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Technical Note

Water-Silicone Separated Volumetric MR
Acquisition for Rapid Assessment of

Breast Implants

Ananth J. Madhuranthakam, PhD,** Martin P. Smith, MD,? Huanzhou Yu, PhD,®
Ann Shimakawa, MS,® Scott B. Reeder, MD, PhD,* Neil M. Rofsky, MD,?
Charles A. McKenzie, PhD,® and Jean H. Brittain, PhD®

Purpose: To develop a robust Ts-weighted volumetric
imaging technique with uniform water-silicone separation
and simultaneous fat suppression for rapid assessment of
breast implants in a single acquisition.

Materials and Methods: A three-dimensional (3D) fast
spin echo sequence that uses variable refocusing flip
angles was combined with a three-point chemical-shift
technique (IDEAL) and short tau inversion recovery
(STIR). Phase shifts of —m/6, +m/2, and +7w/6 between
water and silicone were used for IDEAL processing. For
comparison, two-dimensional images using 2D-FSE-
IDEAL with STIR were also acquired in axial, coronal, and
sagittal orientations.

Results: Near-isotropic (true spatial resolution—0.9 x
1.3 x 2.0 mm®) volumetric breast images with uniform
water-silicone separation and simultaneous fat suppres-
sion were acquired successfully in clinically feasible scan
times (7:00-10:00 min). The 2D images were acquired
with the same in-plane resolution (0.9 x 1.3 mm?), but
the slice thickness was increased to 6 mm with a slice
gap of 1 mm for complete coverage of the implants in a
reasonable scan time, which varied between 18:00 and
22:30 min.

Conclusion: The single volumetric acquisition with uni-
form water and silicone separation enables images to be
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reformatted into any orientation. This allows comprehen-
sive assessment of breast implant integrity in less than
10 min of total examination time.
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SILICONE BREAST IMPLANTS are used for cosmetic
purposes and for breast reconstruction in women who
have undergone mastectomy. Recommendations to
regularly monitor these implants derive from the fact
that many ruptures are asymptomatic and those that
are intracapsular can be difficult to diagnose clinically
(1,2). MRI has been the imaging modality of choice to
detect silicone implant ruptures (3,4). Recently, the
US Food and Drug Administration (FDA) has man-
dated that the silicone implant package and patient
labeling should include a need for regular MRI screen-
ing to detect occult rupture (5). The labeling further
states that a woman should have her first MRI 3 years
after the initial implant surgery and every 2 years
thereafter. According to the American Society of Plas-
tic Surgeons, approximately 300,000 breast augmen-
tation procedures are performed each year (e.g.,
307,230 in 2008) in the United States (6). This high-
lights a need for a robust and rapid MRI technique to
visualize silicone ruptures.

Various MRI techniques have been developed for sil-
icone implant assessment. With the long T; and T,
relaxation times of silicone (7), To-weighted contrast is
typically preferred to visualize silicone, which appears
bright on these images (8). The most commonly used
sequences include Ty-weighted acquisitions with both
frequency-selective water suppression and short tau
inversion recovery (STIR) for fat suppression (9,10).
This approach generates silicone-only images with
bright signal. To assess the remainder of the breast
anatomy surrounding the implants, including the
fibrous capsule, water-only To-weighted images (fat
and silicone suppressed) are acquired typically.
While these techniques have been used routinely in
clinical practice, frequency-selective suppression
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pulses are prone to failure in the presence of Bg
inhomogeneities (11).

To render the images insensitive to By inhomogene-
ities, multi-point chemical shift-based techniques
have been proposed for silicone imaging. Earlier tech-
niques were based on the approximation that the res-
onance frequency difference between water and fat is
a multiple of the resonance frequency difference
between fat and silicone (12,13). This technique pro-
vided images with uniform separation of silicone, but
one of the reconstructed images contained both water
and fat. Recently, STIR has been combined with
multi-point chemical shift-based techniques to sup-
press fat, while also separating water and silicone
(14,15). In a clinical setting, this has been shown to
produce fat-suppressed, water-only, and silicone-only
images consistently and more reliably than traditional
techniques (15). All of these techniques, however,
have been 2D acquisitions with limited spatial resolu-
tion in the slice direction. This necessitates lengthy
examination times with multiple two-dimensional (2D)
acquisitions in separate planes to ensure adequate
visualization of the implants.

