REVIEW

Pharmacokinetics and pharmacodynamics of
antibiotics in central nervous system infections
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Purpose of review

The barriers surrounding the central nervous system (CNS) together with the emergence of multiresistant
pathogens pose a therapeutic challenge for the effective treatment of CNS infections.

Recent findings

In addition to vancomycin, colistin and aminoglycosides, classically used for intrathecal injection, drug
concentrations in cerebrospinal fluid after intrathecal injection of daptomycin and tigecyclin were recently

studied.

Summary

The entry of antiinfectives into the CNS compartments is determined by the physicochemical properties of
the drug and by conditions in the host. The most important drug properties are lipophilicity at a neutral pH,
molecular mass and drug binding to serum proteins. In clinical practice, active transport is of importance
only for some drugs. In recent years, intrathecal injection of antiinfectives in addition to systemic therapy
has regained attention as a means to achieve high cerebrospinal fluid concentrations. The classification of
antibacterials and antifungals into time-dependent and concentration-dependent compounds is also valid for

the CNS compartments.
Keywords

blood—brain barrier, blood-cerebrospinal fluid barrier, cerebrospinal fluid, concentration-dependent antibiot-

ics, time-dependent antibiotics

INTRODUCTION

Pharmacokinetics relates to what the body does to
the drug [1], whereas pharmacodynamics to what
the drug does to the body - and in infectious dis-
eases, what the drug does to the microorganisms in
the infected compartment(s). Pharmacologically,
the central nervous system (CNS) is divided into
several compartments. These compartments are pro-
tected by a system of barriers. The barriers protect
the CNS from the invasion of pathogens [2"], mak-
ing infections of the CNS comparatively rare events
and thereby enabling the CNS to maintain condi-
tions relatively independent of the composition of
the blood. Conversely, once infectious organisms
have entered the CNS, these barriers impede the
entry of many drugs into the CNS, i.e. the treatment
of CNS infections often poses great challenge. This
is particularly the case in infections caused
by penicillin-resistant pneumococci, methicillin-
resistant staphylococci, Nocardia spp., Acinetobacter
spp- and other multiresistant gram-negative
aerobic bacilli and several fungi (e.g. Aspergillus
spp., Scedosporium apiospermum) which primarily

0951-7375 Copyright © 2017 Wolters Kluwer Health, Inc. All rights reserved.
Copyright © 2017 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

affect the CNS in immunocompromised patients
or after surgery [3*%]. This review aims to increase
awareness of the uniqueness of the pharmacokinet-
ics and pharmacodynamics of antiinfectives in the
CNS compartments.

METHODS

We screened all publications in PubMed from
January 2015 to August 2017 identified by the fol-
lowing search terms:

(1) Pharmacokinetics — cerebrospinal or meningitis
or brain abscess or cerebritis
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Central nervous system infections

KEY POINTS

e Moderate lipophicity, low molecular mass and low
binding to plasma proteins continue to be the
determinants of drug entry into the central nervous
compartments.

e Due fo the increasing incidence of CNS infections by
highly resistant pathogens, in particular Acinetobacter
spp., intrathecal in addition to intravenous therapy has
regained attention in recent years.

e Daptomycin and tigecyclin have emerged as new
compounds for intrathecal therapy with few side effects.

(2) Pharmacodynamics — meningitis or encephali-
tis or brain abscess or cerebritis.

Studies published before 2010 are summarized
by [3%,4™"]. Details on individual compounds can be
found in the Supplemental tables to [3"%]. The entry
of antiretroviral agents into the CNS and their com-
plex pharmacodynamics have recently been
reviewed [5™]. If not otherwise indicated, data are
given as means + SDs.

