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Abstract
To evaluate the association between impaired left ventricular (LV) longitudinal function and LV underfilling in patients with 
pulmonary arterial hypertension (PAH). Thirty-nine patients with PAH and 18 age and sex-matched healthy controls were 
included. LV volume and left atrial volume (LAV) were delineated in short-axis cardiac magnetic resonance (CMR) cine 
images. LV longitudinal function was assessed from atrio-ventricular plane displacement (AVPD) and global longitudinal 
strain (GLS) was assessed using feature tracking in three long-axis views. LV filling was assessed by LAV and by pulmonary 
artery wedge pressure (PAWP) using right heart catheterisation. Patients had a smaller LAV, LV volume and stroke volume 
as well as a lower LV-AVPD and LV-GLS than controls. PAWP was 6 [IQR 5––9] mmHg in patients. LV ejection fraction 
did not differ between groups. LV stroke volume correlated with LV-AVPD (r = 0.445, p = .001), LV-GLS (r = − 0.549, 
p < 0.0001) and LAVmax (r = .585, p < 0.0001). Furthermore, LV-AVPD (r = .598) and LV-GLS (r = − 0.675) correlated 
with LAVmax (p < 0.0001 for both). Neither LV-AVPD, LV-GLS, LAVmax nor stroke volume correlated with PAWP. 
Impaired LV longitudinal function was associated with low stroke volume, low PAWP and a small LAV in PAH. Small 
stroke volumes and LAV, together with normal LA pressure, implies that the mechanism causing reduced LV longitudinal 
function is underfilling rather than an intrinsic LV dysfunction in PAH.

Keywords Pulmonary hypertension · Left ventricular dysfunction · Left atrial volume · Feature tracking strain · Cardiac 
magnetic resonance imaging

Introduction

Pulmonary arterial hypertension (PAH) is a progressive 
disease with high mortality [1–3] and patients with PAH 
associated to systemic sclerosis (APAH-SSc) have an even 
more ominous prognosis than patients with the idiopathic or 
familiar form of PAH (IPAH) [1]. The pathophysiological 
and prognostic focus has mainly been on the right ventricle 
(RV), since the increased right-sided afterload in PAH leads 
to RV failure [4, 5]. Less focus has been on the left ventricle 
(LV), although LV function is reduced despite preserved LV 
ejection fraction (LVEF) [6–10].

LV global longitudinal strain (GLS) has been shown to 
be of prognostic value in SSc, APAH-SSc and PAH [8, 9, 
11, 12]. Furthermore, in patients with pulmonary hyperten-
sion, left atrioventricular plane displacement (AVPD) and 
longitudinal contribution to stroke volume are reduced, 
despite preserved LVEF [6]. While longitudinal contribu-
tion to stroke volume measures the volumetric effects of 
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longitudinal pumping, the measure carries no information 
on myocardial contractile function. Strain, on the other hand, 
can be used as a surrogate measure of the myocardial con-
traction [13].

The mechanisms of the altered left sided longitudinal 
functional measures in PAH are, however, not fully under-
stood. One plausible hypothesis is that the LV is actually 
healthy, even if ‘understimulated’ owing to the limited flow 
through the pulmonary circulation [14]. If so, the altered LV 
longitudinal function is not mechanistically a pathological 
reduction due to a true myocardial dysfunction, but a natu-
ral consequence of underfilling [15, 16]. In left-sided heart 
failure, enlarged left atrial (LA) volumes are indicative of 
impaired LV filling due to increased LV pressure [17], and, 
oppositely, decreased LA volumes might hence be a measure 
of underfilling of the LV [18].

Therefore, the aim of the present study was to evaluate 
if there is an association between LV longitudinal function 
and LV underfilling in patients with PAH, and if this could 
provide a mechanistic explanation for the reduced LV lon-
gitudinal function. To this end, we assessed LV function by 
LV-AVPD and LV-GLS measurements as well as left-sided 
filling by LA volumes and stroke volume, and we related 
these measures to LA pressure estimated invasively by pul-
monary artery wedge pressure (PAWP).

Materials and methods

Study population

Adult patients with PAH (IPAH or APAH-SSc) who 
underwent a clinically motivated cardiac magnetic reso-
nance (CMR) examination and right heart catheterisation 
in 2003–2015 were retrospectively included (Table 1). 
Between 2003 and 2015, 182 patients were diagnosed with 
PAH at our centre. Of these, all but three underwent a right 
heart catheterisation and 117 were examined with CMR. Of 
those, 44 patients with IPAH and 29 patients with APAH-
SSc were relevant for inclusion in this study. Patients were 
excluded from analysis (n = 34) if presence of atrial fibrilla-
tion or inadequate CMR image quality. Hence, images from 
39 patients were used in the present study. Healthy controls 
matched for sex and age and included in previous publica-
tions from our group were used for comparison [19, 20].

Right heart catheterisation

Right heart catheterisation in conjunction with CMR 
(median time between right heart catheterisation and CMR 1 
[IQR 1–2] day) was performed under local anaesthesia on all 
patients, in a supine position using a triple-lumen 7-F Swan 
Ganz catheter. Measurements included mean right atrial 

pressure (mRAP), mean pulmonary artery pressure (mPAP), 
PAWP, cardiac output (CO) measured by thermodilution, 
and pulmonary vascular resistance (PVR) (calculated as 
(mPAP-PAWP)/CO). N-terminal pro-brain natriuretic pep-
tide (NT-proBNP) was acquired from venous blood samples 
in conjunction with the examinations.

