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In this report we evaluate an image registration technique that can improve the information content
of intraoperative image data by deformable matching of preoperative images. In this study, pre-
treatment 1.5 teslél) magnetic resonand@R) images of the prostate are registered with 0.5 T
intraoperative images. The method involves rigid and nonrigid registration using biomechanical
finite element modeling. Preoperative 1.5 T MR imaging is conducted with the patient supine, using
an endorectal coil, while intraoperatively, the patient is in the lithotomy position with a rectal
obturator in place. We have previously observed that these changes in patient position and rectal
filling produce a shape change in the prostate. The registration of 1.5 T preoperative images
depicting the prostate substructyreamely central glandCG) and peripheral zonéP2)]to 0.5 T
intraoperative MR images using this method can facilitate the segmentation of the substructure of
the gland for radiation treatment planning. After creating and validating a dataset of manually
segmented glands from images obtained in ten sequential MR-guided brachytherapy cases, we
conducted a set of experiments to assess our hypothesis that the proposed registration system can
significantly improve the quality of matching of the total glafiG), CG, and PZ. The results
showed that the method statistically—significantly improves the quality of niatchpared to rigid
registration, raising the Dice similarity coefficientDSC) from prematched coefficients of 0.81,

0.78, and 0.59 for TG, CG, and PZ, respectively, to 0.94, 0.86, and 0.76. A point-based measure of
registration agreement was also improved by the deformable registration. CG and PZ volumes are
not changed by the registration, indicating that the method maintains the biomechanical topology of
the prostate. Although this strategy was tested for MRI-guided brachytherapy, the preliminary
results from these experiments suggest that it may be applied to other settings such as transrectal
ultrasound-guided therapy, where the integration of preoperative MRI may have a significant im-
pact upon treatment planning and guidance. 2@1 American Association of Physicists in Medi-

cine. [DOI: 10.1118/1.1414009
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INTRODUCTION studies. In this study, the position of the patient was always
supine, never moving to the lithotomy position as in our
Prostate cancer represents a major challenge for modegiudy, and the endorectal cqil.5 T) and rectal obturator
medicine. It is the most common noncutaneous malignancyp.5 T) were not employed.
diagnosed in men in the U.SAs the second-leading cause of  We have found that a significant prostate shape change
death from cancer in American men, the disease is a signifioccurs between preoperative 1.5 T endorectal coil imaging
cant cause of morbidity and mortality. Currently, three major(in which the patient is supinend intraoperative 0.5 T im-
therapies are available for treating clinically localized dis-aging(with the patient in the lithotomy positignin particu-
ease: radical prostatectomy, external beam radiation therapir, in the preoperative images, the gland appears to have a
and interstitial radiation deliver§orachytherapy It has been  smaller anterior—posterior dimension and a wider transverse
shown that there are significant side effects that may resullimension than in the intraoperative imagéEhese changes
from radical surgical or radiation treatment, including geni-in shape likely result from differences in rectal filling and/or
tourinary, gastrointestinal, and sexual dysfuncfiofihese patient position necessitated by the procedure. Differences in
complications represent significant issues because not algctal filling may be explained by the fact that preoperative
those diagnosed will necessarily die from prostate canceimaging is performed with an endorectal imaging dsilir-
Thus, a balance between definitive cancer control, the preseunded by an inflatable balloprvhile during MR-guided
ervation of physiologic function, and the maintenance ofbrachytherapy, a smaller rectal obturator is placed in the rec-
quality of life is an important goal. These issues have madeéum (to fix a perineal templaje
highly accurate treatment delivery extremely important in  Our main objective in this study is to evaluate a novel
therapy for localized prostate cancer. Indeed, image-guidedpproach for improving the information content of 0.5 T in-
interventions such as transrectal ultrasoWmMBUS)-guided  traoperative images by matching pretreatment 1.5 T images
brachytherapy are increasingly performed within the field ofusing a finite element model-based deformable registration
radiation oncology and prostate cancer therapy. system. The method, previously presented elsewHeie,

A recently developed treatment option is magnetic resosuitable for an application in prostate matching, since it at-
nance (MR)-guided brachytherapy, performed in an open-tempts to preserve the biomechanical topology of the soft
configuration 0.5 tesl4T) interventional MR scannérThis  tissue. The matching is performed on MR-guided brachy-
technique combines the superior soft tissue contrast of MRherapy image data by rigidly and then nonrigidly registering
with the flexibility of intraoperative imaging. In our practice, the preoperative 1.5 T images to intraoperative 0.5 T images.
the peripheral zonéP2) of the prostate is selected to be the Although this strategy was tested on MRI-guided brachy-
clinical target volumgCTV).2 This system allows for intra- therapy data, it could potentially be applied to other settings
operative 1-125 seed placement planning based on a CT\uch as TRUS-guided therapy, where the integration of pre-
which is defined using intraoperative T2-weighted fast spiroperative MRI may have a great impact upon treatment plan-
echo(FSB MR images. During the procedure, fast gradientning and guidance. Similar glandular deformations due to
recalled(FGR) images obtained in near real tint@pprox. 4  patient position and rectal filling may occur with TRUS.

