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Aim: Cabotegravir long-acting (LA) intramuscular (IM) injection is being investigated

for HIV preexposure prophylaxis due to its potent antiretroviral activity and infre-

quent dosing requirement. A subset of healthy adult volunteers participating in a

Phase I study assessing cabotegravir tissue pharmacokinetics underwent serial mag-

netic resonance imaging (MRI) to assess drug depot localization and kinetics following

a single cabotegravir LA IM targeted injection.

Methods: Eight participants (four men, four women) were administered cabotegravir

LA 600 mg under ultrasonographic-guided injection targeting the gluteal muscles.

MRI was performed to determine injection-site location in gluteal muscle (IM), subcu-

taneous (SC) adipose tissue and combined IM/SC compartments, and to quantify

drug depot characteristics, including volume and surface area, on Days 1 (≤2 hours

postinjection), 3 and 8. Linear regression analysis examined correlations between

MRI-derived parameters and plasma cabotegravir exposure metrics, including maxi-

mum observed concentration (Cmax) and partial area under the concentration–time

curve (AUC) through Weeks 4 and 8.

Results: Cabotegravir LA depot locations varied by participant and were identified in

the IM compartment (n = 2), combined IM/SC compartments (n = 4), SC compart-

ment (n = 1) and retroperitoneal cavity (n = 1). Although several MRI parameter and

exposure metric correlations were determined, total depot surface area on Day

1 strongly correlated with plasma cabotegravir concentration at Days 3 and 8, Cmax

and partial AUC through Weeks 4 and 8.
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Conclusion: MRI clearly delineated cabotegravir LA injection-site location and depot

kinetics in healthy adults. Although injection-site variability was observed, drug depot

surface area correlated with both plasma Cmax and partial AUC independently of ana-

tomical distribution.
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1 | INTRODUCTION

Cabotegravir long-acting (LA) parenteral is a promising HIV-1

integrase strand transfer inhibitor candidate for HIV preexposure

prophylaxis due to its potent antiretroviral activity and infrequent

dosing requirements.1 Cabotegravir, which has a plasma half-life of

�21–50 days when administered as an LA parenteral, demon-

strated protective antiviral activity in rectal and vaginal nonhuman

primate simian immunodeficiency virus and HIV-challenge

models.2,3 Cabotegravir concentrations achieved in anatomical

mucosal tissue sites associated with sexual HIV transmission fol-

lowing an intramuscular (IM) dose of preexposure prophylaxis in

humans are unknown. This study is part of a Phase I study that

assessed tissue compartmental pharmacokinetic (PK) analysis of

cabotegravir LA (ClinicalTrials.gov Identifier: NCT02478463). It

included a 4-week oral dose lead-in to assess tolerability, a

washout period of 14–42 days, and a single 600 mg dose of cab-

otegravir LA administered as a single 3 mL intragluteal injection

under ultrasonographic guidance. Postinjection PK sampling of

blood plasma; vaginal, cervical, and rectal tissues; and

cervicovaginal and rectal fluids over 12 weeks was performed. A

subset of participants underwent magnetic resonance imaging

(MRI) as an exploratory objective to serially assess evolution of the

injection depot for 1 week following administration.

Long-acting injectables have been clinically used to sustain

therapeutic drug levels at a target site to reduce the frequency of

dosing required.4,5 Despite development of clinically available LA

injectables,6,7 questions remain about mechanisms that control drug

release from the depot site, including impact of physiochemical

characteristics (e.g., solubility, particle size, particle charge) on dis-

solution and influence of biologic factors, including depot size,

shape, anatomical location, inflammatory response, perfusion and

pH.8 Significant plasma PK variability was noted in prior cab-

otegravir LA studies,9–11 with potential factors contributing to this

variability, including administration technique (i.e., injection into

subcutaneous [SC] fat vs gluteal muscle) or dose volume (i.e., split

vs unsplit injections).

In preclinical experiments, MRI was used to noninvasively identify

drug depot location, volume and surface area changes in IM and SC

locations following cabotegravir LA administration in rats.12 Although

ultrasonography is used widely for guidance of LA drug delivery and

can be used to assess depot characteristics,13,14 few reports use MRI

to visualize IM injections or quantitatively characterize LA drug depot.

Yet, injectable drug depot characteristics were identified, including

inflammation and persistence, since the early clinical use of MRI.15,16

Therefore, this exploratory substudy was designed to investigate use

of MRI to clinically image the evolution of the cabotegravir LA injec-

tion depot and examine the depot morphometry and its relationship

to plasma concentrations and noncompartmental analysis-derived

plasma exposure metrics.

