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Abstract
Magnetic resonance imaging (MRI) plays an increasingly important role in the non-invasive evaluation of the pulmonary 
vasculature. MR angiographic (MRA) techniques provide morphological information, while MR perfusion techniques pro-
vide functional information of the pulmonary vasculature. Contrast-enhanced MRA can be performed at high spatial resolu-
tion using 3D T1-weighted spoiled gradient echo sequence or at high temporal resolution using time-resolved techniques. 
Non-contrast MRA can be performed using 3D steady state free precession, double inversion fast spin echo, time of flight 
or phase contrast sequences. MR perfusion can be done using dynamic contrast-enhanced technique or using non-contrast 
techniques such as arterial spin labelling and time-resolved imaging of lungs during free breathing with Fourier decomposi-
tion analysis. MRI is used in the evaluation of acute and chronic pulmonary embolism, pulmonary hypertension and other 
vascular abnormalities, congenital anomalies and neoplasms. In this article, we review the different MR techniques used in 
the evaluation of pulmonary vasculature and its clinical applications.

Keywords MR · MR angiography · MR perfusion · Pulmonary embolus

Pulmonary vasculature and its abnormalities can be evalu-
ated using multiple imaging techniques, each with their own 
advantages and limitations (Table 1). Chest radiography 
provides an overview of the pulmonary vascular anatomy 
and secondary changes in lungs. It also distinguishes pul-
monary hypertension (PHT) from shunt vasculature. Com-
puted tomography (CT) is now the reference standard for the 
evaluation of pulmonary embolism (PE) [1]. It also provides 
information on the lungs as well as the heart which can be 
comprehensively evaluated using ECG-gating technique. 
CT is widely available and has a rapid turnaround time 
but involves the use of ionizing radiation and potentially 
nephrotoxic contrast media [2, 3]. Echocardiography is not 
adequate to evaluate pulmonary vasculature as such but is 
a widely available, cost efficient, non-radiation technique 
for the evaluation of the cardiac complications of pulmo-
nary vascular abnormalities and also to screen for PHT. It 
is operator dependent and limited by acoustic windows, 

especially for the right heart structures. Nuclear medicine 
ventilation perfusion (V/Q) scan with or without SPECT was 
used commonly in the evaluation of acute PE, but currently 
used in this setting, only when CTPA is contraindicated or 
suboptimal. Scintigraphic lung perfusion scan is used in the 
evaluation of perfusion in chronic PE, PHT, shunts, con-
genital abnormalities and pre-surgical evaluation prior to 
lung surgery. Other limitations include the use of radiation, 
low spatial and temporal resolution, and soft tissue artifacts. 
18F-FDG PET-CT can be used for evaluating pulmonary 
artery neoplasms or arteritis. Catheter pulmonary angiog-
raphy provides high-resolution evaluation of the pulmonary 
vasculature, but because of its invasive nature, it is now 
reserved only for patients requiring interventional proce-
dures. Right heart catheterization can also provide hemo-
dynamic information, which is essential in PHT and other 
congenital abnormalities.

Magnetic resonance imaging (MRI) has now emerged 
as an important imaging technique for the evaluation of 
pulmonary vasculature, due to advances in scan technol-
ogy and sequences. The advantages of MRI are its good 
spatial and temporal resolution that provides both ana-
tomical and functional information, wide field-of-view 
and multi-planar acquisition/reconstruction capabilities 
that enables visualization of pulmonary as well as adjacent 
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structures, without the use of ionizing radiation or nephro-
toxic contrast media. Spatial resolution of MRI is typically 
1–2 mm, compared to 0.5 mm of CT angiography [4]. 
Tissue characterization is a major strength of MRI, due 
to the variety of MRI sequences that highlight different 
tissue properties, amplified with the use of intravenous 
gadolinium-based contrast agents. Cardiac sequela of pul-
monary abnormalities can also be evaluated with dedicated 
cardiac MRI sequences. However, MRI cannot assess the 
lung parenchyma as good as CT and hence the pulmo-
nary etiologies for pulmonary hypertension or sequela 
of pulmonary vascular abnormalities on lungs cannot be 
evaluated. MRI is also not as widely available as CT and 
requires advanced skills and expertise. Scan times can be 
long, which makes it inconvenient for patients who are 
unable to lay still for prolonged periods. MRI cannot be 
performed in patients with contraindications, including 
claustrophobia and several implanted metallic devices. 
However, MRI can now be safely performed in those with 
pacemakers/ICDs if appropriate precautions are taken 
[5]. Nephrogenic systemic fibrosis is a risk that has been 
reported in patients with severe renal dysfunction. Recent 
studies have shown that the incidence of this entity has 
decreased due to the establishment of safety procedures 
including the use of macrocyclic contrast agents. In the 
current practice, nephrogenic systemic fibrosis is essen-
tially non-existent with the use of macrocyclic contrast 
agents. Gadolinium deposition in brain is another recent 
issue [6], seen in patients even with normal renal function 
parameters.

In the following sections, we review the MRI techniques 
used in pulmonary vasculature followed by the current role 
of MRI in the evaluation of various pulmonary vascular 
abnormalities.

MRI techniques in pulmonary vasculature

Morphological evaluation of the pulmonary vasculature, 
particularly the arteries and veins is performed using MR 
pulmonary angiography (MRPA), either with or without 
the use of gadolinium-based contrast. Functional evalu-
ation of the pulmonary tissue perfusion at the capillary 
level is performed using MR perfusion techniques, which 
can also be performed with or without the use of intrave-
nous contrast. Often, complementary information is gener-
ated by these two techniques (Table 2).

