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Background: Left ventricular assist devices (LVAD) are increasingly being used

as a therapy for advanced heart failure, both as a bridge to heart transplant and,

given the rapid advances in the LVAD’s functionality and safety, and constant

lack in availability of donor organs, as long-term destination therapy. With the

diffusion of such therapy, it is crucial to assess patients’muscle strength, aerobic

capacity and exercise tolerance, to improve their functional capacity.

Methods: 38 LVAD recipients (33 men and five women) were included. Exercise

testing including a maximal cardiopulmonary exercise test (CPET), handgrip,

isometric and isokinetic strength testing of knee and ankle flexion/extension,

and Romberg balance test in three conditions (eyes open, eyes closed, double

task). Given the small and heterogeneous final sample size, a mostly descriptive

statistical approach was chosen.

Results: 12 participants were classified as “Obese” (BMI>29.9). The most

common comorbidities were type II diabetes and chronic kidney disease.

Only 12 participants were able to successfully complete all the assessments.

CPET and isokinetic strength trials were the least tolerated tests, and the

handgrip test the best tolerated. Mean VO2 peak was 12.38 ± 3.43 ml/kg/

min, with 15 participants below 50% of predicted VO2 max, of which

6 below 30% VO2max. Mean handgrip strength was 30.05 ± 10.61 Kg;

25 participants were below the 25° percentile of their population’s normative

reference values for handgrip strength, 10 of which were below the 5°

percentile. Issues with the management of the external pack of the LVAD

and its influence on the test limited the validity of the balance tests data,

therefore, no solid conclusions could be drawn from them. VO2 peak did not

correlate with handgrip strength or with any of the lower limb strength

measures.
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Conclusion: LVAD recipients show greatly reduced functional capacity and

tolerance to exercise and exercise testing, with low overall strength levels. As

strength variables appear to be independent from VO2 peak, different lower

limbs strength tests should be explored to find a tolerable alternative in this

population, which is subjected tomuscle wasting due to old age, reduced tissue

perfusion, side effects from the pharmacological therapies, and prolonged

periods of bedrest.
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Introduction

Heart failure is a significant cause of morbidity andmortality,

affecting at least 64 million patients in the world (Lippi and

Sanchis-Gomar, 2020). Left ventricular assist devices (LVAD) are

increasingly being used as a therapeutic option for advanced

heart failure, both as a bridge to heart transplant (HT) and, given

the rapid advances in the LVAD’s functionality and durability,

and the limited availability of donor organs, as long-term

destination therapy (Kirklin et al., 2017). The implant of a

LVAD comes with a 48% reduction in mortality from any

cause (Rose et al., 2009) and an improvement in quality of life

(Rogers et al., 2010), although the patient often faces difficulties

transitioning into their new life, and can suffer from a number of

adverse events, like bleedings and infections (Adams and

Wrightson, 2018; Han et al., 2018).

There is an increase in the number of LVAD candidates,

caused by individuals with advanced and end-stage heart failure

who do not have access to (or are not eligible for) HT.

Consequently, there is an increasing number of LVAD

recipients (more than 3,000 new implants in 2019 alone,

according to the Society of Thoracic Surgeons’ 2020 annual

report; Molina et al., 2021), who are living longer with the

implant. Following these perspectives, it is crucial to assess the

patients to determine their level of functional capacity, in order to

improve the patient’s physical conditioning. In this optic, while

aerobic-cardiovascular variables (e.g., power, capacity, etc.) is

abundantly monitored and assessed in those patients, muscular

strength-related conditioning is less well expressed in scientific

literature.

Noteworthy, handgrip strength has been found to be

inversely correlated with hospital length of stay after LVAD

implantation (Yost and Bhat, 2017), and sarcopenia diagnosed

before the implantation is associated with a decreased 6-months

survival ratio (Roehrich et al., 2022). To our knowledge, the only

study investigating the lower limbs’ strength performance of

LVAD recipients was conducted by Kerrigan et al. (2013), who

reported data only about isokinetic test of knee extension,

concluding that peak torque was strongly associated with

patient-reported health status. Previous research has found

significant correlation between handgrip strength and VO2

peak both in younger (Dag et al., 2021; Ajepe et al., 2022) and

older people (Sugie et al., 2018); however, no such relationship is

apparent between leg strength and VO2 peak, at least in older,

inactive individuals (Matthews et al., 2020).

