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Once-daily (o.d.) administration of 20 mg of amikacin per kg of body weight to neutropenic patients has been
validated by clinical studies, but amikacin pharmacokinetics have been documented only for the 7.5-mg/kg
twice-daily (b.i.d.) regimen in this population. In order to determine in neutropenic patients (i) the influence
of the dosing regimen on the Kinetics of amikacin, (ii) the linearity of kinetics of amikacin in the range of 7.5
to 20 mg/kg, and (iii) the influence of patient characteristics on the disposition of amikacin and (iv) to provide
a rationale for dosing recommendations, we evaluated the population pharmacokinetics of amikacin admin-
istered to 57 febrile neutropenic adults (neutrophil count, <500/mm>) being treated for a hematological dis-
order and receiving amikacin at 7.5 mg/kg b.i.d. (n = 29) or 20 mg/kg o.d. (n = 28) and administered intra-
venously over 0.5 h. A total of 278 blood samples were obtained (1 to 14 samples per patient) during one or
several administration intervals (1 to 47). Serum amikacin levels were measured by the enzyme-multiplied im-
munoassay technique. A mixed-effect modeling approach was used to fit a bicompartmental model to the data
(NONMEM software). The influences of the dosing regimen and the demographic and biological indices on the
pharmacokinetic parameters of amikacin were evaluated by the maximum-likelihood ratio test on the popu-
lation model. The dosing regimen had no influence on amikacin pharmacokinetic parameters, i.e., the kinetics
of amikacin were linear over the range of 7.5 to 20 mg/kg. Amikacin elimination clearance (CL) was only
correlated with creatinine clearance or its covariates, namely, sex, age, body weight, and serum creatinine level.
The interindividual variability of CL was 21%, while those of the central volume of distribution, the distribution
clearance, and the tissue volume of distribution were 15, 30, and 25%, respectively. On the basis of the expected
distribution of amikacin concentrations in this population, dosing recommendations as a function of creatinine
clearance (CL_y) are proposed: for patients with normal renal function (CL g of 80 to 130 ml/min), 20 mg/kg
o.d. is recommended, whereas for patients with severe renal impairment (CL g, 10 to 20 ml/min), a dosage of

17 mg/kg every 48 h is recommended.

Infection remains the primary cause of morbidity and mor-
tality in neutropenic patients (6). The use of broad-spectrum
antibiotics has been shown to improve significantly the prog-
nosis of bacterial infections in these patients (30). Amino-
glycosides in association with a B-lactam antibiotic are still
commonly prescribed as the first-line combination during pro-
longed, febrile, severe neutropenia because of their broad-spec-
trum, peak-dependent bactericidal activities, their marked post-
antibiotic effects, and their ability to prevent the emergence of
resistant mutants (20). The rationale for once-daily (o.d.)
dosing of aminoglycosides is well established (10), and sev-
eral recent studies have documented the clinical and micro-
biological efficacies of o.d. dosing of amikacin in combina-
tion with a B-lactamine during febrile neutropenia (9, 16).
Although clinically interesting and probably cost-beneficial,
these studies did not include any pharmacokinetic data apart
from peak and trough concentrations, thus giving no pharma-
cokinetic rationale for the optimal amikacin dosage with o.d.
dosing during febrile neutropenia. This lack of information is
particularly important to a population in which considerable
changes in pharmacokinetic parameters have been reported.
These modifications concerned the aminoglycosides (11, 15,
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17, 25, 40), the glycopeptides (7, 21), and, to a lesser extent, the
B-lactams, and mainly consist of increased volume of distri-
bution and/or clearance leading to low concentrations of the
drugs in serum. Low serum aminoglycoside concentrations are
associated with a higher risk of clinical failure (27, 28) and the
selection of resistant strains (10). So far, modifications of ami-
noglycoside kinetics in febrile neutropenic patients have been
reported for conventional dosages administered twice daily
(b.i.d.) or three times daily (t.i.d.) (11, 15, 17, 25, 40). No
specific study documented the pharmacokinetics of high-dose
amikacin given o.d. to neutropenic patients. The use of a high
dose of amikacin also raises the question of the linearity of the
kinetics; i.e., do circulating amikacin concentrations remain
proportional to the dose in febrile neutropenic patients? Re-
ports on this point are in favor of proportionality in nonneu-
tropenic patients (36, 37), although there was a tendency to a
lower than expected peak in one study. The optimal peak
concentration of amikacin in febrile neutropenic patients is
unknown, but in nonneutropenic patients, peak concentrations
in serum (measured 1 h after the start of the infusion) of <20
mg/liter in patients treated t.i.d. (28) and <40 mg/liter in in-
tensive care unit patients treated o.d. (3) were associated with
a less favorable prognosis. Hence, a less than proportional
increase in the peak amikacin level could affect efficacy. There-
fore, it appeared pertinent to determine potential modifica-
tions of the pharmacokinetics of amikacin administered o.d. to
febrile neutropenic adults and to correlate them to the demo-
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TABLE 1. Demographic data for the 57 febrile, severely neutropenic patients receiving amikacin o.d. or b.i.d.

