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Abstract

Pulmonary contrast enhanced magnetic resonance ang-
iography (CE-MRA) is useful for the primary diagnosis 
of pulmonary embolism (PE). Many sites have chosen 
not to use CE-MRA as a first line of diagnostic tool for 
PE because of the speed and higher efficacy of com-
puterized tomographic angiography (CTA). In this rev-
iew, we discuss the strengths and weaknesses of CE-
MRA and the appropriate imaging scenarios for the 
primary diagnosis of PE derived from our unique multi-
institutional experience in this area. The optimal patient 
for this test has a low to intermediate suspicion for PE 
based on clinical decision rules. Patients in extremis are 
not candidates for this test. Younger women (< 35 years 
of age) and patients with iodinated contrast allergies are 
best served by using this modality We discuss the history 
of the use of this test, recent technical innovations, 
artifacts, direct and indirect findings for PE, ancillary 
findings, and the effectiveness (patient outcomes) of 
CE-MRA for the exclusion of PE. Current outcomes data 
shows that CE-MRA and NM V/Q scans are effective 
alternative tests to CTA for the primary diagnosis of PE.

Key words: Female; Lung; Neoplasms; Hypersensitivity; 
Pulmonary embolism; Magnetic resonance angiography;  
Radiation induced; Outcome assessment (health care); 
Artifacts; Computerized tomography angiography
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Core tip: Pulmonary contrast enhanced magnetic res-
onance angiography (CE-MRA) is an effective alternative 
test for the primary diagnosis of pulmonary embolism 

(PE). In outcomes studies the negative predictive value 

of CE-MRA at 6 mo was 99%, which is similar to the 

negative predictive value of multidetector computerized 

tomographic angiography. The optimal patient selection 

is for younger female patients with a low to intermediate 

risk of PE or those with iodinated contrast allergies. 

Tsuchiya N, van Beek EJR, Ohno Y, Hatabu H, Kauczor 

HU, Swift A, Vogel-Claussen J, Biederer J, Wild J, Wielpütz 

MO, Schiebler ML. Magnetic resonance angiography for the 

primary diagnosis of pulmonary embolism: A review from the 

international workshop for pulmonary functional imaging. World 

J Radiol 2018; 10(6): 52-64  Available from: URL: http://www.

wjgnet.com/1949-8470/full/v10/i6/52.htm  DOI: http://dx.doi.

org/10.4329/wjr.v10.i6.52

INTRODUCTION

Acute pulmonary embolism (PE) affects 0.1% of the 

population annually and is associated with significant 

morbidity and mortality
[1,2]

. Common symptoms of PE 

are acute chest pain and dyspnea. When the patients 

have symptoms suspected PE, the first step is use of 

a clinical decision rules (CDR) such as the Wells’ score, 

the Pulmonary Embolism Rule-out Criteria (PERC), the 

Revised Geneva score, the Simplified Revised Geneva 
score and a D-dimer test

[3-5]
. 

CTA of the chest is the current gold standard for 

the diagnosis of PE. In the recently published American 

College of Radiology (ACR) Appropriateness Criteria
[6]

 

for “Acute chest pain-suspected PE of intermediate 

probability with a negative D-dimer or low pretest pro-

bability”, pulmonary magnetic resonance angiography 

(CE-MRA) is listed as 2 out of 10 for appropriateness 

(where 10/10 is the highest value for appropriateness), 

while multi-detector computed tomographic angiography 

(CTA) chest is listed at 5 out of 10 and a chest X-ray (CXR) 

is rated a 9 out 10. For “acute chest pain-suspected 

PE of intermediate probability with a positive D-dimer 

or high pretest probability”, the ACR appropriateness 

criteria rate CE-MRA as 6 out of 10, CTA chest is rated 

at 9 out of 10 and a CXR is rated at 9 out 10. It is im-

portant to remember that the use of D-dimer for inp-

atients is limited due to their many comorbities. Further 

imaging workup is unnecessary for the patients with a 

negative D-dimer and a low clinical risk profile to exclude 
PE because the negative predictive value (NPV) does not 

change with the addition of an imaging test
[3,4]

.

EARLY WORK

The use of pulmonary MRA is playing an increasingly 

important role for the primary diagnosis of PE and other 

causes of acute chest pain
[2,7]

. Early studies in this area 

began in 1993 and demonstrated the efficacy for the 

non-contrast MRA for depiction of PE. However, there 

were limitations that hampered routine clinical use. 

In one of the early prospective studies (18 patients) 

of the efficacy of non-contrast enhanced MRA for the 

diagnosis of PE found the sensitivity of two-dimensional 

time-of-flight pulmonary breath-hold MRA for detection 
of acute PE was 85% and was much lower for chronic 

emboli at 42%
[8]

. This group also showed that the si-

ze of the emboli was important for CE-MRA detection 

(PE larger than 1 cm were found with more than 75% 

confidence)
[8]

. In another prospective study (20 pat-

ients) from 1993, two-dimensional time-of-flight MRA 

had a sensitivity of 92%-100% and specificity of 62% for 
the diagnosis of PE

[9]
. A major limitation of these studies 

was their low sensitivity and specificity for chronic em-
boli, which were smaller and located eccentrically within 
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the pulmonary arteries (web-like). These limitations 

were due to low resolution, the artifacts from slow blood 

flow, and respiratory-motion artifacts (30-s breath-

hold). 

