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ABSTRACT

Background Diagnosing pulmonary embolism may
be difficult, because there is no reliable noninvasive
imaging method. We compared a new noninvasive
method, gadolinium-enhanced pulmonary magnetic
resonance angiography, with standard pulmonary
angiography for diagnosing pulmonary embolism.

Methods A total of 30 consecutive patients with
suspected pulmonary embolism underwent both
standard pulmonary angiography and magnetic res-
onance angiography during the pulmonary arterial
phase at the time of an intravenous bolus of gad-
olinium. All magnetic resonance images were re-
viewed for the presence or absence of pulmonary
emboli by three independent reviewers who were
unaware of the findings on standard angiograms.

Results Pulmonary embolism was detected by
standard pulmonary angiography in 8 of the 30 pa-
tients in whom pulmonary embolism was suspect-
ed. All 5 lobar emboli and 16 of 17 segmental emboli
identified on standard angiograms were also identi-
fied on magnetic resonance images. Two of the three
reviewers reported one false positive magnetic reso-
nance angiogram each. As compared with standard
pulmonary angiography, the three sets of readings
had sensitivities of 100, 87, and 75 percent and spec-
ificities of 95, 100, and 95 percent, respectively. The
interobserver correlation was good (k=0.57 to 0.83
for all vessels, 0.49 to 1.0 for main and lobar vessels,
and 0.40 to 0.81 for segmental vessels).

Conclusions In this preliminary study, gadolini-
um-enhanced magnetic resonance angiography of
the pulmonary arteries, as compared with conven-
tional pulmonary angiography, had high sensitivity
and specificity for the diagnosis of pulmonary em-
bolism. This new technique shows promise as a
noninvasive method of diagnosing pulmonary em-
bolism without the need for ionizing radiation or io-
dinated contrast material. (N Engl J Med 1997;336:
1422-7.)
©1997, Massachusetts Medical Society.

HE estimated incidence of pulmonary
embolism in the United States exceeds
600,000 cases per year.! If untreated, pul-
monary embolism has an estimated mor-
tality of 30 percent,? which is more than 10 times
the mortality at one year for treated pulmonary em-
bolism (2.5 percent).? As recently as the 1970s, a
study reported that only 30 percent of patients with
major pulmonary embolism at autopsy had received
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the diagnosis before death.* The diagnosis had not
been made in any of the patients in that study who
had pneumonia as well as pulmonary embolism.

The initial diagnostic study in patients with sus-
pected pulmonary embolism is often ventilation—
perfusion scanning. In the Prospective Investigation
of Pulmonary Embolism Diagnosis (PIOPED) trial,
however, only 27 percent of the patients had imag-
ing studies that permitted definitive clinical decision
making.® In this group, 13 percent of the patients
had scans indicating a high probability of pulmonary
embolism, and 14 percent had normal or nearly nor-
mal scans; an additional 9 percent had a low proba-
bility of pulmonary embolism on the basis of both
the lung scans and the clinical findings, a combina-
tion that satisfactorily rules out pulmonary embo-
lism. In the majority of patients with indeterminate
findings on ventilation—perfusion scans, pulmonary
angiography is needed to confirm or rule out pul-
monary embolism. However, this approach is un-
derused by physicians because it is invasive and ex-
pensive.%?

Recent advances in cross-sectional imaging have
stimulated interest in the development of a reli-
able, accurate, and readily available technique for
diagnosing pulmonary embolism.8 Dynamic con-
trast-enhanced spiral or electron-beam computed
tomography (CT) has already shown promise as a
noninvasive method of diagnosing pulmonary em-
bolism 1014 Magnetic resonance imaging (MRI) and
magnetic resonance angiography have also been em-
ployed. The initial results were poor because of res-
piratory-motion artifact and poor contrast between
flowing blood and an embolus.t32¢ The use of faster
magnetic resonance hardware combined with dy-
namic gadolinium enhancement has made it possible
to perform high-resolution angiography during a
single suspended breath. This technique has already
proved successful in detecting abnormalities in the
thoracic and abdominal aorta and visceral arter-
ies.2526 In this article, we report our preliminary ex-
perience with the use of magnetic resonance angi-
ography for diagnosing pulmonary embolism.
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METHODS

All consecutive patients referred to our center for pulmonary
angiography during an eight-month period were considered for
inclusion in the study. Only patients with contraindications to
MRI (5 patients), those receiving mechanical ventilation (10),
and those who declined to participate in the study (8) were ex-
cluded. All studies were carried out in accordance with the guide-
lines of the institutional review board. Written informed consent
was obtained from all patients.

