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ABSTRACT

The goal of this research is to register real-time interventional magnetic resonance imaging (iMRI)
slice images with a previously obtained high-resolution MRI image volume, which in turn can be
registered with functional images such as those from SPECT. The immediate application is in
iMRI-guided treatment of prostate cancer, where additional images are desired to improve tumor
targeting. In this article, simulation experiments are performed to demonstrate the feasibility of
slice-to-volume registration for this application. We acquired 3D volume images from a 1.5-T MRI
system and simulated low-field iMRI image slices by creating thick slices and adding noise. We
created a slice-to-volume mutual information registration algorithm with special features to improve
robustness. Features included a multiresolution approach, two similarity measures, and automatic
restarting to avoid local minima. To assess the quality of registration, we calculated 3D displace-
ments on a voxel-by-voxel basis over a volume of interest between slice-to-volume registration and
volume-to-volume registration, which was previously shown to be quite accurate. More than 800
registration experiments were performed on MR images of three volunteers. The slice-to-volume
registration algorithm was very robust and accurate for transverse slice images covering the prostate,
with a registration error of only 0.4 + 0.2 mm. Error was greater at other slice orientations and
positions. The automatic slice-to-volume mutual information registration algorithm is robust and
probably sufficiently accurate to aid in iMRI-guided treatment of prostate cancer. Comp Aid Surg 7:
257-267 (2002). ©2003 Wiley-Liss, Inc.
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INTRODUCTION

We use a low-field open magnet system to guide ration of other medical images for use in live-time
minimally invasive treatments, including radiofre- treatment planning and execution. Examples of im-
quency (RF) thermal ablation of abdominal can- ages for possible incorporation include high-reso-
cer.!-3 We are currently investigating the incorpo- lution MR images from another scanner or from a
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very-long-duration acquisition in the iMRI scanner,
MR spectroscopy images, functional MR images,
MR angiography images, PET images, and SPECT
images. In some cases, these other images can be
used to localize a disease process such as a tumor;
in other cases, the images can be used to locate a
structure that should be avoided, such as a critical
brain structure identified with functional MRI.
iMRI is currently under investigation for possible
use in the treatment of prostate cancer. Because
MRI does not reliably show prostate tumor, we
intend to incorporate nuclear medicine or MR spec-
troscopy images with an improved ability to detect
and localize the tumor.*>

To incorporate image data from other sources
in a real-time iMRI procedure, we intend to register
two-dimensional (2D) slice images acquired
quickly on the iMRI scanner with a previously
acquired volume of image data. An image volume
from another modality can then be registered with
the full MR volume. Thus, to incorporate SPECT in
an iIMRI procedure, we will first register the
SPECT image volume with an MR volume.® Then,
when registering iMRI slice images to the MR
volume, they can also be mapped to the SPECT
functional image data. If this procedure is success-
ful, a variety of potential visualization tools will be
available to help the physician localize and apply
treatments appropriately. The real-time iMRI im-
ages will be used for guidance, and any small
misregistration errors can very probably be men-
tally corrected by the physician. To simplify and
improve the slice-to-volume (SV) registration step,
we intend to always use MR images acquired with
similar pulse sequences. In this report, we investi-
gate SV registration of MR images.

Previous success with registering one MR
prostate volume to another” encourages us to pur-
sue this plan. We call this process volume-to-vol-
ume or VV registration. A rigid-body mutual infor-
mation registration method was used, with some
features to improve robustness.” We carefully eval-
uated registration quality using a variety of meth-
ods. For volume pairs acquired over a short time-
span from a supine subject with legs flat on the
table, registration accuracy for both prostate cen-
troids (typically <1 mm) and bony landmarks (av-
erage 1.6 mm) was in the order of one voxel (=~1.4
mm). For volumes acquired under very different
conditions, for example, with legs flat or raised into
the treatment position, or with and without bladder
or rectal filling, we obtained somewhat larger pros-
tate centroid registration errors of about 3.0 mm.
From our results with VV prostate registration, it

was decided that SV accuracy could be assessed by
comparing results to VV registration for those vol-
ume pairs having low VV registration error.

