
Abstract

Aims/hypothesis. Acute hypoglycaemia in humans
causes general impairment of cognitive function, but
information about its effects on more specific cogni-
tive processes is limited.
Methods. Basic aspects of auditory function were
studied in 15 adults with uncomplicated Type I 
(insulin-dependent) diabetes mellitus. Two separate
hyper insulinaemic glucose clamp procedures were
done on different study days, in a counterbalanced
fashion, either maintaining euglycaemia (blood glu-
cose 5.0 mmol·l–1) or inducing hypoglycaemia (blood
glucose 2.6 mmol·l–1). During each study, the subjects
performed a battery of auditory and cognitive function
tasks.
Results. Hypoglycaemia caused deterioration in men-
tal efficiency as assessed by Digit Symbol (p<0.001)
and Trail Making B (p=0.004) tasks. Acute hypo-
glycaemia also caused deterioration in one of three

measures of simple auditory processing (single-tone
loudness, p=0.001) and in auditory temporal process-
ing (p=0.007). The amplitude and latency of auditory
N100, P200 and P300 event-related potentials were
not affected, but the amplitude of the N240 potential
was reduced during acute hypoglycaemia.
Conclusion/interpretation. Our findings are consistent
with other recognised disruptive effects of acute hypo-
glycaemia on sensory information processing in non-
diabetic and diabetic adults, including adverse effects
on auditory information processing in non-diabetic
subjects. These derangements have implications for
the everyday activities of people with Type I diabetes
who are frequently exposed to acute hypoglycaemia.
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glucose concentrations decline to between 2.4 and
2.8 mmol·l–1 [1]. Cognitive functions that are affected
include simple and choice reaction times, speed of 
arithmetical calculation, verbal fluency, attention and
other indices of short-term memory [1]. The pattern of
impairment of these tests allows a general interpreta-
tion of the nature of cognitive dysfunction during 
hypoglycaemia, but provides little information about
the impact of hypoglycaemia on specific brain pro-
cesses such as basic sensory information processing.

Two previous studies in our laboratory examined
the ability of the brain to process visual information
during acute hypoglycaemia. In one study [2] acute
hypoglycaemia did not affect visual acuity or stereo-
scopic vision in non-diabetic subjects, but caused dis-

People with Type I (insulin-dependent) diabetes melli-
tus are frequently exposed to episodes of acute hypo-
glycaemia. In experimental studies, a wide range of
mental functions are impaired when arterialised blood
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ruption of early visual information processing as as-
sessed by measures of visual inspection time, simple
visual discrimination and the ability to detect the lo-
cus of a discrete change of movement. These findings
were mainly replicated in a subsequent study of adults
with Type I diabetes [3].

In contrast to visual processing, the effects of acute
hypoglycaemia on core aspects of auditory informa-
tion processing have received little attention. In one
study in non-diabetic humans [4], hypoglycaemia pro-
voked deterioration in auditory temporal processing
and in one of three tasks of simple auditory processing
(the ability to detect the louder of two tones).

Electrophysiological techniques, such as auditory
evoked potentials (AEPs) and auditory event-related
potentials (AERPs), have been used to examine the 
effect of acute hypoglycaemia on auditory information
processing. AEPs are recorded over the scalp during
the onset and subsequent processing of an auditory
stimulus, such as repetitive clicks of a given frequen-
cy and volume. Two studies, using AEP techniques,
have suggested that conduction through brain-stem
structures involved in the auditory pathway was im-
paired during acute hypoglycaemia in non-diabetic
and diabetic subjects [5, 6]. In two other studies, how-
ever, brain-stem AEPs were not altered by acute hypo-
glycaemia in adult subjects who had Type I diabetes
with strict glycaemic control [7, 8] and in non-diabetic
volunteers [7].

AERPs reflect cognitive processing of an auditory
stimulus. The auditory cognitive task that is most
commonly applied is an ‘odd-ball’ task in which sub-
jects are presented with frequent and infrequent tar-
gets (such as tones of two different frequencies) and
are asked to count the number of occasions on which
the infrequent targets are presented [9]. A variety of
different components of AERPs can be measured; the
most commonly assessed is the P300 wave (i.e. a pos-
itivity occurring at approximately 300 msec after the
‘odd-ball’ stimulus presentation, but which is absent
after the more frequent stimulus is presented). The 
latency of the peak P300 waveform correlates with
psychometric intelligence scores in some studies and
is thought to relate to the cognitive processes of stim-
ulus evaluation [9]. Most, but not all studies [10, 11],
in non-diabetic subjects have suggested that that the
latency of auditory P300 peak is prolonged during
acute hypoglycaemia [5, 12, 13, 14, 15, 16]; a reduc-
tion in the amplitude of the auditory P300 component
has also been reported [5, 14].

