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Abstract

Lactate has been regarded as a waste product of anaerobic metabolism of glucose. Evidence also suggests, however, that
the brain may use lactate as an alternative fuel. Our aim was to determine the extent of lactate uptake from the circulation
into the brain after traumatic brain injury (TBI) and to compare it with levels of lactate in the brain extracellular fluid. We
recruited 19 patients with diffuse TBI, monitored with cerebral microdialysis and jugular bulb catheters. Serial arterio-
venous (AV) concentration differences of glucose and lactate were calculated from arterial and jugular blood samples,
providing a measure of net uptake or export by the brain. Microdialysis was used to measure brain extracellular glucose
and lactate. In 17/19 patients studied for 5 days post-injury, there were periods of net lactate uptake into the brain, most
frequently on day 3 after injury. Brain microdialysate lactate had a median (interquartile range [IQR]) concentration of 2.5
(1.5-3.2) mmol/L during lactate uptake and 2.2 (1.7-3.0) mmol/L during lactate export. Lactate uptake into the brain
occurred at a median (IQR) arterial lactate concentration of 1.6 (1.0-2.2) mmol/L. Lactate uptake was associated with
significantly higher AV difference in glucose values with a median (IQR) of 0.4 (0.03—0.7) mmol/L during uptake and 0.1
(—0.2-0.3) mmol/L during lactate export (Mann-Whitney U p=0.003). Despite relatively high brain lactate compared
with arterial lactate concentrations, the brain appears to up-regulate lactate transport into the brain after TBI. This may
serve to satisfy greater demands for energy substrate from the brain after TBI.
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Introduction

THE PATHOPHYSIOLOGY OF TRAUMATIC BRAIN INJURY (TBI)
involves complex and variable changes to cerebral energy
metabolism. Some of the earliest evidence in support of changes to
energy metabolism originated from studies that found elevated
lactate levels in the cerebrospinal fluid of patients with TBIL.' More
recently, microdialysis, which permits the sampling of molecules
from the brain extracellular fluid, reveals elevated lactate levels
after TBI that relate to unfavorable outcomes, particularly during
the first 72 hours after injury.>

Lactate has been perceived as a waste product of anaerobic me-
tabolism, produced when oxygen provision is insufficient to meet
demand. This cannot be the complete picture, however, because
elevated lactate levels are observed after TBI despite seemingly
adequate oxygen delivery.® Evidence also points toward the impor-
tance of mitochondrial dysfunction after TBL*® A failure of

mitochondrial enzymes, including pyruvate dehydrogenase, which
funnels pyruvate into the tricarboxylic acid (TCA) cycle, increases
the amount of lactate generated from pyruvate.” As well as reflecting
hypoxia and/or mitochondrial dysfunction, elevated lactate levels
may also reflect enhanced uptake of lactate from the circulation.

Carbon-14 (**C) lactate autoradiography experiments demon-
strate accumulation of radiolabel at the injury site after fluid per-
cussion injury in rats.® In addition, evidence exists for lactate
uptake from the circulation into the human brain in normal vol-
unteers (with lactate infused intravenously and/or produced en-
dogenously by exercise),”'® as well as in sedated, ventilated
patients with TBL.'"'? Further, lactate infused via a microdialysis
catheter into the human brain after TBI has been shown using
carbon-13 (1*C) labeling and nuclear magnetic resonance (NMR)
spectroscopy to be used via the TCA cycle.'?

The concept of lactate functioning as a cerebral energy source
has been suggested by Pellerin and Magistretti,'*'> who in 1994
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introduced the principles of a mechanism that later became known
as the astrocyte-neuron lactate shuttle (ANLS) hypothesis. The
ANLS model describes a metabolic relationship between neurons
and astrocytes whereby neurons preferentially metabolize lactate
(which is synthesized from blood-borne glucose by astrocytes) as
an oxidative fuel.'*'> As a logical extension of the hypothesis, the
elevated lactate levels found in the brain after TBI may not only
reflect increased generation from hypoxia and mitochondrial dys-
function, but also increased uptake of lactate from the circulation
for use as an energy substrate. '

The aim of the present study was to explore the uptake and
release of endogenous lactate by the injured brain using a combi-
nation of arteriovenous (AV) concentration gradients and cerebral
microdialysis in patients with TBI. In particular, this study inves-
tigated the inter-relationships between arterial lactate concentra-
tion, brain extracellular lactate concentration, and lactate import
versus export by the brain, as well as the time-variant nature of the
process, during the first days after injury.

