
Molnupiravir clinical trial simulation suggests that polymerase chain 1 

reaction underestimates antiviral potency against SARS-CoV-2 2 
 3 

 4 
Authors 5 

Shadisadat Esmaeili1*, Katherine Owens1, Joseph F. Standing2,3, David M. Lowe4,5, Shengyuan 6 
Zhang2, James A. Watson6,7, William H. K. Schilling7,8, Jessica Wagoner9, Stephen J. Polyak9, 7 

Joshua T. Schiffer1,10 8 
 9 
Affiliations  10 
1 Vaccine and Infectious Disease Division, Fred Hutchinson Cancer Center; Seattle, WA, USA. 11 
2 Infection, Immunity and Inflammation, Great Ormond Street Institute of Child Health, University  12 

College London, London, UK 13 
3 Great Ormond Street Hospital for Children NHS Trust, London, UK 14 
4 Department of Clinical Immunology, Royal Free London NHS Foundation Trust, London, UK 15 
5 Institute of Immunity and Transplantation, University College London, London, UK 16 
6 Infectious Diseases Data Observatory, Oxford, UK 17 
7 Centre for Tropical Medicine and Global Health, Nuffield, Department of Medicine, University of 18 

Oxford, Oxford, UK 19 
8 Mahidol Oxford Tropical Medicine Research Unit, Bangkok, Thailand 20 
9  Department of Laboratory Medicine & Pathology, University of Washington; Seattle, WA, USA 21 
10 Department of Medicine, University of Washington; Seattle, WA, USA. 22 
 23 

*Corresponding Author: sesmaeil@fredhutch.org 24 

 25 

  26 

 . CC-BY-NC 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted January 6, 2025. ; https://doi.org/10.1101/2024.11.21.24317726doi: medRxiv preprint 

NOTE: This preprint reports new research that has not been certified by peer review and should not be used to guide clinical practice.

mailto:sesmaeil@fredhutch.org
https://doi.org/10.1101/2024.11.21.24317726
http://creativecommons.org/licenses/by-nc/4.0/


Abstract 27 
 28 
Molnupiravir is an antiviral medicine that induces lethal copying errors during SARS-CoV-2 29 
RNA replication. Molnupiravir reduced hospitalization in one pivotal trial by 50% and had 30 
variable effects on reducing viral RNA levels in three separate trials. We used mathematical 31 
models to simulate these trials and closely recapitulated their virologic outcomes. Model 32 
simulations suggest lower antiviral potency against pre-omicron SARS-CoV-2 variants than 33 
against omicron. We estimate that in vitro assays underestimate in vivo potency 7-8 fold against 34 
omicron variants. Our model suggests that because polymerase chain reaction detects 35 
molnupiravir mutated variants, the true reduction in non-mutated viral RNA is underestimated by 36 
~0.5 log10 in the two trials conducted while omicron variants dominated. Viral area under the 37 
curve estimates differ significantly between non-mutated and mutated viral RNA. Our results 38 
reinforce past work suggesting that in vitro assays are unreliable for estimating in vivo antiviral 39 
drug potency and suggest that virologic endpoints for respiratory virus clinical trials should be 40 
catered to the drug mechanism of action. 41 
 42 
 43 
 44 
 45 
 46 
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Introduction 49 
 50 
Molnupiravir is an antiviral prodrug that induces errors in the SARS-CoV-2 genome, which 51 
typically renders the virus unable to replicate further.1 In the randomized double-blinded MOVe-52 
OUT trial, which enrolled unvaccinated individuals when delta, mu, and gamma variants of 53 
concern (VOC) were circulating, molnupiravir reduced hospitalization by 50% and viral load 54 
after treatment (day 5) by 0.3 log relative to placebo.2 In the platform adaptive PANORAMIC 55 
trial, which enrolled vaccinated individuals when omicron VOCs were circulating, 56 
hospitalization rates were only 1% in both arms, but molnupiravir lowered viral load after 57 
treatment by 0.94 log10 relative to usual care.3 In the adaptive platform trial PLATCOV, which 58 
enrolled low-risk individuals when omicron VOCs were circulating, molnupiravir lowered viral 59 
load after treatment by 1.09 log relative to usual care.4 Taken together, these trials demonstrate 60 
that molnupiravir has both clinical and virologic efficacy which varied across trials and viral 61 
variants.  62 
 63 
Overall, use of molnupiravir has been lower than that of nirmatrelvir / ritonavir based on lower 64 
reduction in hospitalization in MOVe-OUT relative to the EPIC-HR trial for nirmatrelvir / 65 
ritonavir.5 A concern has also been raised that molnupiravir’s mechanism of action could 66 
generate novel mutants that persist after cessation of treatment,6 and then spread in the 67 
population.7 Nevertheless, the PANORAMIC and PLATCOV trial results suggest high potency, 68 
and molnupiravir is still considered in individuals in whom nirmatrelvir / ritonavir is 69 
contraindicated and in combination with other drugs in immunocompromised hosts.8, 9 There is 70 
currently no explanation for the disparate antiviral effects in MOVe-OUT versus PANORAMIC 71 
and PLATCOV. Moreover, the fact that polymerase chain reaction (PCR) detects drug-altered 72 
viral RNA molecules6 has not been considered in the analysis of trial outcomes. A study in ferrets 73 
highlights the potential importance of this effect: while molnupiravir and nirmatrelvir / ritonavir 74 
dramatically lowered levels of infectious SARA-CoV-2 titers, only nirmatrelvir / ritonavir 75 
lowered total viral RNA levels.10 76 
 77 
We previously used clinical trial simulation to reproduce results from nirmatrelvir / ritonavir 78 
trials for SARS-CoV-2.11, 12 We first validated a viral immune dynamic model (VID) against a 79 
very large prospective cohort of infections that included multiple VOCs.12 We used sets of model 80 
parameters that reflect diverse virologic output to create simulated cohorts for the control arms of 81 
trials. We then integrated pharmacokinetic (PK) and pharmacodynamic (PD) models for 82 
nirmatrelvir / ritonavir with the VID models to simulate treatment arms.11 This approach 83 
recapitulated mean viral load reduction in the EPIC-HR and PLATCOV trials, as well as 84 
individual viral load trajectories in PLATCOV. The validated model was then used to explain the 85 
high frequency of virologic and concurrent symptomatic rebound with use in the community,13 86 
despite very low levels of virologic and symptomatic rebound in the EPIC-HR trial.14, 15 Model 87 
output suggests that extending therapy from 5 to 10 days would nearly eliminate rebound,11 a 88 
result confirmed with modeling of separate data.16 89 
 90 
Here we expand this approach to develop a new joint VID-PK-PD model to account for the 91 
unique mechanism of action of molnupiravir. We fit the model to results from the MOVe-OUT, 92 
PLATCOV and PANORAMIC trials. Our results suggest that quantitative viral PCR likely 93 
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underestimates the reduction in non-mutated viral RNA and therefore the true potency of 94 
molnupiravir during omicron infections. 95 
  96 
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Results 97 
 98 
Viral immune dynamic, pharmacokinetic and pharmacodynamic clinical trial simulation 99 
models.  100 
We previously described our viral immune dynamic (VID) model that was fit to diverse serial 101 
viral loads from 1510 SARS-CoV-2 infected individuals in the National Basketball Association 102 
cohort.12, 17 The model assumes a finite number of susceptible cells and an eclipse phase delays 103 
viral production by infected cells. In keeping with an early innate immune response, susceptible 104 
cells become refractory to infection in the presence of infected cells but also revert to a 105 
susceptible state at a constant rate. Infected cells are cleared by cytolysis and delayed acquired 106 
immunity, which is activated in a time-dependent fashion (Fig 1a). We used a mixed-effect 107 
population approach implemented in Monolix to estimate model parameters.18 108 
 109 

