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Abstract

Introduction Intramuscular paromomycin monotherapy to treat visceral leishmaniasis (VL) has been shown to be effective
for Indian patients, while a similar regimen resulted in lower efficacy in Eastern Africa, which could be related to differences
in paromomycin pharmacokinetics.

Methods Pharmacokinetic data were available from two randomized controlled trials in VL patients from Eastern Africa and
India. African patients received intramuscular paromomycin monotherapy (20 mg/kg for 21 days) or combination therapy
(15 mg/kg for 17 days) with sodium stibogluconate. Indian patients received paromomycin monotherapy (15 mg/kg for 21
days). A population pharmacokinetic model was developed for paromomycin in Eastern African and Indian VL patients.
Results Seventy-four African patients (388 observations) and 528 Indian patients (1321 observations) were included in this
pharmacokinetic analysis. A one-compartment model with first-order kinetics of absorption and elimination best described
paromomycin in plasma. Bioavailability (relative standard error) was 1.17 (5.18%) times higher in Kenyan and Sudanese
patients, and 2.46 (24.5%) times higher in Ethiopian patients, compared with Indian patients. Ethiopian patients had an
approximately fourfold slower absorption rate constant of 0.446 h™' (18.2%). Area under the plasma concentration-time curve
for 24 h at steady-state (AUC_ ) for 15 mg/kg/day (median [interquartile range]) was higher in Kenya and Sudan (172.7
pg-h/mL [145.9-214.3]) and Ethiopia (230.1 pg-h/mL [146.3-591.2]) compared with India (97.26 pg-h/mL [80.83—123.4]).
Conclusion The developed model provides detailed insight into the pharmacokinetic differences among Eastern African
countries and India, however the resulting differences in paromomycin exposure do not seem to explain the geographical
differences in paromomycin efficacy in the treatment of VL patients.

1 Introduction o . . o
combination of paromomycin and miltefosine is recom-

mended as second-line treatment, while in Eastern Africa, a
17-day combination of paromomycin and sodium stiboglu-
conate (SSG) is recommended by the World Health Organi-
zation (WHO) [1].

While paromomycin is affordable and has a reasonable
safety profile compared with the conventional treatment of
VL with antimonial compounds, efficacy of paromomycin
monotherapy has been shown to be highly variable between
54 Luka Verrest geographical regions where VL is endemic. Intramuscular

Lverrest@nki.nl paromomycin sulfate (‘paromomycin’) as monotherapy at a
54 Thomas P. C. Dorlo dose of 15 mg/kg for 21 days was highly effective in Indian
t.dorlo@nki.nl VL patients (final cure rate 94.6%), assessed 6 months after
the end of treatment [2], but failed to show a similar efficacy

Over the past decades, substantial progress has been made in
the treatment of visceral leishmaniasis (VL). Geographical
differences in treatment efficacy have led to variable treat-
ment recommendations for VL, with intramuscular paro-
momycin being one of the recommended treatment options
in regions where VL is endemic. In South Asia, a 10-day
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Intramuscular paromomycin is one of the recommended
treatment options in regions where visceral leishmaniasis
(VL) is endemic, although efficacy has been shown to be
highly variable between geographical regions.

To explore if the geographical differences in efficacy
might be caused by variability in pharmacokinetics, the
pharmacokinetics of paromomycin were investigated in
Eastern African and Indian patients.

Although paromomycin pharmacokinetics can most
probably not explain the efficacy differences, remark-
able differences in exposure were observed between
VL patient populations, demonstrating the relevance of
pharmacokinetic analysis in VL clinical trials globally.

in Eastern Africa. Within Eastern Africa, large geographi-
cal variability in efficacy of this treatment regimen has been
observed, with lowest efficacy in sites in Sudan (14.3% and
46.7%) compared with Kenya (80.0%), Northern Ethiopia
(75.0%), and Southern Ethiopia (96.6%) [3]. A dose increase
(20 mg/kg for 21 days) or longer treatment duration (15 mg/
kg for 28 days) resulted in an improved but still insufficient
paromomycin monotherapy efficacy in Sudan of 80% and
81%, respectively [4]. A combination therapy of 15 mg/kg
paromomycin for 17 days plus SSG showed an adequate
efficacy of 91.4% in Eastern Africa [5].

