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Summary Neonatal bacterial meningitis has a relatively low incidence in developed countries, but con-

tinues to cause morbidity and mortality despite advances in antimicrobial therapy. Bacterial pa-
thogens commonly associated with neonatal meningitis include Group B streptococci, Escherichia
coli K1 and other coliforms, Listeria monocytogenes and staphylococci. As it can be difficult to
differentiate meningitis from septicaemia in neonates, empirical antibiotic therapy should be ef-
fective for both. Selection of an empirical antibiotic regimen should be based on: (a) bacterial
prevalence and susceptibility; (b) drug characteristics; (c) postnatal age at the onset of disease;
and (d) patient-specific factors. A penicillin in combination with an aminoglycoside or cefotaxime
is commonly used in empirical therapies. The increased risk of staphylococcal infection in older
neonates requires consideration of an antistaphylococcal antibiotic in the empirical therapy reg-
imen. Once a causative organism has been identified, antimicrobial therapy should be directed
towards that pathogen. Duration of therapy remains empirical, but should be at least 7 days for
documented bacterial meningitis. Viral meningitis continues to have a high mortality despite the
availability of antiviral agents.

Adjunctive therapies may further reduce the morbidity and mortality of meningitis. While
most of these therapeutic options have not been investigated in neonates, they may prove to be
of benefit in the future. Anti-inflammatory agents, such as glucocorticoids, nonsteroidal anti-
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inflammatory agents and immunoglobulin, may modulate the inflammatory response of a men-
ingeal infection. Other possible therapies in neonatal meningitis include cerebral blood flow mod-
ulators and disease prevention with maternal vaccines and perinatal antibiotics. Practical aspects
of drug therapy such as route of administration and serum drug concentration monitoring can
improve both drug therapy and patient outcome. While antibiotics have greatly improved the
treatment outcome of neonatal meningitis, it is clear that additional intervention will be required
to increase cure rates and reduce sequelae.

Although the incidence of neonatal meningitis
is low in developed countries (e.g. 2 to 10 cases/
10 000 live births in the United States), its asso-
ciated morbidity and mortality are high. Mortality
is 20% or higher in many studies and long term
sequelae of the disease vary from 30 to 50%
(Schlech et al. 1985). Thus, despite the availability
of a number of potent and effective antimicrobial
agents, this condition continues to exact a high
death toll in newborn infants.

1. Aetiology and Presentation of
Neonatal Meningitis

Most cases of neonatal bacterial meningitis in
developed countries are caused by Group B strep-
tococci and coliforms. Group B streptococci is a
common coloniser of the vagina and/or rectum in
pregnant women; 40 to 70% of infants, of mothers
colonised at birth, will acquire the mother’s organ-
isms within the first few days of life. However, the
organism can also be acquired from nursery per-
sonnel due to poor handwashing. Invasive disease
with Group B streptococci usually occurs within
the first week of life. Escherichia coli K1 accounts
for most coliform meningitis in neonates, but other
coliforms, such as Enterobacter spp., Citrobacter
diversus, Klebsiella pneumoniae and Salmonella
enteritidis, are aiso observed. Similar to the case
with Group B streptococci, about one-half of preg-
nant women are colonised with E. coli and 75% of
infants from these colonised mothers will also be-
come colonised (McCracken et al. 1974). As with
streptococci, E. coli may also be acquired via hor-
izontal spread from nursery staff. It is estimated
that < 0.5% of colonised infants will develop men-
ingitis.

Listeria monocytogenes, a Gram-positive rod,
also causes a significant number of cases of men-
ingitis, although colonisation of pregnant women
and healthy newborns is unusual. Listeria may ac-
count for as many as 10% of cases of neonatal men-
ingitis with the disease usually occurring within the
first week of life (Schiech et al. 1985). Other bac-
terial causes include enterococci, staphylococci and
non-typable Haemophilus influenzae.

Meningitis in neonates can also be caused by
viruses; herpes simplex virus (HSV) and entero-
viruses account for most cases. Fungal meningitis
is rare in neonates and is not discussed in this ar-
ticle.

Meningitis in neonates is usually associated with
septicaemia - about 25% of newborns with septi-
caemia will develop meningitis (Klein et al. 1983).
After pathogens gain entry to the central nervous
systems (CNS) through capillary endothelial cells
(the so-called blood-brain barrier), they rapidly
multiply and liberate a number of substances which
apparently contribute to the inflammatory reponse
and resultant pathology (e.g. cell wall components,
endotoxin); antimicrobial therapy may also con-
tribute to the release of such products into the cere-
brospinal fluid (CSF). Such substances stimulate
macrophage-equivalent brain cells and cerebral
capillary endothelium to produce cytokines, such
as tumor necrosis factor and interleukin-1, which
contribute to the attraction of leucocytes to the site
of the infection. Leucocytes, in turn, release pro-
teolytic substances. The result of this cascade of
events is damage to the vascular endothelium and
resultant increase in permeability allowing an in-
flux of protein to the CSF and thus oedema. The
release of toxic substances by the leucocytes that
are attracted to the subarachnoid space also con-
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tributes to this process by causing cytotoxic oed-
ema. The presence of cerebrai oedema, often ac-
companied by intracranial hypertension, alterations
of cerebral metabolism and decreased cerebral
blood flow are all thought to contribute to focal or
diffuse damage which may be permanent (Sande et
al. 1989).