 110 
Fig 1. Schematic of the viral dynamic model and molnupiravir PK-PD model. (a) In the viral 111 
dynamic model, S represents the susceptible cells, 𝐼𝐸  is the eclipse infected cells, 𝐼𝑃 is the productively 112 
infected cells, V is the non-mutated viruses, and Vm is the mutated viruses as a result of treatment. The 113 
productively infected cells are cleared by early and late T cell-mediated immune response at rates 𝛿 and 114 
𝑚(𝑡). 𝛽 is the infectivity rate, 𝜙 is the rate of conversion of susceptible cells to refractory cells, and 𝜌 is 115 
the rate of reversion of the refractory cells to susceptible cells. productively infected cells produce viruses 116 
at the rate 𝜋, and free viruses are cleared at the rate 𝛾. (b) Two-compartmental PK model with oral 117 
administration of the drug which models the amounts of the drug in gut tissue (AGI), plasma (AP), and the 118 
respiratory tract (AL). 𝜅𝑎  is the rate of absorption of the drug from gut to plasma, 𝜅𝑃𝐿 and 𝜅𝐿𝑃 are the rates 119 
of transfer of the drug from plasma to the respiratory tract and back, and 𝜅𝐶𝐿is the rate at which the drug 120 
clears from the body. Vol is the estimated plasma volume and 𝐶𝑃  is the concentration of the drug in 121 
plasma. 𝜖(𝐶𝑃) is the efficacy of the drug in converting produced viruses into mutated viruses.  122 
 123 
To reproduce levels of molnupiravir, we used a two-compartment pharmacokinetic (PK) model 124 
(Fig. 1b). Using Monolix and the mixed-effect population approach, we estimated parameter 125 

 . CC-BY-NC 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted January 6, 2025. ; https://doi.org/10.1101/2024.11.21.24317726doi: medRxiv preprint 

https://www.nature.com/articles/s41467-024-49458-9#Fig1
https://doi.org/10.1101/2024.11.21.24317726
http://creativecommons.org/licenses/by-nc/4.0/


values by fitting the model to the average plasma concentration of healthy subjects.19 The model 126 
closely recapitulated observed drug levels following multiple doses of 50, 100, 200, 300, 400, 127 
600, and 800 mg given twice daily for five days (Fig S1, Table S1). The estimated value for the 128 
transition rate from plasma to peripheral compartment (𝜅𝑃𝐿) was dose-dependent in the form of 129 
𝜅𝑃𝐿 = 𝜅𝑃𝐿,1𝐷𝑜𝑠𝑒𝛼. All other PK parameters were dose independent. For the pharmacodynamic 130 
(PD) model, we assumed drug efficacy follows a Hill equation with respect to concentration. We 131 
parameterized the model using in vitro efficacy data collected at different concentrations (details 132 
in Materials and Methods, Fig S2, Table S2).20 133 

We combined the VID and PKPD models by using treatment efficacy to convert non-mutated 134 
virus to mutated virus, both of which are assumed to be detected with polymerase chain reaction 135 
(PCR) assays, given the low probability of drug-induced mutations in the PCR primer region. 136 
This assumption is based on the observed drug-induced mutation rate of approximately 1 137 
mutation per 2000 base pairs.21 Given the average length of most PCR primers of ~25 base pairs, 138 
the chance of the primer remaining unmutated after treatment is (1999/2000)25, or 98.76%. A 139 
limitation of viral load data from the included clinical trials is that it lacks early pre-symptomatic 140 
endpoints to estimate the viral expansion slope. To further train the model, we included omicron-141 
infected participants from the NBA cohort (n=1023) to inform rates of viral upslope in the 142 
trials.12 We first fit the combined model to individual viral load data from 149 low-risk, 143 
symptomatic vaccinated participants infected with omicron VOCs in the PLATCOV trial (65 144 
treated and 84 controls) and from 80 high-risk, symptomatic vaccinated participants infected 145 
with omicron VOCs in the PANORAMIC trial (38 treated and 42 controls) (Fig 2a, 2b, Fig S3, 146 
S4, S5, S6). We next fit the combined model to trial endpoint data (mean viral load drop from 147 
baseline) reported in three randomized, controlled trials: PLATCOV (Fig 3a, 4a-d),4 148 
PANORAMIC (Fig 3b, 4e-h),3 and the MOVe-OUT trial with 1093 high-risk unvaccinated 149 
symptomatic individuals infected with pre-omicron VOCs (549 treated + 544 placebo, Fig 3c, 4i-150 
k).2  All model fitting was performed using Monolix with non-linear mixed effects approaches 151 
described in the Materials and Methods. 152 

 . CC-BY-NC 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted January 6, 2025. ; https://doi.org/10.1101/2024.11.21.24317726doi: medRxiv preprint 

https://www.nature.com/articles/s41467-024-49458-9#MOESM1
https://www.nature.com/articles/s41467-024-49458-9#MOESM1
https://www.nature.com/articles/s41467-024-49458-9#MOESM1
https://www.nature.com/articles/s41467-024-49458-9#MOESM1
https://www.nature.com/articles/s41467-024-49458-9#MOESM1
https://doi.org/10.1101/2024.11.21.24317726
http://creativecommons.org/licenses/by-nc/4.0/


 153 

Fig 2. Mathematical model fits of SARS-CoV-2 viral load over time to a subset of study participants 154 
in PLATCOV and PANORAMIC receiving no treatment (control) or molnupiravir. (a) Model fits 155 
to 9 control and 9 treatment participants in PLATCOV. (b) Model fits to 9 control and 9 treatment 156 
participants in PANORAMIC. (c) Individual estimates for potency adjustment factor (ratio of in vivo : in 157 
vitro EC50) in the two trials (center line, median; box limits, upper and lower quartiles; whiskers, 158 
1.5x interquartile range). The statistical comparison was performed using Mann-Whitney U-test. 159 