Wt (kg) Age (yr) CLcg (ml/min)
G No. of No. of males/
roup patients Mean Median Mean Median no. of females Mean Median
(range) (range) (SD) (range) (SD) (range)
o.d. 28 65.8 (13.0) 64 (44-95) 50.2 (16.8) 51 (19-85) 16/12 104 (39) 107 (25-213)
b.i.d. 29 68.1 (13.1) 66 (49-106) 51.3 (16.0) 50 (18-74) 19/10 91 (36) 101 (20-150)

graphic and biological parameters for these patients. The most
useful method for such an analysis is the population approach
(33), which we recently used to study the pharmacokinetics of
teicoplanin in the same population (21). Knowledge of popu-
lation pharmacokinetic parameters allows individualization of
the antibiotic dosage either before or after drug administration
by using Bayesian methods (19).

The aims of our study were to determine for a population of
febrile, severely neutropenic adults with hematological malig-
nancies the pharmacokinetic parameters of amikacin adminis-
tered o.d. or b.i.d. and the demographic and biological param-
eters that influence the variability of these pharmacokinetic
parameters in this population and to propose adapted regi-
mens that can be used to obtain the desired peak and trough
levels in the serum of most patients as a function of creatinine
clearance (CLcR).

MATERIALS AND METHODS

Patients and treatments. Febrile neutropenic patients of both sexes (ages >18
years) with an expected duration of neutropenia of >7 days and hospitalized in
single rooms of the Hematology Unit of Avicenne Hospital to receive treatment
for a primary hematological disorder were included in this prospective trial. Two
distinct periods were defined in the study: from January 1993 to December 1994,
the patients received amikacin at 7.5 mg/kg of body weight b.i.d. combined with
piperacillin (4 g t.i.d.); from January 1995 to December 1995, the patients
received amikacin at 20 mg/kg (a dose which had been used in two recent large
clinical studies [9, 16]) in combination with piperacillin (4 g)-tazobactam (0.5 g)
t.i.d. Amikacin was administered through a short catheter by gravity flow. All of
the patients had a central venous catheter, and all gave their informed consent
to participate in the study. Pregnant women and human immunodeficiency virus-
infected patients were not included.

Neutropenia was defined as a neutrophil count of <500/mm?, and fever was
defined as a body temperature of >38.0°C measured twice within 3 h or by an
episode of body temperature of >38.5°C. On the first day of neutropenia, all of
these patients received partial digestive decontamination consisting of nifuroxa-
zide (400 mg t.i.d.) and amphotericin B (500 mg t.i.d.). Systematic microbiolog-
ical investigations consisted of at least three cultures of peripheral blood, a
culture of blood drawn from the catheter, and urinalysis; a chest X ray was also
taken. On the first day that a neutropenic patient became febrile, amikacin was
injected into a peripheral vein over 30 min while the B-lactamine was given in
another peripheral vein. In patients whose CLcy (estimated by the method of
Cockcroft and Gault [8]) was <20 ml/min, the B-lactamine was administered at
the same dose but b.i.d. The amikacin dosage was adjusted to obtain 1-h peak
and 24-h trough serum amikacin levels of >40 and <5 mg/liter, respectively.
These thresholds were set on the basis of the results of two studies on the efficacy
of 0.d. dosing of amikacin in intensive care unit patients (3, 26) and one study on
the efficacy and tolerance of netilmicin with o.d. dosing (34). During the neu-
tropenic phase a physical examination was performed at least daily for all of
these patients. Teicoplanin (6 mg/kg given at 0, 12, and 24 h and then o.d.) was
administered at 48 h when fever persisted or initially when infection with a
gram-positive organism was suspected or documented. Patients who did not
respond to this combination were given amphotericin B (1 mg/kg/day) intrave-
nously over 6 h or any other antibiotic regimen as a function of bacteriological
test results.

Measurements. Blood samples (6 ml) were collected by a research nurse from
the central venous catheter at 1 h (time of the peak concentration; measured
0.5 h after the end of the infusion), 12 h, or 24 h (time of the trough concen-
tration) after the beginning of the first infusion and then every 3 days during the
neutropenic episode for peak and trough amikacin concentration determina-
tions. Additional samples, normally taken for the determination of biological or
hematological parameters, were also obtained from most patients at 2 and 8 h
during the first dosing interval and were stored for subsequent determination of
serum amikacin levels. Dosing and sampling times were recorded by a research
nurse. The accuracies of the records were further assessed by a pharmacist
participating in the study. All the serum samples were stored and kept frozen

(—20°C) until analysis. Amikacin levels were measured by the enzyme-multiplied
immunoassay (Cobas, Roche, France). The limit of quantification of the assay
was 2.5 mg/liter, and the precision was better than 6% over the entire calibration
range (2.5 to 50 mg/liter). When concentrations were found to be greater than 50
mg/liter, the samples were diluted in order to be in the calibration range. Con-
centrations below the quantification limit were recorded as measured; i.e., they
were neither recorded as zero nor dropped from the analysis. The following
variables were recorded to evaluate their respective influences on amikacin
pharmacokinetics: weight, age, sex, serum creatinine and albumin levels, and
hematological parameters (in particular, leukocyte and neutrophil counts).

