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OBJECTIVE — Repeated severe hypoglycemia has been reported to reduce long-term spatial
memory in children with type 1 diabetes. Early exposure to hypoglycemia may be more dam-
aging to cognitive function than later exposure. Our goal was to determine whether the age at
which severe hypoglycemia occurs modulates the impact of severe hypoglycemia frequency on
long-term spatial memory.

RESEARCH DESIGN AND METHODS — We combined data from three independent
studies to obtain a sample of children aged 618 years with type 1 diabetes (n = 103) and
nondiabetic control subjects (n = 60). Each study evaluated previous severe hypoglycemia and
tested short (5 s)- and long (60 s)-delay spatial memory with the spatial delayed response task.
Type 1 diabetic participants were categorized as having zero, one to two, or three or more severe
hypoglycemic episodes and as having their first severe hypoglycemic episode before or after 5
years of age. Information on chronic hyperglycemia (HbA . values) was also collected.

RESULTS — We found that repeated severe hypoglycemia (more than three episodes) re-
duced long-delay spatial delayed response performance, particularly when severe hypoglycemic
episodes began before the age of 5 years. Age of type 1 diabetes onset and estimates of chronic
hyperglycemia did not influence performance.

CONCLUSIONS — High frequency of and early exposure to severe hypoglycemia during
development negatively affects spatial long-term memory performance.
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set of diabetes would be expected to expe-
rience early severe hypoglycemia, age of
onset can be confounded with the age of

evere hypoglycemia is a significant
and relatively common complication
of insulin treatment in children with

type 1 diabetes (1). The long-term cognitive
effects of such episodes have been debated.
One hypothesis is that severe hypoglycemia
occurring early in development is more
harmful to cognitive function than severe
hypoglycemia later in development, but few
data address this issue directly. If this hy-
pothesis was correct, it could explain the
consistent finding that early onset of type 1
diabetes predicts poorer cognitive function
(2-5). Since only individuals with early on-

first severe hypoglycemia. Although previ-
ous studies (6,7) have examined the impact
of age of onset and of severe hypoglycemia
history on cognitive function in children,
none have established whether the age at
which severe hypoglycemia occurs is
important in determining cognitive out-
come. It is possible that severe hypoglyce-
mia frequency and timing are both
important contributors to cognitive dys-
function in children with type 1 diabetes.
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We combined data from three stud-
ies, all of which found that severe hypo-
glycemia preferentially decreased spatial
long-term memory in children with type
1 diabetes (8,9). We used these data to
determine how the effects of severe hy-
poglycemia on spatial memory were
modulated by the age at which severe hy-
poglycemia occurred. Further, we wanted
to determine whether exposure to chronic
hyperglycemia contributed to these re-
sults on spatial memory (10,11). Our goal
was not to survey all possible cognitive
effects of severe hypoglycemia but rather
to use a previously established effect of
severe hypoglycemia frequency on mem-
ory to determine whether other clinical
variables modulate this effect. We hy-
pothesized that early severe hypoglyce-
mia (before 5 years of age) would have a
more deleterious effect than later severe
hypoglycemia (after age 5 years) on spa-
tial memory due to the vulnerability of
developing skills and their underlying
neural systems.

RESEARCH DESIGN AND
METHODS — Data were combined
from three independent studies spanning
13 years. Results from two (8,9) of three
studies have been published separately.
All three studies used similar procedures.
Type 1 diabetic children were drawn from
the same clinic at St. Louis Children’s
Hospital, Washington University School
of Medicine in St. Louis. All protocols
were approved by the Washington Uni-
versity School of Medicine’s Human Sub-
jects Committee, and all participants and
their guardians signed informed consents.

For all studies, children with type 1
diabetes and nondiabetic control subjects
were tested. Patients were excluded for a
history of diabetic retinopathy, nephrop-
athy, or neuropathy. Subjects were ex-
cluded for mental retardation, enrollment
in special education classes, known major
mental illness, significant neurological
history not due to diabetes, taking medi-
cations with known central nervous sys-
tem effects, or physical limitations that
would interfere with testing.
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Study 1

Subjects in study 1 (9) were type 1 dia-
betic (n = 24) and nondiabetic control
(n = 16) subjects ranging from 9 to 18
years of age. Type 1 diabetic patients were
recruited from a larger study in which
children aged 6-16 years at diagnosis
were randomized at the time of diagnosis
to either intensive diabetes therapy or
conventional diabetes therapy. Subjects
were tested after ~18 months of treat-
ment. Control subjects were recruited
from the general community and in-
cluded some siblings or friends of type 1
diabetic children.

