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Abstract
Purpose: We investigated the movement characteristics of lung cancers and the clinical accuracy of
tracking lung tumors with Synchrony Respiratory Tracking System (SRTs) during the CyberKnife
treatment. We also explored the in�uencing factors of accuracy. These data provided the appropriate
expansion margins of patients with different respiratory characteristics, which was helpful to realize the
personalized design of treatment plans of CyberKnife.

Methods and Materials: 73 patients with lung cancer treated with CyberKnife SRTs were selected
retrospectively for this study. The patient's age, gender, respiratory characteristics and tumor datas (tumor
size, anatomical position and geometric position) were recorded. During treatment, the deviation was
checked every 45 s and compensated by the synchronous respiratory tracking system.

Results: The total mean motion amplitudes and standard deviations of lung tumors in superior-inferior
(SI), left-right (LR), and anterior-posterior (AP) directions were 4.15 ± 3.47 mm, 3.98 ± 3.21 mm and 3.79 ±
2.73 mm, respectively. The overall mean correlation errors and standard deviations were 0.86 ± 0.45 mm,
1.04 ± 0.76 mm and 0.70 ± 0.47 mm, respectively. The overall mean prediction errors and standard
deviations were 0.18 ± 0.17 mm, 0.35 ± 0.39 mm and 0.35 ± 0.42 mm, respectively. The correlation errors
of LR direction were less correlated with the geometric position of the tumor (r = 0.38), and not correlated
with the anatomical position of the tumor (r < 0.3). The prediction errors were moderately correlated with
the respiratory amplitude (r = 0.588), and less correlated with the baseline drift and the motion amplitude
of the tumor (r = 0.407 and 0.365, respectively).

Conclusions: The patient’s respiratory amplitude, the tumor motion amplitude, the tumor baseline drift
and geometric position were the main factors affecting the tracking accuracy. Tumors at different
geometric positions should be treated differently to ensure su�cient dose coverage of the lung tumor
target. 

Introduction
A great challenge for lung cancer radiotherapy is how to compensate for the respiratory induced tumor
movement. This movement is the main factor hindering the increase of radiotherapy dose, which can
occur in all anatomical directions and inhibit the accurate transmission of radiation dose (1). The
International Commission on Radiological Units and measurements (ICRU) recommends that the edge of
the tumor be added to compensate for the geometric uncertainty caused by this motion and tumor
rotation. CyberKnife is widely used in the world as an image-guided real-time tumor tracking therapy (2,
3). The SRTs can compensate for inconsistent respiratory movements and reduce the treatment margins,
especially the end expiratory baseline shift. CyberKnife therapy has the characteristics of high fractional
dose, short fractional time and high biological dose, but it must have high accuracy and stability (4, 5).
The edge range of CyberKnife user reports is 2-8 mm, and the common edge range is 3-5 mm (6, 7).
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The accuracy of correlation and prediction in real-time tumor tracking of CyberKnife SRTs is limited (8).
Phantom experiments had proved that synchronization can achieve real-time respiratory motion tracking
with 0.7 ± 0.3 mm accuracy (9). There were many studies on correlation and prediction errors of clinical
lung tumor patients. The errors also considered different lobes and different directions (SI, LR and AP).
The lung was divided into 9 parts in previous papers, but in this paper, the lung was divided into 27 parts
to analyze the motion and errors. This study aims to answer three key clinical questions: 1. Motion
characteristics of lung tumors under free breathing; 2. The accuracy and related factors of tracking lung
tumors by CyberKnife SRT system; 3. The expansion margin of the lung tumor was guided by the
movement characteristics of lung and the tracking accuracy of SRTs (10, 11).