s per imagg are used for needle guidance and seed place- After creating and validating a dataset of manually seg-
ment. The implant is performed using a perineal templatenented glands from images obtained in ten sequential MR-
with the patient in the lithotomy positiofas it is in conven- guided brachytherapy cases, we conducted a set of experi-
tional TRUS-guided implanjs ments to assess our hypothesis that a deformable registration

Although 0.5 T T2-weighted images provide good visual-System can significantly improve the match between pre- and
ization of the glanc?,l.S T imaging with an endorectal coil intraoperative prostate images.
provides better spatial resolution and contrast. In particular,
the ability to visualize the substructure of the prosfaten- MATERIALS AND METHODS
tral gland (CG) and PZ is much improved:® Pretreatment
1.5 T images provide detail, allowing accurate definition of
the gland, its margins, and in most cases, the tumor, all of Ten sequential MR-guided brachytherapy patients were
which are useful for complete treatment planning. It shoulddentified retrospectively, excluding those who had under-
be noted that of all modalities, MR imaging of the prostategone previous external beam radiation therégy this can
provides the most optimal imaging not only of the gland andproduce confounding shape and signal intensity changes in
its adjacent structures, but importantly, of its substructurethe gland. The entry criteria for patients into the MR-guided
The quality of MR imaging exceeds that of CT. In particular, brachytherapy program at our institution have been previ-
CT images cannot accurately define substructure nor caously described.
they define the inferior and superior borders of the prostate. All patients underwent preoperative 1.5 T MR imaging

To date, little work has been published with the objectiveusing an endorectal coil with an integrated pelvic-phased
of applying rigid and nonrigid registration systems to pros-multicoil array(Signa LX, GE Medical Systems, Milwaukee
tate images. Most methods employed manual matching using/l). The endorectal coil is a receive-only coil mounted in-
visible landmark$:” Prior work by van Herk attempted to  side a latex balloon, and assumes a diameter of 4—6 cm once
quantify rigid translation and rotatiofwithout deformatioh inflated in the patient’s rectumThe patient is placed supine
of the prostate betwedproton densityMR and CT imaging in the closed-bore magnet for the imaging examination. The

Patient selection and imaging protocols
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Segmentation

Deformable
Registration

/

% Deformation Map Fic. 2. Three-dimensional mesh representation of the finite element model
of CG (red) and PZ(dark blue of the prostate, shown against normal pelvic
anatomy on 1.5 T MR imagingpbladder and ureteiblue); vas deferens and
seminal vesicles(yellow); and endorectal coil(black in the rectum

Registered and deformed (brown)].
Pre-OP scan

taining five cases. Each set was assigned to an operator. For
Fic. 1. The process flow chart describing rigid and deformable registratiorthe assessment of reliability of segmentation the operator
of 1.5 and 0.5 T MRI in prostate brachytherapy. . . !

independently and blindly segmented the 1.5 and 0.5 T

datasets five times in random sequence. In segmenting the

1.5 T T2-weighted images were fast spin e¢R8E) images 0.5 T datasets, the operator was permitted to refer to preop-
(4050/135, field of view of 12 cm, section thickness of 3eérative (1.5 T) scans, in accordance with actual brachy-
mm, section gap of 0 mm, matrix of 25&56, 3 signal therapy sessions.
averager Typical acquisition times are 5—6 min.

Intraoperative imaging was performed in the open-image registration strategy
configuration 0.5 T MR scannéBigna SP, General Electric
Medical Systems, Milwaukee, WIreferred to as the Inter-
ventional Magnetic Resonance TheraMRT) scannef!
Each patient was placed in the lithotomy position in order t

A software system was developed to automate the process
of first rigid and then nonrigid registration of the image
odatasetsFig. 1). In order to apply deformable registration, a

facilitate prostate brachytherapy via a perineal template. ThE9id registration step was necessary to center the pre- and
perineal template is fixed in place by a rectal obtursfogm  Intraoperative image series about the same point and correct

diam). T2-weighted FSE imagegaxial and coronal, 6400/ for scaling(based on supplied voxel dimensionhe auto-
100. field of view of 24 cm. section thickness of 5 mm. Mmated system first resampled both datasets to have isotropic
section gap of 0 mm, matrix of 256256, 2 signal averages voxels matching the in-plane voxel dimension of the preop-

were acquired in the MRT scanner using a flexible externafative dataset@usually ~0.39 mm). The system then com-
pelvic wraparound coil, with typical acquisition times of 6 Puted the center of mass of the 1.5 and 0.5 T segmented
min. datasets using the total glad@G) voxels and translated

(without rotation the datasets in order to center them about
the same voxel.

