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Purpose: To assess image quality and speed improvements for sin-
gle-shot fast spin-echo (SSFSE) with variable refocusing 
flip angles and full-Fourier acquisition (vrfSSFSE) pelvic 
imaging via a prospective trial performed in the context of 
uterine leiomyoma evaluation.

Materials and 
Methods:

Institutional review board approval and informed con-
sent were obtained. vrfSSFSE and conventional SSFSE  
sagittal and coronal oblique acquisitions were per-
formed in 54 consecutive female patients referred for 
3-T magnetic resonance (MR) evaluation of known or 
suspected uterine leiomyomas. Two radiologists who  
were blinded to the image acquisition technique semiquan-
titatively scored images on a scale from 22 to 2 for noise, im-
age contrast, sharpness, artifacts, and perceived ability to  
evaluate uterine, ovarian, and musculoskeletal structures. 
The null hypothesis of no significant difference between pulse 
sequences was assessed with a Wilcoxon signed rank test by 
using a Holm-Bonferroni correction for multiple comparisons.

Results: Because of reductions in specific absorption rate, vrfSSFSE 
imaging demonstrated significantly increased speed (more 
than twofold, P , .0001), with mean repetition times com-
pared with conventional SSFSE imaging decreasing from 
1358 to 613 msec for sagittal acquisitions and from 1494 
to 621 msec for coronal oblique acquisitions. Almost all as-
sessed image quality and perceived diagnostic capability pa-
rameters were significantly improved with vrfSSFSE imaging. 
These improvements included noise, sharpness, and ability 
to evaluate the junctional zone, myometrium, and musculo-
skeletal structures for both sagittal acquisitions (mean values 
of 0.56, 0.63, 0.42, 0.56, and 0.80, respectively; all P values 
, .0001) and coronal oblique acquisitions (mean values of 
0.81, 1.09, 0.65, 0.93, and 1.12, respectively; all P values , 
.0001). For evaluation of artifacts, there was an insufficient 
number of cases with differences to allow statistical testing.

Conclusion: Compared with conventional SSFSE acquisition, vrfSSFSE 
acquisition increases 3-T imaging speed via reduced spe-
cific absorption rate and leads to significant improvements 
in perceived image quality and perceived diagnostic capa-
bility when evaluating pelvic structures.
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image quality and speed improvements 
for vrfSSFSE pelvic imaging via a pro-
spective trial performed in the context 
of uterine leiomyoma evaluation.

Materials and Methods

D.V.L. is an employee of GE. The re-
maining authors, who had no conflict 
of interest, controlled all experimental 
design, acquisition and analysis of data 
sets, and interpretation of the data pre-
sented in this article.

SSFSE Pulse Sequence
With the conventional SSFSE pulse 
sequence, a constant refocusing flip 
angle of 130° was used. Acquisition 
was half-Fourier with homodyne recon-
struction and linear ordering of phase 
encodes. Effective echo time was set to 
120 msec. Additional imaging parame-
ters are shown in Table 1.

vrfSSFSE Pulse Sequence
The vrfSSFSE pulse sequence was 
implemented as described previously 
(13). In brief, the refocusing flip angle 
approach developed for three-dimen-
sional FSE imaging described by Busse 
et al (11) was adapted to the case of 
two-dimensional SSFSE imaging. In 

signal-to-noise ratio owing to the greatly 
reduced acquisition time, specific ab-
sorption rate (SAR) speed limitations 
at 3 T due to excessive radiofrequency 
(RF) energy deposition, and blurring 
due to T2 decay occurring during the 
extended refocusing echo train (5,6).

In FSE imaging, the use of variable 
refocusing flip angles has been exten-
sively studied for two- and three-dimen-
sional FSE pulse sequences (7–12). In 
contrast to the use of a constant refocus-
ing flip angle, as in conventional SSFSE  
or FSE imaging, the use of a properly 
designed variable refocusing flip angle 
echo train can lead to stabilization of 
the signal amplitude over the course of 
the echo train, reducing blurring that 
would otherwise manifest in the phase-
encoding direction. Additionally, the in-
corporation of lower flip angles at the 
beginning of the echo train slows the 
effective rate of T2 relaxation (8,11), al-
lowing image contrast to reflect shorter 
effective echo times. The overall use of 
lower flip angles decreases RF deposi-
tion, which can decrease SAR-limited 
acquisition times.

