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Abstract

Background: Supervised exercise training decreases total and cardiac
mortality and increases quality of life of heart failure with reduced ejec-
tion fraction (HFrEF) patients. However, response to training is vari-
able from one patient to another and factors responsible for a positive
response to training remain unclear. The aims of the study were to com-
pare cardiac hemodynamic changes after an exercise training program
in responders (R) versus non-responders (NR) HFrEF patients, and to
compare different discriminators used to assess response to training.

Methods: Seventy-six HFTEF patients (86% males, 57 + 12 years)
completed an exercise training program for 4 weeks. Patients under-
went cardiopulmonary exercise testing (CPET) on a cycle ergometer
before and after training. Cardiac hemodynamics were measured by
impedance cardiography during CPET. The R and NR groups were
classified using the median change in peak oxygen uptake (VOzpeak).

Results: There were statistically significant differences in \'/O2 cak
(+35% vs. -1%, P < 0.0001) and in peaks of ventilation (+30% vs.
+2%, P <0.0001), cardiac output (CO,,,,) (+25% vs. +4%, P <0.01),
systolic blood pressure (+12% vs. +2%, P < 0.05), diastolic blood
pressure (+9% vs. +4%, P < 0.05) and heart rate (+8% vs. +1%, P <
0.01) between R and NR after the training program. VOzpeak was the
best discriminator between R and NR (receiver operating characteris-
tic (ROC) area under the curve (AUC) = 0.83, P < 0.0001), followed
by €O, (ROCAUC = 0.77, P < 0.0001).

Conclusion: VOzpeak is the best discriminator between HFrEF R and
NR patients after the training program. Responders showed improve-
ments in peak hemodynamic parameters. These results pave the way
for other studies to determine how the individualization of exercise
training programs and peak hemodynamic parameters potentially
linked to a better positive response status.
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Introduction

Exercise training is the cornerstone of secondary prevention
and studies show the beneficial effects of exercise-based car-
diac rehabilitation (CR) programs [1, 2], leading CR to be a
strong recommendation from the European Society of Car-
diology [3]. The beneficial effects of different modalities of
exercise are well documented in non-pharmacological treat-
ments of heart failure (HF). Aerobic training leads to central
and peripheral adaptation, like an improvement of endothe-
lial function [4], neuro-hormonal profile and exercise capac-
ity [5], as well as an anti-inflammatory effect in chronic heart
failure (CHF) patients [6]. High-intensity interval training
induces improvements in cardiac output (CO), peak oxygen
uptake (\'/Ozpeak), left ventricular ejection fraction (LVEF),
endurance capacity and endothelial function and leads to a
decrease in pro-brain natriuretic peptide [7]. Resistance train-
ing entails improvements in muscle structure, O, convection,
diffusion and utilization, decreases exercise intolerance [8]
and induces favorable effects on the heart rate (HR) variabil-
ity in CHF patients [9]. Finally, supervised exercise train-
ing leads to a decrease in total and cardiac mortality [10],
increases quality of life and reduces hospital admissions of
such patients [1].

Heterogeneity in exercise training responsiveness is mul-
tifactorial, ranging from genetics [11] to environmental com-
ponents, or methodological factors (such as type, intensity or
volume of exercise) [12], comorbidities or muscular strength
[13]. A lack of improvement after training can be due to limit-
ing circulatory factors [14], a chronotropic incompetence [15]
or muscular deconditioning [16]. Response to training can
therefore be highly variable from one patient to another [17],
underlining the fact that clinical management should be more
suitable to the specific needs of cardiac patients. Moreover,
in 2021, a study showed that a physiological thresholds-based
exercise training approach could lead to an acute physiological
response which may manifest as more homogeneous chronic
adaptations [12].

