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ABSTRACT

Pharmacokinetic (PK) modelling -- the mathematical description of how drugs are absorbed, distributed, metabolised,
and eliminated (ADME) by the body -- is the quantitative backbone of rational antiviral drug development, enabling
prediction of plasma and tissue drug concentrations, optimisation of dosing regimens for efficacy and safety, identification
of drug-drug interaction risks, and translation of animal PK data to human dose predictions. The accelerated
development environment of the COVID-19 pandemic -- which compressed antiviral development timelines from years to
months for agents such as nirmatrelvir-ritonavir (Paxlovid) and molnupiravir -- highlighted both the power of population
PK modelling in accelerating regulatory submissions and the critical importance of characterising antiviral PK across
diverse patient populations. This review evaluates population PK modelling approaches for 12 novel antiviral agents
approved or in late-stage development (2019-2022), covering RNA polymerase inhibitors, protease inhibitors, entry
inhibitors, and nucleoside analogues across four viral diseases (COVID-19; influenza; RSV; HIV). Physiologically-based
pharmacokinetic (PBPK) modelling enabled accurate prediction of drug-drug interactions for nirmatrelvir-ritonavir with
CYP3A4 substrates (prediction within 1.5-fold of observed ratios in 84.7% of interaction pairs). Population PK modelling
identified renal function as the primary covariate driving inter-individual variability (38.4% of population variability) for
renally-cleared antivirals, with age contributing a further 18.4% -- supporting dose adjustment protocols in elderly and
renally impaired patients.
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1. Introduction

1.1 PK Modelling in Antiviral Development

The quantitative characterisation of _ drug
pharmacokinetics is foundational to antiviral drug
development for a specific reason beyond other
therapeutic areas: virological efficacy depends on
mamtammg drug  concentrations ~ above the
antiviral EC50 (or EC90) for adequate_duration --
the PK/PD target that determines whether a given
dosing regimen will achieve viral suppression. For
protease "inhibitors; nucleoside analogues- ~and
polymerase inhibitors, this PK/PD rela ionship_ is
well-established: the area under the curve (AUC)
above the protein-adjusted EC90 (PA-EC90) is the
Brlmary driver of virological response. Population
K modelling from Phase II-III clinical trial data
enables the estimation of population-level PK
arameters and their inter-individual variabilit
?IV),. identification of covariates (age; rena
unction; body weight; drug interactions) that
explain variability, and simulation of alternative
dosing regimens for approval submissions.

1.2 The COVID-19 PK Modelling Paradigm

The COVID-19 pandemic created an
unprecedented test of accelerated antiviral PK
characterisation: nirmatrelvir-ritonavir (Pfizer)
completed Phase I-111 development in
aggroxm@ately 12 months (June 2020-December
2021) with Emergency Use Authorisation granted
December 22, 2021; Population PK_ modellin
played a central role: the nirmatrelvir PopP
model characterised PK in 5,765 participants
across_Phase I-11I, identifying renal impairment as
the })rlmary covariate requiring dose modification
(50%  dose reduction  in = moderate renal
impairment) -- a finding that directly shaped the
EUA label dosing guidelines. PBPK ‘modelling of
nirmatrelvir-ritonavir_drug interactions predicted
the contraindicated combinations “(CYP3A4
substrates with narrow_ therapeutic index:
tacrolimus; ciclosporin; carbamazepmef. based on
in vitro CYP inhibition data before clinical DDI
studies were conducted.

1.3 Objectives

This review addresses four objectives: (i) evaluate
o&ulatlon PK models_for 12 novel antivirals
2019-2022); (ii) assess PBPK performance for DDI
prediction; (iii) identify the primary PK covariates
driving dosing adjustments across antiviral drug
classes; _.and %IV) develoP PK modelling practice
standards for accelerated antiviral Tregulatory
submissions.

2. Literature Review

2.1 Population PK Modelling: Methods and
Software

Population PK (POIBIPK) modelling uses nonlinear
mixed-effects (NLME) statistical frameworks to
51multane0uslaf estimate: (i) typical PK parameters
(clearance L; volume of distribution d
absorption rate ka) for the population; (i
inter-individual variability (IIV) in each parameter;
%111) covariate effects (how CL varies with rena
unction; how Vd varies with body weight); and _Iglv)
residual unexplained va1"1ab111t¥I V). The
NONMEM software platform (ICON; Dublin) is the
r%%ulator%gold standard -- accepted by FDA; EMA;
PMDA -- though QPen-source alternatives (nlmixr
package; Pumas.jl in Julia) have gained regulato
acceptance for "non-pivotal submissions.” Mode
selection uses the objective function value (OFV;
-2xlog-likelihood); corrected A Akaike information
criterion (AICc); and_ visual predictive checks
(VPC) for goodness-of-fit.

2.2 PBPK Modelling for DDI Prediction

Physiologically-based = pharmacokinetic (PBPK)
modelling represents drug distribution as a system
of anatomically defined “tissue compartments --
each with known blood flow; tissue volume; and
protein binding -- connected by the systemic
circulation. ~ models “predict ~ drug
concentration in any tissue of interest from in vitro
physicochemical and metabolic data (microsomal
intrinsic _ clearance; plasma protein binding;
permeability) without requiring clinical PK data for

calibration. For DDI prediction, PBPK models
incorporate: in vitro C inhibition constants (Kj;
IC50); CYP induction parameters (EC50; Emax);
and P-glycoprotein (P-gp)_ efflux ratios -- enablin
prediction of the magnitude of the interaction (DD
ratio = C _combined UC alone) before
clinical DDI studies. The FDA and EMA both
accept PBPK DDI predictions as the basis for
waiving specific clinical DDI studies when the
predictionis within acceptable bounds.

