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Microdialysate concentration changes
do not provide sufficient information to
evaluate metabolic effects of lactate
supplementation in brain-injured patients

Gerald A Dienel1, Douglas L Rothman2 and
Carl-Henrik Nordström3

Abstract

Cerebral microdialysis is a widely used clinical tool for monitoring extracellular concentrations of selected metabolites after

brain injury and to guide neurocritical care. Extracellular glucose levels and lactate/pyruvate ratios have high diagnostic value

because they can detect hypoglycemia and deficits in oxidative metabolism, respectively. In addition, patterns of metabolite

concentrations can distinguish between ischemia and mitochondrial dysfunction, and are helpful to choose and evaluate

therapy. Increased intracranial pressure can be life-threatening after brain injury, and hypertonic solutions are commonly

used for pressure reduction. Recent reports have advocated use of hypertonic sodium lactate, based on claims that it is

glucose sparing and provides an oxidative fuel for injured brain. However, changes in extracellular concentrations in

microdialysate are not evidence that a rise in extracellular glucose level is beneficial or that lactate is metabolized and

improves neuroenergetics. The increase in glucose concentration may reflect inhibition of glycolysis, glycogenolysis, and

pentose phosphate shunt pathway fluxes by lactate flooding in patients with mitochondrial dysfunction. In such cases, lactate

will not be metabolizable and lactate flooding may be harmful. More rigorous approaches are required to evaluate metabolic

and physiological effects of administration of hypertonic sodium lactate to brain-injured patients.
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Introduction

The molecular mechanisms underlying the lesions in
traumatic brain injuries (TBI), subarachnoidal hemor-
rhage, and stroke are incompletely known. Therapy is
consequently focused on efforts to support cerebral
blood flow and energy metabolism based on the infor-
mation obtained from multi-modality monitoring.
Techniques are now available for evaluation of com-
plex cerebral biochemical processes during critical
care. The correct interpretation of the data obtained
necessitates knowledge of the technical and methodo-
logical limitations of the techniques used as well as
advanced knowledge of cerebral energy metabolism.
The biochemical principles discussed below have been
explored most extensively in patients with TBI.

Brain metabolic activities are difficult to assess com-
prehensively in normal human brain, and heterogeneity

of patients with severe brain injury plus the temporal
evolution of brain damage and recovery increase the
complexity of the analysis of brain metabolism after
trauma. Cerebral microdialysis is a widely used clinical
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tool to monitor extracellular concentrations (ECs) of
selected brain metabolites after TBI, and changes in
metabolite levels and lactate/pyruvate (LP) ratios pro-
vide valuable information to help evaluate the status of
a patient and guide clinical care.1–3 Routine bedside
monitoring relies on standard-of-care procedures (e.g.
monitoring of intracranial pressure, cerebral perfusion
pressure, tissue oxygen level, and cerebrovascular
reactivity) along with microdialysis assays to evaluate
brain status and metabolism. A limitation is that micro-
dialysate concentration changes are not equivalent to
metabolic rates or energetics, and interchangable use of
these terms can lead to mis-interpretation of concentra-
tion changes, incorrect conclusions, and inadequate
evaluation of hypertonic lactate supplementation as a
new treatment paradigm for traumatic brain injury.

The objective of this article is to broaden the discussion
of roles of lactate in energy metabolism after brain injury
and emphasize the importance of rigorous analysis, con-
servative interpretation, and consideration of unantici-
pated consequences of lactate flooding of the injured
brain. We describe the use of cerebral microdialysis, con-
trast changes in metabolite levels with metabolic rates
under different conditions, evaluate effects of lactate sup-
plementation, and provide alternative perspectives of

lactate flooding. We conclude that concentration changes
in the absence of metabolic assays are not sufficient to
evaluate effects of lactate supplementation on brain
energy metabolism after TBI.

Cerebral microdialysis in neurocritical
care – A brief survey

The microdialysis technique offers the unique possibility
of obtaining information regarding the chemical com-
position of cerebral interstitial fluid during neurocritical
care. The biochemical analyses are routinely performed
and displayed bedside utilizing enzymatic techniques
(ISCUSflex, MDialysis, Stockholm, Sweden). The com-
plex relations between the biochemical variables can be
simplified into figures illustrating the connection
between energy metabolism and glycerol indicating deg-
radation of cellular membranes (Figure 1). The different
patterns obtained during cerebral ischemia and mito-
chondrial dysfunction (Figure 2) may be used for choos-
ing and evaluating the therapy given.4–6 These
simplifications of the biochemical processes can be
used for clinical interpretation and decision-making if
the theoretical and practical possibilities and limitations
of the microdialysis technique are recognized.

Figure 1. Simplified diagram of cerebral intermediary metabolism with a focus on the glycolytic pathway and its relation to glycerol and

glycerophospholipids and to the citric acid cycle. Glucose, lactate, and pyruvate are involved in major pathways of brain energy metabolism,

and changes in their concentrations and lactate/pyruvate (Lac/Pyr) ratio can reflect disturbances in transport and metabolism, whereas

increases in glutamate and glycerol levels reflect excitatory neurotoxicity and membrane damage, respectively.

P: phosphate; a-KG: a-ketoglutarate; TCA: tricarboxylic acid. Underlined metabolites are analyzed during routine cerebral microdialysis

assays and displayed at the bedside. Reference levels (means� SD) of the various metabolites for normal human brain were obtained from

Reinstrup et al.3 Modified from Nordström, Childs Nerv Syst 2010; 26:465–472, Copyright � 2009, Springer-Verlag, with permission.
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The microdialysis technique

The microdialysis technique reflects the chemical com-
position of a very narrow zone surrounding the semiper-
meable membrane. In neurocritical care, focal cerebral
lesions are common and energy metabolism is usually
very different in various parts of the brain.7

Accordingly, the biochemical data obtained reveal local
tissue damage/outcome but do not usually predict the
clinical outcome of the patient. A correlation to clinical
outcome might be expected provided the biochemical
information is obtained from a focal lesion engaging
a large part of the brain or if it represents global cerebral
energy metabolism. Further, the levels obtained for the
different chemical variables do not usually represent their
true concentrations in the extracellular fluid (ECF). The
relative recovery (dialysate concentration/tissue concen-
tration) primarily depends on the permeability and the
length of the dialysis membrane and the perfusion rate.
These variables are standardized in clinical microdialysis
and the perfusion rate is usually set at 0.3ml/min. In add-
ition, diffusion in the surrounding tissue affects recovery.
The diffusion rate varies with variations in volume and
tortuosity of the intestinal space. For routine clinical
microdialysis, these variations are of little importance.
However, if the microdialysis technique is utilized for
scientific, quantitative measurements, it is necessary to
measure continuously relative recovery.8

Biochemical analysis and interpretation

An analytical validation of the enzymatic techniques
used for routine bedside analysis of glucose, lactate,
and pyruvate (ISCUSflex) has recently been presented.9

Linearity ranges were 0.1–25mmol/L, 0.2–12mmol/L,

and 19–1500 mmol/L for glucose, lactate, and pyruvate,
respectively. For critical threshold, intra- and inter-
assay coefficients of variation (CV) were, respectively,
3.1 and 4.5% for glucose, 3.5 and 4% for lactate, and
3.3 and 4.3% for pyruvate and inter-assay CV for LP
ratio was 5.9%. The data prove that these routine ana-
lyses have the accuracy and precision required for clin-
ical application in neurointensive care. However,
extrapolation to the cellular/extracellular milieu is still
indirect, and the methodology is still subject to arti-
facts. As a result any conflicts with previously accepted
biological principles need to be carefully evaluated. For
example, the unexpected observation that lactate is
transported into the brain against a concentration gra-
dient to be utilized as a source of energy in patients with
brain trauma10,11 is probably erroneous, as the data are
fully explained by the fact that inadequate biochemical
analytical techniques were used.12

