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Background: Prognosis in pulmonary arterial hypertension (PAH) is largely dependent on right ventricular
(RV) function. However, recent studies have suggested the presence of left ventricular (LV) dysfunction in
PAH patients. The potential role of LV ischemia, as a contributor to progressive LV dysfunction, has not
been systematically studied in PAH. We aim to assess the presence and extent of LV myocardial ischemia in
patients with known PH and without obstructive coronary artery disease (CAD), using oxygen-sensitive (OS)
cardiovascular magnetic resonance (CMR) and stress/rest CMR T1 mapping.
Methods: We prospectively recruited 28 patients with right heart catheter-proven PH and no significant
CAD, 8 patients with known CAD and 11 normal age-matched controls (NC). OS-CMR images were
acquired using a T2* sequence and T1 maps were acquired using Shortened Modified Look-Locker
Inversion recovery (ShMOLLI) at rest and adenosine-induced stress vasodilatation; ΔOS-CMR signal
intensity (SI) index (stress/rest SI) and ΔT1 reactivity (stress-rest/rest T1 mapping) were calculated.
Results: Global LV ΔOS SI index was significantly lower in PH patients compared with controls
(11.1%±6.7% vs. 20.5%±10.5%, P=0.016), as was ΔT1 reactivity (5.2%±4.5% vs. 8.0%±2.9%, P=0.047). The
ischemic segments of CAD patients had comparable ΔOS SI (10.3%±6.4% vs. 11.1%±6.7%, P=0.773) to PH
patients, but lower ΔT1 reactivity (1.1%±4.2% vs. 5.2%±4.5%, P=0.036).
Conclusions: Decreased OS-CMR SI and T1 reactivity signify the presence of impaired myocardial
oxygenation and vasodilatory response in PH patients. Given their unobstructed epicardial coronary arteries,
this is likely secondary to coronary microvascular dysfunction (CMD).
Keywords: Pulmonary hypertension; cardiac magnetic resonance (CMR); coronary microvascular dysfunction
(CMD); oxygen-sensitive cardiac magnetic resonance; stress/rest T1 mapping
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Introduction
Pulmonary arterial hypertension (PAH) is a serious and
progressive disorder, in which the prognosis is largely
dependent on right ventricular (RV) function (1). Recent
studies, however, have suggested the presence of left
ventricular (LV) dysfunction in PAH patients. Studies
from explanted hearts of PAH patients, for example, have
demonstrated atrophy and severe contractility impairment
of the LV cardiomyocyte (2). The potential contribution of
LV ischemia, to progressive LV dysfunction has not been
systematically studied in PAH.
Oxygen-sensitive (OS) cardiovascular magnetic resonance
(CMR), also known as blood oxygen level-dependent
(BOLD) CMR imaging, enables the in vivo assessment of
myocardial oxygenation at the tissue level. The utility of
this technique is underpinned by the natural paramagnetic
properties of hemoglobin (3). Following vasodilator stress,
healthy vessels dilate sufficiently to increase myocardial
oxygenation creating a BOLD-effect, leading to signal
intensity (SI) changes in OS-CMR sequence. In segments
subtended by healthy vessels there is relative reduction
deoxyhemoglobin concentration, leading to a rise in SI.
Conversely a mismatch in oxygen supply and demand causes
to a relative accumulation of deoxyhemoglobin which would
blunt the SI changes. The OS-CMR sequence has been
validated by direct measurement of myocardial oxygenation
in various conditions involving the left ventricle (LV) (4).
In addition to OS-CMR, CMR stress/rest T1 mapping
has emerged as a novel promising technique to distinguish
normal, ischemic and infarcted myocardium in patients with
coronary artery disease (CAD) (5). This technique measures
changes in T1-values between native (rest) T1 mapping and
vasodilator induced native (stress) T1 mapping. CMR T1
mapping is highly sensitive to changes in myocardial water
content, including myocardial blood volume (MBV) (6,7).
Vasodilator stress induction causes coronary vasodilatation
which leads to changes to myocardial water (6) and MBV
(8,9); hence altering T1-values which will enable assessment
of microvascular and MBV changes during ischemia (10).
Stress/rest T1 mapping is validated to distinguish between
epicardial and microvascular CAD (11-14).
While epicardial CAD is the most common cause
of myocardial ischemia, studies have demonstrated
that coronary microvascular dysfunction (CMD) leads
to reduced quality of life and carries an adverse longterm prognosis (15,16). To date, no study has used these
emerging CMR techniques to advance the understanding of
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myocardial ischemia and/or oxygenation in the left ventricle
of pre-capillary PH patients. This could potentially provide
novel mechanistic insights into the pathophysiology of the
complex PH clinical syndrome and subsequently lead to
potential new treatment pathways. Hence, the present study
sought to assess the presence and extent of LV myocardial
ischemia in patients with known pre-capillary PH and
absent epicardial CAD, using OS-CMR and stress/rest T1
mapping. We present the following article in accordance
with the STROBE reporting checklist (available at http://
dx.doi.org/10.21037/cdt-20-698).
Methods
Study population
Patients attending PH clinics at two South Australian
public hospitals were invited to participate in this study.
The inclusion criteria were right heart catheter-proven precapillary PH [defined as mean pulmonary artery pressure
(mPAP) ≥25 mmHg and pulmonary artery wedge pressure
(PAWP) <15 mmHg]. Exclusion criteria included severe RV
dysfunction on echocardiography (determined by tricuspid
annular plane systolic excursion), echocardiographic
LV ejection fraction <50% and/or CAD (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). Eight patients with known CAD
(CAD controls) on coronary angiogram were recruited into
the study in order to characterize the OS-CMR and T1
reactivity values in their ischemic myocardial segments for
comparison with the values in the myocardium of patients
with PH. Eleven healthy volunteers (normal controls) with
no known cardiac or respiratory disease or symptoms and
no cardiac risk factors, including hypertension, smoking
and diabetes, were invited to participate as controls. The
study was conducted in accordance with the Declaration
of Helsinki (as revised in 2013). This study was approved
by the Southern Adelaide Clinical Human Research Ethics
Committee (HREC/15/SAC/397), and all participants
provided written informed consent to participate in the
study.
CMR protocol
The participants were scanned using a 3 Tesla clinical MR
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Figure 1 CMR imaging protocol. OS-CMR and rest/stress CMR imaging protocol for PH, CAD and control group. OS-CMR, oxygensensitive cardiovascular magnetic resonance; CAD, coronary artery disease.

