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Abstract
Purpose PAXLOVID™ is nirmatrelvir tablets co-packaged with ritonavir tablets. Ritonavir is used as a pharmacokinetics 
(PK) enhancer to reduce metabolism and increase exposure of nirmatrelvir. This is the first disclosure of Paxlovid physio-
logically-based pharmacokinetic (PBPK) model.
Methods Nirmatrelvir PBPK model with first-order absorption kinetics was developed using in vitro, preclinical, and clini-
cal data of nirmatrelvir in the presence and absence of ritonavir. Clearance and volume of distribution were derived from 
nirmatrelvir PK obtained using a spray-dried dispersion (SDD) formulation where it is considered to be dosed as an oral 
solution, and absorption is near complete. The fraction of nirmatrelvir metabolized by CYP3A was estimated based on in 
vitro and clinical ritonavir drug-drug interaction (DDI) data. First-order absorption parameters were established for both SDD 
and tablet formulation using clinical data. Nirmatrelvir PBPK model was verified with both single and multiple dose human 
PK data, as well as DDI studies. Simcyp® first-order ritonavir compound file was also verified with additional clinical data.
Results The nirmatrelvir PBPK model described the observed PK profiles of nirmatrelvir well with predicted AUC and 
 Cmax values within ± 20% of the observed. The ritonavir model performed well resulting in predicted values within twofold 
of observed.
Conclusions Paxlovid PBPK model developed in this study can be applied to predict PK changes in special populations, 
as well as model the effect of victim and perpetrator DDI. PBPK modeling continues to play a critical role in accelerat-
ing drug discovery and development of potential treatments for devastating diseases such as COVID-19. NCT05263895, 
NCT05129475, NCT05032950 and NCT05064800.
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Abbreviations
ADAM  Advanced dissolution, absorption, and 

metabolism
ADME  Absorption, distribution, metabolism, and 

excretion
AUC   Area under the concentration–time curve
AUC inf  Area under the concentration–time curve 

from time 0 to infinite

B/P  Blood-to-plasma ratio
BCRP  Breast cancer resistance protein
BID  Twice a day
Caco-2  Human colorectal adenocarcinoma cells
CLint  Intrinsic clearance
CLint,CYP3A4  Intrinsic clearance of cytochrome P450 3A4
CLpo  Oral clearance
CLR  Renal clearance
Cmax  Maximum concentration
CYP3A  Cytochrome P450 3A
CYP3A4  Cytochrome P450 3A4
DDI  Drug-drug interaction
EUA  Emergency use authorization
fa  Fraction absorbed
fm  Fraction metabolized
fm,CYP3A4  Fraction metabolized by CYP3A4
fu  Fraction unbound
fu,gut  Fraction unbound in enterocytes
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fu,mic  Fraction unbound in microsomal incubation
fup  Fraction unbound in plasma
γ  Hill coefficient
GI  Gastrointestinal
HIV  Human immunodeficiency virus
IndC50  Concentration resulting in half maximal 

induction
Indmax  Maximal fold induction over vehicle
ka  First-order absorption rate constant
Kapp  The concentration of mechanism-based 

inhibitor associated with half maximal inac-
tivation rate

Ki  Concentration of inhibitor that supports half 
maximal inhibition

kinact  Maximal rate of enzyme inactivation
Kp  Tissue partition coefficient
LogP  Log10 of partition coefficient between 

octanol and water
MAD  Multiple ascending dose
MDCK-LE  Madin-Darby canine kidney low efflux cells
MW  Molecular weight
N  Number of subjects
NCA  Noncompartmental analysis
NMV  Nirmatrelvir
Obs  Observed
Papp  Apparent permeability
PBPK  Physiologically-based pharmacokinetic
P-gp  P-glycoprotein
PK  Pharmacokinetics
Pred  Predicted
Qgut  A hybrid term including both villous blood 

flow and permeability through the entero-
cyte membrane

RTV  Ritonavir
SAD  Single ascending dose
SD  Single dose
SDD  Spray-dried dispersion
Vss  Steady state volume of distribution