In this Phase I study, four men and four women were enrolled in

an imaging substudy and underwent noncontrast-enhanced MRI fol-

lowing cabotegravir LA injection (Day 1) on Day 3 and on Day 8 to

measure the injection depot following a single cabotegravir 600 mg

IM targeted dose. Magnetic resonance imaging was performed

≤2 hours following injection (Day 1) and at Days 3 and 8 postinjection

for morphometric assessment (i.e., volume, surface area), transverse

relaxation time constant (T2) and apparent diffusion coefficient (ADC)

quantification of the depot evolution.

What is already known about this subject

• As an intramuscular injection, long-acting (LA) cab-

otegravir is promising for HIV-1 preexposure prophylaxis

given its potent antiretroviral activity and infrequent

dosing requirements

• Pharmacokinetic (PK) variability has been observed fol-

lowing cabotegravir LA injection in healthy individuals,

but characterization of cabotegravir LA drug depot

kinetics is limited to preclinical models

What this study adds

• Magnetic resonance imaging of cabotegravir LA injection

depot location demonstrated high deposition variability

between participants despite ultrasonographic-guided

administration

• Cabotegravir LA total depot surface area strongly

correlated with plasma exposure metrics, independent of

anatomical distribution

• These results help to better explain the observed PK vari-

ability associated with cabotegravir LA injection
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2 | METHODS

Magnetic resonance imaging was performed on a cohort of healthy

volunteers enrolled into a Phase I open-label study designed to assess

the PK of cabotegravir LA in plasma, tissues and mucosal secretions

associated with HIV-1 transmission following a single 600 mg IM

targeted injection. The MRI substudy enrolled eight healthy partici-

pants without HIV-1 infection (four men, four women; Table 1). The

study consisted of a screening period, a 28-day oral cabotegravir lead-

in phase at a dose of 30 mg day�1 followed by a 14- to 42-day wash-

out period to accommodate flexibility in clinic scheduling, and a single

3 mL IM dose of cabotegravir LA 600 mg (200 mg mL�1 cabotegravir

dose concentration; Figure 1). Following dosing, participants returned

for safety assessments and PK sampling of the blood plasma periodi-

cally through Weeks 12, 24 and 36 postinjection, with a follow-up

visit at Week 52 postinjection (Figure 1).

After the oral cabotegravir washout period, each participant

received the cabotegravir IM dose into the ventrogluteal muscle

compartment under ultrasonographic-guided administration using a

Z-tracking technique. A ≥9 cm spinal needle was used to ensure drug

deposition occurred within the ventrogluteal muscle rather than SC

tissue, which, at times, may occur using standard 1.5-inch needles.

Noncontrast-enhanced MRI was performed on participants on Days

1 (≤2 hours postdose), 3 and 8 (see Supplemental Information). Quan-

titative assessments of volume, surface area, T2 and ADC of the drug

depot were performed. The drug depot volume (mL) and surface area

(mm2) were measured in individual (i.e., gluteal muscle, SC adipose tis-

sue) and combined (i.e., IM and SC) compartments defined as total

depot. The drug depot volume and surface area were measured in the

retroperitoneal (RP) cavity in one participant who received a

misinjection.

Plasma cabotegravir PK samples were collected at the following

timepoints: Days 1 (4 h), 3 (48 h), 5 (96 h) and 8 (168 h); Weeks 4, 8,

12, 24, 36 and 52; and concentrations were determined using high-

performance liquid chromatography with tandem mass spectrome-

try.17 Magnetic resonance imaging was performed immediately after

cabotegravir injection and before the 4-hour blood plasma PK assess-

ment on Day 1 and within 2 hours of PK assessment on Days 3 and

8. Pharmacokinetic analysis of drug concentrations was performed by

noncompartmental analysis using the linear up and log down

application of the trapezoidal rule for model 200 (extravascular admin-

istration) of WinNonlin software version 6.3 or higher (Certara,

Princeton, NJ).

Linear regression analysis was used to determine the relationship

between plasma cabotegravir concentrations at Days 1, 3 and

8, plasma exposure metrics and cabotegravir LA depot-derived MRI

parameters. As no prespecified statistical hypothesis was tested, an

arbitrary correlation threshold of 0.7 was used in analyses where all

eight participant values were used (e.g., total depot volume, surface

area), 0.8 when only six participant values were used (e.g., IM depot

volume, surface area), and 0.9 when only five participant values were

used (e.g., SC tissue depot volume, surface area). All figures derived

from MRI parameters and exposure metrics were generated using

GraphPad Prism version 8.1.2 (GraphPad Software, San Diego, CA).

