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Summary. To examine the long-term effects of recurrent 
severe hypoglycaemia and other biomedical complications 
on mental efficiency, a battery of cognitive tests was adminis- 
tered to 142 Type i (insulin-dependent) diabetic adult pa- 
tients (age 33.5 +-5.6 years; mean • and 100 demo- 
graphically similar non-diabetic control subjects. All diabetic 
subjects had been diagnosed before the age of 17 years. 
Diabetic subjects with one or more complications (distal 
symmetrical polyneuropathy; advanced background or pro- 
liferative retinopathy; overt nephropathy; one or more epi- 
sodes of severe hypoglycaemia) performed significantly 
(p < 0.001) more poorly than non-diabetic control subjects 
on tests requiring sustained attention, rapid analysis of 
visuospatial detail, and hand eye co-ordination. Regression 

analyses indicated that the best biomedical predictor of cog- 
nitive test performance was a diagnosis of polyneuropathy. 
Although severe recurrent hypoglycaemia was not associ- 
ated with performance on any test, the neuropathy • recur- 
rent hypoglycaemia interaction term was significant. These 
results suggest that in adults with Type i diabetes of long du- 
ration, recurrent hypoglycaemia does not appear to in- 
fluence cognitive performance directly, but may interact with 
neuropathy to exaggerate or otherwise magnify the extent of 
neurobehavioural dysfunction. 

Key words: Cognitive impairment, hypoglycaemia, hyper- 
glycaemia, adults. 

A single episode of moderate hypoglycaemia can readily 
produce a transient disruption in cognitive functioning. 
Studies using the insulin-glucose clamp technique have re- 
peatedly demonstrated that when plasma glucose levels 
are experimentally reduced below 2.8 mmol/1, both 
diabetic [1-4] and non-diabetic [2, 5-8] subjects often 
show a marked decline in mental efficiency. Hypogly- 
caemic-induced neurobehavioural deficits occur most fre- 
quently on tasks requiring sustained attention [4, 7], rapid 
decision making [1, 2, 7, 8], analysis of complex visual 
stimuli [5, 7], "mental l~[exibility" [3-5, 7], memory for re- 
cently learned information [3, 7], and hand eye co-ordina- 
tion [4, 6, 7]. 

Cognitive changes that accompany a single episode of 
experimentally-induced hypoglycaemia are usually con- 
sidered to be innocuous because neurobehavioural test 
performance returns to pre-hypoglycaemic baseline lev- 
els following restoration of the euglycaemic state. Never- 
theless, each episode is necessarily associated with a series 
of changes in cerebral metabolism [9], including excessive 
release of excitotoxins such as glutamate [10]. Although 
the excitotoxic hypothesis of neuronal necrosis is based 
upon animal studies in which a single episode of very 

severe hypoglycaemia is maintained for at least 30 min 
[11], it is not inconceivable that repeated episodes of 
moderate hypoglycaemia would, over time, have a cumu- 
lative effect that leads to significant neuronal damage in 
humans. If so, one would expect to find evidence of im- 
pairment on a wide range of neurobehavioural measures. 

Results from two recent cross-sectional studies are con- 
sistent with that prediction. Both Wredling and co-workers 
[12] and Langan and colleagues [13] found that diabetic 
adults who had recurrent episodes of severe hypogly- 
caemia performed worse on cognitive tests than adults with 
no history of severe hypoglycaemia. On the other hand, 
Reichard et al. [14] failed to find a relationship between hy- 
poglycaemia and mental efficiency when they examined 
5-year follow-up data from a longitudinal study comparing 
intensive insulin therapy with standard treatment. Despite 
a three-fold increase in the number of episodes of severe 
hypoglycaemia, subjects in the intensive insulin treatment 
group did not differ from standard treatment subjects. Be- 
cause the interpretation of this negative study has been 
questioned by other investigators [15], the relationship be- 
tween recurrent severe hypoglycaemia and cognitive func- 
tioning remains controversial [16]. 
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Table L Demographic characteristics of Type 1 diabetic and non- 
diabetic subjects 

Non- All diabetic No compli- One or 
diabetic subjects cations more com- 
subjects plications 

