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Evidence for abnormal glucose uptake or metabolism
in thalamus during acute hyperglycaemia
in type 1 diabetes—a 'H MRS study
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Abstract Acute hyperglycaemia impairs cognitive func-
tion. It is however not known, whether different brain
regions are equally exposed to glucose during acute
hyperglycemia or whether the brain is able to adjust its
glucose uptake or metabolism in response to blood
glucose fluctuation. We studied the effect of acute
hyperglycaemia on the brain glucose concentration in
seven men with type 1 diabetes with daily glucose
fluctuations of 11+3 mmol/l, and in eleven age-matched
non-diabetic men. Glucose was quantified with proton
magnetic resonance spectroscopy in three different brain
regions at baseline (fasting glycaemia) and twice during
a 2 h hyperglycaemic clamp with plasma glucose
increase of 12 mmol/l. The increase in brain glucose
during acute hyperglycaemia in the non-diabetic group
was: cortex (2.7£0.9 mmol/l)>thalamus (2.3+£0.7 mmol/l)>
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white matter (1.7+0.7 mmol/l, P=0.021 vs. cortex) and in
the diabetic group: cortex (2.0+£0.7 mmol/l) > white matter
(1.3£0.7 mmol/l) > thalamus (1.1£0.4 mmol/l, P=0.010
vs. cortex). In the diabetic group, the glucose increase in the
thalamus was attenuated compared to the non-diabetic
participants (P=0.011). In conclusion, the increase of
glucose during acute hyperglycaemia seems to be depen-
dent on the brain tissue type. The high exposure of cortex
to excess glucose and the altered glucose uptake or
metabolism in the thalamus may thus contribute to hyper-
glycaemia related cognitive dysfunction.
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Abbreviations

"H MRS proton magnetic resonance
spectroscopy

H20 brain tissue water

MRS 0, I, and II 'H MRS data collections

NAA N-acetylaspartate

tCr total creatine

Introduction

Type 1 diabetes increases the risk of brain structure
abnormalities such as atrophy, lacunar infarcts, and white
matter lesions (van Harten et al. 2006) as well as decline
in a large variety of cognitive tasks (Brands et al. 2005).
Chronic hyperglycaemia is the most important risk factor
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for diabetic complications (The Diabetes Control and
Complications Trial Research Group 1993) but as seen
in patients developing peripheral neuropathy, the nervous
system may possess a special sensitivity to high glucose
variability (Bragd et al. 2008). On the other hand, also
naturally-occurring daily hypoglycaemic and hyperglycae-
mic blood glucose fluctuations have been shown to cause
deterioration in cognitive function in patients with type 1
diabetes (Gonder-Frederick et al. 2009).

Glucose is the principal source of energy for the brain.
It has been shown that the glucose concentration in
extracellular fluid parallels the plasma glucose concen-
tration with a time lag of 30 min in healthy individuals
(Abi-Saab et al. 2002). In diabetes, the blood glucose is
abnormally high but may also fluctuate from low to high
concentrations. Previously, only the effects of frequent
episodes of hypoglycaemia and consistent chronic hyper-
glycaemia on the brain glucose uptake have been studied,;
in the entire brain by positron emission tomography (PET;
Fanelli et al. 1998) and Kety-Schmidt technique (Boyle et
al. 1995), and in the occipital cortex by proton magnetic
resonance spectroscopy (‘H MRS; Criego et al. 2005,
Seaquist et al. 2005). Most studies in humans (Boyle et al.
1995; Criego et al. 2005) and rats (McCall et al. 1986;
Simpson et al. 1999) agree that frequent episodes of
hypoglycaemia may up-regulate the glucose uptake in the
brain although also adverse findings has been reported
(Segel et al. 2001). The effect of chronic hyperglycaemia
is not as unambiguous. Both down-regulated (Duelli et al.
2000) and unchanged (Simpson et al. 1999) glucose
uptake has been found in rats. In diabetic patients with
poor glycaemic control, the glucose uptake has been
observed to be unchanged both during a hypoglycaemic
(Fanelli et al. 1998) and a hyperglycaemic (Seaquist et al.
2005) clamp. Indirect signs of down-regulation have,
however, been found, as chronic hyperglycaemia in
diabetes has been associated with decelerated blood-to-
brain glucose transport during low blood glucose of
3.0 mmol/l (Boyle et al. 1995). Notably, various brain
regions differ in tissue composition, blood supply, and
metabolic rate (Quirce et al. 1997) as well as in their
glucose uptake or metabolism.

