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Abstract: Left ventricular assist devices (LVADs) have been shown to markedly improve survival and

quality of life in patients with end-stage heart failure. However, despite ongoing improvements in survival

and quality of life, significant challenges still exist in the management of these patients, including a high

rate of recurrent heart failure and rehospitalizations. Similar challenges exist in the non-LVAD heart failure

population as well, and recent efforts to utilize remote hemodynamic monitoring techniques to improve

outcomes have shown promise. No data currently exist demonstrating extension of this benefit into the

LVAD population, although a theoretical benefit can be extrapolated. Herein we review current remote

hemodynamic methods and potential applications towards LVAD patients.
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Introduction

Approximately 6 million Americans and 15 million
Europeans are living with heart failure (1,2). Guideline
directed medical therapy (including angiotensin converting
enzyme inhibitors, beta-blockers, and aldosterone
antagonists) and devices (implantable cardioverter-
defibrillators and cardiac resynchronization therapy) have
markedly improved heart failure survival. Despite these
treatments, heart failure is associated with significant
morbidity and mortality and advanced heart failure persists
in a large group of patients. In the United States, it has
been estimated that 150,000-250,000 patients suffer with
advanced stage heart failure (3). With improving outcomes,
growing experience managing the devices, and a greater
acceptance of implantation as destination therapy, left
ventricular assist devices (LVADs) have become a life-saving
option for patients with advanced heart failure (4).

There are over 1 million annual heart failure
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hospitalizations in the United States and heart failure is
associated with the highest rate of hospital readmission of
any disease state (1,5). Even with left ventricular output
markedly improved after LVAD implant, heart failure
related complications can persist due to ineffective LV
unloading, arrhythmias, right ventricular (RV) failure, or
aortic insufficiency. Hospital readmissions also remain a
significant burden for LVAD patients occurring at a rate
of 1.5-2.5 per patient year of support, with a higher rate in
the first 6 months (6-8). The leading cause of readmissions
is gastrointestinal bleeding followed by heart failure and
arrhythmia (7).

Due to the complexity and chronicity of heart failure,
patient self-management at all stages of the disease is a
crucial part of the overall management strategy. However,
traditional monitoring approaches for heart failure patients
are insensitive and have failed to reduce hospitalization
rates or improve quality of life. Recent developments in
remote hemodynamic monitoring have been shown to
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Table 1 Sensitivity and specificity of weight change in

identifying acute heart failure decompensation

Weight change Sensitivity  Specificity
2 kg weight gain over 48-72 h (11) 9% 97%
2% weight gain over 48-72 h (11) 17% 94%
3lbsin1dayor5lbsin3days(12) 22.5% -

dramatically decrease heart failure hospitalizations and
improve quality of life. Remote hemodynamic monitoring
can theoretically improve LVAD management by aiding
pump speed optimization, medication titration, and timing
of transplantation. We will review the current approaches
for remote monitoring of heart failure patients and describe
how they may be applied to LVAD patients.

Traditional heart failure monitoring

Chronic heart failure management traditionally has focused
on noninvasive markers of clinical status. Patients are
asked to comply with complex medication regimens, follow
diet and fluid restrictions, and actively engage with their
care team. In particular, they are instructed to monitor
their weight daily, check daily for edema, monitor their
symptoms and either adjust their diuretic use according
to these parameters or remain in close contact with their
provider to determine medication adjustments. While these
self-management strategies can decrease rehospitalizations,
many patients lack self-care skills and complex instructions
can overwhelm resulting in inadequate self-care (9-11).
Published compliance with daily weights has been as low
as 14-35% (10,11). Symptom monitoring is among the
worst performed self-care activities, with compliance rates
as low as 9% (10). Even when patients are compliant with
self-care instructions, current monitoring strategies are
unreliable. Weight gain has poor sensitivity for identifying
patients at risk for acute decompensation (Table 1) (12,13).
Physical examination findings such as elevated jugular
venous pressure, edema, third heart sounds, and rales also
all have sensitivities of less than 50% for determining a
patient’s hemodynamic status (14). Weight gain, symptoms
of congestion, and physical exam findings are often late
manifestations of worsening heart failure accounting for
their limited impact on reducing hospitalizations and
improving heart failure outcomes (Figure I) (15).
Telemonitoring strategies, whereby patients are given
equipment such as blood pressure monitors and scales to
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obtain physiologic data at home, have also been attempted
to improve heart failure outcomes. Two large multicenter
trials suggest that the value of telemonitoring in isolation for
heart failure disease management is limited. A large study
sponsored by the National Institutes of Health, TELE-
HE, enrolled 1,653 patients from 33 sites in the United
States (16). Patients had all been recently hospitalized
for heart failure and were randomized to usual care or
telemonitoring using an automated telephone based system
that collected daily information about symptoms and
weight. There was no difference between groups in all-cause
mortality or heart failure related hospitalizations. Another
large randomized controlled trial of telemonitoring,
TIM-HE, enrolled 710 patients at 165 sites in Germany to
usual care or daily remote monitoring that included blood
pressure and weight measurements, electrocardiogram, and
medical telephone support (17). After almost two years of
follow-up on average, there were no differences between
groups in all-cause mortality, cardiovascular death, or heart
failure hospitalizations.

