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Abstract

Aims/hypothesis Previous studies have demonstrated a relationship between cognitive impairment and hypoglycaemia
(<3 mmol/l). This study hypothesised that non-severe insulin-induced hypoglycaemia reduces cognitive function in individuals
with type 2 diabetes.

Methods In this randomised crossover study, 25 participants with type 2 diabetes attended two experimental visits with
hyperinsulinaemic glucose clamping: one hypoglycaemic clamp (plasma glucose 3.0 +0.2 mmol/l) and one euglycaemic clamp
(plasma glucose 6.0 =0.2 mmol/l). Participants were eligible if their diabetes was treated with diet or glucose-lowering medica-
tions (except sulfonylureas or insulin), age was 35-70 years, BMI was 23-35 kg/m2 and HbA . was below 75 mmol/mol (9%).
Cognitive function was assessed with a neurocognitive test battery measuring verbal memory, executive function, sustained
attention and psychomotor speed. From the examined cognitive domains, a global cognition score was constructed estimating
global cognition. A measurement for psychomotor speed was selected as the primary outcome. Participants and people assessing
the outcomes were blinded to group assignment.

Results Cognitive performance was impaired during hypoglycaemia with a mean score in the primary outcome test, Symbol
Digit Modalities Test measuring psychomotor speed, of 48.7 +9.8 (hypoglycaemia) vs 56.6 = 12.0 (euglycaemia); i.e. a change
of —=7.9 points (95% CI —10.9, —4.9; p < 0.0001). In addition, hypoglycaemia reduced global cognitive score by —0.7 (95% CI
—0.9, —0.6; p <0.0001). A stable glucose plateau was achieved during both experimental visits. For the hypoglycaemic clamp,
mean plasma glucose concentration (+ SD) during neurocognitive testing was 3.1 (+ 0.3) mmol/l. Age, sex, fasting C-peptide,
counter-regulatory hormones and the severity of hypoglycaemic symptoms did not influence cognitive function.
Conclusions/interpretation Acute non-severe hypoglycaemia (mean plasma glucose 3.1 mmol/l) has a substantial negative
impact on cognitive function in individuals with type 2 diabetes.

Trial registration ClinicalTrials.gov NCT03014011.

Funding The study was supported in part by a research grant from the Investigator Initiated Studies Program of Merck Sharp &
Dohme Corp (MSD-MA-NORD-007-01). The opinions expressed in this paper are those of the authors and do not necessarily
represent those of Merck Sharp & Dohme Corp. Funding was also received from Skibsreder Per Henriksen, R. og hustrus
Foundation, The Danish Alzheimer Foundation and Savvearksejer Jeppe Juhl og hustrus Foundation.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00125-019-4964-4) contains peer-reviewed but
unedited supplementary material, which is available to authorised users.

P< Malin Nilsson 4 Clinical Metabolic Physiology, Steno Diabetes Center Copenhagen,
malin.sofia.desiree.nilsson@regionh.dk Gentofte Hospital, Hellerup, Denmark

Department of Psychology and Mental Health Services, University of

Department of Endocrinology, Bispebjerg University Hospital, Copenhagen, Copenhagen, Denmark

Bispebjerg Bakke 23, 2400 Copenhagen, NV, Denmark ¢ Psychiatric Centre Copenhagen, Rigshospitalet, Denmark
*>  Department of Endocrinology, Aarhus University Hospital, 7 Copenhagen Center for Translational Research, Bispebjerg
Aarhus, Denmark University Hospital, Copenhagen, Denmark

Department of Biochemistry and Immunology, University Hospital
of Southern Denmark, Vejle, Denmark

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00125-019-4964-4&domain=pdf
http://orcid.org/0000-0002-4016-4347
http://clinicaltrials.gov
https://doi.org/10.1007/s00125-019-4964-4
mailto:malin.sofia.desiree.nilsson@regionh.dk

Diabetologia (2019) 62:1948-1958

1949

What is already known about this subject?

e  Severe hypoglycaemia is known to impair cognitive function in healthy people and individuals with diabetes, thus

affecting their day-to-day activity

e Hypoglycaemia is the major limiting factor for intensive glycaemic control in both type 1 and type 2 diabetes

What is the key question?

e |s cognitive function affected also by non-severe hypoglycaemia (=3 mmol/l) in type 2 diabetes?

