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Abstract

Background: Here we aimed to evaluate the respiratory and cardiac-induced motion of a ICD lead used as surrogate in the 

heart during stereotactic body radiotherapy (SBRT) of ventricular tachycardia (VT). Data provides insight regarding motion 

and motion variations during treatment.

Materials and methods: We analyzed the log files of surrogate motion during SBRT of ventricular tachycardia performed in 

20 patients. Evaluated parameters included the ICD lead motion amplitudes; intrafraction amplitude variability; correlation 

error between the ICD lead and external markers; and margin expansion in the superior-inferior (SI), latero-lateral (LL), and 

anterior-posterior (AP) directions to cover 90% or 95% of all amplitudes.

Results: In the SI, LL, and AP directions, respectively, the mean motion amplitudes were 5.0 ± 2.6, 3.4. ± 1.9, and 3.1 ± 1.6 

mm. The mean intrafraction amplitude variability was 2.6 ± 0.9, 1.9 ± 1.3, and 1.6 ± 0.8 mm in the SI, LL, and AP directions, 

respectively. The margins required to cover 95% of ICD lead motion amplitudes were 9.5, 6.7, and 5.5 mm in the SI, LL, and AP 

directions, respectively. The mean correlation error was 2.2 ± 0.9 mm.

Conclusions: Data from online tracking indicated motion irregularities and correlation errors, necessitating an increased 

CTV-PTV margin of 3 mm. In 35% of cases, the motion variability exceeded 3 mm in one or more directions. We recommend 

verifying the correlation between CTV and surrogate individually for every patient, especially for targets with posterobasal 

localization where we observed the highest difference between the lead and CTV motion.

Key words: ventricular tachycardia; stereotactic body radiotherapy

Rep Pract Oncol Radiother 2021;26(1):128–137

Introduction

Patients with structural heart diseases carry sub-
stantial risks of scar-related ventricular tachycardia 
(VT) and arrhythmic sudden cardiac death. Over 
recent decades, the use of implantable cardioverter 
defibrillators (ICDs) has improved patient prog-

noses following ventricular arrhythmia or cardiac 
arrest [1, 2], and in cases of severe systolic dysfunc-
tion and/or other risk factors [3, 4]. Main option is 
catheter ablation, which has substantial potential to 
destroy a focal source of arrhythmia and/or modify 
the arrhythmogenic substrate for reentrant arrhyth-
mias, preventing or lessening their frequency [5, 
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6]. Catheter ablation shows better efficacy than es-
calation of antiarrhythmic therapy [7]. However, 
in ~10% of cases, catheter ablation fails to abolish 
clinical VT [8].

Stereotactic body radiotherapy (SBRT) is pri-
marily used for tumor treatment and exhibits high 
efficiency with minimal side effects. Recently, SBRT 
techniques with various forms of motion manage-
ment have been investigated to destroy the critical 
part of the arrhythmogenic substrate in cases of 
failed catheter ablation [9–17]. 

When applying SBRT to targets in the thorax, 
motion management is critical. Any motion in-
creases the risk of off-target delivery. As the indica-
tions for SBRT to treat tumors in the thorax expand, 
many methods of respiratory motion compensa-
tion have been developed. Precise dose delivery to 
the heart for SBRT of VT requires accounting for 
both respiratory motion and heartbeat. If respira-
tory motion is compensated with tracking, cardiac 
motion is compensated with an additional safety 
margin to target volume because cardiac-gated 
treatment is not available. Previous studies report 
that for tumors situated near the heart, the cardiac 
beat has a measurable impact on tumor movement 
[18–20]. The heart-induced tumor motion ampli-
tude can be up to 2.6 mm [19], and left ventricle 
movement can be up to 4.1 mm [20].

Real motion data from SBRT of VT could pro-
vide good insight into motion variations during 
treatment. In the present study, we performed the 
first analysis of implantable cardioverter defibril-
lator (ICD) lead motion used as surrogate during 
SBRT for ablation of VT. Our present data provides 
good insight regarding motion and motion varia-
tions during treatment, and may be useful for ITV 
delineation and treatment with conventional sys-
tems, or for safety margin delineation when track-
ing is used.

