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Abstract

Study Objectives: The objectives of this study were (i) to determine the population phar-
macokinetic (PK) of imipenem in critically ill patients with life-threatening severe infections,
(i) to investigate the impact of extracorporeal membrane oxygenation (ECMO) on the
population PK of imipenem during support with ECMO compared to those without ECMO
support, and (jii) to assess the probability of target attainment (PTA) for finding the optimal
dosage regimens of imipenem in critically ill patients with life-threatening severe infections.
Design: Open-label, PK study.

Setting: Academic tertiary care medical center.

Patients: Fifty critically ill patients with or without ECMO by pooling data from previ-
ously published studiesand unpublished data from 14 patients.

Intervention and Measurements: The population PK of imipenem was determined
using NONMEM and a Monte Carlo simulation was performed to determine the PTAs
of achieving 40% and 75% exposure times during which the plasma drug concentra-
tions remained above the MIC.

Main Results: The values of volume of distribution and total clearance were 30.5 L
and 13.3 L/h, respectively. The ECMO circuit did not show a significant influence on
the PK parameters of imipenem. For pathogens with a MIC of 4 mg/L, the PTA target
of 75% fT>MIC in patients with normal renal function was achieved when the imipe-
nem was administered by a 4-h infusion of 1 g géh.

Conclusion: The ECMO circuit had little effect on enhancing the PK changes of imi-
penem that had already occurred in these patients. A high dosage of imipenem may
be required for achieving the PK/pharmacodynamic targets against less susceptible
pathogens, however, the dosage regimens in patients with renal impairment may not
need to be as high as those required in patients with normal renal function.
ClinicalTrials.gov: NCT03858387.
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1 | INTRODUCTION

Extracorporeal membrane oxygenation (ECMO), an advanced life-
support machine, provides pulmonary and/or cardiac support for
patients who have severe cardiopulmonary diseases refractory to
conventional therapy.’® Previous studies on the impact of ECMO
in critically ill neonates have found that the ECMO circuit itself can
exacerbate the already profound pathophysiological changes asso-
ciated with these critical conditions, resulting in alterations of the
pharmacokinetics (PK) of antibiotics.»?“ In recent years, ECMO has
been increasingly used for support of seriously ill adults suffering
severe respiratory and/or cardiac failure.*® To date, few studies
have examined how this increasing use of ECMO support may be
influencing the PK of coadministered drugs. Based on available PK
analyses, it appears that pathophysiological changes from an ECMO
circuit have little impact on PK patterns, resulting in no or minimal
changes in the V and CL of administered drugs when compared to
those changes resulting from the critical illness itself.»*” However,
our previous study found that pathophysiological changes in adult
patients with ECMO had a greater impact on altered PK patterns
of imipenem than those occurring in patients without ECMO sup-
port.8 Therefore, further investigations of the impact of ECMO on
imipenem PK are required. The aims of this study were (i) to deter-
mine the population PK of imipenem in critically ill patients with life-
threatening severe infections, (i) to investigate the impact of ECMO
on the population PK of imipenem in this patient population during
support with ECMO compared to those without ECMO support, and
(iii) to assess the probability of target attainment (PTA) for finding
the optimal dosage regimens of imipenem in critically ill patients
with life-threatening severe infections.

2 | MATERIALS AND METHODS

2.1 | Patients, study design, and blood sampling
The study was conducted on 50 critically ill patients with severe in-
fections by pooling from two datasets.

Dataset 1: The clinical data and plasma concentrations of imi-
penem from 36 critically ill patients with or without ECMO support
were pooled from four previous studies we conducted.8 1

Dataset 2: The current study also included additional data from
14 critically ill patients with severe infections admitted to the ICU
of Songklanagarind Hospital between October 2018 and January
2020. All patients were 218 year of age and received a 1-h infusion
of 0.25-0.5 g of imipenem/cilastatin q6-12 h. The imipenem PK
studies were carried out during administration of the dose of imipe-
nem after 24 h of drug administration. Blood samples (~3 ml) were
obtained via a heparinized intravascular catheter by direct venipunc-
ture at the following times: before (time zero) and 0-0.5, 0.5-2, 2-4,
and 4-12 h after drug administration. The blood samples were added
to a heparinized tube and centrifuged at 1000 x g for 10 min not later
than 15 min after collection. An equal volume of stabilizing solution
(0.5 M MOPS/water/ethylene glycol, 2:1:1, v/v/v) was added to each
plasma sample, which was then vortexed and stored at -80°C until
analysis within 1 week. The details of the patient populations and
study design are summarized in Table 1.

This study was approved by the Ethics Committee of
Songklanagarind Hospital, Faculty of Medicine, Prince of Songkla
University (Number 60-061-14-1). Written informed consent was
obtained from each patient's legally acceptable representative be-
fore enrollment.

TABLE 1 Patient populations and study design of the 50 critically ill study patients from four previous studies and an unpublished study

Patient population

Previous study 1 in 10
patients8

Critically ill patients with life-threatening
severe infections support with ECMO

Previous study 2in 8 Critically ill patients with VAP

patients’

Critically ill patients with febrile neutropenia
and bacteremia

Previous study 3 in 10
patients®®

Previous study 4in 8 Critically ill patients with VAP

patients*!

Unpublished study in Critically ill patients with sepsis

14 patients

Median (interquartile range) of
severity of illness

SOFA
Imipenem dosage regimens APACHE Il score score
1-h infusion, 0.5 g q6h 24 (14.5-26.5) 10 (9-
16.25)
All patients received 11 (6.75-14) 3(2-5)

0.5-h infusion, 0.5 g g6h for
24 h; then 2-h infusion,
0.5 g q6h for 24 h; finally
2-h infusion, 1 g q6h for

24 h

Group 1: 0.5-h infusion, 0.5 g 17 (13.5-21.25) 4 (3-5.75)
géh

Group 2: 4-h infusion, 0.5 g
q6h

Group 1: 0.5-h infusion, 0.5 g 11 (9-13) 3(2-3.25)
qéh

Group 2: 4-h infusion, 1 g g8h

1-hinfusion, 0.25-0.5 g q6-12h 23 (13-26.75) 9(3.75-13)

Abbreviations: ECMO, extracorporeal membrane oxygenation; VAP, ventilator-associated pneumonia.
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2.2 | Drugs and chemicals

Imipenem/cilastatin (Tienam®) used in an unpublished study was
purchased from MSD, Thailand. Imipenem standard powder was
purchased from the U.S. Pharmacopeia (Rockville, MD, USA) as pure

powder. All the solvents were of HPLC grade.

2.3 | Imipenem assays

The free fractions of imipenem concentrations (not for cilasta-
tin) were determined by reversed-phase HPLC. The samples were
prepared by the method of Garcia-Capdevila et al.*? Briefly, 250 pl
of stabilizing solution was added to 250 pl of the sample. The mix-
ture was then subjected to ultrafiltration, using an Ultrafree® MC
Centrifugal Filter Unit for 10 min at 6000 x g. An aliquot of the
sample (50 pl) was injected onto a Nova-Pak C18 column (Waters
Associates). The mobile phase used 0.2 M borate buffer, pH 7.2 at a
flow rate of 1 ml/min. The column effluent was monitored by a pho-
todiode array detector (Waters 2996; Waters Associates, Milford,
MA) at 300 nm. The validation tests were found to be within ac-
ceptable limits as per the 2013 U.S. Food and Drug Administration
Guidance on Bioanalytical Method Validation.!® The lower limit of
quantitation (LLOQ) of imipenem was 0.25 mg/L. The intra-assay re-
producibility values characterized by coefficients of variation (CVs)
were 0.19%, 0.71%, and 0.11% for samples containing 0.75, 20, and
75 mg/L, respectively. The inter-assay reproducibility precision val-
ues, calculated by CVs, were 0.39%, 1.63%, and 0.23% for samples
containing 0.75, 20, and 75 mg/L, respectively. A short-term stabil-
ity study showed that at room temperature for samples containing
0.75 and 75 mg/L, the imipenem concentration losses were <1% for
at least 1 h. A long-term stability study showed that at -80°C, the

imipenem concentration losses were <5% for at least 14 days.

2.4 | Population pharmacokinetics analysis

The population PK model-building of imipenem was performed using
NONMEM® software version 7.4 (ICON Development Solution,
Ellicott City, MD, USA) along with Perl-Speaks-NONMEM version
4.9.0 (Uppsala university, Uppsala, Sweden) and Pirana software
version 2.9.9 (Certara, NJ, USA). Graphical processing of the data
and NONMEM output was carried out in R program version 3.6.0
(R Foundation for Statistical Computing, Vienna, Austria). The first-
order conditional estimation with eta-epsilon interaction (FOCE-I)
and stochastic approximation expectation maximization (SAEM)
methods was examined to estimate the PK parameters. Both meth-
ods provided similar PK parameters, therefore, the FOCE-I method
was chosen due to significantly shorter runtimes. Imipenem concen-
trations below LLOQ, which represented only 1.1% of all datasets,
were imputed with LLOQ/2.

The interindividual variability (11V) of each parameter was mod-
eled using an exponential error model and covariance terms were

estimated for any interindividual error terms displaying significant
correlations. The interoccasion variability (IOV) was also tested and
modeled as an additional random effects parameter. Residual vari-
ability for the pooled dataset was initially modeled by considering
additive, proportional, or combined additive and proportional error
models. Then, a separate residual error model for each study was
investigated to account for study variability differences.

After the appropriate structural model was established, 23 clin-
ical covariates were evaluated for their impact on PK parameters:
age, gender, actual body weight, ideal body weight, adjusted body
weight (ABW), body mass index, the use of ECMO support, ECMO
type, ECMO flow rate, duration of ECMO, APACHE Il scores, SOFA
scores, creatinine clearance estimated by Cockcroft-Gault equation
(CLcg.cg) estimated glomerular filtration rate (eGFR) using the four
variables from the Modification of Diet in Renal Disease study equa-
tion (GFRy,prpa) six variables from the GFRy,pen(GFRyprpe) @nd
the Chronic Kidney Disease Epidemiology Collaboration equation
(GFRgp)), acute kidney injury, mechanical ventilation support, serum
albumin, fluid balance, use of inotropes, septic shock, and mean ar-
terial blood pressure. A covariate was retained in the model if it led
to significant improvement of model fit, as evaluated by a decrease
in objective function value (OFV) of 3.84 (p < 0.05 for 1 degree of
freedom [df]) for forward addition and an increase of OFV by 6.64
(p < 0.01 for 1 df) for a backward deletion step.

