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Abstract—Simultaneous capturing of ultrasound (US) and mag-
netic resonance (MR) images allows fusion of information obtained
from both modalities. We propose an MR-compatible US system
where MR images are acquired in a known orientation with respect
to the US imaging plane and concurrent real-time imaging can be
achieved. Compatibility of the two imaging devices is a major issue
in the physical setup. Tests were performed to quantify the radio
frequency (RF) noise introduced in MR and US images, with the
US system used in conjunction with MRI scanner of different field
strengths (0.5 T and 3 T). Furthermore, simultaneous imaging was
performed on a dual modality breast phantom in the 0.5 T open
bore and 3 T close bore MRI systems to aid needle-guided breast
biopsy. Fiducial based passive tracking and electromagnetic based
active tracking were used in 3 T and 0.5 T, respectively, to establish
the location and orientation of the US probe inside the magnet bore.
Our results indicate that simultaneous US and MR imaging are
feasible with properly-designed shielding, resulting in negligible
broadband noise and minimal periodic RF noise in both modali-
ties. US can be used for real time display of the needle trajectory,
while MRI can be used to confirm needle placement.

Index Terms—Breast biopsy, magnetic resonance imaging
(MRI), multimodality imaging, tracking, ultrasound (US).

I. INTRODUCTION

ULTIMODALITY imaging has great benefit for diag-
M nosis and therapy if the strengths of each modality can be
fully appreciated, while ameliorating the weakness of any indi-
vidual one. For example, recent research efforts in the develop-
ment of concurrent hybrid imaging systems such as X-ray/mag-
netic resonance imaging (MRI) systems (XMR) [1]-[3] for in-
terventions gathered much interest, and the clinical applications
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of positron emission tomography (PET)/computer tomography
(CT) systems (PET/CT) [4]-[6] and PET/MR systems [7], [8]
in clinical oncology have been a great success.

Sequential MRI and ultrasound (US) imaging at different sta-
tions with subsequent data fusion has had impact on diagnostic
and interventional procedures. For example, carotid artery dis-
pensability and vessel wall function has been measured with du-
plex Doppler/B-mode US cine images registered with 3-D MRI
volumes [9]-[12]. Another example application is in image-
guided therapy where navigation is employed. Postprocessing
techniques have also been reported for registering preoperative
MRI volumes with intraoperative US images for brain deforma-
tion estimations and corrections in neurosurgery to improve tar-
geting accuracy [13]-[16]. The tissue contrast of preprocedure
MRI has been used to enhance targeting in US-guided breast
biopsy and thermal ablation for liver metastases [17], [18]. Nev-
ertheless, the time and inconvenience in imaging a patient in
multiple hospital areas or interventional suites, as well as the
technical challenges in image fusion due to changes in body
orientations and physiological status between scans, has led to
the desire for a truly hybrid MRI and US (MR/US) imaging
modality.

Hybrid MR/US imaging has several important advantages
over other hybrid imaging systems. First, both MRI and US
offer three 3-D nonionizing noninvasive imaging capabilities.
MRI has exquisite soft tissue contrast with multiplanar imaging
characteristics, but with a relatively long imaging time. On the
other hand, US is low cost, highly portable, has high temporal
resolution available to perform real time Doppler flow measure-
ment, but with a poor tissue discrimination ability. Therefore,
the two imaging modalities can potentially compensate the exact
weakness of the other when integrated. Second, other hybrid
techniques such as XMR require large size fixtures to be built
to accommodate the X-ray system in MRI, making the X-ray
system suitable only for dedicated use with a single MRI system
[1], [3]. Yet the US system is relatively simple in design and
highly portable and therefore minimum modifications are re-
quired for it to become MRI-compatible while keeping its porta-
bility. Thus, the MR-compatible US system can be used more
effectively, such as by relocating to serve multiple MRI sites.