Contrast enhanced MRPA

Contrast enhanced MRPA provides high spatial resolution 
images of the pulmonary vasculature and is considered 
the most diagnostic of all the MR techniques [7]. Intrave-
nous administration of a gadolinium-based contrast agent 
results in T1 shortening of adjacent tissues, which mani-
fests as bright signal in MRA images (Fig. 1). Accurate 
timing is important to acquire the image when the con-
trast is present in the pulmonary vasculature, such that the 
center of k-space is filled at the same time using centric 
elliptic phase-encoding. This ensures high signal-to-noise 
ratio (SNR), and allows separation of arterial from venous 
phase. Typical injection protocols is 0.1 to 0.2 mmol/kg 
of gadolinium-based contrast, followed by a 20 ml saline 
bolus injected at 1–5 ml/s or 0.1 mmol/kg of contrast 
diluted with normal saline for a total volume of 30 mL, 
injected at 1.5 ml/s for a longer bolus [4, 8]. The optimal 
timing can be determined by tracking the bolus of contrast 
using a dynamic low resolution MR fluoroscopy and ini-
tiating acquisition when the contrast is just about to enter 

Table 1  Comparison of the different imaging modalities for evaluation of pulmonary vasculature

Radiography CT Echocardiography Nuclear medicine MRI

Spatial Resolution Inadequate Excellent Good Average Good
Temporal resolution Not dynamic Good Excellent Average Good
Soft tissue contrast Poor Very good Average Poor Excellent
Tissue characterization None Average None None Excellent
Field-of-view Limited Excellent Limited Limited Excellent
Evaluation of adjacent abnormalities Average Excellent Average Poor Excellent
Radiation Yes Yes No Yes No
Contrast nephrotoxicity No Yes No No No
Optimal renal function Not required Required Not required Required Controversial
Contrast allergy screening Not required Required Not required Required Required
Screening for implants Not required Not required (May be 

evaluated for streak 
artifacts)

Not required Not required Required
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the pulmonary arterial tree. Alternatively, the optimal tim-
ing can be determined with the use of a test bolus injection 
using 1–2 ml of the contrast agent to measure the arrival 
time of the contrast to the desired vasculature. Usually the 
scan is performed over two breath-holds, with two phases 
of acquisition at each breath hold. 3D T1-weighted spoiled 
gradient echo sequence is utilized with typical acquisi-
tion values of: TR = 2.5–3  ms, TE = 1.0–1.5  ms, Flip 
angle = 30–40°, matrix = 40 × 192 × 256, FOV = 460 mm 
and parallel imaging factor (R) of 2 [8]. Isotropic spa-
tial resolution can be obtained by acquiring data in an 
oval area of k-space (Elliptic phase encoding) and zero-
filling the corners [4]. TE and TR can be reduced by frac-
tional echo read-out. Spatial resolution of 2 mm in phase 
encoded direction and 1.5 mm in frequency encoded direc-
tion can be achieved [4].

Time resolved magnetic resonance angiography (TR-
MRA) sequences like TWIST—time-resolved imaging 
with stochastic trajectories (Siemens Healthcare, Erlangen, 
Deutschland), or TRICKS—time-resolved imaging of con-
trast kinetics (General Electric Healthcare, Milwaukee, WI, 
USA) enable dynamic acquisitions and improved temporal 
resolution (up to 1 second) without sacrificing spatial resolu-
tion. These techniques operate by more frequent sampling of 
the center of the k-space than the peripheral sections of a 3D 
acquisition to generate multiple images after the administra-
tion of the contrast agent [9, 10]. Missing data at each time 
point are shared between k-spaces using several methods 
including keyhole imaging, view sharing, under-sampled 
projection reconstruction [11], zero filling [12] and spiral 
TRICKS acquisitions [13], without significant loss of spatial 
resolution. Power injector-based contrast administration has 
been shown to be associated with a more standardized scan 
protocol compared to manual injection [14].

Blood pool, intravascular contrast agents stay for pro-
longed periods in the blood due to their high molecu-
lar weight and albumin binding. Typical agents include 
Gadofosveset trisodium (Ablavar), and Gadomer-17. 

Table 2  Summary of MR techniques used in pulmonary vasculature

MR Angiography MR Perfusion

Contrast Non contrast Contrast Non Contrast

3d T1-w spoiled gradient echo 3d- balanced steady state free precession 3d T1-w 
spoiled gra-
dient echo

Fourier decomposition with cyclic 
lung signal intensity differences with 
image subtraction

Time Resolved MRA (TRICKS, TWIST) Fresh blood imaging using 3d partial 
Fourier Fast Spin Echo (FSE)

Time Resolved 
MRA 
(TRICKS, 
TWIST)

ASL, pASL, CASL

Blood pool contrast imaging Arterial spin labelling (ASL) SEEPAGE
Time of flight
Phase contrast

Fig. 1  MR pulmonary angiography- MR pulmonary angiography in 
61-year-old man with pulmonary hypertension in the coronal (a) and 
sagittal (b) planes show markedly dilated pulmonary arteries



1486 The International Journal of Cardiovascular Imaging (2019) 35:1483–1497

1 3

Ferumyoxtol, is an ultra-small superparamagnetic iron 
oxide (USPIO) particle [15] that can be used in patients with 
contraindication to Gadolinium-agents. The larger size of 
the molecule minimizes extravascular leakage and carbo-
hydrate coating prevents glomerular filtration [15]. These 
facilitates the use of low contrast dose and multiple repeat 
image acquisitions without worrying about contrast leaving 
the vasculature of interest [16]. It is particularly useful in 
patients who cannot hold their breath. Higher spatial resolu-
tion and even ECG-gating can be performed. Although this 
results in ability to image without strict time windows, arte-
rial and venous phase separation is compromised.

