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Abstract
Background—The accuracy of gadolinium-enhanced magnetic resonance pulmonary
angiography and magnetic resonance venography for diagnosing pulmonary embolism has not
been determined conclusively.

Objective—To investigate performance characteristics of magnetic resonance angiography, with
or without magnetic resonance venography, for diagnosing pulmonary embolism.

Design—Prospective, multicenter study from 10 April 2006 to 30 September 2008.
(ClinicalTrials.gov registration number: NCT00241826)

Setting—7 hospitals and their emergency services.

Patients—371 adults with diagnosed or excluded pulmonary embolism.

Measurements—Sensitivity, specificity, and likelihood ratios were measured by comparing
independently read magnetic resonance imaging with the reference standard for diagnosing
pulmonary embolism. Reference standard diagnosis or exclusion was made by using various tests,
including computed tomographic angiography and venography, ventilation–perfusion lung scan,
venous ultra-sonography, D-dimer assay, and clinical assessment.

Results—Magnetic resonance angiography, averaged across centers, was technically inadequate
in 25% of patients (92 of 371). The proportion of technically inadequate images ranged from 11%
to 52% at various centers. Including patients with technically inadequate images, magnetic
resonance angiography identified 57% (59 of 104) with pulmonary embolism. Technically
adequate magnetic resonance angiography had a sensitivity of 78% and a specificity of 99%.
Technically adequate magnetic resonance angiography and venography had a sensitivity of 92%
and a specificity of 96%, but 52% of patients (194 of 370) had technically inadequate results.

Limitation—A high proportion of patients with suspected embolism was not eligible or declined
to participate.

Conclusion—Magnetic resonance pulmonary angiography should be considered only at centers
that routinely perform it well and only for patients for whom standard tests are contraindicated.
Magnetic resonance pulmonary angiography and magnetic resonance venography combined have
a higher sensitivity than magnetic resonance pulmonary angiography alone in patients with
technically adequate images, but it is more difficult to obtain technically adequate images with the
2 procedures.

Primary Funding Source—National Heart, Lung, and Blood Institute.

We undertook this study to test whether magnetic resonance angiography in combination
with venous phase-magnetic resonance venography might be useful for the diagnosis or
exclusion of acute pulmonary embolism. The Agency for Healthcare Research and Quality
identified the need for such a study (1). In an investigation of multidetector computed
tomographic angiography for suspected acute pulmonary embolism (2), 24% of patients had
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1 or more relative contraindications to ionizing radiation or iodinated contrast material.
Gadolinium-enhanced magnetic resonance angiography, if shown to be accurate, would
avoid these risks.

Methods
Design

PIOPED III (Prospective Investigation of Pulmonary Embolism Diagnosis III) was a
multicenter study designed to assess the sensitivity and specificity of magnetic resonance
angiography, alone or with magnetic resonance venography, for diagnosing pulmonary
embolism and venous thromboembolism. We made a reference standard diagnosis or
exclusion by using various tests, including computed tomographic angiography and
venography, ventilation–perfusion lung scan, venous ultrasonography, D-dimer assay, and
clinical assessment. We recruited patients from 10 April 2006 through 30 September 2008.
To eliminate evaluation of a disproportionate number of patients with negative test results,
we used a computer-based system to randomly select patients with a negative reference test
result by local interpretation to receive magnetic resonance angiography and venography.
The proportion of patients selected varied by center and, during the recruitment period, by
the prevalence of pulmonary embolism.

A data safety monitoring board appointed by the National Heart, Lung, and Blood Institute
and the institutional review board of each center approved the protocol and consent forms.
All recruited patients gave written informed consent.

Sites and Patients
The Appendix (available at www.annals.org) shows participating centers. Patients were
eligible if they were 18 years or older and had been hospitalized or in the emergency
department with diagnosed or excluded pulmonary embolism. We recruited patients
consecutively during the nurse-coordinator’s working hours. Contraindications for receiving
magnetic resonance angiography and venography included implanted ferromagnetic foreign
bodies (3), dependency on an external electrical device, claustrophobia, inability to lie still
for 30 minutes, and being pregnant or nursing. We have described additional exclusion
criteria elsewhere (4). During recruitment, we changed the serum creatinine level and
glomerular filtration rate at which we excluded patients (4) because of new information
about the risks for nephrogenic systemic fibrosis (nephrogenic fibrosing dermopathy) (5, 6).

