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Abstract

Purpose of review: Here we review the present state-of-the-art of microdialysis for
monitoring patients with severe traumatic brain injury (TBI), highlighting the newest
developments. Microdialysis has evolved in neurocritical care to become an established
bedside monitoring modality that can reveal unique information on brain chemistry.

Recent findings: A major advance is recent consensus guidelines for microdialysis use and
interpretation. Other advances include insight obtained from microdialysis into the
complex, interlinked TBI pathologies of electrophysiological changes, white matter injury,
inflammation and metabolism.

Summary: Microdialysis has matured into being a standard clinical monitoring modality that
takes its place alongside intracranial pressure and brain tissue oxygen tension measurement
in specialist neurocritical care centres, as well as being research tool able to shed light on
brain metabolism, inflammation, therapeutic approaches, blood brain barrier transit and
drug effects on downstream targets. Recent consensus on microdialysis monitoring is paving
the way for improved neurocritical care protocols. Furthermore, there is scope for future
improvements both in terms of the catheters and microdialysate analyser technology, which

may further enhance its applicability.
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blood—brain barrier, multimodality monitoring.



Introduction

Traumatic brain injury (TBI) is the largest single cause of death in those aged under 40 years
in the developed world (1). Survivors experience varying disabilities that are often life-long,
with demands on carers and resources (2). After the ictus, the greatest clinical challenge is
to limit secondary brain injury, when complex, dynamic changes occur in cerebral

physiology and chemistry (3).

Hypotension, hypoxia, hypoglycaemia, sustained intracranial pressure (ICP) rises, seizures,
and infections are avoided with the aim of maintaining adequate cerebral perfusion and
preventing herniation syndromes (3). Most patients, both adult and paediatric, suffering a
severe TBI, defined as a presenting Glasgow Coma Score (GCS) < 8, will be managed with the

use of ICP monitoring and cerebral perfusion pressure (CPP) targeted therapy (4).

Target-driven therapy is essential to improve patient outcome (5, 6). Currently, we monitor
ICP and brain tissue oxygen tension (PbtO,) with “real-time” analyses, which allows us to
respond rapidly to any dangerous changes in these parameters (7). This is complemented
with the analysis of brain chemistry performed using microdialysis. A typical bedside
multimodality monitoring setup is illustrated in Fig. 1. Introduced clinically during the 1990s,
microdialysis enables continuous monitoring of tissue chemistry to study transplanted
tissue, surgical grafts or most commonly brain injury. First described in 1974 (8), only during
the late 1990s did microdialysis become more readily available for hospitals worldwide due
to advancements in computing hardware (9). Since then, microdialysis has been extensively

refined, and methodological variants introduced to improve monitoring of the injured brain.



Principle

The microdialysis catheter consists of two concentric tubes. The outer tube is connected to
a syringe pump that delivers perfusion fluid. The perfusate flows through the external tube
down to the tip, where the final 10 mm of the catheter consists of a semi-permeable dialysis
membrane allowing bi-directional diffusion between the perfusate and the extracellular
fluid of the brain parenchyma (10). The diffusion rate is driven by the chemical gradient
across the dialysis membrane (9). The perfusate, now termed microdialysate, is extracted

via the inner catheter to be analysed.

Clinical indication

Indications for clinical monitoring using microdialysis are not clear-cut, younger patients
generally have better outcome, nevertheless, caution should be maintained when selecting
candidates (11*). It is generally accepted that patients with brainstem injury and central
herniation should be excluded from the procedure because of the pre-disposition to poor
outcome with such features (12). The post-resuscitation GCS is perhaps the most accurate
assessment (13). Disease-specific recommendations have been identified in the most recent
consensus statement (11*). In TBI microdialysis can be used to monitor “healthy” tissue
(e.g. to guide systemic glucose treatment) and/or to monitor focal regions at risk. Similarly,
in another form of acute brain injury, guidance in subarachnoid haemorrhage (SAH)

suggests microdialysis as a primary monitoring device in mechanically ventilated (‘poor-



grade’) patients or to monitor patients at risk of a secondary neurological deterioration (e.g.

delayed ischaemic deficit) (11*).

