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Abstract

Background Mortality and morbidity have remained highin
bacterial meningitis. Impairment of cerebral energy metabo-
lism probably contributes to unfavorable outcome.
Intracerebral microdialysis is routinely used to monitor cere-
bral energy metabolism, and recent experimental studies
indicate that this technique may separate ischemia and non-
ischemic mitochondrial dysfunction. The present study is a
retrospective interpretation of biochemical data obtained in a
series of patients with severe community-acquired meningitis.
Methods Cerebral energy metabolism was monitored in
15 patients with severe community-acquired meningitis
utilizing intracerebral microdialysis and bedside biochem-
ical analysis. According to previous studies, cerebral
ischemia was defined as lactate/pyruvate (LP) ratio >30
with intracerebral pyruvate level <70 pmol L™'. Non-
ischemic mitochondrial dysfunction was defined as LP-
ratio >30 at a normal or increased interstitial concentra-
tion of pyruvate (=70 pmol L™"). Patients with LP-ratios
<30 were classified as no mitochondrial dysfunction.
Results The biochemical pattern was in 8 patients (10
microdialysis catheters) classified as no mitochondrial
dysfunction, in 5 patients classified as non-ischemic

F. R. Poulsen - M. Schulz - A. Jacobsen -

T. H. Nielsen - C.-H. Nordstrom (D<)

Department of Neurosurgery, Odense University Hospital,
Odense, Denmark

e-mail: carl-henrik.nordstrom@med.lu.se

A. B. Andersen - L. Larsen
Department of Infectious Diseases, Odense University Hospital,
Odense, Denmark

W. Schalén
Department of Neurosurgery, Lund University Hospital, Lund,
Sweden

mitochondrial dysfunction, and in 2 patients (3 catheters)
classified as ischemia.

Conclusions In patients with severe community-acquired
meningitis, compromised cerebral energy metabolism
occurs frequently and was diagnosed in 7 out of 15 cases. A
biochemical pattern of non-ischemic mitochondrial dys-
function appears to be a more common underlying
condition than cerebral ischemia.
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Introduction

Community-acquired bacterial meningitis is a medical
emergency that may require a multidisciplinary approach.
In western world studies, the incidence of meningitis has
declined to 4-6 cases per 100,000 adults [1]. However,
despite adequate antibiotic therapy, mortality has remained
high (20-30 %) [2—4]. The incidence of bacterial meningitis
in Sweden was 1.15 cases per 100,000 in 1999, and the same
year mortality was reported to be 13 % [5]. As a conse-
quence of the remaining high mortality, several studies have
advocated that patients with severe bacterial meningitis
should be admitted to departments of critical care medicine
with facilities for cerebral multimodal monitoring [5-9].
Various complications contribute to mortality and
morbidity in bacterial meningitis [10, 11]. It has been
documented that—especially in meningitis caused by
Streptococcus pneumoniae—cerebrovascular complica-
tions and cerebral infarction occur relatively frequently
[10, 12—14]. Further, in animal experiments, septicemia has
been shown to cause mitochondrial dysfunction [15, 16]

@ Springer



222

Neurocrit Care (2015) 22:221-228

and this has also been demonstrated in experimental
pneumococcal meningitis [17, 18]. Under clinical condi-
tions, an association between mitochondrial dysfunction
and survival of septic shock has been documented [19].
By utilizing intracerebral microdialysis, it is possible to
monitor cerebral energy metabolism bedside [20]. The
biochemical pattern of cerebral ischemia has been well
documented in experimental as well as clinical studies [21,
22]. We have recently defined the biochemical pattern
during experimentally induced mitochondrial dysfunction
[23, 24]. We have reported a similar pattern of cerebral
energy metabolites in patients with large, re-perfused
cerebral infarcts [25] and in patients with subarachnoid
hemorrhage (SAH) [26]. In the present patient material,
intracerebral microdialysis was used as a part of routine
multimodal monitoring. The primary aim of the study was
to examine whether disturbance of cerebral energy
metabolism occurs in community-acquired bacterial men-
ingitis. The biochemical interpretation of ischemia versus
non-ischemic mitochondrial dysfunction was performed
retrospectively when experimental studies had defined
these patterns [23, 24]. To the best of our knowledge, this is
the first bedside study of cerebral energy metabolism in
patients with severe community-acquired meningitis.