ANATOMICAL AND PHYSIOLOGICAL
CONSIDERATIONS IN ANTIBIOTIC
TREATMENT OF CENTRAL NERVOUS
SYSTEM INFECTIONS

The main intracranial compartments are the cere-
brospinal fluid (CSF) space and the extracellular and
intracellular space of the brain and spinal cord
(Fig. 1). Healthy adults produce approximately
500-ml CSF daily, with CSF production showing a
circadian variation with a minimum at approxi-
mately 6 p.m. and nightly peak production. About
two-thirds of CSF is produced by the choroid plexus
in the ventricles, the other third stems from the
interstitial space of the nervous tissue. The concept
of ‘sink action’ of the CSF suggests a function similar
to the lymphatic system in other tissues: the extra-
cellular fluid (ECF) of the nervous tissue drains via
the CSF space into the venous blood by means of the
arachnoid granulations and along cranial and spinal
nerve roots. The arachnoid granulations are protru-
sions of the arachnoidea through the dura mater
into the venous sinuses and act as one-way valves for
the entry of CSF into the venous blood without
filtration; large molecules, bacteria, erythrocytes
or leukocytes can pass them [7*"]. The ECF of the
brain does not only drain into the CSF, but also via
capillary basement membranes by the pericapillary
and periarterial route into the lymphatic system of
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the neck, and therefore is partly separated from the
CSF [87].

The morphological correlate of the blood—brain
barrier are the cells of the cerebrovascular endothe-
lium linked by tight junctions. Between dura mater
and arachnoidea, several flat cell layers are linked by
tight junctions and tight gap junctions and covered
by an incomplete basement membrane. In some
brain regions [median eminence of the hypothala-
mus, area postrema at the floor of the fourth ventri-
cle and subfornical organ at the roof of the third
ventricle (approximately 1/5000 of the capillary
surface) [7*"]], the capillary endothelia do not pos-
sess tight junctions. Via these regions, large hydro-
philic molecules, which cannot penetrate tight
junctions and cell membranes, enter the interstitial
space of the brain and the CSF. The morphological
correlate of the blood-CSF barrier is the cylindric
epithelium of the choroid plexus linked by tight
junctions [7"%,9]. No tight barrier exists between the
CSF and the interstitial fluid of the brain, i.e. mol-
ecules with a molecular mass of several kDa can
enter the brain from the CSF space by diffusion,
albeit against the direction of the flow of interstitial
fluid [7"%,9].

DRUG CONCENTRATIONS IN THE
CENTRAL NERVOUS SYSTEM
COMPARTMENTS AFTER SYSTEMIC
ADMINISTRATION

Generally, in the presence of meningeal inflamma-
tion, the CSF concentrations of drugs administered
systemically are higher than with uninflamed
meninges. This phenomenon is most pronounced
with large hydrophilic molecules and is caused by
two joint mechanisms: first, increased permeability
of the blood-CSF and blood-brain barrier and,
second, decreased CSF flow as a consequence of
an increased CSF outflow resistance due to obstruc-
tion of the arachnoid granulations and cranial and
spinal nerve sheaths. In young adults, the CSF is
renewed four to five times every 24 h. With increas-
ing age, as a consequence of brain atrophy the CSF
space increases and the CSF production rate moder-
ately declines, reducing the CSF turnover to three
times a day at the age of 77 years [10]. In conjunc-
tion with the age-related decline of renal function,
the reduced CSF turnover rate tends to increase CSF
drug concentrations in old age.

Due to the complexity of the mechanisms
involved, CSF concentrations in individual patients
with CNS infections are barely predictable. For this
reason, drug concentrations and areas under
the concentration-time curves (AUC) in serum
(AUCserum) and CSF (AUCcsr) as well as AUC ratios
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Antibiotics in central nervous system infections Nau et al.

CSF space 140ml

- ventricles 20ml

- subarachnoid
spaces 90ml|

- spinal canal 30ml|

Central nervous
tissue 1250ml
-intracellular space 85%
-extracellular space 15%

SPACES

gradient

External ventricular drain:
flow depending on intra-extracranial pressure

CSF drainage to the blood
- convexities: arachnoid villi
- cranial and spinal nerve roots
Drainage of brain ECF via
capillary basement membra-

h nes into the lymphatic system

Frequent sites of flow
obstruction
s n = * - aqueduct
==® - convexities
.s® - basal cisterns
CSF production rate
20ml/h
- choroid plexuses 70%
- nervous tissue 30%