Methods
Patients

This study was approved by the Cambridgeshire (2) Local Re-
search Ethics Committee. Patients (more than 16 years old) with
severe TBI, defined as those suffering cranial trauma with consis-
tent CT scan findings and with a post-resuscitation Glasgow Coma
Scale <8 were recruited. Patients were treated according to local
TBI management protocols, which include endotracheal intuba-
tion, ventilation, sedation, muscular paralysis, and jugular bulb
oximetry. For the purposes of this study, monitoring data were
analyzed for 5 days from recruitment.

Invasive brain monitoring

A triple lumen cranial access device (Technicam, Newton
Abbot, UK) was used for each patient. This permitted placement of
an intracranial pressure (ICP) monitor (Codman, Raynham, MA), a
microdialysis catheter (CMA 71, M Dialysis AB, Stockholm,
Sweden), and a Licox® brain tissue oxygen sensor (GMS, Kiel-
Mielkendorf, Germany) into the right frontal white matter. The
microdialysis catheter was perfused with CNS perfusion fluid (M
Dialysis AB), which consists of NaCl (147 mM), KCI (2.7 mM),
CaCl, (1.2mM), and MgCl, (0.85mM) in water and does not
contain any lactate or any other additives, at a rate of 0.3 uL./min
using CMA 106 microdialysis pumps (M Dialysis AB). Micro-
dialysis collection vials were changed hourly and analyzed at the
bedside using an automated enzymatic colorimetric analyzer
(ISCUS, M Dialysis AB) as per standard clinical protocols. ICP,
cerebral perfusion pressure, jugular venous oxygen saturation (SjO,),
and brain tissue oxygen (PbO,) data were recorded at the bedside
using ICM + software (ICM +, University of Cambridge, UK).

Plasma sampling

Plasma sampling was undertaken twice daily from an arterial line
and from a right-sided jugular venous catheter. We chose to use the
right jugular vein because this usually constitutes the dominant
venous drainage of the brain.'® The first 1 mL was discarded and
then 5mL were collected into an ethylenediaminetetraacetic acid
tube and immediately centrifuged for 15 min at 1500 g at 4°C. The
supernatant (plasma) was decanted and stored at —80°C until fur-
ther processing was performed. Thawed plasma was filtered through
10kDa molecular weight cut-off Amicon Ultra centrifugal filters
(Millipore, Cork, Ireland) for 60 min at 8700 x g at 4°C, to remove
large protein molecules. The resulting solution was analyzed for
glucose and lactate concentrations using an ISCUS analyzer.
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Statistical analysis

All statistical analyses were performed using SPSS19 for Mac
(IBM SPSS Statistics, NY). Microdialysate sample results were
compared with plasma sample results collected concurrently to
provide a direct comparison in each patient at a specific time point.
Statistical methods included non-parametric tests (Mann-Whitney
U test and Kruskal-Wallis one-way analysis of variance) with a
preselected p value of 0.05 used to indicate statistical significance.
Average values are presented as median values with the inter-
quartile range given in parentheses. Plasma sampling and invasive
brain monitoring data were pooled from multiple patients to cal-
culate pre- and post-72 h median values.

AV difference values for lactate (AVlac) were calculated as the
arterial concentration minus the venous concentration and dichot-
omized into groups of uptake (positive values) and export (negative
values). To ensure that positive and negative AVlac values robustly
reflected uptake and export, respectively, values close to zero were
excluded when dichotomizing the data. We conservatively selected
an error margin of +4% based on the precision of analysis for the
ISCUS analyzer of 1.6 to 2.7%."” This resulted in the exclusion of
AVlac measurements from —0.05 to +0.05 mmol/L (because 0.05
mmol/L is 4% of the mean arterial lactate concentration of 1.36
mmol/L found in our patients).

Results
Patients

Nineteen patients with TBI were included in this study (Table 1).
Patients’ microdialysis monitoring commenced at a median of 18 h
(range 9—46h) from their injury. The first plasma samples were
withdrawn a median of 30 h (range 15-101 h) from injury with 29%
of measurements obtained during the first 72 h after injury.

