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Cognitive function during hypoglycaemia in type I diabetes mellitus

S PRAMMING, B THORSTEINSSON, A THEILGAARD, E M PINNER, C BINDER

Abstract

Neuropsychological testing was carried out in 16 insulin
dependent (type I) diabetic men during four periods when mean
blood glucose concentrations were (A) 6-3 (SEM 0-13) mmol/l
(113-5 (SEM 2.3) mg/100 ml), (B) 2-9 (0.05) mmol/l (52.3 (0.9) mg/
100 ml), and (C) 1-8 (0-03) mmol/l (32-4 (0-05) mg/100 ml),
all measured during intravenous insulin infusion, and (D)
6-1 (0-13) mmol/l (109-9 (2-3) mg/100 ml), measured after
intravenous glucose. The total neuropsychological test score
decreased between periods A and B, A and C, and B and C,
whereas improvement occurred between periods C and D (all
p<0-02). These results were not due to changes in individual
subjects alone but were consistent for the whole group. During
hypoglycaemia there were changes in the patients' estimates of
elapsed time, which were underestimated at period C as com-
pared with the estimates at periods A, B, and D (all p<005).
None of the 16 patients noticed symptoms of hypoglycaemia at
period A or B, 12 reported symptoms at C, and one at D.

Patients with type I diabetes may show a deterioration in
neuropsychological skills during periods of asymptomatic sub-
normal or hypoglycaemic blood glucose concentrations.

Introduction

When new end points are proposed for a course of treatment the
balance of risk and benefit is likely to change. Intensified insulin
treatment aims at achieving near to physiological blood glucose
concentrations. Since oscillations in glycaemia persist owing to
the nature of subcutaneous insulin administration an increased
frequency ofhypoglycaemia might be expected. 2 Hypoglycaemia is
traditionally described in terms of symptoms and signs, but the
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relation between these and the blood glucose concentration is poorly
defined. Nevertheless, we should not accept that asymptomatic
biochemical hypoglycaemia is harmless without examining the
functional consequences of these low blood glucose concentrations.
Definition of a blood glucose value below which functional changes
occur is therefore important. This might be a value either at which
counter-regulatory hormones are released or at which cerebral
function is affected. While the first of these has been extensively
studied,` only scarce information is available about the second."'
We tested cognitive functioning in a group of insulin dependent

(type I) diabetic patients at normal, subnormal, and hypoglycaemic
blood glucose concentrations. Testing was also carried out imme-
diately after correction of the hypoglycaemia.

Subjects and methods

Sixteen insulin dependent diabetic men agreed to participate in the
hypoglycaemia study. A further six patients took part in a sham study. The
two groups were comparable in age, duration of diabetes, insulin dose, body
weight, and haemoglobin A, (HbA,,) concentration (table I). All were
prone to ketosis with minimal [3 cell function (C peptide concentration
<0-1 nmol/l (<0-3 ng/ml) after glucagon stimulation) and had been treated
with insulin from the time of diagnosis. One patient had proliferative
retinopathy; none had protein detectable in urine (Albustix), raised serum
creatinine concentration, symptomatic neuropathy, any psychiatric disease,
or received drugs other than insulin. The studies were performed at the
Steno Memorial Hospital and were approved by the regional scientific
ethical committee. Informed consent was obtained from all patients.