What are the new findings?

e A hypoglycaemic episode (mean plasma glucose 3.1 mmol/l) led to substantial impairment of all of the examined
cognitive domains compared with euglycaemia (5.8 mmol/l), including psychomotor speed, attention, memory

and executive function

e  Reaction time was prolonged by approximately 20% during hypoglycaemia

e The effect of hypoglycaemia on global cognition was not influenced by age, sex, fasting C-peptide, counter-
regulatory hormones or the severity of hypoglycaemia-related symptoms

How might this impact on clinical practice in the foreseeable future?

e Based on our findings, non-severe hypoglycaemia should be considered a substantial risk factor for acute

cognitive impairment in type 2 diabetes

Keywords Cognitive function - Hypoglycaemia - Type 2 diabetes

Abbreviations

ETD Estimated treatment difference
RAVLT  Rey Auditory Verbal Learning Test
RVP Rapid Visual Processing

SDMT Symbol Digit Modalities Test

TMT Trail Making Test

WAIS-III  Wechsler Adult Intelligence Scale 111
Introduction

Hypoglycaemia is the major limiting factor for intensive
glycaemic control in both type 1 and type 2 diabetes mellitus
[1, 2]. While hypoglycaemia differs in severity, it remains
potentially harmful, impacting cognitive, metabolic, cardiac
and neural processes [3]. Hypoglycaemia may also have a
significant negative impact on quality of life [4, 5].
Cognitive function refers to all aspects of thinking and
intellectual activity, and cognitive processes are fundamental
for performing many everyday tasks. Even subtle changes in
cognitive function can potentially influence a person’s capac-
ity to function optimally and cognitive impairment raises safe-
ty concerns for many occupational activities. In individuals
with type 1 diabetes and healthy control groups, acute

insulin-induced hypoglycaemia (i.e. plasma glucose levels of
2.2-3.1 mmol/l) has been widely studied and shown to impair
performance across several cognitive tests (measuring work-
ing memory, attention and reaction time, among others)
[6-10]. Acute cognitive decline during hypoglycaemia in in-
dividuals with type 1 diabetes can thus impair their ability to
tackle cognitive challenges both in daily life and in occupa-
tional settings. Nevertheless, it is less well established whether
individuals with type 2 diabetes will experience similar cog-
nitive impairment from acute hypoglycaemia due to the un-
derlying pathophysiological differences between type 1 and
type 2 diabetes, such as the presence of insulin resistance,
which may impact the brain negatively in type 2 diabetes
[11]. Furthermore, methodological problems may limit com-
parisons between studies [12].

The effect of hypoglycaemia on cognitive function in type
2 diabetes above the level considered clinically important by
the International Hypoglycaemia Study Group [3] is still un-
clear. The few reports on cognitive function at higher glucose
levels (>3.0 mmol/l) have focused on determining counter-
regulatory thresholds for symptomatic and hormonal re-
sponses of hypoglycaemia [13—16]. In these study designs,
cognitive testing has been secondary and, although cognitive
impairment has been demonstrated, the number of
neurocognitive tests performed has been few, with no assess-
ment of global cognitive function. Therefore, at glucose levels
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of 3.0 mmol/l and above, further clarification is needed as to
whether cognitive function is affected in the type 2 diabetes
population, and, if so, which cognitive domains are affected.

Here, we examined cognitive function during an acute,
non-severe hypoglycaemic episode (target plasma glucose
3 mmol/]) in participants with type 2 diabetes using an exten-
sive neurocognitive test battery. By averaging scores from the
examined cognitive domains, a global cognition score was
constructed estimating global cognition. A measurement for
psychomotor speed (Symbol Digit Modalities Test [SDMT])
was selected as the primary outcome, as it was previously
proven to be sensitive to hypoglycaemia [9, 17]. We
hypothesised that non-severe insulin-induced hypoglycaemia
would reduce processing speed (primary hypothesis) and
global cognition (secondary hypothesis). Counter-regulatory
hormones and C-peptide were determined for exploratory
analyses.

Methods

Study population Individuals diagnosed with type 2 diabetes
for at least 3 months were approached for participation. They
were eligible if their diabetes was treated with diet or glucose-
lowering medications (except sulfonylureas or insulin), age
was 35-70 years, BMI was 23-35 kg/m” and HbA,. was
below 75 mmol/mol (9%). Key exclusion criteria included
recent ischaemic cardiac disease, severe diabetic complica-
tions or other major illnesses. Full inclusion and exclusion
criteria are listed in the electronic supplementary material
(ESM) Table 1. Randomisation was determined by sequential
enrolment and lowest available number assignment.
Participants were blinded to the sequence of glycaemic con-
ditions and to their current blood glucose concentration.

