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Background: Progressive right ventricular (RV) dysfunction in pulmonary arterial hypertension (PAH) 
which is contributed by RV ischemia leads to adverse clinical outcomes. Oxygen-sensitive (OS) cardiovascular 
magnetic resonance (CMR) has been used to determine the in vivo myocardial oxygenation of the left 
ventricle (LV). The aims of the present study were therefore to determine the feasibility of RV targeted rest/
stress OS-CMR imaging in PAH patients and healthy volunteers.
Methods: We prospectively recruited 20 patients with right heart catheter proven PAH and 9 healthy 
age matched controls (NC). The CMR examination involved standard functional imaging and OS-CMR 
imaging. An OS-CMR signal intensity (SI) index (stress/rest SI) was acquired at RV anterior, RV free-wall 
and RV inferior segments. In the LV, the OS-CMR SI index was acquired globally. 
Results: Reliable OS SI changes were only obtained from the RV inferior segment. As RV dysfunction in 
PAH is a global process, hence this segment was used in both patients and NC for further comparison. RV 
OS-CMR SI change between rest and stress in the NC was 17%±5% (mean ± SD). Nine of 20 (45%) of the 
PAH patients had a mean OS SI change of less than 9% (or ≥2 SD different from the mean values in NC). 
Overall, RV OS SI index between the PAH patients and NC was 11%±9% vs. 17%±5% (P=0.045) in the RV 
inferior segment. In the LV, the global OS-CMR SI index between the PAH patients and NC was 11%±7% 
vs. 21%±9% (P=0.019). There was a strong correlation between RV Inf OS-CMR SI and LV OS-CMR SI 
(r=0.86, P<0.001).
Conclusions: In this small pilot study, pharmacological induced OS-CMR is a feasible and safe technique 
to identify and study myocardial oxygenation in the RV of PAH patients.
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Introduction

Pulmonary arterial hypertension (PAH) is a progressive 
disorder that affects both the pulmonary vasculature and 
the heart (1). The natural progression of PAH involves 
gradual development of right ventricular (RV) dysfunction 
which is often silent until advanced (2,3). Whilst the exact 
cause of RV remodelling and subsequent dysfunction 
remains unclear; an ischemic precipitant is thought to 
be a significant contributor (4). Oxygen-sensitive (OS) 
cardiovascular magnetic resonance (CMR) technique 
has been used to investigate myocardial oxygenation and 
ischemia in the left ventricle (LV) (5,6). This technique 
has been based on the effects of oxygenation on the 
paramagnetic properties of haemoglobin (7). Deoxygenated 
haemoglobin acts as an endogenous contrast agent with 
T2/T2*-dependent signal effects. The signal intensity (SI) 
changes in OS-CMR images are inversely correlated with 
the concentration of deoxygenated haemoglobin. Hence 
with the relative increase of deoxygenated haemoglobin 
there will be a decrease in OS-CMR SI. Although OS-
CMR has been used to advance the understanding of 
myocardial ischemia and a number of LV myocardial  
(8-11) and coronary artery disease states (6,12,13), the 
utility in the RV has not yet been determined. Additionally, 
the need for other markers of early recognition and 
diagnosis of PAH is paramount, particularly for individuals 
at higher risk for development of RV failure. It is possible 
that the novel imaging technique of RV targeted OS-CMR 
may provide an earlier diagnosis of RV abnormality in these 
patients. However, before the utility of these techniques can 
be implemented as a screening tool for RV ischemia and/
or dysfunction, the feasibility of this technique must first be 
established. The aim of the present work therefore was to 
examine the feasibility of RV targeted OS-CMR to detect 
ischemia in a population with known PAH.

