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ABSTRACT Effective concentrations of antibiotics in brain tissue are essential for
antimicrobial therapy of brain infections. However, data concerning cerebral penetra-
tion properties of antibiotics for treatment or prophylaxis of central nervous system
infections are rare. Six patients suffering subarachnoid hemorrhage and requiring ce-
rebral microdialysis for neurochemical monitoring were included in this study. Free
interstitial concentrations of cefuroxime after intravenous application of 1,500 mg
were measured by microdialysis in brain tissue, as well as in plasma at steady-state
(n � 6) or after single-dose administration (n � 1). At steady state, free area under
the concentration-time curve from 0 to 24 h (AUC0 –24) values of 389.0 � 210.3 mg/
liter·h and 131.4 � 72.8 mg/liter·h were achieved for plasma and brain, respectively,
resulting in a brain tissue penetration ratio (AUC0 –24 brain/AUC0 –24 free plasma) of
0.33 � 0.1. Plasma and brain tissue concentrations at individual time points corre-
lated well (R � 0.59, P � 0.001). At steady-state time over MIC (t�MIC) values of
�40% of dosing interval were achieved up to an MIC of 16 mg/liter for plasma and
4 mg/liter for brain tissue. Although MIC90 values could not be achieved in brain tis-
sue for relevant bacteria, current dosing strategies of cefuroxime might be sufficient
to treat pathogens with MIC values up to 4 mg/liter. The activity of cefuroxime in
brain tissue might be overestimated when relying exclusively on plasma levels. Al-
though currently insufficient data after single dose administration exist, lower brain-
plasma ratios observed after the first dose might warrant a loading dose for treat-
ment and perioperative prophylaxis.

KEYWORDS microdialysis, cefuroxime, brain, in vivo pharmacokinetics, drug tissue
concentration, central nervous system infections

Central nervous system (CNS) infections are serious complications of invasive neu-
rosurgical procedures. Invasive monitoring devices in particular, such as external

ventricular drainages, increase the risk of nosocomial bacterial ventriculitis and men-
ingitis, with an incidence rate of up to 30% (1–4). Considering this high incidence rate
and the devastating consequences of cerebral infections, antibiotic prophylaxis is
commonly used in neurosurgical intensive care units (5, 6). There is no evidence that
long-term antibiotic prophylaxis is superior to periprocedural antimicrobials for pre-
vention of cerebral infections (7–9) and long-term administration increases the inci-
dence of Clostridium difficile infections and select resistant or opportunistic pathogens
(3, 4, 7, 9, 10). Although long-term prophylaxis is not recommended (4, 11), still 30 to
40% of intensive care units, dependent on specialty and geographic location, use
antimicrobials for the duration of ventricular drainage (5, 6). The main reason for failure
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in treatment of bacterial CNS infection and development of bacterial resistance are
subinhibitory antibiotic concentrations at the target site (12). The empirical antibiotic
choice for treatment/prophylaxis of CNS infections is based on a broad-spectrum
coverage of common pathogens and pharmacokinetic/pharmacodynamic (PK/PD) in-
dices in plasma or cerebrospinal fluid (CSF). However, data concerning penetration into
the brain—the ultimate target—are missing in most cases but are urgently needed for
effective treatment.

Cerebral microdialysis is an established invasive method for neurochemical moni-
toring by sampling and analyzing extracellular concentrations of cerebral metabolites
at the patient’s bedside. The usefulness of this technique in neurointensive care units
for patients suffering from head injury or subarachnoid hemorrhage has been reported
in previous research (13, 14). In addition, cerebral microdialysis enables the measure-
ment of free interstitial antibiotic concentrations within the brain tissue of a concom-
itant systemic antibiotic treatment, without the need for further invasive study-related
procedures (15–18).

Since cefuroxime is a common antibiotic agent for perioperative antibiotic prophy-
laxis, this study seeks to determine cefuroxime brain-penetration properties by mea-
suring concentration versus time profiles at steady state by use of microdialysis in
patients suffering from subarachnoid hemorrhage.

