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Abstract

Background: Obstructive sleep apnea (OSA) is associated with vascular diseases from which stroke and sudden car-
diac death are the most significant ones. It is known that disturbances of the autonomic nervous system and electro-
cardiographic changes are seen in patients with a previous cerebrovascular event. However, the pathophysiological
cascade between breathing cessations, autonomic regulation, and cardiovascular events is not fully understood.

Methods: We aimed to investigate the acute effect of desaturation on repolarisation in OSA patients with a previ-
ous stroke. We retrospectively analysed heart-rate corrected QT (QTc) intervals before, within, and after 975 desatura-
tions in OSA patients with a stroke history and at least moderate sleep apnea (apnea—hypopnea index > 15 events/h,
n=18). For the control population (n=18), QTc intervals related to 1070 desaturation were analysed. Desaturations
were assigned to groups according to their length and duration. Groupwise comparisons and regression analyses
were further executed to investigate the influence of desaturation features on repolarization.

Results: In the stroke population the QTc prolonged at least 11 ms during 27.1% of desaturations, and over 20 ms
during 12.2% of desaturations. QTc was significantly prolonged during longer (>30 s, p <0.04) and deeper (> 7%,

p <0.03) desaturations. Less severe desaturations didn't influence QTc. In median, QTc prolonged 7.5 ms during>45 s
desaturations and 7.4 ms during > 9% deep desaturations. In the control population, QTc prolongation was observed
but to a significantly lesser extent than in stroke patients. In addition, desaturation duration was found to be an inde-
pendent predictor of QTc prolongation (3=0.08, p<0.001) among all study patients.

Conclusions: We demonstrated that longer (> 30 s) and deeper (> 7%) desaturations prolong QTc in patients with
stroke history. A significant proportion of desaturations produced clinically relevant QTc prolongation. As it is known
that a long QTc interval is associated with lethal arrhythmias, this finding might in part explain the pathophysiological
sequelae of cardiovascular mortality in OSA patients with a history of stroke.
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Introduction

Cardiovascular diseases are one of the leading causes
of morbidity and mortality. Obstructive sleep apnea
(OSA), a sleep disorder affecting approximately one bil-
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risk of cerebrovascular stroke [2]. It has been shown
that 90% of patients with a previous stroke have at least
mild OSA (apnea—hypopnea index (AHI)>5 events/h)
[3]. This connection between stroke, OSA, and cardiac
arrhythmogenicity is clinically relevant since OSA is a
known risk factor for sudden cardiac death (SCD) [4].

Cerebrovascular stroke can cause changes in auto-
nomic tone, electrocardiographic abnormalities, and
increase the incidence of lethal cardiac arrhythmias
[5]. Furthermore, it has been shown that stroke survi-
vors with long QT intervals are at a higher risk of car-
diac death [6]. In most cases, sudden, unexpected death
is caused by fatal cardiac arrhythmias [7] while QT pro-
longation is a risk factor for the development of ventricu-
lar tachycardia and even SCD [8]. Although extensive
research has been carried out on electrocardiogram
(ECQ) changes and arrhythmia in OSA patients, there
are no studies adequately investigating QT interval pro-
longation relative to desaturation features in patients
with known stroke history.

Even though the AHI is the most used parameter for
OSA severity estimation, it fails as a benchmark for
detailing the OSA severity. Thus, parameters describing
physiological cardiopulmonary consequences are needed
[5-7]. Moreover, a greater understanding of the connec-
tion between respiratory events (breathing cessations
and obstructions) and cardiovascular electrophysiologi-
cal alterations may provide useful clinical insights into
the causes and prevention of SCD. Therefore, we inves-
tigated this association in a population comprising OSA
patients having suffered a stroke. Our main hypothesis
was that deeper and longer desaturation cause greater
prolongation of the QTc interval in OSA patients with a
previous stroke. We aimed to study whether OSA-related
desaturations are associated with repolarization prolon-
gation and to investigate which desaturation features
(e.g., length or depth) causes the highest risk for QTc
prolongation predisposing to a possible risk for ventricu-
lar arrhythmias.