Model fitting to individual viral load trajectories in PLATCOV and PANORAMIC.  160 
For each participant, we defined the in vivo EC50 as the plasma drug concentration required to 161 
inhibit viral replication by 50% and the potency adjustment factor (paf) as the ratio between the 162 
in vivo and in vitro EC50.22, 23 To estimate the paf, we fit the combined VID-PKPD model to 163 
individual viral load data from both arms of the PLATCOV and PANORAMIC trials, as well as 164 
omicron infected individuals in the NBA cohort using the population mixed effect approach in 165 
Monolix.  We achieved good model fit to individual viral load trajectories in the control and 166 
treatment arms of PLATCOV (Fig 2a, Fig S3, S4) and PANORAMIC (Fig 2b, S5, S6). The 167 
model projected higher levels of total detected SARS-CoV-2 RNA in most participants relative to 168 
non-mutated viral RNA (Fig 2a,b). We estimated a range of individual paf values with similar 169 
mean and median values estimated for both trials (Fig 2c). These values suggest that in vivo 170 
potency of molnupiravir is on average 7-8 fold higher than estimates based on in vitro data. Each 171 
participant had an estimated paf less than one indicating that enhanced potency in vivo is 172 
necessary to accurately model the data. 173 
 174 
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 175 
Figure 3. Mean viral load reduction in three trials which are targets for model fitting: (a) 176 
PLATCOV, including individuals with no prior risk factor infected by omicron variant, and enrolled 177 
within 96 hours of symptom onset, (b) PANORAMIC, including individuals with prior risk factor 178 
infected by omicron variant, and enrolled on average 2.5 days since symptom onset, and (c) MOVe-OUT, 179 
including high-risk, unvaccinated individuals, infected by delta, mu, and gamma variants, and enrolled 180 
within five days of symptom onset.   181 
 182 
Model fit to trial virologic endpoint data from PLATCOV, PANORAMIC, and MOVe-183 
OUT. 184 
As a second approach, we assessed whether a virtual cohort strategy where control participants 185 
are modeled using estimated parameter values from pre-existing cohorts can predict virologic 186 
trial endpoints. This approach is necessary for situations where individual viral load data are not 187 
available as with MOVe-OUT and demonstrates that the model can reproduce the primary 188 
virologic endpoint of each study. We simulated virtual cohorts using the combined VID-PKPD 189 
model and fit results to viral load decay from baseline in the three trials. For each trial arm, we 190 
randomly selected 400 individuals from the NBA cohort with the closest matching viral variant, 191 
symptom, and vaccine status and used their estimated individual viral dynamic parameters in 192 
simulations. To address variability in timing of baseline viral load measurement relative to 193 
infection, we randomly assigned all individuals an incubation period selected from a variant-194 
specific gamma distribution found in the literature.24, 25 Treatment start day was randomly 195 
selected from a distribution based on observed enrollment windows in the three trials. Due to the 196 
lack of individual PK data, the same estimated population PK parameters were used for all 197 
simulated treated individuals (Table S1). PD parameters were randomly selected from a log-198 
normal distribution with estimated mean and standard error from in vitro assay results (Table 199 
S2).  200 
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Our model closely reproduced kinetics of viral decay in the PLATCOV control (Fig 3a, 4a) and 201 
treatment arms (Fig 3a, 4b) and estimated a paf=0.13 (Fig 4c) similar to our mean estimate using 202 
individual fits (Fig 2c). The model also predicted individual-level variability in virologic 203 
responses observed in PLATCOV, including instances of increased viral load following therapy 204 
(Fig 4d). We compared simulated and actual distributions of viral load change among trial 205 
participants in the control and treatment arms. On most post-treatment days, simulated and actual 206 
distributions were not statistically dissimilar. Wider distributions of observed versus simulated 207 
viral load change were noted on post-randomization days 1 and 2 for control and treatment (Fig 208 
4d), likely due to noise in viral load data from oral swabs: differences of 1–2 logs were often 209 
noted between replicates collected from PLATCOV participants at equivalent timepoints, 210 
particularly on days 1 and 2.11 211 
 212 

 213 
Figure 4. Model fit to virologic trial outcomes for (a-d) PLATCOV, (e-h) PANORAMIC, (i-k) 214 
MOVe-OUT. Results include (a, e, i) control groups, (b, f, j) treatment groups, (d,h) comparing 215 
individual variability of data vs simulation in control and treatment arms, and (c, g, k) estimate for 216 
potency adjustment factor. To only capture the effect of treatment and address potential identifiability 217 
issues, data from the first seven days after baseline were used to estimate the paf. Therefore, the crossed-218 
out data points were not included in the calculation of the R2. 219 
 220 
Similarly, our model closely reproduced kinetics of viral decay in PANORAMIC in control (Fig 221 
3b, 4e) and treatment arms (Fig 3b, 4f) and estimated a paf=0.19 (Fig 4g) similar to our mean 222 
estimate using individual fits (Fig 2c). The model also predicted individual-level variability in 223 
virologic responses observed in PANORAMIC, including instances of increased viral load 224 
following therapy (Fig 4h). We compared simulated and actual distributions of viral load change 225 
among trial participants in the control and treatment arms. On all post-treatment days other than 226 
day 2 control, simulated and actual distributions were not statistically dissimilar (Fig 4h). This 227 
likely indicates less noise in viral load data from nasopharyngeal swabs collected in 228 
PANORAMIC relative to oral swabs in PLATCOV. 229 
 230 
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Finally, the model reproduced kinetics of viral decay in MOVe-OUT in control (Fig 4i) and 231 
treatment arms (Fig 4j) but estimated a higher paf=2.64 (Fig 4k). The higher paf maps to the far 232 
less substantial viral load reduction in MOVe-OUT relative to the other two trials which in turn 233 
might be explained by less potency against pre-omicron variants which has been observed 234 
experimentally.26 235 
 236 
As a further validation step, we performed counterfactual simulations which assess viral kinetics 237 
of control study participants assuming treatment and treatment participants assuming 238 
placebo/usual care. Counterfactual control simulations slightly overestimated late viral loads for 239 
PLATCOV (Fig S7a) and PANORAMIC (Fig S8a). This may be because therapy suppresses 240 
acquired immune responses, which is not captured in our model.16 Counterfactual treatment 241 
simulations fit the data well for PLATCOV (Fig S7b) and PANORAMIC (Fig S8b). Simulations 242 
occasionally predicted viral rebound following treatment (Fig S7c,d and S8c,d). 243 
 244 
 245 

