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Abstract

Introduction—Left ventricular assist device (LVAD) implantation has become a well-established
treatment option for patients with end stage heart failure (HF) who are refractory to medical
therapy. While LVADs implantation does effectively improve hemodynamic performance many
patients still possess peripheral pathological adaptations often present in end-stage HF. Therefore,
increased attention has been placed on investigating the effects of exercise training for patients
with LVADs to improve clinical outcomes. However, the available evidence on exercise training
for patients with LVADs is limited.

Areas Covered—The purpose of this narrative review is to summarize: 1) The evolution of
LVAD technology and usage; 2) The physiological responses to exercise in patients with LVADs;
3) The available evidence regarding exercise training; 4) Potential strategies to implement exercise
training programs for this patient population.

Expert opinion—The available evidence for exercise training to improve physical function and
clinical outcomes for patients with L\VADs is promising but limited. Future research is needed to
further elucidate the ideal exercise training parameters, method of delivery for exercise training,

and unique barriers and facilitators to exercise training for patients receiving LVAD implantation.
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Introduction

Left ventricular assist device (LVAD) implantation has become a well-established treatment
option for patients with end stage heart failure (HF) who are refractory to medical
therapyl—3. The usage of LVADs has continued to increase and evolve given that cardiac
transplantation, the recommended treatment option for patients with end-stage HF refractory
to medical therapy#-8, has a significant disparity between the number of available hearts and
eligible candidates®”. As such LVADs provide patients awaiting a donor heart a bridge to
transplantation (BTT) and increased time to become eligible for transplantation1—38. As
technology has advanced (Figure 1), L\VADs have also become a destination therapy (DT)
for patients either unwilling to undergo cardiac transplantation or who are deemed
inappropriate candidates!~38. The number of LVAD implantations continues to increase
each year, as well of the number of patients receiving LVADs as a DT8. In North America
alone, between June 23, 2006 and December 31, 2017, a total of 20,130 patients have
received a LVAD; the majority being continuous flow devices (CF LVAD)8 with over 2,000
are implanted annually8. Between 2012 and 2017, the rate of LVAD implantation as a DT
increased from 46% to 73% in patients receiving axial CF L\VVADs and increased from 0% in
2012 to 27% in patients receiving centrifugal CF LVADSs®,

The first generation of LVADs utilized either pneumatic or electrically driven membrane
pumps to create pulsatile arterial flow3. These early devices were large, heavily
instrumented, and had a limited battery lifel3, Patients were often confined to residing in
hospitals while utilizing these devices. These factors present in first generation LVADs
resulted in significant barriers to patient mobility, independence, and physical exercise, in
addition to other complications such as infections and device malfunctions®-3,

Second generation LVADs were developed in the 1990s to address some of the barriers and
risks present in first generation devices3. These devices used continuous flow pumps, were
smaller in size, more durable, and less prone to device malfunction!:3. Second generation
LVADs provided patients improved mobility and survival ratesl-3. The durability of these
devices also permitted a greater possibility to discharge home after implantation and even
permitted some the opportunity to return to work2-3. The most often utilized second
generation LVAD is the Heartmate 11 which received Food and Drug Administration (FDA)
approval for clinical usage in 2008 and in 2010 as a DT%:38,

While the second generation LVADs had greater mechanical longevity and led to longer
patient survival, they possessed a significant adverse event risk profile which was at least
partially attributed to continuous blood flow interfacing with contact bearings in the pump
rotorl:910, To address this issue, third generation LVADs were developed which are even
smaller in size. The pumps in these devices generate flow using magnetically levitated rotors
that rotate without generating friction, and by alternating rotor speeds they can also produce
pulsatile flow!®. The combination of these device characteristics reduced the risk of
hemorrhage and thromboembolic complications?.

