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ABSTRACT

Hydroxychlorogquine may be used to treat COVID-19 infections when remdesivir is unavailable. There
is currently no hydroxychloroquine dosage regimen for pediatrics with COVID-19 infections. We aimed to
determine the optimal dosage regimen needed to rapidly achieve pharmacokinetic and pharmacodynamic
(PKPD) targets for virological clearance in pediatrics. A 10,000-subject Monte Carlo simulation was performed
to calculate probabilities of efficacy and safety attainment, using allometrically scaled PKPD targets based on
published adult pharmacokinetic studies. Allometric scaling of hydroxychloroquine clearance was also performed.
The simulation predicted the probability of target attainment (PTA) of each dosage regimen to achieve an 80%
PTA and 80% cumulative fraction of response, with <10% PTA for toxicity. The loading dosage of 6 mg/kg/dose,
four times daily for 2 days, was found to provide rapid virological clearance with a high PTA (92.2%) within 2
days of treatment. Maintenance dosage of 3.25 mg/kg/dose, three times daily for the next 8 days, achieved the
appropriate plasma hydroxychloroquine level until treatment cessation, with a PTA >80%. As to safety, this
dosage regimen achieved a PTA <10% of the safety target, giving a probability of cardiotoxicity of <0.01%. The
optimal hydroxychloroquine regimen is the loading dosage of 6 mg/kg/dose, four times daily for 2 days, followed
by maintenance dosage of 3.25 mg/kg/dose, three times daily, on days 3-10. This regimen achieves virological
clearance of COVID-19 and low cardiotoxicity in pediatrics. However, clinical studies are needed to confirm its
efficacy and safety.
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1. INTRODUCTION

Coronavirus disease 2019 (COVID-19) is an
infectious disease that causes acute respiratory illness. It
was first reported in Wuhan, China. The virus has spread
rapidly around the world. Epidemiological studies
performed in children found that most children infected
with COVID-19 were asymptomatic or had mild symp-
toms. However, about 10% developed severe symptoms,
needed oxygen support, and were admitted to critical
care units®t. The most common route of coronavirus
transmission to children is via household contact?. No
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specific drugs have been approved to treat COVID-19
infections in children. Many clinical trials of drugs for
the treatment of COVID-19 have been conducted. Some
drugs were proven their efficacy for adult patients, but
none as yet demonstrated satisfactory outcomes for
children®®. Analyses of in vitro data for hydroxychloro-
quine, an analogue of chloroquine, showed that it effec-
tively inhibited coronavirus replication®*?, Hydroxychlo-
roquine blocks coronaviral entry by obstructing glycosy-
lation in the host receptor, thereby viral replication is
inhibited by increasing endosomal pH. Hydroxychloro-
quine also has an immunomodulatory effect by decreasing
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cytokine production and inhibiting the activity of lyso-
somes in host cells; together, these actions may reduce
the severity of COVID-19%315,

Currently, there is no recommended optimal
dose nor duration of hydroxychloroquine for the treat-
ment of COVID-19 in pediatric patients. In contrast,
several dosage regimens for adults had been proposed.
For instance, an in vitro study by Yao et al.'° suggested
that the loading dose of 400 mg of hydroxychloroquine
sulfate should be given orally twice on day 1, followed
by maintenance dose of 200 mg twice daily on days 2 to
5. In comparison, the clinical trial by Gautret and
colleagues® used oral hydroxychloroquine sulfate dosage
of 200 mg, three times a day for ten days.

The Multicenter Initial Guidance on Use of
Antivirals for Children with Coronavirus Disease 2019
suggests that antivirals be used for children who have
severe or critical COVID-19. However, the guidance
document suggested that hydroxychloroquine could be
used in children who were not candidates for remdesivir,
or when remdesivir was unavailable. The suggested
loading dose of hydroxychloroquine sulfate for pediatrics
(endorsed by the Pediatric Infectious Diseases Society)
is 13 mg/kg (maximum, 800 mg), followed by 6.5 mg/kg
(maximum, 400 mg) at 6, 24, and 48 hours (the duration
can be extended for up to 5 days on a case-by-case basis)®°.
This dosage was based on the simulation that achieved
the greatest area under the concentration-time curve from
0to 24 h (AUC 0-24) for acute uncomplicated malaria.

