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Summary. The effect of  insulin-induced hypoglycaemia on 
cerebral blood flow was examined using the intravenous xe- 
non-clearance technique in 9 patients with Type I (insulin- 
dependent) diabetes (aged 20 to 43 years) and 9 age-matched 
control subjects before, during and after hypoglycaemia. 
Cerebral blood flow rose in both groups. The mean basal 
cerebral flood flow values were not significantly different 
and during hypoglycaemia mean cerebral blood flow in- 
creased by 17% (p=0.008) in the diabetic patients and by 

21% (p=0.0003) in the control subjects. The results suggest 
that in young diabetic patients without autonomic neuropa- 
thy or microangiopathy cerebral vessels dilate normally in re- 
sponse to hypoglycaemia. The physiological importance of  
an increase in cerebral blood flow during hypoglycaemia is 
uncertain; but glucose availability is increased. 
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H y p o g l y c a e m i a  is the mos t  c o m m o n  compl ica t ion  o f  
insulin the rapy ;  abou t  10% o f  insul in- t reated pat ients  
exper ience one  o r  m o r e  episodes  o f  severe hypog ly -  
caemia  annua l ly  [1-4]. Severe h y p o g l y c a e m i a  p roduces  
p r o f o u n d  changes  in the central  nervous  system; bu t  
surpris ingly little is k n o w n  abou t  its effects on  cerebral  
c i rculat ion in man .  

Previous  c ross -cannula t ion  studies using the ni- 
t rous  oxide m e t h o d  to measure  cerebral  b l o o d  f low 
(CBF)  dur ing insu l in- induced  h y p o g l y c a e m i a  repor ted  
confl ic t ing results. E i senburg  [5] and  Ke ty  [6] f o u n d  no  
change  in C B F  bu t  Por ta  [7] f o u n d  a significant in- 
crease in sch izophren ic  pat ients  t rea ted  by  insulin 
shock  therapy.  

O u r  a im was  to c o m p a r e  the effect o f  insulin-in- 
d u c e d  h y p o g l y c a e m i a  on  C B F  in y o u n g  pat ients  with 
Type 1 diabetes and  age -ma tched  n o r m a l  control  sub- 
jects. 

Subjects and methods 

CBF was studied in the two groups of subjects before, during and af- 
ter insulin-induced hypoglycaemia. All subjects gave informed con- 
sent and the study was approved by the local ethics committee. 

Group 1. Nine healthy control subjects (median age: 31 years, range 
25-37 years, six men, three women). 

Group 2. Nine young Type 1 diabetic patients (median age: 30 years, 
range 20-43 years, eight men, one woman). All except one subject 

were free from microangiopathy: the clinical data for the group are 
shown in Table 1. 

Retinopathy was assessed by direct ophthalmoscopy and an early 
morning urinary albumin concentration was measured by a double 
antibody immunoassay procedure [8]. The mean duration of diabetes 
(+ISD) was 11.5 ___6.5 years, the mean insulin dose/kg was 0.71 _+ 
0.29 U/kg and the mean HbA1 was 11.2• (Coming method, 
upper limit of reference range 7.5%). 

None of the diabetic patients or control subjects had a history of 
head injury or cerebrovascular disease; electroencephalograms per- 
formed before the study were reported to be within normal limits. 
None of the diabetic patients had a history of severe recurrent lay, 
poglycaemia but three subjects had experienced nocturnal hypogly- 
caemic reactions in the preceeding month and two had been uncon- 
scious once in the previous year. No drugs other than insulin were 
being taken at the time of the study and no subject had a body mass 
index of greater than 25. 

Autonomic function was assessed using cardiovascular reflex 
tests (the standard deviation of the mean R-R interval over a 5-min 
period lying down, the expiratory to inspiratory ratio for a single 
deep breath, and the Valsalva ratio) and results outside the 97.5 cen- 
tile of age-related normal ranges [9-11] were defined as abnormal. 
The postural change in blood pressure was also measured. One dia, 
betic patient with evidence of microangiopathy also had an abnor- 
mal expiratory to inspiratory ratio but all other subjects had normal 
autonomic function. 

