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ABBREVIATIONS

A (m/s) — late mitral inflow velocity

a’ (m/s) —tissue Doppler mitral annular late diastolic velocity

ACEI — angiotensin-converting enzyme inhibitor

AE — adverse event

ARB — angiotensin receptor blocker

A-V 02 difference — oxygen content between arterial and venous blood
BMI — body mass index

BNP — brain natriuretic peptide

BPM — beats per minute

CCB - calcium channel blockers
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DLCO - diffusing capacity for carbon monoxide

dPAP — diastolic pulmonary artery pressure

E — early mitral inflow velocity

E/A — ratio of early mitral inflow velocity and late mitral inflow velocity

E/e’ — ratio of early mitral inflow velocity and tissue Doppler mitral annular
early diastolic velocity

e’ — tissue Doppler mitral annular early diastolic velocity
ECG — electrocardiogram

EF — ejection fraction

eGFR — estimated glomerular filtration rate

ERS — European Respiratory Society



ESC — European Society of Cardiology

FEV1 — forced expiratory volume in the first second

FU — follow-up

FVC — forced vital capacity

Hb — haemoglobin

HF — heart failure

HFpEF — heart failure with preserved ejection fraction
HFrEF — heart failure with reduced ejection fraction
HIIT — high intensity interval training

HIV — human immunodeficiency virus

HR — heart rate

IpcPH — isolated post-capillary pulmonary hypertension
IVRT (ms) — isovolumetric relaxation time

LAVI (ml/m2) — left atrium volume index

LV — left ventricle

LVEDP - left ventricular end-diastolic pressure
LV-GLS - left ventricle global longitudinal strain
LV-GSR (s-1) — left ventricle global longitudinal strain rate
LVMI — left ventricle mass index

LVVI — left ventricle volume index

MI-ACT — moderate intensity aerobic continuous training
mPAP — mean pulmonary arterial pressure

mPAWP — mean pulmonary arterial wedge pressure
MRA — mineralocorticoid receptor antagonist

MRAP — mean right atrial pressure

PAC — pulmonary arterial compliance

PAH — pulmonary arterial hypertension

PAP — pulmonary arterial pressure
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PAWP — pulmonary arterial wedge pressure
PH — pulmonary hypertension

PH-HFpEF — pulmonary hypertension associated with heart failure with
preserved ejection fraction

PH-LHD — pulmonary hypertension associated with left heart disease
PVR — pulmonary vascular resistance

QOL — quality of life

RA —right atrium

RCT — randomised controlled trial

RHC — right heart catheterization

RV —right ventricle

RV-GLS - right ventricle global longitudinal strain

RV-GSR (s-1) — right ventricle global longitudinal strain rate
s’ — tissue Doppler mitral annular systolic velocity

SGLT2 - sodium-glucose Cotransporter-2

SPAP — systolic pulmonary artery pressure

SV — stroke volume

SVI — stroke volume index

TAPSE - tricuspid annular plane systolic excursion

TLC — total lung capacity

VD/VT — the ratio of the dead space ventilation to tidal volume
VE/VCO2 slope — ventilatory equivalent for carbon dioxide
VOypeak — peak oxygen uptake

WHO — World Health Organization

WU — Wood Units

6MWD — 6-minute walk test distance
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1. INTRODUCTION
1.1. Background
1.1.1. Epidemiology of PH

Pulmonary hypertension (PH) and chronic heart failure (HF) are
severe cardiovascular disorders, both of which are characterised by reduced
physical capacity of the patients, low health-related quality of life, and poor
survival. Even though pulmonary arterial hypertension (PAH) (Group 1 PH,
according to PH clinical classification) is considered an orphan disease, PH,
as a broader syndrome, is frequent, highly heterogeneous, and may
complicate the majority of cardiovascular, respiratory, and systemic diseases
[1, 2]. Present estimates suggest a PH prevalence of about 1% of the global
population, which increases up to 10% in individuals aged over 65 years of
age [1, 3].

PH associated with the left heart disease (PH-LHD) is a growing
health problem with high morbidity and mortality [1, 4, 5]. Among the
various PH groups, PH-LHD represents the most prevalent form and
accounts for 65-80% of all PH cases [1, 3, 6-9]. The estimated prevalence
of PH-LHD varies depending on the methodology of diagnostic testing
(echocardiography or invasive haemodynamics), the definition of PH, the
populations studied, and the type of LHD. In heart failure with reduced
gjection fraction (HFrEF), the occurrence of PH ranges from 40 to 75%, as
assessed by right heart catheterisation (RHC) [10-13]. Most data on the
prevalence of PH in heart failure with preserved ejection fraction (HFpEF)
are based on echocardiographic signs, where the incidence of PH varies
between 36-83% [14, 15]. In an invasive haemodynamic assessment study,
among 618 HFpEF patients, 355 (57.4%) were diagnosed with PH, and 75
(21.1%) of them had combined post- and pre-capillary PH (CpcPH) [13].

Across the spectrum of LHD, the increased pulmonary arterial
pressure (PAP) and pulmonary vascular resistance (PVR) are related to a
higher disease burden and worse outcomes [16-19]. PAP is a marker of the
severity and chronicity of pulmonary venous congestion/hypertension in HF
[14, 20].
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1.1.2. Haemodynamic changes in PAH and PH-LHD

Regardless of the origin, a definite diagnosis of PH can be made
only by right heart catheterisation [1, 6]. Based on the most recent data and
new ESC/ERS guidelines, invasively measured mPAP >20 mmHg is
considered to be abnormal, and the upper limit of normal PVR is 2 Wood
units (WU) [1, 21-23]. The distinction of the two main haemodynamic types
of PH is based on the invasive measurement of the pulmonary arterial wedge
pressure (PAWP). Pre-capillary PH is diagnosed when rest PAWP is <15
mmHg, which is typical for PAH and chronic thromboembolic pulmonary
hypertension (CTEPH), while an increase in PAWP >15 mmHg is
characteristic for post-capillary PH, thereby indicating PH-LHD [1].

In the absence of mitral stenosis, PAWP approximates left
ventricular end-diastolic pressure (LVEDP) [24, 25]. The hallmark of left
HF is an elevation in left-sided filling pressures, which causes symptoms of
dyspnoea [26], impairs exercise capacity [27], and may lead to pulmonary
venous congestion and secondary post-capillary PH (Group 2 PH, according
to PH clinical classification) [14]. Post-capillary PH is subdivided into
isolated post-capillary PH (IpcPH), when PVR is <2 WU, and combined pre-
and post-capillary PH (CpcPH), when PVR is >2 WU [1]. CpcPH is
associated with the major degree of reduced exercise capacity and a
phenotype similar to PAH [28, 29].

1.1.3. Medical treatment of PAH and PH-LHD

The targeted medication therapy for PAH and CTEPH, including
drugs interfering with the endothelin, nitric oxide and prostacyclin pathways,
has progressively evolved in the last decades, with an increasing evidence
for its efficacy [30, 31]. However, these drugs are not recommended for
patients with PH-LHD, as multicentre randomised trials using PAH
medications failed to demonstrate any substantial benefit in PH-LHD, but
raised safety concerns instead [1, 5, 6, 32—35]. Conventional HF treatments
(medical/devices) currently remain the only established therapies for patients
with PH-LHD [1, 6, 36].

HFrEF and HFpEF disorders have some differences in
pathophysiology, clinical characteristics, haemodynamics, cardiopulmonary
interaction, and response to therapy [37-39]. While pharmacological
treatments are well-established in HFrEF, not all of them could be
convincingly proven to be effective in HFpEF [36], with the recent
exception of Sodium-glucose Cotransporter-2 (SGLT2) inhibitors [40, 41].

16



In patients with HFpEF, medication therapy options remain limited — SGLT2
inhibitors, diuretics, and treatment of comorbidities (e.g. arterial
hypertension, obesity, atrial fibrillation) are recommended [36, 40]. At the
same time, most PAH and CTEPH patients, despite modern treatment
options, still suffer from symptoms, reduced exercise capacity, poor health-
related quality of life and disease progression [42]. Therefore, there is a high
need for additional therapeutic strategies in PAH, CTEPH and PH-HFpEF.

Currently, ESC/ERS guidelines suggest complex treatment of PH,
consisting of disease-targeted and supportive medical therapy together with
non-pharmacological general measures [1, 6].

1.1.4. Gaps in knowledge about rehabilitation in PH

In 2015, the ESC/ERS recommendations advised to consider
supervised exercise training as an add-on to the optimal medical therapy in
stable PH patients (Class Ila level B recommendation) [6]. These
recommendations were based on previous observational and single-centre
randomised controlled trials (RCT) which mainly focused on PAH and
CTEPH patients, used different models of exercise training regimens, and
demonstrated physical therapy to be safe and effective on the patient’s
functional capacity and health-related quality of life (QOL) [43-55].
However, a larger sample size, as well as multicentre RCT, was lacking to
show stronger evidence regarding the safety and efficacy of this non-
pharmacological treatment method.

This doctoral thesis presents part of data obtained in the first
multicentre RCT dedicated to PAH and CTEPH exercise training, published
in 2021 [56]. By showing the benefit of the exercise capacity and quality of
life, this recent trial has changed the class of recommendation for supervised
exercise training in patients with PAH to Class | level A in the 2022
ESC/ERS guidelines [1].

The ESC guidelines for the diagnosis and treatment of acute and
chronic HF recommend exercise rehabilitation for all patients who are able
to exercise in order to improve the exercise capacity and QOL, and also to
reduce HF hospitalizations, regardless of the LV ejection fraction (Class |
level A recommendation) [36]. In HF patients with more severe disease,
frailty, multiple comorbidities — which is a typical profile of PH-LHD
patients — a supervised, exercise-based, cardiac rehabilitation programme
should also be considered (Class lla level C recommendation) [36]. These
recommendations are based on the data of properly designed exercise
interventions alone or as a component of comprehensive cardiac
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rehabilitation programs for HF, where an improvement in exercise capacity,
symptoms, health-related QOL, and risk reduction of all-cause and HF
hospitalizations have been consistently demonstrated [57-64]. Although
HFrEF patients were predominant in the largest HF exercise training trials,
several systematic reviews and meta-analyses focused specifically on
HFpEF, and confirmed the positive impact of exercising on functional
capacity in HFpEF, as indicated by the improved peak oxygen uptake
(VO2peak) [58, 65-69] and the 6-minute walk test distance (6MWD) [48,
49]. Moreover, training in HFpEF seemed to be safe [58, 65-68, 70, 71] and
beneficial for health-related QOL [58, 65-69].

There are no evidence-based recommendations for exercise therapy
of PH-LHD. Importantly, an invasive haemodynamic study revealed that
PH-HFpEF patients demonstrate unique haemodynamic limitations during
exercise which constrain aerobic capacity — impaired recruitment of LV
preload due to excessive right heart congestion and blunted right ventricular
(RV) systolic reserve were noticed [72]. These mechanisms are leading to
RV and PA uncoupling with further limitations of exercise capacity and poor
outcome [73]. It is of note that the number of PH-HFpEF patients in
previous HFpEF exercise training trials remains unclear, and none of the
previous studies focused specifically on PH-HFpEF.

Taking into consideration the positive impact of exercise training
both in PAH and HFpEF, a question arises whether exercising could be
beneficial in a particular population of severely ill PH-HFpEF patients. This
hypothesis requires dedicated research since most of the PH training studies
excluded patients with post-capillary PH, while HFpEF trials usually did not
report the presence or absence of PH.

1.1.5. Limited availability of PH rehabilitation programs

Although treatment recommendations advise to incorporate exercise
therapy in the comprehensive care of PH and HF patients, this
recommendation is limited by some gaps in knowledge (the optimal
methodology of rehabilitation, the best intensity and duration of the training)
and practical barriers (lack of experience, reimbursement issues, etc.).
Finding the right balance between the benefit and the risk of PH exercise
therapy is crucially important, as the intensity of the training should be
sufficient to be effective, but there is a concern that the wall shear stress in
the pulmonary vessels, evoked by higher blood flow due to exercise training,
may trigger further pulmonary vascular remodelling and worsen the disease;
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thus, excessive physical activity that leads to distressing symptoms is not
recommended for these patients [36, 74, 75].

A low-intensity exercise training programme for patients with PAH
and CTEPH has been developed and applied in Heidelberg (Germany); in
single centre studies it demonstrated safety and ability to increase health-
related QOL, exercise capacity, lower limb muscle strength and
haemodynamics [43, 47, 53, 54, 76]. However, multicentre interventional
studies to assess the effect of this programme in different countries with
different health care systems have been lacking up to date; and its impact on
patients with PH-HFpEF has never been assessed previously.

Limited availability and underutilisation of exercise training remains
a drawback in many PH, HF, and general cardiology centres. Before this
study, no specialised rehabilitation programme was available for Lithuanian
PH patients, either. The feasibility and the barriers of the development of
this rehabilitation programme at the Pulmonary Hypertension Competence
Centre of Vilnius University Hospital Santaros Klinikos was one of the
research questions of this doctoral thesis.

This doctoral thesis is divided into two parts according to the study
populations. The first part of the research concerns the specialised
rehabilitation programme for pre-capillary PH patients (PAH, CTEPH),
while the second part is dedicated to post-capillary PH patients (PH-HFpEF).

1.2. Hypothesis of the study

A specialised rehabilitation programme as an add-on to medical
therapy is feasible, safe, and effective in stable patients with pre- and post-
capillary pulmonary hypertension.

1.3. Objectives of the study

1) To investigate the safety and efficacy of a specialised rehabilitation
programme for pre-capillary PH patients in a randomised controlled
study (Publications I, I1);

2) To identify the main prerequisites and barriers of the establishment of a
specialised rehabilitation programme for PH patients (Publication 11);

3) To assess the effect of a specialised rehabilitation programme on
pulmonary arterial compliance and cardiac output in patients with pre-
capillary PH (Publication 11);
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4) To perform a systematic review of the effects of exercise training and
physiotherapy on cardiac parameters and pulmonary circulation in
HFpEF patients (Publication 1V);

5) To create a protocol for a multicentre trial of specialised rehabilitation
for post-capillary PH — PH-HFpEF patients.

1.4. Scientific novelty of the study

The data of this doctoral thesis on pre-capillary PH rehabilitation,
generated at Vilnius University, were pooled with the data from ten other PH
centres across ten European countries in the first multicentre and the largest
randomised controlled study. Our results have become the rationale to
upgrade physical activity recommendations for PAH and CTEPH patients in
the most recent 2022 ESC/ERS gquidelines. Moreover, this study has
demonstrated for the first time that an exercise training programme can be
standardised and implemented in different countries with different healthcare
systems.

The prerequisites and the barriers of specialised PH rehabilitation
programme have never been assessed previously. We collected the data
about the organisational aspects, which fills the knowledge gap and
encourages the utilisation of specialised PH rehabilitation in dedicated PH
centres.

The post hoc analysis of prospective randomised controlled trial for the
first time assessed the effect of exercise training on the pulmonary arterial
compliance and the stroke volume in patients with PAH and
persistent/inoperable CTEPH.

To the best of our knowledge, none of the previous PH or HF exercise
training studies have focused specifically on post-capillary PH and namely
on PH-HFpEF patients. In this doctoral study, we were the first to conduct a
systematic literature review of the existing data, thereby assessing the impact
of exercise and physiotherapy in HFpEF trials on the left- and right-sided
cardiac morphological, functional, and pulmonary circulation parameters.

1.5. Statements to be defended in the doctoral thesis

1) As an add-on to medical therapy, a specialised PH rehabilitation
programme in precapillary PH (PAH, CTEPH) patients improves:
a) physical capacity,
b) health-related quality of life,
c) pulmonary arterial compliance and stroke volume.
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2)

3)

4)

As an add-on to medical therapy, a specialised PH rehabilitation
programme in precapillary PH (PAH, CTEPH) patients is safe and
feasible.

Exercise training and/or physiotherapy improves the cardiac
morphological, functional, and pulmonary circulation parameters in
patients diagnosed with HFpEF.

The new study is justified to be designed for assessing the efficacy of a
specialised PH rehabilitation programme in the particular population of
PH-HFpEF patients.
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2. LITERATURE REVIEW
2.1. Physiology of physical exercise

To cope with the increased metabolic needs during physical
exertion, the human body mobilises the heart, lungs, vessels, endothelium,
skeletal muscle, and autonomic nervous system in complex interactions [77,
78]. Exercise capacity is usually quantified by the peak oxygen consumption
(peak VO), achieved during maximal effort exercise. According to the Fick
principle, VO is defined by the product of cardiac output (CO), which
represents O delivery, and the difference in the oxygen content between the
arterial and venous blood (A-V O difference), which indicates the amount
of O, that was actually used by the muscle (VO; = CO x A-V O difference)
[79]. CO depends on the stroke volume (SV) and the heart rate (HR),
whereas A-V O difference is defined by the ability to oxygenate blood in
the lungs, transport O, to the tissues bound to haemoglobin, and then
distribute, extract and utilise O in exercising muscle [80].

Enhanced peripheral O distribution, utilisation and extraction
during exercise plays an important role as a CO reserve [77, 81]. Although
the heart increases the output, this enhanced flow needs to be matched to the
tissues where perfusion is most needed, which is achieved by regional
vasodilation in the skeletal and cardiac muscle and vasoconstriction in such
other regions as the skin, splanchnic beds, and kidneys [77].

2.1.1. Pathophysiology of Exercise Intolerance in PAH

Exercise intolerance in PAH is multifactorial, determined by a
combination of RV dysfunction, chronotropic incompetence, ventilation
disorders, and skeletal muscle dysfunction. The mechanisms of exercise
intolerance in PAH probably also include respiratory muscle weakness,
dynamic hyperinflation and mechanical constraints [82], poor skeletal
muscle and cerebral oxygenation, hyperventilation, and enhanced
sympathetic drive [83-85].

The main consequence of PAH is RV failure. As both ventricles
work together, dilatation and dysfunction of RV affects the geometry,
structure, and function of LV [86], thus contributing to a decreased CO,
especially during exercise [72, 87]. In addition to the increased afterload,
impaired chronotropic response to exercise [88], ventricular—pulmonary
arterial decoupling amplified with exercise [89], desynchrony of RV [90],
and depressed contractile reserve [91, 92] were demonstrated to result in a
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blunted increase of CO during exercise in PAH [93-95]. Moreover, RV
failure causes a complex clinical syndrome affecting multiple organ systems,
including brain, kidneys, liver, the gastrointestinal tract, the skeletal muscle,
as well as the endocrine, immune, and autonomic systems [96].

Impaired ventilation in patients with PAH has multiple origins. A
higher ventilatory response to exercise (VE/VCO: slope) is characteristic to
these patients, and it may be attributed to pulmonary vascular remodelling
leading to an increased physiological dead space (VD/VT) ratio on the
alveolar level [97-99]. Moreover, in addition to frequent hypoxemia (which
increases during exercise [97, 100]) these patients also suffer from
hypocapnia [101, 102].

The maximal voluntary and involuntary strength of the quadriceps
and inspiratory muscles are reduced in PAH patients and closely correlate to
their exercise capacity [103-105]. The underlying cause of the peripheral
muscle weakness is not completely clear, but it may involve atrophy,
sarcomeric dysfunction, fibre type switch, or capillary rarefaction [106].
Endothelial dysfunction that is characteristic of PAH markedly influences
the peripheral endothelium-dependent vascular tone and might adversely
affect O, transportation, which would result in skeletal muscle
microcirculation abnormalities [107, 108].

2.1.2. Pathophysiology of Exercise Intolerance in HFpEF

The mechanisms of the decreased exercise capacity in HFpEF are
not completely understood yet. Healthy adults are capable to increase their
VO, more than 6-fold during exercise by increasing SV, HR, and the
extraction of oxygen from peripheral blood, but patients with HFpEF are
unable to achieve such adaptations [109]. The currently available data
suggests that exercise intolerance in HFpEF is predominantly related to the
failure of the Frank-Starling mechanism (the ability to translate an enhanced
preload to a stronger cardiac ejection) [110-112]. Greater diastolic stiffness
prevents the increase in LV end-diastolic volume which normally
accompanies exercise, and thus the Frank-Starling mechanism is blunted in
patients with HFpEF despite the greater filling pressures [113]. The limited
ability to adjust CO relative to the metabolic needs is thought to be the major
contributor to exercise intolerance in HFpEF patients [109, 111, 114].
Normally, LV relaxation is augmented during exercise to compensate for the
reduction in the filling time in healthy individuals [115]. However, during
exercise in HFpEF patients, augmentation of relaxation velocity fails to
occur: despite the increase of HR and diastolic pressure during exercise, SV
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fails to increase, and, as a result, patients experience dyspnoea and fatigue
[109]. Furthermore, a functional consequence of marked increases in PAWP
and PAP amplifies dyspnoea and contributes to a lower VO_peak [26, 116,
117].

Other cardiovascular limitations, such as the vascular stiffening and
dysfunction, the heart rate and rhythm disorders, the right heart failure, or
the changes of pulmonary circulation and pericardial restraint, also play a
role in the pathophysiology of exercise intolerance in HFpEF [117].

Even though major reasons for exercise intolerance in many patients
with HFpEF seem to be cardiac, non-cardiac factors are also important.
Reduced peripheral oxygen extraction during exercise was observed in
HFpEF patients [81, 118, 119]. Adverse changes in the leg muscle mass and
volume may directly limit the increase of peripheral oxygen extraction
during exercise [120]. It is also likely that common comorbidities associated
with HFpEF, such as pulmonary disease, obesity, and diabetes, may
contribute to exercise intolerance [109].

PH-HFpEF patients differ in haemodynamics and exercise
intolerance compared with HFpEF patients without PH (hon-PH-HFpEF)
[72]. Itis likely that the pathophysiology of the reduced physical capacity in
PH-HFpEF patients includes mechanisms determining exercise intolerance
both in HFpEF and in PAH. A significant impact of pulmonary vascular
disease on the pathophysiology of exercise intolerance in HFpEF was
already proven in [72]. During symptom-limited peak exercise, CpcPH-
HFpEF patients, compared with non-PH-HFpEF and isolated post-capillary
PH, developed more dramatic increases in the right heart filling pressures. In
CpcPH-HFpEF patients, an increased venous return during exercise resulted
in an enhanced ventricular interdependence, which compromised the LV
chamber filling. Together with the reduced RV contractile reserve, this led to
decreases in SV and blunted ability to augment CO with exercise. These
changes in haemodynamics were accompanied by marked limitation in
aerobic capacity [72].

2.2. Review of previous clinical studies on rehabilitation
2.2.1. Previous clinical studies on pre-capillary PH rehabilitation

Previous single-centre clinical trials, mainly focusing on the
rehabilitation of PAH and CTEPH patients, have demonstrated its safety and
effectiveness when using different models of exercise training regimens [43—
53]. Three meta-analyses and a Cochrane Database systematic review
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including heterogeneous training methodologies and different designs of the
trials showed exercise training to be beneficial for pre-capillary PH patients
while revealing an improvement in 6MWD and peak VO, (ml/kg/min) [48,
49, 52, 121].

The ERS statement on exercise training and rehabilitation of patients
with severe chronic PH summed up the findings of studies which enrolled
784 PH patients in total, including 6 single-centre RCT, 3 controlled trials,
10 prospective cohort studies, three case series, two retrospective cohort
studies, four systematic reviews, and three meta-analyses [122]. According
to this statement, training programs have been shown to significantly
improve exercise capacity, muscular function, and the quality of life [122].

Most exercise training trials in PH rehabilitation focused on changes
in exercise capacity. The only prospective RCT examining the effect on
invasively measured haemodynamics at rest and during exercise revealed
positive results: a significant increase in the cardiac index (+9.3% versus
—6.5%; p<0.001), a decrease in the mean PAP (=7.3% versus +16.1%;
p=0.007) and PVR (—19.3% versus +34.5%; p<0.001) at rest, and a
significant increase in the cardiac index during maximal exercise (+19.5%
versus —4.3%; p=0.002) in the training group, compared with the control
group [51]. Interestingly, echocardiography showed no significant
differences in the right heart areas and systolic PAP between the groups in
this study [51]. Nevertheless, meta-analysis of seven PH rehabilitation
studies showed exercise training to be associated with a decrease in systolic
PAP (assessed invasively in exclusively one study) at rest from the baseline
to the follow-up (—3.7 mmHg; 95% CI —5.4 to —1.9) [48].

Only a few adverse events (<5%) were reported with regards to
exercise training in PH. As summarised in the ERS statement, out of 674
exercise-trained PH patients, adverse events were reported in 64 (9.5%), the
most common of which were dizziness, desaturation, respiratory infections,
and arrhythmia [122]. Exercise-related complications seemed to be more
frequent in outpatient settings compared to inpatient settings (5.8% versus
4.3%) [104, 122-125]. Paroxysmal supraventricular arrhythmia, syncope,
and pre-syncope during or shortly after workout were reported in <1% of all
patients, and clinical worsening of HF was not observed in any study during
exercise training [122]. The low incidence of adverse events in PH
rehabilitation studies can be explained by the many precautions taken to
ensure an optimal safety profile. Careful patient selection, appropriate
settings, well-prepared multidisciplinary teams consisting of experienced PH
and rehabilitation specialists, individualised exercise training protocols and
close monitoring ensure a good safety profile in PH rehabilitation [122].
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Previous studies of pre-capillary PH rehabilitation were single-
centre; hence, multicentre RCT with a larger sample size was lacking so that
to provide stronger evidence on the safety and efficacy of this treatment
method.

2.2.2. Previous clinical studies of HFpEF rehabilitation

Consistent scientific data show that properly designed exercise
interventions alone or as a component of a comprehensive cardiac
rehabilitation programme for HF, improved patient’s exercise capacity,
symptoms, and health-related QOL reduced the risk of all-cause and HF
hospitalizations [68, 126, 127]. Exercise-based cardiac rehabilitation is
important in the holistic prevention and management of HFpEF [128, 129].
Exercise interventions for 1224 weeks increased the functional capacity and
quality of life in HFpEF in several single-centre randomised trials [130-
136]. Meta-analyses showed exercise training to be effective in the
improvement of the functional capacity change: a greater improvement in
peak VO, was observed among HFpEF patients undergoing exercise training
vs. the ‘usual’ care [58, 65-69], and 6MWD resulted in a mean difference of
32.1 m (95% CI 17.2 to 47.05; p<0.0001) with exercise vs. control [66, 67].

Training seemed to be beneficial for health-related QOL in HFpEF
patients: the clinically meaningful improvement in The Minnesota Living
with Heart Failure Questionnaire (MLWHF) total score was presented in
the meta-analyses among HFpEF patients undergoing exercise training [58,
65-69].

Systematic reviews and meta-analyses of HFpEF rehabilitation
clinical studies led to a conclusion that training of the patients was safe — no
serious adverse events related to exercise training were registered, although
minor events, including hypoglycaemia, palpitation, dyspnoea, and mild
musculoskeletal discomfort, were reported [58, 65-68, 70, 71].

A limited number of echocardiography measurements were made in
earlier studies, mostly the E/A, E/e’ ratios and E wave deceleration time,
albeit with inconclusive results (Table 1) [58, 65-68].

Up to now, there are no data about the impact of rehabilitation on
the functional capacity of PH-LHD or PH-HFpEF patients — none of the
trials focused specifically on these patients; also, the presence of PH was not
reported in the published trials, either.
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Table 1. Results from meta-analyses of studies on HFpEF exercise training: changes of left ventricular function and
morphology, comparing exercise training vs. control groups

Parameter Result of meta-analysis with exercise versus control Number of Number of Reference
participants studies
(training/ control) included?
E/e’ -0.9, 95% CI: —3.8 to 2.0, P=0.53*; random effect 102/38 3 [58]
—2.3, 95% CI: —3.44 to —1.19, P<0.0001"; fixed effect 85/60 4 [66]
—2.38, 95% CI: —3.47 to —1.28, P<0.0001", fixed effect 115/89 5 [67]
—1.20, 95% CI: — 4.07 to 1.66, P=0.41%, random effect 132/109 4 [68]
E/A -0.02, 95% CIl: —0.11 to 0.06, P=0.56"; fixed effect 84/45 3 [58]
+0.08, 95% CI: —0.01 to 0.16, P=0.08; fixed effect 82/81 4 [65]
+0.07, 95% CI: 0.02 to 0.12, P=0.005"; fixed effect 56/52 3 [66]
+0.07, 95% CI: 0.02 to 0.12, P=0.006", fixed effect 86/81 4 [67]
+0.03, 95% CI: — 0.02 to 0.08, P=0.27% random effect 128/124 5 [68]
e’ (cm/s) +0.49, 95% CI: — 1.28 to 2.25, P=0.59% random effect 102/79 3 [68]
DecT (ms) +2.92, 95% CI: —18.56 to 24.41, P=0.79%; fixed effect 62/70 3 [65]
—-13.2, 95% CI: —19.8 to —6.5, P=0.0001"; fixed effect 56/52 3 [66, 67]
—2.04, 95% ClI: —26.53 to 22.45, P=0.87% random effect 62/69 3 [68]
LV EDV (ml) +4.5, 95% Cl: —1.8 t0 10.9, P=0.16"; fixed effect 52/24 3 [58]
—0.03, 95% CI: — 0.28 to 0.21, P=0.78"; fixed effect 140/120 4 [68]
LV mass +0.07, 95% CI: — 0.21 to 0.35, P= 0.617; fixed effect 116/90 3 [68]
LV EF (%) +0.02, 95% Cl; —1.6 to 1.7, P=0.98"; fixed effect 96/44 5 [58]
+1.26, 95% CI: —0.13% to 2.66%, P=0.08"; fixed effect 126/111 5 [65]
+0.85, 95% Cl: —0.128 to 1.83, P=0.09%; fixed effect 202/174 7 [68]

*mean difference; #weighted mean difference.

L All meta-analyses included RCTs only, except for Taylor et al. (2012) [58], where data from observational, non-RCTs, and RCTs were

pooled.
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2.3. Mechanisms of improvement in exercise capacity by rehabilitation

The mechanisms underlying the positive impact of exercise training
on the functional capacity of PH and HFpEF patients seem to be complex
and not fully established yet. In HFpEF patients, evidence suggests
improvement in oxidative muscle metabolism and vascular function [137].
Several studies which investigated changes in the cardiac function reported
little to no change in the LV volumes, systolic or diastolic function after
training [64, 131, 132, 135, 138]. Two HFpEF studies demonstrated that
increases in the VO, peak were secondary to the increased oxygen
extraction, with no changes in the peak exercise SV or CO [139, 140], thus
indicating the primary role of peripheral adaptations. Exercise training
provides benefits at the molecular and physiological level while preventing
muscle wasting and reduction in force generation [137].

The currently available data suggest that the exercise training of
PAH patients may improve the function of the heart, lungs, and skeletal
muscles, and can counteract oxidative stress, inflammation, vasoconstriction,
vascular remodelling, and thrombosis [122, 123, 141-143]. Inspiratory
muscle training and endurance exercises are able to reduce the sympathetic
drive, thus potentially leading to an improved cardiac function in HF [142].

In animal PH models, there is some evidence, that exercise training
may affect the pulmonary vasculature, which would result in vascular
reverse remodelling [143]. A significant increase of lung perfusion in 20
human patients with PAH and CTEPH was detected after exercise training in
contrast-enhanced magnetic resonance imaging [144].
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3. PRE-CAPILLARY PH REHABILITATION STUDY
(Publications I, 1, 111)

3.1. Methods of pre-capillary PH study
3.1.1. Ethical approval

This study was conducted following the Declaration of Helsinki, and
the protocol was approved by Vilnius Regional Biomedical Research Ethics
Committee (N0.158200-16-867-381; Nov 08, 2016), according to the
protocol of the European multicentre study Implementation and effect of
exercise and respiratory training on 6-minute walking distance in patients
with severe chronic pulmonary hypertension: a randomized controlled
multicentre trial in European countries. The study was registered in
clinicaltrials.gov under the identifier NCT03345212. All the involved
patients gave their written informed consent before inclusion into the study.

3.1.2. Study design

This PhD study was a part of a prospective randomised controlled
trial in eleven centres, including ten European countries (Austria, Belgium,
Germany, Italy, Lithuania, the Netherlands, Portugal, the UK, Spain, and
Switzerland). The data about the specialised PH rehabilitation program’s
impact on invasively measured parameters (PAC, SV) were generated by
performing post hoc analyses of previous prospective RCT [51].

3.1.3. Study data source

In a multicentre trial (core centre in Heidelberg University, Germany),
the participants were recruited in eleven Pulmonary Hypertension centres
across ten European countries, including the centre of Vilnius University.

Candidate patients from the Vilnius centre were evaluated during
consultations with a cardiologist at the Pulmonary Hypertension
Competence Centre of Vilnius University Hospital Santaros Klinikos. The
diagnosis of PH was established according to the ESC/ERS guidelines [6,
21].

The data for post hoc analyses were extracted from the database of
Heidelberg University.
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3.1.4. Study population

Twenty patients, diagnosed with pre-capillary PH (PAH and
CTEPH), were invited to participate in the rehabilitation study during a 2-
year recruitment period at the centre of Vilnius University (from February
2017 to February 2019). Thirteen of them provided informed consent for
participation and were enrolled in the trial. The eligibility criteria for
participation in the trial are presented in Table 2.

Table 2. Eligibility criteria for

rehabilitation study

participation in pre-capillary PH

INCLUSION CRITERIA

EXCLUSION CRITERIA

1. Female and male patients >18
years
2. WHO functional class 11-1V
3. PH diagnosed by RHC,
showing:

a) mPAP >25 mmHg

b) PVR>3 WU

c) PAWP <15 mmHg

4. Patient is on optimised targeted
PH therapy, stable for >2 months
prior to study enrolment

5. Except for diuretics, medical
treatment should not be expected
to change during the entire 15-
week study period

6. Able to understand and willing
to sign the Informed Consent
Form

1.

10.

11.
12.
13.

PAH associated with:
a) portal hypertension
b) complex congenital heart disease
c) HIV
Patients with pulmonary veno-occlusive
disease
Patients with signs of
decompensation
Active myocarditis, acute coronary
syndrome, exercise-induced ventricular
arrhythmias,  decompensated  heart
failure, active liver disease
Acute respiratory infection
Severe lung disease: FEV1/FVC <0.5
and total lung capacity <70% of the
normal value
Haemoglobin concentration of less than
75% of the lower limit of normal
Systolic blood pressure <85 mmHg
Any change in disease-targeted therapy
within the previous 2 months
Any subject who is scheduled to receive
an investigational drug during this study
Pregnancy
Walking disability
History or suspicion of inability to
cooperate adequately

right heart

Abbreviations: WHO — World Health

Organization; RHC — right heart catheterization;
mPAP — mean pulmonary arterial pressure; PAWP — pulmonary arterial wedge pressure; PVR
— pulmonary vascular resistance; WU — Wood Units; HIV — human immunodeficiency virus.
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A total of 129 pre-capillary PH patients were enrolled in the multicentre
study during a 4-year period (from October 2015 to November 2019).

Forty three pre-capillary PH patients from the prospective RCT who
had complete haemodynamic examinations by right heart catheterization at
baseline and after 15 weeks of follow-up period were included in the post
hoc analysis.

3.1.5. Study randomisation procedure

After giving written informed consent for this study, the patients
were randomly assigned to either a training group or a control group by
using a permuted block randomisation procedure with sealed envelopes,
stratified by each centre. After 15 weeks of the follow-up period, patients of
the control group were offered to take part in the training programme as well
(the waiting-group design).

The patients of the training group stayed in hospital for 10-30 days
of the initial study period and continued exercising at home for a further 11—
12 weeks. The patients of the control group stayed at home with their usual
daily activity.

3.1.6. Description of specialised PH rehabilitation programme

At the Vilnius University centre, the specialised PH rehabilitation
protocol from Heidelberg, as described in [43, 51, 54], was adapted to the
local conditions, including the following characteristics:

1. In-hospital start of the rehabilitation (for 14-21 days), followed by
continuation of exercising at home.
2. The programme consisted of:

a. Interval ergometer training (20 minutes, 5 days a week).

b. Respiratory therapy (30 minutes, 5 days a week).

c. Dumbbell training of single muscle groups (30 minutes, 5 days a

week).

d. Guided walks, mental gait training (individually, at least 2 times

a week).

e. Conventional elements, such as massages, relaxation,

psychological counselling, lectures, and patient education.

The initial training intensity was 40-60% of the peak workload
achieved during the cardiopulmonary exercise test at baseline examination,
and it was gradually increased within the in-hospital period, while aiming to
achieve the maximal workload which was reached during baseline
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assessment (maintaining 60-80% of the peak heart rate and avoiding
desaturation <90%). Oxygen saturation, heart rate, right ventricular function
at rest, and subjective load perception were considered for the establishment
of the initial training intensity and training adjustment.

Training was closely supervised by dedicated physical therapists and
physicians specialised in rehabilitation medicine, as well as by cardiologists
with expertise in PH. Transcutaneous oxygen saturation and heart rate were
monitored continuously throughout the workouts.

Before leaving the hospital, each patient received individualised
written recommendations how to continue exercising at home, including
detailed instructions with pictures for each exercise, recommended heart rate
intervals during workouts, and contacts of a physiotherapist (specifically, the
email address and the phone number).

In the multicentre trial, special effort was undertaken for the
standardisation of the training program. Several meetings of the participating
professionals were organised, and the ‘train the trainer’ principle was
implemented. At least one PH expert and physiotherapist from each centre
visited the PH centre and rehabilitation clinic in Heidelberg, Germany,
where they had the possibility to receive first-hand experience on the set-up
of the clinical examinations, evaluation of the exercise capacity, exercise
training components, training adjustment, and monitoring, in order to
harmonise the procedures across the involved countries as much as possible.

3.1.7. Outcomes

One of the purposes of this doctoral thesis was to assess the
feasibility, safety and effectiveness of specialised exercise training for pre-
capillary PH (PAH and CTEPH) patients.

The primary endpoint of this study was the effect of the specialised
PH rehabilitation programme on the exercise capacity, assessed by the
change in the six-minute walking distance (6MWD) from the baseline to 15
weeks.