The purpose of this work was to develop a robust
fat-suppressed 3D Ty-weighted acquisition that pro-
vides volumetric water-only and silicone-only images
with uniform separation for rapid assessment of
breast implants. Such volumetric acquisitions hold
promise to provide adequate information to evaluate
the breast implant integrity in a single acquisition.

MATERIALS AND METHODS
Subjects

The study was approved by the institutional review
board and was compliant with Health Insurance Port-
ability and Accountability Act (HIPAA). Written
informed consent was obtained from all subjects before
imaging. Seven women with known breast implants
(age range, 36-62 years; mean, 53 years) were imaged.

Image Acquisition and Reconstruction

For confident diagnosis of breast implants, silicone
must be differentiated from normal breast tissues
composed of water and fat. Fortunately, silicone has
a distinct MR frequency, which is approximately
4.5 ppm upfield of water and 1.2 ppm upfield of the
main methylene peak of fat (approximately 310 Hz
lower than water and 100 Hz lower than fat at
1.5 Tesla [T]) (13). Silicone also has long T; (~850 ms
at 1.5T) and Ty (~160 ms at 1.5T) relaxation times (7).

The image acquisition and reconstruction strategy
consisted of three distinct aspects. First, the image
acquisition was based on a modulated 3D fast spin
echo (FSE) pulse sequence that uses variable refocus-
ing flip angles and extended echo trains. Tradition-
ally, high refocusing flip angles (e.g., >130°) are used
in FSE readout, which limits the total number of ech-
oes that can be acquired before signal diminishes.
However, it has been demonstrated previously that
the effective signal decay can be prolonged by modu-
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lating the refocusing flip angles (16-18). Recent stud-
ies have used such modulated refocusing flip angles
over very long echo trains to acquire 3D Ty-weighted
images in clinically feasible scan times (19-21).
Second, a STIR pulse was used in front of the
modulated 3D FSE acquisition to suppress fat. An
adiabatic hyperbolic secant pulse (22) was used to
minimize sensitivity to B; inhomogeneities, which are
often encountered in breast imaging. Third, a multi-
point chemical shift-based technique known as Itera-
tive Decomposition of water and fat with Echo Asym-
metry and Least squares estimation (IDEAL) was used
to separate water and silicone. IDEAL acquires three
or more echoes with different relative phase for the
chemical species of interest, and uses an iterative
reconstruction algorithm to decompose the chemical
species into separate images. Because IDEAL deter-
mines the local field map due to By inhomogeneities,
it decomposes the chemical species robustly even in
the presence of By inhomogeneities and maximizes
SNR in the reconstructed images for all combinations
of the separated chemical species in a voxel (23). For
example, IDEAL has been shown to produce uniformly
separated water and fat images with multiple sequen-
ces in various anatomies including areas with high By
variation such as the brachial plexus (24,25).

