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Abstract

The ability to monitor tumor motion without implanted markers is clinically advantageous for lung
image-guided radiotherapy (IGRT). Existing markerless tracking methods often suffer from
overlapping structures and low visibility of tumors on kV projection images. We introduce the
short arc tumor tracking (SATT) method to overcome these issues. The proposed method utilizes
multiple kV projection images selected from a nine-degree imaging arc to improve tumor
localization, and respiratory-correlated 4D cone-beam CT (CBCT) prior knowledge to minimize
the effects of overlapping anatomies. The 3D tumor position is solved as an optimization problem
with prior knowledge incorporated via regularization. We retrospectively validated SATT on 11
clinical scans from four patients with central tumors. These patients represent challenging
scenarios for markerless tumor tracking due to the inferior adjacent contrast. The 3D trajectories
of implanted fiducial markers were used as the ground truth for tracking accuracy evaluation. In all
cases, the tumors were successfully tracked at all gantry angles. Compared to standard pre-
treatment CBCT guidance alone, trajectory errors were significantly smaller with tracking in all
cases, and the improvements were the most prominent in the superior-inferior (Sl) direction. The
mean 3D tracking error ranged from 2.2-9.9 mm, which was 0.4-2.6 mm smaller compared to
pre-treatment CBCT. In conclusion, we were able to directly track tumors with inferior visibility
on kV projection images using SATT. Tumor localization accuracies are significantly better with
tracking compared to the current standard of care of lung IGRT. Future work involves the
prospective evaluation and clinical implementation of SATT.

1. Introduction

Lung tumors often exhibit large respiratory motion ranges (Barnes et af/, 2001; Stevens et a,
2001; Keall et a/, 2006). The current standard of care of lung image-guided radiotherapy
(IGRT) accounts for respiratory motion by adding margins to the target volumes based on
the respiratory-correlated 4-dimensional (4D) planning CT, and delivering the dose with a
static beam position based on a daily kV cone-beam CT (CBCT) scan. Consequently,
changes in respiratory patterns and intrafraction deviations from mean CBCT tumor
positions can degrade the delivered dose. Dosimetric differences on the order of 3-5% have
been observed for large disparities in respiratory pattern between 4D CT and daily CBCT
(Seco et al, 2008). Intrafraction deviations in mean target position exceeding 5 mm have also
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been reported in >7% of treatments (Guckenberger et a/, 2007; Sonke et al, 2009; Shah et al,
2012). To ensure optimal radiation delivery, real-time guidance is required.

Current real-time tumor tracking technologies rely on radiopaque fiducial markers (Seiler et
al, 2000; Sharp et al, 2004; Tang et al, 2007) or electromagnetic transponder beacons
(Willoughby et af, 2006; Kupelian et a/, 2007). However, marker or beacon implantation is
an invasive, expensive, and time consuming procedure, and is not available at every
radiotherapy clinic. Marker induced toxicity (Kothary et a/, 2009) and marker migrations
(Imura et a/, 2005; van der Voort van Zyp et al, 2011; Hong et al, 2013) are also common
problems. Markerless tumor tracking is thus arguably the holy-grail of modern IGRT.

Several markerless lung tumor tracking methods have been proposed using MV electronic
portal imaging devices (EPID) (Richter et a/, 2010; Rottmann et a/, 2013; Bryant et al, 2014;
Serpa et al, 2014) or kV imaging systems (Hugo et a/, 2010; Lewis et a/, 2010; Gendrin et al,
2012; Yang et al, 2012; van Sornsen de Koste et a/, 2015). MV EPID based methods are
limited by the treatment field size and poor contrast. Richter ef a/ (2010) reported that tumor
visibility was insufficient for tracking in 53% of EPID images. On the other hand, kV
imaging based methods benefit from a larger view and better image quality. Hugo et a/
(2010) have reported a mean tracking error of 2 mm using a 4D CT based template matching
method on CBCT projection images. Also using a 4D CT template matching based method,
Lewis et a/ (2010) have reported a maximum 95th percentile error of 3.3 mm. Both methods
were tested on phantom studies and two patient scans with relatively high tumor visibility,
i.e. isolated or peripheral tumors. Gendrin et a/(2012) proposed a fast GPU-based 2D/3D
registration method that monitors both 2D translational motion 3D rotational motion of the
tumor with an update rate of 2 Hz. The method was further improved to include tracking
along the kV beam direction by utilizing perpendicular MV EPID images (Furtado et a/,
2013). Phantom and patient cases were included in both studies, but no ground truth
trajectory was available for evaluating tracking accuracies of the patient cases.