Pharmacokinetic modeling. Since the sparse sampling schedule did not enable
individual pharmacokinetic parameters to be estimated by usual methods for
most patients, a population pharmacokinetic method based on a nonlinear
mixed-effect modeling approach was used (33). Basically, an open two-compart-
ment pharmacokinetic model with zero-order input was fitted to concentration-
versus-time data for amikacin in serum. The four parameters were the elimina-
tion clearance (CL), the volume of distribution in the central compartment V/;,
the distribution clearance describing amikacin exchange between the central and
the peripheral compartments (CLp), and the volume of the peripheral compart-
ment (7). The model enabled the computation of the amikacin concentration at
any time for any given dosing regimen (38).

Two levels of variability were considered. Interindividual variability was taken
into account by assuming that individual pharmacokinetic parameters arise from
a log-normal distribution. The value of a given parameter in subject j, P;, rep-
resents the typical value of that parameter in the population, P, by P; = P exp
(m;), where m; is a random effect normally distributed with a mean of zero and
variance to be estimated in the analysis.

The second level of random variability implemented in the model was residual
variability. This variability is a normally distributed random effect (€) with a
mean of zero and variance to be estimated. € accounts for the deviation of the
observed amikacin concentration (C;) from the predicted concentration at time
t; (Cy), C; = Cy; + gCyb, where Cy; is calculated given P;. The exponent b of the
power variance model is also to be estimated.

Model building. Assumptions about the population model (e.g., one- versus
two-compartment model) were evaluated according to the likelihood ratio test
(39), which was the main criterion of selection. Other criteria were the Akaike
criterion (38), the aspect of the residual plots, and the values of the random-
effects variance. Possible correlations between the demographic and biological
indices and the parameters of the model (CL, V', CLy,, V) were explored by the
approach proposed recently (22, 24). First, the structural model (without any
covariates) was fitted to the data to obtain the population parameters (the mean
and variance of each parameter). Individual pharmacokinetic parameters were
obtained by using a Bayesian maximum a posteriori estimator. Second, individual
parameters were regressed on the potential covariates by using a multivariate
linear model after visual examination of the parameter-versus-covariate plots.
Third, the relationships found in the second step were incorporated into the
structural model, with the initial values of the parameters of the covariate model
being set at the values found in step 2. Population and individual parameters
were then reestimated as in step 1. Covariates were finally retained when the
correlations were significant at the 0.05 level according to the likelihood ratio test
(39).

Assessment of goodness of fit. The population model was validated according
to several criteria (1): (i) visual examination of the goodness of fit of each
individual concentration-versus-time curve compared to the experimental data;
(ii) visual comparison of the distribution of the standardized residuals to that of
the normal distribution (N); (iii) visual examination of the scatter plot of ob-
served versus predicted amikacin concentrations; and (iv) visual comparison of
the distribution of the a posteriori estimates of the pharmacokinetic parameters
with the log-normal distribution (LN).

Simulations. The population model of amikacin in neutropenic patients was
used to generate simulations of the mean =+ standard deviation (SD) concentra-
tions for 1,000 individuals by randomly choosing values of the random effects
(m’s) only according to their covariance matrix. Amikacin (20 mg/kg given o.d.)
was assumed to be administered intravenously over 0.5 h for 8 days. The con-
centrations at 1 and 23.9 h after the start of each infusion were calculated.
Relevant statistics were then based on the distribution of the concentrations at
each “sampling” time.

Also, in order to derive all the pharmacokinetic parameters of interest, the
distribution of CL, the elimination half-life (¢,/,5), and the volume of distribution
at steady-state (Vgg) were obtained by simulation. The values of the relevant
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TABLE 2. Experimental concentrations of amikacin
given o.d. or b.i.d. to 57 neutropenic adults

No. of Concn (mg/liter)

samples \ean Median SD Range

Dosage Time?