The three-dimensional image matching system described

The three-dimensiondB-D) Slicer'? is a surgical simula- in Refs. 10, 13 was then used to perform deformable regis-
tion and navigation tool that can display multimodality im- tration on the datasets. In summary, the method involves the
ages either two- or three-dimensionally. In this study, the 3-Cfollowing steps:(1) a finite element model with tetrahedral
Slicer was used to facilitate manual segmentatian, con- elements is created from the segmented images derived from
touring of the CG and PZ of the prostate in T2-weighted the initial preoperative 1.5 T scan®) the central gland and
images from the 1.5 and 0.5 T studies. The ten cases wegeripheral zone are labeled separately within the mesh, al-
randomly divided into two balanced sets, with each set conlowing different material properties to be assigned to each

Segmentation
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region (Fig. 2); (3) the boundary surface is extracted from
this mesh and is treated as an elastic membrane that is de-
formed iteratively in three dimensions so as to match the
corresponding boundary of the segment&€®) datasets de-
rived from the 0.5 T intraoperative scans, using an active
surface algorithm described in Ref. 14) the surface defor-
mations from stef3) are used as inputs in the finite element
model so as to infer a volumetric deformation field; &byl
the volumetric deformation field from the previous step is
interpolated onto the original image grigither the seg-
mented or original gray scale image dataset

Thus, the modeling system accepts as input segmentations
of the CG and PZ from the preoperative.5 T) dataset as
well as segmentations asnly the TG at 0.5 T. A three- Eg. 3. An illustration depicting the manually selected points in the point-
dimensional mesh modétontaining representations of the based validation experimefd zoomed 1.5 T image is showrs described
CG and PZ derived from the 1.5 T label dataset is deform- in the text, ppints land 2 were _select_ed‘ in the posterior aspect qf the PZ and
ably registered with the surface of the 0.5 T dataset. ThE>,(eSPeclveb et he midine, Midine sucturee and loca mage chr
resultant deformation field is applied to the original 1.5 T reference in selecting the points in corresponding images.
label dataset, thus producing deformed preoperative label
images whose contours are now registered with the intraop-
erative images, and in which the inferred relative position ofvalues was obtainefiCG: E=30kPa andv=0.2; PZ: E
internal featuredi.e., CG/PZ interfaceare displayedsee =3 kPa andv=0.4], which produced the most anatomically
later). Applying the same deformation field to the original consistent results, and was held fixed for all trials. A more
1.5 T gray scale images produces deformed MR images irigorous choice of parameters would requiinevivo experi-
which corresponding internal anatomic positions are regismental studiegideally) or numerical studies to determine
tered between pre- and intraoperative datasets. these values for prostate tissusse the Discussion

The finite element modeling system described above is
based upon an isotropic, linearly elastic material framewor :
(discussed below, and see Ref).18uch materials are char- HExperlment protocol
acterized by two parameters: Young's elastic modiwsnd It is first necessary to validate the dataset of multiply
Poisson’s ratiav. Young's modulus is the elastic modulus for (manually segmented prostate glan@G and CG/PZ from
tensile stress, and represents the ratio of stfesse per the pre- and intraoperative imaging sessions to establish that
area to strain(fractional increase in lengtlin the direction  this can be done reliably in both image datasets. In order to
of the load for a given material. Poisson’s ratio is the ratio ofévaluate the agreement in any pair of repeated measures us-
the strain perpendicular to the applied Id#ateral strainto ~ ing two independent two-dimensional segmentation occa-
the strain in the direction of the applied loalxial strain. sions, a measure of similarity between two segmentations
Together, these parameters determine the elastic properties\s@s adopted. For voxel-by-voxel classification agreement, as
the material being modeled. In our model, the CG and PZ aré necessary for a comparison of MRI segmentation datasets,
segmented as separate structures, and a tetrahedral mesfihig Dice similarity coefficientDSC) has been employed:*®
generated for each, sharing common mesh nodes at the corhhe DSC is given by
mon b'oundary. An inhon.1og§:neousf linearly elast'ic quel of 2a 2n{A;NA,}
behavior under deformation is obtained by selecting different DSC= 2atbic AT AL
values of Young’s modulus and Poisson’s ratio for the mesh 1 2
elements of the CG and the mesh elements of the PZ. Alwherea is the number of voxels common tehared byboth
though the choice of these parameters is critical to the relidatasetsb is the number of voxels unique to the first dataset;
ability of a physics-based biomechanical model, they have is the number of voxels unique to the second data&et;
not, to our knowledge, been determined experimentally oand A, are the set of voxels identified as signal in the first
numerically for prostate tissues. and second dataset, respectively, amdh} is the number of