Methods
Study population
The initial dataset used in this study comprised (7 =916)
suspected OSA patients, who had undergone type I full
diagnostic polysomnography (PSG) at the Princess Alex-
andra Hospital (Brisbane, Australia) during 2015-2017.
The PSGs were performed by using the Compumedics
Grael acquisition system (Compumedics, Abbotsford,
Australia). From the initial dataset, patients with a pre-
vious stroke and controls were matched based on OSA
severity.

Approval for retrospective data collection was
obtained from the Institutional Human Research
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Ethics Committee of the Princess Alexandra Hospital
(HREC/16/QPAH/021 and LNR/2019/QMS/54313). All
procedures were performed following the ethical stand-
ards of the institutional and national research commit-
tee, and in accordance with the Helsinki declaration.
The need for informed consent was waived by the Metro
South Human Research Ethics Committee due to the ret-
rospective nature of the study.

Out of the initial data set, 21 subjects fulfilled the
inclusion criteria for this study: previous cerebrovascu-
lar stroke and at least moderate sleep apnea (AHI>15
events/h) with a total sleep time of>4 h in the PSG.
Within these patients, the quality of ECG was insuffi-
cient in two cases and one patient was excluded due to
ventricular pacing. No other exclusion criteria were used.
Finally, eighteen patients were included in the further
analyses. The reference population (n=18) was matched
based on OSA severity from the same dataset with the
same inclusion criteria but excluding patients with a his-
tory of stroke. Demographic information for the stroke
and control population are presented in Tables 1 and 2,
respectively.

PSG analysis

The PSG recordings were manually scored according to
the American Academy of Sleep Medicine 2012 guide-
lines [9] by experienced sleep technicians in the Prin-
cess Alexandra Hospital using Compumedics ProFusion
PSG 4 software (Compumedics, Abbotsford, Australia).
All > 3% desaturations were scored from the onset of the
desaturation to the recovery of oxygenation and all desat-
urations during wake were excluded. The scoring process
is described in a previous paper [10]. The detailed infor-
mation of each desaturation was exported from ProFu-
sion to MATLAB (R2019b; Mathworks, Natick, MA,
USA) for data processing.

ECG analysis related to desaturation events

ECG signal samples were extracted based on the start
and end times of each desaturation. The nocturnal ECGs
(lead II) were recorded during the PSG study with a sam-
pling frequency of 256 Hz. The ECG signal was examined
in three parts: (1) 10-s pre-desaturation ECG sample
before the onset of the desaturation, (2) ECG sample
within-desaturation, and (3) 15-s post-desaturation
ECG sample after the end of desaturation (Fig. 1). If the
post- and pre-desaturation ECG samples of two con-
secutive desaturations overlapped, all samples of the lat-
ter desaturation were excluded from further analyses. In
addition, desaturations with a duration of less than 10 s
were excluded. After these exclusions, a total of 975 (out
of 2310) ECG samples were included in further analyses
for the stroke population. For the reference population
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Table 1 Demographic, PSG, and ECG characteristics in the stroke population
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Demographics

n/Median (%/IQR)

ECG characteristics

Median (IQR)

Patients (male)

18 (66.7)

Age (years) 67.9 (55.9-71.9)
BMI (kg/m?) 358 (33.7-41.8)
Atrial fibrillation 1(5.6)

COPD 1(5.6)
Dyslipidemia 8 (44.4)
Hypertension 13(72.2)
Smoker 20110

PSG characteristics Median (IQR)
AHI (events/h) 353(23.5-45.5)
ODI (events/h) 23.1(14.9-37.1)
Desaturation duration (s) 28.0 (19.6-41.0)
Desaturation depth (%) 43(3.1-6.5)
TST (min) 319.0 (285.3-351.9)
Arousal index (events/h) 32.3(24.1-44.1)

RRinterval (ms)
PQ interval (ms)
QRS interval (ms)
QT interval (ms)
QTc interval (ms)
Nocturnal HVR
SDNN (ms)
RMS-SD (ms)

LF (m?

