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Abstract
Background: Risk assessment of sudden cardiac death (SCD) 
is multifactorial and complex, especially among individuals 
without established cardiovascular disease. There are insuf-
ficiently investigated conditions that can affect arrhythmo-
genesis. One such condition is obstructive sleep apnea (OSA) 
syndrome, which is not on the list of risk factors of the Rus-
sian National Society of Arrhythmology. Objective: The aim 
of this review article is to discuss clues to the pathophysiol-
ogy of SCD in OSA subjects. Methods: We searched the lit-
erature for data reporting the impact of apnea on arrhyth-
mogenesis. The preferred languages were English and Rus-
sian. The most important clinical reports, as well as 
biochemistry and pathophysiology guides, were selected for 
inclusion in the review. Results: It was clearly observed in the 

searched literature that OSA is the crucial aspect of arrhyth-
mogenesis. Among the clues are intermittent nocturnal hy-
poxia, reactive oxygen species, cardiomyocyte metabolism 
disturbances, myocardial electric heterogeneity, and intra-
thoracic pressure changes. Conclusion: This review empha-
sizes the importance of the inclusion of OSA in the list of risk 
factors of the Russian National Society of Arrhythmology.

© 2018 The Author(s) 
Published by S. Karger AG, Basel

Introduction

According to modern definitions, sudden death is a 
nontraumatic, unexpected fatal event occurring within  
1 h of the onset of symptoms in an apparently healthy 
subject. The European Society of Cardiology (ESC), with 
the endorsement of the Association for European Pediat-
ric and Congenital Cardiology, has outlined the condi-
tions of “sudden cardiac death” (SCD): (1) a congenital or 
acquired potentially fatal cardiac condition was known to 
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be present; (2) autopsy identified a cardiac or vascular 
anomaly as the probable cause of the event; or (3) no ob-
vious extracardiac causes were identified by postmortem 
examination, so an arrhythmic event was the likely cause 
of death [1]. Despite certain success in prevention and 
treatment, annually, cardiovascular pathology takes 
about 17 million lives worldwide, 25% of which fit the 
definition of SCD [1–4]. Risk assessment of SCD is mul-
tifactorial and complex, especially among individuals 
without established cardiovascular disease [5]. Conduct-
ed research studies suggest that, in addition to the estab-
lished SCD risk factors, there are also insufficiently inves-
tigated conditions that can affect structural and function-
al heart changes and arrhythmogenesis [5–7]. One such 
factor may be obstructive sleep apnea (OSA) syndrome 
[1, 8].

OSA and Cardiovascular Disease

The ESC, in its guidelines on SCD prevention (2015) 
[1], devoted 1 section to OSA influence. Meanwhile, the 
All-Russian Scientific Society of Clinical Electrophysiol-
ogy, Arrhythmology and Pacemakers does not currently 
include OSA in the list of SCD risk factors [9]. It is impos-
sible to overestimate the importance of 18 years of cohort 
surveillance of OSA patients in Wisconsin, USA, which 
demonstrated a 3.8-fold increase in total mortality and 
cardiovascular mortality 5.2 times more likely than in 
those observed without sleep respiratory disturbances 
[10]. This pattern was confirmed by the results of an ob-
servational study of residents of the West Australian set-
tlement of Busselton, which estimated the risk of an in-
crease in overall mortality among subjects with average 
and severe sleep apnea to be 4.2 times, and a 50% increase 
among subjects with light OSA [11]. In a prospective 
study, Gami et al. [12] included 10,701 adults with a mean 
follow-up period of 15 years, and they found that the se-
verity of nocturnal hypoxia is a significant risk factor for 
SCD. The exclusion of already studied risk factors from 
the analysis, e.g., coronary artery disease, arterial hyper-
tension, heart failure, and cardiomyopathy, determined 
that the degree of oxygen saturation is an independent 
SCD indicator. The oxygen saturation threshold was de-
termined to be < 93%, at which point the risk of SCD in-
creases 2.9-fold. It is important to note that, in addition 
to the apnea/hypopnea index (AHI) (an established car-
diovascular risk factor), the average oxygen saturation 
and nadir saturation during sleep played an important 
role in SCD risk. The effect of the latter was somewhat 

lower than the average oxygen saturation, but higher than 
that of AHI, with an odds ratio of 1.6, while the effect of 
minimum saturation (< 78%) was 2.6.

