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Aims Precapillary pulmonary hypertension (pPH) affects left ventricular (LV) function by ventricular interdependence.
Since LV ejection fraction (EF) is commonly preserved, LV dysfunction should be assessed with more sensitive
techniques. Left atrial (LA) strain and estimation of LV intraventricular pressure gradients (IVPG) may be valuable
in detecting subtle changes in LV mechanics; however, the value of these techniques in pPH is unknown.
Therefore, the aim of our study is to evaluate LA strain and LV-IVPGs from cardiovascular magnetic resonance
(CMR) cines in pPH patients.

...................................................................................................................................................................................................
Methods
and results

In this cross-sectional study, 31 pPH patients and 22 healthy volunteers underwent CMR imaging. Feature-tracking
LA strain was measured on four- and two-chamber cines. LV-IVPGs (from apex–base) are computed from a formu-
lation using the myocardial movement and velocity of the reconstructed 3D-LV (derived from long-axis cines using
feature-tracking). Systolic function, both LV EF and systolic ejection IVPG, was preserved in pPH patients.
Compared to healthy volunteers, diastolic function was impaired in pPH patients, depicted by (i) lower LA reser-
voir (36 ± 7% vs. 26 ± 9%, P < 0.001) and conduit strain (26 ± 6% vs. 15 ± 8%, P < 0.001) and (ii) impaired diastolic
suction (-9.1 ± 3.0 vs. –6.4 ± 4.4, P = 0.02) and E-wave decelerative IVPG (8.9 ± 2.6 vs. 5.7 ± 3.1, P < 0.001).
Additionally, 11 pPH patients (35%) showed reversal of IVPG at systolic–diastolic transition compared to none of
the healthy volunteers (P = 0.002).

...................................................................................................................................................................................................
Conclusions pPH impacts LV function by altering diastolic function, demonstrated by an impairment of LA phasic function and

LV-IVPG analysis. These parameters could therefore potentially be used as early markers for LV functional decline
in pPH patients.
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Introduction

In precapillary pulmonary hypertension (pPH) the right ventricular
(RV) afterload is increased, inducing RV adaptation, such as increased
RV contractility and hypertrophy. Ultimately, when adaptation falls
short, the RV dilates and function deteriorates.1 Simultaneously, pPH
also affects left ventricular (LV) function by ventricular interdepend-
ence; however, the pathophysiological mechanism is not completely
elucidated. In addition, since LV ejection fraction (EF) is often in the
normal range, these LV alterations are difficult to recognize and often
overlooked, although signs of diastolic dysfunction on echocardiog-
raphy is quite common in pPH.2 This is unfavourable, since recent re-
search showed that impaired LV strain is associated with worse
outcomes,3,4 stressing the importance of comprehensive assessment
of LV function in pPH.

There is increasing interest in intraventricular pressure gradients
(IVPGs) patterns, driving cardiac blood flow. It is thought that abnor-
malities in IVPGs precede cardiac remodelling, and may therefore be
a potential marker of preclinical disease.5 In the past, IVPGs have
shown interesting alterations in heart failure and myocardial ischae-
mia.6–8 However, measurement of IVPGs has never made it to daily
clinical practice, due to the difficulty and invasive character. A novel
method, based on the same principle, has recently been described,
which makes it possible to estimate IVPGs non-invasively from rou-
tinely obtained cardiovascular magnetic resonance (CMR) cine
images.9 This approach has shown promising results in heart failure
patients, showing impaired LV IVPGs in heart failure with preserved
LVEF.10 Besides IVPG analysis, other promising parameters have
emerged, such as CMR-feature tracking LV strain and left atrial (LA)

phasic function,11 providing additional insight in LV function. The lat-
ter is of special interest, since alterations in LA phasic function correl-
ate with LV end-diastolic pressure, and are found to precede overt
heart failure.12

In summary, alterations in LA phasic strain and IVPGs can poten-
tially help our understanding of the pathophysiological mechanism of
ventricular interdependence in pPH patients, and might have the abil-
ity to identify alterations in LV function at an early stage. Therefore,
the aim of our study is to evaluate CMR-derived LA phasic function
and LV IVPGs in pPH patients in comparison to healthy volunteers.