In people with Type I diabetes, data on the effects
of acute hypoglycaemia on AERPs are much more
limited and, to our knowledge, there are no data on the
effects of hypoglycaemia on psychophysical auditory
decision-making tests. It might not be possible to ex-
trapolate the results of previous studies of non-diabet-
ic subjects, since people with insulin-treated diabetes
are exposed to wide fluctuations in blood glucose con-

centrations, with intermittent exposure to acute hypo-
glycaemia which can modify glycaemic thresholds for
cognitive dysfunction [17, 18]. Basic aspects of audi-
tory processing are, however, of crucial importance
for the development of hearing and language. The
aims of our study were, therefore, to examine the 
effects of acute hypoglycaemia on fundamental as-
pects of auditory information processing in subjects
with Type I diabetes, as assessed by psychophysical
tests and AERPs.

Subjects and methods

Subjects. Fifteen adults (11 men, 4 women) with Type I diabe-
tes were recruited from the diabetes out-patient clinic at the
Royal Infirmary of Edinburgh. None had any other relevant
previous medical history, nor were they taking any regular
medication other than insulin. None of the subjects had evi-
dence of overt microvascular and macrovascular complications
of diabetes. All subjects had a corrected visual acuity of 6/6 or
better, as measured with a Snellen chart, and none reported a
hearing disorder. All subjects reported having normal percep-
tion of the onset of symptoms of hypoglycaemia (awareness of
hypoglycaemia) and none had a history of severe hypoglycae-
mia in the preceding 6 months. The mean age (± SD) was 26.5
(±9.1) years, the mean duration of diabetes (± SD) was 11.1
(±6.6) years and the mean BMI (± SD) was 22.9 (±1.7) kgm–2.
At recruitment, glycated haemoglobin (HbA1c) was measured
using high-speed liquid chromatography based on an ion-
exchange, reverse-phase partition method (Hi Auto A1c HA
8121). The mean HbA1c (±SD) was 8.8 (±2.0) %; the local
non-diabetic range was 5.0 to 6.5%.

General intellectual ability was assessed before the glucose
clamp studies by the National Adult Reading Test (NART)
[19] and the Alice Heim 4 Test (AH4) [20]. The mean (± SD)
NART error score was 15.2 (±5.5), and the mean (± SD) AH4
score was 88.5 (±11.3), indicating that subjects had above av-
erage intelligence. Written informed consent was obtained
from all subjects and the study was approved by the Lothian
Medical Ethics Advisory Committee.

Experimental procedure. Subjects attended three study ses-
sions, each separated by at least 2 weeks. The purpose of the
initial visit was to familiarise subjects with the tests that would
be used in the experimental sessions, so as to reduce the effects
of practice on test results. The results from this session were
not analysed. In the following two study sessions, the partici-
pants underwent the experimental procedures during condi-
tions of either hypoglycaemia or euglycaemia. The subjects
were not informed which condition was being studied at each
visit, nor were they informed about their blood glucose con-
centration during any phase of the study. They completed both
experimental conditions in a counterbalanced fashion, i.e. eight
of the subjects underwent the euglycaemia study first followed
by the hypoglycaemia study and the other seven underwent the
studies in the reverse order.