While peak oxygen consumption (VO,) typically improves following LVAD implantation
when compared to pre-implantation values1~13, LVAD recipients still fail to attain age and
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sex predicted norms for peak VO,1* with average values ranging from 11 to 20 mlO,ekg
~Lemin~114, peak VO, is one of the strongest independent risk factors for mortality® and is
an important component of the pre-operative assessment for surgery1®; these factors support
its use as a criterion for determining transplantation candidacy*-%1517, Peak VO, is also
strongly associated with survivorship post cardiac transplantation819. The prognostic value
of peak VO, on survivorship following LVAD implantation has yet to be determined. This
may be due to a limited number of studies which have investigated exercise training in
patients following LVAD implantation, the traditional use of L\VAD as a BTT with only a
recent emergence of LVAD as a DT, and that many patients still demonstrate relatively low
values for peak VO, despite improvements following surgery. Recent work has
demonstrated that functional status determined by the New York Heart Association (NYHA)
classification is associated with long-term survivorship following LVADZ. A retrospective
study by Gosev et al. of 156 patients post LVAD implantation reported that at years 2 years
post LVAD implantation 97% were NYHA Class | or 11, and 92% were NYHA Class | or 1l
at 4 years20, While NYHA classifications only serve as an approximate surrogate for peak
V0O,,2122 the potential relationship between peak VO, and survivorship following LVAD
implantation is promising. While peak VVO5 is an important indicator of central function [i.e.,
cardiac output (CO)], skeletal muscle strength is also an important outcome for this
population. In fact, the presence of skeletal muscle weakness in patients with LVADs has
been associated with poorer clinical outcomes, health status and quality of life23:24,

Impairments in peak VO, and skeletal muscle strength observed in patients following LVAD
implantation may be attributed to many factors such as device characteristics?®=27, skeletal
muscle abnormalities!128.29  endothelial dysfunction39-31, and cardiac abnormalities present
in the native heart!1:28.29 |t is important to acknowledge that LVAD implantation is used for
patients with end stage heart failure. Therefore, while LVAD implantation may improve
hemodynamic performance, these patients still possess the multitude of well recognized
peripheral pathological adaptations present in end stage heart failure. As more patients have
survived for longer periods of time utilizing LVADs either as a BTT or DT38, increased
attention has been placed on exercise training to address these peripheral pathological
adaptations and improve clinical outcomes24:32:33, However, the available evidence on
exercise training in this population while promising is limited2432-34 Additionally, there is
limited available evidence identifying the most effective strategies or models to implement
clinical exercise training programs for patients with L\VADs24:32:33,

The purpose of this narrative review is to summarize the physiological responses to exercise
in patients with LVADs, the available evidence regarding exercise training and to provide
potential strategies to implement exercise training programs for this patient population.

2.0 The Physiology of Exercise in Patients with LVAD Support

The expected physiological response of the cardiovascular system to exercise is an increase
in CO to match the rise in metabolic demand of the working muscles. This rise is CO is
determined by increases in both heart rate (HR) and stroke volume (SV). Contributors to SV
include preload, afterload, and contractility. At moderate-intensity exercise levels (i.e., *50-
60% peak VO,) SV reaches a plateau (except in elite athletes) and the rise in CO is driven

Expert Rev Med Devices. Author manuscript; available in PMC 2020 September 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Severin et al.

Page 4

solely by increases in HR 3%, These increases in CO are achieved through parasympathetic
withdrawal and sympathetic activation. Additionally, during exercise, there is a rapid
increase in CO to match the metabolic demand and a drop in total peripheral resistance
(TPR) due to functional sympatholysis and metabolic autoregulation that lead to
vasodilation within working skeletal muscle. These physiological changes should occur
without any significant changes in ventricular filling pressures 22, In patients with HF,
exercise tolerance is significantly limited due to deviations in normal cardiovascular,
respiratory, neural, and muscle physiology 36:37. Cardiovascular limitations in HF include
chronotropic incompetence, impaired contractility, increased preload, increased filling
pressures, increased afterload and increased vascular resistance, all of which act to reduce
CO and exercise tolerance. Patients with L\VAD support are able improve hemodynamics and
this improvement in turn has beneficial effects on peripheral limitations; however, many of
these underlying limitations remain present. Due to differences in physiological responses to
exercise in patients following LVAD implantation, clinicians must exercise caution when
utilizing evidence to prescribe exercise training interventions from other populations such as
healthy patients, and even patients with HF. In the following section we will describe some
of the key unique differences in physiological responses to exercise in patients following
LVAD implantation.