Materials and Methods
Patient Population

This retrospective, observational study includes all 15
patients with bacterial meningitis who were admitted to the

Department of Neurosurgery, Lund University Hospital
during 2000-2009. Due to the severity of the clinical pic-
ture, these patients were selected from a much larger group
with community-acquired meningitis and transferred from
local hospitals to a department specialized for neurocritical
care. All patients were subjected to multimodality moni-
toring including continuous monitoring of intracranial
pressure (ICP) and cerebral perfusion pressure (CPP) as
well as intracerebral microdialysis with bedside biochem-
ical analysis (Table 1). As the incidence of community-
acquired meningitis in Sweden during the studied period
was estimated to 1.15 cases per 100,000 [5] and as the
catchment area for the department of neurosurgery had
about 1.3 million inhabitants, the patients included repre-
sent about 10 % of the total number of patients with
bacterial meningitis in the region. ICP was in all patients
recorded with an intraventricular catheter, and mean arte-
rial blood pressure (MAP) was continuously recorded intra-
arterially. CPP was calculated as CPP = MAP — ICP. At
admittance, all patients were unconscious according to the
Glasgow Coma Score (GCS < 8) [27]. All patients were
sedated, intubated, and treated with controlled normoven-
tilation (PaCO, 4.0-5.0 kPa; PaO, 11-13 kPa) prior to
insertion of the intraventricular catheter as well as the
microdialysis catheters. No complications or side-effects
caused by the intraventricular or the microdialysis catheters
were noted. Doppler ultrasound measurements of blood
flow velocity were not performed in the present series of
patients. No patient exhibited clinical signs of stroke during
the hospitalization.

In four patients, antibiotic therapy started before lumbar
puncture (Table 1). In these patients, the responsible

Table 1 Clinical characteristics in 15 patients with severe bacterial meningitis

Age year Init. ICP mmHg GCS Focal neurol. symptoms Etiology Clinical notes

1 3 10 8 S. pneumoniae

2 27 5 8 Paralysis dx, dev. conj. sin E. coli Septicemia

3 68 25 8 Hem. infl. B

4 23 8 8 N. meningitidis No lumbar puncture, septicemia
5 63 60 8 S. pneumoniae Septicemia

6 8 6 8 Anisocoria Unknown No lumbar puncture, hemicraniect.
7 59 0 8 Hemiparesis, hydrocephalus Listeria Mb Wegener

8 8 19 6 Hemiparesis, subdural empyema, seizures f Streptococc. A DIC, surgical evacuation

9 56 31 8 S. pneumoniae Initially suspect SAH
10 26 7 5 Spontaneously cerebrated pattern Unknown No lumbar puncture
11 49 42 7 Pupils non-reacting S. pneumoniae Septicemia, hemicraniect.
1265 11 8 S. pneumoniae No lumbar puncture
13 1 26 3 Pupils wide, non-reacting S. pneumoniae Hemicraniect. Mors
14 12 8 6 S. pneumoniae
15 15 16 6 Rapid deterioration, seizures, wide pupils N. meningitidis

SAH Subarachnoid hemorrhage, DIC disseminated intravascular coagulation
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physician refrained from initial lumbar puncture as—due to
the clinical symptoms—a very high ICP with an increased
risk of transtentorial brainstem herniation was suspected. In
all patients, intraventricular cerebrospinal fluid (CSF) was
sampled for bacteriological culture at insertion of the
ventricular catheter.

Management Protocol

Antibiotic therapy was in 14 patients initiated with i.v.
infusion of cefotaxim. One patient (patient 7) was initially
given meropenem i.v. When indicated the antibiotic ther-
apy was later changed according to the results of
bacteriological cultures. Simultaneously with or immedi-
ately before the start of antibiotic therapy, all patients were
given corticosteroids.

