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The worrisome increase in Gram-negative bacteria with borderline susceptibility to carbapenems and of carbapenemase-pro-
ducing Enterobacteriaceae has significantly undermined their efficacy. Continuous infusion may be the best way to maximize the
time-dependent activity of meropenem. The aim of this study was to create dosing nomograms in relation to different creatinine
clearance (CL,) estimates for use in daily clinical practice to target the steady-state concentrations (Cjs) of meropenem during
continuous infusion at 8 to 16 mg/liter (after the administration of an initial loading dose of 1 to 2 g over 30 min). The correla-
tion between meropenem clearance (CL,,) and CL_, was retrospectively assessed in a cohort of critically ill patients (group 1, n =

67) to create a formula for dosage calculation to target C,,. The performance of this formula was validated in a similar cohort
(group 2, n = 56) by comparison of the observed and the predicted C,s. A significant relationship between CL,, and CL, was
observed in group 1 (r = 0.72, P < 0.001). The application of the formula to meropenem dosing in group 2, infusion rate

(g/24h) = [0.078 X CL, (ml/min) + 2.85] X target C,, X (24/1,000), led to a significant correlation between the observed and
the predicted Cs (r = 0.92, P < 0.001). Dosing nomograms based on CL, were created to target the meropenem C at 8, 12, and
16 mg/liter in critically ill patients. These nomograms could be helpful in improving the treatment of severe Gram-negative in-
fections with meropenem, especially in the presence of borderline susceptible pathogens or even of carbapenemase producers
and/or of pathophysiological conditions which may enhance meropenem clearance.

he increasing prevalence of resistance to beta-lactams (11, 36,

39) has prompted carbapenems as one of the cornerstone an-
tibiotic classes retained for the treatment of patients with the most
severe infections due to multidrug-resistant (MDR) Gram-nega-
tive bacteria (3, 19, 28).

However, in recent years, the tremendous increase in the num-
ber of MDR Gram-negative bacteria with borderline susceptibility
to carbapenems (3, 28), as well as the increase of carbapenemase-
producing strains (8), has significantly undermined their efficacy
(19).

These facts have recently prompted both the Clinical and Lab-
oratory Standards Institute (CLSI) and the European Committee
on Antimicrobial Susceptibility Testing (EUCAST) to redefine the
microbiological breakpoints of carbapenems against several
Gram-negative bacteria, by taking into account also some relevant
pharmacological and clinical aspects (27, 37).

The application of the pharmacokinetic/pharmacodynamic
(PK/PD) principles has progressively gained major relevance by
tailoring the dosing regimens of these antimicrobials with the in-
tent of either maximizing their efficacy or of preventing the emer-
gence of resistant strains (14, 24, 42, 44).

For carbapenems, being time-dependent agents, the mainte-
nance of concentrations for about 40% of the dosing interval
above the MIC of the pathogen (t > MIC) was found to be the
pharmacodynamic target for maximal bactericidal activity in ex-
perimental animal models of infection (29, 30). Although this
threshold could suffice in immunocompetent hosts, this could not
be the case for optimal cure in the critically ill patients with severe
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sepsis or septic shock, so that maintenance of trough level above
the MIC for the entire dosing interval (C,,;, > MIC) was advo-
cated in these cases (33).

Of note, it has also been suggested that trough levels severalfold
above the MIC could be useful for carbapenems in some settings
(23, 44, 45) and that this approach could be worthwhile even
against low-MIC carbapenemase producers (6, 7, 13, 38, 43).

This phenomenon recently raised the question of whether car-
bapenems can still be used in the treatment of severe infections
caused by carbapenemase-producing strains (12). The most re-
cent experimental and clinical data seem to support carbapenem
use, but with some fundamental conditions that must be met,
such as low carbapenem MIC for the infecting organism (=4 mg/
liter), optimal pharmacodynamic exposure to carbapenem, and
combination with another active compound (12).

Importantly, the achievement and maintenance of these
thresholds may be extremely difficult when administering inter-
mittent intravenous infusion of standard dosages of meropenem
in the critically ill patients, considering that in these patients the
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elimination rate for most beta-lactams is often significantly in-
creased (18, 34). To obviate this problem, alternative administra-
tion regimens in order to attain higher and more stable trough
levels with carbapenems, namely, extended infusion and/or con-
tinuous infusion, were advocated (18, 40, 47).

At our university teaching hospital, for several years we have
been administering meropenem by continuous infusion, with the
intent of maximizing its pharmacodynamics for the treatment of
documented or suspected Gram-negative infections in the criti-
cally ill patients. The predefined target meropenem steady-state
plasma concentration (C,,) is achieved by means of therapeutic
drug monitoring (TDM).