On one hand, strength quantification is fundamental in

predicting the independence of daily living activities in LVAD

patients, in fact muscular strength has also been found to be a

determinant of physical disability (Savage et al., 2011); on the

other hand, understanding muscular strength in LVAD

recipients is relevant to increase the overall fitness through

structured training protocols, in fact resistance training can

provide an increase in muscle strength, aerobic power and

capacity and quality of life in this population (Giuliano et al.,

2017), compared with usual care (Ganga et al., 2017). However,

the programs used are highly variable, as no official guidelines

have been published at this point (Alonso et al., 2021). In the light

of these viewpoints and in the lack of a solid body of knowledge,

this study aims to analyze strength parameters in subjects with

LVAD, and the potential correlation between muscular strength

and aerobic capacity in LVAD patients.

Materials and methods

Between 2015 and 2019, 38 LVAD recipients (33 men and

five women, age: 58.1 ± 7.64 years) received a medical

examination. All participants gave their informed consent, and

the study was approved by the local ethics committee (Padova

University).

Participants’ height and weight (body mass) were measured

respectively with a stadiometer (Ayrton Corporation, Model

S100, Prior Lake, MN, United States), and an electronic scale

(Home Health Care Digital Scale, Model GS 51 XXL, Beuer

Gmbh, Ulm, Germany). Height and weight (body mass) were

used to calculate body mass index (BMI) of the participants. The

medical history, medical examination, and cardiopulmonary

exercise test were administered by a physician with Sport

Medicine specialization. Exercise capacity was assessed by

incremental, ECG-monitored, cardiopulmonary exercise

testing (Jaeger- Masterscreen-CPX, Carefusion, Germany).

Both tests were randomly performed on treadmill (modified
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Bruce protocol) and bicycle (protocol +10 W/min), and

performed until exhaustion (Borg rating of perceived exertion

(RPE) ≥18/20).
The New York Heart Association (NYHA) classification was

applied to classified patients in one of four categories based on

their limitations during physical activity. The limitations/

symptoms are in regards to normal breathing and varying

degrees in shortness of breath and or angina pain (Heart

Foundation, 2014). Charlson comorbidity index (Charlson

et al., 1987) were used to classify the patient health status in

relation to comorbid conditions.

Before muscular strength tests, a warm-up was performed to

reduce the risk of injuries. A 60-s recovery period was allowed

between all testing procedures. Dominant and non-dominant

handgrip strength was measured with a calibrated dynamometer

(Baseline, Elmsford, NY, United States). Grip handle was

adjusted to accommodate the size and comfort of the

participant’s hand, and the elbow was flexed to 90° to

guarantee the strongest grip strength measurement

(Mathiowetz et al., 1985). Three trials for each hand were

performed, and the mean of dominant hand was used for

percentile identification. Lower limb muscle strength tests

were performed with subjects seated on the multi-joint system

with the backrest angled at 90° to the seat. Belts were fastened

across the thighs, pelvis, and shoulders to minimize body

movements and to optimally isolate the movement of the

knee and ankle joints. Subjects folded their arms across their

chest and were not permitted to hold on to the equipment during

the tests. During knee trials, the lever fulcrum was aligned with

the rotation axis of knee, with the lateral femoral epicondyle used

as the point of reference, and the shin pad was placed 2 cm above

the medial malleoli. Instead, during the ankle trials, the lever

fulcrum was aligned with the medial malleoli. Before all

isokinetic tests, the weight of the legs and the ankles were

noted and a gravity adjustment was made using the computer

software. During the maximal isometric knee extension, the lever

arm was set at 75° extension, calculated from the maximum knee

extension of each participant. Subjects had to push as much as

possible, with leg, on the shin pad for 5 s. Conversely, during

maximal isokinetic knee extension and flexion participants

pushed and pulled the shin pad as fast as possible for five

times uninterrupted. The velocity of isokinetic movement was

set at 90°s. When testing the maximal isometric ankle plantar and

dorsal flexion, the lever arm was set at 30° of plantar flexion,

calculated from the maximum ankle dorsal flexion (0°) of each

participant, and the foot was fixed on a support with two stripes.