To date, no pediatric dosage regimen has been
evaluated via clinical studies of COVID-19. Moreover,
the published data from adult clinical studies had many
limitations, and there were conflicting results for the
various dosage regimens investigated. The objective of
the present study was to determine the optimal dosage
regimen of hydroxychloroguine needed for rapid and
safe virological clearance in pediatrics infected with
COVID-19. A Monte Carlo simulation was employed for
this purpose.

2. MATERIALS AND METHODS

Table 1. Allometric scaling of population pharmacokinetic parameters.
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2.1. Pharmacokinetics parameters

All published population pharmacokinetics of
hydroxychloroquine were reviewed. COVID-19 is an
acute illness, and short-term usage of antiviral is needed.
We therefore identified the pharmacokinetic (PK) para-
meters in a non-steady state, using a two-compartment
linear model with first-order absorption and lag time.
The PK-parameter data from 22 healthy subjects and 69
malaria patients were used for our Monte Carlo simula-
tion!’. The mean values of the population-PK parameters
and the interindividual variations were used to create
individual PK profiles (Table 1). To perform our pediatric
simulation, the values of the clearance and intercom-
partment clearance of hydroxychloroquine from the
adult studies were allometrically scaled for weight by
an exponent of 0.75, which is typically used to scale
size-related changes in plasma clearance from adults to
children®®2°, However, the volume of distribution (Vd)
in the central and peripheral compartments of our model
were scaled with an exponent of 1 (Table 1). Allometry
based theory indicates that the volume of distribution
will be proportional to body weight?. Even though
Marahaj et al.?2 found a relationship between Vd and
serum protein, pediatric body composition, including
body water and serum protein, typically reaches adult
levels by 10-12 months of age. Consequently, the scaling
value that we used in our study might be accurate in our
study age range. The pediatric weights we used to repre-
sent children aged 2-12 years were 15, 20, 30, and 35 kg.

2.2. Pharmacodynamic parameters

We reviewed the pharmacodynamic parame-
ters of in vitro and clinical studies on COVID-19
patients. To establish the PKPD targets, data were used
from an open-label, non-randomized, clinical trial® that
detailed virological clearance and serum hydroxychlo-
roquine levels. The average serum concentration of
hydroxychloroquine in pneumonia or bronchitis patients
who had negative polymerase chain reaction (PCR)

Body weight (kg) Ka (hr?) ALAG (hr) Ve (L) Vp (L) Q (L/hr) CL/F (L/hr)
15 1.150 0.389 93.643 297.857 14.204 3.433
20 1.150 0.389 124.857 397.143 17.625 4.260
30 1.150 0.389 187.286 595.714 23.889 5.774
35 1.150 0.389 218.500 695.0 26.817 6.481

Random effect
Inter-individual variability (%CV)

ALAG 18.947
Ve 48.166
Vp 84.558
CL/F 40.125

ALAG= absorption lag time; CL/F= apparent clearance; ka= absorption rate constant; Q= intercompartmental clearance; VVc= central volume

of distribution; VVp= peripheral volume of distribution

23



L. Treerattanapun et al.

Table 2. Hydroxychloroquine dosage regimens for simulations.
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Dosage regimen

Reference

D1: 6.5 mg/kg/dose BID
D2-D10: 3.25 mg/kg/dose BID

Yao et al.!0

D1-D10: 3.25 mg/kg/dose TID

Gautret et al.3

13 mg/kg/dose; then, 6.5 mg/kg/dose at 6, 24, 48, 72, 96 hrs

Chiotos et al. (endorsed by the PIDS)'¢

D1: 10 mg/kg/dose BID
D2-D10: 6.5 mg/kg/dose BID

Thai COVID-19 guidelines

BW 5-24 kg: D1: 6 mg/kg/dose BID
D2-D10: 2.5 mg/kg/dose BID

BW 25-49 kg: D1: 6 mg/kg/dose BID
D2-D10: 3 mg/kg/dose BID

Maharaj et al.??