Existing markerless tracking methods rely on the tumors to be consistently visible on kV
projection images (van Sornsen de Koste et a/, 2015). This raises challenges when the
tumors are small, attached to nearby structures (e.g. central tumors), obstructed by high-
density objects (e.g. bony anatomy), or when the radiological depth varies due to gantry
rotation. In a study by Teske et a/ (2015), tumor visibility was insufficient for tracking in 6
out of 14 patients in the anterior-posterior (AP) view. More patients are expected to be
ineligible for markerless tracking during gantry rotation. Yang et a/(2012) used the average
4D CT image to subtract overlapping anatomies on the CBCT projection images by
generating “tumor-removed” digitally reconstructed radiographs (DRRs). The method was
tested on one phantom and four patient scans, but no ground truth comparison was available
for the patient cases. van Sornsen de Koste et a/ (2015) used a band-pass spatial filter to
enhance tumor visibility on CBCT projections. The method was validated on five patients
with a mean absolute tracking error of 0.5-1.4 mm. The fraction of kV images with
insufficient tumor visibility for tracking was found to range from 2—-64%.

Several studies have exploited the potential of digital tomosynthesis (DTS) for 3D tumor
localization (Godfrey et al, 2006; Descovich et al, 2008; Maurer et al, 2008; Ren et al, 2008;
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van der Reijden et a/, 2013; van Sornsen de Koste et a/, 2013; Zhang et a/, 2013; Ren et al,
2014). By using spatially distributed kV projection images (typically 30-90 degree span), a
3D image with much improved tumor visibility can be reconstructed. Currently DTS is only
used for pre-treatment imaging, and has not yet been implemented for real-time guidance.

In this paper we present a 3D markerless lung tumor tracking method based on kV imaging
under gantry rotation that is robust to inferior tumor visibility. Our method, referred as the
short arc tumor tracking (SATT) method, differs from other markerless tracking approaches
in that we utilize a nine-degree imaging arc and incorporate respiratory-correlated 4D CBCT
prior knowledge. The key steps of the method and the datasets used for validation are
described in section 2. The tracking results and discussions are given in section 3 and section
4,

2. Methods
2.1. Short arc tumor tracking (SATT)

The workflow of the SATT method is outlined in figure 1. It is assumed that the tumor has
been contoured on the planning CT, and a respiratory-correlated 4D CBCT scan prior to the
treatment is available. The method was developed using the Insight Toolkit (ITK) (Johnson
et al, 2015) and Reconstruction Toolkit (RTK) (Rit et a/, 2014). The four major steps are
described in detail in the following sections.

2.1.1. Generate tumor and anatomy models—Prior to the treatment, 4D models of
the tumor and the surrounding anatomy are generated from pre-treatment 4D CBCT images.
This is done by warping the tumor contour on the planning CT onto the 4D CBCT using
deformable image registration (DIR). For each phase of the 4D CBCT, a tumor model and a
“tumor-removed” 4D CBCT image are generated (cf. figure 1a). The former is a direct
extraction of the 4D CBCT image pixels within the warped contour, while the latter is the
4D CBCT image with pixel values within the warped contour set to zero attenuation. The
tumor models represent the targets to be tracked, and the tumor-removed 4D CBCT images
are anatomy models that estimate the contribution of surrounding anatomies to the integral
attenuation on kV projection images. The qualities of both models are highly dependent on
the quality of the 4D CBCT images. In this work, the 4D CBCT images were reconstructed
using our previously developed anatomical-adaptive image regularization (AAIR) technique
to reduce noise and streaking artifacts while preserving image sharpness (Shieh et a/, 2015),
combined with the prior-image-constrained-compressed-sensing (PICCS) algorithm (Chen
et al,2008) to improve the contrast of the bony anatomy.

2.1.2. Short imaging arc projection selection—During the treatment, tracking is
performed at every kV projection acquisition time stamp. For each new kV projection, the
respiratory phase is first determined by the projection intensity analysis method (Kavanagh
et al, 2009). In this work, retrospective respiratory phase was used. In practice, real-time
phase can be calculated using the method proposed by Ruan et a/(2009). Projections of the
same phase in the previous nine-degree imaging arc are then selected (cf. figure 1b). The arc
size of nine degrees was chosen as it was found to be the smallest arc that rendered
successful tracking in all cases included in this study (cf. section 2.2 and Appendix A).
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Compared to using a single projection, a nine-degree arc exploits the 3D information of the
tumor in multiple views, making it possible to track cases that would otherwise be
challenging, e.g. tumors attached to neighboring structures. In addition, a nine-degree
imaging arc can be acquired within 1.5-9 seconds with a typical gantry speed of 1-6
degrees/s, which is in general a sufficiently short time interval for the time resolution
required for treatment guidance. A larger arc of thirty degrees was tested and found to
slightly improve tumor localization, but at the same time further degrade the time resolution,
leading to overall similar tracking performance (cf. Appendix A). In practice, the optimal arc
size may depend on multiple factors such as the visibility, size, and location of the tumor,
and gantry speed.

