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Abstract
Background: Optimal glycaemic targets for patients with severe traumatic brain injury remain unclear. The
primary objective of this microdialysis study was to compare cerebral metabolism with strict versus
conventional glycaemic control.
Methods: We performed a prospective single-centre randomised controlled within-subject crossover study of 20 adult
patients admitted to an academic neurointensive care unit with severe traumatic brain injury. Patients underwent
randomised, consecutive 24-h periods of strict (4–7 mmol/L; 72–126 mg/dl) and conventional (<10 mmol/L; 180 mg/
dl) glycaemic control with microdialysis measurements performed hourly. The first 12 h of each study period was
designated as a ‘washout’ period, with the subsequent 12 h being the period of interest.
Results: Cerebral glucose was lower during strict glycaemia than with conventional control (mean 1.05 [95% CI 0.58–1.
51] mmol/L versus 1.28 [0.81–1.74] mmol/L; P = 0.03), as was lactate (3.07 [2.44–3.70] versus 3.56 [2.81–4.30]; P < 0.001).
There were no significant differences in pyruvate or the lactate/pyruvate ratio between treatment phases. Strict glycaemia
increased the frequency of low cerebral glucose (< 0.8 mmol/L; OR 1.91 [95% CI 1.01–3.65]; P < 0.05); however, there were
no differences in the frequency of critically low glucose (< 0.2 mmol/L) or critically elevated lactate/pyruvate ratio
between phases.
Conclusions: Compared with conventional glycaemic targets, strict blood glucose control was associated with lower
mean levels of cerebral glucose and an increased frequency of abnormally low glucose levels. These data support
conventional glycaemic targets following traumatic brain injury.
Trial registration: ISRCTN, ISRCTN19146279. Retrospectively registered on 2 May 2014.
Keywords: Traumatic brain injury, Insulin, Glucose, Microdialysis

Background
Hyperglycaemia occurs frequently following traumatic
brain injury (TBI) and is associated with poor outcomes
[1–3]. While it is well established that marked acute
hyperglycaemia drives secondary brain injury following
the initial traumatic insult [4], the magnitude of the elevation in blood glucose required to cause harm remains
uncertain. Current management of hyperglycaemia in
TBI involves the use of intravenous infusions of short* Correspondence: akg01@icloud.com
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acting insulin, titrated to maintain systemic blood glucose within target ranges that have largely been derived
from randomised controlled trials in general medical,
surgical or heterogeneous critically ill populations [5].
The appropriateness of applying these targets to an
exclusively TBI population has been questioned as the
injured brain has a heightened susceptibility to both
hyper and hypoglycaemia [6, 7]. Furthermore, a small
number of studies examining surrogate outcomes of
cerebral glucose metabolism have suggested that intensive glycaemic control is associated with deleterious
effects in patients with severe TBI, specifically an
increased prevalence of brain energy crisis [8–10]. However, at present there is insufficient evidence to guide
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clinical practice, highlighted by the lack of a recommended glucose target in the latest iteration of the Brain
Trauma Foundation’s Guidelines of the Management of
Severe Traumatic Brain Injury [11].
Using cerebral microdialysis, the primary objective of
this prospective randomised controlled within-subject
crossover study was to compare cerebral glucose metabolism between strict and conventional glucose control; specifically this included comparisons of cerebral glucose,
lactate, pyruvate and the lactate/pyruvate (L:P) ratio. The
secondary objective was to determine the frequency of
pathologically abnormal brain chemistry parameters
between treatment phases.

Methods
Twenty patients aged >16 years with TBI necessitating
intensive care management and intracranial pressure
(ICP) monitoring were recruited from the Neurosciences
Critical Care Unit at Addenbrooke’s Hospital,
Cambridge, UK. Recruitment occurred over two phases
with ten patients recruited between August 2007 and
September 2008 and ten patients recruited between
August 2010 and June 2011. Written, informed assent was
obtained from the patients’ next of kin. Exclusion criteria
were a past medical history of diabetes mellitus (type 1 or
type 2), life threatening injury where the patient was not
expected to survive >48 h and pregnancy. The study was
approved by the Cambridge Local Research Ethics
Committee (LREC number 06/Q0108/215).
General management protocol

