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ABSTRACT
Objective: We aimed to determine if prescribed exercise programs in rehabilitation of patients with cardiac amyloidosis was
feasible and beneficial. Methods: This prospective monocentric pilot study was proposed to all adult patients, diagnosed
with cardiac amyloidosis, and referred to the cardiac rehabilitation centre at the Henri Mondor University hospital (Créteil,
France) between 2011 to 2015. All patients had clinical evaluations, laboratory tests, and echocardiographic examinations
upon recruitment to the study. The cardiac exercise rehabilitation programme, in this study, comprised a baseline incremental
system-limited exercise test followed by 20 endurance training sessions at a constant workload intensity. Cardiac exercise
rehabilitation was deemed feasible if the patient completed the baseline test and ≥ 10 sessions without an adverse event.
Patients with a relative increase of ≥ 16% in VO2max and/or maximal workload were considered to have benefited from cardiac
exercise rehabilitation. Results: Overall, 27 cardiac amyloidosis patients were recruited. Cardiac exercise rehabilitation was
feasible in 19 (70%) and not feasible in 8 (30%). Of the 19 patients whom cardiac exercise rehabilitation was feasible, cardiac
exercise rehabilitation benefited 9 (47%). This benefit was significantly associated with lower N-type pro-brain natriuretic
peptide levels, lower creatinineamia, and higher left ventricular ejection fraction at baseline. Conclusion: Cardiac exercise
rehabilitation is feasible and beneficial in selected patients with cardiac amyloidosis.
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Introduction

T here is evidence that cardiac exercise rehabilitation (CER) is safe
and provides clinical benefits in patients with hypertrophic car-

diomyopathy (HCM) [1, 2]. Recent diagnostic advances have allowed
physicians to distinguish HCM from cardiac amyloidosis (CA) induced
cardiomyopathy [3, 4, 5, 6, 7, 8, 9, 10]. Indeed, these cardiomyopathies
share many signs and symptoms. However, despite the substantial ther-
apeutic advances made for treating CA, the prognosis of CA patients
is worse than that of HCM patients [11, 12]. In CA, data are required
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to demonstrate the benefit of CER and to identify patients most likely
to benefit from CER. CA is a chronic disease characterized by the de-
posits of amyloid fibrils within the myocardium [13]. Besides amyloid
fibril deposits in the heart, fibrils may also accumulate in other tissues
and organs, including the kidneys, liver, soft tissues, and in peripheral
motor and sensory nerves [14]. Amyloid infiltration of nerves leads to
various disorders, including lumbar canal stenosis and sensory-motor
neuropathies, that impair quality of life and exercise capacity. Patients
with amyloidosis are classified according to the misfolded protein that
forms the amyloid fibrils. The two most prominent types of systemic
amyloidosis are light chain (AL) and transthyretin related (ATTR) amy-
loidosis. ATTR amyloidosis is further divided into hereditary ATTR
(ATTRv) and wild-type ATTR (ATTRwt). The Secondary Prevention
and Rehabilitation Section of European Association of Preventive Cardi-
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ology recently stated that cardiac rehabilitation, as secondary prevention,
was the most cost-e�ective intervention in various cardiovascular dis-
orders [15]. Cardiac rehabilitation did not only reduce cardiovascular
mortality and morbidity but also increased patient quality of life. Cardiac
rehabilitation comprises various interventions, including but not limited
to dietary, psychosocial, and exercise interventions. Studies have shown
that HCM patients benefits from CER [1, 2]. Wasserstrum et al. reported
that exercise of moderate intensity was safe and was beneficial for most
HCM patients [1]. Klempfer et al. reported that a supervised exercise
program was safe and significantly improved symptoms, functional class
(New York Heart Association classification), and functional capacity of
HCM patients that remained symptomatic despite therapy [2]. To our
knowledge, no study has yet assessed the benefits of CER in patients with
CA. This paucity of data may partially be due to the poor prognosis of
these patients. Exercise in CA patients may be hampered by neurological
and renal symptoms, and by fatigue, known side e�ects of chemotherapy
used to treat AL amyloidosis patients. A recent study showed the prog-
nostic value of cardiopulmonary exercise testing, particularly VO2 max,
combined with NT-proBNP levels in CA patients [16]. Exercise testing
was also useful for assessing functional capacity, as well as circulatory and
chronotropic responses in CA patients. We report the results of a pilot
study examining the feasibility of CER in CA patients. The study aimed
to assess the benefit derived from CER in CA patients.

