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Improving image-guided target localization through deformable
registration

KRISTY K. BROCK!, MARIA HAWKINS? CYNTHIA ECCLES', JOANNE L. MOSELEY!,
DOUGLAS J. MOSELEY', DAVID A. JAFFRAY' & LAURA A. DAWSON'

' Radiation Medicine Program, Princess Margaret Hospital, University Health Network and the University of Toronto,
Toronto, Ontario, Canada and 2Royal Marsden Hospital, London, UK

Abstract

Purpose. To quantify the improvements in online target localization using kV cone beam CT (CBCT) with deformable
registration. Methods and material. Twelve patients treated under a 6 fraction liver cancer radiation therapy protocol were
imaged in breath hold using kV CBCT at each treatment fraction. The images were imported into the treatment planning
software and rigidly registered by fitting the liver, identified on the daily kV CBCT image, into the liver contours, previously
drawn on the planning CT. The liver was then manually contoured on each CBCT image. Deformable registration was
automatically performed, aligning the CT liver to the liver on each CBCT image using MORFEUS, a biomechanical model
based deformable registration algorithm. The tumor, defined on planning CT, was mapped onto the CBCT, through
MORFEUS. The center of mass (COM) displacement of the tumor was computed. Results. The mean (SD) displacement
magnitude (absolute value) of the COM following deformable registration was 0.08 (0.07), 0.10 (0.11), and 0.10 (0.17) cm
in the left-right (LR), anterior-posterior (AP), and superior-inferior (SI) directions, respectively. The maximum
displacement of the COM was 0.34, 0.65, and 0.97 cm in the LR, AP, and SI directions, respectively. Fifteen percent of
the treatment fractions had a COM displacement of greater than 0.3 cm and 33% of patients had at least 1 fraction with a
displacement of greater than 0.3 cm. The deformable registration, excluding the manual contouring of the liver, was
performed in less than 1 minute, on average. Discussion. Rigid registration of the liver volume between planning CT and
verification kV CBCT localizes the tumor to within 0.3 cm for the majority (66%) of patients; however, larger offsets in
tumor position can be observed due to liver deformation.

Precision in tumor localization at the time of treat-
ment has seen significant advancements over the last
decade. Starting with 2D MYV portal images, bone
anatomy was viewed and aligned prior to treatment
[1]. Implanting fiducial markers allowed soft tissue
surrogates to be aligned at the time of treatment [2].
The introduction of kV portal imaging allowed for
some soft tissue guidance as well as smaller fiducial
markers to replace the larger markers required for
visualization with MV imaging [2—4]. The advent of
in-room volumetric imaging, including kV cone-
beam CT (kV CBCT), MV CBCT, and tomographic
images has allowed an unprecedented view of the soft
tissue anatomy in the treatment position immediately
prior to radiation delivery [5-8].

Developments in image registration have followed
this progression of online image guidance. Manual

and semi-automatic registration of boney alignment
allowed 2D portal images to provide guidance for
the patient’s treatment [9-12].

Simulated 3D image registration by aligning both
2D planar images and developing further automa-
tion in image alignment was used to improve the
accuracy and efficiency of online image guidance.
Volumetric images provided the opportunity to
improve registration by alignment of the entire image
or the volumetric region of interest (ROI) at the time
of treatment with the planning CT. However, with
the abundance of information available in volumetric
imaging, it became obvious that the patient was not
always able to be registered to the reference geome-
try using rigid registration alone, as internal anatomy
often changed in position, volume and/or shape
compared to that from the planning CT.
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The development of deformable registration tech-
niques has primarily focused in the treatment plan-
ning space, aligning multi-modality images and
temporal images to provide a more consistent and
complete description of the patients’ anatomy and
physiological motion. Deformable registration tech-
niques can be broadly divided into two classes, those
that are driven by alignment of the image intensity and
those that rely on biomechanical models. Both
techniques have been shown to have accuracy on the
order of the voxel resolution. One benefit of the
biomechanical approach is its accuracy should remain
constant even in the presence of low and/or differing
contrast images, provided that the boundary condi-
tions can be appropriately defined. Consistent algo-
rithm performance in low contrast is particularly
important for IGRT of liver cancer, as the majority
of these tumors are not visible without the adminis-
tration of IV contrast prior to imaging, which is
typically reserved for imaging performed during
treatment planning.

