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Summary Chronic hyperglycaemia and recurrent seve-
re hypoglycaemia have both been implicated as causing
cerebral damage in patients with diabetes. Although
cognitive dysfunction and intellectual impairment have
been demonstrated in patients with recurrent severe
hypoglycaemia, structural correlates have not been
described, and it is not known whether specific functio-
nal changes occur in the brains of affected patients. Re-
gional cerebral blood flow was estimated by SPECT
with *=Technetium Exametazime in 20 patients with
IDDM. Ten patients had never experienced severe hy-
poglycaemia and 10 had a history of recurrent severe
hypoglycaemia. Patient results were compared with
20 age- and sex-matched healthy volunteers. We obser-

ved differences between the two patient groups and the
control group. Tracer uptake was greater in diabetic
patients in the superior pre-frontal cortex. This effect
was particularly pronounced in the group who had a hi-
story of previous severe hypoglycaemia. Patients with a
history of recurrent hypoglycaemia also had a relative
reduction in tracer uptake to the calcarine cortex. This
suggests an alteration in the pattern of baseline regio-
nal cerebral blood flow in diabetic patients with frontal
excess and relative posterior reduction in cerebral blo-
od flow. [Diabetologia (1994) 37: 257-263]
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Diabetes mellitus, with its associated disturbances in
glucose metabolism has been shown to be associated
with functional cerebral impairment [1-5]. Because
glucose is the obligate fuel of the brain, acute hypo-
glycaemia causes profound but reversible changes in
neurophysiological performance with, for example,
reproducible EEG changes. Although controversy sur-
rounds precisely which areas of the brain are most vul-
nerable to neuroglycopenia, with respect to EEG
changes, the frontal, parieto-occipital and temporal
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areas have been observed to be particularly sensitive
[6-9].

An important issue is whether recurrent severe hy-
poglycaemia causes permanent alteration of brain
function. Retrospective studies have reported perma-
nent reductions of cognitive functioning in diabetic pa-
tients who had suffered multiple episodes of severe hy-
poglycaemia, none of which had been recognised to
cause lasting intellectual or neurological deficits at the
time [10-12]. Our group has previously shown [12] that
the frequency of recurrent severe hypoglycaemia
correlated significantly with a measure of cognitive de-
cline from premorbid 1Q levels in 100 insulin-treated
diabetic patients. In a subsequent report [13], we found
that repeated severe hypoglycaemia appeared to affect
particularly those information processing stages associ-
ated with decision-making and response initiation.
Those patients with a history of multiple exposures to
severe hypoglycaemia had lower performance 1Qs and
verbal IQs than 100 closely matched non-diabetic con-
trol subjects, and the history of recurrent severe hypo-
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glycaemia appeared to account for the performance IQ
deficit but not the shortfall in verbal 1Q [13]. Reduced
verbal IQ could be attributed to diabetes per se but not
to severe hypoglycaemia. The aim of the present study
was to investigate whether disturbance of brain meta-
bolic functioning might co-exist with these detectable
cognitive changes in a subgroup of the diabetic patients
who had been studied previously.

Subjects, materials and methods

Subjects

Twenty subjects with IDDM were recruited from a cohort of
100 patients who had been studied previously to examine the
relationship between a history of repeated exposure to severe
hypoglycaemia and cognitive functioning [12]. Patients with a
history of cerebrovascular disease, head injury, serious systemic
disease, alcohol abuse or major psychiatric illness were ex-
cluded. All the patients had developed diabetes after the age of
19 years and had a duration of illness of more than 6 years. Ten
of the patients for the present study were recruited from a sub-
group who had experienced five or more episodes of severe hy-
poglycaemia since commencing treatment with insulin, and
10 patients from a subgroup with no previous history of severe
hypoglycaemia, who had no evidence of cognitive impairment.
All subjects were studied according to a protocol approved by
the Administration of Radioactive Substances Advisory Com-
mittee (ARSAC) in the United Kingdom and the local Medical
Ethical Advisory Committee. Written informed consent was
obtained from all subjects.

Assessment of cognitive ability and anxiety

The National Adult Reading Test (NART), [14] was used to as-
sess the pre-morbid IQ 1. e. the peak cognitive ability attained by
a patient prior to any intellectual decline. This measure is resis-
tant to organic brain damage. The Wechsler Adult Intelligence
Scale — Revised (WAIS-R, [15]) was used to assess current intel-
lectual functioning. Verbal, performance and full scale IQs were
obtained. The WAIS-R 1Q correlates highly with the NART in
healthy adults. To assess levels of state anxiety, the Spielberger
State Anxiety Questionnaire [16] was administered.