M e ~ o ~  

In diabetic patients short-acting insulin was substituted for interme- 
diate and long-acting insulin 24 h before the study. Patients were ad- 
mitted to hospital at 20.00 hours the evening before the study. Over- 
night normoglycaemia was achieved with a constant intravenous 
insulin infusion. Control subjects fasted overnight for a similar peri- 
od but were not admitted. 
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Table 1. Clinical data for Type I diabetic patients 

Subject Sex Age Duration of Insulin dose Retinopathy Urine albumin HbA1% 
(years) diabetes (U/kg/day)  concentration 

(years) (rag/I) 

1 F 26 16 0.64 Nil 17.0 10.4 
2 M 30 10 0.42 Nil 9.6 15.8 
3 M 33 5 0.52 Nil 4.0 7.2 
4 M 43 17 0.65 Background 122.0 10.2 
5 M 28 6 0.80 Nil 13.2 9.6 
6 M 33 21 0.48 Nit 21.7 9.8 
7 M 38 14 1.05 Nil 6.7 15.6 
8 M 20 10 1.29 Nil 5.6 12.6 
9 M 28 1 0.53 Nil 6.8 9.3 

Table 2. Mean fasting, nadir and recovery glucose and basal hae- 
matocrit in diabetic patients and control subjects 

Diabetic Control 
patients subjects 
(n=9)  (n=9)  

Fasting glucose (mmol/1) 5.3 + 1.3 4.7__+ 0.6 
Nadir  glucose 1.3 ___ 0.5 1.1 +_ 0.6 
Recovery glucose 8.8_+ 2.7 6.8_+_ 1.3 
Time to hypoglycaemia (min) 54 + 13 43 + 12 
Basal baematocrit 0.425 ___ 0.025 0.430 + 0.035 

Results are stated as mean ---1SD 

The study began at 08.00 hours with a basal measurement of 
CBF using a non-invasive intravenous xenon 133 clearance technique 
[12]. Five to seven millicuries of xenon were given by bolus injection 
into a forearm vein which was then flushed with isotonic saline 
while subjects held their breath for t0  s. A minimal peak count of 
20,000 counts per 5 s was ensured. Two opposed 3.8 cm diameter, 
3 mm thick, well-screened sodium iodide scintillation detectors, with 
5 cm parallel whole collimators were used. The counters were placed 
with the posterior edge of each collimator just in front of the parietal 
eminenCe. The detectors were set symmetrically (57-105 Key) 
around the 81 Key gamma peak of xenon 133. A 5-s sampling interval 
was used and the clearance of the isotope was measured for 12 rain. 
Air samples were drawn from a face mask into a separate sodium io- 
dide air detector throughout the procedure to measure the activity in 
the expired air. The data were collected onto floppy disk using a Nu- 
clear Data 66 computer and the clearance curves were analysed later 
on a DEC 11/34 computer by a modification of the method de- 
scribed by Obrist [13]. To avoid extra-cerebral contamination only 
the fast clearing time curves, corresponding mainly to grey matter, 
were used. End tidal CO2 was monitored using a Beckman infra-red 
CO2 analyser and chart recorder. Blood pressure was recorded with 
an electronic sphygmomanometer (Opal UA-251) and the mean of 3 
readings was used. The ECG was continuously displayed and the 
pulse was monitored. 

Blood specimens were taken via an indwelling intravenous can- 
nula in an antecutibal vein for measurement of glucose, HbA1, full 
blood count, platelets and fibrinogen. Plasma glucose was measured 
by the glucose oxidase method. Specimens were also taken in seven 
diabetic patients and four control subjects for determination of 
whole blood viscosity which was measured within 1 h at 37 ~ in a 
Couette type cup and bob viscometer (Contraves Low Shear 30). The 
shear rate was increased logarithmically from 0 to 128.5/s with a 
ramp time of I min. Low shear rate readings for whole blood viscosi- 
ty were taken at the lowest recordable shear rate so that differences 
between individuals, due to the non-Newtonian behaviour of blood, 
could be detected before the rheological properties were altered at 
higher viscosities. Standardised low shear rate readings were also 
taken at a rate of 0.277/s and high shear rdadings at 94.5/s. 

