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Arbekacin, a derivative of dibekacin, is an aminoglycoside developed and widely used in Japan for the
treatment of patients infected with methicillin-resistant Staphylococcus aureus (MRSA). The population phar-
macokinetics of arbekacin was investigated in the Japanese, using 353 patients infected with MRSA and 50
healthy or renally impaired volunteers. The age of the study population ranged from 8 to 95 years, and weight
ranged from 10.8 to 107 kg. In total, 1,581 serum arbekacin concentrations were measured (primarily from
routine patient care) and used to perform the present pharmacokinetic analysis. Drug concentration-time data
were well described by a two-compartment open model. Factors influencing arbekacin pharmacokinetics were
investigated using a nonlinear mixed-effect model analysis. The best-developed model showed that drug
clearance (CL) was related to creatinine clearance (CLy), age, and body weight (WT), as expressed by CL
(liter/h) = 0.0319CL.g + (26.5/age) (CLcg < 80 mi/min) and CL (liter/h) = 0.0130 CLqg + 0.0342WT +
(26.5/age) (CLcr = 80 ml/min), The volume of distribution for the central and peripheral compartments was
different in healthy subjects and infected patients, and this difference was more pronounced among disease
types. The elderly subjects (aged 80 years or over) exhibited, on average, a 19% greater volume for the central
compartment. The volumes for the peripheral compartment were 50.6 liters in patients with pneumonia and
24.3 liters in patients with sepsis. The population pharmacokinetic parameters of arbekacin obtained here are

useful for optimal use of this aminoglycoside in the treatment of MRSA-infected patients.

Arbekacin [1-N-(S)-4-amino-2-hydroxybutyl dibekacin] is an
effective aminoglycoside antibiotic against methicillin-resistant
Staphylococcus aureus (MRSA) and is stable in the presence of
aminoglycoside-inactivating enzymes produced by MRSA (1,
10, 22). Arbekacin is a derivative of dideoxykanamycin B
(dibekacin), developed in Japan, with specific activities against
both gram-positive and gram-negative bacteria (16). The anti-
MRSA potency of arbekacin was superior to that of vancomy-
cin (1), and arbekacin showed a longer postantibiotic effect
than vancomycin did (44).

In this decade, arbekacin, vancomycin, and teicoplanin have
been used for the treatment of MRSA infections in Japan.
Similar to other aminoglycosides, arbekacin is excreted exclu-
sively in urine in its unchanged form via glomerular filtration,
and some portion is reabsorbed by tubular reabsorption. In
subjects with normal renal function receiving a single intra-
muscular dose of 3 mg/kg of body weight (typical half-life of
arbekacin is 1.5 to 2.7 h), the apparent volume of distribution
(V) is 0.28 to 0.37 liter/kg, and the total body clearance (CL) is
97 to 146 ml/min per 1.73 m? (6). In patients with severe renal
insufficiency (creatinine clearance [CLyg], <10 ml/min), the
half-life is 18.5 to 46.4 h, the apparent Vis 0.26 to 0.56 liter/kg,
and total body CL is 8 to 12 ml/min per 1.73 m* (6). Thus,
linear relationships are observed between arbekacin pharma-
cokinetics and the glomerular filtration rate.

* Corresponding author. Mailing address: Department of Hospital
Pharmacy, School of Medicine, Keio University, Tokyo 160-8582,
Japan. Phone: 81-(0)3-5363-3847. Fax: 81-(0)3-5269-4576. E-mail:
tanigawa@sc.itc.keio.ac.jp.
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Although the approved dose and dosage of arbekacin for
adult patients (150 to 200 mg per day) is usually administered
as a divided dose by intravenous or intramuscular injection,
therapeutic drug monitoring (TDM) is often used to achieve
drug concentrations within the therapeutic range for individual
patients. Since patients treated with arbekacin usually suffer
from severe infections, it is important to reach the target ther-
apeutic concentration quickly. The effective peak concentra-
tion of arbekacin is presumed to be 7 to 12 pg/ml, and the safe
trough concentration is less than 2 pg/ml. However, these
recommended serum concentrations of arbekacin were based
on other aminoglycosides, such as gentamicin, amikacin, and
tobramycin. The optimal serum concentration of arbekacin for
patients infected with MRSA has not been investigated previ-
ously.

In order to interpret individual TDM measurements and
then apply them to dose individualization, the pharmacokinetic
information in the target patient population is essential. How-
ever, only limited findings have been reported on arbekacin
disposition in a small number of subjects. In the present study,
we have conducted an open-label, multicenter study to char-
acterize arbekacin pharmacokinetics and pharmacodynamics
in a large population, including some patients infected with
MRSA. Arbekacin concentration data obtained during routine
clinical care (sparsely monitored) were collected and analyzed
by a population pharmacokinetic analysis using a nonlinear
mixed-effect model. The purpose of this article is to describe
the population pharmacokinetics of arbekacin in Japanese pa-
tients infected with MRSA, and the concentration-response
relationships are reported in a companion article (35).
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(This work was presented in part at the 43rd Interscience
Conference on Antimicrobial Agents and Chemotherapy, Chi-
cago, Illinois, 14 to 17 September 2003.)

MATERIALS AND METHODS

Material. Arbekacin, o-3-amino-3-deoxy-a-D-glucopyranosyi-(1—-»6)-0-{2,6-
diamino-2,3,4,6-tetradeoxy-a-D-erythro-hexopyranosyl-(1—4)]-1-N-[(25)-4-amino-2-
hydroxybutanoyl}-2-deoxy-p-streptamine sulfate, produced by Meiji Seika Kai-
sha, Ltd. (Tokyo, Japan) was used.

Population. Serum concentration data of arbekacin from 353 hospitalized
Japanese patients with suspected MRSA infections were collected prospectively
from 51 institutions participating in the current study, The Anti-MRSA Drug
TDM Study Group (see Acknowledgments), from 1999 through 2002. These
drug concentration data were collected as part of routine TDM data. The
following information was also collected: gender, age, body weight (WT), and
laboratory data, including serum creatinine, creatinine clearance, blood urea
nitrogen at appropriate times during arbekacin treatment, and MICs of isolated
pathogens. The CLp estimate calculated according to the Cockceroft-Gault
equation (3) was used for any patients without actual CLg measurements. The
study also accepted the associated retrospective clinical data. In cases where
blood sampling was taken as part of the routine TDM and clinical laboratory
testing, written informed consent and ethical approval were not necessary. Also,
retrospective data on 28 healthy volunteers and 22 renally impaired volunteers
(healthy subjects) were also included in the study (2, 17, 41, 42, 45). Renal
impairment severity ranged from mild to severe {CLeg = 70 ml/min (n = 1), 50
ml/min = CLcg < 70 ml/min (n = 7), 20 mi/min = CLeg < 50 ml/min (n = 11),
CLcr < 20 mi/min (n = 3)], and these individuals were not infected with MRSA.
The reasons for including healthy volunteers and renally impaired volunteers in
the analysis were as follows. (i) Because there is not much drug concentration
data for the patients, i.e., two to four concentrations for each individual, exten-
sive drug concentration data from volunteers are also used to build a structural
pharmacokinetic model. (ii) By pooling data, we can directly compare pharma-
cokinetic characteristics between healthy subjects and infected patients. (iii) We
included data from renally impaired volunteers in the analysis to investigate the
effect of renal impairment, because there was not a representative number of
patients with renal impairment among the infected patients.

Dosing schedules. In healthy or renally impaired volunteers, a single dose of
75, 100, or 200 mg was administered over 25 min by intravenous infusion to 14,
20, and 5 subjects, respectively. Three volunteers were administered 75 mg of
arbekacin every 12 h for five consecutive days, three volunteers were adminis-
tered 100 mg of arbekacin every 12 h for five consecutive days, and five volun-
teers were administered 200 mg of arbekacin every 24 h for five consecutive days.
The attending physicians of 353 hospitalized patients with suspected MRSA
infection ordered various dosing schedules, and these dosing schedules are sum-
marized in Table 1. Although the arbekacin label recommends a 150- to 200-
mg/day dose (twice-daily regimen), a once-daily regimen was actually used (23,
24) similar to the regimens of other aminoglycosides. A total of 236 patients
received concomitant antibiotic therapy, such as B-lactams, another aminogly-
coside, macrolides, quinolones, fosfomycin, and so on. It is known that there is
no pharmacokinetic interaction between arbekacin and these drugs (package

TABLE 1. Distribution of dosages and dosing intervals of 353
hospitalized patients with suspected MRSA infection

Dose or Frequency
dosing interval (%)

Doses (mg)
BT5mTS e bt

175-200 .
225-400

Dosing intervals (h)
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FIG. 1. Profile of serum arbekacin concentration versus time. A
total of 1,581 serum concentrations versus time for arbekacin following

a single intravenous infusion of 15 min to 2 h in 403 subjects are
plotted.

insert of habekacin, Meiji Seika Kaisha, Ltd., Tokyo, Japan). For 10 patients, it
was unknown whether other antibiotics had been concomitantly prescribed.