RESULTS
Population. Six patients suffering from aneurysmal subarachnoid hemorrhage

(Hunt and Hess grading 3 to 5) were treated with intravenous cefuroxime as standard
postoperative antibiotic prophylaxis. Patients’ characteristics are shown in Table 1. The
microdialysis probe was placed at a mean time interval of 2.8 � 1.7 days (range, 1 to
6 days) after the initial bleeding. The probe was inserted into the brain parenchyma
through a bolt system in three cases and tunnelated under the scalp due to decom-
pressive craniectomy in three more cases. Postoperative computed tomography (CT)
scans revealed the probe position in morphologically “normal” brain tissue and a mean
depth from the dura to the catheters tip of 31.2 � 5.3 mm. Measurement of the
cefuroxime levels in steady state was performed at a mean dose of 11 � 8.1 (range,
doses 4 to 26) at a mean interval of 1.5 � 0.5 days (range, 2 to 7 days) after probe
insertion.

Mean laboratory values on the day of study administration are shown in Table 1. All
patients showed elevated infection parameters (CRP, 17.6 � 6.7 mg/dl) and had
hypoalbuminemia (25.2 � 2.3 g/liter). Global renal und liver function was normal in all
cases.

Multimodality monitoring data are also shown in Table 1. During the observation
period, two patients had mild metabolic dysfunction. One patient had elevated trans-
cranial Doppler (TCD) flow velocities (205 cm/s), indicating cerebral vasospasm. Mean
blood pressure was elevated to 115 � 18.1 mm Hg, resulting in only mild hypoxic
cerebral oxygen partial pressure (ptiO2) levels of 19.7 � 7.8 mm Hg and normal
lactate/pyruvate (L/P) ratio of 27.4 � 1.7. One patient without elevated TCD flow
velocities (50 cm/s) showed mild hypoxia (ptiO2 � 17.3 � 5.8 mm Hg) and an elevated
L/P ratio (40.1 � 2.4). There was no significant difference in the pharmacokinetic data
between these two patients and patients without metabolic dysfunction. No correlation
was found between cerebral AUC0 – 8 and any multimodality monitoring data (TCD flow
velocities, ptiO2, L/P ratio, mean blood pressure, and intracranial pressure [ICP]). Ret-
rodialysis was conducted at a mean interval of 2.2 � 1.6 days (range, 1 to 5 days) after
cefuroxime measurement. The individual relative recovery of cefuroxime was 31.7 �

10.3%.
Pharmacokinetics. Figure 1A depicts mean free steady-state concentrations curves

of cefuroxime in plasma and brain. Steady state was achieved in all cases, as indicated
by plasma and cerebral concentrations that did not differ between baseline and end of
dosing interval in both compartments (P � 0.12 for plasma and brain). Moreover, no
correlation was found between number of doses and baseline concentrations in plasma
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or brain (P � 0.83 and P � 0.61, respectively). Free plasma and brain tissue concen-
trations at individual time points correlated well (R � 0.59, P � 0.001; Fig. 2). The
coefficients of variation for AUCfree plasma and AUCbrain were 0.54 and 0.55, respectively.
The Cbrain/Cfree plasma ratio 2 h after cefuroxime application was 0.3 � 0.1, after 4 h it was
0.6 � 0.2, after 6 h it was 0.9 � 0.4, and after 8 h it was 1.3 � 0.6.

Pharmacokinetic parameters at steady-state are shown in Table 2. After intravenous
infusion of 1,500 mg of cefuroxime over 60 min in steady state, a mean AUC0 –24 of
567.9 � 307.1 mg/liter·h in plasma and an AUC0 –24 of 131.4 � 72.8 mg/liter·h in brain
tissue was achieved. For an estimated protein binding of cefuroxime of 31.5% (19), the
free plasma AUC0 –24 was 389.0 � 210.3 mg/liter·h, which was significantly higher than
in brain tissue (P � 0.03), resulting in a brain tissue penetration ratio (AUC0 –24 brain/
AUC0 –24 free plasma) of 0.33 � 0.1. The Cmax of free plasma concentration was 60.1 � 35.4
mg/liter and was achieved after 1 h (tmax). The Cmax of brain tissue concentration was
significantly lower (6.3 � 3.3 mg/liter; P � 0.03) and with a tmax of 3.7 � 1.5 h later than

TABLE 1 Patient characteristics

Parametera Mean � SD

Demographics
Age (yrs) 52.7 � 14.3
Ht (cm) 168.0 � 10.6
Wt (kg) 75.3 � 10.2
BMI 26.8 � 4.5
Sex

