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Abstract
Introduction Our goal was to assess the diagnostic performance of magnetic resonance imaging (MRI) as a single method 
to diagnose pulmonary hypertension (PH) compared to right heart catheterization (RHC), computed tomography (CT), and 
ventilation/perfusion (V/Q) scintigraphy.
Methods We identified 35 patients diagnosed with PH by RHC in our institution who have also undergone a CT, a scintigra-
phy, and an MRI within a month. All cases were discussed in multidisciplinary meetings. We performed correlations between 
the MRI-derived hemodynamic parameters and those from RHC. The sensitivity and specificity of MRI were determined to 
identify its diagnostic performance to identify chronic thromboembolic pulmonary hypertension (CTEPH) and interstitial 
lung disease PH. The gold standard reference for the diagnosis of CTEPH and ILD was based on a review of multimodality 
imaging (V/Q scintigraphy and CT scan) and clinical findings.
Results Our results showed a good correlation between the hemodynamic parameters of cardiac MRI and RHC. Pulmonary 
vascular resistance had the best correlation between both methods (r = 0.923). The sensitivity and specificity of MRI to 
diagnose CTEPH was 100 and 96.8%, respectively. For the ILD-related PH, the MRI yielded a sensitivity of 60.0% and a 
specificity of 100%. Additionally, cardiac MRI was able to confirm all cases of PAH due to congenital heart disease initially 
detected by echocardiography.
Conclusions MRI represents a promising imaging modality as an initial, single-shot study, for patients with suspected PH 
with the advantages of being non-invasive and having no radiation exposure.
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Introduction

Pulmonary hypertension (PH) is defined as a mean pulmo-
nary artery pressure (mPAP) ≥ 25 mmHg at rest, measured 
by right heart catheterization (RHC) [1]. Normal mean 
mPAP at rest is around 14 ± 3 mmHg, with an upper limit 
of normality of 20 mmHg [2, 3]. Echocardiography is usu-
ally the initial imaging modality to screen for PH, but it 
might under or overestimate PAP and has limited value 
to differentiate most of the PH etiologies [4]. Computed 
tomography (CT) and ventilation/perfusion (V/Q) scin-
tigraphy are important imaging modalities to identify the 
PH etiology, which defines treatment and prognosis [5, 
6]. Also, cardiac magnetic resonance imaging (MRI) has 
become the gold standard method for the right ventricle 
(RV) assessment in patients with PH, as it has shown to 
be a valuable tool for monitoring treatment response and 
prognosis of these patients [5, 7, 8].

Although RHC is still the gold standard method to 
confirm PH and indicate the effectiveness of therapies in 
patients with PAH, it is an invasive procedure associated 
with several complications and even death at less experi-
enced centers [3, 9]. Also, this method provides limited 
information about the etiology of PH and severity of heart 
remodeling [4]. Thus, there is an increasing interest in the 
use of MRI as a non-invasive method to estimate mPAP 
and also provide further information about the etiology 
of PH [4, 10]. Recent evidence has shown that cardiac 
MRI has greater accuracy than single-photon computed 
tomography (SPECT) to screen patients with chronic 
thromboembolic pulmonary hypertension (CTEPH) [11]. 
Also, recent technological advances have allowed MRI 
to be used in the diagnosis and monitoring of activity of 
Interstitial Lung Disease (ILD), although its accuracy is 
still lower than CT for this purpose [12].

Our goal was to study the diagnostic performance of 
cardiac MRI compared to CT and V/Q scintigraphy for 
the diagnosis of PH etiology. We further investigated the 
correlations between MRI and RHC in the assessment of 
hemodynamic and morphological parameters for PH.