Secondary endpoints included:

A. the change from the baseline to 15 weeks after rehabilitation in:
a) the peak oxygen consumption (VO2) based on cardiopulmonary
exercise testing (CPET)
b) the quality of life (by using short form health survey 36, SF-36
questionnaire) [146]
c) calculated invasively measured haemodynamic parameters
(PAC, SV)
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d) safety parameters (adverse events defined according to the
International Conference of Harmonization Good Clinical
Practice were recorded) [147]

B. analysis of the barriers and prerequisites for launching the
specialised PH rehabilitation programme service

3.1.8. Statistical analysis

The efficacy analysis and subject characterisation were performed
by the use of the efficacy dataset including all patients with the baseline and
follow-up assessment of the primary endpoint 6MWD. Data were given as
mean values + standard deviations, as well as the quartiles of the differences.
For the description of the effects, changes in the absolute values were
calculated. Differences between the changes of the intervention and the
control group were calculated and expressed as the ‘control-group corrected
change’. The primary efficacy analysis was performed by a t-test with
unequal variances (Welch tests) of changes between groups. Secondary
endpoints were tested with two-sided Student’s t-tests for unequal variances.
For the analysis of categorical data, the chi-square test was used. No
imputation strategy was implemented for the missing data. Safety was
analysed descriptively. All the tests were two-sided, and p-values <0.05 were
considered statistically significant. The analyses were carried out with IBM
SPSS V25 (IBM Corp., Armonk, NY, USA).

3.2. Results of pre-capillary PH rehabilitation study
3.2.1. Results of pre-capillary PH rehabilitation at Vilnius University

Thirteen patients were enrolled in the study at Vilnius University; 6
of them were randomised to the training group, and 7 to the control group.
After 15 weeks of follow-up, the patients of the control group were offered
to take part in the rehabilitation program, and 3 of them accepted this offer.
Hence, a total of 9 pre-capillary PH (PAH and CTEPH) patients were trained
according to the specialised PH rehabilitation programme at our centre. The
demographics, changes in the functional capacity, and the health-related
quality of life within the 15 weeks of training in these patients are
summarised in Table 3. The 6MWD and SF-36 scores improved in the
majority of the patients. The median improvement on 6MWD was 14.5 m,
whereas the median peak VO, increased by 1.2 mL/kg/min. The median of
the 2 summation scores of SF-36 also advanced: the physical and mental
summary scores improved by 80% and 25%, respectively.
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Table 3. Demographics, changes in functional capacity and quality of life within 15 weeks of training in pre-capillary PH
patients at Vilnius University

PARAMETERS
Patient |Sex | Age | mPAP In- 6MWD 6MWD VO2lkg VO2lkg Physical ~ Physical Mental Mental
No. (mmHg) | hospital | baseline 15 peak peak summary summary | summary summary
rehab. (m) weeks baseline 15 weeks score score 15 score score 15
duration (m) (ml/kg/min)  (ml/kg/min) | baseline*  weeks* baseline* weeks*
(days)
I F 50 75 18 410 410 124 11.9 38.1 30.6 46.9 46.8
1l M 71 41 18 450 wx 17.7 18.7 62.5 78.8 53.8 86.8
11 F 31 60 14 595 575 18.9 15.7 26.3 45.8 30.0 49.0
v F 54 64 14 420 480 12.0 14.0 50.6 72.5 83.8 84.0
V F 42 78 20 446 470 12.0 14.0 28.8 76.9 42.0 77.3
VI M 26 27 14 570 650 18.7 20.0 86.9 71.9 82.1 67.6
VII M 75 65 20 420 400 12.3 14.0 43.1 68.8 55.8 65.6
VIII F 55 53 18 535 530 13.6 14.8 33.1 60.0 84.4 86.6
IX F 58 56 18 390 440 12.3 13.7 23.8 33.1 48.2 49.2

Reprinted with permission from S. Karger AG, Basel (Publication I1).
Abbreviations: F — female; M — male; mPAP — mean pulmonary arterial pressure; 6MWD — 6-min walk test distance; VO, - oxygen uptake.

* Evaluated by the SF-36 questionnaire, a higher score indicating a better quality of life. ** The patient did not perform 6 MWTD 15 weeks
after rehabilitation (severe gout pain).
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3.2.2. Qualitative analysis of Vilnius University experience

Qualitative analysis of Vilnius University experience revealed 9
essential steps in establishing a specialised PH rehabilitation (Figure 1) and
identified the main prerequisites and barriers for the set-up of such a kind of
the programme (Table 4).

The preparation phase took about 14 months. The implementing and
running of this programme required dedicated rehabilitation specialists to
join, thus our regular multidisciplinary PH team was expanded by 2 qualified
rehabilitation physicians, 3 physiotherapists, 1 occupational therapist, and 1
psychologist. Moreover, the involved healthcare professionals needed to
gain special knowledge on exercise training in severely compromised
patients — our cardiologists who were specialised in PAH/PH, together with
rehabilitation physicians and physiotherapists, visited the Thoraxklinik at
Heidelberg University Hospital and Rehabilitation Clinic Konigstuhl
(Germany), where they learned the methods, protocols, and components of
the well-established exercise and respiratory training programme. In our
rehabilitation clinic, most of the necessary equipment was already in place.
For an individual PH patient workout, a cycle ergometer with an interval
training opportunity, a pulse oximeter, and an oxygen tank were provided
additionally.

To make the programme available to the patients, reimbursement
was necessary. Although in-hospital rehabilitation for stable PH patients in
Lithuania is not reimbursed routinely, it was possible due to the positive
attitude of the National Health Insurance Fund (NHIF) to the requests for
individual patients, each on the exceptional basis. The main eligibility
criteria for the patients were their stable clinical status, optimal medical
treatment, and the motivation to undergo the training.
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1. Identification
of eligibility
criteria for PH
rehabilitation

2. Assemblage of
multidisciplinary
team

6. Formal
approval of the
procedure

7. Launch of the
program

5. Solution for
service
reimbursement

3. Knowledge
upgrade for
rehabilitation
specialists

8. Early
assessment of the
efficacy and
safety

4. Acquirement
of necessary
hospital
equipment

9. Critical
analysis of the
first results

Figure 1. Essential steps in establishing a specialised PH rehabilitation
programme at Vilnius University

Reprinted with permission from S. Karger AG, Basel (Publication I).
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Table 4. Prerequisites and barriers for establishment of a specialised PH

rehabilitation programme

PREREQUISITES

\ BARRIERS

PH SPECIALISTS

e Specialised PH centre

e Multidisciplinary team

e Supervision of a more experienced centre in
PH training

e Deficiency of local experience
on PH treatment

REHABILITATION SP

ECIALISTS

e Experienced rehabilitation team

e Special knowledge on exercise training in
severely compromised patients

e Possession of hospital equipment (e.g. cycle
ergometer, weights, pulse oximeter, mobile
oxygen tank)

e Lack of experience for PH
training

e Shortage of necessary
equipment

PATIENTS

e Personal abilities to train — no orthopaedic
or other limitations
o Motivation

e Orthopaedic limitations/
comorbidities of the patient

e L oss of motivation over time
e |nability to continue at home
e Unstable status — worsening

HEALTHCARE SYSTEM

e Availability of disease-targeted medications
e Established rehabilitation clinics/facilities
e Service reimbursement

e Lack of specific treatment

e Absence of rehabilitation
clinics within the healthcare
system

e No or limited reimbursement

Reprinted with permission from S. Karger AG, Basel (Publication I1).

3.2.3. Results of pre-capillary PH rehabil

itation in multicentre setting

In total, 116 patients (58 trained; 58 control) completed the
multicentre study with the baseline and follow-up assessment of the primary

endpoint 6MWD (Figure 2).
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Patients with chronic pulmonary hypertension (n=129)
(84% PAH, 16% CTEPH; 53.7£13.0 years, mPAP 56.5+14.7 mmHg,
CO 5.241.5/min, MWD 441+119 metres)
Randomisation into training (n=68) and control group (n=61)

\

Baseline examination
BMWD, quality of life (SF-36), cardiopulmonary exercise testing

v v
Exercise training group (n=68) Sedentary control group (n=61)
— Inpatient for mean 25 days (95% Cl Usual care, stayed at home ]
17 to 33 days) Daily activity as usual
v v
N=10 did not complete the primary endpoint N=3 did not completethe primary endpoint
Did attend FU but did not perform BMWD (n=3) - Refusedfollow-up (n=2)
Withdrawal due to private reasons (n=1) - Lostto follow-up (n=1)

AE (n=4)
- Pneumonia (n=1)
Decompensated diabetes (n=1)
Ventricular extrasystole (patient wish to
withdraw n=1)
- Chest and gastrointestinal infection (n=1)
Lostto follow-up (n=2)

Efficacy analysis set: n=116 (58 control group vs. 58 training group)
—>  Assessment after 14.4410.3 weeks: MWD, quality of life (SF-36), cardiopulmonary <
exercise testing

Figure 2. Multicentre pre-capillary PH study flow-chart and efficacy
analysis set

Reprinted with permission from Oxford University Press (Publication I).

Abbreviations: 6MWD — 6-min walking distance; AE — adverse event; Cl —
confidence interval; CO — cardiac output; CTEPH — chronic thromboembolic
pulmonary hypertension; FU — follow-up; mPAP — mean pulmonary artery pressure;
PAH — pulmonary arterial hypertension.

The patients of the training group showed a significant improvement
of 6MWD (30.7+£57.9 meters), while 6MWD slightly decreased in the
control group (-3.4+25.9 meters; control-group corrected change 34.1+8.3
meters; p<0.0001, Figure 3).
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Figure 3. Changes of the primary endpoint 6-min walking distance in
multicentre pre-capillary PH rehabilitation study. Patients of the training
group significantly improved in 6MWD compared with the control group by
34.1+8.3m (p < 0.0001).

Reprinted with permission from Oxford University Press (Publication I).

In the cardiopulmonary exercise testing, the peak VO, significantly
improved in the training group (control-group corrected change +0.9+0.3
ml/min/kg; p=0.048; Figure 4).
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8 p=0.048
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1
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change: 0.9£0.5 ml/min/kg
-10
Control group Training group

(n=53) (n=55)

Figure 4. Changes of the peak oxygen consumption in the training group
compared with the control group in multicentre pre-capillary PH
rehabilitation study. VO,/kg body weight significantly improved by 0.9+0.5
mL/min/kg in the training group compared with the control group (p =
0.048).

Reprinted with permission from Oxford University Press (Publication ).

The scores of health-related QOL (mental health) significantly
improved in the training group compared to the control group (control-group
corrected change 7.3+2.5; p=0.004), and trends for better physical (p=0.07)
and social functioning (p=0.09) were also observed, as shown in Figure 5.
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Figure 5. Quality of life (QoL) score (SF-36) changes comparing the
training and control groups in multicentre pre-capillary PH rehabilitation
study. QoL significantly improved in the subscale mental health in the
training group compared with the control group (p=0.004). Two further
subscales were significant in the trend (physical function p=0.07, social
function p=0.09).

Reprinted with permission from Oxford University Press (Publication I).

Safety assessment was performed in 99 patients. In total, 52 adverse
events (AEs) (27 attributed to training group, 25 to control group) were
reported for 21 patients (13 participants of the training group and 8 of the
control group). AEs with a frequency of >5% and serious AEs were
comparable between the groups (Table 5). All serious AEs resulted in
hospitalisations, but none of the AEs or serious AEs were related to the
study intervention.

41



Table 5. Adverse events with occurrence of > 5% and serious adverse events
in multicentre pre-capillary PH rehabilitation study

Group

Control Training Total
Adverse Events (n=47) (n=52) (n=99)
Arrhythmia of any kind 5 3 8
Respiratory infection 3 4 7
Total 8 7 15
Serious adverse events
Diabetes, decompensated 0 1 1
Aedema, generalised 0 1 1
Haemoptysis 1 0 1
Stroke 0 1 1
Total 1 3 4

3.2.4. Results of pre-capillary PH rehabilitation haemodynamic analysis

The data for the post hoc analysis of haemodynamics were extracted
from previous RCT conducted from June 2010 to May 2015 (database of
Heidelberg University) [51]. Post hoc haemodynamic analysis included 43
patients (24 in the training group, and 19 in the control group). Stroke
volume (SV) and pulmonary arterial compliance (PAC) at rest significantly
increased from the baseline to 15 weeks in the training group and was
compared to the control group (Figure 6; Figure 7).
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Median: -6.1(-11.5t0 2.0)
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Figure 6. Change in stroke volume at rest after 15 weeks of the follow-up period in pre-capillary PH rehabilitation study

Reprinted with permission from S. Karger AG, Basel (Publication I11).

Left graph: the abscissa shows baseline SV at rest, whereas the ordinate shows SV at rest after 15 weeks. The solid green
points represent the patients of the training group, and the blue circles represent the patients of the control group.

Right graph: the boxplots on the right side show the distribution of changes between the baseline and the follow-up in the
training and the control group. The changes were different between the training and the control group patients, p<0.001.
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Figure 7. Change in pulmonary artery compliance at rest after 15 weeks of the follow-up period
Reprinted by permission from S. Karger AG, Basel (Publication I11).

Left graph: the abscissa shows baseline PAC at rest, whereas the ordinate shows PAC at rest after 15 weeks. The solid green
points represent the patients of the training group and, while the blue circles represent the patients of the control group.

Right graph: the boxplots on the right side show the distribution of the changes in PAC between the baseline and the follow-
up. The changes are different between the training and the control patients, p=0.004.
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4. POST-CAPILLARY PH REHABILITATION STUDY
(Publication 1V)

First, a systematic literature review on the impact of exercise and
physiotherapy in HFpEF trials on cardiac morphological, functional, and
pulmonary circulation parameters was conducted (Chapter 4.1.).

Primarily, we aimed to assess the effect of rehabilitation on PH-HFpEF
patients, but we did not find any trials focusing specifically on this
population. Our decision was to systematically review HFpEF training trials
identifying whether and how different rehabilitation modalities alter the
parameters of LV and RV diastolic and systolic function (E/e’, LV EF, RV
FAC, TAPSE, TV lateral s, strains), the volumes and dimensions of cardiac
chambers (LAVI, LVMI, SVI, RV diameters, RA area), and the pressures of
PA and RA. We expected this information to be useful in finding the optimal
components of the rehabilitation programme for PH-HFpEF.

Next, the protocol for a prospective multicentre randomised controlled
trial of a specialised rehabilitation programme investigating safety and
efficacy for post-capillary PH (PH-HFpEF) was created, which was based on
the pre-capillary PH rehabilitation experience and literature review (Chapter
4.2.). The pilot phase of the study was initiated at Vilnius University before
the COVID-19 pandemic.

4.1. Systematic literature review of HFpEF rehabilitation studies
4.1.1. Methods
4.1.1.1. Study data source and outcomes

A comprehensive literature search was conducted in Cochrane Library
and MEDLINE/PubMed bibliographic databases. We searched for all types
of trials that evaluated the effects of various types of exercise training and/or
physiotherapy in HFpEF patients (defined as LVEF >45%), including all
papers published from December 1991 till March 2021. The search was
limited to human studies only, adults (>18 years), and the results were
filtered by ‘Clinical Trial’, ‘Meta-Analysis’, and ‘Systematic Review’.
Additionally, for any potentially eligible trials, we manually searched in
clinicaltrials.gov, Google Scholar and the lists of references of the identified
studies.
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The main outcomes of interest were echocardiographic parameters (LV
EF, E/e’, LAVI, LVMI, SVI, RV diameters, RA areca, RV FAC, TAPSE, TV
lateral s’, strains), as well as any reported MRI and invasively assessed
haemodynamic measures.

Each title and abstract was independently evaluated by 2 reviewers,
while following the preferred reporting items for systematic reviews and
meta-analyses (PRISMA) statement [148]. If at least one of the reviewers
considered the trial to be eligible, it was included in the primary analysis.

After the initial review, the full texts of the selected studies were
assessed to verify the eligibility criteria. The same reviewers extracted data
from the relevant articles by using pre-defined extraction forms. The data
source selection process is shown in Figure 8.

Records identified
through database search

(n=1077)
Excluded after title and
> abstract screening
N (n=987)
Articles assessed for
eligibility
(n=90)
Articles found in the
references (n=1) "
y
Articles assessed for
eligibility Rejected articles (n = 50)
(n=91) Reasons for the rejection:

No training (n=7)

Only protocol published (n= 13)
Training of only HFrEF (n = 15)
Overlapping. supplementary
articles. ete. (n= 15)

A 4

A 4
Articles included for
data extraction

(n=41) Articles rejected after data
extraction (n = 23)
Reasons for the rejection:

Conference materials (n = 6)
¥ Systematic review or meta-

" s s nalysis (n =
Articles included in | anab {_ . _
- No imaging assessment (n = 9)
the final review

(n=18)

Figure 8. Flow diagram showing the selection of data source in systematic
literature review
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4.1.1.2. Description of rehabilitation program

Various protocols of exercise training and/or physiotherapy
programs were used in different studies that were included in our systematic
literature review. In all the considered studies, the training programs were
conducted in out-patient settings, and, in most of them (16/18; 89 percent),
the intervention was supervised by healthcare professionals. Eleven
programmes consisted of endurance training alone, four combined endurance
and resistance workouts, two studies applied resistance training, and in one
of them, functional electric stimulation (FES) was added, and, in one trial,
only FES was used.

4.1.2. Results

We extracted the data from nine randomised controlled trials, five
randomised parallel group trials (no control, all patients trained, but different
training protocols were used), and four observational studies (one group, no
control).

Our review included heterogeneous trials with various designs,
populations, methodologies and interventions. Most studies were small in
terms of their sample size — more than 25 patients were trained in only four
of the eighteen trials. All the training programs were conducted in out-
patient settings, and, in sixteen of them, the intervention was supervised by
healthcare professionals. In total, 418 patients (mean age 60.0 to 75.0, 57%
female, training duration 4 to 52 weeks) were trained. The components of
exercise training and/or physiotherapy, together with other characteristics
and results of these studies, are summarised in Table 6.
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Table 6. Summary of articles selected and included in the systematic literature review [149]

Duration

Trained patients

(a?J::L;]%)II’S, of_the Intervention [N;. Mean age, echog?'ijeis:;japhic Significant changes of specific echocardiographic
year) training years; male gender, parameters parameters
(weeks) N (%0)]
Randomised controlled trials (N=9)
Kitzman et Outpatient, supervised N=26; age=706; -
PR male 6 (23.1%) LV EF, E, A, E/A, DecT, No significant changes of the measured
al., 2010 16 endurance training; X . . .
. . 24 patients in the IVRT, LVM, LVV, SV echocardiographic parameters
[132] 60 min. 3 times a week fi .
inal analysis
LE/e’ from 12.8+3.2 to 10.542.5,
. . change -2.3 (-3.0 to -1.6), p<0.001; between groups -
e a2 (4310 21)p< 0001
Edelmann (supplemented with N=44; age=64+8; LV EF, €' (septal), E/e' 1€’ from 5.4+1.2 to 6.3£1.3,
etal., 2011 12 resistance training from male ’20 @5 5%)’ (septal), S/D ratio, LAVI, | change 0.9 (0.6 to 1.1), p<0.001; between groups 1.2
[130] the 5% week); ' LVMI, LVVI (0.8t01.7) p<0.001
40 min. 3 times a Week ILAVI from 27.9£7.6 to 24.3+6.5,
' change -3.7 (-4.9 to -2.4), p<0.001; between groups -
4.0(-59t0-2.2) p<0.001
N=20;
age=62.9+10.2;
Outpatient, supervised, male 22 (71%) 1EF from 56.4 to 57.7, change 1.3% p=0.01
';‘(;ng[iggl]" 26 endurance training; mean age and gender dIEr\n/eiEiyoi/spzylEgelngyzls_l\D/) 1E/A from 0.93 to 1.05, p<0.001
35 min. 3 times aweek | distribution of all of ' |DecT from 236.7 to 222.7, p <0.001
the sample size
(trained + control)
LV EF, E, A, E/A, E/e'
Outpatient, supervised, CaA _ . (undetermined), DecT, s,
g(rﬁazrt[iggl]., 16 endurance training; N;nlj'ee;g((as_gé;f)'& €' (undetermined), SV, 1CO from 5.742.7 to 7.1+3.1, change 1.4, p=0.04;
30 min. 3 times a week ’ CO, LV-GLS, LV-GSR
Haykowsky 17 Outpatient, supervised, N=22; age=70+6; LVV, SV, CO No significant changes of the measured
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etal., 2012
[140]

endurance training;
60 min. 3 times a week

male 4 (18.2%)

echocardiographic parameters

Outpatient
. physiotherapy 1B ara ) E, A, E/A E/e'
A (functional electrical N=15; age=69.4+8.6; (undetermined), DecT, No significant changes of the measured
etal., 2013 6 imulation of th male 6 (40.0%) | hocardi hi
[150] stimulation of the LAV, A pulmonary — A echocardiographic parameters
lower limb muscles); mitral duration
30 min. 5 times a week
. . . N=32; age=70+7,
;nzzrgig et 16 O:rtlzitrlsntt:lestl; gfgi"n's?d' male 9 (28.1%) LV EF, E, A, E/A, DecT, No significant changes of the measured
y - . g, 24 patients in the IVRT, LVV, SV echocardiographic parameters
[64] 60 min. 3 times a week ; .
final analysis
At home, unattended, A _
Palau et al., 12 inspiratory muscle N=14; a?g]-_GS [60- LV EF, €' (septal), E/e' No significant changes of the measured
2014 [151] training; ' (septal), LAVI, LVMI echocardiographic parameters
. . male 7 (50.0%)
20 min. 2 times a day
S
ol 79( 16.1%) After 12 FES: IMT+FES:
' weeks: After 12 After 12 weeks:
Home, unattended, : T
inspiratory muscle FES (baseline): LE/e’ from weeks: No significant
piraory m o> Dasene). 184 [144- | |E/e from changes of the
training; N=15; age=72+9;
20 min. 2 times a day male 6 (40.0%) 28.0] to 205 [12-26.4] measured
' ' 17.2 [12.4- to 15.7 [11.8- | echocardiographic
Palau et al., . E/e' (undetermined), 23.1], 21.8], p=0.001 parameters
2017 [126] 12 Outpatient, IMT + FES LAVI p=0.015 After 24 After 24 weeks®:
physiotherapy (baseline). After 24 weeks?: No significant
(functional electrical N=16; age=73+10; e TS 9
. . weeks?: No significant changes of the
stimulation of the male 8 (50%)
. ) JLAVI changes of the measured
lower limb muscles); from 394 d hocardi hi
45 min. 2 times a week 13 patients in each rom 1 measure echocardiographic
: roun in the final to 3111, echocardiograp parameters
group p=0.008 hic parameters

analysis

Randomised parallel group trials (N=5)
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Yehetal.,

Outpatient and home,
endurance training
compared with Tai Chi
training;

AT:
N=8; age=63+11,
male 4 (50.0%)

LV EF, E/A, E/e'

ATH
|E’ improved
more in AT (from

Tai Chi*:
LA dimensions decreased
more in Tai Chi (from

12 - . (undetermined), 17+4 to 14+4),
2013 [152] Sup_er\nsed 60 min. 2 Tai Chi: LA dimension, LAV 3'8#0'4 to 3.7£0.3) comparing with Tai
times a week + N=8: age=68-11; comparing with AT (from Chi (from 144 to
exercising at home 35 male 4 (50.0%) 3.7+0.3 to 3.8+0.3), p=0.04 13£5), p=0.01
min. 3 times a week
HIIT:
HIT: . . . . MI-ACT:
N=9: age=69.0-6.1: LV EF, I.E’ A, €' (septal), lDlast*ohc dysfunction No significant
. . . E/A, E/e' (septal), DecT, grade* from 2.1£0.3 to
Angadi et Outpatient, supervised, male 8 (88.9%) ] - changes of the
al., 2015 4 endurance training; IVRT,_dlastohc 1.3£0.7, p<0.01 measured
p - - ’ . dysfunction grade?, LE from 0.920.3 to 0.8+0.3, . .
[138] 45 min. 3 times a week MI-ACT: diastolic dvsfuncti _ echocardiographic
N=6; age=71.5+11.7; astolic dysfunction p=0.02 parameters
m’ale 4 (66 70/)' ' | grade distribution?, LAVI 1DecT from 194455 to
7 225440, p=0.02
HIIT: MI-ACT:
N=9; age=69+6.1; HIIT No significant
Outpatient, supervised, male 8 (88.9%) LV EF, LVM, LVMI, : ) changes of the
Angadi et 4 endurance training; SV, SVI, RV-GLS, RV- TRV _C;lLiflO;n 1:%‘532 o measured
al., 2017 45 min. 3 times a week MI-ACT: GSR, LV-GLS, LV-GSR AL P echocardiographic
[127]** N=6; age=71.5+11.7, parameters
male 4 (66.7%)
. . HIIT: LV EF, E, A, ¢ (average),
Outpatient, supervised, A arae ) .
Silveira et endurance training; N%la?é a3g(e3-068$1)0, DEe/ ?T E(ﬁ d(?r\rlweernasgice%s HIT: MI-ACT:
al., 2020 12 38 min. (HIIT), 47 g ! |E/e’ from 13.3£3 to |E/e’ from 14.2+4
[153] min. (MCT) MI-ACT: (EDD, ESD), LAVI, 11,122, p<0.001 0 11.6£3, p<0.001
3 timés aweek N=9; age=60+9; LVM, LVVI, LA T ’ T ’
male 4 (44.4%) diameter, SVI
Outpatient, supervised HIIT:
Mueller et (3 months), then N=58; age=70+7; Ele’ (septal), ¢ (septal) No significant change of the measured
al., 2020 52 continued at home, male 17 (29.3%) pLA\/I ptal). echocardiographic parameters between HIIT, MI-
[154] unattended (for the ACT and the control group®

next 9 months),

MI-ACT:
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endurance training;
38 min. (HIIT), 47 min.
(MCT)
3 times a week

N=58; age=70+8;
male 23 (39.7%)

47 patients in the
HIIT final and 52 in
the MI-ACT final
analysis

Observational trials (N=4)

Smart et al.,
2007 [155]

16

Outpatient, supervised,
endurance training
(supplemented with

resistance training from

the 8™ week);

60 min. 3 times a week

N=18; age=65+5;
male 9 (50.0%)

LVEF,E A, s ¢
(average), E/A, E/e'
(average), DecT, LVV,
LV-GLS, LV-GSR, SV

No significant changes of the measured
echocardiographic parameters

Fujimoto et
al., 2012
[156]

52

Outpatient, supervised,
endurance training;
40 min. 3 times a week

N=7; age=74.9+6;
male 3 (42.9%)

LV EF, E, A, €' (average),
a, E/A, IVRT, LVV,
LVVI

TE/A from 0.75+0.11 to 0.89+0.14, p=0.03

Nolte et al.,
2014
[157]*

24

Outpatient, supervised,
endurance training
(supplemented with

resistance training from

the 5™ week);
30-35 min. 3 times a
week

N=24; age=62+7;
male 15 (62.5%)

LV EF, €' (septal), E/e’
(septal), S/D ratio, LAVI,
LVMI, LVVI

LE/e' from 12.2+3.5 to 10.1£3.0,
change -2.1 (-3.3 to -0.9), p=0.002
1e' from 5.9+1.3 to 6.8+1.4,
change 0.9 (0.4 to 1.4), p=0.001
|LAVI from 30.0+7.9 to 25.148.7,
change -4.9 (-6.7 to -3.2), p<0.001

Fu et al,
2016 [139]

12

Outpatient, supervised,
endurance training;
30 min. 3 times a week

N=30; age=60.5+2.7;
male 20 (66.7%)

LV EF, E/A, Ele' (septal),
LV dimensions (EDD,
ESD)

|E/e' (septal) from 21.042.2 to 16.1+1.8, p <0.05

The data are expressed by number, mean + standard deviation, median [interquartile range].
#p values compare the changes between the groups (changes before and after training in separate groups were not published).
Four grades of diastolic dysfunction were used (0 — no diastolic dysfunction, 1 — abnormal relaxation pattern, 2 — pseudonormal pattern, 3 — restrictive filling

pattern).

2Number of patients in each of the four diastolic dysfunction grades.

SFollow-up was extended to 24 weeks with the aim of exploring the sustainability of the 12-week training results.
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*In this trial, the same patients who had participated in the study of Edelmann et al. (2011) (24) were enrolled. The authors presented the same data of the trained
group changes after 12 weeks of training in both articles, but this article was supplemented with additional data after a longer exercise training period (24 weeks).

**In this study, the same patients who had participated in the study Angadi et al. 2015 (34) where assessed, but different echocardiographic parameters were
measured — secondary analyses to explore the effects of HIIT on the biventricular strain characteristics were carried out.

Abbreviations: A (m/s) — late mitral inflow velocity; a' (m/s) — tissue Doppler mitral annular late diastolic velocity; AT — aerobic training; CO (I/min.) — cardiac
output; DecT (ms) — mitral flow E wave deceleration time; E (m/s) — early mitral inflow velocity; e' (m/s) — tissue Doppler mitral annular early diastolic velocity;
E/A — E and A ratio; EDD (mm) — end diastolic diameter; E/e’ — E and e' ratio; FES — functional electrical stimulation; EF (%) — ejection fraction; ESD (mm) —
end systolic diameter; HIIT — high-intensity interval training; IMT — inspiratory muscle training; IVRT (ms) — isovolumetric relaxation time; LA — left atrium; LA
dimensions (cm) — the measurement was not clearly defined; LAV (ml) — left atrium volume; LAVI (ml/m?) — left atrium volume index; LV — left ventricle; LV-
GLS (%) — left ventricle global longitudinal strain; LV-GSR (s) — left ventricle global longitudinal strain rate; LVM (g) — left ventricle mass; LVMI (g/m?) — left
ventricle mass index; LVV (ml) — left ventricle volume; LVVI (ml/m?) — left ventricle volume index; MI-ACT — moderate-intensity aerobic continuous training;
RV-GLS (%) — right ventricle global longitudinal strain; RV-GSR (s) — right ventricle global longitudinal strain rate; s’(m/s) — tissue Doppler mitral annular
systolic velocity; S/D — pulmonary vein peak systolic velocity and peak diastolic velocity ratio; SV (ml) — stroke volume; SVI (ml/m?) — stroke volume index.
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The quantity of studies assessing specific parameters along with the
number of trained patients is shown in Table 7.

Table 7. Echocardiographic parameters assessed in the selected studies

[149]
Echocardiographic Number of the studies Number of trained
parameter with assessment of patients with assessment
parameter of parameter
LV EF 14 292
E/e' 12 330
E/e' (septal) 6 211
E/e' (average) 2 37
E/e' (undetermined) 4 82
e' 9 261
e' (septal) 5 205
e' (average) 3 44
e' (undetermined) 1 12
LAVI 7 250
E/A 11 210
E 8 144
A 8 144
E wave DecT 8 144
LVMI 4 92
SV 6 113
LVVI 4 87
LV IVRT 4 80
Svi 3 46
LV GLS 3 45
LV GRS 3 45
CO 2 34
LV tissue S vel 2 30
RV GLS 1 15
RV GSR 1 15
Following parameters were NOT assessed in the included studies:
RV diameter, SPAP, TV lateral s’, TAPSE, RV FAC, RA area, RA pressure, [VC
diameters

Abbreviations: A (m/s) — late mitral inflow velocity; a’ (m/s) — tissue Doppler mitral annular
late diastolic velocity; CO (I/min.) — cardiac output; DecT (ms) — mitral flow E wave
deceleration time; E (m/s) — early mitral inflow velocity; e’ (m/s) — tissue Doppler mitral
annular early diastolic velocity; E/A — E and A ratio; E/e' — E and e’ ratio; EF (%) — ejection
fraction; IVRT (ms) — isovolumetric relaxation time; LAVI (ml/m2) — left atrium volume
index; LV — left ventricle; LV-GLS (%) — left ventricle global longitudinal strain; LV-GSR
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(s-1) — left ventricle global longitudinal strain rate; LVMI (g/m2) — left ventricle mass index;
LVVI (ml/m2) — left ventricle volume index; RA — right atrium; RV-GLS (%) — right
ventricle global longitudinal strain; RV-GSR (s-1) — right ventricle global longitudinal strain
rate; s' (m/s) — tissue Doppler mitral annular systolic velocity; SPAP (mmHg) — systolic
pulmonary artery pressure; SV (ml) — stroke volume; SVI (ml/m2) — stroke volume index;
TAPSE (mm) — tricuspid annular plane systolic excursion.

Five of nine RCTs, four of five randomised parallel group trials and
three of four observational trials reported significant changes of different
echocardiographic parameters by training, while the remaining studies
detected no changes in the assessed parameters (Table 6).

Significant reduction of the mitral E/e' ratio after the training was
reported in 5 out of 12 studies, ranging from -1.2 to -4.9; a significant
decrease of LAVI was observed in 3 out of 7 trials, ranging from -3.7 to -8
ml/m?. All but one study showed no significant change of LV EF after the
intervention.

Furthermore, the impact of exercise training on the cardiac output
(CO) was reported with inconsistent results, including an improvement of
CO by 24.5% in one small (n=12), good quality study after 16 weeks of
endurance exercise training [135]. Another moderate quality trial with older
patients (n=22) demonstrated no significant changes of CO after similar
duration endurance exercise training (60 minutes, 3 times a week) [140].

The effect of exercising on the RV function was assessed in one
study [127]. The RV global longitudinal strain and strain rate were measured
before and after 4 weeks of high intensity interval training (HIIT) (n=9) and
moderate intensity aerobic continuous training (MI-ACT) (n=6). The HIIT
group patients demonstrated an increase of the RV global longitudinal strain
by 3% (from -18.4+3.2 to -21.4+1.7), p=0.02. The changes among MI-ACT
group patients were non-significant.

None of the eighteen eligible studies assessed the impact of exercise
rehabilitation on cardiac magnetic resonance imaging parameters.

Invasive haemodynamic measurements were performed only in one
very small (n=7) poor quality study, which revealed that PAWP was
unaffected by exercise training in HFpEF patients (16.1+£5.6 mmHg before
training vs. 15.243.6 mmHg after 12 months of training, p=0.65) [156].
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4.2. Post-capillary PH rehabilitation study
4.2.1. Preparation of the protocol
4.2.1.1. Hypothesis and design

The research question we raised for the trial protocol under
development: exercise training is safe, and it may improve the physical
capacity, the health-related quality of life, the diastolic heart function,
haemodynamics, and biomarkers in patients with PH-HFpEF.

We chose to design a prospective, randomised (1:1 randomisation),
controlled, multicentre trial.

4.2.1.2. Outcomes

The primary endpoint of this study is to determine the effect of
exercise training on the change of physical capacity, as measured by 6MWD
(baseline vs. 15 weeks vs. control group) in the PH-HFpEF population.

The secondary outcome parameters shall include: parameters of
echocardiography, cardiopulmonary exercise testing, World Health
Organization (WHO) functional class, measurement of safety parameters,
health-related QOL assessment (SF-36 questionnaire), anxiety and
depression assessment (HADS scale), right heart catheterisation (RHC) at
rest and during exercise, echocardiography during exercise, and cardiac
magnetic resonance imaging (MRI). Considering that not all participating
centres may have the opportunity to repeatedly perform cardiac MRI,
echocardiography during exercise, and RHC at rest and during exercise, we
decided to make these efficacy parameters optional.

The efficacy parameters in both groups shall be assessed at the
baseline and after 15 weeks. The patients in the training group will
additionally perform the MWD at the end of their in-hospital rehabilitation.

4.2.1.3. Population and sample size

The diagnosis of PH-HFpEF shall be established according to the
ESC/ERS guidelines [5, 6, 21, 36] and shall be confirmed by invasively
measured haemodynamic parameters. By virtue of being the ‘gold standard’
diagnostic tool for both — PH and HFpEF — invasive haemodynamic
assessment shall ensure precise diagnosis of PH-HFpEF. Other eligibility
criteria were selected considering the protocols of the most important pre-
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capillary PH rehabilitation and HFpEF clinical trials [40, 41, 47, 51, 53, 54,
56, 59]; they are presented in Table 8.

In order to estimate the effect of exercise training on 6MWD, 90
patients are expected to be enrolled, who either receive exercise training or
continue their daily lifestyle for 15 weeks. The sample size was calculated
by the G*Power 3.1 program. Based on the previous data and the inclusion
criteria, we expect a clinically significant 6MWD mean increase of 35
metres with a standard deviation of difference of 50 metres. If the true
treatment effect is a difference of at least 35 metres with an equal standard
deviation of the difference of 50 metres, the two-sided Student’s t-test at an
alpha level of 0.05 has a power of 85% if 38 patients for each group are
included. To account for a possible 15% dropout rate, we shall include 45
patients in each group — 90 patients in total.

Table 8. Inclusion and exclusion criteria for participation in post-capillary

PH rehabilitation study

INCLUSION CRITERIA

EXCLUSION CRITERIA

1. Female and male patients >18 years
2. WHO functional class 11-1V

3. Post-capillary PH confirmed by
RHC, showing:
a) mPAP >25mmHg at rest;
b) mPAWP >15mmHg or
LVEDP >16mmHg at rest
and/or PAWP>25mmHg
during exercise
4. Preserved left ventricular ejection
fraction >50% (measured by
echocardiography or MRI)

5. Patient received optimised and
stable for >1 month therapy

6. Except for diuretics, medical
treatment should not be expected to
change during the study period

7. Able to understand and willing to
sign the Informed Consent Form

1. Pre-capillary pulmonary hypertension

2. Congenital or acquired severe valvular
diseases (severe aortic stenosis or insufficiency,
severe mitral valve stenasis or insufficiency)

3. Active myocarditis, unstable angina pectoris,
exercise induced ventricular arrhythmias, active
liver disease

4. Severe lung disease: FEV1/FVC <0.5 and
total lung capacity <60% of the normal value

5. Subject who participates in an interventional
study during this study

6. Walking disability or other orthopaedic
limitations to exercise

7. Haemoglobin concentration less than 75% of
the lower limit of normal

8. Systolic blood pressure < 85 mmHg
9. Pregnancy

10. History or suspicion of inability to
cooperate adequately
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4.2.1.4. Description of the rehabilitation program

Previous HFpEF rehabilitation trials used different models of
exercise training regimens. Our systematic literature review did not allow us
to draw conclusions about the potential benefits of specific training modality
for PH-HFpEF; hence, we decided to use unmodified specialised PH
rehabilitation programme from Heidelberg that was already described in
Section 3.1.6.

The patients in the control group shall not receive exercise training
and shall continue their regular treatment and daily activities for 15 weeks.

