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Abstract

Aims Pre-capillary pulmonary hypertension (PHpre-cap) has a poor prognosis, especially when caused by pulmonary arterial
hypertension (PAH) associated with systemic sclerosis (SSc-PAH). Whether cardiac magnetic resonance (CMR)-based quantifi-
cation of atrial volumes in PHpre-cap is beneficial in risk assessment is unknown. The aims were to investigate if (i) atrial vol-
umes using CMR are associated with death or lung transplantation in PHpre-cap, (ii) atrial volumes differ among four
unmatched major PHpre-cap subgroups, and (iii) atrial volumes differ between SSc-PAH and idiopathic/familial PAH (IPAH/FPAH)
when matched for pulmonary vascular resistance (PVR).
Methods and results Seventy-five PHpre-cap patients (57 ± 19 years, 53 female, 43 de novo) with CMR and right heart cath-
eterization were retrospectively included. Short-axis stacks of cine images were analysed, and right and left atrial maximum
(RAVmax and LAVmax) and minimum volume (RAVmin and LAVmin) were indexed for body surface area. Increased (mean + 2
SD) and reduced (mean – 2 SD) volumes were predefined from CMR normal values.
Transplantation-free survival was lower in patients with increased RAVmax than in those with normal [hazard ratio (HR) = 2.1,
95% confidence interval (CI) 1.1–4.0] but did not differ between those with reduced LAVmax and normal (HR 2.0, 95% CI
0.8–5.1). RAVmax and RAVmin showed no differences among unmatched or matched groups (P = ns). When matched for
PVR, LAVmax, LAVmin, and pulmonary artery wedge pressure were reduced in SSc-PAH compared with IPAH/FPAH (95% CI
0.3–21.4, 95% CI 0.8–19.6, and 95% CI 2–7, respectively).
Conclusions Patients with PHpre-cap and increased right atrial volume measured with CMR had worse clinical outcome. When
matched for PVR, left atrial volume was lower in SSc-PAH than in IPAH/FPAH, consistent with left-sided underfilling, indicating
a potential differentiator between the groups.
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Introduction

Pre-capillary pulmonary hypertension (PHpre-cap) is a severe
condition with poor prognosis.1 PHpre-cap is characterized by
elevated pulmonary arterial pressure due to increased

pulmonary vascular resistance (PVR), which ultimately leads
to right heart failure and premature death unless lung trans-
plantation is performed.1 The causes of PHpre-cap are hetero-
geneous with several underlying clinical subgroups:
pulmonary arterial hypertension (PAH), PHpre-cap due to lung
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disease, chronic thrombo-embolic PHpre-cap (CTEPH), and
PHpre-cap with unclear or multifactorial mechanisms.1 Survival
rates differ among groups and even within groups with low-
est survival in PAH associated with systemic sclerosis (SSc-
PAH).2,3

Findings on echocardiography are indicative of PHpre-cap.
1,4

To confirm the diagnosis, invasive right heart catheterization
is required. Haemodynamic features differ among subgroups
at the time of diagnosis.5,6 Patients with idiopathic or familial
PAH (IPAH/FPAH) often have higher mean pulmonary artery
pressure than do SSc-PAH and other connective tissue
disease (CTD) PAH patients.6 On the other hand, SSc-PAH
patients have higher mortality even when IPAH/FPAH and
SSc-PAH have similar haemodynamic status at diagnosis.2,6

The cardiac causes for the poor survival in SSc-PAH are likely
diverse and not fully clarified.

Cardiac magnetic resonance (CMR) is gold standard for
time-resolved volumetric cardiac assessment. While enlarged
right atrial size measured by maximal end-systolic area using
two-dimensional echocardiography has prognostic value for
negative outcome in PHpre-cap, the accuracy of echocardio-
graphic right atrial volume (RAV) measurement has been
questioned.7,8 Only modest association of RAV with three-
dimensional methods and RA size from echocardiography
has been described.9 Three-dimensional echocardiography is
advancing as a RAV metric for right atrial pressure estima-
tion.10–12 Reduced left atrial volume (LAV) as a sign for
underfilling of the left heart in PHpre-cap has been suggested
and could serve as an indicator of poor prognosis.13,14 So
far, a few studies have targeted the prognostic value of
three-dimensional-assessed atrial volume in PHpre-cap using
CMR.12,15 However, the long-term performance of atrial vol-
umes as prognostic factors for survival in PHpre-cap is not fully
elucidated.

The hypotheses tested in the present project are (i) CMR-
determined atrial volumes are associated with outcome in
patients with PHpre-cap and (ii) atrial volumes differ among
PHpre-cap subgroups. Therefore, we retrospectively examined
(i) if CMR atrial volumes were outcome predictors for death
or lung transplantation, (ii) if atrial volumes could differenti-
ate among four major aetiologic PAH subgroups, and (iii) if
RAV and LAV or survival differed between SSc-PAH and
IPAH/FPAH groups when matched for PVR.

Materials and methods

Study population

Patients with pulmonary hypertension (PH), who were exam-
ined with CMR between 2003 and 2015, were retrospectively
identified at the Department of Clinical Physiology and Nu-
clear Imaging, Skåne University Hospital, Lund, Sweden.

PHpre-cap inclusion criteria were mean pulmonary arterial
pressure ≥ 25 mmHg and pulmonary artery wedge pressure
≤ 15 mmHg at normal or reduced cardiac output.1 Exclusion
criteria were clinically significant shunts or congenital heart
disease, PH due to left heart disease with pulmonary artery
wedge pressure > 15 mmHg or with PH due to idiopathic
lung disease or hypoxia.1 Patients with chronic obstructive
pulmonary disease (COPD) and emphysema defined as the
cause to PH were not included. When there are slight signs
of COPD, that by clinical decision was not defined as the pri-
mary cause to PH, COPD was listed as co-morbidity. Patients
with dataset lacking full atrial images in the short-axis stack
were excluded. In total, 75 patients examined between
2005 and 2015 fulfilled criteria and were included
(Supporting Information, Data S1).

