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Delayed Recovery of Cognitive Function Following
Hypoglycemia in Adults With Type 1 Diabetes

Effect of Impaired Awareness of Hypoglycemia

Nicola N. Zammitt,' Roderick E. Warren,' Ian J. Deary,?> and Brian M. Frier'

OBJECTIVE—Recovery times of cognitive functions were ex-
amined after exposure to hypoglycemia in people with diabetes
with and without impaired hypoglycemia awareness.

RESEARCH DESIGN AND METHODS—A total of 36 subjects
with type 1 diabetes were studied (20 with normal hypoglycemia
awareness [NHA] and 16 with impaired hypoglycemia awareness
[IHA]). A hyperinsulinemic glucose clamp was used to lower
blood glucose to 2.5 mmol/l (45 mg/dl) (hypoglycemia) for 1 h or
to maintain blood glucose at 4.5 mmol/l (81 mg/dl) (euglycemia)
on separate occasions. Cognitive tests were applied during each
experimental condition and were repeated at 10- to 15-min
intervals for 90 min after euglycemia had been restored.

RESULTS—In the NHA group, performance was impaired on all
cognitive tasks during hypoglycemia and remained impaired for
up to 75 min on the choice reaction time (CRT) task (P = 0.03,
m? = 0.237). In the IHA group, performance did not deteriorate
significantly during hypoglycemia. When all subjects were ana-
lyzed within the same general linear model, performance was
impaired during hypoglycemia on all tasks. Significant impair-
ment during recovery persisted for up to 40 min on the CRT task
(P = 0.04, n* = 0.125) with a significant glycemia-awareness
interaction for CRT after one hour of hypoglycemia (P = 0.045,
m? = 0.124). Performance on the trail-making B task was im-
paired for up to 10 min after euglycemia was restored (P = 0.024,
Mm% = 0.158).

CONCLUSIONS—Following hypoglycemia, the recovery time
for different cognitive tasks varied considerably. In the IHA
group, performance was not significantly impaired during hypo-
glycemia. The state of awareness of hypoglycemia may influence
cognitive function during and after hypoglycemia. Diabetes 57:
732-736, 2008
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he recovery of cognitive function following hy-

poglycemia has not received rigorous evaluation.

Previous studies examined nondiabetic volun-

teers (1-3) in small numbers (3), did not include
a euglycemia control arm (1,4), measured neurophysiolog-
ical parameters rather than cognitive function (1,2,5,6), or
restricted cognitive testing to one or two time points (3-5).
The interval between restoration of euglycemia and cog-
nitive testing was usually ill defined (2,4-6). Controversy
exists as to whether impaired awareness of hypoglycemia
is associated with relative preservation (7-13) or exacer-
bation of the cognitive impairment induced by hypoglyce-
mia (14-16). The present study examined the time taken
for recovery of cognitive function in adults with type 1
diabetes and assessed the effect of their state of awareness
on the response to, and recovery from, hypoglycemia.

RESEARCH DESIGN AND METHODS

The local medical research ethics committee approved the protocol, and
subjects gave informed consent for participation.

Inclusion criteria were a diagnosis of type 1 diabetes and age 18—45 years.
Exclusion criteria included pregnancy or any significant concurrent medical
condition, history of head injury, epilepsy, or history of hypoglycemia-induced
seizure.

A total of 36 subjects with type 1 diabetes were recruited, 20 with normal
hypoglycemia awareness (NHA) and 16 with impaired hypoglycemia aware-
ness (IHA) confirmed by documenting their hypoglycemia history and using a
validated hypoglycemia awareness scale (17). Microvascular complications
were defined as any clinical diagnosis of diabetic retinopathy, neuropathy, or
nephropathy. The IHA group had a longer duration of diabetes (median 33.5
years [range 22—-43]) compared with the NHA group (29 years [19-44]; P <
0.001) and a higher prevalence of microvascular complications (six patients in
IHA group and one patient in NHA group, x> = 5.994, P = 0.013). Other
comparisons (sex, age, A1C, and BMI) were nonsignificant.

