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Summary

Cerebral microdialysis is a well-established laboratory tool that is increasingly used as a
bedside monitor to provide on-line analysis of brain tissue biochemistry during neuro-
intensive care. This review describes the principles of cerebral microdialysis and the
rationale for its use in the clinical setting, including discussion of the most commonly used
microdialysis biomarkers of acute brain injury. Potential clinical applications are reviewed
and future research applications identified. Microdialysis has the potential to become an
established part of mainstream multimodality monitoring during the management of acute

brain injury but at present should be considered a research tool for use in specialist centres.
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Introduction

In 1966 Bito inserted membrane lined sacks containing 6% dextran into the cerebral
hemispheres of dogs.” The sacks were removed 10 weeks later and the fluid they contained
was analysed for levels of amino acids. During the 1970s this technique was refined and
developed into cerebral microdialysis (MD), in which a perfusate solution is passed along a
semi-permeable membrane inserted in the brain parenchyma, allowing continuous sampling
of the brain extracellular fluid.'>**** The use of cerebral MD gained in popularity in the early
1990's when commercially produced microdialysis catheters and a bedside diasylate

analyser (CMA Microdialysis, Solna, Sweden) became available.

Cerebral MD is a well established laboratory tool and is being increasingly used as a
bedside monitor to provide on-line analysis of brain tissue biochemistry during
neurointensive care. This review will briefly describe the principles and rationale behind MD

and discuss its use in the context of the management of acute brain injury (ABI).

Principles of Microdialysis

The principles of MD have been reviewed in detail elsewhere®**?*2° put a brief summary is
provided here. A MD catheter consists of a fine double lumen probe, lined at its tip with a
semi-permeable dialysis membrane. The probe tip is placed into biological tissue and
perfused via an inlet tube with fluid isotonic to the tissue interstitium. The perfusate passes
along the membrane before exiting via outlet tubing into a collecting chamber (figures 1 and
2). Diffusion drives the passage of molecules across the membrane along their
concentration gradient. Molecules at high concentration in the brain extracellular fluid (ECF)
pass into the perfusate with minimum passage of water and, as the perfusate flows and is
removed at a constant rate, the concentration gradient is maintained. The MD catheter
therefore acts an artificial blood capillary and the concentration of substrate in the collected
fluid (microdialysate) will depend in part on the balance between substrate delivery to, and

uptake/excretion from, the ECF (Figure 3). This simple concept provides a powerful



technique with many potential applications in which any molecule small enough to pass

across the membrane can be sampled.

It is instantly apparent that the concentration of a given molecule in the diasylate will be
lower than its concentration in the brain ECF unless there is total equilibration across the
dialysis membrane. The proportion of the true ECF concentration collected in the diasylate is
termed the relative recovery and is dependent on membrane pore size, membrane area, rate

of flow of perfusate and diffusion speed of the substance.

When comparing measured MD values it is essential to consider the sampling methods and
materials used. In clinical practice the most commonly used system comprises a catheter
that is 10 mm in length with a 20 kDa (CMA 70, CMA/Microdialysis) or 100 kDa (CMA 71,
CMA/Microdialysis) molecular weight cut-off, perfused with commercially available perfusate
solution (Perfusion Fluid CNS, CMA/Microdialysis) at a rate of 0.3 yL min™. The advantage
of a 100 kDa molecular weight cut-off catheter is the ability to investigate higher molecular
weight biomarkers, but such catheters have equivalent recovery to 20 kDa cut-off catheters
for the more conventional, and clinically relevant, MD variables such as glucose, lactate,
pyruvate, glutamate and lactate:pyruvate ratio.*® All microdialysate concentrations quoted in

this review refer to the above system and a flow rate of 0.3 pyL min™.

Why monitor tissue biochemistry in the injured brain?