Patients were divided into subgroups as (i) IPAH/FPAH,
(ii) SSc-PAH, (iii) CTD-PAH other than systemic sclerosis
(SSc), and (iv) CTEPH. All patients had signed informed con-
sent, and the regional ethics committee, Region Skåne,
Sweden, approved the study (EPN Dnr 621/2004, EPN Dnr
2010/114, EPN Dnr 2010/248, and EPN Dnr 2011/777).
The investigation conformed to the principles outlined in
the Declaration of Helsinki. The Lund cohort contributing
to the Swedish National PAH register and medical records
was used for patient characteristics, lung transplantation,
and vital status dates. Primary combined endpoint was de-
fined as death or lung transplantation. Follow-up time
ended June 2016.

Cardiac magnetic resonance imaging

CMR was performed with 1.5 tesla magnetic resonance imag-
ing scanners (Philips Achieva, Best, The Netherlands, and Sie-
mens MAGNETOM Aera, Erlangen, Germany) and with a
cardiac coil. ECG-gated parallel short-axis stack, long-axis,
and transversal cine steady-state free precession images were
acquired at end-expiratory breath-hold covering the whole
heart. Typical image parameters for Philips were temporal
resolution of 47 ms reconstructed to 30 time phases per car-
diac cycle, 60° flip angle, 3 ms cycle repetition time, 1.4 ms
echo time, and slice thickness 8 mm with no slice gap; and
for Siemens, temporal resolution was 46 ms reconstructed
to 25 time phases per cardiac cycle, 60° flip angle, 3 ms cycle
repetition time, 1.4 ms echo time, and slice thickness 6 mm
with 2 mm slice gap.

Image analysis was performed using freely available soft-
ware Segment version 2.0 (http://segment.heiberg.se).16

RAV and LAV were measured by manual tracing of atrial en-
docardial maximal and minimal contour in short-axis stack
of images at ventricular end-systole and end-diastole, respec-
tively. All CMR measures were indexed for body surface area
to enable comparison among patients despite differences in
body composition, and hence, all volumes described in this
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study are indexed volumes. Atrial appendages were included
in the volumes. For RAV, the inferior and superior venae
cavae as well as the coronary sinus were excluded. Lung veins
were excluded from LAV. Right and left atrial maximal and
minimal volume (RAVmax, RAVmin, LAVmax, and LAVmin) were
calculated from the short-axis stacks at both ventricular
end-systole and end-diastole.

Increased RAVmax was predefined from previously re-
ported normal values as mean + 2 standard deviations
(SD).17 Therefore, RAVmax > 74 mL/m2 (54 + 2 × 10 mL/m2)
was considered increased. Reduced LAVmax predefined as
normal value mean – 2 SD resulting in LAVmax < 26 mL/m2

(39 � 2 × 6.7 mL/m2) was considered reduced.17 As increased
LAVmax is an indicator of increased filling pressure and an
established prognostic factor for poor outcome in various
heart diseases, patients with increased LAVmax

(mean + 2 SD) > 52 mL/m2 were included in a separate group
in the Kaplan–Meier survival analysis.18,19 In the compilation
of normal values from CMR by Kawel-Boehm et al., biplane,
non-indexed normal minimal values have been suggested.17

However, reference values for RAVmin and LAVmin have not
previously been reported with a three-dimensional volumet-
ric assessment from CMR, therefore median in the specific
group was used for defining increased and decreased minimal
volume.17

The atrial indices of right to left maximal and minimal vol-
umes (AImax and AImin) were calculated as RAVmax/LAVmax and
RAVmin/LAVmin.

20

Right heart catheterization

All patients recruited were referred for right heart catheteri-
zation on the basis of clinical indications. Right heart cathe-
terization was performed at rest in the supine position with
local anaesthesia, via an 8 French sheath inserted in the right
internal jugular vein using a triple-lumen 7.3 French balloon-
tipped Swan-Ganz catheter. Pulsatile and mean right atrial
pressures, pulmonary arterial pressures, and pulmonary ar-
tery wedge pressures were recorded. Cardiac output was cal-
culated via thermodilution, with PVR expressed as
(PAmean � wedgemean)/CO.

Statistics

Statistical analyses were performed in GraphPad Prism 7 and
SPSS 24. Continuous data were expressed as mean ± SD; cat-
egorical data were expressed in absolute numbers and per
cent. Kaplan–Meier curves were used for a transplantation-
free survival analysis. Data were analysed with the Cox re-
gression analysis and entered into a univariate regression
analysis. Measures with P < 0.1 were then included in a mul-
tivariate analysis of imaging measures. Colinearity was

examined for atrial volumes, and a correlation of r > 0.8
was considered closely related, and both would therefore
not be included in the multivariate Cox regression analysis.
Distribution of co-morbidities was investigated with Fisher’s
exact test. Comparisons among groups were performed using
a log-rank (Mantel–Cox) test. The Kruskal–Wallis test was
used for comparison among PVR-unmatched subgroups. For
comparison of PVR-matched SSc-PAH and IPAH/FPAH sub-
groups, the Mann–Witney U-test was performed. Hazard ra-
tio (HR) and difference between matched groups were
expressed with 95% confidence interval (95% CI). Correla-
tions were examined with Spearman’s correlation coefficient.
Normal distribution was not assumed and was tested with
histograms. Intraobserver and interobserver variability was
tested in 14 patients with results expressed as intraclass cor-
relation (ICC) and bias described as according to the Bland–
Altman method with mean ± SD in per cent and volume in
millilitre.21 A two-sided P-value of < 0.05 was considered to
be of statistical significance.