4.2.2. Results

The protocol for the PH-HFpEF rehabilitation study was created.
The detailed timeline of the study protocol is shown in Figure 9.
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4.2.3. Pilot phase of TRAIN-PH-HFpEF study
4.2.2.1. Ethical approval

The study was designed following the Declaration of Helsinki, and
the protocol was approved by Vilnius Regional Biomedical Research Ethics
Committee (No. 2019/4-1118-611) for the protocol Effect of rehabilitation
program on functional capacity of patients with pulmonary hypertension due
to left heart failure. All the participating patients gave their written informed
consent before inclusion into the study.

4.2.2.2. Data source and study population

Candidate patients were selected during consultations with a
cardiologist at the Pulmonary Hypertension Competence Centre of Vilnius
University Hospital Santaros Klinikos. During the period of July 2019 —
March 2020, 35 patients were suspected with PH-HFpEF based on
echocardiography findings. They were screened regarding our inclusion and
exclusion criteria (Table 8).

As shown in Figure 10, four patients were ultimately included in the
study; subsequently, the trial had to be terminated due to the COVID-19
pandemic.
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35 patients suspected with

HFpEF-PH 21 patients were excluded

before RHC:
Orthopedic limitations, ventricular
arrhythmias
RHC was performed in 10 RHC was postponed in 4
patients patients

Pre-capillary PH was
confirmed in 2 patients

Isolated post-capillary or
combined post- and pre-
capillary PH was confirmed in
8 patients

4 patients refused to participate
in the study

4 patients gave their consent to
participate in the study

Figure 10. Selection of eligible patients in post-capillary PH rehabilitation
study

4.2.2.3. Results

Our initial experience on the assessment of the newly created
protocol at Vilnius University showed its potential to be safe (no adverse
events related to the protocol procedures were observed) and realisable.

It is of note that the implementation of this protocol depends on the
national healthcare system and the usual clinical practice of the study centre.
As the rehabilitation efficacy evaluation is composite, and the secondary
endpoints include different diagnostic tests performed by separate
investigators, it was not easy to organise all assessments according to the
provided timeline of the study. Moreover, the identification of the eligible
patients was complicated as many (20 out of 35) potential candidates
suffered from a walking disability or other orthopaedic limitations to
exercise; exercise-induced ventricular arrhythmia as an exclusion criterion
was met by only 1 patient.
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Ultimately, four patients were included in the study. Two of them
were randomised to the control group at first (Patient 1 and Patient 2); the
other two patients were randomised to the training group (Patient 3 and
Patient 4). After the 15 week-long follow-up period, both patients of the
control group participated in the exercise training programme and became
training group patients.

Patients of the intervention group

The initial in-hospital training phase in all but one individual
continued for 18 days; Patient 4 left the rehabilitation clinic after 15 days
(upon request of the patient).

After the first in-hospital phase, the improvement of the physical
exercise capacity was observed in all four trained persons: an increase of
6MWD was at least 10 meters (Patient 3), and, in three patients, it was >30
meters (Figure 11).

Before leaving hospital, each patient received individualised written
recommendations on how to continue exercising at home. All the
participants followed the advice, except for Patient 4, who trained at home
for a few days only and stopped because of personal reasons and lack of
motivation.

After 15 weeks of the follow-up, the three patients who continued
exercising for all this period showed a further increase of 6MWD: + 43
meters (Patient 1), + 83 meters (Patient 2), + 42 meters (Patient 3) (Figure
11, Table 9). Moreover, all these patients estimated their dyspnoea by lower
scores before and during the 6MWD test according to the 10-point Borg
Scale compared with the baseline assessment (Table 9).

As Patient 4 discontinued exercising, we asked her to come earlier —
at week 11 of the follow-up. A reduction in the physical capacity was shown
during 6MWD (Figure 11). Doses of diuretics were increased, and an
additional visit was planned one month later, but the patient cancelled it due
to the COVID-19 pandemic.
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Figure 11. 6MWD change within the follow-up period (A — training group;

B — control group)

* - after 11 weeks. Patient No. 4 discontinued exercising a few days after the in-

hospital phase.
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Table 9. Changes of functional capacity, BNP, echocardiographic parameters and quality of life within 15 weeks of the follow-up

period
Randomisation group TRAINING CONTROL
PATIENT Patient 1 Patient 2 Patient 3 Patient 4 Patient 1 Patient 2
Before | After | Before | After | Before | After | Before | After | Before | After | Before | After
Weight (kg) 108 107 74 71 72 69 125 - 105 108 72 74
BMI (kg/m?) 37.8 375 28.2 27.0 29.6 28.4 52.0 - 36.8 37.8 27.4 28.2
WHO functional class 1l 1l 1 1l | 1 1l 1 1 i i 1
Distance (m) 432 475 502 585 530 572 380 2702 435 432 445 502
Borg dyspnoea 0.5 0 0 0 0.5 0 05 | 30 0 0.5 0 0
EMWT score before walk
Borg dyspnoea
score 1 minute 3 2 3 2 4.5 2 5 82 0.5 3 2 3
after walk
Workload (Watts) 104 113 78 85 107 118 74 - 98 104 72 78
CPET VO (mi/kg/min) 13.7 14.5 14.4 1(259 18.6 2(270 15.2 i 12.6 1(257 13.4 14.4
2pek g (55%) | (58%) | (72%) | (73 %) (52 %) (51 %) (66 %) | (72 %)
%) %) %)
BNP (ng/l) 146.7 226.2 296.5 | 1235 58.5 99.2 140.4 - 215.3 | 146.7 | 189.3 296.5
- SPAP (mmHg) 65 47 40 33 34 36 50 - 40 65 37 40
S | RAP (mmHg) 10 10 5 5 3 3 - - 5 10 5 5
2 [ PAVACT (ms) 61 95 103 69 142 137 42 - 54 61 94 103
% TAPSE (cm) 2.2 2.0 15 2.2 2.8 2.3 1.4 - 1.6 2.2 2.2 15
g | TVannular§ 15 13 11 15 15 13 11 - 16 15 12 11
(cm/sec)
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RV FAC (%) 401 | 41 | 378 | 375 | 497 | 507 [ 20 432 | 401 | 382 | 37.8
RA area (cm?) 317 | 312 | 265 | 276 | 159 | 164 | 142 203 | 317 | 251 | 265
LV EF (%) 57 56 56 56 68 | 62 | 57 57 57 58 56
LAVI (m/m?) 417 | 529 | 1130 | 926 | 384 | 441 | 350 436 | 417 | 1150 | 1130
LVMI (g/m?) 1137 | 1003 | 780 | 802 | 589 | 59.9 | 108.0 975 | 1137 | 726 | 780
Quality of life (SF-36 4625 | 825 | 3125 | 2313 | 55.63 | 58.13 | 56.25 4438 | 46.25 | 18.75 | 31.25
physical)
Quality - of life  (SF-36 1 o571 | 6242 | 6002 | 48.25 | 3325 | 57.02 | 54 6446 | 6571 | 50 | 69.92
mental)
HADS (anxiety)® 0 2 8 8 11 6 8 4 0 8 8
HADS (depression)© 0 0 8 8 8 2 7 2 0 9 8

a — after 11 weeks;

b — each scale is directly transformed into a 0-100 scale on the assumption that each question carries equal weight, the lower is the score, the

more severe is the disability;

¢ — score varying between 0 and 21 for each scale, 0—7 = normal, 8-10 = borderline abnormal, 11-21 = abnormal.
ABBREVIATIONS: 6MWD - 6-minute walk distance; CPET — cardiopulmonary exercise test; BMI — body mass index; BNP — brain natriuretic peptide; HADS
— Hospital Anxiety and Depression Scale; LAVI — left atrial volume index; LV EF — left ventricular ejection fraction; LVMI — left ventricular mass index; PAV
AcT — pulmonary arterial valve acceleration time; RA area — right atrial area; RAP — right atrial pressure; RV FAC — right ventricular fractional area change; SF-
36 — 36-Item Short Form Survey; sPAP — systolic pulmonary arterial pressure; TAPSE — tricuspid annular plane systolic excursion; TV annular S' — tissue

Doppler tricuspid annular systolic wave velocity; VO2zpeak — peak oxygen uptake; WHO — World Health Organisation.
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The cardiopulmonary exercise test also showed better exercise
capacity after 15 weeks of training in all the three patients compared with the
baseline: VOzpeax increased by + 0.8 mi/min/kg (Patient 1), + 2.5 ml/min/kg
(Patient 2), + 3.4 ml/min/kg (Patient 3) (Figure 12; Table 9).

A B
23 23
22.
22 0 22
21 21
20 20
19 18.6 19
18 18
17 169
16 16
15 15.2*
14. - 15 14.4
137 Bi-= ———Ty7
12 12 128
Baseline 15 weeks Baseline 15 weeks
s \|Q ] e N\ O 2 No 3 mamemNg] N2

Figure 12. VO, peak change within follow up period (A- training group; B —
control group)

* Patient No. 4 did not perform CPET after 15 weeks.

In echocardiography, a decrease in sPAP was observed in two
patients and a slight increase (by 2 mmHg) in one. RV longitudinal
contraction parameters (TAPSE and S') noticeably increased and improved
in Patient 2, while, in the two other individuals, these parameters decreased
but remained within the normal range. At the baseline, RV FAC was normal
in all the three cases and did not change at all after the training (Table 9).

The subscales of the SF-36 questionnaire which were used for self-
reported QoL assessment, changed variably in different participants. The
physical summary score increased markedly in Patient 1, thus showing
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better physical health, whereas the self-assessment of the mental health did
not change significantly. At the same time, Patient 3 pointed out an
improvement in mental but not in physical health. Patient 2 reported a
decrease in both subscales of the SF-36 questionnaire, thus revealing a
worsening QOL after 15 weeks of training (Table 9).

The anxiety and depression scores according to the HADS
guestionnaire were >7 in three patients at the baseline, thus indicating an
abnormal level of anxiety and depression. After 15 weeks of rehabilitation,
one of two patients reported normalisation of both scores; another patient did
not show any changes (Table 9).

Patients of the control group

As already mentioned above, Patient 1 and Patient 2 were initially
randomised to the control group. After 15 weeks of the follow-up period,
6MWD improved by 57 metres in Patient 2. This value did not change
markedly (-2 meters) in Patient 1 (Figure 11; Table 9).

Inconsistent changes were observed in the echocardiographic
parameters and BNP levels in control patients (Table 9).

In Patient 1, the physical and mental scores according to the SF-36
guestionnaire did not change markedly, and the HADS anxiety and
depression scores remained normal. Patient 2 reported better QoL in both
scales after the follow-up period, and the HADS questionnaire showed an
elevated level of anxiety and depression at the baseline, which did not
change significantly after 15 weeks (Table 9).
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5. DISCUSSION
5.1. Rehabilitation programme for pre-capillary PH

This PhD thesis is part of the first randomised controlled multicentre
study on exercise training in patients with pre-capillary PH showing a
significant improvement of the functional capacity measured by 6MWD.
The findings of this trial confirm the positive results of the previous single-
centre studies on exercise training in pre-capillary PH [48, 49, 52, 121, 122]
in a multicentre setting. The large sample size and the adaptation of a
standardised rehabilitation programme with an in-hospital start in 11 centres
across 10 European countries are the unique features of this study.

The improvement of 6MWD by 34.1+8.3 metres after rehabilitation was
clinically meaningful and lies above the suggested threshold of 33 meters for
clinical importance in PAH [158]. The mean 6MWD improvement was also
comparable to the results of the medication studies in PAH [159], and this
value lies above the results of add-on medication in PAH with the mean
improvements of 19.96 metres (95% confidence interval 15.35 to 24.57 m)
[160].

Such secondary efficacy parameters as health-related QoL and VO,
peak significantly improved in the training group compared with the control
group. It is of note that the patients of the control group improved their VO,
peak by more than 10% in 29% of the cases; this may possibly be attributed
to the Hawthorne effect which describes the change of behaviour that occurs
in clinical trials due to the awareness of being observed.

A specialised PH rehabilitation programme ensures the holistic
approach of the therapy as exercise training is supplemented with mental gait
training, relaxation, psychological counselling, and patient education.
Improvements in the mental health parameters, together with a better
physical function, enable deconditioned patients to extend their individual
daily activity spectrum.

The assessment of pre-capillary PH invasive haemodynamics
showed the positive impact of rehabilitation on the pulmonary arterial
compliance (PAC) and stroke volume (SV). PAC has the prognostic
importance in the clinical practice, and now it is being recommended to be
obtained during RHC by the recently published ESC/ERS guidelines [1].
PAC has been shown to be a strong predictor of mortality in a study by
Mahapatra et al. [161]. In this study, 109 PAH patients were assessed, and
PAC was an independent predictor of mortality which is superior to PVR —
in contrast to PAC, PVR was not associated with an increased mortality level
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[161]. The same outcome was observed in PH-LHD patients [10, 28, 162,
163].

In Lithuania, a newly founded specialised rehabilitation programme
for patients diagnosed with pre-capillary PH was safe and well-tolerated.
The results of Vilnius University centre on the effect of 15-week PH
rehabilitation programme on the patient’s functional capacity and QOL were
positive and in line with the results of the pooled data in a multicentre trial or
other previously published single-centre studies [54, 122].

Thus, the specialised PH rehabilitation therapy successfully
addressed all the important prognostic aspects of PAH/CTEPH by improving
the exercise capacity (6MWD and peak VO,), the RV function (CO, SV), the
vascular elasticity (PAC), and the vascular remodelling (PVR) at once. This
underlines the importance of the training therapy in severe but stable pre-
capillary PH (PAH and CTEPH) patients as an add-on to the optimal medical
therapy.

5.2. Establishment of specialised PH rehabilitation program

Although ESC/ERS 2015 guidelines advise to consider (Class lla
level B recommendation) the incorporation of rehabilitation into the care of
PAH patients [2], this treatment intervention was unavailable in many
European PH centres. The utilisation of exercise therapy was limited by gaps
in the special expertise of healthcare professionals and the lack of
rehabilitation standardisation (patient selection, the optimal methodology,
the best intensity, duration of the training, etc.). Most data on the training
effects in PH were based on the results from single-centre studies, and the
most extensive trials used the Heidelberg PH rehabilitation programme
characterised by a rather intense in-hospital initiation of exercise training
[122].

Namely, the Heidelberg PH rehabilitation programme was adapted
to the healthcare systems of Lithuania, as well as nine other European
countries. An intensive in-hospital programme demands substantial
resources of the personnel, time and reimbursement. However, as shown in a
multicentre study for the first time, this specialised PH rehabilitation
programme can be standardised and is feasible in different countries with
different health care systems, while simultaneously being safe and effective.

Prior to this study, cardiac rehabilitation programs in Lithuania had
mainly focused on the primary and secondary prevention of coronary heart
disease [164-166]. Pulmonary rehabilitation for patients with chronic
obstructive pulmonary disease or other chronic respiratory diseases [167—
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169] had been underutilised. Since in-hospital rehabilitation clinics are
established within the healthcare system in our country, the Heidelberg PH
rehabilitation programme can be performed in the most secure way. In the
framework of this doctoral study, a specialised PH rehabilitation programme
was successfully established at Vilnius University Hospital.

This thesis is the first to precisely describe the process, the essential
organizational steps, the barriers, and the prerequisites of the implementation
of an exercise programme in Lithuania; it can thus be of interest for
specialists worldwide and may be helpful in the establishment of specialised
PH rehabilitation.

5.3. Rehabilitation programme for post-capillary PH (PH-HFpEF)

By taking into consideration the evidence about the positive impact
of exercise training in PAH and HFpEF patients, we could expect it to be
beneficial in PH-HFpEF patients as well. Given the heterogeneity of HFpEF,
it is recommended to better discriminate among specific phenotypes [128].
PH-HFpEF patients differ in haemodynamics and exercise intolerance if
compared with HFpEF without PH [72]. However, the safety, tolerability,
and efficacy of rehabilitation in this specific PH-HFpEF population has
never been evaluated so far. Most of the PH training studies excluded
patients with post-capillary PH, and HFpEF trials did not focus on these
severely ill patients.

Before creating a protocol for a multicentre trial of specialised
rehabilitation for PH-HFpEF patients (post-capillary PH), we searched for
evidence-based information. While expecting to find PH-HFpEF patients
incorporated in HFpEF exercise training studies, we conducted systematic
literature review in an attempt to find the most effective training methods for
PH-HFpEF and accordingly adapt the Heidelberg PH rehabilitation
programme which had previously been successfully used for pre-capillary
PH patients. However, our literature review only confirmed gaps in the
knowledge about PH-HFpEF exercise training as essentially not a single
study analysed the specific right heart and pulmonary circulation parameters.

To the best of our knowledge, the study protocol for an exercise
training programme precisely for the PH-HFpEF population has been created
for the first time in the framework of this PhD thesis. We use the unmodified
version of the Heidelberg PH rehabilitation programme as the intervention
for this study protocol. Our first experience on the assessment of the newly
created protocol at Vilnius University has shown its potential to be safe and
realisable for properly selected PH-HFpEF patients.
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Difficulties in finding eligible patients should be taken into
consideration as the initial screening of our patients demonstrated a
relatively large proportion of PH-HFpEF patients (21 of 35) with
orthopaedic or other limitations regarding their capacity to exercise. A
longer recruitment period, more participating centres, or the adaptation of
exercises to patients with orthopaedic comorbidities could be useful in order
to ensure a sufficient sample size for the study.

Positive outcomes from such a therapy only could be expected if the
patient is sufficiently motivated and adherent. This rehabilitation programme
is of low intensity, but the workouts should be done regularly and
continuously. One of our patients discontinued exercising a few days after
completing her in-hospital phase. She was highly motivated at the baseline
and exercised daily with enthusiasm during the initial in-patient days, but a
drop in motivation followed afterwards. This patient probably did not
initially understand the personal effort required for workouts, as she had
never exercised before, even when she was healthy. Moreover, the
difficulties in training could also be associated with morbid obesity (the BMI
of this patient was 52 kg/m?). It is debatable, whether the patients with BMI
> 40 should be excluded and assessed separately to get more homogeneous
data.
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6. CONCLUSIONS

In a prospective randomised controlled multicentre study, a
specialised PH rehabilitation programme in pre-capillary PH patients
was safe and effective:

a. Adverse events and serious adverse events were comparable
between the training and the control groups.

b. Beneficial effects of the programme on 6MWD, the quality
of life, and the peak oxygen consumption were reported
when comparing the training group versus the control group.

Local experts of pulmonary hypertension, the available targeted
PAH medication therapy, supervision by an experienced centre, in-
patient rehabilitation facilities, dedicated personnel, equipment,
reimbursement, and the motivation of the patients themselves are
essential for launching a specialised PH rehabilitation service.

The specialised PH rehabilitation programme improved the
pulmonary arterial compliance and cardiac output in patients with
pre-capillary PH.

No reliable data exist on the impact of exercise training on the left
and right ventricular morphological, functional, and pulmonary
circulation parameters in HFpEF. Some hypothesis-generating
findings on the positive effects of rehabilitation on the marker of LV
filling pressure E/e’, left atrial size, cardiac output and right
ventricular strain have been reported.

Our protocol for a multicentre trial of a specialised rehabilitation
programme for PH-HFpEF patients (post-capillary PH) is based on
the gaps in knowledge, eligibility criteria on the latest ESC/ERS
guidelines, and the positive results of the Heidelberg PH
rehabilitation programme. The initial data showed its potential to be
safe and realisable. Although the COVID-19 pandemic interrupted
the study, these insights give encouragement to resume the trial in
the future.
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7. PRACTICAL RECOMMENDATIONS

We recommend incorporating a specialised PH rehabilitation
programme in the care of patients diagnosed with PAH and CTEPH
as an add-on to medical therapy in dedicated PH expert centres and
experienced rehabilitation clinics. The positive data obtained during
a multicentre RCT (a part of this doctoral thesis) contributed to the
updated recommendations for supervised exercise training in
patients with PAH (Class | level A recommendation) in the 2022
ESC/ERS guidelines.

We suggest using the Heidelberg PH rehabilitation programme for
the rehabilitation of patients diagnosed with PH.

We encourage the implementation of a specialised PH rehabilitation
programme in a few dedicated PH expert centres per country. We
suggest using our report on the essential organisational aspects,
prerequisites and barriers as a helpful tool in the establishment of
this important therapy program.

We recommend using a broader and more complex assessment of
the parameters reflecting the cardiac function in the future HFpEF
exercise training studies while supplementing evaluation with the
right heart function and pulmonary circulation parameters in
addition to the more precise assessment of the LV morphology and
function.

We propose to resume the exercise training study within the PH-
HFpEF population in the future.
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8. LIMITATIONS OF THE STUDY

It is intrinsically impossible to implement the double blind protocol in an
exercise training study. However, the investigators involved in the
assessment procedures and data analysis were blinded to the patients’
allocation group as far as possible.

As most of the patients in the prospective study were offered to
participate in the exercise training programme after having finished their
final examination, long-term and survival data for comparison between the
exercise training and the control group were not available. Although
specialised PH rehabilitation therapy successfully improved the important
prognostic aspects of PAH/CTEPH (6MWD, peak VO, SV, PAC, and
PVR), an additional purposeful study is needed to evaluate the effect of
rehabilitation on PAH/CTEPH prognosis.

Daily physical activity measurements were not part of the prospective
exercise training study protocol. Thus, it was not possible to quantify
whether the general activity of the study patients actually increased after the
exercise training.

The prospective exercise training study intervention and trial procedures
are closely related to the in-hospital stay, which is generally associated with
a higher risk of infection and as more difficult to organise during the
COVID-19 pandemic. This was one of the reasons of the cessation of the
post-capillary PH study.
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SANTRUMPQOS
6 MET — 6 minuéiy éjimo testas
DS — desinysis skilvelis
DSEM — deginiyjy $irdies ertmiy manometrija
FES — funkcing¢ elektrineé stimuliacija
iIFSN — i§saugotos i§stiimio frakcijos Sirdies nepakankamumas
KPTI — kairiojo priesirdzio ttirio indeksas
KS — Kairysis skilvelis
LTEPH — 1étiné trombiné emboliné plautiné hipertenzija
MST — minutinis Sirdies tiiris
PAH — plauciy arteriné hipertenzija
P Apasiankumas — plauciy arterijos paslankumas
PAPS — plauciy arterijos pleistinis spaudimas
PAS — plauciy arterinis spaudimas
PH — plautiné hipertenzija
PH-KSP — PH, asocijuota su kairiosios $irdies pusés patologija
PKP — plauciy kraujagysliy pasiprieSinimas
RKT — atsitiktiniy im¢iy kontroliuojamas tyrimas
SF-36 klausimynas — trumpa sveikatos apklausos forma 36
sIFSN — sutrikusios i§stiimio frakcijos $irdies nepakankamumas
SN — sirdies nepakankamumas
SSD — sirdies susitraukimy daznis
ST — smuginis turis

VO, pikinis — didziausias deguonies suvartojimas
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IVADAS
Tyrimo aktualumas

Plautiné hipertenzija (PH) ir létinis $irdies nepakankamumas (SN)
yra sunkios Sirdies ir kraujagysliy sistemos biklés, kurioms iSsivyscius
zenkliai blogéja paciento fizinis pajégumas, gyvenimo kokybé bei prognozé.
Plauc¢iy arteriné hipertenzija (PAH) — reta liga, ta¢iau PH sindromas
pasirei$kia 1 % pasaulio populiacijos (> 65 mety amziuje iki 10 %) ir gali
komplikuoti jvairias $irdies ir kraujagysliy, kvépavimo bei kitas sistemines
ligas [1-3].

PH, asocijuota su kairiosios Sirdies pusés patologija (PH-KSP), yra
labiausiai paplitusi tarp skirtingy PH grupiy ir sudaro 65-80 % visy PH
atvejy [1, 3, 6-9]. Padidéjes KS prisipildymo slégis yra kairiosios Sirdies
pusés ligos skiriamasis pozymis, salygojantis dusulio atsiradima [26],
blogesne fizinio kriivio tolerancijg [27] ir lemiantis plauciy veny staze bei
antring pokapiliaring PH (2 grupés PH pagal PH klinikine klasifikacijg) [14].
Kad ir kokia biity KS patologija, salygojusi PH atsiradima, plau¢iy arterinio
spaudimo (PAS) ir plauciy kraujagysliy pasipriesinimo (PKP) padidéjimas
yra susijes su sunkesne ligos nasta ir blogesnémis iSeitimis [16-19]. PH
daznis tarp iSsaugotos i§stimio frakcijos Sirdies nepakankamumo (iIFSN)
pacienty daugiausia yra pagristas echokardiografiniais duomenimis ir biina
36-83 % ilFSN atvejy [14, 15].

Atsizvelgiant | invaziSkai iSmatuota plauCiy arterijos pleistinj
spaudima (PAPS), skiriami du pagrindiniai hemodinaminiai PH tipai:

a) Prekapiliariné PH — PAPS yra < 15 mmHg (budinga PAH, LTEPH);
b) Pokapiliariné PH — PAPS yra > 15 mmHg (bidinga PH-KSP) [1].

Pastaraisiais deSimtmeciais, daugéjant moksliniy duomeny apie
endotelino receptoriy antagonisty, fosfodiesterazés 5 inhibitoriy, tirpaus
guanilato ciklazés stimuliatoriaus ir prostacikliny bei jy analogy efektyvuma
gydant Siuos pacientus, specifiné PAH ir LTEPH medikamentiné terapija
progresyviai tobul¢jo [30, 31]. Vis délto, nepaisant modernaus
medikamentinio gydymo galimybiy, dauguma PAH ir LTEPH serganciyjy
vis dar kenc¢ia nuo ryskiy klinikiniy simptomy, sumazéjusios fizinio kriivio
tolerancijos, prastos su sveikata susijusios gyvenimo kokybés ir ligos
progresavimo [42].

Siuo metu EKD/ERA gairése siiloma taikyti kompleksinj PH
gydyma, kurj sudaro j liga orientuotas ir palaikomasis medikamentinis
gydymas bei papildomos nemedikamentinés gydymo priemonés [1, 6]. Jau
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2015 m. EKD/ERA rekomendacijose buvo patariama apsvarstyti atidziai
greta optimalaus medikamentinio gydymo pacientams, sergantiems stabilia
PH (lla klasés B lygio rekomendacija) [6]. Sis sitilymas buvo pagrjstas
ankstesniais stebésenos ir vieno centro atsitiktiniy im¢iy kontroliuojamaisiais
tyrimais (RKT), j kuriuos daugiausia buvo jtraukiami pacientai, sergantys
iSimtinai PAH ir LTEPH, naudotos skirtingos treniravimo programos ir buvo
jrodyta, kad fiziné terapija yra saugi bei veiksminga $iy pacienty funkciniam
pajégumui ir su sveikata susijusiai gyvenimo kokybei gerinti [43-55]. Vis
deélto iki Siol triko didesnés imties, daugiacentrio RKT, kad buty galima
pateikti daugiau tvirtesniy jrodymy apie Sio nefarmakologinio gydymo
metodo saugumg ir veiksmingumg PH sergantiems pacientams.

Pazymétina, kad PH-KSP medikamentinés terapijos galimybés
ribotos, ypa¢ esant PH, asocijuotai su iSsaugotos iSstimio frakcijos Sirdies
nepakankamumu.  Specifiniai PAH  vaistai PH-KSP  gydymui
nerekomenduojami — atlikti daugiacentriai atsitiktiniy im¢iy tyrimai nejrodé
ju naudos Siems ligoniams, negana to, buvo iSkelta pagrjsty abejoniy dél
minéty vaisty saugumo PH-KSP pacienty grupei [1, 5, 6, 32-35]. Iprasti SN
jrodymais pagrjstos gydymo priemonés sergantiesiems PH-KSP [1, 6, 36].
Sutrikusios i§stimio frakcijos $irdies nepakankamumas (sIFSN) ir i§saugotos
isstimio frakcijos Sirdies nepakankamumas (iIFSN) pasizymi tam tikrais
patofiziologijos, klinikiniy charakteristiky, hemodinamikos,
kardiopulmoninés saveikos ir atsako j gydyma skirtumais [37-39]. iIFSN,
taigi ir PH-IIFSN, pacienty gydymui skirtini tik natrio-gliukozés antryjy
vienakryp¢iy nesikliy (SGLT2) inhibitoriai, diuretikai ir gretutiniy ligy (pvz.,
arterinés hipertenzijos, nutukimo, priesirdziy virpéjimo) gydymas [36, 40].

EKD sirdies nepakankamumo diagnostikos ir gydymo gairés
rekomenduoja fizinio treniravimo reabilitacijg visiems pacientams, kurie gali
mankstintis, siekiant pagerinti fizinj pajégumg ir gyvenimo kokybe, taip pat
sumazinti hospitalizacijy dél SN skai¢iy, kad ir kokia baty KS i$stimio
frakcija (I Kklasées A Ilygio rekomendacija) [36]. Tos pacios EKD
rekomendacijos siiilo svarstyti galimybe taikyti atidziai prizilirima, fiziniais
pratimais pagrista kardiologinés reabilitacijos programa tiems SN
pacientams, kuriy liga yra labiau pazengusi, esant gausiai gretutinei
patologijai (Zla klasés C lygio rekomendacija) — kaip tik tokie yra PH-KSP
ligoniai [36]. Vis délto pazymétina, kad jrodymais pagrjsty rekomendacijy
deél fizinio kriivio terapijos PH-KSP pacientams néra. N¢ vienas i§ ankstesniy
tyrimy nebuvo skirtas biitent PH-IIFSN populiacijai, ankstesniuose ilFSN
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fizinio kriivio treniruoéiy tyrimuose dalyvavusiy PH-iIFSN ligoniy skai¢ius
nebuvo referuojamas, o dauguma PH fizinio treniravimo moksliniy tyrimy
nejtrauké serganciyjy pokapiliarine PH.

Nors EKD gydymo rekomendacijose pagrjstai sitiloma j visapusiska
PAH, LTEPH ir SN sergandiy pacienty prieziiirg jtraukti fiziniy pratimy
terapija, Sio sililymo jdiegimga j realig kliniking praktikg riboja ziniy apie
optimalig reabilitacijos metodika, saugiausig ir efektyviausig treniruociy
intensyvuma, trukme stoka, taip pat praktinés klititys — patirties trikumas,
gydymo i§laidy kompensavimo sunkumai ir kita. Daugelyje PH, SN ir
bendryjy kardiologijos centry vis dar yra ribotas fizinio aktyvumo
treniruo¢iy prieinamumas. Tki §i0 tyrimo specializuota reabilitacijos
programa PH sergantiems pacientams buvo neprieinama ir Lietuvoje.

Si disertacija suskirstyta j dvi dalis, atsizvelgiant j tiriamasias
populiacijas: pirmoji susijusi su reabilitacijos programa, skirta pacientams,
sergantiems prekapiliarine PH (PAH, LTEPH), antroji skirta reabilitacijos
programai pacientams, sergantiems pokapiliarine PH (PH-iIFSN).

Tyrimo hipotezé

Specializuota reabilitacijos programa, skiriama greta optimalaus
medikamentinio gydymo, yra jmanoma, saugi ir veiksminga pacientams,
sergantiems prekapiliarine ir pokapiliarine PH.

Disertacijos uzdaviniai

1) Ivertinti specializuotos reabilitacijos programos sauguma ir efektyvuma
pacientams, sergantiems prekapiliarine PH, atliekant atsitiktiniy imciy
kontroliuojama tyrima (I ir 1l publikacijos).

2) Nustatyti ir apra$yti pagrindines klidtis ir batinuosius poreikius, diegiant
specializuotg PH reabilitacijos programa (Il publikacija).

3) Ivertinti specializuotos reabilitacijos programos poveikj plauciy arterijy
paslankumui ir smuginiam Sirdies tdiriui pacientams, sergantiems
prekapiliarine PH (111 publikacija).

4) Atlikti sisteming literatiiros apzvalga, vertinant fizinio treniravimo ir
fizioterapijos poveikj Sirdies morfologiniams ir funkciniams bei plauciy
kraujotakos parametrams pacientams, sergantiems iSsaugotos iSstimio
frakcijos $irdies nepakankamumu (IV publikacija).

5) Sukurti daugiacentrio tyrimo protokolg, skirta jvertinti reabilitacijos
programos saugumg ir efektyvumg pacientams, sergantiems PH,
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susijusia su iSsaugotos iSstimio frakcijos Sirdies nepakankamumu
(pokapiliariné PH).

Tyrimo mokslinis naujumas

Sios daktaro disertacijos dalis apie prekapiliarinés PH reabilitacija
buvo vykdoma dalyvaujant pirmajame daugiacentriame ir iki Siol
didZiausiame atsitiktiniy imc¢iy kontroliuojamame tyrime. Duomenys,
surinkti Vilniaus universitete, buvo sujungti su kity deSimties PH centry i§
skirtingy Europos $aliy duomenimis ir tapo pagrindu sustiprinti PAH fizinio
treniravimo rekomendacijas naujausiose 2022 m. EKD/ERA gairése. Maza
to, Sis daugiacentris tyrimas pirmg kartg parodé, kad treniruoCiy programa
gali biiti standartizuota ir jgyvendinama skirtingose Salyse, kuriose yra
skirtingos sveikatos prieziiiros sistemos.

Iki Siol niekada nebuvo nagrinéti butinieji poreikiai ir klititys,
diegiant PH reabilitacijos programg. Surinkome ir apra§éme duomenis apie
organizacinius aspektus, kurie uzpildo Zziniy spraga ir skatina naudoti
specializuota PH reabilitacija tam skirtuose PH centruose.

Prospektyvinio RKT post hoc analizéje pirmg kartg jvertintas
reabilitacijos poveikis PAH ir LTEPH pacienty plauciy arterijos
paslankumui ir smiginiam $irdies tariui.

Miisy Ziniomis, né vienas ankstesnis reabilitacijos tyrimas nebuvo
orientuotas j pokapiliarinés PH pacientus ir biitent j PH-iIFSN populiacija.
Pirmieji atlikome sisteminga esamy duomeny literatiros apzvalga,
jvertindami mokslinius jrodymus apie treniravimo ir fizioterapijos poveikj
iIFSN pacienty Sirdies morfologiniams, funkciniams ir plaudiy kraujotakos
parametry poky¢iams ir suktiréme daugiacentrio mokslinio tyrimo protokola,
skirta vertinti reabilitacijos poveikj ir sauguma PH-iIFSN.

Disertacijos ginamieji teiginiai

1) Specializuota PH reabilitacijos programa, skiriama greta optimalaus
medikamentinio gydymo, pagerina prekapiliarine PH (PAH ir LTEPH)
serganciy pacienty:

a. fizinj pajéguma,
b. su sveikata susijusig gyvenimo kokybe,
C. plauciy arterijos paslankumga ir smiiginj Sirdies tuirj.

2) Specializuota PH reabilitacijos programa, skiriama greta optimalaus
medikamentinio gydymo prekapiliarine PH (PAH ir LTEPH)
sergantiems pacientams, yra jgyvendinama ir saugi.
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3) Fizinis treniravimas ir (ar) fizioterapija pagerina Sirdies ir plauciy
kraujotakos morfologinius ir funkcinius parametrus pacientams,
sergantiems ilFSN.

4) Tikslinga organizuoti mokslinj tyrima, vertinant specializuotos PH
reabilitacijos programos sauguma ir veiksminguma konkrecioje
pokapiliarine PH (PH-iIFSN) srganéiy pacienty populiacijoje.

|. PREKAPILIARINES PH REABILITACIJOS TYRIMAS
Tyrimo metodai

Tyrimas buvo atliktas vadovaujantis Helsinkio deklaracija, protokola
patvirtino Vilniaus regioninis biomedicininiy tyrimy etikos komitetas (Nr.
158200-16-867-381; 2016-11-08). Visi pacientai, prie$ jtraukiant juos i
tyrima, davé rastiska informuoto asmens sutikimg. Daugiacentré studija
buvo uzregistruota klinikiniy tyrimy interneto svetainéje clinicaltrials.gov,
identifikacinis numeris NCT03345212.

Prospektyviné prekapiliarinés PH reabilitacijos tyrimo dalis buvo
vykdoma kaip daugiacentris atsitiktiniy imciy kontroliuojamas tyrimas.
Pacientai buvo jtraukti vienuolikoje PH centry, jskaitant Vilniaus
universiteta, deSimtyje Europos Saliy (Austrijoje, Belgijoje, Vokietijoje,
Italijoje, Lietuvoje, Nyderlanduose, Portugalijoje, Skotijoje, Ispanijoje ir
Sveicarijoje). PH diagnozé buvo nustatyta vadovaujantis EKD/ERA
gairémis [6, 21].

Duomenys specializuotos PH reabilitacijos programos poveikio
analizei invaziniu bidu iSmatuotiems iSvestiniams parametrams (P A pasiankumuis
ST) buvo gauti atlikus ankstesnio prospektyvinio RKT [51] post hoc analize
(Heidelbergo universiteto duomeny baze).

Tyrimo populiacija

Per dvejus metus (2017 m. vasaris — 2019 m. vasaris) 20
prekapiliarine PH (PAH ir LTEPH) serganciy pacienty buvo pakviesti
dalyvauti daugiacentriame specializuotos reabilitacijos tyrime Vilniaus
universitete. IS jy 13 sutiko dalyvauti ir buvo jtraukti. Dalyvavimo tyrime
tinkamumo kriterijai pateikti 1 lenteléje. ] visa daugiacentrj tyrima per
ketverius metus (2015 m. spalis—2019 m. lapkritis) buvo jtraukti 129
prekapiliarine PH sergantys pacientai. Tiriamieji atsitiktine tvarka buvo
priskirti intervencijos (treniravimo) arba kontrolinei grupei. Po 15 savaiciy
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steb¢jimo laikotarpio kontrolinés grupés pacientams taip pat buvo pasiiilyta
dalyvauti grupés  modelis).
Intervencijos grupés pacientai treniravosi pagal specializuotg reabilitacijos
programa (10-30 d. stacionare, véliau dar 11-12 sav. mankstinosi namuose),
kontrolinés grupés pacientai uzsiémé jiems jprasta kasdiene veikla.

I post hoc analize buvo jtraukti 43 pacientai, dalyvave ankstesniame
prospektyviniame tyrime. ISsamiis jy invazinio hemodinamikos vertinimo

treniruoCiy programoje  (laukianciosios

duomenys buvo prieinami tiek jtraukiant pacientg j reabilitacijos programa,
tiek po 15 sav. stebésenos laikotarpio.

