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Clinical Use of Cerebral Microdialysis in Patients with Aneurysmal Subarachnoid Hemorrhage—State of the Art
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Objective: To review the published literature on the clinical application of cerebral microdialysis (CMD) in aneurysmal subarachnoid hemorrhage (SAH) patients and to summarize the evidence relating cerebral metabolism to pathophysiology, secondary brain injury, and outcome.

Methods: Study selection: Two reviewers identified all manuscripts reporting on the clinical use of CMD in aneurysmal SAH patients from MEDLINE. All identified studies were grouped according to their focus on brain metabolic changes during the early and subacute phase after SAH, their association with mechanisms of secondary brain injury and outcome.

Results: The review demonstrated: (1) limited literature is available in the very early phase before the aneurysm is secured. (2) Brain metabolic changes related to early and delayed secondary injury mechanisms may be used in addition to other neuromonitoring parameters in the critical care management of SAH patients. (3) CMD markers of ischemia may detect delayed cerebral ischemia early (up to 16 h before onset), underlining the importance of trend analysis. (4) Various CMD-derived parameters may be associated with patient outcome at 3–12 months, including CMD-lactate-to-pyruvate-ratio, CMD-glucose, and CMD-glutamate.

Conclusion: The clinical use of CMD is an emerging area in the literature of aneurysmal SAH patients. Larger prospective multi-center studies on interventions based on CMD findings are needed.

Keywords: subarachnoid hemorrhage, neuromonitoring, cerebral microdialysis, brain metabolism, treatment

INTRODUCTION

First reports on monitoring of brain metabolism using cerebral microdialysis (CMD) in patients with subarachnoid hemorrhage (SAH) date back to the year 1992 (1). Despite the long-standing availability of this technique, recommendations for treatment decisions based on CMD monitoring have just been recently published as a consensus statement by clinical experts (2).

Cerebral microdialysis has improved our understanding of pathophysiological mechanisms of early and delayed brain injury in SAH patients by providing metabolic information derived from brain tissue on a cellular level, in addition to intracranial pressure (ICP), cerebral perfusion pressure (CPP), cerebral blood flow (CBF), brain tissue oxygen tension (PbtO2), and electrographic monitoring (electroencephalography and electrocorticography). So far, changes in brain metabolism have been associated with known complications after SAH and may also help to detect impending secondary brain injury early or before they have evolved into irreversibility. Moreover, abnormalities in CMD-derived parameters have been linked to poor brain tissue and functional outcome and may therefore be integrated in the multimodal approach of neuroprognostication. In addition, the effect of commonly applied pharmacological and non-pharmacological treatments on brain metabolism can be studied on an individual level, thereby enhancing the concept of personalized medicine in neurocritical care patients.

Microdialysis Methodology

The principle of CMD is to mimic a capillary blood vessel in the brain for the assessment of local cerebral metabolism (3). A tubular semi-permeable membrane on the tip of the CMD catheter is perfused with an isotonic or colloid-enriched fluid that equilibrates with the extracellular space by simple diffusion. All molecules small enough to pass the membrane follow their electro-chemical gradient into the tube. Established catheters have a membrane length of 1 cm and pore sizes of either 20 or 100 kDa, which do not show differences in the recovery of small molecules (4). A perfusion speed of 0.3 µl/min is recommended in clinical use, which leads to a relative recovery rate (dialyzate concentration divided by true concentration) of about 70% for the most commonly assessed molecules (5).

Criteria for CMD monitoring are not well defined. It can be used as part of the “multimodal neuromonitoring bundle” (Figure 1A) in ventilated (“poor-grade”) patients or in patients with a secondary neurological deterioration. As a primary monitoring device, the probe should be placed in the frontal lobe (anterior/middle cerebral artery watershed), ipsilateral to the ruptured aneurysm, or the maximal blood clot load. When used in patients with secondary deterioration, location can also be guided by local practice to identify tissue at risk (for example, by CT perfusion or transcranial ultrasound) (2, 6). The catheter can be inserted into the brain tissue either by using a cranial access device (bolt) or by tunneling (Figure 1A), penetrating the skull via a craniotomy (Figure 1B) or a twist drill hole. The dialyzate of the first hours should be discarded due to the insertion trauma and dilution effect of the flush sequence filling the system.
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FIGURE 1 | In (A), multimodal neuromonitoring catheters are tunneled in a patient with subarachnoid hemorrhage. (B) Shows neuromonitoring catheters placed in the white matter on an axial computed tomography. EEG, electroencephalography; ICP, intracranial pressure; Temp, temperature.



Interpretation of Data

Concentrations of CMD parameters represent the local metabolic environment surrounding the membrane and cannot be extrapolated to other regions of the brain. Knowledge of catheter location is therefore mandatory for data interpretation. The gold tip of the CMD probe is visible on head CT (Figure 2B), thus its exact location in the brain can be determined and classified by the monitored tissue (gray vs. white matter), lobe, or by the spatial relation to focal pathologies (intralesional/perilesional vs. radiologically normal-appearing brain tissue). The dependency of molecular concentrations on probe location argues for the interpretation of temporal dynamics (trend analysis) in addition to absolute values. Calculating ratios of different CMD parameters (e.g., CMD-lactate-to-CMD-pyruvate-ratio, CMD-LPR) creates variables independent of absolute concentrations and recovery.
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FIGURE 2 | Literature search with selection of articles included in the review. CMD, cerebral microdialysis.



The dialyzate is sampled into microvials and analyzed for point of care parameters including CMD-glucose, CMD-lactate, CMD-pyruvate, CMD-glutamate, and CMD-glycerol at the patient’s bedside. A measurement interval of 1 h is commonly used in clinical practice.

Glucose is an important energy substrate for neuronal tissue. Its concentration in the brain depends on systemic supply, diffusivity in the brain tissue, and local consumption. In the process of aerobic glycolysis, it is metabolized to pyruvate and further converted into acetyl-coenzyme A, which is used for mitochondrial energy production. Under conditions of brain tissue hypoxia or mitochondrial dysfunction, pyruvate is fermented into lactate. The LPR reflects the cytoplasmatic redox state and is a marker of anaerobic metabolism and/or mitochondrial dysfunction. The concept of mitochondrial dysfunction arose from observations of impaired cerebral energy metabolism despite normal perfusion and substrate availability. The underlying pathophysiological mechanisms are not sufficiently elucidated. CMD-glutamate has fewer clinical implications, however, elevated concentrations of this excitatory neurotransmitter are considered to be a marker of ischemia and excitotoxicity. Glycerol is a component of neuronal cell membranes, thus CMD-glycerol concentrations are a surrogate marker of cell membrane damage, e.g., under conditions of hypoxia or ischemia.

MATERIALS AND METHODS

The aim of this review is to summarize the current knowledge of this technique in the critical care management of SAH patients and to discuss its limitations. A MEDLINE search was performed to identify all studies reporting on the clinical use of CMD in aneurysmal SAH patients. The selection process is summarized in Figure 2. All identified studies were grouped according to their focus on the brain metabolic changes during the early and subacute phase after SAH, their association with mechanisms of secondary brain injury and outcome.

