ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Dec. 2011, p. 5609-5615
0066-4804/11/$12.00  doi:10.1128/AAC.00497-11

Vol. 55, No. 12

Copyright © 2011, American Society for Microbiology. All Rights Reserved.

Clinical Pharmacokinetics of Meropenem and Biapenem in Bile and
Dosing Considerations for Biliary Tract Infections Based on
Site-Specific Pharmacodynamic Target Attainment’

Kazuro Ikawa,?* Akira Nakashima,? Norifumi Morikawa,’ Kayo Ikeda,' Yoshiaki Murakami,’
Hiroki Ohge,” Hartmut Derendorf,> and Taijiro Sueda®

Department of Clinical Pharmacotherapy, Graduate School of Biomedical Sciences, Hiroshima University, Hiroshima, Japan';
Department of Pharmaceutics, College of Pharmacy, University of Florida, Gainesville, Florida®; and Department of Surgery,

Graduate School of Biomedical Sciences, Hiroshima University, Hiroshima, Japan®

Received 12 April 2011/Returned for modification 3 August 2011/Accepted 14 September 2011

The present study investigated the pharmacokinetics of meropenem and biapenem in bile and estimated
their pharmacodynamic target attainment at the site. Meropenem (0.5 g) or biapenem (0.3 g) was
administered to surgery patients (n = 8 for each drug). Venous blood samples and hepatobiliary tract bile
samples were obtained at the end of infusion (0.5 h) and for up to 5 h thereafter. Drug concentrations in
plasma and bile were analyzed pharmacokinetically and used for a Monte Carlo simulation to predict the
probability of attaining the pharmacodynamic target (40% of the time above the MIC). Both drugs
penetrated similarly into bile, with mean bile/plasma ratios of 0.24 to 0.25 (maximum drug concentration)
and 0.30 to 0.38 (area under the drug concentration-time curve). The usual regimens of meropenem (0.5
g every 8 h [q8h]) and biapenem (0.3 g q8h) (0.5-h infusions) achieved similar target attainment
probabilities in bile (=90%) against Escherichia coli, Klebsiella pneumoniae, and Enterobacter cloacae
isolates. However, against Pseudomonas aeruginosa isolates, meropenem at 1 g q8h and biapenem at 0.6 g
q8h were required for values of 80.7% and 71.9%, respectively. The biliary pharmacodynamic-based
breakpoint (the highest MIC at which the target attainment probability in bile was =90%) was 1 mg/liter
for 0.5 g q8h and 2 mg/liter for 1 g q8h for meropenem and 0.5 mg/liter for 0.3 g q8h and 1 mg/liter for
0.6 g q8h for biapenem. These results help to define the clinical pharmacokinetics of the two carbapenems
in bile while also helping to rationalize and optimize the dosing regimens for biliary tract infections based
on site-specific pharmacodynamic target attainment.

Meropenem and biapenem are therapeutic options for the
treatment of biliary tract infections, including bacterial cholan-
gitis and cholecystitis, and also for antibacterial prophylaxis in
biliary tract surgery and endoscopic retrograde cholangiopan-
creatography (5, 6, 9, 15, 21).

Antibiotics act at the site of infection, and their ability to
reach the site is a primary determinant of their efficacy. There-
fore, it is important to understand the pharmacokinetics of
meropenem and biapenem in bile in order to improve their
efficacy for the treatment of biliary tract infections. However,
little is known about how well both carbapenems penetrate
into bile. There have been a few reports measuring mero-
penem concentrations in human bile (3, 7); however, these
reports did not fully characterize its biliary pharmacokinetics.
There have been no earlier reports on the biliary pharmaco-
kinetics of biapenem, and other pharmacokinetic information
is limited, because the drug is used clinically only in Asia and
is under investigation in other countries (1).

Both carbapenems exert a time-dependent activity, and their
antibacterial and therapeutic effects correlate with the expo-
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sure time that drug concentrations remain above the MIC for
the bacterium (7). particularly at the site of action. For
both drugs, the Ty target required for bactericidal effects is
considered to be 40% of the dosing interval (27). Therefore, in
order to define effective doses and to optimize the treatment
regimen for biliary tract infections, it is important to evaluate
the pharmacodynamic exposure in bile by predicting the prob-
ability that the T\, target is attained at a certain MIC (the
probability of target attainment [PTA]) and determining the
expected population PTA for a specific population of bacteria
(the cumulative fraction of response [CFR]) (17).