The minimum objective function value (MOFV) between nested
models, and Akaike's information criterion (AIC) between a non-
nested model in combination with parameter precision, and visual in-
spection of various goodness-of-fit plots, were considered for model
selection. A non-parametric bootstrap (n = 2000) stratified on study
was performed to evaluate the robustness of the final model and to
obtain confidence intervals of all parameter estimates. The predictive
performance of the final model was examined using a prediction-
corrected visual predictive check (pcVPC) to compare the 5th, 50th,
and 95th percentiles of the observed and simulated concentrations
(n = 2000). The final model was also assessed by normalized pre-
diction distribution error (NPDEs). A total of 2000 datasets were
simulated using the final model parameters, and the results were
summarized graphically by quantile-quantile and histogram plots.

The NPDE distribution was expected to follow a normal distribution.

2.5 | Pharmacodynamic assessment using Monte
Carlo simulations

A Monte Carlo simulations (MCS; n = 5000) was performed using
NONMEM® version 7.4 and R program version 3.6.0 to assess the
PTAs of various dosing regimens. The final population PK model was
used to simulate the unbound imipenem concentration-time profiles
over the first 48 h of the treatment course for various dosage regi-
mens, duration of infusion, and GFR,. For all of these regimens, the
percentage of time that free drug concentrations exceeded the MIC
(fT,\c) of each simulated condition was determined and then the
probabilities of achieving fT,,,,c, of 40% and 75% were calculated.
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Factor?
Gender

Male (%)

Female (%)
Age (years)
Actual body weight (kg)
Ideal body weight (kg)
Adjusted body weight (kg)
Body mass index (kg/mz)
GFRp,
Serum albumin (g/dl)
Total bilirubin (mg/dl)

Aspartate aminotransferase level (mg/dl)

Alanine aminotransferase level (mg/dl)

Alkaline phosphatase level (U/L)

The use of catecholamine infusion(s)

Norepinephrine (%)
Epinephrine (%)
Dopamine (%)

Use >2 drugs (%)

The use of mechanical ventilator (%)

APACHE Il scores
SOFA scores
Fluid balance 24 h (L)
Source of infection
VAP
HAP
CRBSI
Ruptured appendicitis

Suspected nosocomial infection

Aspiration pneumonia
Bacteremia
Peritonitis
Pancreatitis
uTI
Cellulitis

Isolated pathogens
Pseudomonas aeruginosa
Acinetobacter baumannii
Klebsiella pneumoniae
Moraxella catarrhalis
Stenotrophomonas maltophilia
Enterobacter cloacae
Escherichia coli
Other GNB

Median (interquartile range) or as indicated

PHARMACOTHERAPY 9%P
TABLE 2 Demographic data of the 50 critically ill study patients during support with or without Extracorporeal membrane oxygenation (ECMO)

ECMO (N = 10)

6 (60%)

4 (40%)

49.00 (40.75-54.75)
62.50 (55.00-69.25)
58.24 (51.48-67.97)
57.96 (54.25-66.17)
24.72(22.38-27.83)
67.43 (34.95-109.07)
2.25(1.90-2.78)
1.33(1.08-2.17)
219.5 (57.00-1660.75)
162.5(73.25-821.0)
94.5(68.0-118.75)

7 (70%)

3(30%)

5 (50%)

5 (50%)

10 (100%)
30.5(26.25-37.25)
14.0 (12.25-17.00)
2.19 (0.87-4.21)

I = =

7

Without ECMO (N = 40)

29 (72.5%)

11 (27.5%)

58.10 (42.05-69.60)
62.90 (51.88-70.00)
59.15 (54.84-62.31)
60.67 (51.88-67.84)
22.89 (20.04-26.35)
100.90 (62.48-114.49)
2.60(2.38-3.40)
0.77 (0.52-1.90)
34.5(18.75-59.25)
24.5(17.75-47.25)
106.5 (85.0-168.25)

8 (20%)

1(2.5%)
1(2.5%)

2 (5%)

25 (62.5%)

15.0 (11.0-22.0)
4.0 (2.0-7.0)
0.74 (0.04-1.47)

17
5

=R, NN

12

12

10

All patients (N = 50)

35 (70%)

15 (30%)

56.20 (40.95-66.60)
62.90 (52.77-70.00)
59.14 (52.83-64.35)
59.77 (52.08-67.88)
23.43 (20.46-26.57)
98.89 (49.66-113.30)
2.55(2.20-3.00)
0.87 (0.54-1.93)
37.5(20.0-141.75)
35.0(18.25-79.75)
102.5 (83.5-157.25)

15 (30%)

4 (8%)

6 (12%)

7 (14%)

35 (70%)

17.5 (11.25-26.0)
5(3.0-11.75)
0.82(0.12-1.52)

14

12

17

Abbreviations: APACHE, acute physiology and chronic health evaluation; CRBSI, catheter-related blood stream infection; fluid balance, fluid intake

minus fluid output for 24 h during administration of imipenem; GFR

EPI’

glomerular filtration rate using the Chronic Kidney Disease Epidemiology

Collaboration equation; GFR,pxp, glomerular filtration rate using the Modification of Diet in Renal Disease study equation; GNB, gram-negative
bacteria; HAP, hospital-acquired pneumonia; SOFA, sepsis-related organic failure assessment; UTI, urinary tract infection; VAP, ventilator-associated

pneumonia.
2N, number of patients.
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The PTA of 290% was considered to be optimal in critically ill pa-
tients with severe infections.

3 | RESULTS

The demographic data of the 50 patients from the five studies
are shown in Table 2. A total of 534 sample concentrations were
used for the population PK analysis. A two-compartment model
with first-order elimination best described the pooled imipenem
concentration-time profiles. The 11V was able to be estimated in all
parameters, but the IV on Q was very low, and therefore, it was
fixed to zero. Since there was a significant correlation between 11V
on CL, Vc, and V,, covariance terms were incorporated which re-
sulted in a substantial improvement of the model fit (AAIC = -24.2).
Because the plasma concentrations in the second study were avail-
able for multiple doses, the 10Vs were taken into account. The
only 10V found to be statistically significant was the IOV on V.
(AMOFV = -39.4). The magnitude of the IOV on V. was moderate
(coefficient of variation 33.2%), which suggests that the V. within
an individual may change over time. However, the percentage of
shrinkage (SHR) and relative standard error (RSE) estimates of this
parameter were high (SHR 77.3% and RSE 65.7%), therefore, it was
not included in further model development. Residual variability was
described using a combined proportional plus additive error model.
Subsequently, the residual variability model was modified by adding
separate error terms for each study; this modified model resulted in
a better fit model. The details of model development are provided
in Appendixes 1 and 2. After completing the covariate testing, all
estimated renal functions were the significant covariates describing
the CL of imipenem and the GFR,, was the best improvement of the
model fit, whereas ABW was the only significant covariate explaining
the V. of imipenem. The use of ECMO support, ECMO type, ECMO

flow rate, and duration of ECMO did not show significant influences
on the PK parameters of imipenem (Figure 1). The final parameter
estimates along with their precisions are summarized in Table 3. All
model parameters were estimated with acceptable precision and
the parameters obtained from the final model were generally similar
and contained within 95% Cls from 2000 bootstrap runs, indicat-
ing the robustness of the model. The goodness-of-fit plots showed
good agreement between observed and model-predicted concen-
trations (Figure 2). A majority of the conditional weighted residu-
als (CWRES) lay within 2 SDs and were symmetrically distributed
around zero. The pcVPC plot (Figure 3) shows that the 5th, 50th, and
95th percentiles of observed data were within the 95% prediction
intervals, indicating good predictive performance of the final model.
Furthermore, the NPDE distribution and histogram (Figure 4) com-
ply well with the theoretical N (0,1) distribution and density. With
regard to overall plots, the fit of this model seemed reasonably good
with no apparent visual biases.

The PTAs for various dosage regimens of imipenem for achieving
40% fT,\yc and 75% fT,,, ¢ in patients with various ranges of GFR
are shown in Table 4 and Appendix 3. For the PTAs of achieving 40%
T.mic in patients with GFR of 60-120 ml/min, the imipenem dosages
of a 4-h infusion of 0.5 g q8h for a MIC of 2 mg/L and a 4-h infusion
of 1 g q8h for a MIC of 4 mg/L were 97.1% and 97.2%, respectively.
For the PTAs of achieving 75% T,,,,c in patients with GFR of 60-
120 ml/min, the imipenem dosages of a 4-h infusion of 0.5 g g6h for
a MIC of 2 mg/L and a 4-h infusion of 1 g qéh for a MIC of 4 mg/L
were 92.7% and 91%, respectively.

4 | DISCUSSION

In this study, the ECMO circuit had little effect on enhancing the

PK changes of imipenem that had already occurred in critically ill
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FIGURE 1 The population pharmacokinetic parameters of imipenem in critically ill patients with life-threatening severe infections during
support with or without extracorporeal membrane oxygenation (ECMO). The horizontal lines in the box-whiskers plots are the medians; the
lower and upper boundaries of the box indicate the 25th and 75th percentiles, respectively. Vertical lines (whiskers) indicate 1.5x IQR below

the 25th and above the 75th percentiles
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TABLE 3 Population pharmacokinetic parameters of imipenem from the base and final models®

Base model
(MOFV = 1186.4)

Final model®
(MOFV = 1022.3)

Parameter Estimate %RSE
Fixed-effect parameter
CL(L/h) 11.8 9.5
6,
Ve () 15.0 124
0,
Ve (L) 15.4 124
Q(L/h) 19.4 20.6
Interindividual variability (11V)
11V on CL (%CV) 66.6 17.2
11V on V. (%CV) 75.0 231
IV on V,, (%CV) 60.3 231
Covariance between CL and V.
Covariance between CL and V,
Covariance between V. and V,
Residual variability
Additive (mg/L) 0.186 39.8
Proportional error (%) 19.7 21.0

Proportional error for study 1 (%

Proportional error for study 2 (%

(%)
(%)
Proportional error for study 3 (%)
Proportional error for study 4 (%)

(%)

Proportional error for study 5 (%

Estimate %RSE %SHR Median (95% Cl)

13.3 7.3 13.3(11.7,15.1)

0.112 11.8 0.113(0.088, 0.139)

13.6 11.0 13.6 (10.9, 16.4)

-0.348 26.8 -0.337 (-0.52,
-0.135)

16.9 10.6 17.0(13.7,20.7)

24.3 17.4 24.2(16.7,33.7)

51.0 17.7 0.1 50.2 (41.1, 58.7)

66.9 23.0 6.5 65.6 (52.6,82.1)

56.0 229 12.5 55.1(42.2, 67.3)

0.253 23.8 = 0.249 (0.144,
0.377)

0.166 29.2 = 0.161 (0.073, 0.270)

0.202 34.9 = 0.199 (0.066,
0.349)

0.216 31.2 11.0 0.217 (0.145, 0.288)

10.6 26.6 12.6 10.6(7.7,13.4)

17.4 33.2 11.7 17.2 (10.6, 23.0)

25.6 21.8 5.0 25.6(19.9,30.7)

10.2 28.8 13.8 10.0(7.0,12.9)

18.3 42.5 22.0 18.1(10.3, 25.3)

Abbreviations: %CV, percentage of coefficient of variation; ABW, adjusted body weight; Cl, confidence interval; CL, total clearance; GFR,
glomerular filtration rate calculated by Chronic Kidney Disease Epidemiology Collaboration equation; MOFV, minimum objective function value; Q,
intercompartment clearance; SHR, shrinkage; V., central volume of distribution; V,, peripheral volume of distribution; 8,, slope estimate reflecting
the influence of GFR,, on CL; 6,, slope estimate reflecting the influence of BW on V.