2.1 Cardiac Output in Patients with LVAD Support

Total cardiac output (TCO) in patients with LVAD support depend on two main components:
1) pump flow; and 2) CO of the natural heart. Pump flow in turn is dependent upon pump
speed and the pressure difference across the pump (delta P) which is the pressure difference
between the left ventricle (LV) and the aorta. This pressure difference is overcome by work
of the LVAD. Increases in differential pressure will require greater work of the LVAD and
thus reduced pump flow, while increases in pump speed will assist LVAD work and thus
improve pump flow. High levels of delta P may be the result of high systemic pressure
(afterload) or low ventricular pressure, or a combination of both 38, Regardless of the exact
cause, the absolute pressure difference across the pump is what ultimately determines flow
38 while pump speed routinely remains constant.

Under resting conditions, TCO in patients with LVAD support will rely mainly on pump
flow with minimal contributions from the native heart. If LV contraction can generate
pressures sufficient enough to overcome systemic arterial pressure, the aortic valve (AV) will
open and LV ejection will contribute to TCO 1439, Brassard et al demonstrated AV opening
with maximum exercise in 7 of 8 participants; however, there were no changes in LV
dimensions and fractional shortening compared to rest 49, When studying the effects of
reducing pump speed on peak VO,, Noor et al demonstrated that patients with LV ejection
fractions (LVEF) >40% had minimal reductions in peak VO, in response to speed reduction
while those of LVEF <40% had significant drops 41. These data indicate the important role
of native heart contractility in contributing to TCO during exercise in patients with LVAD
support.

Given that LVAD speed is usually held constant, changes in afterload will alter LVAD pump
flow. Thus, when LV pressure increases during systole there will be a decrease in delta P and
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an increase in flow. The opposite will occur in diastole. As a result, CF LVAD devices
provide continuous, but not constant, blood flow 14,

After LVAD implantation, patients tend to show improvements in HF symptoms,
augmentation in cardiac index, improved filling pressures, and improved exercise tolerance.
Unexpectedly however, cardiorespiratory fithess measured by peak VO, pre and post
implantation have either shown no or minimal improvement 14:28.29.4243 \when considering
submaximal exercise testing measures, such as the 6-minute walk test (6MWT), patients
with LVAD support show more consistent improvements 42. Schmidt et al performed
cardiopulmonary exercise testing (CPET) and noninvasive CO measurements (inert gas
rebreathing method) in 20 patients approximately 6 weeks post-L\VAD implantation 44,
Differences between measured and predicted CO were assessed at rest, light, moderate, and
heavy exercise. There was a significant increase in CO from rest to light exercise, but no
further significant increases in CO were detected afterwards.

2.2 Effect of Preload and Afterload on LVAD Flow

Under healthy conditions, the heart is sensitive to increases in preload allowing an
appropriate CO adjustment (Frank-Starling relationship), while simultaneously being less
sensitive to changes in afterload. Preload and afterload sensitivity refer to the ability of the
pump to generate changes in flow according to changes in preload and afterload. Mechanical
pumps were found to have about half the sensitivity of the natural heart to preload and three
times greater sensitivity to afterload 3845, Both the decreased preload sensitivity and
increased afterload sensitivity my help explain the limitations to maximum exercise
observed in these patients.

LV preload is dependent on a multitude of factors including volume status, filling pressures,
and right ventricular (RV) function. Right-sided HF was found to be strongly associated with
increased morbidity and mortality post-LVAD implant 14, Adverse reactions of the RV due
to interventricular ischemia and altered septal geometry in response to LVAD support have
been shown 384647 Poor RV function and decreased transpulmonary blood flow relative to
LVAD flow will lead to decreased preload. Since LVVADs have reduced sensitivity to changes
in preload, L\VVAD pump speed may not adjust to the drop in filling pressure and result in LV
emptying and suctioning and therefore reduced pump flows and hypotensive events. The
propensity of suction events increases as pump speed increases, especially in patients with
RV dysfunction. Previous work has demonstrated improved RV function post-L\VAD
implant, mainly due to reduced RV afterload 14. Whether RV function poses primary
limitations to exercise performance in patients with L\VVAD support was investigated by Jaski
et al, who showed that HF patients with pulsatile flow -L\VAD support had decreases in RV
dimensions, increases RV filling pressure and RV stroke volume in addition to increases in
LV dimensions with exercise suggesting that RV function is not limiting exercise
performance 48. Other studies tend to suggest similar conclusions 29, however, further
investigation into the role of the RV on exercise performance are required.

