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Abstract Amikacin has been one of the important antimi-
crobial agents against Gram-negative pathogens. However,
there is discrepancy regarding the amikacin initial dosage,
with some reports recently recommending >25 mg/kg and
others the conventional dosage (15-20 mg/kg). Hence, we
evaluated the optimal initial dosing regimen of amikacin.
Pharmacokinetic (PK) parameters were estimated using a
population PK analysis. The pharmacodynamic (PD) target
was a ratio of >8 between the concentration achieved 1 h
after beginning the infusion (Cpeax) and the minimal inhibi-
tory concentration (MIC) of the liable bacteria. Based on the
population PK parameters, we simulated individual Cpe,y for
several dosing regimens by Monte Carlo method and ana-
lyzed the Cpea/MIC ratio for MICs from 0.5 to 32 pg/mL.
This study included 35 infected patients (25 males), with a
median (range) age and body weight of 70 (15-95) years and
49.5 (32.5-78) kg, respectively. A two-compartment model
was used, and total body clearance (CL) significantly cor-
related with creatinine clearance, and volume of distribution
(V4) with body weight. Regarding the probability to achieve
a Cpea/MIC of >8, the 15 mg/kg regimen was sufficient to
achieve the PK/PD target in >90% of patients for a MIC of
4 pg/mL or less. The cumulative fraction of response in
Pseudomonas aeruginosa was that 76% of patients achieved
a Cpear/MIC of 8 with the amikacin dosage of 15 mg/kg/day.
We suggest that the 15-mg/kg once-daily dosage of amikacin
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be recommended as the initial dosage. As its maintenance
dosage, the 15 mg/kg/day amikacin dosage is needed for a
MIC of <4 pg/mL, and amikacin monotherapy for a MIC of
>8 pg/mL should be avoided.

Key Points

A 15-mg/kg once-daily dosage of amikacin is
recommended as the initial dosage to get higher
probability to achieve the pharmacodynamic/
pharmacodynamic target and cumulative fraction of
response with lower toxicity.

As its maintenance dosage, the 15 mg/kg/day
amikacin dosage is needed for a minimal inhibitory
concentration (MIC) of <4 pg/mL, and amikacin
monotherapy for a MIC of >8 pg/mL should be
avoided, especially in patients with bacteremia or
pneumonia.

1 Introduction

Amikacin has been one of the aminoglycosides that have
been effective against Gram-negative and multidrug-resis-
tant pathogens, such as Pseudomonas aeruginosa [1].
Pharmacodynamic (PD) considerations [including aggres-
sive dosing with a targeted concentration achieved 1 h after
beginning the infusion (Cpea)/minimum inhibitory con-
centration (MIC) ratio] for aminoglycosides are strongly
associated with clinical outcome and are essential to the
appropriate management of Gram-negative bacteremia [2].
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Some authors have suggested that a ratio of 8 or more
between the Cpeac (i€., the drug concentration of the
equilibrium state between blood and tissue) and the MIC of
the bacteria responsible for the Gram-negative bacilli
infection is predictive of therapeutic success [3-7].

Burdetet al. showed that with a 2-mg/kg simulated infusion
of amikacin, the probability to attain the target Cpea/MIC was
96% for Gram-negative bacilli infections with a MIC of 4
pg/mL. They recommended that an empirical dose of 25 mg/
kg or more was needed to achieve the amikacin PD predictors
of clinical efficacy in Gram-negative bacilli infections [8].
Galvez et al. demonstrated that a 30-mg/kg daily dosage of
amikacin presented significantly higher Cyc.x compared with
the 15- or 25-mg/kg daily dosage, with no association with
higher nephrotoxicity and suggested that the standard regimen
(15 mg/kg daily) might be insufficient in critically ill patients
to reach the recommended Cpe,i [9].

Of note, there is a diremption between the standard
regimen (15-20 mg/kg) of amikacin and the dose
(=25 mg/kg) recently published reports recommend [8, 9].
For patients with severe infections, it is crucial to set up
quickly an effective dosage regimen that will render opti-
mum serum concentrations from the very beginning of
treatment in order to maximize both microbiological and
clinical response rates. Conversely, inadequate drug
exposure may result in treatment failure. Therefore, the
objective was to establish the optimal initial dosing regi-
men of amikacin using the pharmacokinetics (PK) of
amikacin in patients with population PK analysis and
Monte Carlo simulations.