SV registration is an alternative, fast ap-
proach for including other modalities in iMRI-
guided treatment. Previously, image registration
was used to combine preoperative MRI and CT
volumes for iMRI-guided intranasal microendos-
copy where iMRI volumes were acquired and reg-
istered with preoperative data.® Here, it is antici-
pated that the SV method will be faster, because
image acquisition is faster and because registration
of a slice should require many fewer calculations
for a volume. In addition, our experience is that 2D
slice acquisitions are routinely acquired during
iMRI interventions, whereas volume acquisitions
are only acquired infrequently. In previously pub-
lished reports, SV registration was mainly applied
to the brain for applications of functional MRI,®10
postmortem pathology studies,!! and anatomical
modeling.!? There are no reports of SV registration
for abdominal organs or iMRI guidance.

The application of SV registration methods to
iMRI-guided treatment of prostate cancer raises
several challenges. First, iMRI images often have a
lower signal-to-noise ratio (SNR) than diagnostic
MR images because of the emphasis on fast imag-
ing and because of the typically lower field-
strength of open iMRI magnets. Second, a single
slice, or a few slices, provides many fewer struc-
tures than an entire volume for voxel-based match-
ing. Third, the prostate can move relative to the
pelvic bones due to changes in rectal and bladder
filling!'3-14 or changes in patient posture for treat-
ment.” That is, alignment of the pelvic bones
(prominent anatomical features in MR gray-scale
images) does not necessarily ensure that the pros-
tate is aligned. Fourth, the normal prostate is a
small organ; when healthy, it measures only ~3.8
cm in its widest dimension.!> The prostate is lo-
cated below the much larger bladder, which can
change its shape and size during imaging. Finally,
times for registration and algorithm robustness are
of particular concern in this application.

In this study, we test the performance of SV
registration. In the next section, we first describe a
voxel-based registration method with special fea-
tures to improve robustness. This is followed by
details of how entire MR volume pairs are acquired
on a conventional MR scanner and how realistic
iMRI images are simulated. Later, results are pre-
sented from over 800 registration experiments
comparing slice-to-volume with volume-to-volume
registration.
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MATERIALS AND METHODS

Registration Algorithm
We used an algorithm with special features for the
slice-to-volume, or SV, registration. A similar algo-
rithm was previously successfully applied to MR vol-
ume-to-volume registration of the prostate.” The al-
gorithm is outlined in the following paragraphs.”-1¢
We used two similarity measures, mutual in-
formation (MI) and correlation coefficient (CC), in
the registration. One image, R, is the reference, and
the other, F, is floating. Their mutual information
MI(R, F) is given below.!”

_ _prelrf)
MI(R, F) = rEfPRF(",f)lOg pr(r)* pe(f)

The joint probability, pg.(r, f), and the mar-
ginal probabilities of the reference image, px(7),
and the floating image, p.(f), can be estimated
from the normalized joint intensity histogram. The
correlation coefficient CC(R, F) is given below.!8

CC(R, F)

_ 2(R() = RO(F(f) = F(f))
V2 (R(r) = RN Z(F(f) = F(f))?

Here, R(r), F(f) denote the average intensi-
ties of the reference and floating images, respec-
tively, and the summation includes all voxels
within the overlap region.

We compared the two similarity measures at
different resolutions to determine their suitability
for SV registration. At i resolution, we resampled
images so as to give one-quarter the number of
voxels along each linear dimension. At full resolu-
tion, we used the full number of voxels. In Figure
1, the two similarity measures are plotted as a
function of translations. Two high-resolution MR
volumes were registered as described previously,?
and values were plotted with the origin as the
optimal transformation. We calculated CC and MI
values while moving the simulated iMRI image
relative to the high-resolution MR image along the
coronal (anterior—posterior) axis. The simulated
iMRI image was obtained as described later.

