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Introduction

Magnetic resonance imaging (MRI) is a highly versatile
technology, incorporating proton imaging, contrast-en-
hanced MR angiography (MRA) and imaging using
new ventilation agents. Although the use of MRI in the
diagnosis of pulmonary embolism (PE) is still in infancy,
there are huge gains to be made in terms of its noninva-
sive nature, safe contrast agents and (maybe most im-
portantly) its inherent lack of ionizing radiation. As a
result of these advantages, developments are ongoing
to make MRI an integral part of imaging of the chest
and pulmonary arteries.

Until relatively recently, MRI of the chest was virtu-
ally unheard of. This was owing to the lack of protons
within the chest, motion of both heart and lungs, and
the susceptibility artefacts due to the interfaces between
air and soft tissues. However, with the development of
contrast-enhanced MRA, it became possible to image
the large vessels in the chest. Newer sequences also im-
proved other lung imaging parameters, such as per-
fusion imaging, direct thrombus visualization tech-
niques and, more recently, the use of hyperpolarized
noble gases for imaging of the air spaces. The use of
faster imaging sequences has made it feasible to image
even breathless patients.

The availability of MRI remains problematic in
most hospitals. Thus, extension of services to include
an acute disease such as venous thromboembolic dis-
ease will be difficult. However, as more systems are
coming on line and with new laws on the medical use
of ionizing radiation, it seems essential to develop this
technology for use in the short term for those that have
adequate MR resources and in the longer term for
those that will have more MR capacity later. It should
be emphasized that all work thus far has been per-
formed on high gradient, high field-strength (1.5 T) sys-
tems. It seems unlikely that this requirement will
change in the foreseeable future.
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MRA

Gadolinium (Gd)-enhanced MRA is now the standard
technique for many body areas. For imaging in the
chest, the use of fast sequences has allowed imaging
during a single breath-hold, using 3-D gradient echo
sequences and the first pass effect on T1 relaxation by
the gadolinium bolus (1–4). The breath-hold time has
slowly decreased from nearly 30 s to less than 10 s
with the introduction of newer sequences and better
software (1–7). Most recently, a sequence has been de-
scribed that decreases the breath-hold requirements for
pulmonary MRA. This sequence obtains dynamic 3-D
information on the entire pulmonary arterial tree in
less than 4 s (7). Thus, the sequence almost omits the
necessity for breath-holding and enhances the feasi-
bility of MRA in patients with suspected pulmonary
embolism who are more likely to be breathless. The
initial results were encouraging, with visibility to sub-
segmental level and accurate diagnosis of PE in four
patients. However, further validation of this technique
is still required.

Other fast imaging sequences, such as dynamic 2-D
MR digital subtraction angiography (DSA), are se-
quences that use thick slabs and maximum intensity
projection. Although they have increasingly good tem-
poral resolution, this is at the cost of signal-to-noise
ratio and spatial resolution in the third dimension.
However, they may be useful as they are directly com-
parable to standard DSA and they also show the dy-
namics of blood flow into the pulmonary arterial tree.

Only few published reports have assessed the value
of contrast-enhanced MRA in reasonable numbers of
patients. The first series in 13 patients was published
by Isoda et al., but these patients had a variety of lung
diseases other than pulmonary embolism (1).

The study by Meaney et al. investigated the per-
formance of contrast-enhanced 3-D angiography in 30
patients with proven pulmonary embolism (5). The im-
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ages were reported independently by three radiologists.
In 10% of the patients, the images were of insufficient
quality to be diagnostic. The sensitivity and specificity
of MRA for PE for the remaining 27 patients varied
between 75% and 100%, and 95% and 100%, respec-
tively (5). Some of the criticisms of this study were the
inherent selection bias and the fact that many patients
with suspected PE would not be able to hold their
breath for 27 s.

When considering the optimal use of MRA in a di-
agnostic strategy, one has to consider the role of per-
fusion lung scintigraphy, as this is capable of safely ex-
cluding PE in up to 50% of outpatients. Therefore, a
more recent study performed contrast-enhanced 3-D
MR pulmonary angiography in patients with an abnor-
mal perfusion lung scintigram (6).

This study was performed in a consecutive series of
141 patients, and pulmonary angiography was per-
formed as reference standard. The MR sequence used
consisted of a double contrast injection and indepen-
dent imaging using thick slabs of the two lungs. The
sequence is described in more detail in Table 1 (6).
The use of a biphasic injection of gadolinium chelate
contrast agent has the advantage of obtaining greater
signal-to-noise ratio, as the bolus will be optimal during
data acquisition in the centre of k-space.

