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Abstract

Purpose—To evaluate the use of the double-echo steady-state (DESS) sequence for acquiring
high-resolution breast images with diffusion and T2 weighting.

Materials and Methods—Phantom scans were used to verify the T2 and diffusion weighting of
the DESS sequence. Image distortion was evaluated in volunteers by comparing DESS images and
conventional diffusion-weighted images (DWI) to spoiled gradient-echo images. The DESS
sequence was added to a standard clinical protocol, and the resulting patient images were used to
evaluate overall image quality and image contrast in lesions.

Results—The diffusion weighting of the DESS sequence can be easily modulated by changing
the spoiler gradient area and flip angle. Radiologists rated DESS images as having higher
resolution and less distortion than conventional DWI. Lesion-to-tissue contrast ratios are strongly
correlated between DWI and DESS images (R = 0.83) and between T2-weighted fast spin-echo
and DESS images (R = 0.80).

Conclusion—The DESS sequence is able to acquire high-resolution 3D diffusion- and T2-
weighted images in short scan times, with image quality that facilitates morphological assessment
of lesions.
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1. Introduction

High-resolution, three-dimensional (3D) diffusion-weighted breast MRI has the potential to
improve the specificity and cost-effectiveness of breast MRI. High-resolution breast imaging
is useful for detecting small tumors and identifying relevant morphologic features, such as
shape, margins, spiculations, or architecture. Diffusion-weighted breast MRI can distinguish
benign and malignant tumors without the need for an exogenous contrast agent [1,2] or can
improve the specificity of breast MRI [3-5]. Currently, contrast-enhanced breast MRI
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screening is recommended for women with a high lifetime risk of developing breast cancer
[6]. While contrast-enhanced MRI is very sensitive to breast cancer, it has limited
specificity, is invasive, and is expensive. Therefore, women with a low or moderate lifetime
risk of developing breast cancer may benefit from a non-contrast breast MRI screening
protocol.

Diffusion-weighted imaging (DWI1) typically uses a multi-slice excitation with a two-
dimensional single-shot echo-planar imaging (EPI) acquisition, though a spiral or steady-
state acquisition is sometimes used. A single-shot EPI acquisition may be used to limit the
acquisition time and sensitivity to motion between excitations [7], but off-resonance results
in geometric distortion, and signal decay during the readout limits spatial resolution [8].
Therefore, EPI is particularly challenging in the breast, where the shape of the breasts causes
field variations that are difficult to correct with shims and where high-resolution imaging is
desired for assessing tumor morphology. A spiral acquisition may be used to acquire higher-
resolution diffusion-weighted breast images with shorter readout times than EPI allows
[9,10], but off-resonance can lead substantial blurring. A steady-state acquisition with
unbalanced gradients can acquire diffusion-weighted images efficiently and with small
gradients due to its short repetition time (TR) [11-13], but has not been investigated for
DWI in the breast. A steady-state acquisition allows for 3D imaging, with thinner and
continuous slices, while avoiding the distortion and blurring associated with EP1. However,
motion from the heart and lungs makes breast DWI difficult because the gradients that
encode diffusive mation sensitize the sequence to macroscopic motion [14], which can cause
image artifacts.

The double-echo steady-state (DESS) sequence (Fig. 1) acquires two echoes between
consecutive radiofrequency (RF) pulses [15-17]. Some unbalanced gradient area is needed
to form images without the characteristic banding artifact associated with balanced steady-
state free-precession sequences [18,19]. The unbalanced gradient area can be applied to any
combination of gradient axes and is collectively referred to as the spoiler gradient (Fig. 1,
shaded regions). Because the sequence uses a steady-state acquisition, multiple echo
pathways (spin echoes and stimulated echoes) contribute to the acquired signal of each echo.
The first echo (Echo 1) is dominated by the free-induction decay signal due to the preceding
RF pulse with echo time TE;. The second echo (Echo 2) is dominated by refocused signal
(spin echo) from Echo 1 of the previous repetition, resulting in an effective echo time of
approximately TE, = 2TR — TE; for moderate flip angles.