Lumbar drainage: flow
depending on intra-
extralumbar pressure
gradient

FLUXES

FIGURE 1. The intracranial fluid compartments illustrated on a normal cranial computer tomogram. The different spaces and
their average volumes are listed on the left side. The volumes of these spaces vary greatly. They depend on age, skull volume,
genetic factors and underlying diseases. Tight diffusional barriers with active inward and outward transport systems separate
blood and brain tissue (blood—-brain barrier) and blood and cerebrospinal fluid (blood—cerebrospinal fluid barrier). The
cerebrospinal fluid and the extracellular fluid of the brain are not separated by a tight barrier. The arachnoid granulations
allow the passage of bacteria and red and white blood cells from cerebrospinal fluid to blood. The cerebrospinal fluid space
and the interstitial space of the nervous tissue are no homogeneous compartments: the concentrations of a drug in ventricular
and lumbar cerebrospinal fluid can strongly differ. The sites of cerebrospinal fluid production and drainage are listed on the
right side. Cerebrospinal fluid flow has a circadian rhythm and depends on underlying diseases, blood and intracranial
pressure and drugs influencing the activity of the choroid plexus or the permeability of the blood-brain barrier. In addition to
physiological drainage sites, external ventricular and lumbar catheters are also symbolized: in many pharmacokinetic studies,
cerebrospinal fluid was drawn from in-dwelling catheters. Regions where the cerebrospinal fluid flow is often interrupted in
diseases are also depicted. Blockade of the cerebrospinal fluid flow can separate the cerebrospinal fluid space in different
compartments. The average volumes and fluxes were taken from Davon ef al. (1987). The host-dependent determinants of
cerebrospinal fluid kinetics of an antiinfective make it very difficult to predict the course of the concentration—time curves in the
cerebrospinal fluid of individual patients. The cranial computer tomogram was kindly provided by Dr Johannes Gossner,
Department of Radiology, Evangelisches Krankenhaus Géttingen-Weende, Germany. Modified from [6].

(AUCcsp/AUCserym) measured in patients in the
absence of meningeal inflammation, are of great
importance (Table 1). They represent the minimum
concentrations which can be encountered in CNS
infections, particularly at the beginning or during
resolution of inflammation.

Beta-lactam antibiotics

Based on the measurement of plasma and CSF levels
in an adult, intravenous (i.v.) administration of
2g of flucloxacillin every 4h (daily dose 12g)
resulted in a maximum CSF concentration of
0.3 mg/l [11], which is close to the minimal
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inhibitory concentration (MICsp) of methicillin-sus-
ceptible Staphylococcus aureus.

In five patients with external ventriculostomy,
after i.v. administration of 600-mg ceftaroline
every 12h (one patient received 300 mg twice daily
because of impaired renal function), maximum CSF
concentrations of 0.07 +0.05mg/l were observed.
The trough concentrations of 0.04+0.06mg/l
were unable to inhibit the growth of methicillin-
susceptible and methicillin-resistant staphylococci,
but killed a Streptococcus pneumoniae strain in vitro.
The mean ceftaroline CSF penetration in the absence
of CNS infections, assessed as AUCcsp/AUCserum after
at least two doses, was 0.011+0.010 [12], which is
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Central nervous system infections

close to the AUCcsp/AUCgerum Observed with other
beta-lactam antibiotics [3""].

Fluoquinolones

After intravenous moxifloxacin in a patient with
CSF shunt infection, the ratio of the AUCcsr to
the AUCgerum Was 0.7, indicating excellent CSF pen-
etration [13"]. This is in accordance with older
studies on ciprofloxacin, (lev)ofloxacin and moxi-
floxacin in the absence or presence of meningeal
inflammation [3""]. Fluoquinolones remain the
group of antibacterials with the highest percentage
of CSF penetration; however, their antibacterial
activity is not ideal for the treatment of commu-
nity-acquired CNS infections, and their neuro-
toxicity limits dosage increases for moderately
susceptible pathogens.

concomitant intrathecal therapy

(Aspergillus spp.). Consider
with amphotericin B

Standard therapy for CNS
mycoses amphotericin B,
flucytosine, fluconazole,
(Cryptococcus neoformans,
Candida albicans; voriconazole