scanner (Siemens, 3T MAGNETOM Skyra, 18 channel
torso phased array coil in conjunction with a spinal coil
posteriorly). The participants were asked to refrain from
caffeine 24 hours before the scan. The cine images were
acquired in vertical and horizontal long-axis, and ten shortaxis 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, flip angle 55˚]. For OS imaging, a
single mid-ventricular slice was acquired at mid-diastole
using a 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˚) (Figure 1). Four OS-CMR images
were acquired at rest during a single breath-hold over six
heartbeats. At stress, four OS-CMR images identical to
the ones acquired at rest were acquired at peak adenosine
stress (140 µg/kg per minute) starting at 120 seconds after
initiation for at least 5 minutes (Figure 1). T1 mapping was
acquired using Shortened Modified Look-Locker Inversion
recovery (ShMOLLI) in three short-axis slice positions
(basal, mid-ventricular and apical) as previously described
(Figure 1) (5). The resting T1 maps were acquired after
the resting OS-CMR images. The mid-ventricular slice
location was matched to the mid-ventricular resting OSCMR images, and the basal slice was carefully selected to
avoid the LV outflow tract. Stress T1 maps were acquired
after the stress OS-CMR images (starting 5 mins after the
commencement of the adenosine infusion) in 3 short-axis
slices matching the resting T1 maps. Stress heart rate and
blood pressure were obtained once every minute during
the adenosine infusion. Patients were monitored by ECG,
sphygmomanometry and pulse oximetry throughout the
study.
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CMR analysis
CMR analysis was performed using CVI 42 (Circle CVI,
Calgary, Canada). The left and RV function were analyzed
quantitatively from the short-axis SSFP images. Standard
functional parameters were calculated including LV ejection
fraction (LVEF), RV ejection fraction (RVEF), LV cardiac
index (CI), and body surface area indexed end-diastolic
(EDVi), end-systolic (ESVi) volumes for LV/RV and LV
indexed myocardial mass.
OS-CMR assessment of the LV was performed as
previously described (17). In brief, the LV epicardium
and endocardium were manually traced and corrected for
cardiac motion. The LV myocardium was sub-divided into
6 equiangular segments based on a standard American
Heart Association segmentation of the mid-ventricular slice
(Figure 2) (18). Mean myocardial SI within each segment
was obtained by averaging signal measurements from
images acquired both at rest and stress and corrected for
heart rate using previously published techniques (19). The
measured SI corrections for heart rate were made using the
following equation (17):
S = S0/[1-βe (-TR/T1)]

