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Abstract
Aims/hypothesis Prolongation of the heart rate corrected QT
interval (QTc) is seen during episodes of hypoglycaemia in
type 1 diabetes. We studied the relationship between spon-
taneous hypoglycaemia and the QT interval and hypothesised
that the choice of heart rate correction affects the observed
change in QTc.
Methods Twenty-one participants with type 1 diabetes
(aged 58±10 years with duration of diabetes 34±12 years)
had continuous glucose and ECGmonitoring for 72 h. QTand
RR intervals were measured during hypoglycaemia (blood
glucose or continuous glucose measurements ≤3.5 mmol/l)
and compared with euglycaemia (5–12 mmol/l). QT intervals
were measured using the semi-automated tangent method
from signal-averaged ECG and corrected using Bazett’s
formula, Fridericia’s formula, the nomogram method and a
linear subject-specific method.
Results Hypoglycaemia was present in 14 participants. With
Bazett’s formula, QTc changed significantly from euglycaemia
to hypoglycaemia (422±30 vs 432±33 ms; p=0.02). Heart
rate, QT intervals and QTc corrected with formulas other than
Bazett’s were not associated with a significant change (p=
0.07–0.29). During hypoglycaemia, significantly lower values

of QTc compared with the subject-specific method were seen
for Fridericia’s formula (p=0.02) and the nomogram method
(p=0.04).
Conclusions/interpretation Spontaneous hypoglycaemia
was associated with a modest increase in QTc. Bazett’s
formula resulted in overcorrection of QTc while both
Fridericia’s formula and the nomogram method undercor-
rected the QTc compared with the subject-specific method
during hypoglycaemia. The results may indicate that the use
of a fixed heart rate correction formula can lead to misleading
results in investigations of spontaneous hypoglycaemia.

Keywords Cardiac arrhythmia . Dead in bed syndrome .
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Abbreviations
CGM Continuous glucose monitoring
IG Interstitial glucose concentration
QTc QT interval corrected for heart rate
QTcB QT interval corrected for heart rate using Bazett’s

formula
QTcF QT interval corrected for heart rate using

Fridericia’s formula
QTcN QT interval corrected for heart rate using the

nomogram method
QTcS QT interval corrected for heart rate using a linear

subject-specific formula
Tend End of the T wave

Introduction

In the early 1990s Tattersall and Gill reported a series of
unexplained nocturnal sudden deaths of young people with
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type 1 diabetes [1]. The evidence suggested that this ‘dead
in bed’ syndrome was caused by hypoglycaemia, since the
patients had a history of severe nocturnal hypoglycaemia.
The circumstances of the deaths, in which the patients were
found in an undisturbed bed, led to the hypothesis that fatal
cardiac arrhythmia had been triggered by hypoglycaemia
[2]. Experimental and spontaneous hypoglycaemia has been
shown to cause alterations in cardiac repolarisation [3–6].
Atrial fibrillation [3] and ventricular ectopic beats [4] have
been reported during hypoglycaemia but the most notable
change is a prolonged heart rate corrected QT interval
(QTc) [4–6]. Prolongation of the QTc has been associated
with an increased risk of sudden death [7, 8] and is
therefore the variable of interest when investigating the
proarrhythmic effect of hypoglycaemia. The QT interval is
dependent on the heart rate, so that heart rate correction is
necessary in order to allow comparison of QT intervals
measured at different heart rates. There are various methods
for heart rate correction, of which Bazett’s formula [9] is
the most popular. However, this method is criticised
because of overcorrection at high heart rates and under-
correction at low heart rates [10, 11]. Any fixed correction
formula, like Bazett’s, assumes the same QT/RR relation in
all individuals. However, the QT/RR relation is highly
individual, and a subject-specific correction formula is there-
fore preferred over a fixed correction formula [11]. The
effect of spontaneous hypoglycaemia on QTc has been
studied in both hospitalised [6, 12] and ambulant [4, 13]
settings, but all studies use Bazett’s heart rate correction.
Hypoglycaemia can increase heart rate [14], and a significant
change in QTc during hypoglycaemia could merely reflect
overcorrection by Bazett’s formula. In addition, fully auto-
matic measurements of QT intervals from Holter monitor
data without visual inspection by a human observer, as has
been done in some studies [4, 13], might lead to significant
errors [15].