We use a multiresolution approach and per-
form registration from low to high resolution. We
use CC at the two lower resolutions because it
gives fewer local maxima (Fig. 1) and can be
calculated faster than MI. We use MI at full reso-
lution because the peaked similarity function gives

a more precise solution than CC (Fig. 1). To avoid
local maxima, we include a restarting feature where
registration is restarted with randomly perturbed
parameters obtained from a uniform distribution
about the initial transformation values at the current
resolution being used. The algorithm restarts until
the absolute CC is above an experimentally deter-
mined threshold or the maximum number of re-
starts is reached. Absolute CC is used rather than
MI because it has a well-defined range between 0
and 1, and because it provides an independent
check of the MI result at the highest resolution.

All important results are recorded following
an optimization cycle, including the CC and/or MI
values, the number of restarts, and the transforma-
tion parameters. At the end of processing at a lower
resolution, we always select the transformation pa-
rameters having the maximum CC value. We then
scale the translation parameters appropriately and
assign the new parameters to be initial values at the
next-higher resolution. At the highest resolution,
MI rather than CC is the similarity measure, and we
select the final transformation parameters to be
those with the maximum MI value.

For registration, we use rigid-body transfor-
mation (three translations and three rotations) and
trilinear interpolation, as described previously.!®
For optimization, we use the downhill simplex
method of Nelder and Mead.?° Optimization of
similarity ends either when the maximum number
of calculations is reached (typically 500) or when
the fractional change in the similarity function is
smaller than a tolerance (typically 0.001). There are
several preprocessing details to note: The input
MRI volume is a 3D MR acquisition giving 256 X
256 X 128 nearly isotropic voxels over a field of
view covering the whole pelvis. We create isotropic
voxels of about 1.37 mm on each side using 3D
linear interpolation. IDL (Interactive Data Lan-
guage, Research System Inc., Boulder, CO) is used
as the programming language.

Typical parameter values are now described.
An initial guess is used at the lowest resolution of
all zeros because the patient is normally oriented
approximately the same way from one scan to the
next. All CC thresholds are set at 0.5, and the
maximum number of restarts is set at 20, 10, and 5,
from low to high resolution, respectively.

Image Acquisition

High-resolution MRI volumes were acquired using
a 1.5-T Siemens MRI system (Magnetom Sym-
phony, Siemens Medical Systems, Erlangen, Germa-
ny). An eight-element phased-array body coil was
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Fig. 1. Similarity functions are plotted as a function of translations in the multiresolution registration process. Two

high-resolution MRI volumes were registered. From the optimal parameters, we computed the similarity of the simulated iMRI
and MRI images as a function of translations along the coronal (anterior—posterior) axis. MI is plotted in (a) and (c); CC is
plotted in (b) and (d). Graphs (a) and (b) are at the lowest resolution where images are down-sampled by 1/4 along each linear
dimension, giving a distance between voxel centers of ~5.5 mm. A false global maximum for MI occurred at +25 voxels.
Graphs (c) and (d) are plots at full resolution. Images are from volunteer S2.

used to ensure coverage of the prostate with a uniform
sensitivity. Typically, two anterior and two posterior
elements were enabled for signal acquisition.

Two different MR sequences were used. The
first was a 3D RF spoiled gradient echo steady-state
pulse sequence (FLASH) with TR/TE/Alip parameters
of 12/5.0/60, giving 256 X 256 X 128 voxels over a
330 X 330 X 256-mm field of view (FOV) to yield
1.3 X 1.3 X 2.0-mm voxels oriented to give the
highest resolution for transverse slices. The acquisi-
tion time is 5.6 min. This sequence is good for pelvic
imaging, but is not ideal for the prostate. It was used
to acquire volumes for volunteer S1.

