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ABSTRACT The objective of this study was to describe the population pharmacoki-
netics of remdesivir and GS-441524 in hospitalized coronavirus disease 2019 (COVID-
19) patients. A prospective observational pharmacokinetic study was performed in
non-critically ill hospitalized COVID-19 patients with hypoxemia. For evaluation of
the plasma concentrations of remdesivir and its metabolite GS-441524, samples were
collected on the first day of therapy. A nonlinear mixed-effects model was devel-
oped to describe the pharmacokinetics and identify potential covariates that explain
variability. Alternative dosing regimens were evaluated using Monte Carlo simula-
tions. Seventeen patients were included. Remdesivir and GS-441524 pharmacoki-
netics were best described by a one-compartment model. The estimated glomerular
filtration rate (eGFR) on GS-441524 clearance was identified as a clinically relevant
covariate. The interindividual variability in clearance and volume of distribution for
both remdesivir and GS-441524 was high (remdesivir, 38.9% and 47.9%, respectively;
GS-441525, 47.4% and 42.9%, respectively). The estimated elimination half-life for
remdesivir was 0.48 h, and that for GS-441524 was 26.6 h. The probability of target
attainment (PTA) of the in vitro 50% effective concentration (EC50) for GS-441524 in
plasma can be improved by shortening the dose interval of remdesivir and thereby
increasing the total daily dose (PTA, 51.4% versus 94.7%). In patients with reduced
renal function, the metabolite GS-441524 accumulates. A population pharmacoki-
netic model for remdesivir and GS-441524 in COVID-19 patients was developed.
Remdesivir showed highly variable pharmacokinetics. The elimination half-life of
remdesivir in COVID-19 patients is short, and the clearance of GS-441524 is depend-
ent on the eGFR. Alternative dosing regimens aimed at optimizing the remdesivir
and GS-441524 concentrations may improve the effectiveness of remdesivir treat-
ment in COVID-19 patients.
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Remdesivir is the first direct antiviral therapy approved for the treatment of hospital-
ized coronavirus disease 2019 (COVID-19) patients. It was developed as a potential

treatment for hepatitis C and previously investigated for Ebola virus disease. Currently,
it is recommended by the NIH and the American College of Physicians as a supportive
treatment option in hospitalized hypoxemic patients with COVID-19 (1, 2). The efficacy
of remdesivir in COVID-19 treatment has been the subject of debate. Conflicting evi-
dence about the benefit of remdesivir to reduce hospitalization duration and mortality
in COVID-19 patients has been published (3–5). More insights into the pharmacoki-
netics of remdesivir in COVID-19 patients might help to understand these results.
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Remdesivir is a prodrug and predominantly metabolized by carboxylesterase-1 to
GS-704277 and subsequently to the parent nucleoside analogue GS-441524 (6). The
antiviral efficacy of remdesivir is determined by the intracellular concentration of the
triphosphate metabolite GS-443902. Metabolism from remdesivir to GS-443902 can
occur via two routes, one in which remdesivir is transported into the target cells and
intracellularly phosphorylated to GS-443902 and the other in which remdesivir is
metabolized to GS-441524 extracellularly and GS-441524 is transported into the cell
and phosphorylated to GS-443902. GS-443902 is incorporated into viral RNA where it
causes chain termination, resulting in the inhibition of viral replication. The extent to
which each route contributes to the antiviral effectiveness of remdesivir is currently
unknown (7). The metabolism of GS-441524 to GS-443902 was previously assumed to
be rate limited, and therefore, the efficacy of remdesivir was considered a result of me-
tabolism from remdesivir directly to GS-443902 (8). However, more evidence is emerg-
ing that GS-441524 is also effectively metabolized to GS-443902 in in vitro lung cell
models and could also contribute to the antiviral effect of remdesivir (7, 9, 10).

A contribution of GS-441524 to clinical effectiveness would be beneficial since the
half-life of remdesivir in healthy individuals is short (1 h), while the half-life of GS-
441524 is much longer (24 h) (11). Remdesivir is excreted mainly by renal clearance,
with 74% (10% as unchanged remdesivir and 49% as the metabolite GS-441524)
excreted in the urine (6, 11). The main clinical toxicity of remdesivir is suggested to be
a concentration-dependent increase in liver transaminases, which has been attributed
to remdesivir and not GS-441524 (11). The threshold concentration for hepatotoxicity
is assumed to be approximately 1.3-fold higher than the peak concentration reached
after a 200-mg administration (12, 13). The optimal dose leading to the maximal antivi-
ral efficacy of remdesivir in humans is currently unknown, but modeling and simula-
tion studies suggest that the current dosing regimen might be suboptimal (14, 15).
These studies were performed using pharmacokinetic data from healthy individuals,
whereas studies regarding the pharmacokinetics of remdesivir in COVID-19 patients
are limited to case series with scarce sampling schedules and a single pharmacoki-
netic study with only GS-441524 concentrations (16–21).

The primary objective of this study was to develop a population pharmacokinetic
model for remdesivir and the metabolite GS-441524 in adults with COVID-19. This
model can be used to investigate the influence of patient characteristics on the phar-
macokinetics of remdesivir and GS-441524 and to evaluate dosing regimens for remde-
sivir and GS-441524 in hospitalized COVID-19 patients.

RESULTS

In total, 17 patients were included, and 84 blood samples were obtained. The most
common reason for missing plasma samples was the transfer of patients to another
hospital, as was routinely done in The Netherlands during the COVID-19 pandemic to
balance the COVID-19 burden across hospitals. The median age was 55 years, and the
median body weight was 92 kg. One of the included patients was female. The severity
of disease could be classified as score 5 on the WHO COVID-19 ordinal scale for all
patients (22). Other and more detailed patient characteristics are presented in Table 1.
Thirty-four percent of the remdesivir concentration measurements were below the
limit of quantification (LOQ), and 25% were below the limit of detection (LOD). No con-
centrations below the LOQ or LOD were found for GS-441524. See supplemental mate-
rial for the measured remdesivir and GS-441524 concentrations.