Figures and Tables

Method

Study design
This study was designed as a prospective monocentric pilot study. All
consecutive patients diagnosed with cardiac amyloidosis between 2011
and 2015 and referred to the cardiac rehabilitation centre at the Henri
Mondor University Hospital in Créteil, France, were requested to partici-
pate in the study. The study was conducted according to the declaration
of Helsinki and French law. The study was approved by the French ethics
committee, ‘Comité de Protection des Personnes’, at the Henri Mondor
University Hospital.

Study participants
Patients aged 18 years and older, with a confirmed diagnosed of cardiac
amyloidosis according to current guidelines were eligible. Patients with
light chain (AL) amyloidosis were diagnosed by a histological analysis of
tissue biopsies with amyloid deposits stained for antibodies for kappa or
lambda free immunoglobin light chains (FLC). While patients with ATTR
were diagnosed with myocardial fixation on bisphosphonate scintigraphy,
with or without a positive staining of biopsies using Congo Red and
TTR antibodies. TTR genotyping was performed to distinguish between
ATTRwt and ATTRv. All patients provided written consent prior to
study participation.

Data collected at baseline
Patients with suspected amyloidosis underwent a comprehensive clinical
evaluation, as well as laboratory tests and echocardiographic examina-
tions. The data concerning demographics (age and sex), clinical data
(weight and height), amyloidosis (type of amyloidosis), medical history
(presence or not of a pacemaker, atrial fibrillation, and/or ventricular
arrythmia), and laboratory tests (haemoglobin, N-terminal pro-brain
natriuretic peptide [NT-proBNP], and creatinine blood levels) were col-
lected. Moreover, the data from the echocardiographic examination (left
ventricular ejection fraction [LVEF], left ventricular hypertrophy [LVH],
ratio of early transmitral blood-flow velocity over tissue Doppler early
diastolic mitral-annulus velocity [E/e], and systolic pulmonary arterial
pressure [PAP]) were collected.

Cardiac exercise rehabilitation programme
The CER was supervised by a multidisciplinary team that included cardi-
ologists, cardiovascular nurse specialists, physiotherapists, and exercise
physiologists. The CER programme comprised a baseline incremental
symptom-limited exercise test followed by 20 endurance training sessions
at constant workload. A subgroup of patients performed cardiopulmonary
exercise tests (CPET) before and after the training programme. When
CPET was unavailable or not tolerated, conventional bicycle ergome-
ters with simultaneous electrocardiographic recording were used. For
the incremental exercise tests, the initial workload was 20 W, with an
increase of 20 W every 2 minutes. For CPET, the increase was continuous
(watt by watt), and for the conventional exercise test without CPET, the
increase was stepwise. The training programme was group-based with a
minimum of 3 sessions per week for outpatients and 5 sessions per week
for inpatients. Each endurance training session consisted of 30 minutes
of stationary cycling at a heart rate (HR) corresponding to the ventila-
tory threshold (VT) obtained during the baseline exercise test, according
to standard cardiac rehabilitation recommendations [17]. When oxygen
consumption was not measured, training HR was set at 60% 70% of the
individual’s HR reserve (maximal HR on incremental exercise test minus
resting HR) [17]. In addition to the endurance training, all patients were
systematically proposed supervised and guided resistance training 2-3
times per week. In patients with CPET, ventilation (VE), oxygen con-
sumption (VCO2) and carbon dioxide output (VO2) were measured on
a breath-by-breath basis via a computerised system (Medisoft, Belgium).
In addition, maximal oxygen uptake (mL/kg/min), the first ventilatory
threshold and ventilatory e�ciency (VCO2) were determined. Maxi-
mal oxygen uptake (VO2max) was defined as the highest consecutive
30-second averaged value obtained during exercise test [18]. The first ven-
tilatory threshold (measured by the Wasserman method) was defined as
the point where ventilatory equivalent ratio for oxygen (VE/VO2) starts
to increase without concomitant increase in the ventilatory equivalent
ratio for carbon dioxide (VE/VCO2) [19]. During the programme, in
all patients, intensity levels of exercise were systematically re-evaluated
using the rating of perceived exertion (RPE) and were increased when
RPE was <12 and decreased when RPE was >14 on the Borg’s scale [20].