When cerebral microdialysis is used in clinical rou-
tine, it is necessary to compare with normal reference
values obtained from normal human brain under physio-
logical conditions. In accordance with clinical praxis,
these data should be presented as mean normal reference
value� 2SD, with values outside this range identified as
abnormal. For obvious reasons, this information has
been difficult to obtain. The limited data presented for
normal human brain so far (Figure 1) are probably cor-
rect and correspond to data obtained from experimental
studies utilizing the same microdialysis and analytical
techniques in large animals.3

Bedside evaluation of cerebral energy metabolism

Due to its high energy demand, the brain is completely
dependent on aerobic energy metabolism: a continuous,

Figure 2. Schematic illustration of brain tissue oxygenation (PbtO2) and changes in the levels of lactate (Lac), pyruvate (Pyr), and the

lactate/pyruvate ratio in two conditions: ischemia and mitochondrial dysfunction. Note the differences in tissue oxygenation and

extracellular pyruvate levels during ischemia and mitochondrial dysfunction. Modified from Nordström et al. J Rehabil Med 2013; 45:

710–717. Copyright � 2013, The Authors, with permission.
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sufficient supply of oxygen and substrate, as well as func-
tioning mitochondria. Due to the shift in cytoplasmic
redox state, insufficient oxidative metabolism is immedi-
ately reflected in an increase of the LP ratio.
Consequently, under clinical conditions, an increase of
the LP ratio is considered as the most sensitive indicator
of jeopardized cerebral energy metabolism.13 During
neurocritical care, an increase of the LP ratio is usually
caused by insufficient tissue oxygenation (e.g. arterial
hypoxia, cerebral ischemia) and/or mitochondrial dys-
function (Figure 2). The two conditions can be separated
at the bedside by simultaneous monitoring of the LP
ratio and brain tissue oxygenation (PbtO2). In ischemia,
the increase of the LP ratio occurs simultaneously with a
pronounced decrease in PbtO2, while in mitochondrial
dysfunction, the increase in LP ratio occurs at a normal
or increased PbtO2.

5 If under clinical conditions micro-
dialysis is used alone, a separation between the two con-
ditions may still be obtained (Figure 2). In cerebral
ischemia, the increase in LP ratio occurs at a pro-
nounced decrease in pyruvate level, while in mitochon-
drial dysfunction, the increase in LP ratio is observed at
a normal or increased concentration of pyruvate.5,14

An increase in LP ratio is always caused by insufficient
oxidative metabolism. Decreased delivery of substrate
does not, in itself, cause an increase in LP ratio. Even
when blood glucose is reduced to such a low level that
cerebral energy metabolism collapses, LP ratio remains
normal.15 Accordingly, in a clinical situation of increased
cerebral LP ratio at a low cerebral glucose concentration,
the metabolic pattern is caused by insufficient oxidative
metabolism. Efforts to improve cerebral energy state by
delivering an alternative oxidative substrate (e.g. lactate)
in this situation are futile and erroneous.16,17

Summary

Cerebral microdialysis enables real-time sampling of
the concentrations of selected metabolites in ECF,
and changes in metabolite levels and LP ratios provide
clinicians with an indirect assessment of glucose supply-
demand relationships, cytoplasmic redox state, mitochon-
drial function, excitotoxicity, and cellular damage
(Figures 1 and 2). Most neurocritical clinicians recognize
the limitations of bedside analysis of metabolite levels, but
there has been a recent trend towards mis-interpretation
of concentration changes in terms of metabolism.

Cerebral metabolite levels, metabolism,
and energetics

Key concepts

ECF corresponds to �20% of the brain volume in gray
matter of cerebral cortex and subcortical white matter,18,19

and concentrations of extracellular metabolites are
determined by their fluxes across the blood–brain bar-
rier (BBB) and plasma membranes of brain cells
(Figure 3). These fluxes are determined by various fac-
tors, including concentration gradients, kinetic proper-
ties of transporters, and cellular rates of utilization
of glucose (CMRglc), oxygen (CMRO2), and other sub-
strates that vary with condition, blood flow rate, and
fuel and oxygen availability. Metabolism involves con-
version of one compound into another (Figure 3) via a
series of reactions described as a pathway. Complete
oxidative metabolism of glucose consumes 6O2, so
the theoretical maximal ratio of CMRO2/CMRglc (i.e.
the oxygen–glucose index, OGI) is 6.0. A fall in
OGI below the normal range of �5.4–6 in the presence of
normal oxygen levels is called aerobic glycolysis, i.e. upre-
gulation of non-oxidative metabolism.20 Lactate metabol-
ism is taken into account with the oxygen–carbohydrate
index (OCI¼CMRO2/(CMRglcþ 0.5CMRlac), where
0.5CMRlac represents CMRglc equivalents (1 glucose¼ 2
lactate). Energetics or neuroenergetics involves generation
and utilization of ATP for energy-dependent processes
(Figure 3). Most ATP is derived from respiration even
during aerobic glycolysis,21 and ATP demand governs
metabolic rate but metabolic rate may or may not alter
metabolite concentrations.

Concentration changes in the ECF are related to but
are not equivalent to cellular metabolism, metabolic
rate, or energetics. Metabolic rate for glucose is the
flux of glucose through the extracellular and intracellular
glucose pools to end products (Figure 3), and the mag-
nitude of rate changes need not be reflected by propor-
tionate changes in glucose level due to regulatory
properties of brain. Similarly, rates of influx or efflux
of lactate to or from brain need not be proportionate
to its quantity in ECF. Precursor-product and concen-
tration-rate relationships are influenced by fuel supply,
‘‘coupling’’ of metabolic pathways, ‘‘tightness’’ of link-
age between glycolytic and oxidative pathways, and the
level of brain activity. For example, if CMRglc increases
by 2-fold during brain activation and if brain glucose
transport at the BBB and cell membranes also increases
by 2-fold as well as plasma glucose delivery, there will be
no change in glucose concentration.

Interpretation of changes in metabolite levels
requires identification of their source(s) and cause(s).
For example, glucose concentration is the net result
of rates of influx, efflux, and metabolism (Figure 3).
Under steady-state conditions, brain glucose level in
normal awake subjects is constant and approximately
equal to 20% that of arterial plasma, and the ECF
glucose concentration measured by microdialysis will
be similar. When CMRglc is constant, changes in
plasma glucose level will cause shifts in brain tissue
concentration, with large decrements when glucose
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delivery does not satisfy demand (e.g. during hypogly-
cemia) and smaller increments during hyperglycemia
because glucose efflux rate rises with increasing tissue
concentration.23,24 On the other hand, when plasma
glucose level is constant, large increases in CMRglc can
reduce brain glucose concentration to a new, lower
steady-state, whereas reduced CMRglc can cause glu-
cose level to rise, as during anesthesia. Knowledge of
arterial plasma metabolite levels and brain metabolic
rates is necessary to interpret changes in levels of extra-
cellular metabolites. In the absence of metabolic rate
assays, brain extracellular glucose and lactate levels
are more informative when compared with their arterial
plasma levels.

As noted above, a limitation of microdialysis assays
is correspondence of metabolite levels in a very small
tissue volume to the rest of the brain. Microdialysis
probes are commonly placed in white matter, gray
matter, and various locations relative to the site of
injury, and probe location has a high impact on
values of biochemical variables.7,25 For example, sam-
pling of tissue contralateral to a unilateral spreading
depression episode will not detect changes in glucose
and lactate levels caused by increased glycolysis.26,27

White matter has much lower blood flow and metabolic
rates than gray matter, with white and gray CMRglc in
awake humans of �0.18 and 0.33–0.4 mmol/g/min,
respectively28; these differences are even larger in

Figure 3. Sampling of brain extracellular metabolite levels versus assays of metabolism. Glucose is taken up and metabolized by

neurons and astrocytes via the glycolytic pathway (glucose to pyruvate), pentose phosphate shunt pathway (PPP), and tricarboxylic

acid (TCA) cycle. Glutamine is synthesized in astrocytes via the pyruvate carboxylase reaction to generate a ‘‘new’’ molecule of

oxaloacetate that condenses with acetyl CoA from a second pyruvate molecule to sequentially form a-ketoglutarate, glutamate, and

glutamine. The glutamine is shuttled to neurons where it serves as precursor for the glutamate and GABA neurotransmitter pools.