Methods

In this cross-sectional study, pPH patients and healthy volunteers (aged
30–60 years, n = 22) were enrolled between August 2012 and November
2013.13 pPH (idiopathic pulmonary arterial hypertension or chronic
thromboembolic PH) was previously established by pulmonary arterial
pressure >_25 mmHg at rest and a pulmonary capillary wedge <_15 mmHg
measured during right heart catheterization, in accordance with the
European Society of Cardiology/European Respiratory Society (ESC/
ERS) guidelines.14 Patients were clinically stable on their last visit, without
overt clinical heart failure. Patients were recruited from three tertiary
hospitals in The Netherlands. All study participants underwent a trans-
thoracic echocardiogram (TTE) and CMR on the same day, and demo-
graphic data were collected. Study participants were excluded in case of
insufficient quality of more than one CMR long-axis cines (two-, three-,
or four-chamber). The Ethical Review boards of all participating centres
approved the study. Written informed consent was obtained from all
study participants prior to inclusion.

Graphical Abstract

2 J.L. Vos et al.
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Echocardiography acquisition
TTE was performed using a Toshiba Artida system (Toshiba Medical
Systems, Tokyo, Japan) with a 5-MHz transducer in all study participants,
and offline analysis was performed on commercially available software
(XCelera, version 4.1.1.1133-2013; Philips Healthcare, Best, The
Netherlands). Transmitral flow, using pulsed wave Doppler-imaging at
the mitral leaflet tips in the apical four-chamber view, was used to meas-
ure early (E) and late/atrial (A) velocities. Pulsed-wave tissue Doppler was
used to measure early diastolic velocities at the lateral and septal mitral
annulus (e0 lateral and e0 septal). E/A ratios and E/e0 septal and E/e0 lateral
ratios were calculated.15 RV systolic pressure (RVSP) was calculated by
adding the estimated right atrial pressure to the pressure gradient derived
from the Bernoulli equation using the peak velocity of the tricuspid regur-
gitation.16 The TAPSE/RVSP ratio was calculated as a marker of ventricu-
lar–pulmonary arterial coupling.17

CMR acquisition
All study participants were scanned on a commercially available 1.5 T
CMR scanner (Ingenia R4.1.2; Philips healthcare, Best, The Netherlands).
Balanced steady-state free-precession (long- and short-axis) cine images
were acquired during end-expiratory breath holds, with the following se-
quence parameters: TR/TE 3.4/1.69 ms, voxel size 1.3 � 1.3 � 8.0 mm,
flip angle of 55�, and 30 phases per cardiac cycle. The consecutive short-
axis cine images from base to apex were used to analyse RV and LV mass,
volumes, and calculate EF.

Interventricular septal angle measurement
To evaluate the deformation of the septum due to RV enlargement and
pressure overload, the interventricular septal angle was measured on the
midventricular short-axis cine at the phase of maximum septal displace-
ment. The septal angle was defined as the angle between the RV insertion
points and the septal midpoint. The interventricular septal angle ratio is
calculated by dividing the interventricular septal angle by the angle of the
free wall.18,19

CMR feature tracking analysis
LV global longitudinal strain (GLS) was measured on the long-axis cine
images (two-, three-, and four-chamber cine images) using Medis QStrain
software (Medis Medical Imaging BV, version 2.0.48.8., Leiden, The
Netherlands). Endocardial contours were manually drawn in the end-
systolic and end-diastolic frame, after which the software automatically
tracks endocardial contours in all other consecutive frames and calculates
the myocardial shortening throughout the cardiac cycle. The automatical-
ly drawn contours were checked carefully, and manually adjusted when
needed. LA phasic strain was measured on the two-, and four-chamber
cine images, and the LA reservoir (collecting pulmonary venous return
during LV systole), conduit (deflecting the early- and mid-diastole; the
passive filling of blood from LA to LV), and booster strain (deflecting the
active, late diastole; the atrial kick) were measured. Using the biplane
Simpson’s area-length method, LA volumes and EF were automatically
calculated by QStrain.20