Male 1
Female 5

Underlying disease
Aneurysmal subarachnoid hemorrhage 6

Microdialysis probe
Implantation after SAH (days) 2.8 � 1.7
Depth (mm) 31.2 � 5.3
Bolt 3
Tunnelated 3

Study day
Days after subarachnoid hemorrhage 4.3 � 1.8
Days after microdialysis implantation 1.5 � 0.5
No. of cefuroxime applications 11 � 8.1

Retrodialysis
Individual recovery (%) 31.7 � 10.3

Laboratory (study day)
CRP (mg/dl) 17.6 � 6.7
Leukocytes (G/liter) 10.6 � 5.9
Creatinine (mg/dl) 0.5 � 0.1
Creatinine-clearance (ml/min) 149.3 � 52.3
Gamma-glutamyl transpeptidase (U/liter) 128 � 154.5
Glutamic pyruvic transaminases (U/liter) 22.7 � 14.5
Glutamic oxaloacetic transaminase (U/liter) 29.5 � 18
Lactate dehydrogenase (U/liter) 181 � 25.3
Alkaline phosphatase (U/liter) 98.7 � 80.8
Albumin (g/liter) 25.2 � 2.3

Multimodality monitoring (study period)
Mean TCD flow velocities (cm/s) 93.7 � 57.6
Mean BP head niveau (mm Hg) 96.2 � 12.4
ICP (mm Hg) 9.3 � 3.6
ptiO2 (mm Hg) 25.0 � 11.8
Brain temp (°C) 36.2 � 0.6
L/P ratio 31.9 � 5.8

aBMI, body mass index; BP, blood pressure; CRP, C-reactive protein; ICP, intracranial pressure; L/P ratio,
lactate/pyruvate ratio; ptiO2, cerebral oxygen partial pressure; SAH, subarachnoid hemorrhage; TCD,
transcranial Doppler.
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in plasma (P � 0.03). In two patients, the measurement of the last cefuroxime
concentration in brain tissue was slightly higher than in the sample before. Therefore,
t1⁄2brain was calculated only for 4 patients in which t1/2 in brain tissue was descriptively
much longer than in plasma (t1/2 brain � 16.5 � 9.0 h and t1/2 plasma � 3.1 � 1.0 h). Free
plasma AUC0 –24 and t1/2 plasma significantly correlated with creatinine clearance (R �

�0.85, P � 0.03; R � �0.88, P � 0.02), but cerebral AUC0 –24 or t1/2 brain did not show
any correlation with creatinine clearance.

In one patient, both single dose and steady-state was measured (Fig. 1B). After a
single dose intravenous infusion of 1,500 mg of cefuroxime over 60 min, the AUC0 – 8

values were 83.4 mg/liter·h for the free plasma concentration and 21.9 mg/liter·h
for brain tissue, resulting in a brain tissue penetration ratio (AUC0 –24 brain/
AUC0 –24 free plasma) of 0.26. The Cmax of the free plasma concentration was 46.9

FIG 1 Free concentrations of cefuroxime in steady state in the plasma and brain of all patients (means � the standard deviations) (A) and
in one patient after the first dose and in steady state after dose 4 of intravenous infusion of 1,500 mg of cefuroxime (B). Horizontal lines
indicate common MICs. SD, single dose; SS, steady state.

FIG 2 Correlation of free plasma and brain tissue concentrations (R � 0.59, P � 0.001).
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mg/liter after 1 h (tmax), whereas the Cmax in the brain tissue concentration was 3.9
mg/liter and was reached after 4 h (tmax).

The steady-state AUC0 –24/MIC and t�MIC values for pathogens with MICs of 2, 4, 8,
16, and 32 mg/liter in plasma and brain tissue are shown in Table 3. t�MIC8, t�MIC16,
and t�MIC32 values were significantly longer in plasma than in brain tissue (P � 0.03,
P � 0.03, and P � 0.04, respectively).

DISCUSSION

This study delineates the pharmacokinetic profile of cefuroxime in plasma and brain
tissue and demonstrates its penetration properties through the intact blood-brain
barrier using cerebral microdialysis. Although all six patients suffered from severe
subarachnoid hemorrhage, multimodality neuromonitoring did not indicate cerebral
impairment, suggesting measurement of cefuroxime within healthy brain tissue.