Guidelines confirm that exercise should be individually
tailored, but a question remains unanswered: what would be
the best way to individualize exercise training closer to pa-
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tients’ needs and diseases characteristics? Change of base-
line peak oxygen uptake (AVO2peak) after exercise training
is a great predictor of mortality in cardiac patients and is
frequently used to quantify improvements in patients’ exer-
cise capacity [18, 19] and to predict long-term prognosis [5].
Moreover, A\'/O2 eak 18 commonly used to classify patients’
response to training in different cardiac pathologies such as
HF [20, 21] or coronary heart disease [22, 23]. However, we
can find in the literature other ways to classify responders
(R) and non-responders (NR) patients such as CO [14], ox-
ygen convection, oxygen diffusion [21] or the relationship
between minute ventilation and carbon dioxide production
(V/VCO, slope) [15], suggesting that other variables could
be useful to assess exercise training response. In this con-
text, non-invasive measurements of cardiac hemodynamics
parameters during exercise, such as impedance cardiogra-
phy (ICG), have been validated to assess the determinants of
exercise intolerance in cardiac patients [24-26], in order to
identify responder patients, to evaluate cardiovascular adap-
tations to exercise training and to predict prognosis after the
CR program [27]. For now, ICG has been mainly used to as-
sess clinical management, predict clinical events, or estimate
risks for cardiac patients.

Unlike invasive measurements, which are expensive,
time-consuming, require expertise and could present risks for
patients, ICG is safe to be used during exercise and has been
shown to be accurate in cardiac patients [28]. ICG gives a valid
measurement of CO, stroke volume (SV), systemic vascular
resistance (SVR) during maximal exercise, allowing operators
to assess physiological and hemodynamic changes in real time.
Therefore, ICG is useful to optimize beneficial effects of train-
ing and to personalize exercise training prescription as part of
CR by phenotyping cardiovascular adaptations [21, 29]. How-
ever, few studies have assessed the effects of exercise training
on peak exercise cardiac hemodynamics in HFrEF patients.
Despites these tries to assess the efficiency of exercise train-
ing program on response to training in HFrEF patients, little
is known about determinants of a future positive response to
exercise-based CR programs.

In this context, the aims of the present study were: 1) to
compare cardiac hemodynamic changes after an exercise train-
ing program in R and NR patients with HFrEF; and 2) to com-
pare the accuracy of different variables used to distinguish R
from NR HFrEF patients.

Materials and Methods

Patients and study design

Between January 2015 and April 2018, 99 HFrEF patients
referred for a structured exercise training program at the CR
service of Corentin Celton Hospital were recruited in a ran-
domized training intervention study (Fig. 1). The study was
conducted in accordance with the Declaration of Helsinki and
was approved by the ethics committee of the Hospital Corentin
Celton.

Patients were eligible if they were clinically stable, aged
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between 18 and 85 years; had a New York Heart Association
(NYHA) functional class II to IIIb and an LVEF < 40% as-
sessed by echocardiography at rest. The exclusion criteria in-
cluded valvular heart disease with surgical indication; acute
HF < 15 days, myocardial infarction, coronary intervention
and/or cardiac surgery < 4 weeks; severe pulmonary disease,
patient unable to perform an exercise test or with a contraindi-
cation to cardiac rehabilitation according to French guidelines
[30], resting systolic blood pressure (SBP) < 80 mm Hg or
> 180 mm Hg, hemoglobin concentration < 9 g/dL, or poor
echogenicity.

All patients underwent a physical examination, labora-
tory testing, including brain natriuretic peptide (BNP), creati-
nine, glomerular filtration rate using modification of diet in
renal disease (MDRD) formula and hemoglobin, a standard
rest Doppler echocardiography, and cardiopulmonary exer-
cise testing (CPET) combined with an assessment of cardiac
hemodynamic parameters before and after their CR program.
The comprehensive CR program included exercise training,
patient education, diet education, smoking, and psychosocial
counseling.

Measurements

Clinical assessments (i.e., medical history, physical examina-
tion, and anthropometric measurements, cardiometabolic pa-
rameters, 12-h fasting blood analysis, CPET with gas exchange
analysis, and ICG (PhysioFlow, Enduro, Manatec, France))
were performed at baseline and after completion of the exercise
training program at the same time of day for each test.