Age(years) 34.1_+ 6.7 33.5.+ 5.6 30.7.+ 5.6 34.4+ 5.4 

Years of 
education 14.2_+ 2.2 14.3+ 2.5 14.6_+ 2.9 14.3_+ 2.4 

Hollingshead 
SES 37.1+11.7 39.I.+12.3 40.9.+13.9 38.5_+11.9 

WAIS-R 
VerbalIQ 101.9+ 9.7 98.6.+ 10.7 96.6_+ 12.0 99.0_+ 10.3 

Proportion of 
males (%) 47 51 55 49 

Proportion of 
Blacks (%) 5 1 3 1 

Values are means+SD. SES, Socioeconomic status; WAIS-R, 
Wechsler Adult Intelligence Scale, revised 

Table 2. Biomedical characteristics of Type 1 diabeticsubjects 

All diabetic No complica- One or more 
subjects tions complications 

n 142 29 113 

Age (years) 33.5 _+ 5.6 30.7 .+ 5.6 34.3 + 5.4 b 

Age at onset (years) 8.7 .+ 4.2 10.2 +_ 3.4 8.3 .+ 4.3 a 

Duration of diabetes 
(years) 24.8 + 6.1 20.5 + 5.8 25.9 + 5.6 ~ 

HbAI (%) 10.6 +_ 1.8 10.7 _+ 1.9 10.6 .+ 1.7 

Blood glucose at testing 
(mmol/1) 11.1+5.4 11.8_+5.1 10.9+5.6 

Clinical neuropathy 
score (%) 

None or possible 59 100 49 c 

Definite 4l 0 52 

Retinopathy score (%) 
None or background 39 100 23 c 

Advanced 
background 20 0 25 

Proliferative 41 0 51 

Severe hypoglycaemia 
(%) 

No 66 100 57 c 

Yes 34 0 43 

Age, duration of diabetes, age at onset, and HbA1 values are given as 
mean+SD. "p <0.05; bp <0.01; ~ <0.001 vs subjects with no 
complications 

Our  cross-sectional  study was u n d e r t a k e n  to examine  
the interact ive effects of repea ted  hypoglycaemia  and 
other  diabet ic  complicat ions  on menta l  efficiency. To that  
end, cognit ive tests k n o w n  to be sensitive to hypogly- 
caemia were inc luded in the assessment battery. Al l  are 
identical,  or analogous,  to those used previously in  insulin-  
glucose clamp studies. Fu r the rmore ,  because  of the well- 
known  rela t ionship be tween  dura t ion  of diabetes and  de- 
ve lopmen t  of complicat ions  [17], Type 1 diabet ic  adul t  
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pat ients  were recrui ted from a large cohort  of subjects 
who had developed the disease in ch i ldhood.  Finally, in 
order  to examine  the re la t ionship  be tween  diabetes and  
cognit ive funct ioning,  a compar i son  group of demo-  
graphically similar non-d iabe t i c  control  subjects was also 
evaluated.  

Subjects and Methods 

Subjects 

Diabetic subjects were randomly selected from the Pittsburgh Epi- 
demiology of Diabetic Complications (EDC) study population [18]. 
EDC subjects are drawn from the Children's Hospital of Pittsburgh 
(CHP) Insulin-Dependent Diabetes Mellitus Registry which is a 
well-defined childhood onset (less than 17 years old) cohort of 
Type i diabetic individuals who were diagnosed or seen within 
1 year of diagnosis at CHP between 1950 and 1980. The CHP Regis- 
try is considered to be representative of childhood diabetes in Alleg- 
heny County. Non-diabetic subjects were recruited by asking each 
diabetic subject to name a spouse, sibling, "significant other", or 
close friend. Approximately two-thirds of the control subjects were 
unrelated; the remainder were spouses. Written informed consent 
was obtained from all subjects. The protocol had been reviewed and 
approved by the University of Pittsburgh Institutional Review 
Board. All subjects were paid for their participation. This paper de- 
scribes results from 142 diabetic and 100 non-diabetic subjects, all of 
whom were between the ages of 18 and 49 years (mean • 
33.8.+ 6.1). The numbers of males and females in each group were 
similar. Demographic characteristics are summarized in Table l. 
Both groups had completed some college or post-secondary educa- 
tion, and their WAIS-R Verbal IQ scores were in the "average" 
range. There are no statistically significant between-group differ- 
ences on any variable. 

