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Abstract
There is growing interest in the use of long-acting (LA) injectable drugs to im-
prove treatment adherence. However, their long elimination half-life complicates 
the conduct of clinical trials. Physiologically-based pharmacokinetic (PBPK) mod-
eling is a mathematical tool that allows to simulate unknown clinical scenarios 
for LA formulations. Thus, this work aimed to develop and verify a mechanistic 
intramuscular PBPK model. The framework describing the release of a LA drug 
from the depot was developed by including both the physiology of the injection 
site and the physicochemical properties of the drug. The framework was coded 
in Matlab® 2020a and implemented in our existing PBPK model for the verifica-
tion step using clinical data for LA cabotegravir, rilpivirine, and paliperidone. 
The model was considered verified when the simulations were within twofold 
of observed data. Furthermore, a local sensitivity analysis was conducted to as-
sess the impact of various factors relevant for the drug release from the depot 
on pharmacokinetics. The PBPK model was successfully verified since all pre-
dictions were within twofold of observed clinical data. Peak concentration, area 
under the concentration-time curve, and trough concentration were sensitive 
to media viscosity, drug solubility, drug density, and diffusion layer thickness. 
Additionally, inflammation was shown to impact the drug release from the depot. 
The developed framework correctly described the release and the drug disposi-
tion of LA formulations upon intramuscular administration. It can be imple-
mented in PBPK models to address pharmacological questions related to the use 
of LA formulations.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Long-acting (LA) drugs are used for the treatment and prevention of HIV, 
but also for contraception and schizophrenia. LA drugs create a depot upon 
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INTRODUCTION

Long-acting (LA) injectables have been initially developed 
for contraception and schizophrenia.1 There is currently 
a growing interest in using LA formulations for the treat-
ment of HIV infection, as indicated by the recent approval 
of LA cabotegravir, rilpivirine, and lenacapavir.1 Upon in-
tramuscular or subcutaneous administration, LA formula-
tions form a depot from which the drug is slowly released to 
keep sustained plasma concentrations for days or months.2 
Patients may benefit from the use of an injectable treatment 
to reduce confidentiality concerns, avoid pill fatigue, and 
improve therapy adherence. LA drugs are characterized by 
a flip-flop kinetics whereby the rate of absorption is slower 
than the rate of elimination, thus resulting in a long elimina-
tion half-life.2,3 This makes the conduct of pharmacological 
studies particularly challenging as long timelines are needed 
to evaluate the pharmacokinetics or to reach steady-state.

Physiologically-based pharmacokinetic (PBPK) model-
ing is a mathematical technique recognized by regulatory 
agencies4,5 which allows to investigate unknown clinical 
scenarios by combining in silico, in vitro, and clinical data 
to predict drug disposition in a virtual population.6 PBPK 
modeling allows to generate a cohort of virtual individu-
als using physiological data related to body composition, 
tissues weights, and blood flows for the target popula-
tion.7 Available PBPK models for the simulation of drug 
pharmacokinetics after intramuscular administration do 
not include a mechanistic framework for the drug release 
from the depot which limits their applicability.8,9

To address this gap, we developed a framework to 
mechanistically describe the release of LA drugs after in-
tramuscular administration which was implemented in 

our existing whole-body PBPK model. The predictive per-
formance of the model was subsequently verified against 
clinical data for drugs formulated as nanosuspension.

METHODS

We took three steps to develop and verify the intramus-
cular PBPK model. First, we developed the framework 
describing the release of a LA drug after intramuscular 
administration by including the physiological character-
istics of the injection site and the physicochemical proper-
ties of the drug. Second, the framework was implemented 
in Matlab® 2020a in our existing PBPK model.6 Third, we 
verified the predictive performance of the model against 
clinical data for LA drugs formulated as nanosuspension 
and administered intramuscularly.10 We also simulated 
drug–drug interaction (DDI) scenarios with strong in-
ducer (e.g., rifampicin) and inhibitor (e.g., ketoconazole) 
to verify the ability of the drug models to correctly capture 
the fraction metabolized by each enzyme. The subsequent 
sections provide further details for the development and 
verification of the intramuscular PBPK model.