The objectives of the present study were to fully describe the
human biliary pharmacokinetics of meropenem and biapenem
and to estimate their site-specific pharmacodynamic target at-
tainment. It is clinically significant to compare the pharmaco-
kinetic and pharmacodynamic characteristics between the two
carbapenems. In this study, a noncompartmental analysis was
performed to estimate the rate and extent of drug penetration
from the systemic circulation into bile. Population modeling
was employed to estimate the compartmental pharmacokinetic
parameters and their variability. The population model esti-
mates were then used for a pharmacodynamic Monte Carlo
simulation to predict the PTA values in bile for drug regimens
and their CFRs against MIC distributions for clinical isolates
of common bacteria that cause biliary tract infections, namely,
Escherichia coli, Klebsiella pneumoniae, Enterobacter cloacae,
and Pseudomonas aeruginosa (5, 15).
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MATERIALS AND METHODS

Study design and subject population. This study was a prospective and open-
label study of meropenem and biapenem conducted at Hiroshima University
Hospital. The study protocol and informed consent form were in compliance
with the Declaration of Helsinki and were reviewed and approved by the ethics
committee of the institution.

Patients undergoing percutaneous transhepatic biliary drainage after hepato-
biliary-pancreatic surgery were included in this study. The inclusion criteria were
as follows: patients of both sexes older than 20 years, patients who were ame-
nable to antibacterial prophylaxis for postoperative infections, and patients will-
ing and able to provide their written informed consent. Any patients who were
pregnant or who were hypersensitive to 3-lactams were excluded.

Drug administration and sample collection. Meropenem (0.5 g) or biapenem
(0.3 g) was administered prophylactically by a 0.5-h intravenous infusion. Venous
blood samples were obtained 0.5 h, 1 h, 1.5 h, 2.5 h, and 5.5 h after the start of
the infusion. Intrahepatic bile samples were obtained from the hepatobiliary
tract through a percutaneous transhepatic biliary drain 0.5 h, 0.75 h, 1 h, 1.25 h,
1.5h,2h,2.5h,3.5h,4.5h, and 5.5 h after the start of the infusion. All samples
were placed immediately in polypropylene tubes on ice and centrifuged at 3,000 X
g for 10 min at 4°C. The plasma and supernatant bile were then removed, stabilized
with an equal volume of 1-mol/liter 3-morpholino-propanesulfonic acid buffer (pH
7.0), and stored at —40°C within 0.5 h after sampling. All samples were assayed
within 3 days of collection.

Meropenem assay. The total concentrations of meropenem in plasma and
bile were determined using high-performance liquid chromatography as re-
ported previously (14). Plasma or bile samples (400 ul) were transferred to an
ultrafiltration device (Nanosep 10K; Pall Corporation, Port Washington,
NY). The device was centrifuged, and 20 wl of the filtered solution was
injected onto a chromatograph with a reversed-phase column (Symmetry Cg;
S pm X 4.6 mm X 150 mm; Waters Corporation, Milford, MA) and detected
by measuring the UV absorbance at 300 nm. A mixture of 10 mM sodium
phosphate buffer (pH 7.4) and acetonitrile (100:10 [vol/vol]) was used as the
mobile phase, at a flow rate of 1 ml/min. The lower limits of quantification
were 0.05 mg/liter (plasma) and 0.1 mg/liter (bile), and both calibration
curves were linear up to 100 mg/liter. For intra- and interday assays, the
precision was 0.43% to 7.17% (plasma) or 0.69% to 10.8% (bile), and the
accuracy was 97.7% to 106% (plasma) or 99.7% to 105% (bile).

Biapenem assay. The total concentrations of biapenem in plasma and bile
were determined using high-performance liquid chromatography as reported
previously (14). The same assay methods as those for meropenem were used,
except that the mobile phase was 100 mM sodium acetate buffer (pH 4.6) and
acetonitrile (197:3 [vol/vol]). The lower limits of quantification were 0.04 mg/liter
(plasma) and 0.1 mg/liter (bile), and both calibration curves were linear up to 100
mg/liter. For intra- and interday assays, the precision was 0.15% to 7.31%
(plasma) or 1.51% to 9.19% (bile), and the accuracy was 7.3% to 118% (plasma)
or 99.5% to 109% (bile).

