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IMPORTANCE Children of all ages appear susceptible to severe acute respiratory syndrome
coronavirus 2 infection. To support pediatric clinical studies for investigational treatments of
coronavirus disease 2019 (COVID-19), pediatric-specific dosing is required.

OBJECTIVE To define pediatric-specific dosing regimens for hydroxychloroquine and
remdesivir for COVID-19 treatment.

DESIGN, SETTING, AND PARTICIPANTS Pharmacokinetic modeling and simulation were used to
extrapolate investigated adult dosages toward children (March 2020-April 2020).
Physiologically based pharmacokinetic modeling was used to inform pediatric dosing for
hydroxychloroquine. For remdesivir, pediatric dosages were derived using allometric-scaling
with age-dependent exponents. Dosing simulations were conducted using simulated
pediatric and adult participants based on the demographics of a white US population.

INTERVENTIONS Simulated drug exposures following a 5-day course of hydroxychloroquine
(400 mg every 12 hours × 2 doses followed by 200 mg every 12 hours × 8 doses) and a single
200-mg intravenous dose of remdesivir were computed for simulated adult participants.
A simulation-based dose-ranging study was conducted in simulated children exploring
different absolute and weight-normalized dosing strategies.

MAIN OUTCOMES AND MEASURES The primary outcome for hydroxychloroquine was average
unbound plasma concentrations for 5 treatment days. Additionally, unbound interstitial lung
concentrations were simulated. For remdesivir, the primary outcome was plasma exposure
(area under the curve, 0 to infinity) following single-dose administration.

RESULTS For hydroxychloroquine, the physiologically based pharmacokinetic model analysis
included 500 and 600 simulated white adult and pediatric participants, respectively, and
supported weight-normalized dosing for children weighing less than 50 kg. Geometric
mean-simulated average unbound plasma concentration values among children within
different developmental age groups (32-35 ng/mL) were congruent to adults (32 ng/mL).
Simulated unbound hydroxychloroquine concentrations in lung interstitial fluid mirrored
those in unbound plasma and were notably lower than in vitro concentrations needed to
mediate antiviral activity. For remdesivir, the analysis included 1000 and 6000 simulated
adult and pediatric participants, respectively. The proposed pediatric dosing strategy
supported weight-normalized dosing for participants weighing less than 60 kg. Geometric
mean-simulated plasma area under the time curve 0 to infinity values among children within
different developmental age-groups (4315-5027 ng × h/mL) were similar to adults
(4398 ng × h/mL).

CONCLUSIONS AND RELEVANCE This analysis provides pediatric-specific dosing suggestions
for hydroxychloroquine and remdesivir and raises concerns regarding hydroxychloroquine
use for COVID-19 treatment because concentrations were less than those needed to mediate
an antiviral effect.
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C hildren of all ages appear susceptible to infection with
severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), the novel coronavirus responsible for

coronavirus disease 2019 (COVID-19).1 Epidemiologic and clini-
cal data in both adults and children remain limited as COVID-19
continues to spread worldwide.1-4 While most pediatric cases
have been asymptomatic or mild, cases of critically ill infants
and children have been reported. No drugs have been proven
efficacious in clinical trials for treating SARS-CoV-2, but hy-
droxychloroquine and the antiviral remdesivir (GS-5743) are
undergoing clinical studies in adults.5-7

Hydroxychloroquine has immunomodulating properties
and is widely used in adults and children for the prophylaxis
and treatment of malaria, other intracellular infections, and
rheumatologic diseases.8 Hydroxychloroquine has shown in
vitro activity against the related severe acute respiratory syn-
drome coronavirus 1,9 and in March 2020 demonstrated in vitro
activity against SARS-CoV-2.10 Adult pharmacokinetic (PK) data
indicate hydroxychloroquine exhibits extensive tissue and red
blood cell distribution (volume of distribution in plasma
>44 000 L).11 Clearance is primarily mediated through he-
patic metabolism, with kidney excretion representing a mi-
nor eliminatory pathway.12,13 Based on a previously pub-
lished physiologically based PK (PBPK) modeling analysis,10

400 mg twice daily for 1 day, followed by 200 mg twice daily
for 4 additional days was postulated to provide optimal lung
tissue concentrations in adults for treatment of SARS-CoV-2
infections.