In this study we used continuous glucose monitoring
(CGM) and ECG monitoring in an ambulant setting of
participants with type 1 diabetes to investigate whether
episodes of spontaneous hypoglycaemia cause QTc prolon-
gation. We investigated whether the choice of heart rate
correction formula affects QTc prolongation during spon-
taneous hypoglycaemia.

Methods

Subjects We studied 21 participants (13 men and eight
women) with type 1 diabetes who were prone to hypo-
glycaemia, defined as at least two episodes of severe
hypoglycaemia within the last year. Assuming that two-
thirds of the participants would develop hypoglycaemia in
the monitoring period, this sample size had 80% power to

detect a mean increase in QTc of 15 ms or more during
hypoglycaemia. All participants had a normal resting 12-lead
ECG and did not have a history of known cardiovascular
complications. No participant was on medication known to
cause changes in the QT interval. The presence of autonomic
neuropathy was assessed by standard cardiovascular tests
[16]. Written informed consent was obtained from all
participants and the study protocol was approved by the
local ethics committee.

Procedures Participants were admitted to the clinical research
unit on Thursday at 20:00 hours. ECG was measured with a
frequency of 1,000 Hz and 1 μV resolution from lead II using
a digital Holter monitor (SpiderView Plus; ELA Medical,
Montrouge, France). Simultaneously, interstitial glucose
concentration (IG) was monitored using a Guardian Real-
Time Continuous Glucose Monitoring System (Medtronic
MiniMed, Northridge, CA, USA) with the prevailing glucose
level blinded. At 23:00 hours a cannula was placed into an
antecubital arm vein so that blood samples could be taken at
hourly intervals until 07:00 hours the next morning. Blood
samples were centrifuged and stored for later measurement of
plasma glucose. At 08:00 hours, participants were sent home
with the monitoring equipment and were instructed to
calibrate the CGM at least four times a day. Monitoring
ended on Sunday at 20:00 hours, so a total of 72 h of
continuous CGM and ECG data were available for each
participant.

ECG measurements The ECG was analysed using custom
analysis software developed in MatLab (Version 7.8.0.347;
MathWorks, Natick, MA, USA). The ECG was analysed in
segments of 1 min. Templates representing the average
PQRST complex in the segments were generated. The end
of the T wave (Tend) in each template was determined
automatically using the slope intersect method [17]. The
QT interval was calculated as the time from the beginning
of the Q wave to Tend in each template. All templates and
associated fiducial points were reviewed manually on
screen twice by each of two observers blinded to the
corresponding blood glucose and the participants’ clinical
data. Templates were rejected if artefacts precluded reliable
measurements of the QT interval. Rejected templates
constituted 4% of all templates. No adjustments to the QT
interval were made to reduce the subjectivity of the
measurements. The mean intra-observer coefficient of
variation for QT intervals was 1.6% during euglycaemia
and 2% during hypoglycaemia. The inter-observer coeffi-
cient of variation was 2% during euglycaemia and 3%
during hypoglycaemia.

The median RR interval in each segment was used to
correct the QT interval for heart rate. QT intervals were
corrected by Bazett’s formula (QTcB) [9], Fridericia’s
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formula (QTcF) [18] and the nomogram method (QTcN)
[19]. A subject-specific linear correction formula QTcS ¼ð
QTþ a � 1� RR½ �Þ was also used as it has been shown to
be the optimum model in most individuals [11]. Each
participant-specific coefficient, α, was calculated by fitting
the euglycaemic QT/RR pairs from each participant to a
linear regression model QT ¼ b þ a � RRð Þ using least-
squares regression.