1 lentelé. Tinkamumo dalyvauti daugiacentriame prekapiliarinés PH

reabilitacijos tyrime Kriterijai

JITRAUKIMO KRITERIJAI

ATMETIMO KRITERIJAI

1. Moterys ir vyrai > 18 mety.
2. PSO II-1V funkciné klasé.
3. PH diagnozuota atlikus DSEM:
a) vid. PAS > 25 mmHg;
b) PKP >3 VV;
c) PAPS <15 mmHg.
4. Pacientui taikomas optimalus ir
> 2 meén. iki jtraukimo ] tyrima
stabilus specifinis PAH gydymas.
5. Numanoma, kad medicininis
gydymas neturéty keistis per 15
sav. tyrimo laikotarpj (iSskyrus

diuretikus).
6. Gali suprasti ir sutinka
pasirasyti informuoto asmens

sutikimo forma

1. PAH, susijusi su:

a) portine hipertenzija,

b) sudétinga jgimta Sirdies yda,

c) ZIV.
2. Pacientai, sergantys plauciy veny okliuzine
liga.
3. Pacientai, turintys deSiniosios Sirdies pusés
dekompensacijos pozymiy.
4. Aktyvus miokarditas, Uminis iSeminis
sindromas, fizinio kriivio sukeltos skilvelinés
aritmijos, Sirdies nepakankamumo
patiméjimas, aktyvi kepeny liga.
5. Uminé kvépavimo taky infekcija.
6. Sunki plauciy liga: FEVI/FVC < 0,5 ir
bendra plauciy talpa < 70 % normos.
7. Hemoglobino koncentracija mazesné nei 75
% apatinés normos ribos.
8. Sistolinis kraujospiidis < 85 mmHg.
9. Bet koks specifinio PH gydymo pakeitimas
per pastaruosius 2 mén.
10. Pacientas, kuriam §io tyrimo metu
planuojamas dalyvavimas vaisto studijoje.
11. NéStumas.
12. Vaiksciojimo negalia.
13. Nesugebéjimas arba jtarimas,
nesugebama tinkamai bendradarbiauti

kad

Santrumpos: PSO — Pasaulio sveikatos organizacija; DSEM — desiniyjy irdies ertmiy
manometrija; vid.PAS — vidurinis plauciy arterijos spaudimas; PKP — plau¢iy kraujagysliy
pasipriesinimas, VV — Vudo vienetai; PAPS — plaudiy arterijos pleistinis slégis; ZIV —
zmogaus imunodeficito virusas.
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Specializuotos PH reabilitacijos programos aprasSymas

Vilniaus  universitete ir  Kkituose dalvavusiuose centruose
specializuotas Heidelbergo PH reabilitacijos protokolas [43, 51, 54] buvo
pritaikytas vietos salygoms, iSlaikant esmines ypatybes:

1) Reabilitacijos priemonés pradedamos taikyti ligoningje (14-21
diena), véliau treniruotés tesiamos namuose.
2) Programg sudaro:
a. intervalinés treniruotés dvira¢iu (20 min., 5 k./sav.);
kvépavimo manksta (30 min., 5 k./sav.);
jégos treniruotés (30 min., 5 k./sav.);
samoningo vaik§¢iojimo treniruotés (2—3 k./sav.);

®© oo o

jprastiniai elementai, tokie kaip masazas, relaksacijos,
socialinio darbuotojo, psichologo konsultacijos, paskaitos ir
paciento mokymas (pagal poreikj).

Pradinis treniruo¢iy intensyvumas sieké 40-60 % maksimalaus
individualaus tiriamojo krivio, pasiekto atliekant kardiopulmoninj fizinio
krivio méginj pirminio iStyrimo metu. Reabilitacijos ligoninéje metu
treniruoCiy intensyvumas buvo palaipsniui didinamas, stengiantis pasiekti
maksimaly pirminio vertinimo metu toleruota kruvj (iSlaikant 60—-80 %
maksimalaus §irdies susitraukimy daznio (SSD) ir vengiant desaturacijos <
90 %). Treniruotes atidziai prizitiréjo specialiai paruosti kineziterapeutai ir
fizinés medicinos bei reabilitacijos gydytojai, taip pat kardiologai, turintys
PH gydymo patirties. Treniruo¢iy metu buvo nuolat stebimas ligonio kraujo
jsotinimas deguonimi (pulsoksimetru), SSD bei subjektyviis paciento
simptomai, atsizvelgiant ] Siuos parametrus buvo nustatomas ir
koreguojamas treniruoCiy intensyvumas.

Pries iSvykdamas i§ ligoninés kiekvienas pacientas gavo
individualias raSytines rekomendacijas, kaip toliau mankstintis namuose,
jskaitant iSsamias kiekvieno pratimo instrukcijas su paveiksléliais,
rekomenduojamus SSD intervalus treniruo¢iy metu ir kineziterapeuto
kontaktus (el. pasto adresg ir telefono numerj).

Atliekant daugiacentrj tyrimg buvo dedamos ypatingos pastangos,
siekiant reabilitacijos programa standartizuoti. Buvo organizuojami tyrime
dalyvaujan¢iy  sveikatos prieziiiros specialisty susitikimai, vykdyti
specializuoti mokymai ,,apmokyk mokytoja“ principu. Norint kuo labiau
suderinti jvairiose Salyse taikomas procediiras ir metodikas, bent vienas PH
ekspertas ir kineziterapeutas i§ kiekvieno dalyvaujancio centro apsilanké PH
centre ir reabilitacijos klinikoje Heidelberge, Vokietijoje, kur turé¢jo
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galimybe tiesiogiai susipaZzinti su fizinio pajégumo vertinimu, taikomomis
reabilitacijos programos priemonémis, individualaus fizinio kroivio skyrimo
ir dozavimo principais ir iSmokti pacienty treniravimo metodiky.

Vertinamosios baigtys

Pirminé vertinamoji baigtis — reabilitacijos programos poveikis
fiziniam pajégumui, jvertintas pagal 6 minuéiy é&imo testo (6 MET)
distancijos pokyti per 15 stebésenos savaiCiy, lyginant treniruojamg ir
kontroling grupes.

Antrinés vertinamosios baigtys buvo $ios:

A. Pradiniy ir po 15 sav. stebésenos laikotarpio gauty rodikliy
pokytis, lyginant treniruojamg ir kontroling grupes:

a. didziausio deguonies suvartojimo (VO: pikinis), jvertinto
kardiopulmoninio fizinio kriivio méginio metu;

b. su sveikata susijusios gyvenimo kokybés (panaudojant
trumpa sveikatos apklausos forma 36 (SF-36 klausimynas)
[146];

€. plauciy arterijos paslankumo ir smiiginio tirio, iSskaiciuoty
i§ invaziniu biidu iSmatuoty hemodinaminiy parametry;

d. saugumo parametrai  (registruojami  nepageidaujami
reiskiniai, apibrézti  pagal  Tarptautinés  derinimo
konferencijos geraja klinikine praktika) [147].

B. Kliti¢iy ir biitinyjy poreikiy jdiegti ir teikti specializuotos PH
reabilitacijos paslauga analize.

Statistiné analizé

Kintamieji pateikti kaip vidurkis + standartinis nuokrypis arba
mediana ir tarpkvartiliniai intervalai. Poveikiui aprasyti buvo apskaiiuoti
absoliu¢iyjy verciy pokyciai. Skirtumai tarp intervencinés ir kontrolinés
grupés poky¢iy buvo apskaiciuoti ir iSreiksti kaip ,,pagal kontrolinés grupés
rodiklius koreguotas pokytis“. Pirminé veiksmingumo analizé atlikta
naudojant t testa su nevienodomis pokyCiy tarp grupiy dispersijomis
(Welcho testai). Antrinéms vertinamosioms baigtims jvertinti naudotas
porinis Stjudento t testas. Kategoriniy duomeny analizei naudotas chi
kvadrato testas. Saugumas buvo analizuojamas apraSomuoju budu. Visi
testai buvo dvipusiai, o skirtumai laikomi statistiskai reik§mingais, kai
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dvipusé p reikSmé buvo < 0,05. Analizé atlikta naudojant IBM SPSS V25
(IBM Corp. Armonk, Niujorkas, JAV).

REZULTATAI
Vilniaus universiteto duomenys

Tyrimo centre Vilniaus universitete (VU) dalyvavo 13 pacienty, 6 i§
ju atsitiktinés atrankos btidu buvo priskirti intervencijos, 7 — kontrolinei
grupéms. Po 15 sav. stebésenos laikotarpio 3 buve kontrolinés grupés
pacientai pageidavo dalyvauti reabilitacijos programoje. Taigi VU tyrimo
centre pagal specializuota PH reabilitacijos programg i§ viso buvo gydyti 9
prekapiliarine PH (PAH ir LTEPH) sergantys pacientai. Siy pacienty
demografiniai duomenys, funkcinio pajégumo ir su sveikata susijusios
gyvenimo kokybés pokyciai per 15 sav. stebésenos laikotarpj apibendrinti 2
lenteléje.
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2 lentelé. Prekapiliarine PH serganciy pacienty demografiniai duomenys, funkcinio pajégumo ir gyvenimo kokybés pokyciai per 15
sav. Vilniaus universitete

PARAMETRAI
Paciento | Lytis | Amzius Vid. Treniravimo | 6 MET 6 MET | VO,/kg VO,/kg Fizinés Fizinés | Mentalinés  Mentalinés
Nr. PAS trukmé pradinis  15sav. | pikinis pikinis biuklés biklés biuklés buklés
(mmHag) stacionare (m) (m) pradinis 15 sav. vertinimo  vertinimo vertinimo vertinimo
(dienos) (ml/kg/min) (ml/kg/min) balas, balas, 15 balas, balas. 15
pradinis* sav.* pradinis* sav.*
| M 50 75 18 410 410 12,4 11,9 38,1 30,6 46,9 46,8
11 \Y 71 41 18 450 ** 17,7 18,7 62,5 78,8 53,8 86,8
11 M 31 60 14 595 575 18,9 15,7 26,3 45,8 30,0 49,0
v M 54 64 14 420 480 12,0 14,0 50,6 72,5 83,8 84,0
\Y M 42 78 20 446 470 12,0 14,0 28,8 76,9 42,0 77,3
VI \Y 26 27 14 570 650 18,7 20,0 86,9 71,9 82,1 67,6
VIl \Y 75 65 20 420 400 12,3 14,0 43,1 68,8 55,8 65,6
VIl M 55 53 18 535 530 13,6 14,8 33,1 60,0 84,4 86,6
IX M 58 56 18 390 440 12,3 13,7 23,8 33,1 48,2 49,2

Perspausdinta leidus S. Karger AG, Bazelis (Il publikacija).

SANTRUMPOS: M — moteris; V — vyras; vid. PAS — vidurinis plauéiy arterijos spaudimas; 6 MET — 6 minu¢iy ¢jimo testas; VO2 — didZiausias deguonies
suvartojimas

* Vertinta pagal SF-36 klausimyng, kurio didesnis balas rodo geresne gyvenimo kokybe.

** Pragjus 15 sav. stebésenos laikotarpiui pacientas neatliko 6 MET (podagros paiiméjimo salygotas pédos skausmas).
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Vilniaus universiteto patirties kokybiné analizé

Kokybin¢ Vilniaus universiteto patirties analizé atskleidé 9 esminius
zingsnius, diegiant specializuotag PH reabilitacijos programa (1 paveikslas),
taip pat nustaté pagrindinius poreikius ir klititis kuriant bei vykdant tokio
pobiidzio gydyma (3 lentelé).

Pasirengimo etapas truko apie 14 ménesiy. Siai programai jsteigti ir
vykdyti reikéjo, kad prie jprastos daugiadalykés PH specialisty komandos
prisijungty specialiai apmokyti reabilitacijos srities profesionalai — komanda
papildé 2 fizinés medicinos ir reabilitacijos gydytojai, 3 kineziterapeutai, 1
ergoterapeutas ir 1 psichologas. Be to, sveikatos prieziliros specialistams
reikéjo jgyti tiksliniy Ziniy apie sunkiai serganciy pacienty fizinj treniravimag
— miisy kardiologai, besispecializuojantys PH srityje, kartu su FMR
gydytojais bei kineziterapeutais lankési Heidelbergo universitetinéje
ligoningje bei reabilitacijos klinikoje Konigsstuhlio (Vokietija), kur mokeési
fiziniy pratimy ir kvépavimo treniruoc¢iy programos metodikos bei tinkamo
fizinio kriivio dozavimo.

Kad programa biity prieinama pacientams, reikéjo kompensuoti §ios
nemedikamentinés gydymo priemonés taikymo iSlaidas. Nors Lietuvoje
stabiliems PH sergantiems pacientams stacionarinés reabilitacijos paslaugos
néra finansuojamos jprasta tvarka, taCiau kompensacijg i§ Valstybinés
ligoniy kasos pavyko uztikrinti dél teigiamo VLK atsakymo j praSyma
kompensuoti i$laidas iSimties tvarka individualiems pacientams.
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1. Paciento

tinkamumo PH 2. Daugiadalykeés 3. Reabilitacijos
T kog‘_af‘dos . specialisty Ziniy
identifikavimas suburimas atnaujinimas
6. Oficialus kosrﬁPgrizli/gilr% o 4. Reikalingos
gydymo procediiros aqirn bi - ligoninés jrangos
patvirtinimas - guradiymag ' jsigijimas
N
8. Ankstyvas
7. Programos efgI?tS Iaﬂ%?g ir 9. Kritiné pirmyjy
taikymo pradzia —/ saalg\;/umo —/ rezultaty analizé
vertinimas

1 paveikslas. Esminiai Zingsniai kuriant specializuota PH reabilitacijos
programg Vilniaus universiteto ligoninéje

Perspausdinta leidus S. Karger AG, Bazelis (11 publikacija).
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3 lentelé. Specializuotos PH reabilitacijos programos jdiegimo ir vykdymo
pagrindiniai poreikiai bei klititys

BUTINIEJI POREIKIAI KLIUTYS
PH SPECIALISTAI
e Specializuotas PH centras e Vietinés patirties trikumas, gydant PH
e Daugiadalyké komanda pacientus

e Taikant PH reabilitacija labiau
patyrusio centro prieZiiira

REABILITACIJOS SPECIALISTAI

e Patyrusi reabilitacijos specialisty e PH pacienty treniravimo patirties
komanda trakumas
e Specializuotos zinios apie fizinj e Biitinosios jrangos stoka

treniravimg labai sunkiai sergantiems
pacientams

e Reikalingos jrangos uztikrinimas
stacionare (pvz., veloergometras,
svarmenys, pulsoksimetras, mobili
deguonies talpykla)

PACIENTAI
e Paciento geb¢jimai treniruotis — e Pacienty ortopedinés ir kitos gretutinés
ortopediniy ar kity apribojimy nebuvimas | ligos
e Motyvacija e Motyvacijos praradimas laikui bégant

e Negaléjimas treniruo€iy tgsti namuose
e Nestabili buklé — ligos paiiméjimas

SVEIKATOS PRIEZIUROS SISTEMA

e Ligai skirty tiksliniy vaisty e Tikslinio gydymo trikumas
prieinamumas. ® Reabilitacijos kliniky nebuvimas
e [steigtos reabilitacijos klinikos / sveikatos prieziiiros sistemoje
istaigos e Néra arba ribotas paslaugy islaidy
® Paslaugy iSlaidy kompensavimas kompensavimas

Perspausdinta leidus S. Karger AG, Bazelis (Il publikacija).
Daugiacentrio tyrimo rezultatai

] daugiacentrés studijos galuting analize jtraukta 116 pacienty (58
treniruoti ir 58 kontrolinés grupés) (2 paveikslas).
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PH sergantys pacientai (n = 129)
84 % PAH, 16 % LTEPH; 53,7 £ 13 m.; vid. PAS 56,5 £ 14,7 mmHg;
ST 5,2+ 1,51 /min; 6 MET 441 + 119 m.
Atsitiktinai priskirta treniruojamai (n = 68) ir kontrolinei (n = 61) gr.

Pradinis iStyrimas
6 MET, gyvenimo kokybés vertinimas (SF - 36 klausimynas),
kardiopulmoninis kriivio méginys

v ¥
Treniruojama gr. (n = 68) Kontroliné gr. (n = 61)
Stacionarinis etapas vidutiniskai Jprastas fizinis aktyvumas be

25d.(95% P117 - 33 d) stacionarinio laikotarpio

M Y

n =10 nepasieké pirminés vertinamosios n =3 nepasieké pirminés vertinamosios
baigties baigties
- Dalyvavo stebésenoje, bet neatliko 6 - Atsisakeé stebésenos (n=2)

MET (n=3) - Nutriko stebésena (n= 1)

- Pasitraukimas dél asmeniniy
priezasciy (n=1)

- Nepageidaujami poveikiai (n=4)

- Nutfriko stebésena (n = 2)

Veiksmingumo analizé: n = 116 (58 kontrolinéje vs 58 treniruotoje gr.)
» Istyrimas po 14.4 = 10,3 sav.: 6 MET, gyvenimo kokybés vertinimas (SF - 36
klausimynas), kardiopulmoninis kriivio méginys

2 pav. Daugiacentrio prekapiliarinés PH tyrimo pacienty atrankos ir
efektyvumo analizés srauto diagrama

Perspausdinta gavus Oxford University Press leidimg (I publikacija).

Po 15 sav. stebésenos laikotarpio 6 MET metu nueitas atstumas
treniruoty pacienty grupéje reikSmingai pageréjo (30,7 + 57,9 metro), o
kontrolinéje grupéje Siek tiek sumazéjo (-3,4 + 25,9 metro); pagal kontroling
grupe koreguotas pokytis buvo 34,1 + 8,3 metro; p < 0,0001 (3 paveikslas).

Atliekant kardiopulmoninio kriivio méginj pikinis VO- reik§mingai
pageréjo treniruoty pacienty grupéje (pagal kontroling grupe koreguotas
pokytis +0,9 + 0,3 ml/min/kg; p = 0,048; 4 paveikslas).
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6 minuény éjimo testo distancijos pokytis (metrais)

200

100

100

Pagal kontroline gr. koreguotas
pokytis: 34,1 £ 8,3 m.
p < 0,0001

0

200

400

Baziné 6 MET distancija (metrais)

600

Kontroliné gr. Treniruota gr.
(n=58) (n=158)

3 pav. Pirminés vertinamosios baigties — 6 minuciy éjimo testo distancijos —
pokyciai daugiacentriame prekapiliarinés PH reabilitacijos tyrime

Perspausdinta gavus Oxford University Press leidimg (I publikacija).

Pikinio VO2/kg pokytis (ml'’kg/min)

2

-6

-10

L

. p = 0,048
J

A\

Pagal kontroline gr. koreguotas
pokytis: 0,9 = 0,5 mlI/kg/min

Kontroliné gr.
(n=53)

Treniruota gr.
(n=55)

4 pav. Didziausio deguonies suvartojimo (VO2) poky¢iai treniruoty pacienty
grupéje, palyginti su kontroline grupe, daugiacentriame prekapiliarinés PH

reabilitacijos tyrime

Perspausdinta gavus Oxford University Press leidimg (I publikacija).
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Vertinant su sveikata susijusig gyvenimo kokybe SF-36 klausimynu,
po 15 sav. stebésenos laikotarpio treniruoty pacienty grupéje, palyginti su
kontroline grupe, statistiSkai reikSmingai labiau pageréjo mentaliné sveikata
(pagal kontroling grupe koreguotas pokytis 7,3 + 2,5; p = 0,004), taip pat
pastebétos geresnio fizinio (p = 0,07) ir socialinio funkcionavimo (p = 0,09)
tendencijos (5 paveikslas).

p=10,07

20 \ -

p=0,09 | Treniruota grupeé

W
o

-
o

o

Gyvenimo kokybes balo pokytis (SF-36)
o

) & > > a ) &
S ¥ X Q & K N
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5 pav. Gyvenimo kokybés vertinimo skaliy (SF-36 klausimynas) pokyciai,
lyginant treniruotg ir kontrolines grupes, daugiacentriame prekapiliarinés PH
reabilitacijos tyrime

Perspausdinta gavus Oxford University Press leidimg (I publikacija).

] saugumo vertinimo analize jtraukti 99 pacientai. I§ viso buvo
stebéti 52 nepageidaujami reiskiniai (27 treniruociy ir 25 kontrolingje
grupése) 21-am pacientui (13 i$ treniruoCiy ir 8 i§ kontrolinés grupiy).
Nepageidaujamy reakcijy, kuriy daznis > 5 %, ir sunkiy nepageidaujamy
reakcijy daznis abicjose grupése buvo panasus (4 lentelé). Né vienas
nepageidaujamas poveikis nebuvo susij¢s su tyrimo intervencija.
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4 lentelé. Nepageidaujami poveikiai, kuriy pasireiskimo daznis > 5 %,

sunkiis nepageidaujami poveikiai

ir

Grupé

Kontroliné | Treniruociy IS viso
Nepageidaujamas poveikis (n=47) (n=52) (n=99)
Bet kokia aritmija 5 3 8
Kvépavimo taky infekcija 3 4 7
I8 viso 8 7 15
Sunkus nepageidaujamas
poveikis
Diabeto dekompensacija 0 1 1
Generalizuota edema 0 1 1
Hemoptizé 1 0 1
Insultas 0 1 1
IS viso 1 3 4

Prekapiliarinés PH reabilitacijos hemodinaminés analizés rezultatai

Duomenys i$vestiniy hemodinamikos rodikliy post hoc analizei
buvo paimti i§ ankstesnio RKT, vykdyto 2010 m. birzelio—2015 m. geguzés
ménesiais (Heidelbergo universiteto duomeny bazé) [51]. ] 8ig post hoc

analize jtraukti 43 pacientai (24 iS treniruociy ir 19 i§ kontrolinés grupiy). Po

15 sav. stebésenos laikotarpio ramybés smiginis turis ir plauciy arterijos
paslankumas reikSmingai labiau pageréjo treniruoty pacienty grupéje,
palyginti su kontroline grupe (6 paveikslas; 7 paveikslas).

92



_—
g
=
o E o Treniruoti vs kontrolé
B 1200 2 p<0,001 -
7] .
w +~
) i\
s
.ﬂa‘ 100.0 g 200
..ﬂ '.9 .
= 80,0 2
23 g 0 .
==
= . -
.%'J = 600 é’
5E C Mediana: 12,6 (3.6 — 17.7)
wn U @ —
YOS 400 ‘0 .
2. .50 S Mediana: - 6.1 (- 11,5 -2.0)
=z =
= 5 400
Mo 00008 400 60.0 80,0 1000 1200
Bazinis smuginis ttris ramybéje (ml/min) Kontroliné gr. Treniruotyjy gr.

6 pav. Smiginio tirio pokytis ramybéje po 15 savaiiy stebéjimo laikotarpio prekapiliarinés PH reabilitacijos tyrimo post hoc
analizéje

Zalia spalva — treniruoti pacientai; mélyna spalva — kontroliné grupé.

Perspausdinta leidus S. Karger AG, Bazelis (111 publikacija).
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Treniruoti vs. kontrolé
p=0,004
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7 pav. Plauciy arterijos paslankumo pokytis ramybéje po 15 savaiCiy steb&jimo laikotarpio prekapiliarinés PH reabilitacijos
tyrimo post hoc analizéje

Zalia spalva — treniruoti pacientai; mélyna spalva — kontroliné grupé.

Perspausdinta leidus S. Karger AG, Bazelis (111 publikacija).
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I1. POKAPILIARINES PH REABILITACIJOS TYRIMAS

Pirmiausia atlikome sisteming¢ literatliros apzvalga, siekdami jvertinti
fizinio treniravimo / fizioterapijos poveikj pacienty, serganciy ilFSN, Sirdies
ir plauciy kraujotakos morfologiniams bei funkciniams parametrams.
Tikéjomes, kad gauta informacija bus naudinga ieskant tinkamiausiy PH-
iIFSN reabilitacijos programos komponenty.

Kadangi neradome tyrimy, vertinusiy fizinio treniravimo poveikj biitent
PH-iIFSN pacienty populiacijoje, nusprendéme sistemingai apzvelgti ilFSN
ligoniy reabilitacijos studijas ir jvertinti, ar ir kaip skirtingos reabilitacijos
priemonés bei metodikos keicia kairiojo skilvelio (KS) ir desiniojo skilvelio
(DS) diastolinés ir sistolinés funkcijos parametrus, Sirdies ertmiy tdirius ir
matmenis bei slégj plauciy arterijoje ir deSiniajame priesirdyje.

Kitu etapu, remdamiesi prekapiliarinés PH reabilitacijos patirtimi ir
iIFSN sisteminés literatiiros apzvalgos rezultatais, sukiiréme pokapiliarinés
PH (PH-iIFSN) reabilitacijos protokola prospektyvinei daugiacentrei
atsitiktiniy iméiy  kontroliuojamai studijai. Protokolo bandomosios
procediiros pradétos Vilniaus universitete prie§ COVID-19 pandemija.

Sisteminé literaturos apzvalga

Cochrane Library ir MEDLINE/PubMed bibliografinése duomeny
bazése atlikta iSsami literatiiros paieska. Ieskojome visy dizainy klinikiniy
tyrimy, publikuoty iki 2021 m. kovo ménesio, kuriuose buvo vertinamas bet
kokios rii§ies fizinio treniravimo ir (ar) fizioterapijos poveikis iIFSN
(apibréztas kaip KS IF > 45 %) serganciy pacienty echokardiografijos,
Sirdies magnetinio rezonanso tomografijos ar invaziskai iSmatuotiems
hemodinamikos parametrams.

Kiekvieng publikacijos pavadinimg bei santrauka nepriklausomai
vertino du recenzentai, vadovaudamiesi PRISMA (angl. preferred reporting
items for systematic reviews and meta-analyses) pareiskimu [148]. Tie patys
recenzentai, naudodami i§ anksto parengtas duomeny rinkimo formas,
surinko informacijg i$ atitinkamy straipsniy. Duomeny S$altiniy atrankos
procesas schemiskai pavaizduotas 8 paveiksle.
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Jrasai, rasti
duomeny baziy
paieskose
(n=1077)

Y

Straipsniai, kuriy
tinkamumas buvo
vertinamas
(n=90)

Straipsnis rastas
tarp literatiiros
Saltiniy
(n=1)

Y

Y

Straipsniai, kuriy
tinkamumas buvo
vertinamas
(n=91)

Y

Atmesta perzitiréjus
pavadinima ir santrauka
(n =987)

A 4

Straipsniai, atrinkti

duomeny rinkimui
(n=41)

2

Atmesti straipsniai (n = 50)
Nejtraukimo prieZastys:
Nebuvo fizinio treniravimo (n = 7).
Publikuotas tik protokolas (n=13).

SIFSN tyrimas (n = 15).
Pasikartojantys straipsniai,
straipsniy priedai ir kt. (n = 15)

\ 4

Publikacijos,
jitrauktos i galuting
apzvalga
(n=18)

Y

Atlikus duomeny atranka
atmesti straipsniai (n = 23)
Neitraukimo priezastys:
Konferencijos medziaga (n = 6).
Sisteminé literattiros apzvalga ar
metaanalize (n = 8).
Nebuvo vaizdinio tyrimo vertinimo
(n=9)

8 pav. Duomeny $altiniy atrankos ] sisteming literatiiros apzvalga srauto

diagrama
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Sisteminés literatiiros apzvalgos rezultatai

Sistemines literatliros apzvalgos analizei surinkome 9 atsitiktiniy
im¢iy kontroliuojamy tyrimy (RKT), 5 atsitiktiniy im¢iy lygiagreciy grupiy
tyrimy (nekontroliuojamy, visi pacientai treniruoti, ta¢iau buvo naudojami
skirtingi treniravimo protokolai) ir 4 stebéjimo tyrimy duomenis; i§ viso
jtraukta 18 publikacijy. Daugumos tyrimy imtis buvo nedidelé — tik
keturiuose i§ astuoniolikos tyrimy buvo treniruoti > 25 pacientai. IS viso |
sisteming apzvalgg jtraukta 418 treniruoty pacienty (vidutinis amZzius nuo
60,0 iki 75,0 mety, 57 % buvo moterys, intervencijos trukmé svyravo nuo 4
iki 52 savaiCiy). Atskiruose klinikiniuose tyrimuose buvo naudojami
skirtingi fizinio treniravimo ir (arba) fizioterapijos programy protokolai.
Visose studijose aprasomas treniravimas vyko ambulatorinémis salygomis ir
daugumoje jy (16/18) treniruotes priziiiréjo sveikatos prieziiiros specialistai.
Vienuolikoje publikuoty straipsniy nurodyta, kad atlikto tyrimo fizinio
treniravimo programag sudar¢ tik iStvermés treniruotés, keturiuose iStvermeés
treniruotés derintos su jégos treniruotémis, dviejuose buvo taikomos
pasiprieSinimo treniruotés, viename i§ S$iy pridéta funkciné elektriné
stimuliacija (FES), o viename tyrime naudota tik FES. 5 lenteléje
apibendrinti atskiry publikuoty tyrimy rezultatai kartu su taikytomis
reabilitacijos priemonémis ir kitomis klinikinio tyrimo charakteristikomis.
Studijy, kuriose buvo vertinamas konkretus echokardiografinis parametras,
bei treniruoty pacienty skaicius nurodyti 6 lenteléje.

Penkiuose i§ devyniy RKT, keturiuose i§ penkiy atsitiktiniy im¢iy
lygiagreciy grupiy tyrimy ir trijuose i§ keturiy steb¢jimo tyrimy nustatyta,
kad fizinis treniravimas reikSmingai keité skirtingus echokardiografinius
parametrus, o likusiuose SeSiuose tyrimuose echokardiografiniy parametry
reikSmingy pokyc€iy nenustatyta (5 lentelé).

ReikSmingas mitralinio E/e' santykio sumazéjimas po treniruoCiy
aptiktas 5 i§ 12 tyrimy (nuo —1,2 iki —4,9); reikSmingas kairiojo priesirdzio
turio indekso (KPTI) sumazéjimas nustatytas 3 i§ 7 tyrimy (nuo —3,7 iki -8
ml/m2). Fizinio kriivio treniruoéiy poveikio minutiniam $irdies tariui (MST)
vertinimas atskleidé priesStaringus rezultatus: viename nedidelés imties (n =
12), geros kokybés tyrime po 16 sav. istvermés treniruodiy MST pageréjo
245 %[135], o kitas panaSios trukmés iStvermés treniruociy taikymo,
vidutinés kokybés, vyresnio amziaus pacienty (n = 22) tyrimas reikSmingo
poveikio MST neparodé [140].

Fizinio treniravimo jtaka DS funkcijai buvo vertinta tik viename
tyrime [127]. Siame tyrime DS globali idilginé deformacija (DS-GLS) ir
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iSilginés deformacijos greitis (DS-GSR) buvo vertinami prie§ 4 sav. didelio
intensyvumo intervalines treniruotes (DIIT) (n = 9) ir vidutinio intensyvumo
testines treniruotes (VITT) (n = 6) ir po tokiy treniruociy. DIIT grupés
pacienty DS-GLS padidéjo 3 % (nuo —18,4 + 3,2 iki 21,4 + 1,7), p = 0,02.
Siy parametry poky&iai VITT pacienty grupéje buvo nereik§mingi.

Né viename i§ astuoniolikos tyrimy, atitikusiy jtraukimo kriterijus,
nebuvo vertinamas fizinés reabilitacijos poveikis Sirdies magnetinio
rezonanso tomografijos parametrams.

Invaziniai hemodinaminiai matavimai buvo vertinti tik viename
labai mazos imties (n = 7) prastos kokybés tyrime, kuris atskleide, kad ilFSN
pacientams fizinio kriivio treniruotés neturéjo jtakos PPS (16,1 £ 5,6 mmHg
pries treniravima vs 15,2 + 3,6 mmHg po 12 ménesiy treniruociy, p = 0,65)
[156].
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5 lentelé. Atrinkty ir j sisteming literatiiros apzvalga jtraukty straipsniy apzvalga [149]

Treniruoti pacientai

(:Ztrcl)rrr:js Tr::;:(amvzmo Intervencija N DA TS, echok;/redrigg:lafiniai ReikSmingi konkretiy echolfftr.diograﬁniq
. metais; vyriskoji Iytis, . parametry pokyc¢iai
metai) (sav.) N (%)) parametrai
Atsitiktiniy im¢iy kontroliuojami tyrimai (N = 9)
N = 26;
Kitzman et Ambulatorinés, priZitirimos amzius =70 £ 6; KSIF, E, A, E/A, Reikimingy vertinty echokardiografiniy
al., 2010 16 iStvermes treniruotés; vyrai 6 (23,1 %). DecT, IVRT, KSM, ..
[132] 60 min. 3 k./sav. Galutinéje analizéje — KST, ST parametry pokyCiy nebuvo
24 pacientai
JE/e’ nuo 12,8 3,2 iki 10,5 + 2,5,
pokytis -2,3 (-3,0 — 1,6), p < 0,001;
Ambulatorinés, priZitirimos skirtumas tarp gru%ué O_ 13 2(A3-2Dp<
Edelmann et iStvermés treni_ruotés (nuo N = 44: KS .”:’ e (_m_ed_ialinis), re* o 5.4 i’l 2iki 63+ 13,
al., 2011 12 ° say. paelIQytos amzius = 64 + 8; Ele ('T‘Ed'a"”'s)’ S/D pokytis 0,9 (0,6 — 1,1), p < 0,001; skirtumas
pasipriesinimo . santykis, KPTI, KSMI, .
[130] {reniruotémis); vyrai 20 (45,5 %) KSTI tarp grupiy 1,2 (0,8 —1,7) p < 0,001
40 min. 3 K JSay. JKPTI nuo 27,9 + 7,6 iki 24,3 + 6,5,
pokytis 3,7 (-4,9 -2.4), p<0,001;
skirtumas tarp grupiy —4,0 (-5,9-2,2) p <
0,001
N = 20;
Ambulatorinés, priZifrimos amiius.= 62,9 +10,2; 1KS IF nuo 56,4 iki 57,7, pokytis 1,3 % p =
Alves et al., 26 SStvermes tr;niruotéS' vyrai 22 (71 %). KS IF, E/A, DecT, KS 0,01
2012 [133] 35 min. 3 K /sav ’ Vidutinis amZius ir matmenys (GDS, GSS) 1E/A nuo 0,93 iki 1,05, p < 0,001
o lyciy pasiskirstymas |DecT nuo 236,7 iki 222,7, p < 0,001
visoje imtyje
Smart et al., 16 Ambulatorinés, priZitirimos N=12; KSIF, E, A, E/A, E/¢' tMST nuo 5,7 + 2,7 iki 7,1 + 3,1, pokytis
2012 [135] iStvermés treniruotés; amzius = 67 £5,8; (neapibrézta), DecT, s’, 1,4,p=0,04
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30 min. 3 k./sav.