Methods

Participants

We retrospectively identified 35 patients diagnosed with 
PH by RHC within 3 months of the echocardiography, 
between July 2013 and July 2016, who also underwent a 
CT, scintigraphy, and an MRI within a month. All cases 
were discussed in multidisciplinary meetings and the 

diagnoses were performed according to the current guide-
lines [1]. The median follow-up was 24 months. Patients 
were classified in functional class according to World 
Health Organization (WHO)/New York Heart Associa-
tion (NYHA) [13]. Patients with connective tissue disease 
(CTD) were classified into group 3 (ILD-associated PH) 
either in the presence of evidence of extensive pulmonary 
disease (≥ 1/3 of lung fields involved) on high-resolution 
computed tomography (HRCT) or forced vital capacity of 
less than 60% of predicted [14, 15]. Treatment and pre-
scription of therapies were in accordance with the current 
guidelines [1]. Informed consent was acquired from all 
patients at the time of the RHC. The local institutional 
board review approved the retrospective gathering of data.

Right Heart Catheterization

All exams were executed in the Catheterization Labora-
tory. RHC was performed through the right internal jugular 
vein with a 7-French Swan-Ganz catheter. The catheter was 
placed into the main pulmonary artery and hemodynamic 
parameters were calculated. Cardiac Output (CO) and car-
diac index (CI) were estimated using Fick principle.

CT Protocol

All CT pulmonary examinations were performed with a 
64-slice multidetector CT scanner (64-slice LightSpeed VCT 
scanner, GE Healthcare Technologies, USA). Images were 
obtained caudocranially, with breath hold at full inspiration. 
The following parameters were used: automated dose reduc-
tion 90–100 mA, 100–120 kV, 1.4 pitch, 0.5 s rotation time, 
0.625 mm collimation, field of view (FOV) 400 × 400 mm. 
We administered 100 mL of intravenous contrast material 
(Iopromide, Ultravist 300; Bayer Schering, Germany) at 
4–5 mL/s with bolus tracking used to trigger CT acquisi-
tion. High-resolution CT images were reconstructed for 
every 10 mm using a high spatial resolution filter.

MRI Protocol

MRI was performed using a 1.5T scanner (Magnetom 
AERA; Siemens, Germany). A half-Fourier single-shot turbo 
spin-echo sequence was used, and FOV was patient-adapted. 
The following sequence parameters were used: repetition 
time (TR)/echo time (TE)/flip angle, infinite/92 ms/150°; 
parallel acquisition factor, 2; slice thickness, 4 mm; distance 
factor, 20%; transversal (matrix, 380 × 256) and coronal 
(matrix, 400 × 320) orientations; and mean acquisition time 
of 90 s. A volumetric interpolated breath-hold examination 
(VIBE) sequence was chosen for fast T1-weighted MRI. 
Imaging parameters for the VIBE sequence were: TR/TE, 
5.12/2.51 ms; flip angle, 10°; partition thickness, 4 mm with 
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no interslice gap; and matrix size, 256 × 116 with a three-
dimensional breath-hold imaging technique. A T2-weighted 
fat-saturated BLADE (Siemens Medical Solutions) sequence 
was also used, with the following imaging parameters: TR/
TE, 4670/113 ms; and partition thickness, 6 mm with no 
interslice gap.

The following measures were used for four-chamber and 
short-axis cine images: ECG-gated steady-state free-preces-
sion sequence, 20 frames per cardiac cycle, slice thickness 
5 mm, FOV 48 × 43.2, matrix 256 × 256, BW 125 KHz/pixel, 
TR 3.7 ms, and TE 1.6 ms. The phase-contrast sequence 
was performed orthogonal to the pulmonary artery trunk 
with TR 5.6 ms, TE 2.7 ms, slice thickness 10 mm, FOV 
48 × 28.8, and matrix 256 × 128. Regional lung perfusion 
was evaluated by means of three-dimensional delayed con-
trast enhancement (DCE) time-resolved angiography, with 
stochastic trajectories, or TWIST, using an eight-channel 
torso phased-array coil and the following MR imaging 
parameters: TR 2.1 ms, TE 0.7 ms, flip angle 25°; 40 three-
dimensional datasets with an update rate of 1.0–1.2 s; matrix 
192 × 113; FOV 50 × 42 cm; 0.04 mmol of gadoteric acid per 
kg (Dotarem®, Guerbet, Roissy CdG Cedex, France) deliv-
ered at 5 mL per second intravenously; and 30–36 recon-
structed coronal sections (with a section thickness of 6 mm) 
covering the whole lung in a single breath hold.