Study 2

Subjects in study 2 (8) were type 1 dia-
betic (n = 35) and nondiabetic sibling
control (n = 22) subjects ranging be-
tween 6 and 16 years old. Type 1 diabetic
patients were recruited from a larger treat-
ment study in which all had type 1 diabe-
tes for at least 2 years or were diagnosed
for at least 1 year with negligible stimu-
lated C-peptide at study entry. Subjects
were tested at study entry.

Study 3

Subjects in study 3 were type 1 diabetic
(n = 45) and nondiabetic sibling control
(n = 22) subjects and were between 6 and
16 years old. Patients all had type 1 dia-
betes for at least 2 years before entry into
the study.

Ascertainment of glycemic history
Type 1 diabetic patients’ history of severe
hypoglycemia, including the age of each
event, was determined through parental
report and chart review. In study 1, this
information was obtained prospectively,
and in studies 2 and 3 it was retrospective.
Severe hypoglycemia was defined as
events with severe neurological dysfunc-
tion, such as seizure, loss of conscious-
ness or inability to arouse from sleep,
and/or those that required assistance of
someone other than the patient for treat-
ment. Treatment could be given in the
form of sugar and food, a glucagon injec-
tion, or intravenous glucose. In addition,
all available HbA, . (A1C) levels from di-
agnosis to testing were acquired from
medical charts.

Testing procedures

For all studies, a 2-h battery of cognitive
measures was administered. The battery
always included the spatial delayed re-
sponse task and verbal and nonverbal in-
telligence measures (study 1: vocabulary

and block design from the Wechsler In-
telligence Scale for Children 3rd Edition
[12], study 2: verbal-spatial relations and
nonverbal matrices from the Das-Naglieri
Cognitive Assessment Systems Battery
[13], study 3: general information and
spatial relations from the Woodcock-
Johnson 111 [14]). Results from measures
unique to each study have been reported
elsewhere (8,9). Blood glucose levels were
ascertained before testing in type 1 dia-
betic subjects. If the reading was low
(<60 mg/dl) or symptoms were reported,
asnack or lunch was given. Testing began
once euglycemia was achieved. These sit-
uations happened very infrequently (zero
to two times in each study group).

Spatial delayed response task

This task has been used extensively for
assessing spatial short- and long-term
memory. Details and illustrations of the
procedure have been reported elsewhere
(9,15,16). Short delays require short-
term memory and intact dorsolateral pre-
frontal function (17-20), whereas long
delays require long-term memory and in-
tact medial temporal function (21-28).
Subjects sat in front of a computer moni-
tor. On each trial, they focused on a cross
in the center of the screen. A dot appeared
briefly (150 ms) in 1 of 32 locations at a
fixed radius from the center of the screen
and then disappeared. A delay was then
imposed of 5 or 60 s. During the delay,
subjects observed shapes (triangle, dia-
mond, or square) one at a time in random
order in the center of the screen. Subjects
had to press a button every time they saw
the diamond shape. After the delay, the
cross reappeared in the center of the
screen and subjects were required to
point to the location on the screen where
they remembered seeing the dot for that
trial. The distance between the original
location of the dot and the remembered
location was calculated (error in millime-
ters). On some trials, the dot returned to
the screen after the delay and subjects had
to place their finger on the dot (cue
present trials). Trials were presented in
random order, with eight trials at each
delay condition (5 and 60 s) and four or
eight cue-present trials.

