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Abstract
Purpose Sleep-related breathing disorders (SRBD) have been associated with adverse cardiovascular events and prognosis.
Some modern pacemakers (PMK) and implantable cardioverter defibrillators (ICD) are equipped with thoracic impedance
monitoring systems which allow detecting fluctuations in tidal volume occurring in SRBD. This study aimed at assessing the
accuracy of a novel transthoracic impedance-based PMK/ICD sensor for automatic detection of SRBD.
Methods We prospectively enrolled 31 consecutive patients scheduled for implantation of a PMK or an ICD with sleep respi-
ratory disturbances monitoring capability. The results of unattended home nocturnal recordings expressed as apnea/hypopnea
index (AHI) were compared with the respiratory disturbance index (RDI) stored in the cardiac device memory at the time
polygraphy was performed.
Results Among the 31 enrolled patients (20 men, mean age 70 ± 8 years), a comparison between the data from polygraphy and
cardiac device was feasible in 29 patients. According to the results of home nocturnal recording, a severe SRBDwas observed in
7/29 (24.1%) patients. On the basis of receiver-operating characteristic curve analysis of RDI values, the optimal RDI cutoff
value to identify severe SRBD was 47 episodes/h (sensitivity 100%, specificity 100%). Bland-Altman agreement analysis of
AHI-RDI revealed a bias between measurements of − 11 episodes/h, with limits of agreement − 38 to 15 episodes/h.
Conclusions In the present study, the novel transthoracic impedance-based monitoring system ApneaScanTM appeared effective
in screening PMK and ICD patients for SRBD.
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1 Introduction

Over the past decade, raising awareness of the role of
sleep-related breathing disorders (SRBD) in the causation
and promotion of several cardiovascular diseases has led
to a significant increase in evaluation of sleep respiratory
disturbances [1]. Specifically, SRBD have been demon-
strated to significantly increase the risk of developing hy-
pertension [2] and arrhythmias [3, 4], as well as worsen
outcomes in patients with heart failure [5], being a pre-
dictor of premature cardiovascular death. Nonetheless,
SRBD screening is not yet integrated into current clinical
practice and remains largely underdiagnosed by means of
standard monitoring technology.

Thoracic impedance monitoring systems have been devel-
oped in order to detect fluctuations in tidal volume occurring
in SRBD [6–8]. Some modern pacemakers (PMK) and im-
plantable cardioverter defibrillators (ICD) are equipped with
these algorithms, which allow for continuous monitoring of
the severity of sleep apnea (SA). Although SRBD detected
and monitored by implantable cardiac devices might signifi-
cantly improve patient care, nocturnal respiratory data from
these devices have not been fully validated.

The aim of this study was to evaluate the performance of
the ApneaScanTM algorithm among patients who underwent
PMK or ICD implantation according to standard indications.

2 Methods

2.1 Study design and objectives

The present study is a sub-analysis of the Multiparametric
Heart Failure Evaluation in Internal Cardioverter
Defibrillators (ICD) Patients (MULTITUDE-HF) trial [9].
Data from 31 consecutive patients scheduled for implantation
of a PMK or an ICD endowed with the ApneaScanTM diag-
nostic feature (Boston Scientific Inc., Natick, MA, USA) were
prospectively collected in an institutional review board-
approved registry. All patients gave written informed consent
for the diagnostic and invasive procedures. Devices and pac-
ing leads were implanted by means of standard techniques.
Eligibility for device implantation was based on international
guidelines [10]. A home sleep monitoring (HSM) study
(polygraphy) was prescribed to all patients 1 month following
device implantation.

The device was interrogated on the morning after the sleep
study and the average number of apnea/hypopnea events per
hour, as detected by the ApneaScanTM algorithm throughout
the same night of the HSM study, was documented.

This value, reported by the device as respiratory distur-
bance index (RDI), was subsequently compared with the
apnea/hypopnea index (AHI) assessed by means of noc-
turnal polygraphy.

The objectives of the present study were to (1) assess the
level of agreement between the device-calculated RDI and the
AHI values measured by the HMS study; (2) calculate the
RDI cutoff for maximization of sensitivity and specificity of
device-detected SRBD; and (3) estimate the day-to-day vari-
ability of the RDI values measured by the device over a period
of 7 days prior to the sleep study.

Moderate-to-severe chronic obstructive pulmonary dis-
ease, primary pulmonary hypertension, or a known diagnosis
of severe SRBD were exclusion criteria of the study. Baseline
clinical characteristics, drug therapy, ECG, and echocardio-
graphic parameters were prospectively collected.