Image acquisition

CMR was performed using 1.5T Philips Achieva (Philips 
Medival System, Best, The Netherlands) with a cardiac 
synergy coil and with participants in a supine position. Bal-
anced steady-state free precession cine images were acquired 
with ECG-triggered imaging during end-expiratory apnoea 
(typically for 15 s at each acquisition). Short-axis images 
covering the entire heart were acquired. Long axis images 
were acquired in the LV two-chamber view, three-chamber 
view and four-chamber view. Typical imaging parameters 
were: slice thickness of 8 mm with no slice gap, temporal 
resolution of 47 ms reconstructed in 30 times phases per 
cardiac cycle, repetition time 3 ms, echo time 1.4 ms and 
flip angle 60°.

Image analysis

All image analysis of baseline data, including LA volume 
measurements, LV-AVPD and LV-GLS (Fig. 1), was per-
formed in the freely available software Segment 2.2 R6887 
(Medviso, Lund, Sweden; [21]). LV end-diastolic volume, 
end-systolic volumes and stroke volumes were obtained 
from short-axis images by delineations of the ventricular 
epicardial and endocardial borders. Stroke volume was cal-
culated as endocardial end-systolic volume subtracted from 
end-diastolic volume. LVEF was calculated as stroke volume 
divided by end-diastolic volume.

The endocardium of the LA was manually delineated 
in a stack of short-axis views with the maximum volume 
(LAVmax) at ventricular end systole, and minimum volume 
(LAVmin) at ventricular end diastole (Fig. 1). Pulmonary 
veins were excluded, and LA appendage included in the 
volumes. LA emptying volume (LAEV) was computed as 
LAVmax – LAVmin.

LV-AVPD was measured at eight points in three long-axis 
views by subtracting the AV plane position in end-systole 
from that in end diastole, as previously described [6, 22, 23].

All cardiac volumes were indexed to body surface area.

Strain analysis

Global longitudinal strain was analysed in three long-axis 
cine images (2-, 3-, and 4-chamber view) using feature 
tracking. Delineations along the epi- and endocardial bor-
ders in the myocardium were drawn manually in a single 
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frame in end diastole, after which the software calculated the 
myocardial movement throughout the cardiac cycle using a 
vector-based algorithm. Manual adjustments of the deline-
ations were applied in end diastole with new propagation if 
contours did not comply properly through systole (Fig. 1).

Peak  GLS was  de f ined  a s  GL S  (%)  = 
(MLs− MLd)/MLd × 100; with  MLs representing the myo-
cardial length at end systole and  MLd the myocardial length 
at end diastole [24]. LV was assessed in the 17-segment 
model according to guidelines [24].

Table 1  Study participants’ 
baseline characteristics

Data expressed as median and interquartile range [IQR] or in absolute number and proportion in paren-
thesis. BSA body surface area; CI cardiac index; CMR cardiac magnetic resonance; CO cardiac output; 
De novo new diagnosis, untreated at time of investigation; LAEF left atrial emptying fraction; LAEV left 
atrial emptying volume indexed to body surface area; LAVmax left atrial maximum volume indexed to 
body surface area; LAVmin left atrial minimum volume indexed to body surface area; LV-AVPD left ven-
tricular atrioventricular plane displacement; LVEDV left ventricular end-diastolic volume indexed to body 
surface area; LVEF left ventricular ejection fraction; LVESV left ventricular end-systolic volume indexed to 
body surface area; LV-GLS left ventricular global longitudinal strain; LVSV left ventricular stroke volume 
indexed to body surface area; mRAP mean right atrial pressure; mPAP mean pulmonary arterial pressure; 
PAH pulmonary arterial hypertension; PAWP pulmonary artery wedge pressure; PVR pulmonary vascu-
lar resistance; RHC right heart catheterisation; RVEDV right ventricular end-diastolic volume indexed to 
body surface area; RVEF right ventricular ejection fraction; RVESV right ventricular end-systolic volume 
indexed to body surface area; RVSV right ventricular stroke volume indexed to body surface area. Signifi-
cant p-values marked with italics

PAH
n = 39

Controls
n = 18

p value

Sex, women/men (%) 26/13 (67/33) 11/7 (61/39) 0.795
Age (years) 61 [37–72] 51 [43–55] 0.067
BSA  (m2) 1.8 [1.7–2.1] 1.9 [1.7–2.0] 0.655
NT-proBNP (ng/l) 1689 [262–4277]
De novo 19 (49)
Time diagnosis to MR (days) 2 [0–289]
Time RHC to MR (days) 1 [1–2]
PAH-dedicated medication at CMR 26 (67)
Right heart catheterisation
 RAP (mmHg) 5 [3–9]
 mPAP (mmHg) 43 [39–55]
 PAWP (mmHg) 6 [5–9]
 PVR (WU) 7.9 [5.7–11.5]

Cardiac magnetic resonance
 Heart rate (bpm) 77 [70–92] 59 [54–68]  < 0.0001
 CO (l/min) 4.9 [3.9–5.6] 6.3 [4.8–6.5] 0.022
 CI (l/min/m2) 2.6 [2.2–3.3] 3.1 [2.9–3.5] 0.039
 LVEDV (ml/m2) 61 [51–74] 89 [77–98]  < 0.0001
 LVESV (ml/m2) 29 [21––34] 38 [30–41] 0.001
 LVSV (ml/m2) 36 [28–43] 51 [47–55]  < 0.0001
 LVEF (%) 57 [48–62] 58 [55–64] 0.250
 RVEDV (ml/m2) 113 [98–152] 92 [77–105] 0.0005
 RVESV (ml/m2) 79 [54–107] 38 [29–49]  < 0.0001
 RVSV (ml/m2) 40 [37–48] 52 [47–56]  < 0.0001
 RVEF (%) 33 [26–46] 56 [53–63]  < 0.0001
 LAVmin (ml/m2) 17 [14–20] 21 [19–23] 0.022
 LAVmax (ml/m2) 32 [26–42] 50 [40–53]  < 0.0001
 LAEV (ml/m2) 15 [11–20] 28 [21–33]  < 0.0001
 LAEF (%) 43 [36–51] 56 [47–60] 0.006
 LV-AVPD (mm) 11.6 [8.7–13.7] 16.1 [15.1–17.2]  < 0.0001
 LV-GLS (%)  − 14.9 [− 16.7 to − 12.9]  − 18.4 [− 19.3 to − 17.1]  < 0.0001
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Statistical methods