In breast biopsy, stereotactic (X-ray guided) and freehand
US guidance are increasingly applied in core needle guidance,
replacing open surgical biopsy for assessment of breast lesions
[19], [20]. Compared to stereotactic guidance, freechand US
does not have ionizing radiation but has a high frame rate that
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allow one to follow the trajectory of needle during the biopsy
process. However, freehand US has a limited field of view and
lacks 3-D multiplanar positional information. The position of
the target lesions and needle tip may easily be misinterpreted,
especially if the numerous lesions are closely positioned, or the
biopsy needle and the US probe imaging plane has an in plane
error after insertion of the needle [21]. In recent years, MRI has
also been adopted for needle guidance for breast biopsies, since
breast MR imaging is known to have high sensitivity in lesion
detection and allows 3-D visualizations of breast structures
with a large field of view [22]-[25]. Typically, an open breast
coil is used with the patient in prone position and the breast
immobilized by two compression plates with a stereotactic
grid. The grid is used to locate the suspected mass and indicate
the insertion point of the needle. Targeting accuracy is lim-
ited by the grid holes size and error due to needle deflection.
Limited patient access inside the bore requires the patient be
iteratively removed for needle positioning and moved back in
for reimaging to confirm needle position. Thus, the process
is time consuming. Recent research on real-time US to guide
needle or therapeutic probe placement using preprocedure
MRI has shown a significant increase in targeting accuracy
when compared with single modality needle guidance [17],
[18]. Nevertheless, it still faces great challenges in multimodal
image registrations due to nonsimultaneous imaging, and suffer
long imaging time for moving a patient to and from different
imaging sites.

In this paper, we propose an MR-compatible US system
where concurrent real-time imaging can be achieved. We
present methods to assess the compatibility when integrating
the two imaging systems and investigate the source of image
artifacts that appear in both modalities, extending our earlier
work [26], [27]. Furthermore, simultaneous imaging was
demonstrated on a dual modality breast phantom in 0.5 T open
bore and 3 T close bore MRI system to aid needle-guided breast
biopsy. To our knowledge, it is one of the first detailed reports
on compatibility test and practical setup of concurrent MR/US
imaging for breast biopsy. Earlier, MR/US imaging has been re-
ported for real time motion compensation of a motion phantom
in MRI for cine cardiac imaging and in vivo imaging [28]-[30].
However, in our study, one important concern is the physical
setup and mitigation of the cross-talk that exists as a result of
interference between the two imaging devices. We performed
compatibility tests to establish and verify a method of shielding
the US probe inside the magnet bore. The effectiveness of the
shielding method was tested by capturing image noise pattern
in US and MRI with the MRI RF transmitter power turned off.
For simultaneous MR/US scan plane localization for biopsy
needle insertion, an electromagnetic-based active tracking
system was employed in 0.5 T open bore and fiducial based
passive tracking was done in 3 T close bore MRI system to
track the position and orientation of the US probe inside the
magnet bore. MR images were acquired in a known orientation
with respect to US imaging plane.

The results show that concurrent MR/US imaging is feasible
with properly-designed shielding, resulting in negligible broad-
band noise and minimal periodic RF noise in both modalities.
With this dual-modality imaging system, real time US can be
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used for real time display of the needle trajectory, while MRI
can be used to confirm needle placement.

II. MATERIAL AND METHODS

Our work is divided into two parts. In the first part, we quan-
tify the RF noise introduced into the MR and US images when
the US probe and beam-former box were placed in the magnet
room. In the second part, we demonstrate the simultaneous ac-
quisition of MR and US images for needle biopsy guidance in
a breast phantom with an electromagnetic tracker or fiducial
markers attached to the US probe head.

A. Experimental Setup

The experiments were carried out in 0.5 T open bore and 3
T close bore MRI systems (Signa SP and Signa Excite HD,
GE Medical Systems, Milwaukee, WI). A commercially avail-
able PC based portable US system (model T3000, Terason,
Burlington, MA) with a 128 element linear array transducer
(6-10 MHz) for breast imaging was employed. The US trans-
ducer was connected to a beam-forming engine box of size
17 ecmXx 14 cmXx 2 cm inside the magnet room, while the box
was connected to a laptop computer outside the room via a
waveguide through a 25 m firewire cable. The engine box was
entirely powered by the firewire cable, so that no external ac
power is needed.

