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Abstract

The main objective of this study was to compare the cerebrospinal ¯uid (CSF) diffusion of
imipenem and meropenem at steady state, following intravenous infusions at various rates
in rats. A preliminary experiment was conducted to estimate the elimination half-lives of
these two carbapenem antibiotics, and then to evaluate the infusion duration necessary to
reach steady state.

CSF diffusion of imipenem was essentially linear over the wide range of infusion rates
(66±1320mg minÿ1) and corresponding steady-state plasma concentrations (11�7±
443�0 mg mLÿ1). Conversely the CSF diffusion of meropenem was saturable, with a pre-
dicted maximum CSF concentration equal to 1�3mg mLÿ1.

Extrapolation of these data to the clinical situation may not be possible since the rats had
normal blood±brain and blood±CSF barriers whereas patients with diseases such as
meningitis may not. However, it is suggested that the observed differences in the diffusion
characteristics of imipenem and meropenem may be partly responsible for their differences
in toxicity and ef®cacy at the central level.

Imipenem is the leading compound of the carba-
penem antibiotics. It possesses a broad spectrum of
antibacterial activity against most Gram-positive
and Gram-negative aerobic and anaerobic bacteria
including Pseudomonas aeruginosa, Bacteroides
fragilis and Listeria monocytogene (Buckley et al
1992). It is also highly active against most patho-
gens commonly isolated from cases of bacterial
meningitis (Clissold et al 1987) and has therefore
been proposed as an alternative in the treatment of
meningitis (Klugman & Dagan 1995). However,
severe CNS side-effects, including seizures, con-
siderably limit the use of imipenem in meningitis.
These undesirable effects are more likely to occur
in children or in patients with renal impairment or
pre-existing CNS disorders (Calandra et al 1985)
and the ®rst clinical trial of imipenem for the
treatment of meningitis in children, was actually
terminated because of an excess of seizures (Wong
et al 1991).

Meropenem is a new carbapenem already
launched in several countries. As opposed to imi-
penem, which is extensively hydrolysed by the
renal enzyme dehydropeptidase I (DHP-I) in man,
and therefore co-administered with an enzyme
inhibitor, cilastatin (Drusano 1986), meropenem is
stable against this enzyme and is given as a single
agent (Fukasawa et al 1992). It has a similar, but
potentially wider, spectrum of activity than imipe-
nem (Edwards et al 1989; Jorgensen et al 1991b).
Nausea and vomiting and in¯ammation at the
injection site seem to occur less frequently in
patients receiving meropenem than in those
receiving imipenem=cilastatin (Calandra et al 1985;
Norrby et al 1995).

Interestingly, animal studies have suggested that
meropenem may have less potential to cause
seizure than imipenem=cilastatin (Patel & Giles
1989; De Sarro et al 1995; Sunagawa et al 1995).
Accordingly we have recently been able to induce
generalised tonic-clonic seizures in genetically
epilepsy-prone Dilute Brown Agouti DBA=2J
(DBA=2) mice, by infusing imipenem=cilastatin
intravenously, but not meropenem (Dupuis et al
2000). To assess whether these differences in
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epileptogenic activity could be due to differences in
CSF diffusion, we have made investigations in rats,
with special attention to the search for saturable
processes.

Materials and Methods

Animal care and surgery
This work was done in accordance with the Prin-
ciples of Laboratory Animal Care (NIH Publication
no. 85-23, revised 1985), and the study was
approved by the local ethic committee. Male
Sprague-Dawley rats (225±280 g; 257� 21 g,
mean� s.d.) from Depres Breeding Laboratories
(St Doulchard, France) were housed in the animal
breeding facilities of the Laboratory (authorisation
no. 0028). The rats were placed in wire cages in a
12-h light±dark cycle for one week to adjust to the
new environment and to overcome possible stress
incurred during transit. They had free access to
food (Extra-labo M20, Pietrement Laboratories,
France) and water. Twelve rats were used for
pharmacokinetic studies after single dose adminis-
tration, and others were used for the CSF diffusion
study. One day before the experiment, a poly-
urethane catheter was implanted in the right jugular
vein for drug administration, as previously descri-
bed (Delon et al 1997, 1999). In the pharmaco-
kinetic study, rats had a second catheter implanted
in the right carotid artery for blood sampling. Rats
were housed individually in plastic cages. Food
was withdrawn 12 h before the experiment, but rats
had free access to water until drug administration.