D1-2: 6.5 mg/kg/dose TID
D3-D10: 3.25 mg/kg/dose TID
D1-2: 6.5 mg/kg/dose QID
D3-D10: 3.25 mg/kg/dose TID
D1-2: 6 mg/kg/dose QID
D3-D10: 3 mg/kg/dose TID
D1-2: 6 mg/kg/dose QID
D3-D10: 3.25 mg/kg/dose TID
D1-2: 6.5 mg/kg/dose QID
D3-D10: 3.25 mg/kg/dose BID
D1-2: 10 mg/kg/dose BID
D3-D10 3.25 mg/kg/dose BID

Our study regimens

BID= twice daily; PIDS= Pediatric Infectious Diseases Society; QID= four times daily; TID= three times daily

A. The simulated plasma concentration of hydroxycholoquine published regimen
(BW 15 kg)
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#——D1: HCQ 10 mkdose BID; D2-10: HCQ 6.5 mkdose BID @——D1: HCQ 6 mkdose BID; D2-10: HCQ 2.5 mkdose BID

Figures 1A. Simulated HCQ plasma concentration of each published dosage regimen for various body weights. A]. For body weight 15 kg.
B]. For body weight 20 kg. C]. For body weight 30 kg. D]. For body weight 35 kg.
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B. The simulated plasma concentration of hydroxycholoquine published regimen
(BW 20 kg)
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#——D1: HCQ 10 mkdoze BID; D2-10: HCQ 6.5 mkdose BID @——D1: HCQ 6 mkdose BID; D2=10: HCQ 2.5 mkdose BID

Figures 1B. Simulated HCQ plasma concentration of each published dosage regimen for various body weights. A]. For body weight 15 kg.
B]. For body weight 20 kg. C]. For body weight 30 kg. D]. For body weight 35 kg.

C. The simulated plasma concentration of hydroxycholoquine published regimen
(BW30kg)
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#——D1: HCQ 10 mkdose BID; D2-10: HCQ 6.5 mkdose BID @——D1: HCQ 6 mkdose BID; D2-10: HCQ 3 mkdose BID

Figures 1C. Simulated HCQ plasma concentration of each published dosage regimen for various body weights. A]. For body weight 15 kg.
B]. For body weight 20 kg. C]. For body weight 30 kg. D]. For body weight 35 kg.
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D. The simulated plasma concentration of hydroxycholoquine published regimen
(BW 35 kg)

HCQ plasma cocnentration {(mecg/mL)
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+—D1: HCQ 10 mkdose BID; D2=10: HCQ 6.5 mkdose BID @—— DI1: HCQ 6 mkdose BID; D2=10: HCQ 3 mkdose BID

Figures 1D. Simulated HCQ plasma concentration of each published dosage regimen for various body weights. A]. For body weight 15 kg.
B]. For body weight 20 kg. C]. For body weight 30 kg. D]. For body weight 35 kg.

results in nasopharyngeal samples at day 6 was 0.83
mcg/mL. Therefore, we decided to use 0.83 mcg/mL as
the plasma trough level of hydroxychloroquine at any day
of treatment as the minimum PKPD target for virolo-
gical clearance. As to the maximum PKPD target for
our study, pediatric overdoses report of hydroxychlo-
roquine is limited and there is no established toxic or
lethal plasma level of hydroxychloroquine in adults and
pediatrics. Toxic plasma hydroxychloroquine levels were
reported to range from 0.635 mcg/mL (mild gastroin-
testinal disturbance)? to 9.87 mcg/mL (hypotension, and
ventricular tachyarrhythmia in 18-years old female)®.
Thus, we drew upon data from a clinical PK/PD-QTc
model simulation by Garcia-Cremades et al.,® which
they used to investigate the risk of QTc prolongation
associated with hydroxychloroquine. Their model was
created using a previously published PK-QTc model for
high-dose chloroquine in children?. They found that
mean plasma hydroxychloroquine concentrations higher
than 2.6 mcg/mL were associated with >1% of patients
experiencing increases of >60 msec QTc while on
treatment. Consequently, we used a peak hydroxychlo-
roquine level of 2.6 mcg/mL as the cut point to identify
toxicity.

