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Aim: This study aims to evaluate the left ventricle (LV) systolic and diastolic function in patients with idiopathic pulmonary arterial
hypertension (IPAH) and its correlation with systemic arterial stiffness assessed by cardio-ankle vascular index (CAVI).

Patient and methods: We included 37 patients with IPAH and 20 healthy people matched by age. All patients were assessed: vital signs,
6-minute walk test, NT-proBNP level, the CAVI, the right ventricular (RV) and LV function parameters, including ejection time (ET), tissue
speckle-tracking values — global longitudinal strain (GLS) and strain rate (SR).

Results: The groups were matched by age, gender, BMI, office SBP and DBP. Patients with IPAH had higher heart rate, NT-proBNP level and
lower ferritin level, GFR (CKD-EPI), SaO, than healthy people. The mean CAVI,.q was higher in IPAH patients than in the control group- 8.7
+1.1 vs 7.5+0.9, P=0.007. Healthy people had significantly less E/e’ and lower IVRT. LVET and RVET were shorter in [IPAH patients. Patients
with [IPAH had mean LVGLS —(—17.6+4.8%) and 35.1% of them were with LVGLS <16% compared to healthy people ((—21.8+1.4%) and 0%,
respectively. LVSR was significant less in [IPAH patients, but in the normal range. We found significant correlations of CAVI with age, history of
syncope, bilirubin, uric acid, total cholesterol, cardiac output, cardiac index, RVET, LVET and E/A. Multiple linear regression confirmed the
independent significance for age (=0.083+0.023, CI 0.033-0.133) and RVET (=-0.018+0.005, CI -0.029 to —0.008) only. The risk to have
CAVI >8 increased in 5.8 times in IPAH patients with RVET <248 ms (P=0.046). CAVI did not correlate with LVGLS and LVSR.
Conclusion: Significant worse systolic and diastolic LV functions were stated in pulmonary hypertensive patients compared to the
control group. No LV GLS, no LV SR had significant associations with arterial stiftness evaluated by CAVI.

Keywords: pulmonary artery hypertension, cardio-ankle vascular index, left and right ventricle ejection time, global longitudinal

strain of right and left ventricles, left ventricular systolic and diastolic function

Introduction

The idiopathic pulmonary arterial hypertension (IPAH) is a rare disease assessed by increasing of the mean pulmonary artery
blood pressure (mPAP) >20 mmHg and the pulmonary vascular resistance (PVR) >240 dynes*s*cm > (3 Woods) with
pulmonary artery wedge pressure (PAWP) <15 mmHg and without known reasons for this."> Pathogenesis included the
pulmonary arteriopathy with intima-media hypertrophy, plexiform remodeling and thrombosis in situs. The narrowing and the
number reduction of the pulmonary small arteries lead to the increasing of the PVR.* The right ventricle (RV) starts to be
overloaded and enlarged in accordance with Frank—Starling’s mechanism. At the same time, the left ventricle (LV) is under-
loaded because of the less blood returning via pulmonary veins and the compressing by the enlarged hypertrophic RV. This
resulted in a small stroke volume, especially during physical exercise. At the beginning of the disease, cardiac output may be
supported by compensatory heart rate increasing, but progressive RV enlargement, myocardial ischemia, metabolic disorders
could lead to LV function attenuation. First of all, diastolic LV dysfunction could be detected and then systolic function violations
could be diagnosed too.
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Traditionally, the researcher’s attention was concentrated on the right heart morphology and functional changes in
IPAH patients. However, in the last years, a lot of studies have been devoted to the LV function and geometry
assessments.”” It became possible with the development of the new technics of the heart visualization — the speckle-
tracking tissue echocardiography and 3-D magnetic resonance tomography. These methods help to discover the early
impairment of myocardial function and to provide the assessments of factors associated with this worsening that
stimulated to the organization of new studies dedicated to searching of new approaches.

Some studies demonstrated the correlation of arterial pulse wave velocity or cardio-ankle vascular index (CAVI) with
LV diastolic and systolic parameters.'® Pulse wave velocity is a gold standard for the aorta stiffness evaluation, but it
depends on the blood pressure. The CAVI is a blood pressure-independent marker of the arterial stiffness. In our previous
studies, we determined the CAVI was significantly increased compared to healthy individuals and not significantly
different from the one in systemic hypertensive patients.'' It was considered patients with vascular diseases (the
pulmonary or the systemic hypertension) have the same mechanisms of vascular damage, including endothelium
dysfunction, systemic inflammation and metabolic disorders. These infringements could not be presented isolated in
only one systemic or pulmonary circulation circle, but in both simultaneously. Arterial stiffness attenuation could be
observed in both diseases.

Previously, we demonstrated only CAVI, but not pulse wave velocity, had a correlation with RV function and a poor
prognosis in patients with newly diagnosed IPAH patients.'"'? Explaining these relationships we supposed the CAVI
may attenuate the LV strain, but we did not verify this hypothesis. We did not meet any other studies devoted to this.

Thus, it was previously shown patients with IPAH had not only RV, but LV dysfunction and increased systemic
arterial stiffness, but it is still unknown if LV dysfunction could be explained only by RV enlargement or by deterioration
of arterial stiffness too. The aim of this study was to evaluate LV systolic and diastolic function in patients with IPAH in
comparison with healthy people and to find if there are any correlations between LV function parameters and systemic
arterial stiffness assessed by CAVI. The results could be used for planning larger size study to confirm our hypothesis
about the pathogenetic role of arterial stiffness worsening in pulmonary hypertensive patients.

Patients

We included 37 patients with IPAH and 20 healthy people matched by age. IPAH was diagnosed after right heart
catheterization (RHC) and exclusion of any secondary reasons for pulmonary hypertension development. The precapil-
lary pulmonary hypertension was assessed in appliance with sixth Word Pulmonary hypertension symposium criteria:
mPAP >20 mmHg, PVR >240 dyn*s/cm’, pulmonary artery wedge pressure (PAWP) <15 mmHg at rest.'* Inclusion
criteria were a newly diagnosed IPAH, age >18 and the signing of informed consent form for personal data analysis.
Patients were excluded if they had concomitant diseases or states, which could influence on the systemic arterial stiffness:
diabetes mellitus, severe chronic kidney diseases, coronary heart disease, peripheral vascular diseases, obesity, systemic
arterial hypertension, history of stroke or other systemic artery or autoimmune diseases.