Analyses

Subjects were categorized as having zero
(0 group), one to two (1-2 group), or
three or more (3+ group) severe hypogly-
cemic episodes (severe hypoglycemia fre-
quency) and as having their first severe
hypoglycemic episode before or after age

Hershey and Associates

5 years (severe hypoglycemia timing). We
categorized these variables for three rea-
sons: 1) the distribution of number of re-
ported episodes tends to be skewed, 2)
previous studies suggested a dose re-
sponse of severe hypoglycemia on spatial
delayed response long-delay performance
(8), and 3) to ensure a relatively even
distribution of subjects (at least 25)
within each severe hypoglycemia fre-
quency category.

Repeated-measures general linear
model analyses were performed to assess
the effects of severe hypoglycemia fre-
quency and timing, chronic hyperglyce-
mia, and age of onset on spatial delayed
response performance. The dependent
variable in all analyses was error (in mil-
limeters) on the spatial delayed response
task and the repeated measure was delay
(cue-present, 5 and 60 s). Independent
variables depended on the subgroups be-
ing assessed. Age and age of onset were
covaried from all analyses with diabetic
subgroups only. In analyses including
control subjects, only age was covaried.
Significant main effects or interactions
were followed with univariate analyses
and post hoc ¢t tests.

To determine the potential contribu-
tion of chronic hyperglycemia on spatial
delayed response performance, we exam-
ined subjects’ available A1C record from
diagnosis to participation in the study.
Subjects in our earliest study (study 1,
n = 24, type 1 diabetes) had only total
glycated hemoglobin levels and were not
included in these analyses. Mean A1C
level was calculated for each patient.
However, to also take into account the
duration of exposure to hyperglycemia,
we multiplied each patient’s percentage of
A1C results >9.0% by the duration of
type 1 diabetes. Correlations were per-
formed between mean A1C, duration of
exposure to hyperglycemia, and spatial
delayed response performance. Hyper-
glycemia measures were also covaried out
of models assessing the effects of severe
hypoglycemia on spatial delayed re-
sponse performance.

RESULTS

Subjects

The total sample consisted of 103 chil-
dren with type 1 diabetes and 60 nondi-
abetic control subjects aged 618 years.
Sex distributions were equivalent be-
tween nondiabetic control subjects (43%
female) and children with type 1 diabetes
(42% female). See Tables 1 and 2 for de-
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Hypoglycemia and memory in children

Table 1—Demographic and clinical variables across severe hypoglycemia

Type 1 diabetic subjects

0 severe 1-2 severe 3+ severe Nondiabetic

hypoglycemic group  hypoglycemic group  hypoglycemic group  control subjects
n 40 38 25 60
Age (years) 134 £ 2.8*% 128 £22 12.0 £ 2.57 128 £ 3.0
Age of onset (years) 10.2 = 3.6%% 8.0 £ 2.7%F 57 £3.7% —
Duration of illness (years) 33 £ 1.6%%F 4.8 £ 2.4%F 6.3 £ 3.2%% —
Parents’ education (years) 14.1 =248 147 =21 144 +2.0 15.0 = 2.2F
Nonverbal intelligence (standard score) 103.7 £ 12.6 106.6 = 11.7 106.6 = 16.9 1064 = 11.1
Verbal intelligence (standard score) 106.3 = 14.8 108.0 = 9.6 1069 = 12.6 108.0 =124
Number of severe hypoglycemic episodes 0 1.2 £0.5*% 6.6 = 9.4% —
Number of seizures during severe hypoglycemic 0 1.8 £0.4* 1.3 £0.5% —

episodes

Mean A1C (%) 8.1=x1.1% 84 x0.7% 8.9 £ 0.97% —
Estimated duration of exposure to 0.8+ 1.1*% 1.3 £1.5% 2.7 £ 2.37% —

hyperglycemia (years)

Data are means * SD. Frequency subgroups and nondiabetic control subjects. Spatial delayed response error is adjusted for age and age of onset for type 1 diabetic
subgroups and adjusted for age for nondiabetic control subjects. *Different from 3+ severe hypoglycemic group, P < 0.05; tdifferent from 0 severe hypoglycemic
group, P < 0.05; #different from 1-2 severe hypoglycemic group, P < 0.05; &different from nondiabetic control subjects, P < 0.05.

mographic and clinical data. All results
are reported as means * SD, unless oth-
erwise noted.

