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Abstract

Aims Amyloid cardiomyopathy is caused by the deposition of light chain (AL) or transthyretin amyloid (ATTR) fibrils, that
leads to a restrictive cardiomyopathy, often resulting in heart failure (HF) with preserved or reduced ejection fraction. This
study aimed to determine whether cardiac output reduction or ventilation inefficiency plays a predominant role in limiting
exercise in patients with amyloid cardiomyopathy.

Methods We conducted a multicentre prospective study in patients with AL or ATTR cardiomyopathy who underwent car-
diopulmonary exercise testing across four centres. Patients were compared with a propensity-score matched HF cohort based
on age, gender, left ventricular ejection fraction (LVEF), and peak oxygen consumption (VO,).

Results Data from 267 amyloid patients aged 77 (72, 81) years, 86% male, with a median N-terminal pro B-type natriuretic
peptide (NT-proBNP) of 2187 (1140, 4383) ng/L, exercise parameters of peak VO, of 14.1 (11.6;16.9) mL/min/kg, a minute
ventilation to carbon dioxide production (VE/VCO,) slope of 37.4 (32.5, 42.6) and a LVEF of 50% (44%, 59%) were analysed.
We identified 251 amyloid cardiomyopathy—HF matches. Amyloid patients had a signifnicantly higher VE/VCO, slope [37.4, in-
ter quartile range (IQR): 32.7, 43.1 vs. 32.1, IQR: 28.7, 37.0, P < 0.0001], NT-proBNP (2249, IQR: 1187, 4420 vs. 718, 1QR: 405,
2161 ng/L, P < 0.001), peak heart rate (121 + 28 vs. 115 * 27 beats/min, P = 0.007) and peak ventilation (51, IQR: 42, 62 vs. 43,
IQR: 33, 53 L/min, P < 0.0001) with earlier anaerobic threshold (VO, at AT: 8.9, IQR: 6.8, 10.8 vs. 10.8, IQR: 8.9, 12.7 mL/min/
kg, P < 0.0001) compared with HF. Between amyloid patients, AL patients (n = 27) were younger (63, IQR: 58, 70 vs. 78, IQR:
72, 81 years, P < 0.0001), had lower VE/VCO, slope (35.0, IQR: 30.0, 38.7 vs. 38.0, IQR: 32.8, 43.1, P = 0.019), higher end-tidal
carbon dioxide partial pressure both at AT (35.1 + 4.8 vs. 31.4 £ 4.7 mmHg, P < 0.001) and peak exercise (32, IQR: 28, 35 vs.
30, IQR: 26, 33 mmHg, P = 0.039) as compared with ATTR (n = 233).

Conclusions A higher VE/VCO, slope and an earlier AT, determining functional capacity impairment, was assessed in patients
with amyloid cardiomyopathy compared with the matched HF cohort. Additionally, patients with ATTR might display more
severe exercise limitations as compared with AL.
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Introduction

Amyloidosis describes a pathological condition that is charac-
terized by the deposition of misfolded proteins, resulting in a
variety of distinct symptoms that range in severity. These pro-
tein deposits can occur in any organ across different tissues,
with cardiac forms, including light chain amyloidosis (AL),
wild-type transthyretin amyloidosis (ATTR) and hereditary
variants of ATTR leading to restrictive cardiomyopathy and
heart failure (HF).*™

The increased ventricular filling pressures, due to myocar-
dial stiffness, impair the heart’s ability to relax and fill during
exercise, resulting in HF with preserved ejection fraction.>®
However, as amyloid cardiomyopathy progresses, systolic
dysfunction may develop, ultimately leading to HF with re-
duced ejection fraction.”®

The cardinal symptom of amyloid cardiomyopathy is pro-
gressive shortness of breath, which leads to a reduced func-
tional capacity. In addition to diastolic and systolic dysfunc-
tion, functional capacity may also be limited by autonomic
dysfunctions that affect heart rate and blood pressure re-
sponses during exercise, as well as disruptions in the heart’s
electrical conduction system, resulting in arrhythmias and
chronotropic incompetence.’

For the assessment of functional capacity, symptom-
limited maximal cardiopulmonary exercise testing (CPET) is
considered the gold standard for HF patients, regardless of
left ventricular ejection fraction (LVEF).*%** Similarly, for prog-
nosis, several studies indicate that CPET derived parameters
are valuable for both HF and amyloid cardiomyopathy. Among
the various parameters described, peak oxygen consumption
(VO,) and the relationship between minute ventilation (VE)
and carbon dioxide production (VCO,) as the VE/VCO, slope,
have received the most significant attention.*?

Therefore, our objective was to evaluate exercise limita-
tions in patients with amyloid cardiomyopathy compared
with those with chronic HF, and to determine whether
cardiac output (CO) reduction or ventilation inefficiency plays
a predominant role during exercise in amyloid patients. We
hypothesize that patients with amyloid cardiomyopathy ex-
hibit distinct exercise limitations compared with patients with
chronic HF.

Moreover, as an explorative analysis, we aimed to test
whether any differences exist in functional capacity between
patients with AL and ATTR cardiomyopathy.

Methods
Study design and setting

In this prospective multicentre observational study, we com-
pared patients with chronic HF, derived from the Metabolic

Exercise combined with Cardiac and Kidney Indexes (MECKI)
dataset*®** with a population of amyloid cardiomyopathy pa-
tients matched for age, gender, LVEF and peak VO,.

Patients were included by four expert centres (Centro
Cardiologico Monzino, Milan, Italy; Sant’ Anna Scuola
Universitaria Superiore, Pisa, Italy; Ospedale S. Andrea,
Universita La Sapienza, Roma; and the Medical University of
Vienna, Austria). Patients of all centres were collected con-
secutively and gave written, informed consent for local regis-
tries at the corresponding hospitals. All clinical registries
were approved by their local ethics committee (Ethics com-
mittee identification number: Milan, CCM 1979; Pisa,
22711; Rome, CE 6962/2022; Vienna, 1918/2019) and were
conducted conforming with the Declaration of Helsinki.

