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ABSTRACT Ertapenem provides broad-spectrum activity against many pathogens,
and its use is relevant for the prophylaxis and treatment of infections in morbidly
obese patients undergoing surgery. However, its pharmacokinetics and tissue pene-
tration in these patients are not well defined. We assessed the population pharma-
cokinetics and target attainment for ertapenem in the plasma, subcutaneous tissue,
and peritoneal fluid of morbidly obese patients. Six female patients (body mass in-
dex, 43.7 to 55.9 kg/m?) received 1,000 mg ertapenem as 15-min infusions at 0 and
26 h. On day 2, the unbound ertapenem concentrations in plasma, subcutaneous tis-
sue, and peritoneal fluid were measured by microdialysis; total plasma concentra-
tions were additionally quantified. The probability of attaining a target of an un-
bound ertapenem concentration above the MIC for at least 40% of the dosing
interval was predicted via Monte Carlo simulations. The population pharmacokinetic
model contained two disposition compartments and simultaneously described all
concentrations. For unbound ertapenem, total clearance was 12.3 liters/h (coefficient
of variation, 21.6% for between-patient variability) and the volume of distribution at
steady state was 57.8 liters in patients with a 53-kg fat-free mass. The area under
the concentration-time curve (AUC) for ertapenem was 49% lower in subcutaneous
tissue and 25% lower in peritoneal fluid than the unbound AUC in plasma. Tissue
penetration was rapid (equilibration half-life, <15 min) and was variable in subcuta-
neous tissue. Short-term ertapenem infusions (1,000 mg every 24 h) achieved robust
(>90%) target attainment probabilities for MICs of up to 1 mg/liter in plasma, 0.25
to 0.5 mg/liter in subcutaneous tissue, and 0.5 mg/liter in peritoneal fluid. Ertap-
enem presents an attractive choice for many pathogens relevant to morbidly obese
patients undergoing surgery. (This study has been registered at ClinicalTrials.gov un-
der identifier NCT01407965.)

KEYWORDS ertapenem, morbidly obese patients, population pharmacokinetics,
subcutaneous tissue, microdialysis, S-ADAPT, Monte Carlo simulation,
pharmacodynamics

rtapenem covers many bacterial pathogens, and its use is relevant for the prophy-
laxis and treatment of infections in morbidly obese patients undergoing laparo-
scopic visceral surgery (1). Ertapenem has a relatively high level of protein binding

January 2017 Volume 61 Issue 1 e00952-16 Antimicrobial Agents and Chemotherapy

PHARMACOLOGY

l.)

Check for
updates

Received 3 May 2016 Returned for
modification 23 June 2016 Accepted 7
October 2016

Accepted manuscript posted online 17
October 2016

Citation Wittau M, Paschke S, Kurlbaum M,
Scheele J, Ly NS, Hemper E, Kornmann M,
Henne-Bruns D, Bulitta JB. 2017. Population
pharmacokinetics and target attainment of
ertapenem in plasma and tissue assessed via
microdialysis in morbidly obese patients after
laparoscopic visceral surgery. Antimicrob
Agents Chemother 61:200952-16.
https://doi.org/10.1128/AAC.00952-16.
Copyright © 2016 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Mathias Wittau,
mathias.wittau@uniklinik-ulm.de.

* Present address: Max Kurlbaum, Department
of Internal Medicine |, University of Wiirzburg,
Wiirzburg, Germany; Neang S. Ly, Medimmune,
Mountain View, California, USA.

MW. and S.P. are joint first authors.

aac.asm.org 1


http://orcid.org/0000-0002-5571-0347
https://doi.org/10.1128/AAC.00952-16
https://doi.org/10.1128/ASMCopyrightv1
mailto:mathias.wittau@uniklinik-ulm.de
http://crossmark.crossref.org/dialog/?doi=10.1128/AAC.00952-16&domain=pdf&date_stamp=2016-10-17
http://aac.asm.org

Wittau et al.

compared to that of the other carbapenems and, therefore, also has a longer terminal
half-life (2, 3). The long half-life of ertapenem provides clinicians more flexibility
regarding the timing of doses and potential redosing than they have with other
B-lactams (4-8). Thus, ertapenem may be attractive for use in this patient population.

While ertapenem may be a valuable treatment option for patients with intra-
abdominal infections, its pharmacokinetic (PK)/pharmacodynamic (PD) profile needs to
be carefully evaluated, as the risk for hospital-related and postoperative infections is
considerable (9). This is particularly problematic for morbidly obese patients, in whom
a small skin lesion can remain unnoticed, may become infected, and, if it remains
untreated, may turn into a life-threatening infection.

Previous studies showed the extensive penetration of ertapenem into blister
fluid in healthy volunteers (10) and into peritoneal fluid in patients requiring intra-
abdominal surgery (11). Likewise, penetration into the peritoneal fluid of patients on
continuous ambulatory peritoneal dialysis is substantial (12). The median area under
the concentration-time curve (AUC) in peritoneal fluid divided by the total ertapenem
AUC in plasma was 0.801 (interquartile range, 0.486 to 1.317). Extensive penetration of
ertapenem was also found for colorectal and intra-abdominal tissues (13, 14), bone (15),
and lung epithelial lining fluid (16, 17). As none of these tissue penetration studies
assessed obese patients, it is essential to ensure that antibiotic coverage during and
after surgery in morbidly obese patients is adequate to achieve beneficial clinical
outcomes (9, 18).

