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Abstract

CardiacRehabilitation (CR) is one of the most effective interventions for secondary prevention of
cardiovascular disease, ydeitbnological and methodological implementation remains heterogeneous
worldwide. In many health systems, the limited use of advanced hemodynamic monitoring constrain
individualized exercise prescription. Within this context, the present thesis aitegdate mmon

invasive impedance cardiogr@pbpecifically Signal Morphology Impedance Cardiograph€ GSM

and its Contractility Index (Ciii)nto the evaluation and optimization of exetmasedomprehensive

Cardiac Rehabilitation (CGRygrams.

Across four complementary studies involving 130 analyzable participd@S, &8 systematically
applied durin@ardiopulmonarigxercisd estingC P E) fb measure retime changes gardiac output

(0 @, Sroke Volume(SV) and CTi from rest to peak exercise. These parameters were compared with

classical functional markers sugbea& oxygen uptak®&O:peal andpeak powefWpeal. The results
demonstrated that CTi and disanges with trainingy CTi) are reliable indicators of {eéntricular
contractile adaptation and robust predictors of training responsiveness. CombidergedTi
hemodynamic data with conventional metabolic indices enabled the identification of distinct
physiological respongghenotypescentral RespondersR) (improved0 o and SV), peripheralR
(enhanced oxygen extraction and mechanical efficienegixeaiid showing combined adaptations.

Two of the studies specifically confirmed the predictive and prescriptive puftdratsaslineCTi
contractileprofilesanticipated pogtaining improvement BOzpeak, while CTiiself emerged as a
marker of clinical outcomes and a potential tool for the individualization of training intensity within CCR.
Altogether, these findings reposition CCR within a premgidicine framewortwhere hemodynamic
profiling complements traditional functional evaluation to refine exercise prescription and improve

clinical outcomes.

Keywords: cardiac rehabilitation; impedance cardiography; contractility index; responders;
precision medicine.
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Cardiovasculddiseas€CVD) remains the leading cause of mortality and morbidity worldwide, despite
considerable advances in both pharmacological therapies and interventional strategies over rece
decades. As emphasized by the World Health Organization (WHO), the increasingepoévale
sedentary lifestyfesiow identified as the fourth leading global cause ofideashcompounded the

burden of chronic cardiovascular pathologies, particularly Chronic Heart Failure (CHF) and Coronar
Artery Disease (CAD). The growing prevalencerohichdiseases in the United States, particularly
diabetes and hypertension, constitutes a significant public health concern. According to recent da
published by the Centers for Disease Control and Prevention (CDC): approximately 38.4 million
Americansra currently living with diabetes, which equates to 11.6% of the population (CDC, 2023).
Alarmingly, nearly 9 million individuals remain undiagnosed. Among adults aged 20 years and older, t
prevalence rate now approaches 16%, a notable increase farytB@00s. Prediabetes affects an
additional 97.6 million adults, most of whom are unaware of their condition (CDC, 2023). In parallel,
hypertension affects nearly half (49.4%) of all U.S. adults, with only one in four individuals managing t
maintain aelquate blood pressure control. Disparities across demographic groups remain prominent
with particularly elevated rates observed among Black Americans (CDC, FastStats). The silent nature
these conditions, often remaining undiagnosed or poorly contoaigdbutes significantly to
downstream health complications, particularly cardiovascular.

Contributing substantially to the burden of these diseases is the high prevalence of sedentary behav
(excessive sitting time) and physical inactivity (not meeting recommended activiBedevetsy
behavior: defined as activities performed in a sitting posture with aeengrgyn di t ur e O1. 5
been independently associated with a wide range of hda#thseutcomes, regardless of exdesisks

(Lee et al., 201By contrast, physical inactivity refers to the failure to meet recommended levels
moderateo-vigorous physical activity. While related, the two concepts anteratangeable: an

individual may exercise regularly yet spend most of the day sittingimion their feet all day

It is estimated that nearly 25% of American adults report notiesupdysical activity (CDC, Physical
Activity Facts). According to the National Health Interview Survey (NHIS, 2022), less than 24% of adults
meet the guidelines for both aerobic andcimegengthening activity. These behavioral patterns are
strongly correlated with increased incidence of obesity, metabolic syndrome, insulin resistance, al
vascular dysfunction. A sedentary lifestyle has been independently associated with & adei@meay o
outcomes (Lee et al., 2012). Prolonged physical inactivity contributes to systemic inflammation, impaire
glucose metabolism, and elevated blood pressure. Individuals who are physically inactive face up tc
30% greater risk of developing typhabetes an@VD compared to those who meet recommended
activity levels (HHS, 2018). Furthermore, sedentary behavior has been linked to elevated mortality fro
all causes, including cancer@w® (WHO, 2014). The loAgrm impact of physical inactivityesds

N2



well beyond clinical diagnoses and includes reduced functional status and quality of lifeerivhe long
consequences of diabetes and hypertension are profound. Both conditions are strongly associated w
increased risk of cardiovascular events, inclmgimgardial infarction, stroke, aheartFailure(HF),

as well as chronic kidney disease and premature mortality (Mokdad etlAISERM 201)/ From

an economic standpoint, the dogtden is both immediate and lwagging. In 2022 alone, the total

cost attributable to diagnosed diabetes was estimated at $412.9 billion. This figure encompasses $3(
billion in direct healthcare expenditures and $106.3 billion in indirect castdastgbroductivity and
premature death (ADA, 2023). These costs are mirrored in the broader context of chronic disease, whi
accounts for 90% of the $4.5 trillion in annual healthcare expenditures in the United States (CDC, 202z
Without urgentcoordirated intervention, these trajectories pose a substantial risk to the financial
sustainability of public insurance systems su

as a whole.

Although the United States exhibits some of the most severe statistics regarding chronic diseases &
lifestylerelated conditions, it is not alone in facing this escalating crisis. Many other nations, particularl
those undergoing rapid urbanization aethd/ westernization, are exhibiting parallel trends in the rising
prevalence of diabetes, hypertension, sedentary behavior, addBH{&HO, 2023). For instance,
France, historically perceived as a comparatively healthy nation, is now exhikstitiatiraligh
increasingly with global patterns in chronic disease and physical inactivity. While the burden of conditior
such as diabetes and hypertensimainrsomewhat lower than in the United States, national data reflect

a steady rise in prevalence over the past two decades. Concurrently, the country is experiencing
pronounced decline in physical fitness, particularly among children and adolescentsg. taccordi
Professor Francois Carré, cardiologist at CHRU R@usmegsrsity Hospital of Rennesil expert for

the Fédération Francaise de Cardiologie, French adolescents have lost about 25% of the
cardiorespiratory fitness over the past four decades, as shown by endurance test data collected since
1970s (Carré, 2013; Fédération Francaise deldgped 2017). At the international level, Professor

Gr ant T o mk-{analgsesrépat a snealleabut still significant deelinand 315% in youth

fitness globally between 1981 and 2014 (Tomkinson et al., 2019). These changes underscore that
cowntry is immune to the broader forces driving the global epidemic of noncommunicable diseases, an

that timely public health intervention is as critical in France as it is elsewhere.
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The US shows very high obes

Obesity

30) ~42% of adults  ~17% of adults prevalence; France remains lo

but steadily increasing.
_ Both countries have a large
Overweight

(BMI O ~74% of adults ~ ~47% of adults overweight population, but the

is much higher.

) Massive reservoir of metabolic
~6010% (varies k

Pre-diabetes ~38% of adults o in the US; early identification
definition) ; o
Improving in France.
Prevalence in the US is rougfr
~11% ofadults ~5% of adults
double compared to France.
Higher prevalence in the US
Hypertension ~47% of adults  ~30% of adults control rates remain suboptima
both countries.
_ Opposite pattern: smoking remi
Smoking ~12% of adults ~ ~25% of adults _
much more common in Franc:
_ _ o ) o France paradoxically more
Physical ~24% insufficiently~32% insufficientl
_ . ) _ sedentary descs
Inactivity active active
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~12%uncontrolled ~8810% dependir  Statin use common in both;

Hyperlipidemia

LDL on age group residual risk remains.

Because sedentary behavior and p hdyesvieclaolp memd c
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in general, and more specifically Comprehensi

only secondary prevention following cardiova:c
among individuals with a@ahraonisk darcdiotrison(sT agyrl
evolved from conventional CR to addiiglsyysitchael
psychological, and behavioral. While early CR

integranesdemxi ts defined by WHO and the Euro

standardi zed assessment, supervised exer<i se,
term -dpl | bw this context, CCR hasf bpcementi 61
structured programs that integrate exercise t
reducing recurrence and i mproving f uBegonditen al

welldocumented benefits aairvival and quality of life, CCR has demonstrated efficacy in improving
exercise tolerance, decreasing hospital readmissions, and favorably modulating cardiovascular 1
profiles (Anderson et al., 2016). Nevertheless, the heterogeneity in patiesgsrespQCR
particularly in terms of functional improvement as measuRsdhk®xygen uptakes(O-pealfi has

raised critical questions about the need for more precise and individualized approaches. Notably,
significant s ub SletRespohder§NR)®, exkibit mmimal or ea impeodement in
60Ozpeak or related clinical endpoints following participation in standard CCR programs (Savage et a
2009; Mikkelsen et al., 2020). Identifying the physiological and hemodynamic determinants underlyir

this variability has thus emerged as a researciadl iority.

Exercise capacity, aG@:peak in particular, reflects the integrated performance of cardiovascular,
pulmonary, and muscular systems. However, traditional markers of cardiac functiorl,efuch as

VentriculaiEjectionFraction (LVEF), are often limited in their predictive power and do not account for
dynamic responses to exertion. In this light, the concept of oxygen transport chaif analysis

differentiating between central (cardiac o@tand convectio(d O,) and peripheral (arteriovenous
oxygen differenc§@v)O diff) and diffusion(OO,) component has gained prominence as a
framework for interpreting exercise intolerance and individual variability (Legendre et al., 2021; Girau
et al., 2024). Within this framework, -Torasive tools capable of monitorirg Sroke Volume(SV)

and myocardial contractility during exercise are increasingly valued for their clinical and prognostic utilit

Signal Morphology Impedance CardiographylC&Yl and the PhysioFlow® system that uses its
principle, have emerged as a novel and promising solution-flonaeabnrinvasive hemodynamic
monitoring. Unlike conventionlahpedancé&ardiography (ICG), SMCG offers robust bedb-beat

tracking with enhanced resistance to motion and respiratory artifacts, making it feasible for use durir

dynamic exercise testing. While promising, the incorporatiod@G3ibnitoring into routine dical
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care and multicenter rehabilitation trials remains limited. Standardization of measurement protocols
validation across diverse populations, and integration into clinical -deskangnalgorithms are key
challenges for future research. Neverthelesgptivergence of technological innovation, growing
interest in individualized medicine, and the pressing need to improve CCR outcomes provides

compelling rationale for the expanded use dfC&8Min cardiovascular rehabilitation.

The overarching objectives of the thesis are:

1 To investigate the physiological mechanisms underlying the response to CCR using advance
nor-invasive hemodynamic monitoring and specificallz GM

1 To contribute to a more refined, mechanistically informed, and personalized approach to

exercisdased cardiovascular care.
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1. CTHAPTER CARDI OPULMONARYI RHYSI C
REHABI LI TATI ON

1. Ob]i e catnidv eBse LERi t s
1. 10K dodttCiRv e s

CCRis a multidimensional, evideoased intervention aimingtee st or e and opti mi ze
psychological, and social functioning after a cardiac event or in the context of chronic heart disease.
extends far beyond supervised exercise, encompassing education, behavioral counseling, nutritio
guidanceand psychosocial support. The overarching goal is to reduce the risk of recurrent cardiovasculz
events while enhancing lelegm health and quality of life (Anderson et al., 2016; World Health
Organization, 2023).

The physiological objectives of CCR focus on improving cardiovascular efficiency and exercise toleran
through structured, progressive training tailored to individual risk and capacity. By 6fhpeaing

SV, and peripheral oxygen extraction, CCR seeks to reverse deconditioning and improve prognosi
Typical programs produce &21mL-kg!-min?! increase i® Ozpeakfi equivalent to a H05%
improvement in aerobic capatityhich translates into lower mortality risk and improved daily
functioning(Taylor et al., 2004).



CENTRAL ILLUSTRATION: Physical Fitness and Longevity: All-cause
Mortality

Midlife Cardiorespiratory Fitness
Maximal Oxygen Consumption (VOamax) & All-Cause Mortality

5,107 Men Free of Cardiovascular Disease at Inclusion Followed up to 46 Years
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Behavioral and educational objectives target the adoption of sustainabéaltieatabits. These
include smoking cessation, adherence to cardioprotective medication, balanced nutrition, and regul
physical activity. Education modules, reinforcedflopaeagement training, empower patients to take
active responsibility for their recovery and-eng health maintenance. This educational component,
central to both the WHO and European Society of Cardiology (ESC) frameworks, has demonstratec

sustaineeffects on medication adherence and lifestyle modifi€&#ohgr et al., 2024

Psychosocial objectives address the emotional and cognitive dimensions of recovery. Depression a
anxiety affect up to 30% of paéstyocardial infarction patients, influencing both prognosis and
adherence. CCR programs integrate counseling, cognitiveraketherapy, and peer support, aiming

to restore confidence, social engagement, and psychological resilience. These aspects directly contrit
to improved quality of life and reduced hospital readmissions (Milani & Lavie, 2007; Clark et al., 2015)

Modern CCR also embraces technological and digital objective=shaleligation platforms extend

access beyond hospital walls, supporting continuity of care atednioaggagement. The tidsed

ReackHF project has demonstrated that hdrased, digilg guided rehabilitation can replicate many

of the benefits of centbased programs while reaching a broader population (Dalal et al., 2019). Such
=0



innovations represent a paradigm shift toward hybrid models that integratiaacgupervision with

remote followup.

Ultimately, the objectives of CCR are to restore patients to their highest possible level of health an
autonomi physically, psychologically, and sdtiallyile equipping them with the tools and

knowledge necessary to maintain those gains throughout life.

1. 1Bdn@f i tRse hoafbiQairtdaitaico n

The benefits of CCR are well established across decades of clinical trials, registrieanalydeseta
Participation in structured rehabilitation programs yields tangible improvements in survival, morbidity
exercise tolerance, and psychosocial owcdimese benefits confirm the success of CCR in achieving

its multidimensional objectives.

Mortality reduction remains one of the most significant benefits. Comprehensarealyssta have
shown 2630% decreases in bothalse and cardiovascular mortality among participants (Anderson
et al., 2016). French registry data echo these findthg25% lower mortality two yeafer acute
coronary syndrome in CCR patrticipaBlaaher et al2024.

Exercise tolerance and physical performance markedly improve. Typical gé@nMeiflblic

Equivalentsof Task (METS) correspond to enhanced functional independence, reduced symptom

burden, and improved capacity for daily living activities. Physiologically, these gains refledtdmproved

enhanced skeletal muscle oxygen extraction, and better ventilatory éffieiealnpe).Repeated

assessments usibgrdiopulmonarigxerciselesting (CPET) quantify these changes objectively.

CCR also leads to substantial improvements in modifiable risk factors. Average redudiidhs of 10
mmHg inSystolicArterial Bood PressuréSABPand 18525 mg/dL in LowDensity Lipoprotein (LDL)
cholesterol are consistently reported, alongside improved glycemic control and body composition
Among patients with diabetes, mean glydatetbgloli decreases by approximatelyd@2%o,
reflecting enhanced metabolic regulatBmoyling et al200§. Such effects contribute directly to
secondary prevention amdluced longerm cardiovascular risk.

Psychological and social benefits are equally profound. Reductié68%fiB5depressive symptoms
have been observed (Milani & Lavie, 2007; Clark et al., 2015). Enhanced mood, motivation, and soc
reintegration foster improved adherence to both physical activity and medical therapy. Patients repo

higher quality of life scores, greater sense of control, and improved coping mechanisms.
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Participation in CCR also significantly reduces hospital readmissions. National and international da
indicate up to 40% fewer readmissions within one year, translating into major cost savings and reduc
healthcare burden (Clark et al., 2BlEgher et al., 20RL osteffectiveness analyses consistently place

CCR among the most efficient cardiovascular interventions, combining clinical benefit with economic

sustainability.

Returnstowor k r ates provide another measure of CccC
patients resume professional activity within six months of completingBlacier(et al.,, 2024

highlighting its role in restoring productive capacity and social participation.

Finally, the integration of digital follow tools such as ReddR extends these benefits over the long
term. By maintaining patient engagement and promoting sustained actieitybiétation solutions
bridge the gap between intensive rehabititand lifelong maintenance. This continuity aligns with
WHOOG6s call for rehabilitation as a core healt
Organization, 2023).

In summary, CCR delivers comprehensive, measurable benefits that span physiological, psychologi
and social domains. Its effectiveness is universally recognized, yet participation rates rema
suboptimdi often below 40% of eligible patients in FraBtacher et al., 20R4nd not all patients

respond to CCR in the same way. Expanding access through hybrid, digitally supported model:
introducing innovative and scalable technologies and reinforcing multidisciplinary collaboration public
policy, fundingand clinician engagement are key strategies to maximize the benefits of this essenti

intervention.

1. Cu2rent Practices in Cardiac Rehabilit:

CCR has evolved from hospliaked convalescence to an evideémeen continuum of care integrated

into national health systems. Following the objectives and benefits detailed in Section 1.1, this chapit
reviews how CCR is structured internationabynieing how various health systems translate its key
componentS$ exercise training, education, psychosocial support, and secondary [frerention

practice under differing clinical and economic conditions.
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1. 1. 2tdrnational Model s of Cardi ac Reha

The organization of CCRaries widely among nations, reflecting heatéh financing, policy
framewor ks, and multidisciplinary workforce
Rehabilitation outlines six foundational CCR domaiamdardized assessment, progressuesex
education, riskactor control, psychosocial care, and-terrg followupii now regarded as a global
benchmark. Building on this framework, national CCR models align with these principles yet differ ir

duration, delivery mode, and technologicalistogation.

France

France maintains one of the most structured CCR systems worldwide, supported by national heal
insurance. Programs begin soon after acute coronary syndrome, coronary artery bypass graftir
percutaneous coronary intervention, or hospitalizatiddiHompatient programs typically lagd 3

weeks, with five supervised sessions per week integrating aerobic and resistance exercise; nutrition,
factor management, education, and psychosocial support.

To extend care beyond hospitals, France launched Walk Hop, a natioslaliitation pilot
authorized by the Ministry of Healthég réadaptation cardiaque hors les murs). Among 310
participants, adherence averaged 81% and mean exercise powerdrhpietemonstrating safety
and feasibility (Walk Hop Consortium, 2@24y et al, 2021UK validated hombased programs such

as ReacHlF (Dalal et al., 2019) have also inspired French adaptations for remotgfollow

United States

In the United States, CCR is primarily outpatientresulancdrased. Since 2014, the Centers for
Medi care & Medicaid Services (CMS) have expart
NYHA 11 8lV) under National Coverage Determination NCD 20.10. Standard coverage authorizes up to
36 sessions over 12 wese . Despite broader el i gi bi 1030% w»f, na-t
eligible patients, according to updated Million Hearts data and Medicare analyses (Ritchey et al., 20
Million Hearts, 2024). Barriers include copayments, geographiaadces$siral gaps.

Recent policy extensions allow hdraged and teleR reimbursement under MediGatelehealth
flexibilities, currently authorized through September 30, 2025. These remote models demonstrate simi

safety and VQgains compared with traditional cebessed CCR.

United Kingdom
Within the National Health Service, CCR follows British Association for Cardiovascular Prevention anc

Rehabilitation guidelines. Programs las2 6veeks, combining supervised exercise, education, and
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behavioral support. Hontsed teleshabilitation such as Re&tlh provides comparable outcomes

and improved accessibility for patients unable to attesitt@essions (Dalal et al., 2019).

Germany

Ger ma ny 0 sfunded impatrerst madel admits patieminediately after discharge foraegk
residential program including daily supervised exercise, dietary advice, psychological counseling, «
vocational reintegration (Gohlke et al., 2008). The model yields majtrshgdins in exercise

tolerance and ridiactor control but relies on costly inpatient infrastructure.

Japan

J a p an 0 sbhashdo GCR iem@hasizes safety and individualized monitoring. CPET and exercise
echocardiography are routinely used to tailor prescriptions, particularly faifuregratients (Kikuchi

et al., 2021). National initiatives led by the Japanese Circulation Society and Japanese Associatior
Cardiac Rehabilitation promote the sgpleof multidisciplinary CCR tedimsardiologists,
rehabilitation specialists, nurses, physiotherapists, dietitians, and psytholegisad phask

programs aoss more hospitals nationwide (JCS/JACR Guideline, 2021).

China

Chinads CCR network remains centered in tertd.
gaps and low awareness restrict participation, though multicenter trials demonstrate significar
improvements in functional capacity and quality ¢Zhigu et al., 2020). Mobikealth solutions are

under evaluation to extend CCR beyond major urban centers.

Israel

| srael ds Remote Cardiac Rehabilitation Progr
supervise two sessions per week while wearable devices transmit physiological data to centraliz
dat abases (Nabutovsky et anlinutes of2a@r@by )activityPveeekly,i c i

achieving significant improvement§@-based capacity and adherence.
Sweden

Sweden has developed a predominantly outpatient, publicly funded CCR model that emphasizes lon
term secondary prevention, pat@mionomy, and sustained physical activity. Programs are integrated
into the national healthcare system and typically initiated following acute coronary events
revascularization procedures, or hospitalization for heart failure. While inpatient mehakistatin

selected centers, the Swedish model is largely conbrasadyand longitudinalith a high prescription

and participation rate (around 80WEDESHEART, Ekblom et al, 2022).
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In university and regional hospitals, cardiopulmonary exercise testing (CPET) is frequently performed
program entry for risk stratification, safety assessment, and individualized exercise prescriptiol
particularly in patients with complex cardiovasordéiles. However, repeated maximal CPET during
follow-up is not systematic. Instead, baseline CPET is leveraged to guide training intensity over time
often using submaximal thresholds (&s}. ventilatory thresholf;T ) and heartatebased zondsr

ongoing supervision.

