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Summary. Hypoglycaemia (median venous blood glucose 
1.8 mmol/1; range 1.6-2.3) was induced by an intravenous 
infusion of regular insulin in eight patients with Type 1 (in- 
sulin-dependent) diabetes mellitus (age 28.0+7.4years; 
mean _+ SD, duration 15.5 + 5.1 years) and in 12 age-matched 
healthy male control subjects. Multi-channel frequency ana- 
lysis of electroencephalogram (electrophysiologic brain 
mapping) and recording of P300 and somatosensory evoked 
potentials were performed before, during and immediately 
after the hypoglycaemic period. The hypoglycaemia pro- 
duced a significant increase in low frequency electroence- 
phalographic activity in both groups, most pronounced over 
anterior regions of the brain. The electroencephalographic 
activity was normalised immediately after the hypoglycaemic 

period. The patients with diabetes showed somewhat longer 
P300 latencies during the initial normoglycaemic exami- 
nation. Hypoglycaemia caused a marked reduction of the 
P300 amplitude in both groups of subjects and the amplitude 
was not restored immediately after normalisation of blood 
glucose levels. The somatosensory cortical responses were 
not affected by hypoglycaemia. We conclude that hypogly- 
caemia results in impairment in cerebral function, as 
measured by neurophysiological techniques, which is not im- 
mediately normalised when blood glucose is restored to nor- 
mal. 
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Recurrent  hypoglycaemic episodes are common in in- 
sulin-treated diabetic patients [1]. Since glucose is the ob- 
ligate substrate for cerebral metabolism, profound hypo- 
glycaemia may cause permanent  brain damage [2-5] and 
even death [6, 7]. There is a gradual cerebral deterioration 
with falling blood glucose levels and electroencephalo- 
graphic (EEG)  studies have shown impairment of brain 
activity even in moderate  hypoglycaemia [8]. Latency of 
event-related potentials have been reported to increase 
even at blood glucose levels that are generally regarded as 
in the lower range of normoglycaemia [9]. 

Meticulous control of blood glucose is offered to an in- 
creasing number of diabetic patients in an effort to pre- 
vent or delay diabetic complications. Near-normalised 
blood glucose profiles may lead to an increment in the fre- 
quency of hypoglycaemia [1]. Furthermore,  it may well be 
that improved metabolic control may alter the recognition 
of hypoglycaemic symptoms [10], leading to a further risk 
of cerebral deterioration by recurrent hypoglycaemic epi- 
sodes. Thus, it has been shown that cognitive performance 
is affected already at blood glucose levels of around 
3 mmol/1, starting with alterations in attention and con- 
centration [12, 13]. 

The aim of the present study was to measure cerebral 
function during and after hypoglycaemia using quantified 
EEG,  P300 and somatosensory evoked potentials in order 
to further evaluate the influence of hypoglycaemia. The 

study was undertaken to compare a group of Type I (in- 
sulin-dependent) diabetic subjects, all of whom had ex- 
perienced severe hypoglycaemic episodes, with a group of 
healthy subj e cts. 

Subjects and methods 

Subjects 

Eight male Type i diabetic patients (C-peptide < 0.1 nmol/1), age 
28.0_+ 7.4 years (mean + SD) and with a duration of diabetes of 
15.5+5.1 years participated in the study. Twelve non-diabetic 
healthy males (age 26.4 + 4.2 years) served as control subjects and 
another four healthy males (age 27.3 + 1.8 years) took part in a sham 
study. The normal subjects were medical students without any family 
history of diabetes mellitus. All subjects were right handed. No sub- 
ject took any medication except for insulin. In the diabetic patients, 
the glycosylated haemoglobin Ale (HbAlc) concentration was 
8.1 +-0.7% (normal value <6.0%). All patients had experienced 
symptomatic hypoglycaemia prior to the study and six had had at 
least one episode of severe hypoglycaemia during the year preceding 
the study. None of the diabetic subjects had any clinical or laboratory 
evidence of autonomic neuropathy demonstrable with the immedi- 
ate heart-rate response to standing, heart-rate variations to deep 
breathing or to the Valsalva manoeuver. Informed consent was given 
by all subjects and the study was approved by the Hospital ethics 
committee. 
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Table 1. Test duration and venous blood glucose concentration be- 
fore, during and after hypoglycaemia 

Type 1 

Diabetic Control Sham 
patients subjects subjects 
(n = 8) (n = 12) (n = 4) 

