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	 Background:	 In this study, we assessed the usefulness of diaphragm surrogate tracking in the design of a respiratory mod-
el for CyberKnife Synchrony treatment of lung tumors.

	 Material/Methods:	 Twenty-four patients with lung cancer who underwent stereotactic body radiotherapy with CyberKnife between 
April and November 2019 were enrolled. Simulation plans for each patient were designed using Xsight lung 
tracking (XLT) and diaphragm tracking (DT) methods, and tumor visualization tests were performed. The offset 
consistency at each respiratory phase was analyzed. The relative distance along the alignment center of the su-
perior-inferior (SI) axis in the 2 projections (dxAB), uncertainty (%), and average standard error (AvgStdErr)/max-
imum standard error (MAXStdErr) were also analyzed.

	 Results:	 Bland-Altman analyses revealed that the average differences±standard deviation (SD) between XLT and DT 
tracking methods were 0.4±2.9 mm, 0.3±4.35 mm, and -1.8±6.8 mm for the SI, left-right (LR), and anterior-
posterior (AP) directions, respectively. These results indicated high consistency in the SI and LR directions and 
poor consistency in the AP direction. Uncertainty differed significantly between XLT and DT (22.813±5.721% vs 
9.384±3.799%; t=-5.236; P=0.0008), but we found no significant differences in dxAB, AvgStdErr, or MAXStdErr.

	 Conclusions:	 In the majority of cases, motion tracking by XLT and DT was consistent and synchronized in the SI directions, 
but not in the LR and AP directions. With a boundary margin of 0.3±4.35 mm and 1.8±6.8 mm for the LR and 
AP directions, DT may contribute to better implementation of CyberKnife Synchrony treatment in patients with 
lung tumors near the diaphragm that cannot be seen in tumor visualization tests.
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Background

In patients undergo radiotherapy, radiation often results in 
radionecrosis in various vital organs, including the lungs and 
liver [1-3]. Stereotactic body radiation therapy (SBRT) has 
been shown to improve tumor control in patients with ear-
ly-stage inoperable lung and liver cancers at 2-3 years of fol-
low-up while causing minimal toxicity [4-6]. However, respi-
ratory motion imposes significant challenges for SBRT in the 
chest and abdomen.

The CyberKnife Synchrony respiratory tracking system pro-
vides real-time motion management solutions, including Xsight 
lung tracking (XLT) and fiducial tracking (FT), which are based 
on the tracking of the lung tumor and implanted fiducials, re-
spectively. According to the manufacturer’s recommendations, 
the XLT method requires the tumor density to be significant-
ly higher than that of the surrounding nonmalignant lung tis-
sue in the X-ray image acquired by the CyberKnife image sys-
tem, and the minimum diameter of the tumor to be greater 
than 1.5 cm in all directions [7]. For the XLT method, a tumor 
visualization test (TVT) should be performed before radiation, 
which is a limiting factor for clinical application of the XLT meth-
od. Bahig et al [8] performed TVT on 133 patients and found 
that the test failed in 45 (34%) patients. In these cases, the 
FT method seemed to be a feasible alternative.

Nevertheless, the implantation of fiducials may increase the 
risk of pneumothorax. Additionally, the displacement and de-
formation between fiducials and the target may lead to er-
rors and subsequent treatment discontinuation. The reported 
risk of pneumothorax or pulmonary hemorrhage after percu-
taneous implantation ranged from 13% to 45% [9-12]. The 
displacement or abandonment of fiducials may also compro-
mise the tracking accuracy. Studies have shown an implanta-
tion failure rate of 16%, with displacement and rotation error 
rates also being relatively high [13,14]. Therefore, in view of 
the above limitations, spine tracking has been proposed for 
the treatment of tumors near the spine [15]. However, the in-
ternal target volume may involve a large volume of nonmalig-
nant tissue due to tumor motion, which could increase the risk 
of toxicity. Hence, the development of novel methods to over-
come the limitations of XLT and FT while minimizing the expo-
sure volume remains an unmet clinical need. Yang et al [16] 
found a good motion correlation between the diaphragm and 
liver tumor in superior-inferior (SI) and anterior-posterior (AP) 
directions using magnetic resonance imaging, suggesting that 
the diaphragm could be used as a reliable surrogate target for 
tracking liver tumors [17-20]. Previous studies have also shown 
a correlation between diaphragm motion and lung tumor mo-
tion by directly evaluating both using either 4-dimensional or 
fluoroscopic images [21-24].