The control group included people without any clinical and instrumental signs of cardiovascular, endocrine or
systemic diseases, who signed informed consent forms for personal data processing.

Unacceptable transthoracic echocardiography (TTE) images were exclusion criteria for both groups.

The study protocol was approved by the local ethics committee of the State Institution “National Scientific Center
“The M.D. Strazhesko Institute of Cardiology, Clinical and Regenerative Medicine of the National Academy of Medical
Science of Ukraine”. and the study has been provided in compliance with the Good Clinical Practice guidelines and the
Declaration of Helsinki.

The Study Design

This study was designed as a pilot smaller-sized research in the preliminary verification of the feasibility of our
hypothetical approach (the increased arterial stiffness is associated with the deterioration of the LV function in IPAH
patients) to be used in a larger study. In case of positive results, we would provide the multicentral study with
calculations of sample sizes based on these pilot research results. We selected all patients with newly diagnosed IPAH
and with inclusion/without exclusion criteria who were treated in our department in period between January 2019 and
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December 2021. Then, we found healthy subjects matched by age. We provided almost the same examinations for both
groups and compared their characteristics for the demonstration that IPAH patients had the real abnormal parameters.
Special attention was paid to TTE characteristics and to the evaluation of LV and RV function.

The primary endpoints in the study were 1) comparison of RV and LV strain between the IPAH patient subgroups with
abnormal (CAVI >8) and normal (CAVI <8) arterial stiffness and 2) the comparison of CAVI between the [PAH subgroups
with abnormal (LVGLS <16%) and normal (LVGLS >16%) LV systolic function evaluated by strain. The secondary endpoints
were as follows: 1) the comparison of TTE parameters between the IPAH and control groups; 2) the assessment of variables
correlated significantly with CAVT; and 3) the evaluation of variables correlated significantly with LV strain in [PAH patients.

Methods

A routine vital sign evaluation was conducted in all patients. Systolic (SBP) and diastolic (DBP) arterial blood pressure
(BP) were measured three times on both arms by the Omron M-10 (Omron Healthcare Co., Ltd., Kyoto, Japan) in
a sitting position after 10 minutes of rest. The mean of three measurements at arm with higher values was included in the
database. Heart rate (HR) was assessed after the second BP measurement. Body weight and height were evaluated with
SECA 220 (Seca GmbH & Co, Hamburg, Germany). Body mass index was calculated using the following formula:
weight/(height in m)®. Ambulatory blood pressure monitoring device ABPM-04 was provided by Meditech (Budapest,
Hungary) for exclusion of systemic arterial hypertension.

In appliance with American Thoracic Society guidelines and routine local standards, a 6-minute walking test (6MWT)
in all included in the study individuals was conducted twice with at least 2 hours between tests, and the best result was
used in our analysis.'*'* SBP, DBP, HR, oxygen saturation (Sa0,) and dyspnea score (Borg Dyspnoea Score) were fixed
at rest and just after the test.

TTE was provided using standard measurements (Imagic Agile Kontron, Kontron Medical SAS, Plaisir Cedex,
France) in accordance with the American Society of Echocardiography and European Association of Cardiovascular
Imaging recommendations.'” Participants were asked to abstain from smoking, heavy exercise, and drinking alcohol or
caffeine-containing beverages for at least 3 h before TTE.

We evaluated LV/RV and left (LA)/right (RA) atrial sizes and volumes (by modified biplane Simpson method),
ejection fraction (EF) and ejection time (ET), stroke volume (SV), pulmonary valve velocity values, tricuspid annular
plane systolic excursion (TAPSE), tricuspid regurgitation velocity, calculated systolic pulmonary BP (SPBP), and inferior
vena cava size. RVET was measured from the RV outflow pulsed-wave Doppler signal as the interval from the onset of
forward flow to the pulmonic valve closure.'® LV diastolic function assessment included the ratio between early (E) and
late (A) left ventricle filling (E- and A-wave — mitral E/A ratio); time of the rapid flow velocity declines in early diastole
(E-wave deceleration time = DT); the velocity of filling of the ventricle to start after the ventricle relaxes (length of the
isovolumetric relaxation time = [IVRT), the ratio between the maximum velocity of the E-wave of mitral valve inflow and
the maximal velocity of E (E/e’ ratio) at septal and lateral positions. The eccentricity indices (systolic and diastolic) for
evaluation of the right ventricular overload were measured by standard method.'”

Global longitudinal strain (GLS) and strain rate (SR) of LV and right ventricle (RV) were measured in IPAH patients and in
the healthy group using dedicated software for extracting of GLS and SR curves off-line.'® 2! Echocardiograms were stored in
a digital format (DICOM). The investigations were retrieved in DICOM format with preserved frame rate and transferred to and
analysed in an offline system. The off-line speckle-tracking analysis of the raw ultrasound data was provided using MSI
(Myocardial Strain Imaging) software for apical four chamber images. Myocardial strain was defined as a fractional change in
length between 2 time points, end-diastole (1y) and end-systole (1) and calculated as: (1-1y)/1 or Al/l,. Strain is presented as percent
change (%). Negative values of strain indicated the myocardial contraction. A mean frame rate was 44 + 3 frames/s. To compute
the end-systolic GLS and peak-systolic SR, three consecutive cycles were used. Peak LV strain and SR were fixed for each of the
segments defined by the 2D strain algorithm and averaged. Segments that could not be tracked were excluded from the analysis.
Usually, we analysed 6-8 segments, but 4 were accepted too. If we had less than four visible segments, we excluded these
patients from analysis. For LV GLS and SR evaluation, we averaged the measurements at the inferolateral and inferior walls and
used their absolute values. The beginning and ending of the ejection phase were defined from the simultaneously recorded ECG
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and the continuous-wave Doppler velocity trace at the level of the aortic valve. For RV GLS quantification by 2D STE, we used
the RV-focused apical four-chamber view as indicated by Badano et al.!