Introduction

The COVID-19 pandemic was the result of a global out-
break of coronavirus, an infectious disease caused by the 
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) virus. COVID-19 has resulted in more than 6.6 
million death and 638 million confirmed cases globally 
(Coronavirus Death Toll and Trends—Worldometer (worl-
dometers.info)). Alongside vaccines, antiviral treatment 
is another effective approach to combat COVID-19. PAX-
LOVID™ is the first oral  Mpro (main protease, i.e., SAR-
SCoV-2 3-chymotrypsin–like cysteine protease enzyme) 
inhibitor that was granted emergency use authorization 
(EUA) in the United States, and it is currently approved or 
authorized for conditional or emergency use in more than 
65 countries across the globe to treat high-risk COVID-19 
patients. Paxlovid is nirmatrelvir tablets co-packaged with 
ritonavir tablets (Fig. 1). Nirmatrelvir is predominantly 
metabolized by CYP3A4 [1] and coadministrated ritonavir 
inhibits CYP3A, which reduces the clearance and prolongs 
half-life of nirmatrelvir. This strategy has been success-
fully applied in various HIV treatments [2–4].

PBPK modeling and simulation has been widely used to 
accelerate drug discovery and development [5–7]. Analy-
sis of historical regulatory submissions showed growing 
applications of PBPK and 45% of the new drug approvals 
containing PBPK modeling and simulation in 2019 [5, 8]. 
Some major applications of PBPK modeling in regulatory 
submission include predictions of drug-drug interactions 
(DDI), assessment of PK changes in special populations 
such as pediatrics and hepatic and renal impairment, pre-
diction of absorption with formulation changes, food effect 
and others [8, 9]. This study reports a PBPK model of Pax-
lovid for the first time using first-order absorption kinetics 
that was developed and verified with in vitro absorption, 
distribution, metabolism and excretion (ADME), and clini-
cal data, some of which have been previously published 
[1, 10–13]. An Advanced Dissolution, Absorption and 

Fig. 1  Structure of PAX-
LOVID™ – nirmatrelvir tablets 
co-packaged with ritonavir 
tablets.

Nirmatrelvir Ritonavir

Paxlovid
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Metabolism (ADAM) model for Paxlovid focusing on a 
more mechanistic description of nirmatrelvir dissolution 
and absorption will be discussed in a subsequent publica-
tion due to its complexity. The Paxlovid PBPK models 
developed are intended to be used to ensure product qual-
ity and desired exposure in in special populations (e.g., 
pediatrics and pregnancy) to inform dose adjustment 
recommendations if necessary, as well as to predict DDI 
potential with comedications.

Materials and Methods

Clinical Studies

Conduct of the studies were in accordance with ethical 
principles derived from the Declaration of Helsinki and 
in compliance with International Conference on Harmoni-
zation Guidelines for Good Clinical Practice. All regula-
tory requirements were followed, including those affording 
greater protection to the safety of trial participants. The 
study protocols and any amendments, as well as informed 
consent documents were approved by the institutional review 
board/ethics committee. Written informed consent was 
obtained from all participants before any study activity. The 
details of the study design have been reported previously 
[11]. The study protocols were published in ClinicalTrials.
gov with the following identifiers: NCT05263895 [relative 
bioavailability (Dataset #1 SDD without ritonavir, Dataset 
#2 SDD with ritonavir, Dataset #3 tablet with ritonavir)], 
NCT05129475 (food effect, Dataset #4 tablet with ritona-
vir), NCT05032950 (midazolam DDI, Dataset #5, tablet 
with ritonavir) and NCT05064800 (dabigatran etexilate 
DDI, Dataset #6, tablet with ritonavir). The demographic 
and dosing information are summarized in Table II.

PBPK Model Development and Verification

A nirmatrelvir PBPK model was developed and verified 
with Simcyp® version 21 release 1 (Certara, Sheffield, 
UK). The model was developed with in vitro [1], preclini-
cal [1, 10], and human clinical data (ClinicalTrials.Org 

