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ABSTRACT The aim of this work was to evaluate the pharmacokinetics of amikacin
in Mexican patients with different renal functions receiving once-daily dosing regi-
mens and the influence of clinical and demographical covariates that may influence
the optimization of this antibiotic. A prospective study was performed in a total of
63 patients with at least one determination of amikacin plasma concentration. Popula-
tion pharmacokinetic (PK) parameters were estimated by nonlinear mixed-effects model-
ing; validations were performed for dosing recommendation purposes based on PK/
pharmacodynamic simulations. The concentration-versus-time data were best described
by a one-compartment open model with proportional interindividual variability associ-
ated with amikacin clearance (CL) and volume of distribution (V); residual error
followed a homoscedastic trend. Creatinine clearance (CLcgz) and ideal body
weight (IBW) demonstrated significant influence on amikacin CL and V, respec-
tively. The final model [CL (liters/h) = 7.1 X (CLcg/130)°8* and V (liters) = 20.3 X
(IBW/68)%°] showed a mean prediction error of 0.11 mg/liter (95% confidence inter-
val, —3.34, 3.55) in the validation performed in a different group of patients with
similar characteristics. There is a wide variability in amikacin PK parameters in Mexi-
can patients. This leads to inadequate dosing regimens, especially in patients with
augmented renal clearance (CL.g of >130 ml/min). Optimization based on the final
population PK model in Mexican patients may be useful, since reliability and clinical
applicability have been demonstrated in this study.

KEYWORDS amikacin, population pharmacokinetics, PK/PD modeling, augmented
renal clearance

mikacin is an aminoglycoside antibiotic of wide clinical use to treat serious

infectious caused mainly by Gram-negative pathogens. Aminoglycoside bacteri-
cidal activity has been strongly associated with the ratio of maximum concentration
(Cnax) to MIC as the pharmacodynamic (PD) parameter related to favorable clinical
outcome. Specifically, for amikacin, a C,,,/MIC ratio of =8 has been established to
predict treatment efficacy considering postantibiotic effect, which is also concentration
dependent and extends from approximately 4 to 6 h (1-3).

The pharmacokinetics (PK) of this antimicrobial is altered by the pathophysiology
associated with patient condition, which leads to fluctuations in the plasma concen-
trations, requiring the use of different strategies to ensure effective pharmacotherapy
(4, 5).

Augmented renal clearance (ARC) is a physiological condition defined by creatinine
clearance (CLcg) greater than normal values (130 ml/min/1.73 m?), which recently has
been identified and may lead to therapeutic failure in antibiotics mainly eliminated by
the renal pathway (6-8). One of the main factors associated with failure in antibacterial
therapy in patients with ARC is the inadequate dosage of the drug, which generates
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TABLE 1 Demographic and clinical characteristics of critically ill patients included for the
development and validation of amikacin population pharmacokinetic model

Characteristic®

Value(s)® for:

Population group (n = 50)

Validation group (n = 13)

Sex (male/female) (n)
Amikacin plasma concn (n)
Age (yr)

Wt (kg)

Height (cm)

BMI (kg/m?2)

Adjusted wt (kg)

Ideal wt (kg)

Serum creatinine (mg/dl)
Clcg (ml/min)

Urea (mg/dl)

Ureic nitrogen (mg/dl)

45/5

80

33.5 (18.0-64.0)
70.0 (44.0-138.0)
170.1 = 7.9
24.0 (16.0-38.2)
68.6 (46.0-107.3)
68.1 + 8.1

0.8 (0.4-1.8)
130.0 = 40.6
27.8 (8.5-129.2)
13.0 (4.0-60.4)

11/2

21

33.0 (18.0-67.0)
70.0 (45.0-127.0)
168.0 = 5.8
23.7 (18.5-41.5)
70.2 (48.6-94.6)
659 * 6.7

0.8 (0.2-1.4)
1404 = 70.3
28.9 (11.9-54.8)
14.0 (5.6-25.6)