We therefore suggested two hypotheses: 1. Different
brain regions may differ in their glucose concentrations
in response to acute hyperglycaemia. 2. Chronic expo-
sure to high glucose concentrations may alter glucose
uptake/metabolism. To test the hypotheses we studied the
glucose content in the cortex, white matter and thalamus
repeatedly during acute hyperglycaemia in type 1
diabetic patients with high daily glucose variability and
in non-diabetic individuals.
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Materials and methods
Participants

We studied seven men with type 1 diabetes and eleven age-
and BMI-matched non-diabetic men as control subjects.
The diabetic participants were recruited from the outpatient
clinic at the Helsinki University Central Hospital and the
non-diabetic participants by advertisements from the Hel-
sinki metropolitan area. Exclusion criteria were smoking,
alcohol or drug abuse, a family history of type 2 diabetes, a
history or present signs of cerebrovascular, cardiovascular,
neurological, psychiatric disease or a head trauma. All
participants were required to have magnetic resonance
images in the normal range. Diabetic participants reported
no history of unconsciousness due to low glucose nor
hypoglycaemia unawareness at a blood glucose below
3.0 mmol/l. This study focused on patients with frequent
fluctuations in their blood glucose concentrations and
therefore the mean amplitude of glycaemic excursions
(MAGE) was assessed by monitoring the tissue glucose
concentration with the Medtronic MiniMed Continuous
Glucose Monitoring System (CGMS; Medtronic MiniMed,
Northridge, CA, USA) during three days preceding the
study visit (Gross and Mastrototaro 2000).

None of the participants had any clinical symptoms
(numbness, tingling, muscle cramps, or weakness in the
lower extremities) or signs (abnormal Achilles and patellar
tendon reflexes, pressure and vibration perception thresh-
olds) of peripheral neuropathy. Retinopathy was quantified
in a blinded fashion from fundus photographs by an
ophthalmologist using the Early Treatment Diabetic Reti-
nopathy Study scale (Davis et al. 1998). Four of the
diabetic participants had background diabetic retinopathy
whereas the other had no signs of retinopathy. Seventeen
participants had normal urinary albumin excretion rate
(<30 mg/24 h) and took no other regular medication than
insulin. One patient with diabetes was microalbuminuric
(115 mg/24 h) and was treated with 10 mg ramipril and
50 mg acetyl salicylic acid daily. The Ethical committee of
the Helsinki University Central Hospital approved the study
and informed written consent was obtained from all
participants.

All participants were studied in the morning after an
overnight fast. In the morning of the study, the diabetic
patients using glargine insulin (#=4) injected their normal
dose, whereas the patients using NPH insulin (n=3)
reduced their dose by 50% to avoid ypoglycaemia.
Hypoglycaemic symptoms or tissue glucose below
2.9 mmol/l during the preceding 24 h led to re-scheduling
of the study visit.
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Study protocol

Initially, the brain was investigated with '"H MRS during
steady-state baseline conditions for 40 min (MRI + MRS 0).
Thereafter, the patient lying in the magnet, the blood glucose
concentration was raised to the hyperglycaemic level within
30 min. The aim was to achieve a blood glucose increase of
similar magnitude in the diabetic and non-diabetic partic-
ipants. During hyperglycaemia blood glucose was kept stable
for 50 min and two MRS data collections lasting 25 min
were performed (MRS I and II; Fig. 1).