Consequently, the values & and v used in the biome- elements in sef. It has been shown that the DSC may be
chanical deformation model were chosen based upon ounterpreted as a special case of the widely used Kappa coef-
prior experience with brain modeling. Using a starting valueficient (see Refs. 15, 17, and 18 he DSC is appropriate in
of E=3kPa and v=0.4 (appropriate for brain comparison-of-agreement studies, and has been employed
parenchym®), trial registrations were made iteratively on a in previous studies of this natuté,including, specifically,
single case and the results inspected at different valu&s of segmentation agreemelitlt is generally accepted that a
and v. It became apparent from initial runs that the observ-value of DSC>0.7 represents excellent agreement.
able deformation of the CG and PZ varied considerably, with  Next, the difference in quality of the match between pre-
the PZ experiencing greater deformation. By separately varyand intraoperative datasets as a result of the deformable reg-
ing the values of the parameters for the CG and PZ, a set d$tration system was assessed. The DSC for the 0.5 T “stan-

()
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dard” and the undeformed and deformed 1.5 T segmental#BLE |. Interoperator agreement study, summarizing the correspondence
tions was computed separately for TG. CG. and PZ beforgDSC) after repeat segmentation of the prostate and its substrucNmés.

and after deformable registration. Similar analyses compar2 values<0.005 in all hypothesis tests for mean DSC.70 in each seg-
g ) Y P mentation pair. DSC—dice similarity coefficient; CG—central gland; PZ—

ing the volume of TG, CG, and PZ were carried out. peripheral zone; TG—total gland.
As an additional measure of deformable registration accu

racy, two sets of points were manually selected in corre- _Mean(95% C) PP
sponding midaxial slices of the rigidly registered pre- ang2rerater Method _Region bsc Segmentation Case
intraoperative scans in each of the ten cases. These points 1 L5TMRI TG  0.950.92, 0.97 0.15 <0.005
were selected in consultation with an expert in pelvic imag- CG  0.93(0.89, 0.96 030 <0.005
ing, using the image display and navigation software de- 0.5T MRI _Fr’é gzgiggjgg' 8:3; g:éi zg:ggg
scribed in Ref. 12. In the 1.5 T dataset, the first péRuint CG  091(0.85 0.94 072  <0.005
1) was selected at the posterior border of the PZ near the PZ  0.82(0.77, 0.87 0.31 <0.005
midline and the second poiriPoint 2 was selected at the 2 15TMRI TG  0.96(0.95,0.97  <0.005 <0.005
posterior border of the CG near the midlifieig. 3. The CG  0.94(0.92, 0.96 018  <0.005
corresponding points in the 0.5 T images were selected using 05T MRI _'?(Z; 822228:28’ 8:3‘; gzgg ig:ggg
standard midline structurésuch as the pubic symphysiss CG  091(0.82 0.97 049  <0.005
well as patient-specific local image intensity characteristics PZ  0.85(0.78, 0.91 0.04 <0.005

(e.g., such as a local nodule of benign prostatic hyperplasia;
etc) for refgrence. The movement of t_he manually p.lacedAssessment of registration agreement
landmarks in the deformetby our algorithm preoperative o , o ,
data was tracked. The distance between the corresponding Because the above validation study did not indicate a sig-
identified points in the 0.5 T dataset and the undeformed anf@ificant difference in segmentation occasions by the two op-
deformed preoperative 1.5 T images was measured and corfirators, all t?” cases were pqoled n thg subsequent analysis
pared. As a measure of within-case variability, one case wa@nd comparison of pre- and intraoperative results. For each

selected at random and the measurements were repeated Ynthe Six combinations of method#/RI and MRT) and
the five separate runs of the modeling systémsed on the Segmentation of the glan€G, PZ, and TG summary sta-
five separate segmentations tistics of the DSC measures, as well as a 95% confidence

interval were reported separately for the shapes with and
without (finite element-basgddeformation. The statistical
hypothesis that the mean DSC was improved after finite
element-based deformation of the gland was tested using a
one-sided pairedl test. The case effects were also evaluated
Assessment of segmentation agreement using a stratified analysis by case. Finally, a two-way
ANOVA with case replicates was used to assess the statisti-
cal significance of the effect of shapeith and without de-

Statistical methods

In order to validate our multiply segmented 1.5 T
(“MRI” ) and 0.5 T("MRT” ) datasets, we conducted an X
agreement-of-repeated-segmentations study. We labeled eratlon) and the effect of case on the DSC values.