The study was conducted at Johns Hopkins Hospital

(Baltimore, MD) in accordance with the International Conference on

Harmonisation of Technical Requirements for Registration of Pharma-

ceuticals for Human Use Good Clinical Practice and the principles of

the Declaration of Helsinki. Johns Hopkins Medicine Institutional

Review Board (Baltimore, MD) approved the study protocol and con-

duct. All participants provided written informed consent. This study

was sponsored by ViiV Healthcare.

2.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, and

are permanently archived in the Concise Guide to PHARMACOLOGY

2019/20.18

3 | RESULTS

Body mass indices (BMIs) of participants were between 21.4 and

33.1 kg m�2 with male and female mean (range) BMIs equal to 26.2

(21.4–29.2) and 30.2 (26.1–33.1) kg m�2, respectively (Table 1). Addi-

tional participant demographics are shown in Table 1. No serious

TABLE 1 Demographics of participants and injection-site location as determined by MRI

Participant Sex Age, years Height, cm Weight, kg BMI, kg/m2 Injection-site location

1 F 43 172 89.9 30.4 RP

2 F 27 155 74.6 31.1 IM/SC

3 F 44 157 81.6 33.1 IM

4 F 31 170 75.5 26.1 IM

5 M 29 170 73 25.3 SC

6 M 43 178 91.6 28.9 IM/SC

7 M 25 188 75.8 21.4 IM/SC

8 M 35 184 98.9 29.2 IM/SC

BMI, body mass index; F, female; IM, intramuscular; M, male; MRI, magnetic resonance imaging; RP, retroperitoneal; SC, subcutaneous.
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adverse events were identified during the MRI period of the substudy.

Each of the eight participants underwent MRI, including spin-echo

T2-weighted, T2 mapping, Dixon and diffusion-weighted imaging

acquisitions, except for participant 1, who did not have diffusion-

weighted imaging acquisition on Day 1. All acquired imaging data pas-

sed quality control in which images were visually reviewed for any

artifacts as well as gross movement, and were analysed. Serial MRI

was performed to identify the cabotegravir LA depot location, depot

morphometry (e.g., volume, surface area), and evolution of the

depot over the initial study week postinjection. Although cabotegravir

LA injection was performed under ultrasonographic guidance, the

depot location was quite variable and identified in the RP cavity in

one participant, discretely in the IM tissue in two participants, in the

SC tissue in one participant, and in both IM and SC tissues in the

remaining four participants (Figure 2). The Dixon image was used to

differentiate between SC and IM tissues and measure SC tissue thick-

ness along the injection track (i.e., from the fiduciary marker to the

depot; Figure 2A). Increases in depot shape and volume observed in

the RP cavity, IM alone, SC alone and combined IM and SC depot

locations during the one-week postinjection imaging period reflect

depot expansion, potentially due to both drug and inflammatory infil-

trates (Figure 2B–E). The drug depot appeared to be entirely or pre-

dominantly administered in the IM compartment, but it possibly

leaked out through the needle track in the four participants adminis-

tered the study drug via the IM and SC route (Figure 2E).

Both individual participant depot volume (Figure 3A) and surface

area (Figure 3B) were calculated from multislice, T2-weighted MRI.

These volumes and surface areas were further assessed to deter-

mine each parameter associated with RP, IM, SC, and IM and SC tis-

sue compartments in the four participants for whom the study drug

resided in both locations (Figure 3C,D). Although the cabotegravir

LA dose volume was only 3 mL upon injection, within 2 hours of

dosing, the mean (standard error of mean) MRI-derived depot vol-

ume increased to 29.3 (4.5) mL, with a larger increase observed in

IM (�tenfold) than in the SC or RP locations (�three- and �fourfold,

respectively; Figure 3C). In all but one participant

(SC administration), the MRI-derived depot volume continued to

increase throughout the one-week imaging period (mean [standard

error of mean], 70.0 [20.1] and 147.3 [49.4] mL at Days 3 and

8, respectively). The cabotegravir LA depot in participant 5 peaked

at Day 3 before resolving in SC tissue (Figure 3A,C). Calculated sur-

face area of the entire depot showed similar growth trends to their

volumes (Figure 3B,D). In addition, volume and surface area were

calculated for the entire depot (i.e., IM + SC) as well as for individual

IM and SC compartments in each participant (Figure 3E,F). Total sur-

face area is generally less than the sum of the individual IM and SC

surface areas, because the surface area of the interface between IM

and SC depot components is not included in the measurement of

total depot surface area.