Glutamate released to interstitial fluid during excitatotory neurotransmission is avidly taken up into astrocytes, and converted (in part)

to glutamine for transfer back to neurons. This process is called the glutamate-glutamine (Glu-Gln) cycle and the cycle rate is directly

proportional to the rate of oxidative metabolism over a wide range of brain activity levels (reviewed by Rothman et al.22). Cerebral

metabolic rates (CMR) can be determined by assay of arteriovenous differences (A-V) and cerebral blood flow (CBF) rates to obtain

global rates, use of [18F]fluorodeoxyglucose-positron emission tomography (FDG-PET) to assay the hexokinase (HK) step and obtain

total glucose utilization, or assays of oxidation of 13C-labeled substates using MRS and metabolic modeling. Glycogen is contained

predominantly in astrocytes and it is a dynamic participant in brain metabolism. Microdialysis samples the ECs of compounds in ECF.

After entry into cells (IC: intracellular concentration), compounds are metabolized via different pathways to generate ATP that

provides energy for the cells. Note that ECs are the net balance of influxes and effluxes to and from blood and brain cells, whereas

intracellular concentrations are the net balance between transport and metabolism.

Glc: glucose; Lac: lactate; Pyr: pyruvate; Glu: glutamate; Gln: glutamine. Modified from Figure 1 of Dienel GA and Cruz NF.

Contributions of glycogen to astrocytic energetics during brain activation. Metab Brain Dis 2015; 30: 281–298. Copyright � 2014,

Springer ScienceþBusiness Media New York, with permission.
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awake rats.29 Glucose levels also differ in gray and white
matter in rodents,29–31 with differential gray-white
changes during anesthesia, ischemia, and seizures.32–34

Direct measurement of glucose levels in human brain
also shows differences in levels and transport parameters
in white and gray matter.35 Thus, white-gray matter dif-
ferences in metabolite level, blood flow rate, metabolic
rate, and responses to injury and anesthesia require a
conservative approach to interpret and extrapolate
microdialysis results to other brain regions.

Summary

Metabolite concentrations, metabolic rates, and ener-
getics are inter-related but represent different aspects of
the processes required to support brain function.

Hyperosmotic agents and cerebral energy
metabolism in TBI patients

Increased intracranial pressure (ICP) commonly
occurs after TBI, and it is a major cause of mortality.
It has been known for almost 100 years that intraven-
ous infusion of hyperosmolar solutions may decrease
cerebrospinal pressure.36 The primary mechanism
for reduction of ICP is by increasing the osmotic gra-
dient across the BBB for substances which do not freely
diffuse across this barrier. The effective osmotic pres-
sure across a membrane that is partly permeable to the
solutes is, however, less than the theoretically ideal
osmotic pressure. To account for this difference, the
reflection coefficient (s) was introduced. The values of
s range from 0 to 1 depending on the relative perme-
abilities of the membrane to water and to solute. If the
membrane is impermeable to the solute but not to
water s equals 1, and if the permeability of the solute
is identical to the diffusion coefficient in water the
effective osmotic pressure and s equal 0. The two
hyperosmolar solutions most often used in neurocritical
care are mannitol and hypertonic NaCl. The BBB
reflection coefficients are for mannitol and sodium
approximately 0.90 and 1.0, respectively. Some pub-
lished studies have suggested that hypertonic NaCl
should be considered the gold standard for treatment
of increased ICP.37,38 However, a review of existing
data did not support favoring boluses of hypertonic
saline over mannitol in terms of ICP control.39

Sodium lactate (500mmol/L) has been suggested as a
more effective therapy of increased ICP than manni-
tol,40 and in a double-blind, randomized, controlled
trial, this solution was more effective in reducing the
number of episodes of increased ICP than was isotonic
saline in patients with TBI.41 Further, it has recently
been claimed that hypertonic sodium lactate
(1000mmol/L) – besides the known effects obtained

by any hyperosmolar drug – will have specific beneficial
effects regarding cerebral energy metabolism.17,42

If, in a patient with compromised cerebral blood
flow due to high ICP, hyperosmolar therapy decreases
ICP, improvement of cerebral energy metabolism
would be expected. In a series of patients with cerebral
hemorrhage and ICP >20 mmHg, infusion of mannitol
(1 g/kg) resulted in a significant decrease in ICP and
cerebral LP ratio, increased cerebral perfusion pressure,
and unchanged PbtO2 and concentration of cerebral
glucose.43 In a study of patients treated with hypertonic
sodium lactate therapy (1000mmol/L), the authors
reported a significant decrease in ICP while LP
ratio remained unaffected and PbtO2 decreased.42 The
decrease in ICP is, however, fully explained by the fact
that a hyperosmolar sodium solution was infused.
In this, as well as in their following study,17 the authors
concluded that ‘‘improvement in brain energetics’’ was
obtained due to infusion of hypertonic lactate. This
conclusion was based exclusively on the observation
that tissue glucose concentration increased.

Summary

Interpretation of microdialysate metabolite concentra-
tion changes as surrogates of brain metabolic rates is
seriously flawed. In the following biochemical discus-
sion, we will clarify why this interpretation is erroneous
and misleading.

Lactate supplemententation
for treatment of TBI patients

Why flood the brain with lactate?

A number of publications have alluded to or empha-
sized the use of lactate as supplemental brain fuel after
TBI by association with the notion of astrocyte-
to-neuron lactate (ANL) shuttling.44 The ANL shuttle
model is based on glutamate-evoked release of lactate
from cultured astrocytes, with the idea that glycolysis
provides the ATP needed for astrocytic uptake of
neurotransmitter glutamate and its conversion to glu-
tamine (Figure 3) and the assumption that the released
lactate is oxidized by nearby neurons. Lactate is a sup-
plemental brain fuel when its blood level is elevated
during exercise or lactate infusion, but ANL shuttling
has never been quantified and validated as being meta-
bolically significant in living brain, and the cellular
source(s) of lactate in brain have not been identified.
In fact, there are many independent lines of strong evi-
dence against the lactate shuttle model. For example,
glutamate-evoked lactate release is not a robust pheno-
type of cultured astrocytes, glutamate is oxidized by
cultured astrocytes to generate more ATP than
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glycolysis, lactate oxidation coupled with glycolysis
requires a parallel rise in CMRO2 with CMRglc during
brain activation that does not occur (i.e., OGI falls
during brain activation), and lactate oxidation would
cause trapping of labeled metabolites of glucose to the
same extent as the rise in glycolytic rate, which does not
occur during brain activation.20 For these reasons, lac-
tate shuttling and utilization have been a controversial
issue.45–54 Importantly, in vitro studies have shown that
lactate can maintain ATP levels but not sustain neur-
onal signaling, underscoring unidentified but critical
roles of glucose metabolism upstream of pyruvate/lac-
tate for neuronal function.55–59 In the present context,
the major issue is not lactate metabolism, but whether
microdialysate metabolite levels are useful to determine
if lactate flooding has beneficial metabolic and energetic
effects for TBI patients. Because the metabolic efficacy
of lactate supplementation depends on functional integ-
rity of mitochondria, prior assessment of oxidative cap-
ability in each patient is required when metabolic
benefits of lactate are to be evaluated.