2.1.3. Anatomy subtraction—Before the projections selected in the previous step are
used for tumor position matching, the contribution of all the anatomies except for the tumor
to the integral attenuation values is first estimated and subtracted from the projections. This
is done by first forward projecting the tumor-removed 4D CBCT image of the same phase to
generate tumor-removed DRRs at the gantry angles of the selected projections. Each DRR is
then rigidly registered to and subtracted from the corresponding projection, resulting in a set
of “difference projections” (cf. figure 1c). The difference projections, denoted as p, are
assumed to contain only attenuation contributed from the tumor, therefore the exact tumor
position can be found by matching the tumor model with p. In practice, however, exact
subtraction of anatomies from the projections is not possible due to the change in patient
anatomy during treatment and the approximation errors from the reconstructed 4D CBCT
images and DRRs.

2.1.4. 3D tumor position search—The tumor position can be found by rigidly moving
the tumor model fin the 3D space until the optimal match between the forward projections
of the tumor model Rfand the difference projections pis reached, where Ris the forward
projection operator. Assuming no rotation and deformation of the tumor within the same
respiratory phase, the tumor model can be considered a function of its centroid position £fr),
where r = [, y, 217 (in mm) is the tumor centroid expressed in the IEC 61217 geometry
standard, i.e. xis left-right (LR), yis superior-inferior (SI), and zis anterior-posterior (AP)
(/EC 61217: Radiotherapy Equipment - Coordinates, Movements and Scales, 2011). The
problem of searching for the optimal tumor centroid position r”* can then be described as the
following optimization problem:

r*:arggnin%| |Rf (r)—p| ‘2

LT 2y L\T MM
+)\ID [(UID) (r_rprior)} P +)\Lat {(uLat) (r_rprior)} o (1
. \T 2
+)\SI [(USI) (r_rprior)i| SI’
/\ID’ /\Law /\SI =0, Y1p> Yrat> Vst =1

The first term of the objective function represents the L2-norm of the disparity between
RA(r) and p. The other three terms are regularization terms that prevent erroneous tracking
results which can potentially be caused by inferior anatomy subtraction as mentioned in
section 2.1.3, e.g. residual highly attenuated structures in the difference projections. The
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regularization terms penalize tracking results that deviate considerably from an a priori
tumor position rpyjor based on the squared distances in the kV short arc in-depth (ID), lateral
(Lat), and Sl directions, respectively. The in-depth directional vector 0;p = [~ sin 6,0, cos
€_|_Tis defined to be in the direction of the middle angular value 6of the selected projections,
while the lateral directional vector 0y 4 = [coS 6,0, sin HJ_Tis defined to be perpendicular to
both 0;p and the SI directional vector Gigy = [0, 1, 0]7. The y’s are introduced as parameters
to adjust the powers of the squared distances, as higher power terms are more forgiving to
small deviations while more intolerant to large deviations. In other words, with larger y
values, the regularization terms have smaller effects on the tracking results when r is
reasonably close to rprior, and larger effects when r deviates significantly from rpyjo,. In this
work, all the y’s were set to 2. The A’s control the regularization strengths in the in-depth,
lateral, and Sl directions. In general, Ajp is larger than A 5t and Ag) as the selected
projections contain much less information in the in-depth direction than in the lateral and Sl
directions. In this work the A values were selected based on a heuristic scheme such that the
regularization terms have minimal influences on tracking when ||r — rpyiof|| is sSmall, and start
to have noticeable impacts only when ||r — rpyiof|| is larger than a certain threshold (cf.
Appendix B).

The local minima of (1) were solved by the nonlinear conjugate gradient method (cf.
Appendix C for mathematical details). It is important to point out that the objective function
in (1) is generally not convex and has multiple minima, because the anatomy subtraction is
often imperfect and can cause residual highly attenuated structures in p that may mislead the
tracking. Nevertheless, with appropriate regularization and initialization of r, the algorithm
can mostly be guided towards the minimum of interest, i.e. the solution that closely
represents the true tumor centroid. The nonlinear conjugate gradient method often converges
to the closest minimum, and tumors generally have minimal motion between consecutive kV
projection acquisitions provided the typical acquisition rate is ~5 Hz. Thus, in this work the
initial ro was set to the tumor centroid position tracked in the previous kV acquisition time
stamp. In addition, the tumor centroid position in the 4D CBCT image of the same phase
was used as rpyior for regularization to stabilize the tracking.