2 Methods
2.1 Patients

This work was a single-center retrospective study. It
included all patients admitted to Aichi Medical University
Hospital (995 beds) between September 2009 and
December 2014 who were older than 15 years and treated
with amikacin for at least 3 days because of several types
of infections. The Aichi Medical University Committee
approved this study protocol. The blood concentrations of
amikacin from patients were obtained as routine practice as
therapeutic drug monitoring (TDM) in our hospital.
Exclusion criteria were burns, pregnancy, or the use of
continuous renal replacement therapy at the onset of ami-
kacin therapy.

2.2 Antimicrobial Susceptibility Testing

All isolates were collected as part of standard patient care.
Antimicrobial susceptibility of the Gram-negative isolates
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was tested in accordance with Clinical and Laboratory
Standards Institute (CLSI) guidance by broth microdilution
in triplicate for each compound [10].

2.3 Data Collection

At least 3 days before amikacin treatment started, we ret-
rospectively collected usual clinical and demographic data,
such as gender, age, ideal body weight (IBW), lean body
weight (LBW) and total body weight, body mass index
(BMI), serum creatinine, creatinine clearance (CCr) esti-
mated according to the Cockroft-Gault equation [11],
albumin, aspartate aminotransferase (AST), alanine
aminotransferase (ALT), and blood urea nitrogen (BUN).
IBW was calculated as follows: IBW = 22 x (height in
m)> (kg). LBW, in kilograms, was calculated by the
method of Janmahasatian and colleagues: LBW (mal-
es) = (9270 x body weight)/[6680 4+ (216 x BMD)];
LBW (females) = (9270 x body weight)/[8780 + (244 x
BMD)] (kg) [12].

We also collected TDM data, such as amikacin blood
concentration, infusion and sampling times, the dosage,
infusion time, and the period of treatment. We used these to
conduct the population PK analysis with WinNonlin.
Amikacin was infused over 30 min or 1 h. All blood
samples were obtained at the following times: (1) imme-
diately before amikacin administration (Ciougn) and (2) 1 h
after amikacin administration started (Cpeax). Dosing and
sampling times were recorded; the accuracy of the records
was further assessed by a pharmacist participating in this
study.

As our study population included patients with moderate
to severe renal failure, the serum samples, to be assayed for
amikacin Cioygn, Were collected from all patients within
4 days after amikacin therapy started (median 44.4 h, with
a range of 16.6-87.0 h). Amikacin concentrations were
determined by fluorescence polarization immunoassay
using the amikacin assay kit (Roche Diagnostics K.K.,
Tokyo, Japan). The limit of quantification of the technique
is 0.8 pg/mL, and the coefficients of intra- and inter-assay
variation are less than 6% over the entire calibration range
(0.8-40 pg/mL).

2.4 Estimation of Individual Drug Exposure

Since the sparse sampling schedule did not enable indi-
vidual PK parameters to be estimated by usual methods for
most patients, a population PK method based on a non-
linear mixed-effect modeling approach was used. The
Bayesian forecasting method was employed to estimate
individual PK parameters. The estimated parameters
allowed us to predict individual serum concentration—time
curves and to estimate Cpeax and Ciougn, respectively.
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2.5 Population Pharmacokinetic (PK) Analysis
2.5.1 Basic Model

The PK parameters of amikacin were calculated with
individual serum-concentration data using the Phoenix
NLME component of WinNonlin version 6.3 (Pharsight
Corporation, Mountain View, CA, USA). The model has
two components: (1) a structural model that characterizes
the concentration-time relationship and (2) random-effect
models, including inter-individual variability in the PK
parameters, and residual error, including intra-individual
variability and measurement errors. Assumptions about the
base population PK model (one- vs. two-compartment and
residual variability) were evaluated based on the objective
function value (OFV), agreement between observed and
predicted amikacin concentration, and visual inspection of
the distribution of the weighted residual (WRES) plots.

The model enabled the computation of the amikacin
concentration at any time for any given dosing regimen. An
exponential inter-individual variability error term, which
assumes a normal distribution with a mean of zero and a
variance of wz, was included on all the PK parameters in
the model. The residual error model was supposed to be
combined, with the standard deviation of the additive
component and the standard deviation of the proportional
component. The addition of o to inter-compartmental
clearance (Q) and the volume of distribution in the
peripheral compartment (V) did not improve model fitting.
Therefore, o for Q and V, was not included in the popu-
lation model.

