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Abstract
Study Objectives: Both periodic limb movements during sleep (PLMS) and arousals are associated with sympathetic nervous system activation and may be 

arrhythmogenic. We hypothesize a temporal relationship exists between individual PLMS, particularly with arousal, and nonsustained ventricular tachycardia (NSVT) 

events.

Methods: A bidirectional time-stratified case-crossover design was used to assess temporal associations between PLMS and NSVT during sleep in 49 Osteoporotic 

Fractures in Men Sleep Study participants with NSVT in a community-based cohort (n = 2,911). Sleep time was divided into approximate 30-min segments. For each 

NSVT (n = 141), we selected a preceding 30-s hazard period and three randomly chosen 30-s control periods from sleep within the same segment and evaluated 

for PLMS, respiratory events, minimum saturation, and arousals. Odds ratios and 95% confidence intervals—OR (95% CI)—were determined by conditional logistic 

regression; covariates included EEG arousals, minimum saturation, and respiratory events in the same hazard/control period.

Results: Participants with NSVT were 79.5 ± 6.2 years with a PLMS index of 32.1 (IQR: 10.1, 61.4) and apnea–hypopnea index of 17.1 (IQR: 9.4, 26.1). PLMS without 

arousal were not significantly associated with NSVT (OR = 0.80, 95% CI: 0.41–1.59). PLMS with arousal were associated with NSVT in unadjusted analyses (OR = 2.50, 

95% CI: 1.11–5.65) and after adjustment (OR = 2.31, 95% CI: 1.02–5.25). Arousals associated with PLMS were associated with NSVT in unadjusted (OR = 2.84, 95% CI: 

1.23–6.56) and adjusted analyses (OR = 2.61, 95% CI: 1.13–6.05).

Conclusions: PLMS with (but not without) arousals are temporally associated with a greater than twofold higher odds of subsequent NSVT episodes. PLMS-related 

arousals may be physiologically important ventricular arrhythmia triggers.

Clinical Trial Registration: ClinicalTrials.gov, NCT00070681.
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Statement of Significance

Nonsustained ventricular tachycardia is an arrhythmia that is associated with worse cardiovascular outcomes. Identifying new causes or 
contributors to arrhythmia can help with better arrhythmia prevention strategies. Periodic limb movements and arousals, brief periods of 
brain awakening, increase sympathetic nervous system activation. Sympathetic nervous system activation increase the chance for arrhyth-
mias. This study evaluated whether periodic limb movements are linked with nonsustained ventricular tachycardia and found that in older 
men periodic limb movements during sleep with arousal double the odds of having a subsequent nonsustained ventricular tachycardia.
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Introduction

Accumulating data support an association of sleep disruption 
and adverse cardiovascular outcomes. Although the majority 
of these data have addressed relationships between sleep dis-
ordered breathing (SDB) and cardiovascular disease, emerging 
clinic-based and epidemiologic data suggest an independent 
association of periodic limb movements during sleep (PLMS) 
and increased cardiovascular morbidity including cardiac ar-
rhythmia [1–4]. Purported mechanisms linking PLMS and cardiac 
arrhythmia include increased sympathetic outflow, impaired 
baroreflex function, altered heart rate variability, and altered 
chemoreflex sensitivity [5, 6]. Individual limb movements com-
prising PLMS events are associated with immediate, discrete in-
creases in blood pressure of 10–20 mmHg and rises in heart rate 
of ~10 bpm [7, 8]. Notably, limb movements with accompanying 
arousals appear to elicit a more pronounced cardiovascular 
physiologic perturbation in blood pressure and heart rate than 
those without accompanying arousals and may be more likely to 
be associated with cardiac arrhythmia [9].

Expanding upon prior work [2], we analyzed a large cohort 
of older men with polysomnography-identified PLMS and car-
diac arrhythmia to investigate the association of PLMS and dis-
crete nonsustained ventricular tachycardia (NSVT) episodes. 
We hypothesize that PLMS, particularly when associated with 
arousals, are temporally associated with NSVT events even after 
accounting for SDB influences.

