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Abstract
Background  Remote monitoring of cardiac implantable electronic devices (CIEDs) offers practical and clinical benefits 
juxtaposed against burdens associated with high transmission volume.
Methods  We identified patients receiving de novo pacemakers (PPMs) and implantable cardiac defibrillators (ICDs) at a 
single academic medical center (January 2016–December 2019) with at least 1 year of follow-up device care. We collected 
patient- and device-specific data at time of implant and assessed all remote and in-person interrogation reports for clinically 
actionable findings based on pre-specified criteria.
Results  Among 963 patients (mean age of 71 (± 14) years, 37% female), 655 (68%) underwent PPM, and 308 (32%) under-
went ICD implant. Median follow-up was 874 (627–1221) days, during which time patients underwent a mean of 13 (10–16) 
total interrogations; remote interrogations comprised 53% of all device evaluations; and of these, 96% were scheduled 
transmissions. Overall, 22% of all CIED interrogations yielded significant findings with a slightly higher rate in the PPM 
than in the ICD group (23% vs. 20%, p < 0.01). Only 8% of remote interrogations produced clinically meaningful results, 
compared with 38% of in-person ones. In adjusted models, routine, remote transmissions were least likely to be useful for 
both PPM and ICD patients (p < 0.001), whereas time from initial device implant was inversely associated with probability 
of obtaining a useful interrogation (p < 0.001).
Conclusions  Routine remote interrogations constitute the majority of device evaluations performed, but uncommonly identify 
clinically actionable findings.
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CIED	� Cardiac implantable electrical devices
PPM	� Permanent pacemaker
ICD	� Implantable cardioverter-defibrillator
CHF	� Congestive heart failure
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1  Introduction

Remote monitoring of cardiac implantable electronic 
devices (CIEDs), including permanent pacemakers (PPM) 
and implantable cardiac defibrillators (ICDs), is growing 
in prevalence. Remote monitoring includes patient-initi-
ated transmissions as well as programmed alerts, alongside 
routine interrogations performed at predetermined inter-
vals based on clinical indications, practice guidelines, and 
reimbursement structures. The latter typically occur every 
3–12 months for PPMs and every 3–6 months for ICDs [1]. 

Multiple studies illustrate the clinical benefits of remote 
monitoring, particularly as replacements for in-person eval-
uations [2–5]. Advantages include increased convenience, 
faster identification of dangerous arrhythmias or device mal-
function, and timelier clinician responses. Remote moni-
toring may also reduce unnecessary in-person office visits, 
which can be cumbersome for patients with long travel times 
or difficult access to in-person care [6–9].
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However, the high volume of data flowing into clinician 
offices may complicate the “signal-to-noise ratio” of mean-
ingful or clinically relevant findings [10]. Concerns about 
clinical and financial burdens on device monitoring pro-
grams and payors [11], respectively, raise questions about 
utilization of remote monitoring as currently implemented, 
particularly regarding routine, scheduled transmissions.

Accordingly, this study aimed to evaluate the incidence 
of clinically actionable findings identified through routine 
remote monitoring of CIEDs. In addition, we evaluated 
patient- and device-specific factors associated with clinically 
significant transmissions.

2 � Methods

2.1 � Data sources and extraction

This study was reviewed by the Beth Israel Deaconess Medi-
cal Center Institutional Review Board. Eligible patients were 
identified retrospectively by extracting procedural data from 
the Beth Israel Deaconess Medical Center electrophysiology 
lab clinical reporting system for procedures performed dur-
ing the study period. Each case was manually reviewed for 
eligibility/inclusion.

Baseline demographic, clinical, and device-specific data 
were extracted from the electronic medical record (see vari-
ables below) specific to the date of their implantation pro-
cedure. Manual electronic chart review was then performed 
from date of implantation through end of the follow-up 
period for any in-person or remote interrogations performed.

All data were entered directly into standardized case 
report forms using the research electronic data capture sys-
tem (REDCap).

2.2 � Patient population and clinical pathway

All patients undergoing implantation of new PPMs and 
ICDs at BIDMC between January 1, 2016, and Decem-
ber 31, 2019, were eligible for inclusion. Single-chamber, 
dual-chamber, cardiac resynchronization therapy, leadless 
pacing systems, and subcutaneous ICDs were all eligible 
for inclusion. Exclusion criteria included age < 18 years 
and < 12  months of follow-up device care at BIDMC 
post-implantation.