Glucose clamp procedure. Each subject underwent one hypoglycemic and
one euglycemic clamp separated by at least 2 weeks. Subjects were blind to
clamp order, which was randomized and counterbalanced. Six studies were
postponed (two NHA and four IHA) because of symptomatic hypoglycemia or
blood glucose <4.0 mmol/l during the preceding 48 h. Using a modified
hyperinsulinemic glucose clamp technique (18), blood glucose was stabilized
at 4.5 mmol1 (81 mg/dl) (euglycemia) and maintained for 30 min while
subjects practiced the cognitive tests. In the euglycemic condition, glucose
was maintained at this level. In the hypoglycemic condition, blood glucose
was lowered over 20 min to 2.5 mmol/l (45 mg/dl), where it was maintained for
1 h (experimental phase). Euglycemia (>4.0 mmol/l, >72 mg/dl) was then
rapidly restored. The recovery phase start was defined by two consecutive
arterialized glucose readings =4 mmol/l (=72 mg/dl), with cognitive testing
commencing 10 min after the first of these readings.

Symptom scores and cognitive function tests. The cognitive tests were
trail making B (TMB), digit symbol substitution test (DSST), and four choice
reaction time (CRT), which are sensitive to hypoglycemia (20) and easy to
administer repeatedly. The cognitive battery and the Edinburgh Hypoglycemia
Scale (19) were applied at baseline, at the beginning and end of the
experimental phase, and during the recovery period at 10, 20, 30, 40, 55, 70,
and 85 min after euglycemia was restored.
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Statistical analysis. Cognitive scores were compared using general linear
modeling (repeated-measures ANOVA). In the full model, including all sub-
jects, hypoglycemia awareness status was the between-subject factor. The
experimentally induced state of hypoglycemia versus euglycemia was the
within-subject factor. Age, sex, duration of diabetes, and order of exposure to
hypoglycemia had no significant effect on the results, and these fixed
effects/covariables were therefore excluded from the final model. Individual
test scores within a single clamp study were corrected for baseline perfor-
mance by subtracting their baseline score from their scores at each time point.
The model compared these adjusted scores between the euglycemic and
hypoglycemic conditions (repeated measure). The effects of hypoglycemia in
NHA and IHA groups separately are also reported. Statistical significance was
accepted at P < 0.05. Partial 1> was used to indicate effect size. Analyses were
performed using SPSS for Windows version 12.0.

RESULTS

Cognitive tasks

Table 1 shows mean = SD test scores corrected for
baseline performance. CRT and TMB scores are comple-
tion times; a lower score represents better performance.
The DSST score is the number of items completed in 2
min; a higher score represents better performance. The
effects of glycemic condition were first examined within
NHA and IHA groups and then for all subjects combined
including interaction between glycemic condition and
awareness status. A considerable practice effect was ap-
parent on the DSST task but not on the CRT and TMB
tasks. The randomized counterbalanced study design con-
trols for practice effects.

NHA subjects

Performance on all cognitive tests was significantly im-
paired during hypoglycemia in NHA subjects (Table 1 and
Figs. 1A, 2A, and 3A). Performance on DSST and TMB
deteriorated significantly during hypoglycemia but re-
verted to baseline as soon as euglycemia was restored
(Table 1). CRT remained impaired after restoration of
euglycemia, with significant differences between the hypo-
glycemic and euglycemic conditions at 20, 30, 40, and 75
min (Table 1 and Fig. 1A4).

IHA subjects

In THA subjects, cognitive tests did not show significant
impairment during hypoglycemia, with the exception of
the DSST task after 60 min of hypoglycemia (P = 0.041,
Table 1 and Figs. 1B, 2B, and 3B). There were no signifi-
cant differences during the recovery phase. Compared
with NHA subjects, trends toward a smaller deterioration
in performance and more rapid recovery following hypo-
glycemia were observed.

