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parameters evaluating the presence of pulmonary vascu-
lar remodeling such as PVR and TPG displayed higher
values in patients that met the primary combined end-
point, Table 1.

Baseline patient characteristics according to mvPA
Optimal cut-off value of mvPA calculated by the ROC
curve for the prediction of the primary endpoint was 9
cm/s, [AUC:0.643(0.568–0.718), p < 0.0001], Fig. 1.
No significant differences in clinical or analytical base-

line characteristics according to mvPA values were ob-
served (Suppl. material Table 1).

Echocardiography and CMR parameters according to
mvPA
sPAP could be estimated by echocardiography in
139(66.2%) individuals and presented similar values in
patients with mvPA above and below 9 cm/s whereas
TAPSE and the TAPSE/sPAP ratio were lower in pa-
tients with reduced mvPA, Table 2.
In patients with mvPA≤9 cm/s, bi-ventricular function

by echocardiography and CMR were significantly re-
duced and RV diameter and volumes enlarged. Minimal
and maximal PA areas and PVR estimated by CMR were
increased in patients with mvPA≤9 cm/s as opposed to
Emax/Ea RV-PA coupling ratio, which was significantly

reduced in these patients. No differences as to LGE
prevalence were observed between both groups.
Mean mvPA values throughout our sample (10.1 ± 3.9

cm/s) were lower than in a sample of healthy controls
without structural heart disease that underwent a CMR
examination to exclude underlying coronary artery dis-
ease or cardiomyopathy (17.3 ± 3.8 cm/s). PVR estimated
by CMR was normal in these patients (1.8 ± 1.2), as were
RVEF (67.6 ± 7.3%) and RV-PA coupling ratio estimated
by Emax/Ea (2.2 ± 0.77).

RHC parameters and pulmonary hypertension estimation
PH was confirmed by means of RHC in 39 patients,
which accounts for 70.9% of patients who underwent in-
vasive pressure assessment. TPG and PA pulse pressure
were greater while PA compliance was lower among pa-
tients with mvPA≤9 cm/s, Table 2. No differences in
other hemodynamic parameters including mPAP were
observed.

Linear correlation of RV-PA coupling unit parameters
A linear correlation analysis employing the Pearson cor-
relation coefficient between mvPA and other variables
reporting on the RV– PA unit coupling was performed,
Table 3. Linear relation was highest between mvPA and
CMR-derived PVR. A statistically significant correlation

Fig. 1 Estimation of mean velocity pulmonary artery (mvPA) optimal threshold by ROC curveto predict the primary combined follow-up endpoint
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between mvPA and CMR-derived PA pulsatility, RVEF
and Emax/Ea ratio as well as invasive RHC measure-
ments of PA compliance and pulse pressure was
observed.

Prognosis impact of mvPA estimated by CMR
Univariate analysis for the combined primary endpoint
of relevant clinical, analytical as well as echocardio-
graphic and CMR variables is reported in Table 4. mvPA

