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Abstract

Aims Implantable device-based sensor measurements including heart sounds, markers of ventilation, and thoracic imped-
ance have been shown to predict heart failure (HF) hospitalizations. We sought to assess how these parameters changed prior
to COVID-19 (Cov-19) and how these compared with those presenting with decompensated HF or pneumonia.

Methods and results This retrospective analysis explores patterns of changes in daily measurements by implantable sensors
in 10 patients with Cov-19 and compares these findings with those observed prior to HF (n = 88) and pneumonia (n = 12) hos-
pitalizations from the MultiSENSE, PREEMPT-HF, and MANAGE-HF trials. The earliest sensor changes prior to Cov-19 were ob-
served in respiratory rate (6 days) and temperature (5 days). There was a three-fold to four-fold greater increase in respiratory
rate, rapid shallow breathing index, and night heart rate compared with those presenting with HF or pneumonia. Furthermore,
activity levels fell more in those presenting with Cov-19, a change that was often sustained for some time. In contrast, there
were no significant changes in 1st or 3rd heart sound (S; and S3) amplitude in those presenting with Cov-19 or pneumonia

compared with the known changes that occur in HF decompensation.

Conclusions

Multi-sensor device diagnostics may provide early detection of Cov-19, distinguishable from worsening HF by an

extreme and fast rise in respiratory rate along with no changes in S3.
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Introduction

Heart failure (HF) is associated with severe symptoms, a high
mortality rate, and frequent and recurrent hospitalization.
Whilst treatment options have improved dramatically over
the last three decades,™ predicting and preventing HF
decompensation remain a challenge. There has been growing
interest in the use of device diagnostics in the management
of HF patients. One such algorithm, HeartlLogic, has been
proven to provide a sensitive and early alert for impending
cardiac decompensation.® This algorithm combines data from
ICD or CRT-D based measurements of heart sounds, ventila-
tion, impedance, heart rate, and activity.>® As a potentially

useful new feature, these devices also have the ability to
measure temperature in the pulse generator. As it is not
calibrated to core body temperature, the device temperature
trend is not currently displayed on the patient reports. How-
ever, deviations in core body temperature could be reflected
in the device’s temperature measurements, and the prospect
of an expansion of the device’s diagnostic ability to detect
other causes of acute dyspnoea (e.g. respiratory infection)
is tantalizing.

A novel coronavirus, severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) was first identified in December
2019 and declared a pandemic 4 months later. The resulting
stress on healthcare resources has created evolving models
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of healthcare delivery with increased reliance on telehealth
and telemonitoring.” Common symptoms of those with
SARS-CoV-2 infection resulting in COVID-19 include cough
and shortness of breath,® and as less than half of patients
exhibit fever at the time of admission, the differentiation
between decompensated heart failure and COVID-19 can be
challenging. Whilst great hope has been placed on the rapidly
developed vaccines for this condition,° the ability to differ-
entiate between causes of acute breathlessness is of great
interest.™

The aim of this analysis was to characterize the suite of
HeartlLogic sensor data, as well as the new device-based
feature that can detect changes in pulse generator tempera-
ture, in ten patients leading up to a presentation with
COVID-19 to assess how these differ from those with decom-
pensated heart failure.

Methods

This retrospective study analyses device-derived HeartlLogic
data from 10 patients presenting with COVID-19 (six patients
from PREEMPT-HF study, ClinicalTrials.gov Identifier:
NCT03579641; three patients from MANAGE-HF study,
ClinicalTrials.gov Identifier: NCT03237858; and one patient
consented outside of a clinical study) and compares these
with data obtained from 88 patients presenting with cardiac
decompensation in the MultiSENSE study® (ClinicalTrials.gov
Identifier: NCT01128166) and 12 patients with pneumonia
events occurring prior to February 2020 in the MANAGE-HF
study. All patients had heart failure and were implanted with
a Boston Scientific Cardiac Resynchronization Therapy
Defibrillator or Implantable Cardioverter Defibrillator that
had HeartLogic. Full inclusion and exclusion criteria can be
found with the trial registrations at ClinicalTrials.gov.
These patients represent all COVID-19 patients reported in
MANAGE-HF and PREEMPT as of 6 October 2020. The PRE-
EMPT study is ongoing, and additional cases may be subse-
quently identified.