First day of administration
20 mg/kg o.d. P 23 754 667 289 43-170
T (24) 24 2.1 1.0 28 0.5-145

7.5 mg/kg b.id. P 23 36.0 304 14.8 19.4-66.0
T(12) 29 4.7 3.8 39 1.0-17.0

All administrations
20 mg/kg o.d. P 43 741 755 264 29-170

T (24) 53 1.7 1.0 2.0 0.5-145

7.5 mg/kg b.id. P 50 393 366 17.0 13.7-86.0
T2 64 50 37 43 1.0-207

“ P, one-hour peak levels (i.e., 0.5 h after the end of the infusion); T (24), 24-h
trough levels; T (12), 12-h trough levels.

covariates and V', CLp, and V, were randomly chosen for 1,000 individuals, and
the corresponding values of ;55 and Vs were calculated for each individual by
using the relationships existing between these parameters (38).

Finally, in order to derive dosing recommendations, the expected distributions
of the 1-h peak (after the first administration) and predose levels at steady-state
amikacin concentrations were calculated by simulation for a population of 500
fictitious individuals. Body weight (required for dose simulation) was assumed to
be normally distributed with mean + SD of 67 = 13 kg, and CLg was assumed
to be uniformly distributed within different bounds.

Programs. Fitting of the population model and individual Bayesian estima-
tions were made by using the NONMEM 1V software (2). The first-order con-
ditional estimation (FOCE) method was used (keyword, METHOD = COND).
With the final model, the m-€ interaction was taken into account (keyword,
INTERACTION). Simulations were performed with our POPSIM software,
which has been described elsewhere (appendix of reference 35). Analysis of
covariate models, statistical tests, and relevant graphs were computed by using
SPSS for Windows (release 6.1; SPSS France, Boulogne, France).

RESULTS

Patients. A total of 57 patients were enrolled in the study: 29
in the b.i.d. group and 28 in the o.d. group. Hematological
disorders were similar in both groups and consisted of acute
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myeloblastic leukemia (n = 18), acute lymphoblastic leukemia
(n = 8), non-Hodgkin’s lymphoma (rn = 21), Hodgkin’s lym-
phoma (n = 1), myeloma (n = 7), agranulocytosis (n = 1), and
aplastic anemia (n = 1). As indicated in Table 1, both groups
were similar with respect to age and weight. The mean esti-
mated CLg value in the b.i.d. group was 12.5% lower than
that in the o.d. group, but the difference was not statistically
significant (the difference in the median values was only 6%).

Amikacin levels. A total of 278 samples, including 93 sam-
ples containing peak concentrations, 117 samples containing
trough concentrations, and 68 samples containing intermediate
concentrations, were analyzed. The patients received 1 to 47
amikacin administrations, and the median number of samples
per patient was 4 (range, 1 to 14). Table 2 presents the exper-
imental concentrations of amikacin measured in both groups
of patients. The interindividual variability was very broad, with
the ratios between the extreme concentrations within each
group being ca. 6 and 20 for peaks and trough levels, respec-
tively. The mean peak values (normalized to the dose) reached
in the o.d. and b.i.d. groups differed significantly (P < 0.0001).

Model building. The main models and hypotheses tested are
described in Table 3. The likelihood ratio test and the Akaike
criterion showed that a two-compartment model was more
adequate than a one-compartment model. Figure 1 shows the
plots of predicted concentrations for a typical subject obtained
with the one- and two-compartment models, corresponding to
step 1 and step 2 in Table 3, respectively. The one-compart-
ment model was unable to fit adequately peaks and 12- or 24-h
trough concentrations. In the earlier steps of model building,
the only significant covariate was CLg, which explained in
part the interindividual variability in amikacin clearance. The
other demographic and biological indices (in particular, leu-
kocyte and neutrophil counts) did not correlate significantly
with the variations in the amikacin pharmacokinetic parame-
ters. Therefore, the final model was first written as CL, = CL
exp(nCL) CL =a CLcg + b(a = 0367, b = 1.40, and CLg
is in liters per hour), V,; = V, exp(n,, ) (Where V| is the typical
value of '), CLp,, = CLD exp(wqcL ) (where CLy, is the typical
value of CLp,), and V; = exp(nV) (where V/, is the typical
value of V).

However, a significant reduction in the objective function

TABLE 3. Main steps in population model building”

Step Model description OBFV* Comments
1 One-compartment model, CL = 6,CLgx 1,476 ol =168
2 Two-compartment model, CL = 6,CLx 1,325 o2 = 0.441; much better than step 1
3 Infusion duration implemented as a random variable 1,325 Not better than step 2
4 CL = 6,CLcg + 6, 1,290 Better than step 2
5 CL = 0, X 6 X [0; — (age/100)]/(bw/Scg) + 0, with i = 1 for 1,281 Better than step 4¢

males and 2 for females

6 Similar to step 5, but 8, = 6, 1,285 Sex is a significant covariate®
7 to 10 Typical values of either CL, V;, CLp, or V, are allowed to differ 1,282 to 1,287 No influence of dosing regimen

according to o.d. or b.i.d. regimen

11 to 14 Similar to steps 7 to 10 but with separated m’s according to o.d. 1,282 to 1,289 No influence of dosing regimen
_ or b.i.d. regimen
15 V, =06, + [(65 — 0,) X time]/(0, + time) 1,281 65 tends to 6,; no influence of time
onV,
16 Similar to step 15, but for V, 1,281 No influence of length of therapy
17 Zl = 05 X (bw/65) + 6, 1,280 Not significant®
18 = 6, (bw/65) + 64 1,281 Not significant®
19 Slmllar to step 5, but with FOCE m-€ interaction method 1,248 o = 0.189
20 Similar to step 19, but C = C + £,C” + &, with var (g,) fixed to 0.25 1,258 Not better than step 19

