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BACKGROUND Achieving a high biventricular pacing percentage
(BiV%) is crucial for optimizing outcomes in cardiac resynchroniza-
tion therapy (CRT). The HeartLogic index, a multiparametric heart
failure (HF) risk score, incorporates implantable cardioverter-defi-
brillator (ICD)-measured variables and has demonstrated its predic-
tive ability for impending HF decompensation.

OBJECTIVE This study aimed to investigate the relationship be-
tween daily BiV% in CRT ICD patients and their HF status, assessed
using the HeartLogic algorithm.

METHODS The HeartLogic algorithm was activated in 306 patients
across 26 centers, with a median follow-up of 26 months (25th–
75th percentile: 15–37).

RESULTS During the follow-up period, 619 HeartLogic alerts were
recorded in 186 patients. Overall, daily values associated with the
best clinical status (highest first heart sound, intrathoracic imped-
ance, patient activity; lowest combined index, third heart sound,
respiration rate, night heart rate) were associated with a BiV%
exceeding 99%. We identified 455 instances of BiV% dropping
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below 98% after consistent pacing periods. Longer episodes of
reduced BiV% (hazard ratio: 2.68; 95% CI: 1.02–9.72; P 5 .045)
and lower BiV% (hazard ratio: 3.97; 95% CI: 1.74–9.06; P5.001)
were linked to a higher risk of HeartLogic alerts. BiV% drops
exceeding 7 days predicted alerts with 90% sensitivity (95% CI
[74%–98%]) and 55% specificity (95% CI [51%–60%]), while BiV
% �96% predicted alerts with 74% sensitivity (95% CI [55%–
88%]) and 81% specificity (95% CI [77%–85%]).

CONCLUSION Aclear correlationwas observedbetween reduceddaily
BiV%andworsening clinical conditions, as indicated by theHeartLogic
index. Importantly, even minor reductions in pacing percentage and
duration were associated with an increased risk of HF alerts.
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Table 1 Demographics and baseline clinical parameters of the
study population

Parameter Total (N 5 306)

Male sex, n (%) 234 (77%)
Age, years 70 6 10
Ischemic etiology, n (%) 139 (46%)
NYHA class, n (%)
Class I 11 (4%)
Class II 177 (58%)
Class III 112 (36%)
Class IV 6 (2%)

LV ejection fraction, % 30 6 7
Left bundle branch block, n (%) 210 (69%)
QRS duration, ms 156 6 20
AF history, n (%) 118 (39%)
AF on implantation, n (%) 62 (20%)
Diabetes, n (%) 87 (29%)
COPD, n (%) 57 (19%)
Chronic kidney disease, n (%) 90 (30%)
Hypertension, n (%) 180 (59%)
b-Blocker use, n (%) 282 (92%)
ACE-I, ARB, or ARNI use, n (%) 290 (95%)
Diuretic use, n (%) 278 (91%)
Antiarrhythmic use, n (%) 135 (44%)
Primary prevention, n (%) 276 (90%)

ACE 5 angiotensin-converting enzyme; AF 5 atrial fibrillation; ARB 5
angiotensin II receptor blockers; ARNI5 angiotensin receptor-neprilysin in-
hibitor; COPD 5 chronic obstructive pulmonary disease; LV 5 left ventricu-
lar; NYHA 5 New York Heart Association.

KEY FINDINGS

� In patients who received a CRT-D device, a clear associ-
ation exists between lower daily BiV pacing percentages
and deteriorating clinical condition, as detected by the
combined HeartLogic index and the individual ICD-
based sensors.

� A decline in BiV pacing explains only a fraction of heart
failure events (i.e., from 10% to 19% in cases of concur-
rent atrial fibrillation).

