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Abstract: Cerebral metabolic dysfunction has been shown to extensively mediate the pathophysiology
of brain injury after subarachnoid hemorrhage (SAH). The characterization of the alterations of
metabolites in the brain can help elucidate pathophysiological changes occurring throughout SAH
and the relationship between secondary brain injury and cerebral energy dysfunction after SAH.
Cerebral microdialysis (CMD) is a tool that can measure concentrations of multiple bioenergetics
metabolites in brain interstitial fluid. This review aims to provide an update on the implication
of CMD on the measurement of metabolic dysfunction in the brain after SAH. A literature review
was conducted through a general PubMed search with the terms “Subarachnoid Hemorrhage AND
Microdialysis” as well as a more targeted search using MeSh with the search terms “Subarachnoid
hemorrhage AND Microdialysis AND Metabolism.” Both experimental and clinical papers were
reviewed. CMD is a suitable tool that has been used for monitoring cerebral metabolic changes in
various types of brain injury. Clinically, CMD data have shown the dramatic changes in cerebral
metabolism after SAH, including glucose depletion, enhanced glycolysis, and suppressed oxidative
phosphorylation. Experimental studies using CMD have demonstrated a similar pattern of cerebral
metabolic dysfunction after SAH. The combination of CMD and other monitoring tools has also
shown value in further dissecting and distinguishing alterations in different metabolic pathways
after brain injury. Despite the lack of a standard procedure as well as the presence of limitations
regarding CMD application and data interpretation for both clinical and experimental studies,
emerging investigations have suggested that CMD is an effective way to monitor the changes of
cerebral metabolic dysfunction after SAH in real-time, and alternatively, the combination of CMD
and other monitoring tools might be able to further understand the relationship between cerebral
metabolic dysfunction and brain injury after SAH, determine the severity of brain injury and predict
the pathological progression and outcomes after SAH. More translational preclinical investigations
and clinical validation may help to optimize CMD as a powerful tool in critical care and personalized
medicine for patients with SAH.

Keywords: subarachnoid hemorrhage; cerebral microdialysis; brain metabolism; brain bioenergetics;
metabolic dysfunction

1. Introduction

Subarachnoid hemorrhage (SAH) is an acute cerebrovascular disease. Despite ac-
counting for only 5% of all stroke cases [1,2], some features render SAH as one of the
most devastating diseases. Not only does SAH tend to affect individuals of a younger
age compared to other types of stroke, but it also causes high mortality and significant
morbidity [3,4]. Approximately 12% of patients die prior to receiving medical manage-
ment, and 50% within 30 days of SAH. Half of the survivors suffer from a permanent
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disability [5]. Etiologically, approximately 85% of cases are caused by the rupture of a
cerebral aneurysm [6]. Followed by the sudden rupture, blood accumulates within the
subarachnoid space, resulting in a series of pathophysiological changes, impacting both
brain vasculature and parenchyma, causing secondary brain injury [7]. Mechanisms medi-
ating secondary brain injury after SAH are multifactorial. Initially, delayed vasospasm was
considered to be a primary factor resulting in the deterioration of neurological outcomes in
SAH patients. However, successful relief of vasospasm has failed to improve functional
outcomes in clinical trials [8]. Later, the concept called early brain injury (EBI), which is
defined as pathophysiological changes within the first 72 h after the onset of bleeding,
has been emphasized and gained increasing attention by the SAH research community [5].
Importantly, dysregulation of energy metabolism in brain tissue is one of the driving forces
contributing to pathological changes in various acute brain injuries, such as traumatic brain
injury [9]. Similarly, cerebral energy dysfunction occurs rapidly and could extend to a
prolonged period of time after SAH [10]. Hence, measuring and monitoring the alterations
in post-SAH energy metabolism inside the brain would be essential for not only improving
patient management in clinical practice but for understanding the mechanisms underlying
the post-SAH cerebral energy dysregulation, as well as its correlation with outcomes [11].