Surgical procedure

The clinical microdialysis catheter is carefully placed within the cerebral parenchyma either
via a cranial access device (“bolt”) or tunnelled via a twist drill hole or placed under direct

vision at craniotomy (14). The microdialysis catheter tip contains gold, visible on CT scan.

In TBI, insertion is guided by the type of injury sustained. In diffuse axonal injury, the
catheter should be inserted in the non-dominant frontal lobe. In focal injury (acute subdural
haematoma or contusion) the catheter should be placed in ipsilateral to the lesion in
radiographically normal brain where possible. It is acceptable to place bilateral microdialysis

catheters where focal injury results in significantly radiographically different brain (11*).

In SAH, the recommendation is to insert the microdialysis catheter in the watershed
anterior cerebral artery—middle cerebral artery territory ipsilateral to the maximal blood
load seen on CT or the ruptured aneurysm (11%*). If the blood load is symmetrical, insertion
in the non-dominant hemisphere is recommended. However, in delayed ischemic deficit,
microdialysis catheters should be placed in tissue most at risk as directed by radiological

findings (11%*).

Understanding brain chemistry through microdialysis



The primary physical injury in TBI caused by impact is followed over the ensuing hours and
days by complex pathology intertwining intracranial dynamics, electrophysiological
responses, cerebral metabolism and inflammation. Modern neurocritical care means that
gross ischaemia is usually avoided. However, despite seemingly adequate provision of
metabolic fuels and oxygen, the injured brain sometimes cannot utilise them efficiently:
termed ‘mitochondrial dysfunction’, and, in severe form, ‘metabolic crisis’, the exact basis is
still not understood. A few recent studies have notably tied together brain extracellular

focal chemistry with other brain measures in TBI patients, as follows.

Electrophysiological changes

Electrophysiological responses to TBI include cortical spreading depolarizations (CSD)
associated with marked changes in glucose and lactate levels in the brain extracellular fluid
(15). These can be regarded as waves of “bad chemistry” propagating spatially and
temporally, often across large regions of the brain and/or around contusions. Another
electrophysiological response found in TBI, and apparently related to CSD, are seizures (16) -
typically non-convulsive seizures and periodic discharges (PD). Vespa and colleagues have
built on their earlier work, and have now positively established linkage between seizures
and metabolic crises (17**). Electrophysiological disturbances may go undetected unless
patients are monitored continuously with electrodes. Depth electrodes inserted into the
brain were more useful than scalp electrodes for monitoring seizures and PDs in TBI patients
(17*%*). Seizures or PDs occurred in 61% of 34 subjects, with 42.9% of these seizures noted

only on intracortical depth electroencephalogram (dEEG) and in some cases lasting for many



hours. Metabolic crisis as measured by elevated cerebral microdialysis lactate/pyruvate
ratio (LPR) occurred during seizures or PDs but not during electrically non-epileptic epochs.
PDs and seizures occurred in normal-appearing tissue at a similar rate to that of
pericontusional tissue. This suggests that multiple regions of the brain are at risk for
electrical instability, not just the pericontusional tissue recognised previously. The study has
highlighted the importance of PDs hitherto often regarded as benign by
electroencephalographers. Vespa et al. have suggested that both PDs and seizures are
potential therapeutic targets in severe TBI. They described the seizures/PDs and metabolic
crisis (elevated LPR) as being “time-locked”, a finding subject to the constraint that
microdialysate collection vials were changed and analysed hourly whereas the EEG sampling
rate was 2.5 kHz. Thus, there is no information yet on whether there is a cause-effect
relationship between electrophysiology and metabolism (or vice-versa), or whether they are

mutually interactive, or both results of some other initiating effect.