Acute brain injury (ABI) is frequently exacerbated by secondary events that lead to
secondary brain injury, which is a potentially modifiable cause of mortality and morbidity after
ABI. Secondary injury to the brain occurs following activation by the primary injury of an
auto-destructive cascade of metabolic, immunological and biochemical changes that render
the brain more susceptible to secondary physiological insults and ultimately result in
irreversible cell damage or death.*® These poorly understood pathological processes lead to

failing cellular metabolism, calcium overload, increased production of free radicals and



release of neurotoxic levels of excitatory amino acids. If unchecked, these changes cause
cellular swelling, rises in intracranial pressure and further neuronal loss resulting in
increased mortality and worsened outcome in survivors. Treatment of ABI during
neurointensive care is aimed at preventing or minimising the burden of secondary injury.
Monitoring brain tissue biochemistry has the potential to identify impending or early-onset
secondary injury and allow timely implementation of neuroprotective strategies. Many
neurocritical care units have adopted protocolised, stepwise interventions for the treatment
of ABI*® and cerebral MD may allow assessment of the adequacy of treatment in an
individual patient at a particular moment in time and therefore has the potential to guide

individualised and targeted therapy after ABI.

Catheter Placement

MD monitors local tissue biochemistry and reflects metabolic disturbances and
neurochemical changes only in the part of the brain where the probe is located. Wide
differences between MD measured variables have been reported in areas close to, and far
away from, focal traumatic lesions.*? Placement of the MD catheter in ‘at risk’ tissue, such as
the area surrounding a mass lesion after traumatic brain injury (TBI), or the vascular territory
most likely to be affected by vasospasm after subarachnoid haemorrhage (SAH), allows
biochemical changes to be measured in the area of brain most vulnerable to secondary
damage (figure 4). In the case of diffuse axonal injury catheter placement in the non-
dominant frontal lobe is recommended. Guidance has been issued on catheter placement for
monitoring patients after TBI and SAH.? Commercial MD catheters incorporate a gold tip
and, because the site of placement is crucial, the tip position should be checked by

subsequent computed tomography scan.

Microdialysis markers
The most common, commercially available, assays for bedside use are those for glucose,

lactate, pyruvate, glycerol and glutamate, and tentative normal values for these variables



have been described (Table 1). Reinstrup et al., inserted MD catheters into the posterior
frontal cortex of patients undergoing surgery for benign posterior fossa lesions and collected
microdialysate samples in the post-operative course in order to demonstrate baseline
metabolite concentrations from the uninjured human brain.*” In another study,
concentrations of metabolites in microdialysate samples from SAH patients with no clinical or
radiological evidence of cerebral ischaemia were considered to represent normal values.*®

A summary of the pathophysiological changes monitored by cerebral MD biomarkers is

shown in table 2.

Markers of glucose metabolism

One of the main advantages of cerebral MD monitoring after ABI is the ability to assess the
cerebral delivery and utilisation of glucose. This is the main source of energy to the brain
and a continued supply of glucose is vital for the maintenance of the integrity of the cell.
Microdialysate glucose levels are reduced in patients following traumatic brain injury (TBI),
and a concentration consistently less than 0.66 mmol I"* in the first 50 hours post TBI is
associated with poor outcome.®” The aetiology of this low glucose concentration is likely to
be multifactorial. In the acute period after TBI there is typically a reduction in oxidative
metabolism®® and increase in glucose metabolism.® Extremely low levels of cerebral MD
glucose are observed during periods of severe hypoxia/ischaemia after TBI**** and
subarachnoid haemorrhage (SAH),>® and are associated with a brain tissue pO, (PbrO,) of
less than 1.3 kPa.**** However, a poor correlation has been shown between ischaemia
defined by positron emission tomography (PET) imaging and low MD glucose
concentration®® suggesting that, in some cases at least, low MD glucose concentration may
be associated with hyperglycolysis rather than critical supply of glucose and oxygen because

of reduced cerebral perfusion.

Glycolysis involves the metabolism of glucose to pyruvate and is perturbed after ABI. ATP

production proceeds via the aerobic pathway through electron complex mediated reduction



of oxygen, or via the inefficient anaerobic pathway resulting in the formation of lactate. The
measurement of MD lactate and pyruvate concentrations provides information on the extent
of anaerobic glycolysis, and the extracellular lactate:pyruvate ratio (LPR) reflects the
intracellular redox state - a marker of mitochondrial function.?***. LPR is a more robust and
reliable biomarker of tissue ischaemia than lactate concentration alone'! and, because
lactate and pyruvate have very similar molecular weights, the LPR is independent of catheter

recovery in vivo.* LPR is therefore the most widely monitored MD variable after ABI.

