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Purpose: To demonstrate the feasibility of free-breathing three-di-
mensional (3D) radial ultrashort echo time (UTE) magnetic 
resonance (MR) imaging in the simultaneous detection of 
pulmonary embolism (PE) and high-quality evaluation of 
lung parenchyma.

Materials and 
Methods:

The institutional animal care committee approved this study. 
A total of 12 beagles underwent MR imaging and computed 
tomography (CT) before and after induction of PE with au-
tologous clots. Breath-hold 3D MR angiography and free-
breathing 3D radial UTE (1.0-mm isotropic spatial resolu-
tion; echo time, 0.08 msec) were performed at 3 T. Two 
blinded radiologists independently marked and graded all 
PEs on a four-point scale (1 = low confidence, 4 = absolutely 
certain) on MR angiographic and UTE images. Image quality 
of pulmonary arteries and lung parenchyma was scored on 
a four-point-scale (1 = poor, 4 = excellent). Locations and 
ratings of emboli were compared with reference standard 
CT images by using an alternative free-response receiver op-
erating characteristic curve (AFROC) method. Areas under 
the curve and image quality ratings were compared by using 
the F test and the Wilcoxon signed-rank test.

Results: A total of 48 emboli were detected with CT. Both readers 
showed higher sensitivity for PE detection with UTE (83% 
and 79%) than with MR angiography (75% and 71%). The 
AFROC area under the curve was higher for UTE than for 
MR angiography (0.95 vs 0.89), with a significant difference 
in area under the curve of 0.06 (95% confidence interval: 
0.01, 0.11; P = .018). UTE image quality exceeded that of 
MR angiography for subsegmental arteries (3.5 6 0.7 vs 
2.9 6 0.5, P = .002) and lung parenchyma (3.8 6 0.5 vs 
2.2 6 0.2, P , .001). The apparent signal-to-noise ratio in 
pulmonary arteries and lung parenchyma was significantly 
higher for UTE than for MR angiography (41.0 6 5.2 vs 24.5 
6 6.2 [P , .001] and 10.2 6 1.8 vs 3.5 6 0.8 [P , .001], 
respectively). The apparent contrast-to-noise ratio between 
arteries and PEs was higher for UTE than for MR angiogra-
phy (20.3 6 5.2 vs 15.4 6 6.7, P = .055).

Conclusion: In a canine model, free-breathing 3D radial UTE performs 
better than breath-hold 3D MR angiography in the detec-
tion of PE and yields better image quality for visualization 
of small vessels and lung parenchyma. Free-breathing 3D 
radial UTE for detection of PE is feasible and warrants eval-
uation in human subjects.
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MR imaging to simultaneously detect 
PE and perform high-quality evaluation 
of lung parenchyma.

Materials and Methods

Animal Model
Our institutional animal care committee 
approved the study. Twelve beagles (11 
male, one female; mean weight, 9.7 kg 
6 1.0 [standard deviation]) were exam-
ined with MR imaging and CT both be-
fore and after induction of PE. On day 
1, thrombi were made by drawing 8 mL 
of blood, mixing it with bovine thrombin 
(King Pharmaceuticals, Bristol, Tenn), 
and allowing it to clot at 4°C in sepa-
rate 1-mL syringes. On day 2, between 
three and six thrombi were injected into 
the right external jugular vein. On each 
day, CT imaging was performed before 
MR imaging. The animals were anes-
thetized and placed on mechanical ven-
tilation prior to CT. The animals were 

timing of contrast material adminis-
tration (4). These problems were due 
to the breath-hold MR angiographic 
techniques; these require a long breath 
hold, which is particularly problematic 
for patients with dyspnea.

Ultrashort echo time (UTE) MR 
imaging has been used successfully for 
isotropic high-spatial-resolution mor-
phologic lung imaging in small-animal 
studies (13–18). Previous studies in 
human subjects have used relatively 
thick-section two-dimensional UTE 
breath-hold sequences with limited 
spatial coverage (19–21). However, 
3D radial UTE has several potential 
advantages over the two-dimensional 
approach. The 3D radial UTE tech-
nique can be used to obtain isotropic 
high-spatial-resolution images with full 
chest coverage and reduced sensitivity 
to motion due to repeated sampling of 
the center of k-space (22). In addition, 
respiratory gating obviates breath hold-
ing. For example, a recently developed 
free-breathing 3D radial UTE pulse 
sequence has shown great promise in 
the visualization of lung tissue in hu-
mans with full chest coverage, high sig-
nal-to-noise ratio (SNR), and isotropic 
high spatial resolution (23).

