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Abstract

Background:
Episodes of hyperglycemia are considered to be a secondary insult in traumatically brain-injured patients and  
have been shown to be associated with impaired outcome. Intensive insulin therapy to maintain a strict glucose  
level has been suggested to decrease morbidity and mortality in critically ill patients but this aggressive insulin 
treatment has been challenged. One aspect of strict glucose control is the risk of developing hypoglycemia. 
Extracellular intracerebral hypoglycemia monitored by intracerebral microdialysis has been shown to correlate  
with poor outcome. Monitoring of blood glucose during neurointensive care is important because adequate  
glucose supply from the systemic circulation is crucial to maintain the brain’s glucose demand after brain 
injury. This study investigates the correlation of glucose levels in peripheral blood, subcutaneous (SC) fat, and 
extracellular intracerebral tissue in patients with severe traumatic brain injury during neurointensive care.

Methods:
In this study, we included 12 patients with severe traumatic brain injury. All patients received one microdialysis 
catheter each, with a membrane length of 10 mm (CMA 70, CMA Microdialysis AB) in the injured hemisphere  
of the brain and in the noninjured hemisphere of the brain. An additional microdialysis catheter with a membrane 
length of 30 mm (CMA 60, CMA Microdialysis AB) was placed in the periumbilical subcutaneous adipose tissue.  
We studied the correlation among levels of glucose measured in peripheral blood, adipose tissue, and the  
noninjured hemisphere of the brain during the first 12 hours and during 3 consecutive days in neurointensive care.

Results:
We found a significant positive correlation between levels of glucose in peripheral blood, SC fat, and the 
noninjured brain during the initial 12 hours but not in injured brain. However, the result varied between the  
patients during the 3-day measurements. In 7 patients, there was a significant positive correlation between 
glucose in blood and noninjured brain, while in 4 patients this correlation was poor. In 4 patients, there was 
a significant positive correlation in injured brain and blood. Furthermore, there was a significant correlation  
between brain and adipose tissue glucose during the 3-day measurements in 11 out of 12 patients.
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Background

The metabolic needs of the brain are almost entirely 
dependent on the oxidative metabolism of glucose, and 
the brain requires a constant supply of glucose and 
oxygen to be delivered through circulation. Glucose had 
been thought to be the only fuel for oxidative metabolism 
in active neurons, however, astrocyte-neuron lactate 
shuttle hypothesis (ANLSH) has challenged this view. 
According to the ANLSH, activity-induced uptake of 
glucose takes place predominantly in astrocytes, which 
produce lactate by anaerobic glycolysis. Lactate is then 
released from astrocytes and provides the primary fuel 
for neurons.1 This hypothesis is under debate and further 
investigation is needed.2,3 The microdialysis method also 
makes it possible to monitor lactate in vivo. Increased 
glucose demand, disturbed brain glucose metabolism, 
and energy failure are metabolic characteristics of severe 
traumatic brain injury (TBI).4–6 Episodes of hyperglycemia 
as well as hypoglyemia are considered to be secondary 
insults in patients with TBI and have been shown to be 
associated with impaired outcome following TBI as well 
as following multitrauma.7–12 Thus, monitoring of blood 
glucose during neurointensive care is of importance.  
Two landmark studies13,14 showed that tight glucose control 
in critically ill surgical patients, aiming for blood glucose 
in the range 4.4–6.1 mmol/liter, reduced mortality and 
morbidity, but the use of a tight glucose control has been 
challenged.15,16 Two studies suggested arterial glucose of 
6–9 mmol/liter in patients with TBI for optimal brain 
metabolism but no relation to outcome was presented.17,18 
In a further study, low intracerebral glucose measured by 
microdialysis was shown to correlate with poor outcome  
in patients with TBI.19 Thus, monitoring of the peripheral 
blood and brain glucose levels should be of great value 
and help to avoid or prevent episodes of hypo- or 
hyperglycemia. However, the optimal blood glucose 

range for maintaining the brain glucose requirement after 
TBI remains elusive.20

Microdialysis is used to monitor the metabolic state of 
almost any tissue and is a widely used technique for  
monitoring brain energy metabolism during neuro-
intensive care.21–23 The most common metabolites measured 
are glucose, lactate, pyruvate, glycerol, and glutamate. 
The lactate/pyruvate (L/P) ratio is a known marker of 
the cellular redox state and represents alterations of 
mitochondrial function, where values above 25 are a 
good indicator of anaerobic metabolism and ischemia 
in the brain.4,19,24 Despite extensive use of microdialysis 
in neurointensive care and the importance of glucose 
levels in the blood and brain, little is known about 
the correlation of brain glucose values obtained by 
microdialysis and peripheral glucose during long periods  
of neurointensive care.