 246 
Figure 5. PCR underestimates the true reduction in non-mutated SARS-CoV-2 RNA in PLATCOV 247 
and PANORAMIC. Simulated mean viral loads including non-mutated viral RNA in (a) PLATCOV, (b) 248 
PANORAMIC and (c) MOVe-OUT. (d) Individual reduction at day 5 in the simulated control group 249 
(blue), simulated total viral RNA (grey) and simulated non-mutated viral RNA (pink) in the three trials 250 
showing no statistical difference between total and non-mutated viral RNA despite a lower median. (e) 251 
Individual viral area under the curve from the start of the treatment through day 5 in the simulated control 252 
group (blue), simulated total viral RNA (grey), and simulated non-mutated viral RNA (pink) in the three 253 
trials showing a statistical difference between total and non-mutated viral RNA. Boxplots include the 254 
interquartile range (IQR) with whiskers equaling 1.5 the IQR. (f) Table of mean viral load reductions in 255 
the trials and simulations including the predicted mean difference in total versus mutated viral RNA. 256 
 257 
Estimates of reduction in fully mutated viruses versus non-mutated SARS-CoV-2 RNA.  258 
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We used our optimized model with solved paf to project the trajectory of non-mutated viral RNA 259 
during treatment relative to values measured with PCR, which detects viral RNA with drug-260 
induced mutations.6 In PLATCOV (Fig 5a,d,f) and PANORAMIC (Fig 5b,d,f), owing to higher 261 
drug potency, total SARS-CoV-2 viral RNA on treatment exceeded non-mutated viral RNA by 262 
~0.48 and 0.59 log respectively, suggesting that measured endpoints underestimate the drug’s 263 
true antiviral effect. However, these differences did not achieve statistical significance, perhaps 264 
because estimated total and non-mutated viral RNA levels converge at drug trough. In MOVe-265 
OUT (Fig 5c,d,f), there was no significant difference between total SARS-CoV-2 viral RNA on 266 
treatment and non-mutated viral RNA.  267 
 268 

