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Background: Apramycin is under development for human use as EBL-1003, a crystalline free base of apramycin, 
in face of increasing incidence of multidrug-resistant bacteria. Both toxicity and cross-resistance, commonly 
seen for other aminoglycosides, appear relatively low owing to its distinct chemical structure. 

Objectives: To perform a population pharmacokinetic (PPK) analysis and predict an efficacious dose based on 
data from a first-in-human Phase I trial. 

Methods: The drug was administered intravenously over 30 min in five ascending-dose groups ranging from 0.3 
to 30 mg/kg. Plasma and urine samples were collected from 30 healthy volunteers. PPK model development 
was performed stepwise and the final model was used for PTA analysis. 

Results: A mammillary four-compartment PPK model, with linear elimination and a renal fractional excretion of 
90%, described the data. Apramycin clearance was proportional to the absolute estimated glomerular filtration 
rate (eGFR). All fixed effect parameters were allometrically scaled to total body weight (TBW). Clearance and 
steady-state volume of distribution were estimated to 5.5 L/h and 16 L, respectively, for a typical individual 
with absolute eGFR of 124 mL/min and TBW of 70 kg. PTA analyses demonstrated that the anticipated efficacious 
dose (30 mg/kg daily, 30 min intravenous infusion) reaches a probability of 96.4% for a free AUC/MIC target of 40, 
given an MIC of 8 mg/L, in a virtual Phase II patient population with an absolute eGFR extrapolated to 80 mL/min. 

Conclusions: The results support further Phase II clinical trials with apramycin at an anticipated efficacious dose 
of 30 mg/kg once daily.

© The Author(s) 2022. Published by Oxford University Press on behalf of British Society for Antimicrobial Chemotherapy. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https:// 
creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the 
original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

Introduction
Apramycin is an aminoglycoside that has been used in veterinary 
infectious disease since the 1980s but is not available for human 
use. In face of the unmet clinical need for new antibacterial 
agents against MDR bacteria, EBL-1003, a crystalline free base 
of apramycin, has been developed in collaboration with the 
European Gram-Negative Antibacterial Engine (ENABLE)1 project.

Apramycin possesses a unique chemical structure distinct 
from other aminoglycosides and of lower toxicity.2–4 The 
distinct structure also confers apramycin a broad spectrum of 
antibacterial activity and minimal cross-resistance. Numerous 
in vitro and in vivo studies have demonstrated robust 

apramycin activity and efficacy against highly drug-resistant 
Gram-negative clinical isolates, including Acinetobacter bau-
mannii (A. baumannii), Pseudomonas aeruginosa (P. aerugino-
sa), and Enterobacterales5–11 as well as Gram-positive 
bacteria and mycobacteria.12–14 This emerging evidence has 
supported the compound to move forward in the development 
pipeline to a Phase I first-in-human randomized clinical trial 
(ClinicalTrials.gov Identifier: NCT04105205).

The Phase I trial was designed to assess the safety, tolerability, 
and pharmacokinetics (PK) in healthy volunteers and expected to 
form the basis for developing the compound for intravenous use in 
patients with relevant systemic Gram-negative infections. A sec-
ondary objective of the trial was to perform a population PK 
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(PPK) analysis based on apramycin concentrations collected 
in plasma and urine. In PPK models, both the typical trends and 
the variability are characterized, and covariate relationships can 
be quantified. Such models are therefore of value for simulating 
PTA in a population to support dose regimen selection in the devel-
opment of new antimicrobial agents.15 Allometric scaling of apra-
mycin PK parameters from four preclinical species has resulted in 
predicted human parameters and concentration–time profiles 
that were similar to those of gentamicin, thus highlighting its PK 
similarity to other aminoglycosides.16 Aminoglycosides are clinic-
ally administered in mg per kg with dosing adjustments in case of 
impaired renal function. Renal elimination has also been demon-
strated to be the dominating elimination pathway for apramycin 
in preclinical studies.4 Therefore, estimated glomerular filtration 
rate (eGFR) can be expected to be an important covariate for dos-
ing adjustment in various groups of patients also for apramycin.

Pre-clinical studies have confirmed that for apramycin, as 
other aminoglycosides, the AUC of the unbound drug to MIC ratio 
( fAUC/MIC) is a pharmacokinetic–pharmacodynamic (PKPD) in-
dex correlated with bacterial response.9,16 In a murine thigh in-
fection model of four Escherichia coli (E. coli) strains, targets 
have been suggested to be plasma fAUC/MIC of 34.5 and 76.2 
for stasis and 1 log10 kill, respectively.16 In a murine lung model 
infected by an A. baumannii strain, the epithelial lining fluid (ELF) 
fAUC/MICs of 6.31, 7.26 and 8.34 for stasis, 1 log10 and 2 log10 kill, 
respectively, have been predicted from plasma fAUC/MIC using a 
lung penetration ratio of 0.88.9 Based on these findings, a human 
efficacious dose of 30 mg/kg once daily has been suggested.9,16

This dose regimen was also recently predicted to be efficacious in 

clinical pneumonia caused by Gram-negative bacteria based on 
translational in vitro and in vivo PKPD modelling.17

Herein, we describe the PPK model development based on 
both plasma and urine concentration measurements from the 
first-in-human study. The PPK model was subsequently applied 
to perform PTA analyses to explore the anticipated human effica-
cious dose in patients for Phase II clinical studies of apramycin.