Since the 2000’s, several studies have evaluated the 

performance of traditional contrast CE-MRA methods, 

namely breathhold, non-time resolved, 3D Cartesian 

encoded and T1-weighted spoiled gradient echo ac-

quisitions. These studies
[10-17]

 were often performed 

without parallel imaging and did not employ time-

resolved (e.g., 4 dimensional) k-space sampling which 

delineates the arterial and venous phases of the bolus 

passage thereby separating the pulmonary arteries 

from the pulmonary veins. In addition, 3D time-resolved 

CE-perfusion was not performed in conjunction with 

the routine CE-MRA in these works
[10-17]

. In comparison 

with the historic reference standard digital subtraction 

angiography (DSA), CE-MRA yielded a sensitivity and 

specificity for the detection of PE between 75% and 

100% and 95% and 100%, respectively; with good 

interobserver agreement (k values of 0.57-0.83)
[10-17]

. 

In contrast to traditional CE-MRA, a study using 

time-resolved CE-MRA directly compared diagnostic 

performance with DSA, CTA and/or nuclear medicine 

ventilation/perfusion imaging, and showed better dia-

gnostic performance than could be attained with DSA, 

CTA and/or nuclear medicine studies
[14]

. They showed a 

sensitivity and specificity of time-resolved CE-MRA of 

83% and 97% on a per-vascular zone basis and 92% 

and 94% on a per-patient basis. In addition, the efficacy 
of time-resolved CE-MRA was higher than ventilation and 

perfusion scintigraphy (V/Q scan) on a per-patient basis. 

This study also showed that in comparison with CTA and 

VQ scans, time-resolved CE-MRA demonstrated equal 

to or higher sensitivity [92% vs 83% (CTA) and 67% (VQ 

scan)] and specificity [94% vs 94% (CTA) and 78% (VQ 

scan)] for the detection of PE
[14]

. 

Although time-resolved CE-MRA is useful for di-

agnosis of PE, dynamic first-pass CE-perfusion ma-

gnetic resonance imaging (MRI) is also helpful for 

disease severity assessment and outcome prediction 

in PE patients
[17]

. In this study, the acute pulmonary 

thromboembolism (APTE) index, which was defined 
as the ratio between the volume of perfusion defects 

and the total lung volume determined by means of 

dynamic first-pass CE-perfusion MRI, showed accuracy 

for the prediction of patient outcome similar to that of 

the right ventricular/left ventricular (RV/LV) diameter 

ratio
[17]. In addition, the specificity and accuracy of the 

RV/LV diameter ratio and the APTE index determined 
by means of dynamic first-pass CE-perfusion MRI were 
significantly higher than those of APTE indexes obtained 
from embolic burdens and observed on CTACTA and 

time-resolved CE-MRA, although logistic regression 

analysis demonstrated that each index was a significant 
predictor

[17]
. Although quantitatively analyzable software 

was not commercially available, this study showed the 

potential utility of quantitatively assessed dynamic first-

pass CE-perfusion MRI for patients with PE. Therefore, 

not only clinical researchers but also clinicians continue 

to urge companies in the field to provide appropriate 

MR systems, bolus injection protocols, MR sequences 

and software for clinical settings using this technique 

for suspected PE patients. Furthermore, there has been 

some work showing an advantage of MRI pulmonary 

perfusion assessment for patients suspected PE
[17,18]

. 

TEST EFFICACY

Prospective Investigation of Pulmonary Embolism 

Diagnosis Ⅲ (PIOPED Ⅲ) was a multicenter study 

designed to assess the efficacy of CE-MRA (without/

with MR venography) for diagnosing PE and venous 

thromboembolism (VTE)
[16]

. They found that CE-MRA 

was technically inadequate in 25% of their studies and 

that CE-MRA had a sensitivity of 78%, and a specificity 
of 99%

[16]
. The two major reasons for this high rate of 

technical inadequacy were a strict definition for complete 
visualization of the subsegmental pulmonary arteries 

and the fact that some centers were just not as good 

as others in producing high quality studies
[19]

. They 

also found that using a combination of MRA and MR 

venography had a sensitivity of 92% and a specificity 

of 96%
[16]. Their results showed limited efficacy of CE-

MRA for the diagnosis of PE. Based on their findings, 

the authors recommended that CE-MRA should only 

be considered at those centers that had a sufficient 

technical expertise and in those patients for where st-
andard tests were contraindicated

[16]
. 