B i o m e d i c a l  measures  

At the time of cognitive assessment, the ambient blood glucose level 
of diabetic subjects was measured with an Ames Glucometer (Elk- 
hart, Ind., USA). If the level was less than 4.5 mmol/1, a snack was 
consumed before testing. EDC staff conducted all other biomedical 
evaluations, and the technicians administered the cognitive tests 
without prior knowledge of the EDC results. 

Distal symmetric polyneuropathy (DSP) was determined with 
the Diabetes Control and Complications Trial (DCCT) protocol 
clinical examination [19]. A dichotomous scale was used. DSP was 
considered "definitely present" if two of the following three criteria 
were met and could not be attributed to a non-diabetic cause: (1) 
symptoms consistent with DSP; (2) decreased or absent tendon re- 
flexes; (3) signs of sensory loss. 

Retinopathy was determined with three field (designations 1, 2, 
and 4) stereoscopic fundus photography taken by a Zeiss camera and 
read by the University of Wisconsin-Madison Fundus Photography 
Reading Center. Readings were classified into four categories ac- 
cording to the modified Airlie House System [20]: (1) no retinopathy 
(grade 10 in both eyes); (2) early background (highest grade 20 or 30 
in either eye); (3) advanced background (highest grade 40 or 50); (4) 
proliferative (grade 60 or higher in at least one eye, or a grade less 
than 60 but with panretinal pbotocoagulation scars consistent with 
laser therapy). In our analyses, the "no retinopathy" and "early 
background" categories were collapsed into a single category be- 
cause no retinopathy was such a rare event in the complications sub- 
~oup (n  = 1).  

Overt nephropathy was defined as (1) presence of renal failure 
(serum creatinine > 440 btmol/1; being placed on dialysis; or post- 
renal transplant), (2) increased albumin excretion rate 
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Table 3. Raw scores (mean_+ SD) from neuropsychological tests 
and 95 % confidence intervals for non-diabetic and Type i diabetic 
subjects 

Non-diabetic All diabetic No compli- One or more 
controls subjects cations complications 

Digit Vigilance 363.7 _+ 77.9 400.7 _+ 98.1 378.6_+ 87.7 406.4 +_ 100.2 a 
time 348.2-379.2 384.5-417.0 345.2-411.9 387.8~425.1 

Embedded 7.4 _+ 2.7 9.2 + 4.6 7.9 + 2.9 b 9.5 + 4.9 ~ 
Figures time 6.9-7.9 8.5-9.9 6.8-9.0 8.6-10.5 

Trail Making - 54.3 _+ 18.2 58.3 • 22.3 59.9 _+ 24.8 57.8 _+ 21.6 
part B 50.7-57.9 54.6-61.9 50.4-69.4 53.8-61.9 

Grooved 64.2 • 9.4 76.1 + 16.1 66.3 • 8.7 b 78.6 • 16.@ 
Pegboard 62.3-66.0 73.4-78.7 63.0-69.6 75.5-81.7 

Story Forget- 21.5 • 16.3 22.5 + 15.1 19.7 +_ 11.8 23.3 • 15.9 
ring Score 18.2-24.7 19.9-25.0 15.2-22.2 20.3-26.2 

High scores reflect poorer  performance. Tukey post-hoc contrasts: 
~p <0.05 non-diabetic control subjects vs diabetic subjects with 
complications; b p < 0.05 diabetic subjects with one or more compli- 
cations vs those with no complications 

( > 200 gg/min in two of three timed urine samples, or (3) in the ab- 
sence of urine t i m e  collections, a serum creatinine greater than 
180 ~tmol/1. 

Glycosylated haemoglobin (HbA~) values were determined with 
saline-incubated blood samples and high-performance liquid chro- 
matography (Diamat; Bio-Rad, Hercules, Calif., USA).  