Pharmacokinetic method. Serum arbekacin concentrations were measured as
part of routine clinical monitoring at each hospital where the serum samples
were taken. The doses and sample times were accurately recorded. Sera were
stored at —20°C until analyzed. Arbekacin levels were measured by fluorescence
polarization immunoassay (FPIA) using the TDX system (Dainabot Co., Ltd,,
Tokyo, Japan). The lower limit of detection was 0.4 ug/ml. The coefficients of
variation for the assay were 3.0%, 3.8%, and 2.9% for arbekacin mean concen-
trations of 1.98, 6.10, and 11.88 wg/ml, respectively.

In a single-dose study (2, 17, 41, 42, 45), up to nine samples were drawn from
healthy or renally impaired volunteers at the following time points: 0.5, 1, 1.25,
1.5,2,4,6, 8, and 12 h after administration. For the multiple-dose study (42, 45),
for five consecutive days, up to 32 samples were drawn from healthy volunteers
at the following time points: 0.5, 1, 1.25, 1.5, 2, 4, 6, 8, and 12 h after the first dose
and the last dose and immediately before and 1 h after each dose. The concen-
trations of arbekacin in serum were determined by one of the following three
methods. A bioassay method was performed using Bacillus subtilis ATCC 6633 as
a test organism, mycin assay agar (peptone 5 g], beef extract [3 g, and agar [15
g} in 1,000 ml of distilled water, quantum sufficiat) as the assay medium, and 0.1
M phosphate buffer (pH 8.0) as the diluent (37). The lowest detectable concen-
tration of arbekacin by the cup-plate method was 0.016 pg/ml. Another method
was high-performance liquid chromatography (HPLC) with a Tri Rotor SR 2
system analyzer (JASCO Corporation, Tokyo, Japan) and TSK gel ODS 120A-5
or 10-pm column (4@ X 50 mm; Tosoh Corporation, Tokyo, Japan) by the
postlabeling method (15). The accuracy of this HPLC assay was 2.7 to 3.8% in
human serum. The lower limit of detection in serum was 0.5 pg/ml. The last
method was FPIA using the TDX system. Good linear correlations were found
among the bioassay, HPLC, and FPIA methods; thus, these three assays were
comparable (2, 17).

Pharmacokinetic model. A population pharmacokinetic analysis was per-
formed using the NONMEM program (version V) with 2a PREDPP library and
the NM-TRAN preprocessor. The pharmacokinetics of arbekacin was assumed
to follow a two-compartment model where elimination takes place from the
central compartment. We first fitted the one- and two-compartment models with
no covariates, and the results suggested that the two-compartment model better
described the current data set. The change in the objective function value
(AOBJ) between the one- and two-compartment models was 392.5 in the basic
model with no covariates, and furthermore, the biphasic elimination was showed
by the plot of serum concentration profile (Fig. 1). The basic parameters were
total body clearance (CL), volume of distribution in the central compartment
(1), volume of distribution in the peripheral compartment (V,), and intercom-
partmental clearance (Q), and these were estimated using a model from the
PREDPP library (ADVAN 3 and TRANS 4).

The interindividual variability in CL, V}, and V, was assumed to obey a
log-normal distribution, expressed by the following equations, because pharma-
cokinetic parameters are always positive and because the distribution of individ-
ual parameters is usually skewed to the right.
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In CL, = In CL + 1%,
inV,=InV,+1"
InVy = In ¥y + 17

where 7, denotes the difference between the individual parameter (CL;, ¥y, and
V,;) for subject i and the typical value (CL, V;, and V) predicted by the popu-
lation mean. The 7 is distributed with a mean of zero and a variance equal to w”,
The addition of w on Q resulted in no improvement of model fitting. Therefore,
w for Q was not included in the population model.

The models also included estimates of the residual random error for arbekacin
(g). The residual random errors are composites of assay errors, intraindividual
changes in the pharmacokinetic parameters, and model misspecification errors.
The distribution of £ was assumed to be normal and was characterized by a mean
of zero and a variance, o%, which can be estimated by NONMEM. The residual
variability was modeled by an additive error according to the equation Cp = F +
g, where Cp is the observed serum arbekacin concentration and F is the concen-
tration predicted from the compartmental model.

Factors affecting the pharmacokinetics of arbekacin. Starting from a simple
two-compartment model, covariates that might influence the pharmacokinetics
of arbekacin were stepwise added one by one to the basic model. About CL, first
the individual posthoc estimates of arbekacin CL were obtained from the basic
model before a covariate was added into the model, and then the linear rela-
tionship between arbekacin CL and CLcy was obtained. Moreover, we also
obtained the upper limit of the linear relationship. Since CLcg is a useful
parameter describing renal function, we thought CLcg as a covariate influencing
arbekacin clearance was reasonable. Therefore, a fixed-effect variable, ie.,
CLcg, was added into the basic model. As an upper limit of the linear relation-
ship between arbekacin CL and CLcg, we explored 60, 80, 100, or 120 ml/min as
possible breakpoints. Moreover, the CL was modeled as being proportional to
both CLg and body weight in patients with normal renal function. For each
model, the improvement in the fit obtained on addition of a fixed-effect variable
into the overall mode! was assessed by the difference in the objective function,
which is equal to —2(log likelihood difference). This difference is asymptotically
distributed as x* with degrees of freedom equal to the number of added/reduced
parameters. A change in the objective function value of 3.84 with freedom of
unity represents a statistically significant (P < 0.05) model improvement. Thus,
the regression coefficients (8) of the patients CLcg values of =80 ml/min and
<80 ml/min were assumed to be different.

CL = 8,CLcx (CLex < 80 ml/min)
CL = 8,CLeg + 8sWT (CLeg = 80 mi/min)

where CL is a typical value of clearance. Whether the other covariates, such as
age and sex, influenced arbekacin clearance were examined by adding them one
by one into the model. In the same way, we estimated a covariate influence to ¥,
and ¥,. All covariates investigated were as follows: (i) WT, age, elderliness, sex,
and disease types on ¥, and (ii) WT, elderliness, and disease types on V,. When
the effect of elderliness was considered for V;, even after WT and disease types
were taken into account, ¥y cigerty = 9101 nonelderly-

The influence of elderliness was tested by two models with different break-
points. In model 1, age of <65 years versus age of =65 years was tested (AOBJ =
6.5, P = 0.011). In model 2, age of <80 years versus age of =80 years was tested
(AOBJ = 10.3; £ = 0.001).

Since model 2 fit the data better, we chose 80 years as the breakpoint for
elderliness. In addition, dividing the population into three subgroups on the basis
of two breakpoints (65 and 80 years) showed no further improvement on model
fitting. No covariate affected the intercompartmental clearance.

Validation of the developed population pharmacokinetic model. The bootstrap
resampling procedure is often used for evaluating the stability and robustness of
a population model by repeatedly fitting it to the bootstrap samples when there
is no test data set (5). A bootstrap involves repeated random sampling, with
replacement, of the original data set to produce another data set of the same size
as the original but with a different combination of subjects. The bootstrap
resampling was repeated 200 times to evaluate whether an appreciable discrep-
ancy existed between the parameter values estimated from the original data and
the estimated bootstrap mean values. The entire procedure was performed in an
automated fashion using DOS batch files, Microsoft Excel routines, and Awk
scripts, in conjunction with NONMEM (30). The bias, expressed as the mean
prediction error of observed and model-predicted concentrations, and the pre-
cision, root mean square prediction error, from the final population model, were
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TABLE 2. Description of patient data used in the
pharmacokinetic analysis of arbekacin®

Characteristic Value
NO. Of SUDJECES o 403
Males/females ... 275/128
Age (yr) (mean = SD) [range] ..coocoers 61.5 = 19.1 [8-95]
WT (kg) (mean * SD) [range]......cocovenn. 54.4 = 12.7 [10.8-107]

Creatinine clearance (ml/min)
(mean * SD) [range] ...
Serum creatinine level (mg/100 mi)

88.4 + 60.5 (52)° [2-458]

(mean = SD) [range] .coovvvineiinnnnen: 1.05 = 1.29 (385)° [0.2-11.5]
Healthy male volunteers... 8
Renally impaired volunteers...........coevvee. 22
Patients with pneumonia.. 2354

Septicemic patients
Patients with other infectious

ISEASES c.ovvveiviiiciriecire et
No. of serum samples
No. of samples/subject (in repetitive

dosing) (mean = SD) [range] .......co..... 3.9 * 4.4 [1-32]

@ All patients and volunteers were Japanese.

& Number of actual CLpg measurements.

¢ Number of patients whose laboratory test data were available.
4 Ten patients suffered from both pneumonia and septicemia.

compared with the mean bias and mean precision obtained from the 200 boot-
strap analyses.

RESULTS

Patients. Table 2 summarizes the characteristics of the sub-
jects participating in the current study. Their ages ranged from
8 to 95 years, their weights ranged from 10.8 to 107 kg, and 128
of the patients were female. Two children who were 8 years old
were included, and the other children were more than 16 years
olds. A total of 215 subjects were older than 65 years, and 66
subjects were older than 80 years. Most of the starting dose
regimens were 100 mg twice a day (32.6% of all patients). At
the end of treatment, however, the majority of dose regimens
were 200 mg once a day (31.2% of all patients) compared with
20.7% taking 100 mg twice a day.

A total of 1,581 serum samples were obtained from 403
subjects, for an average of 3.92 samples per subject, a median
of 2 samples per subject, and a range of 1 to 32 points per
subject. For 89.2% of the subjects, more than two serum sam-
ples were taken to determine arbekacin concentration. Many
samples were drawn at the end of infusion and/or immediately
before the next administration. Figure 1 contains a plot of all
serum concentrations versus postdose sampling time.