2%RSE, percentage of relative standard error.

®The final PK model parameter: CL(L/h)=13.3+0;x(GFRgp —89)
V(L) =13.8+0, x (ABW — 60).

patients with severe infections. A high dosage of imipenem may be
required for achieving the PK/PD target against less susceptible
pathogens in critically ill patients with severe infections.

Although ECMO has been increasingly used for lifesaving sup-
portin patients with potentially reversible respiratory and/or cardiac
failure for several years, an in-depth understanding of the complex
changes in the PK of administered drugs in these cases is still needed
for designing the optimal dosing regimens. Several previous PK in-
vestigations found that ECMO affected the altered PK of drugs in
several Ways.1'2'4'14 First, the interaction between the ECMO circuit
and the drug can cause an alteration of the PK of several drugs used in
these patients, and subsequently, affect therapeutic plasma concen-
trations and the achievement of PD targets. Direct drug extraction
by the ECMO circuit is a well-recognized effect on the PK alteration

across all patient populations that depends on both the circuit fac-
tors and the physicochemical properties of the drug.>*** The degree
of sequestration of a drug can be affected by several circuit factors
such as oxygenator materials, the type of circuit tubing, circuit age,
and composition of the priming solution."'**> The physicochemical
properties of any given drug, including molecular weight, pKa, and
degree of ionization, plasma protein binding, and lipophilicity, can
also affect the extent of the interaction of the drug with the ECMO
circuit.»'* Several previous ex vivo studies have demonstrated that
the degree of lipophilicity and protein binding is significant factors
affecting the extent of drug extraction when subjected to an ECMO
circuit.> Imipenem is a hydrophilic f-lactam antibiotic with a rela-
tively low V at steady state and low protein binding of less than 10%
to 20%.2%Y7 Therefore, the degree of drug extraction of imipenem
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FIGURE 2 The goodness-of-fit plots of the final imipenem pharmacokinetic model. (A) Observed concentration versus population
predicted concentration; (B) observed concentration versus individual predicted concentration; (C) conditional weighted residual versus
population predicted concentration; (D) conditional weighted residual versus time after dose. Solid lines represent the line of identity, the
dashed line is the linear regression line, and the dotted line is the locally weighted smoothing line to indicate trends

by an ECMO circuit may not be high compared to highly lipophilic
and highly protein-bound antimicrobial agents. Second, hemodilu-
tion from the large volume of exogenous blood, blood products, and
crystalloid fluid required to prime the circuit flows of the ECMO re-
sult in increased Vs of all administered drugs.»*** This effect has a
greater impact on hydrophilic drugs with alow V than lipophilic drugs
with a high V that are distributed widely to the tissues. However, the
association between the hemodilution effect from an ECMO circuit
and an enlarged V has mostly been investigated in neonates, result-
ing in difficulties extrapolating the data for use in critically ill adults
due to significant differences in physiological conditions and com-
position of body fluids.»>* Therefore, the hemodilution effect from
the priming solution of the ECMO circuit may have different effects
in adults. Third, ECMO affects various organ systems due to hypoxia

and hypoperfusion, resulting in decreased renal clearance of imipe-
nem in patients receiving ECMO.1414

In critically ill patients not receiving ECMO, pathophysiological
changes occurring in life-threatening severe infections and multi-
ple comorbidities can also cause an alteration of PK patterns for
antimicrobial agents‘lg’20 In the initial hyperdynamic state of se-
vere infections, a high cardiac output and increased renal blood
flow, as well as the use of inotropes during the management of
septic shock, result in enhancement of renal clearance of anti-
microbial agents, whereas in late-stage disease, decreased renal
clearance due to end-organ dysfunction can be observed with se-
vere infections.8-20

The two-compartment model was the best model for describing
the concentration-time profile of imipenem, which was consistent
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FIGURE 3 Prediction-corrected visual
predictive check (pcVPC) of the final 60 —
population pharmacokinetic model. Open
circles are observed concentrations. The
solid line represents the 50th percentiles Q 50 —
of the observations, and dashed lines E’
represent the 5th and 95th percentiles ;’
of the observations. The shaded areas ‘5 40 —
are the 95% confidence intervals around E
the 5th, 50th, and 95th percentiles of the T
predicted data § 30 +
8
5
l.é- 20
E
10

Sample quantiles

-3 -2 -1 0 1 2 3
Theoretical quantiles

Time after dose (h)

0.01

NPDE

FIGURE 4 Normalized prediction distribution error (NPDE) analysis (n = 2000). (A) Quantile-quantile plot of the NPDE distribution versus
the expected standard normal distribution. (B) Histogram of the NPDE distribution with the standard normal distribution overlaid (solid line)

with the results of previous population PK studies.!®!! The ECMO
circuit in our study had less impact on enhancing the alteration of
PK parameters of imipenem, although it seemed that the patients
with ECMO had greater baseline pathophysiologic derangements
and severities of illness such as renal and liver impairment, lower
serum albumin, higher fluid balance, higher use of catecholamine
infusions, and higher APACHE Il and SOFA scores compared to the
patients without ECMO. These results may be explained by noting
that, from the covariates analysis, patients with ECMO had less vari-
ability in PK changes than patients without ECMO and the study
was conducted in adult patients treated with imipenem, in which this
agent had a low degree of drug extraction by the ECMO. Further
prospective large well-defined clinical trials with controlled data

are required to investigate the impact of the ECMO on PK changes
and optimal imipenem dosage regimens. The V of imipenem in our
study was consistent with the values obtained from a previous study
that also evaluated imipenem population PK in critically ill patients
with or without ECMO, although the CL was greater than the values
obtained from a previous study,21 which may be due to the higher
GFR of our patients. The previous population PK study in critically ill
patients with ECMO (19.43%) and without ECMO (80.57%) showed
that the CL; - and ECMO affected the CL of imipenem, resulting in
decreased achievement of PTA in patients with ECMO compared to
patients without ECMO, and increased achievement of PTA with the
decline of CL.p ¢; body weight had only a small influence on the CL
of imipenem.?! In the same study, more patients with ECMO (27%)
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TABLE 4 Probability of target attainment (PTA) for imipenem regimens achieving 40% fT,,,c and 75% fT,, c at various glomerular
filtration rates (GFR) in 50 critically ill patients with life-threatening severe infections

Dosage regimen

0.5 gql2h, 1-hinf

0.5 g q12h, 4-h inf

0.5 gq8h, 1-hinf

0.5 g g8h, 4-h inf

0.5 g g6h, 1-hinf

0.5 g géh, 4-h inf

1gq8h, 1-hinf

1 g g8h, 4-hinf

MIC (mg/L)
0.5
1

N

© AN B O ©® AN R O ©®ANRBR O ®ANRO ®®ANRO®ANRLRO®ANRLRO © A

Probability of attaining the following %fT, ;.

GFR 15-29.9 ml/min

40%
100
99.9
97.9
799
35.3
100
100
99.3
87.3
40.5
100
100
99.9
95.4
65.2
100
100
100
97.5
70.3
100
100
100
98.8
83.5
100
100
100
99.4
86.2
100
100
100
99.8
95.2
100
100
100
97.5
70.4

75%
99.1
94.5
75.0
36.1
7.0
100
98.1
86.5
48.1
10.2
100
99.7
95.7
74.6
31.6
100
100
99.0
85.9
41.6
100
99.9
99.3
91.5
57.5
100
100
99.9
96.4
67.4
100
100
99.6
96.0
74.4
100
100
99.0
86.1
41.8

GFR 30-59.9 ml/min

40%
99.9
98.5
89.1
56.7
16.2
100
99.9
96.5
71.3
214
100
99.9
98.6
84.6
41.9
100
100
99.8
90.7
48.3
100
100
99.6
94.2
63.0
100
100
100
96.5
67.7
100
100
100
98.2
81.9
100
100
100
99.7
90.6

75%
91.6
73.3
41.5
12.7
1.4
97.6
87.9
59.3
20.4
23
99.5
96.4
81.3
457
11.2
100
99.5
93.8
63.8
18.8
99.9
99.4
94.6
71.5
294
100
100
99.0
86.3
45.0
99.9
99.5
95.7
80.0
42.8
100
100
99.5
93.1
62.8

GFR 60-120 ml/min

40%
97.9
85.2
555
19.9
2.0
99.9
97.4
777
324
434
99.9
98.0
85.8
497
12.9
100
100
97.1
70.2
19.6
100
99.7
95.4
715
29.0
100
100
99.3
85.3
37.6
100
99.8
98.1
86.0
50.5
100
100
99.9
97.2
70.4

75%
55.0
27.5
8.4
11
0.0
75.6
43.7
14.7
2.4
0.1
89.7
68.2
36.1
10.2
1.0
99.0
91.6
66.5
253
33
98.3
90.5
66.4
29.2
5.5
100
99.5
92.7
59.3
15.8
97.0
89.0
68.4
37.6
10.4
99.9
98.6
91.3
65.5
261

(Continues)
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TABLE 4 (Continued)

Probability of attaining the following %fT, ;.