Suitable shielding was mandatory on the US system to limit
the RF interference introduced into the MR images. Aluminum
foil was contiguously applied to the entire length of US probe
cable, engine box, and the firewire cable. The aluminum
foil layers and the braid shielding of the firewire cable were
grounded to the shielding of the magnetic room, at the pen-
etration panel. The window of the transducers was wrapped
with a single layer of aluminum foil, thin enough to allow the
penetration of the US signals while minimizing interference in
the MR images. To mitigate the effects of magnetic attraction,
the steel enclosure around the engine box was replaced with
an aluminum enclosure. In our setup with a 0.5 T open bore
MRI system, the firewire cable was routed through the 56-cm
vertical gap used for surgery within the magnet, to emulate a
clinical situation in the intraoperative open bore scanner. For
our setup with a 3 T close bore MRI system, the firewire cable
was held straight in the 2z direction of the magnet bore. Fig. 1
shows photos of the experimental setup of the US system in the
MRI scanners.

Two types of tracking were employed, namely passive
tracking in the 3 T MRI system and active tracking in the 0.5 T
MRI system. For passive tracking, four MR visible fiducial
markers (Beekley MR-Spots, Bristol, CT) were attached to the
US probe head to locate the US imaging direction. Fig. 1(b)
shows the US probe with fiducial markers attached.

For active tracking in 0.5 T, an electromagnetic (EM) tracking
system (EndoScout, Robin Medical, Baltimore, MD) was em-
ployed. A 9.4 mmx 9.4 mmx 9.4 mm EM tracker cube with a
sensor coil on each face was fixed to the US probe head with
a tailor-made plastic holder. The system measured the induced
voltage on the sensor coils by MRI dynamic gradients (Gx, Gy,
and Gz). Current from the gradient amplifiers into the gradient
coils (Ix, Iy, and Iz) was also measured for reference. The system
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() (b)

Fig. 1. Experimental setup of simultaneous MR/US imaging. (a) Shielded US
in 3 T close bore MRI system, (b) US transducer head with MR visible fiducial
markers attached, (c) shielded US in 0.5 T open bore MRI system and firewire
cable routed orthogonal to the bore through the vertical gap, and (d) US trans-
ducer head with EM tracker and needle guide attached.

was then calibrated with the measurements and imaging data
from fiducial targets of known distances to the tracker to es-
tablish a map of coordinate space. Sensor voltages, gradient
coil currents, and the calibration map are essential for estab-
lishing the location and orientation of the tracker attached to any
rigid instrument to be tracked [31]. The aluminum shielding was
opened at the EM tracker in order not to attenuate the gradient
signal. Fig. 1(d) shows the US probe with the tracker on top of
the aluminum shielding and the MR compatible needle guide
(Civco Medical Solutions, Kalona, IA).

B. Compatibility Test

To evaluate the interference between the two imaging systems
and the effectiveness of aluminum shielding, baseline MR and
US images were first captured with the unshielded US system
placed outside the magnet room, and then repeated with the
US transducer placed on the floor of the magnet room and at
the isocenter of the bore. The test was then repeated where
the US system was shielded and the aluminium shielding was
grounded.

Compatibility was tested on both 0.5 T and 3 T MRI sys-
tems. In both cases, fast spin echo (FSE) sequences were se-
lected. This is because FSE contains multiple high power 180°
RF pulses that could lead to a worst case scenario of MRI in-
terference effect on the US image quality. For experiments in
the 3 T system, MR images of a loader phantom in a stan-
dard head coil were acquired. Acquisition parameters were as
follows: FSE, TR= 800 ms, TE= 16.4 ms, receiver band-
width= + — 31.25 kHz, ETL= 8, FOV= 300 mm, thick-

ness= 4 mm. The US imaging parameters were as follows:
transmitting frequency= 7.5 MHz, DOV= 5 cm, 3 focuses,
frame rate 16 fps. For 0.5 T, MR images of a CuSO, solution
phantom were acquired, with the use of a pair of flexible linear
butterfly coil with loops of size 20 cm x 20 cm each. Acquisi-
tion parameters were as follows: FSE, TR= 616 ms, TE= 96
ms, receiver bandwidth= +—31.25 kHz, ETL= 16, FOV= 370
mm. The US imaging parameters were as follow: transmitting
frequency= 7.5 MHz, DOV= 5 cm, single focus= 2.8 cm,
frame rate 64 fps.

