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ABSTRACT 

 

Chloroquine (CQ) exhibited promising in vitro activity against 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), 

but the optimal dosage regimens remain unknown. Our objective 

was to explore the optimal chloroquine phosphate (CQP) dosage 

regimens for early achievement of virological clearance within 48-72 

hours to diminish in-hospital transmission to front-line healthcare 

workers. A 10,000-subject Monte Carlo simulation was performed 

to calculate both probability of efficacy and safety attainment (PTA) 

using pharmacokinetic (PK) parameters obtained from the published 

population PK study. Dosage regimens that early achieved PTA of 

efficacy (PTAeff) ≥90% within 48-72 hours, while maintained PTA of 

toxicity (PTAtox) ≤1% were considered optimal. For the previously 

proposed regimens in published guidelines and clinical studies, all 

dosage regimens could not achieve ≥90% PTAeff, except one with 

the highest dosage regimen. Our simulations suggested that large 

amount of loading dose was required for the early achievement. 

We designed three dosage regimens containing high loading dose 

(2-3 gram per day), which early achieved ≥90% PTAeff within 48-72 

hours, while also maintained ≤1% PTAtox throughout the treatment 

course. Further clinical studies are needed to prove the efficacy 

and safety of our designed regimens. 

 

1. INTRODUCTION 

 

Coronavirus disease 2019 (COVID-19) firstly emerged in 

December 2019 and has spread rapidly all over the world .The 

rapidly increasing number of cases compelled the World Health 

Organization (WHO) to officially declare COVID-19 as a global 

pandemic in March 20201. Remdesivir is one of the broad-spectrum 

antivirals that have been recommended as an antiviral treatment in 

several published guidelines2-4 because of its promising in vitro5 

and clinical effectiveness6,7. Nonetheless, it is not globally available, 

particularly in developing countries, and its supply is also limited .

Chloroquine (CQ), a wildly available antimalarial, has also been 

proposed as another appealing antiviral for COVID-19 treatment .It 

exhibited impressive in vitro activity5,8,9 with comparable half-maximal 

effective concentration (EC50) to remdesivir5 and showed possible 

benefit in improving lung findings and shortening the disease 

course in a small clinical study10. Unfortunately, recent data from 

clinical studies suggested that hydroxychloroquine (HCQ), a hydroxyl 
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analogue of CQ, showed no additional benefit 

on mortality reduction11-13 or improving 

clinical COVID status14-16 to usual care. CQ was 

consequently revoked from the emergency 

use authorization (EUA)17, and some published 

guidelines recommended against its use as an 

antiviral treatment for hospitalized COVID-19 

patients except in clinical trial settings3,4. However, 

apart from mortality reduction, HCQ treated 

COVID-19 patients tend to have more viral  

negative conversion rate over usual care during 

the early phase of treatment, although the final 4-

week conversion rate was equal18. Likewise, a 

clinical study showed that 90% of CQ treated 

patients achieved viral negative conversion on 

the tenth day19, highlighting engaging early viral 

eradication benefit of CQ. 

Front-line healthcare workers are at 

increased risk for SARS-CoV-2 infection20. The 

infection rate among this group was reported 

as high as 10-20%21,22. In the comprehensive 

COVID-19 pandemic management, the prevention 

of nosocomial transmission should therefore be 

concerned, besides complete cure and mortality 

reduction. Since high SARS-CoV-2 viral load, 

which contributed to the high infectivity in cell 

culture model23, was reported during the early 

phase of disease24, SARS-CoV-2 may easily spread 

to healthcare workers during early hospital 

admission. Using CQ to achieve early virological 

clearance within 48-72 hours can be the option 

to diminish in-hospital transmission. This early 

administration may also have additional treatment 

advantages, albeit uncertain clinical effectiveness. 

However, the appropriate dosage regimen is currently 

unknown, and under-dosing may be one factor 

contributing to ineffectiveness. 

