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The growing number of infections caused by multidrug-resistant pathogens has prompted a more rational
use of available antibiotics given the paucity of new, effective agents. Monte Carlo simulations were utilized to
determine the appropriateness of several doripenem dosing regimens based on the probability of attaining the
critical drug exposure metric of time that drug concentrations remain above the drug MIC (T>MIC) for 35%
(and lower thresholds) of the dosing interval in >80 to 90% of the population (T>MIC 35% target). This
exposure level generally correlates with in vivo efficacy for carbapenems. In patients with creatinine clearance
of >50 ml/min, a 500-mg dose of doripenem infused over 1 h every 8 h is expected to be effective against bacilli
with doripenem MICs of <1 �g/ml based on a T>MIC 35% target and MICs of <2 �g/ml based on lower
targets. A longer, 4-hour infusion time improved target attainment in most cases, such that the T>MIC was
adequate for pathogens with doripenem MICs as high as 4 �g/ml. Efficacy is expected for infections caused by
pathogens with doripenem MICs of <2 �g/ml in patients with moderate renal impairment (creatinine clear-
ance, 30 to 50 ml/min) who receive doripenem at 250 mg infused over 1 h every 8 h and in patients with severe
impairment (creatinine clearance between 10 and 29 ml/min) who receive doripenem at 250 mg, infused over
1 h or 4 h, every 12 h. Results of pharmacokinetics/pharmacodynamics (PK/PD) modeling can guide dose
optimization, thereby potentially increasing the clinical efficacy of doripenem against serious Gram-negative
bacterial infections.

In a time of increasing antibiotic resistance (11, 14, 15, 17,
19, 37) and when few new antibiotics are being developed to
treat serious Gram-negative bacterial infections (39), it is pru-
dent to revisit how currently available antibiotics are being
used and to determine whether they are being used to “best
effect,” that is, whether their dosage and administration sched-
ule meet the combined objectives of curing infection, minimiz-
ing safety risks, and curbing the emergence of antibiotic resis-
tance. Standard parenteral antibiotic administration generally
follows the “one size fits all” rule: most patients receive the
same dose during a short infusion at the same interval, without
regard to the severity and location of the infection being
treated. In widely varying clinical scenarios, however, such as
those involving critically ill patients in whom drug distribution
and elimination are altered (35), a common (i.e., nonindividu-
alized) approach is recognized as inadequate (42). In addition
to having altered pharmacokinetics (PK), these patients may
be at risk for infection with more antibiotic-resistant pathogens
(higher MICs) and may therefore require greater antibiotic
exposure, as accomplished through increased doses, an altered
dosing interval or infusion duration, or a combination of these.

In this context, a critical step in dose selection is an under-

standing of the pharmacokinetics/pharmacodynamics (PK/PD)
goal for treatment, derived from PK/PD modeling, to maxi-
mize the likelihood of a favorable clinical/microbiological re-
sponse as well as to minimize the probability for exposure-
related toxicities (26, 31). For carbapenem antibiotics, the
fraction of time during the dosing interval that drug concen-
tration remains above its MIC for the infecting pathogen(s)
(T�MIC) is the target that best relates (directly) to patient
outcomes (9). Bacteriostatic and bactericidal effects are ex-
pected when T�MIC exceeds 20 and 40, respectively (9, 12).
By way of comparison, the PK/PD target for carbapenems is
substantially shorter than that for penicillins (30 and 50, re-
spectively) and cephalosporins (35 to 40 and 60 to 70, respec-
tively) (12).

Doripenem, the newest carbapenem (�-lactam) antibiotic
approved for use in the United States, Canada, and Europe
(and currently approved in �60 countries worldwide), pos-
sesses greater antimicrobial activity against difficult-to-treat
pathogens than do older members of the class—it is two to four
times more potent than imipenem against Pseudomonas aerugi-
nosa (38), for example—and is more stable in infusion solu-
tions (5, 25, 32). Doripenem is the only antibiotic for which
different infusion times (1 hour and 4 hours) have been for-
mally evaluated in registrational studies and have received
marketing approval (13). The pharmacokinetic profile of
doripenem is similar to that of imipenem and meropenem (5,
25, 32). In animal models, doripenem has the lowest potential
among the carbapenems to cause seizure (43). Furthermore,
no drug-related seizures were reported in phase 3 clinical trials
of doripenem (32, 34).

The objective of the work reported in this paper was to
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improve our understanding of doripenem dosing based on
PK/PD modeling utilizing an updated population PK model,
which was constructed from phase 1, 2, and 3 data from 303
subjects/patients (28), and Monte Carlo simulation techniques.
Here we report the probability of attaining effective drug ex-
posure with clinically relevant dosing regimens of doripenem
over a range of MICs for pathogens commonly isolated in the
hospital setting.