Patients and methods
Study design and protocol
The EBL-1003 (apramycin) Phase I study JUV18-01 in healthy volunteers 
was a double-blind, randomized, placebo-controlled, single ascending 
dose trial. This trial was conducted in compliance with International 
Council for Harmonization E6 (R2) Good Clinical Practice provisions, 
applicable regulatory and legal requirements (EudraCT number 2019- 
000246-35 and ethical approval AM-2019-015 PB-0159 Ethik- 
Kommision, Landesärztekammer Baden-Württemberg), and the 
principles of the Declaration of Helsinki. Written informed consent was 
obtained from all subjects prior to participation in the trial.

Healthy males or females (of non-childbearing potential) aged 18– 
45 years (inclusive) were eligible for the study. Those with certain prior 
or concomitant illnesses, medications and procedures were excluded.

A total sample size of 40 subjects were enrolled in the trial and con-
secutively grouped into five sequential dose cohorts, i.e. 0.3, 1.2, 3.6, 
10.8 and 30 mg/kg. In each cohort, there were eight individuals including 
two placebo-controls. Apramycin was administered as a single dose in 
the unit of mg (rounded to one decimal place) calculated based on the 
subject’s total body weight (TBW, rounded to one decimal place) and in-
fused intravenously (IV) over 30 min. For each subject, plasma samples 

Table 1. Summary of demographics, vital signs and laboratory measurements of the 30 volunteers receiving apramycin

Continuous parameters Min. Q1 Median Mean Q3 Max.

Age (years) 18.0 24.8 32.5 31.5 37.0 45.0
BMI (kg/m2) 18.6 22.4 23.9 23.9 25.5 29.6
TBW (kg) 60.4 66.2 72.8 73.7 81.6 87.4
Height (cm) 157 172 179 177 182 189
Cys-C (mg/L) 0.69 0.80 0.87 0.89 0.98 1.10
KIM-1 (μg/L) 0.01 0.15 0.25 0.39 0.60 1.83
Scr (mg/dL) 0.56 0.81 0.85 0.86 0.93 1.03
eGFR (mL/min/1.73 m2) 93.0 107 114 113 121 137
BUN (mg/dL) 7.00 11.0 12.0 12.1 13.0 16.0
BSA (m2) 1.71 1.79 1.90 1.90 1.99 2.13
Absolute eGFR (mL/min) 91.9 117 124 124 132 157

Categorical parameters Count

Sex
Male 28
Female 2

Race
Black or African American 1
White 29

Ethnicity
Not Hispanic or Latino 30

Absolute eGFR=eGFR × BSA/1.73; BSA, body surface area, =
�����������������������
TBW∗Height/3600


; BMI, body mass index; BUN, blood urea nitrogen; Cys-C, serum cystatin 

C; eGFR, glomerular filtration rate estimated using CKD-EPI equation; KIM-1, kidney injury molecule 1 (not normalized to urine creatinine); Q1, first 
quartile; Q3, third quartile; Scr, serum creatinine; TBW, total body weight.
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were collected at 17 timepoints (0, 0.17, 0.33, 0.5, 0.58, 0.75, 1, 1.5, 2, 3, 
4, 6, 8, 12, 16, 24 and 48 h after the start of the infusion) and urine sam-
ples were collected over each of the following intervals 0–2, 2–4, 4–8, 8– 
12, 12–24, and 24–48 h after the start of the infusion.

Various demographic characteristics, vital signs and laboratory mea-
surements were recorded for each enrolled subject during screening, pre- 
dose/baseline, treatment period, and/or follow-up visits. In the scope of 
this PPK modelling and simulation study, the variables of interest as po-
tential covariates were age, sex, race, ethnicity, height and BMI collected 
during screening as well as TBW, serum cystatin C (Cys-C), serum creatin-
ine (Scr), blood urea nitrogen (BUN), and absolute urinary kidney injury 
molecule 1 (KIM-1) collected pre-dose. eGFR was calculated according 
to Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation 
to assess renal function (Eq. 1),

eGFR = 141 × min(Scr/κ, 1)α × max(Scr/κ, 1)− 1.209 × 0.993Age

× 1.018 [if female] × 1.159 [if black] (1) 

where eGFR is in mL/min/1.73 m2, Scr is in mg/dL, age is in years, κ is 0.7 
for females and 0.9 for males, α is −0.329 for females and −0.411 for 
males, min indicates the minimum of Scr/κ or 1, and max indicates the 
maximum of Scr/κ or 1. Body surface area (BSA) corrected eGFR, also 
known as absolute eGFR, was calculated using Eqs. 2 and 3,

BSA =
����������������
TBW × height

3600



(2) 

BSA corrected eGFR (absolute eGFR) =
eGFR × BSA

1.73
(3) 

where BSA is in m2, TBW is in kg, height is in cm, and absolute eGFR in 
mL/min.

