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Purpose: To evaluate the feasibility of using strain-encoded (SENC) breast magnetic resonance im-
ages (MRI) for breast cancer detection by examining the compression and relaxation response prop-
erties in phantoms and ex vivo breast samples.
Methods: A tissue phantom was constructed to mimic different sizes of breast masses and tissue
stiffness. In addition, five human ex vivo whole breast specimens with and without masses were
studied. MR data was acquired on a 3T scanner consisting of T1-weighted, fat suppressed spin echo
T2-weighted, and SENC breast images. Mechanical tissue characteristics (strain) of the phantoms
and breast tissue samples were measured using SENC imaging in both compression and relaxation
modes. The breast tissue specimens were sectioned and stained in the same plane as the MRI for
histological evaluation.
Results: For the phantom, SENC images showed soft masses with quantitative strain values between
35% and 50%, while harder masses had strain values between 0% and 20%. Combined compression
(CMP) and relaxation (REX) breast SENC images separately categorized all masses into three differ-
ent groups. For breast SENC, the signal intensities between ex vivo breast mass and breast glandular
tissue were significantly different (−7.6 ± 2.6 verses −20.6 ± 5.4 for SENC-CMP, and 4.2 ± 1.5
verses 22.6 ± 5 for SENC-REX, p < 0.05).
Conclusions: We have demonstrated that SENC breast MRI can be used to obtain mechanical
tissue properties and give quantitative estimates of strain in tumors. This feasibility study pro-
vides the basis for future clinical studies. © 2012 American Association of Physicists in Medicine.
[http://dx.doi.org/10.1118/1.4749963]
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I. INTRODUCTION

Breast cancer is one of the most common causes of cancer
related mortality in women and early detection of breast le-
sions is the key for decreasing mortality-rates.1 Radiological
imaging is the cornerstone for early detection of lesions using

mammography and ultrasound (US). Mammography is sen-
sitive for the detection of large masses, microcalcifications
in precancerous and early stage breast lesions, for example,
ductal carcinoma in situ (DCIS). Indeterminate lesions may
be biopsied or further investigated with US; however, some
breast lesions are mammography and US occult (e.g., in dense
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breasts) and the use of magnetic resonance imaging (MRI) is
recommended.

There is increased use of MRI as an adjunct imaging
method for breast tumor diagnosis.2 MRI with dynamic con-
trast enhanced (DCE) imaging has excellent sensitivity for
lesion detection (greater than 90%), but only moderate speci-
ficity (80%–85%).3–5 Magnetic resonance imaging evalua-
tion of the breast is used for interrogation of the contralat-
eral breast in women with recently diagnosed breast cancer
for potential breast lesions.4 Given the high cost of MRI, ef-
forts to improve the specificity of the technique are warranted.
One such method that may offer increased specificity is strain-
encoded (SENC) breast MRI. SENC MRI has the potential to
interrogate the mechanical properties of breast tissue, such as
strain, as a component of the breast MRI examination.

Malignant breast tumors have different mechanical prop-
erties than both normal and benign breast tissue.6–11 Using
ultrasound, Krouskop et al.7 showed that the Young’s mod-
ulus was highly variable and depended on the amount of
compression. For example, the Young’s modulus (a measure
of stiffness) of invasive carcinoma was 5–25 times greater
than that of normal breast. In addition, Samani et al.11 exam-
ined the Young’s modulus in 169 fresh ex vivo samples and
found that normal breast tissue (fatty and glandular) exhib-
ited a low Young’s modulus. A twofold increase in Young’s
modulus was noted for benign breast lesions with greater
increases (three to 14-fold) in malignant tumors. These re-
sults were confirmed in other studies using MR elastography
(MRE).8, 9, 12

The mechanical properties of breast tissue can be as-
sessed using both MRE and SENC.8, 12–18 Various groups have
demonstrated that MRE is able to detect tumor masses. How-
ever, a simpler and more efficient method may be SENC
MRI.19 Breast SENC MRI detects stiff masses by directly
measuring strain difference between the tumor and the back-
ground. Unlike, traditional MRE, SENC relies on a simple
and fast center of mass calculation to measure the strain,
which is approximately inversely proportional to stiffness.16

The feasibility of breast SENC to detect stiff masses in a
homogeneous phantom was shown using a single compres-
sion that limited the scan time to one second and the scanning
resolution to 4 × 4 × 10 mm3.16, 18 The method was improved
with new hardware capable of accurately repeating compres-
sions that enabled the increase in scanning time, thus, achiev-
ing a higher resolution (1 × 1 × 5 mm3) and significantly
improving the signal-to-noise ratio (SNR) and the contrast-
to-noise ratio (CNR).19

The purpose of this work is to examine the performance
of breast SENC MRI in both phantoms and ex vivo human
breast tissue. We also introduce a variant of SENC imaging
called SENC relaxation (SENC-REX) to complement tradi-
tional SENC compression (SENC-CMP).