Definitions

The early phase was defined as the first 72 h after SAH, commonly referred to as “early brain injury” (EBI) (7). Pathological threshold values of parameters commonly given in the SAH literature are CMD-glucose < 0.7 mmol/l (referred to as neuroglucopenia), CMD-lactate > 4 mmol/l, CMD-pyruvate < 120 μmol/l, CMD-glutamate > 10 μmol/l, CMD-glycerol > 50 μmol/l, and CMD-LPR > 40. A CMD-LPR > 40 is referred to as metabolic distress. Recently, the pattern of mitochondrial dysfunction was defined as CMD-LPR > 30 together with CMD-pyruvate levels > 70 μmol/l. Important metabolic profiles in SAH patients are shown in Table 1.

TABLE 1 | Summary of brain metabolic patterns using CMD in SAH patients.
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RESULTS

The Clinical Use of CMD in the Acute Phase after SAH

The initial phase after SAH is commonly referred to as “early brain injury” and comprises the first 72 h after the bleeding (7), which is pathophysiologically related to, but temporally separated from the subsequent occurrence of delayed cerebral ischemia (DCI). EBI is the result of the initial hemorrhage leading to a cascade of ischemic injury, global brain swelling and early mitochondrial dysfunction, as well as pressure-related side effects due to parenchymal hematoma or early hydrocephalus.

Procedural Monitoring

One of the most feared complications early after SAH is aneurysm rebleeding, with the highest risk of occurrence within the first 24 h (8). Importantly, in most studies, metabolic monitoring using CMD started after the aneurysm had been secured (time to monitoring is given in Tables 3–8). While no CMD data are available during coiling, several studies have investigated changes in cerebral metabolism during aneurysm surgery (Table 2) (9–13). Commonly used CMD sampling intervals between 10 and 60 min seem to be too imprecise to depict periprocedural changes in brain metabolism (9–11), although increases in CMD-LPR and CMD-glutamate levels following prolonged artery clipping and ischemic complications were reported (9, 10). The largest study, including 38 aneurysmal SAH patients, found no significant differences in metabolic markers of brain tissue ischemia during transient artery occlusion (median occlusion time was 14 min) (11). In two patients with a prolonged occlusion time of more than 30 min, a pronounced increase of CMD-glutamate was observed (11). The feasibility of rapid-sampling microdialysis (obtaining values up to every 30 s) was investigated during temporal lobe retraction and transient artery occlusion (13). While metabolic changes reached a maximum after 3–10 min during temporal lobe retraction, increasing CMD-lactate and decreasing CMD-glucose levels were observed until clip removal during artery occlusion (13). A higher sampling frequency in CMD monitoring may help to define a threshold for ischemia to prevent irreversible tissue damage during aneurysm obliteration.

TABLE 2 | Brain metabolism during aneurysm surgery.
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TABLE 3 | The clinical use of CMD in the acute phase after SAH.
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TABLE 4 | The clinical use of CMD as a marker of cerebral hypoperfuison and DCI in SAH patients.

[image: image1]

[image: image1]

[image: image1]

[image: image1]

[image: image1]

TABLE 5 | CMD in monitoring treatment effects in SAH patients.
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TABLE 6 | CMD and systemic glucose management in SAH patients.
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TABLE 7 | Brain metabolism and outcome after SAH.
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TABLE 8 | CMD findings not directly related to the discussed topics.
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Post-Procedural Monitoring

We identified nine studies focusing on the early phase after aneurysm treatment (Table 3) (14–22). In summary, CMD-LPR > 40 during the early phase is a sensitive marker for poor clinical grade on admission (18), radiological evidence of global cerebral edema (15), intracranial hypertension (19), and poor 3-month outcome (14). Critically, low levels of CMD-glucose were associated with acute neurological deficits (16). Trend analysis may indicate the clinical course with “normalization of CMD-parameters” being associated with clinical improvement and pathological evolution of brain metabolism with permanent neurological deficits (16).

CMD and Acute Focal Neurological Deficits after SAH

Most patients underwent aneurysm clipping. In a study including 26 poor-grade SAH patients (68% Hunt and Hess grade IV–V), CMD-LPR and CMD-glutamate were highest at the start of neuromonitoring, indicating metabolic distress (mean CMD-LPR > 40) and excitotoxicity, and significantly decreased thereafter (14). A higher CMD-LPR was associated with poor 3-month outcome (modified Rankin scale 4–6). CMD-glucose significantly decreased, however, did not reach critically low levels in this cohort with systemic glucose levels of 135–150 mg/dl (7.5–8.3 mmol/l) (14). A study including 149 SAH patients, of whom 89 (60%) were admitted with good clinical grades (WFNS grades ≤ 3), reported higher CMD-LPR and CMD-lactate levels in poor-grade patients, already at the start of neuromonitoring, compared to good-grade patients (18). Moreover, higher CMD-glycerol levels were reported in poor-grade patients, significantly decreasing over the first days (18).

In another study including 97 SAH patients, the authors compared patients with and without acute focal neurological deficits immediately after SAH due to SAH-related parenchymal hematoma and/or perioperative/periinterventional ischemia. In patients with focal deficits, CMD-lactate, CMD-LPR, CMD-glutamate, and CMD-glycerol were pathologically increased throughout the first week, whereas these parameters remained within normal range in patients without acute neurological deficits (16, 17). CMD-glucose levels were significantly lower in patients with acute focal deficits (16, 17), despite higher blood glucose concentrations (overall mean blood glucose levels were approximately 7.2–8.3 mmol/l = 130–150 mg/dl) (29). Regarding temporal dynamics, a trend toward normalization of CMD values was associated with clinical improvement, whereas further deterioration was associated with permanent neurological deficits in patients with acute focal deficits (16).

CMD and Admission Global Cerebral Edema

Two studies compared cerebral metabolic changes in patients with and without global cerebral edema (GCE) diagnosed by CT-imaging of the brain. Helbok et al. found an association between a higher frequency of metabolic crisis (significantly higher LPR, lower brain glucose levels) and GCE (15). Zetterling et al. described a pattern of cerebral hypermetabolism (higher lactate and pyruvate levels, no significant differences in LPR and glucose levels) in GCE patients (21). Despite this discrepancy, these findings indicate altered brain energy metabolism in SAH patients with GCE. Intracranial hypertension (ICP > 20 mmHg), often a result of brain edema or focal lesions, was associated with a pathologically elevated LPR (>40) and significantly lower CMD-glucose levels (19).

The Clinical Use of CMD as a Marker of Cerebral Hypoperfuison and DCI in SAH Patients

Delayed cerebral ischemia occurs in up to 30% of SAH patients, mostly between 4 and 10 days after the hemorrhage, and was defined by an international group of experts as either clinical deterioration or cerebral infarction not attributable to other causes (83). In the literature published before 2010, we found a considerable heterogeneity in the definition of delayed ischemia after SAH. Detailed information on the definition used in individual trials is given in Table 4.

Several studies investigated metabolic changes associated with parameters of cerebral perfusion, including CBF, CPP, and imaging surrogates. In summary, a negative correlation between CBF and CMD-lactate, CMD-LPR, CMD-glutamate, and CMD-glycerol has been described, while CMD-pyruvate and CMD-glucose are commonly positively correlated with CBF (25, 31, 32, 35, 38–40). Other studies focused on DCI and found increases in CMD-lactate and CMD-glutamate as early sensitive markers (17). Metabolic derangement with increasing CMD-LPR (> 40) and decreasing CMD-glucose (< 0.7 mmol/l) may occur up to 16 h before DCI onset (26, 32). In the following, we give detailed information on some studies, all studies are listed in Table 4.