White matter injury

White matter, which is composed chiefly of glia, and constitutes the largest proportion of
the brain, provides a vital support infrastructure for grey matter neurons. Magnoni et al.
(18**) reported that microdialysis measurements of the axonal cytoskeletal protein tau in
the brain extracellular space correlated well with diffusion tensor magnetic resonance
imaging (DTI)-based measurements of reduced brain white matter integrity in the 1-cm
radius white matter-masked region near the microdialysis catheter insertion sites. They
found a significant inverse correlation between microdialysate levels of tau 13—36h after

injury and fractional anisotropy (FA) reductions in comparison with healthy controls. FA



reductions near microdialysis catheter insertion sites were highly correlated with FA
reductions in multiple additional white matter regions. Both microdialysis tau
measurements and magnetic resonance DTl may reflect traumatic axonal injury. Perhaps
surprisingly, there were no significant correlations between FA reductions and brain
microdialysate metabolic markers (glucose, lactate, LPR and glutamate) and none between
FA reductions and microdialysate amyloid-beta. No correlation was observed between other
DTI parameters (mean diffusivity, axial diffusivity, radial diffusivity) and microdialysate tau

or amyloid-beta.

Measuring biochemical pathways

Two recent *C-labelled microdialysis studies (19, 20*) have revealed insight into TBI
patients’ brain chemistry. The studies employed microdialysis perfusion with respectively
1,2-C, glucose (19) and 2,3-13C, succinate (20*) with simultaneous collection of the
products via the same catheters, with high-resolution *C NMR analysis. The first study (19),
using 1,2-C, glucose, revealed that the major pathway, glycolytic lactate production
(labelling pattern 2,3-3C, lactate), was significantly greater in TBI brain than in normal brain.
The minor pathway, pentose phosphate (PPP)-derived lactate production (3-*C lactate),
was statistically not significantly different in TBI brain than in normal brain. However,
several of the TBI individuals showed PPP-derived lactate elevation above the range
observed in the normal brain. There was a shift in glucose metabolism from glycolysis
towards PPP with decreasing PbtO,; although glycolysis always remained dominant. The
findings raise interesting questions about the roles of the PPP and glycolysis after TBI, and

whether they can be manipulated to enhance the potentially reparative and antioxidant role



of the PPP for better patient outcome. The second study (20*), using 2,3-'3C; succinate
(disodium salt), showed that this molecule was metabolised via the TCA cycle (evidenced by
13C_labelling patterns in metabolites) and ameliorated cellular metabolism (evidenced by
lowering LPR), proof-of-concept that the TCA cycle can be directly supplemented and TBI
brain chemistry potentiated. Succinate is a tricarboxylic acid (TCA) cycle intermediate that
interacts directly with complex Il of the mitochondrial electron transport chain (ETC),
enabling a ‘shortcut’ route (missing out ETC complex I) for oxidative metabolism. Lower LPR
suggests that succinate improves redox balance, conceivably by boosting shuttles utilising
mitochondrial ETCs to recycle NADH to NAD", possibly promoting glucose utilisation and
glutamate clearance from the interstitium, further supported by the finding of lower

microdialysate concentrations of glucose and glutamate.

Neuroinflammation and blood-brain barrier

Microdialysis can provide unique information for clinical trials, establishing whether
systemically administered drugs cross the blood-brain barrier, and informing on
downstream targets and biomarkers. In TBI patients with diffuse injury, subcutaneous
administration of human interleukin receptor antagonist (IL-1ra), in recombinant form as
the pharmaceutical anakinra/Kineret, resulted in marked elevation of both circulating IL-1ra
and brain extracellular IL-1ra (21). Alongside IL-1ra, other cytokines, chemokines and growth
factors were analysed in a 42-plex Luminex assay (42 analytes) in 10 treated patients plus 10
control patients (without anakinra) (21). Multivariate (partial least squares discriminant)

analysis of this dataset has recently revealed a pattern of response that questions the



simple classification of IL1ra as an ‘anti-inflammatory’ cytokine and highlights the
importance of the microglial response to injury (22%*).

A paired microdialysis catheter study (23) of peri-contusional vs. radiologically “normal”
sites, measuring matrix metalloproteinases (MMPs), has shown that MMP-9 concentrations
are increased in peri-contusional brain early post-TBI (within 72h) and potentially represent

a therapeutic target to reduce haemorrhagic progression and vasogenic oedema.