Solutions for administration
Tienam (imipenem monohydrate-sodium cilastatin
salt; Merck, Sharp & Dohme Laboratories,
France) and meropenem trihydrate (Zeneca-
Pharma, France) were dissolved in 0�9% NaCl,
to obtain ®nal concentrations in the range of
0�8±16�0 mg mLÿ1 for imipenem and 2�2±
22�0 mg mLÿ1 for meropenem.

Study design and sample collection
Drug administrations were conducted between
14 00 and 18 00 h.

Pharmacokinetic study. The day after surgery, rats
received a single dose of imipenem=cilastatin
(100=100 mg kgÿ1) or meropenem (100 mg kgÿ1)
as an intravenous bolus dose in the jugular vein.
Blood samples (200mL) were collected from the

carotid artery at various times after drug adminis-
tration: 0, 2�5, 5, 10, 15, 20, 25 and 30 min for
meropenem and 0, 2�5, 5, 10, 15, 20, 30, 45 and
60 min for imipenem. Then, blood was transferred
into heparinized tubes and immediately centrifuged
to collect plasma.

CSF diffusion study. The jugular vein cannula was
connected to a motor-driven syringe pump (Pro-
gram 2, Vial Inc., France) containing drug solution,
with a ¯ow rate set at 5 mL hÿ1. Various input rates
(R0) ranging between 66 and 1820 mg minÿ1 of
carbapenem were randomly assigned. Rats were
kept under a heating lamp to maintain body tem-
perature. Immediately after the end of infusion (60
and 25 min for imipenem and meropenem, respec-
tively), CSF and plasma samples were collected
as previously described (Delon et al 1997, 1999).
Samples containing imipenem were immediately
diluted (1:1, v=v) with a stabiliser (0�5 M HEPES
pH 6�8±ethyleneglycol±HPLC grade water, 1:
0�5:0�5, v=v=v). All samples were kept frozen at
ÿ80�C, until analysis.

Analytical methods
A previously described HPLC assay (Carlucci et al
1990) was used with minor modi®cations for imi-
penem determinations. CSF samples were assayed
by direct injection onto the column. Plasma sam-
ples were prepared by mixing with methanol (1:1,
v=v) to precipitate protein. After centrifugation, a
20 mL sample of the supernatant was injected onto
the column. A recently developed HPLC method
was used for meropenem measurements (Dupuis et
al 1998). Meropenem was assayed in CSF by direct
injection as for imipenem. Plasma samples were
diluted (1 : 9, v=v) by addition of 0�01 M pH 4�8
acetate buffer containing 4 mg Lÿ1 ceftazidime as
internal standard. Meropenem was isolated by
solid-phase extraction onto a preconditioned SPE
column (Isolute C18 EC). After elution, following
washing, 20 mL of eluate were injected onto the
column. The chromatographic system consisted of
a model L 6000 Merck-Hitachi pump and a Waters
717 plus refrigerated autosampler connected to a
Waters 484 UV absorbance detector (l� 296 and
313 nm, for meropenem and imipenem, respec-
tively). Chromatographic data were recorded and
processed using a Waters 746 integrator. The limits
of quantitation of imipenem and meropenem were,
respectively, 0�125 and 0�0625mg mLÿ1 in CSF and
0�5 and 0�125 mg mLÿ1 in plasma. Intra-day coef-
®cients of variation calculated for each compound
at two concentrations were �10%. Corresponding
inter-day coef®cients were �13% for both
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compounds. The recovery was within 92�8 and
95�4% for meropenem.