Severe hypoglycaemia was ascertained by means of a structured 
interview. Subjects were asked if they have "ever had an episode of 
hypoglycaemia so severe that  you sought medical help (emergency 
room; doctor)?" If yes, further questions about loss of consciousness 
and seizures were asked. Subjects were then asked to estimate the 
total number  of such episodes they had experienced, and were asked 
to provide details of each. Whenever  possible, estimates were cor- 
roborated by another  family member, and by review of medical rec- 
ords. The resulting frequency distribution from the 48 subjects re- 
porting one or more severe hypoglycaemic events was categorized 
into septiles, having median values of 1, 2, 4, 10, 15, 50, and 150 life- 
t ime hypoglycaemic episodes, respectively. Subsequent regression 
analyses used categorical septile scores (values 0 for none, and 1-7). 

Age at onset was dichotomized into "early" (diagnosis at or be- 
fore 5 years of age) or "later" (after age 5) based on previous re- 
search [21, 22]. 

Diabetic subjects were stratified into two groups: those without 
complications, and those with one or more complications. Subjects 
were assigned to the no complications subgroup if they met all of the 
following four criteria: (1) no DSP; (2) no advanced background or 
proliferative ret inopathy in ei ther eye; (3) no overt nephropathy; 
and (4) no previous episodes of severe hypoglycaemia. Twenty-nine 
subjects had no complications; 113 had one or more complications. 
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Biomedical characteristics are summarized in Table 2 for the entire 
diabetic group, and for each of the two subgroups. 

Cognitive measures 

General  intelligence was estimated from the Verbal IQ score 
derived from the six verbal subtests comprising the WAIS-R [23]. 
The remaining cognitive tests are identical, or analogous, to tasks 
used by us in hyperinsulinaemic clamp studies of adults [7]. 

The Digit Vigilance Test provides a measure of sustained atten- 
tion. Subjects are presented with two pages of numbers  and told to 
cross out all sixes as quickly as possible. The response measure is 
total t ime (in seconds) to complete the task [24]. 

The Embedded  Figures Test provides a measure of visual scan- 
ning and rapid decision making. On each of ten trials, subjects see a 
card with a geometric design (target) in the upper half and four com- 
plex patterns in the lower half. Their  task is to identify the pat tern 
with the target. The response measure is mean  latency to correct 
identification [25]. 

The Trail Making Test (part  B) yields an estimate of"menta l  flex- 
ibility". Subjects are presented with a page of numbers  and letters 
and are told to draw a line that alternates sequentially between the 
two (1-A-2-B, etc.). Total time to complete the task is the response 
measure [26]. 

The Grooved Pegboard Test [27] assesses hand eye co-ordina- 
tion. Subjects are required to place 25 key-shaped pegs into a form- 
board as quickly as possible. The time to complete the task with the 
dominant  hand is the response measure. 

The Logical Memory subtest from the Wechsler Memory Scale 
[28] provides a measure of memory over a brief delay. A short story 
is read to the subject, who tells it back immediately after hearing it. 
Thirty minutes later the subject is asked to recall the story again. The 
response measure is the percent forgotten. 

Statistical analysis 

Non-parametric procedures were used to determine the association 
between severity of hypoglycaemia and severity of other biomedical 
complications. Analysis of variance techniques were used to com- 
pare the cognitive test scores of the non-diabetic controls with the 
diabetic subjects. To test the hypothesis that  only diabetic subjects 
with one or more complications manifest significant cognitive im- 
pairment,  a two-step analytic procedure was used. Control subjects 
were first compared with all diabetic subjects on each of five tests. If 
the omnibus F fo r  that measure was significant, the Tukey "honestly 
significant difference" post-hoc procedure was used to compare the 
three groups. Within the diabetic sample, the association between 
biomedical variables and cognitive test scores was evaluated with 
multiple regression procedures. All analyses were run with the 
SPSS-PC + V3.0 statistical package [29]. 