In this study, we used intracerebral microdialysis to 
investigate correlations among levels of glucose in 
peripheral blood, subcutaneous (SC) fat tissue, and 
intracerebral tissue in patients with severe TBI during 
neurointensive care.

Methods
This study included 12 patients (11 males and 1 female) 
with severe TBI. Values for noninjured brain (NIB) could  
be included for only 8 patients because of missing values 
that were related to human error and technical issues. 
Mean Glascow Coma Scale (GCS) at admission was 6 
(minimum 3, maximum 9). The patients were admitted to 
the Department of Neurosurgery, Karolinska University 
Hospital Solna. Intracerebral microdialysis is performed  

Abstract cont.

Conclusion:
This study indicates that there is a good correlation between blood glucose and adipose tissue during initial 
and later time points in the neurointensive care unit whereas the correlation between blood and brain seems  
to be more individualized among patients. This emphasizes the importance of using intracerebral microdialysis 
to ensure adequate intracerebral levels of glucose in patients suffering from severe traumatic brain injury and  
to detect hypoglycemia in the brain despite normal levels of blood glucose.
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as a routine monitoring in patients suffering from severe 
TBI and is approved by the local ethics committee of the 
Karolinska Hospital. All patients received intracranial 
pressure (ICP) monitoring and intracerebral microdialysis. 
The microdialysis probes were inserted in the border 
zones of injuries and in NIB tissue that was defined 
by the result obtained from computed tomography (CT) 
scan. Ten patients were subjected to hematoma evacuation  
while 2 patients only received monitor devices.

Excluded from the study were patients presenting bilateral, 
wide, nonreacting pupils and GCS 3 judged by the 
neurosurgeon on call to be beyond salvage, patients 
unconscious mainly due to drug or alcohol intoxication,  
and patients presenting terminal illness or for some 
other reason judged not to be possible for follow-up.

The temple was the zero-point for ICP and mean arterial 
blood pressure (MAP). All patients were treated in a  
30° sitting position. Following surgery, the patients were 
treated at the neurointensive care unit (NICU). All patients 
were suffering from isolated TBI. None of the patients  
had a history of diabetes.

During ventilator treatment, all patients were sedated 
using midazolam and/or propofol together with infusion 
or intermittent administration of morphine. Intracranial 
hypertension was treated using intermittent cerebrospinal 
drainage, moderate hyperventilation, hyperosmolar solutions, 
and/or barbiturate coma aiming at an ICP <20 mm Hg. 
All patients completed at least one initial CT and a 
subsequent follow-up within the first 24 hours posttrauma. 
All patients were monitored on-line using a computerized 
system, ICUpilot™, (CMA Micro dialysis AB, Stockholm, 
Sweden). Blood samples were obtained every 4–6 hours 
from an arterial line and analyzed for glucose in a 
Radiometer ABL 725 Blood Gas Analyzer (Radiometer, 
Copenhagen, Denmark). For the analysis of 12 hours,  
we could include only 11 patients because of missing 
values from the initial hours of one patient.