Probabilities of efficacy and safety attainment
were calculated via a 10,000-pediatric-virtual-subject
Monte Carlo simulation (Crystal Ball version 2017,
Decisioneering Inc., Denver, Colo., USA). The allome-

trically scaled PKPD targets employed were based on
published adult PK studies. The simulation utilized 11
hydroxychloroquine regimens. They were drawn from
invitro data®, a clinical trial®, antiviral-use guidance for
children with COVID-19', Thai COVID-19 guidelines,
pediatric dosing simulation data?’, and regimens that we
specially developed (Table 2).

3. RESULTS

The results of %PTA of the simulation regi-
mens are listed in Tables 3.1-3.2 and simulated hydroxy-
chloroquine plasma concentration profiles are shown in
Figure 1 and Figure 2. Six regimens achieved the target
plasma trough level (Ctrough >0.83 mcg/mL) by day 10
of the treatment (regimens 2, 4, 6, 7, 8, and 9). Regimens
4,6, 7, and 9 achieved the therapeutic target for all ages
(represented by the selected pediatric weights). Regimens
7 and 9 reached the therapeutic target within 2 days.

The published dosage regimens which achieved
a probability of target attainment (PTA) >80% by Day 10
of treatment were regimens 2 and 4. Regimen 2 was used
in the clinical study by Gautret et al.,® while regimen 4
was obtained from the Thai COVID-19 guidelines. Of
the regimens we created for the simulation, regimens 6,
7,8, and 9 reached the target trough level (0.83 mcg/mL)
and had a %PTA greater than 80% by Day 10 of treat-
ment. The PTA values of regimens 6, 7, and 9 were over
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80% for all ages. However, only regimens 7 and 9 reached
the target plasma trough level within 2 days of treat-
ment. The average percentages of PTA of regimen 7 on
Days 2 and 10 of treatment were 95.1% and 88.9%,
respectively. The corresponding values for regimen 9
were 92.2% and 88.3%.

Due to concerns about possible cardiovascular
side effects and toxicity?#?-3% the PTA values at plasma
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concentrations above the target cut point were deter-
mined. We assumed that the optimal regimen should
have a %PTA of not more than 10%. The simulation
found that regimen 4 had the %PTA with the highest
value at Day 10 of treatment. The average %PTA of
regimen 4 was 26.17%. As to the regimens we developed
for the simulation, regimens 6 and 9 each had a %PTA
of not more than 10% for all treatment courses. Due to

Table 3.1. Probability of target attainment for each hydroxychloroquine regimen and body weight, with targets of Crough > 0.83 mcg/mL for

virological clearance of COVID-19.