[1]

An empirical value of T1=1,220 ms and β=0.59 from
previously described work was used for this sequence (17).
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 (17). The relative SI
change was calculated as ΔSI (%) = (SI stress − SI rest)/SI
rest ×100. The mean global LV ΔOS-CMR SI is derived
from the mean ΔOS-CMR SI of all 6 equiangular segments.
The mean LV septal ΔOS-CMR SI was derived from the
mean ΔOS-CMR SI of the antero- and inferoseptal LV
segments and the mean LV free-wall ΔOS-CMR SI was
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Figure 2 Representative cases in a PH, control and CAD patient. OS-CMR and Rest/Stress T1 mapping protocol whereby a resting midventricular OS-CMR is first acquired followed by the resting T1 mapping at basal, mid-ventricular (matched to OS-CMR image slice
location) and apical. Following vasodilator stress, matching mid ventricular slice stress OS-CMR images and stress T1 mapping images
matching the resting three short-axis slice positions were then acquired. OS-CMR, oxygen-sensitive cardiovascular magnetic resonance;
CAD, coronary artery disease.

derived from the mean ΔOS-CMR SI of the antero- and
inferolateral LV segments.
Myocardial T1 analysis was performed on the T1 maps
acquired during rest and stress. The endocardial and
epicardial contours were manually traced for all the 3 shortaxis T1 map images (basal, mid-ventricular and apical) and
were divided into 16 segments according to the American
Heart Association 17-segment model (18). The mean
myocardial T1 within each segment was obtained, both at
rest and stress. The T1 reactivity (ΔT1) was then calculated
from the T1-values at rest (T1Rest) and during adenosine
stress (T1Stress) as (Figure 2):
ΔT1 = (T1Stress – T1Rest)/T1Rest ×100%
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[2]

Statistical analysis
All analyses were performed using the Stata statistical
software version 15.1 (StataCorp., USA). Categorical
data are described using frequencies and percentages
and continuous data using mean and standard deviation.
Differences between groups in mean resting T1, the
mean changes in T1 and the mean changes in myocardial
oxygenation response were assessed using independent
t-tests. Group comparisons were made using ANOVA with
post-hoc Dunnett’s test used for multiple group corrections.
Changes in these same outcomes within patient groups
were assessed using paired t-tests. The overall association
between OS-CMR and T1 reactivity was assessed using
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Table 1 Patient demographics and baseline clinical data
Variables

PH (n=28)

CAD (n=8)

Control (n=11)

P value

Age, mean ± SD (years)

69±10

70±9

64±7

0.217§

Females sex, n (%)

19 (68)

4 (50)

4 (36%)

0.291‡

Hypertension, n (%)

15 (54)

7 (87.5)

0

Diabetes, n (%)

4 (14)

8 (100)

0

Dyslipidaemia, n (%)

8 (29)

2 (25)

0

Chronic obstructive airways disease, n (%)

9 (32)