Evaluation of the free-breathing 3D 
radial UTE technique in both the detec-
tion of PE and the simultaneous evalu-
ation of lung parenchyma has not been 
performed to date. The purpose of this 
study was to demonstrate the feasibility 
of using free-breathing 3D radial UTE 
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Advances in Knowledge

nn Free-breathing three-dimensional 
(3D) radial ultrashort echo time 
(UTE) imaging yields higher ac-
curacy in the detection of pulmo-
nary embolism (PE) in a canine 
model when compared with the 
accuracy of breath-hold 3D MR 
angiography (P = .018).

nn Free-breathing 3D radial UTE 
imaging provides significantly 
better subjective image quality 
for subsegmental arteries and 
lung parenchyma in a canine 
model when compared with 
breath-hold 3D MR angiography 
(P = .002 and P , .001, 
respectively).

Implications for Patient Care

nn Free-breathing 3D radial UTE 
imaging allows for combined MR 
imaging of pulmonary vasculature 
and lung parenchyma and has 
the potential to obviate breath 
holding in patients with dyspnea 
who are suspected to have a PE.

nn Free-breathing 3D radial UTE 
MR imaging enables radiation-
free free-breathing cross-sec-
tional lung imaging with high 
soft-tissue contrast and has the 
potential to contribute to MR 
imaging as a first-line imaging 
test for PE.

Pulmonary embolism (PE) is an 
important clinical problem with 
a high mortality rate, especially 

when left undiagnosed (1,2). The first-
line imaging modality for PE detection 
is computed tomographic (CT) angiog-
raphy; however, up to 24% of patients 
have one or more relative contraindica-
tions for CT angiography (3,4). Addi-
tionally, there is a growing awareness of 
potential risks associated with ionizing 
radiation and increased CT angiography 
use, especially in young patients (5). 
Contrast material–enhanced magnetic 
resonance (MR) angiography is emerg-
ing as an attractive nonionizing alterna-
tive with which to detect PE (4,6–11).

However, because of the low pro-
ton density and fast signal decay in the 
lung parenchyma, breath-hold three-
dimensional (3D) contrast-enhanced 
MR angiographic techniques have been 
unsuccessful in the simultaneous as-
sessment of pulmonary vasculature and 
parenchyma and have yielded images of 
insufficient quality (12). MR angiogra-
phy may be limited for diagnoses other 
than PE that may explain the patient’s 
symptoms.

Furthermore, the findings of the 
multicenter Prospective Investigation 
of Pulmonary Embolism Diagnosis III 
(or PIOPED III) study, which were pub-
lished in 2010, showed sufficient image 
quality in only 75% of patients, mainly 
due to dyspnea, coughing, or faulty 
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four-point scale. Continuous filling de-
fects that extended into branching ves-
sels were regarded as a single embolus 
at the most proximal location (25).

The locations and ratings of the 
individual emboli given by the readers 
were compared with the true locations 
defined at the consensus CT angiogra-
phy reading. Each marked embolus was 
classified as either a true-positive or a 
false-positive finding.

Qualitative Image Analyses
The same two readers (C.J.F., M.L.S.) 
also assessed image quality of the pul-
monary arteries and lung parenchyma 
and the presence of artifacts. They 
scored the pulmonary arteries sepa-
rately on lobar, segmental, and subseg-
mental levels with a four-point scale: a 
score of 1 indicated poor image quality 
(nondiagnostic); a score of 2, fair im-
age quality (limited diagnostic value); 
a score of 3, good image quality (di-
agnostic); and a score of 4, excellent 
image quality (diagnostic with a high 
degree of confidence). The image 
quality of lung parenchyma was also 
graded on a four-point scale: a score of 
1 indicated poor image quality, with no 
signal intensity (indistinguishable from 
air); a score of 2, fair image quality, 
with minimal signal intensity (barely 
distinguishable from air); a score of 3, 
good image quality (clearly distinguish-
able from air but lung fissures not visi-
ble); and a score of 4, excellent image 
quality (lung fissures were visible). The 
presence of artifacts that limited the 
detection of emboli was scored on a 
four-point scale: a score of 1 indicated 
severe artifacts (nondiagnostic); a 
score of 2, moderate artifacts (limited 
diagnosis); a score of 3, mild artifacts 
(little or no effect on diagnosis); and a 
score of 4, no artifacts.