In this consecutive series of patients, MRA was
contraindicated in 13 patients (9%), while images were

Table 1: Contrast-enhanced 3-D MR pulmonary angiography
technique as used on a 1.5 T unit with enhanced gradients (Vision,
Siemens Medical Systems).

Scan parameter Value

Field-of-view (minimum) 200 ¿ 320 mm
Matrix 90–106 ¿ 512
Flow compensation no
Breath-hold yes, two separate breath-holds of

15 s
Slab thickness 125 mm for each lung in sagittal

orientation
Encoded partitions 44
Reconstructed images 100
Slice thickness 1.25 mm
Coil phased array body coil
Scan mode 3-D
Scan technique Fast Low Angle Single Shot
TE 1.6 ms
TR 3.65 ms
Flip angle 25æ
Bandwidth readout 390 Hz/pixel
Encoding centre of data at half scan time
Test bolus 4 mL
Contrast total volume 20 mL for each lung
Contrast injection 2 mL/s, 10-s injection time for each

lung
Mode of injection biphasic: 1 mL/s for 5 s, 2 mL/s for

remainder
Scan duration 40 s
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not interpretable in eight patients (6%). MRA was per-
formed in two patients in whom conventional pulmon-
ary angiography was contraindicated. Thus, MRA and
DSA were available in 118 patients (84%). The preva-
lence of PE was 30%, which can be attributed to the
exclusion of patients with normal findings by perform-
ing perfusion scintigraphy prior to MRA. Some
examples of MRA and correlating DSA images are
shown in Figures 1 and 2, which demonstrate PE in
both instances. Images were read independently in 115
patients, and agreement was obtained in 105 cases
(91%), with a kappa value of 0.75. MRA demonstrated
27 of 35 patients with proven PE (overall sensitivity,
77%; 95% CI 61–90%). The sensitivity for isolated
subsegmental, segmental and central/lobar PE was
40%, 84% and 100%, respectively (P�0.01 for isolated
subsegmental vs. segmental or larger PE). Figure 3
demonstrates a normal MRA, but isolated subsegmen-
tal PE on DSA. However, these subgroups contained
relatively small numbers. MRA demonstrated PE in
two patients with normal angiogram at a specificity of
98% (95% CI 92–100%). Thus, it would seem that
MRA is sensitive for segmental or larger PE and highly
specific. These results are comparable to helical com-
puted tomography (CT) literature data.

As demonstrated in Figures 4 and 5, one of the ad-
vantages of MRA is the capability to assess clot resol-
ution. As there is no radiation involved, it is a good
way of performing follow-up studies in patients at in-
creased risk of developing chronic thromboembolic hy-
pertension, such as those with relatively extensive PE.

More recently, the use of a very fast imaging tech-
nique with the newest gradient systems (1.5 T, ampli-

Fig. 1. Patient with a massive thrombus in the right de-
scending pulmonary artery. The conventional pulmonary angio-
gram (A) compares closely to the projection obtained with con-
trast-enhanced 3D MRPA (B). Circular dashed regions demon-
strate the location of the embolus.
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Fig. 2. Initial contrast-enhanced 3D MRPA on a patient with
multiple emboli lodged in both lungs. A nice correlation is poss-
ible on the left lung between the conventional pulmonary angio-
gram (C) and the volume-rendered MRPA acquisition (D). A
double sagittal slab contrast-enhanced 3D MRPA protocol was
performed.

tude 40 mT/m, slew rate 200 mT/m/ms) has resulted
in a gadolinium-enhanced 3-D MRA sequence that
can be performed in under 4 s per image dataset, with
5 datasets acquired within a 19-s breath-hold (7). A
summary of the MRI parameters is shown in Table 2.
The sequence has been tested in three healthy volun-
teers and eight dyspnoeic patients in whom a diagnosis
of pulmonary embolism was contemplated. Pulmonary
embolism was demonstrated in four patients and this
was confirmed by CT or scintigraphy in all cases. In
the other four patients pulmonary embolism was
deemed absent, and this was also corroborated by non-
invasive diagnostic tests. Only two of the eight patients
could hold their breath for 19 s, while all patients could
hold their breath for 8 s, during which time two data-
sets were acquired. It is concluded that this technique
may offer a fast, reliable test for the diagnosis of pul-
monary embolism, but further studies will be required
to confirm this.