Remdesivir (GS-5473) is a phosphoramidate prodrug of an
adenine nucleotide analogue that exhibits broad-spectrum an-
tiviral activity against coronaviruses.14 Antiviral activity is me-
diated via intracellular conversion to its active triphosphate
metabolite, GS-443902, which inhibits RNA-dependent RNA
polymerase.15,16 Following intravenous administration in
healthy adults, plasma concentrations of remdesivir rapidly
decrease (half-life of approximately 1 hour).17 Pathways of
remdesivir clearance in humans are incompletely character-
ized. Remdesivir is not yet approved for clinical use, but a Feb-
ruary 2020 in vitro study demonstrated its activity against
SARS-CoV-2.18

Clinical trial efforts are rapidly being mobilized to com-
bat COVID-19, with a focus on adult patients. To support clini-
cal research efforts in pediatric populations, we sought to pro-
vide dosing suggestions for hydroxychloroquine and
remdesivir in children using PK modeling and simulation.

Methods
Based on the availability of physicochemical and drug-specific
absorption, distribution, metabolism, and excretion informa-
tion, different methods were adopted to scale currently inves-
tigated adult dosages to children. For hydroxychloroquine, the
availability of human PK studies permitted the development of
a pediatric PBPK model.19 Physiologically based PK models are
mathematical constructs combining organism-specific and drug-
specific parameters to provide a priori predictions of drug PK.20

This modeling strategy is routinely incorporated into

regulatory submissions to support initial dosing for pediatric
clinical studies.21 Limited published human PK studies were
available for remdesivir, so pediatric dosages were derived using
a modified allometric scaling approach.22 This analysis fol-
lows applicable sections of the Enhancing the Quality and
Transparency of Health Research reporting guidelines for popu-
lation PK studies,23 was conducted from March 2020 to April
2020, and was exempt from the Duke University Health Sys-
tem institutional review board review because the research did
not involve human participants.

Software
Physiologically based PK modeling was performed in
PK-Sim, version 8 (Open Systems Pharmacology). Postpro-
cessing of PBPK model simulations and allometry-based dose
scaling were conducted in R, version 3.4.3 (R Foundation for
Statistical Computing), and RStudio, version 1.1.383
(RStudio; Integrated Development for R), with the ggplot2,
cowplot, zoo, and PKNCA packages.24-27

Hydroxychloroquine
Pediatric PBPK models were developed using a US Food and
Drug Administration–supported workflow that leverages the
abundance of adult PK information to construct an adult PBPK
model prior to scaling toward children.19,28

Adult PBPK Model Development
An adult PBPK model for hydroxychloroquine was devel-
oped using physicochemical and absorption, distribution,
metabolism, and excretion data obtained from the literature
(eTable 1 in the Supplement). Hydroxychloroquine displays
affinity for albumin and α1-acid glycoprotein12; however, for
model parameterization, plasma protein binding was
attributed toward α1-acid glycoprotein.29 Hepatic metabo-
lism and kidney excretion represent major and minor path-
ways of hydroxychloroquine clearance, respectively.12,13

Approximately 26% of hydroxychloroquine appears
unchanged in urine after intravenous dosing.11 Because the
product of the glomerular filtration rate (120 mL/min) and
fraction unbound in plasma (0.4830) is less than the esti-
mated plasma kidney clearance for hydroxychloroquine

Key Points
Question What are appropriate dosing strategies for
hydroxychloroquine and remdesivir in children with coronavirus
disease 2019?