Quantitative Image Analyses
Absolute SNRs and contrast-to-noise 
ratios (CNRs) could not be calculated 
because spatially varying noise due to 
parallel imaging (MR angiography) and 
radial undersampling (UTE) compro-
mise accurate measurement of abso-
lute SNR. Thus, we calculated apparent 
SNR and CNR, which provide a mixed 

voxels through zero-filling prior to im-
age analysis. Imaging time for each of 
the three breath-hold 3D MR angio-
graphic acquisitions was 23 seconds. 
For brevity, we will use the term MR 
angiography to refer to this sequence.

The 3D radial UTE acquisition was 
performed immediately after MR an-
giography with the following parame-
ters: 2.9/0.08, 1.32-msec readout time, 
10° flip angle, 32-cm spherical field of 
view, 1.0-mm isotropic spatial resolu-
tion, and 50 000 total projections. A 
slab-selective radiofrequency excitation 
with a limited field of view, a variable-
density readout gradient, and sampling 
during the readout at twice the Nyquist 
rate were used to improve image qual-
ity of the lung parenchyma (23). We 
used an adaptive respiratory gating 
method with a respiratory bellows sig-
nal (23,24). Total imaging time was 5–6 
minutes, depending on respiratory rate. 
For brevity, we will use the term UTE to 
refer to this sequence.

Reference Method
CT angiography served as the reference 
standard in the detection of PE. Two ra-
diologists (P.B., U.M.; 8 and 14 years of 
experience, respectively) localized PEs 
in consensus. These radiologists did not 
act as readers of MR angiographic or 
UTE images.

Detection of PEs
Two radiologists (C.J.F., M.L.S.; 14 and 
33 years of experience, respectively) 
performed individual reading of MR an-
giography and UTE images. Images were 
read in a randomized blinded fashion 
in two separate reading sessions. Two 
weeks elapsed between reading of MR 
angiographic and UTE images of the 
same case to avoid recall bias.

Readers first scored each complete 
data set (MR angiography or UTE) as 
positive or negative for PE and ranked 
their confidence in the diagnosis on a 
four-point scale: a score of 1 indicated 
low confidence; a score of 2, moder-
ate confidence; a score of 3, high con-
fidence; and a score of 4, absolutely 
certain. Next, the readers identified 
all individual PEs and graded their 
confidence for each PE on the same 

euthanized after completion of the imag-
ing experiments.

CT Angiography
CT angiography was performed by us-
ing a 64-section multidetector CT scan-
ner (Discovery STE; GE Healthcare, 
Waukesha, Wis) within one breath 
hold with the following scanning param-
eters: 64 3 0.625 mm collimation, 100 
kV, 69 mAs (effective), 0.5-second rota-
tion time, and 1.4 pitch. Animals were 
placed in the supine position. Image ac-
quisition was started manually by using 
fluoroscopic triggering when the con-
trast material arrived in the right ven-
tricle. A total of 20 mL of iohexol (300 
mg of iodine per milliliter) (Omnipaque 
300; GE Healthcare, London, England) 
were injected by using a power injector 
(Stellant; MedRad, Warrendale, Pa) at 
a rate of 1.6 mL/sec followed by a 20-
mL saline flush.

MR Imaging
MR imaging was performed with a 3-T 
imager (MR750; GE Healthcare) using 
20 coils of a 32-channel chest phased-
array receiver coil (NeoCoil, Pewaukee, 
Wis) centered on the thorax of each 
animal in the supine position.