CPET

The CPET was performed on a cycle ergometer (Sanabike
1.01, SDS Excellence version 2.8.2 Schiller, Switzerland),
in a seated position. A ramp protocol of 10 W/min was used,
until patients presented one of the following criteria: a res-
piratory exchange ratio > 1.05, inability to maintain cycling,
exhaustion due to fatigue or clinical symptoms (e.g., dysp-
nea, electrocardiography (ECG), blood pressure abnormali-
ties).

During the exercise tests, HR, SBP and diastolic blood
pressure (DBP) were recorded at the beginning of each minute
and at the maximal exercise intensity. Gas exchange param-
eters were measured breath by breath during testing, and then
averaged every 15 s for minute ventilation (Vg, L/min), O,
uptake (VO,, L/min) and CO, production (VCO,, L/min) us-
ing an automated gas analyzer system (CPX Vyntus, Vyvaire
Medical GmbH, Germany). The VOzpeak and \'/E/VCO2 slope
were also determined.

ICG

The ICG (PhysioFlow, Enduro model, Manatec, France) was
used to measure cardiac hemodynamic changes during the
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All HFrEF patients referred and
eligible according to the inclusion
and exclusion criteria (n=99)

:

Cardiopulmonary exercise testing

A4

4 weeks
cardiac rehabilitation program

Exclusion (n=6):

Y
Cardiopulmonary exercise testing

no completion of final CPET

Exclusion (n=17):

Y

Included in final analysis (n=76)

incomplete ICG and/or
poor-quality data

Figure 1. Flowchart of the study. CPET: cardiopulmonary exercise testing; HFrEF: heart failure with reduced ejection fraction;

ICG: impedance cardiography.

CPET before and after the exercise training program. This
non-invasive technique was found to be valid, accurate, and
reproducible at rest and during exercise in healthy subjects
and cardiac patients [31, 32]. Placement of electrodes was per-
formed according to the user manual delivered with the device.
CO (L/min), SBP (mm Hg), DPB (mm Hg), HR (bpm) and
SVR (dyn.s/cm’) were measured with this device on a beat-to-
beat basis and were then averaged every 15 s for data analy-
sis. These variables were assessed to evaluate the impact of
training on cardiac pre-load and post-load and global vascular
compliance in our HFrEF patients.

Exercise training intervention

Exercise training intervention consisted in a combination of
endurance, resistance and balance/stretching training sessions
and was conducted by physiotherapists under the supervision
of a cardiologist. The sessions of endurance training were per-
formed on a cycle ergometer, 5 days/week (30 min/session) for
3 - 4 weeks. All sessions started with a 5-min warm-up phase
and finished with 5-min a cool down phase. Continuous and/

20 Articles © The authors | Journal compilation © Cardiol Res and Elmer Press Inc™

or interval training were alternating during a week. The initial
intensity corresponded to the first ventilatory threshold (VT1)
for the continuous type. Interval sessions were alternating, 1
min of exertion at 85-90% of the VO, interspaced with 3 - 4
min of recovery phase at intensity below the VT1. The inten-
sity of training sessions was adapted every 2 or 3 sessions by
increasing the workload by 5 - 10 W based on the Borg’s scale
(12 - 14) [33].

The sessions of resistance training were conducted 3 days/
week, 30 min per session. Patients underwent bodyweight
strengthening of lower and upper limbs muscles.

Moreover, 30-min sessions of balance and stretching exer-
cises were performed 5 days/week.