� Nonetheless, even minor reductions in BiV pacing per-
centage and duration were found to elevate the risk
of heart failure.
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Introduction
The utilization of defibrillators for resynchronization therapy
(cardiac resynchronization therapy defibrillator; CRT-D) has
demonstrated significant efficacy in enhancing outcomes for
a carefully selected cohort of heart failure (HF) patients. This
therapeutic approach is now a recommended component of
contemporary guidelines for managing chronic HF.1,2 To
achieve optimal results, continuous delivery of CRT is imper-
ative. Several extensive investigations have been conducted
to determine the ideal level of biventricular (BiV) pacing per-
centage.3–5 Notably, in the MADIT-CRT trial, patients who
received less than 90% BiV pacing exhibited HF event rates
comparable to those who did not receive CRT.6 Conversely,
individuals with BiV pacing levels of �97% experienced a
further reduction in HF events, with each 1% increment in
BiV pacing percentage translating to a 6% reduction in HF
risk. However, the effective delivery of BiV pacing may be
hindered by factors such as atrial fibrillation or spontaneous
atrioventricular conduction patterns resulting from subopti-
mal device programming. Consequently, expert consensus
statements advocate for the meticulous adjustment of CRT-
D therapy to achieve the highest attainable percentage of
BiV pacing, ideally surpassing the 98% threshold.7 In a
contemporary context, certain modern defibrillators are
equipped with automated algorithms that furnish comprehen-
sive insights into a patient’s HF condition on a daily basis.8

Notably, the Multisensor Chronic Evaluation in Ambulatory
Heart Failure Patients (MultiSENSE) study9 introduced an
innovative algorithm for HF monitoring known as the Heart-
Logic index (Boston Scientific, St. Paul, MN). This index
combines physiological data obtained from multiple implant-
able cardioverter-defibrillator (ICD)-based sensors, demon-
strating its sensitivity and timeliness in predicting
impending HF decompensation,10,11 as well as in identifying
patients at higher risk for all-cause mortality.12 In the current
study, we endeavor to explore the association between daily
BiV pacing percentages in patients who have received a
CRT-D device and their HF status, as evaluated by the Heart-
Logic algorithm.
Methods
Patient selection
The study was a prospective, nonrandomized, multicenter
evaluation of patients who had received a CRT ICD
(CRT-D) endowed with the HeartLogic� diagnostic algo-
rithm. Consecutive HF patients with reduced left ventricular
ejection fraction (�35% at the time of implantation) who had
received a device in accordance with standard indications1,2

and were enrolled in the LATITUDE (Boston Scientific)
remote monitoring platform were included at 26 study cen-
ters (full list of participating centers in Supplemental Mate-
rial) and followed up in accordance with the standard
practice of the participating centers.13 Data on the clinical
events that occurred during follow-up were collected at the
study centers within the framework of a prospective registry
(ClinicalTrials.gov identifier: NCT02275637). The Institu-
tional Review Boards approved the study, and all patients
provided written informed consent for data storage and anal-
ysis.

Device characteristics
Commercially available CRT-Ds equipped with the Heart-
Logic diagnostic feature and standard transvenous leads
were used in this study. The details of the HeartLogic algo-
rithm have been reported previously.9 Briefly, the algorithm
combines data from multiple sensors: accelerometer-based
first and third heart sounds, intrathoracic impedance, respira-
tion rate, the ratio of respiration rate to tidal volume, night
heart rate, and patient activity. Each day, the device

http://ClinicalTrials.gov
http://NCT02275637


Figure 1 Distribution of daily biventricular (BiV) percent pacing during the observation period and average combined index and sensor values at different BiV
pacing percentages. *P , .05 vs values observed with BiV percent pacing .99%.
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calculates the degree of worsening in sensors from their mov-
ing baseline and computes a composite index. An alert is is-
sued when the index crosses a programmable threshold
(nominal value, 16). When the index enters an alert state,
the “exit-alert” threshold is automatically dropped to a recov-
ery value (nominal value, 6).
Analysis design
The primary objective of this analysis was to explore the cor-
relation between the percentage of BiV pacing in patients
who received a CRT-D device and their HF status, as deter-
mined by the HeartLogic algorithm. This algorithm inte-
grates data from multiple ICD-based sensors.