All patients were sedated and intubated with controlled
normo-ventilation during the monitoring period. Neuro-
muscular blockade was not used. Stress response was
reduced by liberal use of midazolam (5-20 mg h™") and
fentanyl (2-5 pg kg~' h™"). Increased ICP was treated
according to the protocol (“Lund concept”) used in the
department [27, 28]. A CPP of 60-70 mm Hg was usually
considered optimal in patients with elevated ICP. During
episodes of high ICP and low CPP i.v., infusion of dihy-
droergotamine was used in three patients [28, 29].
Diuretics (furosemide) and albumin infusion were used to
achieve a balanced or moderately negative fluid balance.
During the initial 24 h, the patients were given parenteral
fluid including glucose containing solutions. All patients
were later given a low calorie enteral nutrition. Insulin was
administered i.v. to achieve a blood sugar level below
8 mmol L™' (144 mg dL™"). The principles for treatment
of increased ICP as well as the choice of antibiotics were
unchanged during the study period.

Cerebral Microdialysis

The microdialysis catheters were inserted into brain tissue
via a separate burr-hole in 12 patients. In three patients,
two intracerebral microdialysis catheters were inserted
simultaneously with hemi- or bifrontal craniectomy. In the
patient subjected to bifrontal craniectomy (patient 13), the
catheters were placed bilaterally in the frontal lobes.
Microdialysis was performed utilizing CMA 70 cathe-
ters (cut-off 20 kDa; CMA Microdialysis, Stockholm,
Sweden) as described previously [20]. Since 2001 the
catheters are equipped with radiopaque gold tips. The
positions of the catheters were in these patients (N = 14)
verified by post-operative CT-scanning. The microdialysis
catheters were perfused (Perfusion Fluid, CMA Microdi-
alysis) at a rate of 0.3 pL min~', and the perfusates were

collected in capped microvials at one-hour intervals. The
samples were immediately analyzed for glucose, pyruvate,
lactate, glutamate, and glycerol utilizing conventional
enzymatic techniques (CMA 600 or ISCUS Microdialysis
Analyzer), and the results were displayed on a bedside
monitor. The calculated lactate/pyruvate ratio (LP ratio)
was used for evaluation of the cytoplasmatic redox state.
All data obtained from cerebral microdialysis were inte-
grated with global biochemical and physiological data
utilizing a specially developed computer program (ICU-
pilot, CMA Microdialysis, Stockholm, Sweden). The Eth-
ical Committee of Lund University Medical Faculty
approved the use of multiple intracerebral microdialysis
catheters in 1991, and since 1995 intracerebral microdi-
alysis has been used as a routine technique during
neurocritical care.

Baseline (normal) biochemical levels for the variables
were obtained from published data regarding normal
human cerebral tissue [20]. The biochemical pattern
obtained was used to classify the patients into the three
groups of ischemia, non-ischemic mitochondrial dysfunc-
tion, and no mitochondrial dysfunction, respectively. These
classifications were based on previous data obtained during
experimentally induced mitochondrial dysfunction [23,
24]. The group of no mitochondrial dysfunction was
defined as patients with LP ratios within normal mean
level +2 SD (LP-ratio <30). Ischemia was defined as a
pathological increase in LP ratio (LP-ratio >30) simulta-
neously with interstitial pyruvate concentration below
normal level —2 SD (LP-ratio >30; pyruvate
<70 pmol LY. Non-ischemic mitochondrial dysfunction
was defined as a pathological increase in LP-ratio (LP-ratio
> 30) simultaneously with a normal or increased interstitial
concentration of pyruvate (pyruvate >70 pmol L™"). The
study includes 1,212 microdialysis samples and approxi-
mately 6,000 bedside biochemical analyses. Microdialysis
with bedside biochemical analysis was performed during
altogether 1,090 h (min. 20 h; max. 145 h).

Statistical Analysis

All values are expressed as median (interquartile rage).
Statistical comparison of the median levels of microdi-
alysis variables between the group defined as non-ischemic
mitochondrial dysfunction (N = 5) and the group defined
as no mitochondrial dysfunction (N = 10) was performed
by utilizing the non-parametric Wilcoxon Rank-Sum test.
A p value below 0.05 was considered significant. As the
p values are to be considered exploratory, no adjustment
for generating multiple p values was performed. Stata 11
statistical software package (StataCorp LP, College Sta-
tion, TX, USA) was used for data analysis.
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Results
Basic Clinical Data