HeartLogic comprises a diverse suite of sensors designed
to target different aspects of pathophysiology associated
with common signs and symptoms of heart failure. These in-
clude accelerometer-measured first and third heart sounds
(S1 and S3, respectively), impedance-based measures of ven-
tilation including respiratory rate and rapid shallow breathing
index (RSBI, the ratio of respiratory rate to relative tidal
volume), intra-thoracic total impedance, night heart rate,
and patient activity. A multisensor algorithm, Heartlogic,
was developed to aggregate daily changes from these sensor
values to create the composite HeartLogic index that predicts
an individual’s daily risk for worsening HF.> This algorithm
and set of implanted sensors are available in current implant-
able cardioverter defibrillators and cardiac resynchronization

therapy defibrillators (CRT-D) manufactured by Boston
Scientific, Marlborough, MA.

An internal feature of these devices is the ability to moni-
tor temperature at the location of the pulse generator. It is
used within the devices for component monitoring purposes,
such as battery status and not intended to provide a measure
of core body temperature. The use of this feature in this
setting is investigational. However, this parameter has the
additional potential to help differentiate heart failure from
infectious causes of breathlessness, such as COVID-19.

A COVID-19 event is defined as a positive SARS-CoV-2
test result. A HF event is defined as a clinical event with a
primary cause of HF and (i) with a calendar date change;
or (ii) with IV decongestive medications, aquapheresis, or
other parenteral therapy. Similarly, a pneumonia event is
defined as a hospital admission with a primary cause of
pneumonia. All COVID-19 events were reported by the
investigators and by an independent event committee. All
HF events collected from the MultiSENSE study, and all
pneumonia events plus three COVID-19 events from
MANAGE-HF were adjudicated by an independent event
committee. The remaining COVID-19 events were reported
by principal investigators of the PREEMPT-HF study and by
a HF physician but not independently adjudicated.

Statistical analysis

The daily sensor trends surrounding the clinical events were
extracted and aligned by the day of events to reflect the sen-
sor changing pattern. All trends other than the temperature
trend were updated daily using averages across multiple
measurements within a day. The temperature trend was a
daily trend of temperature measurement collected once
every 21 h.

A qualitative analysis was performed to understand the
consistency of sensor changes across all identified COVID-19
events. We defined a baseline window of 30 days starting
60 days before the admission or test date and a pre-event
window of 3 days including the day of admission or test.
The averaged sensor data were compared between the
pre-event and baseline windows for all COVID-19 events. A
sensor trend is defined as changing, that is, increasing or
decreasing, leading to a specific COVID-19 event when the
pre-event value differ by (greater than or equal to) 1
standard deviation from the baseline value of that event.

The sensor trends from individual patients may
demonstrate different patterns due to various pathophysio-
logical impacts and clinical manifestations of COVID-19. As a
result, we evaluated the time course of sensor changes by
averaging sensor data across all patients in a 181-day window
starting 90 days before each event. This window covered
both pre-event and post-event sensor changes. Standard
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error of mean was calculated on each day to represent the
between-patient variations.

Because these physiological sensors were originally
chosen based on their ability to reflect changes due to the
worsening of HF, we were also interested in comparing
sensor change patterns between HF, COVID-19, and other
related diseases, for example, pneumonia. We quantified
the sensor changes by comparing the averaged pre-event
window data to the averaged baseline data as percentage
of changes. To maintain consistency in comparison across
the three disease events, we defined a fixed baseline
window of 30 days starting 60 days before the
admission or test date and a pre-event window of 3 days
including the day of admission or test. Note that the
baseline window used for this comparison does not
match HeartLogic algorithm’s baseline definition,®> which
was optimized for the HF application and thus may
underrepresent the individual HF-related sensor changes
seen by HeartlLogic. The sensor changing results from
these three types of events were compared against
each other to provide more insights between diseases. All
comparisons of sensor changes between COVID-19 events
vs. HF events and COVID-19 events vs. pneumonia events
were evaluated using an independent t-test.