Materials and methods

This study included anonymized motion data 
from 20 patients (19 men, 1 woman) who under-
went SBRT of VT. Data were collected with institu-
tional review board (IRB) approval. Our treatment 
planning procedure has previously been described 
in detail [10, 11]. Briefly, patients were treated with 
a single 25-Gy fraction using the CyberKnife sys-
tem (Accuray, Inc., Sunnyvale, CA, USA) in con-

junction with Synchrony tracking software that 
enabled real-time respiratory motion tracking. 
We used 3D maps from the electroanatomic map-
ping system (CARTO, Biosense-Webster, Israel) 
where the critical part of arrhythmogenic substrate 
was tagged. All tagged points were joined to one 
volume, uncertain points in the target area were 
included to the volume. For treatment planning, 
patients underwent expiratory and inspiratory 
breath-hold computed tomography (CT) scanning, 
and were coached not to perform maximum exhale 
and inhale. CT sets were used to verify the correla-
tion between ICD lead position and the center of 
gravity (CoG) of the clinical target volume (CTV) 
during different phases of the breathing cycle. To 
account for heart contractions, we used electro-
cardiogram (ECG)-gated CT scans (in both systole 
and diastole) to delineate internal target volume 
(ITV). In the first 10 patients, to reduce potential 
toxicity, we provided no additional margin for plan-
ning target volume (PTV) delineation. At this time, 
there was only one reference relating to SBRT of 
VT in humans [21], and we were cautious about 
target expansion due to unknown side effects. After 
evaluating the efficiency and toxicity [10, 11] we 
added an additional 3-mm CTV-PTV margin in 
all subsequent cases. Dose distribution was calcu-
lated using Multiplan treatment planning system 
(Accuray, Inc., Sunnyvale, CA, USA). The required 
coverage was for ≥ 95% of the PTV to receive 25 Gy, 
with the prescribed dose as close as possible to the 
80% isodose line. Since all targets had an atypical 
(oblong) shape, the plans had a higher conformity 
index, which added an additional “dose margin” 
to the PTV. The end of the right ventricular septal 
ICD lead was used a the surrogate marker, and was 
continuously tracked with a robotic arm-mounted 
linear accelerator (LINAC). Live images were taken 
every 60 s during treatment, and the correlation 
model was continuously updated. 

The Synchrony system does not allow compen-
sating rotations during treatment if only a single 
marker is used. To minimize additional positional 
errors, we prepared an “alignment plan” for each 
patient, in which patient set-up was based on spine 
alignment (Xsight Spine). Using an alignment error 
of < 1 mm and 1° ensured reproducibility of the pa-
tient’s position at the start of treatment. After spine 
alignment, the patient was moved to the treatment 
center with a robotic couch. The first live image was 
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acquired in the same breathing phase as in the digi-
tally reconstructed radiographs (DRRs) generated 
from planning CT. We verified patient alignment 
in the treatment center using visible structures in 
the image, eg, ICD lead, chest wall, diaphragm, 
stainless steel wires in the patient´s chest, and spine 
structures.

Log file analysis
We extracted the robot motion coordinates from 

the log files of the Synchrony motion tracking sys-
tem. The technical aspects of the Synchrony system 
function and the clinical accuracy of this method 
have previously been described in detail [22–26]. 
The combined use of internal and external markers 
allows the robot to accurately follow target motion. 
Briefly, the Synchrony uses a kV-kV localizing sys-
tem to detect the target or specific marker from two 
orthogonal X-ray images. The correlation model 
between the external LED markers on the patient’s 
chest and the marker motion is constructed before 
the start of treatment, and is adapted during treat-
ment with each new X-ray acquisition. The model 
can be rebuilt at any time during treatment if the 
correlation is worse than a user specified threshold. 
The motion of LEDs is tracked by optical surface 
tracking using a camera in the treatment room. 
Upon establishment of the correlation model, the 
treatment beam follows the internal movement via 
continuous measurement of external movement us-
ing the correspondence model, with compensation 
using the robot [27].

An in-house Matlab program (The MathWorks 
Inc., Natick, MA) was developed to determine 
motion amplitudes in the superior-inferior (SI), 
latero-lateral (LL), and anterior-posterior (AP) di-
rections as local extremes in each breathing cycle. 
Based on amplitudes, this program generates infor-
mation about margin expansion in the SI, LL, and 
AP directions to cover 90% or 95% of all amplitudes 
for a better description of motion variability. 