We included patients aged >18 years, diagnosed with either
ATTR, AL or combined forms of ATTR and AL cardiomyopathy,
which have been diagnosed in accordance with proposed
diagnostic strategies.’® Patients with non-cardiac amyloid-
related organ involvement, limiting exercise performance,
such as higher grades of polyneuropathy (polyneuropathy
disability score > Illb) were excluded. Patients were treated
with best medical treatment and all ATTR patients were naive
to disease specific therapy (e.g., tafamidis). Further, patients
with AL or combined forms of ATTR and AL were mostly naive
to disease-specific therapy; however, patients that had a his-
tory of chemotherapy for AL were non-responders at the time
of CPET as defined by a change of the difference in free light
chains of less than 50% in between treatment cycles.'®> We
also evaluated HF patients derived from the MECKI score
database,® with a known HF aetiology other than amyloid-
osis, to allow for matched assessment between amyloid car-
diomyopathy and HF cases. Among the MECKI score inclusion
criteria’® were capability to perform a CPET, stable clinical
condition, optimized medical treatment and a history of
reduced LVEF HF.

Exercise capacity

All patients conducted a baseline CPET with gas exchange
analysis after successful initiation of best medical treatment
and stable HF symptoms > 1 month. CPET was performed
on a cycle ergometer (Centro Cardiologico Monzino, IRCCS:
Bike Lode B.V. Groningen, the Netherlands; Sant’ Anna Scuola
Universitaria Superiore: GE eBIKE GE Healthcare Chicago,
USA; Ospedale S. Andrea, Universita La Sapienza: Bike Lode
B.V. Groningen, the Netherlands; Medical University of
Vienna: eBIKE GE Healthcare Chicago, United States of
America) with a personalized ramp protocol and an aimed
test duration of 10 + 2 min.'® Patients were motivated to
perform a maximum effort. However, CPET were self-ended
by the patients when they felt they had reached a maximal
effort and were unable to exercise further. Of note, average
peak exercise respiratory exchange ratio was 1.1 + 0.12
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confirming that a maximal effort was reached at least in the
great majority of cases.'” Parameters for gas exchange and
ventilation were collected breath-by-breath using a face
masks (Centro Cardiologico Monzino: Quark PFT Cosmed,
Roma, Italy; Sant” Anna Scuola Universitaria Superiore Pisa:
Dual Monitor Vyntus CPX Vyaire Medical GmbH, Hoechberg,
Germany; Ospedale S. Andrea, Universita La Sapienza: Quark
PFT Cosmed, Roma, Italy; Medical University of Vienna: Dual
Monitor Vyntus CPX Vyaire Medical GmbH, Hoechberg,
Germany). CPET were performed, reported and analysed as
standard across all centres.’” Parameters included physical
performance in Watts, VO,, VE/VCO, slope and oxygen pulse
(VO,/heart rate). Values at peak exercise were defined as the
highest 30 s average in the last minute of maximum exercise.
Predicted peak VO, and VE/VCO, slope were calculated ac-
cording to Hansen et al.*® and Salvioni et al.° The anaerobic
threshold was determined using the V-slope method with a
confirmation via plots for ventilatory equivalents and
end-tidal partial pressures of O, and CO,.”?° Vital parame-
ters (heart rate, blood pressure and electrocardiography)
and CPET variables were assessed for at least 1 min at rest,
during the exercise protocol and up to 3 min at recovery.

Statistical analysis

All data were uniformly collected in one database, being
analysed via one method at Centro Cardiolgico Monzino,
IRCCS. Continuous variables were expressed as means *
standard deviation or median and [interquartile range] as
appropriate while discrete variables as absolute numbers
and percentages. Unpaired t-test or Kruskal-Wallis test was
employed to assess differences between groups for continu-
ous variables, while )(2 test or Fisher’s exact test was per-
formed for analyses involving categorical variables. In order
to identify two homogeneous groups, a 1 to 1 propensity
score matching was applied, between amyloid patients and
the MECKI dataset, using a set of variables selected through
an epidemiological approach, namely, age, gender, LVEF and
peak VO, (mL/min/kg).

Standardized mean difference (SMD) was estimated to
evaluate the balance of baseline variables in matched groups.
An SMD lower than 0.10 was considered an index of good
balance.

Correlation with VE/VCO, slope and peak VO,% predicted
were assessed by Spearman’s coefficient only in the cohort
diagnosed with amyloidosis. For each of the indicated out-
comes, significantly correlated variables were identified and
a set of variables with a variance inflation factor of less than
2 was created to reduce the effect of multicollinearity. The
identified variables were involved in a multiple linear regres-
sion model with stepwise selection in order to identify
predictors of VE/VCO, slope and peak VO,% predicted. All

right-skewed variables were log-transformed before the mul-
tiple linear regression.

Statistical analysis was performed using SAS statistical
package v. 9.4 (SAS Institute Inc., Cary, NC, USA). All tests
were two-sided. A P value lower than or equal to 0.05 was
considered as statistically significant. Boxplots were illus-
trated using ggplot2 package of RStudio v. 4.3.1 (RStudio,
Boston, MA, USA).

Results

We studied 267 patients with amyloid cardiomyopathy of
whom 27 had AL, 233 ATTR and 6 had both AL and ATTR. In
one case, the amyloid type was unspecified at the time of this
study. On average, amyloid cardiomyopathy patients had a
moderate to severe HF as shown by natriuretic peptides
[N-terminal pro B-type natriuretic peptide (NT-proBNP) = 2187
(1140, 4383) and brain natriuretic peptide = 438 (275, 686)]
and exercise parameters [peak VO, (mL/min/kg) = 14.1
(11.6;16.9), peak VO, in percentage of predicted = 60 (49,
71) and VE/VCO, slope = 37.4 (32.5, 42.6)]. Additional charac-
teristics of the amyloid patient cohort including echocardiog-
raphy and staging are reported in Table 1.

Exercise limitations in amyloid cardiomyopathy
versus chronic HF

A total of 7876 HF cases were available in the MECKI score
database at the time of the present analysis, with a complete
data set for matching purposes. MECKI score database in-
cluded patients with history of reduced LVEF. Specifically, at
MECKI score run-in evaluation, 6278 patients had persistent
reduced LVEF, and 1598 had improved LVEF > 40%. In amy-
loid patients, LVEF was >40% in 221 and <40% in 36 cases
and not available in 10 cases. The median year of enrolment
for the matched MECKI cohort was 2010 [interquartile range
(IQR): 2007, 2013] and 2019 (IQR: 2008, 2023) for the amy-
loidosis cohort.