identifiers NCT05263895, NCT05129475, NCT05032950, 
NCT05064800) [11, 12], where nirmatrelvir was adminis-
tered with and without ritonavir. The present study focuses 
on model development and verification of nirmatrelvir and 
Paxlovid (nirmatrelvir co-dosed with ritonavir). Ritonavir 
compound file was developed and verified by  Simcyp® using 
ritonavir data across multiple doses and studies [14–23]. The 
ritonavir first-order compound file (SV-ritonavir_FO) from 
the  Simcyp® compound library was used for simulations 
without any modifications. Additional verifications of rito-
navir PBPK file were performed with Paxlovid clinical data. 
 Simcyp® midazolam (Sim-Midazolam), dabigatran etexilate 
(SV-Dabigatran etexilate) and dabigatran (SV-dabigatran) 
substrate files were used for DDI simulations without any 
modifications. Dabigatran etexilate substrate file was veri-
fied by  Simcyp® using thirteen clinical studies. Simulations 
were performed with 10 trials under the fasted condition 
using a virtual population library of healthy volunteers in 
 Simcyp® (Sim-Healthy Volunteers) keeping the number of 
subjects, age range and gender ratio consistent with the clini-
cal trials. The scheme of nirmatrelvir model development 
and verification is shown in Fig. 2. A stepwise approach 
was taken to build and establish the first-order absorption 
nirmatrelvir PBPK model. Firstly, nirmatrelvir systemic 
parameters (clearance and volume of distribution), as well 
as fraction absorbed  (Fa) and first-order absorption rate con-
stant  (ka) were estimated using PK data obtained by dosing a 
spray dried dispersion (SDD) formulation without ritonavir. 
Secondly, nirmatrelvir CYP3A  fm was estimated using SDD 
formulation co-dosed with ritonavir. Lastly,  Fa and  Ka of nir-
matrelvir commercial tablet was obtained using PK data of 
Paxlovid. The first-order absorption Paxlovid PBPK model 
developed was then verified using single and multiple dosing 
data of nirmatrelvir tablets co-administered with ritonavir, as 
well as both the control arms and the interactions in the DDI 
studies with midazolam and dabigatran etexilate.

The details of nirmatrelvir PBPK model development is 
discussed here. An amorphous solid dispersion formulation 
of nirmatrelvir, using spray drying process, was developed 
to enable oral solution dosing. Due to the lack of intrave-
nous (IV) PK data, oral solution data (Dataset #1 and #2, 
data in Fig. 3) where healthy volunteers were dosed with 

Fig. 2  Nirmatrelvir PBPK model development and verification scheme.
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nirmatrelvir SDD formulation with and without co-adminis-
tration of ritonavir was used for the PBPK model building to 
define nirmatrelvir absorption and systemic PK parameters. 
Clinical data with SDD formulation was treated as oral solu-
tion data. The oral clearance of nirmatrelvir  (CLPO = 28.36 
L/h) and oral steady state volume of distribution (V/F = 1 
L/kg) of nirmatrelvir were estimated from SDD solu-
tion formulation (NCT05263895, relative bioavailability, 
Dataset # 1, data in Fig. 3A) by fitting the clinical data. 
The steady state volume of distribution  Vss of nirmatrel-
vir was described using the full PBPK model in  Simcyp® 
with prediction “Method 2”. “Method 2” is based upon the 
mechanistic approaches developed by Rodgers and Rowland 
[24–27], which considers partitioning of compounds into 
neutral lipids and phospholipids, electrostatic interactions of 
strong bases with acidic phospholipids, and binding to extra-
cellular proteins of acids and bases and to lipoproteins of 
neutral compounds. The method calculates  Vss from the par-
tition coefficient (Kp) into different tissues based on phys-
icochemical properties (pKa, LogD, plasma protein binding 