Drug concentration analytical methods
The concentration of apramycin in human plasma and urine was reported 
in the unit of μmol/L and converted into mg/L in the PPK analysis using a 

Figure 1. Apramycin (a) plasma concentrations stratified by dose cohort, (b) dose-normalized plasma concentrations and (c) accumulated fraction of ad-
ministered drug amount excreted in urine over time profiles, coloured by respective dose cohort. Individual profiles are shown as thinner lines; group means 
are shown as thicker lines. Data below the limit of quantification are excluded or set to half of the limit in calculations for plasma or urine data, respectively.
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molecular weight of 539.58 g/mol. The concentration was determined 
following protein precipitation with 30% trichloroacetic acid, using 
LC-MS/MS with kanamycin as an internal standard. Chromatographic sep-
aration was performed on a Waters XSelect HSS T3 column (2.5 μm, 
2.1×150 mm) at 40°C. The mobile phase consisted of 0.1% formic acid 
in Milli-Q water (MPA) and 0.1% formic acid in 65% acetonitrile, 30% 
methanol and 5% isopropanol (MPB). A gradient at a flow rate of 
0.3 mL/min MPB was run: 0–0.5 min 10%, 0.5–2.5 min 10%–95%; 2.5– 
3.4 min 95%; 3.4–3.5 min 95%–10%; 3.5–5.0 min 10%. The methods 
were validated according to the EMA guideline on bioanalytical method 
validation.18 The lower and upper limits of quantification (LOQ) were 
0.02 and 16.0 μmol/L (0.011 and 8.6 mg/L), 0.2 and 160 μmol/L (0.11 
and 86 mg/L) for plasma and urine samples, respectively. Samples with 
concentrations above the upper LOQ were diluted with human plasma 
or urine before analysis. Blank matrices used for sample dilution were ob-
tained from a commercial vendor (Novakemi AB) for human plasma and 
from healthy volunteer donors for human urine. The matrices were stored 
at −20°C prior to use. Calibration standards and quality control (QC) sam-
ples were prepared in blank human plasma or urine. Inter-run accuracy of 
QC samples ranged between 93.7% and 98.4%. Inter-run precision (coef-
ficient of variation) was 2.0% to 5.8%.

Population PK analysis
Software, data set, and model selection and assessment criteria

The PPK analysis was performed in the nonlinear mixed-effects modelling 
software NONMEM® version 7.4.4 (ICON Development Solutions, San 
Antonio, TX),19 with the auxiliary software PsN (https://uupharma 
cometrics.github.io/PsN/) version 5.0.20 The R software environment 
(https://www.r-project.org/) version 4.0.2 embedded in RStudio was 
used for statistical computing and plotting graphics. Loaded R packages 
included Xpose4 version 4.7.020 for model diagnostic plots and mrgsolve 
0.10.421 for illustrating the impact of covariates and for PTA simulations.

Samples below lower LOQ (BLQ) were handled using the likelihood- 
based M3 method.22 Model estimation method was the conditional 
Laplace with interaction. The Log-transformation both sides approach 

was implemented by converting both observed and predicted apramycin 
concentrations to ln-scale.

NONMEM output objective function value (OFV), which is asymptotic-
ally χ2 distributed, was used to evaluate statistical significance for inclu-
sion of additional parameters. For nested models, a change in OFV (dOFV) 
≥3.84 with one parameter difference [i.e. P < 0.05, 1 degree of freedom 
(df)] was considered statistically significant.

Developed models were evaluated by prediction-based diagnostic 
plots (with consideration of shrinkage), simulation-based visual predictive 
checks (VPCs; n = 500) as well as scientific plausibility and parameter pre-
cision. The latter was derived by a non-parametric dose cohort-stratified 
bootstrap (n = 2000).

Population PK model development with plasma data

The model development process was stepwise. First, a model was built 
using only plasma data. Compartmental models with linear or non-linear 
Michaelis-Menten elimination were explored. Inter-individual variability 
(IIV, log-normally distributed) and residual error (RUV, proportional in 
normal scale) models were investigated.

Covariates were tested for significance to explain IIV. Since aminogly-
cosides are known to mainly be eliminated through renal excretion, eGFR 
on clearance (CL), expressed as in Eq. 4, was the first evaluated relation-
ship.

CL = θ1 +
eGFR

Median eGFR

 

× θ2 (4) 

where θ1 and θ2 represent estimated non-renal clearance and renal clear-
ance, respectively. TBW was then tested allometrically on all fixed effect 
PK parameters with exponents being fixed to 0.75 for clearance para-
meters, and 1 for volume parameters.23 This was followed by the test of 
age on all parameters using a power model (Eq. 5).