CMR LV-IVPG analysis
LV-IVPGs are computed from a formulation using the myocardial move-
ment and velocity of the reconstructed 3D-LV (derived from the long-
axis cines using feature-tracking), and the amount of blood crossing the
valves (conservation of mass principle). The diameters of the mitral valve
and aortic valve are manually drawn, and the outflow area is calculated by
QStrain software. The volume integral of IVPGs is a force and has the di-
mension of Newton, it is normalized for LV volume and divided by the
specific gravity of blood to make it a dimensionless measure, which can

be interpreted as a % of force of gravity. The apex to base IVPG is the
principal component of the IVPG vector, its time curve is generated by
the software and represents the variation of IVPG throughout the cardiac
cycle. LV contraction creates the systolic ejection phase ‘the A-wave’, a
positive IVPG directed from apex to base (LV outflow tract). The systol-
ic–diastolic transition ‘the B-wave’ is a negative IVPG wave from apex to
base, and starts during the final phase of systole (aortic valve open), con-
tains the isovolumic relaxation phase and terminates after the initial im-
pulsive phase of diastolic early filling (mitral valve open). B1 is when the
LV contraction slows-down, and ends when the LV relaxes and unwinds,
closing the aortic valve and eventually lowering LV pressure below the
LA pressure. This is followed by mitral valve opening, and the negative
IVPG from apex–base leads to an acceleration of blood flow in the first
phase of LV filling (diastolic suction) in early diastole, called ‘B2’. The slow-
ing blood flow rate at the end of the passive LV filling phase represents
the E-wave decelerative force (C-wave; a positive IVPG from apex to
base), until the pressure gradient equilibrates (diastasis). Next, LA con-
traction drives a second negative pressure gradient (active, late diastole)
from apex to base21; the A-wave acceleration (the D-wave). The A-, B-
(B1 and B2), C-, and D-waves are measured by manually marking the dif-
ferent phases (using the IVPG pattern, the volume-curve and valvular
opening and closing). The IVPG curve and corresponding phases in the
healthy situation are illustrated in Figure 1, and a tutorial video of the
IVPG analysis with an IVPG curve of a healthy volunteer, and one of a
pPH patient can be found in the Supplementary data online, Video S1. All
strain and IVPG analyses were performed by one single investigator
(J.L.V.), supervised by a level III CMR-physician with >15 years of experi-
ence (R.N.).

Statistical analysis
Continuous variables are presented as mean ± standard deviation (if nor-
mally distributed) or median (inter-quartile range) if not normally distrib-
uted. Categorical variables are presented as total number (percentage).
Precapillary PH patients and the control group are compared for continu-
ous variables using the independent sample t-test or Mann–Whitney U.
The v2 test or the Fisher’s exact test was used to compare categorical
variables between groups. Since the healthy volunteers were not age-
and sex-matched, the independent influence of pPH on the CMR parame-
ters (interventricular septal angle, strain, and IVPG analysis) was deter-
mined by performing a multiple linear regression analysis with adjustment
for sex and age. To evaluate the correlation between the strain and IVPG
analysis with established echocardiographic diastolic markers, and the
correlation with markers of pPH severity (TR velocity, TAPSE/RVSP
ratio, and interventricular septal angle on CMR), a Pearson correlation
coefficient R was calculated. To evaluate intra- and interoberserver vari-
ability of the IVPG analysis, and interventricular septal angle and ratio,
analyses were repeated in 15 CMR scans by one single investigator (J.L.V.,
>2 weeks after the first analysis) and two investigators (J.L.V. and
C.T.P.M.v.d.W.), respectively. The intraclass correlation coefficient was
used to measure inter- and intraobserver variability. All statistical analyses
were performed using SPSS (version 25). A P-value <0.05 was considered
statistically significant.