2.2 Sleep study recording

All patients enrolled in the study underwent a home sleep
study recording by means of a multi-sensor portable sleep
apnea monitor (Embletta, Broomfield, USA). Polygraphy
results were scored by two experienced sleep experts (AR,
MA), board certified by the Italian Association of Sleep
Medicine, who were unaware of the results reported by
the implantable cardiac device [11]. The parameters mon-
itored during the sleep study included nasal and oral flow,
air temperature, oxygen saturation via finger pulse oxim-
etry, respiratory effort through plethysmography, snoring,
body positions, and movements. Apnea was defined as a
decrease in oronasal airflow > 90% lasting ≥ 10 s;
hypopnea was defined as a decrease in flow > 50% lasting
≥ 10 s coupled with a > 3% drop in oxygen saturation
[11]. The AHI was calculated as apnea/hypopnea episodes
divided by the hours of sleep (sleep time). The sleep time
did not include any movement or standing position times
detected during the sleep study. SA was classified as nor-
mal for AHI < 5, mild for AHI between 5 and 14.9,
moderate for AHI between 15 and 29.9, and severe for
AHI ≥ 30 [7, 12].

2.3 Device characteristics, SA detection, and analysis

Patients were implanted with commercially available PMKs
and ICDs with sleep respiratory disturbances monitoring ca-
pability (ApneaScanTM).

The ApneaScanTM sensor continuously measures fluc-
tuations in thoracic electrical impedance by sending a
low-voltage signal from the lead and the can. Thoracic
impedance changes occurring during inspiration and
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expiration are detected and used to create a respiratory
waveform. The waveform is used to detect breaths and
their relative tidal volumes. At night, the algorithm is able
to identify apnea/hypopnea episodes by detecting reduc-
tions in the average tidal volume. An apnea/hypopnea
event is counted if tidal volumes remain below 74% of
the average value for > 10 s or no respiratory waveform is
detected. The RDI is calculated as follows: overall num-
ber of apnea or hypopnea events/hours of sleep [7].

This datum is presented as a trend on pacemaker interroga-
tion (Fig. 1).

The company suggests adopting an RDI value of 32
episodes/h as a cutoff for severe SA.

2.4 Statistical analysis

Continuous data were expressed as mean ± standard de-
viation (SD). Categorical data were expressed as percent-
ages. Differences between mean data were compared by
means of a t test. Optimal cutoff values of parameters
were determined by means of receiver-operating charac-
teristic curve analysis. Agreement between the two index-
es was computed as the bias (mean), with limits of agree-
ment computed as bias ± 2 SD when differences followed
normal distribution. Normality was tested by means of the
Kolmogorov-Smirnov one-sample test. A p value < 0.05
was considered significant for all tests. All statistical anal-
yses were performed by means of STATISTICA software,
version 7.1 (StatSoft, Inc.).

3 Results

3.1 Study population

A total of 31 consecutive patients with a standard indica-
tion for permanent pacing (N = 12) or ICD (N = 19)
underwent device implantation at our center and were en-
rolled in the study. The cohort was 64.5% male, with a
mean age of 70 ± 8 years. Baseline characteristics of the
population are reported in Table 1.

3.2 HSM and SA detection

Stored RDI data were collected in the morning following the
overnight HSM study.

A device-measured RDI value was not available in 2 pa-
tients during the study night and these patients were excluded
from the analysis. In the remaining 29 patients, the mean
HSM-AHI was 23 ± 19 episodes/h and 7 (24.1%) of them
had a diagnosis of severe SA (Fig. 2). The average RDI value
documented by the sensor during the same night was 34 ± 22
episodes/h and was significantly higher in patients with severe
SA on the sleep study recording (65 ± 18 versus 24 ± 12
episodes/h, p < 0.001).

Receiver-operating characteristic curve analysis for the abil-
ity of the RDI to detect a severe form of SA revealed a sensitivity
and specificity of an RDI value of 32 episodes/h of 71% and
81%, respectively. The cutoff value that best identified severe
SA was 47 episodes/h. This enabled severe SA to be detected

Fig. 1 The respiratory disturbance index is the average number of apnea/hypopnea events per hour throughout the night and is presented as a daily trend
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with 100% sensitivity and specificity. The Bland-Altman agree-
ment analysis of AHI-RDI revealed a bias between measure-
ments of − 11 episodes/h, with limits of agreement − 38 to 15
episodes/h (Fig. 3). The RDI value closely correlated with the
AHI value (r = 0.80, 95% CI 0.61to 0.90; p < 0.001).