Schmidt et al. found an association of CPP < 70 mmHg with a higher incidence of metabolic crisis (CMD-LPR > 40 and CMD-glucose levels < 0.7 mmol/l) and further worsening of brain metabolism at lower CPP values (41). Similarly, a higher CMD-LPR and increased episodes of metabolic distress (CMD-LPR > 40) were observed at a CPP < 60 mmHg in another study including 19 SAH patients (23). However, it is important to elaborate that a high CMD-LPR may also indicate metabolic distress in the absence of ischemia. In this regard, Jacobsen et al. defined an elevated LPR (>30), together with pyruvate levels within normal range (>70 μmol/l) as mitochondrial dysfunction and found this pattern to be 7.5-fold more common than metabolic changes indicative for cerebral ischemia (LPR > 30 and CMD-pyruvate < 70 μmol/l) (28). Mitochondrial dysfunction was moreover associated with higher levels of CMD-glucose and lower levels of CMD-glutamate and CMD-glycerol compared to ischemic episodes.

In poor-grade SAH patients requiring sedation and mechanical ventilation, neurological deterioration may not be detected. In these patients, CMD provides useful information on the metabolic state of the injured brain and may even indicate metabolic changes before DCI occurs. Sarrafzadeh et al. reported higher levels of CMD-lactate and CMD-glutamate in patients with DCI compared to those who did not develop DCI already on day 1 and throughout the first week after the bleeding (17). A higher CMD-LPR was observed from day 3 on (17). This is in line with findings by Nilsson et al., who concluded that CMD-lactate and CMD-glutamate may be the earliest and most sensitive markers of ischemia, followed by the CMD-LPR and CMD-glycerol (30). Furthermore, lower brain glucose levels during the first 3 days after SAH were reported in DCI patients, despite higher blood glucose concentrations when compared to patients who did not develop DCI (29).

Changes in CMD parameters were observed even 12–16 h before the occurrence of DCI and included a significant increase in CMD-LPR to values >40 and decreases in CMD-glucose to levels <0.7 mmol/l (26, 32, 37). At a comparable time point, also elevations of CMD-lactate, CMD-glutamate, and CMD-glycerol were reported (43, 44). The sensitivity of the method is limited due to the local measurement. Therefore, ischemia occurring in brain tissue distant to the monitoring catheter may not be detected (26, 37). Lack of specificity results from metabolic distress secondary to non-ischemic CMD-LPR elevations and hyperglycolytic (non-ischemic) lactate increase (28, 72). Nevertheless, CMD had a higher specificity for predicting DCI than transcranial ultrasound and conventional angiography (44). Unfortunately, most studies do not report on the effect of current treatment strategies for DCI (induced hypertension, intraarterial spasmolysis). Sarrafzadeh et al. reported a decrease in CMD-glutamate levels, but no change in other parameters, associated with “triple-H therapy” (17). Further research focusing on metabolic changes following such interventions is surely warranted.

In summary, studies assessing CBF directly in the region around the CMD probe revealed a highly consistent metabolic pattern of increased CMD-lactate, CMD-glutamate, CMD-glycerol levels, and CMD-LPR during episodes of hypoperfusion, whereas CMD-glucose and CMD-pyruvate levels were positively correlated with CBF. CMD-lactate and CMD-glutamate are early and sensitive markers of impending DCI, but lack of specificity. However, CMD parameters showed a higher specificity for predicting DCI than transcranial ultrasound and conventional angiography (37, 43, 44). Regarding trend analyses, a CMD-LPR increase above 40 and decreasing CMD-glucose concentrations preceded the occurrence of delayed ischemia by several hours (26, 32); however, ischemia that occurred remote from the CMD probe or in the contralateral hemisphere was not detected (26).

CMD in Monitoring Treatment Effects

Several studies have investigated the effect of pharmacological and non-pharmacological interventions on cerebral metabolism as summarized in Table 5. Studied interventions included the treatment of intracranial hypertension, either with osmotherapy (45, 46), by cerebrospinal fluid drainage via external ventriculostomy (53), or by decompressive craniectomy (49, 50), fever treatment with diclofenac or targeted temperature management (51, 52, 54), the management of anemia and administration of packed red blood cells (47, 48, 52), and the administration of erythropoietin or verapamil (55, 56). The impact of enteral nutrition and insulin on brain metabolism will be discussed in the next chapter.

CMD and Systemic Glucose Management

There is still an ongoing debate on the optimal systemic glucose target in critically ill patients (84, 85). CMD-glucose levels represent the net effect of delivered glucose and glucose consumption. Little is known about the impact of glucose transport and diffusion in acutely brain injured patients.

Severe hyperglycemia (>200 mg/dl = 11.1 mmol/l) is associated with poor outcome in SAH patients (86). Some studies investigated the association between systemic and brain interstitial glucose levels (Table 6). Oddo et al. described the brain metabolic profile during episodes of “low” (<4.4 mmol/), “tight” (4.4–6.7 mmol/l), “intermediate” (6.8–10 mmol/l), and high blood glucose levels in a mixed population of neurocritical care patients, including 10 patients with SAH. Compared to intermediate systemic glucose levels, tight glycemic control was associated with lower CMD-glucose levels and more episodes of CMD-glucose < 0.7 mmol/l, as well as a higher CMD-LPR and more episodes of metabolic crisis (CMD-LPR > 40 and CMD-glucose concentrations < 0.7mmol/l). Metabolic crisis and CMD-glucose < 0.7 mmol/l were associated with higher hospital mortality (61). The significant association of systemic- and CMD-glucose is supported by the results of other groups (59, 66); however, some studies indicate a poor correlation (63, 67), especially in the injured brain. Decreased CMD-glucose is moreover observed when delivery is reduced (i.e., reduction in CBF) or under conditions of increased consumption (i.e., higher body temperature, seizures and the occurrence of cortical spreading depolarizations) (66, 78, 82).

Pathologically low CMD-glucose levels (<0.7 or <0.6 mmol/l) were associated with poor outcome in SAH patients (41, 61, 63). In the recent consensus statement on the use of CMD, clinical experts suggest to intervene when pathologically low CMD-glucose levels are detected (2). This attempt should only be made with respect to probe location (in healthy-appearing brain tissue on head computed tomography), baseline blood glucose levels, and in the absence of brain ischemia. Proposed interventions targeting higher systemic glucose levels include intravenous or enteral glucose administration and the reevaluation of insulin treatment (2).

While no data on intravenous glucose administration are available, three studies sought to investigate the impact of enteral feeding on cerebral metabolism. Schmidt et al. did not observe a direct relation between CMD-glucose levels and the energy content of the administered enteral nutrition (66). Other groups investigating the temporal association of enteral feeding and the metabolic profile revealed time-related increases in CMD-glucose levels not affecting other CMD parameters (58, 59). CMD-glucose levels even increased from critically low (<0.7 mmol/l) levels at baseline independent of probe location (59).

