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Purpose: Intrafraction deformation limits targeting accuracy in radiotherapy. Studies show tumor
deformation of over 10 mm for both single tumor deformation and system deformation (due to dif-
ferential motion between primary tumors and involved lymph nodes). Such deformation cannot be
adapted to with current radiotherapy methods. The objective of this study was to develop and ex-
perimentally investigate the ability of a dynamic multi-leaf collimator (DMLC) tracking system to
account for tumor deformation.
Methods: To compensate for tumor deformation, the DMLC tracking strategy is to warp the planned
beam aperture directly to conform to the new tumor shape based on real time tumor deformation in-
put. Two deformable phantoms that correspond to a single tumor and a tumor system were developed.
The planar deformations derived from the phantom images in beam’s eye view were used to guide the
aperture warping. An in-house deformable image registration software was developed to automati-
cally trigger the registration once new target image was acquired and send the computed deformation
to the DMLC tracking software. Because the registration speed is not fast enough to implement the
experiment in real-time manner, the phantom deformation only proceeded to the next position until
registration of the current deformation position was completed. The deformation tracking accuracy
was evaluated by a geometric target coverage metric defined as the sum of the area incorrectly outside
and inside the ideal aperture. The individual contributions from the deformable registration algorithm
and the finite leaf width to the tracking uncertainty were analyzed. Clinical proof-of-principle ex-
periment of deformation tracking using previously acquired MR images of a lung cancer patient was
implemented to represent the MRI-Linac environment. Intensity-modulated radiation therapy (IMRT)
treatment delivered with enabled deformation tracking was simulated and demonstrated.
Results: The first experimental investigation of adapting to tumor deformation has been performed
using simple deformable phantoms. For the single tumor deformation, the Au+Ao was reduced over
56% when deformation was larger than 2 mm. Overall, the total improvement was 82%. For the tumor
system deformation, the Au+Ao reductions were all above 75% and the total Au+Ao improvement
was 86%. Similar coverage improvement was also found in simulating deformation tracking during
IMRT delivery. The deformable image registration algorithm was identified as the dominant contrib-
utor to the tracking error rather than the finite leaf width. The discrepancy between the warped beam
shape and the ideal beam shape due to the deformable registration was observed to be partially com-
pensated during leaf fitting due to the finite leaf width. The clinical proof-of-principle experiment
demonstrated the feasibility of intrafraction deformable tracking for clinical scenarios.
Conclusions: For the first time, we developed and demonstrated an experimental system that is capa-
ble of adapting the MLC aperture to account for tumor deformation. This work provides a potentially
widely available management method to effectively account for intrafractional tumor deformation.
This proof-of-principle study is the first experimental step toward the development of an image-
guided radiotherapy system to treat deforming tumors in real-time. © 2014 American Association of
Physicists in Medicine. [http://dx.doi.org/10.1118/1.4873682]
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1. INTRODUCTION

Intrafraction tumor motion can impair the efficacy of radio-
therapy, especially for highly conformal and hypofractionated
treatments, e.g., stereotactic body radiation therapy. Various

intrafraction motion management strategies that are under
investigation include: moving the treatment device head,1, 2

moving the patient by shifting the treatment couch,3 gat-
ing the radiation delivery with the respiratory cycle,4 and
changing the beam apertures using the dynamic multi-leaf
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TABLE I. Patient tumor deformation measurements.

