic data to evalu-
ate the predictive accuracy of pediatric PBPK models across
different elimination routes and provide a path towards more
widespread use of this modeling tool in pediatric drug devel-
opment. Future PBPK model development should continue
to incorporate developmental changes and use opportunistic
pediatric data to improve model predictability and optimize
pediatric dosing.
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