Methods
Participants and overall cohort study design

Analyses for this study were conducted using data from the 
MrOS Sleep Study, an ancillary study the Osteoporotic Fractures 
in Men (MrOS) study (http://mrosdata.sfcc-cpmc.net). The MrOS 
study design, methods, and demographics have been previously 
published [10–12]. The institutional review board for each site 
and the study coordinating center granted ethics approval and 
written informed consent was obtained from all participants.

The MrOS study enrolled 5,994 community-living men aged 
65 and older, able to ambulate without assistance from another 
person, and without bilateral hip replacement history from 
six centers (Birmingham, Alabama; Minneapolis, Minnesota; 
Monongahela Valley near Pittsburgh, Pennsylvania; Palo Alto, 
California; Portland, Oregon; San Diego, California) [10, 11]. The 
MrOS Sleep Study recruited 3,135 participants, a subset of the 
MrOS study, from December 2003 to March 2005 for a com-
prehensive sleep assessment. MrOS Sleep Study participants 
were screened for nightly sleep equipment use including con-
tinuous positive airway pressure or bi-level positive airway 
pressure, mouthpiece for snoring or sleep apnea, or nocturnal 
oxygen therapy; those who could not forgo device use during 
polysomnography (PSG) recording were excluded. Of the 2,859 
men who did not participate in the MrOS Sleep Study, 349 died 
before the sleep visit, 40 had already terminated the study, 323 
were not asked because recruitment goals had already been 
met, 150 were ineligible, and 1,997 refused. Of the 3,135 MrOS 
Sleep Study participants recruited, 179 did not participate in 
polysomnography (PSG) secondary to refusal or contemporan-
eous SDB treatment, and 45 men had a failed sleep study (1.5%), 
resulting in 2,911 participants.

Only those participants with NSVT episodes occurring during 
a sleep epoch were retained in the final analytic cohort. Eighty 
participants were identified with NSVT possibly occurring 
during sleep—defined as at least three consecutive heartbeats 
originating below the atrioventricular node with a rate of at 
least 100 beats per minute. Visual review of the raw data was 
conducted to verify NSVT occurrence and timing; two subjects 
did not have available raw data files for review and seven other 
participants did not have NSVT after visual review and were ex-
cluded. In addition, because of overlap and synergies of sym-
pathetic nervous system activation and risk factors common 
to atrial fibrillation and NSVT, 11 participants with atrial fibril-
lation during the sleep study were excluded. The final analytic 
sample consisted of 2,911 individuals of whom 49 participants 
had 141 episodes of NSVT (Figure 1).

Case crossover study design

We utilized the bidirectional time-stratified case-crossover 
study design in which each individual serves as his own con-
trol with a hazard period directly preceding the event of interest 
(NSVT) and control periods sampled at regular intervals from 
both before and after the NSVT event (Figure 2). This approach 
is well-suited to determine relationships between outcomes 
with a discrete onset (NSVT) and exposures with intermittent 
timing and immediate and transient effects on risk (PLMS). 
Because both hazard and control periods are taken from the 
same person, each participant serves as his own control for vari-
ables which remain constant throughout the night (e.g. age, sex, 
comorbidities, medications). Since PLMS vary in distribution 
across the sleep period (i.e. declining across the sleep period 
[13]), the bidirectional time-stratified case-crossover design was 
used to address confounding by time-varying trends of PLMS 
(PLMS distribution occurrence skewed toward earlier compared 
with later time points).

The study design is presented in Figure 2. First, the sleep 
period, defined as sleep onset to last epoch of sleep, was div-
ided into approximately equal 30-min. Segments were of equal 
duration in each participant but differed between participants 
(range: 30.0–33.6 min) because of modest differences in sleep 
duration as assessed using standardized approaches [14]. 
Thirty-second hazard and control time windows were chosen 
based on duration of physiologic changes seen on sleep 
studies in prior work [9]. Within each such time segment with 
NSVT, a 30-s hazard period directly before the NSVT event 
and three control periods were selected by a random number 
generator. The control periods were selected in a bidirectional 
manner from sleep epochs in the 2.5-min window centered at 
5-min intervals from the epoch with NSVT event onset. The 
5-min intervals are equally spaced within the 30-min segment 
centered on the epoch with NSVT onset and can be either be-
fore or after the NSVT. If there were more than three potential 
control periods identified in the time segment, three control 
periods were randomly selected. NSVT events with fewer than 
three control periods were excluded from the main analysis 
(seven events excluded) but were included in sensitivity ana-
lyses. Each 30-s hazard and control period was examined for 
PLMS, respiratory events, and arousals. An EEG arousal, re-
spiratory event, and/or PLMS were considered to be within the 
hazard or control window if any portion was within that 30-s 
epoch.
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Polysomnography data collection and scoring

