
© 2020 Institute of Physics and Engineering in Medicine

1.  Introduction

Lung tumours have significant inter- and intrafraction motion, which introduces a major source of uncertainty 
for lung cancer radiotherapy during both treatment planning and delivery (Suh et al 2008). In the current 
standard of care, the movement of tumours is not tracked, and is accounted for by adding margins around the 
target volume (Brandner et al 2017), imposing additional dose to healthy tissues. Many techniques such as deep 
inspiration breath-hold (Hanley et al 1999), active breath-hold (Wong et al 1999) or abdominal compression 
(Heinzerling et al 2007) have been proposed to regulate the breathing and consequently target motion. However 
many lung cancer patients are not able to adopt these techniques as they suffer from breathing difficulties. The use 
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Abstract
The ability to track tumour motion without implanted markers on a standard linear accelerator 
(linac) could enable wide access to real-time adaptive radiotherapy for cancer patients. We previously 
have retrospectively validated a method for 3D markerless target tracking using intra-fractional 
kilovoltage (kV) projections acquired on a standard linac. This paper presents the first prospective 
implementation of markerless lung target tracking on a standard linac and its quality assurance 
(QA) procedure. The workflow and the algorithm developed to track the 3D target position during 
volumetric modulated arc therapy treatment delivery were optimised. The linac was operated in 
clinical QA mode, while kV projections were streamed to a dedicated computer using a frame-grabber 
software. The markerless target tracking accuracy and precision were measured in a lung phantom 
experiment under the following conditions: static localisation of seven distinct positions, dynamic 
localisation of five patient-measured motion traces, and dynamic localisation with treatment 
interruption. The QA guidelines were developed following the AAPM Task Group 147 report with 
the requirement that the tracking margin components, the margins required to account for tracking 
errors, did not exceed 5 mm in any direction. The mean tracking error ranged from 0.0 to 0.9 mm 
(left–right), −0.6 to  −0.1 mm (superior–inferior) and  −0.7 to 0.1 mm (anterior–posterior) over 
the three tests. Larger errors were found in cases with large left–right or anterior–posterior and small 
superior–inferior motion. The tracking margin components did not exceed 5 mm in any direction and 
ranged from 0.4 to 3.2 mm (left–right), 0.7 to 1.6 mm (superior–inferior) and 0.8 to 1.5 mm (anterior–
posterior). This study presents the first prospective implementation of markerless lung target tracking 
on a standard linac and provides a QA procedure for its safe clinical implementation, potentially 
enabling real-time adaptive radiotherapy for a large population of lung cancer patients.
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of advanced imaging systems such as ultra-sound (Hsu et al 2005, Maurer et al 2015), MRI (Glitzner et al 2019, 
Han and Zhou 2019) and dual energy kV imaging (Haytmyradov et al 2019) can enable intra-fractional target 
tracking, however these are less accessible and require additional costs compared with standard radiotherapy 
systems. Alternatively, radiation beam gating techniques (Takao et al 2016, Rouabhi et al 2018) prolong total 
treatment times while decreasing treatment efficacy and approaches utilising correlated surrogates such as 
surface guidance techniques (Hoisak and Pawlicki 2018) or diaphragm tracking (Cerviño et al 2009, Hindley et al 
2019) do not track the target directly and can suffer under unforeseen motion patterns.

Target tracking is a challenging task when using the on-board kilovoltage (kV) imaging system (Yin et al 
2009) on a standard linear accelerator (linac) due to two factors. First, the visibility of the target is often poor in 
the kV projection and can vary widely as the gantry rotates in a volumetric modulated arc therapy (VMAT) ses-
sion (Teske et al 2015). Second, as the kV beam is perpendicular to the megavoltage (MV) beam, it is necessary to 
infer the 3D position of the target based on the 2D observation from the kV projection. One solution to overcome 
poor target visibility is to insert radio-opaque markers (Shimizu et al 2001, Huang et al 2015, Kim et al 2017) or 
electro-magnetic transponders around the target (Rau et al 2008, Shah et al 2013, Booth et al 2016, Schmitt et al 
2017). However the insertion of a beacon or a marker requires an interventional procedure which is undesirable 
for many patients.