Both individual participant T2-weighted and ADC MRI parame-

ters were quantified to determine if any unique physiologic character-

istics to the depot could be identified (e.g., differentiating drug vs

leukocyte infiltration; Figure 4A,B). In addition, investigating the depot

heterogeneity using these measurements could be of value to detect

drug agglomeration vs diffuse localization. Mean T2 values were lower

in IM than in SC tissue compartments on Day 1, and a slight reduction

in this parameter value was observed in both locations by Day 3 that

was maintained through Day 8 (Figure 4C). Conversely, ADC values

were lower in SC than IM tissue on Day 1, and the SC depot ADC

value dropped by Day 3 and was maintained at this level until

Day 8 (Figure 4D).

Following the oral cabotegravir washout period, baseline cab-

otegravir concentrations were below detectable limits. Following glu-

teal muscle-targeted cabotegravir LA administration, all participants

exhibited a rapid increase in plasma cabotegravir exposure, with maxi-

mum concentration (Cmax) occurring between 51 and 170 hours for

six of eight participants; however, two participants (participants

1 and 5), one of whom was a woman with a BMI > 30 kg m�2, had sig-

nificantly longer time of maximum observed concentration (Tmax) of

505 and 1252 hours, respectively (Table 2; Figure 5A). Plasma

F IGURE 1 Study protocol illustrating cabotegravir oral dose lead-in (30 mg day�1), washout, cabotegravir LA (600 mg) gluteal muscle-
targeted injection and PK assessment visits and follow-up. MRI was performed on Days 1 (≤2 h postinjection), 3 and 8. IM, intramuscular; LA, long
acting; MRI, magnetic resonance imaging; PK, pharmacokinetics; QD, once daily
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cabotegravir Cmax was numerically higher in participants for whom the

study drug was administered at the IM and IM and SC depot site vs

the RP and SC depot site (Table 2; Figure 5B). Although partial

area under the concentration–time curve (AUC) to 4 (AUC0-4wk) or

8 weeks (AUC0-8wk) was considerably lower in two participants with

RP and SC administration routes (736–2557 h*μg mL�1), overall AUC

did not vary greatly between participants (mean [standard error of

mean], 3737 [317] h*μg mL�1). Plasma cabotegravir concentrations

and exposure metrics were generally similar between men and

women, with increased Cmax and decreased overall AUC values

observed in men compared with women (mean [standard error of

mean], 5.485 [0.975] vs 3.650 [0.944] μg mL�1 for Cmax and 3341

[180] vs 4133 [577] h*μg mL�1 for AUC). Plasma cabotegravir

exposure during the imaging period and noncompartmental analysis-

derived metrics (e.g., Cmax, Tmax, AUC0-4wk, AUC0-8wk) are shown in

Table 2.

Linear regression analysis was performed to assess the relation-

ship between the MRI-derived parameters and plasma cabotegravir

F IGURE 2 Temporal MRI of cabotegravir LA depots in representative sites. (A) SC adipose tissue thickness (red line) along the needle track
varied greatly in participants. Ultrasonographic-guided cabotegravir LA injections were administered in (B) RP, (C) IM, (D) SC and (E) IM and SC
locations. Each panel contains a representative image of the serial, transverse, T2-weighted slice section obtained through the same depot
location on Days 1, 3 and 8. Each depot was segmented to show RP depot in blue, gluteal muscle depot in red, and SC adipose depot in green.
MRI T2 reference phantoms were placed next to the participant. IM, intramuscular; LA, long acting; MRI, magnetic resonance imaging; RP,
retroperitoneal; SC, subcutaneous; T2, transverse relaxation time constant
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exposure metrics. Cabotegravir LA depot volumes and surface area

(total [IM + SC] and IM and SC tissue individually) correlations with

Day 1, 3 and 8 plasma cabotegravir concentrations, Cmax, Tmax,

AUC0-4wk and AUC0-8wk were derived, and several positive and nega-

tive correlations were observed (Table 3; Figure 6A,B). Interestingly,

total depot surface area strongly correlated with several exposure

metrics, including cabotegravir plasma Cmax and AUC0-8wk (Table 3;