Results

Study population
Of the 33 consecutive enrolled pPH patients, 2 pPH patients were
excluded due to insufficient CMR cine quality. In total, 31 pPH
patients [aged 54 (45–62) years, 29% male] and 22 healthy volunteers
[aged 40 (36–48) years, 68% male] were included in this study.
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Figure 1 The apex–base time curve of left ventricular intraventricular pressure gradients. Depiction of the LV-IVPGs from apex to base (y-axis) in
time (ms, x-axis) in healthy volunteers (n = 22), with corresponding volume curve (bottom graph). The coloured dotted lines are IVPG curves of indi-
vidual healthy volunteers, the solid black line represents the average. The positive IVPG to base (LV outflow tract), created by LV contraction, is the
systolic ejection phase ‘A’. Second, a negative IVPG wave (apex–base) takes place in the downward force at systolic–diastolic transition ‘B’, created
by the relaxation and unwinding of the LV, lowering LV pressure below aortic pressure leading to aortic valve closure ‘B1’, and eventually below LA
pressure causing the opening of the mitral valve. This leads to an acceleration of blood flow in the first phase of passive LV filling (suction) in early
diastole ‘B2’. Third, a positive IVPG (apex–base) is created by the slowing blood flow rate at the end of the passive LV filling phase, represented by
the E-wave decelerative force ‘C’, until pressure gradient equilibrates (diastasis). Lastly, LA contraction drives a second negative IVPG (apex–base) in
the active, late diastole, depicted by the A-wave acceleration ‘D’. AV, aortic valve; IVPG, intraventricular pressure gradient analysis; LA, left atrial; LV,
left ventricular; MV, mitral valve; syst–diast, systolic–diastolic.
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Healthy volunteers were younger (P = 0.003) and a larger proportion
was male (P = 0.005). Fifteen pPH patients (48%) were diagnosed
with chronic thromboembolic pulmonary hypertension, and 16
(52%) were diagnosed with idiopathic pulmonary arterial hyperten-
sion. Mean duration of disease was 4.7 ± 2.8 years. Most pPH patients
received mono- (39%) or dual (48%) PH-specific treatment, and had
a WHO functional class of II (68%) or III (26%). The specific details
are displayed in Supplementary data online, Table S1.

Baseline echocardiographic and CMR
parameters
Table 1 shows echocardiographic and CMR findings. The mean tricus-
pid regurgitation velocity was 3.6 ± 0.7 m/s in pPH patients. The
TAPSE/RVSP ratio, a measure of RV-pulmonary arterial coupling, was
lower in pPH. Compared to healthy volunteers, peak A velocity was
higher in pPH patients, whereas peak E velocity was similar, resulting
in a lower E/A ratio. Compared to healthy volunteers, pPH patients
had lower e0 lateral and septal velocity, and E/e0 septal ratio was
higher.

CMR-derived LV end-diastolic and end-systolic volumes were
lower in pPH patients than in healthy volunteers, whereas LVEF was
similar (Table 1). pPH patients had higher RV end-diastolic volumes
and RV end-systolic volumes, and RVEF was lower. LA EF was lower
in pPH patients compared to healthy volunteers.

The interventricular septal angle was higher in pPH patients, with
subsequently a higher interventricular septal angle ratio, meaning
higher septal deviation towards the left ventricle than in healthy vol-
unteers. Additionally, there was a strong correlation between the
interventricular septal angle and echocardiographic estimates of RV
pressure (Pearson’s R = 0.70 for TR velocity and 0.86 for RVSP,
P < 0.001 for both).

Diastolic CMR-derived strain and IVPG
analysis are worse in pPH patients
Compared to healthy volunteers, both LA reservoir and conduit
strain were impaired in pPH patients (Table 2), LA booster strain was
similar (10 ± 5% vs. 11± 4%, P = 0.35). LV longitudinal strain analysis
was also impaired in pPH patients compared to healthy volunteers.
pPH remained independently associated with LA reservoir and con-
duit strain after adjustment for age and sex, whereas LV strain did not
(Supplementary data online, Table S2).

Systolic function estimated by the IVPG systolic ejection force ‘A’
did not show any significant alteration between healthy volunteers
and pPH patients (Table 2) and was even associated with higher val-
ues of force when adjusted for age and sex (Supplementary data on-
line, Table S2). Contrarily, IVPG analysis showed impaired diastolic
function. In the early and mid-diastolic passive filling phase, pPH
patients had impaired diastolic suction force ‘B2’ and E-wave deceler-
ative force ‘C’ compared to healthy controls (Table 2), independent
of sex and age (Supplementary data online, Table S2). In addition, 11
pPH patients (35%) had reversal of IVPG at systolic-diastolic transi-
tion ‘B’, whereas none of the healthy volunteers showed this pattern
(P = 0.002). Especially the pPH patients with reversal in the diastolic
suction force B2 (n = 6) had worse diastolic LV function and RV fail-
ure, more than pPH patients with reversal of IVPG in ‘the systolic
slowdown’ B1 (n = 5). They had lower E velocity, e0 septal velocity,

and E/A ratio on echocardiography, higher RV volumes and worse
RVEF, and a trend towards a worse interventricular septal angle,
compared to pPH patients without reversal of IVPG in the B-wave
(Supplementary data online, Table S3).