 269 
Figure 6. Relationship of drug pharmacokinetics and pharmacodynamics to in vivo potency and 270 
viral load reduction, comparing trial design. (a) Molnupiravir plasma concentration during five days of 271 
treatment with 800 mg molnupirvir given twice daily. The dashed lines mark the EC50 with different paf 272 
values which differ by trial. For paf = 0.13, drug levels are almost entirely above the EC50. (b) Dynamic 273 
shifts in molnupiravir efficacy for different paf values which differ by trial. Efficacy only drops minimally 274 
at trough levels when paf is low (i.e. 0.14 and 0.13 in PLATCOV and PANORAMIC) but drops 275 
significantly at trough levels in MOVe-OUT. (c) Drug potency of SARS-CoV-2 antivirals according to 276 
trial. The in-vivo efficacy of molnupiravir in PLATCOV and PANORAMIC trials is close to the in vivo 277 
efficacy of nirmatrelvir/ritonavir in the PLATCOV trial and higher than EPIC-HR. MOVe-OUT potency 278 
is significantly lower due to a higher paf and higher in vivo EC50 value. (d)  Simulated mean drops in 279 
total viral RNA from baseline relative to counterfactual placebo/usual care arms on day 5 in the three 280 
molnupiravir trials and two nirmatrelvir/ritonavir trials. (e)  Simulated mean drops in non-mutated viral 281 
RNA from baseline relative to counterfactual placebo on day 5 in the three molnupiravir trials and two 282 
nirmatrelvir/ritonavir trials. In the molnupiravir trials, total viral RNA drops less than non-mutated viral 283 
RNA due to PCR detection of drug-mutated viral RNA. Total possible reduction in non-mutated SARS-284 
CoV-2 RNA is less for MOVe-OUT than PLATCOV and PANORAMIC due to higher initial viral loads 285 
and lower values of detection in the trials. 286 
 287 
In all 3 trials, the models suggest that non-mutated viral loads during treatment may be lowest at 288 
drug peak, reflecting the short plasma half-life of molnupiravir. Therefore, the cumulative effect 289 
of drug is best estimated with viral area under the curve (AUC) which accounts for highly 290 
variable drug activity over time due to short drug half-life. By this estimate, the reduction in non-291 
mutated viral RNA far exceeds that of total measured viral RNA (Fig 5e). In the case of MOVe-292 
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OUT, this may explain why significant clinical benefit is associated with only a marginal 293 
reduction in observed decline in total viral RNA. This also suggests that there might be utility to 294 
measure viral load after drug peak and trough for agents with short half-life as viral loads may 295 
differ by a full order of magnitude according to drug level.  296 
 297 
To mimic endpoints in PLATCOV, we estimated the slope of viral decay of the total viral RNA 298 
on and off-treatment as well as the non-mutated viral RNA by fitting a line to simulated data on 299 
days 0-5 after the start of the treatment. The median clearance half-life in our simulations of 300 
PLATCOV control and treatment arms reflected those observed in the trial (Table S3). Our 301 
results showed small differences (non-significant) between the clearance rates for the total versus 302 
the non-mutated viral RNA in the treated groups in PLATCOV and PANORAMIC (Fig S9). 303 
 304 
Differences in trial participants and model parameters. 305 
We also compared features of each trial as they related to model predictions by assessing the 306 
viral dynamic range in each trial (Fig S10a). Control participants in PLATCOV had lower mean 307 
viral loads throughout the course of infection relative to PANORAMIC and MOVe-OUT (Fig 308 
S10b). Given PLATCOV and PANORAMIC enrolled participants with the omicron variant, we 309 
surmise that these differences relate to demographic differences in study participant 310 
demographics, slightly shorter estimated time to treatment in PANORAMIC versus PLATCOV 311 
estimated by our model (t0 in Fig S11), and/or characteristics of the PCR assay used in the 312 
studies. The trials also employed different limits of detection which impacted observed 313 
reductions in viral load (Fig S10b). Model parameters were largely equivalent between studies 314 
and between treatment and control arms, reflecting the flexibility of the model (Fig S11). The 315 
parameter governing transition of susceptible cells to a refractory state was higher in PLATCOV 316 
relative to PANORAMIC which likely was necessary to achieve lower viral loads overall and 317 
may reflect the younger study participants (Fig S11). 318 
 319 
Antiviral potency, viral load assessment and trial design all impact observed antiviral 320 
reduction. 321 
We next combined PK and PD models to assess the average efficacy of the drug during days 0-5 322 
in all three trials (Fig 6a,b) and noted an efficacy of 53% in MOVe-OUT (Fig 6c). The efficacy 323 
of molnupiravir in PLATCOV (94%) and PANORAMIC (95%) was similar to that of 324 
nirmatrelvir in PLATCOV (94%) and EPIC-HR (82%) owing to a much lower paf for 325 
molnupiravir relative to nirmatrelvir / ritonavir (Fig 6c).  326 
 327 
These potencies mapped to different reductions in viral load relative to placebo/usual care. Total 328 
viral RNA reduction in PANORMIC and PLATCOV exceeded that in MOVe-OUT owing to 329 
lower paf (Fig 6d), but also due to a larger viral dynamic range (defined as the distance from 330 
baseline viral load to the lower threshold PCR (LOD) (Fig S10b)), which allows for a greater 331 
observed reduction in viral load. PANORAMIC used LOD = 109 (imputed as 50), and 332 
PLATCOV had LOD18 (copies/ml), but MOVe-OUT had a higher LOD = 500 copies/ml. 333 
PANORAMIC also had much higher average starting viral loads (7.4 log10 (copies/ml)) versus 334 
PLATCOV (5.8 log10 copies/ml) and MOVe-OUT (6.8 log10 copies/ml) (Fig S10b). 335 
Molnupiravir approached maximal possible total viral RNA reduction in PANORAMIC and 336 
PLATCOV, whereas protease inhibitors could still achieve greater viral load reduction at lower 337 
paf (Fig 6d) as recently observed with ensitrelvir.27  338 
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 339 
The greater possible reduction in total viral load for protease inhibitors relative to mutagenic 340 
drugs like molnupiravir owes to different mechanisms of action. Model projected reductions in 341 
non-mutated viral RNA reduction in PANORMIC and PLATCOV approximated viral load 342 
reductions observed in EPIC-HR and PLATCOV on nirmatrelvir / ritonavir (Fig 6e). This 343 
suggests that PCR detection of mutated viruses underestimates true molnupiravir potency, and 344 
that a more potent mutagenic agent could accrue further virologic benefit even if the total 345 
reduction in viral RNA does not increase. 346 
 347 
Optimization of molnupiravir therapy to avoid viral rebound. 348 
Instances of viral rebound were observed in PLATCOV and PANORAMIC and have been 349 
observed following molnupiravir treatment.4, 28 We analyzed higher doses and prolonged therapy 350 
and noted that as with nirmatrelvir, prolonging therapy is a better method to prevent rebound 351 
than increasing dose (Fig S12). 352 
 353 
 354 
  355 
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Discussion 356 
 357 
We recapitulated the virologic results of three clinical trials for molnupiravir with our combined 358 
clinical trial simulation VID-PK-PD models. Model output highlights key differences in viral 359 
load reduction between the trials and identifies mechanistic differences to explain this. The 360 
MOVe-OUT trial was associated with significantly less reduction in viral load between treatment 361 
and control arms than the other two trials. Accordingly, the average drug efficacy over the dosing 362 
interval (53%) was lower in this trial, and our estimate for paf was 2.64, signifying marginally 363 
lower potency in vivo than in vitro. This result is compatible with 0.4-fold lower median EC50 364 
values for molnupiravir in vitro against omicron relative to prior variants,26 though explanations 365 
other than viral variant cannot be ruled out. The higher paf in MOVe-OUT permitted drug 366 
troughs below the EC50, limiting potency throughout the dosing interval. In PLATCOV and 367 
PANORAMIC, our model suggests drug levels remain above the in vivo EC50 throughout the 368 
dosing interval though potency does fluctuate according to drug level. 369 
 370 
The projected drug efficacy in PLATCOV and PANORAMIC was considerably higher (0.94 and 371 
0.95, respectively), and the paf was estimated to be 0.14 and 0.13, indicating greater potency in 372 
vivo than in vitro. We have applied our clinical trial simulation technique to multiple drugs for 373 
SARS-CoV-2,11 HSV-2,22, 23 and HIV,29 and this is the first time we have identified this trend. 374 
Allowing molnupiravir to be more potent in vivo in our modeling of PLATCOV and 375 
PANORAMIC was necessary to capture the much greater reduction in total viral RNA relative to 376 
off-treatment in these studies (1.09 log and 0.94 log respectively versus 0.3 log in MOVe-OUT). 377 
 378 
A key outcome of our analysis is the prediction that SARS-CoV-2 PCR likely underestimates 379 
molnupiravir potency because it still detects drug-mutated viral RNA.6 This appears to be most 380 
significant when antiviral potency is higher, as in PANORAMIC and PLATCOV, leading to a 381 
0.48-0.59 log underestimation of reduction in non-mutated virus. Our results suggest that use of 382 
standard PCR for assessing SARS-CoV-2 levels may lead to underestimation of drug potency. 383 
Multi probe assays as have been used for the HIV reservoir may improve specificity for viruses 384 
that remain intact and replication competent.30 Viral culture is potentially a useful metric but 385 
lacks sufficient sensitivity and precision and is too labor intensive to serve as a viable trial 386 
endpoint.13 In the ferret model, molnupiravir lowered levels of culturable virus while not 387 
lowering total viral RNA levels relative to control.10 388 
 389 
A further consideration of our analysis is selection of optimal virologic endpoints in clinical 390 
trials. The PLATCOV study demonstrates that viral clearance slope is an efficient and robust 391 
metric to identify potency after enrollment of a limited number of trial participants.4 It is 392 
advantageous relative to viral load reduction as it incorporates all viral load data points in the 393 
analysis. We observed small non-statistically significant differences between clearance slopes of 394 
total versus non-mutated viral RNA in simulations of all three trials. However, we observed 395 
significant reductions in viral area under the curve during therapy in all three simulated trials, 396 
suggesting that this may be an even more sensitive trial endpoint. In viral dynamic models, viral 397 
AUC maps directly to surface area of total infected cells providing a mechanistic underpinning 398 
of why this may be a useful endpoint.31, 32 399 
 400 
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Our results suggest that viral loads may vary according to drug level given molnupiravir’s short 401 
plasma half-life. A sub-study within future trials comparing viral loads between drug trough and 402 
peak would be useful for the field. This could validate our model’s prediction that even small 403 
reductions in viral RNA may be associated with substantial reductions in total viral AUC 404 
particularly with a short half-life drug. Even minor reductions in viral load may be associated 405 
with substantial clinical benefit in this case. These fluctuations may be less evident if the intra-406 
cellular half-life of the drug is longer or if PK measures in our model underestimate true drug 407 
levels in PANORMIC due to older age or impaired renal clearance. Model accuracy would be 408 
improved if viral load and PK data were available from the same patients in similar trials. 409 
 410 
Another key practical outcome is that as for nirmatrelvir, extension of molnupiravir therapy to 10 411 
days is likely to prevent rebound, though our simulations do not suggest any benefit from 412 
increasing dose.11 This suggests that prolonging therapy or using longer half-life agents is ideal 413 
for treating SARS-CoV-2.33  414 
 415 
Each trial represented a unique set of issues for model fitting. In MOVe-OUT, because the mean 416 
viral kinetics curve of treatment arm differed only slightly from that of the control arm, the 417 
model without drug provided reasonable fit to the treatment arm. Nevertheless, the paf was 418 
identifiable for this trial indicating that the model was able to detect and specify the very limited 419 
potency of the drug. The fact that the drug’s potency and clinical efficacy appears to have 420 
increased with introduction of the omicron variant demonstrates a massive challenge for the 421 
therapeutics field: as with vaccines, trials performed when prior variants were circulating may 422 
prove less relevant as new variants continually emerge. A priority should be retesting existing 423 
agents against newly emerging variants in small nimble trials such as PLATCOV, with viral load 424 
endpoints. 425 
 426 
For PLATCOV, the model for the treatment arm matched the trial data precisely and identified 427 
the paf. The drug achieved nearly maximal observed viral load reduction in this trial. We 428 
identified a similar trend for PANORAMIC. It is notable that the model had the flexibility to 429 
account for different viral loads between these trials by predicting more rapid innate immune 430 
responses in PLATCOV. 431 
 432 
We arrived at similar estimated paf in the PLATCOV and PANORAMIC trials, which agreed 433 
when using two separate methods: fitting to individual viral loads and fitting to mean viral load 434 
reduction trial endpoints. This suggests that our approach using in silico cohorts and fitting to 435 
population level outcomes produces reliable results.11 In many cases, it remains challenging for 436 
academic researchers to obtain individualized data from industry sponsored trials. Therefore, it is 437 
important that the endpoint fitting approach be considered when this is the only data available. 438 
 439 
Finally, our results highlight challenges in trial design associated with the selection of PCR 440 
assays and the corresponding limits of detection. Each trial reported results with a different limit 441 
of detection which in turn impacts the degree of viral load decrease that can be observed. Initial 442 
viral loads were notably higher in PANORAMIC and MOVe-OUT than PLATCOV. The 443 
equivalent viral loads between PANORAMIC and PLATCOV may reflect a more sensitive PCR 444 
in the PANORAMIC study as past immunity has consistently predicted lower viral loads and 445 
more rapid viral elimination for omicron variants.12, 34 On the other hand, PANORMIC viral 446 