Pharmacokinetic modeling. An integrated pharmacokinetic model including
remdesivir and GS-441524 concentrations was developed. A one-compartment model
best described the pharmacokinetics of remdesivir and GS-441524. The addition of
more compartments for remdesivir or GS-441524 did not improve the parameter esti-
mates. Nonmetabolic clearance of remdesivir was fixed to 10% of the total remdesivir
clearance because previous reports showed that 10% of the administered remdesivir
was excreted unchanged in the urine. Interindividual variability (IIV) was identified for
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the volume of distribution, metabolic clearance of remdesivir, and on the volume of
distribution and clearance of GS-441524. Data below the LOQ for remdesivir were
modeled using the all-data method described previously by Keizer et al. (23) An addi-
tive-error model was used to describe the residual error.

In the covariate analysis, the addition of the glomerular filtration rate (eGFR) on the
clearance of GS-441524 using a power model significantly improved the model fit
(decrease in the objective function value [OFV] of 20 points) and explained 66% of the
IIV. The final model code is presented in supplemental material. Parameter estimates
of the final model are shown in Table 2.

The model was evaluated using nonparametric bootstrapping, prediction-corrected
visual predictive checks (pcVPCs), and goodness-of-fit (GOF) plots. The GOF plots and
pcVPCs (Fig. S1) show that the model predictions are in agreement with the observed
remdesivir and GS-441524 concentrations. Bootstrap medians and 95% confidence
intervals (CIs) are shown in Table 2 and confirmed the parameter values.

Pharmacokinetics. Using the final model, an average elimination half-life of approxi-
mately 0.48 h for remdesivir was found. For GS-441524, the maximal concentration was
reached after 3.7 h and was on average 173 mg/L during the first 24 h. The elimination
half-life of GS-441524 was 26.6 h.

Monte Carlo simulations. The Monte Carlo simulations are presented in Fig. 1. For
patients with eGFR values at the median level (94 mL/min/1.73 m2), the probability of
target attainment (PTA) at a 50% effective concentration (EC50) of 1,406 mg/L was 0.7%,
and that for an EC50 of 50.22 mg/L was 100% for remdesivir using the standard dosing
regimen. Results were the same for dosing regimens 2 and 3. For dosing regimen 4,
the PTAs were 0.0% and 100%, respectively.

For GS-441524, the simulations are visualized in Fig. 2. Using dosing regimen 1, the

TABLE 1 Baseline and clinical characteristics

Parametera Value
No. of patients 17
No. of female patients (%) 1 (5.9)
Median age (yrs) (range) 55 (31–74)
Median WHO ordinal scale score (range) 5 (5–5)
Median oxygen requirement at admission (L/min) (range) 4 (1–15)
Median no. of days of complaints prior to admission (range) 9 (4–22)
Median time from start of complaints to remdesivir (days) (range) 10 (4–22)
Median time from hospitalization to start of remdesivir (days) (range) 0 (0–1)
Median hospitalization durationb (days) (range) 4 (1–64)
No. of patients with ICU admissionb (%) 3 (17.6)
No. of patients with mortality during hospitalizationb (%) 1 (5.9)
Median body wt (kg) (range) 92 (65–122)
Median BMI (kg/m2) (range) 30.86 (21.72–41.21)
Median body surface area (m2) (range) 2.11 (1.77–2.52)
Median creatinine concn (mmol/L) (range) 75 (46–573)
Median eGFR (CKD-EPI) (mL/min/1.73 m2) (range) 94 (8–119)
Median albumin concn (g/L) (range) 37 (30–47)
Median total bilirubin concn (mmol/L) (range) 8 (2–18)
Median hemoglobin concn (mmol/L) (range) 8 (6.6–11.1)
Median white blood cell count (109/L) (range) 6.8 (3.4–15.1)
Median urea concn (mmol/L) (range) 4.9 (2.4–17.6)
Median CRP concn (mg/L) (range) 147 (6–346)
Median ALT concn (U/L) (median) 36 (20–150)
Median D-dimer concn (mg/L) (range) 0.37 (0.17–1.45)

No. of comorbidities (%)
Cardiovascular disease 5 (29)
Diabetes mellitus 6 (35)
Asthma 1 (5.9)
Malignancy 1 (5.9)

aICU, intensive care unit.
bFour patients were transferred to another hospital during COVID-19 treatment due to hospital bed occupancy.
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PTAs at EC50s of 152.6 mg/L and 184.3 mg/L were 74.8% and 51.9%, respectively.
Dosing regimen 2 led to PTAs of 93.8% and 81.6%; dosing regimen 3 led to PTAs of
99.3% and 94.7%; and dosing regimen 4 led to PTAs of 89.0% and 78.7%, respectively.
However, it takes up to 38 h to reach a PTA above 50% for an EC50 of 184.3 mg/L using
dosing regimen 4.

The influence of the eGFR on GS-441524 pharmacokinetics is visualized in Fig. 3.
Compared to the PTA of 51.9% for a median eGFR for the highest EC50 of 184.3 mg/L,
the PTA was low (35.9%) for patients with an eGFR of 120 mL/min/1.73 m2 and high
(99.4%) for patients with a severely reduced eGFR (,30 mL/min/1.73m2). Figure 3 also
shows that GS-441524 accumulates in patients with a reduced eGFR.