The model also included estimates of the residual ran-
dom error for amikacin (¢). The residual random errors
included assay errors, individual changes in the PK
parameters, and model misspecification errors. Additive,
proportional, and combined additive and proportional error
models were evaluated to estimate the residual variability.
The distribution of € was assumed to obey a normal dis-
tribution and was characterized by a mean of zero and
variance, ¢~, which can be estimated by WinNonlin. The
residual variability was modeled by a multiple error
according to the equation C, = F*(1 + &), where C, is the
observed serum amikacin concentration and F is the con-
centration predicted from the compartment model. Two
levels of variability were considered.

2.5.2 Covariate Model Building

After selecting the basic model, possible relationships
between individual estimates of the PK parameters and
covariates were explored graphically. The influence of the
following covariates at initiation of treatment on amikacin
PK parameters was tested: six demographic variables

(gender, age, IBW, LBW, BMI, and total body weight),
three clinical variables [bacteremia, pneumonia, and uri-
nary tract infection (UTI)], and six biochemical markers
(serum albumin, total bilirubin, CCr, AST, ALT, and
BUN). Covariate effects were tested by incorporating
covariates into the basic model using stepwise forward
addition followed by stepwise backward elimination pro-
cedures. A decrease in the OFV of >6.63 (p < 0.01) was
required to retain the covariate in the forward addition step.
Covariates were finally retained when the correlations were
significant at the p < 0.001 level according to the likeli-
hood ratio test [13].

2.5.3 Final Model Determination

We graphically studied the influence of covariates on their
related PK parameters. Outliers were studied and excluded
from the analysis when incomplete data collection was
suspected. A backward selection method was used in order
to obtain a final model in which all covariates had a
p < 0.01 using the likelihood-ratio test.

2.5.4 Model Evaluation

Evaluation of the final model was conducted using graph-
ical methods. Basic goodness-of-fit plots, individual
weighted residuals (IWRES), normalized prediction dis-
tribution errors (NPDE) over time and visual predictive
checks (VPC) were used to assess the model. A bootstrap
resampling method was used to evaluate the stability of the
final model and the precision of parameter estimates [14].
For the bootstrap method, a total of about 200 resampling
replicates were obtained from the original data set. The
final population PK model, including final fixed-effect
parameters and random-effect parameters, was used to fit
the replicates using the bootstrap option, and parameter
estimates for each of the replicate data sets were obtained.

2.6 Evaluation of Amikacin Doses by Monte Carlo
Simulation

Using the estimated distribution of amikacin PK parame-
ters in the final model with covariates, we simulated the
amikacin concentration obtained 1 h after the start of a
30-min infusion for 1000 patients and several dosing reg-
imens via Monte Carlo simulation (Kozo Keikaku Engi-
neering Inc., Tokyo, Japan). This timing for amikacin
sampling is commonly used for studying aminoglycoside
efficacy [15-17]. For the PK simulations, we randomly
resampled 1000 vectors of covariates among those
observed in the patients included in the analysis and sim-
ulated individual PK parameters from their estimated dis-
tribution in the final model with covariates. The following
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Table 1 Clinical characteristics Parameter Mean + SD Median [range]

and distribution of amikacin of

hospitalized patients Male/female 25/10
Age (years) 67.5 £ 173 70.0 [15-95]
Weight (kg) 504 + 104 49.5 [32.5-78]
Lean body weight (kg) 40.8 + 8.8 42.3 [24.6-58.4]
BMI (kg/m?) 19.6 + 3.1 19.7 [13.4-26.4]
Ideal body weight (kg) 56.8 + 7.8 57.5 [40.1-68.1]
Albumin (g/dL) 2.7+ 0.6 2.6 [1.7-4.3]
Serum creatinine (mg/dL) 1.14 £ 1.23 0.61 [0.2-5.6]
CCr* (mL/min) 60.3 + 33.9 60.0 [6.1-144]
AST (U/L) 41.3 £ 39.7 31 [6-243]
ALT (U/L) 352 + 21.1 33 [7-91]
BUN (mg/dL) 24.0 + 17.7 16.4 [5.9-71.6]
Total bilirubin (mg/dL) 0.88 + 0.81 0.55 [0.22-3.47]
Duration of amikacin therapy (days) 13.6 £ 26.5 8 [3-162]
Amikacin dosage (mg/day) 513 £ 258 400 [200-1000]
Amikacin dosage (mg/kg/day) 10.0 £ 3.9 9.6 [3.1-17.7]
Infusion time (h) 0.68 + 0.38 0.5 [0.5-2.0]