All subjects were asked to measure their blood glucose con-
centrations frequently for 5 days before each experimental ses-
sion and to avoid exposure to symptomatic or biochemical
(blood glucose <3.5 mmol·l–1) hypoglycaemia. If they experi-
enced any hypoglycaemia during these phases of the study, the
test procedure was postponed for a further 5 days. During the
two experimental visits, subjects underwent a glucose clamp
procedure.
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Tests of auditory information processing. Simple auditory pro-
cessing and auditory temporal processing were assessed using
tests from the Boys Town Institute Test of Basic Auditory 
Capabilities (TBAC) [25]. As its name suggests, this battery of
auditory decision-making tests was developed by psychophysi-
cists to assess fundamental aspects of auditory information
processing. The tests were recorded on digital audio tape to-
gether with detailed instructions for the subjects. A standard
comparator stimulus preceded the two stimuli of a two-alterna-
tive, forced-choice presentation, yielding three stimuli in total
for each item. The subject’s task was to identify which of the
two stimuli differed from the standard comparator. This psy-
chophysical procedure thus involved only two types of trials –
SDS and SSD (S, standard stimulus and D, different stimulus).
The subject’s task was to identify D. This method minimised
demands on attention and memory, while providing a valid test
of auditory processing abilities [26]. Trials were presented in a
series of six steps of the independent variable, in ascending
difficulty. A total of 72 trials were used for each sub-test. The
stimulus tones were all gated with 5 msec rise-decay times to
minimise onset and offset transients.

The studies were carried out in a sound-controlled listening
room with an ambient sound level of 30 to 32 dB. The TBAC
was recorded on digital audio tape (DAT) and played to the
subjects on a Sony DAT recorder. Subjects listened to the tests
with Beyer DT 100 headphones. The tasks were done at a
sound level of 67 dB (mean of 10 recordings using a regularly
calibrated Castle Associates Sound Level Meter).

Four of eight subsets of the TBAC were used to assess sim-
ple auditory processing (pitch discrimination, single-tone loud-
ness, single-tone duration) and non-verbal auditory temporal
processing (temporal order discrimination) [27].

The standard for pitch discrimination was a 1 khz, 75 dB
SPL, 25 msec tone. The values of the frequency differences
ranged from 2–256 Hz.

The standard for single-tone loudness was a 1 khz, 75 dB
SPL, 250 msec tone (increments in level ranged from
0.5–8.0 dB).

The standard for single-tone duration was a 1 khz, 100 dB
SPL, 250 msec tone (increments in duration ranged from
8–256 msec).

For temporal order discrimination the subjects had to dis-
criminate the order in which two tones (one of 550 Hz, the 
other of 710 Hz) were presented. The duration of the two tones
was varied from 20 to 200 msec. The tones were presented
without a gap between them and were preceded and followed,
without gaps, by 100 msec, 625 Hz ‘leader’ and ‘trailer’ tones.

The TBAC was designed to yield overall percentage scores
of 75 to 90% in young adults with normal hearing [26].

Auditory event-related potentials. An ‘odd-ball’ procedure was
used to elicit auditory event-related potentials (AERPs). Stim-
uli were generated and presented, and AERPs collected and
analysed, by the Biologic Brain Atlas system. Two tones (a
1000 Hz non-target tone and a 250 Hz target, ‘odd-ball’ tone)
were delivered biaurally through headphones at 60 dB, at a rate
of 0.9 per second. Participants were asked to ignore the non-
target tones, and count the target, ‘odd-ball’ tones which were
presented at random with a probability of 0.25. The minimum
number of target tones was set at 50. The AERPs were record-
ed over an epoch of 1024 milliseconds at three standard elec-
trode sites, based on the International 10 to 20 system [28]: Fz,
Pz and Cz. The AERPs were referred to the left and right pre-
auricular points, with the nasion earthed, and the impedance of
each channel was below 5 KΩ. The AERP waveforms from
the ‘odd-ball’ stimuli were recorded and averaged to produce a
single AERP for each site.

M. W. J. Strachan et al.: Effects of acute hypoglycaemia on auditory information processing in adults with Type I diabetes 99

After a light breakfast at 07.00 hours, the subjects were
asked to attend the department at midday. To avoid any preced-
ing nocturnal hypoglycaemia or a low blood glucose on the
morning of the experimental study, the subjects were instructed
to reduce their dose of isophane insulin by 33% on the day be-
fore the study, to take half their normal dose of short-acting
(soluble) insulin before breakfast and to omit any morning
dose of isophane insulin. A teflon cannula was inserted into an
antecubital vein in the subject’s non-dominant arm under local
anaesthetic (1% lignocaine). This cannula was used to infuse
human soluble insulin (Actrapid, Novo Nordisk Pharmaceuti-
cals, Crawley, UK) and 20% dextrose. A second cannula was
inserted in a retrograde direction into a vein on the dorsum of
the same hand, which was then placed in a heated box (Plexi-
glass) at 60°C to arterialize the venous blood. Arterialised
blood samples were obtained throughout the study for the mea-
surement of whole blood glucose at the bedside using a glu-
cose oxidase method (Yellow Springs Instrument 2300 Stat,
Yellow Springs, Ohio, USA). To maintain patency, both cannu-
lae were flushed frequently with heparinised saline.