Significance of lactate

The significance and roles of lactate in the brain are still debated. Microdialysis can provide
insight. High brain LPR suggests high reliance on glycolysis, which can be due to ischaemia,
in which case lactate is high and pyruvate is low, together with low glucose and (if
measured) low PbtO,. This is termed Type | LPR elevation. Alternatively, high lactate
accompanied by less drastically lowered pyruvate, in the absence of ischaemia, is Type 2 LPR
elevation, more often seen in TBI patients than Type 1 (24, 25). Significantly, transitions can
occur within-patient between ischaemia-pattern and mitochondrial dysfunction-pattern
(and vice-versa), with time post-injury, and that in the transition from ischaemia-pattern to

mitochondrial dysfunction, pyruvate can rise with time (25).

Labelling studies have shown that lactate can be oxidatively metabolised in vivo by rat brain
(26) and by human brain — both healthy (27, 28) and TBI (29). Debate still exists on the
astrocyte-neuron lactate shuttle (ANLS) hypothesis (30, 31) about whether astrocyte

glycolysis-derived lactate is the preferred energy substrate for neurons, or whether both
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astrocytes and neurons independently metabolise glucose per their needs. Supporting the

|II

“independent model” is a kinetic metabolic modelling study in rats (32). Debate also exists
(33) on the suitability of administering exogenous intravenous lactate as therapy for TBI (34-

36).

Microdialysis guidance of therapy

Microdialysis is a valuable source of clinical information to assist evaluation of putative TBI
therapies. Retrospective data analysis from 36 TBI patients showed normobaric hyperoxia
association with increased excitotoxicity, evidenced by increases in microdialysate
glutamate concentration with increasing fraction of inspired oxygen (37). Brain multimodal
monitoring—including ICP, PbtO,, and microdialysis—was more accurate than ICP
monitoring alone in detecting cerebral hypoperfusion in a study of 27 patients with severe

TBI and predominantly diffuse injury (38).

Future prospects

Microdialysis is a standard part of neurocritical care monitoring for severe TBIl in some
centres, in addition to its key role in clinical research studies. Besides adults, it is being
extended to monitor paediatric severe TBI patients (39). Next steps will be to use
microdialysis more consistently to inform patient management and therapy. The
fundamentals for this have been set out in a recent Consensus Statement (11*) from
microdialysis experts worldwide. The next stage is establishing a suitably tiered formal

protocol for enabling microdialysis results to be optimally utilised alongside intracranial
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pressure (ICP) monitoring and other modalities, to inform decisions on individualised
therapy for each patient. PbtO, probes are desirable in this multimodal partnership, to help
to differentiate hypoxia/ischaemia from mitochondrial dysfunction/metabolic crisis. Besides
TBI, microdialysis has scope for increased use in monitoring other forms of acute brain

injury, e.g. SAH (36).

In injured brain, electrophysiological disturbances have emerged as important elements
within the adverse metabolic changes that are linked to poor functional outcomes. However
continuous electrophysiological measurements are hard to implement. Technological
improvement and/or understanding of appropriate surrogate markers would be potentially

beneficial.

Faster brain microdialysis measurement on-line rather than the present hourly vial changes
is desirable, as electrophysiological changes can induce potentially damaging rapid changes
in brain chemistry. These early warning signs will be missed on hourly measurements,
thereby losing an opportunity for therapy. Progress on on-line detectors has been made in a
research context, reported microdialysis measures are as yet confined to potassium, glucose
and lactate, but not pyruvate (40). Online, rapid detection of key metabolites in an easy-to-
use, robust, compact, low-cost format would be beneficial and would potentially encourage

adoption of microdialysis by more centres.

While both 20 kDa and 100 kDa clinical catheters allow recovery of extracellular small
molecules (metabolites), the 100 kDa additionally permits recovery of many water-soluble

extracellular proteins, e.g. cytokines and chemokines. Inflammation is a crucial aspect of the
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response to TBI. However, optimising microdialysis recovery of proteins remains a work-in-
progress. Success using human serum albumin (HAS) supplementation of the microdialysis
perfusion fluid (21, 41, 42) is nowadays becoming unfeasible as increasing licensing
restrictions on pharmacy manufacturing mean that formulation with this blood product is,
depending on the pharmacy, either not permitted or prohibitively expensive. Dextran is an
alternative being explored (43, 44); it is a polysaccharide with various polymer sizes, and not
a protein. Serum albumin is widely utilised in biochemistry (not just microdialysis) as an
agent for blocking nonspecific binding losses of proteins of interest that would otherwise be
variably trapped by adherence to surfaces in tubing, artificial membranes, vials etc.
Whether dextran, which was introduced to microdialysis primarily as a fluid-balancing
osmotic agent, can prevent nonspecific binding of proteins, remains to be established.
Another approach to improving catheter technology is coating it with Pluronic (a.k.a.
Poloxamer) (44, 45), aimed to reduce protein binding and inhibit biofouling and
encapsulation. Pluronic coating is only reported experimentally, and whether this might
represent any significant improvement on current microdialysis technology and subsequent