An SSFSE with variable refocusing 
flip angles and full-Fourier acquisition 
(vrfSSFSE) pulse sequence has re-
cently been implemented (13) that in-
corporates a variable refocusing flip an-
gle echo train based on the approach of 
Busse et al (11,14). This pulse sequence 
allows for full-Fourier (full k-space cov-
erage) acquisition while still achieving 
clinically relevant effective echo times, 
rather than the half-Fourier (partial k-
space coverage) acquisition used in con-
ventional SSFSE imaging. Since evalu-
ation of uterine leiomyomas (fibroids) 
is a relatively large component of our 
local clinical volume for pelvic imaging, 
we focused on this specific indication. 
The purpose of this study was to assess 
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Advances in Knowledge

nn Implementation of variable refo-
cusing flip angles into single-shot 
fast spin-echo (SSFSE) pulse se-
quences results in significant im-
provements in subjective image 
quality scores of noise and 
sharpness (mean scores of 0.56 
and 0.63 on a 22 to 2 scale for 
sagittal acquisitions and 0.81 and 
1.09 for coronal oblique acquisi-
tions, respectively; all P values , 
.0001) due to reductions in T2 
decay–related blurring, as well as 
the ability to acquire full-Fourier 
data with clinically relevant echo 
times.

nn Image acquisition time at 3 T for 
a series of SSFSE sections can be 
reduced by more than 50% (P , 
.0001, mean repetition times de-
creasing from 1358 to 613 msec 
for sagittal acquisitions and from 
1494 to 621 msec for coronal 
oblique acquisitions); this arises 
from the reduced refocusing flip 
angles decreasing the level of 
radiofrequency energy deposi-
tion, with resultant removal of 
delays in imaging acquisition that 
would otherwise be needed to 
satisfy specific absorption rate 
constraints.

Implication for Patient Care

nn Incorporation of variable flip 
angles and full-Fourier acquisi-
tion into SSFSE imaging allows 
acquisition of pelvic images with 
improved image quality in less 
time than conventional SSFSE 
imaging at 3 T.

A t present, T2-weighted imaging is 
the mainstay of most pelvic mag-
netic resonance (MR) imaging 

protocols (1,2), with benign and ma-
lignant gynecological MR imaging pro-
tocols typically consisting of multiple 
planes of T2-weighted fast spin-echo 
(FSE) imaging (3,4). FSE, however, re-
quires long acquisition times (generally 
several minutes), with corresponding 
sensitivity to motion and prolongation 
of total examination time. These draw-
backs have led to the development 
of single-shot FSE (SSFSE) imaging, 
also known as half-Fourier acquisition 
single-shot turbo spin-echo imaging, 
which is relatively robust to motion 
and has greatly decreased acquisition 
times (5). However, SSFSE imaging has 
its own drawbacks compared with FSE 
imaging. SSFSE images have a reduced 
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female patients were included in the 
study between April 23, 2014, and De-
cember 31, 2014; the age range was 
24–71 years (mean, 43 years), the 
weight range was 47–113 kg (mean, 70 
kg), and there were no exclusion cri-
teria beyond those for routine clinical 
MR imaging. Each subject underwent 
imaging with conventional SSFSE im-
aging (constant refocusing flip angle 
of 130°, half-Fourier acquisition) and 
vrfSSFSE imaging (variable refocus-
ing flip angle, full-Fourier acquisition, 
half-sinc refocusing pulses), with all 
other parameters kept identical. Ac-
quisitions were performed with the 
subject free breathing. Field of view 
was optimized for each patient’s anat-
omy (frequency direction field of view 
of 24–42 cm, phase direction field of 
view of 60%–100%) but was identical 
between each pair of pulse sequences 
for a given subject.

Image Grading
A semiquantitative grading system 
based on predetermined criteria was 

pulse was used in which the side lobes 
of the RF pulse were removed to de-
crease the RF transmission time (15) 
to allow shorter effective echo times via 
reduced echo spacing. Additional imag-
ing parameters are shown in Table 1.

