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The microdialysis technique was initially developed for monitoring
neurotransmitters in animals. In 1995 the technique was adopted to
clinical use and bedside enzymatic analysis of glucose, pyruvate, lactate,
glutamate and glycerol. Under clinical conditions microdialysis has also been
used for studying cytokines, protein biomarkers, multiplex proteomic and
metabolomic analyses as well as for pharmacokinetic studies and evaluation
of blood-brain barrier function. This review focuses on the variables directly
related to cerebral energy metabolism and the possibilities and limitations
of microdialysis during routine neurosurgical and general intensive care.
Our knowledge of cerebral energy metabolism is to a large extent based
on animal experiments performed more than 40 years ago. However, the
different biochemical information obtained from various techniques should be
recognized. The basic animal studies analyzed brain tissue homogenates while
the microdialysis technique reflects the variables in a narrow zone of interstitial
fluid surrounding the probe. Besides the difference of the volume investigated,
the levels of the biochemical variables differ in different compartments.
During bedside microdialysis cerebral energy metabolism is primarily reflected
in measured levels of glucose, lactate and pyruvate and the lactate to
pyruvate (LP) ratio. The LP ratio reflects cytoplasmatic redox-state which
increases instantaneously during insufficient aerobic energy metabolism.
Cerebral ischemia is characterized by a marked increase in intracerebral
LP ratio at simultaneous decreases in intracerebral levels of pyruvate and
glucose. Mitochondrial dysfunction is characterized by a moderate increase
in LP ratio at a very marked increase in cerebral lactate and normal or
elevated levels of pyruvate and glucose. The patterns are of importance in
particular for interpretations in transient cerebral ischemia. A new technique
for evaluating global cerebral energy metabolism by microdialysis of the
draining cerebral venous blood is discussed. In experimental studies it has
been shown that pronounced global cerebral ischemia is reflected in venous
cerebral blood. Jugular bulb microdialysis has been investigated in patients
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suffering from subarachnoid hemorrhage, during cardiopulmonary bypass and
resuscitation after out of hospital cardiac arrest. Preliminary results indicate
that the new technique may give valuable information of cerebral energy
metabolism in clinical conditions when insertion of an intracerebral catheter
is contraindicated.

microdialysis, cerebral energy metabolism, ischemia, mitochondrial dysfunction,
lactate, pyruvate, cardiac arrest, resuscitation

Introduction

Our knowledge regarding cerebral energy metabolism
during physiological and pathological conditions is to a large
extent based on animal experiments performed more than
40 years ago. Many of these studies were accomplished
in a laboratory lead by professor Bo K Siesjo at Lund
University Hospital, Sweden, and many important principles
were summarized in a textbook and in neurosurgical journals
(1-4). Since then, introduction of new analytical techniques
has increased our knowledge considerably (5, 6) but the basic
biochemical patterns established in the original studies are still
relevant for intensive care. For many years it has been impossible
to monitor cerebral energy metabolism bedside during clinical
conditions. However, the development of microdialysis opened
up this possibility.

The microdialysis technique was initially developed for
monitoring neurotransmitters in the animal brain (7, 8). In
the late 1980s monitoring of the human brain was explored
in occasional patients (9-11). In 1995, CMA Microdialysis
(Stockholm,
Stockholm, Sweden) introduced a sterile microdialysis catheter,

Sweden; present manufacturer M Dialysis,
a simple microdialysis pump and an analyzer for bedside
enzymatic measurements of variables related to cerebral energy
metabolism (glucose, pyruvate, lactate) as well as glutamate
and glycerol.

Microdialysis is an open technique that allows analysis of an
innumerable number of variables. Under clinical conditions it
has been used for studying cytokines and protein biomarkers,
performing multiplex proteomic and metabolomic analyses (12—
15) as well as for pharmacokinetic studies and evaluation of
blood-brain barrier function (16-20). This review will focus on
the possibilities and limitations of the microdialysis technique
when used in critical care for analysis and interpretation cerebral
energy metabolism (21).

The microdialysis technique

The basic principles of microdialysis are well-known.
In 1991 Urban Ungerstedt summarized the principles and
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applications when the technique is used for studies in animals
and man (9). We will discuss some aspects of particular
importance when cerebral microdialysis is used as a routine
technique in neurosurgical as well as in general intensive
care utilizing the recently developed technique of performing
microdialysis of the draining cerebral blood in the internal
jugular vein.

In clinical microdialysis the technique is standardized to
permit comparison of data from different centers. During
routine microdialysis in neurocritical care a microdialysis
catheter with a membrane length of 10mm and a cut off
level of 20 kDa is utilized and perfused at a rate of 0.3
pl/min. The perfusates are collected in microvials and bedside
biochemical analysis is usually performed every 60 min. If more
frequent sampling is desired, perfusion rate is often increased to
2.0 wl/min.

Due to incomplete recovery, the data obtained for the
variables (e.g., glucose, pyruvate, lactate, glutamate, glycerol)
does not show their true interstitial levels. During intracerebral
microdialysis the relative recovery for these variables has been
shown to be approximately 70% at a perfusion rate of 0.3 l/min
and 20-30% at 2.0 pl/min (22). For scientific purposes and
analyses of large molecules microdialysis membranes with a
higher cut off (100 kDa) have been utilized. It has been shown
that the dialysate obtained with these catheters may be used for
measurements of routine biochemical variables as well (23, 24).

The time-delay inherent in the microdialysis technique
should be noted: the microvial contains the perfusion fluid
collected since the previous analysis—usually performed 60 min
earlier. However, due to the design of the microvial used in
clinical microdialysis the perfusate analyzed usually represents
the biochemical composition of the interstitial fluid collected
during the last 10 min period. If frequent samples are analyzed
another time-delay should be recognized: the delay for the
perfusion fluid to pass from the dialysis membrane to the
collecting microvial. This problem should be considered also
when perfusion rate is relatively high (e g., 2.0 wl/min) (25).

The microdialysis catheter collects interstitial fluid from a
very narrow zone surrounding the probe and the biochemical
patterns obtained are very different if the microdialysis catheter
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FIGURE 1
Time course of intracranial pressure (ICP) and lactate/pyruvate
(LP) ratio in the penumbra zone of a focal brain lesion and in the
contralateral hemisphere in a patient with a fatal traumatic
injury. Data from (27).

is positioned in the penumbra zone surrounding a focal
lesion, in the hemisphere distant from the lesion or in the
contralateral hemisphere (26). During neurocritical conditions,
the perturbation of cerebral energy metabolism is initially
often local. Accordingly, an early warning of impending
biochemical deterioration is obtained provided the catheter is
positioned correctly (Figure 1) (27-30). Thus, based on bedside
biochemical information active interventions may be initiated
to limit or prevent tissue damage (31). Inversely, an irrelevant
alarming biochemical pattern may be obtained if a very local,
clinically non-significant lesion or hematoma has developed at
the tip of the microdialysis probe. This problems is generally
solved by relating the biochemical pattern to the position of the
catheter defined from repeat CT-scanning.

In many severe clinical conditions, it would be valuable
to compare the very local biochemical data obtained from
intracerebral microdialysis to information reflecting “global”
cerebral energy metabolic state. Hence, it is of interest to
explore whether microdialysate obtained from a catheter
positioned in the draining cerebral venous blood might be
used for this purpose. In particular, such a technique could
be of importance in patients with a global perturbation of
cerebral energy metabolism in conditions when insertion of
an intracerebral catheter would be difficult or impossible. In
these patients it might be possible to position the microdialysis
catheter in the bulb of the internal jugular vein. Such clinical
studies were preceded by animal experiments to evaluate
whether microdialysis of the draining venous blood reflected
intracerebral energy metabolism in a meaningful way. However,
cerebral venous drainage is very different in different species.
In primates, like in man, cerebral blood is mainly drained
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via the internal jugular vein but in swine the main cerebral
venous outflow is through the paraspinal venous network (32,
33). Accordingly, in the experimental studies in pigs presented
below the venous microdialysis catheters were inserted into the
superior sagittal sinus.

Variables reflecting cerebral energy
metabolism

As discussed previously, cerebral energy metabolism has
been explored in detail during various patho-physiological
conditions in experimental studies (1-4). Data obtained utilizing
microdialysis should be interpreted in the light of these
experiences. However, it should be noticed that the biochemical
information obtained from various techniques may be very
different. The animal studies referred to were all performed
by analyzing biochemical variables in brain tissue homogenates
while microdialysis reflects the pattern in a narrow zone of
interstitial fluid surrounding the probe. Besides the difference
in volume investigated, the levels of the biochemical variables
differ markedly in various tissue compartments—e.g., glutamate
concentration is under normal conditions very low in cerebral
interstitial fluid (< 1 pmol/L), relatively high in astrocytes (2
mmol/L), high in the postsynaptic (10 mmol/L), very high in
the presynaptic compartment (100 mmol/L) and approximately
30-80 pmol/L in cerebral capillary blood (34).

Lactate water soluble. Due to
(MCTs) they

rapidly across cellular membranes. MCTs are proton linked

and pyruvate are

monocarboxylate  transporters equilibrate
membrane carriers present in all tissues and involved in the
transport of various monocarboxylates such as lactate, pyruvate
and ketone bodies (35-39). Out of the total family of 14
members three isoforms (MCT1, MCT2, MCT4) have been
described in the brain (40). The driving forces for the transport
of the monocarboxylates are obtained from the concentration
differences over the cellular membranes. The transport is
consequently characterized as facilitated diffusion (41). Due
to the MCTs, it is adequate to regard the levels of lactate and
pyruvate in cerebral interstitial fluid as a measure of their
cytoplasmatic levels.

Figure 2 gives a simplified illustration of the biochemical
variables measured during routine intracerebral microdialysis
as well as their reference values in normal human brain and
cerebral venous blood measured at the level of the jugular bulb
(42, 43). In this review we focus on the variables directly related
to cerebral energy metabolism, i.e., glucose, pyruvate and lactate.

Brain tissue may use various substrates for energy
metabolism but under normal conditions glucose constitutes
the sole substrate of importance (1). In the cytosol, glucose is
degraded to pyruvate (glycolysis) with a net yield of 2 ATP for
each molecule of glucose. The major part of pyruvate enters the
citric acid cycle in the mitochondria and is completely degraded
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FIGURE 2
Schematic diagram of cerebral intermediary metabolism, with a focus on the glycolytic chain (glucose, pyruvate, lactate) and its relation to
glycerol and glycerophospholipids and to the citric acid cycle (Krebs cycle). F-1,6-DP, fructose-1,6-diposphate; DHAP,
dihydroxyacetone-phosphate; GA-3P, glyceraldehyde-3-phosphate; G-3-P, glycerol-3-phosphate; FFA, free fatty acids; a-KG, a-ketoglutarate.
Underlined metabolites are measured bedside with enzymatic techniques. References levels of the various metabolites for normal human brain
obtained from (42). Reference levels for jugular venous blood obtained from (43). Reference values are given as Mean =+ SD.

to CO; and H,O with a net yield of another 36 ATP. Depending
on the prevailing cytoplasmatic redox conditions, part of the
pyruvate is converted to lactate.

The lactate/pyruvate (LP) ratio reflects cytoplasmatic redox-
state, which can be expressed in terms of the lactate
dehydrogenase equilibrium:

[NADH][H*]
[NAD]

[Lactate]
"~ [Pyruvate]

LDH (1)
The LP ratio gives information regarding the efficacy of
cerebral oxidative energy metabolism. The ratio increases during
deficient oxygen delivery (ischemia, hypoxia) and mitochondrial
dysfunction (44-48). However, insufficient supply of glucose
does not influence the cytoplasmatic redox-state (49, 50). Even
during profound hypoglycemia resulting in devastating cell
damage LP ratio is only slightly increased (51).