Subjects had to push down and pull up the ankle support as much

as possible for 5 s, during extension and flexion trials. Finally,

during maximal isokinetic ankle plantar and dorsal flexion,

participants had to push down and pull up the ankle support

as fast as possible for five times continuously. The velocity of this

isokinetic movement was set at 90°s. All data were acquired at

1,000 Hz, and analyzed as absolute strength, and relative strength

(absolute strength/bodymass). This protocol was previously used

and validated for older adults (Bergamin et al., 2017).

Postural control was measured by means of posturography

with an ARGO stabilometric platform (RGMD, Genova, IT) in

three conditions: Eyes open, eyes closed and dual task (counting

backwards aloud), as previously outlined in Zanotto et al. (2020).

Each test was performed with subject upright with feet together

and the arms at sides. In front of it, a blackboard was placed to

the distance of 3 m. During the Romberg test with eyes open,

the subject has to fixed a reference point located on the

blackboard for 30 s. During the Romberg test with eyes

closed, the subject has to stay on the platform for 30 s with

closed eyes. In dual-task condition, participants had to stand as

still as possible in Romberg position, with eyes open, counting

backwards aloud, starting from a randomly selected number, in

steps of one, as fast and as accurately as possible for the entire

duration of the test (Yardley et al., 1999; Bergamin et al., 2014).

All participants performed randomly the three balance tests

three times.

Given the study design, a descriptive statistical approach was

chosen (data is presented as mean ± S.D.), and the Pearson

product moment correlation coefficients between VO2 peak and

strength measurements were computed (α = 0.05). All data was

managed using Microsoft Excel 365 (Microsoft Corporation,

2018).

Results

38 participants underwent functional capacity, strength, and

balance assessments, as reported in the method section. Results

from tests are presented in Table 1, and data are expressed as

mean ± standard deviation. Mean BMI was 27.26 ± 3.97, with

12 participants classified as “Obese” (BMI>29.9). The physical

and clinical evaluations were conducted after a mean period of

59.19 ± 46.37 weeks. Data on pharmacological therapies revealed

the participants were taking, on average, 10 different medications

each day. In addition to the medications taken for the

management of heart failure, pain and infection risk, it should

be noted that 47% of the participants were taking at least one

psychotropic medication (antidepressants being the most

common).

The most common comorbidity was type II diabetes

(7 participants), followed by chronic kidney disease,

dyslipidemia and hypertension (5 participants), with a mean

Charlson Comorbidity Index (computable for 23 participants) of

3.48 ± 1.41 resulting in a 60% 10-years survival rate (drug

therapies and comorbidities are described in Table 2).

Participants tested showed a poor overall physical condition

and a weak functional capacity, with most of the participants

(12 out of 18 participants) who completed the CPET examination

falling into the “C” (10 participants) or “D” (2 participants)

functional class of the NYHA classification.
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Seven participants had a HeartWare HVAD System

implanted, which was recalled in 2021 after a series of

malfunctions (Medical Device Recalls, 2021); fortunately, no

pump-related adverse events were registered during or

between the tests, and no systematic difference in

performance could be observed between these and other

participants.

Only 12 participants (32%) were able to successfully

complete all the assessments. CPET and isokinetic strength

trials were the least tolerated tests (completed by 18 and

22 participants, respectively). Handgrip test has been

completed bilaterally by 37 participants. Mean VO2 peak was

12.38 ± 3.43 ml/kg/min, and the mean handgrip strength

(dominant hand) was 30.05 ± 10.61 Kg. The balance tests

were completed by 31 participants in the eyes open/closed

condition, and by 29 participants in the dual task condition;

in the eyes open condition mean sway path was 19.44 ±

6.36 mm/s, mean sway area was 46.47 ± 22.98 mm2/s, mean

anterior-posterior oscillations were 25.68 ± 8.03 mm, and mean

lateral oscillations were 31.95 ± 7.62 mm. In the eyes closed

condition mean sway path was 30.65 ± 12.86 mm/s, mean sway

area was 94.88 ± 63.60 mm2/s, mean anterior-posterior

oscillations were 35.32 ± 11.55 mm, and mean lateral

oscillations were 41.77 ± 12.90 mm. In the dual task

condition, mean sway area was 23.02 ± 8.19 mm/s, mean

sway area was 53.24 ± 28.68 mm2/s, mean anterior-posterior

oscillations were 26.63 ± 9.67 mm, and mean lateral oscillations

were 31.80 ± 8.79 mm.