segmentation pairs from the 5 segmentation occasions atls In the anaIIyS|stof v?lumetfor CG a][_ld tPZ pﬁotlje(tj over all
1-2,1-3, 1-4, 1-5, 2-3, 2-4, 2-5, 3—4. 3—5. 4iesii- en cases, a log transformation was first applied to symme-

cating every possible combination of segmentatiofr trize the ((j:iatat and forxﬁrglc:e stab|I|z|at|?r:. dSLtJmmary mea(—j
each of the 12 combinations of operatétsand 2, imaging Sures an tha Wc:—wayd i .\;vheret(k:‘a CL;]a € ; a?se_frs] and
(MRI and MRT), and segmentation of the glaf@G, PZ, compare the volume due to either In€ shape efiect with an

and TG, summary statistics such as the mean and standa?ﬁ'thOUt deformanon or to the case effect. .
deviation of DSC values over the cases were calculated. In the pomt-track_lng experiment, summary statistics
Based on these statistics, a 95% confidence interval was Cogpean, staqdard dewatlo_n, and rangé the displacements
structed separately for each of the segmentation pairs and fc()'inm) of points 1 and 2 in the undeformed and deformed

each case. Because any DSC value was restricted betweerpﬁaoperative Images as compared to the corresponding points
in the target(intraoperativgé images have been computed. In

and 1, but tended to vary close to 1, a log transformation of? (€ )
y 9 ddition, paired tests were performed to assess whether the

the DSC value was used and the confidence interval was fir ¢ betw h di int duced aft
constructed in the log space and then transformed to the r 1stance between he corresponaing points was reduced atter

stricted DSC space. Here we did not pool the cases of thgeformable registration. In the repeated-measurement experi-
two operators, with the consideration that these operato ent, the reproducibility of the measurements was assessed

might have different underlying reliability results. The intra- y computmg_ the coefficient of variatiofthe ratio of the
class correlation coefficiett for measuring agreement standard deviation to the maan

within any segmentation pair was computed. Additionally, aRESULTS

two-way analysis of variancéANOVA) F test was con-
ducted to assess the statistical significance of the effects
case or segmentation occasion on the disagreement in any The mean DSC values over ten segmentation occasions
segmentation pair. and five cases for each operator are presented in Table I. All

4issessment of segmentation agreement
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TasLE |l. Mean Dice similarity coefficient of undeformed 1.5 T MRI and deformed 1.5 T MRI using 0.5 T
intraoperative MRI as standarblote: pvalues<0.005 for all hypothesis tests evaluating whether the mean
DSC of the undeformed group is less than the mean DSC of the deformed group. CG—central gland; PZ—
peripheral zone; TG—total gland.

Mean (95% Cl) DSC of undeformed Mean (95% Cl) DSC of deformed
Region data using 0.5 T MRI as standard data using 0.5 T MRI as standard
TG 0.81(0.68, 0.94 0.94(0.89, 0.99
CG 0.78(0.63, 0.93 0.86(0.77, 0.95
PZ 0.59(0.40, 0.79 0.76(0.62, 0.91

95% confidence intervals had lower bounds above 0.70, with The similarity results over all ten cases are shown in
the latter DSC value used as the benchmark value for excelFable 1l. Without finite element-based deformable registra-
lent agreement?® As expected, all underlying mean DSC tion (but following a center-of-mass-based rigid registrakion
values were statistically significantly greater than 0.70, basethe mean DSC values were 0.81, 0.78, and 0.59 for TG, CG,
on one-sided pairetitests £<0.005). Segmentation agree- and PZ, respectively. By comparison, after deformable reg-
ment results for TG(mean DSC ranged 0.94-—-0)9@ere istration, higher mean DSC values were observed: 0.94, 0.86,
slightly greater than those for C@ean DSC ranged 0.91— and 0.76, respectively. When comparing the underlying mean
0.94), which, in turn, were greater than those for Rdean  DSC values with and without deformation for all areas of the
DSC ranged 0.82—-0.90We also obtained fair to good esti- prostate, one-sidedtests showed that the DSC values were
mated intraclass correlation coefficients, ranging from 0.46-statistically significantly improved when deformable regis-
0.77 for the first operator and 0.34-0.85 for the second optration was applied §<0.005). These improvements oc-
erator, as measures of intersegmentation agreement. curred in all tested cases and repetitions. The ANOVA F tests
The ANOVA F tests suggested that the effect due to re-confirmed that shape had a statistically significant effect on
peated segmentation occasions was not statistically signifi-
cant for most cases, except for 1.5T MRIG (p<0.005)
and for 0.5TMRKPZ (p=0.04) by the second operator.
This suggested that there was slight operator variability in
the segmentation performances. In addition, the effect due to
case was statistically significanp< 0.005) for all combina-
tions. This may explain some of the operator variability.