II. METHODS AND MATERIALS

II.A. SENC MRI

The SENC sequence is a method for directly measuring
strain, where strain is defined as the percentage change in

length of tissue.19 In SENC, a 1-1 spatial modulation of mag-
netization (SPAMM) tagging pulses is applied to create a si-
nusoidal pattern in the slice selection direction. After com-
pression, the tissue deforms causing the tagging frequency ω0

to shift relative to the tissue’s compression. This shift can be
estimated by acquiring two images, a low tune image (IL) and
high tune image (IH) at two different z-encoding frequencies
ωL and ωH.

II.B. Hardware

The hardware consists of two air-cylinders fitted to stan-
dard MR breast coils [see Fig. 1(a)] and is fully described
in Ref. 19. Simple controls produce accurate and repeatable
compressions. The compression hardware can accommodate
for different breast sizes (53 mm up to 120 mm in diameter) as
well as different compression levels in order to accommodate
for a patients comfort as shown in Fig. 1. The compression
hardware can operate in three different modes (off, compress
and hold, and compression) with addition of the fourth mode
described below. In order to examine the tissue’s relaxations
properties as well as compression properties, we modified the
hardware to operate in a fourth mode that we call relaxation.
The differences between compression and relaxation modes
along with scanning parameters are described in Secs. II.C
and II.D.

II.C. CMP and REX modes for strain imaging

To acquire SENC breast images, the hardware can be op-
erated in either compression or relaxation modes. In the com-
pression mode, we apply tagging pulses prior to compression
[see Figs. 2(a) and 2(b)], followed by compression and im-
age acquisition (while the tissue is fully compressed), yield-
ing SENC-CMP images [see Figs. 2(c) and 2(d)]. In the re-
laxation mode, we apply the tagging pulses while the tissue is

FIG. 1. Schematic block diagram for the hardware consisting of two double
acting cylinders that fit under the breast coil. The control circuit controls the
air flow through the 4-way solenoid to produce the pistons’ cyclic motion and
generate an ECG signal synchronizing with the scanner. Position A shows
the compressing plate before motion and position B shows the final position
when the breast is compressed.

Medical Physics, Vol. 39, No. 12, December 2012



7712 Harouni et al.: Strain breast imaging 7712

FIG. 2. Demonstration of the tissue status with the tag lines changing for
compression [(a)–(d)] and relaxation modes [(e)–(h)] with the correspond-
ing harmonic peak shift (right). (a) The tissue in normal position with
initial tagging frequency. (b) Peak sinc pulse profile centered at tagging fre-
quency. (c) Demonstration of the pistons compressing the tissue causing tag-
ging frequency to increase. (d) As a result, harmonic peaks shift to higher
frequency. (e) Example of the tissue in compressed state with initial tag lines.
(f) Peak sinc pulse profile centered at tagging frequency. (g) Example of the
tissue relaxing to normal position causing the tagging frequency to decrease.
(h) Harmonic peaks shift to lower frequency.

fully compressed [see Figs. 2(e) and 2(f)], then followed by
relaxation and image acquisition [while tissue is relaxing
(returning) back in its normal position] yielding in SENC-
REX images [see Figs. 2(g) and 2(h)]. The formulas for
determining SENC scanning parameters are given for the
expected range of strain values between εmax stretch and
εmax compression.16, 20 For example, the SENC-CMP images,
εmax stretch is set to zero, and the SENC equations are simpli-
fied to

ωL = ω0 = −B

εmax compression
− B,

ωH = ω0 + B, (1)

where B is the reciprocal of the slice thickness and ω0, ωL,
and ωH are the tagging, low, and high frequency, respectively.