Exercise training typically consists of modersgesity aerobic activity, complemented by resistance
training and structured education focused on lifestyle modification ateinfoagherence. In this
context, CPEIderived parameters that are robusdeunsubmaximal conditighsuch as VT
ventilatory efficiency indices, &w/genUptakeEfficiencySlopg OUES]i are particularly well suited

to monitoring functional adaptation and guiding progression. The Swedish approach thus places le:
emphasis on sheterm gains iBOzpeak andjreater emphasis on sustainable functional capacity and

cardiovascular risk reduction.

Digital tools and wearable hgate monitoring are increasingly incorporated to support continuity of
care and patient engagement, reinforcing a hybrid model that combhgesilitygphysiological
assessment at baseline with pragmatic, scalableifofirategies. This organization is consistent with
WHO andthe European Association of Preventive Cardiolofy @ recommendations advocating
individualized assessment coupled with-temng participation rather than repeated -imggnsity

diagnosticslane

The FITT-VP modellACSM, 2021is a structured framework used to design, prescribe, and progress
exercise programs, including in cardiac rehabilitation. It specifies six key dimensions:

1 Frequency how often exercise is performed (sessions per week).

1 Intensityd how hard the exercise is (e.g(Epeak, heanate zones, VIVT ).
1 Timed duration of each exercise session.

1 Typed modality of exercigaerobic, resistance, interval, flexibility).

T Volumed total exercise dose (frequency x intensity x time).

1 Progressiod planned, individualized increases in exercise load over time.

In comprehensive cardiac rehabilitation, R¥PTprovides a common language to individualize exercise
prescriptions, ensure safety, and monitor training progression while accommodating patien

heterogeneity and clinical constraints.
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Aerobic exercise

Resistance exercise

Physical activity

Aerobic capacity: Muscle strength: Moderate-vigorous
Assess CPET, graded exercise 1-repetition maximum physical activity:
i 3 2 test, functional/field or derivatives Device or self-report
initial physical capacity it
& ‘ 4
@ FITT-VP: )
Prescribe Utilise assessment findings, patient history and training experience to
for in-clinic or at-home programs individualise exercise and physical activity prescription.
L Engage patients to support their needs, values and preferences Y
Adjust Subjective: RPE, Y Subjective: RPE Subjective: RPE, D Progress
based on‘Thtras o inter:sassion dyspnoea, talk test dyspnoea, talk test through incremental changes
variations in perceived effort Objective: heart rate Objective: heart rate ) in FITT-VP OR
and physiological responses .lncrease actual worklpad to
& N ; AL J maintain RPE level as patient adapts
( Re-assess aerobic \/ Re-assess muscular \( Re-assess MVPA OR
Re-assess capacity OR assess performance OR assess assess RPE/talk test
frequently to inform RPE/heart rate RPE responses to a responses to a previous
accurate prescription responses to a previous previous workload workload
workload
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Country | Frequency | Intensity | Time Type Volume Progression
Moderaté Aerobic + .
335 . . ) Structured progressiof
] high; 30060 min; | resistance + 15520
France sessions/week . ) telerehab (Walk Hop,
) CPET/echo | 304weeks | education + | sessions/week
(hospital) ) . ReachHF)
supervised psychosocial
N ) Gradual; ACSNbased:;
263 Moderate; 036 Aerobic, )
) ) ) ) 36 reimbursed coverage expanded
USA sessions/week | submaximal | sessions/ resistance, )
] ) sessions 2014; tel€€R flex
(outpatient) tests 12 weeks | counseling
through 2025
Aerobic, )
162 Lowd ) ) Slowprogression;
) 6912 weeks| resistance, | 83816 sessions # )
UK sessions/week +| moderate; . . hybrid engagement
. 3060 min education, home
home field tests (ReactHF)
telehealth
Moderaté Aerobic,
) . . 15520 . .
Daily (96 high; 3 weeks resistance, . Accelerated inpatient
Germany . . . sessions/week .
days/week) CPET/echo inpatient vocational, 3 progression
guided psychologica
Lowd )
Aerobic,
203 moderate; ] )
] resistance, . National scalep of
Japan sessions/week safety 8012 weeks . 16324 sessions o
. education, multidisciplinary team
(hospital) focused; -
nutrition
CPET used




Country | Frequency | Intensity | Time Type Volume Progression
) Moderate; Ongoing; Aerobic
2 sessions/week ) . o . Adherenceriented;
Israel HR zones vig a 1 8 3| focus; digital|  Continuous ) o
(gym) + home ) o lifelong participation
wearables | min/week monitoring
Moderate;
CPET ; . Individualized,
263 . Aerobic + Vaﬂab_le,
) informed at | Longterm _ emphasis on adherencéocused;
Sweden sessions/week + . resistance +| weekly activity ) ) o
. entry; outpatient _ targets increasing digital
home activity educatio
VT /HR- support
zone guided
1.1C@mprarison sand Key Takeaway

Although CCR frameworks share the saraeentive objectives, their organization and intensity vary

considerably. France and Germany prioritize inpatient rehabilitation with advanced diagnostics and hic

supervision. The U.S. and U.K. rely mainly on outpatient or community programs fdy sdafzol

and China are hospitased but differ in scope and reimbursement. &srdebwederepresent a

communitydigital hybrid designed for lotegm adherence.

Countries with hospithksed, CPEguided CCR models (France, Germany, Japan) are more likely to

integrateHigh Intensity Interval Trainingd{T ), whereas systems prioritizing scalability, outpatient

delivery, and lorAgrm adherence (US, UK, Sweden, Israel, China) rely predominantly on continuous or

moderatentensity workloads.

Technological integration differs as well: CPET and exercise echocardiography are standard in Fran

Germany, and Japan, optional in China, and rarely routine in the U.S. and lakd Sveedeappy

initial testing followed by wearabésed monitoring (Piepoli et al., 2010; Ades et al., 2017; Nabutovsky

et al., 2023).
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High-diagnostic intensity Low-tech, reimbursement-driven

us United States
Ge United Kingdom

FrR France
pe Germany
e Japan = Reimbursement-driven programs
= Primarily 6-MWT / step tests
= Limited CPET access

- CPET (gold-standard)
- Stress echo (when available)

Exercise
Evaluations

Hybrid Digital monitoring & long-term

. Israel
se Sweden

cN China

= Mix of hospital-based CPET

. - Wearable & app-based monitoring
& community-based programs b
= High adherence to long-term follow-up

= Growing tele-rehab pilots = Data fed back to clinicians
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Hybrid telerehab solutions such as Walk Hop (France) and REa@VK) illustrate scalable digital
continuity (Dalal et al., 2019; Walk Hop Consortium, 2024). China and Israel demonstrate how mobils
health and wearable technologies sustain adherence where resources are limited. Effective CCR depe
on coordinated teas of physicians, physiotherapists, nurses, dietitians, and psychologists; digital tools
increasingly complement these roles by facilitating monitoring andiodontinuity (Ambrosetti et
al., 2021).
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Clinical Technological Dominant i
Country ) ) . Emerging Trend
Intensity Reliance Setting
High (inpatient High (CPETgcho, ) Hybrid digital followup
France o Hospital
supervision) telerehab) (Walk Hop)
) High (CPET, structure ) . .
Germany High Inpatient rehab Efficiency optimization
protocols)
Moderate (tel€R ) Home based expansio
USA Moderate Outpatient
coverage to 2025) postCMS 2014
Moderate (telbealth, . Hybrid continuity
UK Moderate o Community / NHS
limited CPET) (ReactHF)
High (CPET standard,
) o ) Nationwide phasi
Japan ModeratéHigh multidisciplinary Hospital )
expansion
scaleup)
) ) Moderate (CPET ) ) Digital scaleip to rural
China Variable . Tertiary hospitals
tertiary only) areas
High (wearables, app4 . Fully remote longerm
Israel Moderate ) ) Community
data integration) model
Moderatgwearables, ) Remote longerm
Sweden Moderate ) ] Community
apps, data integration model
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Despite structural differences, international CCR models are converging toward hybrid systems balanci
diagnostic precision with scalability. Advanced testing (CPET and exercise echocardiography) inforn
individualized training, while digital monitoriragntains engagement and safety. This trend embodies

WHOG6s vision of CCR as a contmiedemsod®. heal t h se

The following chapters (1.3 and 1.4) will examine in greater depth the clinical and technologice
determinants underlying these international variations, focusing on CPET and exercise hemodynami

as objective tools for evaluating and optimizing cardiac performance within CCR. programs
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1. The. Use of Cardiopul monary Exercise Te:

1. 1ABpllications in Cardiac Rehabilitat:i

CPET has become a cornerstone of contempG@RyUnlike resting evaluations, CPET captures the

integrative responses of the cardiovascular, pulmonary, and muscular systems under graded exer
stress, thereby providing a multidimensional profile of exercise tolerance. This makes CPET unique
suited o risk stratification, individualized exercise prescription, and longitudinal monitoring in CCR

programs. Key physiological markarsludingé Ozpeak oxygen pulse;— slope and OUESi are

recognized prognostic tools that inform both clinical and training decisions (Guazzi et al., 2005; Aren
et al., 2007; Mezzani et al., 2009; Herdy et al., 2016).

Assessment ofCardiorespiratory Fitness

60Ozpeak is thelinicalstandard for quantifying cardiorespiratory fithness and a powerful predictor of
cardiovascular and-adluse mortality (Guazzi et al., 200fhough6O:maxrepresents the theoretical

maximal capaci§Ozpeakis theclinically relevant and reproducible parameter in patients with CVD.

== VO2max (plateau)

= VOzpeak (no plateau

VO

Workload
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Increases i Ozpeak after CCR reflect central adaptations (impfiokadd SV) and peripheral
adaptations (enhanced mitochondrial density, capillary perfusion, and oxygen extraction). Oxygen pul
(60O2/HR), a noninvasive surrogate of SV derived from the Fick principle, adds insight into cardiac
performance. A progressive oxygelse trajectory indicates adequate ventricular response, whereas a
plateau or decline suggests contractile impairment,igareshronotropic incompetence (Arena et al.,
2007).

The—— slopereflects the coupling of ventilation to perfusion. Elevated slopes (>34) predict poor

outcomes inHF and may indicate pulmonary hypertension, increased dead space, or impaired
ventilatio@perfusion matching (Mezzani et al.,, 20Q8}liional variables such as the Y¥iThe
ventilatory correlate of thenaerobiclhreshold (AT) ventilatory reservBgspiratonExchangératio

(RER), and entidal CO pressure (PETCQ® deepen interpretation by distinguishing central,

pulmonary, and peripheral limitations.

Moderate HF Mild HF

Normal

VE (L-min!)

1

VCO, (L-min?)

14 16 18
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The OUES, defined as the linear relationship bet@emd the logarithm &E during incremental

exercise, has emerged as a robust submaximal index of cardiorespiratory efficie6Cpéhkike
OUES can be reliably derived without achiexergmal effort, making it particularly valuab@dR
populations characterized by early fatigue, chronotropic limitation, motivational constraints, or safety

driven test termination.
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VO2z (L/min)

0 20 40 60 80 100 0 05 1 15 2 25
VE (/imin) Log VE

(Davies et al. Eur. Heart J. 2004)
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In CCR patients, OUES provides an integrative assessment of cardiopulmonary function that reflects tt
combined efficiency of pulmonary ventilation, circulatory transport, and peripheral oxygen utilization.
Multiple studies have demonstrated that OUES8lates strongly wi0z peak across a wide range of
cardiac conditions, including coronary artery disease and heart failure, while maintaining superic
reproducibility under submaximal conditions (Baba et al., 1996; Arena et al., 2006).

Thischaracteristic is particularly relevant in CCR settings where:
T Maximal CPET is contraindicated or impractical,

1 Exercise tests are terminated early due to symptoms, ECG abnormalities, or abnormal blooc

pressure responses,

1 Baseline evaluations pesformed shortly after acute cardiac events or surgical interventions.

Importantly, OUES has been shown to retain prognostic value indeper&iemeak, predicting
mortality and hospitalization in heart failure populations (Arena et al., 2006; Hollenberg & Tager, 2000
As such, OUES complements traditional CPET metrics by providingenggke marker of global

efficiency, even when maximalaaediare unavailable or unreliable.
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Monitoring of Therapy Progression

Serial CPET enables objective monitoring of CCR progress. Improveg@gsak and VTindicate
enhanced global exercise tolerance; rising epylgenvalues suggest gains in SV or peripheral

extraction; and a more favorabte- slopemay signal improved pulmonary hemodynamics or reduced
sympathetic drive. These changes support precise adjustment of exercise prescriptions and ea
recognition of plateaus or maladaptations. Serial improvements in CPET parameters during CCR predi
fewerreadmissions and improved survival (Arena et al., 2008; Mikkelsen et al., 2020; Baccanelli et :
2023).

During CCR followup, changes in OUES offer insight into trakmdgced adaptations that may not

be fully captured BOzpeakalonelmprovements in OUES reflect enhanced ventilatory efficiency and

improved coupling between ventilation and oxygen uptake, potentially driven by:
1 Reduced ventilatory demand for a given metabolic load,
T Improved hemodynamic responses and pulmonary perfusion,
1 Favorable autonomic and peripheral adaptations.

Several studies report that OUES improves after structured exercise training in cardiac patients, ev
when gains i O;peak are modest or absent, suggesting sensitivity to submaximal functional
improvements that are highly relevant to daily activities (Mourot et al., 2004; Guazzi et al., 2009). Th
makes OUES particularly useful for identifpential respontieiSCR and for documenting clinically

meaningful progress in frail or higgk patients.

Detection of Exerciselnduced Ischemia

Although CPET provides no direct imaging, characteristic physiological patterns can suggest ischemia
blunted or falling oxygguulse trajectory, excessive hedé acceleration, delayed ,vand low

6Ozpeakdespite preserved ventilatory reserve (Keteyian et al., 2010). These findings prompt furthe
evaluation with stress echocardiography or nuclear perfusion imaging. In selectegadichisly

those with equivocal functional tests, atypical symptoiog-to-intermediate pretest probability
coronary computed tomography angiography (CCTA) may also be considerauvasinety assess
coronary anatomy and exclude significant obstructive disease, thereby complementing function:

ischemia testing.
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Evaluation of Pulmonary Pressures and Rigf¥entricular Function

A steep— slope low PETCO, or early ventilatory overshoot indicates elevated pulmonary pressures

or rightventricular dysfunction. Such markers are valuablE with preservedjection Fraction
(HFpEF) and combined carepalmonary disorders, where CPET complements echocardiography and
invasive hemodynamics (Guazzi et al., 2011).

Assessment of Diastolic Dysfunction
In HFpEF, exercise intolerance often results from limited preload reserve and rising filling pressures
CPET helps differentiate this from deconditioning or pulmonary disease. Typical findings include

reduced Oypeak with preserved oxygen pulse, delayedavd an elevated— slopédi features

suggestive of exercisduced diastolic limitation (Borlaug et al., 2010).

1. 1Li3m2t ati ons of CPET in Rehabilitatio

Limitations of Surrogate I ndices
Oxygen pulsés(O2/HR) is frequently interpreted as a surrogate of SV via the Fick principle

60x= Ocx (A0 diff; c= SVx HR$ 60z HR = SVx (adV)O diff.

This relationship assumes a si@BigO diff, valid mainly at steadtate submaximal exercisedalthy
individuals Astrand, 1976). During incremental exdrcs® particularly in cardiac or pulmonary
disead® (adv)O diff is not constant, so oxygen pulse represents a composite rather than a pure index
of SV (Tovar et al., 2023).

Clinical anghharmacological factors further complicate interpretation: gujigemplateaus may reflect
chronotropic incompetence, -blockecstlentHRand oxygpulse ut o n
kinetics independently of SV (Forton et al., 2022; Wernhhyt2823). Peripheral limitations, such as

impaired oxygen extraction or advanced deconditioning, can alsoxyigesiulse patterns.
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Recent evidence presented at the ESC Preventive Cardiology Congress R0 patients with
hypertrophic cardiomyopathy (HCM) demonstrated that reliance on-mxiggeipatterns alone
underestimates abnormal SV kinetics compared with directvettoke monitoring. Patients with

pathological SV trajectories exhibited higherslopes, lower PETCQ and reduce@dOzpeak, whereas

those maintaining lagxercise SV growth displayed more favorable CPET profiles. These findings
highlight the limitation of oxyg@ulseonly interpretation and underscore the need for integrative,
multimodal evaluation (European SocieBreventive Cardiology, 2023).

102 HCM patients (53+16y/0, 78% male, 26% obstructive) underwent
CPET with SV measurements by Physioflow® (PF)

P w . Patrclopica PF ~~
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https://esc365.escardio.org/preventive-cardiology/sessions/14150

1. 1CRBalBl eggeslopam OVEBet er mi nati on
Precise VTdetermination is essential for traiamtgnsity prescription but can be ambiguous in HFpEF,
chronotropic incompetence, or unddalockade, where ventilatory and metabolic responses are blunted.
Technical factors (mask leaks, irregular breathing, noise) further obscure identification. Even small V'
errors can shift target workloads b§150%60;, leading to undepr overtraining (Mezzani et al.,
2009) Complementary methods such as ventilatory equigde60¢ nadir) or end tidal gas (PETO

inflection) are often recommended to cuadislate VTand improve reliability.

V€O,  ve/vo, VE/VCO,
L/min
VT,
VO, (L/min)
PetO, PetCO,
mmHg mmHg

Watt
fadet autaégRRYIOt 106 NTHT DaqUHEqRYUKI YT ¢ GRqRIJY
The —— slope though prognostically strong, lacks specificity: elevationsarmsay from

chemosensitivity, metabolic acidosis, ventilatory mechanics, or pulmonary disease rather than cent

hemodynamic dysfunction.

Despite its advantages, OUES should be interpreted with caution in CCR. Its calculation depends on tt
ventilatory range achieved during testing, and values may vary depending on whether the full exerc
test or truncated data segments are used. AdbitiOhdES does not localize the primary limiting factor

(central vs. peripheral vs. pulmonary) and therefore should not replace integrative interpretation alongsi

6Oz kinetics, oxygen pulse;— slope, and hemodynamic markers.
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1. 1P8ydhosoci al and I nterpretive Barrie
Anxiety, low motivation, or discomfort with the CPET mask may affect test perfoitheyeee

particularly common in older patients andthose with respiratory comorbidities, which can
systematically reduce test vali@yET interpretation requires expertise; ioteserver variability

remains a limitation. Structured operator training and multidisciplinary review reduce these discrepancit

1. 1PBad&tical and Logistical Constraints
CPET demands specialized equipment, calibration, and trained personnel, which limit availability

Institutional variability in protocol design also affects reproducibility. Frailty, orthopedic limitations, or
neuromuscular disease may preclude maxintarexgelding submaximal tests that require cautious
interpretation (Balady et al., 2010).

In Summary, CPET provides a unique, integrated evaluation of cardiovascular, pulmonary, and muscu
function during exercise. It guides risk stratification, personalizes exercise prescription, and objective

monitors therapeutic progress. However, imdinpeh as oxygen pulse aré slopecannot isolate

specific hemodynamic mechanisms and must be interpreted within the broader physiological and clinic

context. Practical limitations and operator variability further constrain routine use.

These |imitations do not diminish CPET®6s val uct
by direct hemodynamic measures and imaging modalities to achieve mechanistic precision and guide t
personalized rehabilitation strategies.
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1. Th4. Interest of Adding Direct Hemodynart

1. 1F4cKOs Law

flOdet NBMMARYELL + YI W T YdnWEaNWIUW[ RAT
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Fickds principle, formulated by Adolf Euge
physiology. It provides the quantitative framework for relating oxygen consupjitlmsystemic

blood flow { ¢ and thgadv)O diff (CaO T CvO). Expressed in its simplest form:
60:= Dx (CaO T CvO)

Here,6 Ozxrepresentsxygen uptake,®is cardiac output, Ca® arterial oxygen content, and CigO
mixed venous oxygen content (Fick, 1870). This relationship underlies the measuiemaedt of
remains fundamental @PET. Physiologically, systemic oxygen delivery depends on both convective

transport § O,) and peripheraliffusive/utilization process€®0,). Clinically, impairments in any
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componerii SV Heart Rate (HR) responses, hemoglobin concentration/oxygenation, or tissue

extractiofi can limit6Oz (Wasserman at, 2012).

Limitations of the Fick principlargely stem from simplifying assumptions. First, it treats the organism
as a single watlixed compartment, implying homogeneity of perfusion and oxygen extraction across
tissues. In reality, regional disparities in muscle blood flow, capillary reécartinemtochondrial
function can cause glotéD; calculations to obscure important local constraints (Wagner, 1996).
Second, precise measuremenCwD requires pulmonary artery catheterization, limiting routine
applicability; noimvasive substitutes introduce variance. Third, the classic form does not explicitly
incorporate diffusion limitations within the lung or muscle that may cap oxygen transfer at high metaboli
rates or in disease states sudHFaand Chronic Obstructive Pulmonary Dised$®RD) (Wagner,

2000). More recently, Wagner (2010) provided a comprehensive systems madeispio that

integrates convective and diffusive components, showing how multiple factors inter&sDipdimkit

Hal daneds transformation complements Fickds f
inspired and expired volumes. It enables calcula#@» fstbm expired ventilation and gas fractions
without measuring inspired flow directly (Haldane, 1892). In practice, metabolic systen@ompute

and6#0O; using the Haldane relation:
RE=HAT (1 TI FEGQ/(1T FIO T FICO)
& fAx (11 FEO T FECO)/(11 FIO)
AO= AEx FIO T §Ax FEO
ACO =1{Ax FECO 1 f£x FICO & f§Ax FECO

wherewl andwE are inspired and expired minute ventilations;, HI@CO and FEO, FECO are
inspired and expired fractions of oxygen and carbon dioxide, respectively. Assuming ingpred CO
simplifies the expressions commonly used by metabolic carts. Combined @viphirkégke, these
relations permit an integrated, {iovasive characterization of circulat@mytilatorymetabolic

responses during exercise (Beawadr, 4986; Wassermamlet2012).