The aims of this study were to extrapolate in a retrospective
cohort of patients treated with meropenem by continuous infu-
sion the existing relationship between drug clearance and creati-
nine clearance (CL,) in order to create a formula for the calcula-
tion of the meropenem daily dosage needed to target C,, at
predefined levels on the basis of CL., estimates, to validate the
performance of this formula within a similar cohort of patients,
and to create user-friendly dosing nomograms helpful for clini-
cians to target meropenem Cg at predefined levels in relation to
different degrees of CL, estimates.

MATERIALS AND METHODS

Study design. Critically ill patients treated with meropenem administered
by continuous infusion, both empirically and for documented Gram-
negative infections, and who underwent TDM for optimization of mero-
penem C,, between January and December 2009 were included in the
retrospective cohort (group 1). The C, data included in this analysis were
obtained from patients treated with continuous infusion of meropenem
at unmodified dosages for at least 2 days.

Atour teaching hospital, continuous infusion of meropenem is appro-
priately granted through the reconstitution of the solution every 6 h (max-
imum), in light of the short-term stability of this molecule in aqueous
solution at room temperature (4). The desired range of C, for continuous
infusion of meropenem was arbitrarily set at 8 to 12 mg/liter. The ratio-
nale behind this choice derives from the notions that the EUCAST clinical
breakpoint for meropenem against the Enterobacteriaceaeis 2 mg/liter and
thata C,;,/MIC ratio of 4 to 6 was found to be helpful both in maximizing
clinical efficacy and in minimizing the spread of resistance (23, 44).

Data collected from the TDM program were used to estimate mero-
penem clearance (CL, ) in each single case, according to the formula CL,,
(liter/h) = IR (mg/h)/C,, (mg/liter), where IR is the continuous infusion
rate of meropenem. Taking into account that meropenem is eliminated
mainly by glomerular filtration (29), a linear regression between the indi-
vidual CL,, and the CL,, estimated by means of the Cockcroft and Gault
formula was fitted (10). In order to avoid inaccuracy of CL, estimates,
patients bedridden for a long time (>21 days) and/or undergoing any
kind of renal replacement therapies were excluded from this analysis. The
resulting formula linking CL,, with CL, was used to calculate the IR of
meropenem as a function of the CL, estimates needed to target the de-
sired C, at 8 to 12 mg/liter and to create user-friendly dosing nomograms.

Validation of the formula was then carried out in a similar cohort of
critically ill patients who were treated with meropenem by continuous
infusion and who had TDM of meropenem C_s between January and
December 2010 (group 2). The concordance between observed and pre-
dicted meropenem C_s was assessed by linear regression analysis and by
the Bland-Altman test. The protocol of the study was submitted to the
Ethical Committee of the Azienda Ospedaliero-Universitaria Santa Maria
della Misericordia of Udine, which deemed ethical approval unnecessary.

Meropenem assay. Meropenem plasma concentrations were analyzed
by means of a validated high-performance liquid chromatography
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(HPLC) method with UV detection (26) with some modifications, as
previously described (32).

Briefly, for meropenem extraction, 25 pl of a 1 g/l cefepime solu-
tion was added as an internal standard to 1 ml of calibration, quality
control, or patient sample, which was then mixed and transferred into an
extraction cartridge conditioned with 2 ml of methanol and then with 2
ml of 0.05 M phosphate buffer at pH 4. After the extraction cartridge was
washed with 2 ml of 0.05 M phosphate buffer at pH 4, the sample was
eluted with 800 pl of a solution of 0.05 M phosphate buffer (pH 6)-
methanol (9:1, vol/vol), and then 20 .l of the eluate was injected into the
HPLC system (125S Beckman HPLC system coupled with Beckman 166
UV detector; Beckman Instruments, Berkeley, CA). Separation was car-
ried out through an Ultrasphere C, s column (octyldecyl saline [ODS], 250
mm by 4.6 mm by 5 pwm; Beckman, Berkeley, CA) with a solution of
phosphate buffer-acetonitrile (91:9, vol/vol) at a flow-rate of 1.2 ml/min
in isocratic conditions (cefepime and meropenem retention times were
3.8 and 9.1 min, respectively).

Precision and accuracy were assessed by performing replicate analyses
of quality control samples against calibration standards. Intra- and inter-
assay coefficients of variation were always less than 10%. The low limit of
detection was 0.5 mg/liter.

