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Abstract 

Purpose 

Dynamic tumor-tracking stereotactic body radiotherapy (DTT-SBRT) for liver tumors 

with real-time monitoring was carried out using a gimbal-mounted linear accelerator 

and the efficacy of the system was determined. In addition, four-dimensional (4D) dose 

distribution, tumor-tracking accuracy, and tumor-marker positional variations were 

evaluated. 

 

Materials and methods 

A fiducial marker was implanted near the tumor prior to treatment planning. The 

prescription dose at the isocenter was 48–60 Gy, delivered in four or eight fractions. 

The 4D dose distributions were calculated with a Monte Carlo method and compared to 

the static SBRT plan. The intrafractional errors between the predicted target positions 

and the actual target positions were calculated. 

 

Results 

Eleven lesions from ten patients were treated successfully. DTT-SBRT allowed an 

average 16% reduction in the mean liver dose compared to static SBRT, without 

altering the target dose. The average 95th percentiles of the intrafractional prediction 

errors were 1.1, 2.3, and 1.7 mm in the left-right, cranio-caudal, and anterior-posterior 

directions, respectively. After a median follow-up of 11 months, the local control rate 

was 90%. 
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Conclusions 

Our early experience demonstrated the dose reductions in normal tissues and high 

accuracy in tumor tracking, with good local control using DTT-SBRT with real-time 

monitoring in the treatment of liver tumors. 

 

  



 

 6 

Manuscript 

Introduction 

While hepatocellular carcinoma (HCC) is the most common primary liver cancer [1], 

the liver is also a frequent site of metastases from other tumors, especially those of the 

gastrointestinal tract. Clinical guidelines recommend surgical resection, liver 

transplantation or radiofrequency ablation (RFA) to treat localized HCC in patients with 

good hepatic function. However, only 10–30% of patients with HCC or liver metastases 

are candidates for tumor resection, mainly because of their poor hepatic function. 

Furthermore, RFA cannot be applied for primary or metastatic tumors larger than 3 cm, 

near vessels, the intestines, or the biliary system nor can it be used to treat tumors not 

reached under ultrasonography or computed tomography (CT) guidance [2,3].  

Stereotactic body radiotherapy (SBRT) provides excellent local control of liver tumors 

and is thus recognized as an alternative therapy for patients with liver tumors not 

suitable for resection or RFA [4-8]. However, because the liver moves during the 

respiratory cycle, if respiratory motion is not appropriately managed, normal liver tissue 

will be unintentionally included in the irradiation field. 

The American Association of Physicists in Medicine Task Group 76 proposed five 

methods to control motion: motion-encompassing, respiratory-gating, breath-hold, 

forced shallow breathing with abdominal compression, and real-time tumor-tracking [9]. 

Among these, real-time tumor-tracking is recognized as the optimum method of 

managing respiratory motion with respect to the normal tissue irradiation dose, 

treatment time, and patient compliance. 
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In this study, we applied dynamic tumor-tracking (DTT) SBRT to liver tumors and 

evaluated four-dimensional (4D) dose distribution, tumor-tracking accuracy, and 

positional variations between the tumor and the fiducial marker during the respiratory 

cycle. 

 

Materials and methods 

Patients 

Eligibility criteria for this study were as follows: (1) one or two liver tumors with a 

diameter ≤50 mm, (2) patients medically unfit for surgical resection or percutaneous 

ablation, or who refused these therapies, (3) Eastern Cooperative Oncology Group 

performance status [10] of 0–2, (4) Child-Pugh score ≤8, and (5) written informed 

consent. This study was carried out in Kyoto University Hospital (KU; Kyoto, Japan) 

and Institute of Biomedical Research and Innovation (IBRI; Kobe, Japan), and approved 

by our Institutional Review Boards  

 

Treatment system 

We used the Vero4DRT system (formerly called MHI-TM2000; Mitsubishi Heavy 

Industries Tokyo, Japan, and BrainLab, Feldkirchen, Germany) v.3.1.6 for this study. 

Mechanical details of the Vero4DRT system have been described [11]. 