Classification of R and NR to training

The classification of R and NR patients was performed accord-
ing to AVO2 cak With training. The R and NR were differenti-
ated based on the median change in peak VO (AVOzpeak, mL/
min/kg). Patients above the median change (AVO2 cak > 2.2
mL/min/kg) were considered as R and patients under or equal

www.cardiologyres.org
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Table 1. Baseline Characteristics of HFrEF Patients According to Their Training Response Status

Non-responders (n = 38)

Responders (n = 38)

Variable All patients (n =76) (AVO, .. <22 mL/min/kg)  (AVO,,,, > 2.2 mL/min/kg)
Sex ratio (F/M) 11/65 (14/86) 6/32 (16/84) 5/33 (13/77)
Age (years) 57+12 59+13 56+ 12
Height (cm) 173.27£9.28 172.03 + 8.18 174.49 £10.19
BM (kg) 72.93 £16.61 72.79 + 13.64 73.06 = 13.26
BMI (kg/m?) 24.17 £4.54 24.54 +£4.12 23.80 +4.95
Blood analysis

Hemoglobin (g/dL) 12.79 £ 1.94 12.84 £ 1.96 12.73 £1.92

Creatinine (umol/L) 101 +32.86 101 +£41.32 100 + 24.40

Median of BNP values (pg/mL) 384 396 372
Cardiovascular risk factors

DCM 26 (34) 14 (37) 12 (32)

Coro 24 (32) 13 (34) 11 (29)

Hypertension 17 (22) 7(18) 10 (26)

AF 7(9) 5(13) 2 (5)

ICD 17 (22) 11 (29) 6 (16)

Type 2 diabetes 7(9) 5(13) 2(5)
Baseline medication

Bisoprolol 58 (76) 31(82) 27 (71)

Ramipril 53 (70) 26 (68) 27 (71)

Eplerenone 51(67) 27 (71) 24 (63)

Entresto 15 (20) 7 (18) 8(21)

Furosemide 56 (74) 29 (76) 27 (71)

Data are expressed as mean + SD for parametric data or as n (%) for dichotomous variables. AF: atrial fibrillation; BM: body mass; BMI: body mass
index; BNP: brain natriuretic peptide; Coro: coronaropathy; DCM: dilated cardiomyopathy; F: female; HFrEF: heart failure with reduced ejection frac-
tion; ICD: implantable cardioverter-defibrillator; M: male; SD: standard deviation.

to the median change (AVO
sidered as NR.

Dpeak = 2.2 mL/min/kg) were con-

Statistical analysis

Data are presented as means =+ standard deviation for continu-
ous variables and presented as frequencies and percentages for
categorical variables. Statistical analyses were performed us-
ing GraphPad Prism 9.0 (GraphPad Software, Inc., La Jolla,
CA, USA). After ensuring a normal distribution, baseline char-
acteristics were compared between R and NR using a #-test and
a Chi-square test for categorical variables. A two-way analysis
of variance (ANOVA) models (group x time) with repeated
measures for time were used to study the CPET and ICG pa-
rameters across time and between groups. Models with time,
group, and group X time interaction as independent variables
were used. The group X time interaction was the focus of the
analysis as it tested the difference in the change (post - pre)
between the two groups (R and NR). For changes in percent-
ages (A post - pre) of peak hemodynamics, an ANOVA delta
between groups was used. A P-value < 0.05 was considered

statistically significant.

Concerning the training response discriminant, the re-
ceiver operating characteristic (ROC) area under the curve
(AUC) was calculated for AVOzpeak, ACO peak and ASVR peak’
ROC curves indicate the true positive rate (sensitivity) of a test
against its false positive rate (1 - specificity), whereas the AUC
is a measure of the accuracy of the prediction test. An AUC
between 0.5 and 0.7 was considered as a poor discrimination,
between 0.7 and 0.8 as an acceptable discrimination and be-
tween 0.8 and 0.9 as an excellent discrimination.