Motion analysis
We evaluated motion amplitudes of marker (ICD 

lead) and intrafraction amplitude variability during 
treatment. Intrafraction amplitude variability was 
defined as the standard deviation (SD) of the ICD 
lead motion amplitude during one treatment frac-
tion. Synchrony tracking accuracy depends on the 
correlation model and correlation error, ie, the dis-

tance between the position given by the model and 
the position indicated by the X-ray. The correlation 
error was evaluated to enable quantification of an 
important source of inaccuracy. Synchrony uses 64 
ms long X-ray acqusitions, which is sufficient time 
for static display of moving targets, and the correla-
tion model is mostly based on linear function. It 
is assumed that heartbeat can randomly affect the 
marker position in different parts of the breathing 
cycle and, therefore, the correlation error between 
an external marker on the patient’s chest and the 
ICD lead can increase. Therefore, the data can con-
tain combined breathing and cardiac motion and 
couldn´t be extracted separately. 

Tracking geometry
Tracking accuracy can be affected by number of 

markers being tracked and the distance between 
the target and imaging center [28]. We recorded the 
distance between the end of the ICD lead (imaging 
center) and the CoG of the CTV as the magnitude 
of a vector between two points in 3D. Targets were 
divided into four groups based on location in the 
heart: anterolateral (AL), inferolateral (IL), inferior 
(I), and posterobasal (P) (Tab. 1). Figure 1 presents 
two examples of the relationship between the ICD 
lead and CTV. 

Fiducial marker definition
In each case, the first correlation model had to be 

approved by the physician and physicist, to confirm 
tracking on the appropriate part of the electrode 
throughout the whole breathing cycle. Figure  2 
shows the difficult part of tracking, during which 
it is necessary to carefully check the part of the 
electrode being tracked. The tracking point of the 
electrode is approximately 3-mm wide (B and D). 
Synchrony tracking system automatically detects 
the tracking point; some cases required manual 
correction in comparison with the exact position 
on DRRs (set during treatment planning). We set 
the criterion to start/continue treatment only when 
the actual correlation error was < 3 mm.

Statistical analysis
Statistical analysis was performed using the 

STATISTICA 10 software (StatSoft, Tulsa, OK). All 
quantitative data were expressed as mean and SD. 
Box-plots or histograms were constructed for visual 
comparison of the samples. 
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Results

We analyzed a total of 20 fractions, with a mean 
duration of 63 ± 12.3 minutes. In the SI, LL, and 
AP directions, respectively, the mean motion am-
plitudes were 5.0 ± 2.6 mm, 3.4. ± 1.9 mm, and 
3.1 ± 1.6 mm (Tab. 1); and the mean maximum 
motion amplitudes detected during treatment were 
20.8 ± 7.5 mm, 13.7 ± 7.5 mm, and 12.4 ± 5.0 mm. 
All maximum values were detected during cough-
ing or sudden deep inspiration, when the treatment 
was stopped due to excessive motion of the external 
LED markers. Box plots in Figure 3 show the mean 
motion amplitude data in the SI, LL and AP direc-
tions. We compared the coordinates of the ICD 
lead and CTV CoG from expirium and inspirium 
CT. In 17 cases, the lead and CTV CoG motion 
differed by ≤ 1.5 mm in the SI, LL, or AP direction. 

In three cases (2, 4, and 7) with a posterobasally 
localized target, the difference was up to 3 mm in 
one direction.

Intrafraction amplitude variability
The mean intrafraction amplitude variability was 

2.6 ± 0.9 mm, 1.9 ± 1.3 mm and 1.6 ± 0.8 mm in the 
SI, LL, and AP directions, respectively. Variability 
of > 3 mm in one or more directions was reported 
in seven cases (Tab. 1).

Margins covering 90/95%  
of the lead motion

To better describe the motion and motion vari-
ability of the lead, we generated the margins that 
were necessary to cover 90% or 95% of the lead 
motion amplitudes in the SI, LL, and AP directions 
(Fig. 4). 

Table 1. Distance between the end of the ICD lead (imaging center) and the clinical target volume center of gravity, target 
localization, conformity index, mean motion amplitude, and standard deviation (intrafraction motion variability) for all cases

Patient Distance [mm]
Target 

localization
CI*

Mean motion amplitude [mm] Standard deviation [mm]