Antibiotic dosing regimens are most commonly optimized on the basis of data for
nonobese patients (including data for healthy volunteers). As morbidly obese patients
may have considerably altered PK and tissue penetration compared to nonobese
patients, it seems critical to optimize dosing regimens for morbidly obese patients. The
extensive amount of body fat in morbidly obese patients has the potential to signifi-
cantly alter penetration into subcutaneous tissue. Moreover, the lifestyle of morbidly
obese patients is likely associated with a decreased amount of physical activity com-
pared to that in healthy volunteers. Therefore, it is important to evaluate a suitable
body size descriptor for dosing of morbidly obese patients.

We considered both total body weight (WT) and fat-free mass (FFM) to characterize
body size and body composition and to scale clearance and the volume of distribution
(4, 19). Suboptimal dosing regimens in obese patients may lead to clinical failures,
complications with surgery, and the emergence of bacterial resistance.

Population PK modeling is arguably the most powerful methodology for the simul-
taneous characterization of the time course of drug concentrations in plasma and
tissues. The PK of ertapenem in obese patients (body mass index [BMI], =40 kg/m?) has
been determined in only two studies with sample sizes of 10 patients in each study (20,
21). When clearance was scaled by total body weight or by body surface area, Chen et
al. (20) found that clearances in class | and Il obese patients and class Il obese patients
were lower than those in healthy volunteers. This suggested that neither of these body
size measures explains the difference in PK between healthy volunteers and obese
patients. The noncompartmental total clearance estimate (in liters per hour per kilo-
gram of body weight) for class Il obese patients reported by Borracci et al. (21) was
similar to that reported by Chen et al. (20). These studies measured the total but not the
unbound ertapenem plasma concentrations. As the level of plasma protein binding of
ertapenem is relatively high and concentration dependent (3, 14, 22), measurement of
the unbound concentrations in plasma and tissues may help to optimize dosing
regimens. We are also not aware of studies on the tissue penetration of ertapenem in
obese patients.

Thus, the primary objective of this study was to determine the population PK of
unbound ertapenem in the plasma, peritoneal fluid, and subcutaneous tissue of
morbidly obese, noninfected subjects. Our second objective was to predict the prob-
ability of target attainment for ertapenem in this patient group via Monte Carlo
simulations.
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TABLE 1 Demographic characteristics?

Characteristic Avg = SD Median (range)
Age (yr) 43.2 =147 44 (27-59)

Wt (kg) 139 = 29.6 131 (109-182)
FFM (kg) 60.9 = 9.47 57.2 (51.3-75.5)
Ht (cm) 166 * 9.69 162 (156-181)
BMI (kg/m?) 50.1 = 5.74 50.5 (43.7-55.9)
Body surface area (m?) 2.52 +0.336 2.41 (2.17-3.02)
Serum protein concn (g/liter) 713 = 1.71 71.5 (69.0-73.0)
Serum creatinine concn (wmol/liter) 62.3 +9.63 59.5 (54.0-81.0)
Albumin concn (g/liter) 40.2 =354 38.5 (37.0-46.0)

aData are for six females.

RESULTS

This study comprised six morbidly obese female subjects. The mean * standard
deviation (SD) body weight was 139 * 29.6 kg, and BMI was 50.1 = 5.74 kg/m? (Table
1). Noncompartmental analysis yielded a terminal half-life of 446 = 0.84 h for total
drug and 3.95 = 0.95 h for unbound ertapenem in plasma. Peak concentrations were
83.0 = 17.1 mg/liter for total drug and 19.4 = 4.38 mg/liter for unbound ertapenem in
plasma, 12.5 = 5.21 mg/liter for unbound ertapenem in subcutaneous tissue, and
16.1 = 0.767 mg/liter for unbound ertapenem in peritoneal fluid (n = 5, due to the loss
of the peritoneal catheter in one patient). The median for the number of quantifiable
concentrations per patient was 7 (range, 5 to 8) for peritoneal fluid and 3 (range, 2 to
8) for subcutaneous tissue (Fig. 1). The results of microdialysis obtained with these serial
tissue samples support the population PK modeling.

The final population PK model yielded individual parameter estimates of a median
of 13.0 liters/h (range, 11.6 to 19.2 liters/h) for total clearance and 62.5 liters (range, 58.5
to 85.5 liters) for the volume of distribution at steady state. These individual estimates
are slightly larger than the population means shown in Table 2, as the population
means were scaled to a standard FFM of 53 kg. Ertapenem plasma and tissue concen-
trations declined biexponentially (Fig. 1), and plasma concentrations were best de-
scribed by a two-compartment model (Fig. 2). The variability of the concentrations
observed in subcutaneous tissue was larger than that of the concentrations observed
in peritoneal fluid. In total, five tissue concentrations were excluded from the final
modeling analysis, since these concentrations declined with a much shorter half-life
than the plasma concentrations in the respective subject. As all five of these concen-
trations were determined at the end of the sampling period, these rapidly declining
tissue concentrations might have been caused by a degradation of the dialysis mem-
brane over time. In an additional analysis which contained these five tissue concen-
trations, the population means for the ratio of the unbound AUC in subcutaneous tissue
divided by the unbound AUC in plasma (Fsc) and for the ratio of the unbound AUC in
peritoneal fluid divided by the unbound AUC in plasma (Fp¢) were slightly lower than
the estimates of the final model: for F¢c, 0.459 and 0.507, respectively, and for Fyr, 0.742
and 0.754, respectively (Table 2). This suggested that this modeling decision had only
a minor impact on the overall modeling results.