Figure 2 shows LA strain and LV IVPG analysis in healthy volunteers
and pPH patients. The IVPG curves of pPH patients are shown in
Figure 3, illustrating preserved systolic ejection force A (consistent
with the preserved LVEF), the reversal of IVPG at systolic–diastolic
transition ‘B’ in one-third of the pPH patients, and the diminished dia-
stolic suction force ‘B2’ and E-wave decelerative force ‘C’ in pPH
patients.

LA strain and LV-IVPG in relation to
measures of diastolic dysfunction and
pPH severity
Since LA strain and IVPG are new measures of diastolic dysfunction,
we evaluated its relation with known parameters of diastolic function
on echocardiography (Table 3). Both E/A ratio and e0 lateral velocity
were significantly correlated with LA reservoir and conduit strain,
and the IVPG analysis of the ‘B2’ and ‘C’ wave (weak to moderate
correlations, P < 0.05 for all). This was similar for e0 septal velocity. In
addition, IVPG analyses (‘B2’ and ‘C’ wave) were significantly corre-
lated with E velocity.

To evaluate whether the severity of pPH is linked to LV diastolic
dysfunction, the association between measurements of pPH severity
and ventricular interdependence (such as the TR velocity and the
interventricular septal angle) and LA strain/IVPG were analysed
(Table 4). Interestingly, there were significant weak to moderate cor-
relations between LA strain/IVPG and measurements of pPH severity
and interventricular interdependence (P < 0.05 for all).

Reproducibility of IVPG analysis
The inter- and intraobserver variabilities were good to excellent for
the interventricular septal angle and ratio, and all LV-IVPG measure-
ments (intraclass correlation coefficients ranging from 0.75 to 0.99,
Supplementary data online, Table S4).

Discussion

This study is the first to non-invasively measure and analyse
LV-IVPGs and LA strain for the evaluation of LV systolic and diastolic
function in pPH patients in comparison to healthy volunteers. IVPG
analysis shows that, although systolic function is preserved, pPH pri-
marily impacts LV function by altering diastolic function. This is dem-
onstrated by an impaired apex-to-base diastolic suction and E-wave
decelerative force in the early to mid-diastole, which leads to less
passive filling. In one-third of patients, reversal of IVPG in the systol-
ic–diastolic transition (B-wave) was present, meaning that LV pres-
sure temporarily exceeds LA pressure. LA phasic function confirms
the alterations seen in the IVPG analysis, showing reduced reservoir
and conduit strain, reflecting less LA expansion from pulmonary ven-
ous return, and reduced passive filling of blood from LA to LV.
Overall, pPH impacts LV function by impairing early diastolic filling
(Graphical Abstract). LA phasic function and LV-IVPG parameters
could therefore potentially be used as early markers for LV functional
decline in pPH patients.
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Systolic LV function, usually measured by LVEF on echocardiog-

raphy or CMR, is commonly preserved in pPH patients.2,22

Therefore, the role of the left ventricle in this disease was often over-
looked. Newer methods to analyse LV function, such as global LV
strain, are able to detect more subtle and local changes, and exposed
the impact of pPH on LV function and the association of LV functional
decline with adverse prognosis.2–4 In our study, LV strain was
impaired in pPH patients compared to healthy volunteers. However,
pPH was not independently associated with LV strain after adjust-
ment for age and sex. Other studies did not find an impairment of

global LV strain,23 and it might be that LV strain, measuring myocar-
dial shortening during systole, is not as sensitive for detecting early
diastolic changes. In our study, the changes of IVPGs in different
phases of the cardiac cycle show that systolic function is preserved,
and that early diastolic filling is impaired. A weaker negative IVPG dur-
ing the first part of the early diastolic filling (‘B2’ phase), results in
lower inflow blood velocities, leading to lower deceleration of blood
inflow during the second part of passive filling in pPH patients: a lower
E-wave decelerative force ‘C’. During systolic–diastolic transition, the
LV relaxes and unwinds. In pPH, however, RV contraction is

....................................................................................................................................................................................................................