The physiological and biochemical changes during a gradual
decrease in cerebral blood flow (CBF) are of particular
importance during critical care. At a normal hemoglobin
concentration of 150 g/L and 95% saturation, arterial blood
contains about 9 pmol of oxygen per mL and arterio-venous
oxygen difference is about 3 wmol/mL. Thus, if CBF is reduced
to about 1/3 theoretically all oxygen will be extracted. For
glucose the following approximate levels have been described:
arterial concentration 5.1 pwmol/mL; venous concentration 4.6
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pmol/mL; arterio-venous glucose difference 0.5 pwmol/mL (1).
Accordingly, during a gradual decrease in CBF oxygen supply
to the brain will be insufficient before the supply of substrate is
seriously jeopardized (1).

Consequently, during a reduction of CBF glucose will
not be the limiting factor for maintenance of aerobic energy
metabolism and insufficient glucose supply will not cause
increase of the LP ratio. It has recently been suggested that
the injured brain would benefit from exogenous lactate
supplementation (52, 53). However, it has been shown that
the hypothesis is not supported by basic physiological and
biochemical facts (5, 6, 39). In addition, lactate flooding has
the potential to inhibit glycolytic, glycogenolytic, and pentose
shunt fluxes, further compromising the brains ability to
upregulate cytosolic ATP production, control ionic gradients
and extracellular neurotransmitter glutamate levels, and
manage oxidative stress, particularly during hyperglycolysis or
mitochondrial dysfunction (5).

Biochemical patterns during
increased energy metabolism

Hypermetabolism and hyperglycolysis are defined as
a significant increase in cerebral metabolic rate above
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normal causing an increase in cerebral glycolytic rate.
Cerebral hypermetabolism may occur during physiological
as well as pathological conditions. The steady state levels
of the chemical variables related to energy metabolism
do not directly reveal metabolic rate but it is important
to define the biochemical patterns expected in various
hypermetabolic conditions.

Hypermetabolism studied in brain tissue
homogenates

Cerebral hypermetabolism has been extensively studied
in the rat. During immobilization stress CBF and cerebral
metabolic rate for oxygen (CMRO;) increased by about 40 %
after 5min (54). Analyses of glycolytic intermediates indicated a
marked increase in glycolytic rate but the changes in the levels of
lactate and pyruvate (and LP ratio) did not change significantly
(55). In another rat model intraperitoneal (i.p.) administration
of amphetamine sulfate (5 mg/kg) caused a marked increase
in CBF (4- to 5-fold) and CMRO; (30-40%). After 60 min
significant increases in lactate, pyruvate and LP ratio were
measured while intracerebral glucose level remained essentially
unchanged (56).

In rat experiments the changes in cerebral energy
metabolism  during sustained epileptic seizures have
been studied

i.p. homocysteine. Seizures induced by bicuculline were

after administration of iv. bicucullin and
accompanied by a 2- to 3-fold increase in cerebral metabolic
rate, very marked increases in intracerebral levels of lactate
and LP ratio, a moderate increase in pyruvate and a moderate
decrease in glucose (57, 58). Administration of a high dose of
homocysteine (11 mmol/kg) caused sustained epileptic seizures
and an intracerebral pattern of lactate, pyruvate, LP ratio and
glucose similar to that described after i.v. bicuculline. A lower
dose of homocysteine (7.5 mmol/kg) caused hypermetabolism
and hyperglycolysis but no seizures. In this situation modest
increases in lactate and pyruvate were obtained leading to a
significant but moderate increase in LP ratio while intracerebral
glucose level increased (59).

These experimental models show that during moderate
cerebral hypermetabolism (immobilization stress) LP ratio
is essentially unaffected and cerebral levels of lactate and
pyruvate do not change. More pronounced hypermetabolism
(homocysteine induced, no seizures) is associated with a
moderate increase in LP ratio and modest increases in lactate
and pyruvate. During very pronounced hypermetabolism
(induced by amphetamine, bicuculline or homocysteine
with seizure activity) LP ratio and lactate increases to
very high levels while a moderate increase in pyruvate is
observed. A moderate decrease in intracerebral glucose
after induced  seizures.

occurs prolonged  bicuculline
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These
may be used to interpret clinical situations of suspected

patterns obtained during experimental studies

hypermetabolism/hyperglycolysis.

Hypermetabolism/hyperglycolysis and
clinical intracerebral microdialysis

The biochemical pattern of hyperglycolysis in normal
human cerebral cortex has been described during termination
of general anesthesia and extubation (42). These patients were
operated for large, benign tumors in the posterior fossa and
data from this group have also been used for establishing
normal reference levels as shown in Figure2 (42). After
anesthesia and extubation, a pronounced lasting increase in
lactate was observed. As pyruvate levels also increased the
increase in the lactate/pyruvate ratio was insignificant. A similar
pattern of paralleled increases in lactate and pyruvate has
been described in patients with a favorable outcome after
subarachnoid hemorrhage and interpreted as a sign of beneficial
increase in metabolic rate (hyperglycolysis) (60).

There is limited information regarding cerebral energy
metabolism during epileptic seizures in patients evaluated by
microdialysis. In a study in patients with traumatic brain lesions
Vespa et al. (61) reported LP ratio above 40 during seizures
and periodic epileptiform discharges but not during electrically
non-epileptic periods.

To the the
clinical experiences indicate that during moderate cerebral

summarize, experimental studies and
hypermetabolism (arousal, extubation) is associated with an
insignificant increase in LP ratio and modest, almost parallel
increases in lactate and pyruvate During very pronounced
hypermetabolism (epileptic seizures) LP ratio and lactate
increases to very high levels accompanied by a moderate
increase in pyruvate. After prolonged experimentally induced
seizures a moderate decrease in intracerebral glucose occurs.
A decrease in glucose has been described during prolonged
seizures in patients. The time course of the changes in
lactate, pyruvate and LP ratio as well as the simultaneous
expected changes in CBF/PbtO; are schematically illustrated in

Figures 3C,D.

Ischemia, mitochondrial dysfunction
and hypoxia

The concept of ischemia originates from the Greek words
ischein (to restrain) and haima (blood) and is commonly
defined as insufficient organ perfusion irrespective of the
cause. Under experimental and clinical conditions ischemia
will cause different biochemical consequences depending on
the degree of CBF restriction. The changes after a momentary,
complete interruption of CBF has been studied extensively in
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animal experiments. In this situation a severe perturbation of
energy metabolism is measured within seconds as a marked
increase in LP ratio. After a few min glucose and pyruvate are
completely depleted and lactate has increased to a maximum
level (approximately 12 mmol/L) (44-46). When the substrate
has been consumed a prolongation of complete ischemia will not

result in a further increase in lactate.

As the LP ratio reflects cytoplasmatic redox-state, an
increased ratio does not necessarily indicate cerebral ischemia.
Accordingly, in patients treated for severe traumatic brain
lesions it has repeatedly been described that increased LP ratio
was not explained by a decrease in CBF (62, 63). An increase in

LP ratio is also expected in mitochondrial dysfunction.

The biochemical pattern of mitochondrial dysfunction
obtained utilizing microdialysis has been described after
intracerebral infusion of cyanide in the pig (48). Mitochondrial
dysfunction results in an increased LP ratio at normal or
elevated CBF (PbtO;) level and is characterized by a marked
increase in cerebral lactate at a normal or elevated pyruvate
level (Figure 3B). The metabolic pattern is quite different
from pronounced cerebral ischemia, which is characterized
by simultaneous decreases in intracerebral pyruvate and CBF

(PbtOy) (Figure 3A).
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It should be underlined that the pattern of LP ratio,
lactate and pyruvate described for mitochondrial dysfunction
(Figure 3B) is not unique for this condition. Figure 4 gives a
schematic illustration of the metabolic pattern during normal
conditions (A), ischemia (B), mitochondrial dysfunction (C) and
hypoxic hypoxia (D). As illustrated in Figure 4D a metabolic
pattern similar to mitochondrial dysfunction would be obtained
during a selective decrease in arterial oxygen supply (hypoxic
hypoxia) (47). Under clinical conditions this fact will hardly
cause confusion as arterial oxygen level is routinely monitored.
However, as discussed previously, a gradual decrease in CBF will
result in insufficient cerebral tissue oxygenation before substrate
delivery is compromised. As discussed later, this metabolic
pattern is transient. When a lasting pattern is observed during
clinical conditions it should be interpreted as mitochondrial
dysfunction (64).

Cerebral energy metabolism in
transient ischemia

Transient cerebral ischemia is common in critical care.
The episodes may occur as a single, focal (e.g., cerebral
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FIGURE 4
Schematic illustration of biochemical patterns obtained utilizing intracerebral microdialysis under normal conditions (A), during cerebral
ischemia (B), mitochondrial dysfunction (C), and hypoxic hypoxia (D). Mitochondrial dysfunction may be caused by lesions at various steps in the
citric acid cycle as indicated by the red bars in (C). The font size reflects the level of the various variables in three conditions compared to their
normal reference concentrations.

embolism), or global (e.g., hemorrhagic shock, cardiac arrest)
event or repeatedly in various severe conditions during
neurocritical care. Therefore, to interpret biochemical data
obtained during cerebral microdialysis correctly, it is necessary
to consider the corresponding data obtained under controlled
experimental conditions.

Transient ischemia studied in brain tissue
homogenates

The biochemical changes occurring after transient cerebral
ischemia have been extensively investigated utilizing brain
tissue homogenates in animal experiments (1, 65-67). In
these studies, an immediate interruption of CBF was attained
by a momentary increase in intracranial pressure (ICP)
above arterial blood pressure. Cerebral energy metabolism
was evaluated during 5-30min of complete ischemia and
a following momentary, adequate recirculation. After 30 min
of complete ischemia and a 90 min period of recirculation,
biochemical analyses showed restitution of cerebral cortex
concentrations of organic phosphates, glycolytic metabolites,
LP ratio, citric acid cycle intermediates and associated amino
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acids (67). Altogether, the experiments demonstrated extensive
normalization of mitochondrial metabolism after prolonged,
complete cerebral ischemia.

Under
mitochondria were isolated and studied in vitro. After 30 min of

identical ~ experimental  conditions, cortical
ischemia there was a decrease in respiratory control ratio (RCR),
in state 3 respiratory activity and maximal phosphorylation rate.
However, after recirculation the mitochondria showed extensive
functional recovery with normalization of RCR, as well as of
state 3 and maximal phosphorylation rates (68). Accordingly,
mitochondrial function and cerebral aerobic metabolism would
be expected to recover after 30 min of ischemia provided optimal
recirculation can be achieved. If optimal recirculation could be
attained under clinical conditions, a similar biochemical pattern
would be expected.

A second experimental model was developed to imitate
the clinical conditions during transient cerebral ischemia in
patients. In this model cortical blood flow was not completely
interrupted but reduced to about 5 % of control (69). Following
30min of severe, incomplete ischemia energy metabolism
did not recover and 90min after start of recirculation
massive increases in lactate, LP ratio and pyruvate were
obtained (70).
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Deficient recirculation has been suggested as a factor
limiting restitution following transient cerebral ischemia.
Insufficient microcirculation may be caused by a combination of
pathophysiological mechanisms such as swelling of endothelial
and perivascular cells, intravascular aggregation of blood
corpuscles, and increased blood viscosity (71-74). However, in
the experimental model discussed quantitative measurements of
CBF did not support this hypothesis (75) and the biochemical
pattern did not indicate that insufficient recirculation was
the primary cause of the biochemical collapse (70). In
vitro studies on isolated mitochondria showed remaining
mitochondrial dysfunction after recirculation of incomplete
ischemia in contrast to following complete ischemia (68). In
severe, incomplete cerebral ischemia a continuous supply of
glucose at insufficient tissue oxygenation results in excessive
accumulation of lactate. Many subsequent experimental studies
have shown that excessive lactic acidosis during profound
cerebral ischemia entails extensive mitochondrial and tissue
damage (76-78).