Magnetic Resonance Angiography and Venography
We performed magnetic resonance imaging within 48 hours of the reference test during the
first 13 months of recruitment and within 72 hours during the subsequent 17 months. We
used 1.5-T systems, except at the University of Michigan, where 73 patients were examined
in a 3.0-T unit. We have described equipment characteristics and imaging parameters
elsewhere (4).

Before recognition of the dangers of nephrogenic systemic fibrosis, we performed magnetic
resonance angiography during intravenous infusion of gadodiamide, gadopentetate
dimeglumine, or gadoversetamide, 0.2, mmol/kg (approximately 40 mL). In response to
increased awareness of the risk for nephrogenic systemic fibrosis and nephrogenic fibrosing
dermopathy, we changed our protocol to require gadobenate dimeglumine at a maximum
dose of 0.1 mmol/kg of body weight (approximately 20 mL).

Our criteria for diagnosing acute pulmonary embolism with magnetic resonance
angiography were a partially occlusive intraluminal filling defect or complete arterial
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occlusion with termination of the column of contrast material in a meniscus that outlined the
trailing edge of the embolus. All magnetic images interpreted as negative showed adequate
opacification of subsegmental branches. If pulmonary embolism was shown, we considered
the image to be technically adequate regardless of the degree of opacification at the site of
pulmonary embolism or elsewhere. Our criteria for diagnosing acute deep venous
thrombosis were failure to opacify the entire lumen because of a central filling defect or a
partial filling defect surrounded by opacification.

We required that both the magnetic resonance angiogram and venogram be technically
adequate to exclude pulmonary embolism. We considered the combined result to be positive
if either result was positive.

We defined wrap artifact (aliasing or back-folding) as anatomy extending beyond the
prescribed field of view superimposed on the opposite side of the image and parallel
imaging artifact as superimposed extraneous anatomy, often near the middle of the image.

We calculated the signal-to-noise ratio as signal in the main pulmonary artery divided by the
SD of signal in the adjacent nonvascular lung. We calculated contrast-to-noise ratio as the
ratio of signal in the main pulmonary artery minus signal in the adjacent nonvascular lung
divided by the SD of signal in the adjacent nonvascular lung.

Diagnostic Reference Standard
Table 1 shows the reference standards for the diagnosis or exclusion of pulmonary
embolism. We used the same diagnostic criteria and methods of computed tomographic
angiography and venography as for PIOPED II (2, 7), but we permitted centers to modify
the techniques. Centers used scanners with 16, 32, and 64 detectors.

We used the same methods for ventilation–perfusion lung scans as in PIOPED II (7) and
based our interpretations on the revised PIOPED criteria (8). Methods of venous
ultrasonography (4) and the Wells clinical prediction rule (9) are described elsewhere.

Central Readers
Two study-certified readers, who had no knowledge of clinical information or results of
other tests, interpreted all ventilation–perfusion lung scans, computed tomographic
angiograms and venograms, and magnetic resonance angiograms and venograms. We
selected readers randomly from available readers with no outstanding backlogs. PIOPED III
had 13 central readers of magnetic resonance images. Readers did not read images from
their own institution or reinterpret venous compression ultrasonograms. Images used for a
reference test diagnosis (CT angiograms and ventilation–perfusion lung scans) were initially
read locally to determine which patients had a negative reference test result and should be
randomly selected to have magnetic resonance angiography. Central readers then reread
these images, and we used the results of the central readings in our analysis.

If readers did not agree on a diagnosis of pulmonary embolism in at least 1 lobe or a
negative diagnosis in all lobes, we sent the image to a third reader. Twenty-four percent (88
of 371) of magnetic resonance angiograms required consensus from 3 or more readers.

Follow-up Monitoring and Assessment of Adverse Events
We assessed adverse events at hospital discharge and on telephone calls after 3 months by
using a questionnaire. We made additional calls at 6 months to patients with a glomerular
filtration rate between 60 and 90 mL/min per 1.73 m2. In addition to death, we defined a
serious adverse event as any event that was life-threatening, involved or prolonged
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hospitalization, resulted in disability, or required intervention to prevent permanent damage
or disability. We asked patients whether they had had any such events and whether they had
swelling, tightening of the skin, skin thickening, or reddened or darkened patches of skin on
the arms or legs. If a patient reported an apparent event, we evaluated his or her records. An
outcome committee assessed a narrative summary of the event, including duration,
relationship to study procedures, and resolution, and we reported this information to the data
safety and monitoring board.