At baseline, the participants received 0.9% saline infused
(50 ml/h) through a cannula inserted into their right
antecubital vein. The hyperglycaemic clamp aimed to increase
the plasma glucose concentration by 12 mmol/l above the
baseline concentration. This was achieved by giving the
participants a bolus of 50% glucose (0.5 ml/body weight [kg])
followed by an infusion of 20% glucose into their right
antecubital vein. The endogenous insulin secretion was
blocked by infusing a somatostatin analogue (Sandostatin;
Novartis) into the left antecubital vein (bolus of 25 pg and
infusion 0.75 pg/min) of the non-diabetic participants.

A retrograde venous cannula was placed in the left hand
dorsum, which was kept warm with a heat pack in order to
arterialize the venous blood (McGuire et al. 1976). Blood
glucose samples were drawn every 10 min and analyzed
bed side (HemoCue Glucose 201+; HemoCue, Angelholm,
Sweden) in order to adjust the glucose infusion. In addition,
samples for the determination of plasma glucose and serum
insulin concentrations were drawn before and after each of
the three (MRS 0, I, and II) data collections.

Magnetic resonance imaging and spectroscopy

The 'H MRS data were collected using a 1.5 T clinical MR
imager (Siemens Magnetom Sonata, Erlangen, Germany)
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Fig. 1 Plasma glucose (leff) and serum insulin (right) during the
hyperglycaemic normoinsulinemic clamp. *P<0.05 difference be-
tween diabetic (black circles) and non-diabetic (white circles)
participants

equipped with a standard birdcage head coil. The MRS
voxels were localized in the left frontal cortex (8.0 ml;
25 mmx16 cmx20 mm), left frontal white matter
(7.7 ml; 30 mmx 16 mmXx 16 mm), and in the left thalamus
(7.2 ml; 20 mmx20 mmx 18 mm) based on anatomical T1-
weighted sagittal, T2-weighted coronal, and FLAIR axial
images. Water-suppressed metabolite spectra were mea-
sured with the point-resolved spectroscopy (PRESS) se-
quence and chemical shift-selective (CHESS) water
suppression scheme (echo time 30 ms, repetition time
3,000 ms, 64 acquisitions). Non-water-suppressed spectra
were collected from the same voxels using four acquis-
itions. A glucose reference spectrum was collected from a
100 mM solution phantom with a 8.0 ml voxel (echo time
30 ms, repetition time 6,000 ms, 64 acquisitions). In all
spectra, the spectral width was 1,000 Hz and the number of
acquired complex data points was 1024.

The spectra were processed and analyzed using an in-
house written script running on Matlab 7.2 (MathWorks,
Natick, MA, USA). The free induction decay (FID) was
apodized using a Gaussian function with a broadening
factor of 2.5 Hz and zero-filled up to 2,048 complex points
prior to Fourier transformation. Signal intensities were
evaluated by integration of the characteristic spectral
regions and were automatically corrected for coil loading
and voxel size by the analysis program. Correction for
receiver gain was not needed as it was kept constant in all
MRS measurements.

The quantified resonances included NAA (N-acetylas-
partate), tCr (total creatine), glucose, and tissue water (H,O;
Fig. 2). The spectra were baseline corrected and the signal
intensities were evaluated by integration of the spectral
regions: NAA 1.98-2.06, tCr 3.00-3.08, glucose 3.40—
3.46, and H,O 4.2-5.2 p.p.m. The integral data was
analyzed by using tissue water as and internal reference
(metabolite/H,O; Urrila et al. 2006) to minimize the effect
of random fluctuations in the intensity levels originated
from the instrument or the subject.

The increase in the brain glucose concentration during
the hyperglycaemic clamp was determined from difference
spectra (Fig. 2). Two difference spectra for each brain area
were calculated by subtracting the baseline (MRS 0)
spectrum from the second (MRS I) and the third spectrum
(MRS 1I). The glucose concentration in the difference
spectra was determined by fitting the glucose spectrum
recorded from the 100 mM solution to the difference
spectra. Spectral region 3.1-4.0 ppm was used in the fitting
procedure. The fitting was performed using Matlab 7.2
program. The obtained concentration data from difference
spectra represent the change in glucose concentration from
the baseline situation.
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Fig. 2 Mean thalamus spectra at baseline (MRS 0; upper solid line)
and during hyperglycaemia (MRS 1I; upper dashed line) in partic-
ipants with type 1 diabetes (a) and non-diabetic participants (b).
Below the brain spectrum, a brain difference spectrum (MRS II-MRS
0; lower dashed line) and 100 mmol/l glucose fit that was used as an
internal reference (lower solid line). The difference spectrum and the
glucose spectrum are scaled up by a factor of five for better
visualization