To sum up, animal experiments have documented that
mitochondrial function and cerebral aerobic energy metabolism
may recover to a large extent after prolonged complete ischemia
(30 min) provided adequate recirculation is accomplished. The
observation is of importance for restitution e.g., after cardiac
arrest and resuscitation. This aspect is discussed in section
8.3. (Microdialysis during resuscitation after out of hospital
cardiac arrest).

Intracerebral microdialysis in transient
experimental ischemia

For the interpretation of clinical microdialysis data, it is
necessary to compare the results obtained from studies utilizing
brain homogenates with those observed during transient
experimental ischemia and intracerebral microdialysis. For
this purpose, transient brain ischemia was induced in fetal
lambs in utero by occlusion of the umbilical cord followed
by resuscitation after cardiac arrest (79). The microdialysis
technique was identical to that used during clinical conditions,
but the perfusion rate was increased (1.0 pl/min) to allow
frequent sampling. Induction of ischemia caused an almost
instantaneous increase in the LP ratio followed by an
increase of the glutamate level (Figure 5B). Glucose, pyruvate,
and glutamate rapidly recovered after resuscitation, but the
levels of lactate and glycerol continued to be elevated.
The high LP ratio rapidly decreased to close to normal
within 30 min but remained slightly above the pre-ischemic
level (Figures 5A,B). In a recent study of transient cerebral
ischemia in awake rats, a similar biochemical pattern (a
remaining increase in lactate at a normal or slightly increased
pyruvate concentration) indicating persisting mitochondrial

Frontiersin Neurology

08

10.3389/fneur.2022.968288

dysfunction was observed (80) and resulted in various attempts
to treat the condition and to document the treatment
effect (80-82).

These microdialysis data in these experimental studies
correspond to those obtained from analyses of brain
homogenates and are of fundamental importance for the
interpretation of the changes observed during clinical
microdialysis. Accordingly, the LP ratio would be expected to
increase immediately when delivery of oxygen is insufficient
and rapidly return to nearly normal levels upon sufficient
re-oxygenation (79). The lactate level is expected to increase
rapidly during ischemia and remain elevated when circulation
is restituted. Glycerol, the indicator of degradation of cellular
membranes, would be expected to increase relatively slowly
during energy failure and remain elevated for a period when
energy metabolism is normalized. The interstitial glucose
level reflects the balance between delivery from the blood
capillaries and cellular uptake. These variables have also
been measured and interpreted in a number of experimental
studies of resuscitation after cardiac arrest and involves the
influence of cerebral perfusion pressure, cerebral oxygenation,
targeted temperature, adrenaline infusion and secondary
deleterious events (83-88). Interpretation of the biochemical
patterns observed under clinical microdialysis are based on
similar principles.

Intracerebral microdialysis in transient
clinical ischemia

In transient clinical ischemia it is important to interpret
the perturbation of cerebral energy metabolism remaining
after recirculation correctly: are the observed changes due
to continuing ischemia or caused by disturbed aerobic
energy metabolism (mitochondrial dysfunction)? We have
previously discussed the possibility to separate ischemia from
mitochondrial dysfunction from the pattern of the LP ratio
in relation to the levels of lactate and pyruvate. These
observations were obtained under experimental conditions
and may be compared with clinical experiences in patients
after recirculation of middle cerebral artery (MCA) infarcts,
subarachnoid hemorrhage (SAH), bacterial meningitis and in
patients treated for severe brain trauma.

The biochemical patterns observed following severe cerebral
ischemia and recirculation is illustrated by the observations
after reperfusion in large MCA infarcts. A consecutive series
of 44 patients with MCA infarcts and malignant brain
swelling were treated with hemicraniectomy. Microdialysis
catheters were inserted into the infarcted and the contralateral
hemispheres (89, 90). Figure 6 illustrates regional CBF and the
position of one microdialysis catheter after recirculation and
hemicraniectomy. Comparisons between infarcted (worse) and
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FIGURE 5

(A): Changes in fetal intracerebral levels of glucose, pyruvate and lactate during cardiac arrest due to umbilical cord occlusion and after
resuscitation. Umbilical occlusion and start of resuscitation are indicated in the figure. (B): Changes in intracerebral levels of lactate/pyruvate
(LP) ratio, glutamate, and glycerol after umbilical cord occlusion and after resuscitation. Data (Mean levels) from (79).
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FIGURE 6

Regional cerebral blood flow (CBF) after hemicraniectomy in a patient with malignant brain edema after middle cerebral artery (MCA) infarct (A)
and corresponding acute CT scan (B) and CT scan after 6 months (C). (A,B) Shows the position of one intracerebral microdialysis catheter (a) in
the infarcted hemisphere. (C) Shows the CT scan 6 months later after replacement of the skull bone. Data from (89).

non-infarcted hemisphere (better) are shown for MCA blood
flow velocity and glucose (Figure 7A), LP ratio and pyruvate
(Figure 7B). In the infarcted hemisphere the variables exhibited
a prolonged increase in LP ratio at a normal or slightly
elevated concentration of pyruvate. The pattern corresponds to
that observed during induced mitochondrial dysfunction (48).
In the infarcted hemisphere, intracerebral glucose level was
close to normal while lactate and glutamate remained high.
Similar biochemical indications of mitochondrial dysfunction
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have been described in patients with SAH and severe bacterial
meningitis (91-93).

As previously mentioned, a discrepancy between CBF
and cerebral energy metabolism was described in patients
treated for severe brain trauma (62, 63). In a large study
including 213 patients with severe brain trauma monitored with
altogether 342 intracerebral microdialysis catheters the relations
between clinical outcome (mortality), type of lesion (extradural
hematoma, no mass lesion, acute subdural hematoma, focal
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FIGURE 7

(A): Middle cerebral artery (MCA) blood-flow velocities in the infarcted (worse) and non-infarcted (better) hemisphere and cerebral interstitial
glucose concentration in infarcted (worse) and non-infarcted (better) hemisphere following hemicraniectomy.

(B): Cerebral interstitial levels of lactate/pyruvate (LP) ratio and pyruvate in the infarcted (worse) and non-infarcted hemisphere (better) after
hemicraniectomy. The normal ranges for intracerebral glucose and pyruvate (Mean + 2S.D.) (41) are indicated by the gray areas. Biochemical

data from (89, 90) are shown as Mean 4 SEM.
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cerebral hemorrhagic contusion) and perturbation of cerebral
energy metabolism (ischemia vs. mitochondrial dysfunction)
were explored (64). During neurocritical care a biochemical
pattern indicating mitochondrial dysfunction was more frequent
than a pattern of cerebral ischemia (32 and 6% of monitored
time, respectively) but mortality was more common in patients
with an ischemic pattern (34 vs. 13%). A detailed account of the
results is given in Figure 8.

In summary, transient cerebral ischemia is a common
clinical problem and bedside interpretation of the metabolic
patterns obtained may be used to direct therapy. The
interpretation should be based on knowledge of the vast
amount of experimental data from whole brain analyses
and their correlates obtained utilizing microdialysis. During
the interpretation the biochemical patterns observed in
various pathophysiological conditions must be considered: e.g.,
ischemia, mitochondrial dysfunction, hypoxic hypoxia, arousal,
non-convulsive epileptic activity and epileptic seizures.

Microdialysis of cerebral venous
blood—experimental

An experimental model of global cerebral ischemia during
hemorrhagic shock in the pig was used to explore whether
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cerebral energy state might be evaluated from microdialysis
of the draining cerebral venous blood (94). In the first series
of experiments a mean arterial blood pressure (MAP) of 40
mmHg was below the autoregulatory capacity as illustrated
by a rapid intracerebral increase in LP ratio and decreases
in glucose (Figure 9A) as well as a brain tissue oxygenation
(PbtOy) (Figure 10A) (94). After reinfusion of blood a transient
increase in PbtO, was observed (Figure 10A) but, due to
progressive brain swelling, energy metabolism did not recover.
Figure 10A illustrates the simultaneous changes in LP ratio in
the intracerebral compartment and in venous (superior sagittal
sinus) and arterial (femoral artery) blood.

During severe global brain ischemia microdialysis of the
venous drainage gave qualitative information of cerebral energy
metabolism that could be separated from the perturbation of
energy metabolism in the rest of the body. In accordance with
the biochemical pattern in ischemia (Figures 3A, 5B) pyruvate
concentration decreased in the intracerebral compartment as
well as in the sagittal sinus.

In the following series with a shorter period of hemorrhagic
shock, the animals initially tolerated a decrease of MAP to 40
mmHg (Figure 9B) (95). A moderate increase in intracerebral
LP ratio at an essentially unaffected glucose level was observed
(Figure 9B). The less pronounced and shorter decrease in PbtO;
was reflected in modest increases in intracerebral as well as
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FIGURE 8

Total mortality and mortality in four diagnostic groups of severe traumatic brain lesions in 213 patients: Extradural hematoma (EDH); Acute
subdural hematoma (SDH); Focal cerebral hemorrhagic contusion (CHC); No Mass denotes patients not treated with surgical evacuation.

Mortality is also shown separately for the biochemical subgroups defined as Ischemia (Isch), Mitochondrial Dysfunction (Mit Dysf) and normal
aerobic metabolism (LP-ratio < 30) within each diagnostic group. Data from (64)
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FIGURE 9
Mean arterial blood pressure (MAP) and intracerebral levels of glucose and lactate/pyruvate (LP) ratio during 240 min before, during and after a
90 min period (A) and a 60 min period (B) of hemorrhagic shock. In both panels MAP decreased to 40 mmHg. Panel A illustrates the biochemical
pattern during severe cerebral ischemia. Panel B illustrates a pattern when intracerebral glucose an LP ratio are relatively unaffected during a
similar but shorter decrease in MAP. Data from (94, 95) are shown as Mean + SEM.
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(A): Brain tissue oxygen tension (PbtO,), and lactate/pyruvate (LP) ratio obtained in brain tissue (intracerebral), superior sagittal sinus (sinus), and
femoral artery (artery) during severe, irreversible ischemia after induced hemorrhagic shock. (B): Brain tissue oxygen tension (PbtO,), and
lactate/pyruvate (LP) ratio obtained in brain tissue (intracerebral) and superior sagittal sinus (sinus) during reversible hemorrhagic shock. Data
from (94, 95) are shown as Mean + SEM.

venous LP ratio (Figure 10B) and no decrease in pyruvate level
in the sagittal sinus was obtained.

In summary, these experimental studies demonstrated
that during severe, global brain ischemia semiquantitative
information of cerebral energy state could be obtained from
microdialysis of the draining cerebral venous blood. In
particular, the technique might be of interest in severe, widely
spread cerebral ischemia when it is difficult or impossible to
insert an intracerebral microdialysis catheter under clinical

conditions (e.g., during resuscitation after cardiac arrest).