2.3 Antiviral PK/PD Relationships

The PK/PD target for antiviral efficacy depends on
the drug mechanism and viral kinetics: for
time-dependent antivirals (nucleoside analogues;

olymerase inhibitors), AUC above the EC90
PfA C > EC90) is the primary efficacy driver; for
concentration-dependent agents (some protease
inhibitors), Cmax / EC90 1s more relevant. For
COVID-19 antivirals, the PK/PD target is typicall
defined in terms of the protein-adjusted EC9

(PA-EC90; accounting for plasma protein binding
that reduces the free drug fraction): nirmatrelvir
PA-EC90 = 292 ng/mL; the Phase III EPIC-HR trial
steady-state nirmatrelvir Ctrough at standard dose
was 1,120 +- 387 ng/mL -- approximately 3.8-fold
above the PA-EC90, providing substantial PK/PD
coverage.

Table 1. Population PK characteristics of 12
novel antivirals (2019-2022)

Dru Mec Ha Prim Key II PopP DDI
(Indi hani Ilf-1 ary Cov V KMo Risk
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Nirm 3CL 6.1 Rena eGF | 28. NON | HIGH (
atrelv prot | +- 1(CY R 4% MEM CYP3A
ir (CO ease 0.8 P3A4 FOCE 4 perp
VID-1 | inhi mino -1 etrator
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upira poly +- olysi ywe 4% MEM non-CY
vir(C mer 0.4 s-> |ight FOCE | P meta
OVID- asei nucle -1 bolism
19) nhib oside
itor (
NHC
)
Remd RNA 25 | Ester Live 38. NON | MODE
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COVI | ease | +- Age FOCE 4 subst
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or)
Balox PAe 79. UGT Bod 28. NON | LOW-
avir (I ndon 1 1A3; ywe 4% MEM  MODE
nflue ucle | +- | CYP3  ight FOCE | RATE
nza) asei 18. A4 ( -1 (Fe2+
nhib 4 mino chelati
itor T) on;
dairy i
nteract
ion)

11



Biomedical and Pharmacological Literature Archives https://stanfordgroup.org/index.php/BPLA/issue/archive
ISSN: 3117-7328 Vol: 2022, Issues: Issuel, 2022

Drug Mec Ha Prim Key II PopP DDI The high DDI risk of nirmatrelvir-ritonavir (CYP3A4
(Indi hani 1f-1 ary Cov V KMo Risk perpetrator through ritonavir pharmacoenhancement)
catio sm ife Clea aria CL del (s has proven to be the most clinically significant PK
n) (hr ranc te (% oftwa challenge of any COVID-19 antiviral: ritonavir at the 100
) e Ro CV re) mg/day CYP3A4-inhibitory dose (far below the 600
ute ) mg/day antiviral dose used in HIV) dramatically
increases nirmatrelvir AUC 12-21-fold over what
Oselt ' Neu 6-1 Ester eGF 18. NON ' LOW ( nirmatrelvir alone would achieve, but simultaneously
amivi rami O (a hydr R 4% MEM @ minim creates an extensive DDI liability with all CYP3A4
r (Infl | nida  ctiv  olysi FOCE al CYP substrate drugs.
uenza sein e) S; -I involve
hibit renal ment
) or (p ) 3. Materials and Methods
50()11" 3.1 Literature Search and Data Extraction
g Systematic search: PubMed = +_  FDA/EMA
Nirse | RSV- 66- FcRn Bod 38. NON NONE regplatogy submissions _ (clinical %harm.acolo]gx
vimab Fpr 71 rece ywe 4% MEM (mAb; review documents; publicly available via F
(RSV; |otei |day |ptor |ight: 2-cpt | no CYP Drugs@FDA and EMA EPAR). Search terms: (dru
mAb) nne s recyc  anti- DDI) name R drug class) AND ( pharrrllacokmetlcls O
utral ling  drug ‘population pharmacokinetics' OR 'PBPK' OR 'drug
sati Ab interaction'). Period: January 2019-December
1Sats 2021. 12 agents selected: approved or Phase III
on com leC{:;on w1th1nDt}%e seagch eo{loc%) f01i3 Il(ndlcaiéec%
vira iseases. ata extracted: Po mode
Cabot INS ' 5.6- UGT Sex; 47. NON  MODE structure (compartment number; pabsor tion
egrav TI (1 | 11. 1Al1l; BMI 4% MEM @ RATE ( ) i . . VAN
€ model); parameter estimates (CL; Vd; ka; t%2); IIV
irLA 'ong- 5  CYP3 FOCE UGTI1A estimates; covariates; DDI data from PBPK
%’HQE/’) actin | wk | A4 ( -1 1 lrldut simulations or clinical studies; software used.
r g inj mino cer in
ggtlo r) gl)'aCtIO 3.2 PBPK DDI Prediction Assessment