HF (m?)

LF/HF

VLF (m?)

SD1 (ms)

SD2 (ms)
SD1/SD2

923.9 (834.1-1060.2)
188.9 (174.0-212.6)
94.0 (85.3-102.0)
417.9 (384.0-452.8)
424.1 (409.7-455.3)
Median (IQR)
33.7(16.0-41.2)
21.7 (14.1-47 .4)
404.4 (134.9-710.6)
175.6 (43.3-519.5)
14 (0.6-34)

188.8 (56.8-334.9)
154 (10.0-33.5)
40.8 (20.7-494)

1.7 (1.0-2.9)

PSG polysomnography, ECG electrocardiogram, n number of patients, BMI body mass index, COPD chronic obstructive pulmonary disease, IQR interquartile range, AHI/
apnea-hypopnea index, OD/ oxygen desaturation index, TST total sleep time, HRV heart rate variability, SDNN standard deviation of NN intervals, RMS-SD root mean
square of successive RR interval differences, LF absolute power of the low-frequency band, HF absolute power of the high-frequency band, LF/RF ratio of LF-to-HF
power, VLF absolute power of the very-low-frequency band, SD1 Poincaré plot standard deviation perpendicular the line of identity, SD2 Poincaré plot standard
deviation along the line of identity, SD1/5D2 ratio of SD1-to-SD2

Table 2 Demographic, PSG, and ECG characteristics in the reference population

Demographics

n/Median (%/IQR)

ECG characteristics

Median (IQR)

Patients (male) 18(72.2)

Age (years) 483 (46.2-49.6)
BMI (kg/m?) 35.1(31.0-37.9)
Atrial fibrillation 1(5.6)

COPD 0(0)
Dyslipidemia 6(333)
Hypertension 7 (38.9)
Smoker 3(16.7)

PSG characteristics Median (IQR)

AHI (events/h)
ODI (events/h)

29.8 (24.3-37.8)
25.1(13.2-40.7)

RR interval (ms)
PQ interval (ms)
QRS interval (ms)
QT interval (ms)
QTc interval (ms)
Nocturnal HVR

887.1(808.1-998.3)
179.7 (164.1-191.6)
93.8 (85.0-102.1)
390.6 (359.4-410.2)
405.0 (392.7-420.8)
Median (IQR)

Desaturation duration (s) 30.0 (21.1-40.0)
Desaturation depth (%) 4.7 (34-7.9)

TST (min) 339.8(321.0-368.5)
Arousal index (events/h) 285(23.9-41.2)

SDNN (ms) 382 (17.7-54.2)
RMS-SD (ma) 29.7 (14.7-52.5)

LF (m2) 563.2 (180.6-1456.1)
HF (m2) 3205 (79.1-7884)
LF/HF 2.1(13-36)

VLF (m?) 186.7 (91.9-481.5)
SD1 (ms) 219(104-37.2)

SD2 (ms) 445 (23.7-67.7)
SD1/5D2 2.1(1.8-27)

PSG polysomnography, ECG electrocardiogram, n number of patients, BMI body mass index, COPD chronic obstructive pulmonary disease, IQR interquartile range, AHI/
apnea-hypopnea index, OD/ oxygen desaturation index, TST total sleep time, HRV heart rate variability, SDNN standard deviation of NN intervals, RMS-SD root mean
square of successive RR interval differences, LF absolute power of the low-frequency band, HF absolute power of the high-frequency band, LF/RF ratio of LF-to-HF
power, VLF absolute power of the very-low-frequency band, SDT Poincaré plot standard deviation perpendicular the line of identity, SD2 Poincaré plot standard

deviation along the line of identity, SD1/5D2 ratio of SD1-to-SD2

(n=18), a total of 1070 (out of 3277) ECG samples were
included in the analyses.