Numerical data are shown as mean + SD

ALT alanine aminotransferase, AST aspartate aminotransferase, BMI body mass index, BUN blood urea
nitrogen, CCr creatinine clearance, CL total body clearance, SD standard deviation

% CCr estimates calculated according to the Cockcroft—-Gault equation

dose regimens were simulated: 10, 15, 20, 25, and 30 mg/
kg. We compared the probability to achieve (PTA) a Cpeai/
MIC of =8 for MIC regimens ranging from 0.25 to 32 pg/
mL for each dosing regimen [2].

Additionally, since PTA is the probability of achieving a
certain goal for a given MIC, cumulative fraction of
response (CFR) takes into account the MIC distributions,
and was also calculated to be more representative when
assessing recommendations for initial dosing regimens.
Hence, CFR was calculated with MIC distribution data of
EUCAST surveillance data [18].

2.7 Evaluation of Clinical and Microbiological
Effects

Microbiological response was evaluated at the end of
amikacin therapy. The microbiological cure was defined as
effective when bacteria disappeared during and after ami-
kacin therapy. Microbiological failure was defined as the
persistence of pathogen(s) in laboratory samples or as the
development of a new infection.

2.8 Statistical Analysis
Data were analyzed with JMP version 10.0 (SAS, Tokyo,
Japan). The analysis of patient data included sex and

combination therapy as categorical variables, and age,
body weight, and PK parameters (including Cpeqc and
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Cirough) as continuous variables. Statistical significance of
the difference was evaluated by Kruskal-Wallis test or
paired ¢ test for categorical data and Scheffe test for con-
tinuous data, according to whether the data distribution was
normal or non-normal, respectively. A p value of 0.05 was
employed.

3 Results
3.1 Patients

The demographics and clinical characteristics of the sub-
jects participating in this study are summarized in Table 1.
During the study period, 35 of 39 patients fulfilled the
inclusion criteria (four patients were excluded because of
incomplete infusion time data). The infection types of the
35 patients were UTI for eight patients, peritoneum
inflammation for two, pneumonia for ten, bacteremia for
11, pneumonia and bacteremia for two, and febrile neu-
tropenia for two. Median (minimum-maximum) age and
total body weight were 70 years (15-95 years) and 49.5 kg
(32.5-78 kg), respectively, and most patients were males
(n = 25; 71.4%).

A total of 65 values of amikacin concentrations were
obtained from 35 patients, for a range of 1-2 points per
subject. The median amikacin dose administered was
9.6 mg/kg (3.1-17.7 mg/kg). Amikacin was infused
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Table 2 MIC distribution for Isolates

MIC (pg/mL)

Gram-positive and Gram-

negative bacteria for amikacin 0.25

05 1 15 2 3 4 6 8 12 16 32 48

Staphylococcus aureus

Staphylococcus
epidermidis

Staphylococcus capitis

Staphylococcus
haemolyticus

Staphylococcus warneri
Pseudomonas aeruginosa
Enterobacter cloacae
Klebsiella pneumoniae
Serratia marcescens
Escherichia coli
Rhizobium radiobacter
Corynebacterium sp.

Corynebacterium striatum 1

MIC minimal inhibitory concentration

Table 3 Hypothesis testing for

; Question
factors affecting

OFV P value

pharmacokinetics of amikacin Full model®

Is CL proportional to CCr>?
Is V, proportional to weight?

330.7
365.8
338.6

<0.001
<0.001

Full model vs. 6; = 0
Full model vs. 0, = 0

Final estimates of population pharmacokinetic parameters for amikacin

CCr creatinine clearance, CL total body clearance, OFV objective function value, V; volume of distribution

in the central compartment

? CL = 6,(CCr/60.0), V| = 0,(weight/49.5)
 CCr estimates calculated according to the Cockcroft—Gault equation

intravenously once daily for 30 min for 30 patients and for
1 h for five patients. In principle, blood was sampled
within 3 days of the start of amikacin administration. Many
samples were drawn 30 min after the end of infusion and/
or immediately before the next administration.