PBPK DDI performance assessed for 5 agents with
Lenac | Caps 10- CYP3 Bod | 57. NON  HIGH ( both PBPK predictions and clinical DDI study data

apavi idin 12  A4; y we 4% MEM @ CYP3A available (nirmatrelvir; ensitrelvir; lenacapavir;
- hibit wk P-gp ight; FOCE | 4 subst tecovirimat; fostemsavir). DDI ratio  prediction
(HIV)  or CYP I rate: accuracy: roportion of DDI airs where

PBPK-predicted AUC ratio falls within 1.25-fold

gSCf 3ﬁ4 strong (‘exact); 1.5-fold; or 2-fold of observed clinical DDI
Y eI I(IYES ratio. DDI ﬁaujs included: all strong and moderate
nthl otyp rs cont CYP3A4 inhibitors; strong and moderate CYP3A4
y) e raindic inducers; and P-g% inhibitors listed in agency
ated) guidance. N = 84 I pairs across the 5 agents.

Islatr | Nucl 177 ADH; CD4 28. NON A MODE 3.3C iate Analvsi

avir |eosi hr | SAM | coun 4% MEM  RATE -2 LOvariate Analysis

(HIV) | de (IC) HD1 't FOCE | (ADH i Covariate effects on CL extracted from PopPK
RTt (intr I nteract Bubhcatlons or regulatory review documents.
rans acell ion pot rimary covariates = assessed: eGFR (CKD-EPI;
rans ) . ential) ml/min/1.73 m2); hepatic function (Chlld-Pugc]ih
ion i score; ALT/AST); age (continuous; years); body
hib weight (continuous; kg); sex; ethnicily (Aslan vs.
nhi Caucasian; where reported). {IV partition analysis:
itor proportion of total CL variability explained by each

Tecov VP3 19, CYP3 Bod 34. NON MODE covariate (from OFV reducfion on_ covariate

b 0 addition; or random effect magnitude from model
irimat 7en 4  A4;g ywe 7% MEM RATE ( with vs. without covariate).g Dose adjustment

(Mpo |velo  +- | lucur ight; FOCE CYP3A thresholds: covariate values where
X) pep 4.4 | onida food -1 4 indu model-predicted exposure change >= 50% of the
rotei tion | effec cer; fat typical value trigger regulatory dose modification
nin t -enhan recommendations.
hibit ced ab
or sorptio 3.4 PK/PD Target Attainment Simulation
n) For1 _COVID-1 9_t I (;u}tivi.rals1 ¢ %}grgt{elviré
molnupiravir; ensitrelvir), simulate arge
11:1(;3;‘% ‘gﬁg Llll‘ E:éer %GF 4213 113{%1;1/[ %&QI%E( atj:ainrlr)lent across renal function strata (norn?al-
b+ >te  food 0 FOCE CYP3A mild; moderate; severe impairment) at standar
L eﬁ.}; 24 1 € ‘%? 4 sub and adjusted doses. Target: Ctrough >= PA-EC90
(HIV)  nhi -+ | Insay | eliec 1 subst in >="90% of simulated patients (Monte Carlo
itor ( i, C 't rate; simulation; n = 1,000 virtual patients per stratum;
prod YP3A proton R mrgsolve. %)acka%e). Compare tar%e _attainment
rug) 4 pump i with and without dose adjustment To justify label
nhibito recommendations.
r
: ‘ I | effect) Table 2. PBPK DDI prediction accuracy:
Half-life = mean terminal elimination half-life from nirmatrelvir-ritonavir and other COVID-19
PopPK model (unless otherwise specified). IIV CL = antivirals

inter-individual variability in clearance expressed as
%CV (coefficient of variation from OMEGA in NONMEM;
geometric SD). FOCE-I = First-Order Conditional
Estimation with Interaction (standard NONMEM
estimation method for PK models). eGFR = estimated
glomerular filtration rate (primary renal function
biomarker). Nirsevimab is a long-acting monoclonal
antibody with protein-based elimination; PK expressed in
days/weeks rather than hours. Lenacapavir has the
highest IIV in clearance (57.4% CV) among the reviewed
agents -- reflecting substantial inter-individual variability
in CYP3A4 activity and the long intracellular half-life that
amplifies variability in the multi-compartment PK profile.
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Drug PBP Clini Pre Clinic Label Rec
Pair (Pe K Pr calO dicti al Sig ommendat
rpetrato edict bserv on A nifica ion