The recording montage consisted of C3/A2 and C4/A1 electro-
encephalograms (EEG), bilateral electrooculograms, a bipolar 
submental electromyogram, thoracic and abdominal respira-
tory inductance plethysmography, airflow, finger pulse oximetry, 
lead II electrocardiogram (250 Hz), body position, and bilateral 
anterior tibialis piezoelectric movement sensors. Additional in-
formation on polysomnography recording acquisition is in the 
Supplementary Material.

PLMS were scored in accordance with the 1993 American 
Academy of Sleep Medicine criteria in which individual leg 
movements are defined by a clear amplitude increase from 
baseline lasting between 0.5 and 5  s. Leg movements were 
considered to be periodic if at least four movements occurred 
in succession 5–90  s apart. This approach resulted in a PLMS 
index that is highly correlated (r  =  0.83) with the PLMS index 
derived using the 2013 [14] scoring criteria using leg EMG 
sensors [15]. Leg movements after respiratory events were not 
included unless part of a movement cluster with two or more 
leg movements occurring independent of respiratory events [16]. 
Arousals were scored according to American Sleep Disorders 
Association criteria, defined as an abrupt shift in electroenceph-
alogram frequency lasting at least 3 s and starting after at least 
10 continuous seconds of sleep [17]. In rapid eye movement 
sleep, electroencephalogram frequency shift required a simul-
taneous increase in chin electromyography amplitude. Periodic 
limb movements during sleep associated with arousals (PLMA) 
were defined as a PLMS which occurs during or within 0.5 s of 
an arousal [14, 18]. EEG arousals were subclassified as either as-
sociated with PLMS (ArousalsPLMS)—an arousal occurring during 
or within 0.5 s of a PLMS—or not (Arousalsno PLMS) [18]. Apnea was 
defined as 10 or more seconds of complete or near complete 
airflow cessation [19]. Hypopneas required a minimum 30% 
reduction in breathing amplitude compared with baseline ac-
companied by arterial desaturation of at least 3% lasting for 10 
or more seconds [19]. Respiratory-associated arousals were de-
fined as arousals occurring within 3 s of the end of a respiratory 

event. SDB severity was determined by the apnea–hypopnea 
index (AHI) which was calculated as the total number of apneas 
and hypopneas associated with a ≥3% desaturation per hour of 
sleep [20].

Outcome measures

Any participant with three or more consecutive ventricular ec-
topic beats was marked for secondary review. NSVT was defined 
as at least three consecutive beats arising from below the atrio-
ventricular node with a rate >100 beats/min and lasting less 
than 30 s. Only those NSVT episodes which occurred during a 
sleep epoch and were at least 5  min apart—which limits po-
tentiation from rapidly sequential NSVT events—were retained 
(n = 96 events in 41 participants) and comprised the final ana-
lytic sample.

Other measures

All participants completed questionnaires at the sleep visit, 
which included demographics, medical history, smoking status, 
and alcohol use questions. Medications used in the last month 
were recorded (details in the Supplementary Material). Physical 
activity was assessed using the Physical Activity Scale for the 
Elderly [21]. Coronary artery disease (CAD) was defined by a his-
tory of myocardial infarction, angioplasty, and/or coronary ar-
tery bypass graft surgery. Cerebrovascular disease was defined as 
a history of stroke, transient ischemic attack, or cerebrovascular.

Body mass index (BMI, kg/m2) was calculated from body 
weight and height. Cholesterol was measured during the MrOS 
baseline visit 3 years prior.

Statistical analysis

Participant characteristics were summarized as mean ± 
standard deviation (SD), median (interquartile range, IQR), or 
n (%) and compared using Fisher’s exact tests for categorical 
variables, t-tests for normally distributed continuous variables, 
and Wilcoxon rank sum for continuous variables with skewed 
distributions.