“ After step 2 the two-compartment model was always used. After step 6 the clearance model described in step 5 was always used.

» OBFV, objective function value.

¢ Additional criteria (see Materials and Methods section) were also considered for the decision.



852 TOD ET AL.

Concentration (mgfliter]

120 _

-— Two-compartment model
100 J

80
B0
40

— One-compartment mode!

20 ]

Time [h)

FIG. 1. Simulation of amikacin kinetics for a typical patient (CLog = 100
ml/min) using a one- or two-compartment model.

value was obtained by replacing the estimated CL.i by a
covariate model including its covariates, namely, sex, age, body
weight (bw), and serum creatinine concentration (Scg) in a
formula similar to that of Cockcroft and Gault (8):

— age\ bw
with i equal to 1 for men and 2 for women and the rest of the
model remaining unchanged. 6 is the population parameter to
be estimated. Although the difference between 6, and 6, is
small, removal of the covariate sex in the model presented
above resulted in a significantly poorer fit. Allowing for covari-
ance between m’s did not improve the fit.

The influence of the length of therapy on parameter values
was first assessed by visual examination of the plots of the
parameter values versus time of the last sample. Although no
particular trend emerged, the influence of time was formally
assessed by testing a hyperbolic relationship between V/; or V,
and time. The rationale for this relationship is that accumula-
tion of amikacin in the deep compartment is expected to in-
crease the apparent volume of distribution from an initial value
(65 in step 18) to a final higher value (64 in step 18), with the
rate of increase being controlled by 6,, the time at which half
of the maximal increase is reached. However, none of the
decision criteria supported this model, and the parameter val-
ues do not change during treatment.

Inclusion in the population model of a categorical covariate
describing the mode of administration (o.d. or b.i.d.) in order
to assess a hypothetical difference in the values of the phar-
macokinetic parameters for amikacin between the two patient
groups (steps 7 to 14 in Table 3) did not result in an improved
fit according to the likelihood ratio test. Therefore, the values
of the pharmacokinetic parameters for amikacin do not
change, regardless of whether the dose is 7.5 or 20 mg/kg, i.e.,
amikacin pharmacokinetics are linear with respect to dose in
the range of 7.5 to 20 mg/kg. The values of the parameters of
the final model, based on the data for 57 patients, are summa-
rized in Table 4.

The graph of the predicted concentrations (more precisely,
the individual predictions based on the population estimates of
the values of the pharmacokinetic parameters for amikacin
according to the covariates of each individual) versus observed
concentrations is presented in Fig. 2. In this plot, the residuals
(i.e., the difference between the observed and the predicted
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TABLE 4. Values of population pharmacokinetic parameters for
amikacin estimated for 57 febrile, severely neutropenic patients

Population % Interindividual
Parameter mean variability
Estimate SE Estimate® SE?

0,° 0.797 0.181

0,° 0.640 0.162

05 (y/100) 0.985 0.106

0, (liter/h) 1.66 0.34

CL (liter/h) 21 8
V, (liter) 8.92 1.17 15 6
CL;, (liter/h) 4.43 0.76 30 6
V, (liter) 11.4 1.3 25 7
05" 0.939 0.060

. 0.189 0.083

“ Estimate of variability expressed as a coefficient of variation.

® Standard error (SE) of the coefficient of variation, taken as [SE (var)/var] X
var.

< Parameters expressing clearance as a function of covariates (see text).

4 Exponent b of the residual-error model (see text).

¢ Variance of the residual-error model (see text).

concentrations) are randomly distributed around the identity
line, possibly with the exception of observed concentrations of
>150 mg/liter, but there were only three of these. The plot of
weighted residuals (i.e., the residuals divided by their SDs)
versus time (Fig. 3) does not show any systematic deviation
from the reference line. With this model, the population pa-
rameters have been obtained with reasonable precision, as
shown by the standard errors of the estimates (Table 4).