After extracting the ECG samples, the R-wave fiducial
points were detected using Kubios HRV Premium soft-
ware (Kubios Oy, Kuopio, Finland) [11] and detections

were verified by visual inspection of all extracted ECG
samples (Fig. 1). Ventricular extrasystoles were excluded
from the analysis. The average waveform for electri-
cal activity was computed for each ECG sample in all
three categories (i.e. before, within, and after the related
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Fig. 1 At first, the desaturation was detected, and the electrocardiography (ECG) signal samples were extracted based on the start and end times
of each desaturation (A). The ECG signal was examined in three parts: 10-s pre-desaturation ECG sample, ECG sample within-desaturation, and 15-s
post-desaturation ECG sample (B). The R-wave fiducial points were detected (C) and an average waveform for electrical activity was computed

for each ECG sample in all three parts (D). The average QT times are measured for 10 s pre desaturation (QT,), within-desaturation (QT,), and 15

desaturation) to produce averaged P-QRS-T segments.
The onset and offset times of the averaged P-, QRS-, and
T-waves were manually set for each sample using Kubios
HRV software [11] by trained ECG readers (Fig. 1). Heart
rate corrected QT (QTc) intervals were calculated using
Bazett’s formula [12].

The nocturnal heart rate variability (HRV) parameters
were analysed with Kubios Premium software. The ECG
samples 30-min after the onset of PSG recording and
30-min before the end of PSG recordings were excluded
from the nocturnal HRV analysis. The average of the ana-
lysed HRV recording was 6 h.

To investigate the effect of desaturation character-
istics on QTc intervals, the desaturations were first
grouped based on their duration (10 <s<20, 20 <s<30,
30 <s<45, and >45 s) and depth, i.e. the magnitude of
blood oxygen saturation (SpO,) drop (3% < ASpO, < 5%,
5% < ASpO, < 7%, 7% < ASpO, < 9%, and ASpO, > 9%).

Statistical analysis

The statistical significance of the differences in QTc
intervals between different duration and depth groups
was evaluated using Wilcoxon’s rank-sum (W) test. Addi-
tionally, the statistical significance of differences between

pre-desaturation QTc intervals and within-desaturation
QTc intervals was evaluated using Wilcoxon’s signed-
rank sum (T) test as the within-desaturation QTc was
assumed to be dependent on the pre-desaturation QTc
time. The limit for statistical significance was set to
be p<0.05. The statistical significance of differences
between the reference population and the stroke popu-
lation were evaluated with Wilcoxon’s W test (baseline
characteristics) and the two-sided Kolmogorov—Smirnov
test (distributions of AQTc). Moreover, generalized linear
regression and stepwise linear regression were conducted
to analyze the effect of demographics, conventional OSA
severity, and event-by-event desaturation characteristics
on the AQTc between pre- and within-desaturation seg-
ments. In stepwise regression, deviance with p-value’s
F-statistics was used as entering and removing criteria.

Results

QTc was prolonged (at least 1 ms) during 52.6% of
desaturations in the stroke population. Moreover, QTc
was prolonged for at least 11 ms during 27.1% of desat-
urations and over 20 ms during 12.2% of desaturation
(Table 3). In the reference population, most of the pro-
longations were minor (1-11 ms, 38.2%), and only 4.0%
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Table 3 The effect of desaturation characteristics on QTc intervals in the stroke and control population

AQTc Number of desaturations Desaturation duration (s) Desaturation depth (%)
Stroke population

1-11ms 264 (27.1%) 28.2(19.8-40.0) 9(3.0- 74)
11-16 ms 82 (8.4%) 40.0 (26.0-49.0) 0(34-11.2)
16-20 ms 48 (4.9%) 30.5 (22.5-44.0) 13.2-7. 2)
>20ms 119 (12.2%) 30.0 (18.1-43.8) 7 (34-7.3)
Control population