TABLE 1 Test Results.

Outcome n Mean ± S.D. Outcome n Mean ± S.D.

VO2 Peak (L/min kg) 18 12.38 ± 3.43 Isokinetic extension strength, left ankle (kg) 24 12.81 ± 7.18

Handgrip, dominant hand (kg) 38 30.05 ± 10.61 Isokinetic flexion strength, left ankle (kg) 24 16.29 ± 5.72

Handgrip, non dominant hand (kg) 37 26.59 ± 9.73 Romberg test, eyes open, sway path (mm/s) 31 19.44 ± 6.36

Isometric extension strength, right knee (kg) 28 120.86 ± 44.52 Romberg test, eyes open, sway area (mm2/s) 31 46.47 ± 22.98

Isometric extension strength, left knee (kg) 28 109.57 ± 38.95 Romberg test, eyes open, anterior-posterior oscillations (mm) 31 25.68 ± 8.03

Isokinetic extension strength, right knee (kg) 27 80.68 ± 28.84 Romberg test, eyes open, lateral oscillations (mm) 31 31.95 ± 7.62

Isokinetic flexion strength, right knee (kg) 27 35.47 ± 17.96 Romberg test, eyes closed, sway path (mm/s) 31 30.65 ± 12.86

Isokinetic extension strength, left knee (kg) 27 73.14 ± 21.71 Romberg test, eyes closed, anterior-posterior oscillations (mm) 31 35.32 ± 11.55

Isokinetic flexion strength, left knee (kg) 27 37.02 ± 18.94 Romberg test, dual task, sway path (mm/s) 29 23.02 ± 8.19

Isometric extension strength, right ankle (kg) 24 19.38 ± 10.53 Romberg test, dual task, anterior-posterior oscillations (mm) 29 26.63 ± 9.67

Isometric flexion strength, right ankle (kg) 24 28.51 ± 7.31 Romberg test, eyes closed, sway area (mm2/s) 31 94.88 ± 63.60

Isometric extension strength, left ankle (kg) 23 17.58 ± 12.30 Romberg test, eyes closed, lateral oscillations (mm) 31 41.77 ± 12.90

Isometric flexion strength, left ankle (kg) 23 26.88 ± 6.51 Romberg test, dual task, sway area (mm2/s) 29 53.24 ± 28.68

Isokinetic extension strength, right ankle (kg) 25 11.83 ± 6.51 Romberg test, dual task, lateral oscillations (mm) 29 31.80 ± 8.79

Isokinetic flexion strength, right ankle (kg) 25 16.48 ± 6.72

TABLE 2 Characteristics of Study Participants.

Outcome Result (n of participants)

Age (years) 58.11 ± 7.64 (36)

Stature (m) 1.70 ± 0.07 (36)

Body mass (kg) 79.26 ± 14.54 (36)

BMI (kg/m2) 27.26 ± 3.97 (36)

Comorbidities (type) Type II Diabetes Mellitus (7), hypertension (5), dyslipidemia (5), chronic kidney disease (5), hernia (inguinal, umbilical, hiatal) (3),
gastritis (2), Gallbladder calculosis or cholecystectomy (2), other (10)

Comorbidities (n. of) No com. (5), 1 com. (8), 2 com. (4), 3 com. (4), 4 com. (3), 5 com. (1), ≥6 com. (0)

Charlson Comorbidity Index 3.48 ± 1.41 (23)

Drugs (type) anticoagulant (18), diuretics (18), proton pump inhibitors (18), Antiarrhythmic (13), non-steroidal antinflammatory (12), mineral
supplements (Calcium, sodium, magnesium, potassium) (12), iron supplement (13), antihypertensive (10), antithrombotic (9),
antibiotic (9), beta-blocker (8), thyroid hormonal drugs (8), statin (8), antidepressive (Other) (5), diabetes medication (4), gout
medication (4), benzodiazepine (4), vitamin supplements (B, D) (4), hepatic medication (3), alpha-blocker (3), antipsychotic (3),
antidepressive (SSRI) (2), other (10)

Drugs (n. of) 4 drugs (1), 7 drugs (3), 8 drugs (4), 9 drugs (3), 10 drugs (2), 11 drugs (5), 14 drugs (2), 15 drugs (1), 16 drugs (1)
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No statistically significant correlations were found between

VO2 peak and handgrip strength (p > 0.2) and between VO2 with

any of the lower limb strength measures (p > 0.1), as outlined in

Table 3.