Microdialysis of cerebral venous
blood—clinical

The biochemical information obtained from microdialysis of
the draining cerebral blood has been evaluated in three clinical
situations: during neurocritical care in patients with SAH,
during cardiopulmonary bypass (CPB) in open heart surgery,
and during intensive care in patients resuscitated after out of
hospital cardiac arrest (OHCA). In all three groups of patients,
the intravenous microdialysis catheter was placed in a retrograde
direction in the jugular bulb. To prevent clot formation around
the microdialysis membranes dalteparin sodium (25 IU/mL) was
added to the perfusion fluid of all intravenous and intraarterial
catheters in accordance with the recommendations from the
manufacturer (M Dialysis, Stockholm, Sweden).
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Microdialysis of cerebral venous blood in
subarachnoid hemorrhage

This observational study aimed to explore the feasibility of
jugular bulb microdialysis (JBMD) in SAH and describe the
output characteristics in relation to conventional multimodal
monitoring. In particular, it would be of interest to clarify
whether episodes of severe cerebral ischemia revealed by
intracerebral microdialysis was reflected by JBMD.

Twelve patients treated for aneurysmal SAH were included
in the study and monitored for a mean period of 4.2 & 2.6 days
(96). Monitoring was initiated within 48 h of admission after all
aneurysms had been secured by either endovascular coiling or
open surgical clipping. All survivors presented with a favorable
outcome at the 6-month outpatient examination.

The patients were monitored using a non-dominant frontal
cerebral microdialysis catheter (70 MD Bolt Catheter, M
Dialysis AB, Stockholm) with an ICP and brain oxygen tension
(PbtO3) probe in a double lumen bolt (PTO2L, Raumedic®,
Helmbrechts). The JBMD catheter (67 IV MD Catheter, M
Dialysis AB, Stockholm) was inserted 5 cm above the clavicular
bone through a 16 G i.v. cannula. Correct placement of cerebral
and jugular bulb catheters (gold tip) was confirmed through
regular control computed tomography (CT) imaging.

The
monitoring of the cerebral drainage in the jugular bulb was

study concluded that continuous microdialysis

feasible and safe in patients treated for SAH. With the exception
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of glucose, there were no significant correlations between
intracerebral microdialysis and JBMD at cohort level. The
limited number of patients included in this feasibility study
precluded a definite answer to the question whether severe
cerebral ischemia would be reflected in JBMD. Only two patients
(pat. 3 and pat. 9) exhibited an intracerebral biochemical pattern
of ischemia.

In pat. 9 intracerebral microdialysis (LP ratio 554, pyruvate
6 pmol/l, glucose 0.3 mmol/l, glutamate 424 pmol/L) was not
reflected in JBMD. However, the pattern of metabolites in JBMD
documented that the catheter was outside the blood vessel
(glutamate 18 pmol/L) and the catheter could not be visualized
on CT-scanning.

In pat. 3 intracerebral data indicated severe ischemia (LP
ratio 140, pyruvate 40 pmol/L, glucose 0.02 mmol/L, glutamate
109 pwmol/L) but all variables were within normal limits in
JBMD. In this patient CT showed a minimal hematoma without
clinical significance surrounding the intracerebral catheter and
the 6-months follow up was favorable.

The latter patient demonstrated that a pathological
biochemical pattern obtained during intracerebral microdialysis
may be due to a very local lesion without clinical significance.
As in most neurosurgical conditions perturbation of energy
metabolism is initially local, an early warning of deterioration
will be obtained provided the microdialysis catheter is
positioned in the penumbra of the focal lesion (Figure 1)
(27). The JBMD technique would not be expected to give this
information until a large part of the brain has been involved.
Accordingly, the JBMD technique might be expected to give
information of clinical importance only in patients who have
suffered from permanent or transient global cerebral ischemia.

Another microdialysis technique for evaluation of global
cerebral energy metabolism during neurocritical care has been
tested (97). In a limited group of patients with traumatic
brain injuries a microdialysis catheter was positioned in a
ventricular catheter used for continuous CSF drainage. This
preliminary study does not show whether clinically useful
information may be obtained. In comparison with the JBMD
technique two disadvantages are noted: (1) the time delay from
the intracerebral compartment of interest to the microdialysis
catheter is unknown and probably variable; (2) the technique
can only be used after insertion of a ventricular drain which is
usually difficult or impossible during general intensive care (e.g.,
cardiopulmonary surgery, resuscitation after cardiac arrest).

Microdialysis during cardiopulmonary
bypass

Despite considerable progress in surgical CPB and anesthetic

techniques brain damage remains an important complication
of cardiac surgery (98, 99). In a feasibility study 10 patients
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FIGURE 11

Acute effects of cardiopulmonary bypass (CPB) on jugular bulb
lactate/pyruvate (LP) ratio and peripheral artery LP ratio.
*Significant difference from baseline. **Significant difference
between corresponding datapoints by one-way analysis of
variance and corrected for multiple comparisons using the
Bonferroni test (a = 0.006). Values are median and error with
inter quartile range (n = 10). Figure by permission from (43)

undergoing primary, non-emergency coronary artery bypass
grafting were blindly randomized to low or high MAP (43).
Calculated laminar flow during CPB was identical in the two
groups. The difference in MAP between groups was significant:
low MAP 44 (IQR, 41-49) mmHg vs. high MAP 65 (IQR 60-
76) mmHg (43). One microdialysis catheter (70, M Dialysis
AB, Stockholm, Sweden) was placed in the jugular bulb and a
second identical catheter was inserted into one brachial artery.
The objective of the arterial catheter was to enable differentiation
between cerebral metabolic perturbation from biochemical
effects in the rest of the body. Both catheters were inserted
through a peripheral intravenous 17-G cannula using ultrasound
guidance. The positioning of the catheter in the jugular bulb
above the inlet of the common facial vein was verified on
lateral neck radiograph. Perfusion and analysis were performed
as previously described (section 7.1). In all patients regional
cerebral oxygen saturation was monitored using bifrontal NIRS
(Somanetics INVOS Cerebral Oximeter system) preoperatively,
intraoperatively and for 2 h post operatively.

The LP ratio monitored simultaneously from jugular bulb
and intraarterial microdialysis are illustrated in Figure 11.
During CPB the peak LP ratio was significantly higher in JBMD
documenting that the LP ratio obtained in the jugular bulb
was a reflection of cerebral energy metabolism. The increase in
intravenous LP ratio above normal level (43) was interpreted as
indicating compromised cerebral oxidative metabolism due to
a decrease in CBF when MAP was below the normal range of
pressure autoregulation. (60-160 mmHg) (100).

The LP ratios obtained from JBMD in the two MAP
groups are shown in Figure 12 (upper panel). The difference
in MAP between the two groups was significant (Figure 12,
lower panel). After initiating CPB, the mean LP ratio increased
significantly by 160% (low MAP) and 130% (high MAP). In
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FIGURE 12

Acute effects of cardiopulmonary bypass (CPB) and two levels of
mean arterial blood pressure (MAP) on lactate/pyruvate (LP) ratio
obtained from a microdialysis catheter placed in the jugular bulb
(upper panel) and the simultaneous MAP levels (lower panel).
Data are shown as median (IQR). The interrupted line (upper
panel) indicates reference level (Mean) for LP ratio in human
jugular venous blood (43). *Significant difference from baseline.
**Significant difference between corresponding datapoints by
one-way analysis of variance and corrected for multiple
comparisons using the Bonferroni test (@ = 0.006). Values are
median and error with inter quartile range (n = 10). Figures by
permission from (43).

both groups, the mean peak LP ratio also increased significantly.
However, although low-MAP patients had a tendency to have
higher LP ratios (Figure 12, upper panel) the difference between
groups was not statistically significant. In both groups, LP ratio
returned to baseline after CPB. In spite of the obvious increase
in LP ratio during CPB no cerebral desaturations (decrease
in r1SO2 < 20% from baseline) were observed by NIRS in
either group.

In summary, the study documented that it is feasible to
place a microdialysis catheter in the jugular bulb during CBP
and open-heart surgery. The LP ratio of cerebral venous blood
increased significantly during CPB, indicating compromised
cerebral oxidative metabolism, and was correlated to the
decrease in MAP. In this limited number of patients, there was
no significant difference between low-and high-MAP groups
regarding venous outflow LP ratio during CPB. Low MAP
patients tended to have higher LP ratios but conventional
rSO, monitoring utilizing NIRS did not show a corresponding
decrease in cerebral oxygenation. As some patients exhibited
decreased cognitive functions after CPB, the study indicated
that an increase in jugular venous LP ratio might be a sensitive
indicator of impending cerebral damage.
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Microdialysis during resuscitation after
out of hospital cardiac arrest

Survival rates around 50% are reported in comatose
patients resuscitated after out-of-hospital cardiac arrest OHCA
(101-103). The mortality during intensive care is essentially
due to the primary hypoxic-ischemic cerebral insult followed
by secondary brain injuries. These include delayed cerebral
hypoperfusion and impaired microcirculation as well as
ischemia-reperfusion injury (104, 105). As secondary injury
is a significant determinant of neurologic outcome alleviation
of its deleterious effects is in focus during post-cardiac arrest
management (106). However, the possibilities of monitoring
cerebral energy metabolism have so far been very limited.
Intracerebral microdialysis is an established technique in
neurocritial care but can hardly be used as a routine technique
in this group of patients. In this situation JBMD might offer a
new possibility.

A feasibility study was designed to investigate if bedside
JBMD reflected secondary deterioration of cerebral energy
metabolism after OHCA and whether it might be implemented
as a clinical tool for early evaluation of prognosis and
individualization of treatment (107). To document whether
JBMD reflected intracerebral energy state the primary objective
of the study was to compare time-averaged means of lactate,
pyruvate and LP ratio (intervals of 12h) of the jugular venous
and the arterial blood during post-resuscitation care. Secondary
objectives of clinical interest were to compare (a) neuro-
metabolic patterns between patients with unfavorable and
favorable neurological outcome (b) total duration of cerebral
desaturation and clinical outcome.

Eighteen unconscious patients with sustained return of
spontaneous circulation (ROSC) after OHCA were included in
the study (107). JBM and near-infrared spectroscopy monitoring
were the sole modifications from international clinical
treatment guidelines for comatose OHCA patients. Immediate
angiography and percutaneous coronary intervention, when
indicated, was performed in all resuscitated patients. Targeted
temperature management (TTM) was commenced at the time of
ICU admission targeting 36.0°C for 24 h followed by controlled
rewarming at a rate of 0.5°C/h. A mean arterial pressure
(MAP) > 65 mmHg was targeted. Mechanical ventilation
was adjusted to achieve normocapnia (PaCO; of 4.5-6.0 kPa)
and oxygenation was maintained in the range of 13-14 kPa.
Blood-glucose level was strictly maintained between 6 and
10 mmol/L

JBMD was initiated after ICU admission (approximately
300 min after ROSC) and continued for 96 h or until arousal.
Intravenous MD catheters (67 IV, M Dialysis AB, Stockholm,
Sweden) were inserted in one jugular vein and one peripheral
artery and perfused and analyzed as previously described
(section 8.1). The definition of normal levels of the studied
variables in human jugular vein blood was based on JBM
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reference values obtained in anesthetized patients undergoing
elective cardiac bypass surgery (43). The correct positioning
of the jugular bulb catheter tip was confirmed on cranial
CT scanning.

The changes over time in arterial and jugular microdialysis
for patients in the poor outcome (CPC 3-5) group ratio
is compared in Figure 13 (left panels) regarding lactate and
pyruvate as well as the calculated LP ratio. The difference
between time-averaged means of LP ratio, lactate and pyruvate
were significant (p < 0.02) during the periods indicated in the
figure. JBMD also showed significantly elevated levels of glycerol
compared to systemic MD in the first 50 h after ROSC. Further,
in the late post-resuscitation period glutamate concentration
was significantly higher than the arterial level. In patients with
favorable outcome (CPC 1-2). The differences between time-
averaged mean JBMD variables and corresponding systemic
values were, except for glycerol, statistically non-significant.