CL = θ1 ×
Age

Median Age

 θ2

(5) 

where θ1 is the typical CL value for a subject with a median age and θ2 is the 
estimated exponent. Other covariates of interest, Cys-C, Scr, BUN, and 
KIM-1 were tested using a power model as well by the PsN stepwise cov-
ariate model (SCM) tool. P values set for a forward inclusion step and a 
backward elimination step were 0.05 and 0.001 for 1 df, respectively. 
Sex, race, or ethnicity were not tested given their unbalanced distribution 
in the data set.

To meet the recommendation in the guidelines24,25 to use an absolute 
measure of renal function (in mL/min) in the dosing recommendations 
for patients with reduced renal function, the fit of absolute eGFR was ex-
plored to replace eGFR with or without TBW.

Population PK model development with urine data

Once the model building for the plasma data was considered final, urine 
data was incorporated to determine the portion of drug being renally 
cleared. The model structure and parameters estimated from the plasma 
data were first fixed. A urine compartment was introduced to which apra-
mycin was excreted and the compartment was emptied at the end of 
each sample collection interval. The estimated renal fractional excretion 
(fe) was defined as the percentage of eliminated apramycin that goes to 
the urine compartment (Eq. 6),

dAUrine

dt
=

CL
Vc

× ACentral × fe (6) 

where AUrine and ACentral represent drug amount in the urine and central 
compartment, respectively. CL and Vc are the clearance and volume of 

Figure 2. Schematic illustration of the developed apramycin population 
pharmacokinetic model. The central compartment (cmt), where drug is 
administered and plasma concentrations are observed, is connected re-
versibly to three parallel peripheral compartments (cmt 2–4). A large frac-
tion of apramycin ( fe %) is renally eliminated to the urine cmt while the 
rest is through other routes. Urine collections are from urine cmt. CL and 
Vc are clearance and volume of the central cmt, respectively. Q2, Q3, and 
Q4 are intercompartmental clearances between central cmt and cmt 2, 
3, and 4, respectively. V2, V3, and V4 are volumes of cmt 2, 3, and 4, 
respectively.
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central compartment, respectively, with covariates and IIV estimated 
from plasma data included. IIV in fe was tested. RUV for urine data 
was estimated separately.

The final model refinement step was conducted by re-estimating all 
parameters simultaneously using plasma and urine data. The signifi-
cance of non-renal or non-linear clearance was re-evaluated to check if 
urine data would provide related information.

Relationships between covariates and PK profiles

A graphical description of covariates versus PK parameters of interest, i.e. 
concentration at 24 h after dose (C24h) and AUC from 0 to 24 h after 
dose (AUC0–24), and concentration–time curves were derived using the fi-
nal plasma PPK model.

Pharmacodynamic (PD) target attainment simulation
In the PTA simulations, the final plasma PPK model (with RUV excluded) 
was used in combination with fAUC/MIC targets. Individual AUCs were 

calculated as the ratio of absolute administered dose and simulated in-
dividual CL. The unbound fraction (fu) in human plasma has been deter-
mined to be 91.5% (details on plasma protein binding are presented in 
Figure S1, together with additional methods, available as 
Supplementary data at JAC Online). Selected target fAUC/MICs were 15, 
30, 40, 60 and 90. Evaluated MICs ranged from 2 to 64 mg/L (2-fold in-
creases) with MIC90 of 8 mg/L for Enterobacterales. The explored dose 
range was 20–40 mg/kg/day (increments of 5) and a TBW of 75 kg was 
adopted. Simulations were also conducted for patient populations, i.e. ex-
trapolated from the healthy volunteer population, as suggested in the 
EMA guideline.15 Absolute eGFRs were set to 80 mL/min (extrapolated, 
assuming same parameter-covariate relationship as in the final model) 
and 120 mL/min (interpolated) mimicking a patient population with mild-
ly decreased renal function (as observed in patient population of Phase II 
for plazomicin)26 or normal renal function, respectively. For the former 
population, CL IIV was inflated to 30% in line with the reported values 
in patients for aminoglycosides from USCAST27–30 and to 60% to 

Table 2. Parameter estimates and bootstrap results of the final PPK models based on plasma data alone and on both plasma and urine data

Parameter Unit Description

Plasma data 
Mode (RSE) [2.5th–97.5th 

percentile]b

Plasma + urine data 
Mode (RSE) [2.5th–97.5th 

percentile]b

Fixed effect parameters
CLa L/h CL from the central cmt 5.55 (2.45%) [5.29–5.83] 5.54 (2.38%) [5.29–5.82]
Vc L V of the central cmt 8.61 (5.48%) [7.73–9.66] 8.61 (5.27%) [7.75–9.66]
Q2 L/h Q between central cmt and peripheral cmt 2 0.121 (7.83%) [0.10–0.14] 0.127 (7.29%) [0.11–0.15]
V2 L V of the peripheral cmt 2 2.24 (3.85%) [2.11–2.43] 2.29 (3.58%) [2.16–2.48]
Q3 L/h Q between central cmt and peripheral cmt 3 13.6 (7.68%) [11.1–15.5] 13.6 (7.34%) [11.5–15.6]
V3 L V of the peripheral cmt 3 2.87 (14.3%) [2.14–3.87] 2.81 (13.2%) [2.05–3.66]
Q4 L/h Q between central cmt and peripheral cmt 4 1.03 (14.5%) [0.70–1.34] 1.01 (13.4%) [0.73–1.33]
V4 L V of the peripheral cmt 4 2.44 (6.25%) [2.10–2.74] 2.38 (5.71%) [2.10–2.67]
Fe – Fraction of eliminated drug from central to urine 

cmt
– 0.900 (2.65%) [0.85–0.94]