TABLE 1. PATIENT DEMOGRAPHY

Post-
Mechanism resuscitation Pattern

Patient Age Sex of injury GCS of injury

1 44 F RTA El1 V1 M1  Diffuse

2 25 M RTA El1 V1 M1  Diffuse

3 27 F RTA El1 V1 M1  Diffuse

4 58 F RTA El1 V1 M1  Diffuse

5 61 F RTA El1 V1 M1  Diffuse

6 49 M RTA E1 V2 M5  Contusions

7 60 M RTA El1 V1 M5 ICH/IVH/diffuse
8 30 M Fall El1 V2 M2  Evacuated

EDH/diffuse

9 39 F RTA El1 V1 M1  Diffuse

10 41 F Fall El1 V1 M1  Diffuse

11 37 M RTA El1 V1 M1  Diffuse

12 43 M RTA El1 V1 M1  Diffuse

13 22 M RTA El1 V1 M1  Diffuse

14 18 F RTA El1 V1 M5  Evacuated

EDH/diffuse

15 46 F RTA El1 V1 M2  Small SDH/diffuse
16 27 M RTA El1 V2 M5  Diffuse

17 47 M RTA El1 V1 M3  Diffuse

18 28 F Fall El1 V1 M1  Diffuse

19 51 M Assault E1 V2 M5  Diffuse/contusions

A total of 19 patients were recruited including 9 females. All patients
presented with a diffuse injury and GCS from 3-8. GCS, Glasglow Coma
Scale; RTA, road traffic accident; ICH, intracerebral hematoma; IVH,
intraventricular hemorrhage; EDH, extradural hematoma; SDH, subdural
hematoma.
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Arterial glucose and lactate values

Arterial glucose values ranged from 4.1 to 13.4 mmol/L with
65.7% of values between 4 and 8 mmol/L reflecting the goal-
directed management of blood glucose. Arterial glucose values
were lower in the first 72 h after injury with a median concentration
of 6.97 (5.92-7.85) and 7.46 (6.48-8.16) mmol/L after this period
(p=0.049). Arterial lactate concentrations were stable, with me-
dian concentrations of 1.12 (0.87-1.68) in the first 72 h, and 1.02
(0.69-1.59) mmol/L after this period (p=0.074) (Table 2).

Glucose and lactate uptake into the brain

The median AV difference in glucose (AVglc) was 0.17 (- 0.15-
0.50) mmol/L. Positive values for AVglc indicate net uptake
of glucose into the brain. The median AVlac was —0.06 (-0.11-
0.02) mmol/L. Lactate uptake by the brain was demonstrated
by positive AVlac values>0.05 mmol/L. This was observed in
17/19 patients and in 29% of samples. Greater AVlac values were
associated with higher arterial lactate concentrations (Fig. 1A),
significantly so at arterial lactate concentrations >1.5 mmol/L
(p=0.001). A median arterial lactate concentration of 1.63 (0.99-
2.24) mmol/L was associated with brain lactate uptake and 0.89
(0.63-1.23) mmol/L. with brain lactate export (p<0.001). Lactate
uptake was associated with higher AVglc values with a median
of 0.42 (0.03-0.67) during uptake and 0.07 (—=0.19-0.31) mmol/L
during lactate export (p=0.003). The highest proportion of lactate
uptake into the brain was observed on day 3 after injury (Fig. 1B).

Brain glucose and lactate values

Median brain glucose and lactate concentrations, measured in
microdialysis samples, were 0.66 (0.42—-0.96) mmol/L. and 2.46
(1.72-3.21) mmol/L, respectively. Brain glucose concentrations
were statistically not significantly different during periods of lac-
tate uptake or export with median concentrations of 0.72 (0.47-
1.17) versus 0.57 (0.35-0.85) mmol/L, respectively (p=0.147).
Brain lactate levels were also not significantly different during
periods of lactate uptake or export with median concentrations of
246 (1.50-3.18) and 2.19 (1.72-3.02) mmol/L, respectively
(p=0.546). The lactate/pyruvate (LP) ratio was also not signifi-
cantly different with a median of 24.7 (22.9-28.6) during lactate
uptake and 26.4 (23.4-28.7) during export (p=0.452).