Remote hemodynamic monitoring

The failure of noninvasive remote monitoring of heart
failure has led to the development of a variety of other
hemodynamic approaches to more accurately predict
worsening heart failure and reduce hospitalizations. Remote
hemodynamic monitoring has the advantage of identifying
increases in intracardiac and pulmonary pressures that may
precede the development of heart failure symptoms by days
to weeks (15). Devices that observe RV pressure, pulmonary
artery pressure (PAP), and left atrial pressure have been
developed. Recently, a novel system that remotely monitors
PAP became the first implantable hemodynamic monitor
for heart failure approved by the United States Food and
Drug Administration (FDA) (18).

RV pressure monitoring

The RV pressure at the time of pulmonary valve opening
reliably estimates PAP (19). This concept was used to
develop an implantable RV pressure monitoring system
similar to a single-lead pacemaker. This device continuously
monitored and recorded estimated pulmonary artery
diastolic (ePAD) pressure, heart rate, body temperature,
and patient activity. The Chronicle Offers Management
to Patients with Advanced Signs and Symptoms of Heart
Failure (COMPASS-HF) trial evaluated this implantable RV
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Figure 1 Progression from stable compensated to decompensated heart failure. Increased intracardiac and pulmonary artery pressure are the

earliest manifestations of worsening heart failure, often preceding worsening symptoms and weight gain by days to weeks. Graph adapted

from Adamson ez a/. Curr Heart Fail Reports, 2009.

monitoring system and was the first randomized controlled
trial of remote invasive hemodynamic monitoring in heart
failure (20). In COMPASS-HF, 274 New York Heart
Association (NYHA) Class III and ambulatory class IV
patients were randomized to usual care alone versus usual
care guided by the information from the RV monitoring
system. The primary outcome was a reduction in the rate of
heart failure related events (hospitalizations and emergency
or urgent care visits requiring intravenous therapy). There
was a non-significant 21% reduction (P=0.33) in primary
events in the RV monitoring group. Retrospective analysis
showed a 36% reduction (P=0.03) in the relative risk of
first heart-failure related hospitalization. Interestingly,
COMPASS-HF did confirm that elevated PAP is associated
with an increased risk of heart failure events (21).
Estimated PAP greater than 25 mmHg was associated
with a significantly higher risk of heart failure events
when compared to pressures between 10 and 24 mmHg.
Unfortunately, clinicians in COMPASS-HF generally
failed to adequately target a lower ePAD so the theory that
invasive monitoring and lower pressures would significantly
reduce hospitalizations remained insufficiently tested.

PAP monitoring

The CardioMEMS™ HF system is a wireless, implantable
PAP monitoring system. The system consists of a PAP
sensor, external electronics measuring system, and secure
website where clinicians can monitor the hemodynamic
data (Figure 2). The pulmonary artery sensor is implanted
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by right heart catheterization via a femoral approach using a
special delivery system. The sensor does not have a battery
and never needs to be replaced. Patients are instructed
to take daily pressure readings from home using the
electronics measuring system. Information is transmitted
from the measuring system to the secure website where it is
immediately available for clinician review.

