
Vol. 32, No. 7ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, July 1988, p. 1034-1039
0066-4804/88/071034-06$02.00/0
Copyright © 1988, American Society for Microbiology

Gentamicin Penetration into Cerebrospinal Fluid in Experimental
Haemophilus influenzae Meningitis

ARNOLD L. SMITH,'* ROBERT S. DAUM,2 GEORGE R. SIBER,3 DAVID W. SCHEIFELE,4 AND
VASSILIKI P. SYRIOPOULOU5

Division of Infectious Disease, Children's Hospital and Medical Center, 4800 Sand Point Way N.E./P.O. Box C-5371,
Seattle, Washington 981051; Department of Pediattics, Tulane University School of Medicine, New Orleans, Louisiana

701122; Division of Infectious Disease, Sidney Farber Cancer Institute, Boston, Massachusetts 021153; Division of
Infectious Disease, Children's Hospital, Vancouver, British Columbia, Canada V6H 3V44; and A' Department of

Pediatrics, "Aghia Sophia" Children's Hospital, Athens University, Athens, 608, Greece5

Received 28 December 1987/Accepted 18 April 1988

We studied the effect of meningitis and the method of parenteral gentamicin administration (intramusclar
injection, a 30-min intravenous infusion, or intravenous bolus administration) on achievable concentrations of
drug in cerebrospinal fluid (CSF). In normal animals, only intravenous bolus administration of 2 to 8 mg/kg
produced a gentamicin concentration of >0.1 rg/ml in CSF in some aninalsg. All CSF samples contained less
than the limit of detection (0.1 ,ug/ml) after the intramuscular administration of 6 mg/kg. In animals with
meningitis, gentamicin penetration into cisternal CSF was increased significantly after a bolus administration
of 6 mg/kg (mean, 0.197 ± 0.063 ,ug/ml in normal animals versus 1.68 ± 0.38 ,ug/ml in animals with meningitis;
P < 0.01). In meningitic animals that received 6 mg/kg as an intravenous bolus, lumbar CSF had the highest
maximum concentration (4.25 ± 1.08 pg/ml), in comparison with ventricular CSF (3.10 ± 0.66 "g/ml). The
gentamicin concentration in cisternal CSF decreased more slowly than it did in serum (elimnnation half-life,
238.70 ± 64.56 min in cisternal CSF versus 82.73 ± 2.91 min in serum), yielding a relative increase in the
percentage of penetration. We conclude that maximum penetration by gentamicin into CSF occurs after
intravenous bolus administration and that the maximum concentration occurs in lumbar CSF.

Meningitis caused by gram-negative organisms remains a
major therapeutic challenge; mortality from this disease
ranges from between 12 and 75% (8, 15, 16). Aminoglyco-
sides administered parenterally are often used to treat this
disease (11, 14), although these antibiotics may penetrate the
blood-brain barrier poorly. A favorable outcome in patients
with meningitis infected with members of the family Entero-
bacteriaceae treated with aminoglycosides has been related
to concomitant therapy with another effective antimicrobial
agent, usually a beta-lactam (5, 16).
Data on the penetration of gentamicin into cerebrospinal

fluid (CSF) in humans following parenteral administration
are fragmentary. Gentamicin concentrations in lumber CSF
were measured by an radioenzymatic assay on four occa-
sions in three neonates with gram-negative bacillary menin-
gitis following a 2.5-mg/kg dose of gentamicin administered
as an infusion over 30 min (5). Gentamicin was detectable
(>1.0 ,xg/ml) in one of four CSF specimens. By a similar
assay technique, no gentamicin could be detected in ventric-
ular CSF of four hydrocephalic patients with ventriculitis
following an intravenous infusion of undefined duration (20).
Moellering and Fischer (17) measured gentamicin concentra-
tions in lumbar CSF by using a microbiological assay in a
17-month-old child with meningitis. CSF concentrations of
0.5 and 0.3 ,ug/ml were observed 4 and 5 h, respectively,
following an intramuscular dose of 2 mg/kg.