PBPK model structure

Our whole-body PBPK model, previously developed in 
Matlab® 2020a, consists of 17 perfusion-limited compart-
ments which are divided into vascular, interstitial, and in-
tracellular spaces to take into consideration the lymphatic 
component in drug disposition.6 The original model was 
implemented with a compartment for the intramuscular 

intramuscular/subcutaneous injection from which the drug is slowly released to 
maintain plasma concentrations for days/months with the potential to improve 
adherence. However, the long elimination half-life makes the conduct of trials 
challenging.
WHAT QUESTION DID THIS STUDY ADDRESS?
Physiologically-based pharmacokinetic (PBPK) modeling allows to simulate un-
studied clinical scenarios, however, no mechanistic intramuscular models have 
yet been developed.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
This study presents a mechanistic framework for PBPK modeling to simulate LA 
drug disposition considering both the physicochemical drug properties and the 
physiological characteristics of the injection site.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, 
AND/OR THERAPEUTICS?
This framework allows to simulate unstudied clinical scenarios such as drug–
drug interactions or drug disposition in special populations.
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injection site (i.e., ventrogluteal area) of similar composi-
tion than the total skeletal muscle but with a different blood 
flow and volume. In agreement with Cho et  al.,11 we as-
sumed that the drug is injected into the interstitial space of 
the muscle. Thus, we created an additional compartment 
within the interstitial space to represent the drug depot from 
where the drug is slowly released after injection (Figure 1).

Physiology of the ventrogluteal 
injection site

The newly approved LA antiretrovirals (i.e., cabotegravir 
and rilpivirine) are injected in the ventrogluteal area12,13 
which comprises the gluteus medius and minimus.14 The 
equations describing the physiology of this injection site, 
including the gluteal weights and blood flows, were imple-
mented in our previously developed virtual healthy popu-
lation.7 The weights of the gluteus medius and minimus 
relative to the weight of the total skeletal muscle (1.34% 
and 0.37%, respectively) were obtained from a clinical study 
(mean age of the population: 57 years, proportion of women: 
68%).15–17 The relative percentages were then used, assum-
ing their validity across age and sex (Figure S1), in combi-
nation with our previously developed total skeletal muscle 
weight equation (Equation 1)7 to calculate the weight of the 
gluteus medius (Equation 2) and minimus (Equation 3).

Instead, the gluteal blood flow was found to be 
9.6 mL/min/100 g based on published data in healthy 
young men aged 21–30 years.18 This value was scaled to 
total gluteal blood flow using the gluteal weights derived 
from Equations 2 and 3. The blood flows of the gluteus 
medius and minimus relative to the blood flow of the 
total skeletal muscle were calculated (3.68% and 1.03%, 
respectively). The relative percentages were then used, 
assuming their validity across age and sex (Figure S1), 
in combination with our previously developed total skel-
etal muscle blood flow equation (Equation 4)7 to derive 
the blood flow of the gluteus medius (Equation 5) and 
minimus (Equation  6) expressed as the percentage of 
the cardiac output (CO).

(1)
Total skeletal muscle weight

[

kg
]

=17.9∗Body Surface Area

−0.0667∗Age−5.68∗Sex−1.22

(2)
Gluteus medius weight

[

kg
]

=(Total skeletal muscle weight)

∗
1.34

100

(3)
Gluteus minimus weight

[

kg
]

=(Total skeletal muscle weight)

∗
0.37

100

(4)
Total skeletal muscle blood flow [%CO] = − 6.4∗Sex + 17.5

(5)
Gluteus medius blood flow [%CO]

= (Total skeletal muscle blood flow) ∗
3.68

100

(6)
Gluteus minumus blood flow [%CO]

= (Total skeletal muscle blood flow) ∗
1.03

100

F I G U R E  1   Physiologically-based pharmacokinetic (PBPK) model structure. Kd, release constant; Kp, partition coefficient; P, passive 
diffusion clearance.
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In order to include the contribution of the lymphatic 
flow in the drug disposition, we assumed that only a por-
tion of the total skeletal muscle lymph flow (i.e., 16%19) 
reaches the gluteal muscles and is proportional to the 
muscle weights (Equation 7).

Mathematical description of the drug 
release from the depot

The physicochemical properties of the injected drug and 
the physiological factors of the injection site are consid-
ered to be the main drivers of the drug release from the 
depot; alongside other critical factors including the depot 
shape and size, the inflammation response after injection, 
and the diffusion thickness layer.20,21 The implementation 
of these parameters in the model is detailed thereafter.