We initially examined the average values of both the com-
posite index and the individual HF sensors in relation to the
level of BiV pacing for each follow-up day throughout the
observation period encompassing the entire cohort. Subse-
quently, we excluded patients with an average BiV pacing
,90% over the entire observation period, considering BiV
pacing as optimal when it equaled or exceeded 98%.7 In
our secondary analysis, we aimed to identify instances of
pacing percentages falling below 98% after a sustained
period of consistently optimal BiV pacing lasting for 30
days or more. Consequently, we scrutinized the device-stored
data, commencing from the initial day of pacing percentage
decline until 30 days after restoration of continuous pacing,
with the aim of assessing the impact of reduced optimal
BiV pacing on physiological indicators of the HF condition.
As a third analysis, we delved into the temporal evolution of
daily BiV pacing percentages, combined index values, and
sensor data changes preceding any HeartLogic alerts. Specif-
ically, we compared a patient’s 30-day baseline (averages
calculated from 30 days prior to the alert, ie, spanning from
-60 to -30 days) with a 7-day average state immediately pre-
ceding the alert.14
Statistical analysis
Descriptive statistics are reported as means 6 SD for nor-
mally distributed continuous variables, or medians with
25th to 75th percentiles in the case of skewed distribution.
Normality of distribution was tested by means of the
nonparametric Kolmogorov–Smirnov test. Categorical data
are expressed as percentages. Differences between mean
data were compared by a t test for Gaussian variables, and
byMann–Whitney nonparametric test for non-Gaussian vari-
ables. Differences in proportions were compared by a c2



Figure 2 Distribution of the durations and the average/minimum biven-
tricular (BiV) percent pacing for the episodes (n 5 455) of BiV percent
pacing reduction to ,98% following at least 30 days of consistent pacing
�98%.
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analysis. Analysis of the time to the first episode was made by
means of the Kaplan–Meier method, and the distributions of
the groups were compared by a log-rank test. Cox propor-
tional hazards models were used to determine the association
between the occurrence of HeartLogic alerts and the charac-
teristics of the episodes of BiV percent pacing reduction, and
to estimate the hazard ratios (HRs) and the 95% confidence
intervals (CIs). A receiver operating characteristic curve
analysis was conducted to assess the performance of the
amplitude and duration of the BiV pacing decrease as predic-
tors for a HeartLogic alert, and we regarded the value result-
ing in the maximum product of sensitivity and specificity on
the curve as the optimal cutoff. A P value ,.05 was consid-
ered significant for all tests. All statistical analyses were per-
formed by means of R: a language and environment for
statistical computing (R Foundation for Statistical
Computing, Vienna, Austria).
Results
Study population
From December 2017 to June 2021, HeartLogic was acti-
vated in 306 patients who had received a CRT-D. The index
threshold was programmed to the nominal value of 16 in all
patients and was not modified during follow-up. Table 1
shows the baseline clinical variables of all patients in the pre-
sent analysis.