3D radial ultrashort echo time (UTE) sequence has been 
used in dogs to obtain high resolution images of morphology 
and perfusion [17].

Non‑contrast MRPA

Non-contrast MRA is useful in patients with severe renal 
dysfunction, who are not suitable for getting intravenous 
contrast media [18]. It is also useful in pregnant women, 
who cannot have gadolinium-based contrast. 3D-Balanced 
steady state free precession (bSSFP) sequence is a com-
monly used sequence, that achieves T2/T1 weighting by 
frequent radiofrequency (RF) pulse phase alteration, and 
gradient echo refocusing resulting in a steady state. Blood 
appears bright due to long T2 with a high signal contrast to 
surrounding tissues and can provide an effective detection of 
thrombus and other lesions. bSSFP sequences are sensitive 
to field inhomogeneities and a very short TR (e.g. 2–3 ms) 
is required to minimize the artifacts [19].

Fresh blood imaging technique uses ECG-gated 3D 
partial Fourier Fast spin echo (FSE) technique. With this 
sequence, arterial blood appears dark in systole due to flow 
void and high in diastole due to comparatively slow flow. 
Veins show some signal both in systole and diastole due to 
slower flow rate. Subtraction of the systolic and diastolic 
images will thus produce an image with bright signal in the 
arteries and no signal in the veins [20]. This technique is 
prone to misregistration, and not routinely used in the diag-
nosis of PE. Traditional FSE imaging with double inver-
sion (DI-FSE) also shows blood as dark, and hyperintense 
appearance in slow flow or presence of thrombus.

Arterial spin labelling (ASL) is a non-contrast imaging 
technique that uses slice selective acquisition with repeat 
imaging after initial inversion pulse. It can be useful in com-
bination with faster acquisitions like partial-Fourier single-
shot FSE and bSSFP. ASL acquires two images—one where 
the upstream blood is ‘tagged’ with an inversion RF pulse, 
and the other image without any blood “tagging. The sub-
traction between the two images generates signal only from 
the “tagged” blood, that can be used to visualize vasculature 
and tissue perfusion [20].

Routine non contrast MRA techniques like phase contrast 
and time of flight (TOF) imaging are of equivocal usefulness 
in the chest, although there have been reports of 3D and 4D 
TOF imaging. TOF technique is based on a gradient echo 
(GRE) acquisition depending on the movement of protons. 
With TOF, the stationary tissues within the imaging FOV 
are saturated by the repeated RF excitation pulses, while the 
fresh flowing blood from the outside of the imaging FOV 
retains higher signal. Thrombosis can be seen as a filling 
defect or a low intensity focus. Phase contrast imaging is 
another gradient echo based acquisition, where the phase 
accumulation due to the flowing blood are converted into 
signal intensity causing thrombosed area to appear with 
higher signal intensity. Both TOF and phase-contrast meth-
ods require longer acquisition times and are limited due to 
the cardiac and respiratory motions.

Contrast enhanced MR pulmonary perfusion

Contrast-enhanced MR perfusion is typically obtained by 
dynamic time-resolved MRA sequence and subtracting peak 
first-pass dynamic post-contrast T1-weighted images from 
a pre-contrast acquisition. A lower quantity of gadolinium 
can be used than a full contrast enhanced MRPA, i.e 0.05 ml/
kg. Perfusion imaging typically has lower spatial and higher 
temporal resolution than a conventional MRPA, and is 
acquired with long breath-hold or shallow free breathing. 
A 3D GRE sequence at 5–10 mm slice thickness typically 
results in a temporal resolution of 1.0–1.5 s [21]. Temporal 
resolution can be increased by parallel imaging and view-
sharing. The spatial resolution can be increased by judi-
cious use of parallel imaging. Typical imaging parameters 
are: TE = 0.8–1.0 ms; TR = 2.0–2.5 ms, α = 30–40°, FOV: 
460 mm, and matrix: 32 × 96 × 128 [8]. Perfusion abnor-
malities can be qualitatively assessed, typically seen as 
wedge shaped segmental or sub-segmental defects in acute 
PE, wedge shaped or mottled defects in CTEPH and diffuse 
defects in PHT [7]. Quantitative metrics can be obtained 
following image reformatting and post-processing includ-
ing pulmonary blood volume (PBV), pulmonary blood flow 
(PBF), mean transit time (MTT) and time to peak (TTP). 
MTT is calculated as PBV/PBF, typically increased in PHT 
and CTEPH and may decrease following successful treat-
ment [7]. Suspected vasoconstriction due to hypoxia in 
COPD results in decreased MTT, PBF and PBV [7]. For 
absolute quantification, measurement from a central pul-
monary artery or right ventricle is used to obtain arterial 
input function (AIF). Signal intensity over time is converted 
to contrast concentration. Dual-bolus approach with higher 
volume bolus following initial low volume enables a linear 
signal and contrast concentration relationship which permits 
higher lung perfusion quantification.
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3D time-resolved sequences like TRICKS or TWIST with 
dynamic imaging are also helpful in identification of cardiac 
shunts and perfusion defects in a regional distribution. These 
are vulnerable to temporal interpolation artefact and thus 
need to be used with care.