Statistical Analysis
According to conventional analysis, we excluded technically inadequate studies from
computation of sensitivity and specificity (10). We also calculated the proportion of patients
in whom pulmonary embolism was diagnosed or excluded with technically inadequate
images included in the calculations (11). We obtained exact 95% CIs for sensitivity and
specificity from the binomial distribution by using SAS, version 9.1 (SAS Institute, Cary,
North Carolina). We calculated likelihood ratios for a positive test result as sensitivity
divided by (1 − specificity) and likelihood ratios for a negative result as (1 − sensitivity)
divided by specificity (12, 13). We calculated CIs for likelihood ratios by using the normal
distribution approximation of binomial distribution. We based our probabilities of
pulmonary embolism with low, intermediate, and high probability objective clinical
assessments on the average values observed with the Wells clinical prediction rule (9, 14,
15). We used the chi-square test to assess heterogeneity among clinics regarding proportion
of technically inadequate tests, sensitivity, and specificity with magnetic resonance
angiography and combined angiography and venography. We tested for mean differences in
the contrast-to-noise ratio by using analysis of variance.

Role of the Funding Source
The National Heart, Lung, and Blood Institute had no role in study design, data collection
and analysis, interpretation, or the decision to submit the manuscript for publication.

Results
During 2.5 years of recruitment, we screened 13 390 patients; of 2273 eligible patients, we
enrolled 818 (Figure). Among patients with no pulmonary embolism by local interpretation
of the reference test, 60% (366 of 605) were randomly assigned to have magnetic resonance
angiography. Among 371 patients who completed magnetic resonance angiography and had
a diagnostic reference test, the reference test was positive in 104 and negative in 267 (Table
1). Table 2 shows demographic and clinical characteristics of these patients and of the 447
patients who were enrolled but not evaluated by magnetic resonance imaging.

Most patients (84% [315 of 370; data were missing for 1]) received gadobenate
dimeglumine. We administered gadopentetate dimeglumine to 14% (51 of 370). Only 4
patients received gadodiamide or gadoversetamide, and the doses ranged from 30 to 45 mL.
Mean examination time (from first scout view through last image) was 26 minutes.

Results of Magnetic Resonance Angiography
Magnetic resonance angiography was technically inadequate in 25% of patients (92 of 371)
who had pulmonary artery imaging (Table 3). Among these, 28 patients had pulmonary
embolism according to the reference test and 64 did not. Inadequate image quality was
ascribed to more than 1 cause in 72% of patients (66 of 92) with technically inadequate
images. Causes of technically inadequate magnetic resonance angiograms were poor arterial
opacification (67%), motion artifact (36%), wraparound artifact (4%), and parallel imaging
artifact (2%).
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Of the 104 patients with pulmonary embolism according to the reference test, magnetic
resonance angiography identified pulmonary embolism in 59 (57% [95% CI, 47% to 66%]),
including those with technically inadequate images. Among the 267 patients who did not
have pulmonary embolism according to the reference test, angiography excluded pulmonary
embolism in 201 (75% [CI, 70% to 80%]), including those with technically inadequate
images.

Among patients with technically adequate images, magnetic resonance angiography had a
sensitivity of 78% (CI, 67% to 86%) (59 of 76) in patients with pulmonary embolism
established by the reference test and a specificity of 99% (CI, 96% to 100%) (201 of 203) in
patients with pulmonary embolism excluded by the reference test. The likelihood ratio was
78.8 (CI, 19.7 to 315) for a positive test result and 0.23 (CI, 0.15 to 0.34) for a negative
result. With an assumed prevalence of 11% to 50% for pulmonary embolism, the estimated
positive predictive value would range from 91% to 98% and the estimated negative
predictive value would range from 97% to 82%.

Magnetic resonance angiography had a sensitivity of 79% (50 of 63) for detecting
pulmonary embolism in a main or lobar pulmonary artery. Angiography rarely identified
pulmonary embolism when the largest embolism was in a segmental or subsegmental
branch. Sensitivity was 50% (2 of 4) for detecting emboli in segmental arteries and 0% (0 of
1) for detecting emboli in subsegmental arteries. Specificity was 98% to 100%, regardless of
the order of the vessel. The likelihood ratio was 49.6 (CI, 12.5 to 197) for a positive test
result for pulmonary embolism in a main or lobar pulmonary artery and 0.2 (CI, 0.13 to
0.34) for a negative result.