Similarly, for the acquisition of SENC-REX images,
εmax compression is set to zero, where the SENC equations can
be simplified to

ωH = ω0 = B + B

εmax stretch
,

ωL = ω0 − B. (2)

We use εCMP and εREX to denote compression and relax-
ation strain, respectively. Note that εCMP is calculated with
respect to the initial phantom length, while εREX is calculated

with respect to the compressed state by

εCMP = LCMP − L0

L0
and εREX = L0 − LCMP

LCMP
, (3)

where L0 and LCMP are the initial length and the compressed
length of the tissue, respectively. Therefore, εCMP values are
always negative, while εREX values are always positive. In
general, tumors maybe stiffer than the background and their
strain values will be close to zero in both SENC-CMP and
SENC-REX images. To visually compare SENC-CMP and
SENC-REX images, we unified all color pallets such that
masses that have low strain values were assigned dark gray
(or red color as in Fig. 9) while normal background was as-
signed lighter color (or blue as shown in Fig. 9). Note that
for the same degree of compression, SENC-REX images have
larger dynamic range than SENC-CMP images. For example,
assuming a phantom with initial length of 100 mm and it is
compressed to 70 mm. During SENC-CMP, the strain will be
εCMP = (70 − 100)/100 = −30%. However, during SENC-
REX, the same phantom relaxes from 70 to 100 mm, resulting
in a strain of εREX = (100 − 70)/70 = +43%.

II.D. SENC pulse sequence and flip angle optimization

A typical SENC breast MRI pulse sequence is shown in
Fig. 3 for compression and relaxation modes. After the R-
wave, we introduce a tagging delay to compensate for the
response time of the air-cylinder. Multishot acquisition was
used to acquire the low and high tune images and repeated
when acquiring segmented K-space. To compensate for tag
fading due to T1 relaxation, ramped flip angles are used.
Based on previous simulations,19, 21 we determined that the
maximum signal intensity would be obtained using a last flip
angle of 70◦–80◦

III. PHANTOMS AND EX VIVO TISSUE

III.A. Phantoms

Phantoms were modeled after the MQSA mammographic
phantoms and constructed to test the ability of our device
and SENC sequences to distinguish different types of stiff-
ness and determine spatial resolution of the method. The
phantom components were made of different water to gelatin
ratios to generate different stiffness. Specifically, the phan-
tom background had medium stiffness with T1 relaxation of
600–700 ms. Four different ratios of water to gelatin were
used to create four different materials that would replicate
masses. The masses were divided into two categories: groups
A and B were stiffer than the background, while groups C
and D were softer than the background. The masses were con-
structed with various sizes ranging from 2 to 10 mm and all
were 8 mm thick. Figure 4 shows the masses labeled 1–22 of
different groups along with the dimensions of each mass.

III.B. Ex vivo breast tissue

Ex vivo breast samples from patients who underwent mas-
tectomy or breast reduction mammoplasty were used for the
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FIG. 3. SENC breast MRI pulse sequence for compression (CMP) and re-
laxation (REX) acquisitions. A short tagging delay is introduced ∼100 ms
after the R-wave. Followed by a typical tagging sequence that consists of
two 90◦ hard pulses with a tagging gradient in the slice direction. Note that
tagging occurs while the cylinders are at the position A/position B (nor-
mal/compressed state) for breast SENC-CMP/SENC-REX modes (as shown
by black solid/dotted lines). Acquisition starts after the cylinders are at their
final position. Multishot acquisition for the low and high tune images and
ramped flip angles are used to compensate for the T1 decay.

SENC breast MRI. Five breast samples were imaged us-
ing the SENC and conventional breast MRI sequences de-
scribed below. The ex vivo breast samples were kept fresh in a
−20 ◦C freezer and allowed to thaw approximately 2 h before
scanning. Colocalization between the MRI image planes and
breast samples was accomplished by placing two sutures at
the lateral and medial edges of the breast sample and one in
the anterior section of the specimen. The nipple and retroare-
olar regions were used as landmarks. After MRI scanning, the
samples were fixed with formalin and underwent subsequent
histopathological analysis. The breast samples were sectioned
in the same plane as the MRI and processed and embedded in
paraffin. Six μm thick paraffin sections from each block were
cut and stained with hematoxylin and eosin (H & E) and E-
cadherin for tissue evaluation.