3.2 Antimicrobial Susceptibility

In total, 33 causative isolates were collected from blood
(42.4%), sputum (39.4%), and urine (18.2%). The others
(two patients) were negative. The MIC distribution for
Gram-negative isolates is presented in Table 2. The most
common species isolated was P. aeruginosa (48.5%), fol-
lowed by Klebsiella pneumoniae (6.1%). The MIC range
for amikacin against Gram-negative pathogens isolated
from patients treated with amikacin was from 0.25 to
48 pg/mL in our study. Among them were three metallo-[3-
lactamase-producing P. aeruginosa isolates, ten P. aerug-
inosa isolates with carbapenem and quinolone resistance,
one extended spectrum-B-lactamase (ESBL)-producing K.

pneumonia, one Escherichia coli with quinolone resistance,
and one ESBL-producing E. coli.

3.3 Population PK Parameters of Amikacin

We first fitted the one- and two-compartment models
without any covariates, and the results of this fitting sug-
gested that the two-compartment model better described
the current data set. The basic parameters were total body
clearance (CL), the volume of distribution in the central
compartment (V,), V5, and Q.

The final estimates for the population PK parameters of
amikacin are summarized in Tables 3 and 4. Our data
indicated that CL was related to CCr. Additionally, V| was
related to weight. Scatter plots demonstrating the perfor-
mance of the final model are presented in Fig. 1 [popula-
tion predicted concentration predictions (PRED) vs.
observed concentrations (DV) (Fig. 1la), and individual
predicted concentrations (IPRED) vs. DV (Fig. 1b), the
WRES vs. the PRED (Fig. 1c), the IWRES vs. the IPRED
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Table 4 Final estimat.es 9f Parameter Final estimates
population pharmacokinetic
parameters for amikacin and 0, (L/h) 241
qutstrap vahdatlf)n of the 0, (L) 10.70
estimated population o
pharmacokinetic parameters in Intra-individual
the final model w (CL) (%) 50.8
w (V) (%) 29.0
Intra-individual
o (ug/mL) 0.25

2.54 £0.38 2.50 [1.97-3.31] 5.39
10.20 £ 2.29 10.26 [5.99-14.69] —4.67
46.4 £+ 36.8 44.7 [18.4-55.7] —8.66
37.0 £35.8 31.9 [27.2-65.6] 27.6
0.20 £ 0.09 0.23 [0.01-0.33] -20.0

Successful rate of calculation = 100% (200/200). Final model: CL (L/h) = 0,(CCr/60.0), V1 (L) = 0,(-
weight/49.5), V, (L) = 7.72, Q (L/h) = 7.0. Bootstrap validation of the estimated population pharma-
cokinetic parameters in the final model. The difference between the final model estimate and bootstrap
mean is calculated as follows: [(bootstrap mean — final model estimate)/final model estimate] x 100

CCr creatinine clearance, CI confidence interval, CL total body clearance, Q inter-compartmental clear-
ance, SD standard deviation, V; volume of distribution in the central compartment, V, volume of distri-
bution in the peripheral compartment

(Fig. 1d), the WRES vs. time after dose (TAD) (Fig. le),
conditional weighted residuals (CWRES) vs. the PRED
(Fig. 1f), and the CWRES vs. the TAD (Fig. 1g)]. The
inter-individual variability in CL and V; were estimated as
50.8 and 29.0%, respectively. Furthermore, the intra-indi-
vidual residual variability of the amikacin concentration
was 0.25 pg/mL.

3.4 Model Validation

The final model was repeatedly fitted to 200 bootstrap
resampled data sets. The average parameter values
obtained from the bootstrap analyses and the final estimates
from the original data set are compared in Table 4. Other
than the difference of 27.6% (w V;), the differences in all
other parameters were less than 10.0%. The results of
bootstrap analysis validation indicated that the reliability
and robustness of the parameter estimates and thus the
population PK model were acceptable. The bias, expressed
as the mean prediction error, of the final model was
0.25 pg/mL, while the mean bias (95% confidence inter-
val) obtained from the 200 bootstrap analyses was 0.20 png/
mL (0.01-0.33).