Insulin treatment was associated with a decrease of CMD-glucose independent of serum glucose levels, resulting in a higher incidence of critically low CMD-glucose levels (<0.6 mmol/l) (64, 67), especially under conditions of cerebral metabolic distress (LPR > 40) (66). Moreover, rapid reductions in serum glucose concentrations were associated with a decrease in CMD-glucose (57). In line with this, a higher serum glucose variability was associated with a higher rate of cerebral metabolic distress (60). In summary, tight glycemic control may be associated with pathologically low CMD-glucose levels (neuroglucopenia) in critically ill patients with acute neurologic injury. If brain metabolic monitoring indicates critically low glucose levels (i.e., <0.2 mmol/l) targeting a more liberal glucose regimen (110–150 mg/dl or up to 180 mg/dl) may be indicated.

CMD and Outcome

Studies reporting an association of CMD parameters with patient outcome are summarized in Table 7. The largest study includes 182 SAH patients and found higher CMD-LPR and CMD-glutamate values during the first week after SAH being significantly and independently associated with poor functional outcome after 12 months (50). Patients with poor functional 3–6 months outcome had significantly more episodes of CMD-LPR > 40 and CMD-glutamate levels > 10 μmol/l compared to those with favorable outcome (71). An elevated CMD-LPR was also associated with hospital mortality (57). Pathologically low CMD-glucose levels < 0.7 mmol/l were observed more often in patients with poor outcome and in those who died (41, 61, 63). Elevated CMD-lactate is a less specific marker for neuroprognostication, as both, associations with good (in a hyperglycolytic context) and poor (due to hypoxia) outcome were reported (72).

Trend analysis is important as a shift to hypermetabolism, indicated by an increase in both, CMD-lactate and CMD-pyruvate levels, was observed in patients with favorable outcome. Persistent low CMD-pyruvate levels without increase to normal values were associated with poor outcome (69). Persistent low CMD-glutamate levels were associated with good functional outcome, whereas increases at day 1 and day 7 were associated with poor outcome (74).

DISCUSSION

This review demonstrates that CMD is a powerful tool providing almost continuous brain metabolic information at bedside. Based on the published literature, pathological changes in brain metabolism are associated with disease severity, mechanisms of primary and secondary brain injury, and poor long-term outcome after SAH.

As summarized in this review, the major limitation of the published literature is that CMD monitoring was reported mostly in small single-center trials of neurological and neurosurgical ICUs with extensive experience in the use of CMD as adjunct to other multimodal neuromonitoring techniques. In many centers, implementation of CMD as a clinical tool is still limited due to financial constraints and the lack of evidence to improve patient’s outcome. Future trials may address this gap in the literature by targeting brain metabolic parameters as endpoints to improve brain homeostasis as no monitoring tool can improve patient’s outcome unless coupled with a therapeutic intervention. On the other hand, there is a need to re-define commonly used outcome parameters and to move from a simplistic functional outcome score to a more sophisticated approach including neuropsychological testing, quality of life measures, and brain tissue outcome.

The invasiveness of CMD limits its application to poor-grade SAH patients. This implicates that this review merely summarizes brain metabolic changes of unconscious patients and results are not generalizable to all clinical grades. Based on the recently published consensus statement, the use of CMD is recommended in poor-grade SAH patients with prolonged ventilation and patients with secondary neurologic deterioration requiring mechanical ventilation.

Despite these limitations metabolic monitoring in the early and subacute phase after SAH provides insight into pathophysiological mechanisms of primary and secondary brain injury on the brain tissue level. As shown in our review, the detection of impeding ischemia is the most extensively studied application of CMD in SAH patients. CMD has been shown to have the potential to be used as early warning tool of brain tissue ischemia hours before the insult (17, 43, 44), even if clinically silent (26). In this regard, it is important to mention that we recognized a large variability in the definition of DCI throughout the published literature. Although more homogeneity was detected after the year 2010 when Vergouwen et al. defined DCI based on clinical and/or radiographic criteria (83), earlier studies are difficult to compare as information on radiographic evidence of new infarctions related to vasospasm were commonly not reported.

Another limitation is that microdialysis probe location differed in individual studies by means of targeting either brain tissue ipsilateral to the bleeding aneurysm or the contralateral hemisphere and monitoring the cortical gray matter vs. subcortical white matter. Furthermore, probe location was rarely adequately addressed as covariate in multivariate models, which limits the interpretation of results and conclusions. It is important to mention that brain chemistry can only be interpreted correctly based on the relation to focal injury on brain imaging (“normal appearing brain tissue” vs. “perilesional” vs. “intralesional”) (2). As recommended by clinical experts, future trials reporting microdialysis data should at least include information on catheter location, the catheter type used, perfusion fluid composition, the perfusion fluid flow rate, and time from ictus to monitoring (2).

The interpretation of CMD-derived information requires profound knowledge of the complex underlying pathophysiology. As shown in Table 1, metabolic changes may be ambiguous, as similar patterns may indicate different underlying pathophysiological processes. However, taking into account, the occurrence of specific patterns in relation to the bleeding onset may help to discriminate between early and late onset ischemic patterns or patterns of mitochondrial dysfunction. A clinical guidance is given in Table 1 and may be combined with other neuromonitoring parameters such as brain tissue oxygenation, ICP, and CBF.

Clinical implication of microdialysis monitoring besides the detection of secondary ischemic insults include guidance of systemic glucose management, CPP optimization, defining individual transfusion thresholds and monitoring of brain chemistry during pharmacological and non-pharmacological interventions (41, 49, 51, 52, 57, 61, 63, 67).

The only treatment decision based on changes in brain metabolism currently recommended by clinical experts is the treatment of low cerebral glucose taking into account baseline systemic glucose concentration, catheter location, and the etiology of neuroglucopenia. In the knowledge of its potential, there is a need to integrate brain metabolic changes and to define CMD-based endpoints in future clinical trials.

CONCLUSION

Cerebral microdialysis is used in the clinical management of severe SAH together with ICP, PbtO2, and other neuromonitoring parameters. In the knowledge of its limitations, this method provides a novel insight into pathophysiological processes of primary and secondary brain injury. Recent consensus on microdialysis monitoring paves the way for improved protocols and targeted interventions. The major task for future research integrates the prospective evaluation of predefined interventions to improve brain tissue physiology aiming toward a personalized management of SAH patients in the future.
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n/a, data not available; CMD, cerebral microdialysis; LPR, lactate-to-pyruvate-ratio; SAH, subarachnoid hemorrhage; CPP, cerebral perfusion pressure; P.O», brain tissue oxygen tension; ICP, intracranial pressure; EPO, erythropoietin.
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obsenvtional (5%, Vn = 16 (47%) sl B sk 13 7 e s won et el Stngn
inkry hemoglobin ovels 9and 10 9/d, and 3.8 times wihen
romogosh e iow’5 98 15K o pessserrts
showed CMD-LPR > 40, respoctivay)
(48) Sngeconter, 15 HuntandHessgade  na Wk i g i kgl e YEH g e & pcled o ol
prospecive, IV 4V in 80% ofpatients ‘deormed at reatest sk for of packed ed blood in cerebral motaboism
secondary injsy or ightcellinfusions on rs ahoaned,Goats o rease G and Py
St sty e
9 el NS grad | n Catheters were Wekmiyoles  TavenvEl  Cbe Aol g v G CR et
prospective, (I?%!I\In‘U!t%) Wummmanyunmw aneurysm; inser
.V M wnmtared boseronmnas,  (Amtacoy for > 6 ) hac lower levels of GMO-glucose and higher
o o 154160 o s of
e varind brain metaboism and CMD-LPR, Concentratons of CMD-glucose
rariectomy. (CMO-pyruvate were higher and lvels of CMD-
gycercl were lower in patents who t
e o ‘compared o those who
reated con . The metabolc ptter of
CMD-LPR > 25, CMD-glyoerol > B0 ymol -
‘gutamato > 10 umol for > 6 h procoded the 0nset of
reffactory intracranial hypertension by 40 h (median)
(50 Sngecenter, 182 WANSgade0n=3  Montoing w esolerteon ol nstgalog o mpac o Heger CUD-LPR, OVO-guamate ara G-
prospective, @%).1n = 61(07%). I mmme«ymevarwysm aneurys: insert
obsenvatonal reatment 2313 oo tasvowes  coaes metabtam observed n patients with ICP > 20 mimHg. A
ater SAH, etk patam of P> 25 gamates. 10l