Preparation for the study

The study was not performed if the patient had experienced
symptomatic, or recorded biochemical, hypoglycaemia in the
preceding 24 h. The studies were performed in the afternoon. To
reduce the risk of hypoglycaemia, the patients were asked to re-
duce the dose of isophane insulin the previous evening by 2 IU.
On the morning of the study, they omitted the isophane insulin
and reduced the soluble insulin by 2 TU.

Maintenance of normoglycaemia

At regular (5-min) intervals throughout the study venous blood
was drawn for determination of blood glucose by automated colo-
rimetric analysis (BM stix and Reflolux IIM; Boehringer, Lewes,

UK). The blood glucose concentration was maintained in the tar-
get range of 5 to 10 mmol/l by a continuous infusion of 5% dex-
trose and soluble (unmodified) insulin (Actrapid; Novo Nordisk,
Basingstoke, UK) at a variable rate through an indwelling ante-
cubital venous catheter. The absolute fall, and rate of fall of blood
glucose to near normoglycaemia was similar in both groups.

Imaging procedure

All subjects were examined with a single slice multi-detector
dedicated head scanner (Multi-X 810; Strichman Medical
Equipment Inc., Boston, Mass., USA) after an i.v. bolus injec-
tion of ®™Tc-Exametazime. The single photon (gamma) emitter
#mTechnetium-Exametazime (hexamethyl propylene amine
oxime) is taken up avidly into brain cells on first pass afteri.v.in-
jection. About 85 % of the tracer is retained in situ, so that the ac-
tivity which is measurable for hours after the injection reflects
the distribution of regional cerebral blood flow [17-20]. Under
physiological conditions, both at rest and during activation, re-
gional cerebral blood flow closely mirrors cerebral metabolic
activity [21, 22]. Although SPECT is generally described as a
“functional imaging method”, measured tracer activity is also re-
duced if there is a “structural” reduction of tissue mass.

Using the intermediate 572 hole collimators, the maximum
in-slice resolution of the scanner is given as 7.5 mm (full width,
half maximum) by 15-mm slice thickness. The sensitivity of the
instrument has been measured as 520 counts per second per
1 kBg/ml [23]. The patients were scanned at rest and again during
the performance of the PASAT task, using a split-dose technique
[23]. PASAT s a paced auditory serial addition test [24]. The rest-
ing and activation scans will be compared to explore the effects of
PASAT activation and these effects described inasubsequentre-
port, but the present study describes the baseline results, At
baseline, the subjects were lying comfortably on theimaging table
with their eyes covered and their ears unplugged. Ambient noise
was kept to a minimum for 5 min after commencing the tracer in-
jection. A dose of 250 MBq of the tracer was injected as an i.v.
bolus through an antecubital Teflon catheter. The subject’s head
wasthenplacedinamoulded head rest,and positioned parallel to
the orbito-meatal line with the help of two crossed positioning
lights, and fixed with pressure pads over the zygomatic arches.
Two slices parallel to the orbito-meatal line were acquired atlev-
els of + 4 and + 6 cm. The scan acquisition time was 5-min/slice
with total slice counts of approximately 1,000,000.

Imaging analysis

Local count densities were examined using a region of interest
approach. Templates were derived from a standard neuroana-
tomical atlas [25] and fitted by aligning the outer border of the
template with the 40 % isocontour line of the brain activity map
(Fig.1). This method avoids the arbitrary definition of regions of
interest centred on local hot spots, which would introduce a bias.
The reliability of this method has been demonstrated previously
[23]. Raw count densities were normalised by dividing regional
values by the area weighted mean of all regions of interest in the
two slices examined.

Statistical analysis

Normalised count densities were compared between the non-
diabetic and the two diabetic groups using one way ANOVA.
Since these comparisons were exploratory in nature, protection
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Fig.1. Regions of interest in the two templates used for trans-
axial (horizontal) slices at the level of the basal ganglia (4 cm
above the orbito-meatal line) and a second slice parallel to the
first and 2 cm higher. (Figure modified from [31] with per-
mission)

against type 1 errors by the application of multivariate tests or
Bonnferroni correction was not carried out. Where there was an
overall group effect in the one way ANOVA, group values were
compared using post hoc Scheffe tests. The hypothesis that the
duration of illness (i.e. the likely effects of chronic hypergly-
caemia) affects regional tracer uptake was tested by non-par-
ametric correlations.
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Fig.2. Profile of group differences between the two patient
groups, those without hypoglycaemia O and those with hypo-
glycaemia M, and aged matched control subjects. Normalised
tracer uptake values have been transformed and expressed as
deviation from control mean in control SD units (effect sizes). A
value of +1, indicates a patient value 1 SD above the control
mean. Significant differences (p <0.05) have been indicated by
an asterisk (*). (6) refers to the cortical area at higher trans-axial
slice i.e. at plus 6 cm above the orbito-meatal line