Microdialysis Technique
The principle of the microdialysis technique has been 
described in detail.23 It is a technique for sampling the 
chemistry of the interstitial fluid of tissues and organs 
in animal and man. A semipermeable membrane with 
a double-lumen concentric cannula, mimicking a blood 
capillary, is attached to the microdialysis catheter.  
The catheter has an inlet and an outlet tube. A sterile 
fluid is perfused through the inlet tube, and chemical 
substances from the interstitial fluid diffuse across the 

membrane into the perfusion fluid in the inner cannula. 
The inner cannula connects to the outlet tube that 
ends in a vial holder where the fluid, now referred to 
as dialysate, is collected. The recovery of a substance 
is defined as the concentration of the substance in the 
dialysate expressed as a percentage of the concentration 
in the interstitial fluid, which is usually assumed to 
be similar to blood. If the semipermeable membrane is 
long enough and the perfusion flow slow enough, the 
concentration in the dialysate membrane will approach 
the concentration in the interstitial fluid, i.e., recovery 
will be close to 100%. The concentration in the dialysate 
also depends on the supply of substances from blood 
capillaries as well as uptake and release from cells. In the  
case of brain catheters, we used CMA 70 microdialysis 
brain catheters with gold tips (CMA Microdialysis AB) 
with a membrane length of 10 mm. The catheter was 
perfused with Perfusion Fluid CNS (CMA Microdialysis 
AB), which is an isotonic sterile perfusion fluid specially 
developed for microdialysis use in the central nervous 
system. We used perfusion pumps (CMA 107 MD Pump, 
CMA Microdialysis AB) available for clinical use with 
the standard perfusion flow of 0.3 μl/min. With the 
membrane length of 10 mm and perfusion flow of  
0.3 μl/min, the mean recovery of glucose, lactate, pyruvate, 
and glutamate has been estimated to be approximately 
70%.25 In SC adipose tissue, we used CMA 60 catheters 
with a membrane length of 30 mm (CMA Microdialysis 
AB). The peripheral catheter was perfused with the 
recommended perfusion fluid T1 (CMA Microdialysis 
AB) using the CMA 107 MD Pump. It has been shown 
that this membrane length with a flow rate of 0.3 μl/min 
gives a glucose recovery of 80–93%.26–28 During these 
circumstances, the recovery is not affected by small 
changes in blood flow around the catheter, which may 
happen with higher perfusion flows. With a perfusion 
flow rate of 0.3 μl/min, there is a delay or a lag-time of 
20–30 minutes occurring when the dialysate flows from 
the tissue to the microvial. During neurointensive care, 
chemical changes usually take place over several hours 
and a 20–30-minute delay is of minimal consequence. 
However, we analyzed our results both with and without 
a correction for lag-time and obtained similar results.  
The results presented are calculated with a correction time 
of 30 minutes. Microdialysis samples were taken every 
hour from all three catheters. The samples were analyzed 
in a CMA 600 microdialysis analyzer bedside system 
(CMA Microdialysis AB) for glucose, lactate, pyruvate,  
and glycerol. The CMA 600 Analyzer is a clinical chemistry 
analyzer that uses enzymatic reagents and colorimetric 
measurements. The reagents enzymatically oxidize the 
substrates and hydrogen peroxide is formed. Peroxidase 
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then catalyzes the reaction between hydrogen peroxide 
and 4-amino-antipyrine to form colorimetric indicators. 
The rate of formation of the colored substance is 
proportional to the substrate concentration and is measured 
photometrically as change of absorbance at 546 nm wave- 
lengths. Blood glucose sampling during the first 12 hours 
was performed every hour and thereafter every 4–6 hours 
and analyzed by Karolinska University Hospital, 
Department of Clinical Chemistry. The time of blood 
sampling and microdialysis sampling were synchronized.

Statistics
All physiological parameters were collected on-line with 
ICUpilot software (CMA Microdialysis AB). Routine 
biochemical data and biochemical data obtained from 
the microdialysis monitor were measured at-line with 
ICUpilot software. The relations between levels of 
glucose in peripheral blood, SC fat tissue, and NIB tissue 
were analyzed using linear regression analysis. For the 
analysis of the first 12 hours, two time points were 
chosen in each patient, a total cluster of 22 time points, 
where corresponding serum values were obtained and  
correlated using linear regression analysis. Prior to this,  
the homoscedasticity of the data was tested by performing 
Shapiro-Wilk normality test with an alpha level of 0.05. 
For the consecutive 3 days, all intracerebral glucose 
levels with corresponding serum levels were analyzed 
within each patient using linear regression analysis. 
The statistical analyses were performed using Excel 
(Microsoft, Mac v.2008) and GraphPad Prism (GraphPad 
Software, Inc., Mac 5.0c). A p value of <.05 was considered 
as a significant correlation.