Breath-hold contrast-enhanced 3D 
MR angiography was performed by 
using a heavily T1-weighted Cartesian 
spoiled gradient-echo acquisition with 
the following parameters: repetition 
time msec/echo time msec, 3.2/1.1; 
28° flip angle; two-dimensional paral-
lel acceleration factor, 3.72; 24 3 19 
3 24 field of view; 1.3 3 1.8 3 2.0 mm 
spatial resolution; and 23-second total 
imaging time. This sequence was per-
formed three times. It was performed 
first during contrast material injection 
and then twice more during delayed 
phase imaging. The last acquisition 
was performed at a lower flip angle of 
15° (7). We used gadofosveset triso-
dium (0.03 mmol per kilogram of body 
weight, Ablavar; Lantheus Medical Im-
aging, North Billerica, Mass) diluted to 
a total volume of 30 mL with saline and 
injected at a rate of 1.5 mL/sec with 
a power injector (Spectris Solaris; Me-
dRad). MR angiographic images were 
interpolated to 0.7 3 0.7 3 1.0 mm 
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Reference Standard CT Angiographic 
Results
CT angiography revealed no PE in any 
of the animals on day 1 (preemboliza-
tion). On day 2, after injection of clots, 
CT angiography revealed PE in 11 of 
12 animals. In one animal, no PE was 
detected even though clots had been 
injected. Hence, 13 (52%) of 24 exami-
nations yielded negative findings and 11 
(46%) of 24 examinations yielded pos-
itive findings. A total of 48 PEs were 
detected in the 11 examinations with 
positive findings. The mean number of 
emboli in an animal with PE was 4.4 
6 1.4 (n = 1–7 emboli). The 48 em-
boli were located in proximal (n = 18, 
38%), segmental (n = 21, 44%), and 
subsegmental (n = 9, 19%) pulmonary 
arteries.

Detection of PE with UTE and MR 
Angiography
Diagnostic accuracy on a per-subject 
basis.—Reader 1 correctly identified a 
PE in all 11 examinations with positive 
findings and correctly excluded PE in 
all 13 examinations with negative find-
ings with both MR angiography and 
UTE. Hence, reader 1 had a sensitiv-
ity of 100% (11/11) and a specificity 
of 100% (13/13) for PE detection on a 
per-subject basis for both MR angiog-
raphy and UTE.

Reader 2 detected a PE in all 11 
UTE examinations with positive find-
ings but missed a PE in one of the MR 
angiographic examinations with pos-
itive findings, resulting in one false-
negative finding with MR angiography. 
Reader 2 correctly excluded PE in 12 
of the 13 examinations negative for PE 
with both MR angiography and UTE, 
resulting in one false-positive finding 
with each method. Hence, for reader 
2, sensitivity and specificity were 91% 
(10 of 11) and 92% (12 of 13), respec-
tively, for MR angiography and 100% 
(11 of 11) and 92% (12 of 13), respec-
tively, for UTE. The reader-averaged 
confidence score of UTE (3.8 6 0.5) 
was higher than that for MR angiog-
raphy (3.6 6 0.6) (P = .034). The  
k agreement of reader confidence 
scoring was moderate (0.47; 95% CI: 
0.20, 0.73).

against the false-positive fraction. The 
AFROC area under the curve was used 
to compare the performance of UTE 
and MR angiography by calculating the 
difference between curves with 95% 
confidence intervals (CIs). These data 
were analyzed by using an analysis of 
variance model.

The per-embolus sensitivity for 
each observer and each technique was 
calculated by dividing the number of 
correctly identified emboli with high 
confidence (grade 3 or 4) by the total 
number of emboli. The positive predic-
tive value for each reader was calcu-
lated. We were unable to calculate the 
specificity (percentage of true-negative 
findings) on a per-embolus basis be-
cause the number of vessel locations 
in the pulmonary vasculature that were 
negative for PE were uncountable.

Means and standard deviations of 
subjective image quality scoring were 
calculated for MR angiographic and UTE 
images for both readers and for the av-
erage of both readers. Differences in the 
subjective ratings between MR angiogra-
phy and UTE were assessed by using the 
Wilcoxon signed-rank test. A k value was 
calculated to assess interobserver vari-
ability. A k value of 0.81–1.00 indicated 
excellent agreement; a k value of 0.61–
0.80, substantial agreement; a k value 
of 0.41–0.60, moderate agreement; a k 
value of 0.21–0.40, fair agreement; and 
a k value of 0.00–0.20, slight agreement 
(31). Means and standard deviations of 
apparent SNR and CNR measurements 
were calculated, and differences were 
assessed by using a paired t test.