Where appropriate, insulin was infused at a rate of 2 to 6
units per hour to lower the blood glucose to approximately
5.0 mmol·l–1. Following this, a modified hyperinsulinaemic glu-
cose clamp technique was used to maintain the blood glucose at
predetermined concentrations [21]. Insulin was infused at a
steady rate (based on whole-body surface area) of 60 mU
m–2·min–1 using an IMED Gemini PC1 pump; 20% dextrose
was infused, using an IVAC Site Saver pump, at a variable rate
according to the blood glucose value. Arterialised blood glucose
was measured initially every three min, until a stable concentra-
tion had been achieved, and then at 5 min intervals. Plasma con-
centrations of counter-regulatory hormones were not estimated.

At each laboratory session, the arterialised blood glucose
concentration was initially stabilised at 5.0 mmol·l–1 for
50 min during which the subject completed the test battery
(baseline). The blood glucose concentration was then either
maintained at 5.0 mmol·l–1 (euglycaemia) or lowered to
2.6 mmol·l–1 (hypoglycaemia) and maintained at this concen-
tration for 50 min, during which the test battery was repeated.
A period of 20 min elapsed from baseline until euglycaemia or
hypoglycaemia was attained to allow stabilisation of the target
blood glucose concentration, which was maintained for a fur-
ther 10 min before the tests were administered.

Cognitive test battery. A specialised psychological and audito-
ry psychophysical test battery was applied during the baseline
and experimental phases of the euglycaemia and hypoglycae-
mia conditions. The tests were administered in the order pre-
sented below, which was maintained during each phase of the
visit. Symptoms of hypoglycaemia were measured at the end
of each phase using the Edinburgh Hypoglycaemia Scale [22].

Two complex psychometric tests of mental efficiency,
which are known to be sensitive to moderate hypoglycaemia
[2, 3, 4], were used to assess high-level cognitive function.

Digit Symbol task. This is a sub-test of the Wechsler Adult 
Intelligence Scale – Revised (WAIS-R) [23]. In the task, nine
digits are represented by nine different symbols, and the sub-
ject is required to write down the appropriate symbol for each
in a given array of numbers over 90 s. The number of correct
responses is recorded.

Trail-Making Test B. This is a test from the Halstead Reitan
Neuropsychological Battery [24]. The subject has to connect
correctly an alternating series of numbers (1–13) and letters
(A–L) in their respective orders as quickly as possible. The time
(in seconds) taken to complete the task correctly is recorded.
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The characteristic trace of the ‘oddball’ paradigm consists
of negative troughs at approximately 100 msec (N100) and
240 msec (N240), and positive peaks at approximately
200 msec (P200) and 300 msec (P300) [9]. The N100 wave
was defined as the most negative potential within the latency
range 50 to 140 msec. The P200 and P300 waves were defined,
respectively, as the most positive potentials within the 140 to
250 msec and 250 to 500 msec latency ranges. The N240 wave
was defined as the most negative potential occurring between
the P200 and P300 waves. The latency and amplitude of each
wave was recorded during the study conditions of euglycaemia
and hypoglycaemia. Grand average AERPs were also generat-
ed by combining the AERP data obtained from all 15 subjects.

Edinburgh hypoglycaemia scale. This is a validated, subjective
self-rating system [22], using a Likert scale, in which subjects
are presented with a list of symptoms of hypoglycaemia and
are asked to score the magnitude of intensity of each symptom
from 1 (not present) to 7 (very intense). Symptom scores were
totalled and classified into three groups: autonomic, neuro-
glycopenic and non-specific.

Statistical analyses. All experimental data are presented as
means ± SD. Each measure of auditory information processing,
cognitive function and symptoms was analysed independently.