Methods And Materials

Data source
Data sets from 304 treatment scores of 73 patients with lung cancer (primary or metastatic) were
investigated from 2017 to 2020, and these patients had previously been treated with CyberKnife SRTs.
The average duration of each data set was 60.6 min. The treatment characteristics of patients were listed
in Supplementary Table 1. Before treatment, 3-5 �ducials were implanted into or around the tumor under
the guidance of CT or ultrasonic endoscopy. As an internal marker, the �ducial can accurately track
moving tumors (12-15). The design of the treatment plan was based on end-inspiratory CT image, and
PTV was based on the expansion of GTV by 3 mm in all directions. The dose to the planning target
volume (PTV) was de�ned as the isodose line of 65–89%, where 100% was standardized as the
maximum dose. The lung tumor movement is de�ned as the centroid displacement of �ducials relative to
the planned position. Some �ducials migrate or rotate during treatment. If the �ducials exceeded the
respective anatomical range, the data sets of the subsequent treatment were discarded. The respiratory
motion data, lung tumor motion data, correlation error data and prediction error data were extracted from
the treatment log �les (16).

During respiratory movement, lung tissues at different positions showed inconsistent motion trajectories
(17). In order to further study whether there was statistical difference in the accuracy of real-time tracking
of lung tumors at different locations by CyberKnife SRTs, the lung tissue was divided into three equal
parts along the directions of SI, LR and AP, as shown in Supplementary Figure 1. LR directions were
marked as A, B and C, SI directions were marked as D, E and F, and AP directions were marked as G, H and
I.

Baseline drift
Three optical markers are used to record external respiratory signals in real time. These markers are
optical �ber terminals for transmitting LED signals (18, 19). It was reported that the external substitution
movement was closely related to the internal tissue movement strongly (20). However, this correlation
may change due to a baseline drift of the patient’s breathing and gradual relaxation of muscles. Baseline
drift means that the slow changes of respiratory baseline in one direction with time (21). Baseline drift
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was calculated by subtracting the absolute value of the lowest point from the highest point of the
baseline and dividing by time. Malinowski (22) investigated patients with lung and pancreatic tumors and
reported that in 63% of cases, the relationship between substitutes and tumor location changed.

Correlation and prediction errors
A pair of orthogonal X-ray tubes was used to take a number of X-ray images of patients. At different
stages of the respiratory cycle, the position and direction of several �ducials implanted in or near the
tumor were monitored until the SRTS system showed that the respiratory cycle covered 100%. The
correlation model will be established between the captured internal �ducial and the external marker data.

The correlation error was de�ned as the difference between a tumor’s location as determined by x-ray
images and that calculated by the latest correlation model. If the position given by the model differs from
the position indicated by X-ray images by more than 5mm, the synchronization treatment of CyberKnife
will be stopped. The operator will build a new related model by removing all existing data points and
acquiring a series of new X-ray images. Multiple synchronization models may be established in a
complete treatment. This may be caused by (1) the failure of the CyberKnife synchronization system; (2)
the patient asked for rest; and (3) the patient's deep breathing or coughing during CyberKnife
synchronization therapy.

Another component of the SRTs is the prediction model, through which the SRTs can obtain the tumor
location information 115 milliseconds ahead of time, and the SRTs (23) can complete tumor
identi�cation and beam adjustment within 115 milliseconds.

The prediction error was calculated by comparing the predicted location with the actual location after 115
milliseconds. The overall mean errors of each fraction and the standard deviations (SDs) were calculated
in SI, LR and AP directions. The Modeler.log �le (24) contains the output (modeling points) of the
correlation model, which are used to determine the amplitude of motion. The Predictor.log �le contains
the output of the prediction algorithm (predictor points) and the corresponding modeler points, including
the predicted position and prediction error. The ModelPoints.log �le contains the time stamp of image
acquisition, the central quality of internal markers and the correlation model error for each component of
motion and external marker. The Markers.log �le records the position of the external markers to analyze
the in�uence of breathing movement on errors. The ERsiData.log �le contains the position and status
information of the linear accelerator. The ERsiData.log �le was used to identify the times when radiation
was being delivered, which was used to record the effect of treatment time.

Statistical analysis
Data of each patient was calculated and expressed as the overall mean ± standard deviation for all
patients. The Pearson correlation coe�cient r was evaluated with an uncorrelated test. Comparisons were
performed using T-test, and differences were considered signi�cant at the 95% con�dence level (P < 0.05).
The statistical analyses are based on SPSS statistics of IBM.
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The factors for the tracking accuracy were estimated through the multivariate regression analysis.
Correlation errors and prediction errors were speci�ed as dependent variables. Twelve parameters, such
as baseline drift, respiratory amplitude, respiratory cycle, treatment time, tumor volume, tumor anatomical
position, geometric position, tumor motion amplitude, lung volume, isoline dose, numbers and distance of
markers, were extracted as independent variables.