Overall, the individual fitted versus observed concentrations had coefficients of
correlation of 0.99 for the total and unbound concentrations in plasma, 0.80 for
unbound concentrations in subcutaneous tissue, and 0.93 for unbound concentrations
in peritoneal fluid.

The population mean clearance for unbound ertapenem was 12.3 liters/h and the
volume of distribution was 57.8 liters for subjects with a mean FFM of 53 kg (Table 2).
Population mean estimates were reasonably precise, with relative standard errors being
below 42% for all parameters (except for the small linear binding component).
Between-subject variability (BSV) was 26% or less for all disposition parameters. While
the subcutaneous tissue concentrations were more variable (coefficient of variation
[CV], 41.8%), the variability for peritoneal fluid was small (CV, <5%). As expected, the
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FIG 1 Observed (markers) and individually fitted (lines) ertapenem concentrations in plasma (unbound and total drug) and unbound ertapenem
concentrations in subcutaneous tissue and peritoneal fluid after 1,000 mg of ertapenem was dosed as 15-min infusions at 0 and 26 h. All panels
except the panel for peritoneal fluid show the profiles for six subjects; the panel for peritoneal fluid shows the profiles for five subjects.

relative standard errors for the between-subject variability estimates were larger than
those for the population means (Table 2), especially for parameters estimated with a
small between-subject variability (i.e., coefficient of variation, <10%). The larger relative
standard errors of the between-subject variability had a limited impact on the predic-
tions from the final model, since the visual predictive checks indicated adequate
predictive performance (see Fig. S1 in the supplemental material).

Relative to the unbound ertapenem exposure (i.e., AUC) in plasma, the average drug
exposure was 50.7% for subcutaneous tissue and 75.4% for peritoneal fluid (Table 2).
Modeling showed that the rate of tissue penetration was rapid. When we applied the
most flexible approach (i.e., the third approach) to estimate the rate and extent of tissue
penetration, the estimated mean equilibration half-lives were less than 15 min. Com-
pared to the simplest approach (i.e., the first approach [see Materials and Methods]) of
estimating tissue penetration for ertapenem, neither the objective function (=1 - log
likelihood) nor the diagnostic plots improved. Thus, we assumed a rapid tissue pene-
tration of ertapenem (Fig. 2). Visual predictive checks indicated an adequate predictive
performance for all four dependent variables (Fig. S1). The central tendency was
adequately captured by the median simulated concentrations, whereas the predicted
variability was slightly wider than the variability of the observations. This leads to
slightly lower (i.e., conservative) predicted PK/PD breakpoints. The individual fitted
versus observed plasma concentrations were precise and unbiased (Fig. S2), whereas
the individual fits for subcutaneous tissue and peritoneal fluid were less precise. The
population fitted concentrations were unbiased (Fig. S3) and, as expected, less precise.
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TABLE 2 Population PK parameter estimates for ertapenem in morbidly obese patients®

Antimicrobial Agents and Chemotherapy

Population mean

Between-subject variability

Parameter Abbreviaton Units (relative SE [%]) (relative SE [%])

Total clearance ClLe liters/h 12.39 (9.0) 0.216¢ (71.3)

Distribution clearance between central and CLde liters/h 7.499 (39.7) 0.261 (199)
peripheral compartments

Volume of distribution of central V,@ liters 40.09 (7.4) 0.110 (85.5)
compartment

Volume of distribution of peripheral v, liters 17.87 (18.7) 0.0598 (431)4
compartment

Ratio of unbound AUC in subcutaneous Fsc 0.507° (21.6) 0.418 (104)
tissue/unbound AUC in plasma

Ratio of unbound AUC in peritoneal fluid/ Foe 0.754% (9.5) 0.0182 (1,339)4
unbound AUC in plasma

Linear binding component in plasma Biin 0.185(121) 0.335(279)

Dissociation constant for saturable binding Ky mg/liter 32.1(41.8) 0.0620 (1,090)4

Ratio of maximum binding capacity and K B../Ky 491(123) 0.266 (70.4)

aEstimates represent a patient with a normal body size (i.e., a 53-kg fat-free mass) and are based on an allometric body size model with fixed exponents of 0.75 for
clearances and 1.0 for volumes of distribution.

bThe half-life of equilibration between subcutaneous tissue and plasma and between peritoneal fluid and plasma was rapid (equilibration half-life, <15 min). The final
model assumed a rapid equilibration between the respective peripheral site and plasma.

<This estimate represents the apparent coefficient of variation of a normal distribution on a natural logarithmic scale.

9The relative standard error refers to the estimated variance. For parameters with a small estimated between-subject variability (i.e., coefficient of variation less than
10%), the relative standard error was large, because the estimated variance was very small. Thus, large relative standard errors were expected for parameters with a
low between-subject variability and a study with a small sample size. This did not impact the predictive performance of the model, which was assessed via visual
predictive checks.

€AUC, area under the concentration-time curve from time zero to infinity. The standard deviations of the additive and proportional residual error were 0.00844 mg/
liter and 8.48%, respectively, for unbound ertapenem in plasma, 0.109 mg/liter and 10.4%, respectively, for total ertapenem in plasma, 0.227 mg/liter and 40.2%,
respectively, for unbound drug in subcutaneous tissue, and 0.165 mg/liter and 22.9%, respectively, for unbound drug in peritoneal fluid.