During the study, some patients were excluded (3 in the IPAH group and 2 in the control group) due to unacceptable
echocardiographic images for the tissue speckle-tracking analysis. Two independent specialists performed the strain analysis
recorded in the same patient. The mean value of the two measurements was included in the database. If the differences
between the same values were more than 2SD of mean, the third specialist was involved in the strain parameter assessments.

The arterial stiffness was evaluated by CAVI measurement that was done by standard methods using
Sphygmomanometer and Sphygmograph VaSera-1500N (Fukuda, Tokyo, Japan) by standard methods.'®** The CAVI
reflects the stiffness of the aorta, femoral and tibial arteries as the whole. Pulse wave velocity, SBP, DBP measurements
and arterial pulse waveform analysis were provided after the fixing of electrocardiogram, cardiac phonogram and putting
pressure cuffs on the testing subject at reference points. The distance between the level of aortic valve (brachial level)
and measuring point (the ankle) and the time of delaying between the closing of aortic valve and identified change in
arterial pressure wave at the set point were obtained. The automatic CAVI calculation on the left and right sides by the
dedicated device software was used.'®** For the correlation analysis, we used the highest value from the right or left side
measurements. The normal value of CAVI was supposed <8.0.'%**

RHC was performed in all IPAH patients via jugular venous access, with zero reference leveled at the mid-chest in the
supine position. We evaluated the pulmonary circulation parameters: mean right atrial (RAP), right ventricular (RVP),
pulmonary artery (PAP), and wedge (PWP) pressures, cardiac output (thermodilution method with Swan—Ganz catheter).
The calculations of stroke volume (SV), cardiac index (CI), PVR, systemic vascular resistance (SVR), and total pulmonary
resistance (TVR) were done by standard formulas.>® The vasoreactivity test with inhaled iloprost was conducted in all IPAH in
compliance with ESC-2015 guideline.’ The only one patient, included in the group of IPAH, had acute vasoreactivity.

The biochemical analysis included such parameters as glucose, total cholesterol, creatinine, bilirubin, electrolytes, and
uric acid serum levels measured by an automatic photometer (Cormay Livia Chemistry Analyzer, Lublin, Poland). The
glomerular filtration rate (GFR) was calculated by the CKD-EPI (Chronic kidney disease Epidemiology) 2021 formula.
N-terminal pro-B-type natriuretic peptide (NT-proBNP), ferritin and thyroid-stimulating hormone (TSH) levels were
assessed in patients and in control groups.

Almost all examinations were done by specialists who were not directly involved in the study. All procedures were
done before the administration of the specific PAH therapy. The diuretics (n=4) and mineralocorticoid receptor blockers
(n=6) were used in some patients with signs of the fluid retention before RHC for euvolemic state achievement.

Statistical Methods

All variables are presented as mean and standard deviation (SD) or as a proportion. Statistic Package for Social Sciences
(IBM SPSS Statistics, version 22.0, SPSS Inc, Armonk, New York, USA) was used for statistical analyses. For
comparisons of means, the one-way ANOVA test was used for normally distributed continuous variables. Taking into
consideration many comparisons between two small groups and subgroups, Mann—Whitney U-Test (significance level
P<0.05, the confidence interval 95%) was used to confirm or decline the “null hypothesis”. The Spearman correlation
analysis was done for the evaluation of the relationships between the CAVI and other parameters. Multiple regression
analysis was provided for evaluation of independency of significant correlations.

Results

The baseline characteristics of IPAH patients and control group are presented in Table 1. The groups were matched by age,
gender, BMI, main biochemical parameters, office SBP and DBP. However, patients with IPAH had higher HR baseline and at
the end of 6GMWT, NT-proBNP level and lower ferritin level, GFR, baseline and at the end 6MWT SaO, than healthy people.
Tolerance to physical exercise (the 6 MWT distance and Borg score) was significantly better in the control group. Most
patients in the IPAH group were in the WHO functional class III — 81.1%. Signs of ascites and a history of syncope were
reported in 3 and 7 IPAH patients, respectively. According to the RHC data (Table 1), the IPAH patients had a precapillary
pulmonary hypertension with high enough mean level of mPAP (57.0£11.1 mmHg), PVR (951.2+434.6 dynes*c/cm’) and
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Table | Vital Signs, Baseline Characteristics of Pulmonary Arterial Hypertension Patients and

Control Group (M+SD, n (%))