Findings In this simulation-based dose-ranging study, pediatric
dosing strategies were devised that provided similar exposures
between children within different developmental stages and
adults. However, the analysis raised concerns regarding
hydroxychloroquine use for coronavirus disease 2019 treatment
because unbound plasma concentrations were less than those
postulated to mediate an antiviral effect.

Meaning To confirm the appropriateness of the proposed dosing
schemes, prospective pharmacokinetic, safety, and efficacy
studies in children are required.
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(211 mL/min11), both glomerular filtration and tubular secre-
tion were assumed to contribute toward kidney excretion.
The specific mechanism of hydroxychloroquine tubular
secretion is unknown; therefore, tubular secretion was
attributed to multiantimicrobial extrusion protein-1
(MATE-1), an apical kidney transporter. This assumption
was implemented based on an in vitro drug transport study
that identified the antimalarial chloroquine, a structurally
similar aminoquinoline, as a substrate for MATE-1.31

Literature identifying the specific isozymes and their con-
tribution toward hydroxychloroquine metabolism is lacking,
so an initial adult PBPK model was developed using a single
first-order hepatic intrinsic clearance process. Using blood and
plasma concentration time data digitized from published adult
PK studies, the following parameters were optimized in the ini-
tial adult model using PK-Sim’s Parameter Identification mod-
ule: logarithm of the octanol-water partition coefficient
(a direct predictor of drug distribution), intestinal (transcel-
lular) permeability, and hepatic intrinsic clearance.11,32,33 Ad-
ditionally, tubular secretion intrinsic clearance was opti-
mized to maintain a fraction excreted unchanged in the urine
of 26%.11 Following this parameter optimization process, the
single hepatic intrinsic clearance process was segregated to pro-
portionally account for the contributions of 3 hepatic iso-
zymes (cytochrome P450 [CYP] 2C8, 2D6, and 3A4), defined
based on in vitro metabolism data for chloroquine using
human liver microsomes and recombinant cytochrome P450
enzymes (45%, 44%, and 11%, respectively).34 The developed
adult PBPK model was evaluated against PK data from 3 stud-
ies not used for model development35-37 (eMethods in the
Supplement).

Pediatric PBPK Model Development
Pediatric PBPK model development consisted of scaling
anatomical (eg, organ sizes) and physiological (eg, blood
flows) model parameters from the evaluated adult model
toward children ( birth to 18 years postnatal age).
Age-specific anatomic and physiologic parameters are
defined within PK-Sim. Ontogeny functions defined within
PK-Sim for α1-acid glycoprotein, hepatic CYP2C8, CYP2D6,
and CYP3A4 were used to facilitate pediatric PK predictions.
For the apical kidney transporter, MATE-1, a previous inves-
tigation evaluating the ontogeny of mRNA expression and
protein abundances of select kidney transporters failed to
demonstrate an age-dependent association for MATE-1.38

Therefore, no ontogeny function was included for this
transporter, but interpatient variability in MATE-1 expres-
sion was included in the model; variability was defined
using digitized protein abundance data across all analyzed
samples (geometric SD, 1.48).38

Pediatric Dosing Simulations
The developed pediatric PBPK model was used to inform oral
hydroxychloroquine dosing for children ranging from term neo-
nates to adolescents. We aimed to devise a pediatric dosing regi-
men to provide similar unbound plasma concentrations as pre-
dicted for adults receiving 400 mg of hydroxychloroquine
sulfate every 12 hours × 2 doses, followed by 200 mg every

12 hours × 8 doses. This dose was recommended based on a
previously published PBPK model analysis,10 where
simulated lung tissue concentrations (adjusted by the frac-
tion unbound in plasma) in adults were reported to exceed an
in vitro–determined effective concentration for 50% inhibi-
tion of viral replication (50% EC; 0.72μM; 242 ng/mL).10