Conditional logistic regression was used to determine the re-
lationship between the PLMS exposures (PLMS and PLMA) and 
subsequent NSVT likelihood; results are reported as an odds 
ratio (95% confidence interval). Because respiratory events and 
arousals can trigger sympathetic nervous system activation, 
models were further adjusted for minimum oxygen saturation 
and respiratory events and arousals during the same hazard/
control period as covariates. Multivariable models examining 
(1) PLMA or (2) arousals associated with PLMS (ArousalsPLMS) in-
cluded the following covariates from the same hazard/control 
period: respiratory events, minimum oxygen saturation, and 
Arousalsno PLMS. For the primary analysis, each sleep-related event 
was coded as a binary variable (present or absent) if any part of 
it was within the 30-s hazard/control period.

Methods for secondary and sensitivity analyses are pre-
sented in the Supplementary Material. Secondary analyses in-
clude stratified analyses based on periodic limb movement 
index (≥5 vs. <5 and ≥15 vs. <15) and subset analyses based on 

5994 enrolled MrOS Baseline 
visit 2000-2002

3135 enrolled in MrOS Sleep 
Study 2003-2005

2911 with usable PSG data
80 participants with potential 

NSVT

2859 not at Sleep Visit 1: 
1997 refused
349   died
40     terminated
150   not eligible
323   not asked, recruitment goal met

224 without PSG data
179 no recording done
45 failed recording

71 participants with NSVT

2 no RAW data to review 
7 no NSVT events on visual review

141 NSVT episodes in 
49 participants

11 AF during PSG
10 NSVT events in wake only
1 all NSVT events with insufficient 

control periods (<3)

AF = atrial fibrillation, MrOS = Osteoporotic Fractures in Men Study, NSVT = 
non-sustained ventricular tachycardia, PLMI = periodic limb movement index 
(per hour sleep), PSG = polysomnography

Figure 1. Study recruitment, retention, and attrition.
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Figure 2. Bidirectional case-crossover design used in this analysis. Each segment with an NSVT event was analyzed for hazard period (30 s preceding the onset of NSVT) 

and control periods selected from 2.5-min control windows spaced at 5-min intervals from the NSVT event. Three 2.5-min control windows with at least 1 30-s epoch 

of sleep is selected. If there is more than 1 epoch of sleep within the control window, 1 epoch of sleep is randomly selected to serve as the control period.
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coronary artery disease diagnosis. Interactions between PLMS 
and respiratory events or arousals were examined. Interaction 
between those participants with one event versus several were 
assessed. Sensitivity analyses include evaluating only one NSVT 
event per participant, including all events with at least one 
control period, and evaluating events (PLMS, PLMA, respiratory 
events, and arousals) as graded exposures. All significance levels 
reported are two-sided and all analyses were conducted using R 
version 3.4.3 [22].

Results

Participant characteristics

The 49 participants with NSVT in the study cohort (n = 2,911) were 
predominantly Caucasian (98%), had an average age of 79.5  ± 
6.2 years and body mass index of 26.5 ± 4.2 kg/m2 with a PLMI of 
32.1 (IQR: 10.1, 61.4), PLMA index of 2.2 (IQR: 1.0, 8.4), and apnea–
hypopnea index of 17.1 (IQR: 9.4, 26.1); further demographic, rele-
vant medical history and medication use, and polysomnography 
characteristics are given in Table 1. The participants in the final 

analytic sample—those with NSVT—compared with those not 
included were significantly older (mean 79.5 vs. 76.3 years) with 
higher prevalence of CAD (47.9% vs. 25.9%) and heart failure 
(14.3% vs. 5.8%), and a lower weekly alcohol consumption (65.3% 
vs. 46.3% <1 drink). Although the analytic cohort had increased 
PLMS and PLMA indices (32.1 [IQR: 10.1, 61.4] vs. 23.8 [IQR: 3.2, 
56.1] and 2.2 [IQR: 1.0, 8.4] vs. 1.8 [IQR: 0.3, 5.5], respectively), no 
significant differences were found in any sleep variables.

NSVT and periodic limb movements during sleep

Reflective of the overall sleep state distribution, 20% of NSVT 
events occurred during rapid eye movement sleep which com-
prised 18.8  ± 8.2% of the sleep period. Most NSVT events oc-
curred during N1 or N2 sleep (71.6%), and 8.5% during N3 sleep. 
Among participants with NSVT events, the majority had one 
NSVT event (n = 30), nine participants had two NSVT events, four 
participants had three to five NSVT events, and six had more 
than five NSVT events.