Statistical analysis was performed using SPSS (IBM Corp. 
Released 2017. IBM SPSS Statistics for Macintosh, Ver-
sion 25.0. Armonk, NY: IBM Corp.). Continuous data is 
presented as median with interquartile range [IQR] accord-
ing to normal distribution tested visually by histograms. 
Categorical data is presented in absolute numbers and pro-
portion in percentage. Comparisons between patients with 
PAH and controls as well as between patients with IPAH 
and APAH-SSc were performed using independent samples 
Mann–Whitney U tests or Fisher’s exact test. A multivariate 
post-hoc test including Box’s test of equality of covariance 
matrices and Levene’s test of equality of error variance was 
performed. Pearson correlation (r) was used for correla-
tions. A two-sided p value < 0.05 was considered statisti-
cally significant.

Results

Thirty-nine patients with PAH (26 women; median age 61 
[IQR 37–72] years; IPAH = 20 and APAH-SSc = 19) and 18 
controls (11 women; age 51 [43–55] years) matched for age 
and sex were included (Tables 1 and 2). Nineteen patients 
(49%) were de novo investigations.

Patients with PAH had a smaller LA volume, LV volume, 
stroke volume and CO than controls (Table 1). Patients with 
PAH also had a lower LV-AVPD and LV-GLS compared 
with controls. LVEF did not differ between groups. These 
results were consistent in the multivariate post-hoc test. 
PAWP was normal with a median of 6 [IQR 5–9] mmHg 
in patients.

In the whole study population, stroke volume correlated 
with LV-AVPD, LV-GLS, LAVmax and LAEV (Table 3, 
p < 0.0001 for all). LV-GLS and LV-AVPD correlated with 
LAVmax, LAVmin and LAEV (Table 3).

In the PAH group, stroke volume correlated with LV-
AVPD, LV-GLS, LAVmax and LAEV (Table 4). LV-GLS 
(Fig. 2) and LV-AVPD (Fig. 3) correlated with LAVmax, 
LAVmin and LAEV (Table 4) and LV-GLS correlated with 
LV-AVDP (Fig. 4).

PAWP and NT-proBNP did not correlate with stroke vol-
ume, LV-AVPD, LV-GLS, LAVmax or LAEV in patients 
(Table  5). Stroke volume, LV-GLS and LAVmax were 
associated with mPAP and PVR, while LV-AVPD was not 
(Table 5).

In the controls, there was no correlation between stroke 
volume and LV-AVPD, LV-GLS, LAVmax, LAVmin or 
LAEV (p = 0.097, p = 0.942, p = 0.111, p = 0.365 and 
p = 0.137; respectively). Further, LV-GLS (Fig. 2) and LV-
AVPD (Fig. 3) did not correlate with LAVmax (p = 0.187 
and p = 0.444) and neither did LV-GLS correlate with LV-
AVDP (Fig. 4) in healthy participants.

For the subgroups IPAH and APAH-SSc there were no 
differences in stroke volume, LA or LV measures (Table 2), 
even if patients with IPAH had higher mPAP and higher 
PVR than patients with APAH-SSc. CO, PAWP and NT-
proBNP and PAH-dedicated medication at CMR exami-
nation did not differ between subgroups (Table 2). These 
results were consistent in the multivariate post-hoc test.

Discussion

Reduced longitudinal function was associated with 
smaller LV stroke volumes and LA volumes at normal 
LA pressures in patients with PAH. This implies that the 
mechanism behind the reduced longitudinal function is 
an underfilling of the left heart rather than an intrinsic LV 
dysfunction. This leads to reduced stroke volumes which 
are likely not affected by the pressures themselves since 
stroke volume, right atrial pressure, LA measures and LV 
measures did not differ between patients with IPAH and 
APAH-SSc, despite higher pulmonary artery pressure and 
PVR in IPAH.

The smaller LV volumes among patients with PAH 
compared with controls are in concordance with previous 
studies [4, 25]. There are several suggested explanations 
to the smaller LV volumes. For one, smaller LV volumes 
have been described as being a consequence of septal bow-
ing in the RV pressure overloaded situation [26]. However, 
it has also been suggested that the low LV preload and 
relative underfilling in itself can result in an impaired LV 
relaxation pattern without abnormal septum or LV appear-
ance [9, 14, 16]. The decreased LV volumes have also 
been proposed to be caused by increased PVR as this will 
reduce the blood flow to the left heart [25]. In our study, 
patients with IPAH had higher pulmonary artery pressure 
and PVR than those with APAH-SSc, yet there were no 

Fig. 1  Example of myocardial tracing in 3-chamber view (left) and 
delineation of left atrium (right) in a patient with associated pulmo-
nary arterial hypertension owing to systemic sclerosis
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differences in stroke volume, right atrial pressure, LA 
measures or LV measures between these subgroups. This 
infers that an increased afterload in the RV is not in itself 
the sole mechanism causing the small LV.