Results
A summary of glucose values during the first 12 hours 
and 3 days in NICU are presented as mean ± standard 
deviation (SD) in Table 1. Mean blood glucose values 
during the initial 12 hours were higher than during the 

3 days. This was also the case for glucose in the brain, 
however, in SC fat tissue it was the opposite. This was 
also the case during the 3 days in the NICU: injured brain 
(IB) 1.6 ± 1.1 mmol/liter versus NIB 3.1 ± 1.9 mmol/liter.  
The L/P ratio was in the normal range and although it 
tended to be higher in the IB, it was not significantly 
different than in NIB.

First 12 Hours after Start of Microdialysis
Mean value of glucose during the first 12 hours in IB was 
1.9 ± 1.2 mmol/liter and 2.8 ± 1.7 mmol/liter in NIB area. 
During the first 12 hours of microdialysis monitoring, 
there was a positive and significant correlation between  
the glucose levels in peripheral blood and SC fat tissue 
(slope = 0.93 ± 0.28; y-intercept = -2.34 ± 2.24; p = .0030; 
Figure 1), as well as between peripheral blood and NIB 
tissue (slope = 0.61 ± 0.18; y-intercept = -2.09 ± 1.48; 
p = .0031; Figure 2). Correlation between the glucose 
levels in SC fat and NIB tissue was also significant  

Table 1.
Glucose and L/P Ratio as Mean ± SD

Blood glucose
(mmol/liter)

SC-glucose 
(mmol/liter)a

NIB area
(mmol/liter)

IB area  
(mmol/liter)

L/P ratio NIB area L/P ratio IB area

Initial 12 hours 7.8 ± 2.1 (n = 12) 4.5 ± 2.6 (n = 12) 2.8 ± 1.7 (n = 11) 1.9 ± 1.2 (n = 8) 23.1 ± 12.2 (n = 11) 22.1 ± 8.8 (n = 8)

3 days in NICU 5.7 ± 2.3 (n = 12) 7.4 ± 1.6 (n = 12) 3.1 ± 1.9 (n = 12) 1.6 ± 1.1 (n = 8) 19.9 ± 8.1 (n = 12) 24.7 ± 7.4 (n = 8)

Normal values 4.0–6.0b 4–5c 1.7 ± 0.9d 23 ± 4d

a SC-glucose, SC glucose levels.
b Karolinska University Hospital Solna, Department of Clinical Chemistry.
c Microdialysis values with a perfusion rate of 0.3 ml/min obtained from subcutaneous adipose tissue in healthy subjects.24

d Microdialysis values with a perfusion rate of 0.3 ml/min obtained from normal human brain29

Figure 1. Illustrates the correlation between blood glucose and 
subcutaneous adipose tissue during the first 12 hours in NICU  
(n = 11) with two time points for each patient. p < .05 was considered 
as a significant correlation.
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(slope = 0.33 ± 0.13; y-intercept = 1.05 ± 0.76; p = .0163; 
Figure 3). However, there was no significant correlation 
between blood glucose and IB area (slope = 0.25 ± 0.14; 
y-intercept = 0.26 ± 1.14; p = .0899; Figure 4). Interestingly, 
the glucose in the IB correlated significantly with SC  
glucose (slope = 0.24 ± 0.07; y-intercept = 1.02 ± 0.43;
 p = .0031; Figure 5).

3 Days in NICU
Mean value of glucose during the 3 consecutive days 
was lower in IB than in NIB, 1.6 ± 1.1 mmol/liter and 
3.1 ± 1.9 mmol/liter, respectively. For each patient,  

Figure 2. Illustrates correlation between blood glucose and NIB area 
during the first 12 hours in the NICU (n = 11) with two time points for 
each patient. p < .05 was considered as a significant correlation.

Figure 3. Illustrates correlation between the glucose in SC fat tissue 
and NIB tissue during the first 12 hours in the NICU (n = 11) with two 
time points for each patient. p < .05 was considered as a significant 
correlation.