Follow-up
The median follow-up duration was 26 months [25th–75th
percentile: 15–37]. The distribution of daily BiV percent
pacing during the observation period is shown in Figure 1.
The median BiV percent pacing was 98% [25th–75th
percentile: 95%–100%] on a patient basis, and 277 (91%)
patients showed an average BiV percent pacing .90% dur-
ing the follow-up. Among these patients, the HeartLogic in-
dex crossed the threshold value 619 times in 186 (67%)
patients. An atrial high rate episode (AHRE) burden of
�5 min/day was documented in 51 (18%) patients. Higher
average values of the combined index and worse individual
HF sensors were found with progressively lower pacing per-
centages (Figure 1). Values associated with the best clinical
status (highest first heart sound, intrathoracic impedance,
patient activity; lowest combined index, third heart sound,
respiration rate, night heart rate) were observed with BiV
percent pacing .99%.
Physiological measures of the HF condition after
pacing reduction
In the study cohort, we identified 455 episodes of BiV
percent pacing reduction to ,98% following at least 30
days of consistent pacing �98%. The median duration of
these episodes was 7 days [25th–75th percentile: 4–14]
and the BiV percent pacing during the episodes was 97%
[25th–75th percentile: 96%–98%]. The distribution of the
episode durations and the average and minimum BiV
percent pacing are shown in Figure 2. The HeartLogic index
crossed the threshold value 31 times after episodes of BiV
percent pacing reduction. The risk of HeartLogic alert was
higher after longer episodes (HR: 2.68; 95% CI: 1.02–
9.72; P 5 .045) and in case of lower percent pacing (HR:
3.97; 95% CI: 1.74–9.06; P 5 .001). Based on the receiver
operating characteristic curve analysis, the value of BiV%
reduction duration that maximized the product of sensitivity
and specificity for the prediction of HeartLogic alert was.7
days—area under the curve 0.81 (95% CI [0.77–0.85],
P , .001); sensitivity 90% (95% CI [74%–98%]); speci-
ficity 55% (95% CI [51%–60%]; and the value of BiV
percent pacing was �96%—area under the curve 0.83
(95% CI [0.80–0.87], P , .001); sensitivity 74% (95% CI
[55%–88%]); specificity 81% (95% CI [77%–85%]). Figure
3 shows the Kaplan–Meier analysis of time to HeartLogic
alert. Patients are stratified according to the BiV% reduction
duration (hazard ratio: 2.14, 95% CI: 1.08–5.07, P 5 .042)
and the value of BiV percent pacing (hazard ratio: 3.14, 95%
CI: 1.55–6.39, P , .001).
Daily percent pacing and sensor data before
HeartLogic alerts
In 384 out of 619 episodes of alert (62%), the daily BiV
percent pacing was �98% during the 30-day baseline calcu-
lated 30 days prior to the alert. In 50 (13%) of these episodes,
the BiV percent pacing decreased below 98% during the
7-day average prealert state. Analyzing separately patients
with or without AHRE during follow-up, we observed that
the BiV percent pacing decreased below 98% before the alert
in 25 out of 130 alert episodes (19%) occurring in patients
with AHRE burden of�5 min/day, and in 25 out of 254 alert
episodes (10%) occurring in patients with AHRE burden,5
min/day (P 5 .010).



Figure 3 Kaplan–Meier analysis of time to HeartLogic alert. Day 0 is the first day of biventricular (BiV) percent pacing below 98%. Patients are stratified
according to the BiV% reduction duration (hazard ratio: 2.14, 95% CI: 1.08–5.07, P 5 .042) and the value of BiV percent pacing (hazard ratio: 3.14, 95%
CI: 1.55–6.39, P , .001).
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The trends in the average index and the relative changes of
the individual sensors preceding the HeartLogic alert are
reported in Figures 4 and 5 for patients with AHRE burden
,5 min/day and �5 min/day, respectively. The increase in
the combined index was accompanied by a reduction of
BiV percent pacing (P , .05 for all changes from the 30-
day baseline average to the 7-day average immediately pre-
ceding the alert). The reduction of percent pacing appeared
to be larger for events from patients with AHRE, who also
experienced an increase in daily AHRE burden before the
HeartLogic alert. In patients with AHRE the average Heart-
Logic index was higher more than 30 days prior to the alert
(P , .05 vs patients with AHRE burden ,5 min/day) and
showed a steeper increase in the days immediately preceding
the alert. Among the HF sensors, heart sounds amplitude (in-
crease in the third sound and decrease in the first sound)
showed the largest changes (P , .05 vs other sensors) and,
as for the combined index, seemed to change closer to the
alert in the case of AHRE patients.
Discussion
In our study involving patients who received a CRT-D de-
vice, we established a clear association between lower daily
BiV pacing percentages and deteriorating clinical condition,
as detected by the combined HeartLogic index and the indi-
vidual ICD-based sensors. Furthermore, we identified an
elevated risk of HF alerts following relatively minor and
short episodes of reduction in BiV pacing.