A P value of less than .05 indicated 
a significant difference. Statistical soft-
ware (JAFROC 4.2.1; http://www.
devchakraborty.com) was used to per-
form AFROC analyses. Other statis-
tical computations and graphics were 
performed with MedCalc Statistical 
Software, version 12.7.5 (MedCalc Soft-
ware, Ostend, Belgium).

Results

All CT and MR examinations were com-
pleted successfully. The time between 
CT and MR imaging was 30–50 minutes 
for all animals.

metric of both stochastic noise and im-
age artifacts.

To estimate apparent SNR, one 
blinded radiologist with 8 years of ex-
perience drew regions of interest in the 
left main pulmonary artery, adjacent 
lung parenchyma, and trachea for each 
MR angiographic (arterial phase) and 
UTE image data set. To minimize the in-
fluence from coil sensitivity, all regions 
of interest were placed equidistant to 
the anterior and posterior coil arrays. 
The signal intensity of the pulmonary 
arteries (SIartery) and lung parenchyma 
(SIparenchyma) along with the standard 
deviation of the signal intensity of air 
(SDair) were used to calculate the ap-
parent SNR of pulmonary arteries  
(SNRarteries) and lung parenchyma  
(SNRparenchyma) as follows: SNRarteries =  
SIartery/SDair and SNRparenchyma = SIparenchyma/ 
SDair.

To estimate apparent CNR between 
pulmonary arteries and PEs, the same 
radiologist drew additional regions of 
interest in the largest embolus (SIembolus) 
and an adjacent nonoccluded pulmo-
nary artery (SInonoccluded artery) for each 
MR angiographic (arterial phase) and 
UTE image data set with PE. Both 
regions of interest were placed equi-
distant to the anterior and posterior 
coil arrays to minimize the influence 
from coil sensitivity. The apparent 
CNR was calculated as follows: CNR =  
(SInonoccluded artery – SIembolus)/SDair.

Statistical Analyses
To compare the diagnostic performance 
of UTE and MR angiography in the de-
tection of PE, alternative free-response 
receiver operating characteristic curve 
(AFROC) analysis was performed 
(26–30). AFROC is a modified receiver 
operating characteristic curve tech-
nique that allows multiple responses 
and incorporates the location of le-
sions (28,30). Conventional receiver 
operating characteristic curve methods 
do not allow recording of multiple re-
sponses per image or differentiation 
between lesions on an image. AFROC 
curves for UTE and MR angiography 
were calculated by using the average of 
both readers’ scores and plotting the 
true-positive lesion localization fraction 
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diagnostic image quality of pulmonary 
arteries or lung parenchyma. A break-
down of all image ratings is provided 
in the Table.

The image quality of pulmonary 
arteries did not differ significantly 
between UTE and MR angiographic 
images for lobar (3.9 6 0.3 vs 3.9 6 
0.3, P = .875) or segmental (3.8 6 0.4 
vs 3.6 6 0.5, P = .151) vessels. For 
subsegmental arteries, image quality 
was significantly better for UTE than 
for MR angiography (3.5 6 0.7 vs 2.9 
6 0.5, P = .002). A comparison of im-
age quality ratings for the pulmonary 
arteries is shown in Figure 3.

Image quality of the lung paren-
chyma was significantly better for 

75% [36 of 48] and 71% [34 of 48], 
respectively).

At a confidence level of 3 or 4, 
reader 1 had no false-positive ratings 
with either imaging technique (positive 
predictive value: 100% [36 of 36] for 
MR angiography, 100% [40 of 40] for 
UTE). Reader 2 had no false-positive 
ratings with UTE (positive predictive 
value: 100% [38 of 38]) but identified 
four false-positive emboli with MR an-
giography (positive predictive value: 
89% [34 of 38]).

