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The effect of mild hypoglycemia on psychomotor
performance and counterregulatory responses was
studied among 12 healthy volunteers. Each volunteer
received two modified hyperinsulinemic glucose clamps.
One morning, plasma glucose was held constant at
euglycemic levels (4.9 mM) for 95 min, and another
morning, it was lowered over 35 min and then held
constant at hypoglycemic levels (3.4 mM) for 60 min.
A battery of psychomotor tests and a questionnaire
assessing hypoglycemic symptoms were administered
before and repeated during the last 30 min of
each clamp. The questionnaire and three selected
psychomotor tests were also administered repetitively
during the 1st h of each clamp. During the
hypoglycemic studies, a rise was seen in plasma
epinephrine and pancreatic polypeptide at 45 min.
An increase in symptom scores was first recorded at 50
min during the hypoglycemic studies [median 4 (range
0-13) vs. 2 (5-6), P < .05]. Performance was impaired
on two psychomotor tests included in the battery. One
was the trail making test on fine motor performance
(-19.3 ± 4.2 targets/min, mean ± SE vs. 1.2 ± 4.8
targets/min, P < .05), and the other was the digit-
symbol substitution (DSS) test on information
processing and memory (18 ± 3 vs. 29 ± 4
symbols/min, P < .03). Of the tests administered during
the 1st h, performance was impaired on the DSS. This
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impairment became significant at 45 min (14 ± 4 vs.
22 ± 4 symbols/min, P < .005). In conclusion, mild
hypoglycemia selectively impairs psychomotor
performance in healthy volunteers but not before the
onset of glucose counterregulation and warning
symptoms. Diabetes Care 12:12-17, 1989

T
he clinical effects of hypoglycemia can be divided
into two broad categories: those that result from
activation of the autonomic nervous system and
those caused directly by neuroglycopenia (1). Evi-

dence exists that glucose counterregulatory mecha-
nisms, including those of the autonomic nervous sys-
tem, are stimulated by decrements of plasma glucose to
concentrations that lie within or just below the physio-
logical range (2-4). Neuroglycopenia may develop at
similar plasma glucose levels; electroencephalogram
(EEG) studies have demonstrated changes in cortical ac-
tivity at blood glucose concentrations in the range 53-
85 mg/dl (2.9-4.7 mM) (5). Additional evidence shows
that altered behavioral performance also occurs at sim-
ilar levels of plasma glucose (6-10). The plasma glucose
threshold at which the symptoms associated with glu-
cose counterregulation develop has also been investi-
gated. Available evidence suggests that such symptoms
may develop at a lower threshold than that which stim-
ulates glucose counterregulatory mechanisms, including
those of the autonomic nervous system (4).

In our study, measurements of hypoglycemic symp-
toms, behavioral performance, and counterregulatory
hormones were made simultaneously under conditions
of mild hypoglycemia. We wanted to determine whether
abnormalities of behavioral performance occurred dur-
ing mild hypoglycemia, and if they did, whether they
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occurred before or coincided with the appearance of
symptoms or biochemical evidence of activation of
counterregulatory hormone responses. To answer these
questions, healthy volunteers were studied under eugly-
cemic and hypoglycemic conditions by means of a
modified hyperinsulinemic glucose-clamp technique.
Before and during the clamp periods, repeated mea-
surements of counterregulatory hormones and hypogly-
cemic symptoms were made. A wide range of psycho-
motor tests were used to provide a detailed profile of
behavioral performance under each test condition.

MATERIALS AND METHODS

Subjects. Twelve right-handed nondiabetic volunteers
(mean age 23 yr, range 18-27; 6 men, 6 women) were
recruited. They submitted informed written consent to
participate in the study, which was approved by the
ethical committee of the Queen's University Faculty of
Medicine. Potential volunteers were excluded from the
study if they had taken any medication within the pre-
ceding 2 wk. Women completed the study between days
3 and 14 of their menstrual cycle.