SI LL AP SI LL AP

1 65.9 AL 1.27 4.7 5.9 3.1 1.8 3.5 2.0

2 78.4 P 1.67 4.6 3.3 3.6 2.8 2.1 2.1

3 79.6 I 1.77 5.3 3.2 3.0 1.9 1.4 1.3

4 88.5 P 1.48 6.9 2.0 2.8 3.9 0.2 0.8

5 69.8 IL 1.78 4.1 4.2 2.8 3.0 4.2 1.4

6 56.3 I 1.28 4.3 2.2 2.6 2.3 0.5 0.9

7 70.6 P 1.58 3.9 2.7 3.2 1.5 1.0 1.2

8 56.2 I 1.21 7.0 3.3 4.1 2.3 1.5 2.3

9 68.9 P 1.28 4.5 3.0 3.2 3.1 1.3 1.5

10 36.4 AL 1.24 6.3 3.0 2.1 4.6 2.4 4.4

11 60.1 I 1.20 5.1 2.2 2.9 2.1 0.5 1.1

12 73.4 I 1.15 4.9 2.8 2.9 1.5 0.9 0.8

13 62.1 IL 1.29 4.8 2.7 2.7 2.4 1.4 1.2

14 33.1 IL 1.24 5.8 2.1 4.9 2.0 0.4 1.6

15 69.0 I 1.45 7.3 3.9 3.9 4.8 3.7 2.9

16 28.6 AL 1.19 3.9 3.2 3.5 2.0 1.6 1.6

17 96.3 P 1.21 5.3 6.8 3.6 2.6 4.9 1.4

18 87.3 I 1.31 3.2 4.6 2.8 2.0 2.7 1.1

19 67.1 IL 1.15 3.4 3.5 2.6 1.8 2.1 1.1

20 24.4 AL 1.38 5.3 2.7 2.5 2.5 1.6 1.8

Mean 63.6 1.4 5.0 3.4 3.1 2.6 1.9 1.6

*Conformality index; AL — anterolateral; IL — inferolateral; I — inferior; P — posterobasal; Highlighted values indicate dominant mean motion in a direction 
other than SI and intrafraction motion variability of > 3 mm in any direction
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Correlation error 
Since the correlation error was consistently over 

1 mm, we cannot exclude the mutual influence of 
patient alignment and heartbeat. In cases 10, 14, 16, 

and 20, the lead was in direct contact with part of 
the CTV. Although we set the criterion to start/con-
tinue treatment only when the actual correlation er-
ror was < 3 mm, several values above 3 mm were re-

Figure 1. Examples of position of the implantable cardioverter defibrillator (ICD) lead and target volume. A. A case in which 
the lead was in contact with the clinical target volume (CTV) in the transversal and sagittal planes. B. A case with the highest 
distance between the ICD lead and CTV in the transversal and sagittal planes (PTV = CTV + 3 mm)

A B

A B C D

Figure 2. The part of the electrode being used for tracking. A. A live X-ray image acquired during treatment, with the end 
of the ICD lead correctly identified according to the defined position during planning. B. The source of possible tracking 
uncertainty, with enhanced contrast. Crosshairs indicate the left and right ends of the electrode with visible LL coordinates 
[mm]. Both ends are incorrectly identified parts of the lead relative to the DRRs, which could be tracked under certain 
assumptions. The diameter is approximately 3 mm. C. An example of incorrectly identified end of the ICD lead which require 
manual correction. D. The end of the electrode (white circle) before implantation, relative to a metric ruler [cm]. Box-plots 
representing the mean motion amplitude in the the superior–inferior (SI), latero–lateral (LL), and anterior–posterior (AP) 
directions
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corded during treatment. When a correlation error 
of > 3 mm was detected in two consecutive images, 
the patient was realigned. On average, we had to es-
tablish 5 (SD 3.3) correlation models per treatment, 
and the mean correlation error was 2.2 ± 0.9 mm. 

Discussion

Previous studies that have reported outcomes 
of SBRT for VT ablation can be divided into two 

treatment approaches based on the utilized tech-
nical equipment and motion management. One 
approach includes the use of the CyberKnife sys-
tem with online tracking in which the end of 
the ICD lead is used as a tracking marker [10, 
11, 16]. The other approach involves internal tar-
get volume (ITV) treatment with conventional 
LINAC, and treatment delivery with respirato-
ry-gated 4DCT for target definition [13–15]. For 
both approaches, the overall treatment accuracy 
remains unclear. In our present study, we aimed 
to describe the ICD lead motion during SBRT of 
VT. To our knowledge, this was the first work to 
describe this motion based on online tracking 
during SBRT of VT. 