In regards to afterload, upon examining the hemodynamic response to exercise in patients
with LVAD support, Martina et al reported significant drops in systemic vascular resistance
(SVR) that showed the strongest correlation to TCO (r = -0.72, p < .01), further stressing
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the importance of afterload sensitivity to maximum exercise performance but also indicating
appropriate exercise-induced vasodilation in these patients 3.

Afterload during exercise is mainly dependent on peripheral vascular function and the ability
of the blood vessels to vasodilate in response to increased metabolic demand. Witman et al
demonstrated that flow-mediated dilation (FMD), a surrogate of endothelial-dependent
vasodilation, was found to be reduced in patients with LVAD support compared to healthy
controls and patients with HF with reduced ejection fraction (HFrEF) classified as NYHA
stage 11 31, When % FMD was normalized to shear rate, patients with CF-LVAD support had
reduced vascular function when compared to patients with HFrEF stages 111/1V as well.
When comparing nitroglycerin-induced dilation, a surrogate of endothelial-independent
vasodilation, there was no significant differences between both groups 31, suggesting
reduced endothelial function in patients with CF-LVAD support. This attenuation in
endothelial function may be the result of a near lack of pulsatility in CF-L\VVAD devices and
is supported by reduced FMD in patients with CF-LVVAD compared to those with pf-LVAD
support 30, Interestingly, total vasodilatory capacity (reactive hyperemia — representing both
endothelilal-dependent and -independent vasodilation) was not found to be different between
patients with LVAD support, patients with HFrEF, and healthy controls and would indicate
the absence of microvascular dysfunction 3149, Further studies on the effect of vascular
function on TCO and exercise tolerance in patients with CF-L\VVAD support are needed.

2.3 Respiratory Changes with Exercise in Patients with LVAD Support

Post-LVAD implant, patients demonstrate improved ventilation-perfusion coupling and
ventilatory efficiency evident by reductions in the minute ventilation/carbon dioxide
production (VE/VCO,) slope 1429, Jung et al reported reductions in the VE/VCO, slope
with increasing pump speed during maximal exercise (41 + 14.9 to 36 + 11.7, p= 0.005) 26,
Apostolo et al also demonstrated that increasing LVAD pump speed improved ventilatory
efficiency (-1.9 + 3.1, p=0.031) 2°. However, further reductions in alveolar-capillary gas
diffusion measured by the diffusing capacity of the lungs for carbon monoxide (DLCO) and
lung diffusing capacity for nitric oxide (DLNO) 16 hours after changing LVAD speed were
also reported 25, This deterioration of lung diffusion was thought to be a consequence of
higher left atrial pressures and lung fluid content 25, These findings warrant further caution
when suggesting free application of pump speeds during exercise.

3.0 Existing Support for Exercise Training in LVAD Patients

The volume of investigative work examining the effects of exercise in LVAD patients is
comparatively smaller than the work that has been completed in medically managed HF
patients. However, among the existing retrospective and randomized controlled trials, it is
evident that L\VAD patients also respond favorably to regular exercise as indicated by
increased peak VO,, BMWT distance, leg strength, decreases in ventilatory inefficiency, and
improvements in quality of life24:32.50 whether performed at home®2:52 or in a clinical
facility24:3252.53 (Table 1). Given the very invasive nature of LVAD implantation surgery,
inpatient therapy is a significant component of the recovery process. Much of the focus in
inpatient therapy centers around re-establishing self-care, mobility, home management and
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device management. Thus, interventions may need to be highly individualized and are
greatly dependent on the physical state of the patient. Due to the many complexities
associated with inpatient therapy, this section will focus on investigations on home or facility
based, outpatient exercise interventions. For information regarding inpatient therapy in
patients with an LVAD, the reader is directed to the following paper.>*