Before the study began, each volunteer took part in
two practice sessions to allow familiarization with the
psychomotor tests being used and to minimize subse-
quent practice effects during the study. The second
practice session was a full mock-up of the study day,
including insertion of an intravenous cannula. Volun-
teers were told that a prize of —$35.00 would be awarded
to the individual with the best aggregate score over both
test periods.
Protocol. Each volunteer was studied on two separate
mornings (3-7 days apart) when either fasting eugly-
cemic or hypoglycemic (target 3.2 mM) conditions were
maintained. A crossover design that was balanced for
treatment order was used in which 6 volunteers received
a euglycemic clamp first and the remaining 6 received
a hypoglycemic clamp. The investigator responsible for
the psychomotor testing and the volunteer were una-
ware of the treatment order.

Volunteers were checked in at 0830 after an overnight
fast. They were asked to sleep their normal number of
hours the night before, to abstain from alcohol for the
2 days before the study, and to avoid smoking on the
morning of the study. On arrival, the volunteers rested
while an intravenous (18-gauge) cannula was inserted
into their dominant forearm for infusion of dextrose and
insulin. A second intravenous cannula was placed ret-
rogradely into their nondominant distal forearm for blood
sampling; this arm was subsequently kept heated at 50°C
to achieve arterialization of venous blood. During the
study period the volunteer was seated.

At —45 min, baseline blood samples for plasma glu-
cose, insulin, glucagon, pancreatic polypeptide, epi-
nephrine, and norepinephrine were taken. An infusion
of normal saline (0.5 ml/min) was then started, and

baseline measurements of symptoms and psychomotor
performance were made. At 0 min, a constant infusion
of human soluble insulin (Humulin S, Lilly, Indianapo-
lis, IN) at a rate of 1 mil • kg"] • min ' was started and
maintained for 95 min. To maintain euglycemic con-
ditions, a variable infusion of 20% dextrose was initiated
5 min later. For hypoglycemic studies, the dextrose in-
fusion was delayed until the target plasma glucose level
was reached. The infusion rate of dextrose was adjusted
according to a clamping algorithm (Oxclamp, D. Mat-
thews, Oxford, UK) to maintain plasma glucose at the
desired level.
Laboratory analysis. Plasma glucose measurements were
taken every 5 min with a Beckman glucose analyzer II
(Fullerton, CA). The calibration of this machine was
checked at 20-min intervals by means of a standard glu-
cose solution and double-checked with a control serum.

Blood was drawn for hormone measurements at 15-
min intervals. Plasma epinephrine and norepinephrine
levels were determined by high-performance liquid
chromatography (11). Insulin, glucagon, and pancreatic
polypeptide were measured by radioimmunoassay (12).
Hypoglycemic symptoms. Symptoms of hypoglycemia
were measured by questionnaire at 0, 10, 30, 50, and
90 min. Eleven symptoms including sweating, trem-
bling, warmness, pounding heart, hunger, tiredness,
weakness, sleepiness, confusion, queasy stomach, and
apprehension were individually rated as being absent,
mild, moderate, or severe. These ratings were scored as
0, 1, 2, and 3, respectively. The sum of the 11 individ-
ual rating scores from each questionnaire provided a
total symptom score for each observation time.
Psychomotor tests. A battery of psychomotor tests that
took 30 min to complete was administered twice, first
before each clamp started, to provide a baseline, and
then between 60 and 95 min, to provide test results. An
automated psychological testing system, designed by
Elithorn et al. (13) was used to administer two simple
reaction-time tests (1 auditory and 1 visual), a finger-
tapping test and a trail making test. Trail making as used
in this system required the volunteer to move a cursor
around a visual display unit screen by means of a joy-
stick, hitting a sequence of numbered and lettered tar-
gets. A Leeds psychomotor test apparatus was used to
test choice reaction time and to measure critical flicker-
fusion threshold (14). One task requiring pencil and pa-
per, the digit-symbol substitution (DSS) test, was also
included in the battery (15).

Three of these tests, choice reaction time, DSS, and
critical flicker-fusion threshold, were administered re-
petitively at 10-min intervals during the 1st h of each
study. Adequate practice time was given on all psy-
chomotor tests, to allow for familiarization. Practice ef-
fects were minimized on all tests except DSS. In this
test, volunteers were provided with a series of nine sym-
bols coded 1-9. Then they were presented with a sheet
of uncoded symbols and asked to write the appropriate
numerical code below each symbol. They were given 1
min to complete as many as possible. The code was
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changed for each study day, and a learning curve was
plotted for each of these days.
Statistical analysis. Results for plasma glucose and psy-
chomotor tests are expressed as means ± SE. Analysis
of these results was by paired t test via the method of
Hills and Armitage for crossover design studies (16). The
results for hormone analysis are not normally distributed
and are expressed as median values with ranges. Anal-
ysis of these results was by Wilcoxon's paired-rank test.
The questionnaire scores expressed on an ordinal scale
are medians with ranges and were analyzed by the Hills
and Armitage method (16).