Arterial phase opacification had to be of good or fair quality to be adequate for
interpretation. Opacification was adequate in 91% of patients (338 of 371) for the main or
lobar pulmonary arteries, 87% of patients (323 of 371) for the segmental pulmonary arteries,
and 73% of patients (271 of 371) for the subsegmental branches; however, some of these
images may have had artifacts that made them technically inadequate. The proportion of
magnetic resonance angiograms with inadequate opacification and the sensitivity and
specificity did not change over tertiles of study time.

Arterial phase opacification was similar for 1.5-T and 3.0-T systems. However, the data
were from multiple sites, software, and hardware platforms. A subset analysis from 2 sites
that had a common vendor and receiver coil design showed a 24% higher signal-to-noise
ratio in the main pulmonary artery with the 3.0-T system (P = 0.030).

Both the signal-to-noise ratio and contrast-to-noise ratio were higher in the main pulmonary
artery with gadobenate dimeglumine, 0.1 mmol/kg of body weight (approximately 20 mL),
than with gadopentetate dimeglumine, 0.2 mmol/kg (approximately 40 mL) (P = 0.01 and
0.008, respectively).

Results of Magnetic Resonance Angiography and Venography
Combined magnetic resonance angiography and venography was technically inadequate in
52% of patients (194 of 370) who had imaging of the pulmonary arteries and lower
extremities. Of these patients, the reference test established pulmonary embolism in 33 and
excluded it in 161 (Table 3). One patient who had magnetic resonance angiography did not
have magnetic resonance venography. The combination was more frequently technically
inadequate than magnetic resonance angiography alone because both tests had to be
technically adequate to rule out venous thromboembolism. Venous opacification was
inadequate in 32% to 47% of patients, depending on the vein. Severe wrap artifact occurred
in 3%. No severe motion artifacts occurred.
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Combined magnetic resonance angiography and venography identified venous
thromboembolism in 65 of 104 patients (63% [CI, 53% to 72%]) with pulmonary embolism
established by the reference test, including those with technically inadequate images. The
combined techniques excluded 101 of 266 patients (38% [CI, 32% to 44%]) for whom
pulmonary embolism was excluded by the reference test, including those with technically
inadequate images (Table 3).

Among patients with technically adequate images, combined magnetic resonance
angiography and venography had a sensitivity of 92% (CI, 83% to 97%) (65 of 71) in
patients with pulmonary embolism established by the reference test and a specificity of 96%
(CI, 91% to 99%) (101 of 105) in patients with pulmonary embolism excluded by the
reference test (Table 3). The likelihood ratio was 24.0 (CI, 9.2 to 63.0) for a positive test
result and 0.09 (CI, 0.04 to 0.18) for a negative result. With a prevalence of pulmonary
embolism ranging from 11% to 50%, the positive predictive value would range from 74% to
98% and the negative predictive value would range from 99% to 92%.

Results by Center
The proportion of technically inadequate magnetic resonance angiograms varied by clinical
center (P < 0.001) and ranged from 11% to 51% (Table 4). Sensitivity of magnetic
resonance angiograms ranged from 45% to 100% among centers, and specificity ranged
from 95% to 100% (Table 4). Inadequate opacification occurred in 3% to 22% of images of
main or lobar pulmonary arteries, 3% to 31% of images of segmental arteries, and 13% to
43% of images of subsegmental arteries.

The quality of magnetic resonance angiography combined with venography also varied by
clinic (P < 0.001). Technically inadequate images ranged from 27% to 74% at the clinical
centers (Table 5). Sensitivity ranged from 82% to 100%, and specificity ranged from 89% to
100% (Table 5).

Adverse Events
No serious adverse events occurred that were related to magnetic resonance angiography
and venography or any other tests used for evaluating possible pulmonary embolism.
Follow-up was complete for 93% of patients in 3 months, 84% in 6 months, and 61% in 12
to 15 months.