Overall brain tissue penetration (AUC0 –24 brain/AUC0 –24 free plasma) was approximately
33%. However, when comparing cerebral cefuroxime concentration with free plasma
levels at individual time points, the Cbrain/Cfree plasma ratio was only 26% 2 h after
cefuroxime application but gradually increased thereafter. At the end of the dosing
interval, the cerebral cefuroxime concentration was as high as 134% of the free plasma
concentration, suggesting a delayed penetration through the blood-brain barrier and
slower elimination in brain tissue than in plasma.

To overcome the observed fluctuations of plasma and tissue concentrations due to
the short t1/2 of beta-lactam antibiotics, continuous application was previously sug-
gested to be superior to intermittent short-term infusions (20–23). Randomized con-
trolled trials have shown that administration of the same dose as continuous infusions
may increase clinical effectiveness compared to an intermittent dosing regime (21).
Particularly in critical care patients, intermittent bolus administration of standard doses
resulted in underdosing for many patients (22). In contrast, continuous infusion and
dose adaption for renal function are more likely to achieve sufficient concentrations.
In an animal model, using microdialysis, continuous infusion of cefuroxime resulted in
lower AUC values and a lower tissue penetration ratio, but significant longer t�MIC in
plasma, subcutaneous tissue, and bone compared to short-term infusion (20). However,
brain tissue levels seem to be independent of renal function and amplitude of fluctu-

TABLE 2 Pharmacokinetic parameters of cefuroxime at steady statea

Compartment

AUC (mg/liter·h)

AUCbrain/AUCfree plasma

Cmax

(mg/liter) tmax (h) t1/2 (h) CL (liter/h) VD (liter)AUC0–8 AUC0–24

Plasma total 189.3 � 102.4 567.9 � 307.1 87.7 � 51.6 1 3.1 � 1.0 9.0 � 4.8 35.3 � 11.9
Plasma free 129.7 � 70.1 389.0 � 210.3 60.1 � 35.4 1 3.1 � 1.0
Brain 43.8 � 24.3 131.4 � 72.8 0.3 � 0.1 6.3 � 3.3 3.7 � 1.5 16.5 � 9.0
aAUC, area under the concentration-time curve; CL, total body clearance; Cmax, maximum concentration; tmax, time to maximum concentration; t1/2, terminal
elimination half-life; VD, volume of distribution.

TABLE 3 Pharmacokinetic/pharmacodynamic calculations of free plasma and brain tissue concentrations of cefuroxime for pathogens
with MICs of 2 to 32 mg/liter

Compartment and parametera

MIC

2 mg/liter 4 mg/liter 8 mg/liter 16 mg/liter 32 mg/liter

Free plasma
AUC0–24/MIC 194.5 � 105.2 97.3 � 52.6 48.6 � 26.3 24.3 � 13.2 12.2 � 6.6
t�MIC (h) 7.6 � 0.8 6.5 � 1.6 5.0 � 2.3 3.0 � 1.9 1.0 � 0.8
t�MIC (% of dosing interval) 100 � 10 80 � 20 60 � 30 40 � 20 10 � 10

Brain tissue
AUC0–24/MIC 65.7 � 36.4 32.9 � 18.2 16.4 � 9.1 8.2 � 4.6 4.1 � 2.3
t�MIC (h) 6.7 � 3.3 5.0 � 4.0 1.97 � 3.06 0 0
t�MIC (% of dosing interval) 80 � 40 60 � 50 25 � 38 0 0

aAUC, area under the concentration-time curve; t�MIC, time over MICs.
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ation is not as high as in plasma. Therefore, it is still unknown whether the same effect
that was observed for peripheral tissues will occur in interstitial brain tissue using
continuous application. Further PK studies and modeling of data from several antibi-
otics seem warranted.

Although cefuroxime is widely used in the treatment of CNS infections, this is, to our
knowledge, the first study to investigate cerebral cefuroxime concentrations in humans.
One study measured cefuroxime in a rat’s striatum after a single dose of the antibiotic
(24). In this experimental setting, brain tissue penetration was only 4.2%, which is very
low compared to the 26% observed in the present study after single-dose administra-
tion. Beside the potential differences between rodent and human brain in the study
using rats cefuroxime was administered as intravenous bolus and not over 60 min as in
our cohort.