DISCUSSION

In this study, we present for the first time a population pharmacokinetic model
based on both remdesivir and GS-441524 concentrations in hospitalized COVID-19
patients. We found that the population pharmacokinetics were best described by an
integrated one-compartment model. The eGFR was significantly related to GS-441524
clearance. Simulations with the final model showed that decreasing the remdesivir
dosing interval would lead to an increase in the PTA for GS-441524.

Previously, a more complex structural pharmacokinetic model (two compartments for
remdesivir and three compartments for GS-441524) using data from healthy individuals
was reported (24). Efforts to fit more complex models to the data resulted in parameter
estimates with high residual errors, which could be a result of the limited sample size in
this study. Nevertheless, the developed one-compartment model showed good resem-
blance between the predicted and measured concentrations of remdesivir and GS-
441524 and is in line with the results of Sukeishi et al. for GS-441524 (21).

Remdesivir clearance was higher than that previously reported for healthy individu-
als, resulting in a lower remdesivir elimination half-life (0.48 versus 1 h) (6). A potential
explanation for this observation is the upregulation of carboxylesterase-1 activity and
thereby the increased metabolism of remdesivir as a result of dexamethasone therapy,
obesity, or diabetes. In our patient population, all patients used concomitant dexa-
methasone, diabetes was present in 35% of the patients, and the median body mass

TABLE 2 Population pharmacokinetic parameters of the final modela

Parameter

Value

Final model 1,000 bootstrap runs

Mean
value RSE (%) Shrinkage (%)

Bootstrap
median 95% CI

Remdesivir
Metabolic CL (L/h) 207 13 209 152–279
Renal CL (L/h) 20.7 fixed
V (L) 157 19 164 98.9–259

GS-441524
CL (L/h) 27.6 17 28.1 20.7–38.9
eGFR on CL 1.76 22 1.68 0.31–2.91
V (L) 1,060 11 1,062 834–1,270

Interindividual variability (%)
Remdesivir nonrenal CL 38.9 22 12 37.9 18.9–51.5
Remdesivir V 47.9 23 24 44.9 17.1–62.3
GS-441524 CL 47.4 29 28 41.7 17.5–57.8
GS-441524 V 42.9 17 0 41.8 14.6–56.7

Residual variability
Remdesivir 0.0294 12 0.0269 0.0091–0.0468
GS-441524 0.0140 11 0.0136 0.0083–0.0189

aCL, clearance; V, volume of distribution; RSE, relative standard error.
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index (BMI) was 30.8 kg/m2 (25–27). However, the lower elimination half-life could also
be related to differences in study populations or study procedures. GS-441524 clear-
ance in COVID-19 patients was higher than that previously reported (27.6 L/h versus
11.8 L/h), a possible result of the higher median eGFR, differences in ethnicity or the se-
verity of disease, or the lack of remdesivir concentration data in the study population
(21). The volume of distribution was larger for remdesivir and GS-441524 than that in
healthy individuals, which can be explained by the high BMI of the patients in the
study population or potentially disease- or treatment-related factors. An influence of
disease severity or treatment-related factors on remdesivir pharmacokinetics is also
likely because of the high interindividual variation for both remdesivir and GS-441524
clearance and volume of distribution. This is in line with the results of the studies in
COVID-19 patients by Corcione et al. and Sukeishi et al. and differs from the results of
studies in healthy individuals (16, 21, 24).

GS-441524 clearance was found to be dependent on the eGFR, which confirms the
observations by Choe et al. and Sukeishi et al. (20, 21). Our simulations show that accu-
mulation as a result of reduced GS-441524 clearance leads to markedly higher GS-
441524 concentrations in COVID-19 patients with severely reduced renal function. In

FIG 1 Simulated remdesivir concentrations versus time for four dosing regimens. The blue line is the median concentration, and the shaded area is the
95% prediction interval. The red solid line represents the in vitro EC50 in Calu3 2B4 cells, and the red dotted line represents the in vitro EC50 in human
airway epithelial cells.
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several observational studies investigating the safety of remdesivir in patients with
reduced renal function, an eGFR of ,30 mL/min/1.73 m2 did not lead to increases in
adverse events (28–31). Therefore, we do not recommend the dose reduction based
on the eGFR suggested by Sukeishi et al. (21).

The simulation of three alternative dosing regimens showed that shortening the
remdesivir dose interval, and thereby increasing the daily dose or increasing the
remdesivir dose, leads to a higher GS-441524 PTA. Therefore, dosing regimens aimed
at increasing the GS-441524 concentration might have the potential to improve the ef-
ficacy of remdesivir treatment, while safety concerns are unlikely as high concentra-
tions of GS-441524 are generally well tolerated (28–31).

The PTA of remdesivir using the current dosing regimen would lead to sufficient ex-
posure in plasma based on the EC50 in human airway epithelial (HAE) cells but insuffi-
cient exposure in Calu3 2B4 cells. We did not simulate higher doses for remdesivir as
previous studies indicated that higher remdesivir exposure could lead to hepatotoxic-
ity (11–13). The differences in EC50s have been suggested to be a result of the cell
type-dependent capacity to metabolize remdesivir to GS-443902 and differences in the
methods of in vitro research (8, 32). Studies connecting the plasma concentrations of

FIG 2 Simulated GS-441524 concentrations versus time for four dosing regimens. The blue line is the median concentration, and the shaded area is the
95% prediction interval. The red line represents the in vitro EC50 in Calu3 2B4 cells, and the red dotted line represents the in vitro EC50 in human airway
epithelial cells.
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remdesivir to clinical effectiveness are needed to determine the in vivo target range for
remdesivir. This is important as the high interindividual variation seen in this study
might result in subtherapeutic or toxic remdesivir concentrations in some of the
patients.