Characteristics IPAH Group Control Group P One-Way ANOVA/

n=37 n=20 Mann-Whitney
U-Test

Age, years 48.4x+12.6 45.5+15.6 NS

Height, cm 167.548.1 168.9+7.4 NS

Weight, kg 71.9£14.5 715£133 NS

BMI, kg/m? 25.6+4.7 25.1+4.5 NS

Office SBP, mmHg 118.1+16.5 119.4£13.1 NS

Office DBP, mmHg 75.8%10.5 74.1£7.5 NS

Office HR, beats/min 81.2+15.4 71.6%4.1 <0.001/<0.001

GFR (CKD-EPI 2021), mUmin/1.73m? | 67.4+18.8 92.2+20.1 <0.001/<0.001

Glucose, mmol/l 5.36+1.22 5.1+2.2 NS

Total cholesterol, mmol/l 517117 4.6+3.6 NS

Triglycerides, mmol/l 1.02+0.42 0.78x1.1 NS

Uric acid, pmol/l 401.8+127.1 363.2+125 NS

NT-proBNP, pg/mL 2089.1£1155 62.9+53.4 <0.001/<0.001

Ferritin, ng/mL 81.31£83.6 280.3+£78.6 0.005/<0.003

TSH, mkU/mL 28+1.8 29422 NS

6MWT SBP baseline, mmHg [13.1£13.1 112.4%11.1 NS

6MWT DBP baseline, mmHg 71.6+7.8 72.1£5.5 NS

6MWT HR baseline, beats/min 80.1£13.2 70.6%5.1 0.005/0.003

6MWT SaO, baseline, % 93.4+4.0 97.7£0.8 <0.001/<0.001

6MWT Borg baseline, points 0.5+1.5 0 <0.001/<0.001

6MWT SBP at the end, mmHg 121.7£19.1 126.2+14.1 NS

6MWT DBP at the end, mmHg 74.7+9.8 79.4£8.7 NS

6MWT HR at the end, beats/min 104.4+19.4 91.2+12.8 0.006/0.003

6MWT SaO, at the end, % 90.0+9.0 97.8+0.8 <0.001/<0.001

6MWT distance, m 369.7+95.1 564.8+58.9 <0.001/<0.001

6MWT Borg at the end, points 5.9%1.9 1.2+1.2 <0.001/<0.001

CAVI right 8.5%1.8 7.8%1.1 NS

CAVI left 8.7x1.1 7.5%0.9 0.002/0.007

Male/female, n (%) 9 (24.3)/28 (75.7) | 5 (25)/15 (75) NS/NS

Atrial fibrillation history, n (%) 3 (8.1) -

Ascites, n (%) 3 (8.1) -

(Continued)
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normal PWAP (9.1£3.4 mmHg). Most of them saved their cardiac output (mean 4.54+1.48 L/min) with mean cardiac index -

Table | (Continued).

Characteristics IPAH Group Control Group P One-Way ANOVA/
n=37 n=20 Mann-Whitney
U-Test

Syncope history, n (%) 7 (18.9) -

WHO f.c. IV, n (%) I (2.7) -

WHO f.c. lll, n (%) 30 (81.1) -

WHO f.c. ll, n (%) 6 (l16.2) -

The right heart cathetherisation data*

SPAP, mmHg 92.0+21.4 -

DPAP, mmHg 39.6+8.2 -

MeanPAP, mmHg 57.0£11.1 -

Systolic RV pressure, mmHg 89.84+20.7 -

Diastolic RV pressure, mmHg 7.4+39 -

Mean RV pressure, mmHg 34.84£7.9 -

Mean RAP, mmHg 9.814.8 -

PAWP, mmHg 9.1+3.4 -

Cardiac output, I/min 4.54%1.48 -

Cardiac index, I/min/m? 2.44+0.72 -

Stroke volume, mL 61.6x21.7 -

PVR, dynes*c/cm® 951.2+434.6 -

HR, beats/min 75.7+12.7 -

Systemic SBP, mmHg 126.5+17.7 -

Systemic DBP, mmHg 83.6x11.4 -

Systemic mean BP, mmHg 97.9%13.1 -

SVR, dynes*c/cm5 1645.3+671.3 -

TPR, dynes"‘c/cm5 1129.7£483.2 -

Note: *Data obtained for pulmonary hypertension patients only.

Abbreviations: BMI, body mass index; BP, blood pressure; CAVI, cardio-ankle vascular index; CKD-EPI, chronic kidney disease
Epidemiology Collaboration; DBP, diastolic blood pressure; DPAP, diastolic pulmonary artery pressure; GFR, glomerular filtration
rate; HR, heart rate; LV, left ventricle; NT-proBNP, N-terminal pro-B-type natriuretic peptide; 6MWT, 6-minute walk test; PAP,
pulmonary artery pressure; RAP, right atrial pressure; PAWP, pulmonary artery wedge pressure; PVR, pulmonary vascular
resistance; RV, right ventricle; SaO2, oxygen saturation; SBP, systolic blood pressure; SPAP, systolic pulmonary artery pressure;
SVR- systemic vascular resistance; TPR, total pulmonary resistance; TSH, thyroid-stimulating hormone; WHO f.c., World Health

Organization functional class.

2.44+0.86 L/min/m?. Mean right arterial pressure (RAP) was not much high — 9.8+4.8 mmHg.

Mean CAVI was higher in IPAH patients than in the control group with reaching of the significant differences for

CAVI at the left side - 8.7+1.1 vs 7.5£0.9, P=0.002 (P=0.007 at Mann—Whitney U-test).

The TTE characteristics of both groups are presented in Table 2. As expected, the IPAH patients had significantly
higher RV and RA sizes, lower LA and LV volumes, and deceased RV function assessed by TAPSE. LV EF was within
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Table 2 Echocardiographic Parameters in Observed Groups (M+SD)

Parameters IPAH Group Control Group P One-Way ANOVA/
n=37 n=20 Mann-Whitney-
U Test
Aorta size, cm 2.91+0.37 2.85+0.39 NS
LA size, cm 3.3540.66 3.70+0.38 0.044/0.87
LA square, cm? 15.98+4.10 16.84+2.87 NS
LA volume index, mL/m? 21.9+£7.2 27.6t4.4 0.003/0.007
RA square, cm? 27.5+9.7 15.1£2.5 <0.001/<0.001
RA volume index, mL/m? 60.8+37.3 21.95+4.30 <0.001/<0.001
End systolic LV volume, mL 28.6+9.9 39.7+8.4 <0.001/<0.001
End diastolic LV volume, mL 79.6+21.8 102.5+19.5 <0.001/<0.001
End diastolic LV volume index, mL/m? | 43.1£10.9 55.1%8.3 <0.001/<0.001
Stroke volume, mL 50.9+13.9 62.8+13.2 0.004/0.01
Ejection fraction of LV, % 64.215.9 60.9£3.9 0.032/0.062
LV ejection time, ms 298.2+36.25 320.38+25.8 0.0187/0.04
Interventricular septal thickness, cm 0.9+£0.09 0.890.11 NS
Posterior wall thickness, cm 0.87+0.08 0.87+0.09 NS
E/e’ at septal position 6.58+1.86 4.03+1.54 <0.001/<0.001
E/e’ at lateral position 5.9+2.1 3.8+1.56 <0.001/<0.001
Mean E/e’ 4.743.1 3.9x1.5 NS
E/A ratio 0.86+0.35 1.11£0.47 0.04/0.11
Deceleration time, ms 192.9+42.9 192.0+35.2 NS
IVRT, ms 86.8+25.0 67.1x7.9 0.038/0.03
TAPSE, mm 16.32+3.1 229428 <0.001/<0.001
Tricuspid regurgitation velocity, m/s 4.28+0.64 2.1+0.25 <0.001/<0.001
RV ejection time, ms 273.1+£56.25 318.38+25.8 0.0013/0.026
Systolic PAPR, mmHg 85.7+21.38 23.1+3.9 <0.001/<0.001
Eccentricity index in systole 1.98+0.59 1.0£0.02 <0.001/<0.001
Eccentricity index in diastole 1.62+0.41 1.01£0.21 <0.001/<0.001
RV GLS, % —12.8+3.7 =21.13%2.71 <0.001/<0.001
RV SR, s ' 0.9+0.3 1.7£0.6 <0.001/<0.001
LV GLS, % —17.6+4.8 -21.8%1.4 0.001/0.001
LVSR, s ' 1.05+£0.26 1.43+0.25 <0.001/<0.001