Table 4. Results from hierarchical regression analysis of cognitive test scores 

Digit Vigilance Embedded  Figures Pegboard 

R 2 p R 2 p R 2 p 

Trail Making Memory 

R 2 p R 2 p 

Demographic 0.106 a 0.001 0.089 a 0.001 0.129 ~ 
DSP 0.062" 0.002 0.046 a 0.007 0.087 a 
Retinopathy 0.017 0.255 0.016 0.266 0.039 ~ 
HbA1 0.000 0.942 0.000 0.944 0.027" 
Hypo 0.005 0.353 0.011 0.178 0.000 
Hypo • DSP 0.000 0.971 0.023" 0.050 0.000 
Total R 2 0.168" 0.000 0.177" 0.000 0.287" 

0.000 0.1132 0.001 0.054 ~ 0.050 
0.000 0.027 ~ 0.042 0.023 0.069 
0.034 0.001 0.926 0.013 0.390 
0.028 0.007 0.286 0.000 0.771 
0.835 0.005 0.370 0.002 0.538 
0.847 0.039 a 0.013 0.001 0.721 
0.000 0.154 a 0.003 0.154 a 0.044 

R 2 indicates total amount  of variance attributed to each specific pre- 
dictor variable; p indicates the probability that  this change is greater 
than 0. ~ R 2 values that  are statistically significant (p < 0.05). Total 
R 2 includes only those variables that  entered equation. Predictor 

variables were omitted if they did not account for a statistically sig- 
nificant amount  of variance. DSR Distal symmetrical polyneuro- 
pathy; Hypo, hypoglycaemia 
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Results 

No relationship was found between number of previous 
episodes of severe hypoglycemia and degree of neuro- 
pathy (X 2 (dr= 14) = 14.7; p >0.35), retinopathy (X 2 
(dr= 21) = 26.2; p > 0.15) or nephropathy (2(2- 
(dr= 14) = 15.0; p > 0.35). Cognitive test scores are sum- 
marized in Table 3. As a group, the 142 diabetic subjects 
performed significantly worse than non-diabetic control 
subjects on three of the five tests. On the Digit Vigilance 
Test, both groups of subjects made similar numbers of 
omission errors (control subjects: 6.1; diabetic subjects: 
5.6; F(1,240) < 1), but diabetic subjects took significantly 
longer (F(1,240)= 9.87; p < 0.002) to complete the task 
than control subjects. Both groups earned identical ac- 
curacy scores on the Embedded Figures Test (8.6 items; 
F<  1), but the diabetic subjects required significantly 
more time (F(1,240) = 11.69; p < 0.001) to identify each 
target accurately. Very large between-group differences 
were also evident on the Grooved Pegboard Test 
(F(1,240) = 44.14; p < 0.0001). Diabetic subjects were ap- 
proximately 19 % slower than control subjects. They re- 
quired, on average, an additional 12 s to insert 25 pegs into 
the pegboard with their dominant hand. In contrast, there 
were no statistically reliable differences on the Trail Mak- 
ing Test (F(1,240) = 2.2;p = 0.14) or on the Logical Mem- 
ory Forgetting score (F< 1; NS). 

In the next series of analyses, Tukey post-hoc compari- 
sons were conducted for those three cognitive measures 
scores that had initially discriminated between diabetic 
and non-diabetic subjects. To test the hypothesis that bio- 
medical complications were associated with cognitive dys- 
function, data from 29 subjects with no complications 
were compared with data from 113 having one or more 
complications. Inspection of Table 2 indicates that those 
subjects with no complications were significantly younger 
(t = 3.18; p = 0.003), developed diabetes at a significantly 
later age (t = 2.5; p = 0.015), and had diabetes for a signifi- 
cantly shorter period of time (t = 4.64; p = 0.0001). Con- 
trasts between non-diabetic control subjects and the no 
complications subgroup indicated that the two groups 
performed comparably on all cognitive tests (allp > 0.20). 
That result did not change when age was co-varied. By 
contrast, the diabetic subjects with complications were 
significantly impaired (p < 0.05), relative to non-diabetic 
controls, on the Digit Vigilance Test, the Embedded 
Figures Test, and on the Grooved Pegboard Test. Diabetic 
subjects with complications were also more impaired 
(p<0.05) than those without complications on the 
Grooved Pegboard and the Embedded Figures Test. 