The DESS sequence has most commonly been used for its T2 weighting; T2 can be
estimated from the signal decay between Echo 1 and Echo 2 [16,20], and the square root of
sum of squares of Echo 1 and Echo 2 has been used to generate images with high signal-to-
noise ratio (SNR) and T2-like contrast [20]. Recently, the diffusion weighting of the DESS
sequence has been exploited by modifying the spoiler gradients independently of the readout
gradients; by acquiring images with different sequence parameters, the effects of T2 and
diffusion can be separated to produce T2 and apparent diffusion coefficient (ADC) maps
[21,22]. The T2 weighting of Echo 2 can most easily be increased by increasing TE,. The
diffusion weighting can most easily be increased by increasing the spoiler gradient area
and/or decreasing the flip angle.
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Unlike spin-echo diffusion-weighted sequences, the diffusion weighting of a steady-state
sequence depends on both sequence parameters and sample parameters. For spin-echo DWI,
the diffusion weighting can be calculated from the diffusion-weighting gradients as a
function of time [23] and can be summarized by a single b value. In steady-state DWI, both
spin-echo and stimulated-echo pathways contribute to the acquired signal. Transverse
magnetization is dephased and rephased by one or more diffusion gradients. Between
gradients, magnetization spends a varying number of repetitions in the transverse plane,
along the longitudinal axis, or both. The magnetization decays with T2 while in the
transverse plane and with T1 while along the longitudinal axis [24]. Therefore, the tissue
relaxation and diffusion properties; echo time; repetition time; flip angle; and spoiler
gradient duration and amplitude affect the diffusion weighting of steady-state sequences
[11,12]. For example, tissues with longer T2 experience more repetitions in the transverse
plane before the signal decays, and thus more spoiler gradients affect the acquired signal.
The flip angle affects the number of repetitions that the magnetization spends along the
longitudinal axis between dephasing and rephasing gradients. The more repetitions spent
along the longitudinal axis (where the magnetization is unaffected by the spoiler gradients),
the longer the effective diffusion time, and thus, the greater the diffusion weighting.
Additionally, the longer the magnetization spends along the longitudinal axis, the greater the
T1 decay, which is relatively small in the range of T1 values expected in breast tissue and
lesions. Collectively, these effects result in a complicated diffusion weighting that is
dependent on both sequence parameters and sample parameters. Therefore, the diffusion
weighting of a steady-state sequence cannot be quantified with a single value dependent
only on sequence parameters as can be done for spin-echo diffusion-weighted sequences
[13]. To emphasize the difference between the diffusion weighting of spin-echo and steady-
state DWI, we use the term “diffusion sensitivity” to describe the effect of a particular
combination of spoiler gradient area and flip angle on the DESS signal. It is very
challenging to estimate ADC values because the signal equation is complicated and it is also
necessary to estimate T1 and T2 values [21], all of which are even more challenging in the
presence of susceptibility variations and macroscopic motion.

In this work, we acquire high-resolution, 3D diffusion- and T2-weighted images in the
breast in short scan times and with low distortion using the DESS sequence. We evaluate
image quality and contrast in phantoms and lesions and compare them to commonly used
clinical sequences to test whether 3D DESS can provide higher resolution diffusion-
weighted images than conventional EPI DWI.

2. Methods

The DESS sequence was evaluated qualitatively and quantitatively using phantom,
volunteer, and patient data. Phantom scans were used to evaluate the contrast of the DESS
sequence. Volunteer scans were used to compare the image distortion of the EPl and DESS
sequences. Finally, patient images were used to evaluate image quality and resolution and to
compare the image contrast of the DESS, diffusion-weighted EPI, and T2-weighted
sequences in lesions. All images were acquired on a GE 3 T MR750 scanner (GE
Healthcare, Waukesha, WI) using an 8-channel phased-array breast coil (GE Healthcare,
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Milwaukee, WI). This research was approved by the institutional review board at our
institution and all human subjects were scanned with written, informed consent.

2.1. Contrast evaluation

To demonstrate the contrast of the DESS sequence, phantom studies compared the signal in
DESS images with different diffusion sensitivities. Qil, egg, and water phantoms were used
to provide a broad range of sample parameters (T1, T2, and diffusivity) to illustrate the
effect that both sample parameters and sequence parameters (spoiler gradient area and flip
angle) have on the DESS signal. Oil was chosen as a phantom with low diffusivity, egg yolk
was chosen as a phantom with short T2, and water was chosen as a phantom with high
diffusivity and long T2. The diffusion sensitivity was increased by increasing the spoiler
gradient area (1, 3, 6, 9, 12, 15 cycles per voxel in the slice direction) and by decreasing the
flip angle (35°, 15°). Phantom scan parameters are summarized in Table 1. The average
signal was measured in regions of interest (ROIs) centered in each phantom for each scan.
Ratios of signals in different DESS images were used to study the diffusion and T2
weighting of the DESS sequence and to account for differences in proton density.

To evaluate contrast, signal ratios were calculated for all twelve acquisitions. To evaluate
the diffusion sensitivity, signal ratios were calculated between Echo 2 of each acquisition
and Echo 2 of the acquisition with the lowest diffusion sensitivity (1 cycle per voxel, 35°).
To evaluate the T2 weighting, signal ratios were calculated between Echo 2 and Echo 1 of
each acquisition. The signal ratios for each phantom are plotted against spoiler gradient area
and flip angle. A simple simulation using the extended phase graph model [25] was used to
validate the results of the oil phantom experiment, using the sequence parameters listed in
Table 1 and the following sample parameters: T1/T2 = 350/50 ms, D = 0.01 x 102 m?/s.

Next, contrast was compared between DESS, spin-echo EP1 DWI, and T2-weighted fast
spin-echo (FSE) images. Fifteen agar phantoms were made using 90 mL of water, 10 mL of
10 nM Ni(NO3),, and varying amounts of agar (0.5 to 7.5 g in increments of 0.5 g).
Additional phantoms included water, peanut oil, silicone, dish detergent, syrup, half & half,
egg yolk, egg white, orange fruit, and hand lotion. All phantoms were scanned using the
DESS sequence with both “low DW?” (1 cycle per voxel, 35°) and “high DW” (6 cycles per
voxel, 15°). Regions of interest were placed near the center of the phantoms to minimize the
influence of any susceptibility-induced artifacts. Contrast ratios were calculated by dividing
the signal in each phantom by the signal in the agar phantom with the most similar
parameters to breast tissue (T2 = 50 ms, ADC = 1.9 x 1072 m?/s). The diffusion contrast was
evaluated by calculating Pearson correlation coefficients for the contrast ratios of EPI DWI
and the contrast ratios of DESS Echo 2. The T2 contrast was evaluated by calculating
Pearson correlation coefficients for the contrast ratios of the T2-weighted FSE images and
the contrast ratios of DESS Echo 2, the DESS T2 fits ((TE, — TE4)/log(Echo 1/Echo 2)
[16,20]), and the square-root-sum-of-squares DESS images (sqrt(Echo 12 + Echo 22) [20]).
The agreement between the contrast ratios of DESS and the conventional sequences (EPI
DWI and T2-weighted FSE) was evaluated using Bland—Altman plots [26].
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2.2. In vivo scans