Inter-individual variability (IIV)c

CL % IIV in CL (CV) 14.4 (10.2%) [11.4–17.4] 14.4 (10.0%) [11.5–17.4]
Vc % IIV in Vc (CV) 32.6 (17.5%) [22.9–46.7] 33.1 (19.8%) [24.0–50.5]
V3 % IIV in V3 (CV) 55.8 (36.7%) [20.7–107] 61.2 (41.9%) [35.1–132]
V4 % IIV in V4 (CV) 13.9 (15.9%) [9.1–18.5] 13.9 (15.0%) [9.33–18.6]
RUV plasma % IIV in RUV (CV) 69.3 (26.7%) [27.9–104] 69.5 (22.9%) [33.1–102]
RUV urine % IIV in RUV (CV) – 38.5 (24.5%) [19.8–62.9]
CL∼Vcd – Correlation between IIV of CL and Vc 0.52 (25.0%) [0.25–0.76] 0.52 (27.4%) [0.17–0.95]
CL∼V3d – Correlation between IIV of CL and V3 −0.40 (−39.5%) [−0.69 to −0.07] −0.40 (−41.0%) [−0.69 to −0.02]
Vc∼V3d – Correlation between IIV of Vc and V3 −0.91 (−4.52%) [−0.98 to −0.81] −0.92 (−4.03%) [−0.98 to −0.83]

Residual variability (RUV)c

Prop 
plasma

% Proportional RUV model for plasma data 8.51 (10.1%) [7.10–10.8] 8.79 (8.96%) [7.43–10.8]

Prop urine % Proportional RUV model for urine data – 35.1 (8.02%) [29.3–40.9]

CL, clearance; CV, coefficient of variation, calculated by 
����������������
expOMEGA − 1


; Q, intercompartmental clearance; V, volume; and cmt, compartment. 

aTypical CL normalized to an individual with absolute eGFR 124 mL/min and TBW 70 kg, following the equation CL = 5.55 (or 5.54) × (absolute eGFR/ 
124) × (TBW/70)0.75, where absolute eGFR is glomerular filtration rate estimated using CKD-EPI equation corrected by body surface area and TBW is 
total body weight. 
bMode is the reported parameter typical value from population pharmacokinetic models; relative standard error (RSE) and percentiles are from boot-
strap (n = 2000). For the plasma + urine model, failed bootstrap samples (n = 4) were excluded from calculation. 
cETA shrinkages were 13% for V4 for both models, 22% for urine RUV for plasma + urine model, and 0% for others. Epsilon shrinkage was 1% and 2% for 
plasma model and plasma + urine model, respectively. 
dCorrelation(A, B) = Covariance(A, B)�������������������

OMEGA(A)×OMEGA(B)
√ , where A and B are the two correlated IIVs.
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acknowledge a possible even larger IIV in some patient populations.31

Parameter uncertainty was taken into account in the simulations, in 
line with FDA guidance,32 by using samples from a bootstrap (n = 2000) 
from the final model. For each sample and scenario, 1000 individuals 
were simulated.

Results
Subjects and observations
The 30 subjects who received EBL-1003 were analysed. Selected 
demographics, vital signs and laboratory measurements are 
summarized in Table 1. No obvious dose-related difference was 

observed between dose cohorts (Figure S2). There was no signifi-
cant change in KIM-1 over time (data not shown). They contrib-
uted 480 plasma observations (with pre-dose samples 
excluded) and 179 urinary observations. Each apramycin concen-
tration in urine was associated with a urine volume. One individ-
ual failed to produce any urine within the collection period 0–2 h 
post-dose. Thus, the collection time interval of the nominal 2–4 h 
sample was recorded as 0–4 h. One urine collection time was 
missing thus the nominal one was used. There was otherwise 
no missing data. There were 29 (6.0%) and 4 (2.2%) samples 
with concentrations BLQ for plasma and urine, respectively. 
Two BLQ plasma samples were reported as exact values 

Figure 3. Relationships of the change in absolute eGFR (left column, absolute eGFR range 50–160 mL/min, increments of 5, when TBW set to 75 kg) 
and TBW (right column, WT range 50–120 kg, increments of 5, when absolute eGFR set to 120 mL/min) versus the change in concentration–time pro-
files (first row), concentration at 24 h after dose (second row) and AUC in the first 24 h after dose (third row), following a dose of 30 mg/kg administered 
intravenously over 30 min. The solid line is the median and the corresponding-coloured area is 80% prediction interval, based on 500 simulated in-
dividuals in each scenario. The colours and shapes indicate whether the range of covariate values were interpolated from the observed range in 
the first-in-human study, or extrapolated.
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(0.0198 and 0.0188 μmol/L, corresponding to 0.0107 and 
0.0101 mg/L) and the reported values were kept in the dataset.