OSA severity, according to the practical guidelines of 
the American Academy of Sleep Medicine, depends on 
AHI, i.e., the number of episodes of breath stops per  
hour. The degree of OSA is considered to be mild at AHI 
5–15/h, moderate at AHI 15–30, and severe at AHI > 30 
[13]. The prevalence of OSA in the general cohort of the 
population is 3–7% in males and 2–5% in females [14, 15]. 
As well as gender, there is an association with age [16]. A 
growing amount of evidence confirms the pronounced 
relationship between OSA and cardiovascular diseases, 
including atherosclerosis, coronary heart disease, arterial 
hypertension, and heart failure [17, 18] as well as SCD 
[19]. Here, we discuss the underlying pathophysiological 
mechanisms of SCD, such as intermittent nocturnal hy-
poxia, autonomic function, ion-channel remodeling, 
electrolyte shifts, and others.

Pathophysiological Mechanisms of SCD

Intermittent Nocturnal Hypoxia
Respiratory events, namely, the cessation of pulmo-

nary ventilation due to upper respiratory tract collapse, 
are accompanied by episodes of hypoxia. During episodes 
of apnea, prerequisites arise for the accumulation of ex-
cesses of carbonic acid and hypercapnic hypoxia. The re-
sult is a strain on biochemical and physiological mecha-
nisms [20, 21]: buffer systems, redistribution of electro-
lytes in intracellular and extracellular fluids, changes in 
hemodynamics, and pulmonary ventilation [20]. Excess 
carbon dioxide in the form of carbonic acid dissociates 
into anion and proton hydrogen. The shear stress of the 
latter activates the body’s buffer systems, including hy-
drocarbonate buffer, whose stock is mainly represented 
by the potassium and sodium salts of carbonic acid. The 
transmembrane current of hydrogen protons occurs in 
exchange for potassium ions, which are one of the most 
important cardiomyocyte action potential components. 
Since phase 3 of the action potential of myocardial cells is 
mainly provided by the current of potassium ions, its re-
duction within cardiomyocytes leads to an extension of 
repolarization, and the conditions for the appearance of 
early postdepolarization trigger activity.

Simultaneously, as a result of an internal cardiomyo-
cyte membrane charge decrease, the magnitude of the ex-
citation threshold changes and the conditions for prema-
ture potentials of action and late postdepolarization are 
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created. Such mechanisms can contribute to life-threat-
ening ventricular arrhythmias and SCD. One such proof 
of balance changes in intracellular potassium ions was 
demonstrated by the research of Jiang et al. [22], which 
suggested the mechanistic links between OSA and the ex-
tension of repolarization elongation. Examining matrix 
RNA OSA patients, the authors established a decrease in 
the expression of the KCNQ1, KCNH2, KCNE1, KCNJ2, 
and KCNA5 potassium-channel genes, which were in-
versely related to AHI. The expression of KCNQ1, 
KCNH2, and KCNE1 was determined by the severity of 
hypoxia. After 4 weeks of OSA treatment with CPAP 
therapy, positive dynamics of KCNQ1 and KCNJ2 expres-
sion were established. Unfortunately, in this particular 
study, the QT interval characteristics reflecting the pro-
cesses of myocardial repolarization were not evaluated. 
Meanwhile, detection of electrical myocardium instabil-
ity markers can provide evidence of such a relationship.

Electrical Myocardial Instability
Russian national guidelines for the Holter monitoring 

methodology in clinical practice have been used to deter-
mine ECG criteria for electrical myocardial instability, 
which include QT interval prolongation, T-wave micro-
alternation, and late ventricular potentials [23]. These 
criteria relate to the risk factors of SCD, and the ESC [1] 
and All-Russian Scientific Society of Clinical Electro-
physiology, Arrhythmology and Pacemakers recommend 
they be determined [9]. In general, the effect of hypoxia 
on myocardial repolarization remains poorly under-
stood. However, the data in the literature suggest that 
such relationships are possible. The repolarization disor-
ders that manifest the QT interval elongation were pre-
sented by Latshang et al. [24], who established reliable 
relationships between hypoxia and the magnitude of the 
corrected QT interval. Interestingly, during the day, in 
the absence of episodes of hypoxia, OSA patients had an 
increased SCD risk against the background of a prolonged 
QT interval, which, according to Shamsuzzaman et al. 
[25], may reflect the voltage of the compensatory capa-
bilities of buffer electrolyte systems. Kilicaslan et al. [26], 
on the other hand, did not observe a significant QT pro-
longation, but revealed an increase in Tp-e interval, Tp-e/
QT ratio, and Tp-e/QTc ratio among OSA patients. The 
results of a study by Borodin and Lyshova [27], in their 
attempt to estimate the daily dynamics of the QT interval, 
are of interest. The authors found a significant difference 
between the repolarization rates of healthy individuals 
and patients with OSA, both during sleep and wakeful-
ness. It is important that, even at daytime, there was a 

correlation between the duration of the QT interval and 
the AHI, although there was a tendency for the connec-
tions to weaken during the waking period.