The limitations of PIOPED Ⅲ included a slightly lower 

resolution CE-MRA and a lack of consistent technical 

quality amongst the multiple centers
[16]

. This study me-

ntioned that CE-MRA could detect PE in a main or lobar 

pulmonary artery with a sensitivity of 79%. They also 

showed a sensitivity of 50% for segmental PE and 0% 

for detecting subsegmental PE (SSPE)
[16]

. In PIOPED Ⅲ, 

the proportion of technically inadequate examinations 
varied between centers and ranged from 11% up to 

51%
[16]

. The reason why CE-MRA was technically in-

adequate was poor arterial opacification (67%), mo-

tion artifact (36%), wrap-around artifact (4%), and 

parallel imaging artifact (2%)
[16]

. Further retrospective 

analysis was by the PIOPED Ⅲ investigators to identify 

the factors of the CE-MRA examination that were as-
sociated with poor technical quality; they found that 

the two most important elements influencing MRA in-
terpretability were vascular opacification and motion 

artifact
[20]

. 

TREATMENT FOR SUBSEGMENTAL PE 

REMAINS A CONUNDRUM

The significance of detecting subsegmental PE (SSPE) 
has been an ongoing debate for more than a decade

[21]
. 

An isolated SSPE could be a symptom of a thrombotic 

state, and may require treatment
[22]

. Recently Mehta 
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et al
[23]

 have shown that withholding anticoagulation 

in patients with a single SSPE and negative bilateral 

lower extremity venous duplex ultrasound exams was 
a safe and effective strategy. However, systematic 

reviews demonstrated that no randomized controlled 

trial evidence exists to allow for a safe conclusion as 
to whether or not withholding anticoagulant therapy 

in isolated SSPE is safe
[24,25]

. Therefore, the detection 

of SSPE will remain an important issue. All interested 

parties should know that isolated SSPE are a problem 

for any diagnostic test, including the old gold (now br-

onze) reference method pulmonary angiography
[26]

 and 

the new gold standard CTA
[27]

. Nevertheless, long-term 

follow-up studies after normal pulmonary angiography
[28]

, 

normal perfusion scintigraphy
[29]

 and normal CTA
[30]

 have 

shown a low risk for recurrent disease after a single 

SSPE. 

MITIGATION OF MEDICAL RADIATION

The reasons to continue to work on improving non-cont-

rast and CE-MRA for diagnosing PE is the mitigation of 

medical radiation
[31-34]

. Ionizing radiation administered 

for medical imaging is of increasing clinical concern
[3,35,36]

 

and is a risk factor for the development of primary br-

east cancer
[37,38]

. The increased risk of breast cancer 

is associated with more imaging follow-up, higher cu-

mulative radiation doses and exposure at a younger 
age

[38]
. CE-MRA is the only non-ionizing imaging mod-

ality with data supporting for the primary diagnosis of 

PE
[39]

. This modality is particularly useful for the follow 

up of previously diagnosed PE in younger individuals 

and the pediatric population to determine the efficacy of 
anticoagulation therapy, or the presence of new PE, as 

there is no incremental medical radiation. This strength 

of CE-MRA (no ionizing radiation) in younger patients 

helps to mitigate its lower efficacy for the detection of 
SSPE.

TEST EFFECTIVENESS

At University of Wisconsin-Madison over 2000 pulm-

onary CE-MRA examinations for the primary diagnosis 
of PE have been performed over the last ten years 

(2007-2017). The routine MRI protocol at UW-Madison 

is shown in Tables 1 and 2. We retrospectively reviewed 

the first 675 patients who underwent CE-MRA for the 

primary diagnosis of PE to determine the six-month 
adverse event rate following the use of CE-MRA

[39]
. 

For all these patients, the same 13-17 s breath hold 

contrast enhanced CE-MRA method was used, and 

the details of the MRA imaging protocol has been pre-

viously described
[2]. We excluded 56 of 675 (8.3%) 

patients for the following reasons: on anti-coagulation, 

pre-existing IVC filter, or atrial fibrillation. Two of 675 
(0.3%) were incomplete electronic medical record 

(EMR). Eventually, we included 617 (91.4%) patients to 

assess the effectiveness of CE-MRA
[39]

. Of the included 

cases, 500 (81%) were negative for PE, 17 (2.8%) 

were equivocal, 46 (7.5%) were positive for PE (Fig-

ure 1)
[39]

. The proportion of technically limited CE-MRA 

exams, as determined by the word “limited” in the final 
report, was 8.8%. This result is far lower than the 25% 

technical failure rate reported in the PIOPED Ⅲ[16]
. This 

improvement in technical success likely reflects the 

maturation of CE-MRA methodology since the time of 

the PIOPED Ⅲ scans nearly a decade ago (2006-2008). 

In addition, this improvement may be related to the fact 

that lack of visualization of the subsegmental pulmonary 

arteries was not a criterion for determining the presence 

of a limited examination. Only three of 500 (0.6%) pat-
ients with a negative CE-MRA exam experienced a VTE 
within 6 mo of their exam. Thus, using just the rate of 
VTE, the NPV of CE-MRA was 99.4% in a data set that 

reflects the real world experience of this test[39]
. This 

value is similar to the reported NPV for CTA (98.8%)
[40]

. 