FIG. 4. Layout for the custom-made phantom containing four groups of
masses having different stiffnesses. Groups A and B are harder than the back-
ground, while groups C and D are softer than the background. Masses are
labeled 1–22 for reference in Sec. V.

IV. EXPERIMENTS

IV.A. Scanning protocol

The MRI scans were acquired in a 3T MRI Philips scanner
(Achieva, Philips Medical Systems, Best, the Netherlands) us-
ing a four-channel phased array breast coil. MRI sequences
included: T1-weighted (T1W) imaging [TR = 495/TE
= 10 ms, field-of-view (FOV) = 192 × 192 mm2, slice thick-
ness (ST) = 5 mm, sense factor = 2], T2-weighted (T2W) fat
suppressed spin echo (SE) scans (TR = 2500/TE = 60 ms,
FOV = 192 × 192 mm2, ST = 5 mm, sense factor = 2).
MRI parameters for both SENC-CMP and SENC-REX breast
scans were: FOV = 192 × 192 mm2, in-plane resolution of
1 × 1 mm2, ST = 5 mm, last flip angle = 80◦, tagging delay
= 100 ms, trigger delay = 500 ms, segmented Cartesian
K-space acquisition using turbo fast echo (TFE) factor of
10 mm, which allows for the completion of the scan in
19 compression cycles. During SENC-CMP, we targeted a
strain range of zero stretching to −36% compression for the
breast tissue leading to ω0 = ωL = 0.354 mm−1 and ωH

= 0.5531 mm−1. As for SENC-REX, we used ω0 = ωH

= 0.6 mm−1 and ωL = 0.4 mm−1, which enabled us to mea-
sure breast tissue relaxation from 0% to 50%.

For control images, two extra SENC scans were per-
formed: one without compression with the breast tissue in
the normal position, and the other control image with con-
stant compression using the hardware’s “compress and hold”
mode. These control scans allow for evaluation of the tissue
contrast within the SENC images and confirm that the tissue
contrast is only due to the compression of the tissue and iden-
tify any artifacts.

IV.B. Quantification of the SENC imaging
characteristics

To measure the image quality of the SENC breast imaging,
we calculated the SNR and elastography CNRe. The SNR was
measured by the following equation:

SNR = Sbackground

σnoise
,

CNRe = 2(Stumor − Sbackground)2

σ 2
tumor + σ 2

background

, (4)

where S is the mean signal intensity in the phantom back-
ground and σ is the standard deviation of the noise calculated
from a 30 × 30 pixel rectangular area outside the phantom.

IV.C. Phantom segmentation

Manual segmentation was performed on all images using
a priori knowledge of the lesion location from the phantom.
Since masses were cuboids, the ROI’s were drawn to be as
close as possible to rectangles (or parallelograms) and in a
manner to reduce partial volume effects for the SENC-CMP
and SENC-REX. The strain (mean ± standard deviation) and
CNRe were measured for each mass.22 The background was
measured in a similar manner. We measured the area of group
A defined by the breast SENC-CMP, SENC-REX, and the

Medical Physics, Vol. 39, No. 12, December 2012



7714 Harouni et al.: Strain breast imaging 7714

T1-weighted image to discern the spatial resolution of the
breast SENC.

IV.D. Ex vivo segmentation

The ex vivo breasts were placed into the breast SENC de-
vice and breast coil were the nipple was facing the bottom
surface. A suture was place on the lateral margin and a MRI
marker on the posterior surface of the specimen. The segmen-
tation was performed blindly on the MRI and breast SENC
images. Anatomical structures were identified using current
diagnostic breast imaging, where the T1-weighted imaging
was used for parenchymal breast tissue and fat sat T2 was used
for glandular tissue. If a lesion was present and visible, it was
measured on the anatomical breast MRI images. For SENC-
CMP and SENC-REX images, stiff regions were identified as
areas with low strain relative to the surrounding background.
Low strain areas that appear on one SENC image and not the
other were considered as artifacts and judged with other stan-
dard MRI.