Abbreviations: E/A ratio-early/late left ventricle filling ratio; E/e’ ratio, E-wave of mitral valve inflow/maximal velocity ratio; GLS,
global longitudinal strain; IVRT, isovolumetric relaxation time; LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle;
SR, strain rate; TAPSE, tricuspid annular plane systolic excursion; PAP, pulmonary artery pressure.
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the normal range in both groups and did not differ significantly between groups (P=0.06 at Mann—Whitney U-test). The
mean calculated systolic PAP was higher in the IPAH group and comparable with RHC data. Eccentricity indices were
significantly higher in IPAH patients, which reflects the prominent RV overload. The mean diastolic LV function
parameters were within the normal range in both groups, but healthy people had significantly lower IVRT, the less E/
e’ ratio at septal and lateral positions. In 17 (45.9%) patients of the IPAH group the E/A ratio was less than the lowest
limit of the normal range - 0.8 that could reflect the starting of the LV diastolic dysfunction in these patients. Although
mean E/A was lower in the IPAH group than in the control group, the differences it did not achieve the statistical
significance. The LVET and RVET were shorter in IPAH patients. LV and RV GLS and SR were better in healthy persons.
While the normal LV systolic function limit assessed by GLS is > —18%, patients with IPAH had mean value
—17.6+4.8%. Thirteen (35.1%) IPAH patients had the LV systolic dysfunction (LV GLS < —16%) compared to healthy
people who had these parameters: —21.8+1.4% and 0%, respectively. LV SR was significantly less in IPAH patients, but
in the normal range.'® The impaired RV function assessed by strain was found in IPAH patients as expected.

For assessment of the independent differences in LV and RV function between IPAH patients with normal/abnormal
arterial stiffness, we divided all patients with IPAH in two subgroups — with CAVI <8 (the normal arterial stiffness) and
>8 (abnormal arterial stiffness). Then, we provided the Spearman correlation and multiple regression analysis between
CAVI, baseline characteristics and EchoCG parameters in pulmonary hypertensive patients. The results of subgroup
comparisons are presented in Table 3. IPAH patients with abnormal CAVI were significantly older and with higher

Table 3 The Characteristics of Idiopathic Arterial Hypertensive Patients in Subgroup CAVI> or < 8
(MzSD, n (%)

Parameters CAVI<8n=19 | CAVI<8n=I8 | P One-Way ANOVA/
Mann-Whitney U-Test

Age, years 52.5+12.0 44.3£12.0 0.046/0.034

Height, cm 26.614.9 24.614.4 NS

Office SBP, mmHg 122.6x17.6 113.3x14.4 NS

Office DBP, mmHg 78.5%12.1 73.1£7.8 NS

Office HR, beats/min 81.8+16.8 80.5+14.3 NS

GFR (CKD-EPI 2021), mL/min/1.73m? | 61.617.9 73.5+18.1 0.052/0.075

Glucose, mmol/l 5.4+0.9 5.4%1.5 NS

Total cholesterol, mmol/l 5.3%1.3 4.9%1.0 NS

Triglycerides, mmol/l 0.98+0.42 1.1£0.4 NS

Uric acid, pmol/l 410.4£132.5 392.8+124.2 NS

Bilirubin, pmol/l 27.9+12.4 19.9+£7.7 0.028/0.024
NT-proBNP, pg/mL 2475.4+1466.6 1681.5+1748.8 NS

Ferritin, ng/mL 78.5+75.7 85.6+86.2 NS

TSH, mkU/mL 2.7x1.6 2.9+2.0 NS

6MWT SBP baseline, mmHg 115.0£14.3 110.8+11.5 NS

6MWT DBP baseline, mmHg 71.1+6.8 72.1%9.1 NS

6MWT HR baseline, beats/min 79.1£14.5 81.4£11.8 NS

6MWT SaO, baseline, % 94.7+3.9 93.1%4.1 NS

(Continued)
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Table 3 (Continued).