To control for day-to-day variation in cognitive performance
and symptoms of hypoglycaemia, the results of the cognitive
tasks and the symptom questionnaire during the study condition
were adjusted for baseline scores (on the day of the relevant
study condition) using linear regression. The effects of hypo-
glycaemia on cognitive and symptom parameters were then in-
vestigated by comparing the standardised residuals of the study
results during euglycaemia and hypoglycaemia conditions using
a mixed-model Analysis of Variance (ANOVA). ‘Order of ses-
sion’ was used as a between-subjects factor with two levels 
(euglycaemia-hypoglycaemia or hypoglycaemia-euglycaemia).
The within-subjects factor, ‘experimental condition’, had two
levels, euglycaemia versus hypoglycaemia. A similar mixed-
model ANOVA was used to compare the latencies and ampli-

tudes of the N100, P200, N240 and P300 waves during the study
conditions of euglycaemia and hypoglycaemia, except that actu-
al study condition results, rather than residuals, were used.

Baseline blood glucose concentrations were compared us-
ing a paired Student’s t test. In all analyses, a p value of less
than 0.05 was considered to be significant. All analyses were
carried out using SPSS version 10.0 for Windows 2000.

Results

Glucose clamps. Mean arterialised blood glucose con-
centration at the start of the euglycaemia study day was
8.70±5.32 mmol·l–1 and at the start of the hypoglycae-
mia study day was 9.35±3.22 mmol·l–1 (p=0.619). 
Stable glycaemic plateaux were achieved for every sub-
ject in each condition of the study. The arterialised
blood glucose concentrations during both baseline 
euglycaemic clamps were 5.01±0.32 mmol·l–1. During
the experimental conditions of euglycaemia and hypo-
glycaemia, blood glucose concentrations were 5.00±
0.26 mmol·l–1 and 2.59±0.18 mmol·l–1 respectively.

Effects of order. No effects of order were observed on
any of the outcome variables, with the exception of
N240 amplitudes and N100 latencies. Combining 
the study data from both the euglycaemia and hypo-
glycaemia clamps, the N240 amplitudes in subjects
who first underwent the euglycaemic clamp were
6.5±3.4 uv and 4.2±3.4 uv at the Cz and Pz electrodes
respectively, but were lower at 1.7±2.6 uv (p=0.004)
and 2.1±4.6 uv (p=0.006) respectively in subjects who
first underwent the hypoglycaemic clamp. Similarly,
the N100 latencies in subjects who first underwent 
the euglycaemic clamp were 98.3±9.1 msec and

Table 1. Results of cognitive function tests, auditory information processing tests and symptom scores during euglycaemia and
hypoglycaemia

Euglycaemia Hypoglycaemia p valueb

Baseline Study Baseline Study

Digit Symbol (score) 68.8±11.9 72.4±13.5 67.1±11.9 58.1±13.4 0.000
Trail Making B (s)a 36.3±12.9 35.0±14.6 36.1±14.4 46.0±18.1 0.004

Tests of basic auditory capabilities (score)
Pitch discrimination 60.9±6.0 61.8±5.7 60.8±5.8 60.3±6.4 0.233
Single-tone loudness 63.1±6.7 62.4±6.4 61.9±6.7 58.3±7.3 0.001
Single-tone duration 58.4±5.7 57.1±5.5 57.3±5.2 54.9±5.0 0.130
Temporal order discrimination 52.4±9.1 54.7±8.7 55.7±7.5 51.0±8.5 0.007

Symptom scores
Autonomic 12.9±2.7 13.1±3.0 15.1±6.4 24.3±10.6 0.002
Neuroglycopenic 18.6±7.8 18.7±8.6 24.0±10.5 29.6±12.8 0.047

a In the Trail Making B task, a lower score represents better
performance; in all other cognitive and auditory tasks, a higher
score indicates better performance
b p values refer to the comparison between the study scores 
obtained during euglycaemia and hypoglycaemia, after adjust-
ment for baseline scores

Results are presented from the baseline and study conditions of
the euglycaemia and hypoglycaemia study days
Values are means ± SD
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97.5±7.1 msec at the Cz and Pz electrodes respective-
ly, but were shorter at 88.3±11.7 msec (p=0.039) and
87.1±17.9 msec (p=0.037) respectively in subjects
who first underwent the hypoglycaemia clamp. No 
effects of order at the Fz electrode were observed for
either N240 amplitudes or N100 latencies.

Symptoms. During the hypoglycaemia condition, in-
crements occurred both in autonomic (p<0.01) and
neuroglycopenic symptom scores (p<0.05) (Table 1).