In contrast to these results that indicated that aminoglyco-
side penetrated poorly, Eichenwald (7) found that kanamy-
cin penetrated well into CSF during treatment of infants with
mneningitis. Additionally, McCracken et al. (16), using a
microbiological assay, found a mean gentamicin concentra-
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tion of 1.6 ,ug/ml (range, 0.3 to 3.7 ,ug/ml) in lumbar CSF in
43 infants with gram-negative enteric meningitis, following
intramuscular gentamicin administration (2.5 mg/kg per
dose). Because of the various routes, infusion durations, and
causes of meningitis, the degree of penetration of aminogly-
cosides into CSF is unclear. Since aminoglycosides are
administered with beta-lactams for gram-negative bacillary
meningitis before antibiotic susceptibility is known, and
since there is often synergism between these two antibiotics
with Enierobacteriaceae, we sought to optimize the pene-
tration of gentamicin into CSF.
We have previously described (22) experimental Hae-

mophilus influenzae meningitis in nonhuman primates. The
sequence of events leading to meningitis is believed to mimic
that which ,occurs in humans. Atraumatic intranasal inocu-
lation is followed by bacteremia and meningitis (22). Choroid
plexitis, ventricular infection, and other histopathological
features of meningitis in infant monkeys (6) are also present
in human infants with meningitis caused by enteric gram-
negative bacilli (1, 2, 9, 12, 21).
Using this model, we sought to optimize the penetration of

gentamicin into CSF by testing the hypothesis that a high
concentration of drug in serum would facilitate ingress into
CSF. To do this, we measured the gentamicin concentration
in CSF after intramuscular injection, slow intravenous itifu-
sion, or intravenous bolus administration in normal subhu-
man primnates and those with H. influenzae meningitis.

MATERIALS AND METHODS
Gentamicin for parenteral administration and the stan-

dardized reference compound were supplied by Charles
HIough (Schering Corp., Kenilworth, N.J.). The formulation
for parenteral administration contained gentamicin (40 mg/
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ml), sodium bisulfite (3.2 ,ug/ml), propylaparaben (0.2 mg/
ml), methylparaben (1.8 mg/ml), and sodium EDTA (0.1 mg/
ml). Parenteral administration consisted of an intravenous
infusion (bolus) over 10 s or at a constant rate for 30 min
(with an infusion pump [Harvard]) or an intramuscular
injection in the anterior thigh. Serum samples for gentamicin
quantitation were collected by venipuncture at defined inter-
vals ranging from 5 to 420 min after the conclusion of
administration. Blood was obtained from a central venous
cannula, separate from the one used for gentamicin admin-
istration. CSF samples from the lumbar subarachnoid space,
cisterna magna, or lateral cerebral ventricle were collected
at intervals ranging from 15 to 420 min following drug
administration. In normal animals, cisternal CSF was ob-
tained at 30, 60, 90, 120, 180, and 420 min after the
intravenous bolus administration. In animals with meningi-
tis, cisternal CSF was obtained 15, 30, 60, 120, and 180 min
after the intravenous bolus infusion. The techniques for CSF
collection from infant subhuman primates have been de-
scribed elsewhere (6). Lumbar puncture and cisterna magna
puncture were performed percutaneously. Ventricular CSF
was obtained by cerebral cortical puncture after a burr hole
craniotomy was performed. A simultaneous serum specimen
was obtained with each CSF sample.

Eight healthy infant Macaca mulatta monkeys were ob-
tained from the New England Regional Primate Center and
housed in individual incubators. The mean age was 16.3 days
(range, 2 to 35 days); the mean weight was 509 g (range, 320
to 690 g). Eight Macaca nemestrina monkeys delivered by
cesarean section were studied at the Seattle Primate Center.
The mean age at the time of the study was 18.2 days (range,
14 to 20 days); the mean weight was 684 g (range, 525 to 964
g). Five infant monkeys, four M. mulatta and one M.
nemestrina, were studied prior to the induction of meningi-
tis. Repeat studies were performed with two M. mulatta
monkeys after the induction of meningitis. To induce men-
ingitis, animals were inoculated intranasally with H. influ-
enzae type b strain E-1 that was originally isolated from a
patient with meningitis (6). The lumbar CSF from bacteremic
animals was examined 2 days after the bacterial density in
the blood exceeded 103 CFU/ml. The presence of meningitis
was defined as CSF containing the inoculated bacterium at a
density of 2103 CFU/ml and .100 polymorphonuclear leu-
kocytes per pl (22). All animals were studied 2 to 9 days after
meningitis was found to be present.
Twenty-three studies were performed on 10 animals with

