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Abstract

Despite significant advances in drug-based and device-based therapies, heart failure remains a major and growing public
health problem associated with substantial disability, frequent hospitalizations, and high economic costs. Keeping patients well
and out of the hospital has become a major focus of heart failure disease management. Achieving and maintaining such sta-
bility in heart failure patients requires a holistic approach, which includes at least the management of the underlying heart
disease, the management of comorbidities and the social and psychological aspects of the disease, and the management of
haemodynamic/fluid status. In this regard, accurate assessment of elevated ventricular filling pressures or volume overload,
that is, haemodynamic or pulmonary congestion, respectively, before the onset of worsening heart failure symptoms repre-
sents an important management strategy. Unfortunately, conventional methods for assessing congestion, such as physical ex-
amination and monitoring of symptoms and daily weights, are insensitive markers of worsening heart failure. Assessment
tools that directly measure congestion, accurately and in absolute terms, provide more actionable information that enables
the application of treatment algorithms designed to restore patient stability, in a variety of clinical settings. Two such assess-
ment tools, implantable haemodynamic monitors and remote dielectric sensing (ReDS), meet the prerequisites for useful heart
failure management tools, by providing accurate, absolute, and actionable measures of congestion, to guide patient manage-
ment. This review focuses on the use of such technologies, across the spectrum of heart failure treatment settings. Clinical
data are presented that support the broad use of pulmonary artery pressure-guided and/or ReDS-guided heart failure man-
agement in heart failure patients with reduced and preserved left ventricular ejection fraction.
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Introduction

Despite significant advances in drug-based and device-based
therapies, heart failure (HF) remains a major and growing
global public health problem.1–4 Efforts to develop new
approaches that improve functional status, quality of life,
exercise tolerance, and morbidity and mortality continue to
be a priority. In addition, driven by the need to reduce costs
to hospitals, healthcare systems, and payers, there is also an

imperative to reduce the number of hospitalizations
(including 30 day readmissions), emergency department
visits, and unnecessary physician office visits. Consequently,
the focus of HF disease management has shifted from manag-
ing episodes of decompensation requiring hospitalization, a
reactive approach to HF care, to achieving and maintaining
stability in order to keep patients out of the hospital, a more
proactive approach. To enable this latter strategy, a holistic
approach, which includes at least the management of the
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underlying heart disease, the management of comorbidities
and the social and psychological aspects of the disease, and
the management of haemodynamic/fluid status, is needed.
In this regard, assessment tools focused on the measurement
of patient volume status, particularly on haemodynamic and/
or pulmonary congestion, are essential. Such tools may help
the clinician keep patients well and out of the hospital, by
avoiding episodes of volume retention.

Prior attempts to estimate changes in haemodynamic and/
or pulmonary congestion, and achieve or maintain stability,
were mostly dependent upon identifying worsening HF signs
and symptoms, alterations in body weight, or changes in
biomarkers.5–13 Unfortunately, these changes appear late
and are relatively insensitive indicators of clinical status in
patients with HF. For example, while recommended by HF
guidelines, daily measurement of body weight has a sensitiv-
ity of only 10% to 20% for the development of worsening HF.7

Moreover, HF therapy guided by monitoring of signs,
symptoms, weight, and biomarkers does not reliably improve
clinical outcomes when used at the point-of-care or in the
home.14 Only when incorporated into a very well-resourced
and intensive telemonitoring system has their use resulted
in reduced unplanned days in hospital and mortality.11

In this review, we first summarize the ideal criteria for a HF
monitoring approach to be successful in improving clinical
outcomes. Second, we present the current evidence showing
that these criteria may be met by the use of implantable hae-
modynamic monitoring systems or by a non-invasive remote
dielectric sensing (ReDS) monitoring system.

Principles for successful heart failure
monitoring technology

Based on more than 25 years of clinical and research experi-
ence and on a prior review of HF monitoring technologies
and clinical trials, there seems to be at least five prerequi-
sites for success in the development of HF assessment tools
(Figure 1).