Tests of mental efficiency. Moderate hypoglycaemia
resulted in a deterioration in performance of the Digit
Symbol (p<0.001) and Trail Making B tests (p<0.01;
Table 1).

Tests of auditory information processing. The overall
percentage correct scores for tests of basic auditory
capabilities (determined by adding total scores for
each sub-test to provide an overall percentage score
for the test battery for each individual) at baseline
were 81.6±7.8% on the euglycaemia study day and
81.8±6.9% during the hypoglycaemia study day.
Overall percentage correct scores correlated highly
between the two study conditions (Pearson’s r=0.91;
p=0.000). Thus, individual differences in auditory 
information processing were stable across time.

Acute hypoglycaemia caused a deterioration in 
auditory temporal processing, as evidenced by a 
reduced ability to discriminate the temporal order of
two tones during hypoglycaemia (p=0.007; Table 1).
Acute hypoglycaemia caused a deterioration in the
performance of one of three tasks of simple auditory
processing, single-tone loudness (p=0.001; Table 1),
but had no effect on pitch discrimination and single-
tone duration (both p>0.05; Table 1).

The grand average of auditory event-related poten-
tials from all 15 subjects during the study conditions of
euglycaemia and hypoglycaemia are shown in Figure 1.

Fig. 1A–C. Grand average event-related potentials following
the auditory ‘odd-ball’ stimulus recorded at the Fz (A), Cz (B)
and Pz (C) electrode sites during the euglycaemia and hypo-
glycaemia study conditions. During hypoglycaemia, the N240
wave was lost, suggesting more continuous cerebral processing
of the auditory stimuli. The amplitude and latency of the N100,
P200 and P300 potentials were not affected

Table 2. Amplitudes of auditory event-related potentials dur-
ing euglycaemia and hypoglycaemia

Euglycaemia Hypoglycaemia p valuea

condition condition

N100 Amplitudes (µv)
Fz –6.7±4.1 –7.3±4.8 0.438
Cz –6.1±3.6 –6.6±3.6 0.689
Pz –4.5±3.2 –3.7±2.4 0.236

P200 Amplitudes (µv)
Fz 8.0±3.7 7.7±2.7 0.735
Cz 10.1±4.4 10.9±5.6 0.508
Pz 7.2±2.5 7.6±3.9 0.554

N240 Amplitudes (µv)
Fz 0.8±3.4 1.0±2.8 0.640
Cz 3.8±3.9 4.0±3.9 0.797b

Pz 3.3±3.7 2.9±4.4 0.805b

P300 Amplitudes (µv)
Fz 7.9±3.7 7.0±3.5 0.500
Cz 9.0±4.0 8.5±3.7 0.735
Pz 9.5±4.3 8.9±4.0 0.699

a p values refer to the comparison between the study condition
scores obtained during euglycaemia and hypoglycaemia
b The between-subjects effect of study ‘order’ was statistically
significant
Results are presented from the study conditions of euglycae-
mia and hypoglycaemia
Values are means ± SD



pitch, were not affected by hypoglycaemia either in
this study or in a previous study [4]. This could indi-
cate that these abilities have an innate resistance to the
effects of neuroglycopenia, but could also be related
to differences in the glycaemic thresholds at which the
performance of these tests becomes impaired. The
thresholds for impairment of other cognitive tasks are
recognised to differ during acute hypoglycaemia. For
example, simple tasks such as finger tapping are often
not affected until blood glucose concentrations decline
to below 2.0 mmol·l–1 [29], while the performance of
more complex tasks such as four-choice reaction time
become impaired when blood glucose concentrations
decrease below approximately 3.2 mmol·l–1 [30].
Thus, it is conceivable that, to impair all aspects of
‘simple’ auditory discrimination, blood glucose con-
centrations would have had to be substantially lower
than those attained in our study.

The Test of Basic Auditory Capabilities (TBAC)
has been used extensively to study auditory function,
particularly to explore the associations between audi-
tory perception and reading disabilities [27]. Perfor-
mance of the TBAC is not affected by mid-frequency
or high-frequency hearing loss and both its psycho-
metric properties and its test-retest reliability have
been established in normal and elderly, hearing-im-
paired subjects [26]. The TBAC uses tones of up to
250 msec, as a consequence of which it provides a
measure of ‘short auditory storage’, i.e. the initial rec-
ognition of the auditory stimulus before further analy-
sis and retention takes place [31]. The TBAC also 
uses information processing tasks which, by manipu-
lating the duration of the stimulus, provide an index of
the speed at which subjects are able to process audito-
ry input. Thus, our results suggest that acute hypo-
glycaemia disrupts short auditory storage and slows
the speed at which the brain is able to process infor-
mation obtained by hearing (at the experimental or
psychophysical level).