meningitis (four M. mulatta and six M. nemestrina). Four-
teen studies were performed on five M. mulatta without
meningitis; two of these animals were studied both prior to
and after the development of meningitis. Two M. mulatta
with meningitis expired during the study, terminating the
studies at 45 and 90 min, respectively. A dose of 6 mg of
gentamicin per kg was administered, except when the effect
of dose was studied.
Gentamicin concentrations in serum and CSF were mea-

sured by a radioenzymatic assay (27) with [14C]acetyl coen-
zyme A (New England Nuclear Corp., Boston, Mass.). C.
Hough (Schering Corp.) provided standard powder with a
potency of 651 ,ug/mg. In this assay the sensitivity was
increased by increasing the specific activity of the
['4C]acetyl coenzyme A. A linear standard curve at concen-
trations from 0.1 to 20.0 ,ug/ml was constructed (27). All
assays were performed in duplicate. Values of <0.1 pLg/ml
are reported as 0; the coefficient of variation of this assay
was 9.6% at gentamicin concentrations between 0.1 and 20
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FIG. 1. Gentamicin concentrations in serum in a 0.53-kg M.
mulaita monkey following a 6-mg/kg intravenous bolus. A biexpo-
nential regression line drawn by the least-squares method is indi-
cated. The equation of the regression is C, = 37.5(-o.32 mi) +
11.9(-0.009 min), where C, is the concentration at time t. The elimina-
tion half-life of the linear disposition phase is 69.3 min.

,ug/ml. The means of duplicate samples are depicted and
were used for the calculations.

Least-squares linear regression analysis was used to ob-
tain the slope of the gentamicin concentration in serum (or
CSF) versus time curve. The slope of this curve was used to
obtain kel; the elimination half-life (t1/2) was estimated from
the relationship t1/2 = (0.693/kel). Plasma clearance (CL) was
estimated from the relationship CL = keIV, where V is the
volume of distribution calculated by a model-independent
method (19). The statistical significance of the differences in
gentamicin concentrations or pharmacokinetic parameters
was assessed by analysis of variance and the paired Stu-
dent's t test (3).

RESULTS

Elimination of gentamicin from plasma. A representative
curve of the disappearance of drug from serum following an
intravenous bolus administration of gentamicin (6 mg/kg of
body weight) to an infant M. mulatta is illustrated in Fig. 1.
The curve is biphasic, suggesting that a two-compartment
model best describes gentamicin pharmacokinetics in infant
monkeys, similar to the disposition seen in humans (25). In
human neonates, a dose increase of 1 mg/kg results in a
1.75-,ug/ml increment in the peak concentration in serum
(17). We assessed this relationship in two normal infant
primates that received separate doses of 2, 4, 6, and 8 mg/kg.
When the observed peak was plotted against the dose (data
not shown), a linear relationship was observed (r = 0.95); a
mean increase of 1.65 ,ug/ml per 1 mg/kg increase in dosage
was calculated. These data suggest that infant monkeys
distribute gentamicin similarly to human neonates. The
mean elimination half-life from serum (calculated from con-
centrations in serum obtained .30 min following an intrave-
nous bolus injection) in two normal infant M. mulatta during
the dose escalation study was 83.7 + 38.2 min (range, 38 to
183 min) and was independent of dose.
Gentamicin concentration in CSF from normal animals.

With an intramuscular administration of 6 mg/kg, the genta-
micin concentration in lumbar CSF was <0.1 ,ug/ml in 23
lumbar CSF samples from five animals obtained between 1
and 6 h after administration.
Gentamicin concentrations in cisternal CSF and the simul-

taneous concentrations in serum were measured after a
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TABLE 1. Gentamicin concentrations in serum and cisternal CSF from normal infant monkeys

Concn (pg/ml) at the following times (min)':
Animal no.