3.5 Pharmacodynamic Target Attainment

Based on the estimated population PK parameters, we
simulated the serum amikacin concentration-versus-time
curves for patients with parameters calculated by Monte
Carlo simulation.

Figure 2 presents the PTA for a Cpea/MIC of >8
according to various amikacin regimens. Amikacin 10 mg/
kg/day was sufficient to achieve the PK/PD target in >90%
of patients for a MIC of 2 pg/mL or less. A 15-mg/kg
regimen was sufficient to achieve the PK/PD target in
>90% of patients for a MIC of 4 pg/mL or less. With a
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20-mg/kg regimen, 2.4 and 0% of patients achieved the
target for MIC of 8 and 16 pg/mL, respectively.

On the other hand, for the PTA for the amikacin Ciougn
target (<4 pg/mL), amikacin 10 mg/kg/day achieved the
highest probabilities (86.6%), followed by 15 mg/kg/day
(77.1%), 20 mg/kg/day (67.9%), 25 mg/kg/day (61.5%),
and 30 mg/kg/day (54.5%).

Additionally, CFR considering the amikacin MIC dis-
tribution (refer to EUCAST data) in P. aeruginosa at var-
ious Cpea/MIC levels is presented in Fig. 3. Seventy-six
percent of the patients achieved a C,ey/MIC of 8 with
amikacin 15 mg/kg/day (40% at 10 mg/kg/day and 77% at
20 mg/kg/day).

3.6 Comparison Between the Cured and Failed
to Cure Groups

Satisfactory microbiological efficacies were obtained in 23
of the 35 patients. The others were failed to clinical cure
(n = 9) and unknown (n = 3). Table 5 shows the differ-
ences between the microbiologically cured and the failed to
cure groups. In the data, excluding a patient whose duration
of amikacin therapy was 162 days, there was no significant
difference regarding the duration of amikacin therapy
between the cured and failed groups (data not shown).
Most of the parameter values did not differ significantly
between the groups. However, BMI for the cured group
[19.9 kg/m* (15.4-26.4 kg/m?)] was significantly higher
than that of the failed to cure group [17.1 kg/m?
(14.9-20.2 kg/mz)]. Additionally, while no significant
differences in Cyouen and Cpeac values were observed
between the cured and failed to cure groups, Cpea/MIC for
the cured group [10.0 (1.5-102.4)] was higher than that of
the failed group [5.1 (0.28-19.3)]. The ratio of co-admin-
istrated antibiotics [anti-methicillin resistant Staphylococ-
cus aureus (MRSA) drugs, carbapenems, quinolones, -
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Fig. 1 Scatter plots of
population predicted
concentrations (PRED) vs.
observed concentrations (DV)
(a) and individual predicted
concentrations (IPRED) vs. DV
(b), weighted residuals (WRES)
vs. the PRED (c), the individual
weighted residuals (IWRES) vs.
the IPRED (d), the WRES vs.
time after dose (TAD) (e),
conditional weighted residuals
(CWRES) vs. the PRED (f), and
the CWRES vs. the TAD (g)
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Fig. 2 Probability to achieve the pharmacokinetic target (a Cpear/
MIC of >8) according to the single-dosing regimen and the
theoretical MIC of the strain in the Monte Carlo simulation. Cq
concentration achieved 1 h after beginning the infusion, MIC minimal
inhibitory concentration
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Fig. 3 Cumulative relative frequency of Cpe,/MIC considering MIC
distribution data from EUCAST surveillance data. C,,., concentration
achieved 1 h after beginning the infusion, M/C minimal inhibitory
concentration

lactams] with amikacin did not show significant difference
between the two groups (anti-MRSA drugs, p = 0.61;
carbapenems, p = 0.43; quinolones, p = 0.81; B-lactams,
p = 0.21).

In a subpopulation analysis, patients with UTI showed
an 83.3% microbiological cure rate (five of six patients).
One patient was not able to detect the microbiological
effect. Furthermore, Cpeu/MIC for the cured group [10.0
(1.5-102.4)] was over 8, as per the PK/PD target. On the
other hand, bacteremia and pneumonia patients showed
100% and 62.5% microbiological cure rates, respectively.
Cpea/MIC for the cured group with bacteremia [21.4
(3.6-39.2)] was over 8, as per the PK/PD target.