Non‑contrast MR pulmonary perfusion

Non-contrast pulmonary perfusion can be obtained using 
Fourier decomposition with imaging of cyclic lung signal 
intensity differences with image subtraction [22] during 
breathing and cardiac rhythms. With inspiration, the lung 
signal decreases and with expiration it increases. In systole, 
signal is low due to high velocity and the signal is high in 
diastole. Perfusion-weighted images may be obtained due to 
the different frequencies.

Arterial spin labeling (ASL), as described above, also 
results in useful perfusion imaging of the pulmonary vas-
culature. Signal proportional to the pulmonary artery flow 
is obtained on the perfusion weighted image after subtrac-
tion of tagged image from source image. Multiple newer 
sequences result in improved labelling including pulsed 
ASL, pseudo-continuous ASL (pASL) or continuous ASL 
(CASL) (Fig. 2). Few pulsed ASL sequences like Flow 
sensitive alternate inversion recovery with extra radio fre-
quency pulse (FAIRER) and Flow sensitive alternative 
inversion recovery (FAIR) can help quantify regional per-
fusion by subtraction of a nonselective inversion pulse from 

a selectively inverted image, with the difference proportional 
to the perfusion [23]. ASL done at 3 T reduces imaging time 
to 6–8 min with FAIR sequence [24].

Other newer sequences utilizing single shot sequences 
with signal acquired only from the previously “tagged” 
blood with suppression of background soft tissue, termed 
SEEPAGE (spin echo entrapped perfusion image) [25] avoid 
the need for registration. Background suppression can also 
help remove background signal inhomogeneity and motion 
artifacts [24]. Higher field strength can provide higher signal 
to noise ratio (SNR) however susceptibility effects due to 
increased B0 inhomogeneities are also increased.

Non-contrast MR perfusion is still in early stages of clini-
cal use due to known limitations including longer acquisition 
time, comparatively lower resolution and low SNR. It is of 
most use in patients with renal failure and especially those 
with need for repeated scans without concern for renal clear-
ance of contrast.

Supplemental imaging of the heart and lungs

MRI also allows the evaluation of lungs and the heart. Lungs 
can be evaluated using single-shot fast spin echo (RARE/
HASTE, Turbo FSE). Cine b-SSFP sequence also provides 
morphological and functional information of the heart. 
Velocity encoded phase contrast (VE- PC MRI) sequence 
is used for providing hemodynamic information, including 
the flow, velocity and pressure gradients. Late gadolinium 

Fig. 2  MR perfusion- Coronal 
proton density weighted image 
(a), SPECT perfusion image 
(b), FAIR perfusion-weighted 
image (c), and reconstructed 
perfusion map derived from 
FAIR perfusion (d) in a 33-year 
old healthy female volunteer. 
Arrows indicate signals from 
major vessels that are visible 
on FAIR perfusion images 
(c, d), and seen as regions of 
photopenia on SPECT images 
(b). Reproduced from Greer 
et al (22), with permission from 
Elsevier
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enhancement sequences are used for identifying and quan-
tifying myocardial scarring or fibrosis. Parametric mapping 
techniques such as T1 and T2 provide quantitative imaging 
biomarkers, that can identify myocardial changes at an ear-
lier stage, such as diffuse fibrosis [26].

Clinical applications of MRI in pulmonary 
vasculature

MR angiography and perfusion techniques are used in the 
evaluation of several disorders of the pulmonary vasculature, 
which are described in detail in the following sections.

Acute pulmonary embolism

Acute pulmonary embolism (PE) is a potentially life threat-
ening condition, that is typically caused by lower extrem-
ity thrombus. CTPA is the current standard of care due to 
high accuracy, wide availability and rapid turnaround time 
as well as the ability to evaluate for other causes of chest 
pain [27, 28]. The use of MRA has traditionally been lower 
in acute PE due to lack of familiarity, need for higher exper-
tise, longer scan time, limited availability, limited volumet-
ric coverage, lower spatial resolution and artifacts [4]. MRI 
acquisition time has come down due to advances such as 
parallel imaging, view-sharing and time-resolved MRA [29]. 
MRA is a viable alternative to CTPA that provides compara-
ble information without radiation dose, particularly valuable 
in younger patients.

An abbreviated MRPA protocol has been described for 
acute PE, which typically takes six breath holds (end-expira-
tion), totally lasting 10 min. This includes—three-plane sin-
gle-shot fast spin echo localizers; pre-contrast T1-weighted 
3D spoiled gradient-echo (SGRE); pulmonary arterial phase 
3D T1-W SGRE; Immediate post-contrast T1-W 3D SGRE; 
Post-contrast low flip-T1-w 3D SGRE at low flip angle (15° 
versus 28°); and T1-w 3D SGRE with fat saturation [4]. 
The arterial phase is timed using fluoroscopic triggering and 
obtained using elliptical centric k-space filling. The lower 
flip-angle approximates the optimal flip angle for blood. Fat 
saturation sequence is useful for enhancing soft tissue abnor-
malities. Slab excitation is performed in the sagittal plane 
and 2D parallel imaging in both phase-encoding directions, 
with net acceleration of 3.7 is used [4]. Use of 2D parallel 
imaging helps in improving spatial resolution with shorter 
acquisition time [29]. A second injection can be adminis-
tered in suboptimal studies.