Results

Respiratory movement and tumor movement
characteristics
For 73 patients, 304 X-ray image data sets and 6408 timestamps were analyzed. The average duration of
each data set was 60.6 minutes, and the average volume of tracking tumor was 49.99 ± 50.92 cm3. In
Supplementary Table 2, the overall mean and standard deviation of respiratory motion amplitude in SI,
LR, AP and radial directions were 5.92 ± 3.11 mm, 1.17 ± 0.68 mm and 2.57 ± 1.79 mm, respectively. The
overall mean and standard deviation of respiratory motion amplitude in SI, LR, AP and radial directions
were 4.15 ± 3.47 mm, 3.98 ± 3.21 mm, and 3.79 ± 2.73 mm, respectively. The tumor motion amplitudes of
different lobes were shown in Table 1. Single sample t-test data analysis showed that there were
signi�cant differences in tumor motion amplitude at different geometric positions (P = 0.001).



Page 6/19

Table 1
Overview of the tumor motion amplitudes of different lobes

Lung lobes and directions Mean (mm) SD (mm) Range (mm)

RUL SI 5.04 4.13 0.64 - 18.22

LR 3.39 2.13 0.64 - 8.39

AP 3.10 1.88 0.44 - 8.75

RML SI 4.25 3.82 0.26 - 15.13

LR 4.72 3.62 0.23 - 16.80

AP 5.28 3.06 0.52 - 14.76

RLL SI 4.52 2.97 0.79 - 11.75

LR 2.33 1.09 0.70 - 4.94

AP 3.13 2.58 0.57 - 8.38

LUL SI 4.74 4.07 0.29 - 13.90

LR 3.12 2.48 0.94 - 8.42

AP 2.56 1.87 0.388 - 6.856

LLL SI 3.28 2.29 0.30 - 11.82

LR 4.08 2.76 0.29 - 11.06

AP 3.97 2.55 0.65 - 16.90

RUL, right upper lobe; RML, right middle lobe; RLL, right lower lobe; LUL, left upper lobe; LLL, left lower
lobe.

The mean tumor motion amplitude in right lung was signi�cantly greater than that in left lung, and the
mean tumor motion amplitude in SI direction was signi�cantly greater than that in other directions.

Correlation and prediction errors
In order to evaluate the errors of CyberKnife SRTs, 304 data sets of 73 patients were analyzed. The
correlation and prediction errors of tumors of different lung lobes in SI, LR and AP directions were shown
in Table 2. The correlation and prediction errors of different lung lobes and different geometric positions
in SI, LR and AP directions were shown in Figure 1. Comparing Figure 1 (A) and (B), it could be seen that
the correlation errors of AFI, BFI, CEI and CFG positions in SI direction and CEG position in LR direction
were higher than the mean correlation errors of corresponding anatomical positions. Similarly, comparing
Figure 1 (C) and (D), it could be seen that the prediction errors of AFI, BFH, BFI and CEI positions in SI
direction and AFI position in LR direction were signi�cantly higher than the mean prediction errors of
corresponding anatomical positions.
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Table 2
Summary of correlation and prediction errors in 304 fractions

Lobes and
directions

(Fraction)

Mean (mm) SD (mm) Range (mm)

Correlation
error

Prediction
error

Correlation
error

Prediction
error

Correlation
error

Prediction
error

RUL

(N=73)

SI 0.85 0.14 0.34 0.11 0.37 - 1.65 0.01 - 0.47

LR 0.84 0.27 0.47 0.24 0.28 - 2.33 0.03 - 1.17

AP 0.66 0.24 0.32 0.27 0.26 - 1.85 0.013 -
1.13

RML

(N=48)

SI 0.88 0.16 0.53 0.18 0.22 - 2.84 0.02 - 1.04

LR 1.55 0.54 1.10 0.38 0.31 - 4.36 0.01 - 1.29

AP 0.92 0.63 0.66 0.43 0.30 - 4.02 0.04 - 1.51

RLL

(N=41)