Population pharmacokinetic parameters of arbekacin, Ta-
ble 3 shows the results of hypothesis testing for each factor that
was included in the full model. In patients with a CL-g of =80
ml/min, both 85 and 6, were significantly different from zero,
indicating that CL was related to both body weight and creat-
inine clearance. In contrast, in patients with CLg of <80
ml/min, only CLg was a significant factor, while body weight
showed an insignificant effect, suggesting that the CL in this
population has a simple relationship with CLg. These find-
ings suggest that the arbekacin dose is usually determined on
the basis of a patient’s renal function but that body weight must
be taken into account for patients with normal renal func-
tion. The estimated arbekacin clearance determined by the

90



VoL. 50, 2006

POPULATION PHARMACOKINETICS OF ARBEKACIN

3757

TABLE 3. Hypothesis testing for factors affecting pharmacokinetics of arbekacin

Question Model compared OBJ AOBJ (-21.1d.)° P value
Full model® 2,949.705
Is CL proportional to CL&g?
CLeg < 80 ml/min Full model vs 8; = 0 3,094.280 144.575 <0.001
CLcg = 80 ml/min Full model vs 85 = 0 2,963.974 14.269 <0.001
Is CL proportional to patient WT? (CL-; = 80 ml/min) Full model vs 65 = 0 2,968.591 18.886 <0.001
Is CL inversely proportional to age? Full model vs 685 = 0 2,971.777 22.072 <0.001
Do patients with pneumonia or sepsis have different ¥, values? Full model vs 63 = 1 3,006.228 56.523 <0.001
Do patients with other infections have different V/; values? Full model vs 85 = 1 2,969.434 19.729 <0.001
Full model vs 8¢ = 65 2,954.717 5.012 0.025
Do elderly people have different V; values? Full model vs 8,5 = 1 2,955.665 5.960 0.014
Do patients with infectious diseases other than pneumonia Full model vs 8,;, = 1 2,972.816 23.111 <0.001
have different 1, values?
Do patients with pneumonia have different V,, values? Full model vs 6,, = 1 2,953.524 3.819 0.05
Full model vs 8,5, = 8, 2,966.097 16.392 <0.001

? ~2L1Ld., —2(log likelihood difference).

4 CL = 8,CLcg + (67/age) (CLeg < 80 mi/min), CL = 8sCLcg + 8sWT + (85/age) (CLcg = 80 mi/min) V, healtny = 82WT, Vy = 88V} peanny (PnEumonia or sepsis),

V1 = 85V} neanny (infections other than pneumonia and sepsis), V, ctderty = 810¥1 nonetdertys V2 heattny = 835

(pneumonia), Q = 8,.

Bayesian method using the basic model versus CLqg is
shown in Fig. 2.

The population mean of I/, was 0.170 (liter/kg). Patients
with pneumonia or sepsis increased the V; value significantly
by 60% (85), and patients with infections with the exceptions of
pneumonia and sepsis increased the V value significantly by
40% (8,) compared to subjects who were not infected. Figure
3 shows the individual V; values for healthy subjects and pa-
tients with infectious diseases classified by the type of illness.
These V', values were calculated by the Bayesian method using
the final model. Moreover, the elderly subjects over 80 years
showed a 19% increase in V.

The ¥, was 15.7 liters in healthy subjects, and the ¥, in
patients with infectious diseases was larger than that of healthy
subjects. The V, value in patients with pneumonia is especially
large, i.e., 3.2 times larger than the V, value in healthy subjects
and twice as large as the V), value in patients with infections
with the exception of prneumonia.

The final estimates for the population pharmacokinetic
parameters of arbekacin are summarized in Table 4. Fig. 4

100 150 200 250 300
CLg (ml/min)

FIG. 2. Estimated individual clearance of arbekacin versus creati-
nine clearance actually measured or estimated by the Cockroft-Gault
method. The two lines represent the population mean described in the
final model with a break at 80 ml/min of creatinine clearance.

0 50

91

V3 = 8:1¥2 neanny (except pneumonia), ¥, = 8,503 peatny

shows scatter plots of predictions versus observed concen-
trations and weighted residual versus predictions. The in-
terindividual variability in CL, ¥, and V, were estimated
as 38.8, 37.1, and 164.6%, respectively, and intraindividual
residual variability for arbekacin concentrations was
1.07 pg/mi.

Model validation. The final model was fitted repeatedly to
200 bootstrap-resampled data sets. The average parameter val-
ues obtained from the bootstrap analyses and the final esti-
mates from the original data set are compared in Table 5.

P<0.001
’ P<0.001
l P<0.001
1 ! ;
o
= o
%" o
-
> o
0.1 N - 3
W o™ S\
e Q‘\eg:\ o o° Qi%e@e

ot

FIG. 3. Box and whisker plots showing V; values for healthy sub-
jects (n = 50) and patients with infectious diseases classified by the
type of illness, pneumonia or sepsis (n = 285), burn (n = 15), or other
disease type (n = 53). V, values (liter/kilogram) calculated by the
Bayesian method and 25, 50, and 75 percentiles, whiskers at += 1.5
times the interquartile range, and outliers are denoted. The differences
between healthy subjects and patients with various diseases were tested
by the Dunnett test. The data were log transformed to approximate a
normal distribution.
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TABLE 4. Final estimates of population pharmacokinetic
parameters for arbekacin

Final estimate of population arbekacin pharmacokinetic parameter

Population mean parameters
CL (liter/h) = 0.0319CLcg + (26.5/age) (CLeg < 80 ml/min)
CL (liter’h) = 0.0130CLcg + 0.0342WT + (26.5/age) (CLcg =
80 ml'min)
V, (liter kg) = 0.170WT for healthy subjects (no infections)
Iy (liter kg) = 0.272WT for patients with pneumonia or sepsis
Vy (liter kg) = 0.238WT for patients with infections other than
pneumonia and sepsis
V) ciden, (iter) = L19V) Loneideny (elderly, =80 yr old)
V, (liter) = 15.7 for healthy subjects
V, (liter) = 50.6 for patients with pneumonia
V, (liter) = 24.3 for patients with infections other
than pneumonia
Q (liter/h) = 3.84
Interindividual variability
w (CL) = 38.8%
o (V) =371%
o (V,) = 164.6%
Intraindividual residual variability (¢ = 1.07 pg/ml)

Apart from the largest difference of 16% (8,,), the other pa-
rameter differences were less than 6%. The result of bootstrap
analysis validation indicated that the reliability and robustness
of the parameter estimates and thus the population pharma-
cokinetic model was acceptable. The bias, expressed as the
mean prediction error, of the final model was 0.066 pg/mi,
while the mean bias (95% confidence interval) obtained from
the 200 bootstrap analyses was 0.068 wg/ml (0.058 to 0.077
wg/ml). The precision, expressed as root mean square predic-
tion error from the final population model was 2.06 pg/ml, and
the mean precision (95% confidence interval) obtained from
the 200 bootstrap analyses was 2.07 pwg/ml (2.05 to 2.08 g/ml).

TABLE 5. Bootstrap validation of the estimated population
pharmacokinetic parameters in the final model

Parameter® Final model estimate Bootstrap mean® Difference
(95% CI)® (95% CI) (%)*
9; 0.0319 (0.021-0.043) 0.0322 (0.021-0.045) 0.85
0, 0.17 (0.153-0.187) 0.167 (0.146-0.187) -2.0
0, 15.7 (12.1-19.3) 14.9 (8.99-20.3) =51
0, 3.84 (3.07-4.61) 4.01 (3.08-6.35) 43
8 0.013 (0.0013-0.0247) 0.0123 (0.0014-0.0242) =51
06 0.0342 (0.0042-0.0642)  0.0362 (0.0062-0.0639) 5.8
6, 26.5(3.57-49.0) 27 (6.16-53.3) 1.9
0g 1.6 (1.42-1.78) 1.62 (1.44-1.89) 12
[ 1.4 (1.20-1.60) 1.43 (1.22-1.70) 1.9
610 1.19 (1.01-1.38) 1.17 (0.75-1.36) -17
05 1.55 (1.08-2.02) 1.81 (1.04-4.32) 16.0
6, 322 (2.36-4.08) 3.1(1.21-4.71) -39
w? 0.151 (0.082-0.220) 0.152 (0.084-0.236) 0.91
w,” 0.138 (0.102-0.174) 0.142 (0.103-0.220) 3.1
w52 271 (0.20-5.22) 2.72 (0.022-6.61) 0.39
a* 1.15 (0.74-1.56) 1.12 (0.70-1.54) -2.5

¢ 9s are the population mean parameters. Refer to the footnote of Table 3 for
the denotation of each 8 parameter.

®959% CI, 95% confidence interval.

¢ Mean of 200 bootstrap repetitions.

4 The difference between the final model estimate and bootstrap mean is
calculated as follows: [(bootstrap mean — final model estimate)/final model
estimate] X 100.
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FIG. 4. Scatter plots of predictions versus observed concentrations
and weighted residual versus predictions.