Before 

Duration(min) 27 (19-40) 27 (17-37) 25 (15-35) 

Blood glucose 
(mmol/1) 6.4 (4.2-7.8) 4.8 (4.6-5.1) 4.5 (3.7-5.9) 

During 

Duration(min) 35 (25-56) 23 (16-38) 23 (18-26) 

Blood glucose 
(mmol/1) 1.8 (1.6-2.2) 1.8 (1.6-2.3) 4.3 (3.9-5.0) 

After 

Duration (rain) 25 (18-35) 24 (17-35) 22 (20-30) 

Blood glucose 
(mmol/l) 6.3 (5.3-7.4) 6.2 (5.1-7.4) 4.2 (3.%4.6) 

Values are given as medians (ranges within parentheses) 

Protocol 

The patients used their ordinary insulin regimens on the day before 
the study. The experimental tests were carried out after an overnight 
fast and with the subjects in a sitting position until the studies were 
completed. An antecubital venous catheter for infusion of insulin 
and glucose was inserted. A second antecubital catheter was used for 
continuous venous glucose measurement using a Gambro glucose 
analyser (Gambro, Lund, Sweden). Venous blood samples were 
drawn from a hand vein catheter at 5-10 min intervals for immediate 
measurement of glucose using a RefloluxlI glucose meter 
(Boehringer, Mannheim, FRG) and for later analysis of blood glu- 
cose levels by a standard glucose oxidase method, which represent 
the data given in Results. A constant infusion of regular insulin 
(2.5mU.kg-~.min-~; Actrapid Human, Novo Industries, Den- 
mark) was administered to reach the target blood glucose level of 
1.8-2.0 mmol/1 and a graded 20% glucose infusion was used to main- 
tain this level, and to restore normoglycaemia. During each glucose 
level, neurophysiological tests were carried out. An identical proto- 
col was used in the sham study, but insulin and glucose infusions were 
replaced by a continuous infusion of 0.9% NaC1. 

Neurophysiological tests 

The electroencephalogram (EEG) was quantified and frequency 
analysed (Fast Fourier Transform analysis; FFT) with Biologic Brain 
Atlas III system. Nineteen channels were recorded monopolarly 
with linked ear reference. The gain was 30 000 to 50 000, the high pass 
filter 0.3 Hz, the low pass filter 30 Hz, and the sampling frequency of 
the FFT analysis 128 Hz. The automatic artifact rejection and the 
50 Hz notch filter functions were enabled. The EEG was continu- 
ously monitored on paper throughout the sampling periods. Re- 
peated samples of 16 s EEG were made and the most artifact-free 
sample was selected for the final analysis. 

Somatosensory evoked potentials were recorded with the same 
equipment and recording electrode montages and the low pass filter 
changed to 500 Hz and without the 50 Hz notch filter. The right me- 
dian nerve was stimulated with a constant current stimulator and the 
cathode proximally. The stimulus strength was adjusted to 1.5 times 
the threshold for muscle twitches in the thenar muscles. The stimulus 
frequency was I Hz with an interstimulation variance of 10%. Aver- 
ages of 100 stimuli were made. The analysis time was 128 ms with a 
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25 ms pre-stimulation period in order to define the baseline. The 
automatic artifact rejection function was enabled. 

P300 responses were recorded by presenting two types of audi- 
tory stimuli; Type 1:2000 Hz and Type 2:500 Hz tone bursts of 
100 ms duration and 80 decibel intensity presented at 1 Hz with the 
two stimuli randomly mixed in a 4:1 ratio. The subjects were asked to 
count the unfrequent type 2 stimuli during the stimulation sessions. 
The analysis time was 512 ms with 50 ms pre-stimulus time. The arti- 
fact rejection and notch filter functions were enabled. Sixty samples 
of type 2 stimuli were averaged. 

Statistical analysis 

Effects of hypoglycaemia were evaluated using the paired t-test. 
Group differences were evaluated with the t-test with pooled esti- 
mates of variance. The sham study was performed to control for the 
stability of the other measurements and was not used in the statisti- 
cal evaluation. 

Results 

Dur ing  the per iod of hypoglycaemia,  the target  b lood glu- 
cose concen t ra t ion  was well approx imated  in bo th  ex- 
pe r imenta l  groups (Table 1). 