Laboratory analyses

Plasma glucose was analyzed by the glucose oxidase
method (Beckman Glucose Analyzer II; Beckman Instru-
ments, Fullerton, CA, USA) and serum insulin by time-
resolved fluoroimmunoassay (PerkinElmer, Turku,
Finland). Total cholesterol was determined using an
enzymatic photometric assay (Roche Diagnostics, Man-
nheim, Germany). HbA . (glycated haemoglobin A;.) was
analyzed by immunoturbidimetry (Bayer, Tarrytown, NY,
USA). Urinary albumin excretion rate was assessed from
24-hour urine collections by immunoturbidimetry (Orion
Diagnostica, Espoo, Finland).

Statistical analyses

The significance of differences between samples is reported
using the non-parametric Mann Whitney U test. Analyses
were also performed with the parametric Student’s t-test
that gave similar results. The significance between repeated
measurements was analyzed using the non-parametric
Wilcoxon test. Correlations were assessed using the Spear-
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man’s rank correlation coefficient. The data are given as
means (SD) or median (range) when data are not normally
distributed, and P-values <0.05 were considered statistical-
ly significant. The analyses were performed with the Sigma
Stat Statistical Software (SPSS 15.0, Chicago, IL, USA).

Results
Participants

The study groups were matched for age (29.4+4.5 vs. 30.8+
6.9 years, P=0.930) and BMI (25.1+4.0 vs. 22.4+2.3 kg/m?,
P=0.056) and had similar concentrations of serum total
cholesterol (4.4+0.8 vs. 4.4+1.1 mmol/l, P=0.927 for
diabetic vs. non-diabetic participants). Systolic blood pres-
sures were 134+6 and 125+7 mmHg (P=0.010) and
diastolic blood pressures were 76+9 and 75+7 mmHg
(P=0.717) in the diabetic and non-diabetic participants.
HbA; was 7.6+0.8% in the diabetic and 5.5+0.2%
(P<0.001) in the non-diabetic group. The patients with
diabetes had age at onset of diabetes of 16.9+4.4 years,
diabetes duration of 12.4+2.8 years and daily mean
amplitude of glycaemic excursions of 11.3+2.9 mmol/l.
The plasma glucose and serum insulin concentrations
during the hyperglycaemic clamp are presented in Fig. 1.
The increase of plasma glucose during the clamp was of
similar magnitude in the diabetic and non-diabetic study
groups (11.8£2.9 vs. 12.3+1.5 mmol/l, P=0.892).

Brain glucose and brain water

Change in brain glucose during the hyperglycaemic
clamp In the diabetic participants, the glucose increase
was: cortex (2.0£0.7 mmol/l) > white matter (1.3+
0.7 mmol/l) > thalamus (1.1+0.4 mmol/l; Fig. 3). The
increase in brain glucose was statistically significantly
greater in the cortex than in the thalamus (P=0.010). In
the non-diabetic participants, the increase in brain glucose
was: cortex (2.7+0.9 mmol/l) > thalamus (2.3+0.7 mmol/l) >
white matter (1.7+0.7 mmol/l). The increase in brain glucose
was statistically significantly greater in the cortex than in the
white matter (P=0.021).