DISCUSSION

Arbekacin is an aminoglycoside antibiotic widely used in
Japan for the treatment of patients infected with MRSA. The
TDM of arbekacin is conducted as part of routine patient care
for optimization of individual arbekacin therapy, similar to
other aminoglycosides. It was reported that the rate and extent
of bacterial killing by aminoglycosides are concentration de-
pendent (12, 26, 27), and the occurrence of oto- and nephro-
toxicity is partly related to aminoglycoside exposure (9, 34).
Therefore, the pharmacokinetic information of arbekacin in
the target patient population is necessary not only for dose
individualization but also for analysis of exposure-response
relationships.

In recent years, the population pharmacokinetic models of
aminoglycosides were reported for gentamicin (33), amikacin
(32), and tobramycin (4). In the present study, we developed
the population pharmacokinetic model and obtained its pa-
rameters for arbekacin in patients infected with MRSA. Simul-
taneously, factors affecting the pharmacokinetics of arbekacin
were found by using nonlinear mixed-effect modeling. Al-
though the pharmacokinetics of arbekacin was studied previ-
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ously, only a small amount of data was published (13, 39) and
these reports used a one-compartment model. The one-com-
partment model trends towards overestimation of concentra-
tion at early time points and underestimation at later times
(33). Alternatively, the serum concentration profiles of arbeka-
cin were fitted to a two-compartment model in this study,
because enough data were obtained to perform a population
pharmacokinetic analysis. Five to 32 serum concentrations
were obtained from each healthy volunteer, and more than two
samples per individual were obtained from 89% of the pa-
tients.

CLcg is one of the most important factors affecting arbeka-
cin disposition, because arbekacin is mainly excreted by glo-
merular filtration. The percentage of urinary excretion for a
24-h period was 70 to 85% following intravenous infusion in
healthy volunteers (45). The dependence of arbekacin CL on
CL-r was more obvious in patients with insufficient renal
function, while patients with a normal range of CLp values
showed less dependence, since they had sufficient renal func-
tion. In this study, we used the Cockcroft-Gault equation for
the estimation of CLqg, because this equation is the most
widely used formula in clinical practice. It has also been sug-
gested that aminoglycoside clearance itself may be a better
predictor for renal function than CLcy is (14); however, we
often need to decide the first dose using population pharma-
cokinetic parameters before therapeutic drug monitoring.
Therefore, we need a predictor for renal function other than
aminoglycoside clearance. We estimated the CLy value of 80
ml/minute for the breakpoint and classified two groups (Table
4 and Fig. 2). The breakpoint depends on the data; for exam-
ple, 85 ml/minute was used for a population analysis of vanco-
mycin (46), and a small pharmacokinetic study of arbekacin
suggested 60 ml/minute (36). For many drugs, body size pa-
rameters, such as body weight, have been suggested as factors
responsible for individual variability in pharmacokinetic pa-
rameter estimates. In this analysis, body weight was used as a
covariate to help explain the variability in nonrenal clearance
for patients with normal renal function. Moreover, CL of ar-
bekacin was inversely proportional to age, even after correc-
tion by CLcr (Table 4). This was probably due to several
factors that are common in the elderly, such as diminished
cardiac function, concomitant illness, and concurrent drug
therapy. Zaske et al. reported that the gentamicin clearance
decreased in elderly patients with normal renal function; clear-
ance of patients older than 80 years was 60% that of young
patients (47).

The volume of distribution of arbekacin significantly in-
creased in patients with pneumonia, sepsis, and other infec-
tious diseases secondary to burns compared to noninfected
subjects (Table 4). The present result was in agreement with
several previous studies in that the I/ values of aminoglycosides
were larger in infected patients. For example, the mean V of
gentamicin or tobramycin in patients with sepsis was signifi-
cantly larger than that in healthy volunteers (by 60%) (29), and
Marik showed that the APACHE 1I score, severity of illness
scoring system, and the V' of amikacin had a correlation coef-
ficient of 0.7 (21). Longley et al. (20) suggested that patients
with AIDS may have an increased aminoglycoside V. Due to
lower body weight and decreased serum albumin concentra-
tions, the AIDS patients could have increased extracellular
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body water because the percentage of water may be increased
in nutritionally deficient people. It was shown that the V' of
gentamicin was increased in the critically ill, and Triginer et al.
showed that the change in V for single-dose gentamicin was
dependent on time, and then they suggested that larger main-
tenance doses were required to achieve peak therapeutic levels
during the initial days of therapy (43). Moreover, Tang et al.
(40) reported that the hyperdynamic septic patients had a
higher V' of gentamicin than hypodynamic septic and control
patients and that V for the critically ill infected surgical pa-
tients was linked to the cardiac index and severity of disease.
This is consistent with the hypothesis that the increased airway
pressure and then intrathoracic pressure will compromise the
peripheral venous return, which in turn induces fluid retention
and increased ¥ (40). Recently, Lingvall et al. (19) reported a
14% increase in V in septic neonates using population phar-
macokinetic analysis, which indicated that gentamicin V in-
creased during sepsis not only in adults but also in neonates. It
is widely accepted that increased V' in patients with sepsis
during the acute phase of this disease has been attributed to
increased capillary permeability, resulting in extravascular fluid
sequestration following vigorous fluid resuscitation (43).

Arbekacin is a highly charged drug that is minimally protein
bound (25) and insoluble in lipids (31), seems to have a volume
distribution similar to that of the extracellular space, similar to
those of other aminoglycosides (21). Therefore, it is thought
that a larger V' is caused by the increased extracellular space
because an infectious disease often results in diffuse microcap-
illary injury with endothelial damage and interstitial tissue
edema. In this study, the average V' value for the peripheral
compartment in patients with pneumonia was particularly
large compared to the V., value in patients with sepsis and
threefold larger than that of healthy volunteers (Table 4). In
addition, the variability of individual V' values in patients
with pneumonia was much larger than that of healthy sub-
jects (Fig. 3).

Several drugs exhibit altered pharmacokinetics in burn pa-
tients. Studies on the pharmacokinetics of intravenous cipro-
floxacin (8, 18) showed that ciprofloxacin clearance decreased
in burn patients, and a moderate inverse correlation was noted
between percent body surface area burned and total body
clearance of ciprofloxacin. In the present study, it was also
observed that the V values of arbekacin in burn patients in-
creased compared with those of healthy subjects. We examined
whether there was any correlation between individual I values
and the burn index, which indicates the area and degree of
serious injury, but no statistically significant correlation was
obtained. A possible explanation for the lack of correlation was
that many patients were infected with MRSA more than a
week after the burn injury, and the timing of arbekacin dose
was different from that typically used during the most serious
burn stage.

Age was also a factor influencing the V of arbekacin in this
study, and elderly people aged 80 years or over showed a V)
increase of 19% (Table 4). This result is in agreement with
previous reports, for example, elderly people aged 65 years or
over showed an arbekacin V increase of 19% (36), and the V/
of gentamicin increased by 22% in elderly people over 60 years
compared with young subjects under 40 years (47). Since ami-
noglycosides are minimally protein bound and insoluble in
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FIG. 5. Simulated serum arbekacin concentration profiles in differ-
ent situations. (A) Comparison of data from a healthy subject and a
patient with pneumonia with the same background and dosage regi-
men (100 mg/12 h). (B) Simulation curve of data for a pneumonia
patient with a once-daily regimen (200 mg/24 h). (C) Simulation curve
of data for a patient with pneumonia with renal impairment. The target
peak concentration is not lower than 7 pg/mi (broken lines), and the
trough concentration is lower than 2 pg/ml (dotted line).
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lipids, the increase in V'in the elderly is contrary to the increase
in total body weight fat fraction in the elderly. The mechanism
for altering V in aged subjects has not been clarified.

On the basis of the estimated population pharmacokinetic
parameters, we simulated the serum arbekacin concentration-
versus-time curves for healthy subjects and patients with pneu-
monia (Fig. 5). The current labeled dosage for arbekacin (100
mg twice daily) never achieves the peak level of 6 wg/ml in
patients with pneumonia (Fig. 5A), while the same dose and
dosage can reach 7 pg/ml in healthy subjects (Fig. 5A). In
contrast, when the same daily dose (200 mg) was administered
once daily to pneumonia patients, the peak level of arbekacin
reached 10 pg/ml, suggesting a higher expected efficacy (Fig.
5B). Serum arbekacin concentration profiles were also simu-
lated for other infections with similar results, i.e., the standard
dosage regimen did not reach the effective peak concentration
for infected patients. To prevent nephrotoxicity caused by ami-
noglycosides, the trough concentration should be sufficiently
low. A widely accepted target trough level is <2 wg/ml, but for
once-a-day administration, a trough level of <1 pg/ml should
be maintained as a safety margin (28). Nephrotoxicity by ami-
noglycosides is generally reversible upon discontinuing treat-
ment or upon careful monitoring and control of serum drug
concentration. The present population pharmacokinetic pa-
rameters for arbekacin are extremely useful when considering
the most suitable dose and dosing regimen for individual pa-
tients. For example, in a pneumonia patient with CLcg of 20
ml/min, the pharmacokinetic simulation suggested a 200-mg
dose administered by 48-hour dosing interval (Fig. 5C).