An analysis of the dynamics of the QT interval before 
and after the treatment of OSA by continuous positive 
airway pressure (CPAP) is given in a study by Rossi et al. 
[28]. This study characterized the trend towards a sig-
nificant QT interval elongation among patients who dis-
continued therapy. Patients compliant with this type of 
treatment had lower duration and variance of the QT in-
terval. The results of experimental studies are of great in-
terest. Eleven healthy volunteers suffered acute hypoxia 
via the method of normobaric hypoxia with inhalation of 
an air mixture with a reduced oxygen content (i.e., an O2 
concentration of 11%) for 15 min [29]. The authors re-
corded an increase in the absolute values of QT as well as 
an increase in the corrected QT interval during hypoxia 
and noted the normalization of the repolarization indices 
after stopping the supply of the oxygen-depleted air mix-
ture. The influence of the degree of hypoxia on the chang-
es in repolarization was established by Baumert et al. [30], 
proving both the direct relationship between the AHI and 
the QT interval duration, and the inverse correlation be-
tween the repolarization duration and nadir oxygen satu-
ration. Such influences allow us to consider the changes 
in repolarization in the context of the pathogenetic con-
nection with hypoxia and suggest an increased risk of de-
veloping life-threatening arrhythmias.

Another fact that confirms the predisposition of OSA 
patients to arrhythmia development is the result of the 
investigation by Chan and Antonio [19], which estab-
lished an increase in the T-wave alternation in OSA. The 
tendency to an increased T-wave alternation with an in-
crease of heart rate was established by a meta-analysis of 
Nemati et al. [31]. The authors suggested that autono-
mous regulation significantly contributed to the electrical 
remodeling of the myocardium. Structural changes in the 
myocardium can be the reason for the re-entry of the ex-
citation wave. However, there were no significant differ-
ences in an evaluation of signal-averaged ECG in patients 
with OSA. Sanner et al. [32] revealed late ventricular po-
tentials in 7.8% of cases, but the differences were not reli-
able in comparison with those examined without respira-
tory disturbances in sleep. Four years later, the same team 
of authors, having accumulated numerous observations, 
found a proportional increase in late ventricular poten-
tials along with an increase in AHI. The average follow-up 
period was 26.7 months. During this time, syncope was 
diagnosed in 2 patients and 1 case of SCD was recorded 
[33].
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Metabolism of Cardiomyocytes
The available evidence of the electrical instability of the 

myocardium in OSA patients suggests the existence of 
pathophysiological mechanisms underlying the arrhyth-
mogenesis in patients with hypoxia. The considered ho-
meostatic shifts, i.e., gene expression change, change in 
voltage of the buffer systems, and electrolyte shifts, could 
be at the base of the decrease in repolarization reserve and 
constitute one of the keys to understanding the mecha-
nisms of arrhythmogenic cardiac remodeling on a back-
ground of intermittent hypoxia [2]. At the heart of the 
high myocardial sensitivity to oxygen deficiency are the 
features of cardiomyocyte metabolism. As known, most of 
the energy requirement is provided by the metabolism of 
fatty acids, and the rest by the utilization of glucose [21]. 
Hypoxia, being the hypoenergetic state for cardiomycyte 
metabolism, is accompanied by a reduction in the synthe-
sis of ATP, and therefore has negative inotropic, butmo-
tropic, dromotropic, and chronotropic effects. In cardio-
myocyte hypoxia, intracellular accumulation of pyruvic 
acid occurs, with the restoration of pyruvate to lactate; 
therefore, the acid-base balance of the cytosol is shifted to 
the acidic side, and the enzyme activity decreases.