The increase in brain glucose did not differ between the
diabetic and non-diabetic participants in the cortex (P=0.093)
or in the white matter (P=0.306). In contrast, in the
thalamus, the increase in glucose content using an absolute
glucose concentration as the reference was smaller in the
diabetic participants (P=0.010 for MRS I and P=0.011 for
MRS 1I; Fig. 3). Also, by using water as the reference
(glucose/H,0), the increase in glucose content in the
thalamus was attenuated although it did not reach statistical
significance (Table 1).
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Fig. 3 The increase in glucose a
concentration in a. frontal cor-
tex, b thalamus and ¢ frontal
white matter during the hyper-
glycaemic clamp. *P=0.010,
**P=0.011 difference between
diabetic (black circles) and non-
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Brain glucose content At baseline (MRS 0), the absolute
glucose/H,O -ratios showed no difference between the
diabetic and non-diabetic participants neither in the cortex
nor in the thalamus, but the diabetic patients had higher
glucose/H,O in the white matter (P=0.027; Table 1). At
MRS I and II, the absolute glucose/H,O -ratios were no
different between the diabetic and non-diabetic participants
in any of the studied brain regions.

Brain tissue water The tissue H,O content remained stable
during the hyperglycaemic clamp (P>0.05, Table 2) in all
studied brain regions and did not correlate with the brain or
plasma glucose concentration (data not shown, P>0.05).
The H,O contents were similar in the diabetic and the non-
diabetic participants in all brain regions during the entire
study. In the non-diabetic participants, the cortex contained
8% more H,O than the white matter (P=0.006). In the
diabetic participants, there was no regional variation
(P=0.088).

Brain metabolites

The diabetic and non-diabetic groups had similar levels of
NAA/H,0 and tCr/H,O in the cortex, the white matter, and
in the thalamus during acute hyperglycaemia. The changes
in NAA/H,0 and tCr/H,O during the clamp (from MRS 0
to II) varied from —3.4% to +4.7% (Table 3).

MRS |

T hd T T v T T

MRS 1l MRS | MRS Il MRS | MRS I

Discussion

This study showed that during acute hyperglycaemia, brain
glucose concentration increased more in the frontal cortical
gray matter than in the frontal white matter and that the
increase in the glucose concentration in the thalamus was
attenuated in the diabetic participants. Both are novel findings.

We compared the effect of a hyperglycaemic episode on
brain glucose in diabetic patients with high daily blood
glucose fluctuations but no history of hypoglycaemic
events and in non-diabetic subjects in small but well
characterized and homogenous study groups. The inclusion
criteria were chosen to avoid any asymptomatic cardiovas-
cular disease (Bonora 2006) that could have an effect on
the brain. Based on the HbA |, the glycaemic control in the
participants with type 1 diabetes was slightly above the
target of international guidelines and this may explain why
the patients reported no severe episodes of hypoglycaemia
or hypoglycaemia unawareness. This was important since
hypoglycaemia may modulate brain glucose transport or
metabolism (Boyle et al. 1995; Criego et al. 2005).

Our approach to quantify brain glucose repeatedly in
several brain regions during acute hyperglycaemia with 'H
MRS is new. PET allows the study of glucose kinetics but
the differentiation of brain regions is difficult due to limited
spatial resolution. 'H MRS provides an opportunity to
compare brain regions and to assess the amount of excess
glucose in the tissue.

Table 1 Brain Glucose/(H,Ox 10 ¢) -ratios during fasting glycaemia (MRS 0) and steady state hyperglycaemia (MRS I and II)

Cortex White matter Thalamus

T1D Non-D P T1D Non-D P T1D Non-D P
MRS 0 43 (26-63) 37 (24-52) 0.258 36 (25-53) 25 (13-54) 0.027 30 (24-61) 28 (26-70) 0.556
MRS 1 62 (41-84) 60 (50-68) 0.606 51 (41-54) 43 (28-50) 0.126 57 (41-68) 56 (32-74) 0.958
MRS 11 69 (60-87) 68 (63-81) 0.908 63 (44-64) 45 (26-70) 0.958 63 (52-75) 64 (44-98) 0.079
A 33 (14-41) 35 (26-57) 0.247 19 (8-28) 19 (3-31) 0.884 30 (14-37) 36 (25-43) 0.156
P value for A 0.001 <0.001 0.032 <0.001 0.014 <0.001

Data are median (range)