Cerebral microdialysis (CMD) is an approach using a concentric probe with a semiper-
meable membrane to collect brain interstitial fluid (ISF) that has been extensively used
in both clinical and experimental studies for analyzing the status of cerebral energy
metabolism [10]. Solutes, such as energy metabolites, neurotransmitters, or amino acids
in ISF diffuse down the concentration gradient moving across the semipermeable mem-
brane and are eventually collected as dialysate or analyte, followed by the concentration
measurement by using analytical chemistry techniques, such as high-performance liquid
chromatography with mass spectrometry. Indeed, using CMD allows researchers to see a
more comprehensive picture of bioenergetic metabolism during and after SAH and help
clinicians guide patient treatment and monitor brain metabolic changes preceding the clini-
cal deterioration [12]. Simultaneously, other monitoring data, such as intracranial pressure
(ICP), cerebral perfusion pressure, and brain tissue oxygen tension, are collected together
with CMD data and may thus provide a direct way to measure the process of energy failure
at the cellular level [13]. Interestingly, several studies have also demonstrated that moni-
toring patients with brain injury by CMD might be beneficial for reducing the mortality
rate [14,15]. This review aims to discuss the current advances and the potential for utilizing
CMD in both clinical and experimental studies. From a translational perspective, we believe
that CMD is an important approach for further investigating the SAH-induced cerebral
energy dysfunction, and eventually, finding an effective intervention for treating SAH.

2. Cerebral Metabolic Dysfunction after SAH

As mentioned above, the current concept dividing the post-SAH pathophysiological
process into two phases: the phase of EBI occurred within the first 72 h after the onset
of ictus, followed by a delayed phase typically occurs 3–14 days after SAH where the
cerebral vasospasm and subsequent delayed cerebral ischemia (DCI) ensue and affect up to
half of the SAH patients [16]. Both phases involve prominent derangements in the brain’s
bioenergetic profile [17] that can be measured intracellularly and extracellularly.

2.1. Cerebral Metabolic Dysfunction in Early Phase after SAH

The definition of EBI includes the evaluation of initial clinical symptoms, neuroimag-
ing findings, and cerebral electrophysiological and/or metabolic changes using multi-
modal neuromonitoring, including CMD. During the initial vessel rupture, blood enters the
subarachnoid space, increasing ICP, leading to a reduction in cerebral perfusion pressure
and cerebral blood flow (CBF) [18]. This clinical pattern has been successfully replicated
in rodent studies, implying that the EBI’s pathophysiology between the two species share
similar mechanisms [18,19]. The sudden changes in CBF and cerebral perfusion deficit
result in multiple metabolic disturbances [18]. In fact, some studies have demonstrated
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the similarities between SAH and transient global cerebral ischemia [20]. Normal func-
tions of neurons heavily rely on the oxidative phosphorylation within the mitochondria
via the electron transport chain for ATP generation. Acute cerebral ischemia depletes
oxygen supply and reduces mitochondrial respiration, forcing the shift from oxidative
phosphorylation to enhanced anaerobic glycolysis in neurons and other brain-resident
cells, followed by an accumulation of lactate developing a local or diffuse acidosis [21].
Additionally, dramatic reductions in intracellular adenosine triphosphate (ATP) derived
from the energy failure after SAH leads to ion channel dysfunction and disruption of the
normal cell membrane potential. All these processes could enhance the production of reac-
tive oxygen species (ROS) and brain tissue damage [22]. Moreover, cerebral hypoperfusion
has been correlated with an increase in extracellular glutamate [23,24]. Excess extracellular
glutamate that cannot be recycled causes the prolonged activation of both NMDA and
AMPA receptors. The following supraphysiological influx of calcium into neurons and
glial cells can eventually lead to apoptosis [25]. Astrocytic apoptosis, accompanied by
the loss of astrocytic foot processes, plays a key role in BBB permeability after SAH [26].
CMD data obtained during the acute phase of SAH has shown a sharp reduction in glucose,
while there was an elevation in glutamate, lactate, and lactate to the pyruvate ratio (LPR),
which is a marker indicating the cerebral ischemia-related energy crisis [27].

In addition, non-ischemic mechanisms also mediate cerebral energy dysfunction in
the EBI phase after SAH since clinical data, based on microdialysis analysis, showed that
more pronounced CMD abnormalities, including the increased LPR, were observed in SAH
patients with hyperemic or normal CBF. Extravascular hemolysis of red blood cells in sub-
arachnoid space causes free hemoglobin to enter the cerebral interstitial system [22]. Con-
sequently, the hemoglobin scavenges nitric oxide, reducing its availability to endothelium
and smooth muscle cells [22] and disrupting the ionic homeostasis of smooth muscle cells,
resulting in vasoconstriction of the cerebrovasculature and further energy insufficiency [28].
Hence, multiple factors contribute to the cerebral energy dysregulation involved in EBI af-
ter SAH. However, further investigations targeting the interaction and association between
these factors are still needed.