As variability in drug exposure might explain the geo-
graphical and regional differences in the clinical efficacy
of paromomycin monotherapy between India and Eastern
Africa, but also within Eastern Africa, paromomycin phar-
macokinetics should be investigated. In general, pharma-
cokinetic studies to optimize the treatment of VL are lacking
[6, 7]. Likewise, little is known about the pharmacokinetics
of paromomycin after intramuscular injection; a pharma-
cokinetic study in 15 healthy volunteers has been conducted
[8], two clinical studies reported paromomycin plasma con-
centrations in 9 Sudanese [4] and 453 Indian VL patients [2].
Paromomycin is poorly absorbed after oral administration [9,
10], however after intramuscular administration, absorption
is fast, with peak concentrations typically between 1 and 2 h
after administration [2, 4, 8], and bioavailability is expected
to be nearly 100% [10]. Paromomycin is a hydrophilic
compound with moderate plasma protein binding capac-
ity of 33% [9] and limited distribution to tissues (approxi-
mately 40% of body weight) [8, 10], and is mainly excreted
unchanged by glomerular filtration [9, 10]. However, only
60.1% urine recovery has been reported after a 15 mg/kg
paromomycin dose [8], suggesting that absorption might
not be complete. Elimination of paromomycin is character-
ized by a short half-life of 2-3 h and no dose accumulation
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has been observed with daily paromomycin dosing [8-10].
Whether there is variability in exposure between VL patients
from different geographical regions following intramuscular
paromomycin therapy is currently unknown.

To explore if the geographical differences in efficacy
might be caused by variability in pharmacokinetics, the
pharmacokinetics of paromomycin among Eastern African
countries and India was investigated. To allow for analysis
of sparse and heterogeneous data, a population approach
was applied for pharmacokinetic modelling of paromomy-
cin in Eastern African and Indian VL patients. A covari-
ate analysis was performed to identify variables explaining
the heterogeneity, including demographic differences and
patient characteristics reflecting the patient’s health status
and renal function.

2 Methods
2.1 Study Design and Patients

Pharmacokinetic data were available from a subset of
patients from two open-label, multicentre, randomized
controlled trials in VL patients in Eastern Africa [5]
(NCT00255567) and India [2] (NCT00216346). Eastern
African patients were enrolled at four clinical trial sites in
Kassab, Sudan; Gondar, Northern Ethiopia; Arba Minch,
Southern Ethiopia; and Nairobi, Kenya, and Indian patients
were enrolled at four clinical trial sites in Bihar, India.
Patients aged 4-60 years (Africa) or 5-55 years (India) with
parasitologically confirmed VL were included, but patients
with severe VL or comorbidities, including HIV co-infec-
tion, were excluded from the trials. In addition, patients
weighing < 30 kg (Kenya and Sudan) or who were < 7 years
of age (Ethiopia) were excluded from the pharmacokinetic
substudy. Other inclusion and exclusion criteria have been
described previously [2, 3].

2.2 Study Medication

Paromomycin solution, containing 375 mg paromomycin
base (500 mg paromomycin sulfate) per millilitre, produced
at Pharmamed Parenterals Ltd (PPL), Malta (Indian trial)
or Gland Pharma, India (African trial), was administered
intramuscularly into the gluteus muscle. A salt correction
factor of 0.7554 (India) or 0.733 (Africa) was used to con-
vert the paromomycin sulfate dose to paromomycin base.
Indian patients received paromomycin monotherapy (15
mg/kg paromomycin sulfate for 21 days), while African
patients received paromomycin monotherapy (20 mg/kg
paromomycin sulfate for 21 days) or paromomycin plus SSG
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combination therapy (15 mg/kg paromomycin sulfate and 20
mg/kg SSG for 17 days).