Taken together, Fickdéds | aw and Hal daneds tra
guantifies the balance betweenvective delivery and tissue extraction, while the latter ensures accurate

gasexchange calculations from expired measurements
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The physiologic frameworks provided by Fickds
hi storical interest but also of direct contem
convective deliverzyatainan petrh ey eag atl aIxiy GREMt ue id

rests. I n turn, CPET has become6Omeak—e—+sioger satnodn e

oxygen pulse serve as <clinically validated p
theory and practice, the application of these
monitoring, and opogmamsatiahi ghi mgemecBBanipst.

goals of i mproving survival, fun€\¥D onal <capac

1. 1AgpRRi.cations in Cardiac Rehabilitati

The application of Fickds principle to cardia

for understanding both the determinants of exercise capacity and the mechanisms underlying inte

individual variability in training response. InmatigithCAD or CHF, 6 O;peakmeasured by CPET is
one of the strongest predictors of survival and rehospitalization risk (Wasserman et al., 2012; Arena

al., 2007). BecauB€: is the product ob cand (adv)O diff, improvements in either convective

transport or peripheral extraction can mediate exediged gains BiO2peak

CCR programs leverage this duality. Aerobic training enhaviaasd chronotropic competence,
thereby augmentine, while peripheral adaptations such as increased capillary density, mitochondrial
biogenesis, and enhanced muscle oxidative enzyme activity improve tisswactidn. This
bidirectional framework, rooted in Rclprinciple, underscores why both central and peripheral
mechanisms must be addressed to opt@@ioutcomes (Hambrecht et al., 2000; Haykowsky et al.,
2013).

Hal daneds transformation further @GCRMbY andbiing s t
non invasive determination ®0, and6#0; from expired gases. This innovation made CPET feasible
in routine practice, allowing reproducible assessment of exercise telerasiopg and the anaerobic

threshold (Beaver et al., 1986). These variables provide integrative markers of cardiovascular, pulmon:
and metabolic function. In rehabilitation settings, they allow precise tailoring of exercise prescription:

and objective monitarg of patient progress.

Beyond diagnostic profiling, CPH&rived Fick variables have prognostic implications. For example,

impaired Opulse §O»HR), a surrogate &V, is associated with poor outcomés$krand can improve
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with training (Myers et al., 2002). Similarly, a flaéénédork rate slope indicates limited peripheral
extraction capacityuiding interventions to address skeletal muscle deconditioning (Duscha et al., 1999)
By systematically quantifying central and peripheral limitations, &@alBetke framework offers
mechanistic insights into why some patients Bsponderé R While others fail to improve wiiCR

In recent years, nanvasive hemodynamic monitoring systems (sl€Bpbave extended the clinical
application of Fidk law during exercise. These tools enable direct measuramanespbnses and
contractility indices, complementing CPET gas exchange data to provide a comprehensive picture
circulatory adjustment to training (Myers et al., 2022). The integration of these modalities aligns wit
current WHO and European Society ofdiZdogy recommendations, which emphasize individualized,

physiologyasedCCRprograms (World Health Organization, 2023; Piepoli et al., 2016).

Thus, Fickds pri nci p lfoemsthephysidtbgitalchadmetBodologicaldedsdko r |
of modern cardiac rehabilitation. They enable precise quantification of exercise tolerance, guid
patientspecific exercise prescriptions, and clarify the mechanisms of functional imprové&aéht. As
evolves toward hybrid and digital models, these classical concepts continue to provide irreplaceat
insight into the fundamental question: how do central and peripheral systems interact to restor:
cardiovasdar health through exercise?

A recent clinical contribution further il Il ust:
transformation in cardiac rehabilitation. At the Journées Nationales dB GEESn Rennes, Leprétre

and colleagues presented a retrospectiysianof 4HF patients with reducdeF (HFrEF < 40%)
undergoing 20 sessions of exetwasedCCR(Leprétre et al., 2025).

Their key objective was to determine whether ventilatory parameters derived from gas exchange, via
Haldane transformation, could explain differential patient respors@spaak Consistent with
establisheR definitions (>6% increase6@:peal, 67.5% of patients improved significantly, showing

parallel gains ®Ozpeak power outputHR and O pulse. ImportantlyR also exhibited marked

improvements ir— slopeand breathing pattern (tidal volume, respiratory frequency).

The authors concluded that ventilatory adaptéatipadicularly improvements in tidal volume-and

slopefi may be central explanatory factors of training response, complementing candelitiveive
(muscle oxygen extraction) components of the Fick framework. These findings strengthen the case ft
integrating ventilatognd hemodynamanalysis int€ CRevaluation, providing a mechanistic bridge

between classical physiology and clinical outcome prediction.
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Having explored the integrative frameworks o
application to cardiac rehabilitation, we now turn to the fundamental determibantd deeper
analysis of preload, contractility, and afterload provides essential insight into how central hemodynam

adjustments condition exercise tolerance and training response.

1. 1Go5.ng besmeponents of Cardiac Output

0 &) defined as the volume of blood ejected by the heart per minute, is the pRdantbfiR. While
Fickds principle provides the over aS3Veequiresg f r a
deeper analysis of three central physiological variables: preload, contractility, and afterload. The
components are intimately interrelated and their balance largely determines cardiovascular performar
at rest and during exercise (Guytddadl, 2020; Pinsky, 2018).

1. 1Pbelload, Contractility, Afterload

Preload refers to the eddhstolic stretch of the ventricular myocardium, often approximated clinically
by enddiastolic volume or central venous pressure. ThedBtarllng mechanism describes how
increased preload augmeatsthrough lengtidependent activation of sarcomeres (Katz, 2002). In
cardiac rehabilitation, preload reserve may be limitéd patients due to diastolic dysfunction or
elevated filling pressures, thereby constraining the capacity toS\onetisexercise.

Contractility reflects the intrinsic capacity of the myocardium to generate force independent of preloa
and afterload. Traditionally measured invasively by maximal dP/dt, it can also be assessed v
echocardiographic indices (e.g., strain imagin@)Gederived parameters (Kass & Beyar, 2021).
Exercise training has been shown to improve contractile reserve in selected populations, suggesting t
this component contributes to the variabili@@Rresponsiveness (Myers et al., 2022).

Afterload denotes the resistance the ventricle must overcome to eject blood, commonly related t
SystemicVasculaResistancéSVR)and arterial elastance. Elevated afterload reés\Mdes a given

preload and contractility. Pharmacological interventions (e.g., ACE inhibitors, vasodilators) and exercis
induced vascular adaptations both modulate afterload. Improved arterial compliance with aerobic trainir
constitutes one mechanism byolwiCCRenhances cardiac efficiency (Green et al., 2017).
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Taken together, preload, contractility, and afterload act as determigantanaf thus) ca Their
dynamic interaction underlies the variability of exercise tolerance and training response. For this reasc
detailed assessment of these components has direct clinical implications in tailoring cardiac rehabilitati

programs.

Among the determinants 8%, contractility occupies a unique position. Unlike preload and afterload,
which reflect external loading conditions, contractility embodies the intrinsic performance of the
myocardium itself. Because ofcesitral importance and its methodological challenges, it warrants a
dedicated focus before turning to the tools available for its measurement

1. 1F®&c2s : The Concept of Contractility

Among the determinants 8%, contractility occupies a distiptace. Whereas preload and afterload

reflect external loading conditions imposed on the ventricle, contractility refers to the intrinsic capacit
of the myocardium to develop force and shorten, independent of changes in preload and afterloac
Conceptuallyit embodies the inotropic state of the heart, determined by the properties of the cardiac

myocytes, excitatidcontraction coupling, and intracellular calcium handling (Suga, 1979; Katz, 2002).

At the cellular level, contractility depends on calcium influx threygk talcium channels, release

from the sarcoplasmic reticulum, and the sensitivity of the contractile proteins to calcium. Sympatheti
stimulation and circulating catecholaminegdser contractility by enhancing calcium cycling and
myofilament sensitivity, whereas pathological states sHéhraduce contractile reserve through

al t er a-adrepergi signaling/sarcoplasmic reticulum function, and mitochondrial energetics (Bers
2002; Kass & Beyar, 2021).

From a clinical perspective, contractility is not directly measurable, but is inferred from surrogate indice
This limitation stems from the fact that ventricular pressure and volume are simultaneously influence
by preload, afterload, artR. The ideal descriptor of contractility should therefore isolate intrinsic
myocardial performance, independent of loading conditions. This challenge has motivated the
development of loaitidependent indices such as HrlSystolic PressuréVolume Rdationship
(ESPVRaNndPreloadRecruitabl&rokeWork (PRSW), which are considered gold standards in invasive
physiology (Suga & Sagawa, 1974; Kass & Beyar, 2021).

Contractility assumes particular importance in cardiac rehabilitation, as impaired inotropic reserve is
central feature dflF and other cardiovascular pathologies. Understanding the physiological basis of

contractility, its regulation, and its limitations provides the foundation for appreciating how exercise

nT



training can improve myocardial performance and, ultimately, patient outcomes. This conceptual focL
thus paves the way for the subsequent discussion of conventional and novel methods for measurir
contractility.

1. 1ChbnBdenti onal Measures of Contractild:@i

Historically, invasivieressurdVolume (PV) loop analysis has been considered the gold standard for
assessing myocardiahtractility. By introducing higidelity conductance catheters into the ventricle,
investigators can derive biabeat relations between pressure and volume, allowing precise
guantification of ventricular mechanics.

The ESPVR is central to this approach. Its slope, teEnd®ystolicElastance (Ees), reflects the
contractile state of the myocardium largely independent of loading conditions. Because ESPVR shifts
response to inotropic stimulation or myocardial depression, it has been regarded as a nearly loa
independent marker of imsic systolic function (Suga & Sagawa, 1974).

Other derived indices include PRSW, which describes the linear relation between stroke work and en
diastolic volume, and has shown relative independence from loading conditions. Additionally, dP/dtmax
the maximal rate of ventricular pressure rise dsowmgiumetric contraction, has long been used as a
surrogate of contractility. However, dP/dtmax is strongly affected by preload, aftetttRdjraitohg

its specificity (Kass & Beyar, 2020hough physiologically rigorous, invasive measures are seldom
applied outside of research laboratories or highly selected interventional settings. The requirement f
catheterization, specialized equipment, and advanced expertise, together witk, patieletrsishem
impractical for routine cardiac rehabilitation assessment.

Echocardiography has become the most accessible and widely appliesinertool for assessing

cardiac function, offering practical alternatives to invasive PV analysis. The most traditional indices a
LVEF andFractionalShortening (FS). Both are simple to calculate and widely understood, yet they
remain highly loadependent. An increase in afterload can reduce EF without any change in intrinsic

contractility, whereas volume status fluctuations may produce misleadusgrientso

In recent decades, technological advances have expanded the echocardiographic toolbox. Tissue Dop
Imaging (TDI) all ows measur ement o $eckigfrackirgr di al
Echocardiography (STE) provides quantitative analysis of myocardial deformation. The most widel
adopted STE parameteGwbalLongitudinaBrain (GLS), which measures the percentage shortening

of longitudinal myocardial fibers during systole. GLS is more sensitive than EF in detecting early systol
ny



dysfunction and has demonstrated superior prognostic value across ischemicisahdmion

cardiomyopathies (Smiseth et al., 2016).

In the context of cardiac rehabilitation, GLS has been linked to training outcomes. Smart et al. (200¢
reported that patients with more favorable baseline strain patterns experienced greater improvements
6 Ozpeakfollowing exercise training, suggesting that GLS may reflect the myocardial substrate for
adaptability. Furthermore, studies in HFpEF (Murray et al., 2012; Sugita et al., 2020) confirmed GLS
a robust predictor of outcomes, highlighting its cliniealrede beyond redue€B populations. There

is also preliminary evidence that strain parameters may improve with training, suggesting a potential r

as biomarkers @CRinduced myocardial remodeling.
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Echocardiography also allows evaluation of contractile reserve, defined as the ability of the heart 1
enhance contractile function under stress. Stress can be induced pharmacologically (e.g., dobutamine
by dynamic exercise protocols. Stress echagpaphiy provides insights into myocardial adaptability

and viability that resting measurements cannot capture.
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Kirsch et al. (2023) applied exercise echocardiographyn g t he stress/ ABRBRt r a
peak [/ LVESABPp &l SN tdqeBakidte)contractile reserve-mwasivelfLVESV

being Left Ventricular End Systolic Volunigtients with reduced reserve exhibited lower exercise
tolerance and worse prognosis, even when EF was preserved. These results emphasize that blun
contractile reserve may underlie exercise intolerance and explain vagaliigsiponsiveness. Thus,

stress imaging has potential value in stratifying patients and tailoring rehabilitation strategies.

Despite their diagnostic and prognostic power, advanced echocardiographic assessments rem:
impractical in the daily workflow of cardiac rehabilitation. They require costly equipment, significant
operator training, high inteand intraobserver variali, positional effectand considerable patient
cooperation. As a result, echocardiographic measures of coritrpatiitylarly strain imaging and

stress testifigare rarely used systematicaly@Rworldwide (Ambrosetti et al., 2021). Inst€E&QR

programs typically rely on simpler functional assessments, such as exercise testing, which, while |

precise physiologically, are more feasible and scalable.
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The limitations of invasive and echocardiographic appridaenging from invasiveness to cost,
operator dependency, and limited reprodudibhityhlight the need for alternative methods in
rehabilitation contextCG has emerged as such a candidate:iavasive, operatindependent, and
continuous monitoring tool capable of providing dynamic insights into contractilitydurihg
exercise. The next chapter will explore its physiological basis, validation, and clinical applications
cardiac rehabilitation.
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1. ZTAAPTERMPEDANCE CARDI OGRAPHY
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assessments during exercise. Such wversatilit
hemodynamic modalities, particularly in scena

1. 2Hils®2or i cal Background and Technol ogi

The conceptual underpinnings of impeddased physiological monitoring date back to th20thd

century. One of the earliest studies originated from Moscow, led by Kedrov (1948), who attempted tc
guantify the assessment of central and peripheralticincuising electrometrical methods. This
pioneering work laid the groundwork for subsequent developments in noninvasive cardiovascula
monitoring.

In the late 1960s, researchers such as Lababidi and Kubicek established the mathematical and techr
framevork for measuring cwthrough thoracic impedance analysis, marking the formal gel@Sis of

Early ICG systems were hindered by analog design limitations, bulkiness, and susceptibility to motic
artifacts, restricting their use to controlled laboratory environments. The miniaturization of electronics
and the rise of digital signal processititein990s enabled more compact and reliable systems, suitable

for readtime clinical application.
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In parallel with thoracic approaches, the late 1990s and early 2000s witnessed the eWhadence of
Body ImpedanceCardiography (WBICG) (Ko6bi et al., 1997a; 1997b). This technique extended the
classical ICG principle beyond the thorax by introducing multiple -tjereindn and voltaggensing

sites distributed over the limbs and trunk. By capturing impedan@nsaatss the entire circulatory

loop, WBICG enabled estimation of tata) SVR and bodifluid shifts rather than focusing solely on
central aortic flow. Although promising in its capacity to represent global hemodynamics, WBICG
required careful electrode standardization and was more susceptible to peripheral vascular artifacts. |
these reasons, its clinical use remained limited, but conceptually it paved the way for mor

comprehensive, whedgstem impedance assessments.

The 2000s saw the emergence of giesed bioreactance systésnsh as the NICORMsystempand
SMICG, such as PhysioFI&ythe latterallowing accurate flow assessment even during exercise. These
innovations enhanced motion tolerance, reduced baseline dependemaal (fAcilitated broader

adoption in both research and clinical practice.

1. 2vdl. B3dation and Limitations

The validity ofCG has been rigorously evaluated against reference standards such as thermodilution ar
Doppler echocardiography. Correlation coefficient$ dutypically range between 0.70 and 0.90,
depending on population and testing conditions. Beyond absolute accuracy, reproducibility and sensitivi
in tracking hemodynamic changes are essential performance metrics for clinical reliability.

However, several limitations persist. Anatomical and physiological variakidgg obesity, pleural
effusions, angulmonary diseasesan distort the signal. Motion artifacts and variations in electrode
placement remain key sources of measurement variability, although mete@ datid SMCG

systems employ advanced filtering to mitigate such interference.

Contemporary consensus guidelines from the AHA and ESC recommend ICG as an adjunctive tool i
HF management, hypertension phenotyping, and exercise evaluation (Yancy et al., 2013; Guazzi et
2016).

Despite its clinical value, conventiol@bG remains limited by baseline dependence and motion
sensitivity. S CG addresses these issues by analyzing
amplitude, enabling more robust, dedteat evaluation of cardiac performance during dynamic

conditians.
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1. Zrrhz. Originkoi plyolobgyilgmapeédance Cardi og!

1. 20Ri.di.n of the Concept

The concept of SMCG originated in France during the m@880s from the work of earBour, a
cardiologist leading a hospital unit of internal medicin€€¥bd His objective was to create a

non invasive method for continuous hemodynamic monitoring at rest and during exercise. Early studie
were empirical, focusing on categorizing impedance waveforms from a large patient cohort with divers
physiological and pathological profiles. This datalzdedethe identification of reproducible patterns
linking the morphology of the impedance sigr&¥/end contractility, without dependence on baseline
impedance (4. In1993, DiBour patented this morphological approach, which was subsequently
validatedn French university hospitals, notably Strasbourg, Rennes, and Angers. These investigatior
confirmed the potential of morphologgsed indices to estimaie and contractile function

non invasively. Industrial development followed with the creation of MBioatedical 1995,

marking the transition from prototype systems to meptadé devices, while academic collaborations

continued to refine the methodology.

1. 2M@t Rodol ogi cal |l nnovation

Unlike conventionalCG, SMICG relies on signal morphology rather than amplitude or baseline
impedance. A higinequency, lovamplitude current is injected through outer electrodes, while inner
electrodes record voltage changes. These signals are processed using an adefivierhifjter

(HD ZE ) thatminimizes respiratory and motion artifacts. Each cardiac cycle is identified, validated, anc

aligned to a reference beat, ensuring reproducible morphology tracking.

A restingcalibration phase establishes a proportionality constant between impedance variations an
hemodynamic flow parameters. Stroke volundex (SV) is estimated from the morphological

characteristics of each beat according to:

SVi= k x [(dZ/dt) ~/ (@maxazmin)x W(TFIT)

where k is a calibration constant, (dZ/di the maximal derivative of the impedance curve, (Zmax
Zmin) is the impedance amplitude during systole, and W(iBRATweighting function derived from

the Thoracic Flow Inversion Time (TFIT).

TRIT=t/(t wt)
P



where tand t represent the acceleration and deceleration phases of systolic flow, respectively. TFIT
thus reflects the relative duration of forward flow and is sensitive to contractile dynamics and afterload

CTi=(dz/dt) = Y

The CTiexpresses the maximal impedance slope normalized around 100 (cutoff between depressed L
contractility and resting normal values), providing a dimensionless indicator of ventricular contractile
performance. This morphologgsed index is less affected by thoracic geometry and better suited to
detect dynamic variations during exercise or SM#$5G also provide8 (0 w= SVx HR), cardiac

index (CE 0 oY BSA),End DiastolicFilling Ratio (EDFR)LV preloadesponse indicajpandSVR

offering a comprehensive view of central hemodynamics and veiattietiEdrcoupling.

Although SMCG is fully nornvasive, it remainsdirecthemodynamic technique in physiological
terms. The recorded impedance waveform representtiragedéctrical analog of the pulsatile blood
flow within the thoracic cavitypredominantly reflecting leféntricular ejection. It does not rely on
derived srrogates (such as blemenperature dilution curves, pwdsatour modeling, or pressure

based algorithms) nor on mathematical substitutions likecttee kol e d o0 di rect é6 Fi ck

practice estimates rather than measubes

In this respect, SMCG is conceptually closer to ¥elocityTimelntegral (VTI) obtained by Doppler
echocardiography, as it reflects the instantaneous flow profile throughout systole. However, it is no
constrained by geometric assumptions such as aortic root diameter measurement, nor by the opera
variability inherertb ultrasound imaginghis explains why morpholeggsed impedance tracing can
provide reliable and reproducible ftedteat information, even during exercise or motion, and across
patients with different body habitus.