2.2. Cerebral Metabolic Dysfunction in Late Phase after SAH

DCI has the highest incidence 3–14 days after ictus [29]. Previously, cerebral va-
sospasm has been considered a culprit in DCI. However, many clinical trials have failed to
improve post-SAH outcomes by using anti-vasospasm agents [30]. Recent evidence has
shown a weak correlation between the vasospasm and the location of DCI [31]. The current
concept deems DCI a multifactorial process, including microvasculature dysfunction, mi-
crothrombi formation, inflammation, and cortical spreading depolarizations (SDs) [31,32].
Previous data demonstrated that persistent constriction of brain arterioles could last up
to 72 h post-SAH [33]. Further evidence showed that the development of significant
microthrombi in these constricted brain arterioles compared to arterioles without constric-
tion [33], suggesting the cerebrovascular dysfunction starting at the early phase after SAH
may sustain to an extended period of time and also strengthening the correlation between
EBI components and the development of DCI [34]. Additionally, the inflammatory reaction
induced by the interaction of hemoglobin released from lysed red blood cells and sur-
rounding brain tissue can elicit the infiltration of peripheral immune cells and subsequent
production of pro-inflammatory cytokines into the adjacent brain parenchyma [35].

During the late phase of subarachnoid hemorrhage, metabolic profiling using micro-
dialysis has shown a similar pattern as the early phase after SAH [27]. Interestingly, in ad-
dition to the reduction in glucose and elevation of lactate, glutamate, and glycerol, an ag-
gravation of energy crisis is reflected by a further increase in LPR, which can be detected
during this delayed phase after SAH and may be partially due to the decreased level of
pyruvate, suggesting the occurrence of delayed cerebral ischemia. Moreover, LPR dete-
rioration can be detected as early as 16 h before DCI, rendering the possibility for early
prevention of severe complications in the delayed phase of SAH [27].
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3. CMD in Monitoring Cerebral Metabolic Dysfunction after SAH

Clinically, CMD can be used during the entire perioperative period in SAH patients,
particularly for patients with poor-grade SAH [36]. While CMD is not currently an essential
component of standard post-SAH care, CMD readings provide a wide array of useful
information regarding bioenergetic metabolism inside the post-SAH brain. For instance,
the most recent consensus from the 2014 international microdialysis forum concludes a
set of average metabolite concentrations and treatment recommendations based on CMD
monitoring for various acute brain injuries, including SAH [13].

3.1. Key Metabolic Parameters Measured by CMD

By collecting brain ISF samples, several important metabolites related to brain func-
tion and metabolism can be analyzed by CMD. Under normal conditions, glucose is the
primary energy source for the brain, and neurons use a large portion of glucose for oxida-
tive phosphorylation. However, under pathological conditions, such as in the early phase
after SAH, anaerobic glycolysis starts to predominate in brain residual cells, called hy-
perglycolysis, as the discontinuation of oxygen and glucose supply caused by reduced
CBF [37,38], which is reflected by the marked decrease in the concentration of glucose
in brain interstitial fluid [39]. Lactate is the major product of glycolysis and is linked to
the post-SAH outcome. Some clinical studies showed that a metabolic profile coinciding
with hyperglycolysis, defined as ISF concentrations of lactate >4 mmol/L and pyruvate
>119 µmol/L with brain tissue oxygen pressure >20 mm Hg, is correlated with better
clinical outcomes in SAH patients [40,41]. However, the elevation of brain lactate level,
is categorized into two patterns: nonhypoxic hyperglycolysis, which is associated with
better outcomes, or hypoxic hyperglycolysis related to the poor outcome in SAH patients.
The latter pattern is associated with more severe ischemia and decoupling of glycolysis
and oxidative phosphorylation that can be indicated by significantly increased LPR [21].

Glutamate is a major excitatory neurotransmitter that plays vital roles in normal
brain functions. However, excessive extracellular glutamate can cause excitotoxicity trigger-
ing neuronal death. Under physiologic conditions, astrocytes are responsible for the reup-
take of excess glutamate released from neurons through an energy-dependent process [42].
Thus, glutamate concentration in extracellular space is used as a marker to determine
the status of energy metabolism in the brain, since abnormal increases in extracellular
glutamate may reflect the energy failure and disruption of the glutamine-glutamate cycle
between neurons and astrocytes [43]. Additionally, glycerol is a product of cell mem-
brane degeneration, and its level in ISF has been considered an indicator of membrane cell
damage after SAH. Higher levels of glycerol were reported in patients with poor-grade
SAH [44].