The relation between individual differences in cog-
nitive performance and measures of the speed of in-
formation processing has been subjected to consider-
able scientific scrutiny. Significant correlations exist
between traditional psychometric measures of intelli-
gence and visual inspection time, simple and choice
reaction time, speed of scanning information in short-
term memory, speed of retrieval of information from
long-term memory and auditory information process-
ing [32, 33, 34, 35, 36, 37, 38, 39]. The scores
achieved on each of the four subtests of the TBAC
correlate with performance on the mathematical sec-
tion of the Scholastic Aptitude Test [40, 41]. It is con-
ceivable, therefore, that acute hypoglycaemia actually
impairs higher cognitive functions through its deleteri-
ous effects on basic information processing, rather
than through its effects on the higher processes them-
selves. Indeed, this hypothesis may not be confined to
the effects of acute hypoglycaemia, since speed of in-
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During acute hypoglycaemia, no distinct N240 wave
was observed between the P200 and P300 waveforms.

When the latencies and amplitudes of the individu-
al components of the auditory event-related potentials
from each subject were determined separately, acute
hypoglycaemia had no effect on the mean latencies
and amplitudes of the N100, P200 and P300 waves
(all p>0.05; Tables 2 and 3). The latency of the N240
wave at the Cz electrode was reduced during hypo-
glycaemia (p=0.012; Table 3), but not at other elec-
trode sites (p>0.05; Table 3). The amplitude of the
N240 wave was not affected by acute hypoglycaemia
(p>0.05; Table 2). 

Discussion

In our study, acute hypoglycaemia caused a significant
disruption in auditory temporal processing and in a
single aspect of ‘simple’ auditory discrimination (the
ability to distinguish the louder of two auditory tones)
in adults with Type I diabetes who had moderate to
poor glycaemic control. These data are consistent with
the results of a previous study from our centre of audi-
tory information processing during acute hypoglycae-
mia in non-diabetic subjects [4].

Other aspects of ‘simple’ auditory discrimination,
namely the ability to discriminate tone duration and

Table 3. Latencies of auditory event-related potentials during
euglycaemia and hypoglycaemia

Euglycaemia Hypoglycaemia p valuea

condition condition

N100 Latencies (ms)
Fz 95.7±18.4 96.3±16.9 0.917
Cz 94.4±10.2 92.8±12.8 0.619b

Pz 94.9±13.6 90.4±14.6 0.395b

P200 Latencies (ms)
Fz 171.5±27.2 174.9±33.1 0.814
Cz 177.1±33.1 173.1±33.3 0.720
Pz 173.3±33.2 174.5±33.9 0.902

N240 Latencies (ms)
Fz 233.8±25.7 231.4±35.1 0.937
Cz 243.5±31.2 221.8±29.9 0.012
Pz 232.3±27.5 229.2±39.3 0.834

P300 Latencies (ms)
Fz 307.7±24.3 310.9±28.4 0.556
Cz 304.5±23.3 305.1±22.7 0.961
Pz 307.2±30.3 313.1±17.9 0.535

a p values refer to the comparison between the study condition
scores obtained during euglycaemia and hypoglycaemia
b The between-subjects effect of study ‘order’ was statistically
significant
Results are presented from the study conditions of euglycae-
mia and hypoglycaemia
Values are means ± SD



formation processing can also have a central role in
age-related changes in cognitive function [42]. The
auditory (TBAC) and visual information (visual in-
spection time, visual change detection and visual
movement detection) processing data from our labora-
tory [2, 3, 4] suggest that temporal order processing
could be one such basic function which has deleteri-
ous effects on many high-level cognitive abilities.
Confirmation of this general hypothesis would, how-
ever, require a much larger study examining the 
effects of acute hypoglycaemia on higher cognitive
functions (such as psychometric aspects of intelli-
gence), after adjustment of scores for the effect of
poorer information processing. The underlying neu-
ral/biological basis of temporal order processing is not
well established, but is an area of active research [43].