GFR 15-29.9 ml/min

Dosage regimen MIC (mg/L) 40% 75%
1gqéh, 1-hinf 0.5 100 100
1 100 100
2 100 100
4 99.9 99.2
8 98.8 91.5
1 g qéh, 4-hinf 0.5 100 100
1 100 100
2 100 100
4 100 100
8 99.4 96.3

Abbreviation: inf, infusion.

received continuous renal replacement therapy than non-ECMO pa-
tients (21%) which was one of the reasons why the CL of imipenem
was higher in patients with ECMO.?*

The main PK/pharmacodynamics (PD) index of p-lactams that is
best associated with therapeutic antimicrobial activity is %fT, 22
and the target required for achieving the optimal antimicrobial activ-
ity of imipenem in life-threatening severe infections should be close
to 100% fT>M|C.24'26 A study evaluating treatment of bacteremia
with meropenem in patients with febrile neutropenia found that
the optimal clinical response was achieved when % T, - was 75%
of the dosing interval.?’ The MCS findings of our study indicated
that the PTAs for achieving 40% fT,,,c and 75% fT,,,c of the 4-h
prolonged infusion regimen of imipenem were greater than those
of the 1-h infusion regimens. Another study found that imipenem,
the drug with the greatest instability among the p-lactams, remained
90% stable for 3 h and 30 min at 25°C but became degraded by up to
25% within 24 h at 25°C and up to 60%-70% within 24 h at 37°C.%
Therefore, instability of imipenem is considered to be a limitation
for administration of this agent by continuous infusion, especially in
tropical countries. We suggest that a prolonged infusion is a more
effective strategy for achieving optimal PD exposure for pathogens
with higher MICs than dose escalation. In this study, we found that
for achieving the PTA targets of 75% fT,,, ¢ in patients with GFR of
60-120 ml/min, imipenem dosage regimens of 4-h infusions of 0.5 g
géh and 1 g qé6h were required for coverage of pathogens with MICs
of 2and 4 mg/L, respectively. These results indicate that high dosage
regimens are required for coverage of less susceptible pathogens in
this patient population. Augmented renal clearance in critically ill pa-
tients has been found to be associated with subtherapeutic initial -
lactam concentrations.?® Higher-than-standard dosage regimens of
imipenem may be required for achieving the PTA targets against less
susceptible pathogens with MIC of 4 mg/L. Moreover, in patients
with a GFR of 15-29.9 ml/min, PTAs (90%) achieving 75% fT, . for
a MIC of 2 mg/L were observed when imipenem was administered

GFR 30-59.9 ml/min GFR 60-120 ml/min

40% 75% 40% 75%
100 100 100 99.5
100 99.9 100 97.2
100 99.3 99.4 89.1
99.7 93.7 94.5 66.3
93.4 70.0 73.1 29.9
100 100 100 100
100 100 100 99.9
100 100 100 99.4
99.9 99.1 99.1 91.0
96.6 86.6 83.5 58.0

by 1-h or 4-h infusions of 0.5 g q8h and the dosage of 1-h or 4-h in-
fusion of 0.5 g g6h for a MIC of 4 mg/L, thus the achievement of the
PTA targets of imipenem at low GFRs of 15-29.9 ml/min was greater
than those with higher GFRs of 30-59.9 and 60-120 ml/min at the
same daily dosage. The standard dosage regimen appears to be well
tolerated with few adverse events.'®' However, manufacturers’
instructions for imipenem include a warning that central nervous
system (CNS) side effects have been reported, especially in patients
with CNS disorders and/or compromised renal functions. Therefore,
imipenem should be used with caution in these patients.

This study had a few limitations that have to be considered. First,
the results of our study should be extrapolated only cautiously in the
general population because of the effect of the low body weight of
our patients on V and CL. Second, the small number of patients sup-
ported with ECMO could be considered a potential limitation, and
further large well-designed clinical trials are required to investigate
the impact of ECMO on the PK patterns of imipenem in this patient
population to confirm these findings.

In conclusion, the effect of a critical illness in patients with life-
threatening severe infections can cause alterations of the PK pat-
terns of imipenem, but the ECMO had little effect on enhancing the
PK changes of imipenem that had already occurred in our patients
during support with ECMO compared to patients without ECMO
support. High dosages of imipenem may be required for achieving
the PK/PD targets against less susceptible pathogens in critically
ill patients with severe infections, however, the dosage regimens in
patients with renal impairment may be less than those required in
patients with normal renal function.
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APPENDIX 1

THE RESIDUAL ERROR MODEL DEVELOPMENT

The current study performed population pharmacokinetic analyses
using data pooled from five different studies. The concentration-
time profiles of each study are displayed in Figure Al. The residual
variability for the pooled datasets was initially modeled by consid-
ering additive, proportional, or combined additive plus proportional
error models. All imipenem concentrations from the five studies
were quantified in the same laboratory using the same measure-
ment procedure but determined by a different analyser. Moreover,
the pooled datasets were quite heterogeneous, and it was antici-
pated that the residual error might not be consistent across studies
(as shown in Figure A1). Therefore, separate residual variance terms
for each study were further investigated to account for study vari-

ability differences.

The combined additive plus proportional error model best
described the residual variability of the pooled dataset. After
covariate analysis, revisions were made to the final model (Model
1). The residual variance terms were modified by adding separate
error terms for each study (Model 2). This model resulted in a 65.5-
unit decrease in the Akaike information criterion (AIC). This result
suggested that separate residual variance terms greatly improved
the model fit. Unfortunately, the relative standard error of additive
component for each study was high and not able to be precisely
estimated (Table A1). Therefore, a further model modification was
made by fixing these additive components to zero or using a single
additive component for all studies (Models 3-5). It was found that
a combined single additive plus separate proportional error term
for each study (Model 5) showed the most significant reduction in
AIC (Table A1).

APPENDIX 2
THE COVARIATE MODEL BUILDING PROCESS

Method
After the appropriate structural model was established, candidate
covariates were investigated for their impact on all parameters using
a stepwise covariate modeling approach. The correlation analysis
between covariates was first performed before covariate screening
to avoid the simultaneous incorporation of colinear variables into
the model.

Various function forms were used to relate the effects of covari-
ates to PK parameters, as described below:

For categorical covariates

Proportioal shiftmodel:  6; = 6,5, X (1 + 05, - (Cov — COVpegian))

For continuous covariates

Linear functionform:  8; = 6., + 6.4, - (Cov — CoV,eqian)

pop

Ocov
Cov )

Power functionform: 6.=6_, X | ———
I pop Covmedian

Exponential functionform: 6, =6, - @0cov X (€OV = COVinegian)

where 6. is the individual PK parameter for subjectith, 8 is the typical

pop
value or population mean of the PK parameter, 6_ is the covariate

coefficient, Cov is the specific covariate value, Cov, is the median

median
or mean value of the covariate.

The potential covariates were statistically tested for their impact
on the PK parameter using a stepwise covariate modeling approach.
The covariates were kept in the model if they were biologically
plausible and their inclusion led to the significant improvement of
model fit, as evaluated by a decrease of at least 3.84 units of OFV
(p < 0.05 for 1 degree of freedom [df]) for forward inclusion and an
increase of at least 6.64 units of OFV (p < 0.01 for 1 df) for backward
elimination.

Results

The correlation matrix between covariates is displayed in Figure B1.
Based on information in Table B1, the effect of GFR, on the total
clearance (CL) using linear function form was added to the base
model following forward addition step 1. After that, the effects of
adjusted body weight (ABW) on V. and mechanical ventilator sup-
port (MCV) on CL were added to the model (Tables B2 and B3). After
including GFRgp,, ABW, and MCV into the model, no other covariates
significantly affected the PK parameters (Table B4).

After completion of the forward selection step, the full multivari-
able model was evaluated. Since there were significant correlations
between 11V on CL, Vc, and V,, a full variance-covariance matrix was
incorporated, which resulted in a substantial improvement of the
model fit.

OFVbase - OFVbase,covariance = —24.2units

O':Vfull-covariates - OFVfuII-covariates,covariance = —40.0units

Therefore, the full variance-covariance matrix was retained in the
model.

In the backward deletion process, removal of GFR,, or ABW
resulted in an increase of OFV greater than 6.64. Therefore, these
covariates were retained in the final model. The details of the
backward deletion step are displayed in Tables B5 and Bé6.
Therefore, GFRy,, and adjusted body weight were retained in the

final model.
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FIGURE A1 The imipenem concentration-time profiles of the 5 pooled datasets. The solid lines are the average concentrations, and the

shaded areas represent the 95% confidence intervals of the observed data
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TABLE A1 Population pharmacokinetic parameters of the final model using different residual error models

Parameter

OFV

AIC

AAIC

Fixed-effect parameter

CL (L/h)

Ve (L)
Q(L/h)
Interindividual variability (%CV)

DL
Dye
va
Covariance CL and V.
Covariance CLand V,
Covariance V. and V,
Residual variability
prop (%)
0,4q (Mg/L)
Oprop, study1 (%)
Oprop, study2 (%)
Oprop, study3 (%)
Oprop, study4 (%)
Oprop, study5 (%)
O2add, study1 (mg/L)
Oadd, study? (mg/L)
03dd, study3 (mg/L)
Oadd, study4 (mg/L)

O,qd, studys (M8/L)

asP

Estimate (%RSE)

Model 1 Model 2 Model 3 Model 4 Model 5

1098.5 1019.0 1047.6 1065.6 1022.3

1126.5 1061.0 1087.6 1101.6 1058.3
-65.5 -38.9 -24.9 -68.2

13.3 (7.7%)
0.11 (12.2%)
15.2 (10.9%)
-0.34 (26.6%)
16.1 (12.5%)
17.7 (27.3%)

60.0 (17.5%
62.8 (19.6%
55.1(25.2%
0.25(22.1%
0.18 (29.7%)
0.25 (31.0%)

)
)

)
)

19.7 (21.1%)
0.2 (36.7%)

13.3 (7.7%)
0.11 (12.1%)
13.8 (10.9%)
-0.35(27.0%)
17.0 (10.3%)
23.7 (15.6%)

50.9 (18.0%)
66.5(22.1%)
55.6 (23.2%)
0.25(23.6%)
0.17 (27.7%)
0.21 (34.4%)