3.2. Clinical Application of CMD in SAH

As mentioned above, CDM is commonly used in the neurointensive care unit for
multiple types of brain injury. However, CMD monitoring is typically only used in severe
SAH cases because it is an invasive procedure and not a current standard component for
SAH management [45]. Cerebral microdialysis measures extracellular fluid concentrations
of the lactate to pyruvate ratio, glutamate, glucose, and glycerol. Monitoring cerebral
metabolism can help experienced clinicians to make treatment decisions or monitor poten-
tial neurological deterioration. CMD can measure not only ISF concentrations of various
metabolites from energy metabolism in the brain, but also analyze other factors such as
specific inflammatory cytokines and matrix metalloproteinase-9 (please refer to Table 1
for all the significant clinical findings based on CMD monitoring within the past two
years.) [46,47]. Thus, continued research into potential biochemical markers of EBI and
DCI after SAH based on CMD may provide a promising way for better understanding the
involvement of energy dysregulation in post-SAH pathophysiology.
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Table 1. Microdialysis findings from the last two years of clinical papers regarding subarachnoid hemorrhage and microdialysis.

Paper Number of Patients Patient Characteristics Monitoring Period Probe Location Aim Microdialysis Findings

[48] 51

Median age = 59 years
Hunt & Hess

grade 2 = 4 grade 3 = 12
grade 4 = 6 grade 5 = 29

Not specified
37% of patient’s normal

brain tissue
63% patients perilesional.

Investigate the impact of catheter
location on brain interstitial
metabolite concentrations.

Study temporal dynamics during
monitoring time.

Glucopenia was independent of
probe location. Probe placement
in normal parenchyma may yield

more relevant information
than perilesional.

[49] 12

Mean age = 62 years
GCS on admission

6 = 7
5 ≤ 5

Hunt & Hess
grade 1–3 = 8 grade 4–5 = 4

Not specified Right frontal cortex.

Investigate cerebral metabolic
changes regarding CBF during

therapeutic hypervolemia,
hemodilution, & hypertension

therapy in poor-grade SAH
patients with DCI.

Global and regional CBF
improved and the cerebral energy

metabolic CMD parameters
stayed statistically unchanged

during HHH therapy in
DCI patients.

[50] 190

Mean Age = 54 years
Hunt & Hess

grade 3 = 102 grade 4 = 54
grade 5 = 34

Not specified.
Ipsilateral frontal

watershed area of the
ruptured aneurysm

Assess the impact of invasive
neuromonitoring on the detection

rate of DCI and its influence on
patient outcome.

Invasive neuromonitoring led to
earlier detection of DCI events

in poor-grade
subarachnoid hemorrhage.

[51] 16

Mean age = 58 years
WFNS

All patients were grade 4
or 5

At the onset of
subarachnoid

hemorrhage for 4 days
on average.

Bilaterally in MCA/ACA
watershed territory

Assess the utility of a bilateral
CMD in poor grade SAH patients

to detect bilateral metabolic
ischemic events to identify

silent infarcts.

25% of ischemic events occurred
in the contralateral hemisphere.

The ipsilateral hemisphere
showed no metabolic change

[52] 100

Mean Age = 58 years
WFNS

grade 1 = 5 grade 2 = 11
grade 3 = 5 grade 4 = 14

grade 5 = 63
GCS on admission = 3–7

11 days
White matter of the

hemisphere deemed at
greatest risk

Quantify the brain tissue hypoxia
burden in subarachnoid

hemorrhage and identify the
simultaneous occurrence of

pathologic values potentially
amenable to treatment.

Elevated LPR and decreased
glucose suggests anaerobic

metabolism. Brain metabolic
distress was linked to higher
hospital mortality in severely

brain injured patients.
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Table 1. Cont.

Paper Number of Patients Patient Characteristics Monitoring Period Probe Location Aim Microdialysis Findings

[53] 36

Mean age = 56 years
Hunt & Hess grade 3 = 4
grade 4 = 12 grade 5 = 20

Average GCS ≤ 8
on admission

Onset of subarachnoid
hemorrhage for 7 days Not specified

Investigate the relationship
between neuroglobin and brain

metabolism in subarachnoid
hemorrhage patients.

Weak correlation between
microdialysis metabolite

concentrations and serum
neuroglobin concentration.

[54] 10

Mean age = 51 years
Hunt & Hess

all patients were grade 3
or 4.

Average GCS on
admission = 3.5

1 h before procedure and
12 h after the procedure.

1 to 2 cm anterior to
Kocher’s point into a

watershed area ipsilateral
to the

ruptured aneurysm.

Investigate the effects
of intra-arterial

papaverine-hydrochloride on
cerebral metabolism

and oxygenation.

LPR decreased between 2–5 h
after the procedure. Pyruvate

remained elevated for 10 h.
Lactate peaked at 1 h and 5–8 h.