Limitations of the study are its limited sample size and sampling on the first day of
therapy. Nevertheless, nonlinear mixed-effects modeling (NONMEM) has been shown
to accurately predict pharmacokinetic parameters in small and sparse data sets. The
inclusion of only one female patient made it impossible to investigate sex differences
in remdesivir pharmacokinetics and limits the generalizability of the results. We were
unable to determine the lung tissue concentration of the intracellular active triphos-
phate form GS-443902. The concentrations measured in this study and the simulations
are therefore a derivative of the clinical effective concentrations. Future studies are
needed to verify these results. Finally, urinary concentrations of remdesivir and GS-
441524 would have been beneficial for predicting the percentage of remdesivir con-
verted into metabolites.

Conclusion. To the best of our knowledge, this study presents the first population
pharmacokinetic model based on both remdesivir and GS-441524 concentrations in a
cohort of hospitalized COVID-19 patients. In this cohort, remdesivir clearance was
increased compared to that in healthy individuals, and the eGFR was identified as a rel-
evant covariate on GS-441524 clearance. Since remdesivir is well tolerated in patients

FIG 3 Simulated GS-441524 concentrations versus time for three different estimated glomerular filtration rates using the standard
dosing regimen of 200 mg followed by 100 mg every 24 h. The blue line is the median concentration, and the shaded area is the
95% prediction interval. The red line represents the in vitro EC50 in Calu3 2B4 cells, and the red dotted line represents the in vitro
EC50 in human airway epithelial cells.
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with a reduced eGFR, we do not recommend lower dosing in patients with renal impair-
ment. The simulations showed that a decreased dosing interval with an increased total
daily dose led to an increase in GS-441524 exposure and thereby an increased PTA,
which has the potential to improve remdesivir efficacy in hospitalized COVID-19
patients.

MATERIALS ANDMETHODS
Ethics. The study protocol was approved by the Medisch-Ethische Toetsingscommissie Leiden Den

Haag Delft medical ethics review board (protocol 20-116) and the Institutional Scientific Review Board of
the Haga Teaching Hospital. Written informed consent was obtained from all participants, and the study
was carried out in accordance with International Council on Harmonisation (ICH) guidelines for good
clinical practice.

Study design. A prospective observational pharmacokinetic study was performed on the general
ward of the Haga Teaching Hospital between January and July 2021. Patients aged $18 years were eligi-
ble for inclusion if they were hospitalized because of COVID-19 (confirmed by severe acute respiratory
syndrome coronavirus 2 [SARS-CoV-2] detection in a nasopharyngeal swab using reverse transcription-
PCR) requiring supplemental oxygen therapy and in whom treatment with remdesivir was started.

Data on patient demographics, patient characteristics, medical history, medication use, laboratory
values, and days of complaints prior to admission were collected at baseline. The baseline was defined
as the day when the first dose of remdesivir was administered.

Remdesivir was administered as an intermittent intravenous administration in 1 to 2 h. On the first
day, the patients received 200 mg, followed by four daily doses of 100 mg.

Sampling schedule and analytical methods. Blood samples for plasma concentration analysis
were collected on the first day of therapy. Six samples were respectively drawn 0.5, 1.5, 2.5, 6, 12, and
23 h after the end of remdesivir administration. The blood samples were collected into EDTA tubes;
directly after collection, the samples were kept on ice and processed within 4 h. Formic acid was added
to the plasma samples to avoid carboxylesterase-induced degradation of remdesivir. The samples were
stored at280°C until analysis.

The plasma samples were analyzed using a validated liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) method, which was derived from the method described previously by Xiao et al.
(33). The method was optimized to analyze remdesivir and GS-441524 in a single run. The limits of quan-
tification (LOQs) were 4 mg/L for remdesivir and 12 mg/L for GS-441524, and the limit of detection (LOD)
was 1 mg/L for remdesivir. Uncertainties of measurement were 5.2% for remdesivir and 3.5% for GS-
441524. All validation parameters were in accordance with European Medicines Agency bioanalytical
method validation guidelines (34).

Pharmacokinetic analysis. Population pharmacokinetic modeling using nonlinear mixed-effects model-
ing (NONMEM) was used to describe the pharmacokinetics of remdesivir and GS-441524. An integrated model
containing both remdesivir and its metabolite GS-441524 was developed. One-, two-, and three-compartment
models were considered as structural models for remdesivir and GS-441524. The structural model selection
was based on the reduction of the objective function value (OFV) (approximation of a x2 distribution for
nested models, with a DOFV of 3.84 corresponding to a P value of 0.05), goodness-of-fit (GOF) plots, shrinkage,
and precision of pharmacokinetic parameter estimates. Elimination from the compartments was modeled as
first-order processes. Interindividual variability (IIV) and residual variability were assumed to be log-normally
distributed. Data below the LOQ were modeled using Beal’s M1 and M3 methods and the all-data method
described previously by Keizer et al. (23) Additive, proportional, and combined residual-error models were
evaluated.

Demographic and clinical characteristics that were considered biologically plausible for affecting
remdesivir pharmacokinetics were tested for inclusion as covariates. These included age, body weight,
body surface area, body mass index (BMI), estimated glomerular filtration rate (eGFR), C-reactive protein
(CRP), and alanine aminotransferase (ALT). Continuous covariates were modeled using linear, exponen-
tial, and power functions. For body weight, the allometric rule standardized to an average adult of 70 kg
was also considered. The eGFR was calculated using the Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) formula. A covariate was retained in the final model if its effect was biologically
plausible, it produced a clinically relevant reduction in the interindividual variation of the parameter,
and the OFV was decreased by at least 3.84 (P , 0.05) in the forward inclusion and 6.63 (P , 0.01) in the
backward deletion.