and blood-to-plasma ratio). The  Vss value was adjusted to 
fit the observed volume by using a global ‘Kp scalar’ of 
the different tissues. Nirmatrelvir is mainly metabolized by 
CYP3A4 based on in vitro reaction phenotyping data [1]. 
The  fm,CYP3A4 value was optimized by using ritonavir DDI 
data with nirmatrelvir SDD formulation (Dataset #2, data in 
Fig. 3B). The intrinsic clearance by CYP3A4  (CLint,CYP3A4) 
was derived using the optimized  fm,CYP3A4 value, observed 
oral clearance  (CLPO) and renal clearance with the retro-
grade function in  Simcyp®. The remaining of the clearance 
was assigned to other metabolic clearance. Renal clearance 
was estimated from multiple ascending dose (MAD) study 
where participants received BID dosing of 75 mg, 250 mg 
and 750 mg of nirmatrelvir suspension with 100 mg ritona-
vir for 10 days [11]. Renal clearance was calculated from 
urinary excretion data on Day 10, and exhibited no signifi-
cant dose dependence. Therefore, the observed renal clear-
ance from the aforementioned three doses of nirmatrelvir 
was averaged and the mean value of 3.4 L/h was used as an 
input for renal clearance of nirmatrelvir in the model. Biliary 
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Fig. 3  Method development results: Predicted versus observed PK profile of nirmatrelvir SDD formulation with and without ritonavir (300 mg 
nirmatrelvir and three doses of 100 mg ritonavir at -12, 0, 12 h). Clinical data from NCT05263895 (relative bioavailability, Dataset #1 and #2). 
Human clinical data are presented as discrete points of mean value and standard deviation. Solid line in the middle is simulated mean concentra-
tion from the model. The two boundary lines represent  5th and  95th percentile. A Without ritonavir. B With ritonavir.
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clearance of nirmatrelvir was assumed to be minimal based 
on studies in preclinical species [1]. Nirmatrelvir absorption 
was modeled using first-order absorption kinetics. The  ka for 
nirmatrelvir SDD tablet and commercial nirmatrelvir tablet 
co-packaged with ritonavir was estimated with the parameter 
estimation tool within  Simcyp® using the observed mean 
plasma concentration versus time profiles from Dataset #1 
(Data in Fig. 3A) and Dataset #3 (Data in Fig. 4), respec-
tively.  Fa of nirmatrelvir in SDD formulation was assumed 
to be 1 based on its solubility and absorption observed in 
preclinical species [1]. The  fa of nirmatrelvir from the tablet 
dosage form when co-administered with ritonavir was esti-
mated using the ratio between the observed AUC inf after a 
single dose of nirmatrelvir tablet and AUC inf after a single 
dose of nirmatrelvir SDD formulation in presence of rito-
navir [Dataset #1 (Data in Fig. 3B) and Dataset #3 (Data 
in Fig. 4)].  Fu,gut was assumed to be 1 and  Qgut was set to 
10 L/h. In vitro enzyme and transport inhibition/induction 
data were also incorporated into the model directly in order 
to capture any autoinhibition/autoinduction and to enable 
perpetrator DDI prediction. Methods of these in vitro DDI 
studies and ADME properties have been published previ-
ously [1, 28–33]. Verification of CYP3A4 autoinhibition/ 
autoinduction of nirmatrelvir will be discussed in the 
ADAM model in a subsequent paper, as single and multiple 
ascending dose (SAD and MAD) clinical studies used sus-
pension formulation rather than tablet and ADAM model is 
needed to accurately describe the disposition of nirmatrelvir 
in suspension dosage form.  Fu,inc values for the in vitro DDI 
parameters were estimated to be about 1 based on  fu,mic of 
0.824 at 1 mg/mL human liver microsomal protein concen-
tration and the incubation conditions (HLM concentration 
of 0.01 – 0.3 mg/mL) for the in vitro DDI studies. Induc-
tion parameters  (Indmax and  IndC50) were calibrated against 
rifampicin.

The developed Paxlovid first-order PBPK model was ver-
ified with single and multiple dosing studies of nirmatrelvir 

tablets in the presence of ritonavir tablet by comparing the 
AUC and  Cmax values between predicted and observed. All 
simulations were conducted with 10 trials maintaining the 
age range, proportion of females, and number of subjects 
consistent with the clinical studies. DDI prediction simula-
tions of Paxlovid or ritonavir alone as inhibitors were per-
formed with midazolam and dabigatran etexilate prodrug 
(dabigatran active was monitored) as substrates. Both the 
control arms and the interactions of DDI studies with mida-
zolam and dabigatran etexilate were used for model verifi-
cation. Model verification with a wide range of nirmatrelvir 
doses was conducted using the nirmatrelvir ADAM model, 
because suspension formulation was used for the MAD 
studies, and it required the ADAM model to describe the 
complex dissolution process of the nirmatrelvir crystalline 
material. The systemic parameters are identical for both 
the ADAM and the first-order models. The only difference 
between the two models is the absorption parameters. As 
such, the systemic parameters are considered verified with 
various doses by the ADAM model. Because of the com-
plexity of the ADAM model, it will be discussed in a sepa-
rate paper.

Results

The input parameters of nirmatrelvir first-order PBPK model 
and in vitro DDI values are summarized in Table I. The data 
sources for the input parameters of the nirmatrelvir model 
are also included in Table I. Information pertaining to clini-
cal data used in model verification and model development 
namely, dose and dose regimen, age range of healthy volun-
teers, proportion of females included in the trials have been 
summarized in Table II. The actual clinical data are shown in 
Figs. 3, 4, 5 and 6 for nirmatrelvir and supplemental material 
Figures S1-S4 for ritonavir.