Methods

Study population

Patients undergoing treatment in the PAH clinics at two 
South Australian hospitals were invited to participate 
in this study. Patients were considered for inclusion if 
they had right heart catheter proven PAH and resting 
echocardiographic mean PA pressure between 25–50 mmHg 
(as measured by the peak pulmonary regurgitant signal 
on echocardiography and added to estimated right atrial 

pressure) and/or systolic PA pressure between 40–90 mmHg 
(as measured by the peak tricuspid regurgitant velocity 
gradient on echocardiography and added to estimated 
right atrial pressure). Exclusion criteria included severe RV 
dysfunction on echocardiography, diagnosis of significant 
left heart cardiomyopathy and/or coronary artery disease 
(defined as >70% luminal stenosis in an epicardial coronary 
artery at angiography or prior myocardial infarction) as well 
as contraindications to CMR and/or adenosine (second or 
third degree heart block, obstructive pulmonary disease or 
dipyridamole use). Nine healthy volunteers also underwent 
the same imaging procedures to act as a control group. 
The healthy volunteers had no known cardiac disease 
or symptoms and were free of any cardiac risk factors, 
including hypertension, smoking or diabetes. This study 
was approved by the Southern Adelaide Clinical Human 
Research Ethics Committee, and all participants provided 
written and informed consent to participate in the study. 

CMR protocol 

Participants were scanned using a 3 Tesla clinical MR 
scanner (Siemens, 3T MAGNETOM Skyra, 18 channel 
torso phased array coil in conjunction with a spinal coil 
posteriorly) and refrained from caffeine 24 hours prior to 
the scan. The scanning protocol included Half-Fourier 
single-shot turbo spin echo (HASTE) and Fast imaging 
with steady precession (TrueFISP) localisers. Cine images 
were acquired in vertical and horizontal long-axis, and 
ten short-axis images covering the entire right and left 
ventricles, using a retrospective ECG gating steady-state 
free precession (SSFP) sequence [repetition time (TR) 3 ms,  
echo time (TE) 1.5 ms, matrix 173×256, field of view 
370 mm × 370 mm, bandwidth 1,302, spatial resolution 
1.81×1.45×6, slice thickness 6 mm, flip angle 55°]. For 
OS imaging, a single mid-ventricular slice was acquired at 
mid-diastole using a single-shot T2-prepared ECG-gated 
SSFP sequence (TR 256 ms, TE 1.21 ms, T2 preparation 
time 40 ms, matrix 168×192, field of view 340 mm × 
340 mm, slice thickness 6 mm, flip angle 44°). Volume 
shimming and frequency adjustments were performed as 
required before the oxygenation imaging to minimise off-
resonance artefacts. To optimise the OS-CMR for the RV, 
a frequency with the fewest banding artefacts and best 
homogeneity was selected and applied to the OS sequence. 
In addition, the volume, size and shape of the shim was 
set to tightly cover the heart in the mid short axis slice, 
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with the thickness reduced to shim the slice area only. 
This enables further reduction of both banding frequency 
artefact and susceptibility artefacts. Each OS-CMR image 
was acquired during a single breath-hold over six heart 
beats. Four resting OS-CMR images were acquired at rest 
prior to commencement of adenosine infusion. Acquisition 
of the OS-CMR stress images commenced at 2 minutes of 
adenosine infusion. Each acquisition lasted 8–10 seconds 
on average (was heart rate dependent), we obtained four 
to six OS-CMR acquisitions over the stress period with an 
average of 30 seconds interval between acquisitions. Hence, 
typical duration of stress OS-CMR image acquisition was 
3 minutes with the total duration of adenosine infusion 
was about 5 minutes (Figure 1). Stress heart rate and blood 
pressure were obtained every minute of adenosine infusion. 
Patients were monitored by ECG, sphygmomanometry and 
pulse oximetry throughout the study.

CMR analysis

The LV and RV function were analysed quantitatively from 
the short-axis SSFP images using CVI42 (Circle CVI, Calgary, 
Canada). Standard function parameters were calculated 
including LV ejection fraction (LVEF), RV ejection fraction 
(RVEF), cardiac index (CI), and body surface area indexed 
end-diastolic (EDVi), end-systolic (ESVi) volumes for LV/
RV and LV indexed myocardial mass. 