MRI Experiments

All imaging was performed on a 1.5T scanner (GE
Healthcare, Waukesha, WI) using an eight-channel
phased-array breast coil (GE Healthcare, Aurora, OH)
for signal reception. An investigational version of an
IDEAL reconstruction algorithm was modified to sepa-
rate water and silicone. For IDEAL processing, three
echoes with water-silicone phase shifts of —w/6, +7/
2 and +7w /6 with respect to spin echo were acquired
to maximize noise performance (23,26). The echo
times corresponding to these phase shifts between
water and silicone (310 Hz apart at 1.5T) were —0.26
ms, +0.80 ms, and +1.88 ms, respectively. The
modulated 3D FSE pulse sequence was modified to
acquire these phase-shifted echoes by shifting the
readout gradient with respect to CPMG echo (27,28).
The complex phase-shifted echoes were first recon-
structed using the Fourier transform to generate the
source images, followed by the IDEAL processing to
reconstruct water-only and silicone-only images. The
water-only and silicone-only images were later chemi-
cal-shift corrected and recombined to form images
with the water and silicone signals in-phase and out-
of-phase. The typical scan parameters were as follows:
3D axial acquisition, field of view (FOV) = 300 x
300 mm?, slice thickness = 2.0 mm, No. of slices =
98, repetition time (TR) = 2000 ms, TE.y = 100 ms,
and ETL = 64. Frequency and phase encoding steps
were varied between 224 and 320 to achieve a true
spatial resolution of approximately 0.9 x 1.3 X
2.0 mm°® (interpolated to 0.6 x 0.6 x 1.0 mm?®). Of the
acquired 98 slices, the outermost two slices on either
side were omitted after reconstruction due to slice
warping. An inversion time of 200 ms was used with
STIR to suppress fat. An auto-calibrated parallel
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Figure 1. Uniformly separated water-only and silicone-only images of a 36-year-old normal volunteer. Images were acquired
in the axial plane and reformatted into coronal and sagittal orientations, all from a single 10:00 minute acquisition. The
arrows highlight the fluid between the implant and the fibrous capsule, which is a common and normal finding. Image pa-
rameters were as follows: FOV = 300 x 300 mm?, matrix = 320 x 224, slice thickness = 2 mm, spatial resolution = 0.9 x

1.3 x 2.0 mm?®, reconstructed to 0.6 x 0.6 x 1.0 mm?>.

imaging technique (29) was used to accelerate the
image acquisition by a factor of 2.7, further reducing
scan time to between 7:00 and 10:00 min. In all sub-
jects, two-dimensional images were also acquired
using 2D-FSE-IDEAL with STIR (15) in axial, sagittal
and coronal orientations for comparison. The parame-
ters with 2D acquisitions were maintained to achieve
the same in-plane resolution as the 3D acquisitions
(0.9 x 1.3 mm?) but the slice thickness had to be
increased to 6 mm with a slice gap of 1 mm for com-
plete coverage of the implants in a reasonable scan
time. The total scan time for complete coverage of
both breasts with 2D acquisitions varied between
18:00 and 22:30 min.

RESULTS

Fat-suppressed Ts-weighted volumetric images with
uniform water-silicone separation were acquired suc-
cessfully in all volunteers. A representative example of
water and silicone separated breast images of a volun-
teer is shown in Figure 1. High spatial resolution
along the slice direction and contiguous slices
afforded by the 3D acquisition enabled the images to
be reformatted into other standard orientations. The
folds of the implants are clearly visible in all orienta-
tions. The bright signal on the water-only images
(arrows) is the fluid between the silicone implant and
the fibrous capsule. The adiabatic inversion pulse
used for STIR provided uniform fat suppression
throughout the volume.

Figure 2 shows an intact unilateral breast implant
of a different volunteer. Water-only (Fig. 2a) and sili-
cone-only (Fig. 2b) images can be combined to form
in-phase (Fig. 2c) and out-of-phase (Fig. 2d) contrasts.
The in-phase image represents the combined water and
silicone with fat-suppression, which is helpful in defin-
ing the entire anatomy of the breast with respect to
silicone. This is especially helpful in localizing extracap-
sular ruptures, when present. The out-of-phase image

is of limited known clinical value but accentuates the
boundaries between the implant and the fluid.

Figure 3 shows a double-lumen saline-silicone
implant in the left breast and a single-lumen silicone
implant in the right breast of a different volunteer.
The fluid appears on the water-only images uniformly
around the implant in the left breast while it is
sparsely distributed in the right breast. It demon-
strates clearly that the left breast has a double-lumen
implant, where the inner silicone implant is encom-
passed by an outer saline implant. The sparsely dis-
tributed fluid in the right breast is the normal fluid
accumulation surrounding the single-lumen silicone
implant inside the fibrous capsule.