Noncompartmental pharmacokinetic analysis. For each drug, the area under
the drug concentration-time curve (AUC) and the mean residence time (MRT)
were calculated based on the trapezoidal rule, using the MULTI program (26). The
AUC from 0 h to infinity (AUC,,_...) was estimated as the actual area (AUC_s 5) plus
the extrapolated area (AUCs 5_.. = Cs.s/\z, where Cs s is the drug concentration at
5.5 hand A is the terminal slope on a log, scale). The total clearance (CL,, ) was
calculated as dose/AUC, .., and the volume of distribution at steady state
(Vsteady state) Was calculated as CLyo,; X MRT. The C,,, was defined as the ob-
served maximum drug concentration, and T, was the time to Cy ..

Population pharmacokinetic modeling. For each drug, the concentration data
for plasma (C,) and bile (C5) were fitted simultaneously to a multicompartment
model with zero-order infusion (R;,) and first-order elimination and transfer
processes (Fig. 1). In the modeling using the NONMEM program (version 7.1.0;
Icon Development Solutions, Ellicott, MD), the fixed-effects parameters were
volume of distribution of the central compartment (V1), volume of distribution
of the peripheral compartment (V2), volume of distribution of the biliary com-
partment (V3), clearance from the central compartment (CL1), clearance from
the biliary compartment (CL4), intercompartmental (central-peripheral) clear-
ance (Q2), and intercompartmental (central-biliary) clearance (Q3). The inter-
individual variability was modeled exponentially, as follows: 6; = 6 X exp(m;),
where 6; is the fixed-effects parameter for the ith subject, 6 is the mean value for
the fixed-effects parameter in the population, and v is a random interindividual
variable which is normally distributed, with a mean of zero and a variance of w?.
The residual (intraindividual) variability was modeled with a proportional error
model, as follows: Copg, ;i = Cprea, 5 X (1 + €;), where Copg ;; and Cpreq, 7 are the
jth observed and predicted concentrations, respectively, for the ith subject and €
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FIG. 1. Multicompartment pharmacokinetic model for mero-
penem and biapenem. C,; and Cj, drug concentrations in the central
and biliary compartments (mg/liter); R;,, drug infusion rate (mg/h);
V1, V2, and V3, volumes of distribution of the central, peripheral, and
biliary compartments (liters); CL1 and CL4, clearances from the cen-
tral and biliary compartments (liters/h); Q2 and Q3, intercompartmen-
tal clearances (liters/h).

is a random intraindividual error which is normally distributed, with a mean of
zero and a variance of ¢°.

A resampling technique called the bootstrap method was performed to check
the validity and reliability of the population pharmacokinetic model that was
developed. The program Wings for NONMEM (version 703; N. H. Holford,
University of Auckland, Auckland, New Zealand) was used to create resampled
new data sets. The 95% confidence intervals of the pharmacokinetic parameters
estimated from 1,000 bootstrap replicates (2.5 to 97.5 percentiles of 1,000 esti-
mates for V1, V2, V3, CL1, Q2, Q3, and CL4) were compared with the estimates
from the developed model.

Pharmacodynamic Monte Carlo simulation. A 10,000-subject Monte Carlo
simulation was conducted to evaluate the pharmacodynamic exposure (T c) in
plasma and bile. For each drug regimen (0.5-h infusion every 8 h [q8h]), the
following process was iterated from the 1st to the 10,000th subject, using Crystal
Ball software (version 2000; Oracle Corporation, Redwood Shores, CA) (12, 13,
20, 22). A set of fixed-effects parameters (6, values) (V1, V2, V3, CL1, Q2, Q3,
and CL4) was randomly generated according to each mean estimate (6) and
interindividual variance (w) of the population pharmacokinetic model that was
developed. Using the set of seven 6; values, the drug concentration-time curves
(48 to 72 h after the start of the regimen) were created. For bile, the total
concentration was employed because bile contains water, bile salts, mucus, and
pigments but not protein; for plasma, the free fraction concentration was em-
ployed using protein binding values (2.4% for meropenem [10] and 3.0% for
biapenem [11]). Next, the time point at which the drug concentration coincided
with a specific MIC (0.031 to 64 mg/liter) was determined, and the percentages
of a 24-h period that the drug concentrations remained above the MIC (free
fraction % Ty in plasma and %7y in bile) were finally calculated.