Brain glucose concentrations were higher in the first 72 h after
injury when compared with values measured after this period with
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median concentrations of 0.77 (0.49-1.27) and 0.54 (0.38-0.86)
mmol/L, respectively (p=0.018) (Table 2 and Fig. 2A). This was
despite lower arterial glucose values during the first 72 h. Reflecting
this, the ratio of brain/arterial glucose was higher, although AVglc
values did not change significantly between these periods.

Cerebral perfusion/oxygenation

The majority of plasma and microdialysis samples were taken
when either PbO, or SjO, indicated adequate cerebral perfusion.
Insufficient perfusion, defined as the combination of SjO, <60%
and PbO, <20 mm Hg, was observed at 4/126 sampling periods in
three patients. A PbO, <20 mm Hg, suggestive of focal ischemia in
the region of the Licox probe, was associated with a median mi-
crodialysate lactate of 2.94 (1.94-3.39) mmol/L. The median mi-
crodialysate lactate was 2.37 (1.65-3.06) mmol/L when PbO, was
>20mm Hg (p=0.026) (Fig. 2B). Brain glucose, brain LP ratio,
AVglc, and AVlac were not significantly different between in-
stances of apparent ischemia and non-ischemia.

Discussion

The key findings of this study are that the injured brain imports
lactate from the circulation despite relatively high brain lactate
concentrations and that glucose uptake is maintained during periods
of lactate uptake.

There are periods of net lactate uptake into the brain
after TBI

The human brain, in resting control subjects, normally exports a
small net amount of lactate into the circulation reflected by negative
AV difference in lactate (AVlac) values, typically between —0.03
and —0.1 mmol/L."""'®1° I the present study, periods of positive
AVlac values, indicating net lactate uptake, were found in 17/19
patients after TBI, representing 29% of samples, peaking on day 3
after injury.

A switch to lactate uptake may be important after TBI because of
a change in the metabolic priorities of glucose. After TBI, a greater
proportion of glucose is used for potentially neuroprotective
pathways, such as the pentose phosphate pathway (PPP), which, in
contrast to glycolysis or the TCA cycle/oxidative phosphorylation,
does not generate any energy. The PPP protects against oxidative
stress and produces molecules that may be used in biosynthesis and
cell repair. Increased glucose metabolism via the PPP has been

TABLE 2. COMPARISON BETWEEN MEASUREMENTS TAKEN EARLY (<72H) AND LATER (>72H) FROM TIME OF INJURY

First 72 h — median (IQR) Beyond 72 h — median (IQR) p value
Arterial glucose (mmol/L) 6.97 (5.92 — 7.85) 7.46 (6.48 — 8.16) 0.049
Arterial lactate (mmol/L) 1.12 (0.87 — 1.68) 1.02 (0.69 — 1.59) 0.074
AV difference glucose (mmol/L) 0.16 (-0.24 — 0.41) 0.18 (-0.10 — 0.54) 0.299
AV difference lactate (mmol/L) —-0.07 (-0.13 - 0.02) —-0.05 (=0.11 - 0.04) 0.621
Brain glucose (mmol/L) 0.77 (0.49 — 1.27) 0.54 (0.38 — 0.86) 0.018
Brain lactate (mmol/L) 2.37 (1.67 — 2.87) 2.65 (1.79 - 3.25) 0.133
Brain/arterial glucose ratio 0.11 (0.07 - 0.18) 0.08 (0.05 - 0.11) 0.003
Lactate/pyruvate ratio 26.5 (23.5 — 28.8) 26.1 (22.6 — 28.7) 0.883
PbO, (mm Hg) 20.4 (15.7 — 28.8) 26.3 (18.7 — 32.0) 0.019
SjO, (%) 77.5 (70.0 — 83.0) 78.0 (69.5 — 83.3) 0.982
CPP (mm Hg) 76 (72 - 81) 74 (69 - 83) 0.485

