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Abstract

Aims: Hypoglycaemia causes abnormal cardiac repolarisation, which has been
related to sympathoadrenal activation. We examined whether individuals with
type 1 diabetes (T1D) and impaired awareness of hypoglycaemia (IAH) were pro-
tected against proarrhythmogenic alterations on their electrocardiogram during
clinical episodes of hypoglycaemia.

Methods: Adults with T1D and IAH underwent 96h of simultaneous ambula-
tory electrocardiogram and blinded continuous interstitial glucose (IG) moni-
toring. Measures of cardiac repolarisation and heart rate variability (HRV) were
compared during hypoglycaemia versus time and person-matched euglycaemia.
We compared these data to a historical control group of individuals with T1D and
no IAH.

Results: Fourteen individuals (10/14 female) with a mean (SD) age of 39 (10)
years and T1D duration of 24 (9) years were examined. Fourteen daytime and 12
nocturnal hypoglycaemic episodes were analysed. During daytime hypoglycae-
mia versus euglycaemia, the mean (SD) QT, interval was prolonged to 443 (38)
versus 422 (27) ms, p=0.027; the Tpeak-to-Tend interval was prolonged to 93 (18)
versus 77 (9) ms, p=0.002; and the T wave area symmetry decreased to 1.19 (0.37)
versus 1.39 (0.23), p=0.014. High-frequency power decreased during daytime hy-
poglycaemia versus euglycaemia to 1.66 (0.41) versus 1.92 (0.52), p=0.038. At
daytime, the Tpeak-to-Tend interval decreased significantly more (hypoglycae-
mia vs. euglycaemia) in the IAH group in comparison to the decrease observed
in the historical control group of T1D individuals without IAH (p for interaction
0.005). Cardiac arrhythmias were infrequent and of no clinical significance.

Simon R. Heller and Ahmed Igbal should be considered joint senior authors.
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1 | INTRODUCTION

Over 30years ago, Tattersall and Gill published the first
report of sudden and unexpected nocturnal deaths of 22
individuals with type 1 diabetes (T1D).' Similar reports
from other parts of the world followed later.>® These
events were subsequently named ‘dead-in-bed’ syndrome
(DiB). Autopsies of the deceased could not identify an ob-
vious cause of death, and nocturnal hypoglycaemia has
been implicated. This was further substantiated by a pub-
lication of a case report describing DiB in a 23-year-old
person with T1D, in whom a continuous glucose moni-
toring (CGM) device had confirmed hypoglycemia at the
estimated time of death.*

Since the original report of DiB, considerable effort
has been put into studying this phenomenon with the
ultimate goal of preventing these fortunately rare, but
tragic and devastating events. Hypoglycaemia has been
found to cause proarrhythmogenic abnormalities on
resting electrocardiogram (ECG) in experimental and
clinical settings independently of the presence or ab-
sence of diabetes or the type thereof.” Hypoglycaemia
leads to prolongation of QT-interval corrected for heart
rate (QT,) as well as to changes in rate-independent
indices of cardiac repolarisation, including T-peak to
T-end interval duration (T,T.nq) and T wave area sym-
metry ratio (Tyy,,). Mechanistically, these electrocardio-
graphic changes occur via sympathoadrenal activation,
hypokalaemia, and inhibition of rapid delayed rectifier
potassium channels (Iy,).'° Of these three mechanisms,
sympathoadrenal activation with catecholamine re-
lease is the most prominent."* It is therefore possible
that malignant cardiac arrhythmias induced by the
hypoglycaemia-driven surge of catecholamines into the
circulation may play a causative role in DiB, yet a direct
piece of evidence linking cardiac arrhythmias to DiB is
still missing.

Impaired awareness of hypoglycaemia (IAH) de-
notes a diminished ability to perceive acute hypoglycae-
mia and represents a serious complication of T1D that
puts an individual at increased risk of sustaining signif-
icant health damage or even death.'”> Importantly, recur-
rent hypoglycaemic events progressively impair normal

Conclusions: Hypoglycaemia can still lead to proarrhythmogenic electrocardio-
graphic changes in individuals with T1D and IAH. We observed diurnal, inter-
and intraindividual variability in responses to hypoglycaemia.

dead in bed’ syndrome (DiB), electrocardiographic changes, hypoglycaemia, QT-interval, type

What's new?