V. RESULTS

V.A. Phantom results

Figure 5(a) demonstrates a representative T1W image for
the phantom, where the background and the masses had
nearly the same T1 relaxation, masses with least (group A)
and most (group C) water concentration could be delineated,
while masses of groups B and D were not visible. Figure 5(b)
shows a SENC image while the phantom is in a compress
and hold position; in that position, no masses are detected.
Figures 5(c) and 5(d) clearly demonstrate the power of SENC-
CMP and SENC-REX images to identify masses of different
sizes by stiffness differences. Note the color bar of SENC-
CMP image ranges from of 0% to −35% indicating compres-
sion, while for SENC-REX image, the color bar ranges from
0% to +45% indicating stretching. Manually segmented ROIs
of groups A, B, and C are shown. While, masses of group D
could not be visualized (due to lack of contrast). Black el-
lipses were used for background calculations and black ar-
rows point to artifacts from imperfect compression due to fric-
tion between the phantom and the supporting plate.

The mean SNR for T1W, SENC-CMP, and SENC-REX
was 300, 70, and 53, respectively. The strain measurements
(mean ± standard deviation) for groups A, B, C, D, and the
background from the SENC-CMP and SENC-REX images
are shown in Table I. Figure 6 shows a magnified view of
the masses in group A for both SENC-CMP and SENC-REX

FIG. 5. The phantom imaged with conventional and breast SENC MRI se-
quences. (a) T1 weighted image: Black dotted lines separates groups A–D.
Note groups B and D are not well appreciated. (b) SENC breast image ac-
quired with the hardware set to the “compress and hold” mode, keeping the
phantom compressed in a static position. (c) and (d) SENC-CMP and SENC-
REX breast strain images.

images. The area measurements of group A masses 1–6 (la-
beled in Fig. 4) estimated from the segmentation of the T1W,
SENC-CMP, and SENC-REX images are shown in Table II.
The bar graph of the CNRe for the masses in groups A, B, C,
and D obtained from the T1W, SENC-CMP, and SENC-REX
images is shown in Fig. 7. Note that the CNRe for T1W image
is almost zero for all masses, which was expected.

Figure 8 shows the strain (mean ± standard deviation) for
each of the masses with the SENC-CMP and SENC-REX
strain values plotted on the X- and Y-axes, respectively. There
is clear delineation of the different strain value masses of
groups A, B, and C into three separate groups. The Y-axis
of Fig. 8 indicates that the soft masses had quantitative strain
values between 35% and 50%, while harder masses had strain
values between 0% and 20%. These data indicate that SENC-
REX image yields a large separation between soft and hard
masses; however, the SENC-REX images appear to lack the
sensitivity to clearly separate the hard masses of groups A
and B. On the other hand, the X-axis of Fig. 8 indicates that
SENC-CMP images separated the masses into three distinct
groups.

V.B. Ex Vivo breast tissue results

A representative ex vivo breast sample with invasive duc-
tal carcinoma (1.5 × 2 cm2) imaged with the MRI se-
quences of (a) T1W, (b) T2W with fat suppression, (c) SENC-
CMP image, (d) SENC-REX image, and (e) SENC with no

TABLE I. Strain (mean ± standard deviation) for masses in groups A, B, C, and D, and background measured
from the SENC-CMP and SENC-REX images.

Group A Group B Group C Group D Background
Hardest Hard Softest Soft Intermediate

SENC-CMP −10.1 ± 3.4 −25.5 ± 1.3 −33.7 ± 1.7 −28.3 ± 0.8 −28.5 ± 2.2
SENC-REX 8.6 ± 3.7 13.7 ± 4.1 40.5 ± 3.7 36.3 ± 2.5 30.5 ± 3.9

Note: SENC-CMP = SENC compression, and SENC-REX = SENC relaxation.

Medical Physics, Vol. 39, No. 12, December 2012
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FIG. 6. Magnified images of masses in group A from the phantom demon-
strating the excellent spatial resolution of the breast SENC method. (a)
SENC-CMP image and (b) SENC-REX image. Strain profile is displayed for
the horizontal dotted black line going through three masses for both SENC-
CMP and SENC-REX image. Horizontal lines helps determines the masses’
position. Black arrows point to image artifacts that appear on SENC-REX
strain profile.