The diffusion sensitivity of the DESS sequence was modified by changing the spoiler
gradient area and flip angle to acquire images with low DW (1 cycle per voxel, 35°) and
high DW (6 cycles per voxel, 15°). The spoiler gradient areas were chosen to provide the
largest difference in diffusion sensitivity while maintaining image quality. The smaller
spoiler gradient area was chosen to guarantee sufficient spoiling to form images without the
balanced steady-state free precession (bSSFP) banding artifact, and the larger spoiler
gradient area was chosen to provide sufficient signal in Echo 2. The diffusion sensitivity was
further modulated by changing the flip angle [11,12]. A flip angle of 15° was used to
provide high diffusion contrast for fibroglandular tissue and breast lesions, and a flip angle
of 35° was used to provide low diffusion sensitivity with comparable SNR.

Because the DESS sequence is sensitive to macroscopic motion, the acquisition scheme was
chosen to minimize the appearance of motion artifacts. Elliptic—centric phase encode
ordering [27] (the central ky/kz lines are acquired first) was used to minimize motion artifact
coherence and to minimize the time over which the center of k-space is acquired. Parallel
imaging using auto-calibrating reconstruction for Cartesian imaging (ARC) [28,29] with a
reduction factor of two (R = 2) in the left-right direction was used to reduce scan times and
associated bulk motion.

All acquisition parameters are summarized in Table 1. The DESS sequence was used with a
spatial-spectral (water-only) RF pulse and dual volume shims to provide fat suppression
without disrupting the steady state. The TE and TR of the DESS sequence were chosen to
image water and fat in phase to improve depiction of the glandular tissue (in case of
incomplete fat suppression) and to minimize the T2 weighting. The slice thickness was
chosen to match the slice locations of the DESS images to those of the conventional
diffusion- and T2-weighted images. The field of view, matrix size, and number of slices
were chosen to acquire both breasts and axillae in a single imaging volume. Axial images
were acquired to allow bilateral comparison.

2.3. Distortion comparison

Volunteers with no known lesions were scanned with a T1-weighted SPGR sequence to
provide an anatomic reference. Image distortion was evaluated by comparing features on
SPGR, EPI, and DESS images. The outer edge of the breast and regions of fibroglandular
tissue were manually outlined on the reference SPGR images for two illustrative cases, and
the curves were superimposed on the EPI and DESS images. Volunteer scan parameters are
summarized in Table 1. Low-DW DESS images (1 cycle per voxel, 35°) were used to ensure
sufficient signal in the glandular tissue.

2.4. Patient scans

Patients who were believed to have breast lesions were prospectively included in this study
based on a surgeon’s referral and a radiologist’s evaluation of patient history. Biopsy results
were used to confirm diagnoses. Patient scans were conducted between December 2009 and
November 2011.We scanned 22 women (52 + 11 years old) with T2-weighted FSE, EPI
DWI, DESS, and contrast-enhanced spoiled gradient-echo sequences. An experienced
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radiologist identified 35 lesions, including 16 benign lesions, 2 cases of ductal carcinoma in
situ (DCIS), and 17 invasive tumors. Contrast-enhanced T1-weighted spoiled gradient-echo
(Post contrast) images were used as the gold standard for identifying lesions with breast
MRI and as a reference image with low distortion. The DESS scan with low diffusion
sensitivity used a spoiler gradient area corresponding to 1 cycle of spoiling per voxel in the
slice direction and a flip angle of 35°. The scan with high diffusion sensitivity had a spoiler
gradient area corresponding to 6 cycles of spoiling per voxel in the slice direction and a flip
angle of 15°. Patient scan parameters are summarized in Table 1.

Three trained radiologists evaluated images of lesions in random order and were blinded to
the sequence type (Post contrast, DWI, or DESS) in terms of image sharpness, lesion
visibility, margin appearance, rim signal intensity, and the appearance of internal septations.
Image sharpness was rated as very blurry, somewhat blurry, average, sharp, or very sharp.
Lesion visibility was rated as not visible, very faint — possibly present, present — barely seen,
definite but not brighter than normal glandular tissue, or brighter than normal glandular
tissue. Lesion margins were rated as smooth, lobulated, microlobulated, irregular, or
spiculated. High rim signal and low-signal internal septations were rated as not present,
possible, likely, definite, or very clear.

2.5. Resolution comparison

To demonstrate the high resolution achievable with the DESS sequence, axial images of a
lesion were reformatted in the sagittal and coronal planes. The 3D DESS reformats were
compared to the conventional 2D spin-echo EPI diffusion-weighted reformats. Both the 2D
and 3D data were reconstructed to form 3D datasets in image space that can be displayed in
any arbitrary plane. The image locations may not align perfectly because the resolutions of
the DWI and DESS images differ, but the closest locations are chosen for comparison. The
difference in locations for axial images is approximately 1 mm and the difference for the
reformatted coronal and sagittal images is less than 0.5 mm. The images were displayed
with the OsiriX DICOM viewer, using Lanczos 5 resampling (a practical implementation of
sinc interpolation) to display the magnified images. The apparent size of a fine structure was
measured on the axial (acquired) images.