By performing magnetic resonance imaging at days 1, 
3, and 8 post intramuscular injection of LA cabotegravir, 
Jucker et al. showed that the shape of the depot is irregular 
and presents a greater surface area by volume ratio com-
pared to a spherical drug deposition.21 A similar observation 
was made by Kalicharan et al. who analyzed the shape of an 
oil depot after intramuscular injection in the upper arm.22 
Thus, based on these findings, we assumed that the shape 
of the depot is cylindrical and constituted of spherical par-
ticles surrounded by an aqueous liquid vehicle. Conversely 
to the gastrointestinal tract, the amount of fluids is limited 
in the muscles with no peristalsis allowing to maintain the 
drug particles separated from each other. Thus, the spherical 
particles inside the depot could agglomerate over time into 
bigger spherical particles which may reduce the depot sur-
face area and consequently the drug release rate.23

For our simulations, the diffusion coefficient was calcu-
lated using the Stokes-Einstein equation (Equation 8)24 and 
was considered constant over time and depending only on 
the molecular weight and on the density of a given drug.

where k = Boltzmann constant [cm2 × kg/h2 × K]; 
T = body temperature [K]; ƞ = media viscosity 
[kg/h × cm]; MW = drug molecular weight [g/mol]; 
N = Avogadro number [1/mol]; ρ = drug density [g/cm3]. 
Because the depot was assumed to be injected in the in-
terstitial space and because no data were available for 
the viscosity of the muscle interstitial space, we assumed 
that the media viscosity was similar to the viscosity of 
the water measured at 37°C.25

The Wang-Flanagan equation was considered in the 
model.26 This equation allows to describe the dissolu-
tion kinetics of spherical powder in sink (non-saturable) 
and non-sink (saturable) conditions. Sink conditions are 
generally difficult to reach for drugs with a low solubil-
ity,26 such as LA cabotegravir, rilpivirine, or paliperi-
done.1,27,28 Thus, the simulations were done assuming 
non-sink conditions in agreement with the recommen-
dations by the Center for Drug Evaluation and Research 
(CDER) of the US Food and Drug Administration 
(FDA).23

The release of LA drugs from the depot can also be im-
pacted by the inflammatory response occurring after the 
injection of the drug.29–31 Thus, we added an inflamma-
tion factor in the equation in order to take into account 
this physiological response. Given that the inflammatory 
response lasts for a limited duration, the inflammation 
factor was integrated in the simulation only up to 15 days 
post-injection.

The last factor that can impact the drug release from 
the depot is the diffusion thickness layer. This parameter 
was assumed to be constant over time. Based on available 
data in the literature, the maximal reported value for the 
diffusion thickness layer is 30 μm for particles with a ra-
dius greater than 30 μm.32 We used this value by default; 
however, it was optimized as the size of the agglomerate 
or the diffusion layer are unknown. Furthermore, mac-
rophages may create an additional layer around the drug 
depot.29,30

The aforementioned assumptions were integrated in 
Equation  9 which describes the release of the LA drug 
from the depot after each injection. As mentioned above, 
Equation 9 is multiplied by the inflammation factor only 
up to 15 days upon injection.

(7)
Percentage lymph flow at the injection site [%]

=
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where dp = depot; Ndp = number of depot defined in the 
study design; Dif = diffusion coefficient [cm2/h]; ρ = drug 
density [g/cm3]; MW = molecular weight [g/μmol]; 
Cdp = concentration in the depot [μM]; Vf = formulation 
volume [L]; h = diffusion thickness layer [cm]; Sol = solu-
bility [μM]; Cmsi = concentration in the interstitial space of 
the muscle injection site [μM]; IF = inflammation factor.

Equation 9 was integrated in the ordinary differential 
equation representing the interstitial space of the injec-
tion site.

Verification of the intramuscular 
PBPK model

A literature search was performed to identify LA drugs 
formulated as nanosuspension for the verification of the 
intramuscular PBPK model. The drugs fulfilling this cri-
terion were cabotegravir, rilpivirine, paliperidone palmi-
tate, and ziprasidone.10 We did not retain ziprasidone for 
the validation because the available clinical data were 
obtained after intramuscular injection into the non-
dominant arm and therefore were not reflective of the 
gluteal area.33 For each of the remaining compounds, a 
drug model was developed using in silico, in vitro, and 
in vivo data describing the physicochemical and pharma-
cokinetic properties of the drug of interest. The data used 
to develop the model are summarized in Table  S1. In 
order to verify the drug models, we used available clinical 
data obtained after intravenous (if available) and oral ad-
ministration or injection in the gluteal area (i.e., gluteus 
medius), as well as concentration-time profiles measured 
in the presence of strong or moderate inducers. The mod-
eling strategies are represented in Figure  S2; addition-
ally, all the studies for model verification are presented 
in Table S2 together with their respective demographic 
parameters. The drug models were considered verified 
when the predictions were within twofold of clinical 
observed data.34,35 The cabotegravir and rilpivirine mod-
els have also been verified in the framework of a project 
aiming at simulating DDIs with moderate and strong in-
ducers.36 Specifically, the predictive performance of the 
models in presence of a strong cytochrome (CYP) 3A4 
and uridine diphosphate glycosyltransferase (UGT) 1A1 
inducer (i.e., rifampicin) and CYP3A4 inhibitor (i.e., 
ketoconazole) were evaluated considering the criteria 
proposed by Guest et al.37 Due to the challenges related 
to the LA drugs, clinical DDI data were available only 
for oral cabotegravir (30 mg) and rilpivirine (150 mg) 
Table S2. For paliperidone, no observed clinical DDI data 
were available in the literature. The parameters used for 
the model development of rifampicin and ketoconazole 
are summarized in Table S3.