All participants gave oral and written consent before par-
ticipation. The study was designed and performed in accor-
dance to the Helsinki Declaration of Good Clinical Practice
and was approved by the local ethics committee. The study
was registered at www.clinicaltrials.gov (ClinicalTrials.gov
registration no. NCT03014011).

Study design Cognitive performance was measured during
hypoglycaemic and euglycaemic conditions in a randomised,
double-blinded, crossover study design (ESM Fig. 1).
Hypoglycaemic (aiming for a plasma glucose target of 3.0 +
0.2 mmol/l) and euglycaemic (plasma glucose clamp target
6.0+ 0.2 mmol/l) clamps were performed on separate visits.
The two experimental visits were separated by 21-42 days to
avoid effects of counter-regulatory hormone responses or oth-
er physiological effects of hypoglycaemia. Blood samples
were drawn at each visit for determination of insulin, C-pep-
tide, adrenaline (epinephrine), noradrenaline (norepineph-
rine), cortisol, growth hormone and glucagon; these were
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taken at arrival (baseline), 10 min prior to neurocognitive test-
ing and after testing when glucose levels were normalised.

Experimental visit procedure Participants were instructed to
maintain a regular diet and avoid alcohol and strenuous phys-
ical exercise 3 days prior to each experimental day to avoid
extreme fluctuations in blood glucose levels. After an over-
night fast, a cannula was inserted in an antecubital vein for
blood sampling. The arm was kept heated with a heating pad
throughout the examination to obtain vasodilation as a proxy
for arterialisation. A second cannula was inserted into an
antecubital vein in the contralateral arm for continuous infu-
sion of glucose (20%) and human soluble insulin (Actrapid,
Novo Nordisk, Bagsvard, Denmark). After a 15 min baseline
period, a 3 min priming regimen commenced. Then, insulin
was infused at a constant rate of 100 mU m 2 min ' and this
continued throughout neurocognitive testing. A variable infu-
sion of glucose was given simultaneously and adjusted to
maintain target glucose levels. Blood sampling for glucose
was made at 5 min intervals throughout the clamp procedure.
Plasma glucose was measured by the glucose oxidase method,
using a glucose analyser (Yellow Springs Instrument, Yellow
Springs, OH, USA). Neurocognitive testing was initiated
when glucose levels had been stable for 40 min. When testing
was completed, the participants were served a meal and glu-
cose levels were monitored until euglycaemia was safely
maintained (Fig. 1).

Neurocognitive test battery The test battery included the fol-
lowing neurocognitive tests: the Rey Auditory Verbal
Learning Test (RAVLT) [18, 19] (verbal memory), the Trail
Making Test (TMT) parts A and B [20] (psychomotor speed
and set shifting/task switching [a measure of executive func-
tion]), the SDMT [21] (psychomotor speed), the Wechsler
Adult Intelligence Scale III (WAIS-III) Letter—Number
Sequencing test [22] (working memory), the verbal fluency
test (letters S and D [23]; one aspect of executive function) and
the Rapid Visual Processing (RVP) test from the Cambridge
Neuropsychological Test Automated Battery (CANTAB)
(sustained attention). To minimise learning effects between
the two visits, alternate versions of the tests that are associated
with greatest learning effects were used. The total duration of
neurocognitive testing in each examination was approximate-
ly 45 min.

During data analysis, four cognitive domains were con-
structed based on the neurocognitive tests. Global cognition
was defined by the averaging of these domains into a global
cognitive score [24].

As the primary outcome test assessing psychomotor speed
we chose the SDMT (WPS; www.wpspublish.com). This test
consists of a key of nine geometric elements, each associated
with a number from 1 to 9. The participant’s score is the number
of correct substitutions made within an interval of 120 s.


http://www.clinicaltrials.gov
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Fig. 1 Experimental visit design. Blood sampling times for noradrenaline, adrenaline, insulin, C-peptide, glucagon, cortisol and growth hormone are
shown; blood was also sampled every 5 min for plasma glucose. PG, plasma glucose

Neurocognitive testing was conducted by research assis-
tants from the Neurocognition and Emotion in Affective
Disorders (NEAD) Group, Psychiatric Centre Copenhagen
(www.neadgroup.org), who were blinded to the participants’
glucose concentrations.