% PTA Day 1 Day 2 Day 3 Day 5 Day 7 Day 9 Day 10
Ctrough
Regimeni; 15 kg 1.34 3.63 7.62 17.45 26.50 33.27 36.25
D1: HCQ 6.5 mkdose BID; 20 kg 1.38 4.30 9.54 21.03 31.14 39.13 42.48
D2-10: HCQ 3.25 mkdose BID 30 kg 1.97 5.97 11.99 26.64 38.42 46.59 50.63
35 kg 1.95 6.55 13.48 29.18 41.86 50.73 54.87
Regimen 2; 15 kg 0.19 7.04 22.03 51.15 66.41 74.51 77.81
HCQ 3.25 mkdose TID 20 kg 0.21 8.25 25.65 55.93 71.04 78.63 81.32
30 kg 0.31 10.56 31.20 61.77 76.59 83.74 86.10
35Kkg 0.30 10.93 32.07 63.95 78.37 85.68 87.87
Regimen 3; 15 kg 8.14 9.89 12.86 19.38 3.05 0.45 0.20
HCQ 13 mkdose; 6.5 mkdose at 6, 24, 48, 20 kg 8.90 11.44 15.35 23.04 3.79 0.60 0.26
72,96 hrs 30 kg 10.71 14.29 18.88 28.15 5.89 1.14 0.59
35Kkg 11.24 15.17 20.24 30.81 6.95 1.31 0.65
Regimen 4; 15 kg 13.84 37.47 57.83 77.69 85.71 89.47 90.76
D1: HCQ 10 mkdose BID; D2-10: HCQ 20 kg 14.99 40.44 59.61 79.25 87.60 91.23 92.60
6.5 mkdose BID 30 kg 18.06 45.39 65.28 84.29 90.99 94.13 95.21
35 kg 18.65 46.10 65.73 84.49 91.54 94.68 95.67
Regimen 5; 15 kg 0.58 1.20 261 6.18 10.30 14.07 16.03
D1: HCQ 6 mkdose BID; 20 kg 0.83 1.80 3.48 7.92 12.72 17.42 19.51
D2-10: HCQ 2.5 mkdose BID
Regimen 5; 30 kg 1.01 3.42 7.87 19.73 29.84 37.76 4121
D1: HCQ 6 mkdose BID; 35 kg 1.19 391 8.76 21.28 32.63 40.88 44.77
D2-10: HCQ 3 mkdose BID
Regimen 6; 15 kg 17.13 66.27 64.18 71.97 76.52 79.88 81.40
D1-2: HCQ 6.5 mkdose TID; D3-10: 3.25 20 kg 19.73 69.82 67.42 75.61 80.36 83.32 84.88
mkdose TID 30 kg 22.47 74.51 71.38 80.63 85.51 88.33 89.72
35 kg 24.08 77.15 73.23 82.56 87.07 89.89 91.09
Regimen 7, 15 kg 55.58 91.79 79.59 80.80 81.64 82.72 83.46
D1-2: HCQ 6.5 mkdose QID; D3-10: 20 kg 60.84 94.67 82.55 84.16 85.58 86.90 87.69
3.25 mkdose TID 30 kg 70.59 96.51 84.49 87.33 89.05 90.39 91.16
35 kg 74.16 97.39 85.76 88.90 90.95 92.51 93.23
Regimen 8; 15 kg 45.28 88.54 74.75 75.10 76.00 77.17 78.17
HCQ 6 mkdose QID; 20 kg 50.39 90.93 76.78 78.71 80.47 81.89 82.81
D3-10: 3 mkdose TID 30 kg 59.09 94.20 80.46 83.23 85.76 87.08 87.93
35 kg 62.77 95.24 81.80 85.18 87.48 88.75 89.62
Regimen 9; 15 kg 45.09 88.19 76.03 78.39 80.09 81.64 82.79
HCQ 6 mkdose QID; 20 kg 51.71 91.02 79.03 82.22 84.47 86.05 86.95
D3-10: 3.25 mkdose TID 30 kg 59.56 94.44 82.48 86.6 89.01 90.45 91.37
35 kg 62.42 95.19 83.01 87.09 89.80 91.30 92.06
Regimen 10; 15 kg 55.90 91.98 70.15 61.44 55.63 53.31 52.90
D1-2: HCQ 6.5 mkdose QID; D3-10: 20 kg 62.39 94.57 74.16 66.33 61.84 59.21 59.18
3.25 mkdose BID 30 kg 70.37 96.55 76.35 72.07 69.06 68.02 67.75
35 kg 74.02 96.99 77.32 73.34 71.14 69.87 69.76
Regimen 11; 15 kg 14.33 59.83 51.13 46.95 45.68 46.09 46.78
D1-2: HCQ 10 mkdose BID; D3-10: 3.25 20 kg 16.13 62.90 54.80 51.75 51.85 52.90 53.71
mkdose BID 30 kg 18.29 66.82 58.77 58.04 58.74 60.04 61.21
35 kg 18.18 68.66 60.04 60.85 62.18 64.17 65.29

BID= twice daily; Ciough= trough concentration; HCQ= hydroxychloroquine; mkdose= mg/kg/dose; PTA= probability of target attainment;

TID = three times daily
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Table 3.2. Probability of target attainment for each hydroxychloroquine regimen and body weight, with targets of Cmax > 2.6 mcg/mL for
toxicity level.