0

1000

2000

3000

4000

5000

0 10 20 30 40 50 60

)L
m/gn(

noitartnecnoCci
metsyS

Time (h)

1

10

100

1000

10000

0 10 20 30 40 50 60

)L
m/gn(

noitartnecnoCci
metsyS

Time (h)

Fig. 4  Method development result: Predicted versus observed nirmatrelvir PK profile of Paxlovid (300 mg nirmatrelvir tablet and three doses of 
100 mg ritonavir at -12, 0, 12 h). Clinical data from NCT05263895 (relative bioavailability, Dataset #3). Human clinical data are presented as 
discrete points of mean value and standard deviation. Solid line in the middle is simulated mean concentration from the model. The two bound-
ary lines represent  5th and  95th percentile.
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Model Development

Absorption

Nirmatrelvir SDD formulation of amorphous material was 
developed to enable solution dosing of nirmatrelvir. In vitro 
experiments confirmed that nirmatrelvir from the SDD for-
mulation remained in solution without precipitating for a 
period of 24 h, significantly longer than the absorption phase 
in vivo (Pfizer data on file). The  fa of nirmatrelvir from the 
tablet dosage form when co-administered with ritonavir was 
estimated to be 0.73 using the ratio between the observed 
AUCinf after a single dose of nirmatrelvir tablet and AUC 
inf after a single dose of nirmatrelvir SDD formulation in 

the presence of ritonavir. The estimated  ka values of nir-
matrelvir tablet and SDD formulation were 0.55  h−1 and 
2.63  h−1, respectively.

Distribution

The volume of distribution of nirmatrelvir was described 
using full PBPK model with prediction “Method 2” within 
 Simcyp® as described in the method section. The global Kp 
scalar was determined by employing the parameter estima-
tion tool using the observed mean PK profile from the partic-
ipants who received nirmatrelvir SDD formulation without 
ritonavir [NCT05263895 (relative bioavailability, Dataset 

Table I  Input Parameters of Nirmatrelvir as a Substrate in the Paxlovid PBPK Model

Category Parameters Value Data Source

PhysChem Properties MW 499.5 Calculated
LogP 1.84 In vitro measurement
Compound type Neutral Structure
B/P 0.6 In vitro measurement
fup 0.31 In vitro measurement

Elimination CLint,CYP3A4 (μl/min/pmol) 0.148 Estimated from  fm,CYP3A and clinical data
Other HLM  CLint (μl/min/mg) 3.23 Estimated from  fm,CYP3A and clinical data
fm,CYP3A 0.85 Estimated from ritonavir DDI clinical data
fu,mic 1 Assumed to be consistent with  CLint

CLR (L/h) 3.4 Mean clinical data from MAD
Distribution Vss (L/kg) Method 2 0.48 Estimated from SDD clinical data without ritonavir

Kp Scalar 0.48 Estimated from SDD clinical data without ritonavir
Absorption ka  (h−1) (SDD) 2.63 Estimated from SDD clinical data without ritonavir

fa (SDD) 1 Estimated from SDD clinical data without ritonavir
ka  (h−1) (tablet) 0.55 Estimated from tablet clinical data with ritonavir
fa (tablet) 0.73 Estimated from SDD & tablet clinical data with ritonavir
fu,gut,  Qgut (L/h) 1, 10 Assumed

CYP3A4 Interaction Ki (μM) 22.6 In vitro measurements
Kapp (μM) 13.9
kinact  (h−1) 0.99
Indmax (fold) 9.74
IndC50 (μM) 19.04
γ 1.63

Transporter Interaction Gut Apical P-gp  Ki (μM) 55.2 In vitro measurements
Gut Apical OCT1  Ki (μM) 138.1
Liver Sinusoidal OATP1B1  Ki (μM) 44.4
Liver Sinusoidal OATP1B3  Ki (μM) 283.2
Liver Sinusoidal OCT1  Ki (μM) 138.1
Liver Canalicular P-gp  Ki (μM) 55.2
Liver Canalicular MATE1  Ki (μM) 111.7
Kidney Apical P-gp  Ki (μM) 55.2
Kidney Apical MATEs Ki (μM) 111.7
Kidney Basal OCT2  Ki (μM) 954.5
Kidney Basal OAT3  Ki (μM) 520.6
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# 1)]. The estimated Kp scalar was 0.48 that resulted in a 
predicted  Vss of 0.48 L/kg based on “Method 2”.