Statistical analysis QTc was analysed at every measure-
ment of hypoglycaemia defined as IG, overnight plasma
glucose concentration or self-monitored blood glucose
concentration ≤3.5 mmol/l. Measurements of QTc during
euglycaemia were taken at intervals of 30 min throughout
the monitoring period, discarding periods when glucose
values <5 mmol/l or >12 mmol/l had been measured within
1 h. Median RR, QT and QTc durations during euglycaemia
and hypoglycaemia were calculated for each participant.
Changes in variables between euglycaemia and hypo-
glycaemia among participants were tested using a two-
tailed paired Student’s t test. Differences in QTc due to sex
and neuropathy were tested using a two-tailed unpaired
Student’s t test. Results are reported as mean ± SD and a
p value ≤0.05 was considered significant. Statistical
analysis was performed using R version 2.9.1 (http://www.
r-project.org/).

Results

Clinical characteristics A total of 14 participants (67%)
developed one or more episodes of hypoglycaemia in the

monitoring period. Clinical characteristics of all participants
and participants experiencing hypoglycaemia are shown in
Table 1.

Blood glucose The root mean square difference between IG
and measurements of blood glucose was 1.6±0.4 mmol/l
and the absolute relative error was 20±7%. Glucose
concentrations during hypoglycaemia and euglycaemia
were 2.8±0.4 and 9.0±1.8 mmol/l, respectively.

ECG variables The changes in measured ECG variables
between euglycaemia and hypoglycaemia are summarised
in Table 2. QTcB increased from euglycaemia to hypo-
glycaemia (422±30 vs 432±33 ms; p=0.02). QTcF, QTcN
and QTcS did not change significantly. During the
monitoring period there was a case of prolonged hypogly-
caemia with IG <2.5 mmol/l for more than 4 h. In this case
a QTcS greater than 500 ms was observed (Fig. 1). Changes
in QTcS from euglycaemia to hypoglycaemia were not
different between men and women (9±20 vs 8±8 ms;
p=0.84) or between people with and without neuropathy
(19±26 vs 4±9 ms; p=0.35).

Heart rate correction The participant-specific correction
coefficient, α, was 0.20±0.04 for the 14 participants with
hypoglycaemia. Table 3 shows how the fixed correction
formulas compare with QTcS during measurements of
hypoglycaemia. QTcB was not significantly different from
QTcS (p=0.08), but QTcF (p=0.02) and QTcN (p=0.04)
significantly underestimated the QTc during hypoglycaemia.
In Fig. 2, the QT/RR intervals during euglycaemia are
shown for two participants together with the results of

Variable All participants Participants with hypoglycaemia
(n=21) (n=14)

Sex (male/female) 13/8 9/5

Age (years) 58±10 56±10

Duration of diabetes (years) 34±12 30±12

HbA1c (%) 7.9±0.7 7.9±0.7

BMI (kg/m2) 24.8±2.7 24.4±1.7

Insulin (soluble/analogue) 13/8 8/6

Systolic blood pressure (mmHg) 146±18 147±20

Diastolic blood pressure (mmHg) 87±10 90±9

Neuropathy

Peripheral

Symptomatic 8 (38%) 4 (29%)

Biothesiometer 11 (52%) 7 (50%)

Autonomic

Symptomatic 5 (24%) 3 (21%)

Beat to beat <10 beats/min 8 (38%) 3 (21%)

Smokers 7 (33%) 4 (29%)

Table 1 Clinical characteristics
of all participants in the study
and participants experiencing
hypoglycaemia

Data are mean ± SD or number
(%) of patients
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correcting with Bazett’s, Fridericia’s and the participant-
specific correction.