PROTOCOL

Hypoglycaemia study-Patients were admitted to hospital 12 hours before
the hypoglycaemia study. They omitted their evening dose of intermediate
acting insulin and were treated in hospital with small subcutaneous doses of
soluble insulin according to blood glucose concentrations, measured every
second hour in order to avoid hypoglycaemia, before the study period. They
fasted from midnight and remained recumbent throughout. At 0600 an
intravenous insulin infusion with soluble highly purified porcine insulin
(Velosulin, Nordisk Gentofte) was started. An antecubital catheter for blood
sampling was placed in the contralateral arm and kept patent with heparin-
saline. Figure 1 shows the study design. Blood was drawn every 10 minutes
for blood glucose determination. The insulin infusion was adjusted
according to bedside blood glucose determinations to produce steady blood
glucose concentrations of 6, 3, 2, and 6 mmol/l (108, 54, 36, and 108 mg/l00
ml) at test periods A, B, C, and D, respectively. Patients were told that they
would be hypoglycaemic during one of the neuropsychological tests, but
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neither the actual blood glucose concentration nor the sequence of testing presented verbally. This is a test of attention and short term memory. The
was known to them. score is the highest number of digits repeated correctly.
Sham study-Except for maintenance of a constant blood glucose The tapping test measures psychomotor function. The subject presses a

concentration the protocol for the sham study was the same as for the button repeatedly as fast as possible for 10 seconds using the dominant hand.
hypoglycaemia study. The insulin infusion was adjusted to produce a The score is the number of taps per minute.
constant blood glucose concentration of roughly 6 mmol/l throughout. The letter cancellation test is a shortened version of Bourdon's classical

TABLE I-Details ofstudy groups. Values are means (ranges in parentheses)

Age of Duration of
subjects diabetes Insulin dose Body weight HbAl,
(years) (years) (IU/kg/day) index (%) (%)

Hypoglycaemia study (n= 16) 28 (20-46) 12 (428) 0-68 (0-31-1-27) 97 (76-120) 8-7 (7-2-10-1)
Sham study (n =6) 30 (20-40) 13 (2-26) 0 61 (0-35-0-85) 106 (94-119) 8 5 (6 5-9 4)

TABLE II-Blood glucose concentrations (mmol l). Values are means (ranges in parentheses)

Neuropsychological test period

A B C D

Hypoglycaemia study
Blood glucose concentration 6-3 (3-9-7 4) 2 9 (233-33) 1 8 (1 5-2-1) 6-1 (4 8-7-6)
Difference in values between test periods (A-B, B-C, C-D) 3-4 (1-7-4 5) 1-1 (0-5-1 4) -4-3 (-2 8-- 58)

Sham study
Blood glucose concentration 7-0 (488-88) 6-5 (4-8-7-9) 6 2 (477-72) 6-0 (4-5-7-0)

Conversion: SI to traditional units-Glucose: 1 mmotl - 18 mg/100 ml.

TABLE IIi-Results of all tests in neuropsychological test battery. Values are medians (ranges in parentheses)

Neuropsychological test period (hypoglycaemia study)

Test* A B C D Sham study

Tapping (U) 60 (38-72) 64 (38-74) 56 (38-66) 61 (37-71) 60 (41-72)
Digit span (U) 7 (5-9) 6 (4-8) 5 (3-7) 7 (4-8) 6 (5-7)
Bourdon's test (U) 363 (198-582) 377 (180-514) 324 (97-509) 414 (162-600) 339 (162-562)
Categorisational test (U) 8 (2-14) 6 (3-12) 5 (1-9) 8 (3-12) 7 (2-15)
Trailmaking (s) 136 (82-297) 135 (92-262) 192 (50-300) 124 (57-257) 135 (65-290)
Storyrecall(U) 13(6-17) 11(6-16) 11(2-14) 12(8-17) 11(6-17)
Serial sevens subtraction (s) 42 (14-82) 44 (17-110) 48 (31-300) 32 (15-66) 35 (16-85)
Time estimation (s) 59 (24-123) 62 (21-91) 80 (26-110) 58 (34-81) 60 (35-100)

* See text for definition of tests.

Before the sham study patients were told that they would be tested either
during a constant blood glucose concentration or during hypoglycaemia.

Analytical techniques-Mixed venous blood glucose concentration was
measured using a glucose analyser (Yellow Spring Instruments), and blood
from the same sample was later analysed in the laboratory by a glucose
oxidase method. The mean variations between these two blood glucose
samples during the four neuropsychological test periods were 0 2, 0 1, 0 1,
and 0 3 mmol/l (3 6, 1 8, 1 8, and 5 4 mg/100 ml) respectively. The mean of
these two values was therefore used. Glycosylated haemoglobin was
measured as described."