Clinical Testing
Clinical testing was performed with 
institutional review board approval 
and informed consent. Adult patients 
referred for MR imaging examination 
of either known or suspected uterine 
leiomyomas were prospectively re-
cruited and underwent imaging with 
a 3.0-T MR imaging unit (MR750; GE 
Healthcare, Waukesha, Wis) by using 
a 32-channel torso coil. SAR limita-
tions were 4 W per kilogram of body 
weight averaged over 6 minutes and 8 
W per kilogram of body weight aver-
aged over 10 seconds. Autocalibrating 
reconstruction for Cartesian imaging 
parallel imaging was used with a par-
allel imaging factor of two or three for 
sagittal or coronal oblique acquisitions, 
respectively. A total of 54 consecutive 

this approach, four control angles (ini-
tial flip angle [ainit], minimum flip angle 
reached early in the echo train [amin], 
flip angle when the center of k-space 
is acquired [acent], and flip angle at the 
end of the echo train [alast]) are used 
for specifying the refocusing flip angle 
train, with smooth modulation between 
these parameters. The flip angle pa-
rameters were selected semiempirically 
via a combination of prior simulation 
and clinical studies (13) and verifica-
tion in a female volunteer (35 years old, 
with a weight of 50 kg). The flip angle 
parameters for vrfSSFSE imaging were 
chosen as follows: ainit, 130°; amin, 60°; 
acent, 100°; and alast, 45°. Full-Fourier 
acquisition was performed with linear 
ordering of phase encodes. A contrast-
equivalent echo time (TEeff) was cal-
culated on the basis of the method of 
Busse et al (14) to account for the mix-
ing of stimulated and spin echoes and 
resultant effective prolongation of T2 
decay. TEeff was set as low as possible 
for vrfSSFSE imaging (range, 101–186 
msec; mean, 136 msec). A half-sinc RF 

Table 1

Imaging Parameters

Parameter

Sagittal Imaging Coronal Oblique Imaging

Conventional SSFSE Imaging vrfSSFSE Imaging Conventional SSFSE Imaging vrfSSFSE Imaging

Refocusing flip angles (degrees) 130 ainit = 130, amin = 60,  
acent = 100, alast = 45

130 ainit = 130, amin = 60,  
acent = 100, alast = 45

Bandwidth (kHz) 6125 6125 6125 6125
Matrix 416 3 224 416 3 224 416 3 224 416 3 224
Frequency field of view (cm) 24–38 24–38 28–42 28–42
Phase field of view (%) 60–100 60–100 85–100 85–100
No. of sections acquired 30–62 (mean, 48) 30–62 (mean, 48) 30–65 (mean, 42) 30–65 (mean, 42)
Section thickness (mm) 5 5 4 4
Acceleration factor 2 2 3 3
k-space coverage Half Full Half Full
Echo time (msec) 117–125 (mean, 120) 101–186 (mean, 136) 119–129 (mean, 125) 108–158 (mean, 138)
Repetition time (msec) 1073–1695 (mean, 1358) 446–753 (mean, 613) 1204–1874 (mean, 1494) 538–771 (mean, 621)
Total sequence time (sec) 41–97 (mean, 64) 19–42 (mean, 29) 42–83 (mean, 62) 18–36 (mean, 26)
Echo spacing (msec) 5.1 4.8 5.1 4.8
Representative values from volunteer
  Echo train duration (msec) 396 511 350 427
  Repetition time (msec) 1195 572 1069 491
  No. of phase lines acquired 61 102 52 87

Note.—Representative values are presented for the specific case of the volunteer (a woman weighing 50 kg); echo train durations and number of phase lines acquired are dependent on the phase 
field of view (in this case, 80% for sagittal acquisitions and 100% for coronal oblique acquisitions) and the acceleration factor (two for sagittal acquisitions and three for coronal oblique acquisitions), 
while repetition times are limited by SAR, an effect that is stronger in patients who weigh less.
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comparisons (16). The Wilcoxon signed 
rank test requires at least six effective 
samples (pulse sequence comparisons 
scored as 22, 21, 1, or 2) to be valid. 
Scored parameters that had fewer than 
six effective samples were not evaluated 
for significance. Interobserver variability 
was assessed by using a weighted Cohen 
k statistic, with the weighting being the 
absolute difference between the reader 
scores. Repetition time was used as a 
proxy for imaging time. Differences in 
repetition time and TEeff were assessed 
with the null hypothesis of no significant 
difference by using a Student two-tailed 
paired t test, with a P value less than 
.05 considered to indicate a statistically 
significant difference.

blinded to which image sequence was 
presented on the left or right (display 
side was randomly assigned). The grad-
ing scores were then assigned by the 
readers by comparing left to right, with 
a nonblinded assistant recording the 
scores and transposing them when the 
SSFSE image sequence was shown on 
the right.