Statistical analysis. Descriptive data inside each group were expressed
as means = standard deviations (SD). Categorical variables were com-
pared by the x? tests with Yate’s correction or Fisher’s exact test, when
needed, whereas continuous variables were compared by means of the
Student ¢ test. A P value of <0.05 was required to achieve statistical
significance. The statistical analysis was carried out with Sigma-Stat ver-
sion 3.1.

RESULTS

Sixty-seven patients were included in group 1, whereas 56 were
included in group 2. Table 1 outlines their characteristics and
shows that no bias in terms of demographic and clinical features
existed between the two groups. The main reasons for meropenem
use were hospital-acquired pneumonia and bloodstream infec-
tions. Figure 1 depicts the highly significant linear relationship
existing between CL,,, and CL, in group 1 (r = 0.72, P < 0.001),
which is described by the following formula: CL, (liters/h) =
0.078 X CL, (ml/min) + 2.85. By expressing CL,, as a function of
CL, estimates, the IR of meropenem needed by continuous infu-
sion to achieve a predefined target C,, was estimated by means of
the following equation: IR (g/24 h) = [0.078 X CL, (ml/min) +
2.85] X target Cy, X (24/1,000). Validation of this equation in
group 2 showed a highly significant correlation between the ob-
served and the predicted meropenem C.s (r = 0.92, P < 0.001;
Fig. 2). The Bland-Altman analysis of validity, by revealing that
95% of the data points lied within the *2 standard deviations of
the mean difference, confirmed that no significant bias existed
(Fig. 3).

User-friendly nomograms based on the former equation were
created to help clinicians in the calculation of the meropenem
daily dosage, which has to be administered by continuous infusion
for the achievement of target Cs of 8, 12, or 16 mg/liter in the
critically ill patients as a function of their CL, estimates (Fig. 4).

DISCUSSION

Our study allowed the successful implementation and validation of
dosing nomograms based on CL,, estimates for targeting steady-state
concentrations of meropenem administered by continuous infusion
in the critically ill patients. These may be especially useful in routine
clinical practice considering that, differently from other antibiotic
classes, like glycopeptides or aminoglycosides, which may rely on
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TABLE 1 Patient characteristics

Result
Group 1 Group 2
(n=67 (n =56
Characteristic patients) patients) P value®
Mean age (yr) = SD 64.2 £ 143 592185 0.09
Gender (male/female) 46/21 44/12 0.29"
Mean body wt (kg) = SD 794 *17.2  82.2 = 20.2 0.39
Mean ht (cm) *+ SD 1723 £ 8.4 173.7 £9.3 0.36
Mean body mass index 26.7 £5.2 27.1 £53 0.67
(kg/m?) = SD
Mean CL, (ml/min)*? + SD 939 +54.1 1069 =77.8 0.24
Mean meropenem C© 129 £6.2 10.2 £5.1 0.08
(mg/liter) = SD
No. (%) of patients admitted to
the hospital
Intensive care unit ward 33 (49.3) 22 (39.3) 0.36"
Surgical ward 19 (28.3) 13 (23.2) 0.66"
Medical ward 15 (22.4) 21 (37.5) 0.10°
No. (%) of patients by reason for
meropenem
Hospital-acquired pneumonia 25 (37.3) 12 (21.4) 0.08"
Bloodstream infections 14 (20.9) 13 (23.2) 0.93°
Empirical use for severe sepsis 11 (16.4) 14 (25.0) 0.34%
Intraabdominal infections 9 (13.4) 3(5.4) 0.23"
Meningitis 6 (9.0) 3 (5.4) 0.68°
Skin and soft tissue infections 2 (3.0) 7 (12.5) 0.10°
Urinary tract infections 0(0) 4(7.1) 0.09"

“ Statistical significance was assessed by means of unpaired # test, unless otherwise
specified.

b Test x2.

€ At first TDM.

4 Estimated by the Cockcroft and Gault formula (10).

therapeutic drug monitoring for dose individualization, this practice,
although recently advocated, is still infrequently applied for beta-lac-
tams (41).

The worldwide increasing prevalence of resistance among
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FIG 1 Relationship between individual CL, and CL, values estimated by means
of the Cockcroft and Gault formula (8) in group 1 (n = 67 patients and 213
samples): CL,, (liter/h) = 0.078 X CL, (ml/min) + 2.85 (r = 0.72, P < 0.001).
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FIG 2 Relationship between the predicted and the observed meropenem Cgs
in group 2 (n = 56 patients and 99 samples) (r = 0.92, P < 0.001).