Figure 6A). Although a trend towards positive correlations was also

observed between total depot volume with cabotegravir exposure

metrics, this trend was not as strong as with the total depot surface

area. The stronger relationship between PK and depot surface area vs

PK and depot volume is consistent with the Noyes–Whitney equa-

tion, which expresses drug-dissolution rate as a function of surface

area.19 When examining the relationship between IM or SC depot vol-

ume and surface area with cabotegravir exposure metrics, only IM vol-

ume and surface area at Day 1 positively correlated with AUC0-4wk

(r = 0.77 and 0.78 respectively; Table 3), whereas Day 1 SC depot

volume negatively correlated with Day 3 and 8 cabotegravir PK

(r = �0.78 and �0.72 respectively; Table 3). Interestingly, several

negative correlations were observed between T2-weighted MRI

parameters and cabotegravir exposure metrics (Table 3; Figure 6B);

however, the T2 values for both RP and SC tissue depots were con-

siderably higher than that observed in the IM depot at Day

1 (Figure 4C). Therefore, these high values skewed the correlations.

No correlations were observed between total depot ADC values and

cabotegravir exposure metrics.

F IGURE 3 MRI-assessed cabotegravir LA depot volume and surface area. (A) Total drug depot volume and (B) surface area were measured
for each participant on Days 1, 3 and 8. (C) Total drug depot volume and (D) surface area were measured in RP, IM, SC, and IM and SC tissue
compartments for each participant. In those participants who received the drug administered in the IM and SC tissue compartment, both IM and
SC contributions to the average (E) total depot volume and (F) surface area in these individuals were assessed. Data in panels (C) and (D) are
presented as mean ± SEM. Data in panels (E) and (F) are presented as mean values for both IM and SC depots. IM, intramuscular; LA, long acting;
MRI, magnetic resonance imaging; RP, retroperitoneal; SC, subcutaneous; SEM, standard error of mean
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4 | DISCUSSION

This study was performed to define the injection-site depot location

and examine depot morphometry and multiparametric MRI character-

istics during the initial week following an IM-targeted cabotegravir LA

injection. Variability in PK was previously observed with cabotegravir

LA IM administration in healthy participants when administered free-

hand using a standard 1.5-inch needle, and this variability could only

partially be associated with sex or BMI.9,20 Therefore, the current

study examined injection-site variability and drug depot volume and

surface area as well as their relationship to cabotegravir plasma expo-

sure metrics. Although injection-site variability was observed, total

F IGURE 4 MRI-assessed cabotegravir LA depot mean T2 and mean ADC parameters. (A) Total drug depot mean T2 and (B) mean ADC were
measured for each participant on Days 1, 3 and 8. (C) Total drug depot mean T2 and (D) mean ADC were measured in RP, IM, SC, and IM and SC
tissue compartments for each participant. Data in panels (C) and (D) are presented as mean ± SEM. On Day 1 in participant 1, RP ADC was not
measured. ADC, apparent diffusion coefficient; IM, intramuscular; LA, long acting; MRI, magnetic resonance imaging; RP, retroperitoneal; SC,
subcutaneous; SEM, standard error of mean; T2, transverse relaxation time constant

TABLE 2 Plasma cabotegravir
concentrations and exposure metrics for
each participant

Participant

Plasma cabotegravir

Day 1 Day 3 Day 8 Cmax Tmax AUC0-4Wk AUC0-8Wk AUCLast

μg/mL h h*μg/mL

1 0.135 0.664 1.100 1.260 505 736 1513 4697

2 0.270 2.130 3.600 3.600 170 2024 3063 3346

3 0.893 5.870 5.250 5.870 51 2258 2829 3013

4 0.276 3.500 3.560 3.870 93 2250 3801 5475

5 0.109 0.723 1.010 3.060 1252 853 2557 3526

6 0.323 3.030 4.740 7.030 96 2163 2712 2810

7 0.290 3.250 4.700 4.750 97 2192 3058 3592

8 0.234 3.830 4.950 7.100 97 2336 3169 3435

AUC, area under the concentration–time curve; AUCLast, AUC to final time point; Cmax, maximum

concentration; Tmax, time to maximum concentration.
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F IGURE 5 Plasma cabotegravir pharmacokinetics profile. (A) Plasma cabotegravir concentration is shown for each imaging participant out to
84 days after cabotegravir LA administration. (B) Mean plasma cabotegravir concentration is shown for depot location. IM, intramuscular; LA, long
acting; RP, retroperitoneal; SC, subcutaneous. Data in panel (B) are presented as mean ± standard error of mean

TABLE 3 Correlations derived from linear regression analysis of MRI-derived cabotegravir parameters with plasma cabotegravir
concentrations and exposure metrics