Comment

| experience for

CNS infections
voriconazole, amphotericin

Compounds with broad
B

Fluconazole, flucytosine,

Vancomycin

In postoperative neurosurgical patients after i.v.
vancomycin administration, the CSF albumin level
as an indicator of an impairment of the blood-CSF
barrier strongly determined CSF vancomycin con-
centrations [14]. Patients with external ventriculos-
tomy had significantly lower trough concentrations
of vancomycin (5.8 + 3.3 mg/l) than patients in the
nondrainage group (9.9 £5.4mg/l, P=0.017). High
doses of vancomycin were required to achieve opti-
mum serum and CSF vancomycin concentrations in
patients with ventricular drainage [15%].

of CSF
to the MICs with usual doses
liposomal amphoteric-cin B, CSF

voriconazole readily enter the
levels are low

CSF in the absence and
presence of meningeal
inflammation and reach

therapeutic levels
With both conventional and

Fluconazole, flucytosine and

inflammation
0.75
0.8
low

Strong meningeal
AUCcs¢/AUCscym

Daptomycin

In six neurosurgical patients with in-dwelling exter-
nal CSF shunts who had suspected or documented
meningitis or ventriculitis, the entry of daptomycin
into the CSF was studied after a single intravenous
dose of 10mg/kg. The maximum concentra-
tions were 93.7 £17.3mg/l in serum at 0.5 h after
infusion and 0.46 £0.51mg/l in CSF at 6h after
infusion. AUCcsp/AUCseram  Was  approximately
0.008 £0.007 [16]. In experimental rabbits with
S. pneumoniae meningitis, the CSF/serum concentra-
tion ratio of daptomycin was higher (approximately
0.10 [177)).

Uninflamed or mildly
inflamed meninges
Not available

AUCcse/AUCsc um

t killing

d

Antituberculosis drugs

The entry of once-daily oral dosages of isoniazid
(5 mg/kg), pyrazinamide (25 mg/kg) and rifampicin
(10mg/kg) into the CSF was studied in 100 Viet-
namese patients below 15 years of age suffering from
tuberculous meningitis. Whereas concentrations of
isoniazid and pyrazinamide in CSF were comparable

d
{0

B - bacteriostatic

Table 1 (Continved)

AUCcse/AUCserum: Estimates of CSF penetration of the antibiotic class or individual compound based on available data (either AUCcse/AUCsqrum or CSF/serum concentration ratios in steady state; single CSF/serum
concentration ratios were not considered). AUC, area under curve, CNS, central nervous system; CSF, cerebrospinal fluid; IC, inhibitory concentration; MIC, minimal inhibitory concentration. Modified from Supplemental

Tables 1.1-4, and 2 of Ref. [3™®] and Tables of Ref. [4™™] and few recent data cited in the text.

“Extracellular fluid of the brain: microdialysis data from a patient with glioblastoma.

Antibiotic class and mode of action
T - time-dependent killing

Antifungal drugs

Flucytosine

Azoles
Amphotericin B

C -
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Antibiotics in central nervous system infections Nau ef al.

with those in plasma, rifampicin concentrations
in CSF were lower than the minimum inhibitory
concentration of susceptible bacteria in all except
two children. Children displayed lower plasma
levels of rifampicin than adults at a dosage of
10 mg/kg. Therefore, dosages of 15-20mg/kg were
recommended for children to achieve a CSF concen-
tration above the MIC for rifampicin-susceptible
Mycobacterium tuberculosis strains [18"]. CSF rifampi-
cin concentrations correlated with plasma levels
[19]. Based on a population pharmacokinetic/
pharmacodynamic model, a daily rifampicin
dosage of 30 mg/kg orally or 15 mg/kg intravenously
was suggested for children [20]. In a study on 60
Indonesian patients with tuberculous meningitis,
surviving patients had higher rifampicin plasma
AUCq_gn, plasma and CSF Cp .. A rifampicin plasma
AUCO—Gh of ~70 mg h/1 (AUCO_24h of ~116 mgh/l)
and a Cp,,x of ~22mg/l were suggested as minimum
target values, thus advocating higher rifampicin
doses than 450mg, the oral standard dose of this
study [21].