However, to the best of our knowledge, there are no published 
reports on using the novel CyberKnife technique to track dia-
phragm motion as a surrogate marker for lung tumor radiother-
apies. In this study, we investigated the feasibility of using di-
aphragm tracking (DT) as a surrogate in CyberKnife Synchrony 
treatment. We also compared the performance of DT and XLT 
in the development of a Synchrony respiration model.

Material and Methods

Clinical Data

The present study included patients who underwent SBRT with 
CyberKnife between April 2019 and November 2019 at the 
Cancer Center of the Union Hospital of Huazhong University 
of Science and Technology. A total of 24 patients (14 with lung 
cancer, 6 with lung metastasis of liver cancer, and 4 with lung 
metastasis of colon cancer) with a planning target volume 
34.27 cm3 (13.04-95.25 cm3) were enrolled. The inclusion cri-
teria were (1) a tracking volume minimum diameter of ³1.5 cm 
in all directions if the XLT method was used and a clearly visi-
ble tumor on the images of A and B X-ray tubes; (2) the treat-
ment site was the middle and lower lung and the simulated 
computed tomography (CT) image contained a complete and 
clear diaphragm; and (3) patients had a junior high school edu-
cation or more and were able to complete the respiratory train-
ing and CyberKnife simulation. The patient characteristics are 
detailed in Table 1. The study protocol was approved by the 
Ethics Committee of Union Hospital of Huazhong University 
of Science and Technology (IEC S852). Written informed con-
sent was obtained from each patient.

Equipment Information

The following equipment was used in this study: American 
Accuray Company CyberKnife VSI (with standard treatment 
couch), treatment plan system MultiPlan 5.2.1, and treatment 
execution system CyberKnife 10.5.

Respiratory Training

To ensure the accuracy and efficiency of SBRT, all patients re-
ceived respiratory training before CT scanning and treatment. 
A custom-made breathing training platform was used to en-
sure regularly breathing following a voice prompt. For consis-
tency, all patients were trained and evaluated by the same 
investigator.

CT Scan and CyberKnife Simulation Plan

CT images (slice thickness: 1.5 mm, tube current: 400 mA, 
tube voltage: 120 kVp) were obtained on a Philips Brilliance 
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BigBore CT simulator (Philips Healthcare, Netherlands). The 
scan range was 15 cm above and below the tumor area, in-
cluding all the surrounding organs at risk. The CT images 
were transferred to the MultiPlan (version 5.2.1, Accuray Inc., 
Sunnyvale, CA, USA) treatment planning system. The gross tu-
mor volume was contoured by the same experienced oncol-
ogist. During XLT treatment, the tracking volume (solid struc-
ture of the tumor lesion) was used as the reference object in 
the Synchrony system. According to the manufacturer’s in-
structions, the tracking volume was identified from end-expi-
ration breath-hold CT images close to the inner edge of sol-
id lung lesions; cloudy and blurred parts were excluded [25]. 
The tracking volumes of solid tumor lesions (for XLT) and di-
aphragm (for DT, the diaphragm volume from diaphragmatic 
dome to 1.5 cm below) were reported. The tracking volumes 
were contoured by the same experienced medical physicist. 
For all enrolled patients, CyberKnife simulation plans were de-
signed based on XLT and DT methods.