First, these tools should measure an appropriate signal.
That is, sensors must measure the underlying pathophysiol-
ogy contributing to worsening HF symptoms and clinical
events (e.g. hospitalizations). Based on numerous observa-
tions, including those from trials of implantable haemody-
namic monitoring systems, increases in intracardiac and
pulmonary artery pressures and in lung fluid content are
among the earliest physiological changes and the proximate
cause of worsening HF.15 Thus, direct measurement of
haemodynamic and/or pulmonary congestion, rather than
assessment of their downstream consequences, may provide
the best target and greatest opportunity for proactive inter-
vention and avoidance of hospitalizations.

Second, sensors must be accurate, providing measure-
ments that have been validated against gold standards such
as the Swan–Ganz catheter in the case of haemodynamic
pressure sensors or computed tomography (CT) in the case
of lung fluid content assessment devices.

Third, sensors appear to be most effective when they
provide absolute values, rather than relative ones. For
example, in the case of lung fluid content assessment, it is
not sufficient to know when the lungs are relatively wetter
or dryer. Rather, it is imperative to know when the lungs
are normally dry and, conversely, to know quantitatively the
amount of abnormal fluid if they are wet in order to guide
therapy. The relativistic nature of impedance-based technolo-
gies measuring lung fluid content may explain the failure to
date of most trans-thoracic and intra-thoracic impedance as-
sessment in HF management.

Fourth, the information provided must be directly action-
able, in that we must understand the meaning of the infor-
mation to know what an appropriate response is. In the
case of implantable haemodynamic monitors, we understand
the meaning of intracardiac and pulmonary artery pressures,
and we know what to do with this information. In the case of
relative changes in thoracic impedance, we do not.

Finally, it is necessary that an algorithm can be provided to
guide clinicians on how to use the information provided by
the technology, and to adjust medical therapies when
abnormal values are recorded. In pressure and lung fluid

Figure 1 The five prerequisites for success in the development of heart failure assessment tools (central illustration).
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content-guided HF management, cut points have been
established and treatment algorithms have been developed
around these cut points. If the information is not used, it is
certain that patient outcomes will not be improved.

Currently, two available HF monitoring systems meet all
five of these requirements for successful HF monitoring
technologies, the implantable haemodynamic monitor—
CardioMEMS HF System (Abbott, Sylmar, California), which
is the only FDA approved system for outpatient PAP
monitoring, and non-invasive lung fluid monitor—ReDS
System (Sensible Medical Innovations, Ltd., Netanya, Israel),
which is FDA cleared for use in the United States, and are
discussed below. The CardioMEMS HF System is available
worldwide, while the ReDS System is available in the
European Union and Israel in addition to the US. Trials with
new HF-monitor systems, which also meet all five proposed
requirements [e.g. V-LAP System for direct measurement of
left atrial pressure (Vectorious Medical Technologies, Ltd.,
Tel Aviv, Israel) and the Cordella System for PAP monitoring
(Endotronix, Inc., Lisle, Illinois)] are ongoing.

Overview and validation of the
CardioMEMS heart failure system

Increases in ventricular filling pressures, in both diastolic
and systolic HF patients, occur weeks before HF
hospitalization.15–17 By targeting day-to-day maintenance of
normal ventricular filling pressures, an implantable HF man-
agement system using ambulatory intracardiac or PAP moni-
toring may succeed in keeping patients out of the hospital
and perhaps in reducing HF mortality.18,19 The success of this
approach has been demonstrated in a series of investigations
using the CardioMEMS HF System (Table 1).18–22