PP



N¢ Uik KDID9 ] tORG RURRBC GIOGE ! ¢ G 1q Il ¢

. User ente
Directly df{ . . .
Calcul a Esti mat interface Combi ned

the sign

aut omati c

LVEF (Le Syst oDi &@s ta .
SVR/ SVRI (S

HR (Heart SV (Strok Ventric Bl ood Arte .
. . Vascul ar inRlees(
Ejection Pressur e
LVEDV (L .
. . . CVP (Centri LCWiLeft Car
CTl (Cointdrea 0( Cardi ac Ventricu .
. . Pressur e index)
Di astol i«
. LVET (L
SVi (Strok . ) PCWP (Pul m
. Cl (Cardi Ventric .
i ndex) capillary W

Ejection

EDFR Early
Filling I

Aortic S

TFi / TFC (T
Fl windlex/ Co

Aortic Di

Aortic Re

1. 2val 8B3datliCGn of SM

The clinicaHl CG ehdnisbibleietny exsft adMi shed through a
According to a 2024 PchoynspieonFd iomnt osfy sstteurd i heass, btel
peeeviewed investigations encompassing a wide
These studies focus on three primary damai ns:
terms of accuracy, t he oreitgianla.l (vZaddatamda Ri
demonstrated strong Genrcibwashdan ¢ & abe oWe-an adtla vd
direct Fick methodcosStubsemgdenhesavieishdigag s oinmg
Mean percentage errors were consistently with
as defined by Critchley and Critchl eyd (tlo9 90¢

comparabl e to thomemaorkymwmamiedt @b nisgama mtr d

Regarding reproducipmirltietdy ,c osed \f & 1844 tidtisai | dmifve s\5 &4r, |
even under dynamic conditions s{uléig earsd reex egtc.i s
Filaire .etThiad . hi ghs2dyjge cetes eosfsli iomttreaonsi st ency

robustness o-bathd dalphpep bseetnbsg-tA G/ ittoy pohfy sSM I ogi c
P2



has al so been Eweebkhesddkdoeerwcrhe ndeemdanstrated the s
i ncrement al changes in preload, afterl oad, an
and physical exertion. Thle@G@ ifn nmdo migtso rvead § dtah
and physiol dgi calmmba@gpa&StM mpl emented in the PI
accur at e, reproduci bl e, and physiologically 1
waveforprhothoogy and advanced signal processin

techniques and positions-iintvaass vae wvalrdablva stcad

The strong methodol ogi elalG aancd ocslsi ndii cveelr swa |piodpa
foundation for its wuse in dynamic phydiceladgi c
hemodynamic data durnidnoga di necxreernteinstea |a | al nodw sc of nosrt
cardiovascul ar respomses fioh | mavti mghesalctth oaanad ud
applicatliG®s eoniphSaMi zing its role in s<ports amit
more specifically, its integration into cardi

1. Ex*Ercise AppglCiGcations of SM

Over thadegadteMMowd®dhgoghalgy | mpedah€&) Cahndi egophph

research tool into a versatile clinical techn
physiological and pathological contexts. Acco
Guide (htt pcsanm//rpshg/sphoyfdioon.l ow_cl i ni cal d2s0t2u5di e
compilation of c¢clinical data (tevbewtdr mabl yc:
empl oye@8G SMroFPHoswg st ems in domains including
pul monary and metabolic disease, hypertensi on
intensive car e, anesthesi a, and obstedchmnalsogiT

robustness and cliniadedveirmmpedamnmdceg arvalmlostipsh

conditions.

PT



1. 2ABplli.cations in Sports Physiology
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In sports and exercise physiology|S® enables continuous, béabeat measurement@foandSV
during dynamic activity. Unlike classical methods requiring gas exchange or imaging, itial®ws real

evaluation of cardiovascular responses under field or laboratory conditions.

The ability to measuB and0 cnon invasively provides a window into one of the most important
physiological systems governing endurance: oxygen transport. As described byedbhatiéick
maximal oxygen uptak#epends on both oxygen delivery and extraction. The cardiovascular
circulatiofii through its central componentdHiR, SV, and blood flow distributidnrepresentamain
determinant of oxygen transport, and thus a key perfortmaiticg factor, particularly in endurance

sports

Several investigations have confirmed thatC&Vican quantify these determinants with sufficient
precision to track training adaptation. éepetal.(2005) showed that enduraireéned cyclists exhibit
higher exercis8V, lowerHR, and greater cardiac efficiency compared wittrdessdindividuals.
LeMeuretal.(2013) demonstrated that 805 detects paradoxical reduction§&yhand Cl during
periods of functional overreaching in triathfietbsspite unchanged external workiohighlighting its

diagnostic sensitivity to subclinical fatigue or maladaptation.

Finally, as the athletic population ages]CE¥Moffers potential for detecting changes in cardiac

performance associated with egdated remodeling and emerging cardiovascular pathologies such as
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hypertrophic cardiomyopathy, which may alter diastolic filling and exercise tolerance even in previous
trained individuals.

1. 2ABpRRi.cations in Pul monary Disease

SM CG has contributed substantially to the <ch

chronic respiratory disorders, where exercise
circulatory i mpairment.
| €hr o@bisct r Pwclt movbiagsegase ( COPD), comparative val.

confidedh€C&eirmv8d measurements during exercise

good agr ee®bMnd6 cdreiicmemdeint he direct Fick method

Louvaris et al. (2019) further conrdfeirribwaeddd acc e
dyki  uti on measurements in COPD patients durir
assessment even in hyperinflated | ungs.

Earlier work by Bougault et abBM GQ&md 5r)e freerpeonr c e
me t h(oddisr edur Fngkimaxi mal or intermittent exerci
a questionabl e prot,ociondi(snpe rsst aelaldey), fsawitait Eih cekxien ¢
contributed to the observed discrepanci es.

| Pul mo Aratretyipalrt ensi on ( PAH) , Ferreira M al . (
| C&uring incremental CPET, hlcglkelipgohsiesguindera
stress. Dupuis et al. (2PHYi-dgséhtoieeddd go ot aagw e
reference methods in pul monary hypertension.
agreement in PAH, met hodfoplaorgtiiccaull aarnldy treeclhantiecda
har diwlairkeel y i nfluenced these findings.

More recaauttl ¢ ,s @@adol¥a ei noffe cIARSNT have exXtCé&nded
Nasci mento et al. (2025) demonstrated altered
responses despite presehheedemsisttiiwnigt f umfct €Din,
myocardi al perfor mance.

Collectively, contemporary comp@@ati vedstudie

hemodynamic profiling during exercise in pulm
and -@@WItD syndir©@eisd e BtMiSIV e s e i W@ckii anletteircesd, and

abnor mal contractile adaptation (CTi) without
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1. 2ABpBiL.cations in Cardiology

In cardiology, SNMICG complements exercisée&rocardiography (B3} and echocardiography by
providing direct, continuous measurementscand vascular resistance. Mg&ak(2019) showed
that SMICG derivedCl and oxygen pulse independently predict prognd3isAnFindings from the

PhysioFlovClinicalStudie€ompilatior(2024) extend to multiple disease domains, for instance:

Alschemiceartisease: impaired strok@ume augmentation and reduced cardiac reserve during

exercise (Dupuetal.,2000

AHeartfailure(HFrEF andHFpEF): chronotropitncompetence, autonomic dysregulation, and central

hemodynamic insufficiency (Franziai.,2024).

AHypertensionexaggerate®VRandblood pressureesponse® effort (Kurpaskatal.,Clin Exp
Hyperten2019Kurpaskatal.,Hypertenfe2019PhysioFlovClinicalStudiesuide).

ACongenitaindvalvuladisease: compensatory streseime dynamics and residual functional capacity
(Legendretal.,2017).

These observations reveal hemodynamic abnormalities that may eludechestimdiography or
standard EC(ased testing, while supporting longitudinal falfpaf functional recovery or treatment

effects in outpatient and rehabilitation contexts.

|l summaryG enharceoedutdh®prl|l evance of cardiovasc.

| t st r ma|] -opede@memdent capabilities facilitate fj
respiratory <car e, amb nga rod,ibewasiiceuelli adrg mehdei cuitnie
testing in clinical and research contexts.

1. B.udnma rQu talnodo k

The evolution from classid@lG to signaimorphology impedance cardiography-kSG) marks a
decisive step in the clinical translation ofineaisive hemodynamic monitoring. Early ICG systems,
based on the Kubicek model, were limited by baseline drift, motion artefacts, and depexirsehate

signal amplitude. By contrast,-&Nb focuses on waveform morphology, allowing accurate and
> M



reproducible measurements) dfand derived indices even under dynamic conditions. The integration
of highdefinition filtering (HBZE ) and morphologipased calibration has transformed a research
technique into a clinically credible, opefiattependent modality suitable for continuous use during
exercise or stress testing.

As discussed in Section 2.1, the theoretical frameworklGiGGMIows simultaneous assessment of

0@ SV, SVR and contractility through parameters such as the CTi and the EDFR. These variables
provide unique insight intontinuouwentriculadarterial coupling and prel@aéterload dynamics with

a temporal resolutidhat can generally not be achieved evennwihkive catheterization.

Validation work summarized in Section 2.2 demonstrates tH&GSBkkhieves accuracy and
reproducibility comparable to gstdndard reference methods such as the direct Fidieatldition
techniques, while maintaining high sensitivity to physiological variation. This robustness has encourag
its integration across both clinical and applied physiological contexts.

Building on this foundation, SIKAG has proven clinical value that extends beyond hemodynamic
guantification alone. The key clinical benefits, derived from more than 22¥i@sed studies
compiled in the PhysioFlow Clinical Studies Reference Guileai2®@2ummarized by Bour (2023),
can be grouped as follows:

1. Early and sensitive detection of cardiovascular abnormalitiBE3G SMables detection of
hemodynamic dysfunctions that may remain undiagnosed with conventional tests such as ECG, stre
echocardiography, or metabolic éaparticularly in patients wiHF, pulmonary hypertension, or

unexplained exertional dyspnea.

2. Improved diagnostic precision and personalization. By distinguishing central (cardiac) from peripher
(vascular or muscular) limitations,-ISK& clarifies the dominant physiological deficit and supports

individualized therapeutic stratdgipearmacolagal, pacingelated, or rehabilitative.

3. Enhanced prognostic assessment. When combin&PEIThSMICG improves prediction of pest
test decompensation and ldagn outcomes iIC€HF, outperforming ECG or VGbased evaluation

alone.

4. Guidance for differential diagnosis-ISM assists in evaluating complex presentations such as
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dyspnea of uncertain orightR to cardiac rehabilitation, or p@DVID cardiovascular sequelae, by

qguantifyingSVand contractility responses under physiological stress.

5. Optimization of rehabilitation and training. By revealing whedhBmitation, contractility
impairment, or excessive vascular resistance constrains performéDCGee®Ables precise exercise

prescription and objective tracking of functional recovery.

6. Reduction of invasive testing.-I8)X& offers a nonnvasive alternative to pulmonary artery
catheterization for routine follawp or screening, reserving invasive diagnostaraliagguous or severe

cases.

7. Safety, reproduci bi | i4nyasive, aapid, ang cedffective mature i t vy .
favors its adoption in serial testing,-tet@bilitation, and decentralized care, where continuity of

physiological motaring is essential.

Through these advantages,-ISK8 fosters a more integrative understanding of cardiovascular
physiology, bridging the gap between resgeadb hemodynamic insight and everyday clinical decision
making. Its capacity to capture-taé circulatory trajemies at rest and during exertion supports
precision medicine approaches, from individualized training prescriptions to early detection of

maladaptive responses and remote patient management.

Looking ahead, the potential of-BB& lies in its convergence with digital health ecosfisteahsding

Al-based signal analysis, automated pattern recognition, and wearable fmaonitdetiger
continuous, personalized cardiovascular profiling. Thisi@vglositions SNICG as both a scientific
instrument and a clinical enabler, facilitating a transition from episodic testing toward adaptive, date

driven care.

Ultimately, the progressive adoption oflSM across clinical disciplifieBom sports medicine toF
managemeiitreflects a paradigm shift: from static, snapshot evaluations to dynamicepadiest
assessment of cardiovascular function. This evolution embodies the promisenwdsiven
hemodynamic monitoring as both a scientific and clinicdbgietjng safer, more efficient, and more

personalized cardiovascular care.

The next chapter will focus on how these methodological and clinical foundations translate into practice
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therapeutic use. It will examine howISKa can enhance patient stratification, refine training intensity

targets, and predict functional recavery
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1. BHAPTBR APPLI CAT-I O DECHBNOLOGY
TO CARDI AC REHABI LI TATI ON

Building on the technol ogical foundations out
applicat-monpbobl ®eggnampedan&&) cwairtdhiiong rtahglCy p(esM
Rehabilitation represents a unique testing gr
exercise with <c¢clinical supervision and ai ms
Traditional assessment methodasi sachemedgnhmt
eithetiicamprac unsuitable for r dpCeGatodd-enxsea aii m et
continuousgommalt ielklee chdeY dmd ¢comtckaamtgi | i ty. T
valuable for understanding patient heterogene

prognostic ewall atriedirabiin inedli on progr ams.

1. XStlate of the Art -b€GSinmdRebabnliC&taad
1. 3Kdy 1Applicatd®ms and Findings in

Early applications of conventioh@G in CCRdemonstrated its potential to nionasively capture

central hemodynamic responses to structured exercise. Betedi(@D5) reported that a shonth

CCR program i@AD patients was associated with significant incre&&epaak SV, and(adv)O diff.

These results suggested that ICG could document both central and peripheral adaptations to trainin
Similarly, Wanetal.(2022) examined patients undergoing early IPhels&bilitation after acute
coronary syndrome 6tF, and found improvementsdmy SV, andSVRwith exercise therapy. These

findings reinforced the feasibility of ICG for guiding and monitoring early rehabilitation interventions.

Other studies extended these observations to more challenging populations. For example
Celiketal.(2013) used the BioZ ICG platform in patients wigartFailure with preservegjection

Fraction (HFpEF), reporting improv&V response and enhanced hestg recovery. These data
suggested that ICG could provide longitudinal evidence of improved cardiovascular performance ir

patients in whom standard markers of adaptation are less sensitive.
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Additional work using conventioh@lG provided further insight but also revealed key methodological
constraints. Butterfiettal.(2008) evaluated the effects of exercise training in patients witbrétable

using thoraci¢CG and observed improvementsSK and reductions in B/pe natriuretic peptide
concentrations. Similarly, Gielexe.(2011) studieHlF patients enrolled in a rehabilitation program

and found modest reductions Timoracic Fluid Content (TFC) and preejection period without
significant changes 8V or 0 & Together, these studies illustrated the potential of classical ICG for
monitoring central hemodynamic changes while underscoring its inherent restriction to resting

conditions.

More recently, technological advances have allowed the emergencenwrplyriaby impedance
cardiography (SMCG), which addresses the limitations of conventional ICG by employing waveform
pattern analysis and referebeat alignment. This innovation has enabled the reliable assessment of
beatto beatSV, 0 ) andSVRduring dynamic exercise. In Gagidd.(2012), SMCG was used to
compare hemodynamic response$iithil versus moderate continuous exercis€HR patients,
revealing greater increasesSM and 0 with interval training. Legendtal.(2021) further
demonstrated the ability of S®IG to distinguish whether improvement§ @apeak reflected central

or peripheral mechanisms, thus enabling refined phenotyping of patient responses. Other investigatiol
have highlighted the prognostic and diagnostic potential ki &@MKirschetal.(2024) identifie®R
versusNR phenotypes in HFrEF patients, showing that improvements in @aaki SV correlated

with favorable outcomes. Giraatlal.(2024), working in coronary heart disease, found that ventilatory
and peripheral factors predominated over central adaptations, suggestispetifeagechanisms of
benefit. Taken together, these studies underscore the added vall@®ff&N\apturing individual

patterns of adaptation and guiding more personalized CCR strategies.

1. 3LimPiti &@&CiRons

Despite these encouraging findings, conventional ICG faced several limitations that restricted its broad
integration into CCR practice. Signal quality was highly susceptible to motion artifacts, especially durit
moderatdo vigorous exercise, reducing reliability under precisely the conditions where monitoring
would be most informative. Tireethod was also operattgpendent: variability in electrode placement,

skin impedance, and patient anatomy introduced significantaimdeintraobserver variability.
Furthermore, sign& noise ratios were particularly poor in obese patients or in those with rapid

breathing patterns.
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These technical limitatighgarticularly the inability to obtain reliable data during physical éxertion
were exemplified by the studies of Butterigltd(2008) and Gielerakal.(2011), that yielded limited
results. Their findings highlighted both the physiological relevance and the practical shortcomings c
conventionalCG. The development of SM@G, incorporating morpholodased signal analysis and
realtime artifact suppression, directly addressed these challenges, enabling continuousofssessmen

cardiac performance under exercise conditions.

Yet, while the ability to meas@¢and0 dcontinuously during exercise represents an undeniable step
forward, these global measures do not capture the complexity of cardiovascular e psation.
determined by the interaction of preload, afterload, and myocardial contractility, each of which may b
differentially altered in patients w@k'D and may respond differently to training. The potential of
SMICG lies not only in refining the measurement of SV and CO but also in dissecting their components
and in particular in quantifying contractilecfion during exercise. This shift from global indices to
mechanistic insights offers a pathway toward more precise phenotyping of rehabilitation responses al
sets the stage for the discussion in the following section.

1. 3.nhovative P+t E@&pects with SM
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1. 3D@silp.ti on of the CTi and the CTi prof

SMICG provides a practical, norvasive approach to assessing myocardial contractility during exercise
via the CTi. CTi is derived from the maximum rate of change of the impedance waveform during systol
(dz/dt ), labelled d(HEZ™)/dtmax by the designers of the technology, to account for the stabilizing
effect of the HBZ™ filter. Physiologically, dZ/dt aligns with the early systolic acceleration of aortic
flowni i.e., the time derivative of flow/velocity (dV/ét) a parameter long recognized as a sensitive
markerof ventriculacontractilgperformancen invasiveandnon invasivestudieg Tomlinetal.,1975;
Mehtaetd., 1986 Bedottoetal.,1989Pérezetal.,2021) Accordingly, CTi provides bedb beat
informationreflecting the rapidity with which the ventricle accelerates forward flow at the onset of

ejection.

With SMICG, dZ/dt values are acquired on a lledteat basis and displayed assaand averaged
CTitrend curves. This enables two complementary readings. First, CTi can be treated as a quantitati
value that is sensitive to therapeutic interventions (e.g., exercise training, pharmacological therapy, de\
optimization); tracking CTi longitudinallp\pdes an objective way to monitor intervenidated

changes in contractile function. Second, CTi can be interpreted as a dynamic profile throughout exercis

capturing how contractility adapts across workloads.

A normal CTi profile shows a rapid rise early in exercise followed by a slower rise or plateau at high
intensities, consistent with physiological contractile reserve. Abnormal CTi profiles can be categorize
as: (i) an altered profile, characterizechbgivarsion or relapse of the slope that occurs before the
recovery phase; and (ii) a compromised profile, defined by the absence of any increase (flat slope) or
immediate decline (negative slope) from exercise onset. Such patterns indicate minpatiked co

reserve and may herald reduced trainability during rehabilitation.

By distinguishing between normal and abnormal CTi profiles and by following absolute CTi values ove
time, SMICG enables patient stratification that goes beyond global indiceSstandasn Clinically,
this dual perspectivevalue and profife supports individualized exercise prescriptions and helps

evaluate the efficacy of targeted interventions in cardiac rehabilitation.
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1. 3P@Qt@nti alCacapipaccBRéhabisl i nati on

The CTi, derived from SMCG, represents a practical tool for evaluating left ventricular inotropy under
dynamic conditions. Because CTi can be obtained continuously anagsiwaly during exercise, it
overcomes the limitations of imagoaged methods, which are resountemsive, operatalependent,

and not readily applicable in rehabilitation environments. CTi integrates seamlesslyl inoto CPE
structured exercise sessions, providingimeainsight into contractile performance during stress. This
methodological accessipimakes it well suited for both clinical and research applications.

Myersetal.(2019) demonstrated the prognostic relevance of CTi in a lardglbeadohort, showing

that it provided incremental value beyond classical CPET indicescspgieals and— slope CTi

independently predicted mortality and refined risk classification, including in patients with preserved a
mildly reduce®&F. These findings support CTi as a clinically usefuinvasive index of myocardial
performance and training responsiveness.
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Integrating CTi into cardiac rehabilitation protocols offers several advantages:

AMechanistic insighh quantifying inotropy dynamically during exercise enriches interpretation of

6Ozpeak and delineates central versus peripheral adaptations

ARisk stratificatiord abnormal CTi profiles can identify patients with limited inotropic reserve,

supporting tailored interventions.

AMonitoring adaptatio® repeatable CTi assessment enables longitudinal tracking of contractile

improvements during rehabilitation.

AScalhility 8 CTi can be applied in multicenter or resolimtiéed environments without advanced

imaging.

By bridging cardiac physiology and clinical rehabilitation, exercise CTi contributes to a more

individualized and precise model of cardiac rehabilitation, groundetinne re@nodynamic evidence.

1. 3SRe@i.fic ConsiMd emrua tei oMad kRelgart dii mg Ctahr

When CPET is unavailable, 8MWT is widely recommended as a practical alternative for assessing
functional capacity (DCR The test is simple, inexpensive, and well validated for submaximal evaluation
of exercise tolerance@HF and other cardiovascular conditions. However, it also presents limitations.
Performance can be strongly influenced bycaatiovascular factors such as motivation, mood, and
depressiam as demonstrated HiF populations where depressed patients consistently achieve shorter
walking distances despite comparable physiological capacityetéXi@dd2Zhuetal.,2023).
Moreover, the 6MWT does natpture the dynamic hemodynamic adjustments that underpin functional
improvement.

In this context, integrating SKG during the 6MWT provides a valuable complement. Studies have
shown that realme measures &V, 0¢) and contractility obtained during the 6MWT are feasible,

reproducible, and clinically informative in diverse populations, in€@kthn@ranzonetal.,2024),
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pulmonary hypertension (Tonetkl.,2013), and postroke rehabilitation (Letal.,202020212022).
By adding continuous central hemodynamic datésCSMnhances the interpretability of the 6MWT
beyond walking distance, offering insight into circulatory efficiency and cardiac reserve.

Nonetheless, the 6MWT is not a controlled, incremental test, which makes interpretation of CTi profiles
thresholds, or maximal values (CYimore challenging than during CPET. Despite thidC&M
integration into 6MWT protocols can yield valuable mechanistic insight, particularly in patients unable t
perform maximal testing, thereby bridging functional evaluation with central hemodynamic assessme
in everyday rehabilitation practice.

1. 3S@meary and Outlook (Transition to t

CCRhas traditionally relied on functional outcome measures €f@ipeakand— slope While

these indices remain valuable, they provide limited insight into the central hemodynamic mechanisn
underlying interindividual differences in training response. Over the past Id¥6duesjntroduced

the possibility of monitoringd SV, andSVRin a noninvasive manner during exercise, thereby
contributing to the physiological evaluationC&R Conventional ICG systems, however, were
constrained by motion artifacts, operator dependency, and limited reproducibility, which curtailed thei

widespread adoption in rehabilitation settings.