« Hypoglycaemia leads to proarrhythmogenic
electrocardiographic changes which are related
to sympathoadrenal activation. Individuals with
type 1 diabetes (T1D) and impaired awareness
of hypoglycaemia (IAH) exhibit impaired
sympathoadrenal responses to hypoglycaemia.
We aimed to assess whether these individuals
were protected against hypoglycaemia induced
proarrhythmogenic  alterations in  their
electrocardiogram.

« We showed that hypoglycaemia led to proar-
rhythmogenic electrocardiographic changes in
these individuals, in particular during the day,
and these changes were comparable to those
observed in individuals with T1D and no con-
firmed IAH.

« We observed a high degree of inter- and intrain-
dividual variability in electrocardiographic re-
sponses to episodes of hypoglycaemia

counter-regulatory responses to hypoglycaemia, such as
diminished sympathoadrenal responses, predisposing
individuals with IAH to a vicious cycle of ever more fre-
quent hypoglycaemia.'*** Gold and Clarke questionnaires
have long been considered the reference standard for
the assessment of IAH in both clinical and experimental
settings, with a strong correlation between the two ques-
tionnaires™ Yet, a recently published experimental work
suggests a degree of discordance between these question-
naires in the assessment of IAH status.'® Importantly, this
work also suggested that, at least in a proportion of indi-
viduals with T1D, Gold/Clarke questionnaires correlated
poorly with adrenaline responses to experimental hypo-
glycaemia.'® Specifically, individuals with partial loss of
symptoms or adrenaline responses were more likely to
be classified inconsistently when using questionnaires,
demonstrating the clinical heterogeneity of IAH.

Given these considerations, we aimed to evaluate
if individuals with T1D and IAH would be protected
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against proarrhythmogenic effects of hypoglycaemia
due to their impaired sympathoadrenal responses. To
this end, we examined electrocardiographic responses
and heart rate variability (HRV) characteristics during
spontaneous hypoglycaemia in adults with T1D and
IAH and compared these to the responses of individuals
with T1D and no confirmed IAH from our previously
published study.’

2 | MATERIALS AND METHODS

This was a single-centre, prospective, observational
study. The design of the presented study was similar to
previously published observational studies examining
electrocardiographic changes during spontaneous hy-
poglycaemia from our group.®® Adult individuals with
T1D (age <55years, duration of diabetes >4 years) and
the presence of IAH (defined as Gold score >4)'7 were
recruited from Sheffield Teaching Hospitals outpatient
clinics between March 2018 and March 2020. Baseline
12-lead ECG was performed prior to further testing, and
participants with bundle branch block or atrial fibrilla-
tion were excluded. Individuals with continuous subcu-
taneous insulin infusion (CSII) devices were allowed to
take part in the study, but those with low glucose sus-
pend (LGS) and predicted low glucose suspend (PLGS)
features and those on advanced hybrid closed-loop
(AHCL) systems were excluded. Participants with dia-
betic maculopathy and severe visual impairment, those
with myocardial infarction (MI) or coronary artery by-
pass grafting (CABG) surgery within 12 months prior to
inclusion in the study, and participants with estimated
glomerular filtration rate (eGFR) <30mL/min/1.73m?
were also excluded. Data on the presence and severity
of diabetes-related microvascular complications were
obtained from the local electronic patient database.
This study was conducted in accordance with the ethi-
cal standards of the Helsinki Declaration of 1964 and its
later amendments. The study protocol was reviewed and
received approval by the Yorkshire and The Humber
Sheffield Research Ethics Committee, REC reference
17/YH/0365. All participants signed a written informed
consent prior to their inclusion in the study.

2.1 | Baseline Assessment

Anthropometric data and blood pressure were measured,
and a venous blood sample was taken to establish
creatinine, electrolytes, and glycated haemoglobin A,
(HbA,,) at the onset of the monitoring period. HbA,,
was established using ion-exchange high-performance

DIABETIC NI

liquid chromatography. Pregnancy was excluded in all
female participants. Cardiovascular autonomic tests
were performed in the morning hours at the onset of
the monitoring period in accordance with the current
consensus statement.'® ECG signals were acquired using
a g.USBamp biosignal amplifier unit together with the
g.Recorder software (g.tec Medical Engineering GMBH,
Schiedlberg, Austria) and analysis was undertaken using
custom software written in MATLAB (MathWorks,
Natick, Massachusetts, USA). Participants were instructed
to avoid vigorous exercise, caffeine, and smoking 12h
prior to morning testing. None of the participants were
shift workers, and they had a normal day/night sleep
cycle. Participants were classified as possible cardiac
autonomic neuropathy (CAN) when one cardioreflex test
was below the age-adjusted reference range and definite
CAN when two or more cardioreflex tests were below the
age-adjusted reference range.'®"