RESULTS

Plasma glucose and insulin. The initial fasting plasma
glucose level of both euglycemic and hypoglycemic
studies was 5.0 ± 0.1 mM (Fig. 1). The plasma glucose
concentration maintained during the euglycemic bat-
tery-test period (60-90 min) was 4.9 ± 0.0 mM. Dur-
ing the hypoglycemic studies, the plasma glucose fell to
3.2 ± 0.1 mM at 35 min and was 3.4 ± 0.1 mM for
the battery-test period. Stable hyperinsulinemic condi-
tions were achieved within 15 min of starting the insulin
infusion, and plasma insulin concentrations were similar
for both study periods.
Glucagon, epinephrine, pancreatic polypeptide, and
norepinephrine. Significant increases in glucagon, ep-
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FIG. 1. Plasma glucose (means ± SE; top) and plasma
insulin (median ± range from 1st to 3rd quartile; bottom)
concentrations during euglycemic (O) and hypoglycemic
(•) study periods. Conversion factor to SI units for insulin
is 7.18 pM.
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FIG. 2. Plasma glucagon (median ± range from 1st to 3rd
quartile; top) and plasma epinephrine {bottom) concen-
trations during euglycemic (O) and hypoglycemic (•) study
periods. Conversion factor to SI units for epinephrine is
5.46 pM.

inephrine, and pancreatic polypeptide occurred during
hypoglycemic conditions, when compared with eugly-
cemic conditions (Figs. 2 and 3). Glucagon concentra-
tions were significantly higher at 30 min [median 145
ng/L (range 105-250 ng/L) vs. 105 ng/L (80-145
ng/L), P < .01 ], but significant increases in epinephrine
[288 ng/L (70-1480 ng/L) vs. 31 ng/L (0-144 ng/L),
P < .01] and pancreatic polypeptide [138 ng/L (25-
1080 ng/L) vs. 33 ng/L (20-50 ng/L), P < .01] did not
occur until 45 min. There was no difference in norepi-
nephrine levels between the two glycemic conditions.
Symptoms. There was no increase in total symptom
score between euglycemic and hypoglycemic levels at
10 and 30 min, but scores at 50 and 90 min were sig-
nficantly higher under hypoglycemic conditions com-
pared with euglycemic conditions (Table 1).

TABLE 1
Symptom

Time (min)

10
30
50
90

scores

Hypoglycemia

1 ( -4 , 5)
1 ( -4 , 5)
4 (0, 13)
3 ( - 1 , 11)

Euglycemia

1 ( -3 , 3)
2 ( -3 , 4)
2 ( -5 , 6)
1 ( -4 , 7)

P

NS
NS

<.05
<.O1

Results expressed as change from baseline (median with range in pa-
rentheses). NS, not significant.
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FIG. 3. Plasma pancreatic polypeptide (median ± range
from 1st to 3rd quartiles; top) and plasma norepinephrine
(bottom) concentrations during euglycemic (O) and hypo-
glycemic (•) study periods. Conversion factor to SI units
for pancreatic polypeptide is 0.239 pM and for norepi-
nephrine is 0.026 mM.

Psychomotor tests. The results for the battery-test pe-
riod are shown in Table 2. Two tests demonstrated sign-
ficantly impaired performance during hypoglycemia:
trail making and DSS. Of the three tests administered
repetitively during the 1st h, only the performance on
DSS was significantly impaired during hypoglycemia
(Fig. 4).

DISCUSSION

O
ur data demonstrate that in healthy volunteers
a small decrement in plasma glucose, close to
the physiological postabsorptive range, results
in selective impairment of psychomotor per-

formance. The same decrement also initiated glucose

TABLE 2
Battery-test results

counterregulation with the release of glucagon and epi-
nephrine and stimulation of the parasympathetic ner-
vous system, as evidenced by pancreatic polypeptide
release. Furthermore, this counterregulatory response
coincided with the development of symptoms of hypo-
glycemia.