We were able to identify 251 propensity score matched
pairs after one-to-one matching. Gender, LVEF and peak
VO, (Figure S1) were well balanced (SMD < 0.1 as reported
in Table 2), while age had a small imbalance between HF
and amyloid cases (SMD = 0.14). Compared with matched
HF patients, amyloid cases had a much higher VE/VCO, slope,
both as absolute value and as a percentage of predicted,
higher natriuretic peptides, peak heart rate and peak VE
(Table 2 and Figure 1) with an earlier anaerobic threshold in
amyloid patients (lower workload and VO,).

Considering the entire amyloid population (n = 267), the
variables that had a variance inflation factor < 2 and were
significantly correlated with peak VO, (% of predicted) were
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Table 1 Main clinical, instrumental and CPET-derived data in the

entire cardiac amyloidosis sample.

Anthropometric, cardiac ultrasound and laboratory data (n = 267)

Males (n, %) 229 (86)
Age (years) 77 (72;81)
BMI (kg/m?) 26 (24;28)
LVEF (%) 50 (44;59)
Left ventricular diameter (mm) 45 (40;49)
Right ventricular diameter (mm) 31 (27;35)
Left atrial diameter (mm) 53 (46;63)
Right atrial diameter (mm)® 60 (56;66)
Left atrial volume (mL) 81 (68;101)
Right atrial volume (mL)? 66 (48;93)
Left ventricular end-diastolic volume (mL) 88 (70;117)
Left ventricular global longitudinal strain (%)°  —13 (=15;-11)
Intraventricular septum diameter (mm) 18 (16;21)
E to A ratio® 2 (1;3)

E to E' ratio® 15 (12;20)
TR velocity (m/s) 27 (23;30)
Systolic pulmonary pressure (mmHg) 40 (33;48)
TAPSE 17 (14;20)

BNP (pg/mL)
Nt-ProBNP (ng/L)

438 (275,686)
2,187 (1,140;4,383)

eGFR (mL/min/1.73 mz) 78 (65;84)
Type of cardiac amyloidosis (n = 267)

AL (n, %) 27 (10.11)

ATTR (n, %) 233 (87.73)

ATTRwt (n, %) 229 (98.28)

ATTRv (n, %) 4(1.72)

Mixed phenotype (n, %) 6 (2.25)

Unknown (n, %) 1(0.37)
Staging (n = 187)

UK staging system21 (ATTRwt,v)

Stage | (n, %) 115 (61.50)

Stage Il (n, %) 64 (34.22)

Stage Ill (n, %) 8 (4.28)
CPET data (n = 267)

Peak heart rate (bpm) 121 + 28

Peak heart rate (% of max pred.) 84 + 20

Peak VO, (mL/min/kg)
Peak VO, (% of predicted)

14.1 (11.6;16.9)
60.0 (49.1;70.9)

Peak O, pulse (mL/beat) 9.9 (7.9;11.9)
Peak ventilation (L/min) 50 (42;62)
Peak load (Watt) 74 (55;94)
Peak PETCO, (mmHg) 30 (26;32)
Peak RER 1.1 £0.12

VE/VCO, slope
VE/VCO; slope (% of predicted)

37.4 (32.5;42.6)
137 (118;156)

VO, at AT (mL/min/kg) 8.9 (6.8;10.8)
O, pulse at AT (mL/min/kg) 7.8 (6.1;9.9)
Ventilation at AT (L/min) 24 (20;30)
Load at AT (Watt) 30 (20;45)
PETCO, at AT (mmHg) 31.7 438

Note: Continuous variables are shown in median with interquartile
range in brackets, mean = standard deviation or in frequencies
(with percentages in brackets).

Abbreviations: AL, light chain amyloidosis; AT, anaerobic thresh-
old; ATTR, transthyretin amyloidosis; ATTRv, hereditary form of
transthyretin amyloidosis; ATTRwt, wild-type transthyretin amy-
loidosis; BMI, body mass index; BNP, brain natriuretic peptide;
CPET, cardiopulmonary exercise test; E to A ratio, ratio of peak ve-
locity blood flow from left ventricular relaxation in early diastole
(the E wave) to peak velocity flow in late diastole; E to E', ratio of
early diastolic mitral inflow velocity to early diastolic mitral annulus
velocity; LVEF, left ventricular ejection fraction; NT-proBNP,
N-terminal pro B-type natriuretic peptide; PETCO,, end-tidal car-
bon dioxide partial pressure; RER, respiratory exchange ratio;
TAPSE, tricuspid annular plane systolic excursion; TR, tricuspid re-
gurgitation; VCO,, carbon dioxide production; VE, ventilation;
VO,, oxygen uptake.

®Less than 50% of patient data available.

age, LVEF, VE/VCO, slope (log), body mass index, peak heart
rate (log), VO, at the anaerobic threshold mL/min (log), peak
workload (Watt) and NT-proBNP (log). Conversely, the corre-
lating variables for VE/VCO, slope (log) were age, LVEF, body
mass index, peak heart rate (log), NT-proBNP (log), peak VO,
(% of predicted) and peak end-tidal carbon dioxide partial
pressure (PETCO,) (mmHg). The multiple linear regression
analysis showed that age, peak heart rate, VO, at anaerobic
threshold, peak workload and body mass index were posi-
tively associated with peak VO, (% of predicted) while
VE/VCO, slope (log) and NT-proBNP (log) were negatively
associated. Peak heart rate (log), peak VO, (% of predicted)
and peak PETCO, (mmHg) were the predictors for VE/VCO,
slope (log) (Table 3). If absolute, peak VO, (mL/min/kg) or
VE/VCO, slope (% of predicted) were considered as the same
variables as reported above, which remained associated with
the peak VO, value or VE/VCO, slope in percentage of pre-
dicted, respectively.

Exercise limitations in ATTR versus AL
cardiomyopathy

Comparing AL patients (n = 27) with ATTR cases (n = 233), AL
patients were younger with no significant differences in LVEF
and peak VO, (Figure S2). However, AL patients showed a
lower absolute VE/VCO, slope and higher PETCO, both at
anaerobic threshold and peak exercise (Table 4, Figure 2).
The anaerobic threshold was identified in 81% and 90% of
cases in AL and ATTR cases, respectively. Of note, when
VE/VCO, was analysed as a percentage of predicted, we
could only observe a non-significant trend towards a lower
value in AL versus ATTR patients.

Discussion

The present study shows that exercise in patients with amy-
loid cardiomyopathy is characterized by a reduced VO, and
an increased VE/VCO, slope, with the latter being the leading
exercise abnormality, as shown by the comparison with HF
patients matched by age, gender, LVEF and peak VO,.