Discussion

The aim of this paper was to characterize some aspects of

physical capacity in patients with LVAD. In particular, the strength

profile was analyzed using isometric (including the handgrip test)

and isokinetic strength tests. Compared to a normal population in

terms of age, body mass and gender; in general, muscle strength of

LVAD patients appeared as reduced. With more detail,

25 participants were below the 25° percentile of their

population’s normative reference values for handgrip strength,

furthermore 10 of which were below the 5° percentile. Mean

isometric knee extension strength was below the reference

values found in literature for a comparable (healthy)

population; the reference values used are outlined in Šarabon,

Kozinc, and Perman (2021), who employed a similar methodology

for determining isometric knee strength. Reference values from a

healthy population were chosen because, to our knowledge, there

are no reference values for LVAD recipients strength parameters.

This drop in both upper and lower-body strength could be

explained by a few possible reasons. First off, although more

active than patients with heart failure, LVAD recipients

demonstrated lower levels of physical activity than healthy

subjects (Jakovljevic et al., 2014). This condition, in turn, could

explain a reduction in muscle mass and functionality, especially in

older adults (Rezuş et al., 2020). Secondly, LVAD recipients (and

before, heart failure patients) often experienced prolonged and

repeated periods of bed rest, which can lead to muscle atrophy

(Ikezoe et al., 2011) with potential consequential impairment in

terms of muscle strength. Finally, subjects with reduced heart

functionality often suffered from skeletal muscle dysfunction,

contributing to exercise intolerance (Haykowsky et al., 2011;

Bekfani et al., 2020). This vicious circle could resemble positive

feedback where, however, muscular strength could progressively

decrease over time.

Literature was clear about how upper and lower limb strength

contribute to older adults’ ability to complete activities of daily

living (Wang et al., 2020); knee and ankle extension strength can

be used as predictors of loss of autonomy (Buckinx et al., 2019),

therefore understanding the decline in strength measure become

important for LVAD patients to counteract the risk for disability.

Additionally, establishing robust strength training protocols to

maintain sufficient muscle function assumes a critical role for

these patients.

Analyzing the aerobic-cardiovascular component, as could

be expected, aerobic capacity was also compromised in this

population: out of the 18 participants who completed the

CPET, 15 were below 50% of their predicted maximal VO2,

six of which were below 30% VO2 max. VO2 has been previously

found to be a predictor of long-term survival in the general

population (Ross et al., 2016), and in heart-failure patients (Hsich

et al., 2007).

While the association between muscle mass and aerobic

capacity waned with aging (Kim et al., 2016), muscle loss

appeared to play a pivotal role in age-related decline of VO2

TABLE 3 Correlation.

Outcome n VO2 peak correlation
(Pearson’s r)

p value

Handgrip, dominant hand (kg) 18 −0.31 0.21

Handgrip, non dominant hand (kg) 18 −0.1 0.71

Isometric extension strength, right knee (kg) 14 −0.38 0.18

Isometric extension strength, left knee (kg) 14 −0.41 0.14

Isokinetic extension strength, right knee (kg) 14 −0.3 0.30

Isokinetic flexion strength, right knee (kg) 14 −0.28 0.34

Isokinetic extension strength, left knee (kg) 14 −0.17 0.57

Isokinetic flexion strength, left knee (kg) 14 −0.27 0.34

Isometric extension strength, right ankle (kg) 14 0.26 0.38

Isometric flexion strength, right ankle (kg) 14 −0.25 0.38

Isometric extension strength, left ankle (kg) 13 0.45 0.12

Isometric flexion strength, left ankle (kg) 13 −0.04 0.91

Isokinetic extension strength, right ankle (kg) 14 −0.02 0.95

Isokinetic flexion strength, right ankle (kg) 14 −0.03 0.93

Isokinetic extension strength, left ankle (kg) 13 −0.02 0.96

Isokinetic flexion strength, left ankle (kg) 13 −0.24 0.43

n: number of participants who completed both the VO2 peak and corresponding strength assessment.
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max (Fleg and Lakatta, 1988). In trained older men and women,