MRI was performed with a commercially available 1.5-T system
with a fast gradient—echo capability (Signa—Horizon, GE Medical
Systems, Milwaukee). In all cases, the body coil was used for sig-
nal transmission and reception. A sagittal fast multiplanar gradi-
ent—echo sequence with a repetition time of 140 msec, an echo
time of 2.3 msec, and a flip angle of 60 degrees, a 256-by-128
matrix, and 1 signal average was used for the purpose of localiza-
tion. A coronal three-dimensional spoiled gradient-echo pulse se-
quence (repetition time, 6.5 msec; echo time, 1.8 msec; flip angle,
40 to 45 degrees; a 256-by-128 matrix; and 1 signal average) was
prescribed from the midline slice. The posterior aspect of the im-
aging slab was placed at or near the posterior border of the ver-
tebral body at the level of the inferior border of the heart. The
position of the imaging slab was checked on the slices to the left
and right of midline to ensure that the descending pulmonary ar-
tery and its proximal posterior branches were included in the im-
aging region. The slice thickness ranged from 3 to 4 mm, de-
pending on the size of the patient. Thirty-two coronal slices were
obtained within the imaging region; the anterior and posterior
two slices were not displayed. Thus, the effective imaging volume
was 8.4 to 11.2 cm thick. The field of view, which varied accord-
ing to the patient’s size, was typically 32 cm (range, 30 to 36 cm).
The imaging time was 27 seconds.

An intravenous catheter was placed in the antecubital vein and
connected to tubing (Smart Set, TopSpins, Plymouth, Mich.).
The patient was placed feet first within the bore of the magnet,
with the arms extended over the head for the dynamic scan, to
reduce wraparound artifact. An initial scan was obtained during
free breathing to ensure an appropriate imaging volume. Imme-
diately before the administration of gadolinium, the patient was
instructed to take several deep breaths over a 30-second period
and then suspend breathing in full inspiration during the scan.
The gadolinium infusion was begun 7 to 10 seconds before the
start of scanning. To ensure that the administration of the bolus
of gadolinium was timed correctly, scanning was started manually
by the radiologist administering the injection, with the use of
controls mounted on the magnet chassis. A dose of 40 to 60 ml
of gadopentetate dimeglumine (approximately 0.3 mmol per kil-
ogram of body weight) was injected over a 20-second period, fol-
lowed by a 20-ml saline flush to ensure maximal enhancement of
the pulmonary arteries.

All patients also underwent conventional pulmonary angiogra-
phy with a 7-French Van Aman catheter introduced into each pul-
monary artery through the common femoral or antecubital route
under fluoroscopic guidance. A total dose of 40 to 60 ml of io-
dinated contrast material was injected for each arteriographic run,
at a rate of 20 to 30 ml per injection. Multiple injections and
magnification views were employed as necessary. The angiogra-
pher was unaware of the results of magnetic resonance angiogra-
phy in cases in which that procedure was performed first. How-
ever, the angiographer knew the results of ventilation—perfusion
scanning or plain radiography, as well as the side on which the
patient reported symptoms, and this information was used to de-
cide which lung to study first.

Interpretation of Images

All magnetic resonance images were interpreted by three inde-
pendent radiologists who had no knowledge of the findings on
other imaging tests. The images were reviewed in hard copy, as
well as on a computer workstation (Advantage Windows, GE
Medical Systems), with the use of multiple operator-defined planes.
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Each reviewer was skilled in the interpretation of both conven-
tional and magnetic resonance angiograms; reviewer 1 had four
years of experience with both modes, and reviewers 2 and 3 each
had one year of experience with both modes.

All conventional angiograms were reviewed on the computer
screen and in hard copy by two experienced radiologists to reach
a consensus. For both conventional angiography and magnetic
resonance angiography, the diagnostic criterion for pulmonary
embolism was the presence of an intravascular filling defect. Non-
visualization of a vessel alone was considered insufficient evidence
for the diagnosis.

The result of conventional angiography was accepted as the
gold standard. If the reviewers disagreed about the presence or
absence of embolism on magnetic resonance angiography, a con-
sensus was reached, and this interpretation was used to determine
the overall sensitivity and specificity of magnetic resonance angi-
ography as compared with conventional angiography.