% PTA Day 1 Day 2 Day 3 Day 5 Day 7 Day 9 Day 10

Cmax
Regimenl,; 15 kg 0.00 0.00 0.00 0.00 0.02 0.03 0.04
D1: HCQ 6.5 mkdose BID; 20 kg 0.00 0.00 0.01 0.02 0.06 0.12 0.14
D2-10: HCQ 3.25 mkdose BID 30 kg 0.00 0.00 0.00 0.03 0.07 0.14 0.22
35 kg 0.00 0.00 0.01 0.06 0.11 0.22 0.25
Regimen 2; 15 kg 0.00 0.00 0.00 0.21 0.69 1.39 1.75
HCQ 3.25 mkdose TID 20 kg 0.00 0.00 0.00 0.27 0.89 2.09 2.83
30 kg 0.00 0.00 0.04 0.46 1.75 3.27 4.20
35 kg 0.00 0.00 0.05 0.42 1.45 3.48 4.37
Regimen 3; 15 kg 0.90 0.15 0.12 0.17 0.00 0.00 0.00
HCQ 13 mkdose; 6.5 mkdose at 6, 24, 20 kg 131 0.18 0.15 0.28 0.00 0.00 0.00
48,72, 96 hrs 30 kg 1.60 0.23 0.22 0.39 0.00 0.00 0.00
35 kg 1.79 0.27 0.27 0.52 0.00 0.00 0.00
Regimen 4; 15 kg 0.48 0.51 1.44 5.73 11.25 16.63 18.70
D1: HCQ 10 mkdose BID; D2-10: 20 kg 0.59 0.65 2.36 7.77 14.35 20.43 22.96
HCQ 6.5 mkdose BID 30 kg 0.87 1.01 3.22 10.93 19.39 27.04 30.51
35 kg 0.87 1.01 3.43 11.79 21.18 29.36 3251
Regimen 5; 15 kg 0.00 0.00 0.00 0.00 0.00 0.00 0.00
D1: HCQ 6 mkdose BID; 20 kg 0.00 0.00 0.00 0.00 0.00 0.00 0.01
D2-10: HCQ 2.5 mkdose BID
Regimen 5; 30 kg 0.00 0.00 0.00 0.00 0.00 0.05 0.06
D1: HCQ 6 mkdose BID; 35 kg 0.00 0.00 0.00 0.01 0.05 0.08 0.12
D2-10: HCQ 3 mkdose BID
Regimen 6; 15 kg 0.03 1.93 0.86 1.27 191 2.70 3.20
D1-2: HCQ 6.5 mkdose TID; D3-10: 20 kg 0.08 2.63 1.28 1.89 2.92 3.98 454
3.25 mkdose TID 30 kg 0.09 331 1.74 2.79 4.28 6.04 6.75
35 kg 0.13 3.59 2.01 3.12 4.82 6.97 7.97
Regimen 7; 15 kg 0.43 10.13 6.46 3.42 3.53 4.13 4.39
D1-2: HCQ 6.5 mkdose QID; D3-10: 20 kg 0.46 11.36 7.23 4.27 4.75 5.49 571
3.25 mkdose TID 30 kg 0.62 13.41 8.89 5.94 6.67 7.81 8.44
35 kg 0.90 15.64 10.25 7.31 8.34 9.77 10.49
Regimen 8; 15 kg 0.09 6.18 3.68 1.74 191 2.10 2.34
HCQ 6 mkdose QID; 20 kg 0.15 7.41 4.65 2.45 2.58 3.08 3.30
D3-10: 3 mkdose TID 30 kg 0.26 8.91 5.61 3.67 4.22 4.96 5.50
35 kg 0.45 10.42 6.74 441 5.16 6.27 6.80
Regimen 9; 15 kg 0.15 6.02 4.02 2.20 2.43 3.05 3.43
HCQ 6 mkdose QID; 20 kg 0.29 8.39 6.02 371 4.17 5.16 551
D3-10: 3.25 mkdose TID 30 kg 0.53 9.51 6.63 5.49 6.65 8.05 8.83
35 kg 0.37 9.89 6.94 5.56 7.08 8.27 9.01
Regimen 10; 15 kg 0.34 9.85 6.28 1.14 0.66 0.52 0.49
D1-2: HCQ 6.5 mkdose QID; D3-10: 20 kg 0.63 12.12 7.71 1.77 1.03 0.87 0.83
3.25 mkdose BID 30 kg 0.76 14.17 9.26 2.69 157 1.30 1.28
35 kg 0.78 14.60 9.51 2.98 1.90 1.55 1.55
Regimen 11; 15 kg 0.49 6.17 0.75 0.14 0.19 0.22 0.24
D1-2: HCQ 10 mkdose BID; D3-10: 20 kg 0.61 7.11 1.04 0.40 0.43 0.47 0.50
3.25 mkdose BID 30 kg 0.96 9.05 1.65 0.76 0.75 0.82 0.84
35 kg 0.86 8.75 1.54 0.68 0.72 0.80 0.86