At our single site, we have found that CE-MRA to be 

a safe and effective alternative to CTA for the primary 

diagnosis of PE.

PATIENT SELECTION

For accurate diagnosis, it is important to understand 

its appropriate use in the patient population. CE-

MRA for the primary diagnosis of PE is most effective 

when used in patients with the following criteria: (1) 

a low to intermediate pretest probability for venous 

thromboembolic disease; (2) patients with iodinated 

contrast allergies; (3) female subjects less than 35 

years of age that are potentially at slightly higher risk 

from medical radiation; and (4) for patients with renal 

insufficiency (eGFR < 30) the use of ferumoxytol as 
an MRA contrast agent may be considered. The con-

traindications for CE-MRA are as follows: (1) MRI inco-

mpatible implants
[41]

; (2) claustrophobia; (3) critically 

ill patients with a high pretest probability for PE; (4) 

inability to hold their breath for > 13 s; and (5) patients 

with gadolinium and ferumoxytol contrast allergies[42,43]
. 

Please be aware of the fact that MRI is not safe for su-

spected PE patients that are unstable. This is because 

cardiopulmonary resuscitation can only be performed af-

ter the patient is out of the magnet room. 

OVERVIEW OF TECHNICAL METHODS 

FOR CE-MRA IN ACUTE PE

Imaging the lungs with CE-MRA is inherently chall-

enging as the method of blood pool enhancement is 

predominantly a T1 weighted contrast that is also con-

strained by a heavily T2* weighted background signal 

of the air within the lungs (0.5 ms and 2 ms T2*; at 

1.5T and 3T respectively)
[44]

. As such, delineation of 

the smaller vessels is difficult and this is made more 

challenging by the changes in susceptibility of the ves-

sels with contrast passage due to the T2* blooming 

effect. This effect can be mitigated by employing the 

following: (1) short echo time gradient echo sequenc-
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es
[45]

, for better resolution of the underlying lung and 

vessel morphology; (2) scans at expiration; and (3) 
parallel imaging

[46]
. Due to the above reasons, CE-MRA 

is primarily performed at 1.5T. However, using methods 

like ultra-short echo time radial sampling
[47]

 CE-MRA 

is also feasible at 3T. Incorporation of modest image 

acceleration factors using receiver array coils with auto 

calibrated parallel imaging and centric k-space encoding 

also helps in best capturing peak pulmonary arterial 

enhancement during bolus passage
[2,48]

.

NON-CONTRAST PULMONARY MRA

Multiple approaches are available for non-contrast imaging 

of the pulmonary arteries, pulmonary veins and perfusion 

of the lung parenchyma (Figure 2). The general protocol 

recommendations for imaging acute PE includes fast 

MRI imaging sequences to increase sensitivity and spe-

cificity[15,49]
. First, a steady state GRE sequence acquired 

in two or three planes during free breathing, may serve 

for early detection of large central emboli within the fir-
st five minutes of the examination - with a sensitivity 
of 90% and a specificity approaching 100% (Figure 

3)
[15,50,51]

. Central embolism detected at this time can be 

directly referred to the intensive care unit for treatment, 

this is as efficient as diagnosis using CTA[49]
. In many 

cases, such as in pregnancy when the administration 

of Gadolinium based contrast agents (GABA’s) is cri-

tical, using a non-contrast enhanced MRA can provide 

a reliable exclusion of a massive central PE. The further 
contrast-enhanced steps of the recommended exa-

mination protocol would contribute to confirm this result 
and increase sensitivity and specificity (Figure 3)

[2,49]
. 

The diagnostic accuracy of a non-contrast enhanced 

examination could be improved by additional non-co-
ntrast enhanced perfusion imaging, based either on ar-

terial spin labeling or on Fourier decomposition (Figure 

2). Both have been shown to be sensitive for lung per-

fusion deficits related to acute PE, but are still on an ex-
perimental level

[52]
. 

The high contrast to noise of the blood pool with a 

steady state free precession sequence means that it 

can serve as a non-contrast enhanced MR angiogram
[53]

 

when performed in 3D breathhold. Recent developments 

with 3D UTE SSFP and zero echo time sequences
[54]

 also 

hold promise, however the lack of arterial and venous 

separation poses diagnostic limitations on this method 

when compared to state of the art CE MRA. Fourier 

decomposition (FD) MRI uses a continuously acquired 

two-dimensional steady-state free-precession (SSFP) 

or fast low angle shot (FLASH) acquisitions
[55,56]

. Since 

lung signal changes with inspiration depth (highest si-

gnal with lowest pulmonary air content in expiration) 
and cardiac motion (lowest signal with maximum blood 
flow in systole), both result in periodic changes of lung 
parenchymal signal that can be separated by means 

of Fourier decomposition
[57]