Variable Day 1 Day 3 Day 8 Cmax Tmax AUC0-4Wk AUC0-8Wk

SC thickness 0.61 0.48 0.22 0.15 �0.34 0.20 �0.01

Total depot volume (Day 1) 0.38 0.71 0.74 0.48 �0.66 0.80 0.73

Total depot surface area (Day 1) 0.31 0.73 0.89 0.80 �0.70 0.94 0.83

IM depot volume (Day 1) 0.23 0.60 0.32 0.01 �0.62 0.77 0.43

IM depot surface area (Day 1) �0.27 0.20 0.37 0.35 �0.47 0.78 0.32

SC depot volume (Day 1) �0.51 �0.78 �0.72 �0.65 0.55 �0.60 �0.52

SC depot surface area (Day 1) �0.19 �0.59 �0.47 �0.59 0.24 �0.32 �0.23

Total depot T2 (Day 1) �0.33 �0.75 �0.91 �0.77 0.83 �0.97 �0.78

Total depot ADC (Day 1) 0.55 0.59 0.63 0.54 �0.48 0.45 �0.15

Total depot volume (Day 3) �0.31 0.02 0.15 0.46 0.17 0.11 0.17

Total depot surface area (Day 3) �0.18 0.12 0.37 0.69 �0.15 0.25 �0.01

IM depot volume (Day 3) �0.34 0.07 0.56 0.69 �0.30 0.65 �0.09

IM depot surface area (Day 3) �0.14 0.13 0.69 0.91 �0.43 0.52 �0.40

SC depot volume (Day 3) �0.89 �0.35 �0.56 �0.16 0.69 �0.59 �0.22

SC depot surface area (Day 3) �0.59 0.10 �0.13 0.08 0.24 �0.12 0.31

Total depot T2 (Day 3) �0.37 �0.71 �0.78 �0.65 0.61 �0.87 �0.86

Total depot ADC (Day 3) 0.34 0.30 0.25 0.05 �0.58 0.14 �0.30

Total depot volume (Day 8) �0.02 0.35 0.62 0.55 �0.46 0.56 0.35

Total depot surface area (Day 8) �0.05 0.20 0.58 0.47 �0.48 0.56 0.34

IM depot volume (Day 8) �0.05 �0.07 0.36 0.03 �0.15 �0.08 �0.34

IM depot surface area (Day 8) �0.10 �0.15 0.38 0.12 �0.07 �0.16 �0.46

SC depot volume (Day 8) 0.11 0.72 0.55 0.45 �0.45 0.55 0.80

SC depot surface area (Day 8) 0.29 0.44 0.43 �0.03 �0.56 0.57 0.93

Total depot T2 (Day 8) �0.67 �0.82 �0.67 �0.46 0.60 �0.73 �0.67

Total depot ADC (Day 8) 0.52 0.45 0.41 0.05 �0.71 0.41 0.08

Positive correlations that are ≥0.9 for SC depot (n = 5), ≥0.8 for IM depot (n = 6), and ≥0.7 for total depot (n = 8) are highlighted in green, and negative

correlations that are ≤�0.9 for SC depot (n = 5), ≤�0.8 for IM depot (n = 6), and ≤�0.7 for total depot (n = 8) are highlighted in red. SC thickness is

measured along the injection track, i.e., from the fiduciary marker to the drug depot. ADC, apparent diffusion coefficient; AUC, area under the

concentration-time curve; Cmax, maximum concentration; IM, intramuscular; SC, subcutaneous; T2, transverse relaxation time constant; Tmax, time to

maximum concentration.
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depot surface area measured following cabotegravir LA administration

(Day 1) appeared to strongly correlate with both plasma Cmax and par-

tial AUC independent of injection-site location. Additional MRI param-

eter assessments (T2-weighted and ADC) were less informative about

physiologic changes, drug agglomeration processes, or both occurring

during the assessed timeframe. Although complex physiologic pro-

cesses are known to occur following IM administration of LA inject-

ables, including slow dissolution of the drug substance, local acute

F IGURE 6 Linear regression analysis performed on cabotegravir exposure metrics and MRI-derived parameters. The strongest positive
correlations between plasma cabotegravir concentrations (Days 1, 3 and 8) and exposure metrics (Cmax, AUC0-4wk, AUC0-8wk) and MRI-measured
cabotegravir LA depot volume, surface area, T2 and ADC parameters were with (A) total depot surface area observed on Day 1. Conversely, the
strongest negative correlations between plasma cabotegravir concentrations and exposure metrics and MRI-measured cabotegravir LA depot
volume, surface area, T2, and ADC parameters were with (B) T2 observed on Day 1. ADC, apparent diffusion coefficient; AUC, area under the
concentration–time curve; Cmax, maximum concentration; LA, long acting; MRI, magnetic resonance imaging; T2, transverse relaxation time
constant
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and chronic inflammation, angiogenesis and lymph drainage,21,22 the