2.2. Patient data

We retrospectively validated SATT on kV imaging datasets from an NCI-sponsored lung
cancer trial with seven locally advanced non-small-cell lung cancer patients treated with
definitive radiochemotherapy with 3D conformal radiotherapy (cf. Roman ef a/(2012) for
detailed descriptions of the datasets). These patient cases represent challenging scenarios for
markerless tumor tracking, as the tumors were attached to the mediastinum and cannot be
visually identified in most of the kV projection images due to inferior adjacent contrast.
Each patient was implanted with 2—4 fiducial gold coil markers within and/or around the
tumor, the trajectory of which was used in this work as the ground truth for computing
tracking accuracy (cf. section 2.3). Three out of the seven patients were excluded for this
work as their sizes exceed the field-of-view (FOV) of half-fan CBCT, causing truncation
artifacts that hinder the iterative reconstruction step necessary for SATT (cf. section 2.1.1).
Although no kV images were acquired during the treatment, on some treatment days two
half-fan 4D CBCT scans were acquired before and after/both before the treatment. For the
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purpose of this work, only these “scan pairs” were selected. Among the remaining four
patients, a total of 11 scan pairs were available. The first 4D CBCT scan was used as the pre-
treatment 4D CBCT scan as mentioned in section 2.1.1, and projection images from the
second 4D CBCT scan were used as the kV imaging sequence for tumor tracking.
Henceforth, the second 4D CBCT scan is referred to as the “tracking scan”, assuming that
there was an earlier pre-treatment 4D CBCT within the same day. At some gantry angles the
tumors may be partially or completely outside the projection view due to half-fan
acquisition. Only the largest continuous set of projection images that capture the entire view
of the tumor were used, which constitutes at least half of the total projection images and 180
degree span in each tracking scan.

Planning CT scans were obtained using respiratory-correlated 4D fan-beam CT (FBCT) with
10 respiratory phases (Brilliance Big Bore, Philips Medical Systems, Andover, MA). 4D
CBCT scans were obtained with slow gantry rotation (1.5 deg/s or 0.75 deg/s) and a half-fan
bowtie filter on the Varian on-board kV imaging device (Varian Medical Systems, Palo Alto,
CA). The exposure parameters were 125 kVp, 20 mA and 20 ms per projection. The imaging
frequency was approximately 5 Hz, and scan duration was either 4 minutes or 8 minutes,
resulting in a total of approximately 1200 or 2400 projection images each scan. The size of
the projection image is 1024 x 768 pixels with a pixel spacing of 0.388 mm in both
directions. Audiovisual biofeedback was performed for both the CT and CBCT acquisitions.
The 4D CBCT scans were reconstructed into 10 respiratory phases using projection intensity
based phase binning. The reconstruction voxel size was 1 mm in all directions.

The details of the scans are summarized in table 1. The average 4D planning CT image and
the gross tumor volume (GTV) contour of each patient are shown in figure 2. The time
interval required for a nine-degree arc acquisition in these tracking scans was either 6 s or 12
s depending on the gantry speed.

2.3. Tracking accuracy evaluation

Fiducial markers in both the pre-treatment 4D CBCT and tracking scan projection images
were segmented using a robust template-based segmentation method (Poulsen et a/, 2011)
which has been shown to be successful in more than 99.9% of the cases. The 2D segmented
positions were converted to 3D trajectories using a probability-density-function based
method (Poulsen et a/, 2008) with submillimeter accuracy. The 3D centroid trajectory of the
markers in the tracking scan was used as the ground truth to evaluate the tracking accuracy
of SATT. The markers were then removed from the projection images by interpolating
across surrounding pixels with Poisson noise added, so that the high contrast of the markers
does not bias the tracking performance. Poisson noise was modeled using the mean photon
counts of surrounding pixels.

To compare SATT with the marker ground truth, the tracked tumor centroid positions were
converted to expected marker centroid positions by the relative position between tumor and
marker centroid in the pre-treatment 4D CBCT image for each respiratory phase. The
“trajectory error” of SATT was then calculated as the displacement between the ground truth
marker centroid position and that inferred from SATT. SATT was also compared with the
current standard of care, i.e. a fixed tumor position at all tracking time stamps inferred from
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the pre-treatment (3D) CBCT scan. The trajectory error of CBCT was thus calculated as the
displacement between the ground truth and the time-averaged marker centroid position, i.e.
averaged over all the pre-treatment CBCT projections. The trajectory error was analyzed in
terms of its 3D magnitude as well as the Sl and MV lateral component, i.e. the direction on
the MV beam’s eye view (BEV) plane that is perpendicular to the Sl direction. The latter
two components span the MV BEV plane and are the most relevant to dose delivery. The
trajectory error in the MV lateral direction is expected to be larger than that in the SI
direction, as the MV lateral direction is almost parallel to the in-depth direction of SATT,
while the Sl direction always lies on the kV imaging plane.