Age-specific pediatric dosages were optimized to achieve simi-
lar average unbound hydroxychloroquine concentrations over
120 hours in plasma during a 5-day period as those estimated
for adults. Comparability of exposures was asserted for in-
stances where the geometric mean of average unbound hy-
droxychloroquine concentrations for children fell within 80%
to 125% of the simulated value for adults. The dosing scheme
was developed based on model simulations for a simulated
population consisting of 600 children (birth to 18 years post-
natal age). Adult reference simulations were generated for 500
simulated participants ranging from 20 to 50 years postnatal
age. Simulated participants were generated in PK-Sim based
on the demographics of a white US population.39 The male-
to-female ratio of the generated population was 50:50. To dem-
onstrate the relevance of hydroxychloroquine exposures in un-
bound plasma toward the target organ space of interest for
SARS-CoV-2 infections, unbound lung interstitial fluid simu-
lations were generated to compare concentrations between the
2 matrices.

Remdesivir
A modified allometric-based scaling approach was used to in-
form remdesivir dosing in children ranging from term neo-
nates to adolescents.22

Allometry With Age-Dependent Exponents
Drug clearance is a primary PK parameter that, in conjunc-
tion with dose, can provide estimates of drug exposure. To es-
timate age-specific clearance values for remdesivir in chil-
dren, we used an allometric approach with age-dependent
scalers.22 Using this approach, pediatric clearance values were
estimated from adult values using Equation 1:

CLi( ) ( )
L
h

= CLstd x WTi

70 kg

b

where CLi represents the individual clearance; CLstd, clear-
ance of remdesivir in a healthy 70-kg adult; WTi, individual
weight; and b, an age-dependent exponent with values of 1.1,
1.0, 0.9, and 0.75 for children 3 months or younger, older than
3 months to 2 years, older than 2 years to 5 years, and older
than 5 years, respectively.

Pediatric Dosing Simulations
In clinical trials, the adult remdesivir dose for SARS-CoV-2 in-
fection is a 200-mg intravenous load (day 1) followed by 100
mg intravenous daily (≥day 2).40,41 Because pediatric dosing
is not yet established for SARS-CoV-2, pediatric dosing for Ebola
virus disease (EVD) may provide a logical starting point. For
pediatric patients weighing less than 40 kg, EVD dosing con-
sists of 5 mg/kg intravenous load (day 1) followed by 2.5 mg/kg
daily (≥day 2).
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In this analysis, we aimed to (1) estimate plasma
remdesivir exposure in children following administration of
EVD recommended dosages and (2) devise a pediatric dos-
ing regimen to provide similar plasma exposures as
observed in adults receiving currently recommend doses.
Clearance of remdesivir in adults was calculated from a
dose-ranging study (10-225 mg) where areas under the
plasma concentration time curve (AUC) from 0 to infinity
were defined.17 For the evaluated dosing cohorts, each com-
posed of 8 healthy adult participants, clearance was defined
as the quotient of dose and AUC time from 0 to infinity.
Mean clearance for all dosing cohorts was assumed to repre-
sent the value for a healthy 70-kg adult.

Pharmacokinetic simulations were conducted for simu-
lated populations consisting of 6000 simulated children (birth
to 18 years postnatal age) and 1000 simulated adults (age 20-50
years). Simulated participants were generated in PK-Sim based
on a white US population.39 The male-to-female ratio of the
generated population was 50:50. Simulated AUC 0 to infinity
was calculated for each simulated participant according to
Equation 2:

AUC0 –∞,i
ng x h

mL( )= Dosei x 1000
CLi x exp(ni)

where Dosei is the individual dose in mg; CLi, individual clear-
ance (liters per hour) calculated based on Equation 1; and ni, a
random variable used to introduce interindividual variability
into PK simulations. We empirically parameterized ni as
N(0,0.3) to provide an approximate interindividual variabil-
ity of 30% on remdesivir clearance. Considering the plasma
half-life of remdesivir in adults is approximately 1 hour and a
dosing frequency of every 24 hours, it was inferred that
remdesivir would not accumulate in plasma using daily
dosing.17 Therefore, PK simulations were computed after single
doses. Pediatric doses were considered equivalent to adults if
the geometric mean of plasma AUC 0 to infinity in children was
within 80% to 125% of adult values.