Monte Carlo simulations predicted a breakpoint of 2 mg/liter in plasma, 0.5 mg/liter
in subcutaneous tissue, and 1 mg/liter in peritoneal fluid for a continuous infusion of
ertapenem at 1 g per day (plus a 500-mg loading dose given as a 15-min infusion at 0
h) (Fig. 3). For a short-term infusion of 1 g every 24 h, the PK/PD breakpoints for a target
of a duration of unbound ertapenem plasma concentrations above the MIC at steady
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FIG 2 Structure of the final model for unbound and bound ertapenem in plasma and unbound
ertapenem in subcutaneous tissue and peritoneal fluid. The model contained a central compartment and
a peripheral compartment as well as one compartment each for bound ertapenem in plasma and for
unbound ertapenem in subcutaneous tissue and peritoneal fluid. The ertapenem concentrations in the
last three compartments were in rapid equilibrium with the unbound ertapenem concentrations in the
central compartment. The unbound ertapenem concentrations in tissue were assumed to not affect or
to only minimally affect the overall disposition of ertapenem (i.e., the amount of drug in the central and
peripheral compartments). B, linear binding component in plasma; B,_,, saturable binding component
in plasma; K, dissociation constant for saturable binding; F, ratio of the unbound AUC in subcutaneous
tissue divided by the unbound AUC in plasma; Fp, ratio of the unbound AUC in peritoneal fluid divided
by the unbound AUC in plasma; CL, total clearance; CLd, distribution clearance between the central and
peripheral compartment.
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FIG 3 Probabilities of target attainment for 1 g of ertapenem dosed as a 15-min infusion (inf.) of 1,000 mg every 24 h (Q24h), as a 15-min infusion
of 500 mg every 12 h (Q12h), or as a continuous infusion of 1,000 mg/day with a 500-mg loading dose at 0 h. The PK/PD targets of an T, of
40%, 75%, and 100% were utilized for the ertapenem concentrations in plasma, subcutaneous tissue (SC), and peritoneal fluid (PF).

state expressed as a fraction of the dosing interval (fT,c) of 40% were 1 mg/liter in
plasma, 0.25 mg/liter in subcutaneous tissue, and 0.5 mg/liter in peritoneal fluid. As
expected, for the Ty, target of 75%, breakpoints were considerably lower for short-
term infusions of 1 g every 24 h (0.125 mg/liter in plasma, 0.0625 mg/liter in subcu-
taneous tissue, and 0.125 mg/liter in peritoneal fluid). When ertapenem was given at
500 mg every 12 h, ertapenem breakpoints were more similar to those for the
continuous infusion (Fig. 3).

DISCUSSION

Obesity is a growing global problem in developed and developing countries (23). It
is considered a chronic disease with pandemic proportions. Thus, obesity is one of the
greatest threats to human health, and the number of surgeries in morbidly obese
patients continues to increase worldwide. Unfortunately, obese patients are at a higher
risk of postoperative and hospital-related infections (9). Selection of an antibiotic which
covers the microbial spectrum and has adequate tissue penetration is crucial for both
antibiotic prophylaxis and therapy. Ertapenem is an attractive B-lactam antibiotic due
to its relatively long terminal half-life (4 to 5 h, on average) and activity against many
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pathogens relevant for superficial incisional surgical site infections (SSls), deep inci-
sional SSlIs, and organ space SSIs in morbidly obese patients, e.g., Staphylococcus spp.
and Streptococcus spp. (24). Further, ertapenem covers most of the common microbial
spectrum found in intra-abdominal infections with peritonitis (25, 26). However, the
free ertapenem concentration in the subcutaneous tissue and peritoneal fluid of
morbidly obese patients has not yet been characterized. Ertapenem is approved for the
use in patients at a dose of 1,000 mg every 24 h. The approval and the dosing
recommendation were mainly based on studies in healthy, nonobese volunteers (27).

This study presents the first population PK analysis of ertapenem in morbidly obese
patients based on total and unbound concentrations in plasma and the unbound drug
concentration in subcutaneous tissue and peritoneal fluid. The unbound drug exposure
in subcutaneous tissue was variable and approximately 50.7% of the unbound AUC in
plasma. Unbound drug exposure in peritoneal fluid was 75.4% of that in plasma and
less variable than the penetration into subcutaneous tissue (Table 2).

The AUC of unbound ertapenem in muscle tissue divided by the total drug AUC in
plasma was 13% = 9% in healthy volunteers (28). For subcutaneous tissue, this ratio
was 5% = 1%. After accounting for the 90% protein binding determined in this study,
the AUC for unbound ertapenem in tissue divided by the AUC for unbound ertapenem
in plasma would be approximately 130% for muscle and 50% for subcutaneous tissue.
Compared to the AUC ratios in the previous study (28), our AUC ratios in morbidly
obese patients were very similar for subcutaneous tissue (Fsc, 50.7%; Table 2) and
slightly lower for peritoneal fluid (Fpr, 75.4%). The ertapenem penetration into soft
tissue adjacent to a foot infection in diabetic patients was well comparable to these
results. The unbound AUC in tissue divided by the total drug AUC in plasma was 8.3%
for healthy tissue and 9.5% for inflamed tissue (29). Assuming a protein binding of 90%
in plasma, this would translate into unbound AUC ratios of approximately 83% and
95%, respectively. Penetration into these tissues was rapid, similar to the findings of our
study. Likewise, the penetration of ertapenem into muscle in mechanically ventilated
patients was rapid, and the AUC for unbound ertapenem in muscle tissue divided by
the total drug AUC in plasma was 9% * 5% (mean = SD) (30). Overall, the findings of
these and the present tissue penetration studies were in good agreement.

