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Abstract Using the Monte Carlo simulation method, the
influence of various doses and dosing frequencies of carbap-
enems on the antimicrobial activities against Streptococcus
pneumoniae, Haemophilus influenzae, and Pseudomonas
aeruginosa, which are the main causative organisms of
respiratory infections, was studied with the aim of identify-
ing optimized effectiveness. Based on pharmacokinetic
(PK) parameters of individual carbapenems in healthy
adults, data on changes in the respective blood concentra-
tions in 2000 cases were simulated by applying a lognormal
distribution to probability distributions of their volume of
distributions and half-life periods. Based on minimum
inhibitory concentration (MIC) distribution data of the
individual carbapenems against these strains, MICs in the
2000 cases were also simulated. Using these data in blood
concentrations and MICs, the probabilities of attaining
various percentages of the dosing interval during which
drug concentrations remain above MIC (T > MIC) were
calculated at several dosing regimens. Considering the prob-
abilities of attaining the bactericidal effect (50% T>MIC)
and daily drug costs, imipenem (IPM) at 500mg i.v. BID,
panipenem (PAPM) at 500mg i.v. BID, and biapenem
(BIPM) at 300mg i.v. BID against Streptococcus pneu-
moniae; meropenem (MEPM) at 500mg i.v. BID or TID
against Haemophilus influenzae infections; and MEPM at
500 or 1000mg i.v. TID against Pseudomonas aeruginosa,
each over 30 min, were determined as appropriate empirical
treatments. Selecting carbapenems with superior antimicro-
bial activities and optimizing their dose regimens are impor-

A. Watanabe (<)) - S. Fujimura

Research Division for Development of Anti-Infective Agents,
Institute of Development, Aging and Cancer, Tohoku University,
Seiryo-cho 4-1 Aoba-ku, Sendai 980-8575, Japan

Tel. +81-22-717-8540; Fax +81-22-717-8540

e-mail: akiwa@idac.tohoku.ac.jp

T. Kikuchi - K. Gomi - K. Fuse - T. Nukiwa

Department of Respiratory Oncology and Molecular Medicine,
Institute of Development, Aging and Cancer, Tohoku University,
Sendai, Japan

tant to improve the efficacy. Application of Monte Carlo
simulation to MIC distributions allows determination of
appropriate empiric therapy even if drug susceptibility of a
causative organism in individual patients is unknown.
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Introduction

Recently, proper use of antimicrobial agents for treatment
of infections based on pharmacokinetics (PK)/pharmacody-
namics (PD) has been recommended to save lives of patients
and to prevent the emergence of resistant microorganisms.
In clinical settings, several attempts have been made to
select the PK/PD-based dosing regimens of antimicrobial
agents more efficiently, including evaluation of the micro-
biological efficacy for severe infections in terms of PK/PD
and simulating the blood concentrations' using Monte Carlo
simulation.” With the aim of identifying optimal carbapen-
ems and their dosing regimens for the treatment of severe
respiratory infections caused by Streptococcus pneumoniae,
Haemophilus influenzae, and Pseudomonas aeruginosa, we
evaluated the influence of the dose, daily dosing frequency,
and antimicrobial activity of each carbapenem on the thera-
peutic efficacy using Monte Carlo simulation.

Materials and methods
Dosing regimens of antimicrobial agents

Based on PK parameters of individual carbapenems in
healthy adults (two-compartment model analysis)*"* (Table
1), the blood concentration-time profiles in 2000 cases from
dosing regimens of each carbapenem were simulated. A
lognormal distribution was applied to the probability distri-
bution of the volume of distribution (V) and half-life (77,)
using the Monte Carlo simulation method. Total plasma
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Table 1. Pharmacokinetic parameters of carbapenems

Carbapenem Ve T,
MEPM 22.00 £ 2.98 1.03 £ 0.13
IPM 16.3+£4.5 0.79 £ 0.04
PAPM 20.12 £3.51 1.07 £0.21
BIPM 154+ 1.6 1.03+£0.1
DRPM 16.69 £ 1.67 09402

MEPM, Meropenem; IPM, imipenem; PAPM, panipenem; BIPM, bia-
penem; DRPM, doripenem

Table 2. Dosing regimens studied and daily cost of drug

Carbapenem Dose (mg) Daily dosing Daily cost of
frequency drug (Yen)*
MEPM 500 2 3490
500 3 5235
1000 2 6980
1000 3 10470
IPM 500 2 3772
500 3 5658
1000 2 7544
1000 3 11 316
PAPM 500 2 3592
500 3 5388
1000 2 7184
1000 3 10776
BIPM 300 2 3726
300 3 5589
600 2 7452
600 3 11178
DRPM 250 2 2394
250 3 3591
500 2 4788
500 3 7182

“Drug price standard in Japan

concentrations were used for the
simulation.