This system employs a novel, wireless, battery-free, PAP
sensor, that is essentially a coil and a pressure-sensitive ca-
pacitor encased in a capsule. It is implanted in a branch of
the pulmonary artery using standard right heart catheteriza-
tion technique and a proprietary delivery system. The coil
and capacitor form an electrical circuit that resonates at a
specific frequency, and pressure applied to the sensor causes
deflections of the pressure-sensitive surface, resulting in a
characteristic shift in the resonant frequency. Electromag-
netic coupling is achieved by an external antenna which is
held against the patient’s body. The antenna provides power
to the device, continuously measuring its resonant frequency,
which is then converted to a pressure waveform by an exter-
nal patient home electronics unit, which uploads PAP infor-
mation to a secure, web-based patient management
system. Pressure measurements derived by this system have
been validated during right heart catheterization, using stan-
dard fluid-filled catheters as a ‘gold standard’.23,24 Ta
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Use of the CardioMEMS heart failure
system in the ambulatory setting

The primary use case scenario for CardioMEMS has been in
the ambulatory (in-home outpatient) setting, where
daily measurements have been used to guide HF
management.18–22 Studies of its use in other HF treatment
settings, such as in the emergency department or hospital
ward, are lacking. In the ambulatory setting, the use of
PAP-guided HF management has been shown to substantially
lower the risk of recurrent HF hospitalization, as first demon-
strated 10 years ago by the CardioMEMS Heart Sensor Allows
Monitoring of Pressure to Improve Outcomes in NYHA Class
III Heart Failure Patients (CHAMPION) trial.18,19

In CHAMPION, 550 NYHA Class III patients, regardless of
left ventricular ejection fraction, were randomized to either
daily measurement of PAP in addition to standard of care
(treatment group; n = 270), vs. standard of care alone
(control group; n = 280), to manage patients. There were spe-
cific pressure targets and treatment algorithms that were
mandated by protocol to ensure adequate testing of the hy-
pothesis that PAP-guided HF management would lower the
rate of HF hospitalization.25 The primary endpoint, the rate
of HF hospitalization over 6 months, was significantly reduced
from a rate of 0.44 in the control group to 0.32 in the treat-
ment group, a 28% relative risk reduction.18 Over the entire
follow-up period averaging more than 17 months, there was
a 37% annualized relative risk reduction for HF hospitaliza-
tion. Significant reductions in HF hospitalizations were seen
in HF patients with either reduced or preserved LVEF.26

Pulmonary artery pressure-guided increases or decreases in
diuretic dosing accounted for the majority of these risk
reductions, while PAP-guided addition or titration of
vasodilator therapies also contributed.

Real-world evidence also supports the utility of
PAP-guided HF management, with adherence and complica-
tion rates similar to those seen in the CHAMPION trial. Desai
et al.21 performed a retrospective cohort study to evaluate
the effectiveness of haemodynamic monitoring in reducing
HF hospitalization among Medicare patients during the pe-
riod after FDA approval. Fee-for-service Medicare beneficia-
ries undergoing PAP sensor implantation between June 1,
2014 and December 31, 2015, with at least 6 months of con-
tinuous Medicare enrolment before and after implantation,
were included. Analysis of administrative claims data from
the Center for Medicare and Medicaid Services standard
analytic file demonstrated a 55% reduction in cumulative HF
hospitalizations during the 6 months post-CardioMEMS
implantation compared with the 6 months before.

The 1 year results of the CardioMEMS post-approval study,
a multi-centre, prospective, open-label, observational, single-
arm trial of 1200 patients enrolled across 104 US sites, pro-
vide further support for the effectiveness of PAP-guided HF

management.20 In these patients with NYHA Class III HF and
a prior HF hospitalization within 12 months of enrolment, ad-
herence rates to daily pressure transmission was 76 ± 24%
and PAP declined significantly. The rate of HF hospitalization
was significantly reduced by 57% at 1 year compared with
the year before implantation. The rate of all-cause hospitali-
zation was also significantly reduced. The results were consis-
tent across multiple pre-defined subgroups, including by LVEF
subgroup.