Basic clinical data are presented in Table 1. Median age for
the patients included was 26 year (interquartile range 10 and
58 year). In eight of the patients, focal neurological symp-
toms were observed. One patient of the 15 patients died
within 24 h after arrival to the department of neurosurgery.
This patient (patient 13) deteriorated rapidly after lumbar
puncture in the local hospital, and at arrival to the department
of neurosurgery, he was GCS 3 with wide, non-reacting
pupils. In addition to the non-surgical therapy described
above this, patient was treated with bifrontal craniectomy.
He was declared dead approximately 24 h after arrival. Two
additional patients were subjected to hemicraniectomy due
to intractable increase in ICP (patients 6 and 11). In one case
(patient 8), a subdural empyema was evacuated.

Median ICP at insertion of the ventricular catheter was
11 mmHg (interquartile range 8 and 26 mmHg) (Table 1).
In five patients, the initial ICP after insertion of the ven-
tricular catheter was >20 mmHg. The changes over time
for mean CPP 4+ SEM and mean ICP £+ SEM during the
initial 48 h are shown in Fig. 1. The tendency to increase in
mean ICP during the time period 12-24 h was caused by
the pronounced elevation of ICP in patient 13. During the
initial 48 h median, CPP was 78 mmHg (interquartile
range 68 and 85 mmHg). For ICP the corresponding figure
was 7 mmHg (interquartile range 4 and 13 mmHg).

In seven patients, the meningitis was caused by S.
pneumoniae, in two patients it was caused by Neisseria
meningitidis, and in two patients the etiology remained
unknown (Table 1). In one patient (patient 9), the diagnosis

of meningitis was delayed for 24 h as the initial clinical
picture and CT-scanning was initially interpreted as SAH.

Pattern of Biochemical Variables Obtained
by Microdialysis

According to the definitions given previously, the bio-
chemical pattern was in 8 patients (10 microdialysis
catheters) classified as no mitochondrial dysfunction, in 5
patients classified as non-ischemic mitochondrial dysfunc-
tion, and in 2 patients (3 catheters) classified as ischemia.
In one of the patients of the latter group, the pattern of
ischemia occurred during the initial 4 h of monitoring. In
all but one of the patients classified as non-ischemic
mitochondrial dysfunction, the LP ratio normalized during
the observation period. In three of the patients in this
group, the increase of the LP ratio was associated with a
marked increase in intracerebral glycerol level, and in two
of these patients the level of glutamate was simultaneously
elevated. Table 2 gives the median levels of the variables
and the interquartile range during the time periods the
patients fulfilled the definitions of the three groups. The
pattern classified as non-ischemic mitochondrial dysfunc-
tion was recorded during altogether 182 h. The pattern of
ischemia was observed during 27 h.

For the group defined as no mitochondrial dysfunction,
all five biochemical variables as well as the calculated LP
ratio were close to the corresponding data from normal
human brain [20]. By definition the LP ratio was signifi-
cantly increased in the group defined as non-ischemic
mitochondrial dysfunction. In this group, interstitial pyru-
vate concentration was not significantly different from
the group of no mitochondrial dysfunction but the
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Table 2 Median value (interquartile range) for intracerebral biochemical variables in patients with bacterial meningitis

Lactate mmol L™!

Pyruvate pmol L™'  Glycerol pmol L™'  Glutamate pmol L™!

LP ratio  Glucose mmol L1

Ischemia N = 3

Median 169 0.05 33 20 227 57

Interquart. range  (95-232) (0.05-0.15) (2.64.1) (18-28) (110-437) (23-391)
Mit. dysf. N =5

Median 34 0.8 5.0 153 98 22

Interquart. range  (30-40) 0.4-1.1) (4.6-6.2) (129-177) (43-133) (10-87)

P 0.002 0.06 0.006 0.34 0.6 0.03
No mit. dysf. N = 10

Median 18 1.8 24 137 40 4

Interquart. range  (16-20) (1.3-3.0) (2.0-2.9) (108-173) (26-68) (2-8)
Human baseline

Mean 23 1.7 2.9 166 82 16

SD “) 0,9) 0,9) 47 (44) (16)