Deformation
type Tumor site Magnitude Imaging method No. of patients Reference

Single tumor
deformation

Lung max >10 mm 4DCT 6 Kyriakou and McKenzie (Ref. 16)

max 2.7 mm 4DCT 10 Liu et al. (Ref. 17)
Pancreas up to 5 mm Cine-MRI 17 Feng et al. (Ref. 18)
Prostate <1 mm Calypso 11 Burch et al. (Ref. 19)

Cine-MRI 6 Ghilezan et al. (Ref. 20)
Tumor system
deformation

Lung – lymph
node

Nodes max >10 mm and
uncorrelated primary-nodes
motion

4DCT 20 Donnelly et al. (Ref. 22)

4DCT 41 Pantarotto et al. (Ref. 23)
Prostate –
lymph node

max >10 mm for 1.3% of
time

Calypso 17 Langen et al. (Ref. 24)

max >15 mm kV images 10 Ng et al. (Ref. 25)

collimator (DMLC).5–15 The first three techniques move or
hold the treatment beam in a rigid manner and thus can only
account for rigid tumor displacement or rotation. Compensa-
tion for more complex tumor deformation requires reshaping
the beam apertures using the DMLC.

Several studies in the literature have reported the quanti-
tative deformation magnitude of a single tumor. With four-
dimensional computed tomography (4DCT) images, Kyri-
akou and McKenzie16 observed significant superior-inferior
(SI) strain of lung tumors in three patients and the maximum
tumor SI extent change was more than 10 mm. Liu et al.17

measured the lung tumor deformation as the difference be-
tween the tumor motion computed using deformable registra-
tion and rigid-body registration. The largest deformation was
2.7 mm in SI direction between the inspiration and expiration
phases on CT images. By examining the cine-MRI images
of 17 pancreatic cancer patients, Feng et al.18 reported up to
5 mm deformation in the SI direction. Using the Calypso sys-
tem and cine-MRI, Burch et al.19 and Ghilezan et al.20 an-
alyzed the motion of several sample points inside the target
volume and reported that the prostate deformation was around
1 mm. Instead of directly assessing the tumor deformation it-
self, Lu et al.21 found that an extra 3 mm planning margin was
required to ensure a 95% PTV coverage due to tumor defor-
mation for 12 lung cancer patients and an even larger margin
for 5 upper abdominal patients.

In addition to single tumor deformation, the relative mo-
tion between multiple target volumes can be viewed as the
deformation of the composite tumor system, which is com-
mon in advanced stage disease. Donnelly et al.22 and Pan-
tarotto et al.23 observed larger than 10 mm independent
movement both for the primary lung tumor and the involved
mediastinal and hilar lymph nodes. In prostate cancer, the
metastatic pelvic lymph nodes are presumed to be fixed with
respect to the bone whereas the prostate can move more than
15 mm.24, 25 Also, the seminal vesicles (SVs) are often in-
cluded in the treatment and the independent motion between
the prostate and SVs constitutes a deforming tumor target.26

Such tumor system deformation is difficult to compensate if
only one target is tracked with current motion management,

but is naturally within the scope of the developed deforma-
tion tracking strategy. These reported observations are sum-
marized in Table I.

Real-time DMLC tracking of intrafraction tumor motion
has been under continuous investigation over the past decade
on different linear accelerator (linac) models integrated with
various motion detection techniques.5–15 The first clinical trial
of intrafractional prostate tumor motion adaptation by real-
time DMLC tracking on a Varian Trilogy linear accelerator
(Varian Medical System, Palo Alto, CA) started in November
2013.27 However, so far these systems are only able to ac-
count for rigid tumor displacement or rotation. In this study,
for the first time, we extended the DMLC tracking system
to account for intrafractional tumor deformation and tested
experimentally. Theoretical leaf sequencing algorithms to
preserve the planned intensity for deforming tumors incor-
porating real time tumor deformation update were reported
by Papiez et al.28 and Tacke et al.,29 but with the simplifi-
cation of one dimensional deformation. Our approach is to
warp the planned beam aperture directly to conform to the
new tumor shape based on real time tumor deformation in-
put. The DMLC tracking software was further developed to
process the acquired tumor deformation, calculate the new
leaf sequences, and perform postprocessing analysis. Prelimi-
nary evaluation of the tracking performance was performed
by simple deformable phantom experiments in a clinical
setting.