Dose-normalized plasma concentration–time profiles indi-
cated no apparent deviation from dose linearity as the lines 
from all dose cohorts overlapped (Figure 1b). One individual in 
the lowest dose group (0.3 mg/kg) had a deviating profile during 
the first 1.5 h with 20%–97% lower concentrations compared 
with the mean of other subjects in the same dose group and 
timepoints. This subject was however kept in the analysis since 
absolute conditional weighted residuals were <5 and there was 
low impact on the final parameter estimates.

The observed accumulated fraction of dose excreted from ur-
ine over time is shown in Figure 1(c). There appeared to be some 
cohort (batch-assay) dependence in fe: the profiles had similar 
patterns among individuals in the same dose cohort. There was 
however no trend between fe and dose level. The observed fe var-
ied across dose levels (group means range 77.7% to 112% until 
48 h), with values over 100% reflecting variation and/or error in 
sample collection and measurement.

Developed PPK models
The final plasma PPK model was a mammillary four-compartment 
model where the central compartment is connected reversibly to 
three parallel peripheral ones (Figure 2, Table 2). The linear elimin-
ation was from the central compartment. A three-compartment 
model had a worse fit (dOFV >100, df = 3). Nonlinear CL did not 
perform better and there was no sign of a dose-dependent CL. 
IIVs were included in CL, Vc, V3, and V4, where V3 and V4 are the 
volumes of the third and fourth compartments, respectively. 
Covariances between IIVs in CL, Vc and V3 were kept. IIV in RUV im-
proved the model fit significantly (>450 OFV units).

eGFR on CL according to Eq. 4 resulted in five units drop of OFV. 
When the non-renal part was excluded, the fit was not worsened 
significantly (dOFV = 2, df = 1). When TBW was allometrically 
added to all clearance and volume parameters of the four com-
partments (n = 8), OFV reduced 43 units. Absolute eGFR resulted 
in a 10 unit lower OFV compared with eGFR, and addition of allo-
metrically scaled TBW reduced OFV an additional 4 units. No 
other covariate relationships on top of absolute eGFR and TBW 
were identified.

The values reported in Table 2 represent a typical individual 
with absolute eGFR of 124 mL/min and TBW 70 kg. For a 
30 mg/kg dose infused IV over 30 min, the typical derived values 
of AUC 0–infinity (AUCinf, i.e. steady-state AUC), maximum con-
centration (Cmax), C24h and concentration at 48 hours (C48h) 
were 378 mg·h/L, 170 mg/L, 0.217 mg/L and 0.0457 mg/L, re-
spectively. An illustration of how absolute eGFR and TBW affect 
plasma PK profiles is shown in Figure 3.

The estimated fe was 90%, corresponding to an estimated 
renal clearance (CLr) of 4.99 L/h. Since filtration clearance 
( fu*eGFR = 6.81 L/h, with eGFR = 124 mL/min) was higher than 
CLr, the data suggested apramycin reabsorption to be higher 
than tubular secretion. IIV in fe was excluded with no statistical 
worsening of the fit, while IIV in RUV for urine data was included 
(>20 dOFV). The urine data confirmed that non-renal or nonlinear 
clearance was not significant for apramycin. The parameter va-
lues from the final model based on combined plasma and urine 
data deviated only slightly from those based on plasma data 
alone (≤10% except for 15% for IIV in V3, Table 2).
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Figure 4. Prediction corrected visual predictive check (pcVPC) of the final 
population pharmacokinetic model developed from combined plasma 
and urine data for (a) plasma and (b) urine concentrations. In each sub-
plot, the upper panel shows the fit of the observations above the limit of 
quantification (LOQ) with LOQ indicated by the grey line; observations are 
displayed as blue dots; red lines are the observed 5th, 50th, and 95th per-
centiles, blue and red fields are the corresponding 95% CI defined by si-
mulations from the model. Red stars highlight where the observed 
percentile is outside the 95% CI. The lower panels show the fit of the ob-
served proportion of the data below LOQ. The observed proportions are 
displayed as blue dots and blue fields are the corresponding 95% CI. 
For urine, time of observations are the end of the collection interval. A 
zoom-in plot providing greater resolution for the first 5 h of panel (a) plas-
ma can be found in Figure S6. This figure appears in colour in the online 
version of JAC and in black and white in the print version of JAC.
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Model evaluation
Model evaluations displayed here are based on the final model 
developed with both plasma and urine data. When the PK model 
was estimated on only plasma data the fit was similar. Both eta- 
and epsilon-shrinkage were <25% (Table 2). The bootstrap re-
sulted in RSEs <30%, except for the ones related to V3 IIVs, which 
were around 40% (Table 2).