The decreased flow through the pulmonary circulation, 
indicated by the lower stroke volume and CO, in PAH 

compared with controls, is in agreement with previous 
studies [4, 15, 16, 25, 26]. In the situation of normal LV 
contractility and low supply of blood to the left side, the LV 
would suck in blood assiduously and the LA would reduce 
in size. When the LA cannot ‘feed’ the LV with volume, a 
reduction in LV volume is the result. As such, the reduced 

Table 2  Baseline characteristics 
for the PAH subgroups 
idiopathic (IPAH) and 
associated to systemic sclerosis 
(APAH-SSc)

Data expressed as median and interquartile range [IQR] or in absolute number and proportion in paren-
thesis. BSA body surface area, CI cardiac index, CMR cardiac magnetic resonance, CO cardiac output, De 
novo new diagnosis, untreated at time of investigation, LAEF left atrial emptying fraction, LAEV left atrial 
emptying volume indexed to body surface area, LAVmax  left atrial maximum volume indexed to body 
surface area, LAVmin  left atrial minimum volume indexed to body surface area, LV-AVPD  left ventricu-
lar atrioventricular plane displacement, LVEDV left ventricular end-diastolic volume indexed to body sur-
face area, LVEF  left ventricular ejection fraction, LVESV  left ventricular end-systolic volume indexed to 
body surface area, LV-GLS, left ventricular global longitudinal strain. LVSV, left ventricular stroke volume 
indexed to body surface area; mRAP, mean right atrial pressure, mPAP mean pulmonary arterial pressure, 
PAH pulmonary arterial hypertension, PAWP pulmonary artery wedge pressure, PVR pulmonary vascular 
resistance, RHC right heart catheterisation, RVEDV right ventricular end-diastolic volume indexed to body 
surface area, RVEF right ventricular ejection fraction, RVESV right ventricular end-systolic volume indexed 
to body surface area, RVSV right ventricular stroke volume indexed to body surface area. Significant p-val-
ues marked with italics

IPAH
n = 20

APAH-SSc
n = 19

p value

Sex, women/men (%) 12/8 (60/40) 14/5 (74/26) 0.365
Age (years) 45 [29–73] 65 [58–72] 0.061
BSA  (m2) 1.8 [1.7–2.1] 1.7 [1.6–1.9] 0.224
NT-proBNP (ng/l) 1689 [693–4277] 1866 [225–4567] 0.612
De novo 10 (50) 9 (47) 0.870
Time diagnosis to CMR (days) 1 [0–8] 190 [1–863] 0.104
Time RHC to CMR (days) 1 [0–5] 1 [1] 0.090
PAH-dedicated medication 11 (55) 15 (79) 0.176
Right heart catheterization
 RAP (mmHg) 7 [4–11] 4 [2–8] 0.123
 mPAP (mmHg) 50 [40–59] 40 [29–44] 0.005
 PAWP (mmHg) 8 [5–11] 6 [3–8] 0.051
 PVR (WU) 10.1 [7.9–14.8] 6.0 [4.9–7.7] 0.0007

Cardiac magnetic resonance
 Heart rate (bpm) 75 [70–88] 82 [73–94] 0.322
 CO (l/min) 4.7 [3.4–5.2] 5.0 [4.1–6.4] 0.283
 CI (l/min/m2) 2.5 [2.0–3.1] 2.8 [2.2–3.7] 0.141
 LVEDV (ml/m2) 59 [49–75] 65 [52–74] 0.627
 LVESV (ml/m2) 30 [21–34] 29 [21–35] 0.749
 LVSV (ml/m2) 31 [27–37] 36 [28–45] 0.247
 LVEF (%) 56 [47–61] 58 [51–62] 0.411
 RVEDV (ml/m2) 113 [99–151] 113 [86–159] 0.632
 RVESV (ml/m2) 83 [57–100] 74 [50–109] 0.627
 RVSV (ml/m2) 42 [36–53] 39 [37–46] 0.457
 RVEF (%) 32 [25–46] 34 [28–46] 0.780
 LAVmin (ml/m2) 17 [12–23] 17 [14–19] 0.945
 LAVmax (ml/m2) 32 [27–42] 32 [25–42] 0.923
 LAEV (ml/m2) 14 [10–18] 18 [12–21] 0.380
 LAEF (%) 41 [36–49] 44 [36–0.52] 0.531
 LV-AVPD (mm) 11.1 [8.2–14.3] 12.0 [8.7–13.4] 0.681
 LV-GLS (%) − 14.6 [− 16.7 to − 13.0] − 15.7 [− 16.9 to − 12.2] 0.588
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forward volumes through the high PVR decreases LA and 
LV volumes in patients with PAH [4, 25, 27]. Hence, this 
deconditioning of the myocardium might affect the measures 
of pump function [28–30]. The combination of low flow 
and small left-sided chambers will reduce the need for high 
contractile force on the left side, as an effect of the decreased 
myocardial stretch [10, 31]. Moreover, a reduced LV fill-
ing and concomitant reduced LV volume-loading have been 

shown to change the structure of the LV cardiomyocytes 
leading to an atrophied myocardium and decreased contrac-
tility [10, 29, 30, 32]. In the present study, the lower LV-
GLS in patients with PAH compared with controls indicates, 
that the LV contractility was affected. The lower LV-GLS at 
preserved ejection fraction is in concordance with previous 
studies and has been associated with early mortality [9]. 
The LV-AVPD and LV-GLS values are even in parity with 
those in substantial LV heart failure. Should the decreased 
longitudinal measures in our study have been caused by an 
intrinsic LV dysfunction, one would expect to find increased 
PAWP and LA volumes. However, neither PAWP nor LA 
volumes were increased. On the contrary, both were within 
normal ranges, which would be expected in patients with 
PAH. This implies that the decreased longitudinal LV-AVPD 
and LV-GLS are not a ‘true’ dysfunction. Of note, struc-
tural changes related to decreased load of the LV have been 
described, such as in patients undergoing corrective surgery 
for transposition of the greater arteries [30].

