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Abstract

Purpose—To test the hypothesis that cine MRI can be used to characterize features of left and
right ventricles in post-capillary pulmonary hypertension (PH) caused by heart failure (HF) with
preserved ejection fraction (HFpEF) and HF with reduced ejection fraction (HFrEF).

Methods—With the approval of institution review board (IRB), 28 consecutive post-capillary PH
patients (11 males, 62.1 + 13.4 years old, range 39 -89 years old) underwent cine MRI scans. Cine
MRI-derived left ventricular (LV) ejection fraction (LVEF) and other function, motion, and
deformation indices (acquired with heart deformation analysis [HDA]) were compared between
PH-HFpEF (defined as LVEF = 50%]) and PH-HFrEF (LVEF < 50%) patients and were related
with right ventricular (RV) indices and right heart catheterization (RHC)-derived pulmonary artery
measurements.

Results—Totally 19 patients (68%, 95% confident interval [CI] 49% - 86%) were assigned to
PH-HFpEF group while 9 (32%) was assigned to the PH-HFrEF group. There were differences of
LV and right ventricular (RV) global functional indices, LV mass, LV displacement, velocity,
strain and strain rate between the two patient groups. Cine MRI-derived LV indices had broad
associations with RV indices and RHC measurements. LVEF was negatively correlated with
pulmonary capillary wedge pressure (PCWP) (r = —0.5, p = 0.007). LV cardiac index (LVCI) was
associated with systolic pulmonary artery pressure (SPAP) (r = 0.443, p = 0.018).

Conclusions—PH-HFpEF and PH-HFrEF patients present dissimilar function, motion and
deformation features in LV and RV. Cine MRI-derived LV measures are correlated with
hemodynamic abnormalities of PH.
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Introduction

Post-capillary pulmonary hypertension (PH) is a common type of PH resulting from an
elevated left heart pressure [1]. Heart failure (HF), which usually represents irreversible left
ventricular (LV) damages after advanced cardiovascular diseases (CVDs), serves as a major
cause of post-capillary PH. HF is a highly heterogeneous pathological condition and its
clinical manifestations are diverse. HF can be simply divided into two types, the HF with
preserved ejection fraction (HFpEF) and HF with reduced ejection fraction (HFrEF),
according to the levels of LV ejection fraction (LVEF). Manifestations of PH originating
from HFpEF and HFrEF can be different because these two types of HF have disparate
pathophysiological mechanisms and hemodynamic changes [2]. Therefore, characterization
of PH-HFpEF and PH-HFrEF related functional and structural abnormalities can be
important in PH management because the information is expected to reflect the severity and
progression of PH and can be used to guide targeted therapies.

Cine magnetic resonance imaging (MRI) provides good contrast between the myocardium
and the blood pool for dynamically describing contraction and relaxation of the heart during
a cardiac cycle [3, 4]. To date, cine MRI has become a well-accepted imaging modality for
the evaluation of global LV and right ventricular (RV) function. In addition, information
regarding global and regional LV motion/deformation patterns can also be automatically
extracted from regular cine MRI datasets using advanced image processing techniques, such
as heart deformation analysis (HDA) [5-8], In the present study, we acquired cine MRI-
derived LV and RV function, motion and deformation indices of 28 post-capillary PH
patients who were diagnosed with right heart catheterization (RHC). The aim of the present
study was to test the hypothesis that cine MRI can be used to characterize features of LV and
RV in post-capillary PH caused by HFpEF and HFrEF.

Materials and methods

Patient population

With the approval of institution review board (IRB), 28 consecutive post-capillary PH
patients (11 males, 60.1 + 13.5 years old, range 39 —89 years old) underwent a cardiac MRI
scan. All patients were diagnosed the RHC. Post-capillary PH was defined as mean
pulmonary arterial pressure (mMPAP) = 25 mmHg and pulmonary capillary wedge pressure
(PCWP)> 15 mmHg [9], Post-capillary PH with a pulmonary vascular resistance (PVR) > 3
wood units were marked as having a “reactive PH” [10], All participants provided written
informed consents before the MRI scan.

Inclusion criteria: 1) age 18 - 89 years; 2) male or female with clinically diagnosed PH
Exclusion criteria: 1) with valvar diseases, congenital heart diseases or pericardial
constriction; 2) presence of a permanent pacemaker or cardioverter-defibrillator; 3) prior
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stroke, neurodegenerative disorders, mental health problems or malignances; 4) chronic or
acute kidney disease (eGFR < 30mL/min/1.73m?2); and 5) any other contraindications to
MRI, such as implanted metal device or claustrophobia.