Due to the limited access to the brain, CSF levels are often used as surrogate
concentrations for interstitial brain levels (25). Therefore, the current dosage recom-
mendations for CNS infections are based upon serum or CSF concentrations, which may
significantly differ from the concentration within the interstitial brain (16). In traumatic
brain injury patients receiving the same dosing regime as in our cohort, the cefuroxime
levels after 1.5 and 6 h in plasma (2.0 to 61.7 mg/liter and 1.8 to 66.9 mg/liter,
respectively) were comparable to our data. However, the CSF levels (0.35 to 1.76
mg/liter and 0.15 to 2.03 mg/liter after 1.5 and 6 h, respectively) were considerably
lower than the interstitial brain tissue concentrations in our cohort (26). Other studies
support that in patients without CNS infection CSF concentrations of cefuroxime are
much lower than brain tissue concentrations, thereby failing to reflect cefuroxime
concentrations within the cerebral interstitial space, the ultimate target site of antibi-
otic activity (26, 27). Since CNS infections cause an increase of the permeability of the
blood-CSF/blood-brain barrier, CSF levels during the acute phase of bacterial menin-
gitis were reported as high as in our cohort (27–30). Since our population did not suffer
from meningitis, we cannot exclude that cefuroxime will achieve even higher concen-
tration in brain tissue during CNS infection.

Since a steady state was reached in all individuals and the number of doses did not
correlate with free plasma or brain tissue concentrations, differences in interindividual
plasma levels may be explained by their strong correlation with renal function (22, 31).
Free plasma and brain tissue concentrations correlated well within individual patients.
As indicated by equal coefficients of variation, the variability of tissue concentrations
was not higher than the variability in plasma. This may allow for at least limited
extrapolation of interstitial brain tissue concentrations from plasma levels when other
dosing regimens are applied.

For beta-lactams, the time that the unbound plasma/tissue concentration exceeds
the MIC of a pathogen (t�MIC) best describes the antimicrobial effect and is associated
with a better clinical outcome in the case of infection (no specific thresholds for
prophylaxis are available) (32, 33). For cefuroxime, the required magnitudes of the
t�MIC to achieve bacteriostatic and bactericidal effects were estimated to be 30 and
41%, respectively (34). In case comparable targets need to be achieved in brain tissue,
the maximum MIC value for which a sufficient bacteriostatic and bactericidal t�MIC
could be achieved was 4 mg/liter, while the MICs were 16 and 8 mg/liter, respectively,
for plasma. Since the MIC50 is �4 mg/liter for the most frequent bacterial strains
causing nosocomial CNS infections in neurocritical care patients (Staphylococcus aureus,
Staphylococcus epidermidis, Klebsiella pneumoniae, and Escherichia coli) (3, 28, 35–37),
the t�MIC values were sufficiently high in plasma as well as in brain tissue for average
pathogens, yet regarding MIC90 t�MIC values achieved in plasma might overestimate
target side activity. Although the brain tissue concentration would support clinical
breakpoints of 4 mg/liter, currently breakpoints of 8 mg/liter for K. pneumoniae and E.
coli would only be supported by plasma concentrations (Table 3). These results dem-
onstrate that whereas clinical breakpoints of cefuroxime are in accordance with the
t�MIC values for plasma, the breakpoints might have to be reconsidered for brain, and
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higher cefuroxime dosages might be required to treat certain pathogens causing brain
infections.

In our cohort, only one patient was monitored during single-dose administration of
cefuroxime. As expected in plasma, an immediately sufficient concentration was
achieved, exceeding an MIC of 8 mg/liter within the first 10 min and achieving a Cmax

of 46.9 mg/liter after 1 h. In contrast, brain tissue levels showed a delayed Cmax of 3.9
mg/liter after 4 h, i.e., an MIC of 4 mg/liter was never reached and an MIC of 2 mg/liter
was not achieved within the first 2 h after administration. Limited by the observation
in only one subject, our data may indicate that sufficient brain tissue MIC will not be
achieved after standard single-dose administration. Since antibiotic prophylaxis signif-
icantly reduces postcraniotomy infections and administration of antibiotics is recom-
mended preprocedural to achieve sufficient concentrations prior to dura opening (4,
38, 39), a loading dose may overcome critical initial underdosing during neurosurgical
procedures.