Rifampicin and moxifloxacin are substrates of
P-glycoprotein; other relevant antituberculosis
drug-exporter interactions have not been reported
(available data summarized by [22%]). As it remains
difficult (with the exceptions isoniazid and pyrazi-
namide) to attain effective concentrations of
antituberculosis drugs in the central nervous com-
partments, efflux pump inhibitors (e.g. verapamil)
have been used in animal experiments to increase
drug concentrations in the CNS. Another approach
is the addition of an inhibitor of the efflux pump of
bacteria to partially restore drug susceptibility of
resistant bacterial strains in vitro and in vivo. This
appears to be an option in the management of
infections by multiresistant mycobacteria [23]. At
present, none of these approaches are ready for use
in clinical practice [22"%,23].

The CSF concentrations of bedaquiline, a selec-
tive inhibitor of the mycobacterial ATP synthase
complex used for the treatment of multidrug-
resistant tuberculosis, were undetectable despite
therapeutic levels in serum during oral therapy at
standard doses. This indicates that bedaquiline is
among the second-line antituberculosis drugs with
poor CSF penetration [24].

Antiviral agents

Azidothymidine is actively transported out of the
CNS. The conjugation of azidothymidine to urso-
deoxycholic acid produced a prodrug able to
elude these efflux transport systems. After nasal
administration, chitosan chloride-based micro-
particles increased the uptake of azidothymidine-
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ursodeoxycholic acid into the CSF of rats [25]. In
HIV-infected patients treated with darunavir at a
dosage of 600 or 800 mg/day, the median (range)
of darunavir CSF concentrations was 17.08 (5.79-
30.19) and 13.23 (3.47-32.98) ng/l, respectively.
The median (range) of the darunavir CSF:plasma
ratios was 0.010 (0.005-0.022) in patients receiving
darunavir 600 mg/day and 0.008 (0.004-0.017) in
those receiving 800 mg/day [26]. With efavirenz at
dosages of 400 or 600 mg daily, CSF concentrations
were 16.5 (13-21) and 19.5 (15-25) pg/l, respec-
tively (geometric mean with 90% confidence inter-
vals), levels considered adequate to inhibit HIV
replication [27]. In 174 highly active antiretroviral
therapy-treated HIV-infected adults, CSF concentra-
tions of antiretroviral drugs were measured by
mass spectrometry, and inhibitory quotients (CSF
concentrations divided by in-vitro 50 and 95%
inhibitory concentrations) were compared among
different drugs and related to CSF HIV RNA levels.
Twice-daily darunavir, once-daily darunavir and efa-
virenz had the highest CSF 95% inhibitory quotients
(18.5, 8.2 and 6.4). Optimum treatment (CSF 95%
inhibitory quotient >1) protected from retroviral
replication in the CNS as assessed by CSF viral load
[28"]. Whether high CNS penetration of antiretro-
virals protects against or promotes cognitive decline
(possibly as side effects of antiretroviral drugs), is
unclear. In a large study in antiretroviral therapy-
naive individuals, initiation of a combined antire-
troviral therapy regimen with a high CNS penetra-
tion effectiveness score increased the risk of
dementia, but not of opportunistic infections of
the nervous system [29].

A patient suffering from a glioblastoma with an
intracerebral microdialysis catheter received valgan-
ciclovir, the L-valinyl ester of ganciclovir, orally.
Ganciclovir concentrations in serum and the brain
ECFreached Cpyax valuesof 5.0and 2.6 mg/lat3 h, ./,
values were 3.2 and 4.5 h, and plasma and brain ECF
AUC,_,, values achieved 23.1 and 19.4mgh/l, cor-
responding to an AUCgcg/AUCserym 0 0.84 [30]. In a
BT4C rat glioma model, concentrations of ganciclo-
vir were analyzed by in-vivo microdialysis after a
single intraperitoneal dose of 25 mg/kg ganciclovir.
The AUCy_sy, of unbound ganciclovir in blood, brain
ECF and tumor ECF reached values of 26.2, 7.0 and
20.6 mgh/l, meaning that ganciclovir reached much
higher concentrations in the ECF around the tumor
than in the ECF of normal brain tissue. Gancilcovir is
known to be poorly taken up by cells [31].