Determination of PTA and CFR. Based on the pharmacodynamic Monte Carlo
simulation, the PTA (%) in plasma and bile was determined as the fraction that
achieved at least 40% Ty (27) for each of 10,000 estimates. A probability of
90% was regarded as a clinically acceptable criterion, and the breakpoint (4, 12,
22) based on the biliary pharmacodynamic target attainment was defined as the
highest MIC at which the PTA in bile was =90%.

The PTA at a specific MIC was then multiplied by the fraction of the clinical
isolate population in each MIC category, and the sum of individual products was
determined as the CFR (%). The MIC distribution data for meropenem and
biapenem (Table 1) were derived from nationwide susceptibility surveillance
data in Japan, including data from the study institution (25).

Statistical analysis. The Mann-Whitney U test was performed using SPSS
software (version 15.0J; IBM Japan, Tokyo, Japan) to determine differences
between the meropenem and biapenem groups. P values of <0.05 were consid-
ered statistically significant.

RESULTS

Patients. Eight patients were included in each group. For
meropenem, the patient characteristics were as follows: five
males and three females; age, 77.1 = 5.2 years (mean = stan-
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TABLE 1. MIC distributions for meropenem and biapenem against clinical isolates of Escherichia coli (n = 141), Klebsiella pneumoniae
(n = 129), Enterobacter cloacae (n = 92), and Pseudomonas aeruginosa (n = 322)

Fraction of isolates in each MIC category (mg/liter)

Drug gnd MICSU MI(;Q[,
bacterium =0.031 0063 0125 025 0.5 1 2 4 8 16 32 ~¢4 (mgliter)  (mgliter)
Meropenem
E. coli 0979 0.021 0 0 0 0 0 0 0 0 0 0 0.031 0.031
K. pneumoniae  0.969  0.023  0.008 0 0 0 0 0 0 0 0 0 0.031 0.031
E. cloacae 0359 0402 0152 0.054 0.022 0 0 0.011 0 0 0 0 0.063 0.125
P. aeruginosa 0 0.009 0.068 0.152 0.236 0.149 0.102 0.071 0.109 0.062 0.009 0.031 1 16
Biapenem
E. coli 0.447 0482 0.057 0 0.014 0 0 0 0 0 0 0 0.063 0.063
K. pneumoniae  0.078  0.287 0.209 0.147 0.217 0.062 O 0 0 0 0 0 0.125 0.5
E. cloacae 0.043 0217 0370 0250 0.120 0 0 0 0 0 0 0 0.125 0.5
P. aeruginosa 0 0.006  0.009 0.130 0.376 0.165 0.047 0.040 0.078 0.096 0.028 0.025 0.5 16

dard deviation [SD]); body weight, 54.4 = 11.5 kg; creatinine
clearance, 71.9 = 19.0 ml/min; and alanine aminotransferase
level, 35.9 = 18.0 IU/liter. For biapenem, the characteristics
were as follows: four males and four females; age, 68.9 + 13.1
years; body weight, 52.7 = 13.7 kg; creatinine clearance, 78.9 =
26.7 ml/min; and alanine aminotransferase level, 30.8 = 13.0
IU/liter. The differences in demographic data between the two
groups were not statistically significant.

Pharmacokinetics. The noncompartmental pharmacokinetic
parameters are summarized in Table 2. The proportions of the
extrapolated AUC;s s_,, to AUC,_,, were all small (mean, 3.9%
to 7.9%). For meropenem, the AUC,_,, in bile was 21.07 *
8.82 mg-h/liter, and its bile/plasma ratio was 0.38 = 0.15. The
C hax 10 bile was 9.72 = 3.54 mg/liter, and its bile/plasma ratio
was 0.25 = 0.10. For biapenem, AUC,, ., and C,,,,, values were
significantly lower than those for meropenem. However, the
bile/plasma AUC,_., ratio, the bile/plasma C,,,, ratio, and the
T...x in bile (mean, 1.31 h) were not significantly different
between the two drugs.