4 Discussion

Despite the introduction of new antimicrobial agents,
amikacin has maintained an important role in the treatment
of severe bacterial infections [1, 19]. This is especially true
in the current era of multiple drug-resistant pathogens, such

as P. aeruginosa, where the aminoglycosides have
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appeared to still have maintained high levels of in vitro
susceptibility [2]. Optimal dosage of aminoglycoside
antimicrobials is complicated by the narrow therapeutic
window for aminoglycosides and mandates accuracy in
predicting drug exposure when attempting to reduce the
risk of nephrotoxicity. The rationale for once-daily dosing
of aminoglycosides is well established [20], and several
recent studies have documented the clinical and microbi-
ological efficacies of once-daily dosing of amikacin in
combination with B-lactams during febrile neutropenia
[21, 22]. Recently, some authors recommended the higher
dose regimen of amikacin on the basis of the results of
population PK analysis, compared with the conventional
dosage (15-20 mg/day) [8, 23, 24]. Therefore, the objec-
tive of our study was to evaluate the optimal initial dosing
regimen of amikacin with population PK analysis and
Monte Carlo simulations.

In our study, we collected sparse data during routine
clinical care and analyzed the PK behavior of amikacin in
infected patients using the nonlinear mixed-effect model
(WinNonlin). As a result, the patient population comprised
35 infected patients (65 values regarding blood concen-
tration data). A two-compartment model was used, and the
following covariates were significantly correlated: CL and
CCr, and volume of distribution (V) and weight (Table 3).
In previous reports, a one-compartment model has been
usually employed, while several studies reported that the
PK of amikacin is better characterized by a two-compart-
ment model [8]. In the present study, the two-compartment
model better described the PK of amikacin, and its clear-
ance was associated with CCr in our study. Similar findings
were made in other population studies involving the other
aminoglycosides [8, 25].

Our results revealed that amikacin 15 mg/kg/day was
sufficient to achieve the PK/PD target for efficacy (a Cpeqr/
MIC of >8) in 99.9 and 0% of patients for MIC of 4 and
8 pg/mL. On the other hand, amikacin dosage at 25 mg/
kg/day was sufficient to achieve the PK/PD target in 80.4%
of patients for a MIC of 8 pg/mL. Considering that the PK/
PD breakpoint of the CLSI against Staphylococci, Enter-
obacteriaceae and P. aeruginosa is <16 pg/mL [10], cur-
rent recommended doses (15-20 mg/kg/day) are unlikely
to attain optimal PK/PD endpoints, particularly for bac-
teremia and pneumonia patients when bacterial suscepti-
bility of amikacin is >8 pg/mL. On the other hand, the
PTA for the Cyouen target (<4 png/mL) with amikacin
dosage at 10-15 mg/kg/day was more than 70%.

Additionally, we assessed the PD characteristics of the
tested regimens (10-30 mg/kg/day) by CFR considering
the distribution of MIC data of P. aeruginosa derived from
EUCAST surveillance data. We did not include a list of
pathogens with MIC distributions of P. aeruginosa isolated
from our patients. This data set cannot be used for the CFR
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Table 5 Comparison of cured Parameter Cured group Failed group P value

and failed groups
Male/female 17/6 8/1 0.36
Age (year) 66.8 [15-89] 72 [22-83] 0.96
Weight (kg) 54 [32.5-78] 46 [39-57.5] 0.23
Lean body weight (kg) 43.9 [24.6-58.4] 43.1 [30.3-49.7] 0.89
BMI (kg/m?) 19.9 [15.4-26.4] 17.1 [14.9-20.2] 0.01
Ideal body weight (kg) 56.3 [44.4-66.8] 61.4 [48.2-68.1] 0.16
Albumin (g/dL) 2.6 [1.7-4.3] 2.5[2.4-3.8] 0.51
Serum creatinine (mg/dL) 0.69 [0.27-5.58] 0.51 [0.81-3.47] 0.48
CCr* (mL/min) 61.0 [6.1-143.5] 65.2 [14.4-115.3] 0.76
AST (U/L) 40 [6-243] 26 [11-48] 0.12
ALT (U/L) 38 [11-91] 24 [7-44] 0.04
BUN (mg/dL) 18.1 [5.9-71.3] 21.7 [6.8-60.5] 0.99
Total bilirubin (mg/dL) 0.55 [0.32-3.47] 0.65 [0.39-1.37] 0.81
Duration of amikacin therapy (days) 8 [3-162] 7 [4-15] 0.47
Cpeak (ng/mL) 33.7 [14.5-85.3] 29 [8.8-77.3] 0.38
Cpea/MIC 10 [1.5-102.4] 5.1 [0.28-19.3] 0.30