To determine the unique and synergistic contributions 
of specific biomedical complications to cognitive dysfunc- 
tion, hierarchical multiple regression techniques were ap- 
plied to the entire diabetic sample of 142 subjects. For 
each cognitive test score, an eight-step procedure was em- 
ployed. Demographic variables (age, years of education, 
gender) were entered first to control for the possible ef- 
fects of those variables on cognitive functioning. The 
presence or absence of DSP was entered on step 2, be- 
cause previous work had demonstrated that peripheral 
neuropathy may be associated with brain dysfunction, as 
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indexed by neuropsychological [30], neurophysiological 
[31], and neuroradiological [31] measures. Level of retino- 
pathy (none or background; advanced background; prolif- 
erative) was entered on step 3. This variable was included 
because all but one of the cognitive tests have a visual 
component that could be influenced by visual acuity diffi- 
culties. Although DSP and degree of retinopathy are in- 
tercorrelated to some extent, the relatively small correla- 
tion coefficient (r=0.39) did not meet criteria for 
multicollinearity [32]. Nephropathy (overt; none or inci- 
pient) were entered on step 4 and HbA1 (coded as a con- 
tinuous variable) was entered on step 5 to determine the 
relationship between performance and other markers of 
hyperglycaemia. Severe hypoglycaemia was entered on 
step 6. This was coded as a categorical variable that ranged 
from 0 to 7. Age at onset, coded dichotomously as early 
(before 5 years of age) or later, was entered on step 7. A 
series of interaction terms (hypoglycaemia x DSP; hypo- 
glycaemia • retinopathy; retinopathy x DSP)was  en- 
tered on the last step, to determine if hypoglycaemic epi- 
sodes served to moderate or exaggerate the effects of 
other complications on cognitive test scores [33]. 

Results from the regression analyses are summarized 
in Table 4. After controlling for demographic variables, a 
diagnosis of DSP was consistently the best predictor of 
performance on all measures, except memory (which was 
not associated with any biomedical predictor). Adding the 
retinopathy score to the model accounted for a small, but 
statistically significant, amount of additional variance; this 
was limited to performance on the Grooved Pegboard 
Test. Overt nephropathy was not associated with cog- 
nitive test scores, whereas HbA~ was a weak predictor 
(R 2--- 0.028) on only one measure - Grooved Pegboard. 
Remarkably, previous episodes of hypoglycaemia had no 
impact on any cognitive test scores. On the other hand, 
significant interaction effects between hypoglycaemia 
and DSP were found on both the Trail Making Test, and 
on the Embedded Figures Test. No other biomedical vari- 
ables or interaction terms were statistically significant. 
The total amount of variance (total R 2) accounted for by 
all of the variables (biomedical; interaction terms; demo- 
graphic) ranged from 6% (Memory) to 29% (Grooved 
Pegboard). 

Discussion 

Previous studies have suggested that cognitive impairment 
may be a common, but generally unrecognized, complica- 
tion of Type 1 diabetes [34-39]. Our results are consistent 
with that view. As a group, adults who developed Type 1 
diabetes in childhood or adolescence performed more 
poorly than age- and education-matched non-diabetic 
subjects on a variety of cognitive tests. Our results also sug- 
gest that the primary predictor of neurobehavioural dys- 
function is not having diabetes per se, but having developed 
clinically significant diabetic complications. We found that 
adults with no biomedical complications earned scores that 
were indistinguishable from healthy control subjects. In 
contrast, those who had one or more complications per- 
formed significantly worse than controls and diabetic sub- 
jects without complications - especially on tasks that re- 
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quired sustained attention, rapid analysis of visuospatial 
detail, and hand eye co-ordination. 

An examination of the relationship between specific 
complications and cognitive test scores provided no evi- 
dence of a direct effect of recurrent  hypoglycaemia on 
performance, despite the fact that previous studies had 
demonstrated that these particular cognitive tests are sen- 
sitive to acute hypoglycaemia. Furthermore,  retinopathy 
was not a potent predictor of performance, even though 
all of the tests that discriminated diabetic from non- 
diabetic subjects had a visual component.  Of the biomedi- 
cal variables examined, the best predictor was distal sym- 
metrical polyneuropathy. Diabetic subjects who met 
criteria for DSP performed worse on all tasks, except 
memory (which was not influenced by any variable). The 
relationship between DSP and test scores could not be at- 
tributed to peripheral sensory or motor problems, be- 
cause performance on tasks having no kinesthetic or mo- 
toric requirements, like the Embedded  Figures Test, was 
also most strongly associated with DSP score. 