NEUROPSYCHOLOGICAL TESTS

Owing to lack of previous research no published selection of appropriate
tests was available. A test battery was therefore constructed consisting of
well known tests of short duration, able to be administered at the bedside,
sensitive to subtle changes in performance, and with little "practice effect"
that might improve performance in subsequent tests. Four parallel sets of
tests were constructed and applied in random order. The test battery served
as a basis for analysing various psychological skills ranging from simple
motor tasks to more complex problems in memory and control. All testing
was conducted by the two psychologists (AT, EMP). To avoid any effect of
difference in hemispheric dominance and sex only right handed men were
included. Right handedness was tested according to Oldfield. 2
Each set of tests lasted 20-30 minutes with at least 50 minutes between test

periods.
Digit span-The digit span is a subtest from the Wechsler adult

intelligence scale.'3 The subject is asked to repeat digits in the sequence
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FIG 1-Hypoglycaemia study protocol and blood glucose concentra-
tions (c) in one patient (case 9). Hatched areas A-D represent times of
neuropsychological testing. Blood glucose concentration measured
every 10 minutes.

Conversion: SI to traditional units-Glucose: 1 mmol/1 18 mg/
100 ml.

test.'4 Subjects are presented with unbroken rows of letters and must cancel
a, b, n, and p as fast as possible for three minutes. The test requires rapid
discrimination of details and measures attention and distractibility. The
score is the number of letters read and the number of errors.

In the categorisational test the subject is asked to write down as many items
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of a specific category as possible within one minute. The test measures
ideational fluency and is scored as the number of relevant items. i5

In trail making the subject must connect letters (a-l) with numbers (1-12)
alternately in correct order over three minutes. The test calls for attention,
visual scanning, and planning and is scored as the number of seconds needed
to complete the task.
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FIG 2-Patient total neuropsychological test
scores (see text) in the four test periods. Mean
blood glucose concentrations at periods A, B, C,
and D 6-3, 2-9, 1-8, and 6 1 mmol/l (113 5, 523,
32-4, and 109 9 mg/100 ml) respectively (table II).

StoTy recall tests short term memory. A connected narrative consisting of
18 units is read slowly and immediately afterwards the subject is asked to
recall as much as possible. The score is the number of units recalled.

Serial sevens subtraction-In this test the subject counts backwards from
100, 99, 98, or 97 in sevens. The score of this concentration test is the
number of errors and time taken.
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Results

BLOOD GLUCOSE CONCENTRATIONS

Table II shows the mean blood glucose concentration at each test period
and the difference in concentrations between consecutive test periods. The
degree of control of the blood glucose concentrations, calculated as (actual
mean/desired value)x 100, was 105 (SEM 16)%, 96 (8)%, 92 (10)%, and 102
(15)% in the four test periods respectively. Stability of the concentration in
each test period (coefficient of variation of blood glucose during the test
periods) was 7 (3)%, 8 (4)%, 7 (4)%, and 6 (3)% respectively.

NEUROPSYCHOLOGICAL TEST RESULTS

Table III gives the results of each test in the four test periods, and figure 2
the patient total neuropsychological test scores for all patients. The total
score deteriorated in 12 patients between test periods A and B (p<002). The
four patients who improved had the same blood glucose concentration at
period B as the rest of the patients. They were, however, characterised by
being the ones who improved their total test scores the most between the first
and last test periods, suggesting a submaximal performance at the first test
period. From period B to period C all but one of the scores deteriorated
(p<0 01). After restoration of a normal blood glucose concentration (period
D) the score improved in all patients (p<001). There was no significant
difference between scores in the first and last test periods.