[55] 30

Mean Age = 59 years
Hunt & Hess

grade 1 = 2 grade 2 = 6
grade 3 = 9 grade 4 = 11

grade 5 = 2
GCS on admission

grade 1 = 1 grade 2 = 1
grade 4 = 6 grade 5 = 4

grade 6 = 18

3 days following onset
of symptoms. Right frontal lobe cortex.

Determine if low cerebral blood
flow (CBF) measurements and

pathological microdialysis
parameters measured at the

bedside can be observed early in
patients with SAH who later

developed DCI.

Low CBF, high lactate, and an
increased L/P ratio were seen

early after hemorrhage (Days 0–3)
in patients who later developed

DCI before any clinical signs
had appeared.

[56] 17

Mean age = 57 years
Hunt & Hess grade 2 = 2
grade 3 = 6 grade 4 = 2

grade 5 = 7

6 h from enteral
food administration. Frontal lobe white matter.

Investigate the effect of EN on
brain metabolism in a cohort of

poor-grade SAH patients

Enteral nutrition increases the
concentration of glucose in

cerebral ISF.

[57] 24

Median age = 60 years
GCS of all patients was

≤ 8 on admission
Hunt & Hess average =

grade 4

Not specified
Hemisphere most at risk
of ischemia and 10mm

from lesion.

Investigate the effect of parenteral
diclofenac infusion as routine fever

treatment on brain extracellular
IL-6 levels.

Shows that brain ISF IL-6
concentrations significantly

decrease 2 h after
diclofenac treatment.
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There has been contradictory evidence in the literature regarding whether CMD can
detect cerebral energy metabolism disturbances preceding EBI, but it has shown promis-
ing results in studies focusing on DCI [49,50,55]. Metabolite concentrations during the
acute phase after SAH show decreased glucose while glutamate, lactate, and glycerol
increase [58]. Interestingly, DCI can be predicted with an 88% specificity and 94% sensitiv-
ity if the probe around the ruptured vessel detects the LPR elevation, lactate to glycerol
ratio greater than 20%, and a subsequent 20% increase in glycerol within one day [59].
Conversely, the LPR and glutamate levels may fluctuate during the phase of EBI [46].
Excitingly, a clinical study recruiting 97 SAH patients, has found that CMD is a safe tech-
nique for monitoring regional cerebral ischemia. The changes of metabolites indicative of
cerebral ischemia, including the low glucose level combined with significant elevations
in lactate, LPR, glutamate, and glycerol, preceding the onset of symptomatic vasospasm
were detected in the majority of SAH patients with delayed ischemic neurologic deficits,
which are in good agreement with the clinical course of these patients [60]. Later, the author
replicated the consistent result in another clinical studies, including 44 SAH patients [24].
In the consensus statement mentioned above regarding the indication of CMD in SAH,
the author stated that CMD could be used as a primary monitoring device in patients
with poor-grade SAH that also allows clinicians to detect secondary neurological de-
terioration [13]. Meanwhile, the statement proposed that the most useful markers of
brain metabolism after SAH include ISF concentration of glucose, glutamate and glycerol,
and the LPR. While the use of CMD has shown to improve functional outcomes, including
the reduced mortality rate and better Glasgow coma scales 3–6 months post-injury, in pa-
tients with traumatic brain injury [15], the relationship between the CMD monitoring and
clinical outcomes in SAH patients remain to be elucidated. Also, it has been reported that
CMD may help to assess the efficacy of SAH-related interventions [54,57]. Furthermore, de-
spite a recent article proposing the standard CMD reporting recommendations [61], a more
comprehensive meta-analysis might be required for further standardizing the reporting
of CMD results from both clinical and experimental studies due to the current variability
in reported data of CMD in the literature. Indeed, more research and review articles are
essential to allow us to build a more robust consensus for the standard use of CMD in
patients with SAH or other types of brain injury and integrating CMD into the standard of
SAH management.