An intravenous infusion of Velosulin insulin at a rate of 0.15 to 
0.20 U.kg -1 -b -1 was used to induce hypoglycaemia which was de- 
fined as a glucose of less than 2.0 mmol/1 together with symptoms 
and signs of hypoglycaemia. At this point CBF and other measure- 
ments were repeated and the insulin infusion was continued until the 
CBF measurement was complete. Hypoglycaemia was then reversed 
with oral glucose. An hour later, the final recovery phase CBF mea- 
surement was made. 

Statistical analysis 

Paired Student's t-tests were used for comparison of data within 
groups and unpaired t-tests for comparison between groups. Corre- 
lations were assessed using Pearson's correlation coefficient. 95% 
confidence intervals were calculated for the difference between 
means. Two-tailed tests of significance were reported and a value of 
p <  0.05 was considered statistically significant. The results are stated 
as the m e a n +  lSD. 

Results 

Table 2 shows the mean fasting, nadir and recovery 
glucose in diabetic patients and control subjects. The 
nadir glucose was 1.3 + 0.5 mmol/1 in diabetic patients 
and 1.1 + 0.6 mmol/1 in control subjects. There was no 
significant difference between either the mean fasting 
or nadir glucose in the two groups. 

The systolic blood pressure increased significantly 
and the diastolic fell significantly during hypoglycae- 
mia in patients and controls (Table 3). There was a 
corresponding fall in mean arterial pressure (systolic 
BP+ 2 x diastolic BP/3) in both groups, a small but 
insignificant rise in the platelet count and no change in 
plasma fibrinogen. 

The mean basal CBF was almost identical in the 
2 groups and increased significantly during hypogly- 
caemia CBF (Table 4): the mean increase was 16.7+ 
14.5% in patients and 21.1_+10.1% in controls. After 
reversal of hypoglycaemia, the mean CBF remained 
elevated (recovery phase CBF results were unavailable 
for one control subject). Cerebrovascular resistance 
(mean arterial blood pressure/CBF) fell by 16.1+ 
12.6% in patients (p=0.009) and 22.5-+ 10.6% in con- 
trols (/7=0.008) during hypoglycaemia. The maximum 
absolute change in end tidal CO2 in any subject was a 
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Table 3. Mean arterial, systolic and diastolic blood pressures in diabetic patients and control subjects before, during and after hypoglycaemia 

Blood pressure 
Diabetic patients 

Blood pressure 
Control subjects 

Mean arterial Systolic Diastolic Mean arterial Systolic Diastolic 
(mmHg) (mmHg (mmHg) (rnmHg) (mmHg) (mmHg) 

Basal 
Mean + SD 84.0_+ 10.2 116.9 _+ 19.0 67.6 _+ 7.6 89.9___ 8.9 115.6 _+ 4.8 75.5 + 11.5 

Hypoglycaemia 
Mean _+ SD 80.8 • 8.1 131.1 _+ 12.3 ~ 55.6 _ 8.6 ~ 81.9 _+ 7.2 ~ 129.0 -+ 13.1 a 58.3 -+ 7.8 a 

Recovery 
Mean_+SD 79.65- 5.7 114.8_+11.8 62.0+6.5 77.0_+7.2 a 113.4+10.6 58.85- 5.9 ~ 

Indicates a significant difference from the basal value p <  0.05 

Table 4. CBF in diabetic patients and control subjects before, during and after hypoglycaemia 

Basal Hypoglycaemia pa Difference between Recovery pa Difference between 
(ml/100 g/min) (ml/100 g/min) mean basal and by- (ml/100 g/min) mean basal and re- 

poglycaemia CBF covery CBF (95% 
(95% confidence in- confidence inter- 
tervals) vals) 