Hormones Counter-regulatory hormones were measured to en-
sure that the plasma glucose target was sufficiently low to elicit
a counter-regulatory response. Plasma noradrenaline and adren-
aline were analysed by LC-MS/MS. Plasma samples were ex-
tracted by solid phase extraction and the eluate was evaporated
and reconstituted before analysis by LC-MS/MS. The analyses
were calibrated by in-house prepared calibrators and the relative
SD was below 10%. Glucagon was measured by a commercial-
ly available ELISA kit (Mercodia, Uppsala, Sweden) according
to the manufacturer’s procedure. Three controls at various
levels (Mercodia) were included in each assay. The relative
SD of the assay controls was below 7% and in the range of
the stated values. Insulin, C-peptide, growth hormone and cor-
tisol were determined using the IMMULITE 2000 immunoas-
say system (Siemens Healthcare, Erlangen, Germany). All sam-
ples for a particular hormone were assayed in the same batch.

Symptoms of hypoglycaemia On each experimental visit, par-
ticipants were informed of the characteristic symptoms of
hypoglycaemia (as stated in the Edinburgh Hypoglycaemia
Scale [25]) and instructed to inform the investigator of any
symptom occurring during the clamp procedure.

Statistical analyses Based on the above neurocognitive test
battery, four cognitive domains were constructed: verbal
memory (consisting of RAVLT total recall across five trials,
immediate recall following interference, delayed recall and
recognition), executive function and working memory

(consisting of TMT-B, WAIS-III letter-number sequencing,
verbal fluency), sustained attention (consisting of RVP A’,
RVP mean latency) and psychomotor speed (consisting of
SDMT and TMT-A). The domains were constructed by aver-
aging standardised test scores for individual tests included in
the domain. Standardisation was achieved using residuals
from separate linear mixed-effect models with visit as fixed
effect and participant as random effect, thereby minimising
the influence of potential minor learning effects present during
the second experimental visit. A global cognitive score was
constructed by averaging the four domain scores [24].

For each glycaemic condition, the neurocognitive test scores
were compared using linear mixed-effect models with
glycaemic condition and visit interaction as fixed effects and
participant as a random effect. Mean differences in cognitive
function between hypoglycaemia and euglycaemia were esti-
mated from the models and corresponding 95% CI and p values
were calculated. Scores where larger values represent worse
performance were inversed in the analyses of cognitive domains
and global cognition. Bonferroni correction for multiple testing
was applied, providing a level of significance of p =0.0031.

Effect sizes from individual tests were estimated from
Cohen’s d, calculated by the difference between the two
glycaemic conditions divided by the residual SD.

Univariable linear regression analyses were performed to
evaluate associations between changes in cognitive function
(primary outcome, cognitive domains and global cognition)
and the following variables: age, HbA,., counter-regulatory
hormones and fasting C-peptide. The difference between
sexes and hypoglycaemic symptom severity rating (none/mild
vs moderate/severe) on change in cognitive function was
analysed by two-sampled ¢ test. Further, logistic regression
analyses were used to identify potential associations between
hypoglycaemic symptom severity and the variables HbA .,
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adrenaline, noradrenaline, growth hormone and cortisol.
Model assumptions were validated by visual inspection of
residuals and normal probability plots.

The primary endpoint of the study was the SDMT. In a
previous trial [26], the SD for Digit Symbol Substitution
Test (DSST, similar to SDMT) between hypoglycaemia and
euglycaemia was 9. We assumed a similar level of variance
and opted to detect differences of 6 or more. A two-sided
paired 7 test and 5% significance level suggested a sample size
of 25 participants completing both experimental visits to
achieve a 90% power to detect a true difference in cognitive
function. A total of 28 participants were randomised to ensure
that at least 25 participants completed the study. Graphical
illustrations were performed using GraphPad Prism (version
7.02; GraphPad software; https://www.graphpad.com/
scientific-software/prism/) and statistical analyses were
performed by R (version 3.2.3; http://cran.r-project.org/).