Data analysis

Pharmacokinetic study. Pharmacokinetic para-
meters were determined in each individual rat by a
non-compartmental approach. Total body clearance
(CLT) was calculated as CLT� dose=AUC, where
AUC is the total area under the plasma concentra-
tion vs time curve. The AUC was calculated using
the trapezoidal rule; the area remaining under the
curve after the last measured concentration, C(last),
was determined from C(last)=k. The rate constant,
k, and its corresponding half-life (t1

2) were estimated
by linear least-squares ®t of data points (time, log
concentration), in the terminal phase of the decline.
The apparent volume of distribution (Vd) was
obtained from CLT=k.

CSF diffusion study. For each carbapenem, clear-
ance at steady state was estimated by two proce-
dures. A mean clearance estimate was obtained
from the reciprocal value of the slope of the straight
line calculated by linear-regression analysis of the
individual plasma concentration at steady state
(CSS) vs R0 data; a second estimate was obtained
by averaging individual clearance values obtained
from the ratios between R0 and corresponding CSS.

Three distinct models were ®tted to the CCSF

versus CSS values: a linear model, a non-linear
model and a composite model, according to equa-
tions 1±3 (Gengo et al 1989).

Linear model: CCSF � Kd � CSS �1�
where Kd is the distribution coef®cient between
CSF and plasma.

Non-linear model: CCSF � �CCSF;max � CSS�=
�CSS;50 � CSS�

�2�

where CCSF,max is the maximum concentration
achievable in the CSF, and CSS,50 the plasma con-
centration at which CCSF equals 50% of CCSF,max.

Composite model: CCSF � �Kd � CSS�
� �CCSF;max � CSS�=
�CSS;50 � CSS�

�3�
CCSF vs CSS values were ®tted by iterative non-
linear least-squares regression analysis using Win-
Nonlin version 1�1 (SCI Software, N. C. Carry,
USA). Due to the limited range of CCSF variations,
a uniform weighting was applied. The goodness-of-

®t of each model was assessed by residuals analysis
and the precision and the bias of parameter esti-
mates (Gabrielsson & Weiner 1997). Sum of
squared residuals (SSR), correlation coef®cient (r)
between observed and predicted values and Akaike
information criterion (AIC) were used for model
discrimination (Yamaoka et al 1978).

Results are presented as mean� s.d.

Results

Pharmacokinetic study
Plasma concentrations vs time pro®les after intra-
venous bolus administration to rats showed a
mono-exponential decay both for imipenem and
meropenem as illustrated in Figure 1. Estimates of
the apparent volumes of distribution of both com-
pounds were virtually identical (Vd� 79�0�
11�8 mL and 74�9� 15�8 mL for imipenem and
meropenem, respectively), but total clearance of
meropenem (CL� 12�3� 2�6 mL minÿ1) was three-
fold that of imipenem (CL� 4�6� 1�0 mL minÿ1).
Accordingly, the elimination half-life of imipenem
(t1

2� 11�9� 1�2 min) was 3 times that of meropenem
(t1

2� 4�1� 0�7 min).

CSF diffusion study
Steady-state plasma concentrations determined at
the end of the intravenous infusions in rats were
11�7±443�0 mg mLÿ1 for imipenem and 20�2±
258�0 mg mLÿ1 for meropenem. A linear relation-
ship was noted between CSS values and R0 for both
carbapenems, indicating that clearance was con-
stant throughout these wide concentration ranges
(Figure 2). Steady-state clearance estimates of
imipenem obtained from the reciprocal of the slope
of the CSS vs R0 curves and those estimated by
averaging the individual R0=CSS ratios, were 3�4
and 4�2 mL minÿ1, respectively. Corresponding
estimates for meropenem were 8�5 and 8�8 mL
minÿ1, respectively.