2.2 | Monitoring

All participants underwent 96h of simultaneous 12-lead
Holter ECG and blinded continuous glucose monitor-
ing (CGM) whilst carrying on with their usual daily ac-
tivities and diabetes management. Participants who
had their own real-time CGM device were allowed to
use it freely throughout the monitoring period. Twelve-
lead high-frequency ambulatory ECGs (Mortara H12+;
Mortara Instrument Inc. Milwaukee, Wisconsin, USA)
were recorded at a 1000 Hz sampling rate with electrodes
in a Mason-Likar configuration. Participants also had a
time-synchronised CGM system attached (Dexcom G6;
Dexcom Inc., San Diego, California, USA) in a blinded
mode. Participants were asked to keep a record of any
symptomatic hypoglycemia in the provided diaries. Any
hypoglycemia episode, as defined in the next paragraph,
without simultaneous self-report of symptoms in the diary
was regarded as asymptomatic.

2.3 | CGM Analysis

In this study, hypoglycemia was defined as IG
<3.5mmol/L and euglycaemia was defined as an IG be-
tween 5 and 10 mmol/L in line with previously published
studies.®**° We defined a valid hypoglycemic episode as
a period of IG below the threshold for >20 min.?! The
first reading of IG <3.5mmol/L marked the start of the
hypoglycemia, and the first reading of IG >3.5mmol/L
signified the end of the episode. The lowest IG within
the hypoglycemic episode was designated the hypogly-
cemia nadir and was matched with a euglycaemic time

QSULDIT suOWWO)) 2ANLAI) d[qeardde ayy £q pauIdA0S a1e sa[onIe YO (9sn Jo sa[ni 10§ K1eIqr] auruQ AS[IAN UO (SUOIPUOI-PUR-SWLID}/ WO KA[1m  AIeIqr[aur[uo//:sdyy) SUORIPUO)) pue SWIAL, 3y 39S [670T/S0/€0] U0 Areiqry auruQ L3[ip 1oL £q 6100L WP/ [ 1 [°Q1/10p/wod Ka[im  Kreiqiauruo//:sdny woiy papeo[umod ‘0 ‘167SH9r|



NOVODVORSKY ET AL.

4of10 | BTN T

point from the same individual at the same time (within
20min) on a different day.

2.4 | Heart Rate Variability Analysis
Indices of heart rate variability (HRV) were calculated
from 5-min segments of R-R intervals as described previ-
ously.9 They included time domain indices (standard devi-
ation of normal-to-normal intervals, SDNN and root mean
square of successive differences, RMSSD), and frequency
domain indices (spectral power within the high-frequency
band (0.15-0.4 Hz), log HF, spectral power within the low-
frequency band (0.04-0.15Hz), log LF, total power, log
TotPower, and LH/HF ratio). Log HF reflects parasym-
pathetic activity, and log LF indicates the level of sympa-
thetic modulation in HRV.*

2.5 | Repolarisation Analysis

Repolarisation analysis and detection of QT interval dura-
tion were undertaken using custom-built software as de-
scribed previously.’ QT intervals were corrected for heart
rate (QTc) using Bazett's formula.® Cardiac repolarisa-
tion was characterised by calculating rate-independent
parameters, including T-peak to T-end interval duration
(TpTend) and T wave area symmetry ratio (Tsym).** All
parameters, including HRV indices, were compared at
hypoglycaemia nadir versus time- and person-matched
euglycaemia, indicating that only those hypoglycaemic
episodes that had time- and person-matched euglycaemia
data available were included in the analysis.

2.6 | Historical control group

A historical control group of individuals with T1D and
without confirmed IAH from our previously published
work® was used to compare HRV and cardiac repolarisation
characteristics with the studied population with IAH. This
historical control group included 48 episodes of daytime
hypoglycaemia (recorded in 21 individuals) and 41 episodes
of nocturnal hypoglycaemia (recorded in 19 individuals) to
which person- and time-matched euglycaemia were availa-
ble. Similar equipment and statistical approaches were used
to record the electrocardiogram in both groups.