. Perfusion and ventilation-

weighted images are generated from the high frequency 

oscillations related to the effects of pulsatile blood flow 
and the low-frequency lung signal oscillation related 

to respiration without contrast
[55,58]

. Further promising 

new developments of this technique using self-gated 

non-contrast-enhanced functional lung imaging (SEN-

CEFUL) or phase-resolved functional lung (PREFUL) MRI 

have reported
[59,60]

. Principally, this technique has the 

potential to replace V/Q scans and has been already 

been validated against single-photon emission compu-

ted tomography (SPECT) perfusion and ventilation im-

aging
[61]

, and against hyperpolarized 3He and perfusion 

MRI
[62,63]

. In a single center study, perfusion weighted 

FD MRI showed encouraging results for the diagnosis 

of PE in the non-acute clinical setting
[64]

. Arterial spin 

labeling (ASL) uses the intrinsic contrast of magnetized, 

inflowing blood into the imaging plane or volume without 
the need of contrast material injection

[52,65]. In scientific 
applications, ASL has been used to study of the effects 

of inhaled oxygen concentration and physical exercise 
on ventilation-perfusion heterogeneity of the lungs in 

healthy human subjects
[66-68]

. However, although being 

principally suitable for the detection of lung perfusion 

deficits related to acute PE, neither arterial spin labeling 
nor Fourier decomposition MRI have been clinically 

implemented for the assessment of acute PE, mainly 

because of the lower robustness against artifacts, lower 

spatial resolution and inferior signal to noise compared 

to contrast enhanced dynamic perfusion imaging
[52]

. 

Therefore, currently only steady-state GRE sequences 

are used when a non-contrast enhanced MRI of the pu-

lmonary vessels is required. 

June 28, 2018|Volume 10|Issue 6|

Table 1  Pulmonary contrast-enhanced magnetic resonance 

angiograph imaging protocol at UW-Madison after Nagle et al
[76]

Three-plane SSFSE localizers

Pre-contrast T1 weighted 3D SGRE

Pulmonary arterial phase T1-weighted 3D SGRE

Immediate post-contrast T1-weighted 3D SGRE

Low flip angle post-contrast T1-weighted 3D SGRE
T1-weighted 2D axial or 3D SGRE with fat saturation

SGRE: Spoiled gradient recalled echo; MRA: Magnetic resonance ang-

iograph; SSFSE: Single-shot fast spin-echo.

Table 2  Pulmonary contrast-enhanced magnetic resonance 

angiograph pulse sequence parameters after Schiebler et al
[2]

Parameter Value

FOV 18-45 (to fit the patient) cm
Slice acquisition plane Sagittal

Resolution1 SI 0.7 × RL 0.7 × AP 1.0 mm3

TR/TE 2.9 ms/1.0 ms

Parallel imaging factor 3.6

Flip angle 28° (15°for 2nd post-contrast “low flip angle” 
scan)

Bandwidth ± 88 kHz/pixel

Time for Breath hold 15-21 s

1Interpolated resolution in all three planes. TR: Time to repetition; TE: 

Time to echo; FOV: Field of view.
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SAFETY OF GADOLINIUM BASED 

CONTRAST AGENTS

Currently GBCA’s are used for CE-MRA, even in those 

patients with borderline renal function
[69]

. A recent meta-

analysis has shown that higher iconicity, protein binding 

and macrocyclic structures of GBCA’s are associated with 

an increased number of acute allergic reactions
[42]

.

Recently work has shown gadolinium deposition in 

the brains, skin and bones of patients with normal renal 

function
[70-72]

. This can occur when linear or macrocyclic 

chelates GBCAs are used
[73]

. The association between 

the tissue deposition of gadolinium from GBCAs and 

any short or long-term clinical importance remains to be 

determined
[74]

. Due to concerns over brain Gadolinium 

deposition, macrocyclic agents such gadoterate megl-

umine and gadobutol are preferred
[75]

.

We currently recommend injection of 0.1 mmol/kg 

of GBCA diluted to a total volume of 30 mL with saline 

injected at 1.5 mL/s at end-expiration[2,76]
. The total 

length of time for the bolus administration of contrast 

material is important. Diluting the contrast with normal 

saline up to a volume of 30 mL allows administration 

of the entire length of the acquisition and thus helps to 

limit Maki artifacts (Figure 3). This artifact occurs when 

the scan acquisition starts before the bolus arrives, the 

effect is an edge-enhanced image and this can simulate 

PE
[77]

. 

RENAL FAILURE 

An option for patients with renal failure or GBCA allergy 

is the off-label use of Ferumoxytol as a MRA contrast 
agent

[78]. Ferumoxytol is an intravenously administered 
ultrasmall superparamagnetic iron oxide agent for 
treatment of anemia in adult patients. The standard 

intravenous dose is 3.0 mg/kg. There is a Food and 

Drug Administration “black box” warning against the 
rapid bolus administration of this agent, as it has been 

associated with hypotension and death. The rate of 

anaphylaxis is low at 0.02% to 1.3%[43]
. Its T1 and T2 

shortening effects, long blood-pool residence time and 

clearance through the reticuloendothelial system makes 

this a versatile MRI contrast agent
[43,79]

. Moreover, Fer-

umoxytol avoids any risk of Nephrogenic Systemic Fib-
rosis for patients with renal failure. 