Monte Carlo simulation (MCS) is a useful 

mathematical tool, which has widely been used 

for designing antibiotic regimens to improve 

treatment outcomes25,26. Our study, therefore, 

applied MCS to explore the optimal chloroquine 

phosphate (CQP) dosage regimens, which attain 

early virological clearance within 48-72 hours 

while preserving the lowest toxicity. 

 

2. MATERIALS AND METHODS 

 

2.1. Pharmacokinetics model 

 

A pharmacokinetic (PK) study with MCS 

was performed using PK data from the previously 

published population PK study27 (Table 1). Since 

there was no study in COVID-19, the population 

PK of CQ in adults with uncomplicated malaria27 

was used. A set of parameters was randomly generated 

according to each estimate and interindividual 

variability of the parameters. Previous data showed 

that CQ pharmacokinetic fit a two-compartment 

model with one transit compartment for absorption27. 

This model was used for whole blood concentration-

time profile simulations. 
 

Table 1. Population pharmacokinetic parameters of CQ used in Monte Carlo simulation27. 
 

          Parametersa Estimates IIVb 

          Ka (h-1)     2.0986 - 

          CL/F (L/h) 6.13 - 

          VC/F (L)                         468.00 - 

          VP/F (L)                       1600.00 20 

          Q/F (L/h)                           37.70 - 
a Ka is calculated from n+1/MTT, b Values expressed as coefficient variation (CV; %). CQ; chloroquine, IIV; interindividual 

variability, Ka; absorption rate constant, F; bioavailability, CL/F; total clearance, VC/F; volume of distribution for central 

compartment, VP/F; volume of distribution for peripheral compartment, Q/F; intercompartmental clearance, n; number of 

transit compartment, MTT; mean transit time. The ratio of metabolic clearance from CQ to desethylchloroquine to total 

clearance was fixed at 0.176. The F was fixed at 1. 
 

2.2. Pharmacodynamics model 

 

CQ exhibited promising in vitro activity 

against SARS-CoV-2 with low EC50
5,8,9, but there 

was no study reported a correlation between EC50 

and CQ concentration in human. Therefore, we 

simulated the minimum efficacious concentration 

based on the clinical study in COVID-19. According 

to the clinical study by Huang et al.19, 90% of 

COVID-19 patients who were given CQP 500 mg 

twice daily for 10 days had negative real-time 

polymerase chain reaction (RT-PCR) conversion 

on the tenth day. We simulated whole blood trough 

concentration (Ctrough) on the tenth day of a 90th 

percentile virtual subject, 4.98 μmol/L, as an 

indicator for efficacy. Considering safety limit, 

pharmacokinetic-pharmacodynamic (PK/PD) model 

based on pooled data of acute intentional CQ 

overdose suggested that whole blood concentration 

above 13 μmol/L (95% credible interval (CI) 10 to 

16) was associated with greater than 1% mortality28. 

These data were consistent with retrospective 

data from chronic CQ usage, which 80% of patients 

with whole blood concentration above 10±1.25 
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μmol/L reported adverse events29. Assuring the 

safety, we used the lowest reported adverse level, 

10 μmol/L, as an indicator for the toxicity. This 

toxicity cut-point were also used in several 

published PK modelings of CQ in COVID-1930,31. 

 

2.3. Monte Carlo simulation (MCS) 

 

A 10,000-subject MCS was performed using 

Crystal Ball 2017 (Decisioneering Inc., Denver, 

CO USA) .Log-normal distributions were evaluated 

for between-patient variability. Based on CQ linear 

pharmacokinetic behavior32,33, the probability of 

target attainment (PTA) was calculated as the 

percentage of all 10,000 estimates that achieve a 

pre-defined clinical target. Simulations were conducted 

for the previously proposed regimens in published 

guidelines34-38, regimen used in clinical studies10,19,39, 

and our designed regimens (Table 2), to evaluate 

both PTA of efficacy and toxicity. Dosage regimens 

that achieved the PTA of efficacy (PTAeff) ≥90% 

within the first 48-72 hours with the total lowest 

dose, while maintaining the PTA of toxicity 

(PTAtox) ≤1% were considered optimal.