The clinical manifestations of meningitis in the
neonate are quite subtle and nonspecific. The clas-
sic signs of meningeal irritation commonly ob-
served in older infants, children and adults are pre-
sent in < 20% of neonates with meningitis (Klein
et al. 1986). Instead, nonspecific signs and symp-
toms, such as irritability, poor feeding, respiratory
compromise including apnoea and temperature in-
stability, are observed. Because these symptoms are
only suggestive rather than pathognomonic of CNS
infection, antimicrobial therapy is typically started
on an empirical basis. Neonates with a working
diagnosis of septicaemia are regularly screened for
meningitis as well, but, as is the case with clinical
findings, examination of the CSF often does not
reveal the typical leucocytosis, low glucose and high
protein expected in older individuals. Thus, a Gram
stain of the CSF and cultures of blood, urine and
CSF, as well as antigen detection tests are often
critical to the definitive diagnosis (St Gene et al.
1988). Clinical features suggestive of HSV infec-
tion include vesicular rash, keratitis and conjunc-
tivitis while diarrhoea and abdominal distention
may suggest enteroviral infection. However, the
latter signs are nonspecific and may occur with
bacterial infections as well.

Antimicrobial selection is crucial in the treat-
ment of meningitis. While the choice of therapy for
meningitis is certainly vital for patients of any age,
the neonate represents an immunocompromised
host of sorts and, thus, the use of cidal agents is
important to outcome. Newborn infants not only
lack the usual physical barriers to infection (fully
keratinised epidermis and fully developed mu-
cosa), but also have inadequate numbers of white
cells. Further, those white cells that are present ex-
hibit impaired chemotactic responses and de-
creased opsonising abilities. Decreased comple-
ment, reticuloendothelial function and lower levels

of serum immunoglobulins also contribute to an
increased susceptibility of the neonate to serious
infections including sepsis and meningitis.

2. Pharmacological Therapy of
Neonatal Meningitis

Conventional pharmacological therapy for neo-
natal meningitis includes appropriate empirical and
directed anti-infective therapy. Pharmacological
therapy can usually be achieved with several avail-
able drugs or combinations thereof. However, the
previously discussed factors are important in the
selection of an appropriate therapy on an individ-
ual basis. Many options available to the clinician
are based on the pharmacological properties of the
specific agents and may not have adequate clinical
data to warrant their routine use in neonates. The
complicated cases of neonatal meningitis often re-
quire the use of therapeutic options which may not
have been proven to be effective and safe. The clin-
ician must weigh the benefits versus the risks of
these therapeutic options, as with any pharmaco-
logical therapy.

Anti-infective therapy is the major component
of pharmacological therapy for neonatal meningi-
tis; however, several other adjunctive therapies may
be appropriate in particular cases. Recently, the use
of corticosteroids, intravenous immunoglobulin and
monoclonal antibodies (section 2.1) have gained
attention as immunomodulators in the treatment
of pediatric infections, but their role in neonatal
meningitis remains unclear. While there are lim-
ited or no data available on these agents in the
neonatal population specifically, these options are
available for use. Altered cerebral blood flow (CBF),
increased intracramal pressure (ICP) and cerebral
oedema perhaps also play a role in the neurological
sequelae from meningitis. There have been several
pharmacological agents studied which may mod-
ulate CBF, ICP and cerebral oedema. Examples in-
clude corticosteroids, diuretics and barbiturates.

Finally, there are several practical aspects of
pharmacological treatment that provide options to
the clinician. Factors such as route of drug admin-
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istration, developmental pharmacokinetics and
serum drug concentration monitoring are import-
ant considerations available to the clinician during
treatment. The clinician that considers all of the
factors and has an appreciation for their appropri-
ate application can optimise the pharmacological
treatment of neonatal meningitis.

2.1 Bacterial Meningitis

2.1.1 Empirical Treatment

The identification of the bacterial causes of neo-
natal meningitis is aggressively pursued because of
the availability of antibacterial agents to treat this
form of the disease. However, it is often not ob-
vious whether the disease is a bacterial meningitis,
although empirical therapy is begun until the diag-
nosis can be ruled out. Selection of empirical
therapy varies depending on several factors: (a)
bacterial prevalence and resistance; (b) drug char-
acteristics (efficacy, toxicity, pharmacokinetics and
cost); (c) postnatal age at onset of disease; and (d)
patient-specific considerations. Table I summar-
ises several commonly used empirical regimens and
their advantages and disadvantages.