At present in Japan, the antibiotics used for the treatment of
MRSA are arbekacin, vancomycin, and teicoplanin. Vancomy-
cin and teicoplanin are glycopeptide antibiotics, which possess
antimicrobial efficacy to gram-positive bacteria but not gram-
negative pathogens. The advantage of arbekacin includes ac-
tivity against both gram-positive and gram-negative bacteria,
including Pseudomonas aeruginosa. Moreover, there has been a
severe problem since the emergence of MRSA strains resistant
to vancomycin and teicoplanin (11, 38). In contrast, resistance
to arbekacin is rarely seen, because arbekacin is not inactivated
by aminoglycoside-modifying enzymes. A new metabolite of
arbekacin has been identified from arbekacin-resistant strains
of MRSA (7) and does not appear to cause any clinical com-
plications.

In conclusion, a population pharmacokinetic model and
parameters for arbekacin were obtained from 1,581 serum
concentrations of 403 subjects. The population mean clear-
ance in patients with a CLcg of <80 ml/min was related to
CLer and age, while clearance in patients with a CLcg of
=80 ml/min was associated with CLg, age, and WT. The
volume of distribution was different in noninfected and in-
fected subjects, and also among different disease types.
When patients were over 80 years, age also affected the
central volume of distribution. The present results are use-
ful for the initial dosage recommendation as well as for
individualization of arbekacin dosing via TDM. The popu-
lation pharmacokinetic parameters are also useful in ana-
lyzing relationships between drug exposure and response as
described in a companion article (35).
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Arbekacin is widely used in Japan for the treatment of patients infected with methicillin-resistant Staphy-
lococcus aureus (MRSA). In this study, we have determined the optimal concentration targets of arbekacin for
both efficacy and safety. A pharmacokinetic-pharmacodynamic analysis was performed to relate exposure to
the drug and clinical cure/improvement or nephrotoxicity. Since we have reported the population pharmaco-
kinetic parameters for arbekacin in the preceding paper (Y. Tanigawara, R. Sato, K. Morita, M. Kaku, N.
Aikawa, and K. Shimizu, Antimicrob. Agents Chemother. 50:3754-3762, 2006), individual exposure parame-
ters, such as area under the concentration-time curve (AUC), peak concentration (C,,,,), AUC/MIC, C,,../
MIC, and trough concentration (C,,) were estimated by the Bayesian method. Logistic regression was used
to describe the relationship between exposure to the drug and the probability of clinical cure/improvement or
nephrotoxicity. For the clinical efficacy analysis, 174 patients confirmed to have an MRSA infection were
evaluated. The C,,,, C ., and AUC of arbekacin were associated with the probability of clinical cure/
improvement during monotherapy. It was shown that the probability of cure/improvement rose when the C, .
of arbekacin was increased, with an odds ratio of 6.7 for a change in C,,, from 7.9 to 12.5 pg/ml (P = 0.037).
For the nephrotoxic risk analysis, 333 patients were included, regardless of whether a pathogen was identified.
Logistic regression analysis revealed C,,;, and AUC as risk factors of nephrotoxicity (P < 0.005). The estimated
probabilities of arbekacin-induced nephrotoxicity were 2.5, 5.2, and 13.1% when the C,,, values were 1, 2, and
5 ug/ml, respectively. The present findings are useful for optimizing the individual dose of arbekacin for the

treatment of MRSA-infected patients,

Methicillin-resistant Staphylococcus aureus (MRSA) bacte-
ria have acquired stable resistance against most clinically avail-
able antibiotics. At present, MRSA infection is treated mainly
with vancomycin. However, clinical isolates of S. aureus with
reduced susceptibility to vancomycin, known as glycopeptide-
intermediate S. aureus or vancomycin-intermediate S, aureus
have recently been reported in Japan, the United States, and
Europe (5, 16, 20). On the other hand, in Japan, arbekacin has
been successfully used to treat MRSA infections for more than
10 years.

Arbekacin, a derivative of dibekacin, is active against MRSA
and both gram-positive and gram-negative bacteria (8). More-
over, arbekacin is not affected by the inactivating enzymes
produced by MRSA (9). A killing curve study demonstrated
that the bactericidal activity of arbekacin depended critically
on its concentration (1). As with other aminoglycosides, ar-
bekacin is eliminated exclusively into the urine as the un-
changed form via glomerular filtration and tubular reabsorp-
tion. There is a linear relationship between arbekacin
pharmacokinetics and the glomerular filtration rate (4).

Although therapeutic drug monitoring (TDM) of arbekacin
has become a common practice to maintain drug concentra-

* Corresponding author. Mailing address: Department of Hospital
Pharmacy, School of Medicine, Keio University, Tokyo 160-8582,
Japan. Phone: 81-(0)3-5363-3847. Fax: 81-(0)3-5269-4576. E-mail:
tanigawa@sc.itc.keio.ac.jp.
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tions within a therapeutic range, the target concentrations of
arbekacin used to monitor efficacy and toxicity are determined
simply on the basis of knowledge of other aminoglycosides,
such as gentamicin, amikacin, and tobramycin (12, 15, 22). To
date, the exposure-response relationship for arbekacin in pa-
tients infected with MRSA has not been established.

For aminoglycosides, there is evidence that the efficacy in
patients with gram-negative bacterial infections is influenced
by the early onset of a high peak concentration/MIC ratio (3,
6, 7, 11). In these studies, to estimate the correlation of phar-
macokinetic-pharmacodynamic indices with therapeutic out-
comes in patients receiving aminoglycosides, the peak concen-
tration was obtained from measurements 1 h after infusion
(11) or extrapolated from the actual concentration obtained
approximately 30 min after the end of a 30-minute infusion (3,
6, 7).

In the companion article (21), we reported the population
pharmacokinetic parameters of arbekacin for patients infected
with MRSA. Once population pharmacokinetic parameters
have been obtained, the Bayesian forecasting method is appli-
cable for predicting the serum drug concentration-time curve
in each patient on the basis of a limited number of drug
concentration measurements. These predicted serum drug
concentration profiles are useful to estimate individual expo-
sure parameters to arbekacin and to analyze the relationship
between exposure and response.

In the present study, we analyzed the pharmacokinetic-phar-
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TABLE 1. Distribution of doses and dosing intervals of hospitalized
patients with suspected MRSA infection

Dose or Frequency
dosing interval (%)
Doses (mg)

macodynamic relationship of arbekacin to determine the drug
exposure parameters that correlate with the efficacy and safety
of this drug and to obtain the optimal target values of these
parameters.

(This work was presented in part at the 43rd Interscience
Conference on Antimicrobial Agents and Chemotherapy, Chi-
cago, Illinois, 14 to 17 September 2003.)

MATERJALS AND METHODS

Patients. Clinical data were obtained from a noninterventional observational
study performed at 51 institutions, members of The Anti-MRSA Drug TDM
Study Group (see Acknowledgments) from 1999 through 2002 (21). The serum
drug concentration data of hospitalized patients treated with arbekacin for a
suspected MRSA infection were collected as routine therapeutic drug monitor-
ing data. The following information was also collected: sex, age, body weight, and
laboratory data at appropriate times during arbekacin treatment. Regarding
laboratory data, a calculated creatinine clearance (CL¢g, evaluated by the Cock-
croft-Gault equation) was used for each patient. The most common regimen was
150 to 200 mg/day once or twice a day. However, the dosage of arbekacin of each
patient was individualized on the basis of the TDM data, and various dosing
schedules were used according to physicians’ decisions (summarized in Table 1).
Not only each dose but also the dosing interval varied, and the dosing regimen
was changed within an individual patient during treatment as needed. The
clinical response and toxicity were assessed by the physicians in charge and then
confirmed by the study committee on the basis of the overall outcome data.
Clinical cure was assessed as the resolution of signs and symptoms on the basis
of the concentration of C-reactive protein, patient temperature, leukocyte count,
eradication of pathogen from serum, and X-ray findings. Toxicity was assessed on
the basis of clinical laboratory tests and the causal relationship between drug
treatment and occurrence/recovery of adverse events. Since blood samples were
taken as part of the routine patient care for TDM and laboratory testing, written
informed consent and approval from each institutional review board were not
necessary, but the highest standard of privacy policy was applied.

MIC determination. The MICs of arbekacin against isolated pathogens were
determined at each laboratory by the standard method, which was the broth
microdilution method as described by the Clinical and Laboratory Standards
Institute (CLSI) (formerly National Commitiee for Clinical Laboratory Stan-
dards {NCCLS]) (14).

Drug concentration monitoring. The infusion of arbekacin lasted from 15 min
to 2 h. Exact times of dosing and blood sampling were always recorded. An
arbekacin assay was performed as part of the routine laboratory test at each
hospital using the same reagents and common protocols. Arbekacin concentra-
tions were determined by a fluorescence polarization immunoassay using TDX
arbekacin assay kit (Dainabot Co., Ltd., Tokyo, Japan). The assay coefficients of
variation were 3.0, 3.8, and 2.9% for mean arbekacin concentrations at 1.98, 6.10,
and 11.88 pg/ml, respectively. The lower limit of detection was 0.4 p.g/ml (coef-
ficient of variation, 9.7%).

Estimation of individual drug exposure. Complete details on the population
pharmacokinetic modeling and results for arbekacin are described in the com-
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panion article (21). Briefly, arbekacin pharmacokinetics was described using a
two-compartment model with elimination of the central compartment. The phar-
macokinetic parameters included total body clearance (CL), volume of distribu-
tion in the central compartment, volume of distribution in the peripheral com-
partment, and intercompartmental clearance. The population mean CL was
related to CLcg, age, and body weight (WT), as expressed by the following
equations.