1-11ms 409 (38.2%) 30.0 (22.0-40.0) 6(3.3-7.2)
11-16 ms 57 (5.3%) 28.0(18.0-40.5) 43(3.2-7.3)
16-20 ms 37 (3.5%) 34.0 (22.9-42.8) 7(3.9-6.2)
>20ms 43 (4.0%) 34.0(18.3-43.8) 2(3.7-7.0)

Desaturations are grouped according to the absolute change in the heart rate corrected QT interval (AQTc) within desaturations. The median and (interquartile range)
of desaturation duration (s) and depth (%) are presented related to each AQTc group

of the desaturations caused over 20 ms prolongation
(Table 3).

To further study the influence of desaturation char-
acteristics on QTc among stroke patients, desaturations
were also categorized into sub-groups according to the
desaturation duration (Table 4; Fig. 2). The pre-desat-
uration QTc was longer before 30 <s<45 and>45 s
desaturations compared to short (10<s<20)

desaturations (p<0.01 for both) (Table 4). There was
no statistical significance in pre-desaturation QTc
durations between the other desaturation duration
groups. Furthermore, the QTc interval within-desat-
urations was significantly (p<0.01) longer compared
to the corresponding pre-desaturation QTc inter-
vals in the 30<s<45 and>45 s desaturation dura-
tion groups (Table 4; Fig. 2A). In shorter desaturation

Table 4 Median (interquartile range) changes in QTc in the stroke and control population

Pre-desaturation QTc (ms)

AQTc within-desaturation (ms) AQTc post-desaturation (ms)

Desaturation duration Stroke population

10<s5<20 4189 (405.4-439.4) 0.8 (—8.9-9.7) 2.3(—-7.4-11.0)
20<s5<30 422.3 (409.5-453.5) —1.1(—=80-87) —1.0(=11.3-78)
30<s<45 427.4(412.7-457.2)" 3.4(-6.9-12.3) 2.4(-6.3-10.5)
>45s 4306 (412.6-460.9) 7.5(—3.0-14.8) * 0.5(—10.3-10.8)
Desaturation depth

3% < ASpO2 < 5% 424.8 (409.1-454.9) 0.6 (—89-11.1) 0.8 (—11.5-9.5)
5% < ASpO2 < 7% 4248 (414.1-458.3) —14(=9.7-105) —14(—98-94)

7% < ASpO2 < 9% 424.5 (408.9-444.1) 4.6 (—3.2-12.3) 20(—48-78)"
ASpO2 > 9% 4243 (413.7-4374) 7.4(—1.1-14.9) 3.7 (—5.6-10.0)"
Desaturation duration Control population

10<s5<20 416.2 (390.9-436.7) 14(—5.2-8.1) 7 (=79-59)
20<s5<30 405.8 (392.1-424.9) 08 (—5.1-64) 6 (—6.2-7.6)
30<s<45 401.5(391.2-4134) 0.3 (—4.5-5.6) ( 3.6-10.1)"
>45s 4032 (391.3-414.5) 3.7 (—2.6-8.9) —04( 49-6.2)
Desaturation depth

3% <DSp02 < 5% 402.6 (387.0-423.1) 1.8(—3.7-6.8) 0.9 (—4.7-7.9)
5% < Sp02< 7% 405.0 (390.8-422.0) 1.8(—3.5-8.2) 0.8 (—=5.8-9.5)

7% < Sp02 < 9% 405.5(397.3-421.4) 1.3 (—6.5-6.1) 1.2 (—7.8-6.7)
SpO2>9% 404.2 (396.3-414.9) —07(=73-51) 2.6 (—4.9-9.6)