Due to the unavailability of in-room 3D volumetric imag-
ing, the deformations were designed to be symmetric around
the SI axis and 2D kV images were acquired to compute
the 2D deformation vector field (DVF) using an in-house de-
formable image registration (DIR) software. Because the DIR
process took several seconds, in the experiment, the phan-
toms only proceeded to the next deformation position until
DVF computation of current deformation position completed.
The experimental setup and implementations are explained in
more detail in Sec. 2.A.

It should be noted that the focus of the current study is
to demonstrate that if guided by proper deformation infor-
mation, the DMLC tracking system can improve the target
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coverage for deforming targets. The development of de-
formable registration algorithms with higher accuracy or
faster speed for multiple imaging modalities and anatomy
sites is critical to translate the technique into clinical practice
but beyond the scope of this paper.

2. METHOD

2.A. Deformable phantom experiment

The phantom experiments were performed on a Varian
Trilogy linear accelerator equipped with a kV On-Board Im-
ager (OBI) system and Millennium 120-leaf MLC. As men-
tioned earlier, because there is no in-room volumetric imaging
device available currently in the clinic, only the 2D deforma-
tion in beam’s eye view (BEV) was considered in the exper-
iments. Because the target could move out of the field after
deformation, and especially in Intensity Modulated Radiation
Therapy (IMRT), the target was only partially seen in BEV;
as a consequence the 2D MV portal images could not be used
to derive the deformation of the whole target. Therefore, we
designed the phantom deformation to be symmetric around
the SI axis, so that the deformation viewed from BEV was the
same as that imaged by the lateral OBI. In this way, we ac-
quired the target deformation in BEV based on the 2D target
images taken by the orthogonally mounted OBI.

The deformable phantoms simulating the single tumor de-
formation and the tumor system deformation are shown in
Fig. 1. A rubber ball (59 mm diameter) phantom was used for
the single tumor deformation tracking experiment. The ball
was held by a clamp and the deformation was generated by
compressing the ball with the clamp from one end. The phan-
tom was deformed with seven compressions up to 10.4 mm.
A pair of golf balls (43 mm diameter) was used for the tu-
mor system deformation tracking experiment. The superior
ball was kept static and the inferior ball was translated in-
feriorly to generate the deformation, i.e., the relative motion
between the two balls. The moving ball was shifted 8 times
up to 21.5 mm.

Conformal plans containing a single MLC field were pre-
pared for the phantoms at the reference position without de-
formation. For the single deformation phantom, the reference
plan was a 70 mm diameter circular aperture encompassing

FIG. 1. Adaptive deformation radiotherapy experiments were performed
for two scenarios: (a) Single tumor deformation representing morphologic
changes of the primary tumor and (b) tumor system deformation, represent-
ing independent motion of a primary tumor and involved node.

the phantom plus a 5.5 mm margin. Since the deformation
was mainly at the SI direction, the collimator angle was ro-
tated to 90◦ so that the leaf travel direction was parallel to the
deformation direction. For the system deformation phantom,
the reference plan was two 50 mm diameter apertures 20 mm
apart encompassing the phantom balls plus a 3.5 mm margin.
The leaf travel direction had to be perpendicular to the defor-
mation direction in order to form the two isolated apertures.
The MLC apertures were kept at the central MLC field where
the leaf width was finer of 5 mm.

The target deformation was computed by an in-house soft-
ware which used the B-spline DIR algorithm in the Insight
Segmentation and Registration Toolkit (ITK) library.30 The
deformation was modeled by a cubic B-spline defined on a
lattice of points overlaid evenly on the image. Multiresolu-
tion framework was used with two levels of B-spline pyra-
mids. The performance of the B-spline DIR algorithm was
examined by matching the warped target contour to the tar-
get contour on the fixed source image. The Dice coefficients
were above 99% for all cases and the Hausdorff distance,
which measured the boundary mismatch, was within 1 mm
for the single tumor phantom (deformation magnitude up to
10.4 mm) and within 2.5 mm for the tumor system phantom
(deformation magnitude up to 21.5 mm). The pixel size was
0.26 mm.