Among the first randomized trials to investigate the effect of aerobic exercise training in
LVAD (pulsatile or continuous flow devices) patients had the training group perform 45
minutes of home based moderate-intensity exercise (12—14 on the Borg scale), 3-5 days per
week on a treadmill or bike, in addition to hospital based high-intensity (60% of maximal
inspiratory strength) inspiratory muscle training (IMT) 3 times per week for 10 weeks®C.
This intervention lead to a 2.5 mlekg~Lemin~1 increase in peak VO, (pre 16.8+3.7 mlekg
~Lemin~1, post 19.3+4.5 mlekg~temin~1, /<0.01), —4.1 decrease in VE/VCO; slope (pre
40+6.5, post 35.9+5.6, A<0.01) and a 65m increase in 6MWT distance (pre 462+88m, post
527+76m, P<0.01), in addition to improvements in quality of life®0. Whereas the control
group (received exercise recommendations) did not experience significant changes in these
values. Others have also demonstrated the benefits of home-based exercise on functional
status and quality of life (Table 1). In conjunction with routine phone call updates with
clinical staff, long term (i.e., 18 months) adherence and continued functional benefits of
aerobic exercise training is feasible in this population®L. Despite the favorable responses
observed in studies implementing home based exercise, the ability to interpret the volume of
exercise (product of frequency, intensity, and time of exercise) necessary to accumulate the
observed improvements is reduced. Moreover, the inclusion of concurrent therapy such as
IMT®0 and other health behavior modification interventions®! to the training intervention
further complicates the effects of aerobic exercise on cardiorespiratory fitness. Particularly
when IMT alone has previously been shown to be an effective intervention that leads to
increases in physical function in HF patients®®. Despite these limitations, these initial studies
provide invaluable evidence supporting the implementation of aerobic exercise in LVAD
patients.

In 2014, the Centers of Medicare and Medicaid Services in the United States expanded
outpatient phase 2 cardiac rehabilitation to patients with heart failure and a reduced ejection
fraction. Therefore, increasing opportunities for LVAD patients to receive supervised, high
quality exercise interventions and education aimed at improving fitness, functional status
and quality of life. Many investigations implemented center-based exercise interventions
typically performed by non-LVVAD patients with heart failure. Hayes et al., randomized
patients with a continuous flow LVAD to a control or exercise training group, with both
groups taking part in an initial daily walking intervention during their hospital stay at a self-
perceived moderate intensity32. The control group participants were encouraged to build up
to completing 60 minutes of walking daily at the end of their hospital stay whereas patients
randomized to the training group performed 15 minutes of stationary bike exercise at 50% of
VO, reserve, 15 minutes of treadmill walking at 60% of the average speed during an initial
6MWT followed by strength training (3 upper and 3 lower limb strengthening exercises
using weight machines and free weights, 2 sets of 10 repetitions)32. This was performed
three days per week for 8 weeks. Interestingly, both training and control group participants
demonstrated similar improvements in peak VVO,, peak workload, 6MWT distance, and
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quality of life. These non-significant differences may have been attributed to only having 7
subjects within each group, but the authors also speculated that the training intensities
performed by those in the exercise group may not have been significantly higher than the
recommended intensity for those in the control group.

To address study limitations experienced during the early studies on exercise in patients with
continuous flow LVAD, Kerrigan et al investigated the effects of applying an exercise model
similar to outpatient cardiac rehabilitation?4. Those randomized to the exercise intervention
completed 18 sessions, performed 3 days per week for 6 weeks. Training consisted of a 5-
minute warm-up, mainly treadmill exercise with a secondary modality (i.e., stationary cycle,
arm ergometer, or recumbent stepper) for a total of 30 minutes at an intensity of 60% HR
reserve with a goal of increasing intensity to 80% of HR reserve. After the 6 week
intervention period, patients in the exercise group significantly increased peak VO, (pre,
13.6+3.3 mlekg1°min~1; post, 15.3+4.4 mlskg~*min~1), BMWT distance (pre,
350.1+64.7m; post, 402.4+89.3m), as well as a 17% increase in peak leg torque?. The
increase in leg torque occurred even though resistance exercise was not incorporated into the
training sessions. This observation is particularly meaningful given that low skeletal muscle
mass is a major health concern associated with advanced stage HF. Furthermore, Kerrigan et
al.’s study was the first to implement cardiac rehabilitation-based training in LVAD patients
and demonstrated that the inclusion of LVVAD patients in cardiac rehabilitation (CR)
programs may be a valuable component in their continuum of care.