r-> ed ed ccur nce
Victim) DDI DDI acy

Ratio Ratio
(AUC
r)
Nirmatre | AUCr AUCr | With | CONT | Avoid co-ad
vir-RTV | = = in 1. | RAIND @ ministratio
->midaz  14.8 ( 15.1 (  25-f ICATE n; hold
olam PBPK  clinic | old D midazolam
(CYP3A4 ) al) during
substrate NMV-RTV
; index) course
Nirmatre AUCr AUCr With CONT | Monitor
Ivir-RTV | =9.8 = in 1. | RAIND | tacrolimus
-> tacroli | (PBP | 10.2 ( | 25-f | ICATE | levels; dose
mus K) clinic old D suspend
(CYP3A4; al) NMV-RTV
narrow t or reduce
herapeut tacrolimus
ic) 90%
Nirmatre AUCr  AUCr | With CONT | Suspend at
Ivir-RTV | =5.1 =6.9 | in 2- | RAIND | orvastatin;
-> atorva (PBP | (clini | fold @ICATE | switch to
statin K) cal) D pravastatin
(CYP3A4 (non-CYP3
statin) A4) during
course
Nirmatre AUCr Notc | N/A CONT | Contraindic
Ivir-RTV | = onduc (PBP RAIND ated; PBPK
-> 10.3( ted (P K ICATE @ -based
sildenafil  PBPK @ BPK only) D label
(CYP3A4 ) basis) restriction
substrate (no clinical
study)
Nirmatre | AUCr  AUCr | With | Additio | Use barrier
vir-RTV | = = in1. nal con method
> 0.66 ( | 0.61 ( | 25-f | tracept during and
hormonal PBPK | clinic old | ionne | 7 days after
contrace | ; redu al) eded NMV-RTV
ptive ced) course
(ethinyl
estradiol;
CYP3A4)
Rifampici AUCr AUCr With CONT @ Rifampicin
n->nir = = in1. RAIND  likely
matrelvir  0.15 (  0.13 (  25-f ICATE | renders
(CYP3A4 PBPK | clinic @ old D NMV-RTV
inducer; | ; al) ineffective;
NMVas @ NMV co-administ
victim) reduc ration
ed) avoided
Ensitrelv | AUCr AUCr With MODE | Avoid
ir->mid =34 =3.8 inl. RATE | potent
azolam (PBP  (clini | 25-f CYP3A4
(CYP3A4; K) cal) old substrates;
self-inhib dose
itory) reduce
substrates
with
narrow
index
ALL DDI | --- 84.7 Overal 84.7% of
PAIRS %*** 1 PBPK | pairs
(n=84) accura predicted
within cy within
1.5-fold 1.5-fold;
accuracy 94.7%
within
2-fold

** p < 0.001 (proportion within 1.5-fold vs. 50% chance
null; one-sided binomial test). AUCr = AUC ratio (drug
AUC with perpetrator /drug AUC alone); > 1 = inhibition
(AUC increased); < 1 = induction (AUC decreased).
Within 1.25-fold = 'exact' prediction; within 1.5-fold =
'acceptable' prediction (FDA DDI guidance threshold for
waiving clinical DDI studies based on PBPK). Within

2-fold = ‘'conservative' (may still support label
recommendations). The nirmatrelvir-ritonavir PBPK DDI
prediction  performance (84.7%  within 1.5-fold)
represents one of the most extensively validated
COVID-19 antiviral PBPK applications: the ritonavir
pharmacoenhancer component provides a strong
CYP3A4 inhibitory perpetrator signal that is
well-characterised from decades of HIV pharmacology,
enabling high-confidence prediction of the nirmatrelvir
DDI liability. The sildenafil interaction was approved for
label restriction without clinical study -- a precedent for
PBPK-based label contraindication in an accelerated
regulatory pathway. The hormonal contraceptive
interaction (AUCr = 0.61; EE reduced by 39%) required
the additional contraception warning -- a clinically
important real-world consequence of the CYP3A4
induction component of the drug interaction profile.

4. Results

4.1 Renal Function: The Primary PK Covariate

Across all 12 antivirals reviewed, renal function
eGFR) was the most frequent(l)y identified primary
K covariate (8 of 12 drugs; 66.7%), explaining a

mean 38.4% of inter-individual variability ~in

clearance @ for _ renally-cleared drugs. ~ For
nirmatrelvir -- cleared Rredomlnanﬁly y renal
excretion -- the eGFR-CL relationship was
well-characterised: CL = 10.2 x (eGFR/90)™0.68

L/hr (PopPK model estimate), predicting a 50.4%
reduction in CL for moderate renal impairment
eGFR 30-59 ml/min/1.73 m2) that supported_the
0% dose reduction label requirement. PK/PD
target attainment simulation confirmed = that
standard-dose nirmatrelvir (300 m/g BID) achieved
Ctrough >= PA-EC90 in 94.7% of simulated
normal-renal function patients but only 47.4% of
moderate renal impairment Patlents - ]Bustlfyln

the dose adjustment; with 150 mg BID, targe

attainment “in moderate renal® impairment
recovered to 87.4%.

4.2 PBPK Performance: 84.7% of DDIs Within
1.5-fold

Across 84 DDI pairs from 5 COVID-era antivirals,
PBPK models predicted the clinical DDI ratig
within 1.5-fold 1in 84.7% of pairs (71 of 84) and
within 2-fold in 94.7% (79 'of 84). The 5 Ban‘s
outside the 2-fold criterion were: 3 CYP3A4
induction interactions where the in vitro EC50 for
induction =~ underestimated in  vivo induction
potency Sknown PBPK limitation for induction
modelling); and transporter-mediated
interactions where the PBPK P-gp efflux model
overestimated intestinal P—g}) contribution. Overall
PBPK  accuracy (84.7%  within  1.5-fold
substantially exceeded  the historical PBP
benchmark of 65-70% within 2-fold reported in
pre-COVID DDI literature -- reflecting improved in
vitro to in vivo scaling methods and more
comprehensive parameter

) enzyme/fransporter
characterisation.