The second sequence was a 3D rapid gradient
echo sequence (PSIF) designed to acquire the spin-
echo component of the steady-state response, rather
than the free induction decay. The spin-echo com-

ponent forms immediately prior to the RF pulse,
and is shifted toward the prior RF pulse through
appropriate gradient waveform design. The se-
quence with 9.4/5.0/60 (TR/TEAlip) yields 160 X
256 X 128 voxels over a 219 X 350 X 192-mm
rectangular FOV and 1.4 X 1.4 X 1.5-mm voxels
oriented to give the highest resolution for trans-
verse slices. There is oversampling at 31% in the
slice direction to reduce aliasing artifacts. The ac-
quisition time is 4.3 min. This sequence gave ex-
cellent image contrast for the prostate, and was
used to acquire volumes for volunteers S2 and S3.

Imaging Experiments

We acquired high-resolution MRI volumes from
three volunteers. For each volunteer, three image
volumes were obtained with an imaging session.



Fei et al.: 3D Image Registration in Interventional MRI 261

Fig. 2. Simulated iMRI images. Images on the left, (a), (c), and (e), are the original high-resolution MR images in the
transverse, coronal, and sagittal planes, respectively. Images on the right are corresponding simulated thick iMRI images with

SNR = 10. Images are from volunteer S2.

Each volume was acquired with compatible condi-
tions. Volunteers laid supine with legs flat, similar
to the position in routine MR scanning. Between
volume acquisitions, volunteers got off the MRI
table, stretched, and walked around to ensure that
they would assume a different position when they
laid back on the table. The coil array was centered
on the prostate. All images of a volunteer were
acquired with the same MRI acquisition parame-
ters. In total, there were nine pairs of high-resolu-
tion MRI volumes for registration.

Simulation of iMRI Slice Images

We used high-resolution MRI volumes to simulate
iMRI images by creating thick slices and adding
noise and receive-coil inhomogeneity. Clinically,
we typically use an iMRI slice thickness of 4.0—-6.0
mm. We averaged three slices 1.4 mm thick to
create a 4.2-mm-thick slice.

Noise was added to the simulated iMRI im-
age. MR noise is described by the Rician distribu-
tion,2! but at reasonably high signal values it is
accurately approximated with Gaussian white
noise.?? We measured typical signal and noise val-
ues on our open magnet system using a homoge-
nous phantom and methods described else-
where.?3-24 Gaussian noise was then added to the
simulated iMRI slice images either to match the
measured SNR or to give much greater noise to
further stress registration. We report noise experi-

ments using the SNR of the simulated slice images.
Figure 2 shows high-resolution MRI and noisy
simulated iMRI slice images.

We simulated receive-coil inhomogeneity
from a belt coil used in the clinical iMRI acquisi-
tions. The coil is modeled as a solenoid, and the
magnetic field is highest at the coil center, falling
off in the axial direction. According to the Biot-
Savart law,?> this model also accounts for the spa-
tial sensitivity of the coil to MR signal sources.

Registration Experiments

We desire an iMRI slice imaging method that gives
robust, accurate registrations, and is relatively in-
sensitive to acquisition parameters. Experiments
were perfomed to determine the dependence on
slice orientation (transverse, sagittal, and coronal),
on slice position relative to the prostate (above,
centered, and below), and on image noise from fast
imaging techniques. For each volume pair, we ex-
tracted data from one volume and registered slice
images to the other volume. Many different slices
were used in experiments. Slice images are simu-
lated as described above.

Registration Evaluation

Visual Inspection

Registration experiments were evaluated by visual
inspection. We used RegViz, a program created in
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IDL in our laboratory with multiple visualization
and analysis methods. First, we manually seg-
mented prostate boundaries in image slices and
copied them to corresponding slices. This enabled
visual determination of the overlap of prostate
boundaries over the entire volume. Second, color
overlay displays were used to evaluate overlap of
structures. One image was rendered in gray and the
other in the “hot iron” color scheme available in
IDL. To visualize potential differences, it was use-
ful to interactively change the contribution of each
image using the transparency scale. Third, we used
a sector display that divided the reference and reg-
istered images into rectangular sectors and created
an output image by alternating sectors from the two
input images. This way, even subtle shifts of edges
would be clearly seen.