Numerical data are shown as the median [minimum-maximum]. Cured group: the eradication of Gram-
positive and Gram-negative organisms. Failed group: the persistence of pathogen in laboratory samples or

the development of a new infection

ALT alanine aminotransferase, AST aspartate aminotransferase, BMI body mass index, BUN blood urea
nitrogen, CCr creatinine clearance, C,.. concentration achieved 1 h after beginning the infusion, MIC

minimal inhibitory concentration

# CCr estimates calculated according to the Cockcroft-Gault equation

calculations because of the abovementioned presumed
selection bias and partly because of the small number of
isolates. Hence, this could provide data useful for clinicians
from different countries, and it could make the comparison
with other literature easier. Consequently, 77% of the
patients achieved a Cpe,/MIC of >8 with amikacin 15 mg/
kg/day. Hence, the 15-mg/kg once-daily dosage of ami-
kacin is recommended as the initial dosage to get higher
CRF with lower toxicity.

On the other hand, the clinical efficacy rate was 71.9%
even though lower dosage of amikacin was used in this
study (average 10.0 mg/kg) (Table 1). However, most
patients received combination therapy (97.1%). Therefore,
our clinical evaluation of amikacin does not refer to the
exact microbiological efficacy of amikacin. But, in general,
amikacin is used as combination therapy, and higher Cpeax
as well as higher dose level produced higher efficacy, and
an initial dose of amikacin at 15-30 mg/kg or higher has
been recommended [26]. On the basis of the estimated
population PK parameters, we simulated the serum ami-
kacin concentration-time curves for infectious patients with
Monte Carlo simulation, and simulated probability of target
attainment of various amikacin regimens with the esti-
mated population PK parameters. This simulation demon-
strated that a conventional amikacin regimen (15 mg/
kg/day) may be too low to treat infection for an amikacin

MIC of 8 pg/mL. Moreover, for pathogens with amikacin
MIC of 16 pg/mL, PK/PD target attainment was extremely
poor, even at the highest recommended dosage of 20 mg/
kg/day, especially for bacteremia patients.

This study is subject to several limitations that should be
considered. First, this study was retrospective. Second, our
study population included not only patients infected with P.
aeruginosa, but also patients infected with other bacteria
who received amikacin. Third, the number of patients was
small. Hence, we could not assess the infection type as PK
parameter covariates. We think, and as a previous study has
revealed [27], the variety of infectious diseases is one of
the influential factors in antimicrobial PK. However, this
study was retrospective and small. The number of each
infection type was too small to evaluate the effect on
amikacin clearance and distribution volume; 11 sepsis
patients were included in our study. For just in case, while
the number was limited, we evaluated whether specific
infection type would be a covariate on amikacin clearance
and distribution volume. It was not. As a further limitation
of our study, all patients were administered concomitant
drugs. We also think our results did not show the exact
clinical effects of amikacin treatment, as mentioned above,
while we analyzed the ratio of concomitant therapies to
compare cured and failed patients. In addition, from the PK
standpoint, we made sure that concomitant treatments did

A\ Adis



186

H. Kato et al.

not significantly influence amikacin clearance and distri-
bution volume in population PK analysis. Amikacin is used
as combination therapy since some clinical studies have
shown the combined effect of amikacin and other antimi-
crobials [26]. Despite these limitations, our analyses pro-
vide a strong rationale for higher amikacin doses,
especially for bacteremia and pneumonia patients.

In conclusion, we suggest that the 15-mg/kg once-daily
dosage of amikacin is recommended as the initial dosage to
get higher PTA and CRF with lower toxicity. But, as its
maintenance dosage, the 15 mg/kg/day amikacin dosage is
needed for a MIC of <4 pg/mL, and we should avoid
amikacin monotherapy for a MIC of >8 png/mL, especially
in patients with bacteremia or pneumonia.
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