2.3 Sample Collection

Blood samples were drawn from patients in Sudan and
Kenya according to an intensive schedule, with samples
drawn before treatment administration and 0.5, 1, 3, 6, 10,
and 24 h after treatment administration on the first and last
day of treatment (day 21 in the monotherapy arm, day 17
in the combination arm). In Ethiopia, blood samples (three
per patient) were drawn according to a sparse schedule on
days 7, 14, or 21 for the monotherapy arm and on days 7,
14, or 17 for the combination arm. In India, blood samples
(three per patient) were collected at prespecified times over
the course of the 21-day study for the purposes of popula-
tion modelling.

2.4 Bioanalysis

Plasma samples were analysed by high-performance liquid
chromatography coupled to UV detection (HPLC-UV) upon
pre-column derivatization of paromomycin (Africa) or by
liquid chromatography tandem mass spectrometry (LC/MS/
MS) [India]. A description of the assay and assay validation
can be found in electronic supplementary material (ESM) 1.

2.5 Population Pharmacokinetic Analysis

To allow for analysis of sparse and heterogeneous data, a
population approach was applied for pharmacokinetic mod-
elling of paromomycin plasma concentrations. The popula-
tion pharmacokinetic model was developed using a nonlinear
mixed-effects modelling approach (NONMEM, version 7.3;
ICON Development Solutions, Ellicott City, MD, USA) using
the first-order conditional estimation method with interaction
(FOCE-I) and ADVANI13. Tools used to evaluate the model
and visualize the data and model output were R (version 3.6.2),
RStudio (version 1.2.5033; Boston, MA, USA), PsN (version
4.7.0), and the graphical interface Pirana (version 2.9.9).
Model development and evaluation was performed in three
steps: (1) selection of a structural and stochastic model; (2)
selection of the covariate model; (3) internal model evaluation.

2.6 Structural and Stochastic Model Development

During development of the structural pharmacokinetic model,
one- and two-compartment models with first-order absorp-
tion and elimination were tested to fit paromomycin plasma
concentration—time data. Different methods for handling
below the limit of quantification (BLQ) were investigated:
BLQ observations set to half the limit of quantitation, the M3

method, or excluding BLQ observations [11]. In the stochastic
model, between-subject variability was modelled assuming a
log-normal distribution (Eq. 1), while residual variability was
modelled using a proportional error model (Eq. 2).

P, =Py, X el 1))

YiJ=CiJ><(1+£). 2)

where P, is the population estimate for a parameter, P is
the individual (post hoc) value for that parameter, and 7;
is the between-subject variability of the ith individual with
mean zero and variance @°. Y, ; is the observed concentration
and C;; is the predicted concentration for the jth observation
of the ith individual, and ¢ is the residual error with mean
zero and variance o°. A separate residual variability was
estimated for the two studies, as pharmacokinetic samples
were processed and analysed differently.

2.7 Covariate Model Development

In the covariate model, time-varying body weight was
included a priori, with fixed allometric exponents of 0.75
for clearance and 1.00 for volume of distribution [12]. Other
covariates were tested on absorption rate constant, bioavail-
ability, volume of distribution, and clearance. SSG come-
dication was evaluated as a binary covariate to check for
potential drug—drug interactions. Paromomycin dose level
(15 vs. 20 mg/kg/day) was evaluated as a binary covariate
to check for dose proportionality. Evaluated patient char-
acteristics included baseline age, and time-varying serum
creatinine, standardized glomerular filtration rate (GFR) for
a typical body surface area (BSA) of 1.73 m?, absolute GFR
unadjusted to typical BSA (GRF,,), and serum albumin.
GFR was calculated according to the Modification of Diet
in Renal Disease (MDRD) formula [13] (Eq. 3).

GFR =32788 x serum creatinine™ '3

3
x age %29 x (0.742 if female), ©)

where GFR is expressed in millilitres per minute per 1.73m?
(mL/min/1.73 m?), age is expressed in years, and serum cre-
atinine is expressed in micromoles per litre (umol/L). GFR
was calculated by multiplying the original GFR with the
individual BSA [14] (Egs. 4 and 5).