To enable markerless target tracking, systems such as the XSight (Fu et al 2007) used in Cyberknife (Adler et al 
1997) or the carbon-ion pencil beam system (Mori et al 2016) use fixed dual source imaging. These systems are, 
however, very rare and expensive. Markerless lung target tracking approaches have been proposed in retrospec-
tive studies using MV imaging (Richter et al 2010, Rottmann et al 2013, Bryant et al 2014, Serpa et al 2014), kV 
imaging (Hugo et al 2010, Lewis et al 2010, Gendrin et al 2012, Yang et al 2012, van Sörnsen de Koste et al 2015, 
Hirai et al 2019), or both (Furtado et al 2013, Ren et al 2014, Zhang et al 2018). Although markerless position 
verification for lung tumours treated in breath-hold has been tested clinically (Hazelaar et al 2018), the task of 
continuous target tracking remains challenging especially in clinical scenarios. No prospective implementation 
of markerless target tracking on a standard linac has been reported.

We have previously developed a markerless target tracking algorithm that overcomes the above-mentioned 
challenges. The challenge of variable and inferior target visibility, which is caused by the overlap between the tar-
get and its surrounding anatomic structures, was overcome by utilising patient-specific modelling for anatomic 
suppression. The 3D position of the target was inferred from the 2D projection space using an extended Kalman 
filter (Shieh et al 2017). The computation time was found to be 1–6 s for each kV frame, which was insufficient for 
real-time tracking.

The purpose of this work was to report on the next necessary step towards markerless lung target tracking 
on standard linacs: the prospective clinical implementation and development of a feasible clinical workflow. We 
have overcome the computation challenges from the previous retrospective work (Shieh et al 2015, 2017) and 
implemented it on a standard linac in phantom experiments ready for clinical use. We further detail a quality 
assurance (QA) procedure for markerless target tracking following the AAPM task group (TG) 147 recommen-
dations (Willoughby et al 2012), QA for the Calypso system (Santanam et al 2009), and QA for a marker-based 
tracking technology (Ng et al 2014).

2.  Methods

2.1.  Markerless target tracking
Figure 1 provides an overview of our markerless target tracking method. More details and prove of feasibility can 
be found in the previous retrospective studies (Shieh et al 2015, 2017).

In the Planning stage, the planning 4D-CT and the gross tumour volume (GTV) contour were used to gen-
erate the target and anatomy models. The target model was the 4D-CT but with everything outside of the GTV 
contour masked out, whereas the anatomy model was the 4D-CT with voxels within the GTV contour removed. 
An initial target motion model was also built from the target position observed in each phase of the 4D-CT.

In the Setup stage, markerless target tracking was adapted to daily changes in the target motion pattern. 
On the day of the experiment and immediately prior to treatment delivery, a 200 degree kV projection arc was 
acquired over approximately 30 s. KV projections where the target was not obstructed by the spine were used for 
learning the motion pattern, which was then described in a motion model by a 3D Gaussian probability density 
function (PDF) (Poulsen et al 2008).

In the Tracking stage, the 3D position of the target was tracked on continuous kV projections in five steps 
during a VMAT treatment. For every new kV projection acquired (step 1), the anatomy model was forward-
projected (step 2), and then rigidly aligned to and subtracted from the kV projection (step 3). This resulted in 
the ‘anatomy-suppressed projection’ with most of the contribution from overlapping anatomies removed and 
the target region highlighted. In step 4, the 2D coordinates of the target were located using template matching of 
the forward-projected target model in the ‘anatomy-suppressed projection’. Finally, in step 5 the third dimen-
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sion of the target position was inferred from the 2D coordinates using a Bayesian estimation framework (Shieh 
et al 2017).