0

0

Obstructive sleep apnoea, n (%)

5 (18)

0

0

Atrial fibrillation, n (%)

6 (21)

0

0

Mean pulmonary artery pressures (mmHg)

34±7

N/A

N/A

Pulmonary artery wedge pressure (mmHg)

12±3

N/A

N/A

Mean right atrial pressures (mmHg)

11±4

N/A

N/A

2.8±0.7

N/A

N/A

8.3±4.7

N/A

N/A

Aspirin, n (%)

4 (14)

7 (88)

0

Beta-blockers, n (%)

9 (32)

5 (63)

0

ACEi/ARB, n (%)

10 (36)

3 (38)

0

Statins, n (%)

5 (18)

8 (100)

0

Calcium channel blockers

11 (39)

2 (25)

0

Endothelin receptor blockers, n (%)

26 (93)

0

0

PDE5 inhibitor, n (%)

13 (46)

0

0

2 (7)

0

0

14 (50)

0

Comorbidities

Right heart catheter haemodynamic indices

2

Cardiac index (L/min/m )
2

Pulmonary vascular resistance index (Woods unit m )
Medication

Soluble guanylate cyclase, n (%)
Combination therapy*, n (%)

0
‡

*, combination of either endothelin receptor blocker, PDE5 inhibitor or soluble guanylate cyclase; , Chi-square test; §, P value from oneway ANOVA. PH, pulmonary hypertension; CAD, coronary artery disease; SD, standard deviation; ACEi, angiotensin-converting enzyme
inhibitors; ARB, angiotensin II receptor blockers; PDE5, phosphodiesterase type 5 inhibitor.

a mixed effects model to account for non-independence
of observations due to multiple measures from different
segments. We included a random intercept for the subject as
well as a fixed effect for the segment. Separate associations
between OS-CMR and T1 reactivity for each segment
were assessed using the Pearson r correlation coefficient.
A 2-sided type 1 error rate of alpha =0.05 was used for
assessing statistical significance.
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Results
Participants characteristics
The subject characteristics are summarized in Tables 1,2.
Among the PH patients, 11 (39%) had idiopathic pulmonary
artery hypertension (iPAH), 13 (46%) patients had systemic
sclerosis-associated PAH (SSc-PAH), and 4 (14%) patients
had chronic thromboembolic PH (CTEPH). Average
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Table 2 CMR Ventricular Function
PH (n=28)

CAD (n=8)

Control (n=11)

P value§

LVEF (%), mean ± SD

68±8

60±14

68±6

0.182

LV EDVi (mL/m2), mean ± SD

72±15

88±38

64±11

0.194

24±10

39±28

20±4

0.131

53±9

58±20

51±9

0.589

48±9

49±13

44±10

0.546

LV CI (L/min/m ), mean ± SD

3.2±0.6

3.0±0.7

2.8±0.3

0.154

RVEF (%), mean ± SD

Variables

2

LV ESVi (mL/m ), mean ± SD
2

LV ED mass index (g/m ), mean ± SD
2

LV SV index (mL/m ), mean ± SD
2

60±9

74±5

64±8

2

66±17

66±20

63±13

0.878

2

RV ESVi (mL/m ), mean ± SD

27±12

17±7

23±8

0.020

RV SV index (mL/m2), mean ± SD

39±8

48±14

40±9

0.164

RV EDVi (mL/m ), mean ± SD

<0.001

§

, P value from one-way ANOVA. CMR, cardiac magnetic resonance; LV, left ventricle; RV, right ventricle; EF, ejection fraction; EDVi, enddiastolic volume index; ESVi, end-systolic volume index; ED, end-diastolic; SV, stroke volume; CI, cardiac index; SD, standard deviation.

mPAP was 34±7 mmHg and the average mean PAWP
was 12±3 mmHg. The mean interval between right heart
catheter with coronary angiogram and the CMR research
study was 2 years. The mean 6-minute walk distance was
392±114 meters. On echocardiography, 9 (36%) patients
had RV dilatation with an echocardiography-estimated
resting systolic pulmonary artery pressure of 52±25 mmHg.
All PH patients were treated with pulmonary vasodilators
such as bosentan, macitentan, sildenafil, riociguat with
14 (50%) on combination therapy. The PH patients were
stable and continued their pulmonary vasodilator therapy
during the CMR research scan.