Our tumor-tracking is based on a pre-built 4D model, which correlates the internal 

tumor position with an external respiratory signal. The internal tumor positions are 

determined via implanted fiducial marker detected with the kV X-ray imaging 
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subsystems. The respiratory signals are acquired with an infra-red (IR) camera that 

monitors the IR markers on the patient's abdominal wall. [12, 13] 

 

Pre-planning procedures 

Before treatment planning, a gold coil marker (Visicoil, IBA dosimetry, 

Louvain-la-neuve, Belgium) was inserted near the tumor [14]. Planning CTs were 

acquired 1 week after insertion of the marker. 

Two sets of 4DCT (non-contrast and contrast-enhanced) and two or three sets of 

breath-hold CT at exhale were acquired for treatment planning using a 16-slice CT 

scanner. The non-contrast 4DCT images were used to calculate the monitor units (MUs), 

to avoid an influence of contrast medium, and the contrast-enhanced 4DCT images were 

used for delineation of target volumes. After CT scanning, a 4D model was built to 

evaluate mean and standard deviation (SD) in errors between detection and prediction 

from the 4D model, and to evaluate tumor motion amplitude using the ExacTrac 

subsystem. The detailed protocols for the Visicoil insertion and CT acquisition are 

described in the Supplementary materials section. 

 

Treatment planning 

The non-contrast breath-hold CT and the end-exhale phase from the non-contrast 4DCT 

were used as a reference CT at IBRI and KU, respectively. Gross tumor volumes 

(GTVs) were delineated on the contrast-enhanced breath-hold CT scans and on the 

10-phase images from the contrast-enhanced 4DCT scans using iPlan RT image (v4.1; 
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BrainLab). When the tumors were difficult to identify on the planning CTs, the images 

were fused with diagnostic CT or magnetic resonance images (MRI) based on 

anatomical landmarks. An internal target volume for tumor-tracking (ITVtracking) was 

defined as a composite of the GTVs from the breath-hold CT and the ten-phase images 

from 4DCT that were superimposed onto the reference CT, with translation of the 

mid-point of the Visicoil to be matched. The ITVtracking was supposed to compensate 

influence of tumor deformation, positional error due to the fiducial marker rotation, and 

uncertainty in the positional relationship between the tumor and fiducial marker during 

respiration. The planning target volume for tumor-tracking (PTVtracking) was defined 

as the ITVtracking plus additional margins of 5 mm or larger in each direction. The 

additional margins were defined individually for each patient. An offset vector between 

the tumor and the mid-point of the Visicoil was determined on the reference CT, which 

was transferred to ExacTrac system. The offset vector was assumed to be constant and 

was applied to all treatment fractions. A static SBRT plan, based on the 

motion-encompassing method, was prepared as a backup in case tracking irradiation 

could not be applied. ITV for the motion-encompassing method (ITVbackup) was 

defined as a simple composite of GTVs from the breath-hold CT and the 4DCT without 

CT center translation. For the PTV for static irradiation (PTVbackup), a 5-mm margin 

expansion was applied to the ITVbackup in each direction. We describe and illustrate 

the definition of these targets in detail in the Supplementary material section. 

The reference CT image set was used for dose calculation in the tracking plan, and an 

average image from the 4DCT was used for the static plan. The dose distributions were 
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calculated using the X-ray voxel Monte Carlo algorithm in iPlan RT dose (v4.5; 

BrainLab). 

The prescribed dose was 48–60 Gy, delivered in 4–8 fractions at the isocenter in both 

the DTT and the static plans. The multi-leaf collimator was shaped to the PTV plus 0- 

to 5-mm and adjusted manually to fit the 80% isodose line to the PTV edge and follow 

dose constrains of the liver or other organs at risk (OARs). The dose constraints in our 

hospitals are shown in Table 1. Seven to nine static non-coplanar ports of the 6-MV 

beam were arranged, with a dose rate of 500 MU/min. Intensity modulated radiotherapy 

(IMRT) was not used in this study. 

An in-house-developed software was used to compare dose distributions between the 

DTT and the static plans. The software can calculate dose distribution based on a Monte 

Carlo simulation and by considering the gimbal head rotation which was determined by 

the offset vector and the position of fiducial marker [15,16]. Doses were calculated for 

each phase from the non-contrast 4DCT in the both plans without dose accumulation 

and evaluated statistically by paired t-test, after these values were assured to follow a 

normal distribution. The target and OAR volumes were transferred from the 

contrast-enhanced 4DCT and modified manually. When the dose-volume metrics in the 

DTT plan were better than those in the static plan, we decided to apply the DTT 

irradiation to the patient. 