2.6. Lesion comparison

Two cases were excluded from the in vivo contrast comparison due to poor fat suppression,
which obscured the lesions (radiologists rated the lesions as not visible on the DWI and/or
DESS images). The diffusion weighting and T2 weighting of the DESS images were
evaluated by comparing lesion-to-tissue contrast ratios to those of spin-echo EPI diffusion-
weighted images and T2-weighted FSE images. ROIs were chosen in each lesion and in
nearby glandular tissue. An experienced radiologist marked the lesions. Small ROIs were
chosen in regions of relative homogeneity within the lesion. Multiple ROIs were drawn if
multiple distinct regions were visible in the lesion. (For example, two contrast ratios were
calculated for the invasive ductal carcinoma in Figs. 9 and 11, one in the bright rim and one
in the darker center.) The ROIs were manually adjusted for each sequence to accommodate
the different resolution and distortion of each sequence, using morphological features to
match the location of the ROIs in each image. The areas of the ROIs were maintained when
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adjusting the ROI to account for distortion differences. The contrast ratios were compared
by calculating Pearson correlation coefficients and using Bland—Altman plots [26]. The
diffusion-weighted contrast ratios were calculated for EP1 DWI and compared to the
contrast ratios of DESS Echo 2. The T2-weighted contrast ratios were calculated for the T2-
weighted FSE images and were compared to the contrast ratios of DESS Echo 2, the DESS
T2 fits, and the square-root-sum-of-squares DESS images.

3.1. Contrast evaluation

Images from three scans are shown for oil, egg, and water phantoms (Fig. 2a—f). In regions
with low diffusivity (e.g., oil), there is little signal loss between acquisitions with different
spoiler gradient areas (Fig. 2d,e; horizontal arrow labeled “Low Diffusivity”). In regions
with higher diffusivity (e.g., water), there is more signal loss between acquisitions with
different spoiler gradient areas (Fig. 2d,e; horizontal arrow labeled “High Diffusivity”).
Decreasing the flip angle can further increase the diffusion sensitivity, which is easily seen
in the water phantom (Fig. 2e,f; horizontal arrow labeled “additional diffusion attenuation”),
but the T1 signal decay effect is greater, leading to signal loss in the oil phantom due to its
short T1. In regions with long T2, there is little signal loss between Echo 1 and Echo 2 (Fig.
2a,d; vertical arrow labeled “Long T2”). In regions with short T2 (e.g., egg yolk), there is
more signal loss between Echo 1 and Echo 2 (Fig. 2a,d; vertical arrow labeled “Short T2”).

The signal ratios of Echo 2 of each acquisition relative to Echo 2 of the acquisition with the
lowest diffusion sensitivity (1 cycle per voxel, 35°) illustrate the diffusion weighting of the
DESS sequence (Fig. 2g—j, plots labeled “Echo 2/Echo 2, low DW”). Qil, which has very
low diffusivity, shows very little signal loss as the spoiler gradient area increases, for both
flip angles (Fig. 29). (The additional signal loss when the flip angle is decreased is due to the
short T1 of oil, which results in a different steady-state signal. The effect of T1 on the signal
ratios is shown in Fig. 3, and experimental results match well with simulation results.) Egg
yolk, which has slightly higher diffusivity than oil shows slightly more signal loss as the
spoiler gradient area increases for both flip angles (Fig. 2h). (Since egg yolk has a longer T1
than oil, there is less change in the signal level when the flip angle is decreased.) For egg
white and water, which both have relatively high diffusivities, the signal in Echo 2 decreases
as the spoiler gradient area increases (Fig. 2i,j). When the flip angle decreases, there is even
greater signal loss, most noticeably for water, which has the highest diffusivity of the
phantoms (Fig. 2j).

The signal ratios of Echo 2 relative to Echo 1 of each acquisition illustrate the T2 weighting
of the DESS sequence and the interrelatedness of the T2 and diffusion weighting (Fig. 2k-n,
plots labeled “Echo 2/Echo 1”). Egg yolk, which has the shortest T2 of the phantoms, has
the greatest signal loss between Echo 1 and Echo 2 (Fig. 2l), and water, which has the
longest T2 of the phantoms has the smallest signal loss between Echo 1 and Echo 2 (Fig.
2n). QOil and egg yolk, which have low diffusivity, show consistent signal ratios for all levels
of diffusion sensitivity because the signal loss due to diffusion is negligible (Fig. 2k,1).
However, egg white and water show greater signal loss between Echo 1 and Echo 2 as the
diffusion sensitivity increases, both by increasing the spoiler gradient area and by decreasing
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the flip angle (Fig. 2m,n). There are T2 weighting and diffusion weighting in each image
because we cannot acquire DESS images with no diffusion sensitivity and without the
bSSFP banding artifact. Therefore, we cannot isolate the T2 signal loss in a single ratio.