Similarly, the CardioMEMS European Monitoring Study for
Heart Failure (MEMS-HF) demonstrated a significant 62% re-
duction in the rate of HF hospitalization, comparing the
12 months post-implant vs. pre-implant.22 This study evalu-
ated the safety, feasibility, and performance of the
CardioMEMS device in Germany, The Netherlands, and
Ireland to determine if US CardioMEMS findings could be rep-
licated in health systems outside of the United States. Beyond
the finding of reduced HF hospitalizations, MEMS-HF also
showed very large improvements in patient-reported quality
of life, using both the Kansas City Cardiomyopathy Question-
naire and the 9-item Patient Health Questionnaire.

Thus, in routine clinical practice as in clinical trials,
PAP-guided HF management reduces PAP, lowers the rates
of HF and all-cause hospitalizations, and improves
patient-reported quality of life in patients with symptomatic
HF and a prior HF hospitalization. Across studies, the magni-
tude of benefit is best described by the average annualized re-
duction in HF hospitalization, which ranges from 37% to 62%.
The ongoing Hemodynamic-GUIDEd Management of Heart
Failure (GUIDE-HF) trial will further assess the safety and effec-
tiveness of CardioMEMS-guided HF management on morbid-
ity and mortality (including all-cause mortality) in a broader
population of HF patients. Finally, a validated non-invasive
HF assessment tool may represent an attractive alternative
or adjunct to CardioMEMS, despite its excellent safety profile
and proven effectiveness. ReDS represents such a tool.

Overview of remote dielectric sensing
technology

Remote dielectric sensing technology is based on a miniature
radar system that employs low-power electromagnetic signals
transmitted through the thorax between two externally ap-
plied sensors with results displayed via a bedside console.
One sensor is positioned anteriorly on the chest and another
is positioned posteriorly on the back; the sensors are not re-
quired to make contact with the skin, that is, they can be
placed on top of clothing. For consistent placement between
readings, sensors are embedded either in a vest that is ad-
justed to fit each patient’s body habitus, or in a simple-to-ap-
ply clip that fits over the shoulder. The bedside console has a
signal processor that assesses the electromagnetic signal as
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it passes through the thorax and calculates the average dielec-
tric coefficient of the lung tissue between the electrodes.
Because lung tissue is primarily composed of water and air,
with water having a very high dielectric coefficient and air
having the lowest dielectric coefficient, the average
dielectric coefficient reflects the percentage of lung tissue
fluid content.

The system provides an onscreen reading within 90 s and
can be transmitted to a cloud platform. Measurements are
recorded in units of percent (%), representing the percent
of lung tissue volume that is occupied by fluid. The normal
value of lung fluid volume, as measured by CT and confirmed
by ReDS, ranges between 20% and 35%.27 The full range of
lung fluid volume reported by the ReDS system spans from
15% to 60%.

Validation of remote dielectric sensing
technology

Computed tomography has been considered to be the most
accurate means for quantifying lung fluid content.28–30 How-
ever, as it is difficult to obtain imaging in an acutely
dyspnoeic patient because of the requirement to be in the
prone position and, because of its harmful radiation charac-
teristics, it is not desirable for routine testing in humans.
Thus, a two-step approach was used to validate ReDS against
the gold standard assessment of CT (Figure 2). First, the ac-
curacy of ReDS using serial CT testing was evaluated using a
phantom lung model and during acute volume loading and
following diuresis in a pig model of HF. Second,
cross-sectional (one-time) comparisons of ReDS to
high-resolution chest CT were performed in patients with
and without acute decompensated heart failure (ADHF). A
nearly linear pattern between ReDS and CT fluid concentra-
tion values was observed in the lab and animal experiments,
with an intraclass correlation of 0.94. Similarly, in 16 ADHF
patients and 15 non-ADHF subjects, the intraclass
correlation between ReDS and CT was found to be 0.90. In
normal humans, lung fluid content averages (±standard
deviations) for CT and ReDS were 28.7 ± 5.9% and
27.3 ± 6.6% for the non-ADHF group, and 40.7 ± 8.8% and
39.8 ± 6.8% for CT and ReDS for ADHF, respectively
(P < 0.0001). This compares favourably with each other
and is consistent with normally dry lungs in non-ADHF and
wet lungs in ADHF.