Assessment of registration system

The registration strategy described above was run on each
of the five (repeat segmented datasets derived from each of
the ten cases. In each case, the TG contour of the pre and
intraoperative datasets was used for the initial rigid registra-
tion. Following this, tetrahedral meshes of the CG and PZ
based on the preoperative segmentations were created. The
mean edge length, corresponding to the discretization step,
was approximately 2.0 mrin our method, the number of
elements is higher at the boundary, so the edge length varied
between approximately 0.1 and 3.9 mr8urface matching
between the preoperative surface and the intraoperative TG
boundary was performed, and the result of this served as a
boundary condition for the calculation of the volumetric de- (© (d)
formation field. The volumetric deformation field calculated
from the modeling system was then applied to the preoperasc. 4. A typical axial slice demonstrating the deformable registration sys-
tive gray scale and segmenté@G/PZ) datasets, producing tem. Initial rigid alignment is provided by a center-of-mass-dependent pro-
deformed(matched gray scale and segmentation data. UsingCess described in the texa is the segmented 1.5 T image, showing the CG

. . Z(gray) and PZ(white). (b) is the segmented 0.5 T intraoperative image in the
current versions of our software, the entire program runs IrEorresponding slice plane. Note that the modeling system receives as input
approximately 6 mins, with approximately 2 mins necessaryegmentations from 1.5 T with the CG/PZ boundary, but only the TG con-
for the rigid registration and resampling steps; 2 min for thetour of the 0.5 T series(c) shows the deformed 1.5 T image with the
active surface matching; and under 2 min to calculate angédmentatiorti.e., CG/PZ boundayyinferred via application of the com-
apply the volumetric deformation fieldUltra 80, 450 MHz puted deformation map. For comparisdd) is the same image db), with

- Sl the CG/PZ interface segmented by a human obsdiher standard in sta-
Ultra SPARC-II; Sun Microsystems; Mountainview, GA. tistical testy. Note the agreement betweés) and (d).

(b)
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aries and Fig. 5 illustrates the deformed preoperative gray
scale image registered so as to match the three-dimensional
surface contour of the intraoperative image series.

The volume results over all ten cases are summarized in
Table lll. For the CG, the means of volume wépgeopera-
tively) 28.36 cni without deformation, 28.49 chrwith de-
formation, and 27.68 cthunder 0.5 T MRI (intraopera-
tively), respectively. For PZ, the means of volume were

2 k. (preoperatively 16.85 cni without deformation, 17.26 cin
(a) () with deformation, and 19.58 chunder 0.5 T MRI(intraop-
eratively), respectively. Pairetl tests suggested that the de-
formable registration system did not statistically significantly
change the mean volume results. However, the effect of case
was statistically significantg<<0.005) in each structure.

Summary results of the manually identified point tracking
experiment are given in Table IV. As shown, the mean dis-
tance between point ¢he point at the PZ bordgirdentified
in the rigidly registered 1.5 and 0.5 T images was 4.20 mm.
This mean distance was reduced to 1.01 mm after deform-
able registration. For point @n internal point on the poste-
rior border of the C§ the mean distance changed from a
prematched value of 1.76 to 0.73 mm after deformable
matching. Also of interest, the maximum displacements of
points 1 and 2 changed from 5.97 and 3.50 mm to 2.30 and
1.56 mm, respectively, following deformable registration.
The repeated-measurement experiment conducted on a single
case gave consistent results, yielding coefficients of variation
of less than 0.20 for all measurements, indicating satisfactory
reproducibility.

DISCUSSION

We have created and validated a retrospective dataset of
Fic. 5. (a)—(c) depict the application of the calculated volumetric deforma- segmented prostate glands from pre- and intraopera’[ive stud-
tion field from the case presented in Fig. 4 to the original 1.5 T gray scalq f ients wh revi | nderwent MR-aui ros-
image.(a) is the original 1.5 T imagfrom which(a) in Fig. 4 was derivefi tef ob paLeﬂ;(S 0 FL)Je ously u tde ted t gu dtehd P Oj t
(b) is the deformed gray scale imafeorresponding tdc) in Fig. 4]. (c) is a e rachy era_py. sing an au Oma ed sys em'_ ese data
the 0.5 T slicgcorresponding tdb) and(d) in Fig. 4]. (d)—(f) are a similar ~ Series were registered by translating them to align corre-
series of(d) preoperative(e) deformed preoperative, arif) intraoperative  sponding centers of mass, and deformed using a 3-D finite

images from another case. Note the match betwbgand(c); and(e) and _ : : :
(). Note also the poorer resolution and more difficult delineation of the CGe'emem based biomechanical mOdelmg system. The model

and PZ boundaries in the intraoperative 0.5 T image. Reasons for the varf¥as successfully applied to two different sets of f'V? cases,
ability in the intraoperative appearance of the PZ are discussed in the texeach set segmented by an independent operator five times.