Results

Patient characteristics

In total, 75 patients (age 57 ± 19 years, 53 female, 43 de
novo) with PHpre-cap fulfilled the criteria. The included pa-
tients were examined between 2005 and 2015. The selection
process for including patients is shown in the Supporting In-
formation. Clinical characteristics are shown in Table 1. When
atrial volumes were compared in SSc-PAH and IPAH/FPAH ad-
justed for PVR, 15 patients with SSc-PAH [PVR 7.3 ± 3.2 Wood
units (WU)] had complete data including invasive
haemodynamics and were matched one to one with 15 pa-
tients with IPAH/FPAH (PVR 7.8 ± 3.1 WU). The median time
between CMR and right heart catheterization was 2 days. The
median follow-up time was 2.3 years. The composite end-
point occurred in 36 patients, including 29 deaths and seven
lung transplantations.

Survival

RAVmax in all the 75 PHpre-cap patients was 76 ± 36 mL/m2.
Thirty-four patients had an increased RAVmax > 74 mL/m2,
and 41 patients had a normal or low RAVmax. Survival with in-
creased RAVmax was shorter than that without (3.1 vs.
5.5 years, HR 2.1, 95% CI 1.1–4.0) (Figure 1A). When compar-
ing the prevalence of co-morbidities (diabetes mellitus,
COPD/emphysema, ischaemic heart disease, systemic hyper-
tension, thyroid disease, atrial fibrillation, and stroke; Table 1)
between patients with increased and normal RAVmax, atrial
fibrillation was the only co-morbidity to differ between the
groups. Patients with increased RAVmax were more likely to
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suffer from atrial fibrillation than were patients with normal
RAVmax (P = 0.009). When the Cox regression analysis was
performed for co-morbidities, stroke, atrial fibrillation, and
thyroid disease had P < 0.1 for survival in a univariate analy-
sis. These were included in a multivariate model with RAV,

and only stroke (P = 0.008) and RAV (RAVmax P = 0.02, RAVmin

P = 0.04) remained associated with survival.
RAVmin in all PHpre-cap patients was 53 ± 35 mL/m2. The

survival analysis showed that patients with RAVmin above
median had significantly shorter survival than had patients

Table 1 Patient characteristics

All patients (n = 75) IPAH/FPAH (n = 33) SSc-PAH (n = 20)a CTD-PAH (n = 13) CTEPH (n = 9)

Age (years) 57 ± 19 52 ± 23 66 ± 11 59 ± 14 56 ± 18
Females (n/%) 53/71% 24/73% 15/75% 8/61% 6/67%
BSA (m2) 1.84 ± 0.24 1.85 ± 0.25 1.81 ± 0.22 1.83 ± 0.17 1.90 ± 0.29
NYHA class (1–4) 3 (1–4) 3 (1–3)b 3 (2–4)c 3 (2–4)d 3 (2–3)e

NT-proBNP (ng/L) 2659 ± 2695 3008 ± 2776b 2605 ± 2443f 2621 ± 3114g 946 ± 413e

CMR
De novo 43/57% 20/61% 10/50% 8/62% 5/56%
RVEDV (mL/m2) 109 ± 32 118 ± 25 99 ± 27 105 ± 35 103 ± 45
RVEF (%) 37 ± 11 35 ± 11 39 ± 10 39 ± 12 39 ± 13
LVEDV (mL/m2) 64 ± 17 64 ± 18 62 ± 12 64 ± 11 65 ± 26
LVEF (%) 55 ± 9 54 ± 10 57 ± 7 56 ± 10 55 ± 11

RHC
Heart rate (b.p.m.) 85 ± 15 84 ± 18 88 ± 13 81 ± 11 84 ± 13
sNIBP (mmHg) 126 ± 20 129 ± 22 118 ± 13 127 ± 22 131 ± 15
dNIBP (mmHg) 79 ± 13 82 ± 16 74 ± 7 77 ± 12 84 ± 11
sPAP (mmHg) 73 ± 18 79 ± 18 65 ± 15 70 ± 15 74 ± 17
mPAP (mmHg) 45 ± 11 50 ± 11 40 ± 9 44 ± 10 44 ± 9
PAWP (mmHg) 8 ± 4 8 ± 3 6 ± 3 8 ± 4 10 ± 3
RAP (mmHg) 7 ± 5 8 ± 5 6 ± 5 6 ± 6 7 ± 5
CI (L/min/m2) 2.6 ± 0.7 2.3 ± 0.6 2.9 ± 0.6 2.8 ± 0.9 2.5 ± 0.6
PVR (WU) 10 ± 8 13 ± 11 7 ± 3 8 ± 4 8 ± 4

Co-morbidity
Diabetes 15 8 3 2 2
COPD/emphysema 14 6 2 2 4
IHD 8 6 1 1 0
Hypertension 25 13 2 5 5
Thyroid disease 11 5 4 1 1
Atrial fibrillation 9 4 1 4 0
Stroke 4 3 0 1 0

Medication
PAH dedicated 41/55% 18/55% 15/75% 5/38% 3/33%
ERA 31/41% 15/45% 10/50% 5/38% 1/11%
PDE5I 17/23% 7/21% 8/40% 0 2/22%
Prostanoids 4/5% 1/3% 3/15% 0 0
CCB 20/36% 5/15% 9/45% 5/38% 1/11%
Diuretics 37/49% 18/55% 8/40% 8/62% 3/33%
ACEI/ARB 19/25% 9/27% 4/20% 4/31% 2/22%
BB 17/23% 11/33% 0 5/38% 1/11%