Figure 4. Illustrates correlation between the glucose in blood and 
IB tissue during the first 12 hours in the NICU (n = 8) with two 
time points for each patient. p < .05 was considered as a significant 
correlation.

Figure 5. Illustrates correlation between the glucose in subcutaneous 
fat tissue (SC) and IB tissue during the first 12 hours in the NICU  
(n = 8), with two time points for each patient. p < .05 was considered 
as a significant correlation.

3 consecutive days with complete datasets of glucose 
levels in peripheral blood, SC fat, and NIB tissue were 
analyzed using regression analysis. The correlation 
between peripheral blood glucose and SC fat tissue 
showed a significant positive correlation in 11 out of 
12 patients during this period (Figure 6). Eight of 12 
patients presented a significant positive correlation 
between levels of glucose in peripheral blood and in 
NIB tissue, while one presented a significant negative 
correlation (Figure 7). In 5 out of 11 patients, there 
was a significant correlation between SC glucose and  
NIB (Figure 8).
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A significant positive correlation between blood glucose 
and IB area was obtained in 4 out of 8 patients (Figure 9). 
Furthermore, a positive significant correlation between 
SC fat tissue and IB area could be seen in 5 out of 8 
patients (Figure 10).

A summary of glucose values in different tissues measured 
over 3 days is illustrated in Figure 11. No alterations in 
recovery of glucose could be seen over time.

Microdialysis L/P Ratio 
The mean values for microdialysis L/P ratio for NIB and 
IB for the first 12 hours and the 3 consecutive days are 
shown in Table 1.

Figure 6. Shows correlation between blood glucose and glucose in 
subcutaneous adipose tissue in each patient during any 3 consecutive 
days in the NICU (n = 12). p  < .05 was considered as a significant 
correlation and was seen in patients 1–7 and 9–12.

Figure 7. Shows correlation between blood glucose and glucose in 
NIB area in each patient during any 3 consecutive days in the NICU  
(n = 12). p < .05 was considered as a significant correlation and was 
seen in patients 2, 5, and 7–12.

Figure 9. Shows correlation between blood glucose and glucose in IB 
area (IB-glucose) in each patient during any 3 consecutive days in the 
NICU (n = 8). p < .05 was considered as a significant correlation and 
was seen in patients 4–6 and 9.

Figure 10. Shows correlation between glucose in subcutaneous fat 
tissue (SC-glucose) and glucose in IB area (IB-glucose) in each patient 
during any 3 consecutive days in the NICU (n = 8). p < .05 was 
considered as a significant correlation and was seen in patients 2, 4, 
5, 7, and 9.

Figure 8. Shows correlation between glucose in subcutaneous tissue 
and glucose in NIB area (NIB-glucose) in each patient during any 3 
consecutive days in the NICU (n = 8). p < .05 was considered as a 
significant correlation and was seen in patients 5, 7, 9, 11, and 12.
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Discussion
During normal neuronal activation, glucose transporter 
proteins (GLUT1 and GLUT3) are augmented to increase 
glucose transport.30 These are regulated to meet the 
metabolic demand of the brain, and in experimental 
models, both have been shown to increase after ischemic 
brain injury31,32 and GLUT1 after TBI.33 The correlation 
of levels of glucose in the peripheral blood and brain 
is difficult to examine with microdialysis in humans 
during physiological conditions for obvious reasons, but 
microdialysis values obtained from normal brain tissue 
in patients undergoing surgery for benign lesions in the 
posterior fossa have been reported.29 A linear relationship 
between plasma and brain glucose concentrations in 
the range of plasma glucose levels 4–30 mM has been 
presented in a study using magnetic resonance spectros-
copy.34 The interstitial glucose concentration, monitored 
by microdialysis, is affected by local metabolic rate, local 
blood flow, and blood glucose levels. Frykholm and 
colleagues showed in a study using microdialysis in 
nonhuman primates that glucose in the brain correlated 
significantly with cerebral blood flow and cerebral 
metabolic oxygen consumption.35 During physiological 
conditions, the glucose levels in peripheral blood correlates 
with the adipose tissue,36,37 however, the cerebral glucose 
concentration has been suggested to be 40% of blood 
glucose concentration.38 Recovery of glucose in SC adipose 
tissue with a perfusion flow rate of 0.3 ml/min and 
membrane length of 30 mm has been shown to be 90%,39 
however, using a membrane length of 10 mm in brain, 
it has been estimated to be 70%.25 Our results obtained 
from NIB and SC fat tissue with a perfusion rate of  
0.3 ml/min is slightly higher but in the range of reported 
results and in the same range of recovery.25,29,40 However, 
the values in IB were lower than in NIB. There can be 
several reasons behind this such as vasogenic or cellular 
edemas, that are main components of pathophysiology 
in traumatic brain injury.41 An edema is a result of 
mithocondrial dysfunction and energy crises that lead 
to ionic dysregulation and cellular swelling. The edema 
could also change the tortuosity of the brain tissue and 
thereby the recovery circumstances. In the IB area, there 
can also be a low regional cerebral blood flow or high 
glucose metabolism. However, the levels of glucose and 
mean L/P ratio were within normal range.