Owing to the variable and low penetration into subcutaneous tissue, the PK/PD
breakpoints were approximately 2- to 4-fold lower in subcutaneous tissue than in
plasma; the breakpoints for peritoneal fluid were between those for subcutaneous
tissue and plasma. Dosing short-term infusions of 500 mg every 12 h resulted in
considerably higher breakpoints than dosing of 1 g every 24 h. This was particularly
true for fTy,c targets of 75% and 100%. Short-term infusions of 500 mg every 12 h
reached almost the same breakpoints as a continuous ertapenem infusion of 1 g per
day (with a small loading dose). Our breakpoints were slightly higher than those
reported previously by Chen et al. (20) for ertapenem in obese healthy volunteers. The
latter study assumed a 95% protein binding for Monte Carlo simulations, whereas we
quantified and modeled unbound ertapenem concentrations. This could have contrib-
uted to the slightly higher breakpoints in our study.

The comparison of the EUCAST MIC;, and MIC,, with the PK/PD breakpoints for
standard and optimized dosing regimens yielded three groups of pathogens relevant
to infections in morbidly obese patients. For the first group (Table 3), all dosing
regimens covered the EUCAST MIC,,, suggesting that standard therapy is expected to
be sufficient. Optimized dosing regimens (i.e., a continuous infusion of 1 g per day or
dosing of 0.5 g ertapenem as a short-term infusion every 12 h) covered the MIC,,
whereas standard short-term infusions tended to cover only the MIC,, depending on
the infection site (Table 3). The third group contained pathogens like Acinetobacter
baumannii and Staphylococcus epidermidis, which are not reliably covered by any
ertapenem dosing regimen.

Our final population PK model yielded adequate curve fits (Fig. 2) and had good
predictive performance (see Fig. S1 in the supplemental material). Modeling showed
that the rate of penetration of ertapenem into subcutaneous tissue and peritoneal fluid
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TABLE 3 Comparison of the susceptibility data from the EUCAST MIC distribution (MIC5, and MIC,,) with the PK/PD breakpoints for the f Ty, targets of 40% and 75% for standard
and optimized dosing regimens at 1 g ertapenem per day¢

fTMIC target of 40% (1 g as a

f Tyic target of 75%

EUCAST< 15-min infusion q24h) 1 g as a 15-min infusion q24h 0.5 g as a 15-min infusion q12h 1 g as a continuous infusion
MIC,, coverage and pathogen MIC,, MICqyq Plasma SC (0.25 PF (0.5 Plasma SC (0.0625 PF (0.125 Plasma SC (0.5 PF (1 mg/ Plasma SC (0.5 PF (1 mg/
(no. of isolates in EUCAST database) (mg/liter) (mg/liter) (1 mg/liter)®  mg/liter) mg/liter) (0.125 mg/liter) mg/liter) mg/liter) (1 mg/liter) mg/liter) liter) (2 mg/liter) mg/liter) liter)
MICq, is covered for all regimens and sites
Proteus mirabilis (n = 1,426) 0.008 0.016 +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++
Escherichia coli (n = 2,187) 0.008 0.031 +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++
Klebsiella spp. (n = 342) 0.016 0.031 +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++
Streptococcus pyogenes (n = 818) 0.016 0.031 +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++
Klebsiella pneumoniae (n = 1,482) 0.016 0.063 +++ +++ +++ +++ +++ +++ +++ +++ +++ +4++ +4++ +4++
MICqq is better covered by optimized regimens
Proteus vulgaris (n = 317) 0.016 0.125 +++ +++ +++ +++ + +++ +++ +++ +++ +++ +++ +++
Streptococcus viridans group (n = 335) 0.063 0.25 +++ +++ +++ + + + +++ +++ +4++ +4++ +4++ +4++
Enterobacter cloacae (n = 1,185) 0.063 1 +++ + + + + + +++ + +++ +++ + +++
Enterobacter spp. (n = 255) 0.063 1 +++ + + + + + +++ + +++ +++ + +++
Staphylococcus aureus (n = 1,071) 0.125 1 +4++ + + + NC + +4++ + +4++ +++ + +4++
MICqq is not covered reliably by any regimen
Bacteroides fragilis (n = 296) 0.25 2 + + + NC NC NC + + + +++ + +
Bacteroides fragilis group (n = 147) 0.5 4 + NC + NC NC NC + + + + + +
Staphylococcus epidermidis (n = 203) 1 128 + NC NC NC NC NC + NC + + NC +
Acinetobacter baumannii (n = 719) 4 16 NC NC NC NC NC NC NC NC NC NC NC NC
Enterococcus faecalis (n = 1,183) 8 512 NC NC NC NC NC NC NC NC NC NC NC NC
Enterococcus faecium (n = 325) 256 256 NC NC NC NC NC NC NC NC NC NC NC NC

aAs of 5 September 2016.

bNumbers in parentheses are the PK/PD breakpoints for the respective dosing regimen and site.

€q24h, every 24 h; SC, subcutaneous tissue; PF, peritoneal fluid; ++ +, the MICy, is covered; +, the MIC,, is covered; NC, not covered.
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was rapid, similar to the results of our previous study on meropenem in morbidly obese
patients (4). While our microdialysis sampling times were not specifically selected to
estimate rapid tissue penetration, these tissue sampling times allowed adequate char-
acterization of the terminal half-life and, therefore, were adequate for predicting the
Tyic:

The parameter estimates for the saturable binding of ertapenem in plasma (Table 2)
were in good agreement with those from a previous population PK analysis of ertap-
enem in patients requiring colorectal surgery (14). Our population PK parameter
estimates apply to unbound ertapenem. Due to the saturable protein binding of
ertapenem in plasma, the estimates in Table 2 are not directly comparable to the
PK parameter estimates for total ertapenem reported previously for obese subjects
(20, 21).