In addition, in a separate study of hospitalized ADHF pa-
tients, changes in ReDS values during diuresis were corre-
lated to net fluid balance changes, as another means of
validating ReDS assessment.31 Results from 24 patients dem-
onstrated a reduction in mean (SD) ReDS values by 18 ± 11%
during the course of a hospitalization, consistent with a

reduction in pulmonary congestion. This finding strongly cor-
related with changes in net fluid balance.

Finally, the relationship between ReDS assessment of
lung fluid content and invasively measured cardiac
haemodynamics was investigated.32 In this prospective
single-centre study, ReDS readings were obtained in the su-
pine position, just before right heart catheterization, in 139
patients with HF. A good correlation was found between
ReDS and the pulmonary capillary wedge pressure (PCWP),
but as expected, this correlation (r = 0.492, P < 0.001) was
weaker than that seen for the ReDS comparison with CT.
These findings are consistent with the known dissociation
between lung fluid content and PCWP at lower PCWP mea-
surements. However, receiver operating characteristic anal-
ysis of the ability to identify a PCWP ≥ 18 mmHg
resulted in a ReDS cut-off value of 34%: C-statistic = 0.85,
sensitivity = 90.7%, and specificity = 77.1%. Overall, a
ReDS < 34% carries a negative predictive value of
94.9% for CT measured absence of pulmonary volume
overload.

These findings suggest that ReDS technology accurately
quantifies lung fluid volume and has great potential for
monitoring HF patients through hospitalization and at
other points of care, such as outpatient clinics or in the
home (Table 2).

Figure 2 ReDS vs. computed tomography—Comparison of lung fluid con-
tent in three settings. CT, computed tomography; ReDS, remote dielectric
sensing.
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Remote dielectric sensing use cases
across the continuum of heart failure
care

Remote dielectric sensing readings can be taken and can be
potentially helpful across the spectrum of HF states;
from stable, to decompensating, to hospitalized, to the
post-discharge state, in a variety of healthcare settings.
These settings include the patient’s home and skilled nurs-
ing facilities, the emergency department (ED), ED-based or
hospital-based observation units, inpatient hospital wards
and outpatient clinics. In all cases, healthcare professionals
at any level of experience can be trained to make accurate
ReDS measurements. The required techniques are such that
even patients can take reliable measurements. Analogous
to pressure-guided HF management, cut points for defining
volume status have been established for ReDS, and treat-
ment algorithms have been developed around these cut
points (Figure 3). Values above 35% define a hypervolemic
state, and below 20% indicate dehydration. Such values
drive medication changes to restore ReDS values to the
normal range and may be helpful in a number of use case
scenarios.

It is important to note that ReDS measures any fluid in the
thorax, so thorough clinical assessment remains essential to
ReDS-guided HF management. While the treatment algo-
rithm in Figure 3 focuses on HF-related fluid/congestion man-
agement, other situations and their corresponding treatment
should be considered. For example, a large pleural effusion

may require pleurocentesis, pneumonia may require antibi-
otics, and acute decompensated chronic kidney failure may
require dialysis.

Post-discharge clinic remote dielectric
sensing measurement to reduce 30 day
heart failure readmissions

One strategy being adopted by some healthcare systems to
reduce 30 day HF hospital readmissions is to provide rapid
outpatient follow-up in a dedicated post-discharge clinic
within several days of discharge.33 Advanced practice pro-
viders, such as nurse practitioners, frequently staff these
clinics. One such clinic at Mount Sinai Hospital (New York,
NY), called the rapid follow-up (RFU) clinic, is run by a nurse
practitioner with indirect physician supervision. A retrospec-
tive analysis evaluated the use of ReDS in this setting.34

This analysis included 220 patients discharged from the
hospital following an ADHF admission, who showed up for
their scheduled RFU clinic visit. Of those patients who pre-
sented to the RFU, ReDS measurement was performed in
36% (n = 80). ReDS-guided medication changes were made
in about two-thirds of these patients. ReDS-guided manage-
ment was associated with significantly fewer 30 day cardio-
vascular readmissions (relative risk reduction of 79%,
P = 0.04) and a trend towards a reduction in all-cause
readmissions (relative risk reduction of 57%, P = 0.09) com-
pared with patients without a ReDS assessment.