The factors for determining which empirical
regimen is most appropriate should be addressed
on an individual basis. While Group B strepto-
cocci, Listeria spp. and coliforms are the most
common pathogens in the United States, staphylo-
coccal and Group A streptococcal infections are still
common in many parts of the world. It is also im-
portant to be aware of the resistance patterns within
the community, particularly with Group B strep-
tococci, Enterobacteriaceae and coagulase-negative
staphylococci. Selected drugs should have activity
against suspected pathogens, low toxicity, adequate
CNS penetration and low cost. Patient specific fac-
tors such as renal and hepatic function, postcon-
ception age, clinical status, vascular access and im-
munocompetency must also be assessed.

Drug selection should be based on the most im-
portant factors affecting outcome, efficacy and
safety. The efficacy and/or toxicity of a particular
regimen may depend on patient-specific factors.
The clinical status of the neonate may dictate which

regimen is best. For example, a neonate with
underlying renal disease may not be a candidate
for aminoglycosides as initial empiric therapy. The
intramuscular (IM) route of drug administration
may be inappropriate in a septic, hypotensive neo-
nate and chloramphenicol should never be admin-
istered by the IM route, thus requiring intravas-
cular access (intravenous therapy) for initial
empirical therapy in these circumstances. Older
neonates (> 14 days postnatal age) have a lower
risk of Listeria and Group B streptococcal infec-
tions and an increased risk of staphylococcal in-
fection. These age-related changes are important
considerations in the empiric selection of antibi-
otics. Each regimen in table I may be useful in a
particular clinical presentation and the clinician
must determine the important factors present and
select the most appropriate regimen for the neo-
nate.

A 1989 study surveyed 80 paediatric infectious
disease programme directors in the United States
and Canada to determine the most commonly em-
ployed empirical regimen for neonatal meningitis
(Word & Klein 1989). Of the 64 respondents, 38
(59%) were using a combination of either ampicil-
lin or benzylpenicillin (penicillin G), and an
aminoglycoside as empirical therapy for suspected
neonatal meningitis. Nearly all (24/26) of the re-
maining respondents (38% of the total respond-
ents) indicated that the combination of cefotaxime
and ampicillin was used. One institution was using
the combination of ceftriaxone and ampicillin in
neonates. Ampicillin offers increased Gram-nega-
tive activity, retains activity against Listeria and
enterococci, and is not markedly more expensive
than benzylpenicillin. It is thus the preferred agent
in combination with an aminoglycoside, cefotax-
ime or ceftriaxone. Gentamicin offers significant
cost savings over other available aminoglycosides
and is recommended for the empiric treatment of
neonatal meningitis unless specific resistance pat-
terns within the community or hospital necessitate
the use of tobramycin or amikacin.

Cefotaxime has a wide therapeutic margin, has
increased penetration into the CNS and has been
used extensively in neonates. Ceftriaxone has been
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implicated as a cause of biliary sludging and in-
creased diarrhoea due to its biliary excretion, and
has been avoided in neonates (Lee et al. 1990; Na-
hata & Miller 1989). The development of bacterial
resistance to cefotaxime in a neonatal intensive care
unit has been reported (Bryan et al. 1985). Resist-
ance patterns should be carefully monitored and
cefotaxime use in neonatal intensive care units
(NICU) in which resistance has emerged should be
limited to neonates in whom aminoglycosides may
not be desirable (e.g. renal failure). Cefotaxime in
combination with ampicillin is the preferred em-
pirical regimen for suspected neonatal meningitis
in these patients (McCracken et al. 1987).

2.1.2 Specific Therapy for Bacterial Meningitis
Once positive identification of a causative
organism has been determined, antibacterial
therapy should be directed towards eradication of
the organism. While coliforms, Group B strepto-
cocci, Listeria spp. and staphylococci are most

common, there are many other bacteria that can
cause neonatal meningitis. Table II includes a
summary of the preferred and aiternative antibi-
otic regimens for specific causative organisms.
Recommended doses for both the empiric and spe-
cific treatment of neonatal meningitis are provided
in tables III and IV, and are based on neonatal
maturity and drug disposition. However, these
dosage recommendations are based on the phar-
macokinetic characteristics of the agents; there are
very limited data to substantiate the efficacy and
safety of most of these antibiotics in neonates. An
extensive summary of the pharmacokinetics of
antibacterial agents in neonates has recently been
published, although it is beyond the scope of this
review (Paap & Nahata 1990).