Change in the within-desaturation segment (AQTc within-desaturation) and the post-desaturation segment (AQTc post-desaturation) were calculated based to
the pre-desaturation QTc segment values. Bolded values indicate a statistically significant (p <0.05) change from the pre-desaturation QTc value. “The value differs
significantly from the 10-20 s or 3-5% group. TThe value differs significantly from all duration or depth groups. Abbreviations: ASpO2 = drop in the blood oxygen

saturation during desaturation
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duration groups, QTc intervals did not change sig-
nificantly (p>0.11) within-desaturations compared to
pre-desaturation QTc intervals. The median QTc was
slightly longer after 10 <s<20 and 30 <s<45 desatu-
rations compared to corresponding pre-desatura-
tion QTc intervals (2.3 and 2.4 ms, p<0.05 for both).
There were no statistically significant differences in
pre-desaturation and post-desaturation QTc intervals
in 20 <s<30 and>45 s desaturation duration groups
(Table 4). No statistically significant difference between
pre-desaturation and post-desaturation QTc in the
stroke population (Table 4). In the reference popula-
tion, only mild prolongation was seen post-desatura-
tion after 10 <s<20 (median 2.3 ms) and 30<s<45
(median 2.4 ms) (Table 4). In the reference population

pre-desaturation QTc was longer before 10<s<20
compared to>30 s desaturations (p<0.05). Only
the>45 s desaturations caused significant (p<0.01)
prolongation of the QTc among the reference popula-
tion. Furthermore, in 30 <s<45 and >45 s desatura-
tion duration groups, stroke patients had a significantly
(p<0.04) greater change between pre-desaturation and
within-desaturation QTc intervals compared to the ref-
erence population (Fig. 2A, C).

We also categorized desaturations into sub-groups
according to the depth of desaturation. There were no
statistically significant differences in pre-desaturation
QTc intervals in the stroke group (Table 4). However,
the QTc prolonged significantly during 7% < ASpO, < 9%
and > 9% desaturations (Table 4; Fig. 2B). QTc did not
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prolong significantly during<7% desaturations. Com-
pared to pre-desaturation QTc, the post-desaturation
QTc was slightly elevated (median 3.7 ms) after>9%
desaturations in stroke patients. No statistically signifi-
cant difference between pre-desaturation and post-desat-
uration QTc intervals was observed in other desaturation
depth groups or in the reference population (Table 4). In
the reference population, the QTc prolongations were
minor, and the deeper desaturations did not similarly
affect the QTc than in stroke patients (Table 4). Moreo-
ver, the deep (ASpO,>7%) desaturations caused signifi-
cantly (p<0.01) greater QTc prolongation in the stroke
patients compared to the reference population.

In regression analysis, both in the general linear (GL)
model as well as in the stepwise (SW) model, only the
total sleep time in PSG (Bg = .366, Pgyw=—1.549,
p<0.01) and desaturation duration (g =0.065,
Bsyw=0.080, p<0.002) were significant predictors of the
increase in AQTc (Table 5). Conversely, age, sex, or AHI
were not predictors of acute QTc prolongation.

Discussion

In the present study, we evaluated the acute influence
of desaturation length and depth in repolarization dura-
tion in OSA patients with a previously diagnosed stroke,

Table 5 Generalized linear regression model and a stepwise
regression model for absolute AQTc (ms) between within-
desaturation period and pre-desaturation in stroke and control
population

Generalized f SE T p
model

Sex 0.578 0.774 0.747 0455
Age (y) 0.049 0.037 1.310 0.190
TST (h) —1.366 0.524 —2.591 0.010
AHI (1/h) —0.031 0.018 —1.725 0.09
Desaturation 0.065 0.022 2978 0.002
duration (s)

ASpO, (%) 0.069 0.077 0.895 0.371
Stepwise modelf SE T p

Sex - - - -

Age (y) - - - -

TST (h) —1.549 0.457 —3.391 <0.001
AHI (1/h) - - - -
Desaturation 0.080 0.021 3.818 <0.001
duration (s)

ASpO, (%) - - - _

All other parameters except Desaturation duration and ASpO, are treated
patient-wise; the two are computed for each segment separately. The criteria
for excluding parameters from the stepwise model was Deviance and p-value
for F-statistics. Abbreviations: TST total sleep time, AHI apnea-hypopnea index,
ASpO, =depth of desaturation
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and OSA severity matched counterparts without a pre-
vious stroke. We found that longer and deeper desatu-
rations can prolong QTc interval during a desaturation,
especially in patients with previous stroke. Moreover, the
desaturation length was an independent predictor for
QTc prolongation in both stroke and control populations.