June 28, 2018|Volume 10|Issue 6|
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Figure 1  Direct findings of pulmonary embolism. A: CE-MRA shows a filling defect in the interlobar artery (white arrow) consistent with the expected appearance 
of a pulmonary embolus (arrow); B: CE-MRA showing an eccentrically located pulmonary embolus that spans the truncus anterior and interlobar artery (arrow); C: 
Post gadolinium fat saturated breath hold axial spoiled gradient echo image showing bilateral filling defects in the lower lobe pulmonary arteries (interlobar PE-dashed 
arrow, left lower lobe pulmonary artery-arrow). CE-MRA: Contrast enhanced magnetic resonance angiograph; PE: Pulmonary embolism.

A B C

Figure 2  Case of pulmonary embolism to the right lower lobe. A: Coronal dynamic contrast MRI shows notable right lower lobe hypo-perfusion in a 25-year-old 
female with known acute pulmonary embolism one month ago; B: Corresponding (non-contrast) Fourier decomposition (FD) perfusion; C: Ventilation-weighted FD MR 
images also depict right lower lobe hypo-perfusion and normal ventilation (VQ mismatch). MRI: Magnetic resonance imaging.
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PREGNANCY 

PE is one of the causes of death in the pregnancy
[80,81]

. 

The diagnosis of PE in these patients is challenging 

because of the necessity of keeping medical radiation 

exposure to a minimum. The American Thoracic Society 
and the Society of Thoracic Radiology have reached co-

nsensus in this clinical scenario
[82]

. They recommend 

ventilation-perfusion (V/Q) scintigraphy as a first line 

test to detect PE in pregnant patients with normal chest 

radiographs, with CTA reserved for those mothers wi-

th abnormal chest radiographs or indeterminate V/Q 

scans
[82]

. This remains an active area of research
[83]

. 

Non-contrast MRA using bright blood pulse sequences 

(bSSFP) and unenhanced Fourier decomposition lung 

perfusion are other options in this scenario that is non-

ionizing and without contrast for the mother and fetus 

(Figure 2)
[72,84]

. Unfortunately, CE-MRA using GBCAs 

is limited because these agents cross the placenta to 

the fetus and there are reports of rheumatological, 

inflammatory, and infiltrative skin conditions in those 

exposed neonates[85]
. Fortunately, there is another 

option for CE-MRA in this situation; the United States 

Food and Drug Administration has approved Ferumoxytol 
for use in pregnancy as a treatment for anemia, and 

we have used it (off-label) for CE-MRA in pregnant pa-

tients
[86]

. A recent Cochrane review assessed the value 

CTA, lung scintigraphy or MRA in pregnant patients with 

suspected PE
[87]. No MRI examinations met the inclusion 

criteria for the study. The authors concluded that both 

CTA and lung scintigraphy are appropriate for exclusion 
of PE in pregnancy, however it was unclear which test 

had the higher accuracy. They emphasized the need 

for direct comparisons and the need to include MRI in 

prospective trials in this clinical scenario
[87]

.

ARTIFACTS

Truncation artifact (Gibbs’’ ringing) is showed as a dis-

tinct central signal intensity drop within the pulmonary 

vasculature in pulmonary contrast-enhanced MRA
[88]

. 

Gibbs’ ringing may be misdiagnosed as PE (Figure 4), 

particularly by inexperienced MRA readers. The di-
fferentiation between Gibbs’ ringing and emboli is im-

portant. The signal intensity of this artifact is typically 

50% or higher than the enhanced surrounding vessel 

lumen
[88]. Errors approximation in the Fourier transfor-

mation from k-space to image space causes this ar-

tifact (Figure 3). Routine Cartesian reconstructions of 

k-space into image space performs better when used for 

estimating gradual transitions in tissue signal intensity, 

not sharp ones
[88]

. There are cases where a Gibbs’ ar-

tifact is not distinguishable from a small central non-

occlusive PE
[88]

. In those cases, a confirmatory CTA 

exam is required for an accurate diagnosis. The Maki 
artifact

[77]
 can also simulate a PE. This error in image 

interpretation is avoidable by using multiple contrast 

phases and extending the bolus so that contrast is al-
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Figure 3  Non-contrast pulmonary magnetic resonance angiograph of an 82-year-old male with a history of san acute onset of dyspnea. A: Transverse 
non-contrast enhanced steady state GRE; B: Coronal oblique non-contrast enhanced steady-state GRE images of a fresh embolus in the right lower lobe artery; 
C: For comparison the transverse reformation; D: The original coronal images from the contrast-enhanced MRA (images courtesy of Heussel CP and Wielpuetz M, 
Thoraxklinik, Heidelberg, Germany). GRE: Gradient recalled echo; MRA: Magnetic resonance angiograph.
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ways flowing into the pulmonary arteries during the first 
acquisition (Figure 3)

[76]
.