Results
Hydroxychloroquine
Adult PBPK Model Evaluation
The developed adult PBPK model adequately characterized
hydroxychloroquine disposition in plasma and blood among

healthy volunteers and participants with rheumatoid
arthritis following oral dosing (eTable 2 and eFigure 1 in the
Supplement). Ratios of model predicted vs observed maxi-
mum concentration values ranged between 0.81 to 0.96 in
blood and plasma. Physiologically based PK model-
predicted blood and plasma exposures computed over 100
hours (ie, AUC, 0-100 hours) were similar to estimates
derived from previously published empirically based PK
models.37 Ratios of PBPK model predicted vs empirically
derived AUC from 0 to 100 hour values were 1.03 for plasma
and 1.17 for blood. Additionally, empirically derived concen-
tration time estimates in blood and plasma were adequately
described by the developed adult PBPK model (eFigure 1F
and G in the Supplement).

Age-Specific Dosing Simulations
The PBPK model–informed pediatric dosing scheme classi-
fies patients based on weight and uses weight-normalized dos-
ing for children less than 50 kg (Table 1). Using the suggested
dosing regimen, geometric mean-simulated average un-
bound plasma concentrations values among children within
different developmental age groups (32-35 ng/mL) were con-
gruent to adult values (32 ng/mL; Figure 1; eTable 3 in the
Supplement). Additionally, the trajectory of simulated plasma
unbound hydroxychloroquine concentrations within differ-
ent developmental age groups were similar to those depicted

Table 1. Hydroxychloroquine: Suggested Oral
Pediatric Dosing Algorithma,b

Weight, kg Day 1 Days 2-5
<5 6 mg/kg every 12 h 1.5 mg/kg every 12 h

5 to <25 6 mg/kg every 12 h 2.5 mg/kg every 12 h

25 to <50 6 mg/kg every 12 h 3 mg/kg every 12 h

≥50 400 mg every 12 h 200 mg every 12 h

a Dosages defined in terms of hydroxychloroquine sulfate.
b Dosages expected to provide similar average unbound drug concentrations in

plasma over 120 hours as those computed for adults.

Figure 1. Simulated Average Unbound Hydroxychloroquine
Concentrations in Plasma for 120 Hours in Children and Adults
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in adults over 120 hours (eFigure 2 in the Supplement). Fur-
thermore, PBPK model simulations indicated that plasma un-
bound concentrations approximated unbound lung intersti-
tial fluid concentrations (eFigure 3 in the Supplement). For
example, geometric mean-simulated average concentrations
values in unbound plasma and unbound lung interstitial fluid
were both 35 ng/mL in neonates. Lastly, to demonstrate the
differences in hydroxychloroquine exposure between sam-
pling matrices, we simulated blood, plasma, and unbound
plasma exposures in adults following the administration of a
previously defined 5-day dosing regimen (400 mg every
12 hours × 2 doses, followed by 200 mg every 12 hours ×8 doses;
Figure 2). Geometric mean-simulated average concentration
values in whole blood, plasma, and unbound plasma were
375 ng/mL, 66 ng/mL, and 32 ng/mL, respectively. Impor-
tantly, during the 5 days of dosing, unbound plasma hydroxy-
chloroquine concentrations were less than the reference in vitro
50% EC value for viral inhibition (0.72μM; 242 ng/mL).10

Age-Specific Dosing Simulations: Remdesivir
Table 2 displays the suggested pediatric dosing regimen for
remdesivir, based on allometry with age-dependent expo-
nents. The dosing scheme classifies patients by weight and
provides weight-normalized dosages for patients weighing
less than 60 kg. Geometric mean-simulated plasma AUC 0
to infinity values among children within different develop-
mental age groups (4315-5027 ng × h/mL) were similar to
adults (4398 ng × h/mL; Figure 3; eTable 4 in the Supple-
ment). In contrast, for children younger than 12 years, geo-
metric mean plasma AUC 0 to infinity values were 147% to
256% of the adult value for simulations based on dosing rec-
ommendations for EVD (eFigure 4 and eTable 5 in the
Supplement).