10.0 (34.1%)
16.9 (34.6%)
26.4 (19.5%)
10.6 (31.7%)
18.2 (41.4%)
0.33(127%)
0.24 (51.1%)
0 (Fixed)

0.20 (56.6%)
0.27 (42.6%)

13.3 (7.5%)
0.11 (11.9%)
14.0 (11.9%)
-0.35(27.5%)
16.6 (11.6%)
22.6(19.8%)

50.8 (17.7%)
65.3(23.5%)
57.4 (22.2%)
0.25(23.8%)
0.16 (32.0%)
0.20 (34.7%)

14.1 (44.8%)
16.9 (33.9%)
26.4(19.7%)
10.6 (31.9%)
18.2 (40.5%)
0 (Fixed)

0.24 (48.8%)
0 (Fixed)

0.19 (58.1%)
0.26 (64.7%)

13.3 (7.8%)
0.11 (12.3%)
14.9 (10.9%)
-0.35(26.3%)
16.2 (13.0%)
19.7 (22.4%)

50.4 (18.2%)
62.8 (22.1%)
61.2 (23.4%)
0.24 (23.4%)
0.16 (34.2%)
0.21 (32.6%)

14.2 (44.7%)
16.6 (33.6%)
26.3 (19.8%)
14.9 (22.5%)
22.2 (35.8%)
0 (Fixed)
0.24 (53.7%)
0 (Fixed)
0 (Fixed)
0 (Fixed)

13.3 (7.3%)
0.11 (11.8%)
13.6 (11.0%)
-0.35 (26.8%)
16.9 (10.6%)
24.3 (17.4%)

51.0(17.7%)
66.9 (23.0%)
56.0(22.9%)
0.25(23.8%)
0.17 (29.2%)
0.20 (34.9%)

0.22 (31.6%)
10.6 (26.6%)
17.4 (33.2%)
25.6 (21.8%)
10.2 (28.8%)
18.3 (42.5%)

Abbreviations: AAIC, value compared with Model 1; AIC, Akaike's information criterion; CL, total clearance; OFV, objective function value; Q,
intercompartment clearance; RSE, percentage of relative standard error; V., central volume of distribution; V|, peripheral volume of distribution; 6,,

slope estimate reflecting the influence of GFR,, on CL; 6,, slope estimate reflecting the influence of BW on V; o, additional residual error; o,

prop’

proportional residual error; o, Interindividual variability on CL; @, interindividual variability on V; Dy interindividual variability on V.

85UBD17 SUOWIWOD BAIS1D) 3|qedt|dde ayy Aq pausenob ae sajolLe YO ‘esn Jo sajnl Joj AriqiTauljuQ A8|IAN UO (SUO T} IPUOD-pUE-SWLLBY WD A3 | IM" AReiqjoulUo//:Sdny) suonpuoD pue swie | 8y 88S *[2z0z/2T/0T] uo AklqiauljuQ A3|IM ‘'S90IN0say d1Wepedy JO 110 Aq 2652 Teuyd/z00T 0T/1I0p/wod A8 1M Arelqipuljuo's euinoldode/:sdny wouy pepeojumoq ‘2 ‘1202 ‘YTT6S.8T



JARURATANASIRIKUL ET AL.

PHARMACOTHERAPY 9SP

40 60 50 150 5 5 5 20
1111 I 11 I 11 [HRENN
AGE - o
Aﬁh 0.22 0.21 -0.58 -0.59 0.14 -0.27 0.31 021 F ©
— O
N
. 028 IBW
o
© I~ 0.58 -0.17 -0.07 0.06 -0.18 0.01 0.14
S —bnad
T eye gee ABW ~
of ™ — o
o ¥ f] -0.33 -0.14 -0.03 0.07 0.05 002 £ ®
e ® 4 . =
* e o . o
Py — ™M
o
n
5 0.94 -0.39 0.26 -0.45 -0.60
[Vp)
CLCR*CG - 5
-0.40 0.29 -0.45 055 | S
o
o4 &, o ’ Fluid
[ ] 3
o, -0.40 0.36 0.59
[ ] [ B 3
Lt N | oo
e 98 =
P o Albumin E &
o -0.26 040 F o
i oe 3 - Q
Clhd ® =
= oy ° APACHE
& 3 ,;t':’,'%' ;%&'—. 0.72
] o
w I T 2 !. .o"'
e ~ 74 [ sora |
L 1 J [ 2 3
o % b o0 0 o ® e - 2
- [ ]
= FrT =
20 60 30 60 0 100 10 3.0 0 10

FIGURE B1 The scatterplot correlation matrix and histogram of covariates. The correlation coefficients between paired covariates are
displayed above the diagonal. IBW, ideal body weight; ABW, adjusted body weight; GFR,, glomerular filtration rate using the Chronic
Kidney Disease Epidemiology Collaboration equation; CL.p ¢, creatinine clearance estimated by the Cockcroft-Gault equation; APACHE,
acute physiology and chronic health evaluation; SOFA, sepsis-related organic failure assessment.
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TABLE B1 The covariate forward addition step 1 results

No. PK parameter Covariate Function form OFV AOFV Sig?
Base Model - 1186.4

1 CL Clcg.cg (ml/min) Linear 1161.5 -24.9 Yes
2 CL Clcg.cg (ml/min) Power 1161.1 -25.3 Yes
3 CL Clcg.cg (ml/min) Exponential 1164.4 -22.0 Yes
4 CL GFRypro4 (MI/Min/1.73 m?) Linear 1161.3 -25.1 Yes
5 CL GFRyprp4 (MI/Min/1.73 m?) Power 1160.0 -26.4 Yes
6 CL GFRypro4 (MI/Min/1.73 m?) Exponential 1165.3 -21.1 Yes
7 CL GFRyprpe (MI/mMin/1.73 m?) Linear 1157.3 -29.1 Yes
8 CL GFRypro (MI/Min/1.73 m?) Power 1157.2 -29.2 Yes
9 CL GFRyprpe (MI/mMin/1.73 m?) Exponential 1161.9 -24.5 Yes
10 CL GFRgp, (ml/min/1.73 m?) Linear 1157.2 -29.2 Yes
11 CL GFRgp, (ml/min/1.73 m?) Power 1159.2 -27.2 Yes
12 CL GFRgp, (Ml/min/1.73 m?) Exponential 1157.6 -28.8 Yes
13 CL Age (years) Linear 1175.4 -11.0 Yes
14 CL Age (years) Power 1180.0 -6.4 Yes
15 CL Age (years) Exponential 1176.9 -9.5 Yes
16 CL Gender (male/female) Proportional 1179.6 -6.8 Yes
17 CL Actual body weight (kg) Linear 1181.7 -47 Yes
18 CL Actual body weight (kg) Power 1183.5 -2.9 No

19 CL Actual body weight (kg) Exponential 1183.9 -2.5 No

20 CL Ideal body weight (kg) Linear 1181.4 -5.0 Yes
21 CL Ideal body weight (kg) Power 1182.1 -4.3 Yes
22 CL Ideal body weight (kg) Exponential 1181.7 -4.7 Yes
23 CL Adjusted body weight (kg) Linear 1181.7 -4.7 Yes
24 CL Adjusted body weight (kg) Power 1182.1 -4.3 Yes
25 CL Adjusted body weight (kg) Exponential 1181.9 -4.5 Yes
26 CL Body mass index (kg/m?) Linear 1185.9 -0.5 No

27 CL Body mass index (kg/mz) Power 1185.4 -1.0 No

28 CL Body mass index (kg/m?) Exponential 1185.8 -0.6 No

29 CL The use of ECMO support (yes/no) Proportional 1185.7 -0.7 No

30 CL ECMO type (VV/VA) Proportional 1186.2 -0.2 No

31 CL ECMO flow rate (L/min) Linear 1186.2 -0.2 No

32 CL Duration of ECMO (h) Linear 1184.8 -1.6 No

33 CL APACHE Il scores Linear 1183.8 -2.6 No

34 CL APACHE Il scores Power 1185.7 -0.7 No

35 CL APACHE Il scores Exponential 1184.3 -2.1 No

36 CL SOFA scores Linear 1174.3 -12.1 Yes
37 CL SOFA scores Exponential 1174.2 -12.2 Yes
38 CL Acute kidney injury (yes/no) Proportional 1176.3 -10.1 Yes
39 CL Mechanical ventilator (yes/no) Proportional 1171.0 -15.4 Yes
40 CL Serum albumin (g/dl) Linear 1182.1 -4.3 Yes
41 CL Serum albumin (g/dl) Power 1182.3 -4.1 Yes
42 CL Serum albumin (g/dl) Exponential 1181.9 -4.5 Yes
43 CL Fluid balance (L) Linear 1182.5 -3.9 Yes
44 CL Fluid balance (L) Exponential 1181.0 -54 Yes

(Continues)
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TABLE B1 (Continued)