Results

Participants We screened 37 participants between May 2017
and July 2018, of whom 28 met inclusion criteria and were
randomised, and 25 completed both experimental visits (ESM
Fig. 2). Age was a mean £ SD of 60+ 7.3 years, BMI 30.5 +
3.4 kg/m* and HbA . 53.6 + 9.4 mmol/mol (7.1 +0.9%). The
participants’ diabetes duration at inclusion was a mean + SD
of 6.2 +3.7 years; data are presented for completers only
(Table 1). Three participants (one man, two women) withdrew
from the study after randomisation for reasons not related to

Table 1 Baseline characteristics of completers
Characteristic Value
Number of participants 25
Age, years 60.2+7.3
BMI, kg/m? 30.5+3.4
Race of European descent, n (%) 25 (100)
Sex, n (%)
Female 10 (40)
Male 15 (60)
HbA ., mmol/mol 53.6+9.4 (41-70)
HbA,., % 7.140.9 (5.9-8.6)

Duration of diabetes, years
Number of diabetic medications
Number of medications
Educational level, years
Systolic BP, mmHg

Diastolic BP, mmHg

Heart rate, beats/min

6.2+3.7 (1-13.5)
1.6 (1-4)

51424 (1-9)
13.6+2.9 (9.5-19)
13312

7947

70+ 14

Data are means + SD (minimum—maximum)

Baseline information collected at screening visit
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the intervention (difficulties with venous catheter [one], diffi-
culties with fasting after completion of the first examination
day [one] and withdrawal of consent prior to the first day of
examination [one]). A stable glucose plateau was achieved
during each condition and the individual glucose profiles are
displayed in Fig. 2. Mean plasma glucose concentration (+
SD) during the neurocognitive testing was 3.13 (= 0.27)
mmol/l for the hypoglycaemic clamp and 5.83 (+ 0.31)
mmol/l for the euglycaemic clamp.

Cognitive function For the primary outcome (SDMT), we
found a statistically significant difference in performance with
mean + SD SDMT scores of 48.7 +9.8 (hypoglycaemia) and
56.6 £ 12.0 (euglycaemia). The estimated treatment difference
(ETD) was —7.9 (95% CI —10.9, —4.9; p <0.0001; Cohen’s
d=1.01) (Table 2, Fig. 3a, b). Furthermore, global cognitive
score showed a highly significant deterioration during the
hypoglycaemic condition of —0.7 (95% CI —0.9, —0.6;
p<0.0001) (Table 2, Fig. 3c, d). Finally, analysis of the indi-
vidual cognitive domains revealed that they were all substan-
tially affected by hypoglycaemia, with varying effect sizes
(verbal memory ETD —0.8 [95% CI —1.1, —0.4], p <0.0001,
executive function ETD —0.7 [95% CI —1.0, —0.4],
p<0.0001; psychomotor speed ETD —0.8 [95% CI —1.1,
—0.5], p<0.0001; and sustained attention ETD —0.7 [95%
CI-1.1, —0.3], p=0.0003). The most substantial effect sizes
(Cohen’s d>0.8) were within the primary outcome, letter-
number sequencing and mean latency, with performances de-
teriorating by 14%, 13% and 20%, respectively.

Regression analyses revealed that poorer glycaemic con-
trol, indicated by increased HbA ., was negatively associated
with change in global cognitive score during hypoglycaemia
(B —0.02; 95% CI —0.04, —0.00; p =0.042). Glycaemic con-
trol did not associate with other examined cognitive outcomes
(i.e. primary outcome and cognitive domains) (p > 0.05).
Further, no association was found between age, fasting C-
peptide or counter-regulatory hormones and change in cogni-
tive function (p > 0.05), and no difference in change of cogni-
tive function was found between sexes (p > 0.05).

Participants with moderate/severe symptom severity had a
greater decrease in verbal memory during hypoglycaemia
compared with participants with symptom severity rated as
none/mild (mean difference of —1.00; 95% CI —1.64, —0.37,
p=0.003). No other cognitive domain, the primary outcome
or global cognitive score differed between the two symptom
severity ratings (p >0.05). In addition, we examined a possi-
ble association between baseline HbA . and hypoglycaemic
symptomatic severity, showing that odds of moderate/severe
symptom severity during hypoglycaemia were increased by
13% (OR 1.13; 95% CI 1.02, 1.29; p=0.035) for each in-
crease in HbA .. Similar results were observed for adrenaline
and noradrenaline, with the odds of moderate/severe
hypoglycaemic symptom severity increasing with adrenaline
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Fig. 2 Plasma glucose concentrations during (a) hypoglycaemia and (b)
euglycaemia. The figures show glucose profiles during the first 50 min of
the clamp procedure, during the 40 min period of stable glucose concen-
trations before cognitive testing and during cognitive testing. The x-axis

(OR 1.11; 95% CI 1.04, 1.25; p=0.021) and noradrenaline
(OR 9.50; 95% CI 1.60, 147.31; p =0.043) responses. No
association with symptom severity was found for cortisol or
growth hormone (p > 0.05).