The marker ground truth itself contains uncertainties due to marker migration between the
pre-treatment 4D CBCT scan and the tracking scan, and also differential motion between

markers. These uncertainties were quantified by the differences in the relative positions of
markers to their centroid between the pre-treatment 4D CBCT scan and the tracking scan.
The “ground truth uncertainty” for each tracking time stamp was defined to be the largest
absolute difference among all implanted markers in each direction.

3.1. Ground truth uncertainty

The mean ground truth uncertainty calculated over each tracking scan ranged from 0.5-1.6
mm. The 95th percentile value of the uncertainty calculated over all 11 scans was 1.8 mm.

3.2. Tracking trajectory

We were able to track the tumors in all 11 scans at all gantry angles. Figure 3 shows 100
seconds of four example tracking trajectories in SI (one from each patient). The best
tracking accuracy was observed for scan 1 of patient 2 (cf. figure 3b) with a mean Sl error of
0.0 £ 0.7 mm (meanzstandard deviation). Similar tracking performance was observed for
scan 1 of patient 1 (cf. figure 3a), with a slightly larger mean Sl error of —1.2 £ 1.5 mm.
Scan 1 of patient 3 (cf. figure 3c) represents the most challenging scenario for SATT. In this
scan the tumor has deviated considerably from the mean CBCT position. With such large
deviations, it is likely that the overall anatomies have also varied, which can degrade the
accuracy of the pre-treatment 4D CBCT anatomy models. Nevertheless, the tracking
trajectory was still considerably more accurate than the pre-treatment CBCT position. After
approximately #= 60 s the kV imaging plane was aligned near the LR view, in which case
finding a good match between Rfand pis difficult due to the larger radiological depth.
Consequently, the regularization terms started to have noticeable impacts on the tracking
results, constraining the tracked tumor positions closer to the 4D CBCT locations. Scan 3 of
patient 4 (cf. figure 3d) suffered from similar issues of degraded 4D CBCT anatomy model
accuracy, but the tracking error was smaller as the deviation from the pre-treatment CBCT
position was less severe.

3.3. Quantification of trajectory error

Table 2 shows the mean and 95th percentile values of the 3D trajectory errors. Compared to
CBCT, the mean 3D trajectory error was significantly smaller with tracking in all cases, with
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the reduction ranging from 0.4-2.6 mm. The mean 3D tracking error ranged from 2.2-9.9
mm, and the 95th percentile 3D tracking error ranged from 3.2-11.8 mm. Figure 4 shows the
meanzstandard deviation (SD) values of trajectory error in the SI and MV lateral directions.
It can be seen that improvements in trajectory errors determined by SATT compared to
CBCT were more prominent in the Sl direction and for tumors with larger absolute mean
CBCT trajectory errors, i.e. larger tumor excursion from mean CBCT positions. The
reduction in MV lateral error was small (mostly below 1 mm) but statistically significant (p-
value< 1073) except for two scans (scan 1 of patient 3 and scan 2 of patient 4).

Figure 5 shows the cumulative percentages of trajectory errors that were below certain
values in terms of the SI, MV lateral components, and 3D magnitude, calculated over all 11
scans. Similar to that observed from figure 4, improvements are the most evident in the Sl
direction, with 77% of the trajectory errors smaller than 3 mm with tracking, compared to
49% for CBCT. In the MV lateral direction, 83% of the trajectory error was below 3 mm,
compared to 77% for CBCT.

4. Discussion

To the best of our knowledge, SATT is the first markerless lung tumor tracking method that
employs extremely short imaging arc projection matching (nine degrees) and 4D CBCT
prior knowledge. These two components enable tumors with inferior visibility on the kV
projection images to be directly tracked. This is also the first study that includes an extensive
set of central tumor cases (4 patients, 11 scans) for validation.

SATT requires a pre-treatment 4D CBCT scan and continuous KV image acquisition during
treatment delivery, which are both readily compatible with the workflow of modern
radiotherapy. The tumor tracking procedure does not interfere with the treatment procedures
as it is performed independently of treatment delivery. The short-arc nature of SATT
assumes delivery techniques that involve continuous gantry rotation, e.g. Volumetric
Modulated Arc Therapy. Nevertheless, the methodology of SATT can also be applied to
treatments with static gantry such as step-and-shoot Intensity-Modulated Radiation Therapy
and conformal radiotherapy. In these treatment scenarios, the short arc selection step reduces
to using one single projection. In addition, stronger in-depth regularization (higher A;p) is
needed to compensate for the loss in in-depth resolution.