MATERIALS AND METHODS

A 5,000-patient Monte Carlo simulation implemented in S-Plus software (In-
sightful Corporation, Seattle, WA), using the mean PK parameter estimates and
variance-covariance matrix from a population PK model (constructed using data
from phase 1 studies with healthy volunteer and phase 2 and 3 studies [28]), was
conducted to generate concentration-time profiles for several dosing regimens of
doripenem. Since interoccasion variability was a significant component of the
population PK model, the interindividual variability was inflated to include the
interoccasion variability, as only one occasion per subject was simulated. Resid-
ual variability was not introduced into the calculations of simulated concentra-
tions since it was found to be insignificant. Protein binding of 8.5% (6) was
applied to correct for plasma protein binding in the simulated data.

The following dose regimens, each infused over either 1 hour (24, 27, 33) or 4
hours (7), were simulated: 500 mg administered every 8 h (normal renal function
or mild renal impairment [creatinine clearance of �50 ml/min]), 250 mg admin-
istered every 8 h (moderate renal impairment [creatinine clearance of 50 ml/min
or 30 ml/min]), and 250 mg administered every 12 h (severe renal impairment
[creatinine clearance of 29 ml/min or 10 ml/min]).

Simulations were performed using creatinine clearances of 30 ml/min and 50
ml/min for the moderate level of renal impairment and 10 ml/min and 29 ml/min

for severe renal impairment to bracket the ranges in these renal function cate-
gories. For each scenario, the results were calculated based on maximum likeli-
hood parameter estimates with creatinine clearance at the above stated fixed
values for all 5,000 subjects.

PK/PD target attainment probabilities for a free-drug T�MIC (fT�MIC) of
25%, 30%, or 35% were evaluated for each dosing regimen across a range of
pathogens from large phase 3 clinical trials and from surveillance studies. The
susceptibilities of pathogens from the clinical trials and from surveillance studies
of doripenem are shown in Tables 1 and 2, respectively. The doripenem MIC
distribution for selected Gram-negative pathogens from the clinical trials is
shown in Fig. 1.

RESULTS

Table 3 shows the probability of PK/PD target attainment by
renal function, duration of doripenem infusion, and MIC. Fig-
ure 2 shows PK/PD target attainment for selected dosing reg-
imens of doripenem infused over 1 or 4 h over a wide range of
creatinine clearances observed in phase 1, 2, and 3 studies. The
MIC90 and ranges utilized in this analysis are consistent with
those observed in a large database of 9,551 pathogens isolated
from patients—including a substantial number in an intensive
care unit (ICU) at the time of specimen collection—at 56
geographically distributed centers in the United States (Table
2; TRUST 2008).

In patients with creatinine clearances greater than 50 ml/
min, a 500-mg dose of doripenem infused over 1 h every 8 h
would be expected to be effective for bacilli with MICs to

TABLE 1. In vitro activities of doripenem against clinical isolates from all clinical studies

Organism n
MIC (�g/ml)

Range 50% 90%

Gram-negative aerobes
Enterobacteriaceae 1,830 �0.03–32 �0.03 0.12

Escherichia coli 1,183 �0.03–2 �0.03 0.03
Klebsiella pneumoniae 207 �0.03–32 0.06 0.12
Klebsiella oxytoca 53 �0.03–0.12 0.06 0.06
Citrobacter freundii 26 �0.03–0.06 �0.03 0.06
Citrobacter koseri 15 �0.03–0.06 �0.03 0.06
Enterobacter cloacae 108 �0.03–4 0.06 0.5
Enterobacter aerogenes 29 �0.03–0.25 0.06 0.12
Proteus mirabilis 94 �0.03–2 0.25 0.5
Morganella morganii 23 �0.03–1 0.25 1
Serratia marcescens 35 �0.03–8 0.12 0.25

Non-Enterobacteriaceae 245 �0.03–32 0.25 4
Pseudomonas aeruginosa 219 �0.03–32 0.5 4

Acinetobacter spp. 67 �0.03–�128 0.5 32
Acinetobacter baumannii 63 �0.03–�128 1 32

Burkholderia cepacia 2 2–8 NAa NA
Stenotrophomonas maltophilia 16 4–�128 64 �128
Haemophilus spp. 101 �0.03–1 0.06 0.25

Gram-positive aerobes
Enterococcus spp. 172 �0.03–�128 4 32

Enterococcus faecalis 92 �0.03–16 4 4
Staphylococcus spp. 333 �0.03–�128 �0.03 16

Staphylococcus aureus 276 �0.03–�128 �0.03 16
Staphylococcus aureus (oxacillin susceptible) 196 �0.03–0.5 �0.03 0.06
Coagulase-negative staphylococci 57 �0.03–64 0.06 16
Coagulase-negative staphylococci (oxacillin susceptible) 44 �0.03–1 �0.03 0.25