Hormonal responses Cortisol and growth hormone levels
were increased during hypoglycaemia compared with

20

Cognitive
testing

Time (min)

break represents time to establish stable glucose levels, which varied
between participants. The solid blue line represents mean glucose con-
centration; dashed lines represent the individual glucose profiles

euglycaemia and this increase remained when euglycaemia
was established after neurocognitive testing in the
hypoglycaemic condition. The plasma levels of noradrenaline,
adrenaline and glucagon also increased during hypoglycaemia
compared with euglycaemia. C-peptide response was dimin-
ished during hypoglycaemia. There was no change in insulin
levels between the two glycaemic conditions (Fig. 4).

Table 2 Cognitive assessment

during hypoglycaemia and Neurocognitive tests and Euglycaemia Hypoglycaemia ETD ES
euglycaemia cognitive domains
Mean (+ SD) Mean (+ SD) Mean  95% CI P
Verbal memory -0.8 -1.1,-04 <0.0001
Total recall -V 477 (£7.4) 43.1 (+10.9) -4.7 -8.5,-1.0 0.014 0.61
Recall following 9.8 (£2.9) 8.0 (x3.1) -1.8 -2.6,-1.0 <0.0001 041
interference
Delayed recall 9.6 (+3.1) 82 (x£3.3) -1.4 —24,-04 0.005 0.69
Recognition 13.8 (£1.4) 12.0 (£2.8) -1.9 -2.9,-0.8 0.0006  0.78
Executive function -0.7 -1.0,-04 <0.0001
TMT-B, s* 80.6 (£ 25.5) 88.4 (£ 27.0) 8.1 04,157 0.040 0.53
WAIS-III, letter-number 10.0 (= 1.4) 8.7 (£1.9) -1.3 -2.1,-0.6 0.0005 0.81
sequencing
Verbal fluency 20.1 (£7.7) 172 (x7.3) =3.0 -49,-1.1 0.002 0.73
(letters S+D)
Psychomotor speed -0.8 -1.1,-0.5 <0.0001
SDMT (primary outcome) 56.6 (£12.0) 48.7 (£ 9.8) 7.9 -10.9,-4.9 <0.0001 1.01
TMT-A, s* 33.5(£10.8) 38.3 (£ 14.2) 5.1 0.8,9.5 0.020 0.57
Sustained attention” -07  -1.1,-03 0.0003
RVP A’ 0.87 (£ 0.06) 0.85 (£ 0.06) -0.02 —0.05,0 0.053 0.46
Mean latency, ms* 4383 (+85.1) 526.1 (£127.5) 902 42,1384 0.0002  0.83
Global cognitive score” -0.7  -09,-0.6  <0.0001

Mean scores from the neurocognitive tests and the four cognitive domains

Across all tests (except TMT-B, TMT-A and mean latency, where ETD values reflect time), negative ETD values
reflect impaired performance during hypoglycaemia. After Bonferroni correction, the following neurocognitive
tests were non-significant: RAVLT total recall and delayed recall, TMT-B, TMT-A and RVP A’

# Higher raw test score reflects worse performance

® One missing data point due to technical difficulties; data analysed based on 49 tests results

ES, estimated effect sizes by Cohen’s d
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Fig. 3 Results of (a, b) SDMT
and (¢, d) global cognitive score
during hypoglycaemic and
euglycaemic conditions. (a, b)
Red represents participants where
the number of correct answers
during SDMT was lower during
hypoglycaemia than
euglycaemia. Blue represents
participants where the number of
correct answers during SDMT
was lower during euglycaemia
than hypoglycaemia. (¢, d) Red
represents participants where the
global cognitive score was lower
during hypoglycaemia than
euglycaemia. Data from one
participant are missing owing to
technical difficulties

Symptoms and side effects Twenty of the 25 participants
(80%) reported symptoms related to hypoglycaemia (ESM
Table 2). No examination was discontinued due to the report-
ed hypoglycaemic symptoms. Based on symptoms reported
by the participants and an assessment by the investigator, the
severity of hypoglycaemic symptoms was categorised as
‘none’, ‘mild’, ‘moderate’ or ‘severe’. One participant report-
ed headache on the euglycaemic control day. Otherwise, there
were no reported side effects on the control days.