4.1. Comparisons with the standard of care

We were able to track the tumors at all gantry angles in all 11 scans. This suggests that most
patients would be eligible for markerless tracking using SATT, as central tumors are
generally more difficult to track due to the lack of adjacent contrast. More importantly,
trajectory errors were significantly smaller with tracking as compared to CBCT for all scans,
and the improvements were most significant for tumors with large deviations from the mean
CBCT locations. This highlights the usefulness of SATT in IGRT, as it always provides
more accurate position information than the standard of care, and especially when large
tumor excursions are present.
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4.2. Tracking accuracy

Tracking accuracy was found to vary from case to case. Larger trajectory errors were
observed for cases with large deviations from the mean CBCT locations. This is most likely
because large tumor excursions often accompany changes in surrounding anatomies
especially for tumors attached to nearby structures, thereby degrading the accuracy of the 4D
CBCT anatomy models. Nevertheless, the use of 4D CBCT prior knowledge is still expected
to be more accurate than methods based on 4D CT prior models (Hugo et a/, 2010; Lewis et
al, 2010). The improvements relative to CBCT were found to be larger in the Sl direction
and smaller in the MV lateral direction. This is because tracking in the MV lateral direction,
which is almost parallel to the kV short arc in-depth direction, is ill-posed, thus increasing
the impacts of the 4D CBCT based regularization terms. Tracking in the MV lateral
direction is a common challenge to kV imaging based approaches on most commercial
linacs with perpendicular k\V-MV orientation. Techniques that utilize both kV and MV
images can be used to improve MV lateral tracking accuracies (Furtado et a/, 2013; Ren et
al, 2014). Alternatively, we expect better MV lateral tracking accuracies if SATT is
implemented on linacs with non-perpendicular k\-MV orientation, such as the Vero SBRT
system (BrainLab AG, Feldkirchen, Germany) (Depuydt ef a/, 2014).

The tracking scans in this work were acquired with relatively slow gantry rotation of 1.5
deg/s or 0.75 deg/s, which corresponds to a 6 s or 12 s time interval for a nine-degree arc
acquisition. The tracking performance is expected to improve for a typical gantry rotation of
3-6 deg/s (short arc time interval of 1.5-3 s).

4.3. Comparisons with other studies

Several kV imaging based markerless tracking methods have been proposed and tested on
clinical cases. Hugo et a/ (2010) reported a mean tracking error of 2 mm. Lewis et a/ (2010)
reported a maximum 95th percentile error of 3.3 mm. van Sornsen de Koste et a/ (2015)
found the mean tracking error on the projection domain to be 0.5-1.1 mm. These studies
investigated mainly isolated tumors, which have relatively high visibility on kV projection
images. The results are similar to that observed in this work for the good case scenarios, e.g.
patient 1 scan 3, patient 2 scan 1. In addition, the results reported by Hugo et a/(2010) and
Lewis et a/ (2010) were obtained for only two clinical scans. van Sornsen de Koste et a/
(2015) investigated a total of 22 scans, and found that the fraction of kV images with
insufficient tumor visibility for tracking ranges from 2—-64%. Teske et a/ (2015) also reported
in their study that tumor visibility was insufficient for tracking in 6 out of 14 patients in the
AP view. In contrast, our method is able to track the tumors at all gantry angles regardless of
the inferior tumor visibility. Compared to single projection based template matching
methods, our method allows more patients to be eligible for and benefit from markerless
guidance.

The drawback of SATT is the trade-off in time resolution (1.5-9 s depending on gantry
speed) due to the short-arc nature, and the computation time needed to process multiple
projections and anatomy subtraction (cf. section 4.4). In scenarios with a strict requirement
for time resolution, e.g. a short SBRT fraction, a fast single projection/projection pair
method is preferred (Gendrin et al/, 2012; Furtado et a/, 2013). On the other hand, SATT is
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useful when tumor visibility is insufficient for single projection based and template
matching based tracking methods.

4.4. Future work

Our goal is to clinically implement SATT for real-time guidance. In terms of the clinical
aspect, further investigations and developments are needed. Firstly, the tracking performance
on various types of tumors (e.g. small tumors) needs to be investigated. Secondly, only
patients within the FOV of half-fan CBCT acquisition were eligible for this work, as
truncation artifacts hinder the pre-treatment iterative reconstruction step (cf. section 2.2).
This excludes larger patients, which are generally challenging for markerless tumor tracking
due to the larger radiological depths, and represent potential future area of development and
investigation. Thirdly, the regularization parameters were determined based on a heuristic
scheme (cf. Appendix B). The size of the short imaging arcs (nine degrees) was determined
as the smallest arc that was found to render successful tracking in all cases studied (cf.
Appendix A). Both parameters can potentially be further optimized on a case-by-case basis
depending on properties such as the motion range, visibility, shapes, and sizes of the tumor,
and gantry speed, etc. Finally, tracking accuracies were found to vary between and within
cases. A confidence measure of the tracking results needs to be developed for making
clinical decisions.