Parameters CAVI<8n=19 | CAVI<8n=I8 | P One-Way ANOVA/
Mann-Whitney U-Test

6MWT Borg baseline, points 0.5%1.4 0.5%1.5 NS

6MWT SBP at the end, mmHg 125.6+22.3 116.9£13.5 NS

6MWT DBP at the end, mmHg 75.2%10.6 74.0+8.9 NS

6MWT HR at the end, beats/min 101.9£23.2 107.3£14.1 NS

6MWT Sa0, at the end, % 92.1+4.7 87.8x11.8 NS

6MWT distance, m 370.4+82.1 368.9£109.1 NS

6MWT Borg at the end, points 59+1.8 5.8+2.0 NS

CAVI right 9.4+1.3 6.5+0.5 <0.001/<0.001

CAVI left 9.7+1.3 6.7+0.5 <0.001/<0.001

Mean PAP, mmHg 56.1x12.1 58.0+10.1 NS

Mean RAP, mmHg 10.1£4.8 9.414.9 NS

PAWP, mmHg 10.1+3.5 7.9+£3.0 0.054/0.162

Cardiac output, I/min 4.24%1.1 4.85%1.8 NS

Cardiac index, I/min/m? 2.2+0.6 2.7+0.84 0.053/0.159

Stroke volume, mL 59.2x16.7 63.9+25.8 NS

PVR, dynes*c/cm® 964.8+482.6 936.8+391.1 NS

Systemic mean BP, mmHg 103.8£11.7 92.6+12.2 NS

SVR, dynes¥c/cm® 1749.8+£707.2 1552.6+643.5 NS

TPR, dynes*c/cm® 1174.3£537.9 1082.7+428.2 NS

Aorta size, cm 2.9+0.3 2.9+0.4 NS

LA square, cm? 16.414.| 15.5+4.2 NS

LA volume, mL 43.9+16.3 35.749.8 NS

LA volume index, mL/m? 23.248.6 20.5+5.1 NS

RA square, cm? 27.2+10.5 27.8+8.9 NS

RA volume, mL 108.6x72.7 108.6+61.9 NS

RA volume index, mL/m? 58.2+41.1 63.7£33.7 NS

End systolic LV volume, mL 29.9+9.0 27.2+10.8 NS

End diastolic LV volume, mL 82.2+20.5 76.8+23.5 NS

Stroke volume, mL 52.3%133 49.6+14.9 NS

Ejection fraction of LV, % 63.6+5.2 64.9+6.8 NS

LV Ejection time, ms 265.2+35.6 331.3+54.2 0.001/0.002

E/e’ at septal position 6.6+1.3 6.6+2.5 NS

(Continued)
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Table 3 (Continued).

Parameters CAVI<8n=19 | CAVI<8n=I8 | P One-Way ANOVA/
Mann-Whitney U-Test

E/e’ at lateral position 6.6x1.6 5.0£2.4 0.043/0.059

Mean E/e’ 5.6+2.7 3.8+33 NS

E/A ratio 0.82+0.35 0.9+0.35 NS

Deceleration time, ms 192.8+45.7 192.9+40.4 NS

IVRT, ms 82.8+20.2 91.1%£29.7 NS

TAPSE, mm 16.3+2.8 16.4+3.4 NS

RV Ejection time, ms 250.0+39.9 296.0+52.9 0.0047/0.003

PAAT, ms 80.8+20.5 82.4+17.7 NS

Systolic PAPR, mmHg 82.3+27.4 89.2+12.1 NS

Eccentricity index in systole 1.9+0.65 2.06%0.5 NS

Eccentricity index in diastole 1.5+0.34 1.74+0.43 NS

RV GLS, % —12.4+3.8 —13.2£3.7 NS

RV SR, s 0.84+0.34 0.96+0.29 NS

LV GLS, % —18.4+5.7 —16.7+3.7 NS

LV SR, s 1.04+0.3 1.06+0.19 NS

Male/female, n (%) 3 (15.8)/16 (84.2) | 6 (33.3)/12 (66.7) | NS

Ascites, n (%) 2 (10.5) I (5.6) NS

Syncope history, n (%) 6 (31.6) I (5.6) 0.03/0.15

WHO f.c. IV, n (%) I (5.3) - NS

WHO f.c. lll, n (%) 16 (84.2) 14 (77.8) NS

WHO f.c. I, n (%) 2 (10.5) 4 (22.2) NS

Abbreviations: CAVI, cardio-ankle vascular index; CKD-EPI, chronic kidney disease Epidemiology Collaboration; DBP, diastolic
blood pressure, E/A ratio-early/late left ventricle filling ratio; E/e’ ratio, E-wave of mitral valve inflow/maximal velocity ratio; GLS,
global longitudinal strain; GFR, glomerular filtration rate; IVRT, isovolumetric relaxation time; HR, heart rate; LA, left atrium; LV,
left ventricle; NT-proBNP, N-terminal pro-B-type natriuretic peptide; 6MWT, 6-minute walk test; PAP, pulmonary artery pressure;
PAAT, pulmonary artery acceleration time; PAWP, pulmonary artery wedge pressure; PVR, pulmonary vascular resistance; RA,
right atrium; RAP, right atrial pressure; RV, right ventricle; SaO2, oxygen saturation; SBP, systolic blood pressure; SPAP, systolic
pulmonary artery pressure; SVR- systemic vascular resistance; SR, strain rate; SBP, systolic blood pressure; TAPSE, tricuspid
annular plane systolic excursion; TPR, total pulmonary resistance; TSH, thyroid-stimulating hormone; WHO f.c., World Health
Organization functional class.

bilirubin. The other parameters did not differ significantly between subgroups except the shorter RVET and LVET in
patients with abnormal arterial stiffness. The LV and RV GLS did not differ significantly between groups.

The Spearman analysis showed the significant correlations of CAVI with age (+=0.57, P=0.001), the history of the
syncope (r=0.51, P=0.006), the bilirubin level (+=0.38, P=0.048), the uric acid level (+=0.38, P=0.047), the total
cholesterol level (=0.38, P=0.044), the cardiac output (=—0.38, P=0.49), the cardiac index (»=—0.41, P=0.029), SVR
(r=0.35, P=0.08), RV ET (=—0.61, P=0.01), LV ET (»=—0.45, P=0.04) and E/A (+=—0.43, P=0.039). The multiple linear
regression confirmed the independent significance for age (B= 0.083%0.023, CI 0.033-0.133) and RV ET (= - 0.018
+0.005, CI —0.029- —0.008) only. After providing the step-by-step logistic regression with dependent variant CAVI >8 =1
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and CAVI<8 =0. we found the risk to have CAVI >8 increased by 5.8 times in IPAH patients with RVET <248 ms (CI
1.032-32.79, P=0.046).

The comparison of IPAH patient subgroups without (LVGLS >16%, n=24) or with (LVGLS <16%, n=13) LV systolic
dysfunction did not show any discrepancies in CAVI between subgroups —8.6+1.6 vs 8.8+2.8 with P=0.73 for CAVI.4
and 8.4+1.4 vs 8.6+2.3 with P=0.76 for CAVl,;gy. The LV GLS correlated with age (r=—0.40, P=0.013), IMT (+=0.53,
P=0.001), NT-proBNP (=—0.44, P=0.006) and ferritin (»=0.51, P=0.021) levels, RA volume index (r=—0.43, P=0.008),
LVET (r=—0.44, P=0.03), mean E/e’ (r=—0.45, P=0.016) and RV GLS (+=0.38, P=0.02). LV SR had significant
relationships with RHC parameters: stroke volume (+=—0.52, P=0.006), cardiac output (+=—0.37, P=0.05), PVR
(=0.53, P=0.003), TPR (+=0.50, P=0.007) and SVR (+=0.53, P=0.007).