Discussion

In this study, we demonstrate a substantial cognitive deteriora-
tion in participants with type 2 diabetes during hypoglycaemia
compared with euglycaemia, with mean plasma glucose values
of 3.1 mmol/l and 5.8 mmol/l, respectively. The observed dete-
rioration was highly significant for psychomotor speed (primary
outcome) as well as global cognition (secondary outcome), and
across all examined cognitive domains (verbal memory,
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executive function, sustained attention). Notably, a glucose level
of 3.1 mmol/l is higher than the majority of previous studies
assessing cognitive function during hypoglycaemia and slightly
above the glycaemic threshold for impairment of cognitive
function stated by the International Hypoglycaemia Study
Group in 2017 [3]. Still, we demonstrate a significant and uni-
form impact of non-severe hypoglycaemia on cognitive func-
tion, and also after Bonferroni correction for multiple testing.
This impact on cognitive function does not associate with age,

fasting C-peptide or counter-regulatory hormones nor does it
differ between sexes. This suggests that even non-severe
hypoglycaemia in type 2 diabetes may impact on an individual’s
daily life, for instance by causing a deterioration in executive

functions and a reduced ability to plan, organise and make
decisions.

The estimated effect sizes (Cohen’s d) for the cognitive
domains demonstrated in this study are all equal to or above
0.7, suggesting a moderate to high effect size. It is known that
diabetes can lead to cognitive impairment: meta-analyses dem-
onstrate cognitive deterioration in individuals with type 2
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diabetes compared with healthy controls, with effects sizes
ranging from —0.26 to —0.36 in several cognitive domains
(motor function executive function, processing speed, verbal
memory and visual memory) [27]. There is no consensus re-
garding a clinically relevant treatment effect size, but a change
of 0.2-0.4 (small/moderate effect size) has been suggested
[24]. We see the most substantial effect sizes within the do-
mains of executive function, psychomotor speed and sustained
attention, with the latter demonstrating an approximately 20%

T
Recovery

deterioration in reaction time. This delay in reaction time might
be an important factor in many occupational activities, includ-
ing the ability to drive. Impairment within the psychomotor
speed domain has been identified as a predictor for driving
assessment outcome, with lower SDMT scores seen in individ-
uals that failed an on-road assessment [28].

Since insulin may also affect cognitive function [29, 30],
we aimed to obtain similar plasma levels of insulin during the
two conditions of neurocognitive testing. This goal was
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achieved. As expected, there was a significant difference in C-
peptide levels, indicating that endogenous insulin levels were
suppressed during hypoglycaemia. The counter-regulatory
hormone levels confirmed that a glucose level of 3.1 mmol/l
is sufficient to induce a significant stress response, with in-
creases in growth hormone, cortisol, noradrenaline and
adrenaline.

This study shows that non-severe hypoglycaemia affects a
broad range of cognitive functions: both simple functions, such
as reaction time, and more complex functions such as memory
and executive function. However, our design does not allow for
a definition of glycaemic threshold for individual cognitive tests
or overall cognitive impairment in type 2 diabetes, as it includes
a single-step hypoglycaemic plateau only [31]. Our focus was to
clearly establish whether cognitive impairment was present at a
specific non-severe hypoglycaemic glucose level and, if so,
which domains were affected. In addition, the population exam-
ined does not necessarily represent individuals that are at risk of
hypoglycaemia, i.e. fairly good glycaemic control and no
glucose-lowering treatment that could cause hypoglycaemia.
Indeed, we chose to exclude participants treated with sulfonyl-
ureas and insulin to avoid potential episodes of hypoglycaemia
in the days prior to examination, but we expect that drug-
induced hypoglycaemia would cause similar cognitive impair-
ments. Furthermore, blood samples were collected from an
antecubital vein, with the arm kept heated to obtain vasodilation,
as a proxy for arterialisation. Ideally, arterial blood concentra-
tions should be measured, but arterial cannulation is associated
with difficulties and risks. This site of collection was chosen to
ensure free movement of the hands for neurocognitive testing.
Based on previous findings [32], we expect that our glucose
values correspond well with glucose values obtained from
arterialised venous blood from the hand. If blood glucose levels
were underestimated by this procedure, the study would even
further support our findings on cognitive function during
hypoglycaemia. Finally, we did not test cognitive function dur-
ing the recovery phase from hypoglycaemia, which has been
examined in similar studies [9, 33, 34]. Findings of delayed
recovery are not universal, and different cognitive tests seem
to give different recovery times [35]. Here, we find that the
demonstrated cognitive dysfunction during hypoglycaemia
was substantial, and thus a potential delayed recovery phase
should be considered for an individual’s daily life.