Dosing regimens of the carbapenems were as follows:
meropenem (MEPM; Dainippon Sumitomo Pharma, Osaka,
Japan), imipenem (IPM; Banyu Pharmaceutical, Tokyo,
Japan), and panipenem (PAPM; Sankyo, Tokyo, Japan) at
500mg BID, 500mg TID, 1000mg BID, or 1000mg TID;
biapenem (BIPM; Meiji Seika, Tokyo, Japan) at 300 mg BID,
300mg TID, 600mg BID, or 600mg TID; and doripenem
(DRPM; Shionogi, Osaka, Japan) at 250mg BID, 500mg
BID, 250mg TID, or 500mg TID (Table 2).

In Japan, these drugs are generally used at the lower of

the doses listed above twice daily.

of carbapenems

Microbiology

This study was conducted using Streptococcus pneumoniae
20 strains; minimum inhibitory concentration (MIC) range
0.015-1.0ug/ml), Haemophilus influenzae (25 strains; MIC
range 8-32 ug/ml), and Pseudomonas aeruginosa (20 strains;
MIC range 8-32 pg/ml), which are the main causative organ-
isms of respiratory infections, and were selected from bacte-
rial strains that had been isolated from respiratory specimens
in 1999 to 2000." MIC was measured using the broth micro-
dilution method in accordance with the approved standard
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Table 3. Minimum inhibitory concentration (MIC) distributions of
carbapenems against 20 strains of Streptococcus pneumoniae

MIC Frequency of Isolates at Each MIC MIC,,
(1g/ml) (1g/ml)
0.03 0.06 0.12 0.25 0.5

MEPM 11 2 2 3 1 1 0.25
IPM 16 2 2 - - - 0.06
PAPM 18 2 - - - - 0.03
BIPM 16 - 2 2 - - 0.12
DRPM 14 3 - 3 - - 0.25

Table 4. MIC distributions of carbapenems
Haemophilus influenzae

against 20 strains of

MIC Frequency of Isolates at Each MIC MIC,,
(ng/ml) (ng/ml)
003 006 012 025 05 1 2

MEPM 2 7 5 6 - - - - - 0.25
IPM - - - 7 6 4 2 1 - 2
PAPM - - 1 11 2 33 - - 2
BIPM - - 3 3 6 32 2 1 4
DRPM - 5 6 3 4 11 - - 0.5

Table 5. MIC distributions of carbapenems against 20 strains of
Pseudomonas aeruginosa

MIC Frequency of Isolates at Each MIC MIC,,
(ug/ml) (ng/ml)
006 012 025 05 1 2 4
MEPM 2 - 7 4 5 - 1 - 1 0.5
IPM - - - - 2 10 7 - 1 2
PAPM - - - - - 1 1 7 1 8
BIPM - - - 2 10 5 1 1 2
DRPM - 5 6 4 2 11 1 - 1

of the Japanese Society of Chemotherapy.”” Drug suscepti-
bility results had been reported previously in part. Based on
MIC distribution data (Table 3-5) of the individual carbap-
enems against these clinically isolated strains, the MICs in
2000 cases were simulated by the Monte Carlo simulation
method.

Simulation method

Using the blood concentration—-time profiles and MICs in
2000 cases, the probabilities of attaining percentages of the
dosing interval during which drug concentrations remain
above the MIC (T>MIC) of 10%, 20%, 30%, 40%, 50%,
60%, 70%, 80%, 90%, and 100% were calculated at each
dosing regimen in accordance with the equation of Kuti
et al.:'

%T>MIC = In(Dose/V, x MIC) x (T,,/0.693) x (100/DI)

where Dose is the amount of the drug given at each admin-
istration (mg), V, is the volume of distribution (1), 7, is the
half-life (h),and DI is the dosing interval (h). Given the data
by Walker et al.” indicating that bacterial responses (bacte-
ricidal effect) could be obtained at a T>MIC of greater than
approximately 50%, the analysis'® was conducted with a
focus on the probability of attaining a T>MIC of 50% on
the assumption that a T>MIC of greater than 50% would
be required to cure severe infections. For the Monte Carlo
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Fig. 1. Target attainment rates 100 m-100 =100
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Fig. 2. Target attainment rates 100 #4660
for MEPM at 1000mg BID, IPM
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simulation, Crystal Ball 2000 (Kozo Keikaku Engineering,
Tokyo, Japan) was used.