ACEI/ARB, angiotensin-converting enzyme inhibitor and angiotensin II receptor blocker; BB, beta-blockers; BSA, body surface area; CCB,
cardio-selective calcium channel blockers; CI, cardiac index; CMR, cardiac magnetic resonance; COPD, chronic obstructive pulmonary dis-
ease; CTD-PAH, patients with pulmonary arterial hypertension associated with connective tissue disease; CTEPH, patients with pulmonary
hypertension due to chronic thrombo-embolism; De novo, CMR performed at diagnosis; dNIBP, systemic non-invasive diastolic blood
pressure; ERA, endothelin receptor antagonists; IHD, ischaemic heart disease; IPAH/FPAH, patients with idiopathic or familial pulmonary
arterial hypertension; LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; mPAP, mean pulmonary arterial
pressure; NT-proBNP, N-terminal pro-brain natriuretic peptide; NYHA class, functional class in patients with heart failure according to the
New York Heart Association; PAWP, pulmonary artery wedge pressure; PDE5I, phosphodiesterase type 5 inhibitors; Prostanoids, prostacy-
clin analogues and prostacyclin receptor agonists; PVR, pulmonary vascular resistance; RAP, mean right atrial pressure; RHC, right heart
catheterization; RVEDV, right ventricular end-diastolic volume; RVEF, right ventricular ejection fraction; sNIBP, systemic non-invasive sys-
tolic blood pressure; sPAP, systolic pulmonary arterial pressure; SSc-PAH, patients with pulmonary arterial hypertension due to systemic
sclerosis; WU, Wood units.
Values expressed as mean ± SD or in median and range in parentheses. All volumes are indexed for body surface area. Co-morbidities
expressed in absolute numbers.
aOne patient was not investigated with RHC owing to contraindicating co-morbidities, but diagnosis was confirmed by echocardiography.
bn = 29.
cn = 16.
dn = 9.
en = 5.
fn = 16.
gn = 10.
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with RAVmin below median (HR 2.3, 95% CI 1.2–4.3)
(Figure 1C).

LAVmax in all PHpre-cap patients was 41 ± 20 mL/m2. Twelve
patients had reduced LAVmax < 26 mL/m2, 51 patients had
normal LAVmax, and 12 patients had increased LAVmax. Sur-
vival with reduced LAVmax was shorter than that of patients
with normal LAVmax, but not significantly (4.2 vs. 6.8 years,
HR 2.0, 95% CI 0.8–5.1) (Figure 1B). Survival for patients with
increased LAVmax was 3.1 years compared with 6.8 years in
patients with normal LAVmax (HR 1.6, 95% CI 0.6–4.3). The
survival analysis showed no difference between patients with
LAVmin below median and patients with LAVmin above median
(HR 1.2, 95% CI 0.6–2.3) (Figure 1D).

In a univariate regression analysis of CMR atrial and ven-
tricular volumes in all 75 PHpre-cap patients (Table 2), RAVmax

and RAVmin were associated with an increased risk for trans-
plantation or death (RAVmax HR 1.014, 95% CI 1.004–1.023
and RAVmin HR 1.013, 95% CI 1.004–1.023). No other CMR
measure was found to be significantly associated with risk
for transplantation or death (Table 2). RAVmax, RAVmin, and
right ventricular ejection fraction (RVEF) (P = 0.005,
P = 0.006, and P = 0.08, respectively) were included in a

multivariate analysis. RAVmax and RAVmin showed a very
strong correlation with each other (r = 0.96, P < 0.001) and
were therefore analysed in relation to RVEF separately. In a
multivariate analysis, RAVmax (HR 1.014, 95% CI 1.002–
1.023) and RAVmin (HR 1.012, 95% CI 1.001–1.022) remained
significant, but RVEF showed no significance (Table 2).

Survival in all PHpre-cap patients was 5.0 years. In
IPAH/FPAH, survival was 5.5 years, in SSc-PAH 2.8 years,
and in CTD-PAH 6.2 years. Survival in CTEPH could not be cal-
culated owing to the small sample size. No differences in sur-
vival time among the remaining groups were significant,
when unmatched for PVR (P = 0.13).

Atrial volume comparison

Volumes within the aetiologic subgroups are shown in
Table 3. There were no differences among aetiologic groups
in RAVmax, RAVmin, LAVmax, LAVmin, AImax, or AImin (Table 3,
Figure 2).

Atrial measures with similar PVR in patients with SSc-PAH
(n = 15) matched to IPAH/FPAH (n = 15) are shown in Table 4.

Figure 1 Transplantation-free survival analyses of atrial volumes in pre-capillary pulmonary hypertension. Kaplan–Meier transplantation-free survival
analysis of pre-capillary pulmonary hypertension patients from timepoint of CMR. All volumes are indexed for body surface area. (A) Patients with
normal right atrial maximal volume (RAVmax) (full line) compared with patients with increased RAVmax (dashed line). Hazard ratio (HR) for enlarged
RAVmax was 2.1 (95% CI 1.1–4.0, P = 0.03). (B) Patients with normal left atrial maximal volume (LAVmax) (full) compared with patients with reduced
LAVmax (dashed). HR for reduced LAVmax was 2.0 (95% CI 0.8–5.1, P = 0.07). (C) Patients with right atrial minimal volume (RAVmin) below median (full)
compared with patients with RAVmin above median (dashed). HR for RAVmin above median was 2.3 (95% CI 1.2–4.3, P = 0.02). (D) Patients with left
atrial minimal volume (LAVmin) above median (full) compared with patients with LAVmin below median (dashed). HR for LAVmin below median was
1.7 (95% CI 0.9–3.2, P = 0.12).