In the experiments, the DIR software was run at the OBI
console computer equipped with a 2.27 GHz Intel Xeon
E5520 processor and 4 GB RAM. The time taken to regis-
ter a pair of 370 × 340 pixel images ranged from 8 to 17 s,
which was not sufficiently fast for a real-time implementation.
Therefore, we implemented the experiment in the way that the
phantoms only proceeded to the next deformation position un-
til DVF computation of the current deformation position was
completed. Although this limitation inhibited latency anal-
ysis for the real-time system, the experiment represented a
proof of principle of the clinical application. The computation
time limitations can be improved, as expanded upon in Sec. 4,
enabling real-time deformation tracking in future work.

2.B. DMLC tracking system

Tracking tumor deformation using DMLC fits in the
framework of the original DMLC tracking system, which was
developed to compensate for intrafractional tumor transla-
tion by shifting the preplanned beam aperture to follow the
moving tumor.5 The required displacement vector is obtained
in real-time by tracking the implanted marker using x-ray
imaging7–10 or electromagnetic signals.6 To compensate for
intrafractional tumor deformation, the tracking software was
developed to warp the preplanned beam aperture to conform
to the new tumor shape. As explained earlier, to obtain the
required deformation map (i.e., DVF) for aperture warping
in our experiments, the phantom’s 2D x-ray images symmet-
ric to BEV were used in deformable image registration. The
displacement vectors along the MLC aperture boundary were
obtained by bilinear interpolation of the calculated 2D DVF
matrix. The DIR software is standalone and can automati-
cally start the registration once a new image is acquired. The
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FIG. 2. The envisaged clinical workflow diagram with real time feedback loop for the intrafraction tumor deformation tracking system. The patient is simul-
taneously imaged during treatment to acquire the tumor deformation. The obtained displacement vector field (DVF) is then used to adapt the planned MLC
aperture. The MLC leaves then move to the new position to compensate for the tumor deformation.

calculated DVF is transferred to the tracking software through
TCP/IP communication. The aperture warping starts on the
tracking software once all the data packets of a DVF have
been received.

The new beam shape obtained from warping the pre-
planned aperture boundary needs to be fitted by the MLC
leaves to be deliverable. The leaf positions are recalculated to
best approximate the new beam shape using a previously de-
veloped leaf fitting algorithm.31 The algorithm is based on an
optimized tradeoff between the target underdose and healthy
tissue overdose cost and takes into account the physical con-
straints of the MLC, such as finite leaf width, leaf travel ve-
locity, and restricted shape topology due to the paired leaf
structure.

After the new leaf positions have been determined, the
information is sent to the MLC controller and the beam
shape is adjusted on the linear accelerator. The tracking work-
flow of the envisaged clinical implementation is illustrated in
Fig. 2, in which the data stream forms a real-time feedback
loop.

2.C. Geometric target coverage analysis

The tracking accuracy in the phantom deformation track-
ing experiments was evaluated by a geometric target coverage
quantity, which was defined as the sum of the area incorrectly
outside (the underexposed area Au) and inside (the overex-
posed area Ao) the ideal MLC aperture,32, 33 as illustrated in
Fig. 3(a). As the benchmark, the ideal MLC apertures for the
deformed phantom was defined as the aperture conformal to
the deformed target and were created by autocontouring the
deformed target on the acquired kV image, expanding the

contour by the same margin, and applying the same leaf fitting
algorithm as described in Secs 2.A and 2.B.

As shown in Fig. 3(b), the sum of the underexposed area
Au and overexposed area Ao (hereafter denoted as Au+Ao)

of the actually delivered aperture after applying deforma-
tion tracking was compared to the Au+Ao if no deforma-
tion tracking applied (i.e., the delivered apertures remained as
the planned shape when target deformed) for all deformation
positions.