‘and giycerol > 80 umol preceded the fist ICP.
> 20 mmHg. Decompressive. omy
‘was associated with a decrease in CMD-giycerol and
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TABLE 6 | Continued

Reference Studytype ~Number of Patient Monitoring period  Probe location Study aim Main microdialysis findings
patients  characteristics
with SAH
(64) Single ceter, 31 WFNS grade In=9  The mean duration  Vascular territory of the To investigate the impact  CMD-glucose levels, but not serum glucose levels,
prospective, (29%), 0 =6 (19%),  of monitoring was aneurysm; insertioninto of intravenous insuinon  decreased significantly 3 h ater the start of the insuin
observational Iln=3(10%), Vn=6 192/205hin patients  lesioned tissue was avoided ~ cerebral metabolism infusion. Episodes of low CMD-glucose (<0.6 mmol) were
(19%),Vn="7(23%)  withiwithout insulin. (non-significantly) more common in patients who received
Data are reported for insulin. CMD-lactate and CMD-pyruvate levels did not
days 1-10 after SAH change, GMD-glycerol concentrations siightly increased, and
GMD-glutamate levels decreased after the start of insuiin
treatment
(65) Single-center, 24 WFNS grade In=5  Data were collected on  Vascular territory of the Toinvestigate the long-  Median daily CMD-glucose levels decreased atter the
prospective, @1%).in=4(17%),  days1-10after SAH  aneurysm; insertioninto term effect of insuin on  initation of insuin treatment and were significantly lower,
observational Iin=2(@8%),Nn=6 lesioned tissue was avoided  cerebral metabolism compared to baseline, 4 days after insuln start. A significant
(25%), V=7 (29%) increase in CMD-glycerol levels was observed 1 day after
insulin start, which was ot significant thereafter. CMD-
glutamate leves significantly decreased over time
(66) Single ceter, 50 Hunt and Hess grade  Monitoring was started  Normal-appearing white To elucidate the relations  There was o direct association between CMD-glucose levels
retrospective, Iin=3(6%) ln=7  2days (median)after  matter between enteral nutrition, and the energy content of the administered enteral nutrition.
observational (14%), IV = 15 (30%), SAH and maintained insulin treatment and There was a significant association between CMD and serum
Vn =25 (50%) for 108 h (mean) cerebral metabolism glucose levels. When the CMD-LPR was <40, higher CMD
and serum glucose levels were associated with a higher
insulin dose. When the CMD-LPR was >40, a higher insulin
dose was associated with lower GMD-glucose levels, despite
higher serum glucose concentrations
67) Single ceter, 19 WFNS grade In=1  The mean monitoring ~ Cortical, frontal, classified  To elucidate the relation  GMD-glucose levels decreased over days 1-7. There was
prospective, (6.3%). Iln=1(53%), timewas 147 h.Data as radiologically normal-  between brain and serum  a significant correlation between CMD and serum glucose
observational i =1(5.3%), IV are reported for days  appearing or adjacentto  glucose levels levels (r = 0.27). CMD-lactate and CMD-pyruvate levels

n=11(58%).Vn=5
(26%)

1-7 after SAH

ischemic lesions

increased over time, beginning on day 3. CMD-glutamate
levels peaked on day 1 and decreased thereafter. CMD-
glucose and CMD-pyruvate levels decrease during insulin
treatment, despite systemic glucose concentrations within
normal range

SAH, subarachnoid hemorrhage; CMD, cerebral microdialysis; LPR, lactate-to-pyruvate-ratio; GCS, Glasgow coma scale; WENS, worid federation of neurological societies.
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Reference Studytype  Number of ~Patient Monitoring period  Probe location Study aim Main microdialysis findings
patients  characteristics.
with SAH
7 Singe coter, 28 Hunt and Hess grade  Monioring was infiated
prospective, Iln=6(21%), V=8 on day 2 (median) after were independer
observational (29%),Vn=14(60% SAHandmaintained  craniotomy ignan sl (G D, LR 40 S U oo )
for 6 days (median) brain metabolsm increasing C concomitant decrease in
Cwq\meaﬂ wme.m-g CMD-LPR was
assocated with hospital mortalty
) Gasgow comascale  Measurements took  Cortica,ight fontallobe To nvestgate the impact  CMD-glucoss evels sgniicantl increased folowing the
score 5-7 (range) place betweon 1 and of enteral nutrtion on first bolus of enteralnutrition (2.6-3.7 mmol). No changes
5 days ater SAH cerebral metabolsm  in CMD-actate, CMD-pyruvate, CMD-gutamate, or CMD-
glycerol were observed. No insulin was used duing the
measurements
(59 Singe ceter, 17 Hessgrade  Measurementstook Wit matter, hemisphere  To investigate the impact jon significanty increased CMD-glucose levels
prospective. nn=2(1zw,mﬁ=s place between 3and  deemed at greatest isk for  of enteral utrion on u szmmm)mmaw,man i increase was,
ooservatonal (85%),Vn=2(12%), 22daysafter SAH secondary inry, classifed cerebral glucose independent of insuin administration, absoute leves of
Vn=7@1%) nomak-appearing or
peiesional brain tissue
concenirations were increased. There was a significant
(60 Singe ceter, 28 Huntand Hess grade  Monitoring was started  White matte, fontal, Toinvestigate the impact A igher systemic gucose variabity,defined as the SD of
ive, NiciiuRass, Zaefedeine el
obsenational (18%),Vn=829%), SAHandmantained  greatest iskfor secondary  on Cerebral metabolism & higherrisk of developing at least one episode of CMD-
V=14 (50%) for 6 days (median) _injury LPR > 40 per day
1) Singe ceter, 10720 GCS score 7 (median),  CMD 9 Frontal, near the area of Tt (4.4-6.7 mrmok)
3 3-10 range) was started 45 h Sdfmaa it o okl o o 610 . TN o hooes v
oosevational (mecian) ater SAHand _ frontal lobe in paents vith  cerebral metaboism more episades
maintained for 961 difuse injury wamu((l‘lmnw wucmuwmam
(mecien) equent occurence of metabolc s CMD-LPR > 40.and
€2 Singe ceter. 178 WENS grade [n =65 CMD was performed  Vascular terrtory ofthe o investigate the CMD-glucose levels were higher during
prospective, BTN In=22ien, oudiys oS, s bomkonkio, . moccekos e 9hccme 70l o s B oer mcrodis
1in=20(11%), N lesioned tissue was avoided ia, coretral  parameters we
36(20%), Vn = and autcome
63 Singe ceter, 28 toring was infiated Vascular tertory ofthe.  To investigate the impact .
3 m)‘ w %), o i pgsosmmlsil i s el
oservatonal in=3(11%), Va6 SAHaxdmamionod iooanod s s avoded metaboism  remained stable, and CMD-glutamats levels decreased,
@1%).Vn=5(18%)  for 1954 (mean)

of high (>2.6 mmolA) and low (<0.6 mmol) CMD-glucose
seresiencne s ol o e MO shcon,