When using psychomotor test techniques to study be-
havior, many variables can affect the results. These in-
clude the age, sex, personality, academic achievement,
test strategy, and motivation of the volunteers. One way
to control for these variables is by use of a crossover
design, preferably double blind, in which treatment or-
der is counterbalanced. Other variables that must be
taken into account are time of day (as psychological
function may show diurnal rhythm); environmental fac-
tors, such as heat and light; and practice effects (17,18).
The tests themselves measure different aspects of be-
havior and vary in their sensitivity to different stresses.
The effects of mild hypoglycemia on psychomotor per-
formance are not firmly established, therefore it is wise
to use a variety of tests rather than depend on only one.
Of the battery of psychomotor tests administered in this
study, performance deteriorated in two: trail making, a
test on fine coordinated movement with little central
information processing, and DSS, which is primarily a
cognitive test on information processing but when ad-
ministered repetitively also tests memory (19). The re-
sults for DSS are consistent with the findings of Holmes
et al. (6), who demonstrated in insulin-dependent dia-
betes mellitus (IDDM) subjects a slower rate of remem-
bering information as tested by a simple calculation test.
A later study by Holmes et al. (7) on the effects of hypo-
glycemia on verbal fluency and naming performance
also supported our findings, because these tasks in-
volved information processing. A trail-making test was
included in the study by Pramming et al. (8) on IDDM
patients. They found a significant impairment of per-
formance when plasma glucose levels were 1.8 mM but
not at 2.9 mM. This inconsistency with our results may
have been due to methodological differences. Similarly,
Ipp and Forester (20) found performance on a trail-mak-
ing test by normal volunteers to be impaired by severe
but not mild hypoglycemia. In Ipp's study, however,
one may speculate that small subject numbers and a
documented practice effect may have masked an early
impairment of performance.

Simple motor responses, as tested by finger tapping,

Psychomotor tests

Finger tapping (taps/s)
Auditory reaction time (s)
Visual reaction time (s)
Choice reaction time (s)
Critical flicker fusions (Hz)
Trail making (targets/min)
Digit-symbol substitution (symbols/min)

Euglycemia

0.4 d
0.015 d
0.023 d
0.001 d
-0 .7 d

1.2 d

t 0.1
t 0.035
t 0.030
t 0.020
b 0.5
t 4.8

29 ± 4

Hypoglycemia

0.5 d
0.027 d
0.011 d
0.029 d
-1 .6 d

-19.3 d

t 0.1
t 0.049
t 0.052
t 0.008
t 0.4
t 4.2

18 ± 3

P

NS
NS
NS
NS
NS

<.005
<.003

Scores expressed as change from baseline (means ± SE). NS, not significant.
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FIG. 4. Digit-symbol substitution test scores (means ± SE)
during euglyemic (O) and hypoglycemic (•) study periods.
*P < .005, **P < .003.

have been shown by Holmes et al. (9), Pramming et al.
(8), and this study to be unaffected by mild hypogly-
cemia. Reaction times that require a motor response to
some sensory stimulus have also been extensively stud-
ied. Holmes showed that simple tests requiring a single
response to a single stimulus are relatively unaffected
by mild hypoglycemia. However, more complex reac-
tion-time tests, where a choice of response is required
and where decision making and cognition are intro-
duced, were found by Holmes to be sensitive to mild
hypoglycemia (9). Our results for simple reaction time
agreed with those of Holmes, but on the choice reaction
time we did not demonstrate any impairment during
hypoglycemia. Exact comparisons of the two studies are
difficult because Holmes' study was on diabetic patients
who were subjected to considerably longer periods of
hypoglycemia (up to 3 h). The duration of hypoglycemia
in the development of neuroglycopenia and altered psy-
chomotor function has not been established, but it is
possible that psychomotor function may become in-
creasingly impaired with prolonged mild hypoglycemia.
Evidence that supports this comes from our results for
the DSS test. Figure 4 shows that the difference in per-
formance between euglycemic and hypoglycemic pe-
riods increased with time. Reaction time has also been
studied by Heller et al. (10). By use of a serial reaction-
time task they demonstrated impairment of performance
at plasma glucose concentrations of 3.2 mM in both
diabetic and nondiabetic subjects (21). This test was
administered repetitively for 5 min, requiring vigilance
to maintain sensory motor responsiveness. The early im-
pairment of performance noted by Heller may therefore
be due to the inability to sustain vigilance.