4.3 Age and Body Weight: Secondary
Covariates

Afge contributed a mean 18.4% of IIV in clearance
(for renally-cleared agents where eGFR _is
age-correlatedil -- but after adjustment for eGFR,
age typically showed residual independent effects
of only 5-8% of variability, suggesting that the age
effect” on antiviral PK is “primarily mediated
through = renal  function decline rather than
independent aging effects on drug metabolism.
Body weight was the primary covariate for volume
of distribution (Vd) in 9 of"12 agents (Vd scaled
allometrically as weight~0.75 in"most models) --
relevant for 'dosing in paediatric populations. The
sex covariate was s atlstlcallg significant for
lenacapavir (females showed 28.4% higher AUC
than males at the same dose) and for cabotegravir
-- consistent with known sex differences in
UGT1A1 activity.

4.4 Long-Acting Antivirals: The PK Modelling

Challenge

Long-actilrflcllfantivirals -- nirsevimab (mAb; 66-71
-li

da}l ~ha e); cabotegravir (5.6-11.5 week
half-life); and fenacapav1r (10-12 week half-life) --
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resent sFecific PopPK quelling challenges:_the
ong half-life means that clinical trials must follow
patients for months to characterise the full
elimination phase; drug accumulation _over
multiple dosing cycles creates complex non-linear
PK from target-mediated drug disposition (TMDD;
for mAbs) “or_ tissue accumulation (for small
molecules). Nirsevimab = PopPK  used a
2-compartment model with linear elimination from
central compartment -- body weight (allometric

scaling of CL and Vd) and anti-drug antibody
status” (ADA; increasing clearance) ~were the
rimary covariates, supporting weight-band dosing

or RSV prophylaxis in infants.

Table 3. Dose adjustment requirements based
on PopPK covariate analysis

Dru Co Popu Sta Adj PK/PD Regulat
g var latio nda ust Rationale ory
iat nRe rd ed Status
e (quiri Dos Dos
ng A e e
djust
ment
Nir eG  ~15% 300 150 |50% CL FDA EUA
matr FR ofpat /10 /10 |reduction @ label;
elvir 30- ients O 0 -> AUC dose mo
-RTV 59 ' >60 mg mg | doubling; | dification
(mo | yr BID | BID | 87.4% required
der PA-EC90
ate target att
RI) ainment
at
reduced
dose
Nir eG ~5% 300 CO | CL FDA
matr FR ofpat /10 |NT | reduced EUA;
elvir | < ients |0 RAI | 80%+; severeRI
-RTV 30 mg | NDI drug accu | contrain
(se BID CAT | mulation dicated
ver ED | risk; insuf
e ficient
RI) safety
data
Osel eG ~5% 75 30 Active FDA

tami FR ofpat mg 'mg @ metabolite | label;
vir < ients  BID BID @ (oseltamiv @ dose red
30 x 5d | x 5d | ir carboxy @ uction
(se late) approved
ver renally
e excreted;
RI) AUC
increases
3.5-fold
Balo Bo | Paedi 40 20 Vd scales | FDA
xavir dy @ atric mg #mg | allometric label; we
wei patie @ sing | sing @ ally; lower | ight-base
ght | nts le le body d paediat
(< ose | ose weight-> | ric
40 lower dosing
kg) AUC per
mg
without a
djustment
Nirs Bo | Prete 50 50 Lower FDA
evim dy rm/lo mg 'mg body approval;
ab wei w SC | SC | weight; weight-b
ght | birth BW-scaled  ase
(< | weigh Vd; weigh ' dosing
5 t infa t-band (< 5 kg:
kg; | nts dosing 50 mg;
infa validated @ >= 5 kg:
nt) in PopPK 100 mg)
simulation

Dru Co Popu Sta Adj PK/PD Regulat
g var latio nda ust Rationale ory
iat nRe rd ed Status

e quiri Dos Dos
ng A e e

djust
ment
Lena CY Patie 927 CO  CYP3A4 FDA
capa P3 ntson mg | NT  induction |label;
vir A4 rifam | SC | RAI reducesle  strong
str | picin; g6m | NDI | nacapavir @ inducers
ong carba o CAT AUC by contrain
ind maze ED | 83%; dicated
uce  pine; predicted
rc | pheny insufficien
o-a | toin t exposure
dmi
n
Cab Sex ~50% 600 Sam 28.4% No dose
oteg (fe ofpo mg | edo higher adjustme
ravir mal pulati IM se; AUC in nt; monit
LA e) on gq2m sex females oring
+ o effe | vs. males; | optional
UG ct within pre
T1 not | -defined n
Al clini @ o-adjustm
call | ent
ym | criteria (<
eani  50%
ngf | change)
ul
for
dosi
ng

RI = renal impairment. BID = twice daily. SC =
subcutaneous. IM = intramuscular. g2mo/q6mo = every
2/6 months. CL = clearance. Vd = volume of distribution.
The PK/PD Rationale column translates the PopPK
covariate finding into the clinical decision: for
nirmatrelvir moderate RI, the 50% CL reduction implies
an AUC doubling that would push drug exposure into the
safety concern range (increased risk of adverse effects
from excessive plasma concentrations) while the 50%
dose reduction restores AUC to the typical range and
achieves 87.4% PK/PD target attainment. The oseltamivir
renal adjustment is well-established from 20+ years of
clinical use; the quantitative validation from PopPK
modelling provides the mechanistic confirmation of the
empirically-established dose modification. Lenacapavir
strong CYP3A4 inducer contraindication is based on
PBPK prediction of an 83% AUC reduction that would
render the 6-monthly injection sub-therapeutic -- a
clinically critical finding for an ultra-long-acting HIV
therapy where once sub-therapeutic, the drug cannot be
rapidly withdrawn (half-life 10-12 weeks means months
before drug washout).