SI 0.85 0.15 0.326 0.08 0.23 - 1.59 0.02 - 0.32

LR 1.158 0.17 0.69 0.12 0.40 - 2.43 0.01 - 0.36

AP 0.68 0.21 0.28 0.17 0.25 - 1.48 0.03 - 0.55

LUL

(N=44)

SI 1.05 0.11 0.72 0.09 0.21 - 3.79 0.02 - 0.39

LR 0.55 0.11 0.29 0.07 0.15 - 1.09 0.01 - 0.24

AP 0.70 0.14 0.51 0.10 0.20 - 2.39 0.010-
0.35

LLL

(N=98)

SI 0.86 0.23 0.55 0.22 0.11 - 3.07 0.02 - 0.95

LR 1.11 0.49 0.79 0.50 0.16 - 3.78 0.02 - 2.30

AP 0.68 0.44 0.48 0.53 0.10 - 2.73 0.01 - 2.55

Whole
lung

(N=304)

SI 0.86 0.18 0.50 0.17 0.11 -
3.789

0.01 - 1.04

LR 1.04 0.35 0.76 0.38 0.15 - 4.36 0.01 - 2.30

AP 0.70 0.34 0.47 0.42 0.09 - 4.02 0.01 - 2.55

As it could be seen from Figure 1 (C), except for RML and LLL (the mean prediction errors were slightly
greater than 0.5mm), the mean prediction errors of tumors in other locations were very small (0.2mm).
However, it could be seen from Figure 1 (D) that only the tumors located in the geometric positions of AFI,
BFH, BFI, CEI and CFG had high prediction errors in SI and LR directions (among which, the average
prediction errors of tumors located in the geometric positions of AFI were as high as 2mm in SI and LR
directions), while the mean prediction errors of tumors located in other geometric positions were very
small.
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The overall mean correlation and prediction errors of different lung lobes in all directions were shown in
Table 3. From the overall statistical data, the mean and standard deviation of prediction errors were far
less than the correlation errors. The errors of the lower lobe of lung were larger than that of the upper lobe
of lung, whether the correlation errors or prediction errors.

Table 3
Statistical tables of correlation, prediction and total error based on different lung lobes

Lobes Directions Correlation error
(mm)

Prediction error
(mm)

Targeting error
(mm)

Total
error(mm)

95% CI 99% CI 95% CI 99% CI 95%
CI

99%
CI

RUL SI 1.19 1.53 0.25 0.36 0.5 1.94 2.39

LR 1.31 1.78 0.5 0.75 0.5 2.31 3.03

AP 0.99 1.31 0.51 0.78 0.5 2 2.59

RML SI 1.41 1.94 0.34 0.52 0.5 2.25 2.96

LR 2.65 3.75 0.92 1.3 0.5 4.07 5.55

AP 1.58 2.24 1.06 1.49 0.5 3.14 4.23

RLL SI 1.18 1.51 0.23 0.31 0.5 1.91 2.32

LR 1.85 2.54 0.29 0.41 0.5 2.64 3.45

AP 0.96 1.24 0.38 0.55 0.5 1.84 2.29

LUL SI 1.77 2.49 0.2 0.29 0.5 2.47 3.28

LR 0.84 1.13 0.18 0.25 0.5 1.52 1.88

AP 1.21 1.72 0.24 0.34 0.5 1.95 2.56

LLL SI 1.41 1.96 0.45 0.67 0.5 2.36 3.13

LR 1.91 2.7 0.99 1.49 0.5 3.4 4.69

AP 1.16 1.64 0.97 1.5 0.5 2.63 3.64

Uncertainty in�uencing factors
There are many factors that affect the uncertainty, including individual differences of patients (respiratory
frequency and respiratory amplitude), location of the tumor (anatomic and geometric), tumor motion
amplitude, tumor motion speed, baseline drift, respiratory phase shift, the tumor volume and treatment
time. The Pearson correlation analysis was used to analyze the correlation between 9 factors and errors.
The results of correlation analysis were summarized in Supplementary Table 3. The scatter plot of the
correlation between uncertainty factors and correlation errors (Figure 2) and prediction errors (Figure 3) in
SI, LR and AP directions were shown in Figure 2 and 3, respectively.
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It could be seen from Figure 2 that the correlation error in LR direction was less correlated with the
geometric position of the tumor (r = 0.38), and not correlated with the anatomical position of the tumor (r
< 0.3). It could be seen from Figure 3 that the prediction error was moderately correlated with respiratory
amplitude (r = 0.588), and less correlated with baseline drift and tumor motion amplitude (r = 0.407 and
0.365, respectively).