Qualitative Image Analyses and Artifact 
Grading
None of the examinations were rated 
as nondiagnostic with regard to 

Sensitivity for PE on a per-em-
bolus basis.—Figure 1 shows a PE 
that was detected by both readers on 
both MR angiographic and UTE stud-
ies. The observer-averaged AFROC 
curves for MR angiography and UTE 
are shown in Figure 2. The area under 
the curve was higher for UTE (0.95; 
95% CI: 0.89, 1.00) than for MR an-
giography (0.89; 95% CI: 0.82, 0.95), 
with a significant difference in mean 
AUC of 0.06 (95% CI: 0.01, 0.11) (P = 
.018). At a confidence level of 3 or 4, 
both readers correctly identified more 
individual emboli with UTE (sensitiv-
ity, 83% [40 of 48] and 79% [38 of 
48] for readers 1 and 2, respectively) 
than with MR angiography (sensitivity, 

Figure 1

Figure 1:  MR angiographic and UTE images used to detect PEs. (a) Breath-hold 3D MR angiographic, (b) free-breathing 3D radial UTE, and 
(c) CT images after induction of PE. Two segmental emboli (arrowheads in upper row) in the left caudal lobe and one subsegmental embolus 
(arrowheads in lower row) in the right caudal lobe were detected by both readers with both MR angiography and UTE imaging. UTE imaging shows 
high-resolution artifact-free depiction of the embolus and the lung parenchyma, including small bronchi within the same window setting.
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showed substantial agreement (k = 
0.75; 95% CI: 0.63, 0.87).

Quantitative Image Analyses
The apparent SNR was significantly 
higher for UTE than for MR angiogra-
phy both in pulmonary arteries (41.0 6 
5.2 vs 24.5 6 6.2, P , .001) and in lung 
parenchyma (10.2 6 1.8 vs 3.5 6 0.8, 
P , .001). The apparent CNR between 
pulmonary arteries and PEs was higher 
for UTE than for MR angiography (20.3 
6 5.2 vs 15.4 6 6.7); however, this dif-
ference was not significant (P = .055).

Discussion

We have successfully demonstrated 
the feasibility of isotropic high-spatial-
resolution free-breathing 3D radial UTE 
imaging in the simultaneous detection 
of PE and high-quality evaluation of 

UTE (3.8 6 0.5) than for MR angiog-
raphy (2.2 6 0.2) (P , .001). Figure 4 
shows the visibility of lung parenchyma 
was better on UTE images than on MR 
angiographic images. Figure 5 shows 
a subsegmental embolus that both 
readers missed on MR angiographic 
images but successfully detected on 
high-soft-tissue-contrast UTE images. 
Image artifacts that may interfere 
with detection of PEs were signifi-
cantly lower for UTE (mean artifact 
score, 3.7 6 0.5) than for MR angiog-
raphy (mean artifact score, 3.4 6 0.6) 
(P = .034).

The k agreement between ob-
servers was moderate for image qual-
ity rating of pulmonary arteries (k = 
0.48; 95% CI: 0.34, 0.61) and arti-
fact scoring (k = 0.48; 95% CI: 0.22, 
0.73); whereas the ratings for the 
image quality of the lung parenchyma 

Figure 2

Figure 2:  Graph shows AFROC analyses of UTE and  
MR angiography for correct identification of PEs. 
Reader-averaged areas under the curve of AFROC 
analyses of MR angiography and UTE served as the  
figure of merit. The area under the curve is significantly 
higher for UTE than for MR angiography, with a mean 
difference of 0.06 (95% CI: 0.01, 0.11) (P = .018).

Qualitative Diagnostic Image Quality Scores of MR Angiographic and UTE Images

Qualitative Reading  
and Technique Average Reader 1 Reader 2 Weighted k Statistic*