vyrai 7 (58,3 %)

e’, ST, MST, KS-GLS,

KS-GSR
Haykowsky et Ambulatorinés, prizitirimos N =22; e . . .
al.,y2012 ’ 17 istvermes trerljiruotés; amzius =70 £ 6, KST, ST, MST ReikSmingy vertinty echokardiografiniy
[140] 60 min. 3 k./sav. vyrai 4 (18,2 %) parametry poky€iy nebuvo
Ambulatoriné fizioterapija N = 15:
Karavidas et (funkeiné apatiniy galtniy amzius = 69,4 + 8,6; E, A' E/A' Eve Reiksmingy vertinty echokardiografiniy
al., 2013 6 raumeny vyrai 6 (40,0 %) (neapibrézta), DecT, parametry poky&iy nebuvo
[150] elektrostimuliacija); ' KPT
30 min. 5 k./sav.
N =32;
Kitzman et Arr?}vaulator}nes, p.I"IZIHI:lmOS AMZIS L7, KS IF, E, A E/A, Reik$mingy vertinty echokardiografiniy
al., 2013 [64] 16 IStvermes freniruotes; vyrai 9 (28,1 %). DecT, IVRT, KST, ST parametry poky&iy nebuvo
' 60 min. 3 k./sav. Galutinéje analizéje — ' ' '
24 pacientai
Namuose, be prieziuros, N =14; amzius =68 | KS IF, &' (medialinis), o , , ,
Palau et al., kvépavimo raumeny ] . o Reik$mingy vertinty echokardiografiniy
2014 [151] 12 treniruotés; [_6 0-76]; E/e (medialinis), KPTI, parametry poky¢iy nebuvo
. vyrai 7 (50,0 %) KSMI
20 min. 2 k./d.
KVRT (itraukiant): KvRT: FES: KVRT + FES:
Namuose, be priezitiros, N =15; Pol12sav.. | Po12sav.: Po 12 sav.:
kvépavimo raumeny amzius = 75 + 10; |E/e’ nuo LE/e’ nuo ReikSmingy
treniruotes (KvRT); vyrai 7 (46,7 %) 18,4 [14,4- | 20,5[12- pokyc¢iy
20 min. 2 k./d . o 28,0] iki 26,4] iki nebuvo.
zg'f?“ [itziel]” 12 Ambulatoriné fizioterapija FES (jtraukiant): Ele (niamreZta)’ 172 [124- | 157 [11,8-
(funkciné apatiniy galtiniy N =15; 23,1], 21,8],
raumeny amzius =72 +£9; p = 0,015. p =0,001.
elektrostimuliacija); vyrai 6 (40,0 %)
45 min. 2 k./sav. Po 24 Po 24 sav.3: Po 24 sav.%:
KVRT + FES sav.®: ReikSmingy | ReikSmingy
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(itraukiant): IKPTI poky¢iy poky¢iy
N =16; amzius = 73 + nuo 39 + nebuvo nebuvo
10; 111ki31+
vyrai 8 (50 %). 11,
Galutinéje analizéje p =0,008
kiekvienoje grupéje po
13 pacienty
Atsitiktiniy im¢iy lygiagreciy grupiy tyrimai (N = 5)
Ambulatorinémis ir namy AT#
salygomis vykdomos AT: N =8; Tai & |E&’ labiau
iStvermés treniruotés (AT) amzius =63 £ 11; |KP matmen s labiau pageréjo AT
lygintos su vyrai 4 (50,0 %). KS IF, E/A, Ele' ... . y gr. (nuo 17 £4
Yehetal., A . . o sumazéjo Tai &i gr. (nuo o
12 Tai ¢i treniruotémis. (neapibrézta), o iki 14 £ 4),
2013 [152] . 3,8+0,41iki 3,7 +0,3), -
Tai ¢i: N = 8; KP matmenys, KPT . palyginti su
e . .. palyginti su AT (nuo 3,7 + L.
Prizitrimos 60 min. 2 amzius = 68 + 11, 0.3 iki 3,8 £ 0,3), p = 0,04 Tai ¢i gr. (nuo
k./sav. + treniruotés vyrai 4 (50,0 %) . AEDIDPTEI N 14 4iki 13+
namuose 35 min. 3k./sav. 5),p=0.01
DIT:N=9; K.S.IF.’ E.A e . . .D.“T: .
.. (medialinis), E/A, E/e' | |Diastolinés disfunkcijos
amzius = 69,0 £ 6,1; U L ..
Ambulatorines. prizidrim vyrai 8 (88,9 %) (medialinis), DecT, laipsnis* nuo 2,1 + 0,3 iki VITT:
Angadi et al., [OWATOrNes, PriZIUMMmOos Y D IVRT, diastolinés 1,340,7,p<0,01 reik§mingy
4 1Stvermes treniruotes; . .. s o "
2015 [138] . ) disfunkcijos laipsnis!, | |E nuo 0,9 +0,3 iki 0,8 + poky¢iy
45 min. 3 k./sav. VITT: N =6; . o ..
.. diastolinés disfunkcijos 0,3,p=0,02 nebuvoa
amzius = 71,5+11,7; .. o
vyrai 4 (66,7 %) laipsniy 1DecT nuo 194 + 55 iki
' pasiskirstymas?, KPTI 225+40,p=0,02
Anaadi et al Ambulatorinés, prizi@irimos DIT:N=9; KS IF, KSM, KSMI, DIIT: VITT:
2037 [127]*; 4 iStvermés treniruotés; amzius = 69 + 6,1; ST, STI, DS-GLS, DS- | 1DS-GLS nuo —18,4 + 3,2 reik§mingy
45 min. 3 k./sav. vyrai 8 (88,9 %) GSR, KS-GLS, KS- iki-21,4+1,7,p=0,02 poky¢iy
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GSR nebuvo
VITT: N =6;
amzius = 71,5+11,7;
vyrai 4 (66,7 %)
. L DIIT: N = 10; amzius = KSIF.E A ¢
Ambulatorinés, prizitirimos 60 + 10; e . VITT:
. . . . . (vidutinis), E/A , E/e )
A iStvermés treniruotés; vyrai 3 (30,0 %) S DIT: LE/e’ nuo 14,2
Silveiraetal., . . (vidutinis), DecT, KS . .
12 38 min. (DIIT), 47 min. LE/e’ nuo 13,3 £ 3 iki +4iki 11,6 £
2020 [153] N .. matmenys (GDS, GSS),
(VITT) VITT: N =9; amzius = 11,1 +£2,p<0,001 3,
KPTI, KSM, KSTI, KP
3 k./sav. 60+9; skersmuo. STI p <0,001
vyrai 4 (44,4 %) '
Ambulatorings, priZitirimos DIIT: N = 58; amZius =
(3 mén.), paskui tesiamas 0=
)» paskul tesl: vyrai 17 (29,3 %)
namuose be priezitiros
Nl EEl (kitus 9 mén.) 1§tvermes VITT: N = 58; amZius Efe’ (medialinis), Lygllnvant. DIIT, V.ITT ir kontrol}n@ grupes,
2020 [154] 52 treniruotes; =70£8; (medialinis), KPTI reikSmingy vertinty echokardiografiniy
38 min. (DIT), 47 min. vyrai 23 (39,7 %). ! parametry poky¢iy neaptikta #
(VITT)
3 k/sav. Galutinéje analizéje: 47
pacientai DIIT,
52 pacientai VITT
Stebéjimo tyrimai (N =4)
Smart et al., Ambulatorinés, prizitirimos N =18; KSIF,E, A,s’, ¢’ Reik§mingy vertinty echokardiografiniy
2007 [155] iStvermés treniruotés (nuo amzius = 65 £ 5; (vidutinis), E/A, E/e' parametry poky¢iy nebuvo
16 8 sav. papildytos vyrai 9 (50,0 %) (vidutinis), DecT, KST,
pasipriesinimo KS-GLS, KS-GSR, ST
treniruotémis);
60 min. 3 k./sav.
Fujimoto et Ambulatorinés, prizitirimos N=7; KSIF, E, A, ¢ TE/A nuo 0,75 £ 0,11 iki 0,89 £ 0,14, p=
al., 2012 52 iStvermés treniruotés; amzius = 74,9 £ 6; (vidutinis), a’, E/A, 0,03
[156] 40 min. 3 k./sav. vyrai 3 (42,9 %) IVRT, KST, KSTI
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Nolte et al., Ambulatorinés, prizifirimos N = 24; KS IF, e' (medialinis), |E/e’ nuo 12,2 + 3,5 iki 10,1 + 3,0,
2014 [157]* iStvermés treniruotés (nuo amZzius = 62 £ 7, E/e' (medialinis), S/D pokytis -2,1 (-3,3-0,9), p = 0,002
24 5-0s savaités papildytos vyrai 15 (62,5 %) santykis, KPTI, KSMI, 1e’nuo 5,9+ 1,3 iki 6,8 £ 1,4,
pasiprieSinimo KSTI pokytis 0,9 (0,4 —1,4), p=0,001
treniruotémis); IKPTI nuo 30,0 + 7,9 iki 25,1 £ 8,7,
30-35 min.; 3 k./sav. pokytis —4.9 (-6,7 -3,2), p < 0,001
Fu etal., 2016 Ambulatorinés, prizitirimos N = 30; KS IF, E/A, |E/e’ (medialinis) nuo 21,0 = 2,2 iki 16,1 +
[139] 12 iStvermes treniruotés; amzius = 60,5 £ 2,7; E/e’(medialinis), KS 1,8,p <0,05
30 min. 3 k./sav. vyrai 20 (66,7 %) matmenys (GDS, GSS)

Duomenys pateikti skai¢iumi, vidurkiu + standartiniu nuokrypiu, mediana [tarpkvartilinis intervalas].
#p vertés, lyginant pokycius tarp grupiy (poky¢iai pries intervencija ir po jos atskirose grupése nepublikuoti).
! Naudoti 4 diastolinés disfunkcijos laipsniai (0 — néra diastolinés disfunkcijos, 1 — sutrikusi KS relaksacija, 2 — pseudonormali diastoliné f-ja, 3 — restrikcinis

KS prisipildymas).

2 Pacienty skaicius kiekvienoje i§ 4 diastolinés disfunkcijos grupiy.
3 Siekiant jvertinti 12 sav. treniravimo rezultaty tvarumg, stebéjimas buvo pratestas iki 24 savaiéiy.
*] §ig studijg jtraukti tie patys pacientai, kurie dalyvavo ankstesnéje studijoje Edelmann et al. (2011) (24). Autoriai abiejuose straipsniuose pateiké tuos
pacius duomenis apie treniruojamos grupés pokycCius po 12 sav. treniruoéiy, taciau Sis straipsnis buvo papildytas duomenimis po ilgesnio treniruociy

laikotarpio (24 sav.).

** | §ig studija jtraukti tie patys pacientai, kurie dalyvavo ankstesniame tyrime Angadi et al., 2015 (34), bet analizé papildyta iSilginés deformacijos

parametry vertinimu

Santrumpos: A (m/s) — vélyvasis mitralinis jteké&jimo greitis; a (m/s) — mitralinio ziedo vélyvasis diastolinis greitis, jvertintas audiniy dopleriu; AT —
aerobiné treniruoté; CO (I/min.) — minutinis Sirdies taris; DecT (ms) — mitralinés tékmés E bangos 1étéjimo laikas; E (m/s) — ankstyvasis mitralinio jtekéjimo
greitis; e’ (m/s) — mitralinio Ziedo ankstyvasis diastolinis greitis, jvertintas audiniy dopleriu; E/A — E ir A santykis; GDS (mm) — galinis diastolinis
skersmuo; E/e’ — E ir e’ santykis; FES — funkciné elektriné stimuliacija; KS — kairysis skilvelis; DS — deSinysis skilvelis; IF (%) — i$stimio frakcija; GSS
(mm) — galinis sistolinis skersmuo; DIIT — didelio intensyvumo intervaliné treniruoté; KRT — kvépavimo raumeny treniruoté; IVRT (ms) — izovoliuminés
relaksacijos laikas; KP — kairysis priesirdis; KP matmenys (cm) — vertinimas nebuvo aiskiai apibréztas; KPT (ml) — kairiojo priesirdZio tiris; KPTI (ml/m?) —
KP indeksuotas tiiris; KS-GLS (%) — KS globali i3ilgin¢ deformacija; KS-GSR (s1) — KS globalus isilginés deformacijos greitis; KSM (g) — KS masé; KSMI
(g/m?) — KS masés indeksas; KST (ml) — KS tiiris; KSTI (ml/m?) — KS tiirio indeksas; VITT — vidutinio intensyvumo testiné treniruoté; DS-GLS (%) — DS
globali igilginé deformacija; DS-GSR (s) — DS globalus isilginés deformacijos greitis; s’(m/s) — audiniy doplerio mitralinio Ziedo sistolinis greitis; ST (ml)
— smiiginis tiris; STl (ml/m?) — smiiginio ttrio indeksas.
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6 lentelé. Echokardiografiniai parametrai, vertinti j apzvalga jtrauktuose
tyrimuose

Echokardiografinis Tyrimy, kuriuose Treniruoty pacienty,
parametras ivertintas Sis parametras, kuriems jvertintas Sis
skaicius parametras, skaicius
KS IF 14 292
E/e’ 12 330
E/e’(medialinis) 6 211
E/e’ (vidutinis) 2 37
E/e’ (neapibrézta) 4 82
e’ 9 261
e’(medialinis) 5 205
e’ (vidutinis) 3 44
e’(neapibreézta) 1 12
KPTI 7 250
E/A 11 210
E 8 144
A 8 144
E bangos DecT 8 144
KSMI 4 92
ST 6 113
KSTI 4 87
KS IVRT 4 80
STI 3 46
KS-GLS 3 45
KS-GRS 3 45
MST 2 34
KS s’ 2 30
DS-GLS 1 15
DS-GSR 1 15

Parametrai, kurie tyrimuose_nebuvo vertinti:
DS diametras, PAS, TVZPG, TVZP, DS FPP, DP plotas, DP slégis, ATV diametrai

Santrumpos: A (m/s) — vélyvasis mitralinis jtekéjimo greitis; a’ (m/s) — mitralinio Ziedo vélyvasis
diastolinis greitis, jvertintas audiniy dopleriu; MST (/min.) — minutinis Sirdies tiris; DecT (ms) —
mitralinés tékmés E bangos létéjimo laikas; E (m/s) — ankstyvasis mitralinio jtekéjimo greitis; e” (m/s) —
mitralinio Ziedo ankstyvasis diastolinis greitis, jvertintas audiniy dopleriu; E/A — E ir A santykis; E/e’ — E
ir ¢’ santykis; IF (%) — i$stimio frakcija; IVRT (ms) — izovoliuminés relaksacijos laikas; KP — Kairysis
priesirdis; KPTI (ml/m2) — KP indeksuotas taris; KS-GLS (%) — KS globali isilgin¢ deformacija; KS-
GSR — KS globalus isilginés deformacijos greitis; KSMI (g/m2) — KS masés indeksas; KSTI (ml/m2) —
KS turio indeksas; DS-GLS (%) — DS globali isilginé deformacija; DS-GSR — DS globalus isilginés
deformacijos greitis; s’(m/s) — audiniy doplerio mitralinio Ziedo sistolinis greitis; ST (ml) — smuginis
taris; STI (ml/m2) — smiginio ttrio indeksas; DP — deSinysis prieSirdis; PAS (mmHg) — plauciy arterijos
spaudimas; TVZPG (mm/s) — triburio voztuvo Ziedo poslinkio greitis; TVZP (mm) — triburio voztuvo
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PH —iIFSN tyrimo protokolo kiirimas ir bandomosios procediiros

Nusprendéme sukurti protokola prospektyviniam atsitiktiniy iméiy
(1:1), jprasta gydymo taktika kontroliuojamam daugiacentriam tyrimui.

Tyrimo klausimas, kurj iskéléme rengiamam studijos protokolui: ar
fizinio treniravimo treniruotés yra saugios ir gali pagerinti fizinj pajéguma,
su sveikata susijusia gyvenimo kokybe, diastoling Sirdies funkcija,
hemodinamika ir bioZymenis pacientams, sergantiems PH-iIFSN.

Sios studijos pirminé vertinamoji baigtis — treniravimo poveikis
fizinio pajégumo poky¢iui, i¥matuotam pagal 6 MET distancijg (pradinis ir
po 15 sav.), palyginti su kontroline grupe PH-iIFSN pacienty populiacijoje.

Antrinés vertinamosios baigtys apims Siuos parametrus, lyginant
treniruojama ir kontroling grupes:

a. Echokardiografiniai parametrai.

b. Kardiopulmoninio kriivio méginio rodikliai.

c. PSO funkciné klasé.

d. Saugumo parametrai.

e. Su sveikata susijusi gyvenimo kokybé (panaudojant SF-36
klausimyna).

f. Nerimas ir depresija (panaudojant HADS vertinimo skale).

g. Desiniyjy Sirdies ertmiy manometrijos rodikliai ramybéje ir
fizinio kriivio metu.

h. Sirdies magnetinio rezonanso tomografijos rodikliai.

Siekiant jvertinti fizinio treniravimo poveikj 6 MET distancijai,
planuojama ] tyrimag jtraukti 90 pacienty, kurie 15 sav. Salia optimalaus
medikamentinio gydymo arba dalyvaus reabilitacijos programoje
(intervenciné gr.), arba jy fizinis aktyvumas bus jprastas, be specifiniy
rekomendacijy (kontroliné gr.). Imties dydis apskaiCiuotas programa
G*Power 3.1.

Efektyvumo parametrai abiejose grupése bus vertinami pradzioje ir
po 15 sav. stebésenos laikotarpio. Intervencinés grupés pacientai papildomai
atliks 6 MET stacionarinio reabilitacijos etapo pabaigoje.

PH-iIFSN diagnozé bus nustatoma vadovaujantis EKD/ERA
gairémis [5, 6, 21, 36]. Kiti tinkamumo kriterijai pateikti 7 lenteléje.
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7 lentelé. Tiriamyjy jtraukimo j daugiacentrj pokapiliarinés PH reabilitacijos

tyrimg tinkamumo kriterijai

ITRAUKIMO KRITERIJAI

ATMETIMO KRITERIJAI

1. Moterys ir vyrai > 18 m.

2. PSO funkciné klasé¢ II-1V.

3. Pokapiliariné PH diagnozuota
pagal DSEM rodiklius:

a) Vid. PAP > 25 mmHg;

b) PPS > 15 mmHg arba KSGDS >
16 mmHg ramybéje arba PPS > 25
mmHg fizinio kriivio metu.

4. I$saugota KS sistoliné f-ja, KS IF
> 50 % (echokardiografiskai arba
Sirdies MRT).

5.2 1 mén. iki jtraukimo  tyrima
taikomas optimalus medikamentinis
gydymas.

6. Tikimasi, kad medikamentinio
gydymo (iSskyrus diuretikus)
nereikés koreguoti per 15 studijos
savaiciy.

7. Pacientas geba suprasti ir sutinka
pasirasyti informuoto sutikimo forma

1. Prekapiliariné PH

2. Jgimtos arba jgytos reikSmingos
voztuvy ligos (didelio laipsnio
aortos voztuvo stenoze ar
nesandarumas, didelio laipsnio
mitralinio voZtuvo stenozé ar
nesandarumas).

3. Miokarditas, imus koronarinis
sindromas, fizinio kriivio
provokuojami skilveliniai ritmo
sutrikimai, aktyvi kepeny liga.

4. Sunki plauciy liga: FEV1/FVC <
0,5ir TLC < 70 % normos.

5. Suplanuotas dalyvavimas kitoje
intervencingje studijoje.

6. Vaiksc¢iojimo negalia.

7. Hemoglobino koncentracija < 75
% apatinés normos ribose.

8. Sistoliné hipotenzija < 85 mmHg.
9. Néstumas.

10. Nujautimas, kad tiriamasis
negebés tinkamai bendradarbiauti

Masy atlikta sisteminé literatiros apzvalga neleido padaryti
patikimy iSvady apie konkrecios reabilitacinés priemonés didesn¢ nauda PH-

iIFSN
intervencija

sergantiems pacientams,

naudoti

todél
nemodifikuotg

nusprendéme kaip tiriamaja

specializuota Heidelbergo PH

reabilitacijos programg (aprasyta pirmiau).

PH-iIFSN rezultatai

Detali sukurto PH-iIFSN tyrimo protokolo schema pateikta 9

paveiksle.
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Randomizacija

1 vizitas: |
atrankiné patikra
(Dienos |
281ki-1) |

1 vizitas: atrankiné
patikra

Dienos -28 iki -1
Atrankiniai tyrimai

- Medicininé anamnezé

- Fizinis istyrimas

- PSO funkciné klase

- 6BMET

- FVC, TLC, DLCO

- Kraujo dujy analizé

- NTproBNP

- SF36, HADS skalés

- Echokardiografija

- Kravio echokardiografija*

- Kardiopulmoninis kravio
méginys

- DSEM ramybéje ir fizinio
kravio metu*

- Sirdies MRT*

TRAIN — PH — HFpEF (n = 90)

2 vizitas: FHvizitas: 4 vizitas Stebésena
pradinis (22 diena) (106 diena) Studijos
(1 diena) (14 dieny) (* 14 dieny) pabaiga
Reabilitacija Treniruotés namuose T9|9f°"i"i_s vizitas
: 3sav. 12 sav. :

Treniruojamujy grupé (n =45)
Stacionariné reabilitacija 3 sav.

DALIS A

Treniruotyjy grupé: Treniruojasi A dalyje

Kontroline grupé (n = 45)

Tesiamos strukttrizuotos treniruotés namuose 12 sav.

DALIS B

Kontroliné grupé: Treniruojasi B dalyje*

Reabilitacija _ Treniruotés namuose

Jprasta kasdiené veikla 15 sav. 3sav. H 12 sav.

2 vizitas 4 vizitas Telefoninis vizitas
Zvizitas: — 3yigitas 4 vizitas Stebésena
pradinis istyrimas (22 diena) ((ltl)fddler)\a) Studijos

i £ ien .
(1 diena) U pabaiga
. . . 4 vizitas Telefoninis vizitas
2 vizitas: pradinis 3 vizitas e P
(abi grupés) (# tik Treniruotyjy (abi grupés) (abigrupés)
- Klinikinis jvertinimas grupé) - Klinikinis jvertinimas - Saugumas
- Fizinis iStyrimas - Klinikinis - Fizinis iStyrimas - Rekomendacijy
- pSOfunkeiné klasé  [vertinimas - PSO funkeiné klase laikymasis
- 6MET - PSO funkciné klase - OMET - ligyvenamumas
-G, DLCO - 6MET - TLG, DLCO
 Vaistai, NTproBNP - Vaistai, NTproBNP
) - SF36, HADS skalés

- SF36, HADS skalés

- Echokardiografija

- Krivio echokardiografija*

- Kardiopulmoninis kravio
meéginys

- Echokardiografija

- Kravio echokardiografija*

- Kardiopulmoninis kravio
meginys

- DSEM ramybéje ir fizinio
kravio metu*®

- Sirdies MRT*
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Pirminé vertinamoji baigtis:
(Pradinis — 15 sav.)

6MET distancija

Antrinés vertinamosios
baigtys:

(Pradinis — 15 sav.)

PSO funkciné klasé

SF-36

Borgo skalé

Klinikinis pablogéjimas
Echokardiografijos rodikliai
NTproBNP
Kardiopulmoninio kravio
méginio parametrai

DSEM parametrai*

Sirdies MRT rodikliai*

9 paveikslas. I$sami tyrimo protokolo laiko juosta



PH-IIFSN  reabilitacijos bandomosios  procediiros  Vilniaus
universitete atliktos vadovaujantis Helsinkio deklaracija, protokolg patvirtino
Vilniaus regioninis biomedicininiy tyrimy etikos komitetas (Nr. 2019/4-
1118-611). Pries jtraukiami j tyrimg visi pacientai davé rastiskg informuoto
asmens sutikima.

Tyrimo kandidatai buvo atrinkti Vilniaus universiteto ligoninés
Santaros kliniky Plautinés hipertenzijos kompetencijos centro gydytojo
kardiologo konsultacijy metu. Nuo 2019 m. liepos— iki 2020 m. kovo 35
pacientams echokardiografiskai buvo jtarta PH-IFSN. Kaip parodyta 10
paveiksle, keturi pacientai galiausiai buvo jtraukti j bandomasias
procediiras; véliau tyrimas turéjo buti nutrauktas dél COVID-19 pandemijos.

35 pacientams jtarta PH- 21 turéjo atmetimo
ilFSN kriterijy dar iki DSEM:

Ortopediniai apribojimai,
skilvelinés aritmijos

i} ' DSEM buvo atidéta 4
DSEM atlikta 10 pacientams

pacienty

Diagnozuota
prekapiliariné PH 2
pacientams

Izolivota pokapiliariné
arba kombinuota po ir
prekapiliariné PH
patvirtinta 8 pacientams

4 pacientai atsisaké
dalyvauti tyrime

4 pacientai sutiko
dalyvauti tyrime

10 paveikslas. Tinkamy pacienty atranka pokapiliarinés PH
reabilitacijos tyrime

Misy pradiné patirtis vertinant naujai sukurta protokolg Vilniaus
universitete parodé, kad jis gali buti saugus (nepastebéta jokiy
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nepageidaujamy reiskiniy, susijusiy su protokolo procediiromis) ir
jgyvendinamas.

Pazymétina, kad S$io protokolo jgyvendinimas priklauso nuo
nacionalinés sveikatos priezitiros sistemos ir jprastos klinikinés praktikos
tyrimo centre. Kadangi reabilitacijos veiksmingumo vertinimas yra sudétinis,
0 antrinés vertinamosios baigtys apima skirtingus diagnostinius tyrimus,
kuriuos atliko atskiri tyréjai, nebuvo lengva organizuoti visus tyrimus pagal
numatytg tyrimo tvarkarastj. Be to, atrinkti tinkamus pacientus taip pat
nebuvo lengva, nes daugelis (20 i§ 35) potencialiy kandidaty turéjo
vaiks¢iojimo negalig arba kity ortopediniy apribojimy treniruotis; fizinio
kraivio sukelta skilveling aritmija kaip atmetimo kriterijy atitiko 1 pacientas.

I bandomajj tyrimg buvo jtraukti keturi pacientai; du i$ jy i$ pradziy
atsitiktinés atrankos btidu buvo priskirti kontrolinei grupei (Pacientas Nr. 1
ir Pacientas Nr. 2), kiti du — intervencinei grupei (Pacientas Nr. 3 ir
Pacientas Nr. 4). Po 15 sav. stebéjimo laikotarpio abu kontrolinés grupés
pacientai dalyvavo treniruoCiy programoje ir tapo intervencinés grupés
pacientais.

Intervencineés grupés paciental

Pradinis reabilitacijos etapas stacionare visiems pacientams, i§skyrus
viena, truko 18 d. Pacientas 4 i3 reabilitacijos klinikos i8vyko po 15 d. (savo
pageidavimu), be to, Sis tiriamasis vienintelis nevykdé rekomendacijy
mankstintis namuose — pristigus motyvacijos treniruotes nutrauké po keliy
dieny gjzes i$ stacionaro.

Jau pasibaigus pirmajam stacionariniam reabilitacijos etapui visy
keturiy treniruoty asmeny fizinis pajégumas pageréjo, o po 15 sav.
stebésenos laikotarpio pageréjimas buvo dar didesnis tiems trims
pacientams, kurie treniruotes tes¢ ir namuose (11 paveikslas, 8 lentelé).
Kadangi Pacientas 4 namuose treniruo¢iy netgsé, papraséme jos atvykti
ankséiau (11 stebésenos sav.) — atlikus 6 MET stebétas sumazéjes fizinis
pajégumas (11 paveikslas), buvo padidintos diuretiky dozés ir suplanuotas
papildomas vizitas po 1 mén., tatiau prasidéjus COVID-19 pandemijai
pacienté §j vizitg atSauke.

Kardiopulmoninis fizinio kriivio méginys taip pat parodé geresnj
visy trijy pacienty fizinj pajéguma po 15 sav. treniruociy (12 paveikslas; 9
lentelé).
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A B

600 585 600
575 575
550 550
525 525
500 500 ;22
475 475 -7
450 450 45, -7
425 425 B35
400 380 400
375 375
350 350
325 325
300 300
275 270* 275
250 250
Pradinis 3 savaité 15 savaité Pradinis 15 savaité
sws=== Nr. 1 === Nr.2 === N3 Nr. 4 o= o wm N[ ] o= o= N2

11 paveikslas. 6 MET distancijos pokytis per stebé&jimo laikotarpj (A —
intervencine grupé; B — kontroliné grup¢)

* — po 11 savai¢iy. Pacientas 4 nustojo treniruotis pra¢jus kelioms dienoms

po stacionarinio reabilitacijos etapo.

23 23
2 22.0 .
21 21
20 20
19 18.6 19
18 18
17 16.9 17
16 16
~ 15.2%
15 14. 15 14.4
14 /1; » . ‘_’__—
. 13.7 T - -—"137
13 13 ____—
12 12 12.6
Pradimis 15 savaité Pradinis 15 savaité
s NI, | o NI, 2 s NI, 3 Nr. 4 = emem NIl oo eses N&2

12 paveikslas. Pikinio VO pokytis per steb&jimo laikotarpj (A —
intervenciné grupé; B — kontroliné grupé)

* Pacientas 4 neatliko kardiopulmoninio fizinio kriivio méginio po 15 sav.
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8 lentelé. Funkcinio pajégumo, BNP, echokardiografiniy parametry ir gyvenimo kokybés

poky¢iai 15 sav. stebésenos

laikotarpiu
Atsitiktinés atrankos grupé INTERVENCIJA KONTROLINE GRUPE
Pacientas 1 Pacientas 2 Pacientas 3 Pacientas 4 Pacientas 1 Pacientas 2
PACIENTAS — — — — — —
Prie§ Po Pries Po Prie§ Po Pries Po Pries Po Pries Po
Svoris (kg) 108 107 74 71 72 69 125 - 105 108 72 74
KMI (kg/mz) 37,8 37,5 28,2 27,0 29,6 28,4 52,0 - 36,8 37,8 27,4 28,2
PSO funkciné klase 11 1] 11 11 ] 11 1 I 11 I 11 I
Distancija (m) 432 475 502 585 530 572 380 2702 435 432 445 502
Dusulio vertinimas
. pagal Borgo skalg 0,5 0 0 0 0,5 0 0,5 32 0 0,5 0 0
6 MET pries testq
Dusulio vertinimas
pagal Borgo skale 1 3 2 3 2 4,5 2 5 82 0,5 3 2 3
min, po éjimo
Maksimaliapkrova | 10, | 1953 | 74 gs | 107 | 18 | 74 - 98 | 104 | 72 | 78
(vatais)
Ergospirometrija I
gospi ] Pikinis VO3 13,7 14,5 144 16,9 186 22,0 15,2 12,6 13,7 13,4 144
- (55 (58 (85 (87 (52 - (51 (55 (66 (72
(ml/kg/min ir %) (72 %) (73 %)
%) %) %) %) %) %) %) %) %)
BNP (ng/l) 146,7 | 226,2 | 2965 | 1235 58,5 99,2 140,4 - 2153 | 146,7 | 189,3 | 296,5
SPAS (mmHg) 65 a7 40 33 34 36 50 - 40 65 37 40
DP spaudimas
Echokardiografija (mmSg) 10 10 5 5 3 3 - - 5 10 5 5
PAV AcT (ms) 61 95 103 69 142 137 42 - 54 61 94 103
TVZP (cm) 2,2 2,0 15 2,2 2,8 2,3 14 - 1,6 2,2 2,2 15
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TVZP greitis §' 15 13 11 15 15 13 11 16 15 12 11
(cm/s)
DS FPP (%) 401 | 41 | 378 | 375 | 497 | 507 | 30 432 | 401 | 382 | 378
DP plotas (cm?) 31,7 | 312 | 265 | 276 | 159 | 164 | 142 293 | 317 | 251 | 265
KS IF (%) 57 | 56 56 56 68 62 57 57 57 58 | 56
KPTI (ml/m?) 417 | 529 | 1130 | 926 | 384 | 441 | 350 436 | 417 | 1150 | 1130
KSMI (g/m?) 1137 | 1003 | 780 | 80,2 | 589 | 59,9 | 1080 975 | 1137 | 726 | 780
Gyvenimo kokybe (SF-36 fizinés 46,25 | 825 | 3125 | 2313 | 55,63 | 58,13 | 56,25 4438 | 46,25 | 18,75 | 31,25
sveikatos balas)
Gyvenimo kokybé (SF-36 mentalinés 65,71 | 62,42 | 69,92 | 4825 | 3325 | 57,92 | 54 6446 | 6571 | 50 | 6992
sveikatos balas)
HADS klausimynas (nerimas)® 0 2 8 8 11 6 8 4 0 8 8
HADS klausimynas (depresija)® 0 0 8 8 8 2 7 2 0 9 8

a—po 11 savaiciy;

b — kiekviena skal¢ tiesiogiai transformuojama j skale nuo 0 iki 100, darant prielaida, kad kiekvienas
mazesnis balas, tuo didesné negalia;
¢ — kiekvienos skalés balai nuo 0 iki 21; 0-7 = normalus, 8-10 = ribinis, 11-21 = padidéjes.

klausimas turi vienodg svorj; kuo

SANTRUMPOS: 6 MET — 6 minuéiy &jimo testas; KMI — kiino masés indeksas; HADS — nerimo ir depresijos skalé; KPTI — kairiojo piesirdZio tiirio
indeksas; KS IF (%) — kairiojo skilvelio i§stimio frakcija; KS-GLS (%) — KS globali isilgin¢ deformacija; KSMI (g/m2) — KS masés indeksas; PAV AcT
(ms) — plauciy arterijos voztuvo tékmés pagreitéjimo laikas; DP — deSinysis priesirdis; DS — deSinysis skilvelis; FPP — frakcinis ploto pokytis; sSPAP —
sistolinis plauéiy arterijos spaudimas; TVZP (mm) — triburio voztuvo Ziedo poslinkis; TVZPG (mm/s) — triburio voZtuvoziedo poslinkio greitis.
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ISVADOS

Prospektyviné daugiacentré atsitiktiniy imciy studija atskleidé, kad
specializuota reabilitacijos programa prekapiliarine PH sergantiems
pacientams yra saugi ir efektyvi:

a) Nepageidaujamy reiskiniy ir sunkiy nepageidaujamy reiskiniy
daznis buvo panasus treniruotoje ir kontrolinéje grupése.

b) Palyginus treniruotg ir kontroling grupes, aptiktas teigiamas
reabilitacijos programos poveikis Siems rodikliams: 6 MET
distancijai, su sveikata susijusiai gyvenimo kokybei ir maksimaliam
deguonies suvartojimui.

Norint jdiegti ir teikti PH reabilitacijos paslauga, butini vietiniai PH
ekspertai, prieinamas optimalus PAH/PH gydymas, labiau Sioje srityje
patyrusiy specialisty priezitira, teikiamos stacionarinés reabilitacijos
paslaugos, specialiai apmokytas personalas, gydymo iSlaidy
kompensacijos galimybé ir paciento motyvacija.

Specializuota PH reabilitacijos programa prekapiliarine PH
sergantiems pacientams pagerina plauciy arterijy paslankuma ir
smiiginj Sirdies tiirj.

Néra patikimy duomeny apie fizinio treniravimo poveikj KS, DS bei
plau¢iy kraujotakos morfologiniams ir funkciniams parametrams
i[FSN sergantiems pacientams. Yra pradiniy duomeny apie teigiama
reabilitacijos poveikj KS prisipildymo slégio Zymeniui E/e', kairiojo
priesirdzio dydziui, minutiniam Sirdies tiriui ir deSiniojo skilvelio
deformacijai.

Misy sukurtas pokapiliarinés PH reabilitacijos daugiacentrio tyrimo
protokolas yra pagrjstas esamu duomeny trikumu, tiriamyjy
tinkamumo Kkriterijais, nustatytais remiantis naujausiomis EKD/ERA
gairémis, ir teigiamais Heidelbergo prekapiliarinés PH reabilitacijos
programos rezultatais. Pradiniai duomenys parodé, kad sukurtas
protokolas gali biti saugus ir jgyvendinamas. Nors COVID-19
pandemija nutrauké tyrima, Sios jzvalgos skatina jj atnaujinti ateityje.
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PRAKTINES REKOMENDACIJOS

Rekomenduojame PH reabilitacija jtraukti | kompleksine prekapiliarine
PH (PAH ir LTEPH) serganciy pacienty priezitira, taikant treniravima
greta optimalaus medikamentinio gydymo, tam skirtuose PH eksperty
centruose ir patyrusiose reabilitacijos klinikose. Si rekomendacija jau
jtraukta § 2022 m. EKD/ERA gaires (1 klasés A lygio rekomendacija).

PH pacienty reabilitacijai sitilome naudoti standartizuotg ,,Heidelbergo
PH reabilitacijos* programa.

Skatiname diegti ir vykdyti PH reabilitacijos programa viename ar
keliuose tam skirtuose centruose kiekvienoje Salyje. Sitilome naudoti
misy ataskaita apie esminius organizacinius aspektus, biutinuosius
poreikius bei klititis kaip naudingg priemone diegiant ir taikant Sia
svarbig gydymo programa.

Rekomenduojame biisimuose iIFSN reabilitacijos moksliniuose
tyrimuose naudoti platesnj ir kompleksiskesnj Sirdies funkcija
atspindinéiy parametry vertinimg — analize papildyti deSinés Sirdies
pusés funkcijg ir plauciy kraujotaka atspindinciais parametrais, taip pat
tikslesniu KS morfologijos ir funkcijos vertinimu.

Sitlome ateityje  atnaujinti  reabilitacijos  tyrima PH-iIFSN
populiacijoje.
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10. PADEKA

Esu labai dékinga uz zinias ir patirtj, kurias jgijau doktorantiiros
studijy metu, ir tikiu, kad jas panaudosiu ateityje. Noréciau padékoti visiems
Siame darbe dalyvavusiems mokslininkams ir sveikatos priezitiros
specialistams, kurie prisidéjo savo laiku, Ziniomis ir jgiidZiais.

Esu labai dékinga savo mokslinei vadovei prof. Jelenai Celutkienei
uz tai, kad visada buvo kartu, atsakingai ir profesionaliai vadovavo visy
doktoranturos studijy metu. Acili uz jkvépimg, skatinimg imtis mokslinés
veiklos ir puiky lyderystés pavyzdj. NoréCiau nuosirdziai padékoti savo
moksliniam konsultantui prof. Ekkehard Griinig uz pagalba kiekviename §io
tyrimo etape, uz jzvalgius pasiiilymus, paramg ir galimybe dalyvauti
tarptautiniuose projektuose. Jisy abiejy vizija, entuziazmas ir mano
zinojimas, kad iskilus klititims galiu kreiptis pagalbos j Jus, suteiké man
ramybés ir uztikrintumo jausma, o §j tyrimg paverté malonia ir naudinga
patirtimi.

Nuosirdziai dékoju doc. Linai Gumbienei ir dr. Elenai Jurevicienei
uz paramg viso §io tyrimo metu, ypac¢ jo pradZioje — uz pirmin¢ idéja,
pagalba inicijuojant tyrima, vertingus patarimus ir praturtinusias pazintis.

Noréciau nuosirdziai padékoti visiems bendraautoriams, ypac prof.
Christina Alessandra Eichstaedt ir Nicola Benjamin. Dékoju uz S$ilta
bendravima ir profesionaly bendradarbiavima, taip pat uz Jisy svetinguma ir
apmokymus apsilankymy Thoraxklinic Heidelberge metu.

Didziulg padéka noréciau iSreiksti VUL Santaros kliniky Fizinés
medicinos ir reabilitacijos centro darbuotojams. Uz labai svarbig paramg
diegiant ir vykdant PH reabilitacijos programa dékoju doc. Alfredui RudZiui,
prof. Alvydui Juoceviciui, dr. levai Laucevicienei, Jiratei Guogienei,
Emilijai  Sinkiinienei. Ypa¢ acia kineziterapeutéms Vilmai Gaucytei,
Barbarai Semetienei bei Daivai Sakalauskienei — Jiisy indélis buvo esminis
Sio tyrimo sékmei.

Nuosirdziai dékoju visiems tyrimo partneriams: VUL SK PH
kompetencijos centro administratorei Raimondai Jonaitienei, kolegei Tomai
Kupei, intervencinés kardiologijos komandai, ypa¢ Sigitui Césnai, irdies
echolaboratorijos darbuotojams, ypa¢ prof. Dianai Zakarkaitei.

Esu dékinga jkvepiantiems pacientams, kurie dalyvavo Siame tyrime
su entuziazmu ir ryZtu.

Dékoju disertacijos recenzentams: dr. Egidijai Rinkiinienei, prof.
Sigitai Aidietienei, prof. Pranui Serpyciui uz skirtg laika, vertingas jzvalgas
bei motyvuojantj paskatinima.
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Galiausiai noréciau padékoti savo brangiausiems ir artimiausiems —
tévams Virginijai ir Vidui, broliui Laurynui, Ramiinui ir jo tévams Onai ir
Rimantui, visiems laiko ir patiréiy patikrintiems draugams. ACIU uz Jisy
meile, nuolatinj palaikyma, uz tai, kad mane dziuginate, o labiausiai uz tai,
kad visada buvote ir esate kartu.
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control group) on disease-targeted medication completed the study [85 female; mean age 53.6 £ 12.5 years; mean
pulmonary arterial pressure 46.6 15.1 mmHg; World Health Organization (WHO) functional class Il 53%, lll 46%;
PAH n=98; CTEPH n=18]. Patients of the training group performed a standardized in-hospital rehabilitation with
mean duration of 25 days [95% confidence interval (Cl) 17-33 days], which was continued at home. The primary
endpoint, change of 6-min walking distance, significantly improved by 34.1+8.3 m in the training compared with
the control group (95% Cl, 18-51m; P<0.0001). Exercise training was feasible, safe, and well-tolerated. Secondary
endpoints showed improvements in quality of life (short-form health survey 36 mental health 7.3 £2.5, P=0.004),
WHO-functional class (training vs. control: improvement 9:1, worsening 4:3; > P=0.027) and peak oxygen con-
sumption (0.9 £ 0.5 mL/min/kg, P=0.048) compared with the control group.