Direct thrombus imaging

Another concept is to develop sequences that do not
require gadolinium contrast and directly image throm-
bus (8). The huge advantage of this technique is that it
is fast and can be employed as a single-stop assessment
of the entire deep venous system and the pulmonary
arterial system, similar to that advocated for CT pul-
monary angiography combined with venography (9).
The technique proved highly accurate for the diagnosis
of deep vein thrombosis, as was demonstrated in a

IMAGING DECISIONS 3/2002

study in 101 patients with suspected DVT in whom
contrast venography was also performed (10). Although
the cohort was not a consecutive group of patients, the
authors prevented selection bias by including all pa-
tients with a positive venogram and randomly selecting
25% of patients who had a normal venogram result.
Two independent reviewers reported sensitivity and
specificity ranging from 94% to 96% and from 90% to
92%, respectively. As could be expected, the diagnostic
accuracy for isolated calf vein thrombosis was slightly
lower than for ileofemoral thrombosis, but nevertheless
remained high (10). Furthermore, the interobserver
variability was greater than 0.8, suggesting excellent ro-
bustness of interpretation for this technique.

Currently, this technique is being investigated in a
large randomized clinical management trial and com-
pared with three other management strategies: 1) lung
scintigraphy followed by ultrasonography of the deep
venous system of the leg if the lung scan is nondiagnos-
tic; 2) same as strategy 1, but with pulmonary angiogra-
phy as final diagnostic test if ultrasonography is normal;
3) helical CT pulmonary angiography (10).The initial
results of the first 45 patients managed by MRI alone
showed venous thromboembolic disease in 12 patients;
these were treated with anticoagulant therapy. An ex-
ample of a patient with central pulmonary embolism
and concurrent deep vein thrombosis is shown in Fig-
ure 6. In the remaining 33 patients, in whom throm-
bosis was excluded by MR thrombus imaging, antico-
agulants were withheld and patients were followed for
3 months. In the 33 patients with complete follow-up,
two patients died from unrelated causes (one due to
disseminated malignancy and one due to renal failure)

Table 2: Contrast-enhanced 3-D MR pulmonary angiography
technique as used on a 1.5 T unit with high-performance three-
axial gradients (Sonata, Siemens Medical Systems)

Scan parameter Value

Field-of-view (minimum) 360 mm
Matrix 140¿256
Flow compensation no
Breath-hold yes, 19 s for 5 image sets acquisitions
Slab thickness 110 mm
Encoded partitions 40
Reconstructed images 100
Slice thickness 2.75 mm
Coil phased array body coil
Scan mode 3-D
TE 0.6 ms
TR 1.64 ms
Flip angle 15æ
Bandwidth readout 1295 Hz/pixel
Test bolus no
Contrast total volume 20 mL
Contrast injection 3 mL/s followed by saline flush
Scan duration 3.74 s per data set (5 image data sets

required)
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Fig. 3. Comparison between conventional and contrast-enhanced 3D MRPA on a patient with a small pulmonary embolus in the
middle right pulmonary artery. (A) Conventional pulmonary angiogram. (B). The magnified views of (E-H) correspond to the rec-
tangular view (white dashed square) in (A-D) with arrows pointing at the vessel containing the small thrombus. Note that in
conventional MRPA the contrast between thrombus and blood does not permit good differentiation (F), better seen on the contrast-
enhanced scan (G). (D) and (H) illustrate the 3D MRPA acquisition after anticoagulant therapy (3 months after first examination)
with complete clearance of the blood clot. For the conventional 3D MRPA scan, a sagittal acquisition was performed using FLASH
3D with TR/TEΩ3.5/1.4msec, aΩ5æ, 110 mm, 44 sections (2.5mm), 96 ¿ 256 matrix, FOVΩ220 Ω 340 mm2, 15 sec breath-hold.
Volume rendering was used for (B-D) after manual segmentation of the thorax.

Fig. 4. Corresponding images of CTA (A), DSA (B), MRA
(C) and follow-up MRA after treatment for PE (D).

3/2002 IMAGING DECISIONS

(10).There were no symptomatic thromboembolic
events during this period. The outcome of the MR
thrombus imaging management protocol was similar to
that of the other management strategies. If these results
could be replicated in additional patient numbers, this
would show that MR thrombus imaging could replace
other technologies in the management of venous
thromboembolic diseases. The MR time availability re-
mains a problem at present. However, the lack of ioniz-
ing radiation and the absence of (nephrotoxic) contrast
agents, combined with the high reproducibility and di-
agnostic accuracy of this technique, make it a very
promising method.

Perfusion imaging

Lung perfusion imaging is being developed using a var-
iety of sequences (1, 5, 7, 8). One can use the so-called
first pass effect of gadolinium-based contrast agents
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Fig. 5. Corresponding detailed images of pulmonary arterial
MRA pre- and post-anticoagulant therapy. The images were
obtained 1 week following a course of heparin/oral anticoagu-
lants. From: Oudkerk M et al. Lancet 2002;359:1643–1647,
Figure 2.