Antimicrobial Agents and Chemotherapy

Total proteins (g/dl) 65+ 14 49 + 09
Albumin (g/dl) 3.7 =08 25 *+ 06
Total bilirubin (mg/dl) 0.7 =03 04 =03
Sodium (mmol/liter) 1374 = 48 1404 = 2.9
Potassium (mmol/liter) 3.8 (3.3-5.0) 3.9 (3.0-4.5)
Chloride (mmol/liter) 1066 = 5.8 110.0 *= 4.1
Calcium (mg/dl) 8.5 = 0.9 82 * 1.1
Phosphorus (mg/dl) 3.1 1.0 3.7 =08
Magnesium (mEg/liter) 1.7 £ 0.2 1.8 £ 0.2
APACHE Il score 7.8 £ 4.1 16.5 = 2.1
Amikacin dose (mg/day) 1,000 (500-1,000) 1,000 (750-1,000)
Mechanical ventilation (%) 14 15.4
Pharmacotherapy (%)
NSAIDs 88 85
Opioid analgesics 80 70
Cephalosporines 88 62
Diuretics 2 15
Antimycotics 56 54
Inotropics 8 8
Glucocorticoids 20 15

aBMI, body mass index; CLcg, creatinine clearance.
bData are shown as means = standard deviations or as medians (ranges).

subtherapeutic concentrations of the antibiotic, with the consequent lack of efficacy of
treatment and the possible emergence of resistant strains. On the other hand, it
should be noted that the administration of excessive doses can generate toxic
effects, which can increase the length of hospital stay and generate a greater
expense in patient care (9).

The aim of this work was to characterize the PK parameters of amikacin in
Mexican patients with different levels renal function, especially ARC, and to evaluate
the influence of other anthropometric and clinical covariates to propose a dosage
regimen achieving therapeutic targets.

RESULTS

Demographics. A total of 80 plasma concentrations (Cp) from 50 patients were
included for the development of a population PK model of amikacin. Clinical and
demographic characteristics of the patients are shown in Table 1. Based on CLg, 50%
of patients from population and validation study groups showed ARC (>130 ml/min/
1.73 m?2). Amikacin quantification ranged from 2 to 48.7 mg/liter; 25% of the blood
samples were drawn from 0.6 to 2 h (mean Cp of 30.86 mg/liter), 40% from 2 to 8 h (Cp
mean of 16.4 mg/liter), and 35% up to 16.5 h (mean Cp of 2.9 mg/liter) after the last
dose.

Development and validation of population PK model. Amikacin plasma concen-
trations after intravenous infusion are best described by a one-compartment open
model with proportional interindividual variability (IlV) associated with CL and V;
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TABLE 2 Final population pharmacokinetic model and internal validation for amikacin administered once daily

Bootstrap (n = 1000)

Percentile

Model“ Parameter Mean (% RSE?®) Median 2.5th 97.5th
CL (liters/h) = 6, X (CLcg/130)% 0, 7.1 (7) 7.2 6.2 8.4

05 0.84 (29) 0.86 0.34 1.26
V (liters) = 60, X (IBW/68)?, 0, 20.3 (8) 20 15.6 232

0, 2.94 (34) 3.13 1.27 5.40
Interindividual variability associated with CL (CV%) w?c, 27.2 (18) 27.2 12.2 38.2
Interindividual variability associated with V (CV%) w?, 33.6 (18) 30.2 9.7 414
Residual variability (mg/liter) o 1.78 (32) 1.75 1.07 3.09

aCV, coefficient of variation. CLi = CL X (T+m¢). Vdi = V X (1+ny).
PRSE, relative standard error.

residual variability (RV) was fitted to a homoscedastic model (additive) for the full range
of concentrations. This base structural model estimated initial values of CL (6.9 liters/h)
and V (20.9 liters), with an IIV of 34.6% and 41%, respectively, and an RV of 1.27 mg/liter.