BID= twice daily; Cmax= maximum concentration; HCQ= hydroxychloroquine; mkdose= mg/kg/dose; PTA= probability of target attainment;
TID= three times daily
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A. The simulated plasma concentration of hydroxycholoquine purposed regimen
(BW 15 kg)
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Figures 2A. Simulated HCQ plasma concentration for each purposed dosage regimen for various body weights. A]. For body weight 15 kg.

B]. For body weight 20 kg. C]. For body weight 30 kg. D]. For body weight 35 kg.
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Figures 2B. Simulated HCQ plasma concentration for each purposed dosage regimen for various body weights. A]. For body weight 15 kg.

B]. For body weight 20 kg. C]. For body weight 30 kg. D]. For body weight 35 kg.
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Figures 2C. Simulated HCQ plasma concentration for each purposed dosage regimen for various body weights. A]. For body weight 15 kg.
B]. For body weight 20 kg. C]. For body weight 30 kg. D]. For body weight 35 kg.
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Figures 2D. Simulated HCQ plasma concentration for each purposed dosage regimen for various body weights. A]. For body weight 15 kg.
B]. For body weight 20 kg. C]. For body weight 30 kg. D]. For body weight 35 kg.
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their high loading dosages on the first 2 days (6.5 mg/
kg/dose every 6 hours), the %PTA values of regimens
7 and 10 exceeded 10% on Day 2 (12.6% and 12.7%,
respectively). However, the %PTA values began to
decline on day 3.

4. DISCUSSION

In the absence of an approved dosage regimen
of hydroxychloroguine for the treatment of pediatric
COVID-19 patients, our simulation set out to determine
a specific regimen. As part of our work, the results of
recent efforts to develop a hydroxychloroquine dosage
regimen for adults were examined. Regimen 1 in our
study was the dosage that had been used in an in vitro
study?®. In our Monte Carlo simulation of regimen 1, we
found that its hydroxychlorogquine plasma concentra-
tions with virological clearance achieved a %PTA of
only 23.5% and 46.1% at Days 5 and 10, respectively.
The poor performance of regimen 1 was consistent with
the results of a separate clinical trial, which confirmed
its lack of efficacy for adults®**. By contrast, the results
of the Monte Carlo simulation of the dosage regimen
recommended by the Thai COVID-19 guidelines (regimen
4 in our study) were considerably better. That dosage is
10 mg/kg/dose twice on Day 1, followed by a 6.5 mg/kg/
dose, twice daily, for the next 9 days. In our Monte Carlo
simulation, this regimen demonstrated >80% PTA after
day 5 of treatment, and it achieved a plasma hydroxy-
chloroqguine level > than 0.83 mcg/ml for 10 days. These
simulation findings are consistent with the good clinical
outcomes that are found when the regimen is used in
adults in Thailand. Unfortunately, regimen 4 exceeded
the target peak hydroxychloroquine level that had been
specified by our study (2.6 mcg/mL), with a %PTA of
26.2% on day 10 of the treatment. Given that it took
some time to achieve the therapeutic level and had a
peak level that risked QT prolongation, regimen 4 might
not be appropriate. However, the newest version of
Thai COVID-19 guideline does not recommend using
hydroxychloroquine for COVID-19 treatment. As to the
recommended dosage regimen of the Pediatric Infectious
Diseases Society® (regimen 3:13 mg/kg/dose; then, 6.5
mg/kg/dose at 6, 24,48, 72, and 96 hours), it demonstrated
a good safety profile (%PTA of peak hydroxychloroquine
level <1%). However, it also had a low %PTA (<40%) to
achieve the therapeutic plasma level (Ctrough >0.83 mcg/
mL) during the course of treatment. This represents a
high risk of therapeutic failure. The results for the dosage
regimen from the Gautret study® (regimen 2) showed a
%PTA to achieve therapeutic target of 67.1% at day 6
of the treatment, and more than 80% at day 10. These
findings correspond with the PCR results (negative PCR
57.1%) that the Gautret clinical trial found for adults after
day 6 of being treated solely with hydroxychloroquine.
They are also consistent with the very low probability
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of cardiovascular toxicity reported by Gautret and
colleagues’ adult clinical trial (%PTA <5%). Another study
on the optimal hydroxychloroquine dosage regimen for
pediatrics was undertaken by Maharaj et al.?2. Their
dosage (regimen 5 in our study) was derived from a
physiologically based PK model that simulated dosages
used in previous adult analyses. Their model showed that
their dosage couldn’t achieve the plasma concentration
of hydroxychloroguine target from in vitro data on the
effective concentration (ECso; 0.242 mcg/mL) value for
treatment of COVID-19 infected Vero cell'’. In our
Monte Carlo simulation of regimen 5, the %PTA of
achieved therapeutic target was less than 50% through-
out the 10 days of treatment, but there was a high safety
profile (%PTA <1%). Since the investigation by Maharaj
and colleagues used simulation doses that were based on
in vitro concentrations, the effects of their hydroxychlo-
roquine dosage may not correlate with clinical outcomes.