The prediction-based goodness-of-fit plots (Figures S3 to S5) 
indicate that for plasma concentrations, the final model can fit 
the observations reasonably well considering that some data 
were BLQ. There was a trend of over-prediction at high urine con-
centrations, likely due to the relatively sparse sampling and larger 
experimental variability in the urine data. VPCs for the final model, 
as illustrated in Figure 4 (prediction-corrected, zoom-in plot 

Figure 5. Apramycin PTA versus steady-state free AUC/MIC targets for an MIC of 8 mg/L under different daily doses in patients with TBW 75 kg and 
different renal function, based on 1000 simulated individuals in each scenario. Inter-individual variability (IIV) on clearance (CL) was set to coefficient 
of variation (CV) 14.4% for the interpolated and 30% or 60% for the extrapolated virtual patient population. Grey dashed lines indicate 90% and 95% 
PTA for reference. PTAs >50% and <100% are annotated. Individual AUCs were calculated as the ratio of absolute administered dose over model si-
mulated individual CL. Absolute eGFR, estimated glomerular filtration rate (CKD-EPI equation) corrected by body surface area; TBW, total body weight. 
To note, some of the PTAs in the patient population were predicted to be lower than the corresponding PTAs in the population with normal renal func-
tion due to the larger IIV assumed in the former population.
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shown in Figure S6) and Figure S7 (stratified on dose cohorts) illus-
trate good simulation properties.

Simulated PTA
PTA simulation plots are shown in Figure S8 and summarized in 
Table S1. The numeric summary for an MIC of 8 mg/L is illustrated 
in Figure 5. Figure S9 shows the median and 90% and 95% CIs of 
achievable fAUC/MIC in the simulated populations treated with 
30 mg/kg/day. A 30 mg/kg/day dose (IV over 30 min) showed 
PTAs of 100%, 99.7% and 96.4% with fAUC/MIC targets of 15, 
30 and 40, respectively, in an assumed patient population with 
mild renal impairment (absolute eGFR 80 mL/min and 30% IIV 
in CL). The PTA was <90% in the other two evaluated populations 
for an fAUC/MIC target of 40. For a dose of 30 mg/kg once daily, a 
PTA of over 90% was predicted for targets of 60 and 90 and MICs 
of ≤4 mg/L and ≤2 mg/L, respectively.

Discussion
A four-compartment linear PPK model adequately described 
apramycin disposition using plasma and urine concentrations 
collected over a 48 h period after the start of infusion from 30 
randomized volunteers. The absolute eGFR was proportional to 
CL and TBW allometrically scaled all fixed effect parameters. 
Most of the administered drug (estimated fe = 90%) was ex-
creted renally. Simulations from the final PPK model suggested 
that a 30 mg/kg dose would result in at least 95% PTA for an 
MIC of 8 mg/L using fAUC/MIC targets ≤40 in a well-controlled vir-
tual patient population with mildly reduced renal function, repre-
senting a possible target population in subsequent Phase II 
clinical trials. Moreover, all dose levels, including the 30 mg/kg 
dose, were safe and well tolerated with no medically relevant ef-
fects on renal or ontological function parameters (data not 
shown).

The rich sampling design allowed for a four-compartment mod-
el to describe the disposition of apramycin. The PPK of other amino-
glycosides has frequently been described by multi-compartment 
models when the PK sampling has so allowed.26,33,34 The esti-
mated parameter values and included covariates also showed 
similar PK properties for apramycin as for other aminoglycosides.35

For example, the estimated CL of 5.5 L/h (0.0786 L/h/kg) was simi-
lar to the reported values of other aminoglycosides (4.75– 
7.32 L),26–29,36 when normalized to creatinine clearance 124 mL/ 
min and TBW 70 kg. Moreover, the predicted CL in healthy humans 
using allometric scaling from animal PK parameters was 7.07 L/h.16

The estimated steady-state volume of distribution (Vdss) of 16 L 
(0.23 L/kg) is similar to other aminoglycosides (13–20 L)31,36,37 in 
healthy volunteers. However, Vdss has been reported to be higher 
in patients (27–57 L).26–29 This may be due to the PK variations 
caused by underlying pathophysiological conditions given that ami-
noglycosides are hydrophilic antimicrobials.38 Differences in dosing 
regimens and sampling designs in these studies and the approxi-
mation used in calculation may also be reasons for differences in 
Vdss. Since AUC is not dependent on Vdss and antibacterial effect 
has correlated best to AUC/MIC,9,16 there is no need to account 
for potential differences in Vdss between healthy volunteers and pa-
tients in PTA analysis.