Discussion
Magnetic resonance angiography was technically inadequate because of poor quality in 25%
of patients. However, rates varied by center, with 1 center providing technically inadequate
images for only 11% of patients. We do not know why the proportion of technically
adequate images differed among clinics, but causes may include vendor, age of equipment,
software, experience of technicians, and level of supervision by radiologists. When images
were technically adequate, the sensitivity of magnetic resonance angiography was 78% and
the specificity was 99%. Combined magnetic resonance angiography and venography had a
higher sensitivity (92%) and similar specificity (96%), but technically adequate images were
harder to obtain in both the lungs and lower extremities.

For both magnetic resonance angiography alone and combined magnetic resonance
angiography and venography, a positive result combined with a high or intermediate
objective clinical assessment by the Wells clinical prediction rule (9) indicated a 91% to
99% probability of pulmonary embolism. However, a positive test result with a discordantly
low-probability objective clinical assessment resulted in a probability of pulmonary
embolism of 84% with magnetic resonance angiography and 62% with combined magnetic
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resonance angiography and venography. Positive likelihood ratios greater than 10 or
negative likelihood ratios less than 0.1, when combined with a concordant clinical
probability, usually provide strong evidence to rule in or rule out diagnoses (12).

Because of the presumed importance of showing most pulmonary artery branches, we
excluded pulmonary embolism in a patient only if pulmonary artery opacification was
adequate through the subsegmental branches. Whether it is important to diagnose pulmonary
embolism in subsegmental branches has been debated (16). Regardless of its importance,
pulmonary embolism limited to subsegmental branches was diagnosed in only 1% (1 of 102)
of patients who had computed tomographic angiography. Pulmonary embolism limited to
subsegmental branches was found in 6% (22 of 375) of patients in PIOPED I (17) and 5% (8
of 175) of patients in PIOPED II (2). Oser and colleagues (18) found pulmonary embolism
limited to subsegmental branches in 30% (23 of 76) of their patients.

The inability of magnetic resonance angiography to reliably show pulmonary embolism in
subsegmental branches is not unique. The positive predictive value of apparent pulmonary
embolism limited to subsegmental branches was only 25% (2 of 8) when using mostly 4-
detector computed tomographic angiography (2), and readers of conventional pulmonary
angiograms could agree on only 2 of 15 cases of pulmonary embolism limited to
subsegmental branches (19).

We searched PubMed in all languages through September 2009 to identify published trials
that showed the accuracy of magnetic resonance angiography for pulmonary embolism.
Most previous investigations of magnetic resonance angiography (20 –25) had fewer than 20
patients with pulmonary embolism. Several investigators defined an adequate quality
magnetic resonance angiography as adequate opacification through segmental vessels (22,
23, 26, 27), although some evaluated both subsegmental branches and larger branches (21,
25, 28). Investigators reported adequate visualization of main to segmental pulmonary
arteries in 94% to 100% of patients (22–24, 26, 28). Images were adequate in main or lobar
pulmonary arteries in 91% of patients and in segmental branches in 87% of patients.

Other studies have also reported a higher sensitivity in larger-order vessels. Previous
investigations of magnetic resonance angiography (21, 23, 25, 28) showed sensitivities of
77% to 100% for pulmonary embolism in main or lobar pulmonary arteries. In segmental
branches, sensitivity ranged from 68% to 84% (21, 24, 25, 28). In PIOPED III, sensitivity
for detecting pulmonary embolism in main or lobar arteries was 79%. Data were too sparse
(4 patients) to estimate sensitivity in patients in whom the largest pulmonary embolism was
in a segmental branch. Most showed 0% to 40% sensitivity for detecting pulmonary
embolism in subsegmental branches or isolated subsegmental branches (21, 22, 24, 28),
although 1 investigation showed 60% sensitivity (25). Specificities with blinded readings,
regardless of vessel order, were greater than 92% in all but 1 study (20–25, 28).

On the basis of pooled data from previous studies (29), magnetic resonance venography has
a sensitivity of 91.5% and a specificity of 94.8% for diagnosis of deep venous thrombosis.
Combined magnetic resonance angiography and venography identified 17% more cases of
venous thromboembolism than magnetic resonance angiography alone (30).