Rate and rhythm disturbances One participant had frequent
ventricular ectopic beats but they were present during both
euglycaemia and hypoglycaemia. No cases of sinus
bradycardia (<40 beats/min) or rhythm disturbance were
seen.

Discussion

In this study we confirm previous findings of prolonged QTc
corrected by Bazett’s formula during spontaneous hypo-
glycaemia in adults with type 1 diabetes [4, 6] However,
Bazett’s formula was the only correction method that
produced a significantly prolonged QTc from euglycaemia
to hypoglycaemia. In comparison with the participant-
specific correction formula, we found Bazett’s formula to
have the lowest mean difference of the three fixed correction
formulas. Fridericia’s formula and the nomogram method
significantly undercorrected the QTc during hypoglycaemia.
Only a small, insignificant increase in heart rate was seen
during hypoglycaemia, which could indicate either a reduced
sympathetic response to hypoglycaemia or simultaneous
vagal activation. Nevertheless, it is noteworthy that even an
insignificant increase in heart rate results in significant

differences among correction formulas. In our study we
found no cases of the rate or rhythm disturbances reported by
another study on spontaneous hypoglycaemia [4].

The prolongation of QTc observed in the present study is
comparable to a previous report of ECG changes during
spontaneous hypoglycaemia in an inpatient setting [12]. In
outpatient settings using fully automatic measurements of
QT and CGM, QTc has been reported to lengthen to a
greater degree than seen in this study [4, 13]. However, the
use in these studies of fully automatic measurements of QT
without manual over-read has been associated with signifi-
cantly longer QT intervals and measurement errors [15].
Therefore, results obtained using automatic measurements
without manual review should be interpreted with caution.

Investigations of changes in QTc during spontaneous
hypoglycaemia have only been done using Bazett’s formula
[4, 12, 13]. Koivikko et al. [20] found that QTc using
Bazett’s formula was significantly prolonged during
clamped hypoglycaemia while Fridericia’s formula and the
nomogram method resulted in insignificant changes in QTc.
The results of our study confirm these findings.

The fact that we observed a case of severely prolonged
QTc during hypoglycaemia in one participant while only a
modest increase was seen on average could be explained by
the concept of the repolarisation reserve articulated by
Roden [21]. This concept suggests that a drug or metabolic
change such as hypoglycaemia that affects repolarisation

Variable Euglycaemia Hypoglycaemia Difference 95% CI p value

Heart rate (beats/min) 73±12 76±10 3 −2, 8 0.22

QT (ms) 383±37 385±41 2 −14, 18 0.78

QTcB (ms) 422±30 432±33 10 2, 19 0.02

QTcF (ms) 409±29 415±35 6 −5, 17 0.29

QTcN (ms) 411±27 416±32 6 −4, 16 0.25

QTcS (ms) 417±28 425±30 9 −1, 18 0.07

Table 2 Difference in ECG
variables between euglycaemia
and hypoglycaemia

Data are mean ± SD (n=14)

Fig. 1 Measurements of QTcS
in euglycaemia (white circles)
and hypoglycaemia (black
circles) plotted against time of
day for participant 1 (male, age
51 years). Also shown is the IG
measured by the continuous
glucose monitoring (solid line)
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currents may be counteracted by variations in other currents
(i.e. the repolarisation reserve), thus maintaining a normal
action potential. Reduction in the repolarisation reserve can
have a genetic basis or may be acquired and may explain
why some individuals show larger prolongations of QTc
during hypoglycaemia than others. It is possible that genetic
analysis of dead-in-bed patients could reveal mutations
responsible for increased susceptibility to QTc prolongation
during hypoglycaemia.