 . CC-BY-NC 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted January 6, 2025. ; https://doi.org/10.1101/2024.11.21.24317726doi: medRxiv preprint 

https://doi.org/10.1101/2024.11.21.24317726
http://creativecommons.org/licenses/by-nc/4.0/


loads could have been higher than in PLATCOV despite both enrolling omicron infections due to 447 
an older and less healthy population, Ideally, equivalent internationally standardized PCR 448 
quantitation would be used across all trials. 449 
 450 
Our study has a few limitations. The estimated paf is based on the in vitro assay data against 451 
delta variant in Calu-3 cells. In vitro EC50 is sensitive to assay conditions, including cell type, 452 
the variant of concern, the multiplicity of infection (MOI), and specific lab. In general, the 453 
inability of in vitro assays to match in vivo conditions makes it an unreliable proxy for the in 454 
vivo potency of the drug and explains the necessity of incorporating the paf parameter when 455 
simulating an antiviral clinical trial.   456 
 457 
In our model, we assumed all mutated viruses are noninfectious. While most drug-induced 458 
random mutations reduce the fitness/viability of the virus, the molnupiravir mutation signature 459 
has been detected in circulating variants, especially in regions where the drug has been used most 460 
commonly.7 Furthermore, in the PANORAMIC study, no statistical difference was observed 461 
between the rate of culturable samples in the treatment and control arms which implies some 462 
mutated viruses might be transmissible.35 We justify this assumption in our definition of drug 463 
efficacy. The incomplete efficacy in all three trials may reflect subtherapeutic drug levels but 464 
could also indicate that not all drug-induced mutations not lower viral infectivity. 465 
 466 
PK parameters were estimated using the data from the plasma concentration of healthy 467 
individuals with the age range of 19-60 (mean 39.6) years old. The clearance rate of renally 468 
cleared drugs often increase with age.36 This implies that the paf may be larger in an older 469 
population, such as in PANORAMIC participants. Further, we used the plasma concentration in 470 
the PD model to calculate the drug efficacy. However, using the drug’s intracellular 471 
concentration with a longer half-life, represented by the central compartment of the PK model, 472 
could also likely lead to a larger estimated paf.  473 
 474 
In summary, we further demonstrate the utility of clinical trial simulation using models that 475 
capture drug PK and PD, as well as infection dynamics. In the case of molnupiravir, our results 476 
suggest that final viral endpoints should be adjusted based on the drug’s mechanism of action. 477 
 478 
  479 
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Materials and Methods 480 
 481 

Study Design. 482 

We developed a viral dynamics model recapitulating viral load data collected from symptomatic 483 
individuals in the NBA (National Basketball Association) cohort.12 We used a two-compartment 484 
model to reproduce the PK data of molnupiravir.19 For clinical trial simulation, we constructed a 485 
virtual cohort by randomly selecting 400 individuals from the NBA cohort, matching the trial 486 
populations regarding vaccine status and history of infection as closely as possible given cohort 487 
characteristics. Due to lack of individual PK data, we used estimated population PK parameters 488 
for all individuals in the virtual cohort. The PD parameters for each individual were randomly 489 
selected from a log-normal distribution with their means and standard errors estimated based on 490 
in vitro assay data. We fit the combined viral dynamic and PKPD model to the average change in 491 
viral load from the baseline of the control and treatment arms of three previously published 492 
molnupiravir clinical trials.2-4, 37 Comparing our model to the control arms validated our viral 493 
dynamic model and demonstrated how well our virtual cohorts represent the trial control arms. 494 
We used the average data from the treatment arms to estimate the potency adjustment factor 495 
(paf) by maximizing the R2 of the fit.11 We also fit to individual viral load trajectories in 496 
PLATCOV and PANORAMIC using the mixed-effect population approach implemented in 497 
Monolix38-40 and obtained both individual paf values and a population distribution.  498 

Viral load data 499 

The NBA cohort dataset published by Hay et al consists of 2875 documented SARS-CoV-2 500 
infections in 2678 people detected through frequent PCR testing regardless of symptoms.17 We 501 
used the viral load data from 1510 infections in 1440 individuals that had at least 4 positive 502 
quantitative samples to estimate viral dynamic parameters. We used parameter sets estimated for 503 
the symptomatic subpopulation of these individuals to construct virtual cohorts.12 504 