The DESS contrast ratios are strongly correlated with those of conventional DWI and T2-
weighted sequences in phantoms (Table 2). Though there is a slight bias and a slight
proportional error when comparing the DESS data with the corresponding conventional
imaging techniques (Figs. 4b, 5c,d), all comparisons show a monotonic relationship between
signals in conventional and DESS images. Neither of the conventional techniques nor the
DESS sequence has pure diffusion weighting or pure T2 weighting, so it is not expected that
the images have exactly the same contrast. For example, the square-root-sum-of-squares
images have a particularly complicated image contrast and, as a result, show the largest
proportional errors and biases on the Bland—Altman plots of all the T2 weighting
comparisons.

3.2. Distortion comparison

In the case of severe susceptibility-variation-induced distortions, signal from the glandular
tissue can appear outside of the breast region (arrow, Fig. 6b), as determined from the
reference image (Fig. 6a), whereas the structures in the DESS images (Fig. 6¢,d) correspond
well to those in the reference images. Even when there is little distortion in the EPI image,
there is less distortion in the DESS image. For example, some signal from fibroglandular
tissue appears in a fat region in the EPI image (arrow, Fig. 6f), but not in the DESS images

(Fig. 6g,h).

3.3. Patient scans

The DESS sequence identified more lesions as brighter than glandular tissue (21) than the
conventional DWI sequence (17). The DESS sequence failed to show lesions for some cases
where the lesion was isointense on post-contrast images, when failed fat suppression
obscured the lesion (e.g., see Fig. 12c¢), or in the case of some invasive ductal carcinomas.
Radiologists consistently rated DESS images as sharper with less distortion and blurring
than conventional DWI. Of the 6 out of 35 cases for which at least one radiologist rated the
DESS image as blurrier than DWI, 4 cases had very little glandular tissue and 2 had visible
motion artifacts. This improved image quality facilitated the evaluation of tumor
morphology, in particular spiculations, internal septations, and lesion heterogeneity.
Although there were a limited number of cases with spiculations and septations, DESS
scored better than DWI for their depiction. There was only one case for which radiologists
identified spiculations on the DWI image, but not on the DESS image, but the DESS image
was rated as being much sharper than the DWI image, so the lesion was more clearly
depicted (see Fig. 7a,b). There were not enough examples of each type of lesion in this
preliminary study to perform a useful statistical analysis.

3.4. Resolution comparison

The DESS images (Fig. 7b) are acquired with a higher in-plane resolution than the EPI
images (Fig. 7a) and better depict fine structures (arrows, Fig. 7). For example, the apparent
measured width of a fine structure (lines, Fig. 7a,b) is smaller in the DESS image (2.0 mm,
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Fig. 7b) than in the DWI image (3.3 mm, Fig. 7a). Reformatted DESS images (Fig. 7d,f)
show better depiction of the lesion in the through-plane dimension (vertical) due to the
acquisition of thinner slices than those of the EPI images (Fig. 7c, €). The acquired
resolution is listed below each image (horizontal x vertical x through-plane).

3.5. Lesion comparison

There is strong correlation between the lesion-to-tissue contrast ratios of the DESS data and
those of the conventional DWI images (Table 2). The Bland—Altman plots show no bias for
the comparison with DESS Echo 2, high DW (Fig. 8b) and a slight bias for the comparison
with DESS Echo 2, low DW (Fig. 8d); the variability is consistent for the range of ratios
shown for both comparisons.

Fig. 9 shows typical images of a variety of lesions as depicted by a T1-weighted post-
contrast image (Post contrast), the conventional DWI sequence (EPI DWI) and the second
echo of the DESS acquisition with higher diffusion sensitivity (DESS Echo 2, high DW). In
general, the DESS images show comparable contrast to the DWI images, but with higher
resolution. The DESS image better depicts the suspicious microlobulated margins, high rim
signal, and adjacent parenchymal spiculation of a grade 2 invasive ductal carcinoma (IDC)
(Fig. 9, first row) than conventional DWI. Similarly, the margins of the cyst (Fig. 9, second
row) are more confidently characterized as smooth on the DESS images than the
conventional EPI DWI. Though the ductal carcinoma in situ (DCIS) (Fig. 9, third row) is
approximately isointense with the fibroglandular tissue in the DESS image, it shows
comparable contrast to the DWI image.

There is also strong correlation between the contrast ratios of the T2-weighted images and
the contrast ratios of both the DESS images and the DESS T2 fits; there is weak correlation
between the contrast ratios of the T2-weighted images and the contrast ratios of the DESS
square-root-sum-of-squares images (Table 2). The Bland—Altman plots show smaller biases
for the comparisons with the T2 fits (Fig. 10d, h) than for the comparisons with Echo 2 (Fig.
10c, g), and the variability is consistent for the range of ratios shown for both comparisons.
As expected, the agreement between the DESS data and the conventional T2-weighted
images is better for the DESS acquisitions with lower diffusion sensitivity (Fig. 10e, f).
Except for two outliers, there is consistent variability in the DESS T2-weighted contrast
ratio comparisons (Fig. 10c, d, g, h). (The two outliers in Fig. 10f correspond to two benign
lesions with DESS T2 values greater than 100 ms. The echo times used are not optimal for
measuring such long T2 values, and the measurements are very sensitive to noise.) The
contrast ratios of the square-root-sum-of-squares images were weakly correlated with those
of the T2-weighted images (R = 0.23 for the acquisition with low diffusion sensitivity and R
= 0.05 for the acquisition with high diffusion sensitivity), and the variability increased as the
contrast increased.