Arterial glucose was significantly lower during the early period while brain glucose and the brain/arterial glucose ratio were significantly higher.
p values refer to Mann-Whitney U tests of significance. IQR, interquartile range; AV, arteriovenous; PbO,, brain tissue oxygen; SjO2, jugular venous

oxygen saturation; CPP; cerebral perfusion pressure.
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FIG. 1. Lactate uptake at different arterial lactate concentrations

and on different days after TBI. (A) The distribution of values for
arteriovenous lactate (AVlac) were significantly different across
binned arterial lactate concentrations (Kruskal-Wallis p=0.004).
Arterial lactate concentrations greater than 1.5 mmol/L were as-
sociated with significantly higher AVlac values, when compared
with arterial lactate concentrations less than 1.5 mmol/L, as de-
noted by the asterisk (Mann-Whitney U p=0.001). (B) A greater
proportion of lactate uptake (grey), as opposed to lactate export
(white), was observed 3 days after the injury. For a definition of
lactate “‘uptake” and ‘“‘export’” see Methods.

demonstrated in patients after TBI and has also been demonstrated
after experimental injury in rats.”>>' Hence, alternative fuel sub-
strates may become recruited in an effort to maintain adequate
cellular energy reserves. Lactate delivered to the human brain
intravenously or via cerebral microdialysis has been shown by
13C-lactate labeling studies to be metabolized by the TCA cycle.”!?
In hippocampal slices, lactate can support normal synaptic function
even in the absence of glucose,”” and in humans, lactate uptake may
be associated with a concomitant reduction in glucose uptake.”?
Hence, it appears that, not only can the brain take up lactate, but it
can in at least some cases also be used preferentially over glucose
for the purposes of energy generation.

Lactate uptake into the injured brain may also reflect differing
susceptibilities of neurons and astrocytes to injury and different
metabolic profiles given their structural and functional differences.
It is also not surprising that they appear to have a degree of meta-
bolic interdependency given the kinship that is needed for effective
neurotransmission. The most well described metabolic relationship
is the ANLS hypothesis proposed by Magistretti and Pellerin.'*!*
In this hypothesis, astrocytes preferentially metabolize glucose to
lactate, which is then taken up by neurons and converted to pyru-
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FIG. 2. Brain glucose and lactate concentrations. (A) Brain
glucose concentrations were significantly higher in the first 72h
after injury (0.77 vs. 0.54 mmol/L; Mann-Whitney U p=0.018).
(B) A brain tissue oxygen partial pressure of <20mm Hg was
associated with significantly higher brain lactate concentrations as
measured by microdialysis. Median brain lactate was 2.94 mmol/L
when PbO, was <20 mm Hg and 2.37 when PbO, was >20 mm
Hg (Mann Whitney U p=0.026). TBL, traumatic brain injury.

vate for metabolism through the TCA cycle. Our results are com-
patible with the ANLS hypothesis. Increased lactate demand from
the injured brain may reflect a neuronal energy deficit that astro-
cytes are not able to support, especially if the astrocytes themselves
are injured or compromised by the TBI.

The significance of a peak in lactate uptake on day 3 in this group
of patients is not entirely clear. Many of the pathophysiological
mechanisms identified in TBI, such as cell swelling and membrane
disruption, inflammatory response, mitochondrial dysfunction, and
electrophysiological disturbances, place demands on cellular energy
metabolism. Changes with time in brain extracellular concentrations
of glucose, lactate, and other small molecules occur in the course of
days post-injury, demonstrated in a microdialysis study of 223 pa-
tients with TBI.> The overall pattern was a decline in glucose and a
rise in lactate during the course of a week of monitoring. A similar
pattern was seen in the present study of 12 patients, for the median
brain microdialysate concentrations of glucose (first 72 h>beyond
72h) and lactate (first 72h <beyond 72 h) (Table 2).

Comparing these TBI data with “‘normal” brain extracellular
physiological ranges,”* by day 3 post-injury brain extracellular
glucose appears to have declined to a critical point, to which
the injured brain responds by importing more lactate from the
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bloodstream, presumably to act as a complementary energy source.
There were also time-dependent post-TBI changes in the brain
microdialysate cytokine and chemokine profile, in a detailed 42-
plex study of 12 patients.”>*® Day 3 post-injury appears to be in a
transition period, in terms of identified cytokines and chemokines
that are produced in defined time frames (e.g., interleukin [IL]-6 at
24-48 h, IL-10 at 96-144h) and discriminate between different
temporal phases of the inflammatory response. We therefore
speculate that Day 3 post-injury represents the period when dif-
ferent pathophysiological mechanisms combine to exert the
greatest metabolic demand.