The between-subject variability had a 21.6% coefficient of variation for total clear-
ance of unbound ertapenem, and the volume of distribution was less variable. In the
absence of a healthy volunteer control group, we used FFM instead of WT to describe
body size and body composition in our morbidly obese patients, as we did in our
previous study (4). Our study was too small to evaluate different measures of body size,
such as FFM or lean body mass; FFM has previously been evaluated and found to be
suitable for use in the determination of the doses of drugs of other classes to be used
for obese patients (19, 31-33).

A limitation of our study was the small sample size of six morbidly obese patients,
which may not have allowed us to fully capture the variability in this subject group. To
describe the variability associated with body size, our Monte Carlo simulations included
the between-subject variability of FFM, which had a CV of 15.5% (Table 1). This affected
the variability of the clearances and volumes of distribution. Another limitation of our
study was the lack of established PK/PD targets for subcutaneous tissue and peritoneal
fluid. While we simulated potential fTy,c targets ranging from 40% to 100%, the Monte
Carlo simulation results for both tissue sites should be interpreted conservatively.

In summary, ertapenem exposure was lower and more variable for subcutaneous
tissue than for peritoneal fluid when the levels of exposure in both of these compart-
ments were compared to the exposure achieved with unbound ertapenem in plasma.
Therefore, the PK/PD breakpoints were approximately 2- to 4-fold lower for subcuta-
neous tissue than for plasma. Dosing of ertapenem as a short-term infusion of 500 mg
every 12 h or as a continuous infusion of 1 g per day was predicted to achieve
approximately 8-fold higher PK/PD breakpoints for the T, target of 75% compared to
dosing 1 g every 24 h.

Overall, for antibiotic prophylaxis related to laparoscopic visceral surgery or treat-
ment of intraperitoneal infections in morbidly obese patients, ertapenem appears to be
an attractive choice, especially when applying a dosing regimen of 500 mg every 12 h
or 1 g per day as a continuous infusion. Now that the present study has ensured the
adequate and rapid penetration of ertapenem into subcutaneous tissue and peritoneal
fluid, future studies are warranted to assess the clinical effectiveness of ertapenem in
this patient population.

MATERIALS AND METHODS

Study design. This prospective, single center, open-label study was performed at the University of
Ulm, Department of Visceral Surgery, from October 2013 to July 2015 (ClinicalTrials registration no.
NCT01407965). The protocol was approved by the ethics committee of the University of Ulm and The
Federal Institute for Drug and Medical Devices of Germany. Prior written informed consent was obtained
from all study participants. The study was performed following the recommendations from the revised
version of the Declaration of Helsinki and current revisions of the Good Clinical Practice Guidelines of the
European Commission.

Patient population. Noninfected, hospitalized patients aged 18 years or older with a body mass
index (BMI) of at least 40 kg/m? were included. These patients required surgical intervention (open or
laparoscopic surgery) at intra-abdominal organs. Exclusion criteria were lactation or pregnancy in
women, a history of serious allergy or intolerance to ertapenem or other B-lactam antibiotics, emergency
surgery, and systemic antimicrobial therapy with ceftazidime within 7 days prior to study entry.
Additional exclusion criteria were ongoing intra-abdominal infections, terminal illness, severe diseases of
the liver (e.g,, cirrhosis of the liver with alanine aminotransferase or aspartate aminotransferase levels >6
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times the upper limit of normal [ULN] and bilirubin levels >3 times the ULN), severe renal insufficiency
with a creatinine clearance of =30 ml/min, a platelet count of <75,000 cells/mm?3, a neutrophil count of
<1,000 cells/mm?3, and coagulation studies providing international normalized ratios of >1.5 times the
ULN, ongoing chemotherapy and/or radiotherapy, and concurrent medication with valproic acid.

Dosing. All patients received 1,000 mg ertapenem (Invanz; license no. EU/1/02/216/001+/002;
Infectopharm, Heppenheim, Germany) as 15-min intravenous infusions at 0 and 26 h on the day of
surgery. After administration of the dose at 26 h, serial blood samples were obtained to characterize the
PK of ertapenem. This dose was administered after the microdialysis recovery procedure and washout of
the microdialysis probes (see below).

Microdialysis. Subcutaneous adipose interstitial space fluid and peritoneal fluid were sampled via
microdialysis. A microdialysis probe was placed in the subcutaneous tissue of the abdominal wall after
laparoscopy (63 MD; mdiaylsis, Stockholm, Sweden), and a second microdialysis probe was placed into
the abdominal cavity at the end of the laparoscopic procedure (62 MD; mdiaylsis, Stockholm, Sweden).
The retrodialysis technique was used to calibrate all catheters (34). The probes were perfused with
lactated Ringer’s solution for 24 h at a flow rate of 2 ul/min. At 24 h after the first ertapenem dose,
catheters were perfused with 20 mg/liter ertapenem in lactated Ringer’s solution for 60 min. A sample
was collected during the last 25 min of the retrodialysis procedure, and the percent recovery was
calculated as 100% ° [1 — (Cyaiysate/Cpertusate)s Where Cpgicae is the initial concentration of ertapenem
in the solution entering the microdialysis probe and Cyj,yysate IS the concentration of ertapenem in the
solution leaving the probe (34). A period of washout with blank lactated Ringer’s solution of at least 60
min followed the recovery procedure. Samples were obtained by microdialysis over 25 min at 30, 60, 120,
180, 360, 480, 720, 1,080, and 1,440 min after ertapenem administration. The flow rate was 2 ul/min. All
samples were stabilized (see below) with 2-(4-morpholino)ethanesulfonic acid (MES; 0.100 M; pH 6.5; 1:1),
immediately frozen, and stored at —80°C until analysis.