PLMS with or without associated arousal occurred in 34 of 
the 141 hazard periods (24.1%) and 90 of the 423 control periods 

Table 1. Baseline cohort characteristics

Analytic sample with NSVT (n = 49) Sample without NSVT (n = 2,862) P

Age 79.5 ± 6.2 76.3 ± 5.5 <0.001
Race   0.52
 Caucasian 48 (98.0) 2593 (90.6)  
 African American 0 (0.0) 99 (3.5)  
 Asian 0 (0.0) 84 (2.9)  
 Other 1 (2.0) 86 (3.0)  
Body mass index, kg/m2 26.5 ± 4.2 27.2 ± 3.8 0.18
History of
 Coronary artery disease* 23 (47.9) 740 (25.9) 0.001
 Heart Failure 7 (14.3) 167 (5.8) 0.03
 Cerebrovascular disease† 5 (10.2) 315 (11.0) >0.99
 Hypertension 23 (46.9) 1430 (50.0) 0.77
 Diabetes mellitus 7 (14.3) 380 (13.3) 0.83
 Renal disease 0 (0.0) 30 (1.0) >0.99
Current medication use
 Anti-arrhythmic‡ 27 (55.1) 1513 (52.9) 0.87
 Anti-hypertensive 34 (69.4) 1799 (62.9) 0.43
 Dopaminergics 1 (2.0) 75 (2.6) >0.99
 Dopamine antagonists§ 2 (4.1) 31 (1.1) 0.11
 SSRI/SNRI 1 (2.0) 126 (4.4) 0.72
Current smoker 1 (2.0) 56 (2.0) 0.63
Alcohol use, drinks/week   0.08
 <1 32 (65.3) 1326 (46.3)  
 1–13 16 (32.7) 1366 (47.7)  
 14+ 1 (2.0) 155 (5.4)  
PASE physical activity score 125.7 [68.2, 162.4] 141.1 [95.9, 187.3] 0.08
Rapid eye movement % 18.8 ± 8.2 19.2 ± 6.6 0.66
Apnea–hypopnea index 17.1 [9.4, 26.1] 16.7 [8.8, 28.6] 0.83
PLMI 32.1 [10.1, 61.4] 23.8 [3.2, 56.1] 0.08
PLMAI 2.2 [1.0, 8.4] 1.8 [0.3, 5.5] 0.051
Arousal index 20.9 [16.3, 28.3] 21.2 [15.3, 29.5] 0.90

Values presented as n(%), mean ± standard deviation, or median [interquartile range]. PLMAI, periodic limb movement with arousal index; PLMI, periodic limb move-

ment during sleep index; SNRI, selective norepinephrine reuptake inhibitor; SSRI, selective serotonin reuptake inhibitors.

*Includes myocardial infarction, coronary bypass surgery, and angioplasty.
†Includes stroke, transient ischemic event, or past history of cerebrovascular disease.
‡Includes calcium channel blockers, nonophthalmic beta-blockers, cardiac glycosides, and anti-arrhythmic medications—cardiac sodium channel blockers and po-

tassium channel blockers.
§Includes antipsychotics, domperidone, prochlorperazine, perphenazine, chlorpromazine, metoclopramide, and tricyclic antidepressants.
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(21.3%). Of 124 PLMS events, 36 (29.0%) were PLMA. PLMA oc-
curred in 14 of 141 (9.9%) hazard periods and 22 of 423 (5.2%) 
control periods.

Case-crossover analyses

Primary analysis results are displayed in Table 2. There was 
no statistically significant association between PLMS—re-
flecting combined PLMS both with and without arousals—and 
NSVT events in unadjusted or adjusted analyses (OR  =  1.41, 
95% CI: 0.73–2.75 and OR = 1.43, 95% CI: 0.73–2.81, respectively). 
Moreover, when only PLMS not associated with arousals were 
examined, there was no association identified with NSVT. In 
contrast, PLMA were associated with a greater than twofold 
higher subsequent NSVT odds in unadjusted models (OR = 2.50, 
95% CI: 1.11–5.65), which persisted after adjusting for respira-
tory events, minimum oxygen saturation and Arousalsno PLMS 
(OR = 2.31, 95% CI: 1.02–5.25).