The brain imports lactate against a concentration
gradient

Lactate uptake into the brain is observed in several situations
other than TBI. If arterial lactate concentrations are elevated suf-
ficiently, a concentration gradient is established so that lactate is
transported from the blood to the brain. Arterial lactate concen-
trations can be elevated experimentally by administering a lactate
infusion or can dramatically rise during intense exercise.”'%*"?®
Exercise-induced arterial lactate elevation to 2.5-3.5 mmol/L re-
sults in lactate uptake by the brain as measured using AV con-
centration differences.'”?® In our patients, however, a median
arterial lactate concentration of only 1.63 mmol/L was associated
with lactate uptake by the brain against a concentration gradient
(median brain extracellular lactate concentration in our patients
was 2.45 mmol/L, in agreement with other TBI microdialysis
studies).>'? This suggests that lactate transporters must consider-
ably up-regulate their capacity to transport lactate across the blood
brain barrier (BBB) against a concentration gradient. '*C-labeled
lactate autoradiography and '*C-labeled lactate NMR experiments
support the evidence here that the injured brain takes up more
lactate even at normal circulating systemic concentrations.'>%

Lactate transport in the brain is facilitated by a series of mono-
carboxylate transporters (MCTs) that co-transport protons. MCT1
transporters are mainly expressed on endothelial cells and astro-
cytes, MCT?2 transporters are predominantly neuronal, and MCT4
predominantly glial.**3%3' The behavior of MCTs is complex and
multifactorial. Movement of lactate “‘uphill” by MCT1 against a
lactate concentration gradient may be facilitated by a ““downhill”
proton concentration gradient.’> Cerebral extracellular pH mea-
surement was not possible in the present study, because of dis-
continuation of clinical sensor (Neurotrend) by its manufacturers,
and no current alternative.

Various physiological and pathological conditions have been
shown to induce the expression of MCT transporters. After cortical
contusion injury in rats, immunohistochemistry and Western blot
analysis demonstrated a 26 to 28% increase in expression of MCT2
transporters.>®  This induction of MCT2 expression occurred
acutely, apparent at 3h after TBI. The induction of MCT2 ex-
pression was found primarily within the vasculature. This poten-
tially correlates with the increase in lactate transport across the
BBB that we observed. It is unclear how TBI might trigger up-
regulation of MCT transporters. Conceivably, it may be driven by
metabolism such that cellular demand for energy, at a time when
glucose uptake is insufficient to meet this demand, promotes in-
creased MCT activity. In addition, mediators that increase after TBI
may induce MCT transporter expression. Vascular endothelial
growth factor, hypoxia-inducible factor 1, and noradrenaline are
found to be elevated after TBI and have all been implicated in
affecting MCT transporter expression.>*>*
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Changes to glucose uptake and brain extracellular
concentrations during lactate import

Lactate uptake was associated with higher AVglc values. A
median AVglc value of 0.42 mmol/L was observed when AVlac
values indicated lactate uptake and 0.07 mmol/L when AVlac
values indicated lactate export. This value for AVglc observed
during lactate uptake is similar to values found in control sub-
jects.'0-11:18:35:36 The agsociation of lactate uptake with normal or
higher glucose uptake may reflect a more favorable response to the
energy crisis caused by TBI, with the corollary being that depressed
glucose uptake and lactate export are unfavorable responses. De-
pressed glucose uptake and lactate export may also simply reflect a
reduction in the need for energy substrate—for example, from cell
loss. In contrast, Meierhans and coworkers'? found that increased
lactate uptake was associated with reduced glucose uptake. Also,
healthy human subjects demonstrate a reduction in glucose uptake
when given a lactate infusion.” It seems likely then that injured
brains differ in their capacities to favorably regulate glucose and
lactate uptake.