Intermittent hypoxemia is assumed to promote car-
diac arrhythmias by producing oxidative stress, systemic
inflammation, and increased sympathetic activity leading
to anatomical and electrophysiological remodeling [13,
14]. Interestingly, it has been shown that hypoxia induces
QTc prolongation also in healthy subjects [15]. Still, the
pathophysiological cascade between breathing cessations,
autonomic dysregulation, and fatal cardiovascular events
is partly unclear. Based on previous studies, we hypoth-
esized that desaturation leads to acute intermittent
prolongation of the QTc. Since the autonomic nervous
system (ANS) plays an important role in the regulation
of repolarization [16] we focused on OSA patients with a
previous stroke as stroke can lead to impaired autonomic
control [19]. As hypothesized, we found that as the heart
rate increases within-desaturations the shortening of the
QTc interval was inadequate among OSA patients with a
previous stroke. We further evaluated ANS activation in
our patient populations with nocturnal HRV. The stroke
patient had slightly lower median HRV parameters com-
pared to the control population, which can suggest that
they tend to have lower ANS function.

OSA causes acute and long-time sympathetic auto-
nomic nervous system activation by increasing pul-
monary artery pressure and chemoreceptor activation
caused by acidosis, hypoxia, and hypercapnia [17]. Pre-
viously, Tavares et al. have shown that when blood SaO,
levels decline, the sympathetic activation increases pro-
gressively [17]. Moreover, a cohort study showed that the
lowest nocturnal O, saturation value and the mean O,
saturation at night, are independent predictors of SCD
[4]. These findings are in line with our results since we
found that more substantial desaturations are associated
with QTc prolongation which is a risk factor for lethal
arrhythmias [8]. The ANS activation alters not only heart
rate, conduction, and hemodynamics, but also the cel-
lular and subcellular properties of individual myocytes
[18]. A previous study has shown that intrathoracic pres-
sure swings cause acute left-sided heart morphology and
function changes [19] and this may lead to electrophysi-
ological remodeling and further to the manifestation of
arrhythmias.

The QTc prolongation seen in the present study might
explain the increased risk for nocturnal SCD of OSA
patients with long desaturations for the following rea-
sons. First, it has been shown that the frequency and
duration of respiratory and desaturation events increase
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towards the morning [20]. Second, it is known that both
prolonged QTc and dynamic changes in QT interval
increase the risk for arrhythmias [21]. Third, it has been
shown that the risk for sudden death from cardiac causes
is increased in OSA patients from midnight to 6 a.m.
[22]. These previous findings reinforce the association
between pro-arrhythmogenic QTc prolongation and long
(>30s) and deep (>7%) desaturations.

The retrospective nature of the study leads to certain
limitations. First, we had no information available on the
anatomical location of the stroke or the time between
stroke and PSG/ECG recordings. Thus, there is the pos-
sibility that autonomic regulation may improve during
the intervening period between the stroke event and the
diagnostic PSG. However, a previous study has shown
that the long-term negative effects on cardiovascular
regulation can still be seen after stroke [23]. Secondly, the
stroke patients were older compared to controls, the dif-
ference in acute electrophysiological response on desat-
uration may be also influenced by longer exposure to
the pathological insults associated with sleep apnea and
other comorbidities. However, the results of regression
analyses showed that when sex, age, and conventional
OSA severity are considered alongside desaturation met-
rics, desaturation duration was the only independent
predictor of acute QTc prolongation together with total
sleep time (Table 5). Therefore, even though the stroke
population was older, and had higher baseline QTc, the
acute effect of desaturation to repolarization is significant
and modulated especially by the length of the desatura-
tion event. Thus, the difference in QTc prolongation
between the populations cannot be explained by age or
AHI. Yet, we know that TST is related to age so the age
might not be completely irrelevant and further analyses
outside the scope of this study are needed.