The final model was evaluated using GOF plots and prediction-corrected visual predictive checks
(pcVPCs). Parameter estimates and the confidence intervals were assessed using nonparametric boot-
strapping using 1,000 resampled data sets. Population pharmacokinetic modeling was carried out using
NONMEM (v.7.4; Icon Development Solutions, Ellicott City, MD, USA) and Perl Speaks NONMEM (v.4.8.1).
Pirana (v.2.9.8) and R statistics (v.4.0.3) were used for interpretation and visualization of the pharmacoki-
netic models.

Probability of target attainment. Monte Carlo simulations (n = 1,000) were performed based on
the final model to investigate the influence of the remdesivir dosing regimen and renal function on the
probability of target attainment during a 5-day remdesivir treatment regimen. As the in vivo exposure
required for remdesivir efficacy is currently unknown, the percentage of patients reaching an unbound
plasma concentration above the in vitro EC50s for remdesivir and GS-441524 was used as the best target
for dose evaluation (35–37). We evaluated two target concentrations based on the EC50 in different cell
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lines. Corrected for the protein binding of remdesivir (88%) and GS-441524 (2%), the EC50s were 1,406 mg/L
for remdesivir and 184.3mg/L for GS-441524 in Calu3 2B4 cells (32). The EC50s were 50.2mg/L for remdesivir
and 152.6 mg/L for GS-441524 in human airway epithelial (HAE) cells (32, 38). As the half-life of the intracel-
lular active metabolite GS-443902 is 43.4 h in peripheral blood mononuclear cells, the assumption was
made that reaching the EC50 at any point during therapy was sufficient.

A typical virtual COVID-19 patient with an eGFR of 94 mL/min/1.73 m2 was used to simulate the
probability of target attainment (PTA) for four remdesivir dosing regimens. These regimens were (i) the
currently used 5-day dosing regimen with a 200-mg loading dose followed by 100 mg once daily, (ii) a
loading dose of 200 mg followed by 150 mg for 4 days, (iii) a 200-mg loading dose two times on day 1
followed by 100 mg every 12 h during 5 days in total, and (iv) a loading dose of 100 mg followed by
50 mg every 6 h during 5 days in total.

To investigate the influence of the eGFR on GS-441524 pharmacokinetics, three simulations were
performed based on different eGFRs (30, 94, and 120 mL/min/1.73 m2). The standard dosing regimen
described in the paragraph above was used in these simulations.

Data availability. The data that support the findings of this study are available from the correspond-
ing author upon reasonable request.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.4 MB.

ACKNOWLEDGMENTS
We thank Hassan al Sabari for his help in collecting the blood samples and

contributions to the study.
This work was supported by a grant from the Haga Teaching Hospital, The Hague,

The Netherlands.
The Hague Hospital Pharmacy (E.L. and E.B.W.) received a research grant from Gilead

Sciences Inc., unrelated to the submitted work. T.H.O. participates in the COVID-19 Digital
Advisory Board of Gilead Sciences Inc. All other authors have no transparency declarations.

REFERENCES
1. NIH. 2021. Therapeutic management of hospitalized adults with COVID-

19. NIH, Bethesda, MD. https://www.covid19treatmentguidelines.nih.gov/
management/clinical-management/hospitalized-adults–therapeutic
-management/.

2. Qaseem A, Yost J, Etxeandia-Ikobaltzeta I, Abraham GM, Jokela JA, Forciea
MA, Miller MC, Humphrey LL, Scientific Medical Policy Committee of the
American College of Physicians. 2021. Update alert 2: should remdesivir
be used for the treatment of patients with COVID-19? Rapid, living prac-
tice points from the American College of Physicians (version 2). Ann In-
tern Med 174:W116–W117. https://doi.org/10.7326/L21-0607.

3. Ader F, Bouscambert-Duchamp M, Hites M, Peiffer-Smadja N, Poissy J,
Belhadi D, Diallo A, Lê M-P, Peytavin G, Staub T, Greil R, Guedj J, Paiva J-A,
Costagliola D, Yazdanpanah Y, Burdet C, Mentré F, DisCoVeRy Study
Group. 2022. Remdesivir plus standard of care versus standard of care
alone for the treatment of patients admitted to hospital with COVID-19
(DisCoVeRy): a phase 3, randomised, controlled, open-label trial. Lancet
Infect Dis 22:209–221. https://doi.org/10.1016/S1473-3099(21)00485-0.

4. Beigel JH, Tomashek KM, Dodd LE, Mehta AK, Zingman BS, Kalil AC,
Hohmann E, Chu HY, Luetkemeyer A, Kline S, Lopez de Castilla D, Finberg
RW, Dierberg K, Tapson V, Hsieh L, Patterson TF, Paredes R, Sweeney DA,
Short WR, Touloumi G, Lye DC, Ohmagari N, Oh M-D, Ruiz-Palacios GM,
Benfield T, Fätkenheuer G, Kortepeter MG, Atmar RL, Creech CB,
Lundgren J, Babiker AG, Pett S, Neaton JD, Burgess TH, Bonnett T, Green
M, Makowski M, Osinusi A, Nayak S, Lane HC, ACTT-1 Study Group Mem-
bers. 2020. Remdesivir for the treatment of Covid-19—final report. N Engl
J Med 383:1813–1826. https://doi.org/10.1056/NEJMoa2007764.