Antifungals

Flucytosine and azoles penetrate well into the CNS,
whereas amphotericin B penetration into the CNS is
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poor [3%%,32]. In children and adolescents with acute
myeloic leukemia who received prophylactic vori-
conazole, the median CSF/plasma concentration
ratio was 0.57 (range: 0.35-1.04), suggesting good
CSF penetration [33]. In cryptococcal meningitis,
amphotericin B and 5-flucytosine (and fluconazole)
therapy led to the most rapid fungal clearance and
lowest mortality. S-flucytosine is not available in
many countries. Amphotericin B and fluconazole
appears to reduce mortality compared with ampho-
tericin B monotherapy [34].

Afteri.v. infusion of the echinocandin caspofun-
gin (molecular mass 1093.3 g/mol) in 10 pediatric
hematological/oncological patients without and
three with signs of CNS infection, 11 of 13 CSF levels
were below the limit of detection at 0.084mg/l.
Two of three measurable concentrations (0.3 and
0.09mg/l) were observed in patients with bacterial
meningitis. This poor CNS penetration argues against
the use of caspofungin for fungal CNS infections [35].

Miscellaneous

In a patient suffering from granulomatous amebic
encephalitis, the CSF miltefosine concentration
upon hospital admission on day 12 was 0.4 mg/l,
and the serum concentration on day 37 was
15.3 mg/1 suggesting some blood-brain barrier pen-
etration of miltefosine [36].

DRUG CONCENTRATIONS IN THE
CENTRAL NERVOUS COMPARTMENTS
AFTER INTRATHECAL OR COMBINED
INTRATHECAL/INTRAVENOUS
ADMINISTRATION

The effectiveness of intraventricular administration
of antibiotics has been documented by case reports
but not by randomized studies. As only case reports
of successful intrathecal treatment are likely to be
reported, there probably is substantial publications
bias. A randomized study comparing systemic and
intraventricular therapy of gentamicin (2.5 mg once
daily in infants) with systemic therapy alone in
gram-negative neonatal meningitis resulted in a
higher mortality in infants after intraventricular
gentamicin (42.9 versus 12.5%) [37]. Therefore,
intrathecal treatment should only be used as a last
resort when i.v. treatment fails or is very likely to fail
based on in-vitro susceptibility testing [3""]. Sug-
gested doses and frequent side effects of intrathecal
antiinfectives are listed in Table 2.

Vancomycin

After intraventricular vancomycin administration,
CSF concentrations in 13 patients depended on CSF
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output and the interval between dosing and sample
withdrawal, not on CSF protein, CSF leukocyte
count or glucose concentration [39™]. Combined
vancomycin treatment (1 g intravenously over 2h
twice daily, simultaneous intraventricular injec-
tion of 10 mg) resulted in a 1 h serum vancomycin
concentration of 46.38+33.39mg/l and trough
serum concentration at 48h of 8.10+7.11mg/l;
the CSF vancomycin peak concentrations at 0.25h
were 382.17+£421.00mg/l, and the 48-h trough
concentrations were 30.82 +29.53 mg/l1. These con-
centrations highly exceeding the MICs of suscepti-
ble bacteria were achieved without apparent side
effects [48].

Daptomycin

Case reports have shown the potential of intraven-
tricular daptomycin (5-10mg every 24-48h) to
strongly increase CSF concentrations [42,43],
thereby reliably achieving bactericidal concentra-
tions in patients.

Tigecycline

Tigecycline, a lipophilic compound with a molecu-
lar mass of 585.65 g/mol, is an important reserve
antibiotic active against gram-positive and gram-
negative bacteria including multiresistant organ-
isms. Varying dosages (49-mg intravenously and
1-mg intraventricularly every 12h, 45-mg intrave-
nously and S-mg intraventricularly every 12h
and 40-mg intravenously and 10-mg intraven-
tricularly every 12 h) were well tolerated and effec-
tive [45"]. After a dose of 1-mg intraventricularly
every 12h, CSF peak/trough concentrations were
approximately 30/0.3 mg/l, and after 10-mg intra-
ventricularly every 12 h, approximately 250/1.6 mg
[45%]. The elimination half-life of tigecyclin in
CSF estimated from these data was 0.54h (0.31-
0.84h) [median (range)]. Conversely, the elimina-
tion half-life of vancomycin after intraventricular
injection ranged from 3.0-20.5h (median=35.2h)
[3*%]. The relative short half-life of tigecyclin
compared with vancomycin after intraventricular
injection is probably due to the ability of tigecycline
to cross the lipid layers of the blood-brain and
blood-CSF barrier, whereas the large hydrophilic
vancomycin primarily is eliminated by CSF bulk
tlow.