T1D type 1 diabetes, non-D non-diabetic participants

@ Springer



232

Metab Brain Dis (2010) 25:227-234

Table 2 Brain tissue H,Ox107¢

during fasting glycaemia (MRS MRS TiD Non-D P value
0) and steady state hyperglycae-
mia (MRS I and II) Cortex 0 291.7 (275.2-308.5) 298.3 (282.1-311.5) 0.441
I 290.3 (275.0-314.1) 293.5 (280.3-310.1) 0.922
il 290.5 (276.1-318.9) 300.7 (280.5-312.3) 0.355
White matter 0 277.3 (260.7-290.9) 274.9 (260.6-290.0) 0.396
I 280.8 (261.2-289.7) 277.5 (258.5-287.8) 0.126
i 276.2 (259.2-289.7) 275.8 (260.0-285.7) 0.661
Thalamus 0 273.5 (252.6-295.5) 261.4 (252.8-278.8) 0.191
Data are median (range) I 263.4 (252.1-293.3) 258.5 (249.2-274.2) 0.958
TID type 1 diabetes, non-D i 264.6 (250.9-296.4) 259.7 (248.1-273.8) 0.172

non-diabetic participants

Some methodological considerations have to be discussed.
Two different methods that measure different aspects of the
phenomenon were used to assess the increase in the glucose
concentration in the studied brain regions. One is using tissue
water as the reference and the other the absolute glucose
concentration. In our hands both seem to perform adequately.
The reproducibility of the method that estimates the difference
between the brain glucose/H,O at the two time points (MRS
0 and II) can be assessed using the brain NAA/H,O and tCr/
H,O -ratios because they are not expected to change during a
2-hour study (Baslow 2003; de Graaf et al. 2001). The
variation of these metabolites was less than five percent and
was in line with previous studies (Geurts et al. 2004). Tissue
water is often chosen for the internal reference for the
metabolites because also its concentration is considered to be
relatively stable (Kreis et al. 1996). In the non-diabetic
participants, the cortical voxel contained 8% more water than
the white matter, which matches with the literature (Norton
1975). In principle, the cortical voxel may become contam-
inated with cerebrospinal fluid, but in our patients the water
content shows that this contamination was negligible and
does not therefore account for the higher glucose content in

the cortex. The other method using the glucose as reference
may be considered more reliable because it requires less
manual manipulation.

The non-diabetic participants received somatostatin to
reduce the secretion of insulin. Although somatostatin
uptake into the brain is restricted (Fricker et al. 2002) some
vasoconstriction cannot be ruled out (Long et al. 1992). The
possible vasoconstriction may have reduced the glucose
entry into the brain. In such a situation, the difference in the
thalamic glucose increase between the non-diabetic and
diabetic participants would be even larger than we
observed. Most importantly, somatostatin enabled the study
to be performed during controlled serum insulin concen-
trations because also insulin has an effect on the vessel
diameter and in addition on cell energy metabolism in the
brain (Schwartz et al. 1992). During the clamp, we studied
the change in cerebral glucose concentration and therefore
the aim was to achieve, instead of similar plasma glucose
concentrations, similar change in plasma glucose increase
in both groups.

The normoinsulinemic clamp increased plasma glucose
by 12 mmol/l which corresponds well with the daily

Table 3 Brain metabolite/(H,Ox 10~°) -ratios during hyperglycaemia (MRS II) and their percentual change during the clamp (MRS 0-II)

MRS 11 Change from MRS 0 (%)
T1D Non-D P value T1D P value Non-D P value
Cortex
N-acetylaspartate 387.9 (318.5-440.9) 423.8 (370.0461.7) 0.247 —0.1 0.866 2.2 0.069
Total creatine 242.8 (188.0-269.1) 247.3 (200.8-281.5) 0.418 1.0 0.398 4.7 0.036
White matter
N-acetylaspartate 452.0 (420.4461.0) 467.0 (393.1-494.0) 0.242 -3.1 0.043 -2.7 0.050
Total creatine 231.4 (190.1-257.8) 205.8 (185.1-232.6) 0.143 1.1 0.893 -34 0.123
Thalamus
N-acetylaspartate 402.0 (345.5-472.0) 240.0 (373.7474.9) 0.427 2.2 0.600 -3.0 0.173
Total creatine 428.4 (179.4-268.6) 229.8 (180.4-271.6) 0.711 4.6 0.249 1.0 0.859