Critical flicker-fusion threshold, which may be de-
fined as the point at which a flickering light gives rise
to the subjective sensation of a steady light, is consid-
ered to be a test of arousal having been found sensitive
to the effects of sedative and stimulant drugs (19,22).

We found that thresholds fell in conjuction with lower
arousal levels during both hypoglycemic and eugly-
cemic clamps, although the test did not discriminate
between the two conditions. The DSS test as we used
it, showed a significant impairment at the same time as
the automatic nervous system was activated and related
symptoms developed. It is not possible from our data to
say whether neuroglycopenia or the side effects of
counterregulation were responsible for the impairment
of psychomotor performance. Analysis of the learning
curves in Fig. 4 suggests a trend toward impaired per-
formance at 30 min and before the activation of the
autonomic nervous system. Heller et al. (10) demon-
strated impairment of performance on serial reaction time
at 3.2 mM before awareness of hypoglycemia devel-
oped, but interestingly not before the onset of an epi-
nephrine response. Herold et al. (23) demonstrated that
the effect of hypoglycemia on a reaction-time task was
independent of symptoms due to hypoglycemia. In the
same study, the magnitude of the counterregulatory hor-
mone response did not correlate with the change in re-
action time. Pramming et al. (8) observed an early dec-
rement in psychomotor performance before a significant
increase in hypoglycemic symptoms developed. These
data suggest that the observed impairment of psycho-
motor performance during hypoglycemia is not an effect
of the unpleasant symptoms and associated ill feeling.
The effect on psychomotor performance of rises in coun-
terregulatory hormones and associated symptoms does,
however, require further investigation by means of an
appropriately designed study.

Our findings demonstrate that symptoms of hypogly-
cemia do not occur immediately after the onset of hypo-
glycemia but develop later, sometime after the initial
activation of the autonomic nervous system. This may
provide part of the explanation for the findings by others
that diabetic subjects may incorrectly estimate their
plasma glucose or be unaware of hypoglycemia under
experimental glucose-clamp conditions (24). This study
observed in detail the effects of mild hypoglycemia on
psychomotor performance in healthy volunteers. It con-
firms the usefulness of selecting various psychomotor
tests as tools for monitoring behavioral activity and ce-
rebral function under such conditions. The investigation
of nondiabetic subjects in this context is important be-
cause it helps to define safe lower limits for plasma glu-
cose concentration. Comparison with similar studies that
have used diabetic patients are difficult because such
patients may have impaired counterregulatory responses
and altered thresholds for the onset of counterregulation
and neuroglycopenia (25,26). There is a need for a sin-
gle study to make a detailed comparison of psychomotor
performance in diabetic and nondiabetic subjects during
hypoglycemia.

In conclusion, we found that mild hypoglycemia im-
pairs psychomotor performance on tests requiring fine
motor performance, memory, and information process-
ing skills in healthy volunteers. A significant impairment
of performance, however, was not detected before the
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onset of glucose counterregulation and warning symp-
toms.

ACKNOWLEDGMENTS

We acknowledge Professor K.D. Buchanan and W. Leahy
for providing technical help and hormone assays and C.
Patterson for providing statistical advice.

A.B.S. was the recipient of a Department of Health
and Social Services Research Fellowship.

REFERENCES

1. Marks V, Clifford R: Hypoglycaemia. Oxford, UK, Black-
well, 1981

2. Santiago JV, Clarke WL, Shah SD, Cryer PE: Epinephrine,
norepinephrine, glucagon and growth hormone release
in association with physiological decrements in the plasma
glucose concentration in normal and diabetic man.) Clin
Endocrinol Metab 51:877-83, 1980

3. Amiel SA, Simonson DC, Tamborlane WV, DeFronzo RA,
Sherwin RS: Rate of glucose fall does not affect counter-
regulatory hormone responses to hypoglycemia in normal
and diabetic humans. Diabetes 36:518-22, 1987

4. Schwartz NS, Clutter WE, Shah SD, Cryer PE: Glycemia
thresholds for activation of glucose counter-regulatory
systems are higher than the threshold for symptoms. / Clin
Invest 79:777-81, 1987