The PK behavior of amikacin in Mexican patients showed an adequate adjustment
to a one-compartment open model with first-order elimination, which corresponds to
that previously described by other authors (10-13). It should be noted that it was not
feasible to characterize the adjustment of amikacin kinetics to a two-compartment
open model due to the small number of plasma samples per patient obtained for
the purpose of routine monitoring of plasma concentrations of this antibiotic.

Continuous covariates that showed significant influence and, therefore, were in-
cluded in this base model were CL.; and ideal body weight (IBW), affecting amikacin
CL and V, respectively.

Sequentially, univariate analysis, including each categorical covariate, was per-
formed, but none of them remained in the full model. The parameters estimated for this
final model are shown in Table 2, as are the results from the bootstrapping of the
original data set (n = 1,000), which confirm the stability and precision of the PK
parameters, since all of the final estimates are close to the median and within the
nonparametric 95% confidence interval (Cl). The IIV associated with CL and V were
reduced to 28.7% and 33.2%, respectively, from the base model variability. RV was
finally estimated as 12.21% for a mean amikacin plasma concentration of 15.3 mg/
liter. Representative mean plots of goodness of fit are shown in Fig. 1. Figure 2
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FIG 1 Scatterplots of goodness of fit of population and individual predicted versus observed amikacin concentrations (including the

identity line) for the final one-compartment open model for critically ill patients receiving amikacin administered once daily by
intermittent intravenous infusion (n = 50).
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FIG 2 Visual predictive check for amikacin plasma concentration-time profiles. Solid lines represent the
median (red) and the 95th and 5th percentiles (blue) of the observations, which are overlapped by the
90% confidence intervals for the median (red area) and the 95th and 5th percentiles (blue areas) of
the simulated profiles (n = 1,000).

represents a visual predictive check performed with 1,000 simulations of the
original database.

Validation was performed with plasma concentrations retrieved from 13 patients
with characteristics like those of the population study group (Table 1).

The prediction ability of the final model was compared with that of the base
structural model. The mean values and 95% Cls of bias and imprecision are shown in
Table 3. Lower values were obtained for the final model, and the mean prediction error
(MPE) was well distributed around zero. Based on a mean amikacin plasma concentra-
tion of 21.7 mg/liter measured for this group, the average error diminished from 36%
for concentrations predicted with the base model to 30% for concentrations predicted
with the final population PK model.

Dosing recommendations. PK/PD simulations were performed to evaluate stan-
dard amikacin doses administered to patients with different renal function and con-
sidering the final population pharmacokinetic model developed. Figure 3 shows initial
dosing recommendations based on C,,,../MIC ratio of >8 for different MICs and patients
with different grades of renal clearance (based on CLg).

Based on the simulations performed, a priori dosing guidelines for amikacin were
obtained. It should be noted that the proposed doses are recommended for subjects

TABLE 3 Mean prediction errors and 95% confidence intervals estimated for the
validation group with the base model and the final one-compartment open model
(n=13)

Model®
Parameter Base Final
Mean prediction error —0.98 (—6.68, 4.71) 0.11 (—3.34, 3.55)
Absolute mean prediction error 7.83 (5.83, 9.82) 6.56 (4.75, 8.36)
Median absolute error (%) 46 44
Root mean square prediction error 13.04 7.86

aData are shown as means (95% confidence intervals). Errors are measured in milligrams per liter.
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FIG 3 Amikacin dose suggested for critically ill patients based on final population pharmacokinetic model and bacterial MIC (n = 1,000 PK/PD simulations).

with an ideal weight of approximately 68 kg, because it was the average ideal weight
of the patients who were included in the study for the development of the population
PK model.

DISCUSSION

The final one-compartment population PK model for amikacin administered once
daily obtained in this study shows that CL.; has a statistically significant influence on
amikacin CL, and ideal weight is a covariate with significant influence on the V of the
drug.

Water-soluble antibiotics, such as amikacin, are distributed mainly in the extracel-
lular fluid and are almost completely eliminated through the kidneys by glomerular
filtration; therefore, modifications in renal function directly affect the clearance of this
drug (14).