Group B streptococci are common neonatal pa-
thogens that constitute a significant fraction of
documented cases of neonatal meningitis. The
treatment of Group B streptococcal meningitis may
be complicated by the presence of tolerant strains

Table I. Common empirical antibiotic regimens for neonatal meningitis

Drugs Advantages

Disadvantages

Maternal- or community-acquired
Ampicillin + aminoglycoside
cost

Listeria and enterococci coverage, low

Poor staphylococcal coverage, poor
aminoglycoside CNS penetration

Ampicillin + chloramphenicol

Ampicillin + cefotaxime

Penicillin + aminoglycoside

Nosocomial-acquired
Methicillin + aminoglycoside

Vancomycin + aminoglycoside

Vancomycin + cefotaxime

Good CNS penetration of both drugs,
Listeria and enterococci coverage, low
cost

Good CNS penetration of both drugs,
Listeria and enterococci coverage,
decreased toxicity

Listeria coverage, low cost

Low cost, increased staphylococci
coverage

Low resistance, increased staphylococci
and enterococci coverage

Increased CNS penetration of cefotaxime,
increased staphylococci and enterococci
coverage

Increased toxicity of chioramphenicol

Cefotaxime resistance, decreased
staphylococci coverage

Decreased staphylococci coverage,
resistance to penicillin, poor
aminoglycoside CNS penetration

Decreased Listeria and enterococci
coverage, moderate CNS penetration
Poor CNS penetration of both drugs,
possible increased nephrotoxicity, high
cost

Poor CNS penetration of vancomycin,
high cost

Abbreviation: CNS = central nervous system.
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Table Il. Specific antimicrobial therapy, duration of treatment and alternatives for neonatal meningitis pathogens

Pathogen Drug(s) of choice Duration Alternatives
(days)
Bacteroides fragilis Metronidazole 14-21 Clindamycin; imipenem/cilastatin;
mezlocillin
Campylobacter fetus Chloramphenicol 14 Imipenem/cilastatin; clindamycin
Citrobacter freundii Cefotaxime + aminoglycoside 14 Ceftriaxone or meziocillin +
aminoglycoside; cotrimoxazole
(trimethoprim/sulfamethoxazole)
Enterobacter spp. Cefotaxime + aminoglycoside  14-21 Ampicillin, chif)ramphenicol, or
Serratia spp. ceftriaxone and aminoglycoside;
aztreonam
Escherichia coli Cefotaxime 14-21 Ampicillin or chloramphenicol and
Kiebsiella spp. aminoglycoside; aztreonam; ceftriaxone
and other coliforms
Flavobacterium meningosepticum Vancomycin i4 Cotrimoxazole; clindamycin; imipenem/
cilastatin
Group A streptococci Benzylpenicillin 14 Ampicillin; cefotaxime; ceftriaxone;
clindamycin
Group B streptococci Benzylpenicillin + 10-14 Ampicillin, cefotaxime, ceftriaxone,
aminoglycoside methicillin, nafcillin = aminoglycoside
Group D streptococci (enterococcal) Ampicillin + aminoglycoside 14 Vancomycin + aminoglycoside;
mezlocillin and aminoglycoside
Group D streptococci Benzylpeniciilin 14 Vancomycin; ampiciliin
{nonenterococcal)
Haemophilus influenzae Ampicillin (if sensitive) 14 Cefotaxime; ceftriaxone;
chloramphenicol
Listeria monocytogenes Ampicillin = aminoglycoside 14 Meziocillin; imipenem/cilastatin
Neisseria meningitidis Benzylpeniciliin 7-10 Ampicillin; chioramphenicol; cefotaxime;
ceftriaxone; cotrimoxazole
Pseudomonas aeruginosa Ceftazidime + aminoglycoside 14-21 Meziocillin + aminoglycoside
Staphylococcus epidermidis or Methicillin or nafcillin 10 Vancomycin; clindamycin
S. aureus {(methicillin-sensitive)
Staphylococcus epidermidis or Vancomycin 14 Imipenem/cilastatin; cotrimoxazole
S. aureus (methicillin-resistant)
Streptococcus pneumoniae Benzylpenicillin 10 Chioramphenicot; cefotaxime;
ceftriaxone; vancomycin
Treponema pallidum Benzylpenicillin 10 Cefotaxime; ceftriaxone

which increase the minimum inhibitory concen-
trations (MIC) of penicillin (> | mg/L) and cause
> 10-fold difference between the MIC and the min-
imum bacteriocidal concentrations (MBC) of pen-
icillin. Meningitis caused by a penicillin-tolerant
strain should be treated with an alternative agent
such as ampicillin, cefotaxime or chloramphenicol
with or without a concurrent aminoglycoside.
Treatment with an aminoglycoside combination
may only be necessary until the CSF has been ster-

ilised. However, repeat lumbar puncture is not
routinely performed and combination therapy may
be continued for the complete course of antibiotics.