Statistical Analysis
The null hypothesis of no significant dif-
ference in image quality between pulse 
sequences was assessed with a Wilcox-
on signed rank test, with a two-tailed 
P value of less than .05 considered to 
indicate a significant difference after 
Holm-Bonferroni correction for multiple 

used to compare the pulse sequences 
on a scale from 22 to 2 (Table 2). 
Subjective image quality parameters 
assessed were noise, image contrast, 
sharpness, and artifacts (including mo-
tion). Also subjectively assessed was 
the perceived ability to diagnostically 
evaluate the endometrial canal and 
cervical canal, the junctional zone and 
cervical stroma, the myometrium and 
leiomyomas, the ovaries and adnexa, 
and the musculoskeletal structures. 
Two readers (S.S.V. and A.M.L., with 
9 and 2 years of experience in body 
MR image interpretation, respectively) 
were presented with each pair of image 
sequences (conventional SSFSE and 
vrfSSFSE image sequences) and were 

Table 2

Semiquantitative Scoring Criteria Used for Conventional SSFSE versus vrfSSFSE Image Evaluation

Parameter

SSFSE Imaging Favored

Score of 0

vrfSSFSE Imaging Favored

Score of 22 Score of 21 Score of 1 Score of 2

Noise SSFSE imaging with decreased  
graininess and improved 
diagnostic capability

SSFSE imaging with decreased  
graininess but without 
diagnostic effect

Equivalent vrfSSFSE imaging with 
decreased graininess but 
without diagnostic effect

vrfSSFSE imaging with 
decreased graininess 
and improved diagnostic 
capability

Image contrast SSFSE imaging with good  
image contrast between  
leiomyomas and  
myometrium; and junctional  
zone and myometrium not 
seen on vrfSSFSE images

SSFSE imaging with good  
image contrast between  
leiomyomas and myometrium;  
or junctional zone and  
myometrium not seen on  
vrfSSFSE images

Equivalent vrfSSFSE imaging with 
good image contrast 
between leiomyomas and 
myometrium; or junctional 
zone and myometrium not 
seen on SSFSE images

vrfSSFSE imaging with 
good image contrast 
between leiomyomas and 
myometrium; and junctional 
zone and myometrium not 
seen on SSFSE images

Sharpness SSFSE imaging with  
increased sharpness  
between leiomyomas and  
myometrium; and junctional  
zone and myometrium not  
seen on vrfSSFSE images

SSFSE imaging with increased  
sharpness between  
leiomyomas and myometrium;  
or junctional zone and  
myometrium not seen on  
vrfSSFSE images

Equivalent vrfSSFSE imaging with 
increased sharpness 
between leiomyomas and 
myometrium; or junctional 
zone and myometrium not 
seen on SSFSE images

vrfSSFSE imaging with 
increased sharpness 
between leiomyomas and 
myometrium; and junctional 
zone and myometrium not 
seen on SSFSE images

Artifacts (including  
motion-related 
nonuniformity)

SSFSE imaging with decreased  
artifacts to the point of  
improved diagnostic  
capability

SSFSE imaging with decreased  
artifacts but without  
diagnostic effect

Equivalent vrfSSFSE imaging with 
decreased artifacts but 
without diagnostic effect

vrfSSFSE imaging with 
decreased artifacts to  
the point of improved 
diagnostic capability

Ability to evaluate  
endometrium and 
cervical canal,  
junctional zone and  
cervical stroma, 
leiomyomas or other  
myometrial pathologic  
abnormalities, ovaries  
and adnexa, and  
musculoskeletal 
structures

SSFSE imaging with improved  
visualization to the point  
of improved diagnostic  
capability 
 