We made the following assumptions when develop-
ing the drug models. First, we optimized the previously 
reported maximal thickness value of the diffusion layer 
(i.e., 30 μm)32 for cabotegravir and rilpivirine in order to 
have better visual simulations. Second, paliperidone is ad-
ministered as the prodrug paliperidone palmitate (156 mg 
paliperidone corresponds to 100 mg paliperidone38). 
Therefore, we assumed the prodrug to be rapidly con-
verted into the active moiety by the esterase immediately 
after the release from the depot.39 Thus, the parameters 
describing the depot (i.e., diffusion coefficient) related 
only to the prodrug paliperidone palmitate.

Local sensitivity analysis

We performed a local sensitivity analysis to assess the 
impact of factors relevant for the drug release from the 
depot on various pharmacokinetic parameters (i.e., peak 
concentration [Cmax], area under the concentration-time 
curve [AUC], and trough concentration [Cτ]). The value 
of each individual factors (i.e., viscosity, inflamma-
tion, drug solubility, drug density, diffusion thickness 
layer, and blood flow in the muscle) was increased by 
1% and the sensitivity coefficient (SC) was derived using 
Equation 1040,41:

where r is the model predicted dose metric of interest (i.e., 
Cmax, AUC, and Cτ) with the original parameter value; dr 
is the difference between the model predicted dose metric 
of interest with a 1% increase in parameter value and the 
model predicted dose metric of interest with the original 
parameter value; p is the original parameter value (i.e., 
viscosity, inflammation, drug solubility, drug density, dif-
fusion thickness layer, and blood flow in the muscle); dp 
is the difference between the parameter value changed of 
1% and the original parameter value. Based on the crite-
ria defined by Teeguarden et al., parameters with an SC 
between 0.1 and 0.15 have a low impact on the dose met-
rics; parameters with an SC between 0.15 and 0.5 have a 
medium impact, whereas SCs greater or equal to 0.5 have 
a high impact on the dose metric of interest.41 Negative 
coefficients indicate an inverse relationship between the 
parameter and the dosing metric of interest (i.e., Cmax, 
AUC, and Cτ).

41

The local sensitivity analyses were performed by 
simulating a single intramuscular administration of 
cabotegravir 800 mg injected in the gluteus medius as a 
split dose (i.e., 2 doses of 400 mg/mL) in a single male 

(10)Sensitivity Coefficient (SC) =

dr

r

dp

p
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T A B L E  1   Predicted versus observed data for cabotegravir, rilpivirine, and paliperidone after oral and intramuscular administration.

Observed Predicted Ratio P/O

Cabotegravir 30 mg single dose oral

Cmax, ng/mL 3344 (24) 2679 (18) 0.80

Cτ, ng/mL 1567 (28) 1763 (27) 1.13

AUC0–∞, ng h/mL 132,751 (29) 162,897 (64) 1.23

Cabotegravir 30 mg steady-state oral

Cmax, ng/mL 7631 (22) 8133 (45) 1.07

Cτ, ng/mL 4472 (30) 5426 (62) 1.21

AUC0–τ, ng h/mL 133,872 (25) 163,233 (53) 1.22

Cabotegravir 400 mg single dose intramuscular

Cmax, ng/mL 700 (55) 731 (66) 1.04

C4week, ng/mL 400 (55) 672 (70) 1.68

AUC0–4week, ng h/mL 290,000 (46) 439,587 (59) 1.52

Cabotegravir 800 mg single dose intramuscular

Cmax, ng/mL 3300 (75) 3772 (44) 1.14

C4week, ng/mL 2000 (77) 1772 (56) 0.89

AUC0–4week, ng h/mL 1,497,000 (79) 1,693,649 (47) 1.13

Cabotegravir 800 mg single dose/ 400 mg multiple doses intramuscular

Cmax, ng/mL 4400 (31) 3526 (53) 0.80

C4week, ng/mL 3270 (27) 2818 (59) 0.86

AUC0–4week, ng h/mL 5,666,730a 4,734,936 (60) 0.84

Cabotegravir 30 mg steady-state oral + 600 mg loading dose intramuscular + 600 mg maintenance dose intramuscular