Test total scores (fig 3)-Between periods A and B the scores of all but one
test (tapping) fell. Except for the digit span test (p<005) no single test result
deteriorated significantly. The fall in the overall test scores between periods
A and B was not significant (p=0 22) owing to the relatively high rank of
improvement in the tapping test. Between periods A and C a fall in all single
test scores (p<0 05)-but not the tapping test score, which fell significantly
between periods B and C-as well as in the overall score (p<001) was
observed. All individual scores (p<0 05) and the overall score (p<0 01)
improved between periods C and D. There was no significant difference
between scores at periods A and D.

29-

25-
EVALUATION OF PERFORMANCE

All tests give quantitative results which cannot be compared directly.
Results were therefore evaluated by rank analysis. For each patient the
results in the four test periods were compared and ranked 1 to 4, where 4
denotes the best results; when ranking, ties were taken into account. Ranked
test data were then analysed with regard to the patients as well as to the tests
as patient total neuropsychological test score (total rank sum for a given patient
at a given test period, calculated as the sum of each of the ranks of the seven
tests) and test total score (total rank sum for a given test at a given test period,
calculated as the sum of each of the ranks of the 16 patients).

ESTIMATION OF ELAPSED TIME

Patients were asked to estimate the passage of one minute without the use
of a clock or counting. The score was the number of seconds by which the
subject overestimated or underestimated the true duration.
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FIG 3-Test total scores (see text) in the four periods.

QUESTIONNAIRE

Based on the most common symptoms reported during hypoglycaemia'6 a
list of 14 symptoms was presented to the patients at the start of each test
period. Patients scored the intensity of these symptoms from zero to 4 and
total symptom scores were then calculated. Patients were also asked whether
they thought their symptoms, if any, were due to hypoglycaemia.

STATISTICAL ANALYSIS

Results were analysed by the Wilcoxon-Pratt paired rank sum test,
p<0 05 being taken as statistically significant. Unless otherwise stated data
are presented as means and one standard error of the mean (SEM).

ESTIMATION OF ELAPSED TIME

Patients' estimation of elapsed time (table III) altered during test period
C, so that the "inner clock" went significantly more slowly than at periods A,
B, and D (all p<0 05).

SHAM STUDY

There was no significant difference in blood glucose concentrations
among the four neuropsychological test periods in the sham study (table II).
Blood glucose concentrations in periods A and D did not differ significantly
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from those in the hypoglycaemia study at those times. The neuropsycho-
logical test scores in period A did not differ significantly between the two
studies. Neuropsychological performance did not differ in the four test
periods during the sham study. Table III gives the average result of all tests
in the sham study.

QUESTIONNAIRE

In the hypoglycaemia study the total symptom score of hypoglycaemia
showed no significant difference between test periods A and B. The score
was increased at period C compared with at periods A and B, and decreased
between periods C and D (all p<005). The symptom score was significantly
higher at test period D than at period A (p<005). None of the patients
reported symptomatic hypoglycaemia at period A or B. Twelve of the 16
patients reported symptomatic hypoglycaemia at period C and one at period
D.
No significant changes in total symptom scores were observed during the

four test periods in the sham study. One patient, however, reported
symptomatic hypoglycaeniia at test pexiods A and B (mean blood glucose
concentrations 8-1 and 7 9 mmol/l (146 and 142 mg/I00 ml) respectively).