The key exercise intervention studies discussed in this section, collectively provide support
for not only the center-based exercise training interventions, but also the efficacy of
performing home based exercise. It is important to acknowledge that clinicians should
exercise caution when utilizing

4.0 Training Considerations for LVAD Patients

The successful implementation of exercise training in outpatient clinical settings relies on
understanding patients’ exercise tolerance®®, thresholds at which symptoms generally
manifest and the patients’ physical limitations posed by the LVAD1.14, Upon receiving
cardiology clearance to initiate exercise, a preliminary physical function test is
recommended to not only characterize fitness level, mean arterial blood pressure, flow, heart
rate/rhythm responses to exertion, but to also utilize acquired data to guide the exercise
prescription. Performing a CPET is safe in patients receiving optimal medical management
and is considered the gold standard for fitness assessment® Exercise intensities can be
objectively determined such that patients exercise at the recommended moderate intensity
(40-60% of HR reserve) during the initial phases of the program while gradually
incorporating vigorous intensity exercise (60-80% of HR reserve) as activity tolerance
increases. Many programs, however, may not be able to perform graded exercise tests prior
to initiating an exercise training intervention. Therefore, the patient’s rating of perceived
exertion representative of a moderate intensity is feasible to promote improvements in
fitness®0. The use of perceived exertion is especially relevant for patients that may have a
significantly lower exercise capacity due to advanced pathophysiology, age, device
characteristics, and/or the presence of co-morbidities®’. Therefore, the initial duration of

Expert Rev Med Devices. Author manuscript; available in PMC 2020 September 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Severin et al.

Page 9

exercise may be dependent on the patients’ tolerance of activity and may accordingly need
to be performed with intermittent bouts of activity and passive rest; patients can be
progressed to continuous exercise at higher intensities as previously demonstrated??.
Because there have not been studies to date that investigate the effects of different durations/
intensities/volumes of exercise in a LVAD population, we are unable to provide
recommendations on the “optimal” dose of exercise that correspond with favorable health
outcomes.

Due to the advanced clinical condition of L\VAD patients as well as the physical limitations
associated with this device, health professionals overseeing the exercise program should be
aware of common considerations when working with L\VAD patients to ensure a safe
exercise environment. Many patients may have difficulty maintaining balance and
coordination during the initial phases of carrying the external battery unit®’. Therefore, the
exercise facility should be clear of unneeded obstacles that may lead to postural changes and
falls that could result in disconnection from the LVAD external power supply. Similarly,
patients should be oriented to exercise equipment and be mindful of potential hazards that
could entangle the lines. Accordingly, driveline stabilization belts are highly recommended
to be worn during exercise in order to minimize this risk®’. When initiating exercise with
LVAD patients’ warm-up/cool-down periods should be gradual and prolonged to provide
adequate time for circulatory adjustments to activity. Patients should not perform running,
rowing, cross trainer, abdominal exercises, bilateral arms moved above the head with
weights, abduction with weights or swimming. Instead, activities that include treadmill,
static bike, standing hamstring curls, leg press, bicep curls, core stability, IMT, or arm
ergometry can be performed. During the course of exercise, if a patient presents with signs
and symptoms indicative of inadequate cardiac or device function (i.e., feeling light headed,
shortness of breath, chest pain/pressure, headache) or having the L\VAD alarm sound or
reading LVAD measures outside the normal parameters for flow, speed and watt operation,
exercise should be stopped immediately. These considerations for exercise are certainly not
comprehensive and for that reason the reader is directed to a recent European Society of
Cardiology Position Statement>’.