All patients were intubated, mechanically ventilated and
managed according to a standardised tiered head injury
protocol [12, 13]. The intensity of treatment was titrated
to maintain ICP <20 mmHg and cerebral perfusion pressure (CPP) >60–70 mmHg. Therapeutic options included
head elevation, analgesia, sedation, muscle relaxation, ventriculostomy, moderate hyperventilation (partial pressure
of carbon dioxide in arterial blood ≥ 4.0 kPa, 30 mmHg),
osmotic agents, mild to moderate hypothermia (35–33 °C),
CPP augmentation with vasopressors and, at the last stage,
barbiturate coma and decompressive craniectomy. CPP
was calculated as the difference between mean arterial pressure (MAP) and ICP.
Monitoring

MAP was measured invasively via an arterial line with
the transducer zeroed at the level of the tragus. All patients underwent monitoring of ICP with parenchymal
ICP microsensors (Codman, Raynham, USA) and cerebral extracellular chemistry with microdialysis catheters
(CMA70 and CMA71; CMA Microdialysis AB, Solna,
Sweden). The sensors were inserted via a triple lumen
access device (Technicam, Newton Abbot, UK), placed
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routinely in the frontal area of the right hemisphere
unless clinical circumstances dictated another position.
The CMA71 and CMA70 microdialysis catheters were
perfused with central nervous system perfusion fluid at
the standard rate of 0.3 μl/minute, with a sampling interval of 1 h [14]. Analysis for glucose, lactate and pyruvate
was performed using bedside CMA 600 or ISCUS
analysers.
ICP monitoring was performed at the bedside using
ICM+ software (ICM+, University of Cambridge), which
in addition to recording physiological variables (ICP, MAP
and CPP) allowed online calculation of the cerebrovascular pressure reactivity index (PRx). The PRx represents a
moving correlation coefficient between 30 mean values of
ICP and MAP, recorded at 10 second intervals, and
reflects the state of cerebral vascular autoregulation; a
negative correlation implies active pressure reactivity
while a positive correlation suggests autoregulatory
impairment [13, 14].
Glucose protocol

Following admission to the intensive care unit (ICU), all
patients were initially treated with a blood glucose control protocol using continuous infusions of intravenous
insulin to target a blood glucose level <10 mmol/L (180
mg/dl) with serial arterial blood glucose measured 1- to
2-hourly (Roche OmniS, Massachusetts, USA) depending on glucose stability. Patients were randomised via
computer generated assignment to an initial 24-hr
period of ‘strict normoglycaemia’, (blood glucose
maintained between 4–7 mmol/L; 72–126 mg/dl)
[15], or conventional glucose control (<10 mmol/L;
180 mg/dl), following which they crossed-over to the
alternate glycaemic target for the second 24 h period
of observation with all subjects completing both arms
of the crossover (Additional file 1: Figure S1 and
Additional file 2: Figure S2). The first 12 h of each
study period was defined as the ‘washout’ phase with
the second 12 h designated a priori as the capture
period of interest. Supplemental intravenous dextrose
was not administered unless patients became
hypoglycaemic (glucose <4 mmol/L, 72 mg/dl).
Data processing and statistical analysis

Data were examined for known artifacts associated with
flushing of the arterial line, temporary disconnection
and refilling of perfusion fluid, which were manually removed [14]. Microdialysis values outside of the analytical
range of the CMA-600 or ISCUS analysers (CAN, Solna,
Sweden) were deemed erroneous and excluded from
analysis. Summary data are presented as number (%),
mean (SD) or median [IQR] as indicated. Management
phase by time effects were assessed with mixed effects
linear modelling and subsequent between phase
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comparisons performed as population-averaged effects
using general estimating equations to account for repeated measures within subject; data are presented as
mean (95% confidence interval). Agreement between
categories was assessed using Cohen’s kappa. An α level
of 0.05 was considered statistically significant. All
analyses were performed in Stata MP 14.1.
The 2014 International Microdialysis Forum brain
chemistry thresholds were used to define abnormal brain
chemistry values; glucose <0.2 and 0.8 mmol/L, lactate
>4 mmol/L and L:P ratio >25 and >40 [16]. Two separate binary logistic models were used at the pre-defined
glucose microdialysis cut-points of <0.8 and <0.2.