Data collected during cardiac exercise rehabilitation
During CER, maximal and resting HR, and maximum workload observed
were collected for all patients. Also, the chronotropic reserve was mea-
sured during the incremental exercise tests, but not during the exercise
sessions at constant workload intensity. The chronotropic reserve is the
capacity of the heart to increase its rate during exercise or other metabolic
demands. In addition, in patients who underwent cardiopulmonary exer-
cise testing, the VO2max and VE/VCO2 ratio were collected. From the
data, the percentage gain in maximal workload was calculated.

Study objectives and outcomes
Our main objective was to assess the feasibility of CER in patients with
CA. The programme was considered feasible if patients performed a
valid baseline exercise test and completed ≥ 10 of the scheduled training
sessions without onset of an adverse event which limit the CER. Further-
more, we wanted to assess the functional benefit of CER in patients. A
patient was considered to have benefited or responded to CER if there
was a relative increase in VO2 max and/or maximal workload after CER
of ≥ 16%. For patients, whose oxygen consumptions were not mea-
sured, a benefit or response was defined as an increase of ≥ 15% in peak
workload after CER.

Statistical analysis
Categorical data are reported as numbers with percentages and compared
using Chi2 tests. While continuous data are expressed as means with
standard deviations and compared using two-tailed Student’s t-tests. A
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p-value < 0.05 was considered statistically significant. Logistic regression
was used to identify variables independently associated with the benefit
from CER. Variables found to be significantly di�erent (p ≤ 0.10) in pa-
tients that benefited from CER compared to those without benefit. The
following variables were included in the model: age, sex, and baseline lev-
els of LVEF, serum creatinine, and log (NT-proBNP). Systolic pulmonary
arterial pressure (PAP) was not included in the model since it was not
measured in all patients. The cut-o� limit for NT-proBNP was assessed
using the Youden index [21, 22]. Statistical calculations were performed
using the SPSS software package (SPSS Inc., Chicago IL, USA).

Results

Population characteristics

Between 2011 and 2015, 27 patients were prospectively recruited at Henri
Mondor University Hospital in Créteil, France. Among the 27 patients
with cardiac amyloidosis (CA) enrolled, 22 were male and the median
age was 68 years, see Table 1. Sixteen (59%) had AL, 6 (22%) had ATTRv,
and 5 (19%) had ATTRwt amyloidosis. Two-thirds of patients (18/27)
had a cardiac pacemaker implanted. Median LVEF was 52% (IQR: 40-60),
median LVH was 17 mm (IQR: 15-19), and the median ratio of early
transmitral blood-flow velocity over tissue Doppler early diastolic mitral-
annulus velocity (E/e) was 15 (IQR: 13-20). Concerning the baseline
exercise capacities of the 27 patients: the median duration of the exercise
test was 312 s (IQR: 165-474), the median resting HR was 80 bpm (IQR:
67-90), and the median maximum workload was 49 W (IQR: 30-78).

Cardiac rehabilitation

CER proved to be feasible in 19 patients (70%, Table 1). In contrast, 8
patients (30%) were not able to perform at least half of the 20 scheduled
training session - the CER failure cohort. Three patients, all with AL
amyloidosis, could not perform the baseline incremental exercise test-
ing: 1 patient due to pericardial e�usion and 2 patients due to severe
fatigue. The remaining 5 patients completed baseline CER assessments
but failed to complete at least 10 training sessions, a patient with each
of the following conditions: hip pain (coxalgia), knee pain (gonalgia),
dysautonomia, neuropathic pain, and refractory asthenia. Overall, the
demographic and baseline characteristics in the CER feasible and CER
failure cohorts were similar. However, in the CER feasible cohort more
patients had pacemakers, 16/19 (84%) versus 2/8 (25%), p = 0.0061, and
baseline NT-proBNP levels were lower, 2239 ng/L (IQR: 860-9460) ver-
sus 8600 ng/L (IQR: 4749-18358), p = 0.043. In the CER feasible cohort,
compared to the CER failure cohort the exercise test duration was signifi-
cantly longer, 360 s (IQR: 245-508) versus 134 s (IQR: 110-252); p = 0.015,
and the chronotropic reserve was significantly higher, 53% (IQR: 15%-72%)
versus 7% (IQR: 5%-26%), p = 0.036. It is noteworthy that age and type of
amyloidosis were not significantly associated with CER feasibility.