Gram-negative pathogens is of great concern for the clinical suc-
cess of antimicrobial treatment of severe infections in the critically
ill patients. Marketed antibiotics are progressively losing their ef-
ficacy, and unfortunately new antimicrobials are still lacking (5).
From this worrisome scenario, it appears that the only viable strat-
egy which nowadays can help to improve the clinical outcome in
patients with severe Gram-negative infections may be the optimi-
zation of use of the currently available drugs.

The pharmacokinetic/pharmacodynamic properties of beta-
lactams call for dosing strategies devoted to the rapid attainment
and maintenance of plasma concentrations exceeding the patho-
gen MIC for a significant proportion of the dosing interval (24,
42). Meropenem exhibits time-dependent antimicrobial activity
(29, 48), and it is widely recognized that in experimental animal
models, a t > MIC for about 40% of the dosing interval may
ensure bactericidal activity (15).

However, some clinical studies suggest that higher percentages
may be useful for optimal treatment of Gram-negative-related
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FIG 3 Bland-Altman test assessing agreement between estimated and ob-
served C,s in group 2 (n = 56 patients and 99 samples).
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Meropenem daily dosage (g/day)
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FIG 4 Nomograms based on CL, estimates by means of the Cockcroft and Gault formula (8) for the calculation of the meropenem daily dosage administered
by continuous infusion which is necessary for the achievement of a target C, of 8 mg/liter (circles), 12 mg/liter (triangles), and 16 mg/liter (squares) in critically

ill patients.

infections in the critically ill patients, especially if immunocom-
promised. Among 60 febrile neutropenic patients with bacter-
emia, a t > MIC for meropenem exceeding 75% of the dosing
interval allowed a clinical response rate as high as 80% (1). Inter-
estingly, the authors suggested that when using standard intermit-
tent intravenous infusions of meropenem over 30 min with the
intent of achieving this pharmacodynamic threshold, low single
doses administered more frequently (500 mg every 6 h) may be
comparable to higher single doses administered at longer intervals
(1 gevery8h).

It has been recently advocated that in critically ill patients with
severe sepsis or septic shock, maintenance of trough level above
the MIC for the entire dosing interval (C,;, > MIC) might be
helpful to improve beta-lactam efficacy (33).

Additionally, recent studies suggest, both from the clinical and
from the epidemiological perspective, that meropenem C,;,
some-fold higher than the pathogen MIC could maximize its ef-
ficacy, especially in deep-seated infections. In a study carried out
among 101 adult patients treated with meropenem for lower re-
spiratory tract infections, the only significant predictor of clinical
response among the various pharmacodynamic indexes tested was
found to be a C,,;,/MIC ratio of >5 (23). Likewise, in experimen-
tal models, a C,,;,/MIC ratio of 6 was found to be superior to a
ratio of 2 for meropenem in suppressing bacterial resistance de-
velopment against Pseudomonas aeruginosa (44, 45).

On these bases, it could be reasonably supposed that mainte-
nance of a C,,;,,/MIC ratio of 4 to 6 could maximize the effective-
ness of meropenem, either in terms of clinical outcome or in terms
of prevention of resistance spread.

Unfortunately, these thresholds may be very difficult to achieve
when administering standard dosages of meropenem by intermit-
tent infusion over 30 min due to its short elimination half-life, and
this could be especially true against pathogens with borderline
susceptibility.
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In agreement with the time-dependent antimicrobial activity
exhibited by the beta-lactams, continuous infusion should be con-
sidered, under the same daily dosage, the most useful mode of
administration to increase the C,,;,/MIC ratio. This approach has
been recently assessed by several authors for meropenem in the
clinical setting (9, 22, 25, 35, 40).

Considering that the current EUCAST clinical breakpoint for
meropenem against the Enterobacteriaceae is of 2 mg/liter (16),
this could mean that targeting C,,s for continuous infusion mero-
penem at 8 to 12 mg/liter could maximize the empirical treatment
with this carbapenem against severe infections caused by mero-
penem-susceptible Gram-negative organisms in routine clinical
practice, regardless of the degree of susceptibility of the pathogen.
This choice could be extremely helpful, especially against border-
line susceptible pathogens, even if lower C  could be sufficient for
more susceptible ones.

Our study allowed validating user-friendly nomograms helpful
for clinicians in dosing meropenem by continuous infusion for
targeting Cgs at these values as a function of the patient’s CL,
estimate.