compression is shown in Fig. 9. The T1W and T2W images
were used for anatomical information and were able to distin-
guish the breast mass by architectural deformation of glan-
dular and fatty tissue [see white arrows in Figs. 9(a) and
9(b)]. SENC with no compression [Fig. 9(e)] shows a uni-
form homogeneous strain. On both SENC-CMP [Fig. 9(c)]
and SENC-rex [Fig. 9(d)] images, the mass was stiffer (red
color marked with black ROI) than glandular tissue (blue
color). The mass was manually segmented on four SENC-
CMP slices (areas: 105, 332, 482, and 148 mm2) and five
SENC-REX slices (areas: 65, 273, 360, 337, and 145 mm2).
SENC-CMP slices 1–3 are shown in Fig. 9(c1)–(c3), while
SENC-REX slices 2–4 are shown in Fig. 9(d1)–(d3). Esti-
mated mass size estimated using SENC-CMP and SENC-
REX images was 5.3 cm3 and 5.9 cm3, respectively. More-
over, white arrow point to muscle the mixed red and yellow
color in Figs. 9(c) and 9(d) that appears stiffer than breast tis-
sue. The bottom part of the tissue (pointed to by dotted black
arrow) is in contact with the supporting plate. The friction ef-
fect appears more extensive than on SENC-REX as expected
because the tissue is passively relaxing. The resulting histo-
logical section shown in (f) stained with H&E and E-cadherin

TABLE II. Area measurements for the different masses 1–6 in group A.

Area in mm2 of masses of group A

Mass number 1 2 3 4 5 6

T1WI 166 24 9 54 24 7
SENC-CMP 195 31 14 57 28 12
SENC-REX 238 53 24 65 52 23

Note: T1WI = T1-weighted image, SENC-CMP = SENC compression, and
SENC-REX = SENC relaxation.

FIG. 7. Bar graph of the contrast to noise (CNRe) measurements of
the phantom masses from the SENC-CMP, SENC-REX, and T1-weighted
images(T1WI). Masses 1-6, 7-12, 13-17, and 18-21 are groups A, B, C, and
D, respectively.

confirms the presence of invasive ductal carcinoma. The mass
was confirmed on four slices of the pathology as shown in
Fig. 9(f) (areas: 77, 440, 457, and 114 mm2; slice thickness
was 5 mm). Maximum and minimum diameters estimated on
center slice were 2.7 and 2.3 cm as shown in Fig. 9(f) along
with the mass ROI in black. Mass size was estimated to be
5.44 cm3. We were blinded to the existence of any masses
in the breast samples until the MRI scan was completed.
Table III summarizes the signal intensities (mean ± standard
deviation), and strain (mean ± standard deviation) measure-
ments from the ex vivo breast sample the center slice contain-
ing the tumor.

Quantitative analysis demonstrated that the breast mass
and glandular tissue had similar intensities (514 ± 30 and
502 ± 40, respectively) on the T1W, while the T2W showed
a difference between the breast mass and glandular tissue

FIG. 8. Cluster plot of the strain (mean ± standard deviation) for each mass
measured from the SENC breast MRI. The X-axis is the compression strain,
while the Y-axis is the relaxation strain. The masses are clearly clustered into
three groups according to their stiffness. SENC-CMP could separate masses
into three groups, while SENC-REX separates hard masses from soft ones
with large separation.

Medical Physics, Vol. 39, No. 12, December 2012
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FIG. 9. Demonstration of breast SENC MRI method on an ex vivo breast
sample with a mass determined to invasive ductal carcinoma (unknown be-
fore imaging). Representative SENC breast images of (a) T1-weighted image,
(b) T2-weighted image with fat suppression, (c) breast SENC-CMP image of
the breast tissue, (d) SENC-REX image of the breast tissue, and (e) breast
SENC MRI image with no compression shows homogeneous strain through-
out the breast. Indicating no residual strain within the breast tissue without
any compression applied. Dotted ROI shows the breast lesion in all image
locations. (c1)–(c3) and (d1)–(d3) Breast SENC-CMP and SENC-REX im-
ages show different slices containing the tumor. White arrows point to mus-
cle, while black and dotted black arrows point to image artifacts. (f) and (g)
Histological results clearly demonstrate the breast lesion is invasive ductal
carcinoma. The histological images show the gross pathology and the mi-
crophotograph of the H&E stained section.

(607 ± 43 verses 470 ± 49; Table III). For SENC, the sig-
nal intensities between the breast mass and glandular tissue
were significantly different (−7.6 ± 2.6 verses −20.6±5.4 for
SENC-CMP, and 4.2 ± 1.5 verses 22.6 ± 5 for SENC-REX,
p < 0.05).