The LP ratio in jugular blood remained elevated (>
16) during the first 20h in both outcome groups as shown
in Figure 13 (right panels). After 20h, an almost complete
normalization of the LP ratio was observed. However, the
cerebral level of lactate remained high in the CPC 3-5 group
(mean level > 2.7 mM), and was paralleled by a marked increase
in pyruvate. Based on the biochemical definitions presented
previously six patients with unfavorable outcome exhibited
ongoing secondary ischemia during altogether 45h (20%) of
the first 24h of MD monitoring. In the favorable group,
three patients displayed a pattern of ischemia during altogether
13h (13%). Biochemical signs interpreted as mitochondrial
dysfunction was noticed in 46% in patients with unfavorable
outcome (n = 13) and 38% of the time in patients with favorable
outcome (n = 5).

As discussed previously, a sudden interruption of CBF is
instantaneously reflected in a shift in cytoplasmic redox state
and a marked increase in cerebral LP ratio (Figure 5B) (44—
46, 79). Within a few min, cerebral energy reserve is completely
depleted (44-46). If CBF is adequately restored, reperfusion after
30 min of global cerebral ischemia, results in an almost complete
normalization of cerebral LP ratio within 90 min (66, 68, 79).
However, the level of lactate will remain high and is paralleled
by a marked increase in pyruvate (Figures 5A,B) (66, 68, 79).
Transient cerebral ischemia is known to cause mitochondrial
dysfunction and persistently altered mitochondrial function has
been documented after apparently successful resuscitation in
experimental cardiac arrest (108, 109).

In the present clinical study, it was for practical reasons
not possible to start JBMD and obtain biochemical data until
approximately 4-7 h after ROSC. In spite of this delay remaining
cerebral ischemia was diagnosed in altogether nine patients
during the initial 24h of MD. The observation contrasts to
experiences in experimental studies presented above. In these
studies, biochemical signs of remaining ischemia were not
observed 90 min after recirculation (67, 79). The finding reveals
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that under clinical conditions prolonged periods of impaired
cerebral perfusion are frequent after ROSC.

Cerebral reperfusion after OHCA is complex and there is
a lack of data regarding the 1h after ROSC (110). The pattern
of ischemia and compromised energy metabolism described in
the study would probably have been even more pronounced if
initiation of JBMD had been possible immediately after ROSC.
The study indicates that JBMD should be started within the 1h
to reveal insufficient cerebral recirculation. Efforts to improve
outcome after OHCA could then focus on improving cerebral
perfusion and energy metabolism during this critical period.

The data obtained in this first explorative, feasibility study
have recently been extended in a large randomized study
and the intentions of the study have been published (110).
In this single-center, randomized, double-blinded trial sixty
unconscious patients with sustained return of spontaneous
circulation after OHCA were randomly assigned to low (63 mm
Hg) or high (77 mm Hg) mean arterial blood pressure target. The
primary end-point were the difference in mean LP ratio obtained
within 48 h between blood pressure groupsand the secondary
end-points were the association between LP ratio and all-cause
intensive care unit mortality and the association between LP
ratio and survival to hospital discharge with poor neurological
function. The results of the study have been analyzed and the
study is being prepared for publication (Molstrém S et al., in
manuscript 2022).

Concluding remarks

The value of routine cerebral microdialysis is dependent on
valid clinical interpretation of the biochemical data displayed
bedside. When the information from microdialysis is added
to other chemical and physiological data as well as indexes
calculated during neurocritical care, very large amounts of data
are collected from each patient. It may then seem tempting to
process this mass of data with sophisticated statistical methods
to reveal correlations between variables with the intention of
facilitating biochemical interpretation and support therapeutic
choices. As shown in a very large, recent study the information
obtained from this approach give little useful information for
bedside interpretation (111). The authors emphasized that their
modeling was not intended to motivate adoption of LP ratio
(or any other microdialysis-derived parameter) as a specific
or precise prognostic marker in the clinical management of
individual patients.

In this review, we have presented our experiences regarding
interpretation of the patterns of variables related to cerebral
energy metabolism during routine cerebral microdialysis.
Bedside biochemical interpretations should be based on
experiences obtained from systematic studies. Interpretations
based on occasional clinical observations in various pathological
conditions should be questioned if they are not supported
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FIGURE 13

Left panels: microdialysis variables (LP ratio, lactate, pyruvate) of the jugular venous and arterial blood during post-resuscitation care after out of
hospital cardiac arrest in patients with unfavorable outcome. Right panels: jugular bulb microdialysis variables (LP ratio, lactate, pyruvate) during
post-resuscitation care in patients with unfavorable outcome (CPC 3-5) compared with patients with favorable outcome (CPC 1-2). The period
of targeted temperature management (TTM) is indicated in the figures. The difference between time-averaged means (in intervals of 12 h) of LP
ratio, lactate, pyruvate, glycerol and glutamate of the jugular venous and the arterial blood was significant during post-resuscitation care (*p <
0.02) when using mixed effects models. Data are shown as median (IQR). Shaded areas represent normal reference levels for the variables during
jugular bulb microdialysis (43). Figures by permission from (107).

by known biochemical patterns documented in systematic
experimental and clinical studies.

The recommendations presented above may be summarized
in 5 items:
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1. Bedside interpretation of biochemical data should be based
on principles of cerebral energy metabolism established in
animal experiments or controlled, systematic clinical studies.
Most of the basic biochemical information has been obtained
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from analyses of brain homogenates and the difference
between these data and later data obtained from microdialysis
of cerebral interstitial fluid should be noted.

2. The principles and limitations of the microdialysis technique
should be taken into account as well as the analytical
precision of the techniques used for routine analyzes.

3. As cerebral energy state depends on aerobic degradation
of glucose, bedside analysis and display of the interstitial
levels of glucose, pyruvate and lactate give a valid evaluation
of cerebral energy metabolism. The calculated, interstitial
LP ratio reflects cytoplasmatic redox state. Under clinical
conditions, an increase in LP ratio is primarily observed in
ischemia, hypoxic hypoxia and mitochondrial dysfunction.
The levels obtained for the biochemical variables should
be compared to the levels (Mean £ SD) published for
normal human brain when utilizing identical microdialysis
and analytical techniques. For clinical interpretation it is
useful to regard a high LP ratio at a simultaneously very
low pyruvate level as cerebral ischemia, and a high LP ratio
at a normal or high pyruvate level as indication of cerebral
mitochondrial dysfunction.

4. Intracerebral microdialysis reflects biochemical variables in
a very narrow zone of the surrounding interstitial fluid. In
neurocritical care cerebral lesions are often initially local or
regional and the positioning of the microdialysis catheter is
therefore crucial. If the catheter is placed in a penumbra zone
surrounding a focal lesion an early warning of impending
deterioration may direct therapy before signs of deterioration
is observed by other techniques. The positioning of the
catheter should always be confirmed by CT-scanning.
Insertion of more than one intracerebral microdialysis
catheter will increase the clinically useful information.

5. Microdialysis of cerebral venous blood in the jugular
bulb (JBMD) has shown promise to give information
of cerebral energy metabolism under certain conditions.
The technique appears to be of clinical value in patients
with pronounced global perturbation of cerebral energy
metabolism especially when it is difficult or impossible
to insert intracerebral microdialysis catheters. In patients
resuscitated after cardiac arrest the technique have in recent
studies indicated that a poor clinical outcome is related to

References

1. Siesj6 BK. Brain Energy Metabolism. New York, NY: John Wiley (1978).

2. Siesjo BK. Cerebral circulation and metabolism. J Neurosurg. (1984) 60:883—
908. doi: 10.3171/jns.1984.60.5.0883

3. Siesjé BK. Pathophysiology and treatment of focal cerebral ischemia. Part I:
pathophysiology. ] Neurosurg. (1992) 77:169-84. doi: 10.3171/jns.1992.77.2.0169

4. Siesjo BK. Pathophysiology and treatment of focal cerebral ischemia.
Part II: Mechanisms of damage and treatment. J Neurosurg. (1992) 77:337-
54. doi: 10.3171/jns.1992.77.3.0337

Frontiersin Neurology

10.3389/fneur.2022.968288

insufficient cerebral circulation several hours after return of
spontaneous circulation.

Finally, for routine clinical use the conventional technique
of collecting the microdialysate into microvials at regular
time intervals for transport to a bedside analyzer is labor
intensive and time consuming. The clinical use of microdialysis
would probably increase if the dialysate was analyzed on-
line by biosensors and the results immediately displayed on a
bedside monitor.

Author contributions

The microdialysis technique was invented and developed
by UU. The biochemical background was mainly based on
previous experimental studies by C-HN. The clinical studies
were mainly conducted at Odense University Hospital and
were mainly designed, performed and interpreted by TN, AF,
SM, PT, and C-HN. The experimental studies on microdialysis
of the draining cerebral blood flow were mainly designed,
performed and interpreted by RJ, TN, and C-HN at Odense
University Hospital, Denmark. All authors have contributed
equally to the design, composition, and writing of this
comprehensive review.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

5. Dienel GA. Brain lactate metabolism: the discoveries and the controversies. |
Cereb Blood Flow Metab. (2012) 32:1107-38. doi: 10.1038/jcbfm.2011.175

6. 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. ] Cereb Blood Flow Metab. (2016)
36:1844-64. doi: 10.1177/0271678X16666552

7. Ungerstedt U, Pycock C. Functional correlates of dopamine
neurotransmission. Bull Schweiz Akad Med Wiss. (1974) 30:44-55.

frontiersin.org


https://doi.org/10.3389/fneur.2022.968288
https://doi.org/10.3171/jns.1984.60.5.0883
https://doi.org/10.3171/jns.1992.77.2.0169
https://doi.org/10.3171/jns.1992.77.3.0337
https://doi.org/10.1038/jcbfm.2011.175
https://doi.org/10.1177/0271678X16666552
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Nordstrom et al.

8. Ungerstedt U. Measurement of neurotransmitter release by intracranial
dialysis. In: Marsden CA editor Measurement of neurotransmitter release in vivo.
Chichester; New York, NY; Brisbane, QLD; Toronto, ON: John Wiley & Son Ltd
(1984). p. 81-105.