E E G  

No major  E E G  abnormal i ty  was found  in any subject  
prior to hypoglycaemia.  In  Figure 1, the changes in theta  
activity are shown for the anter ior  par t  of the brain.  Right  
and  left quadran ts  are t rea ted  together,  since no  major  
asymmetry  was observed. Similar changes were found  in 
the delta f requency b a n d  and  for the poster ior  parts of the 
bra in  (data not  shown).  

A detai led topographical  t-test analysis of the F F T  
data, compar ing  the pre-hypoglycaemic  and hypogly- 
caemic recording in each of the two study groups is illus- 
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Fig.1. Theta power (4.5-8 Hz) in anterior parts of the brain before 
(white bars), during (black bars) and after (grey bars) hypogly- 
caemia. The sham group is shown for comparison. The values are 
given as mean_+SEM. *=p<0.05; **=p<0.01 (vs prehypogly- 
caemia) 
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Hg.2. The composite means oft-test 
analysis of the quantified and 
frequency analysed electroen- 
cephalogram (FFT-EEG) data 
displayed topographically for 
consecutive frequency bands of the 
FFT spectra. See text for detailed 
information 

trated in Figure 2. The t-values indicating an increase of 
EEG activity within the automatically selected frequency 
bands during hypoglycaemia are displayed by blue 
colours, and decrease of EEG activity is indicated by 
yellow colour. Both groups showed a widespread increase 
of delta and theta activity (0.00-8.00 Hz) and an increase 
of low frequency alpha activity (8.12-9.62 Hz) anteriorly 
over the brain. Both groups also showed a decrease of 
high frequency alpha activity (9.75-12.87 Hz) and beta ac- 
tivity (13.0-19.37 Hz) over posterior regions. The increase 
of theta activity and the anterior release of alpha activity 
during hypoglycaemia was more marked in the diabetic 
group compared with the control group. 

In the recovery period with normal blood glucose 
values following hypoglycaemia, the EEG pattern re- 
turned to normal. No changes in EEG activity were noted 
in the sham treated group. 

P300 

The diabetic patients had longer P300 latencies prior to 
hypoglycaemia compared to the control subjects (343 + 27 
vs 325 + 27 ms; mean + SEM; p < 0.05). In both study 
groups, a highly significant reduction (p < 0.01) in P300 
amplitude was noted during hypoglycaemia (Fig. 3). Fur- 
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Fig.3. P300 amplitude recorded at Cz before (white bars), during 
(black bars) and after (grey bars) hypoglycaemia. The sham group is 
shown for comparison. The values are given as mean+SEM. 
** = p < 0.01 (vs prehypoglycaemia) 
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Fig.4. P300 latency recorded at Cz before (white bars), during 
(black bars) and after (grey bars) hypoglycaemia. The sham group is 
shown for comparison. The values are given as mean + SEM. 
* = p < 0.05 (vs prehypoglycaemia) 

thermore, after return to normoglycaemia following hy- 
poglycaemia, no immediate restitution of the P300 ampli- 
tude occurred. No changes were noted in the sham treated 
group. P300 amplitude changes are shown in Figure 3 for 
the centrally placed Cz electrode. Almost the same 
changes were noted more posteriorly and anteriorly (Pz 
and Fz, respectively; data not shown). The P300 latencies 
did not change in the diabetic patients during hypogly- 
caemia. In the control group, however, hypoglycaemia re- 
sulted in increasing latencies of the P300 wave (Fig. 4). 

Somatosensory evoked potentials 

There were no changes in the somatosensory evoked 
potentials in terms of amplitudes or latencies before, dur- 
ing or after hypoglycaemia (data not shown). 
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Discussion 

The present study clearly demonstrates neurophysiologi- 
cal changes during hypoglycaemia with a blood glucose 
level often seen in patients treated with insulin. A substan- 
tial increase in low frequency rhythms occurs in the EEG 
at a blood glucose concentration of around 1.8 mmol/1. 
These changes are diffusely distributed over the cerebral 
cortex, but seem to be more pronounced over the anterior 
parts of the brain. It has previously been shown that dur- 
ing a gradual fall in blood glucose concentration, E E G  
changes appear rather abruptly at a blood glucose level 
close to 2.0 mmol/1, with further deterioration at even 
lower levels [13]. These changes were slightly more pro- 
nounced in the temporal and parieto-occipital area. Ex- 
perimental studies of neuropathological lesions induced 
by hypoglycaemia show a selective brain damage occur- 
ring in a rostro-caudal direction, the superficial layers of 
the cerebral cortex being one of the selectively vulnerable 
areas [2-4]. Regional cortical differences of vulnerability 
within different brain areas are not known. 