3.3. Association between CMD Readouts and Post-SAH Pathophysiology and Outcome

Despite decades of CMD application in the management of SAH patients in the
neurosurgery department, the correlation between CMD readings and post-SAH patho-
physiology remains to be further elucidated. Indeed, previous clinical studies have demon-
strated the ability of CMD readings to predict or monitor early pathophysiological events
after SAH. For instance, the rapid occurrence of global cerebral edema after the ictus,
which has been considered an independent risk factor for mortality and poor outcome
after SAH, is accompanied by a series of cerebral metabolic changes, including the signifi-
cantly higher LPR and lower cerebral glucose level [12]. Among those SAH patients with
acute focal neurological deficits, which is partially the result of cerebral edema, CMD also
detected the increased lactate, LPR, glutamate and glycerol [24], suggesting that the cere-
bral metabolic dysregulation persists and contributes to multiple early pathophysiological
events after SAH. Additionally, the cortical SDs, as an important early electrophysiological
change after SAH, has also been associated with brain energy failure and delayed cerebral
ischemia after SAH [62]. A corresponding reduction in glucose level and elevation in lactate
level in the brain tissue has been demonstrated during the phase of SDs [63]. In general,
the higher LPR is a common feature frequently observed in SAH patients with poor clinical
grades or worse functional outcomes [27,52]. For a more detailed and systematic review
regarding correlations between CMD readouts and post-SAH outcomes, please refer to
other well-written articles [27,58].
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Another aspect of post-SAH pathophysiology that is worth mentioning is the neu-
roinflammation, since it also closely associates with the state of brain energy metabolism,
while the immunometabolism in the brain has also been proven to play a pivotal role in
various types of brain injury [64]. In addition to measuring energy metabolites, CMD is
also capable of analyzing inflammation-related factors. The tumor necrosis factor (TNF)-α
is a classic proinflammatory cytokine that plays a central role in neuroinflammation after
brain injury. By using CMD, the relationship between the elevated extracellular level
of TNF-α and the incidence of intraventricular hemorrhage after SAH, as well as the
larger aneurysm size, has been established [65]. Further, the TNF-α level in extracellular
space also correlates with the severity of delayed vasospasm after SAH [66]. Interleukin
(IL)-6 is another important, predominantly proinflammatory cytokine in the context of
SAH. A study recruited 38 consecutive SAH patients found that increased level of IL-6
in extracellular fluid reflects a pronounced local inflammatory response in the brain af-
ter SAH. Interestingly, the elevation of IL-6 accompanies the higher LPR and indicates
the subsequent occurrence of DCI in symptomatic patients [67]. Another clinical study
demonstrated that, in the presence of increased ICP, circulating IL-6 primarily originated
from extracellular fluid in the brain after SAH [68]. In addition, a higher level of pro and
mature form of matrix metalloproteinase-9 in extracellular space is related to the increased
SAH severity and vasospasm [69]. Interestingly, high-grade neuroinflammation was also
linked to the extracellular tau protein level, metabolic distress and delayed cerebral infarc-
tion [70]. Currently, both experimental and clinical studies using CMD to investigate the
brain inflammation after SAH are limited but warranted.

3.4. Limitations and Future of Clinical Utilization of CMD

Limitations exist in the application of CMD in patients with neurological diseases.
Since CMD is a relatively new modality of neuromonitoring, standards for its use in patients
with severe neurological disorders have not been fully developed [71]. While previous
studies have shown that CMD might be safe for monitoring the brain metabolism in
neurocritical care unit with a relatively low risk of inducing intracerebral hemorrhage
or infection by the CMD probe and catheter implementation [60,72], the invasive nature
of CMD, including the craniotomy and probe implementation, still limits its wide use
in SAH patients and requires specific training for physicians and nurses to perform this
procedure in patients.

The location of the CMD probe is another important factor that needs to be well de-
fined, while not only conducting the experiments, but also in analyzing the data. Techni-
cally, the CMD probe can only sample from a limited area of the brain tissue that is adjacent
to it. The readings from CMD may not be simply expanded to the level of the entire cerebral
metabolism. Current guidelines recommend CMD probe implementation in the frontal wa-
tershed of the hemisphere bearing the aneurysm or vascular territory that has the highest
probability of developing secondary brain injury after SAH [13]. A recent clinical study
found that the CMD probe located in the perilesional area, which is defined as the presence
of abnormal signals within 1 cm of the tip to CMD probe based on the CT scan, is more
likely to detect metabolic distress and mitochondrial dysfunction, whereas the CMD probe
placed in normal-appearing brain parenchyma may generate more relevant metabolic
information and provide higher prognostic value than perilesional area [48]. Interestingly,
another study included 16 SAH patients demonstrated that contralateral hemisphere has
a high rate of developing ischemic events compared to the ipsilateral hemisphere [51].
Hence, a more uniform recommendation for the CMD probe implantation that can reduce
the heterogeneity of definitions and data interpretations in the literature is still needed.
In addition, correlations between local CMD readouts in the brain and systemic changes
after SAH also warrant a further investigation [53,56]. Indeed, the amount of analyte col-
lected by the CMD probe only represents a fraction of the actual extracellular concentration
inside the brain, since most flow rates do not allow for the complete diffusion of metabolites
from the ISF into the dialysate [73]. At a commonly used flow rate for sample collection,
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e.g., 1µL/min, the ratio of the concentration of targeted molecules between the collected
dialysate and the actual extracellular space, called the extraction fraction or relative re-
covery, is typically less than 40%, suggesting an inverse correlation between the flow rate
and extraction fraction [74]. Certainly, by simply lowering the flow rate may allow for the
more efficient exchange between dialysate and extracellular space and thus to increase the
concentration of targeted molecules in collected dialysate. However, very slow flow rates
are inappropriate for most studies due to not being able to collect a sufficient volume of
the sample within a fixed period of time.