Fig. 11 shows T2-weighted images of the same lesions shown in Fig. 9. A conventional FSE
sequence (T2-weighted FSE) is compared to the second echo of the DESS acquisition with
lower diffusion sensitivity (DESS Echo 2, low DW) and the T2 map calculated from the
DESS acquisition with lower diffusion sensitivity (DESS T2 map). DESS Echo 2, low DW
(Fig. 10, second column) shows comparable contrast to the T2-weighted sequence (Fig. 11,
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first column). The T2 values in fibroglandular tissue calculated from the DESS acquisition
with lower diffusion sensitivity (Fig. 11, third column) correspond to the values calculated
in previous studies [30].

4. Discussion

We have demonstrated the feasibility of acquiring high-resolution 3D diffusion- and T2-
weighted images of the breast in short scan times with the DESS sequence. The spoiler
gradient area and flip angle can be used to modify the diffusion contrast of the DESS
sequence, as shown in phantom experiments. VVolunteer scans showed lower distortion with
the DESS sequence than with the EPI DWI sequence. Radiologists rated DESS as having
higher image quality than conventional DWI. We compared the lesion-to-glandular tissue
ratios of the DESS sequence to those of the clinical diffusion-weighted and T2-weighted
sequences and found that the DESS sequence provides comparable in vivo contrast.
Although all data presented here were collected on a single scanner with an 8-channel coil,
we have observed consistent results in phantom and vivo studies conducted on 6 different
scanners (1.5 T and 3 T) and with 16- and 18-channel coils.

The DESS sequence has many advantages over currently used diffusion-weighted
sequences. With the DESS sequence, we acquire a 3D volume in a single acquisition. The
images do not have artifacts associated with an echo train or an EPI train, such as blurring
and distortion. Because there is less distortion, the DESS sequence is able to achieve higher
resolution than an EPI sequence without sacrificing image quality. The RF power deposition
(Specific Absorption Rate, SAR) of the DESS sequence is substantially lower than that of
the spin-echo sequences used for clinical diffusion-weighted and T2-weighted imaging
because the DESS sequence uses small flip angles and a spatial-spectral excitation, which
has low peak B1 and a long pulse duration, resulting in low average power. The SAR the
DESS sequence is more than an order of magnitude smaller than that of the spin-echo EPI or
fast spin-echo sequences used to acquire clinical diffusion-weighted and T2-weighted
images (Table 1). Because the signal may have been dephased and rephased by spoiler
gradients from non-consecutive repetitions, the DESS sequence able to achieve a stronger
diffusion weighting with a smaller gradient area due to a longer effective diffusion time (i.e.,
the time between dephasing and rephrasing gradients) than a conventional DWI sequence.
Additionally, the sequence has flexible image contrast that can easily be modified by
changing sequence parameters, such as spoiler gradient area and duration, TE, TR, and flip
angle. However, it is more difficult to calculate ADC values with DESS than with a spin-
echo EPI sequence because the diffusion weighting of the DESS sequence is dependent on
sequence parameters and tissue parameters rather than a simple exponential relationship that
is dependent only on sequence parameters [11-13]. The minimum achievable diffusion
weighting is limited because, unlike a spin-echo EPI diffusion-weighted sequence, the DESS
sequence requires a non-zero spoiler gradient to produce images without the bSSFP banding
artifact. DESS images have both T2 and diffusion weighting; therefore, the sequence can
identify tumors that are bright on T2-weighted images, diffusion-weighted images, or both.

Fat suppression is challenging in the breast due to the field inhomogeneity caused by the
shape of the breast, and fat suppression failure is more common and more problematic in
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subjects with less fibroglandular tissue. While tumors may still be visible in the case of mild
fat suppression failure, the overall contrast of the image is reduced and may render the
tumor (arrow, Fig. 12a) indistinguishable from the fat signal. Severe fat suppression failure
can result in suppression of the water signal, and thus the tumor signal (arrow, Fig. 12c).
(The images shown in Fig. 12c¢,d were from one of the cases excluded from the contrast
comparison because the lesion was not visible on the DESS images.) The attenuation of the
signal from short-T1 species, namely fat, improves the quality of the fat suppression because
there is a fat peak at the water resonance that is not suppressed by a spectrally selective
excitation. The data presented were acquired with a water-selective excitation, but the fat
suppression can be improved by using graphically prescribed volume shimming over the
breast region or Dixon approaches [31-33].

Like all diffusion-weighted sequences, the DESS sequence sensitive to motion. In addition
to encoding molecular motion to provide diffusion weighting, the spoiler gradients also
cause phase accrual from cardiac, respiratory, and bulk patient motion. Preliminary patient
scans acquired without consideration for motion resulted in considerable image artifacts,
such as signal appearing outside of the breast (arrow, Fig. 12e). If the artifact is severe
enough, it can obscure the pathology. Subsequently, we have used elliptic centric phase
encode ordering to minimize the coherence of the artifact [27] so that it does not interfere
with diagnosis and we have used parallel imaging to reduce the overall scan time, and thus
the amount of motion that occurs during the scan. Further correction, such as using
navigator data to correct phase errors, may be needed for accurate quantification of ADC
and T2 values [34]. Newer breast coil designs that stabilize the breast also have potential to
reduce bulk motion artifacts.