Cine MRI protocol

Cardiac MRI examinations were performed on a 1.5 T scanner (Magnetom, Aera,
SIEMENS, Erlangen, Germany) using a fixed protocol. A three-plane fast localization
sequence was applied to find anatomic orientation of the entire scan. Then, a segmented
balanced steady-state free precession (bSSFP) pulse sequence was employed in the 2, 3, 4-
chamber and short-axis orientations to acquire cine images. Imaging parameters were as
follows: Repetition time (TR)/Echo time (TE) = 35.5/1.2 ms; flip angle = 80°; slice
thickness = 6 mm; gap = 4 mm; base resolution = 192; bandwidth = 930 Hz/pixel; with
generalized autocalibrating partially parallel acquisition (GRAPPA) technique and reduction
factor R = 2. Each myocardial slice was acquired during a breath-hold at end-expiration
using retrospective electrocardiogram (ECG) gating (with 25 retrospectively constructed
cardiac phases). Ten to twelve short-axis slices were acquired to cover the entire LV from
base to apex [11].

Regular processes on cine MRI datasets

Cine images were processed on the dedicated workstation affiliated to the MRI scanner by
an experience operator (_, 5 years of experience in cardiovascular radiology) using Argus
(Siemens, Erlangen, Germany). For each slice and time phase, the epicardial and endocardial
borders of LV and RV were carefully traced manually. LV and RV volumes at each cardiac
phase were obtained by summing the LV areas of all slices from the base to the apex of the
ventricles. The end-diastolic volume (LVEDV and RVEDV), end-systolic volume (LVESV
and RVESV), stroke volume (LVSV and RVSV), cardiac output (LVCO and RVCO), cardiac
index (LVCI and RVCI), ejection fraction (LVEF and RVEF) and LV mass (LVM) were then
calculated.

HDA analysis on cine MRI datasets

All de-identified cine images were transferred to a dedicated image processing workstation
(HP, EliteDesk 800 G2 TWR)and analyzed with a prototype software of HDA programmed
in Visual C++ (TrufiStrain, version 2.0, Siemens, Erlangen, Germany) by another analyzer
(_,with 17 years of experience in cardiovascular imaging). The HDA automatically detected
cardiac landmarks and defined epicardial and endocardial myocardial borders based on an
algorithm that was previously described [12], Using an existing deformation inversion
recovery (DIR) algorithm, HDA could automatically calculate frame-to-frame motion
deformation fields on cine images [13], Between any two cardiac time frames for a given
transversal LV plane, a dense deformation was computed using gradient descent
minimization. At every step of the gradient descent minimization, the image registration
remained inversely consistent by solving for the deformation fields and the inverse
deformation fields. Global and segmental myocardial motion indices, including
displacement (defined as the shortest distance from the initial to the final position), velocity
(displacement/time), strain ([change in length]/[original length]), and strain rate (change of
stain/time), were derived from the variant deformation fields over time. Next, in-plane time-
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resolved regional myocardial motion vectors in the radial and circumferential directions
were calculated for the entire LV (global values) for each patient. Peak values of each LV
motion/deformation indices were acquired from time curves though the entire cardiac cycle
using an existing method [11, 14].

As a part of the “standard of care”, patients were examined with cardiologists in our
institution. In the supine position, standard RHC was performed through a 7-9 F sheath via
the internal jugular or femoral vein. Swan-Ganz catheter was then inserted. Systolic,
diastolic and mean pulmonary artery pressure (SPAP, dPAP, mPAP) and PCWP were
measured at end-expiration from continuous recordings of pressure tracings digitized at 240
Hz and represent the mean of =3 beats. PVR was then calculated as (mPAP-PCWP)/LVCO.

Data processing and statistical methods

Results

Data were expressed as the mean = standard deviation (SD). PH patients were divided into
PH-HFpEF and PH-HFrEF groups base on LVEF (= 50% vs. < 50%). Demographic and
clinical data of PH, global peak myocardial motion/deformation indices (along radial and
circumferential directions) in early and late diastole were extracted and compared between
two patient groups using t-tests, Chi-square tests or Fisher’s exact test. Cine MRI-derived
LV indices were related with RV indices and RHC measurements using Pearson correlation
coefficient (r).

Statistical analysis was performed by using SPSS software (MVersion 22, IBM Corporation).
A p value < 0.05 was considered statistically significant.