Several other factors also influence the extraction fraction, including the permeability
and the probe membrane’s size. The permeability of the membrane is based on its porosity.
Currently, the 20 kDa probe membrane is FDA approved for clinical use and it can typi-
cally measure energetic metabolites, as previously discussed. Further, the 100 kDa probe
membrane enables the measurement of cytokines, matrix metalloproteinases, and other
larger molecules in experimental studies. An increase in the permeability of the probe
membrane results in a decrease in extraction fraction [75]. The probe size determines
the surface area for diffusion. Accordingly, diffusion will occur much slower in a short
and skinny probe than a long wide probe. Hence, it is crucial to understand how each of
these variables affects the extraction fraction while interpreting the CMD data to avoid
underestimation. Moreover, probe implementation can cause an inflammatory response by
damaging the brain tissue surrounding it [76]. Accordingly, ISF samples collected within a
short period of time after probe implementation may not accurately reflect the metabolic
changes, only acute inflammation, and should be discarded.

The dialysis process can deplete target substances and other molecules in the area
surrounding the CMD probe. This change in the local neurochemical environment may
impact the basal levels and/or the pharmacological responsiveness of the substance under
investigation [73]. For instance, some studies suggested that using neurotransmitter-free
artificial cerebrospinal fluid for CMD perfusion may lead to an artificial concentration
gradient of neurotransmitter and false detection of neurotransmitter changes in the probe
area [77]. Hence, the technical issue in terms of avoiding false detection, while collecting an
adequate amount of sample, is still a challenge in CMD application. In the clinic, dialysate is
usually collected hourly, and advances have been made that allow for rapid analysis of
dialysate every 30 s, thus reducing the sampling time and potential substance depletion [78].
Based on the concentration gradient-driving nature of the CMD, several other possibilities
can be proposed. First, the administration of isotope-labeled energy metabolites while
collecting the ISF samples through the CMD probe enables the researcher to quantify
further the changes in different pathways of energy metabolism [79] and distinguish
the different metabolic profiles in different types of brain cells after brain injury [80].
Second, CMD is superior in detecting the extracellular concentration of a drug in the brain
after peripheral administration and is thus useful for determining the BBB permeability
and pharmacokinetic parameters of a substance [81]. Third, localized pharmacotherapy
through CMD is another possibility [82]. However, the value of this approach in SAH
needs to be further validated.

3.5. Other Tools in Evaluating Cerebral Metabolic Dysfunction in SAH

While we mainly focused on CMD in this review, the other techniques used in clinical
practice to monitor SAH patients include transcranial Doppler ultrasonography (TCD) and
magnetic resonance imaging (MRI). A recent meta-analysis showed that TCD is highly
sensitive for detecting vasospasm and subsequent DCI after SAH [83]. However, the sensi-
tivity and specificity of TCD to detect vasospasm in arteries other than the middle cerebral
artery are poor [84]. A recent meta-analysis concluded that MRI is useful in the diagnosis,
but not in the prediction of DCI [85]. Excitingly, using MR spectroscopy along with MR
perfusion imaging can evaluate the changes of brain metabolism and perfusion, respec-
tively, in almost any region of the brain, which can be defined by the underlying anatomy
or the relationship to the vascular territories. Combining such imaging modalities may
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allow us to further investigate the brain’s metabolic changes after SAH. A clinical study
of 58 patients with SAH has detected, by using the aforementioned imaging combination,
significant changes in neuronal mitochondrial injury, independent of perfusion deficits
after SAH [86].

The combination of CMD with other monitoring techniques has been extensively
tested in other brain injuries, such as traumatic brain injury. For instance, a clinical study
that combined isotope-labeled CMD with nuclear magnetic resonance has successfully
found that the post-trauma human brain can utilize lactate via TCA cycle and this combi-
nation also allowed the direct comparison of glycolysis and pentose phosphate pathway,
another important energy metabolism pathway consuming glucose for anabolic biosyn-
thesis and redox homeostasis instead of ATP production, after traumatic brain injury [79].
Another interesting experimental study using a similar combination approach has demon-
strated a lactate storm following brain trauma may contribute to a rapid progression toward
irreversible brain injury and pan-necrosis [87]. Unfortunately, such useful combination
approaches have been scarcely investigated under SAH conditions.