Ravkilde et al.33 showed that Au+Ao correlated well with
the 3%/3 mm γ -test failure rate (mean of Pearson r = 0.83,
p < 0.001) at any point in time during tumor translation track-
ing. Therefore, the overexposed and underexposed area quan-
tified here can be assumed to be a reasonable indicator of the
dosimetric error of the delivery.

Two consecutive steps during deformation tracking con-
tributed to tracking uncertainty: deformation acquisition
through image registration and leaf fitting due to finite MLC
leaf width. The contribution from the image registration
alone, denoted as (Au+Ao)DIR, was defined as the Au+Ao

between thebeam shape of the ideal aperture before leaf fit-
ting (i.e., the segmented deformed target contour expanded
by the corresponding margin) and the beam shape warped
from the reference shape (i.e., the segmented undeformed tar-
get contour expanded by the corresponding margin) using the
calculated DVF before leaf fitting.

2.D. Clinical proof-of-principle experiment

To represent a realistic clinical tracking scenario, we per-
formed a clinical proof of principle tracking experiment on
the linac with previously acquired 2D cine MR images of a
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FIG. 3. (a) Illustration of the metrics of underexposed and overexposed areas that are used to evaluate the geometric target coverage. (b) Illustration of comparing
the geometric target coverage of deformation tracking to no-tracking deliveries at three deformation positions.

female nonsmall cell lung cancer patient. A conformal MLC
field was manually created on the reference inspiration image
and taken as the planned aperture. The cine MR images were
read by the image registration software; the DVFs were cal-
culated and transferred to the DMLC tracking software which
refitted the MLC field shapes and updated on the linac. De-
spite the tracking latency, this process represented a potential
clinical MRI-linac deformation tracking treatment.

2.E. IMRT simulations

In order to be able to know the ideal MLC aperture for the
deformed targets to assess the geometric target coverage, the
treatment plans of the phantom experiments were both sim-
ple conformal fields. It is of more clinical interest to apply
the developed deformation tracking strategy for IMRT treat-
ment. We created dynamic (sliding window) IMRT plans for
the single tumor deformation and tumor system deformation
phantoms. Instead of delivering the IMRT plans on the lin-
ear accelerator used for the conformal and clinical proof-of-
principle demonstration, a linac simulation software was used
to communicate directly with the DMLC tracking software
in the same manner as if an actual linac was present. The
linac machine status such as gantry angle, MLC leaf posi-
tions, dynamic dose fraction, etc. was returned to the tracking
software by the linac simulation software. The same deforma-
tion images acquired in the phantom experiments (Sec. 2.A.)
were read by the deformable image registration software for
the DVF calculation and used to deform the IMRT field aper-
tures. Because the IMRT fields only covered a fraction of the
target at any given time, without knowing the ground truth
of the target deformation, there is no true knowledge of the
“ideal” MLC aperture for each warped IMRT segment. In-
stead, we used the morphed MLC aperture before leaf fitting
as a good approximation of the ideal aperture in the geomet-
ric target coverage analysis. A dosimetric study is required to

give more accurate quantitative evaluation of the deformation
tracking performance for IMRT, which is however beyond the
scope of this paper since a 3D deformable dosimeter is still
under investigation, as expanded upon in Sec. 4.