A comparison of 3D and 2D acquisitions from another
volunteer is shown in Figure 4. Axial 3D images were
acquired and reformatted into coronal and sagittal ori-
entations, all from a single acquisition. Orthogonal 2D
images were acquired separately in multiple orienta-
tions for complete assessment of the implants. Both 3D
and 2D images were acquired with IDEAL and hence
produce silicone-only images with uniform separation.
The total scan time for all 2D acquisitions was 18:10
min for adequate coverage of both breasts compared
with 7:02 min for the single 3D acquisition.

Figure 5 shows water-only and silicone-only images
from a different volunteer, exhibiting linguine signs
(arrows) within the implant, resulting from intracap-
sular rupture. The volumetric nature of the acquisi-
tion allows tracking of the implant capsule through-
out the volume which may increase the diagnostic
confidence. The intracapsular rupture is contained
within the fibrous capsule, with some collapsed folds
trapping water and debris visible on the water-only
images in all orientations (arrowheads).

DISCUSSION

With the US FDA recommending regular MRI screen-
ing of silicone breast implants, there is a need for a
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Figure 2. Uniformly separated water-only (a) and silicone-only (b) images of a 56-year-old normal volunteer with a unilateral
breast implant. Using the water-only (a) and silicone-only (b) images, in-phase (¢) and out-of-phase (d) images were gener-
ated. The intact fibrous capsule (arrows) is seen clearly on the water-only images. Image parameters were as follows: FOV =
300 x 300 mm?, matrix = 320 x 224, slice thickness = 2 mm, spatial resolution = 0.9 x 1.3 x 2.0 mm?, reconstructed to

0.6 x 0.6 x 1.0 mm?®, acquisition time = 10:00 min.

robust and rapid MR imaging technique to visualize
silicone ruptures. In the current clinical practice,
water-only and silicone-only images are often
obtained in separate 2D acquisitions using various
suppression strategies. Recently developed multi-
point chemical shift-based techniques have enabled
the reconstruction of water-only and silicone-only
images in the same acquisition. However, these have
been demonstrated only as 2D acquisitions, which
require separate acquisitions in multiple orientations
to capture and characterize abnormal findings. In this
work, we have demonstrated near-isotropic, high spa-
tial resolution volumetric Ty-weighted images of water
and silicone with uniform separation and simultane-
ous fat suppression in a single acquisition. These

Axial

Silicone-only Water-only

images can be reformatted into any arbitrary plane,
allowing several 2D acquisitions to be replaced with a
single 3D acquisition that requires shorter overall
scan time and facilitates visualization of implants
from any orientation.

We compared the 3D acquisition against 2D-FSE-
IDEAL with STIR, the latter being an investigational
approach that has been shown to be more effective
than traditional techniques (15). In contradistinction
to using a single 3D acquisition, the 2D acquisitions
had to be acquired in three separate orthogonal direc-
tions for a thorough evaluation of the implants. Addi-
tionally, the slice thickness with 2D acquisitions had
to be increased to 6 mm with a slice gap of 1 mm for
complete coverage of the implants in clinically feasible

Coronal Sagittal

Figure 3. A double-lumen (saline-silicone) implant in the left breast and a single-lumen (silicone) implant in the right breast
of a 62-year-old normal volunteer. The outer saline implant on the right is bright on the water-only image, while the inner sil-
icone on the right and the silicone-only implant on the left are bright on the silicone-only image. Images were acquired in the
axial plane and reformatted into coronal and sagittal orientations. Image parameters were as follows: FOV = 300 x 300
mm?, matrix = 320 x 224, slice thickness = 2 mm, spatial resolution = 0.9 x 1.3 x 2.0 mm?®, reconstructed to 0.6 x 0.6 x

1.0 mm?®, acquisition time = 10:00 min.
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Sagittal
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t