The advent of sigralorphology impedance cardiography-kSG) represents a conceptual shift. By
incorporating morphological analysis andtbdsgat tracking, SMCG enables robust hemodynamic
monitoring under dynamic exercise conditions. Beyondmgkdmires &Vando ¢) the introduction

of the CTi provides an opportunity to quantify myocardial inotropy in real time. Importantly, CTi can be
considered both as a quantitative value, sensitive to therapeutic interventions, and as a dynamic prof
whose trajectory duringezcise allows for patient stratification. These complementary perspectives
position CTi as a potentially powerful tool for tailoring rehabilitation strategies.

Emerging evidence supports the clinical utility ofC&8Min distinguishing phenotypes of response,
identifying patients with limited contractile reserve, and tracking longitudinal adaptations to exercis
training. Such applications move the field towsedisoon rehabilitation, where interventions are
adapted to the patientds centr al physi ol ogica
populations. In this sense, B0 does not replace established techniques suCHPESE or
echocardigraphy; rather, it complements them by providing continuous, accessible, and mechanisticall

informative data within the everyday settifgQRprograms.
TM
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Current Evaluations in CCR With SM-ICG (Enhanced Assessment?)

Continuous stroke volume (SV)

CTi (contractility index)

60Ozpeak, VT1

Heart rate (HR) response

Blood pressure (BP) response Cardiac index (CI), systemic vascular resistance

No continuous SV / CTi Detailed haemodynamic profiles & reserves

Limited mechanistic insight, surrogalReaitime exercise haemodynamics

Looking ahead, integrating-8B84 into routine rehabilitation practice raises important questions about
feasibility, standardization, and professional boundaries between specialties. Nonetheless, tl
technol ogyf6s portability, ease of use, s eaml
multicenter application highlight its potential as a scalable solution for individualized assessment. The
attributes make it particularly attractive in ctsiglere resources are constrained but the need for
efficient risk stratification and personalized training is increasing.

In summarythe progression from conventional ICG tolSK8 and the development of CTi mark a
transition from descriptive to mechanistic cardiovascular monito@@RiIrBy enabling dynamic
assessment of myocardial contractility during exerci$€GSplovides new opportunities to refine
patient evaluation and intervention design. The following sections of this thesis build directly on thes
concepts, examining the apgion of SMCG-derived CTi profileand trendsn CCRand exploring

their value fopredicting, explaining, apdtentiallyoptimizing patient outcomes.
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GENERAL OBJ@ECTNHE TSHBEJAISE S

Building on the theoretical framework devel op
empirical apeGi wathon G@CRSMSpecifically, this
physiological Cddel &veadcemorotcrasBdiltiialli ty assessment
on the CTi and its dynamic behavior during ex

The overarching objective of the four studies
CTi profil-esdaanedtCBhii nacdha@gptati ons provide act
CPET metrics. More preatsetllye vdleustafdi @Bi afi on
responsiveness to CCR, (ii) explaining inter:i

informing more personalized and physiological

The first study investigates whet hefirr ebfa seecltiinneg
the myocardial contractfiarcrerasponisat ead wintch esn
i mprovements in cardior espngruaitsohriyn gf ipthnyessiso Ifood i
abnormal contractile patterns at program entr
early stratification tool for identhdgyedg pat

rehabilitation.

The second study focuses on patients with <chr

tratimidnged changes in CTi and changes in func
i mprovements in myocardiallgohboragertisg tohe
popul ation traditionally considered | imited b

provide mechanisti ®Opesakgatobeyond changes in

The third study extends thisraspoéyderss btyo cO @GR

particular emphasis on CTi reserve and its ev
CThased indices can di scrdiampitn avtee threatiwma enrg a ks p
hel ping to clarify why patients with similar
rehabilitation outcomes.

Finally, the fourth study adowittsh addéritifvteedg raantdi

| C&eri ved hemodynamic variables to characteri

approach aims to situate myocardi al contract.i
peripheral adamthettihens CTand otnd radudesers i ndepen
phenotype of rehabilitation response.

TO



Taken together, these four studiesl eyt o mo
evaluating its predictiveuppreptanatoeyinaaodrg
focusing on dynami c myaotciacr drieaslt ifnugn cnieiaosnu rreantehnet
whet h-e CiG&mMd CTi Noapasuppolrara more mechani st
individuali zed approach to CCR, aligned with

medi ci ne.

TN



2. CHAPTER METHODOLOGY OF THE THE

Building on the physiological and technologic
present thesis proceeds to the methodol ogi cal
Chapter 3 highlightCé&d wma tpotué mtri alheofCTSEM  as
exploring central hemodynamic responses duri
hypot hesi s, it was necessary to design and ir
combi necdedadiveaemodynami ¢ monitoring with standar

out come measur es.

This chapter details the methodol ogi cal choi ¢
patient selection, i nstrumentati on, data acq
attention is devotle@Gdioerttdrecii nd etge ttiimq, otf he&S V

of CTi profil es, and ®RHe oNoRiint erréalmabusled at o o
systematically presenting these methodol ogi c:
i ntdammr edthe results and discussion that foll ow

fatdet Mk OABY UIO0 B ™I HBnAIE NijHe
eHYz2l qJt ! IOYNnOqd8 IIGe qRIJU

2. Catdi op &d eamoteiasst e

CPET was conducted wusing electronically brake
conditions. Participants performed the test i
useali t her a Sanabi ke 1.wWilt zeSrDiSa nEdx)c edrl eanrc eE R G@
Medi cal SAS, France) . Prior to -mheputecpemead:
foll owend nluy elapwdartm a constant workload of 20 w:

TP



i mpl emented, increasing workload by 10 watts
of clinical termination criteria such as RER

abnormal electrocardaogrbpbbd phesgaease oespba
Throughoueanther dtestwast veaxtormad D nviaa belagct r oc
Systolic (SABP) and Diastolic Artemimailh®Béeonwval
and at p eRaeks pel xrearttoiroyn g a,9 ne x 6dd,a magaer bvar | dibdxisd e
6 %) , respiratory f ré6&€gweearc yne atsibngbaelé avbahlewnrseh, n ga nac
gas analyzers: CPX Vyntus (VyCREMe( Medmed| 8wml
These data weseconsgleowger® bwmeer Ytals, respecti v

vi at weabrhes ed f il tering.

Cardiorespiratory pep ¢ akslapp c @Vpieérwvdkidee s vsewc i od d
established gwasedehes mi Asdldo pled i(mikg htobded)evit 1 f y i

infl ecti om#Opwda mducsanv éhendicative of the tran

met abol i sm. Equi pment set up, including seat
participant, and cycling cadence was maientai
protocol fidelity and reproducibility.

2. Bignal Mor phol ogy I mpedance Cardiograpt

2. 1C&r di.iac hemodynamics during CPET

0 SVandTeahees were theeemi cP&ddbédyi mgalphol ogi
of t hteb ebaetatcar di ac I mpedance signal using an

technol oglyC@ a( Prys iBdF | Loawb 1 , Manatec Biomedical
PhysifebBlfaware used wa@stwedsitenalon@&h@d thmeebéc
were those marketed byPEIGEs masedaenturerr é Phaycé
HTF 50 model

Throughout the study, al | teams were instruct
ensure the highest possi bfse srsé oomrsdi nlgh eq wcaolnisti ys

across centers was critical to maintaining si

Prior to electrode application, skin preparat
area when neededandi g@ntal ssuaryed ampb ® ajsphoe hic e p
TZ



We a v

nw X 0 O « O

D
O

g
v
S

r and Companw,ntAuldr ar ap,i nGO,s hUSKh)p.ear ance

e
med to minimize impedance andPBEBGueeteopt o

ized, after being confirmed to be witlhin
rnative brands were found to compromise d
aging formats. Conventional ECG iebdbfecémode
of nBoOfR euhniicths, oornce opened, expose unused ¢
ressive gel desiccation within hour s, si g
i ti@ad@ !l d nf @wront r%PsFt5,0 RehyescitorFoldoevs ar e i ndi vi d

corresponding precisely to the number re

cC © »u X O

k of degradation and ensures optimal signa

trodes were always connected to the patiel

(¢

applied in a standardized configuration
i on near t he xheprheoisdulpjreocctess se x Ninb ictaesde swiwd e
es, or had i mplanted pacemaker s, mi nor po

t Adthieomr.ecommended el ectrode positioning di

ads, particular attention was g¢gi vaOnaf atcoe tnhmaes k

u

l d come into contact with the upper el ectr
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Standard electrode position (rest)

Green at xiphoid level, next to the spine

! M \\ ¥\
Standard electrode position (Exercise)

ECGI electrode dropped opposite side from ECG2 neck electrodes opposite side of PM ECGI electrode placed next to the xiphoid

>

i
. —
{ {
S e o', o
Y ¥
> b oy 2 |
L\ L \\
ECG placement (red orange) in case of Electrode placement with a pacemaker implanted ECG electrode position in case of
a wide QRS big T-Wave (double counting of HR)
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enhance adhmgircenrh agdmedd raedudeact s,

S
a
e
n

ag)i ngertd neel ect ed.

t he gel p

TY

sed against the prepared skin surface bef
ing wrinkles or air bubblesecRartieculr®de
prone to detachment due to perspiration
tained throughout application to better s
he system was susaebd |d wraitn g ne xreert thioadrs twveer e
mmaeadiedal a(dMexdareeftTarpeenspor e

ng the data acquisition fmhhddavara@l li nt @xmo
facturer guidelines. This began with accu
ropometric variables such as height, weig



Calibration ®bdevihee Phays i oFhdwct ed at rest pri
whenever feasible, in the same paoasth-eogpeghbden
This practice ensured that baseline hemodynan

was based on 30 consecutive heartbeats and r

stability indicatoa .prOpceceaead owist hwecrael ii mrsatriucn ec
ECG and | mgedansce wave

Signal quality was c¢tointhag nwiouwsd ly faesed,lsaseckd. ulsn nc
artifact, electrode repositioning or skin pre
Foll owing calibration, blood pressure values
the operator validated t hlen ptrhoec ersasr eb efadcrudy migerniic

signal s quanmeitteyi eMsaadl lyp aauct esp tidaetelséh ol ds, t he proc
until acceptable values were obtained.

Calibration result - PhysicFlow Software 2.8.11 Physic ysic 64 ? X

| T
I Normal l
. row 134.2— 65 — %0 — 87 — 42 — 140 — 0 — 05 — 00 —
722 — )I s - )I 0 — 52 — )I 25 — )I 100 — | 60 — )I n — }I 00 — )I o —p 1337 — ’|

59.5 28.8 81
SABP

cn El

SV svi HR co c DABP MABP DFR. SVRi
(ml) (ml/m2) (bpm) {1/ min) (1/min/mz) (mmHg) (mmHg) (mmHg) 0 (%) (dyn.s/cm5.m32)

Table view

A:-39137

d(HD-2)/dt

= PEP gl V£ T sl

fatel GRIOGRYBIO ¢ qrRY Ut RNDUC 0
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Af ter signal processingndwpr dpr ihea tndou yseed ree daua)

call B, HDhe heart signals were analyzed beat
met hod of measuring exer ci ab o(hehreopdtyennadnd lcadgss Zhiaes
validated for accuracy, reprodygerbibety and s

it bt Sian
== anatpse

V (ml): 89.3 HR (bpm): 155

e
N AN NSALL

- U
. A J\,_,..‘\_.,.\\.fk,f\m.r\fw .

fllet YXOERYWEI JOYnOc UKOW+ 1J1 HRY JHOq It qtot #1 JIIUIKOL 6

2. 1C@neracontiragtanidt y rleCCGe r(v3er dmeaansdu r4et ni

The dzZ/dt maxi mum rate of change of the i mped
the first mathematical derivative of tHFe i myp
manufacturer, is a representation of the maxi
wekhown palCéme®9ker The dzZ/dt _(max) values were
graphically represented by the software as tr
(Figuhe PhySsiloofRtlwaw e al |l ows manual scrolling

and averages over deanlseec tfeudn cptoirotni oinss . u sTehfi sl eface
sl opes. Attention was -gratieaf acot uaaplp hpga rotgieonntisl itao e
at max exercise, and readings wer4 C&Gonhbiut mevth o
trained to use the software. Average CTi val
(CTi) remd at maxi mum exercise before recovery
from rest to max (CTi _reserve) are analyzed h

YM



Note that the manufacturer chose to display C
rest, rather than with a unit. TICiTattheseshbhd
past clinildasl sexpeargi emea. cti ve value for risk
HFp at i(Mynetrss et @adée ,,alROu® 1. 3. 2. 2.)

Y D 00:01:58 3 Physiolow

Comment

CTI Pre-CR

Start Exercise Recovery Pre

CTi_max Pre

CTi_restPre > = \/\/
CTi_reserve Pre

fadet GRIOBERVODUIOI 6 Vqtot 6 Vs RUNIOE UIORG GI Y2 136130 q toR U109 R

2.1CPx8files during CPET (1st and 2nd s

The maxi mal taceei mpedbhacge wakkej pr mofmpgidt ed as

mat hemati cal derivative over time of tAdti mpe
max by the manuf@®g¢tursera aofepRrysindRItawn of th
during édyts)t.ollekt n(odsvh ap avi€EEh®u bl i et THEL.dAPB&S ar
recorded during each cardiac cycle and graphi «
averaged over 5 s under the name CTi (Fi g.

characterized byf al Ircawped byl ca esalsewedrn iCildr ease
described previously using ot her met hods to
(WarburtonTlee¢e Bhyso&PW&We all ows manuatrendol
curves to evaluate a slope and average over t

sl ope changes and, in particular, the possi bl
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prior to the recovery phase of the exercise t
start of exercise). This change in slope (alt
to exercise of thhy legfetctvieomt rfil ouM g ofvu rdetdi on .
during exercise (slope is zero or close to ze
sl ope), which seems to be a sign scefd deltie gpa orfa
il lustr)ti Dme bred rowa | CTi profile defined a fi
compromi sed CTi profiles defined a second sutl
mi ni mi ze operator bias, thewdTiindempmdnderntd ama

of disagreement, a third operator would inter

Three Characteristic CTi Trend Profiles

Recovery 0

| Exercise startsa \,/\,//\/‘/j\\/\/\'\.,

Contractility Index CTi

W'\d

- \

Vi - e 7N
-

Measurement Number (10 sec average)

Normal Profile

----- Abnormal Profile (compromised)
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2. 1Lef¥d.ventasbeabme@GBreibhdSMudy)

The EDFR is a noninvasive hemodynamic par amet
same as the E/A ratio in Doppler echocardiogr
LV prel ola@G, ItnheSMEDFR eiasr Ityh ef irlatiiwog vogfg atkhcev ¢ Ih@ c
peak veMaoeei)t,y exPressed as a percentage: EDFR
high EDFR (>67%) is wusually associ atSetdarwiitnhg el
There have been no for mal comparative studie
pul monary <capillary wedge pressure), as the a

parameter has been suc ¥ s fsydrpoyknes!It udo readl i mj pre
dialytic patients.

Impedance signals + Abnormalities

ECG

1

.

|

|

1

|
ELEVATED A wava*l

d(HD-Z)/dt

b PEP gLV E Tl

fllet AROYGRIYGHC ! HOY N 10q 6 IJHOE KOs ¢ 2 1JK0¢ UT KO8 105 ¢ 2 1J

Note:-ZJd(HD i

n

the dz/dt signdi™M échmnelregy usi ng
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2. 1Lef6.ventricul ar C& t(edrtlho asdt uadsys)je s s me n

SVRexpressed)insdyrhtestmomt accept &b surrogate f

SVR—=

wher 8PiNgle aAr t 81l ioRidde ssur e (i nCemmHg pl a N d,n GaxBp rPer sess
i n mmHg

It is preferabClestwseadk)d S¥/Ré h¢ whehan SVR to a
body size in the estimation of LV afterHPpad.
patients

CVP is usually measurebllsdfntvaasri e ed ypr doxit mathees |
approximation is considered acceptable at re:
exercise in those patients. HFE olwleo wiencga | pcrud vait ceu

maxi mal exercise by approximating CVP .at rest

At MéBPt was cuaslicnug attheed conventional for mul a
MABP=-1T SAB+T DABP

During maxi mal exercise, we chose to account
time using a formMoa acdheseti bad . a99dbwh&Konger s e

8
SVR_MEBABP_ maxQ °+ 0. )0}1——

Wher e ahRIBB&®r e e xi pnr ersnsHegd

2. PaBient PoTprualiantiinogn sp raontdoc ol s

2. 1P8&8tilent Popul ations
The analyses presented in thisbabedi sl aniec dla

constituted at two distinct cddaart caibaacs erse hwaelriel intc
created for the purposes of this doctoral wor
research i nitiatives conducted at each cent el

aut hocohdargeanal ysis within the framework of
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I n both centers, data coll ecdtiaomdavwad @emdroe me
rehabilitation (CCR) programs integrating cal
sigmoarlphol ogy i mpedalnC@) .caThle oga lalpehgyt i(BM and s
were approvede byr earheh agptphriopsy iaadmmi ttees (CPP/
written informed consent authorizing the wuse
research purposes, in accordance wirtehg utlhaet iDoencs

First Database: L®opol d Bell an Prevention
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The first database was constituted at tHe L®o
Mont, Oise) between March 2019 and March 2020
studies of the thesb8. cénowerc uthieve npdtiiadntdsatva
availability of bota@dahaabi basalioe ER &B ari impoooadt |

hemodynamic measurements.

Eligibility <criteria reflected routine clini
recommendations 1 ssuedCayditdleogSceci ®Ra iFernars- a
compl eted the full CCR program and both CPET
applied in clinical practice for safety reaso

This cohort predominantly comprised patients
risk, including individuals with multivessel
(percutaneous coronarwanritergr bgpaisengamadtomnggo
patients with <chronic heart failure or pri or
echocardiographic dat a, me a n l eft ventricul a
indi catidogni mamce of preserved systolic founct.
49%), and five had regueettocYEBIi 0Q4@aPhi cFdhlalt a
in 30 patients. Of the 58 -p&iceonrtdsi nignsc | uwdietdh,
excluded due to signal | oss near peak exercis

Second Database: Corentin Celton Hospital
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The second database was constituted at -ltelse Cq
Moul i neaux, Paris area) between June 2017 and
studies of the thesispaThientdatralbiase eidnif biralCIC

of chronic heart failure.

Il nclusion criteria were predefined a85thearn
clinically stabl e, and classified as New Yor
Exclusion criteria wered ydeasidg ndead at ogq uearl 9 urye am
coronary syndr omes, val vul ar di sease requir
hypotension or anemi a, inability to perform e
SM CG ahnsaly

Al | patients underwent a standardized cardiov
function, glycaemia, |ipid profile), resting

| CG. Among the 99 paAthedhtcommligtieealdrnyd isntcd luldes di
26 patients were excluded dué CtGo siimanampsl. et e C

This cohort was |l argely homogeneous and consi
reduced ejection fraction (HFrEF). Among the
LVEF was 28.8 N 8.0%. Onhlayvitrwgo npialtdileyn trse dwecreed
preserved ejection fraction.

Rationale for Group Construction

Together, these two databases provided compl e
SM CGerived hemodynamic responses across dist
focused on a heterogeneawnd paoewsleatviean sd/smior a tc
second and fourth studies examined a more hor
present work to assess botshpddief igee nrdaCall i raziradoas dl c
contiyadcthidliictes within CCR.
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Variable Mean + SD or n (%) Comments
Age (years) 63.8 + 10.9 Combined cohorts (CVD +
CHF)
Sex (male) 117 (90 %) 13 women total (2 in CVD, 11 in
CHF)
BMI (kg-nus) 27.6+4.0 All cohorts
HF (HfrEF £ CAD): 65 % Databases 113 (CVD) and 24
Underlying diagnosis Coronary disease without HF: | (CHF); overlap irischemic HF
35 % cases
Adjusted for overlap between
LVEF (%) 43 £ 10 CVD and CHE
NYHA class 42 (58 %) CHF subgroup only
Hypertension 81 (62 %) All cohorts
Diabetes mellitus 31 (24 %) All cohorts
Dyslipidemia 69 (53 %) All cohorts
Current smoker 17 (13 %) All cohorts
Beta-blockers 74 (57 %) HYMWEWRUW9 é?4A
ACEi/ ARB 66 (51 %) CHF predominant
Statins 72 (55 %) Mostly in CVD cohort

Y q 13 % H0? ¢ ofckGEcld KBEVIOT 10T Rt q RUH g e FOH 2 q W@1éIB2 dJd) & i ¢AGIa HOa i
Gl Bt BUqld [lofdf ¢ il Rt #E6IJGRHIOUDqRYTYN! R 4a0AII HIIUq ¢
q6cUleqecti! IOJ¥HT2t R2IJOGEq6YTaYN! A

2. 1TBai2ni ng Protocol s

The present studies i mplemented standardi zed

with the national recommendati onsSdoir®tc® r Klri an
Cardil@lod@i)e These protocols reflect cont empo
rehabilitation and were designed to bal ance

heterogeneous patient popul ations.