2.7 | Arrhythmia Analysis

The 12-lead Holter ECG data were reviewed using H-
Scribe 4.34 software (Mortara Instrument Inc.). The

software automatically detected arrhythmic events ac-
cording to predetermined event definitions. These in-
cluded atrial ectopic beats (AEB) (prematurity threshold
30%), bradycardia (consecutive beats at rate <45bpm for
>5s), single ventricular premature beats (VPBs), com-
plex VPBs (VPB couplets and runs), and total VPBs (sum
of all VPBs). Hypoglycaemic hours (mean hourly IG
<3.5mmol/L) and euglycaemic hours (mean hourly IG
5-10mmol/L) were identified for further statistical analy-
sis. Incidence rate differences (IRD) for distinct types of
arrhythmias were calculated in participants in whom at
least one hypoglycaemic and one euglycaemic hour were
recorded. All identified arrhythmic events were manually
verified for accuracy and modified if needed. Investigators
were blinded to glucose values during arrhythmia
identification.

2.8 | Statistical Analysis

This was an observational study, and thus no power cal-
culations were performed. Duration and nadir values of
nocturnal and daytime hypoglycaemic episodes were
compared using linear mixed effects models with a ran-
dom intercept for individuals to allow for repeated meas-
urements per individual. Three-level linear mixed effects
models were used for the analysis of cardiac repolarisa-
tion and HRV with random intercepts for pairs of meas-
urements nested within individuals and a fixed factor to
compare hypoglycaemia to euglycaemia. Models making
comparisons to historical controls included an additional
fixed factor comparing individuals with IAH and histori-
cal controls, and an interaction with hypoglycaemia sta-
tus. Data were summarised using mean (SD) except for
the duration of hypoglycaemic episodes which was log10
transformed after inspection of residuals and reported
as geometric mean (95% CI). Pearson correlations were
estimated between electrocardiographic responses to
hypoglycaemia and the duration and nadir values of hy-
poglycaemic episodes. Statistical analysis was performed
with R (version 4.2.1; https://cran.r-project.org/). Linear
mixed effects models were fit by restricted maximum
likelihood using the nlme package.> A p value <0.05 was
deemed statistically significant.

3 | RESULTS

3.1 | Baseline characteristics

In total, 14 individuals were included in the study. Baseline
participant characteristics are shown in Table 1. Detailed
individual characteristics of all participants, including
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TABLE 1 Baseline participant characteristics.

Number of participants, n

Female, n (%)
Age (years)
Ethnicity, n (%)

White British

Other
Duration of diabetes (years)
BMI (kg/m?)
HbA, ¢

%

mmol/mol
Systolic BP (mmHg)
Diastolic BP (mmHg)
Heart rate (bpm)
Baseline QTc (ms)
Potassium (mmol/L)
Creatinine (umol/L)
Gold score, n (%)

4

5

6

7
CAN status, n (%)

No CAN

Possible CAN

Definite CAN

Not determined

14

10 (71%)
38.6+9.7 (26-55)

13 (92.9%)

1(7.1%)

24.0+9.1 (11-42)
26.0+4.3 (20.1-32.7)

9.0+2.1 (6.6-13.1)
75423 (49-120)
118 + 14 (97-120)
68+9 (55-82)

78 +13 (55-98)
436+12 (416-461)
4.7+0.4(3.9-5.6)
68 +15 (45-90)

4(29%)
4(29%)
3(21%)
3(21%)

7 (50.0%)
3(21.4%)
3(21.4%)
1(7.1%)

Note: Data are displayed as mean + SD (range) or n (%).

Abbreviations: BMI, body mass index; BP, blood pressure; bpm, beats per

minute; CAN, cardiovascular autonomic neuropathy; QTc, QT interval

corrected for heart rate.

FIGURE 1
of time spent in defined IG ranges during

Individual proportions

the 96-hour-long monitoring period. TBR,
time below range (IG <3.9mmol/L); TIR,
time in range (IG 3.9-10mmol/L); TAR,
time above range (IG >10mmol/L).
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their insulin regimen, diabetes-related complications
status, and the list of QT-prolonging medications are
shown in Table S1.