Table 1 Echocardiography and CMR parameters of healthy volunteers and precapillary pulmonary hypertension
patients

Healthy volunteers (n 5 22) pPH patients (n 5 31) P-value

Echocardiography

E velocity (m/s) 0.64 (0.52–0.81) 0.65 (0.53–0.74) 0.70

A velocity (m/s) 0.45 (0.40–0.55) 0.64 (0.56–0.72) <0.001

e0 lateral velocity (m/s) 0.15 (0.13–0.18) 0.13 (0.10–0.16) 0.03

e0 septal velocity (m/s) 0.11 (0.10–0.12) 0.08 (0.07–0.11) 0.001

E/A ratio 1.4 (1.2–1.6) 0.9 (0.7–1.2) <0.001

E/e0 (lateral) ratio 4.4 (3.4–5.5) 4.5 (4.0–5.8) 0.38

E/e0 (septal) ratio 5.9 (5.2–6.9) 7.6 (5.9–10.0) 0.001

Tricuspid annular plane systolic excursion (mm) 24 ± 3 20 ± 4 <0.001

Tricuspid regurgitation velocity (m/s)a 2.0 ± 0.3 (n = 11) 3.6 ± 0.7 <0.001

Estimated RVSP (mmHg)a 19 ± 3 (n = 11) 58 ± 21 <0.001

TAPSE/RVSP ratio 1.4 (1.0–1.6) 0.4 (0.2–0.5) <0.001

CMR

Global ventricular parameters

LV EDV (mL) 182 ± 35 151 ± 39 0.005

LV indexed EDV (mL/m2) 94 ± 16 79 ± 18 0.002

LV ESV (mL) 80 ± 17 67 ± 23 0.04

LV indexed ESV (mL/m2) 41 ± 9 35 ± 12 0.04

LVEF (%) 56 ± 3 56 ± 8 0.83

RV EDV (mL) 200 (152–225) 221 (184–280) 0.04

RV indexed EDV (mL/m2) 100 (86–108) 110 (96–141) 0.02

RV ESV (mL) 91 ± 25 154 ± 79 0.001

RV indexed ESV (mL/m2) 47 ± 10 84 ± 52 0.002

RVEF (%) 55 ± 5 41 ± 12 <0.001

RV mass (g) 25 ± 7 39 ± 14 <0.001

RV indexed mass (g/m2) 13 ± 3 21 ± 9 0.001

Cardiac output (mL/min/kg/m2) 5.7 ± 1.2 5.4 ± 1.6 0.46

Cardiac index (mL/min/kg/m2) 2.9 ± 0.4 2.8 ± 0.6 0.33

Interventricular septal angle (�) 127 ± 6 168 ± 21 <0.001

Interventricular septal angle ratio 1.8 ± 0.2 2.2 ± 0.2 <0.001

Global left atrial parameters

LA maximum volume (mL) 107 (78–120) 80 (67–116) 0.20

LA indexed maximum volume (mL/m2) 55 (45–61) 44 (35–60) 0.22

LA minimum volume (mL) 43 ± 17 46 ± 19 0.58

LA indexed minimum volume (mL/m2) 22 ± 8 24 ± 10 0.48

LA EF (%) 59 ± 6 51 ± 9 <0.001

Values are in means ± SD, medians (interquartile range), or n (%). P-values <0.05 in bold.
CMR, cardiovascular magnetic resonance; EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume; LA, left atrium; LV, left ventricular; pPH, precapillary pul-
monary hypertension; RV, right ventricular; RVSP, right ventricular systolic pressure.
aDue to the lack of tricuspid regurgitation, this could not be measured in 11 healthy volunteers and 2 pPH patients.

6 J.L. Vos et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/ehjcim
aging/article/24/1/78/6498031 by U

trecht U
niversity Library user on 02 February 2023



....................................................................................................................................................................................................................

Table 2 CMR-derived strain and intraventricular pressure gradient analysis of healthy volunteers and precapillary
pulmonary hypertension patients

Healthy volunteers (n 5 22) pPH patients (n 5 31) P-value

Left atrial strain parameters

Reservoir (%) 36 ± 7 26 ± 9 <0.001

Conduit (%) 26 ± 6 15 ± 8 <0.001

Booster (%) 10 ± 5 11 ± 4 0.35

Left ventricular strain parameters

Global longitudinal strain (%) -22 [-21 to -23] -21 [-19 to -22] 0.03

Free wall longitudinal strain (%) -23 [-21 to -25] -25 [-23 to -26] 0.02

Septal longitudinal strain (%) -20 [-17 to -21] -17 [-15 to -20] 0.08

Intraventricular pressure gradient analysis (apex—base)