Consistent with the observational nature of the study, 
clinical care of all patients was provided at the discretion 
of their treating physician. However, the standard of care 
for all CIED patients at BIDMC, as outlined in Fig. 1, 
includes enrollment in remote monitoring, preferentially 
with pairing performed during the initial encounter for 
device implantation. Post-implantation patients with-
out any acute procedural complications are discharged 

home on the same day or next day according to patient 
preference or clinical discretion. All patients are sched-
uled for a post-operative wound check within 7–10 days 
post-discharge, at which time enrollment in remote moni-
toring is offered if not previously completed. A second 
scheduled post-operative visit at approximately 6 weeks 
includes additional education, refinement of programming 
as needed, removal of restrictions on arm motion or mobil-
ity if applicable to that patient’s device type, and further 
opportunity to enroll in or troubleshoot remote monitoring 
as needed.

Following these post-operative appointments, patients 
typically were scheduled for at least one annual in-person 
evaluation with an electrophysiologist. Remote monitoring 
was specified to include automated transmissions every 
90 days as well as upon patient initiation for symptoms 
or other concerns. Alerts were programmed according to 
vendor-specific parameters to identify unexpected changes 
in battery voltage, lead parameters, or arrhythmia burden.

2.3 � Patient variables

Demographic and clinical characteristics as of the time of 
initial CIED implantation were extracted from the medical 
record. These included age, sex, hypertension, diabetes, 
history of coronary artery disease, history of peripheral 
vascular disease, history of prior ischemic stroke or tran-
sient ischemic attack, most recent serum sodium, lowest 
serum creatinine within preceding 6 months, most recent 
N-terminal pro-brain natriuretic peptide within preceding 
12 months, most recent ejection fraction within preceding 
12 months, history of congestive heart failure (CHF), base-
line New York Heart Association (NYHA) functional class 
(if applicable), history of atrial fibrillation (AF), atrial 
flutter, atrial tachycardia, or other supraventricular tachy-
cardia, use of specific antiplatelet and/or anticoagulant 
medications, and indication for initial CIED placement.

In addition, data regarding the implantation proce-
dure and device abstracted included date of implantation, 
device manufacturer, model number, device type (PPM or 
ICD), and number of pacing leads (single-chamber, dual-
chamber, biventricular, leadless, or subcutaneous).

Subsequent procedures during the follow-up period 
were also recorded. These data included date of device 
change, indication for change (battery issues, lead-related 
issues, heart failure, infection, or other), and type of 
change made (generator change, lead implantation/replace-
ment, cardiac resynchronization therapy upgrade, ICD 
upgrade, device extraction with or without re-implanta-
tion, or other), as well as information regarding new device 
type, manufacturer, and model number, if applicable.
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2.4 � Assessment of device interrogations

For each device-related encounter, we manually reviewed 
standardized device interrogations performed as part of rou-
tine clinical care and corresponding reports located in the 
electronic medical record. These notes used a standardized 
template and were completed by device clinic nurses, techni-
cians, and advanced practice providers and were co-signed 
with comments by physicians. Each interrogation report also 
included summary PDF according to each manufacturer’s 
format.

Data ascertained from each encounter included: date of 
interrogation, interrogation setting (clinic, inpatient/emer-
gency department, or remote), and reason for interrogation 
(routine, peri-procedural, device alert-driven, symptom-
driven initiated by either clinician or patient, or other). All 
scheduled interrogations—whether in-person or remote—
were considered routine. All other interrogations were con-
sidered non-routine.

In addition, we noted any changes or issues interpreted 
as significant by the evaluating clinician related to battery, 

percent pacing, sensitivity, pacing threshold, and impedance. 
Detection of new-onset AT/AF/AFL or high AT/AF/AFL 
burden (defined as > 12 h/day and/or > 50% overall burden, 
excluding permanent atrial arrhythmias without documented 
plans to restore sinus rhythm, or otherwise determined by 
evaluating clinician) was also captured, along with sus-
tained ventricular arrhythmias and delivery of tachy-ther-
apies, including anti-tachycardia pacing and defibrillation. 
Finally, any device settings or medical therapies adjusted 
at time of interrogation, particularly of anticoagulant, anti-
arrhythmic, or rate-control agents; additional patient contact 
resulting from interrogation findings (phone call, clinic visit, 
emergency department/hospital referral, or physical device 
change); and other clinically meaningful findings detailed by 
evaluating clinician were documented as well.