GFR
GFR,,, = 173 X BSA 4)
BSA = 0.20247 x height®?* x weight**?, 5)

where BSA is expressed in metres squared (m?), height
is expressed in metres (m), and weight is expressed in

A\ Adis



1466

L. Verrest et al.

kilograms (kg). Serum creatinine and GFR may reflect renal
function, which may impact clearance of the renally cleared
drug paromomycin. VL patients are haematologically
depleted [15] and the majority of patients are malnourished.
Serum albumin, which is usually decreased in VL patients,
may be influenced by both processes and may represent
the overall health status of the patient, possibly impacting
paromomycin absorption, distribution, or clearance. Further-
more, time after the start of treatment was tested as a covari-
ate to assess whether pharmacokinetic parameters changed
during treatment, e.g. due to overall clinical improvement
of the patient. To investigate geographical differences that
were not explained by plausible physiological covariates,
country and study sites were evaluated as covariates, e.g.
representing other unaccounted demographical differences
or study-specific procedures. Missing baseline covariates
were handled by implementing the median value in the study
population, or, in case of time-varying covariates, using the
last observation measured in that subject carried forward.

To assess covariate relations, post hoc values and
between-subject variability were plotted against covariates.
Continuous covariates were tested in a linear, exponential,
and power function (Egs. 6-8):

PTV = PPOP X (1 + (COVi!t - COVmed)) X l (6)

Ppy = Ppop % e(Covi_,—Covmcd)xh %)

P p Cov;, \* o
= X z

TV pop COVmed ( )

where P, represents the population estimate of this param-

pop
eter, Py is the typical parameter value at covariate value

Cov;,, Cov;,, is the covariate value for the ith individual at
time ¢, and Cov,, 4 is the median covariate value in the popu-
lation. Cov,,.4 was set to O for time. In the linear function
(Eq. 6), I represents the slope factor, and % and k represent
the scaling factors in the exponential (Eq. 7) and power func-
tion (Eq. 8). Clearance was also evaluated as a fraction of
GFR,,., where renal clearance is assumed to be the only
route of elimination. Categorical covariates were tested as
proportional changes relative to the reference category.

2.8 Model Selection and Evaluation

Model selection was based on scientific plausibility, mini-
mum objective function value (OFV), goodness-of-fit (GoF)
plots, and precision of parameter estimates. A decrease in
OFV over 6.63 points between nested models was consid-
ered statistically significant, corresponding to a p-value of
<0.01 following a Chi-square distribution with 1 degree of
freedom. The final population pharmacokinetic model was
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evaluated by GoF plots [16], a prediction-corrected visual
predictive check (VPC) [17], and sampling-importance resa-
mpling (SIR) [18]. SIR was used to derive the 95% confi-
dence interval (CI) of the model parameters. Paromomycin
exposure for the different countries was derived using the
final individual pharmacokinetic model estimates, expressed
by the area under the plasma concentration-time curve for
24 h at steady-state (AUC_ ) determined on the last day
concentrations were measured.

3 Results
3.1 Patients and Data

Data from 74 African patients (388 observations) and 448
Indian patients (933 observations) were used for the phar-
macokinetic analysis (Fig. 1; Fig. S1B in ESM 2; Table 1
and Table 2). Reliable serum creatinine levels were only
available for patients from Kenya and Ethiopia, with base-
line creatinine levels almost all within the normal range
of 50-130 umol/L (observed range 44.2—134 umol/L)
(Table 1). As expected for VL patients, baseline albumin
levels, which were available for all Kenyan, Ethiopian
and Sudanese patients, were low (observed range 7-40
g/L) (Table 1), but levels increased during treatment and
follow-up (Fig. S2 in ESM 2). Six observations from three
subjects were excluded from this analysis because paromo-
mycin concentrations were extremely high (n = 3) or sam-
pling time was missing (n = 3). In both the African and
Indian data, observations 24 h after the last administered
dose, right before the next dose, were highly variable and
in some cases physiologically implausible, whereas obser-
vations at the time of dosing were always BLQ (Fig. S1A
in ESM 2). Therefore, it was likely that these samples
were collected after dosing and therefore all observations
around the time of dosing (time after dose [TAD] = 0 or
24 h) were excluded from the analysis. In the final dataset,
only 9 (2.3%) African and 34 (3.5%) Indian BLQ observa-
tions were present. Exclusion of BLQ observations did not
lead to changes in model fit, and therefore these observa-
tions were excluded from the pharmacokinetic analysis.