Baseline demographics were compared using ANOVA for
normally distributed continuous measurements and a
Kruskal-Wallis test for non-normally distributed continuous
measurements. A Fisher’s exact test was used to compare
categorical characteristics.

All statistical analyses were performed using SAS v9.4
(SAS Institute, Cary, North Carolina) or R v3.6.0 (R Foundation
for Statistical Computing, Vienna). An alpha level of 0.05 was
used for statistical significance. The study was conducted in
accordance with the ethical standards of the institutional
and national research committees and with the 1964
Declaration of Helsinki and its later amendments.

Results

Device-derived sensor data were obtained from ten patients
diagnosed with COVID-19, 12 patients admitted with pneu-
monia, and 88 patients presenting with HF decompensation.
Five of the 10 COVID-19 patients were hospitalized on the
day of diagnosis, two patients were hospitalized 2 days after
diagnosis, one subject 49 days after diagnosis, one received
care in a long-term care facility, and one was treated as an
outpatient. The average length of stay was 8.4 + 5.3 days.
One patient died, 2 months after diagnosis, with worsening
of functional class from COVID-19 as the immediate cause
of death. Overall, there were no statistically significant
differences in the baseline clinical and demographic data
between the COVID-19, pneumonia, and HF decompensation

cohorts (Table 1), although the mean age of those with
COVID-19 was numerically lower at 61 years, and all were
male, compared with those presenting with HF (67 years
and 77% male).

Sensor data findings

Table 2 summarizes the sensor data at baseline and pre-
event for patients presenting with COVID-19, pneumonia, or
HF decompensation. Significant differences were observed
between these presentations in a number of these
parameters (Figure 1), most notably respiratory rate, rapid
shallow breathing index, night-time heart rate, and patient
activity. Of these changes, respiratory rate appears to rise
first preceding increases in temperature (Figure 2). Moreover,
respiratory rate and night-time heart rate sensors consis-
tently showed a significant increase prior to events for almost
all COVID patients (Figure 3).

Markers of ventilation

Although respiratory rate was seen to increase in pneumonia,
HF decompensation, and COVID-19, the latter presentation
increased five times more, with a mean increase of 27% from
baseline (Figure 1), sometimes persisting long after presenta-
tion (Figure 2). Rapid shallow breathing index (RSBI), the ratio
of respiration rate to relative tidal volume, was also seen to
increase more notably in those with COVID-19 with a mean
increase of 42% at diagnosis.

Night-time heart rate

Night-time heart rate increased leading up to all presenta-
tions, but this increase was nearly four times greater in those
with COVID-19 (Figure 1), with an increase from a mean of
68 b.p.m. at baseline to 78 b.p.m. pre-event.

Patient activity

A reduction in patient activity was observed in all acute
presentations although the fall from baseline in those
with COVID-19 was greater than those presenting with
decompensated heart failure or pneumonia, with a mean
pre-event 3-day average activity of 0.75 h per day. Recovery
time was also notably prolonged (Figure 2) in the
COVID-19 cohort.
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Figure 1 Mean relative change in sensor data between baseline and prior to COVID-19, pneumonia, and heart failure events. Pre-event sensor
changes were calculated based on a fixed baseline (60 to 30 day prior to the event) for all three disease events.
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As previously shown, there was a significant decrease in S;
and increase in Sz in those presenting with decompensated
heart failure (both P < 0.001). However, no significant
changes were seen in the amplitude of either heart sound
in those presenting with COVID-19.

Thoracic impedance
In contrast to the reduction in thoracic impedance seen in

patients with decompensated HF, there was a small—albeit
variable—increase (mean 2.6 + 2.6 ohms) in thoracic

impedance leading up to diagnosis with COVID-19
(P < 0.001). There was no significant change in thoracic
impedance in those with pneumonia.