An analysis of pacing distribution during the observation
period revealed that the vast majority of patients who
received a CRT-D device in clinical practice achieved a
high level of BiV pacing. Specifically, the median percent
pacing was 98%, which aligns with the cutoff value



Figure 4 Trends in the average index and the average biventricular (BiV) percent pacing (A) and relative changes of the individual sensors (B) preceding the
HeartLogic alert for patients with atrial high rate episode burden ,5 min/day.
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associated with the most significant reduction in mortality
observed with CRT.4 Only 9% of patients exhibited less
than 90% BiV pacing, a level of stimulation that exposes pa-
tients to not deriving therapeutic benefits from CRT.6

Previous studies investigated the performance of the
HeartLogic index, a multiparametric HF risk score obtained
by combining ICD-measured variables, and proved its ability
to timely predict impending HF decompensation and to iden-
tify time intervals when patients were at significantly
increased risk of worsening HF.9–12,15–17 Recorded parame-
ters are objective measurements of the underlying pathophys-
iology associated with signs and symptoms of worsening
HF.18–22 Specifically, the third heart sound is detected in or-
der to provide an objective measure of elevated filling pres-
sure, while the first heart sound is taken as a surrogate for
left ventricular contractility. Intrathoracic impedance is
monitored to detect fluid accumulation, higher respiratory
rate is associated with shortness of breath, and higher
nocturnal heart rate is a marker of abnormal autonomics. De-
vice-measured activity is a measure of global patient status
and fatigue. When evaluating ICD-detected physiological
metrics in relation to pacing percentages, our findings consis-
tently indicated a more adverse HF status with progressively
lower pacing percentages, while the best clinical condition
corresponded to the highest percentage of BiV stimulation.
It is worth noting that while some sensors might be directly
influenced by changes in pacing percentage (eg, heart
sounds, heart rate), other parameters (eg, intrathoracic imped-
ance, patient activity, respiration rate) are independent indi-
cators of clinical deterioration, unaffected by heart rate or
native conduction. Expert consensus statements have advo-
cated maintaining BiV pacing percentages above 98%.7

Thus, we conducted an analysis of device-stored data,
commencing from the first day of BiV pacing falling below
98%. This allowed us to assess the impact of reduced optimal
BiV pacing on physiological HF measures. Despite a rela-
tively modest degree (median BiV percent pacing was
97%) and duration (median of 7 days) of the observed pacing
reductions, these episodes were associated with a signifi-
cantly increased risk of HF events diagnosed by the ICD.
Specifically, pacing reductions exceeding 4% or lasting
more than 1 week were linked with HeartLogic alerts. The
proportion of HeartLogic-detected episodes involving a
reduction in pacing percentage preceding the alerts was
approximately 13%. Notably, this occurrence was more
frequent in patients who reported episodes of AHRE during
follow-up, with rates of 19%, compared to 10% in those
without AHRE. Atrial arrhythmias are recognized triggers
for ventricular pacing reduction and can exacerbate HF,23

and they have also been shown to correlate with subsequent
HeartLogic alerts.24 However, despite the steeper changes in
the combined index and pacing percentage in the presence of
AHRE, our study demonstrated that the association between
BiV pacing reduction and worsening HF persisted even in the
absence of atrial arrhythmias, suggesting that atrial arrhyth-
mias are not the sole link between these 2 factors. However,
upon analyzing the average trend of ICD-based sensors
before HeartLogic alerts, we observed that the HeartLogic in-
dex appeared to rise before the decline in BiV pacing. This
raises questions about a direct causal link between reduced
BiV pacing and exacerbation of HF. This observation aligns
with the findings of a prior study25 that explored pacing