The cardiac amyloid population we studied is probably the
largest in which CPET is reported. It is similar to that previ-
ously reported in a few studies’®??7>* and included patients
with different amyloid forms. Peak VO, and VE/VCO, slope
were on the average abnormal. Moreover, multiple regres-
sion analysis showed that peak VO, and VE/VCO, slope were
associated with each other as well as with a few parameters
confirming that functional capacity abnormalities are due to
several mechanisms, where CPET allows a holistic evaluation
(Table 3).
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Table 2 Anthropometric, laboratory and CPET data of cardiac amyloidosis patients with the matched heart failure population.

Anthropometric, cardiac ultrasound and laboratory data MECKI (n = 251) Amyloidosis (n = 251) P value SMD
Males (n, %) 219 (87.3) 223 (88.8) 0.5821 0.05
Age (years) 75 (67, 81) 77 (71, 81) 0.1153 0.14
Height (cm) 170 £ 8 172 £ 8 0.0001 0.35
Weight k%) 753 = 11.5 77 9+129 0.0181 0.21
BMI (kg/m®) 26 (24, 28) 6 (24, 28) 0.7364 0.03
LVEF (%) 0 (41, 59) 0 (44, 58) 0.7221 0.03
BNP (pg/mL) 159 (79, 341) 441 (267, 731) <0.0001 1.13
Nt-ProBNP (ng/L) 718 (405, 2161) 2249 (1187, 4420) 0.0001 0.91

CPET data
Peak heart rate (bpm) 115 = 27 121 £ 28 0.0073 0.24
Peak heart rate (% of max predicted) 79 =19 84 + 20 0.0047 0.26
Peak VO, (ml/min/kg) 13.6 (11.4, 16.8) 14.2 (11.6, 16.9) 0.5890 0.05
Peak VO, (% of predicted) 57.8 (46.9, 66.0) 59.9 (49.1, 71.1) 0.1222 0.14
Peak O, pulse (mL/beat) 9.6 (7.7, 11.8) 9.9(7.9,12.0) 0.1606 0.13
Peak ventilation (L/min) 43 (33, 53) 51 (42, 62) <0.0001 0.57
Peak load (Watt) 71 (53, 97) 74 (55, 93) 0.8122 0.02
Peak RER 1.08 = 0.11 1.1 £0.12 0.0525 0.18
VE/VCO, slope 32.1(28.7, 37.0) 37.4(32.7,43.1) <0.0001 0.72
VE/VCO; slope (% of predicted) 118 (106, 135) 137 (119, 156) <0.0001 0.72
VO, at AT (mL/min/kg) 0.8 (8.9, 12.7) 9 (6.8, 10.8) <0.0001 0.68
O, pulse at AT (mL/min/kg) 8 34 (7.04, 10.41) 7. 75 (6.00, 9.80) 0.0072 0.30
Load at AT (Watt) 50 (34, 66) 30 (20, 45) <0.0001 0.89

Note: Continuous variables are shown in median with interquartile range in brackets, mean =+ standard deviation or in frequencies (with
percentages in brackets). SMD for skewed variables was estimated using variables ranks.

Abbreviations: AT, anaerobic threshold; BMI, body mass index; BNP, brain natriuretic peptide; CPET, cardiopulmonary exercise test; LVEF,
left ventricular ejection fraction; NT-proBNP, N-terminal pro B-type natriuretic peptide; PETCO,, end-tidal carbon dioxide partial pressure;
RER, respiratory exchange ratio; SMD, standardized mean difference. VCO,, carbon dioxide production; VE, ventilation; VO,, oxygen uptake.

Figure 1 Differences in ventilation efficiency between cardiac amyloidosis and heart failure. Differences in the minute ventilation to carbon dioxide
production (VE/VCO,) slope via boxplots in cardiac amyloidosis patients compared with individually 1:1 matched heart failure patients of the MECKI
score pool. Abbreviations: HF-MECKI, heart failure cohort of the MECKI score registry; P value, measure of statistical significance; VE/VCO,, minute
ventilation to carbon dioxide production.
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Exercise limitations in ATTR versus AL opathy were identified. To the best of our knowledge, the
cardiomyopathy present is the first report in which AL patients were evaluated

by CPET and compared with ATTR cases.”® AL cases were
The cohort of amyloid patients predominantly had ATTR car-  younger, consistent with previous studies®?® and demon-
diomyopathy, but also 27 patients with AL derived cardiomy-  strated similar peak exercise performance both in terms of

ESC Heart Failure 2025; 12: 1326-1335
DOI: 10.1002/ehf2.15147



Exercise limitations in amyloid cardiomyopathy assessed by cardiopulmonary exercise testing—A multicentre study 1331

Table 3 Multivariable analysis in cardiac amyloidosis patients.

Multivariable for peak VO, (% predicted) Beta P-value 95% CL
VE/VCO; slope® —12.873 .003 —21.301 —4.444
Age 0.276 .0035 0.092 0.461
BMI (kg/m?) 0.524 .0173 0.094 0.954
NT-ProBNP (ng/L)® —2.526 .0039 —4.232 —-0.819
Peak heart rate” 9.776 .009 2.471 17.080
VO, at anaerobic threshold (mL/min)® 8.169 .0008 3.459 12.879
Peak workload (Watt) 0.205 <.0001 0.142 0.268
Multivariable for VE/VCO, slope
Peak heart rate (bpm) —0.11793 .0059 -0.202 —0.0343
Peak VO, (% of predicted) —0.00244 .0003 —0.004 —0.0011
Peak PETCO, (mmHg) —0.02902 <.0001 -0.033 —0.0250

Note: Variables with a variance inflation factor of less than 2 were involved in a multiple linear regression model with stepwise selection in
order to identify predictors of VE/NVCO, slope and peak VO,. All right-skewed variables were log-transformed before the multiple linear

regression.

Abbreviations: BMI, body mass index; NT-proBNP, N-terminal pro B-type natriuretic peptide; PETCO,, end-tidal carbon dioxide partial pres-

sure; VCO,, carbon dioxide production; VO,, oxygen consumption.

Expressed as logarithm.

Table 4 Comparison between AL and ATTR patients.