This study had several limitations. First of all, the population size was small.
Steady-state data were available for six patients, and single-dose data were available for
one patient. All patients had hypoalbuminemia on the day of study administration,
which might have led to reduced protein binding. Thus, the free fraction of cefuroxime
estimated by protein binding as described in the literature might have been underes-
timated. Sampling was performed in patients suffering from severe subarachnoid
hemorrhage. Although multimodality monitoring did not indicate cerebral impairment
at the site of the microdialysis probe, subclinical processes caused by the underlying
disease, such as microcirculation constriction, inflammation, or blood-brain barrier
disturbances, cannot be completely ruled out (40). Furthermore, differences in local
perfusion cannot be excluded, even though the probe was always inserted at the same
point and depth. To minimize local tissue reaction and potential leakage of the
blood-brain barrier caused by the probe insertion, sampling was started at the earliest
1 day after probe implantation, as stated elsewhere (41). Measurement of cefuroxime
concentrations was performed in macroscopically noninflamed cerebral tissue. Since
the permeability of the blood-brain barrier is increased during CNS infection (30), the
actual concentration in inflamed cerebral tissue cannot be extracted from our data.

Conclusion. To our knowledge, this is the first study measuring cefuroxime con-
centrations within human brain tissue during steady-state. The overall brain tissue
penetration was 33% � 1%, and plasma levels correlated well with cerebral concen-
trations. Our data thus indicate that breakpoints based on plasma levels might over-
estimate target side activity, which might lead to clinical failure for intermediately
susceptible pathogens with MICs of 8 mg/liter. Single-dose administration showed a
delayed penetration, which might suggest benefit by a loading dose. Further research
is required to prove whether the continuous administration of cefuroxime might
improve target side PK/PD parameters in brain tissue as shown for plasma levels.

MATERIALS AND METHODS
Population. The open-labeled, single-center phase 1 pharmacokinetic study was conducted in

accordance with the Declaration of Helsinki and approved by the local ethics committee (EK1031/2015;
Eudract 2015-000121-37). Included were all consecutive patients older than 18 years between March
2016 and May 2017 at the neurosurgical intensive care unit of the Medical University Vienna requiring
cerebral microdialysis as the standard care with a clinical indication for concomitant antimicrobial
treatment with cefuroxime.

Multimodality monitoring. Patients meeting the study inclusion criteria were by definition critically
ill and under sedation and mechanical ventilation for either maximum cerebroprotection or for the
management of associated extracerebral disorders. These patients routinely undergo invasive cerebral
multimodality neuromonitoring, including the measurement of ICP, ptiO2, brain temperature, and
microdialysis.

Using a two-lumen Bolt (Bolt kit PTO 2Ll; Raumedic AG, Helmbrechts, Germany), a NEUROVENT-PTO
2L catheter (Raumedic) for the measurement of ICP, ptiO2, and temperature, as well as a microdialysis
probe, were placed into the brain parenchyma. In the case of decompressive craniectomy, the probes
were tunnelated side by side. The probes were inserted at Kocher’s point to monitor the watershed area
between the ipsilateral territory of the middle cerebral artery and anterior cerebral artery. Positioning of
the catheter was controlled with a CT scan 1 day after insertion, and the catheter depth was measured
from the dura to the catheter’s tip in coronal planes.
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Intracranial hypertension was defined as ICP values of �20 mm Hg, and brain tissue hypoxia was
defined as ptiO2 values of �20 mm Hg (42, 43). In addition, bedside TCD examinations were carried out
on a daily basis. Acceleration of mean TCD flow velocities of more than 120 cm/s in the middle cerebral
artery was assessed as cerebral vasospasm.