A few improvements have to be made to enable real-time implementation. Firstly,
retrospective phase calculation needs to be replaced with real-time respiratory phase (Ruan
et al, 2009). Secondly, the trade-off in time resolution due to short arc acquisitions (1.5-9 s
depending on gantry speed) needs to be compensated. Potential options include
implementing SATT as a moving average tracking approach (George et a/, 2008), or
compensating for the latency by prediction algorithms (Trofimov et a/, 2008). Finally, the
computation time of SATT was found to be 1-30 s for each tracking time stamp depending
on the number of projections selected for tracking, and needs to be further reduced for real-
time guidance. Currently 90% of the computation time is attributed to the rigid registration
of tumor-removed DRRs, which was implemented on CPUs. Preliminary investigations
suggested that this can be reduced by more than a factor of thirty with GPU implementation.
In addition, the projection image size used in this work (approximately 40 by 30 cm) was
much larger than necessary for lung tumor tracking. By full GPU implementation and using
smaller projection images (e.g. 15 by 15 cm), the computation time can likely be reduced to
<ls.

5. Conclusion

We have developed the SATT method, a markerless lung tumor tracking method based on
short kV imaging arcs and 4D CBCT prior knowledge, to address the challenge of inferior
tumor visibility in markerless tracking. We retrospectively validated SATT on patients with
central tumors, which are difficult to track due to the lack of adjacent contrast. In all of the
cases investigated, the tumors were successfully tracked, and the mean trajectory errors were
significantly smaller with tracking compared to standard pre-treatment CBCT guidance
alone, with the reduction ranging from 0.4-2.6 mm. Our results show that SATT is robust to

Phys Med Biol. Author manuscript; available in PMC 2016 December 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shieh et al.

Page 11

low tumor visibility, and can potentially allow more patients to be eligible for markerless
real-time guidance. The tumor localization accuracies are also significantly improved with
SATT compared to the current standard of care of lung IGRT. We are now focused on the
prospective evaluation and clinical implementation of SATT.
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Appendix A. Tracking results using different arc sizes

Table Al summarizes the mean 3D trajectory errors of tumor tracking using different arc
sizes. The short arc acquisition time intervals for these arc sizes are listed in Table A2. In
this study, the largest trajectory error of the conventional CBCT case was found to be 15
mm. Tracking cases with maximum trajectory errors of >15 mm are thus considered
unsuccessful and highlighted in Table Al. Single projection tracking was found to perform
worse than a nine-degree arc in all cases. Furthermore, single projection tracking was
unsuccessful in 7 cases. We expect that this is because a single projection image does not
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contain sufficient information to correctly identify a tumor with inferior visibility at every
gantry angle. A six-degree arc was found to perform better than single projection tracking,
but also led to unsuccessful tracking in three cases. Compared to a nine-degree arc, a Six-
degree arc resulted in slightly smaller mean trajectory errors in three cases, possibly due to
the shorter short arc time interval. A nine-degree arc was the smallest arc that was found to
achieve successful tracking in all cases. A larger arc size of thirty degrees resulted in overall
similar tracking performance. We expect that this is due to the trade-off between time
resolution and tumor localization.

Table A1

The mean 3D trajectory errors of tracking using different arc sizes.

Patient No. 1 2 3 4
Scan No. 1 2 3 1 2 1 2 3 1 2 3
Single projection 6.3 117" 54 41 707 208% 1607 1397 122F 94 72
6 degrees 43 44 27 22 36 1747 140° 76 118" 54 27
9 degrees 43 33 30 22 38 99 22 28 58 35 28

30 degrees 4.1 3.2 32 24 40 9.0 2.5 3.0 4.9 39 35

*rracking cases with maximum 3D trajectory errors of >15 mm and considered unsuccessful. The largest trajectory error of
conventional CBCT was found to be 15 mm in this study.

Table A2

The short arc acquisition time intervals of different arc sizes in seconds.

Patient No. 1 2a 3 4

Singleprojectionb 0.2 0.2 02 0.2

6 degrees 4 4or8 8 8
9 degrees 6 6orl2 12 12
30 degrees 20 20o0r40 40 40

4Gantry rotation speed was 1.5 deg/s for scan 1 and 0.75 deg/s for scan 2 of patient 2. The short arc time intervals for scan
1 are therefore shorter than that for scan 2.

bProjection acquisition rate was ~5 Hz.

Appendix B. Estimating the regularization parameters

The selection of regularization parameters is a common challenge for optimization
algorithms. Ideally the regularization terms should only have noticeable impacts on the
results when the algorithm struggles to find a good match between Rfand p. In this work the
A values were heuristically selected based on balancing the scales of ||RAr) — f||%/2 and
regularization terms. The idea is that the range of ||RAr) — p||%/2 between a good and bad
matches of Rfand p, i.e. from 0 (perfect match) to ||RA|2/2 (worst match), is made
comparable to the magnitude of the regularization terms when each component of r — rpyjor
is equal to a threshold that is considered “too large”. The thresholds in the SI and kV short
arc lateral directions, Dg; and Dy 4, were set to 200 mm, while the threshold in the kV short
arc in-depth direction, Djp, was set to 100 mm since tracking in the in-depth direction is ill-
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posed and requires stronger regularization. The heuristic formulas used to determine the A
values were thus:

Rf|[*/2
m_ll I/ 61

(100)2m

R/

Lat (200)2%@"7 (B.2)

CR1/2

~ 20025 &

SI

Note that || R/ does not depend on r as long as fis within the projection view, and thus can
precomputed before tracking.