No. PK parameter Covariate Function form OFV AOFV Sig?
45 CL Use of inotropes Linear 1181.4 -5.0 Yes
46 CL Septic shock (yes/no) Proportional 1181.8 -4.6 Yes
47 CL Mean arterial pressure (mmHg) Linear 1186.3 -0.1 No
48 CL Mean arterial pressure (mmHg) Power 1186.4 0.0 No
49 CL Mean arterial pressure (mmHg) Exponential 1186.3 -0.1 No
50 Ve Age (years) Linear 1186.2 -0.2 No
51 Ve Age (years) Power 1186.3 -0.1 No
52 Ve Age (years) Exponential 1186.2 -0.2 No
53 Ve Gender (male/female) Proportional 1183.3 -3.1 No
54 Ve Actual body weight (kg) Linear 1180.3 -6.1 Yes
55 Ve Actual body weight (kg) Power 1180.5 -5.9 Yes
56 Ve Actual body weight (kg) Exponential 1180.3 -6.1 Yes
57 Ve Ideal body weight (kg) Linear 1183.1 =83 No
58 Ve Ideal body weight (kg) Power 1183.7 -2.7 No
59 Ve Ideal body weight (kg) Exponential 1183.3 =@l No
60 Ve Adjusted body weight (kg) Linear 1176.2 -10.2 Yes
61 Ve Adjusted body weight (kg) Power 1177.9 -8.5 Yes
62 Ve Adjusted body weight (kg) Exponential 11771 -9.3 Yes
63 Ve Body mass index (kg/m?) Linear 1184.3 2 No
64 Ve Body mass index (kg/mz) Power 1182.9 -3.5 No
65 Ve Body mass index (kg/m?) Exponential 1183.7 -2.7 No
66 Ve The use of ECMO support (yes/no) Proportional 1186.3 -0.1 No
67 Ve ECMO type (VV/VA) Proportional 1185.6 -0.8 No
68 Ve ECMO flow rate (L/min) Linear 1186.2 -0.2 No
69 Ve Duration of ECMO (h) Linear 1186.4 0.0 No
70 Ve APACHE Il scores Linear 1180.7 -5.7 Yes
71 Ve APACHE Il scores Power 1180.7 =57/ Yes
72 Ve APACHE Il scores Exponential 1181.2 -5.2 Yes
73 Ve SOFA scores Linear 1184.8 -1.6 No
74 Ve SOFA scores Exponential 1184.7 -1.7 No
75 Ve Mechanical ventilator (yes/no) Proportional 1183.0 -3.4 No
76 Ve Serum albumin (g/dl) Linear 1186.1 -0.3 No
77 Ve Serum albumin (g/dl) Power 1186.2 -0.2 No
78 Ve Serum albumin (g/dl) Exponential 1186.1 -0.3 No
79 Ve Fluid balance (L) Linear 1186.4 0.0 No
80 Ve Fluid balance (L) Exponential 1186.2 -0.2 No
81 Ve Use of inotropes (yes/no) Linear 1183.2 -3.2 No
82 Ve Septic shock (yes/no) Proportional 1183.4 -3.0 No
83 Ve Mean arterial pressure (mmHg) Linear 1185.0 -1.4 No
84 Ve Mean arterial pressure (mmHg) Power 1184.2 -2.2 No
85 Ve Mean arterial pressure (mmHg) Exponential 1184.7 -1.7 No
86 Ve Age (years) Linear 1185.8 -0.6 No
87 Ve Age (years) Power 1185.6 -0.8 No
88 Ve Age (years) Exponential 1185.8 -0.6 No
89 Ve Gender (male/female) Proportional 1185.0 -1.4 No

(Continues)
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TABLE B1 (Continued)

No. PK parameter Covariate Function form OFV AOFV Sig?
90 Ve Actual body weight (kg) Linear 1185.7 -0.7 No
91 Ve Actual body weight (kg) Power 1185.7 -0.7 No
92 Ve Actual body weight (kg) Exponential 1185.7 -0.7 No
93 Ve Ideal body weight (kg) Linear 1186.3 -0.1 No
94 Ve Ideal body weight (kg) Power 1186.2 -0.2 No
95 Ve Ideal body weight (kg) Exponential 1186.3 -0.1 No
96 Ve Adjusted body weight (kg) Linear 1186.0 -0.4 No
97 Ve Adjusted body weight (kg) Power 1186.0 -0.4 No
98 Ve Adjusted body weight (kg) Exponential 1186.0 -0.4 No
99 Ve Body mass index (kg/m?) Linear 1185.4 -1.0 No
100 Ve Body mass index (kg/m?) Power 1185.4 -1.0 No
101 Ve Body mass index (kg/m?) Exponential 1185.4 -1.0 No
102 ' The use of ECMO support (yes/no) Proportional 1185.9 -0.5 No
103 Ve ECMO type (VV/VA) Proportional 1184.7 -1.7 No
104 Ve ECMO flow rate (L/min) Linear 1186.4 0.0 No
105 Ve Duration of ECMO (h) Linear 1186.4 0.0 No
106 ' APACHE Il scores Linear 1179.5 -6.9 Yes
107 Ve APACHE Il scores Power 1180.2 -6.2 Yes
108 'S APACHE Il scores Exponential 1179.6 -6.8 Yes
109 Ve SOFA scores Linear 1183.0 -3.4 No
110 ' SOFA scores Exponential 1183.0 -34 No
111 v, Mechanical ventilator (yes/no) Proportional 1185.1 -1.3 No
112 ' Serum albumin (g/dl) Linear 1184.8 -1.6 No
113 Ve Serum albumin (g/dl) Power 1185.1 -1.3 No
114 ' Serum albumin (g/dl) Exponential 1184.7 -1.7 No
115 Ve Fluid balance (L) Linear 1186.2 -0.2 No
116 Ve Fluid balance (L) Exponential 1186.2 -0.2 No
117 Ve Use of inotropes (yes/no) Linear 1184.4 -2.0 No
118 Ve Septic shock (yes/no) Proportional 1183.7 -2.7 No
119 Ve Mean arterial pressure (mmHg) Linear 1184.7 -1.7 No
120 ' Mean arterial pressure (mmHg) Power 1184.0 -2.4 No
121 Ve Mean arterial pressure (mmHg) Exponential 1184.4 2.0 No

Abbreviations: APACHE, acute physiology and chronic health evaluation; CL, total clearance; CL ¢, creatinine clearance estimated by the
Cockcroft-Gault equation; ECMO, extracorporeal membrane oxygenation; GFR,,,, glomerular filtration rate using the Chronic Kidney Disease
Epidemiology Collaboration equation; GFRy,rp4 glomerular filtration rate using the Modification of Diet in Renal Disease study equation; GFR,5rpes
six variables from the GFR,5rp; OFV, objective function value; SOFA, sepsis-related organic failure assessment; V., central volume of distribution;
V., peripheral volume of distribution.

20FV decrease at least 3.84 (p value < 0.05, xz, df = 1).
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TABLE B2 The covariate forward addition step 2 results

PK parameter

('1< (')< ('1< (')< (’1< (')< (’3< ﬂ<

JARURATANASIRIKUL ET AL.

Covariate

Base model with the inclusion of
GFRgp, on CL

Age (years)

Age (years)

Age (years)

Gender (male/female)
Actual body weight (kg)
Actual body weight (kg)
Actual body weight (kg)
Ideal body weight (kg)
Ideal body weight (kg)
Ideal body weight (kg)
Adjusted body weight (kg)
Adjusted body weight (kg)
Adjusted body weight (kg)
Body mass index (kg/m?)
Body mass index (kg/mz)
Body mass index (kg/m?)

The use of ECMO support (yes/no)

ECMO type (VV/VA)

ECMO flow rate (L/min)
Duration of ECMO (h)
APACHE Il scores

APACHE Il scores

APACHE Il scores

SOFA scores

SOFA scores

Mechanical ventilator (yes/no)
Serum albumin (g/dl)

Serum albumin (g/dl)

Serum albumin (g/dl)

Fluid balance (L)

Fluid balance (L)

Use of inotropes (yes/no)
Septic shock (yes/no)

Mean arterial pressure (mmHg)
Mean arterial pressure (mmHg)
Mean arterial pressure (mmHg)
Age (years)

Age (years)

Age (years)

Gender (male/female)

Actual body weight (kg)

Actual body weight (kg)

Actual body weight (kg)

Ideal body weight (kg)

Function form

Linear
Power
Exponential
Proportional
Linear
Power
Exponential
Linear
Power
Exponential
Linear
Power
Exponential
Linear
Power
Exponential
Proportional
Proportional
Linear
Linear
Linear
Power
Exponential
Linear
Exponential
Proportional
Linear
Power
Exponential
Linear
Exponential
Proportional
Proportional
Linear
Power
Exponential
Linear
Power
Exponential
Proportional
Linear
Power
Exponential

Linear

OFV
1157.2

1156.7
1157.2
1156.8
1153.7
1156.5
1156.6
1156.5
1152.7
1153.8
1153.2
1155.7
1155.9
1155.8
1157.2
1157.2
1157.2
11571
1156.9
1157.2
1156.8
1155.9
1155.7
1156.1
1156.7
1156.7
1147.6
1155.6
1155.5
1155.6
1156.7
1156.5
1154.0
1157.2
1157.0
1156.8
1157.0
1156.9
11571
1157.0
1154.0
1150.9
1151.0
1150.9
1153.8

AOFV

-0.5

-0.4
-3.5
-0.7
-0.6
-0.7
-4.5
-3.4
-4.0
-1.5
-1.3
-1.4

-0.1
-0.3

-04
=1.3
-1.5
=ilil
-0.5
-0.5
-9.6
-1.6
-1.7
-1.6
-0.5
-0.7
-3.2

-0.2
-0.4
-0.2
-0.3
-0.1
-0.2
-3.2
-6.3
-6.2
-6.3
-3.4

Sig

Yes
Yes
Yes
No

(Continues)
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JARURATANASIRIKUL ET AL.

PHARMACOTHERAPY  9<<P

TABLE B2 (Continued)

No. PK parameter Covariate Function form OFV AOFV Sig?
45 Ve Ideal body weight (kg) Power 1154.4 -2.8 No
46 Ve Ideal body weight (kg) Exponential 11541 -3.1 No
47 Ve Adjusted body weight (kg) Linear 1146.7 —10.5 Yes
48 Ve Adjusted body weight (kg) Power 1148.4 -8.8 Yes
49 Ve Adjusted body weight (kg) Exponential 1147.6 -9.6 Yes
50 Ve Body mass index (kg/m?) Linear 1154.9 -2.3 No
51 Ve Body mass index (kg/m?) Power 1157.2 0 No
52 Ve Body mass index (kg/m?) Exponential 1154.3 -2.9 No
53 Ve The use of ECMO support (yes/no) Proportional 11571 -0.1 No
54 Ve ECMO type (VV/VA) Proportional 1156.3 -0.9 No
55 Ve ECMO flow rate (L/min) Linear 1157.0 -0.2 No
56 Ve Duration of ECMO (h) Linear 11571 -0.1 No
57 Ve APACHE Il scores Linear 1151.6 -5.6 Yes
58 Ve APACHE Il scores Power 1151.6 -5.6 Yes
59 Ve APACHE Il scores Exponential 1152.0 =52 Yes
60 Ve SOFA scores Linear 1155.6 -1.6 No
61 Ve SOFA scores Exponential 1155.5 -1.7 No
62 Ve Mechanical ventilator (yes/no) Proportional 1153.7 -3.5 No
63 Ve Serum albumin (g/dl) Linear 1156.9 -0.3 No
64 Ve Serum albumin (g/dl) Power 1157.2 0.0 No
65 Ve Serum albumin (g/dl) Exponential 1156.9 -0.3 No
66 Ve Fluid balance (L) Linear 11571 -0.1 No
67 Ve Fluid balance (L) Exponential 1157.1 -0.1 No
68 Ve Use of inotropes (yes/no) Proportional 1154.0 -3.2 No
69 Ve Septic shock (yes/no) Proportional 1154.2 -3.0 No
70 Ve Mean arterial pressure (mmHg) Linear 1155.8 -1.4 No
71 Ve Mean arterial pressure (mmHg) Power 1154.9 -2.3 No
72 Ve Mean arterial pressure (mmHg) Exponential 1155.4 -1.8 No
73 Ve Age (years) Linear 1156.6 -0.6 No
74 Ve Age (years) Power 1156.4 -0.8 No
75 Ve Age (years) Exponential 1156.6 -0.6 No
76 Ve Gender (male/female) Proportional 1155.8 -1.4 No
77 Ve Actual body weight (kg) Linear 1156.4 -0.8 No
78 Ve Actual body weight (kg) Power 1156.7 -0.5 No
79 Ve Actual body weight (kg) Exponential 1156.4 -0.8 No
80 Ve Ideal body weight (kg) Linear 1157.0 -0.2 No
81 Ve Ideal body weight (kg) Power 1157.0 -0.2 No
82 Ve Ideal body weight (kg) Exponential 1157.0 -0.2 No
83 Ve Adjusted body weight (kg) Linear 1156.7 -0.5 No
84 Ve Adjusted body weight (kg) Power 1156.6 -0.6 No
85 Ve Adjusted body weight (kg) Exponential 1156.7 -0.5 No
86 Ve Body mass index (kg/mz) Linear 1156.1 -1.1 No
87 Ve Body mass index (kg/m?) Power 1156.1 -1.1 No
88 Ve Body mass index (kg/mz) Exponential 1156.1 -1.1 No
89 Ve The use of ECMO support (yes/no) Proportional 1156.6 -0.6 No