Drug concentrations determined in CSF (0�3±
6�1 mg mLÿ1 and 0�1-2�9 mg mLÿ1 for imipenem
and meropenem, respectively) were much lower
than corresponding plasma concentrations. Among
the three models tested to characterise the CSF
diffusion of imipenem and meropenem with dose,
only the linear and the non-linear models gave
valuable results (Figure 3). Very high coef®cients
of variation were most often associated with the
various parameter estimates obtained with the
composite model (Table 1), which was hence
rejected. For imipenem data, diagnostic parameters
were virtually identical and did not allow clear
distinction between the linear and the non-linear
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models (Table 2). Best estimates of the parameters
characteristic of the non-linear model (CCSF,max and
CSS,50) were by far outside the range of values
encountered during this experiment, since CCSF,max

predicted by the model was 13�9 mg mLÿ1, when

the highest value observed experimentally was
6�1 mg mLÿ1, and the CSS,50 best estimate was
826 mg mLÿ1, when the highest plasma concentra-

Figure 3. Imipenem (A) and meropenem (B) cerebrospinal
¯uid concentration (CCSF) vs plasma concentration at steady
state (CSS). Solid lines represent the best linear least-square ®t
to the data points, linear model for imipenem and saturable
model for meropenem, and dashed lines correspond to the
rejected model. One point (d) was treated as an outlier.

Figure 1. Mean (� s.d.) plasma concentrations vs time pro®les in six healthy rats following an intravenous bolus administration
of 100 mg kgÿ1 of imipenem (d) or meropenem (s). Lines connect the points for identi®cation purposes.

Figure 2. Imipenem (A) and meropenem (B) plasma concen-
tration at steady state (CSS) vs infusion rate (R0). The solid line
represents the best linear least-square ®t to the data points.
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tion measured was only 443mg mLÿ1. By contrast,
the non-linear model provided a better ®tting of the
meropenem data than the linear model, as indicated
by the analysis of residuals and lower AIC values
(Table 2), with best estimates of CCSF,max and CSS,50,
respectively, equal to 1�3mg mLÿ1 and 75�1mg mLÿ1,
within the range of experimental values.

Discussion

Basic pharmacokinetic parameters of imipenem
and meropenem estimated in the ®rst part of this
study were in agreement with previously published
data (Hashizume et al 1987; Harrison et al 1989).
Volumes of distribution of the two compounds
were virtually similar and equal to about 5±6-fold
rat plasma volume (Davies & Morris 1993). In
contrast, clearance values of imipenem and mero-
penem differed by a factor of three. In this study
cilastatin was co-administered with imipenem, but
not with meropenem. Only imipenem is hydrolysed
by the renal enzyme DHP-I in humans, but both
compounds are hydrolysed by this enzyme in rats
(Fukasawa et al 1992). The absence of cilastatin
can therefore probably explain most of the three-
fold higher total clearance of meropenem.
Although it would have been interesting, for com-
parison purposes, to administer a mixture of mer-
openem and cilastatin, this was not possible due to
the lack of availability of cilastatin. Assuming that
imipenem was almost exclusively eliminated by
renal excretion (Nilsson-Elhe et al 1991), its total
clearance would be virtually equal to its renal
clearance, which in turn is about 3-fold greater than
its glomerular ®ltration rate in rats (1�3 mL minÿ1

(0�25 kg)ÿ1; Davies & Morris 1993), suggesting
that renal tubular secretion occurs, in agreement
with previously published data in human (Norrby et
al 1984). The two estimates of clearance at steady
state had a tendency to be slightly lower than cor-
responding clearances estimated after single-dose
administration. Since there was evidence of a linear
relationship between CSS and R0 for the two tested
carbapenems (Figure 2), a dose dependency phe-
nomenon cannot explain the differences between
the estimates of clearance after single-dose
administration and at steady state. A time effect
also seems unlikely for a drug excreted unchanged
in urine. Another possible explanation is that
clearance was slightly overestimated after single-
dose administration, as the AUC could have been
underestimated due to a lack of experimental data
points at early times, when a quick distribution
phase may have been omitted.