In a patient with meningitis caused by a pan-
drug-resistant Acinetobacter baumannii strain, tigecy-
cline (100 mg twice daily), meropenem (2g thrice
daily) and vancomycin (1g twice daily) were
given intravenously. As CSF cultures stayed posi-
tive for Acinetobacter, intraventricular therapy with
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Table 2. Intraventricular application of antibiotics to reach effective concentrations within the central nervous system

Antibiotic Dose in adults Severe reported side effects References
Gentamicin 5 (4-10) mg every 24h (Temporary) hearing loss, epileptic [38]
seizures, aseptic meningitis,
eosinophilic CSF pleocytosis
Tobramycin 5 (—10)mg every 24 h Similar as gentamicin [387]
Amikacin 30 (5-50) mg every 24 h (Temporary) hearing loss [38]
Streptomycin Up to 1 mg/kg every (24-)48h (Temporary) hearing loss, epileptic [3™1]
seizures, radiculitis, transverse myelitis,
arachnoiditis, paraplegia
Vancomycin 10-20mg every 24h (Temporary) hearing loss [3"%,39""]
Colistin (polymyxin E) base 2500001U every 12-24h Meningeal inflammation, with high doses [3"",40,41"
(300001U =1 mg) 1250001U (20000-250000 IU) epileptic seizures, loss of appetite,
every 24h agitation, eosinophilia, edeme, pain,
albuminuria
Daptomycin 5-10mg every 24-72h Fever [42,43]
Meropenem 10mg every 12h None reported; beta-lactam antibiotics at [44]
high concentrations can cause
epileptic seizures
Tigecycline I mg every 12h and 49 mg i.v., No severe side effects reported (457
5mg every 12h and 45mg i.v.
10mg every 12h and 40mg i.v.
2mg every 24h, 2mg every 12h, [46™
4mg every 24h
3mg every 24h, 4mg every 12h 479
Amphotericin B 0.1-0.5mg every 24h Tinnitus, fever, shivering + fever, [3™1

Parkinson syndrome

CSF, cerebrospinal fluid; i.v., intravenous.

tigecycline was started (2mg/day). i.v. treatment
with tigecycline was continued, but meropenem
and vancomycin were stopped. After 10 days with
the new treatment concept, bacterial titers in CSF
increased again. Then, intraventricular administra-
tion of tigecycline was increased to 2 mg twice daily
and colistin (600001U twice daily for 2 days, then
escalated to 1200001IU twice daily intraventricu-
larly), also adding meropenem (2g thrice daily,
intravenously). Meningitis was finally cleared
by intraventricular administration of tigecycline
(4 mg/day) and concomitant therapy with i.v. tige-
cyline, i.v. meropenem and dexamethasone [46"]. In
another patient with an intracranial infection
caused by A. baumannii, tigecycline was given intra-
ventricularly (3 mg/day) together with tigecycline
i.v. (100 mg twice daily) and cefoperazone-sulbac-
tam (3 g twice daily). When CSF cultures remained
positive for A. baumannii after 6 days of treatment,
the dose of intraventricular tigecycline was
increased to 4mg twice daily, resulting in negative
CSF cultures within 3 days [47"]. Therefore, high-
dose intraventricular tigecycline may be an option
for treating bacterial meningitis caused by drug-
resistant bacteria [45"-47",49].
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Aminoglycosides

A systematic review covering the years 1946-2015
reported intrathecal doses ranging from 4 to 10-mg
gentamicin daily, 5-10-mg tobramycin daily and
5-50-mg amikacin daily to be effective and well
tolerated [38"]. However, the optimum dosages still
remain unclear.