Results

Probabilities of attaining T>MIC targets for carbapenems
against Streptococcus pneumoniae by individual dosing
regimen

Lower doses, BID

The probabilities of attaining T>MIC targets for MEPM
(500mg BID), IPM (500mg BID), PAPM (500mg BID),

BIPM (300mg BID), and DRPM (250mg BID) are shown
in Fig. 1. The probabilities of attaining a T>MIC target of
50%, which is required for the treatment of severe infec-
tions, were as follows (in descending order): 100% for
PAPM (500mg BID), 98.5% for IPM (500 mg BID), 96.8%
for BIPM (300mg BID), 89.5% for MEPM (500mg BID),
and 83.3% for DRPM (250mg BID).

Higher doses, BID

The probabilities of attaining T>MIC targets for MEPM
(1000mg BID), IPM (1000 mg BID), PAPM (1000 mg BID),
BIPM (600mg BID), and DRPM (500mg BID) are shown
in Fig. 2. The probabilities of attaining a T>MIC target of



Fig. 3. Target attainment rates
for MEPM at 500mg TID, IPM
at 500mg TID, PAPM at 500 mg
TID, BIPM at 300mg TID, and
DRPM at 250mg TID against
Streptococcus pneumoniae
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Fig. 4. Target attainment rates
for MEPM at 1000mg TID, IPM
at 1000mg TID, PAPM at
1000mg TID, BIPM at 600 mg
TID, and DRPM at 500mg TID
against Streptococcus
pneumoniae
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50%, which is required for the treatment of severe infec-
tions, were as follows (in descending order): 100% for
PAPM (1000mg BID), 100% for IPM (1000 mg BID), 98.8%
for BIPM (600mg BID), 94.4% for MEPM (1000 mg BID),
and 91.8% for DRPM (500mg BID).

Lower doses, TID

The probabilities of attaining T>MIC targets for MEPM
(500mg TID), IPM (500mg TID), PAPM (500mg TID),
BIPM (300mg TID), and DRPM (250mg TID) are shown
in Fig. 3. The probabilities of attaining a T>MIC target of
50%, which is required for the treatment of severe infec-
tions, were 100% or near as follows: 100% for IPM (500 mg
TID), 100% for PAPM (500mg TID), 100% for BIPM

(300mg TID), 99.4% for MEPM (500mg TID), and 98.7%
for DRPM (250 mg TID).

Higher doses, TID

The probabilities of attaining T>MIC targets for MEPM
(1000mg TID), IPM (1000mg TID), PAPM (1000 mg TID),
BIPM (600mg TID), and DRPM (500mg TID) are shown
in Fig. 4. The probabilities of attaining a T>MIC target of
50%, which is required for the treatment of severe infec-
tions, were 100% or near as follows: 100% for MEPM
(1000mg TID), 100% for IPM (1000mg TID), 100% for
PAPM (1000mg TID), 100% for BIPM (600mg TID), and
99.8% for DRPM (500mg TID).



336

Fig. 5. Target attainment rates
for MEPM at 500mg BID, IPM
at 500mg BID, PAPM at 500mg
BID, BIPM at 300mg BID, and
DRPM at 250mg BID against
Haemophilus influenzae
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Fig. 6. Target attainment rates
for MEPM at 1000mg BID, IPM
at 1000mg BID, PAPM at
1000mg BID, BIPM at 600 mg
BID, and DRPM at 500mg BID
against Haemophilus influenzae
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Probabilities of attaining T>MIC targets for carbapenems
against Haemophilus influenzae by individual dosing
regimen

Lower doses, BID

The probabilities of attaining T>MIC targets for MEPM
(500mg BID), IPM (500mg BID), PAPM (500mg BID),
BIPM (300mg BID), and DRPM (250mg BID) are shown
in Fig. 5. The probabilities of attaining a T>MIC target of
50%, which is required for the treatment of severe infec-
tions, were as follows (in descending order): 93% for MEPM
(500mg BID), 69.8% for PAPM (500mg BID), 47.4% for
DRPM (250mg BID), 32.6% for BIPM (300mg BID), and
4.6% for IPM (500mg BID).