Tumor Visualization Test

For consistency, the same experienced radiation oncologist visu-
ally identified the tumor and/or diaphragm using the CyberKnife 
treatment system for all patients enrolled in this study. TVT 
was performed based on simulation plans to establish the 

correlation between internal tracking volume and external 
breathing profile. Initially, the spine X-ray images were used 
to generate digitally reconstructed radiographs (DRRs) with 
less than 1 mm of translation offset. Subsequently, the image 
center was moved from the spine center to the tracking vol-
ume center for breathing modeling. The first step to manually 
build a Synchrony model was to align each patient near the 
center of the respiratory cycle. Centering the range of respira-
tory motion reduced the likelihood of treatment interruptions 
caused by out-of-bound errors. Next, the remaining Synchrony 
dataset was acquired 1 model point at a time. The user-defined 
respiratory phase selection was used to acquire both the peak 
and valley model points (full inspiration/expiration) and either 
the center inhale or center exhale model point (the midpoint 
of the respiratory cycle). The translational offsets of the center 
inhale or center exhale image were reviewed in the Synchrony 
model (mm) table. If the values were close to zero, it was not 
necessary to move the couch. If the values were high for 1 or 
more axes, the couch was moved to center the range of respi-
ratory motion. The translational offsets of the center inhale/
exhale image were entered to the couch position (mm) text-
boxes. Next the model points were collected according to the 
breathing phase sequence, as shown in Figure 1.

Correlation Error

The standard deviation (SD) in the Synchrony correlation 
model accurately indicated the total difference between the 
curve of the Synchrony model and each model point repre-
senting each correlation image. The SD was used to evaluate 
the quality of the model, and the SD was obtained using the 
following formula: 
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where ei is the difference between the model curve and the model point, and n is the 

 (1),

where ei is the difference between the model curve and the 
model point, and n is the number of the model point.

Characteristics*

Age, years 	 56	 (35-69)

Disease, n (%)

Lung cancer 	 14	 (58.3)

Liver cancer 	 6	 (25)

Colorectal cancer 	 4	 (16.7)

Tumor lobe location, n (%)

Right middle lobe 	 3	 (12.5)

Right lower lobe 	 12	 (50)

Left lower lobe 	 9	 (37.5)

Gross tumor volume, cm3 	 17.54	 (7.09-36.3)

Planning target volume, cm3 	 34.27	 (13.04-95.25)

Distance between gross tumor 
volume and diaphragm, mm

	 65.28	 (27.94-141.53)

Total dose, Gy 	 45	 (35-60)

Fraction 	 5	 (3-8)

Treatment time (min) per fraction 	 38	 (31-54)

Table 1. Patient characteristics (N=24).

* Values are median (range) unless noted otherwise.
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Figure 1. Sampling sequence during respiration
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Data Extraction

We collected both XLT and DT in the same visit, and for TVT, 
screenshots of each breath phase point were saved in the 
treatment execution system once. The phase points of each 
breath were recorded for 60 s until all the optimal models of 
8 effective breath phase points were collected. After XLT and 
DT were executed, XLT and DT data of the screenshot inter-
face were extracted. The offset value, dxAB, uncertainty, and 
average standard error (AvgStdErr)/maximum standard error 
(MAXStdErr) of each breathing phase point were obtained ac-
cording to the recorded information in the treatment execu-
tion system.

Tracking with the XLT system provided the association between 
the observed target position and the position recorded in the 
DRR images; target offsets were calculated using the DRR im-
ages as a reference. The dxAB (mm) parameter was used to 
assess the relative distance along the alignment center SI axis 
in the 2 projections (for camera A and camera B of the X-ray 
imaging system). The SI axis was used because it was com-
mon to both projections. The XLT algorithm was used to cal-
culate the dxAB value for every image. The uncertainty (%) 
parameter was used to assess the calculated detection uncer-
tainty value for the XLT algorithm. Detection uncertainty val-
ues higher than the uncertainty threshold parameter indicat-
ed the presence of uncertainty errors.