The estimates of population pharmacokinetic parameters in
the multicompartment model are listed in Table 3. Some pa-
rameter estimates of the interindividual variability (n) were
finally fixed as zero in the NONMEM modeling because they

TABLE 2. Noncompartmental pharmacokinetic parameters for
meropenem (0.5 g) and biapenem (0.3 g) after a 0.5-h
infusion (mean = SD; n = 8)

Value
Sample type and parameter
Meropenem Biapenem
Plasma
AUC,_.. (mg-h/liter) 54.90 = 7.49 38.93 = 8.77
AUCs 5_.. (% of AUC,_..) 3917 6418
Chax (mg/liter) 39.71 = 7.84 20.84 = 4.26
‘max 0.5 0.5
CL,ya (liters/h) 9.27 £ 1.38 8.01 = 1.58
steady state (1it€1S) 13.47 = 2.10 13.40 = 2.16
Bile
AUC,_.. (mg-h/liter) 21.07 = 8.82 11.46 = 3.75
AUCs 5_.. (% of AUC,_..) 6.2 +37 79 +28
Crax (mg/liter) 9.72 £ 3.54 482 =*1.21
max 1.31 = 0.44 131 +022
Both sample types
AUC) .. pite/AUC) .. plasma 0.38 = 0.15 0.30 = 0.11
C 0.25 = 0.10 0.24 = 0.08

max, bile/ Cmax, plasma

were negligibly small (<0.0001); the other parameter estimates
were all in the range of the 95% confidence intervals obtained
using the bootstrap method. No high correlations (r > 0.7)
were found among the seven population pharmacokinetic pa-
rameters for the two drugs. Figure 2 shows a good correspon-
dence between the observed drug concentration (y axis) and
the individual predicted concentration based on the population
pharmacokinetic model parameters (x axis). The best-fit re-
gression lines were as follows: y = 1.048x — 0.474 (r = 0.986)
(plasma) and y = 1.193x — 0.914 (r = 0.980) (bile) for mero-
penem and y = 1.020x — 0.018 (r = 0.973) (plasma) and y =
1.187x — 0.466 (r = 0.982) (bile) for biapenem. For both drugs,
the simulation curves drawn using the mean fixed-effects pa-
rameters fitted well with all of the mean measurements in
plasma and bile (Fig. 3).

TABLE 3. Estimates of population pharmacokinetic parameters for
meropenem and biapenem in the multicompartment model (Fig. 1)

Meropenem Biapenem
Parameter 95% Confidence 95% Confidence
Estimate interval Estimate interval

(bootstrap method) (bootstrap method)

Fixed-effects
parameters

0+, (liters) 8.92 4.92-13.03 11.4 9.2-14.3
0y, (liters) 6.00 4.30-7.46 4.80 1.86-7.30
0y (liters) 0.0404 0.0092-0.0504 0.0286 0.0027-0.0307
0cr (liters/h)  8.98 8.40-10.00 7.18 6.02-8.59
005 (liters/h) 574 0.31-9.95 3.87 2.02-7.42

005 (liters/h) — 0.0201 0.0002-0.0279 0.0167 0.0033-0.0278

014 (liters/h)  0.0422 0.0015-0.0531 0.0581 0.0013-0.0663
Interindividual

variability

parameters

Nvi 0.127 0.004-0.373 0.186 0.009-0.287

Nva 0 None 0.517 0.017-0.887

nv3 0.677 0.062-0.761 0.713 0.382-2.817

MNeLt 0.114 0.001-0.132 0.202 0.002-0.308

No2 0 None 0 None

No3 0 None 0 None

Nerd 0.359 0.017-0.405 0 None
Residual

variability

parameter

€ 0.0702 0.0047-0.0975 0.0738 0.0045-0.1042
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FIG. 2. Scatterplots of the observed concentrations of meropenem and biapenem in plasma (40 samples) and bile (80 samples) versus the
individual predicted concentrations based on the population pharmacokinetic model parameters for each drug (Table 3). The lines represent unity

0 =x.