5. WHO Solidarity Trial Consortium, Pan H, Peto R, Henao-Restrepo A-M,
Preziosi M-P, Sathiyamoorthy V, Abdool Karim Q, Alejandria MM,
Hernández García C, Kieny M-P, Malekzadeh R, Murthy S, Reddy KS, Roses
Periago M, Abi Hanna P, Ader F, Al-Bader AM, Alhasawi A, Allum E,
Alotaibi A, Alvarez-Moreno CA, Appadoo S, Asiri A, Aukrust P, Barratt-Due
A, Bellani S, Branca M, Cappel-Porter HBC, Cerrato N, Chow TS, Como N,
Eustace J, García PJ, Godbole S, Gotuzzo E, Griskevicius L, Hamra R,
Hassan M, Hassany M, Hutton D, Irmansyah I, Jancoriene L, Kirwan J,
Kumar S, Lennon P, Lopardo G, Lydon P, Magrini N, Maguire T, Manevska
S, Manuel O, et al. 2021. Repurposed antiviral drugs for COVID-19—

interim WHO Solidarity Trial results. N Engl J Med 384:497–511. https://
doi.org/10.1056/NEJMoa2023184.

6. Humeniuk R, Mathias A, Kirby BJ, Lutz JD, Cao H, Osinusi A, Babusis D,
Porter D, Wei X, Ling J, Reddy YS, German P. 2021. Pharmacokinetic, phar-
macodynamic, and drug-interaction profile of remdesivir, a SARS-CoV-2
replication inhibitor. Clin Pharmacokinet 60:569–583. https://doi.org/10
.1007/s40262-021-00984-5.

7. Yan VC, Muller FL. 2020. Advantages of the parent nucleoside GS-441524
over remdesivir for COVID-19 treatment. ACS Med Chem Lett 11:
1361–1366. https://doi.org/10.1021/acsmedchemlett.0c00316.

8. Yan VC, Muller FL. 2021. Why remdesivir failed: preclinical assumptions
overestimate the clinical efficacy of remdesivir for COVID-19 and Ebola.
Antimicrob Agents Chemother 65:e01117-21. https://doi.org/10.1128/
AAC.01117-21.

9. Li Y, Cao L, Li G, Cong F, Li Y, Sun J, Luo Y, Chen G, Li G, Wang P, Xing F, Ji
Y, Zhao J, Zhang Y, Guo D, Zhang X. 2022. Remdesivir metabolite GS-
441524 effectively inhibits SARS-CoV-2 infection in mouse models. J Med
Chem 65:2785–2793. https://doi.org/10.1021/acs.jmedchem.0c01929.

10. Wei D, Hu T, Zhang Y, Zheng W, Xue H, Shen J, Xie Y, Aisa HA. 2021. Po-
tency and pharmacokinetics of GS-441524 derivatives against SARS-CoV-2.
Bioorg Med Chem 46:116364. https://doi.org/10.1016/j.bmc.2021.116364.

11. Humeniuk R, Mathias A, Cao H, Osinusi A, Shen G, Chng E, Ling J, Vu A,
German P. 2020. Safety, tolerability, and pharmacokinetics of remdesivir,
an antiviral for treatment of COVID-19, in healthy subjects. Clin Transl Sci
13:896–906. https://doi.org/10.1111/cts.12840.

12. Gilead Sciences. 2020. Investigator’s brochure: remdesivir (GS-5734).
Gilead Sciences, Foster City, CA.

13. EMA. 2020. Summary on compassionate use: remdesivir Gilead. EMA, Am-
sterdam, The Netherlands. https://www.ema.europa.eu/en/documents/
other/summary-compassionate-use-remdesivir-gilead_en.pdf. Accessed 11
November 2021.

14. Conway JM, Abel Zur Wiesch P. 2021. Mathematical modeling of remdesi-
vir to treat COVID-19: can dosing be optimized? Pharmaceutics 13:1181.
https://doi.org/10.3390/pharmaceutics13081181.

15. Hanafin PO, Jermain B, Hickey AJ, Kabanov AV, Kashuba ADM, Sheahan TP,
Rao GG. 2021. A mechanism-based pharmacokinetic model of remdesivir

Pharmacokinetics of Remdesivir Antimicrobial Agents and Chemotherapy

June 2022 Volume 66 Issue 6 10.1128/aac.00254-22 9

https://www.covid19treatmentguidelines.nih.gov/management/clinical-management/hospitalized-adults--therapeutic-management/
https://www.covid19treatmentguidelines.nih.gov/management/clinical-management/hospitalized-adults--therapeutic-management/
https://www.covid19treatmentguidelines.nih.gov/management/clinical-management/hospitalized-adults--therapeutic-management/
https://doi.org/10.7326/L21-0607
https://doi.org/10.1016/S1473-3099(21)00485-0
https://doi.org/10.1056/NEJMoa2007764
https://doi.org/10.1056/NEJMoa2023184
https://doi.org/10.1056/NEJMoa2023184
https://doi.org/10.1007/s40262-021-00984-5
https://doi.org/10.1007/s40262-021-00984-5
https://doi.org/10.1021/acsmedchemlett.0c00316
https://doi.org/10.1128/AAC.01117-21
https://doi.org/10.1128/AAC.01117-21
https://doi.org/10.1021/acs.jmedchem.0c01929
https://doi.org/10.1016/j.bmc.2021.116364
https://doi.org/10.1111/cts.12840
https://www.ema.europa.eu/en/documents/other/summary-compassionate-use-remdesivir-gilead_en.pdf
https://www.ema.europa.eu/en/documents/other/summary-compassionate-use-remdesivir-gilead_en.pdf
https://doi.org/10.3390/pharmaceutics13081181
https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00254-22


leveraging interspecies scaling to simulate COVID-19 treatment in humans.
CPT Pharmacometrics Syst Pharmacol 10:89–99. https://doi.org/10.1002/
psp4.12584.