A possible association of increased substrate availability from
increased uptake of glucose or lactate might be a change in the LP
ratio, frequently used as a marker of energy dysfunction and met-
abolic crisis. The LP ratio reflects the redox status of the cell, which
in turn reflects the balance of oxidative glucose and non-oxidative
metabolism.”” Hence, it increases during hypoxia or mitochondrial
dysfunction. Meierhans and associates®® found that brain glucose
concentrations greater than 3 mmol/L were associated with a lower
LP ratio. We found no statistically significant relationship between
LP ratio and brain glucose, brain lactate, AVglc, and AVlac values.
This most likely reflects the more significant role that other factors
have in influencing the LP ratio, such as tissue oxygen levels and
mitochondrial dysfunction.

Elevated brain lactate levels are associated
with tissue hypoxia

Our results suggest that the increased brain lactate observed after
TBI partly reflects periods of uptake from the circulation. Our re-
sults also demonstrate that brain tissue hypoxia contributes to brain
extracellular lactate elevation. Brain tissue oxygen levels that are
considered consistent with ischemia (albeit rare events) were found
in this study to be associated with higher concentrations of brain
lactate. There was no relationship between brain tissue oxygen and
AVlac values.

Limitations

Arterial and venous measurements provided us with only a
snapshot view of cerebral metabolism with sampling limited to
twice daily. For comparisons with brain extracellular concentra-
tions, only those microdialysis measurements taken at the same
time points of blood sampling were analyzed. A limitation is that
we did not measure cerebral blood flow (CBF). Uptake of glucose
or lactate into the brain is influenced by CBF. Decrease in CBF
would lead to a higher percentage extraction of blood-borne glu-
cose and lactate by the brain and potentially result in a higher AV
difference, although the picture is complicated by the brain’s ability
to produce and export lactate. We consider that our approach of
simply dichotomizing the AV lactate data into net “‘uptake’ or
“export” diminishes the influence of CBF on our interpretation,
and we regard our approach as a conservative assessment of net
lactate uptake. If CBF were to fall to an ischemic state, brain lactate
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production from anaerobic glycolysis would increase and export
from the brain might be expected to increase venous levels of
lactate, thereby reducing the chance of observing a positive lactate
AV gradient. Our patients did not have overt ischemia. In a clinical
study of carotid endarterectomy, increases were seen during
clamping both for AV difference in glucose concentration and for
% incidence of positive lactate AV gradient.>® We therefore think
that our conclusions are robust and that CBF differences are un-
likely to have changed our principal finding of lactate uptake into
the injured brain.

Jugular venous sampling is not entirely representative of the
entire brain, and there may be differences between the left and right
sides. We attempted to minimize the effect of this asymmetry by
selecting patients with diffuse TBI so that metabolic changes in the
left and right hemisphere were likely to be similar. Microdialysis
underestimates the true extracellular concentration of glucose and
lactate in brain extracellular fluid. The “‘recovery” of glucose and
lactate depend on the microdialysis membrane and the perfusion
flow rate.*® Slower rates of perfusion result in greater recovery at
the expense of smaller volumes of microdialysate returned. We
chose a catheter and standard flow rate (0.3 uL/min) that recovers
approximately 70% of glucose and lactate and produces sufficient
microdialysate to make hourly measurements practicable.* The
underestimation of brain glucose and lactate concentration does not
impact on our AV gradient measurements; however, it reinforces
the observation that lactate can be imported into the brain against a
concentration gradient.

Conclusion

Our findings suggest that the injured brain takes up lactate,
which can be oxidatively metabolized."? Lactate uptake occurs
despite relatively high brain lactate levels after TBI suggesting up-
regulation of MCT transporters. Glucose delivery to brain cells is
maintained during periods of lactate uptake. Hence, lactate uptake
may reflect an adaptive response to the increased energy demands
and change in metabolic priorities of the injured brain.

The injured brain’s capacity to use endogenous lactate as an
alternative fuel implies that exogenous lactate may be therapeutic
in TBI patients. Accordingly, rats given intravenous lactate after
fluid percussion injury performed better than those given sa-
line.*'**> Glycemic control of neurocritical care patients is neces-
sary to avoid both hypo- and hyperglycemia, although tight
glycemic control may be too restrictive for optimal cerebral me-
tabolism and less rigid control may be preferable.*® Lactate ad-
ministration may have a role in supporting energy metabolism in
this context. Ongoing and future clinical studies will elucidate
whether lactate administration improves outcomes.
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