The other four breast tissue samples had no tumors.
Figure 10 shows one of the four ex vivo breast specimens
without a tumor. No mass was found in either the SENC-
CMP or SENC-REX images [Figs. 10(e) and 10(f)]. After
imaging, the tissue was processed and gross histopatholog-

FIG. 10. Demonstration of the breast SENC results in an ex vivo breast sam-
ple with no mass (not known before imaging). Representative SENC breast
images of Ia) T1- weighted image, (b) T2-weighted image with fat suppres-
sion, and (c) gross histological examination of the breast revealed no masses.
Further staining was not performed. (d) Breast SENC image with no com-
pression resulted in homogeneous strain throughout the breast. Representa-
tive breast SENC images (e) SENC-CMP image, and (f) SENC-REX image.
Black arrows point to tissue stuck to the plate under the breasts own weight,
while gray arrows point image artifacts.

ical examination confirmed that there are no breast lesions
[Fig. 10(c)].

VI. DISCUSSION

We have demonstrated that both SENC-CMP and SENC-
REX strain images can distinguish “hard” masses from
“softer” masses and background in phantoms. Confirmatory
evidence to the phantom data was shown in the ex vivo ex-
periments. Indeed, in the breast samples, obtained without
prior knowledge of the existence of breast lesions, we were
able to delineate tumors in the samples with masses from
the surrounding tissue and those samples without masses.
Moreover, in ex vivo breast tissue samples, the SENC strain
breast images were able to separate the major tissue groups
of fatty, muscle, and glandular tissue, in addition to breast
lesions. While phantom data showed the potential for this
technique and the ex vivo breast specimens with histological
validation confirmed these results, taken together, it suggests

TABLE III. Signal intensity (mean ± standard deviation) and strain (mean ± standard deviation) results for the
ex vivo breast sample with a malignant tumor.

Malignant tumor Glandular tissue Muscle Fatty tissue

T1WI 514 ± 30 502 ± 40 524 ± 75 867 ± 65
T2WI 607 ± 43 470 ± 49 428 ± 37 176 ± 43
SENC Compress and hold −7.4 ± 3.1 −8.15 ± 3.5 −7.9 ± 3.6 −15.6 ± 5.8
SENC-CMP −7.6 ± 2.6 −20.6 ± 5.4 −8.46 ± 3.3 −23.4 ± 3.9
SENC No compression 2.16 ± 0.8 2.3 ± 1.1 2.42 ± 1.4 5.1 ± 2.4
SENC-REX 4.2 ± 1.5 22.6 ± 5 3.47 ± 2.4 7.3 ± 4.4

Note: T1WI = T1-weighted image, T2WI = T2-weighted image, SENC-CMP = SENC compression, and SENC-REX
= SENC relaxation.
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the potential clinical usefulness of SENC breast imaging may
be useful for detecting and characterizing breast masses as
benign or malignant in humans.

Our phantom results are similar to that shown by Fahmy
et al., where they detected stiffer masses from the background
using strain measurements from SENC MRI. However, we
used improved hardware that achieved higher spatial resolu-
tion and introduced the SENC-REX method.

Phantom results showed that both SENC-CMP and SENC-
REX overestimated the masses cross-sectional area. How-
ever, since the tissue is more compressed in SENC-CMP than
SENC-REX images the masses sometimes appear in fewer
numbers of slices; thus, mass volume was larger on SENC-
REX (5.9 cm3) than SENC-CMP (5.3 cm3), however, the vol-
ume was consistent with the histological estimate of volume.
Previous work shows that SENC contrast depends on the fol-
lowing: difference in stiffness between mass and the back-
ground; amount of compression applied; mass size; and sepa-
ration between masses. Our phantom results agree with this as
smaller masses had lower contrast (CNRe) than larger masses
– for each group with similar stiffness. Large mass labeled 1,
2 (within group A), 13, and 14 (within group c) have higher
contrast than smaller masses labeled 5, 6 (within group A), 15,
16, and 17 (within group C). Also, SENC-CMP had higher
CNRe than SENC-REX for almost all masses (12 out of 17
masses).