Results

Baseline clinical characteristics

Among all HFrEF patients referred to the cardiac rehabilitation
service between January 2015 and April 2018, 99 were eligible
and 76 were finally included in the present study (women, n =
11 (14%), men, n = 65 (86%), 57 + 12 years old). HFrEF pa-
tients presented hypertensive (17/76, 22%) and diabetic (7/76,
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Table 2. Hemodynamic Parameters at Rest and at Peak

Pre Post P-value

Variable

At rest At peak At rest At peak At rest At peak
VO, (mL/minkg) 5.31+1.99 13.42 +£3.53 5.04 +1.60 15.72+4.82 0.3264 < 0.000]%***
HR (bpm) 78.95 + 14.34 108.51 £22.52 73.60 + 12.80 113.55 +24.24 0.0003*** 0.0056**
SV (mL) 61.56 +19.37 81.72 +£25.10 65.37 +16.93 89.29 +26.18 0.0496* 0.0157*
CO (L/min) 493 +1.40 8.80+3.32 476 £1.19 10.08 £3.91 0.1857 0.0012%*
SBP (mm Hg) 97.94 +19.39 125.19 £37.38 98.56 +18.17 134.13 £36.19 0.7989 0.0690
DBP (mm Hg) 64.82 +16.50 69.42 +19.67 63.10 £ 11.31 74.08 + 18.78 0.3414 0.0474*
Vy, (L/min) 1531 +4.79 4729 +13.94 14.49 +4.20 54.81+16.64 0.1917 < 0.000]%***
V/VO, 41.84+8.71 50.73 £ 11.51 41.43+9.75 50.29 + 11.78 0.7277 0.6618
V/VCO, 49.05+9.33 4530+10.32 48.30 £ 10.11 43,58 £9.28 0.4893 0.0319*
SVR (dyn.s/cm®)  1,250.18 £255.69  809.79 + 280.00 1,246.38 £247.72  744.21 £271.85 0.9111 0.0417*

Data are expressed as mean + SD. *P < 0.05; **P < 0.01; ***P < 0.001; ***P < 0.0001. CO: cardiac output; DBP: diastolic blood pressure; HR: heart
rate; SBP: systolic blood pressure; SD: standard deviation; SV: stroke volume; SVR: systemic vascular resistance; V: ventilation; V¢/VO,: minute
ventilation/oxygen production; V/VCO,: minute ventilation/carbon dioxide production; VO,: oxygen uptake.

9%) profile. Patients were divided into two groups according
to the median change in peak \702 after training (A\'/O2peak >
2.2 mL/min/kg): 38 R and 38 NR. Baseline clinical charac-
teristics of patients with CHD are presented in Table 1. There
were no significant differences in baseline clinical characteris-
tics, peri-procedural characteristics, cardiovascular risk factors
and baseline medication.

CPET and hemodynamics at rest and at peak exercise

Cardiac hemodynamic parameters at rest before and after the
training program are presented in Table 2. There was a signifi-
cant decrease in HR and a significant increase in SV after the
training program (P > 0.05) for all HFrEF patients. Except for
SBP and V/VO,, all hemodynamic parameters were signifi-
cantly altered by training (Table 2). Peak cardiac hemodynam-
ic parameters before and after the training program for both
R and NR groups are presented in Table 3. After the training
program, there were no significant differences in \'/E/VO2 and
SVR. There was a significant time and interaction effect (P <
0.0001) in V02 «ale Which increased by 35% after training in R
while remained the same in NR. There was also a group effect
in V02 - With higher values in R compared to NR (P < 0.01).
The SBP and DBP increased in R with a significant time effect
(P <0.05) and without significant interaction effect. There was
a significant time and interaction effect (P < 0.0001) in VE,
which increased by 30% after training in R while remained
the same in NR. HR and CO increased respectively by 8% and
25% in R with a significant time (P < 0.01) and interaction (P
< 0.05) effect. HR and CO remained the same in NR after the
training program. Both groups (NR and R) reduced \'/E/\'/CO2
after the training program, with a significant time effect (P <
0.05).

Changes at peak after the training program are illustrated
in Figure 2. We observed significant changes in the R group in
CO (+25%), DBP (+9%), HR (+8%), SBP (+12%), V}, (+30%),
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and VOzpeak (+35%), while changes in these hemodynamic pa-
rameters were not significant in the NR group, ranging from
-1% to +4%.