patients (11.1%±6.7% vs. 10.3%±6.4%, P=0.773) (central
illustration). As there is interventricular ‘septal bowing’
(D shaping) in PH we also compared the ΔOS-CMR SI
in various segments of the LV. We found in PH, the mean
global LV ΔOS-CMR SI was comparable to mean LV septal
ΔOS-CMR SI (11.1%±6.7% vs. 12.3%±7.6%, P=0.523)
and mean LV free-wall ΔOS-CMR SI (11.1%±6.7% vs.
10.3%±8.2%, P=0.710). In addition, there was comparable
mean ΔOS-CMR SI changes between LV septal and LV
free-wall (12.3%±7.6% vs. 10.3%±8.2%, P=0.352) in the
PH group.
Myocardial stress/rest T1 reactivity

CMR characteristics
Table 2 shows a comparison of CMR variables between
PH, CAD and controls. The only statistically significant
difference in CMR volumetric and functional indices
between PH, CAD and controls was the RVEF (P<0.001)
and RV ESVi (P=0.020).
LV myocardial oxygenation response (OS-CMR)
All 28 patients completed the OS-CMR study protocol.
The mean global LV ΔOS-CMR SI change was significantly
lower in the PH group compared to the controls
(11.1%±6.7% vs. 20.5%±10.5%, P=0.016). In contrast,
the ΔOS-CMR SI changes in the myocardium of the PH
patients were comparable to the ischemic segments of CAD
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Of the total of 28 PH patients who underwent the Stress/
Rest T1 CMR protocol, 23 (82%) patients had good
quality analyzable T1 maps. Stress/Rest T1 maps were
excluded due to the presence of LV outflow tract on the
basal T1 map slices at stress in 3 (11%) patients and the
remaining 2 (7%) patients had poor T1 maps due to cardiac
or respiratory motion. Resting T1-values for the control
were within previously published ranges: 1,153±33 (14).
Compared to controls, patients with PH had higher resting
T1-values: 1,247±74, P<0.0001. During vasodilator stress,
the T1-values increased significantly in both PH patients
(from 1,247±74 to 1,311±83, P<0.0001) and controls
(from 1,153±33 to 1,245±38, P<0.0001). However, the
global ΔT1 reactivity was significantly blunted in the PH
patients compared to controls (5.2%±4.5% vs. 8.0%±2.9%,
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Figure 3 Distribution of vasodilator stress response of OS-CMR and T1 Reactivity in coronary artery disease (CAD), pulmonary
hypertension (PH) and control. The ΔOS-CMR SI in PH was comparable to CAD patients but significantly lower compared to control
group. Meanwhile there is a significant difference of ΔT1 reactivity in PH compared to CAD and control group.

ΔT1 reactivity was comparable to mean LV septal ΔT1
reactivity (5.2%±4.5% vs. 4.4%±3.7%, P=0.537) and mean
LV free-wall ΔT1 reactivity (5.2%±4.5% vs. 5.8%±4.9%,
P=0.625). In addition, there was no significant difference
between mean ΔT1 reactivity of LV septal and LV free-wall
(4.4%±3.7% vs. 5.8%±4.9%, P=0.267).

r=0.5002, P=0.015

ΔOS-CMR signal intensity (%)

40

30

20

10

Comparing LV myocardial ischemia in iPAH and SSc-PAH

0

–10
–10

0

10

20

ΔT1 reactivity (%)

Figure 4 Patient correlation between OS-CMR and T1 Reactivity.
Among PH patients, there is moderate correlation between global
ΔOS-CMR and global ΔT1 reactivity. OS-CMR, oxygen-sensitive

No significantly different changes in global ΔOS-CMR
SI or ΔT1 reactivity were seen between iPAH and SScPAH patients. The global LV ΔOS-CMR SI in the iPAH
(n=11) and SSc-PAH (n=13) patients was 9.7%±5.1%
vs. 11.5%±7.9%, P=0.516. The global ΔT1 reactivity
between the iPAH (n=9) and SSc-PAH (n=13) patients was
6.5%±5.3% vs. 4.3%±4.0%, P=0.319. The CTEPH patients
were not compared due to low patient numbers.

cardiovascular magnetic resonance.