Scintigraphy Protocol

A Krypton-81m generator was used for ventilation studies 
and Tc-99m Macro Aggregated Albumin (MAA-Tc99m) 
for perfusion studies. After injection of 11–185 MBq of 
MAA-Tc99m in the supine position, perfusion images were 
acquired simultaneously with ventilation images. A dual-
head camera with a low-energy high-resolution collimator 
was used; at least 400,000 counts per image were acquired 
with a 256 × 256 pixel matrix.

Imaging Analysis

All CT and MRI images were reviewed by two chest radi-
ologists (10 and 8 years of experience), blinded to RHC 
hemodynamics data. Disagreement between radiologists 
was solved by consensus; if consensus was not reached, a 
third radiologist with 15 years of experience made a final 
decision.

For the diagnosis of interstitial lung diseases on the CT, 
we considered the presence of usual interstitial pneumonia 
or non-specific interstitial pneumonia [16]. Obstruction 
of vessels, mosaic attenuation of pulmonary parenchyma, 
subpleural opacities, and chronic thromboembolic mate-
rial within the pulmonary arteries were analyzed to exclude 
or diagnose CTEPH. The same tomographic criteria were 
applied for the diagnosis of pulmonary interstitial disease 

on the MRI. Perfusion MRI images were visually evaluated 
to determine whether perfusion was normal or reduced on a 
segment basis according to the literature [17].

A blinded chest radiologist (8 years of experience) pro-
cessed the ventricular MRI segmentation and phase-con-
trast analysis with specialized software (CardiacVX, GE 
Healthcare, Waukesha, WI, USA), in accordance with the 
latest recommendations [18]. The contours of the main PA 
were traced simultaneously on magnitude and velocity-map 
images and peak velocity, PA blood flow, and PA distensibil-
ity were calculated [18, 19]. MRI-derived mPAP and PVR 
were estimated according to the regression model previously 
validated in a prospective cohort of patients with suspected 
PH [10].

Scintigraphic images were visually evaluated to deter-
mine whether perfusion was normal or reduced on a segment 
basis. Ventilation scintigraphic images were also assessed 
to determine whether ventilation was normal or reduced in 
each segment.

Statistical Analysis

Data were presented as mean ± SD or frequency and percent-
age. We performed associations between variables with χ2 
tests. For comparing continuous variables, a Student t test 
or an unequal variance t test was used. Pearson’s or Spear-
man’s rank correlation was used for assessment of the lin-
ear association between continuous variables. Coefficients 
were interpreted using the following parameters: 0.00–0.20 
were considered very weak, ≥ 0.20–0.40 weak, ≥ 0.40–0.70 
moderate, ≥ 0.70–0.90 strong, and ≥ 0.90 very strong [19]. 
The sensitivity and specificity of MRI to diagnose CTEPH 
and ILD were evaluated. The gold standard reference for 
the diagnosis of CTEPH and ILD was based on a review of 
multimodality imaging and clinical findings. In all cases, P 
values < 0.05 were considered to be statistically significant. 
All statistical analyses were performed using the SPSS v.18 
(IBM, Chicago, IL).

Results

The characteristics of the study subjects are described in 
Table 1. The sample consisted of 35 patients, of which most 
were female (n = 29, 82.8%), had idiopathic PAH (n = 18, 
51.4%), and were WHO functional class III or IV (n = 19, 
54.2%).

Hemodynamic measurements from RHC and MRI are 
shown in Table 2. The correlation between MRI variables 
and invasively measured hemodynamics are shown in 
Table 3. The correlation between MRI-derived PVR dem-
onstrated a very strong correlation to the PVR measured by 
the RHC (r = 0.923). The correlation of mPAP derived from 
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the two methods was also strong (r = 0.698). Measurements 
of hemodynamic parameters stratified by NYHA functional 
class for both RHC and cardiac MRI are shown in Table 4. 
There was no statistical difference in the RHC-derived and 
MRI-estimated mPAP of the WHO groups I/II (P = 0.82) and 

groups III/IV (P = 0.22). The same finding was mirrored by 
the PVR estimated by both methods for WHO I/II (P = 0.59) 
and WHO III/IV (P = 0.51).