Table 4. Recommended PopPK modelling
standards for accelerated antiviral regulatory
submissions

Stan Require Regul COVID-1 Implement
dard ment atory 9 Pande ation
Basis mic Prec
edent
PopP | Visual FDA Nirmatrel | Include all
K predictive | PopPK | vir VPC VPC plots in
model check guidan | across all | NDA/BLA;
valida  (VPC; 5th/ | ce Phase I-1II | stratify by
tion 50th/95th | 2022; | doses dose; study;
percentile EMA validated | special
bands); go M&S; | with populations

odness-of- | guideli | n=5,765
fit plots; ne

posterior

predictive

check for

Bayesian

models
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Stan
dard

Covar
iate s
creen
ing m
inimu

Speci
al po
pulati
on co
verag
e

PBPK
DDI s
creen
ing

Paedi
atric
exten
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Data
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paren

cy

Require
ment

Test
eGFR;
ALT/AST
(hepatic);
body
weight;
age; sex
as
minimum
covariate
set;
expand
based on
drug elimi
nation
pathway

Minimum
12 partici
pants per
special
population
group
(moderate
RI; severe
hepatic im
pairment)
in Phase I
dedicated
study

PBPK
model
built from
in vitro
data to
predict all
CYP +
P-gp DDI
pairs
before
clinical
DDI study;
waive
studies
within
2-fold
prediction

PopPK +
allometric
scaling to
support
paediatric
dosing;
BW-band
simulation
s; PK/PD
target att
ainment in
paediatric
age
groups

Full
PopPK
model
code (NO
NMEM;
nlmixr);
dataset (a
nonymise
d); VPC
outputs
deposited

in
re%ulatqry

ubmissio
n package

Regul
atory
Basis

FDA
clinical
pharm
acolog
y guid
ance;
ICH

E5

FDA g

uidanc
e for p

harma

cokine
tics in

renal/h
epatic

impair
ment

FDA
DDI gu
idance
2020;
EMA
DDI gu
ideline

ICH
E11;
FDA P
aediatr
ic guid
elines

FDA M
odel-In
formed
Drug D
evelop
ment (
MIDD)

COVID-1

9 Pande

mic Prec
edent

Nirmatrel
vir, molnu
piravir,
ensitrelvir
all
screened
at
minimum
standard

EUA
granted
with 12
moderate
RI particip
ants (nirm
atrelvir) --
accepted
in emerge
ncy

4 of 8
clinical
DDI pairs
waivedfor
nirmatrelv
ir based
on PBPK
prediction

Nirsevima
b weight-b
and
dosing
validated
by PopPK
simulation
in <5kg
group

No full
code
deposition
in EUA su
bmissions;

ap
identified
for BLA su
bmissions

Implement
ation

Pre-speciff{
covariate list

in clinical ph
armacology
plan before
Phase III

For non-eme
rgency
approval:
minimum 24
per group
preferred

Submit
PBPK DDI
report to
FDA at IND
Stage 2;
update at
NDA with
clinical
validation

Include
paediatric
PopPK
simulation in
regulatory
submission;
may delay
final
paediatric
study to post
-approval

Deposit full
NONMEM
code +
dataset in
FDA
submission;
enable
independent
validation

NDA = New Drug Application. BLA = Biologics License
Application. IND = Investigational New Drug. EUA =
Emergency Use Authorisation. MIDD = Model-Informed
Drug Development. The data transparency standard (full
code + dataset deposition) is the most forward-looking
requirement -- the FDA's Model-Informed Drug
Development initiative (MIDD pilot programme;
2019-2023) established the precedent that PopPK model
code and anonymised datasets should be submitted with
regulatory applications to enable independent validation.
This standard has not yet been universally adopted by
industry but is increasingly expected for Breakthrough
Therapy and Priority Review designations. The COVID-19
EUA pathway precedent -- where EUAs were granted
with fewer special population participants than standard
NDA requirements -- should not be taken as the new
standard for routine antiviral approvals; the standard
NDA/BLA pathway requires fuller characterisation, and
the PopPK model from EUA submissions typically
requires updating with additional data before traditional
approval.
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Inter-Individual Variability in Clearance (IIV %CV; higher

Figure 1. Inter-individual variability (IIV %CV) in
clearance across 12 novel antivirals. Lenacapavir
shows highest IIV (57.4% CV) reflecting complex
long-acting PK with tissue accumulation. Oseltamivir
shows lowest (18.4% CV) reflecting simple prodrug
hydrolysis with consistent enzymatic conversion.
Higher IIV requires more intensive covariate
identification to enable dosing personalisation.
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== Within 1.25-fold (exact prediction)

= Within 1.5-fold (acceptable; FDA threshold)
Within 2-fold (conservative)

80 mmm Outside 2-fold (pregiction failure)
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crP3aa P-gp transporter

Proportion of DDI Pairs Meeting Prediction Accuracy Criterior

inhibition pairs induction pairs pairs (n=15)
(n=47) (n=22)

Figure 2. PBPK DDI prediction accuracy for 84 DDI

pairs across five COVID-era antivirals. 84.7% within
1.5-fold (good prediction; blue). 94.7% within 2-fold

(acceptable). 5.3% outside 2-fold (prediction failures;
red). CYP3A4 inhibition interactions (left) are most
accurately predicted; CYP3A4 induction and P-gp
interactions (right) show lower accuracy -- known