MRA findings of acute PE include occlusive or non-
occlusive filling defect in the pulmonary arteries (Fig. 3), 
which makes an acute angle with the vessel wall and expands 
the lumen. Occlusive emboli are often seen as abrupt ves-
sel cut-offs, which may be more challenging than CTA to 

identify [4]. Perfusion can be evaluated in the arterial phase 
MRA sequence or a dedicated time-resolved perfusion scan 
acquired prior to pulmonary MRA [4]. Wedge shaped seg-
mental or sub-segmental perfusion defect in the lungs, which 
show a good inter modality agreement with SPECT [30]. 
While scintigraphy involves deposition of radio-isotopic 
particles in small capillaries and arterioles of the lung, MR 
is dynamic first-pass acquisition during contrast, typically 
every 0.5 s [31]. In severe PE, secondary changes can be 
seen in the heart including dilated RV, RV dysfunction, tri-
cuspid regurgitation, and reflux of contrast into the IVC and 
hepatic veins. Incidental findings can be evaluated in the 
localizers and post-contrast scans.

Prospective investigation of pulmonary embolism diag-
nosis III (PIOPED III) study which had various tests as ref-
erence standard found that with technically adequate scans, 
the sensitivity of MRPA was 78% and specificity was 99% 
[32]. The negative predictive value for exclusion of PE is 
> 97%. However, there were a significant number of inad-
equate scans, with a mean of 25% and range of 11–52%, 
mostly due to poor contrast or motion [32]. If technically 
inadequate scans were included, PE was diagnosed in only 
57% of all patients with known PE [32]. Combined MR PA 
and MR venography had sensitivity of 92% and specific-
ity of 98%, but 52% of patients had technically inadequate 
scans [32]. Hence, the authors recommend the use of MRPA 
only in patients with contraindications to other modalities, 

Fig. 3  Acute pulmonary embolism—Coronal MR angiographic 
image shows a central filling defect in a right upper lobar artery 
(arrow), consistent with an acute pulmonary embolism
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and in centers which have more advanced MRPA programs 
[32]. It should be noted that in this study, only a single MR 
sequence (3D CE-MRA) was utilized and multiple different 
MRI systems were utilized as part of a multi-center study.

The performance of MRI has been shown to be improved 
since the PIOPED III study, advances in MRI hardware and 
software, including 2D parallel imaging, diluted contrast 
bolus and multiple acquisitions. Using these techniques, one 
study showed that 60% of examinations were considered to 
be in the best category, compared to 26% in PIOPED study 
[4] One study from Europe using multiple MR sequences 
showed high sensitivity for central pulmonary arteries of 
98–100% [33]. Schiebler et al. showed that the negative 
predictive value of MRPA was comparable to CTPA, with 
97% NPV at 3 months, and 96% NPV at 1 year follow up 
[34]. This establishes the usefulness of pulmonary MRA 
as a first line diagnostic tool. Another study showed high 
performance of MRPA in diagnosis of PE in central and 
segmental branches with sensitivity of up to 84% and speci-
ficity of 100% [35]. MRA may not be good for subsegmental 
PE, but these are not generally considered significant. Arti-
facts include truncation, which produces signal drop in the 
center, which is typically less than 50% [4, 36]. Early acqui-
sition of contrast may result in enhanced edges, whereas 
late acquisition results in blurry edges [4]. Motion artifacts 
are most likely in the pulmonary arterial phase. Perfusion 
abnormalities can also be seen in lung parenchymal abnor-
malities. A real-time cine SSFP image has also been used as 
a non-contrast MRA technique useful in pregnant patients. 
This has a 83% sensitivity and 100% specificity compared 
to scintigraphy and 93% sensitivity and 100% specificity 
compared to contrast-MRA [37].

MR can be used to evaluate the extent of disease and 
predict outcome in patients with PE. In a small study with 
50 patients, PBF derived from perfusion MRI was signifi-
cantly more accurate parameter than RV/LV diameter ratio, 
CT index and MRIA index. The specificity and accuracy 
of perfusion MRI and RV/LV diameter were significantly 
higher than CT and MRA PE indices [38].

Chronic pulmonary embolism

Acute PE can evolve to chronic PE in a small subset and then 
result in chronic thromboembolic pulmonary hypertension 
(CTEPH) in a smaller subset of patients, i.e 0.5 to 3.8% [39]. 
CTEPH is diagnosed when there is pulmonary hyperten-
sion and persistent perfusion defect. CTEPH is potentially 
curable, and hence needs to be recognized. MRPA shows 
vascular morphological changes of chronic PE similar to 
CTPA, including vessel wall thickening, organized throm-
boemboli, irregularity, vessel cut-offs and intraluminal webs 
& bands [40] (Fig. 4a). MR also shows features of PHT as 
elaborated in the paragraph below. MRI is also superior to 

digital subtraction angiography (DSA), with sensitivity and 
specificity of MRI for main/lobar and segmental levels of 
83.1%/98.6% and 87.7%/98.1% compared to 65.7%/100% 
and 75.8%/100% for DSA [41]. Another study showed that 
MRI depicted pulmonary vessels up to segmental level in 
all cases, whereas for subsegmental arteries, DSA revealed 
more patent vessel segments than MRA [42]. Another study 
showed that CE-MRA has a overall sensitivity and specific-
ity of 98% and 94% respectively in diagnosing CTE. The 
sensitivity of central vessel disease improved from 50 to 
88% when CE-MRA was analyzed along with unenhanced 
proton MRA with SSFP, which delineates the vessel wall 
better [43].