Figure 5 Trends in the average index and the average biventricular percent pacing (A), relative changes of the individual sensors (B), and daily atrial high rate
episode (AHRE) burden (C) preceding the HeartLogic alert for patients with AHRE burden �5 min/day.
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percentage and ICD sensor trends before clinical HF events.
Among the sensed parameters contributing to the calculation
of the HeartLogic index, accelerometer-based heart sounds
emerged as the most sensitive, consistent with previous
research.26 For patients with AHRE, the onset of atrial fibril-
lation episodes or an increased burden of atrial fibrillation
could account for the decline in BiV pacing percentage and
changes in heart sounds, in line with previously described
mechanisms.27 However, in the absence of AHRE, the link
between early changes in heart sounds and reduced BiV pac-
ing is less evident. The mechanism may involve an increased
burden of premature ventricular contractions, which could
induce a decline in cardiac function detectable through heart
sound assessment.28 Indeed, previous research has demon-
strated that relatively low frequencies of ectopic beats signif-
icantly increase the likelihood of low BiV pacing, leading to
reduced CRT efficacy characterized by diminished reverse
remodeling and an elevated risk of HF and mortality.29 Un-
fortunately, our ability to specifically investigate the role of
ectopic beat frequency was constrained, as the device only
provided summary information over the entire follow-up
period, lacking daily measurements of recorded beats. A
prior study on the same subject,25 which analyzed sensor
values averaged over periods, revealed a significantly lower
average BiV percentage during periods with a higher ectopic
beat burden. However, a high burden alone was not associ-
ated with an elevation of the HeartLogic index. In a recent
investigation into HF risk stratification, an alternative multi-
parametric HF risk score incorporating the daily number of
premature ventricular complexes was assessed.30 The study
indicated that the relative contribution of a higher ectopic
beat burden over the last 7 days preceding HF events did
not exceed 8%. Nevertheless, further investigations are war-
ranted to elucidate this mechanism and identify specific inter-
ventions to prevent clinical deterioration. Our findings
underscore the significance of even a minor reduction in
BiV pacing, which can elevate the risk of worsening HF.
This emphasizes the importance of promptly addressing
and restoring continuous pacing in response to automatic
ICD alerts indicating pacing reduction. While we did not
establish a direct causal link between reduced BiV pacing
and HF decompensation, and while a decline in BiV pacing
explained only a fraction of HF events (ie, from 10% to
19% in cases of concurrent atrial fibrillation), in CRT patients
it seems prudent to investigate the consistency of BiV pacing
immediately upon receiving a HeartLogic alert. In contrast to
a preceding study,25 where average trends were described,
we opted to scrutinize individual episodes of pacing percent-
age decline. This approach enabled us to precisely quantify
the risk of HF diagnosed by the ICD in the event of BiV%
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reduction. These findings hold significance for the manage-
ment of patient follow-up in clinical practice.

Limitations
The primary limitation of this study pertains to its observa-
tional retrospective design. Additionally, in our analysis, we
regarded HeartLogic alerts as a proxy for HF events.
Although the algorithm has demonstrated sensitivity and
timely prediction of impending HF decompensation,9 further
research is warranted to specifically address the risk of HF
progression and determine the optimal threshold for BiV pac-
ing percentage, thereby validating ourfindings and evaluating
their clinical implications. Furthermore, it is important to note
that the level of BiV pacing percentage may directly impact
certain contributing sensors (eg, increased heart rate), poten-
tially leading to an index change unrelated to worsening HF.
However, it is essential to consider that for an alert to be
generated, the algorithm necessitates the occurrence of
several conditions, which also rely on other sensors that are
less sensitive to immediate changes induced by alterations
in pacing parameters.Moreover, in this analysis we employed
a predefined threshold of 98% and required a minimum of 30
days to define periods of optimal BiV pacing. It should be
acknowledged that these choices were somewhat arbitrary
and may have influenced the results to some extent.
Conclusion
In summary, this study establishes a clear association be-
tween reduced daily BiV pacing percentages and deterio-
rating clinical conditions, as indicated by the combined
HeartLogic index. Notably, even minor reductions in pacing
percentage and duration were found to elevate the risk of HF
alerts. These findings underscore the critical importance of
maintaining optimal BiV pacing to prevent HF exacerba-
tion.
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