Metabolic rates in TBI patients

TBI patients typically have below-normal CMRglc and
CMRO2 (Table 1), due to sedation/anesthesia and
injury. OGI is also reduced in TBI patients, indicating
enhanced glycolysis, with lactate release to blood
denoted by negative CMRlac (Table 1). When expressed
in glucose equivalents, CMRlac is typically less than

about �5% of CMRglc in both normal and TBI brain
(Table 1). However, much higher lactate release, equal
to 14–22% of glucose uptake, has been reported after
TBI, and prognosis of TBI patients is worst when lac-
tate release is highest.11,60 Adverse outcome after TBI
frequently derives from a ‘‘metabolic crisis’’ associated
with ‘‘hyperglycolysis’’ and very high LP ratio, perhaps
due to mitochondrial dysfunction with reduced
CMRO2

61 or spreading depression that is known to
increase glycolysis, brain lactate level, and lactate
efflux to �22% of glucose influx in rat brain.26

Assessment of metabolic effects of lactate supple-
mentation in TBI patients

Infusion of hypertonic sodium lactate is effective in redu-
cing intracranial pressure in TBI patients,40,41 and it is
important to determine whether this procedure has add-
itional beneficial or harmful outcomes on patients.
Oddo, Magistretti, Pellerin, and colleagues are propon-
ents of the ANL shuttle concept and they have embraced
the notion of lactate as supplemental fuel for TBI
patients to spare glucose and improve brain metabolism
and energetics. Reports by the above group involved
patients (i) with sustained decreases in microdialysate
glucose levels, (ii) given 3h of hypertonic sodium lactate
infusions, or (iii) with elevated lactate levels under hyp-
oxic and non-hypoxic conditions. The authors claimed
that elevated lactate levels due to infusion into blood or
generation within brain support the idea that it is fuel for

Table 1. Representative metabolic rates in traumatic brain-injured (TBI) and control patients.

Ref. Group

Blood

(mmol/mL)

CMRglc

(mmol/g/min)

Glc consumed

in 1 h (mmol/g)

CMRO2

(mmol/g/min)

CMRlac

(mmol/g/min) OGI OCI

0.5CMRlac/

CMRglc (%)

Glucose Lactate

1 Control 4.6 0.74 0.25 14.9 1.38 �0.02 5.59 5.82 �4.0

TBI 6.8 1.54 0.19 11.4 0.63 0.004 3.28 3.25 þ1.1

2 Control 6.0 1.13 0.27 16.3 1.09 �0.017 4.03 4.15 �3.0

TBI 6.3 0.93 0.16 9.6 0.55 �0.017 3.42 3.61 �5.3

3 TBI 0.18 10.8

4 TBI 0.16 9.6

Mean for TBI 0.17� 0.02 10.4� 0.9

Note: Values are means from reference (ref.) 1, Table 2 of Glenn et al.10; ref. 2, Table 1 of Glenn et al.62; ref. 3, Table 2 of Vespa et al.61; and ref. 4,

Table 2 of Hutchinson et al.63 Reported values were converted to molar units when necessary, and ratios were calculated from mean values. CMR

denotes cerebral metabolic rate for the indicated substrate; Glc: glucose; Lac: lactate. The total amount of glucose consumed during a 1 h microdialysis

sampling interval was calculated (CMRglc� 60 min) for comparison to net concentration changes of metabolites in microdialysate in Table 2. The mean

values for CMRglc and total glucose consumed in 1 h for TBI patients for the four studies are 0.17 mmol/g/min and 10.4 mmol/g. OGI: CMRO2/CMRglc.

OCI: oxygen-carbohydrate index¼CMRO2/(CMRglcþ 0.5 CMRlac). OGI has a theoretical maximal value of 6.0, due to the stoichiometry of 6 O2

consumed per glucose oxidized. OCI takes into account the net total carbohydrate taken up/released across the blood–brain barrier but usually does

not account for any glycogen consumed. OGI and OCI values below �5.4–6.0 indicate that non-oxidative metabolism (mainly glycolysis) predominates.

Because stress and intravenous adrenaline stimulate non-oxidative metabolism in brain and depress OGI and OCI,64 the controls in ref. 2 may have

been more stressed during the procedures than those in ref. 1. Negative values for CMRlac denote release from brain. Lactate was converted to glucose

equivalents by dividing by two. Note that lactate uptake and metabolism in one TBI group represents only 1% of CMRglc, whereas in all other groups

�3–5% of the glucose metabolized was released to blood as lactate.
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injured brain, with glucose-sparing and beneficial effects
on brain metabolism and neuroenergetics. However,
metabolism and energetics were never measured, and
their interpretation of favorable metabolic-energetic out-
come is based on microdialysate metabolite concentra-
tion changes determined in visually normal subcortical
white matter in conjunction with other standard meas-
ures, e.g. PbtO2 and cerebral perfusion pressure to iden-
tify ischemia/hypoxia. Their unsubstantiated conclusions
have the potential to influence implementation of new
treatment protocols without appropriate testing and,
therefore, require careful evaluation.

How can concentration changes be interpreted when
there is no direct measure of metabolism? Hutchinson
et al.63 analyzed data from individual TBI patients and
reported linear relationships between local CMRglc and
corresponding lactate and pyruvate concentrations, but
not for glucose level or LP ratio, which are critical vari-
ables for patient status diagnosis (Figures 1 and 2).
However, an earlier study by Vespa et al.61 found no
significant correlations among microdialysis values and
CMRglc. These discordant findings suggest that changes
in extracellular metabolite levels are unlikely to be pre-
dictive of metabolic rate because concentrations are
influenced by many factors, including probe location
and evolution of pathophysiology.

Microdialysate concentration changes vs.
total glucose consumed

The conclusion that microdialysate concentration
changes are not useful representations of CMRglc is
further supported by comparisons to total glucose con-
sumed during the microdialysis sampling interval and
calculation of the time required to produce the
observed microdialysate concentration change at a
given CMRglc. In the first case, the total amount of
glucose consumed during a time interval is the product
of CMRglc (mmol/g/min) and time; this calculation con-
verts glucose metabolic rate to the same units as con-
centration so that the total amount of glucose that
traversed from blood through the extracellular glucose
pool can be compared to the size of the ECF pool (see
Figure 3, bottom). The reference for CMRglc calculated
from means of four separate cohorts of TBI patients at
different institutions was 0.17mmol/g/min, and the
mean amount of glucose consumed in 1 h was
10.4 mmol/g (Table 1). The 1 h interval corresponds to
the white-matter microdialysis sampling period used by
the Oddo-Magistetti group.16,17,42,65 In the second case,
times to produce reported microdialysate concentration
changes were calculated from the change in metabolite
concentration (mmol/g) divided by the mean CMRglc in
TBI patients of 0.17mmol/g/min; the lower the metab-
olite level, the faster it can change.

Table 2 summarizes microdialysate metabolite levels
reported in several studies of TBI patients from which
changes in ECs of glucose, lactate, and pyruvate, glu-
cose equivalents of lactate and pyruvate, and blood/
brain concentration ratios were calculated. The first
data set presents the mean normal reference values
from Figure 1, and the second data set provides data
from TBI patients (ref. 4 in Table 1) that have a
CMRglc slightly below the mean TBI value and who
have a high LP ratio. The third data set (ref. 3) com-
pares a cohort of patients before and during 2 h of
reduced extracellular glucose level and 4th and 5th
sets are from patients before and during lactate infu-
sions. As a first approximation, the change in extracel-
lular glucose concentration during the 1 h microdialysis
sampling interval is compared with the total amount of
glucose consumed in 1 h; this is the amount of glucose
that was taken up from plasma per gram brain, diffused
through ECF into intracellular fluid, and metabolized
(see Figure 3). In Table 2, data set 3, the extracellular
glucose concentration fell by 0.6mmol/ml during the
glucose depletion episode, equivalent to 5.8% of the
total glucose consumed, and this extracellular concen-
tration change could have occurred within 3.5min (see
the bolded numbers in Table 2). Similar calculations for
the lactate infusion studies 4 and 5 in Table 2 reveal
that the rise in extracellular glucose concentration cor-
responded to about 4–8% of the total glucose con-
sumed, and the changes could have ocurred within
2–5min. Changes in extracellular lactate and pyruvate
concentrations (after their conversion to glucose
equivalents by dividing by two) are also small fractions
of the total glucose consumed, <10% for lactate and
<0.3% for pyruvate (bolded numbers in Table 2), and
these concentration changes could take place within
5min for lactate and within 0.1min for pyruvate.