The application of deformable registration for
treatment guidance has been described for head and
neck and prostate cancers [13—15]. Previous work by
our institution has indicated the potential for the
application of deformable registration for liver radio-
therapy treatment guidance by quantifying the pre-
sence of deformation of the liver between the
treatment planning CT and the daily kV CBCT
following rigid registration alone [16]. The purpose
of this research is to quantify how this organ deforma-
tion translates into residual errors in the tumor
position during image guided localization of the target
when the tumor cannot be visualized on the in-room
images. The improvement in liver cancer localization
accuracy is quantified using a biomechanical-based
deformable registration technique over rigid body
registration alone.

Methods and materials
Patient data

Twelve patients treated under a research ethics
board (REB) approved hypofractionated liver study
were used for this analysis. An individualized dose,
based on the normal tissue complication probability,
was delivered in 6 fractions under breath hold
guidance using the active breathing coordinator,
with online image guidance using orthogonal ima-
ging as previously described [16,17]. A breath hold
kV CBCT image was planned to be acquired in
treatment position for all fractions at 120 kVp,
0.8 mAs/projection, 25.6 cm/25.6 cm axial/longitu-
dinal field of view at a rate of 2.7 frames per second,
digitized to 16 bits in 1024 x 1024 pixels. The 360°

rotation, which acquires ~ 157 projections in 1
minute, was performed in three 20 second breath
holds. In an offline study, the kV CBCT image was
aligned to the planning CT using rigid registration to
best align the liver, shown on the kV CBCT image,
into the contour of the liver from the planning CT
image, which were overlaid onto the kV CBCT
image. The liver was then contoured on the kV
CBCT image by copying the planning CT liver
contour and editing the contour to correctly indicate
the liver outline on the kV CBCT. The copying
process was used to minimize contouring error.
The number of tumors per patient ranged from 1
(n=6) to 6 (n =1) The location of the tumors varied
between patients and included the dome, left lobe,
and inferior extent. The tumors were visible on the
planning CT images, which were obtained with IV
contrast, but were not visible on the kV CBCT
images, which were not obtained with IV contrast.

Deformable registration

A biomechanical model-based deformable registra-
tion technique developed in house, MORFEUS, was
used for analysis [18,19]. The algorithm, illustrated
in Figure 1, converts the contours of the liver and
tumor contours into finite element models (FEM),
which consist of a series of nodes, or points in space,
connected together to form tetrahedrons. These
tetrahedrons describe the entire volume of the liver
and tumor. Linear elastic material properties are
assigned to the FEM of the liver and tumor. The
liver is assigned a Young’s Modulus (descriptor of
stiffness) of 7.8 kPa and a Poisson’s ratio (descriptor
of compression) of 0.450 [20]. The tumor is
assigned a Young’s Modulus of 78 kPa, a factor 10
stiffer than the liver, and a Poisson’s ratio of 0.450.
The contour of the liver from the CBCT scan is
converted into a FEM consisting of only nodes on
the surface, connected to form triangular elements to
describe the 3D surface of the liver.

Boundary conditions are determined by aligning
the surface of the liver between the two images. The
alignment of the surface of the liver is performed
automatically by converting the FEM of the CBCT
liver into a parametric surface representation then
projecting the nodes on the surface of the FEM of the
CT liver onto this surface. This node to surface
mapping does not restrict the nodes on the surface
of the FEM of the liver to a specific node of the FEM
of the CBCT liver. The surface projection is per-
formed using HyperMorph, a guided-surface projec-
tion algorithm in HyperWorks (Altair Engineering,
Troy MI). The internal structure of the liver, includ-
ing the tumor, is determined according to the
biomechanical material properties that are defined
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Figure 1. The MORFEUS Algorithm: Contours of the liver and tumor from the planning CT are converted into a volumetric mesh with
assigned material properties. Contours of the liver from the kV CBCT are converted into a surface mesh. Boundary conditions are
determined from the surface correlation of the livers, which generates boundary conditions. These boundary conditions are used to solve for
the deformation map of the entire liver volume, including the tumor, using finite element analysis.

and is determined from a finite element analysis
(ABAQUS, ABAQUS Inc, Pawtucket, RI). It is
important to note that the motion of the tumor is
not directly aligned to the tumor on the kV CBCT,
which is not visible, but is aligned based on the
biomechanical model that is established from the
planning CT image, where the tumor is visible. The
method is therefore independent of the contrast in the
images, as long as it is sufficient to contour the organ
of interest on both images. The technique has been
previously described in detail and the accuracy
reported for liver image registration (0.4 cm vector

magnitude residual error [21], 0.14-0.20 cm residual
error in the LR, AP, and SI direction [19]).