Reactive Oxygen Species 
Pro-oxidants make a significant contribution [34] by 

generating reactive oxygen species (ROS), represented by 
oxygen radicals and nonradical oxygen derivatives. With-
out going into the list of ROS, we noted their damaging 
effect on cell membranes, enzyme inactivation, lipid oxi-
dation, and DNA. The long half-life of some ROS, e.g., 
superoxide radicals, allows them to penetrate the cyto-
plasmic reticulum and damage the main energy stations 
of the cell mitochondria. The resultant effect is damage to 
the cardiomyocyte ultrastructure, inflammation, necro-
biosis, and myocardial degeneration [20]. These, together 
with electrolyte shifts and change in voltage of the trans-
membrane transport, appear to underlie the arrhythmo-
genic remodeling of the myocardium. Thus, conditions 
are being potentiated to reduce the reserve of repolariza-
tion, the electrical myocardial heterogeneity, and the re-
entry of the excitation wave.

Autonomic Regulation
Upper respiratory tract collapse, leading to a decrease 

in partial oxygen pressure, activates chemo- and baro-
reflexes, the sympathetic nervous system, and catechol-
amine release. The result is elevated blood pressure, heart 
overload, artery spasm in the lungs, kidneys, and liver, 
and the centralization of blood flow. In 1984, Guil-

leminault et al. [35] described the relationship between 
the longest episodes of apnea and the irregularity of RR 
intervals, calling their observations “cyclic variability of 
the heart rate.” The authors proposed using the alterna-
tion of RR interval as a basis for screening OSA, but their 
observations were not widely used in practice. Similarly, 
Le Heuzey et al. [36] observed the visual extension of the 
RR interval and a significantly greater difference between 
minimum and maximum heart rate overnight in OSA pa-
tients. However, these observations were not quantified 
in accordance with the criteria of classic time analysis. At 
the same time, both studies suggested using the duration 
of the RR interval as a tool for preliminary OSA identifi-
cation.

At present, the assessment of heart rate variability has 
become a routine stage of ECG long-term monitoring 
systems. Spectral analysis of heart rate variability was de-
scribed by Shiomi et al. [37], who used the latter to evalu-
ate the advantages of mandibular devices in OSA treat-
ment, which reduced the power of very low frequencies 
without other spectral changes. Such observations allow 
us to assume that hypoxia initiates short-term activation 
of the sympathetic nervous system, in contrast to healthy 
individuals, in whom the change in the spectrum of the 
heart rhythm at night is mainly mediated by parasympa-
thetic modulations. As evidence for such arguments, the 
results of several studies [38, 39] have established that 
there is a tendency to increase sympathetic modulations 
and reduce parasympathetic influence on heart rhythm 
during sleep in patients with OSA. Montemurro et al. [40] 
observed that OSA patients who did not complain of day-
time drowsiness had higher ultralow frequency modula-
tions than patients who had problems with excessive day-
time sleepiness. This fact made possible the assumption 
of an increased sympathetic nervous system tone in this 
category of patients. Similar evidence of increased sym-
pathetic activity was previously presented by Somers et al. 
[41] in a cohort of patients with OSA, in whom heart rate 
variability assessment was performed in the daytime, 
during wakefulness, under normoxia conditions. Narkie-
wicz et al. [42] indicated an increase in heart rate at day-
time in OSA patients, which may indicate strain on the 
sympathetic nervous system. Variations in heart rate 
variability against the background of OSA treatment are 
of interest. Therefore, it was established [43] that the use 
of CPAP therapy already on the first night improves au-
tonomic regulation of the heart rhythm, and that inhala-
tion of oxygen by patients with OSA significantly decreas-
es the contribution of sympathetic modulations, blood 
pressure, and heart rate [44].
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Rhythm and Conduction Disorders
The result of increased sympathetic nervous system 

tone may be triggered by myocardium activity, which, 
under conditions of a reduced reserve of repolarization, 
can lead to the onset of fatal arrhythmias. According to 
the literature, there is evidence of an increase in the fre-
quency of rhythm disturbances and conduction against a 
background of intermittent hypoxia. The most frequent 
rhythm disturbances in OSA are ventricular tachycardia, 
frequent ventricular extrasystole, atrioventricular block-
ade of the second degree, and sinus arrest [45–49], which 
are described in 30–50% of patients with OSA. Concern-
ing the structure of rhythm disturbances, 18–30% are 
seen in sinus bradycardia, about 5–11% in sinus arrest, 
5–39% in atrial fibrillation, 19–25% in ventricular extra-
systole, and 2–5% in ventricular tachycardia [50]. In con-
trast, Flemons et al. [51] determined the prevalence of 
arrhythmias by monitoring patients with and without 
sleep apnea daily, and found the following disturbances 
in these 2 groups, respectively: ventricular ectopia (in-
cluding ventricular tachycardia), 1.3 versus 4.1%; fre-
quent ventricular extrasystole (> 30/h), 2.6 versus 6.2%; 
atrioventricular blockade of the second degree, 1.3 versus 
4.1%; and sinus arrest, 5.2 versus 1.0%. Differences were 
statistically nonsignificant, and the presence or absence 
of arrhythmias did not seem to be relevant to the degree 
of sleep apnea.