The LV-AVPD was lower in patients with PAH compared 
with controls, despite normal LVEF. This can be explained 
by different mechanisms. First, the LV-AVPD is generated 
from the ventricular contraction. A reduced myocardial con-
tractility and hence a lower GLS would intrinsically gen-
erate a lower AVPD. However, the  r2 coefficient between 
LV-AVPD and LV-GLS was 0.278, which indicates that 
causes other than decreased GLS are more determinant for 
the reduction in LV-AVPD (Fig. 4). Secondly, the AV plane 
is a fibrous plate and as AVPD is decreased on the right side 
[6], this could cause the AVPD to be less agile on the left 
side. Thirdly, the AV plane works like a piston [33], being 
the major contributing factor in generating ventricular stroke 
volume [23]. The AV plane is also the major cause of atrial 
aspiration of blood from the pulmonary and caval veins [34]. 
When the supply of blood to the left side is restricted by 
obstruction in the pulmonary circulation, the AV plane can-
not increase the filling by suction. Hence, the AVPD would 
be expected to be lower in the underfilling situation.

In systemic sclerosis (SSc), the autoimmune connective 
tissue disorder may involve the heart with cardiac fibrosis 
and PAH [35]. Patients with SSc have been shown to be 
prone to having myocardial fibrosis and could therefore be 
expected to have impaired myocardial stiffness, increased 
LV filling pressures and hence increased LA volumes. How-
ever, in a previous CMR study, patients with SSc did not 
have lower LV-GLS unless infarction or localised fibrosis 
was present [36]. Furthermore, low LV-GLS was shown to 
be due to PAH rather than SSc in itself [12]. In the pre-
sent study, we did not find differences in LA volumes or 
LV measures between patients with IPAH and APAH-SSc. 
PAH-dedicated medication could influence PVR and mPAP 
values and patients with SSc might be prescribed PAH-
dedicated medication owing to their cutaneous and vascular 

Table 3  Correlations between left ventricular and left atrial measures 
in the whole population (n = 57)

R-values with p-values below. LAEV  left atrial emptying volume 
indexed to body surface area,  LAVmax  left atrial maximum volume 
indexed to body surface area,  LAVmin  left atrial minimum volume 
indexed to body surface area, LV-AVPD left ventricular atrioventricu-
lar plane displacement, LV-GLS  left ventricular global longitudinal 
strain, SV  stroke volume indexed to body surface area. Significant 
p-values marked with italics

LAVmin LAVmax LAEV LV-AVPD LV-GLS

LAVmax 0.662 – – –
 < 0.0001

LAEV 0.040 0.775 – –
 0.770 < 0.0001

LV-AVPD 0.112 0.589 0.691 –
 0.405 < 0.0001 < 0.0001

LV-GLS – 0.364 – 0.675 – 0.593 – 0.527
 0.005 < 0.0001 < 0.0001 < 0.0001

SV 0.258 0.688 0.699 0.683 – 0.667
 0.052 < 0.0001 < 0.0001 < 0.0001 < 0.0001

Table 4  Correlations between left ventricular and left atrial measures 
in the PAH-group (n = 39)

R-values with p-values below. LAEV  left atrial emptying volume 
indexed to body surface area,  LAVmax  left atrial maximum volume 
indexed to body surface area,  LAVmin  left atrial minimum volume 
indexed to body surface area, LV-AVPD left ventricular atrioventricu-
lar plane displacement,  LV-GLS  left ventricular global longitudinal 
strain,  SV  stroke volume indexed to body surface area. Significant 
p-values marked with italics

LAVmin LAVmax LAEV LV-AVPD LV-GLS

LAVmax 0.726 – – –
< 0.001

LAEV – 0.175 0.550 – –
 0.287 < 0.001

LV-AVPD – 0.008 0.364 0.531 –
 0.960  0.023  0.001

LV-GLS – 0.170 – 0.422 – 0.397 – 0.320
 0.300  0.008  0.012  0.047

SV 0.182 0.465 0.445 0.538 – 0.554
 0.268  0.003  0.005 <0.0001  

< 0.0001
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manifestations of SSc before PAH has developed. However, 
we did not find a significant difference in PAH-dedicated 
medication between the subgroups. The reduced stroke vol-
ume, LV-GLS and LAVmax were indeed associated with 
increased PVR and mPAP. Of note, despite higher PVR and 
mPAP in patients with IPAH, stroke volume and CO did 
not differ between the groups, which further supports the 
hypothesis, that the hypokinetic circulation and hence under-
filling of the LV is similar in both groups. All these findings 

suggest that it is not likely that LV fibrosis is the mechanism 
behind the lower LV-GLS.

NT-proBNP is an established marker in risk assessment 
of patients with PAH [1] as well as in patients with con-
gested left-sided heart failure [37]. We did not find any asso-
ciation between NT-proBNP and the left-sided measures of 
LV-AVPD, LV-GLS and LA volume, despite NT-proBNP 
being increased in both IPAH and APAH-SSc. This sup-
ports the notion that the elevated NT-proBNP is related to 

Fig. 2  Correlation between peak systolic left ventricular global longi-
tudinal strain (GLS) and left atrial (LA) volumes in healthy controls 
(blue circles) and patients with pulmonary arterial hypertension (red 
filled circles; light red are idiopathic and dark red are associated to 

systemic sclerosis). LAVmax LA maximum volume indexed to body 
surface area, LAVmin LA minimum volume indexed to body surface 
area, LAEV LA emptying volume indexed to body surface area



1752 The International Journal of Cardiovascular Imaging (2021) 37:1745–1755

1 3

the right-sided stretch rather than it being an intrinsic LV 
dysfunction.

One might speculate that if the decreased LV longitudinal 
measures stood for a true LV dysfunction, traditional LV 
heart failure treatment might be of value. However, these 
treatments are generally not beneficial in PAH, and are often 
contraindicated. Risk assessment of patients with PAH has 
been suggested to be used at diagnosis and follow-up, where 
treatment escalation is recommended if a patient has not 
reached a low-risk status at follow-up [1, 38]. Thus, LV lon-
gitudinal measures, indicative of an underfilled LV, may add 
value in the risk assessment instruments.