Comparison to Volume-to-Volume
Registration Standard

Our standard evaluation method was to compare
SV and VYV registration. Because this relies on VV
registration accuracy, we will now review our pre-
vious results.” For volume pairs acquired over a
short time-span from a supine subject with legs flat
on the table, prostates were well aligned, and pros-
tate centroid displacements were typically <1 mm.
The registration accuracy, as determined from dis-
placements of pelvic bony landmarks, was 1.6 *=
0.2 mm. This error might be overestimated because
it includes the uncertainty of locating the bony
landmarks. The centroid error was slightly smaller
because the prostate was at the volume center and
rotation errors had less effect. From our success
with VV prostate registration, it was decided that
we could obtain SV accuracy by comparison with
VV registrations for those volume pairs having low
VV registration error.

To compare SV and VV registration, we
defined a rectangular volume of interest (VOI)
that just covered the prostate and calculated
voxel displacements between the two registra-
tions. To voxels within this VOI, we applied the
transformations obtained by VV and SV regis-
trations. We then calculated the 3D displace-
ments between the transformed voxels. The mean
voxel distance was used as the metric of SV
registration error. For the evaluation of algorithm
robustness, we defined the SV registration as
being successful when the 3D displacement was
less than 2.0 mm.

Fig. 3. Sector display showing excellent pelvic registra-
tion. Image (a) is a transverse slice from a high-resolution
MRI volume. Image (b) is the corresponding noise iMRI
slice. In the sector display shown in (c), alternating rectan-
gular sections from (b) are made brighter and combined
with sections from (a) to show the matching boundaries.
The boundaries of bones and other structures are continu-
ous, as shown particularly at locations 1-4. Other slices
from this volume were also perfectly aligned, indicating
good 3D alignment. Image volumes are from Volunteer S2.

RESULTS

Slice Orientation

In Figure 3, the sector display shows a simulated
slice image registered with a high-resolution vol-
ume image. The slice image was obtained at a
transverse orientation near the center of the pros-
tate. The sector display shows excellent alignment
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Fig. 4. SV registration using slices at different orientations. The error metric is the voxel displacement between the SV and
VV transformations. Plotted are mean errors, as well as maxima and minima over a rectangular VOI surrounding the prostate.
For each volunteer, S1, S2, and S3, we registered three volume pairs. For each pair, five registration experiments were
conducted using five different simulated iMRI transverse slices intersecting the prostate. The simulated SNR was 25.
Averaging data across all volunteers gives 0.4 = 0.2 mm, 0.5 = 0.2 mm, and 2.6 = 1.6 mm errors for transverse, coronal, and

sagittal slices, respectively.

at this position. Other transverse images were also
well aligned, indicating that the registration was
successful in three dimensions.

Figure 4 shows results for single slices oriented
in the three traditional orthogonal directions. All
slices are near the center of the prostate. Compared to
VV transformations, registration error is smallest for
transverse slices and largest for sagittal slices. Aver-
aging across all transverse data, the error is only 0.4 =
0.2 mm, where the latter number is a standard devi-
ation. Coronal slices also gave quite small errors of
0.5 = 0.2 mm. As shown in Figure Sc, transverse
slices work best because they contain abundant ana-
tomical structures that do not deform relative to the
prostate. That is, a transverse slice centered at the
prostate excludes the bladder that can deform and
create an inconsistent match for registration. Figure
5a,b shows that coronal and sagittal views contain
large regions of the bladder and rectum that can
deform with filling. The following analyses are all
based on transverse slices.