Cmax, ng/mL 3718 3514 (55) 0.95

Cτ, ng/mL 1904 1714 (68) 0.90

AUC0–τ, ng h/mL 3,986,534 3,152,548 (62) 0.79

Rilpivirine 75 mg single dose oral

Cmax, ng/mL 296 ± 118 327 ± 58 1.10

Cτ, ng/mL – 112 ± 36 –

AUC0–∞, ng h/mL 11,450 ± 4431 11,027 ± 4518 0.96

Rilpivirine 25 mg single dose oral

Cmax, ng/mL 100 ± 28 103 ± 18 1.03

Cτ, ng/mL – 36 ± 11 –

AUC0–τ, ng h/mL 1095 ± 327 1422 ± 279 1.30

Rilpivirine 25 mg steady-state oral

Cmax, ng/mL 160 (31) 184 (26) 1.16

Cτ, ng/mL 75 (38) 91 (39) 1.21

AUC0–τ, ng h/mL 2333 (30) 2973 (31) 1.27

Rilpivirine 600 mg single dose intramuscular

Cmax, ng/mL 82 (43) 51 (27) 0.62

C4week, ng/mL 44 (65) 27 (33) 0.62

AUC0–84days, ng h/mL 70,416 (34) 55,020 (31) 0.78

Rilpivirine 1200 mg single dose intramuscular

Cmax, ng/mL 160 (39) 191 (30) 1.20

C4week, ng/mL 83 (53) 71 (51) 0.86

AUC0–84days, ng h/mL 143,568 (38) 151,872 (44) 1.06
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Observed Predicted Ratio P/O

Rilpivirine 25 mg steady-state oral + 600 mg multiple doses intramuscular Q4W

Cmax, ng/mL – 118 ± 36 –

C8week, ng/mL 51 ± 20 55 ± 19 1.07

AUC0–τ, ng h/mL – 53,031 ± 17,512 –

Rilpivirine 25 mg steady-state oral + 900 mg multiple doses intramuscular Q8W

Cmax, ng/mL – 232 (28) –

C48week, ng/mL 64 (39) 63 (35) 0.98

AUC0–τ, ng h/mL – 140,416 (33) –

Paliperidone 1 mg single dose intravenous

Cmax, ng/mL – – –

t1/2, h 23a 24 (21) 1.03

AUC0–∞, ng h/mL 223a 240 (19) 1.08

Paliperidone 3 mg single dose oral

Cmax, ng/mL 5 ± 2 3 ± 0.4 0.51

t1/2, h 22 ± 4 25 ± 4 1.13

AUC0–τ, ng h/mL 185 ± 73 155 ± 27 0.84

Paliperidone 6 mg single dose oral

Cmax, ng/mL 10 ± 3 5 ± 1 0.54

t1/2, h 27 ± 5 25 ± 5 0.94

AUC0–τ, ng h/mL 348 ± 119 314 ± 63 0.90

Paliperidone 50 mg eq. single dose intramuscular

Cmax, ng/mL 6.9 (2.6–14.8) 6.5 (4–9.6) 0.94

Cτ, ng/mL – – –

AUC0–∞, ng h/mL 10,088 (8018 – 14,338) 10,892 (6733 – 16,109) 1.08

Paliperidone 150 mg eq. single dose intramuscular

Cmax, ng/mL 15.2 (8.6–44.7) 10.8 (7.2–18.8) 0.71

Cτ, ng/mL – – –

AUC0–∞, ng h/mL 31,344 (17,117 – 53,906) 32,106 (21,266 – 36,205) 1.02

Paliperidone 50 mg eq. multiple doses intramuscular

Cmax, ng/mL – – –

C92days, ng/mL 8.8 (NA) 10 (6.5–16.9) 1.14

AUC0–τ, ng h/mL – – –

Paliperidone 100 mg eq. multiple doses intramuscular

Cmax, ng/mL 23 ± 11 37 ± 7 1.65

Cτ, ng/mL – – –

AUC0–τ, ng h/mL 11,928 ± 5947 21,474 ± 3953 1.80

Note: The data are represented as geometric mean (CV) unless otherwise specified as mean ± SD or median (range).
Abbreviations: AUC0–∞, area under the curve from 0 to infinity AUC0–τ, area under the curve from 0 to the end of the dosing interval; AUC0–4week, area under 
the curve from 0 to 4 weeks after the administration; AUC0–12week, area under the curve from 0 to 12 weeks after the administration; Cmax, peak concentration; 
Cτ, trough concentration; C4week, concentration measured 4 weeks after administration; C8week, concentration measured 8 weeks after administration; C48week, 
concentration measured 48 weeks after administration; C92days, concentration measured 92 days after administration O, observed data; P, predicted data; t1/2, 
terminal half-life.
aCalculated using Non-Compartmental Analysis performed in MatLab2020.