It is possible to acquire a diffusion-weighted image using a single DESS acquisition with a
large spoiler gradient area or to acquire a T2-weighted image using a single DESS
acquisition with the minimum spoiler area, but multiple acquisitions with different spoiler
gradient areas may ultimately provide useful diagnostic information, such as ADC and T2
maps. Short of quantification, multiple acquisitions can also provide additional qualitative
information. For example, in patients with little fibroglandular tissue, there may not be
enough normal tissue near the lesion to compare signal intensities, and acquiring images
with different diffusion weightings could facilitate classification as normal tissue or a lesion.
Multiple acquisitions could also be used to qualitatively distinguish bright signal
contributions from long T2 components and restricted diffusion, thus mitigating the T2-
shinethrough effect [35]. However, if one type of contrast is of primary importance and a
shorter scan time is desired, a single scan can be used for both T2 and diffusion weighting.
For example, a single DESS acquisition with higher diffusion weighting can be used to
generate a diffusion-weighted image, and T2 can be reasonably estimated from the same
scan. While the DESS T2 estimate is not accurate in lesions with long T2 values, it is
adequate to characterize them as regions with long T2 values, which may be sufficient for
identifying fluid-filled structures, e.g., benign cysts (Fig. 11, second row) and
fibroadenomas.

In order to reduce intra- and inter-reader variability, it necessary to be able to quantify ADC
in addition to T2. Current challenges to quantification include macroscopic motion during
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and between scans, B1 variation, and long computation times. However, the DESS images
provide value over conventional diffusion- and T2-weighted imaging in that the 3D
acquisition allows for thinner slices and the reduced distortion allows a higher in-plane
resolution, resulting in much smaller voxels. The higher resolution and lower distortion
facilitate comparison of structures between diffusion-weighted images and images from
other sequences, notably post-contrast images, improving differential diagnosis.

In conclusion, we have demonstrated that the DESS sequence acquires high-resolution, 3D
diffusion- and T2-weighted images with low distortion in short scan times, and initial patient
studies show that the sequence is able to highlight a variety of breast lesions. The DESS
sequence has great potential for improving the cost-effectiveness of breast cancer screening
and breast lesion characterization because it does not require contrast administration and has
a short scan time.
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Echo 1 Echo 2
TE, a TE,=2TR-TE,

%r_}
DESS spoiler gradients

TR >

Fig. 1.
DESS sequence diagram showing two repetitions. Two echoes are acquired per TR with all

gradients rewound except a non-rewound spoiler component (shaded), which is combined
with dephaser/rephaser gradients if played on Gx. The spoiler gradients provide diffusion
weighting because moving spins will experience different gradients before and after the
refocusing RF pulse. The differences in gradient history will cause imperfect rephasing,
resulting in signal loss.
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Fig. 2.

Effect of sequence parameters on image contrast. Phantoms with different T2 values and
diffusivities show different contrast in the two echoes and for different diffusion
attenuations. The plots show signal ratios to account for differences in proton density. Each
acquisition produces an image (Echo 1) with a shorter TE (TE;) and an image (Echo 2) with
a longer effective TE (TEy). (In regions of high diffusivity (egg white, water), the signal loss
from Echo 1 to Echo 2 increases as the diffusion attenuation increases. This change in signal
ratios reflects the mixed contrast of the DESS sequence: the images have both T2 and
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diffusion weighting, so multiple acquisitions are necessary to separate out the effects of
each.)
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Fig. 3.
Effect of T1 and flip angle on signal ratios. Signal ratios were simulated using the extended

phase graph model for a low diffusivity species (T1/T2 = 350/50 ms, D = 0.01 x 1079 m?/s).
As expected, the signal ratio does not change much with spoiler area for a low-diffusivity
species (a). The signal ratio is independent of T1 when the flip angle is consistent (a), but
when the flip angle changes between acquisitions, there is greater attenuation of species with
shorter T1 due to T1 decay while magnetization is along the longitudinal axis (b). Tissues of
interest have a longer T1 than fat, and have a signal ratio close to 1 even when the flip angle
changes. The signal attenuation versus gradient area is shown for oil, and experimental
results match very well with simulation results (c). There is very little signal loss as the
spoiler area increases for either combination of flip angles, but there is signal attenuation
due to T1 when the flip angle changes between acquisitions (gray line and points).
Simulation results are also shown for fibroglandular tissue (T1/T2 = 1400/55 ms, D = 1.6 x
1079 m2/s). As expected, the signal ratio decreases with increasing spoiler area for a high-
diffusivity species (d). The signal ratios are largely independent of T1 when the flip angles
are consistent (d), but when the flip angle changes between acquisitions, there is again
greater signal attenuation for species with shorter T1 (e). The signal attenuation versus
gradient area is shown for fibroglandular tissue, with increased diffusion attenuation when
the flip angle is decreased. Vertical lines indicate the T1 of oil (a, b) and fibroglandular
tissue (d, e).
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Fig. 4.
Diffusion attenuation contrast comparison. Contrast ratios were calculated as the signal ratio

between ROIs in a variety of phantoms and an ROI in a reference phantom with T2 and
ADC values similar to those of breast tissue. The contrast ratios of DESS Echo 2, high DW
(a) are plotted against the contrast ratios of diffusion-weighted EPI. The contrast ratios are
also shown on a Bland—Altman plot with 96% confidence intervals (b).
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Fig. 5.
T2 weighting contrast comparison. Contrast ratios were calculated as the signal ratio

between ROIs in a variety of phantoms and an ROI in a reference phantom with T2 and
ADC values similar to those of breast tissue. The contrast ratios of DESS Echo 2, low DW
(@) and DESS T2 maps (b) are plotted against the contrast ratios of T2-weighted FSE. The
contrast ratios are also shown on Bland-Altman plots with 96% confidence intervals (c, d).
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EPI DWI DESS Echo 1, low DW  DESS Echo 2, low DW