Data are median (range)

T1D type 1 diabetes, non-D non-diabetic participants
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hyperglycaemic episodes observed in the diabetic partic-
ipants (MAGE 11.3£2.9 mmol/l). The acute hyperglycae-
mia led to a 1.1-2.0 mmol/l increase in the brain glucose
concentration which according to previous studies is
between 0.5 mmol/l and 2.5 mmol/l (Bingham et al. 2005;
Schlenk et al. 2008). Therefore, daily hyperglycaemic
blood glucose fluctuation in diabetic patients may even
double their brain glucose content.

Although shown for the first time with 'H MRS, it may not
be surprising that acute hyperglycaemia increased the
glucose content more in the cortex than in the white matter.
It has been well established that the gray matter has higher
metabolic rate of glucose than the white matter (Phelps et al.
1979; Mason et al. 1999). However, the result also means
that during acute hyperglycaemia, the cortex is more exposed
to excess glucose than the white matter. Because no
difference was seen between the diabetic and non-diabetic
participants, the cortex might not be able to adjust its glucose
uptake or metabolism. We have previously shown that in
diabetic patients with chronic hyperglycaemia, accumulation
of excess glucose is the greatest in the white matter (Heikkilad
et al. 2009). The present study provides evidence that
chronic and acute hyperglycaemias increase the glucose
concentrations differently in different brain regions, chronic
in the white matter and acute in the gray matter.

In the patients with type 1 diabetes, the increase in the
glucose concentration during acute hyperglycaemia was
attenuated in the thalamus. The thalamus consists mainly of
gray matter and receives its blood flow through long non-
branching perforating arteries whose endothelium depen-
dent vasodilatation function has been found to be impaired
in chronically hyperglycaemic rats (Oizumi et al. 2006).
Therefore we may have observed a decreased supply of
glucose. On the other hand, a PET study in young healthy
adults has found increased regional blood flow in the thalamus
after repeated episodes of hypoglycaemia (Arbelaez et al.
2008). In our previous study we found that in healthy men
with cardiovascular risk factors, thalamic tCr (marker of
oxidative metabolism) was increased and associated with
both fasting plasma glucose concentration and 2 h plasma
glucose concentration in an oral glucose tolerance test
(Heikkila et al. 2008). Therefore the attenuated increase in
glucose concentration may indicate increased glucose
metabolism in the thalamus. It also is possible that the
total uptake of glucose in the thalamus was saturated, since
the diabetic participants had been exposed to hyperglyce-
mia for a longer period of time. This would mean that the
glucose uptake saturates easier in the thalamus than in the
cortex or in the white matter. Although we cannot provide
any clear explanation for the phenomenon, evidence is
emerging that the thalamus somehow reacts to glycaemic
variation or participates in the regulation of glucose
metabolism.

In the cortex and white matter, acute hyperglycaemia
increased glucose concentrations as much in the diabetic as
in the non-diabetic participants. We have previously shown
that during fasting glycaemia, the glucose concentration in
these brain regions is higher in the diabetic than in the non-
diabetic individuals (Heikkild et al. 2009). This suggests
decreased metabolic rate in relation to the amount of
available glucose in the cortex and white matter of diabetic
individuals.

In conclusion, the distribution of glucose in the brain
during acute hyperglycaemia seems to be dependent on the
tissue type. The high exposure of cortex to excess glucose
may thus contribute to hyperglycaemia related cognitive
dysfunction. Chronic exposure to high glucose concentra-
tion alters the glucose uptake/metabolism in the thalamus.
Thalamus has not been in the focus of brain research in
patients with diabetes but the present and previous results
suggest that further studies are required to determine its
contribution in the regulation glucose metabolism and
development of diabetic brain disease.
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