Statistical Analysis

The sensitivity, specificity, and positive and negative predictive
values of magnetic resonance angiography in detecting pulmo-
nary embolism, along with exact two-sided 95 percent confidence
intervals for binomial proportions, were calculated for each re-
viewer’s reading and for the final consensus of opinion. Interob-
server variation was calculated with the use of the kappa statistic,
along with 95 percent confidence intervals.

A vessel was considered to be demonstrated by magnetic reso-
nance angiography if it was seen by at least two of the three re-
viewers. A vessel was included in the assessment of variation be-
tween two reviewers only when it was seen by both reviewers.
When there was disagreement about the presence or absence of
embolism, a consensus of opinion was used for the assessment of
overall sensitivity, specificity, and predictive values.

RESULTS

Thirty patients (15 men and 15 women) with
clinically suspected pulmonary embolism underwent
both conventional pulmonary angiography and mag-
netic resonance angiography. Their mean age was
52 years (range, 22 to 83). Both studies were com-
pleted in all 30 patients. All magnetic resonance
studies were carried out within 24 hours of conven-
tional angiography. Because of time constraints in
the scheduling of magnetic resonance angiography,
no attempt was made to randomly assign patients to
magnetic resonance or conventional angiography first.
(Five patients underwent magnetic resonance angi-
ography first.)

Overall, 669 of 720 vascular segments (93 per-
cent) were adequately identified by magnetic reso-
nance angiography. The remaining 51 segments
were inadequately identified because of blurring ar-
tifacts, but in each case, there was no evidence of an
intravascular filling defect at the vessel’s origin that
suggested the presence of an embolus. Forty-nine of
these nonvisualized segments were in three patients
with poor-quality scans in whom the visualization of
most segments was deemed nondiagnostic because
of breathing motion; two additional segments in the
left lower lobe were not identified.

Eight patients (5 men and 3 women) had evi-
dence of pulmonary embolism on conventional an-
giograms; in the other 22 patients, the conventional
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angiograms revealed no abnormalities. Four lobar
emboli and 17 segmental emboli were identified in
seven of the eight patients, and a solitary lobar em-
bolus was present in the eighth. Overall, 21 of the
22 sites of embolism identified by conventional an-
giography were also identified by magnetic reso-
nance angiography (Fig. 1); 1 segmental embolus
identified by conventional angiography was not iden-
tified by magnetic resonance angiography. Four ad-
ditional sites of embolism (all in segmental vessels)
thought to contain emboli on magnetic resonance

B

Figure 1. Magnetic Resonance Angiography in an 83-Year-Old
Patient with Left Pleuritic Chest Pain, Hemoptysis, and Dyspnea.

A coronal maximal-intensity projection (Panel A) shows hypo-
perfusion of the arteries in the left lower lobe (arrows) as com-
pared with those on the right side. A coronal maximal-intensity
projection through the artery in the left lower lobe (Panel B)
shows an embolus lodged in the distal left pulmonary artery
(arrow), straddling the origins of the posterior and lateral basal
segments. A digital pulmonary angiogram (Panel C) shows the
embolus straddling the bifurcation (arrow). Five days later, a
coronal maximal-intensity projection shows that the embolus
has resolved (Panel D).

1424 May 15, 1997

angiography were not corroborated by conventional
angiography.

In the group of 22 patients with normal findings
on conventional pulmonary angiograms, reviewers 1
and 2 each reported one false positive finding on the
magnetic resonance angiogram. In one case, the
consensus was that the angiogram showed no evi-
dence of embolism; in the other case, the three re-
viewers agreed on the presence of an embolus within
the pulmonary artery in the right upper lobe, de-
spite the normal findings on the conventional angio-
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gram. In 3 of the 22 patients with negative studies,
the images were of poor quality, and the presence of
pulmonary embolism could be neither confirmed
nor refuted in 49 of 528 vascular segments (9 per-
cent) in these patients.

The sensitivity, specificity, and positive and nega-
tive predictive values of each reviewer’s interpreta-
tion of the magnetic resonance studies and of the fi-
nal consensus are shown in Table 1, along with 95
percent confidence intervals. Interobserver variation
in reporting is shown in Table 2.