We a priori and intentionally defined “clinically useful” 
generously using the following criteria, incorporating those 
from previously published studies assessing remote CIED 
monitoring and designed with the goal of being inclusive 
(e.g., more sensitive than specific) [6, 12, 13]. Thus, we 
defined an interrogation to be clinically useful if any of the 
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Fig. 1   Standard post-implantation device care follow-up. Clinical care of every patient was tailored to individualized needs and discretion of 
treating physician. Enrollment in remote monitoring offered continuously from implantation through duration of device care follow-up
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following were identified by record review: (1) significant 
changes or issues pertaining to device parameters, new 
or high-burden of atrial arrhythmias, sustained ventricu-
lar arrhythmias, or delivery of tachy-therapies; (2) device 
settings or medical therapies were changed following data 
review; (3) additional patient contact was established; or (4) 
otherwise meaningful findings were detailed by evaluating 
clinician.

2.5 � Statistical analysis

Categorical and continuous variables were compared 
between patient groups with the chi-squared and t-tests, 
respectively, and simple proportions calculated for cat-
egorical outcomes. A mixed-effects multivariable probit 
model was selected instead of alternate regression model in 
order to evaluate the probability rather than odds of having 
a clinically useful finding on an interrogation. Fixed effects 
in the model were whether the interrogation was routine and 
remote, routine and in-person, non-routine and remote, or 
non-routine and in-person; age; sex; device type (PPM or 
ICD); ejection fraction; and time since device implant. A 
per-patient random effect was included to account for clus-
tering. The predicted probabilities of useful interrogation 
were computed for each device type at the population means 
of the other covariates. Two-tailed p values were taken to 
be significant at the 0.05 level. All analyses were performed 
using Stata 17 (StataCorp, College Station, TX).

3 � Results

3.1 � Cohort and device characteristics

Patient characteristics at time of device implantation are 
detailed in Table 1. Notably, a total of 963 patients under-
went CIED implantation, of whom 655 (68%) received pace-
makers and 308 (32%) received ICDs. At time of device 
implant, average age was 71 (± 14) years; 37% of patients 
were female; 38% had a known diagnosis of atrial fibrillation 
or flutter with a median CHADS2VASC score of 4 (3–5); 
and 35% were already on some form of oral anticoagulation 
prior to receiving a device. The most common indications 
for pacemaker and ICD placement were heart block (58%) 
and primary prevention of sudden death (72%), respectively.

Device characteristics are outlined in Table 2. Dual-
chamber devices comprised the majority of pacemakers 
implanted (86%), whereas single ventricular lead systems 
were most commonly placed (42%) among ICDs. Through-
out the study period, a total of 97 (10.1%) devices were 
subject to additional procedural interventions. Lead-related 
issue was the most common indication (53%) for device 
change, and ventricular lead replacement accounted for 44% 

of these procedures. There were no significant differences 
between the PPM and ICD groups, except device extraction, 
which occurred more frequently within the ICD group (26% 
vs. 7.6%, p = 0.01).

3.2 � Interrogations

Over a median follow-up was 874 (627–1221) days for all 
patients with CIEDs, and each patient underwent a mean 
of 13 (10–16) total interrogations (in-person and remote), 
without significant differences observed between patients 
receiving PPMs and ICDs. There were a cumulative 12, 745 
interrogations performed, of which 8789 (69%) involved 
pacemakers and 3956 (31%) involved ICDs. Six thousand 
six hundred ninety nine (53%) of all device evaluations were 
conducted remotely, with the vast majority (96%) being rou-
tine or scheduled transmissions. Unscheduled remote trans-
missions were predominantly triggered by device alerts 
(1.7%) and patient symptoms (1.9%). In-person evaluations 
were also predominantly routine in nature (75%), with non-
routine evaluations performed largely for peri-procedural 
evaluation (19.9%) and patient-reported symptoms (5.8%).