These findings support the notion that nurse practitioners
armed with ReDS technology have the potential to lower the
risk of readmission following discharge from an ADHF hospi-
talization, beyond that which could be accomplished by the
RFU clinic approach alone.

Inpatient measurement to assess
readiness for hospital discharge

Results from several large registry studies indicate that many
patients hospitalized for ADHF are still volume overloaded
(inadequately decongested) at the time of discharge.35 Inad-
equate decongestion is a significant risk factor for HF
readmissions. Patients are frequently discharged with persis-
tent volume overload because fitness for discharge is often
based on resolution of symptoms rather than on objective ev-
idence of adequate decongestion. The BEST-HF study36 was a
single-centre prospective, randomized, controlled pilot
study of 108 patients admitted to Moses Cone Hospital
(Greensboro, NC) with ADHF that was designed to objectively
measure the amount of residual lung congestion in acute HF
patients at discharge. At the time of proposed discharge, all

Figure 3 Example patient management algorithm. Green zone indicates
normal pulmonary artery diastolic pressure or normal lung fluid values
and optivolemic state. Red zones indicate low and elevated values and
hypovolemic and hypervolemic states correspondingly. Default cut-off
points are 8–20 mmHg and 20–35% fluid content.
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patients underwent a ReDS reading to measure lung fluid,
with the results randomized to be blinded or relayed to the
treating physicians.

Of 108 HF patients (50% male, age 73.6 ± 12.6 years, BMI
29.3 ± 4.3 kg/m2, EF 38.5 ± 15.1%, BNP 1138 ± 987 pg/mL),
32% demonstrated significant residual lung congestion (de-
fined as a ReDS reading ≥ 39%) and 43% had ReDS
reading ≥ 35% at the time of proposed hospital discharge.
ReDS-guided therapy triggered additional diuresis in 30%
(18/60) of the patients in the treatment arm (average weight
loss 5.6 pounds, P = 0.02). The overall readmission rate was
low so 30 day HF readmission rates were similar in the treat-
ment and the control arms (1.7% vs. 4.2%; P = 0.44) but com-
paring patients with ReDS ≥ 39% who received ReDS-guided
therapy to patients with ReDS ≥ 39% who were discharged
home show favorable trends in 30 days (0% vs. 11.8%,
P = 0.24) and in 90 days (9.1% vs. 23.5%, P = 0.33). Regardless
of group assignment, patients discharged as planned (without
additional treatment) with residual lung congestion
(ReDS ≥ 39%) had higher 30 day readmission rate compared
with patients who were adequately decongested at discharge
with ReDS < 39% (11.8% vs. 1.4%, P = 0.03).

Thus, this study confirmed prior findings that a large pro-
portion of patients admitted for ADHF are discharged with re-
sidual lung congestion.35 A ReDS measurement performed at
the time of proposed HF discharge can identify patients who
may benefit from additional decongestion prior to discharge
which may, in the long run, decrease the risk for HF
rehospitalization.