Statistical Analysis

SPSS statistical software was used for all statistical analyses. 
The measurement data were expressed as means±SD, and the 
Bland-Altman method was used to compare the translation off-
set in the 2 methods. The t test was used to compare the model 
quality parameters (dxAB, uncertainty, AvgStdErr/MAXStdErr). 
P-values <0.05 were considered statistically significant.

Results

Bland-Altman Consistency Analysis

The SD between XLT and DT tracking methods were 0.4±2.9 
mm, 0.3±4.35 mm, and -1.8±6.8 mm for SI, left-right (LR), and 
AP directions, respectively. The mean SD in the AP direction 
was larger than -1.8 mm, indicating a low consistency between 
the 2 methods in this direction (Figure 2A-2C).

Analysis of Synchronicity

We analyzed all respiratory phase points for all patients enrolled 
in this study and plotted the phase point graphs of 2 patients. 
Although the migration synchronization of the 8 respiratory 
phase points required to establish the model was good in the SI 
direction, it was poor in the LR and AP directions (Figures 3, 4).
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Figure 2. �Bland-Altman analysis the offset values between the Xsight lung tracking (XLT) and diaphragm tracking (DT) methods. 
Consistency analysis of XLT and DT in the (A) superior-inferior, (B) left-right, and (C) anterior-posterior directions.
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Quality of the Model

We compared the Synchrony model quality parameters be-
tween XLT and DT, including dxAB, uncertainty, and AvgStdErr/
MAXStdErr. Uncertainty differed significantly between XLT and 
DT (22.813±5.721% vs 9.384±3.799%; t=-5.236; P=0.0008), 
whereas no significant differences in dxAB (mm), AvgStdErr, 
or MAXStdErr were observed (P>0.05, Table 2).

Discussion

Respiratory movements involve the rhythmic contraction and 
expansion of the chest mediated by the contraction and re-
laxation of the respiratory muscles [26,27]. During radiother-
apy in patients with tumors in the chest and abdomen, such 
as early-stage lung cancer, liver cancer, and pancreatic cancer, 
respiratory movements lead to irregular movements of the ra-
diation target areas [28,29]. Because the CyberKnife can syn-
chronously track the dynamic changes in the target area, it 
is a powerful tool for stereotactic radiotherapy and delivery 
of high-dose hypofractionated radiation. In this study, we de-
veloped a DT method to treat tumors located adjacent to the 

diaphragm and found a high consistency between DT and XLT 
in the SI direction. Previous studies have shown a good cor-
relation between the diaphragm and liver tumors in SI and 
AP directions and indicated that the movement amplitude in 
the mediolateral direction was small and likely clinically irrel-
evant [16,17]. Based on the linear model, Cerviño et al [23] 
and Zhou et al [24] reported that the per-phase position, mean 
position, and excursion estimation errors were 1.12±0.99 mm, 
0.97±0.88 mm, and 0.79±0.67 mm, respectively. Intrafractional 
per-phase tumor position estimation error, mean position er-
ror, and excursion error were within 3 mm, 95%, 96%, and 99% 
of the time, respectively. In our patients, the results provid-
ed by DT and XLT were not consistent or synchronized in the 
LR direction, corroborating the findings of Yang et al [16]. We 
compared the motion between the diaphragm and the tumor 
by breathing phase matching and found that the maximum 
directional mean deviation was -1.8 mm. These results were 
similar to those of Zhou et al [24], indicating that the use of 
the diaphragm as a tracking surrogate in the CyberKnife track-
ing module provides similar performance to that of the move-
ment of the tumor itself in the SI direction.
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Figure 3. �Synchronicity of the 3 translational offsets in patient 1: S-I – superior-inferior; L-R – left-right; and A-P – anterior-posterior.
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We also compared the offsets of the respiratory phase points 
during the modeling and found that most offsets provided si-
nusoidal curves, consistent with previous findings [30,31]. The 
offset fitting curve of the diaphragm as a tracking surrogate re-
sembled a sine wave for the SI direction, while no specific trend 
was observed for the other 2 directions. In 2-dimensional plane 
images, the diaphragm was clearly visible on the 45° oblique 
angle orthogonal image of the CyberKnife (Figure 5A, 5B). 
In this study, the tracking outline of the diaphragm was de-
fined as the outline of the diaphragmatic parietal region. Due 