All five patients with CTD-related PH had evidence of 
extensive lung disease on HRCT and were qualified as group 
3 (ILD PH), and MRI was able to detect ILD in three of 
them (Table 2) (sensitivity, 60%; specificity, 100%). Four 
patients were diagnosed with CTEPH in our cohort, and 
MRI could identify five patients with defects in pulmonary 
tree perfusion suggestive of CTEPH (sensitivity, 100%; 
specificity, 96.8%). The only false positive case is shown 
in Fig. 1. Additionally, cardiac MRI was able to detect all 
patients with PAH due to congenital heart disease (CHD) 
initially detected by echocardiography (sensitivity, 100%; 
specificity, 100%).

Discussion

Our study tested the diagnostic performance of MRI as a 
single non-invasive method to diagnose PH concerning both 
the hemodynamic parameters and the most likely etiology. 
We found a good correlation between MRI and RHC hemo-
dynamic variables, which has already been validated in the 
literature [10]. Also, our study shows that MRI has a great 
accuracy to diagnose CTEPH and an acceptable perfor-
mance to diagnose ILD compared to scintigraphy and CT, 
respectively. Furthermore, MRI-derived parameters of RV 
function such as RV mass, ejection fraction, and end-dias-
tolic volume index have already been validated as prognostic 
markers and for monitoring of treatment response [18, 20].

Within our knowledge, this is the first work to study the 
feasibility of MRI as a single-imaging modality to provide 
the functional and etiological diagnosis of PH in compari-
son to RHC, HRCT, and scintigraphy for patients with ILD-
related PH, CTEPH, and CHD. We presented a case that 
represents the challenges involved in the diagnosis of PH. 
In clinical practice, we rely on different imaging alterna-
tives to investigate patients with suspected PH, and it is our 
duty to choose the most appropriate and less harmful modal-
ity to start with the investigation. Not infrequently patients 
undergo several imaging modalities associated with radia-
tion exposure, such as CTs and scintigraphy, until a final 
diagnosis is provided. Thus, the application of MRI as an 
initial single-shot study is very tempting, since it has shown 
to diagnose PH by estimating mPAP and PVR [10], diagnose 
CTEPH with high accuracy, detect findings that may suggest 
ILD-associated PH, and identify congenital heart anomalies 
or LV dysfunction. This approach has the potential to reduce 
the use of invasive modalities, reduce exposure to radiation, 
and decrease costs (Table 5).

According to the current guidelines, RHC is the only 
method to directly measure mPAP and PVR and, therefore, 

Table 1  Subjects’ characteristics

Data are presented as mean ± SD or no. (%)
WHO/NYHA World Health Organization/New York Heart Associa-
tion, PH pulmonary hypertension, PAH pulmonary arterial hyperten-
sion, CTEPH chronic thromboembolic pulmonary hypertension, HIV 
human immunodeficiency virus

Parameter N = 35

Female 29 (82.8)
Age (years) 41.7 ± 16.3
WHO/NYHA functional class
 Class I 6 (17.1)
 Class II 10 (28.5)
 Class III 14 (40.0)
 Class IV 5 (14.2)

PH etiology
 Idiopathic PAH 18 (51.4)
 Congenital heart diseases PAH 4 (11.4)
 HIV-related PAH 2 (5.7)
 Vasculitis PAH 1 (2.8)
 Portopulmonary hypertension PAH 1 (2.8)
 Connective tissue disease PH 5 (14.2)
 CTEPH 4 (11.4)

Table 2  RHC and MRI hemodynamic parameters and imaging find-
ings

Data are presented as mean ± SD or no. (%)
PCWP pulmonary capillary wedge pressure, MRI magnetic resonance 
imaging, RV right ventricle

RHC parameters
 Mean pulmonary artery pressure (mmHg) 48.7 ± 15.1
 Pulmonary vascular resistance (wood) 7.8 ± 4.5
 Cardiac output (L/min) 5.5 ± 1.9
 Cardiac index (L/min/m2) 3.3 ± 1.1
 Right atrial pressure (mmHg) 7.6 ± 4.7
 PCWP (mmHg) 8.9 ± 3.1