progress to clinical adoption, are future questions.

Conclusions

Microdialysis has matured into a standard clinical monitoring modality (alongside ICP and
PbtO,) in specialist neurocritical care centres as well a research tool for shedding light on
brain metabolism, inflammation, therapeutic approaches, blood brain barrier transit and
drug effects on downstream targets. Recent consensus on microdialysis monitoring paves

the way for improved neurocritical care protocols. Scope exists for future improvements
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both in terms of the catheters and microdialysate analyser technology, which may further

enhance applicability.

Key points:

e Traumatic brain injury (TBI) is the largest single cause of death in those aged under
40 years in the developed world, and after the ictus, the greatest clinical challenge is
to optimise patient outcome by limiting secondary brain injury, when complex,
dynamic changes occur in cerebral physiology and chemistry.

e Microdialysis has matured into a standard clinical monitoring modality alongside
intracranial pressure and brain tissue oxygen tension monitoring in specialist
neurocritical care centres.

e A recently published Consensus on microdialysis monitoring is paving the way for
improved neurocritical care protocols and individualised patient therapy.

e Microdialysis is continuing to grow as a research tool for shedding light on brain
metabolism, inflammation, therapeutic approaches, blood brain barrier transit and
drug effects on downstream targets, and thus microdialysis provides important
evidence in clinical trials.

e Scope exists for future improvements both in terms of the catheters and

microdialysate analyser technology, which may further enhance applicability.
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Figure legend

Figure 1. Bedside multimodality setup typically used in severe TBI neurocritical care,
comprising monitors for intracranial pressure (ICP), brain tissue oxygen tension (PbtO,) and
microdialysis. lllustration copyright Susan Giorgi-Coll and reproduced here with her

permission.

References

1. Bratton SL, Chestnut RM, Ghajar J, McConnell Hammond FF, Harris OA, Hartl R, et al.
Guidelines for the management of severe traumatic brain injury. VIII. Intracranial pressure
thresholds. J Neurotrauma. 2007;24 Suppl 1:555-8.

2. Badri S, Chen J, Barber J, Temkin NR, Dikmen SS, Chesnut RM, et al. Mortality and
long-term functional outcome associated with intracranial pressure after traumatic brain
injury. Intensive Care Med. 2012;38(11):1800-9.

3. Balestreri M, Czosnyka M, Hutchinson P, Steiner LA, Hiler M, Smielewski P, et al.
Impact of intracranial pressure and cerebral perfusion pressure on severe disability and
mortality after head injury. Neurocrit Care. 2006;4(1):8-13.

4. Hutchinson PJ, Kolias AG, Czosnyka M, Kirkpatrick PJ, Pickard JD, Menon DK.
Intracranial pressure monitoring in severe traumatic brain injury. BMJ. 2013;346:f1000.

5. Nordstréom CH, Nielsen TH. Continuous determination of optimal cerebral perfusion

pressure--in search of the Holy Grail? Crit Care Med. 2013;41(1):e4-5.

15



6. Steiner LA, Czosnyka M, Piechnik SK, Smielewski P, Chatfield D, Menon DK, et al.
Continuous monitoring of cerebrovascular pressure reactivity allows determination of
optimal cerebral perfusion pressure in patients with traumatic brain injury. Crit Care Med.
2002;30(4):733-8.

7. Czosnyka M, Smielewski P, Kirkpatrick P, Laing RJ, Menon D, Pickard JD. Continuous

assessment of the cerebral vasomotor reactivity in head injury. Neurosurgery.

1997;41(1):11-7; discussion 7-9.