P=0.047). The ischemic segments of CAD patients had
comparable resting T1 value to controls (1,197±78 vs.
1,153±33, P=0.170) and PH patients (1,197±78 vs. 1,247±74,
P=0.138). However, the ΔT1 reactivity in the ischemic
segments of CAD was 1.1%±4.2% and this is significantly
lower when compared to the global ΔT1 reactivity
in PH patients (5.2%±4.5%, P=0.036) and controls
(8.0%±2.9%, P=0.002) (Figure 3). In PH, the global LV
© Cardiovascular Diagnosis and Therapy. All rights reserved.

Correlations between myocardial oxygenation, ΔT1
reactivity and CMR volumetric/functional and
hemodynamic indices in PH patients
When the changes in OS-CMR and T1 were averaged,
there was a moderate correlation between global ∆OSCMR SI and ∆T1 reactivity (r=0.50, P=0.015) (Figure 4).
However, a stratified segmental analysis between a midventricular ∆OS-CMR SI and mid-ventricular ∆T1
reactivity showed mostly weak associations with Pearson r
correlation coefficients for the 6 segments of 0.46 (P=0.03),
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Figure 5 Segmental correlation between OS-CMR and T1 Reactivity. On mid ventricular segmental comparison among PH patients, there
is weaker correlation between ΔOS-CMR and ΔT1 reactivity. OS-CMR, oxygen-sensitive cardiovascular magnetic resonance.

0.50 (P=0.02), 0.54 (P=0.009), 0.31 (P=0.16), 0.28 (P=0.20)
and 0.35 (P=0.11) (Figure 5). In addition, there was no
overall association between mid-ventricular ∆OS-CMR SI
and mid-ventricular ∆T1 reactivity when assessed using the
mixed effects model (β=−0.05, 95% CI, −0.32, 0.22; P=0.71).
These findings imply that while a blunted global ∆OSCMR SI and ∆T1 reactivity suggest presence of abnormal
myocardial oxygenation and vasodilatory response,
there is poor association between blunted myocardial
deoxygenation and ∆T1 reactivity. Compared to CMR
volumetric/functional indices ∆OS-CMR SI had moderate
correlation to CMR RV EDVi (r=−0.47, P=0.016) and
CMR LVEF (r=0.41, P=0.038). ∆T1 reactivity had strong
correlation to CMR RV EDVi (r=−0.73, P<0.001) and a
moderate correlation to CMR LVEF (r=0.48, P=0.023).
These findings suggest that increased CMR RV EDVi and
decreased CMR LVEF are associated with blunted ∆OSCMR SI and ∆T1 reactivity (Figure 6). There was no
significant correlation between myocardial oxygenation and
∆T1 reactivity to RV haemodynamic indices.
Discussion
In this study, we have demonstrated the presence of blunted
myocardial oxygenation and T1 reactivity in the LV of PH
patients. These blunted responses to adenosine stress was
demonstrated in PH patients who were stable on pulmonary
vasodilator therapy and at an early ‘adaptive’ stage of PH
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with non-obstructive epicardial coronaries. These data
strongly suggest the presence of CMD. This provides a
novel mechanistic understanding into the pathophysiology
of LV dysfunction in PH, and could subsequently lead to
new potential treatment targets, in such patients.
Coronary microvascular disease of the LV in
pre-capillary PH
Several studies have described different pathophysiological
causes of LV dysfunction in patients with PAH (20-25).
Changes in RV affect the interventricular interaction by
leftward septal bowing, which leads to impaired LV diastolic
filling (20,21). Other studies have also demonstrated LV
diastolic dysfunction (23,24) and reduction in LV free wall
mass, in association with RV dysfunction, in PAH (25).
It has been recognized that in PAH, RV myocardial
ischemia is a precipitant of adverse remodeling and
progressive RV dysfunction (26). The gradual remodeling
of small distal pulmonary arteries followed by elevated
pulmonary vascular resistance, microvascular ischemia
and mitochondrial dysfunction culminates in RV failure
and death (26). Although LV myocardial ischemia has
been described in congenital heart and left heart disease
associated post-capillary pulmonary hypertension, there are
limited studies in PAH. In SSc-PAH, the LV myocardial
perfusion abnormalities have been attributed to decreased
coronary flow reserve (27) and CMD (28) related to
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Figure 6 Correlation between OS-CMR, T1 Reactivity and CMR volumetric and functional indices. ΔOS-CMR had a moderate correlation
to CMR right ventricular (RV) end diastolic volume index (EDVi) and CMR left ventricular (LV) ejection fraction (EF). ΔT1 reactivity had
a strong correlation to CMR right ventricular (RV) end diastolic volume index (EDVi) and a moderate correlation to CMR left ventricular
(LV) ejection fraction (EF). OS-CMR, oxygen-sensitive cardiovascular magnetic resonance.