Microdialysis. A microdialysis probe (70 MD catheter; M Dialysis AB, Stockholm, Sweden) with an
external diameter of 0.6 mm, a membrane length of 10 mm, and a molecular mass cutoff of 20,000 Da
was used. The probe was perfused at a flow rate of 0.3 �l per min using a microinfusion pump (107
microdialysis pump; M Dialysis) with perfusion fluid CSF (M Dialysis), which resembles the composition
of artificial CNS (Na�, 147 mmol/liter; Ca2�, 1.2 mmol/liter; Mg2�, 0.85 mmol/liter; K�, 2.7 mmol/liter; Cl�,
153.8 mmol/liter; 305 mOsm/kg; pH 6). Microdialysis samples were collected in microvials (M Dialysis),
which were changed every hour. Microdialysis sampling was started 3 h after probe insertion at the
earliest to exclude neurochemical changes due to implantation trauma. A bedside microdialysis analyzer
(ISCUSflex; M Dialysis), based on enzymatic reagents and colorimetric measurements, was used for
immediate neurochemical analysis of the glucose, lactate, pyruvate, glycerol, and glutamate concentra-
tions. The L/P ratio is the most sensitive marker of brain redox state and secondary ischemia. Brain
metabolic dysfunction was defined as lactate/pyruvate ratio of �40 (42, 43).

Study medication. The patients received 1,500 mg of cefuroxime (Cefuroxim Astro; 1,500 mg;
Trockenstechampulle; Astro-Pharma GmbH, Vienna, Austria) in 100 ml of 0.9% saline solution (Physiolo-
gische Kochsalzlösung “Fresenius”; Infusionslösung; Fresenius Kabi Austria GmbH, Graz, Austria) over 60
min intravenously every 8 h using a perfusion pump. At least three applications were considered
necessary to reach steady state. In addition, sampling was performed after the first dose for single-dose
pharmacokinetic assessment in one patient.

Sampling. Microdialysis samples were collected at baseline before the next antibiotic administration
(�1 to 0 h) and between 1 and 2 h, 3 and 4 h, 5 and 6 h, and 7 and 8 h after the start of the infusion.
The samples obtained in between were used for routine monitoring. Microvials for cefuroxime concen-
tration determination were stored in microvial racks (M Dialysis) at �65°C for further analysis.

For the measurement of antibiotic plasma levels, 5 ml of venous blood was drawn from a venous
catheter into lithium-heparin tubes (Vacuette lithium-heparin) at a baseline directly before starting the
infusion, at 1 h (at the end of the infusion), and at 2, 4, 6, and 8 h after the start of the infusion. Samples
were kept on ice for a maximum of 30 min until centrifugation. Blood samples were centrifuged at 4°C
and 2,500 � g for 10 min; the cells were discharged, and plasma was obtained. Plasma was divided into
two aliquots of approximately 1 ml and was shock frozen at below �65°C.

Retrodialysis. Retrodialysis was performed to determine the individual in vivo probe recovery within
1 week after cefuroxime sampling. The microdialysis probe was perfused with a solution containing
cefuroxime (Cin) at 200 �g/ml at the standard flow rate of 0.3 �l. To determine recovery by loss, after
1 h of equilibration two retrodialysis samples (each 60 min; Cout) were collected and stored in microvial
racks (M Dialysis) and stored at �65°C. The Cin and Cout concentrations were determined by high-
pressure liquid chromatography (HPLC). The individual relative recovery was calculated as the mean
ratio of drug lost during passage (Cin � Cout) and drug entering the microdialysis probe (Cin).
Interstitial cefuroxime concentrations were calculated as follows for each sample: interstitial con-
centration � 100 � (sample concentration/relative recovery).