2.2.  Real-time implementation
Markerless target tracking was implemented in a VMAT treatment workflow following the clinical workflow for 
standard of care lung cancer radiotherapy. The linac was operated in clinical QA mode and kV projections were 
streamed directly from the linac to a dedicated computer (Lee et al 2018). To enable real-time computation of the 
3D target position, the proposed algorithm was optimised in two aspects. First, the forward-projection calculation 
of both the anatomy and target models was implemented on a graphical processing unit (GPU) as described in 
Furtado et al (2013). With the GPU implementation, the computation time of the forward-projection step was 
reduced from a couple of seconds to below 100 ms. Second, the fast template matching module implemented in 
the OpenCV libraries (Bradski 2000) was used for aligning the forward-projected anatomy model and locating 
the 2D position of the target.

2.3.  Experimental setup
Figure 2 shows the experimental setup on the linac. A CIRS lung phantom was used with a 2 cm spherical insert 
representing the target. To simulate 3D movement, the phantom was fixed on a modified HexaMotion platform 
where an in-house built board replaced the normal Delta4 device to enable the HexaMotion to move other 
phantoms.

2.3.1.  Planning stage
4D-CT images were acquired on a Phillips Brilliance Big Bore CT with a pitch ratio of 0.05 at 120 kV/300 mA. 
The 4D-CT projection data were sorted into ten respiratory bins based on the external real-time position 

Figure 1.  The markerless target tracking workflow consisted of three stages before and during the treatment, which were simulated 
in phantom experiments. Abbreviations: GTV  =  gross tumour volume, PDF  =  probability density function.
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management device signal and reconstructed with a resolution of 1.27 × 2 × 1.27 mm3. Subsequently, the target 
within the phantom was contoured and a VMAT plan (10 MV, 12 Gy/fx, ITV: D100%  =  100% (12 Gy), PTV 
D98%  >=100% (12 Gy), 2400 MU min−1, flattening filter free) originated in RTOG0915 (Videtic et al 2015) 
was generated by a registered radiation therapist using the Eclipse planning system (Version 15.6). Finally, the 
anatomy and target models were built using the 4D-CT and GTV contours.

2.3.2.  Setup and tracking stage
The phantom experiments were conducted on a Varian Truebeam (Version 2.7 MR2). At the beginning of the 
treatment session a half-fan cone-beam CT was obtained to align the phantom. For each experiment a pre-
treatment learning arc was performed prior to starting the VMAT treatment. The pre-treatment arc consisted of 
200 full-fan kV projections acquired over 200 degrees with an imaging rate of 7 Hz. Once the motion model was 
updated, the VMAT treatment was delivered with simultaneous kV acquisition.

The intrafraction kV projections were acquired at 7 Hz with a field size of 80 × 80 mm2 at 80 kV/5 mA in 
between −90◦ to 90◦ around the superior inferior axis. The source to detector distance was set to 150 cm in full-
fan mode.

2.4.  Quality assurance tests for markerless target tracking
The QA procedure for markerless target tracking was adopted from AAPM TG 147 (Willoughby et al 2012) 
and closely resembled the QA procedure for the Calypso system (Santanam et al 2009) and a marker-based 
technology (Ng et al 2014). We evaluated the markerless target tracking under three operational conditions: (1) 
static localisation, (2) dynamic localisation, and (3) dynamic localisation with treatment interruption. An end-
to-end latency measurement was also performed.

The ground truth for the tracking performance validation was the HexaMotion target motion trace (input), 
which was synchronised with the tracked target motion (output) by maximising correlation. An analysis of the 
induced error due to this method resulted in an estimated error of  <0.2 mm which is well below the total track-
ing accuracy error. Therefore, the induced error of this method was negligible. The tracking accuracy (mean 
tracking error in each dimension) and precision (standard deviation of tracking error in each dimension) were 
measured with respect to the ground truth.