We acknowledge that the number of participants develop-
ing hypoglycaemia in our study was relatively low. With a
larger number of participants it is plausible that all correction
formulas would have yielded significant changes in the QTc
during hypoglycaemia. In addition, the study population was
of greater age and had a longer duration of diabetes than the
typical dead-in-bed patient. The sympathoadrenal response to
hypoglycaemia causing QT lengthening declines with age and
the duration of diabetes. Thus, the participants in this study
may have been partly protected against significant QT prolon-
gation, although a reduced adrenalin (epinephrine) response
also increases the risk of severe hypoglycaemia. The fact that
some participants in this study had diagnosed autonomic

neuropathy could have affected the results, although such an
effect was not observed. It has been hypothesised that
autonomic neuropathy could cause increased QTc because
of sympathetic overactivity [2]. On the other hand, neurop-
athy has been shown to attenuate the QTc interval
prolongation during hypoglycaemia in type 1 diabetes [14].

Our use of automatic measurements of QT interval on
single-lead ECG carries the possibility of inaccuracy,
although we sought to minimise this risk by manual review
of all measurements. Several factors could have altered the
QT and RR measurements used for creating the participant-
specific correction of QT. It has been shown that, because
of hysteresis in the QT/RR relationship, the QT interval
takes approximately 2 min to adapt to sudden changes in
heart rate [22]. Additionally, participants in our study
performed everyday activities in which conditions that
affect the QT interval could have occurred. The degree to
which these factors influenced our results is not known, but
the relatively large number of measurements distributed
over 72 h is expected to have minimised their effect. A
circadian rhythm of QTc has been reported using fixed
heart rate correction formulas, but it has been suggested that
this merely reflects the circadian pattern of heart rate [11].
If a circadian pattern of QTc exists it may have affected our
results, since it was not considered in our analysis.

The use of a CGM system could have resulted in false
negative or false positive measurements of hypoglycaemia
in our study. Bode et al. [23] tested the accuracy of the
CGM system used in our study by pairing home blood
glucose meter readings with CGM meter readings. The
relative error between CGM and blood glucose measure-
ments of 21.3% corresponds well with the 20.7% found in
our study. The specificity of the CGM system for detecting

Table 3 Differences during hypoglycaemia between the participant-
specific correction formula, QTcS, and the three fixed formulas,
QTcB, QTcF and QTcN

Formula Difference (ms) 95% CI p value

QTcB 7±14 −1, 15 0.08

QTcF −10±14 −18, −2 0.02

QTcN −9±14 −16, −1 0.04

Data are mean ± SD

Fig. 2 QT/RR relationship (black circles) for euglycaemic measurements
from participant 1 (a) and participant 7 (b). Also shown are QTc/RR
relationships using Bazett’s method (white circles), Fridericia’s method
(black squares) and a linear subject-specific method (white squares). In
(a), overcorrection by Bazett’s formula is seen at low RR intervals (high

heart rate), while Fridericia’s formula is closer to the subject-specific
method. The opposite is seen on in (b), where Fridericia’s formula
undercorrects the QTc, while Bazett’s formula is closer to the subject-
specific method
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hypoglycaemia (threshold, 3.9 mmol/l) is 90% [23],
indicating that fewer than 10% of hypoglycaemia measure-
ments are false positives. Using our threshold of >5 mmol/l
for euglycaemia, the corresponding sensitivity of the CGM
system is 91% [23], indicating that fewer than 9% of
euglycaemia measurements are false negatives. These
numbers show that the estimated number of misclassified
CGM measurements in the present study was fewer than
10% of all measurements.

It is clearly important to clarify the possible proarrhyth-
mic effect of hypoglycaemia and its role in relation to the
dead-in-bed syndrome. Although hypoglycaemia in general
was only associated with a modest prolongation of QTc, we
observed a case of prolonged severe hypoglycaemia in
which the QTc exceeded 500 ms. Larger trials investigating
how QTc is altered by spontaneous hypoglycaemia are
needed but should consider the effect of the heart rate
correction formula as they may bias the results in either
direction. If possible, participant-specific heart rate correc-
tion of QT should be considered in order to achieve QTc
uncorrelated with heart rate.
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