Remote PAP guided management of heart failure
was evaluated in the CardioMEMS Heart Sensor
Allows Monitoring of Pressure to Improve Outcomes in
NYHA Class III Heart Failure Patients (CHAMPION)
trial (22,23). All 550 patients in the CHAMPION trial
received the CardioMEMS HF System implant. Patients
were randomized to a treatment group where clinicians
had access to daily PAP measurements versus a control
group where clinicians did not have access to daily PAP
measurements and used the standard of care only. Patients
in the treatment group were managed to protocol specific
pressure goals of pulmonary artery systolic pressure of 15
to 35 mmHg, pulmonary artery diastolic pressure of 8 to
20 mmHg, and pulmonary artery mean pressure of 10 to
25 mmHg. The primary endpoint was the rate of heart
failure hospitalizations and secondary endpoints included
changes in PAP, days alive outside the hospital, and quality
of life. Compared to the control group, patients with PAP
guided management had a significant 28% reduction in
heart failure related hospitalizations at 6 months and 37%
reduction in heart failure hospitalizations at 15 months.
PAP guided management also resulted in significant
reductions in PAP, increased days alive out of the hospital,
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Figure 2 CardioMEMSTM HF System: The CardioMEMS HF System consists of the PA pressure sensor itself, an external electronics

measurement system and HF website. Patients take daily pressure readings from home using the electronics system. Information transmitted

from the electronics system to the HF system website is immediately available to the clinicians for review.

and improved quality of life. There were no pressure sensor
failures and 98.6% freedom from device-related or system-
related complications in the CHAMPION trial. These
results led to FDA approval of the CardioMEMS HF
system for NYHA class III patients on May 28, 2014 (18).

Left atrial pressure monitoring

A system for monitoring left atrial pressure has been
developed and consists of an implantable sensor lead coupled
with a subcutaneous antenna coil (24,25). The sensor system
is implanted using venous access and trans-septal crossing
of the interatrial septum. Left atrial pressure, temperature,
and intra-cardiac electrocardiogram are monitored. The
sensor is powered and interrogated through the skin using a
wireless transmitter with high fidelity waveforms (left atrial
pressure and intra-cardiac electrocardiogram) captured
and available for clinician review through a secure website.
Preliminary evaluation of the implanted left atrial pressure
sensor demonstrated potentially promising results. The
Hemodynamically Guided Home Self-Therapy in Severe
Heart Failure Patients (HOMEQOSTASIS) trial observed
40 patients with NYHA class III or IV heart failure
implanted with a left atrial pressure monitor (26). After
an initial 3-month observation period where patients and
clinicians were blinded to readings, left atrial pressure
measurements and individualized therapy instructions
guided medication dosing. The pressure guided and patient
self-management treatment was associated with reduced
rate of heart failure hospitalizations, lower mean left atrial
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pressure, increased left ventricular ejection fraction, and
improved NYHA class. The self-management approach
is similar to diabetes care where patients modify their
prescribed insulin dose based on daily objective measures
of blood glucose and offers promising opportunities to
transform the chronic care of heart failure patients. These
findings are being evaluated further in a large prospective
randomized trial (27).

Ventricular assist devices and current challenges

LVADs have been shown to greatly improve mortality and
quality-of-life in advanced heart failure patients (28), but
patients who have undergone implantation with a VAD are
still at risk of recurrent heart failure as previously noted.
Because of this ongoing risk, a need exists to identify
and employ adequate monitoring strategies to treat
heart failure after implantation. Some of the traditional
noninvasive measures can still be used with VAD patients,
such as weight monitoring and evaluation of clinical signs
of congestion (e.g., lower extremity edema). There is no
evidence, however, that these strategies are any more useful
in mechanically supported patients compared to standard
heart failure patients; the same lack of sensitivity is assumed
to carry over following implantation.