PHARMACODYNAMICS OF ANTI-
INFECTIVES IN THE CENTRAL NERVOUS
SYSTEM

As repeated CSF punctures in most cases of human
CNS infections are not indicated, pharmacodynam-
ics studies in general are performed in experimental
animals. This review includes data on pharmacody-
namics of antiinfective drugs in the CNS when CSF
or tissue concentrations were reported. The phar-
macodynamic principles of antibacterials in CSF
were elucidated in the last century [50]. The activity
of many antiinfectives depends on the speed of
replication of the infecting agent. In CSF or brain
tissue, replication of the pathogen is often slower
than in blood. The pH of the CSF in meningitis
is often lower than in other body sites. Generally,
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B-lactam agents, fosfomycin, linezolid and vanco-
mycin are time-dependent, whereas the quinolones
and aminoglycosides are concentration-dependent
antibiotics [50,51]. The pharmacokinetic properties
of hydrophilic drugs in the CSF space (delayed drug
entry and elimination), however, blur the differ-
ences between time-dependent and concentra-
tion-dependent compounds [3"%,50]. Once-daily
doses of aminoglycosides were as effective as multi-
ple-daily dosage regimens in experimental menin-
gitis models, probably because of drug-induced
prolonged effects. Fluoroquinolones produced less
prolonged effects in meningitis than in other infec-
tions, and in meningitis, they were slightly less
effective when administered once daily. In contrast
to infections at other sites, quinolone concentra-
tions needed to continuously exceed the minimum
bactericidal concentration for maximal effective-
ness, i.e. in CNS infections, fluoquinolones showed
some features of time-dependent antibiotics [50,52].
Animal studies suggest that to reduce meningeal
inflammation and neuronal injury caused by bacte-
rial products it may be advantageous to administer
bactericidal, nonbacteriolytic antibiotics instead of
B-lactam antibiotics (data summarized in [53]).

In a lapine model of penicillin-resistant and
cephalosporin-resistant pneumococcal meningitis,
the concomitant administration of dexamethasone
reduced daptomycin CSF concentrations. Low-dose
(15mg/kg/day) daptomycin was less bactericidal
when dexamethasone was given concomitantly.
At a high daptomycin dose (25mg/kg/day), the
coadministration of dexamethasone did not reduce
the bactericidal efficacy [177].

A single i.v. dose of 20 mg/kg liposomal ampho-
tericin B in mice infected with Cryptococcus neofor-
mans led to a profound antifungal effect and
prevented fungal regrowth for at least 6 days. The
terminal elimination half-life of liposomal ampho-
tericin B in plasma and cerebrum was approximately
133 h [54]; due to the long t;,,, it is difficult to assess
whether amphotericin B acted as a dose-dependent or
concentration-dependent antiinfective. In an obser-
vational study, intrathecal amphotericin B lipid
emulsion (2.5 mg) administered once daily for 7 days
in addition to systemic amphotericin B and flucona-
zole resulted in a reduction of mortality from 66 to
44% compared with treatment with systemic ampho-
tericin B and fluconazole alone. Drug concentrations
were not reported in this study [557].

The maximum kill rate of cryptococci in the
murine brain with liposomal amphotericin B alone
was 0.15+0.05Alog CFU/g brain tissue/h and with
fluocytosine alone 0.08 +£0.03Alog CFU/g/h, i.e.
killing of cryptococci was approximately one order
of magnitude slower than maximum Kkilling of
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bacteria by antibiotics. Cotreatment with liposomal
amphotericin B and flucytosine had an additive
fungicidal effect [56].

CONCLUSION

Entry of antiinfectives into the CNS compartments
is determined by the physicochemical properties of
the drug or the host, or both. The most important
drug properties are lipophilicity at a neutral pH,
molecular mass and drug binding to serum proteins
[6,52]. For many drugs, in clinical practice active
transport is of minor importance. In recent years,
intrathecal injection of antiinfectives in addition to
systemic therapy has regained attention as a means
to achieve high CSF concentrations for drugs that
only poorly cross the blood—CSF barrier. The classi-
fication of antibacterials and antifungals into time-
dependent and concentration-dependent com-
pounds is also valid for the CNS compartments
[50,52]. As concentration-versus-time curves in
the CNS compartments lag compared with blood,
for many drugs, the differences between peak and
trough concentrations in the CNS are smaller than
in the blood [3""]. Animal studies suggest that bac-
tericidal nonbacteriolytic antibiotics should be
administered to reduce neuronal injury [53].
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