Infections of the CNS due to staphylococci are
relatively uncommon in the full term neonate, but
have become frequent pathogens in preterm neo-
nates (Hall 1991). Gruskay et al. (1989) reported
that 10 premature neonates with presumed Sta-
phylococcus epidermidis meningitis had minimal
signs of CNS inflammation and a low morbidity
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Table lil. Meningitis dosing guidelines for antimicrobial agents

Drug Route PNA Weight Total daily dose Interval
(days) (¢)] (mg/kg/day)
Benzylpenicillin IV/IM 0-7 <2000 100 000V qi2h
>2000 150 000U q8h
>7 <2000 150 000U q8h
>2000 200 000U q6h
Ampicillin IV/IM 0-7 <2000 100 qi2h
Methicillin >2000 150 q8h
Nafcillin >7 <2000 150 q8h
Oxacillin >2000 200 qéh
Carbenicillin V/IM 0-7 <2000 150 gi2h
Ticarciliin >2000 225 q8h
>7 <2000 225 g8h
>2000 300 q6h
Aziocillin IV/IM 0-7 <2000 100 gi2h
Mezlocillin >2000 150 q8h
Piperacillin >7 <2000 150 q8h
>2000 200 qbh
Aztreonam v/iIM 0-7 All 60 qi2h
>7 <2000 90 q8h
>2000 120 géh
Cefoperazone v/im 0-7 All 60 q12h
Cefuroxime >7 <2000 60 qizh
Latamoxef >2000 90 q8h
Cefotaxime IV/IM 0-7 All 100 qi2h
Ceftazidime >7 <2000 100 qizh
>2000 150 q8h
Ceftriaxone /M 0-7 All 50 qi2h
>7 <2000 50 q12h
>2000 75 qi2h
Imipenem v 0-7 All 60 q8h
(cilastatin) >7 <2000 60 qg8h
>2000 80 qéh

Abbreviations: IV = intravenous; IM = intramuscular; PNA = postnatal age; q12h = every 12 hours; q8h = every 8 hours;

q6h = every 6 hours.

and mortality from the CNS infections. Affected
preterm neonates often have indwelling central
venous catheters, are receiving intravenous hyper-
alimentation and have extended hospital stays
which contribute to their increased risk of these
Gram-positive infections. Coagulase-negative sta-
phylococci such as Staphylococcus epidermidis are
commonly resistant to 8-lactam antibiotics and re-

quire treatment with vancomycin. Presumed neph-
rotoxicity and ototoxicity necessitates close thera-
peutic monitoring of vancomycin therapy.
Monitoring of serum drug concentrations are rec-
ommended and are outlined in section 3.2.

The optimal duration of therapy remains a dif-
ficult clinical decision. There is a lack of data to
support a specific duration of therapy and the pe-
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riods listed in table IT have been empirically de-
termined. In a recent historical review by Radetsky
(1990), duration of therapy varied widely for the
common causes of bacterial meningitis; parameters
such as defervescence, CSF sterilisation and clinical
improvement were cited as criteria for determing
the length of treatment. It is important to assess
the patient’s clinical status and response to treat-
ment before considering discontinuation of therapy.
However, we agree that treatment should be ad-
ministered for at least 7 days or longer for docu-
mented bacterial meningitis.

2.2 Viral Meningitis/Encephalitis

Viruses are also known to cause significant
numbers of CNS infections in neonates. For ex-
ample HSV infection affects 1500 to 2200 new-
borns per year in the US (Stone et al. 1989), often
in the form of CNS infections. While most neo-
natal viral infections are caused by HSV and en-

Table IV. Empirical dosing guidelines for aminoglycosides and
vancomycin in neonates (see text section 3.2 for general guide-
lines on serum concentration monitoring) [adapted from Paap
& Nahata 1990}

Amikacin Gentamicin Vancomycin

Kanamycin Tobramycin

{mg) Netiimicin

(mg)

< 7 days PNA (based on bodyweight in g)

M1V M/IV v
<800 10 g36h 3.5 q36h 20 q36h
800-1500 10 g24h 3.0 g24h 20 q24h
1500-2000 7.5 qi8h 2.5 q18h 20 q18h
>2000 75 qt2h 2.5q12h 15 g12h
>7 days PNA (based on PCA in weeks)

iM/IV iM/IV v
<27 7.5 q36h 3.0 g36h 20 q36h
27-30 7.5 q24h 2.5 q24h 20 q24h
30-34 7.5 q18h 25 q18h 20 q18h
34-38 7.5 q12h 2.5 q12h 15 q12h
> 38 7.5 g8h 2.5 q8h 15 q8h

Abbreviations: PNA = postnatal age; PCA = post-conception age;
iM = intramuscular; IV = intravenous; q36h = every 36 hours;
q24h = every 24 hours; q18h = every 18 hours; q12h = every
12 hours; q8h = every 8 hours.

terovirus, other pathogens such as cytomegalovirus
have been implicated.