In the human brain, severe hypoxia/ischaemia is typically associated with marked increases
in the LPR* which correlates with PET measured oxygen extraction fraction.”® An increase
in LPR above established thresholds (20-25) is associated with poor outcome in TBI*"* and
SAH?%4 and has traditionally been assumed to indicate tissue ischaemia. However, it has
proved difficult to establish the tissue hypoxic threshold for a raised LPR* and it is
increasingly apparent that anaerobic glycolysis may occur due to failure of effective
utilization of delivered oxygen because of mitochondrial failure as well as because of

hypoxia/ischaemia.*®

The lactate:glucose ratio is also a sensitive marker of tissue hypoxia/ischaemia and has

been interpreted as indicating increased glycolysis.*?

Glutamate

Excitotoxicity is a proposed mechanism of secondary brain injury, mediated by excessive
calcium influx into brain cells via glutamate mediated ion channels. Early excitement
surrounding the measurement of MD glutamate concentration was fuelled by animal studies
demonstrating raised MD glutamate concentration in global cerebral ischaemia* and TBI.?
Cerebral ischaemia in humans is associated with an increased MD glutamate

concentration'® and the degree of MD glutamate rise correlates with poor outcome after

TBI'Y and SAH.?*** However the key role of glutamate in excitotoxicity after TBI has been



challenged® and the initial enthusiasm for the clinical measurement of MD glutamate

concentration after ABI has waned.

Glycerol

Failure of cellular metabolism results in disruption of cell membrane function and ultimately
leads to degradation of cell membrane phospholipids and release of glycerol, an end product
of phospholipid breakdown, into the brain ECF. Glycerol is therefore a useful MD marker of
tissue hypoxia and cell damage after ABI® and the degree of the hypoxia/ischaemia induced
elevation of MD glycerol may be dramatic, with four- or eight-fold increases recorded in
severe or complete ischaemia respectively.** Cerebral MD glycerol concentrations are
typically elevated in the first 24 hours after severe TBI, presumably as a result of the primary
injury, and then exponentially decline during the ensuing 3 days.® Subsequent increases in
MD glycerol concentration are associated with adverse secondary events®” and seizure

activity.>®

Clinical applications of MD monitoring

Before considering the use of cerebral MD as a clinical monitor after ABI, it is important to
understand that there are wide variations in MD variables over time after the injury, not only
between different subjects, but also within individuals.”***” These are likely to represent
the high and changing levels of metabolic activity within the injured brain*® but make it
difficult to interpret ‘one off’ MD measurements in isolation. Despite the publication of
‘normal’ values, cerebral MD must therefore be seen as a trend monitor, with the data being

interpreted in association with other measure variables.

There is a large body of literature suggesting that MD monitoring is able to predict poor
outcome after TBI and SAH, and some of this has been discussed earlier in this review.
There is also some evidence that MD may assist clinical decision making, such as

management of cerebral perfusion pressure,® guidance of hyperventilation?® and the



appropriateness of extensive surgical procedures.® However to offer added value over and
above that provided by other intracranial monitors, cerebral MD must not only guide
treatment, but do so in a way that reduces the burden of secondary brain injury and thereby

offer the potential to improve functional outcome in survivors.

The value of the placement of the MD catheter in ‘at risk’ tissue has been demonstrated in a

recent study of 33 patients with severe TBI.*

Focal measurements using MD and PbrO,
were made in brain tissue underlying an evacuated subdural haematoma and were
compared to global measures of intracranial pressure (ICP), cerebral perfusion pressure
(CPP) and jugular venous oxygen saturation (SjvO,). 17 of the 33 patients developed
delayed focal secondary injury (contusion or infarction) and showed reduced PbrO, and
elevation of MD LPR in the absence of global changes in ICP, CPP or SjvO,. However, in
the 11 patients with an uneventful clinical course, there were no changes in MD and PbrO..
The remaining 5 patients suffered fatal refractory intracranial hypertension and
demonstrated a classic pattern of change in MD biomarkers, i.e. markedly elevated LPR and
glutamate, and reduced glucose. These data confirm that focal monitoring of biochemical

changes in ‘at risk’ brain tissue using MD may, in association with PbrO, monitoring, provide

clinically useful indications of evolving brain injury at the bedside.