Functional benefit

Of the 19 patients for whom CER was feasible, 9 patients (47%) had
a functional benefit (Table 2). In these patients there were significant
gains in maximal workload 34.7% (IQR: 19.6%-39.7%; p = 0.002). CPET
were performed by 13 patients at baseline and by 15 patients at the end
of CER. The presence or absence of meaningful functional benefit of
CER was significantly associated with lower baseline NT-proBNP levels
(872 ng/L [IQR: 493-1665] versus 7006 ng/L [IQR: 2600-18469]), lower
serum creatinine (80.0 µmol/L [IQR: 73.5-123.5] versus 115.5 µmol/L
[IQR: 97.3-263.3]), and higher LVEF (60% [IQR: 48%-62%] versus 39%
[IQR: 32%-54%]), but not with the type of amyloidosis nor with LVH, see
Table 2. It is noteworthy that none of the parameters measured during
exercise, including VO2 max and chronotropic reserve, were significantly
associated with the benefit of CER.

Identifying variables associated with a benefit from cardiac exercise
rehabilitation Logistical regression, using age, sex, and baseline levels
of LVEF, serum creatinine, and log (NT-proBNP), was used to identify
variables independently associated with the functional benefit of CER.
Of these variables, only log (NT-proBNP) was found to be associated with
a benefit of CER: hazard ratio of 4.53; 214.2 (95% CI: 1.53-29993); p =
0.033. The Youden index identified a NT-proBNP level of <2700 ng/L
as being associated with benefit from CER. The area under the curve
(AUC) of the receiver operating characteristic (ROC) curve was 0.93 (95%
CI: 0.82-1.00), p < 0.001. Moreover, sensitivity was 89% and specificity
was 80%: with a positive predictive value (PPV) of 80% and a negative
predictive response (NPV) of 89%.

Discussion

In our study, the first to our knowledge assessing CER feasibility in CA,
CER proved to be feasible in 70% of the patients addressed to the cardiac
rehabilitation centre. Compared to patients that could not complete
the baseline assessment and at least half of the planned exercise sessions,
significantly more patients for whom CER was feasible had pacemakers
(84%) and baseline levels of NT-proBNP were significantly lower. Further-
more, the mean duration of the baseline exercise test was longer and the
chronotropic reserve higher. Moreover, about half of them had a clinically
meaningful functional benefit, with increased endurance and maximal
workloads, when they completed the CER programme. In patients that
benefited from CER, baseline levels of NT-proBNP and creatinineamia
were lower, while LVEFs were significantly higher. In our analysis, a
NT-proBNP cut-o� of < 2700 ng/L proved useful to identify CA patients
expected to benefit from CER. Our results reveal that patient selection is
critical, both for CER feasibility and to identify patients most likely to
benefit from CER.

Interestingly, our analysis did not identify the type of amyloidosis
as significantly associated with CER feasibility. Of the 16 AL amyloidosis
patients, CER was not feasible in 5 patients (31%): 3 failed to complete
the baseline exercise test and 2 did not complete half of the scheduled
exercise sessions. Among the 3 that failed to perform the baseline exercise
test, 2 died within one month of enrolment. AL amyloidosis patients
are often fragile with multiple organs infiltrated, about 80% of them
have cardiac involvement, the severity of which determines survival [14,
23]. In AL patients with cardiac involvement, chemotherapy aims to
rapidly eliminate amyloid precursors and to reduce amyloid deposits,
thus improving cardiac function [14, 24]. However, chemotherapy with
the associated side e�ects is di�cult in these frail patients. The relative
timing of CER with respect to chemotherapy needs to be evaluated for
each AL patient, since performing CER while undergoing chemotherapy
may be challenging. However, even though challenging, CER was feasible
in 11 of the 16 AL patients. In AL patients where CER was feasible,
cardiac involvement seems to be less severe as suggested by a significantly
lower baseline mean NT-proBNP level in the CER feasible cohort, 2239
ng/L, compared to 8600 ng/L in the CER failure cohort. Our results
suggest that CER is feasible in all types of CA, including selected AL
amyloidosis patients with less severe cardiac involvement.