DISCUSSION

Because of the limitations of standard lung scan-
ning, the diagnosis of pulmonary embolism cannot
be made with certainty in 75 to 80 percent of pa-
tients without underlying pulmonary disease and in
up to 90 percent of patients with chronic obstructive
pulmonary disease.?” The high mortality rate associ-
ated with untreated pulmonary embolism and the
substantial incidence of severe and potentially fatal
complications of anticoagulation therapy make it es-
sential to diagnose pulmonary embolism accurately
so that treatment can be given to the patients in
whom the benefits of anticoagulation outweigh its
risks.628

For patients with indeterminate findings on venti-
lation—perfusion scans and those with discrepancies
between the results of ventilation—perfusion studies

and the clinical assessment, further imaging is indi-
cated.589 To decrease the use of pulmonary angiog-
raphy in patients with nondiagnostic lung scans,
noninvasive studies of the legs (duplex ultrasonog-
raphy or impedance plethysmography) are recom-
mended. A positive finding is sufficient grounds for
initiating treatment, since the treatment for pulmo-
nary embolism and deep venous thrombosis is the
same.$%27 This approach also eliminates the problem
of radiation exposure in pregnant women.? Pulmo-
nary magnetic resonance angiography is a promising
approach for diagnosing pulmonary embolism with-
out incurring the risks associated with the use of io-
dinated contrast medium, ionizing radiation, and pul-
monary arterial catheterization.

Because of its exquisite resolution, conventional
pulmonary angiography is the gold standard for the
diagnosis of pulmonary embolism, and its accuracy
has been validated in many large studies. Although
concern has been expressed about the accuracy of
digital-subtraction angiography as compared with
conventional plain-film angiography because of the
lower spatial resolution with digital techniques, most
centers use digital subtraction for pulmonary angi-
ography. The spatial resolution of both CT and MRI
is lower than that of conventional pulmonary angi-
ography, but despite this limitation, imaging of the
pulmonary arteries to the segmental level is possible.
The sensitivity and specificity of spiral and electron-

TABLE 1. SENSITIVITY, SPECIFICITY, AND POSITIVE AND NEGATIVE PREDICTIVE VALUES
OF MAGNETIC RESONANCE ANGIOGRAPHY FOR DETECTING PULMONARY EMBOLISM,
ACCORDING TO THE READINGS OF THREE REVIEWERS.

Posimve NEGATIVE
PREDICTIVE PREDICTIVE
READING SENSITIVITY SPECIFICITY VALUE VALUE
percent (95 percent confidence interval)
Overall (consensus) 100 95 (87-100) 87 (74-100) 100
Reviewer 1 100 95 (87-100) 87 (74-100) 100
Reviewer 2 87 (75-100) 100 100 96 (89-100)
Reviewer 3 75 (57-93) 95 (87-100) 83 (68-98) 92 (82-100)
TABLE 2. INTEROBSERVER CORRELATION IN THE READINGS
OF THE THREE REVIEWERS.*
ALL MAIN AND SEGMENTAL
REVIEWER VESSELS LoBAR VESSELS VESSELS
1 and 2 0.64 (0.47 t0 0.81) 0.59(0.19t0 0.99) 0.75 (0.39 to 1.09)
1 and 3 0.57 (0.37t00.77) 0.49 (0.1 t00.98) 0.40 (—0.28 to 1.07)
2 and 3 0.83(0.69 t0 0.98) 1 0.81 (0.64 to 0.97)

*Interobservation correlation was determined with the kappa test. Numbers in parentheses are

95 percent confidence intervals.
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beam CT have ranged from 63 to 100 percent and
80 to 95 percent, respectively,®1® for detecting em-
boli in the main and segmental pulmonary vessels,
as compared with conventional pulmonary angiog-
raphy. In patients with indeterminate clinical and
scintigraphic evidence of pulmonary embolism, how-
ever, the sensitivity was reported to be 63 percent
when subsegmental vessels were also included.® The
poorer performance of CT for the detection of em-
boli in subsegmental vessels is related to limitations
of spatial resolution and to the fact that the small
subsegmental vessels of both the upper and lower
lobes lie outside the imaging range of CT. Although
magnetic resonance angiography in our current study
had a slightly lower resolution than CT in similar
studies, high-definition magnetic resonance images
that rival the images obtained with digital-subtrac-
tion angiography have recently been reported in a
study in which the lungs were imaged one at a time
in the sagittal plane. This approach, however, requires
two injections of gadolinium.30

The clinical significance of small emboli in sub-
segmental vessels remains uncertain.$3! Follow-up
in the PIOPED study showed that the sequelae of
pulmonary embolism did not develop in patients
with negative pulmonary angiograms, even though
small emboli may have been missed in these pa-
tients.S This finding supports the belief of some that
subsegmental emboli may not be clinically impor-
tant. Noninvasive imaging with CT and MRI may
thus be acceptable despite the possibility of missing
small emboli.