(Continues)
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JARURATANASIRIKUL ET AL.

PHARMACOTHERAPY ¢@
TABLE B2 (Continued)

No. PK parameter Covariate Function form OFV AOFV Sig?
90 Ve ECMO type (VV/VA) Proportional 1155.5 -1.7 No
91 Ve ECMO flow rate (L/min) Linear 11571 -0.1 No
92 Ve Duration of ECMO (h) Linear 11571 -0.1 No
93 Ve APACHE Il scores Linear 1150.5 -6.7 Yes
94 Ve APACHE Il scores Power 1151.2 -6.0 Yes
95 Ve APACHE Il scores Exponential 1150.6 -6.6 Yes
96 Ve SOFA scores Linear 1153.9 -3.3 No
97 Ve SOFA scores Exponential 1153.9 =33 No
98 Ve Mechanical ventilator (yes/no) Proportional 1155.8 -1.4 No
99 vy Serum albumin (g/dl) Linear 1155.6 -1.6 No
100 Ve Serum albumin (g/dl) Power 1155.3 -1.9 No
101 Ve Serum albumin (g/dl) Exponential 1155.4 -1.8 No
102 Ve Fluid balance (L) Linear 1157.0 -0.2 No
103 Ve Fluid balance (L) Exponential 1156.9 -0.3 No
104 Ve Use of inotropes (yes/no) Proportional 1155.3 -1.9 No
105 Ve Septic shock (yes/no) Proportional 1154.7 -2.5 No
106 Ve Mean arterial pressure (mmHg) Linear 1155.5 -1.7 No
107 Ve Mean arterial pressure (mmHg) Power 1154.8 -2.4 No
108 Ve Mean arterial pressure (mmHg) Exponential 1155.2 -2.0 No

Abbreviations: APACHE, acute physiology and chronic health evaluation; CL, total clearance; ECMO, extracorporeal membrane oxygenation; GFR.,,
glomerular filtration rate using the Chronic Kidney Disease Epidemiology Collaboration equation; OFV, objective function value; Sig, significant;
SOFA, sepsis-related organic failure assessment;V, central volume of distribution; V,, peripheral volume of distribution.

20FV decrease at least 3.84 (p value < 0.05, xz, df = 1).
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JARURATANASIRIKUL ET AL.

PHARMACOTHERAPY  9<<P

TABLE B3 The covariate forward addition step 3 results

No. PK parameter Covariate Function form OFV AOFV Sig®

Base model with inclusion of - 1146.7

- GFRgp on CL

- Adjusted body weight on V.
1 CL Age (years) Linear 1146.7 0 No
2 CL Age (years) Power 1146.7 0 No
3 CL Age (years) Exponential 1146.3 -0.4 No
4 CL Gender (male/female) Proportional 1143.2 -3.5 No
5 CL Actual body weight (kg) Linear 1145.9 -0.8 No
6 CL Actual body weight (kg) Power 1146.1 -0.6 No
7 CL Actual body weight (kg) Exponential 1146.0 -0.7 No
8 CL Ideal body weight (kg) Linear 11421 -4.6 Yes
9 CL Ideal body weight (kg) Power 1143.2 -3.5 No
10 CL Ideal body weight (kg) Exponential 1142.5 -4.2 Yes
11 CL Adjusted body weight (kg) Linear 1145.1 -1.6 No
12 CL Adjusted body weight (kg) Power 1145.3 -1.4 No
13 CL Adjusted body weight (kg) Exponential 1145.2 -1.5 No
14 cL Body mass index (kg/m?) Linear 1146.7 0 No
15 CL Body mass index (kg/m?) Power 1146.7 0 No
16 CL Body mass index (kg/m?) Exponential 1146.7 0 No
17 CL The use of ECMO support (yes/no) Proportional 1146.6 -0.1 No
18 CL ECMO type (VV/VA) Proportional 1146.4 -0.3 No
19 CL ECMO flow rate (L/min) Linear 1146.7 0 No
20 CL Duration of ECMO (h) Linear 1146.4 -0.3 No
21 CL Mechanical ventilator (yes/no) Proportional 1137.2 -9.5 Yes
22 CL Serum albumin (g/dl) Linear 1145.2 -1.5 No
23 CL Serum albumin (g/dl) Power 1145.1 -1.6 No
24 CL Serum albumin (g/dl) Exponential 1145.2 -1.5 No
25 CL Fluid balance (L) Linear 1146.2 -0.5 No
26 CL Fluid balance (L) Exponential 1146.1 -0.6 No
27 CL Use of inotropes (yes/no) Proportional 1146.5 -0.2 No
28 CL Septic shock (yes/no) Proportional 1146.7 0 No
29 CL Mean arterial pressure (mnmHg) Linear 1146.5 -0.2 No
30 CL Mean arterial pressure (mmHg) Power 1146.3 -0.4 No
31 CL Mean arterial pressure (mmHg) Exponential 1146.5 -0.2 No
32 Ve Age (years) Linear 1146.6 -0.1 No
33 Ve Age (years) Power 1146.5 -0.2 No
34 Ve Age (years) Exponential 1146.6 -0.1 No
35 Ve Gender (male/female) Proportional 1146.4 -0.3 No
36 Ve The use of ECMO support (yes/no) Proportional 1146.5 -0.2 No
37 Ve ECMO type (VV/VA) Proportional 1146.4 -0.3 No
38 Ve ECMO flow rate (L/min) Linear 1146.3 -04 No
& Ve Duration of ECMO (hours) Linear 1146.7 0.0 No
40 Ve Mechanical ventilator (yes/no) Proportional 11441 -2.6 No
41 Ve Serum albumin (g/dl) Linear 1146.5 -0.2 No
42 Ve Serum albumin (g/dl) Power 1146.7 0.0 No
43 Ve Serum albumin (g/dl) Exponential 1146.5 -0.2 No

(Continues)
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JARURATANASIRIKUL ET AL.

PHARMACOTHERAPY 9P
TABLE B3 (Continued)

No. PK parameter Covariate Function form OFV AOFV Sig?
44 Ve Fluid balance (L) Linear 1146.7 0.0 No
45 Ve Fluid balance (L) Exponential 1146.7 0.0 No
46 Ve Use of inotropes (yes/no) Proportional 1145.6 -1.1 No
47 Ve Septic shock (yes/no) Proportional 1145.6 -1.1 No
48 Ve Mean arterial pressure (mmHg) Linear 1146.7 0.0 No
49 Ve Mean arterial pressure (mmHg) Power 1146.7 0.0 No
50 Ve Mean arterial pressure (mmHg) Exponential 1146.7 0.0 No
51 Ve Age (years) Linear 1146.1 -0.6 No
52 Ve Age (years) Power 1145.9 -0.8 No
53 Ve Age (years) Exponential 1146.1 -0.6 No
54 Ve Gender (male/female) Proportional 1145.1 -1.6 No
55 Ve Actual body weight (kg) Linear 1146.1 -0.6 No
56 Ve Actual body weight (kg) Power 1146.1 -0.6 No
57 Ve Actual body weight (kg) Exponential 1146.1 -0.6 No
58 Ve Ideal body weight (kg) Linear 1146.5 -0.2 No
59 Ve Ideal body weight (kg) Power 1146.4 -0.3 No
60 Ve Ideal body weight (kg) Exponential 1146.5 -0.2 No
61 Ve Adjusted body weight (kg) Linear 1146.4 -0.3 No
62 Ve Adjusted body weight (kg) Power 1146.4 -0.3 No
63 Ve Adjusted body weight (kg) Exponential 1146.4 -0.3 No
64 Ve Body mass index (kg/m?) Linear 1145.8 -0.9 No
65 Ve Body mass index (kg/mz) Power 1145.8 -0.9 No
66 Ve Body mass index (kg/m?) Exponential 1145.8 -0.9 No
67 Ve The use of ECMO support (yes/no) Proportional 1146.2 -0.5 No
68 Ve ECMO type (VV/VA) Proportional 1145.0 -1.7 No
69 Ve ECMO flow rate (L/min) Linear 1146.7 0.0 No
70 Ve Duration of ECMO (h) Linear 1146.7 0.0 No
71 Ve Mechanical ventilator (yes/no) Proportional 1145.3 -1.4 No
72 Ve Serum albumin (g/dl) Linear 1145.2 -1.5 No
73 Ve Serum albumin (g/dl) Power 1144.8 -1.9 No
74 Ve Serum albumin (g/dl) Exponential 1145.0 -1.7 No
75 Ve Fluid balance (L) Linear 1146.5 -0.2 No
76 Ve Fluid balance (L) Exponential 1146.5 -0.2 No
77 Ve Use of inotropes (yes/no) Proportional 1144.8 -1.9 No
78 Ve Septic shock (yes/no) Proportional 1144.3 -2.4 No
79 Ve Mean arterial pressure (mmHg) Linear 1145.2 -1.5 No
80 Ve Mean arterial pressure (mmHg) Power 1144.6 -2.1 No
81 Ve Mean arterial pressure (mmHg) Exponential 1144.9 -1.8 No

Abbreviations: APACHE, acute physiology and chronic health evaluation; CL, total clearance; ECMO, extracorporeal membrane oxygenation; GFR,,
glomerular filtration rate using the Chronic Kidney Disease Epidemiology Collaboration equation; OFV, objective function value; Sig, significant;
SOFA, sepsis-related organic failure assessment; Ve, central volume of distribution; V|, peripheral volume of distribution.