ROC AUC

ROC analysis showed \'/OZPeak to be an excellent discriminator
between R and NR patients (AUC = 0.83, P < 0.0001; 95%
confidence interval (CI): 0.7386 - 0.9180), and CO__,, to be
an acceptable discriminator (AUC = 0.77, P < O.OdJOl; 95%
CI: 0.6653 - 0.8734). However, SVR . was found to be a
poor discriminator (AUC = 0.67, P < 6.05; 95% CI: 0.5470 -
0.7910).

Discussion

To the best of our knowledge, this study is the first to non-
invasively compare cardiac hemodynamic changes according
to the training response status (defined by \'7021)%k change) in
HFrEF patients. The main finding of the present study is that
after training, peak CO, peak HR, peak VE, and peak SDP and
DBP improved in the R group, while there were no significant
changes concerning cardiac hemodynamics in the NR group.
In addition, this study compared different discriminators to as-
sess patients’ response to training. It appears that V02 cak 1S
the best discriminator between R and NR patients, followed
by CO,, as an acceptable discriminator, while SVR ., was
found to be a poor discriminator.

Differential impacts of training on hemodynamic param-
eters in HFrEF patients

The \702peak improved by 35% in R, while it decreased by 1%
in NR. Studies show that improvements in exercise capacity

www.cardiologyres.org



Kirsch et al

Cardiol Res. 2024;15(1):18-28

Table 3. Hemodynamic Parameters at Peak for Responders and Non-Responders

Non-responders (n Responders (n = P-value
Variable =38) (AVO /k 38) (AVO /kg > Group X time .
< 2.2) I(nL/m?;leliil((g)g 2.2) r(nL/mziil,le;]ll((g)g inter:)ction Group Time
SBP (mm Hg)
Pre 128.13 £ 39.53 122.33 £35.43 0.1186 0.9414 0.0485%*
Post 130.18 £32.26 137.97 +£39.98
A (post - pre) 2.05 +39.86 15.64 +£44.43
P-value A (post - pre)® 0.9441 0.0265*
DBP (mm Hg)
Pre 68.66 + 18.03 70.15+21.36 0.2766 0.4334 0.0259*
Post 71.34+£16.26 76.74 £ 20.82
A (post - pre) 2.68 +£15.72 6.59 +24.00
P-value A (post - pre) 0.6495 0.0392*
VE (L/min)
Pre 47.84 £12.76 46.74 £ 15.15 <0.0001**** 0.1422 <0.000] ****
Post 48.84 £ 14.17 60.62 +16.99
A (post - pre) 1.00 + 7.63 13.87 £10.79
P-value A (post - pre) 0.7563 < 0.0001%*%**
V02 (mL/min/kg)
Pre 13.23 +3.66 13.59+3.45 <0.000]**** 0.0017** < 0.000] ****
Post 13.05 +3.04 18.33 +£4.82
A (post - pre) -0.18 £2.28 473 +£2.62
P-value A (post - pre) 0.8457 < 0.0001%***
HR (bpm)
Pre 108.42 +23.37 108.59 £21.96 0.0311* 0.4129 0. 0040**
Post 109.76 +22.96 117.23 £25.17
A (post - pre) 1.34 £ 13.79 8.64 +16.41
P-value A (post - pre) 0. 8299 0. 0010%**
V/VO,
Pre 52.31+11.41 49.18 £ 11.54 0.6131 0.1839 0.7062
Post 52.45+11.58 4820+ 11.74
A (post - pre) 0.13 £8.97 -0.98 £ 8.45
P-value A (post - pre) 0.9947 0.7817
V/VCO,
Pre 46.51 £ 10.15 44.11 +£10.47 0.3726 0.1879 0.0359*
Post 45.52+£9.06 41.69+9.21
A (post - pre) -0.99 +6.52 -2.43+7.26
P-value A (post - pre) 0.6196 0.0691
CO (L/min)
Pre 9.02 +3.39 8.59+3.28 0.0185%* 0.4963 0.0011**
Post 9.39+£3.76 10.75 +3.98
A (post - pre) 0.37+3.25 2.16+3.22
P-value A (post - pre) 0.7309 0.0002***
SVR (dyn.s/cm?)
Pre 799.16 +278.65 820.15 +284.55 0.5407 0.9637 0.0515
Post 755.29 +254.44 733.41 £290.73