Impact of small ECF volume

When the ECF volume fraction and brain water con-
tent are taken into account, the extracellular concentra-
tion changes as percent of total glucose metabolized are
actually much smaller, only about 15% (i.e. 0.2� 0.77)
of the bolded values shown in Table 2. For example, for
ref. 3, Table 2, the change in glucose concentration is
0.6 mmol per ml of ECF. Multiply 0.6mmol/ml by 0.2ml
ECF/ml brain water and by 0.77ml brain water/g brain
tissue to obtain 0.09mmol/g as the concentration
change in brain tissue represented by the change in
ECF. This amount corresponds to �0.9% of the
10.4 mmol/g glucose taken up from plasma and meta-
bolized. In other words, for each molecule of glucose
depleted from ECF, 116 molecules of glucose passed
through the same pool from plasma to brain cells
where they were metabolized. Similar calculations can
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be made for the changes in all metabolite levels during
lactate supplementation. All changes in ECF concen-
trations are tiny fractions of the fluxes through the
metabolite pools, demonstrating that any relationship
of extracellular concentration change to metabolic rate
is weak. Furthermore, even if the reference CMRglc

(Table 1) differed by� 100% from the true rate in
the TBI patients in Table 2 (e.g. due to regional or
gray-white matter rate differences), the percentages
of glucose metabolized and the times to generate the
concentration changes would still be small. Finally, the
observed concentration changes can occur within a
small fraction of the 1 h duration of the microdialysate
sampling interval, indicating that they must be either
very large or prolonged to change by >10–15% in 1 h
samples.

Effects of lactate supplied to brain vs.
lactate generated within brain

A striking outcome of the analysis in Table 2 is that
the data derived during 3 h hypertonic lactate infusion
(calculated for references 4 and 5) were similar to those
in ‘‘2 h glucose-depleted’’ subjects (calculated for refer-
ence 3). The glucose-depleted cohort probably had high
glycolytic rates, based on near-normal blood glucose
level, elevated pyruvate level, high LP ratio, and low
brain/blood glucose ratio, characteristics similar to the
profile of mitochondrial dysfunction in Figure 2. The
lactate dialysate concentration changes as a percent of
glucose consumed and short times to achieve the
changes do not distinguish between effects of lactate sup-
plementation and glycolytic lactate production in brain

Table 2. Changes in microdialysate metabolite levels in brain-injured patients with or without lactate supplementation correspond

to a very small fraction of the estimated total amount of glucose metabolized during the same interval.

Ref. Group
Blood (mmol/mL)

Concentration in

microdialysate (mmol/mL)

Brain/blood

ratio

Glc Lac Glc Lac Pyr LP ratio Glc Lac

1 Normal brain of awake humans, baseline 1.7 2.9 0.166 23

2 TBI baseline with CMRglc¼ 0.16 mmol/g/min 1.43 4.55 0.163 32.1

3 TBI/SAH baseline 7.8 0.9 1.3 4.0 0.127 27 0.17 4.4

2 h Glc depletion 6.5 0.9 0.7 5.4 0.172 35 0.11 6.0

Difference (Glc depleted-baseline) �1.3 0 �0.6 1.4 0.045

Glc equivalents of difference �0.6 0.7 0.023

% of Glc metabolized in 1 h 5.8% 6.8% 0.2%

Time to cause concentration change (min) 3.5 4.1 0.1

4 TBI baseline 1.0 1.4 3.1 0.116 27.0

TBIþ 3 h Lac infusion 6.1 2.2 5.1 0.180 28.0

Difference (infused – baseline) 5.1 0.8 2.0 0.065

Glc equivalents of difference 0.8 1.0 0.03

% of Glc metabolized in 1 h 7.7% 9.7% 0.3%

Time to cause concentration change (min) 4.6 2.9 0.1

5 TBI baseline 7.4 1.0 1.5 2.8 24 0.20 2.8

TBIþ 3 h Lac infusion �7.5 �5 �1.9 �4.4 �0.25 0.8

Difference (infused – baseline) 0.1 4 �0.4 �1.6

Glc equivalents of difference 0.4 0.8

% of Glc metabolized in 1 h 3.9% 7.7%

Time to cause concentration change (min) 2.3 4.6

Note: Values are means from reference (ref.) 1: Table 2 of Reinstrup et al.3; ref. 2: Table 2 of Hutchinson et al.63; ref. 3: Table 2 of Patet et al.16; ref. 4:

text and Figure 3 of Bouzat et al.42; ref. 5: Table 2 and maximal values that were emphasized by the authors that were from their text and estimated

from their Figure 1 (note: these values are not as accurate as desired due to lack of ordinate scale marks in their Figures 1 and 2 and small differences in

baseline values reported in their Table 1 and Figure 1) of Quintard et al.17 TBI: traumatic brain injury; SAH: subarachnoid hemorrhage; Glc: glucose; Lac:

lactate; Pyr: pyruvate; LP: lactate/pyruvate ratio. Brain/blood ratios were calculated from reported mean values. The estimated total amount of glucose

metabolized in a 1 h microdialysis sampling interval (10.4 mmol/g) was calculated using the mean CMRglc in four cohorts of TBI patients in Table 1

(0.17mmol/g/min� 60 min). For simplicity, 1 g tissue was equated with 1 mL (¼1 g) microdialysate and the small volume fraction of extracellular fluid

(�20%,18,19) compared with brain tissue was disregarded. Glucose equivalents for pyruvate and lactate were calculated by dividing their concentrations

by two; these values were used to calculate % of total glucose metabolized in 1 h (i.e., concentration difference/glc metabolized) and calculate the time

to cause the concentration change (i.e., concentration difference/mean CMRglc).
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and the two situations could not be differentiated in a
blinded study.

Peripheral effects of lactate flooding

Lactate supplementation probably increases pyru-
vate levels in blood due to conversion from lactate in
peripheral tissues and red blood cells, causing greater
pyruvate uptake into brain. Interpretation of brain
metabolite levels and LP ratio after hypertonic
sodium lactate infusion, therefore, requires knowledge
of glucose, lactate, and pyuvate levels and LP ratio in
arterial plasma.46 Because brain pyruvate concentra-
tions are very low, their levels can change by the
reported amount within 0.1min (Table 2). This six-
second response time for pyruvate compared with
longer times for lactate (2.9–4.6min, Table 2) indicates
that rapid changes in pyruvate level can have a high
impact on LP ratio.

Summary

Extracellular metabolite concentration changes are
influenced by the actual blood and brain concentra-
tions relative to their transport and metabolic rates,
and they are not sensitive indicators of metabolic
rate, metabolic improvement, or metabolic decre-
ment. Significantly, analysis of concentration changes
does not distinguish between effects of lactate sup-
plementation and ‘‘hyperglycolysis.’’ Therefore, in
the absence of metabolic studies, it is not appropri-
ate to interpret extracellular concentration changes in
terms of metabolism or neuroenergetics, and such
conclusions are not useful for evaluation of patient
outcome.

Concentration-metabolic rate
discordance under conditions
relevant to TBI

Sensory stimulation, physiological stress, adrenaline
release to blood, spreading depression, and seizures
are all pertinent to patients with severe brain injury.
Each of these situations could independently contribute
to changes in brain metabolite levels and metabolic
rates after TBI and increase the complexity of interpret-
ation of microdialysate lactate concentration changes.
To extend the number of situations in which predictors
of cerebral metabolic rates would be useful for analysis
of TBI patients, examples from studies in experimental
animals (that cannot be carried out in human patients)
are tabulated in Table 3. The calculations are similar to
those described for Table 2, except that all but one of
the data sets in Table 3 are brain tissue concentrations,
i.e. intracellular plus ECs.

Activation of normal brain causes aerobic glycolysis

Neurointensive-care patients receive various types of
physiological stimuli that can influence brain blood
flow and metabolic activity when awake or sedated.
Generalized sensory stimulation of awake rats for 5
or 10min increased CMRglc more than CMRO2 thereby
causing OGI to fall, small amounts of lactate accumu-
lated in brain, and glycogen was consumed (Table 3,ref-
erences (ref.) 1 and 2). CMRglc rose by �25–45%, and
total tissue glucose and lactate levels changed but the
concentration differences corresponded to only �2–8%
of glucose consumed; glycogen consumption corres-
ponded to 4–12% of glucose metabolized (Table 3).
These animals were not fasted and they moved in
response to stimulation, causing blood (ref. 1) and
plasma (ref. 2) glucose and lactate levels to increase
and contribute to increased brain levels. Because the
brain/plasma or brain/blood ratios for glucose were
similar during rest and stimulation in both studies,
the rise in brain level was due to increases in blood.
Thus, the higher metabolic rate during stimulation
was maintained by increased flux of glucose from
blood to brain cells without reducing brain tissue glu-
cose level. In the absence of knowledge of OGI and
CMRglc, the 10% rise in brain glucose level might be
mis-interpreted as a consequence of reduced CMRglc or
utilization of endogenously generated lactate as supple-
mental fuel.