30 60 90 120 150 180 420

1 5.7/0.23 2.3/0.21 0.5/0.13
3 6.3/0.14 3.2/0.12 0.7/0.11
4 9.0/0.12 5.1/0.22 5.6/0.43 3.0/0.12 2.5/0.13
5 8.1/0.29 3.4/0.14 1.8/0.63
10 6.1/0.15 3.1/0.11 3.2/0.12 1.2/0.15

a All animals received 6 mg/kg as an intravenous bolus. Ratios of concentrations in serum to those in CSF were measured radioenzymatically. Four animals
were M. mulatta, while one was M. nemestrina.

bolus administration (Table 1). Following the intravenous
bolus administration, gentamicin was not detected (<0.1 ,ug/
ml) in any of eight samples derived from two normal M.
mulatta monkeys who received a bolus dose of 2 mg/kg. In
the remaining three normal animals, the mean concentra-
tions in cisternal CSF (60 min after administration) were 0.02
,ug/ml (range, 0.0 to 0.1 ,ug/ml), 0.32 ,ug/ml (range, 0.1 to 0.8
,ug/ml), 0.37 ,ug/ml (range, 0.1 to 2.09 ,ug/ml), and 0.43 ,ug/ml
(range, 0.0 to 2.26 ,ug/ml) after intravenous bolus doses of 2,
4, 6, and 8 mg/kg, respectively. The mean lumbar concen-
tration (0.37 + 0.15 ,ug/ml) was slightly but significantly
higher than the mean cisternal concentration (0.11 + 0.06 ,ug/
ml; P < 0.05 by Student's paired t test) after a dose of 6 mg/
kg. The gentamicin concentration in ventricular CSF was

measured 10 times between 15 and 420 min after intravenous
bolus administration in three animals. The concentration
ranged from <0.10 to 2.00 ,ug/ml (mean concentration, 0.12
,ug/ml; values for 4 of 10 monkeys were <0.20 ,ug/ml).

Effect of meningitis on gentamicin pharmacokinetics. Al-
though the apparent volume of distribution was slightly
smaller in animals with meningitis (512.27 + 64.24 ml/kg),
the value was not statistically different (P > 0.05) than that
in normal animals (772.81 ± 119.78 mg/kg). There was no
significant difference (P > 0.05) in the pharmacokinetic
parameters in plasma (elimination half-life or plasma clear-
ance) between infected (82.73 ± 29.91 min and 4.32 ± 0.65
ml/min per kg, respectively) and normal (96.3 ± 39.2 min and
5.65 ± 2.41 ml/min per kg, respectively) animals.

Effect of duration of infusion on CSF penetration in animals
with meningitis. Because of the data obtained with normal
animals, in which gentamicin penetration into CSF occurred
only with the intravenous bolus administration, we com-
pared the concentration in cisternal CSF of meningitic
animals after a 30-min intravenous infusion and as an intra-
venous bolus; both were administered as a 6-mg/kg dose
(Table 2). The maximum observed concentration in serum
after the bolus administration was at 15 min (13.4 ± 2.6 ,ug/
ml). In contrast, the maximum gentamicin concentration in

serum occurred 60 min after the start of a 30-min infusion, 30
min after the infusion had concluded; the mean value was 9.9
,ug/ml. With the bolus administration, a higher mean genta-
micin concentration was achieved in cisternal CSF (2.8 ,ug/
ml in comparison with a mean of 0.45 ,ug/ml with a 30-min
infusion). In addition, there was greater variability in the
gentamicin concentration in cisternal CSF with administra-
tion by a 30-min intravenous infusion.

Gentamicin concentration in CSF from various sites during
meningitis. To compare the gentamicin concentrations in
various CSF sites, we obtained lumbar and cisternal CSF
specimens within minutes of each other at various times
following an intravenous bolus administration of 6 mg of
gentamicin per kg to six animals. CSF was not obtainable
from all sites at each time point. Only averages of values of
.0.10 ,ug/ml were obtained (Table 3). Concentrations in
lumbar and cisternal CSF were nearly identical in three
comparisons. Overall, however, the gentamicin concentra-
tion in the lumbar subarachnoid space was higher. The
maximum concentration occurred 1 h after administration
and was in the lumbar CSF (Table 3). The apparent elimina-
tion half-life of gentamicin was shortest in ventricular CSF
(mean, 25.6 min) and longest in cisternal CSF (mean, 58.2
min). The average value in lumbar CSF was intermediate
(35.2 min).
To compare gentamicin concentrations in cisternal CSF

from animals with and without meningitis, we obtained
serum and CSF specimens from two M. mulatta monkeys
before intranasal inoculation with H. influenzae and after
meningitis occurred. The gentamicin dose (6 mg/kg), admin-
istration technique (bolus), and sampling times were identi-
cal during each study (Table 4). Gentamicin concentrations
in cisternal CSF averaged 0.214 and 0.952 p,g/ml during the
sampling period in healthy and meningitic animals, respec-
tively. This difference was significant at P < 0.02 by Stu-
dent's paired t test.
The penetration of gentamicin (with the concentration in