Conclusion

This is the first multicentre and so far the largest randomized, controlled study on feasibility, safety, and efficacy of

exercise training as add-on to medical therapy in PAH and CTEPH. Within this study, a standardized specialized
training programme with in-hospital start was successfully established in 10 European countries.
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Keywords

Introduction

Low-intensity exercise training for patients with pulmonary arterial
(PAH) and chronic thromboembolic pulmonary hypertension
(CTEPH) has been shown to increase quality of life (QoL), exercise
capacity, lower limb muscle strength, and possibly haemodynamics.'~
* Up to date, 6 randomized controlled trials have been published”™”
as well as 14 further controlled trials or cohort studies.® Hence, the

evidence is mounting that exercise training is a valuable add-on to
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Pulmonary rehabilitation ® Pulmonary hypertension e Exercise programme

targeted medical therapy. Currently, specialized low-dose exercise
training holds a class Ila level B recommendation in the European
Society of Cardiology/European Respiratory Society (ESC/ERS) pul-
monary hypertension (PH) guidelines.”""

Until the ESC/ERS-guidelines had been published, the sample sizes
of the four randomized controlled studies in pre-capillary PH patients
considered for recommendations on exercise training were quite
small (ranging from 23 to 30 patients). After 2015, two further
randomized controlled trials,”® three meta- and one Cochrane
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analysis'>”"> have shown that exercise training is highly beneficial for
pre-capillary PH patients. In most previous studies, the initial training
was highly supervised and conducted in an inpatient setting®’
Therefore, PH guidelines recommended that exercise training pro-
grammes should be implemented by centres experienced in both—
PAH patient care and rehabilitation of compromised patients. In add-
ition, patients should be treated with the best standard of pharmaco-
logical treatment and in a stable clinical condition before embarking
on supervised rehabilitation.” However, the access to such pro-
grammes is very limited and multicentre studies are lacking to assess
the effect of exercise training in different countries with different
healthcare systems. Before the start of this trial, rehabilitation was
not available for PH patients in most European countries.

Therefore, the objective of this study was to perform a multicentre,
randomized, controlled trial across Europe also including countries in
which exercise training had so far not been available for PH patients to
investigate its feasibility, safety, and efficacy. Furthermore, we aimed to
develop and assess standardized settings, monitoring, and adjustment
of exercise training which would be helpful to implement a validated,
high-quality programme with a solid scientific evaluation.

Methods

Study population and design

All participating centres were members of a European Respiratory
Society Task Force on exercise training in PH.* A common protocol was
designed to conduct the first multicentre study on exercise training in
PH. Eleven centres from 10 European countries (Austria, Belgium,
Germany, ltaly, Lithuania, the Netherlands, Portugal, Scotland, Spain, and
Switzerland) participated.

Inclusion criteria were pre-capillary PH [PAH or non-operable or re-
current chronic thromboembolic PH (CTEPH)] diagnosed by right heart
catheterization according to the ESC/ERS PH guidelines.” Study partici-
pants had to be >18years of age, non-pregnant, in World Health
Organization functional class (WHO-FC) II-V and stable on optimized
PAH targeted therapy for at least 2months prior to study enrolment.
Excluded were patients with PAH associated with portal hypertension,
complex congenital heart disease,’® HIV and patients with pulmonary
veno-occlusive disease. Further exclusion criteria were clinically relevant
lung or left heart disease, active liver disease, acute infection, walking dis-
ability, haemoglobin concentration below 75% of lower limit of normal
values (individual age and gender adjusted normal values of haemoglobin),
systolic blood pressure <85mmHg, recent syncope and skeletal or
muscle abnormalities prohibiting participation in an exercise programme.
Patients with sustained supraventricular and ventricular arrhythmias at
baseline were not enrolled into the study. Patients with mild non-
sustained supraventricular or ventricular arrhythmias or with a history of
arrhythmia, e.g. after cardioversion, were able to participate in the study.
Targeted PAH or other medication was not to be altered within the
training period. The study complies with the Declaration of Helsinki. All
patients gave their written informed consent to the study. The study was
approved by the ethics committee of the Medical Faculty of Heidelberg
University, Germany (S-473/2015) and by each centre’s respective ethics
committee. The study was registered in clinicaltrials.gov under the identi-
fier NCT03345212.

Randomization and outcome measures

The study was a 15-week, randomized, controlled multicentre trial. After
giving written informed consent for this study, patients were randomly
assigned to either a ‘training group’ or a ‘control group’ using a permuted
block randomization procedure with sealed envelopes, stratified by
centre. Patients of the training group stayed in-house for the initial 10—
30 days of the study period and continued with a programme at home for
another 11-12 weeks. Patients of the control group stayed at home with
usual daily activity. Efficacy parameters were assessed at baseline and after
15 weeks by investigators who were blinded to the clinical data.

The primary endpoint was the change in 6-min walking distance (6MWD)
from baseline to 15weeks between exercise training and control group.
Six-minute walk test was carried out under standardized conditions."”

Secondary endpoints were the change from baseline to 15 weeks after re-
habilitation in peak oxygen consumption based on a cardiopulmonary exer-
cise testing (CPET), WHO-FC, N-terminal prohormone brain natriuretic
peptide (NT-proBNP), QoL, and safety parameters. Echocardiography at
rest and during exercise and CPET were performed in a smaller subset of
centres. Assessment and analysis of QoL (short-form health survey 36, SF-36
questionnaire) and of other efficacy parameters were performed as
described previously.” Adverse events, defined according to International
Conference of Harmonization Good Clinical Practice, during the study
period were recorded.

Exercise training programme

For standardization of the training programme great effort has been under-
taken including several meetings of the participating professionals and the
implementation of a train the trainer setting. At least one PH expert and
physiotherapist from each centre spent several days at the PH expert centre
and rehabilitation clinic in Heidelberg, Germany between November 2014
and April 2018 to receive first-hand experience on the set-up of the clinical
examinations, patients’ exercise capacity evaluation, training adjustment,
monitoring, and exercise training components to assimilate procedures
across countries as much as possible. The 6MWD as primary endpoint was
performed standardized according to current recommendations.”® Each
centre performed a study entrance examination to assess baseline parame-
ters, enabled an inpatient phase between 10 and 30 days followed by an out-
patient phase until the final examination at 15 weeks.

The exercise and respiratory training was based on published proce-
dures™ and adapted by each country to achieve a feasible set-up which
was similar to the described setting. The Heidelberg exercise training
programme specifically developed for patients with PH was chosen as
intervention due to the profound scientific evaluation of the programme
and safety reasons (low intensity). The training programme consisted of
respiratory therapy, cycle ergometer training, dumbbell training, guided
walks, and mental training as described previously.” During the initiation
period, exercise training was performed 5-7 times/week. During the con-
tinuation phase at home, training frequency was 3—7 times/week. Training
intensity was 40-60% of the patients’ achieved maximal workload during
ergometer test at baseline. Oxygen saturation, heart rate, right ventricu-
lar function at rest and during exercise, and subjective perception were
considered for initial training intensity and training adjustment. Right ven-
tricular function during exercise was measured by echocardiography as
visual estimation of pump function and as change of systolic pulmonary
arterial pressure from rest to peak exercise measured during stress echo-
cardiography as described previously.”” Pump function was classified
qualitatively as normal, mildly, moderately, or severely impaired. Training
was closely supervised by physical therapists and physicians specialized in
rehabilitation medicine and PH experts. Transcutaneous oxygen satur-
ation and heart rate were monitored continuously throughout the train-
ing. Patients, who were on oxygen therapy 16-24 h/day before inclusion
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Patients with chronic pulmonary hypertension (n=129)
(84% PAH, 16% CTEPH; 53.7+13.0 years, mPAP 56.5+14.7 mmHg,
CO 5.241.5 /min, MWD 4411119 metres)
Randomisation into training (n=68) and control group (n=61)

Baseline examination
B6MWD, quality of life (SF-36), cardiopulmonary exercise testing

¥

Exercise training group (n=68)
— Inpatient for mean 25 days (85% CI
17 to 33 days)

N=10 did not complete the primary endpoint
- Did attend FU but did not perform 6MWD (n=3)
- Withdrawal due to private reasens (n=1)
- AE(n=4)

- Pneumonia (n=1)

- Decompensated diabetes (n=1)

- Ventricular extrasystele (patient wish to

withdraw n=1)

- Chestand gastrointestinal infection (n=1)

- Lostto follow-up (n=2)

Efficacy analysis set: n=116 (58 control group vs. 58 training group)
>  Assessment after 14.4£10.3 weeks: BMWD, quality of life (SF-36), cardiopulmonary <~

¥

Sedentary control group (n=61)
Usual care, stayed at home ]
Daily activity as usual

N=3 did not completethe primary endpoint
- Refusedfollow-up (n=2)
- Lostto follow-up (n=1)

exercise testing

Figure | Study flow-chart. This flow-chart gives the course of the study, patient randomization, assessments, and definition of dropouts. 6MWD,
6-min walking distance; AE, adverse event; Cl, confidence interval; CO, cardiac output; CTEPH, chronic thromboembolic pulmonary hypertension;
FU, follow-up; mPAP, mean pulmonary artery pressure; PAH, pulmonary arterial hypertension.

into this study remained on oxygen during the training programme. At
discharge at the end of the inpatient phase, patients received an individu-
alized training manual and organized a cycle ergometer for use at home.

Statistical methods

The analyses were performed by a statistician (N.B.). The efficacy analysis
and subject characterization were performed by use of the efficacy data-
set including all patients with baseline and follow-up assessment of the
primary endpoint 6MWD. Al patients who were enrolled and random-
ized into the study were included in the safety analysis. Data are given as
mean values + standard deviations. For the description of effects changes
in absolute values were calculated. Differences between changes of the
intervention and the control group were calculated and expressed as
‘control-group corrected change’.

Calculation of sample size was based on the primary efficacy endpoint
which was defined as the change in 6MWD between baseline and
15 weeks of exercise training between the training and the control group.
To detect a control-group adjusted difference in 6MWD of 30 m, with an
equal standard deviation of 53 m with a power of 80% and a two-sided
significance level of 5%, it was calculated that 50 patients were required in
each treatment arm. Under consideration of the assumed dropout rate
of 20%, the sample size was increased to 63 patients in each group (total
126). The primary efficacy analysis was performed by a t-test with unequal
variances (Welch tests) of changes between groups since the assumption
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for a covariance analysis was not fulfilled. The frequency of patients with
increase of 6MWD >10% and the frequency of patients with increase
above 440 m (low-risk category according to ESC/ERS risk stratification)’
was analysed for interpretation of the primary endpoint.

Secondary endpoints were tested with two-sided student’s t-tests for
unequal variances. For analysis of categorical data, %2 test was used. No
imputation strategy was implemented for missing data. A sensitivity ana-
lysis excluding outliers >1.5 of interquartile range was performed for the
primary endpoint 6MWD and for peak VO,.

Safety was analysed descriptively. Adverse events (AEs) during the
study period included all AEs that started or worsened from baseline until
the last visit (15 weeks). As one centre did not report AEs for the control
group, patients from this centre were excluded from analysis of AEs. All
tests were two-sided and P-values <0.05 were considered statistically sig-
nificant. All analyses were carried out with IBM SPSS V25 (IBM Corp.
Armonk, NY, USA).

Results

Study population

From October 2015 until November 2019, a total of 129 patients
were enrolled into the study with 61 patients in the control group
and 68 patients in the training group (Figure 1, Supplementary
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material online, Table ST). Out of them, 116 completed the study
with baseline and follow-up assessment of the primary endpoint
6MWD (58 vs. 58 patients; 73.3% female, 53.6 + 12.5 years, 47.5%
WHO-FC >3, mean pulmonary artery pressure 47 + 15 mmHg, pul-
monary vascular resistance 8.2+ 5.0 WU; Table 7). One patient in
the training group and one patient in the control group had mild im-
pairment of left ventricular function. Right ventricular function was
mildly impaired in 13 vs. 10, moderately impaired in 5 vs. 5, and se-
verely impaired in 3 vs. 2 patients (training vs. control). Reasons for
dropout are given in Figure 1. Mean inpatient training duration was
25days [95% confidence interval (Cl) 17 to 33days]. Pulmonary
hypertension-specific medication was not changed throughout the
study period. Baseline parameters were well-balanced between
groups (Table 1).

Primary endpoint MWD

Patients of the training group showed a significant improvement of
the primary endpoint 6MWD (30.7+57.9 m), while the control
group slightly decreased in 6MWD (-3.4+25.9 m; control-group
corrected change 34.1+83 m; P<0.0001, Table 1 and Figure 2). In
the training group, 19 patients (32.3%) had a walking distance im-
provement >10%, compared with two patients (3.4%) in the control
group. Twenty-five patients from the training group vs. one patient in
the control group showed a 6MWD improvement above the thresh-
old of clinically important difference >33 m.

Ten patients of the training group who presented with a walking
distance <440 m at baseline improved their walking distance to >440
m during follow-up (ESC/ERS low-risk category), three patients
showed deterioration of walking distance below this threshold. In
comparison, one patient from the control group improved walking
distance from <440 m to >440 m, while three patients showed de-
terioration below the threshold.

Secondary endpoints

Quality-of-life scores (mental health) significantly improved in the
training group, compared with the control group (control-group cor-
rected change 7.3 £ 2.5; P=0.004) and improved in trend for physical
functioning (P=0.07) and social functioning (P = 0.09; Figure 3). With
Bonferroni correction, P-values <0.005 remained statistically signifi-
cant for QoL data. Other SF-36 scales and subscales did not signifi-
cantly differ between groups.

In the training group, nine patients improved in WHO-FC, com-
pared with one patient in the control group; four patients worsened
in WHO-FC, compared with three patients in the control group (>
P=0.027).

In CPET peak oxygen consumption significantly improved in the
training group [control-group corrected change +0.9 £ 0.3 mL/min/
kg; P=0.048; Figure 4; improvement equals 8.5 + 17.6% in the training
group vs. 1.0 £ 13.8% in the control group (P=0.015)]. In the training
group, 23 patients (41.8%) had a peak oxygen consumption improve-
ment >10%, compared with 15 patients (28.3%) in the control group.

Patients in the training group had a significant decrease in systolic
pulmonary arterial pressure (-4 mmHg) compared with the control
group (+5.8mmHg; difference 9.8+ 3.1 mmHg, P=0.002, Table 2).
Other echocardiographic parameters did not show significant differ-
ences between respective changes compared with baseline.

Other parameters from CPET and change of NT-proBNP showed
no significant differences between groups (Table 2).

Sensitivity analysis excluding outliers revealed that the primary
endpoint 6MWD (difference 26.3 £ 6.5 m, P=0.0001) and peak VO,
(difference 0.75 £ 0.38 mL/min/kg, P=0.05) still remained statistically
significant.

Safety

The safety set comprised 99 patients, as AEs from one centre
(n=130), which only reported AE data for patients from the interven-
tion group, were excluded. In total, 52 AEs (27 training group, 25
control group) were reported for 21 patients (13 training group and
8 control group). Adverse events with a frequency of >5% and ser-
ious AEs were comparable between groups (Table 3). The most fre-
quent AEs were arrhythmia and respiratory infections. In the training
group, three patients experienced a serious AE during the study
period, compared with one in the control group (x> P= 0.38). All ser-
ious AEs were classified as serious due to occurrence of
hospitalization.

Patients of the training group showed a higher dropout rate for
the efficacy dataset (3> P= 0.095), though three patients successfully
completed the study, but did not perform a 6MWD due to organiza-
tional issues. No patient in the control group vs. four patients in the
training group did not complete the study due to AEs, out of which
one was a serious AE (decompensated diabetes). However, none of
the AEs or serious AEs were evaluated to be related to the study
intervention.

Discussion

This is the first randomized controlled multicentre study on exercise
training in patients with pre-capillary PH, performed in 11 centres in
10 European countries in a large patient population, showing a signifi-
cant and clinically meaningful improvement of the primary endpoint
6MWD and of the secondary endpoints WHO-FC, Qol, and peak
oxygen consumption. The study showed for the first time that a safe
and effective exercise training programme can be standardized and is
feasible in different countries with different healthcare systems. To
make this therapy widely available for PH patients participating
centres implemented this PH training programme mostly for the first
time and successfully adapted it to their local healthcare system.

Significant improvement of primary
endpoint MWD

The effects of exercise training have so far been investigated by only a
few working groups, which raised the need for larger and multicentre
studies to verify the results.*'>%°

Although the 6MWD as outcome parameter has been criticized,
particularly in add-on treatments,”’ we chose this patient-relevant
outcome to reflect patients’ exercise capacity as it has been shown
that the 6MWD highly correlates with daily activity, haemodynamics
and prognosis in PH and is thus used for risk assessment. Change in
6MWD has been reported to be below the clinically relevant thresh-
old in several studies, despite significant changes in other relevant
outcomes.”" In a meta-analysis, the 6MWD has shown limitations as
surrogate endpoint for clinical worsening events in PAH, but still a

145

Zz0z sequisldes G| uo 3senb Aq 89Z0009/78ZZ/€2/Zy/aI01E/LIeayIns/woo dno-oiwepese//:sdiy wolj papeojumoq



2289

Standardized exercise training is feasible, safe, and effective

panunuo>
LoL

80L

90L
soL

SLL
ol

Skl
SLL

(TerTL)

(zoL 018'8)
(6721970
(St's 01 6h)

('er 01 8°€h)
(1’803 +9)

(98203 ¥'TL)
(9291 23 TH9L)
(65501 €°L9)

1eAs3Ul
22UapYUOD %56

(911 = u) 3oserep Aoedyyz

Downloaded from https://acadel

0s FTs
9t FS6
L0 F8T
SL FTS
L'SL F 99
€y FUL
(%10) L

(%0°1€) 9€
(%L°Sh) €5
(%20 9T

(%56 ¥

(%1%7) 8T
%12V L
(%6'18) S6
(%6'sL) 88
(%€0L) TL

(%5°S1) 8L
(%60 L
(%90 €

(%€0L) TL
(%69) 8
(%629) €L

(%€€L) 58

89l FSSL
T6 F69L
STL F 9€S

H

% pue u
40 s F uespy

(49

SS

S

LS
LS

(zoL o3 12)

(L'oL 03 1'8)
(670157
(S50 LY)

(905 ©2 +'2H)
(LLo3¥9)

(678 03 ¥'TL)
(8691 ©39%91)
(955 03 L'ép)

TeAsa3ul
22UdpYUOd %56

(85 = u) dnou3 Buiureay

s F

H

L'e
L0
Sl

H o+

+H

SsL F
Iy F

(%L71)

(%7°9¢)
%' L¥)
(%L£°07)

(%5°€)

(%0'L€)
(%€01)
(%€°6L)
(%9°LL)
(%5°51)

(%1T1)
(%L71)
(%+7€)

(9%69)
(%98)
(%TL9)

(%0'69)
86l F
66
vz F

+H

98

1’6

LT

L's

SS9
9

~

S
6€

(4
LLL
[
€8

% pue u
40 s F uespy

6t

€S

s
(a9

LS

(06 3 +9) Sy F

H

(6°0L ©10'6) ve F
0€297) L0
(9501 8%) vl

+

+H

(905 1 £'Th) 6L F
(@6 9199) Sy F

(%6'ST
(96005
(%142

(%5°€)
(%TLL
(%8°€L
(%58
(%L ¥L
(%79

(%061

(%L71)

)
)
)

)

(%8°€L)

(%6'9)

(%9'85)

(%9°LL)

(8'9£ ©300£) 6Tl F
(8991 ©3 $291) v'8
(€85019'L5) LT F

+

1eAs3ul
22UapYUOD %56

.oup.com/eurheartj/article/42/23/2284/6000268 by guest on 15 September 2022

LL

66
8¢
s

L'9%
6L

Sb
6C
vl

% pue u
40 s F uespy

(NAA) @dUBISISa JeNdseA Adeuow)ng
Brw)
2unssa.d a3pam |elisile Areuowng
(Quiyuiw) xopur seipaed
(uiwi/) andano seipaed
(BHww)
aunssaud jelsaue Areuow)nd ueay
(8Hww) aunssaud jelne 1Sy
uoneziiayred 1eay 1Sy
s8nup uno4
s8nup @24y
s8nup om |
3nup auQ
JUSWIES.I} UOIBUIGUIOD UONEIIPSL.
Isiuode doydedau |
unoAoerso.y
Jore)nwins 91242 a1ejduens ajqnjos
s1siuo8ejue doidedau ulpyIopug
sJoqIYuI-G dsedsisalpoydsoyy
S42>20)q jPUURYD WiNRED
s3nup peiediei-Hd
uolisusiiadAy
Aaeuow)nd d10quisoquioayl d1UoIyD
aseasip 8un) 01 anp Hd
HVd jo adA1 uayno
Hvd

POIBIDOSSE-9SBISIP DNSSII DAIDUUOD)

HVd Pa1BID0sse-aseasip Jaeay Jesusguod
HVd 2\qesray 1o dipedoip)

sisougelp uoisuanadAy Areuowng

(%) 42quinu xas ajewa4

(®1) BPMm

(W) 38

(saeak) a8y

Jni3sMdYeIRYD

sjuaned jo sonsiivIdeIRYD (B

13 pue soiydeaSowag | @|qeL

146



E. Griinig et al.

2290

Downloaded from https://academic.oup.com/eurheartj/article/42/23/2284/6000268 by guest on 15 September 2022

'SSE)D JRUONDUN) UonEZIUESIO YIEdH PMOAA ‘D4-OHAA ‘uondwinsuod uadixo ‘TOA ‘uoianpo.d apixolp UOGJEd/UCIIB]IUSA INUIL TODA/T,A ‘UOISINIXD DI
‘uoisuaruadAy Areuownd ‘Hy apndad cnaaniieu ure.q oud jeuluai-N ‘gNgo-d- | N 2dueisip Sunjlem uiw-9 ‘qAAINS

-soud |eraie Areuow)nd 21103sAS ‘dV/dS ‘UOIRIASP pJepuels ‘(S ‘Uoijeanies UaBAX0 TORS MendLuaA S ‘AY

1i3e 341 vy

1sAs aue|d Jejnuue pidsnoLa ‘3S4y/ ] @4ns

oLl (6'5L 91 9'89) veL FTU €5 (9°2L 93 '99) 11T F 00U
oLL (#9203 1'L9) SOy ¥ 889 €5 (SLL 0Oy £h8) 0ty F 199
oLl (#9203 1'99) YIT FELL €5 (€2L93TT9) €87 F 869
oLl (625 0 8'6%) 91T F 6ES €5 (8:09 03 £'8%) 6T F LYS
oLL L1y o1 6'65) L0T F8Eh €5 (€75 01 0'LY) YT F 99
oLl (552 03 8%9) 0L FTOL €5 (T8L 01 8°€9) 0LT F OLL
oLl (875 9 TLE) oSy FOSH €5 (805 03 0'67) Tl F 66E
oLL (FbS 03 '5p) 8EC F 66¥ €5 (875 03 8'6€) SYL F €9
soL (@19 93 t'€9) 00T F €4S 0s (#'€9 01 6'LS) €T F LLS
soL (T6r 01 8'LY) L6l F SSH 0S (905 03 £0%) 06l F ¥Sh
9 (59793 6'70) VL F LB €€ (L8 0  T€D) 6L F 09
6L (€€zorv6l) 88 FHIT 8% (€¥T 01 6'8L) 98 F 9T
¥8 (Tt 00 ¥0 FLT 2% (2107 ¥0 F LT
8L (€89 01 £'95) 85T F 59 L (€L ©1895) 8.7 F 959
89 (L8y 91 6TH) 6Ll F8SH €€ (£05©39'Ly) 6Tl F T
€8 9L 03 '€9) 66T F 669 34 (ThL 01 '95) 067 F €59
¥8 (52893 T'5L) 8T F 18 led (+'68 03 €'6L) LT F TL8
¥8 (T£L 03 1'09) ¥6E F 989 £ (948 03 6'75) LS F 1789
L (951 01 8°€1) 8y F Ll (951 018TL) TS F Thl
¥8 (81601 £'88) L'L FT06 34 (£'26 01 £'88) L'L F S06
18 (9e€L °1 9°€TL) 9€T F 98TL 124 (LipLor L) 6TC F LbEL
€8 (@96 01 £T6) 06 FEV6 w (696 01 9'68) gLl F Te6
98 ('8 01 £'8/) €¥l F 18 led (88 03 L'61) o¥L F 6¢€8
(L°'69% ©3 §°5Th) Y8LLF €Lbh (L'8LY 3 TILY) LLWLTF Tlhy
08 (8'€£9 ©3T'8LE) T66LF 009 L€ (L6701 93 TTHE) O'LEOF 0'989
(%60) L %L1) L
(%9°9%) ¥S (%L15) 0€
(%£°15) 09 (%8+%+) 9T
(%60) L %L1) L

“U JO UWN|OD B Ut UBAIS Bk SaZIs 3duies ‘sanjeA Sulssiu Jo aseD U]

VA (€2L9v9£9) 9Ll F SU sy Jeaualy
A (L'zg o1 €719) 8LEF LLL Suiuonouny sj04 Jeuonowy
LS (08 ©19'59) 9ST F 6TU Suluonouny ajou je1og
LS (585 9 t'Ly) 70T F 671§ AaRUA
LS (1'9y 01 T'SE) L6l F LOY suondadiad yyeay |essussy
A (2201 1°L9) 96T F T69 ured Aipog
L5 (£'19 22 T6€) 60F F §0S Bujuonouny sj0. 1ed1sAyd
A (665 03 §'L1) 9T F L€S Suluonouny edisAyq
SS (T79 01 9'L9) 18l F 695 24025 UOHBLWIWINS |BIUSLY
[ (L'Lg °2 L'oY) S6L F 9SGk 2405 UoHEWIWINS [e2ISAYY

(341reUL0RSAND 9€-4S) 2411 Jo ANEND
6T (95222 0'17) 19 F £€T (W) vaue AY
8¢ 0¥z or18lL) 06 F 11T (W) oUWy
I (€700 ¥0 F LT (Www) 35dvL
L€ (899 1 €1L5) €ET F L'6S (BHWW) dvds

Aydeu3oipaesoydy
43 (€6 91 9'LY) ULl F ¥SH adojs CODA/AA
ob (S48 ©10'59) Y0E F 8L () pa121paud % peoplopn
of (T16016'LL) ToE F 918 (AN PEOPLIOM >Ead
L (06201 619) 80C ¥ §89 (9) pea1paud 9% COA Sead
€5 (S9L 0 THL) €r F €51 (B/uw) COA Sead
Iy (603 £'£8) TL F 006 (%) TO®s >ead
£ (L'0EL ©18°GLL) €E€T F 0€TL (unwy) s34 11ERY SEay
L (896 01 6°€6) 9b F ¥S6 (%) 3524 18 COBS
W (Te8 o1 €97) €yl F L8L (uiuy) 3so4 e 9384 1S
AydeaBoipiedoyda ssau1s yum

(13dD) 8unse aspuaxa Aseuowindoipaed
(0'6Ly ©3 8'GL) TOULF ¥'Lbb (W) AMI9

3593 3upjlem UIW-9
£ (+08% ©1 9%81) 9'08VF STEE (1/8u) dNgoad-1N

Auojeloqge]
0 Al

%¥'L¥) vT Il
(%9°85) ve I
0 |

(%) 42quinu sse)> D4-OHAA

1eAIa3UL % pue u 1eAsS3UL % pue u
u 2DOUsaPYUOd %56 40 @s T uespy u 2OU3PYUOD %56 40 s ¥ uespy

(85 = u) dnous Buiureay

(911 = u) 3asezep Adeoiyg

1eAIa3UL % pue u
u 25U3PYUOd %56 40 s F uespy

(8§ = u) dnou3 _o..ucoU. s13sMdIBIRYD

panunuon | 3|qeL

147



Standardized exercise training is feasible, safe, and effective

2291
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Control-group corrected
change: 34.1£8.3 meters
p<0.0001
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Figure 2 Primary endpoint 6-min walking distance. Patients of the training group significantly improved in 6MWD compared with the control
group by 34.148.3 m (P < 0.0001).
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Figure 3 Secondary endpoints: quality of life. The secondary endpoint quality of life (QoL) significantly improved in the subscale mental health in
the training group compared with the control group (P = 0.004). Two further subscales were significant in trend (physical function P = 0.07, social

function P = 0.09).

difference of 22.4 m favoured active treatment.”? In our study, clinic-
ally relevant improvement in 6MWD was supported by significant im-
provement of WHO-functional class and peak VO,, which have both
shown to be prognostically important and are included in the ERS/

ESC risk stratification model for

directly linked to clinical worsening events, it does represent physical
exercise capacity and may, together with other parameters, be inter-
preted for risk stratification and QoL.”*

Our findings are also in line with previous studies on exercise train-

PAH. Though 6MWD may not be ingin PH®"" and confirm the positive results in a multicentre setting
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Change in peak VO,/kg [mL/min/kg]
o
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8 p=0.048
6 L J
i
8 Control-group corrected

change: 0.9£0.5 ml/min/kg

Control group
(n=53)

Training group
(n=55)

Figure 4 Secondary endpoints: peak oxygen consumption/kg. Peak oxygen consumption (VO,)/kg body weight significantly improved by 0.9+0.5

mL/min/kg in the training group compared with the control group (P = 0.048).

with an inpatient start of exercise training. Moreover, this study is the
largest trial of PH patients undergoing exercise rehabilitation, sub-
stantially increasing the number of patients with scientifically eval-
uated training effects. The improvement of 6MWD by 34.1+£83 m
was clinically meaningful and lies above the threshold for clinical im-
portance of 33 m in PH.2* Ten patients of the training group (17.2%)
improved walking distance to the low-risk category, according to
ESC/ERS risk stratification. Mean 6MWD improvement was also
comparable to results of medication studies in PAH,” and lies above
the results of add-on medication in PAH with mean improvements of
19.96 m (95% Cl 15.35-24.57 m).® The improvement of 6MWD is
slightly lower than reported from other exercise training studies,
which may also be attributed to the multicentricity of this study, the
required adaptation of training protocols. It has already been shown
that patients with high functional impairment, eg. WHO-FC Il and
IV, show the most pronounced benefit by exercise training,”’ which
may have influenced the results. As 25/58 patients of the training
group and 26/58 patients of the control group already presented
with 6MWD values >440 m at baseline, the improvement of walking
distance may well be limited by a ceiling effect.”® Furthermore, exer-
cise training in PH was implemented for the first time in most of the
centres, possibly resulting in suboptimal increase of training inten-
sities, likely resulting in a lower training effect. To this end, the low
number of AEs does support the focus on safety and tolerability of
exercise training in this study.

Improvement of secondary endpoints

Secondary efficacy parameters such as QoL and peak oxygen con-
sumption significantly improved in the training group compared with
the control group. As peak oxygen consumption showed a significant

increase, but workload and peak heart rate remained constant, the
effect may be attributed to an economization of oxygen metabolism
in the muscles. Patients of the control group improved peak VO,
>10% in 29% of cases, which may possibly be attributed to the
Hawthorne effect, which describes the change of behaviour that
occurs in clinical trials due to the awareness of being observed. The
improvement of physical and mental health parameters in this study
underlines the holistic approach of exercise training to enable decon-
ditioned PH patients to extend their individual daily activity spectrum.
As NT-proBNP was not significantly increased in the training group,
the exercise training also did not seem to have a negative impact on
right heart insufficiency and ventricular load.

Implementation of exercise training in
different countries

To implement the standardized training programme mostly for the
first time in the respective European countries new collaborations
were initiated between PH expert centres and rehabilitation centres,
funding opportunities were sought as the in-hospital rehabilitation
was not part of reimbursement schemes of most national insurance
systems. Thus, this study was the first step to enable a permanent im-
plementation of an exercise training programme for PH patients in
the respective European countries.

Limitations

We cannot exclude a potential inclusion bias whereby patients who
are willing to undertake an exercise intervention may reflect a more
motivated and adherent group. Another limitation of this study is the
amount of missing data including non-invasive haemodynamics. The
number of values included for each parameter is reported to indicate
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Table 3 Adverse events with occurrence >5%

G Total
(n=47) (n=52)

Adverse events

Arrhythmia of any kind 5 3 8

Respiratory infection 3 4 7
Total 8 7 15
Serious adverse events

Diabetes, decompensated 0 1 1

Oedema, generalised 0 1 1

Haemoptysis 1 0 1

Stroke 0 1 1
Total 1 3 4

parameters which need to be interpreted with caution due to missing
data. Especially for haemodynamic changes with exercise training in
PH further data, preferably including right heart catheterization, are
needed.

It is intrinsically not possible to blind a training study. However,
investigators involved in data analysis were blinded as far as possible
including clinical data and QoL assessments. Due to organizational
reasons, not all centres were, however, able to perform blinded
assessments of 6MWD, though the walking distance of previous
assessments was not known to the investigators.

Total number of AEs did not differ between groups, though
patients of the training group had a higher frequency of serious AEs
and a higher dropout rate during the study. None of the AEs or ser-
ious AEs were stated to be related to the training intervention.

For safety concerns severely deconditioned patients with very
restricted mobility range were not included in this study. Thus, we
cannot exclude a selection bias towards more active patients.

As most of the patients in the control group were offered to par-
ticipate in the exercise training programme after having finished their
final examination, long-term data for comparison between exercise
training and control group were not available. No daily physical activ-
ity measurements were part of the protocol. Thus, it is not possible
to quantify whether general activity increased after the exercise
training.

Conclusions

This is the first multicentre and the largest randomized, controlled
study so far, reporting the beneficial effects of exercise training on
6MWD, Qol, and oxygen consumption in patients with PH. Study
results are in line with previous studies. Exercise training was success-
fully implemented in all participating centres, including PH expert
centres as well as experienced rehabilitation facilities. Further large
multicentre studies are needed to investigate the haemodynamic
effects of this intervention on different subtypes of PH.

Supplementary material
Supplementary material is available at European Heart Journal online.
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Abstract

Background: Pulmonary hypertension (PH) is a severe pro-
gressive disease, associated with reduced exercise capacity
and poor quality of life. Although scientific evidence sup-
ports the incorporation of specialized training in the treat-
ment of PH, it is only available in a few countries. Objectives
and Methods: This article aims to share the experience of
implementing a PH rehabilitation program, to summarize
the barriers and prerequisites for launching this service, and
to assess its early effect. We retrospectively analyzed our
pathway in organizing this program, by singling out essen-
tial steps. Results: The preparation phase took about 14
months. Establishing and running of a PH rehabilitation pro-
gram required dedicated rehabilitation specialists to join the

multidisciplinary PH expert team. Team members needed to
gain special knowledge on exercise training in severely com-
promised patients; thus, supervision and education by expe-
rienced consultants was crucial. The main eligibility criteria
for patients were stable status, optimal medical treatment,
and motivation to undergo the training. The first results eval-
uating the effect of a specialized PH training program in 9
patients are promising. Seven of them improved their func-
tional capacity over the period of 15 weeks. Conclusions: De-
spite a number of challenges and barriers, the implementa-
tion of a specialized rehabilitation program should be en-
couraged in a few dedicated PH expert centers per country,
who are capable to fulfill all prerequisites and organizational
aspects. Local PH experts, supervision by an experienced
center, in-patient rehabilitation facilities, dedicated person-
nel, equipment, and patient motivation are essential.
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Introduction

Pulmonary hypertension (PH) is a severe progressive
disease, associated with reduced exercise capacity, low
quality of life, and poor survival. PH may complicate a
majority of cardiovascular and systemic diseases [1]. PH
is defined by pressure elevation in the pulmonary artery,
and after the sixth World Symposium on Pulmonary Hy-
pertension, mPAP >20 mm Hg (measured invasively) is
considered to be abnormal [2].

The most recent guidelines, published jointly by the
European Society of Cardiology (ESC) and the European
Respiratory Society (ERS), suggest complex treatment of
precapillary PH, consisting of disease-targeted and sup-
portive medical therapy with general measures. In this
regard, physical activity and supervised rehabilitation,
psychosocial support, and other nonpharmacological
treatment strategies are advised [1]. At the same time, ex-
cessive physical activity that leads to distressing symp-
toms is not recommended for these patients, due to the
risk of overexertion and increased shear stress on the pul-
monary vascular walls, which could trigger the worsening
of the disease. Exercise training should be considered in
physically deconditioned PH patients under optimal
medical therapy, and it should be supervised by PH ex-
perts [1].

Numerous clinical trials, mainly focusing on the reha-
bilitation of pulmonary arterial hypertension (PAH) and
chronic thromboembolic PH (CTEPH) patients, have
demonstrated its safety and effectiveness using different
models of exercise training regimens [3-14]. The ERS
statement on exercise training and rehabilitation of pa-
tients with severe chronic PH summed up the findings of
studies, which enrolled 784 PH patients in total, including
6 randomized controlled trials (RCTs), 3 controlled trials,
10 prospective cohort studies, and 4 meta-analyses [15].
As summarized in this statement, training programs have
been shown to significantly improve exercise capacity,
muscular function, and quality of life [15]. The only pro-
spective RCT examining the effect of specific training on
invasively measured hemodynamics at rest and during
exercise has also revealed positive results [11].

Importantly, practical experience shows that most PH
patients are highly motivated to participate in a special-
ized rehabilitation program [16]. Limited availability and
underutilization of exercise training remains a drawback
in many specialized PH centers. A recent first multicenter
RCT on feasibility, safety, and efficacy of exercise training
on PH showed clearly positive results: the primary end-
point - change of 6-min walking distance - significantly

2 Respiration
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improved by 30.7 + 57.9 m in the training group, while it
slightly decreased in the control group (-3.4 £ 25.9 m;
P <0.0001) [17]. Moreover, within this study, a standard-
ized specialized training program, initiated in-hospital,
was launched successfully in 10 European countries (in-
cluding our center in Vilnius). Our aim was to share our
experience in implementing a specialized PH rehabilita-
tion program, identify and describe the prerequisites and
barriers in organizing such service, and show the early
effect of this newly created program.

Materials and Methods

We retrospectively analyzed our center’s experience in initiat-
ing, organizing, and executing a specialized PH rehabilitation pro-
gram, identifying the main prerequisites and the barriers for its
establishment, finding practical solutions, and evaluating the first
results. We assessed our practice in detail by singling out 9 neces-
sary steps, shown in Figure 1.