> 140 m/dl was assocated
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TABLE 4 | Continued

Reference Studytype ~Number of Patient Monitoring period  Probe location Definition of ischemia/ ~ Study aim Main microdialysis findings
patients  characteristics oct
ith SAH
(42) Single- oenla' 18 HuntandHess grade  Time point of Subcortical, either Infarction on cerebral CT  Comparing brain In patients without evidence of cerebral
prospect In=4(22%).in=4 monitoring start _ radiologically normal- scans metabolism between  ischemia CMD-glucose and
obsawnnwal (22%), 10 = 7 (39%), ot described. ‘appearing brain tissue or patients without CMD-pyruvate levels were significantly
Nn=3(17%) Monitoring was ~ ischemic tissue indicated
maintained upto by brain CT suffering brain death  glycerol, and CMD-actate levels and
ys after SAH the CMD-LPR were lower to
patients becoming brs
the time between brain death (complete
d treatm
. and CMD-pyruvate were
not detectable and there was a further
increase of CMD-glutamate and
levels
(@3) Single-center, 42 WFNSgradeln=13 Time poi Cortical and white matter,  Diagnosed by the Assessing the ‘The pattern was defined as an increase
@31%), 1ln = 10 124%; momlunng sw\ not vascular teritory of the  neurosurgeon on cal predctive value ofa  in CMD -LPR and Iacme—to g\ucose
observational 0 =3(7%).Nn described. CMD  parent vessel of the CMD pattern for DCI > 20%, followed
%),V =3 (7 o peﬂovmsd’or aneurysm mcMuMMs>m%.|n|7
(mean) of 18 patients, in whom DCI occurred,
the pattern was found. It preceded the
even(by 1" mg»cs«dpewobcu
‘The ischemic pattem oca
patients without DCI
(44) Single-center, 60  WFNSgradeln=20 Monitoring was
prospective (33%) 1ln =9 (15%),  started after i
observational lin =5 %), IV clipping, 28 h by vasospasm; insetion  of confusion o focal DCI compared to In DC patlents, CMD-glucose levels
n=15(25%).Vn=11 (mean)after SAH, intolesioned tissuewas neurological deficit
(18%) Monitoring was ~ avoided angography CMD-giutamate levels increased (112
maintained for and 400%) thereater. The pathological
174 h (mean) threshold was defined as CMD-lactate
levels > 4 mmol/ and CMDQ\uramale
levels > 3