3.2 | CGM data and hypoglycaemia
episodes

A total of 1214.5h of CGM data were recorded. Individual
proportions of time spent in defined IG ranges are shown
in Figure 1.

During the study period, 8 participants experienced
35 hypoglycaemic episodes, of which 27 (77%) were as-
ymptomatic. Twenty-two (63%) episodes occurred during
the day (17/22, 77% were asymptomatic) and 13 (37%)
episodes occurred during the night (10/13, 77% were as-
ymptomatic). The number of hypoglycaemic episodes ex-
perienced by each participant is listed in Table S1.

Mean (95% CI) duration of nocturnal hypoglycaemic
episodes 82 (50-135) min was longer than the mean (95%
CI) duration of daytime hypoglycaemic episodes 46 (46-
58) min (p=0.019). Mean (SD) nadir of nocturnal hypo-
glycaemic episodes 2.89 (0.46) mmol/L did not differ from
the mean (SD) nadir of daytime hypoglycaemic episodes
2.73 (0.35) mmol/L (p=0.438).

3.3 | Electrocardiographic responses,
heart rate variability (HRV) and cardiac
arrhythmias

In relation to electrocardiographic responses and HRV
characteristics, 26 hypoglycaemic episodes (14 daytime

#5 #6  H7 H#8 H9  H#10 #11 #12 #13 #14

participants
TIR (%)

W TBR (%) TAR (%)
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and 12 nocturnal episodes) were analysed. Episodes to
which at least one person- and time-matched euglycae-
mic episode could not be found were not included in
the analysis. The number of hypoglycaemic episodes ex-
perienced by each participant that were included in this
analysis is listed in Table S1. In this group of individu-
als with IAH, the mean QT, interval was prolonged, the
mean Tpeak-to-Tend interval was prolonged, the T wave
area symmetry ratio decreased, and high-frequency power
decreased during daytime hypoglycaemia versus eug-
lycaemia (Table 2). No changes in these responses were
observed during nocturnal hypoglycaemia versus noctur-
nal euglycaemia (Table 3). Next, we compared HRV and
electrocardiographic responses to hypoglycaemia with the
responses to hypoglycaemia in individuals with no evi-
dence of TAH from our previously published study.” This
historical control included 48 episodes of daytime hypo-
glycaemia (recorded in 21 individuals) and 41 episodes of
nocturnal hypoglycaemia (recorded in 19 individuals). At
daytime, the Tpeak-to-Tend interval duration decreased
significantly more (hypoglycaemia vs. euglycaemia) in
the IAH group in comparison to the decrease observed in
the group of T1D individuals without IAH (p for interac-
tion 0.005) (Table 2, last column). No other statistically
significant differences in HRV and electrocardiographic
responses to hypoglycaemia were noted between these
two groups (Tables 2 and 3). We observed a high degree
of inter- and intraindividual heterogeneity in responses to
episodes of hypoglycaemia (Table S2.). Very few cardiac
arrhythmias were detected during the 96-hour-long study
period. These were limited to atrial ectopic beats and sin-
gle ventricular premature beats and were without clinical
significance (Table S3). Last, we correlated QT,, Tpeak-to-
Tend interval duration, and T wave area symmetry ratio
with nadir glucose values (Table 4) and the duration of
hypoglycaemic episodes (Table 5) together, and separately
for day and night. Of these correlations, the strongest one
was a positive correlation between hypoglycaemia nadir
and T wave symmetry ratio at night (Pearson's R 0.86,
p<0.001) (Table 4).

4 | DISCUSSION

In the present study, we sought to determine whether indi-
viduals with T1D and IAH (diagnosed via Gold question-
naire) were protected against proarrhythmogenic effects
of hypoglycaemia due to their assumed impaired sympa-
thoadrenal responses. We showed that hypoglycaemia led
to proarrhythmogenic electrocardiographic changes even
in this group of high-risk individuals and that these re-
sponses did not largely differ from electrocardiographic
changes induced by hypoglycaemia in individuals with no

TABLE 2 Electrocardiographic responses and HRV characteristics of daytime hypoglycaemia episodes.