In aggregate, 22% of all CIED interrogations were consid-
ered clinically useful according to our pre-specified criteria. 
Rates of useful interrogations were slightly higher among 
pacemakers than ICDs (23% vs. 20%, p < 0.01) and sig-
nificantly lower among remote as compared with in-person 
interrogations (8% vs. 38%, p < 0.01). Sixty-eight percent 
of all useful device evaluations were considered clinically 
significant because changes were made to device settings 
subsequent to data review—by definition, these were all in-
person interrogations. Specific changes made pertained to 
programmed mode (68%), pacing/threshold settings (47%), 
and sensitivity parameters (12%). Detection of atrial and/or 
ventricular arrhythmias (25%) was the next most common 
reason interrogations were considered useful, followed by 
additional patient contact (9%) and medication changes (6%) 
made as a result of interrogation findings. These data are fur-
ther detailed by remote vs. in-person and by routine vs. non-
routine in Table 3. Notably, remote routine interrogations 
were least commonly associated with significant findings 
on device evaluation (5.9%) with detection of arrhythmias 
being the most frequent actionable item identified.

Significant arrhythmia-related findings consisted of 
high AT/AF/AFL burden (46%), new AT/AF/AFL (35%), 
and VT/VF (22%). These occurred at similar rates between 
remote and in-person device evaluations, except high AT/
AF/AFL burden, which was more frequent on in-person 
than remote interrogations (51% vs. 41%, p < 0.05). Nota-
bly, there was a higher proportion of pacemaker interroga-
tions among in-person as opposed to remote evaluations 
(70.4% vs. 67.6%, p < 0.01), and comparing pacemak-
ers and ICDs, new and high burden of AT/AF/AFL was 
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more common in the former (41% vs. 24%, p < 0.01; 59% 
vs. 19%, p < 0.01). Detection of VT and VF was more 
common in the latter (1% vs. 57%, p < 0.01; 0% vs. 9%, 
p < 0.01).

The coefficients of the multivariable probit model 
for the probability of a clinically useful interrogation 
are shown in Table 4. Routine interrogations were sig-
nificantly less likely to be useful than non-routine ones. 
Routine remote interrogations were least likely to be use-
ful (p < 0.001). This effect is stratified by device type in 
Fig. 2. Pacemakers and transmissions in older patients 
were somewhat more likely to have a useful interrogation 
than ICDs although the magnitude of these effects was 
small. For each 30 days since implant, the probability of 
useful interrogation decreased (change in z-score − 0.02 
per 30 days, p < 0.001).

4 � Discussion

This study aimed to comprehensively evaluate all inter-
rogations performed following implantation of new PPMs 
and ICDs, with rigorous assessment of clinical utility 
applied to all in-person and remote interrogations. We 
found that routine, scheduled interrogations comprise the 
majority of all evaluations, but uncommonly identified 
clinically actionable findings even according to a relatively 
permissive pre-specified definition. These findings sup-
port prior work suggesting that growing CIED utilization, 
along with higher uptake of remote monitoring in accord-
ance with clinical guidelines, while beneficial in many 
ways, may have a deleterious impact on CIED monitoring 
programs through increasing volumes of non-actionable 
information.

Table 1   Patient characteristics Total (N = 963) Pacemaker (N = 655) ICD (N = 308)

Age at implant, years (SD) 71 (14) 75 (11) 63 (14)
Female gender, n (%) 356 (37%) 269 (41%) 87 (28%)
Hypertension, n (%) 802 (83%) 525 (80%) 277 (90%)
Diabetes, n (%) 267 (28%) 181 (28%) 86 (28%)
Coronary artery disease, n (%) 323 (34%) 185 (28%) 138 (45%)
Peripheral vascular disease, n (%) 98 (10%) 67 (10%) 31 (10%)
Prior ischemic stroke/TIA, n (%) 114 (12%) 85 (13%) 29 (9.4%)
History of atrial fibrillation or flutter, n (%) 366 (38%) 285 (44%) 81 (26%)
CHADS2VASC score, median (IQR) 4 (3–5) 4 (3–6) 4 (3–6)
Use of oral anticoagulation, n (%) 337 (35%) 244 (37%) 93 (30%)

  Warfarin 139 (14%) 91 (14%) 48 (!6%)
  Direct oral anticoagulant 198 (21%) 153 (23%) 45 (15%)