CSF expressed as a percentage of the concentration in

TABLE 2. Effect of infusion duration on gentamicin concentrations in cisternal CSF from
six infant M. nemestrina with H. influenzae meningitis

Gentamicin concn (pg/ml) in the following samples with the indicated infusion durationsa:
Time (min) after Serum
administration

30 min Bolus 30 min Bolus

15 5.8 ± 1.5 13.4 ± 2.6 0.12 ± 0.24 0.50 ± 0.24
30 8.6 ± 1.8 11.8 ± 2.0 0.23 ± 0.20 1.20 ± 0.41
60 9.9 ± 1.8 8.8 ± 1.4 0.26 ± 0.16 2.85 ± 0.34
120 6.2 ± 1.6 6.0 ± 1.2 0.45 ± 0.45 2.16 ± 0.26
180 3.6 ± 1.0 3.4 + 0.9 0.36 ± 0.22 1.95 ± 0.21

a All animals received a 6-mg/kg dose as a bolus.
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TABLE 3. Gentamicin concentration in serum and selected CSF sites during meningitis in six infant monkeysa

Gentimicin concn (jig/ml) inb:
Time (min) after CSFc
administration Serum

No. Cisternal Lumbar Ventricular

15 12.8 ± 2.4 4 0.46 ± 0.22 0.63 ± 0.15 0.42 ± 0.13
30 11.6 ± 1.8 5 1.20 ± 0.42 2.10 ± 0.22 1.88 ± 0.11
60 8.2 ± 1.0 5 2.64 ± 0.86 4.25 ± 1.08 2.10 ± 0.66
120 5.8 ± 0.8 4 2.08 ± 0.85 3.86 ± 0.86 2.08 ± 0.58
180 3.2 ± 0.8 5 2.02 ± 0.34 3.22 ± 0.66 1.69 ± 0.22

Three infants were M. mulatta and three were M. nemestrina; data from these monkeys are included in Table 2.
b The mean gentamicin concentration ± the standard deviation is depicted. All animals received a 6-mg/kg dose as a bolus.
c CSF samples were not obtained from all six infants at each time point. No. refers to the number of infants from whom data at that time point were available.

serum) was also greater in animals with meningitis (P < 0.05
by Student's paired t test). The ratio of the concentration in
cisternal CSF to that in serum calculated from data in Table
2 ranged from 0 to 0.67, with a mean of 0.105, and tended to
increase with time following drug administration (Fig. 2).
The data in Table 4 also reflect this phenomenon. Higher
ratios were almost exclusively a function of the declining
concentrations in serum with time, while the concentrations
in CSF remained relatively constant. The ratio of the con-

centrations in CSF to that in serum was higher in meningitic
animals (P < 0.01 by analysis of variance), reflecting the
higher concentrations in CSF observed in these animals.

DISCUSSION

Aminoglycosides, like other polar drugs, enter the CSF
primarily through the ventricular choroid plexus. A smaller
fraction enters by transcapillary migration into the extracel-
lular fluid of the brain and then goes into the CSF. The
unionized, unbound form of the drug is thought to be the
portion which penetrates the blood-CSF barrier. Gentamicin
has a PKa of 8.6, which is outside the physiological pH range

of blood of CSF. Thus, the amount of unionized drug is little
affected by acid-base status. In patients with meningitis,
there is loss of integrity of the blood-CSF barrier and an
increased penetration of polar antibodies into CSF. The
decreased barrier to aminoglycoside penetration in patients
with meningitis appears to be due to the loss of capillary
integrity in the choroid plexus (6) and in the meninges (1).
Data on the aminoglycoside penetration into the CSF

compartment in humans and animals with meningitis indi-
cate that there is a wide variation in achievable concentra-
tions (4, 5, 10, 11, 23, 24). Since microbiological, immuno-
logical, and radioenzymatic assays were used to quantitate
the concentrations in serum and CSF, interassay variability

may have contributed to the wide variation in results. We
used a radioenzymatic assay (27), as it requires small sample
volumes and is not affected by the sample matrix (including
other antibiotics) and the sensitivity can be increased by
using radioactive substrates with high specific activities.
We found a consistent penetration of gentamicin into CSF