Historical control

IAH group

Interaction,

difference (95% CI) p-Value p-value

Mean paired

Participants

p-Value (episodes)

Mean paired

Participants
(episodes)

Eu

Hypo

difference (95% CI)

Eu

Hypo

0.509
0.062

0.012

4.35(0.99, 7.71)

77.9 (12.4)

82.2 (15.0)

21 (48)
21 (48)
21 (48)
21 (48)
21 (48)
21 (48)
21 (48)
21 (48)
21 (48)
21 (48)

0.523
0.016

2.00 (—4.23 to 8.23)
—16.5 (=29.7 to —3.3)

—4.7(~10.6 to 1.1)
—0.17 (—0.35 t0 0.02)

85.6 (12.5)

87.6 (16.4)

7(14)
6 (10)
6 (10)
6 (10)
6 (10)
6 (10)
6 (10)
7(14)
7(14)
7(14)

HR (bpm)

0.376

—2.7(=8.7t0 3.3)

—2.6(=5.3t00.1)
—0.07 (—0.16 t0 0.01)  0.084

—0.08 (—0.19t0 0.02) 0.123
—0.07 (—0.15 t0 0.02) 0.111

58.4 (17.4)

55.8 (21.4)
25.1 (12.4)
2.77 (0.30)
2.08 (0.45)
2.87 (0.30)
6.46 (5.09)
408.0 (27.7)

52.1(22.8)
17.2(9.1)

35.7 (12.7)
12.5(5.4)

SDNN (ms)

0.504
0.373

0.058

27.7(13.1)

0.110
0.079

RMSSD (ms)
Log LF

2.84 (0.25)

2.47(0.28)
1.92 (0.52)
2.59 (0.33)
4.57 (3.69)
421.8 (26.6)

2.30 (0.44)
1.66 (0.41)
2.40 (0.43)
4.68 (1.92)
443.1 (37.6)

0.194
0.198
0.650

2.17 (0.42)
2.94(0.27)

0.035

—0.25 (—0.49 to —0.02)
—0.20 (—0.38 to —0.02)

Log HF

0.034

Log (TotPower)
LF/HF ratio

0.73 (—0.40to 1.87)  0.202

12.6 (5.7 to 19.5)

5.73 (4.24)
395.4(23.9)

0.931

0.11 (—2.38 t0 2.60)
21.3 (8.5 to 34.0)

0.236

0.001

0.001

QTc (ms)

0.005

0.002

58(2.2109.3)
—0.13(=0.22 to

—0.05)

66.9 (10.8)

72.7 (12.6)

<0.001
0.017

16.8 (10.2 to 23.3)
—0.20 (—0.36 to —0.04)

76.4 (8.7)

93.1(18.1)

TpTend (ms)

0.483

0.003

1.57 (0.34)

1.44 (0.38)

1.39 (0.23)

1.19 (0.37)

Tsym

Note: Data are displayed as mean (SD). Statistically significant comparisons between the IAH group and the historical control group are highlighted in bold (interaction p-value).

Abbreviations: Eu, euglycaemia; HR, heart rate; Hypo, hypoglycaemia; Log (TotPower), total power of HRV; Log HF, high-frequency power of HRV; log LF, low-frequency power of HRV; QTc, QT interval corrected for