In the present study, acute hypoglycaemia had no
effect on the amplitude and latency of P300 compo-
nents of the AERPs in response to an ‘oddball’ task.
This is in contrast to previous findings showing that
the latency of the auditory P300 wave was prolonged
at an arterialised blood glucose concentration of
2.5 mmol·l–1 in ten subjects with Type I diabetes with
strict glycaemic control (mean HbA1c 6.9%) [8]. How-
ever, other studies in adult subjects with Type I diabe-
tes have suggested that the quality of preceding glyc-
aemic control has a major influence on the blood glu-
cose threshold at which auditory P300 amplitudes and
latencies are affected. Thus, if subjects have strict
glycaemic control, a much lower blood glucose is re-
quired to affect the P300 wave [44, 45]. Indeed, in one
study in which the mean HbA1c of the subjects was
8.1% (only 0.7% lower than the mean HbA1c of the
subjects participating in our study), P300 latencies
were not affected when venous blood glucose concen-
trations were as low as 1.8 mmol·l–1 [46]. Thus, al-
though it is recognised that acute hypoglycaemia can
have deleterious effects on the P300 component of
AERPs, it seems likely that in our study the depth of
hypoglycaemia might not have been sufficient to
reach the threshold at which impairment occurs.

The impact of acute hypoglycaemia on the earlier
components of the AERP waveform has not been
studied previously in people with Type I diabetes. In
one study of non-diabetic subjects [14], the ampli-
tudes of the N100 waves, after non-target tones, were
reduced during acute hypoglycaemia (arterialised cap-
illary plasma glucose concentration 2.65 mmol·l–1), 
although the amplitude of the P200 component and
the latencies of the N100 and P200 waves were not 
affected. In another study of non-diabetic subjects
[10], mild hypoglycaemia (whole blood glucose con-
centration 3.2 mmol·l–1) reduced the amplitude of the
‘N2’ component (a trough occurring at approximately
200 msec and analogous to the N240 wave described
in the present study) of the AERP occurring after tar-
get tones in a complex auditory task that included
‘novel’ auditory stimuli (e.g. a dog’s bark and sound-

ing a car horn) as well as the conventional non-target
and ‘oddball’ tones. This observation is of course con-
sistent with the loss of the N240 wave, as we observed
in the grand-average AERP waveforms during hypo-
glycaemia. The precise biological and cognitive corre-
late of this wave has not been established, but the am-
plitude of the N2/N240 wave increases as auditory tar-
get discrimination is made more difficult by approxi-
mating the pitch of target and non-target tones [47].

The N240 amplitude and latency data which were
extracted from the individual subject AERP wave-
forms rather than from ‘averaged’ waveforms from all
15 subjects, are included for completeness but are of
much more limited validity than the N100, P200 and
P300 data. Strict criteria were used to define the pre-
cise location of the N240 wave for each subject during
the two study conditions. However, individual subject
AERP waveforms showed considerable variability and
it was often very difficult to identify a clear N240
wave from the background electrical ‘noise’, particu-
larly during hypoglycaemia. Therefore, the apparent
reduction in N240 wave latency at the Cz electrode
during hypoglycaemia and the failure to observe any
reduction in N240 amplitudes during hypoglycaemia
could reflect the inadequacy of the criteria used to de-
fine the waveform. In contrast, N100, P200 and P300
waves were more readily identifiable and, as a conse-
quence, the latency and amplitude data reported are
robust. The effects of study order on N100 latencies
and N240 amplitudes have no plausible biological ba-
sis and are likely to represent type 1 statistical errors.

In conclusion, we have shown that moderate hypo-
glycaemia in people with Type I diabetes not only pro-
voked higher cortical decrements, but also caused dis-
ruption of basic processing of auditory information.
While the clinical relevance of these findings has yet
to be established, adequate hearing is clearly crucial
for normal language and in the successful performance
of many aspects of routine daily living. The demon-
stration of significant changes in auditory discrimina-
tion during hypoglycaemia could, therefore, have im-
portant implications for people with insulin-treated di-
abetes. The data also re-affirm the need to study low-
level and high-level cognitive processing during acute
hypoglycaemia, so that the basic processes that con-
tribute to cognitive dysfunction can be elucidated.
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