To quantify the degree of interference of the US system on
MR image quality, MRI noise-only images were collected. The
images were acquired with the MRI system RF transmitter
power turned off, so that spins of the phantom were not excited
and no signal was emitted. Thus, the resulting image was a
noise image pattern which included system noise and noise in-
duced by electromagnetic interference. In addition, the US was
tuned to different transmitting frequencies (5, 6, 7.5, 9 MHz)
to visualize its effects on the noise pattern in MRI. MR images
were captured twice for every scenario to visualize any changes
in the image noise pattern over time. For comparison of the
noise in MR images, the values of the MRI receiver gains
were fixed and the MRI transmitter power was set to zero. The
transmitter power was then restored to its original value for
acquisition of phantom images.

To establish the effects of MRI on US, US images were ac-
quired with the US probe placed at the isocenter and the MRI
operating continuously for image acquisition. The quality of the
US images with the probe window covered with a single layer
of foil was compared to the case with no foil. An additional set
of MRI parameters (FSE, TR= 600 ms, TE= 6.16 ms, receiver
bandwidth= + — 31.25 kHz, ETL= 8, FOV= 300 mm) was
applied to see the effects on the US image noise pattern due to
changes in the MRI acquisition parameters.

The number of US frames corrupted with noise due to MRI
interference was counted and the US frame rate was recorded.
The artifact source pulse duration, P, and the separation be-
tween the artifact pulses, P, in the corrupted frame were calcu-
lated, by the given equations as follows:

P, 1
Fi= 5w * ¥ )
and
Py 1
Po=Fw X R @
where

P; = artifact pulse duration (ms)
P, = artifact pulse separations (ms)
P, = artifact pulse width (pixel)
P,.,, = separation between artifact pulses (pixel)
FW = US frame width (pixel)
FR = US frame rate (fps).

P, is measured at the full-width half-maximum (FWHM) of
the artifact intensity.
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Fig. 2. Calibration phantom used for calibrating the active tracking system.
(a) Photograph of the calibration phantom with MR/US visible strings and US
probe attached. (b) Side view of the schematic diagram of the US calibration
box. (c) Top view of the schematic diagram of the US calibration box. dx, dy,
and dz are the three offsets to be specified.

C. Calibration for Active Tracking

As an alternative to retrospective image registration, active
tracking was used to acquire the MR image in the same plane
as the US image. A calibration step was necessary to estab-
lish correspondences. A calibration phantom with dual modality
fiducials was created, using a rectangular plastic box filled with
CuSOy solution. Grids of string were placed at depths corre-
sponding to the focal depths available in the US system software
0.6, 1.3, 2.0, 2.8, 3.5, 4.5, 5.5, and 6.5 cm). The intersections
of perpendicular segments of the string were treated as fiducials
and were visible in both modalities. Intersections were at 0 cm
(center) and 4/ — 1.5 cm off center. A needle guide bracket that
fit the US probe head was integrated into the top of the phantom
to affix the US probe, such that the center of the US image con-
tains the central string crossing and the lateral string intersec-
tions were also in the imaging plane.

To calibrate the position of the EM tracker with respect to
the coordinate space inside the magnet bore, an US image or-
thogonal to the MR images was simultaneously acquired. An
EM tracking parameter file describing the geometry offsets was
built. It is necessary to calibrate the EM tracking only once for
each tool, if the distance and orientation between the tracker
cube and the tracked tool remain unchanged. In this study, the
tracked tool is the imaging face of the US probe. Fig. 2 shows
the calibration phantom and the offset parameters that ought to
be specified in the parameter file.