A (post - pre)
P-value A (post - pre)

-43.87 +264.61
0.5615

-86.74 £291.99
0.1363

Data are expressed as mean + SD. 20verall time P-value in case of a non-significant group x time interaction. °P-value A (post - pre) within group. *P
<0.05; **P <0.01; ***P =0.001; ***P < 0.0001. CO: cardiac output; DBP: diastolic blood pressure; HR: heart rate; SBP: systolic blood pressure; SD:
standard deviation; SVR: systemic vascular resistance; V: ventilation; V/VO,: minute ventilation/oxygen production; V/VCO,: minute ventilation/
carbon dioxide production; \'/Ozoxygen uptake.
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Changes at peak after the training program
in R and NR (%)

40

30

Vo2

VE

--®-- NR —@—R
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DBP

SBP
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Figure 2. Radar changes in peak hemodynamic parameters in responders (R) and non-responders (NR). CO: cardiac output;
DBP: diastolic blood pressure; HR: heart rate; SBP: systolic blood pressure.

after a CR program are associated with an increase in VOzpcak
between 14% and 31% [34]. The change in VO2peak in our R
group was slightly above the high gain average, which is an
indicator of training effectiveness and implies a better progno-
sis in these patients [35]. In addition, the mean gain of V02 cak
in the whole population (R and NR) was 2.3 mL/min/kg. This
result is like those found in previous studies. Interestingly, a
recent study showed that risks for readmissions for a cardiac
event did not decrease with greater changes in \'/Ozpeak than
2 mL/min/kg [5]. The mean gain of all patients in this study
leads to think that, regardless of the training response status,
the CR program may decrease the risk of readmissions for our
HFrEF patients. These results reinforce the necessity to pro-
pose a CR program to all HF patients to improve their physical
condition and quality of life.

In addition, VE improved by 30% after the training pro-
gram (46 vs. 60 L/min) in R. This result could be associated
with the significant increase of SBP , and decrease of VE/
VCO, which are related to an improvement in ventilation ef-
ficiency. After the training program, SBP ..k increased by 12%
in R (122 vs. 137 mm Hg) while remained unchanged in NR.
In HFrEF patients, a high SBP is associated with better out-
comes [36] and has been shown to be able to help improve ex-
isting prediction models. A high SBP has a protective survival

24
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effect, so our R patients may have a better clinical prognosis.
Moreover, both R and NR reduced \'/E/\'/CO2 after the
training program (-2% in NR and -5% in R). The V./VCO,
ratio has been suggested to be a strong parameter to assess
ventilatory efficiency in HFrEF patients and the lowest VE/
VCO, ratio has been shown to be similar to the V,/VCO, slope
in predicting risk in such patients [37]. As a higher V./VCO,
ratio has been associated with greater risks in HFrEF patients,
our results suggest that the training program enhanced ventila-
tory efficiency and led to better outcomes in our patients.
Finally, HR . increased by 8% (108 £+ 21 vs. 117 £ 25
bpm) and CO,,, by 25% (8 £ 3 vs. 10 + 3 L/min) in R after
the training program. In NR, HR__ increased by only 1% and
COpeak by 4%. A meta-analysis in 2006 reported an increase of
22% in CO,_,, associated with a small increase in HR _, of
2.5% after a training program [38]. These results are different
from ours, which could be explained by a better improvement
in cardiac performance in our population induced by a more
adapted CR program. CHF patients depend on HR response to
raise CO [39], already known as a predictor of good prognosis
when increased after a training program. Interestingly, a study
showed that a good chronotropic response to exercise is crucial
for a positive response to training in terms of improvement in
VOzpeak [15], as CHF patients with chronotropic incompetence
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Figure 3. Receiver operating characteristic curves for discrimination
between responder and non-responder HFrEF patients. CO: cardiac
output; HFrEF: heart failure with reduced ejection fraction; SVR: sys-
temic vascular resistance; VO,oxygen uptake.

tend to have a lower VOzpeak [40]. The same study also report-
ed that HR _, was a significant predictor of training response
when analyzed by ROC curve.