Results

The two patient groups and the control group were
matched for age, sex, social class and years of education
(Table 1). In Table 2, the results are shown of the psy-
chometric assessment including the estimated level of
anxiety at the time of the scan, the duration of diabetes
and the quality of glycaemic control of the two groups
of patients with diabetes. The quality of glycaemic con-
trol was stable within groups and was similar between
groups. The groups did not differ significantly in pre-
morbid IQ as estimated by the corrected NART [12,
14] or in verbal, performance and full scale IQ, as esti-
mated by the WAIS-R [15]. Those patients in the orig-
inal study [12] who had experienced five or more epi-
sodes of severe hypoglycaemia had a significantly
greater deterioration in IQ performance, as estimated
by the difference between NART and WAIS-R 1Q,
than those with no history of hypoglycaemia. Because
of the smaller number, the patients with frequent
severe hypoglycaemia recruited for this study, how-
ever, did not show such a significant 1Q difference
(Table 2). The Spielberger State Anxiety Question-
naire [16] was administered 5 min after the injection of
radioisotope; no between-group differencesin the state
of anxiety were demonstrated.

The ANOVA did not produce any overall left-right
effects (F37=1.21; p =0.31), nor were there any
regional left-right differences (Hotellings T =1.08;
Fs46=0.89; p = 0.62). Consequently, left and right re-
gional uptake ratios were averaged (Table 3). No dif-
ferences were observed between the two patient groups,
but differences were apparent between diabetic pa-
tients and the control subjects. Increased tracer uptake
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Table 1. Socio-demographic characteristics of diabetic patients with and without recurrent exposure to previous severe hypogly-

caemia and normal control subjects

Without hypoglycaemia With hypoglycaemia Non-diabetic control
(n =10) (n=10) subjects (n = 20)
Age (years) 39.1+5.7 38.6+6.0 38.8+11.2
Sex (male/female) 773 713 8/12
Social class (grouping) 1/5/4/0/0 0/3/6/0/1 3/6/10/0/1
Education (years) 125425 12.8£3.1 14.1 £3.25

Table 2. Psychometric assessment, state anxiety, duration of diabetes and quality of glycaemic control in diabetic patients with and

without a history of severe hypoglycaemia

Without hypoglycaemia (n = 10) With hypoglycaemia (rn = 10)
NARTIQ 107.7£47 103.5+10.7
WAIS-RIQ 107.4£13.0 98.0+£18.9
WALIS - Performance 106.9+12.3 96.1£19.2
WAIS - Verbal 107.1+£127 99.8£17.3
Spielberger 26.8+3.5 29165
HbA,, last 6 months (%) 95%£1.7 10119
HbA,, previous 6 months (%) 99+1.6 104+2.0
BMI (kg-m~?%) 248+23 264+2.5
Insulin dose (units- kg~?2) 0.62+0.3 0.61+0.3
Duration diabetes (year) 105%3.8 11.9+3.9

Table 3. Count densities of the regions of interest, normalised to the mean count density in all regions of interest

1. Without hypogly- 2. With hypogly- 3. Controlsub- ANOVA  Post-hoc test
caemia caemia jects Fy5(p) (Scheffe)
Mean+S.D Mean +S.D Mean £S.D