T A B L E  1   (Continued)
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individual aged 35 years old with a body mass index of 
25 kg/m2.

RESULTS

Model verification

The intramuscular PBPK model was successfully verified 
as 73% of simulations were within 1.25-fold, 83% were 
within 1.5-fold, and 100% were within twofold of clinically 
observed data (Table 1).

Cabotegravir

The HIV integrase inhibitor cabotegravir is metabolized by 
UGT1A1 and UGT1A9.42 The model was verified against 
clinically observed data after the administration of single 
and multiple oral and intramuscular doses. For the single 
oral dose (30 mg), the observed: predicted ratios for Cmax, Cτ, 
and AUC were 0.80, 1.13, and 1.23, respectively (Figure S3, 
Table  1). After administering multiple oral doses, the 
observed:predicted ratios for Cmax, Cτ, and AUC were 1.07, 

1.21, and 1.22, respectively (Figure  S3, Table  1). For the 
single intramuscular dose administration in the gluteal 
area, two different doses were evaluated: 400 and 800 mg. 
For each dose, the clinically observed data were in agree-
ment with the simulations as the observed:predicted ratios 
for Cmax, Cτ, and AUC for cabotegravir 400 mg were 1.04, 
1.68, and 1.52, respectively, and for cabotegravir 800 mg 
were 1.14, 0.89, and 1.13, respectively (Figure 2a,b, Table 1). 
Similarly, for the multiple intramuscular injections of cabo-
tegravir (800 mg single dose and 400 mg multiple doses), the 
simulations were in agreement with the clinically observed 
data and the predictions were within twofold for Cmax, Cτ, 
and AUC (Figure 2c, Table 1). Further clinical studies used 
an oral lead-in dose of 30 mg administered daily for 1 month 
followed by the intramuscular injection of cabotegravir. Our 
model successfully reproduced this scenario as the predic-
tions were within twofold of clinical observed data for Cmax, 
Cτ, and AUC (Figure 2d, Table 1). For the DDI scenarios, 
the correlation between observed versus predicted clinical 
data was evaluated only for Cmax and AUC. For Cmax, the 
correlation resulted to be borderline between the upper and 
the lower limits defined by Guest et al.37; whereas the cor-
relation between observed and predicted AUC was within 
the two defined limits (Figure S6).

F I G U R E  2   Concentration-time 
profile of intramuscular cabotegravir. 
(a) Cabotegravir 400 mg single dose 
intramuscular; (b) cabotegravir 800 mg 
single dose intramuscular; (c) cabotegravir 
800 mg single dose intramuscular followed 
by three 400 mg intramuscular injections, 
and (d) cabotegravir 30 mg oral at steady-
state followed by 600 mg intramuscular 
loading dose and by 600 mg intramuscular 
maintenance doses every other month. 
The red markers represent clinically 
observed data for the control scenario. 
The solid lines, the solid bold line, the 
shaded area, and the dotted line represent 
the geometric mean of each virtual trial, 
the geometric mean of all trials, the 90% 
normal range of all virtual individuals, 
and the fourfold protein-adjusted 
concentration required for 90% viral 
inhibition for cabotegravir (664 ng/mL).56
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Rilpivirine

The non-nucleoside reverse transcriptase inhibitors 
rilpivirine is mainly metabolized by CYP3A4.42 For sin-
gle oral dose administration, two different doses were 
simulated: 75 mg for which the observed:predicted ra-
tios for Cmax and AUC were 1.10 and 0.96, respectively, 
and 25 mg for which the respective ratios were 1.03 and 
1.30 (Figure S4, Table 1). After simulating multiple oral 
doses for rilpivirine 25 mg, the observed: predicted ra-
tios for Cmax, Cτ, and AUC were 1.16, 1.21, and 1.27, re-
spectively (Figure S4, Table 1). Two different doses (600 
and 1200 mg) were simulated for the single intramus-
cular administration in the gluteal area. The clinically 
observed data were in agreement with the simulations 
as the observed:predicted ratios for Cmax, Cτ, and AUC 
for rilpivirine 600 mg were 0.62, 0.62, and 0.78, respec-
tively (Figure 3a); for rilpivirine 1200 mg, the ratios were 
1.20, 0.86, and 1.06, respectively (Figure  3b, Table  1). 
Additional clinical studies used an oral lead-in dose of 
25 mg administered for 1 month prior to the injection of 
rilpivirine to assess the tolerability. Similarly, to cabote-
gravir, the model successfully reproduced these clinical 
scenarios, as in all cases the simulated Cτ were within 