Most of the significant EEG changes in the present 
study were found within the anterior areas which is of in- 
terest considering the neuropsychological effects of hypo- 
glycaemia. It is generally agreed upon that the frontal 
lobes play an important role in planning and controlling 
action [14]. Neuropsychological studies have revealed a 
gradual deterioration in performance starting at a blood 
glucose level close to 3.0 mmol/1 [11]. It seems that cogni- 
tive dysfunction first affects attention and also causes an 
inability to handle executive functions. This indicates the 
possibility of a dysfunction of the frontal lobe and/or its af- 
ferent and efferent connections. 

There is no obvious explanation to the observation 
that the diabetic patients showed more marked EEG 
changes at the same hypoglycaemic level compared with 
healthy control subjects. Previous minor hypoglycaemic 
insults and neuropathy may contribute to this phenome- 
non. 

Moderate hypoglycaemia gives rise to a highly signifi- 
cant lowering of the event-related P300 potential ampli- 
tudes in both study groups and no early restitution oc- 
curred as normoglycaemia was restored. Prolongation of 
the P300 latency was noted in the control group, but not in 
the diabetic patients. This may reflect a greater effort 
among the diabetic patients to concentrate on the task 
since they had all experienced hypoglycaemia in the past. 
The finding of increased baseline P300 latencies in the 
diabetic subjects may imply some impairment of cerebral 
function already in normoglycaemia in this group. The 
auditory P300 paradigm is frequently used since it is easy 
to apply and produces an identifiable response compo- 
nent. There has previously been some disagreement as to 
whether P300 reflects information processing activity 
evoked by a stimulus or whether it is a sign of a general 
pre-stimulus state of the subject [15]. The former concept 
is now generally accepted [16] and thus, P300 relates in- 
coming sensory information to memory updating, a pro- 
cess implying both perception and cognition of stimuli. 
The origin of P300 seems to be the temporo-parietal re- 
gions. In younger adults, P300 latency and amplitude are 
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negatively related [17]. It seems that  in an aging popula-  
tion, P300 latency is p ro longed  despite normal  ampl i tuae  
and for  example  in depression,  the la tency is normal  with 
a reduced  amplitude.  Yet another  pat tern  which can be 
seen in dement ia  and after head  injury is increased latency 
and reduced  ampli tude [18]. Fur thermore ,  P300 latency 
increases with increasing m e m o r y  load. In one  study of  
heal thy subjects a dec rement  in plasma glucose concen-  
t rat ion f rom 4.9 to 4.0 mmol/1 caused a significant increase 
in P300 latencies and these were not  normal ised until 
30 rain after re turn to no rmoglycaemia  [9]. In  another  re- 
cent study, however,  no  consistent increase in P300 latency 
was found  in normal  subjects when  measured  at a b lood  
glucose concent ra t ion  of  3.7 mmol/1 [19]. 

Al tera t ions  in the P300 wave are thus encoun te red  in a 
variety of  clinical conditions. W h e t h e r  the observed de- 
crease of  ampli tude and delay of  la tency of  the P300 wave 
are due to a general  effect such as inability to sustain ade- 
quate  concent ra t ion  and attention,  or  to a specific alter- 
at ion in cognitive ability can only be speculated upon,  but  
f rom neuropsychological  studies it seems established that  
a t tent ion is a funct ion found to deter iorate  early in neuro-  
g lucopoenia  [11]. 

No  alterations in somatosensory  evoked  potent ial  am- 
plitudes or latencies could be demons t ra ted  in this study. 
Obviously, the hypoglycaemia  in the present  study was 
not  severe enough  to affect the present  subjects in the 
same way as has been  repor ted  in animal experiments  
[20]. 

Intensified insulin regimens are now c o m m o n l y  used 
which may  lead to an increased f requency  of  hypogly-  
caemic incidents. This s tudy clearly demonst ra tes  cere- 
bral abnormali t ies  during insulin-induced hypoglycaemia  
with slowing of  electrocort ical  activity, pro longat ion  of  
event-related potent ial  latencies and reduct ion  in ampli- 
tude. Some of  these changes  are not  immedia te ly  res tored 
as b lood glucose levels are normalised.  The  results fur ther  
focus on the need  for taking the risk for  hypoglycaemia  
into account  when  intensifying insulin t rea tment  in 
diabetes mellitus. 
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