The three-fold higher clearance of meropenem
compared with that of imipenem, together with

almost equal values for volume of distribution, was
responsible for an elimination half-life value of
meropenem close to half that of imipenem, in
agreement with values previously reported by
others in comparable conditions (Hashizume et al
1987; Harrison et al 1989). Determination of this
parameter was especially interesting in this study
since it was used to estimate the duration of infu-
sion required to reach steady state. Since the half-
lives of the two compounds differed, they were
infused for different lengths of time, 60 min for
imipenem and 25 min for meropenem, corre-
sponding to 5 elimination half-lives for each com-
pound. CSF diffusion of the two carbapenems was
rather limited as indicated by the much lower
concentrations in CSF than in plasma. CSF may
belong to a deep compartment with slow exchanges
and long equilibration times between CSF and
plasma. In agreement with this, the apparent elim-
ination half-life of imipenem was found, by several

Table 1. Best estimates of parameters characteristic of the
three distinct models ®tted to the CSF concentration vs plasma
concentration following intravenous administration of imi-
penem and meropenem to rats.

Model Imipenem Meropenem

Linear
Kd (CV) 0�012 (3�9%) 0�005 (9�2%)

Non-linear
CCSF,max (mg mLÿ1) (CV) 13�9 (42�2%) 1�3 (20�8%)

CSS,50 (mg mLÿ1) (CV) 827�0 (58�7%) 75�1 (52�6%)
Composite

Kd (CV) 0�01 (15�0%) 0�003 (66�1%)
CCSF,max (mg mLÿ1) (CV) 0�6 (99�7%) 0�4 (80�7%)

CSS,50 (mg mLÿ1) (CV) 15�3 (305�0%) 10�0 (297�0%)

Kd� distribution coef®cient between CSF and plasma;
CCSF max�maximum concentration achievable in the CSF;
CSS,50� plasma concentration at which CCSF equals 50% of
CCSF max; CV� coef®cient of variation.

Table 2. Diagnostic parameters obtained for the best ®t to
CSF concentration vs plasma concentration according to the
three distinct models.

Model SSR r AIC

Imipenem
Linear 20�2 0�93 128�2
Non-linear 18�3 0�92 126�2
Composite 17�8 0�93 126�8

Meropenem
Linear 4�3 0�60 53�3
Non-linear 2�8 0�67 39�8
Composite 3�1 0�63 45�5

SSR� sum of squared residuals; r� correlation coef®cient;
AIC�Akaike information criterion.
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authors, to be longer in CSF than in plasma
(Washburn et al 1983; Suzuki et al 1989), although
others did not observe such a difference (Patama-
sucon & McCracken 1982). Yet, although steady
state was achieved in plasma, the diffusion equili-
brium between CSF and plasma may not have been
reached by the end of infusions when samples were
collected. To investigate this possibility, imipenem
was infused for 360 min (instead of 60 min as pre-
viously) at an input rate of 792 mg minÿ1, in 5 rats.
The CSF=plasma ratio estimated at the end of these
extended infusions was 1�5� 0�9%, which is vir-
tually identical to the value (1�6� 0�3%) estimated
after shorter infusions (60 min) at the same input
rate. Although these data do not completely
exclude the possibility of CSF acting as a deep
compartment, they suggest that the CSF=plasma
concentration ratio estimated in this study (intra-
venous infusion for a duration of 5 plasma half-
lives) may be used to compare the extent of CSF
diffusion of these two carbapenems.

The CSF diffusion of meropenem was clearly
non-linear (Figure 3), which may contribute to its
reduced CNS toxicity. As far as this observation
can be extrapolated to humans, it could also be
responsible for reduced ef®cacy, as the highest
possible concentration achievable in CSF
(CCSF,max), which according to the model is equal
to 1�3 mg mLÿ1, is in the same magnitude as the
minimal inhibition concentration (MIC) values of
most pathogens responsible for meningitis (Jor-
gensen et al 1991a; Wieseman et al 1995). Fur-
thermore, it has been suggested that for effective
antibacterial therapy in the brain, the CCSF should
be 10 times the MIC (Wise 1986). Noticeably, the
plasma concentration at which 50% of this max-
imum CSF concentration is reached, is also within
the range frequently encountered in clinical prac-
tice (CSS,50� 75�1mg mLÿ1). Due to this saturable
diffusion, increasing the dose of meropenem, as
suggested with other b-lactam antibiotics (Nau et al
1998), may not be ef®cient for eradicating bacteria
with a reduced sensitivity to this antibiotic. How-
ever, extreme care is needed in extrapolation to the
clinical setting, not only because of possible inter-
species differences, but also because these results
have been obtained in healthy rats with normal
blood±brain and blood±CSF barriers, which may
not be the case of patients suffering from diseases
such as meningitis. Such diseases may allow
increased carbapenem penetration into CSF, lead-
ing to greater antibiotic levels (Modai et al 1985;
Jacobs et al 1986; Dagan et al 1994).