Results
Twenty patients were enrolled in the study with clinical
details as outlined in Table 1. The cohort included 15
males, the median age was 34 [23, 50] years, Acute
Physiology and Chronic Health Evaluation II score 20.5
[14.5, 23.0], injury severity score 29 [23, 40] and initial
Glasgow Coma Scale score of 5 [3, 8]. ICU length of stay
was 23 [17, 18] days. Two patients died on days 5 and 8,
respectively. The interval between injury and initiation
of microdialysis monitoring was 4.5 [3, 8] days and
monitoring was continued for 4 [3, 9] days. Review of

computed tomographic scans revealed that the microdialysis tip was sited in normal-appearing parenchyma in
19 patients and in peri-lesional tissue in one patient.
Mixed-effects linear models looking for treatment
phase-by-time effects were non-significant, and plots of
the mean variable profiles during the treatment periods
were uniform. Between-period analysis was therefore
undertaken for the population-averaged differences
using generalised estimating equations, allowing for
clustered measurements by patient.
Serum glucose

In the period of interest (i.e., hours 13–24), there was
clear separation in blood glucose profiles between the
treatment phases (Fig. 1). The mean (95% CI) blood glucose level in the strict phase was 6.6 (6.2–7.1) mmol/L
compared with 8.4 (7.6–9.1) mmol/L in the conventional
phase (P < 0.001). There were two episodes of moderate
hypoglycaemia (< 4 mmol/L) occurring in the same patient during strict glycaemia, and there were no episodes
of severe hypoglycaemia (≤ 2.2 mmol/L) in either phase.
Fourteen patients (70%) required exogenous insulin
during the conventional phase, and 17 patients (85%) required insulin during the strict phase. The period of
strict glycaemia was associated with greater exogenous

Table 1 Clinical profile of study group
Patient

Age (years)

Sex

GCS score

APACHE II score

ISS

CT scan result

ICU days

GOSa

1

16

Male

3

27

41

Evacuated ML

27

SD

2

32

Male

5

16

48

Diffuse

50

–

3

24

Male

3

23

25

Evacuated ML

25

–

4

54

Male

8

21

25

Non-evacuated ML

26

SD

5

39

Male

3

23

38

Diffuse

23

G

6

22

Female

11

15

9

Non-evacuated ML

12

MD

7

49

Female

5

22

17

Evacuated ML

25

G

8

55

Male

3

24

34

Diffuse

21

SD

9

22

Female

3

26

25

Non-evacuated ML

32

–

10

56

Female

8

13

16

Non-evacuated ML

21

G

11

18

Male

3

29

34

Diffuse

8

D

12

58

Male

3

9

45

Evacuated ML

5

D

13

18

Male

9

14

25

Diffuse

10

–

14

25

Male

4

17

29

Non-evacuated ML

40

SD

15

27

Male

8

23

29

Diffuse

30

–

16

43

Male

5

17

34

Diffuse

20

–

17

41

Male

12

8

16

Diffuse

15

MD

18

36

Female

10

8

20

Non-evacuated ML

19

G

19

50

Male

4

21

57

Diffuse

23

–

20

23

Male

3

20

57

Non-evacuated ML

44

–

Abbreviations: APACHE II Acute Physiology and Chronic Health Evaluation II, GCS Glasgow Coma Scale, GOS Glasgow Outcome Scale, ICU Intensive care unit, ISS
Injury Severity Score
a
Glasgow Outcome Scale score at 6 months: D died, G good, MD moderate disability, ML mass lesion, PVS persistent vegetative state SD Severe disability
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significant differences in pyruvate or the lactate/pyruvate (L:P) ratio between treatment phases.
Relationship between plasma glucose, microdialysis
glucose and insulin

For a given level of arterial blood glucose, there was no
association between insulin infusion rate and cerebral
glucose (P = 0.3).
Frequency of abnormal brain chemistry by treatment
phase

Fig. 1 Plasma glucose time course. Commencement of the period
of interest (hours 12–24) is designated by the vertical dashed line.
Treatment separation was achieved with lower blood glucose in the
strict phase (solid line) than in the conventional phase (dashed line):
6.6 (6.6–7.1) mmol/L vs. 8.4 (7.6–9.1) (P < 0.001). Data are presented
as mean (95% CI)

insulin infusion requirements: mean (95% CI) insulin infusion rates were 3.6 (2.2–5.0) units/hr vs. 1.1 (0.6–
1.5) units/hr (P = 0.01) (Fig. 2).