in normal infant primates, but most values were <0.20 ,ug/
ml. Gentamicin concentrations in CSF decreased little over
the 8-h sampling interval in normal animals. The site with the
slowest rate of gentamicin elimination, the lumbar area, is
also thought to be an area of sluggish CSF flow. The genta-
micin concentration in CSF increased approximately 5-fold in
monkeys with meningitis, while the peak concentration in
serum was only slightly greater (1.13-fold) (Table 2).
We found that an intravenous bolus administration pro-

duced the highest gentamicin concentrations in CSF. These
data confirm the concept that the penetration of gentamicin
into CSF is limited by diffusion. With high, although tran-
sient, gentamicin concentrations in serum produced by bolus
administration, a greater concentration gradient between
serum and CSF exists, favoring increased penetration. Our
data on the method of aminoglycoside administration does
not explain the discrepant data recorded in studies in human
patients with meningitis. Chang et al. (5) did not detect
gentamicin or kanamycin penetration into CSF following
intravenous infusion in 10 infants. Eichenwald (7) found that
after intramuscular administration, kanamycin was detect-
able in the CSF of all infants, whether or not meningitis was
present. In infants with meningitis, Eichenwald (7) found
concentrations as high as 9 ,ug/ml (7). Bruckner et al. (4)
found that the average CSF (from the lumbar area) level of
netilmicin in seven patients with bacterial meningitis was
1.15 ,ug/ml, while a maximum of 5.0 ,ug/ml was found in one
patient; the average value in 23 samples from nine patients

TABLE 4. Mean gentamicin concentrations in serum and cisternal CSF from two infant monkeys before and after meningitis

Mean gentamicin concn (,ug/ml) ina:
Time (m.) after

Normal monkeys Monkeys with meningitisadministration
Serum CSF % Penetration Serum CSF % Penetration

15 11.7 0.201 1.7 13.3 0.411 3.0
30 8.2 0.196 2.4 11.5 1.103 9.6
45 6.4 0.198 3.1 NAb 1.206 NA
60 5.7 0.204 3.6 7.8 1.274 16.2
120 3.0 0.185 5.0 5.3 1.353 25.5
420 1.1 0.304 27.6 1.1 0.362 32.9

a Both M. mulatta monkeys received 6 mg/kg as an intravenous bolus.
b NA, Serum not available.
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FIG. 2. Ratio of (gentamicin concentrations in CSF to that in
serum) x 100 from animals with (A) and without (B) meningitis.
Data from the study of six animals (Tables 1 and 2) are pooled.
Linear regression lines obtained by the least-squares method are
indicated. The equations of the regression lines are as follows:
Meningitis C, = 6.38 + 0.09 (min) (A); no meningitis C, = -0.1 +
0.06 (min) (B), where C, is the concentration at time t.

was 1.11 ,ug/ml. Chang et al. (5) used the more specific
radioenzymatic assay, while Eichenwald (7) used a bioassay.
The differences in the results may be a reflection of the assay
techniques that were used.

Cationic drugs such as gentamicin are thought to be
cleared from the CSF primarily by bulk flow (26). We
estimated the clearance of gentamicin from CSF in patients
with meningitis in this study (Tables 2 and 3) by assuming
that the infant monkey CSF volume is 5 ml and that it
remains constant over the study and by calculating the
excretion rate from the measured concentrations. Clearance
is estimated by dividing the CSF excretion rate by the
midpoint concentration of the elimination phase observed in
a CSF compartment. By doing this, we found that clearance
ranged from 9.8 to 26.6 ,ul/min. These values are 28 to 76%
of the rate of CSF formation measured in adult monkeys (13,
28). This suggests the binding of gentamicin to tissue sur-
rounding the CSF compartment or a decrease in CSF flow
through arachnoid villi into the superior saggital sinus.
Arachnoid villus dysfunction has been found in experimental
meningitis in rabbits and is probably responsible for the
decreased clearance of gentamicin from CSF.

Bolus intravenous gentamicin administration may achieve
therapeutic concentrations in CSF in certain patients. How-
ever, if aminoglycosides are to be the sole antibiotics admin-
istered, as in the treatment of beta-lactam-resistant gram-
negative bacterial meningitis, intrathecal administration
ensures concentrations in CSF that are thought to be effica-
cious.
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