9. Ungerstedt U. Microdialysis-principles and applications  for
studies in animals and man. ] Intern Med. (1991) 230:365-
73. doi: 10.1111/j.1365-2796.1991.tb00459.x

10. Meyerson BA, Linderoth B, Karlsson H, Ungerstedt U. Microdialysis in the
human brain: extracellular measurements in the thalamus of parkinsonian patients.
Life Sci. (1990) 46:301-8. doi: 10.1016/0024-3205(90)90037-R

11. Hillered L, Persson L, Pontén U, Ungerstedt U. Neurometabolic monitoring
of the ischaemic human brain using microdialysis. Acta Neurochir (Wien). (1990)
102:91-7. doi: 10.1007/BF01405420

12. 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) 41:1517-28. doi: 10.1007/s00134-015-3930-y

13. Hillered L, Dahlin AP, Clausen E, Chu J, Bergquist J, Hjort K, et al. Cerebral
microdialysis for protein biomarker monitoring in the neurointensive care setting
- a technical approach. Front Neurol. (2014) 5:245. doi: 10.3389/fneur.2014.00245

14. Zeiler FA, Thelin EP, Czosnyka M, Hutchinson PJ, Menon DK,
Helmy A. Cerebrospinal fluid and microdialysis cytokines in severe
traumatic brain injury: a scoping systematic review. Front Neurol. (2017)
8:331. doi: 10.3389/fneur.2017.00331

15. Ercole A, Magnoni S, Vegliante G, Pastorelli R, Surmacki J, Bohndiek SE et al.
Current and emerging technologies for probing molecular signatures of traumatic
brain injury. Front Neurol. (2017) 8:450. doi: 10.3389/fneur.2017.00450

16. Chaurasia CS, Miiller M, Bashaw ED, Benfeldt E, Bolinder ],
Bullock R et al. AAPS-FDA workshop white paper: microdialysis
principles, application and regulatory perspectives. Pharm Res. (2007)
24:1014-25. doi: 10.1007/s11095-006-9206-z

17. Ederoth P, Tunblad K, Bouw R, Lundberg CJ, Ungerstedt U,
Nordstrom CH et al. Blood-brain barrier transport of morphine
in patients with severe brain trauma. Br ] Clin Pharmacol. (2004)
57:427-35. doi: 10.1046/j.1365-2125.2003.02032.x

18. Tunblad K, Ederoth P, Girdenfors A, Hammarlund-Udenaes M,
Nordstrom CH. Altered brain exposure of morphine in experimental
meningitis studied with microdialysis. Acta Anaesthesiol Scand. (2004)
48:294-301. doi: 10.1111/j.0001-5172.2003.0311.x

19. Bengtsson J, Ederoth P, Ley D, Hansson S, Amer-Wihlin I, Hellstrom-Westas
L et al. The influence of age on the distribution of morphine and morphine-
3-glucuronide across the blood-brain barrier in sheep. Br J Pharmacol. (2009)
157:1085-96. doi: 10.1111/j.1476-5381.2009.00242.x

20. Shannon RJ, Carpenter KL, Guilfoyle MR, Helmy A, Hutchinson PJ.
Cerebral microdialysis in clinical studies of drugs: pharmacokinetic applications.
] Pharmacokinet Pharmacodyn. (2013) 40:343-58. doi: 10.1007/s10928-013-9306-4

21. Nordstrom CH. Cerebral microdialysis in TBI-limitations and possibilities.
Acta Neurochir (Wien). (2017) 159:2275-7. doi: 10.1007/s00701-017-3339-1

22. 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) 93:37-43. doi: 10.3171/jns.2000.93.1.0037

23. Hutchinson PJ, O’Connell MT, Nortje ], Smith P, Al-Rawi PG, Gupta AK, et al.
Cerebral microdialysis methodology-evaluation of 20 kDa and 100 kDa catheters.
Physiol Meas. (2005) 26:423-8. doi: 10.1088/0967-3334/26/4/008

24. Hillman J, Milos P, Yu ZQ, Sjégren F, Anderson C, Mellergard P. Intracerebral
microdialysis in neurosurgical intensive care patients utilising catheters with
different molecular cut-off (20 and 100 kD). Acta Neurochir (Wien). (2006)
148:319-24. doi: 10.1007/s00701-005-0670-8

25. Nordstrom CH, Jakobsen R, Molstrom S, Nielsen TH. Cerebral microdialysis
after cardiac arrest - Misinterpretations based on a misconception. Resuscitation.
(2021) 169:227-8. doi: 10.1016/j.resuscitation.2021.10.045

26. Engstrom M, Polito A, Reinstrup P, Romner B, Ryding E, Ungerstedt U,
et al. Intracerebral microdialysis in severe brain trauma: the importance of catheter
location. J Neurosurg. (2005) 102:460-9. doi: 10.3171/jns.2005.102.3.0460

27. Stdhl N, Mellergird P, Hallstrom A, Ungerstedt U, Nordstrom
CH. Intracerebral microdialysis and bedside biochemical analysis in
patients with fatal traumatic brain lesions. Acta Anaesthesiol Scand. (2001)
45:977-85. doi: 10.1034/j.1399-6576.2001.450810.x

28. Stahl N, Ungerstedt U, Nordstrom CH. Brain energy metabolism during
controlled reduction of cerebral perfusion pressure in severe head injuries.
Intensive Care Med. (2001) 27:1215-23. doi: 10.1007/s001340101004

Frontiersin Neurology

10.3389/fneur.2022.968288

29. Nordstrém CH, Reinstrup P, Xu W, Giardenfors A, Ungerstedt U. Assessment
of the lower limit for cerebral perfusion pressure in severe head injuries by
bedside monitoring of regional energy metabolism. Anesthesiology. (2003) 98:809-
14. doi: 10.1097/00000542-200304000-00004

30. Stihl N, Schalén W, Ungerstedt U, Nordstrom CH. Bedside

biochemical ~monitoring of the penumbra zone surrounding an
evacuated acute subdural haematoma. Acta Neurol Scand. (2003)
108:211-5. doi: 10.1034/j.1600-0404.2003.00095.x

31. Winberg J, Holm I, Cederberg D, Rundgren M, Kronvall E, Marklund N.
Cerebral microdialysis-based interventions targeting delayed cerebral ischemia
following aneurysmal subarachnoid hemorrhage. Neurocrit Care. (2022) 37:255-
66. doi: 10.1007/s12028-022-01492-5

32. Lavoie P, Metellus P, Velly L, Vidal V, Rolland PH, Mekaouche M
et al. Functional cerebral venous outflow in swine and baboon: feasibility
of an intracranial venous hypertension model. J Invest Surg. (2008) 21:323-
9. doi: 10.1080/08941930802438880

33. Habib CA, Utriainen D, Peduzzi-Nelson J, Dawe E, Mattei J, Latif Z et al. MR
imaging of the yucatan 64 pig head and neck vasculature. ] Magn Reson Imaging.
(2013) 38:641-9. doi: 10.1002/jmri.24003

34. Nedergaard M, Takano T, Hansen AJ. Beyond the role of glutamate as a
neurotransmitter. Nat Rev Neurosci. (2002) 3:748-55. doi: 10.1038/nrn916

35. Poole RC, Halestrap AP. Transport of lactate and other monocarboxylates
across mammalian plasma membranes. Am ] Physiol. (1993) 264:C761-
82. doi: 10.1152/ajpcell.1993.264.4.C761

36. Halestrap AP, Price NT. The proton-linked monocarboxylate transporter
(MCT) family: structure, function and regulation. Biochem J. (1999) 343:281-
99. doi: 10.1042/bj3430281

37. Pierre K, Pellerin L. Monocarboxylate transporters in the central nervous
system: distribution, regulation and function. J Neurochem. (2005) 94:1-
14. doi: 10.1111/j.1471-4159.2005.03168.x

38. Halestrap AP, Wilson MC. The monocarboxylate transporter family-role and
regulation. [UBMB Life. (2012) 64:109-19. doi: 10.1002/iub.572

39. Boumezbeur E Petersen KE Cline GW, Mason GE, Behar KL, Shulman GI,
et al. The contribution of blood lactate to brain energy metabolism in humans
measured by dynamic 13C nuclear magnetic resonance spectroscopy. J Neurosci.
(2010) 30:13983-91. doi: 10.1523/JNEUROSCI.2040-10.2010

40. Halestrap AP. The monocarboxylate transporter family-Structure
and functional characterization. IUBMB Life. (2012) 64:1-9. doi: 10.1002/
iub.573

41. Enerson BE, Drewes LR. Molecular features, regulation, and function of
monocarboxylate transporters: implications for drug delivery. J Pharm Sci. (2003)
92:1531-44. doi: 10.1002/jps.10389

42. Reinstrup P, Stdhl N, Mellergérd P, Uski T, Ungerstedt U, Nordstrom CH.
Intracerebral microdialysis in clinical practice. Normal values and variations
during anaesthesia and neurosurgical operations. Neurosurgery. (2000) 47:701-
10. doi: 10.1227/00006123-200009000-00035

43. Molstrom S, Nielsen TH, Andersen C, Nordstrom CH, Toft P. Bedside
monitoring of cerebral energy state during cardiac surgery-a novel approach
utilizing intravenous microdialysis. ] Cardiothorac Vasc Anesth. (2017) 31:1166-
73. doi: 10.1053/j.jvca.2016.11.001

44. Ljunggren B, Schutz H, Siesjo BK. Changes in energy state and acid-base
parameters of the rat brain during complete compression ischemia. Brain Res.
(1974) 73:277-89. doi: 10.1016/0006-8993(74)91049-X

45. Nilsson B, Norberg K, Nordstrom CH, Siesjo BK. Rate of energy
utilization in the cerebral cortex of rats. Acta Physiol Scand. (1975) 93:569-
71. doi: 10.1111/§.1748-1716.1975.tb05852.x

46. Nordstrom CH, Siesjo BK. Influence of phenobarbital on
changes in the metabolites of the energy reserve of the cerebral
cortex following complete ischemia. Acta Physiol Scand. (1978)
104:271-80. doi: 10.1111/§.1748-1716.1978.tb06279.x

47. Norberg K, Siesjo BK. Cerebral metabolism in hypoxic hypoxia. I
Pattern of activation of glycolysis: a re-evaluation. Brain Res. (1975) 86:31-
44. doi: 10.1016/0006-8993(75)90635-6

48. Nielsen TH, Olsen NV, Toft P, Nordstrém CH. Cerebral energy metabolism
during mitochondrial dysfunction induced by cyanide in piglets. Acta Anaesthesiol
Scand. (2013) 57:793-801. doi: 10.1111/aas.12092

49. Lewis LD, Ljunggren B, Norberg K, Siesjo BK. Changes in

carbohydrate substrates, amino acids and ammonia in the brain
during insulin-induced hypoglycemia. ] Neurochem. (1974) 23:659-
71. doi: 10.1111/j.1471-4159.1974.tb04389.x

frontiersin.org


https://doi.org/10.3389/fneur.2022.968288
https://doi.org/10.1111/j.1365-2796.1991.tb00459.x
https://doi.org/10.1016/0024-3205(90)90037-R
https://doi.org/10.1007/BF01405420
https://doi.org/10.1007/s00134-015-3930-y
https://doi.org/10.3389/fneur.2014.00245
https://doi.org/10.3389/fneur.2017.00331
https://doi.org/10.3389/fneur.2017.00450
https://doi.org/10.1007/s11095-006-9206-z
https://doi.org/10.1046/j.1365-2125.2003.02032.x
https://doi.org/10.1111/j.0001-5172.2003.0311.x
https://doi.org/10.1111/j.1476-5381.2009.00242.x
https://doi.org/10.1007/s10928-013-9306-4
https://doi.org/10.1007/s00701-017-3339-1
https://doi.org/10.3171/jns.2000.93.1.0037
https://doi.org/10.1088/0967-3334/26/4/008
https://doi.org/10.1007/s00701-005-0670-8
https://doi.org/10.1016/j.resuscitation.2021.10.045
https://doi.org/10.3171/jns.2005.102.3.0460
https://doi.org/10.1034/j.1399-6576.2001.450810.x
https://doi.org/10.1007/s001340101004
https://doi.org/10.1097/00000542-200304000-00004
https://doi.org/10.1034/j.1600-0404.2003.00095.x
https://doi.org/10.1007/s12028-022-01492-5
https://doi.org/10.1080/08941930802438880
https://doi.org/10.1002/jmri.24003
https://doi.org/10.1038/nrn916
https://doi.org/10.1152/ajpcell.1993.264.4.C761
https://doi.org/10.1042/bj3430281
https://doi.org/10.1111/j.1471-4159.2005.03168.x
https://doi.org/10.1002/iub.572
https://doi.org/10.1523/JNEUROSCI.2040-10.2010
https://doi.org/10.1002/iub.573
https://doi.org/10.1002/jps.10389
https://doi.org/10.1227/00006123-200009000-00035
https://doi.org/10.1053/j.jvca.2016.11.001
https://doi.org/10.1016/0006-8993(74)91049-X
https://doi.org/10.1111/j.1748-1716.1975.tb05852.x
https://doi.org/10.1111/j.1748-1716.1978.tb06279.x
https://doi.org/10.1016/0006-8993(75)90635-6
https://doi.org/10.1111/aas.12092
https://doi.org/10.1111/j.1471-4159.1974.tb04389.x
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Nordstrom et al.