Drug assay. The concentration of cefuroxime in plasma and microdialysate was determined by HPLC.
Frozen plasma and microdialysate samples were thawed at room temperature. After the addition of 300
�l of methanol to 100 �l of plasma, the samples were centrifuged (14,000 � g for 5 min), and 50 �l of
the clear supernatant was injected onto the HPLC column. Microdialysate samples (10 �l) were injected
onto the column without any previous precipitation procedure. The determination of cefuroxime was
performed using a Dionex UltiMate 3000 system (Dionex Corp., Sunnyvale, CA) with UV detection at 275
nm. Chromatographic separation was carried out at 40°C on a Hypersil BDS-C18 column (5 �m, 250 �
4.6 mm [inner diameter]; Thermo Fisher Scientific, Inc., Waltham, MA), preceded by a Hypersil BDS-C18
precolumn (5 �m, 10 � 4.6 mm [inner diameter]). The mobile phase consisted of a continuous linear
gradient, mixed from 10 mM ammonium acetate-acetic acid buffer (pH 5.0; mobile phase A) and
acetonitrile (mobile phase B) at a flow rate of 1.0 ml/min. Mobile phase B linearly increased from 0% (0
min) to 15% at 11 min, increased to 80% at 11.5 min, and remained constant until 15.5 min. The
percentage of acetonitrile was then decreased within 0.5 min to 0% in order to equilibrate the column
for 9 min before application of the next sample. Quantification of cefuroxime was based on external
calibration curves by spiking drug-free human plasma and microdialysate with standard solutions of
cefuroxime to give a concentration range from 0.01 to 10 �g/ml. Linear least-squares regression curves
excluding zero were fitted to these data with a weighting factor of 1/x2 using the GraphPad Prism 5
software (GraphPad Software, Inc., La Jolla, CA), leading to average correlation coefficients of 0.9997 and
0.9995 for plasma and microdialysate, respectively. The limit of quantification for cefuroxime in plasma
was 0.04 �g/ml, while that in microdialysate was 0.03 �g/ml. The intraday variabilities for cefuroxime
were 4.1 to 7.8% for plasma and 3.9 to 7.5% for microdialysate; the interday variabilities were 4.7 to 8.6%
for plasma and 4.3 to 8.1% for microdialysate at cefuroxime concentrations of 0.1, 1.0, and 10 �g/ml.
Accuracy was demonstrated for all three concentration levels, with recovery rates ranging from 97.9 to
101.1% for plasma and 96.4 to 103.3% for microdialysate. Cefuroxime plasma and microdialysate samples
(0.1, 1, and 10 �g/ml) were stable at 7°C in the autosampler for up to 1 week with recovery rates of 98.4
to 99.7%.

Pharmacokinetics. Pharmacokinetic data were analyzed with Kinetica 3.0 (InnaPhase, Philadelphia,
PA) using noncompartmental analysis. The maximum concentration (Cmax), time to maximum concen-
tration (tmax), terminal elimination half-life (t1/2), and area under the concentration-time curve from 0 to
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8 h (AUC0 – 8) were obtained for cefuroxime in patients’ plasma and interstitial brain tissue (after
correction for individual recovery). The AUC from 0 to 24 h (AUC0 –24) was calculated by multiplying
AUC0 – 8 by 3. For plasma, the apparent volume of distribution (VD) and total body clearance (CL) were also
calculated. Since microdialysis measures only the free fraction of cefuroxime within interstitial fluid, the
plasma concentrations were also corrected for the known protein binding of cefuroxime of 31.5% and
are described as “free plasma” concentrations (19, 44, 45).

Pharmacodynamics. The most common bacterial strains causing nosocomial CNS infections in
neurocritical care patients are the Gram-positive organisms Staphylococcus epidermidis (40 to 70%) and
Staphylococcus aureus (5 to 10%) and the Gram-negative bacteria Klebsiella pneumonia (13 to 17%) and
Escherichia coli (1 to 13%) (3, 28, 35–37). For PK/PD analysis, the MICs for 50 and 90% of the organisms
(MIC50/90) from a global surveillance study of North American clinical isolates of these bacterial strains
were used (MIC50/90 values: Staphylococcus aureus, 2/4 mg/liter; Staphylococcus epidermidis, 2/32 mg/liter;
Klebsiella pneumonia, 2/16 mg/liter; Escherichia coli, 4/16 mg/liter) (46). For unbound plasma and brain
concentrations, the AUC0 –24/MIC and t�MIC were calculated as the best indicators for the antimicrobial
effects of �-lactam (32). The t�MIC was directly determined by measuring strongly increased concen-
tration versus time profiles. Results were compared to the clinical MIC breakpoints of the EUCAST
database for cefuroxime (Staphylococcus aureus, 4 mg/liter; Staphylococcus epidermidis, not applicable;
Klebsiella pneumoniae and Escherichia coli, 8 mg/liter) (47).

Statistics. Statistical analysis was performed using SPSS Statistics 22 (IBM Corp., Armonk, NY). All data
are presented as means � the standard deviations. Wilcoxon signed-rank tests were performed for
statistical intraindividual comparison of pharmacokinetic (Cmax, tmax, and t1/2) and pharmacodynamic data
(t�MIC and Cmax/MIC) in plasma and brain tissue. To correlate the free plasma and brain tissue
concentrations at individual time points, a Pearson correlation coefficient was used. Differences were
considered to be statistically significant at a two-sided P value of �0.05.
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