8. Ungerstedt U, Pycock C. Functional correlates of dopamine neurotransmission. Bull

Schweiz Akad Med Wiss. 1974;30(1-3):44-55.

9. Nilsson OG, Brandt L, Ungerstedt U, Sdveland H. Bedside detection of brain ischemia

using intracerebral microdialysis: subarachnoid hemorrhage and delayed ischemic

deterioration. Neurosurgery. 1999;45(5):1176-84; discussion 84-5.

10. Hutchinson PJ, O'Connell MT, Al-Rawi PG, Maskell LB, Kett-White R, Gupta AK, et al.

Clinical cerebral microdialysis: a methodological study. J Neurosurg. 2000;93(1):37-43.

11. Hutchinson PJ, Jalloh I, Helmy A, Carpenter KL, Rostami E, Bellander BM, et al.

Consensus statement from the 2014 International Microdialysis Forum. Intensive Care Med.

2015;41(9):1517-28.

* This Consensus Statement represents the most recent, comprehensive and
authoritative drawing together of worldwide expert knowledge, experience and
opinion on clinical cerebral microdialysis in TBI and SAH. In April 2014, an
international forum was convened in Cambridge, UK, reviewing evidence for the
clinical application of microdialysis in neurocritical care and producing a revised and
fully updated (cf. previous Consensus in 2004) Consensus Statement that was peer-

reviewed, and published in 2015.

16



12. Mannion RJ, Cross J, Bradley P, Coles JP, Chatfield D, Carpenter A, et al. Mechanism-
based MRI classification of traumatic brainstem injury and its relationship to outcome. J
Neurotrauma. 2007;24(1):128-35.

13. Maas Al, Stocchetti N, Bullock R. Moderate and severe traumatic brain injury in

adults. Lancet Neurol. 2008;7(8):728-41.

14. Hutchinson PJ, Hutchinson DB, Barr RH, Burgess F, Kirkpatrick PJ, Pickard JD. A new

cranial access device for cerebral monitoring. Br J Neurosurg. 2000;14(1):46-8.

15. Parkin M, Hopwood S, Jones DA, Hashemi P, Landolt H, Fabricius M, et al. Dynamic

changes in brain glucose and lactate in pericontusional areas of the human cerebral cortex,

monitored with rapid sampling on-line microdialysis: relationship with depolarisation-like
events. J Cereb Blood Flow Metab. 2005;25(3):402-13.

16. Fabricius M, Fuhr S, Willumsen L, Dreier JP, Bhatia R, Boutelle MG, et al. Association

of seizures with cortical spreading depression and peri-infarct depolarisations in the acutely

injured human brain. Clin Neurophysiol. 2008;119(9):1973-84.

17. Vespa P, Tubi M, Claassen J, Buitrago-Blanco M, McArthur D, Velazquez AG, et al.

Metabolic crisis occurs with seizures and periodic discharges after brain trauma. Ann

Neurol. 2016;79(4):579-90.

** This study adds new evidence and better understanding of the nature of the
pathology of electrophysiological disturbances after TBI, by now firmly linking these
disturbances (some of which were hitherto dismissed by others as “benign”) to
metabolic crises. Our interpretation of the future implications of this work is that
neurocritical care would be enhanced by the development of technology that is

easier to implement for continuous EEG monitoring and faster microdialysis

17



readouts, to improve early warning and allow better opportunities for therapeutic
intervention.

18. Magnoni S, Mac Donald CL, Esparza TJ, Conte V, Sorrell J, Macri M, et al. Quantitative

assessments of traumatic axonal injury in human brain: concordance of microdialysis and

advanced MRI. Brain. 2015;138(Pt 8):2263-77.

** This technologically demanding study correlates TBI white matter axonal injury

judged by fractional anisotropy (FA) decrease on MRI with increase in tau

concentrations in microdialysates. Tau is normally intracellular - a cytoskeletal
protein that stabilises microtubules. Extracellular tau is regarded as a biomarker of
axonal injury. Lack of correlation between FA results and conventional microdialysis
bedside ISCUS analyser measures (glucose, lactate, LPR and glutamate) highlights the
complexity of brain injury. Tau analysis cannot be performed at the bedside with
present technology, so remains at present a research laboratory option.