Cine MRI were completed in 28 post-capillary PH patients. All cine images were eligible for
quantitative analysis. The mean interval between MRI and RHC was 20.9 + 6.6 days.

Totally 19 patients (68%, 95% confident interval [C1] 49% -86%) was assigned to PH-
HFpEF group while 9 (32%) was assigned to the PH-HFrEF group. There were no
differences on demographic data or the prevalence of reactive PH between two patient
groups.

Compared to PH-HFrEF patients, PH-HFpEF patients had lower LVM (98.8 +21.8 g vs.
125.9+24.2 g, p = 0.006), LVEDV (143.5 £ 57.5 mL vs. 193.4 £ 59.1 mL, p = 0.043),
LVESV (54.6 £ 30.3 mL vs. 127.1 + 48.6 mL, p < 0.001) and higher LVCI (2.88 £ 0.88
L/min/m2 vs. 2.16 + 0.56 L/min/m2, p = 0.033), RVSV (84.1 + 23.5 mL vs. 62.5 + 25.3 mL,
p =0.035), RVCO (5.64 + 1.81 L/min vs. 4.14 + 1.29 L/min, p = 0.036) and RVCI (2.75 +
0.9 L/min/m2 vs. 2.02 + 0.67 L/min/m?2, p = 0.041). See table 1. PH-HFpEF patients had
higher peak radial displacement, velocity, strain and strain rates in systole and diastole than
that of PH-HFrEF patients. See table 2. Figure 1 showed comparisons of radial and
circumferential strain rates between cases of PH-HFpEF and PH-HFrEF.
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LV function indices were related with RV function indices and RHC measures. LVEF had
significant correlations with PCWP (r = -0.5, p = 0.007), RVSV (r = 0.477, p = 0.01),
RVCO (r=0.442, p = 0.019) and RVCI (r= 0.453, p = 0.015). LVESV was associated with
PCWP (r =0.488, p = 0.008). LVSV was linked to RVEDV (r = 0.548, p = 0.003), RVSV
(0.53, p =0.004) and RVCO (r = 0.454, p = 0.015). LVCO was associated with RVEDV (r =
0.636, p < 0.001), RVESV (r = 0.464, p = 0.013), RVSV (r = 0.413, p = 0.029) and RVCO (r
=0.51, p = 0.006), LVCI was correlated with sPAP (r = 0.443, p = 0.018), RVEDV (r =
0.538, p = 0.003), RVSV (r = 0.454, p = 0.015), RVCO (r = 0.542, p = 0.003), and RVCI (r =
0.592, p = 0.001). See figure 2.

LV motion and deformation indices were also related with RV function. Peak systolic radial
displacement (r = 0.428, p = 0.023) and velocity (r = 0.441, p = 0.015) were related with
RVSV. Peak early radial diastolic velocity was associated with RVEDV (r = 0.448, p =
0.017). Peak radial strain was related with RVSV (r = 0.625, p < 0.001), RvCO (r = 0.459, p
=0.014), RVEF (r = 0.496, p = 0.007) and RVCI (r = 0.491, p = 0.008). Peak circumferential
strain was related with RVSV (r = 0.498, p = 0.007). Peak radial systolic strain rate was
related with RVSV (r = 0.511, p = 0.005), RVCO (r = 0.455, p = 0.015), and RVCI (r =
0.466, p = 0.012).

Discussion

Based on regular cine MRI and HDA processing, we characterized LV and RV function, LV
motion and deformation patterns in post-capillary PH caused by HFpEF and HFrEF.
Structural and functional similarities and differences between PH-HFpEF and PH-HFrEF
were described in the LV and RV. Multiple LV indices were shown to have correlations with
MRI-derived RV functional indices and homodynamic parameters measured by RHC. Our
results showed that that cine MRI is able to provide rich and detailed information regarding
clinical manifestations of HFpEF and HFrEF in the context of PH.

Both HFpEF and HFrEF can result in post-capillary PH [2]. Generally, the incidence of
HFpEF is associated with female, older age, and systemic disorders that intend to result in
systemic changes in cardiovascular microenviroments, such as metabolic syndromes [15].
While HFrEF is usually more common in younger population with structural CVDs, such as
coronary heart disease (CHD) or dilated cardiomyopathy (DCM) [16]. Generally, HFpEF
was thought to be driven by an impaired LV diastolic function while HFrEF was due to an
impaired LV systolic function. Our data showed that PH-HFrEF patients seemed to suffer
more severe myocardial incapability in both systole and diastole as compared with PH-
HFpEF patients demonstrated by widely lower magnitudes of LV displacement, velocity,
strain and strain rates. PH-HFrEF patients also had a much higher L\VM than PH-HFpEF
patients. At the same time, RV performance in PH-HFrEF was also lower than that in PH-
HFpEF.