Elevated LPR is a sensitive marker of ischaemia after ABI and, although its interpretation
may be complicated by mitochondrial failure, it is intuitively an attractive monitor of the
adequacy of cerebral oxygen delivery. Nordstrom et al. studied 50 patients with severe TBI
using a MD catheter placed in the ‘at risk’ tissue surrounding a focal lesion and a second in
the contralateral frontal lobe (‘normal’ tissue).*® The lactate concentration was higher in the
‘at risk’ compared to ‘normal’ brain and LPR increased in the ‘at risk’ tissue when CPP fell
below 50 mmHg (see also figure 4). It was concluded that cerebral MD can be used to
assess the safe lower limit of CPP, suggesting that CPP management might be

individualised rather than delivered to a generic target value.



Patients suffering from SAH have a significant incidence of cerebral vasospasm, which may
lead to cerebral ischaemia. MD glutamate and glycerol concentrations correlate with regional
cerebral blood flow assessed using PET after SAH, and LPR ratio shows high sensitivity and
specificity for symptoms of ischaemia.*” MD therefore has the potential not only to assist in
the diagnosis of significant vasospasm, but also to guide triple H therapy. This may be

particularly useful in the unconscious patient in whom clinical examination is not possible.

As cerebral MD measures changes at the cellular level, it also has the potential to detect
hypoxia/ischaemia before changes can be detected in the patient’s neurological status or by
more conventional monitoring techniques such as ICP measurement. In patients with severe
TBI, rise in LPR and glycerol predicted intracranial hypertension in the following three
hours*’ and, after SAH, these same biomarkers predicted the occurrence of a delayed
ischaemic deficit related to cerebral vasospasm 11-23 hours before its clinical appearance.*®
However, despite data highlighting the predictive value of MD, one study found no
correlation between MD glycerol concentration and secondary events, such as intracranial
hypertension and low CPP, in 15 patients with TBI.** Glutamate should be an attractive
biomarker for the prediction of secondary injury and, although a recent study failed to
demonstrate a predictive value of increased glutamate concentration after TBI,*’ it does

appear to be a sensitive indicator of impending cerebral ischaemia after SAH.?®

In a recent study, Clausen et al. examined the relationship between PbtO,, MD glycerol,
CPP and outcome in 76 patients with severe TBI.? Although PbtO,< 1.3 kPa and CPP < 70
mmHg were associated with elevated mean cerebral MD glycerol levels, individual episodes
below the same thresholds were frequently recorded without an increase in MD glycerol
concentration. There was also no difference in mean MD glycerol concentrations between
patients with favourable and unfavourable outcomes. In another study, the effects of

norepineprine-induced augmentation of CPP (from 70 to 90 mmHg) were examined in 11
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patients with severe TBI. There were significant increases in PbtO, that were associated
with increases in cerebral blood flow and decreases in oxygen extraction ratio measured by
PET following the increase in CPP, but there were no significant changes in MD glucose,
lactate, pyruvate or glycerol. > These, and other studies, suggest that further investigation is

required to determine the validity of cerebral MD variables in different clinical settings.

One of the important contributions of cerebral MD during neurointensive care is its ability to
increase our understanding of the effect that current treatment strategies have on the injured
brain. For example, MD glucose concentration can be manipulated by altering systemic
glucose concentration in both the normal® and injured®® brain. Poor outcome in the acute
phase after severe TBI is associated with high systemic glucose concentrations® but also
with but low cerebral MD glucose concentrations.®” In a recent study, tight systemic
glycaemic control (defined in this study as serum glucose concentration of 5.0 - 6.7 mmol I
did not improve functional outcome after TBI and was associated with increased incidence of
MD markers of cellular distress.*® This finding merits further investigation and suggests that
established targets for glycaemic control after TBI might not be universally applicable and
that measurement of cerebral MD glucose concentration has the potential to guide

individualised systemic glucose management.