All subjects

Poorer performance during hypoglycemia versus eugly-
cemia was seen for all cognitive tasks. This difference
persisted for CRT at 20, 30é and 40 min after euglycemia
was restored (P = 0.04, n* = 0.125) and for TMB at 10
min after euglycemia was restored (P = 0.024, n° =
0.158). There was no persistence of impairment of DSST
performance.

Comparison of effect of hypoglycemia in NHA and
IHA subjects

DSST. The interaction between glycemic condition and
hypoglycemia awareness (hereafter termed the glycemia-
awareness interaction) was significant only at the start of
hypoglycemia (Table 2) (P = 0.009), suggesting that hypo-
glycemia caused significantly greater impairment in NHA
subjects than in IHA subjects.

CRT. Performance was impaired during hypoglycemia
and at 20, SOi and 40 min after euglycemia was restored
(P = 0.04, m° = 0.125). The glycemia-awareness interac-
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tion was significant only at the end of hypoglycemia (P =
0.045, m? = 0.124). This infers that the NHA group, relative
to their baseline performance, was more affected during
hypoglycemia than the IHA group, but there were no
significant between-group differences during recovery.
TMB. The glycemia-awareness interaction was not signif-
icant at any time point.

DISCUSSION

Results from the present study suggest three conclusions.
First, in all subjects combined, cognitive performance was
significantly impaired during hypoglycemia in comparison
with euglycemia, consistent with numerous previous stud-
ies (20). Second, cognitive performance was significantly
impaired in NHA subjects alone, whereas only nonsignifi-
cant trends were seen in IHA subjects. This difference
appears to suggest that individuals with ITHA are less
affected by hypoglycemia than those with NHA. A formal
NHA-THA difference requires a significant interaction be-
tween awareness status and glycemic condition; this was
seen for CRT at the end of hypoglycemia and for DSST at
the start of hypoglycemia, without correction for multiple
comparisons. This study therefore provides the first, but
limited, evidence for a formally tested difference in the
cognitive effect of hypoglycemia depending on state of
awareness. Third, CRT remained significantly prolonged
up to 75 min after hypoglycemia in NHA subjects (and up
to 40 min in all subjects combined), and TMB completion
time remained significantly prolonged 10 min after
hypoglycemia in all subjects combined. These data
suggest that some aspects of cognitive function remain
impaired for a clinically significant time after correction
of hypoglycemia.

The absolute differences in CRT between the groups
were small. There was a trend toward improvement in
CRT during the euglycemic condition in the NHA group
with a corresponding deterioration in the IHA group. This
highlights the importance of the euglycemic control arm in
that each group’s performance during hypoglycemia is
compared with performance during euglycemia and not to
that of a different group, thus controlling for between-
group differences that may not be apparent.

The present study has a strong power for within-subject
comparisons but is less powerful at detecting between-
subject differences; high power for a medium-effect size
difference between groups requires over 50 subjects per
group. It is impossible to exclude some overlap in hypo-
glycemia awareness between the two groups because
scoring methods require some degree of subjective self-
assessment. The IHA subjects also had longer duration of
diabetes and more microvascular disease, although as IHA
appears to be strongly associated with diabetes duration,
it may be impossible to match for these characteristics.
Finally, asymptomatic hypoglycemia before the study can-
not be excluded, particularly in IHA subjects, despite the
frequent monitoring of blood glucose for the preceding
48 h.