 
Table 2. Chloroquine phosphate (CQP) dosage regimen for simulation10, 19, 34-39. 

 

Dosage regimens Recommended guidelines or clinical studies 

500 mg q12h for 5 days 

 Multicenter collaboration group of the department of sciences and 

technology and Health commission of Guangdong province 

 Thai department of disease control 

500 mg q12h for 7 days 

 National health commission and state of administration of traditional 

Chinese medicine 

 Gao J., et al. study 

500 mg q12h for 10 days 

 Multicenter collaboration group of the department of sciences and 

technology and Health commission of Guangdong province 

 Thai department of disease control 

 Italian society of infectious and tropical disease (Lombardy section) 

 Huang M., et al. study 

500 mg q12h on day 1-2  

then 500 mg q24h on day 3-7 
 National health commission and state of administration of traditional 

Chinese medicine 

750 mg q12h on day 1  

then 750 mg q24h on day 2-5  Borba M., et al. study 

1,000 mg q12h for 10 days 

1,000 mg q24h on day 1 

then 500 mg q24h on day 2-7 
 The U.S. food and drug administration (FDA) 

1,000 mg then 500 mg after 12h on day 1 then 

500 mg BID on day 2-5 
 Dutch center of disease control 

750 mg q6h on day 1-2  

then 500 mg q12h on day 3-10 

 Our designed regimens 

1,000 mg q8h on day 1-2 then 

500 mg q12h on day 3-10 

500 mg q6h on day 1-3 then  

500 mg q12h on day 4-10 

750 mg q8h on day 1-3 then 

500 mg q12h on day 4-10 

 

3. RESULTS 

 

Simulated whole blood CQ concentration-

time profiles for the previously proposed regimens 

in published guidelines, regimens used in clinical 

studies, and our designed regimens are shown in 

Figures 1 and 2. The PTA for the efficacy and 

toxicity of all simulated regimens are summarized 

in Table 3. Regarding the efficacy, besides the 

highest proposed dosage regimen of CQP 1,000 mg 

every 12 hours for 10 days, the other previously 

proposed regimens could not achieve ≥90% PTAeff 

during the treatment course. The highest proposed 

dosage regimen has achieved 98.31% PTAeff since 

the fourth day and maintained above 90% afterward. 

The reference dosage regimen, CQP 500 mg every 

regimens, loading doses of CQP 750 mg every 6 

hours or 1000 mg every 8 hours for two consecutive 

days, followed by maintenance doses of 500 mg 

every 12 hours for 8 days, achieved almost 100 %

PTAeff on the second day. Other designed regimens 

with lower loading doses of 500 mg every 6 hours 
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Figure 1. The whole blood chloroquine concentration time profile of the previously proposed regimens in published guidelines and 

clinical studies. Horizontal dash line indicates the minimum efficacious concentration (4.98 μmol/mL), and bold line 

indicates the maximum toxicity concentration (10.00 μmol/mL). 

 
 

 
 
 

Figure 2. The whole blood chloroquine concentration time profile of our designed regimens. Horizontal dash line indicates the 

minimum efficacious concentration (4.98 μmol/mL), and bold line indicates the maximum toxicity concentration 

(10.00 μmol/mL). 
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or 750 mg every 8 hours for 3 consecutive days, 

followed by maintenance doses of 500 mg every 

12 hours for 7 days, achieved ≥90% PTAeff later 

on the third day. 

In terms of toxicity, all previously proposed 

regimens had PTAtox below 1% throughout the 

treatment course, except the regimen with CQP 

1,000 mg every 12 hours for 10 days, which yielded 

≥1% PTAtox on the fourth day and increased 

continuously afterward. Focusing on our designed 

regimens, PTAtox of at least 1% was observed 

only with the regimen with a loading dose of 

1,000 mg every 8 hours for 2 consecutive days, 

which attained 9.82% and 2.00% on the third and 

tenth day, respectively. 