Analysis of the RDI values measured by the device identi-
fied 14 patients with at least 2 RDI values collected over a
period of 7 days prior to the sleep study. Individual maximum
and minimum RDI values in these patients are reported in Fig.
4. The mean weekly RDI variability (maximum RDI–
minimum RDI) was 18 ± 8 episodes/h, and 5 (36%) patients
presented RDI values both below and above the cutoff value
of 47 episodes/h during the week.

4 Discussion

In the present study, we investigated the accuracy of a
novel transthoracic impedance-based PMK/ICD sensor

for automatic detection of SRBD. The device-calculated
RDI value appeared to accurately identify severe SRBD.
Good agreement was observed when comparing device-
detected RDI estimations and values of AHI assessed by
means of nocturnal polygraphy. Moreover, the opportu-
nity to continuously monitor the RDI allowed us to de-
tect a wide day-to-day variability in the amount of re-
spiratory disturbance. This critical issue is actually well
known in sleep medicine; the AHI shows an important
inter-individual variability, especially when applied in
classification or as a criterion of therapeutic success dur-
ing a single recording [13]. In this perspective, continu-
ous monitoring of nocturnal apnea/hypopnea episodes
becomes of utmost importance for diagnostic and thera-
peutic purposes.

Of note, SRBD are a common finding among patients with
cardiovascular diseases [1].

Specifically, SRBD have been demonstrated to signif-
icantly increase the risk of developing hypertension [2]
and arrhythmias [3, 4, 14], as well as worsen outcomes
in patients with heart failure [5], being a predictor of
premature cardiovascular death. The prevalence of both
bradyarrhythmias and tachyarrhythmias is remarkably
high in patients suffering from SRBD and increase with
the number of apneic episodes and severity of hypox-
emia [15]. Approximately 50% of SRBD patients expe-
rience nocturnal arrhythmias, especially complex ven-
tricular ectopy, sinus arrest, and atrio-ventricular con-
duction block [4]. Moreover, individuals with SRBD
have up to four times the odds of atrial fibrillation
(AF) compared with the general population [16] and
obstructive SA in patients with AF represents an inde-
pendent predictor of stroke [17]. Recently, device-
diagnosed severe SA has been demonstrated to be inde-
pendently associated with a higher risk of AF and new
onset AF in PMK patients [18].

In patients with suspected SRBD, a definitive diagnosis
should require a full-night laboratory nocturnal
polysomnography (PSG) spending a night in a sleep lab-
oratory [11], during which multiple polygraphic variables
are continuously recorded (electroencephalogram, electro-
myogram, electro-oculogram, respiration, and snoring).

Table 1 Demographics and baseline clinical parameters

Parameter N = 31

Male gender (n (%)) 20 (64.5)

Age (years) 70 ± 8

BMI 29 ± 4

Hypertension (n (%)) 7 (22.6)

Diabetes (n (%)) 9 (29.0)

Dyslipidemia (n (%)) 11 (35.5)

COPD (n (%)) 7 (22.6)

CKD (n (%)) 11 (35.5)

LVEF (%) 42 ± 14

Coronary artery disease (n (%)) 12 (38.7)

Dilated cardiomyopathy (n (%)) 16 (51.6)

History of AF (n (%))

Paroxysmal (n (%)) 9 (29.0)

Persistent (n (%)) 1 (3.2)

Values are reported as mean ± SD or n (%). AF, atrial fibrillation; BMI,
body mass index; CKD, chronic kidney disease; COPD, chronic obstruc-
tive pulmonary disease; LVEF, left ventricular ejection fraction; TIA, tran-
sient ischemic attack

Fig. 2 Individual values of the
respiratory disturbance index
measured by the device during the
sleep study night. Red dots:
patients with severe SA during the
sleep study (AHI ≥ 30 episodes/
h); blue dots: patients with AHI <
30 episodes/h

J Interv Card Electrophysiol (2019) 56:327–333330



Although PSG is considered the diagnostic gold standard,
access to this procedure is limited, as it requires special
institutions and trained technicians and is relatively ex-
pensive. In addition, as previously reported, a single re-
cording may be biased by intra-individual variability [13].