Discussion

This study confirmed our previously obtained data about the higher arterial stiffness in patients with pulmonary
hypertension, in spite of matching with the main parameters that could influence in healthy persons.'' Furthermore, in
our previous study, IPAH patients did not differ significantly from systemic hypertensive patients. We proposed it could
be explained by the endothelial dysfunction which takes place as in PAH as in systemic hypertension and is the main

2630 there were

reason for the vascular remodeling in both pulmonary and systemic circulation. In some studies,
discovered the increasing of the proinflammation markers (interleukin-1 receptor family member ST2, IL-32, tumor
necrosis factor-a, interferon-y) in IPAH patients, which may lead to the more prominent pulmonary arteriopathy and be
the reason for systemic arterial changes. The genetic abnormalities (eg, BMPR2 mutation) and metabolic disorders (for
the worsening of exercise capacity or right heart failure) may be associated with the systemic artery damage too. There
are some evidences of the systemic artery dysfunction in the pulmonary hypertension: the increasing of prevalence of the
coronary heart disease among PAH patients, the reduction in brachial vasodilation in IPAH and PAH due to scleroderma,
the worsening of the cerebral blood flow evaluated by measuring of mean flow velocity in the middle cerebral artery at
rest and exercise in PAH patients, the increased albumin excretion (as marker of the endothelial dysfunction) in patients
with PAH without known kidney disease and traditional CV risk factors, the morphological violations in nailfold
capillaries and sublingual vessels.’’ *® We demonstrated the only CAVI as the arterial stiffness parameter that is
independent of the blood pressure level, in contrast to pulse wave velocity, and correlated with functional capacity
and was a significant independent poor prognosis marker in newly diagnosed IPAH patients. We suppose that the
significance of CAVI for IPAH patient prognosis was connected with the increasing of the LV afterload. In IPAH patients,
LV suffers substantially from the compression by RV and any additional strain could lead to further impairing of its work.

Some studies demonstrated the CAVI was associated with worse diastolic relaxation in individuals without athero-
sclerotic diseases,’” in patients with hypertension,3 8 cardiovascular diseases,*® cardiovascular risk factors,* in patients
with reduced EF and heart failure.*' Also, the higher CAVI has relationships with the worse LV longitudinal movement
that may be explained by the deviated arterial elastance to ventricular elastance ratio.>” That is why we tried to find any
correlations of CAVI with the systolic (EF, ET, GLS, SR) and diastolic (E/e’, E/A) LV function parameters.

The ET is a well-known simple parameter of the ventricle systolic function. The reason why the ET could be a marker
of the ventricular function is: the ventricular dysfunction produces the impairing of the contractility force and it leads to
the pressure rising during the isovolumic contraction, resulting in a prolongation of the isovolumic contraction time and
respectively in shortening of the ET.**™** Furthermore, the attenuation of the ventricle contractility makes impossible to
maintain the high intraventricular pressure during the long time and ET shortens. A lot of literature data demonstrated the
significance of the LV ET for evaluation of left heart function or prognosis. In the past studies, the LV ET that was
obtained with phonocardiography and Doppler TTE***® and characterized the impaired cardiac function in patients with

1,52 . 4
5152 and heart failure.>>

coronary heart disease,*” systemic®®, pulmonary This simple hemodynamic parameter was
a predictor of cardiovascular outcomes in patients with coronary heart disease®> >® and with IPAH.>' For the middle-aged
African-Americans included in the ARIC community study (Jackson cohort, n=1980) and had the results of TTE, LV ET
was an independent predictor of the heart failure development.*’ In patients with amyloidosis, LVET was an independent

predictor of death.>
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However, the evaluation of RVET was less frequently provided in clinical studies, but the interest to this parameter
and, especially, to its derivatives (the pulmonary artery acceleration time/RVET ratio, the myocardial performance index)
has increased during the last years. There are some evidences of its significance in patients with acute respiratory distress

6162 in asthmatic patients,®> in patients with

syndrome® in children and adults with pulmonary hypertension,
cardiomyopathy,®* and heart failure with preserved EF.*> In most of these studies, the shortening of the RVET was
associated with worsening of other RV systolic function parameters. In spite of the distinctions in the duration of the
LVET and RVET differences in healthy and chronic pulmonary hypertensive patients,® there is a significant correlation
between them.

In IPAH, the RV suffered more and earlier than LV, because of the overload by increased pulmonary resistance. But
with time, the worsening of LV work is going too. At the end stage of PAH, the lung transplantation to support exact LV
function becomes extremely important.

Traditionally in pulmonary hypertension, the investigators concentrated their attention on studying of RV work, but
during the last years, it has moved to the evaluation of LV function too. There are some reasons for LV attenuation:
diastolic and systolic overload by enlarged RV, ischemia supported by increased HR, decreased SaO, and low stroke
volume, metabolic disorders provoked by fluid retention, renal and hepatic dysfunction. One of the simple parameters
correlated with prognosis in pulmonary hypertension and characterized LV function was LVET. In the study of Gunther
et al, both intensive care unit and 90-day mortality were significantly higher in patients with a decreased LVET on
admission.” Freed and Gomberg-Maitland analyzed the results of some studies that concluded LV ET cloud reflect the
dynamic interplay between the right, left heart and the lung.®® But they indicated it is still unknown if the LV ET is a real
marker of poor prognosis because 1) it could be influenced by the different factors (age, sex, thyroid abnormalities,
valvular disease, etc), 2) there are no any large trials confirmed the independent significance of ET for such specific and
rare population like pulmonary hypertension (the international trials should be organized), and 3) there are no any data
about the changing of the prognosis if the LVET would change with time.

In our study, RVET LVET were shorter in IPAH patients than in the healthy group, indicating both ventricle systolic
dysfunction. The other parameters (GLS and SR) of the LV systolic function obtained by speckle-tracking tissue image,
confirmed the worsened LV contractility in IPAH patients and emphasized the importance of further researches on
explaining the LV role in the course of pulmonary hypertension. Also, in the IPAH group, we found LV diastolic function
(the higher E/e’ ratio) was attenuated compared to healthy individuals. Moreover, E/A ratio had a negative correlation
with CAVI (r=—0.43, P=0.039), but it was not an independent correlation. At multiple regression analysis, no any LV
systolic (LV EF, LV GLS, LV SR), no diastolic (E/A, E/e’) function parameters had a significant association with CAVI,
in spite of their abnormality in IPAH patients.