 

4. DISCUSSION 

 

The number of patients infected with 

SARS-CoV-2 has been increasing worldwide. 

Although most of the patients were classified as 

a mild disease, approximately 15-20% were 

severe requiring admission to intensive care unit 

(ICU)40-42. Previous clinical data suggested that 

severe COVID-19 patients had up to 60 times 

higher respiratory sample viral load than those 

with mild disease24,43,44. The viral load was higher 

during early and progressive phases compared to 

the recovery phase24, and its high viral load was 

associated with high infectivity in cell culture 

model23, indicated that SARS-CoV-2 could be 

more easily transmittable during early admission. 

Front-line healthcare workers, who required close 

personal exposure, had at least 3-fold increased 

risk for SARS-CoV-2 infection compared to the 

general community20. The infection rate among 

this group was reported as high as 10-20% in several 

cross-sectional studies21,22. Since these data highlighted 

the importance of an early virological clearance, 

antiviral treatment in COVID-19 should rapidly 

achieve the PK/PD target, particularly in patients 

with severe disease, to prevent the transmission 

to front-line healthcare worker. 

In our Monte Carlo simulations, we found 

that among the previously proposed dosage regimens, 

only the highest dosage regimen, CQP 1,000 mg 

every 12 hours for 10 days, could achieve ≥90% 

PTAeff during the treatment course (Table 3). This 

indicates that most of the regimens that have been 

used may not attain virological clearance, likely 

contributing to doubtful effectiveness of CQ. 

However, our result was inconsistent with the 

clinical study by Borba et al., which only 22.2% 

of CQ treated patients attained viral negative 

conversion on the fourth day. This discrepancy 

could be explained because they included only a 

small number of nasopharyngeal and/or oropharyngeal 

samples (27/81 patients; 33.33%). Moreover, 

these samples were collected from patients irrespective 

of their treated dosage regimens39. Thus, the 

reported conversion rate might not adequately 

represent the effectiveness of the highest dosage 

regimen. Regarding the toxicity, our simulation 

found that the highest proposed dosage regimen 

also reached above 1% PTAtox on the fourth day 

(Table 3). The PTAtox on the fourth day of the 

highest proposed dosage regimen was 2.13%, 

which was much lower than the incidence of 

prolonged QTc interval and ventricular tachycardia 

(15%) reported in the clinical study39. This difference 

might be explained by the fact that most patients 

in the clinical study were concurrently treated 

with the known QTc prolonging agents, such as 

azithromycin, and oseltamivir, causing pharma-

codynamic interactions with CQ and increased 

cardiac adverse events. Taken together, we 

admitted that more clinical studies are required 

to prove benefit of CQ on SARS-CoV-2 clearance.  

However, due to its extremely low PTAeff from 

our simulations, we suggested that all lower 

proposed dosage regimens besides CQP 1,000 

mg every 12 hours, should not be used in further 

conducted clinical studies. 

Focusing on potential benefit of an early 

virological clearance, we designed our regimens 

to achieved PK/PD target earlier within the first 

48-72 hours. Our simulations suggested that 

large amount of loading dose was required for 

early achievement of efficacy target above 90%. 

CQP regimens with a loading dose of at least 3 g 

per day for two consecutive days rapidly reach 

efficacy at 48 hours, while a loading dose of at 

least 2 g per day for 3 consecutive days reached 

the target later at 72 hours (Table 3). Although 

these loading doses were much higher than 

previously proposed regimens, several in vitro 

studies5,8,9 have unveiled the increase of inhibition 

percentage as the CQ concentration risen, 

indicated the concentration-dependent manner 

against SARS-CoV-2. Moreover, our pre-defined 

PK/PD target was obtained from the clinical study19, 

which CQ treated patients had successful viral 

negative conversion. Therefore, early PK/PD target 

achievement with these high loading doses could 

early attain virological clearance. Regarding the 

toxicity, our simulations have unveiled the impact 

of dose frequently on the probability of toxicity. 