50. Lewis LD, Ljunggren B, Ratcheson RA, Siesjé BK. Cerebral energy state in
insulin-induced hypoglycemia, related to blood glucose and to EEG. ] Neurochem.
(1974) 23:673-9. doi: 10.1111/.1471-4159.1974.tb04390.x

51. Agardh CD, Kalimo H, Olsson Y, Siesjo BK. Hypoglycemic brain injury. I
Metabolic and light microscopic findings in rat cerebral cortex during profound
insulin-induced hypoglycemia and in the recovery period following glucose
administration. Acta Neuropathol. (1980) 50:31-41. doi: 10.1007/BF00688532

52. 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) 40:412-21. doi: 10.1007/s00134-013-
3203-6

53. Quintard H, Patet C, Zerlauth JB, Suys T, Bouzat P, Pellerin L et al.
Improvement of neuroenergetics by hypertonic lactate therapy in patients with
traumatic brain injury is dependent on baseline cerebral lactate/pyruvate ratio. J
Neurotrauma. (2016) 33:681-7. doi: 10.1089/neu.2015.4057

54. Carlsson C, Hagerdal M, Siesjo BK. Increase in cerebral oxygen uptake
and blood flow in immobilization stress. Acta Physiol Scand. (1975) 95:206-
8. doi: 10.1111/§.1748-1716.1975.tb10044.x

55. Berntman L, Carlsson C, Higerdal M, Siesjé BK. Cerebral metabolic state
after discontinuation of nitrous oxide supply in artificially ventilated rats. Acta
Physiol Scand. (1976) 98:248-56. doi: 10.1111/j.1748-1716.1976.tb00243.x

56. Berntman L, Carlsson C, Hagerdal M, Siesj6é BK. Circulatory and metabolic
effects in the brain induced by amphetamine sulphate. Acta Physiol Scand. (1978)
102:310-23. doi: 10.1111/j.1748-1716.1978.tb06078.x

57. Chapman AG, Meldrum BS, Siesjo BK. Cerebral metabolic changes
during prolonged epileptic seizures in rats. J Neurochem. (1977) 28:1025-
35. doi: 10.1111/j.1471-4159.1977.tb10665.x

58. Blennow G, Folbergrova J, Nilsson B, Siesjo BK. Effects of
bicuculline-induced seizures on cerebral metabolism and circulation
of rats rendered hypoglycemic by starvation. Ann Neurol. (1979)
5:139-51. doi: 10.1002/ana.410050207

59. Blennow G, Folbergrova ], Nilsson B, Siesjo BK. Cerebral metabolic
and circulatory changes in the rat during sustained seizures induced by DL-
homocysteine. Brain Res. (1979) 179:129-46. doi: 10.1016/0006-8993(79)90497-9

60. Cesarini KG, Enblad P, Ronne-Engstrom E, Marklund N, Salci K,
Nilsson P et al. Early cerebral hyperglycolysis after subarachnoid haemorrhage
correlates with favourable outcome. Acta Neurochir (Wien). (2002) 144:1121-
31. doi: 10.1007/s00701-002-1011-9

61. Vespa P, Tubi M, Claassen ], Buitrago-Blanco M, McArthur D, Velazquez
AG et al. Metabolic crisis occurs with seizures and periodic discharges after brain
trauma. Ann Neurol. (2016) 79:579-90. doi: 10.1002/ana.24606

62. Hlatky R, Valadka AB, Goodman JC, Contant CF Robertson CS.
Patterns of energy substrates during ischemia measured in the brain by
microdialysis. J Neurotrauma. (2004) 21:894-906. doi: 10.1089/089771504152
6195

63. Vespa P, Bergsneider M, Hattori N, Wu HM, Huang SC, Nartin 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) 25:763-74. doi: 10.1038/sj.jcbfm.960
0073

64. 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) 158:1231-40. doi: 10.1007/s00701-016-2835-z

65. Ljunggren B, Ratcheson RA, Siesjo
state  following complete compression ischemia.
73:291-307. doi: 10.1016/0006-8993(74)91050-6

66. Folbergrovd J, Ljunggren B, Norberg K, Siesjo BK. Influence of
complete ischemia on glycolytic metabolites, citric acid cycle intermediates, and
associated amino acids in the rat cerebral cortex. Brain Res. (1974) 80:265-
79. doi: 10.1016/0006-8993(74)90690-8

BK. Cerebral
Brain  Res.

metabolic
(1974)

67. Nordstrom CH, Rehncrona S, Siesjo BK. Restitution of cerebral energy
state, as well as of glycolytic metabolites, citric acid cycle intermediates
and associated amino acids after 30 minutes of complete ischemia in rats
anaesthetized with nitrous oxide or phenobarbital. ] Neurochem. (1978) 30:479-
86. doi: 10.1111/j.1471-4159.1978.tb06553 x

68. Rehncrona S, Mela L, Siesjo BK. Recovery of brain mitochondrial function
in the rat after complete and incomplete cerebral ischemia. Stroke. (1979) 10:437-
46. doi: 10.1161/01.STR.10.4.437

69. Nordstrom CH, Siesjo BK. Effects of phenobarbital in cerebral ischemia. Part
I: cerebral energy metabolism during pronounced incomplete ischemia. Stroke.
(1978) 9:327-35. doi: 10.1161/01.STR.9.4.327

Frontiersin Neurology

19

10.3389/fneur.2022.968288

70. Nordstrom CH, Rehncrona S, Siesjo BK. Effects of phenobarbital
in cerebral ischemia. Part II: restitution of cerebral energy state, as well
as of glycolytic metabolites, citric acid cycle intermediates and associated
amino acids after pronounced incomplete ischemia. Stroke. (1978) 9:335-
43. doi: 10.1161/01.STR.9.4.335

71. Ames A III, Wright RL, Kowada M, Thurston JM. Majno G. Cerebral
ischemiall The no-reflow phenomenon. Am J Pathol. (1968) 52:437-53.

72. Cantu RC, Ames A III, Dixon J, Digiacinto G. Reversibility of experimental
cerebrovascular obstruction induced by complete ischemia. ] Neurosurg. (1969)
31:429-31. doi: 10.3171/jns.1969.31.4.0429

73. Chiang J, Kowada M, Ames A III, Wright RL, Majno G. Cerebral ischemia.
III Vascular changes. Am J Pathol. (1968) 52:455-76.

74. Fischer EG, Ames A IIL Studies on mechanisms of impairment of cerebral
circulation following ischemia: effect of hemodilution and perfusion pressure.
Stroke. (1972) 3:538-42. doi: 10.1161/01.STR.3.5.538

75. Nordstrém CH, Rehncrona S. Postischemic cerebral blood flow and oxygen
utilization rate in rats anesthetized with nitrous oxide or phenobarbital. Acta
Physiol Scand. (1977) 101:230-40. doi: 10.1111/j.1748-1716.1977.tb06002.x

76. Rehncrona S, Rosén I, Siesjo BK. Brain lactic acidosis and ischemic cell
damage: 1. Biochemistry and neurophysiology. ] Cereb Blood Flow Metab. (1981)
1:297-311. doi: 10.1038/jcbfm.1981.34

77. Kalimo H, Rehncrona S, Séderfeldt B, Olsson Y, Siesjo BK. Brain lactic
acidosis and ischemic cell damage: 2. Histopathology. J Cereb Blood Flow Metab.
(1981) 1:313-27. doi: 10.1038/jcbfm.1981.35

78. Rehncrona S, Kégstrom E. Tissue lactic acidosis and ischemic brain damage.
Am ] Emerg Med. (1983) 1:168-74. doi: 10.1016/0735-6757(83)90085-2

79. Amer-Wahlin I, Nord A, Bottalico B, Hansson SR, Ley D, Marsal K et al.
Fetal cerebral energy metabolism and electrocardiogram during experimental
umbilical cord occlusion and resuscitation. ] Matern Fetal Neonatal Med. (2010)
23:158-66. doi: 10.3109/14767050903067360

80. Forsse A, Nielsen TH, Nygaard KH, Nordstrém CH, Gramsbergen JB,
Poulsen FR. Cyclosporin a ameliorates cerebral oxidative metabolism and infarct
size in the endothelin-1 rat model of transient cerebral ischaemia. Sci Rep. (2019)
9:3702. doi: 10.1038/541598-019-40245-x

81. Havelund JF Nygaard KH, Nielsen TH, Nordstrom CH, Poulsen
FR, Fergeman NJ et al. In vivo microdialysis of endogenous and 13 C-
labeled TCA metabolites in rat brain: Reversible and persistent effects of
mitochondrial inhibition and transient cerebral ischemia. Metabolites. (2019)
9:204. doi: 10.3390/metabo9100204

82. Nygaard KH, Havelund JE Nielsen TH, Nordstrém CH, Fargeman NJ,
Poulsen FR et al. Ethyl pyruvate increases post-ischemic levels of mitochondrial
energy metabolites: a 13 C-labeled cerebral microdialysis study. Metabolites. (2020)
10:287. doi: 10.3390/metabo10070287

83. Enblad P, Frykholm P, Valtysson J, Silander HC, Andersson J, Fasth KJ
et al. Middle cerebral artery occlusion and reperfusion in primates monitored
by microdialysis and sequential positron emission tomography. Stroke. (2001)
32:1574-80. doi: 10.1161/01.STR.32.7.1574

84. Nordmark J, Enblad P, Rubertsson S. Cerebral energy failure

following experimental cardiac arrest hypothermia treatment reduces
secondary lactate/pyruvate-ratio increase. Resuscitation. (2009) 80:573-
9. doi: 10.1016/j.resuscitation.2009.02.003

85. Salazar JD, Coleman RD, Griffith S, McNeil JD, Steigelman M, Young
H et al. Selective cerebral perfusion: real-time evidence of brain oxygen
and energy metabolism preservation. Ann Thorac Surg. (2009) 88:162-
9. doi: 10.1016/j.athoracsur.2009.03.084

86. Putzer G, Martini J, Spraider P, Hornung R, Pinggera D, Abram J et al. Effects
of different adrenaline doses on cerebral oxygenation and cerebral metabolism
during cardiopulmonary resuscitation in pigs. Resuscitation. (2020) 156:223-
29. doi: 10.1016/j.resuscitation.2020.06.024

87. Putzer G, Martini J, Spraider P, Abram J, Hornung R, Schmidt
C et al. Adrenaline improves regional cerebral blood flow, cerebral
oxygenation and cerebral metabolism during CPR in a porcine cardiac
arrest model using low-flow extracorporeal support. Resuscitation. (2021)
168:151-59. doi: 10.1016/j.resuscitation.2021.07.036

88. Skare C, Karlsen H, Strand-Amundsen RJ, Eriksen M, Skulberg VM,
Sunde K et al. Cerebral perfusion and metabolism with mean arterial
pressure 90 vs. 60 mmHg in a porcine post cardiac arrest model with
and without targeted temperature management. Resuscitation. (2021) 167:251-
60. doi: 10.1016/j.resuscitation.2021.06.011