CL(liter/h) = 0.0319CLcg + (26.5/age) (for subjects with a CLcg of <80 mi/min)
CL(liter/h) = 0.0130CLex + 0.0342WT + (26.5/age) (for subjects with a CLcg of =80 ml/min)

The Bayesian forecasting method was employed to estimate individual pharma-
cokinetic parameters using serum drug concentration measurements and the
population parameters. Figure 1 shows the scatter plot of individual predicted
concentrations versus observed concentrations. The estimated parameters al-
lowed us to predict an individual serum concentration-time curve and to estimate
the area under the serum concentration-time curve from time zero to 24 h
(AUCq ,,), peak concentration (Cp,y), and trough concentration (Cryn)- The
Crnax and Coy, values were estimated for individual patients at the end of the
infusion and immediately before starting the next infusion, respectively.

Evaluation of clinical response. Clinical response was determined at the end
of therapy by the physicians in charge and then confirmed by the experts on the
study committee. Patients’ response to therapy was classified as follows. (i) A
cure was defined as resolution of clinically significant signs, such as patient
temperature, leukocyte count, C-reactive protein, eradication of the pathogen
from serum, and improvement or resolution of X-ray findings. (ii) Improvement
was defined as partial resolution of clinically significant signs or improvement or
resolution of X-ray findings. (iii) Slight improvement was defined as slight res-
olution of clinically significant signs or improvement or resolution of X-ray
findings. (iv) Failure was defined as no response to therapy. (v) Indeterminate
was defined as unable to evaluate because the patient was not available for the
follow-up evaluation. Cure and improvement were both considered an effective
response. Failure was considered an ineffective response.

All patients were evaluated for treatment-related adverse events regardless of
whether the clinical response could be evaluated. Nephrotoxicity was determined
on the basis of laboratory data, such as serum creatinine and blood urea nitrogen
levels.

Pharmacodynamic analysis. Data were analyzed with SAS (version 8). The
analysis of patient data included sex, combination therapy, disease type (pneu-
monia, sepsis, others), and use of antifungals as categorical variables, as well as
age, body weight, CLeg, MIC, and pharmacokinetic-pharmacodynamic indices,
including Cpax Crmins AUCy24s AUC yr (cumulative AUC, which was calculated
as the sum of AUC,_,, values throughout the treatment period), first-Cpax {Crrax
of the first dose), CpaMIC, AUCy_5y/MIC, and first-C,,,/MIC as continuous
variables. Because the clinical response was determined at the end of the ther-
apy, the Cp;, value used for the exposure-toxicity analysis was the arbekacin
concentration immediately before the last administration. As for Cp,,y, the high-
est C,ay value during the treatment period was used to examine the potential

£ 30
s}
g
§ 25
=
8 20
5315
)
= 10
j=3
g
s 5
bl
=

0

0 5 10 15 20 25 30
Observed concentration (pg/ml)
FIG. 1. Scatter plot of individual predictions versus observed con-

centrations. Lines of identity (solid line) and regression (broken line)
are shown.
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association with the probability of cure/improvement, because the individual
Coax Values were varied during the treatment due to changes in dose and dosing
interval according to TDM. In most cases, the highest C, ., was provided by the
optimal dosing regimen adjusted by TDM. Furthermore, the first-C,,,, which
was the peak concentration of the first dose, was also tested, because a previous
paper (6) reported that the higher C,,/MIC of an aminoglycoside within the
first 48 h was associated with temperature resolution and leukocyte count reso-
lution. The Cp,,,MIC and AUC,_,/MIC were also considered as categorical
variables, which were divided into breakpoints of C,,/MIC or AUC;_,/MIC.
Breakpoints were determined using classification and regression tree (CART)
analysis with SPSS (version 13).

The pharmacokinetic-pharmacodynamic indices were calculated on the basis
of the total concentrations of arbekacin, because the protein binding rate of
arbekacin is as low as 3 to 12% (10). Moreover, the variables of MIC and
pharmacokinetic-pharmacodynamic indices were assumed to show a log normal
distribution. Therefore, the values for these variables were transformed (natural
logarithmic transformation).

To clarify the relationship between pharmacokinetic-pharmacodynamic indi-
ces and use of arbekacin, the probability of cure/improvement was analyzed by
the stratification of antibiotic monotherapy with arbekacin or combination ther-
apy. For the analysis of probability of cure/improvement, the logistic regression
model was used with a covariate of each variable, where cure/improvement and
failure were coded as 1 and 0, respectively. These covariates as well as the
interaction between two covariates were analyzed using the muitivariate logistic
regression model. The method used to select the variables in the model was
stepwise selection, the significance level of the score chi-square test of entering
an effect into the model (SLENTLY) was 0.20, and the significance level of the
Wald chi-square test for an effect stay in the model (SLSTAY) was 0.20.

For the analysis of nephrotoxicity, the univariate and multivariate logistic regres-
sion model were used with covariates. The indices MIC, Cy,,/MIC, AUC,_,/MIC,
and first-C,,,,/MIC were excluded from the covariates, because MIC means the
sensitivity of pathogen against antibiotics and is not concerned with toxicity. On the
other hand, total dose and antibiotic combination therapy were added. The occur-
rence and absence of nephrotoxicity were coded as 1 and 0, respectively. In the
multivariate logistic regression model, the analysis was carried out with covariates
that were found to be significant in the univariate logistic regression model.

RESULTS

Study population and drug exposure parameters. Of the 353
patients included in the drug monitoring (21), 174 were re-
garded as having an MRSA infection, and the antibiotic MIC
for the pathogen was determined in 101 cases. This group of
174 patients was used for the primary efficacy analysis in an
attempt to link predictor variables to the probability of an
effective response. Patient characteristics and their drug expo-
sure parameters are summarized in Table 2. Of the 174 pa-
tients, 128 were assessed as cured or improved and 28 were
assessed as no response to therapy or failure. There were 109
patients who received a combination therapy, and in most
cases, the concomitant antibiotics were beta-lactams. Antifun-
gals were not regarded as combination therapy, because anti-
fungals do not affect bacteria; however, antifungals were used
when other medical treatment was not effective or when the
patient was immunocompromised even if the pathogen was not
identified. The factor whether the patient was treated with an
antifungal was tested as a covariate for clinical cure/improve-
ment. The average durations of arbekacin treatment were 12.5
(4 to 41) and 11.1 (4 to 22) days in patients with clinical
cure/improvement and clinical failure, respectively. The dura-
tion of treatment did not differ significantly between these two
groups (P > 0.3, Wilcoxon’s rank sum test).

On the other hand, for the nephrotoxic risk analysis, 333
patients were included regardless of whether a pathogen was
identified. Of the 353 patients who were included in the phar-
macokinetic analysis (21), 20 were excluded because the phy-
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TABLE 2. Characteristics of patients infected with MRSA and
their drug exposure parameters

Characteristic or parameter® Value

NO. of Patients .ciicvenie et 174
Males/females
Age (yr) (mean * SD) [range]
Wt (kg) (mean = SD) frange]...
CLcg (mi/min) (mean * SD) [range]
Serum creatinine concn (mg/100 mi)
(mean * SD) [range]
MIC (pg/ml) (mean * SD) [range]..
First-Cpax (ng/ml) (mean *+ SD) [range]....
Ciax (g/ml) (mean = SD) [range]
Cin (rg/ml) (mean * SD) [range].....
AUCq 54 (g - h/ml) (mean * SD) [range]
AUC, (g - h/ml) (mean * SD) [range]
First-Cpa MIC (mean * SD) [range].
CnaxMIC (mean * SD) [range].......

.63.6 + 18.7(8-93]
53.4 = 13.6 (10.8-107]
96.2 = 67.7(7.8-458]

...091 * 1,00 (173) [0.2-6.9]
115 * 1.33 (101 [0.125-8]

7.8 +3.9[1.8-35.3)

10.9 + 4.2[3.4-35.8]

174 % 1.57[0.03-9.7)

793 + 47.5[25.7-325]

971 = 708 [172-5,197]

131 10.7 (101)? [0.6-54.9]

18.4 + 14.7 (101) [0.7-76.1]

133 = 137 (101)® [5.8-1,008)

Patients with the following disease types:
Prneumonia...
Sepsis
Other infections

121¢
23¢
32

Patients treated with combination therapy
None..... 64
Beta-lactam. ..o 97
Aminoglycoside
Macrolide......
Quinolone.
Fosfomycin...
Other antibiotics .

Patients treated with antifungal
No...
Yes..

@ Abbreviations: first-C,,,,, peak concentration of the first dose; C,,,, the
highest peak concentration during the treatment period; C,,, trough concen-
tration immediately before the last administration during treatment; AUCq o4,
the area under the serum drug concentration-time curve from time zero to 24 h,
which was calculated by dividing the sum of AUC value for the treatment period
into treatment days; AUC,, the sum of AUC values after each dose event.

% Number of patients whose laboratory test data were available.

¢ Two patients suffered from both pneumonia and septicemia.

sicians in charge could not assess an adverse event or could not
determine the time when toxicity appeared. Nephrotoxicity
was observed in 15 patients, and the C,;, value used for the
exposure-risk analysis was the arbekacin concentration imme-
diately before the day toxicity appeared.