Coronal MR images were captured continuously with loca-
tion increment in the x direction (along dx in Fig. 2) until the
string crossings entered the coronal scan plane. The offset er-
rors between the MR image center and central string crossing
(dy and dz) were measured. These dx, dy, and dz parameters
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were used to update the EM tracker parameter file. Two itera-
tions were performed converge on the solution for this calibra-
tion process. The calibration was then validated by acquiring a
MR image coplanar to the US image and noting the location of
the string intersections. Note that the EM tracker parameter file
did not have a provision to correct for angular error.

D. Clinical Applications—Needle Guided Breast Biopsy

To demonstrate the feasibility for fast target definition for
biopsy needle puncture, a fiducial target in a 10% Polyvinyl Al-
cohol cryo-gel (PVA-C) breast phantom was localized by free
hand US in the magnet bore. PVA-C was chosen for molding
the phantom because it has similar acoustic, T1 and T2 proper-
ties as human tissue, such that it is visible in both US and MRI
[32].

For the 0.5 T system, MRI scans were acquired using a
20 cmx 20 cm single loop flexible surface coil. To perform
biopsy, the US needle guide was attached to the US probe
head to position the MR-compatible needle along the desired
trajectory. Two-dimensional FSE MR images were acquired
for the whole volume prior to biopsy. US (30 fps) and MRI
scans were then simultaneously acquired at the same imaging
plane while the biopsy needle was advanced to the target. For
the MRI, a single slice MR image was captured continuously at
the same imaging plane, and the time required to capture a slice
is 16 s. Thus, the “refresh rate” of an MRI scan was 16 s. MRI
parameters were: FSE, TR/TE = 1000/96 ms, ETL= 16, slice
thickness = 5 mm, FOV= 256 mm X 256 mm. MR images
were sent directly to a real-time workstation (GE Healthcare,
Milwaukee, WI), already interfaced with the scanner to enable
scan plane control.

For biopsy in the 3 T system, a MR localizer scan was first
acquired to locate the four fiducial markers attached to the US
probe head that indicated the probe location and imaging orien-
tation. An oblique MR scan plane was then established manually
according to the positions of the markers. Thus, the cutting plane
of all subsequence MR scans could coincide with that of US. A
biopsy needle was then advanced to the fiducial target during
dynamic MRI and real time US. No calibration was needed be-
tween MRI and US.

III. RESULTS

A. Compatibility Test

Two types of noise, namely broadband noise and narrowband
“zippers” were observed on the MR images when the US system
was introduced into the magnet room. The MRI signal degraded
significantly and no image could be seen when the US probe was
placed at the isocenter without any shielding. However, with
proper RF shielding of the cables and US probe, interference
from US operation to MRI was greatly reduced. Fig. 3 shows
the comparison of MR image noise under different experimental
setups at different magnetic field strength, with MRI RF trans-
mitter power turned off.

To measure the rise in the broadband noise, which is the back-
ground image noise, the mean and standard deviation were mea-
sured, by choosing regions of interest (ROI) in each of the MR
image while the regions with periodic zippers were excluded.
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Fig. 3. Comparison of MR image noise at 3 T (upper row) and 0.5 T (lower
row) under various conditions of US setup with MR RF transmitter powered
off, [(a), (d)] baseline image without US, [(b), (e)] during US capturing with
US system shielded and probe window unshielded, [(c), (f)] during US capturing
with shielded US system and shielded probe window. The arrows indicate the
direction of frequency encoding. Rectangles indicate the ROI drawn for noise
measurements.