Systolic ejection force ‘A’ 16.8 ± 3.2 18.7 ± 5.4 0.14

Downward force at systolic–diastolic transition ‘B’ -7.4 ± 2.1 -6.2 ± 2.3 0.28

Reversal of force at systolic–diastolic transition ‘B’ 0 11 (35%) 0.002

Diastolic suction force ‘B2’ -9.1 ± 3.0 -6.4 ± 4.4 0.02

E-wave decelerative force ‘C’ 8.9 ± 2.6 5.7 ± 3.1 <0.001

A-wave Acceleration ‘D’ -3.4 ± 1.8 -3.0 ± 2.1 0.49

Values are in means ±SD, medians (interquartile range), or n (%). P-values <0.05 in bold.
CMR, cardiovascular magnetic resonance; pPH, precapilary pulmonary hypertension.

A B

Figure 2 Left atrial strain and left ventricular intraventricular pressure gradient analysis. (A) In pPH patients both left atrial reservoir and conduit
strain were impaired compared to healthy volunteers. (B) The IVPG systolic ejection force ‘A’ did not show any significant alteration between healthy
volunteers and pPH patients. In the early and mid-diastolic passive filling phase, pPH patients had impaired diastolic suction force ‘B2’ and E-wave
decelerative force ‘C’ compared to healthy volunteers. Data are shown as mean values with 95% confidence interval. *P < 0.05. A, systolic ejection
force ‘A’; B, downward force at systolic–diastolic transition ‘B’; ‘B2’, diastolic suction force ‘B2’; C, E-wave decelerative force ‘C’; D, A-wave acceler-
ation ‘D’; IVPG, Intraventricular pressure gradient; pPH, precapillary pulmonary hypertension.
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..

..

..

..prolonged, causing the septum to deviate towards the left, hindering
LV inflow.24 In our study, it even leads to reversal of the IVPG in one-
third of pPH patients, which means that LV pressure temporarily

surpasses the LA pressure. Next to the changes in LV-IVPGs, LA res-
ervoir and conduit strain was impaired, confirming the alterations in
diastolic filling in pPH patients compared to healthy volunteers. In the

A

B

Figure 3 Intraventricular pressure gradient analysis in precapillary pulmonary hypertension patients. Depiction of the LV IVPGs from apex to base
(y-axis) in time (ms, x-axis). The coloured dotted lines are IVPG curves of individual patients, the solid black line the average curve in patients without
(A, n = 20), and with reversal of IVPG in systolic–diastolic transition (B, n = 11). In the early diastolic phase, right after mitral valve opening, pPH
patients had a weaker negative IVPG (apex–base) during diastolic suction force ‘B2’, resulting in lower inflow blood velocities. This leads to lower de-
celeration of blood inflow during the second part of passive filling: a lower E-wave decelerative force ‘C’. One-third of pPH patients had reversal of
IVPG at systolic–diastolic transition ‘B’ (pattern shown in B), whereas none of the healthy volunteers showed this pattern (P = 0.002). This is probably
due to the prolonged RV contraction, which causes the septum to shift towards the LV, temporarily elevating the pressure gradient in the LV above
the pressure in the LV base (LA), impairing early diastolic filling. IVPG, intraventricular pressure gradient analysis; LA, left atrial; LV, left ventricular;
PH, pulmonary hypertension; syst–diast, systolic–diastolic.
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last decades, the LA has become a focus of interest in various dis-
eases, since it is thought to reflect the severity of diastolic LV dysfunc-
tion,25 and a recent echocardiographic study showed LA strain was a
univariate predictor of mortality in severe pulmonary hypertension.3

The mechanism of diastolic dysfunction due to interventricular de-
pendence in pPH is elegantly shown by Kasner et al.,26 demonstrating
that even mild pPH causes an increase in LV end-diastolic pressure,
which was alleviated when RV filling was temporarily reduced (by
vena cava inferior occlusion). The results of our study are in line with
these findings. The interventricular septal angle, strongly associated
with TR velocity and in previous research even to pulmonary arterial
pressures on right heart catheterization,19 correlated with LA strain
and IVPG diastolic measurements. It is likely that diastolic dysfunction
is not solely attributable to distortion of the LV chamber, but also to
relative LV underfilling and low LV preload due to low right-sided
cardiac output,27 both resulting in lower LV end-diastolic and end-
systolic volumes as is found in our study. The lower LA reservoir
strain in pPH patients, which represents LA passive expansion of the
pulmonary venous return, might reflect this lower LV preload.