twofold of the observed data (Figure 3c,d, Table 1). For 
the DDI scenarios, the correlation between observed 
versus predicted clinical data for Cmax, AUC, and Cτ re-
sulted to be just outside the upper limit defined by Guest 
et al.37 (Figure S6). However, the correlations were still 
within the twofold error; additionally, rilpivirine is 
considered as a large therapeutic index drug and its co-
administration with rifampicin is contraindicated, thus 
we consider the model verified. On the other hand, in 
presence of ketoconazole, the correlation for Cmax, AUC, 
and Cτ resulted to be within the limits defined by Guest 
et al.37 (Figure S6).

Paliperidone

Paliperidone is indicated for the treatment of schizo-
phrenia and does not have a significant hepatic metabo-
lism.43 For the intravenous administration (1 mg), the 
observed:predicted ratios for the terminal half-life (t1/2) 
and the AUC were 1.03 and 1.08, respectively (Figure S5, 
Table  1). For the single oral dose administration, two 
doses were simulated (3 and 6 mg). For the 3 mg dose, 
the observed:predicted ratios for Cmax, t1/2, and AUC were 

F I G U R E  3   Concentration-time profile 
intramuscular rilpivirine. (a) Rilpivirine 
600 mg single dose intramuscular; 
(b) rilpivirine 1200 mg single dose 
intramuscular; (c) rilpivirine 25 mg oral 
at steady state follow by two 600 mg 
intramuscular dose injection every month, 
and (d) rilpivirine 25 mg oral at steady-
state follow by six 900 mg intramuscular 
dose injection every other month. The red 
markers represent clinically observed data 
for the control scenario. The solid lines, 
the solid bold line, the shaded area, and 
the dotted lines represent the geometric 
mean of each virtual trial, the geometric 
mean of all trials, the 90% normal range 
of all virtual individuals, and the fourfold 
protein adjusted concentration required for 
90% viral inhibition for rilpivirine (12 ng/
mL), and the minimal concentration for 
therapeutic response (50 ng/mL).57



790  |      BETTONTE et al.

0.51, 1.13, and 0.89, respectively, and for the 6 mg dose, the 
respective ratios were 0.54, 0.94, 0.90 (Figure S5, Table 1). 
Paliperidone Cmax was underpredicted in both scenarios, 
and this is possibly related to the formulation effect which 
was not implemented in our model. For the single intra-
muscular dose administration, two doses were simulated: 
50 mg eq. for which the observed:predicted ratios for Cmax 
and AUC were 0.94 and 1.08, respectively, and 150 mg eq. 
for which the corresponding ratios were 0.71 and 1.02, 
respectively (Figure  4a,b, Table  1). For the intramuscu-
lar administration of multiple doses (50 and 100 mg eq.), 
the predictions were always within twofold of clinical ob-
served data (Figure 4c,d, Table 1).

Local sensitivity analysis

The results of the local sensitivity analysis, aiming at in-
vestigating the effect of key parameters for the drug release 
from the depot on the drug pharmacokinetics, are sum-
marized in Figure 5. The SC derived after changing media 
viscosity, drug density, and diffusion thickness layer were 
negative for Cmax, AUC, and Cτ indicating an inverse re-
lationship. On the other hand, drug solubility shows a 

positive relationship for Cmax, AUC, and Cτ; whereas the 
inflammation factor shows to have a positive relationship 
for Cmax, AUC, and negative relationship for Cτ. However, 
based on the criteria defined by Teeguarden et al.,41 media 
viscosity, drug solubility, and diffusion thickness layer 
are the parameters that have a higher impact on the dose 
metrics.

DISCUSSION

The predictive performance of PBPK modeling relies on 
the ability to mathematically describe each step relevant 
to drug disposition. The PBPK models currently available 
in literature do not provide a mechanistic description of 
the drug release from a depot upon intramuscular admin-
istration; therefore, their extrapolation capability is lim-
ited. To our knowledge, we present the first mechanistic 
PBPK model describing the release of a LA drug after in-
tramuscular administration in the ventrogluteal area.