MRI
 Mean pulmonary artery pressure (mmHg) 40.6 ± 12.6
 Pulmonary vascular resistance (wood) 8.7 ± 2.5
 Ejection fraction (%) 47.4 ± 17.3
 RV thickness (mm) 7.1 ± 4.4
 Perfusion defects 5 (13.5)
 Cardiac congenital abnormalities 4 (10.8)
 Interstitial lung disease 3 (8.1)
 Esophageal dilation 5 (13.5)
 Liver cirrhosis 2 (2.7)
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it becomes necessary for the follow-up of therapy response 
and progression of the disease [1]. However, due to a 
higher report of several complications, especially when 
realized in minor centers [9], the non-invasive methods 
have been extensively studied in the last decade to be used 
as alternatives for the patients’ follow-up and assessment 
of therapeutic efficacy. Guo et al. [21] have shown that 
cardiac MRI is the best non-invasive method for monitor-
ing of RV function and therefore the progression of the 
disease. The diagnostic performance of MRI to estimate 
RHC-derived mPAP and elevated PVR was shown to be 
very high [10]. Also, MRI parameters, such as PA distensi-
bility, have great potential to screen patients who are likely 
to have a positive response in the RHC calcium-channel 
blocker test [22]. Thus, the applicability of RHC in a near 
future will become limited to exclude the diagnosis of PH 

by direct measurement of hemodynamic variables or con-
firm a finding suggested by the MRI.

In regard to the etiological investigation of PH, the V/Q 
scintigraphy remains as the initial screening test for patients 
with suspected CTEPH. However, computed tomography 
angiogram (CTA) may still be necessary to confirm the 
diagnosis and evaluate the extension of disease for surgical 
planning if considered [1]. Our study shows that MRI has 
a high accuracy to diagnose CTEPH, and previous authors 
have demonstrated that this modality can be even superior to 
radionuclide method [11]. Also, other advantages that favor 
the use of MRI as an initial test include avoiding exposure 
to ionizing radiation and no need for further confirmation 
with CTA to evaluate the pulmonary vascular characteristics. 
Dual-energy computed tomography (DECT) is a promising 
modality for the assessment of patients with PH, which has 

Table 3  Correlations between catheterization and MRI

PCWP pulmonary capillary wedge pressure, MRI magnetic resonance imaging, RV right ventricle
*P < 0.05, **P < 0.01

Catheterization MRI

Ejection fraction RV thickness Mean pulmonary artery 
pressure, (mmHg)

Pulmonary vascular 
resistance (wood)*

Mean pulmonary artery pressure, (mmHg) 0.033** 0.389** 0.698* 0.684*
Pulmonary vascular resistance, (wood) − 0.358** 0.407** 0.532* 0.923*
Cardiac Output (L/min) 0.494* − 0.095** − 0.132** − 0.634*
Cardiac index (L/min/m2) 0.620* − 0.096** − 0.007** − 0.385**
Right atrial pressure (mmHg) − 0.325** 0.023** − 0.120** 0.098**
PCWP (mmHg) 0.136** 0.115** 0.057** − 0.161**

Table 4  RHC and MRI 
hemodynamic parameters 
according to the functional class

Data are presented as mean ± SD
RHC right heart catheterization, MRI magnetic resonance imaging, mPAP mean pulmonary arterial pres-
sure, PVR pulmonary vascular resistance, CO cardiac output, RAP right arterial pressure, PCWP pulmo-
nary capillary wedge pressure, EF ejection fraction, RV right ventricle

Variable Total WHO functional class Difference (P)

I–II III–IV

RHC
 mPAP (mmHg) 48.67 ± 15.1 44.45 ± 13.4 53.95 ± 13.7 − 9.50 (0.042)
 PVR (woods) 7.82 ± 4.5 5.97 ± 2.5 9.70 ± 5.1 − 3.73 (0.007)
 CO (l/min) 5.52 ± 1.9 6.24 ± 2.1 4.96 ± 1.6 − 1.28 (0.043)
 CO index (l/min/m2) 3.30 ± 1.1 3.65 ± 1.0 3.04 ± 1.1 − 0.61 (0.098)
 RAP (mmHg) 7.64 ± 4.7 5.93 ± 1.9 9.15 ± 5.8 − 3.21 (0.030)
 PCWP, mmHg 8.94 ± 3.1 8.93 ± 2.4 9.05 ± 3.6 − 0.11 (0.912)