concurrent SSc involvement of the myocardium. Extrinsic
compression of the left main coronary arteries (LMCA) due
to a dilated pulmonary artery has been elegantly described
by Galiè et al. (29). It is increasingly recognized however,
that the microvascular damage seen in the pulmonary
vasculature of PAH has links to coronary vascular disease.
A recent study by Meloche et al. demonstrated that the
inflammation and epigenetic readers seen in PAH pulmonary
vasculature were also overexpressed in the coronary arteries.
The authors suggested that inflammatory and epigenetic
readers may trigger coronary vascular remodeling in both
the LV and RV leading to CMD and CAD (30). We have
now extended these findings by demonstrating that patients
with less severe PH, and no obstructive CAD, have a blunted
myocardial oxygenation response and stress/rest T1 response
to adenosine stress. These findings are consistent with the
presence of CMD in pre-capillary PH patients.
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Myocardial oxygenation and T1 reactivity in response to
vasodilator stress
Elevated resting (native) T1-values with a significant
rise in stress T1-values on vasodilator stress in PH has
been demonstrated in aortic stenosis (11), chronic kidney
disease (14), and primary cardiomyopathies (31,32).
Native CMR T1 parametric mapping has been used for
inflammation/edema imaging and as a proxy for diffuse
interstitial fibrosis in the absence of an alternative cause of
interstitial expansion (edema, infiltrations/fiber disarray) (33).
T1 mapping measures the total water content in the
tissue and any changes to intravascular MBV will prolong
T1 relaxation time. Vasodilator stress-induced coronary
vasodilatation will lead to changes to MBV which forms
the basis of stress/rest T1 mapping. Preliminary studies
using stress/rest T1-mapping and CMR first-pass
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perfusion imaging in hypertrophic (31) and dilated (32)
cardiomyopathy have demonstrated a correlation between
T1 reactivity and myocardial perfusion. While this is
encouraging, more in-depth validation of stress/rest T1
mapping is required. In our study, patient tolerability
limited the use of CMR first-pass perfusion imaging,
however other studies have demonstrated myocardial
perfusion abnormalities on CMR first-pass perfusion
imaging in PAH (34). Furthermore, elevated myocardial
T1-values have been demonstrated in PAH (35), which
appears to be consistent with myocardial interstitial space
expansion (36). While PAH associated LV underfilling
is thought to be the cause of LV interstitial changes, the
exact mechanism is not completely understood (37,38).
In addition, there were no differences in the elevated
T1-values between iPAH, SSc-PAH or CTEPH (35,39).
Therefore, the observed blunted ΔT1 reactivity in PAH
occurs as a result altered intravascular MBV during stress
secondary to coronary vascular remodeling.
Previous studies have shown that myocardial
oxygenation and perfusion during vasodilator stress may be
dissociated (40). For example, our group has previously
shown that in patients with known CAD, there was a
disassociation between OS-CMR SI and quantitative
perfusion myocardial blood flow with 50% of hypoperfused
segments demonstrating no evidence of deoxygenation (40).
In dilated cardiomyopathy, Dass et al. demonstrated a
disassociation between microvascular dysfunction and
oxygenation (41). Conversely, oxygen demand may be increased
in the absence of perfusion abnormalities as demonstrated
in hypertrophic cardiomyopathy gene carriers (42)
despite the absence of LV hypertrophy (43). In this study,
we have demonstrated a blunted global ΔOS-CMR SI
and global ΔT1 reactivity in response to vasodilator