Although cognitive performance was not directly in- 
fluenced by recurrent hypoglycaemia alone, it was in- 
fluenced by the interaction between recurrent hypogly- 
caemia and DSE That is, the hypoglycaemia x DSP 
interaction term accounted for a small but statistically sig- 
nificant amount of variance on both the Embedded 
Figures Test and the Trail Making Test. No other interac- 
tion term predicted performance. 

Discussions of the aetiology of diabetes-associated 
cognitive dysfunction have generally emphasized the role 
of hypoglycaemia, and not hyperglycaemia. Certainly, an 
acute episode of hypoglycaemia is far more likely to pro- 
duce a dramatic (albeit transient) deterioration in mental 
efficiency than is an acute episode of hyperglycaemia [2, 4, 
40]. Moreover, clinical case reports have indicated that a 
single episode of severe hypoglycaemia may produce a 
variety of transient or permanent  neurological disorders 
including hemiplegia [41], amnesia [42], and coma [43], 
while neuropathological studies have demonstrated the 
presence of hypoglycaemic-associated neuronal necrosis 
in the cortex, hippocampus, and basal ganglia of humans 
[43, 44] and animals [45, 46]. This focus on hypoglycaemia 
has led many clinicians to ignore the possibility that cog- 
nitive dysfunction may also be associated with chronic 
hyperglycaemia. Nevertheless, there is increasing evi- 
dence to suggest that chronic hyperglycaemia and its bio- 
medical complications may trigger, or be associated with, 
significant brain dysfunction. 

The most consistent neurobehavioural  evidence for a 
relationship between hyperglycaemia and cognitive im- 
pairment comes from studies of elderly Type 2 (non-in- 
sulin-dependent) diabetic adult patients. Performance on 
a wide variety of cognitive tests is correlated with glycosyl- 
ated haemoglobin levels: the poorer  the degree of metabo- 
lic control, the greater the level of impairment. This is most 
apparent on learning and memory tests [34, 47-49], but has 
also been reported on tests of attention and concept forma- 
tion [50]. Research with younger Type i diabetic adult sub- 
jects has produced less consistent results. Some investiga- 
tors [51] have reported no relationship between 
neuropsychological test performance and the presence of 
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hyperglycaemic complications like neuropathy, while 
others, including our group [30], have noted such an associ- 
ation, particularly on psychomotor tasks. On the other 
hand, neurophysiological [52-55] and neuroimaging 
studies [31] have demonstrated that diabetic adults with a 
history of poor  metabolic control have clear evidence of 
brain dysfunction. This has been demonstrated most con- 
vincingly by Dejgaard et al. [31], who studied 20 middle- 
aged diabetic adults, all of whom had evidence of periph- 
eral neuropathy. Abnormal brain stem auditory evoked 
potentials were found in 40 % of these subjects, and abnor- 
mal magnetic resonance imaging results (characterized as 
lesions 2-10 mm in size) were found in 69 % of the diabetic 
subjects. Taken together, these studies suggest that chronic 
hyperglycaemia may be associated with the development 
of a "central neuropathy".  

There is no doubt that a severe episode of hypogly- 
caemia may result in significant brain dysfunction. By the 
same token, chronic hyperglycaemia - as indexed by ele- 
vated glycosylated haemoglobin values or the presence of 
complications such as neuropathy, may also result in brain 
dysfunction. In an earlier discussion of the possible inter- 
active effects of hypo- and hyperglycaemia on microvas- 
cular disease, Frier and Hilsted [56] suggested that hypo- 
glycaemia may aggravate the complications of diabetes. 
Results from the present study are consistent with that 
view. Although the exact mechanism remains obscure, it 
appears that hypoglycaemia aggravates the neurobe- 
havioural complications that are associated with long- 
term diabetes. 
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