morphometric data obtained in the present study may nevertheless

be used to build complex pharmacometric, multicompartment models

that may inform future clinical trial simulations and study design opti-

mization. However, because the sample size of the present study is

small and no imaging was performed in previous cabotegravir clinical

studies, correlation of the larger clinical dataset based on variable ana-

tomical injections is not possible.23–25

This study revealed some unexpected findings, including variable

cabotegravir LA depot injection-site location, considering that drug

administration was performed under ultrasonographic guidance. How-

ever, these findings may be unsurprising considering that previous

studies have shown that success rates of intended IM injections vary

(�32–52%), with the rest potentially resulting in inadvertent SC drug

deposition.26 Preclinical studies of a similar LA injectable also demon-

strated that the injection volume may reside in the SC compartment

despite employing ultrasonographic guidance.27 In the present study

with its small sample size, no relationship was observed between

injection-site location (i.e., SC, IM, RP) and either sex or BMI, and no

serious adverse events associated with the variable injection-site loca-

tions were reported. In fact, the participant who had the most signifi-

cant SC adipose tissue thickness along the needle track for

cabotegravir LA administration (73.5 mm) was injected entirely in the

IM space, whereas the participant who received a discrete depot

administration in the SC location had a less-than-average SC adipose

tissue thickness (30.9 mm) along the needle track. In this participant,

ultrasonography of the SC layer suggested that the adipose tissue

thickness was <30.9 mm; structurally, it had the appearance of

pseudofat (estimated thickness �10 mm). These observations contrast

with findings from studies investigating variables associated with anti-

psychotic LA administration, wherein an increased risk of injection

failure was associated with female sex, obesity, site of injection and

SC fat depth.26,28 However, needle track-associated retrograde drug

spillage of cabotegravir LA into the SC location was observed after IM

administration in some participants (e.g., participant 7; Figure 2E). In

addition, the participant who was misinjected in the RP cavity

exhibited a very different PK profile than the participants whose route

of administration was either IM, IM and SC, or SC. The Cmax was sig-

nificantly lower (18–41%) in this participant, but the exposure dura-

tion >90% maximal inhibitory concentration (IC90; 166 ng mL�1)

lasted for >180 days, whereas all other participants had significantly

lower cabotegravir concentrations, i.e., below IC90 at 180 days (data

not shown), possibly reflecting a lower absorption rate in RP vs IM

compartments. However, although this participant exhibited a rather

slow absorption rate and a long Tmax of �28 days, the one participant

discretely administered into the SC space, where blood flow and

absorption are typically reduced,26,28 had a Tmax of �56 days. Because

cabotegravir has low water solubility and high membrane

permeability,9 its rates of dissolution and absorption are expected to

be a function of depot surface area.19 The dissolved amount of cab-

otegravir will be higher with increased volume of interstitial fluid and

thus, associated with an increased level of inflammation.9 At Day

8, the depot volume and inflammation level were the lowest for SC

and RP injections, an observation that may explain the longer Tmax.

However, because of the small sample size in this study, definitive PK

conclusions with respect to anatomical site are limited.

Noninvasive imaging approaches to assess LA drug distribution in

humans for durations of weeks to months have been sparingly

applied, because detection techniques to directly assess drug sub-

stance are not readily available.29–33 Computed tomography has been

used to assess LA injectable depot location variability between gluteal

muscle and SC adipose fat and, in doing so, has been used to deter-

mine the association between BMI and IM misinjections.28,34 Ultraso-

nography has traditionally been used to guide injectable therapies to

the intended locations and has also been used in conjunction with

elastography to characterize the dispersion and physiochemical prop-

erties of the drug.13,14 Although MRI cannot be used to visualize the

active drug substance in a solid-suspension formulation like cab-

otegravir LA, traditional excipients (e.g., oil, polyethylene glycol, man-

nitol, water) generate adequate MRI signal for detection and

discrimination from biologic tissue-based signal.30,32,35 Magnetic reso-

nance imaging was also used to assess drug depot volume expansion

in a patient receiving an intragluteal injection of diclofenac 2 mL in

which a rapid increase in depot volume over the initial 24 hours was

observed.33 In a previous rodent imaging study, cabotegravir LA IM

depots appeared to manifest a subacute inflammatory response cau-

sed by the active drug particles that led to increased oedema in the

depot region, thereby resulting in additional high-intensity MRI

signal.12 Although the drug depot volume also increased in the

SC-administered animals, the expansion observed in these animals

was less than that observed for IM administration. Interestingly, the

vehicle-administered depot volume appeared to quickly decrease

below baseline, reflecting rapid dissipation of the excipients from the

depot region and minimal oedema in the absence of drug substance.