Tumor expansion margins
In addition to clinical requirements, target accuracy, the correlation error and prediction error need to be
considered in the tumor expansion boundary of SRTs treatment. Target accuracy refers to the difference
between the expected target and the place where the CyberKnife actually provides radiation. In the montly
QA inspection of our CyberKnife treatment center, the target accuracy was 0.50055 mm. This target
accuracy varies based on the monthly QA inspection of each treatment center.

Two standard deviations from the mean value of each anatomical direction were used to ensure 95%
coverage of modeling points. Similarly, three standard deviations from the mean value of each
anatomical direction were used to ensure 99% coverage of modeling points. However, if the minimum or
maximum deviation was less than two standard deviations, they were replaced. The total errors in SI, LR
and AP directions of different lung lobes (Table 3) and different tumor locations (Table 4) were shown in
Table 3 and 4.
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Table 4
Statistical tables of correlation, prediction and total error based on different positions

Position Directions Correlation error
(mm)

Prediction error
(mm)

Targeting error
(mm)

Total
error(mm)

95% CI 99% CI 95% CI 99% CI 95%
CI

99%
CI

AFI SI 2.35 2.82 2.23 2.41 0.5 5.08 5.73

LR 0.3 0.46 2.0 2.17 0.5 2.8 3.13

AP 0.7 0.84 0.78 0.93 0.5 1.98 2.27

BFH SI 1.37 1.54 0.74 0.91 0.5 2.61 2.95

LR 0.83 1.01 0.72 0.88 0.5 2.05 2.39

AP 1.14 1.39 0.18 0.26 0.5 1.82 2.15

BFI SI 1.68 2.11 0.82 0.97 0.5 3 3.58

LR 1.13 1.43 0.62 0.72 0.5 2.25 2.65

AP 1.11 1.37 0.24 0.32 0.5 1.85 2.19

CEG SI 1.32 1.69 0.36 0.43 0.5 2.18 2.62

LR 2.15 2.41 0.41 0.51 0.5 3.06 3.42

AP 1.56 1.95 0.59 0.70 0.5 2.65 3.15

CEI SI 2.32 2.76 0.84 1.16 0.5 3.66 4.42

LR 0.68 0.95 0.82 1.04 0.5 2 2.49

AP 0.77 0.95 0.18 0.33 0.5 1.45 1.78

CFG SI 1.83 2.04 0.61 0.78 0.5 2.94 3.32

LR 0.75 1.01 0.63 0.71 0.5 1.88 2.22

AP 0.97 1.23 0.39 0.47 0.5 1.86 2.20

Others SI 1.55 1.93 0.21 0.28 0.5 2.26 2.71

LR 1.03 1.38 0.32 0.41 0.5 1.85 2.29

AP 1.23 1.40 0.44 0.52 0.5 2.17 2.42

Discussion
Considering the individual differences of patients' respiratory characteristics, this paper �rst studied
whether the patients' respiratory amplitude and respiratory rate were related to the uncertainty errors. The
overall mean and standard deviation of respiratory motion amplitude in SI, LR, AP and radial directions
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were 5.92 ± 3.11 mm, 1.17 ± 0.68 mm and 2.57 ± 1.79 mm, respectively. The Pearson correlation analysis
showed that there was a signi�cant correlation between respiratory amplitude in SI direction and lung
volume (P = 0.005). This showed that there were signi�cant differences in the respiratory amplitude of
different patients in SI direction. And the respiratory amplitude of patients was moderately correlated with
the prediction error. Therefore, individualized tumor expansion margin is necessary for Cyberknife SRTs
treatment.