To study such conflicting data, Becker et al. [52] con-
ducted Holter monitoring of 239 patients with respira-
tory disturbances during sleep. The researchers reported 
an exceptional chronological accuracy between the de-
tails of bradyarrhythmias and episodes of respiratory ar-
rest in a dream. The tendency to more frequent distur-
bances of the rhythm during sleep is confirmed by other 
observations [53]. Important data for long-term ECG re-
cording were presented by Simantirakis et al. [54]. This 
was a study of individuals without established cardiovas-
cular disease, pulmonary disease, or diabetes, who under-
went a preliminary examination that included tests in-
volving physical activity, invasive electrophysiological 
examination, echocardiography, and evaluation of the 
function of external respiration. ECG loop recorders were 
installed in selected subjects. Based on the results of a 
2-month recording, ECG detected significant rhythm 
disturbances in 48% of the observations. The researchers 
noted limitations in the method of 24-h Holter monitor-
ing for the detection of bradyarrhythmias at night.

It is interesting that the tendency to arrhythmias in 
OSA patients persisted even against the background of 
treatment. Thus, in individuals with an implanted cardio-

verter defibrillator, the incidence of events in severe OSA 
was 4.7 times that of patients with normal breathing dur-
ing sleep [55], and recurrent ventricular arrhythmias af-
ter radiofrequency ablation were significantly more fre-
quent among patients with OSA [53].

Intrathoracic Pressure 
An additional prorhythmogenic effect appears to be an 

increase in intrathoracic pressure. Forcing the respiratory 
effort against the background of apnea creates negative 
pressure, stimulating cardiac mechanoreceptors and in-
creasing cardiac transmural pressure, thereby leading to 
dramatic changes in the heart geometry. This can predis-
pose to arrhythmias through the mechanisms of electrical 
feedback [56]. Ventricular ectopia is most often associ-
ated with an increase in the tone of the sympathetic ner-
vous system. Against the background of a decrease in the 
reserve of repolarization and electrical remodeling of the 
myocardium, premature impulses can lead to the devel-
opment of life-threatening tachycardias. Bradyarrhyth-
mia, in contrast, is associated with an increase in the tone 
of the vagus nerve as a result of episodes of apnea. Para-
sympathicotonia can lead to atrioventricular blockade 
and asystole, even in the absence of structural heart dis-
ease [57].

Conclusion

Despite the fact that most respiratory disturbances 
take place at night, there are few data on the circadian 
variation of OSA leading to SCD. As mentioned above, 
studies examining the day-to-night correlation of myo-
cardial instability markers, cardiac arrhythmias, provide 
contradictory information [25, 27, 42, 51, 54]. This is un-
doubtedly of clinical interest but does not allow us to 
draw strong conclusions about the circadian influence on 
SCD. In fact, we could not find studies on sleep apnea 
with convincing evidence of SCD as the end point. 

The use of intermediate end points is another problem 
in the treatment of OSA. Studies which have examined 
the efficacy of CPAP in patients with cardiac arrhythmia 
and OSA, evaluated markers such as QT elongation, Tp-e 
intervals, atrial fibrillation progression, ventricular ar-
rhythmia rate, atrioventricular block grade, and sinus ar-
rest [25, 26, 58–60]. However, these findings are not suf-
ficient to recommend the obligatory implementation of 
CPAP treatment in order to prevent SCD. In fact, no rel-
evant research on the influence of CPAP or any other 
treatment on the “hard” end point SCD was found.
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Thus, the abovementioned data emphasize the rela-
tionship between OSA and rhythm and conduction dis-
orders and provide some insight into the biochemical 
and pathophysiological mechanisms potentially partici-
pating in this association. The accumulated evidence 
supports the search for OSA in the differential diagnostic 
algorithm of arrhythmias, and the presence of sleep ap-
nea and the reduction of oxygen saturation can be re-
garded as a risk factor for SCD in people with breathing 

disorders in sleep. It is important to include OSA in the 
risk list of the Russian National Society of Arrhythmol-
ogy. Further studies on the treatment of OSA to prevent 
SCD are needed.
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