Limitations

Right heart catheterisation was performed on clinical indi-
cation only and therefore not performed in controls. The 
causality among the measures could not be proven in this 
cross-sectional design. Further studies with serial examina-
tions are warranted to investigate this further.

Fig. 3  Correlation between peak systolic left ventricular atrioven-
tricular plane displacement (AVPD) and left atrial (LA) volumes in 
healthy controls (blue circles) and patients with pulmonary arterial 
hypertension (red filled circles; light red are idiopathic and dark red 

are associated to systemic sclerosis). LAVmax LA maximum volume 
indexed to body surface area, LAVmin LA minimum volume indexed 
to body surface area, LAEV  LA emptying volume indexed to body 
surface area
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Conclusions

In patients with PAH, impaired LV longitudinal function 
was associated with low LV stroke volume and small left 
atrial volumes at normal left atrial pressures. This implies 
that an underfilling of the left heart rather than an intrinsic 
LV dysfunction is the mechanism behind the reduced longi-
tudinal function. These findings were consistent irrespective 

of whether the underlying cause of PAH was idiopathic or 
associated with systemic sclerosis.
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Fig. 4  Correlation between peak systolic left ventricular global longi-
tudinal strain (GLS), and atrioventricular plane displacement (AVPD) 
in healthy controls (blue circles) and patients with pulmonary arte-
rial hypertension (red filled circles; light red are idiopathic and dark 
red are associated to systemic sclerosis).  R2 = 0.02 in healthy controls 
and  R2 = 0.278 in patients

Table 5  Correlations between pulmonary artery wedge pressure and 
NT-proBNP to left ventricular and left atrial measures

R-values with p-values below. LAEV  left atrial emptying volume 
indexed to body surface area,  LAVmax  left atrial maximum volume 
indexed to body surface area, LV-AVPD left ventricular atrioventricu-
lar plane displacement,  LV-GLS  left ventricular global longitudinal 
strain, mPAP mean pulmonary arterial pressure, NT-proBNP N-termi-
nal pro brain natriuretic peptide, PAWP pulmonary artery wedge pres-
sure, PVR pulmonary vascular resistance, SV  stroke volume indexed 
to body surface area. Significant p-values marked with italics

SV LV-AVPD LV-GLS LAVmax LAEV

PAWP 0.010 – 0.011 – 0.146 0.240 0.259
 0.955  0.948  0.390  0.153  0.122

NT-proBNP 0.006 – 0.191 – 0.010 – 0.137 0.079
 0.974  0.272  0.953  0.433  0.650

PVR – 0.698 – 0.313 0.375 – 0.414 – 0.441
< 0.0001  0.059  0.022  0.011  0.006

mPAP – 0.556 – 0.235 0.458 – 0.485 – 0.288
 0.0003  0.162  0.004  0.002  0.084

http://creativecommons.org/licenses/by/4.0/


1754 The International Journal of Cardiovascular Imaging (2021) 37:1745–1755

1 3

References

 1. Galiè N, Humbert M, Vachiery JL, Gibbs S, Lang I, Torbicki 
A, Simonneau G, Peacock A, Vonk Noordegraaf A, Beghetti M, 
Ghofrani A, Gomez Sanchez MA, Hansmann G, Klepetko W, 
Lancellotti P, Matucci M, McDonagh T, Pierard LA, Trindade PT, 
Zompatori M, Hoeper M, Aboyans V, Vaz Carneiro A, Achenbach 
S, Agewall S, Allanore Y, Asteggiano R, Paolo Badano L, Albert 
Barberà J, Bouvaist H, Bueno H, Byrne RA, Carerj S, Castro G, 
Erol Ç, Falk V, Funck-Brentano C, Gorenflo M, Granton J, Iung 
B, Kiely DG, Kirchhof P, Kjellstrom B, Landmesser U, Lekakis J, 
Lionis C, Lip GY, Orfanos SE, Park MH, Piepoli MF, Ponikowski 
P, Revel MP, Rigau D, Rosenkranz S, Völler H, Luis Zamorano J 
(2016) 2015 ESC/ERS Guidelines for the diagnosis and treatment 
of pulmonary hypertension: The Joint Task Force for the Diag-
nosis and Treatment of Pulmonary Hypertension of the European 
Society of Cardiology (ESC) and the European Respiratory Soci-
ety (ERS): Endorsed by: Association for European Paediatric and 
Congenital Cardiology (AEPC), International Society for Heart 
and Lung Transplantation (ISHLT). Eur Heart J 37:67–119

 2. Rådegran G, Kjellström B, Ekmehag B, Larsen F, Rundqvist B, 
Blomquist SB, Gustafsson C, Hesselstrand R, Karlsson M, Korn-
hall B, Nisell M, Persson L, Ryftenius H, Selin M, Ullman B, Wall 
K, Wikström G, Willehadson M, Jansson K, Stefan Söderberg on 
behalf of SveFPH and SPAHR (2016) Characteristics and survival 
of adult Swedish PAH and CTEPH patients 2000–2014. Scand 
Cardiovasc J 50:243–250

 3. Kylhammar D, Kjellström B, Hjalmarsson C, Söderberg S, Wik-
ström G, Nisell M, Jansson K, Rådegran G, on behalf of SveFPH 
and SPAHR (2018) A comprehensive risk stratification at early 
follow-up determines prognosis in pulmonary arterial hyperten-
sion. Eur Heart J 39:4175–4181

 4. Van Wolferen SA, Marcus JT, Boonstra A, Marques KM, Bron-
zwaer JG, Spreeuwenberg MD (2007) Prognostic value of right 
ventricular mass, volume, and function in idiopathic pulmonary 
arterialhypertension. Eur Heart J 28:1250–1257