Temperature

Although this new feature is currently commercially inacces-
sible, we observed a 2.3% increase in temperature in those
presenting with COVID-19 from a median of 35.29 degrees
Celsius (range 33.13-37.15°C) (95.53 degrees Fahrenheit,
range 91.63-98.87) 7 days prior diagnosis to 36.38°C
(range 35.12-38.05°C), (97.49°F, range 95.23-100.49°F)
3 days prior to diagnosis, and a median of 36.23° C
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Figure 2 (A) Mean sensor trends leading up COVID-19 diagnosis (day 0). Solid line denotes mean sensor value with surrounding shading representing
SEM. Blue dashed line, baseline; green line, earliest rise. (B) Comparison of mean sensor changes trends leading to a COVID-19 diagnosis (day 0), a
decompensated heart failure event (day 0), or hospitalization for pneumonia (day 0). Solid line denotes mean percent change from baseline, with
surrounding shading representing SEM. Dashed lines denote earliest rise from baseline. Red = COVID-19, green = heart failure, blue = pneumonia.
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(range 34.03-38.54°C) (97.22°F, range 93.25-101.37°F) at
the time of the SARS-CoV-2 test (Figure 1).

HeartLogic

As expected, there was a significant two-fold increase in
HeartlLogic index in those presenting with decompensated
heart failure (P < 0.001; Table 1). This contrasts with both
infective presentations where there was no significant
increase in HeartLogic leading up to COVID-19 or pneumonia
events. However, the average HeartlLogic index was observed
to increase after diagnosis with COVID-19, demonstrating the

specificity of the algorithm for heart failure and suggesting
that COVID-19 exacerbates the heart failure syndrome.

Discussion

In this paper, we have demonstrated the ability of an im-
planted device to characterize the pathophysiologic changes
of COVID-19. Furthermore, we have shown how these
changes can be differentiated from those already described
in cardiac decompensation.
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Figure 3 Patient-specific sensor changes between baseline and the period prior to COVID-19 events. Each row displays a specific COVID-19 patient’s
sensor change status. A patient’s sensor increase or decrease is determined when the sensor difference at pre-event is greater than or equal to 1

standard deviation of their own baseline.
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These innovative, physiologically relevant sensors were
designed to monitor common signs associated with worsen-
ing HF, including heart sounds,**®* markers of ventilation,
and patient activity, together with traditional device-based
parameters such as thoracic impedance and heart rate. As
such, they have the potential to enable the bedside approach
of assessing HF patients, but in an automatic and continuous
fashion in ambulatory patients. Moreover, these parameters
have been shown to change predictably leading up to a HF
event, and a multisensory algorithm (HeartLogic) has been
shown to detect 70% of HF events with a median of 34 days
advance notice.”> Additionally, the risk of having a HF event
was 10-fold higher in those with a HeartLogic alert than those
who were outside an alert.®

Given the pandemic declared due to COVID-19, healthcare
resources have been stretched worldwide. As such, the use of
remote monitoring technology has never been so sought
after.” In the UK, HF represents the leading cause of acute
hospital admission in those over 65 years of age. However,
decompensated heart failure and COVID-19 share common
symptoms including cough and shortness of breath,® and less
than half of patients with COVID-19 exhibit fever at the time
of admission. Subsequently, in clinical practice, differentiating
between decompensated heart failure and COVID-19 can be
challenging.

Unlike in decompensated heart failure where the first
heart sound diminishes and the third heart sound becomes
more prominent,’® there were no such changes seen in
patients with COVID-19. However, enhanced by the acute
nature of COVID-19 infection (compared with the more
insidious onset of cardiac decompensation), there were
pronounced changes in the other device-based parameters,
most notably markers of ventilation and patient activity.

Respiratory distress is common in HF with 89% of pa-
tients hospitalized for HF in the ADHERE registry reporting
the presence of dyspnoea.’* Whilst we confirmed that
respiratory rates rise prior to a heart failure decompensa-
tion, there was a consistent and dramatic (on average
five-fold larger) increase in respiratory rate (mean of 27%,
4.7 br/min vs. 5%, 1.03 br/min) in patients presenting
with COVID-19. Furthermore, rapid shallow breathing
index—which synergistically combines the progressive in-
crease in respiratory rate and decrease in tidal volume to
yield a single combined index of emerging respiratory
distress—increased on average more than four times more
than that following an admission with cardiac decompensa-
tion. Additionally, the magnitude of respiratory changes in
patients presenting with COVID-19 was also much larger
than those presenting with pneumonia, suggesting a much
more severe disease.
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A modest increase in thoracic impedance was seen in
those presenting with COVID-19 and contrasts with the fall
seen in those with HF decompensation. This is also different
from patients presenting with pneumonia, where there was
no significant change in this parameter. In several patients
following COVID-19 diagnosis, a further rise in impedance
was seen, possibly reflecting volume loading that frequently
occurs in the septic patient.