 

Beam delivery and evaluation of accuracy 

The patient was placed in supine position on the vacuum pillow and set-up error was 
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corrected. Then, a 4D model was built for the treatment fraction. During irradiation, the 

position of the Visicoil was monitored visually using the kV X-ray imagers every 

second through the console display to ascertain the irradiation was performed accurately 

(Supplementary Fig. 2) [17]. 

The evaluation of intrafractional prediction error and positional variation was carried 

out after the treatment was finished in each patient in the same way as in the lung tumor 

[18,19]. The details are described in the Supplementary material section. 

 

Results 

Twelve patients were enrolled between February 2013 and April 2014. Their 

characteristics are summarized in Table 2. For all patients, the Visicoil was placed 

successfully near the tumor without complication. Two patients were not treated with 

DTT-SBRT. In one of these patients (patient 2), respiratory motion was so small (<5 

mm) that we chose to perform the motion-encompassing SBRT instead. In the other 

patient (patient 5), a tumor thrombosis was detected at the planning CT and the SBRT 

was canceled. In this study, eleven tumors in the remaining ten patients were treated 

with DTT-SBRT. The mean liver volume was 1168 cm3 (range, 709–1670 cm3) and the 

mean magnitude of the offset vector between the tumor and the mid-point of the 

Visicoil on the reference CT was 28.0 mm (range, 16.0–49.7 mm) in the ten patients. 

 

Target size and OARs dose exposure reduction 

The median peak-to-peak movement of the tumors measured with 4DCT was 2.3, 7.2, 
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and 4.1 mm in the left-right (LR), cranio-caudal (CC), and anterior-posterior (AP) 

directions, respectively. 

The margin between PTVtracking and ITVtracking in the CC direction was 6.5 mm in 

three patients (patients 1, 7 and 12) and 5.0 mm in the others. A 5.0 mm margin was 

applied in the LR and AP directions of all eleven tumors. The mean PTV reduction with 

DTT was 35% (18–64%) relative to the static plan, based on a mean volume of 73.8 to 

47.9 cm3. 

Table 3 shows the exposure of the target volume and the OARs for the DTT and static 

plans. In all cases, the exposure dose to the liver was lower in the DTT plan than in the 

static plan, without sacrificing the dose delivered to the target. In a patient with a tumor 

located near the colon or duodenum, the maximum doses to the intestines were reduced 

(Supplementary. Fig. 3). 

 

Treatment delivery and accuracy 

The planned DTT-SBRT fractions were successfully delivered to the ten patients. The 

mean treatment time which included patient set-up, building the 4D model, and beam 

delivery was 28 min (range, 17-48 min) for all 68 fractions (Supplementary Table 1). 

According to the log file analysis, the average 95th percentiles of the absolute value of 

the intrafractional prediction errors were 1.1, 2.3, and 1.7 mm in the LR, CC, and AP 

directions, respectively. The root mean square (RMS) in the intrafractional variation 

between the tumor and the fiducial marker were 0.9, 1.2, and 1.5 mm in the LR, CC, 

and AP directions, respectively. The detailed results about treatment accuracy and 
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intrafractional variation are shown in the Supplementary materials section. 

 

Clinical outcome and adverse events 

During a median follow-up period of 11 months (range, 7–21 months), one patient 

developed local recurrence within the irradiation field at 4 months after DTT-SBRT 

(patient 3). The one-year local control rate was 90%. There was one case of liver 

metastases at 15 months after DTT-SBRT (patient 1). No treatment-related toxicity of 

grade 4 or worse was observed. Grade 3 liver enzyme elevation and grade 2 biliary 

enzyme elevation were observed in a patient (patient 8) a month after DTT-SBRT. 

These enzymes decreased to their pre-treatment levels next month without any 

medication. 