Perfusion defects are seen in chronic PE, which are com-
parable to perfusion scintigraphy [44] (Fig. 4b). Perfusion 

Fig. 4  Chronic pulmonary embolism: a axial MR pulmonary angio-
gram shows eccentric filling defect in the left main pulmonary artery 
with obtuse angles with the lumen consistent with chronic pulmo-
nary embolism (arrow), b coronal MR angiographic image in another 
patient shows a wedge shaped filling defect (arrow) in the right upper 
lobe, from a previous episode of pulmonary embolism
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defects are also seen in CTEPH, which are more focal com-
pared to diffuse distribution in idiopathic pulmonary arterial 
hypertension (IPAH) [45]. Although, perfusion defect identi-
fied in ventilation/perfusion (V/Q) scintigraphy is routinely 
used for the diagnosis of CTEPH, this is associated with the 
use of radiation. MR perfusion has a sensitivity of 97% and 
specificity of 92% compared to perfusion scintigraphy, mak-
ing it an attractive initial imaging modality without the use 
of radiation [44]. A recent study found that MRI perfusion 
is in fact superior to SPECT V/Q scintigraphy, with 100% 
sensitivity of MRI compared to 97% for SPECT perfusion, 
making MRI an ideal first line screening tool without the use 
of ionizing radiation [31]. This higher sensitivity of MRI in 
chronic PE than acute PE, could be because CTPA can detect 
even small clots in the acute setting, which are beyond the 
resolution of MRI. However, these smaller peripheral PE are 
unlikely to cause CTEPH and hence MRI is unlikely to miss 
the emboli causing CTEPH [31]. Another study showed that 
CT and MRI are complementary modalities, with CT being 
good for parenchymal and vascular abnormalities, MRI is 
good for lung perfusion and right heart function [39].

Reduced pulmonary blood flow (PBF), mean transit 
time (MTT), and pulmonary blood volume (PBV) can be 
seen. Significantly improved pulmonary blood flow, mean 
pulmonary arterial pressure and clinical performance were 
noted postsurgical treatment (endarterectomy) on a recent 
study [46]. The PBF improvement was predominantly in the 
lower lungs, with the magnitude of improvement of PBF 
improvement in lower lobes correlating with improvement 
in exercise capacity [46]. Another study showed there was 
decreased RV ejection fraction and pulmonary peak velocity 
in CTEPH patients before surgery. Following surgery, there 
was improvement of RV ejection fraction (that correlated 
with PVR and mPAP) and peak pulmonary velocity [42].

Pulmonary hypertension

MRI is an ideal technique for the evaluation of PHT. The 
various uses of MRI in this clinical setting include- estab-
lishing etiology, non-invasive hemodynamics, quantification, 
prognosis, risk stratification and monitoring response to 
therapy. Typical PHT findings are well visualized on MRA 
including dilated central pulmonary arteries (Fig. 5a), with 
the main pulmonary artery diameter (MPA) > 2.9 cm and 
ration of MPA to ascending aorta of > 1. On dark blood 
images, higher signal intensity in the MPA indicates mean 
arterial pressure of > 70 mm Hg and higher pulmonary vas-
cular resistance (Fig. 5b) [47, 48]. Lower velocity and retro-
grade flow in MPA in phase contrast imaging is also indica-
tive of PHT very high sensitivity of more than 92% [49].

Ley et al. showed that increased MTT is the only measur-
able effect of PHT on pulmonary perfusion [50]. There was 
only moderate linear correlation with mPAP [50]. Another 

study showed linear relationship was demonstrated between 
PBF and mPAP as well as between PBV and mPAP [51]. 
This can be potentially used to monitor therapy and also 
to understand the pathophysiology. Pulmonary transit time 
in CE-MRA was prolonged in patients with PHT, and this 
correlated with pulmonary vascular resistance, right ven-
tricular stroke volume index and pulmonary capacitance 
[52]. Another study showed that higher pulmonary transit 
time and full-width half maximum of the first pass clearance 
curve with dynamic contrast enhanced MRI were associated 
with poor outcome and were strong predictors of adverse 
outcome [53]. Average pulmonary artery blood velocity 
throughout the cardiac cycle strongly correlates with pul-
monary pressures and resistance [49]. They are associated 
with clinical gold standards of pulmonary vascular resist-
ance index and cardiac index. Using 4D flow MRI, the dura-
tion of vorticeal blood flow in the main pulmonary artery 
was increased, with presence ≥ 14.3% of the entire cardiac 
cycle correlating with high mPAP and indicative of PH, with 
high 97% sensitivity and 96% specificity [54]. One study 
showed that in patients with idiopathic PHT and CTEPH, 
increases in MRI pulmonary perfusion and mean MR flow 
peak velocity were seen after 3 weeks of physical training, 
along with improved 6 min walking distance [55].