Frontal 0.96 £ 0.04 0.97 £0.04 0.95£0.03

Frontal - (upper slice) 0.95+0.03 0.98 £0.03 0.94 +0.03 3.8(0.03) 3<2

Anterior cingulate 1.08 £0.08 1.05+0.06 1.10+£0.05

Anterior cingulate — (upper slice) 1.10 £0.06 1.12 £ 0.06 1.12£0.05

Caudate 0.90£0.10 0.96 £0.12 0.94 £0.06

Putamen 1.03 +0.04 1.06 £0.07 1.04 +0.04

Thalamus 1.00 £0.04 1.02+£0.07 1.01+0.04

Superior temporal 1.03 +0.06 1.04 £ 0.05 1.05£0.04

Calcarine 1.16 £0.06 1.10£0.05 1.17£0.05 48(0.01) 3>2

Posterior cingulate 0.89 £0.09 0.86 £0.09 0.92+0.09

Posterior cingulate - (upper slice) 1.22 £0.05 1.19+£0.06 1.20£0.07

Mid temporal 1.03+£0.02 1.01+£0.03 1.04 +0.04

Parietal - (upper slice) 0.99 +0.02 0.99+0.02 0.99 +0.02

Occipital 1.00 £0.05 0.97 £0.05 0.98 £0.04

Occipital — (upper slice) 1.01 £0.04 0.98 £0.06 0.99+0.05

tosuperior pre-frontal cortex and reduced uptake tocal-
carine cortex was foundin the diabetic group who had a
history of previous severe hypoglycaemia. The effect
size of the difference between patient groups and con-
trol subjects for each of the regions of interest is illus-
trated in Figure 2. Although there is no significant ex-
cess uptake to superior prefrontal cortex in the patients
without hypoglycaemic attacks, a trend in this direction
is visible (Fig.2). The observed differences are small.
The isotope uptake wassignificantly greater in the fron-
tal cortex and significantly reduced in the calcarine cor-
tex in the diabetic patients with a preceding history of
severe hypoglycaemia.

Two significant correlations were observed between
regional uptake of tracer and duration of diabetes - this
number of significant results was not greater than ex-
pected by chance (1.5).

Discussion

This study simultaneously examined the effects of
diabetes per se and of recurrent severe hypoglycaemia
on the regional cerebral uptake of tracer in IDDM pa-
tients. The hypothesis that either diabetes or recurrent
severe hypoglycaemia (or both) may cause changes in
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regional cerebral blood flow was prompted by the dem-
onstration of significant neuropsychological impair-
ment in insulin-treated diabetic patients who had been
exposed to severe hypoglycaemia [5, 11, 12]. However,
not all studies have confirmed that recurrent severe hy-
poglycaemia results in a permanent intellectual deficit.
For example, a 5-year prospective study of the effects
of severe hypoglycaemia on cognitive functioning
found no detrimental effects of repeated severe hypo-
glycaemia [26]. This study has been criticised for failing
to separate its two study groups adequately in their ex-
perience of hypoglycaemia, the use of insensitive and
unvalidated cognitive tests, the relatively short time of
follow-up, and its insufficient power [27]. A different
retrospective study found a correlation between cogni-
tive impairment and the presence of severe polyneu-
ropathy rather than preceding severe hypoglycaemia,
although both factors did appear to interact to magnify
the degree of neurobehavioural dysfunction [28].

The present study suggests that by comparison with
healthy volunteers, in diabetic patients a relative in-
crease in tracer uptake occurs in the superior pre-fron-
tal cortex. This effect was greater in those diabetic pa-
tients who had been exposed previously to multiple
episodes of severe hypoglycaemia. These patients also
had arelative bilateral reduction of tracer uptake in the
calcarine cortex. Recurrent hypoglycaemia may have a
cumulative effect on altering regional cerebral blood
flow in addition to the effects of diabetes per se. The
role of other factors as confounding variables poten-
tially influencing the results is worthy of consideration.
These include differences in state anxiety or arousal,
differences in ambient insulin concentrations and dif-
ferences in the extent and rate of change from the ha-
bitual blood glucose concentration to the target gly-
caemic levels obtained for scanning. These explana-
tions, while theoretically possible, are unlikely. We
were careful to measure anxiety in the two diabetic
groups before scanning and there were no between-
group differences. All three groups were also com-
pared under basal conditions using the Alderley Park
State Anxiety Questionnaire [29]. State anxiety was
low in all three groups, and there were no differences in
anxiety between the control subjects or the two groups
of diabetic patients. In addition, anticipatory anxiety
has no accepted pattern of effect on regional cerebral
perfusion [30] and induced anxiety in phobic patients
produced only decreased isotope uptake in posterior
association cortex [31]. Further, whether the absence of
1.v. dextrose and insulin in the control group could have
been a confounding variable for the group difference is
doubtful. Diabetic patients are likely to be more famil-
iar with i.v. cannulation procedures than their non-
diabetic counterparts. The question of a role for insulin
has been addressed by Kerr et al. [32] who demon-
strated a symmetry of cerebral blood flow and cogni-
tive response to hypoglycaemia and suggested a late di-
rect effect of insulin per se to increase cerebral blood

flow. The direct effect of insulin was seen only after 2 h
in the normoglycaemic hyperinsulinaemic phase, this
being much later than the effect we have demonstrated
here, which is, therefore, unlikely to be due to insulin.
With regard to the influence of the ambient blood glu-
cose concentration and rate of change of this variable,
Tallroth et al. [33] have demonstrated that the magni-
tude of global cerebral blood flow changes from before
hypoglycaemia to after recovery were inversely related
to the initial blood glucose level, but were unable to
identify changes in the relative distribution of regional
cerebral blood flow.