Microdialysis results

For the strict and conventional phases, there were
10.0 [9.5–11.0] and 10.5 [9.0–11.0] time points (of a
possible 12) with complete cerebral microdialysis data
for glucose, lactate and pyruvate. Microdialysis glucose was lower during the strict glycaemic phase
(1.05 [0.58–1.51] mmol/L versus 1.28 [0.81, 1.74]
mmol/L; P = 0.03), as was lactate (3.07 [2.44–3.70]
versus 3.56 [2.81–4.30]; P < 0.001). There were no

Strict blood glucose control was associated with an
increased rate of low cerebral glucose (< 0.8 mmol/L;
OR 1.91, 95% CI 1.01–3.65; P < 0.05). There were ten
episodes of critically low cerebral glucose < 0.2 mmol/
L (two in the conventional arm in one patient and
eight in the strict arm in six patients) (OR 4.03, 95%
CI 0.69–23.40; P = 0.12). There were no significant
differences in the frequency of abnormal L:P ratio or
lactate levels between treatment phases (Table 2). A
secondary analysis of the frequency of abnormal cerebral glucose was performed, dividing cerebral glucose
into discrete 0.2 mmol/L subgroups (Fig. 3). Employing logistic regression, using cerebral glucose
values > 2 mmol/L as the base reference group and
adjusting for repeated measures, there was a trend
toward an increase in the frequency of low cerebral
glucose range of 0.21–0.4 mmol/L with strict control
(OR = 2.80, 95% CI 0.99–8.13; P = 0.05) (Additional
file 3: Figure S3).
Summary measures for recorded variables by glucose
management phase are provided in (Additional file 4:
Table S1). Employing multivariate modelling by tier
level, we observed that there were no associations
Table 2 Measurement frequencies for International Microdialysis
Forum Tier 1 substances, by treatment phase
Glucose (mmol/L)

Group

Normala Stricta

Total

> 0.8

110 (6)

188 (50) 0.22

102 (54) 181 (48)

< 0.2

Lactate/pyruvate ratio < 25
25–40
> 40

Lactate (mmol/L)
Fig. 2 Insulin dose time course. Commencement of the period of
interest (hours 12–24) is designated by the vertical dashed line. Strict
glycaemia was associated with greater exogenous insulin infusion
requirements; insulin infusion rates were 3.6 (2.2–5.0) vs. 1.1 (0.6–1.5)
(P = 0.01). Data are presented as mean (95% CI)

a

78 (42)

0.2–0.8 79 (41)

P valueb

2 (1)

8 (4)

10 (3)

191

188

379

83 (42)

116 (60) 199 (51) 0.32

101 (52)

67 (35)

168 (43)

12 (6)

9 (5)

21 (5)

196

192

388

<4

142 (73)

156 (81) 298 (77) 0.69

≥4

54 (28)

36 (19)

90 (23)

196

192

388

Cells are shown as number (percent) for single measurements
b
Probability of group effect between treatment phases by chi-square test for
generalised estimating equation estimates, using a binomial distribution and
logit link, clustered by patient
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Fig. 3 Cerebral blood glucose. Cerebral blood glucose subdivided into 0.2 mmol/L groups. Thresholds for low (< 0.8 mmol/L) and critically low
(< 0.2 mmol/L) are designated by horizontal dashed lines. There was a trend towards increased frequency of low cerebral glucose in the 0.21–0.4
mmol/L range with strict glycaemia (OR 2.8, 95% CI 0.99–8.1; P = 0.05). CMD Cerebral microdialysis

between systemic covariates (insulin dose, partial pressure of oxygen, partial pressure of carbon dioxide, ICP,
CPP, PRx, plasma glucose and plasma lactate) and
markers of abnormal brain chemistry. Agreement between group levels of abnormal glucose and L:P ratio
was poor (κ = 0.13), and there were no measurements
with concurrent glucose and L:P ratio indicators of
cerebral metabolic distress (glucose < 0.2 mmol/L and
L:P ratio > 40).

Discussion
The key finding of this study was that strict normoglycaemia, targeting a plasma glucose < 7 mmol/L
(126 mg/dl), is associated with lower cerebral glucose
than conventional control targeting < 10 mmol/L (180
mg/dl). There is only one previous prospective study
in a TBI population providing data on brain chemistry
performance according to systemic blood glucose
targets [10]. In this vanguard microdialysis trial, using
a within-subject crossover design, Vespa et al. [10]
randomised 13 patients with severe TBI to periods of
both ‘tight’ (4.4–6.1 mmol/L; 80–110 mg/dl) and
‘loose’ glycaemic control (6.7–8.3 mmol/L; 120–150
mg/dl). They reported an increase in metabolic distress during tight glycaemic control as determined by
the proportion of time with critically low glucose or
critically elevated L/P ratio [10]. By performing
concurrent glucose-labelled positron emission tomography, they were able to demonstrate an increase in
glucose metabolism during tight glycaemic control,
most prominently in normal brain tissue [10]. Hence,
loose glycaemic control was interpreted as being