2.4.1.  Static localisation accuracy
The static localisation accuracy tests evaluated the accuracy and precision of markerless target tracking over 
realistic clinical shifts of the target. For this purpose the CIRS phantom and the HexaMotion device were set up 
without any programmed motion. The target was aligned with the iso-centre and ±5 mm along each of the left 
right (LR), superior inferior (SI) and anterior posterior (AP) directions amounting to seven distinct positions.

2.4.2.  Dynamic localisation accuracy
The dynamic localisation accuracy tests investigated the accuracy and precision of the markerless target tracking 
application for five motion traces as shown in figure 3. The ground truth was the synchronised HexaMotion trace. 

Figure 2.  In the experimental setup the CIRS lung phantom was attached to a modified HexaMotion platform to emulate static and 
3D motion traces that encompass different types of lung tumour motion during VMAT treatment on the linac.

Phys. Med. Biol. 65 (2020) 025008 (12pp)
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Five different lung tumour motion traces used in a previously published study (Colvill et al 2016) were used: 
sinusoidal, baseline shift, typical lung, high frequency and LR dominant. Apart from the Sinusoidal trace, all the 
traces were originally acquired on a Cyberknife Synchrony machine from lung cancer patients at a sampling rate 
of 25 Hz and smoothed for practical use (Suh et al 2008). The traces were originally selected to represent a range 
of typical and atypical lung tumour motions. The movement was initiated at the beginning of the pre-treatment 
arc, which merged into the target tracking while the phantom continued moving with the same motion trace.

2.4.3.  Dynamic localisation with treatment interruption
The treatment interruption tests examined how the algorithm performed when the treatment resumed after an 
interruption. After the first 10–20 s, the treatment beam and the kV imaging beam were manually paused , while 
the target motion continued. A couch shift was applied to align the drifted mean target location of the last 15 s to 
the iso-centre. Next the target tracking and the MV treatment were resumed. This test was to evaluate whether the 
suggested drift was correct and whether markerless target tracking proceeded successfully.

2.5.  Latency measurement
For the end-to-end latency measurement, videos with 30 frames per second were used to capture both the 
markerless target tracking output and the phantom motion (from the camera in the treatment room) in an 
independent measurement. Next, seven motion peaks from both signals were matched and their time stamps in 
the camera images were compared. The mean and standard deviation of time difference was considered as the 
end-to-end latency. Additionally, the computation time for each incoming kV projection was recorded.

2.6.  Quality assurance pass criteria
The QA requirement for the localisation tests was that the margins required to account for the tracking errors 
(tracking margin components) did not exceed 5 mm in any direction. This choice was motivated by the 
recommendations for lung stereotactic body radiotherapy (Videtic et  al 2015). The tracking accuracy and 
precision were measured for the tracked target motion with respect to the synchronised HexaMotion trace. 
Finally, the tracking margin components were calculated according to Van Herk (2004) based on the average 
measured tracking accuracy and precision in each direction in each of the three localisation tests. Tracking is 
one margin component, and when combined with other errors it is designed to achieve a minimum dose to the 
clinical target volume of 95% for 90% of patients. In this study the margin component was composed of tracking 
accuracy and precision as defined as:

Tracking Margin Component(LR, SI, AP) = 2.5 · Accuracy + 0.7 · Precision�

in each direction LR, SI and AP.

3.  Results

3.1.  Overall localisation accuracy
Figure 4 shows the Tukey boxplots of the tracking error summarised over all localisation tests. The mean ± 
standard deviation of the tracking error in each direction over all measurements was 0.5 ± 1.2 mm (LR), −0.3 ± 

Figure 3.  The presented motion traces were used for the dynamic localisation accuracy and treatment interruption tests in the 
markerless target tracking QA. The traces represent typical and atypical lung tumour motion with a motion range of up to 20 mm.

Phys. Med. Biol. 65 (2020) 025008 (12pp)
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0.6 mm (SI) and  −0.3 ± 0.8 mm (AP). The 3D tracking error (Euclidean norm over the three motion directions) 
was 1.3 ± 1.0 mm.