Discussion

As might be expected, lowering the blood glucose concentration
to below 2 mmol/l (36 mg/100 ml) was accompanied by cognitive
dysfunction in all patients. Four, however, failed to recognise this
as hypoglycaemia, though two had an increased score for the
relevant symptoms. Despite blood glucose concentrations around
1-5 mmol/V (27 mg/100 ml) three patients showed no clinical signs of
hypoglycaemia, though the observers may have been biased by
knowing the actual values. Unexpectedly, neuropsychological
performance deteriorated at a blood glucose concentration just
below 3 mmol/l (54 mg/100 ml) in 12 of the 16 patients, though
none perceived this state as hypoglycaemia. Symptoms and signs
thus appear to be unreliable indices of neuroglycopenia. If we
depend on symptoms and signs as the only indicators of hypogly-
caemia we thereby accept intermittent cerebral dysfunction as
normal in insulin treated diabetic patients. Patients who recognised
hypoglycaemia did so only at low blood glucose concentrations (1-5-
2-1 mmol/l; 27-0-37-8 mg/100 ml). In some patients cerebral
dysfunction was pronounced at these values and, combined with
reduced reaction time and diminished attention,810 this might
influence their ability to avert severe hypoglycaemic episodes.
The claim that relatives are often able to detect impending
hypoglycaemia before the patient'617 iS in keeping with our findings,
since cerebral function seems to alter before symptoms appear.
The question remains whether hypoglycaemia affects overall

brain function or is confined to specific functions. That the outcome
of all but one test (tapping) showed gradual deterioration with
decreasing blood glucose concentration favours intermittently
diminished "attention" as the main manifestation of cerebral
dysfunction. A blood glucose concentration of about 2 mmol/l
affected all tests significantly compared with initial results, and no
single test was more sensitive than any other to a blood glucose
concentration of around 3 mmol/l. Nevertheless, since the tapping
test, representing the most simple function of all the tests in the
battery, was the least sensitive to a reduction in blood glucose
concentration, it might be interpreted as a correlate in everyday
life of relatively undisturbed psychomotor function at this "sub-
normal" blood glucose value. The outcome of tests such as
trailmaking and subtraction suggest that the performance of
everyday tasks that entail planning and control will suffer even at a
subnormal blood glucose concentration of around 3 mmol/l, which
is not usually considered to be hypoglycaemic.
At low blood glucose concentrations (test periods B and C) we

found that much prompting and encouragement were needed
compared with during the normoglycaemic periods (A and D). The
patients were often well aware of the character of the test and the
performance required but their executive functions were negatively
affected."8 This may well reflect a phenomenon often observed in
diabetic patients-namely, that despite being aware of their
hypoglycaemic state and knowing how to remedy it they are unable

to execute the necessary action. The more a task makes demands on
the executive functions, the more important becomes the part
played by the frontal lobes responsible for planning, prograimming,
and controlling actions.'9 Possibly the frontal lobes are more
sensitive to hypoglycaemia than other cortical regions.
There is no uniformly accepted definition of the hypoglycaemic

level in insulin treated diabetics. Some define it as the blood glucose
concentration at which symptoms and signs usually develop-that
is, around 2 mmol/l (36 mg/100 ml) in normal subjects.202' Others
define the hypoglycaemic level in terms of "normality"-for
example, below the lower limit ofthe normal blood glucose range. It
is questionable whether these cut off values, obtained in non-
diabetic subjects, are appropriate when dealing with diabetic
patients taking insulin. These patients depend entirely on their
brain functions when needing to avoid the dangers of too low blood
glucose concentrations.

Although the changes in cerebral function seemed reversible in'
this study, we cannot say whether persistent damage might result,
especially after years of repetitive episodes. Functional cerebral
changes may also have implications for the everyday life of diabetic
patients-for example, affecting their ability to drive a car, work at
a machine, pass an examination, or make important decisions. A
more logical approach might therefore be to define the hypogly-
caemnc concentration at which brain func'tion deteriorates. We
suggest that concentration to be roughly 3 mmol/l (54 mgIl00 ml),
below which cognitive function deteriorates in most patients. This
concentration is higher than that at which symptoms and signs, if
any, appeared in our patients but accords with'the value (3-3
mmol/l; 59-5 mg/100 ml) leading to a counter-regulatory hormonal
response." 23Ifa lower limit for acceptable blood glucose concentra-
tions of the proposed magnitude is generally agreed on scrupulous
home blood glucose monitoring should be the rule, symptoms of
hypoglycaemia being considered only as supplementary to the blood
glucose measurements.
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