Predictably, patient activity fell in all sets of patients prior
to hospitalization, although this effect was more pronounced
in those presenting with COVID-19. The long-lasting effect
of COVID-19 on several patient’s activity levels following
diagnosis most likely represents the prolonged recovery
time experienced by many of those suffering from this
viral illness.

Although not commercially accessible currently, the
changes in body temperature identified by these implanted
devices are very interesting and potentially open future
possibilities for this technology. Differentiating between an
infective presentation and decompensation episode would
be very valuable in clinical practice. In this observational
series, temperature was seen to rise by a median of 0.9°C
(1.7°F) between a week prior to diagnosis, and on presenta-
tion, although the peak was 3 days prior to diagnosis,
possibly reflecting the use of anti-pyretics (e.g. paracetamol
[acetaminophen]) thereafter.

Overall, COVID-19 events were preceded by a unique
pattern of sensor trends that were readily distinguishable
from that of worsening HF or pneumonia, and that differed
in individual contribution, magnitude, and onset of change
(Figures 1 and 2).

To ensure prevention of COVID-19 in ambulatory HF pa-
tients, the European Society of Cardiology (ESC) has encour-
aged the use of remote monitoring with implantable device
data and a transition to virtual patient contact to assess the
need for urgent care and to avoid face-to-face encounters
when possible.’® A robust framework for remote monitoring
and telemedicine services were not well implemented prior
to the COVID-19 pandemic, and new strategies are needed
to optimize remote care.*®” Egolum et al. have reviewed a
remote monitoring approach with HeartlLogic during the
COVID-19 global pandemic and presented two cases where
HeartLogic allowed for appropriate remote triage of patients
for expediated admission or managed care at home.'®
Numerous individual case studies with HeartLogic capable
devices and SARS-CoV-2 infections have also suggested that
individual sensors may help identify patients who are
COVID-19 positive, even before patients themselves report
symptoms.’>*? The sensor changes reported in these
individual cases are consistent with the quantitative trends
that we report here, including increasing respiratory
rate and impedance.

The findings, presented here, suggest that alerts derived
from a combination of sensors including that of respiratory

rate, RSBI, night-time heart rate and temperature, together
with HeartLogic, could enable ambulatory patient monitoring
and early triage for potential exposure to SARS-CoV-2
and heart failure exacerbation. Furthermore, the dramatic
sensor changes leading up to a COVID-19 diagnosis (Table 2,
Figure 1, and Figure 2) could encourage early isolation and
evaluation for COVID-19 using more conventional approaches
for diagnosing COVID-19 (e.g. chest X-ray, CT, O, saturation,
and SAR-CoV-2 PCR). In the future, applications may allow
automated remote monitoring for SAR-CoV-2 infection in
heart failure patients with implantable devices.

However, the findings need to be replicated in a larger
prospective study. This would enable comparison of
the sensor trends to conventional COVID-19 and heart
failure diagnostic techniques, including pulse oximetry,
radiological investigations, and remote evaluation of JVP,
which were not systematically collected or evaluated in
this study.

This case series has demonstrated that several
device-based features could have helped differentiate
between an acute presentation with COVID-19 and cardiac
decompensation. In the future, it is tantalizing to think
that this technology could become more universally avail-
able, where all HF patients had device diagnostics via an
injectable cardiac monitor rather than this luxury being
reserved for the relative minority who receive an ICD or
CRT. However, ultimately, the utility of device diagnostics
requires sensible people looking at meaningful data to
ensure that appropriate decisions are made.

Conclusion

This observational study has illustrated the merits of device
diagnostics in differentiating between acute presentations
with COVID-19 and cardiac decompensation, with COVID-19
distinguishable by an extreme and fast rise in respiratory rate
along with no changes in S3. Furthermore, the novel ability of
HF devices to detect changes in temperature extend the
potential utility of remote monitoring in the future.
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