3.2.  Static localisation accuracy
Figure 5(a) shows a plot of the localisation result using markerless target tracking for the target located at origin. 
Table 1 shows the static localisation test results. The mean ± standard deviation of the tracking error in each 
direction over all measurements was 0.0 ± 0.5 mm (LR), −0.6 ± 0.2 mm (SI) and  −0.5 ± 0.4 mm (AP). These 
values led to tracking margin components of 0.4 mm (LR), 1.6 mm (SI) and 1.5 mm (AP). All static localisation 

measurements met the QA requirement.

3.3.  Dynamic localisation accuracy
Figures 5(b) and (c) show the plots of the best (typical lung) and the worst (LR dominant) case of dynamic 
localisation measurements using markerless target tracking. For each motion trace, the measured target motion 
trace was compared to the synchronised HexaMotion trace. Table 2 summarises the dynamic localisation test 
results. The mean ± standard deviation of the tracking error in each direction over all measurements was 
0.7 ± 1.4 mm (LR), −0.2 ± 0.5 mm (SI) and  −0.7 ± 0.7 mm (AP). These values resulted in tracking margin 
components of 2.7 mm (LR), 0.9 mm (SI) and 2.2 mm (AP). All dynamic localisation measurements met the QA 

requirement.
As the SI motion was always perpendicular to the imaging direction, we expected the SI errors to be low. 

Errors in the AP and LR directions were larger as they were not unambiguously resolved at every angle. The mean 
and standard deviation of the error in each direction was found to be  <1 mm except for the baseline shift and LR 
dominant cases.

3.4.  Dynamic localisation accuracy with treatment interruption
Figure 6 shows an example of a large baseline-shift in LR direction of the LR Dominant case. Table 3 shows the 
treatment interruption test results. The mean ± standard deviation of the tracking error in each direction over 
all measurements was 0.9 ± 1.3 mm (LR), −0.1 ± 0.6 mm (SI) and 0.1 ± 0.8 mm (AP). These values resulted 
in a tracking margin components of 3.2 mm (LR), 0.7 mm (SI) and 0.8 mm (AP). Similarly to the dynamic 
localisation accuracy test, sub-millimetre accuracy and precision were found except for the baseline shift and LR 
dominant cases. All treatment interruption tests met the QA requirement. Markerless target tracking successfully 
monitored the motion baseline shift and displayed the correct couch correction parameters when the treatment 

was interrupted.

3.5.  Latency measurement
The mean ± standard deviation of the end-to-end latency was measured to 230 ± 17 ms. The mean ± standard 
deviation of the computation latency to process a kV projection was 94 ± 24 ms. The difference between 
computation and end-to-end latency, 136 ms, was the time to acquire, read and transfer the x-ray projection from 
the linac system to the dedicated computer.

Figure 4.  Tukey boxplots of the tracking error over all localisation tests in LR, SI, AP and radial 3D direction. The median is shown 
by the horizontal red line surrounded by the blue box representing the first and third quartile. The top and bottom whiskers 
represent the range of the data points.

Phys. Med. Biol. 65 (2020) 025008 (12pp)
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Figure 5.  The tracked target location (red) on top of the ground truth (black) for static localisation at iso-centre (a) as well as the 
motion traces typical lung (b) and LR dominant (c). The mean ± standard deviation of the tracking error (ME) for each direction 
are also given.

Table 1.  The static localisation test results are presented as the mean ± standard deviation of the tracking error in each of the three motion 
directions.

Tracking error (mm)

Target shift LR SI AP

None 0.0 ± 0.3 −0.6 ± 0.1 −0.5 ± 0.2

5 mm left −0.1 ± 0.5 −0.5 ± 0.1 −0.2 ± 0.2

5 mm right 0.1 ± 0.3 −0.7 ± 0.1 −0.7 ± 0.4

5 mm superior −0.4 ± 0.7 −0.3 ± 0.2 −0.2 ± 0.3

5 mm inferior 0.1 ± 0.5 −0.7 ± 0.1 −0.7 ± 0.3

5 mm anterior 0.0 ± 0.3 −0.6 ± 0.1 −0.5 ± 0.2

5 mm posterior 0.1 ± 0.4 −0.6 ± 0.1 −0.6 ± 0.5

Table 2.  The mean ± standard deviation of the tracking error in the dynamic localisation test.