Different results were obtained with imipenem.
Although the CSF diffusion of this compound should
eventually become saturated when plasma con-

centrations increase over a certain value, it may be
considered as linear for practical purposes in the
wide range of CSS encountered during this study,
which probably covers most of the concentrations
observed in clinical practice (Buckley et al 1992).
Interestingly the mean CCSF=CSS ratio characteristic
of imipenem CSF diffusion was 1�6%, which is
virtually similar to the ratio between the CCSF,max

and CSS,50 values estimated for meropenem
(CCSF,max=CSS,50� 1�7%) which can be assimilated
to the CCSF=CSS ratio of this compound at low con-
centrations, when CSF diffusion is linear. The
practically linear CSF diffusion of imipenem is in
agreement with data previously published by Suzuki
et al (1989). These authors also concluded that
cilastatin does not interfere with the pharmaco-
kinetics of imipenem in the central nervous
system, con®rming previously published data
(Washburn et al 1983). It is therefore unlikely that
cilastatin, co-administered with imipenem but not
with meropenem, could have contributed to the
differences observed between the CSF diffusion
characteristics of these two carbapenems, in our
study.

In conclusion, this study has clearly demonstrated
distinct CSF diffusion characteristics between imi-
penem and meropenem in healthy rats. Although
direct extrapolation of these data to the clinical set-
ting is impossible, these new results could partially
explain previous observations indicating that mero-
penem convulsant activity is reduced compared with
that of imipenem. However, this would also mean
that differences could exist between the two com-
pounds in terms of antibiotic ef®cacy, due to differ-
ences in CSF diffusion characteristics. New
investigations using experimental models closer to
the clinical situation, such as experimental models of
meningitis in rats, should be conducted to comple-
ment the present results.

Acknowledgements
The authors are grateful for the excellent technical
assistance of Isabelle Martineau. We thank Zeneca-
Pharma for their generous supply of meropenem.

References

Buckley, M. M., Brodgen, R. N., Barradell, L. B., Goa, K.
(1992) Imipenem=cilastatin: a reappraisal of its antibacterial
activity, pharmacokinetic properties and therapeutic ef®-
cacy. Drugs 44: 408±444

Calandra, G. B., Brown, K. R., Grad, L. C., Ahonkkai, V. I.,
Wang, C., Aziz, M. A. (1985) Review of adverse experi-
ences and tolerability in the ®rst 2,516 patients treated with
imipenem=cilastatin. Am. J. Med. 78 (Suppl. 6A): 73±78

1148 ANTOINE DUPUIS ET AL



Carlucci G., Biordi, L., Vicentini, C., Bologna, M. (1990)
Determination of imipenem in human plasma, urine and
tissue by high-performance liquid chromatography. J.
Pharm. Biomed. Anal. 8: 283±286

Clissold, S. P., Todd, P. A., Campoli-Richards, D. M. (1987)
Imipenem=cilastatin: a review of its antibacterial activity,
pharmacokinetic properties and therapeutic ef®cacy. Drugs
33: 183±247

Dagan, R., Velghe, L., Rodda, J. L., Klugman, K. P. (1994)
Penetration of meropenem into cerebrospinal ¯uid of
patients with in¯amed meninges. J. Antimicrob. Chemother.
34: 175±179

Davies, B., Morris, T. (1993) Physiological parameters in
laboratory animals and humans. Pharm. Res. 10: 1093±1095