Use of antiplatelet medication, n (%)
  Aspirin 500 (52%) 316 (48%) 184 (60%)
  P2Y12 inhibitor 81 (8.4%) 42 (6.4%) 39 (13%)

Ejection fraction, % (SD) 48 (16) 56 (11) 35 (15)
Baseline creatinine, mg/dL (SD) 1.1 (0.77) 1.1 (0.84) 1.1 (0.59)
Heart failure, n (%) 382 (40%) 147 (22%) 235 (76%)
Ejection fraction < 40%, n (%) 225 (23%) 27 (4.1%) 198 (64%)
NYHA class, n (%)

   I 51 (13%) 13 (8.8%) 38 (16%)
   II 157 (41%) 34 (23%) 123 (52%)
   III 55 (14%) 23 (16%) 32 (14%)
   IV 1 (0.3%) 0 (0%) 1 (0.4%)
   Unknown or not applicable 118 (30.8%) 77 (52.4%) 41 (17%)

Baseline sodium value, mEq/L (SD) 140 (3.3) 140 (3.3) 140 (3.2)
Recent proBNP, pg/mL (SD) 3348 (7474) 4906 (9884) 2074 (4278)
Device indication, n (%)

  Sinus node dysfunction/tachy-brady syndrome 306 (32%) 286 (44%) 20 (6.5%)
  Heart block 393 (41%) 379 (58%) 14 (4.5%)
  Cardiac resynchronization therapy 144 (15%) 67 (10%) 77 (25%)
  Primary prevention of sudden cardiac death 223 (23%) 1 (02%) 222 (72%)
  Secondary prevention off sudden cardiac death 86 (8.9%) 0 (0%) 86 (28%)
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Modern CIED management necessarily involves careful 
surveillance for device malfunction, expected changes in 
battery life over time, and review of ambient arrhythmias. 

The ability to remotely review and triage patient-initiated 
transmissions in response to symptoms provides clini-
cal flexibility, particularly for patients unable to access 

Table 2   Device information

Total (N = 963) Pacemaker (N = 655) Defibrillator (N = 308)

Device type, n (%)
  Single atrial 3 (0.31%) 3 (0.46%) 0 (0%)
  Single ventricular 177 (18%) 47 (7.2%) 130 (42%)
  Dual-chamber 645 (67%) 561 (86%) 84 (27%)
  Biventricular 113 (12%) 34 (5.2%) 79 (26%)
  Subcutaneous 15 (1.6%) 0 (0%) 15 (4.9%)
  Leadless 10 (1%) 10 (1.5%) 0 (0%)

Device manufacturer
  Medtronic 503 (49.9%) 363 (54.3%) 140 (41.1%)
  Boston Scientific 416 (41.2%) 226 (33.8%) 190 (55.7%)
  Abbott/St. Jude 86 (8.5%) 75 (11.2%) 11 (3.2%)
  Biotronik 4 (0.4%) 4 (0.01%) 0 (0%)

Device revisions, n (%) 97 (10.1%) 66 (9.9%) 31 (10.1%)
Type of change, n (%)
  Generator change 2 (2.1%) 1 (1.5%) 1 (3.2%)
  Atrial lead re-/placement 15 (15%) 12 (18%) 3 (9.7%)
  Ventricular lead re-/placement 43 (44%) 29 (44%) 14 (45%)
  Cardiac resynchronization therapy upgrade 14 (14%) 10 (15%) 4 (13%)
  ICD upgrade 8 (8.2%) 7 (11%) 1 (3.2%)
  Device extraction 13 (13%) 5 (7.6%) 8 (26%)
  Other 11 (11%) 7 (11%) 4 (13%)

Indication for device change, n (%)
  Battery issue 1 (1%) 0 (0%) 1 (3.2%)
  Lead-related issue 51 (53%) 37 (56%) 14 (45%)
  Heart failure 16 (16%) 10 (15%) 6 (19%)
  Infection 13 (13%) 6 (9.1%) 7 (23%)
  Other 21 (22%) 14 (21%) 7 (23%)

Table 3   Significant findings by location and setting

Non-remote, non-rou-
tine (N = 1486)

Remote, non-routine 
(N = 240)

Non-remote, routine 
(N = 4560)