 
 
 
 
 

SSFSE imaging with improved 
visualization but without 
diagnostic effect 
 
 
 
 
 
 
 

Equivalent 
 
 
 
 
 
 
 
 
 

vrfSSFSE imaging with 
improved visualization  
but without diagnostic 
effect 
 
 
 
 
 
 

vrfSSFSE imaging with 
improved visualization to  
the point of improved 
diagnostic capability 
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the assessed imaging quality param-
eters of noise, image contrast, and 
sharpness (mean scores of 0.81, 0.40, 
and 1.09, respectively; all P values , 
.0001). For both coronal oblique and 
sagittal acquisitions, the artifacts pa-
rameter had an insufficient number of 
differing scores (comparisons scored 
as other than 0) between the two 
pulse sequences to allow evaluation for 
significance.

For sagittal acquisitions (Fig 1b), 
the assessment of perceived diagnos-
tic capability demonstrated significant 
improvements for vrfSSFSE imaging 
in evaluating the endometrial canal 
and cervical canal (mean score, 0.22;  

msec) and vrfSSFSE imaging (mean 
TEeff, 136 msec). For coronal oblique 
acquisitions, there was a significant 
difference (P , .0001) in TEeff between 
conventional SSFSE imaging (mean 
TEeff, 125 msec) and vrfSSFSE imaging 
(mean TEeff, 138 msec).

For sagittal acquisitions (Fig 1b), 
there were significant improvements 
for vrfSSFSE imaging in the assessed 
imaging quality parameters of noise 
(mean score, 0.56; P , .0001), im-
age contrast (mean score, 0.18; P = 
.0007), and sharpness (mean score, 
0.63; P , .0001). For coronal oblique 
acquisitions, there were significant im-
provements for vrfSSFSE imaging in 

Results

Acquisition times were significantly re-
duced with vrfSSFSE imaging, as dem-
onstrated by reduced repetition times 
(Fig 1a). For sagittal acquisitions, 
vrfSSFSE repetition times (mean, 
613 msec) were 45% those for con-
ventional SSFSE (mean, 1358 msec; 
P , .0001). For coronal oblique ac-
quisitions, vrfSSFSE repetition times 
(mean, 621 msec) were 42% those 
for conventional SSFSE (mean, 1494 
msec; P , .0001). For sagittal acquisi-
tions, there was a significant difference 
(P , .0001) in TEeff between conven-
tional SSFSE imaging (mean TEeff, 120 

Figure 1

Figure 1:  Comparison of conventional SSFSE and vrfSSFSE imaging. (a) Box and whisker plot for the comparison of repetition times is shown. The box denotes 
the 25th–75th percentile, the middle bar denotes the median, and the top and bottom bars demonstrate the range. For each pair (conventional SSFSE vs vrfSSFSE 
imaging), the differences were significant (P , .0001). (b) Results of semiquantitative grading for noise, image contrast, sharpness, artifacts, and perceived ability to 
evaluate endometrial, myometrial, adnexal, and musculoskeletal structures and pathologic abnormalities are shown. The area of each rectangle corresponds to the 
relative frequency of that response. Significant P values were all less than or equal to .003, as described in the text. The scoring system used is explained in Table 2. 
Negative numbers favor conventional SSFSE imaging, and positive numbers favor vrfSSFSE imaging. ∗ = significant differences.
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muscle, and bone, and were less ap-
parent in structures with relatively 
long T2 relaxation times, such as endo-
metrium and ovaries. Additional rep-
resentative examples of image quality 
differences are shown in Figure E2 
(online) and Figure 2.

The degree of improvement for both 
perceived image quality and perceived 
diagnostic capability assessments was 
significantly greater for the coronal 
oblique acquisitions than for the sagit-
tal acquisitions (Wilcoxon signed rank 
test, P = .008). The weighted Cohen 
k statistic for all observations in the 

improvements for vrfSSFSE imaging in 
evaluating the endometrial canal and 
cervical canal (mean score, 0.42; P , 
.0001), the junctional zone and cer-
vical stroma (mean score, 0.65; P , 
.0001), the myometrium and leiomyo-
mas (mean score, 0.93; P , .0001), 
the ovaries and adnexa (mean score, 
0.11; P = .003), and the musculoskel-
etal structures (mean score, 1.12;  
P , .0001). The improvements for 
vrfSSFSE imaging were most mani-
fest in structures with relatively short 
T2 relaxation times (Fig E1 [online]), 
such as myometrium and leiomyomas, 