Slice Position

Figure 6 shows registration results for transverse
slices at different distances from the prostate cen-
ter. Slices centered on the prostate produced the
best results, with a displacement error always less

than 1.0 mm. The reason is that slices centered at
the prostate include an abundance of bony struc-
tures giving good information for registration. They
also exclude portions of the bladder that can de-
form and create inconsistent matches for registra-
tion (Fig. 7). Slices above the prostate include the
deformable bladder, which can stress the registra-
tion algorithm, especially for volunteer S3 (Fig. 6).
Slices below the prostate mainly contain muscle
and fatty regions from the hips that can deform, and
there is less information for rigid-body registration.
This effect was more pronounced for volunteer S2
(Fig. 6).

Noise Level

Figure 8 shows registration results for transverse
slices with added noise. The typical iMRI SNR
under clinical conditions is about 25. Even when
noise far exceeded this normal situation, regis-
tration results were still quite good. A 100%
success rate was achieved with an acceptance
criterion of <2.0 mm, even when the SNR was as
bad as 10.

Robustness and Calculation Time

The registration algorithm was quite robust for
transverse slices covering the prostate. Using the
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Fig. 5. Image slices showing the advantage of transverse
images. The coronal slice in (a) contains the bladder, as
indicated by the black arrow. The sagittal slice in (b) con-
tains both the bladder (vertical arrow) and rectum (horizon-
tal arrow). The transverse slice in (c) excludes the bladder
and contains abundant bony structures.

nine volume pairs from three volunteers, the
algorithm never failed for any transverse slice
covering the prostate. In addition, the final reg-
istration result was insensitive to initial guesses
within a large range: [—60, +60] mm for trans-
lations and [—20, +20] degrees for rotations.
With the restarting algorithm, we even success-
fully registered slices as much as 80 mm from the
optimum. This working range is probably suffi-
cient for clinical applications where we can en-
sure good starting values. Using the pelvic bones
as markers and needle localization methods,26 we
should be able to position the prostate within
about =20 mm. In addition, the patient normally
lies supine in the MR bed with very little rotation
(<=5 degrees).

The time for an SV registration was typically
about 5 s on a Pentium IV 1.8-GHz CPU with 1 GB
of memory. The algorithm was written in IDL
and could probably be made much faster in a
lower-level language such as C. A call to the sim-
plex optimization typically resulted in 50 to 105
similarity evaluations before the tolerance value
(0.001) was reached.

DISCUSSION

For transverse slices covering the prostate, the
slice-to-volume registration results agreed very fa-
vorably with the volume-to-volume results. That is,

Registration Error (mm)

Above prostate

Prostate center

Below prostate

Fig. 6. SV registration using transverse slices at different positions. Groups of five iMRI slices each were extracted near the
prostate center, ~35 mm above the prostate base, and ~35 mm below the prostate apex and registered to the MR volume.
Other details are given in Figure 4. Slices at the prostate center worked best.
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Fig. 7. Transverse images at different positions relative to
the prostate. The image 35 mm above the prostate in (a)
includes the bladder, indicated by the white arrow. A slice
35 mm below the prostate in (b) mainly contains muscle
(dark) and fatty regions (white). A slice centered at the
prostate in (c) has abundant bony structures.

we found that SV is equal to VV registration, with
an average voxel displacement between them of
only 0.4 mm in the prostate. The accuracy of SV is
essentially the same as that previously reported for
VV registration.” In our previous report, it was
found that, whenever the subject was in comparable
conditions, the prostate centroid registration error
was typically <1 mm, or less than a voxel of 1.4
mm. Hence, for SV applied to images in this report,
we predict a prostate error of very nearly 1.4 mm or
less. In the previous report, it was found that when-

ever supine subjects raised their legs, the prostate
moved towards the posterior direction by about 3
mm.” Another factor that affects prostate registra-
tion is rectal filling.”-'3 Hence, we recommend that
prostate registration be done with the patient under
similar conditions by maintaining a similar posture
and by taking clinical measures to reduce rectal and
bladder filling. We see no reason to suspect that SV
registration would not be very accurate in these
cases.