Representing changes of both the preload and afterload of the LV, LVEF is the traditional
measurement of LV performance for discriminating HFpEF from HFrEF. However, there is
still controversy on the prognosis estimation for HF based on the level of LVEF. Despite the
different levels of LVEF, HFpEF and FIFrEF patients seemed to have similar mortality rates.
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Shah et al constructed multivariable models to investigate clinical outcomes of 39,982
hospitalized HF patients from 254 hospitals who were admitted between 2005 and 2009.
There was no difference between 5-year mortality rates of 18,398 HFrEF (75.7%) and
18,299 HFpEF (75.3%) patients (hazard ratio [HR]: 0.99, 95% ClI: 0.958 to 1.022) [17],
However, Curtis et al followed 7,788 outpatients with stable HF for 37 months. The authors
found that the mortality of those patients with a baseline LVEF < 45% was linearly related
with the level of LVEF after the adjustments of multiple cardiovascular risk factors. In
patients with LVEF < 15%, the mortality was 51.7% while in patients with LVEF between
36% to 45%, the mortality lowered to 25.6% (p < 0.0001) [18], Ghimire et al followed
HFrEF patients with repeated echocardiograms. Compared to those with persistent HFrEF,
those HFrEF patients with > 10% increase in LVEF had a significant lower rate of adverse
clinical events, including death, hospitalization, and heart transplantation [19], From a
different aspect, the present study examined HFpEF and HFrEF in the context of PH, a
clinical manifestation that usually suggests an adverse prognosis of HF patients [20], Our
results demonstrated that a decreased LVVEF was associated with an increased PCWP, an
independent predictor of clinical outcomes of HFpEF [21], Additionally, LVCI, an index
reflecting normalized LV pumping performance was related to an elevated sPAP. Our
findings suggested that cine MRI-derived measures may have the potential to provide new
insight into the prognosis estimation for HF and PH patients.

It is worth noted that “reactive PH”, also known as “combined pre- and post-capillary PH
(cpc-PH)”, is a special subgroup of PH usually rising from some post-capillary PH cases.
Induced by a long-term elevated PCWP, pulmonary vascular wall can be remodeled and
result in a pathological change that is similar to that of idiopathic pulmonary artery
hypertension (iPAH) [22], Contributed by disorders in both systemic and pulmonary
circulations, reactive PH usually presents a “disproportionally” high mPAP, a high
transpulmonary pressure gradient (TPG) and PVR. Previous studies showed that cpc-PH
could be found in around 12%-14% patients receiving RHC examinations [23], However, the
prevalence of reactive PH in PH-HFpEF and PH-HFrEF had not been reported separately.
Our data demonstrated that a large portion of PH-HFpEF and PH-HFrEF patients having
reactive PH. However, there seemed to be no significant differences on the levels of PVR or
the prevalence of reactive PH between PH-HFpEF and PH-HFrEF patients.

Our study had limitations. First, the sample size was small due to availability of stable PH
patients. As a result, we were unable to balance all traditional cardiovascular risk conditions
during the comparisons. Second, limited by the design of the original study, the clinical
outcomes of those post-PH patients were not available. Therefore, we were unable to
estimate the value of MRI-derived cardiac function, motion and deformation indices for
predicting prognosis of post-capillary PH patients. Third, limited by current HDA software,
the RV and left atrial (LA) motion/deformation indices could not be extracted from regular
cine MRI datasets automatically. Therefore, those indices were not included in the present
study.

In conclusion, PH-HFpEF and PH-HFrEF patients present dissimilar function, motion and
deformation features in LV and RV. Cine MRI-derived LV measures are correlated with
hemodynamic abnormalities of PH.
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Highlights

In patients with post-capillary pulmonary hypertension (PH), cine MRI-
derived left ventricular (LV) function, motion, deformation indices have broad
relations with right ventricular (RV) indices and right heart catheterization
(RHC) measurements.

There are significant differences on the levels of multiple LV and RV indices
between post-capillary PH caused by HFpEF and HFrEF.