NT-proBNP may help select CA patients for whom CER is feasible
and beneficial. In CA patients, NT-proBNP levels are often elevated due
to hemodynamic burden [8]. NT-proBNP levels continue to increase with
CA evolution and severity. Nicol et al. reported that NT-proBNP levels,
and VO2max , could predict death or heart failure-related hospitalisations
in CA patients [16].

In addition to NT-proBNP levels, other selection criteria need to
be assessed. The 6-minute walk test (6MWT) is clinically useful to assess
cardiovascular fitness and could help select patients for CER [25]. Also,
systematic screening for severe orthostatic disorders could identify pa-
tients with exercise intolerance and for whom CER will probably not be
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Table 1 Baseline patient characteristics according to feasibility of cardiac exercise rehabilitation.

Variables All CER feasible cohort CER failure cohort p-value∗

n = 27 n = 19 n = 8

Clinical characteristics:

Age, years 68 (61-78) 66 (61-79) 72 (58-78) 0.94

Male sex 22 (81) 15 (79) 7 (88) 1.00

Body Mass Index, kg/m2 24.5 (21.8-27.6) 24.5 (21.4-27.5) 24.4 (22.1-29.5) 0.89

Type of amyloidosis 0.098

AL 16 (59) 11 (58) 5 (63)

ATTRwt 5 (19) 2 (11) 3 (38)

ATTRv 6 (22) 6 (32) 0 (0)

Pacemaker 18 (67) 16 (84) 2 (25) 0.0061

Atrial fibrillation 12 (44) 10 (53) 2 (25) 0.24

Ventricular arrhythmia∗∗ 10 (37) 6 (32) 4 (50) 0.41

Laboratory:

Haemoglobin, g/dL 12.6 (11.2-13.6) 12.2 (9.9-13.5) 13.1 (11.8-14.3) 0.243054

2239 8600 0.043

NT-proBNP, ng/L 3054 2239 8600 0.043

(1012-10794) (860-9460) (4749-18358)

Serum creatinine, µmol/L 113 (84-162) 104 (80-141) 147 (104-214) 0.22

Echocardiography:

LVEF, % 52 (40-60) 52 (38-60) 53 (43-59) 0.82

LVH, mm 17 (15-19) 16 (14-20) 18 (16-19) 0.52

E/e 15 (13-20) 16 (13-21) 13 (9-20) 0.52

Systolic PAP, mmHg 40 (30-44) 39 (31-44) 40 (24-43) 0.41

Baseline exercise test:

Duration, s 312 (165-474) 360 (245-508) 134 (110-252) 0.015

Resting HR, bpm 80 (67-90) 79 (66-96) 84 (71-89) 0.89

Maximum workload, W 49 (30-78) 60 (40-82) 30 (25-45) 0.063

Chronotropic reserve, % 29 (7.8-51) 53 (15-72) 7 (5-26) 0.036

Continuous variables are expressed as median (IQR) and discrete variables as number (%). AL amyloidosis: light-chain amyloidosis; ATTRv amyloidosis:
hereditary transthyretin related amyloidosis; ATTRwt amyloidosis: wild-type transthyretin related amyloidosis; bpm: beats per minute; CER: cardiac
exercise rehabilitation; E/e: ratio of early transmitral blood-flow velocity over tissue Doppler early diastolic mitral-annulus velocity; HR: heart rate; IQR:
interquartile range; LVEF: left ventricular ejection fraction; LVH: left ventricular hypertrophy; NT-proBNP: N-type pro-brain natriuretic peptide; PAP:
pulmonary arterial pressure; W: watt. *p-values <0.05 are in bold. **Ventricular arrythmia is defined as having ≥ 3 consecutive beats at a rate >100 beats
per min.
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Table 2 Patient characteristics according to functional benefit from cardiac exercise rehabilitation.