Fig. 6.
Distortion comparison. The green contours show the skin and the interfaces between fat and

glandular tissue on the SPGR images (a, €) superimposed on the remaining images. Severe
distortion in the spin-echo EPI image (b) can cause some of the signal from the glandular
tissue to appear outside of the breast (arrow) when compared to the anatomic reference
image (a), but the structures in the DESS images (c, d) correspond well to those in the
reference image (a). Even for a high-quality spin-echo EPI image (f), there is still some
distortion, and signal from the glandular tissue appears in a fat region (arrow); however,
there is no distortion in the DESS images (g, h) when compared to the reference image (e).
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DESS Echo 2, high DW

Raw data resolution: 0.9x1.3x2.5 mm3

i ‘:‘ ‘ “

Raw data resolution: 1.3x2.5x0.9 mm?3

Raw data resolution: 0.9x2.5x1.3 mm?3

Reformatted images. The images acquired with the DESS sequence (b, d, f) have higher
resolution than those acquired with the EPI DWI sequence (a, ¢, €), which is particularly
evident in the images reformatted in the sagittal plane (c, d). The higher resolution allows
for better depiction of fine features (arrows). Hash marks indicate the locations of the
reformatted planes. Detail shows a grade 2 invasive ducal carcinoma.
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Diffusion attenuation contrast comparison. Contrast ratios were calculated as the signal ratio

between a lesion ROI and a fibroglandular ROI for a number of benign and malignant

lesions. The contrast ratios of the DESS images with high diffusion attenuation (a) and low
diffusion attenuation (c) are plotted against the contrast ratios of the EPI diffusion-weighted
images. The contrast ratios are also shown on Bland—Altman plots with 96% confidence

intervals (b, d).
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Post contrast EPI DWI DESS Echo 2, high DW

Fig. 9.

Ingvivo diffusion attenuation comparison. Typical patient images depicting an invasive
ductal carcinoma (IDC), a benign cyst, a high-grade ductal carcinoma in situ (DCIS), and an
invasive lobular carcinoma (ILC) acquired with contrast-enhanced T1 weighting (Post
contrast) and diffusion weighting. The DESS images show higher resolution and less
distortion than the conventional spin-echo EPI diffusion-weighted images (DWI), but with
comparable image contrast.
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Fig. 10.

T2 weighting contrast comparison. Contrast ratios were calculated as the signal ratio
between a lesion ROI and a fibroglandular ROI for a number of benign and malignant
lesions. The T2 weighting was evaluated in DESS images (left column) and in T2 maps
(right column). The contrast was evaluated in DESS images with high diffusion attenuation
(a—d) and low diffusion attenuation (e-h). The contrast ratios for the DESS data are plotted
against the contrast ratios for the FSE T2-weighted images (a, b, e, f) and are also shown on
Bland-Altman plots with 96% confidence intervals (c, d, g, h).

Magn Reson Imaging. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Granlund et al.

O
a
N
©
o
L
O

High-Grade DCIS

Grade 1 ILC

Page 25

T2-weighted FSE DESS Echo 2, low DW DESS T2 map

Fig. 11.
In vivo T2 weighting comparison. Typical patient images depicting an invasive ductal

carcinoma (IDC), a benign cyst, a high-grade ductal carcinoma in situ (DCIS), and an
invasive lobular carcinoma (ILC) acquired with fast-spin echo (FSE) and DESS. The DESS
Echo 2, low DW images show similar image contrast to the T2-weighted FSE images, and
the DESS T2 maps show T2 values that correspond to the literature values for glandular
tissue.
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a b
DESS Echo 2, high DW Post contrast

DESS Echo 2, high DW Post contrast

Fig. 12.
In vivo challenges. Poor fat suppression can reduce the conspicuity of lesions. In the case of

incomplete fat suppression (a) the image contrast is diminished; the arrows show a grade 3
invasive ductal carcinoma, also shown in a post-contrast image for reference (b). If the field
variation is severe enough, the signal from the tumor can be suppressed (c). The arrows
indicate the location of a grade 1 invasive ductal carcinoma, also shown in a post-contrast
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image for reference (d). Motion can cause image artifacts, such as signal appearing outside
of the breasts (e); the green contour shows the skin and the arrow shows artifact signal.
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Pearson correlation coefficients for phantom and patient data.

Table 2

Reference sequence DESSdata Phantom data Lesion data
DwWI Echo 2, low DW  0.97 0.81
DWI Echo 2, high DW  0.97 0.83
FSE Echo 2, low DW  0.97 0.80
FSE Echo 2, high DW  0.97 0.65
FSE T2fitd lowbw 095 080
FSE T2 fitd highow 085 0.62
FSE rsosb, lowpw 095 0.23
FSE rsosb, highpw 081 0.05

&T2 fit = (TE2-TE1)/log(Echo L/Echo 2).

brSOS = sqrt(Echo 12 + Echo 22).
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