Blood sampling. Blood samples were obtained at the same times as the microdialysis samples. Blood
samples were taken and immediately cooled in an ice-water bath, followed by centrifugation of blood
samples at 4,000 rpm for 10 min at 4°C. Plasma samples were immediately stabilized with MES buffer
(0.100 M; pH 6.5; 1:1 [vol/vol]). Matrix controls, internal standards, calibration curve standards, and
samples for pharmacokinetic analysis were immediately frozen and stored at —80°C until analysis.

Ertapenem assay. Water and methanol (liquid chromatography-mass spectrometry grade) were pur-
chased from VWR (Darmstadt, Germany); acetic acid, ammonium acetate, and MES were from Sigma-Aldrich
(St. Louis, MO, USA); and ertapenem was from Infectopharm (Heppenheim, Germany). The internal
standard (meropenem-d,) was purchased from Toronto Research Chemicals (Toronto, Canada). Mobile
phase A for high-performance liquid chromatography (HPLC) analysis consisted of water (2 mM ammo-
nium acetate, 0.1% acetic acid, pH 3.8), and mobile phase B was methanol.

The preparation of plasma and dialysate was performed according to the procedures described by
Koal et al. (35). Immediately after sampling, MES buffer (0.100 M; pH 6.5; 1:1 [vol/vol]) was added to the
samples. Matrix controls, the internal standard, matrix calibration standards, and samples were stored at
—80°C until analysis. To every sample, 10 ul of meropenem-dy in methanol (final concentration, 10
mg/liter) was added as the internal standard. For the preparation of calibration standards and controls
for dialysate experiments, MES buffer was used as the matrix. To separate the unbound fraction of
ertapenem from the total plasma concentration, an Amicon Ultra Filter ultrafiltration system (molecular
mass cutoff, 10 kDa; Millipore, Bedford, MA, USA) was used. Filters were first conditioned by the filtration
of 1,000 wl water (40 min, 4,500 X g, 25°C), followed by the ultrafiltration experiment with 100-ul plasma
aliquots (40 min, 4,000 X g, 25°C). A volume of 10 ul of an internal standard solution was added to a
50-ul aliquot of each ultrafiltrate sample.

The HPLC system consisted of two pumps (LC 20 AD), an autosampler (SIL 20 AC HT), and an oven
(CTO-20 AC) from Shimadzu (Kyoto, Japan). Prepared samples were kept at 4°C in the autosampler until
analysis, and the injection volume was 10 ul. Chromatography was performed with an XBridge C,q
2.5-um (3.0- by 75-mm) column (Waters, Milford, MA, USA) in combination with a guard cartridge
XBridge C,4 2.5-um (3.0- by 20-mm) column. Separation was performed with a linear gradient (total flow
rate, 0.5 ml/min) from minute 0 (95% mobile phase A, 5% mobile phase B) to minute 4 (10% mobile
phase A, 90% mobile phase B), followed by a second gradient from minute 4 (10% mobile phase A, 90%
mobile phase B) to minute 6 (95% mobile phase A, 5% mobile phase B). A reequilibration of the system
was performed for 3 min before the next injection.

An API 3200 triple-quadrupole liquid chromatograph-tandem mass spectrometer (Sciex, Framing-
ham, MA, USA) in the positive electrospray ionization mode (ESI*) was used for mass spectrometry.
Analysis was performed using a capillary voltage of 5.0 kV, a temperature of 675°C, a curtain gas pressure
of 20 Ib/in2, a CAD (collisionally activated dissociation) gas pressure of 6 Ib/in?, gas 1 and 2 at pressures
of 55 Ib/in?, a declustering potential of 36 V, and an entrance potential of 5 V. For ertapenem, we used
the transition from m/z 476.0 to m/z 114.0 for quantitative analysis and the transition from m/z 476.0 to
m/z 432.5 for qualitative analysis in the multireaction monitoring (MRM) mode. For the internal standard,
meropenem-dg, the respective transitions were from m/z 390.1 to m/z 147.2. Analyst software (version
1.6.2) was used for the quantification with linear regression with the origin excluded and 1/x weighting.

The lower limit of quantification (LLOQ; signal-to-noise ratio, >10) for plasma and the dialysate was
0.1 mg/liter. The assay was linear from 0.1 to 100 mg/liter with an r? value of 0.998 for the dialysate and
an r? value of 0.998 for plasma. The interday precision ranged from 4.9 to 12.9% (CV) for the dialysate and
7.5 to 15.7% (CV) for plasma. The intraday precision ranged from 2.5 to 5.2% (CV) for the dialysate
and 1.9 to 10.1% (CV) for plasma. The accuracy for plasma was from 89.4 to 107.7%, and that for the
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dialysate was 96.7 to 112.8%. For precision and accuracy experiments, five replicates with three
concentrations (1, 50, 100 mg/liter) were analyzed.

Population modeling and Monte Carlo simulations. (i) Structural model to describe plasma
concentrations. Linear models with one, two, or three disposition compartments were considered to
characterize the PK of unbound ertapenem in plasma. A linear binding component and a saturable
binding component were used to model the plasma protein binding of ertapenem as we described
previously (14, 36).