16. Corcione S, De Nicolò A, Montrucchio G, Scabini S, Avataneo V, Bonetto C,
Mornese Pinna S, Cusato J, Canta F, Urbino R, Di Perri G, Brazzi L, De Rosa
FG, D’Avolio A. 2021. Real-life study on the pharmacokinetic of remdesivir
in ICU patients admitted for severe COVID-19 pneumonia. Br J Clin Phar-
macol 87:4861–4867. https://doi.org/10.1111/bcp.14895.

17. Schmidt JJ, Bode-Böger SM, Martens-Lobenhoffer J, Hoeper MM, Kielstein
JT. 2021. Pharmacokinetics of remdesivir and GS-441524 during PIRRT
and seraph 100 therapy. Clin J Am Soc Nephrol 16:1256–1257. https://doi
.org/10.2215/CJN.17601120.

18. Sörgel F, Malin JJ, Hagmann H, Kinzig M, Bilal M, Eichenauer DA, Scherf-
Clavel O, Simonis A, El Tabei L, Fuhr U, Rybniker J. 2021. Pharmacokinetics
of remdesivir in a COVID-19 patient with end-stage renal disease on inter-
mittent haemodialysis. J Antimicrob Chemother 76:825–827. https://doi
.org/10.1093/jac/dkaa500.

19. Tempestilli M, Caputi P, Avataneo V, Notari S, Forini O, Scorzolini L,
Marchioni L, Ascoli Bartoli T, Castilletti C, Lalle E, Capobianchi MR, Nicastri
E, D’Avolio A, Ippolito G, Agrati C, COVID-19 INMI Study Group. 2020.
Pharmacokinetics of remdesivir and GS-441524 in two critically ill patients
who recovered from COVID-19. J Antimicrob Chemother 75:2977–2980.
https://doi.org/10.1093/jac/dkaa239.

20. Choe PG, Jeong SI, Kang CK, Yang L, Lee S, Cho J-Y, Han SS, Kim DK, Lee
SM, Park WB, Oh M-D, Kim NJ. 2022. Exploration for the effect of renal
function and renal replacement therapy on pharmacokinetics of remdesi-
vir and GS-441524 in patients with COVID-19: a limited case series. Clin
Transl Sci 15:732–740. https://doi.org/10.1111/cts.13194.

21. Sukeishi A, Itohara K, Yonezawa A, Sato Y, Matsumura K, Katada Y,
Nakagawa T, Hamada S, Tanabe N, Imoto E, Kai S, Hirai T, Yanagita M,
Ohtsuru S, Terada T, Ito I. 2022. Population pharmacokinetic modeling of
GS-441524, the active metabolite of remdesivir, in Japanese COVID-19
patients with renal dysfunction. CPT Pharmacometrics Syst Pharmacol 11:
94–103. https://doi.org/10.1002/psp4.12736.

22. WHO Working Group on the Clinical Characterisation and Management
of COVID-19 Infection. 2020. A minimal common outcome measure set
for COVID-19 clinical research. Lancet Infect Dis 20:e192–e197. https://doi
.org/10.1016/S1473-3099(20)30483-7.

23. Keizer RJ, Jansen RS, Rosing H, Thijssen B, Beijnen JH, Schellens JHM,
Huitema ADR. 2015. Incorporation of concentration data below the limit
of quantification in population pharmacokinetic analyses. Pharmacol Res
Perspect 3:e00131. https://doi.org/10.1002/prp2.131.

24. Center for Drug Evaluation and Research. 2020. Application number:
214787Orig1s000. Clinical pharmacology review. Center for Drug Evalua-
tion and Research, FDA, Silver Spring, MD. https://www.accessdata.fda
.gov/drugsatfda_docs/nda/2020/214787Orig1s000ClinpharmR.pdf.

25. Wang D, Zou L, Jin Q, Hou J, Ge G, Yang L. 2018. Human carboxylester-
ases: a comprehensive review. Acta Pharm Sin B 8:699–712. https://doi
.org/10.1016/j.apsb.2018.05.005.

26. Zhu W, Song L, Zhang H, Matoney L, LeCluyse E, Yan B. 2000. Dexametha-
sone differentially regulates expression of carboxylesterase genes in
humans and rats. Drug Metab Dispos 28:186–191.

27. Shen Y, Eades W, Yan B. 2021. The COVID-19 medicine remdesivir is thera-
peutically activated by carboxylesterase-1, and excessive hydrolysis
increases cytotoxicity. Hepatol Commun 5:1622–1623. https://doi.org/10
.1002/hep4.1736.

28. Ackley TW, McManus D, Topal JE, Cicali B, Shah S. 2021. A valid warning or
clinical lore: an evaluation of safety outcomes of remdesivir in patients with
impaired renal function from a multicenter matched cohort. Antimicrob
Agents Chemother 65:e00943-21. https://doi.org/10.1128/AAC.00943-21.

29. Aiswarya D, Arumugam V, Dineshkumar T, Gopalakrishnan N, Lamech TM,
Nithya G, Sastry BVRH, Vathsalyan P, Dhanapriya J, Sakthirajan R. 2021.
Use of remdesivir in patients with COVID-19 on hemodialysis: a study of
safety and tolerance. Kidney Int Rep 6:586–593. https://doi.org/10.1016/j
.ekir.2020.12.003.

30. Pettit NN, Pisano J, Nguyen CT, Lew AK, Hazra A, Sherer R, Mullane KM.
2021. Remdesivir use in the setting of severe renal impairment: a theoreti-
cal concern or real risk? Clin Infect Dis 73:e3990–e3995. https://doi.org/10
.1093/cid/ciaa1851.