For OS-CMR assessment of the RV, a region of interest 
(ROI) contour was traced manually using CVI42 (Circle 
CVI, Calgary, Canada). The RV was segmented to into 
RV anterior (RV Ant), RV free-wall (RV FW) and RV 
inferior (RV Inf) (Figure 2). OS-CMR assessment of the 
LV was performed whereby epicardium and endocardium 
borders were manually traced and was sub-divided into 6 
equiangular segments based on a standard American Heart 
Association segmentation of the mid-ventricular slice (14). 

Figure 1 CMR Protocol. CMR, cardiovascular magnetic resonance.

Scout & cine imaging Rest
OS-CMR imaging

Adenosine infusion (140 μg/kg/min) for ~5 minutes

2 minutes

Stress
OS-CMR imaging

Figure 2 Colour Myo-map of OS-CMR signal intensity in a mid-ventricular short axis view demonstrating the delineation of RV Ant, RV 
FW and RF Inf segments in controls (A) and pulmonary hypertension patients (B). OS, oxygen-sensitive; CMR, cardiovascular magnetic 
resonance; RV Ant, right ventricle anterior; RV FW, right ventricle free-wall; RF Inf, right ventricle inferior.
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The mean resting myocardial signal intensity (SI) within 
each segment was obtained by averaging signal measurements 
from all the acquired rest OS-CMR images. Similarly, mean 
stress SI was calculated by averaging the signal measurements 
from all the stress OS-CMR images acquired during adenosine 
infusion. As it is a cardiac gated sequence, corrections have 
been made to the mean SI due to the variations of heart rate 
and its effects on T1 relaxation (15). These corrections have 
been applied to previous OS-CMR studies involving the LV, 
and similar correction has been applied to the OS-CMR 
RV SI. The following equation was used for correction for 
measured SI for heart rate: 

S = S0/[1− βe (−TR/T1)]
where S is the corrected SI and S0 is the measured SI. 

TR is the image dependent time between acquisitions of 
sections of k-space, governed by the heart rate. An empirical 
value of T1 =1,220 ms22 and β=0.59 from previously 
described work was appropriate for this sequence (12). The 
relative SI change was calculated as: ΔSI (%) = (SI stress − 
SI rest)/SI rest ×100. 

OS-CMR analysis of the LV was performed as previously 
described (12). As PAH is a global process the LV OS-CMR 
assessment was evaluated globally by averaging the ΔSI (%) 
from all the 6 LV segments.

All OS-CMR analysis was undertaken by experienced 
(SCMR Level 3) observers blinded to the clinical 
information of the participant. To evaluate inter-
reproducibility, the OS-CMR images were independently 
assess by 2 experienced (SCMR Level 3) observers. To 
evaluate intra-observer reproducibility, one observer 
measured OS-CMR SI twice on 2 separate days with a 
washout period of at least 2 weeks.

Statistical analysis

Basel ine  and fol low up data  wi l l  be  summarised 
using appropriate descriptive statistics and graphical 
representations. Discrete variables are summarised using the 
frequencies and percentages, whereas continuous variables 
will be presented by mean, standard deviation, median, Q1, 
Q3 as appropriate. Percentages will be calculated according 
to the number of patients for whom the data are available. 
These data will be presented for all patients and P value 
reported for the difference between the groups using the 
appropriate statistical tests for categorical or continuous 
variables. Statistical tests were two-tailed and P<0.05 was 
considered statistically significant. Reproducibility of OS-
CMR SI measurements was assessed by using the coefficient 

variability method. Associations between the test parameters 
were assessed using the Pearson r correlation coefficient.