Probability of cure/improvement. The results of univariate
and multivariate logistic regression analyses of factors affecting
the probability of cure/improvement by arbekacin mono-
therapy are summarized in Tables 3 and 4, respectively.

In the univariate logistic regression analysis, the P values for
C o Coniny a0d AUC,_, were 0.14, 0.02, and 0.15, respectively.
The P value for sepsis was less than 0.1 (P = 0.072). In the
multivariate logistic regression analysis, Crae Comine AUCH 24,
and age were selected as explanatory variables by stepwise
selection. The coefficients of C,, and C.;, were positive,
while those of AUC, ,, and age were negative, implying that
the probability of cure/improvement rose when the C,,,, of
arbekacin increased. The odds ratio (95% confidence interval)
for a C,,,, change from the 25 to the 75 percentile, which was
7.9 to 12.5 pg/ml, was calculated as 6.7 (1.1 to 39). The pro-
spective values of probability of clinical cure/improvement as a
function of C,,,,, obtained by the multivariate logistic regres-
sion analysis in Table 4, are shown in Fig. 2.
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TABLE 3. Univariate logistic regression analysis of factors
affecting the probability of clinical cure/improvement by
arbekacin monotherapy (n = 60)

Qdds ratio
Variable? Coefficient SE P value

Bstimate  95% CI°
WT -0.019 0.025 0.44 0.98 0.94-1.0
Age 0.006 0.026 0.83 1.01 0.96-1.1
Sex —0.041 0.785 0.96 0.96 0.21-4.5
CLex —0.005 0.007 0.49 1.00 0.98-1.0
Pneumonia 1.147 0.786 0.14 3.15 0.67-15
Sepsis —1.526 0.850 0.072 0.22 0.04-1.1
Antifungal -0.762 0.912 0.40 047 0.08-2.8
Crnax’ 1.605 1.100 0.14 4.98 0.58-43
Crnin® 1.529 0.649 0.02 4.62 1.3-16
AUCy »4° -1.488 1.029 0.15 4.43 0.59-33
AUC 1.106 0.697 0.11 3.02 0.77-12
First-C_..¢ 1.274 0.810 0.12 3.58 0.73-17
MICe4 0.834 0.730 0.25 2.30 0.55-9.6
Cmax/MICc’d —0.288 0.625 0.65 0.75 0.22-2.6
AUC(H‘,/MIC""" -0.104 0.514 0.84 0.90 0.33-2.5
First—Cmax/MICC’d -0.420 0.688 0.54 0.66 0.17-2.5

% Abbreviations: WT, body weight; Sex, male versus female (odds ratio of
female to male); Pneumonia, patients with pneumonia; Sepsis, patients with
sepsis; Antifungal, use of systemic antifungal agent.

2 959% CI, 95% confidence interval.

 These values were transformed (natural logarithmic transformation).

4 Analysis was conducted on data for 33 patients whose MIC was measured.

The results of univariate logistic regression analysis of fac-
tors affecting the probability of cure/improvement by combi-
nation therapy are shown in Table 5. For C,_,,/MIC and
AUCq ,/MIC ([ng - b/ml}/[ng/ml]), the breakpoints were de-
termined to be 25 and 186, respectively. The P values of the
variables of a C,,/MIC ratio of >25 and a AUC,_,/MIC
ratio of >186 were 0.02. A C,,/MIC ratio of >25 was asso-
ciated with 100% probability of cure/improvement, whereas pa-
tients with a C,,/MIC ratio of =25 showed 66% probability of
cure/improvement. A AUC,_,,/MIC ratio of >186 was associated
with 100% probability of cure/fimprovement, whereas patients
with a AUC,,,/MIC ratio of <186 showed 66% probability of
cure/improvement. Figure 3 shows the relationships between
pharmacodynamic indices (C,,,/MIC and AUC,_,/MIC) and
the probability of cure/improvement by combination therapy.
Moreover, the P values of the pneumonia and sepsis variables
were 0.087 and 0.017, respectively. Other P values were over
0.2. The coefficient of the pneumonia variable was positive,
while that of sepsis was negative. In other words, the proba-

bility of cure/improvement for pneumonia and not sepsis was.

TABLE 4. Results of multivariate logistic regression analysis of
factors affecting the probability of clinical cure/improvement
by arbekacin monotherapy (n = 60)

Odds ratio
Covariate Coefficient SE P value
Estimate 95% CI?

Intercept 26.77 13.08  0.041
Cmax” 4.08 1.95 0.037 59.19 1.29->999

e 5.42 2.04 0.008 224.93 4.09->999
AUC0_24b -7.30 3.62 0.044 <0.001 <0.001-0.82
Age -0.06 0.04 0.161 0.94 0.87-1.02

2 95% Cl, 95% confidence interval.
® These values were transformed (natural logarithmic transformation).
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FIG. 2. Prospective values of probability of clinical cure/improve-
ment by arbekacin monotherapy as a function of C,, obtained by a
multivariate logistic regression model. The value of AUC, ,, is set at
60 pg - h/ml, which corresponds to a standard dose (200 mg/day), and
Conin 18 set at 1.0 pg/ml for a patient 60 years old with normal renal
function. The broken vertical lines represent the 95% confidence in-
tervals.

higher, because in this study population, 79% of the patients
who did not have sepsis had pneumonia. In the multivariate
logistic regression analysis, no variable was selected as explan-
atory variables by stepwise selection.

Risk of nephrotoxicity. The results of univariate logistic re-
gression analysis for factors that affected the probability of
nephrotoxicity are summarized in Table 6. Among the phar-
macokinetic parameters, C,,;,, (P = 0.0026) and AUC,,, (P =

TABLE 5. Univariate logistic regression analysis of factors
affecting the probability of clinical cure/improvement by
combination therapy (n = 95)

Odds ratio
Variable® Coefficient SE  Pvalue -
Estimate 95% CI?

WwT -0.016 0.021 045 0.99 0.95-1.03
Age 0.002 0.013 0.89 1.00  0.98-1.03
Sex 0317 0575 058 1.37 0.44-4.24
CLer 0.002 0.004 056 1.00 1.00-1.01
Pneumonia 0.926 0.540 0.087 252 0.88-7.28
Sepsis —-1.515 0.633 0.017 0.22  0.06-0.76
Antifungal —0.565 0.657 0.39 0.57 0.16-2.06
Coax —0.388 0.700 0.58 0.68 0.17-2.67
Crin® -0.175 0.298 0.56 0.84 0.47-1.51
AUC) ¢ 0.007 0.499 0.99 1.01  0.38-2.68
AUC ¢ 0.194 0.403 0.63 121  0.55-2.68
First-C.,° —0.483 0.554 0.38 0.62 0.21-1.83
MIC —-0.304 0337 037 074 0.38-1.43
Cmax/MICC’d 0.269 0331 042 1.31  0.68-2.51
AUCO_ZJMICC"/ 0.344 0.309 0.27 1.41  0.77-2.59
First-C,,,/MIC 0.159 0.299 0.59 117  0.65-2.11
CradMIC > 25 2.18 0.02 8.86 1.32-
AUC, ,/MIC > 2.18 0.02 8.86 1.32~

186d,e

@ Abbreviations are described in footnotes a of Tables 2 and 3.

5 95% Cl, 95% confidence interval.

¢ These values were transformed (natural logarithmic transformation).

4 Analysis was conducted for 57 patients whose MIC was measured.

¢ Variable was categorized by the breakpoint, and exact logistic analysis was
used.
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FIG. 3. Probability of clinical cure/improvement by combination
therapy, as estimated by univariate logistic regression analysis. The
squares represent breakpoints for C,/MIC and AUC, ,/MIC of
arbekacin as determined by CART analysis.

0.0008) were significantly associated with the probability of
occurrence of nephrotoxicity. As for patient factors, age (P =
0.038) and CL¢g (P = 0.045) significantly related to the prob-
ability of nephrotoxicity. Therefore, C,;,, AUC, 4, age, and
CLg were analyzed by using the multivariate logistic regres-
sion model. In the multivariate logistic regression analysis, the
P value of each covariate was over 0.15.

The estimated probability of arbekacin-induced nephrotox-
icity as a function of C_;, or AUC, obtained by univariate
logistic regression analysis, is shown in Fig. 4. The estimated
probabilities of arbekacin-induced nephrotoxicity were 2.5, 5.2,
and 13.1% when C,;, was 1, 2, and 5 pg/ml, respectively. The
estimated probabilities were 1.3, 4.0, and 9.4% when AUC was
40, 80, and 140 pg - h/ml, respectively.