Diagnostic confidence … … … 0.47 (0.20, 0.73)
  MR angiography 3.6 6 0.6 3.7 6 0.6 3.5 6 0.8 …
  UTE 3.8 6 0.5 3.8 6 0.5 3.8 6 0.6 …
  P value .342 .312 .129 NA
Lobar artery … … … 0.88 (0.64, 1.00)
  MR angiography 3.9 6 0.3 3.9 6 0.3 3.9 6 0.3 …
  UTE 3.9 6 0.3 3.9 6 0.3 3.9 6 0.3 …
  P value .875 ..99 ..99 NA
Segmental artery … … … 0.51 (0.29, 0.73)
  MR angiography 3.6 6 0.5 3.8 6 0.5 36.5 6 0.5 …
  UTE 3.8 6 0.4 3.8 6 0.4 3.8 6 0.5 …
  P value .151 .578 .129 NA
Subsegmental artery … … … 0.42 (0.20, 0.65)
  MR angiography 2.9 6 0.5 3.2 6 0.7 2.6 6 0.6 …
  UTE 3.5 6 0.7 3.5 6 0.7 3.6 6 0.7 …
  P value .002 .204 ,.001 NA
Lung parenchyma … … … 0.75 (0.63, 0.87)
  MR angiography 2.2 6 0.2 2.3 6 0.5 2.0 6 0.2 …
  UTE 3.8 6 0.5 3.7 6 0.6 3.9 6 0.4 …
  P value ,.001 ,.001 ,.001 NA
Artifact scoring … … … 0.48 (0.22, 0.73)
  MR angiography 3.4 6 0.6 3.5 6 0.7 3.3 6 0.8 …
  UTE 3.7 6 0.5 3.8 6 0.5 3.7 6 0.6 …
  P value .034 .203 .055 NA

Note.—Unless otherwise indicated, data are mean 6 standard deviation. P , .05 indicates a significant difference between MR 
angiography and UTE. NA = not applicable.
* Data in parenthesis are 95% CIs.

Figure 3

Figure 3:  Bar graph shows image quality ratings 
of pulmonary arteries for UTE and MR angiography. 
While the reader-averaged image quality of lobar 
and segmental arteries was rated similarly for UTE 
and MR angiography, the image quality of subseg-
mental arteries was rated significantly better for 
UTE than for MR angiography. Bars represent mean 
values, and error bars indicate standard deviations. 
Image quality was graded as follows: 1, poor; 2, fair; 
3, good; 4, excellent.
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parenchyma, bronchi, and small (sub-
segmental) vessels. Indeed, the UTE 
technique yielded a significantly higher 
apparent SNR of pulmonary arteries 
and lung parenchyma when compared 
with MR angiography. UTE also result-
ed in a higher apparent CNR between 
pulmonary arteries and PEs when 
compared with MR angiography, albeit 
without reaching statistical significance.

The increased quality of lung visu-
alization may indirectly have improved 
diagnostic performance in the detection 
of small emboli. This is exemplified in 

small vessels may be explained by the 
higher true spatial resolution (1.0-mm 
isotropic) that can be achieved with 
the free-breathing UTE technique. The 
high image quality of the lung paren-
chyma can be explained by the short 
echo times (<0.100 msec) of 3D radial 
UTE. UTE image quality was further 
improved by the use of variable-density 
readout gradients, which have previ-
ously been shown to increase SNR by 
up to 67% (23). Thus, the high SNR 
contributes to improved soft-tissue con-
trast and enables discrimination of lung 

lung parenchyma in a canine model. 
In fact, free-breathing 3D radial UTE 
performed better than breath-hold 3D 
MR angiography in the detection of in-
dividual emboli. Thus, UTE compares 
favorably with MR angiography in the 
detection of PE and warrants evaluation 
in future human studies.

We have also shown that free-
breathing 3D radial UTE imaging yields 
superior image quality for small ves-
sels and lung parenchyma when com-
pared with breath-hold 3D MR angi-
ography. The higher image quality of 

Figure 4

Figure 4:  Comparison of MR angiography and UTE for imaging of lung parenchyma. Axial, A, breath-hold MR angiographic, B, free-breathing 
UTE, and, C, CT images in a subject without embolism. UTE imaging enabled artifact-free and high-resolution depiction of the parenchymal lung 
structures, including small bronchi. Image quality (ie, visibility) of the lung parenchyma was rated by both readers as fair for MR angiography 
and as excellent for UTE.

Figure 5

Figure 5:  Examples of a subsegmental pulmonary embolus that was detected with UTE but not MR angiography. Axial (a) breath-hold MR angiographic, (b) free-
breathing UTE, and (c, d) CT images displayed by using soft-tissue (c) and lung (d) window settings after induction of PE. Both readers detected a subsegmental em-
bolus (arrowhead) in the right caudal lobe with UTE but did not detect the thrombus with MR angiography. Note the high-resolution and improved soft-tissue contrast 
of the lung parenchyma with UTE, allowing for depiction of the distal bronchus adjacent to the occluded artery.
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