Our findings of cabotegravir LA drug being distributed along IM fascial

planes is consistent with previous clinical observations and with our

previous preclinical MRI study findings, which were confirmed using

imaging mass spectroscopy showing cabotegravir LA drug colocated

within interfacial planes of muscles.12,31,33

When examining which key imaging endpoints (e.g., volume, sur-

face area, T2-weighted, ADC) were key markers associated with drug

absorption and PK exposure, the drug depot surface area assessed

within 2 hours of administration was highly correlated with early

plasma cabotegravir PK, Cmax and with partial AUC0-4wk. This is unsur-

prising because insoluble drug particle dissolution rates are directly

related to specific surface area of the drug particle,36,37 and dissolu-

tion studies showing surface area of insoluble drugs used as LA inject-

ables correlated well with in vivo drug exposure.21,38 However, in

addition to drug particle size or surface area driving dissolution, the

increased surface area of the depot has been shown to be associated

with increased Cmax and AUC when administering two cabotegravir

LA depots instead of a single depot to healthy volunteers.9 Although

all participants were administered the identical 3-mL volume in the

present study, independent of injection-site location, the depot sur-

face area rapidly increased during the first week postdose, perhaps

reflecting less agglomeration and resulting in increased particle
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surface area exposure. Although total depot volume on Day 1 showed

similar trends regarding correlations with early exposure metrics,

these relationships were not as strong as with the total depot surface

area on Day 1, suggesting that the shape of the depot could be irregu-

lar (Figure 2D) and exhibit a greater surface area by volume ratio than

theoretically possible assuming a spherical drug deposition. When

examining relationships between IM and SC depot surface area or vol-

ume and plasma cabotegravir exposure metrics, there was less statisti-

cal power in the analysis given the fewer data points. However,

although IM depot volume and surface area on Day 1 positively corre-

lated with partial AUC0-4wk, the SC contribution to the depot volume

and surface area tended to negatively correlate with exposure metrics

at this early time point. These disparate findings between IM and SC

may suggest the ideal location for cabotegravir LA depot is in muscle

as intended. Correlations between IM and SC depot volume and sur-

face area and exposure metrics were lost after Day 1, possibly

reflecting the depot size and shape being driven more by drug sub-

stance at Day 1, rather than by retrograde drug leak and oedema

resulting from local subacute inflammatory response, which was more

prevalent at later time points.

T2-weighted and ADC MRI parameters were assessed to examine

whether they could differentiate between physiochemical agglomera-

tion of drug substance and physiologic subacute inflammation.

Although these MRI-derived parameter assessments have been used

previously to examine drug dissolution ex vivo, no reports exist of

these applications for in vivo assessment of LA injectable proper-

ties.39,40 If drug agglomeration occurred during the initial week post-

injection, then either patterns of reduced T2 and ADC or an overall

reduction in these values might have been detected. Nevertheless, no

patterns or regions of significance were observed in T2 or ADC

change in the images, and this was also reflected in the quantitative

T2 and ADC values measured in total and IM and SC regional depots.

Differences existed in T2 between IM and SC depot locations as

expected given that endogenous T2 values are higher in SC than IM

tissue.41 For example, the total depot T2 in participant 8 increased

over time, simply reflecting the larger contribution of the SC compart-

ment throughout the imaging week. Alternatively, ADC values tend to

be higher in IM than SC tissue,42 so total depot ADC in the same par-

ticipant decreased over time. The strong negative correlations

between Day 1 total depot T2 values and exposure metrics are due to

the significantly higher T2 in both SC and RP depots, which were also

associated with lower cabotegravir LA drug levels at this time.

MRI was used to clearly delineate injection-site location and

assess cabotegravir LA depot kinetics. Although injection-site variabil-

ity was associated with the current study, surface area of the cab-

otegravir LA depot appeared to strongly correlate with both plasma

Cmax and partial AUC independently of anatomical distribution. Imag-

ing has potential for interrogating the physiological processes involved

in LA drug depot formation and its evolution. These imaging data may

help inform the development of LA therapeutics and how to optimize

LA injectable physicochemical properties, including drug substance

particle size distribution and LA injectable formulation variables, such

as selection of excipients (i.e., surfactants, stabilizers).
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