3.2 Population Pharmacokinetic Model

A one-compartment model with first-order kinetics of
absorption and elimination described the available paro-
momycin observations in plasma adequately. The typical
values (relative standard error [RSE]) for clearance and
volume of distribution of paromomycin were estimated at
4.38 L/h (2.36%) and 15.6 L (2.02%), respectively (Table 3).
Between-subject variability (CV% [RSE%]) could be iden-
tified for clearance (33.2% [10.4%]) for all subjects, and,



Paromomycin Pharmacokinetics in Visceral Leishmaniasis 1467
Table 1 Patient characteristics
Kenya Sudan Ethiopia India Total

Subjects (n) 16 16 42 454 528
Male [n (%)] 13 (81) 13 (81) 34 (81) 296 (65) 356 (67)
Age, years [mean (range)] 23.1 (15-45) 25.4 (12-40) 19.9 (8-60) 22.5 (5-54) 22.4 (5-60)
Paediatric patients® [n (% of total)] 3(19) 3(19) 18 (43) 190 (42) 214 (41)
Body weight, kg [mean (range)]° 47.3 (37-56) 49.1 (34-73) 39.4 (15-62) 35.8 (11-68) 36.8 (11-73)
Creatinine, umol/L [mean (range)]® 95.3 (79.6-134) NA 79.5 (44.2-115) NA 83.8 (44.2-134)
eGFR, mL/min/1.73 m? [mean (range)]° 110 (62-147) NA 143 (72.6-288) NA 134.2 (62-288)
Albumin, g/L° 23.8 (7-33) 27.4 (21-40) 28.0 (13-40) NA 27.0 (7-40)
eGFR estimated glomerular filtration rate, NA not applicable
*Patients < 18 years of age
YAt baseline
Table 2 Available pharmacokinetic observations

Kenya Sudan Ethiopia India

PM PM+SSG PM PM+SSG PM PM+SSG PM Total
Subjects (n)* 4 12 10 6 22 20 454 528
Observations (n)* 47 153 137 77 65 60 1333 1872
Observations BLQ [ (%)] 14 (30) 32 (21) 32 (23) 23 (30) 6(9) 4(7) 277 (21) 388 (21)
Observations analysed [1 (%)]° 32 (68) 109 (71) 95 (69) 54 (70) 51(78) 47 (78) 933 (70) 1321 (71)
Treatment duration 21 17 21 17 21 17 21
Sampling days 1,21 1,17 1,21 1,17 7,14, 21 7,14, 17 1,8, 15,21

PM paromomycin, SSG sodium stibogluconate, BLQ below the limit of quantification

#Subjects and observations after exclusion of unreliable data (six observations from five subjects)

®Observations after the exclusion of 7= 0 h and T = 24 h observations and BLQ observations

for volume of distribution, only for the African popula-
tions (31.5% [29.0%]). Absorption from the intramuscular
site of injection was fast, with a rate constant of 1.99 h!
(6.52%). Exposure in Eastern African patients was higher
compared with Indian patients, which was best character-
ized by 1.17-fold (5.18%) higher bioavailability in Kenya
and Sudan, and 2.46-fold (24.5%) higher bioavailability in
Ethiopia. To describe the higher variability among Ethiopian
concentration-time profiles, between-subject variability was
applied to F1 for the Ethiopian population (150% [24.0%]).
Additionally, the deviating concentration-time profiles in
Ethiopia were characterized by an approximately fourfold
slower absorption rate constant of 0.446 h™' (18.2%). On top
of allometric scaling of clearance and volume of distribu-
tion for body weight, a linear relationship between age and
clearance improved the model significantly (— 57.6 OFV),
resulting in a decline of clearance by 1.25% (10.6%) per year
increase in age. For Eastern African patients only, a signifi-
cant and clinically relevant exponential relationship between
time and clearance was identified (— 31.3 OFV), amounting
toa — 32.6% (15.2%) decrease in clearance between the start