stress suggesting the presence of CMD. Furthermore the
ΔOS-CMR SI and ΔT1 reactivity affects the LV globally
with comparable findings in the LV septal and free wall
segments. However, on segmental analysis there is poor
correlation between myocardial deoxygenation and changes
to intravascular MBV (i.e., ΔT1 reactivity), suggesting that
myocardial oxygenation and perfusion may be dissociated
in PH patients also. This interplay between myocardial
deoxygenation and changes in intravascular MBV during stress
in pre-capillary PH has not been previously demonstrated.
Study limitations
Our study only performed a single mid-ventricular slice
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on OS-CMR imaging rather than the entire ventricle.
However, we believe that in PH, the myocardium is affected
globally and it is unlikely to affect the results. The OSCMR images were acquired in mid-diastole as opposed to
systole. While there are studies that have demonstrated
advantages on acquiring OS-CMR images in systole (44),
we have chosen mid-diastole acquisition to keep it
consistent with T1 mapping acquisition. Moreover, the
mid-diastole OS-CMR acquisition was also consistent with
our and other studies that have demonstrated microvascular
dysfunction in the LV (45-48). This study has a small
sample size which could increase the margin of error. A
further larger study would help determine the utility of
these novel techniques in PAH and its association with
clinical outcomes. Moreover, compared to the PH group,
the numbers in the CAD and control groups were relatively
small. Nonetheless, both CAD and control groups were agematched to the PH group, minimizing any significant bias.
This is important, especially in T1-values whereby age is
known to influence native myocardial T1-values (7). While
this was a prospective study, we recruited PH patients who
were stable on pulmonary vasodilator therapy which would
have mitigated against the finding of LV ischemia. A larger
study would help to determine the clinical and prognostic
utility of these novel CMR techniques in PH.
Clinical implication and future directions
The current study provides insights into the myocardial
perfusion and oxygenation abnormalities in patients with
non-severe PH. These findings suggest the presence
of CMD, which has important clinical implications.
Patients with CMD may present with typical effortinduced angina, but also with atypical symptoms such as
dyspnea on exertion (49). In PAH, exertional limitation
is the dominant symptom, and there are other factors
(respiratory mechanics/ventilation, cardiovascular
response and psychological/emotional aspects) that can
contribute to this (50). Although resting hemodynamic
measures such as mPAP and cardiac output correlate
with severity of symptoms, there is a substantial interindividual variability that is not explained by hemodynamic
severity (51). Although, we have not demonstrated
any significant correlation between these novel CMR
techniques and conventional prognostic markers of
CMR RV EF and hemodynamic indices, OS-CMR
and Stress/Rest T1 mapping techniques may provide
additional pathophysiological insights in PH patients with
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ongoing exertional symptoms. In addition, characterizing
CMD adds further potential for newer therapies that
target myocardial ischemia and oxidative stress, such as
ranolazine and trimetazidine that are currently in clinical
trials (52).
Conclusions
Blunted OS-CMR SI and T1 reactivity with stress suggest
the presence of CMD in pre-capillary PH patients
without significant epicardial CAD. This provides novel
pathophysiological insights and may suggest potential
future therapeutic targets, in PH.
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