If the NHA-IHA differences are accepted, they suggest
that IHA subjects develop cerebral adaptation to hypogly-
cemia. This interpretation may appear to be counterintui-
tive, as these individuals have a higher risk of severe
hypoglycemia than those with NHA (17,21). However, this
adaptation may increase their susceptibility to severe
hypoglycemia by limiting the time to identify low blood
glucose and allowing progression to debilitating neurogly-

733



COGNITIVE RECOVERY AFTER HYPOGLYCEMIA

*AI9A0031 DY ‘dseyd TejuowILodxo ‘dXf ‘SOOULISPIP JUBIYIUSIS SOJedIPUI 90BJP[OY "UIU g Ul PIYIIUSPI SJOqUIAS JO IOqUINU 9} ST 2100S [SS(] "SPU0IIS Ul ST AL, PUB ‘SPUOIISI[TW U ST [J)

¢00'0 6080 €600 82€°0 10+ 2¢— 60T +T°0 Y100 1290 08+90— O0¥%I+0T 0L0°'0 0620 L6+ €G- 08+ 90— 1994 dILL
0€0°0 €960 0100 769°0 10T =¥1— 76+ 90 €000 TI¥8°0 GIT+6T T€l +20 cL1'0 L1800 IS*T1¥— g9 +80 9994 dILL
10000  9¥8°0  T00°0 8780 66+ 06— 9¥VI ¥ T'€— 0000 6660 61T +8¥%—  L61 = L'€— 8100 0890 ¢8 =+ 1'6— 76 +9C— G209y dILL
€200  90¥'0  ¥I00 S0 60T = €V— T'TI + 06— gro’o 6790 6¢l +6¢C— 6€l+0L—- 0200 0780 26+ ¥a— 78+ G¢— 7994 dINLL
9000 Q1.0  LTI0°0 18%°0 L'L¥90 00T +T1°¢ 6100 1290 €6+60 6€T *¥¢C 0200 2990 €9¥7¥0 LGF 61 €994 dILL
€900  ELT0  9¥0°0 192°0 SVl + 29 90T + €€ 60T°0 0920 9LT = ¢TI ¢elL +0¢ 9000  99.°0 96+ 1C I8*9¢ ¢29d dINLL
6000 8090 8ST'0 ¥20°0 T°0T + 09 16 ¥ ¢'¢ L12°0 80°0 00T = 6L L'6+97¢ 901°0  ¥LT°0 SOT+ ¥V 68 + 8’1 199y dIALL
€000 QLL0 8L20 €00°0 8'GT +8¢l 60L+F9¢€ 0060 €500 el = g0l 60T +T0— €920 €200 I'ST+9%I ¥O0I+E€9 odxd gL
Ly0'0  Tve’0  SET°0 cv0'0 VYL F V6 66F6'T 8VI'0 G610 6'8T = ¥'11 6¢l +0¢G 620 9200 ¢'0T ¥ 8°L 0LF6'T TAxH gL
8100 09%'0  TO0°0 1¥8°0 V1T * 902 T'ET = 0°0¢ €100 7,90 G111 = €'1¢ ¢Sl ¥ L3¢ €200 290 9T + 661 71T + S'LT L99Y LSSd
LE00  8L20 9100 87’0 90T + 661 9TT F T'12 8IT'0 2610 €0T + G602 9VI + ¥'¥¢ ¥00°0  98L°0 0TT = ¥'61 6L+ 98T 9294 LSSd