preferable for cerebral metabolism. These data are
consistent with retrospective observational studies
demonstrating associations between tight glycaemic
control and microdialysis markers of cerebral metabolic distress [8, 9].
Analysing cerebral glucose tier levels as simple binary
cut-points, strict glycaemic control increased the frequency of low cerebral glucose (cerebral glucose < 0.8
mmol/L) but not critically low cerebral glucose (< 0.2
mmol/L), albeit that there were only ten events in the
critically low range. Similarly, by analysing blood glucose
in discrete 0.2 mmol/L subgroups, we demonstrated a
trend towards an increase in low blood glucose in the
range of 0.21–0.4 mmol/L with strict glycaemic control;
however, there was no difference between treatment
arms in the subgroup of critically low glucose < 0.2
mmol/L. This may represent a function of the small
sample size, given the low overall incidence of critically
low glucose measurements (n = 10 [2.6%]), and we cannot exclude the possibility that a difference in cerebral
chemistry may have been demonstrated with a larger
sample. Furthermore, there were key differences in the
glycaemic thresholds targeted and achieved in the
present study compared with previous work in this area.
In their prospective study, Vespa et al. achieved mean
(SD) plasma glucose values of 6.1 (1.3) mmol/L, 110 (23)
mg/dl and 7.7 (1.6) mmol/L, and 139 (29) mg/dl in the
tight and ‘loose’ arms, respectively, reflecting contemporary practice at the time. In contrast, the mean (95% CI)
values in the present study were 6.6 (6.1–7.1) mmol/L,
119 (111–127) mg/dl and 8.4 (7.6–9.1) mmol/L, and 151
(137–164) mg/dl. Importantly, in both studies, the mean
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systemic glucose during periods of strict glycaemia were
towards the upper limit of the strict target range (6.1
and 6.6 mmol/L, respectively). Taken together, this suggests that there is a signal for harm even at higher
thresholds of traditional tight glycaemia (i.e., a glucose
level of 6.0 mmol/L; 108 mg/dl).
The clinical relevance of this distinction is
highlighted by the movement away from the very
tight glycaemic targets advocated in the seminal blood
glucose trial by Van den Berghe et al. in 2001 [17].
This single-centre study in a surgical ICU population
resulted in a paradigm shift in the approach to blood
glucose management after demonstrating a marked
reduction in mortality targeting blood glucose levels
of 4.4–6.1 mmol/L; 80–110 mg/dl [17]. Despite the
initial enthusiasm for this regimen, subsequent multicentre randomised controlled trials not only failed to
replicate the survival benefit but also reported higher
incidences of severe hypoglycaemia [19–21] and an
increase in mortality with tight control [22]. Systematic review of glycaemic targets in neurointensive care has demonstrated that strict glucose control conveys no mortality
benefit compared with more liberal targets but may be associated with lower rates of poor neurological outcome
despite significantly higher rates of hypoglycaemia [23].
Importantly, data from the general ICU population suggest that there is a strong dose-dependent relationship between hypoglycaemia and mortality [24]. Furthermore,
mechanisms of neuronal cell death following short periods
of hypoglycaemia are well established [25]. Consequently,
although consensus guidelines are lacking, few ICUs
would currently advocate targeting tight blood glucose
control following severe TBI. We report lower cerebral
glucose and a trend towards an increase in abnormally
low cerebral glucose (0.2–0.4 mmol/L) when targeting
systemic blood glucose of 4–7 mmol/L compared with
conventional targets. Accordingly, we continue to advocate conventional glycaemic targets (< 10 mmol/L; 180
mg/dl) following acute TBI as per the NICE-SUGAR
investigators’ study [22].
As a secondary outcome, we report a poor correlation
between low brain glucose and high L:P ratio. Furthermore, we report no significant difference in the frequency of abnormally elevated L:P ratio by treatment
phase. This differs from previous retrospective observational studies and randomised controlled trials in which
researchers reported strong associations between low
cerebral glucose and elevated L:P ratios, justifying combining the two as a composite end-point of so-called
brain energy crisis [8–10, 26]. Our data question the appropriateness of this classification, particularly because
the pathological mechanisms driving these two
phenomena are likely to differ. Although incompletely
understood, the L:P ratio is thought to reflect
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mitochondrial dysfunction, whereas low glucose likely
results from increased substrate demand (i.e., greater
cellular uptake and glucose use [7]) or impaired delivery.
Finally, there was no relationship between exogenous insulin administration and cerebral blood glucose. This is in
contradistinction to brain chemistry studies in subarachnoid haemorrhage indicating that insulin administration
per se decreases cerebral glucose independently of systemic
glycaemia [27, 28]. Further studies of cerebral metabolic responsiveness to insulin during TBI are warranted.
There are several important limitations to this study.
First, although this represents the largest prospective study
in this area, it remains a small, single-centre study and
accordingly is subject to bias, including within-subject
differences such as concurrent treatments, position of the
microdialysis catheter, timing of monitoring, and extent
and severity of non-cerebral injuries. The small sample size
also increases the risk of a type II error, possibly supported
by the trend towards a significant difference in the low
cerebral glucose range 0.21–0.4 mmol/L. Second, the upper
95% CI for the strict glycaemic phase (7.1 mmol/L) fell
above the target range of < 7 mmol/L; although this is subtle, we cannot exclude that more vigilant adherence to
‘strict normoglycaemia’ would result in a difference in brain
chemistry. Third, we did not perform continuous electroencephalography and cannot exclude the possibility that subclinical seizures may have influenced microdialysis results.
Fourth, the mean time to commencement of microdialysis
monitoring was 4.5 days. Accordingly, we may have failed
to capture the metabolic derangements in the acute phase
post-TBI. Temporal cerebral microdialysis studies indicate
a pattern of decline in cerebral glucose and a rise in cerebral lactate in the week post-TBI, with day 3 post-injury
thought to reflect the period of greatest metabolic demand
[13, 18]. We cannot exclude that results may differ in the
first 72 h post-TBI. Finally, because this is a microdialysis
study, the results are subject to the limitations inherent in
this focal monitoring technique whereby global assumptions of cerebral metabolism are derived from a limited
sampling area. Heterogeneity in glucose use between pericontusional and normal-appearing white matter is well
described, and the degree to which cellular metabolism is
oxygen-dependent is likely dynamic [7]. Multi-modality
studies are required to characterise with greater granularity
how altering glucose delivery influences neuronal metabolism, both within the brain and throughout recovery.