Multiple 2D Single 3D
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Figure 4. Top row: Silicone-only images of a 55-year-old normal volunteer from a single 3D acquisition. Images were
acquired in the axial plane and reformatted into coronal and sagittal orientations. Bottom row: Silicone-only images from
multiple 2D acquisitions. Similar slices are shown in both 3D and 2D acquisitions. Note the silicone folds clearly visible on
the coronal and sagittal reformats of the 3D image, while the folds are less conspicuous on the 2D images due to partial vol-
ume (arrows). Fat appears bright on the 2D images due to a lower inversion time (120 ms) that was used with STIR. Image
acquisition parameters were as follows: 3D acquisition—FOV = 270 x 270 mm?, matrix = 288 x 224, slice thickness = 2
mm, spatial resolution = 0.9 x 1.2 x 2.0 mms, reconstructed to 0.5 x 0.5 x 1.0 mms, acquisition time = 7:02 min; 2D
acquisitions—spatial resolution = 0.9 x 1.2 x 6.0 mm?®, reconstructed to 0.5 x 0.5 x 6.0 mm?®, acquisition times = 5:24

(axial), 4:38 (coronal), 4:04 (sagittal for each breast) min.

scan times. The scan times with 2D acquisitions
could be further decreased with the use of parallel
imaging, which was not used in this study. However,
parallel imaging with 2D acquisitions is less effective
as the acceleration can be performed along only one
phase encoding direction, while they can be per-
formed in both phase and slice encoding directions in
a 3D acquisition.

Although the majority of the implants are single-
lumen silicone implants, single-lumen saline implants
as well as double-lumen implants containing both sili-
cone and saline are also used. Because our technique
generates both water-only and silicone-only volumet-
ric images, these implants can be assessed using the
single acquisition also, as demonstrated in Figure 3.

Axial

Silicone-only Water-onl

The scan times of the 3D acquisitions can be fur-
ther decreased using various enhancements. One
approach would be to acquire all IDEAL echoes in a
single repetition, as previously demonstrated (30).
These approaches, however, have certain limitations;
for example, bipolar acquisition improves the time-
efficiency of data collection but requires an additional
phase correction (31). Alternatively, another approach
would be to use higher parallel imaging acceleration
factors facilitated by higher channel count coils (32),
such as a 16-channel breast coil. The reduction in
scan times could also be used to improve the spatial
resolution along the slice encoding of the 3D acquisi-
tions, which is currently inferior to the high in-plane
resolution achieved with multi-planar 2D acquisitions.

Coronal

Figure 5. Water-only and silicone-only images of a 58-year-old volunteer, known to have bilateral intracapsular implant rup-
tures. Multiple curvilinear low signal intensity lines on the silicone-only images (arrows) are consistent with intracapsular
rupture (linguine sign) resulting from the collapsed implant capsule floating in the silicone gel. No silicone was seen outside
the fibrous capsule. Image acquisition parameters were as follows: FOV = 300 x 300 mm?, matrix = 320 x 320, slice thick-
ness = 2 mm, spatial resolution = 0.9 x 0.9 x 2.0 mm?®, reconstructed to 0.6 x 0.6 x 1.0 mm?®, acquisition time = 7:53 min.
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However, the demands for spatial resolution may di-
minish with increased contrast resolution, depending
on the application. Additionally, the scan time reduc-
tion can also be translated into increased slice cover-
age for potentially covering the lymph nodes, all in a
single acquisition.

Recent studies have proposed using 3D T;-weighted
acquisitions with uniform water and silicone separa-
tion to reduce scan times (33-35). However, the long T,
of silicone generates reduced signal intensity and sili-
cone appears dark on T;-weighted images. The long T,
and T, favor the Ty-weighted contrast routinely used in
current clinical evaluation. As demonstrated in our
study, the single 3D Ty-weighted acquisition with uni-
form water and silicone separation can provide
adequate information for the evaluation of breast
implant integrity using a single acquisition. This find-
ing needs to be further validated in a clinical setting.

In conclusion, we have demonstrated the utility of a
robust fat-suppressed 3D Tsy-weighted technique to
acquire uniformly separated water and silicone
images for rapid assessment of breast implants with a
volumetric, high spatial resolution acquisition in a
reasonable overall scan time. This single 3D acquisi-
tion allows the comprehensive assessment of breast
implants in less than ten minutes.
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