89. Nielsen TH, Stahl N, Schalén W, Reinstrup P, Toft P, Nordstrém CH.
Recirculation usually precedes malignant edema in middle cerebral artery infarcts.
Acta Neurol Scand. (2012) 126:404-10. doi: 10.1111/j.1600-0404.2012.01664.x

frontiersin.org


https://doi.org/10.3389/fneur.2022.968288
https://doi.org/10.1111/j.1471-4159.1974.tb04390.x
https://doi.org/10.1007/BF00688532
https://doi.org/10.1007/s00134-013-3203-6
https://doi.org/10.1089/neu.2015.4057
https://doi.org/10.1111/j.1748-1716.1975.tb10044.x
https://doi.org/10.1111/j.1748-1716.1976.tb00243.x
https://doi.org/10.1111/j.1748-1716.1978.tb06078.x
https://doi.org/10.1111/j.1471-4159.1977.tb10665.x
https://doi.org/10.1002/ana.410050207
https://doi.org/10.1016/0006-8993(79)90497-9
https://doi.org/10.1007/s00701-002-1011-9
https://doi.org/10.1002/ana.24606
https://doi.org/10.1089/0897715041526195
https://doi.org/10.1038/sj.jcbfm.9600073
https://doi.org/10.1007/s00701-016-2835-z
https://doi.org/10.1016/0006-8993(74)91050-6
https://doi.org/10.1016/0006-8993(74)90690-8
https://doi.org/10.1111/j.1471-4159.1978.tb06553.x
https://doi.org/10.1161/01.STR.10.4.437
https://doi.org/10.1161/01.STR.9.4.327
https://doi.org/10.1161/01.STR.9.4.335
https://doi.org/10.3171/jns.1969.31.4.0429
https://doi.org/10.1161/01.STR.3.5.538
https://doi.org/10.1111/j.1748-1716.1977.tb06002.x
https://doi.org/10.1038/jcbfm.1981.34
https://doi.org/10.1038/jcbfm.1981.35
https://doi.org/10.1016/0735-6757(83)90085-2
https://doi.org/10.3109/14767050903067360
https://doi.org/10.1038/s41598-019-40245-x
https://doi.org/10.3390/metabo9100204
https://doi.org/10.3390/metabo10070287
https://doi.org/10.1161/01.STR.32.7.1574
https://doi.org/10.1016/j.resuscitation.2009.02.003
https://doi.org/10.1016/j.athoracsur.2009.03.084
https://doi.org/10.1016/j.resuscitation.2020.06.024
https://doi.org/10.1016/j.resuscitation.2021.07.036
https://doi.org/10.1016/j.resuscitation.2021.06.011
https://doi.org/10.1111/j.1600-0404.2012.01664.x
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Nordstrom et al.

90. Nielsen TH, Schalén W, St&hl N, Toft P, Reinstrup P, Nordstrém CH. Bedside
diagnosis of mitochondrial dysfunction after malignant middle cerebral artery
infarction. Neurocrit Care. (2014) 21:35-42. doi: 10.1007/s12028-013-9875-5

91. Jacobsen A, Nielsen TH, Nilsson O, Schalén W, Nordstrom CH. Bedside
diagnosis of mitochondrial dysfunction in aneurysmal subarachnoid hemorrhage.
Acta Neurol Scand. (2014) 130:156-63. doi: 10.1111/ane.12258

92. Poulsen FR, Schulz M, Jacobsen A, Andersen AB, Larsen L,
Schalén W et al. Bedside evaluation of cerebral energy metabolism in
severe community-acquired bacterial meningitis. Neurocrit Care. (2015)
22:221-8. doi: 10.1007/s12028-014-0057-x

93. Larsen L, Nielsen TH, Nordstrom CH, Andersen AB, Schierbeck J,
Schulz MK, et al. Patterns of cerebral tissue oxygen tension and cytoplasmic
redox state in bacterial meningitis. Acta Anaesthesiol Scand. (2019) 63:329-
36. doi: 10.1111/aas.13278

94. Jakobsen R, Halfeld Nielsen T, Granfeldt A, Toft P, Nordstrom CH, A.
technique for continuous bedside monitoring of global cerebral energy state.
Intensive Care Med Exp. (2016) 4:3. doi: 10.1186/s40635-016-0077-2

95. Jakobsen RP, Nielsen TH, Molstram S, Nordstrom CH, Granfeldt A, Toft
P. Moderately prolonged permissive hypotension results in reversible metabolic
perturbation evaluated by intracerebral microdialysis - an experimental animal
study. Intensive Care Med Exp. (2019) 7:67. doi: 10.1186/s40635-019-0282-x

96. Forsse A, Nielsen TH, Molstrom S, Hjelmborg J, Nielsen KS, Nygaard
KH et al. A prospective observational feasibility study of jugular bulb
microdialysis in subarachnoid hemorrhage. Neurocrit Care. (2020) 33:241-
55. doi: 10.1007/s12028-019-00888-0

97. Thelin EP, Nelson DW, Ghatan PH, Bellander BM. Microdialysis monitoring
of CSF parameters in severe traumatic brain injury patients: a novel approach.
Front Neurol. (2014) 5:159. doi: 10.3389/fneur.2014.00159

98. Ahonen J. SalmenperaM. Brain injury after adult cardiac surgery. Acta
Anaesthesiol. (2004) 48:4-19. doi: 10.1111/j.1399-6576.2004.00275.x

99. McDonagh DL, Berger M, Mathew JP, Graffagnino C, Milano

CA, Newman MF. Neurological complications of cardiac surgery.
Lancet  Neurol. ~ (2014)  13:490-502. doi:  10.1016/S1474-4422(14)70
004-3

100. Vranken NPA, Weerwind PW, Sutedja NA, Severdija EE,
Barenbrug PJC, Maessen JG. Cerebral oximetry and autoregulation

during cardiopulmonary bypass: a review. | Extra Corpor Technol. (2017)
49:182-91.

Frontiersin Neurology

20

10.3389/fneur.2022.968288

101. Martinell L, Nielsen N, Herlitz J, Karlsson T, Horn ], Wise MP et al. Early
predictors of poor outcome after out-of-hospital cardiac arrest. Crit Care. (2017)
21:96. doi: 10.1186/s13054-017-1677-2

102. Nielsen N, Wetterslev ], Cronberg T, Erlinge D, Gasche Y. Hassager C, et al.
Targeted temperature management at 33°C versus 36°C after cardiac arrest. N Engl
J Med. (2013) 369:2197-206. doi: 10.1056/NEJMoal310519

103. Gréasner JT, Wnent J, Herlitz ], Perkins GD, Lefering R,
Tjelmeland I et al. Survival after out-of-hospital cardiac arrest in
Europe—Results of the EuReCa TWO study. Resuscitation. (2020)

148:218-26. doi: 10.1016/j.resuscitation.2019.12.042

104. Sekhon M S, Ainslie PN, Griesdale DE. Clinical pathophysiology of hypoxic
ischemic brain injury after cardiac arrest: A “two-hit” model. Crit Care. (2017)
21:90. doi: 10.1186/s13054-017-1670-9

105. Sekhon MS, Gooderham P, Menon DK, Brasher PMA, Foster D, Cardim D
et al. The burden of brain hypoxia and optimal mean arterial pressure in patients
with hypoxic ischemic brain injury after cardiac arrest. Crit Care Med. (2019)
47:960-9. doi: 10.1097/CCM.0000000000003745

106. Busl K M, Greer DM. Hypoxic-ischemic brain injury: pathophysiology,
neuropathology ~ and  mechanisms.  Neuro  Rehabilitation. ~ (2010)
26:5-13. doi: 10.3233/NRE-2010-0531

107. Molstrom S, Nielsen TH, Nordstrom CH, Forsse A, Moller S, Vend S
et al. Bedside microdialysis for detection of early brain injury after out-of-hospital
cardiac arrest. Sci Rep. (2021) 11:15871. doi: 10.1038/s41598-021-95405-9

108. Kilbaugh TJ, Sutton RM, Karlsson M, Hansson MJ, Naim MY,
Morgan RW et al. Persistently altered brain mitochondrial bioenergetics after
apparently successful resuscitation from cardiac arrest. ] Am Heart Assoc. (2015)
4:€002232. doi: 10.1161/JAHA.115.002232

109. Xu K, Puchowicz MA, Sun XY, LaManna JC. Decreased brainstem function
following cardiac arrest and resuscitation in aged rat. Brain Res. (2010) 1328:181-
89. doi: 10.1016/j.brainres.2010.02.080

110. Mélstrom S, Nielsen TH, Nordstrom CH, Hassager C, Moller JE, Kjergaard
] et al. Design paper of the “Blood pressure targets in post-resuscitation care and
bedside monitoring of cerebral energy state: a randomized clinical trial”. Trials.
(2019) 20:344. doi: 10.1186/s13063-019-3397-1

111. Guilfoyle MR, Helmy A, Donnelly ], Stovell MG, Timofeev I, Pickard JD
et al. Characterising the dynamics of cerebral metabolic dysfunction following
traumatic brain injury: a microdialysis study in 619 patients. PLoS ONE. (2021)
16:€0260291. doi: 10.1371/journal.pone.0260291

frontiersin.org


https://doi.org/10.3389/fneur.2022.968288
https://doi.org/10.1007/s12028-013-9875-5
https://doi.org/10.1111/ane.12258
https://doi.org/10.1007/s12028-014-0057-x
https://doi.org/10.1111/aas.13278
https://doi.org/10.1186/s40635-016-0077-2
https://doi.org/10.1186/s40635-019-0282-x
https://doi.org/10.1007/s12028-019-00888-0
https://doi.org/10.3389/fneur.2014.00159
https://doi.org/10.1111/j.1399-6576.2004.00275.x
https://doi.org/10.1016/S1474-4422(14)70004-3
https://doi.org/10.1186/s13054-017-1677-2
https://doi.org/10.1056/NEJMoa1310519
https://doi.org/10.1016/j.resuscitation.2019.12.042
https://doi.org/10.1186/s13054-017-1670-9
https://doi.org/10.1097/CCM.0000000000003745
https://doi.org/10.3233/NRE-2010-0531
https://doi.org/10.1038/s41598-021-95405-9
https://doi.org/10.1161/JAHA.115.002232
https://doi.org/10.1016/j.brainres.2010.02.080
https://doi.org/10.1186/s13063-019-3397-1
https://doi.org/10.1371/journal.pone.0260291
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

	Bedside interpretation of cerebral energy metabolism utilizing microdialysis in neurosurgical and general intensive care
	Introduction
	The microdialysis technique
	Variables reflecting cerebral energy metabolism
	Biochemical patterns during increased energy metabolism
	Hypermetabolism studied in brain tissue homogenates
	Hypermetabolism/hyperglycolysis and clinical intracerebral microdialysis

	Ischemia, mitochondrial dysfunction and hypoxia
	Cerebral energy metabolism in transient ischemia
	Transient ischemia studied in brain tissue homogenates
	Intracerebral microdialysis in transient experimental ischemia
	Intracerebral microdialysis in transient clinical ischemia

	Microdialysis of cerebral venous blood—experimental
	Microdialysis of cerebral venous blood—clinical
	Microdialysis of cerebral venous blood in subarachnoid hemorrhage
	Microdialysis during cardiopulmonary bypass
	Microdialysis during resuscitation after out of hospital cardiac arrest

	Concluding remarks
	Author contributions
	Conflict of interest
	Publisher's note
	References