Pharmacodynamic target attainment. The PTA values for
plasma (free fraction) and bile at specific MICs are shown in
Fig. 4. For each drug regimen, the PTA value was lower for bile
than for plasma. The highest MIC at which the PTA in bile was
=90% was 1 mg/liter for 0.5 g q8h and 2 mg/liter for 1 g q8h
(0.5-h infusions) for meropenem and 0.5 mg/liter for 0.3 g q8h
and 1 mg/liter for 0.6 g q8h (0.5-h infusions) for biapenem.

The CFR values in plasma (free fraction) and bile against
four bacterial populations are given in Table 4. Although the
CFR value in bile was lower than or equal to that in plasma for
each drug regimen, meropenem at 0.5 g q8h and biapenem at
0.3 g q8h (0.5-h infusions) achieved 96.4% to 100% CFR
values in bile against E. coli, K. pneumoniae, and E. cloacae
isolate populations. However, against a P. aeruginosa isolate
population, even meropenem at 1 g q8h and biapenem at 0.6 g
q8h did not achieve a CFR value of =90% in bile.

DISCUSSION

The present study investigated the biliary pharmacokinetics
of meropenem and biapenem in surgery patients and revealed

50

—@—: Plasma
40 1 --O--:Bile

(Mean %= SD, n = 18)

Meropenem concentration (mg/L)

Time (h)

that both carbapenems penetrated similarly into bile. This
study also estimated the site-specific pharmacodynamic target
attainment of the drugs and demonstrated that meropenem at
0.5 g q8h and biapenem at 0.3 g q8h (0.5-h infusions) achieved
similar CFR values in bile (=90%) against most of the tested
bacterial populations. The biliary pharmacodynamic-based
breakpoint was 1 mg/liter for 0.5 g q8h and 2 mg/liter for 1 g
g8h for meropenem and 0.5 mg/liter for 0.3 g q8h and 1
mg/liter for 0.6 g q8h for biapenem.

Granai et al. (7) examined meropenem bile concentrations
in patients with normal (unobstructed) bile ducts during en-
doscopic retrograde cholangiography, and based on a regres-
sion analysis, they showed the average concentration to be
about 17 mg/liter at 1.5 h, 14 mg/liter at 2.5 h, and 11 mg/liter
at 3.5 h after the start of 0.25- to 0.33-h infusions of 1 g
meropenem. Condon et al. (3) also measured meropenem bile
concentrations in patients during intra-abdominal surgery, and
they showed the concentration (n = 3 or 4) to be 1.5 to 16.1
mg/liter at 0.5 to 1.5 h, 1.9 to 13.1 mg/liter at 1.5to 3 h, and 1.3
to 18.9 mg/liter at 3 to 5 h after the start of a 0.5-h infusion of

50 4
= —@—: Plasma
?40 i} --O--: Bile
g (Mean = SD, n=8)
E 30 A
g
g
§ 20 -
g
e .
b5 | 1
g1
m -
" y ,o‘@'é'@‘ 'O'"'Q- ------- 20— O-eee =
0 1 2 3 4 5 6
Time (h)

FIG. 3. Observed concentrations (mean = SD; n = 8) and simulation curves for plasma and bile after 0.5-h infusions of meropenem (0.5 g)
and biapenem (0.3 g). The simulation curves were generated using the mean fixed-effects parameters for each drug (Table 3).
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FIG. 4. Probabilities of target (40%Tyyc) attainment in plasma (free fraction) and bile at specific MICs, using different meropenem and

biapenem regimens. The gray lines represent 90% probability.

1 g meropenem. An exact comparison between these earlier
results and the current results was difficult because the dose
and sampling times were different. Nevertheless, the half val-
ues of these concentrations (1 g meropenem) were in the range
of the corresponding measurements (0.5 g meropenem) (Fig.
3): 1.07 to 2.32 mg/liter at 0.5 h, 2.94 to 11.79 mg/liter at 1.5 h,
1.16 to 10.01 mg/liter at 2.5 h, and 0.75 to 9.73 mg/liter at 3.5 h
after the start of 0.5-h infusions.