Table 2 Baseline characteristics according to mvPA

mvPA > 9 cm/s
n = 115

mvPA ≤9 cm/s
n = 95

Total
n = 210

p value

Echocardiography

LVEF (%) 28.9 ± 9.8 26.4 ± 9.0 27.8 ± 9.6 0.056

LVEDD (mm) 58.7 ± 7.7 60.1 ± 7.2 59.3 ± 7.5 0.288

LVESD (mm) 46.8 ± 9.2 48.7 ± 8.9 47.6 ± 9.1 0.238

RV diameter (mm) 22.3 ± 5.3 25.4 ± 7.8 23.9 ± 6.9 0.010

TAPSE (mm) 17.8 ± 5.1 16.0 ± 4.2 48.1 ± 14.5 0.044

SPAP (mmHg)a 46.8 ± 16.2 49.4 ± 12.7 16.9 ± 4.7 0.321

TAPSE/sPAP ratio (mm/mmHg)a 0.45 ± 0.27 0.34 ± 0.15 0.39 ± 0.22 0.020

CMR

LVEF (%) 28.8 ± 10.4 24.4 ± 9.0 26.9 ± 10.0 0.001

LVEDVI (mL/m2) 124.3 ± 41.0 136.2 ± 45.2 129.7 ± 43.2 0.047

LVESVI (mL/m2) 91.1 ± 40.2 103.5 ± 43.0 96.7 ± 41.8 0.033

RVEF (%) 46.1 ± 14.6 39.4 ± 16.2 43.1 ± 15.7 0.002

RVEDVI (mL/m2) 71.2 ± 27.8 84.1 ± 36.2 77.1 ± 32.5 0.004

RVESVI (mL/m2) 39.3 ± 21.4 53.9 ± 32.5 45.9 ± 27.9 < 0.001

LGE ischemic-pattern(n,%) 28(29.8%) 27(36%) 55(32.5%) 0.392

LGE non-ischemic pattern(n,%) 33(35.5%) 35(47.3%) 68(40.7%) 0.123

mvPA (cm/s) 12.7 ± 3.4 7.0 ± 1.6 10.1 ± 3.9 < 0.001

PVR (WU) 3.9 ± 1.7 7.3 ± 1.8 5.5 ± 2.4 < 0.001

RV-PA unit parameters

Maximal PA-area (cm2) 7.9 ± 2.0 9.3 ± 2.5 8.6 ± 2.4 < 0.001

Minimal PA-are a (cm2) 5.9 ± 1.8 7.3 ± 1.8 6.6 ± 2.1 < 0.001

PA pulsatility(%) 0.35 ± 0.19 0.30 ± 0.15 0.33 ± 0.18 0.068

RV Emax/Ea 1.03 ± 0.66 0.76 ± 0.52 0.91 ± 0.61 0.002

Right heart catheterisation parameters

mvPA > 9 cm/s
n = 27

mvPA ≤ 9 cm/s
n = 28

Total
n = 55

p value

mPAP (mmHg) 29.4 ± 11.7 33.4 ± 8.9 31.4 ± 10.5 0.162

PCWP (mmHg) 20.6 ± 8.2 21.1 ± 7.7 20.8 ± 7.8 0.808

RA Pressure (mmHg) 11.1 ± 6.9 13.4 ± 5.9 12.3 ± 6.4 0.243

Cardiac output (l/min) 4.1 ± 1.6 3.2 ± 1.1 3.6 ± 1.4 0.063

PVR (WU) 2.8 ± 2.4 4.1 ± 2.3 3.4 ± 2.4 0.096

TPG (mmHg) 8.5 ± 6.9 12.6 ± 7.4 10.6 ± 7.4 0.042

Pulse Pressure (mmHg) 21.0 ± 9.5 29.6 ± 13.2 25.4 ± 12.9 0.012

PA Compliance (mm3/mmHg) 2.02 ± 0.94 1.39 ± 0.79 1.67 ± 0.90 0.022
a Measures available for 139 patients
CMR cardiovascular magnetic resonance. Ea effective elastance. Emax right ventricular maximal end-systolic elastance. LVEDVI left ventricular end-diastolic volume
index. LVESV left ventricular end-systolic volume index. RVEDV right ventricular end-diastolic volume index. RVESV right ventricular end-systolic volume index. LGE
late gadolinium enhancement. LVEF left ventricular ejection fraction. LVEDD left ventricular end-diastolic diameter. LVESD left ventricular end-systolic diameter.
MPAP mean pulmonary artery pressure. mvPA mean velocity at the pulmonary artery. PA pulmonary artery. PCWP pulmonary capillary wedge pressure. PVR
pulmonary vascular resistance. RA right atrium. RV right ventricle. RVEF right ventricular ejection fraction. sPAP systolic pulmonary artery pressure. TAPSE tricuspid
annular plane excursion. TPG transpulmonary gradient. WU wood units
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≤9 cm/s predicted adverse events at follow-up, hazard
ratio (HR)2.557, 95% confidence interval (CI):1.459–
4.482, p = 0.001.Other univariate predictors for adverse
outcome included a NYHA III-IV/IV functional class,
history of previous coronary artery disease, ischemic eti-
ology of cardiomyopathy, diabetes mellitus, stage 3 to 4
chronic renal failure as well as enlarged minimal and
maximal PA cross-sectional areas and PVR assessed by
CMR.
In order to assess whether mvPA acted as an inde-