CQP regimens with a loading dose of 3 g per day, 

given 1000 mg every 8 h for two consecutive days 

reached 2% PTAtox on the tenth day, while more 
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Table 3.  PTAs at targeted pharmacodynamic surrogate indices for efficacy (Ct rough≥4.98 μmol/mL) and safety 

(Cpeak≥10 μmol/mL) during the treatment course of CQ. 

 

CQ phosphate dosage regimens PTA (%) 
Day of therapy 

Day 2 Day 3 Day 4 Day 5 Day 7 Day 10 

Previously proposed regimens 

500 mg q12h for 5 days 
PTAeff   0.00   0.00   0.00   0.02   0.00   0.00 

PTAtox   0.00   0.00   0.00   0.00   0.00   0.00 

500 mg q12h for 7 days 
PTAeff   0.00   0.00   0.01   0.03 13.52   0.00 

PTAtox   0.00   0.00   0.00   0.00   0.29   0.00 

500 mg q12h for 10 days 
PTAeff   0.00   0.00   0.00   0.02 13.84 89.98 

PTAtox   0.00   0.00   0.00   0.00   0.00   0.00 

500 mg q12h on day 1-2 

then 500 mg q24h on day 3-7 

PTAeff   0.00   0.00   0.00   0.00   0.00   0.00 

PTAtox   0.00   0.00   0.00   0.00   0.00   0.00 

750 mg q12h on day 1 

then 750 mg q24h on day 2-5 

PTAeff   0.00   0.00   0.00   0.00   0.00   0.00 

PTAtox   0.00   0.00   0.00   0.00   0.00   0.00 

1,000 mg q24h on day 1 

then 500 mg q24h on day 2-7 

PTAeff   0.00   0.00   0.00   0.00   0.00   0.00 

PTAtox   0.00   0.00   0.00   0.00   0.00   0.00 

1,000 mg q12h for 10 days 
PTAeff   0.04 52.13 98.31  100.00  100.00  100.00 

PTAtox   0.00   0.00   2.13 43.00 99.04  100.00 

1,000 mg then 500 mg after 12h on day 

1 then 500 mg q12h on day 2-5 

PTAeff   0.00   0.00   0.00   0.18   0.00   0.00 

PTAtox   0.00   0.00   0.00   0.00   0.00   0.00 

Our designed regimens 

750 mg q6h on day 1-2 

then 500 mg q12h on day 3-10 

PTAeff  100.00 61.95 76.66 90.16 98.91 99.98 

PTAtox   0.00   0.00   0.00   0.00   0.01   0.66 

1,000 mg q8h on day 1-2 

then 500 mg q12h on day 3-10 

PTAeff 99.99 83.32 87.77 95.23 99.57 99.99 

PTAtox   0.14   9.82   0.00   0.01   0.14   2.00 

500 mg q6h on day 1-3 

then 500 mg q12h on day 4-10 

PTAeff   3.46 94.37 49.23 70.00 95.59 99.91 

PTAtox   0.00   0.00   0.00   0.00   0.00   0.16 

750 mg q8h on day 1-3 

then 500 mg q12h on day 4-10 

PTAeff 21.11 99.21 76.35 88.44 98.51 99.99 

PTAtox   0.00   0.01   0.00   0.00   0.02   0.68 

PTA, probability of target attainment; C trough, minimum chloroquine whole blood concentration; Cpeak, maximum 

chloroquine whole blood concentration; CQ, chloroquine; PTAeff, PTA for efficacy; PTAtox, PTA for toxicity. 

 

frequent regimens of 750 mg every 6 h for two 

consecutive days had lower PTA tox at 0.66%. 

Similarly, lower loading dose of 2 g per day, given 

500 mg every 6 h for 3 consecutive days, had even 

lower PTAtox at 0.16% on the tenth day (Table 3). 