 5. Foschi M, Di Mauro M, Tancredi F, Capparuccia C, Petroni R, 
Leonzio L, Romano S, Gallina S, Penco M, Cibelli M, Calafiore A 
(2017) The dark side of the moon: the right ventricle. J Cardiovasc 
Dev Dis. https ://doi.org/10.3390/jcdd4 04001 8

 6. Ostenfeld E, Stephensen SS, Steding-Ehrenborg K, Heiberg E, 
Arheden H, Rådegran G, Holm J, Carlsson M (2016) Regional 
contribution to ventricular stroke volume is affected on the left 
side, but not on the right in patients with pulmonary hypertension. 
Int J Cardiovasc Imaging 32:1243–1253

 7. Kishiki K, Singh A, Narang A, Gomberg-Maitland M, Goyal 
N, Maffessanti F, Besser SA, Mor-Avi V, Lang RM, Addetia K 
(2019) Impact of severe pulmonary arterial hypertension on the 
left heart and prognostic implications. J Am Soc Echocardiogr 
32:1128–1137

 8. Henein MY, Grönlund C, Tossavainen E, Söderberg S, Gonzalez 
M, Lindqvist P (2017) Right and left heart dysfunction predict 
mortality in pulmonary hypertension. Clin Physiol Funct Imaging 
37:45–51

 9. Hardegree EL, Sachdev A, Fenstad ER, Villarraga HR, Frantz RP, 
McGoon MD, Oh JK, Ammash NM, Connolly HM, Eidem BW, 
Pellikka PA, Kane GC (2013) Impaired left ventricular mechanics 
in pulmonary arterial hypertension: identification of a cohort at 
high risk. Circ Heart Fail 6:748–755

 10. Homsi R, Luetkens JA, Skowasch D, Pizarro C, Sprinkart AM, 
Gieseke J, Meyer Zur Heide Gen, Meyer-Arend J, Schild HH, 
Naehle CP (2017) Left ventricular myocardial fibrosis, atrophy, 
and impaired contractility in patients with pulmonary arterial 
hypertension and a preserved left ventricular function: a cardiac 
magnetic resonance study. J Thorac Imaging 32:36–42

 11. Cusmà Piccione M, Zito C, Bagnato G, Oreto G, Di Bella G, 
Bagnato G et al (2013) Role of 2D strain in the early identifica-
tion of left ventricular dysfunction and in the risk stratification of 
systemic sclerosis patients. Cardiovasc Ultrasound 11:6

 12. Lindholm A, Hesselstrand R, Rådegran G, Arheden H, Ostenfeld 
E (2019) Decreased biventricular longitudinal strain in patients 
with systemic sclerosis is mainly caused by pulmonary hyper-
tension and not by systemic sclerosis per se. Clin Physiol Funct 
Imaging 39:215–225

 13. Chitiboi T, Axel L (2017) Magnetic resonance imaging of myocar-
dial strain: a review of current approaches. J Magn Reson Imaging 
46:1263–1280

 14. Lumens J, Blanchard DG, Arts T, Mahmud E, Delhaas T (2010) 
Left ventricular underfilling and not septal bulging dominates 
abnormal left ventricular filling hemodynamics in chronic throm-
boembolic pulmonary hypertension. Am J Physiol Heart Circ 
Physiol 299:H1083–H1091

 15. Marcus JT, Gan CT, Zwanenburg JJ, Boonstra A, Allaart CP, 
Götte MJ, Vonk-Noordegraaf A (2008) Interventricular mechani-
cal asynchrony in pulmonary arterial hypertension: left-to-right 
delay in peak shortening is related to right ventricular overload 
and left ventricular underfilling. J Am Coll Cardiol 51:750–757

 16. Gurudevan SV, Malouf PJ, Auger WR, Waltman TJ, Madani M, 
Raisinghani AB, DeMaria AN, Blanchard DG (2007) Abnormal 
left ventricular diastolic filling in chronic thromboembolic pul-
monary hypertension: true diastolic dysfunction or left ventricular 
underfilling? J Am Coll Cardiol 49:1334–1339

 17. Nagueh SF, Smiseth OA, Appleton CP, Byrd BF III, Dokainish 
H, Edvardsen T, Flachskampf FA, Gillebert TC, Klein AL, Lan-
cellotti P, Marino P, Oh JK, Alexandru Popescu B, Waggoner 
AD (2016) Recommendations for the evaluation of left ventricu-
lar diastolic function by echocardiography: an update from the 
American Society of Echocardiography and the European Asso-
ciation of Cardiovascular Imaging. Eur Heart J Cardiovasc Imag-
ing 17:1321–1360

 18. Marston NA, Auger WR, Madani MM, Kimura BJ, Strachan GM, 
Raisinghani AB, DeMaria AN, Blanchard DG (2014) Assessment 
of left atrial volume before and after pulmonary thromboendar-
terectomy in chronic thromboembolic pulmonary hypertension. 
Cardiovasc Ultrasound 12:32

 19. Gyllenhammar T, Kanski M, Engblom H, Wuttge DM, Carlsson 
M, Hesselstrand R (2018) Decreased global myocardial perfusion 
at adenosine stress as a potential new biomarker for microvascular 
disease in systemic sclerosis: a magnetic resonance study. BMC 
Cardiovasc Disord 18:1–8

 20. Bodetoft S, Carlsson M, Arheden H, Ekelund U (2011) Effects 
of oxygen inhalation on cardiac output, coronary blood flow and 
oxygen delivery in healthy individuals, assessed with MRI. Eur J 
Emerg Med 18:25–30

 21. Heiberg E, Sjögren J, Ugander M, Carlsson M, Engblom H, 
Arheden H (2010) Design and validation of segment-freely avail-
able software for cardiovascular image analysis. BMC Med Imag-
ing 10:1