(similar to other techniques such as helical CT), but it
is also possible to obtain perfusion information without
contrast agents.

The contrast-based perfusion technique is usually
combined with 3-D MRA, giving a dynamic enhance-
ment of the pulmonary vascular tree similar to pulmon-
ary angiography. Thus, perfusion-deficient areas can be
shown and this can aid in the visualization of PE after
reconstruction of the pulmonary arterial tree.

A recent publication using gadolinium-enhanced
perfusion MR of the lung showed that semiquantitative
evaluation of regional pulmonary perfusion can be
achieved (11). This technique used consisted of a 5 mL
bolus injection followed by saline flush at a rate of 3
mL/s. Three dynamic imaging sets of 6–7 s each were
obtained during a single breath-hold. The initial im-
aging set was obtained prior to contrast injection, while
the following two were obtained 7 s after start of bolus
injection (pulmonary arterial phase) and 13 s after start
of bolus injection (aortic phase). The technique was ap-
plied in 20 patients with potentially surgically resect-
able lung cancer (11). For comparison, pulmonary per-
fusion scintigraphy and pulmonary function tests were

IMAGING DECISIONS 3/2002

Fig. 6. Direct thrombus imaging sequence, demonstrating
central pulmonary embolism (A) and deep vein thrombosis (B)
in the same patient (images courtesy of Prof. Alan Moody, Not-
tingham, UK).

obtained and the patients’ outcome was observed. The
results showed good correlation between MR perfusion
and lung scintigraphy, while MR perfusion also seemed
able to predict postoperative outcome.

Arterial spin-labelling techniques are capable of
using the red blood cells as magnetic particles. Thus
the inflowing red blood cells can be visualized, giving
information on lung perfusion. The technique has been
under development and has recently been used in hu-
man lung experiments (12).

Perfusion-ventilation imaging

Ventilation lung MRI has become feasible using two
techniques: subtraction MRI using oxygen enhance-
ment and hyperpolarized noble gases. Recently, the
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Fig. 7. Combination of hyperpolarized helium-3, Gd-enhanced perfusion MR and Gd-enhanced 3-D MRA will result in overall
assessment of lung function. This example shows the results in a patient with chronic thromboembolic pulmonary hypertension
(images courtesy of Dr Hans-Ulrich Kauczor, Mainz, Germany).

first human volunteers were imaged using this tech-
nology. These results were encouraging, and studies in
patients with pulmonary embolism are currently in
progress (13).

The introduction of ventilation imaging using hyper-
polarized noble gases, such as helium-3, has introduced
another method to perform perfusion/ventilation im-
aging. One recent overview gives a good outline of
technical requirements and the initial results in animals
and human studies (14). Another overview focuses on
the potential role within the field of lung functional
imaging. For an overview of helium-3 MRI, the reader
is referred to the literature (15).

3/2002 IMAGING DECISIONS

No human studies have been performed assessing
the feasibility of perfusion/ventilation imaging. How-
ever, initial results of rat experiments have demon-
strated that this technique may have potential (this
could be even more relevant in pulmonary hyperten-
sion assessment) (16).

Figure 7 shows what is feasible for imaging of human
pulmonary function. This patient was known to suffer
from chronic thromboembolic pulmonary hyperten-
sion. The patient underwent pulmonary perfusion
studies with the aid of gadolinium, pulmonary MRA
and hyperpolarized helium-3 imaging for assessing ven-
tilation homogeneity and oxygen uptake mapping.

 16170830, 2002, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1046/j.1617-0830.2002.60304.x by U

niversiteitsbibliotheek, W
iley O

nline L
ibrary on [13/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



28 M R I F O R T H E D I A G N O S I S O F P U L M O N A R Y E M B O L I S M

Thus, an entirely noninvasive, nonionizing radiation
protocol can now be used to assess parameters such
as ventilation/perfusion mismatch, extent of disease in
terms of oxygen uptake and direct visualization of the
pulmonary vascular tree. It is this development of MRI
of the chest that will ultimately be required for full im-
plementation in the management of patients with both
acute and chronic pulmonary embolism.

Conclusions

MRI of the chest is rapidly evolving and the inherent
advantages of noninvasiveness, the nonionizing radi-
ation requirement, the use of safer contrast agents and
the versatile sequences employed to assess various
tissues in the chest render it of potential value for the
future. However, more investigations are needed to
demonstrate clinical applicability in a setting of acute
pulmonary embolism. As demonstrated above, it seems
highly likely that MRI will play a major role in the
diagnosis of venous thromboembolic diseases in the fu-
ture.
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