MRI
 mPAP (mmHg) 47.39 ± 17.3 45.47 ± 13.9 50.45 ± 19.0 − 4.97 (0.141)
 PVR (woods) 7.11 ± 4.4 5.51 ± 2.4 8.65 ± 5.0 − 3.13 (0.021)
 EF (%) 40.68 ± 12.7 46.35 ± 12.6 36.15 ± 11.3 − 10.19 (0.014)
 RV thickness (mm) 8.71 ± 2.5 8.06 ± 1.6 9.35 ± 3.0 − 1.19 (0.036)
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shown higher accuracy than SPECT for CTEPH [23], with 
the advantage of evaluating the lung parenchyma. However, 
there are no data available to date comparing the accuracy 
of DECT and MRI for the diagnosis of CTEPH or other 
PH groups. Our study found that MRI has an acceptable 
accuracy for the diagnosis of ILD; however, HRCT is still 
superior for lung parenchyma assessment [12, 24, 25].

Despite the inherited benefits of non-invasive methods to 
the patient in comparison to invasive modalities, MRI has 
specific drawbacks that may limit their use in all patients. In 
regard to the specific limitations of ECG-gated and breath-
hold imaging, acquisition of adequate images for patients 
with arrhythmias and those who cannot cooperate with 
breath holding is challenging and often implies an increased 

scanning time. Technological improvements such as self-
gated imaging, non-breath hold, and real-time imaging are in 
the future to address these issues to obtain images with high 
temporal and spatial resolution for those patients [26–28].

Our study has some limitations. First, this is a preliminary 
study and has a small number of participants. Future stud-
ies with large samples are necessary to validate the results 
herein presented. Second, this is a retrospective study in 
which all participants already had a previous PH diagnosis. 
Thus, prospective studies are required to elucidate the poten-
tial of MRI to diagnose patients referred with suspected PH. 
Lastly, although the MRI has shown good accuracy for the 
diagnosis of elevated mPAP and identification of CHD, ILD, 
and CTEPH compared to other modalities, clinical and labo-
ratory evaluation (e.g., family history, HIV testing) must be 
relied upon for most group 1 patients.

In conclusion, MRI has shown a promising potential to 
become an initial diagnostic test in patients with suspected 
PH. This method not only provides detailed information 
about hemodynamic and morphological parameters, such 
as mPAP, PVR, and RV function but is also applicable to 
provide the most likely etiology of PH.
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Fig. 1  Patient initially diag-
nosed with CTEPH suggested 
by all imaging methods. 
46-year-old patient presented 
with long-standing dyspnea on 
exertion. a Computed angioto-
mography demonstrated filling 
defects and vascular amputation 
in the right lower lobe, compat-
ible with chronic pulmonary 
thromboembolic disease. b 
Magnetic Resonance perfusion 
and c perfusion scintigraphy 
showed filling defects character-
istic of chronic embolism. The 
initial diagnosis was chronic 
pulmonary thromboembolic dis-
ease. After 6 months of follow-
up, the patient returned with 
pain in the right inferior limb. 
d Computed angiotomography 
showed arterial thickening of 
brachiocephalic trunk artery, 
compatible with Takayasu 
Arteritis (TA) and the patient 
was later confirmed to have 
pulmonary artery hypertension 
associated with TA

Table 5  Performance of MRI alone compared to the combination of 
CT, V/Q scintigraphy, echocardiography, and clinical data

CHD congenital heart disease, ILD interstitial lung disease, CTEPH 
chronic thromboembolic pulmonary

Variable Sensitivity (%) Specificity (%)

CHD (group 1) 100 100
ILD (group 3) 60 100
CTEPH (group 4) 100 96.8
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