N refers to the number of microdialysis catheters within each category. Human baseline (normal) levels are given as mean values (SD) in
accordance with the original data obtained from Reinstrup et al. [20]. Statistical comparison performed between the groups of non-ischemic
mitochondrial dysfunction (LP >30) and no mitochondrial dysfunction (LP <30)

LP GlycerolGlutamate

Fig. 2 The pattern of ICP
progressive ischemia (patient mmHg ratio uMol/L  pMol/L
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concentration of lactate was significantly increased  in Fig. 2 illustrating the time course of progressive ische-

(Table 2). Median interstitial glucose level was lower, and
glycerol and glutamate were increased in patients classified
as non-ischemic mitochondrial dysfunction but the differ-
ences reached statistical significance only for glutamate.
In two patients, the biochemical pattern was classified as
ischemia. In the first patient, (patient 13) pyruvate level
was close to detection level and, accordingly, the calcu-
lated LP ratio was very high. Interstitial glucose was close
to detection level; lactate concentration was increased, and
the levels of glycerol and glutamate were very high. The
time courses for some of the monitored variables are shown

mia. In spite of bifrontal craniectomy and pharmacological
therapy, ICP and LP ratio were above normal levels, and
CPP was low (33 mmHg) already at initiation of moni-
toring. With increasing ICP, the LP ratio increased to a
very high level and a few hours after the pronounced
increase of the LP ratio glycerol and glutamate increased
markedly. Later than 8 h after start of monitoring, CPP was
below 20 mmHg. The second patient (patient 15) exhibited
a biochemical pattern of ischemia during the initial 3 h
with a median LP ratio of 35 and a median pyruvate level
of 46 umol L™, During this period, CPP was quite low

@ Springer



226

Neurocrit Care (2015) 22:221-228

Fig. 3 The pattern of non- LP Glucose Pyruvate Glutamate
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(50-55 mmHg) due to an initially very high ICP
(3040 mmHg). The biochemical pattern normalized when
ICP—due to the therapy presented above—was reduced
below 20 mmHg. Within 5 days, the patient’s clinical state
had recovered completely.

A biochemical pattern typical of non-ischemic mito-
chondrial dysfunction is shown in Fig. 3 (patient 14).
During the 36 h period illustrated in the figure median ICP
was 8 mmHg (interquartile range 6 and 10 mmHg). During
this period, median LP ratio was 40 (min/max 31/48),
median glucose was 1.0 mmol L™' (min/max 0.6/
1.4 mmol L"), median pyruvate 159 pmol L™" (min/max
120/223 pmol L"), and median glutamate 87 pmol L'
(min/max 71/118 pmol L™").

Discussion

In this study, we use the levels of lactate and pyruvate
obtained from intracerebral microdialysis to diagnose and
separate cerebral ischemia and non-ischemic mitochondrial
dysfunction bedside. The intracellular LP ratio reflects the
cytoplasmatic redox state which is primarily determined by
mitochondrial function. An increase of the LP ratio occurs
during insufficient blood supply (ischemia) due to a
decrease of oxygen as well as substrate resulting in a very
low level of pyruvate [21, 22, 30]. An increase of the LP
ratio also occurs during arterial hypoxia and primary
mitochondrial dysfunction. In both of these situations
blood supply and delivery of substrate continues and,
accordingly, the concentration of pyruvate will increase or
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remain normal due to the increased rate of anaerobic gly-
colysis [23-25, 31, 32]. As routine analysis of arterial pO,
reveals arterial oxygenation microdialysis and bedside
biochemical analysis of lactate and pyruvate can be used to
diagnose and separate cerebral ischemia and non-ischemic
mitochondrial dysfunction under clinical conditions.

In the present study, this method of analysis was used in
a group of patients with severe community-acquired cere-
bral meningitis. As shown in Table 1, the bacteriological
etiology in our selected group of patients corresponded to
the distribution observed in large studies [1]. The severity
of the conditions is documented by the fact that all patients
were unconscious (GCS < 8) at admittance and that many
patients exhibited serious focal neurological symptoms
(Table 1). In spite of the severity of the clinical state initial,
ICP was above 20 mmHg in only five patients and median
ICP was normal (11 mmHg). Since all patients were
sedated and intubated with controlled normoventilation
before insertion of the ventricular catheters, these inter-
ventions are probably often sufficient to control elevated
ICP in severe bacterial meningitis.