Brief visual stimulation of anesthetized cats and use
of high-speed electrochemical sensors and microelec-
trodes revealed immediate decreases in extracellular
glucose level and concomitant increases in extracellular
lactate level that coincided with and were proportional
to neuronal spiking rate.69 One representative example
is provided in Table 3 (ref. 3), and calculation of these
extracellular changes as percent of total glucose con-
sumed in Table 3 took into account the estimated meta-
bolic flux of blood glucose through the extracellular
pool as explained in the legend. This calculation had
the effect of reducing the apparent relationship between
changes in lactate and glucose levels. Theþ 0.1 mmol/L
glucose equivalents for lactate vs. �0.5mmol/L glucose
correspond to a rise in extracellular lactate equivalent
to 20% of the decrease in glucose level. However,
when compared with the estimated amount of total glu-
cose consumed (0.32 mmol/g delivered from blood
plus 0.5mmol/g extracellular glucose consumed¼
0.82 mmol/g), the lactate released to ECF actually cor-
responds to 12% of total glucose metabolized, not
20%. The results were appropriately interpreted by
the authors who took into account factors that influ-
ence extracellular metabolite concentrations. On the
other hand, the editorial highlight of this study by
Leloup75 went beyond the data and authors’
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interpretation to associate their work with ANL shut-
tling. LeLoup’s discussion included studies by Hu
and Wilson79,80 that measured extracellular glucose
and lactate concentration changes in response to
strong electrical stimuli that may have caused seizures.
These concentration changes were ascribed to lactate
shuttling,79,80 but data were mis-interpreted because a
change in lactate level does not provide any informa-
tion about lactate shuttling. Furthermore, the contribu-
tions of changes in extracellular glucose and lactate
levels to total metabolism were overestimated by Hu
and Wilson because they did not take into account
the metabolic through-flux of blood-borne glucose
(see Table 7 of Dienel47).

Similar discordance between rate and concentration
changes has been found in studies of human visual
cortex. Positron-emission tomographic (PET) and 1H
magnetic resonance spectroscopy (MRS) studies of
visual stimulation paradigms revealed increased glucose
consumption by over 30% with transient lactate con-
centration increases of only 0.2–0.3 mmol/g and even
smaller drops in glucose level.81–86 Although the MRS
measures total brain glucose (mostly cellular), rapid
diffusion of both glucose and lactate across neuronal
and glial membranes suggests that these changes are
reflected in the ECF and they are consistent with the
findings described above. MRS assays of labeled
metabolites recovered in the microdialysate after inser-
tion of labeled precursors into brain87,88 are anticipated
to be much less useful than in vivo MRS assays after
intravenous infusion of labeled precursors because the
recovery of labeled compounds in microdialysate is
low, long collection times must be used (24 h-pooled
samples), and samples only report ECF, excluding pre-
dominantly labeled intracellular compounds (e.g. glu-
tamate) relevant to glutamate-glutamine cycling and
oxidative metabolism rates. Demonstration of lactate
oxidation88 provides no evidence to confirm the ANL
model, as erroneously claimed.89

Stress

TBI patients are subjected to various types of stressful
events that can cause adrenal release of adrenaline into
blood and influence brain metabolism via vagus nerve
signaling and norepinephrine release.20,90 Adrenaline
treatment increased CMRO2 2-fold (Table 3, ref. 4).
CMRglc was not measured in this study, but, when cal-
culated from CMRO2 and OGI, CMRglc would double if
OGI¼ 6, and it would increase further if OGI were <6.
Adrenaline increased plasma glucose level by 60%, with
a proportionate increase in brain glucose level; brain/
blood ratios were similar to control. The net change in
brain glucose level corresponded to 15% of the total
glucose consumed, whereas brain lactate and glycogen

levels were stable. This study is notable because
increased respiration rate was associated with elevated
blood and brain glucose levels, presumably due to stimu-
lation of liver and muscle glycogenolysis. In this case,
increased glucose supply from blood matched the ele-
vated oxidative rate, and the rise in brain glucose level
reflected that in blood, not glucose sparing or a reduc-
tion in CMRglc.

Spreading depression

Spreading depression is common after brain injury
and subarachnoid hemorrhage, and repeated spread-
ing depolarizations in rat brain increased CMRglc by
45% (Table 3 , ref. 5), with a small decrease in tissue
glucose level indicative of the inability of glucose
supply to fully match increased demand. There was
also a 3.4-fold rise in tissue lactate level. Both glucose
and lactate concentration changes corresponded to
small fractions of total glucose consumed and could
have been attained within minutes. On the basis of
parallel assays27 with [14C]deoxyglucose to measure
total CMRglc at the hexokinase step and with
[6-14C]glucose to estimate oxidative metabolic rate
based on trapping of labeled metabolites in tissue via
dilution into the large amino acid pools (see Figure 3),
CMRlac was calculated to be �0.98 mmol/g/min (rate
of net release from brain). Arteriovenous assays of
lactate release gave CMRlac about half of this rate,26

and the rest of the lactate is assumed to be released
from brain via perivascular-lymphatic drainage.73,74

To sum up, levels of lactate retained in brain do not
fully represent the extent of glycolytic upregulation.
Brain lactate generated by hyperglycolysis is rapidly
released, little lactate, if any, is oxidized, and assays of
brain metabolite concentrations, lactate release to
blood, and CMRglc at the hexokinase step are not suf-
ficient to fully evaluate lactate production and release
from brain.

Seizures

Seizures may also occur after brain injury, and a brief
seizure that increased CMRO2 and CMRglc by about
3- and 4-fold, respectively, reduced respective glucose
and glycogen levels by 60% and 26%, raised lactate
level 4-fold, and doubled pyruvate level, all within
one minute (Table 3, ref. 6). OGI fell from 5.7 to 3.8
and the LP ratio doubled, indicative of hyperglycolysis.
The large increase in respiration implies adequate
oxygen levels and functioning mitochondria. In con-
junction with increases in lactate and pyruvate levels,
these metabolic changes resemble the profile exhibited
by mitochondrial dysfunction (Figure 2), but it is more
likely that fast, massive upregulation of glyolytic rate
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during the seizure greatly exceeded oxidative capacity
(and probably BBB lactate transport capacity) to
resemble effects of mitochondrial dysfunction.
Changes in glucose and lactate levels corresponded to
large fractions of total glucose consumed (Table 3) and
demonstrated that glucose supply did not match the
high metabolic demand. Thus, spreading depression
and seizures increase CMRglc and brain lactate accu-
mulation, with depletion of brain glucose. If lactate
were a preferential fuel, it should be quickly oxidized.
Instead, much lactate is released to blood, presumably
due to limitations of its oxidation in the absence of
prior injury.

Summary

Sensory stimulation, stress responses, spreading depres-
sion, and seizures can have strong, independent influ-
ences on brain metabolism, contributing to the effects
of the injury and recovery processes. These situations
increase the complexity of interaction of plasma and
brain glucose levels, metabolic rate, and transport, as
illustrated in Table 3. All concentration changes, except
during seizures, corresponded to a small fraction (0.1–
12%) of the total glucose consumed during the assay
interval, and they could have occurred within 3min.
The magnitude and direction of changes in tissue glu-
cose level do not reflect the magnitude of change in
CMRglc. Changes in extracellular metabolite levels are
informative but insufficient to evaluate changes in lac-
tate or glucose metabolism or metabolic benefit from
lactate flooding.