5.0 Methods of Delivery for Exercise Training in LVAD Patients

Similar to the evidence on the efficacy and safety of exercise training for patients with
LVAD, the available evidence for the most effective method of delivery for exercise training
is limited but promising. Ideally patients following L\VVAD implantation would receive
structured exercise training through an onsite CR program. Cardiac rehabilitation is
indicated both for patients with stable HFrEF and following cardiac transplantationl’.
Currently, LVAD implantation is not an eligible diagnosis for CR or Medicare coverage for
CR. However, since many patients receive a LVAD as treatment for HFrEF they would be
eligible for CR under that criteria and possibly others such as stable angina or acute
myocardial infarction within the past year. Additionally, most patients with a LVAD would
also be eligible for Medicare benefits thus providing health insurance coverage for CR58.
However, the gap in CR participation rates found across other populations also appears to be
observed in patients following LVAD implantation. A study by Bachmann et al investigated
CR participation rates in Medicare beneficiaries following LVAD placement and found that
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only one-third of LVAD recipients attend CR59. Less than one third of patients who initiated
CR following LVAD implantation attended the recommended 36 sessions - the average
number of sessions attended was 24.5°9. The time between discharge and the initial CR
session was also much longer in LVAD recipients (median 83 days) when compared to other
patients such as those with ischemic heart disease (median 42 days)°°. These findings are
concerning since CR does appear to provide significant benefits on mortality and
hospitalization risk in LVAD patients and to a similar degree as observed in other
populations where these effects are well-established?4:32:33.59, The benefits of CR on
mortality and hospitalizations also appear to follow a dose-dependent response where the
more visits a patient attends the greater the effect®9.61, While this dose-dependent response
for CR has yet to be examined in patients following L\VVAD implementation it has been
demonstrated in patients with ischemic heart disease89-61 which is a frequent concomitant
diagnosis in LVAD patients. Therefore, it is not only likely that it is important for patients
following LVVAD implantation to participate in CR but that they also participate in as many
sessions as possible.

To improve CR participation rates in patients following LVAD implantation additional
research will be required to identify the potential barriers and facilitators to participation for
this population. Currently, there has been no published research investigating the barriers
and facilitators to CR participation in LVAD patients specifically. However, previous
research has identified several key barriers to CR participation in other populations which
include but are not limited to: 1) transportation difficulties; 2) financial constraints; and 3)
program availability®6:62, Several strategies have been proposed to address these barriers to
CR participation®. One of the more promising approaches to address this lack of
participation has been the use of telemedicine for home-based CR®3. Utilizing this approach
effectively resolves any transportation barriers since the patient would exercise at home
while being supervised through a video-conference interface with remote physiological
monitoring®. When compared to traditional onsite CR programs, home-based CR programs
have been shown to result in similar outcomes, higher participation rates, and lower
costs®3-65. Home-based CR is typically reserved for low to moderate risk patients®6:63-65
and the literature investigating the use of this approach for LVAD patients is limited33.
However, the current available evidence on home-based programs for LVAD patients
suggests that it is effective and safe with similar adverse event rates when compared to
onsite CR33. Telemedicine has also been used for several other aspects of the clinical care
for LVAD patients such as monitoring hemodynamics, telemetry, pump parameters and
coagulation values®.:67. Additionally, providing the patient the option to choose the setting
for CR (home-based vs onsite) and offering flexible scheduling options for sessions (early
morning, evenings, and weekends) may also improve participation rates®6. Therefore, either
onsite or home-based supervision should be considered when implementing CR programs
for LVAD patients (Figure 2) or perhaps even a combination.

6.0 Summary and Expert Opinion

Patients with L\VVADs are a growing clinical population with unique physiological
adaptations, precautions, and clinical needs. Left ventricular assist device implantation does
effectively improve hemodynamic performancel:3, however, these patients still possess many
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of the peripheral pathological adaptations often present in end-stage HF11.28, With advances
in device technology, patients receiving LVADs are surviving longer and more patients are
using LVADs as DT as well as a BTT1:38, These devices have become smaller, more
reliable, less restrictive and patients are now able to exercise with greater ease, possibly even
as outpatients. Additionally, advances in LVAD technology such as pumps with adaptive
speed sensors and algorithms coordinated to the intensity of physical activity may improve
exercise capacity and potentially the tolerance to exercise training®:6%. There has been
considerable progress in this technology and devices may be soon become available for
clinical use®-"1,