RAV in patients with pre-capillary pulmonary hypertension 869

ESC Heart Failure 2018; 5: 865–876
DOI: 10.1002/ehf2.12304



There was no difference between SSc-PAH patients and
IPAH/FPAH patients in RAVmax, RAVmin, or right atrial pres-
sure (Table 4, Figure 2C, 2D).

LAVmax and LAVmin were lower in SSc-PAH than in
IPAH/FPAH (95% CI 0.3–21.4 and 0.8–19.6) (Table 4). Also,
pulmonary artery wedge pressure was lower in SSc-PAH than
in IPAH/FPAH, when matched for PVR (95% CI 2–7) (Table 4,
Figure 2G, 2H).

AImax and AImin did not differ between SSc-PAH and
IPAH/FPAH (Table 4).

Survival was shorter in patients with SSc-PAH (2.8 years)
than in patients with IPAH/FPAH (5.7 years, HR 2.6, 95% CI
1.0–7.1), when matched for PVR.

Correlation with prognostic factors

RAVmax significantly correlated with invasively measured right
atrial pressure and cardiac index as well as N-terminal pro-
brain natriuretic peptide (NT-proBNP) levels (Figure 3).
RAVmax did not differ among groups of New York Heart Asso-
ciation (NYHA) class (P = 0.50). LAVmax did not correlate with
right atrial pressure, cardiac index, or NT-proBNP levels. How-
ever, a correlation was seen between LAVmax and cardiac in-
dex when excluding patients with atrial fibrillation from the
analysis (Figure 3). LAVmax did not differ among groups of
NYHA class (P = 0.91).

Intraobserver and interobserver variability

ICC for intraobserver variability was 0.995 (95% CI 0.986–
0.999) for RAVmax, 0.988 (95% CI 0.964–0.996) for RAVmin,
0.966 (95% CI 0.895–0.989) for LAVmax, and 0.938 (95% CI
0.808–0.980) for LAVmin. The bias for RAVmax was
3.6 ± 8.4% (2.5 ± 4.3 mL), for RAVmin 6.8 ± 17.5%
(2.6 ± 5.5 mL), for LAVmax 1.3 ± 8.6% (0.3 ± 3.3 mL), and for
LAVmin 1.5 ± 16.2 (0.7 ± 3.3 mL).

ICC for interobserver variability for RAVmax was 0.985 (95%
CI 0.953–0.995, for RAVmin 0.976 (95% CI 0.926–0.992), for
LAVmax 0.957 (95% CI 0.867–0.986), and for LAVmin 0.901
(95% CI 0.693–0.968). The bias for RAVmax was 14.0 ± 9.3%
(10.6 ± 8.5 mL), for RAVmin 15.5 ± 15.2% (8.3 ± 9.3 mL), for
LAVmax 7.5 ± 11.4% (3.1 ± 3.9 mL), and for LAVmin

6.3 ± 19.0% (1.6 ± 3.9 mL).

Discussion

This study shows that in patients with PHpre-cap, an increased
RAV was associated with worse clinical outcome. Also, there

Table 2 Cox regression analysis

Measure (n = 75) Volume HR for Δ 95% CI P-value

Univariate
RVESV (mL/m2) 71 ± 31 1.007 0.997–1.017 0.16
RVEDV (mL/m2) 109 ± 32 1.006 0.996–1.016 0.22
RVSV (mL/m2) 38 ± 9 0.995 0.964–1.027 0.76
RVEF (%) 37 ± 11 0.975 0.947–1.003 0.08
RAVmax (mL/m2) 76 ± 36 1.014 1.004–1.023 0.004
RAVmin (mL/m2) 53 ± 35 1.013 1.004–1.023 0.006
LVESV (mL/m2) 29 ± 13 0.991 0.964–1.019 0.52
LVEDV (mL/m2) 64 ± 17 0.985 0.963–1.007 0.17
LVSV (mL/m2) 35 ± 10 0.977 0.945–1.010 0.17
LVEF (%) 55 ± 9 0.997 0.969–1.027 0.86
LAVmax(mL/m2) 41 ± 20 1.005 0.987–1.024 0.60
LAVmin (mL/m2) 27 ± 20 1.009 0.993–1.025 0.29
CI (L/min/m2)a 2.4 ± 0.7 0.758 0.479–1.199 0.24

Multivariate 1
RAVmax (mL/m2) 76 ± 36 1.012 1.002–1.023 0.022
RVEF (%) 37 ± 11 0.993 0.961–1.026 0.686

Multivariate 2
RAVmin (mL/m2) 53 ± 35 1.012 1.001–1.022 0.029
RVEF (%) 37 ± 11 0.989 0.958–1.020 0.47

CI, cardiac index; LAVmax, left atrial maximal volume; LAVmin, left
atrial minimal volume; LVEDV, left ventricular end-diastolic volume;
LVEF, left ventricular ejection fraction; LVESV, left ventricular end-
systolic volume; LVSV, left ventricular stroke volume; RAVmax, right
atrial maximal volume; RAVmin, right atrial minimal volume; RVEDV,
right ventricular end-diastolic volume; RVEF, right ventricular ejec-
tion fraction; RVESV, right ventricular end-systolic volume; RVSV,
right ventricular stroke volume.
Univariate and multivariate Cox regression analyses with cardiac
magnetic resonance examination as baseline. Values are expressed
as mean ± SD. All volumes are indexed for body surface area. Cor-
relations examined for multivariate analysis: RAVmax vs. RAVmin
r = 0.96, RAVmax vs. RVEF r = �0.44, and RAVmin vs. RVEF
r = �0.40. Bold emphasizes values with significant P-values.
an = 74.