Conclusions
In summary, strict normoglycaemia targeting a plasma
glucose < 7 mmol/L (126 mg/dl) is associated with lower
cerebral glucose than conventional control targeting < 10
mmol/L (180 mg/dl). There was an increase in low
cerebral glucose (< 0.8 mmol/L) during strict glycaemia
in secondary analysis. Future prospective studies
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employing larger sample sizes are required to further
characterise cerebral metabolism according to systemic
glycaemic targets.

Additional files
Additional file 1: Figure S1. Strict blood glucose control insulin
infusion regimen targeting a blood glucose level of 4–7 mmol/L: the
Bath Protocol [15]. (PNG 199 kb)
Additional file 2: Figure S2. Conventional blood glucose control
insulin infusion regimen targeting a blood glucose level < 10 mmol/L.
(PNG 221 kb)
Additional file 3: Figure S3. Marginal probabilities of cerebral glucose
with conventional vs. strict glycaemic control. Marginal probabilities of
cerebral glucose divided into 0.2 mmol/L subgroups with glucose
values > 2 mmol/L used as a reference. (PNG 78 kb)
Additional file 4: Table S1. Recorded variables by treatment phase.
(DOCX 24 kb)
Abbreviations
APACHE II: Acute Physiology and Chronic Health Evaluation II; CMD: Cerebral
microdialysis; CNS: Central nervous system; CPP: Cerebral perfusion pressure;
GCS: Glasgow Coma Scale; ICP: Intracranial pressure; ICU: Intensive care unit;
L:P: Lactate/pyruvate ratio; MAP: Mean arterial pressure; PET: Positron
emission tomography; PRx: Pressure reactivity index; TBI: Traumatic brain
injury
Acknowledgements
Not applicable.
Funding
None to declare. PJH was supported by the Academy Medical of Sciences /
Health Foundation, NIHR and the MRC.
Availability of data and materials
The datasets used and/or analysed during the present study are available
from the corresponding author on reasonable request.
Authors’ contributions
MPP was responsible for interpretation of the data, statistical analysis,
drafting of the manuscript and approval of the final version to be published.
NN, IT, PJH and AKG were responsible for study conception, data collection
and interpretation, revision of the manuscript and approval of the final
version to be published. MEF was responsible for statistical analysis,
interpretation of data, revision of the manuscript and approval of the final
version to be published. All authors read and approved the final manuscript.
Ethics approval and consent to participate
All procedures performed were carried out in accordance with the ethical
standards of the institutional research committee (Cambridge University
Hospital) and with the 1964 Helsinki declaration and its later amendments.
Written informed consent was provided by the patients’ next of kin.
Consent for publication
Not applicable.
Competing interests
ICM+ software for brain monitoring (www.neurosurg.cam.ac.uk/icmplus) is
licensed by the University of Cambridge, Cambridgeshire Enterprise Ltd.,
Cambridge, UK. PJH is a director of Technicam. All of the other authors
declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 7 of 8