to the unique arc-shaped structure of the diaphragm in 2-di-
mensional images and the position change in the LR and AP 
directions, the ability of the CyberKnife tracking system to 
recognize respiratory deformations in the diaphragm may be 
limited. Furthermore, as shown in (Figure 5C, 5D), the tumor 
often rotates during respiratory movements [32]; such rota-
tional motions (eg, spiral and rolling motions) cannot be sim-
ulated in the DT method.

Parameter XLT/FT DT t P

dxAB, mm 	 0.664±0.535 	 0.497±0.302 -0.166 0.873

Uncertainty, % 	 22.813±5.721 	 9.384±3.799 -5.236 0.0008

AvgStdErr, mm 	 1.511±1.007 	 1.767±1.211 0.527 0.613

MAXStdErr, mm 	 1.667±1.038 	 1.900±1.225 0.485 0.641

Table 2. �Comparison of Synchrony model quality parameters between Xsight lung tracking/fiducial tracking (XLT/FT) and diaphragm 
tracking (DT) (N=24).

AvgStdErr – average standard error; dxAB – relative distance along the alignment center of the superior-inferior axis in the 2 
projections; MAXStdErr – maximum standard error.
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Figure 4. �Synchronicity of the 3 translational offsets in patient 2: S-I – superior-inferior; L-R – left-right; and A-P – anterior-posterior.
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In this study, we also evaluated the reliability of the system in 
identifying the diaphragm by comparing tracking parameters 
in the DT and XLT methods. To ensure the consistency of the 
model evaluation conditions, we provided breathing training 
for all patients at the beginning of the study. All patients re-
quiring respiratory management received breathing training 
at our institution to ensure that they could breathe smoothly 
and evenly during the treatment, thereby reducing respirato-
ry errors and baseline deviation [31]. Studies have shown that 
the uncertainty (%) of respiratory models designed using the 
DT method is significantly lower than that of models designed 
using the XLT method, while dxABs do not differ significant-
ly between the 2 models. One possible explanation for high-
er uncertainty (%) in the results provided by the XLT method 
is that the tumor profiles in one of the images were masked 
by surrounding impenetrable structures because of smaller 
tumor diameters or gray-scale profile similarities. The track-
ing algorithm used in the DT method improved tumor iden-
tification owing to the large scope of the diaphragm outline 

A

C

B

D

Figure 5. �Tracking-guided images using (A, B) diaphragm tracking (DT) and (C, D) Xsight lung tracking (XLT).

and the large difference in the gray scale of the diaphragm in 
2-dimensional images. Although the DT-based model exhibit-
ed a slightly higher SD and maximum SD than the XLT-based 
model, the differences were not statistically significant, indi-
cating that the tumor position predicted by the model was 
not significantly different from that of the actual diaphragm.

There are several limitations to this study. First, we did not 
specifically analyze the distance relationship between the XLT 
and the diaphragm; hence, we were unable to determine the 
impact of the distance between the diaphragm and the tu-
mor on the respiratory movement. Second, due to the small 
cohort size, our findings need to be confirmed in future large-
cohort studies.
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Conclusions

In summary, we performed tumor tracking using the XLT and 
DT methods. We found that the motion tracking was consis-
tent and synchronized in the SI direction, but not in LR and 
AP direction. With a boundary margin of 0.3±4.35 mm and 
1.8±6.8 mm for the LR and AP directions, DT may contribute 
to better implementation of CyberKnife Synchrony treatment 

in patients with lung tumors near the diaphragm that are not 
visible in TVT. However, more caution is needed for tumors 
with large motions in the AP direction.
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