TABLE 1
IMAGE NOISE MEASUREMENT OF MRIIN 0.5 TAND 3 T
US probe at
US probe at Uifo!q):::;-m isocenter,
Measurement Baseline, isocenter, chielded ’ shielded ,
conditions without US without h ’ probe window
S probe s
shielding window open with single
pe layer of foil
Background
noise ROI 8.98(4.78) NIL 10.87 (6.50) 9.48 (5.05)
0.5 mean (s.d)
T Observations Coil detune, Increase Increase
Mean(s.d.) Image is clean no signal 21.01% 5.57%
o measured (35.98%) (5.65%)
Background
noise ROI 4.61(2.66) NIL 5.23(3.34) 4.83(2.84)
mean (s.d)
3T .
Observations ) Coil d‘ctune‘ Increase Increase
Mean(s.d.) Image is clean no signal 13.55% 4.87%
e measured (25.5%) (6.87%)

The ROI was shown in Fig. 3(a) and (e). For fair measurement
and comparison, the same set of ROI was applied to all the MR
images acquired under the same field strength. The MRI broad-
band noise measurements based on the defined ROIs are shown
in Table I.

The broadband noise increased by around 21.01% in 0.5 T
and 13.55% in 3 T compared to the baseline image when the US
probe window was open. However, with proper shielding of the
probe window, the increase in noise intensity dropped to 5.57%
in 0.5 T and 4.87% in 3 T, respectively, compared to the baseline
with no US placed. This 5%—6% increase in background noise
was negligible when the RF was turned on since signals from
the phantom were dominant.

Narrowband periodic zippers, as shown in Fig. 3(b) and (d),
were clearly observed when the US probe window was open
while the rest of the US system was shielded. Fig. 3(c) and
(f) show that when the US probe window was covered with a
single layer of aluminum foil, the zippers were greatly reduced.
The zippers were seen along the frequency encoding directions
(i.e., zippers lines were perpendicular to the frequency encoding
axis). There was no drift of the zipper locations over time when
the MRI and US acquisition parameters remained unchanged.
However, the intensity of the bright spots in the zippers was

Fig.4. 3 TMRIzipper noise pattern with different US transmitting frequencies.
(a) 5 MHz, (b) 6 MHz, (c) 7.5 MHz, and (d) 9 MHz.

different over time. Zipper separations decreased when the US
transmitting frequencies increased. Fig. 4 shows the change in
zipper noise pattern in 3 T MRI when the US transmitting fre-
quencies was altered while all other US imaging parameters
were stayed identical.

For artifacts in US, vertical strips were observed on some
US frames intermittently during MRI imaging. The effect of the
MRI RF transmission pulses on US images was negligible when
the probe head window was covered with a single layer of foil.

Fig. 5 shows the interference in US images due to the 3 T MRI
system with different MRI parameters. Interference was ob-
served near the bottom of the US image. For the case with TR=
800 ms, the separation between corrupted frames was about
800-900 ms. The artifact source pulse duration, P, had a dura-
tion of around 0.9-1.0 ms. The separations between pulses, Pk,
were about 8.0-8.2 ms. For the case with TR= 600 ms, the sepa-
ration between corrupted frames was about 600 ms. The artifact
course pulse duration, Py, had duration of around 0.9-1.1 ms,
while the separations between pulses, P, were about 11.6-12.1
ms.

For the results in the 0.5 T MRI system, similar artifact char-
acteristics were observed. A corrupted US frame was observed
for every 35-40 US frames captured intermittently, while the US
frame rate was 64 fps. Thus, the separations between corrupted
frames were about 550-625 ms.

B. Needle Guided Breast Biopsy

The calibration accuracy for establishing offset parameters in
the EM tracking parameter file was illustrated in Fig. 6. The US
image shows the string crossings of the calibration phantom at
fixed focal depths. The cross-hairs in the MRI images indicate
the center of the image before and after the calibration iterations.
The offset errors (dy and dz) were corrected after the iterations.

Fig. 7 shows the simultaneous MR/US scan of the 10%
PVA-C breast phantom with a glass bead or a fiducial marker
as the target in 0.5 T and 3 T, respectively. Fig. 7(c) shows the
volume rendered MRI images with 2-D US frame. The fiducial
markers used for passive tracking were shown. Biopsy needle
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FR=20fps

FR=20fps

Fig. 5. US images with probe at isocenter of 3 T MRI system while MRI is
running with [(a), (b)] TR= 800 ms, and [(c), (d)] TR= 600 ms. (a), (c) With
US probe window unshielded. (b), (d) US probe window shielded with a single
layer of foil. Yellow ellipse indicates the vertical strips at the bottom.