The intramuscular PBPK model was successfully 
verified against clinically observed data for LA cabote-
gravir, rilpivirine, and paliperidone formulated as nano-
suspension.10 The predictions were within twofold of the 

F I G U R E  4   Concentration-time 
profile intramuscular paliperidone. 
(a) Paliperidone 50 mg eq. single 
dose intramuscular; (b) paliperidone 
150 mg eq. single dose intramuscular; 
(c) paliperidone 50 mg eq. intramuscular 
dose injection every month, and (d) 
paliperidone 100 mg eq. intramuscular 
dose injection every month. The red 
markers represent clinically observed 
data for the control scenario. The solid 
lines, the solid bold line, and the shaded 
area represent the geometric mean of 
each virtual trial, the geometric mean of 
all trials, and the 90% normal range of all 
virtual individuals.
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observed clinical data; however, the population variability 
was underpredicted by the model as it assumes that the 
drug always reaches the muscle. The real-world studies, 
including controlled clinical trials, have shown a large in-
terindividual variability in drug concentrations.21,44 This 
variability relates to factors that were not included in the 
model, such as the ventrogluteal injection site (i.e., in real-
world practice, the injected drug does not always reach the 
muscle but can be deposited in the subcutaneous tissue), 
injection technique (i.e., a longer needle length needs to 
be used in obese individuals which is not always done in 
practice), and split injections (i.e., splitting the injected 
dose was shown to increase the drug absorption).45,46

The sensitivity analysis demonstrated that the drug 
release from the depot is influenced by the physicochem-
ical properties of the drug and by the physiology of the 
injection site.21,47 The main drivers for the drug release 

from the depot were the drug solubility, the media viscos-
ity, the diffusion layer thickness, and drug density. The 
inflammation (caused by the administration of the active 
substance) and the particle size distribution were shown 
to also have an effect on the pharmacokinetics of LA in-
jectable drugs.29,48 Our findings are consistent with data in 
the literature showing that a high drug solubility is associ-
ated with an increased dissolution rate and consequently 
with an increased absorption rate.

The current model has several limitations which 
should be acknowledged. Because there are no dissolu-
tion equations to describe the release of the drug after in-
tramuscular administration, we used the Wang-Flanagan 
equation, which is generally applied to describe the drug 
dissolution process occurring in the gastrointestinal 
tract. Furthermore, there are no data related to the mea-
surement of the diffusion thickness layer. However, there 

F I G U R E  5   Local sensitivity analysis 
(LSA) results. (a) LSA effect on peak 
concentration (Cmax), (b) LSA effect on 
area under the curve (AUC), and (c) LSA 
effect on trough concentration (Cτ).
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is ongoing research aiming at developing new in  vitro 
methods to test drug dissolution after intramuscular ad-
ministration, which will allow to address the knowledge 
gap between in vitro and in vivo drug dissolution.23,49,50 
Our model did not include drug metabolizing enzymes 
expressed in the muscle due to the paucity of data in 
literature.1 Additionally, the depot has been reported to 
have an irregular shape21 which would have required ad-
ditional assumptions. Therefore, we decided to simplify 
the shape and assume that the depot had a cylindrical 
shape and was constituted of spherical drug particles 
in a liquid aqueous vehicle. The model does not reflect 
clinical conditions that could impact the physical activity 
(e.g., osteoarthritis and sarcopenia) and consequently the 
release of the drug from the depot. Last, the inflamma-
tion is considered to be an important contributor in the 
release from the depot and consequently in the pharma-
cokinetics. The inflammation cascade occurring after the 
administration of a LA injectable drug was initially re-
ported in preclinical species29,30,48 and was subsequently 
confirmed in several clinical studies after the intramus-
cular administration of LA cabotegravir, rilpivirine, and 
paliperidone.21,51,52 The mechanistic description of the 
inflammation process is complex due to multiple reac-
tions involved in this process. These comprise notably 
the formation of a layer of immune cells and collagen 
around the depot and the phagocytic activity of the mac-
rophages.48 Thus, we decided to use an inflammation 
factor rather than describe mechanistically the inflam-
matory processes given that our research questions focus 
on the drug elimination phase and Cτ.

In conclusion, the developed equations allow to sim-
ulate the release of LA drugs from the depot after intra-
muscular administration in the ventrogluteal area by 
considering the drug physicochemical properties and 
physiology of the injection site. The equations can be im-
plemented in PBPK models during drug development to 
address unstudied clinical scenarios related, for instance, 
to the management of DDIs36,53 and evaluation of the 
pharmacokinetics in special populations in order to guide 
clinical decisions.54,55
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