 

Discussion 

This is the first study to report both dosimetric advantage and clinical outcomes in liver 

tumor patients treated with DTT-SBRT using the Vero4DRT system. The successful 

use of DTT-SBRT for liver tumors demonstrated in this study suggests that the decrease 

in OAR doses with this approach is likely to translate into a reduction of adverse events 

[20]. The prevention of adverse events after liver SBRT requires a reduction in the dose 

to normal tissue surrounding the target. Although definitive dose constraints for liver 

SBRT have yet to be determined [21, 22], a mean liver dose of <15 Gy and a spared 

V15 (the volume receiving ≤15 Gy) of >700 cm3 have been proposed [5, 23]. In this 

study, the DTT method reduced the mean liver dose from 11.5 Gy to 9.7 Gy and 
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increased the spared V15 from 786 cm3 to 910 cm3 (p < 0.01) compared to static SBRT, 

without compromising the dose to the target volume. The patients in the present study 

had a small liver volume (mean of 1168 cm3) because of previous operations or 

pre-existing cirrhosis. In three patients a spared V15 >700 cm3 was achieved with 

DTT-SBRT, but would not have been achievable with static SBRT. The intestine, colon, 

and spinal cord are the other OAR in liver SBRT, and strict constraints on the maximal 

dose must therefore be maintained [21]. The DTT approach potentially reduces the 

doses to these organs, as was the case in patient 4 (Supplementary Fig. 3). With the 

DTT method, SBRT applications can be extended to tumors that emerge in patients with 

a small liver or near such critical organs as the intestine, colon, and spinal cord. 

Depuydt et al. analyzed 10 patients treated with DTT-SBRT using Vero4DRT, 

including three with liver tumors [24]. They accumulated doses on multiple phase 

images from 4DCT onto one phase using a deformable registration technique. They 

reported an average PTV reduction of 31% and a mean liver dose reduction in patients 

with liver tumor of 20%. The authors also calculated the normal tissue complication 

probability of radiation-induced liver disease (RILD) and in one patient estimated a 

2.5% reduction treated with the DTT method. Our results that PTV reduction of 35% 

and a mean liver dose reduction of 16% were similar to theirs. However, we evaluated 

doses on each phase of the 4DCT images separately without use of deformable 

registration. Concerning the clinical outcomes, only one patient in this study suffered 

from a Grade 3 adverse event, which spontaneously regressed without any medication. 

Our previous study on tracking error in lung cases showed that prediction error was 
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much dominant to mechanical error (0.1 and 1.2 mm in the LR, 0.4 and 2.7 mm in the 

CC, and 0.1 and 2.1 mm in the AP directions, for the mechanical and the prediction 

errors, respectively) [18]. Based on the result, the present study evaluated the prediction 

error which was easier to calculate than the total tracking error. The high accuracy in 

the prediction of the target position was confirmed by the average 95th percentiles of 

the absolute value of the intrafractional prediction error of 1.1, 2.3, and 1.7 mm in the 

LR, CC, and AP directions, respectively. These results are comparable with our 

previous experience in lung DTT as shown above. Our results are also in agreement 

with those of Hoogeman et al., who used the CyberKnife robotic radiosurgery system 

with an integrated Synchrony Respiratory Tracking System (Accuray, Sunnyvale, CA) 

in patients with lung tumors. In that study, the SDs describing the intrafractional 

prediction error around the whole fraction mean ranged between 0.0–1.3 mm, 0.0–2.9 

mm, and 0.0–2.4 mm for the LR, CC, and AP directions, respectively [25].  

It should be noted that in all other studies reported thus far, the prediction errors were 

determined by measuring the position of the fiducial markers, not the tumor position 

itself, based on the assumption that the relative position between the tumor and the 

fiducial marker is constant. We evaluated intrafractional positional variation between 

the tumor and the fiducial marker in patients with liver tumor. The RMS in the 

intrafractional variation between the tumor and the fiducial marker was 0.9, 1.2, and 1.5 

mm in the LR, CC, and AP directions, respectively. These values are similar to those 

obtained in our lung study of DTT (0.6, 1.5, and 0.9 mm) [19]. In the present study, the 

intrafractional positional variation was included in the ITVtracking. 
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For the PTV margin, both the intrafractional prediction error and the interfractional 

positional variation between the tumor and the fiducial marker were considered. To our 

knowledge, there are no reports in which the interfractional positional variation between 

liver tumors and internal fiducial markers was evaluated directly, although in others 

motion among internal markers in the liver was investigated. There are reports indicated 

the interfractional fiducial migration was minimal in the liver [26-28]. Since in our 

study the maximum of the 95th percentiles of the absolute value of the intrafractional 

prediction error was 4.4 mm, the actually required PTV margin was included in this 

margin. 