3. RESULTS

3.A. Phantom experiments

Example portal images during deformable tracking for
the single tumor deformation and tumor system deformation
are shown in Fig. 4. The vector fields are overlaid on the
images indicating the displacements from the reference im-
age at the sampling points. See the supplementary material

FIG. 4. Example portal images showing the planned beam apertures with the
phantoms of initial shape (upper rows) and the adapted beam apertures with
the deformed phantoms (lower rows) based on the calculated DVF (over-
laid red arrows) for (a) single tumor deformation and (b) tumor system de-
formation scenarios. Animated portal images of all deformation positions
can be found in the supplementary material (Portal-Experiment-Single-
Def-Tracking.mpg and Portal-Experiment-System-Def-Tracking.mpg)
(Ref. 34).
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FIG. 5. The sum of underexposed area and overexposed area Au + Ao with deformation tracking (solid lines) are compared to the no tracking deliveries
(dashed lines) for single tumor phantom (diamond) and tumor system phantom (circle) as a function of the deformation magnitude.

(Portal-Experiment-Single-Def-Tracking.mpg and Portal-
Experiment-System-Def-Tracking.mpg)34 for the animated
portal images of all the deformation positions of the two
deformation tracking experiments.

The geometric target coverage metric Au+Ao of the de-
formation tracking and no-tracking delivery are plotted as a
function of the deformation magnitude in Fig. 5. As the de-
formation magnitude increased, the under- and overexposed
areas increased without tracking, but were well managed by
deformation tracking. For the single tumor deformation, the

Au+Ao was reduced over 56% when deformation was larger
than 2 mm. Overall, the total improvement was 82%. For the
tumor system deformation, the minimum deformation was
4 mm and the Au+Ao reductions were all above 75%. The
total Au+Ao improvement was 86%.

To analyze the contributions to the tracking uncertainty,
(Au+Ao)DIR solely due to image registration was calculated
and compared to the total Au+Ao which reflected the com-
bined effects of image registration and leaf fitting in Fig. 6. As
expected, the dominant source of uncertainty was deformable

FIG. 6. The sum of underexposed area and overexposed area Au + Ao in deformation tracking (solid lines) are compared to the contribution from the
deformable image registration (DIR) alone, (Au + Ao)DIR, (dashed lines) for single tumor phantom (diamond) and tumor system phantom (circle) as a function
of the deformation magnitude.
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image registration. It is interesting to notice that for sin-
gle tumor deformation, leaf fitting actually mitigated the un-
certainty, because the Au+Ao area was partially cancelled
out when the smooth boundary was approximated by the
5 mm wide leaves. For tumor system deformation, because
the deformation was perpendicular to the leaf travel direc-
tion, even 1–2 mm deformation magnitude error could lead
to large differences in the fitted apertures. It appeared that
when the deformation magnitude was around integer num-
ber of leaf width, i.e., when the phantom shape could be
approximated by the MLC leaves with smaller discrepancy,
the (Au+Ao)DIR was partially canceled out during leaf fitting.
Otherwise Au+Ao increased during leaf fitting.

3.B. Clinical proof-of-principle experiment

Using the previously acquired patient MR images,
the proof-of-principle experiment visually demonstrated in-
trafraction deformation adaptation using DMLC tracking in
MR-linac treatment environment. Figure 7 shows two ex-
ample frames. The left image was at the reference inspira-
tion phase. The tumor moved up and deformed on the right
image, where the aperture was reshaped to conform to the
tumor. See the supplementary material (Lung-Patient-MRI-
Simulation-Def-tracking.mpg)34 for the animated tracking
process over all deformation phases. But unlike the phan-
tom experiments, there was no ground truth available for the
“ideal” MLC field of the deformed anatomy, therefore no
quantitative estimation of the tracking uncertainty could be
extrapolated.

3.C. IMRT simulation

Deformation tracking using DMLC during delivery of
a dynamic IMRT plan was simulated. Figures 8 and 9
show the example frame at a certain dose fraction for
the scenario of (1) no deformation, (2) with deformation
but without deformation tracking and (3) with deforma-
tion and deformation tracking for the single deformation
and system deformation. See the supplementary material
(IMRT-Simulation-Single-Def-Tracking.mpg and IMRT-

FIG. 7. Cinical proof-of-principle experiment using actual lung cancer
patient images. The planned aperture (left) was adapted to conform to
the deformed tumor (right). The background images were previously ac-
quired 2D MRI images. Animated tracking process can be found in the
supplementary material (Lung-Patient-MRI-Simulation-Def-tracking.mpg)
(Ref. 34).