Discussion

We sought to provide pediatric-specific dosing regimens for
investigational therapies against COVID-19 in children. Al-
though simulated hydroxychloroquine concentrations in un-
bound plasma were similar between children and adults using
the model-derived dosing scheme (eTable 3 in the Supple-
ment), a significant finding from our analysis was that un-
bound plasma concentrations failed to exceed the reference
50% EC value (Figure 2). This in vitro–determined value was
derived based on 48-hour incubations with SARS-CoV-2-
infected Vero cells (0.72μM; 242 ng/mL).10 Factors such as drug
binding in incubation, virus input, time of infection, and cell
passage number can influence drug potency in cell-based as-
says, so variability in in vitro–determined 50% EC values is
expected.42,43 Nevertheless, separately published in
vitro–derived 50% EC values for hydroxychloroquine were
considerably higher, ranging from 4.06 to 17.31μM
(1364-5814 ng/mL), concentrations that are unachievable in un-
bound plasma with current evaluated dosing.44 Because simu-
lated hydroxychloroquine concentrations in unbound plasma
parallel those in unbound lung interstitial fluid, our analysis
indicates that target site concentrations of hydroxychloro-
quine for COVID-19 will be lower than those required to exert
an antiviral effect; however, our findings do not deny the
potential utility of hydroxychloroquine for COVID-19 treat-
ment based on other mechanisms of action, such as
immunomodulation.45 Additionally, because viruses are in-
trinsically intracellular pathogens, the reference concentra-
tion of interest may lie within the intracellular space. In con-
trast to a competing PBPK model-based analysis for
hydroxychloroquine, we chose not to simulate lung intracel-
lular or lung tissue concentrations for 2 reasons.10 First, such

Figure 2. Hydroxychloroquine Adult Population Physiologically Based Pharmacokinetic (PBPK) Model Simulations

1000

100

10

800

600

400

200

0

Co
nc

en
tr

at
io

n,
 n

g/
m

L

Time, h

Linear scaleA

1250 25 50 75 100
1

Co
nc

en
tr

at
io

n,
 n

g/
m

L

Time, h

Semilog scaleB

1250 25 50 75 100

Whole blood
Plasma
Plasma unbound

Hydroxychloroquine adult population PBPK model simulations depicting a
dosage regimen consisting of 400 mg every 12 hours × 2 doses followed by
200 mg every 12 hours × 8 doses. Linear scale (A) and semilog scale (B).
Model-generated median and 95% prediction intervals are displayed as dashed

lines and colored areas, respectively. An in vitro–derived effective concentration
(50% EC = 0.72uM [242 ng/mL]) value for hydroxychloroquine for treatment of
severe acute respiratory syndrome coronavirus 2–infected Vero cells is
displayed for reference (dotted line).

Investigational Treatments of Coronavirus Disease 2019 in Children Original Investigation Research

jamapediatrics.com (Reprinted) JAMA Pediatrics Published online June 5, 2020 E5

© 2020 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ Kings College London by siamak salehi on 06/07/2020

https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamapediatrics.2020.2422?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapediatrics.2020.2422
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamapediatrics.2020.2422?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapediatrics.2020.2422
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamapediatrics.2020.2422?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapediatrics.2020.2422
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamapediatrics.2020.2422?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapediatrics.2020.2422
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamapediatrics.2020.2422?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapediatrics.2020.2422
http://www.jamapediatrics.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapediatrics.2020.2422


simulations are highly dependent on the defined lung tissue-
to-plasma partition coefficient. Depending on the source (pre-
clinical species or experimental conditions), lung tissue-to-
plasma partition coefficient values can vary, influencing the
outcome of model simulations.46 Second, in vitro studies as-
sessing hydroxychloroquine’s antiviral effects were based on
drug added to incubations containing Vero cells,10,44 where
50% EC values were defined based on drug concentrations in
incubation (ie, extracellular concentration), not intracellular
or tissue concentrations. Therefore, in this analysis, we simu-
lated unbound concentrations in the lung interstitial fluid (ie,
extracellular fluid), which represents the most relevant com-
partment for assessing hydroxychloroquine’s in vivo antivi-
ral efficacy based on in vitro–derived 50% EC values.