There are several reports concerning clinical results of DTT-SBRT using the 

CyberKnife system. Louis et al. reported the local control rate of 95% at a median 

follow up of 13 months in 25 patients with HCC. They observed 2 cases of Gr 3 adverse 

events (pain and hepatic toxicity) [29]. Vautravers-Dewas et al. studied 42 patients with 

liver metastases. They reported the local control of 90% at median follow up of 14 

months with one case of Gr 3 epidermitis [30]. Though the follow up time was short, 

our clinical results are in accord with them. Besides, if we combine the IMRT with the 

DTT method, we could extend the application further. A planning study conducted by 

Chen et al. revealed that IMRT or volumetric modulated arc therapy could lower the 

risk of RILD compared with 3D conformal radiotherapy [31]. The DTT-IMRT had been 

applied for pancreas cancer in our institution [32]. 

There were several limitations in this study. First, the delineation uncertainties of GTVs 

and fiducial markers in the binned 4DCT affected the results of dose evaluation and 
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values of intrafractional positional variations between the tumor and the fiducial marker. 

Though we acquired many series of breath-hold CT, and non-contrast and 

contrast-enhanced 4DCT to minimize the delineation uncertainties, the timing of image 

acquisition was not ideal for delineating the GTVs. There were artifacts in the 4DCT 

due to the respiratory motion and the variation of respiratory motion and period. A more 

sophisticated technique to determine the tumor position and fiducial marker accurately 

during free breathing is warranted. A multimodality imaging such as MRI or positron 

emission tomography [33] and volumetric image acquisition with wide detector CT 

could be a solution [34, 35]. Second, we did not use a deformable registration to 

evaluate the 4D dose distribution because dose accumulation with deformable 

registration includes potential errors that cannot be ignored in abdominal regions [36, 

37]. Finally, there were a small number of patients and the short observation period. 

Long-term clinical outcomes in a larger number of patients and the occurrence of late 

adverse events remain to be determined. 

In conclusion, DTT-SBRT with real-time monitoring showed dose reductions in normal 

tissues and high accuracy in tumor-tracking, with good local control. 
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Tables 

Table 1. Dose constraints for organs at risk in our hospitals. 

Organ Dose Constraint 

Liver V20 < 25%, spared V15 > 700 cm3 (if possible) 

Spinal cord Max dose 25Gy/4fr, 33.5Gy/8fr 

Kidneys V20 < 30% 

Stomach, Colon V35 < 1 cm3 (4fr), V40 < 1 cm3 (8fr) 

Duodenum V28 < 1 cm3 (4fr), V35 < 1 cm3 (8fr) 

Spared V15 means the volume receiving ≤15 Gy; Vn: organ volume that receives a dose 

of n Gy or less; Dn: dose received by n% of organ volume.  

  



 

 24 

Table 2.  Patients’ characteristics, fractionation schedules, and treatment sites. 

Pt Age Sex PS Histology Liver 

volume 

(cm3) 

Tumor 

location 

Tumor 

diameter 

(mm) 

Motion 

amplitude 

(mm) 

Dose/ 

Fraction 

(Gy/fr) 

OTT 

(days) 

1 72 M 1 Met (lung Ad) 932  S6-7  32  9.7  56/4  9  

2 62 M 0 CCC 826  S1  15  1.6  60/8  10  

3 64 M 0 CCC 1670  S4  30  1.7  60/8  13  

	        S7  8  9.0  56/4  12  

4 75 F 0 HCC 1479  S7  27  7.1  48/4  4  

5 78 F 0 HCC NA  S7-8  30  NA  NA  NA  

6 70 M 0 HCC 1045  S1  28  4.4  56/8  10  

7 44 F 0 Met (colon Ad) 1181  S7  16  5.1  56/4  4  

8 74 M 0 HCC 1045  S2-3  23  11.4  60/8  9  

9 79 F 0 HCC 709  S5  30  16.6  56/8  13  

10 69 M 0 HCC 1228  S4  50  7.7  56/8  10  

11 55 M 0 Met (lung Ad) 1252  S4  33  5.0  56/8  13  

12 88 F 0 HCC 1294  S8  18  7.2  48/4  4  

Patient 3 had two lesions. Patient 2 and 4 did not undergo dynamic tumor tracking 

stereotactic body radiotherapy. Tumor motion amplitude was calculated based on the 

contrast-enhanced 4DCT. 