Delon, A., Huguet, F., Courtois, Ph., Vierfond, J. M., Bouquet,
S., Couet, W. (1997) Pharmacokinetic-pharmacodynamic
contributions to the convulsant activity of pe¯oxacin and
nor¯oxacin in rats. J. Pharmacol. Exp. Ther. 280: 983±987

Delon, A., Bouquet, S., Huguet, F., Brunet, V., Courtois, Ph.,
S., Couet, W. (1999) Pharmacokinetic-pharmacodynamic
contributions to the convulsant activity of ¯uoroquinolones
in rats. Antimicrob. Agents Chemother. 43: 1511±1515

De Sarro, A., Imperatore, C., Mastroeni, P., De Sarro, G.
(1995) Comparative convulsant potencies of two carba-
penem derivatives in C57 and DBA=2 mice. J. Pharm.
Pharmacol. 47: 292±296

Drusano, G. L. (1986) An overview of the pharmacology of
imipenem=cilastatin. J. Antimicrob. Chemother. 18 (Suppl.
E): 79±92

Dupuis, A., Minet, Ph., Couet, W., Courtois, Ph. Bouquet, S.
(1998) Rapid and sensitive determination of meropenem in
rat plasma by high performance liquid chromatography. J.
Liq. Chrom. Rel. Technol. 21: 2549±2560

Dupuis, A., Parriat, C., Courtois, Ph., Couet, W., Bouquet, S.
(2000) Imipenem but not meropenem induces convulsions in
DBA=2 mice unrelated to cerebrospinal ¯uid concentrations.
Fundam. Clin. Pharmacol. 14: 163±165

Edwards, J. R., Turner, P. J., Wannop, C., Withnell, E. S.,
Grindey, A. J., Nairn, K. (1989) In vitro antibacterial
activity of SM-7338, a carbapenem antibiotic with stability
to dehydropeptidase I. Antimicrob. Agents Chemother. 33:
215±222

Fukasawa, M., Sumita, Y., Harabe, E. T., Tanio, T., Nouda, H.,
Kohzuki, T. (1992) Stability of meropenem and the effect of
1b-methyl substitution on its stability in the presence of
renal dehydropeptidase-I. Antimicrob. Agents Chemother.
36: 1577±1579

Gabrielsson, J., Weiner, D. (1997) Pharmacokinetic and Phar-
macodynamic Data Analysis: Concepts and Application.
2nd edition, Swedish Pharmaceutical Press, Stockholm, Sweden

Gengo, F. M., Fagan, S. C., Hopkins, L. N., Wagner, D.,
Schuster, D. P. (1989) Nonlinear distribution of atenolol
between plasma and cerebrospinal ¯uid. Pharm. Res. 6:
248±251

Harrison, M. P., Moss, S. R., Feathersone, A. Fowkes, A. G.,
Sanders, A. M., Case, D. E. (1989) The disposition and
metabolism of meropenem in laboratory animals and man. J.
Antimicrob. Chemother. 24 (Suppl. A): 265±277

Hashizume, T., Okumoto, Y., Ogashiwa, M., Shimano, K.
(1987) Penetration of imipenem and other antibiotics into
in¯ammatory exudate and their ef®cacy in pseudomonas
infection in the rat granuloma pouch model. J. Antimicrob.
Chemother. 20: 413±416

Jacobs, R. F., Kearns, G. L., Brown, A. L., Longee, D. C.
(1986) Cerebrospinal ¯uid penetration of imipenem and
cilastatin (Primaxin) in children with central nervous system
infections. Antimicrob. Agents Chemother. 29: 670±674

Jorgensen, J. H., Maher, L. A., Howell, A. W. (1991a) Activity
of a new carbapenem antibiotic, meropenem, against Hae-
mophilus in¯uenzae strains with b-lactamase stability and
non-enzyme mediated resistance to ampicillin. Antimicrob.
Agents Chemother. 35: 600±602

Jorgensen, J. H., Maher, L. A., Howell, A. W. (1991b) Activity
of meropenem against antibiotics-resistant or infrequently
encountered Gram-negative bacilli. Antimicrob. Agents
Chemother. 35: 2410±2414