Severe hypoglycemia frequency

As expected, we found a significant inter-
action between severe hypoglycemia fre-
quency and delay on spatial delayed
response performance [F(4, 194) = 6.2,
P < 0.001]. At the long delay, the 3+
severe hypoglycemic subgroup per-
formed worse than the other two sub-
groups (zero and one to two episodes)
[F(2,97) = 5.8, P = 0.004] and nondia-
betic control subjects [F(3, 157) = 3.7,
P = 0.01]. In contrast, there were no dif-
ferences between groups on the cue-
present or short (5-s)-delay conditions

(PS > 0.75) (Fig. 1A). There were also
significant main effects of delay [F(2,
194) = 64.9, P < 0.001] and severe hy-
poglycemia frequency [F(2, 97) = 3.2,
P = 0.045].

Severe hypoglycemia frequency and
timing

We found a significant three-way interac-
tion between delay, severe hypoglycemia
frequency, and timing [F(2, 114) = 4.5,
P = 0.01]. Children with more than three
episodes of severe hypoglycemia and
early first severe hypoglycemia (aged <5
years) performed worse than all other
subgroups, including control subjects
[F(10,310) = 3.63, P < 0.001] (Fig. 1B).
In addition, there were significant main

effects of delay [F(2, 114) = 39.3, P <
0.001] and severe hypoglycemia fre-
quency [F(1, 57) = 6.7, P = 0.01], sig-
nificant interactions between delay and
severe hypoglycemia frequency [F(2,
114) = 13.2, P < 0.001], and between
delay and severe hypoglycemia timing
[F(2,114) = 3.35, P = 0.039]. Although
there appear to be more episodes of severe
hypoglycemia in the 3+ early group com-
pared with the 3+ late group, this result
was not statistically significant (Table 2).
One subject in the 3+ early group expe-
rienced 50 episodes. Removing the sub-
ject from the analysis did not alter the
effect of severe hypoglycemia frequency
and timing on memory performance.
There were 22 type 1 diabetic sub-

Table 2—Clinical and demographic variables across severe hypoglycemia frequency and timing type 1 diabetic subgroups

1-2 early severe
hypoglycemic group hypoglycemic group hypoglycemic group hypoglycemic group

1-2 late severe

3+ early severe

Nondiabetic
control subjects

3+ late severe

n 4 34 9 16 60

Age (years) 10.3 = 2.8%+ 13.2 = 2.0%8 10.3 = 2.7%19 12.5 = 2.3%8 12.8 £ 3.08

Age of onset (years) 3.4 £ 13*%F 8.6 = 2.3%8 1.8 = 1.0*t 79 £ 2.7%8 —

Duration (years) 69*33 46 227 8.5 % 2.5% 51+ 22%% —

Number of severe hypoglycemic 1.0+ 0.0 1.3£05 99 *152| 48=*x25 —
episodes

Number of seizures during 1.8*05 1.8 04 1204 1.3*05 —
severe hypoglycemic episodes

Age of first severe hypoglycemic 3.8 £ 0.6%F 10.9 £ 2.6%8 2.7 £ 1.2%F 9.1 £ 2.2%%§ —

episode (years)

Data are means * SD. Spatial delayed response error is adjusted for age and age of onset for type 1 diabetic subgroups and adjusted for age for nondiabetic control
subjects. *Different from 1-2 late severe hypoglycemic group, P < 0.05; tdifferent from 3+ late severe hypoglycemic group, P < 0.05; #different from 1-2 early
severe hypoglycemic group, P < 0.05; &different from 3+ early severe hypoglycemic group, P < 0.05; qdifferent from nondiabetic control subjects, P < 0.05;

[without one outlier, 4.9 = 2.5.
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Figure 1—A: Effects of severe hypoglycemia frequency on spatial delayed response performance, controlling for age and age of onset. *The 3+ severe
hypoglycemic group performed significantly worse (greater error) than the other two severe hypoglycemic subgroups and from nondiabetic control
subjects (controlling for age only). B: Interactive effects of severe hypoglycemia frequency and timing (age of first severe hypoglycemia episode) on
long-delay spatial delayed response performance, controlling for age and age of onset. *The 3+ early severe hypoglycemic subgroup was significantly
worse (greater error) compared with all other subgroups, including nondiabetic control subjects (P < 0.05).