Abbreviations; Pt: patient, M: male, F: female, PS: performance status, OTT: overall 

treatment time, Met: metastasis, Ad: adenocarcinoma, HCC: hepatocellular carcinoma, 

CCC: cholangiocellular carcinoma, NA: not available. 
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Table 3. Summary of the target size reduction and dose volume evaluation.  

 Static  Dynamic tracking Difference (%) p-values* 

PTV size (cm3) 73.8 (36.5-133) 47.9 (18.7-91.0) -35.1  <0.01 

GTV D95 (%) 94.4 (88.5-99.0) 94.0 (87.2-97.9)  -0.4 0.15 

Liver mean dose (Gy) 11.5 (7.1-16.9) 9.7 (5.2-13.3) -16.2 <0.01 

Liver V20 (cm3) 211 (108-361) 168 (83.9-301) -20.2 <0.01 

Normal liver <15 Gy (cm3) 786 (488-1232) 910 (553-1299) 15.8  <0.01 

D95 means the dose received by 95% of the target volume. V20 means the organ volume 

that receives a dose of 20 Gy or less; Spared V15 means the volume receiving ≤15 Gy; 

Abbreviations; PTV: planning target volume, GTV: gross tumor volume. 

Values are shown in mean (range). 

* p-values by two-sided paired t-test 

  



 

 26 

Supplementary materials 

 

Supplementary document 

A fiducial marker insertion and computed tomography (CT) acquisition 

Before treatment planning, a gold coil 10 mm in length and 0.75 mm in diameter 

(Visicoil, IBA dosimetry, Louvain-la-neuve, Belgium) was percutaneously inserted near 

the tumor under the guidance of ultrasonography or CT as an internal surrogate for 

tumor position. We avoided implanting the marker inside the tumor to reduce image 

artifacts over the tumor and to prevent marker displacement. In a patient with two 

lesions, two markers were implanted with one marker for each of the lesions. Planning 

CTs were acquired one week after insertion of the marker. 

The patient was placed in supine position, with both arms raised, using an 

individualized vacuum pillow (bodyFIX; Elekta, Stockholm, Sweden, or ESFORM, 

Engineering System, Matsumoto, Japan). Two sets of 4DCT and two or three sets of 

breath-hold CT at exhale were acquired for treatment planning using a 16-slice CT 

scanner (LightSpeed RT16 or BrightSpeed Elite; GE Healthcare, Little Chalfont, UK). 

In IBRI, a non-contrast breath-hold CT was acquired ahead of the following procedures. 

Then, non-contrast 4DCT image was obtained with axial cine-mode using a real-time 

positioning management system (Varian Medical Systems, Palo Alto, CA). The cine 

duration time of the scan at each table position was 6–8 s, which was longer than the 

maximum observed respiration period. Breath-hold CT scans were acquired using 

helical scanning 30 and 90 s after the start of the injection of 100 ml of iohexol 
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(Omnipaque 300, Daiichi Sankyo, Tokyo, Japan) at a rate of 2 ml/s. The second 4DCT 

scans were acquired using with the same imaging conditions as used in the first except 

for the contrast medium. Both 4DCT images were binned into ten respiratory phases 

using an Advantage Workstation (GE Healthcare) based on a phase-angle sorting 

method. 

 

Planning target volume for tumor-tracking (PTVtracking) margin definition 

The PTVtracking was defined as the internal target volume for tumor-tracking (ITVtracking) 

plus additional margins. The margins were defined individually for each patient 

considering the (a)interfractional error, which consisted of the residual set-up error, the 

uncertainty in fiducial marker detection, the rotational effect of the fiducial marker, and 

interfractional variation in the geometry of the fiducial marker and the tumor, 

(b)intrafractional baseline drift of the abdominal position detected by IR markers during 

irradiation, (c)4D modeling errors, and (d)mechanical errors of the gimbal system. The 

estimated value of the sum of a, and d was 0.5 mm. b was estimated 10% of the tumor 

motion amplitude, which was evaluated in the pre-planning 4D model. C was defined as 

the mean plus two times standard deviation from the pre-planning 4D model. The PTV 

margin was defined as the linear sum of these margins (a + b + c + d) and its minimum 

size was set to 5 mm in each direction. These margins were not compensated by the 