9000 €90 T€0°0 61€°0 6'TT = 981 1°gl = 802 €L0°0 2IE0 vl = ¢'1¢ 0GT ¥+ §7¢ 6000 €890 71T =991 €8+ §'LI g9y ISSd
¢00'0 8180  980°0 €60°0 LYT =091 T'IT + 102 €800 0820 9¢I + 681 LVT * €732 9600  L8T°0 29T + 8¢l 6L+ €81 729y LSSAd
1000 L.80 8100 ¥Sv°0 0¢l + 29l LTT * 891 6000  03L0 8¢l + €61 €€l ¥ 9°0¢ 1600  T97°0 G0T =611 G'6 F 8¢l €99y LSSd
L000 €690  ¥80°0 L60°0 66+ T'CT ¢1T + 791 gITo 8610 L0T = €91 T'€T = 961 ¢90'0  €€E0 16 +€TI 06 + 8'€l ¢29Y ISsd
8000 G090  980°0 260°0 96 + 90T €6+ 0FT LgI’'0 9LT°0 €I1 + 97l T0T = G'LT 6700  0S€°0 6'L+06 08+ G'TT 199y LSSd
0800 90T°0 ¥L¥°0 100°0> 9 IT*¥'€ VLFLET 9920 1¥0°0 ¥IL+L'8 L'8F9¢T %90 1000> cO0I+60— 09 ¥ ¢cl gdxd 1SSa
S61°0 6000 TI8¥0 100°0> LOT ¥ 6'c— g¢eF 0L 1020 2800 T6=+T1T L9+99 ¥99°0 100°0> O TLFT9- €SFTI8 1dxy LSSa
00T°0  €.L0°0 T000°0> 766°0 128 = €8 699 + 89 €600 1920 er ¥ 99 0°LS ¥+ 192 601°0  891°0 L'69 F L°0T €16+ 96— 1994 LdDO
0v0'0  9%g’0  ¥¥0°0 1€2°0 g9y = 8¢l 165 + 80— 0000 7,670 666 + I'8T 1°09 = ¥'L1 LETO0 €0°0 T°0¢ 98 VoS F V' aei— 9994 LdO
190°0 1020  ¥I0°0 109°0 6°€V + 9VI LY €L 8000  9€L°0 0¥r = €8 067 + 8¢l 99T°0  GL0°0 Vvy = 961 0Ly +2%¢ G929y 14O
1000 82I'0 S2I'0 0v0°0 6'cS*9¥%c TVO0S+8V 0100 9120 €0V =+ ¥'0¢ T9% + G'q1 €1€°0 0100 ¢c9F08 CEGFEE- 7994 LdDO
8800 6800 6¥I°0 ¥20°0 609 F6'Ic 0SY*0¢c— 1100 9690 gev = €0¢ Vyy = 9Vl 09€°'0 <00°0 GELFCE 0y +esl— €994 LdDO
9000 2L90 %920 2c00°0 68 FT0€ LLESFI90I— €910 9€T0 €'6e + 981 L'99 = €8I— 60¥'0 <000 809 L'8 80¢F9G¥V— 2294 LU0
1000  8¥8°0 0600 780°0 Vv + 691 gPS F 61— 2800 €820 8'9¢ + T'¢El 6'T¢ + ¥'&— ¢0T'0  691°0 ¥'av + 002 8LG F 90— 1994 L4D
¥er’0 <Sv0°0 6SV°0 T1000°0> S8'€CFcGLE ¥8F9V— 681°0 2600 LYVS + 2V 06E + 6L 0690 T000> SISF289 9E€EFIVPI— gIXH IYO
6800 1800 <€¥V'0 T000°0> SOV *F9€F 6VEF EC— 1910  ¥#21°0 67V + 1'7¢ 7'6e + L' c9L'0 T000> 6'S€EF<CI¢ €0€FL8— Tdxy 190