pendent prognostic marker, a Cox proportional hazard
analysis was performed including all factors that pre-
sented with p < 0.10 on univariate analysis. The ability
of PVR estimated by CMR to predict the combined end-
point was assessed against that of mvPA, to avoid co-
linearity, as PVR integrates mvPA into its formulae.
When both variables were analyzed simultaneously on
Cox multivariable regression, only mvPA maintained its
prognostic significance and thus, PVR was discarded
from the final model. Colinearity was also assessed for
other covariates.
On multivariate proportional hazard Cox regression

analysis only mvPA≤9 cm/s [HR1.782; 95%CI:1.105–2.874;
p = 0.018], stage 3–4 renal failure [HR 2.113(95%CI:
1.144–3.904);p = 0.017], ischemic cardiomyopathy [HR
1.737(95%CI:1.072–2.816);p = 0.025] and NYHA func-
tional class III-IV/IV [HR 2.957(95%CI:1.841–4.750);
p < 0.001] remained statistically significant independent
predictors of an adverse outcome.

Table 3 Linear correlation of RV-PA coupling-unit parameters

CMR-derived variables Pearson correlation-
coefficient

p-
value

MvPA – PVR (WU) −0.785 <
0.001

MvPA- Emax/Ea −0.205 0.003

MvPA – PA pulsatility (%) + 0.351 <
0.001

MvPA – RVEF (%) + 0.290 <
0.001

Echocardiographic variables Pearson correlation-
coefficient

p-
value

mvPA – TAPSE (mm) + 0.116 0.211

mvPA – TAPSE/PAPs ratio (mm/
mmHg)

+ 0.161 0.133

RHC variables Pearson correlation-
coefficient

p-
value

PA compliance (ml/mmHg) + 0.455 0.008

Pulse pressure (mmHg) −0.433 0.004

CMR cardiovascular magnetic resonance. Ea effective elastance. Emax right
ventricular maximal end-systolic elastance. mvPA mean velocity at the
pulmonary artery. PA pulmonary artery. PVR pulmonary vascular resistance.
RHC right heart catheterisation. RVEF right ventricular ejection fraction. TAPSE
tricuspid annular plane excursion. WU wood units

Table 4 Univariate and multivariate Cox regression analysis for
the prediction of the primary combined endpoint
Univariate analysis

Variable HR(95% CI) p-value

Clinical variables:

Sex, male (n,%) 0.832(0.589–1.933) 0.832

Age (years) 1.017(0.994–1.039) 0.147

Arterial hypertension (n,%) 1.171(0.655–2.091) 0.595

Dyslipidemia (n,%) 1.302(0.751–2.258) 0.347

Diabetes mellitus (n,%) 1.793(1.024–3.139) 0.041

Smoker (n,%) 1.391(0.776–2.493) 0.268

NYHA functional class III-IV/IV 2.077(1.508–2.863) < 0.001

Previous coronary artery
disease (n,%)

1.698(0.907–3.180) 0.098

Ischemic vs non-ischemic
cardiomyopathy (n,%)

2.226(1.248–3.970) 0.007

Atrial fibrillation (n,%) 1.337(0.737–2.427) 0.339

Stage 3–4 renal failure
(eGFR< 50 ml/min/1.73m2)

2.224(0.898–5.509) 0.084

Sodium (mEq/L) 0.933(0.852–1.021) 0.131

NT-proBNP (pg/mL) 0.997(0.891–1.011) 0.880

Echocardiography:

LVEF (%) 0.994(0.965–1.025) 0.711

TAPSE (mm) 0.963(0.886–1.046) 0.370

SPAP (mmHg) 1.014(0.991–1.038) 0.243

TAPSE/SPAP (mm/mmHg) 0.163(0.015–1.791) 0.138

CMR:

LVEF (%) 0.984(0.957–1.012) 0.265

RVEF (%) 1.007(0.989–1.025) 0.448

LGE presence (n,%) 1.310(0.715–2.398) 0.382

LGE ischemic-pattern (n, %) 1.994(1.036–3.840) 0.039

LGE non-ischemic pattern(n,%) 0.598(0.314–1.139) 0.118

MvPA ≤9 cm/s 2.557(1.459–4.482) 0.001

CMR – PVR (WU) 1.132(1.007–1.272) 0.038

Minimal PA-area (cm2) 1.215(1.043–1.415) 0.012

Maximal PA-area (cm2) 1.180(1.032–1.350) 0.016

PA pulsatility (%) 0.220(0.035–1.382) 0.106

Emax/Ea 1.120(0.716–1.753) 0.620

Multivariate Cox Regression analysis

Variable HR (95% CI) P-Value

Diabetes mellitus (n,%) 1.261(0.775–2.051) 0.351

NYHA functional class III-IV/IV 2.957(1.841–4.750) < 0.001

Stage 3–4 renal failure
(eGFR< 50 ml/min/1.73m2)

2.113(1.144–3.904) 0.017

Ischemic vs non-ischemic
cardiomyopathy (n,%)

1.737(1.072–2.816) 0.025

MvPA ≤9 cm/s 1.782(1.105–2.874) 0.018

CI confidence interval. CMR cardiovascular magnetic resonance. Ea effective
elastance. Emax right ventricular maximal end-systolic elastance. eGFR
estimated glomerular filtration rate. HR hazard ratio. LGE late gadolinium
enhancement. LVEF left ventricular ejection fraction. mvPA mean velocity at
the pulmonary artery. NYHA New York Heart Association. PVR pulmonary
vascular resistance. RVEF right ventricular ejection fraction. TAPSE tricuspid
annular plane excursion. WU wood units
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Kaplan–Meier survival analysis
A total of 91 patients met the combined primary end-
point, which occurred more frequently in patients with
mvPA≤9 cm/s, as indicated in Kaplan-Meier survival
curve; Log Rank 16.046, p < 0.001;Fig. 2a.
When cardiac events were analyzed separately, both

HF readmissions (Log Rank Test 12.356, p < 0.001;Fig.
2b) and all-cause mortality (Log-Rank 6.703, p = 0.010;
Fig. 2c) were significantly more frequent among patients
with mvPA≤9 cm/s.
Importantly, prognostic value of mvPA remained sig-

nificant both in patients with reduced (Log Rank 6.151,

p = 0.013;Fig. 3a) and preserved RV function (Log Rank
8.990, p = 0.003;Fig. 3b), considering a cut-off value of
RVEF≤40%.
Moreover, when added to Kaplan-Meier survival ana-

lysis, mvPA≤9 cm/s improved prognostic accuracy of
other known prognostic factors that had been previously
identified on Cox analysis. Thus, mvPAmaintained its
prognostic significance regardless of NYHA III-IV/IV
functional class (Log Rank 16.72, p < 0.001;Fig. 4a), is-
chemic cardiomyopathy (Log Rank 4.93, p = 0.026;Fig.
4b) or stage 3–4 renal failure (Log Rank 3.88, p = 0.049;
Fig. 4c).

Fig. 2 Survival analysis according to mvPA as shown by Kaplan–Meier curves. a. Reduced mvPA≤9 cm/s is associated with higher rates of the
primary combined endpoint, b. higher HF readmissions rates, and 2c. higher all-cause mortality rates

Fig. 3 Time to the primary combined endpoint according to mvPA and right ventricular (RV) ejection fraction (EF) as shown by Kaplan–Meier
curves. mvPA’s prognostic value remained significant regardless of RV function, considering RVEF≤40% as cut-off value. 3a. Time to primary
combined endpoint according to mvPA in patients with RVEF≤40%. 3b. Time to primary combined endpoint according to mvPA in patients
with RVEF> 40%
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Fig. 4 Time to the primary combined endpoint according to mvPA and presence or absence of 4a. NYHA III-IV functional class, 4b. ischemic
cardiomyopathy and 4c. advanced renal failure defined as eGFR < 50 ml/min/1.73m2. Reduced mvPA≤9 cm/s maintained its prognostic
significance regardless of 4a. NYHA functional class, 4b. ischemic etiology of underlying cardiomyopathy and 4c. advanced renal failure
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