Results

Participants characteristics

The baseline characteristics of both groups are detailed in 
Table 1. Both groups were well matched for age and gender, 
but the control group had a lower body mass index (BMI, 
27.0 vs. 30.9 kg/m2, P=0.004). Amongst the PAH patients, 
11 (55%) had idiopathic pulmonary hypertension (iPAH),  
6 (30%) patients had systemic sclerosis (SSc)-associated 
PAH and 3 (15%) patients had chronic thromboembolic 
PAH (CTEPH). All patients had right heart catheter proven 
diagnosis of PAH with a mean pulmonary artery pressure 
of 35 [30–41] mmHg and mean pulmonary capillary 
wedge pressure of 12 [10–14] mmHg. Mean 6-minute 
walk distance was 421 [368–474] meters. World Health 
Organisation functional class was between class II (n=16, 
80%) and III (n=4, 20%). On echocardiography seven 
patients (35%) had RV dilatation but none had systolic RV 
dysfunction. The PAH patients had an echocardiography-
estimated mean pulmonary artery pressure of 47 [38–57] 
mmHg. All PAH patients were treated with pulmonary 
vasodilators such as bosentan, macitentan, sildenafil, 
riociguat or a combination macitentan and sildenafil. The 
PAH patients were stable on treatment and continued 
their pulmonary vasodilators therapy during the OS-CMR 
research scan.

CMR characteristics

Table 2 shows a comparison of CMR variables between 
PAH patients and controls. The only statistically significant 
difference in CMR volumetric and functional indices 
between PAH and controls were the RV mass index (20±12 
vs. 14±9 g/m2, P=0.014) and RV inferior wall thickness (5±1 
vs. 4±1 mm, P=0.019). The RV inferior wall thickness was 
measured on the SA cine slice location similar to the mid 
ventricular slice location chosen for the OS imaging.

RV myocardial oxygenation response (OS-CMR) 

Safety and tolerability 
All participants tolerated and completed the adenosine 
induced stress component of the OS-CMR. Both the 
patients and controls had a good hemodynamic stress 
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response, increase in heart rate (>10 beats/min) and at least 
one adenosine-related symptom (chest tightness, shortness 
of breath, flushing, transient headache or nausea). There 
was a drop of systolic blood pressure (>10 mmHg) in 10 
patients (50%). All side effects dissipated within a minute of 

stopping the adenosine infusion. 

OS-CMR acquisition and optimization of the RV signal 
We found that the feasibility of detecting the RV OS-CMR 
signal differed according to the RV myocardial segments. 

Table 1 Patient demographics and baseline clinical data

Variables PAH (n=20) Control (n=9) P value

Age (years) 67 [62–73] 63 [57–70] 0.293

Females sex, n [%] 15 [75] 4 [44%) 0.117

BMI (kg/m2) 30.9 (28.7–33.0) 27.0 (25.6–28.4) 0.004

Comorbidities, n [%] –

Hypertension 6 [30] 0

Diabetes 3 [15] 0

Obstructive sleep apnoea 6 [30] 0

Medication, n [%] –

Beta-blockers 4 [20] 0

ACEi/ARB 3 [15] 0

Endothelin receptor blockers 16 [80] 0

PDE5 inhibitor 11 [55] 0

Soluble guanylate cyclase 1 [5] 0

ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker. 