No consensus on the percentages required for a “technically adequate” test has been
achieved. Ascending contrast venography, a reference standard for trials of drugs for
preventing deep venous thrombosis, was technically inadequate in 1 trial (31) in 497 of 1551
patients (32%). Others (32–34) reported lower proportions of technically inadequate tests
that ranged from 2% to 8%. Ventilation–perfusion lung scans, although of technically
adequate quality, are now thought to be nondiagnostic (not indicative of a definitive
diagnosis) in 21% of patients, which is considered a low enough value to use the test (35).
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Had we not randomly selected patients with a negative reference test result, 239 additional
patients with a negative result would have had magnetic resonance angiography. The
random sampling aspect of our design made the investigation more economical, avoided
unnecessarily subjecting additional patients with a negative result to magnetic resonance
angiography, and still resulted in a representative group.

Our study’s strengths include incorporation of all of the STARD (Standards for Reporting
Diagnostic Accuracy) criteria (36, 37). Its limitations include the high proportion of patients
who declined or were ineligible, mostly because of concerns about nephrogenic systemic
fibrosis. In addition, selection bias is possible because some outpatients who did not want to
return for additional tests declined to participate. Finally, imaging results may not apply to
pregnant women; patients with renal failure; or patients who are critically ill, in shock, or on
ventilatory support.

Future developments in technology may affect the detection of pulmonary embolism by
magnetic resonance angiography. An intravascular magnetic resonance contrast agent, such
as gadofosveset trisodium (recently approved by the U.S. Food and Drug Administration),
remains in the blood pool in sufficiently high concentrations to continue imaging for 1 hour
(38). This should reduce the number of studies rendered technically inadequate because of
difficulties in timing the bolus and would allow repeated imaging if the patient moved
during the scan. Non–contrast-enhanced magnetic resonance angiography imaging methods,
such as steady-state free precession techniques coupled to respiratory navigators (which
allow free breathing during imaging [39]), have been used to scan the aorta and coronary
arteries, but no one has reported using them to detect pulmonary embolism. This technique
may be useful in patients who cannot hold their breath or have renal insufficiency.

In conclusion, magnetic resonance angiography often resulted in technically inadequate
images, and the rate of technically inadequate images varied considerably among centers.
Magnetic resonance pulmonary angiography should therefore be considered only at centers
that routinely perform it well and only for patients for whom standard tests are
contraindicated. Magnetic resonance pulmonary angiography and magnetic resonance
venography combined have a higher sensitivity than magnetic resonance pulmonary
angiography alone in patients with technically adequate images, but it is harder to obtain
technically adequate images with the combination of procedures. The posttest probability of
a correct diagnosis with the imaging techniques is high when concordant with an objective
clinical assessment, but additional testing is necessary when objective clinical assessment is
inconsistent with imaging results.
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Figure. Study flow diagram
MRA = magnetic resonance angiography; PE = pulmonary embolism; PIOPED III =
Prospective Investigation of Pulmonary Embolism Diagnosis III. * Exclusion criteria
(number of patients): age <18 y (23), no suspected PE (23), no consent from medical team
(438), no PIOPED III informed consent (829), could not complete MRA in ≤72 h (315),
could not confirm not pregnant (171), contraindications to gadolinium MRA or magnetic
resonance venography (2047), critically ill (1657), glomerular filtration rate <60 mL/min per
1.73 m2 (2922), receiving renal dialysis (418), hemodynamically unstable (552), shock or
hypotension (167), receiving ventilatory support (779), ventricular fibrillation or tachycardia
(90), received gadolinium in past 3 mo (693), expected to receive gadolinium within 3 mo
(176), history of allergy to contrast agent (337), myocardial infarction in past month (437),
current symptomatic asthma (184), pregnant (97), nursing mother (103), previously enrolled
in PIOPED III (14), prisoner (17), mentally handicapped (262), institutionalized (179), could
not give informed consent (1022), evidence of acute renal failure (771), not assessed (2368).
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Table 1

Reference Test Basis for Diagnosis or Exclusion of PE in Patients Who Had Magnetic Resonance
Angiography

Criteria Patients, n (%)

Diagnosis of PE

 CT angiogram showing PE in a main or lobar pulmonary artery 94 (90)

 CT angiogram showing PE in a segmental or subsegmental pulmonary artery in a patient with high clinical probability
according to the Wells criteria (9)

8 (8)

 High-probability VQ lung scan in a patient with no previous PE and high or intermediate probability according to the
Wells criteria (9)

2 (2)

  Total 104 (100)