W d - d RIWOOA[SOdAY  eruwedAsSny W d RIWROASOdAH  RTWROA[SNY L d BIWROAISOdAH  BTWODA[SNY

uonoeIul erua0A[80dAYy

SSouaIeME /eTUIRDAISND

-RTWODATY) JO 100

paurquiod s3oafqns Ty

ssouareme pairedwy

SSOUAIEME [EULION

UOTORIUI SSOUIIEMEB-RTWIIAIS PUB UONIPUOD BIUIIIAIS JO 1090 PUR SII0IS 1S9) SUI[ISe] WO agueyd (IS F UBI\

T dTdV.L

DIABETES, VOL. 57, MARCH 2008

734



N.N. ZAMMITT AND ASSOCIATES

>

750 ]

700 ]

6507

6007

Choice Reaction Time (ms)

550 4

500

0 10 20 30 40 50 6070 80 90 100 110 120 130 140 150 160 170 180 190 200 210
Time (mins)

w

750
700 I I
650 I
600

550

Choice Reaction Time (ms)

500

0 10 20 30 40 50 60 70 80 90 100 110 120 130140 150 160 170180190 200 210
Time (mins)

FIG. 1. Mean (SE) times on CRT test during hypoglycemia and eugly-
cemia conditions in individuals with normal awareness of hypoglycemia
(A) and impaired awareness of hypoglycemia (B). *P < 0.05 for
euglycemia vs. hypoglycemia. ll, euglycemia; A, hypoglycemia.

copenia. The degree of cognitive adaptation acquired by
those with THA is insufficient to compensate completely
for the loss of physical symptoms. Cognitive dysfunction
begins at lower blood glucose levels in people with type 1
diabetes and IHA compared with those with NHA (13), and
antecedent hypoglycemia in individuals with type 1 diabe-
tes and NHA can shift the thresholds for cognitive dys-
function to lower blood glucose levels (9,10,2223).
Glucose clamp studies in nondiabetic individuals have
shown that 90-150 min of hypoglycemia the day before
cognitive testing attenuates the deterioration in short-term
memory, reaction time, and auditory-evoked brain poten-
tials (11,24,25), and avoidance of hypoglycemia can re-
store the glucose thresholds for cognitive dysfunction to
higher levels (7,8,12).

A previous, smaller study from our center compared the
effects of hypoglycemia on cognitive function in 20 people
with type 1 diabetes with either IHA or NHA and reported
a trend toward poorer performance during hypoglycemia
in THA subjects (14). Methodological differences exist
between the two studies, with the earlier study applying a
cognitive battery of 20 min duration at one time point only,
10 min after euglycemia was restored. The effect of
awareness was not significant for any of the tests used
except for rapid visual information processing (RVIP),
where the results are given for RVIP hits, misses, and
reaction time. The result was not significant for the hits
(i.e., correct answers) or reaction time, but there was a
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FIG. 2. Mean (SE) times on TMB test during hypoglycemia and
euglycemia conditions in individuals with normal awareness of hypo-
glycemia (A) and impaired awareness of hypoglycemia (B). *P < 0.05
for euglycemia vs. hypoglycemia. M, euglycemia; A, hypoglycemia.
¢ Data for one subject was omitted at this time point as it skewed the
data markedly (required 212 s to complete the task during hypoglyce-
mia); the difference between hypoglycemia and euglycemia was not
significant regardless of whether these data were included in the
analysis.

significant effect on RVIP misses (i.e., there were more
false-positive responses in the group with impaired aware-
ness). However, on this latter measure, the effect of the
study condition (i.e., euglycemia vs. hypoglycemia) was
not significant. The cognitive tests used differed from
those used in the current study, and CRT (the test yielding
the most interesting results in the present study) was not
used.

There was inter-individual variability in the effects of
hypoglycemia on cognition, consistent with anecdotal
observations. The present study was not sufficiently large
to study the determinants of these differences formally.
Thus, advice to individuals should not be too dogmatic
given the possibility of inter-individual differences. Fur-
thermore, although an hour of asymptomatic hypoglyce-
mia may occur frequently in individuals with IHA,
hypoglycemia is probably perceived and corrected earlier
in those with NHA. Exposure to a shorter period of
hypoglycemia should be examined in a group of individu-
als with NHA to ascertain whether the duration of hypo-
glycemia affects the recovery of cognitive function.

The present study indicates that cognitive recovery is
variable for different tasks but is prolonged for four-choice
reaction time. It also provides evidence to support the
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FIG. 3. Mean (SE) times on DSST during hypoglycemia and euglycemia
conditions in individuals with normal awareness of hypoglycemia (A)
and impaired awareness of hypoglycemia (B). *P < 0.05 for euglycemia
vs. hypoglycemia. l, euglycemia; A, hypoglycemia.

concept of cognitive adaptation to hypoglycemia in people
with IHA, possibly as a consequence of recurrent exposure
to hypoglycemia. The delay in recovery has implications
for the safety of undertaking tasks requiring cognitive
performance immediately after hypoglycemia, such as
driving.
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