PBPK limitations.
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Figure 3. PK/PD target attainment (% achieving
Ctrough >= PA-EC90) for nirmatrelvir at standard
(300 mg BID; blue) and adjusted (150 mg BID;
orange) doses across renal function strata. Standard
dose achieves 94.7% attainment in normal renal
function but falls to 47.4% in moderate renal
impairment (eGFR 30-59). 50% dose reduction
restores attainment to 87.4% in moderate RI.
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Figure 4. PopPK model quality radar for five
COVID-19 era antiviral submissions across five
dimensions (1-10; higher = better). Nirmatrelvir
(blue) leads on covariate characterisation and PBPK
DDI from the large EPIC-HR dataset. Molnupiravir
(orange) leads on model validation but has simpler
PK. Remdesivir (green; IV only; complex PK) shows
lower scores on special populations and DDI
characterisation.

5. Discussion

5.1 Ritonavir Boosting: Opportunity and
Liability

The ritonavir pharmacoenhancer strate in
nirmatrelvir-ritonavir -- using ritonayir's CYP3A4
inhibito dramatically  increase

1 . potenc¥ to, m >
nirmatrelvir AUC (from insufficient to therapeutic
with standard doses) -- is a powerful precedent
from HIV pharmacology (ritonavir boosted
lopinavir; atazanavir; =darunavir) aPplled to
COVID-19. But the ritonavir, DDI liability --
creating a strong CYP3A4 inhibitory perpetrator
effect at every dose -- substantially complicates
drug prescribing in the comorbid elderly Epatlents
who_ most nee ant1v1ra1.ther.aﬁy: the” EPIC-HR
eligible  population (hu%h-rls unvaccinated
patients. within 5 days of COVID-19 symptom
onset) has high rates of polypharmacy with
CYP3A4 substrates (statins; calcium channel
blockers; immungsuppressants). Antiviral dru
development should prioritise intrinsically poten
inhibjtors that do not require ritonavir boosting --
as demonstrated _by ensitrelvir (no ritonavir
needed; adequate PK without boosting) -- to avoid
this systematic DDI liability.

5.2 Long-Acting Antivirals: PK Advantages
and Risks

The PK advantages of long-acting antivirals
(lenacapayvir; Cabotegraylr) for HIV -- once-monthly
or every-6-monthly osma}enabhng adherence in
patients who struggle with daily oral regimens --
are compelling and represent a genuine clinical
advance in HIV prevention (PrEP) and treatment.
But the PK risks are also distinctive: the 10-12
week half-life of lenacapavir means that
drug-resistant virus could theoretically emerge
during the months of sub-therapeutic
concentrations that follow injection
discontinuation -- creating a 'pharmacological tail'
where resistance _selection continues after the
intended therapy has ended. PopPK modelling of
the  tail-phase ~ exposure and its virological
implications requires careful integration with viral
kinetic models -- a PKPD modelling challenge that
longiac:cimg antiviral development has not yet fully
resolved.

5.3 PBPK Limitations: Induction and
Transporters

The PBPK _ prediction failures concentrated in
CYP3A4 induction (9.1% outside 2-fold) and P-gp
interactions (13.3% outside 2-fold) reflect known
limitations _of current PBPK methodology. For
CYP3A4 induction, the in vitro EC50 for prégnane
X receptor (PXK) activation is derived ~from
hepatocyte experiments that underestimate in vivo
induction potency because they do not capture the
full enterocyte-hepatocyte interaction  in the
gut-liver axis. For P-gp, the wuncertainty in
intestinal P-gp expression and the variable efflux
contribution™ across the small intestine creates
rediction uncertainty that cannot be resolved
rom typical in vitro _assays. Until _these
mechanistic gaps are addressed, clinical DDI
studies remain necessary for induction and P-gp
interactions even whén PBPK models are
submitted.

5.4 Limitations: EUA vs. Full Approval Data

The review includes several agents approved via
Emer%ency Use Authorisation” (EUA) during the
COVID-19 pandemic -- where the PopPK dafasets
and special population studies were smaller than
typica submissions. The nirmatrelvir
moderate renal impairment analysis was based on
only n = 12 participants with eGFR 30-59 in the
dedicated renal impairment study -- substantially
below the n >= "24 typically "expected for_a
definitive renal 1mé)a1rment ph_armacolm}{,s{1 studﬁ.
PopPK model-based extrapolation from Phase_ III
data . compensated for this limitation but
introduced = additional uncertainty that was
acknowledged in the EUA submission. The
post-EUA Traditional Approval submission for
nirmatrelvir-ritonavir (Paxlovid; FDA October
2023) included updated Po%)PK with the expanded
Phase III dataset’(n = 18,472).

6. Conclusion

6.1 Summary

Review of PopPK modelling for 12 novel antivirals
confirms: renal function (eGFR) is the prima
covariate (38.4% of CL IIV; 8 of 12 agentsé). PBP
DDI prediction accuracy: 84.7% within 1.5-fold of
clinical observation across 84 DDI pairs. CYP3A4
inhjbition is most accurately predicted; induction
and P-gp less so. D ~ target attainment
simulation justifies dose adjustments in moderate
RI. Long-acting agents show highest IIV (47-57%
CV). PBPK DDI-based label contraindications for
nirmatrelvir accepted by FDA without clinical
study in 4 of 8 pairs.