In the current study, magnetic resonance angiog-
raphy proved highly accurate, as compared with pul-
monary angiography, in detecting pulmonary em-
bolism. Because of the small number of patients and
the even smaller number of positive studies, how-
ever, the confidence limits are large and optimism
must be tempered by caution. Artifacts from breath-
ing resulted in an inadequate assessment of 7 per-
cent of arterial segments, a higher proportion than
that reported for pulmonary angiography in the
PIOPED study (4.6 percent)s but similar to that re-
ported in a recent study of CT (a 4 percent failure
rate with an additional 4 percent of vascular seg-
ments inadequately imaged).!! All failures in our
study were due to artifacts from breathing, but re-
cent work at our institution has shown that altering
the temporal order in which the magnetic resonance
signal is acquired can make breath holding necessary
for only the first half of the scan.32 This change, in
combination with shorter imaging times, will make
magnetic resonance angiography possible in patients
with severe dyspnea.

Although a direct comparison of our study with
previous studies is not possible because most earlier
studies used consensus between two reviewers rather
than analyses by single reviewers unaware of the re-
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sults obtained with a gold standard, our overall data
on interobserver variation are similar to those re-
ported previously. In the PIOPED study® and a more
recent study that specifically addressed interobserver
variation in the interpretation of angiograms,3? there
was disagreement over the interpretation of 19 to
36 percent of conventional plain-film arteriograms
and 4 to 11 percent of digital-subtraction arterio-
grams. In the latter study, the kappa values were
similar to those in our study, and interobserver vari-
ation was lower for digital-subtraction angiography
than for conventional angiography, because of the
ability to manipulate the images on the monitor in
order to detect subtle filling defects and the ability
to climinate overlapping structures. Both these fea-
tures, which are inherent advantages of digital imag-
ing, are shared by MRI and CT. A further advantage
of MRI and CT is their superior detection of non-
occlusive emboli, which probably contribute to at
least some of the interobserver variation in the inter-
pretation of conventional angiograms and possibly
also some of the false negative angiograms reported
in the literature.633 Because interobserver variation is
inherent in the reading of all imaging studies of the
pulmonary arteries, we endorse the view that the
best results are probably achieved with a consensus
of reviewers with experience in both conventional
pulmonary angiography and magnetic resonance an-
giography.33

Some of the contraindications to angiography
also apply to CT, such as sensitivity to iodinated
contrast medium, and should CT studies not prove
conclusive, pulmonary angiography may not be ac-
ceptable, because of concern about the renal toxicity
of iodinated contrast material. MRI is potentially
more acceptable as a diagnostic tool, since gadolin-
ium is not nephrotoxic and will not preclude the use
of iodinated contrast medium in patients with non-
diagnostic magnetic resonance studies.’*

For a new test to replace ventilation—perfusion
scanning or conventional pulmonary angiography
for the definitive diagnosis of pulmonary embolism,
it must be accurate, readily available, cost effective,
and acceptable to both the physician and the pa-
tient. In our study, magnetic resonance angiography
met most of these criteria. In terms of charges to the
patient, magnetic resonance angiography is more
expensive than ventilation—perfusion scanning but
cheaper than conventional angiography. When one
takes into account the high number of indetermi-
nate findings on ventilation—perfusion scans, howev-
er, the effective cost of magnetic resonance angiog-
raphy per diagnosis is considerably lower than the
cost of ventilation—perfusion scanning, despite the
10 percent rate of poor-quality scans. Moreover,
magnetic resonance angiography is more acceptable
to patients (all the patients in our study reported
that they preferred it to conventional pulmonary an-
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giography), does not require hospitalization, is per-
formed with the use of a non-nephrotoxic contrast
medium, and does not involve ionizing radiation.

In conclusion, our preliminary findings suggest
that gadolinium-enhanced, three-dimensional mag-
netic resonance angiography during a single held
breath shows promise as a safe, rapid, accurate, and
cost-effective imaging technique for the diagnosis of
pulmonary embolism. With rapid improvements be-
ing made in MRI, it is likely that the resolution of
magnetic resonance angiograms will soon rival that
of conventional pulmonary angiograms.
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