The baseline drift of the patient's breathing was also studied in this paper. The relationship between
baseline drift and respiratory cycle (A), respiratory amplitude (B), treatment time (C) in SI, LR and AP
directions were shown in Figure 4. The baseline drift was less correlated with the treatment time (r =
0.435). And when the treatment time was between 55 and 65 minutes, the baseline drift was the largest.
Therefore, the best treatment time was less than 55 minutes.

Malinowski Kathleen et al. (25) pointed out that the tumor motion amplitude has an important in�uence
on tracking accuracy. Pepin E W et al. (26) pointed out that there was no strong correlation between
tumor location, size and expansion margins, but we got inconsistent results. According to the Pearson
correlation coe�cient r, it was founded that the correlation error in LR direction was less correlated with
the geometric position of the tumor (r = 0.38), and not correlated with the anatomical position of the
tumor (r < 0.3). It could be seen from Figure 4 that the prediction error was moderately correlated with
respiratory amplitude (r = 0.588), and less correlated with baseline drift and tumor motion amplitude (r =
0.407 and 0.365, respectively).

There are some limitations in this paper. First, 304 treatment data sets of 73 patients with lung cancer
were divided into 27 parts (an average of 11 data sets per part), and the sample size was slightly lower.
However, the data in this paper showed that the tumor geometric position, the respiratory amplitude, the
tumor motion amplitude and baseline drift were signi�cantly correlated with the clinical accuracy of
CyberKnife SRTs in the treatment of lung cancer.

Second, the relationship among errors and prediction models and motion is based on external LED
markers. The correlation and prediction models were constructed based on external LED signals through
SRT system. Therefore, the location of LED may affect the model errors. However, it is di�cult to extract
speci�c parameters from each patient’s LED marker data, because CyberKnife treatment lasted longer
than IMRT. In addition, each patient in this study can breathe freely during CyberKnife treatment. Although
these abnormal data have been excluded from statistics, there were some irregular breathing patterns in
the respiratory data.

Conclusions
With regard to the margins of tumor expansion, some research showed that (27) the tumor margin was 7
mm in SI direction, and 5 mm in LR and AP directions. If the coverage rate of modeling points reaches
99%, LR and AP should be extended to 6-7mm. Hoogeman M et al. (16) pointed out that the mean
correlation error was less than 0.3mm, and the mean prediction error was 0mm. The correlation and
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prediction errors were highly correlated with the respiratory motion amplitude. The research of Hoogeman
M et al. was theoretical values, and there was no research on how high the accuracy can be achieved in
actual clinical patients. Inoue M et al. (28) pointed out that the tumor tracking accuracy was related to the
tumor motion amplitude in SI direction and the tumor motion speed in SI and AP directions. Our results
were consistent with them and supplemented. According to this paper, we founded that the correlation
error was correlated with tumor geometric position, and the prediction error was moderately correlated
with respiratory amplitude, baseline drift and tumor motion amplitude.

Our results provide detailed information as accurate as possible for expansion margins of lung tumor in
different location. The respiratory amplitude, tumor motion amplitude, baseline drift and the tumor
geometric position were the main factors affecting the correlation and prediction errors. According to the
characteristics and location of the tumor, selecting the appropriate expansion margin is of great
signi�cance to improve the accuracy of CyberKnife in the treatment of lung cancer. It should be noted
that the CT scan images of the treatment plan in this study are based on the end of inspiration rather
than the end of expiration. In order to understand the results of this study, we need to distinguish the
differences between the two methods.
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Figure 1

The correlation and prediction errors of different lung lobes and different geometric positions in SI, LR
and AP directions were shown in Figure 1. 
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Figure 2

The scatter plot of the correlation between uncertainty factors and correlation errors in SI, LR and AP
directions were shown in Figure 2 and 3, respectively. 
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Figure 3

The scatter plot of the correlation between uncertainty factors and prediction errors (Figure 3) in SI, LR
and AP directions were shown in Figure 2 and 3, respectively. 
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Figure 4

The baseline drift of the patient's breathing was also studied in this paper. The relationship between
baseline drift and respiratory cycle (A), respiratory amplitude (B), treatment time (C) in SI, LR and AP
directions were shown in Figure 4. 
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