Remote, routine 
(N = 6459)

p value

Significant finding present 436 (29.3%) 152 (63.3%) 1885 (41.3%) 384 (5.9%)  < 0.01
Type of finding

  Battery issue 0 (0%) 0 (0%) 0 (0%) 1 (0.26%) 0.092
  Settings change 320 (73%) 0 (0%) 1,626 (86%) 0 (0%)  < 0.001
  Medication change 27 (6.2%) 25 (16%) 97 (5.1%) 29 (7.6%)  < 0.001
  Pacing issue 7 (1.6%) 7 (4.6%) 17 (0.9%) 23 (6%)  < 0.001
  Sensing issue 23 (5.3%) 5 (3.3%) 40 (2.1%) 43 (11%)  < 0.001
  Threshold issue 30 (6.9%) 1 (0.66%) 43 (2.3%) 24 (6.3%)  < 0.001
  Arrhythmia/s detected 86 (20%) 72 (47%) 293 (16%) 262 (68%)  < 0.001
  Impedance issue 7 (1.6%) 7 (4.6%) 12 (0.6%) 16 (4.2%)  < 0.001
  Tachy-therapies delivered 31 (7.1%) 55 (36%) 24 (1.3%) 26 (6.8%)  < 0.001
  Additional patient contact made 33 (7.6%) 105 (69%) 40 (2.1%) 64 (17%)  < 0.001
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in-person care simply. Several studies have demonstrated 
that routine remote transmissions clearly can replace many 
of these in-office visits safely: For example, the RM-ALONE 
trial (N = 445) found that scheduled remote monitoring 
reduced in-office visits by 80%, with no adverse impact on 
patient outcomes and substantial savings in clinician time 
and effort [14]. The AT-HOME trial (N = 1274) also showed 
that remote monitoring replaced in-office visits with no 
harm to patients [15]. The TRUST study (N = 1450) further 
noted that remote monitoring reduced non-actionable in-
office device encounters by 80% and the CONNECT study 
(N = 1997) demonstrated a marked reduction in time from 
CIED event detection to appropriate clinical response pre-
dominantly through an alert-driven model [7, 8, 11, 12].

Within these studies, however, the rate of actionable 
findings for scheduled device evaluations was low and 
comparable to those identified in our study—ranging from 
1.4% among remote and 1.5% of in-office encounters in the 
AT-HOME trial to 6.6% among both groups in the TRUST 

study. In contrast, CIED alert-driven device evaluations 
led to a modest increase in this rate—up to 17 and 15%, 
respectively, within the remote and in-person arms of the 
CONNECT study. These data, in concordance with ours, 
suggest that alert-based, rather than routine transmissions 
may drive much of the clinical benefit gained through remote 
CIED monitoring. As such, an alert-driven remote monitor-
ing approach, paired with regular in-person visits as recom-
mended in current guidelines, may prove to be equally as 
efficacious and safe as one reliant on routine remote trans-
missions. This and the ideal balance between alert-based 
transmissions and scheduled ones (if any) will need to be 
assessed in prospective randomized fashion.

An alert-driven device monitoring system would also help 
address the growing clinical and administrative demands 
associated with remote monitoring. With advances in cellu-
lar and Bluetooth technology facilitating ease of sending and 
receiving transmissions, cardiac device clinics are becom-
ing inundated with a rapid influx of CIED-related data. 

Table 4   Probit model 
coefficients for probability of 
useful interrogation

Coefficient p value 95% confidence interval

Routine interrogation  − 0.651  < 0.001 [− 0.792, − 0.511]
Remote interrogation 0.174 0.145 [− 0.060, 0.409]
Routine remote interrogation  − 1.436  < 0.001 [− 1.684, 1.188]
Age at device implant (years)  − 0.004 0.047 [− 0.008, 0.000]
Male sex  − 0.101 0.052 [-0.204, 0.001]
ICD (vs. PPM)  − 0.266  < 0.001 [− 0.408, − 0.125]
Ejection fraction (%)  − 0.004 0.074 [− 0.007, 0.000]
Time since device implant (months)  − 0.001  < 0.001 [− 0.008, − 0.001]