Arousals (including all arousals regardless of association 
to PLMS or not) were not significantly associated with NSVT 
events. When arousals were stratified into those associated with 
PLMS or not, both adjusted and unadjusted models of Arousalsno 

PLMS were not significantly associated with NSVT (OR  =  0.61, 
95% CI: 0.34–1.11 and OR = 0.65, 95% CI: 0.36–1.19, respectively). 
Only ArousalsPLMS were significantly associated with NSVT in 
unadjusted models (OR = 2.84, 95% CI: 1.23–6.56), and this sig-
nificance persisted after adjustment for Arousalsno PLMS, respira-
tory events, and minimum oxygen saturation (OR = 2.61, 95% CI: 
1.13–6.05). Respiratory events (apneas and hypopneas) and min-
imum oxygen saturation were not associated with NSVT events 
in unadjusted or adjusted models.

Secondary and sensitivity analysis are presented in the 
Supplementary Material. Stratified analyses identified asso-
ciations between PLMA and ArousalsPLMS relative to subse-
quent NSVT. These associations are preserved in those with 
PLMS index ≥5 (Supplementary eTable 1) and PLMS index ≥ 
15 (Supplementary eTable 2), although with loss of signifi-
cance for PLMA likely secondary to decreased power. Results 

were stronger in those without prevalent heart disease 
(Supplementary eTable 3). Results were robust to sensitivity 
analyses (Supplementary Results).

Discussion
This is the first study of which we are aware to evaluate 
the temporal relationship between PLMS with and without 
arousal on arrhythmogenesis. Our findings provide novel in-
sights pertaining to PLMA as a potential trigger of ventricular 
arrhythmogenesis. We identify that in this cohort of older 
men PLMA are associated with an approximate twofold higher 
odds of subsequent NSVT compared with similar sleep periods 
(matched in sleep time) without PLMA. Correspondingly, only 
arousals associated with PLMS were temporally associated with 
NSVT. In contrast, no such association was observed for PLMS 
without associated arousals or arousals not associated with 
PLMS. The strength of associations persisted after adjustment 
for potential confounding by other sleep-related disturbances 
such as respiratory events, minimal period saturation, and 
arousals without associated PLMS. This association between 
PLMA and arousals associated with PLMS relative to NSVT was 
strongest in those without prevalent cardiovascular disease. 
Results were robust to multiple sensitivity analyses. These find-
ings are of potential clinical importance given that NSVT is as-
sociated with a twofold increased risk of sudden cardiac death 
in men without heart disease NSVT as well as predicts sudden 
cardiac death after myocardial infarction [23, 24]. Our sensitivity 
analyses support associations between PLMA and NSVT in indi-
viduals without known cardiac disease, a group that may not be 
routinely recognized as at increased risk for arrhythmias.

There is a biological rationale for the observed association 
of PLMS, especially with arousal, and cardiac arrhythmia. Limb 
movements, particularly when associated with arousal, are 
associated with autonomic nervous system dysregulation in 
sleep which persists into the wake state, and this upregulation 
of autonomic activity has been implicated as a strong etio-
logic basis in arrhythmia generation [9, 25–29]. PLMS distort the 

Table 2. Odds ratios (95% confidence intervals) of nonsustained ventricular tachycardia after exposure

Unadjusted odds ratio (95% CI) Multivariable adjusted odds ratio (95% CI)

PLMS type
 No PLMS Reference Reference
 PLMS with or without associated arousal 1.41 (0.73–2.75) 1.43 (0.73–2.81)*
 PLMS without arousal 0.80 (0.41–1.55) 0.80 (0.41–1.59)*
 PLMA 2.50 (1.11–5.65) 2.31 (1.02–5.25)†

Respiratory events 1.17 (0.75–1.84) 1.19 (0.76–1.87)‡

Minimum oxygen saturation 0.99 (0.98–1.00) 0.99 (0.98–1.00)§

Arousal
 No arousal Reference Reference
 All arousals 1.00 (0.61–1.63) 0.96 (0.59–1.57)||

 Arousalsno PLMS 0.61 (0.34–1.11) 0.65 (0.36–1.19)¶

 ArousalsPLMS 2.84 (1.23–6.56) 2.61 (1.13–6.05)†

Arousals PLMS, arousals associated with PLMS; Arousalsno PLMS, arousals not associated with PLMS; CI, confidence interval; PLMA, periodic limb movement associated 

with arousal; PLMS, periodic limb movement during sleep.