Moreover, we had to assume an appropriate evaluation
window for ECG samples before and after desaturation.
For this reason, we excluded desaturations originating
less than 25 s after the previous desaturation had ended.
It is possible that the exclusion of a significant number
of desaturations can cause some bias in the result and
can partly explain why short (10 <s<20) desaturations
seem to cause a more substantial influence on QTc than
longer (20 <s<30) desaturations (Fig. 2A). Furthermore,
it is common that patients with very severe sleep apnea
suffer from frequent desaturations that are short but
cause rapid drops in SpO, level and can still be very deep.
Therefore, the desaturations of these patients would be
mostly represented in the short (10<s<20) desatura-
tion group. This can also partly explain why short desatu-
rations seem to have a greater effect on QTc interval
Another reason behind this unexpected finding can be
due to desaturations being estimated from a level just
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before desaturation onset and wake-time normal blood
saturation levels are not considered. It is possible that
in these measurements, the short events start during
already lower SpO, levels, causing SpO, to drop faster
and further induce QTc prolongation. Last, the QT meas-
uring and correction can be challenging. In this study,
the QTc was measured semiautomatically from the lead
IT which is the most often used in QT interval duration
measurements because it is more likely to have the long-
est QT interval [24]. In addition, several approaches have
been developed to correct the QT interval. It is known
that the Bazett’s correction formula is not optimal due
to its tendency to underestimate and overestimate the
duration of cardiac repolarization at extremely low and
high heart rates. However, we chose to use the Bazett's
formula as it is the most used and universal QT interval
correction method to achieve results that are easily com-
parable with the literature. The median heart rate in this
study was 64.9 beats/min in the stroke population and
67.6 beats/min in the reference population (Tables 1, 2).
Thus, as there were no major differences in median heart
rates, we consider that using the Bazett’s formula does
not have major effects on the obtained results.

Clinical implications and conclusions

In the stroke population, 12.2% of desaturations
induced > 20 ms prolongation in QTc (Table 3). Gener-
ally, when drug safety is estimated, prolongation of QTc
of >20 ms is associated with a substantial likelihood of
the drug being proarrhythmic [25]. Therefore, we con-
sider that OSA should be recognized as a risk factor
for the acquired long-QT syndrome (LQTS) in stroke
patients. Moreover, when describing medication asso-
ciated with QT prolongation possible nocturnal QTc
prolongation should be noticed. We believe that this
is essential, especially in OSA patients diagnosed with
LQTS or if they have borderline daytime QT levels.

In the current clinical practice, atrial fibrillation is
routinely screened with 24-h Holter monitoring if no
obvious cause of stroke can be found. However, routine
screening for sleep-disordered breathing is uncommon in
patients with stroke even though OSA is overrepresented
in this patient group [3]. Combining home polysomnog-
raphy with the 24-h Holter monitoring would be a fea-
sible and possibly beneficial addition to stroke patients’
clinical risk evaluation. This is because sleep apnea is an
important target for public health interventions aiming
at reducing the risk for arrhythmias and SCD. Moreover,
continuous positive airway pressure treatment has been
shown to significantly decrease QTc in moderate/severe
OSA patients [26]. Our finding might partially explain
why continuous positive airway pressure therapy, which
decreases the frequency and duration of desaturations,
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prevents cardiac arrhythmias [13]. This finding endorses
the need to screen and treat OSA, especially in patients
with a previous stroke.
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