Results

Identification of Eligibility Criteria for PH

Rehabilitation

The Competence Centre for Pulmonary Hypertension
in tertiary care Vilnius University Hospital was estab-
lished in 2010. The specialized healthcare professionals
see the patients with suspected and confirmed PH (most
often PAH or CTEPH) daily. Moreover, all evidence-
based disease-targeted treatment options, including com-
bination therapy, are available and fully reimbursed in
Lithuania. Per year, 110-140 patients are routinely man-
aged with PAH- and CTEPH-specific drug therapies in
this center. In the course of specific treatment, we realized
that a part of them could be good candidates for a PH re-
habilitation program. Moreover, some of them were
greatly interested in the training, actively asked for the
instructions of physical activity, or even performed exer-
cises themselves without any professional recommenda-
tions or supervision. Identification criteria for patient’s
eligibility for the rehabilitation were optimal specific PH
therapy, stable status, motivation to train, and no ortho-
pedic or other limitations for exercising, such as acute
heart failure, infection, and exercise-induced arrhythmia.

Assemblage of Multidisciplinary Team

Various healthcare professionals are involved in the
diagnosis and treatment of PH patients: the key members
of our multidisciplinary team were cardiologists, pulmo-
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7. Launch of
the program

Fig. 1. Essential steps in establishing a PH
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9. Critical analysis
of the
first results

rehabilitation program. PH, pulmonary
hypertension.

nologists, radiologists, and nurses; we meet for the dis-
cussions every week or even more often, if necessary. For
implementing the PH training program, our regular mul-
tidisciplinary team was expanded by 2 qualified rehabili-
tation physicians, 3 physiotherapists, 1 occupational
therapist, and 1 psychologist.

Knowledge Upgrade for Rehabilitation Specialists

In Lithuania, in-hospital rehabilitation clinics are an
established treatment option, but rehabilitation is mainly
performed after acute disease and less in stable, but se-
verely compromised state. Our choice was to profit from
an experienced and established center in the rehabilita-
tion of PH patients. Lithuanian cardiologists, who were
specialized in PAH/PH, together with rehabilitation phy-
sicians and physiotherapists visited the Thoraxklinik at
Heidelberg University Hospital and Rehabilitation Clinic
Konigstuhl, where they learned the methods, protocols,
and components of the well-established exercise and re-
spiratory training program. Though the nurses, working
atour hospital in-patient rehabilitation department, were
quite experienced in the care of rehabilitated patients
with heart and respiratory failure, we additionally in-
structed them about PH patients, particularly focusing on
the possible adverse events, signs of deterioration, and
mitigation of side effects.

The training protocol from Heidelberg was adapted to
local conditions, including the following characteristics:
in-hospital start of rehabilitation (for 14-21 days) fol-
lowed by continuation of the exercises at home, interval
ergometer training (20 min, 5 days a week), respiratory

Implementation of the Pulmonary
Hypertension Rehabilitation Program

therapy (30 min 5 days a week), dumbbell training of sin-
gle muscle groups (30 min 5 days a week), guided walks,
mental gait training (individually, at least 2 times a week),
and conventional elements, such as massages, relaxation,
lectures, and patient education as already described [3,
11, 14]. Training intensity was started at 40-50% of max-
imal patient’s workload, reached during the ergometer
test at baseline, and increased within the in-hospital pe-
riod, trying to achieve the maximal baseline workload
(maintaining 60-80% of the peak heart rate and avoiding
desaturation <90%). Less than 21-day duration of the in-
hospital phase in some patients (due to limited reim-
bursement) was the main difference of the Lithuanian
program, compared with the Heidelberg protocol. Before
leaving the hospital, each patient received individualized
written recommendations and how to continue exercis-
ing at home, including detailed instructions with the pic-
tures for each exercise and recommended heart rate in-
terval during workouts. We did not specifically supervise
our patients during their training at home, but each of
them was provided with the contacts of the physiothera-
pist and cardiologist (e-mail and phone number) and
could communicate in case of any questions or difficul-
ties.

Acquirement of Necessary Hospital Equipment

We composed a list of the equipment required for the
training of PH patients - cycle ergometer, weights, gym-
nastic rubber, balls, and mats. Pulse oximeter and blood
pressure monitor are necessary for the supervision of the
patient’s status. A mobile oxygen tank is mandatory, as
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Fig. 2. Specialized PH rehabilitation
scheme for an individual patient. PH, pul-

monary hypertension. *The most common No Yes
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Continue
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Initiation of
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some patients need additional oxygen supply during ex-
ercise.

In our rehabilitation clinic, most of the necessary
equipment was already in place. For an individual PH pa-
tient workout, a cycle ergometer with an interval training
opportunity, pulse oximeter, and oxygen tank were pro-
vided additionally.

Solution for Service Reimbursement

In Lithuania, a standard reimbursement for in-hospi-
tal rehabilitation from the National Health Insurance
Fund (NHIF) is ensured for the patients after acute car-
diovascular diseases (e.g., myocardial infarction and
stroke), trauma, or surgery. For stable patients with
chronic heart diseases (e.g., chronic heart failure and PH),
only an outpatient rehabilitation program, consisting of
a limited number of procedures, is funded routinely. We
have considered an outpatient PH rehabilitation service
as an alternative to the inpatient program. The main fac-
tors that determined our choice to seek for opportunities
of in-hospital service establishment were the endeavor of
maximum safety, a sufficient number of training proce-
dures, and patient convenience (only a very small number
of such patients could arrive for exercising daily 5 days
per week). In our center, the establishment of an in-hos-

4 Respiration
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pital rehabilitation program for stable PH patients was
possible due to the positive NHIF attitude to the requests
for individual patients, each on an exceptional basis. For
every patient separately, before the application to NHIF,
we organized the multidisciplinary meeting. If the team
recommended specialized training, the protocol and con-
clusions of the discussion, together with an official appli-
cation, signed by the general director of the hospital, were
referred to NHIF. Important factors for the NHIF deci-
sion were the subject’s high motivation for exercise train-
ing and predicted potential of functional improvement
based on clinical status. Moreover, NHIF decisions were
not uniform in terms of the duration of the in-hospital
rehabilitation period. Additional documentation filing
separately for an individual patient was time consuming,
so healthcare professionals planned the need of extra
time.

Formal Approval of the Procedure

After the specialized PH rehabilitation team was
trained, the necessary equipment was provided, and ser-
vice reimbursement issues were resolved; we described
the methodology of this service in accordance with the
internal regulations and got approval from our medical
institution.
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Table 1. Patients’ demographics, changes in functional capacity, and quality of life within 15 weeks of training

Patient Parameters

N sex age mPAP, in-hospital 6MWT 6 MWT peak VOy/kg peak VO,/kg physical physical mental mental
mm Hg rehab. before,m  after,m before, after, summary ~ summary ~ summary  summary
duration, days mL/kg/min  mL/kg/min  score before* score after* score before* score after*
1 F 50 75 18 410 410 124 11.9 38.1 30.6 46.9 46.8
2 M 71 41 18 450 e 17.7 18.7 62.5 78.8 53.8 86.8
3 F 31 60 14 595 575 18.9 15.7 26.3 45.8 30.0 49.0
4 F 54 64 14 420 480 12.0 14.0 50.6 72.5 83.8 84.0
5 F 42 78 20 446 470 12.0 14.0 28.8 76.9 42.0 77.3
6 M 26 27 14 570 650 18.7 20.0 86.9 71.9 82.1 67.6
7 M 75 65 20 420 400 123 14.0 43.1 68.8 55.8 65.6
8 F 55 53 18 535 530 13.6 14.8 33.1 60.0 84.4 86.6
9 F 58 56 18 390 440 123 137 23.8 33.1 48.2 49.2

F, female; M, male; mPAP, mean pulmonary arterial pressure; 6 MWT, 6-min walk test; VO,, oxygen uptake. * Evaluated by the SF-
36 questionnaire, a higher score indicating a better quality of life. ** The patient did not perform 6 MWT 15 weeks after rehabilitation

(severe gout leg pain).

Launch of the Program

The process of the organization from the initial con-
tact with the Heidelberg team until the enrollment of the
first patient took about 14 months. Before starting the
training program, each patient was carefully evaluated,
including functional capacity assessment by a 6-min
walking test (6 MWT) and cardiopulmonary exercise test
(CPET), which were the basis for shaping an individual-
ized training program. Nine PH patients participated in
the newly established rehabilitation program, during a
2-year period (from February 2017 to February 2019).
The specialized PH rehabilitation pathway scheme for an
individual patient in Lithuania is shown in Figure 2. The
prerequisites and the barriers that we identified during
the organization of this program are summarized in Ta-
ble 1.

Early Assessment of the Efficacy and Safety

To analyze the effect of this newly set up specialized
rehabilitation program, functional tests (6 MWT and
CPET) were repeated after 15 weeks of training. For the
health-related quality of life estimation, we used the 36-
item short-form health survey (SF-36) [18]. SE-36 scores
were converted to a scale of 0-100, a higher score indicat-
ing a better quality of life.

Three men and 6 women participated in the program.
Four of these patients were diagnosed with idiopathic
PAH and 5 CTEPH (2 of them had residual PH after pul-
monary endarterectomy). Eight patients were in the
World Health Organization (WHO) functional class (FC)

Implementation of the Pulmonary
Hypertension Rehabilitation Program

III and one in WHO FCII. All the patients were on opti-
mized targeted PH therapy. Patients” demographics and
changes in functional capacity and quality of life over 15
weeks are shown in Table 2.

The 6 MWT distance and SF-36 scores improved in
the majority of patients. The median improvement on 6
MWT distance was 14.5 m, and median peak oxygen con-
sumption (VO,) on CPET increased by 1.2 mL/kg/min.
The median of the 2 summation scores of the SF-36 also
advanced: physical and mental summary score improved
by 80and 25%, respectively. During the in-hospital phase,
no adverse events were detected, while during 15 weeks
of continuation at home, 1 patient experienced severe leg
pain, caused by acute attack of gout (the disease was
known from his medical history).

Critical Analysis of the First Results

After the early assessment of the efficacy and safety of
the specialized rehabilitation program, the first results
were critically reviewed. The changes in functional capac-
ity and quality of life were positive in our patients; how-
ever, the improvement was less significant compared to
the results of the core center in Heidelberg. To improve
our skills, Vilnius team members visited Heidelberg for a
second time, to relearn the subtleties of specialized PH
rehabilitation, paying particular attention to the appro-
priate selection of training intensity for each patient, in-
dividualized mental gait training methodologies, and the
technique of 6 MWT. An additional coaching in Heidel-
berg gave us more confidence to be less conservative in
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Table 2. Prerequisites and barriers for establishment of a specialized PH rehabilitation program

Prerequisites Barriers

PH specialists

Specialized PH center Deficiency of local experience on PH treatment
Multidisciplinary team

Supervision of more experienced center in PH training

Rehabilitation specialists
Experienced rehabilitation team

Lack of experience for PH training

Special knowledge on exercise training in severely compromised patients

Possession of hospital equipment (e.g., cycle ergometer, weights, pulse

oximeter, and mobile oxygen tank)

Shortage of necessary equipment

Patients
Personal abilities to train - no orthopedic or other limitations
Motivation

Orthopedic patient’s limitations/comorbidities
Loss of motivation over time

Inability to continue at home

Unstable status - worsening

Healthcare system
Availability of disease-targeted medications
Established rehabilitation clinics/facilities

Service reimbursement

Lack of specific treatment

Absence of rehabilitation clinics within the healthcare
system

No or limited reimbursement

PH, pulmonary hypertension.

gradual increase of the exercise intensity and to achieve
the maximal workload that was reached at baseline car-
diopulmonary exercise test in all further cases within the
in-hospital period (yet, avoiding desaturation and too
high heart rate, as described earlier).

We also looked at the feedback and adherence to the
physical training of our patients. All patients were satis-
fied with the program and reported that they continued
training at home for at least 15 weeks. All, except one,
continued aerobic training with a cycle ergometer; 1 pa-
tient switched from bicycle workout to daily walking (he
was instructed about walking loads by the rehabilitation
team before finishing the in-patient phase of the pro-
gram). While most of the patients continued intensive
rehabilitation daily for about 9-12 months, later we ob-
served a drop of motivation. The reasons for cessation
were diverse: changes in personal life, disease progres-
sion, and most often decrease in interest after time.
Though not continuing daily exercise, most of the pa-
tients at least sometimes performed the respiratory work-
out and implemented skills, gained during mental gait
training, into their daily activities. Some of the patients,
especially with the progressing disease, expressed their
will to repeat this specialized rehabilitation program,
starting in the hospital again.

6 Respiration
DOI: 10.1159/000516331

Discussion/Conclusion

The establishment of a new treatment strategy requires
additional organizational efforts that are mostly depen-
dent on the national healthcare system and financing
models. Given the limited availability of special rehabili-
tation service for PH patients in many countries, this
analysis, describing the process, barriers, and prerequi-
sites of the implementation of an exercise program in
Lithuania, can be of interest for PH specialists worldwide.

To the best of our knowledge, this is the first detailed
description of the processes and steps that may help in the
establishment of PH rehabilitation. Though this report is
not intended to be used as a guide, it provides informa-
tion about essential organizational steps for this impor-
tant therapy.

The implementation of such programs in different
countries has been limited by several factors, such as lack
of experience, specialists, clinical facilities, and often
hardly accessible reimbursement for this kind of treat-
ment. Importantly, Lithuanian NHIF was flexible enough
to fully cover the cost of the specialized rehabilitation
program for individual PH patients, starting with an in-
hospital stay. That allowed us to treat patients without
any additional charges.
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Before 2015, many European countries, such as the
United Kingdom, Ireland, Spain, and others, had no ded-
icated exercise training programs for PH patients, and
some of them had no possibilities for an in-hospital start
of PH rehabilitation, which is preferable [16]. Meanwhile,
the experience in PH rehabilitation of the Heidelberg
program is >15 years. After a large European RCT, with
a core center in Heidelberg, exercise training for PH was
started in 11 centers across 10 European countries, in-
cluding our center [17].

Since in-hospital rehabilitation clinics are established
within the healthcare system in Lithuania, the program
can be performed in the most secure way. Until now, the
rehabilitation programs in our country mostly have been
focused on the primary and secondary prevention of cor-
onary heart disease [19-21]. Pulmonary rehabilitation for
patients with chronic obstructive pulmonary disease or
other chronic respiratory diseases [22-24] is underuti-
lized here.

Our results on the effect of 15-week PH exercise train-
ing on patients’ functional capacity and quality of life are
positive and in line with the data published earlier [15, 17].
Moreover, the program was safe and well tolerated, and
no arrhythmia or other serious adverse events occurred
during the 12-month follow-up period. Of note, for one of
the patients (who did not show any positive result after 15
weeks of training), specific PAH medical treatment had to
be enhanced (adding subcutaneous treprostinil) after 6
months. The possible reason for the need of additional
treatment might be nonoptimal PAH therapy before the
enrollment in the rehabilitation program.

The learning curve of the rehabilitation team should
be acknowledged, which in our case was much more ex-
perienced in the training of patients after myocardial in-
farction or cardiac surgery and less in the rehabilitation
of stable, but severely affected patients with poor func-
tional capacity. Moreover, rehabilitation of PH patients
demands specific skills and knowledge on shaping the ap-
propriate individualized low-intensity physical training.
The knowhow of gradually increasing the exercise inten-
sity is also very important, as too high intensity comes
with the risk of complications; on the other hand, if the
training intensity is too low, the training may be less ef-
fective. Therefore, a more conservative increase of train-
ing intensities was applied, which could be one of the rea-
sons for a lower training effect at the initial stage.

The effectiveness of such a treatment is highly depen-
dent on patient’s adherence to given recommendations
and daily training. We enrolled only those patients, who
were motivated to participate in this program, but we

Implementation of the Pulmonary
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did not make any special assessment of their adherence.
We also did not use any specific tools for the encourage-
ment - the main motivator for the patient to continue was
increasing individual functional capacity and better well-
being after exercising.

For effective maintenance of physical activity, repeat-
ed consultations of rehabilitation specialists (e.g., every 3
months) could be useful. During such consultations, re-
habilitation physicians or physiotherapists could evaluate
the dynamics of the subject’s functional capacity and, if
necessary, adjust the training modes, encouraging the pa-
tient to continue training.

Despite a number of challenges and barriers, the im-
plementation of a specialized rehabilitation program
should be encouraged in the dedicated PH expert centers.
Since PAH is a rare disease, it is crucially important to
bundle the expertise and provide this advanced service in
the most secure and effective way. Local PH experts, su-
pervision by an experienced center, in-patient rehabilita-
tion facilities, dedicated personnel, equipment, and pa-
tient motivation are essential.

Limitations

The main aim of this article was to share our experience
of implementing a PH rehabilitation program, summariz-
ing the barriers and prerequisites. We used the assessment
of the effect for the patients as an additional tool for veri-
fication of this newly created program. The numbers of
the patients are low, so the results might be prone to bias.
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Abstract

Background: Pulmonary arterial compliance (PAC) is a prog-
nostic parameter in pulmonary arterial hypertension (PAH)
reflecting the elasticity of the pulmonary vessels. Objec-
tives: The objective of this post hoc analysis of a prospective
randomized controlled trial (RCT) was to assess the effect of
exercise training on PAC and stroke volume (SV) in patients
with PAH and persistent/inoperable chronic thromboem-
bolic pulmonary hypertension (CTEPH). Method: From the

previous RCT, 43 out of 87 patients with severe PAH (n = 29)
and CTEPH (n = 14) had complete haemodynamic examina-
tions at baseline and after 15 weeks by right heart catheter-
ization and were analysed (53% female, 79% World Health
Organization functional class I1I/1V, 58% combination thera-
py, 42% on supplemental oxygen therapy, training group
n =24, and control group n = 19). Medication remained un-
changed for all patients. Results: Low-dose exercise training
at4-7 days/week significantly improved PAC (training group
0.33 £ 0.65 mL/mm Hg vs. control group —0.06 + 1.10 mL/
mm Hg; mean difference 0.39 mL/mm Hg, 95% confidence
interval [CI] 0.15-0.94 mL/mm Hg; p = 0.004) and SV (training
group 9.9 + 13.4 mL/min vs. control group —4.2 + 11.0 mL/
min; mean difference 14.2 mL, 95% Cl 6.5-21.8 mL; p < 0.001)
in the training versus control group. Furthermore, exercise
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training significantly improved cardiac output and pulmo-
nary vascular resistance at rest, peak oxygen consumption,
and oxygen pulse. Conclusions: Our findings suggest that
supervised exercise training may improve right ventricular
function and PAC at the same time. Further prospective
studies are needed to evaluate these findings.

©2021S. Karger AG, Basel

Introduction

Pulmonary arterial hypertension (PAH) and inopera-
ble or persistent chronic thromboembolic pulmonary hy-
pertension (CTEPH) are devastating and progressive pul-
monary vascular diseases that lead to right heart failure
and premature death. Mortality for PAH and inoperable
or persistent CTEPH remains high despite therapeutic ad-
vances in the last 2 decades [1]. To assess prognosis and to
guide therapy, current guidelines recommend a combina-
tion of treatment targets including haemodynamic mea-
surements by right heart catheter, transthoracic echocar-
diography at rest, biomarkers, and exercise testing [2],
which were predominantly derived from large registries
like Compera [3], REVEAL [4], and the French registry
[5]. To further improve risk assessment, therapy-guidance
and patient outcome, new prognostic markers are needed.

Pulmonary Arterial Compliance

Pulmonary arterial elasticity maintains low pulse pres-
sure and low pulsatile afterload for the right ventricle.
Pulmonary arterial compliance (PAC) is calculated as

()
PAC = SV _ \heartrate
PP sPAP-dPAP

which is the simplest and most practical method for esti-
mating pulmonary arterial elasticity [6]. It plays akey role
in accommodating much of the SV of the right ventricle
due to passive arterial expansion and in maintaining dia-
stolic pulmonary blood flow due to arterial recoil. PAC
decreases in pulmonary hypertension (PH) [6] and cor-
relates with PH severity [7]. The increase in pulmonary
arterial stiffness is associated with accumulation of col-
lagen and loss of elastin in the proximal pulmonary arter-
ies [8-12]. There is even further evidence suggesting that
loss of PAC may actually initiate PH [13]. Decreased PAC
increases right ventricular pulsatile afterload [12,14,15],
which leads to decreased CO over time and finally to right
heart failure [12, 16]. It has been shown that decreased
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PAC is independently associated with RV failure, dilata-
tion, and hypertrophy [17], regardless of improvements
of pulmonary vascular resistance (PVR) achieved under
targeted PH therapy [14, 16, 18].

The aim of this post hoc analysis was to assess, wheth-
er supervised training could also improve vascular stiff-
ness by increasing PAC and RV function by increasing SV
apart from improving PVR, CO, and cardiac index as
classic predictors of outcome.

Methods

The full design and methodology of the initial randomized con-
trolled trial (RCT) has been published previously [19]. This prospec-
tive RCT, conducted from June 2010 (first patient, first visit) to May
2015 (end of study), was a 15-week study investigating the effects of
supervised exercise training in patients with severe but stable PAH
and inoperable or persistent CTEPH. Patients were randomized to
either training therapy or a control group. Primary end point was
the change in peak VO,. Secondary end points included changes in
haemodynamics at rest and during exercise, biomarkers, and echo-
cardiography parameters as previously described [19].

Post hoc Analysis and Statistical Methods

The analyses were performed by 2 statisticians (N.B. and C.F.).
Data are given as mean values + standard deviations. We per-
formed a post hoc analysis of the study by Ehlken et al. [19] focus-
sing on SV and PAC. SV was calculated as

sV :(L]
heart rate

PAC was calculated according to the formula

(e
PAC:S—V: heart rate
PP sPAP-dPAP

To enhance interpretation of PAC, further parameters reflecting
RV load were calculated. RV afterload can be described as the sum
of RV pressures throughout RV ejection. Effective arterial elas-
tance (EA) is alumped measure of RV afterload [20] and integrates
pulsatile and resistive loading of the RV. EA is calculated as

_end —systolic pressure _ sPAP
N4 N4

EA

For further interpretation of the primary research question, change
of clinical parameters including 6-min walking distance (6MWD),
haemodynamic parameters, parameters of cardiopulmonary exer-
cise testing, and N-terminal pro brain natriuretic peptide (NT-
proBNP) were analysed. Descriptive analyses of these parameters
include mean and standard deviation of baseline measurements
and difference between baseline and 15 weeks of exercise training
as well as quartiles of the differences. Non-parametric Mann-
Whitney U tests have been performed to assess the differences of
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Table 1. Baseline characteristics

Control Training p value

Patients, n 19 24
Gender male/female, n 8/11 12/12 0.606
Age, years 58+14 55+15 0.506
Height, cm 171£9 170+10 0.736
Weight, kg 80+18 78+17 0.711
WHO functional class, 7 (%) baseline

I 3(15.8%) 4(16.7%)

III 14 (73.7%) 19 (79.2%) 0.519

v 1(5.3%) 0(0.0%)
Diagnosis, 7 (%)

PAH 10 (52.6%) 19 (79.1%) 0.065
CTEPH 9 (47.4%) 5(20.9%) !
NT-proBNP, pg/mL 1,453+1,658 1,233+2,586 0.765

Right heart catheterization
Mean pulmonary arterial pressure, mm Hg 38.1£10.8 40.4£12.5 0.529
PVR, WU 5.7642.62 7.36%3.26 0.090
Central venous pressure, mm Hg 6.9+4.3 7.3£3.6 0.742
Pulmonary arterial oxygen saturation, % 63.219.0 64.6+11.5 0.678
Pulmonary arterial wedge pressure, mm Hg 10.2+4.5 8.7+2.4 0.168
Cardiac index, L/min/m? 2.5+0.4 2.7+0.7 0.294
PAH-targeted medication, 1 (%)
Endothelin receptor antagonist 11 (57.9%) 17 (70.8%) 0.377
Phosphodiesterase-5 inhibitor 12 (63.25%) 18 (75.0%) 0.401
Prostanoids inhaled 4(21.1%) 3(12.5%) 0.451
Prostanoids oral 0 (0%) 1(4.2%) 0.368
Calcium channel blockers 2 (10.5%) 3 (12.5%) 0.841
Imatinib 1(5.3%) 0(0%) 0.368
Soluble guanylate cyclase stimulator 2(10.5%) 3(12.5%) 0.841
Combination therapy, 1 (%)
Monotherapy 9 (47.4%) 9 (37.5%)
Dual therapy 8 (42.1%) 10 (41.7%) 0.939
Triple therapy 2 (10.5%) 5(20.8%)
Oxygen therapy, yes/no, n 9/10 9/15 0.515

Values are presented as mean + standard deviation unless specified otherwise. p values were derived from y*
tests or two-sided unpaired Student’s ¢ tests. WHO functional class was missing for 1 patient in each group. NT-
proBNP at baseline was missing for 3 patients in the control group. Pulmonary arterial oxygen saturation was
missing for 1 patient in the control group and 3 patients in the training group. Cardiac index was missing for 1
patient in each group. NT-proBNP, N-terminal pro brain natriuretic peptide; PAH, pulmonary arterial hyperten-
sion; WHO, World Health Organization; PVR, pulmonary vascular resistance; WU, Wood units; CTEPH, chron-

ic thromboembolic pulmonary hypertension.

the changes between training and control group. To correct for
haemodynamic imbalances between groups, differences of chang-
es between groups were compared by analysis of covariance with
baseline mean pulmonary arterial pressure and PVR as covariates.
All analyses have been performed using IBM SPSS 25 (SPSS Statis-
tics V25, IBM Corporation, Somers, NY, USA).

Statement of Responsibility

The authors had full access to the data and take full responsibil-
ity for its integrity. All authors have read and agree to the manu-
script as written.
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Volume in PAH and CTEPH

Results

Study Population and Randomization

Forty-three out of 87 patients with severe PAH (1 = 24)
or inoperable or persistent CTEPH (n = 19) had complete
haemodynamic examinations at baseline and after 15
weeks by right heart catheterization and were analysed
per protocol. Medication remained unchanged for all pa-
tients. Twenty-four patients were analysed from the
training group, and 19 from the control group. The con-
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95 patients with invasively diagnosed PAH or CTEPH assessed for eligibility

8 patients excluded

- Change in PAH medication (n = 1)

- Not able to perform ergometer test (n = 2)
- Invalid ergometer test at baseline (n = 5)

Randomization |

!

!

Allocated to training group (n = 46)
Received training program (n = 46)

Allocated to control group (n = 41)
continued sedentary lifestyle (n = 41)

'

Lost to follow-up (n = 8)

- Moved to another country (n = 2)

- Refused to come for follow-up, due to
long journey (n = 5)

- Not able to come for follow-up due to
respiratory infection (n = 1)

Lost to follow-up (n = 0)

'

Training group completed (n = 38)
PAC study (n = 24)

Control group completed (n = 41)
PAC study (n = 19)

Fig. 1. Study design. The flow chart shows the number of patients for each study group, the number and reasons
for exclusion, and the number of patients valid for PAC analysis. PAH, pulmonary arterial hypertension; CTEPH,
chronic thromboembolic pulmonary hypertension; PAC, pulmonary arterial compliance.

trol and training groups were well balanced in their base-
line characteristics, disease severity, and medication (Ta-
ble 1). Mean age in the training group was 55 + 15 years
and 58 + 14 years in the control group. Nineteen patients
in the training group had PAH (79.1%) versus ten pa-
tients in the control group (52.6%). Five patients in the
training group had CTEPH (20.96%) versus 9 patients in
the control group (47.4%, Fig. 1).

Main Outcomes: Change in SV and PAC at Rest

Both SV (training group 9.9 £ 13.4 mL vs. 4.2 + 11.0
mL in the control group, mean difference 14.2 mL, 95%
confidence interval [CI] 6.5-21.8 mL, p < 0.001; Fig. 2)
and PAC (training group 0.33 + 0.65 mL/mm Hg vs. con-
trol group —0.06 + 1.10 mL/mm Hg, mean difference 0.39
mL/mm Hg, 95% CI 0.15-0.94 mL/mm Hg, p = 0.004;
Fig. 3; Table 2) at rest significantly increased from base-
line to 15 weeks. Analysis of covariance with baseline
mean pulmonary arterial pressure and PVR as covariates
led to consistent results for both SV (p <0.0001) and PAC
(p = 0.031). The training and the control group showed

372 Respiration 2021;100:369-378
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an increase of sPAP, dPAP, and PP in the control group
and a decrease in the training group. Together with PAC
and SV, EA improved significantly in the training group
compared to the control group (-0.16 + 0.35 mm Hg/mL
vs. 0.14 + 0.31 mm Hg/mL). No significant changes were
found in right atrial pressure between both groups. The
training group showed significant improvements in SV
(increase, p = 0.001) and PAC (increase, p = 0.014).

Change in Mean Pulmonary Artery Pressure, CO, and

PVR at Rest

Resting mean pulmonary artery pressure (mPAP) de-
creased in the training group after 15 weeks by -5 + 11 mm
Hg versus increase of 5 + 7 mm Hg in the control group
(mean difference training vs. control —8.9 mm Hg; 95% CI
-14.3to -3.6 mm Hg). CO at rest significantly improved in
the training group by 0.6 + 0.9 L/min versus 0.2 + 0.8 L/
min in the control group (mean difference training vs. con-
trol 0.8 L/min; 95% CI 0.3-1.3 L/min). PVR at rest changed
in the training group after 15 weeks by -1.18 + 2.13 Wood
units (WU) versus 0.83 + 1.13 WU in the control group

Nagel et al.

167




~
o
I

100

- ®
S S
I I

I
S
I

Follow up stroke volume at rest, mL

404 Training vs. control
2 p < 0.001
% 20
1
€
2
o
> 0 -
M
£ Median: 12.6
£ 201 (361017.7)
2 Median: ~6.1
£ 115t0 2.0)
a0
20— T T T T T
20 40 60 80 100 120 Control Training
Baseline stroke volume at rest, mL

Fig. 2. Change in stroke volume. Left graph: the abscissa shows baseline stroke volume at rest, and the ordinate
shows stroke volume at rest after 15 weeks. The solid points represent patients of the training group and the

circles represent patients of the control group. Right graph: boxplots at the right side show the distribution of

changes between baseline and follow-up in the training and control group. The changes were different between
training and control patients, p < 0.001, Mann-Whitney U test.
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Fig. 3. Change in PAC. Left graph: the abscissa shows baseline PAC at rest, and the ordinate shows PAC at rest
after 15 weeks. The solid points represent patients of the training group, and the circles represent patients of the
control group. Right graph: boxplots at the right side show the distribution of changes in PAC between baseline
and follow-up. The changes are different between training and control patients, p = 0.004, Mann-Whitney U test.

PAC, pulmonary artery compliance.

(mean difference training vs. control —2.01 WU; 95% CI
-3.05 to —0.96 WU, Table 2). The training group signifi-
cantly improved in PVR (decrease, 0.001), mPAP at rest
(decrease, 0.011), and CO at rest (increase, p = 0.002).

Change in mPAP, CO, and PVR during Exercise
Patients of the training group showed a lower in-
crease of mPAP during exercise after 15 weeks than pa-

Effect of Exercise on PAC and Stroke
Volume in PAH and CTEPH

tients of the control group (2.2 + 9.8 mm Hg vs. 6.7 +
10.1 mm Hg) (mean difference training vs. control -4.5
mm Hg; 95% CI -11.4 to 2.4), although the training
group had a higher increase in maximum workload af-
ter 15 weeks (16.1 + 22.7 Watts vs. 1.6 + 10.0 Watts,
mean difference training vs. control 14.5 Watts; 95% CI
3.4 to 25.6 Watts). CO during exercise markedly and
significantly increased in the training group by 1.5 £ 2.4
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Table 2. Change of clinical outcome parameters

Characteristic Training group Control group Training - control
baseline change baseline baseline change baseline to ~ difference of changes
to 15 weeks 15 weeks
mean + SD mean + SD mean + SD mean + SD mean 95% CI p value

Main parameters SV and PAC

SV at rest, mL 70.3£18.5 9.9+13.4 66.8+15.3 -4.2%11.0 14.2 6.5t021.8  <0.001
PAC at rest, mL/mm Hg 1.86£1.09 0.33+0.65 1.95+0.83 -0.06£1.10 0.39 0.20 to 0.98 0.004
Mean 6MWD, m 442+80 26151 40266 -9+51 35.1 0.7 to 69.5 *
Laboratory parameter

NT-proBNP, pg/mL 1,23342,586  —394+1,390 1,453+1,659  -105+386 -289  -950to 372
Cardiopulmonary exercise testing

Peak VO,/kg, mL/min/kg 12.9+3.5 29+1.8 12.0+4.0 0.5£2.8 24 0.9t03.9 *
Peak VO,, mL/min 993+315 216.0£123.0 974%255 13.5%157.2 203 112 to 293 *
Oxygen pulse, mL/beat 8.3+2.6 0.76+0.82 7.9+2.1 0.29+1.1 046 -0.18to 1.1 *
HR rest, min™! 73+10 1.3£9.8 73+10 -7.5%11.5 8.7 -2.0to 15.5

HR max, min~! 131+17 11£11.9 131+38 -0.1+10.4 11.1 -4.0to 18.1

BP sys at rest, mm Hg 114+19 -5.3%19.7 11115 -0.42£15.1 -49 -157t05.9

BP dia at rest, mm Hg 7211 -3.4+11.5 73+10 -2.5%11.3 -0.77 -79t0 6.4

BP sys max, mm Hg 152+30 8.2+24.7 156+34 =5.5%22.2 13.7 -1.1t028.5

BP dia max, mm Hg 89+12 1.6+14.7 78+11 1.2+10.5 0.43 -7.6t08.4
Workload max, W 70+26 16.1+22.7 64+12 1.6+10.0 14.5 3.41025.6 *
Right heart catheter at rest

Right atrial pressure, mm Hg 7.3+3.6 0.3+3.9 6.9+4.3 0.9+4.3 0.6 -2.1to11.4
mPAP, mm Hg 40.4+12.5 -4.5£10.5 38.1£10.8 4.5%6.7 -89 -143to-3.6 *
Pulse pressure 45.4+15.9 -1.5¢12.4 39.6+14.5 2.9+9.9 44 -2.7to 11.4

EA 1.19+0.61  -0.16+0.35 0.99+0.38 0.14+0.31 0.30 0.09 to 0.50 *
Cardiac output, L/min 5.0+1.0 0.6+0.9 4.847.5 -0.240.8 0.8 03to1.3 *
Cardiac index, L x min x m2  2.7+0.7 0.2+0.6 2.540.4 —0.1+0.4 027 -0.06 to 0.60
PAWP, mm Hg 8.7+2.4 243 10.2+4.5 -0.1+4.1 32 09t05.5 *
PVR, WU 7.36£3.35  -1.18+2.13 5.76%2.63 0.83+1.13 -201 -3.05t0-096 *
Right heart catheter during exercise

mPAP, mm Hg 69+20 2.249.8 5616 6.7£10.1 -4.5 -11.4t02.4
Cardiac output, L/min 10.0+£2.8 1.5+2.4 8.74£2.0 -0.3+1.4 1.8 04t03.3 *
Cardiac index, Lx minxm™  5.21.6 0.7+1.2 45+1.0 -0.1£0.7 0.8 02to1.5 *
PAWP, mm Hg 15.1£5.5 -0.3+6.0 16.4+7.9 0.5£4.5 -0.8 -44t02.9

PVR, WU 6.05+2.65  -0.28+1.91 5.03+2.49 0.80+1.75 -1.08  -2.36t00.20

PAC analysis set (n = 43; 24 training vs. 19 control). Values are mean + standard deviation; * denotes CI not including 0. CI, confi-
dence interval; SV, stroke volume; PAC, pulmonary artery compliance; 6 MWD, 6-min walking distance; HR, heart rate; BP, blood pres-
sure; sys, systolic; dia, diastolic; mPAP, mean pulmonary arterial pressure; EA, effective arterial elastance; PAWP, pulmonary arterial
wedge pressure; PVR, pulmonary vascular resistance; peak VO,, peak oxygen consumption; WU, Wood units; NT-proBNP, N-terminal
pro brain natriuretic peptide; p values are calculated with the Mann-Whitney U test. * A positive difference denotes higher values in the
training group; a negative difference denotes lower values in the training group.

L/min versus —0.3 + 1.4 L/min in the control group
(mean difference training vs. control 1.8 L/min; 95% CI
0.4-3.3). PVR during exercise significantly decreased in
the training group after 15 weeks by -0.28 + 1.91 WU
versus 0.80 + 1.75 WU in the control group (mean dif-

374 Respiration 2021;100:369-378
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ference training vs. control —-1.08 WU; 95% CI -2.36 to
0.20 WU) (Table 2). Peak CO significantly improved
from baseline to follow-up in the training group (in-
crease, p = 0.008); peak mPAP did not significantly dif-
fer between baseline and follow-up.
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Change of NT-proBNP

NT-proBNP changed in the training group after 15
weeks by -394 + 1,390 pg/mL versus —105 + 386 pg/mL
in the control group (mean difference training vs. control
-289 pg/mL; 95% CI -950 to 372 pg/mL) (Table 2).

Cardiopulmonary Exercise Testing and 6MWD

Peak VO, in the training group increased by 216.0 +
123.0 mL/min in the training group versus 13.5 + 157.2
mL/min in the control group (mean difference training
vs. control 203 mL/min; 95% CI 112-293 mL/min).
Peak VO, per kg increased by 2.9 + 1.8 mL/min/kg in
the training group versus 0.5 + 2.8 mL/min/kg in the
control group (mean difference training vs. control 2.4
mL/min/kg; 95% CI0.9-3.9 mL/min/kg). Oxygen pulse
improved in the training group by 0.76 + 0.82 mL/beat
versus 0.29 * 1.1 mL/beat (mean difference training vs.
control 0.46 mL/beat; 95% CI —0.18 to 1.1 mL/beat).
6MWD changed in the training group after 15 weeks by
26 +51 m versus -9 = 51 m in the control group (mean
difference training vs. control 35.1 m; 95% CI 0.7-69.5)
(Table 2).

Discussion

To our knowledge, this post hoc analysis is the first
analysis of an RCT showing the impact of a supervised
exercise training therapy on PAC and SV. Exercise train-
ing significantly improved vascular stiffness and RV
function. Though patients of the training group seemed
more severely affected with higher mPAP and PVR at
baseline, they showed a significant improvement of PAC
and SV compared to the control group.