Metabolism and Renal Clearance

During the model development, initial simulations were 
conducted using the in vitro measured  fm,CYP3A4 value of 
0.99. However, this did not capture the observed PK profile 
of nirmatrelvir when co-administered with ritonavir. There-
fore,  fm,CYP3A4 was optimized using the observed PK profile 
from participants who received 300 mg nirmatrelvir SDD 

formulation with three doses of 100 mg ritonavir at -12 h, 
0 h and 12 h [NCT05263895 (relative bioavailability, Data-
set #2)]. The sensitivity analysis was performed using an 
increment of ~ 0.05 with three  fm,CYP3A4 values at 0.80, 0.85 
and 0.99 (Supplemental Material Table S1). An  fm,CYP3A4 of 
0.85 best described the PK profile of nirmatrelvir in the pres-
ence of ritonavir with the predicted/observed ratios of 0.92 
and 0.87 for  Cmax and AUC inf, respectively (Supplemental 
Material Table S1). The current model with an  fm,CYP3A4 of 
0.85 described the available clinical data well without any 
biases. More precise estimate of  fm can lead to overfitting of 

Table II  Demographic 
Information of Clinical Trials 
and Paxlovid PBPK Model 
Verification Results

a total 9 doses
b total 3 doses
c AUC inf
d AUC τ
NA not applicable

Dataset N Age (years), %female Dosing Regimen Nirmatrelvir 
Predicted/
Observed 
Ratio

Cmax AUC 

Model Development
#1 12 35–62, 17 Nirmatrelvir SDD 300 mg single dose NA NA
#2 12 35–62, 17 Nirmatrelvir SDD 300 mg single dose

Ritonavir 100 mg three doses at -12, 0, 12 h
NA NA

#3 12 35–62, 17 Nirmatrelvir tablet 300 mg single dose
Ritonavir 100 mg three doses at -12, 0, 12 h

NA NA

Model Verification
#4 12 25–73, 50 Nirmatrelvir tablet 300 mg single dose

Ritonavir 100 mg three doses at -12, 0, 12 h
0.92 0.90c

#5 12 21–50, 8.3 Nirmatrelvir tablet 300 mg BID 5  daysa

Ritonavir 100 mg BID 5  daysa

Midazolam 2 mg single dose on Day 5

0.98 0.95d

#6 24 21–60, 62.5 Nirmatrelvir tablet 300 mg BID 2  daysb

Ritonavir 100 mg BID 2  daysb

Dabigatran etexilate 75 mg single dose on Day 2

0.93 0.95d
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Fig. 5  Method Verification Result: Predicted versus observed nirmatrelvir PK profile of Paxlovid (300 mg nirmatrelvir tablets and three doses 
of 100 mg ritonavir at -12, 0, 12 h). Clinical data from NCT05129475 (food effect, Dataset #4). Human clinical data are presented as discrete 
points of mean value and standard deviation. Solid line in the middle is simulated mean concentration from the model. The two boundary lines 
represent  5th and  95th percentile.
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the data considering interindividual variability.  CLint,CYP3A4 
was estimated to be 0.148 μl/min/pmol using the retrograde 
function in  Simcyp® with the optimized  fm,CYP3A4 of 0.85, 
observed geometric mean of  CLpo (28.36 L/h), renal clear-
ance of 3.4 L/h (clinical data), and  Fa of 1. The remaining  fm 
of 0.15 was assigned to additional HLM  CLint (3.23 μl/min/
mg). Renal clearance of 3.4 L/h was obtained from clinical 
data and entered into nirmatrelvir compound file (see Mate-
rials and Methods section). Nirmatrelvir renal clearance did 
not change in the presence and absence of ritonavir.

Model Development Results

The systemic parameters (clearance and volume of distri-
bution) for the nirmatrelvir PBPK model was successfully 
developed using data from studies in NCT05263895 (rela-
tive bioavailability, Dataset #1 and #2) with SDD formula-
tion (modeled as oral solution). These systemic parameters 
determined with SDD formulation were used to estimate  ka 
for the nirmatrelvir tablet formulation. The model described 

the observed clinical PK of nirmatrelvir well for both of the 
formulations with and without ritonavir (Figs. 3 and 4). In 
addition, the  Simcyp® ritonavir compound file with first-
order absorption kinetics adequately described the observed 
ritonavir plasma concentration profiles (Supplemental Mate-
rial, Table S2 and Figures S1-S2).