ANCILLARY FINDINGS

The ancillary findings observed on CE-MRA exams in 
those patients without PE are similar to those of CTA 

(Figure 5)
[89,90]. The field of view is larger and the soft 

tissue contrast is better on CE-MRA exams than CTA. 
In a recent study, the incidence of actionable findings 
(requiring follow up) from CE-MRA exams was 17% 
(pleural effusion, pneumonia, malignancy, ascending 

aortic aneurysm, aortic dissection, pericardial effusion, 

heart failure, septic emboli, lung abscess, trauma, and 

sarcoidosis). While the incidence of incidental findings 
(those findings not requiring follow up) was 36% (mild 
dependent atelectasis, small pleural effusion, normal 

vascular variant, simple cysts in liver or kidney and pos-

t-surgical changes)
[89]

.

DIRECT AND INDIRECT FINDINGS OF PE

Just like multidetector computed tomographic angiog-

raphy MDCT, PE are detected as a lumenal filling defect 
in the pulmonary arteries on CE-MRA (Figure 1). Other 

direct findings include that arterial cutoff sign, double 

bronchus sign, and high T1 signal intensity clots. The 

indirect findings include atelectasis, pleural effusion, hi-
gh signal adjacent draining pulmonary vein, the “W-B-W” 

(white-black-white) sign, perfusion defects, enhancing 

visceral pleural surfaces, and an enlarged pulmonary 

trunk. Other findings indicative of right heart strain and 
elevated central venous pressure can help to estimate 

the degree of right heart dysfunction with larger clot 

burden
[7,91]

.

FREE BREATHING PE-MRA

In the PIOPED Ⅲ study, the sensitivity of PE detected by 

MRA in subsegmental artery was 0%
[16]

. The emboli in 

subsegmental vessels on MRA are difficult to distinguish 

from lung parenchyma or a nearby bronchus as this 

is a “black-on-black” perceptual event. Bannas et al
[47]

 

showed that free-breathing 3D radial ultra-short time to 

echo (UTE) imaging
[45]

 can detect PE in subsegmental 

vessels. The reason for this is the high SNR of lung 

parenchyma in the UTE image. Their method used a 

free-breathing 3D radial UTE technique, which is quite 

advantageous in the setting of dyspnea, a common 

presenting symptom of PE.

OVERDIAGNOSIS OF PE USING MDCT

MDCT is the gold standard for the primary diagnosis 

of PE
[6]

. The SSPE, which are not detected with V/Q 

scintigraphy or earlier generation single detector CT, 

are now routinely diagnosed with MDCT
[92]

. Le Gal et 

al
[92]

 in a review found that that MDCT found twice as 

many SSPE as the single detector CT scans. Sheh et 

al
[93]

 First introduced the concept of “overdiagnosis” 

of PE due to the change from V/Q scintigraphy to MD-

CT and an increased diagnosis of a much less fatal 

spectrum of PE. In contrast to the idea that SSPE is 

benign, other authors have shown that the presence 

of SSPE remains important for the likelihood of future 

venous thromboembolism (VTE)
[94-96]

. Current clinical 

practice guidelines suggest that anticoagulation therapy of 

these SSPE should be tailored to the individual patient’s 

risks and benefits[96]
. The American College of Chest Ph-

ysicians 2016 guidelines now recommend withholding 

anticoagulation for SSPE in those patients with a low 

risk for recurrent thrombus and no concurrent deep ve-

in thrombosis
[97]

.

WEAKNESSES OF MRA

There are limitations for the use of MRA for the primary 

diagnosis of PE. First, this modality should not be used 

for unstable patients. Second, patients with allergies 

to gadolinium based contrast material should only be 

imaged if there is no access to MDCT or Ventilation Pe-

rfusion scanning, and only then after premedication 
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Figure 4  Artifacts: The Maki artifact. A: Acquisition of the central aspect of k-space was before the bolus of contrast agent filled the pulmonary artery causing a 
pseudo-clot within the left lower lobe pulmonary artery (arrow); B: Later phase acquisition from the same patient shows normal contrast enhancement of the Left lower 
lobe pulmonary artery (arrow); C: Gibbs’’ ringing artifact can simulate a central filling defect. Typically, the signal of emboli will be less than 50% of the signal intensity 
of the lumen.
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with steroids for 24 h and Benadryl. Third, small chil-

dren or adults who are unable to hold their breath, or 

hold still, for the 13-20 s MRA are poor candidates for 

this exam. Fourth, readers experienced with the int-
erpretation of MRA for PE are needed to ensure that 

the correct diagnosis is reached in these exams. Fifth, 
up to date MRI hardware (high performance gradients 

and multicoils) and software (rapid k-space sampling 

and accelerated image acquisition) are needed to allow 

for the acquisition of 3D MRA exams with nearly iso-
tropic voxels. There is noise associated with the rapid 
switching of the gradient coils that may bother some pa-

tients if there is not adequate hearing protection. 