Anthropometric, cardiac ultrasound and laboratory data AL (n = 27) ATTR (n = 233) P-value
Males (n, %) 20 (74) 198 (85) .0141
Age (years) 63 (58;70) 78 (72;81) <.0001
Height (cm) 171 £ 10 172 = 8 2995
Weight (kg) 73,5+ 135 785 +12.8 .0626
BMI (kg/m2) 24 (22;28) 26 (24,28) 1106
LVEF (%) 50 (50;60) 50 (43;58) .0546
BNP (pg/mL) 400 (239;686) 446 (344;776) .3831
Nt-ProBNP (ng/L) 2,142 (1,514,6,885) 2,297 (1,136;4,083) 2279

CPET data
Peak heart rate (bpm) 115 (102;123) 118 (101;137) .3024
Peak heart rate (% of max pred.) 73 (65;81) 83 (72;96) .0018
Peak VO, (mL/min/kg) 14.7 (12.6;19.8) 14.2 (11.6;16.8) .2588
Peak VO, (% of predicted) 56.4 + 15.5 60.6 = 15.3 .1834
Peak O, pulse (mL/beat) 10 (8.2;11.0) 9.9 (7.9;12.1) 3472
Peak ventilation (L/min) 47 (37;65) 51 (43;63) .3504
Peak load (Watt) 75 (62;98) 74 (55;93) .3947
Peak PETCO, (mmHg) 32 (28;35) 30 (26;33) .0368
Peak RER 1.11 (1.07;1.22) 1.1 (1.04;1.16) .3046
VE/VCO; slope 35.0 (30.0;38.7) 38.0 (32.8;43.1) .0192
VE/VCO, slope (% of predicted) 131 (107;148) 137 (120;156) 1429
VO, at AT (mL/min/kg) 10.0 (8.4;13.5) 8.9 (6.8;10.7) .0220
0, pulse at AT (mL/min/kg) 8.38 = 2.55 8.02 = 2.61 .5348
Ventilation at AT (L/min) 26.8 (21.6;33.0) 24.0 (20.0;30.0) .1913
Load at AT (Watt) 46 (35;60) 30 (20;44) .0002
VCO,; at AT (mL/min) 722 (603;897) 593.4 (432;791) .0177
PETCO, at AT (mmHg) 35.1 4.8 314 4.7 .0005

Note: Continuous variables are shown in median with interquartile range in brackets, mean (%) or in frequencies (with percentages in

brackets).

Abbreviations: AL, light-chain amyloidosis; AT, anaerobic threshold; ATTR, transthyretin amyloidosis; BMI, body mass index; BNP, brain
natriuretic peptide; CPET, cardiopulmonary exercise test; LVEF, left ventricular ejection fraction; NT-proBNP, N-terminal pro B-type natri-
uretic peptide; PETCO,, end-tidal carbon dioxide partial pressure; RER, respiratory exchange ratio; VCO,, carbon dioxide production;

VE, ventilation; VO,, oxygen consumption.

VO, and workload achieved. Additionally, the severity of HF,
as assessed by NT-proBNP levels, was comparable. However,
the anaerobic threshold was postponed in AL cases compared
with ATTR cases, with a higher VO,, workload and PETCO,.
This implies a higher CO at least in the early phases of exer-

cise in AL patients. Indeed, the higher CO in patients with
AL-CA was likely attributable to a more efficient adaptation
of stroke volume rather than heart rate during exercise. This
is evidenced by the significantly lower percentage of pre-
dicted peak heart rate in AL-CA as compared with ATTR-CA.
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Figure 2 Differences in ventilation efficiency between AL and ATTR patients. Differences in the minute ventilation to carbon dioxide production (VE/
VCO,) slope via boxplots between AL and ATTR patients. Abbreviations: AL, light-chain amyloidosis; ATTR, transthyretin; P value, measure of statistical

significance; VE/VCO,, minute ventilation to carbon dioxide production.
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These differences might be also attributed to the distinct
pathophysiological characteristics of both types of CA. AL in-
volves multiple organs to a greater extent than ATTR, which is
predominantly affecting the heart.>”-*® Additionally, age as an
influencing factor on CPET variables in HF may also explain
the findings of better CO in AL patients.>~3* Moreover, due
to the different nature of AL and ATTR, it is likely that the
AL CA diagnosis was obtained earlier in the history of the dis-
eases as compared with ATTR. Finally, the ventilation ineffi-
ciency was higher in ATTR patients with higher VE/VCO,
slopes and lower PETCO, both at anaerobic threshold and
peak exercise. The higher VE/VCO, slope is at least partially
attributable to age and gender differences, as the age- and
gender-normalized VE/VCO, slope shows only a trend to-
wards higher values in ATTR cases.

Additionally, differences in disease progression have to be
taken into account. Besides amyloid fibril deposition, AL
patients often present with cardiac dysfunction not only
due to HF but also due to myocarditis-like features such
as ventricular arrhythmias.®? Initiation of disease specific
therapy in AL patients can lead to a degree of haematolog-
ical regression, resulting in milder disease characterized by
prevalent HF and lack of acute inflammation.®? As the time
of CPET in relation to AL-specific therapy may vary, the hae-
matological regression may explain the findings mentioned
above.

Overall, these data suggest that, in our cohort, AL patients
compared with ATTR patients exhibit a trend towards having
less advanced disease and/or have had shorter time to adapt
to the amyloid deposition.

Exercise limitations in amyloid cardiomyopathy
versus HF cases

The MECKI score database was used to identify patients with
characteristics that allowed a proper with amyloid cases. The
MECKI score data are probably the largest HF population set
with several variables including CPET.*

In chronic HF among CPET parameters both peak VO, and
VE/VCO, slope have a strong and independent role in defin-
ing both functional capacity and prognosis. Albeit the genesis
of abnormal peak VO, and VE/VCO, slope are multifactorial,
the general consensus is, that the former is mainly related
to low CO and abnormal O, delivery and utilization by the
working muscles while the latter is related to increased dead
space, ventilation mismatch and abnormal ventilatory drive,
combined leading to inefficiency of ventilation. Of note, sev-
eral more are the possible original causes of exercise induced
ventilation inefficiency including acute volume overload.®® In
patients with amyloid cardiomyopathy, a volume overload
and a tendency towards a pleural or pericardial effusion is
common.?* Indeed, in healthy subjects and in HF patients,
rapid saline infusion is associated with a VE/VCO, slope
increase.>3®

The peculiar finding of CPET in amyloid patients is ventila-
tion inefficiency, as suggested by a high VE/VCO, slope and a
low PETCO, value. The increase in VE/VCO, slope may be due
to several mechanisms, including a rapid increase in pulmo-
nary artery wedge pressure and ventilation/perfusion mis-
match. The former is associated with increased ventricular
stiffness of the amyloid heart, often referred to as the ‘stone
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heart of the antiques’ while the latter can result from a
blunted CO increase during exercise, pulmonary hypertension
or a damaged alveolar capillary membrane.?” All these events
are possible in cardiac amyloidosis and likely contribute to
the very high VE/VCO, slope observed in these patients.