There is no difference on the incidence of reactive PH in post-capillary PH
caused by HFpEF and HFrEF.
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Time curves through a cardiac cycle (25 phases from cine images) showed that a PH-HFpEF
patient (female, 58 years old, LVEF = 70%, mPAP = 47 mmHg, PCWP =20 mmHg, PVR =
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3.32 wood units) had high peak values in systole (phases 1 — 11), early (phases 12 — 18) and
late diastole (phases 19 — 25) than a PH-HFrEF patient (female, 73 years old, LVEF =35%,
mPAP = 35 mmHg, PCWP = 23 mmHg, PVR = 3.46 wood units) in radial (A) and
circumferential (B) strain rates.
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Figure 2.
Cine MRI-derived left heart indices were linearly related with right heart measurements

presenting the severity of PH.

Eur J Radiol. Author manuscript; available in PMC 2022 June 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Linetal.

Table 1

Page 14

Demographic, clinical information, RHC results and cine MRI-derived LV/RV functional indices of HFpEF
and HFrEF patients

HFpEF (n=19) | HFrEF (n=9) | P values
Age (years old) 59.8 +12.7 60.7 + 16 0.884
Male (%) 6 (26) 5 (56) 0.212
Height (cm) 168 + 10 168.2+58 0.95
Weight (Kg) 94.4+27.6 92+17.4 0.817
BMI 33.2+86 32452 0.8
PCWP (mmHg) 19.7+25 221+48 0.091
SPAP (mmHg) 60.5+19.1 57.8+11.7 0.701
dPAP (mmHg) 257+9.4 264+7 0.843
mPAP (mmHg) 37.3+10 38.7+82 0.719
PVR (Wood units) | 42+3.1 35+14 0.61
Cpc-PH (%) 8 (42) 5 (56) 0.398
LVEF (%) 63+ 6.4 35.8 9.4 *
LVM (g) 98.8 +21.8 1259 +24.2 0.006
LVEDV (mL) 1435 +57.5 193.4 +59.1 0.043
LVESV (mL) 54.6 +30.2 127.1 +48.6 <0.001
LVSV (mL) 88.9+29.5 66.3 + 22.5 0.052
LVCO (L/min) 6+2.2 44+11 0.06
LVCI (L/min/m?) | 29+0.9 22+06 0.033
RVEF(%) 49.4+11.4 402 +15.2 0.086
RVEDV (mL) 176.3 £ 53 162 +37.3 0.474
RVESV (mL) 92.2 +43.7 99.6 + 44.2 0.681
RVSV (mL) 84.1+235 62.4 +25.2 0.035
RCVO (L/min) 56+1.8 41+13 0.036
RVCI (L/min/m?) 28+0.9 2+0.7 0.041

*
No comparison was performed on LVEF because patients were grouped by LVEF.
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p values of comparing displacement, velocity, strain and strain rates between PH-HFpEF group (n = 19) and
PH-HFrEF group (n = 9). PH-HFpEF patients has higher peaks of multiple LV displacement, velocity, strain

and strain rate in systolic, early and late diastole than that of PH-HFrEF patients. P values < 0.05 were

highlighted.
HFpEF HFreF P values
Displacement | Radial Systole | 1.12+0.27 | 0.77+0.21 | 0.002
(cm)
Early 0.98+0.41 | 0.62+0.23 | 0.022
diastole
Late 0.48+0.2 0.33+0.12 | 0.051
diastole
Circumferential | Systole | 0.36 £0.1 0.32+0.12 | 0.422
Early 0.24 £0.11 0.3+0.1 0.167
diastole
Late 0.26+0.14 | 0.26+0.1 0.895
diastole
\elocity Radial Systole | 30.7+6 204453 <0.001
Early 278+10.1 | 19625 0.025
diastole
Late 13.3+6 9.9+49 0.152
diastole
Circumferential | Systole | 9.85+3.12 | 849+2.74 | 0.274
Early 6.84+2.78 | 8.41+268 | 0.17
diastole
Late 591+346 | 7.47+3.12 | 0.261
diastole
Strain Radial 33.3+9.1 187+7.1 <0.001
Circumferential 17.7+34 109+27 <0.001
Strain rate Radial Systole | 154.6 £31.9 | 83.2+24.3 | <0.001
Early 178.5+72.2 | 89.6 +30.6 | 0.002
diastole
Late 62.1+345 | 31.1+13.8 | 0.016
diastole
Circumferential | Systole | 91.9+17.4 | 59.1+16.7 | <0.001
Early 75.7+28.8 | 40.2+13.4 | 0.002
diastole
Late 43.7+195 | 26.2+155 | 0.027
diastole

« No diastolic peaks were identified for radial or circumferential strains
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