Clinical trial data 505 

We used viral load data from three molnupiravir clinical trials. MOVe-OUT by Jayk Bernal et al. 506 
included 544 and 549 symptomatic high-risk individuals in the control and treatment arms, 507 
respectively.2 We obtained the average change in viral load data of the control and treatment 508 
arms as shared in the supplementary material of their published manuscript in Table S6. Nasal 509 
viral load was measured using PCR assay on days 0, 3, 5, 10, and 14 after the treatment start day 510 
and adjusted by the baseline viral load. A lower limit of detection (LOD) of 500 copies/ml was 511 
used in this trial. The treatment was started within five days of symptom onset.  512 

PLATCOV by Schilling et al. is an open-label, randomized, controlled adaptive trial with 85 and 513 
58 symptomatic, young, healthy individuals in the control and molnupiravir treatment arms, 514 
respectively.4 The oropharyngeal samples from each participant were collected daily on days 0 515 
through 7 and on day 14 after the treatment start day, and viral load was measured using PCR 516 
assay. We used the individual viral load data published by the authors for model fitting. From 517 
PLATCOV, we averaged over the two oral samples collected from each individual for 518 
individual-level viral load fitting, and averaged over all samples collected then calculated viral 519 
load drop from baseline for the trial endpoint fitting approach. In both cases, when comparing 520 
simulation results with data we used the maximum LOD reported in the published data (~1.26 521 
log).  522 
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PANORAMIC is a platform adaptive randomized, controlled trial with 42 and 38 symptomatic, 523 
vaccinated individuals with at least one risk factor in the control and treatment arms, 524 
respectively.3 Nasal viral load was measured using PCR and samples were collected on days 0 525 
through 6 and on day 13. We used individual viral load data shared by the authors and adjusted 526 
by baseline viral load to obtain mean viral load drop from the baseline. Mean days since 527 
symptom onset at baseline (sd) were 2.4 (0.78) for the treatment arm and 2.5(1.12) for the 528 
control arm. The lower limit of detection of 100 copies/ml (imputed as 50 copies/ml) was used.  529 

In all three trials, the study participants were treated with 800mg molnupiravir twice per day, for 530 
five days.  531 

PK data 532 

Mean plasma concentration data of molnupiravir were obtained by digitizing Figure 3 of the 533 
phase I trial by Painter et al. using WebPlotDigitizer.19 The data used in this paper belong to the 534 
multiple-ascending part of the phase I trial where six participants were given 50, 100, 200, 300, 535 
400, 600, and 800 mg of molnupiravir twice daily for 5.5 days, and their plasma concentrations 536 
were measured after the first and last doses.  537 

PD data 538 

The data on drug efficacy was obtained from experiments performed at the University of 539 
Washington. The efficacy of molnupiravir was measured against the delta variant of SARS-540 
CoV2 in Calu-3 cells (human lung epithelial). Briefly, Calu 3 cells were treated with varying 541 
concentrations of molnupiravir prior to infection with SARS-CoV-2 (delta isolate) at a 542 
multiplicity of infection of 0.01. Antiviral efficacy and cell viability (of non-infected cells treated 543 
with drugs) were assessed as described.9, 11 There were five replicates per condition, pooled from 544 
2 independent technical experimental repeats (one experiment with triplicate conditions, one 545 
experiment in duplicate conditions). 546 

Viral dynamics model 547 

We used data-validated model of SARS-CoV-2 dynamics to model the viral load of symptomatic 548 
individuals with SARS-CoV-2 infection.12 This model assumes that susceptible cells (S) are 549 
infected at rate βVS by SARS-CoV-2 virions. The infected cells go through a non-productive 550 
eclipse phase (IE) before producing viruses and transition to becoming productively infected 551 
(IP) at rate 𝜅IE. When encountering productively infected cells, the susceptible cells become 552 
refractory to infection (R) at the rate 𝜙IPS. Refractory cells revert to a susceptible state at rate 553 
𝜌R. The productively infected cells produce virus at the rate πIP and are cleared at rate 𝛿I 554 
representing cytolysis and the innate immune response that lacks memory and is proportional to 555 
the amount of ongoing infection. If the infection persists longer than time τ, then cytotoxic 556 
acquired immunity is activated, which is represented in our model by the rate 𝑚IP. Finally, free 557 
virions are cleared at the rate 𝛾. Of note, this model, previously proposed by Ke et al. was 558 
selected against other models based on superior fit to data and parsimony.41 The model written as 559 
a set of differential equations has the form, 560 

 561 

𝑑S

𝑑𝑡
= − 𝛽SV −  𝜙IPS +  𝜌R   (1a) 562 

𝑑R

𝑑𝑡
= 𝜙IPS –  𝜌R    (1b) 563 
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𝑑IE

𝑑𝑡
= 𝛽SV – 𝜅IE   (1c) 564 

𝑑IP

𝑑𝑡
= 𝜅IE − 𝛿IP  −  m(t)IP   (1d) 565 

𝑑V

𝑑𝑡
= 𝜋IP –  𝛾V   (1e) 566 

where {
  m(t) = 0     t < 𝜏
  m(t) = 𝑚    t ≥ 𝜏

      (1f) 567 

 568 

To estimate parameter values, we fit the model to viral load data from the NBA cohort using a 569 
mixed-effect population approach implemented in Monolix. Details on the model selection and 570 
fitting process can be found in Owens et al.12 571 

We start the simulations with 107 susceptible cells. The initial value of the refractory cells is 572 
assumed to be zero since the interferon signaling is not active prior to infection. We further 573 
assume there are no infected cells (eclipse or productive) at the beginning of the infection. We 574 
fix the level of inoculum (V0) at 97 copies/ml for each individual.  575 

To resolve identifiability issues, we also fixed two parameter values, setting the inverse of the 576 
eclipse phase duration to 𝜅 = 4, and the rate of clearance of virions to 𝛾 = 15.12  577 

PK model 578 

We used a two-compartmental PK model which includes the amount of drug in the GI tract 579 
(AGI), the plasma compartment (Ap), and the respiratory tract (AL). The drug is administered 580 

orally, passes through the GI tract and gets absorbed into the blood at the rate 𝜅𝑎. The drug then 581 
transfers from the blood into the peripheral compartment (or the respiratory tract) at the rate 𝜅𝑃𝐿. 582 
The metabolized drug transfers back into the plasma at the rate 𝜅𝐿𝑃 from where it clears from the 583 
body at the rate 𝜅𝐶𝐿. The model in the form of ordinary differential equations is written as, 584 

𝑑AGI

𝑑𝑡
= −𝜅𝑎AGI   (2a) 585 

𝑑AP

𝑑𝑡
= 𝜅𝑎AGI + 𝜅𝐿𝑃AL − (𝜅𝐶𝐿 + 𝜅𝑃𝐿)AP   (2b) 586 

𝑑AL

𝑑𝑡
= 𝜅𝑃𝐿AP − 𝜅𝐿𝑃AL   (2c) 587 

 588 

We used Monolix and a mixed-effect population approach to estimate the parameters and their 589 

standard deviations. With the initial condition of (AGI = Dose, Ap = 0,  AL = 0); we fit CP =
AP