Author details
1
Neurosciences Critical Care Unit, Addenbrooke’s Hospital, Cambridge CB2
0QQ, UK. 2Division of Anaesthesia, Department of Medicine, University of
Cambridge, Addenbrooke’s Hospital, Cambridge CB2 0QQ, UK. 3Division of
Neurosurgery, Department of Clinical Neurosciences, University of
Cambridge, Addenbrooke’s Hospital, Cambridge CB2 0QQ, UK. 4Intensive
Care Unit, Royal Adelaide Hospital, Adelaide 5000, Australia.
Received: 24 October 2017 Accepted: 27 December 2017

References
1. Jeremitsky E, Omert LA, Dunham CM, Wilberger J, Rodriguez A. The
impact of hyperglycemia on patients with severe brain injury. J Trauma.
2005;58(1):47–50.
2. Griesdale DE, Tremblay MH, McEwen J, Chittock DR. Glucose control and
mortality in patients with severe traumatic brain injury. Neurocrit Care. 2009;
11(3):311–6.
3. Blair D, Norton R, Dhingra V, Foster D, Hebert P, Henderson W, Heyland D,
Ronco J, Peto R, Sandercock P, et al. Intensive versus conventional glucose
control in critically ill patients with traumatic brain injury: long-term followup of a subgroup of patients from the NICE-SUGAR study. Intensive Care
Med. 2015;41(6):1037–47.
4. Jauch-Chara K, Oltmanns KM. Glycemic control after brain injury: boon and
bane for the brain. Neuroscience. 2014;283:202–9.
5. Yatabe T, Inoue S, Sakaguchi M, Egi M. The optimal target for acute
glycemic control in critically ill patients: a network meta-analysis. Intensive
Care Med. 2017;43(1):16–28.
6. Godoy DA, Di Napoli M, Rabinstein AA. Treating hyperglycemia in
neurocritical patients: benefits and perils. Neurocrit Care. 2010;13(3):
425–38.
7. Jalloh I, Carpenter KL, Helmy A, Carpenter TA, Menon DK, Hutchinson PJ.
Glucose metabolism following human traumatic brain injury: methods
of assessment and pathophysiological findings. Metab Brain Dis. 2015;
30(3):615–32.
8. Oddo M, Schmidt JM, Carrera E, Badjatia N, Connolly ES, Presciutti M,
Ostapkovich ND, Levine JM, Le Roux P, Mayer SA. Impact of tight glycemic
control on cerebral glucose metabolism after severe brain injury: a
microdialysis study. Crit Care Med. 2008;36(12):3233–8.
9. Vespa P, Boonyaputthikul R, McArthur DL, Miller C, Etchepare M, Bergsneider
M, Glenn T, Martin N, Hovda D. Intensive insulin therapy reduces
microdialysis glucose values without altering glucose utilization or
improving the lactate/pyruvate ratio after traumatic brain injury. Crit Care
Med. 2006;34(3):850–6.
10. Vespa P, McArthur DL, Stein N, Huang SC, Shao W, Filippou M, Etchepare M,
Glenn T, Hovda DA. Tight glycemic control increases metabolic distress in
traumatic brain injury: a randomized controlled within-subjects trial. Crit
Care Med. 2012;40(6):1923–9.
11. Carney N, Totten AM, O’Reilly C, Ullman JS, Hawryluk GW, Bell MJ, Bratton
SL, Chesnut R, Harris OA, Kissoon N, et al. Guidelines for the Management of
Severe Traumatic Brain Injury. Fourth Edition Neurosurgery. 2017;80(1):6–15.
12. Menon DK. Cerebral protection in severe brain injury: physiological
determinants of outcome and their optimisation. Br Med Bull. 1999;
55(1):226–58.
13. Timofeev I, Carpenter KL, Nortje J, Al-Rawi PG, O’Connell MT, Czosnyka M,
Smielewski P, Pickard JD, Menon DK, Kirkpatrick PJ, et al. Cerebral
extracellular chemistry and outcome following traumatic brain injury: a
microdialysis study of 223 patients. Brain. 2011;134(Pt 2):484–94.
14. Timofeev I, Czosnyka M, Carpenter KL, Nortje J, Kirkpatrick PJ, Al-Rawi PG,
Menon DK, Pickard JD, Gupta AK, Hutchinson PJ. Interaction between brain
chemistry and physiology after traumatic brain injury: impact of
autoregulation and microdialysis catheter location. J Neurotrauma. 2011;
28(6):849–60.
15. Laver S, Preston S, Turner D, McKinstry C, Padkin A. Implementing intensive
insulin therapy: development and audit of the Bath insulin protocol.
Anaesth Intensive Care. 2004;32(3):311–6.
16. Hutchinson PJ, Jalloh I, Helmy A, Carpenter KL, Rostami E, Bellander BM,
Boutelle MG, Chen JW, Claassen J, Dahyot-Fizelier C, et al. Consensus
statement from the 2014 International Microdialysis Forum. Intensive Care
Med. 2015;41(9):1517–28.