Diabetic patients (n = 9) 
Mean_+ SD 

Control subjects (n=9) 
Mean-+ SD 

74.2+9.9 86.7_+16.0 0.008 12.5 (4.2 to 20.8) 85.0+8.8 0.02 10.8(1.9 to 19.6) 

74.0+7.9 89.7_+10.9 0.003 15.7 (9.8 to 21.6) 85.9-+11.6 NS 11.9 (0.0 to 21.2) 

" Significance of difference from basal value 
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Fig.l .  Percentage change in CBF during 
hypoglycaemia and after its reversal in 9 
Type I diabetic patients ( ~ )  and 9 age- 
matched control subjects (-----). 

reduction of 0.5%. Figure I shows graphically the per- 
centage change in CBF from the basal measurement. 
In 11 subjects the maximum increase occurred during 
hypoglycaemia but in 2 control subjects and in 4 pat- 
ients it was delayed until after its reversal. CBF actual- 
ly fell during hypoglycaemia in one patient and subse- 
quently increased during the recovery phase, The 
maximum increase in CBF (during hypoglycaemia or 
after recovery) is shown in Table 5: the mean increase 
was 25.7 • 11.6% in patients and 26.7 • 12.3% in con- 

trol subjects. There was no significant correlation be- 
tween fasting glucose values and CBF, nor between 
changes in glucose and changes in CBF, during either 
hypoglycaemia or after its reversal. 

High and low shear rate whole blood viscosity in- 
creased during hypoglycaemia and returned to basal 
levels after its reversal. There was no significant corre- 
lation between high shear rate viscosity and CBF dur- 
ing hypoglycaemia (r--0.50). In contrast, there was a 
significant negative correlation of -0 .77  (p= 0.006) be- 
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Table 5. Maximum CBF in diabetic patients and control subjects 
(during hypoglycaemia or in the recovery phase) 

Basal Maximum p Difference be- 
(ml/100 g/ (ml/100 g/ tween means 
min) min) (95% confi- 

dence inter- 
vals) 

Diabetic 
patients 
(n=9) 

Mean + SD 74.2 + 9.9 

Control subjects 
(n=9) 

Mean___ SD 74.0 + 7.9 

92.6 _+ 9.7 0.0001 18.4 
(12.7 to 24.2) 

93.5+10.8 <0.0001 19.5 (12.9 to 
26.1) 

tween low shear rate viscosity and CBF and the corre- 
lation was unchanged using either the lowest record- 
able shear rate or a standardised rate of 0.277/s. There 
was also a significant correlation of 0.87 (p= 0.001) be- 
tween cerebrovascular resistance and the standardised 
low shear rate viscosity during hypoglycaemia. 

Discussion 

Earlier studies of CBF during insulin-induced hypo- 
glycaemia have reported conflicting results. Kety and 
Schmidt [6] used the nitrous oxide method to study 
CBF in 7 schizophrenic patients during insulin shock 
therapy. Results were available for only 4 patients dur- 
ing hypoglycaemia and 3 patients during coma; no sig- 
nificant change in CBF was observed. Eisenburg and 
Seltzer [5] also used the nitrous oxide method to study 
16 subjects and reported an increase in CBF in 10 sub- 
jects although the overall increase was not significant. 
However, comparison between their results and our 
own is complicated by the significantly higher mean 
nadir glucose in their study. 

We found a significant increase in CBF during se, 
vere hypoglycaemia in young diabetic patients with 
Type I diabetes and age-matched control subjects. This 
confirms the findings of Porta et al. [7] and extends 
them to young Type 1 diabetic patients without micro- 
angiopathy. By contrast, in a group of diabetic patients 
with a higher mean age of 46 years (range 14-76), 
Dandona et al. [14] showed that the reactivity of cere- 
bral blood vessels to carbon dioxide was altered. They 
found CBF was increased in control subjects but was 
unchanged or reduced in many patients including new- 
ly-diagnosed diabetic patients without complications. 
They suggested that this might be caused by some form 
of neurohumoral dysregulation or alteration in recep- 
tors on vascular smooth muscle and that the impaired 
ability of cerebral vessels to dilate was a complication 
of diabetes. In long-term Type 1 diabetic patients with 
retinopathy and nephropathy, Kastrup et al. [15] have 
also shown that autoregulation of CBF is impaired. 