Table 2 CMR ventricular function

Variables PAH (n=20), mean ± SD Control (n=9), mean ± SD P value

CMR LVEF (%) 66±10 69±7 0.409

CMR LV EDVi (mL/m2) 62±24 66±11 0.505

CMR LV ESVi (mL/m2) 21±11 19±4 0.496

CMR LV ED mass index (g/m2) 48±18 51±10 0.593

CMR LV SV index (mL/m2) 40±16 47±8 0.167

CMR RVEF (%) 58±11 64±9 0.165

CMR RV EDVi (mL/m2) 66±23 65±14 0.846

CMR RV ESVi (mL/m2) 28±17 24±9 0.321

CMR RV SV index (mL/m2) 38±12 41±10 0.412

CMR RV ED mass index (g/m2) 20±12 14±9 0.014

RV inferior wall thickness* (mm) 5±1 4±1 0.019

*, RV inferior wall was measured at the short axis cine slice location similar to the OS-CMR mid ventricular slice location. OS, oxygen-
sensitive; CMR, cardiovascular magnetic resonance; RV, right ventricle; LV, left ventricle; LVEF, LV ejection fraction; RVEF, RV ejection 
fraction; ESVi, end-systolic volume index; EDVi, end-diastolic volume index; SV, stroke volume; ED, end-diastolic.
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In both PAH and controls, reliable OS signal was only 
obtained in the inferior RV myocardial segment. Overall 
OS-CMR analysis was possible in 89% (396/444) of the 
RV (OS-CMR rest and stress) myocardial segments in the 
pulmonary hypertension patients and 80% (189/237) of 
the RV (OS-CMR rest and stress) myocardial segments in 
the control group. In the PAH group, 84% of the RV Ant 
(124/148) and RV FW (125/148) myocardial segments were 
analysed and 99% of RV Inf (147/148) myocardial segments 
were analysed. In the control group 73% of the RV Ant 
(58/79) and 75% of RV FW (59/79) myocardial segments 
were analysed with all the RV Inf myocardial segments 
were analysed. Segments were excluded from analysis 
because of thinned myocardium, off-resonance artefacts and 
image artefacts (Figure 3). We had attempted to reduce the 
limitation of thinned RV myocardium by reviewing all the 
SA cine acquisitions and selecting the best mid ventricle SA 
cine slice with the maximal RV myocardial thickness. The 
OS sequence was then applied to this mid ventricle SA slice 
location. 

To limit the effects of off-resonance artefacts, a 
frequency shift scout series was applied to the selected mid 
ventricle SA cine slice location. A frequency range between 
−150 to 150 Hz was acquired and reviewed to select the 
optimal frequency. The delta frequency of the OS-CMR 
sequence was adjusted according to the optimal frequency 
chosen from the frequency shift scout. Image artefacts of 
the RV myocardium, in particular the RV FW segments 
were due to artefacts from air, heart-lung borders, sternal 
wires. This was overcome by modifying the adjustment 
volumes to match to selected mid ventricle SA slice location 

(Figure 4, green box). To begin with the thickness of the 
adjusted volume was modified to focus only on the selected 
mid ventricle SA slice thickness (Figure 4A). Then the 
area of the adjustment volume was reduced inplane to the 
myocardium and to exclude unwanted air and sternal wires 
(Figure 4B). No adjustments were made to the matrix, field 
of view or slice thickness between rest and stress OS-CMR 
imaging in both groups. All the OS-CMR images were 
acquired in the same part of the cardiac cycle. A constant 
OS-CMR sequence voxel size of 2.02 mm × 1.77 mm was 
maintained in both PAH and controls.

Oxygenation response (OS-CMR signal)
The RV OS SI response in the three RV segments in PAH 
patients were: RV Ant 10%±12%, RV FW 3%±15% and 
RV Inf 11%±9%. In controls, reliable OS SI response 
was obtained in the RV Inf segment. The RV Inf OS SI 
changes between PAH patients and controls was 11%±9% 
vs. 17%±5% (P=0.045). Figure 5A further highlights the 
distribution of OS signal response in PAH vs. control 
group to stress in the inferior RV segments. There was less 
variability of the OS SI between PAH patients and controls. 
In the RV Inf, the PAH patients have a median OS SI change 
of 11% (interquartile range, 5% to 18%) versus control 
median OS SI change of 17% (interquartile range, 12% to 
21%). The inter-observer coefficient variability was 0.812 
and the intra-observer coefficient variability was 0.945.

LV myocardial oxygenation response (OS-CMR) 

The global LV ΔOS-CMR SI change was significantly lower 

Figure 3 OS-CMR images in patients with pulmonary hypertension demonstrating poor image quality and segmental (RV Ant and RV 
FW) exclusions. Myocardial segments are excluded (arrows) from analysis primarily due to thin myocardium (A), off-resonance artefacts (B) 
and image artefacts (C). OS, oxygen-sensitive; CMR, cardiovascular magnetic resonance; RV Ant, right ventricle anterior; RV FW, right 
ventricle free-wall.
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in the PAH group compared to the controls (11.1%±7.3% 
vs. 21.1%±9.1%, P=0.019) (Figure 5B).