Fig. 2   Probit model for prob-
ability of useful interrogation, 
stratified by device type. Non-
routine and routine interroga-
tions are represented respec-
tively by magenta and blue bars. 
For both implanted pacemakers 
and implantable cardiac defi-
brillators, routine interrogations 
were less likely than non-rou-
tine ones to identify clinically 
actionable findings (p < 0.001). 
Among routine evaluations, 
remote device interrogations 
were also less likely than 
non-remote ones to contain 
clinically actionable findings 
(p < 0.001). Factors included in 
multivariable probit regression 
are detailed in Table 4
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An analysis of a large multi-center remote monitor cohort 
(N = 26,713) revealed that over a period of 12 months, there 
were over 205,804 total transmissions received, including 
82,000 triggered by automated device alerts and at least 1 
transmission sent by over 50% of this patient population 
[16]. This tremendous volume of information to process and 
act upon certainly adds strain to any remote monitoring sys-
tem. Reducing the number of routine remote device evalua-
tions could greatly help to ameliorate this burden on device 
clinic staff and allow for more efficient resource utilization 
and clinical response. Furthermore, assuming a similar rate 
of identifying actionable findings as shown in prior studies 
as well as our own, this reduction would not result in com-
promised clinical care.

While our study does not directly address the question 
of cost-effectiveness, these findings do suggest that remote 
evaluations scheduled less frequently overall, particularly if 
buttressed by automated alert-based monitoring may help 
reduce unnecessary efforts and costs without compromising 
the benefits of remote monitoring. However, reimbursement 
models will invariably need to evolve to influence change in 
practice. In doing so, caution should be taken to maintain 
policies that continue encouraging remote monitoring as an 
instrumental element of CIED-related care. Potential ways to 
accomplish this include de-emphasizing per-unit reimburse-
ments and shifting towards fixed or bundled models—for 
instance, annual payments made based on number of patients 
enrolled in remote monitoring programs rather than volume 
of transmissions performed.

With regard to limitations, our analysis was conducted 
using data from a single, academic, tertiary-care center. This 
may limit the generalizability of our findings to other clinical 
settings, in which practices surrounding remote monitoring 
and patient demographics may differ. However, our study 
population is enriched for more medically complex patients, 
who may be more likely to have clinically meaningful events 
such as ambient arrhythmias detected on CIED evaluation. 
This would suggest that our findings may, if anything, over-
estimate the utility of these interrogations. The retrospective, 
observational nature of our study also includes the possi-
bility that unmeasured confounders may limit comparisons 
between patient and device groups. Furthermore, interroga-
tion data were collected through manual review of stand-
ardized device evaluation notes within the electronic health 
record. As such, interrogations and transmissions—particu-
larly focused ones performed to answer specific questions 
such arrhythmia burden or correlation with clinical symp-
toms as well as those documented in alternate formats—may 
not have been captured. These will be important to include 
in any future studies assessing alert-based remote monitor-
ing. Our criteria for clinically significant findings were also 
intentionally broad in order to maximize captured events. 
Of interest, in-person device evaluations were considered 

significant if any settings changes were made during these 
encounters. This ostensibly engenders bias towards a higher 
rate of actionable findings on in-person interrogations as 
settings changes cannot be programmed remotely even if 
similar observations are made. However, this was felt to bet-
ter reflect a valid inherent limitation of remote as opposed to 
in-person device evaluation. Additionally, temporal trends 
in care, including those related to the COVID-19 pandemic, 
were difficult to evaluate for within the constraints of our 
study. However, we note that the increasing reliance on 
remote, rather than in-person device evaluations and limited 
preventative care during initial months of the COVID-19 
pandemic, may, if anything, have increased the frequency 
of actionable findings on remote transmissions, suggesting a 
regression to a natural mean may be observed subsequently.

5 � Conclusions

In our single-center, cohort study, routine remote interroga-
tions of PPMs and ICDs accounted for over half of all device 
evaluations but identified clinically salient findings in only 
a minority of cases. Remote monitoring, including routine 
scheduled transmissions, undoubtedly plays an important 
role in modern CIED management strategies, but also car-
ries significant clinical, administrative, and financial costs. 
Our findings suggest opportunities to adjust routine sched-
uled encounters for patients consistently enrolled in remote 
monitoring. In addition, tuture randomized, multi-center 
studies are needed to prospectively evaluate the feasibility 
and effectiveness of an alert-based approach as an alternative 
monitoring strategy.
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