During hypoglycaemia total peripheral resistance 
decreases [16] and we found a corresponding decrease 
in cerebrovascular resistance. However, the stimulus 
for cerebral vasodilatation remains unclear. In the pe- 
ripheral circulation there is evidence that the increase 
in blood flow to the extremities is mostly due to with- 
drawal of vasoconstrictor tone [17] but the evidence for 
a neurogenic role in cerebral autoregulation is less con- 
vincing. Case studies of patients with autonomic neu- 
ropathy due to the Shy-Drager syndrome [18-21] indi- 
cate that cerebral vascular reactivity to CO2 is pre- 
served; but both normal and impaired autoregulation 
have been reported. The effect of  diabetic autonomic 
neuropathy on cerebral autoregulation is therefore un- 
certain. In our study only one patient had any evidence 
of autonomic cardiovascular dysfunction and he failed 
to show a signifcant rise in CBF. 

Arterial oxygen content is the major determinant of 
CBF [22-23] and an increased respiratory rate during 
hypoglycaemia may have influenced CBF. However, in 
6 subjects who had a raised low shear rate viscosity 
during hypoglycaemia we found that the maximum in- 
crease in CBF was delayed until after the reversal of 
hypoglycaemia. In these subjects, it is likely that a 
raised haematocrit was the principal component of the 
increased viscosity [24]. In turn, this increases the oxy- 
gen-carrying capacity of the blood and CBF either fails 
to rise, or even falls, so that a constant brain oxygen 
tension is preserved. This is also consistent with a sig- 
nificant fall in plasma volume and an increase in 
haematocrit reported in some normal subjects during 
insulin-induced hypoglycaemia by Hilsted et al. [16]. 
There are similarities between our findings and obser- 
vations by Porta et al. [7] of  a fall in CBF in 8 of 
14 subjects 90 rain after an intramuscular injection of 
insulin. This was followed by a 38% rise in mean CBF 
after 4 to 5 h coma. In 3 subjects, the maximum in- 
crease in CBF was delayed until the reversal of hypo- 
glycaemia. 

The metabolic significance of increased CBF dur- 
ing severe hypoglycaemia is uncertain. In rats, CBF in- 
creases by 200% and autoregulation is lost during ex- 
perimental hypoglycaemia of sufficient severity to 
cause cessation of spontaneous EEG activity. Nerve 
cell damage occurs in areas which show a reduced 
cerebral metabolic rate for glucose during hypogly- 
caemia and reduced regional blood flow during the re- 
covery period [25]. In man, during less severe hypogly- 
caemia, raised CBF may compensate for a reduction in 
plasma glucose by increasing glucose availability. In- 
creasing linear flow rates results in only a small in- 
crease in glucose transport across the blood brain bar- 
rier because this is diffusion limited. However, an 
increase in flow by recruitment of capillaries increases 
the capillary area and may correspondingly increase 
glucose transport [26]. 

In summary, we found a significant increase in 
CBF during severe hypoglycaemia both in young 
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Type 1 diabetic patients and in control subjects. The 
results suggest that in young diabetic patients without 
autonomic neuropathy or microangiopathy cerebral 
vessels dilate normally in response to hypoglycaemia. 
The metabolic significance of a rise in CBF during 
hypoglycaemia is unclear but glucose availability is in- 
creased, although there is not necessarily a parallel in- 
crease in glucose oxidation. Further evidence is needed 
to determine whether the neurological risks of severe 
hypoglycaemia are increased if this response is delayed 
or absent. 
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