Relationship between RV myocardial oxygenation, LV 
myocardial oxygenation and CMR volumetric and 
functional indices

There was a strong correlation between RV OS-CMR 
SI and LV OS-CMR SI (r=0.86, P<0.001) (Figure 6A). 
Furthermore there was an inverse relation whereby the RV 
Inf OS SI change was increasingly blunted with increasing 
RV wall thickness (r=−0.76, P<0.001) (Figure 6B). However 
there was no correlation between RV Inf OS SI and CMR 
RVEF (r=0.24, P=0.346), CMR RV EDVi (P=−0.21,  
P=0.377) or RV mass index (r=−0.44, P=0.079).

Discussion

The main finding of this proof of concept study is that the 
use of OS-CMR with vasodilator stress is safe and feasible 
in PAH patients. We found that compared with age-
matched healthy volunteers, OS-CMR shows myocardial 
deoxygenation most reliably in the inferior RV of patients 
with PAH. Furthermore, the RV myocardial deoxygenation 
correlates with the LV myocardial deoxygenation in PAH 
patients. This technique therefore holds promise as a non-
invasive tool to assess early RV myocardial ischemia in 
patients with PAH. 

Pathological mechanisms of RV ischemia in PAH

It has long been recognised that an ischaemic insult is the 
most likely precipitant in the remodelling and subsequent 
development of RV dysfunction in PAH (4). This occurs 
in one of many forms. (I) Increasing pulmonary vascular 
and thence RV pressure decreases the pressure gradient 
between the aorta and the RV and might thereby reduce 
myocardial blood flow in the RV branch of the right 
coronary artery, which may lead to ischemia (16,17). 
Progressive RV hypertrophy (RVH) without a sufficient 
compensatory increase in the myocardial vasculature and 
flow would likely exacerbate ischemia of the RV (18-20). 
It has been demonstrated in the advanced stages of PAH 
that right coronary perfusion pressure can drop below  
50 mmHg leading to a decl ine of  RV contracti le  
function (21). (II) Microvascular ischemia may also occur, 
due to occlusive microvascular damage and impairment in 
angiogenesis (known as capillary rarefaction); this has been 
demonstrated in animal models and SSc associated PAH 
(17,21). There is also decreased expression of genes such as 
insulin growth factor 1, VEGF, apelin and angiopoietin-1 
in the RV in PAH, which can lead to further microvascular 
damage, rendering the myocardial fibres more vulnerable to 
ischemia (2). (III) Dysfunctional mitochondrial metabolism 
has been another pathologically relevant feature of 
myocardial ischemia demonstrated in hypertrophied RV 
of PAH. In animal models of PAH with RVH, there is a 
shift from fatty acid oxidation to glycolysis as a preference 

Figure 4 Adjustments volumes made to OS-CMR cardiac shim images to mitigate the effects of artefacts. Adjusted volume modified to 
focus on the selected mid ventricle SA slice thickness (A). Adjustment volume reduced inplane to the myocardium and to exclude unwanted 
air and sternal wires (B). Green box indicates selected mid ventricle SA slice location. OS, oxygen-sensitive; CMR, cardiovascular magnetic 
resonance; SA, short axis. 
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of energy substrates (22). This shift in glycolysis has been 
demonstrated by increased uptake of fluorodeoxyglucose 
on positron emission tomography (PET) in PAH patients 
with RVH (23). This metabolic shift to aerobic glycolysis 
has been associated with decreased cardiac output and RV 
contractility (22,24). The complex interplay between reduced 
right coronary perfusion pressure, microvascular ischemia and 
worsening RV contractility can lead to a decrease in myocardial 
oxygenation. Even in the absence of epicardial coronary artery 
disease, these mechanisms could form a vicious cycle leading to 
progressive RV dysfunction, resulting in RV hibernation (25). 

Feasibility of OS-CMR in the RV

The use of OS-CMR has been established as a direct 

assessment of myocardial oxygenation in the LV (6). 
The OS SI changes reflect the changes in haemoglobin 
oxygenation; hence it can be used to study the state of 
myocardial oxygenation in the capillary bed. OS-CMR is 
a novel non-invasive technique that can provide insights 
into the balance (or the lack of) between myocardial 
oxygen supply and demand. As it is a direct measure of 
oxygenation changes within the myocardium, it has been 
utilized to demonstrate ischemia in diseases in the absence 
of significant epicardial coronary artery disease (6). The 
OS-CMR technique has increased understanding of  
in vivo myocardial oxygenation in epicardial coronary artery 
disease and cardiomyopathies involving the LV; however, its 
utility in the assessment of myocardial ischemia of RV has 
not yet been examined. 