Exclusion of PE

 Normal D-dimer result by quantitative rapid enzyme-linked immunosorbent assay (D-dimer level 3500 ng/mL) in a patient
with low or intermediate probability according to the Wells criteria (9); if whole blood or latex D-dimer was used, clinical
assessment had to be low probability

95 (36)

 Negative CT angiogram in a patient with low probability according to the Wells criteria (9) 132 (49)

 Negative CT angiogram and CT venogram or venous ultrasonogram in a patient with intermediate probability according to
the Wells criteria (9)

34 (13)

 Normal VQ lung scan 6 (2)

  Total 267 (100)

CT = computed tomography; PE = pulmonary embolism; VQ = ventilation–perfusion.
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Table 3

Results of MRA and Combined MRA and MRV, by Reference Test

Test Result Reference Test Result, n Total, n

Positive for PE Negative for PE

MRA result

 Positive 59 2 61

 Negative 17 201 218

 Technically inadequate 28 64 92

  Total 104 267 371

MRA and MRV result*

 Positive 65 4 69

 Negative 6 101 107

  Technically inadequate 33 161 194

  Total† 104 266 370

MRA = magnetic resonance angiography; MRV = magnetic resonance venography; PE = pulmonary embolism.

*
We considered the combined MRA and MRV result to be positive if either the MRA or MRV result was positive and to be negative only if both

the MRA and MRV results were negative. If the MRA or MRV result was negative but the accompanying MRV or MRA result for that patient was
technically inadequate, we classified the combination of images as technically inadequate.

†
One patient who had MRA did not have MRV.
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Table 4

Recruited Patients and Technical Adequacy, Sensitivity, and Specificity of Magnetic Resonance Angiography,
by Clinical Center*

Clinical Center Patients, n
Technically Inadequate [95% CI], n/N

(%) Sensitivity [95% CI], n/N (%) Specificity [95% CI], n/N (%)

1 68 20/68 (29 [19–40]) 5/11 (45 [17–77]) 35/37 (95 [82–99])

2 41 13/41 (32 [17–46]) 6/6 (100 [54–100]) 22/22 (100 [85–100])

3 59 11/59 (19 [9–29]) 19/22 (86 [65–97]) 26/26 (100 [87–100])

4 78 14/78 (18 [9–26]) 1/1 (100 [3–100]) 63/63 (100 [94–100])

5 53 12/53 (23 [11–34]) 11/18 (61 [36–83]) 23/23 (100 [85–100])

6 37 4/37 (11 [1–21]) 12/12 (100 [74–100]) 21/21 (100 [84–100])

7 35 18/35 (51 [35–68]) 5/6 (83 [36–100]) 11/11 (100 [72–100])

 Total 371 92/371 (25 [20–29]) 59/76 (78 [67–86]) 201/203 (99 [96–100])

*
We do not know why test adequacy and sensitivity differed among clinics; causes may include vendor, age of equipment, software, experience of

technicians, and level of supervision by radiologists.
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Table 5

Recruited Patients and Technical Adequacy, Sensitivity, and Specificity of Combined Magnetic Resonance
Angiography and Venography, by Clinical Center

Clinical Center Recruited Patients, n
Technically Inadequate

[95% CI], n/N (%)
Sensitivity [95% CI], n/N

(%)
Specificity [95% CI], n/N

(%)

1 68 43/68 (63 [52–75]) 5/6 (83 [36–100]) 17/19 (89 [67–99])

2 41 26/41 (63 [49–78]) 6/6 (100 [54–100]) 9/9 (100 [66–100])

3 59 21/59 (36 [23–49]) 21/22 (95 [77–100]) 15/16 (94 [70–100])

4 77* 43/77 (56 [45–67]) 1/1 (100 [3–100]) 32/33 (97 [84–100])

5 53 25/53 (47 [34–60]) 14/17 (82 [57–96]) 11/11 (100 [72–100])

6 37 10/37 (27 [13–41]) 13/13 (100 [75–100]) 14/14 (100 [77–100])

7 35 26/35 (74 [60–89]) 5/6 (83 [36–100]) 3/3 (100 [29–100])

 Total 370 194/370 (52 [47–58]) 65/71 (92 [83–97]) 101/105 (96 [91–99])

*
One patient had magnetic resonance angiography but did not have magnetic resonance venography.
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