ITVtracking. 
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Beam delivery 

The patient was placed in supine position on the vacuum pillow. Set-up error was 

evaluated in six degrees of freedom (translations along the left-right (LR), cranio-caudal 

(CC), and anterior-posterior (AP) directions; and the pitch, roll, and yaw rotations) 

based on the bony structures by the ExacTrac X-ray system. When the rotational errors 

exceeded 1.5 degrees, the patient would be repositioned. The set-up correction was done 

in three degrees of freedom (i.e. translations only). Then, a 4D model was built for the 

treatment fraction. Before treatment beam irradiation was started, the kV X-ray images 

were used to check the position and movement of the Visicoil to ensure that they 

matched the predictions of the 4D model. During irradiation, the Visicoil was monitored 

visually using the kV X-ray imagers every second through the console display 

(Supplementary Fig. 2). In the case of an error > 3 mm between the predicted position 

of the Visicoil and the actual position monitored by the kV X-ray, the treatment beam 

was stopped manually. If the error > 3 mm continued in more than five successive 

images of kV X-ray, the 4D model was created anew to compensate for the positional 

error. One of radiation oncologists who were in charge of DTT-SBRT joined every 

treatment session to decide rebuilding a new 4D model. 

 

Evaluation of tracking accuracy 

The intrafractional prediction error was defined as the absolute difference between the 

detected target position (Pd) and the predicted target position (Pp). The Pd was 
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determined on the basis of the internal fiducial marker position, which was detected 

using software provided by BrainLab in the kV X-ray images. The Pp was calculated 

from log files acquired synchronously during treatment. 

The average 95th percentiles of the absolute value of the intrafractional prediction errors 

were 1.1 mm (range, 0.8–1.8 mm), 2.3 mm (1.3–4.4 mm), and 1.7 mm (0.7–4.3 mm) in 

the LR, CC, and AP directions, respectively (Supplementary Table 2). 

 

Evaluation of intrafractional variation 

The variation of the relative position of the tumor with respect to the fiducial marker 

was evaluated using the contrast-enhanced four-dimensional computed tomography 

(4DCT) scans. For each tumor m, its position relative to the center of the Visicoil was 

measured on each respiratory phase n% (n = 0, 10, … or 90). The relative position was 

represented as a vector, Vn,m. Using the 50% phase images (V50) as a reference, the error 

was defined as En,m = Vn,m – V50,m. To evaluate systematic displacement during the 

respiratory phases, the average error of all tumors (Mn) and the standard deviations 

(SDn) of En,m in each phase were calculated.  

Mn = !!,!! !!,! … ! !!,!
!

 

SDn = 
!!,!!!!

!! !!,!!!!
!! … ! !!,ｍ!!!

!

!
  

The root mean square (RMS) of the SDn was also calculated to evaluate inter-patient 

variations. 
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RMS = !"!!!!"!"!!⋯! !"!"!

!"
 

The means ± SDs of the intrafractional variations in the relative positions of the tumor 

to the fiducial marker (Mn) were 0.1 ± 0.1 mm, −0.1 ± 0.2 mm, and −0.2 ± 0.5 mm; the 

RMS values were 0.9, 1.2, and 1.5 mm in the LR, CC, and AP directions, respectively 

(Supplementary Fig. 4). 
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Supplementary figures 

(a)  

(b)  
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Supplementary Fig. 1  Illustration of definition of targets for dynamic tumor tracking 

and static plan. The liver motion and deformation, and tumor motion, deformation, and 

positional variation between the mid-point of the fiducial marker and the tumor during 

respiratory cycle were shown in the left column. The reference computed tomography 

(CT) was used to superimpose other phases of four-dimensional (4D) CT to delineate 

internal target volume for tracking (ITVtracking). In the right column, red circles indicate 

the ITVtracking which includes gross tumor volumes (GTVs) in each respiratory phase 

and influence of tumor deformation, positional error due to the fiducial marker rotation, 

and uncertainty in the positional relationship between the tumor and fiducial marker 

during respiration. Blue circle indicates the ITV for static plan (ITVbackup) based on the 

motion-encompassing method (a). Actual images of contrast enhanced 4DCT. 