Vol
 590 

to the plasma concentration data where Vol is the estimated plasma volume. Details on 591 
parameter values and the error model provided in Table S1.  592 

 593 

PD model 594 

For the pharmacodynamics model we used Hill equation, ϵ(t) =
𝐸𝑚𝑎𝑥C(t)𝑛

C(t)𝑛+𝐸𝐶50
𝑛 , where C(t) is the 595 

drug concentration in plasma, 𝐸𝑚𝑎𝑥 is the maximum efficacy, 𝑛 is the Hill coefficient, and 𝐸𝐶50 596 
is the drug concentration in plasma required for 50% efficacy. We used least-squared fitting to 597 
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obtain the three parameters ( 𝐸𝑚𝑎𝑥, 𝑛, and 𝐸𝐶50) and their standard deviations. The average drug 598 
efficacy over the treatment period is calculated using the formula, 599 

𝐸𝑎𝑣𝑒 =
1

𝑡𝑠𝑡𝑎𝑟𝑡−𝑡𝑒𝑛𝑑
∫ ϵ(t)𝑑𝑡

𝑡𝑒𝑛𝑑

𝑡𝑠𝑡𝑎𝑟𝑡
     (3) 600 

Where tstart and tend are the treatment start day and end day, respectively.  601 

 602 

Combined PKPD and VL models 603 

The plasma concentration of molnupiravir obtained from the PK model is used in the PD model 604 
to obtain time-dependent efficacy. Since molnupiravir imposes lethal mutations during the viral 605 
replication process, in our model, a portion of all viruses produced by an infected cell, measured 606 
by ϵ(t), are mutated (𝑉𝑚) and therefore assumed to be non-infectious, with the addition that most 607 
detected viral RNA pre-treatment is also non-infectious. The production rate of non-mutated 608 

viruses is decreased by a factor of (1 − ϵ(t)).  Equation 1e is written as, 609 

𝑑V

𝑑𝑡
= (1 − ϵ(t))𝜋IP –  𝛾V    (4a) 610 

𝑑Vm

𝑑𝑡
= ϵ(t)𝜋IP –  𝛾Vm    (4b) 611 

Total viral load (𝑉 + 𝑉𝑚) is used to fit the PCR assay data from each trial. 612 

Fitting the combined model to individual viral load data in the PLATCOV trial 613 

We used the population mixed-effect approach implemented in Monolix to estimate each 614 
individual's viral dynamics parameters and the potency adjustment factor (paf). Due to the lack 615 
of data from the initial phase of infection in the PLATCOV and PANORAMIC trials, we include 616 
the data from Omicron-infected individuals in the NBA cohort in the fitting populationto inform 617 
the model about the initial phase of infection. We fixed the PK parameters to the estimated 618 
population values (Table S1), and the PD parameters other than EC50 to the in vitro estimated 619 
population values (Table S2). We used the study category (NBA vs PLATCOV and 620 
PANORAMIC) as a covariate for t0 (timing of infection) and τ (timing of the adaptive immune 621 
response) since the first recorded positive test is likely much later for the clinical trials. In the 622 
NBA study, samples were collected almost daily regardless of symptoms often leading to pre-623 
symptomatic detection, while in the two clinical trials, the baseline measurement occurred after 624 
symptom onset, trial enrollment and consent.  625 

Construction of a virtual cohort 626 

To generate a cohort for our simulated clinical trials, we randomly selected 400 individuals (for 627 
each arm) from the unvaccinated symptomatic subpopulation of the NBA cohort for MOVe-628 
OUT and the vaccinated, Omicron infected subpopulation for PLATCOV and PANORAMIC 629 
and used their individual viral load parameters estimated by fitting our viral dynamics model to 630 
the data. A sample size of n=400 (out of 822 vaccinated individuals with Omicron infection) was 631 
used to mimic a large-scale clinical trial and maintain relatively low overlap between virtual 632 
cohorts used in each arm of the simulations and between different simulations. Since the time of 633 
symptom onset is not available for all individuals in the NBA data, we randomly drew an 634 
incubation period for each individual from gamma distributions with variant-specific parameters 635 
estimated by Gamiche et al.42 The start of treatment relative to symptom onset was randomly 636 
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selected according to a uniform distribution for MOVe-OUT and PLATCOV, and a logit normal 637 
distribution for PANORAMIC with limits of [0,5] days and mean and standard deviation 638 
reported in the PANORAMIC trial for control and treatment arms. The same population PK 639 
parameters were assigned to each individual. The relevant dose in each scenario was added to the 640 
AGI compartment (the absorption equation) of the PK model (eq 2a) at each dosing timepoint 641 
(t=0, 0.5, 1, 1.5, …., 4.5 days). For each dose, the appropriate PK parameter were used (Table 642 
S1). PD parameters were also randomly drawn from a log-normal distribution with the estimated 643 
mean and standard deviation. The standard deviation of the PD parameters represents the 644 
accuracy of the assays and not individual variability.  645 

Potency adjustment factor (paf) 646 

The paf is defined as,  647 

                     paf =
𝐸𝐶50,𝑖𝑛 𝑣𝑖𝑣𝑜

𝐸𝐶50,𝑖𝑛 𝑣𝑖𝑡𝑟𝑜
                            (5) 648 

 649 

We estimated the paf by maximizing R2 when fitting the change in viral load of the treatment 650 
arm of our simulation to the change in viral load observed in the treatment arm of the clinical 651 
trial on day 0 through day 7.  652 

 653 

Measuring rebound probability 654 

A viral load rebound in the treatment arm was defined when the viral load at any time after 655 
treatment ended exceeded the viral load at the end of the treatment by ≥1 on a log10 scale. In the 656 
control group, viral rebound was defined in patients who had at least two peaks with minimum 657 
height of 1000 copies/ml in their viral load trajectories and the second peak was ≥ 1 log higher 658 
than its preceding local minimum. 659 

 660 

Software: 661 

All the model fittings in this study were performed using Monolix version 2023R1.  662 

The data analysis and simulations were performed using Python 3.9.12. 663 

Data availability:  664 

The data analyzed in this work was previously published by Hay et al., Schilling et al. and 665 
Standing et al., and is available at: 666 

 https://github.com/gradlab/SC2-kinetics-immune-history and 667 
https://github.com/jwatowatson/PLATCOV-Molnupiravir/tree/V1.0 668 

https://zenodo.org/records/10375295 669 

Pharmacodynamics data is available on GitHub at 670 
https://github.com/sEsmaeili/MolnupiravirModeling 671 
 672 
Code availability: 673 

All codes and materials used in the analysis are available on GitHub 674 
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