 22. Carlsson M, Ugander M, Heiberg E, Arheden H (2007) The quan-
titative relationship between longitudinal and radial function in 
left, right, and total heart pumping in humans. Am J Physiol Heart 
Circ Physiol 293:H636–H644

 23. Carlsson M, Ugander M, Mosen H, Buhre T, Arheden H (2007) 
Atrioventricular plane displacement is the major contributor to 
left ventricular pumping in healthy adults, athletes, and patients 
with dilated cardiomyopathy. Am J Physiol Heart Circ Physiol 
292:H1452–H1459

 24. Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, 
Ernande L, Flachskampf FA, Foster E, Goldstein SA, Kuznetsova 
T, Lancellotti P, Muraru D, Picard MH, Rietzschel ER, Rudski 
L, Spencer KT, Tsang W, Voigt JU (2015) Recommendations for 

https://doi.org/10.3390/jcdd4040018


1755The International Journal of Cardiovascular Imaging (2021) 37:1745–1755 

1 3

cardiac chamber quantification by echocardiography in adults: an 
update from the American Society of Echocardiography and the 
European Association of Cardiovascular Imaging. Eur Heart J 
Cardiovasc Imaging 16:233–270

 25. Crawley SF, Johnson MK, Dargie HJ, Peacock AJ (2013) LA vol-
ume by CMR distinguishes idiopathic from pulmonary hyperten-
sion due to HFpEF. JACC Cardiovasc Imaging 6:1120–1121

 26. d’Avila A, Rabischoffsky A, Saad E (2006) Reverse Bernheim 
phenomenon as a cause of exercise-induced syncope. Circulation 
114:e618–e620

 27. Bredfelt A, Rådegran G, Hesselstrand R, Arheden H, Ostenfeld 
E (2018) Increased right atrial volume measured with cardiac 
magnetic resonance is associated with worse clinical outcome in 
patients with pre-capillary pulmonary hypertension. ESC Heart 
Fail 5:864–875

 28. Manders E, Bogaard HJ, Handoko ML, van de Veerdonk MC, 
Keogh A, Westerhof N, Stienen GJ, Dos Remedios CG, Humbert 
M, Dorfmüller P, Fadel E, Guignabert C, van der Velden J, Vonk-
Noordegraaf A, de Man FS, Ottenheijm CA (2014) Contractile 
dysfunction of left ventricular cardiomyocytes in patients with 
pulmonary arterial hypertension. J Am Coll Cardiol 64:28–37

 29. Brookes C, Ravn H, White P, Moeldrup U, Oldershaw P (1999) 
Redington A acute right ventricular dilatation in response to 
ischemia significantly impairs left ventricular systolic perfor-
mance. Circulation 100:761–767

 30. Redington AN, Rigby ML, Shinebourne EA, Oldershaw PJ (1990) 
Changes in the pressure–volume relation of the right ventricle 
when its loading conditions are modified. Br Heart J 63:45–49

 31. Starling EH, Visscher MB (1926) The regulation of the energy 
output of the heart. J Physiol 62:243–261

 32. Okamatsu K, Takeuchi M, Nakai H, Nishikage T, Salgo IS, Hus-
son S, Otsuji Y, Lang RM (2009) Effects of aging on left atrial 
function assessed by two-dimensional speckle tracking echocar-
diography. J Am Soc Echocardiogr 22:70–75

 33. Carlsson M, Heiberg E, Ostenfeld E, Steding-Ehrenborg K, 
Kovács SJ, Flachskampf F, Arheden H (2018) Functional 

contribution of circumferential versus longitudinal strain: dif-
ferent concepts suggest conflicting results. J Am Coll Cardiol 
71:254–255

 34. Steding-Ehrenborg K, Carlsson M, Stephensen S, Arheden H 
(2013) Atrial aspiration from pulmonary and caval veins is caused 
by ventricular contraction and secures 70% of the total stroke vol-
ume independent of resting heart rate and heart size. Clin Physiol 
Funct Imaging 33:233–240

 35. Champion HC (2008) The heart in scleroderma. Rheum Dis Clin 
N Am 34:181–190

 36. Bratis K, Lindholm A, Hesselstrand R, Arheden H, Karabela G, 
Stavropoulos E, Katsifis G, Kolovou G, Kitas GD, Sfikakis PP, 
Koutsogeorgopoulou L, Mavrogeni S, Ostenfeld E (2019) CMR 
feature tracking in cardiac asymptomatic systemic sclerosis: clini-
cal implications. PLoS ONE 14:e0221021

 37. Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JGF, Coats 
AJS, Falk V, González-Juanatey JR, Harjola VP, Jankowska EA, 
Jessup M, Linde C, Nihoyannopoulos P, Parissis JT, Pieske B, 
Riley JP, Rosano GMC, Ruilope LM, Ruschitzka F, Rutten FH, 
van der Meer P, ESC Scientific Document Group (2016) 2016 
ESC Guidelines for the diagnosis and treatment of acute and 
chronic heart failure: the Task Force for the diagnosis and treat-
ment of acute and chronic heart failure of the European Society 
of Cardiology (ESC) developed with the special contribution of 
the Heart Failure Association (HFA) of the ESC. Eur Heart J 
37:2129–2200

 38. Galiè N, Channick RN, Frantz RP, Grünig E, Jing ZC, Moiseeva 
O, Preston IR, Pulido T, Safdar Z, Tamura Y, McLaughlin VV 
(2019) Risk stratification and medical therapy of pulmonary arte-
rial hypertension. Eur Respir J 24:53

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Underfilling decreases left ventricular function in pulmonary arterial hypertension
	Abstract
	Introduction
	Materials and methods
	Study population
	Right heart catheterisation
	Image acquisition
	Image analysis
	Strain analysis
	Statistical methods

	Results
	Discussion
	Limitations
	Conclusions
	Acknowledgements 
	References