Tracking error (mm)

Motion trace LR SI AP

Sinusoidal 0.3 ± 0.9 −0.4 ± 0.8 −0.8 ± 0.4

Baseline shift 1.1 ± 1.3 −0.3 ± 0.2 −0.5 ± 0.8

Typical lung 0.6 ± 0.2 −0.1 ± 0.4 −0.5 ± 0.4

High frequency 0.7 ± 0.4 0.0 ± 0.8 −0.3 ± 0.6

LR dominant 1.0 ± 2.8 −0.3 ± 0.2 −1.3 ± 0.9

Phys. Med. Biol. 65 (2020) 025008 (12pp)
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3.6.  Test results taking end-to-end system latency into account
By the output time of markerless target tracking the target has changed its current position during the end-to-
end system latency, which can additionally be included in the calculation of the tracking error. Taking the latency 
into account for the evaluation of the tracking results yields a mean ± standard deviation of the tracking error of 
0.7 ± 1.9 mm (LR), −0.2 ± 2.0 mm (SI) and  −0.7 ± 0.9 mm (AP) for the dynamic localisation tests. These values 
result in tracking margin components of 3.1 mm (LR), 1.9 mm (SI) and 2.4 mm (AP). Table 4 presents detailed 

results.

4.  Discussion

Markerless lung target tracking was evaluated prospectively on a standard linear accelerator for the first time. 
Target position monitoring underwent multiple QA tests which included static and dynamic localisation 
accuracy and treatment interruption tests in a phantom experiment. The end-to-end system latency was also 
measured. All QA requirements were met successfully. An example for a markerless target tracking QA worksheet 
can be found in appendix. We suggest that the proposed QA tests should be repeated monthly as an addition to 
kV imaging system tests.

Markerless target tracking achieves its optimal accuracy for targets with predominantly SI motion e.g. in 
cases sinusoidal, typical lung and high frequency. Depending on the gantry angle, LR and AP motion occurs 
either perpendicular or parallel to the imaging direction. In the latter case, markerless target tracking relies on 
the implemented 3D inference, which is sensitive to tracking errors propagated from the template matching. 

Figure 6.  The tracked target location (red) on top of the ground truth position (black) is shown for the LR Dominant case with 
treatment interruption (grey) and applied couch shift. The mean ± standard deviation of the tracking error (ME) is also given.

Table 3.  Treatment interruption test results. Presented are the mean ± standard deviation of the tracking error in each of the three motion 
directions.

Tracking error (mm)

Motion trace LR SI AP

Sinusoidal 0.5 ± 0.2 0.1 ± 0.8 −0.4 ± 0.2

Baseline shift 1.3 ± 1.3 −0.2 ± 0.2 0.7 ± 1.1

Typical lung 0.5 ± 0.3 0.0 ± 0.6 −0.4 ± 0.4

High frequency 0.8 ± 0.4 0.0 ± 1.1 0.3 ± 0.8

LR dominant 1.2 ± 2.5 −0.3 ± 0.2 0.2 ± 0.8

Table 4.  Dynamic localisation test results including the end-to-end latency.

Tracking error (mm)

Motion trace LR SI AP

Sinusoidal 0.3 ± 0.9 −0.3 ± 3.1 −0.8 ± 0.4

Baseline shift 1.1 ± 1.7 −0.3 ± 0.3 −0.5 ± 1.0

Typical lung 0.6 ± 0.3 −0.1 ± 1.7 −0.5 ± 0.7

High frequency 0.7 ± 0.5 0.0 ± 3.0 −0.3 ± 0.6

LR dominant 1.0 ± 3.9 −0.3 ± 0.2 −1.3 ± 1.3

Phys. Med. Biol. 65 (2020) 025008 (12pp)
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This leads to larger tracking errors when the target motion is pre-dominantly in the LR or AP direction e.g. for 
the motion traces baseline shift and LR dominant. In practice, the pre-treatment 4D-CT can be used to identify 
such motion characteristics and inform the reliability of markerless target tracking for each individual patient 
beforehand.