19. Jalloh |, Carpenter KL, Grice P, Howe DJ, Mason A, Gallagher CN, et al. Glycolysis and

the pentose phosphate pathway after human traumatic brain injury: microdialysis studies

using 1,2-(13)C2 glucose. J Cereb Blood Flow Metab. 2015;35(1):111-20.

20. Jalloh I, Helmy A, Howe DJ, Shannon RJ, Grice P, Mason A, et al. Focally perfused

succinate potentiates brain metabolism in head injury patients. J Cereb Blood Flow Metab.

2016. DOI: 10.1177/0271678X16672665.

* This *C-labelled microdialysis study established that TBI brain retains sufficient
mitochondrial capability to metabolise exogenous succinate by the TCA cycle. In
circumstances like this study, where oxygen appears not limiting, oxidative
phosphorylation is limited by mitochondrial efficiency, which appears improved

(lower microdialysate LPR) by succinate administration. The doubly **C-labelled

18



metabolites unambiguously prove that the disodium 2,3-3C, succinate was taken up
and metabolised by mitochondria.

21. Helmy A, Guilfoyle MR, Carpenter KL, Pickard JD, Menon DK, Hutchinson PJ.

Recombinant human interleukin-1 receptor antagonist in severe traumatic brain injury: a

phase Il randomized control trial. J Cereb Blood Flow Metab. 2014;34(5):845-51.

22. Helmy A, Guilfoyle MR, Carpenter KL, Pickard JD, Menon DK, Hutchinson PJ.

Recombinant human interleukin-1 receptor antagonist promotes M1 microglia biased

cytokines and chemokines following human traumatic brain injury. J Cereb Blood Flow

Metab. 2016;36(8):1434-48.

* This multivariate data analysis (using the data from the study in reference 21)
highlights the complexity of the immune response in injured brain and response to
therapy.

23. Guilfoyle MR, Carpenter KL, Helmy A, Pickard JD, Menon DK, Hutchinson PJ. Matrix

Metalloproteinase Expression in Contusional Traumatic Brain Injury: A Paired Microdialysis

Study. J Neurotrauma. 2015;32(20):1553-9.

24. Vespa P, Bergsneider M, Hattori N, Wu HM, Huang SC, Martin NA, et al. Metabolic

crisis without brain ischemia is common after traumatic brain injury: a combined

microdialysis and positron emission tomography study. J Cereb Blood Flow Metab.
2005;25(6):763-74.

25. Nordstrom CH, Nielsen TH, Schalén W, Reinstrup P, Ungerstedt U. Biochemical

indications of cerebral ischaemia and mitochondrial dysfunction in severe brain trauma

analysed with regard to type of lesion. Acta Neurochir (Wien). 2016;158(7):1231-40.

26. Tyson RL, Gallagher C, Sutherland GR. 13C-Labeled substrates and the cerebral

metabolic compartmentalization of acetate and lactate. Brain Res. 2003;992(1):43-52.

19



27. Duarte JM, Girault FM, Gruetter R. Brain energy metabolism measured by (13)C
magnetic resonance spectroscopy in vivo upon infusion of [3-(13)C]lactate. J Neurosci Res.
2015;93(7):1009-18.

28. Boumezbeur F, Petersen KF, Cline GW, Mason GF, Behar KL, Shulman Gl, et al. The
contribution of blood lactate to brain energy metabolism in humans measured by dynamic
13C nuclear magnetic resonance spectroscopy. ] Neurosci. 2010;30(42):13983-91.

29. Gallagher CN, Carpenter KL, Grice P, Howe DJ, Mason A, Timofeev |, et al. The human
brain utilizes lactate via the tricarboxylic acid cycle: a 13C-labelled microdialysis and high-
resolution nuclear magnetic resonance study. Brain. 2009;132(Pt 10):2839-49.

30. Pellerin L, Magistretti PJ. Glutamate uptake into astrocytes stimulates aerobic
glycolysis: a mechanism coupling neuronal activity to glucose utilization. Proc Natl Acad Sci
USA.1994;91(22):10625-9.