Appendix C. Solving for the 3D tumor centroid position

The local minima of (1) were solved by the nonlinear conjugate gradient method together
with the Newton-Raphson method to initialize the step size before the line search. Firstly,
the gradient g and the Hessian matrix A (for initializing the line search) of the objective
function can be written as:

g:[(Rf—P)T (RZ—I) ,(Rf—p)T (Rg_g) ,(Rf_p)T (R%)}T
T

. 295 —1 R T
+2%p A [(UID (r_rpnm )} P —sin 6,0, cos 6}
N T 27Lat_1 = . T (Cl)
+27Lat /\Lat {(uLat) (r_rPrior )] LCOS 0,0,sin ‘9}
N T 2vg1— T
275, A [(USI) (r_rprior)] . [0,1,0]",
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The partial derivatives of Fcan be approximated using finite difference methods. It is
noteworthy that Fand its partial derivatives only need to be shifted in (x; y; 2) but not re-
calculated for every new r, since fis assumed to have only translational motion.

Then, the algorithm can be outlined in the pseudo code below.

1. Muaxiterations < 100 > Maximum number of iterations
2: Argp < 0.01 [> Stopping criterion in Ar in mm
3 rern > Initialize r with the tracking result in
the previous time stamp
4 C«+ 104 G+ 05 > Parameters for the line search
5: for n=1": Muaxiterations A0
6: g, < Calculate g according to (C.1) with r
I if n=1then > Update the conjugate direction
8: d,+ -9,
9: else
10: > The Fletcher-Reeves method
T
2 8n
Bn — T
g,-18n-1
11 dpé==0gp+ Bl
12: end if
13: H + Calculate Haccording to (C.2) with r
14: T > Step size initialization by the Newton-
d. g, Raphson method
N~ 3754
d’Hd,
15: 0, + Calculate objective function according to (1) with r
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16: Mew < I+ 7d,
17: O s ¢ Calculate objective function according to (1) with ryey
18:

Ogps — Oo+C1n ngn

19:  while OLys > Orus do

20: n< Gn

21: Mew < '+ 1d,

22: O ns < Calculate objective function according to (1) with ey
23:

Orus < Oo+0177d5gn

24: end while

25: r 4 Mew

26: if ||7d | < rmin then
27 break

28: end if

29:  end for

30:  returnr

Page 17

> Line search

> Reduce 7

> Stopping criterion
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Figure 1.
The workflow of the proposed SATT method.
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Figure 2.
The average 4D planning CT of each patient, with the GTV highlighted as the red contour.
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Figure 3.

A hundred seconds of four example tracking trajectories in SI (one from each patient). The
time-averaged marker centroid position in the pre-treatment CBCT imaging session is

represented by the red dotted horizontal line. The SI motion was plotted with the pre-

treatment CBCT position shifted to 0 mm.
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Figure 4.

The mean trajectory error of CBCT and SATT in the (a) patient Sl and (b) MV lateral
directions. The standard deviations of the trajectory errors were plotted as the error bars to
indicate the spread of the trajectory errors.
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Cumulative percentages of trajectory errors (y—axis) that are below certain values (x—axis)
for the (a) patient SI component, (b) MV lateral component, and (c) magnitudes of the 3D

trajectory error vectors.
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Table 1

Summary of the number of fiducial markers, tumor location, and gross tumor volume (GTV) (as contoured on
the planning CT) for each patient. The gantry speed, time interval required for a nine-degree arc acquisition of
each scan are also shown.

Patient No. 1 2 3 4
Number of scans 3 2 3 3
Number of fiducial markers 2 4 2 14
Tumor location? RUL Righthilum Right hilum/RLL  LLL
GTV volume (cm?) 88.9 30.3 58.3C 42.7
Gantry speed (deg/s) 15 150r0757 0.75 0.75
Short arc time interval (s) 6 6or 12€ 12 12

aTwo markers implanted within close proximity and segmented as one.
bru L=right upper lobe; RLL=right lower lobe; LLL=left lower lobe.
fSum of two isolated volumes.

5can 1 of patient 2: 1.5 deg/s. Scan 2 of patient 2: 0.75 deg/s.

€Scan 1 of patient 2: 6 s. Scan 2 of patient 2: 12 s.
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