P = .0001), the junctional zone and 
cervical stroma (mean score, 0.42; P 
, .0001), the myometrium and leiomy-
omas (mean score, 0.56; P , .0001), 
and the musculoskeletal structures 
(mean score, 0.80; P , .0001). For 
evaluation of ovaries and adnexal struc-
tures on sagittal images, there was an 
insufficient number of differing scores 
(comparisons scored as other than 0) 
between the two pulse sequences to 
allow evaluation for significance. For 
coronal oblique acquisitions (Fig 1b), 
the assessment of perceived diagnos-
tic capability demonstrated significant 

Figure 2

Figure 2:  (a–c) Coronal oblique and (d–f) sagittal T2-weighted MR images obtained in a 55-year-old woman with a large, pathologically proven intramural leio-
myoma demonstrate atypical intermediate signal intensity by using conventional SSFSE (a, d), vrfSSFSE (b, e), and FSE (c, f ) imaging. A small, typically appearing in-
tramural leiomyoma is medially adjacent, and an additional, atypically appearing intramural leiomyoma along the right uterine wall is partially included in the plane of 
imaging. Images were cropped to 20 cm; the SSFSE and vrfSSFSE images were acquired with a 42-cm (coronal oblique) or 30-cm (sagittal) field of view, and the FSE 
images were acquired with a 22-cm field of view. Note the improved black-blood appearance in vessels with vrfSSFSE imaging compared with conventional SSFSE  
imaging, owing to its increased sensitivity to flow-related signal loss. Artifacts on the FSE images that are projecting over the uterus are from respiratory motion.
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that required for the target echo time. 
The variability in echo times seen with 
vrfSSFSE imaging in this study was 
largely due to the MR imaging technolo-
gists varying the phase-direction field of 
view and thereby changing the number 
of lines acquired in the phase-encoding 
direction. This interdependence like-
wise implies that increasing the reso-
lution in the phase-encoding direction 
for a fixed field of view, which also 
increases the number of phase-en-
coding lines, will necessarily prolong 
the minimally achievable echo time. 
We are currently exploring options to 
achieve a more consistent echo time 
with vrfSSFSE imaging in the pelvis, 
including further decreases in the amin 
parameter to generate greater effec-
tive T2 decay prolongation and the 
use of outer volume suppression to 
reduce the number of phase encodes 
acquired. Even with longer effective 
echo times, vrfSSFSE imaging was 
still judged to have decreased noise 
when compared with conventional  
SSFSE imaging.

This work has several limitations. 
First, in this study, we only evaluated 
vrfSSFSE imaging in the context of pel-
vic MR imaging for a single indication 
(evaluation of leiomyomas), and we did 
not evaluate the utility of vrfSSFSE im-
aging for other common pelvic MR im-
aging indications. Second, the compari-
son in this study was performed between 
conventional SSFSE and vrfSSFSE im-
aging, as vrfSSFSE imaging is being 
posited as a replacement for situations 
where conventional SSFSE imaging is 
already being used. In terms of short-
ening pelvic MR imaging examination 
times, a more effective but also a more 
difficult comparison would be to eval-
uate the tradeoffs between vrfSSFSE 
and FSE imaging. Third, both readers 
practice at an institution at which both 
SSFSE and vrfSSFSE imaging are used. 
Although they were blinded to the im-
age acquisition technique in the image 
analysis, the image quality differences 
between the pulse sequences were 
sufficient to allow the readers to po-
tentially perceive which images were 
generated with which pulse sequence, 
leading to unconscious biases. Fourth, 

the longer echo train durations used 
in vrfSSFSE imaging, acquisition times 
were reduced by more than 50% when 
compared with conventional SSFSE im-
aging, reflecting the large decrease in 
SAR from the reduced flip angles used 
in vrfSSFSE imaging.