We did observe short episodes of zero values of glucose  
in brain and SC fat tissue despite normal blood glucose 
values, but did not observe clinical events that could 
be related to these dips. Also, the L/P ratio remained 

unchanged. Although it is hard to explain these events, 
it is more likely that the zero values do not represent 
a biological process, since no other changes such as 
increase in lactate could be observed, but indicate more 
technical issues in the analysis.

The positive and significant correlation between the glucose 
levels in peripheral blood and NIB tissue during the 
first 12 hours was less prominent when analyzed during 
the 3 consecutive days, when only 8 out of 12 patients 
presented a positive significant correlation between the 
glucose levels in peripheral blood and NIB tissue. These 
results indicate the presence of periods of mismatch 
between peripheral and brain glucose that are not 
possible to detect by blood sampling only. This was more 
evident in the NIB in which half the patients showed 
no significant correlation. This discrepancy might be 
explained by different specific changes in the metabolic 
state of the brain after injury,5 such as hyperglycolysis,6 
local hypermetabolism,42 and episodes of low cerebral 
blood flow.43 In a study using artificial neural networks, 
it was shown that microdialysis in patients with TBI  
show a highly individualistic pattern,44 which is in line 
with the results from the present study.

We found a significant positive correlation between glucose 
in adipose tissue and brain during the first 12 hours. 
This is in contrast to findings in a study evaluating the first 
6 hours.45 The authors suggested an initial stress reaction 
with catecholamine release and local vasoconstriction as  
explanation, despite the use of antistress/antihypertensive 
treatment using B1 antagonist in the referred study, 
which differs from the clinical routine in our department.

Figure 11. Shows glucose levels in blood (triangle), subcutaneous 
tissue (circle), NIB (square), and IB (cross) during any 3 consecutive 
days in the NICU. The values are given as mean ± standard error 
of the mean. For blood, subcutaneous tissue, and NIB area, n = 12. 
For IB area, n = 8.
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While investigating the glucose levels in blood, SC fat 
tissue, and brain, we could not see any alterations in the 
recovery of glucose over time, which could be explained  
by the low perfusion flow used.

To the best of our knowledge, this is the first study 
investigating the correlation of glucose in brain, adipose 
tissue, and blood. This study is in line with other micro-
dialysis studies, indicating the importance of cerebral 
brain microdialysis for glucose measurement and for 
detection of veiled metabolic cerebral events that cannot  
be detected by blood glucose alone.

Conclusion
Even though glucose levels in peripheral blood correlates 
well with the extracellular intracerebral space in the 
noninjured hemisphere within the first 12 hours, this 
study indicates the importance of using microdialysis 
monitoring of the cerebral tissue in patients with severe 
TBI to detect changes in tissue metabolism that might be 
devastating to the brain. It also shows a poorer correlation 
between blood glucose and IB area, and necessitates a 
catheter in the IB area. Further analysis needs to be 
performed in order to correlate the levels of intracerebral 
glucose versus tissue damage, e.g., using tissue damage 
markers in microdialysis.
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