Model Verification

The established Paxlovid PBPK model was verified with 
data from three single and multiple dose clinical studies 
for food effect and DDI [NCT05129475 (food effect, Data-
set #4), NCT05032950 (midazolam DDI, Dataset #5) and 
NCT05064800 (dabigatran etexilate DDI, Dataset #6)]. The 
verification results are shown in Table II and Figs. 5 and 6. 
The model successfully predicted the nirmatrelvir exposures 
with predicted/observed ratios ranging from 0.90 to 0.98 
for AUC inf and  Cmax (Table II). This indicates that the esti-
mated model input parameters were appropriate to predict 
the nirmatrelvir exposures. The fed state arm of the clinical 
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Fig. 6  Method Verification Result: Predicted versus observed nirmatrelvir PK profile of Paxlovid: (A) 300 mg nirmatrelvir tablets and 100 mg 
ritonavir BID for 5 days, 9 doses total. Clinical data from NCT05032950 (midazolam DDI, Dataset #5). (B) 300 mg nirmatrelvir tablets and 
100 mg ritonavir BID for 2 days, 3 doses total. Clinical data from NCT05064800 (dabigatran etexilate DDI, Dataset #6). Human clinical data are 
presented as discrete points of mean value and standard deviation. Solid line in the middle is simulated mean concentration from the model. The 
two boundary lines represent  5th and  95th percentile.
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data was not used in the model verification as it requires the 
use of the ADAM model, which will be discussed in a sub-
sequent publication. DDI clinical studies with midazolam 
(CYP3A substrate) and dabigatran etexilate (P-gp substrate) 
were conducted with both Paxlovid and ritonavir alone as 
perpetrators for comparison purpose (Table III). Given that 
the  Cmax and AUC last ratios as a result of DDI were similar 
between Paxlovid and ritonavir alone, it was concluded that 
perpetrator DDIs of Paxlovid for CYP3A and P-gp were 
mainly driven by ritonavir rather than nirmatrelvir. The 
verifications of  Simcyp® ritonavir compound file using 
these studies are summarized in the Supplemental Material 
(Table S2 and Figures S3-S4).  Simcyp® ritonavir compound 
file described the clinical data well for both PK and DDI 
with predictions falling within twofold of the observed val-
ues (Table III and Supplemental Material Table S2).

Discussion

Nirmatrelvir first-order absorption PBPK model was suc-
cessfully developed by characterizing the ADME properties 
of nirmatrelvir and its interaction with ritonavir. The model 
was developed with nirmatrelvir SDD formulation and tablet 
with and without ritonavir, and verified with all relevant 
clinical data including single and multiple dose studies. Cer-
tain clinical data were not included in the model verification, 
such as the SAD and MAD studies with nirmatrelvir sus-
pension, due to complex absorption processes that require 
ADAM model to mechanistically describe the dissolution/
absorption properties, which will be discuss in a subsequent 
publication.

As a peptide mimetic, nirmatrelvir has many unique 
ADME properties leading to its PK behavior. Nirmatrelvir 
has low passive permeability in the MDCK-LE [34]  (Papp 
1.76 ×  10–6 cm/s) and Caco-2  (Papp 0.66–1.19 ×  10–6 cm/s) 
in vitro assays [1]. Despite the low passive permeability in 

vitro, nirmatrelvir is well absorbed in preclinical species 
(e.g., rat) [1] and humans. The in vitro-in vivo disconnect 
on nirmatrelvir oral absorption is currently not well-under-
stood, although similar observations have been reported in 
the literature [35]. Nirmatrelvir is a P-gp substrate, but not 
a BCRP substrate [1]. P-gp efflux doesn’t appear to have 
significant impact on oral absorption of nirmatrelvir at the 
doses studied as SDD formulation showed near complete 
absorption, and no significant supra-proportional exposure 
was observed with increased dose in rat [36]. This is consist-
ent with literature reports of minimal impact of P-gp efflux 
on oral absorption for compounds with relatively high solu-
bility and permeability [37–43].