Several methods have been described for estimating renal function. Among these,
inulin clearance is the most widely accepted method for estimating glomerular filtra-
tion rate (GFR); however, due to its complexity, it cannot be applied routinely in clinical
settings (15). The CLcg can be determined based on serum and urinary creatinine
concentrations; however, it has been reported that through this method, the GFR is
overestimated by 5% to 15% (16). In the present study, the Cockcroft-Gault equation
which includes age, total body weight, sex, and serum creatinine concentration was
used for the calculation of CL.g. While the MDRD (modification of diet in renal disease)
and CKD-EPI (chronic kidney disease epidemiology collaboration) equations for the
calculation of CL; have been widely used in recent years, CLg calculated based on the
Cockcroft-Gaul equation showed better association with amikacin CL, as demonstrated
by the current study and the previous one report by Boidin et al. (17), which also
included patients with and without ARC.

It is important to highlight that patients with ARC show a dynamic renal function
that is difficult to characterize, so the formulas applied for the calculation of GFR give
rise to estimates that must be interpreted based on the clinical context of each patient
(18).

Several authors have reported the influence of CL.z on the PK of amikacin, so this
covariate has been incorporated into different population models for this aminoglyco-
side (19-21). The knowledge of the degree of renal function of the patient is funda-
mental for the establishment of amikacin dosing regimens, since patients with high
CLcg Will require high doses of the antibiotic to reach optimal plasma concentrations.

The interindividual variability of the CL of amikacin obtained in the final model was
28.7%, similar to that reported by Romano et al. (13), in a study conducted in Spanish
critically ill patients, and inferior to that described by Jang et al. (11), Lugo and
Castaneda-Hernandez (12), and Debord et al. (10), in Korean, Mexican, and French
critically ill patients, respectively. According to the final model, the CL; explains 17%
of the variability in the amikacin CL established by the basic model.

It can be observed that the mean CL of amikacin (7.5 liters/h) in Mexican patients
included in the development of the population PK model of the present work is higher
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than that reported in other populations, except for that shown by Garraffo et al. (33),
who obtained a similar CL value (7.6 liters/h) in a study conducted in healthy French
volunteers. The high CL value obtained in the present study could be attributed to the
fact that a high percentage of the included patients with ARC is the young adult
population, male, and with a renal function apparently not compromised.

It has been described that obese patients show modifications in the PK parameters
of various aminoglycosides compared to those of patients with normal weight (Bauer
et al. [34]). Amikacin is distributed mainly in the extracellular fluid, and as this volume
increases, the V of the drug increases. It is important to point out that the critically ill
patient usually presents cardiovascular dysfunction, which could generate a third
compartment corresponding to the interstitial fluid, whose volume is significantly
increased due to the administration of large volumes of resuscitation fluids in response
to hypotension in the critically ill patient (5, 22). Therefore, the V of amikacin in critically
ill patients with normal weight is usually increased.

It should be emphasized that the critically ill patient presents multiple physiopatho-
logical changes that lead to modifications in the PK behavior of the drugs. In addition
to the renal system, the liver, lung, and cardiovascular system can be affected by critical
illness. Some authors have shown that the use of mechanical ventilation reduces
cardiac output, hepatic and renal flow, and the GFR and urine flow (22, 23). In this
study, the influence of assisted mechanical ventilation was evaluated; however, this
covariate was not included in the final model.

Romano et al. (13) reported that critically ill patients with a diagnosis of trauma
presented amikacin CL that was significantly higher than that of patients with other
diagnoses. The influence of concomitant pharmacotherapy on the PK of amikacin has
been reported in a very limited way. Lugo and Castafieda-Hernandez (12), in a study
conducted in Mexican critically ill patients, reported the impact of the administration of
catecholamines in the CL of amikacin. The use of high doses of these drugs compro-
mises renal flow due to its adrenergic effect. In the present study, the influence of drugs
coadministered on the PK of this aminoglycoside was not identified.