?OFV decrease at least 3.84 (p value < 0.05, XZ, df =1).
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JARURATANASIRIKUL ET AL.

TABLE B4 The covariate forward addition step 4 results

No.
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PK

ﬁ< (')< ﬁ< 0< ﬁ< 0< ﬁ< 0< ﬁ< O< ﬁ< O<

Covariate

Base model with inclusion of

- GFRgp on CL

- Adjusted body weight on V.

- Mechanical ventilator support on CL

Age (years)

Age (years)

Age (years)

Gender (male/female)

Actual body weight (kg)

Actual body weight (kg)

Actual body weight (kg)

Ideal body weight (kg)

Ideal body weight (kg)

Ideal body weight (kg)
Adjusted body weight (kg)
Adjusted body weight (kg)
Adjusted body weight (kg)
Body mass index (kg/mz)

Body mass index (kg/m?)

Body mass index (kg/mz)

The use of ECMO support (yes/no)
ECMO type (VV/VA)

ECMO flow rate (L/min)
Duration of ECMO (h)

Serum albumin (g/dl)

Serum albumin (g/dl)

Serum albumin (g/dl)

Fluid balance (L)

Fluid balance (L)

Use of inotropes (yes/no)
Septic shock (yes/no)

Mean arterial pressure (mmHg)
Mean arterial pressure (mmHg)
Mean arterial pressure (mmHg)
Age (years)

Age (years)

Age (years)

Gender (male/female)

The use of ECMO support (yes/no)
ECMO type (VV/VA)

ECMO flow rate (L/min)
Duration of ECMO (h)

Serum albumin (g/dl)

Serum albumin (g/dl)

Serum albumin (g/dl)

)

Fluid balance (L,

Function form

Linear
Power
Exponential
Proportional
Linear
Power
Exponential
Linear
Power
Exponential
Linear
Power
Exponential
Linear
Power
Exponential
Proportional
Proportional
Linear
Linear
Linear
Power
Exponential
Linear
Exponential
Proportional
Proportional
Linear
Power
Exponential
Linear
Power
Exponential
Proportional
Proportional
Proportional
Linear
Linear
Linear
Power
Exponential

Linear

OFV
1137.2

1137.1
1136.4
1135.6
1134.8
1135.6
1136.0
1135.7
1134.8
1135.7
1135.2
1135.6
1135.7
1135.6
1136.8
1136.8
1136.8
1136.8
11371
1136.6
1137.2
11371
1137.1
1137.1
1137.1
1137.1
1137.1
1136.6
1136.2
1135.6
1136.1
1137.1
1137.0
1137.1
1136.9
1137.0
1136.9
1136.8
1137.2
1137.0
1137.0
1137.0
1137.2

PHARMACOTHERAPY

AOFV

-0.1
-0.8
-1.6
-24
-1.6
-1.2
-1.5
-24
-1.5
-2.0
-1.6
-1.5
-1.6
-0.4
-0.4
-0.4
-0.4
-0.1
-0.6

0.0
-0.1
-0.1
-0.1
-0.1
-0.1
-0.1
-0.6
-1.0
=&
-11
-0.1
-0.2
-0.1
-0.3
-0.2
-0.3
-0.4

0.0
-0.2
-0.2
-0.2

0.0

asP

Sig

(Continues)
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JARURATANASIRIKUL ET AL.

PHARMACOTHERAPY 9P
TABLE B4 (Continued)

No. PK Covariate Function form OFV AOFV Sig?
43 Ve Fluid balance (L) Exponential 1137.2 0.0 No
44 Ve Use of inotropes (yes/no) Proportional 1135.3 -1.9 No
45 Ve Septic shock (yes/no) Proportional 1136.1 il No
46 Ve Mean arterial pressure (mmHg) Linear 1137.2 0.0 No
47 Ve Mean arterial pressure (mmHg) Power 11371 -0.1 No
48 Ve Mean arterial pressure (mmHg) Exponential 1137.2 0.0 No
49 Ve Age (years) Linear 1136.6 -0.6 No
50 Ve Age (years) Power 1136.4 -0.8 No
51 Ve Age (years) Exponential 1136.6 -0.6 No
52 Ve Gender (male/female) Proportional 1135.6 -1.6 No
53 Ve Actual body weight (kg) Linear 1136.6 -0.6 No
54 Ve Actual body weight (kg) Power 1137.2 0.0 No
55 Ve Actual body weight (kg) Exponential 1136.9 -0.3 No
56 A Ideal body weight (kg) Linear 1137.0 -0.2 No
57 Ve Ideal body weight (kg) Power 1136.9 -0.3 No
58 A Ideal body weight (kg) Exponential 1137.0 -0.2 No
59 Ve Adjusted body weight (kg) Linear 1136.9 -0.3 No
60 A Adjusted body weight (kg) Power 1137.2 0.0 No
61 Ve Adjusted body weight (kg) Exponential 1136.9 -0.3 No
62 Ve Body mass index (kg/mz) Linear 1136.4 -0.8 No
63 Ve Body mass index (kg/m?) Power 1136.3 -0.9 No
64 Ve Body mass index (kg/mz) Exponential 1136.4 -0.8 No
65 Ve The use of ECMO support (yes/no) Proportional 1136.6 -0.6 No
66 Ve ECMO type (VV/VA) Proportional 1135.5 -1.7 No
67 Ve ECMO flow rate (L/min) Linear 11371 -0.1 No
68 Ve Duration of ECMO (h) Linear 11371 -0.1 No
69 Ve Serum albumin (g/dl) Linear 1135.7 -1.5 No
70 Ve Serum albumin (g/dl) Power 11354 -1.8 No
71 Ve Serum albumin (g/dl) Exponential 1135.6 -1.6 No
72 Ve Fluid balance (L) Linear 1137.0 -0.2 No
73 Ve Fluid balance (L) Exponential 1137.0 -0.2 No
74 Ve Use of inotropes (yes/no) Proportional 1135.5 -1.7 No
75 Ve Septic shock (yes/no) Proportional 1134.9 -2.3 No
76 Ve Mean arterial pressure (mmHg) Linear 1135.8 -1.4 No
77 Ve Mean arterial pressure (mmHg) Power 1135.1 -2.1 No
78 Ve Mean arterial pressure (mmHg) Exponential 1135.5 -1.7 No

Abbreviations: CL, total clearance; ECMO, extracorporeal membrane oxygenation; GFR,, glomerular filtration rate using the Chronic Kidney Disease
Epidemiology Collaboration equation; OFV, objective function value; Sig, significant; V., central volume of distribution; V,, peripheral volume of
distribution.

?OFV decrease at least 3.84 (p value < 0.05, XZ, df = 1).
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JARURATANASIRIKUL ET AL.

PHARMACOTHERAPY  9%P

TABLE B5 The results of stepwise backward deletion step 1

No Model OFV AOFV  Sig®

A full model including 1092.5
covariance terms between
CL, V., Vp and including 3
covariates:
- GFRgp on CL
- Adjusted body weight on V.
- Mechanical ventilator
support on CL

1 Remove GFR, on CL 1137.0 +44.5  Yes

2 Remove adjusted body weight 1104.8 +12.3 Yes
on V.

3 Remove mechanical ventilator 1098.5 +6.0 No

support on CL

Abbreviations: CL, total clearance; GFR,,, glomerular filtration rate
using the Chronic Kidney Disease Epidemiology Collaboration equation;
OFYV, objective function value; Sig, significant; Ve central volume of
distribution; V|, peripheral volume of distribution.

20FV decrease at least 3.84 (p value < 0.05, Xz, df = 1).

TABLE B6 The results of stepwise backward deletion step 2

No  Model OFV AOFV  Sig®

A full model including 1098.5
covariance terms between
CL, V, VP' and including 2
covariates:

- GFRgp on CL

- Adjusted body weight on V

1 Remove eGFR, on CL 1148.8 +50.3 Yes

2 Remove adjusted body weight 1111.2 +12.7 Yes
on V.

Abbreviations: CL, total clearance; GFR,,, glomerular filtration rate
using the Chronic Kidney Disease Epidemiology Collaboration equation;
OFYV, objective function value; Sig, significant; V, central volume of
distribution; V,, peripheral volume of distribution.

30FV increase at least 6.64 (p-value < 0.01, 2, df = 1).

APPENDIX 3
Probability of target attainment (PTA) for imipenem regimens
achieving 40% fT,,,c and 75% fT,,,,c at GFR 120.1 - 180 ml/min in
50 critically ill patients with life-threatening severe infections
Probability
of attaining

the following
%fT, mic

Dosage regimen MIC (mg/L) 40% 75%

0.5 g géh, 1-h inf 0.5 99.9 85.8
1 96.2 59.5
2 77.7 24.8
4 38.1 4.8
8 7.3 0.4
0.5 g q6h, 4-hinf 0.5 100 99.9
1 99.9 94.4
2 95.2 69.1
4 61.5 24.7
8 14.3 2.7
1gqbh, 1-hinf 0.5 100 96.5
1 99.5 85.1
2 96.0 59.4
4 77.2 26.3
8 39.2 6.1
1 g q6h, 4-h inf 0.5 100 100
1 100 99.6
2 99.9 94.9
4 95.7 69.2
8 63.0 24.7
1.5gqbh, 1-hinf 0.5 100 98.8
1 100 93.3
2 98.8 75.3
4 91.3 45.0
8 63.4 14.8
1.5 g q6h, 4-h inf 0.5 100 100
1 100 99.9
2 100 98.8
4 99.4 87.5
8 86.8 50.7

Abbreviation: inf, infusion.
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