Unlike the case with antibacterial agents, little
is known about the use of antiviral agents in neo-
natal CNS infections and treatment is largely sup-
portive in nature. Because HSV infections have
been the most extensively studied (for review see
Whitley 1991), it is known that there is a signifi-
cantly higher mortality rate associated with dis-
seminated disease than with localised infections
such as encephalitis (Whitley et al. 1991a). Vidar-
abine (adenine arabinoside) has been shown to re-
duce morbidity and mortality in neonates with HSV
infections, including CNS infection (Ch’ien et al.
1975, Whitley et al. 1980, 1983). It is obvious,
however, that the morbidity and mortality rates re-
main quite high even with this specific form of an-
tiviral therapy. In a recent report by Whitley et al.
(1991b) on 202 neonates with HSV infections in-
cluding 71 with encephalitis, intravenous aciclovir
(30 mg/kg/day) was found to be therapeutically
equivalent to vidarabine (30 mg/kg/day). The mor-
tality rate in neonates with encephalitis (14%) was
the same for both treatment groups.

As mentioned above, cytomegalovirus also ac-
counts for cases of neonatal infection. While no
proven drug'therapy has been established, a trial
of ganciclovir is currently underway.

3. Adjunctive Therapies

Despite the availability of rapidly effective anti-
microbial agents, morbidity and mortality from
neonatal CNS infections remain unacceptably high.
This has caused an increased interest and research
in other areas including immune modulation, blood
flow modulation and disease prevention.

3.1 Anti-Inflammatory Agents

Animal and human research has provided sig-
nificant insight into the contribution of Gram-
positive cell wall and Gram-negative endotoxin-
mediated inflammation. The inflammatory re-
sponse has been shown to contibute to the altera-
tions in cerebral blood flow, intracranial pressure
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and oedema, and pleocytosis (Mustafa et al. 1989).
Neurological sequelae of meningeal infection have
been linked to the occurrence of these changes and
has been an area of extensive research.

The inflammatory cascade has been targeted for
pharmacological treatment in an effort to reduce
the sequelae associated with acute meningeal in-
fection. Several important cytokines have been iso-
lated during acute infection and have been used as
markers of the degree of inflammation present.
Components such as the complement system, pros-
taglandins and interleukins have been the subjects
of intense investigation. Bacteriolysis with antibi-
otics has been shown to increase the inflammatory
response and may contribute to the morbidity and
mortality of the disease. Treatment strategies that
have been proposed to minimise the inflammatory
response include the use of antibodies and mod-
ulators of the inflammatory cascade such as cor-
ticosteroids and nonsteroidal anti-inflammatory
drugs (NSAIDs).

Intravenous immunoglobulin gamma (IVIG) has
been advocated for the treatment of neonatal sep-
sis based on the primary immunodeficiency of pre-
mature neonates. There are limited data evaluating
the efficacy of IVIG in neonatal meningitis. Pre-
liminary studies suggest that IVIG may be bene-
ficial in reducing the severity of disease in neonates
infected with Group B streptococci (Freidman et
al. 1990). In the published trials, it is difficult to
separate the patients with meningitis from those
with neonatal sepsis for analysis. The use of IVIG
in neonatal meningitis should be considered only
when a primary immunoglobulin deficiency has
been documented and the neonate is not respond-
ing to conventional antibiotic therapy. Further
studies with IVIG in neonatal meningitis need to
be completed before its exact role can be assessed.

Recent studies have suggested that there has
been a significant improvement in the neurological
outcome with the use of dexamethasone during the
treatment of bacterial meningitis (Girgis et al. 1989;
Lebel et al. 1988; McCracken & Lebel 1989; Odio
et al. 1991). However, these studies included a few
neonates (< 2 months of age) and it is difficult to
extrapolate the results to this population. Since

neonates have significantly less developed brain
structure and are infected by different pathogens
than older infants, the benefit of corticosteroids re-
mains unknown in neonates. However, corticoste-
roids are used in neonates for pulmonary disease
with relatively few adverse effects (Ng et al. 1989).
The results of ongoing trials of corticosteroids in
neonatal meningitis need to be evaluated before
routine use can be recommended.