heart rate; RMSSD, root mean square of successive differences; SDNN, standard deviation of normal-to-normal intervals; TpTend, T peak to T end interval duration; Tsym, T wave area symmetry ratio.
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o & proven IAH. One of the potential explanations for these
=
S 2 findings could be offered in the study by Rubin et al., which
Q Q g . . T .
==l D e Ly ol 5 reported that, at least in a proportion of individuals with
9 “ © . . .
EZ ?i 5483354388 i 2 E T1D, Gold/Clarke questionnaires poorly correlated with
E
£ adrenaline responses to experimental hypoglycaemia.'®
Q g5
= § § § § % § E § § § 5 3 A large proportion of individuals with possible or definite
B g g CAN (together 6/14, 43%) were included in this study. We
o . . . . .
N N PN N o g have previously shown that in experimental settings, indi-
o o — — = [ d @
5 298353532 24 = T £ 8 viduals with CAN, in comparison to those without CAN,
@ { g a1e cpe . . .
X £ 8 g 8 &8 ¢80 8 ° o exhibited abnormalities in response to adrenaline infu-
Y n 0o 2 - ©o © © o o N s =
S 42232322388 z 2 ion includi ter i in heart rate or changes in
£ 77 995 S <9 e gz sion including greater increases in heart rate or changes
% § é’ = é’ ‘8’ g T a3 5’ §§ T wave morphology at lower adrenaline concentrations,
g2 -7 °2s 20 %Y 58 most likely due to the presence of denervation adrenergic
s g 7 B ! g g 27
=% & 8 hypersensitivity.”” To conclude, the character and magni-
2 = . . .
Ao RS @S i) 5 tude of electrocardiographic responses to hypoglycaemia
a3 TS s s e 88 575 which were observed in this group of individuals with T1D
< N o 2 . .
s e g8 a®dgd3Rg <2 and IAH are most likely a result of complex interplay be-
3 © © n A & & Q © ~ S £
. G tween blunted sympathoadrenal responses, the degree of
L5
S & denervation adrenergic hypersensitivity, and likely other
Yon) ) ) ~ e ) ~ — — b 9
wn A A —~ A 0 0 S ~ <2 b 8 . .
g g w233 T % b in part unknown, mechanisms.
N— N— N — N— N— N— N— N— N—
=) o, o . . . .
~ & 2 22 R3IBs TS N Higher magnitude of electrocardiographic changes
(=] =) O o [V} [\l N on (=} o~ — o N . . . .
& = ¥ g g was detected in response to daytime hypoglycaemia in
=} o o . .
. 8 2 £ E comparison to nocturnal hypoglycaemia. It has been
— ~ : . . .
s §| &8 3 previously shown that sleep impairs counter-regulatory
g ElEB8 A~ A A AmA A A A A A < s L. . .
2 8|% CEEE IR EE S E S E g responses to hypoglycaemia in both people with diabe-
24 T YEIYTEITE T g
s E|f&8 222232222329 ¥ = tes and healthy volunteers™
g o - E also affected by the body posture at which hypoglycaemia
8 = 2882 8§c L8R =& 2 . : e
S , @ »n 8 %8 & F 88 8 & T g occurs.” Diurnal differences in electrophysiological re-
oh AP © S S © S © © o S o = 2 X . K
2 s sponses to hypoglycaemia were also noted in our previous
[
) 3 N B B o &E bservational studies.®®
= L8y e 8 2 5 observational studies.
= ; s s E 222 % E “:’ 2 E 3 In relation to cardiac arrhythmias, very few were de-
3 - KA R R = g tected and these were without clinical significance. This is
e f o © 8 a 6 3 & 3 & o o s = . . . .
= MMM MB 23 not surprising because arrhythmias were monitored over
3 g & § = B E g § § & 5 E T a short period of time and in a small number of partici-
b4 S . .
4 R T [ W 2 ants. In future studies, we suggest substantially longer
o = g l S =
s = ; periods of observation on a larger number of individuals
s A A EZ to address this issue.
G RN ARt R R R e 2 a
CHRICEISE]l “H CE % i d, a high pro-
E 1 A H B B ) g Ir'1 this study, we deFected, as expec.te , gh p
T 2 SR S =R é < § g portion of asymptomatic hypoglycaemic episodes both
S =8 at night and during the day (>75%) and this proportion
2 232283293 22 was higher than the one detected in the already discussed
s EdIss s a2 s g2 study on T1D individuals with largely intact awareness of
) = 3 L . .
8 & 43 55 % 8 &% 3 5 £ 3 hypoglycaemia, in which 49% of daytime and 76% of noc-
o= . . .
3 2 M ~ £ turnal hypoglycaemic episodes were asymptomatic.’
< oy g
g e g _ g £l The following were the main strengths of this study.
2| 273 g . . .
% a ,g% g E § Electrocardiographic responses to hypoglycaemia were
" ~ ~ N Q . . . .
S IR <~ 5 o5 58 =8 S8 2 es8 studied in comparison to person- and time-matched eu-
o < _ e D D T v~ T
= < ) O oo © . .
g HIM= © m »wnnn e 00 58 g glycaemic episodes. Apart from the robustness of such
Q a - . . . . . .
5] = & g2 a protocol, it enabled us to include individuals on QT-
~~ o ~~ o .. «\ . . . . L
o 2 2 = z 2 £2 interval prolonging medications because each participant
m fé g ° A =S 5 O o .g . . . .
S A L o - < £ 88 served as their own control. Second, we provide detailed
- &z a X TeH E & 8 £ E .. e . . .
> S Z 2 % wmw = o8 E LB participant characteristics, including information on their
< 0:4 an =2 8 & 2 g 5 o & 5 83
[ nn K A A 3 3 = B z < 2

insulin regimen, QT-prolonging medication use, and the
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TABLE 4 Correlations of electrocardiographic responses to hypoglycaemia with nadir glucose values of hypoglycaemic episodes.