Variables Benefit No benefit p-value∗

n = 9 n = 10

Clinical characteristics:

Age, years 64 (56-73) 74 (65-85) 0.95

Male sex 6 (67) 9 (90) 0.0001

Body Mass Index, kg/m2 24.5 (20.6-28.1) 25.2 (23.6-27.6) 0.72

Type of amyloidosis, AL vs
ATTR

5 (55.6) 6 (60.0) 0.61

With pacemaker 8 (88.9) 8 (80.0) 0.54

With atrial fibrillation 6 (66.7) 4 (40.0) 0.24

Biology characteristics

Haemoglobin, g/dL 12.9 (9.4-13.6) 12.0 (11.4-13.4) 0.80

NT-proBNP, ng/L 872 (493-1665) 7006 (2600-18469) 0.001

Serum creatinine, µmol/L 80.0 (73.5-123.5) 115.5 (97.3-263.3) 0.035

Echocardiography-
characteristics:

LVEF, % 60 (48-62) 39 (32-54) 0.004

LVH, mm 15.0 (14.0-18.3) 16.5 (15.0-19.0) 0.84

E/e 13.5 (11.5-25.0) 17.0 (14.0-20.5) 0.32

Systolic PAP, mmHg 31.5 (29.3-36.8) 43.5 (40.3-45.5) 0.010

Baseline exercise test:

Duration, s 360 (218-513) 358 (224-511) 0.99

Resting HR, bpm 81 (72-93) 76 (63-97) 0.60

Maximal HR, bpm 49 114 (97-146) 113 (84-143) 0.72

% of maximal theoretical HR 76 (65-87) 81 (58-94) 0.84

Maximum workload, W 70.0 (37.5-86.0) 46.5 (37.5-76.3) 0.40

VO2max , mL/kg/min 11.7 (9.6-13.7) 8.6 (6.6-16.7) 0.37

VE/VCO2 40.0 (35.0-43.5) 41.0 (36.0-75.0) 0.53

Chronotropic reserve, % 46.7 (28.6-63.0) 24.5 (8.1-70.0) 0.40

Exercise training

Number of training sessions 20.0 (18.5-39.5) 18.0 (13.25-26.0) 0.45

Gain in maximal workload, % 34.7 (19.6-39.7) 0 (-8.9 to 12.0) 0.002

Final exercise test

Duration, s 496 (422-617) 334(290-656) 0.41

Resting HR, bpm 72 (64-81) 77 (76-93) 0.19

Maximal HR, bpm 117 (94-152) 118 (104-131) 0.96

% of maximal theoretical HR 69.5(64.3-98.5) 83.0 (73.0-95.0) 0.61

VO2max , mL/kg/min 13.0 (11.7-15.7) 7.9 (6.0-20.9) 0.66

VE/VCO2 36.5 (32.8-42.0) 39.0 (34.5-57.0) 0.33

Chronotropic reserve, % 55.8 (45.2-83.9) 53.3 (11.8-72.4) 0.54

Continuous variables are expressed as median (IQR) and discrete variables as number (%). AL amyloidosis: light-chain amyloidosis; ATTR amyloidosis: transthyretin
related amyloidosis; bpm: beats per minute; E/e: ratio of early transmitral blood-flow velocity over tissue Doppler early diastolic mitral-annulus velocity; HR: heart rate;
IQR: interquartile range; LVEF: left ventricular ejection fraction; LVH: left ventricular hypertrophy; NT-proBNP: N-type pro-brain natriuretic peptide; PAP: pulmonary
arterial pressure; VO2 max: maximal volume of oxygen uptake; VCO2 max: maximum volume of carbon dioxide exhaled; VE: ventilation; VE/VCO2: ventilatory equivalent
ratio for carbon dioxide; W: watt. *p-values <0.05 are in bold.
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feasible [26].
In systemic amyloidosis, cardiac involvement depends on the sub-

type [27]. As mentioned above, about 80% of AL patients have cardiac
involvement [14, 23]. In ATTRwt amyloidosis, the heart is almost always
a�ected and about two-thirds have heart failure at diagnosis. In contrast,
ATTRv amyloidosis patients have various phenotypes depending on the
TTR mutation, with cardiac involvement in about 40% of the patients.