While the role of immunomodulators such as
NSAIDs, pentoxifylline and monoclonal anti-
bodies appears to hold great promise in the future
treatment of infectious diseases, there are no data
evaluating their place in the treatment of human
neonatal meningitis. Treatment with monoclonal
antibodies against endotoxin may also find a role
in Gram-negative meningitis, as has been sug-
gested for patients with Gram-negative bacter-
aemia (Ziegler et al. 1991; see also Rozenberg-
Arska & Visser, this issue),

3.2 Cerebral Blood Flow Modulators

Altered cerebral blood flow has been implicated
as an important factor in the outcome of neonates
with meningitis. Several pharmacological agents
have been used to stabilise cerebral blood flow, de-
crease intra¢ranial pressure and reduce neurologi-
cal complications of neonatal meningitis. Diuretic
agents, such as mannitol and furosemide (frusem-
ide) have been used to reduce mean arterial pres-
sure, intracranial pressure and cerebral blood flow
(Cottrell et al. 1977). Other agents such as pheno-
barbital and thiopental sodium have also been used
to decrease cerebral metabolic demand, cerebral
blood flow and intracranial pressure. The validity
of these approaches have come under scrutiny re-
cently with the development of sophisticated tests
of regional cerebral blood flow, suggesting that the
manipulation of cerebral blood flow may induce
regions of cerebral ischaemia (Ashwal et al. 1990).

3.3 Maternal/Perinatal Antibiotics and
Vaccinations

The administration of antibiotics and vaccines
to the mother prior to delivery has been used to
decrease the neonate’s exposure to pathogens in the
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birth canal and to stimulate maternal antibody re-
sponse to common neonatal pathogens that can be
placentally transferred to the neonate. A current
focus of research is in the prevention of Group B
streptococcal disease via maternal vaccination.
Maternal immunisation with a polysaccharide vac-
cine of Group B streptococcus induced protective
levels of antibody in approximately 50% of the in-
fants born to mothers enrolled in one study (Baker
et al. 1988); the low response was partially attrib-
uted to the low immunogenicity of the polysac-
charide vaccine. A conjugate vaccine is currently
being studied for this purpose. Maternally admin-
istered IVIG may also have a prophylactic role in
the prevention of these serious infections (Baker &
Noya 1990). However, for prophylactic effect for
specific pathogens, a hyperimmune IVIG prepar-
ation may be required for optimal efficacy (Baker
et al. 1990).

4. Practical Aspects of Drug Treatment in
Neonatal Meningitis

The effectiveness of a selected drug therapy can
be optimised if the clinician has an understanding
of the technological and physiological factors that
affect the drug disposition in neonates. Assuring
that the neonate receives the prescribed treatment,
using, if available, a serum drug concentration
monitoring laboratory and understanding the on-
togeny of drug biodisposition are all important
when treating neonatal meningitis. Drug admin-
istration and serum drug concentration monitoring
are important technical aspects to treatment which
should be appreciated. However, a comprehensive
review of neonatal drug disposition is beyond the
scope of this review, although several have been
recently published (Besunder et al. 1988; Koren
1988; Stewart & Hampton 1987).

4.1 Drug Administration

Drug administration to.neonates has been an
area of controversy. Results from studies exam-
ining patient outcome after direct CSF administra-
tion of antibiotics for CNS infections have been

Table V. Effect of site of injection and IV flow rate on the time
to deliver 95% of an IV administered dose (adapted from Fould
& Roberts 1979)

IV flow rate Approximate time to deliver 95% of an
{ml/min) administered dose (min)
distance of injection site from patient
(mi)
0.15 8.15 12.15 17.75
3 <10 190 200 -
10 <10 90 80 -
25 <10 70 70 130
100 <5 15 30 70

a Distance in mi of volume in IV tubing.
Abbreviations: IV = intravenous.

conflicting. In an effort to increase the concentra-
tion of antibiotics in the CNS, a trial of intrathe-
cally administered gentamicin was compared with
systemic antibiotics (McCracken & Mize 1976); the
use of intrathecal gentamicin did not improve
morbidity or mortality associated with the CNS in-
fection. In another study, intraventricular genta-
micin increased mortality compared with conven-
tional systemic therapy for neonatal meningitis
(McCracken et al. 1980). Although Wright et al.
(1981) in a 'smaller subsequent study evaluating
intraventricular amikacin for neonatal meningitis
reported favourable results, intraventricular
administration of antibiotics is not considered
beneficial in the treatment of neonatal meningitis.

Research characterising intravenous (IV) drug
delivery has shown the complexity of IV drug
administration in neonates and infants. The IV de-
livery of drugs to paediatric patients requires an
appreciation for flow dynamics and IV drug deliv-
ery systems. Several important variables have been
identified which affect the time required to ad-
minister an IV drug. The IV flow rate and site of
injection have a major impact on the time to de-
liver 95% of a given dose (table V) [Gould & Rob-
erts 1979]. Clearly, the extended delivery time as-
sociated with distal drug administration sites and
low flow rates are unacceptable. Based on the find-
ings of this research, recommendations regarding
the administration of drugs to neonates have been
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established in many NICU and paediatric hospi-
tals. We recommend IV drug delivery as proximal
to the patient as possible by rapid bolus or via sy-
ringe pump to assure complete drug delivery to the
neonate. This is also an important factor to con-
sider when evaluating drug studies in neonates that
were completed before the problems of IV drug de-
livery were appreciated at low IV flow rates.