Plummer et al. Critical Care (2018) 22:16

Page 8 of 8

17. van den Berghe G, Wouters P, Weekers F, Verwaest C, Bruyninckx F, Schetz
M, Vlasselaers D, Ferdinande P, Lauwers P, Bouillon R. Intensive insulin
therapy in critically ill patients. N Engl J Med. 2001;345(19):1359–67.
18. Jalloh I, Helmy A, Shannon RJ, Gallagher CN, Menon DK, Carpenter KL,
Hutchinson PJ. Lactate uptake by the injured human brain: evidence from
an arteriovenous gradient and cerebral microdialysis study. J Neurotrauma.
2013;30(24):2031–7.
19. Arabi YM, Dabbagh OC, Tamim HM, Al-Shimemeri AA, Memish ZA, Haddad
SH, Syed SJ, Giridhar HR, Rishu AH, Al-Daker MO, et al. Intensive versus
conventional insulin therapy: a randomized controlled trial in medical and
surgical critically ill patients. Crit Care Med. 2008;36(12):3190–7.
20. De La Rosa GC, Donado JH, Restrepo AH, Quintero AM, Gonzalez LG,
Saldarriaga NE, Bedoya M, Toro JM, Velasquez JB, Valencia JC, et al. Strict
glycaemic control in patients hospitalised in a mixed medical and surgical
intensive care unit: a randomised clinical trial. Crit Care. 2008;12(5):R120.
21. Preiser JC, Devos P, Ruiz-Santana S, Melot C, Annane D, Groeneveld J,
Iapichino G, Leverve X, Nitenberg G, Singer P, et al. A prospective
randomised multi-centre controlled trial on tight glucose control by
intensive insulin therapy in adult intensive care units: the Glucontrol study.
Intensive Care Med. 2009;35(10):1738–48.
22. NICE-SUGAR Study Investigators. Intensive versus conventional glucose
control in critically ill patients. N Engl J Med. 2009;360(13):1283–97.
23. Kramer AH, Roberts DJ, Zygun DA. Optimal glycemic control in
neurocritical care patients: a systematic review and meta-analysis. Crit
Care. 2012;16(5):R203.
24. NICE-SUGAR Study Investigators. Hypoglycemia and risk of death in critically
ill patients. N Engl J Med. 2012;367(12):1108–18.
25. Suh SW, Hamby AM, Swanson RA. Hypoglycemia, brain energetics, and
hypoglycemic neuronal death. Glia. 2007;55(12):1280–6.
26 Meierhans R, Bechir M, Ludwig S, Sommerfeld J, Brandi G, Haberthur C,
Stocker R, Stover JF. Brain metabolism is significantly impaired at blood
glucose below 6 mM and brain glucose below 1 mM in patients with
severe traumatic brain injury. Crit Care. 2010;14(1):R13.
27 Schlenk F, Graetz D, Nagel A, Schmidt M, Sarrafzadeh AS. Insulin-related
decrease in cerebral glucose despite normoglycemia in aneurysmal
subarachnoid hemorrhage. Crit Care. 2008;12(1):R9.
28 Schlenk F, Vajkoczy P, Sarrafzadeh A. Inpatient hyperglycemia following
aneurysmal subarachnoid hemorrhage: relation to cerebral metabolism and
outcome. Neurocrit Care. 2009;11(1):56–63.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