Streptococcus pneumoniae 41 �0.03–1 �0.03 0.5
Streptococcus spp. other than S. pneumoniae 311 �0.03–4 �0.03 0.06

All anaerobes 660 �0.03–32 0.25 0.5

a NA, not applicable.
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doripenem of 1 �g/ml or less based on a T�MIC 35% target
and up to 2 �g/ml with lower targets (Fig. 2). Given its potent
in vitro activity against nosocomial pathogens (Tables 1 and
2)—the majority of pathogens had a MIC90 of �1 �g/ml—
efficacy would be expected. Enterococcus faecalis, Acinetobacter
baumannii, and Pseudomonas aeruginosa would require a
longer infusion time or a higher dose to enhance target attain-
ment (41). The longer, 4-hour infusion time improved target
attainment over that with the 1-hour infusion time such that
the T�MIC was adequate for pathogens with a MIC as high as
4 �g/ml.

When the conservative target (T�MIC 35%) is used, effi-
cacy would be expected for infections caused by pathogens
with higher MICs to doripenem (�2 �g/ml) in patients with
moderate renal impairment (creatinine clearance between 30
and 50 ml/min) who receive doripenem at 250 mg infused over
1 h every 8 h and in patients with severe impairment (creati-
nine clearance between 10 and 29 ml/min) who receive dorip-

enem at 250 mg, infused over 1 h or 4 h, every 12 h. These
doses yield exposures in renally impaired subjects comparable
to those achieved in subjects with normal renal function or
with mild renal impairment (6).

DISCUSSION

It is becoming more common in intensive care units to alter
dosing strategy to maximize carbapenem PK/PD target attain-
ment, by either increasing the drug dose, prolonging the infu-
sion time, or both. Since inadequate initial antimicrobial cov-
erage increases medical costs and leads to higher mortality (1),
which is twice as high among patients infected with P. aerugi-
nosa as among those infected with other pathogens (16, 20), it
makes sense to maximize coverage at the initiation of treat-
ment and to de-escalate therapy, when feasible, based on de-
finitive identification of the infecting pathogen and determina-
tion of antimicrobial susceptibilities.

The impact of altering �-lactam dosing strategies for criti-
cally ill patients has been evaluated by several groups of inves-
tigators. For instance, Lodise et al. compared a prolonged
4-hour infusion of piperacillin-tazobactam at 3.75 g every 8 h
with the usual dose of 3.375 g infused over 30 min every 4 or
6 h in 194 patients with pseudomonal infection (22). Among
patients with an acute physiological and chronic health evalu-
ation II score of �17, mortality was lower (12.2% versus 31.6%
for shorter infusion; P � 0.04) and length of stay was shorter
(21 versus 38 days for shorter infusion; P � 0.02) in those who
received the prolonged infusion. The 4-hour infusion provided
a T�MIC of 50% or greater for a MIC up to 16 �g/ml, whereas
the 30-min infusion provided confident coverage when the
MIC was no higher than 4 �g/ml. In a number of modeling
exercises, Monte Carlo simulations showed that T�MIC was
increased by extending the meropenem infusion time. T�MIC
of �40% for a MIC of up to 8 �g/ml was predicted with a 2-g
meropenem dose infused over 3 h every 8 h (18, 21). Theoret-
ically, high doses and long infusions of meropenem or other
modeled �-lactams should provide improved bacterial eradi-
cation (23, 36). However, meropenem has limited stability in

TABLE 2. In vitro activities of doripenem against pathogens from TRUST 12 (2008)

Organism

All isolates ICU isolates

No. of
isolates

MIC (�g/ml) No. of
isolates

MIC (�g/ml)

50% 90% Range 50% 90% Range

Gram-positive aerobes
Enterococcus faecalis 198 4 8 0.12–8 26 4 4 0.12–8
Streptococcus pneumoniae 2,858 �0.015 1 �0.015–2 436 �0.015 0.5 �0.015–1
Staphylococcus aureus

Methicillin susceptible 555 0.03 0.06 �0.015–1 48 0.03 0.06 �0.015–0.06
Methicillin resistant 1,086 0.5 4 �0.015–�32 86 1 16 0.12–�32

Gram-negative aerobes
Acinetobacter species 349 1 �32 �0.015–�32 92 16 �32 0.12–�32
Enterobacter cloacae 455 0.06 0.25 �0.015–16 61 0.06 0.12 0.03–4
Escherichia coli 1,723 0.03 0.06 �0.015–8 103 0.03 0.06 �0.015–0.5
Klebsiella pneumoniae 1,540 0.06 0.12 �0.015–�32 133 0.06 0.25 �0.015–�32
Haemophilus influenzae 716 0.12 0.5 �0.03–1 125 0.12 0.5 �0.03–0.5
Proteus mirabilis 814 0.25 0.5 �0.015–1 37 0.25 1 0.06–1
Pseudomonas aeruginosa 1,533 0.5 4 �0.015–�32 210 0.5 8 0.03–�32