4.2 Drug Concentration Monitoring

Serum concentrations of antibiotics are moni-
tored during therapy to assure optimal outcome by
etther improving efficacy or preventing the toxicity
associated with drugs. This topic has been re-
viewed in detail by Paap and Nahata (1990), but
merits some discussion in relation to neonatal
meningitis.

Before routine serum concentration monitoring
can be justified, it is imperative to define the re-
lationship between serum concentrations of a drug
and its efficacy and/or adverse effect(s). This has
been accomplished for a number of commonly used
antimicrobial agents. The aminoglycosides are per-
haps the most frequently monitored drugs in in-
fected patients. The basis for monitoring their
serum concentrations stems from data in adult
patients suggesting that the therapeutic efficacy and
toxicity correlate well with the serum concentra-
tions (Moore et al. 1984); these drugs also have a
narrow therapeutic index and there is large inter-
patient variability in pharmacokinetics. It is un-
clear whether such conclusions can be extrapolated
to infants for several reasons: (a) the therapeutic
range has not been clearly defined in neonates; (b)
although it can be readily understood that the max-
imum concentration (Cpax) must exceed the MIC
against the infecting organism, it is not known by
how much; (c) when the recommended dosage reg-
imens are used, adequate serum concentrations are
usually achieved; and (d) the incidence of neph-
rotoxicity and ototoxicity is extremely low in neo-
nates (Adelman et al. 1989; Buchanan et al. 1985;
Kalenga et al. 1984; McCracken 1986). Moreover,
neonates often receive aminoglycosides for empir-
ical treatment lasting only 2 to 3 days. Thus, rou-

tine monitoring of their serum concentrations is
not justified in these patients. It is our practice to
monitor the peak and trough serum concentrations
of aminoglycosides in very premature and/or very
seriously ill neonates, neonates receiving > 3 days
of therapy, and patients with underlying renal dys-
function or fluctuating fluid status. Serum concen-
trations and renal function should be carefully fol-
lowed in patients receiving other potentially
nephrotoxic agents concomitantly with aminogly-
cosides.

Vancomycin has become the drug of choice for
presumed or proven infections caused by methi-
cillin-resistant staphylococci. Much of the discus-
sion regarding aminoglycosides is also applicable
to vancomycin. Again, it is difficult to justify rou-
tine monitoring of vancomycin concentrations, es-
pecially in neonates. Even in adults, the logic for
routine monitoring of vancomycin serum concen-
trations has been questioned (Edwards & Pancorbo
1987; Rodvold et al. 1987). Since many neonates
receive an aminoglycoside concomitantly with
vancomycin for coverage of both Gram-negative
and Gram-positive pathogens, additive nephrotox-
icity should be considered. Although controversial,
some investigators suggest that this is not a major
problem unless the neonates are receiving ampho-
tericin B or have other factors adversely affecting
renal function (Nahata 1987a).

The frequency of chioramphenicol use in neo-
nates has decreased due to both the availability of
safer alternatives and the fear of potential toxicity.
However, if this drug is used, Cyax should be mon-
itored 2 hours after an IV dose to ensure thera-
peutic, nontoxic concentrations. This is particu-
larly important due to the variable hydrolysis of
chloramphenicol succinate to active chloramphen-
icol in neonates (Nahata 1987b).

Accurate analytical methods and a well coor-
dinated, interprofessional effort are needed to make
a serum concentration monitoring programme suc-
cessful. Analytical methods such as fluorescence
polarisation immunoassays, enzyme immunoassay
(EMIT) and high performance liquid chromato-
graphy (HPLC) methods are obviously preferred
over bioassays. Physicians, pharmacists, nurses,
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phlebotomists and laboratory personnel should
work collaboratively such that interpretable data
are generated and guidelines for monitoring are
closely followed.

5. Conclusions

Although data regarding the pharmacological
treatment of neonatal meningitis are limited, it is
clear that antimicrobial therapy alone is associated
with a marked, albeit reduced, rate of morbidity
and mortality compared to no antimicrobial
therapy. Currently marketed antibiotics are re-
markable for their ready penctration into the CNS
and rapid bactericidal action. However, it is ob-
vious that these strengths will not ensure the higher
cure rates and decreased sequelae desired. Hope-
fully, current advances in immune modulation,
cerebral blood flow modulation and, most import-
antly, prevention, will allow us to achieve these
ends.
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