Table 3 Results of atrial measures from cardiac magnetic resonance

All patients (n = 75) IPAH/FPAH (n = 33) SSc-PAH (n = 20) CTD-PAH (n = 13) CTEPH (n = 9)

RAVmax (mL/m2) 76 ± 36 83 ± 32 70 ± 35 73 ± 45 69 ± 34
RAVmin (mL/m2) 53 ± 35 61 ± 33 46 ± 31 52 ± 42 45 ± 33
LAVmax (mL/m2) 41 ± 20 42 ± 22 36 ± 10 44 ± 25 42 ± 14
LAVmin (mL/m2) 27 ± 20 30 ± 24 20 ± 8 29 ± 22 27 ± 12
AImax 0.61 ± 0.30 0.55 ± 0.28 0.66 ± 0.35 0.64 ± 0.22 0.68 ± 0.30
AImin 0.60 ± 0.33 0.53 ± 0.30 0.63 ± 0.38 0.65 ± 0.28 0.60 ± 0.34

AImax, maximal atrial index; AImin, minimal atrial index; CTD-PAH, patients with pulmonary arterial hypertension associated with connec-
tive tissue disease; CTEPH, patients with pulmonary hypertension due to chronic thrombo-embolism; IPAH/FPAH, patients with idiopathic
or familial pulmonary arterial hypertension; LAVmax, left atrial maximal volume; LAVmin, left atrial minimal volume; RAVmax, right atrial
maximal volume; RAVmin, right atrial minimal volume; SSc-PAH, patients with pulmonary arterial hypertension due to systemic sclerosis.
Values are expressed as mean ± SD. All volumes are indexed for body surface area.
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Figure 2 Comparison of atrial volumes, unmatched and matched for PVR. Tukey box plot showing comparison of atrial volumes among unmatched
and matched subgroups of pre-capillary pulmonary hypertension. All volumes are indexed for body surface area. (A–D) Right atrial volumes. (E–H) Left
atrial volumes: left column, maximal volumes; right column, minimal volumes. (A, B, E, and F) Comparison among groups when unmatched for PVR. (C,
D, G, and H) Comparison between groups when matched for PVR. RAVmax, right atrial maximal volume; RAVmin, right atrial minimal volume; IPAH/
FPAH, idiopathic or familial pulmonary arterial hypertension; SSc-PAH, pulmonary arterial hypertension associated with systemic sclerosis; CTD-PAH,
pulmonary arterial hypertension associated with connective tissue disorders; CTEPH, chronic thrombo-embolic pulmonary hypertension; LAVmax, left
atrial maximal volume; LAVmin, left atrial minimal volume; PVR, pulmonary vascular resistance.
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was no significant association between reduced LAV and sur-
vival in PHpre-cap. Furthermore, there were no differences in
RAV or LAV among unmatched PHpre-cap subgroups. Lastly,
when SSc-PAH and IPAH/FPAH were matched for PVR, SSc-
PAH had reduced LAV, but RAV did not differ between the
subgroups.

Our results of the association between RAV and clinical
outcome are in concordance with previous studies with both
two-dimensional and three-dimensional echocardiography in
PHpre-cap patients.12,22 Patel et al. and Fukuda et al. have
shown that the right atrial maximal areas or volumes are of
importance for poor outcome, although the association with
invasively measured right atrial pressure is only moder-
ate.10,11,22 But echocardiography alone is insufficient for
monitoring PHpre-cap and detecting disease progression.5 For
example, estimation of peak pulmonary systolic pressure by
tricuspid regurgitant gradient is useful in early PHpre-cap de-
tection but underestimates severity of disease when cardiac
output decreases in a later stage.1,8 Therefore, evaluation of
atrial volumes may be more appropriate to monitor disease
progression.11,12 Prognostic factors in PHpre-cap from CMR
have been focused on ventricular measures of which right
ventricular end-diastolic and stroke volumes as well as left
ventricular end-diastolic volume are associated with poor
outcome.23 Our study showed that the association between
survival and RAV also applies for CMR. Sato et al. showed
that increased RAVmin, defined as above the median within
the group, was associated with clinical worsening in PHpre-

cap such as hospitalization, death, or transplantation, but with
no record of maximal RAVs and of relations to normal
values.15 Darsaklis et al. have also targeted the subject with

CMR-assessed right atrial function in patients with PH, but
in both pre-capillary and post-capillary PH (Groups 1–5),24

using single-plane two-dimensional method in the four-
chamber view for detecting RAVs from an area-length
method. They showed that decreased right atrial emptying
fraction is associated with poor survival. Our study supports
previous data and furthermore shows that full volumetric
non-approximative assessment with CMR is of relevance,
when using a cut-off value derived from normal values. To
the best of our knowledge, our study is the first to use a
cut-off from normal values with three-dimensional measures
of atrial volume from CMR in PHpre-cap patients. Our findings
are further supported by the significant correlation of RAVmax

to known prognostic markers such as right atrial pressure,
cardiac index, and NT-proBNP. A cut-off from normal values
is applicable to other studies instead of using the median
within a specific study. This method could add prognostic in-
formation when performing CMR on PHpre-cap patients in a
clinical setting.