Higher doses, BID

The probabilities of attaining T>MIC targets for
MEPM (1000mg BID), IPM (1000mg BID), PAPM
(1000mg BID), BIPM (600mg BID), and DRPM (500mg
BID) are shown in Fig. 6. The probabilities of attaining
aT>MIC target of 50%, which is required for the treatment
of severe infections, were as follows (in descending order):
99.3% for MEPM (1000mg BID), 85.9% for PAPM
(1000mg BID), 64.5% for DRPM (500mg BID), 54%
for BIPM (600mg BID), and 29.8% for IPM (1000mg
BID).
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Fig. 7. Target attainment rates 100 w=40¢ 57 8
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Fig. 8. Target attainment rates
for MEPM at 1000mg TID, IPM
at 1000mg TID, PAPM at

1000 mg TID, BIPM at 600 mg
TID, and DRPM at 500mg TID
against Haemophilus influenzae
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Lower doses, TID

The probabilities of attaining T>MIC targets for MEPM
(500mg TID), IPM (500mg TID), PAPM (500mg TID),
BIPM (300mg TID), and DRPM (250mg TID) are shown
in Fig. 7. The probabilities of attaining a T>MIC target of
50%, which is required for the treatment of severe infec-
tions, were as follows (in descending order): 100% for
MEPM (500mg TID), 93.9% for PAPM (500 mg TID), 84%
for DRPM (250mg TID), 73.3% for IPM (500 mg TID), and
69.6% for BIPM (300mg TID).

Higher doses, TID

The probabilities of attaining T>MIC targets for MEPM
(1000mg TID), IPM (1000mg TID), PAPM (1000 mg TID),

BIPM (600mg TID), and DRPM (500mg TID) are shown
in Fig. 8. The probabilities of attaining a T>MIC target of
50%, which is required for the treatment of severe infec-
tions, were as follows (in descending order): 100% for
MEPM (1000mg TID), 99% for PAPM (1000mg TID),
93.2% for DRPM (500mg TID), 89% for IPM (1000 mg
TID), and 82.7% for BIPM (600mg TID).

Probabilities of attaining T>MIC targets for carbapenems
against Pseudomonas aeruginosa by individual dosing
regimen

Lower doses, BID

The probabilities of attaining T>MIC targets for MEPM
(500mg BID), IPM (500mg BID), PAPM (500mg BID),
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Fig. 9. Target attainment rates
for MEPM at 500mg BID, IPM
at 500mg BID, PAPM at 500mg
BID, BIPM at 300mg BID, and
DRPM at 250mg BID against
Pseudomonas aeruginosa
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Fig. 10. Target attainment rates
for MEPM at 1000mg BID, IPM
at 1000mg BID, PAPM at
1000mg BID, BIPM at 600 mg
BID, and DRPM at 500mg BID
against Pseudomonas aeruginosa
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—&—|PM 1000mg BID —e—BIPM 600mg BID
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BIPM (300mg BID), and DRPM (250mg BID) are shown
in Fig. 9. The probabilities of attaining a T>MIC target of
50%, which is required for the treatment of severe infec-
tions, were as follows (in descending order): 70.1% for
MEPM (500mg BID), 47.6% for DRPM (250mg BID),
20.6% for BIPM (300mg BID), 0% for IPM (500mg BID),
and 0% for PAPM (500mg BID).

Higher doses, BID

The probabilities of attaining T>MIC targets for MEPM
(1000mg BID), IPM (1000 mg BID), PAPM (1000 mg BID),
BIPM (600mg BID), and DRPM (500mg BID) are shown

in Fig. 10. The probabilities of attaining a T>MIC target of
50%, which is required for the treatment of severe infec-
tions, were as follows (in descending order): 84.3% for
MEPM (1000mg BID), 66.3% for DRPM (500mg BID),
51.1% for BIPM (600mg BID), 6.9% for PAPM (1000 mg
BID), and 2.0% for IPM (1000mg BID).

Lower doses, TID

The probabilities of attaining T>MIC targets for MEPM
(500mg TID), IPM (500mg TID), PAPM (500mg TID),
BIPM (300mg TID), and DRPM (250 mg TID) are shown
in Fig. 11. The probabilities of attaining a T>MIC target of



Fig. 11. Target attainment rates
for MEPM at 500mg TID, IPM
at 500mg TID, PAPM at 500 mg
TID, BIPM at 300mg TID, and
DRPM at 250mg TID against
Pseudomonas aeruginosa
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Fig. 12. Target attainment rates 100
for MEPM at 1000mg TID, IPM

at 1000mg TID, PAPM at 90
1000 mg TID, BIPM at 600 mg
TID, and DRPM at 500mg TID
against Pseudomonas aeruginosa
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50%, which is required for the treatment of severe infec-
tions, were as follows (in descending order): 91.7% for
MEPM (500mg TID), 81.8% for DRPM (250mg TID),
77.7% for BIPM (300mg TID), 30.9% for IPM (500mg
TID), and 11.1% for PAPM (500 mg TID).