Total Day Night
Pearson's R (95% Pearson's R Pearson's R
N CI) p-Value N (95% CI) p-Value N (95% CI) p-Value
QTc (ms) 26 —0.01 0.980 14 —0.02 0.954 12 0.07 0.819
(—0.39 t0 0.38) (—0.54 t0 0.52) (—0.52 t0 0.62)
TpTend (ms) 26 —0.39 0.046 14 —0.13 0.646 12 —0.57 0.053
(—0.68 to —0.01) (—0.62 to 0.43) (—0.86 t0 0.01)
Tsym 26 0.38 0.060 14 —0.22 0.449 12 0.86 <0.001
(—0.01 t0 0.67) (—0.67 t0 0.35) (0.57 to 0.96)
Abbreviations: QTc, QT-interval corrected for heart rate; TpTend, T-peak to T-end interval duration; Tsym, T wave area symmetry ratio.
TABLE 5 Correlations of electrocardiographic responses to hypoglycaemia with the duration of hypoglycaemic episodes.
Total Day Night
Pearson’'s R Pearson's R Pearson's R (95%
N (95% CI) p-Value N (95% CI) p-Value N CI) p-Value
QTc (ms) 26 —0.01 0.976 14 0.30 0.300 12 —0.08 0.813
(—0.39 t0 0.38) (—0.28 t0 0.72) (—0.62 t0 0.52)
TpTend (ms) 26 0.37 0.062 14 0.52 0.056 12 0.44 0.148
(—0.02 to 0.66) (—0.01 to 0.82) (—0.17 t0 0.81)
Tsym 26 —0.29 0.150 14 0.04 0.892 12 —0.68 0.015

(—0.61 t0 0.11)

Note: Statistically significant correlations are highlighted in bold.

(=0.50 to 0.56)

(—0.90 to —0.18)

Abbreviations: QTc, QT-interval corrected for heart rate; TpTend, T-peak to T-end interval duration; Tsym, T wave area symmetry ratio.

number of hypoglycaemic episodes each individual con-
tributed to the analysis. Lastly, this study was undertaken
at the time before the AHCL systems were introduced into
clinical practice in the UK. These systems have shown
impressive reductions in time spent in hypoglycaemia®®>!
and have become a standard of care for the high-risk in-
dividual with T1D and IAH. Our study thus provides a
valuable set of data because the execution of this study
would be very difficult in the UK in the present time as
more participants on AHCL systems would be required
to take part in order to record a similar (or higher) num-
ber of hypoglycaemic episodes. Temporarily stopping the
AHCL systems for the duration of the study would not be
possible in this high-risk group of individuals for ethical
reasons; yet, more studies into the proarrhythmogenic po-
tential of hypoglycaemia are required.

One of the main limitations of our study is the rela-
tively low number of participants and the resulting low
number of hypoglycaemic episodes that could be studied.
The original study plan anticipated the recruitment of a
larger number of participants, but the recruitment into the
study had to be paused in March 2020 due to the outbreak
of the Covid-19 pandemic. Second, rapid advances in the
field of diabetes technology, in particular the widespread
use of AHCL systems in individuals with T1D and IAH,
meant that once the Covid-19 pandemic was over, it was

not possible to recruit further participants into the study.
Other limitations are a direct consequence of the obser-
vational nature of the study. This meant that no direct
measurements of catecholamine or potassium levels at
the time of hypoglycaemia were possible and that the clin-
ical diagnosis of IAH was not accompanied by biochem-
ical evidence of diminished sympathoadrenal response
to hypoglycaemia obtained via a hyperinsulinaemic-
hypoglycaemic clamp study.

Given the results of the present study and the consid-
erations discussed above, we conclude that further studies
with a larger number of participants with T1D and IAH
will be required in order to gain a nuanced understanding
of the factors influencing cardiac repolarisation and the
risk of cardiac arrhythmias during hypoglycaemia in this
high-risk group of individuals. The protocols of such stud-
ies should ideally include concomitant CGM and ECG
monitoring over longer periods of time and detailed phe-
notyping of participants including genetic studies.
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