Representative phases of 4DCT are in the left column and ITVtracking is in the right 

column (b). 
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Supplementary Fig. 2  Screen shot of the Vero4DRT console during infra-red (IR) 

marker-based dynamic tumor-tracking irradiation. The pair of kV X-ray images were in 

the upper windows. Pink circles indicate the predicted positions of planning target 

volume, green crosses indicate the predicted position of edges of the Visicoil, and 

circles in dot line around the green crosses indicate “Tolerance circle”s. The respiratory 

signal acquired with IR markers on abdominal wall was shown in the lower window. 

We checked the kV X-ray images and stopped the treatment beam when the Visicoil 

edges deviated from the “tolerance circle”. 
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 (a)  

 (b)  

Supplementary Fig. 3  Dose-volume histogram and dose distribution of patient 4.The 

prescribed dose was 56 Gy. Red lines indicate the dose of gross tumor volume (GTV) in 

the static plan, black lines the dose of GTV in the dynamic tumor-tracking (DTT) plan, 

amber lines the dose of the colon in the static plan, and the blue lines the dose of colon 

in the DTT plan. The plural lines correspond to each respiratory phase. The maximum 
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dose of colon reduced from 51.7Gy in the static plan to 33.6Gy in the DTT plan (a). The 

dose distribution is shown in (b). Red circle indicates the GTV and yellow circle under 

the liver indicates the colon. Left: DTT plan. Right: static plan. 
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Supplementary Fig. 4  The position of the tumor center relative to the center of the 

Visicoil on n% of the phase images (n = 0, 10, … or 90) of each tumor in the 

anterior-posterior (AP) (a), left-right (LR) (b), and cranio-caudal (CC) (c) directions. 

These different markers correspond to the each of tumors. 
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Supplementary tables 

 

Supplementary Table 1  Treatment time per fraction, the number of times a 4D 

model was created. 

Patient Treatment time (min) Number of 4D models 

1  36, 42, 41, 35 2, 3, 2, 2 

3  34, 35, 18, 20, 34, 18, 45, 25 2, 2, 1, 1, 2, 1, 3, 1 

 48, 48, 24, 21,  1, 3, 1, 1 

4  29, 25, 24, 25 2, 1, 1, 1 

6  32, 30, 19, 23, 25, 20, 23, 17 2, 1, 1, 1, 1, 1, 1, 1 

7  32, 33, 31, 30 2, 2, 2, 2 

8  25, 25, 23, 22, 24, 25, 22, 27 1, 1, 1, 1, 1, 1, 1, 1  

9  33, 41, 25, 34, 24, 43, 44, 26 2, 3, 1, 3, 2, 3, 3, 1 

10 26, 33, 24, 20, 24, 26, 33, 21 1, 2, 1, 1, 1, 1, 2, 1 

11 23, 29, 20, 21, 22, 29, 21, 21,  1, 2, 1, 1, 1, 2, 1, 1 

12 25, 22, 32, 23 1, 1, 2, 1 

The treatment time included patient set-up, building the 4D model, and beam delivery. 

The number of 4D models built per treatment fraction was one in 42 fractions, two in 19 

fractions, and three in 7 fractions. 
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Supplementary Table 2  Summary of the absolute values of the tumor prediction 

errors. 

 

Patient 

 Mean error (mm) 95th percentile error (mm) 

LR CC AP LR CC AP 

1 0.3  1.9 1.7 0.8  4.4  4.3  

3 0.7 1.1 0.6 1.8  2.8  2.1  

	  0.4 1.1 0.5 1.0  2.6  1.5  

4 0.3  0.6 0.6 0.8  1.8  1.2  

6 0.4 1.0 0.7 1.1  2.2  2.0  

7 0.5 0.9 0.9 1.4  2.2  2.1  

8 0.8 1.0 0.5 1.8  2.3  1.2  

9 0.2 0.0 0.3 0.9  2.1  1.7  

10 0.5 0.9 0.2 0.9 1.8 0.9 

11 0.5 0.7 0.4 0.8 1.3 0.7 

12 0.5 1.2 0.4 0.8 2.1 0.8 

Abbreviations; LR: left-right, CC: cranio-caudal, AP: anterior-posterior. 

 