The ex vivo SENC breast image tissue contrast is similar
to that shown by McKnight et al.,9 but with some differences,
specifically, the SENC breast images exhibited increased spa-
tial resolution and better delineation of the tumor with the
ability to gauge morphology. In addition, SENC breast MRI
images demonstrated better contrast between the tumor and
the surrounding tissue. However, they reported absolute stiff-
ness in KPa of the tumor using a compression device to intro-
duce phase changes, which the phase changes were imaged
using phase based MRE technique. Whereas, we measured
strain differences between the different tissue types, but the
results between the MRI methods are consistent. The com-
pression and relaxation SENC breast method we developed is
not strictly a MRE technique, but rather a quantitative alterna-
tive to manual palpation methods used during clinical breast
examination by the clinician.

In phantom experiments, SENC-CMP images managed to
separate masses into three different groups with no overlap in
strain range. While SENC-REX images separated the masses
into two groups: harder and softer than the background. How-
ever, SENC-REX had a larger strain range separation between
the hard and soft masses than SENC-CMP as shown in Fig. 8.
All masses of group A were detected with high confidence us-
ing either SENC-CMP (average CNRe = 39) or SENC-REX
(average CNRe = 23). Large masses (≥6 mm2) of group C
labeled 13 and 14 were detected with high confidence using
SENC-CMP (average CNRe = 31) and SENC-REX (average
CNRe = 16). While large masses (≥6 mm2) of group B la-
beled 7, 8, and 9 were detected with high confidence using
SENC-REX (average CNRe = 18.4) and low confidence us-
ing SENC-CMP (average CNRe = 10.5). However, smaller
masses (≤6 mm2) of groups B and C could not have been de-

tected without prior knowledge of their existence. Our data
suggest that we may be able to detect small tumors (larger
than 6 mm2) that are stiffer than the surrounding tissue. How-
ever, further studies are needed to discern the exact spatial
resolution of breast SENC MRI.

SENC breast MRI features could potentially be utilized
to provide an additional radiological measure in conjunction
with standard imaging metrics of breast disease, such as mor-
phology or architectural structure, to further increase speci-
ficity. Future optimization could reduce the scan time by half
by performing SENC-CMP and SENC-REX acquisition in
the same cycle and be extended to bilateral acquisition of
breast SENC using localized tagging pulses to tag each breast
separately.

This study has several limitations. Breast SENC MRI is
only capable of measuring strain and not stiffness—as in tra-
ditional MRE methods. Moreover, breast SENC only esti-
mates the through plane strain by detecting the changes in
tagging frequency. While, true strain is a tensor with six com-
ponents. Assuming that our phantom is incompressible, after
compression the phantom moves upwards while being com-
pressed, resulting in the phantom’s shape. The phantom shape
changes from being a cuboid with straight edges to a cuboid
with rounded edges. This 3D deformation is maximum at the
edges while at the center of the phantom the deformation
is mainly unidirectional in the direction of the compression
with a linear translation away from the fixed plate. Therefore,
breast SENC strain estimation would be more accurate com-
pared to ground truth at the center of the phantom with larger
errors of strain estimates at the rims leading to the rim arti-
facts at the boarders. These artifacts appear more severe on
SENC-REX than SENC-CMP as shown in Figs. 5 and 10.
This might be happening during SENC-CMP, where the tissue
is compressed under the pistons force to deform into the final
shape, however, during SENC-REX the tissue deforms under
its own internal forces. This leads to a slower and different de-
formation that affects the tag lines used for strain estimation.
Finally, the small sample size of the ex vivo data is a limita-
tion; however, the results do clearly demonstrate the feasibil-
ity of SENC breast MRI to detect breast lesions with excel-
lent spatial resolution. Finally, the lack of in vivo breast data
is a limitation; however, the results do provide compelling ev-
idence for subsequent patient studies and they are currently
underway.

VII. CONCLUSION

In conclusion, we have demonstrated that breast SENC
MRI can measure strain, which is approximately inversely
proportional to stiffness and was able to detect breast lesions
that were stiffer than surrounding tissue. We showed that by
combining the compression and relaxation properties of the
tissue, SENC breast MRI was able to detect and differentiate
phantom masses according to stiffness with high spatial res-
olution. Moreover, unlike traditional MRE methods that only
show stiffer tumors, our phantom results show that SENC is
sensitive enough to differentiate between tumors that are both
stiffer and softer than the background. Last, the integration
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of the SENC breast method with conventional breast MRI is
straightforward and may provide a method to increase speci-
ficity in diagnosis and monitor treatment response with other
advanced MRI methods.23, 24
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