PAC and PVR follow a predictable inverse, hyperbolic
relationship. Any change in PVR meets an inverse change
in PAC [20]. Therefore, the RC time (the product of re-
sistance x compliance) in the pulmonary vasculature is
constant and provides physiologically a time constant for
the pulmonary arterial diastolic pressure decay [20]. In
contrast to the pulmonary circulation, compliance can
change independently of resistance in the systemic circu-
lation and the RC time is not constant. Mean PVR in our
training group was 7.36 + 3.35 WU and 5.76 + 2.63 WU
in the control group at baseline and therefore moderately
high. According to the PAC-PVR relationship [20], an
increase or decrease in PVR above 10 WU results in a
smaller change in PAC than below 10 WU and vice versa.
SV increased in our training group, while PP decreased at
the same time, and therefore the improvement of PAC

Effect of Exercise on PAC and Stroke
Volume in PAH and CTEPH

was due to an improvement of both components. With
anincrease in PAC, PVR decreased to keep a constant RC
time in the pulmonary circulation. Presumably, the im-
provement in vascular stiffness (PAC) resulted in a sig-
nificant reduction in RV afterload (EA).

Prognostic Importance of PAC

PAC has been shown to be a strong predictor of mor-
tality in a landmark study by Mahapatra et al. [6]. They
assessed 109 patients with PAH. In this study, PAC was
an independent predictor of mortality and superior to
PVR, which is the most common haemodynamic param-
eter to characterize the resistance of the pulmonary vas-
cular bed. In contrast to PAC, PVR was not associated
with increased mortality in this study [6]. The hazard
ratio of PAC was higher than that of established haemo-
dynamic parameters like mPAP and cardiac index [6].
The same was observed in patients with PH due to heart
failure with preserved ejection fraction [21] and in pa-
tients with PH due to left heart failure (World Health
Organization Group II) [21-24], underlining the impor-
tance of PAC in clinical practice. Furthermore, increased
pulmonary artery stiffness measured by cardiac MRI was
associated with increased mortality in patients with PAH
[25].

Change of PAC under Medical PAH/CTEPH Therapy

At present, current PH therapies are mainly directed
at dilatation of small pulmonary arteries to reduce PVR
and have only little effect on long-term survival of severe
PAH patients [12, 26-28]. In a small single-center study
by Brittain etal. [29], PAC improved minimally with par-
enteral prostacyclin therapy, but not with oral therapies.
This was associated with an improvement in exercise ca-
pacity measured by 6MWD. Apart from parenteral pros-
tacyclin, no other currently available targeted medical
PAH therapy showed an improvement of PAC [29].
Ventetuolo etal. [30] pooled 4 RCTs in PAH and showed
a small yet significant improvement of PAC of 0.2 mL/
mm Hg but without a reduction in short-term clinical
outcomes after 12 weeks of targeted PH medication ther-
apy. Our supervised training therapy successfully ad-
dressed all important prognostic aspects of PAH/CTEPH
therapy by improving pulmonary artery pressures
(mPAP), RV function (CO, cardiac index, and SV), vas-
cular elasticity (PAC), vascular remodelling (PVR), and
exercise capacity (6MWD and peak VO,) at once. This
underlines the importance of supervised training thera-
py in severe but stable PAH and inoperable or persistent
CTEPH.
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Predictive Value of PAC at Baseline versus Change of

PAC over Time

In a retrospective study of 109 patients with severe
PAH, Medrek et al. [31] demonstrated for the first time
that a decrease of PAC over time was an even better pre-
dictor of outcome than PAC at baseline with a hazard ra-
tio of 4.21 (CI 1.77-10.02, p = 0.004) in the multivariate
analysis. Longitudinal change of PAC was a highly prog-
nostic parameter in this study. Although significant, PVR
at baseline only had a hazard ratio of 1.003 (p = 0.015).
Chemla and colleagues [32] found out that baseline pul-
monary artery stiffness did not independently predict
outcome in untreated incident idiopathic PAH. In their
study, the great dispersion of the PVR x PAC product
implied that PVR and PAC were differently affected by
the disease process. Our training group showed signifi-
cant improvements in both parameters at the same time:
PAC and PVR. Due to the prognostic meaning of PAC
both as assessment at a singular timepoint, as well as of
changes due to treatment, the calculation of PAC based
on routine right heart catheterization assessments could
serve clinical estimation of prognosis and help to opti-
mize and adapt treatment.

Effect on RV Function and Peak Oxygen Uptake

In a study by Ehlken et al. [19], training significantly
improved RV function, one of the major predictors of
outcome in PH, as measured by an increase in CO and
cardiac index as well as SV. Peak VO, increased at the
same time to levels above 11.4 mL/min/kg, which have
been detected to be prognostically relevant by Griinig et
al. [33]. Griinig et al. [33] identified two independent
prognostic parameters in the multivariate analysis of 124
PAH patients for long-term survival: PASP increase dur-
ing exercise >30 mm Hg as a correlate for RV contractil-
ity and output reserve, and peak VO, >11.4 mL/min/kg.
Both independent prognostic parameters were improved
by our supervised exercise therapy.

Current data raise the possibility that PAC is a critical
factor that must be treated in order to improve outcomes
for PH patients 7, 15, 17, 25]. There is an unmet need for
novel approaches to improve PAC as a promising new
parameter and RV function as major predictor of long-
term survival in PAH.

Limitations

Our study has several limitations. First, this is a post
hoc analysis of the initial RCT that was published previ-
ously [19]. As right heart catheterization was an optional
assessment in the initial study [19], we only analysed par-
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ticipants with a complete haemodynamic measurement
of two right heart catheterizations. Therefore, a referral
bias might have occurred. However, both groups were
well balanced in their baseline characteristics, with the
training patients being slightly more severely affected
than patients of the control group.

We received patients from many PH centres through-
out Germany, but the training study was performed as a
single-center study in Heidelberg. As patients of the con-
trol group were also offered to take part in the training
program after having completed the study, we are not
able to provide long-term and survival data of this cohort.

Conclusion

The findings of this post hoc analysis of our random-
ized controlled study suggest that supervised exercise
training may improve RV function and reduce pulmo-
nary arterial stiffness at the same time as major prognos-
tic parameters of survival in PH, as well as CO, cardiac
index, and PVR.
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Abstract

The impact of exercise training and physiotherapy on heart function and pulmonary circulation parameters in heart failure
with preserved ejection fraction (HFpEF) patients is uncertain. Hence, we performed a systematic review of published trials
studying physical training in HFpEF population, with a focus on exercise and physiotherapy effect on left ventricular (LV),
right ventricular (RV) morphological, functional, and pulmonary circulation parameters. We searched Cochrane Library
and MEDLINE/PubMed for trials that evaluated the effect of exercise training and/or physiotherapy in adult HFpEF patients
(defined as LVEF >45%), including publications until March 2021. Our systematic review identified eighteen articles (n=418
trained subjects, 4 to 52 weeks of training) and covered heterogeneous trials with various populations, designs, methodolo-
gies, and interventions. Five of twelve trials revealed a significant reduction of mitral E/e’ ratio after the training (- 1.2
to—4.9). Seven studies examined left atrial volume index; three of them showed its decrease (- 3.7 to— 8 ml/m?). Findings
were inconsistent regarding improvement of cardiac output, E/A ratio, and E wave DecT and uncertain for RV function and
pulmonary hypertension parameters. For now, no reliable evidence about rehabilitation effect on HFpEF cardiac mecha-
nisms is available. There are some hypotheses generating findings on potential positive effects to parameters of LV filling
pressure (E/e’), left atrium size, cardiac output, and RV function. This encourages a broader and more complex assessment
of parameters reflecting cardiac function in future HFpEF exercise training studies.

Keywords Exercise training - Physiotherapy - Heart failure with preserved ejection fraction - Cardiac imaging - Diastolic
function

Introduction

Heart failure with preserved ejection fraction (HFpEF)
accounts for approximately half of all heart failure (HF)
patients and its burden is increasing [1]. A definite diagnosis
of HFpEF can be made by right heart catheterization with
pulmonary arterial wedge pressure (PAWP) > 15 mmHg or
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left ventricular end diastolic pressure (LVEDP)> 16 mmHg
at rest in presence of preserved left ventricular systolic func-
tion. The hallmark of HFpEF is an elevation in left-sided
filling pressures. In some patients, this leads to secondary
pulmonary hypertension (PH). Pulmonary arterial pressure
(PAP) is a marker of the severity and chronicity of pulmo-
nary venous congestion/hypertension in HFpEF, and, if
present, PH is associated with more pronounced symptoms
and a poorer outcome [2, 3]. Consistent scientific data show
that properly designed exercise interventions alone or as a
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component of comprehensive cardiac rehabilitation program
for HF improved patients’ exercise capacity, symptoms, and
health-related quality of life (QOL) and reduced the risk of
all-cause and HF hospitalizations [4-7]. Of note, patients
with HF with reduced ejection fraction (HFrEF) were pre-
dominant in most of the studies. European Society of Car-
diology (ESC) guidelines for the diagnosis and treatment
of acute and chronic HF recommend exercise rehabilitation
not only to improve exercise capacity and QOL, but also to
reduce HF hospitalizations, regardless of LV systolic func-
tion (Class I recommendation) [4].

The positive impact of exercise training on the functional
capacity of HF patients is complex and can be determined
by different pulmonary, cardiovascular, skeletal muscle, and
metabolic adaptations that increase oxygen delivery and
energy production [8]. As shown in several meta-analyses of
randomized controlled trials (RCT), aerobic exercise train-
ing, especially long-term duration (>6 months), reverses
left ventricular (LV) remodeling in clinically stable patients
with HFrEF [9-11]. Exercise training was associated with
a significant improvement in LV ejection fraction (LV EF),
when data from all RCT were pooled in the first meta-analysis
(articles were published in 1966-2006; 14 trials; 812 patients)
[9]. Later, this finding was confirmed in two updated meta-
analyses (including articles published in 2006-2011: 16 tri-
als with 813 patients, and 2007-2017: 18 trials with 1077
patients) [10, 11]. Moreover, in two meta-analyses, aerobic
training led to significant improvements in LV end diastolic
volume (EDV) (5 trials with 371 patients and 12 trials with
573 patients) and LV end systolic volume (ESV) (5 trials with
371 patients and 11 trials with 548 patients) [10, 11]. There
are limited data on the effects of HFEF patients exercising
on more precise structural and functional echocardiographic
parameters, such as myocardial velocities, strain and strain
rate, stroke volume, right ventricular 3D ejection fraction,
estimated systolic pulmonary arterial pressure, and size and
collapsibility of inferior vena cava. This knowledge gap is
even wider in HFpEF patients.

Earlier HFpEF rehabilitation systematic reviews and meta-
analyses demonstrated positive impact of exercise training
on functional capacity change, by improving peak oxygen
uptake [12-17] and six-minute walk test distance [14, 15].
Moreover, HFpEF training seemed to be safe [12-16, 18, 19]
and beneficial for the QOL of patients [12-17]. Five previ-
ous meta-analyses assessed the influence of exercising on
only several echocardiographic parameters, mostly the mitral
E/A ratios, E/e’ ratios, and E wave deceleration time (DecT),
and their results were inconsistent [12—16]. Neither of prior
systematic reviews evaluated the changes of right ventricular
(RV) and pulmonary circulation parameters after the training.
The summary of their findings is presented in Table 1.

@ Springer

A single center exercise invasive hemodynamic study
revealed that patients with HFpEF, complicated with PH
and pulmonary vascular disease, demonstrate unique hemo-
dynamic limitations during exercise that constrain aerobic
capacity, including impaired recruitment of LV preload due
to excessive right heart congestion (due to afterload) and
blunted RV systolic reserve [20]. These conditions are lead-
ing to RV and pulmonary artery (PA) uncoupling with fur-
ther limitation of exercise capacity and poor outcome [21].

In healthy subjects, intensive exercise has already shown
to cause potentially deleterious remodeling of the RV [22,
23]. As pointed out by Arena et al. there may thus be an
exercise training volume/intensity which may be detrimental
to the RV in patients with HF and concomitant PH [24].

It is not clear whether changes of heart function and pul-
monary circulation parallel improvement in cardiorespira-
tory fitness, or maybe exercise training may lead to harmful
effects or worsening of the disease. We aimed to system-
atically review existing data on the impact of exercise and
physiotherapy in HFpEF trials on LV, RV morphological,
functional, and pulmonary circulation parameters.

Methods

We prepared this article by following the PRISMA (Pre-
ferred Reporting Items for Systematic reviews and Meta-
Analyses) guidelines [25].

We conducted a Cochrane Library and MEDLINE/Pub-
Med search for all types of trials that evaluated the effects of
various types of exercise training and/or physiotherapy in adult
(> 18 years) HFpEF patients (defined as LVEF>45%), includ-
ing all papers published from December 1991 to March 2021.
Studies that merely enrolled patients with other cardiac or res-
piratory diseases were excluded. HFpEF data was extracted from
studies if various parameters were included and reported sepa-
rately. The main outcomes of interest were any reported echo-
cardiographic, MRI, and invasive hemodynamic parameters.

For each database search, we used two groups of keywords
and their synonyms for participants and intervention. The search
strategy for MEDLINE/PubMed can be found in the Supple-
mentary Material (Table S1). We modified search strategies
according to each database to achieve the broadest research.

The search was limited to human studies only, adults
(> 18 years), and the results were filtered by “Clinical Trial,”
“Meta-Analysis,” and “Systematic Review.” Additionally, for any
potential eligible trials, we manually searched in clinicaltrials.
gov, Google Scholar, and the references of the identified studies.

Each title and abstract were independently evaluated by
2 reviewers. If at least one of the reviewers considered the
trial to be eligible, it was obtained for primary analysis.
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Table 1 Results from previous HFpEF exercise training meta-analyses: the changes of left ventricular function and morphology, comparing

exercise training vs. control groups

Meta-analysis Designs of included  Participants (n)

Results of specific echocardiographic parameter meta-analysis

studies, n (training/control) with exercise versus control
Taylor et al. [12] 1 —observational 102/38 Efle':—0.9,95% CI: 3.8 to 2.0, P=0.53"; random effect
1 —non-RCT
1-RCT
1 —observational 84/45 E/A:=0.02,95% CI:—0.11 to 0.06, P=0.56"; fixed effect
1 —non-RCT
1-RCT
1 —observational 52/24 LV EDV (ml): 4.5, 95% CI: — 1.8 to 10.9, P=0.16"; fixed effect
1-RCT
1 —observational 96/44 LV EF (%): 0.02,95% CI;— 1.6 to 1.7, P=0.98"; fixed effect
2-RCT
Pandey et al. [13] 4-RCT 82/81 E/A: 0.08,95% CI: - 0.01 to 0.16, P=0.08%; fixed effect
3-RCT 62/70 DecT (ms): 2.92, 95% CI:—18.56 to 24.41, P=0.79" fixed effect
5-RCT 126/111 LV EF (%): 1.26,95% CI: —0.13 to 2.66%, P=0.08"; fixed effect
Dieberg et al. [14] 4-RCT 85/60 Ele':—2.3,95% CI:—3.44 to—1.19, P < 0.0001"; fixed effect
3-RCT 56/52 E/A: 0.07,95% CI: 0.02 to 0.12, P=0.005"; fixed effect
3-RCT 56/52 DecT (ms): —13.2,95% CI. — 19.8 to—6.5, P=0.0001"; fixed effect
Chan et al. [15] 5-RCT 115/89 Ele':—2.38,95% CI: - 3.47 to— 1.28, P < 0.0001", fixed effect
4-RCT 86/81 E/A:40.07, 95% CI: 0.02 0 0.12, P=0.006", fixed effect
3-RCT 56/52 DecT (ms): — 13.2,95% CI: - 19.8 to—6.5, P=0.0001", fixed effect
Fukuta et al. [16] 4 -RCT 132/109 Ele":—1.20,95% CI: —4.07 to 1.66, P=0.41*, random effect
5-RCT 128/124 E/A: 0.03, 95% CI: - 0.02 to 0.08, P=0.27% random effect
3-RCT 102/79 ¢' (cm/s): 049, 95% CI: —1.28 to 2.25, P=0.59"; random effect
3-RCT 62/69 DecT (ms): —2.04, 95% CI: —26.53 to 22.45, P=0.87"; random effect
4 -RCT 140/120 LV EDV: —0.03, 95% CI: - 0.28 to 0.21, P=0.78" fixed effect
3-RCT 116/90 LV mass: 0.07, 95% CI: —0.21 t0 0.35, P=0.61"; fixed effect
7-RCT 202/174 LV EF: 0.85, 95% CI: —0.128 to 1.83, P=0.09% fixed effect

“Mean difference; *weighted mean difference

After initial review, the full texts of selected studies were
assessed to verify eligibility criteria.

Two reviewers assessed methodological quality of stud-
ies using modified Downs and Black Quality checklist,
which is meant to assess the quality for both randomized
and non-randomized trials [26]. The sub-domain, esti-
mating the power, was modified (if the study conducted
a power analysis to determine the sample size needed to
detect a significant difference in effect size, 1 point was
added, if not - 0 point). The maximum score in this check-
list was 28. The studies were rated as excellent, good,
moderate, and poor, based on the percentage of the total
score achieved: >95% (>25), 75-95% (21-24), 55-74%
(16-20), and < 55% (<L 15).

The same reviewers extracted data from the relevant
articles, using pre-defined extraction forms, including the
aspects of study population, such as mean age and sex, study
design, intervention characteristics, follow-up period, and
main outcomes. Any disagreements in data extraction were
discussed until consensus was reached.

Results
Study identification and selection

A flow diagram showing the selection of eligible studies
is presented in Fig. 1. Initially, our searches in databases
identified 1077 relevant publications; after primary review
of titles and abstracts, 90 articles were eligible, and one
extra paper was later found in the references. After full-
text reading, 50 articles were rejected, thus the data were
extracted from the rest 41 publications. The reasons for the
rejection are described in Fig. 1.

Among these 41 papers, 6 were conference materials and
8 were meta-analyses and (or) systematic reviews—they
were removed from the final analyses—leaving 27 arti-
cles. Nine from 27 articles did not analyze cardiac imaging
parameters at all resulting in a final data set of 18 articles
for our systematic review (Fig. 1, Table 2). We contacted
the corresponding authors of selected trials asking about
any additional findings of echocardiographic, MRI, or
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Fig. 1 Study flow diagram. This
flow diagram shows the selec-
tion process of eligible studies

Article found in the

Records identified
through database search

(n=1077)
Excluded after title and
abstract screening
(n=987)
Atrticles assessed for
eligibility
(n=90)

references

(=1)

invasive measurement parameters; nobody could provide
any unpublished data.

Characteristics of included studies and patients

We extracted the data from nine randomized controlled tri-
als, five randomized parallel group trials (no control, all
patients trained, but different training protocols were used),
and four observational studies (one group, no control).

All studies included stable patients, diagnosed with
HFpEF. The trials were performed in different years
(1994-2018) and the definition of HFpEF used in each study
varied, but in all trials, LV EF of the participants was >45%.
Echocardiography was applied to measure LV EF in all stud-
ies: 7 trials used Simpson biplane, 1—Teichholz method
(by M-mode echocardiography), and the remaining 10
studies did not specify the methodology. Detailed informa-
tion about HFpEF definition used in each study is provided
in Supplementary Material (Table S2). All incorporated
studies measured at least one cardiac imaging parameter,

@ Springer

Atrticles assessed for
eligibility
n=91)

Rejected articles (n = 50)
Reasons for the rejection:

No training (n=7)
Only protocol published (n=13)
Training of HFrEF (n = 15)
Overlapping, supplementary
articles, etc. (n = 15)

Atrticles included for
data extraction
(n=41)

Articles rejected after

data extraction (n = 23)
Reasons for the rejection:
Conference materials (n = 6)
Systematic review or meta-

analysis (n=8)

Articles included in the No imaging assessment (n = 9)

final review
(n=18)

reflecting LV diastolic function, RV function, or pulmonary
hemodynamics.

Our study covered heterogeneous trials with various
designs, populations, methodologies, and interventions. The
majority of studies were small in sample size—more than 25
patients were trained in only four of the eighteen trials. All
training programs were held out-patient, and in sixteen of
them, intervention was supervised by healthcare profession-
als. Eleven programs consisted of endurance training alone,
and four, endurance and resistance workouts in combination.
Two studies applied resistance training, and in one of them,
functional electric stimulation (FES) was added. Only FES
was used in a single trial. Various research appraised mul-
tifarious echocardiographic parameters and none of them
provided random variability in the data for these outcomes.
In the selected trials, overall 418 patients (mean age 60.0
to 75.0, 57% female, training duration 4 to 52 weeks) were
trained. The components of exercise training and (or) physi-
otherapy, together with other characteristics and results of
these studies, are summarized in Table 2.
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Table 3 The quality assessment of included studies by modified Downs and Black Quality checklist

Study type Reporting External Internal validity Power  Total (28) Quality”
1 validity —————— (1)
@) Bias Confounding
@ ©

Kitzman et al. [70] RCT 10 3 6 5 1 25 Excellent
Donelli da Silveira et al. [36] Randomized parallel group 10 3 6 5 1 25 Excellent
Mueller et al. [73] Randomized parallel group 10 3 6 5 1 25 Excellent
Kitzman et al. [68] RCT 10 2 6 4 1 23 Good
Edelmann et al. [30] RCT 10 1 6 5 1 23 Good
Alves et al. [31] RCT 10 1 6 5 1 23 Good
Smart et al. [27] RCT 9 3 5 5 1 23 Good
Palau et al. [71] RCT 9 2 6 5 1 23 Good
Karavidas et al. [69] RCT 8 3 5 5 1 22 Good
Palau et al. [32] RCT 9 1 5 5 1 21 Good
Yehetal. [72] Randomized parallel group 9 1 6 5 0 21 Good
Angadi et al. [29] Randomized parallel group 9 1 5 5 1 21 Good
Haykowsky et al. [28] RCT 10 1 5 4 0 20 Moderate
Angadi et al. [33] Randomized parallel group 8 1 4 5 1 19 Moderate
Smart et al. [74] Observational 10 0 5 1 0 16 Moderate
Nolte et al. [34] Observational 9 1 5 4 0 19 Moderate
Fuetal. [35] Observational 9 1 6 3 1 20 Moderate
Fujimoto et al. [37] Observational 9 1 3 2 0 15 Poor

RCT randomized controlled trial

“Evaluated by the total score number: > 25 — excellent, 21-24 — good, 16-20 — moderate, < 15 — poor. Studies with no significant changes of
assessed echocardiographic parameters after the intervention are marked in gray

The methodological quality of trials, assessed by modi-
fied Downs and Black Quality checklist, varied between
excellent (n=3), moderate (n=>5), good (n=9), and poor
(n=1), as summarized in Table 3.

Echocardiographic assessment

All included studies analyzed the changes of echocardiog-
raphy as secondary endpoints. Various studies appraised
multifarious echocardiographic parameters (Table 2). The
quantity of studies that assessed specific parameters along
with the number of trained patients is shown in Table 4.

As it is shown in Table 2, different studies demonstrated
controversial results of the training impact on echocardio-
graphic change. Variations of echocardiographic measure-
ments of trained patients before and after intervention were
published in sixteen articles (two trials declared only the
changes comparing different training modalities). LV EF and
E/e’ were parameters most frequently analyzed—in 14 and
12 studies, respectively.

Five of nine RCTs, four of five randomized parallel group
trials, and three of four observational trials reported sig-
nificant changes of different echocardiographic parameters
by training, while the other studies detected no changes in

@ Springer

the assessed parameters (Table 2). Significant reduction of
mitral E/e’ ratio after the training was reported in 5 of 12
studies, ranging from — 1.2 to —4.9; significant decrease
of LAVI was observed in 3 of 7 trials, ranging from —3.7
to—8 ml/m?. All but one study showed no significant change
of LV EF after the intervention.

Inconsecutive findings were also reported for the change
of E/A ratio (9/11 studies showed no change, two statisti-
cally significant increase) and E wave DecT (8 studies, one
significant increase, one significant decrease).

Furthermore, the impact of exercise training on cardiac
output (CO) was reported with inconsistent results, includ-
ing improvement of CO by 24.5% in one small (n=12), good
quality study, after 16 weeks of endurance exercise training,
organized 30 min 3 times a week [27]. Another moderate
quality trial with older patients (n=22) demonstrated no
significant changes of CO after similar duration endurance
exercise training, 60 min 3 times a week [28].

The effect of exercising on RV function was assessed in one
study [29]. RV global longitudinal strain and RV global longitu-
dinal strain rate were measured before and after 4 weeks of high
intensity interval training (HIIT) (n=9) and moderate inten-
sity aerobic continuous training (MI-ACT) (n=6). HIIT group
patients demonstrated the increase of RV global longitudinal
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Table 4 The echocardiographic
parameters, assessed in selected
studies

Echocardiographic parameter

Number of the studies with
assessment of parameter

Number of trained patients
with assessment of parameter

LV EF
Ele’
E/e’ (septal)
E/e’ (average)
E/e’ (undetermined)
&
e’ (septal)
¢’ (average)
¢’ (undetermined)
LAVI
E/A
E
A
E wave DecT
LVMI
SV
LVVI
LV IVRT
SVI
LV GLS
LV GRS
co
LV tissue S vel
RV GLS
RV GSR

14 292
330
211
37
82
261
205
44
12
250
210
144
144
144
92
113
87
80
46
45
45
34
30
15
15

S

— R W W W R R O R 0000 = = WL O RN O

Following parameters were NOT assessed in the included studies: RV diameter, SPAP, TV laterals’,
TAPSE, RV FAC, RA area, RA pressure, and IVC diameters

A (m/s) late mitral inflow velocity, a’ (m/s), tissue Doppler mitral annular late diastolic velocity, CO (I/
min.) cardiac output, DecT (ms) mitral flow E wave deceleration time, E (m/s) early mitral inflow veloc-
ity, e’ (m/s) tissue doppler mitral annular early diastolic velocity, E/A E and A ratio, E/e’ E and ¢’
ratio, EF (%) ejection fraction, [VRT (ms) isovolumetric relaxation time, LAVI (ml/m2) left atrium volume
index, LV left ventricle, LV-GLS (%) left ventricle global longitudinal strain, LV-GSR (s-1) left ventricle
global longitudinal strain rate, LVMI ( g/mz ) left ventricle mass index, LVVI (i ‘ml/m’ ) left ventricle volume
index, RA right atrium, RV-GLS (%) right ventricle global longitudinal strain, RV-GSR (s-1) right ventricle
global longitudinal strain rate, s’(m/s) tissue doppler mitral annular systolic velocity, SPAP (mmHg) sys-
tolic pulmonary artery pressure, SV (ml) stroke volume, SVI (ml/m?) stroke volume index, TAPSE (mm) tri-
cuspid annular plane systolic excursion

strain by 3% (from—18.4+3.2 to—21.4+1.7), p=0.02. The
changes between MI-ACT group patients were insignificant.
Asitis shown in Table 4, any other right heart and pulmonary
hypertension parameters were not evaluated in the included trials.
Not all studies were well-balanced by the gender of
trained participants (Table 4) and neither of them compared
echocardiographic changes after the intervention according
to sex. However, the majority of trials that revealed sig-
nificant changes of specific echocardiographic parameters
(E/e’, LAVI, DecT, CO, EF, RV-GLS) included predomi-
nantly males, or males amounted at least 45% (Table 4) [27,
29-35]. The study of Silveira et al. was the only one with

female predominance (63.2%) and significant decrease of
E/e’; in this study, a multivariate model was created to adjust
E/e’ differences for age, BMI, and sex; the effect of training
on E/e’ remained statistically significant after the adjust-
ment [36].

Invasive hemodynamic assessment
Invasive hemodynamic measurements were performed in
only one very small (n="7) poor quality study [37]. Right

heart catheterization was performed at baseline and after
a year of endurance exercise training. The results revealed

@ Springer
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that pulmonary artery wedge pressure (PAWP) was unaf-
fected by exercise training in HFpEF patients (16.1+5.6 vs.
15.2+3.6 mmHg, p=0.65). A year of training had no effect
on Starling curves (stroke volume index/PAWP) or stroke
work-LVEDV relations (as a parameter of LV contractile
function), suggesting no change in LV filling and contractile
function.

Cardiac magnetic resonance imaging

None of the eighteen eligible studies assessed the impact of
exercise rehabilitation to cardiac magnetic resonance imag-
ing parameters.

Discussion

To the best of our knowledge, this is the first systematic
literature review, which investigated the exercise training
and physiotherapy impact not only on LV, but also RV mor-
phology, function, and pulmonary circulation parameters
in HFpEF patients. The results of our extended literature
review were inconsistent. Eleven of 18 (61.1%) of the con-
sidered studies reported a positive impact of exercise train-
ing on at least one left and/or right heart function echocar-
diographic parameter. In seven of all eligible studies (38.9%,
five RCTs), no significant changes were observed. Neither
of the trials revealed negative effects of exercise training or
physiotherapy on heart function (the outcome was positive
or indifferent). These findings are in line with previous meta-
analyses reporting inconsistent effects of exercise training in
HFpEF [12-16].

LV diastolic dysfunction in HFpEF

Twelve studies assessed mitral E/e’ ratio, and significant
decrease of it was observed in five of them [30, 32, 34-36].
Mitral E/e’ ratio is the measure widely accepted as an index
of LV filling pressure, but it also has limitations that are
relevant in clinical practice, and it is not recommended to
use as a single follow-up echocardiographic parameter in
HFpEF [38-41].

LAVTIis a further echocardiographic parameter, reflecting
LV filling pressure, which is crucially important to meas-
ure, when assessing LV diastolic function [41]. We found
seven articles with published LAVI assessments; three of
these studies revealed statistically significant decrease of
LAVI after the intervention [30, 32, 34]. Two out of three
studies observed significant decrease of LAVI together with
substantial decrease of mitral E/e’ ratio, strengthening the
tendency of positive training impact to LV diastolic func-
tion. When these two parameters were evaluated together, no
significant differences of mitral E/e’ ratio or LAVI changes

@ Springer

were identified, when comparing the usual care (control)
group with any of active treatment groups (IMT; FES;
IMT +FES). However, when the analysis of each interven-
tional group was performed separately, significant changes
were observed [32]. After 12 weeks of IMT, statistically sig-
nificant decrease of median mitral E/e’ ratio was observed,
while the change of median LAVI was insignificant. After
24 weeks follow-up period, statistically significant decrease
of median LAVI was noticed, but the decrease of median
mitral E/e’ ratio became insignificant, comparing with the
baseline data [32]. These findings could either be explained
by the necessity of longer time for the remodeling of LA, as
LAVI reflects the cumulative effects of increased LV filling
pressures over time [41], or it could be an accidental finding,
due to small sample size.

Improvements in mitral E/e’ ratio were more often
detected in the trials with larger sample size, which may be
a hint that the other studies were underpowered for the effect
size of E/e’ changes. Significant decrease in LAVI was more
common in studies with a longer follow-up period, which
supports the theory of a longer period required to induce
reverse atrial remodeling.

Some studies of our systematic review appraised inter-
vention impact on LV diastolic function by evaluating the
changes of mitral E wave, A wave, E/A ratio. However, the
increase of mitral E wave or E/A ratio can be associated both
with improvement and deterioration of diastolic function (a
shift from impaired relaxation pattern to normal diastolic
function, but also with a shift from normal diastolic function
or pseudonormalized pattern to the restrictive filling pat-
tern). For the same reasons and bidirectional interpretation,
the changes of mitral E wave DecT and IVRT should not
be used for pooled data analysis as well. A solution could
be the graduation of LV diastolic function, as it was done
by Angadi et al. [33], or use of unidirectional LV diastolic
function indices such as mitral e’ and E/e’ ratio.

RV dysfunction and pulmonary hypertension
in HFpEF

Though LV diastolic dysfunction is considered to be the
cornerstone of HFpEF, the pathophysiology of the disease
is complex. It consists not only of variable contributions of
diastolic dysfunction, but also of impaired atrial function,
impaired contractile reserve, ventriculo-arterial uncoupling,
RV dysfunction, and pulmonary hypertension (PH) [42-44].
Despite variable reports, methods, and criteria, the best
available current data indicate that RV dysfunction is present
in up to 30-50% of HFpEF. It appears to be present in 18%,
28%, and 21% of HFpEF patients using RV FAC, TAPSE,
and RV S’ measurements, respectively [45, 46]. Increased
LV filling pressure (>12 mmHg) in HFpEF promotes
symptoms of dyspnea [47], impairs exercise capacity [48],
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and leads to pulmonary venous congestion and secondary
PH, which are associated with worse symptoms and over-
all prognosis of HFpEF [2]. PH is common in HFpEF—a
population-based study reported echocardiographic signs of
PH in 83% of HFpEF patients [2]. In a prospective invasive
hemodynamic assessment study, 77% of HFpEF patients
were diagnosed with PH, and 12% of them had combined
post- and pre-capillary PH (CpcPH) [49]. According the
recent recommendations to define PH as mean pulmonary
artery pressure>20 mmHg is considered to be abnormal
[50]; these numbers probably are even higher.

As LV diastolic dysfunction parameters are not the only
ones that are relevant to the symptoms and prognosis of
HFpEF patients [2, 44-47, 51, 52], we believe that evaluat-
ing effectiveness of exercise training on cardiac mechanisms
should not be limited by the estimation of LV function single
parameters. Instead, it should be more inclusive, by addi-
tionally assessing structural and functional measurements
of both atria (LAVI, RA area, RA pressure), LV (LVMI,
EDV, ESV, SV), RV, and pulmonary circulation (RV area,
RV FAC, TAPSE, RV §’, estimated PAP) and using more
precise methods, including 3D and speckle tracking echo-
cardiography. Even applying extended inclusion criteria for
the trials, we found very few studies assessing change of
indicated LA and LV echocardiographic parameters after
the training; almost no studies analyzed specific right heart
and pulmonary circulation parameters. This implies the need
to evaluate them in the future HFpEF rehabilitation studies.

Impact of exercise training on HFpEF with PH

There are scientific insights on heterogeneity of HFpEF patients,
recommending to look for specific phenotypes [53]. Previously,
PH was considered to be limited to the end-stage HFpEF patients,
but the study by Borlaug BA et al. revealed abnormalities in PA
vasodilation and dynamic RV-PA coupling even in the earliest
stages of HFpEF [43]. HFpEF patients with PH (HFpEF-PH)
differ in hemodynamics and exercise intolerance, compared
with HFpEF patients without PH. Phenotyping HFpEF patients
according to the presence of PH in the exercise training stud-
ies could be beneficial in gaining a better understanding of the
workouts’ role on pulmonary circulation changes and finding
the optimal exercise training modality for an individual patient.
Significant impact of pulmonary vascular disease on the patho-
physiology of exercise intolerance was already proven. During
symptom limited peak exercise, CpcPH-HFpEF patients, com-
paring with non-PH-HFpEF and isolated post capillary PH, dem-
onstrated greater increase in right atrial pressure, enhanced ven-
tricular interdependence, and displayed an inability to enhance
cardiac output together with blunted augmentation in RV systolic
performance; these changes were coupled with marked limitation
in aerobic capacity [20].

Extra-cardiac mechanisms of exercise intolerance
in HFpEF and PH

Though major reasons for reduced physical capacity in many
patients with HFpEF seem to be cardiac, non-cardiac factors are
also very important. Reduced peripheral oxygen extraction dur-
ing exercise in these patients was observed [54-56] that can be
related to adverse changes in leg muscle mass and volume [57].
The role of extra-cardiac mechanisms of exercise intolerance
in PH is probably even more prominent; they include respira-
tory muscle weakness, dynamic hyperinflation and mechanical
constraints [58], poor skeletal muscle and cerebral oxygena-
tion, hyperventilation, and enhanced sympathetic drive [59-61].
Skeletal muscles represent the largest pool of proteins in the
organism, and its proper function is essential for locomotion
and breathing [62]. Loss of skeletal muscle mass, that is char-
acteristic in advanced HFpEF and PH, directly contributes to
exercise intolerance. Exercise training provides benefits at the
molecular and physiological level preventing muscle wasting
and reduction in force generation [62, 63].

Limitations

Our systematic review included trials that were conducted in
different years (1994-2018). The definition of HFpEF used in
each study was not the same. The lowest limit of LV EF in this
review was 45%, and according to the very recent ESC guide-
lines, one of the definition criteria for HFpEF diagnosis is LV
EF>50%, while LV EF 41-49% is considered to be a diagnos-
tic criteria for HFmrEF [4]. Involving a lot of studies with dif-
ferent designs and various statistics, we did not perform a meta-
analysis, but previous systematic reviews and meta-analyses of
RCT revealed controversial echocardiographic changes after
exercise training [12-16]. Potential reasons for these inconsist-
ent results could be related with pooled evaluation of studies
with different populations, methodologies, and protocols, when
different exercise training modalities and durations of training
period and unequal HFpEF diagnostic criteria were used, as
well as small sample sizes of the trials. Moreover, the mecha-
nisms of exercise intolerance in HFpEF are complex and the
improvement of cardiorespiratory fitness after exercise training
might be mediated by cardiac and extra-cardiac mechanisms,
being only partially dependent on LV function [28, 64, 65].

Future research
Our work encourages future HFpEF rehabilitation trials to be

supplemented by right heart function and pulmonary circula-
tion evaluation in addition with more precise assessments

@ Springer
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of LV parameters. Further studies that consider echocardio-
graphic changes after exercising according to sex could be
beneficial. Moreover, estimation of specialized rehabilitation
influence in HFpEF-PH phenotype would be useful, as until
now we have no information about training safety and effec-
tiveness in these patients, while the effectiveness of stand-
ardized exercise training in pulmonary arterial hypertension
and chronic thromboembolic pulmonary hypertension was
already demonstrated [66, 67].

Conclusions

This systematic literature review that aimed to evaluate and
summarize existing data of exercise training and physiother-
apy impact on LV, RV morphological, functional, and pul-
monary circulation parameters in HFpEF revealed a gap in
this area. There are some hypotheses generating findings on
potential positive effects on parameters of LV filling pressure
(E/e), left atrial size, cardiac output, and right ventricular
function (RV-GLS). However, no reliable evidence about
rehabilitation effect to HFpEF cardiac mechanisms is avail-
able for now. This encourages a broader and more complex
assessment of parameters reflecting cardiac function in the
future HFpEF exercise training studies.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10741-022-10259-1.
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