Microdialysis reflects the biochemical condition of the
interstitial space, and the LP ratio obtained is supposed to
reflect the cytoplasmatic redox state. Lactate and pyruvate
pass cell membranes by proton-linked monocarboxylate
transporters (MCTs) [33]. The efficacy of the MTCs in
transmembrane transport of lactate and pyruvate appears to
be high: it is well documented that cerebral ischemia
causes an instantaneous increase in interstitial LP ratio that
reflects the intracellular shift in redox state. As the capacity
of the H'-monocarboxylate transporter across cell
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membranes is very high, the LP ratio obtained from cel-
lular interstitial fluid by microdialysis reflects the
intracellular redox state [30].

In the present study, a pattern of cerebral ischemia was
observed only during increased ICP. The pattern of cere-
bral ischemia was paralleled by increases in glutamate and
glycerol (Table 2; Fig. 2). Interstitial glutamate concen-
tration is under normal circumstances kept at a very low
level due to an energy demanding re-uptake into sur-
rounding astrocytes [33, 35]. Increase in interstitial
glutamate concentration may thus be interpreted as a sign
of energy deficiency [36]. During cell membrane degra-
dation, the glycerophospholipids of the cell membranes are
split into glycerol and free fatty acids. Cerebral interstitial
glycerol level may accordingly be used as a marker of
degradation of cellular elements [37, 38].

In patients classified as non-ischemic mitochondrial
dysfunction, LP ratio was above normal and significantly
higher than in the group of no mitochondrial dysfunction
due to a marked increase in lactate concentration while
pyruvate was within normal limits (Table 2). The bio-
chemical pattern of mitochondrial dysfunction was
observed when ICP was within normal limits. The signif-
icant increase in glutamate and the tendency to increase
glycerol levels may indicate that these patients are at risk
for secondary cellular damage e.g., during a temporary
decrease in CPP.

The mechanisms underlying non-ischemic mitochon-
drial dysfunction in severe bacterial infections are
incompletely understood. Since long it has been known that
in experimental sepsis the yield of cytochromes b, c, and a
(a3) is markedly decreased in muscle mitochondria and that
ATP synthesis rate is significantly reduced [15]. Recent
experimental studies have shown that pneumococcal
meningitis induces mitochondrial chain complex I inhibi-
tion in the brain that was interpreted as causing impairment
of energy metabolism contributing to the pathogenesis
[18]. In septic patients, an association between mitochon-
drial dysfunction and ATP depletion has been reported to
be related to organ failure and impaired clinical outcome
[17]. However, opinions differ regarding the clinical
importance of mitochondrial dysfunction in these condi-
tions. In a recent review, it was pointed out that
mitochondrial function is highly variable in sepsis and that
data from young, healthy animals have not supported the
view that mitochondrial dysfunction is the general
denominator for multiple organ failure [16].

The metabolic patterns in the present study may be
compared with observations in patients with severe brain
trauma and SAH. In pericontusional tissue, increased LP
ratio is frequently not caused by a reduction of regional
blood flow, and accordingly ischemia is probably only part
of the explanation of disturbed energy metabolism. In

patients with SAH, a metabolic pattern indicating mito-
chondrial dysfunction was recently described as more
common than that of ischemia [26].

Limitations of the Study

The study included a selected group of patients with severe
bacterial meningitis. It is likely that the frequency of
impaired cerebral energy metabolism is higher in this
group than in the larger group of patients with less severe
clinical symptoms. As the microdialysis technique gives
biochemical information selectively from a narrow zone
surrounding the catheter and cerebral ischemia occurring
outside this zone will not be detected. Although cerebral
ischemia may be more frequent than observed in this study,
it is reasonable to assume that mitochondrial dysfunction
occurs more often than ischemia.

Conclusions

In patients with severe community-acquired meningitis,
compromised cerebral energy metabolism appears to be
relatively frequent and was observed in 7 out of 15 cases. In
these patients, a biochemical pattern indicating non-ische-
mic mitochondrial dysfunction was more common than a
pattern cerebral ischemia. The clinical relevance of non-
ischemic mitochondrial dysfunction in bacterial meningitis
and its influence on clinical outcome remain to be clarified.
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