It appears that a more adapted or personalized training pro-
gram may induce more pronounced improvements of physical
condition in HFrEF patients. Importantly, a more personalized
training program may also improve the adherence of these pa-
tients and thus have higher beneficial effects [22].

The personalization of CR is therefore crucial to improve
the quality of life of HF patients and one way to optimize this
personalization may be the determination of other param-
eters able to finely discriminate response from non-response
to exercise. Among these parameters, cardiac hemodynamic
parameters may be of importance since disturbances in those
have been thought to be responsible for exercise intolerance
and major determinants of exercise capacity in HFrEF patients
[41].

What is the best parameter to discriminate R from NR
HFrEF patients to training?

In this study, ROC curve has been used to assess the overall
discrimination performance of VOzpeak, CO, ., and SVR__ ..
These two last parameters were chosen to be tested as t]iley
are related to circulatory mechanisms and therefore impact
VO, Results showed that VO, ., is the best discrimina-
tor to differentiate R from NR patients (Fig. 3). In the current
literature, VOzpeak is the most used way to classify patients’
response to exercise, as it allows to quantify improvements in
exercise capacity and to predict long-term prognosis. The re-
sults of this study strengthen the fact that change in VOzpeak is
indeed a reliable way to assess the impact of a CR program.

Articles © The authors | Journal compilation © Cardiol Res and Elmer Press Inc™

However, in this study COpear has been shown to be an
acceptable discriminator to assess response to training with an
ROC AUC of 0.67, suggesting that this parameter could be
added to the commonly used V02 «ak discrimination, in order
to be more precise in assessing the response to exercise. In
2021, a study used this parameter to differentiate R from NR
patients according to the different steps of oxygen transport
[21]. In previous studies, patients with an increased CO af-
ter training were reported to be R [14] and in 1996, a study
showed that the possibility to increase blood flow during exer-
cise, that to say a better CO, was a sine qua non to a positive
response to training [ 14]. COpealk consequently appears to be a
potential alternative way to assess response to training and to
classify patients according to their status response.
~ Due to its relationship with CO during exercise, the VE/
VCO, slope is used to assess HF severity [42] and therefore
could also be used as a discriminator between R and NR pa-
tients. As a matter of fact, one study used V/VCO, slope as
a discriminator, as R were defined by an improvement in V/
VCO, slope by more than 5% [15].

To be more and more specific in predicting response to
exercise and classifying R and NR to exercise, more param-
eters could be tested with ROC analysis such as other hemody-
namic, echocardiographic or even muscular parameters. Using
more than one parameter to assess response to exercise could
strengthen the classification of R and potentially lead to an
carly identification of a non-response status, increasing ben-
efits of CR program.

Limitations

The major limitation of the present study is the relatively small
size of the population.

Furthermore, even though this method is commonly used
in the literature, the choice of median change in VOzpeak as a
discriminator for training response remains an arbitrary one.

Additionally, using a non-invasive method has numerous
advantages, especially for patients, but is not yet a standard-
ized clinical method for measuring hemodynamic parameters.
Invasive methods are still widely used.

Finally, the female gender is underrepresented, which can
impact the results due to physiological gender-related differ-
ences also observed in exercise response.

Conclusion

R HFrEF patients showed improvements in peak hemody-
namic parameters compared to their NR peers. In addition, it
has been demonstrated that VOzpeak was the best discriminator
between R and NR patients.

The present study emphasizes the association between
personalization of exercise training programs and peak hemo-
dynamic parameters linked to a positive response status. The
determination of new parameters able to better discriminate R
to NR HF patients is needed to better personalized future train-
ing programs and better improve their quality of life.
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