jects with early onset (before age 5 years)
and 81 with later onset (after age 5 years).
In a similar analysis, we did not find a
significant interaction between delay, se-
vere hypoglycemia frequency, and age of
onset or a significant main effect of age of
onset (P = 0.67) on spatial delayed re-
sponse. The interaction between severe
hypoglycemia frequency and age of onset
was significant [F(2,95) =3.3,P = 0.04],
but the direction of the effect was incon-
sistent across subgroups. Specifically,
within the 0 and 1-2 severe hypoglycemic
subgroups, early age of onset was associ-
ated with better performance than later
age of onset; within the 3+ subgroup,
early age of onset was associated with
worse performance than later onset.
However, none of these comparisons
were significant.

Due to concerns that age at testing
could influence the interaction between
severe hypoglycemia frequency and tim-
ing, we reexamined our sample after re-
stricting the subject pool to children
between 9 and 15 years of age, an age
range that was well represented across
subgroups. This restriction eliminated six
subjects overall. With this restriction,
there was no significant effect of subgroup
on age [F(3,57) = 1.2, P = 0.31]. How-
ever, there was still a significant interac-
tion between delay, severe hypoglycemia
frequency, and timing on spatial delayed
response performance [F(2, 174) = 5.7,
P = 0.004] with the 3+ early severe hy-
poglycemic group performing worse than
all other subgroups, including the nondi-
abetic control subjects (P < 0.05).

Seizure frequency and timing
Thirty-six type 1 diabetic children had
one or more seizures during severe hypo-
glycemia. Ten of these had three or more
seizures. No significant effects of seizure
frequency category (zero, one to two, or
three or more episodes) or seizure timing
(before age 5 vs. after age 5) or interac-
tions were found on spatial delayed re-
sponse (PS > 0.09).

Chronic hyperglycemia
A1C levels were available on the 79 sub-
jects from studies 2 and 3. There was an
average of 12.1 = 5.7 A1C readings total
and 2.6 = 1 A1C levels per year obtained
for each subject. Mean A1C and duration
of exposure to hyperglycemia differed sig-
nificantly between severe hypoglycemia
frequency categories [mean A1C, F(2,
76) = 5.6, P = 0.006; duration of expo-
sure to hyperglycemia, F(2, 76) = 7.9,
P = 0.001] (Table 1). Neither measure
correlated significantly with short- or
long-delay spatial delayed response per-
formance across all type 1 diabetic sub-
jects (all PS > 0.15) nor within each
severe hypoglycemia frequency category.
In addition, the 3+ early severe hypogly-
cemic group was not significantly differ-
ent from the 3+ late severe hypoglycemic
group in mean A1C or duration of expo-
sure to hyperglycemia (PS > 0.11).
After covarying chronic hyperglyce-
mia measures, severe hypoglycemia fre-
quency and timing still had a significant
interaction with delay on long-delay spa-
tial delayed response performance [mean
Al1C, F(2,100) = 4.78, P = 0.01; dura-

tion of exposure to hyperglycemia, F(2,
100) = 4.35, P = 0.02].

CONCLUSIONS — Results of these
analyses confirmed that repeated severe
hypoglycemia reduces long-delay spatial
memory performance on a spatial delayed
response test. We then used this effect to
demonstrate novel support for the hy-
pothesis that repeated severe hypoglyce-
mia starting before age 5 years may be
harmful to long-term memory function-
ing. We also found that estimates of
chronic hyperglycemia do not contribute
to this relationship. We suggest that the
developing brain of very young children
may be more vulnerable than the brain of
older children to the negative effects of
severe hypoglycemia on longer-term spa-
tial memory. However, these findings do
not rule out the possibility that more fre-
quent or profound severe hypoglycemia
after age 5 years could also negatively af-
fect memory function. Indeed, a prior
study (29) suggests that it does. Further,
we found no evidence to suggest that oc-
casional seizures during hypoglycemia
were primarily responsible for changes in
memory performance, although we can-
not rule out an effect of more significant
exposure to seizures. It remains to be de-
termined whether other features of severe
hypoglycemia (e.g., duration, severity) or
less-severe glucose fluctuations contrib-
ute to these effects.