Currently, there is no consensus suggesting a single test for
measurement of cognitive function. The neurocognitive tests
used in this study are well validated to detect cognitive dys-
function and examine the different cognitive domains that are
particularly affected in diabetes [27, 36]. Previous studies on
cognitive function and acute hypoglycaemia have generally
employed fewer tests for cognitive processes. Here, we chose
a test battery of seven different neurocognitive tests for a com-
prehensive assessment of cognitive function and focused on
multiple cognitive domains associated with diabetes. The
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SDMT was selected as the primary outcome as it was previ-
ously proven to be sensitive to hypoglycaemia [9, 17]. This
was corroborated by our results as the SDMT had the highest
estimated effect size, with a value of 1.01.

Previous studies of hypoglycaemia have focused primarily
on individuals with type 1 diabetes and healthy control
groups. Here, we focus on type 2 diabetes as there might be
differences in cognitive function between these groups.
Hypoglycaemia is more frequent in asymptomatic individuals
with type 2 diabetes than generally anticipated [2], making it
important to clarify the effects of hypoglycaemia in this pop-
ulation. In this study, we demonstrate that a non-severe
hypoglycaemic episode acutely impairs cognitive function.
The long-term effects of non-severe glycaemic episodes have
yet to be determined; however, evidence supports that severe
hypoglycaemic episodes increase the risk of dementia and
may cause permanent neural damage [37, 38]. Both type 1
and type 2 diabetes are associated with a greater risk of mild
cognitive impairment and dementia [39], but the specific
mechanism underlying the relationship between glycaemic
control and the complications and comorbidities of diabetes
and an increased risk of dementia is unknown [40]. Since
repeated hypoglycaemia itself may increase the risk of demen-
tia [41] and since impaired cognitive function increases the
risk of hypoglycaemic events [42, 43], the relationship be-
tween hypoglycaemia and dementia may be bidirectional.

Exploratory analyses showed that with poorer glycaemic
control there was a greater difference in the global cognition
between hypoglycaemia and euglycaemia. This contrasts with
other studies in which glycaemic control did not influence the
effect of hypoglycaemia (2.2 mmol/l) on cognitive function in
individuals with type 1 diabetes and poor glycaemic control
(mean HbA . of 86 mmol/mol [10%]) [6]. Moreover, Korzon-
Burakowska et al observed no significant difference in the glu-
cose threshold for cognitive dysfunction when improving
glycaemic control with insulin [15]. In the present study, there
was no association between HbA . and the individual cognitive
domains. Furthermore, poorer glycaemic control and higher
adrenaline and noradrenaline responses increased the odds for
moderate/severe symptom severity during hypoglycaemia.

In all, we found that participants with higher HbA . were
more likely to have moderate/severe symptoms of
hypoglycaemia and a greater difference in their global cogni-
tion performance compared with euglycaemia. Further explor-
atory analyses did not support a direct association between
hypoglycaemia symptom severity and global cognition, sug-
gesting that the symptoms of hypoglycaemia did not affect
global cognitive performance in this population.

Further analyses of hypoglycaemic symptom severity and
cognitive domains showed an association with verbal memo-
ry, as measured by RAVLT, which is an unstructured list-
learning task that examines cognitive ability for learning,
encoding and retrieval. None of the other cognitive domains
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were associated with the severity of hypoglycaemia-related
symptoms. These analyses must be treated with caution since
our evaluation of hypoglycaemic symptoms was based on
partly objective investigator reporting. Our results suggest that
several cognitive domains are affected by low levels of glu-
cose and that the severity of hypoglycaemia-related symptoms
does not influence cognitive impairment. Thus, individuals
may continue with their daily activities unaware of the nega-
tive effect on cognitive performance. We suggest an increased
focus on the impact of non-severe hypoglycaemia on cogni-
tion, and the potentially harmful implications on the activities
of daily life.

In conclusion, acute hypoglycaemia (mean plasma glucose
3.1 mmol/l) negatively affects cognitive function in individ-
uals with type 2 diabetes. Therefore, this degree of
hypoglycaemia should be considered a substantial risk factor
in the treatment of diabetes, and clinicians should attempt to
minimise hypoglycaemia when aiming for a patient’s target
glycaemic control.
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