In vitro  fm,CYP3A4 of nirmatrelvir was estimated to be 0.99 
based on formation rate of the major metabolites with selec-
tive inhibitors [1]. In vivo  fm,CYP3A4 was estimated to be 0.85 
based on ritonavir DDI study, indicating some uncertainties 
of in vitro assays in estimating in vivo  fm. Sensitivity analy-
sis of  fm can help further understand the victim DDI risk in 
vivo. With ritonavir coadministration, the major clearance 
pathway of nirmatrelvir shifted from CYP3A metabolism 
to renal elimination [12], with an increased half-life from 
2 to 7 hour. At 100 mg dose, ritonavir completely inhibits 
CYP3A [18]. Ritonavir at 100 mg dose is commonly used 
as a booster for protease inhibitors in HIV therapy (e.g., 
in combination with lopinavir, saquinavir, or atazanavir) 
[4]. Compared to ritonavir, nirmatrelvir is a much weaker 
CYP3A and P-gp inhibitor based on in vitro inhibition 
potency. As such, Paxlovid perpetrator DDIs for CYP3A 
and P-gp are mainly driven by ritonavir. The slight over-pre-
diction of midazolam DDI might be due to variability of the 
clinical data. The mean and 90% confidence interval of AUC 
lastR are 14.5 (12.2, 17.2) for Paxlovid and 16.8 (14.1, 19.9) 
for ritonavir DDI with midazolam. An AUC ∞R of 23.8 was 
reported for ritonavir (100 mg BID) with midazolam DDI in 
the literature [17]. The underprediction of dabigatran etex-
ilate DDI is likely because the in vitro  Ki for P-gp might be 

Table III  Paxlovid and Ritonavir 
Drug-Drug Interactions with 
Midazolam and Dabigatran 
Etexilate

a 300 mg nirmatrelvir and 100 mg ritonavir BID for 5 days (9 doses total), midazolam 2 mg single dose on 
Day 5
b 100 mg ritonavir BID for 5 days (9 doses total), midazolam 2 mg single dose on Day 5
c 300 mg nirmatrelvir and 100 mg ritonavir BID for 2 days (3 doses total), dabigatran etexilate 75 mg single 
dose on Day 2
d 100 mg ritonavir BID for 2 days (3 doses total), dabigatran etexilate 75 mg single dose on Day 2

Dataset Perpetrator Object Observed Predicted Predicted/
Observed

CmaxR AUC lastR CmaxR AUC lastR CmaxR AUC lastR

#5 Paxlovida Midazolama 3.68 14.5 4.36 24.7 1.18 1.70
Ritonavirb Midazolamb 3.87 16.8 4.40 25.3 1.14 1.51

#6 Paxlovidc Dabigatran  Etexilatec 2.33 2.15 1.28 1.28 0.549 0.595
Ritonavird Dabigatran  Etexilated 1.72 1.60 1.24 1.24 0.721 0.775
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higher than the in vivo  Ki. Scaling factors are usually needed 
to more accurately predict in vivo transporter-mediated DDI. 
For perpetrator DDI predictions, sensitivity analysis around 
 Ki values is recommended to account for the uncertainties 
in experimental  Ki values for in vivo translation [44–49]. 
When co-administered with ritonavir, CYP3A4 metabolism 
of nirmatrelvir is inhibited leading to increased fractional 
renal clearance  (fCL,R). Although nirmatrelvir renal clear-
ance  (CLR) remains the same in the presence and absence 
of ritonavir, the percentage of nirmatrelvir that is elimi-
nated renally significantly increases when co-administered 
with ritonavir. Consequently, a reduced nirmatrelvir dose is 
recommended for moderate renal impairment patients, and 
Paxlovid is not recommended in patients with severe renal 
impairment (Paxlovid HCP FS 09,262,022 (fda.gov)).

The first-order absorption PBPK model of Paxlovid has 
been applied to predict the DDI risk with weak and moderate 
CYP3A inducers and suggested no significant risk of DDI 
(Supplemental Material, Table S3). These PBPK simula-
tion results were accepted by FDA. In addition, the Paxlovid 
models are being applied to inform dose selection of special 
populations (e.g., organ impairments, pediatrics, and preg-
nancy), DDI predictions and bioequivalence simulations.

Conclusions

A Paxlovid PBPK model with first-order absorption kinetics 
has been successfully developed and verified. The model 
describes the nirmatrelvir PK well with and without ritona-
vir from multiple clinical studies using tablet formulation. 
The PBPK model not only helps to understand Paxlovid 
disposition mechanically, but also enables forward predic-
tions of DDI with co-meds, exposure changes in special 
populations to inform dose adjustment recommendation, and 
support product label. The Paxlovid PBPK model enables 
informed internal decisions and regulatory submissions to 
address various queries. PBPK modeling continues to play a 
pivotal role in accelerating drug discovery and development 
of potentially life-saving medicines as has been described 
herein for Paxlovid.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11095- 023- 03538-5.
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