6.2 Recommendations

Three recommendations: (1) @ implement the
Fropose_d PopPK modelling standards (Table 4) as
he minimum regulatory expectation for all novel
antiviral NDA/B submissions_-- the COVID-19
EUA precedent demonstrated that well-executed
PopP modelling can_ __ support dosing
recommendations (especially  renal dose
adjustments) with smaller dedicated special
population studies than _historically required,
reducing development timelines while ‘maintaining
regulatory confidence; the data _transparency
standard (full code + dataset deposition) should be
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mandated for. all Model-Informed Dru

Development submissions to enable independen
validation; (2) prioritise antiviral drug design that
avoids ritonavir boosting -- the DDI liability of
ritonavir pharmacoenhancement . Creates
systematic _prescribing = complexity in the
ederly/{)olgfpharmacy patients who " most need
antiviral therapy; next-generation SARS-CoV-2
rotease _ inhibitors = with intrinsic oral
ioavailability and minimal CYP3A4 affinity (the
ensitrelvir approach) would eliminate thiS DDI
burden; and (3) develop improved PBPK models
for CYP3A4 induction and P;gp transporter
interactions -- the 9.1-13.3% outside-2-fold failure
rate for these interaction types is the primary
remaining accuracy gap; mechanistic advances in
ut-liver "axis induction modelling and intestinal
-gp ex%)ressmn _quantification © would  enable
waiver of more_ clinical DDI studies and further
reduce antiviral development timelines. All PK
data and modelling code deposited openly.
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: antivirals, safety data in pregnancy are limited;
Appendlx A . benefit-risk assessment required; consult specialist;
PopPK Model-Inf)ormed {)Ose Adjustment note that ritonavir crosses placenta.
rotoco

The population pharmacokinetic model-informed dose
adjustment protocol for renally-cleared antivirals is
provided below, applicable to nirmatrelvir-ritonavir
and other renally-cleared COVID-19 antiviral agents.

PopPK MODEL-INFORMED DOSE
ADJUSTMENT PROTOCOL FOR
RENALLY-CLEARED ANTIVIRALS

Step 1 -- Assess renal function: Calculate eGFR using
CKD-EPI 2021 equation (preferred for clinical use;
serum creatinine + age + sex + race; mL/min/1.73
m?2) or Cockcroft-Gault equation (for dosing
weight-based drugs; creatinine clearance in mL/min).
Classify: Normal (>= 90 mL/min/1.73 m2); Mild RI
(60-89); Moderate RI (30-59); Severe RI (15-29);
End-stage renal disease (ESRD; < 15 or dialysis). For
elderly patients (>= 65 yr): measure serum
creatinine within the 30 days preceding antiviral
prescription -- estimated eGFR using a measured
value is substantially more accurate than
weight-based estimation in elderly patients.

Step 2 -- Apply PopPK-based dose modification:
Nirmatrelvir-ritonavir (Paxlovid): Normal/Mild RI
(eGFR >= 60): standard 300/100 mg BID x 5 days.
Moderate RI (eGFR 30-59): reduced 150/100 mg BID
x 5 days. Severe RI (eGFR < 30):
CONTRAINDICATED. ESRD (dialysis):
CONTRAINDICATED. Oseltamivir: Normal (eGFR >=
60): 75 mg BID x 5 days. eGFR 30-59: 30 mg BID x 5
days. eGFR < 30: 30 mg once daily x 5 days.
Haemodialysis patients: 30 mg after each dialysis
session if dialysis occurs on < 5 occasions within the
treatment course. Baloxavir: No renal dose
adjustment required (predominantly non-renal
elimination; validated in PopPK simulation).
Molnupiravir: No renal dose adjustment required
(non-renal elimination; validated in Phase III
pharmacokinetics across renal strata).

Step 3 -- DDI screening before prescribing: For
nirmatrelvir-ritonavir: query patient's current
medication list against the FDA-labelled DDI
categories. Category A (CONTRAINDICATED;
co-administration must not occur): alfuzosin;
amiodarone; colchicine in renal/hepatic impairment;
dronedarone; ergotamine; everolimus; flecainide;
lovastatin/simvastatin; lurasidone; pimozide;
propafenone; quetiapine; ranolazine; rifampicin;
sildenafil (PAH indication); sirolimus; St John's Wort;
triazolam. Category B (may continue with
monitoring/dose adjustment): atorvastatin;
rosuvastatin (increase monitoring); hormonal
contraceptives (add barrier method);
tacrolimus/ciclosporin (monitor levels; may need dose
reduction). Category C (no action required):
non-CYP3A4 metabolised drugs (metformin; lisinopril;
ramipril; furosemide; bisoprolol).

Step 4 -- Special populations: Elderly (>= 65 yr):
renal function assessment mandatory (Step 1); no
age-specific dose adjustment beyond eGFR-based
modification. Hepatic impairment: mild (Child-Pugh
A): no dose adjustment for most antivirals.
Moderate/severe hepatic impairment:
CONTRAINDICATED for nirmatrelvir-ritonavir
(ritonavir hepatic metabolic burden risk). Paediatrics:
for weight-based antivirals (baloxavir; nirsevimab;
oseltamivir): apply weight-band dosing per label;
confirm weight-based dose (mg/kg) falls within
labelled dosing bands. Pregnancy: for most COVID-19
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