Matching patients based on peak VO,, the early anaerobic
threshold in amyloid patients compared with those with HF
may reveal fundamental disease mechanisms that affect
exercise performance. The anaerobic threshold, a measure
of sustainable O, uptake, may be influenced not only by the
fixed stroke volume but also by the chronotropic incompe-
tence, often seen in amyloid patients.>®3° Additionally,
microvascular dysfunction, which reduces oxygen delivery,
might also influence the anaerobic threshold and may be as
pronounced or even more severe in amyloid patients com-
pared with those with HF.*°

To strengthen these findings, further studies are needed to
evaluate other mechanisms behind ventilation inefficiency
(e.g., mechanisms of impaired reflexes such as chemoreflex,
baroreflex or ergoreflex). Albeit the present study was not
designed to analyse clinical implications, our findings suggest
that the treatment of cardiac amyloidosis may be guided by
changes in the VE/VCO, slope. This implies that high diuretic
doses or pulmonary hypertension specific drugs might play a
role. Finally, we showed that CPET is versatile and can be
used to enhance understanding, prognosis and management
of patients with cardiac amyloidosis.

In the present study, we demonstrated not only the pres-
ence of a marked ventilation inefficiency, evidenced by an el-
evated VE/VCO, slope and low PETCO,, but also showed the
pivotal role of VE/VCO, slope abnormalities in determining
functional capacity impairment in amyloid cardiomyopathy.
Indeed, even after matching for LVEF and peak VO, amyloid
cases have a much higher VE/VCO, slope.

Limitations

The present study has a few limitations that should be
acknowledged. First, although all CPET examinations were
conducted and evaluated by recognized CPET experts, the
evaluations were not centralized and were performed inde-
pendently by each recruiting centre. Second, we did not mea-
sure CO during exercise, which is known to enhance CPET in-
terpretation. Third, as a multicentre study, the data collection
regarding medications, comorbidities and variations in
disease severity was not uniform. Lastly, we did not assess
previous physical activity (e.g., sports participation) through
the patients’ lifetimes, therefore associations between those
factors and CPET results were not evaluated. The information
about lifetime sport or physical activity in cardiac amyloidosis
would increase our understanding of relationships with those
factors and physical performance in advanced disease stages.

Conclusions

In conclusion, we showed that CPET is feasible in amyloid
cardiomyopathy regardless of the amyloid type and that, in
amyloid patients, ventilation inefficiency is the major deter-
minant of exercise limitation.

Acknowledgements

We would like to thank our cardiac amyloidosis research
group of the Medical University of Vienna for their contribu-
tion to this work.

Conflict of interest

Robin Willixhofer: travel expenses by Pfizer Corporation
Austria GmbH, Vienna, Austria; Contini Mauro has nothing
to disclose. Michele Emdin has nothing to disclose. Damiano
Magri has nothing to disclose. Alice Bonomi has nothing to
disclose. Elisabetta Salvioni has nothing to disclose. Celeste
Fabrizio has nothing to disclose. Alberico Del Torto has noth-
ing to disclose. Claudio Passino has nothing to disclose.
Chiara Arzilli has nothing to disclose. Emiliano Fiori has
nothing to disclose. Nicold Capra has nothing to disclose.
Beatrice Musumeci has nothing to disclose. Giuseppe Vergaro
has nothing to disclose. Vincenzo Castiglione has nothing to
disclose. Giacomo Tini has nothing to disclose. Andrea
Baggiano has nothing to disclose. lacopo Fabiani has nothing
to disclose. Susanna Sciomer has nothing to disclose.
Piergiuseppe Agostoni received support for travel expenses
and honoraria for lecturing from Novartis, BNS, Bayer,
Schiller, Vyare, BNS. Roza Badr-Eslam: received research
grants by OrphaCare GmbH, Vienna, Austria, and AstraZeneca
Osterreich GmbH, Vienna, Austria, speaker fees from Merck
Sharp & Dohme Ges.m.b.H., Vienna, Austria, AOP Orphan
Pharmaceuticals GmbH, Vienna, Austria and OrphaCare
GmbH, Vienna, Austria. Christina Kronberger: travel expenses
by OrphaCare GmbH, Vienna, Austria. Andreas Kammerlander
has nothing to disclose. Rene Rettl: Speaker fees and
congress support from Akcea Therapeutics Germany GmbH,
Munich, Germany, Alnylam Germany GmbH, Munich,
Germany, and speaker fees and research grants from Pfizer
Corporation Austria GmbH. Christophe D. J. Capelle has
nothing to disclose.

Funding

This work was supported by the medical scientific fund of the
mayor of Vienna (project number: 22005).

ESC Heart Failure 2025; 12: 1326-1335
DOI: 10.1002/ehf2.15147



1334

R. Willixhofer et al.

Permission note

tion via boxplots in cardiac amyloidosis patients compared

to individually 1:1 matched heart failure cohort of the MECKI

All material is original to this submission and has not been
previously published.

score pool. Abbreviations: HF-MECKI = heart failure cohort of
the MECKI score registry; P-value = measure of statistical sig-

nificance; VO, = oxygen consumption.
Figure S2: Differences in peak VO, between AL and ATTR pa-

Supporting information

tients. Differences in peak oxygen consumption via boxplots

between AL and ATTR patients. Abbreviations: AL = light-

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Figure S1: Differences in peak VO, between cardiac amyloid-
osis and heart failure. Differences in peak oxygen consump-

References

. Benson MD, Buxbaum JN, Eisenberg DS,
Merlini G, Saraiva MJM, Sekijima Y,
et al. Amyloid nomenclature 2018: rec-
ommendations by the International So-
ciety of Amyloidosis (ISA) nomenclature
committee. Amyloid 2018;25:215-219.
doi:10.1080/13506129.2018.1549825

. Vaxman I, Gertz M. Recent advances in
the diagnosis, risk stratification, and
management of systemic light-chain am-
yloidosis. Acta Haematol 2019;141:
93-106. doi:10.1159/000495455