Simulated hydroxychloroquine plasma concentrations for
a typical 70-kg adult participant from our PBPK model were
similar to estimates generated by another published PBPK
model (400 mg every 12 hours × 2 doses followed by 200 mg
every 12 hours × 8 doses; eFigure 5A in the Supplement).10

However, simulated (typical) concentration estimates from
competing population PK models were relatively higher (eFig-
ure 5A in the Supplement).13,47,48 For example, the maximum
plasma concentration value on dosing day 5 was 7.5 times
higher for the Lim et al13 population PK model compared with
our PBPK model13; despite these discrepancies, anticipated un-
bound plasma concentrations are expected to be less than
242 ng/mL (ie, the lowest reported 50% EC value) for all mod-
els except for the Lim et al13 model (eFigure 5B in the Supple-
ment). As such, simulations based on different modeling ap-
proaches may provide alternate interpretations of the utility
of hydroxychloroquine for COVID-19 treatment.

Our understanding of clearance pathways for remdesivir and
its metabolites in humans are limited, so we used an empirical-
based strategy, allometry with age-dependent exponents, to es-
timate pediatric dosing.22 Compared with traditional fixed-
exponent allometry, the use of age-dependent exponents pro-
vides more conservative dosage estimates for younger children
(<5 years), where key physiologic processes that mediate drug
clearance have yet to reach maturity.49 In an analysis of 73 drugs,
which included compounds cleared through various pathways
(ie, hepatic and kidney), allometry with age-dependent expo-
nents provided a similar predictive capacity to pediatric PBPK
modeling, with 90.6% and 91.1% of clearance or exposure esti-
mates falling within 0.5-fold to 2-fold of observed pediatric val-
ues, respectively.22 In our analysis, dose extrapolations for
remdesivir were performed assuming the presence of dose-

proportional PK (ie, linear PK) in both children and adults. Al-
though pediatric PK information for remdesivir is currently un-
available, preliminary data from adults indicate the presence of
dose-proportional PK (eFigure 6 in the Supplement).

In this analysis, simulations were based on white popula-
tions, which were used to define anatomic and physiologic
parameters for the hydroxychloroquine PBPK model and the
age and weight distribution of participants in the remdesivir
allometric-based analysis. Owing to hydroxychloroquine’s ex-
tensive tissue distribution, we do not anticipate weight-
normalized volume of distribution values to vary substan-
tially among different races. However, CYP2D6 may contribute
to hydroxychloroquine’s hepatic metabolism, so racial/
ethnic differences in enzyme polymorphisms might play a role
in perpetuating variability in drug clearance. For example, an
analysis of 194 Korean adult patients with systemic lupus ery-
thematosus indicated that CYP2D6 polymorphism (rs1065852)
was associated with differences in whole-blood concentra-
tions of the hydroxychloroquine metabolite, N-desethyl
hydroxychloroquine.50 Nevertheless, no difference in whole-
blood concentrations of hydroxychloroquine was observed be-
tween the different polymorphisms. For our analysis of
remdesivir, dosing was segregated using weight-based co-
horts. Consequently, differences in body size between differ-
ent races/ethnicities were not anticipated to impart a substan-
tial influence.