(ii) Evaluating the rate and extent of tissue penetration. We employed three approaches to
characterize the kinetics of tissue penetration. The first approach assumed that the rate of tissue
penetration is rapid; i.e., tissue concentrations were assumed to be in equilibrium at the time of the first
observation in tissue. For this approach, the unbound tissue concentration was calculated by multiplying
the unbound concentration in the central compartment (i.e., plasma) by a factor (F¢. for subcutaneous
tissue and F,. for peritoneal fluid). Fsc and F,; also represent the area under the concentration-time curve
(AUQ) for unbound concentrations of ertapenem in subcutaneous tissue or peritoneal fluid, respectively,
divided by the AUC for unbound concentrations of ertapenem in plasma, as described previously (4, 37).

For the second approach, the tissue sites were assumed to have the same distribution kinetics as the
shallow peripheral or the deep peripheral compartment. Therefore, the unbound tissue concentrations
were calculated by multiplying the unbound concentration in the shallow peripheral or deep peripheral
compartment by F and by F.. Fsc and Fi carry the same interpretation as the AUC ratios, as described
above. This approach evaluated whether subcutaneous tissue and peritoneal fluid were kinetically more
similar to the shallow peripheral compartment or the deep peripheral compartment than to the central
compartment (used in the first approach).

The third approach directly estimated the kinetics of tissue penetration. We treated each tissue site
as an additional compartment with a small volume of distribution (fixed to 0.1 liter) and estimated the
equilibration half-life for each tissue. The small volume was chosen to not affect (or only minimally affect)
the disposition parameters of ertapenem estimated on the basis of the plasma concentrations. Details
about this approach have been previously described (4, 38). This approach captured the scenario that an
equilibrium between tissue and plasma has not yet been reached at the time of collection of the first
tissue sample; this approach is the most flexible, as it allowed the rate of equilibration in subcutaneous
tissue and peritoneal fluid to differ from the rate of equilibration in the shallow peripheral and deep
peripheral compartment. Overall, these three approaches capture the relevant scenarios for the rate and
extent of tissue penetration.

(iii) Parameter variability model and covariate effects. Between-subject variability (BSV) was
described by log-normal distributions for all model parameters. We applied standard allometric scaling
based on WT or FFM to predict the alterations in clearance and volume of distribution between morbidly
obese and nonobese patients. In contrast to WT, the FFM (19) accounts for the altered body composition
of morbidly obese patients relative to that of nonobese patients. Using the body mass index (BMI), FFM
was calculated as (19)

FEM (female) = S0 WT
(female) = &0+ (244 - BMI) ()
9,70 - WT
FEM (male) = 2

6,680 + (216 - BMI)

where WT is in kilograms and BMI is in kilograms per square meter.

We did not assess other measures of body size, such as ideal body weight, predicted normal weight
(19, 31), or lean body mass, according to the Cheymol and James equation (32, 33), due to the small
sample size of our study. Overall, FFM is a plausible and readily available measure of body size (19) which
has been previously evaluated for use with obese patients (33). A simulation-estimation study (39)
showed that empirical testing for covariate effects is not recommended for studies with less than
approximately 50 subjects. Therefore, we did not perform empirical testing for covariate effects.

(iv) Estimation. All population PK model parameters were simultaneously estimated on the basis of
all ertapenem concentrations at each site. We used the importance sampling algorithm (pmethod = 4)
in parallelized S-ADAPT (version 1.57) software (40) and the SADAPT-TRAN facilitator (41, 42). The Beal M3
method was used for unbound plasma concentrations below the lower limit of quantification (43).
Unbound tissue concentrations below the quantification limit were not used during modeling. Models
were compared on the basis of the objective function (negative log likelihood), standard diagnostic plots,
and the plausibility of the parameter estimates (36, 44, 45); moreover, the predictive performance was
carefully assessed by visual prediction checks for each modeled variable (44).

(v) Monte Carlo simulations. On the basis of the final population PK model, Monte Carlo simulations
were performed to predict the time course of unbound ertapenem concentrations in plasma, subcuta-
neous tissue, and peritoneal fluid for morbidly obese patients. For each site and dosing regimen, 1,000
virtual patients were simulated. In the simulations, ertapenem was administered as a 15-min infusion of
1,000 mg every 24 h, as a 15-min infusion of 500 mg every 12 h, or as a continuous infusion of 1,000 g
per day (with a 500-mg loading dose).

We simulated morbidly obese patients with the same FFM as those in the present study (geometric
mean FFM, 60.3 kg; coefficient of variation, 15.5%). The duration of unbound ertapenem plasma
concentrations above the MIC at steady state expressed as a fraction of the dosing interval (fT,c) was
calculated by numerical integration between 24 and 48 h by the use of Berkeley Madonna software
(version 8.3.18). The fraction of simulated patients who achieved the PK/PD target values of an T, of
40%, 75%, or 100% was used to approximate the probability of target attainment (46-48). The PD target
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of an fTy,c of at least 40% of the dosing interval has been shown to correlate with nearly maximal
bacterial killing at 24 h in mice (46, 47). The fT,,c target of 75% has been associated with clinical cure with
meropenem in febrile neutropenic patients with bacteremia (49). The fT,, . target of 100% was simulated
to predict the PK/PD profile for patients with more severe infections who may need to achieve higher
PK/PD targets for successful outcomes. The PK/PD breakpoint was defined as the highest MIC with a
probability of target attainment of at least 90%. We compared the PK/PD breakpoints for standard and
optimized dosing regimens to the ertapenem MIC data in the EUCAST database (50) for pathogens
relevant to infections in morbidly obese patients.

SUPPLEMENTAL MATERIAL
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