DISCUSSION

Arbekacin has been successfully used in Japan to treat pa-
tients infected with MRSA for more than 10 years already.
However, the optimal pharmacokinetic and pharmacodynamic
targets for efficacy and safety of arbekacin remain uncertain.
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A number of pharmacokinetic-pharmacodynamic indices
have been studied for correlation with clinical outcomes of
aminoglycosides. These pharmacokinetic-pharmacodynamic
indices include the first peak serum drug concentration, second
peak drug concentration, AUC, ,, on day 1, AUC,,, at
steady state, and when the MIC is known, the ratio of these
quantities to MIC (6, 11). Moore et al. (11) showed that a
strong association existed between elevated maximal and mean
peak concentration/MIC ratios and the clinical response to
gentamicin, tobramycin, or amikacin. The site of infection was
also related to clinical outcome, and infection by Pseudomonas
aeruginosa was an additional risk factor for clinical failure (11).
Kashuba et al. reported that the first measured C,,,/MIC
predicted the number of days to temperature resolution and
the second measured C,,,/MIC predicted the number of days
to leukocyte count resolution. CART analysis produced break-
points for C, . /MIC (6). On the other hand, Tod et al. found
no correlation between clinical outcome and peak concentra-
tion, AUC, or their ratio with MIC for isepamicin (23). In the
clinical setting, evaluation of the exposure-response relation-
ship is often difficult because of the presence of many con-
founding factors. For example, success might be observed in
spite of a low peak concentration/MIC or AUC/MIC ratio
when the strain is sensitive to concurrently administered
antibiotics, and failure might be observed in spite of a high
peak concentration/MIC or AUC/MIC ratio when the du-
ration of treatment is insufficient or the dosing interval is
too long. Recently, Mouton et al. (13) demonstrated the
relationship between efficacy of tobramycin for treatment of
infectious exacerbations in 16 patients with cystic fibrosis
and tobramycin AUC/MIC when all patients received the
same dosing regimen.

We examined the exposure-response relationship by divid-
ing the study population into a monotherapy group and a

TABLE 6. Univariate logistic regression analysis of factors affecting
the probability of nephrotoxicity caused by
arbekacin treatment (n = 333)

Odds ratio
Variable® Coefficient SE P value

Estimate  95% CI®
WT 0.007 0.020 0.73 1.01  0.97-1.05
Age 0.044 0.021 0.038 1.05  1.00-1.09
Sex -0.360 0.596 0.55 070 0.22-2.24
CLleg -0.013 0.007 0.045 099 0.97-1.00
Pneumonia 0.360 0.596 0.55 143 045-4.61
Sepsis -0.307 0.774 0.69 0.74  0.16-3.35
Antifungal 0.578 0.668 0.39 1.78  0.48-6.60
Combination therapy 0.407 0.596 0.49 1.50  0.47-4.83
Total dose —0.001 0.000 0.07 1.00  1.00-1.00
Crax 1.082 0.750 0.15 295 0.68-12.83
Crin’ 1.098 0.365 0.0026 3.00 1.47-6.13
AUC, 4" 1.653 0.494 0.0008 5.22 1.98-13.75
AUC_,,° 0.265 0.367 047 1.30  0.64-2.68
First-Crai” —-0.327 0578 0.57 0.72  0.23-2.24

@ Abbreviations: Combination therapy, patients with antibiotic combination
therapy; Total dose, the sum of the doses of arbekacin during the treatment
period; C,, trough concentration immediately before the last administration
during treatment, but when nephrotoxicity was observed, the C,;, indicated the
trough concentration immediately before the day toxicity appeared. Other ab-
breviations are described in footnotes a of Tables 2 and 3.

2959 Cl, 95% confidence interval.

€ These values were transformed (natural logarithmic transformation).
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FIG. 4. Probability of arbekacin-induced nephrotoxicity, as esti-

mated by univariate logistic regression analysis. The broken vertical
lines represent the 95% confidence intervals. -

combination therapy group. This was because clinical cure was
related to the eradication of pathogens present, some of which
might be sensitive to other concurrently administered antibi-
otics. Five pharmacokinetic indices, Cpap Camins AUCo 24
AUC,,,, and first-C,,,,, were considered to relate to the prob-
ability of cure/improvement by arbekacin monotherapy with P
values of <0.2, whereas C,,/MIC and AUC/MIC did not
relate to efficacy. The isolated microorganisms showed ade-
quate sensitivity to arbekacin (MICs of <1 mg/liter for most
isolates).

In our analysis, the first-C,,,, was not selected as an ex-
planatory valuable. The present study was a noninterven-
tional observational study that allowed various doses and
dosing intervals as shown in Table 1. Moreover, the dose
was changed on the basis of TDM when the initial dose was
insufficient to reach a therapeutic concentration. The clini-
cal efficacy was judged at the end of therapy. Therefore, the
treatment success depended on neither the first dose nor the
first-C .., but the adjusted dose after TDM or a maximal
C.... during the treatment period.

By the multivariate logistic regression analysis, Cpaxs Crnins
AUC,_,4, and age were selected as factors affecting efficacy,
and the probability of cure/improvement rose when the C,,,, of
arbekacin was increased after a standard dose (200 mg/day)
(Fig. 2). Since the data were collected from a noninterven-
tional observational study, several confounding factors made
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interpretation of the results complex. For example, many pa-
tients started with a twice-daily regimen and then switched to
a once-daily regimen with a higher C_,, (expecting higher
efficacy) but with unchanged AUC,_,, when the total daily
dose was kept constant. In such cases, C,,, can be associated -
with efficacy, whereas AUC,_,, cannot be related to efficacy.
Variations in doses, dosing intervals, and infusion durations in
individual patients are major differences from the experimen-
tal fixed-regimen studies.

By using combination therapy, Kashuba et al. assessed con-
current beta-lactam therapies but were unable to find any
statistical relationship between concomitant antibiotic therapy
and temperature or leukocyte count (6). On the other hand,
there is interest in synergistic activity, because arbekacin is
typically combined with a broad-spectrum beta-lactam or other
antibiotics. Rybak et al. reported that CB-181963, a novel
cephalosporin with MRSA activity, plus an aminoglycoside,
such as arbekacin, was the most potent combination against S.
aureus, such as MRSA and vancomycin-resistant S. aureus in
vitro (M. J. Rybak, C. M. Cheung, and W. J. Brown, Abstr.
43rd Intersci. Conf. Antimicrob. Agents Chemother., abstr.
1150, p. 14, 2003). In the present study, the breakpoints of
Co/MIC and AUC, ,,/MIC in combination therapy were
determined to be 25 and 186, respectively. Patients with a
C ax/MIC ratio of >25 or with a AUC,_,,/MIC ratio of >186
showed 100% probability of cure/improvement. The estimated
breakpoint value for AUC,_,»/MIC ratio (186) is consistent
with clinical data reported by Kashuba et al. (6) where AUC/
MIC ratios of 150 and 175 were associated with 90% proba-
bility of temperature resolution and leukocyte count resolution
by 7-day aminoglycoside therapy, respectively. However, in the
multivariate logistic regression analysis, no variable was se-
lected as explanatory variables by stepwise selection. It was
probably due to the insufficient power of detection; because
the MIC was measured for only 57 patients, the C,,,/MIC and
AUC,_,/MIC indices were available for only 57 patients.

It is well-known that the use of aminoglycosides is associated
with the occurrence of mephrotoxicity. Similarly, the major
drawback of arbekacin treatment is the risk of nephrotoxicity.
In an animal study (2), gentamicin showed the highest degree
of tubular reabsorption, netilmicin showed the lowest, and
dibekacin and amikacin showed intermediate degrees of reab-
sorption. Nephrotoxicity of arbekacin is considered less severe
than that induced by gentamicin but more severe than that
induced by amikacin. In this study, we observed that higher
C,oin and AUC,_,, values were associated with a greater risk of
developing renal impairment. Extensive data from animal mod-
els and clinical studies suggest that administration of amino-
glycosides once daily results in lower occurrence rates of amino-
glycoside-associated nephrotoxicity. Rybak et al. demonstrated
that both the probability of occurrence and the time to cecurrence
of aminoglycoside nephrotoxicity were influenced by the admin-
istration schedule (19). The probability of nephrotoxicity as a
function of AUC differed when the aminoglycoside was adminis-
tered once daily or twice daily. Moreover, Rougier et al. devel-
oped a model for aminoglycoside nephrotoxicity that took into
account both pharmacokinetic and pharmacodynamic variability
(18). The simulations for aminoglycoside nephrotoxicity showed
that with more-frequent administration, nephrotoxicity appeared
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more rapidly and that the decrease in renal function was greater
and lasted longer.

The present study was a noninterventional observational
study, and the dose regimen was modified for individual pa-
tients to attain the target concentration on the basis of TDM.
Still, the importance of monitoring C,;, to reduce the risk of
nephrotoxicity regardless of patient factors was identified. Al-
though concomitant use of vancomycin increases the risk of
aminoglycoside nephrotoxicity (19), arbekacin is not adminis-
trated with vancomycin. Thus, combination therapy did not
affect the risk of arbekacin nephrotoxicity in this study.

The possible influences by treatment period or cumulative
dose on the risk of nephrotoxicity have also been investigated.
In our study, however, the treatment period was not identified
by logistic regression analysis as a risk factor for occurrence of
nephrotoxicity. Because TDM usually works well, most pa-
tients are administered arbekacin for a longer period of time
without developing nephrotoxicity. To avoid nephrotoxicity,
extension of dosing interval is recommended when C_;, is
high. No correlation was observed between C,;, and time to
the occurrence of nephrotoxicity.

In conclusion, in this study, C,,,, was associated with the
clinical response, i.¢., a higher C,,,, can increase the probabil-
ity of achieving clinical cure/improvement. Moreover, moni-
toring C,;;,, was important to avoid nephrotoxicity, and a target
C in Of <2 pg/ml was considered preferable. This information
will be highly useful for optimal treatment using arbekacin in
patients infected with MRSA.
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