Overall, each technique offers unique pros and cons. When used in conjunction with
each other, clinicians can gain a bigger picture inside the metabolism disruption-related
pathophysiology occurring after brain injury, particularly for SAH patients.

4. Preclinical Application of CMD in SAH Studies

Indeed, continuing attempts to advance our understanding of the SAH-related patho-
physiology and pharmacological treatments through clinical studies alone is inefficient.
Preclinical studies allow us to directly access brain tissue, which is not always feasible
in clinical studies. Moreover, well designed and controlled experimental studies could
significantly reduce the variability likely observed among SAH patients. Despite the im-
portance of understanding the role of brain metabolism derangement after SAH, only a
handful of preclinical studies have specifically focused on this scientific issue, particularly
by using CMD. Thus far, all of these preclinical studies used rats for modeling SAH. It is
probably due to the larger volume of the brain tissue and the feasibility of adequate ISF col-
lection. Currently, there are two major methods for modeling SAH in animals. One is
the endovascular filament-perforation, which closely simulates the process of vascular
rupture and blood accumulation in subarachnoid space in human SAH. Another is the
blood injection into subarachnoid space, which is more reproducible and controllable than
the filament perforation model [88].

Using CMD combined with local cerebral blood flow and ICP monitor, Thomas et al.
showed a marked ICP elevation with a sharp reduction of CBF and cerebral perfusion pres-
sure, consistent with clinical observation. The author also investigated a post-SAH temporal
profile of changes in various energy metabolites, including glutamate, lactate, and pyruvate.
These observations suggest the course of CBF resembling the global ischemia followed by
a continuous low-flow state in the early phase after SAH, which may lead to a persistent
aerobic metabolism dysregulation in the brain [89]. Another study using the blood injection
SAH model demonstrated that the extracellular accumulation of glutamate peaks at 1 day
and lasts up to 7 days after SAH, which is accompanied by the persistent downregulation
of glutamate and glutamine transporters in the brain, indicating a deranged glutamate-
glutamine cycle after SAH [90]. Gerrit et al. also observed a similar pattern regarding the
change of energy metabolism, such as glucose depletion as well as lactate and glutamate
accumulation, which may result from acute hypoperfusion and cerebral autoregulation
disruption after SAH. While a hypothermic intervention may mitigate such metabolic
dysregulation after SAH [91]. All these studies suggest that CMD is a feasible way to
detect early alternation in brain metabolism after SAH in real-time. More importantly,
a major advantage of utilizing CMD in preclinical conditions is the feasibility to harvest
post-CMD brain tissues, which is indeed inaccessible in live SAH patients, from SAH
animals for a wide range of other biochemical or histological assays allowing for further
characterization of the molecular mechanisms underlying the post-SAH brain metabolic
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dysregulation and its relation to the pathogenesis of EBI or long-term outcomes after SAH.
One the other hand, experimental CMD study may enable us to simultaneously measure
the brain metabolic changes in different brain regions [17] and thus provide us with a more
comprehensive picture of post-SAH brain energy dysregulation, which is still lacking in
the SAH research field. Thereby, more preclinical SAH studies involving the use of CMD
and other methods are urgently needed. By analyzing the preclinical CMD data, we hope
it could provide a bridge connecting back to clinical studies,

5. Conclusions

SAH is a debilitating condition that affects relatively young individuals with an
extremely high mortality rate. It has been decades since the proposal of the EBI concept
in SAH study; however, there is a huge barrier from the bench to the bedside, since most
therapeutic approaches that successfully protect SAH animals against brain injury after
SAH have failed in clinical trials [5]. Based on its limited invasiveness and feasibility,
CMD may act as a bridge to or shorten or eliminate the gap between preclinical and human
SAH studies [92]. However, optimization and standardization for the CMD procedure
and data interpretation are still top priorities in SAH research. Besides, the feasibility
of measuring additional biomarkers, such as large proteins and cytokines, by CMD in
SAH remains to be further elucidated. Utilizing CMD, combined with other approaches,
to measure disturbances in cerebral bioenergetic metabolism, as reflected by the altered
concentration of energy metabolites in ISF and brain tissue, may allow us to characterize the
temporal profile of cerebral metabolic dysfunction after SAH, which is essential to advance
our understanding of the role of brain energy metabolism in post-SAH pathophysiology,
and eventually, developing potential therapies that target the brain injury and thus to
improve outcomes after SAH.
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