hours. Using this pzmam CMD showea
al hgh speaﬁmy
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Reference Studytype  Number of Patient Monitoring period Probe location Definiton of ischemia/  Study aim Main microdialysis findings
patients  characteristics ocl
ith SAH
=) Sngecente; 7 Symptomson Cippngand GVD  Vascular ertoryof e New focalneurlogical  Toassociate PET Inregions with "F-FMISO uplake, @
3 admission, Spationts  probeserton  aneuysm; insertionn  signs or deteroraioninnfndings ncicatve of  PET marker f hypoxa, GMD-ghtamate
observational (43% wero describod  wero peromed lesoned tissue was avoided leve of consciousnass.  hypoa with CBF and  levels were sgnifcanty higher
as asymptomatic, 4 wihin 24 hafter kot cases  cantrl ol QTP o s AT ke
7% fom  SAH. The mean but vasospasm No diferences in energy metabolte
oiteraphasaor  montorng time
hemiparesis was 85 days
Sngocenter, 15 Neuobogca Montoing was  Brain parenchyma. Neuologcaldefiots o associate n the day of PET, levels of CMD-
prospective Symptoms, 5 patients  started 5287 most ke alected by brain metabolte lactate, CMD-gtamate, CMD-ghcerol
ovsenvational (33.3%) were classifld  (mean) after SAH  vasospasm concentrations with and the GMD-LPR were significanty
as GBF andischemia  higher in symptomatc patients. Thare
10 patints (66.6%)  201/211 h (mean) measured by PET  were strong inverse correations
in patients (CBF (measured by PET) and
aphasia (1), frontalobe  without symptoms OMD-ghtarmate and GD-gcero!
ion (2) paresss ofischemia levols
(sx or coma 121
@) Sgecenter, 13 Montoingwas  Whie matter vascuar  Worsening of headache or  Associaling OMD  3-day medians were compared.
prospective (zm, TroinaoN, semataan e T by medss pai it Dy v betwoen symptomatic schemic) and
obsenvatonal SnoURONLN, e MWOAL biacaaT aiohlt | ol pe e, ST ol e, _mrp i Tl U
=335, Vn maintaned for  lesoned tissue was avoided between 2and 14 days  and CBF CMD-actte, and CMD-ghtamate
ra5% 201 mean) ater SAH, not atrbutable v i i e
10 other causes interval. There were srong nverse
correlations between CBF (measured
PET) and CMD-g1
GMD-giycerol levels. CMD-actate
lavels > 4 mimoll were an ncicator of
ctically low GBF (< 20 mi/100 g/min)
(7 Sngecerte, 97 WFNSgadeln=37 Catheterswere  Vascula tertory most ikely Worsening of headache,  Comparing brain DG patients had higher lactate and
s R S T R )
obsenvtional in=9/0%), v aftor SAH.Data ro insarton ntolesicnad  of conlusion, disorentaton with acuts and a igher LPR
n=2021%),Vn=18 ropoted fordays tissue was avoided b it bl ot defeti i
(9% 110 after SAH neurdlogicaldeficts,  asymptomaic patients
betwoen 2 and 14 days
after SAH, not atrbutable
©
) Sngecenter, 30 HuntandHess grade i Monitorngwas  Fronta, ipsiateral to Girica deterration To idenliy the rlation _ Metaboli criss (CMD-LPA > 40.and
prospective, bripairios i ulil it manwrs,  rowtiiacin  bewnC OMD-ghucose levels < 0.7 mmolA) was
cbsorvational <15 V- 15 fracke s A it ncmeof | Mt escaoee Sk maodeduth O <T0
o o i meerare metabolc criss Hunt and Hoss grade 5, ntraventricuiar
o ey or parenchym hemorthage,
ocephalus, ICP > 20 mimiHg and
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Reference Studytype ~ Number of Patient Monitoring period Probe location Study aim Main microdialysis findings
patients  characteristics
with SAH
(14) Single-center, 2 Hunt and Hess grade Il Monitoring was started 22 h  Frontal, ipsilateral to the Describing the metaboic  Peak levels of GMD-glutamate, GMD-glucose,
prospective, n=2(7.7%),ln=6 (median) after SAH. Data aneurysm; classified as profile during the early phase  and the CMD-LPR occurred within the first 24 h of
observational ©3.1%), Vn=2 of the following 144 hare  normal-appearing or after SAH monitoring and decreased over time.
(7.7%),Vn =16 reported perilesional brain tissue CMD-pyruvate concentrations increased
(61.5%) compared to baseline values. A higher CMD-LPR
was associated with poor outcome. Higher
GMD-IL-6 levels were associated with DCl and
poor outcome
(15) Single-center, 39 Huntand Hess grade | Data are reported for days  Frontal, contralateral tothe  Comparing brain metabolism  Patients with GGE showed a higher GMD-LPR
prospective, +1in=3(8%) lln=6 2-10after SAH craniotomy in ciipped patients;  of patients with and without  and lower CMD-pyruvate and CMD-glucose levels
observational (15%), IV = 12 (31%), non-dominant hemisphere  GCE on admission compared to those without. Episodes of
V=18 (46%) in diffuse SAH or ipsiateral CMD-LPR > 40 and metaboiic crisis
in lateralized SAH in colled (CMD-LPR > 40 and GMD-glucose < 0.7 mmol/)
patients were more common in patients with GCE.
CMD-LPR > 40 and metabolic crisis were
associated with poor outcome
(16) Single-center, % WENS grade In =40 Monitoring was started Vascular territory of the Investigating brain GMD-glutamate, CMD-glycerol, CMD-lactate
prospective, (@2%), Iln = 11 34/49 (mean) hours after  aneurysm; insertion into metabolism in patients concentrations, and the CMD-LPR were higher
observational (11.5%), 0 =11 SAH and maintained for  lesioned tissue was avoided  with/without acute focal in patients with acute focal neurological deficits
(11.5%), IV =20 183/132 (mean) hours in neurological deficits compared to those without. A normaiization
(21%),Vn =13 (14%)  patients with/without acute of values over time was concomitant with an
focal neurological deficits improving diinical condition, further deterioration
with permanent neurological deficits
) Single-center, o7 WFNS grade In =37  Catheters were inserted  Vascular territory most likely  Comparing brain metabolism  In patients with acute focal neurological
prospective, (38%), Iln = 13(13%),  within 72 h after SAH. Data ~ affected by vasospasm; of patients with acute deficits, the GMD-glucose concentration was
observational lln'=9(9%),IVn =20 are reported for days 110 insertion into lesioned. tissue  neurological deficits and DCI  lower, whereas the CMD-lactate, CMD-LPR,
(21%),Vn=18(19%) after SAH was avoided to asymptomatic patients  CMD-glutamate and GMD-glycerol levels were
significantly elevated compared to asymptomatic
and DCI patients
(18) Single-center, 149 WFNSgradeOn=38  Monitoring was started Vascular territory of the Investigating the relationship  The concentrations of all parameters were higher
prospective, (2%),1n=53 (36%), Il after aneurysm treatment  aneurysm; insertion into between cinical disease in high-grade (WFNS IV-V) compared to low-
observational n=16(11%),lin=17 (mean24.7 hater SAH)  lesioned tissue was avoided severity, brain metabolism  grade patients, the differences were significant
(11%), IVn =33 (22%), and maintained for 161.8 h and outcome for CMD-lactate, CMD-LPR and, during the first
V=27 (18%) (mean) 2 days, CMD-glycerol
(19) Single-center, 3% Al patients had a Surgery was performed Vascular terrtory of the To elucidate the impact of  Patients with intracranial hypertension
prospective, WENS grade of IV or V. 44/30.7 h after SAH in aneurysm; insertion into intracranial hypertension on  (IGP > 20 mmHg) had significantly lower levels of
observational patients with/without lesioned tissue was avoided brain metabolism CMD-glucose and a higher CMD-LPR over the
intracranal hypertension first 7 days after SAH. CMD-glutamate levels were
Only patients with complete significantly elevated in patients with high ICP on

datasets for the first 7 days
were included

day 1
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TABLE 3 | Continued

Reference Studytype ~ Number of Patient Monitoring period Probe location Study aim Main microdialysis findings
patients  characteristics
with SAH
(20) Single-center, 2 Hunt and Hess grade Il Monitoring was started Vascular terrtory of the To investigate the association  High-grade neuroinflammation (CMD-IL-6 levels
prospective, n=1(@%),lin=7  1day(median)after SAH aneurysm; classified as between neuroinflammation,  above median) was associated with CMD-lactate
observational (26%), IV =2(8%),V and maintained for 4 days  normal-appearing o axonal injury and brain levels > 4 mmolA, metabolic distress (CMD-
n'=16(62%) (median) perilesional brain tissue metabolism LPR > 40), metabolic crisis (CMD-LPR > 40 and
GMD-glucose levels < 0.7 mmolf), DCl and poor
functional outcome
1) Single-center, 52 WFNSgraden=4  Monitoring was started Frontal, location in non-injured  Comparing brain metabolism  CMD-lactate and CMD-pyruvate levels were
prospective, (8%) 1In=11(21%),  20/28 h (mean) after brain tissue; in 6 patients the  of patients with and without  significantly, the GMD-LPR non-significantly higher
observational Iln =2 (4%),Vn =24 SAH and maintained for  CMD probe was located at the ~ global cerebral edemaon  in patients with GCE. There was no difference in
(46%),Vn=11(21%) 147/136 h (mean) in patients ~ craniotomy site admission GMD-glucose concentrations
with/without GCE
(22) Single-center, 19 Level of consciousness  Monitoring was started Cortical, frontal, in non-injured  Investigating the association  Patients who were unconscious on admission
prospective, according to the 21 (median) after SAH ~ brain tissue; in 3 patients the  between cerebral had significantly lower levels of CMD-pyruvate
observational Reaction Level Scale  and maintained for 157h  GMD probe was located at the - metaboltes and the level of  between 96 and 132 h after SAH

85 on admission,
conscious n = 11
(68%), unconscious
n=8(42%)

(median)

craniotomy site

consciousness on admission

SAH, subarachnoid hemorthage; CMD, cerebral microdialysis; LPR, lactate-to-pyruvate-ratio; IL-6, intereukin-6; GCE, global cerebral edema; WIS, world federation of neurological societies; DCI, delayed cerebral ischemia; ICP. intracranial pressure.
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CMD-glucose CMD-lactate CMD-pyruvate CMD-LPR CMD-glutamate  CMD-glycerol
Acute focal neurological | to 11 " na " " 11, mainly on
deficits days 1-2 after
subarachnoid
hemorthage
Global cerebral edema Lornodiference 1 11 or 1 (metaboiic distress 11 or 1 a n/a
or hypermetabolism)
Delayed cerebral ischemia 11, decreasing 11, early, sensitive, but | to 11, rarely independently 11, increasing 110 11, early o
12-16 h before DCI ot specific reported 12-16 hbefore  and sensitive
DCl
Mitochondrial dysfunction ~ Within normal range 11 Within normal range Ttott Ttotr Tto1t
Poor outcome H 1 to 11, unspecific 14, no increase to normal 1" 1" 1
values

Assingle arrow (1/1) indicates increased or decreased values compared to normal levels or the control group. Double aows (11/11) indicate that values are above/below pathologic
thresholds (CMD-glucose < 0.7 mmol, CMD-lactate > 4 mmol/, CMD-pyruvate < 120 ymol/i, CMD-LPR > 40, CMD-glutemate > 10 ymol/, CMD-glycerol > 50 umol/).