FIG. 8. Example frame at one dose fraction of the simulated dynamic
IMRT delivery to the single deformation phantom without deformation
(left), with deformation and without deformation tracking (middle) and with
deformation and deformation tracking (right). Animated IMRT deliveries to
the deforming phantom with and without deformation tracking can be found
in the supplementary material (IMRT-Simulation-Single-Def-Tracking.mpg)
(Ref. 34).

Simulation-System-Def-Tracking.mpg)34 for the animated
IMRT deliveries with and without deformation tracking.

Although the ideal IMRT field for each deformation po-
sition was not known, we used the morphed MLC aperture
before leaf fitting as the reference in the geometric target cov-
erage analysis. As we have shown earlier, compared to the
Au+Ao error without tracking, the contribution from registra-
tion in deformation tracking was small and the 1–2 mm de-
formable registration accuracy made the morphed aperture a
good approximation of the ideal aperture. Similar to the con-
formal treatment, the geometric target coverage was improved
by 88% for single target deformation and 79% for tumor
system deformation.

4. DISCUSSION

This study is the first to demonstrate DMLC tracking to
account for intrafraction tumor deformation. Other investi-
gated motion management strategies, including beam gating,
beam shifting, and couch tracking are limited to correcting

FIG. 9. Example frame at one dose fraction of the simulated dynamic IMRT
delivery to the system deformation phantom without deformation (left), with
deformation and without deformation tracking (middle) and with deforma-
tion and deformation tracking (right). Animated IMRT deliveries to the de-
forming phantom with and without deformation tracking can be found in
the supplementary material (IMRT-Simulation-System-Def-Tracking.mpg)
(Ref. 34).

Medical Physics, Vol. 41, No. 6, June 2014
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beam-tumor alignment for rigid tumor motion only. As a
proof of principle, we performed simple deformable phan-
tom experiments to simulate DMLC tracking for two types
of deformations. The evaluation of the geometric improve-
ment gained by deformation tracking yielded promising
experimental results for conformal radiotherapy.

Tumor deformation is three dimensional and should be
derived from continuous volumetric images. The approach
we took in this experiment was to obtain the 2D DVF at
BEV plane from the 2D images symmetric to BEV projec-
tions. This was a reasonable approximation, while real-time
in-room 3D imaging is not available. There are technolo-
gies that exist or are under development to meet this re-
quirement. Li et al.35 developed a method to reconstruct 3D
image and 3D tumor localization in real-time based on a sin-
gle x-ray projection image given a set of training volumetric
images obtained from either 4DCT or 4DCBCT. The recently
available MRI (Refs. 36–38) and ultrasound39, 40 guided IGRT
systems provide an ideal platform for real-time tumor de-
formation adaptation. Especially, the real-time MRI imag-
ing has superior soft-tissue contrast and tumor boundary vi-
sualization. It delivers no extra radiation dose to the patient
and does not require the placement of fiducial markers in-
side the patient. Once the 3D DVF becomes available in
real time, it can then be collapsed to the 2D BEV plane
by averaging the vectors in all voxels along the ray line of
each beam angle as proposed by Feng et al.41 A foresee-
able limitation of this method is that when the deformation
vectors along the beam direction are in opposite directions,
the warped aperture based on the collapsed DVF may not
be optimal. Further investigations on this method are needed
for various realistic anatomy deformations. The ideal solu-
tion to compensate for the tumor deformation would be real-
time IMRT replanning with previous received dose taken into
account by deformable dose summation. The current study
is the first experimental step toward this longer term ideal
scenario.