The 3D localisation can be used for various treatment adaptation strategies with or without accounting for 
the changes in depth. In a clinical implementation tracking margin components will be used to account for geo-
metric uncertainties. For the determination of these margins the contribution of the mean tracking error is dom-
inant (Van Herk 2004), leading the margins to be insensitive to occasionally occurring error peaks. Therefore, 
the tracking margin component for markerless target tracking is small compared to typical total margins in lung 
cancer radiotherapy (Benedict et al 2010).

Several aspects of markerless target tracking can be improved. The target localisation accuracy especially in 
SI-direction is limited by the quality and resolution of the planning 4D-CT which was used to build the model. 
Image artefacts due to motion blurring in 4D-CT can propagate to errors in the template matching step and 
affect the accuracy of markerless tracking. Further, it was found that additional objects in the 4D-CT, which differ 
between the CT scanner and the linac, such as the imaging couch and the treatment table, mislead the template 
matching approach. These can be removed from the model to improve localisation accuracy in the future. The 
localisation accuracy of markerless target tracking is inferior compared with marker-based tracking approaches 
(Santanam et al 2009, Kim et al 2017). However, the target is tracked directly avoiding surrogacy errors. The 
tracking margin components are likely subject to sampling errors as they are calculated from a small sample 
size of motion traces. They have yet to be verified for a large patient cohort. However, the results of the QA pro-
cedure can be considered as an estimate for the tracking accuracy needed to assist margin definition for patient 
treatments. Further, in the presented experimental setup the CIRS lung phantom was placed on the modified 
HexaMotion platform to enable 3D motion, however, this does not allow separate anatomy and target displace-
ment. This setup was chosen based on the trade-off between the clinical feasibility of the setup complexity and 
the clinical relevance of the target tracking scenario. The conducted experiment was restricted by the geometric 
uncertainty of the modified HexaMotion platform and setup alignment (Cetnar et al 2016, Huang et al 2017).

Markerless target tracking delivers kV imaging dose that is similar to two CBCT acquisitions for each treat-
ment fraction. Several strategies for dose reduction were identified and can be implemented in the future:

	 •	�The setup CBCT may replace the pre-treatment learning arc during the setup stage.
	 •	�The field of view of the kV imaging can be fitted to the motion range observed in the planning data for each 

patient individually.
	 •	�The imaging parameters can be optimised for the projection angle.
	 •	�Incorporating the imaging dose into the optimization framework can reduce the concomitant dose delivered 

(Grelewicz and Wiersma 2014).

The end-to-end latency of markerless target tracking was measured to 230 ms. It was found that the majority of 
this latency was caused by the frame streaming procedure (frame grabbing and writing image to disk) on top 
of the computational latency of 94 ms. Studies suggested that lung tumour motion prediction can compensate 
for system latencies (Sharp et al 2004, Krauss et al 2011) and a similar approach can be integrated in a future 
markerless target tracking implementation. Furthermore, the latency caused by the frame streaming procedure 
can potentially be significantly reduced from the future updates of the frame grabbing software (Lee et al 2018), 
or by directly passing the imaging data into the memory and bypassing the need to write data to the disk.

5.  Conclusion

Markerless target tracking was implemented prospectively on a standard linear accelerator for the first time. 
Clinical process and QA practices for the safe clinical implementation have been developed and implemented 
for lung cancer VMAT. Markerless target tracking passed all QA tests. The QA procedure developed in this study 
paves the way for the clinical use of markerless target tracking on a standard linac.
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