Although laboratory full PSG is considered the inves-
tigation of choice to diagnose SRBD, it is expensive and
problematic for patients who have to travel to a center and
spend a night away from home. HSM represents a vali-
dated, close to the real life, and less expensive tool to
diagnose SA [19]. In addition, there is growing evidence
that home devices may be useful in several clinical set-
tings particularly when SRDB is suspected [20].
However, HSM, though generally effective, may underes-
timate the SA severity because of the differences in
methods to detect obstructive events and amount of sleep.
The numerator of the AHI may be lower for a portable
test than an in-laboratory test, as subtle sleep-disordered
breathing is not as easily identified, as it would on an in-
laboratory test because of the inability to detect arousal-
related events (so-called respiratory effort-related
arousals). Additionally, the denominator (time) is larger
with portable tests because recording time is assessed
rather than the real sleep time (lacking EEG signal for
sleep scoring in HSM) [19].

Even if HSM simplifies the diagnostic process, a remark-
ably high number of patients with severe SA still remains
undiagnosed and/or undertreated [21]. As an example, 24%
of patients in our cohort were newly diagnosed with severe
SA. The rate of patients with undiagnosed, clinically signifi-
cant SRBD has been reported to be as high as 85% [22].

Some recent PMKs and ICDs feature thoracic imped-
ance monitoring systems, which allow the device to detect
fluctuations in tidal volume occurring in SRBD [7]. The
aim of our study was to validate the diagnostic accuracy
of the ApneaScanTM algorithm to detect and monitor
sleep respiratory disturbances.

The ability of the algorithm to identify patients with
severe sleep-disordered breathing seemed high, thus ne-
cessitating further investigation of the severity and form
of SA severity, and possibly additional therapy. Although
there was good agreement between HSM-AHI and
ApneaScanTM-RDI measurements recorded during the
sleep study night, this device feature should be considered
for screening purposes only and not as an alternative to
home or laboratory sleep monitoring studies. We found
higher values of ApneaScanTM-RDI when compared with
nocturnal monitoring values. Although ApneaScanTM is
considered a simple screening tool requiring diagnostic
confirmation, this issue may be explained also by the

Fig. 3 Panel a Diagram showing the data pairs in all 29 patients. Panel b
Bland-Altman plots. AHI-RDI is the difference between indexes; average

Index is their mean. The solid line indicates the bias and the dashed lines
the limits of agreement between indexes

Fig. 4 Individual maximum and
minimum of RDI values
measured by the device during the
week preceding the study night.
The red stars indicate patients
with RDI values both below and
above the cutoff value of 47
episodes/h during the week
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AHI underestimation obtained from HSM versus full PSG
as previously reported. Nevertheless, ApneaScanTM may
be considered an efficient tool for pre-screening patients
who require additional investigation, within the frame-
work of a complete management program, even if full
PSG may confirm or increase its potential use.

The availability of a tool for the automatic and contin-
uous measurement of SA could enable their long-term
behavior to be analyzed, thereby allowing the possible
effect of therapeutic interventions to be monitored. In
our analysis, we observed wide day-to-day variability in
the severity of SA. Specifically, in 36% of patients in
whom multiple measurements were taken over a period
of 7 days prior to the sleep study, we recorded RDI values
both below and above the identified cutoff for severe SA.
Similar observations of a wide intra-individual variability
in AHI/RDI values were reported in a series of patients
undergoing multiple polysomnographic recordings [23] at
different time points (mean interval 3.3 weeks), as well as
in a cohort of 58 patients [24] with PMKs equipped with a
respiratory sensor from a different brand (mean intra-
individual day-to-day RDI variability 19% ± 21%). In
our opinion, this preliminary result seems to question
the clinical validity of a single assessment by means of
PSG, in that the variability of the value overtime could
result in inaccurate diagnoses and therapeutic decisions.

4.1 Limitations

The study has some potential limitations, which need to
be addressed. First, the main limitation of the present
study is the low number of patients included. Second,
the algorithm for SA detection does not distinguish be-
tween obstructive and central SA. Therefore, despite its
accuracy in detecting SA, its adoption in clinical practice
will probably remain limited to the preliminary screening
of possible respiratory disturbances, which means that
dedicated monitors will not fully replace sleep studies.
Third, a safety feature of the algorithm is to interrupt for
1 hour any respiratory sensor recordings if three or more
rapid ventricular intervals are registered on the ventricular
channel. In patients with frequent runs of non-sustained
ventricular ectopies, missing data can result from
arrhythmia-related sensor inhibition, therefore hindering
night-to-night RDI variability analysis.

4.2 Conclusion

The ability of the ApneaScanTM algorithm to identify patients
with SRBD seemed high, thus requiring further investigation
of the severity and form of apnea, and possibly necessitating
additional therapy.
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