Interestingly, the range of CL, estimates for which this valida-
tion was performed is between 20 and 200 ml/min. This renders
the nomograms suitable even for patients with augmented renal
clearance, a pathophysiological condition which was recently
shown to be rather frequent among critically ill patients (17), es-
pecially in those with brain trauma, acute leukemia, or extended
burn injuries (46). Of note, according to our nomograms, the
meropenem daily dosage needed to achieve C,; of 12 mg/liter by
continuous infusion is lower than the maximum currently li-
censed dosage for this carbapenem, namely, 6 g per day, even for
patients with CL, as high as 200 ml/min. Accordingly, no increase
in adverse events due to significant drug overexposure may be
reasonably expected when applying this approach.

Although no definitive evidence exists that target C, s of 8 to 12
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mg/liter are really needed for optimal meropenem efficacy in crit-
ically ill patients, another important reason for applying this strat-
egy in clinical practice is represented by the worrisome rapid
spread of carbapenemase producers among Gram-negative bacte-
ria in Europe (8).

Several studies provided evidence that carbapenems might
have an effect on carbapenemase-producing Enterobacteriaceae
(7, 13, 43). Additionally, it has been recently shown by in vitro
time-kill assay that meropenem at concentrations 4X the MIC
was bactericidal (>3 log,;, reduction CFU/ml) even when tested
alone against various strains of Klebsiella pneumoniae carbapen-
emase (KPC)-producing Enterobacteriaceae with an MIC of 2 to 4
mg/liter (38).

Likewise, the first case of a meropenem-nonsusceptible car-
bapenemase-positive K. pneumoniae bloodstream infection which
was successfully treated with high-dose, continuous-infusion
meropenem by maintaining a mean C (22.45 mg/liter) at a level
about 3-fold higher than the MIC of the pathogen (8 mg/liter)
(20) was recently reported.

In agreement with these findings, it may be speculated that
maintenance of the C,/MIC ratio of 4 may be helpful also in
treating carbapenemase-producing Enterobacteriaceae. Our no-
mogram predicts that continuous infusion administration of the
currently maximum licensed dosage for meropenem of 6 g/day
may enable an optimal C,/MIC ratio of 4 against carbapenemase-
producing Enterobacteriaceae with an MIC of 4 mg/liter, that is, a
C,, of 16 mg/liter, even for patients with CL, estimates as high as
160 ml/min.

It should not be overlooked that two major aspects must be
kept in mind when applying continuous infusion meropenem.
First, treatment must always be started with a 1- to 2-g pulse load-
ing dose of meropenem administered over 30 min in order to
promptly achieve therapeutically effective concentrations, with
continuous infusion starting immediately afterward. Second,
since meropenem is stable in aqueous solution for a maximum of
6 to 8 h at 40°C (4, 21), in order to avoid significant degradation,
reconstitution of the solution every 6 to 8 h (maximum) must be
recommended for optimal use.

While continuous infusion of meropenem is increasingly be-
coming the preferred mode of administration, not everyone cur-
rently uses this, and so the generalizability of the current data
should be interpreted in this light.

This study has two important limitations. First, estimation of
CL, by means of the Cockcroft and Gault formula may be inac-
curate in some settings. Although it remains the most reliable for
estimating renal function for drug dosing adjustments in patients
with renal impairment (31) and it is broadly adopted in clinical
practice thanks to its good linear relationship with the 24-h-mea-
sured CL, (10), indeed its use must be avoided for long-term
bedridden patients, since it could overestimate the actual renal
function as a result of the reduced creatinine output from atrophic
muscles. Additionally, it has been recently shown that its precision
may be suboptimal in patients with augmented renal clearance
(62%) (2), so ameasured CL, should be performed to accurately
guide drug dosing in this setting. Second, the nomograms may not
be reliable for patients undergoing renal replacement therapy or
with very high CL., estimates greater than 200 ml/min.

In conclusion, the expectation is that these nomograms may be
helpful for clinicians in tailoring the most appropriate dosing reg-
imen for meropenem in the empirical treatment of severe Gram-

December 2012 Volume 56 Number 12

Dosing Nomograms for Meropenem Continuous Infusion

negative-related infections in the critically ill patients, especially
when caused by borderline susceptible pathogens or even by car-
bapenemase producing microorganisms and/or when in the pres-
ence of augmented renal clearance.

Hopefully, the routine application of these nomograms, by en-
abling a more appropriate use of meropenem, could improve the
clinical outcome in critically ill patients treated for severe Gram-
negative infections, and, when coupled with appropriate policies
of carbapenem restriction use, could also contribute to slow down
the rapid spread of carbapenemases among Enterobacteriaceae.
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