The exercise intervention followed a multidi:
bal ance/ stretching exercises. All sessions we
of a cardiol ogi st . nkndd wrna mc e ytcrl aei reirmgep mea se rp, e rs
for 30 minutes ptea -lBesk i perr ioovde.r BBadhtrseessi on |
mi nut eupwaamui Mfutv@owonol The weekly prdgdamatae t
Int dnint i nNnTu@uNi ng (HMIghT )e nlainelyTv ail ni ng (HI'I T)

Continuous sessions were initial,l yenpsruersicnrgi bae &

wor kl oad aligned with daily functional capaci
YY



HI'Il T sessi onsmichountsei setxeedr coifs eod60% t@sp epdekr,f oirnnteedr s

wi t h-ttohrfeobenut e active recovdrlyl pesriionds ebaesli ovg |

and effective modality in clinically stable c
and following appropriate risk stratification
impr ov e meptesa ki nc oMnpared with MICT, i1its i mpl eme

remains compl ementary rather than exclusive,
mode-ratensity training. I n this context, HIIT
all owing pati ent-isnttemdittne Wattihbuomcbhbimghemi si ng
Exercise intensity was progressively adg¢lwOst ed
watts, gui ded by Borgds pé&r4t)eiard elxiemita aln tse

S

training was perf oromed3O0t hntieneu tteismepse rp esre sved eokn |
c
f

exercises targeting both upper and | ower | i mb
and l exibility training sessions |lasting 30

All training modalities were conducted under

pressure measurement s, and systematic assess
evaluated every two weeksshéomadi onalcltiesicalg, s
progression and progressive overload tailored
Overall, by combining MICT and HIIT within a :
with national recommendati ons, the adopted p

exposure to physiologicaThysmbabindfappriroaehs]
suggesting that both continuous and interval 1

depending on patient profile, clinical stabil

2. Re4d pGCrnisteelStatansdi cal Met hods
2. 1Rdsfdonse Criteria: Definitions, Rat.i

Il n clinical ex &€rCRd s ki mhrygsi ohagy candti-bhbased a
interventions remains a core methodol ogi cal

program evaluati on, adaptive pr ebSrpaaki st iaors,t aam
index with strong prognostic value, the choi c:

across studi es.
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Tradi 60yoenaad Thr eshol ds

The decision to coppedkrganeanteer bhannbteaseait
can be controversial. Some studies have chose
clinically significant andveal 20 .¢| 29213 ;t deag e
However, wusing this criterion, oORtgmpat édofot
using the +5% criterion. Other sitClCRiesssp omasvee (d

et al ., 2022) (T8%vef r@@Boeskesslopdr ai pobar st
5% criterion remains a good compromise: 1t 1is
variability) and is also clinically relevant
approach. It should be noted that inchbamgegs oa
ma x i mal oxygen upéCpkedakr aR2B. %)t eirs CRRngi stent
range of i mprovement observed in comparabl e s
Snoek et al ., 2021).

Hybrid and Composite Criteria

Si ngrliet eri on schemes daspricsalrlegl enaptatacaptsaty
mechani sms (mech@wpOdfg| weftfhi cliitentmictye dorcentr al [

therefore combine central and peripheral mar

composit @56&ndpo6aphesack i@hd%orncrease Ob Wpeakas

i A—slope acknowledging multidi mensional i mprove
Hybrid 1 MET CriteriTbesUsed in the Present

In the final study of this thesis,eOwedkdddpte
muUmi nkkdand/Wpe®R4 W. This integrates aerobic c
recogni zing tfhaitl uoled epratore nh esa rntay 6Gprecarke acshea npgc
| mportantly, a 1 MET increase i nalc2a% dri ed lecstpiia
mortaliayndriesvlen +25% in sever€@€hH&r EFi (Ketegamn

distribution (NR = 41; R = 32) in a physiolog
have been b@pedlk daINRmpsed gke gmii thné& c W imps it ot eArBt Wvi t h
i mpr ovemefnlt sw (rbd diogdt ri buti on, pedal ing effici
Physi ol ogi cal Il nterpretation and Clinical Use

T Centr al R: p @xpael al ke, | 0%Wh,c raenads e s i n
T Peripheral R: i mpr o(ee0 diffineicthha nelampaels ke fcthiamigen
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|l ntegrating
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central/ peripheral

adj ust mer

h e m&dyemsaariicer,es@ir #leC G ) @arCiMy sk dan d

Wpeak refines response phenotyping and guides
N¢ AKEDB2 G G ¢l ! oY nOA 1Dt GY Ut NEHDHORRSG)IY | RR ¢HBE ofel TYR I3 11H0q 6 1J 1O
Study Population | Core Outcome(s| Response Thresho Notes
CVD 3 Threshold exceeds CPET C
Study 1 6COzpeak R= 6i0peakO5% . .
(heterogeneous) (<4%); clinically meaningfu
CHF
Study 2| (predominantly 60Ozpeak R =60:peakd5% Aligned with Study 1
HFrEF)
i Methodological coherence w
Study 3| CVD (abstract) 60Ozpeak R= 6IOpeakO 5% )
Studies d2
R =60peakd3.5 Balanced split: NR = 41; R 1
CHF
i 6(O:peak andVpeak | mL-mint-kgtand/or | 32. Eight would be NR B0
Study 4| (predominantly i} . ]
HFrEF) (hybrid) | WpeakO24 W & 1 alone despite up to +43 W i
MET) Wpeak
Statistical Met hods
0l only believe in staapetirgyphahhy httdocbaoted
Statistical analyses for all/l studies were cor
Team, VU Amsterdam, The Netherl|lSaaddavda®atiilomnec
Prior to inferential testing/Widakt a ensotr, maalnidt yh c
variances was verified using Levenebds test. l

comparisons
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ei

t her

of sk ey ati@peak@dOipeesa kg u bletaveenmabuatuec
YWa mMphietsresSyt uld etnd 1
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To assess the rel atChRHEHTEBIipms$ skeest, wenainh tti vea r G Tait ea r
were conducted. These models were adjusted fo
sex, b@&xmed k NneLVEF, G@@RVYadumnbdteenwoth a signifi
uni variate analyses were retained as covariat

the CTIi respomRati 69 CO®B)hfaddtdBrelal s were compl
associations.

Additionally, the secondEfsetSudegs i (NED) ptoad ad etde rar
significance of the findings, independent of
interpret &@. A)s, sméAd iIBYrfiO(c®. 3 argenoprpmMmaB)di &t veb
unequale var isaomre d®pptaa asnebsettcs menbdowds wer-e apr
Whitney U test for i ndependent samples and S
bet weienmd&xI O debbkt and LVEF.

To control the inflation of Type | error due to multiple hypothesis testing, the Bonferroni correction was
employedn the fourth studyThe conventional significance level (p = 0.05) was adjudteidlibyg it

by the number of independent comparisons (two), thereby establishing a more stringent criterion fo
statistical significance (p = 0.025).

This rigorous statistical approach ensures r
myocardi al contractility and functional perfo

©
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2. THAPTERESULTS OF THE THESI S

This chapter summarizes the findings of four
mechanistic role of tI1h@G,CaRnNn Thoegaestulr eerd, tthhreoyu g
myocardi al contractil e Cplar_froersreamnvcee) amd |iuteqic e
training r esHFpnospeu liant i ®WB .and

2. StludpPradictive Value of Baseline CTi P
Il n 72 patients with stable CVD (mainly CAD),
categorized as AfdremalCRpf S8patir mats wi tOB% nor m:

I 6 O)peakdd with abnor mal CTi . Logi stic regr
(O.pE0. 009). Thusrneappmneseirveidc £tTes hi gher ad
as a practical predictor of CCR success.

2. Sta.dyakidation of CHF Predictive Rol e |
Il n 65 patients Wi%X8H) c%h 7Winti it rMHdEr MAIDEBTEOpremkp on
v6&% with abmRsesmhmavled CAQip.¢ o &NB 06v § A1 %p<0. 01). Logi
regr eR8i 8d8n: Predictive powelr, deickleilnye dd uceo nipoa rlei dn

but r@mai ned independently associated with out

2. Stluu.dMeB8hani stic Evidence of Contractil
I n 58 car di aca gspbhlt@i ecartzss) mp(lmeetaend C ROpPrEETS MoGG .
Of2patients withieadpondheldR. REFO ,NBX .%CTi reserv
NRI12.N23 9% 2»0. 00fR)s highlightétkcensheabitliitey ptec
contractile reserve through training.

2. Stdu.demodynamic Determinants of Respon:
| @ BHFr Rt (e VIESNB.%Rwe de f b8 dnEimi nkd! 6Ope @l ak
d/ Q2 W!Wpe@MET3 R( 4 %3%)a8ndNR( 56)Wwei denit mpi @dedeser v e
( 3N11.v18 .NA .LBni Jorhj,p=0. 0BMIi) , res @5 4@ .N .mltmj,p=0. 004) ,
anHiR_ m@ax2f2.6% 1 N2%Fb@mp=0. 007) .

CTi _rees@moR( 64NB8AUE) an@® WodNIRl 1 BMNR2AUp<0. 001) .
These sruegsqudstts t hat centr al contractile recru
functional i mprovement in HFrEF rehabilitatio
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Response according to Haemodynamic parameters

(-EDFR)-RES

1.0

CTI-RES ***

SVi-RES

= *
HB-RES (-SVRI)-RES

CI-RES *

flilet NkOAKRYOIKOOGT YqonY! toc ¢ Da YT 1 Uc G RAIOACT ¢ lqlll i

RES Rese&asWVWseStrokendUekl@®@mxe Car di ac | ndex
SVRiIi Systemic Vasci&ED&ER R&siPsedoad imdex
Noteall axes are nor mad2iSDed around the mea
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N¢ Fosk KDBe2 G G ¢ |[! oY ntaBupsldd KRt IOE g2 T R It

Study | Population Response Criterion CTi related Findings Interpretation
Normal
1 CVvD(n=72 I 60xpeakd5%;85.7% Rvs Baseline CTi predictive of CTi= higher
) 449%NR;OR8.7(p= 0.009) response adaptive
potential
CTi remains
CHF (LVEF , Normal CTi remal
I 6O2peakl5%;78% Rvs ] predictive
2 29%) predictd 60Ozpeak(+ 28+ 30% v o
64%NR;OR3.3 despite diseas
(n=65) s14+ 19%) _
severity
_ I 60Ozpeakd5%;+ 70.22+ 55.38% Myocardial
Cardiagn= . ) . .
3 58) Rvs CTi_reservanprovesn Ronly contractile
I 12.03t 24.926NR (p= 0.007) plasticity
94%R, Central
A HFrEF (n= I 60zpeakd3.5mL-min 1-kg hemodynamic
I 0,
73) and/or O24W (LMET) CTi_reserves93%NR adaptation
(p<0.001) drives outcome
The differences in predictive strength observ

particularly regarding the Glaseramahptedei vat

chapter
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2. THAPTERNALYOGFSTHE TSHBXAISES

2. ®PDiscussion

Drawing on the redsylthiprevrapted imtEClhgapatt ers a
on the mechanibamsednpeediyctmhigolTand iredhadlilmni a:
Across all be@elravedn<LTi SMnd CTi _resiemwva&s ievree

indicators of both training responsiveness an

An i mportant observation across the studies ¢
bet ween cohorts. Il n the CVD popul ation8. Mhla,se
whereas in CHF it rema83néyd. sihgnsfdcaetgénte we
physiological and met hodol ogi cal factors. T h e

patients with a broad rffnrgeemmome agn@ls el 0 nreoft ®@md tr 6

all owieggf@Tititvely di fferentiate those with pr

was more homogeneous, composed | argely of i
chronotropic i mitation, wheFar tchoenrt maarcda ,i | p h a
modul at i onAb(l parkteircsulaaardl YACE i nhi bitors) and au
of CTGQ:raensdponses, even when adaptation occurs
constrained to | ower i ntenedCedaiess despilte nge
i mprovement . Toget her , these el ements explain
highlight that CTi remains valuable precisel

60 peak alone may underesti mat e.

Mechanistic:Ilnterpretation
CTi, reflecting the maxi mal sSNVépeaméhxshessoqua
i notropicnwsasiteelno.n AcrossCTit udises veietplionce me

an3lVi _reserve, confirming thatcCBnhaspedseontr

ThRi-bk saenda If yr SSatrsudd o wédanh 60 e a kido. max c r €-g)s@ idf f

remai ned stabl ei,noptpdi Pplmechgnasmeat radapt ati on.
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Even patients with initially abndonss . v%Q3Fi a

demonstrating true myocardial trainabilinty. T
aphysiological Ssubsfiaate p dcClitf wmsdeinwrga lr erce c obvi e
exericnidsueced myocardi al remodel i ng.

Clinical | mplications

Clinically, CTi profilinglstaant fispuipepdoitRitioenintyr e e

CR@moni tidrriarck i ng functCDinal es@oppgi enadjwisani n
wor kl oads based on hemold@@aim$ cqdmecakso vegen aBac a
with CPET, it irehadsily adeéewhoyxamlterisn

Patients WiTthremesdeVédw standard aerobic and
those with Dblunted r espoinmsteesn stiatyy breengeifmen sf roorm
prior to ful METRcriTher itgthddd/dsoitperdoviimdes a cl i
out ctomreea o b i ateesd | mBome dtrad d upeMEokma( My ea ls. ,

2002) and even more in HFr EF.

2. 80 i taaft itomes St udi es

The studies ippasmwabgde rheaqeameral abdebwohcompl e
abstaoamcd sgener alndCWD oftdv¢ew $ ¢doch éiocna rHFRr EsSFev er al |

must be acknowledged to contextwualize their f
First, the relatively small sample sizes, tho
the generalizability ofasatwel Yyimgli nlgs. gémnmett dle
number of patients eligible for anal ysCKHF was

Stiuveleported a higher -@exal GG 8M rgantad dudsy wifes i P
recordings being dmisgrlaridseed .c oTnhciesr ndsi srcergeapradni cnyg
signal acquisition protocols and emphasizes t

gual i tycoeaeledpaleisleintty a nont@adder |iimplteame mtna tfioan
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Second, a significant gender i mbalance was ob

t wo women were included, OHF édlRoOretl.evEmMiIi swer ef Ip
underrepresent@pRomg rod msvoanedh liinmits ti@eabili
di fferences in hemodynamic adaptation and res

inclusive recruitment Sstrat esgeinessg ti niednuihnhaee gif

responses.

Third, the monocent-mrarcdo miez adfspeciudiveey f raensdl rnio
alidity but simultaneously confers strengt h:

testi-nhgG &Mt a acquisition, and -daerttearpreaat ab

D
=)

hances internal wvalidity.

urt h, heterogeneiftparitn cpataireé iyt pdldanagc idéaoiges
fluenced hemodynamic respolmlsecske Ho wesyrge ¢i foind
ssesses known negatwaese pnescopbetdbodibdteowepd
GQHRet udy and did not appear toresafwoaendnthte

©
® 5 O S5 O

sponse. Nonet hel ess, broader studi es adj us

Fiftéant ppopul ati ons were focused on 6AD Ewi &ahd
mi ni mal representati ;ER( HFp BpR)t.I e@itwserwi prhi orr ee\
hemodynamic responses -lihG HFepcEhWNn oplaotgiye, n tfsu tuusrien g
whet her CTi and its derived indices retain s

popul ati on.

Sixth, while CTi provides a promising surroga

measure of contr actiiallibteyi ta ntdo finkayyl ebhea aigrefel xu eanncpe

afterl oad. CTi i s deriuvme df ifrrsotom dtehrei vimda n mal iozfe
(dz/ dt _max) , a parameter validated in severa
contractility. However, comparisons with echo
to dimdgaesurnggment principles and the | atterds |
Sevent h, parameters used to esti maEer lpytedlioiacd
Filli (EdPFRatwbile reflective of preload trends
as -¢dinastolic vVYRumesedSitmi applryxi mate afterl oact
estimated central vemassvpr ésosodepf €E¥YBuUyenoea
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i nheaeswtmpti ons of vascul ar compliance. Not a

components such as aortic I mpedance.

Eight h, t he graphical classification of CTi
i nterpretati onfsuosfitnwa rtendes PahvyesriaogFilnogw t ool s. Whii
and foundoadge bt aodl €68 cases shdwed hien t@igtrpertos
of whearceh deemed odrbyhviayynall | noperpobesti al for op
The devel opment of automated pattern recogni

enhangt andardi zation and reproducibility, esp:

Nintfhawrt her ' i mitation of t BOyse ako rtkh e smatihne fpu
out come t o charCaCcRt Arl it6e argeks pva ded yt a egar ded as
of gl obal cardiorespiparotgngsthiic neabuandi tcamay
clinically relevant or sensitive marker of ad
progrSamsn@Rird predominantl ynbaseidt yonc anotdiernr lad e
typically induces greater i mprovements in subi
Consequently, functional adapteaatsieosrt sh aanrvel so fcthea
i BOpeadFkr om a cliniceaéefpecspethevent®¥imsity doma
activities, sustained functional aut onomy, an
f or pceetniteerted evaluati oMoaprpdverer masyg paéesent
rehabifiparaicaharly older indivi dbladcskedfidhbDiser a
not consistently reach true maxi mal ef fort d

6Cxpemy underestimate the true physiological

possibility that sommespdbdsedalsOpehls omfi ad:
nevertheless experience clinically meaningful
fully captured in the present analyses.

Al t houg&as VAvail able and discussed as a compl e
outcome in the definition of rehabilitation r
VT, or combining max i mal andOUBY bnmaxi mabvi dda
comprehensive and <clinically grounded assessr

particuiwaonrllyd ipmatnealt popul ati ons.

PP



Finaffdwyt hear | i mitation of the presdemt adtludinad
was identifi ed -lxadea smevtel oyd ,u sa sn go rtihgéi 1ngadibl)yl. ed e s
theslVWwpe approach IS wi del vy a cdceetpetrendi nabh d o nr
cardiopul monary exerci seautteogaitregl, iidtenrtelfiieatao
t h6e#z60C2r el ati onship and i-ebdgeéreverf ovar isalbijleictty
uncertainty.

VTwas not systematically corroborated using cc

(6E/60C2) PETO o bl ood | actate measaledant en UWher

physiological critermiasdlnd g oidfuicpatrinompodfan\YV al
altered ventilatory <control, abnor mal breath
encountered in cardiac rehabilitation popul at

Gi ven tsteatveWddT as a reference for exercise pre
stratification in the present work, i naccur ac
intensity allocation and aslubsadgpénati om$er puei

therefore consider adenuelrtmimoada |lo na p pcroonebci hnitnog \Wh

when feasible, biochemical indices, in darder
based analyses in cardiac rehabilitation rese
Taken together, these |imitations underscore |
i nherent i n CTil Cleo@GICR o Addge sssiangSM hese | i mit
optimization, expandegprocsclperctts ,v ea wtad mataita ro nt a
be essential for the robust integration of th
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2. Per3spectiheesiacf t he

Practical i mplementation of the results in ca

The studies conducted within this dolcG®rand wot
derived CTi in optimizing cardiac rehabilita
reserve through CTi bheael pseppedisheost ha a cdht ggaeindee nagl
CHFpopul ati ons.

To make these results directly applicable, tw

should retain, and what the cardiac patient s

What the Car dRetl amign st Shoul d

1 CTiidentified: A higher or increasing CTi during exercise (CTi_reserve) predicts better
improvements iBOzpeak an&Vwith training.

1 A practical, noinvasive marker: SMG offers reatime evaluation of contractile reserve without
echo orinvasive testing, suitable for repeated use in CR.

1 Individualized prescription: CTi profiling supports tailoring of exercise iritepségerved
CTi reserve ¢ standard aerobic + resistance
intensity, cardiovascufacused sessions.

1 Predictive for follovup: Tracking CTi over time helps evaluate progress and adjust rehabilitation
plans dynamically.

1 Early identification dfiR: Enables timely adjustment of therapy or pharmacologic optimization
before oduring CR.

1 Efficient and scalable: Applicable in daily practice, even in centers without advanced imaging.

Wh at the Cardiac Patient Shoul d Retain

1 Your heart can add@ptand we can measure it. The CTi tells us how strongly your heart contracts
during effort and how it improves with training.
1 Your program can be personalized. The measurements help your team choose the right training

pace and safely increase it as your heart gets stronger.
N MN



1 Progress can be tracked objectively. You and your care team can see if your cardiac reserve
improves over time, not just your symptoms.

T Better results, fewer risks. Knowing your he
training safely, avoid overexertion, and target what really helps your recovery.

1 Less need for complex tests. This method isnwasive, fast, and can be repeated without

discomfort.
| n sunmgariynt e g fl &tG am doCCRIdWirretseent s a practi cal

personal i zkeasephyasn ol olgty al | ows-s cfzimtdsl ¢ i arod etl g
i mproving saf ettyer mprcuwti csamens, faord ChRairife nt s r e C

The following flowchart summarizes a decisiaking model that integrates CTi profiling into CCR

planning:

( Patient referral (CVD/CHF) J
\

Baseline CPET with SM-ICG :
Record CTi Profile
‘( Analyse CTi Profile }
Normal CTi
=> Higher likelihood of AVO2peak AltsrediCompromised C71
= => Lower likelihood of improvement
improvement
Tailor Training : standard EXBCR Tailor Training : cardio-focused, caution
progression, consider pre-CR optimization
[ Execute ExBCR program

Post-CR CPET with SM-ICG W
Evaluate AVO,peak and CTi_reserve J

CTi_reserve improved : CTi_reserve reduced :
=> Likely responder -> Likely non-responder

( Refine Strategy :

Re-assess meds / adjust training
).

fllet QXOORYIOO ¢ qtod NRIOT WARE RYUOq ! WIJIORU K9 9 A
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However, significant barriers to implementatiorremain:

E1RESS TEST

fllect QOKIOGRNIDID | + qUIGRHEIEq! 13t t tONIJt g CO

1) Funding and reimbursement

Economic and policy barriers remain a primar
physiological moniltC&r ihmdg disnr@@QR.| aWhirlye aPMr ov a
|l acks <consistent rei mburtsleenedni taed oS¢ athea,| t K
Terminology (CPT) codes exist but offer minim
one applied in PR China), whereas no dedicat
Wit hout foigmanc¢cioaml ofecdts diagnostic or prognos
|l i kely to remain | imited to research or speci
However, the reimbursement landscape in the United States is slowly evolving. A growing number ¢
healthcare institutions have recognized that unplarndeg 8&hospitalizations for CHF are no longer
rei mbursed under Me di c ar god $rogthm,sresulting In suBstaatidl mi s
financial penalties and increased operating costs for hospitals (Centers for Medicare & Medicaid Servic
2024). Consequently, there is a mounting incentive to implemeftectise strategies capable of
predictig and preventing early readmissions. In this contexfi @atcularly when optimized with
individualized physiological monitofingas gained renewed strategic importance (Anderson & Taylor,

NMO



2014). Technologies such asISM provide realime hemodynamic data that can identify-tgh
patients, guide exercise intensity, and detect early signs of decompensation. Their integration into po
discharge rehabilitation workflows may therefotelmate to improved patient stability and a reduction

in avoidable readmissions, aligning both clinical and economic objectives (Piepoli et al., 2010). As vall
based care models expand and outt@®ed reimbursement systems gain prominence, financial
recgnition for such predictive and preventive interventions is expected to progressively improve in the

coming years.