The absence of a correlation between regional tracer
uptake and the duration of diabetes in our study is con-
sistent with evidence derived from EEG studies in
diabeticchildren [34],in which nocorrelation was found
betweenthe EEG abnormalities and either the duration
of diabetes or the quality of metabolic control. This sug-
gested that chronic hyperglycaemia was not the sole
causal factor producing permanent EEG abnormalities.
By contrast, a history of exposure to severe hypogly-
caemia (defined in that study as hypoglycaemia which
had required treatment with parenteral glucagon) was
strongly associated with the prevalence of EEG abnor-
malities [34]. A previous study by Grill et al. [35], which
used positron emission tomography with ®F-fluoro-
methane to measure regional cerebral blood flow, dem-
onstrated that under carefully controlled normogly-
caemic conditions, global cerebral blood flow was
greater in diabetic subjects, and the most marked incre-
mentsinmeanregional cerebral blood flow occurred bi-
laterally in some areas of the frontal lobes in addition to
the primary somato-sensory cortex. The only region in
which cerebral blood flow was reduced was the head of
the caudate nucleus. In the present study, increments of
Exametazime uptake were observed in the frontal cor-
tex. Although a relative excess of Exametazime uptake
inthe frontal cortex does not provide a direct measure of
anincrement in blood flow, the previous data of Grill et
al. [35]make such an interpretation tenable.

Other studies have also suggested that the fron-
tal cortex is preferentially affected by acute hypo-
glycaemia. Tallroth et al. [36] studied 10 healthy
non-diabetic subjects with SPECT using i.v. **Xenon.
Moderate hypoglycaemia (plasma glucose 2.0 mmol/l)
resulted in a significant increase in regional cerebral
blood flow with the highest increments in the frontal
and parietal cortices (21.5 and 20.6 %, respectively).

Further evidence for the localisation of the effects of
acute hypoglycaemia on regional cerebral function is
provided by a comparative study of EEG and visual
evoked potentials during moderate hypoglycaemia [6].
In that study, the EEG was shown to provide a more
sensitive neurophysiological response to hypogly-
caemia and the earliest EEG changes during hypogly-
caemia occurred in the frontal regions of the brain. A
predilection for functional impairment of the frontal
lobes during acute hypoglycaemia has also been sug-
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gested by the pattern of cognitive dysfunction observed
in diabetic and non-diabetic individuals during acute
insulin-induced hypoglycaemia [37, 38].

The physiological significance of these local changes
in cerebral blood flow and metabolism during hypogly-
caemia is not known. The similarity in the patterns of
regional tracer uptake observed in diabetic patients
who had a history of previous severe hypoglycaemia
during normoglycaemia, and in non-diabetic and
diabetic subjects during acute hypoglycaemia is intri-
guing, and introduces the possibility that the abnormal
pattern of regional brain metabolism observed in
diabetic patients who have been exposed to recurrent
severe hypoglycaemia is mediated by regionally selec-
tive capillary recruitment which has been promoted by
preceding episodes of acute hypoglycaemia. It could be
speculated that this may represent an adaptive re-
sponse to maintain a supply of glucose to vulnerable
areas of the brain such as the frontal cortex, during sub-
sequent episodes of acute hypoglycaemia. This premise
is supported by the finding that in rat brain, blood-
brain glucose transport is increased in response to
acute hypoglycaemia [39, 40]. Glucose transport is also
enhanced in a regionally selective manner in response
to chronic hypoglycaemia [41]. The mechanisms under-
lying these changes may be different. The responses to
acute hypoglycaemia occur rapidly and have been sug-
gested to be a consequence of capillary recruitment and
the primary mobilisation of glucose transporters [42]
while the increased synthesis of specific hexose trans-
porters has been proposed as the principal mechanism
mediating the response to chronic hypoglycaemia [43].
Nostudies in diabetic animals have addressed the ques-
tion of what happens to cerebral glucose transport and
metabolism following exposure to recurrent episodes
of acute hypoglycaemia, which is a more relevant
model for human diabetes.

In summary, the present study has suggested that the
pattern of regional cerebral blood flow estimated using
SPECT, was altered under basal normoglycaemic con-
ditions in patients with diabetes. These abnormalities
were more extensive in diabetic patients who had ex-
perienced multiple episodes of severe hypoglycaemia.
These observations require replication, and the under-
lying mechanism of altered cerebral metabolism merits
examination using appropriate experimental models.
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