These emphasized the finding from previous PK 

study that lower dosage each time resulted in 

lower peak blood concentration31, which consequently 

contributed to lower PTAtox. Thus, among the 

regimens with the same total amount of loading 

dose per day, the more frequent regimen appears 

to be more favorable. 

Our simulations also suggested that 

regimens with high loading dose (2-3 g CQP per 

day) were likely safe, as shown by their low 

PTAtox (Table 3). The previous intentional CQ 

overdose study45 showed that the highest ingested 

dose that caused no clinical cardiac symptoms or 

severe EKG abnormality was 2.25 g CQ base 

(3.75 g CQP). Likewise, the clinical study in 

COVID-19 by Borba et al.39 found that patients 

who developed QTc prolongation (QTc interval 

more than 500 milliseconds) and ventricular 

tachycardia (11/73 patients) had mean cumulated 

CQP dosage of approximately 3.5 g. These adverse 

events occurred during the first four days of CQ 

treatment. Nevertheless, as discussed earlier, most 

patients were concurrently treated with known 

QTc prolonging agent. Also, the causation between 

cumulated CQ dosage and incidence of adverse 

events has not been evaluated. Our simulations 

using peak blood concentration as toxicity cut-

point, which highly correlated with mortality 

rate28,46, might be more appropriate for assessing 

the safety of CQ dosage regimens. Therefore, our 

designed dosage regimens with high loading 
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dose could be safe options for achieving early 

virological clearance in COVID-19. However, since 

these high dosage regimens have never been 

evaluated in the clinical study, patients should 

be closely monitored, particularly during the first 

four days of concurrent treatment with other 

known QTc prolonging agents. 

In summary, since recent clinical studies 

confirmed that HCQ, a hydroxyl analogue of 

CQ, showed no additional benefit on mortality 

reduction11-13 or improving clinical COVID status14-16 

to usual care, CQ might consequently not secure the 

position as an antiviral treatment for COVID-19. 

Our simulations, therefore, did not intend to 

propose treatment regimens of CQ for COVID-19. 

However, its promising in vitro efficacy6,8,9 

and viral clearance benefit in clinical tr ial19 

emphasized the possible usage for early achievement 

of virological clearance. We therefore simulated 

regimens with high loading dose for early attainment 

of virological clearance to reduce in-hospital 

transmissions. Our designed dosage regimens might 

not be the best optimized regimens. However, 

they were based on the best available in vitro and 

clinical data. Further clinical studies are still required 

to prove viral clearance benefit and safety of our 

designed regimen. 

Limitations of this study are as follows. 

1) since our selected population PK study did not 

find any covariate in the final model27, we did not 

evaluate the impact of important factors, such as 

body weight and renal or liver impairment on the 

whole blood concentration, 2) due to the lack of 

population PK studies in COVID-19, we assumed 

same physiologic properties between uncomplicated 

malaria and COVID-19 populations. Disease severity 

may affect the PK of the drug, especially in critically 

ill patient, which the alteration in volume of 

distribution and clearance may affect the drug 

concentration47, 3) our pre-defined concentration 

targets were based on blood concentration. We 

did not simulate drug levels in the peripheral 

tissues. However, since preclinical data suggested 

that CQ concentration in lung tissue was much 

higher (11.8-450.0 times) than plasma48, adequate 

blood concentration would provide sufficient 

lung tissue concentration. Therefore, our results 

might be applicable to this site of infection, 

4) we did not evaluate the effect of drug-drug 

interaction on either drug concentration or possible 

increased toxicities. The combination of known 

QT-prolonging agents should be careful considered, 

particularly in patient with underlying cardiac 

conditions or concurrently treated with possible 

CQ interacting agents. 

5. CONCLUSIONS 

Our study indicated that large amount of 

CQP loading dose might be necessary to attain 

early virological clearance within 48-72 hours. 

We also recommended regimen with loading 

doses of 500 mg every 6 hours for 3 consecutive 

days, followed by maintenance doses of 500 mg 

every 12 hours for 7 days. However, this regimen 

should be further evaluated in clinical studies. 
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