2) Professional territoriality

Professional territoriality continues to hinder the diffusion of diagnostic innovation in CCR and
cardiology in many cases, particularly concerning the delegation of basic cardiac function assessme
While invasive diagnostics and advanced ultrasaurgdh t | 'y remain within the
invasive modalities such as poiatare ultrasound an@G are often withheld from rehabilitation
physicians and pulmonologists. This reluctance is largely cultural, linked to the historical@fominance
cardiologists in echocardiographic practice. As noted by Narula et al. (2020) in the American Journal
Cardiology, cardiologists have shown hesitation to adopt or delegate such technigceasltologn
disciplines, often due to perceived threatdidgnostic control and professional identity. Similar
protective behaviors have been documented in radiology (Leslie, 2018). In CCR, this dynamic contribut
to the underutilization of simple yet informative diagnostic techniques that could imprag& early
detection and training personalization. In the experience of the author of this thesis, institutional

resistance to decentralizi@gs remains common, despite its simplicity, safety and efficacy.

In practice, such territorial boundaries can delay or limit the integration of simple, safe, and informativ
techniques that would enhance early cardiovascular risk detection and optimize exercise fprescription.
the experience of the author of this thesis, these professional silos are frequently visible in hospita
where departments operate in isolation. Cardiologists are often unaware that pulmonologists alrea
perform exercise hemodynamics withIG®, or tha pediatric cardiology services routinelg
PhysioFlow for congenital or functional evaluations. Even within the same institution -fdnkiteeart

unit may be unaware that another department applies the same technology successfully in its own pati
group. This compartmentalization reflentgatitutional inertia that continues to impede the broader
adoption of scalable, nonwasive hemodynamic monitoring tools that could benefit both clinical and
preventive cardiology

NMTI



3) Shortage of staff and declining motivation

The implementation of individualized CCR strategies also faces workforce challenges. Across Euroj
and North America, many rehabilitation centers report shortages of qualified physiotherapists, exercis
physiologists, and specialized nurses. Increased administrative workload, time pressure, and limif
recognition of rehabilitation outcomes contribute to declining motivation and professional fatigue. The
introduction of novel measurement tools such akC&Mmnay be perceived as additional complexity
rather than as clinical enhancement, unless accompanied by targeted training and streamlined workflo
This situation has been exacerbated by thpg@adémic shift of healthcare resources toward acute care,
often at the expense of chronic prevention and rehabilitation programs (Ambrosetti et al., 2021).

4) Technical and logistical integration challenges

Successful adoption of SBIG also requires integration within existing data ecosystems. In many
centers, exercise testing, ECG telemetry, and CPET results are managed on separate software platfor
with limited interoperability or automated reporting. This fragmentation hampers longitudinal analysis o
hemodynamic trends. Standardized acquisibocpls, unified data formats, and automated signal
quality validation would enhance reproducibility and facilitate implementation across centers
Collaboration with device manufacturers to integratlCGMutputs into stress ECG systems, or
CPET, and ird electronic health records could further streamline usage and facilitate clinical decision
support tools.

5) Regulatorgureaucratiand educational inertia

Despite its clinical potential, 3G remains underrepresented in national guidelines and professional
training curricula. Lack of formal recognition in the European Association of Preventive Cardiology
educational framework and limited regulatory alegiéyding its application in exercise testing slow its
diffusion. Integrating impedargased indices into official CR curricula and establishing certification
pathways for allied professionals would promote safe, standardized utilization. Updatisgmeimhb

and guideline structures to acknowledge hemodynamic parameters like CTi_reserve as legitimate mar}

of cardiac performance could substantially accelerate adoption.
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In summary, the present studies contribute to bridging the gap between physiological understanding a
clinical practice in CCR. By demonstrating that CTi dynamics reflect adaptive cardiac responses
exercise and can predict rehabilitation outcomesyarkissupports the emergence of a physiology
guided, individualized rehabilitation model. Overcoming financial, organizational, and cultural barrier
will be essential to translate these findings into routine care. If implemented within a multidisciplinary
framework that values both precision and accessibildya$&t profiling may become a cornerstone

of nextgeneration cardiac rehabilitaficone that combines mechanistic insight with pragmatic
feasibility

2. Fudure Perspectives aln@G Raersck aCTcih iDn r@eart
Rehabi |l iBepondn and

The integration of SMCG into CCR practice represents a pragmatic step toward individualized
cardiovascular care. Among ENB& beato beat hemodynamic parameters, the @dvides
actionable information on myocardial inotropy during exercise and recovery, complementing volumetri
indices and ventilatory markers. Current evidence in this thesis and in the literature indicd@&that SM
delivers physiologically sensitive, reproducible firevelssuited to serial testing in rehabilitation and
ambulatory contextswhile its portability and affordability align with the scaling needs of diverse health
systemsRecent findings in the pr eslemied@dDranCHEnNder :
cohorts, SMCG derived metrics (CT3V, CI) helped phenotygeversus\R and anticipated gains in
60Ozpeak while clarifying whether central (convective) or peripheral (diffusive) mechanisms dominate
the training response. Thedeservations support a tiered pathway in whichC&Viserves as a

first line, scalable scréepaired with stress EGGo triage who should be escalated to metabolic
CPET or stress echocardiography.

1) Standardization of CTiBased Phenotypes

Despite promising early findings, there is still no consensus on how to categorize patients based on C
profiles. Establishing normative values across age, sex, and pathology (HFrEFGFIDEF,

mul timorbidity) is imperative. I|In this contex

ventilatory threshold(s) ¢ peak ¢ recdwachy) c
as CTiR andNR, or blunted/paradoxical CTi reserve. This may allow clinicians to anticipate patient

responséo training, tailor interventions more precisely, and monitor them with greater reproducibility

across centers.
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2) Longitudinal Studies and Outcome Prediction

Largescale prospective cohorts and registries are needed to validate CTi/CTi_reserve as predictiv
markers of benefit. Embedding seriallGM within multicenter rehabilitation networks would provide
insight into how early CTi dynamics relate to medamah longterm improvements i@ Ozpeak,
rehospitalization, and alluse mortality. In particular, CTi trends over time could serve as early
indicators of insufficient training stimulus or impending clinical decompensation, thereby informing

timely adjustments to therapy.
3) ComparativeEffectiveness Trials

While CTi is associated with physiological and prognostic markers, randomized controlled trials
comparing CTguided versus standard (HR/MJased) rehabilitation strategies remain scarce. Such
studies should assess whether titrating intensity to optimize CTi (or avoid Gff) dields superior
functional gains or fewer adverse outcomes within safe HR/BP limits. Preliminary findings presented b
Pr. Leprétre and colleagues (ESC 2018) suggest that@tioi@based prescriptions (e.g., training at

peak SV power) may enha6Gepeakcompared with hearatebased methods, providing a compelling
rationale for CTguided exercise prescription as a scalablénagimg extension of the ventilatory

threshold paradigm.
4) Mechanistic Studies Linking CTi to Myocardial Adaptation

To support CTi as a marker of cardiac contractile performance, mechanistic studies are warranted th
validate its physiological correlates. PairingC&Mvith strain/strairrate echocardiography, pressure

strain loops, or cardiac MRI tagging during trasd, whera@ppropriate, invasive pressumume

indiceé can test how closely CTi reflects inotropic reserve and myocardial work, and clarify
preload/afterload effects in vivo.

5) Integration into Clinical Decision Support Systems

For CTi to influence care broadly, it should be incorporated intdrieisely, interoperable
decisiorsupport. Algorithms that include CTi/CTi_reserve for individualized training prescriptions,
medication optimization, and folleyg planning integrated within electronic health records with
automated alerts for blunted CTi_redermuld accelerate adoption while reducing operator

dependence.
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6) Applications in Underserved or HighRisk Populations

Given its norninvasive, operatdight, and repeaheasure nature, SMG is well suited to frail older
adults, HFpEF, patients with multiple comorbidities, ancelource settings where access to advanced
imaging is limited. This aligns with international guidance (e.g., WHO PIR) prioritizing scalable,

progressive exercise services with safety monitoring.
7) Pediatric and Congenital Heart Disease

The motiontolerant and repeatable acquisition characteristicsI@GoMake it attractive in pediatric
and congenital cohorts, where acoustic windows may be challenging and repeated imaging burdensol
Formal validation of pediatric CTi reference trajectories across growth and training is a logical next ste

8) Potential Role in Prehabilitation of Surgical Patients

In addition to its applications in cardiac rehabilitationC&Mnay also have a role in the prehabilitation

of surgical patients. Prehabilitation, aimed at improving physiological reserve before surgery, has be
associated with better postoperative outcomes, particularly in major cardiothoracic or abdomina
procediresC P HiTand specifically measures su@Oapeald is widely used to assess baseline fithess
and monitor response farehabilitation. Integrating SMG with CPET could add continuous,

non invasive assessment of myocardial contractility through CTi and provide additional circulatory
insights (SM) &). This may refine preoperative risk stratification by identifying individuals with limited
inotropic or circulatory reserve who may benefit from more tailored conditioning. Moreover, tracking
CTi trends over time might support individualized adjustnoeptshabilitation programs. While the
clinical use of SNCG in this context remains exploratory, randomized evidence shows that multimodal
prehabilitation can improg&;peak and reduce complications (e.g., Minnalla217). Incorporating
SMICG into similar protocols is a logical next step to test whether added hemodynamic data enhanc
program effectiveness and risk prediction.
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9) CVD Management From Late Intervention to Early Detection

flletqxOiEBYEIOIICt 21 RUNKe UT OUT 2 Aec qRUDN

The pandemic of cardiovascular risk fattagtably hypertension, diabetes, obesity, and physical
inactivityi continues to expand across both industrialized and developing nations. Large proportions of
atrisk individuals remain undiagnosed or undertreatddthe downstream burden of CVD exerts
enormous economic pressure on health systems. If current trajectories persist, this burden risks becomi
structurally and financially unsustainable within the coming degadisilarly in the United States,
wherethe prevalence of multimorbidity, combined with escalating treatment costs and workforce
shortages, threatens the loegn viability of existing care models. The background materials
summarizedearlier (e.g., CDC Diabetes/Hypertension statistics; American Diabetes Association
economic analyses; WHO Noommunicable Disease and PIR reports) consistently show that lifestyle
only prevention measures have yielded limited popigatdmmpact (erpt for smoking cessation),

underscoring the urgent needdpstematic casieding and early functional assessment.

However, the prevailing therapeutic model in cardiology remains dominatetHnelaterventions
implantable devices, surgical procedures, arcsigbharmaceuticalshat aim to mitigate established
pathology rather than prevent its progressipopalatiorbased study of 22 million adults in the United
Kingdom demonstrated that, despite two decades of major healthcare investment, cardiovascul:
incidence and survival gains have largely plateaued (Conrad et al., BMJERI352835Such findm

highlight the limited scalability and sustainability of approaches focusestagesmainagement.
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The recent collapse of the French company CARMAT, developer of the Aeson® total artificial heart,
exemplifies this challenge: despite remarkable technological innovation, the high complexity, productic
cost, and limited indications of this device rendieeethodel economically unsustainable (Medscape,
2025). Similarly, Cardiac Resynchronization Therapy (CRT), while transformative for selected patien
with systoliadesynchronydelivers suboptimal reebrld performance, with up to half of recipients
failing to achieve a meaningful hemodynamic or clinical response (Boriani, 2011; Odigwe et al., 202:
These limitations mirror broader trends observed with Left Ventricular Assist Devices (LVADSs), whose
destinatioftherapy costffectiveness ratios range leetw79 000 and 130 000 USD per gizatjtysted

life-yeaii we | | above many h e@apbhytthreshwlgsyScleaffes € al. W2iD25;INeyhed n e
al., 2014). Pharmaceutical innovation has also slowedGwt#éneDirected Medical Therapy

(GDMT) oontinues to improve outcomes, recent drug classes offer only modest incremental benefits
particularly in HFpEF (Sapna, 2023; Yang et al., 2023).

Taken together, these examples illustrate that intensifyingdtjgachnologically complex therapies is
unlikely to reverse the global CVD trajectory. Instead, progress will require detecting cardiovascul:
abnormalities earlierat a stage when theg anore amenable to lifestyle, exercise, or pharmacological

intervention, and before structural damage becomes irreversible.

Yet the standard diagnostic technologies are poorly suited to such eadgpldadgéection. Invasive
hemodynamic measurements (e.g., calieted thermodilution) are inappropriate for screening due to
their procedural risk and cost. Echocardiograptty stress echocardiography, although highly
informative, are operatdependent, timeonsuming, and not readily scalable. Positron Emission
Tomography (PET), while precise, remains expensive and confined to tertiary cen@f Even
testindgi a gold standard for assessing integrated cardiopulmonary perfomalégs@n surrogate
metabolic indicators rather than direct cardiac measures, limiting its specificity and feasibility fo
populationlevel screening. Finally, resting or stress elediogcaphy (ECG), the most common {irst

line test, haswaellocument ed sensitivity | imitations: p o
detecting myocardial ischemia or infarction in the general population (Mendoza, 2017), and up to ong
third of schemic events may present with a normal edlingnostic ECG (Akbar et al., 2024). In certain
conditions such as Left Bundle Branch Block (LBBB3e@Tent analysis becomes unreliable for
detecting ischemia, with sensitivities as londd4 33 (CebalkNaranjo, 2019; Scherbak et al., 2024).
These limitations confirm that traditional technologies, although essential for diagnosis, are not optimize

for scalable, preventive detection.
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By contrast, SNMCG represents a truly scalable -imvasive, and operatmdependent alternative. It
continuously measures central hemodynamic parameters such as stroke volume, cardiac outp
contractility index, and systemic vascular resistanceé amdeduring exercise, providing a direct
physiological window into cardiovascular functiorlC&vican reveal subclinical abnormalities in
cardiac performance before structural disease manifests, offering clinicians a practical means of early
identifcation. Compact, affordable, and easily deployable in both clinical and community settings, it ca
be used alongside stress ECG to triage patients who warrant escalation to echocardiography, CPET,
invasive evaluation. In this tiered modeH@® ensues that specialist resources are focused where
they add the greatest value, while enabling wide, equitable, -efféctiost access to preventive

cardiovascular assessment.

NNN



Concl

Uus I

On

NN=



Reconsidering the Paradigm: Towar d Rae hMuWlitliidiam
Out comes

For several decadé§rpeak has been widely regarded as the cornerstone parameter for evaluating the
effectiveness of comprehensive cardiac rehabilitation (CCR) interventions.-ekdsabigtied
association with lortgrm cardiovascular outcomes, including mortality and itaelzaion, has
justified its use as both a primary endpoint in clinical trials and a reference indicator of patient
improvement. Yet, this traditional emphasi§@peaki and especially on its change with tréining

has increasingly come under scrutiny for its conceptual and methodological limitations.

While6Ozpeak offers a global reflection of aerobic capacity, it primarily reflects integrative pulmonary

gas exchange rather than direct cardiac performance. Parameters derived from cardiopulmonary exert

testing, such as the— slope, have indeed emerged as powerful prognostic markers in chronic heart

failure. However, they remain surrogate indicators, influenced by central, peripheral, and ventilator

factors. The— slope, for example, may reflect abnormalities in vendifetifusion matching or

chemoreceptor sensitivity, but provides only an indirect appraisalesftteftilar function.

Conversely, an exclusive reliance on indices of central furstiabnas stroke volume, cardiac output,

or myocardial contractifityoffers valuable mechanistic insight but does not capture the full
heterogeneity of training responses. A substantial propgrpatients with coronary artery disease or
HFpEF may experience clinically meaningful gains through peripheral adaptations, including enhance
(a0v)}O difference, microvascular remodeling, and muscular efficiency. These improvements may occt
indepexently of central hemodynamic augmentation and therefore remain invisible when outcomes ar:

evaluated through a single physiological lens.

This dichotomy between ventilatogntric and hemodynanrtientric perspectives underscores the need

for a paradigm shift. Rather than privileging one variable as a universal proxy for clinical improvemen
cardiac rehabilitation should embrace a multidioreal functional assessment framework that reflects

the coordinated interplay of cardiac, pulmonary, vascular, and muscular systems. Importantly, th
perspective is now explicitly endorsed by contemporary clinical guidelines. Both the Europefan Society
Cardiology (ESC, 2021) and the American Heart Association / American College of Cardiology
(AHA/ACC, 2019yecommend comprehensive, multidimensional functional evaluation to guide exercise

prescription, risk stratification, and lkbeign management in cardiac rehabilitation.
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Within this framework, the integration of multimodal and sbased technologiesuch as CPET
combined with signatorphology impedance cardiography-S@hi provides an orthogonal and
physiologically complete view of the rehabilitation response. 3¢t pverk demonstrates that the
Contractility Index (CTi) derived from $M5, and particularly its reserve, tends to improve with
training in responders but not in r@sponders. Moreover, the shape and dynamics of the CTi profile
recorded during the eptexercise test exhibit predictive value for subsequent classification as respondel

or nonresponder.

These findings suggest that the contractile response to effort at baseline reflects intrinsic myocardi
adaptability, conditioning the patientds pote
measures such as resting-Mefttricular ejeéion fraction, CTi trajectories capture the functional
responsiveness of the heart to exercise, offering-iavagive means to anticipate rehabilitation
outcomes and support individualized program design.

Each physiological domainvhether cardiac output, stroke volume, contractility, oxygen pulse, or
ventilatory efficien@yshould therefore be interpreted as an independent axis of adaptation rather than
as a substitute for another. The assumption6tBatlone encapsulates cardiac recovery, or that
contractility alone dictates outcome, risks oversimplifying a multidimensional anrspgeifient
process. Recognizing these complementary dimensions is critical for accurately distinguishing respond
from non-responders, tailoring exercise prescriptions to individual pathophysiological profiles, and

identifying latent dysfunctions that remain obscured by univariate models.

From a clinical perspective, moving toward a multidimensional assessment paradigm may enable ear
recognition of maladaptive responses, optimization of training loads, and a more personalized continuu
of care. It reframes cardiac rehabilitation notlgnes an aerobic reconditioning program, but as a

systemdevel intervention integrating hemodynamic, ventilatory, and peripheral dimensions of recovery

in line with current international guideline recommendations.

In conclusion, cardiac rehabilitation is entering a new era in which physiological complexity becomes
strength rather than a limitation. By combining complementary parameters throughsgensor
approaches such as-8b6& and CPET, clinicians and reskars can better capture the true dynamics

of recovery and resilience. The challenge ahe
multiple complementary indicaforigscluding predictive hemodynamic signatures such as CTi
trajectoriel into a coherent, scalable framework that reflecisaddlpatient trajectories and supports

longterm, guidelinaligned management.
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ARTICLE INFO ABSTRACT

Keywords: Exercise Based Cardiac Rehabilitation (EBCR) is highly beneficial to improve the outcome and quality of life of
(‘ardu?r rehabilitation patients suffering from cardiac discases. Most of the time, it increases cardiorespiratory and muscle capacity.
Exercise However, not all patients elicit these benefits because of the high variability in their response to EBCR. In this

g:::::i:::::l‘:ﬁm"m& context, the present study aimed to determine the potential of a specific parameter, the Contractility index (CTi),

I di h to predict the response of cardiac patients to EBCR. This parameter is acquired during the baseline Cardiopul-

mpedance cardiography 3 & x R . S TM

Prediction monary Exercise Test (CPET), using Signal-Morphology based Impedance Cardiography (SM-ICG ™). Methods:
58 cardiac patients (59.7 + 10.2 years old) were retrospectively enrolled in this study and admitted to EBCR, and
57 could be analyzed. Results: The patients were divided into 2 groups based on their CTi response during CPET
(normal versus altered or compromised). After the EBCR program, there was an overall increase in peak oxygen
uptake (VOzpeak) (+13.6 + 22.9 %). EBCR induced a higher VO,peak improvement in patients with normal CTi
response compared to their counterparts with altered or compromised CTi profiles (+24.1 = 21.4 % vs. + 3.36
+19.5 %, p < 0.01) Patients with a normal CTi response during the baseline CPET were more likely to have a
greater than 5% improvement in VOypeak (odds ratio 8.7, p = 0.012) and benefit from EBCR, as compared to the
patients in the altered or compromised CTi group. Conclusion: This study demonstrated the predictive potential
of the CTi profile observed during the baseline CPET to anticipate the response to EBCR in cardiac patients.