Of the refocusing flip angle param-
eters (ainit, amin, acent, and alast), image 
quality is known to be most dependent 
on amin; in addition to reducing SAR, 
lowering amin leads to relative prolonga-
tion of T2 decay, and the resultant sta-
bilization of signal over the echo train 
should reduce blurring (13). However, 
lower flip angles lead to a greater de-
pendence on longer refocusing path-
ways in the echo train, creating longer 
time periods over which phase shifts 
from motion can accumulate and re-
sult in signal loss (18). This increased 
sensitivity to motion-related signal loss 
has previously been demonstrated to 
be of potentially limiting effect in im-
aging structures in close proximity to 
the heart, such as the left lobe of the 
liver when amin is set to 90° (19) and 
the pancreas when amin is set to 60° 
(13). In this study, no increased pro-
pensity for imaging artifacts was seen 
for vrfSSFSE imaging with amin set to 
60°, despite the free-breathing nature 
of the imaging acquisition, which indi-
cates that with the refocusing flip angle 
parameters chosen, sufficient motion 
robustness is maintained for imaging 
structures in the pelvis.

There was a small but significant 
difference in effective echo time be-
tween the conventional SSFSE and 
vrfSSFSE pulse sequences used in this 
study, owing to vrfSSFSE imaging not 
being able to consistently achieve the 
target echo time (120 msec). Since 
the vrfSSFSE sequence is used to ac-
quire the full k-space data in a linear 
fashion, acquiring additional lines in 
the phase-encoding direction prolongs 
the minimum time between the exci-
tation pulse and when the center of k-
space is acquired. Half-sinc refocusing 
pulses and high-bandwidth acquisition 
were used to decrease this minimum 
time, but if too many phase-encoding 
lines are prescribed, it is possible for 
this minimum time to be longer than 

comparison of conventional SSFSE 
imaging versus vrfSSFSE imaging was 
0.44, indicating moderate agreement 
between the two readers (17).

Discussion

Performing multiple orthogonal planes 
of T2-weighted imaging is at the core 
of most pelvic MR imaging protocols. 
Traditionally, this has been accom-
plished by using FSE imaging, with 
associated long acquisition times and 
lack of robustness to motion artifacts. 
While SSFSE imaging greatly decreases 
total imaging time compared with FSE 
imaging and brings robustness to mo-
tion artifacts from breathing and bowel 
peristalsis, this comes at the cost of 
decreased signal-to-noise ratio and 
image blurring arising from the ex-
tended echo train. To assess whether 
the limitations of SSFSE imaging could 
be improved on, we tested a vrfSSFSE 
pulse sequence in the clinical context 
of patients known to have or suspected 
of having uterine leiomyomas.

Most of the perceived imaging 
quality and perceived diagnostic ca-
pability parameters demonstrated sig-
nificant improvements with vrfSSFSE  
imaging. As might be expected from 
the T2 decay prolongation and the 
full-Fourier technique used with 
vrfSSFSE imaging, improvements 
were most apparent for structures 
with relatively short T2 times (myo-
metrium and leiomyomas, muscle, and 
bone). Improvements with vrfSSFSE  
imaging were greater for coronal 
oblique acquisitions than for sagittal 
acquisitions; this was believed to re-
flect a larger relative improvement in 
signal-to-noise ratio for the full-Fouri-
er technique when used with higher 
acceleration factors (autocalibrating 
reconstruction for Cartesian imaging 
parallel imaging factor of three for co-
ronal oblique acquisitions vs two for 
sagittal acquisitions).

Conventional SSFSE imaging is of-
ten constrained at 3 T by the RF energy 
deposition from the constant refocusing 
pulses, with dead time during multisec-
tion acquisitions added to remain within 
regulatory SAR constraints. Despite 
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interobserver agreement was only mod-
erate, which likely reflects in part the 
subjective nature of the scoring system 
used. Finally, although image evalua-
tion was performed by radiologists and 
included metrics to assess perceived 
diagnostic capability, in this study, we 
did not measure differences in final ra-
diologic interpretation of the images or 
clinical outcomes.

In conclusion, use of a vrfSSFSE 
sequence leads to a doubling in ac-
quisition speed at 3 T via reduced RF 
energy deposition and demonstrates 
significant improvements in perceived 
image quality and perceived diagnostic 
capability when evaluating structures in 
the pelvis.
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