The correlation between amikacin clearance (a posteriori
estimates) and estimated CL (calculated by the formula of
Cockcroft and Gault [8]) is illustrated in Fig. 4. The variability
in CLg can explain 57% of the variability in amikacin clear-
ance, and the residual interindividual variability of amikacin
clearance is 21% once CLy has been taken into account. In
order to allow comparison of the amikacin kinetics reported in
other publications, the characteristics of the distribution of CL,
t1o8, and Vg were derived by simulation and are summarized
in Table 5. The simulation was based on data for 1,000 ficti-
tious individuals with covariate distributions similar to those of
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predicted concentrations normalized to their SDs) versus time. Each points
represents one observation.

our patients: age and body weight were assumed to be normally
distributed with means = SD of 51 * 16 years and 67 * 13 kg,
respectively, while the serum creatinine level was assumed to
be log-normally distributed, with a mean = SD of 85 = 37
pmol. The simulation was done separately for men and
women, with the values of the population parameters for ami-
kacin given in Table 4. The difference between men and
women with respect to amikacin CL and ¢,,,5 were small (ca.
10%). The mean predicted curve with the 95% confidence
interval for male and female patients after the administration
of a 20-mg/kg dose is presented in Fig. 5.

DISCUSSION

In the studies performed earlier with neutropenic patients to
determine the values of the pharmacokinetic parameters for
amikacin, the drug was given at 7.5 mg/kg b.i.d. and its phar-
macokinetics were determined after the administration of the
first dose or at steady state. By contrast, in our study amikacin
was given o0.d. or b.i.d. at doses of 20 or 7.5 mg/kg to two groups
of patients with severe and prolonged neutropenia. The pa-
tients also required prolonged antibiotic treatment. Amikacin
concentrations were measured at several points during treat-
ment and were analyzed by a population approach. These
particular conditions gave us the opportunity to study the in-
fluences of dose, length of therapy, and demographic and bi-
ological indices on the pharmacokinetics of amikacin. Among
the earlier studies, those with sufficient details about the pa-
tients, the methods, and the results are presented in Table 6.
The values of the parameters have been expressed in a homo-
geneous system of units to allow comparison. Compared to
these results, we found amikacin clearance to be lower than
those in the earlier studies by about half and to have a volume
of distribution similar to those in the earlier studies, which
resulted in an almost doubled half-life. One possible explana-
tion would be that NONMEM provided biased parameter es-
timates. However, bias in parameter estimates with NON-
MEM has been demonstrated only in the case of estimation by
the so-called first-order method. It was shown recently that the
more sophisticated FOCE method is much more accurate and
yields negligible bias, at least in the examples studied (4). In
our study, we used the FOCE method taking into account the
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FIG. 4. Scatter plot of amikacin clearance versus estimated CLcg. Amikacin
clearance was estimated by the Bayesian method. CL-r was estimated as de-
scribed by Cockeroft and Gault (8).

m-€ interaction, which is a priori even more accurate than the
simple FOCE method. Therefore, a large bias in our parame-
ter estimates is unlikely. Part of the discrepancy with other
studies of the pharmacokinetics of amikacin can be explained
by differences in the methods applied. Indeed, the terminal
half-life might have been underestimated in most studies be-
cause they were based on a two-sample (a peak and a trough)
design, with the values of the pharmacokinetic parameters for
amikacin being estimated by the method of Sawchuk and
Zaske (31), i.e., with the implicit assumption of a one-com-
partment model. The study by Hary et al. (14) was based on a
two-compartment model, but the samples were only taken
during the 8 h following the administration of the first dose, so
that it is difficult to estimate a half-life longer than 3 or 4 h.
Blaser et al. (5), in a study of netilmicin administered t.i.d. or
o.d. to patients with serious infections, found that the half-life
estimates determined between 8 and 24 h were much longer
(mean, 5 to 7 h) than those calculated between 1 and 8 h
(mean, 3 h). In contrast, in our study samples were obtained at
different dosing intervals and also included nonpeak and non-

Concentration (mg/liter)
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) M4t
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FIG. 5. Simulation of amikacin kinetics at steady state for male and female
patients following administration of a 20-mg/kg dose. The middle pair of curves
is the mean profile based on data for 500 fictitious individuals. The upper and
lower pairs of curves are =2 SD around the mean. For each pair of curves, the
upper curve is for females and the lower curve is for males.
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TABLE 5. Derived values of population pharmacokinetic parameters for amikacin in neutropenic patients”

CL (liters/h) tip (h)
Value Vss (liter)
Men Women Men Women
Mean 3.82 3.40 5.6 6.0 20.6
SD 1.52 1.28 2.0 2.2 34
Median 3.60 3.25 52 5.6 20.1
5 and 95° 2.0 and 6.5 1.8 and 5.7 2.9 and 9.2 3.2 and 10.0 15.8 and 26.4

“ Based on data for 1,000 simulated individuals with the following covariate distributions: age = 51 * 16 (N); body weight = 67 = 13 kg (N); Scg = 85 * 37 umol

(LN).
5 and 95, 5th and 95th percentiles of the distribution, respectively.

trough values. Thus, the discrepancies between our results
and those of previous investigators in terms of amikacin
clearance might be explained in part by methodological con-
siderations.