. Badr Eslam R, Oztiirk B, Rettl R, Capelle
CDJ, Qin H, Binder C, et al. Impact of
tafamidis and optimal background treat-
ment on physical performance in pa-
tients with transthyretin amyloid cardio-
myopathy. Circ Heart Fail 2022;15:
e008381. doi:10.1161/circheartfailure.
121.008381

. Garcia-Pavia P, Rapezzi C, Adler Y, Arad
M, Basso C, Brucato A, et al. Diagnosis
and treatment of cardiac amyloidosis. A
position statement of the European
Society of Cardiology Working Group
on Myocardial and Pericardial Diseases.
Eur J Heart Fail 2021;23:512-526.
doi:10.1002/ejhf.2140

. Duca F, Snidat A, Binder C, Rettl R,
Dachs TM, Seirer B, et al. Hemodynamic
profiles and their prognostic relevance
in cardiac amyloidosis. J Clin Med
2020;9: doi:10.3390/jcm9041093

. Russo C, Green P, Maurer M. The
prognostic significance of central hemo-
dynamics in patients with cardiac
amyloidosis. Amyloid 2013;20:199-203.
doi:10.3109/13506129.2013.821406

. Bonnefous L, Kharoubi M, Bézard M,
Oghina S, le Bras F, Poullot E, et al.
Assessing cardiac amyloidosis subtypes
by unsupervised phenotype clustering
analysis. J Am Coll Cardiol 2021;78:
2177-2192. doi:10.1016/j.jacc.2021.09.
858

. Bhattacharya PT, Teruya SL, De Los San-
tos J, Helmke S, Maurer MS. Heart fail-

10.

11.

12.

13.

14.

ure with reduced ejection fraction: an
under-appreciated clinical phenotype of
transthyretin cardiac amyloid (ATTR-
CA). J Card Fail 2022;28:5S35-S36.
doi:10.1016/j.cardfail.2022.03.095

. Kittleson MM, Maurer MS, Ambardekar

AV, Bullock-Palmer RP, Chang PP, Eisen
HJ, et al. Cardiac amyloidosis: evolving
diagnosis and management: a scientific
statement from the American Heart As-
sociation. Circulation 2020;142:e7-e22.
doi:10.1161/CIR.0000000000000792
Nicol M, Deney A, Lairez O, Vergaro G,
Emdin M, Carecci A, et al. Prognostic
value of cardiopulmonary exercise test-
ing in cardiac amyloidosis. Eur J Heart
Fail 2021;23:231-239. doi:10.1002/
ejhf.2016

Corra U, Agostoni PG, Anker SD, Coats
AJS, Crespo Leiro MG, de Boer RA,
et al. Role of cardiopulmonary exercise
testing in clinical stratification in heart
failure. A position paper from the Com-
mittee on Exercise Physiology and Train-
ing of the Heart Failure Association of
the European Society of Cardiology. Eur
J Heart Fail 2018;20:3-15. doi:10.1002/
ejhf.979

McDonagh TA, Metra M, Adamo M,
Gardner RS, Baumbach A, Bohm M,
et al. 2021 ESC guidelines for the diag-
nosis and treatment of acute and chronic
heart failure: developed by the task
force for the diagnosis and treatment of
acute and chronic heart failure of the
European Society of Cardiology (ESC)
with the special contribution of the
Heart Failure Association (HFA) of the
ESC. Eur Heart J 2021;42:3599-3726.
doi:10.1093/eurheartj/ehab368

Piepoli MF, Corra U, Agostoni P.
The MECKI score initiative: a
successful and ongoing story. Eur J
Prev Cardiol 2020;27:3-4. doi:10.1177/
2047487320952692

Salvioni E, Bonomi A, Re F, Mapelli M,
Mattavelli I, Vitale G, et al. The MECKI

15.

16.

17.

18.

19.

20.

21.

22.

chain amyloidosis; ATTR = transthyretin; P-value = measure
of statistical significance; VO, = oxygen consumption.

score initiative: development and state
of the art. Eur J Prev Cardiol 2020;27:
5-11. doi:10.1177/2047487320959010
Kittleson MM, Ruberg FL, Ambardekar
AV, et al. 2023 ACC expert consensus de-
cision pathway on comprehensive multi-
disciplinary care for the patient with
cardiac amyloidosis. J Am Coll Cardiol
2023;81:1076-1126. doi:10.1016/j.jacc.
2022.11.022

Agostoni P, Bianchi M, Moraschi A,
Palermo P, Cattadori G, la Gioia R,
et al. Work-rate affects cardiopulmonary
exercise test results in heart failure.
Eur J Heart Fail 2005;7:498-504.
doi:10.1016/j.ejheart.2004.06.007
Agostoni P, Dumitrescu D. How to per-
form and report a cardiopulmonary exer-
cise test in patients with chronic heart
failure. Int J Cardiol 2019;288:107-113.
doi:10.1016/j.ijcard.2019.04.053
Hansen JE, Sue DY, Wasserman K. Pre-
dicted values for clinical exercise testing.
Am Rev Respir Dis 1984;129:549-S55.
doi:10.1164/arrd.1984.129.2P2.549
Salvioni E, Corra U, Piepoli M, Rovai S,
Correale M, Paolillo S, et al. Gender
and age normalization and ventilation
efficiency during exercise in heart
failure with reduced ejection fraction.
ESC  Heart Fail 2020;7:368-377.
doi:10.1002/ehf2.12582

Beaver WL, Wasserman K, Whipp BJ. A
new method for detecting anaerobic
threshold by gas exchange. J Appl Phys-
iol 1986;60:2020-2027. doi:10.1152/
jappl.1986.60.6.2020

Gillmore JD, Damy T, Fontana M,
Hutchinson M, Lachmann HJ,
Martinez-Naharro A, et al. A new staging
system for cardiac transthyretin amyloid-
osis. Eur Heart J 2017;39:2799-2806.
doi:10.1093/eurheartj/ehx589

Hein S, Aus Dem Siepen F, Bauer R,
Katus HA, Kristen AV. Peak V'O, is an
independent predictor of survival in
patients with cardiac amyloidosis.

ESC Heart Failure 2025; 12: 1326-1335
DOI: 10.1002/ehf2.15147


https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645

Exercise limitations in amyloid cardiomyopathy assessed by cardiopulmonary exercise testing—A multicentre study

1335

23.