Contributions of lactate supplementation
to brain oxidative metabolism

In the absence of metabolic studies to validate cerebral
metabolism of lactate supplements given to TBI patients,
potential contributions of lactate to brain oxidative
metabolism can be estimated from studies in normal
humans during lactate infusions or graded-intensity
exercise. Studies using MRS and arteriovenous (A-V)
differences have looked at the relationship between
plasma lactate concentration, brain levels of lactate,
and the rate of lactate oxidation,52–54 and at physio-
logical plasma lactate levels of <1mmol/L, net lactate
oxidation by brain is negligible. Even at the relatively
high resting physiological level of �3mmol/L lactate in
plasma and 2mmol/g lactate in brain achieved by modest
lactate infusions into sedentary human subjects, <10%
of brain energy metabolism is supplied by lactate
(Figure 4). Resting brain lactate levels in carefully
handled sedentary animals and humans are generally
<1mmol/g and rise to �2mmol/g during brain activa-
tion, and any utilization of this lactate will contribute

<10% to total oxidation, with glucose providing >90%
(green arrows and text, Figure 4). The higher microdia-
lysate lactate levels in TBI patients (�3–5mmol/L,
Table 2), if oxidized, may contribute �10–20% to total
oxidation. The above studies showed that lactate has the
potential of supplying up to �40% of total brain oxida-
tive metabolism, but this occurs at extremely high lactate

Figure 4. Fractional contribution of brain lactate to total oxi-

dation as function of brain lactate concentration. Boumezbeur

et al.54 infused [13C]lactate into human subjects and measured its

oxidation rate in brain. The linear regressions from their Figure 6

were used to calculate brain lactate levels from arterial plasma

lactate levels at 0.5 mmol/mL intervals using their equation [lac-

tate]brain¼ 0.63 [lactate]plasma. These data were plotted against

the corresponding calculated values for CMRlactate, calculated

with their equation, CMRlac¼ 0.019[lac]plasma – 0.007; CMRlac is

expressed as % VTCA, where VTCA¼ 0.65 mmol/g min and rep-

resents the total oxidation rate in neurons plus glia.54 The

plotted points illustrate the approximate fractional rates of lac-

tate oxidation at plasma and brain lactate levels arising from the

modest lactate intravenous infusion schedule. Actual values

measured by Boumezbeur et al.54 and plotted in their Figure 6(c)

would be distributed around this regression line. These results

demonstrate that within the range of brain lactate levels in

normal resting and activated brain in sedentary subjects, lactate

contributes �2–8% to total oxidation and glucose accounts for

the remaining 92–98%. The green text indicates the range of

brain lactate levels in normal activated brain in sedentary rodents

that have lower arterial plasma lactate levels and an outward,

brain-to-blood lactate gradient. The red text denotes the point

above which arterial plasma levels rise during progressively

increasing intensity of exercise or of higher lactate infusion

schedules causing an inward, blood-to-brain lactate gradient.

CMRlac: cerebral metabolic rate for lactate; TCA: tricarboxylic

acid; VTCA: total oxidation rate in neurons and astrocytes.

Modified from Figure 10(c) of Dienel GA, Fueling and imaging

brain activation. ASN Neuro 2012; 4:267–321.Copyright � 2012,

The Author, with permission.
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levels (>15mmol/L) that are not viable from infusions
and only occur physiologically during prolonged, intense
exercise.

Summary

Plasma lactate is not a major fuel even under several
fold elevated conditions. Based on 13C MRS studies
under physiological and several fold elevated plasma
lactate levels, the proportion of neuronal and glial lac-
tate oxidation is the same as that for glucose, which
argues against preferential neuronal uptake. In add-
ition, lactate did not increase total brain metabolism
as measured by MRS.54

Alternative perspectives of changes in
microdialysate glucose and lactate levels

The studies in Table 2 provide a number of interesting
observations that the authors interpreted with a focus
on lactate as supplemental fuel. The goal of the follow-
ing discussion is to expand the conversation on lactate
metabolism by providing additional considerations and
alternative data interpretations related to use of hyper-
osmotic sodium lactate supplementation.

Glucose depletion

In the Patet et al.16 study (Table 2, ref. 3), the mean
glucose level in the ‘‘glucose-depleted’’ group was
0.7mmol/L (1mmol/L when corrected for 70% recovery
in microdialysate), and 80% of the glucose depletion
episodes were associated with LP ratios >25. These find-
ings, along with increased levels of lactate and pyruvate,
are consistent with increased glycolysis caused by
unidentified circumstances, as concluded by the authors.
Hyperglycolysis may have arisen from spreading depres-
sion, seizures, or mitochondrial dysfunction (Figure 2,
Table 3). Lactate was probably not an oxidative fuel in
the glucose-depleted patients because the LP ratio is sub-
stantially elevated. Lactate efflux from brain to blood
down its 6:1 concentration gradient (Table 2) was not
measured by Patet et al., but was probably substantial,
based on studies in TBI patients (Table 1) and animal
studies of spreading depression (ref. 5, Table 3). The Km

(substrate concentration at which the reaction velocity is
half-maximal) of brain hexokinase for glucose is
�0.05mmol/L,91 and, based on Michaelis–Menten kin-
etics (v¼VmaxS/(KmþS), where v¼ reaction velocity,
Vmax is maximal velocity, and S is substrate level), hex-
okinase would operate at 93% of Vmax at 0.7mmol/L
glucose. In other words, this glucose level should be able
to support CMRglc in white matter where the probe was
implanted. Based on analysis of the results in Tables 2
and 3, the percent changes in microdialysate lactate and

glucose concentrations presented in Figure 5 of the
Patet et al.16 report are not useful for analysis of
CMRglc and CMRlac. Furthermore, there is no evidence
for their assumptions that astrocytes are the source of
the lactate, that lactate is supplemental fuel, for the
causes of increased glycolysis, or justification for
extrapolation of values in ‘‘normal’’ white matter to
other brain regions. Spreading depolarizations can
cause complex metabolic changes,26,27,92 and monitoring
of patients for spreading depression may help establish
the basis of hypgerglycolysis. Conclusions regarding lac-
tate metabolism65 cannot be drawn from its concentra-
tion, as emphasized by Veech.93

‘‘Glucose sparing’’ and mitochondrial dysfunction

Lactate infusion into TBI patients by Bouzat et al.
(Table 2, ref. 4) increased extracellular lactate, pyruvate,
and glucose levels, and these findings were interpreted as
beneficial, based on ‘‘glucose sparing’’ and provision of
supplemental oxidative fuel. Limitations of this study
have been previously identified,46,94 including lack of
assays of brain metabolism and blood pyruvate level;
changes in extracellular glucose or lactate concentration
do not provide sufficient information to evaluate metab-
olism and energetics. Also, it is likely that increased
brain pyruvate was due, in part, to uptake of blood
pyruvate after peripheral lactate metabolism, so the
brain LP ratios and percent changes in brain pyruvate
level presented in Table 2 and Figure 5 of Bouzat et al.42

have no interpretive value. Another critical issue is that
67% of TBI subjects had a baseline LP ratio>25, raising
the likelihood of mitochondrial dysfunction or ‘‘hyper-
glycolysis’’ prior to lactate infusion. Increased brain glu-
cose level secondary to lactate flooding in TBI patients
that may have oxidative metabolism impairment is also
likely in the Quintard et al.17 report (Table 2, ref. 5). In
this study, microdialysate glucose levels increased only in
patients with LP ratio >25, not in those with an LP ratio
<25. The high LP ratio suggests the inability to metab-
olize the lactate, and raises the concern that capacity for
oxidative metabolism was not verified before lactate
flooding. In fact, when oxidative metabolism and
PbtO2 are adequate (LP ratio< 25), glucose oxidation
is probably sufficient to support brain’s energy demands
and exogenous lactate is not necessary.