The capability of CMR-derived-IVPG analysis to detect subtle
alterations in diastolic function supports the theory that abnormal-
ities in IVPG precede LV structural remodelling and might be a poten-
tial marker in preclinical disease. In addition, this method, validated
against 4D flow CMR, the non-invasive gold standard for measuring
blood velocities and calculating IVPGs,28 and LA strain analysis use
standard cine acquisitions and is not time-consuming (processing
time between 7 and 10 min in total). These characteristics make the
implementation of these analyses in daily clinical practice possible.
The ability of detecting diastolic dysfunction in pPH patients by means
of LV-IVPG or LA strain analysis is valuable, since some of the

echocardiographic diagnostic criteria, such as the septal e0 velocity
(which is influenced by the RV via interventricular interdependence),
and RVSP cannot be used.21 Future research is needed to evaluate
whether these changes can guide prognosis or patient management.
For example, in patients up for lung transplantation, since LV dysfunc-
tion is a common cause of morbidity after lung transplantation, and
one of the most common causes of primary graft dysfunction.29

Limitations
LA strain and LV-IVPG show promising results in this relatively small
sized cohort study, however, these new techniques still have to be
further evaluated in larger populations and in different cardiac dis-
eases to see if these findings are consistent and reproducible. We
only used the apex–base IVPG curve and not the inferolateral to
anteroseptal IVPG curve, which might provide less consistent val-
ues.28 We could not age and sex match the healthy volunteers to the
pPH patients, however, age- and sex-adjusted analysis did not alter
the results. Furthermore, since this CMR study is cross-sectional, it
would be very interesting see how these IVPG patterns evolve over
time, and to see whether these alterations are of prognostic or thera-
peutic importance in pPH patients.

Conclusions

LA strain and LV-IVPG analysis show that pPH impacts LV function
by altering diastolic function, demonstrated by impaired passive LV
filling in the early- and mid-diastole. LA strain and LV-IVPG parame-
ters could therefore potentially be used as early markers for LV func-
tional decline in pPH patients.

................................... .................................... ............................ ............................

....................................................................................................................................................................................................................

Table 3 Correlations of LA strain and LV-IVPG with markers of diastolic dysfunction on echocardiography

e0 septal velocity e0 lateral velocity E velocity E/A ratio

R P-value R P-value R P-value R P-value

Reservoir (%) 0.36 0.009 0.45 0.001 0.18 0.2 0.38 0.005

Conduit (%) 0.47 <0.001 0.60 <0.001 0.19 0.17 0.47 <0.001

Diastolic suction force ‘B2’ –0.52 0.002 -0.35 0.01 -0.50 <0.001 -0.33 0.01

E-wave decelerative force ‘C’ 0.62 <0.001 0.43 0.001 0.50 <0.001 0.56 <0.001

LA, left atrial; LV-IVPG, left ventricular intraventricular pressure gradients. P-values <0.05 in bold.

....................... .................................. ............................... .................................................

....................................................................................................................................................................................................................

Table 4 Correlations of LA strain and LV-IVPG with markers of pulmonary hypertension severity

TR velocity TAPSE/RVSP ratio Indexed RV mass Intraventricular septal angle

R P-value R P-value R P-value R P-value

LA reservoir strain (%) –0.37 0.02 0.42 0.007 -0.30 0.03 -0.32 0.02

LA conduit strain (%) –0.56 <0.001 0.55 <0.001 -0.44 0.001 -0.44 0.001

LV-IVPG diastolic suction force ‘B2’ 0.33 0.04 -0.31 0.06 0.40 0.003 0.36 0.009

LV-IVPG E-wave decelative force ‘C’ –0.44 0.005 0.47 0.003 -0.41 0.002 -0.46 <0.001

LA, left atrial; LV-IVPG, left ventricular intraventricular pressure gradient; TAPSE, tricuspid annular plane systolic excursion; TR, tricuspid regurgitation. P-values <0.05 in bold.
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Supplementary data

Supplementary data are available at European Heart Journal - Cardiovascular
Imaging online.
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