and end of treatment (day 21). A separate residual error for
both studies improved the model significantly, with residual
variabilities of 56.1% (2.96%) and 64.6% (4.54%) for the
Indian and Eastern African data, respectively. No drug—drug
interactions between paromomycin and SSG could be identi-
fied and paromomycin pharmacokinetics were dose propor-
tional for the studied dose range. At the end of treatment,
AUC, g for 15 mg/kg/day (median [interquartile range]) was
higher in Kenya and Sudan (172.7 pug-h/mL [145.9-214.3])
and in Ethiopia (230.1 pg-h/mL [146.3-591.2]), compared
with India (97.26 ug-h/mL [80.83-123.4]) (Table 4).

3.3 Model Evaluation

The final parameters of the population pharmacokinetic
model were adequately estimated (Table 3), with acceptable
parameter precisions based on SIR (< 30% RSE), shrink-
ages of between-subject variabilities (<4 0%), correlations
between parameters (< 0.6), and a low condition number
(13.59). Population and individual model predictions were
adequately describing the observations, with no major trends
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15 mg/kg paromomycin

20 mg/kg paromomycin

100 -

104

Paromomycin concentration (ug/mL)

Table 3 Parameter estimates

of the final population
pharmacokinetic model
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Fig. 1 Paromomycin plasma concentrations (median and interquartile range) of all sampling days included in the pharmacokinetic analysis, strat-
ified by country and paromomycin dose

- Kenya

—+— Sudan
~+- Ethiopia

7~ India

Estimate 95% CI* Shrinkage (%)

Population parameters

Clyyp (L/h) 438 4.17-4.59

Vapop 1) 15.6 15.0-16.2

Ky pop (07 1.99 1.76-2.27

Fl,o, 1.00 (fixed)

COVyime (07 -0.000782  —0.00101 to — 0.000561

COV gee (year™) -0.0125 —0.0151 to — 0.0100
ks Eiopia (fold change k, o) 0.224 0.151-0.305

Flgmiopia (fold change F1,,,) 2.46 1.59-4.01

FlKenya,Sudan (fold change Flpop) 1.17 1.06-1.30
Between-subject variability

CI (CV%) 332 30.1-36.5 29

Vi Fastern-Africa (CV %) 31.5 23.3-41.0 40

Flgiopia (CV%) 150 120.3-189.1 8
Residual variability

Proportional error India (CV%) 56.1 54.6-57.9 10

Proportional error Eastern Africa (CV%) 64.6 62.1-67.7 10

Clyy = Clyy, X (ﬂ

Va’,TV = Vd,pop X (WT

0.75
) X €MMEBCOVaiine (1 + (AGE; — AGE pq) X COVe e

1.00
it
)

AGE; individual age (years), AGE,,,, median population age (20 years), CI confidence interval, Cl,,, popu-
lation apparent oral clearance, Clyy typical value apparent oral clearance, COVy 4 scaling factor covariate
age on clearance, COV;,, scaling factor covariate time on clearance, CV% percentage coefficient of varia-

tion, FI Ethiopia

proportional change of F1 in Ethiopia, F1,,.,, 4., Proportional change of F1 in Kenya and Sudan,

F1,,, population bioavailability, k, gyiopia Proportional change of k, in Ethiopia, &, ,,, population absorption rate
constant, SIR sampling-importance resampling, TIME time after start of treatment, V, gugem-africa CEDtral volume of
distribution in Eastern African patients, V,,,,, population central volume of distribution, V, 1, typical value central
volume of distribution, WT; , individual body weight (kg) at time #, WT,,,,, median population body weight (39 kg)

# Obtained by SIR
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visible in the GoF plots (Fig. 2). Simulation-based diag-
nostics indicated an overall good predictive performance
of the model, although the plasma concentrations in the
absorption phase in the Ethiopian population were slightly
overpredicted, illustrated by the VPC (Fig. 3). The different
variability in plasma concentrations between countries was
well-described by the model (Fig. 3).