Data analysis

Rigid registration was performed by fitting the liver,
as presented on the CBCT, into the contour
generated from the liver on the planning CT.
Deformable registration, using MORFEUS, was
performed to align the liver and tumor defined on
the planning CT to each CBCT after the initial rigid
registration, in order to determine any additional
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Table I. Change in tumor COM statistics [cm].

dLR dAP dsI abs(dLR) abs(dAP) abs(dSI)
AVG ~0.04 ~0.01 0.01 0.08 0.10 0.10
SD 0.10 0.15 0.20 0.07 0.11 0.17
Max 0.27 0.43 0.97 0.34 0.65 0.97
Min —0.34 —0.65 —0.70 0.00 0.00 0.00
Median ~0.03 0.01 0.00 0.05 0.06 0.04

improvement in tumor positioning from considering
deformation in the liver-liver image alignment pro-
cess for IGRT. The change in the center of mass
(COM) of the tumor was determined from the
deformable registration. The change in COM re-
presents the residual error in tumor position follow-
ing rigid registration. The new position of the COM
following deformable registration reflects the posi-
tion of the COM of the tumor at the time of
treatment. The change in COM indicates the

Displacement [em]
1.71

Figure 2. (a) Example of the residual deformation of the liver and
tumor between the planning CT (shown in the colorwash)
containing the delineated tumor (visible in the left lobe) and the
liver defined on the kV CBCT (shown in the blue mesh). The
displacements correspond to the vector magnitude of the dis-
placements defined from the deformable registration using
MORFEUS. (b) The vector displacement of the tumor, identified
on the planning CT, between the position on the planning CT and
the kV CBCT on treatment fraction 3. The change in COM was
—0.36, —0.29, and 0.29 cm in the left-right, anterior-posterior,
and superior-inferior directions, respectively.

improved precision in target localization following
deformable registration.

The change in COM was determined for each
tumor, when multiple tumors were treated, and for
each of the treatment fractions where a kV CBCT
image was acquired. Differences in the change in
COM for tumors within the same patient, during the
same fraction were analyzed.

Results

Deformable registration was performed on kV
CBCTs obtained from 66 fractions from 12 patients.

The change in tumor COM is shown in Table I. The
average absolute change in COM position across all
tumors in all patients was 0.1 cm or less in each
direction. The standard deviation was 0.07,0.11, and
0.17 cm in the left-right, anterior-posterior, and
superior-inferior directions, respectively. The max-
imum magnitude of change in COM, however, was
0.34, 0.65, and 0.97 cm in the left-right, anterior-
posterior, and superior-inferior directions, respec-
tively. Figure 2a illustrates a patient who had a tumor
COM displacement of —0.36 cm LR, —0.29 cm AP,
and —0.19 cm SI displacement following deformable
registration at fraction 3 of their 6 fraction treatment.
Figure 2b illustrates the motion and minor deforma-
tion of the tumor at this treatment fraction.

Four of the 12 patients analyzed (33%) had at least
1 of the treatment fractions analyzed with a change in
tumor COM of greater than 0.3 cm in one direction.
Fifteen percent of the treatment fractions investigated
had a change in COM of greater than 0.3 cm in one
direction. The location of the tumors of these four
patients included the dome of the liver, the geometric
center of the liver, the middle and inferior extent of the
liver, and the dome and left lobe.

Six of the 12 patients had more than 1 tumor
(range: 2-6 tumors). The average difference in the
vector magnitude of the change in COM of the
tumors within the same patient at 1 fraction was
0.03cm (SD =0.12 cm), suggesting little overall
liver deformation in the region of the tumors for
these patients. The range of differences was —0.17 to
0.95 cm. Two of the six patients with multiple tumors
had a difference in the magnitude of the change in
COM of the tumors in any direction of greater than
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Figure 3. (a) The planning CT liver (colorwash of the vector
magnitude of the difference between the two liver models) and the
CBCT liver at fraction 5 (blue mesh). The tumors (shown as solid
shadows within the colorwash) are in the middle and the lower tip
of the liver. Differences in the position of the tip of the liver and
the dome of the liver can be seen. Alignment of the left lobe of the
liver indicates that rotation, as opposed to deformation, could
account for the disagreement. (b) The planning CT liver (color-
wash of the left-right component of the difference between the two
liver models) and the CBCT liver at fraction 5 (black mesh). The
tumors (shown as solid shadows within the colorwash) are seen in
the middle and the lower tip of the liver.