Higher doses, TID

The probabilities of attaining T>MIC targets for MEPM
(1000mg TID), IPM (1000mg TID), PAPM (1000mg TID),
BIPM (600mg TID), and DRPM (500mg TID) are shown
in Fig. 12. The probabilities of attaining a T>MIC target of
50%, which is required for the treatment of severe infec-
tions, were as follows (in descending order): 94.1% for
MEPM (1000mg TID), 88.9% for DRPM (500mg TID),

88.9% for BIPM (600mg TID), 74.9% for IPM (1000 mg
TID), and 37.3% for PAPM (1000 mg TID).

Discussion

In this study, we evaluated optimal carbapenems and their
dosing regimens for the treatment of severe infections envi-
sioned to be caused by Streptococcus pneumoniae, Hae-
mophilus influenzae, and Pseudomonas aeruginosa, which
are the main causative organisms of respiratory infections.
This work used Monte Carlo simulation in order to deter-
mine appropriate empiric therapy for severe respiratory
infections. Behind this study is our intention to theoretically
correct the current situation in Japan, in which it is difficult
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to efficiently conduct high-dose or divided-dose therapy of
antimicrobial drugs without the occurrence of resistant
organisms.

The results of this study suggest that IPM at 500mg BID,
PAPM at 500mg BID, and BIPM at 300mg BID can be
expected to be very effective in the treatment of severe
respiratory infections thought to be caused by Streptococcus
pneumoniae. MEPM and DRPM are expected to be more
effective at doses increased to 1000mg BID and 500mg
BID, respectively, but much more effective with TID dosing
frequency increased without doubling the dose (500 mg and
250mg, respectively).

In addition, IPM at 1000mg TID, PAPM at 1000mg TID,
MEPM at 1000mg TID, BIPM at 600mg TID, and DRPM
at 500mg TID, which are the dosing regimens with the
highest dose and daily dosing frequency, are expected to be
the most effective. From the viewpoint of cost efficiency,
however, IPM at 500mg BID, PAPM at 500mg BID, and
BIPM at 300mg BID are recommended for the treatment
of severe respiratory infections thought to be caused by
Streptococcus pneumoniae, based on the daily cost of each
drug (Table 2).

In the treatment of severe respiratory infections envi-
sioned to be caused by Haemophilus influenzae, on the
other hand, MEPM at 500mg BID is expected to be effec-
tive. However, none of the other carbapenems studied are
expected to be sufficiently effective even at twice-daily
treatment at double the dose or thrice-daily treatment at
the unchanged dose.

To enhance the therapeutic efficacy of the carbapenems
other than MEPM, it may be necessary to maximize the
dose and daily dosing frequency, exemplified by IPM at
1000mg TID, PAPM at 1000mg TID, BIPM at 600 mg TID,
and DRPM at 500mg TID. From the viewpoint of cost effi-
ciency, MEPM at 500mg BID or TID is recommended for
the treatment of severe respiratory infections thought to be
caused by Haemophilus influenzae.

In the treatment of severe respiratory infections envi-
sioned to be caused by Pseudomonas aeruginosa, none of
the carbapenems are expected to be very effective at twice-
daily treatment at a lower dose. MEPM at 500 or 1000 mg
TID may be necessary. However, a dosing regimen of
MEPM at 1000mg TID has not been approved in Japan.
To improve the survival rate in patients with severe respi-
ratory infections thought to be caused by Pseudomonas
aeruginosa, it may be essential to approve this dosing
regimen in Japan, as in European countries and the United
States.

The above results demonstrated that in the treatment of
severe respiratory infections caused by Streptococcus pneu-
moniae, Haemophilus influenzae, and Pseudomonas aerugi-
nosa, the carbapenem and dosing regimen to be selected
depends on the causative organism. To improve the thera-
peutic efficacy, it may be important to increase the dose
and/or daily dosing frequency of carbapenems, because they
are reported to be associated with few adverse effects such
as nephrotoxicity or central toxicity,"™" and to select anti-

microbial carbapenems because the therapeutic efficacy is
affected by the antimicrobial activity.

In conclusion, to determine appropriate empiric therapy,
the Monte Carlo simulation method can be applied to MIC
distributions in the regions or institutions themselves even
if the antimicrobial activity (based on MIC) of antimicrobial
agents to be selected is unknown. In the future, it may be
necessary to clinically verify the findings from this study and
identify the T>MIC required to cure severe infections.
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