4 Discussion

The population pharmacokinetic model adequately described
paromomycin pharmacokinetics in VL patients from differ-
ent Eastern African countries and India. A decline in clear-
ance during treatment was observed, as well as a decline
in clearance with age. No drug—drug interactions were
observed with SSG, and paromomycin pharmacokinetics
were dose proportional for the studied dose range.

The shape and variability of the concentration-time pro-
files in Ethiopian patients differed greatly from the other

-
o
o
o
L

100 A

=N
o
1

Observed concentration (ug/mL)

1 10 100 1000

Population prediction (ug/mL)

CWRES

0 10 20 30 40 50
Population prediction (ug/mL)

Fig.2 Goodness-of-fit plots for the final population pharmacokinetic
model, coloured by country. Model-predicted population and indi-
vidual paromomycin concentrations versus observed concentrations,

Eastern African and Indian patient populations. The dif-
ferences were best characterized by a slower absorption
rate (fourfold slower) and a higher typical intramuscular
bioavailability (2.46-fold), but with a very high between-
subject variability of this bioavailability (150%). The sparse
sampling scheme used in Ethiopia cannot be responsible for
the observed pharmacokinetic differences, as the population
pharmacokinetic approach accounts for sparse and heteroge-
neous data. The fast absorption rate of 1.99 h™! observed in
Kenya, Sudan and India is more in line with the absorption
rate of 2.65 h™' shown earlier in seven healthy volunteers
receiving the same paromomycin dose regimen [8]. Vari-
able absorption rates and bioavailability have been observed
for other aminoglycosides such as amikacin and gentamicin
[19, 20], although not as extreme as we observed in this
study. Possible explanations were considered. The same
paromomycin product and batch was used in all sites in
Eastern Africa, but differences in, for example, storage con-
ditions (altering product stability and/or solubility), different
conditions during sample transport and analysis (altering

-

o

o

o
1

100 -

=N
o
1

Observed concentration (ug/mL)

1000

CWRES

0.0 25 5.0 7.5 10.0

Time after last dose (h)

and CWRES versus time after last dose and population predictions,
for Kenya and Sudan (grey), Ethiopia (red) and India (blue). CWRES
conditional weighted residuals
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Fig.3 Prediction-corrected visual predictive check of the final
paromomycin pharmacokinetic model stratified by country. Solid
and dashed lines represent the 50th, Sth and 95th percentiles of the

Table 4 Paromomycin exposure by dose and country

Dose Country AUC, gg [ug-h/mL]*

15 mg/kg Kenya 188.4 (151.4-233.5)
Sudan 149.4 (137.6-170.8)
Ethiopia 230.1 (146.3-591.2)
India 97.26 (80.83-123.4)

20 mg/kg Kenya 215.0 (142.8-337.0)
Sudan 287.8 (244.5-341.6)
Ethiopia 235.9(117.7-391.2)

AUC, ¢ area under the plasma concentration-time curve for 24 h at
steady-state, determined on the last day concentrations were meas-
ured, /QR interquartile range

*Median (IQR)

analyte stability in the samples), or exact site of injections
(e.g. subdermal instead of intramuscular) between study
sites and/or trials cannot be fully excluded. Notable in this
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observed values, whereas the dark and light blue areas indicate the
90% confidence intervals of the simulated 50th, 5th and 95th percen-
tiles, based on 1000 simulations

respect is that Ethiopian patients had been included at two
distinct sites in North and South Ethiopia, but no differences
in pharmacokinetics could be identified between those two
sites (data not shown). Alterations in body composition and
physiological changes are associated with malnutrition and/
or clinical manifestations of VL [21, 22], which might also
impact pharmacokinetics. However, we could not identify
any correlations between age or factors related to malnutri-
tion or disease severity (body weight, serum albumin) and
exposure, clearance or drug absorption.