31. Pellerin L, Magistretti PJ. Sweet sixteen for ANLS. J Cereb Blood Flow Metab.
2012;32(7):1152-66.

32. Patel AB, Lai JC, Chowdhury GM, Hyder F, Rothman DL, Shulman RG, et al. Direct
evidence for activity-dependent glucose phosphorylation in neurons with implications for
the astrocyte-to-neuron lactate shuttle. Proc Natl Acad Sci U S A. 2014;111(14):5385-90.
33, Dienel GA, Rothman DL, Nordstrom CH. Microdialysate concentration changes do
not provide sufficient information to evaluate metabolic effects of lactate supplementation
in brain-injured patients. J Cereb Blood Flow Metab. 2016;36(11):1844-64.

34, Bouzat P, Sala N, Suys T, Zerlauth JB, Marques-Vidal P, Feihl F, et al. Cerebral
metabolic effects of exogenous lactate supplementation on the injured human brain.

Intensive Care Med. 2014;40(3):412-21.

20



35. Ichai C, Armando G, Orban JC, Berthier F, Rami L, Samat-Long C, et al. Sodium lactate
versus mannitol in the treatment of intracranial hypertensive episodes in severe traumatic
brain-injured patients. Intensive Care Med. 2009;35(3):471-9.

36. Ichai C, Payen JF, Orban JC, Quintard H, Roth H, Legrand R, et al. Half-molar sodium
lactate infusion to prevent intracranial hypertensive episodes in severe traumatic brain
injured patients: a randomized controlled trial. Intensive Care Med. 2013;39(8):1413-22.
37. Quintard H, Patet C, Suys T, Marques-Vidal P, Oddo M. Normobaric hyperoxia is
associated with increased cerebral excitotoxicity after severe traumatic brain injury.
Neurocrit Care. 2015;22(2):243-50.

38. Bouzat P, Marques-Vidal P, Zerlauth JB, Sala N, Suys T, Schoettker P, et al. Accuracy
of brain multimodal monitoring to detect cerebral hypoperfusion after traumatic brain
injury. Crit Care Med. 2015;43(2):445-52.

39. Charalambides C, Sgouros S, Sakas D. Intracerebral microdialysis in children. Childs
Nerv Syst. 2010;26(2):215-20.

40. Rogers ML, Leong CL, Gowers SA, Samper IC, Jewell SL, Khan A, et al. Simultaneous
monitoring of potassium, glucose and lactate during spreading depolarisation in the injured
human brain - Proof of principle of a novel real-time neurochemical analysis system,
continuous online microdialysis. J Cereb Blood Flow Metab. 2016.

41, Helmy A, Carpenter KL, Menon DK, Pickard JD, Hutchinson PJ. The cytokine response
to human traumatic brain injury: temporal profiles and evidence for cerebral parenchymal
production. J Cereb Blood Flow Metab. 2011;31(2):658-70.

42, Helmy A, Carpenter KL, Skepper JN, Kirkpatrick PJ, Pickard JD, Hutchinson PJ.
Microdialysis of cytokines: methodological considerations, scanning electron microscopy,

and determination of relative recovery. J Neurotrauma. 2009;26(4):549-61.

21



43. Dahlin AP, Purins K, Clausen F, Chu J, Sedigh A, Lorant T, et al. Refined microdialysis
method for protein biomarker sampling in acute brain injury in the neurointensive care
setting. Anal Chem. 2014;86(17):8671-9.

44, Dahlin AP, Wetterhall M, Caldwell KD, Larsson A, Bergquist J, Hillered L, et al.
Methodological aspects on microdialysis protein sampling and quantification in biological
fluids: an in vitro study on human ventricular CSF. Anal Chem. 2010;82(11):4376-85.

45. Chu J, Undin T, Lind SB, Hjort K, Dahlin AP. Influence of surface modification and
static pressure on microdialysis protein extraction efficiency. Biomed Microdevices.

2015;17(5):96.

22



Intercranial pressure (ICP)
monitor

Brain oxygen g

/momtor
Microdialysis analyser

ISCUS analyser
g ¥

/’/ )‘)’ "\

Microdialysis
probe

Microdialysate
sample

* Pyruvate
* Glycerol
* Glutamate

P
A

Z7)