Slice-to-volume registration is probably suf-
ficiently accurate for many iMRI applications.
Compared to a typical iMRI slice thickness of ~3.0
mm, SV registration is quite accurate. The accuracy
of SV is probably much better than that of multi-
modality registration, where the typical functional
image has a thickness of 3.0—4.0 mm. If one were
to use functional or high-resolution MR images
directly for targeting, the requirements for registra-
tion accuracy would be great. However, fused im-
age data will not be used blindly. Rather, one can
use fused images as a guide. Physicians will always
use the real-time anatomical iMRI images for nee-
dle guidance.?%27 With proper visualization tools,
they should be able to mentally account for any
small registration errors. In addition, there is very
often image evidence of cancer in MR prostate
images that can perhaps be identified with the aid
of functional images. Such MR-visible lesions can
become the markers for tumor targeting. As a result
of these considerations, we believe that the accu-
racy of SV registration is sufficient to justify fur-
ther investigation of its application in iMRI.

The algorithm is quite robust for the SV reg-
istration. Significantly, the registration never failed
for transverse slices covering the prostate. It was
obtained even in the presence of noise levels far
beyond those encountered in iMRI. This is very
important for iMRI, where magnetic fields are low
and imaging is fast. It was also determined that
coronal images work fairly well. This could be
useful, because two orientations might provide
more flexibility for clinical applications.

There are several reasons for the robustness.
First, using both CC and MI at different resolutions
was an important feature that increased robustness.
When only MI was used, registrations at low res-
olution very often gave false solutions that misled
registration at the next-highest resolution. Fortu-
nately, CC performed well and gave many fewer
local maxima at low resolution.” However, MI gave
a more accurate solution at high resolution due to
the peaked MI surface.” Our registration algorithm
combined advantages from the two similarity mea-
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Fig. 8. SV registration at different noise levels. The simulated iMRI image slice had SNR values of 20, 10, 5, and 3,
corresponding to added noise levels of 4, 8, 16, and 27 standard deviation gray levels, respectively. The transverse slices from
Figure 4 were used. Other details are given in the legend of Figure 4. Even though noise greatly exceeds that found in iMRI,

registration was little affected.

sures. Second, the restarting mechanism was also
quite important. Without restarting, it was found
that registrations sometimes failed in cases of vol-
umes with a large mismatch of 54 mm and high
noise. Even these cases resulted in a proper solution
when restarting was employed.

The simulation provided a realistic, simple,
and efficient way to evaluate the algorithm for our
application. The simulated iMRI images are good
representations of images from our low-field-
strength iMRI system. However, there are other
practical aspects of iMRI imaging that were not
covered in the simulations. For instance, we did not
reproduce the susceptibility artifact of an RF treat-
ment needle in our simulations. From previous
experience,!® we think this is not a problem, be-
cause the needle artifact occupies a relatively small
percentage of voxels in most cases.

Another practical aspect is possible deforma-
tion in the pelvic region. When images were ac-
quired under much different conditions, such as
supine or with legs raised, it was determined that
warping was required to successfully register the
prostate.?8-2° The warping registration method was
based upon independent optimization of many in-
teractively placed control points using MI and a
thin-plate spline transformation. About 180 strate-
gically placed control points were sufficiently ex-

pressive to capture important features of the defor-
mation. In the event that a device such as an
endorectal MR coil is used, warping registration
will be required.

Finally, we conclude that the slice-to-volume
registration algorithm is quite robust for transverse
slice images covering the prostate, and that regis-
tration accuracy is probably sufficiently accurate to
aid iMRI-guided thermal ablation of prostate can-
cer. It is quite feasible to include previously ac-
quired high-resolution MRI or nuclear images in
iMRI-guided treatment procedures, and we are be-
ginning to explore this application in animal exper-
iments.
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