A priori, we expected a correlation between serum creati-
nine or GFR and paromomycin clearance, as paromomycin
is mainly cleared renally. However, the inclusion of these
covariates did not significantly improve the model fit, prob-
ably because all Eastern African patients in this study had
relatively normal serum creatinine levels (range 44.2—-134
umol/L). Second, to find a mechanistic explanation for the
decline in clearance, the effect of time-varying serum albu-
min was evaluated on volume of distribution and clearance.
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Patients had hypoalbuminaemia at the start of treatment
(range 7-40 g/L), which increased during and after treat-
ment (range 20-57 g/L at the 2-month follow-up after the
end of treatment). In treatment with other aminoglycosides,
decreased albumin has been correlated with increased
volume of distribution [23-26], which in turn can cause a
decrease in maximum concentration (C,,,,) [24, 26] and pos-
sibly a lower renal clearance. The increase in serum albu-
min over time corresponds to the decrease in clearance over
time. However, we did not find any significant effect of time-
varying albumin levels on any pharmacokinetic parameters.

In this pooled pharmacokinetic analysis, data were
retrieved from different trials with different treatment regi-
mens (different paromomycin milligram per kilogram dose,
with and without a companion drug) and sampling schemes
were different. To optimally analyse the heterogenic data, a
population approach was used, allowing to adequately char-
acterize paromomycin pharmacokinetics, to link geographi-
cal differences to certain pharmacokinetic parameters, and
to describe part of the variability by explanatory covariates.
Moreover, the population approach allows adequate analy-
sis of different sampling schemes, e.g. the sparse sampling
scheme used in Ethiopian sites. However, the retrospective
design of the study brings limitations. Serum creatinine and
albumin data were missing in the Indian population, and
therefore these covariates could only be evaluated in a subset
of patients. Second, 27.2% of data of paromomycin plasma
levels at dosing time points (TAD = 0 and TAD = 24 h)
were excluded because the data were highly variable and
physiologically implausible. However, exclusion of these
data did not lead to any substantial changes in identification
and parameter estimates of the structural pharmacokinetic
model, implying a negligible effect on subsequent model
development.

Surprisingly, the substantial geographical differences
in exposure that were identified in this study were not in
line with the observed geographical variability in efficacy.
Efficacy rates after a lower paromomycin dose (15 mg/kg
paromomycin for 21 days) [3] were in line with exposure
differences among Eastern African countries in the cur-
rent study, which was lowest in Sudan (14.3% and 46.7%)
and highest in Southern Ethiopia (96.6%) [3]. Contrarily,
exposure in Sudanese patients was higher compared with
Kenyan and Ethiopian patients when receiving 20 mg/
kg paromomycin. For this dose level, geographical effi-
cacy differences within Eastern Africa were not observed,
although the current clinical trial was not powered to per-
form a by-site analysis [5]. Moreover, high efficacy in
Indian patients (94.6%) [2] was observed (15 mg/kg for
21 days), while exposure was significantly lower compared
with all Eastern African countries. Therefore, the reported
differences in efficacy were most probably not related
to the pharmacokinetics. While the pharmacokinetic

substudies included, for example, less children than the
total clinical trial populations on which the efficacy figures
were based, there are no indications that there are signifi-
cant efficacy differences between children and adults at the
evaluated dose levels [2, 5]. The lower efficacy in Sudan
compared with India might be related to the virulence of
the Leishmania parasite or to immunological and patho-
physiological differences between populations, while, to
date, parasite susceptibility differences have not been doc-
umented in vitro. Moreover, this trend of lowered efficacy
in Eastern Africa is not only observed for paromomycin
treatment but also for other VL treatment regimens [27].

5 Conclusion

This pooled population pharmacokinetic model provides
detailed insight into the geographical pharmacokinetic
differences among Eastern African countries and India;
however, the resulting differences in paromomycin phar-
macokinetics most probably do not explain the geographi-
cal differences in efficacy of paromomycin monotherapy
in the treatment of VL patients. Potential explanations
for these efficacy differences might be host-related, e.g.
immunological or genetic differences, or parasite-related
e.g. parasite virulence differences. Moreover, this analysis
demonstrates the relevance of pharmacokinetic analysis in
these populations, as remarkable differences in exposure
were observed between geographic populations, despite
the use of a body weight-guided dosing regimen.
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