Our study was not designed to perform a comparison with
well-validated risk scores such as the REVEAL study,25 but
aimed to test a simple risk stratification strategy including
the atrial volumes from CMR. From echocardiography, out-
come in PAH is associated with right atrial size alone as dem-
onstrated by Bustamanta-Labarta et al.26 and Raymond
et al.27 and, furthermore, to the expanded right heart score
including systolic blood pressure with right atrial area and
right ventricular function as shown by Haddad et al.28 Even
if our study was retrospective and focused on prevalent cases
of patients with PAH, a large proportion of patients was in-
vestigated de novo and was treatment naïve. In our

Table 4 Comparison of atrial measures with matched pulmonary vascular resistance

IPAH/FPAH (n = 15)
SSc-PAH
(n = 15) 95% CI of the difference P-value

PVR (WU) 7.8 ± 3.0 7.3 ± 3.1 �2.9 to 1.5 0.47
RAP (mmHg) 7.9 ± 5.3 6.1 ± 4.6 �5 to 2 0.36
PAWP (mmHg) 9.4 ± 3.3a 5.6 ± 2.7 2�7 0.004
RAVmax(mL/m2) 81.2 ± 38.7 72.9 ± 38.7 �36.1 to 23.4 0.54
RAVmin (mL/m2) 60.0 ± 40.2 49.2 ± 34.4 �29.8 to 11.0 0.46
LAVmax (mL/m2) 49.1 ± 22.2 34.4 ± 8.1 0.3�21.4 0.03
LAVmin (mL/m2) 35.2 ± 25.5 18.6 ± 5.9 0.8�19.6 0.02
AImax 0.67 ± 0.27 0.67 ± 0.40 �0.31 to 0.23 0.80
AImin 0.64 ± 0.27 0.64 ± 0.42 �0.30 to 0.28 0.57
RVEDV (mL/m2) 119.9 ± 24.9 103.3 ± 28.6 �31 to 9 0.36
RVESV (mL/m2) 76.4 ± 30.7 65.5 ± 24.6 �32 to 11 0.31
LVEDV (mL/m2) 68.7 ± 17.6 61.0 ± 13.1 �20 to 5 0.26
LVESV (mL/m2) 32.8 ± 16.8 25.7 ± 6.5 �11 to 2 0.20
CI (L/min/m2) 2.2 ± 0.7 2.6 ± 0.7 �0.1 to 1.05 0.07

AImax, maximal atrial index; AImin, minimal atrial index; CI, cardiac index (computed from aortic flow; in one patient, CI was computed
from left ventricular stroke volume); IPAH/FPAH, patients with idiopathic or familial pulmonary arterial hypertension; LAVmax, left atrial
maximal volume; LAVmin, left atrial minimal volume; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic vol-
ume; PAWP, pulmonary artery wedge pressure; PVR, pulmonary vascular resistance; RAP, mean right atrial pressure; RAVmax, right atrial
maximal volume; RAVmin, right atrial minimal volume; RVEDV, right ventricular end-diastolic volume; RVESV, right ventricular end-systolic
volume; SSc-PAH, patients with pulmonary arterial hypertension due to systemic sclerosis; WU, Wood units.
Values are expressed as mean ± SD. All volumes are indexed for body surface area. Statistical comparison performed with Mann–Whitney
U-test. Bold emphasizes values with significant P-values.
an = 14.

872 A. Bredfelt et al.

ESC Heart Failure 2018; 5: 865–876
DOI: 10.1002/ehf2.12304



univariate regression analysis, we found an increased HR of
1% for transplantation or death for each increased millilitre
per square metre of RAV. This increased HR remained in a
multivariate analysis when adjusting for RVEF. RVEF has
been suggested as the strongest predictor of mortality from
CMR on meta-analysis.29 However, former studies have sel-
dom included RAV. Of note, in the present study, increased
HR was not significantly shown for ventricular volumes. Our
findings suggest that RAV may provide additive information
to the ventricular volumes and the RVEF from CMR. In the
newly published studies on risk assessment from the risk
score of guidelines, right atrial area from CMR is used

equivalent to echocardiographic cut-off data.1,30–32 The
prognostic use of right atrial area is not supported in CMR
studies but builds on echocardiographic data.1,30–32 Our
findings that RAVmin and RAVmax were associated with
outcome support that these volumes are highly relevant
measures, when performing CMR in PAH patients.
Therefore, RAV using CMR can be a new variable in risk
assessment of patients with PHpre-cap.

30 To include the newly
suggested right heart score in a prospective CMR study and
to design a prospective study where the atrial volume is
followed in different treatment groups are possible
approaches for further studies.28

Figure 3 Atrial volumes in relation to right atrial pressure, cardiac index, NT-proBNP, and pulmonary artery wedge pressure. Correlation of atrial max-
imal volumes indexed for body surface area with invasive right atrial pressure (A), cardiac index (B and E), NT-proBNP (C and F), and pulmonary artery
wedge pressure (D) expressed with Spearman’s correlation coefficient (r). Filled circles indicate patients without atrial fibrillation; open circles, patients
with atrial fibrillation; asterisks, patients with atrial fibrillation excluded from analysis. (A–C) Right atrial maximal volumes. (D–F) Left atrial maximal
volumes. RAVmax, right atrial maximal volume; LAVmax, left atrial maximal volume; RAP, right atrial pressure; CI, cardiac index; NT-proBNP, N-terminal
pro-brain natriuretic peptide; PAWP, pulmonary artery wedge pressure.
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Twelve patients in our study had reduced LAV. No signifi-
cant association was found between reduced LAV and
transplantation-free survival in this study; however, the re-
sults indicate an increased HR, which could possibly be of sig-
nificance in a larger study with more statistical power. The
origin of the left ventricular dysfunction that occurs in
PHpre-cap is an issue of current debate. Underfilling of the left
side related to reduced preload or reduced flow has been
suggested, rather than a true diastolic dysfunction, which
would result in enlarged LAV.33–36 Increased LAV is a known
correlate of left ventricular dysfunction and reflects increased
left ventricular filling pressure.8,18 In contrast, a small LAV
could therefore reflect underfilling, as Marston et al. showed
in CTEPH patients.13 Kopic et al. showed that left atrial pres-
sure in pulmonary regurgitation is closely related to right
ventricular dysfunction and decreased longitudinal pumping,
suggesting that left-sided underfilling originates from the
right ventricle.37 Although LAV was not associated with out-
come in our small retrospective study, the findings indicate
that LAV may be associated with survival in a U-shaped way
with decreased survival in patients with both reduced and in-
creased LAV compared with normal LAV. Normal values from
three-dimensional volumetric imaging for minimal LAV are
wanted and could assist in deepening the now limited knowl-
edge about left atrial haemodynamics in PHpre-cap. Left-sided
underfilling and its pathophysiological significance merit fur-
ther attention and should be investigated in a larger cohort.