Remote dielectric sensing use during
visiting nurse home health visits

Remote dielectric sensing has been used as a point-of-care
measurement in patients’ homes, by nurses during post-hos-
pital-discharge visits operating under the remote supervision
of a HF specialist. In one experience at Randolph Health Hos-
pital (Asheboro, NC),37 Medicare patients admitted for HF
were enrolled into a nurse-led outpatient transition care pro-
gramme. In brief, following first planned post-discharge con-
tact to assess symptoms within 3 days, patients were
instructed to make contact with a central office at any time
during the follow-up period for any signs and symptoms of
worsening HF like volume overload or increased dyspnoea,
which would trigger nurse home visit and ReDS measure-
ment. Patients who received home nurse visits were man-
aged according to a standardized 4 day staged algorithm
that incorporated ReDS-based diuretic adjustments which in-
cluded supplemental metolazone, or IV furosemide, potas-
sium and blood tests to assess electrolytes and renal
function. If the algorithm was unsuccessful in abating

symptoms and getting the ReDS reading < 36% by Day 4,
physician consultation was obtained.

In the initial experience, the Care Transitions Team evalu-
ated 105 patients over an 18 month period. Age of these pa-
tients averaged 81 years, 46% were female and 54% were
male. Of 273 ReDS readings, 52 (20%) were >35% and pa-
tients were treated using the diuretic adjustment protocol.
It took an average of 2.5 (range 1 to 5) visits to titrate di-
uretics and obtain a goal ReDS reading ≤ 35%. The 30 day
all-cause hospital readmission rate dropped from a historical
level of 25% to 15%. This resulted in an immediate benefit to
the hospital system by eliminating the Medicare penalty for
readmission rates > 20%, which had occurred each of the
prior 4 years. In addition, there were no treatment failures,
hospitalizations, or ER visits for worsening renal function or
adverse events. In summary, this case study showed that a
nurse-led care transition programme employing ReDS tech-
nology and a specific diuretic dosing algorithm to assess
and treat HF patients, was successful in reducing the 30 day
HF readmissions in a community hospital without a dedicated
HF programme.

Daily use of remote dielectric sensing
in the home

The daily use of ReDS by patients in their homes has been
evaluated in an interventional study.38 Fifty hospitalized
patients with ADHF were enrolled at three sites in Israel.
Patients performed ReDS readings on a daily basis.
Measurements were transmitted to a dedicated cloud en-
abled patient management and automatic alerts sent to
the primary physician for readings above (>35%) or below
(<20%) the normal range. Patients were managed based
on the principles of the algorithm described above. Each
alert prompted a phone call to the patient for evaluation
of medical and dietary compliance and, when indicated,
modification of medical therapy, primarily adjustment of
diuretic dosing. Examples of daily CardioMEMS and ReDS
readings and physician responses from single patients are
summarized in Figure 4. Episodes of increased ReDS read-
ings were generally followed by treatment modifications
that resulted in decreased ReDS readings over subsequent
days.

For the 50 patients as a whole, the number of HF hospi-
talizations was compared across three time periods of obser-
vation including the 90 days prior to the index admission,
the 90 days following discharge from the index admission
during active ReDS-guided HF management, and the subse-
quent 90 days following withdrawal of ReDS from the pa-
tients’ homes. Compared with the pre-REDS and post-ReDS
periods, respectively, there were 87% and 79% reductions
in HF hospitalizations during ReDS-guided HF management.
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The hazard ratio between the ReDS and the pre-ReDS period
was 0.07 (95% CI [0.01–0.54], P = 0.01) and between the
ReDS and the post-ReDS period was 0.11 (95% CI [0.014–
0.88], P = 0.037). These findings demonstrate the feasibility
of daily home ReDS measurements and suggest that
ReDS-guided management in this setting has the potential
to reduce readmissions in ADHF patients recently discharged
from the hospital.