When amyloid fibrils infiltrate the heart, patients develop heart
failure leading to reduced exercise capacity [16]. Nichol et al. observed
that, VO2max , circulatory power (VO2max multiplied by peak systolic
blood pressure), and oxygen pulse (VO2 divided by HR) were diminished
in CA patients during exercise, due to low exercise inotropic reserve
and restrictive heart filling patterns. It should be noted that he VO2max
during exercise reflects not only the capacity of muscles to metabolise
oxygen but also the subject’s cardiac, vascular, and pulmonary capacities.

Furthermore, Nichols et al. observed that the VE/VCO2 slope was
increased in CA patients, reflecting the reduced cardiac output reserve
during incremental exercise. This is possibly due to restrictive haemo-
dynamics in CA patients with increased pressure in the left ventricle
and in the pulmonary circulation during exercise. Haemodynamics of
CA patients, at rest, using right heart catheterization have been assessed.
Indeed, Russo et al. reported that haemodynamic profiles were similar
in AL and ATTR patients: high resting right and left ventricular filling
pressures with low cardiac outputs [28]. Clemmensen et al. reported that
during exercise CA patients had severely reduced inotropic myocardial
reserve and increased right and left ventricular filling pressures, measured
by right heart catheterization [29]. Interestingly in CA patients, VO2max
during incremental exercise was strongly related to the peak cardiac in-
dex (cardiac output indexed to body surface area). Overall, CA patients
during exercise have a diminished cardiac output, with lower VO2max ,
increased VE/VCO2 slope, and a lower exercise capacity

Chronotropic incompetence (CI), the inability of the heart to re-
spond to exercise, often occurs in patients with cardiovascular diseases.
Chronotropic incompetence results in impaired exercise tolerance, re-
duced peak exercise capacity, diminished quality of life, and predicts
all-cause mortality. Consequently, chronotropic incompetence in CA
patients impacts clinical management, including the feasibility of CER.
Indeed, a study assessed chronotropic incompetence during exercise in
40 HF patients equipped with wearable Holter-accelerometers, 50% of
patients were chronotropic incompetent [30]. In chronotropic incompe-
tent patients the 6MWT distance was significantly shorter and physical
activity intensity, measured by the age-predicted maximal heart rate value,
was significantly reduced. Similarly, Nicol et al. reported that 51% of CA
patients assessed by CPET were chronotropic incompetent and that HR
response during exercise correlated with VO2max .

Interestingly, in our study a large proportion of CA patients for
whom CER was feasible had rate responsive pacemakers, suggesting that
modern pacemakers facilitate CER in CA patients. The significantly
higher chronotropic reserve in patient that performed CER is probably
at least partly due to the rate adaptive pacing of the pacemaker and not
to the physiological HR response to exercise.

Amyloidosis is a complex disorder with various cardiac and extrac-
ardiac manifestations that makes healthcare management challenging.
Despite the substantial therapeutic advances made in recent years, progno-
sis for amyloidosis and particularly CA patients remains poor. However,
the improved diagnosis and treatment of chronotropic incompetence,
conduction disorders, and arrhythmias has increased the feasibility of
CER in CA patients. Moreover, in our study extracardiac amyloid involve-
ment did not appear to limit CER. There is evidence that CER benefits
patients with HCM, thus we can expect that CER will benefit selected
CA patients: increasing quality of life and possibly survival.

CA patients undergoing CER can expect to increase their VO2max

with possible survival benefits. Indeed, CA patients with lower VO2max
(≤13 mL/kg/min) had a significantly increased risk of heart failure hospi-
talizations and death [16].

Limitations
Our study was designed as a pilot study to provide exploratory results
assessing the feasibility and benefit of CER in CA patients and thus has
several limitations. Our sample size was small and our results exploratory.
Furthermore, we only examined the functional benefits after a 20-sessions
training period. The long-term benefits of CER, including functional
benefits, and the impact on quality of life, morbidity, and mortality be-
yond the CER programme will need to be assessed. Cardiopulmonary
exercise testing was not available for all patients, thus limiting the statisti-
cal power of the results based on gas exchange measurements. Finally, the
patients included in this study were on average younger than CA patients
referred to our centre, therefore there is a potential selection bias.

Conclusion

CER is feasible and beneficial in selected patients with CA. Further
studies are required to assess the benefit, in terms of quality of life and
other outcome, of CER in CA.
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