Due to the fact that they did not observe the C,,,, in bile, the
earlier studies (3, 7) could not estimate the bile/plasma ratios
of AUC,_., and C,,,, for meropenem (commonly used as in-
dices of drug penetration). However, because we used an ad-
equate sampling scheme, the present study allowed us to ob-
serve the C,,,, and to accurately estimate the AUC,_,, with a
small degree of extrapolation (Table 2, AUCs5 ). Mero-
penem and biapenem exhibited similar bile/plasma ratios for
AUC,_, and C,,,, (Table 2), although the absolute concentra-
tion values were lower for biapenem (0.3 g) than for meropenem
(0.5 g), in concordance with the dose administered (Fig. 3).
The mean T,,,, in bile for both drugs was also identically
1.31 h, that is, there was a 0.81-h delay after the T,,,, in plasma.
None of the earlier studies estimated the 7, in bile for either
meropenem or biapenem; however, Graziani et al. (8) showed
that the T,,,,, of imipenem in bile (n = 12) was 1 to 2.5 h after
the start of the 0.5-h infusion. These findings suggest that
carbapenems with similar physical and chemical properties

(such as lipophilicity and protein binding) exhibit similar phar-
macokinetics in bile. As Graziani et al. speculated for imi-
penem (8), we believe that meropenem and biapenem are
distributed to bile through liver cells by a simple diffusion
mechanism rather than being concentrated by an active trans-
port mechanism. The molecular weights (383.5 for meropenem
and 350.4 for biapenem) are below the proposed threshold
value of 450 to 500 which was reported to be needed when
other B-lactams were taken up by active transport systems in
liver cells (24).

In the NONMEM modeling, a multicompartment model
(Fig. 1) was finally chosen because it described the concentra-
tion data better than the tested enterohepatic circulation mod-
els (16, 19), likely because neither meropenem nor biapenem is
absorbed from the gastrointestinal tract (27). The mean non-
compartmental pharmacokinetic parameters CL,.,,, (Table 2)
(9.27 liters/h for meropenem and 8.01 liters/h for biapenem)
and Vcady state (13.47 liters for meropenem and 13.40 liters for
biapenem) were consistent with the corresponding fixed-effects
parameters for clearance (0 ; + 0cp4; 9.02 liters/h for mero-
penem and 7.24 liters/h for biapenem) (Table 3) and volume of
distribution (0, + 0y, + 0y3; 14.96 liters for meropenem and
16.23 liters for biapenem). The individual predicted concen-
trations in both plasma and bile were in good agreement with
the observed drug concentrations (Fig. 2), and the simulation
curves obtained using the mean fixed-effects parameters had a

TABLE 4. Cumulative fractions of response in plasma (free fraction) and bile against clinical isolate populations, obtained using different
meropenem and biapenem regimens (0.5-h infusions q8h)

Cumulative fraction of response (%)

. Meropenem at
Bacterium P

Meropenem at

Biapenem at Biapenem at

0.5 g q8h 1 g q8h 0.3 g q8h 0.6 g q8h
Plasma Bile Plasma Bile Plasma Bile Plasma Bile
E. coli 100 100 100 100 100 99.9 100 100
K. pneumoniae 100 100 100 100 99.6 96.4 100 98.5
E. cloacae 99.6 99.3 100 99.8 100 99.1 100 99.6
P. aeruginosa 76.4 71.1 85.3 80.7 74.6 62.2 81.5 71.9
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good fit with all of the mean measurements (Fig. 3). In addi-
tion, the estimates for 6, m, and € were in the range of the 95%
confidence intervals estimated from 1,000 bootstrap replicates.
These results indicate the validity and reliability of the devel-
oped population pharmacokinetic models for both drugs, and
therefore the models are considered to have a good predictive
performance.