Remote dielectric sensing use in the
emergency department

Remote dielectric sensing technology has the potential to be
used in the ED setting to help differentiate shortness of
breath due to HF from other causes. This was demonstrated
in a single-centre convenience-sample pilot study of patients
presenting with a chief complaint of shortness of breath
who were ≥21 years of age.39 Patients were fitted with
the ReDS vest, and data were recorded. After discharge
from the ED, a gold standard diagnosis and a volume status
were adjudicated by two emergency medicine physicians
blinded to ReDS data. ReDS data were evaluated with sensi-
tivity (Sn), specificity (Sp), and receiver operating character-
istic for prediction of gold standard diagnosis. Of 57
patients, the mean age was 63.02 (±13.74) years, and 51%
were male. ReDS values ranged from 17% to 55%. Adjudi-
cated diagnosis found 35% of patients had volume overload,
of which ReDS detected 85%. Using a cut point of 35% (up-
per limit of physiologic lung fluid), ReDS had a Sn, Sp, NPV,
and PPV of 0.85, 0.78, 0.91, and 0.68, respectively. Rule-out
and rule-in ReDS cut points, providing 100% Sn and Sp were
<28% and >41%, respectively. The optimal cut-off point
was determined to be 37% (AUC = 0.92; CI 0.81 to 0.97;
P < 0.0001) with a Sn of 0.89, Sp of 0.83, NPV of 0.93,
and PPV of 0.74. The interim conclusion of this pilot study
is that at a cut point of 37%, the ReDS device has excellent
sensitivity and negative predictive value in detecting patho-
logic levels of lung fluid.

Summary and conclusions

Development of objective means of monitoring fluid status
with associated treatment algorithms to reduce hospitaliza-
tions has emerged as a priority in the care of HF patients.
CardioMEMS has been validated against the gold standard
of PCWP assessed by right heart catheterization and several
studies now show that hospitalization rates can be reduced
using this tool. More recently, ReDS has been validated
against the gold standard of CT for direct measurement of
lung fluid content, and it compares favourably to invasive as-
sessment of PCWP. CardioMEMS is an implantable device
that requires about 90 s for its interrogation and uploading
of information to a web-based patient management system;
ReDS is a non-invasive system and requires up to 90 s to mea-
sure lung fluid content uploading measurements to a
web-based patient management system. CardioMEMS mea-
surements are easily taken by patients in their homes; ReDS
is used easily by any member of the healthcare team—includ-
ing physicians, advanced practice providers, nurses, commu-
nity healthcare associates, and also by patients themselves.
Both HF monitoring systems meet five critical prerequisites
for an effective HF assessment tool, by measuring the appro-
priate signal (PAP, lung fluid content) accurately and in abso-
lute terms, thus providing actionable information that can
guide management via physiologically and clinically sound
treatment algorithms. While CardioMEMS clinical research
and clinical use has focused on the ambulatory setting alone,
ReDS has been used and evaluated in a variety of clinical set-
tings including in the hospital, in the post-discharge HF clinic,
in the home as a point-of-care test administered by visiting
nurses, in the home for daily monitoring administered by
the patient, and in the emergency department. For both
CardioMEMS and for ReDS, substantial clinical trials and
real-world data support the use of these technologies as a
means to keep HF patients well and out of the hospital. In
this regard, both technologies have been effectively used in
HF patients regardless of LVEF, that is, in HF patients with re-
duced and preserved ejection fraction.

Currently, CardioMEMS is indicated for wirelessly measur-
ing and monitoring pulmonary artery pressure and heart rate

Figure 4 Examples of daily readings transmitted from single patients. Physicians responded to elevated readings with furosemide and stabilized the
patients in the normal zone. (A) CardioMEMS (B) ReDS.
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in NYHA Class III HF patients who have been hospitalized for
HF in the previous year.40 The ReDS System is intended for
use by qualified healthcare practitioners, under the direction
of a physician, in hospitals, hospital-type facilities, and home
environments, for the non-invasive monitoring and manage-
ment of patients with fluid management problems in a variety
of medically accepted clinical applications. The ReDS system is
indicated for patients, with fluid management problems, tak-
ing diuretic medication, living with HF, and recovering from
a coronary artery disease-related event.41 Both of these tech-
nologies represent valuable additions to our armamentarium
for the management of HF patients and should be considered
for the routine management of patients with symptomatic HF.
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