This approach simulates multiple repetitions of five different
brachytherapy cases for two independent operators, allowing
the DSC values§<0.005). As before, the case effect was effective preliminary testing of the model.
also significant p<<0.005). So far, very little work has been done to develop registra-
Figures 4 and 5 highlight typical results from the experi-tion systems for prostate images obtained in US, CT, x-ray,
ment, demonstrating the output of the deformable registraer MR. Manual matching with visible landmarKse., ana-
tion method. Figure 4 shows the inferred CG and PZ boundtomical or treatment seedshas been used to match US to

TasLE Ill. A comparison of preoperative undeformed, deformably registered, and intraoperative CG and PZ
volumes.Note: CG—central gland; PZ—peripheral zone; TG—total gland.

Mean volume(95% C)) (cn®) Mean volume(95% C)) (cm®) Mean volume(95% C) (cn)

Region Undeformed 1.5 T MRI Deformed 1.5 T MRI 0.5T MRI p?
CG 28.36(23.53, 33.19 28.49(23.62, 33.3p 27.68(22.79, 32.5y 0.68
Pz 16.85(15.90, 17.79 17.26(15.92, 18.6D 19.58(18.02, 21.14 0.23

®Hypothesis testing for equivalence between undeformed and deformed volumes did not yield a statistically
significant volume change.
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TaBLE IV. The distance between manually placed and deformed landmarks in preoperative images compared to
corresponding points in intraoperative images.

Mean distance in mm between the point inMean distance in mm between the point in
undeformed preoperative and intraoperativedeformed preoperative and intraoperative

Point images(SD) (range images(SD) (range p?
1 4.20(1.26) (1.95, 5.97 1.01(0.56 (0.47, 2.30 <0.005
2 1.76(0.73 (0.78, 3.50 0.73(0.40 (0, 1.56 <0.005

%Pairedt tests showed that the linear distance in mm between the landmarks and the target position in the
intraoperative image was lower in the deformed as compared to the undeformed dataset for both sets of points.