instead, the reduction in max O2 delivery seemed to be the main

driving factor of this phenomenon (Proctor and Joyner, 1997),

and lower-limb strength was positively correlated with maximal

aerobic performance in trained older individuals (Matthews

et al., 2020). In LVAD recipients, instead, muscle strength (as

measured by isometric and isokinetic tests) was not significantly

correlated with VO2 peak. This could signify that aerobic

capacity of those patients was probably so compromised that

cardiac performance remained the limiting factor during CPET,

which highlighted the importance of performing specific strength

tests to accurately describe the functional status of this

population.

Another important issue concerned balance test is that all

parameters (sway path, sway area, anterior-posterior and medio-

lateral oscillations) were greater in closed eyes condition respect

to open eyes condition or dual-task condition. This finding

suggests that LVAD recipients seem to have a compromised

postural control with visual deprivation. This probably due to

physical decondition and in some cases for the side effects of

certain drug therapies (e.g. antiarrhythmic) or other

comorbidities (e.g. diabetes) that may alter proprioception.

One aspect to consider is the presence of the LVAD’s external

battery pack, which may have altered the test. Indeed, this can

weigh up to 2 kg with probable alteration in the subject’s sway

parameters. For these reasons to assess the risk of falls, a graded

test, like the Berg balance scale (Berg et al., 1992) could be more

appropriate in this population. Alternatively, the risk of falls

could be inferred from the knee and ankle peak torque and rate of

force development (Bento et al., 2010; Valenzuela et al., 2020),

even though more population-specific trials would be needed to

confirm this assumption.

The overrepresentation of male participants in this study (33/

38 participants) is in line with other reports, where women were

less likely to receive a LVAD, since they appear to have poorer

outcomes and more frequent adverse events (Joyce et al., 2009;

Magnussen et al., 2018; Dayanand et al., 2021). The high

prevalence of obesity (over 30% of participants) in the sample

should spark action towards weight management strategies in

this population. Obesity is a known general risk factor for

cardiovascular diseases, and has been found to increase the

incidence of infections, neurological complications, and

thrombosis in LVAD recipients, affecting short-term survival

(Zhigalov et al., 2020). The high percentage of participants under

a psychotropic medication therapy is compatible with the

psychological challenges faced by these persons in the

transitional period following the LVAD implant (Okam et al.,

2020).

This study presented several limitations. The first issue is

obviously linked to the great difficulty in finding this type of

patient and especially in testing them. Secondarily, there was a

considerable amount of data loss, mainly related to the health

status of the participants. These missing data were not random

but came mostly from the participants who could not complete

the physical tests (or for whom the tests had to be ended

prematurely), which means that these results were computed

using only the data from the fittest participants, and thus the

means are likely to be overestimated, especially for the outcomes

with the lowest sample sizes. Finally, during the recruiting

process, we did not impose inclusion/exclusion criteria on the

time period between LVAD implant and examination,

unavoidably reducing the homogeneity of the sample. This

variability is probably a feature of the population itself, which

nevertheless makes the interpretation of the data more complex,

even compared with the simple normal population in terms of

comparison.

In conclusion, LVAD recipients show greatly reduced

functional capacity and tolerance to exercise and exercise

testing, with low overall strength levels. This complex frame

therefore entails a reduced physical function. As strength

performance appears to be independent from VO2 peak,

strength tests, such as the handgrip strength test, should be

included in the physical function assessment; however, given

that isokinetic tests, especially of the ankle joint muscles, were

poorly tolerated, a different alternative should be explored in this

population. Future works on LVAD recipients could focus on

comparing different physical testing protocols to find the most

suitable compromise between validity and applicability for these

persons. Further studies could help establishing reference values

for strength and cardiovascular outcomes that are specific to

LVAD recipients, to use as starting point when preparing an

exercise training protocol and exercise guidelines for LVAD

recipients.
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