*Adjusted for respiratory events, minimum saturation, and arousals.
†Adjusted for respiratory events, minimum saturation, and Arousalsno PLMS.
‡Adjusted for minimum saturation, arousals, and any PLMS.
§Adjusted for respiratory events, arousals, and any PLMS.
||Adjusted for respiratory events, minimum saturation, and any PLMS.
¶Adjusted for respiratory events, minimum saturation, and PLMA.
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normal autonomic nervous system balance characterized by 
sympathetic nervous system dominance over parasympathetic 
output and decreased heart rate variability during PLMS events 
[28–30]. Autonomic tone changes associated with PLMS are also 
observed before ventricular tachycardia onset [25, 26, 31–33]. 
Taken together, these data suggest that PLMS may exacerbate 
cardiac structural changes and provoke arrhythmias.

Another mechanism that may link PLMS and NSVT in those 
without self-reported cardiac disease may be via subclinical car-
diac disease. It is possible that recurrent surges in blood pressure 
with PLMA results in cardiac remodeling, increasing propen-
sity for NSVT [34, 35]. Interestingly, we observed a stronger as-
sociation in individuals without known cardiac disease. This 
could reflect competitive risk factors, or potentially protective 
effects of common cardiac medications (e.g. beta-blockers) on 
arrhythmogenesis, particularly in those without known cardiac 
disease.

An inherent strength of this study is the case-crossover de-
sign which is ideally suited to examine temporal associations 
for outcomes with a discrete onset such as NSVT. Additionally, 
since all participants served as their own controls, all charac-
teristics that are constant during the one-night observation 
period—demographics, medical history, medication use, etc.—
have inherent perfect subject matching. In this epidemiologic 
cohort of community-dwelling older men, data integrity was 
maximized with standardized protocols and procedures.

There are several study limitations. Given the cohort char-
acteristics, findings may not be generalizable beyond men aged 
65 years and older, a population at high risk for cardiac arrhyth-
mias. There is also possibility of misclassification due to ana-
lysis of polysomnography data from a single-night. Although 
night-to-night variability in PLMS frequency may limit assess-
ment of absolute level of risk attributable to PLMS, it is unlikely 
that the relative risk estimates would substantially vary [36]. 
Periods with ectopy (including other NSVT events in the same 
sleep period as the index NSVT event) were not excluded from 
eligibility for control periods and may have biased the results 
toward the null. Leg movements were assessed using piezoelec-
tric sensors, which do not reflect the standard anterior tibialis 
electromyography sensors and did not allow quantification of 
amplitude changes in movement. The limb scoring used does 
not correspond with the current standard, which impacts the 
generalizability of the study to studies using different scoring 
approaches; therefore, results should be interpreted accord-
ingly. There is also the possibility of residual confounding 
by events outside the hazard period which may influence 
arrhythmogenesis. The small number of NSVT episodes in this 
study may have had insufficient power to detect a meaningful 
temporal association between predictors (e.g. respiratory ob-
structive events, hypoxemia) and NSVT. Competing risks in 
those with cardiac disease may have precluded identification of 
a significant association in this group. Additional studies that 
confirm and expand on this work are needed.

Future investigation should be focused on addressing the 
role of PLMS on arrhythmia risk in other populations, including 
women and younger populations. Clarification of the relation-
ship between PLMA and cardiac structural changes via echo-
cardiography may further characterize the pathophysiology 
of PLMA-induced arrhythmogenesis. Finally, further work is 
needed to clarify whether targeted PLMA-directed interventions 
mitigate cardiac arrhythmogenesis.

In conclusion, PLMA and arousals associated with PLMS are 
temporally associated with a twofold increase in odds of sub-
sequent nocturnal NSVT in older men with persistence after 
numerous sensitivity analyses. Results were stronger in those 
without prevalent heart disease.
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