Furthermore, certain physiologic parameters are difficult
to assess in the setting of current generation continuous-
flow devices. The ability to measure and interpret systemic
blood pressures continues to be a challenge for those caring
for VAD patients due to the continuous flow produced by
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contemporary devices. Currently recommended practices
suggest the use of Doppler signals to measure peripheral
blood pressures, particularly in the absence of a palpable
pulse (29). In this setting, Doppler return-to-flow values are
suggested to equate to mean arterial pressures (30). Data
has been presented, though, to question the accuracy of this
recommendation (31). At present, debate still exists whether
Doppler-obtained pressures are indicative of a mean arterial
pressure or a systolic blood pressure. In addition, the ability
to obtain portable Doppler machines to allow patients to
check blood pressures at home is severely limited by cost
and availability, but has been shown to be feasible (32).

Updated controllers for the current generation of
VADs display several pump-specific parameters that can
be reported back to care providers to assist in the remote
management of patients. Although variances exist based
on manufacturer, most devices report the rotational speed
of the contained impeller and the instantaneous power
consumption of the pump. Axial flow pumps also provide
an estimation of pulsatility within the pump. From these
parameters, an estimation of blood flow is calculated. It is
important to note that the numerical value of flow is not
measured and lacks precision based on estimations required
for the calculation (33,34). Monitoring trends of these
values can assist in the management of these patients (35),
but overall they do not have enough sensitivity to detect
worsening heart failure or other cardiovascular changes.
Rather, they are useful in managing the pump itself and
identifying more significant and severe clinical problems.

Newer generation pumps will aim to improve internal
accuracy of the assumptions used in calculations to
better assist in patient management. One example is the
integration of an ultrasonic flow probe in the outflow graft
to provide true flow measurements instead of calculated
values (36). In one published case series, the use of the
integrated flow probe technology along with remote
monitoring of additional parameters was shown to be useful
in the management of the VAD patient (37). The use of
this technology is still undergoing testing and is not yet
approved for clinical use.

The ongoing risk of recurrent heart failure after VAD
implantation opens the door to innovative strategies for
patient management. One approach would be to use
remote hemodynamic monitoring in VAD patients. The
validity and effectiveness of this strategy has not yet been
shown. In theory, trends in PA pressures can predict HF
events in mechanically supported patients similar to non-
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supported HF patients. Unclear at this point, though, is
the correlation of specific parameters to worsening heart
failure. The presence of a mechanical device within the left
side of the heart may reduce the sensitivity of PA diastolic
pressures trend as a means to detect volume retention.
Additionally, the ability of the CardioMEMS device to
accurately detect right-heart failure is unknown. Interest in
understanding the relationship is high, and deserves to be
the focus of future investigations.

Invasive hemodynamic monitoring theoretically offers
other advantages to VAD patients beyond reducing
recurrent heart failure admissions. Increases in PAPs that
correlate with a rise in serial lactate dehydrogenase (LDH)
may more precisely identify device thrombosis, even before
LDH reaches currently accepted thresholds or the patient
develops significant symptoms (38). PAP monitoring may
also allow for more accurate pump speed modifications
to determine effective unloading of the left ventricle. In
particular, patients with secondary pulmonary hypertension
that precludes primary cardiac transplantation may be
able to be managed more effectively without repeated
right heart catheterizations to monitor PAP. This would
eliminate frequent interruptions in anticoagulation and the
potential associated complications. Finally, in addition to
recording PAP, the CardioMEMS system monitors heart
rate allowing for earlier detection of tachy-arrhythmias that
may compromise VAD function.

Moving forward, the challenge will be to create
“smart” pumps that integrate biofeedback of physiologic
parameters. Utilization of feedback data may allow pumps
to adjust themselves to match the needs of the patient;
much the way modern pacemaker technology allows self-
adjustment. Although pacemaker feedback mechanisms
have become quite sophisticated and can integrate a variety
of parameters such as respiratory rate, movement, and
oxygen demand, direct carry over to VAD technology is not
yet possible. The need to follow right-ventricular function,
filling pressures, and pump flow are essential to creating
a “smart” pump that can react and self-adjust. Moreover,
the relative importance of these parameters in relation to
each other still needs further understanding. For example,
the significance of heart rate on VAD function is not well
understood. If important, a “smart pump” may need to
communicate with a pacemaker or have integrated heart
rate control mechanisms. Integration of these parameters
has been explored in simulations (39), but has not yet been
implemented into the manufacturing process. Although
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elusive, the realization of these features into commercially

available products continues to be necessary and will shape

the future of the field.
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