In our study, we found smaller LAVs, lower left atrial pres-
sure, and a reduced survival in patients with SSc-PAH com-
pared with IPAH/FPAH, when matched for PVR. This could
reflect a higher degree of left-sided underfilling in SSc-PAH.
Another explanation could be higher heart rate in SSc-PAH
(81 ± 13 b.p.m.) than in IPAH/FPAH (71 ± 12 b.p.m.,
P = 0.02). Higher heart rate consequently reduces diastolic
filling time and reciprocally affects atrial filling. Altered dia-
stolic filling time leads to the ventricle being not fully relaxed
when contraction starts and consequently smaller end-
diastolic atrial volumes. Atrial index was the same in both
groups, reflecting that RAV was also smaller in the SSc-PAH
group than in IPAH/FPAH; however, this difference was not
statistically significant owing to the small sample size and
the larger variation in RAV. Possible differences in right atrial
indices should be investigated in a larger cohort. SSc is in it-
self a severe condition, and PAH is among the leading causes
of mortality.38 SSc-PAH has the poorest survival among sub-
groups of PHpre-cap.

2,6 To characterize cardiac pathophysiolog-
ical differences between SSc and other causes of PHpre-cap

would therefore be of particular interest for understanding
the causes of this increased mortality, and atrial volumes
could be a new approach. As haemodynamic status differs
between the groups with higher mean pulmonary arterial
pressure and PVR generally seen in IPAH/FPAH at diagnosis,
matching the groups to be compared on the basis of (mean)
pressure or resistance allows investigating group differences

independent of haemodynamic status.6 Atrial measures in
SSc have received limited attention. D’Andrea et al. showed
that SSc patients without PAH compared with controls have
impaired right atrial function, with impairment more evident
in patients with higher pulmonary arterial pressure at exer-
cise, suggesting that the right atrial function may be altered
even before PAH diagnosis.39 To the best of our knowledge,
the left atrium in SSc-PAH has not been previously investi-
gated with CMR. The present data on differences in both
pressure and volume measures of the left atrium may repre-
sent a former undescribed pathophysiological difference be-
tween IPAH/FPAH and SSc-PAH. This supports our
hypothesis that left heart haemodynamics is of importance
in PHpre-cap and justifies future studies.

Limitations

This study was a single-centre retrospective study of a rare
condition. Numbers of recruited subjects limited the
possibility of matching in larger groups for age and gender.
But PHpre-cap subgroups are not phenotypically similar in age
and gender with CTD being more common in women than in
men.6 This means that matching of gender and age remains
a substantial challenge even in larger study populations.

For inclusion for comparison between SSc-PAH and
IPAH/FPAH, right heart catheterization had to be performed
within 2 months of CMR. Non-contemporaneousness of hae-
modynamic vs. CMR data acquisition allows for disease
progression/regression and associated haemodynamic alter-
ations. Nevertheless, the time between CMR and right heart
catheterization was similar in subgroups with median time
difference of 1 day in SSc-PAH and 2 days in IPAH/FPAH. Of
note, in the REVEAL study, 1 year survival did not differ be-
tween patients enrolled within 3 days of right heart catheter-
ization and patients enrolled within 3 months of right heart
catheterization.25 In the study by Haddad et al., there was
an average time between CMR and diagnosis of
1.5 ± 1.5 years.28 Therefore, our time difference of median
2 days between right heart catheterization and CMR and with
a majority of cases de novo could be considered well within
the time spans of both the latter studies on risk
stratification.25,28

Nine patients had atrial fibrillation and accounted for most
of the patients with increased LAVmax. By excluding these pa-
tients from the non-decreased LAVmax group, atrial fibrillation
as a confounder was minimized. Patients with atrial fibrilla-
tion were also presented separately in the correlation
analysis.

Lastly, intraobserver variability bias was excellent with
somewhat larger bias for interobserver variability. However,
both intraobserver and interobserver variability had excellent
ICC > 0.9, which suggests that the volumetric assessments
are reliable.
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Conclusions

Increased RAVs, but not LAVs, were associated with shorter
transplantation-free survival in PHpre-cap. Our study shows,
for the first time, that CMR-based full volumetric RAV quanti-
fication can serve as a new prognostic indicator in PHpre-cap.
All PHpre-cap atrial volumes behave as expected with no differ-
ences in atrial volumes among the four unmatched sub-
groups. However, when matched for PVR, LAVs were
reduced in SSc-PAH compared with IPAH/FPAH, despite simi-
lar haemodynamics. This apparent paradox of smaller LAV in
SSc-PAH, even though they still have worse prognosis, may be
explained by a mechanism where the LAV is underfilled by
different causes than PVR alone. This suggests that left-sided
underfilling may be a potential pathophysiological
differentiator between these subgroups and that atrial vol-
umes merit further investigation in PHpre-cap.
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