Absolute eGFR reflects the kidneys’ capacity to eliminate ren-
ally excreted drugs and given the estimated fe of 90%, renal 
function-based dosing of apramycin is warranted. In a study of 
plazomicin in patients, renal clearance was also found to be 
around 90% of the total.26 As shown in Figure 3, a 30 mg/kg 
dose of apramycin may consequently result in AUC0–24 and 
C24h (i.e. trough concentration) with increased risk for tolerability 
issues in individuals with absolute eGFR <60 mL/min. It may 
therefore be necessary to increase the dosing interval or reduce 
the administered dose in such patients with decreased renal 
function. Here, renal function is described by CKD-EPI-based 
eGFR, since CKD-EPI was used in apramycin Phase I safety evalu-
ation and has been recommended for routine clinical use to esti-
mate kidney function.39

In this study, we performed PTA analyses based on available 
healthy volunteer data. Moreover, the eGFR relationship identified 
in the PPK model was used to extrapolate, in additional PTA 
analyses, to an anticipated Phase II patient population with mild-
ly reduced renal function (absolute eGFR = 80 mL/min26). This ap-
proach was part of the analysis plan and acknowledges that a 
purpose of this study is to inform dose selection for Phase II. 
This extrapolation strategy is also in line with the EMA guideline,15

which suggests that if only healthy volunteer PK data are avail-
able, the PPK model should be adjusted so that the PTA simula-
tion results reflect any changes in the PK covariates and PK 
parameters and the degree of IIV in the target patient popula-
tion. Modelling and simulation are indeed a well-recognized 
tool for exploring dosing strategies under untested scenarios 
and for designing new studies.40 It is however important to 
understand the underlying assumptions when extrapolating out-
side the studied conditions. Here, we make use of the eGFR rela-
tionship in healthy volunteers (absolute eGFR 91.9–157 mL/min) 
to extrapolate to an absolute eGFR of 80 mL/min, for a compound 
(and compound class) primarily eliminated by the kidneys. This 
could be regarded as an extrapolation with relatively high confi-
dence. The variability in the PK parameters (CL IIV) is more uncer-
tain and therefore illustrated for two scenarios (Figure 5). To note, 
we also included parameter uncertainty of the PK parameter es-
timates in the PTA analysis to further illustrate the uncertainties. 
In earlier stages of drug development, we made use of gentami-
cin PPK to predict the human efficacious dose since the PK of gen-
tamicin and apramycin have been shown to be similar in 
preclinical studies.9,16,17 This illustrates how model-informed 
drug development can be used to support drug development41

before patient information is available. Defining the dose for 
Phase II based on a reduced eGFR also reduces the risk to suggest 
a dosing strategy that may lead to exposures above the studied 
range in Phase I and thereby increase the risk of toxicity.

The MIC range in the performed PTA analyses covered the re-
ported MIC90 values for apramycin: 4 mg/L for Klebsiella pneumo-
niae and Enterobacter spp., 8 mg/L for E. coli and 16 mg/L for 
A. baumannii.7 For P. aeruginosa, different MIC90 values have 
been reported for apramycin ranging from 8 mg/L (Table S1 in ref-
erence42) to 32 mg/L in a panel of highly aminoglycoside- 
resistant P. aeruginosa isolates with an MIC90 of >256 mg/L for 
both tobramycin and amikacin.5 Provided that the EUCAST clinical 
breakpoint for amikacin is 16 mg/L, it may be conceivable to ex-
trapolate a clinical breakpoint of 16 or 32 mg/L for apramycin as 
well. However, further studies with much larger panels of 
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P. aeruginosa clinical isolates and pharmaceutical-grade drug 
substance have yet to be conducted to determine robust and re-
liable epidemiological cutoff values.

The range of PTA targets were based on preclinical studies of 
apramycin as well as general targets for aminoglycosides. 
Considering the target ELF fAUC/MICs of 8 defined based on a 
2 log10 kill of A. baumannii in a mouse pneumonia model,9 apra-
mycin has shown promise against respiratory tract infections. On 
the other hand, we acknowledge the lower PTAs at higher tar-
gets. For example a target fAUC/MIC of 76 (based on 1 log10 kill 
of E. coli) has been suggested for systemic infections based on 
PK/PD studies in the neutropenic thigh infection model.16 This dif-
ference in target is in line with what has been identified for ami-
noglycosides against Enterobacteriaceae in non-clinical studies; 
targets are 2–20 times higher in the thigh compared with pneu-
monia infection models.30 This difference may be because of a 
longer retention time of aminoglycosides in lung43 and reduced 
penetration of polar aminoglycosides into thigh tissue, resulting 
in higher drug exposure and fAUC in lung than in thigh.

The collection of urine samples enabled a direct characteriza-
tion of the fraction excreted renally. Although up to 3-fold (35% 
versus 124% at 48 h) between-subject variation was observed in 
urinary recovery ratio (Figure 1c), it was not significant to esti-
mate IIV in fe in the model, which may indicate that the observed 
variability was explained by IIVs of other systemic distribution 
parameters (e.g. CL and Vc) in addition to the unexplained RUV. 
Further studies in patient populations will further quantify the im-
portance of renal function and TBW in dosing adjustment.

To conclude, the developed apramycin PPK models successful-
ly described the first-in-human Phase I plasma and urine concen-
trations. The PK properties were similar to other aminoglycosides 
and the analyses will support further studies in patients. The PTA 
analysis suggested a promising efficacy of the drug, covering 
MICs up to 8 mg/L for a 30 mg/kg dose and a target of 40. The ex-
trapolation to a ‘typical’ patient population serves as a starting 
point for further clinical development, including Phase II trials, 
and needs to be verified.
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