®

US image
orlentation

|

MR image
crientation

Fig. 6. US and MR images captured during active tracking calibration in 0.5 T.
(a) US image of calibration phantom showing string crossings. (b) A representa-
tion of strings and location of MR and US images. (c) MR image corresponding
to US focal depth of 4.5 cm at the first iteration of calibration and (d) after final
iteration of calibration.

was inserted and advanced through the needle guide grid lines
displayed on the US software interface. MRI and US images
were captured simultaneously in the same scan plane location
and orientation.

Fig.7. Simultaneous MR/US images of biopsy needle targeting. (a) MRI breast
image with fiducial target in 3 T, (b) US image of the fiducial target with US in
3 T MRI system, (c) 2-D US image fused with a rendered MRI volume, with
passive fiducial markers tracking in 3 T (d) MRI breast image in 0.5 T and (e)
the corresponding US image with real time active tracking in 0.5 T.

IV. DiscussioN

The compatibility test suggested that US and MRI could op-
erate together provided we can minimize the interference. The
broadband noise in MRI originated from digital switching in the
US beam-former engine box and the switching in the firewire
during digital signal transmission. No broadband noise was ob-
served when the firewire and the digital switching of the engine
box was inactive, even when the US probe was placed in the
isocenter of the magnet bore without any shielding. With the in-
troduction of aluminum foils as the RF shielding along the en-
tire US probe and the firewire cable, broadband noise was much
reduced. Aluminum foil, therefore, could serve as a temporary
shielding for the US system as confirmed by our experiments.

Periodic zippers noise was originated from the short
high-voltage pulses applied to the piezo-electric crystal. Al-
tering the US transmitting frequency changed the pattern of
the zippers. The zipper separations decreased with the increase
in US transmitting frequencies. The zippers lines were always
perpendicular to the frequency encoding axis, indicating that
the short high-voltage pulses caused interference in specific
narrow frequency ranges in MRI during its acquisitions. This
created zipper-like pattern in the MRI images. Covering the
probe window with a single layer of aluminum foil reduced the
zippers effectively.

Vertical strip noise in US images was likely due to the RF
pulses of the MRI system. The vertical strips pulse duration, P,
was about 0.9-1.1 ms in the 3 T tests. The repetitive strip pulse
separation, Ps, was about 8.0 ms and 12.0 ms, respectively, in
the 3 T tests with different FSE settings. The P; was too wide
(about 1 ms wide in all cases), making it unlikely that it was
caused by the imaging gradient ramps. The repetitive nature of
the strips with constant intensity and depth, separated by con-
stant time (several milliseconds), showed a very plausible ex-
planation that that the artifact was possibly originated from the
180° MRI RF pulses. The occurrence of corrupted US frames
tended to be correlated with the TR of the MRI. The corrupted
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US frames occurred every 800-900 ms and 600 ms in the com-
patibility test in 3 T, where the TR was 800 ms and 600 ms,
respectively. The occurrence of US frames in 0.5 T test was
around 600 ms where the corresponding MRI sequence had a
TR of 616 ms. Since the interference was possibly due to the
MRI RF pulses, changing the TR may change the frequency
of occurrences of the corrupted frames, while changing the TE
and ETL may affect the separation of pulses, Ps, within the cor-
rupted frame.

This interference in US was negligible when the probe head
window was covered with a single layer of foil, but that caused
some signal degradation in the US images. The signal degra-
dation was remedied by tuning up the time gain compensation
(TGC) amplification in the US system. TGC adjusts and bal-
ances the US image by equalizing the brightness of echoes from
near field to far field. By increasing the overall TGC, the internal
structures could still be seen clearly in the presence of one layer
of foil. Nevertheless, the corrupted frames may be discarded by
active blanking of the US through firing triggering pulses from
MRI during RF pulsing or by retrospective blanking of the cor-
rupted US frames.