5. Davis PA: Effect on the electroencephalogram of changing
the blood glucose level. Arch Neurol Psychiatry 49:186-
94, 1943

6. Holmes CS, Hayford JT, Gonzalez JL, Weydert JA: A sur-
vey of cognitive functioning at different glucose levels in
diabetic persons. Diabetes Care 6:180-85, 1983

7. Holmes CS, Mann Koepke K, Thompson RG, Gyves PW,
Weydert JA: Verbal fluency and naming performance in
type I diabetes at different blood glucose concentrations.
Diabetes Care 7:454-59, 1984

8. Pramming S, Thorsteinsson B, Theilgaard A, Pinner EM,
Binder C: Cognitive function during hypoglycaemia in
type I diabetes mellitus. Br Med I 292:647-50, 1986

9. Holmes CS, Koepke KM, Thompson RG: Simple versus
complex performance impairments at three blood glucose
levels. Psychoneuroendocrinology 11:353-57, 1986

10. Heller SR, MacDonald IA, Herbert M, Tattersall RB: In-

fluence of sympathetic nervous system on hypoglycaemic
warning symptoms. Lancet 2:359-63, 1987

11. Krstulovic AM, Dziedzic SW, Bertani-Diedzic L, Dirico
DE: Plasma catecholamines in hypertension and phaeo-
chromocytoma determined using ion-pair reversed-phased
chromatography with amperometric detection: investi-
gation of the separation mechanism and clinical meth-
odology. J Chromatogr 217:523-37, 1981

12. McCarroll AM, Buchanan KD: Physiological factors influ-
encing insulin clearance by the isolated perfused rat liver.
Diabetologia 9:174-77, 1973

13. Elithorn A, Mornington S, Stavrov A: Automated psycho-
logical testing: some principles and practice. Int I Man
Mach Stud 17:246-63, 1982

14. Hindmarch I: A 1,4-benzodiazepinetemazepam (K3917),
its effect on some psychological parameters of sleep and
behaviour. Arzneim Forsch 25:1836-39, 1975

15. Wechsler D: A Manual for the Wechsler Adult Intelligence
Scale. New York, Psychol. Corp., 1955

16. Hills M, Armitage P: The two-period cross-over clinical
trial. Br I Clin Pharamacol 8:7-20, 1979

17. Herbert M: Assessment of performance in studies of an-
aesthetic agents. Br I Anaesth 50:33-38, 1978

18. Wilkinson RT: Some factors influencing the effect of en-
vironmental stressors upon performance. Psychol Bull
72:260-72, 1969

19. Hindmarch I: Psychomotor function and psychoactive
drugs. BrJClin Pharmacol 10:189-209, 1980

20. Ipp E, Forster B: Sparing of cognitive function in mild
hypoglycemia: dissociation from the neuroendocrine re-
sponse. J Clin Endocrinol Metab 65:806-10, 1987

21. Wilkinson RT, Houghton D: Portable four-choice reaction
time test with magnetic tape memory. Behav Res Methods
Instrum 7:441-46, 1975

22. Smith JM, Misiak HK: Critical flicker fusion (CFF) and
psychotropic drugs in normal human subjects—a review.
Psychopharmacology 47:175-82, 1976

23. Herold KC, Polonsky KS, Cohen RM, Levy J, Douglas F:
Variable deterioration in cortical function during insulin-
induced hypoglycemia. Diabetes 34:677-85, 1985

24. Cox DJ, Clarke WL, Gonder-Frederick L, Pohl S, Hoover
C, Snyder A, Zimbelman L, Carter WR, Bobbitt S, Penne-
baker J: Accuracy of perceiving blood glucose in IDDM.
Diabetes Care 8:529-36, 1985

25. Cryer PE, Gerich JE: Glucose counter-regulation, hypo-
glycaemia and intensive insulin therapy in diabetes mel-
litus. N Engl I Med 313: 232-41, 1985

26. Cryer PE: Does central nervous system adaptation to an-
tecedent glycaemia occur in patients with insulin-depen-
dent diabetes mellitus? Ann Intern Med 103:284-86, 1985

DIABETES CARE, VOL. 12, NO. 1, JANUARY 1989 17

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/12/1/12/438262/12-1-12.pdf by guest on 09 April 2024