Figure 5 Distribution of OS signal response to stress between PAH and control in the inferior RV segment (A) and LV (B). OS, oxygen-
sensitive; PAH, pulmonary arterial hypertension; RV, right ventricle; LV, left ventricle.
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Figure 6 Correlation between Inf RV OS-CMR SI (%) to global LV OS-CMR SI (%) (A) and Inf RV wall thickness (mm) (B). OS, oxygen-
sensitive; CMR, cardiovascular magnetic resonance; RV, right ventricle; LV, left ventricle; SI, signal intensity.
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Our study has demonstrated that OS-CMR of the 
RV with stress induced via pharmacological adenosine 
infusion is a safe and feasible technique in patients with 
PAH. Nevertheless, in some patients the RV Ant and RV 
FW segments had to be excluded from analysis due to thin 
myocardium (causing partial volume effects), off-resonance 
artefacts and image artefacts. Whilst every effort was taken 
to limit these effects, there are a known limitation of the 
OS-CMR technique. Other OS-CMR studies involving the 
LV have excluded segments with thinned myocardium and 
artefacts (from partial volumes) as it affects the accuracy 
of OS-CMR SI (26). In our study the measured Inf RV 
wall thickness and consistent voxel-size during OS-CMR 
imaging provided sufficient coverage to avert partial volume 
effects. Off-resonance artefacts seen in OS-CMR by nature 
arise from the inhomogeneities of using a higher magnetic 
field (27). However the advantages of using a higher 
field strength are improved ability to detect OS-CMR SI 
changes, increased contrast to noise ratio and signal to noise 
ratio (27). Despite these limitations, the feasibility of OS-
CMR in the RV offers a potentially novel non-invasive, 
contrast and tracer independent technique that may 
offer new insights to myocardial oxygenation in the RV. 
Furthermore the OS SI in the RV has a good correlation 
with the LV, an area of the myocardium in which the OS-
CMR technique has been extensively validated and studied 
(5,6). Coincidentally we have demonstrated LV myocardial 
deoxygenation in PAH patients. While the focus of this 
study has been the feasibility of OS-CMR of the RV, the 
presence of LV deoxygenation in PAH needs further study. 
In summary, establishing a means of studying the in-vivo 
state of myocardial oxygenation of the RV in PAH patients 
may help in the pathophysiological understanding of RV 
dysfunction in this high risk group.

Study limitations

This study has a small sample size which may increase the 
margin of error. Further, larger studies would help further 
optimize as well as determine the clinical utility of OS-
CMR of the RV in PAH and its association with clinical 
outcomes. Additionally, there was incomplete coverage of 
the full RV myocardium due to the CMR acquisition being 
performed on a single mid-ventricular slice however this 
is unlikely to be of major relevance in RV assessment of 
PAH which is a global process. Indeed, the mid RV wall 
is the most vulnerable to ischemia anatomically because 
of its precarious blood supply. The presence of thin 

myocardium, off-resonance artefacts and image artefacts 
led to poor image quality and segment exclusion. However, 
the feasibility and safety of pharmacological induced OS-
CMR of the RV should provide novel insights into the 
mechanisms of RV dysfunction in PAH patients. Moreover, 
a novel marker of early or impending RV failure might 
become a clinically useful guide for therapy augmentation. 
These findings should be considered as hypothesis-
generating for future studies. 

Conclusions

This is the first study to show that pharmacological induced 
OS-CMR is a feasible and safe technique to identify and 
study myocardial oxygenation in the RV of PAH patients. 
With a larger study this technique has potential implications 
in the understanding of myocardial ischemia of the RV in 
patients with PAH, or other pathologic conditions affecting 
the RV myocardium.
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