In simultaneous MR/US guided biopsy, the high temporal res-
olution of US allows a fast feedback of the current needle tip po-
sition during the biopsy process. In our 3 T test, US had a frame
rate of 30 fps while MRI had an acquisition time of 16 seconds
per slice. With the introduction of US, one does not need to wait
for the MR image to refresh before advancing the needle. Thus
US can be used to place the biopsy needle in real time inside the
magnet bore, while MRI could be relegated to the role of con-
firming the trajectory and final needle location.

EM tracking is a convenient tool for tracing the positions of
US probe inside the magnet bore. Unlike optical tracking, which
identifies the co-ordinate of the tracked tool by using a camera to
locate the LEDs or reflective spheres mounted on the tools with
a camera [16], [33], the EM trackers do not need to be within
the line of sight of any camera. In EM tracking, only a simple
calibration step is required to modify the tool file in matching
the coordinates of the trackers to the coordinates of the image
plane. Once the calibration is completed, the MRI imaging plane
could automatically follow the coordinate of the EM tracker.

Passive tracking by attaching MRI visible markers to the US
probe is an inexpensive and simple method in tracking the US
imaging plane. No calibration is needed. This method could be
applied to close bore MRI systems with limited space or MRI
sites limited resources. However, one major disadvantage of
passive tracking is that the accuracy of the MRI scan plane pre-
scription is limited by the ability to localize the markers. Nev-
ertheless, this method could still be implemented in situations
requiring only the rough location of tools inside the magnet
bore and where other types of tracking systems are not available.
Moreover, postprocessing steps could be performed to register
the US and MRI images to compensate for the error.

A limitation of our study was that only an FSE MRI pulse se-
quence was employed to assess compatibility. The US induced
artifacts may appear more intense in MR images acquired with
pulse sequences inherently low in signal-to-noise ratio. More-
over, sequences utilizing a high acquisition bandwidth such as
echo planar imaging and steady state free procession will ex-

hibit zippers that are apparently compressed (more narrow) but
greater in number across the images. Further studies may be
needed.

Some other limitations of the experimental setup were also
noted. The aluminum foil was paramagnetic and was slightly at-
tracted to the magnet bore. Electric charges accumulated easily
on the foil with time, even when the foil was grounded, giving
rise to the broadband noise in MRI. Cutting the aluminum foils
into strips reduced the accumulation of charges and avoided the
rise in broadband noise. Also, the aluminium foil cracked easily.
In future, it is better to replace the aluminium foil with other per-
manent shielding such as copper braid mesh tubes.

A small signal degradation was observed in part of the MRI
image, at the surface of the breast phantom in contact with where
the US transducer head. This artifact was due to the presence
of nonferromagnetic metallic objects inside the US transducer
head and exacerbated by eddy currents in the aluminum foil.
This problem can be solved by adding a water balloon or other
US transmission materials with a low US attenuation coefficient,
as an acoustic coupling layer between the US probe head and the
object being imaged. The layer keeps the transducer head away
from the object surface but with a low attenuation coefficient
that allows acoustic waves to pass through with insignificant
signal attenuation.

Finally, guidance accuracy of the biopsy needle insertion
using the proposed MR/US imaging system has not been
statistically addressed in our study. Biopsy success could be
quantified with the use of a tissue mimic phantom with a fidu-
cial target of a color and material different from the surrounding
phantom [17], [20]. The guidance process would be counted as
success if the biopsy sample contained the material comprising
the fiducial target. The experiment could be repeated with
MRI-guidance alone for comparison of success rate with the
hybrid MR/US system.

V. CONCLUSION

In this work, we have discussed in detail the compatibility
issues and the practical setup of simultaneous MR/US imaging.
We have also demonstrated in phantom one possible applica-
tion: breast biopsy. One extension of our work is to quantify
the guidance errors as discussed. Another possible direction is
to apply active tracking in high field close bore magnet. Our
method of simultaneous MR/US imaging for needle guidance
can also be extended to other parts of the body and poten-
tially help in other guided therapies such as RF ablation and
cryotherapy for minimally invasive surgery [34].
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