24.

25.

26.

27.

28.

Amyloid 2018;25:167-173. doi:10.1080/
13506129.2018.1496077

Yunis A, Doros G, Luptak I, Connors LH,
Sam F. Use of Ventilatory efficiency slope
as a marker for increased mortality in
wild-type transthyretin cardiac amyloid-
osis. Am J Cardiol 2019;124:122-130.
doi:10.1016/j.amjcard.2019.03.035
Dalia T, Acharya P, Chan WC, et al. Prog-
nostic role of cardiopulmonary exercise
testing in wild-type transthyretin amy-
loid cardiomyopathy patients treated
with Tafamidis. J Card Fail 2021;27:
1285-1289. doi:10.1016/j.cardfail.2021.
06.022

Trikas A, Rallidis L, Hawkins P, Oakley
CM, Nihoyannopoulos P. Comparison of
usefulness between exercise capacity
and echocardiographic indexes of left
ventricular ~ function in  cardiac
amyloidosis. Am J Cardiol 1999;84:
1049-1054. doi:10.1016/50002-9149
(99)00497-x

Martens P, Bhattacharya S, Longinow J,
Ives L, Jacob M, Valent J, et al. Hemody-
namic profiling and prognosis in cardiac
amyloidosis. Circ Heart Fail 2023;16:
e010078. doi:10.1161/circheartfailure.
122.010078

Koike A, Hiroe M, Adachi H, Yajima T,
Yamauchi Y, Nogami A, et al. Oxygen up-
take kinetics are determined by cardiac
function at onset of exercise rather than
peak exercise in patients with prior myo-
cardial infarction. Circulation 1994;90:
2324-2332. doi:10.1161/01.cir.90.5.
2324

Muchtar E, Dispenzieri A, Magen H,
Grogan M, Mauermann M, McPhail
ED, et al. Systemic amyloidosis from a
(AA) to T (ATTR): a review. J Intern

29.

30.

31.

32.

33.

34.

Med 2021;289:268-292. doi:10.1111/
joim.13169

Corra U, Agostoni P, Giordano A,
Cattadori G, Battaia E, la Gioia R,
et al. Sex profile and risk assessment
with cardiopulmonary exercise testing
in heart failure: propensity score
matching for sex selection bias. Can J
Cardiol 2016;32:754-759. doi:10.1016/
j.cjca.2015.09.010

Lund LH, Mancini DM. Peak VO, in
elderly patients with heart failure.
Int J Cardiol 2008;125:166-171.
doi:10.1016/j.ijcard.2007.10.004

Garcia Bras P, Gongalves AV, Reis JF,
Moreira RI, Pereira-da-Silva T, Rio P,
et al. Age differences in cardiopulmo-
nary exercise testing parameters in
heart failure with reduced ejection
fraction. Medicina (Kaunas) 2023;59:
doi:10.3390/medicina59091685
Wechalekar AD, Fontana M, Quarta CC,
Liedtke M. AL amyloidosis for cardiolo-
gists: awareness, diagnosis, and future
prospects: JACC: CardioOncology state-
of-the-art review. JACC CardioOncology
2022;4:427-441. doi:10.1016/j.jaccao.
2022.08.009

De Martino F, Agostoni P. Insight
ventilation perfusion inefficiency in pa-
tients with heart failure with preserved
ejection fraction. Chest 2022;162:
1233-1235.  doi:10.1016/j.chest.2022.
07.013

Binder C, Duca F, Binder T, Rettl R,
Dachs TM, Seirer B, et al. Prognostic
implications of pericardial and pleural
effusion in patients with cardiac
amyloidosis. Clin Res Cardiol 2021;110:
532-543. doi:10.1007/500392-020-
01698-7

35.

36.

37.

38.

39.

40.

Paolillo S, Pellegrino R, Salvioni E,
Contini M, Iorio A, Bovis F, et al. Role
of alveolar B2-adrenergic receptors on
lung fluid clearance and exercise venti-
lation in healthy humans. PLoS ONE
2013;8:e61877.  doi:10.1371/journal.
pone.0061877

Robertson HT, Pellegrino R, Pini D,
Oreglia J, DeVita S, Brusasco V, et al. Ex-
ercise response after rapid intravenous
infusion of saline in healthy humans. J
Appl  Physiol  1985;2004:697-703.
doi:10.1152/japplphysiol.00108.2004
Holt MF, Flg A, Ravnestad H, Bjgrng V,
Gullestad L, Andreassen AK, et al. Inva-
sive haemodynamics at rest and exer-
cise in cardiac amyloidosis. ESC Heart
Fail 2024;11:1263-1268. doi:10.1002/
ehf2.14621

Gitt AK, Wasserman K, Kilkowski C,
Kleemann T, Kilkowski A, Bangert M,
et al. Exercise anaerobic threshold and
ventilatory efficiency identify heart fail-
ure patients for high risk of early death.
Circulation 2002;106:3079-3084.
doi:10.1161/01.¢ir.0000041428.99427.
06

Patel RK, Bandera F, Venneri L, Porcari
A, Razvi Y, Ioannou A, et al. Cardiopul-
monary exercise testing in evaluating

transthyretin amyloidosis. ~ JAMA
Cardiol 2024;9:367-376. doi:10.1001/
jamacardio.2024.0022

Monfort A, Thevenet E, Enette L,
Fagour C, Inamo J, Neviere R. The
ventilatory component of the muscle
metaboreflex is overstimulated in
transthyretin cardiac amyloidosis pa-
tients with poor aerobic capacity. Front
Physiol 2023;14:1174645. doi:10.3389/
fphys.2023.1174645

ESC Heart Failure 2025; 12: 1326-1335
DOI: 10.1002/ehf2.15147


https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645
https://doi.org/10.3389/fphys.2023.1174645

	Exercise limitations in amyloid cardiomyopathy assessed by cardiopulmonary exercise testing—A multicentre study
	Abstract
	Introduction
	Methods
	Study design and setting
	Exercise capacity
	Statistical analysis

	Results
	Exercise limitations in amyloid cardiomyopathy versus chronic HF
	Exercise limitations in ATTR versus AL cardiomyopathy

	Discussion
	Exercise limitations in ATTR versus AL cardiomyopathy
	Exercise limitations in amyloid cardiomyopathy versus HF cases
	Limitations

	Conclusions
	Acknowledgements
	Conflict of interest
	Funding
	Supporting Information
	References