Table 6 also presents the results of two studies of amikacin
kinetics in healthy volunteers in which a two-compartment
model was fitted to the data. Compared to healthy subjects, our
patients had lower CL and a higher or equal volume of distri-
bution of amikacin which resulted in a longer ¢, 5.

A high proportion (40%) of amikacin clearance was not
associated with CL in our study, which is surprising owing to
the almost complete elimination of aminoglycosides by the
renal route. However, similar findings were made in other
population studies involving aminoglycosides (1, 26, 35). In
those studies, CLx was estimated from the serum creatinine
level, usually by the formula of Cockcroft and Gault (8). Al-
though this estimation method is one of the most precise,
about one-third of the patients are not well evaluated (29),
which will confound the relationship between amikacin clear-
ance and CLg. Other possible explanations are the tubular
secretion of creatinine, which results in overestimation of the
glomerular filtration rate in patients with severe renal impair-
ment, and the possible fluctuation of CL.y over the dosing
interval, which was not accounted for (only one measurement
of the serum creatinine level was obtained each day).

One major goal of our study was to assess the linearity of
amikacin kinetics with respect to the dose, because some re-
ports on aminoglycoside kinetics have suggested that nonlin-
earity may exist. With regard to amikacin, the peak concentra-
tions were proportional to the dose in the range of 7.5 to 15
mg/kg in one study (36), but they were less than proportional
in another one (37). In the latter study, although the difference
was not significant, the peaks at the higher dose were 21%
lower than expected compared to the concentrations measured
after administration of the lower dose. Owing to the high
amikacin dose used to treat neutropenic patients (20 mg/kg),
the consequences of nonlinear kinetics could have been more

pronounced. However, statistical analysis based on the popu-
lation model did not confirm the nonlinearity in amikacin
kinetics since the values of the population parameters were not
significantly different for the o.d. group and the b.i.d. group.
Therefore, it can be concluded that amikacin kinetics in neu-
tropenic patients are linear in the range of 7.5 to 20 mg/kg.

A comparison of the pharmacokinetics of amikacin given
o.d. versus those of amikacin given b.i.d. has been performed
for other populations, but with a smaller dose range. Maller
(23) studied 45 elderly patients and found that mean peak
values (measured at the end of the infusion) were 55 mg/liter
after the administration of 15 mg/kg and 33 mg/liter after the
administration of 7.5 mg/kg, while ¢, (estimated after fitting
a two-compartment model to the data) was 4.4 to 5.2 h. Marik
(26) studied 100 critically ill patients; for a subgroup of 40
adults with CLg above 50 ml/min/1.73 m?, they found a mean
t1o5 0f 3.45 h (range, 1.09 to 6.47 h). The mean * SD 1-h peak
concentrations for the 100 patients receiving drug either o.d. or
b.i.d. were 33.7 £ 4.8 and 19.4 = 3.1 mg/liter, respectively.
Tulkens (36) compared amikacin given at a dosage of 14.5
mg/kg o.d. to amikacin given at a dosage of 7.7 mg/kg b.i.d.
with 40 young women suffering from pelvic inflammatory dis-
ease. No difference in the values of the pharmacokinetic pa-
rameters estimated from the data of each arm was found.
Therefore, our results regarding the linearity of amikacin ki-
netics are in agreement with those data, although we assessed
a larger dose range (7.5 to 20 mg/kg). It appears that critically
ill patients have lower peak concentrations than other popu-
lations, including neutropenic patients.

When the study was designed, clinical experience with ami-
kacin given o.d. to neutropenic patients was limited, and no
recommendation was available for the peak and trough serum
amikacin levels. We chose to adjust the amikacin dosing to
obtain 1-h peak and 24-h trough serum amikacin levels of >40
and <5 mg/liter, respectively. These breakpoints were based
on (i) the study of Beaucaire et al. (3), who observed a higher
mortality rate in intensive care unit patients when the first peak

TABLE 6. Studies of the pharmacokinetics of amikacin given at a dosage of 7.5 mg/kg b.i.d. to neutropenic patients and healthy volunteers

No. of CLcgr Subject

CL

S - Vs
Reference subjects (ml/min) characteristic Sampling design Model® (liters/h) (lite:/gkg) fize ()
14 8 105 = 11 Nonfebrile 10 samples (0-8 h) Two 9.2 0.45 2.1
17 10 108 = 38 Febrile P, T One 7.6 0.40 2.9
11 28 86 =30 Febrile P, T One 5.7 0.38 3.8
40 27 103 =28 Febrile P and T at steady state One 72 0.40 2.3
14 8 106 =5 Healthy volunteers 10 samples (0-8 h) Two 6.7 0.34 2.3
13 6 <125°¢ Healthy volunteers 11 samples (0-24 h) Two 7.6 0.30 1.9

“ P, peak; T, trough.