FIG. 1. Doripenem MIC distribution for selected Gram-negative
pathogens from phase 3 clinical studies.
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solution: 4 h in normal saline and 1 h in 5% dextrose (5).
Depending on how quickly a patient can receive the infusion
solution, the opportunity for extended infusion of meropenem
is limited. Imipenem is less conducive to “designer dosing,” as
the dose is limited by its potential to cause seizure as well as its
short period of stability in solution. In addition, imipenem is
the least potent of the antipseudomonal carbapenems (imi-
penem, meropenem, and doripenem) (10, 38).

Because doripenem demonstrates high relative potency

against Gram-negative pathogens, particularly P. aeruginosa
(e.g., 7.3% of isolates had a MIC of �4 �g/ml in the TRUST
2008 database), long stability in infusion solutions, and no
measurable concentration-dependent toxic effects such as sei-
zures, it can be administered over varied infusion times (1 and
4 h) and in a 500-mg or 1-g dose. In our model, a 500-mg dose
of doripenem infused over 4 h every 8 h would be expected to
be effective for bacilli with MICs to doripenem of up to 4 �g/ml
based on a T�MIC 35% target. Even higher target attainment
is likely achieved with 4-hour infusions of 1-g doses. According
to PD modeling by Van Wart et al., a 1-g dose of doripenem
infused over 4 h would provide adequate coverage for patho-
gens with a MIC as high as 8 �g/ml (41). It is worth mentioning
that the choice of doses is not solely based upon probability of
target attainment but rather takes the safety of the patients
into consideration (6). The 1-g dose regimen has been evalu-
ated in over 300 subjects participating in phase 1 and phase 2
studies without observed dose-related adverse reactions (8, 29,
30, 40). Of course, the 1-g dose will be used with more confi-
dence once the safety and efficacy data from recently com-
pleted phase 3 clinical studies are published (2–4).

In summary, the PK/PD findings as presented in this paper

FIG. 2. Target attainment results for doripenem at 500 mg every
8 h infused over 1 h and 4 h over a wide range of creatinine clearances
observed in phase 1, 2, and 3 studies (E, 25% T�MIC; ‚, 30%
T�MIC; �, 35% T�MIC). (A) One-hour infusion; (B) 4-hour infu-
sion.

TABLE 3. Probability of PK/PD target attainment by renal
function, duration of doripenem infusion, and

MIC of pathogen

Renal function and
dose regimena

MIC
(�g/ml)b

% Probability of attaining
PK/PD target (%

fT�MIC)c

25 30 35

Normal function to mild
impairment (CLCR � 50
ml/min), 500 mg q8h

1–h infusion 1 99.58 97.24 91.84
2 95.34 82.96 68.4
4 66.46 43.1 25.3

4–h infusion 1 100 100 100
2 100 100 100
4 94.54 93.06 90.0

Moderate impairment, 250 mg q8h
Upper bound (CLCR �

50 ml/min)
1–h infusion 1 100 100 99.78

2 99.8 98.06 91
4 70.4 38.5 16.18

4–h infusion 1 100 100 100
2 100 100 99.94
4 73.2 63.18 49.48

Lower bound (CLCR �
30 ml/min)

1–h infusion 1 100 100 100
2 100 99.96 99.84
4 97.42 89.06 71.4

4–h infusion 1 100 100 100
2 100 100 100
4 94.46 91.28 85.54

Severe impairment, 250 mg q12h
Upper bound (CLCR �

29 ml/min)
1–h infusion 1 100 99.96 99.44

2 99.7 96.5 86.98
4 63.96 33.64 14.78

4–h infusion 1 100 100 100
2 100 99.98 99.86
4 82.7 64.92 40.84

Lower bound (CLCR �
10 ml/min)

1–h infusion 1 100 100 100
2 100 100 100
4 99.9 99.38 97.46

4–h infusion 1 100 100 100
2 100 100 100
4 99.78 99.54 98.66

a Abbreviations: CLCR, creatinine clearance; q8h, every 8 h; q12h, every 12 h.
b Note that results are presented for MICs of 1 to 4 �g/ml because it is in this

range of pathogen susceptibilities that the greatest amount of variation was seen
in the target attainment rates.

c Proportion of patients with higher than PK/PD target, % fT�MIC.
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may facilitate customized dosing to optimize the PD behavior
of doripenem.
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