Table 2. Pediatric Dosing Algorithm for Remdesivira

Weight, kg Loading (day 1) Maintenance (≥day 2)
<6 2 mg/kg 1 mg/kg

6 to <15 3 mg/kg 1.5 mg/kg

15 to <30 3.5 mg/kg 1.75 mg/kg

30 to <60 3 mg/kg 1.5 mg/kg

≥60 200 mg 100 mg

a Dosages expected to provide similar plasma exposures (ie, area of the
concentration-time cure) as those computed for adults.

Figure 3. Simulated Plasma Exposures for Remdesivir
in Children and Adults
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Simulated plasma exposures for remdesivir (area under the plasma
concentration time curve from time 0 to infinity) in children and adults for the
proposed dosing algorithm. Exposures representative of loading dose
administration. Age classifications are based on postnatal age and are defined
as follows: neonate (0 to <30 days), young infant (1 to <6 months), infant
(6 to <24 months), young child (2 to <6 years), child (6 to <12 years), adolescent
(12-18 years), and adult (20-50 years). Horizontal lines of the box correspond to
the first quartile, median, and third quartiles. Upper whiskers extend from the
third quartile to the largest observation to a maximum length of 1.5 times the
interquartile range (ie, third quartile to first quartile). Lower whiskers extend
from the first quartile to the lowest observation to a maximum length of 1.5
times the interquartile range (ie, third quartile to first quartile).
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Limitations
This analysis has some limitations. The proposed pediatric dos-
ing regimens for both compounds were based solely on PK con-
siderations, which assumes that the concentration-effect
association (ie, pharmacodynamic) is preserved between
children and adults. Additionally, owing to knowledge gaps as-
sociated with hydroxychloroquine metabolism, the identity and
proportional contribution of the specific isozymes responsible
for hepatic metabolism were assumed based on in vitro drug me-
tabolism data for chloroquine.34 To assess our model’s sensitiv-
ity to these assumptions, we formulated an alternative PBPK
model based on a separate in vitro analysis of chloroquine me-
tabolism where proportional contributions of CYP2C8, CYP2D6,
and CYP3A4 toward hepatic intrinsic clearance were 59%, 16%,
and 25%, respectively.51 Using this alternative model in conjunc-
tion with the previously proposed pediatric dosing scheme, con-
gruent unbound plasma concentrations between children and
adultswereobserved(eTable6intheSupplement).Furthermore,
the proposed pediatric dosing scheme for remdesivir was based
on identifying dosages that would provide equivalent plasma ex-
posuresbetweenchildrenandadults;however,becauseremdesi-
vir is a nonactive prodrug, extrapolating pediatric dosages based
on intracellular exposure of the active triphosphate moiety
(GS-443902) would be more appropriate. Unfortunately, PK in-
formation defining the association between remdesivir dose,
plasma exposure, and intracellular GS-443902 exposure in chil-
dren is lacking. Based on a preliminary analysis of remdesivir PK

studies in adults, there appears to be a linear association between
remdesivir plasma exposure and intracellular peripheral blood
mononuclear cell exposure of GS-441524, a nucleoside metabo-
lite that may reflect the total amount of dephosphorylated as well
as monophosphate, diphosphate, and triphosphate metabolites
ofremdesivir(eFigure7intheSupplement).17 Todefinepediatric-
specific dosages, our analysis assumed the presence of a simi-
lar association in children. Lastly, owing to limited pediatric PK
information for both compounds, we could not evaluate the pre-
dictive performance of the developed PK models used to inform
pediatric dosing.

Conclusions
We used PK modeling and simulation to identify pediatric-
specific dosages for hydroxychloroquine and remdesivir, which
highlights how PK modeling and simulation can support the
rapid development of pediatric clinical studies. While our study
focused on investigational COVID-19 treatments, the de-
scribed methods are generalizable and can be applied to other
drugs and disease states. Importantly, our findings raise con-
cerns about hydroxychloroquine for COVID-19 treatment be-
cause unbound plasma exposures were less than those needed
to mediate an antiviral effect. To confirm the appropriate-
ness of the proposed dosing schemes, prospective PK, safety,
and efficacy studies in children are required.
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