CT® and radiographs to MR to assess post-implant dosim- not be ideal due to the large deformations encounténett
etry, as well as to match CT to MR for the assessment ofvithstanding the matching results noted above
conformal radiation therapy.However, these were inher- Although the model permits tissue inhomogeneitiie
ently manual approaches, and required visible landmarks. Iseparate selection of Young’s modulus and Poisson’s)ratio
the analysis by van Herkrigid registration(translation and  for the CG and PZ, the choice of parameters was restricted
rotation) of the prostate in MR and CT studies was achievedby the paucity of literature dealing with the vivo assess-
using a chamfer matching technique. In this study, the poorement of prostate biomechanical tissue propert@s men-
quality of prostate matching as compared to bone was attrikiioned earliey. While experimental and numerical work has
uted to shape differences of the gland, or segmentation errdoeen done to estimafeand v for the brairi? and some other
However, the observed shape changes were sufficiently smalssues, to our knowledge these parameters are not known for
that consistent results were obtained using a rigid registratioprostate tissues. As discussed, the choice of parameters was
system. It must be noted that in van Herk’s study, the patientletermined by varying the values Bfand v on a single case,
position was fixedsuping and the endorectal coil and rectal and identifying the parameters that gave the most anatomi-
obturator were not employed. These factors apparently corgally accurate matching resultdeld fixed for subsequent
tribute to the large shape changes that we have observedals).
between pre- and intraoperative prostate imagding. The parameters used for the PZ are similar to those se-
Our rigid registration strategy consisted of translationlected by others for brain parenchyffarhe values selected
without rotation because in our datasets, rotations about thier the CG reflect a higheE (consistent with a stiffer
base—apex and anterior—posterior axes were not observeibsué®) and a smallew (possibly a result of fluid movement
However, it is possible that some degree of rotation occurredr tissue changesHowever, it is extremely important to
about the left-right axigi.e., a forward rol), or that a com-  note that in this study, the selected valuesEand v repre-
bination of rotation and deformation occurred. Unfortunately,sent the macroscopic behavior of the entire tissue in our
using current imaging systems, it is not possible to distin-modeling system, but may not be representative of the mi-
guish these components with certainty. Although a visual incroscopic properties of the tissue itself. These parameters are
spection of the rigidly registered datasets suggested that obetter regarded as “apparent” values that were selected on
approach was satisfactory, it is nevertheless important to notthe basis of image match qualitgee Ref. 24, where appar-
that our modeling system will explain changes in shape as ant v values were selected based on anatomical variahility
deformation. Other systems that compute rigid registration&\lthough the selected parameters gave coherent results in
with only free rotation may equally explain deformation our experiments, further validation with higher resolution
changes as rotation. Future advances in high resolution peimaging or experimentation is required.
vic imaging may clarify this. Significant volume changes did not occur, despite the fact
To our knowledge, our study represents the first time thathat thev values are not 0.5. This result is related to the fact
a biomechanical finite element-based deformable registratiothat the preoperative TG surface is matched to the intraop-
system has been applied to prostate image data. Since tleeative TG boundaryactive surface matghThis constrained
modeling system is able to infer volumetric deformationthe volume change of the deformed preoperative TG, allow-
based upon surface displacements, it is not necessary tog the algorithm to correctly represent the biomechanical
quantify the potentially numerous surface-acting forces thatopology of the gland. Thus, the choice of tissue parameters
may be responsible for the gland’s deformation. Another adhad a greater effect on final node position than cell size.
vantage of the method is that surface correspondences aHowever, current limitations in image contrast and resolution
determined automatically during the active surface matchingvill influence the accuracy of volume measurements in this
(based on TG contoursconsequently, the manual selection study.
of individual correspondence@vhich is subject to human Area-based and point-based measures were used to assess
error is not required. the accuracy of the deformable registration system. One dif-
A limitation of the current registration method is that it ficulty in assessing registration is that the highest resolution
uses a linearly elastic and isotropic framework. The assumpmaging occurs in the preoperative setting. However, it is the
tion of tissue isotropy has never been tested for the prostateonformation of the gland in the intraoperative setting that is
In addition, the choice of a linear elasticity framework may most important for procedure planning. Thus, the intraopera-
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tive appearance of the gland must serve as the standard itcappears that the method is able to significantly improve the
which matching results are compared. Using preoperativguality of the match for the CTV.
T2-weighted MR imaging with an endorectal coil, the TG  Although in this study we demonstrate the application of
contour, as well as that of the CG, PZ, and in many caseghis modeling approach for 1.5 on to 0.5 T MR deformable
tumor foci can be identified. In the intraoperative imaging,registration, the approach clearly has implications for multi-
the TG is still relatively easy to identify. The CG and PZ alsomodality (i.e., MR, MR-spectroscopy, eicimage registra-
canbe identified, however, the segmentation is more difficulttion and fusion. In particular, preoperative MR to intraopera-
because of the relatively poorer soft tissue contrast and resdve ultrasound image fusion could substantially improve the
lution (related to the lower field strength; see Fig. Sub-  information content of intratreatment imaging. Finally, since
structure delineation at low-fieltd.5 T) strength is particu- this approach allows us to infer the location of internal ana-
larly difficult if there is diffuse T2 hypointensity of the PZ, tomical features, it has a potential application in delineating
due to tumor, prior external beam or interstitial radiationthe location of tumor foci for highly targeted image-guided
therapy, hormonal therapy, or prostatitise latter three fac- h€rapy in which intraoperative imaging may not be able to
tors were excluded in our stuglyThis variability can be seen adequately resolve the region of interest.
by comparing Figs. &) and gf) (from different patients

This motlvates our desire to predlct internal anatomy andCONCLUSIONS
deformation based on changes in the TG contour. To assess
this, segmentation agreement was measured before and afterTo increase the accuracy of intraprocedure navigation,
deformable registratior{Table 1) using a previously de- one of our objectives has been to increase the information
scribed similarity measuréRefs. 15 and 256 Although the  content of images obtained under real-time guidance. We
“ground truth” in this experiment was the manual segmen-have retrospectively demonstrated a method that increases
tation of the CG and PZ from 0.5 T imaginighere a sub- the information content of intraoperative prostate imaging
structure can be difficult to identify this was necessary in Using high resolution preoperative data. The method matches
order to verify the accuracy of the output. This approach als@reoperative high-resolution images to intraoperative im-
has the advantage of comparing registration accuracy ovétdes, using an initial rigid and then a nonrigid, finite
the entire gland. Further validation was conducted by track€lement-based registration strategy. Applying the matching
ing the displacement between manually identified correSystem prospectively can next test the utility of this method
sponding points before and after deformable registratiof facilitate accurate identification of the CTV during brachy-
(Table IV). therapy sessions. The ultimate goal of such methodologies is

These experiments showed that by applying a deformablt® _be able to identify the tgrge.t in a highly accurate fash.ion
registration system, it is possible to significantly improve thelSing matched preoperative imaging, and then to deliver
correspondence between MR images obtained pre- and intrRighly localized therapy under real-time guidance.
operatively, when compared to rigid registration alone. Es-
sentially, this can result in higher “information-content” 0.5
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