31. van Laar SA, de Boer MGJ, Gombert-Handoko KB, Guchelaar H-J,
Zwaveling J, LUMC-COVID-19 Research Group. 2021. Liver and kidney
function in patients with COVID-19 treated with remdesivir. Br J Clin Phar-
macol 87:4450–4454. https://doi.org/10.1111/bcp.14831.

32. Pruijssers AJ, George AS, Schäfer A, Leist SR, Gralinksi LE, Dinnon KH,
Yount BL, Agostini ML, Stevens LJ, Chappell JD, Lu X, Hughes TM, Gully K,
Martinez DR, Brown AJ, Graham RL, Perry JK, Du Pont V, Pitts J, Ma B,
Babusis D, Murakami E, Feng JY, Bilello JP, Porter DP, Cihlar T, Baric RS,
Denison MR, Sheahan TP. 2020. Remdesivir inhibits SARS-CoV-2 in human
lung cells and chimeric SARS-CoV expressing the SARS-CoV-2 RNA poly-
merase in mice. Cell Rep 32:107940. https://doi.org/10.1016/j.celrep.2020
.107940.

33. Xiao D, John Ling KH, Tarnowski T, Humeniuk R, German P, Mathias A,
Chu J, Chen Y-S, van Ingen E. 2021. Validation of LC-MS/MS methods for
determination of remdesivir and its metabolites GS-441524 and GS-
704277 in acidified human plasma and their application in COVID-19
related clinical studies. Anal Biochem 617:114118. https://doi.org/10
.1016/j.ab.2021.114118.

34. EMA. 2011. Guideline on bioanalytical method validation. EMA, Amsterdam,
The Netherlands. https://www.ema.europa.eu/en/documents/scientific-
guideline/guideline-bioanalytical-method-validation_en.pdf. Accessed 11
November 2021.

35. Center for Drug Evaluation and Research. 2020. Translating in vitro antivi-
ral activity to the in vivo setting: a crucial step in fighting COVID-19. Cen-
ter for Drug Evaluation and Research, FDA, Silver Spring, MD.

36. Fan J, Zhang X, Liu J, Yang Y, Zheng N, Liu Q, Bergman K, Reynolds K,
Huang S-M, Zhu H, Wang Y. 2020. Connecting hydroxychloroquine in
vitro antiviral activity to in vivo concentration for prediction of antiviral
effect: a critical step in treating patients with coronavirus disease 2019.
Clin Infect Dis 71:3232–3236. https://doi.org/10.1093/cid/ciaa623.

37. Venisse N, Peytavin G, Bouchet S, Gagnieu M-C, Garraffo R, Guilhaumou R,
Solas C, ANRS-AC43 Clinical Pharmacology Committee, SFPT Therapeutic
Drug Monitoring and Treatment Personalization Group. 2020. Concerns
about pharmacokinetic (PK) and pharmacokinetic-pharmacodynamic
(PK-PD) studies in the new therapeutic area of COVID-19 infection. Antivi-
ral Res 181:104866. https://doi.org/10.1016/j.antiviral.2020.104866.

38. Do TND, Donckers K, Vangeel L, Chatterjee AK, Gallay PA, Bobardt MD,
Bilello JP, Cihlar T, De Jonghe S, Neyts J, Jochmans D. 2021. A robust
SARS-CoV-2 replication model in primary human epithelial cells at the air
liquid interface to assess antiviral agents. Antiviral Res 192:105122.
https://doi.org/10.1016/j.antiviral.2021.105122.

Pharmacokinetics of Remdesivir Antimicrobial Agents and Chemotherapy

June 2022 Volume 66 Issue 6 10.1128/aac.00254-22 10

https://doi.org/10.1002/psp4.12584
https://doi.org/10.1002/psp4.12584
https://doi.org/10.1111/bcp.14895
https://doi.org/10.2215/CJN.17601120
https://doi.org/10.2215/CJN.17601120
https://doi.org/10.1093/jac/dkaa500
https://doi.org/10.1093/jac/dkaa500
https://doi.org/10.1093/jac/dkaa239
https://doi.org/10.1111/cts.13194
https://doi.org/10.1002/psp4.12736
https://doi.org/10.1016/S1473-3099(20)30483-7
https://doi.org/10.1016/S1473-3099(20)30483-7
https://doi.org/10.1002/prp2.131
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2020/214787Orig1s000ClinpharmR.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2020/214787Orig1s000ClinpharmR.pdf
https://doi.org/10.1016/j.apsb.2018.05.005
https://doi.org/10.1016/j.apsb.2018.05.005
https://doi.org/10.1002/hep4.1736
https://doi.org/10.1002/hep4.1736
https://doi.org/10.1128/AAC.00943-21
https://doi.org/10.1016/j.ekir.2020.12.003
https://doi.org/10.1016/j.ekir.2020.12.003
https://doi.org/10.1093/cid/ciaa1851
https://doi.org/10.1093/cid/ciaa1851
https://doi.org/10.1111/bcp.14831
https://doi.org/10.1016/j.celrep.2020.107940
https://doi.org/10.1016/j.celrep.2020.107940
https://doi.org/10.1016/j.ab.2021.114118
https://doi.org/10.1016/j.ab.2021.114118
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-bioanalytical-method-validation_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-bioanalytical-method-validation_en.pdf
https://doi.org/10.1093/cid/ciaa623
https://doi.org/10.1016/j.antiviral.2020.104866
https://doi.org/10.1016/j.antiviral.2021.105122
https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00254-22

	RESULTS
	Pharmacokinetic modeling.
	Pharmacokinetics.
	Monte Carlo simulations.

	DISCUSSION
	Conclusion.

	MATERIALS AND METHODS
	Ethics.
	Study design.
	Sampling schedule and analytical methods.
	Pharmacokinetic analysis.
	Probability of target attainment.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