Cardiac findings secondary to PHT include increased 
right heart chamber volumes and hypertrophy (Fig. 5c), 
systolic interventricular septal flattening or bowing towards 
the LV (Fig. 5d) and wall motion abnormalities. Late gad-
olinium enhancement may be seen at RV insertion points 
(Fig. 5e), due to pressure overload and correlates with fea-
tures such as RV mass, volume and dysfunction. MRI pro-
vides a one-stop shop evaluation of the morphology, perfu-
sion and secondary effects on the heart.

Other pulmonary vascular abnormalities

MRI is an ideal imaging technique in the evaluation of other 
pulmonary vascular abnormalities. Pulmonary artery ste-
nosis (narrowing) can be seen due to chronic PE or trauma 
as well as extrinsic compression by masses such as bron-
chogenic carcinoma and fibrosing mediastinitis. On SSFP 
images, a jet of high velocity can be seen. The velocities and 
pressure gradients can be quantified using phase-contrast 
MRI. True aneurysm of the pulmonary artery (Fig. 6) can 
be seen in PHT, chronic PE, vasculopathy, vasculitis, iatro-
genic, trauma, infection and neoplasm [56].Congenital defi-
ciency of the wall and pulmonic stenosis are also causes of 
aneurysms. Pseudoaneurysm does not have all the three lay-
ers and is usually caused by iatrogenic or traumatic injuries, 
or infections. Idiopathic pulmonary arterial dilation is diag-
nosed when there is no other etiology to account for the dila-
tion. Pulmonary artery is involved in several arteritis, par-
ticularly Takayasu, Behcet’s syndrome and Hughes-Stovin 



1491The International Journal of Cardiovascular Imaging (2019) 35:1483–1497 

1 3

syndrome. MRA demonstrates stenosis and aneurysms 
which are sequela of arteritis. MRI can also image the arte-
rial wall and estimate the activity of the disease. Presence of 
wall thickening is seen in both active and inactive disease, 
but wall edema (seen in T2—fat suppressed images) and 
delayed contrast enhancement are seen only in active stages 
(Fig. 7). Hughes–Stovin syndrome has thrombophlebitis and 
rupture in addition to pulmonary artery aneurysms. Behcet’s 
syndrome has aneurysm, thrombosis, pulmonary infarction, 
hemorrhage and pleural effusion [56]. 

Congenital anomalies

MRA is used in the evaluation of severe congenital pulmo-
nary vascular abnormalities, including pulmonary to sys-
temic shunts, pulmonary atresia, pulmonary sling, anoma-
lous pulmonary and coronary artery origin, anomalous 
pulmonary venous return, patent ductus arteriosus and arte-
rio-venous malformations. Congenital causes of pulmonary 
stenosis include Tetralogy of Fallot, and syndromes such as 
Williams, Ehler-Danlos and Downs. Pulmonary stenosis is 

Fig. 5  Pulmonary hypertension: 
a Axial MRA image shows 
dilated central pulmonary arter-
ies, b. Axial black blood double 
inversion recovery MR Image 
shows signal within the central 
pulmonary arteries due to slow 
flow, which is a feature of pul-
monary hypertension, c 4-cham-
ber cine SSFP image shows 
dilated and hypertrophied right 
ventricle, dilated right atrium 
and flattening of the ventricular 
septum, which are sequela of 
pulmonary hypertension, d 
short axis cine SSFP MR image 
shows severe hypertrophy of the 
right ventricle and systolic bow-
ing of the ventricular septum 
towards the LV due to pressure 
overload, e short axis inversion 
recovery image obtained 10 min 
after contrast administration 
shows abnormal late gadolinium 
enhancement in the septum at 
sites of RV insertion (arrows), 
due to pressure overload
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also seen as a complication of congenital heart disorders, 
including Tetralogy of Fallot and transposition of great arter-
ies (Fig. 8). Pulmonary atresia shows abrupt termination of 
the main pulmonary artery after its origin. Collateral vessels 
may be seen, particularly major aortopulmonary collaterals. 
Pulmonary sling shows origin of left pulmonary artery from 
the right pulmonary artery and running between esophagus 
and trachea. MRPA techniques have shown to be highly use-
ful in the identification of intrapulmonary shunt volumes. 
Pulmonary artery and aortic flow measurements help deter-
mine left to right shunting with cine sequences useful in 
assessment of cardiac septal defects [57]. Pulmonary arte-
riovenous malformations were assessed on one study [58], 
with evaluation of pre and post-embolization reperfusion by 
another team [59].

Parenchymal and acquired abnormalities

Additional applications of MR perfusion include assessment 
in cystic fibrosis patients often providing a more sensitive 
assessment of parenchymal changes compared to CT scan, 
providing a biomarker that is used in evaluation of disease 
progression and in assessment of post treatment changes 
[60]. In addition to perfusion defects, parenchymal changes 
are also seen on MRI including bronchial wall thickening, 
bronchiectasis and mucoid impaction. The diagnostic utility 
of MR perfusion was shown to be comparable to dynamic 
contrast enhanced MRI with non-contrast Fourier decompo-
sition (FD) magnetic resonance (MR) imaging [61].