At the same time, there was an independent correlation of CAVI with RVET — the shorter RVET was the higher CAVI
was registered. In Spearman correlation analysis, but not at multiple regression, the CAVI was associated with cardiac
output and cardiac index. We did not find any associations with other TTE RV function parameters. This is somewhat
different from our previous data,'' where CAVI correlated with TAPSE in Spearman and multiple regression analyses.
However, in our previous study, we did not evaluate the LV function and did not calculate the RVET. TAPSE is a well-
known determinate for the RV function assessment that has been used in practice very often. In some studies, it
correlated with outcomes in pulmonary hypertensive patients.®”’' But in some others, the TAPSE was not associated
with stroke volume’ or had the poor correlation with RV EF, than right ventricular fractional area change,”® or had
a poor association with alternative RV function parameters like Tei-index and systolic excursion velocity of lateral
tricuspid annulus (S"),”* or correlated with mean pulmonary BP in 10 years, but not in earlier period after pediatric heart
transplantation.”> Besides, Chio et al demonstrated the different prognostic value of TAPSE in association with other
TTE parameters (LV eccentricity index, tricuspid regurgitation).”® This means some TTE parameters, including time
intervals, need to be used for evaluation of the RV function. The TAPSE is a technically easily obtained parameter, but it
determines only the longitudinal RV changes. RVET is an early marker of the impaired RV work that reflects a global RV
disturbance and might predict the right heart failure development. Our patients had newly diagnosed IPAH and with
relatively saved mean cardiac index (2.44+0.72 vs 2.2+0.15 L/min/m? in the present and previous study respectively) and
ET seems to be a more sensitive parameter correlated with CAVI than TAPSE in this newly diagnosed and smaller
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cohort. However, ET is a very easy and fast measurement with high reproducibility. In contrast to tissue Doppler image
and speckle tracking, LVET might be obtained with all conventional echocardiographic machines and software and
improves our current risk prediction models.

The absence of relationships between CAVI and LV function parameters, the independent correlation of the CAVI
with RV function parameters and the death rate allowed us to speculate if the CAVI was not the cause of the LV
worsening work, but only a marker of those global changes which take place in IPAH patients (the endothelial
dysfunction, metabolic disorders, the renal dysfunction, aging, etc). In other words, the CAVI might express the degree
of the global IPAH patient state disorders. Its death prediction ability could be compared to the 6MWT distance that is
a simply obtained parameter too and is a risk stratified determinant, which represents the physical exercise tolerance.
However, 6MWT distance depends on many other factors which are not connected with hemodynamic parameters only:
the patient motivation and mood, comorbidities (eg, obesity, arthropathy), age, height and weight, training, etc. The CAVI
is an easy obtained parameter and may be an independent indicator for risk stratification in IPAH patients, like the
6MWT distance. Of course, this suggestion was not verified in the present study and needs the further multicenter trial
confirmation.

Limitations

Our study results should be interpreted with some limitations. First of all, our study was single centered and included
not many participants. According to the Corréa et al’s data, patients with PAH had the significant (P<0.001) lower
LVGLS (—17.9+2.8%) than healthy subjects (—20.5£1.9%).”” In this study, the calculated delta/SD was 1.09. Taking
into consideration a power 0.80 and P level <0.05, the sample size in our study should be at least 36 patients in both
groups (16 in one group). We included total 62 subjects: 57 included in our analysis and additional 5 were excluded
because of the poor quality of TTE images. This means our sample size was acceptable for providing the statistic
analysis between groups of IPAH patients and healthy persons. We did not find any data in literature about the LVGLS
in IPAH patients with abnormal/normal arterial stiffness or about comparisons of the CAVI in patients with normal/
abnormal LVGLS. That is why it was not possible to calculate the sample size for the evaluation of the primary
endpoints and we defined this study as a pilot. TTE specialists were not directly involved in the study, and they
performed imaging to all pulmonary hypertensive patients, including those with newly diagnosed IPAH accepted for
this study. The CAVI measurement is a simple and almost operator-independent method for arterial stiffness evaluation.
The statistical methods are acceptable for this quantity of patients, and we provided the verification of “the null
hypothesis” for two samples. Second, the tissue speckle-tracking method for systolic ventricular function evaluation is
a modern and a very popular in the last years.”® It was considered that tissue Doppler image is more variable than tissue
tracking. However, the derivation of GLS from speckle-tracking is slightly different from the software of different
manufacturers. In our center, we used MSI software integrated in Imagic Agile Kontron, which is not so popular for
strain analysis in other countries. All calculated images need to be at good quality and that is why we excluded some
patients and not all newly diagnosed IPAH individuals were included in our analysis. We evaluated the GLS and SR
only from the basal segment of the inferior and inferolateral LV free walls and that might lead to underestimation of the
full spectrum of longitudinal deformation along the LV wall as well as between the LV walls. We did not analyze the
radial and circumferential strains that might be abnormal in IPAH patients and correlated with CAVI. That is why we
could not accurately consider that CAVI does not influence on LV function. The CAVI does not have a relationship with
LVGLS and LVET only. We need to provide other studies in searching different parameters of the LV function. Third,
we do not know if the changes of the CAVI with time, including under the specific therapy, would be associated with
risk modification. It isvery important for being identified as the risk stratification determinate. We need more
prospective studies to clear it.

Conclusion

The newly diagnosed IPAH patients adjusted to age, gender and blood pressure level had significantly worse exercise
tolerance, renal function and arterial stiffness than healthy people. The only two parameters had significant correlations
with CAVI — age and ET of the RV, but not LV. The significant worse systolic and diastolic LV functions were stated in
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pulmonary hypertensive patients compared to the control group. No LV GLS, no LV SR had significant associations with

arterial stiffness evaluated by CAVI. This means it is not necessary to provide a larger trial using these LV function

parameters for the verification of our hypothesis about the pathogenetic role of systemic arterial stiffness in LV

dysfunction worsening and prognosis in IPAH patients.
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