It is also noteworthy that publication titles and some
topic headings in the lactate-related reports in Table 2
are not appropriate because neuroenergetics, neuroener-
getic response, and metabolism of glucose and lactate
were not measured. Accurate descriptive language and
rigorous interpretation of data are necessary for devel-
opment and evaluation of new experimental protocols
for use in TBI patients. To summarize, neurocritical
intensivists should ensure that cerebral oxidative
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metabolism is not impaired when hypertonic sodium lac-
tate is used to reduce intracerebral pressure or modify
brain energy metabolism. If oxidative metabolism is
abnormal, there is no point in increasing brain lactate
level by lactate supplementation because lactate will be
poorly metabolized, if at all, and high lactate levels are
likely to worsen outcome.

Potential consequences of lactate flooding

Lactate flooding causes intracellular acidification95 that
may reduce the activity of a major glycolytic regulatory
enzyme, phosphofructokinase (Figure 5). This enzyme

has a steep activity-pH profile and is inhibited by small
decreases in pH.96,97 Also, lactate flooding may raise
NADH levels, thereby reducing the availability of
NADþ for glycolysis (Figure 5). High NADH levels
and phosphofructokinase inhibition will also impair
utilization of glycogen in astrocytes (Figures 3 and 4),
potentially disrupting roles of glycogen in Kþ and Ca2þ

homeostasis.98,99 The pentose shunt pathway is import-
ant for management of oxidative stress and provision
of precursors for biosynthesis (Figure 5). Pentose
shunt flux is high shortly after brain injury, and lactate
produced after passage through this pathway was
released to blood where it was assayed in TBI and

Figure 5. Metabolic pathways that may be affected by lactate flooding of brain after traumatic brain injury. Entry of large amounts of

exogenous lactate into a brain cell drives the lactate dehydrogenase reaction (LDH) towards pyruvate and NADH production, and at

the same time co-transports Hþ and generates a second Hþ that can acidify the cytoplasm. Phosphofructokinase (PFK), one of the

major regulatory enzymes of the glycolytic pathway, is very sensitive to small decreases in pH that inhibit its activity. Increased levels of

glucose-6-phosphate will enhance its regulation of hexokinase activity by feedback inhibition. (Brown lines with a ball at one end

denote inhibition.) Reduction of the NADþ availablity will also impair glycolytic flux. Lactate flooding-mediated lowering of pH and

NADH generation has the potential to impair glycolytic, glycogenolytic, and pentose-phosphate (P) shunt pathway fluxes. Cytoplasmic

NADþ is regenerated from NADH by the action of LDH or the malate-aspartate shuttle (MAS). Note that lactate cannot be

oxidized if the MAS is impaired or if there is mitochondrial dysfunction.

HK: hexokinase; Glc: glucose; Glc-6-P: glucose-6-phosphate (P); Fru-6-P: fructose-6-P; Fru-1,6-P2: fructose-1,6-P2; Lac: lactate; PDH:

pyruvate dehydrogenase; PC: pyruvate carboxylase; OAA: oxaloacetate; cit: citrate; aKG: a-ketoglutarate; MCT: monocarboxylic acid

transporter; GLUT: glucose transporter; NE: norepinephrine; LC: locus coeruleus. Modified from Figure 1 of Dienel GA. Brain lactate

metabolism: the discoveries and the controversies. J Cereb Blood Flow Metab 2012; 32: 1107–1138. Copyright � 2012, International

Society for Cerebral Blood Flow and Metabolism, with permission.
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control patients.100 Less lactate was subsequently found
to be generated from the pentose shunt compared with
glycolysis in TBI patients,101 but these pathway fluxes
may vary with severity and progression of injury.
Inhibition of glycolysis by lactate will impair pentose
shunt flux because glucose-derived carbon re-enters the
glycolytic pathway upstream of the metabolic steps
requiring action of phosphofructokinase and NADþ

availability (Figure 5). To sum up, lactate flooding
may inhibit glycolytic and pentose shunt fluxes in neu-
rons and astrocytes and impair glycogenolysis in astro-
cytes. Lactate can ‘‘spare glucose’’ in normal subjects
during high demand for glucose (e.g., exercise), but in
brain-injured patients, apparent glucose sparing may
actually reflect reduced glycolytic flux required for neur-
onal signaling, degraded capacity for oxidative stress
management, and impaired astrocytic regulation of
ionic homeostasis.

Lactate signaling evoked by lactate flooding is
another important consideration when evaluating its
effects on injured brain. For example, lactate acts via
the HCA-1 receptor (Figure 5) to reduce cAMP
levels102 and also inhibit excitatory and inhibitory
firing of cultured neurons by 50% at 4.2mmol/L.103

This level of lactate is approximated or exceeded in
the TBI studies (Table 2) and during spreading depres-
sion and seizures in rat brain (Table 3). In addition,
12.5mmol/L lactate attenuates hippocampal pyram-
idal cell firing in vivo by 85%,104 and 10mmol/L lac-
tate suppresses field potentials, population spikes,

and population excitatory postsynaptic potentials in
hippocampal slices.55 Thus, lactate supplementation
should enhance neuronal shutdown, thereby reducing
neuronal energy demand and contributing to glucose
sparing independent of any lactate metabolism.

Another interesting consequence of lactate signaling
is activation of an unidentified receptor in the locus
coeruleus (Figure 5) by low lactate concentrations
(�0.5mmol/L); receptor activation increases norepin-
ephrine release in the locus coeruleus and in the
brain, thereby modulating neural activity105 with a
strong influence astrocytic metabolism via the actions
of norepinephrine on their adrenergic receptors.20 It is
not clear how suppression of neuronal activity over and
above that from anesthesia would influence recovery
from brain injury, but signaling and metabolic proper-
ties of lactate flooding must be taken into account with
evaluating outcome.

Summary

Lactate flooding has the potential to inhibit glycolytic,
glycogenolytic, and pentose shunt fluxes, further compro-
mising the brain’s ability to upregulate cytosolic ATP
production, control ionic gradients and extracellular
neurotransmitter glutamate levels, and manage oxidative
stress, particularly during hyperglycolysis or mitochon-
drial dysfunction (Figures 5 and 6). These complications,
along with previous concerns,12,46,94 need to be addressed
before lactate supplementation is used clinically.

Figure 6. Influence of lactate flooding after traumatic brain injury on aspects of brain metabolism and signaling. Summary of potential

consequences of elevated lactate on brain functions. Superscripts refer to the following references: 1,98,99; 2,106–108; 3,105; 4,102; 5,103;

6,104; 7,109.
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Concluding comments

Extracellular metabolite concentrations and their
temporal changes are extremely important to help distin-
guish among major types of metabolic changes after brain
injury and guide therapy,1,2 but additional assays are
required to evaluate metabolic changes. ‘‘Surrogate end-
points,’’87 i.e. lactate, glucose, and pyruvate levels and LP
ratios in microdialysates, provide therapeutic guidelines,
but are not sufficient to evaluate adequately the metabolic
and neuroenergetic effects of lactate flooding. Metabolic
assays are necessary to verify oxidative capability of mito-
chondria and to identify beneficial and undesirable effects
of lactate in brain-injured patients (Figure 6). Reduction
of intracranial pressure by hypertonic sodium lactate is
extremely important and its benefits may outweigh any
potential effects on glycolysis, but the procedure needs to
be properly evaluated. Glycolytic upregulation during
brain activation and under abnormal conditions serves
unidentified functions, and suppression of glycolysis by
lactate supplementation during ‘‘hyperglycolysis’’ or
mitochondrial dysfunction may be harmful. The major
issue is not whether lactate can be metabolized, but how
much does it contribute relative to glucose and is it meta-
bolically and physiologically beneficial? Lactate contrib-
utes< 10% to total oxidation when plasma lactate levels
are �3mmol/L (Figure 454). It is necessary for propon-
ents of lactate supplementation to demonstrate that a
10–20% contribution by cerebral oxidation of lactate
in brain is advantageous to TBI patients with normal
mitochondrial function and that lactate flooding is not
harmful to patients with mitochondrial dysfunction or
hyperglycolysis. Peripheral effects of lactate metabolism
during its supplementation (e.g. to generate glucose
via gluconeogenesis62,110) may also be important, and
these types of contributions to brain metabolism must
be distinguished from uptake and oxidation of lactate
in brain.
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