The costs of this test will vary depending on each 

country’s healthcare plan. In our experience, the cost 
of this procedure is similar to MSCT for PE. There can be 

access challenges for the emergent use of CE-MRI for PE 

from the Emergency Department. With effort, we have 

found that the time from order to final interpretation of 
these exams can be around one hour[76]. Experienced 
sites will not have difficulty starting a CE-MRA program 
for the primary diagnosis of PE, however we recognize 

that there are many medical centers that do not have 

access to these instruments and lack adequately tra-

ined medical/technical staff for the performance of 

these exams. In this low to intermediate risk patient 
population, there are many patients that do not need 

imaging; this is why the careful application of CDR’s is 

needed to screen all patients prior to ordering an exam 
for PE.

PERFORMANCE GAP: CE-MRA 

EFFECTIVENESS > EFFICACY

The most recent effectiveness data from UW-Madison 

showed a negative predictive value of 99% (95%CI: 

97%-100%) in 500 patients
[39]

. The reader can easily 

surmise that this effectiveness value (NPV-99%) is 

quite different than the efficacy value (sensitivity -77%) 
reported in PIOPED Ⅲ[16]

. How do we reconcile this 

difference? Perhaps this relative “over-performance” of 

CE-MRA, using outcomes data as a surrogate for ef-

fectiveness, vs the lower efficacy can be explained by 
the following possibilities: (1) Better technical CE-MRA 

exams than were available for PIOPED Ⅲ; (2) Readers 

experienced with the artifacts of this exam; and (3) 
Small PE in younger and healthy patients, that may 

be missed on CE-MRA or NM V/Q scanning are not im-

portant for survival or subsequent VTE. One reason for 

this may be that these isolated SSPE’s may indeed 

be “scrubbed” from the pulmonary arterial vasculature 

by the patient’s endogenous thrombolytic activity. An-

other possible reason is that there is a great deal of 

cardiopulmonary reserve and that sacrifice of a few 

subsegmental pulmonary arteries is not significant in 

the normal population. Please note that the situation 

of repeated SSPE may lead to chronic thromboembolic 

pulmonary hypertension
[98]

.

Recently Cronin and Dwamena
[99]

 have used the 

PIOPED Ⅱ data to calculate likelihood ratios (LR) for 

PE in this cohort based on the pretest probability from 
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Figure 5  Ancillary findings on contrast enhanced magnetic resonance angiograph exams. A: Contrast enhanced MRA shows a right atrial thrombus from a long 
standing indwelling central venous catheter (dashed arrow) and a pericardial effusion (straight arrow); B: Post contrast breath hold fat saturated gradient echo showing 
a left pleural effusion (arrow); C: CE-MRA coronal image showing the same left pleural effusion ( arrow); D: CE-MRA showing right renal pelvis hydronephrosis (arrow); 
E: Fast spin echo scout sagittal image through the right renal pelvis showing the high signal intensity of the hydronephrosis (arrow). CE-MRA: Contrast enhanced 
magnetic resonance angiograph.
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CDR (e.g., Wells’ score, Geneva score and Pisa score). 

The use of LR is important in this age of outcomes dri-

ven research as these reflect the clinical utility of any 
given testing method. The numerator of the positive LR 

(+LR) is the sensitivity of the test for that disease. 

The denominator is 1-specificity of the test for that dis-
ease

[99]
. Their analysis showed that the use of CE-MRA 

for the diagnosis of PE had a higher LR+ than CTA
[99]

.

LR+ = Sensitivity/(1-specificity)

CONCLUSION

Currently computed tomographic angiography is the st-

udy of choice for the diagnosis of PE. We have reviewed 

our experience using pulmonary CE-MRA as a first line 
diagnostic test for patients suspected of having PE. We 

have found equivalent six-month outcomes to computed 
tomographic angiography when using this test. We 

recommend using strict patient selection criteria for 

improving the likelihood for the technical success of th-

is test. First, a low to intermediate pretest probability 

for venous thromboembolic disease by the formalized is 

used of CDR (Wells’ criteria, PERC or the Geneva score); 

Second, patients with iodinated contrast allergies can 

benefit from using this test; Third, female subjects 

less than 35 years of age to mitigate medical radiation 

exposure to the breast; Fourth, employing ferumoxytol 
as the MRA contrast agent in renal failure patients; 

Finally, yet importantly, ensuring that the patient is st-

able and can hold their breath for the 13-17 s CE-MRA. 

There is no overdiagnosis of PE when CE-MRA or NM V/Q 

scanning is used. In other words, these “less sensitive” 

tests may suffice for the primary diagnosis of PE. We 

are supportive of funding for randomized clinical trials to 

evaluate whether or not the clinical outcomes significantly 
vary between CTA and CE-MRA for the primary diagnosis 

of PE, as this remains an unmet need.
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