In general, the ability of the MLC to adapt to intrafrac-
tion deformation is limited by the accuracy of the DIR al-
gorithm, the finite width of the MLC leaves, the MLC leaf
speed, and the system latency or total computational time to
complete the deformable adaptation process. Based on the la-
tency and tracking uncertainty analysis for DMLC transla-
tion tracking,32, 42 the DIR algorithm, and the system latency
are most probably the top two uncertainty contributors. Lim-
ited by the DIR computation time (∼seconds) in the experi-
ment, the deformation was made infrequent enough to allow
DIR to complete. Therefore, the system latency or the MLC
leaf speed did not play any role in the tracking uncertainty
of this experiment. Between the DIR algorithm and the leaf
width, it was clear that the DIR algorithm was the dominant
source of the uncertainty and severe interplay effects were ob-
served during converting the beam shape to deliverable MLC
aperture, which were also found in translation tracking using
DMLC.32

Further dedicated engineering efforts will improve the
tracking accuracy. The adopted B-spline DIR algorithm
achieved millimetre accuracy for the 2D kV phantom images,

but took at least 8 s. After tuning the optimization parame-
ters and repeating the DIR process on an Intel i7 processor at
3.00 GHz, 8 GB of RAM, the computation time decreased to
3 s with the same accuracy. A GPU accelerated implementa-
tion of a deformable 3D image registration algorithm capable
of registering 512 × 512 × 136 MR image sets in just over
2 s was recently reported.43 Hugo et al. have demonstrated
that the tumor deformation can be predicted by building a dy-
namic model of the thoracic anatomy from only a few im-
ages obtained early in the treatment course.44 The leaf width
at isocenter is down to 2.5 mm with Varian’s HD120 MLC
and the leaf speed is up to 6.5 cm/s for Elekta’s Agility 160-
leaf MLC. We estimate that the DIR computation needs to be
within 1 s to enable real-time deformation tracking, and the
registration accuracy should be at least of the size of the leaf
width.

The phantoms used in the experiments were simple but
representative of real tumor size and deformation magnitudes.
The registration accuracy of the phantom deformation in this
study is 1-2 mm, which is similar to the reported deformable
registration accuracy of patient anatomy.45, 46 However, it is
challenging to evaluate the dosimetric accuracy of deforma-
tion tracking using these phantoms because the dosimeters
need to be able to deform with the phantom, not to migrate
during deformation and not to interfere with the image regis-
tration. A good candidate that can be used in the deformation
tracking experiment as both the phantom and the dosimeter is
the 3D polymer gel dosimeter, which has been studied mainly
for the application of 3D dose measurement and deformable
registration algorithms validation.47–49 For instance, a realistic
lung phantom can be constructed by inserting the tumor and
healthy organs phantoms made from the gel to a deformable
lung phantom50–52 and can be used to estimate the dosimet-
ric accuracy of the DMLC deformation tracking technique,
especially for IMRT treatment.

Any image guidance method relies on the quality of the im-
ages and image interpretation. For deformation tracking, more
imaging data are required compared with translation track-
ing (at least one point) and rotation tracking (at least three
points). Therefore, careful analysis of the imaging require-
ments, image quality, and registration algorithms, along with
an understanding of the inherent errors in these processes, will
be needed prior to the clinical introduction of deformation
tracking.

5. CONCLUSION

The tumor deformation tracking system developed in
this study provides a potentially widely available manage-
ment method to effectively account for intrafractional tu-
mor deformation. Phantom experiments that demonstrated the
DMLC tracking of two observed clinical deformation scenar-
ios have been performed and showed substantial improvement
in geometric target coverage gained by deformation track-
ing. The technique was also simulated for IMRT plan de-
liveries and yielded similar coverage improvement. Clinical
proof-of-principle experiment was implemented to give a vi-
sual demonstration of DMLC deforming tracking for a lung
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cancer patient using existing MR images. This study is the
first experimental step toward the development of an image-
guided radiotherapy system to treat deforming tumors in
real-time.
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