MR perfusion is also of use in chronic obstructive airway 
disease (COPD), where perfusion defects are not typically 

wedge shaped as opposed to vascular etiologies like PE [30]. 
Quantitative MR perfusion, such as positive enhancement 
integral have been shown to be capable of distinguishing 
smokers with normal lung from mild COPD, with higher 
sensitivity than CT [62]. Heterogeneously reduced kinet-
ics including PBV, PBF and MTT [63] are also noted in 
COPD, likely secondary to hypoxia due to vasoconstriction. 
Inverse relation is seen between MR perfusion and COPD 
severity and/or emphysema, with low PBF and PBV seen 
in such patients with worse airflow limitation on PFT and 
emphysema index on CT [64]. There is also absence of 

Fig. 6  Pulmonary artery aneurysm—Sagittal SSFP image through 
the heart shows an aneurysmal dilation of the main pulmonary artery 
(arrow). There is mild compression of the left anterior descending 
artery (arrowhead)

Fig. 7  Arteritis. 30-year-old female with large vessel vasculitis: a 
high spatial resolution MR angiographic image shows narrowing of 
bilateral lower lobar pulmonary arteries (arrows), b time-resolved 
MR angiography in the same patient shows perfusion defects (arrows) 
in both the lungs
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normal expected increase in PBV with expiration [65]. In 
acute exacerbation of COPD, reduction of PBF and PBV 
and significant prolongation of MTT and TTP were noted, 
with increased PBV and PBF and decreased MTT and TTP 
noted with stabilization [66] One study interestingly looked 
at MR perfusion in smokers demonstrating varying degree 
of reduced perfusion and showed more abnormalities than 
corresponding CT scans [67]. MR pulmonary perfusion can 
help differentiate between different phenotypes of COPD 
with small perfusion defects in mild emphysema with bron-
chial wall thickening; and middle sized perfusion defects in 
emphysema with bronchial wall thickening [68].

Using multiphase dynamic enhancement and T2-weighted 
triple inversion recovery black blood TSE images on 3 T, 
inflammatory lesions of lung fibrosis showed early enhance-
ment, whereas fibrosis-predominant biopsy sites showed late 
enhancement [69]. MRPA has also shown to be of some 
value in the evaluation of solitary pulmonary nodules [70]. 
This study by Ohno et al. showed higher usefulness of CT 
dynamic first pass contrast perfusion compared to dynamic 
first pass contrast MRI with very short TE [70].

Neoplasms

Neoplasms are rare in the pulmonary arteries, and can be 
either benign or malignant. Bronchogenic neoplasm is 
the most common malignancy to involve the pulmonary 
artery. Sarcoma can be occasionally seen in pulmonary 

arteries, originating in the sub-intimal and intimal layers. 
Intimal lesions grow inside the artery, and can be con-
fused with PE, but heterogeneous contrast enhancement, 
and expansion of the arterial lumen favor the diagnosis of 
malignancy (Fig. 9).Pre surgical pulmonary MRA assess-
ment in patients with lung cancer can be used using both 
contrast enhanced and non-contrast MRA equally well 
[71]. Non contrast pulmonary MR perfusion has also been 
shown to be of value in predicting lung function post 
lung cancer resection equivalent to a multi-detector CT 
scan and contrast enhanced perfusion MR [72] and better 
than perfusion scan. Better anatomic and postoperative 
lung functional assessment was also seen compared to 
perfusion scans. Dynamic first pass MR perfusion has 
been evaluated in diagnosis of solitary pulmonary nod-
ules, however were found inferior to dynamic first pass 
contrast enhanced perfusion area detector CT [70] as 
detailed above.

Fig. 8  Pulmonary stenosis. Contrast enhanced MR angiography 
shows stenosis of the left pulmonary artery (arrow) in a patient fol-
lowing arterial switch repair for D-Transposition of great arteries. 
Note the draping of the pulmonary arteries over the ascending aorta, 
which is a normal appearance in this surgery due to LeCompete 
maneuver

Fig. 9  Neoplasm. a Axial pre-contrast T1-weighed image shows 
a large hypontense mass (arrow) in the main pulmonary artery that 
expands the artery, b contrast- enhanced T1-weighted image shows 
intense heterogeneous enhancement of the mass (arrow), which is 
consistent with a sarcoma
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Venous disorders

MRA is also useful in the evaluation of pulmonary venous 
abnormalities. Stenosis of the pulmonary vein has been eval-
uated with pulmonary MRA, with corresponding reduced 
flow in ipsilateral lung [73]. Pulmonary vein anatomy is 
also evaluated prior to radiofrequency ablation for atrial 
fibrillation using MRI. Variations including accessory 
ostium and common ostium are evaluated. Pulmonary veins 
can be measured to accurately size the catheters and also 
evaluate for pulmonary stenosis. Anomalous pulmonary 
venous return with one of the branches of the pulmonary 
vein on either or both sides not draining into the left atrium 
(Fig. 10), and may be seen draining into superior or inferior 
vena cava, pulmonary arteries or another systemic vessel. 
An anomalous venous return of the entire lung, usually on 
the right, associated with hypoplasia of the right lung and 
pulmonary artery is a characteristic feature of Scimitar syn-
drome (Fig. 11). The anomalous vein usually drains inferi-
orly into the IVC, coursing through the diaphragm. Postop-
erative anatomy in complex postsurgical congenital cardiac 
cases also often involve pulmonary vasculature and may be 
assessed accurately with pulmonary MRA.

Conclusion

MRA of the pulmonary vasculature and MR perfusion of the 
lungs can be performed either with or without intravenous 
contrast. MRA is now used in the evaluation of pulmonary 
embolism, pulmonary hypertension, congenital anomalies, 
neoplasms and venous anomalies. MR perfusion techniques 

have been shown to be most useful in the evaluation of 
chronic thromboembolic pulmonary hypertension.
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