0.3 cm. One patient had two tumors, one in the
middle of the liver and the other in the inferior tip of
the liver. In two of the fractions, the COM of the
tumors moved in opposite directions, the colorwash
for one of the fractions is shown in Figure 3a. Figure
3b highlights the LR motion of the liver and tumors.
The difference in COM is predominantly due to a LR
shift of the tip of the liver and a small change in the
shape of the dome of the liver. The second patient
had six tumors, the predominant ones in the dome
and the lower left lobe. In all five of the fractions the
COM of these two tumors differed by more than
0.5 cm in the SI direction, in two of the five fractions,
the COM (differed by more than 0.3 cm in the AP
direction, and in one of the fractions, the COM
differed by more than 0.3 cm in the LR direction.
The colorwash for one of the fractions is shown in
Figure 4a and Figure 4b, where changes in the
inferior extent of the liver can be noticed, due to a
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Figure 4. (a) The planning CT liver (colorwash of the vector
magnitude of the difference between the two liver models) and the
CBCT liver at fraction 3 (blue mesh). (b) The planning CT liver
(mesh colorwash of the SI component of the difference between
the two liver models) and the CBCT liver at fraction 3 (not
shown). The tumors (shown as solid colorwashes) are in the dome
and left lobe of the liver.

flattening of this region as well as smaller changes in
the dome of the liver.

Discussion

The role of deformable registration to improve
precision and accuracy in image guided treatment
for liver tumors not visible using non contrast in-
room volumetric image guidance has been explored.
Although the majority of 66 treatment fractions
analyzed (85%) had a change in COM of the tumor
following deformable registration of less than
0.3 cm, 33% of the patients had at the change in
COM of the tumor greater than 0.3 cm in at least 1
of their 6 fractions. In stereotactic body radiotherapy
(SBRT) where the dose delivered per fraction is high
as well as the dose gradient, a systematic geometric
error of 0.3 cm or greater in one fraction may have
clinically relevant dosimetric consequences. The
dosimetric effect of these residual errors is the
subject of ongoing research.

The difference in change in COM of tumors
within the same patient, although less common,
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poses a unique problem, as the optimal correction
cannot be applied to each tumor. The best correc-
tion strategy will likely be a combination of ensuring
coverage of the both tumors and sparing the critical
structures.

The variation in position within the liver of the
tumors that had a change in COM of greater than
0.3 cm indicates that the effect of residual error
following rigid registration may affect patients re-
gardless of tumor location. The rigid registration of
the liver was performed to provide a best fit for the
entire liver. Focusing the attention of the rigid
registration on the region of the liver containing
the tumor may reduce the residual error in the COM
of the tumor. It is unlikely that this would eliminate
the residual error for all cases as deformation can be
complex in a local environment (such as deforming
the shape of the dome of the liver due to differences
in breathing patterns and local deformation of the
left lobe of the liver due to changes in stomach
filling). This complex deformation can be difficult to
convert to a best-fit rigid registration based on the
region of the liver containing the tumor when the
tumor is on the border of the region being locally
deformed or in the case of multiple tumors.

The accuracy of the deformable registration can-
not be quantified for this study, as the tumor and
naturally occurring internal fiducials (i.e. vessel
bifurcations) were not visible on the non-intravenous
contrast KV CBCT images. One can expect, how-
ever, that the accuracy is comparable to the pre-
viously reported accuracy, using CT to MR
registration where contrast was used in both liver
images allowing bifurcations to be identified. One
limiting factor is the uncertainty in contouring the
liver. The degree of this uncertainty and its effect on
accuracy is the study of current research. Prelimin-
ary investigations, 2 observers on 5 CBCT images,
indicate that for interobserver contour variations
with a standard deviation of 1 mm in each direction
the average absolute difference in tumor COM
determined from each of the observers contours is
within 1 mm in each direction.

The application of the proposed technique into
the clinic is limited by its efficiency. MORFEUS
currently takes an average of less than 1 minute to
perform the registration on a single, tumor bearing
organ, after the organ of interest is delineated. The
rate limiting step is the generation of the contours on
the CBCT image. The development of automated
contouring algorithms [22-25] promises to reduce
this burden, opening the door for improvements in
tumor targeting in IGRT through deformable regis-
tration.

This study concludes that although the majority of
liver cancer patients do not require deformable

registration to ensure an accuracy in image guidance
of less than 3 mm, one-third of the patients would
benefit from deformable registration IGRT in at
least 1 of their 6 fractions. Residual deformation
following rigid registration was shown to result in a
change in center of mass of the tumor of greater than
3 mm in some cases (15% of the fractions investi-
gated), indicating that care should be taken when
changes in the shape of the tumor bearing organ are
observed between the planning CT and online
volumetric image. The feasibility of a biomechanical
model based deformable registration algorithm,
which can leverage the relationship between the
tumor and the tumor-bearing organ established
from the diagnostic quality planning CT for pur-
poses of tumor mapping in the absence of a high
contrast secondary image, has been demonstrated.
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