By using the developed model parameters, this study then
predicted the concentrations of meropenem and biapenem to
estimate the pharmacodynamic target attainment for the dif-
ferent dosing regimens. Since the total drug concentrations
were lower in bile than in plasma (Fig. 3), the PTA values were
lower for bile than for plasma (free fraction; 97.6% for mero-
penem and 97.0% for biapenem) (Fig. 4). This finding empha-
sizes that the free drug concentration in plasma does not al-
ways represent the drug level in a biological fluid. Therefore, it
is important to directly use the drug level at a specific site of
action in order to accurately estimate the site-specific pharma-
codynamic target attainment. The results of the Monte Carlo
simulation based on bile concentration (Table 4) suggest that
0.5-h infusions of meropenem at 0.5 g q8h and biapenem at
0.3 g q8h (the usual dosages) are similarly sufficient for the
treatment of biliary tract infections due to E. coli, K. pneu-
moniae, and E. cloacae, which account for about 70% of the
causative pathogens (21, 23). Since the Sanford guide recom-
mends meropenem at 1 g q8h for the treatment of life-threat-
ening conditions of cholangitis, cholecystitis, and biliary sepsis
(6), the current results suggest that meropenem at 1 g q8h and
biapenem at 0.6 g q8h should be recommended, especially
when there is strong suspicion of a biliary tract infection with
a carbapenem-resistant bacterium such as P. aeruginosa (Table
1) (MICs, = 0.5 to 1 mg/liter and MIC,, = 16 mg/liter) and/or
the MIC for the patient’s causative pathogen is determined to
be >1 mg/liter for meropenem and >0.5 mg/liter for biap-
enem. Nevertheless, the recommended regimens of mero-
penem (1 g q8h) and biapenem (0.6 g q8h) would still not
always be sufficient for these therapeutic situations. Prolonging
the infusion time of the regimens may be beneficial, although
such prolongation may be unacceptable due to the increase in
the patient’s burden and the medical workload for the clinical
staff (11, 13).

In an effort to provide an overview of the site-specific phar-
macodynamic target attainment of meropenem and biapenem,
the CFR was assessed against only four Gram-negative bacte-
rial populations in Japan. However, the PTA versus MIC pro-
files (Fig. 4) should be applicable for other possible bacteria,
regardless of the susceptibility pattern in other regions.

This study has some limitations. First, the drug concentra-
tions were observed in intrahepatic bile from normal (unob-
structed) hepatobiliary tracts of uninfected patients. However,
patients with biliary tract infections often have obstructions of
the bile ducts. Granai et al. (7) showed by a regression analysis
that meropenem bile concentrations in the obstructed patient
group were lower than those in the unobstructed patient group
until 2.9 h postinfusion, and thereafter, this concentration re-
lationship was reversed. A biliary obstruction therefore may
affect the pharmacokinetics of meropenem and biapenem in
bile. Second, infected patients often have renal dysfunction,
which causes lower clearance, leading to the persistence of
higher meropenem and biapenem concentrations in plasma
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(the Tyue will consequently be longer in bile) because both
drugs are eliminated predominantly renally, with a 24-h uri-
nary recovery of 60% to 70% (2, 18). The mean estimate for
clearance from the central compartment was higher for the
study patients (Table 3) (8.98 liters/h for meropenem and 7.18
liters/h for biapenem) than for infected patients with a creat-
inine clearance of 30 ml/min (4.75 liters/h for meropenem [10]
and 4.24 liters/h for biapenem [11]). The creatinine clearance
of the study patients was within a restricted range (71.9 £ 19.0
ml/min for meropenem and 78.9 = 26.7 ml/min for biapenem),
and there was only a small number of patients (n = 8 for each
drug). Therefore, the pharmacokinetic and pharmacodynamic
results of this study must be confirmed in a larger number of
patients with various infections, with and without obstructed
bile ducts.

In conclusion, intravenous meropenem and biapenem pen-
etrated similarly into bile, with a mean bile/plasma C,,,, ratio
of 0.24 to 0.25 (a mean T, delay of 0.81 h after the end of the
0.5-h infusion) and a mean bile/plasma AUC,_, ratio of 0.30 to
0.38. The usual regimens of meropenem (0.5 g q8h) and bia-
penem (0.3 g q8h) (0.5-h infusions) achieved similar CFR
values (=90%) in bile against E. coli, K. pneumoniae, and E.
cloacae isolate populations. However, against a P. aeruginosa
isolate population, meropenem at 1 g q8h and biapenem at
0.6 g q8h were required for values of 80.7% and 71.9%, re-
spectively. The biliary pharmacodynamic-based breakpoint was
1 mg/liter for 0.5 g q8h and 2 mg/liter for 1 g q8h for mero-
penem and 0.5 mg/liter for 0.3 g q8h and 1 mg/liter for 0.6 g
q8h for biapenem. These results help to define the clinical
pharmacokinetics of the two carbapenems in bile, while also
helping to rationalize and optimize the dosing regimens for
biliary tract infections based on the site-specific pharmacody-
namic target attainment. Further studies are needed to both
confirm the present findings and clarify their therapeutic sig-
nificance.
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