Research Applications of MD

Any molecule present in the cerebral ECF that is small enough to cross the semi-permeable
dialysis membrane will be collected in the diasylate. This opens the door to the investigation
of novel biomarkers of ABI and several promising avenues of research are being pursued.
Recent work has included measurement of nitric oxide metabolites,*® N-acetylaspartate® and
S100B*, but the possible applications are myriad and as yet unexplored. A potentially
exciting new field is the application of proteomics to MD and this approach has already been
applied in an explorative study of three patients with thromboembolic stroke.?” Cerebral MD

can also be used to investigate drug penetration in the human brain and as a tool during
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drug trials. Finally, it is possible to engineer the delivery of substances to the brain using MD

and this has potential applications in the field of brain tumour chemotherapy.*°

Conclusion

Cerebral MD allows measurement of local tissue biochemistry, and the introduction of a
commercially available analyser has made on-line cerebral MD monitoring a reality. MD is
the only method of measuring brain tissue biochemistry at the bedside and it is a useful tool
for the detection of biochemical changes associated with hypoxia/ischaemia after ABI. There
is some evidence that MD also has the potential to provide early warning of impending
hypoxia/ischaemia and neurological deterioration, and this may allow timely implementation
of neuroprotective strategies. However, MD reflects only local tissue biochemistry and
accurate placement of the catheter is crucial. Furthermore, because there are wide

variations in measured variables, trend data are more important than absolute values.

Although MD is used routinely in a few centres it has not yet been introduced into
widespread clinical practise and, at present, should be considered a research tool for use in
specialist centres. Although clinical experience is rapidly increasing, carefully designed
prospective studies are required to determine the value of cerebral MD in the management
of patients with ABI. However, because of its unique ability to contribute important
information about the process of secondary brain injury, MD has the potential to become
established as a key component of multi-modality monitoring during management of ABI

during neurointensive care.
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Table 1

Suggested normal concentrations of commonly measured biochemical markers in

microdialysate samples from the uninjured human brain, collected at a perfusate flow rate of

0.3 yL min™.
Microdialysate concentration Normal value + SD Normal value + SD
Reinstrup et al.*’ Schulz et al.*®
Glucose (mmol I'") 1.7+0.9 21+ 0.2
Lactate (mmol I'") 2.9+0.9 3.1+0.3
Pyruvate (umol I 166 + 47 151 + 12
Lactate:pyruvate ratio 23+4 19+2
Glycerol (umol I 82 + 44 82+ 12
Glutamate (umol 1) 16 + 16 14.0 + 3.3
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Table 2

Biochemical markers of secondary brain injury.

Microdialysis Secondary injury process Comments

variable

Low Glucose e Hypoxia/ischaemia e Should be interpreted in
e Reduced cerebral glucose supply association with serum
e Cerebral hyperglycolysis glucose concentration

Increased Hypoxia/ischaemia e Most reliable biomarker

lactate:pyruvate
ratio

Increased glycerol

Increased
glutamate

Reduction in cellular redox state
Reduced cerebral glucose supply
Mitochondrial dy{Vespa, 2003 146
/id}sfunction

Hypoxia/ischaemia
Cell membrane degradation

Hypoxia/ischaemia
Excitotoxicty

of ischaemia

¢ Independent of catheter
recovery

e Tissue hypoxic threshold
for raised LPR not
established

e Increased glycerol may
also occur due to spill
over from systemic
glycerol or from the
formation of glycerol from
glucose

e Wide variability in
glutamate levels within
and between patients
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LEGENDS TO FIGURE

Figure 1

Components of clinical microdialysis catheter.
1. pump connector

2. inlet tube

3. microdialysis catheter

4. microdialysis membrane

5. outlet tube

6. microvial holder

7. microvial for collection of microdialysate

Figure 2

Schematic representation of microdialysis catheter in brain tissue. Fluid isotonic to the brain
extracellular fluid is pumped through the microdialysis catheter at a rate of 0.3 uL min™.
Molecules at high concentration in the brain extracellular fluid equilibrate across the semi-
permeable microdialysis membrane and can be analysed in the collected perfusate (the

microdialysate).

Figure 3

Schematic representation of relationship between blood capillary and microdialysis catheter
in brain tissue. The microdialysis catheter acts an artificial blood capillary and the
concentration of substrate in the collected fluid (microdialysate) is related to the balance

between substrate delivery to, and uptake/excretion from, the extracellular fluid.

22



Figure 4

Changes in lactate:pyruvate ratio in ‘at risk’ (A) and normal (B) brain during a period of low
and normal cerebral perfusion pressure. The normal range for lactate:pyruvate ratio is
shown by the shaded area. Note the rise in lactate:pyruvate ratio in the ‘at risk’ tissue during
a period of cerebral hypoperfusion with normal values measured by the catheter in normal

brain.
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