The process in the construction of the final model followed from the basic model
initially established, adjusting the data to a one-compartment open model, has led to
a reduction in the interindividual variability of CL and V by 5.9 and 7.8%, respectively.
This result suggests that the final model includes factors that have an important
influence on the interindividual variability of the PK parameters of amikacin in patients
with or without ARC.

However, no decrease in residual variability was observed in the final model. In this
context, it is necessary to consider that this error quantifies all the possible sources of
variability of the concentrations observed with respect to those predicted with the
proposed model and includes not only the intraindividual biological variability but also
the analytical errors in the measurement of the blood concentrations of the drug and
in the blood sampling times.

Nevertheless, validations performed guarantee the validity of the model for clinical
prediction purposes, which will allow us to realize, by means of Bayesian estimations,
the readjustment of the doses according to therapeutic amikacin blood concentrations.

Given that the proposed final model allows us to estimate the CL and V of amikacin
based on the CL; and ideal weight, we can predict the concentrations that the drug
will reach in each patient or establish the most appropriate dosage regimen.

The amikacin dosing regimens suggested in this study were established based on
once-daily administration; previous studies have shown that this regimen is more
effective than the multiple daily doses. This is based on the importance of achieving
high bactericidal concentrations of this aminoglycoside during the initial stage of
treatment to improve clinical effectiveness in intensive care unit patients (24). Figure 3
shows the initial amikacin dose proposed for different bacterial MICs; results suggest
that dosage recommendations based on IBW reach a minimum concentration of drug
in serum (C,,;,,) below 1 mg/liter even in patients with lower CLg (60 to 80 ml/min) who
show a high probability of a C,,;, of <4 ml/min, which is still safe. However, during
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treatment it is important to monitor the C,,,, and C,,,;,, of the antibiotic to minimize the
risk of subtherapeutic concentrations or the presence of toxic side effects.

One of the main limitations of the current study is the limited number of samples
obtained for each patient; furthermore, the proposed dosing regimens have not been
prospectively validated, and extrapolation to different populations should be done with
caution.

The application of the model in clinical practice could have a better predictive
capacity in the Mexican population than the parameters described in the literature,
suggesting its reliable application for the prediction of a priori blood concentrations of
this antibiotic, as well as in the establishment of dosage regimens and in the readjust-
ment of dosage regimens of this drug using strategies based on Bayesian algorithms.
This may lead to the optimization of antimicrobial therapy with amikacin by minimizing
the development of bacterial resistance by underdosing or the appearance of adverse
events caused by high concentrations of amikacin in blood.

MATERIALS AND METHODS

Study design. An observational prospective study was developed in Hospital Central “Dr. Ignacio
Morones Prieto” (HCIMP) in San Luis Potosi, México. Patients with suspected or proven infection and
under treatment with amikacin provided written informed consent according to the protocol approved
by the Research and Ethics Committee of HCIMP (Register 37-16) and the Ethics Committee of the
Chemical Sciences Faculty at the Autonomous University in San Luis Potosi, Mexico (Register
CEID2016083-S).

Patients (>18 years old) receiving once-daily intravenous amikacin treatment were included consec-
utively in the current study. Amikacin dosing was prescribed by treating physicians, and two blood
samples were drawn in EDTA tubes at least 30 min and up to 12 h after the infusion was finished.
Amikacin concentrations were quantified by the clinical laboratory of HCIMP through particle-enhanced
turbidimetric inhibition immunoassay (PETINIA; Architect ci8200 system; Abbot, Abbott Park, IL, USA).
The calibration range was 2 to 50 mg/liter. Inter- and intra-assay precision showed a coefficient of
variation of <5% and an average recovery of 100.1% = 2.6%. Clinical information was retrieved from
medical records.