[tis reasonable to hypothesize that se-
vere hypoglycemia may have more impact
on long-term memory during early child-
hood when underlying neural systems are
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still developing. Neuropathological evi-
dence from animals suggests that severe
hypoglycemia preferentially harms neu-
rons in the medial temporal region, in-
cluding the hippocampus (30-33).
Damage to the hippocampus in early de-
velopment via early-onset temporal lobe
epilepsy increases impairment on long-
delay memory tasks (34). The hypothe-
sized mechanism of this effect is
disruption of normal development in the
connections between the hippocampus/
medial temporal cortex and prefrontal
cortical areas that contribute to long-term
memory (35).

Data relevant to this question in type
1 diabetes are scarce. The best suggestion
of such an effect comes from the consis-
tently reported negative effect of age of
onset on various cognitive functions in
type 1 diabetes. Typically, early age of on-
set is defined as <5 years of age and has
been associated with lower function in a
variety of cognitive domains (2-5). The
novel data presented herein suggest that
early onset of type 1 diabetes is harmful to
memory primarily because it permits the
possibility of experiencing severe hypo-
glycemia early in childhood, when more
active brain development takes place.

Hyperglycemia did not appear to
modulate the effect of severe hypoglyce-
mia on long-delay spatial delayed re-
sponse. We found that A1C levels over
the duration of type 1 diabetes do not pre-
dict spatial delayed response perfor-
mance. However, these data do not rule
out the possibility that chronic hypergly-
cemia affects brain structure or function
in ways not measured here, as suggested
in some (36—41) but not all (42-45)
studies on this topic.

The strengths of this study include a
hypothesis-driven focused approach that
allowed us to dissect the impact of rele-
vant clinical variables on a reliable cogni-
tive effect. Weaknesses of the study
include the retrospective nature of the
study (e.g., no baseline data), limitations
of using lifetime average A1Cs to assess
overall diabetes control, and our inability
to be completely precise in the number of
severe hypoglycemic events or seizures
experienced due to the possibility of un-
reported or unrecognized events. Al-
though subjects with more hypoglycemia
had longer duration of disease than those
with fewer episodes, we do not feel that
duration explains our differences in mem-
ory performance since age and age of on-
set were covariates in our analyses and
duration did not correlate with perfor-

mance (r = —0.01). However, with these
data, we are unable to determine whether
longer duration, which might result in ad-
ditional episodes of severe hypoglycemia,
would result in future decreases in mem-
ory performance, since patients with
three or more hypoglycemic episodes had
longer duration of disease than those with
zero or one to two. Finally, although our
total sample was larger than many previ-
ous studies, our subgroup analyses were
necessarily performed on modest sample
sizes. Despite these limitations, the data
presented here suggest that repeated se-
vere hypoglycemia, especially starting at
an early age, is detrimental to long-term
spatial memory function. Given that spa-
tial delayed response is a simple memory
task, one could speculate that the deficits
seen here might be compounded in more
complex or demanding spatial memory
tasks. However, the relevance of these
findings to other aspects of memory and
learning (e.g., use of strategies, ability to
benefit from repetition) or everyday spa-
tial memory function (e.g., remembering
where you put your lunchbox) are spec-
ulative and remain to be examined.

In conclusion, these data address the
relative importance of both frequency and
timing of severe hypoglycemia during
childhood in predicting cognitive out-
come in children with type 1 diabetes.
Our data suggest that multiple hypogly-
cemic episodes beginning early in devel-
opment are particularly harmful to spatial
memory function. This information
should be used in assessing the benefits
and risks of tight glycemic control of type
1 diabetes at very young ages. However,
these treatment decisions are complex
and must also take into account the clear
benefits of tight control in reducing com-
plications associated with hyperglycemia,
at least in adult and adolescent patients.
Linking the cognitive effects seen here to
changes in brain structure or function and
everyday behavior would be useful in pre-
dicting the ultimate functional outcome
of children with type 1 diabetes as well as
in weighing the risks and benefits of treat-
ment strategies for diabetes in childhood.
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