CMD, cerebral microdialysi

/a, no data available.
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Reference  Studytype  Number of Study aim Main microdialysis findings
patients with  characteristics
SAH
(13) Single-center, 8 WENS grade In =5,  Intraoperative. ACMD  Territory of the parent CMD-factat
prospective, In=3
atonal 4mmsdaxsiy after using rapid-sampiing ‘glucose levels decreased (~0.12 mmol).
ing the dura microdialysis ‘The peak of these changes was observed
after 3-10 min, despite onnmued retraction.
During temporary arter ing, CMD-
lactate levels increased (+0. mmoVn
‘and CMD-glucose levels decreased
(~0.14 mmolA). These changes reached their
(10) Single-center, 512 “Preselected onthe  Intraoperative Cortical, territory of Studying amino acid ID-glutamate levels increased between
ive, basis of anticipated 2 7 and 8.1-fold dmng ischemic
observational difficulty in surgery” aneurysm cerebral ischemia ‘aoperative compications. No statistical
© Single-center, 1015 wa Intraoperative Cortical, teritory of
prospective,
observational aneurysm increase in CMD-LPR (42-43). Prdongsd
ciwng was followed by a
rease in CMD-LPR in 2 cases (24-50 and
(1) Single-center, 38/46 WENS grade. Poor  Intraoperative
prospective, (I,V,V)in 18
ational patients, 7 ‘aneurysm surgery in brain metabolism. In 2 patients,
were farger than Who post-operatively developed cerebral
25mm infarction, ciipping for longer than 30 min was
‘associated with a significant CMD-glutamate:
(12) (abstract ~ Single-center, 10116 “Complex aneurysm  Intraoperative wa
only) prospective, surgery”
observational

‘were associated with an inct
LPR. Prolmged occlusions
with an increase in
glutamate levels. No statistical malysswas
performed

rease in CMD-
142 m.m were
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Reference Studytype  Number of Patient Monitoring period  Probe location Definition o ischemia/  Study aim Main microdialysis findings.
patients  characteristics et
with SAH
(@) Sngecenter, 10 ot Starttmeisnot  Cortcal, frontal TNEERINE, TEOOGR OO s s
prospective ln=3(30%). lin=4 exactly gven course findings, cinicalfrequently observed without obvious
observational (40%). Vn=3(20%)  (fgures indicate outcome  cause, whie GMD-LPR reflected
12-30 h afer SAH). ischemia and, during days 0-4,
toing asted correlated with - Inan
6-11 days range) infracted area, CMD-glucose levels
fell to and remai Y
of CMD-glucose were observed
ore frequently in patients with
outcome. Patients v
outcome had significantly higher CMD-
gutamate levels
@4 conter, 18 SYRAITES (COTER], WM GagiTe, NG, WG Blevated lactate evels on day 7 were
prospective, (@2%), 10 = 4 (22%), satin s aneurysm impainment or ionbatween  assoctea i 0O
ovsenvational Eo=TENNAsE v 22 points in mmwwmm
(33%),Vn =2(17%) were aniyzed GCS score for at least 1 h, - and cere
u-y; 112 after not attributable to other  me
causes
(@) Sucsie 0 HmudteRgak WERING Gkl ntimins ek o Associating the Lower GB, measured by Xenon-CT.
prospective 1n=2@2.2%), admission deteroration that could  conoentrations of i with higher levels
obsenvtion n=2@22%), a be explained by other  Cerebral metaboites  of CMD-giutamate and a higher
n=2(222%.V ns with CBF CMD-LPR. There was a descriptive
n=2(222%.Vn=1 association -LPR > 25
1. and a CBF < 22 m/100 gimin. No
(@) . In g White matter vascular s onset of Tosmos by Bessevekive kit i e
prospective, W K= 1104, K- sl 46 ) ikn o B ek b wpesacs specificty of CMD  patients with and wit
observational n=9(12%,Vn = SAHand  byvasospasm afocal for confimingDCI Threshold values were oy
(23%).Vn = 14 ne%) maintained for it CMO-fctate > 4 mmoll and
165 h (mean) t0 > 3 ymolt. CMD
ahigher specifcly for
confiming DCI than conventional
and TCD
@1 Sngecenter, 33 WFNSgradeds Montoring Cortical, fontal ortemporal, Decrease n the level of  Ideniitying a metaboic ~ Five hours of CMD-LPR > 40 during
prospeciive (medan), 1-5 (ange)  Started29.5h  visuall non-injured lissue  Consciousness (21 step  pattemindicativeof & 10-h period were defined as
observational after inthe RLS score) ornew  ischemia patter. 12 episodes of this
and maintained focal neur e, term occurred, of which 5 were
1121 (mean) ot due 1o other caus atroutable 10 eary infarcls and 6 to
ut vasospasm DG Only 6 of 15 cases of DCI
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Reference Studytype  Number of ~Patient Monitoring period_Probe location Definition of schemia/  Study aim Main microdialysis findings
patients  characteristics o
with SAH

@ Sngecenter, 19 HutadHessgrade Montorngwas  Normal-appearing white  Neuological Toassess CMD-LPR  The GMD-LPR was higher and
prospeciiv, 1in=2(10%) I Started 1.4ays  matter betwoen anterior  worsening (G0Sand  levels with espectfo  episodes of CMD-LPR > 40
absenvations n=3(16%), Nn =10 (mean) afer and midde cerebral artery  NIHSS), persistent estabished thveshalds  occured more often when the CPP

(63%.Vn=4(21% SAHandwas  lemioyonthesdeot  PuO: <i5mmHg.fon  of PP and PuO; 60 mmHg. Brain tissu hy
for  maxma pathology velocty > 180 cmis w ted wih CMD-LPR > 40,
5.8 days (mean) (transcrania Doppler), ts
on continuous EEG or ‘within normal ange when the CMD-
reduced blood flow on CT LPA was > 40. An LPF > 40 was
ion

@4 Sngecenter, 16 it and Hess grade Il Al patints were Associatng CMD.
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The MEDLINE search for
"subarachnoid hemorrhage'" AND

"microdialysis" yielded 192
articles

29 removed due to ,non-human
articles"

40 removed due to reviews or opinions

26 removed as they did not report
,point of care CMD parameters* *

9 removed due to case reports

8 were not dealing with the subject
8 were not in English language

5 no full-text was avaiable, insufficient
information in the abstract

N =80 were included in the review

13 articles related to the topic were
added

* point of care CMD parameters CMD-glucose, CMD-lactate, CMD-pyruvate, CMD-lactate-to-pyruvate ratio,
CMD-glutamate and CMD-glycerol
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