1. Introduction according to the authors [4,8,9]. The possible mechanisms explaining

the response or lack of response to EBCR have recently been described,

The benefits of exercise based cardiac rehabilitation (EBCR) are now
well established, both in terms of reducing mortality and rehospitali-
zation rates associated with coronary artery disease [1] or heart failure
[2,3,11]. However, there is a high inter-individual variability in the
degree of response to EBCR. Some patients remain non-responders and
sometimes even see their peak oxygen uptake (VO,peak) decrease
significantly, resulting in a less favorable prognosis [10,12]. A clinically
accepted criterion for determining the response to EBCR is the change in
VOgpeak between cardiopulmonary exercise testing (CPET) performed
before and after EBCR (AVozpeak). The threshold above which a patient
is considered a responder according to the AVO,peak criteria varies

mainly in terms of oxygen diffusion [4], peripheral and ventilatory re-
sponses [5], but also in terms of cardiopulmonary changes assessed by
stress echo in combination with VO, [6], or even hemodynamic changes
measured by signal-morphology impedance cardiography (SM-ICG™)
[71. In this context, it remains difficult to identify parameters that could
be used as a predictive tool to anticipate the response to exercise training
in patients with cardiac disease. This is unfortunate, as they would help
to better target patient populations suitable for EBCR, adapt the exercise
training programme (modalities, duration and/or intensities),improve
short-term outcomes and possibly also long-term patient adherence to
lifestyle changes, which isessential to an overall improvement in
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outcomes [13]. Prediction of training response has been the subject of
numerous studies focusing on central or peripheral physiological pa-
rameters, training modalities, and genetic or medical treatment-related
factors. Despite some interesting results, no study seems to have defin-
itively settled the issue. In particular, it seems that patients with
impaired cardiac function, as evidenced by low maximal values of car-
diac output (Q ¢) or stroke volume (SV), have a higher probability of a
negative response to training, whether on VO,peak or its determinants
[4,14]. Belardinelli et al. identified changes in early left ventricular
filling rate, as measured by radionuclide ventriculography, as a pre-
dictor of changes in VOypeak [15]; one study identified resting systolic
arterial blood pressure as a factor [4], others identified patients’ peak
heart rate (HR) [6]. Chronotropic incompetence may also be a factor,
but has not been confirmed in a more recent study [4,18].

Other studies focused on muscle deconditioning to explain the non-
response [16,17]. The type of training proposed has also been
analyzed [9]. An interesting study mentions left ventricular contractile
reserve measured by stress echo as having some potential predictive
value [6]. The genetic or epigenetic (circulating microRNAs) makeup of
patients may also play an important role [19,20]. These methods,
although sometimes promising in terms of predictive value, often appear
difficult to implement in routine clinical practice because they require
special skills and/or complex equipment and procedures [6,20].
Conversely, hemodynamic responses to exercise can now be assessed
routinely and quite easily in a non-invasive and validated manner using
a technology called Signal-Morphology based Impedance Cardiography
(SM-ICG™). This technology has been used to improve the diagnosis
during exercise testing in coronary artery disease [21,22], pulmonary
hypertension [23] or ventricular dysfunction [24]. A SM-ICG™ specific
parameter is the contractility index (CTi), of which the calculation is
based on the velocity of the blood volume variation during the systole;
reflected by the variations in heart impedance (‘(l,—f). The aim of this study
was to determine the predictive potential of the CTi profile, assessed
during baseline CPET, on the response to cardiac rehabilitation in pa-
tients with cardiac disease.

2. Materials and methods
2.1. Study population

Fifty-eight patients were retrospectively included in this study. They
were referred to the Leopold Bellan Prevention and Rehabilitation
Center (Tracy le Mont, France) for in or out-patient EBCR between
March 2019 and March 2020. All patients provided written informed
consent for data analysis in this retrospective study. The study was
conducted in accordance with the tenets of the Declaration of Helsinki.
The exclusion criteria were not specific to this study and were set in
accordance with the French recommendations for EBCR [31,32]. All of
these patients underwent at least one complete CPET with SM-ICG™
exercise hemodynamics on admission. They also all underwent a CPET
after their EBCR was completed. All patients completed a full rehabili-
tation programme in accordance with the guidelines of the French So-
ciety of Cardiology for cardiac rehabilitation in adults[31,32]. Their
treatments were not modified and no patient underwent a revasculari-
zation procedure during the rehabilitation programme (Table 1). Exer-
cise training was performed once or twice a day, 5 times a week for 4
weeks, for a total of 20 aerobic and 12 resistance sessions. Briefly, the
aerobic exercise sessions consisted of 20-50 min of a continuous cycling
at the first ventilatory threshold (VT1) using a cycloergometer. The
exercise intensity was regularly increased to reach the target heart rate
[33]. Resistance training consisted of 2 sets of 10-15 repetitions of lower
limb exercises (leg press, quadriceps leg extension, and standing calf
raise) and 2 sets of 10-15 repetitions of upper limb exercises (lateral
raise, triceps pushdown, and dumbbell curl), at 30-50 % of 1 repetition
maximum [33]. Patients were considered responders (Resp) to EBCR if
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Table 1
Study population characteristics.
Entire Normal CTi  Altered +
group profile Compromised CTi
(%) profiles
Number (%) 57 (100) 28 (19.1) 29 (50.9)
Sex (Female/Male (%)) 2/55
3.5/ 1/27 (3.6/
96.5) 96.4) 1/28 (3.4/96.6)
Age (years) 59.5 + 584 +
10.3 12.2 61.1 +£8.0
Weight (Kg) 87.4 + 88.7 +
15.2 14.3 85.9 +16.7
Height (cm) 175.1 + 174.6 +
7.9 7.7 175.4 £ 8.3
BMI (kg.m ?) 28.6 +
1.3 291 +£4.2 279 £43
Pathological context
CAD (n (%)) 32 (56.1) 17 (60.7) 15 (51.7)
CHF (n (%)) 5(8.8) 1(3.6) 4(13.8)
Valvular disease (n (%)) 7(12.7) 3(10.7) 4 (13.8)
Risk factors (n (%)) 11 (20.0) 6 (21.4) 5(17.2)
Peripheral Arterial disease
(m (%)) 1(1.8) 1(3.6)
Marfan disease (n (%)) 1(1.8) 1(3.5)
Physiological parameters
Baseline VO2peak 20.3 +
(mL.min “kg 1) 5.7 19.8 £5.4 223 +6.0
Bascline Resting Left 54.56 + 55.83 +
Ventricular Ejection Fraction 10.92 13.01 53.08 + 8.77
(Echo) (%) n=>54 n=29 n=25
Duration of EBCR (weeks) 4.0 4.0 4.0

Legend: CTi: contractility index, BMI: body mass index, CAD: coronary artery
disease, CHF chronic heart failure, VO,peak: peak of oxygen uptake, EBCR:
exercise based cardiac rehabilitation. * Significant difference between Normal
and Altered | Compromised CTi profile groups (p<0.05)

they displayed an increase in VOpeak value equal to or greater than 5
%, or non-responders (N-Resp) if not [18]. This is consistent with the
rest-retest coefficient of variability of VO,peak, which is usually re-
ported to be less than 4 % [34].

2.2. Cardiopulmonary Exercise Test (CPET)

All subjects performed a cardiopulmonary exercise test (CPET) in the
upright position on an electronically braked cycloergometer (ERGOLINE
900, Schiller Medical SAS, Bussy St. Georges, France) in an air-
conditioned room before and after the EBCR program. After 3 min of
rest and 3 min of warm-up at 20 watts, each subject performed a 1-min
incremental exercise test to voluntary exhaustion with a 10-watt work
increment, as previously described [4,33]. Seat and handlebar height
were adjusted for each subject according to personal preference. The
cadence was fixed at 60 rpm and kept constant at all times. Respiratory
Frequency (RF), Tidal Volume (TV), minute ventilation (Vg), VO, and
carbon dioxide production (VCO,) were measured at rest and during
exercise using a fixed gas analyzer (Quark-CPET, Cosmed, Rome, Italy).
The software of the device was set to automatically eliminate ectopic
values and to average the data every 5 s. The values of VOapeak and
Maximal Tolerated Power (MTP) were defined as previously proposed in
the literature [35]. The First Ventilatory Threshold VT1 was determined
as the breakpoint in the curve of the VCO, versus VO, plot (V-slope
method) [33,36].
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2.3. Cardiac hemodynamics during CPET

Qc, SV, and CTi values were determined during CPET by morpho-
logical analysis of the beat-to-beat cardiac impedance signal using an
advanced transthoracic impedance cardiograph, a technology called
SM-ICG™ (PhysioFlow®, PF-05 Labl, Manatec Biomedical, Macheren,
France). The PhysioFlow® software used was version 2.8.0 and the
electrodes were those marketed by the manufacturer (PhysioFlow®
PF50). The patients’ skin was shaved if necessary and prepared with
some Nuprep® abrasive gel (Weaver and Company, Aurora, CO, USA).
The manufacturer’s instructions for use were strictly followed. After
signal processing, which included a sophisticated built-in noise reduc-
tion filter called HD-Z™, the heart signals were analyzed beat by beat
and the results were averaged over 5 s. This method of measuring ex-
ercise hemodynamics has been described previously [37] and has been
validated for accuracy, reproducibility and sensitivity, including at
maximal exercise [23,37-39]. It has been widely used in research on
exercise hemodynamics [40].

2.4. Contractility Index (CTi) Profiles during CPET

The . maximal rate of change of the impedance waveform (%max),

computed as the peak of the first mathematical derivative over time of

the impedance waveform during systole (also called ‘"%7(;2—’ max by the

manufacturer of PhysioFlow®), is a representation of the maximum
ejection flow velocity during systole (4). It is a well-known parameter in
impedance cardiography [41]. The %max values are recorded during
each cardiac cycle and graphically represented by the software in the
form of trend curves averaged over 5 s under the name CTi (Fig. 1). A
normal contractility profile during exercise is characterized by a rapid
increase in CTi followed by a slower increase or plateau. This pattern has
been described previously using other methods to assess myocardial
contractility in healthy subjects [42]. The PhysioFlow® software allows
manual scrolling of portions of these trend curves to evaluate a slope and
average over the selected portion. This function is useful for determining
slope changes and, in particular, the possible CTi slope inversion that
can occur for at least one minute prior to the recovery phase of the
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exercise test (negative slope after the positive slope observed at the start
of exercise). This change in slope (altered CTi profile) appears to be a
sign of an abnormal response to exercise of the ejection flow provided by
left ventricular function. Sometimes the CTi does not increaseduring
exercise (slope is zero or close to zero) or even collapses at the beginning
of exercise (negative slope), which seems to be a sign of deteriorated left
ventricular function (compromised CTi profile) (Fig. 1). The normal CTi
profile defined a first subgroup of patients, whereas the altered and
compromised CTi profiles defined a second subgroup of patients
(abnormal CTi profile). In order to minimize operator bias, the CTi
profiles’ analysis was conducted by two independent operators. In case
of disagreement, a third operator would intervene. Both analyses were
conducted in a blinded manner.

2.5. Statistical analysis

Statistical analyses were performed with JASP (version 0.17.1 for
Apple Silicon, JASP Team, VU Amsterdam, Amsterdam, The
Netherlands). All data are expressed as mean and standard deviation
(+SD). According to the normality of the data evaluated by Shapiro-Wilk
and equality of variance (Levene’s test), independent samples Student ¢
test or Mann-Whitney test was performed to evaluate AVO,peak and
baseline LVEF values between both groups. Associations between CTi
and CPET responses were evaluated using logistic regression, adjusting
for several potential confounders, including duration of EBCR, age,
chronic disease, baseline VOzpeak and LVEF values [40]. The dependent
variable was CTi responses to CPET. Adjusted models (covariates with P
< 0.10) were fitted to estimate the effect of CTi on VOjpeak in all
subjects. The odds ratio (OR) was calculated for the associations [43].
The significance level was set at p-value <0.05 for 95 % confidence
interval.

3. Results
A majority of these patients had a form of coronary artery disease

(CAD) or displayed risk factors for CAD (Table 1). Sometimes the pa-
thology was severe with multiple stenosis and these patients underwent

Contractility index profiles during an incremental exercise test

CTi o Onset of exercise

Altered profile

Compromised profile

Recovery

»

Time

Fig. 1. Different CTi profiles obtained during exercise using the SM-ICG™ technique.
CTi: contractility index. Examples of CTi response of cardiac patients using SM-ICG™ during a CPET. These curves present the kinetics of CTi during exercise. Patients

were classified into 3 categories according to their CTi response to CPET: 1) Normal profile i

haracterized by a rapid increase in CTi at the start of exercise followed

by a plateau or pseudo-plateau, 2) Altered profile corresponds to an increase then a fall in CTi before the end of exercise, and 3) Compromised profile is characterized

by no response or a decrease in CTi during exercise.
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prior revascularization interventions (surgical or stents). The rest of the
group is diverse (CHF, valvular surgery, etc.). 54 of the 58 patients had
their LVEF recently measured by Echo, with an average value close to
54 % for the whole group. Only 7 out of these 54 patients presented with
a mildly reduced ejection fraction (41 to 49 %) and 5 displayed a
reduced ejection fraction (equal to or under 40 %). A post EBCR eval-
uation of LFEF could be performed on 30 of the 54 patients that had a
baseline LVEF measured. All SM-ICG™ recordings were considered
acceptable in terms of signal quality, except one (the signal was lost after
some time, making the hemodynamic trends near maximal exercise
uninterpretable). This left 57 patients for analysis in this study. On
average, the entire group of 57 patients increased their VO,peak (+13.6

+ 22.9 %) and also their MTP (+23.9 + 14.3 %). The two subgroups,
divided according to their CTi profiles, appear homogeneous in terms of
size, demographics, disease, physiological parameters and duration of
the EBCR program (Table 1). The EBCR program induced a higher
VOypeak improvement in patients with normal CTi response compared
to their counterparts with altered or compromised CTi profiles (+24.1

+ 21.4 % vs. +3.36 + 19.5 %, p < 0.001). Incidentally, this result cor-
relates with a higher mean MTP increase in patients with normal
compared to altered or compromised CTi profile groups (+29.7 + 11.7
% vs. +18.1 & 14.3 %, p < 0.001). Logistic regression analysis showed
that patients with a normal exercise CTi profile were 8.7 times more
likely to have a greater than 5 % improvement in VO,peak (odds ratio
8.7, p = 0.012) compared to patients with an altered or compromised
exercise CTi profile (Fig. 2). Neither baseline VOypeak values, age nor
number of EBCR days explained the changes in VO,peak with exercise
training (Fig. 2). Clinically, the 28 patients with normal CTi rarely did
not respond to EBCR (less than 5 % increase in VOzpeak, n = 3), but
mostly responded positively to CR (more than 5 % increase in VOspeak,
n = 25) (Fig. 3). In patients with altered or compromised CTi profiles,
responses to EBCR were mixed. It should be noted that the patients who
lowered their exercise CTi from the onset of exercise (compromised CTI
profile) all experienced a decrease in VOzpeak after EBCR (Fig. 3). Itis to
be noted that there is no statistical relationship between baseline
VO,peak and AVO,peak (Pearson’s r = —0.381, p = 0.005), and none
between baseline resting LVEF and baseline VO,peak (Pearson’s r =
0.406, p = 0.002), AVOzpeak (Pearson’s r= —0.085, p = 0.540), or even
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SR AT
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AVO,peak (%)

Fig. 2. Changes in peak value of oxygen uptake with exercise based cardiac
rehabilitation.

Cli: contractility index, AVO, peak (%): changes in peak of oxygen uptake
expressed in % of baseline value of peak of oxygen uptake. The graph on top
represents the response in AVO, peak (%) for the normal CTi response group (n
= 28). The graph below represents response in AVO, peak (%) for the altrer-
ed-+compromised CTi response group (n = 29).
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exercise CTi profiles (Table 1). Interestingly, there is also no statistical
relationship between the changes in resting LVEF (before and after
ECBR) and AVOzpeak (Pearson’s r = 0.224, p = 0.233).

4. Discussion

The originality of the present study is to determine the predictive
potential of the CTi profile assessed during baseline CPET for the
response to cardiac rehabilitation in patients with cardiac disease. In this
initial evaluation study, the focus was not on a specific pathology or type
of patient, although a clear majority of CAD patients were included.

The decision to consider a rate of increase in VO,peak greater than 5
% as a qualifying response to training can be controversial. Some studies
have chosen higher rates, in the order of +10 %, which may be very
clinically significant and also closer to a statistical median [2,4]. How-
ever, using this criterion, only half of the study population would have
been ‘“responders”, compared to 70 % using the +5 % criterion. Other
studies have defined a + 0 % threshold for a positive EBCR response [8]
(78 % of patients had a positive response to EBCR in this particular
study). We believe that a 5 % criterion remains a good compromise: it is
a “real” improvement (beyond technical and physiological variability)
and is also clinically relevant for these patient groups and not based on a
purely statistical approach. It should be noted that in our group of pa-
tients, the average response in terms of AVOypeak (+13.6 + 22.9 %) is
consistent with the expected range of improvement observed in com-
parable studies (from +8.5 % to +16.0 %) [29,45. ]. According to our
results, a normal CTi profile, reflecting a healthy contractile function of
the heart during exercise, seems to be a favorable predictor for im-
provements in patients’ performance with training. Some patients with
an altered or compromised CTi profile during exercise were responders
and others were not. It is to be noted that the confidence intervals
remain relatively large, highlighting a significant variability in the
response to EBCR in both groups. This observation may be related to the
nature of the myocardial injury, its severity, and its timing before the
patient entered the CR program, which hypothesis would require further
investigations. It is also to be noted that resting LVEF was not signifi-
cantly correlated to these CTi profiles, suggesting again that the hemo-
dynamic response to exercise matters more from a clinical standpoint,
rather than resting evaluations.

Furthermore, it is possible that a very impaired CTi response (i.e., no
increase at all during exercise) could be a negative predictive factor, but
the small number of patients with this profile in this study (n = 7)
precludes a definitive conclusion. It has previously been suggested that
the absence of an increase in contractility during exercise is a sign of
severely impaired cardiac function [30], and therefore a possible severe
limitation to exercise capacity improvement with training. Conversely, a
normal CTi response to exercise could imply that cardiac function is not
a limiting factor for training-induced improvements in all physiological
determinants of exercise capacity. These results and their potential
clinical implications may be viewed by some clinicians as counterintu-
itive: it is often described that EBCR benefits sicker patients more than
those in better health, but our data show that baseline resting LVEF or
even baseline VO,peak is not predictive of AVO,peak (which result is
consistent with the literature). Other clinicians might even find them
potentially counterproductive (if not ethically implemented): pre-
selecting “healthier patients” based on CTi response might very signif-
icantly improve outcomes in the selected population, but then the
therapeutic nature of EBCR might be questioned as a significant number
of patients would be excluded. Further studies could be designed in
order to determine if optimizing pre-EBCR therapeutic strategies would
improve the patients’ exercise CTi pattern and thus potentially qualify
more patients for a successful rehabilitation. Even if in real life patients
have increasingly complex cardiovascular profiles and a higher inci-
dence of comorbidities, further studies could focus on more specific
patient groups, such as heart failure or CAD patients. This could allow a



F. Bour et al.

International Journal of Cardiology 419 (2025) 132670

120,00
@ w0571
< 100,00
©
Y
Q
o
o
> 80,00
d)
£
=
2
& 6000
8 48,83
: 2 Qe
©
£ 900 3743
: R
[ '’
o 55 23,60
20,00 :
g 18,23
o 14,76 1264
) 11,07 ;
2 S e —— g —— [ —
T 000 3,41 -1,00
z 2,40
© @ o3
3 ' -11,68
c
£ 20,0 21,82
3 25,23
o0
c
2
O -40,00
[
60,00

Normal CTi profile

Fig. 3. Individual responses to cardiac rchabilitation.

Altered or compromised CTi profile

CTi: contractility index, AVO, peak (%): changes in peak of oxygen uptake expressed in % of baseline value of peak of oxygen uptake. Each point and square
represent a patient (n = 57). The dotted line represents the response threshold line (AVO, peak = 5 %). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

more detailed analysis of the predictive power of CTi profiles according
to specific pathologies. The predictive power could also be improved by
combining the CTi profile criteria with other metrics from the VO, test
or even cardiac ultrasound (e.g., LVEF). But it is to be noted again that
baseline resting LVEF alone displayed no predictive value for the
outcome of EBCR in this study.

4.1. Study limitations

The present study presented a certain number of limitations. Firstly,
the relatively small sample size that could be analyzed, even if the dif-
ferences are statistically significant and despite the small number of
patients excluded from the study. Unfortunately, only two women were
included in this study, which reflects the patient mix in this rehabilita-
tion center at the time of data collection and also the general under-
representation of women in EBCR [45]. Secondly, the relative
heterogeneity of the population studied could be questioned. However,
the diversity of pathologies, drug treatments and even the (limited)
individualization of training protocols did not seem to be a limitation of
this study, which reinforces its interest. Thirdly, the monocentric nature
of this study could be discussed, but it ensures homogeneity in the
protocols and in the interpretation of the exercise tests, and also in the
supervision of the training protocol. The nature of the parameter used,
CTi (or ‘fi—f max) could also be discussed. It is undoubtedly related to
cardiac contractility, but not a direct measure of this contractility.
However, %max, which is closely related to %max, has been successfully
studied previously using different sensors, most of the time invasive
[27,28]. CTiremains a parameter specific to the SM-ICG™ system that is

difficult to correlate with other technologies, even if it is a strong
contributor to the calculation of SV values and trends, which have been
validated in comparative studies before, and also in application studies
[29,30]. Interestingly, the strong predictive value of more conventional
SM-ICG™ exercise hemodynamic parameters (i.e. Cardiac Index) has
been established independently of other prognostic factors in several
types of heart failure patients [25,26]. Finally, the determination of
slope changes in CTi is purely graphical and relies on the averaging tool
offered by the PhysioFlow® software, which is controlled by the
physician in charge of interpretation (scrolling). An automated slope
analysis could be welcome to limit potential analysis errors, especially
by inexperienced users, and to guarantee reproducibility. However, the
comparison between the expert analysis and the analysis by the team
with no prior exposure to CTi profiles showed that only in 5 cases out of
58 recordings the interpretation could have been clearly different,
leading to a potential reclassification of the CTi profile by the expertin 1
case out of 5 (a borderline case actually). However, these reclassifica-
tions were further analyzed and they did not alter the predictive power
of the CTi profiles. These findings limit the potential for an operator bias.

5. Conclusion

This study highlights the value of adding noninvasive, continuous
exercise hemodynamic measurements to VO, testing in the routine
evaluation of cardiac rehabilitation patients, at least in the initial
assessment CPET. The exercise CTi profiles observed during this baseline
CPET, as measured by SM-ICG™, appear to have a strong predictive
value to anticipate the response to EBCR, confirming the original study






































































