Development of the population PK model. The population PK model was built using nonlinear
mixed-effects modeling via NONMEM software v7.3 (Icon Development Solutions, Dublin, Ireland) in
conjunction with Perl-speaks-NONMEM (PsN) 3.5.3 (25). Compartmental PK models were coded using
ADVAN1 TRANS2 and ADVAN3 TRANS4 subroutines in NONMEM. Data exploration, manipulation, and
graphics were handled using Xpose 4.3.5 embedded in R 3.1.0 (http://cran.r-project.org/; R is an
open-source, S-based statistical software) (26, 27). The first-order conditional estimation with interaction
method (FOCE-I) was used to estimate PK parameters. The variability of the parameter was estimated
using the covariance step. Visual inspections of the amikacin blood concentration-versus-time profiles
and the objective function value (OFV), calculated using likelihood ratio tests, were used to determine
the base model. A heteroscedastic model (proportional) was selected to describe the interindividual
variability in amikacin PK parameters, and the residual variability was modeled as a homoscedastic error
model (additive).

Following model development, covariates were evaluated in a stepwise forward selection, and
significant covariates were combined in a full model to characterize amikacin PK. This was followed by
backward elimination, and significant covariates were retained in the final model. The continuous
covariates tested were age, total body weight, adjusted and ideal body weight, body mass index (BMI),
creatinine, creatinine clearance (estimated using the Cockcroft-Gault equation with total body weight
[28], as well as CKD-EPI [29] and MDRD ([30] estimations), urea, blood urea nitrogen, total proteins,
albumin, total bilirubin, serum electrolytes (sodium, potassium, chloride, calcium, phosphorus, and
magnesium), and acute physiology and chronic health evaluation Il (APACHE II) scores. The categorical
covariates evaluated were sex, mechanical ventilation, diabetes mellitus, arterial hypertension diagno-
sis, and/or concomitant administration of nonsteroidal anti-inflammatory drugs (NSAIDs), opioid
analgesics, cephalosporins, diuretics, antimycotics, inotropics agents, and corticosteroids. The prelimi-
nary selection of covariates was performed by stepwise generalized additive model (GAM) analysis.
Covariate selection was guided using likelihood ratio tests at a significance level (P value) of <0.05 for
forward addition of covariates (AOFV > 3.84) and P value of <0.01 for backward elimination of covariates
(AOFV > 6). Diagnostic plots and comparisons of changes in the minimum OFV between the nested
models were used to evaluate the covariates and physiologically reasonable results.

Continuous covariate effects were introduced into the population model using linear, power, or
exponential functions; parameters were also centered on the median value of the continuous variables
in the database (allometric function). Categorical covariates were usually set to 1 for the most frequent
classification and introduced to the model as described by Mould and Upton (31).

Validation of the PK model. Internal validation was performed by bootstrapping, which was based
on 1,000 resamples generated from the original database and by following the same structure of the final
model. The model was considered stable if the mean parameters estimated with the original database
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are found into the 2.5th and 97.5th percentiles built, with the databases generated by a resampling
technique.

Additionally, the final PK model was validated with a new group of patients with characteristics

similar to those included in the population study group. The predictive performance of the population
PK model was evaluated using an a priori method. Amikacin concentrations of the validation group were
compared with predicted values to estimate the precision of the final population model. The bias was
evaluated via the mean prediction error. Accuracy was estimated by the absolute relative error and the
root mean squared prediction error (32).

Dosing recommendations. PK/PD simulations (n = 1,000) were performed with the final population

model for dose selection, considering clinical characteristics influencing amikacin PK parameters and
different MICs. Based on the clinical breakpoints recently reported by EUCAST (http://www.eucast.org/
clinical_breakpoints/), MICs for susceptible microorganisms are distributed below 8 mg/liter, but 16 mg/

liter has also been reported. C,

max’

/MIC of >8 and area under the concentration-time curve (AUC)/MIC of

>75 were evaluated as PK/PD targets for different scenarios. Typical patients were simulated to predict

C

max’

AUC, and C

min

with different initial doses of amikacin administered once daily. Dosage regimens

were chosen at the level of the higher percentage of patients who achieved therapeutic index in terms
of efficacy and safety for each simulation performed.
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