? One and two, one-compartment model and two-compartment model, respectively.

¢ The value is the Scg (in micromolar).
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serum amikacin level was <40 mg/liter, and (ii) the study of
Ter Braak et al. (34), who noted a 24-h trough netilmicin level
of 2.8 mg/liter for patients who developed nephrotoxicity ver-
sus a level of 1.1 mg/liter for other patients. Since the recom-
mended amikacin levels are ca. 2 times higher than those of
netilmicin with the administration of multiple daily doses, we
hypothesized that patients with a 24-h trough amikacin level of
>5 mg/liter could be at a higher risk for nephrotoxicity. Since
the present study was designed, two reports by the Interna-
tional Antimicrobial Therapy Cooperative Group of the Eu-
ropean Organization for Research and Treatment of Cancer
on o.d. amikacin administration for neutropenic patients have
been published, and those reports support the breakpoint re-
garding the trough value. Those studies demonstrated that
24-h trough levels of <10 mg/liter ensure a very low incidence
of nephrotoxicity. In the first study (16), nephrotoxicity oc-
curred in 12 of 351 patients (3%) in the o.d. amikacin group,
but toxicity did not develop until other nephrotoxic drugs (am-
photericin B, glycopeptide antibiotics, furosemide) were used
for 11 of the 12 patients. Auditory toxicity was found in 6 of 70
patients who underwent audiometric testing, but neither the
peak nor the trough serum amikacin concentrations were
higher in patients with ototoxicity than in those without it. In
the second study (9), nephrotoxicity developed in 5 of 854
episodes (0.6%). However, in those studies, almost all patients
had a trough level of <5 mg/liter. Therefore, at least when the
treatment duration does not exceed 10 days, the maximal 24-h
trough level of 5 mg/liter is supported by clinical data.

With regard to the peak value, it is known that a peak
concentration/MIC ratio of >6 is required to obtain the high-
est probability of a favorable outcome in immunocompetent
patients (27). Although we did not assess the relationship be-
tween peak amikacin concentration and short-term out-
come, it has been reported that neutropenic patients with
gram-negative bacterial infections require higher peak bacte-
ricidal concentrations than nonneutropenic patients to im-
prove the outcome (32). Moreover, the postantibiotic effect of
aminoglycosides is dependent on the peak concentration and
time of exposure, but it is markedly reduced in neutropenic
animals (10, 12). Finally, adaptive resistance to aminoglyco-
sides (i.e., the increase in the MIC after the first exposure to
the antibiotic) is decreased by a factor of 2 to 3 when the peak
concentration/MIC ratio increases from 8 to 24 (18). There-
fore, the value of 40 mg/liter that holds for intensive care unit
patients might be too low for neutropenic patients. Since the
MICs at which 90% of strains susceptible to amikacin are
inhibited are <8 mg/liter, a peak amikacin level of >60 mg/
liter seems to be a reasonable goal for avoiding inefficacy in
severely neutropenic patients.

It has been shown that the peak serum amikacin level ob-
tained after the administration of the first dose is the most
important factor for a favorable outcome (3, 28). Therefore,
the population model was used to propose dosing recommen-
dations for amikacin in febrile neutropenic patients, individu-
alized on the basis of their biological and demographic char-
acteristics. For the sake of simplicity, the population model
involving only the estimated CL~ was used. The goal was to
adjust the dose and its administration interval so that 90% of
the patients would have a peak serum amikacin level of >60
mg/liter (1 h after the start of the first administration) and 95%
of the patients would have a trough serum amikacin level of <5
mg/liter (predose level at steady state). Our proposals for ob-
taining these objectives are summarized in Table 7. These
proposals should now be prospectively correlated with clinical
and microbiological outcomes to determine their relevance.

With regard to the consequences for therapeutic drug mon-
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TABLE 7. Proposed amikacin dosing regimens to achieve first
1-h-peak level of >60 mg/liter in 90% of patients and
trough (predose) level at steady state of
<5 mg/liter in 95% of patients

CLcg (ml/min) Dose (mg/kg) Interval (h)

80-130 20 24
60-80 22 36
40-60 20 36
20-40 20 48
10-20 17 48

itoring in clinical practice, two samples (one with a peak con-
centration and one with a trough concentration) should be
obtained at 1 and 12 h (regardless of the dosing interval) after
administration of the first dose. Sampling at 12 h ensures that
the amikacin concentration will be measurable. If necessary,
the dosing schedule should be individualized by using the
Bayesian method based on the population model described in
this study. Serum amikacin levels (1-h peak and predose trough
levels) should be controlled after the third dose has been given
and should be further monitored if the patient’s renal function
is unstable.
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