Klugman, K. P., Dagan, R. (1995) Carbapenem treatment of
meningitis. Scand. J. Infect. Dis. 96 (Suppl.): 45±48

Modai, J., Vittecoq, D., Decazes, J. M., Meulemans, A. (1985)
Penetration of imipenem and cilastatin into cerebrospinal
¯uid of patients with bacterial meningitis. J. Antimicrob.
Chemother. 16: 751±755

Nau, R., Lassek, C., Kinzig-Schippers, M., Thiel, A., Prange,
H. W., SoÈrgel, F. (1998) Disposition and elimination of
meropenem in cerebrospinal ¯uid of hydrocephalic patients
with external ventriculostomy. Antimicrob. Agents Chemo-
ther. 42: 2012±2016

Nilsson-Elhe, I., Hutchinson, M., Haworth, S. J., Norrby, S. R.
(1991) Pharmacokinetics of meropenem compared to
imipenem-cilastatin in young, healthy males. Eur. J. Clin.
Microbiol. Infect. Dis. 10: 85±88

Norrby, S. R., Rogers, J. D., Ferber, F., Jones, K. H., Zacchei,
A. G., Weidner, L. L., Demetriades, J. L., Gravallese, D. A.,
Hsieh. J. K.-K. (1984) Disposition of radiolabeled imipenem
and cilastatin in normal human volunteers. Antimicrob.
Agents Chemother. 26: 707±714

Norrby, S. R., Newell, P. A., Faulkner, K. L., Lesky, W. (1995)
Safety pro®le of meropenem: international clinical experi-
ence based on the ®rst 3125 patients treated with mero-
penem. J. Antimicrob. Chemother. 36 (Suppl. A): 207±223

Patamasucon, P., McCracken, G. H. (1982) Pharmacokinetics
and bacteriological ef®cacy of N-formimidoyl thienamycin
in experimental Escherichia coli meningitis. Antimicrob.
Agents Chemother. 21: 390±392

Patel, J. B., Giles, R. E. (1989) Meropenem, evidence of lack
of proconvulsive tendency in mice. J. Antimicrob. Chemo-
ther. 24 (Suppl. A): 1307±1309

Sunagawa, M., Matsumura, H., Sumita, Y., Nouda, H. (1995)
Structural features resulting activity of carbapenem
compounds: effect of C-2 side chain. J. Antibiotics 48:
408±416

Suzuki, H., Sawada, Y., Sugiyama, Y., Iga, T., Hanano, M.,
Spector, R. (1989) Transport of imipenem, a novel carba-
penem antibiotic, in the rat central nervous system. J.
Pharmacol. Exp. Ther. 250: 979±984

Washburn, D. E., Perfect, J. R., Durack, D. T. (1983) Pharma-
cokinetics of N-formimidoyl thienamycin and in¯uence of a
renal dipeptidase inhibitor in experimental meningitis. J.
Antimicrob. Chemother. 12: 39±45

Wieseman, L. R., Wasgstaff, A. J., Broden, R. N., Bryson, H.
M. (1995) Meropenem. A review of its antibacterial activity,
pharmacokinetic properties and clinical ef®cacy. Drugs 50:
73±101

Wise, R. (1986) Methods for evaluating the penetration of b-
lactam antibiotics into tissues. Rev. Infect. Dis. 8 (Suppl. 3):
325±332

Wong, V. K., Wright, H. T., Ross, L. A., Mason, W. H.,
Inderlied, C. B., Kim, K. S. (1991) Imipenem=cilastatin
treatment of bacterial meningitis in children. Pediatr. Infect.
Dis. J. 10: 122±125

Yamaoka, K., Nakagawa, T., Uno, T. (1978) Application of
Akaike's information criterion (AIC) in the evaluation of
linear pharmacokinetic equations. J. Pharmacokinet. Bio-
pharm. 6: 165±175

CSF DIFFUSION OF CARBAPENEMS 1149



1150 ANTOINE DUPUIS ET AL