The first limitation of our study was that our
PK model relied upon data of healthy and malaria-
infected adult populations. This was due to the lack of
pediatric studies. As the PK parameters that we chose
were derived from a study cohort that was aged about 25
to 30 years and had standard body sizes, it is possible that
any inaccuracies were reduced after allometric scaling.
Moreover, differences in disease severity and age groups
could affect some parts of our PK parameters, for exam-
ple, Gl absorption. Another point of concern was that
hydroxychloroquine has a large volume of distribution,
causing it to take a long time to reach a steady state.
However, malaria and COVID-19 are acute diseases.
Consequently, a non-steady state PK profile was deemed
appropriate. Furthermore, our use of 0.75 as the allometric
scaling exponent could introduce some errors'®2°, On
the other hand, a pediatric age (2-12 years) was used in
our study; some PK properties (alpha 1-acid glycopro-
tein, renal function, and CYP enzyme activity) nearly
reached adult values; and no significant genetic poly-
morphism has been reported. Therefore, this point might
not be an issue®28. The last limitation relates to the
plasma hydroxychloroquine level that we used in this
study. Gautret and colleagues® did not report exactly when
they collected the blood samples used to determine the
average hydroxychloroquine plasma level needed for
virological clearance in their clinical trial. We were
therefore obliged to assume that they had collected plas-
ma hydroxychloroquine immediately before adminis-
tration of next doses, and that the plasma concentrations
they reported were the trough levels. Another limitation
of the present work was that it drew upon plasma con-
centration data from a clinical trial that had not only a
small sample size, but also only adult patients.

One of the several strengths of this study is
that the target trough level for hydroxychloroquine used
in our simulation was obtained from a clinical trial. That
trial measured the clinical outcomes, negative PCR on
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day 6 of treatment, and the hydroxychloroquine plasma
concentration that correlated with the virological
clearance of COVID-19. Another strength is that the
dosage regimen which we have recommended would
rapidly achieve a therapeutic level within 2 days of the
commencement of treatment. This means that there will
be a fast virological clearance. This will in turn contri-
bute to a reduction in the transmission rates of COVID-
19 within hospitals as well as lessen the chance of its
transmission to healthcare workers. Moreover, this is
the first study to establish a single hydroxychloroquine
dosing regimen that can be used for all pediatric ages
between 2 and 12 years. This user-friendly regimen will
therefore contribute to a reduction in medication errors.
Finally, the low loading dose of the regimen means that
a low peak hydroxychloroquine level is reached, thereby
giving it a good safety profile.

5. CONCLUSIONS

The optimal dosage regimen of hydroxychlo-
roquine is loading dosage of 6 mg/kg/dose every 6 hours
for 2 days, followed by 3.25 mg/kg/dose every 8 hours on
days 3-10. This regimen should rapidly achieve a thera-
peutic level, leading to early virological clearance and
low cardiotoxicity in pediatric patients. However, clinical
studies are required to confirm the efficacy and safety of
this regimen.
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