The evidence supporting the benefits of exercise training and CR across multiple cardiac
conditions is strong and well-established17-56.60.61 ‘however, presently it is limited but
promising for patients receiving LVAD implantation. Additionally, the prognostic value of
peak VO, on survivorship outcomes following LVAD implantation remains undetermined.
Despite the limited available evidence, CR does appear to be a safe and effective
intervention to improve exercise capacity for patients with LVADSs. Participation in exercise
training and CR programs should be encouraged for this clinical population. Similar to
patients with other cardiac conditions, a multimodal CR program utilizing a combination of
aerobic exercise, strength training, balance training, and inspiratory muscle training may
also be an ideal training approach for patients with LVADs. Additionally, there are also
likely unique dietary and psychosocial considerations for LVAD patients with respect to
exercise training; which have yet to be investigated in this population. Similar to other
clinical populations, CR may also help facilitate positive behavior change towards long term
exercise participation upon conclusion of the training program. For those reasons,
interdisciplinary CR programs involving physical therapists, exercise physiologists,
dietitians, and clinical psychologists should be considered for patients with L\VVADs to
optimize clinical outcomes. The utilization and efficacy of interdisciplinary CR programs for
patients with LVADs should also be further investigated.

There appears to be a gap in CR participation rates among LVAD patients which is similar to
other cardiac conditions24. However, the barriers and facilitators to CR participation have yet
to be investigated in the LVAD population specifically. The barriers to CR participation in
LVAD patients may be different due to their unique needs and demographics®.
Advancements in mobile and wearable biomedical technology may help address some of
these barriers to CR participation in LVAD patients. These technological advances may help
improve access to CR services by providing patients the convenience of performing CR at
home and reducing costs both for CR facilities and patients. Wearable and mobile
technologies also present exciting opportunities to provide maintenance programs for L\VAD
patients following completion of a supervised CR program. Supervised CR has been shown
to improve clinical outcomes, notably peak exercise capacity in LVAD patients24, However,
it is imperative that LVAD patients continue to participate in exercise training long-term to
maintain peak exercise capacity following CR and potentially further improve. Creating
immersive, iterative, and interactive user-interfaces and apps utilizing wearable and mobile
technologies might provide the requisite positive user-experience that keeps LVAD patients
motivated to participate in exercise training long-term. These technologies may also provide
clinicians the ability to objectively monitor patient participation in exercise and detect
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changes in peak exercise capacity or tolerance, as well as device performance during
exercise at follow-up visits.

There are also significant healthcare policy factors affecting the ability to improve exercise
capacity in LVAD patients. Most notably, the lack of insurance coverage and eligibility for
CR using LVAD implantation as a primary diagnosis®8. While healthcare policy decisions
are typically not topics of investigation for clinical research, the results from such studies
may help influence policy decisions. Future studies investigating exercise training and CR
for LVAD patients are not only important to determine safety and efficacy, they will also
help improve access to clinical care. As this line of research develops, clinicians and clinical
researchers should collaborate with policy makers to facilitate policy changes regarding
eligibility and insurance coverage of CR for LVVAD patients.

In summary, future research is needed to further elucidate the ideal exercise training
parameter, and method of delivery for exercise training in patients following LVAD
implantation. Additionally, future research is needed to investigate whether the strong and
well-established relationship between peak VO, on survivorship is maintained in patients
following LVAD implantation. Future research should be also be directed towards
identifying the unique barriers and facilitators to exercise training for patients receiving
LVAD implantation. The use of mobile and wearable technology may provide unique
opportunities to address these barriers to CR participation and provide strategies to
encourage long term exercise training in LVAD patients. Hopefully future research may also
help support policy changes that are more conducive to improving access to exercise training
for LVAD patients.
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Key Points

Peak exercise capacity typically improves following LVAD implantation when
compared to pre-implantation values, however LVAD recipients often fail to
attain age and sex predicted normative values.

The available evidence for exercise training to improve physical function,
exercise capacity, and clinical outcomes for patients with LVADs is promising
but limited.

Cardiac rehab has been shown to be an effective model for delivering exercise
training to improve peak exercise capacity, and other clinical outcomes in
LVAD patients.

The prognostic value of peak VO, on survivorship following LVAD
implantation requires further inquiry, as the use of LVAD as a destination
therapy continues to increase.

Clinicians and clinical researchers should collaborate with policy makers to
identify and develop solutions to barriers regarding cardiac rehab participation
by LVVAD patients.
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Figure 1.
The evolution of Left Ventricular Assist Devices (LVAD). As LVADs have evolved they have

become smaller in size, more reliable, and less restrictive. These advancements in device
technology occurring with each generation have allowed patients with LVADSs to exercise
with greater ease.
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Figure 2.
Methods of delivery for exercise training in LVAD patients.
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