Our results in the SI, LL, and AP directions, 
respectively, showed that the mean motion am-
plitudes were 5.0 ± 2.6 mm, 3.4 ± 1.9 mm, and 
3.1 ± 1.6 mm; and the mean maximum mo-
tion amplitudes detected during treatment were 
20.8 ± 7.5 mm, 13.7 ± 7.5 mm, and 12.4 ± 5.0 
mm. The defective part of the heart was treated, 
in which cardiac motion is expected to be lower 
compared to healthy heart. The present data de-
scribed the combination of cardiac and breathing 
motion. Knutson et al. [15] reported data from 
4D-CT with bridge abdominal compression in 16 

Figure 3. Box-plots representing the mean motion 
amplitude in the superior–inferior (SI), latero–lateral (LL), 
and anterior–posterior (AP) directions

Figure 4. The margins [mm] covering 90/95% of the lead motion. The margins [mm] necessary to cover 95% (A–C) and 90% 
(D–F) of the lead motion amplitudes, and the numbers of observations, in the the superior–inferior (SI), latero–lateral (LL), 
and anterior–posterior (AP) directions
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patients treated with conventional LINAC for VT. 
The median–maximum distance from the GTV 
to the ITV was 4.4 mm (minimum: 3 mm, maxi-
mum: 11.3 mm) in the axial plane, 4.65 mm (1.55, 
12) in the coronal plane, and 3 mm (1, 7.2) in 
the sagittal plane. These results are comparable 
to our data from free-breathing treatment; how-
ever, we observed higher maximal motion am-
plitudes during treatment without the use of ab-
dominal compression. Tong et al. [20] used the 
breath-hold technique to quantify variations in 
the heart, pericardium, and left ventricular myo-
cardium (LVM) caused by cardiac movement. 
Results obtained with the breath-hold technique 
should not be affected by breathing motion. LVM 
motion validation provides useful information 
for SBRT treatments. However, in their study, the 
LVM was delineated without the interventricular 
septum, which is where the end of the lead was in 
our present study. They reported that the largest 
displacement was 4.1 ± 2.8 mm, which occurred in 
the LVM along the AP axis. However, it is difficult 
to compare results obtained using the breath-hold 
technique to those acquired with free breathing. 

Chen et al. [19] evaluated cardiac-induced lung 
tumor motion and found that the heart-induced 
motion amplitude ranged from 0.2 to 2.6 mm. 
Based on fluoroscopy, they reported average lung 
impacts of 3.6 ± 3.55 mm in the SI direction and 
1.42 ± 1.09 mm in the LL direction, and average 
heart impacts of 0.82 ± 0.65 and 0.52 ± 0.31 mm, re-
spectively. Compared to our present findings, they 
reported a similar average motion in the SI direc-
tion, and an average motion in the LL direction that 
was almost twice as low. However, it is notable that 
their results describe the impact on tumors near the 
heart rather than on the heart itself. 

Seppenwoolde et al. [18] measured tumor mo-
tion in the lung due to heartbeat. Their finding 
that is most relevant to SBRT of VT is that the 
heartbeat-induced motion was the greatest in the 
LL direction (range, 1–4 mm). In our previous 
study [26], we observed intrafraction amplitude 
variability of > 3 mm in cases where the tumo r 
was in contact with another structure, such as the 
heart or diaphragm. In our present study, 25% of 
cases had greater motion in the LL direction com-
pared the SI direction. Ross et al. [29] analyzed 
the movement of intrathoracic neoplasms using 
ultrafast computed tomography, and reported that 

lateral movement was most pronounced for tu-
mors located adjacent to the aorta or heart. This 
appeared to result from aortic pulsation, as well as 
from cardiac contraction. 

Although it is possible to perform tracking using 
a single marker, there remains some uncertainty. 
Such tracking is limited to linear chasing and does 
not track rotations [30]. When using a single mark-
er, there is an implicit assumption that the location 
of this fiducial marker represents the median/av-
erage of the target volume [31]. Seppenwoolde et 
al. [33] evaluated how tumor prediction errors 
were related to the distance between the surrogate 
(single marker) and tumor during liver SBRT. The 
estimated random and systematic prediction errors 
were ≤ 2.8 mm in any direction for distances up to 
100 mm. Christ et al. [30] investigated the impact 
of rotational deviations on single-fiducial-based re-
spiratory tracking, with the hypothesis being that 
the yaw (clockwise) rotation would increase the 
tracking uncertainty. They reported that an angle 
of ≥ 40° caused treatment inaccuracy of > 1 mm 
with single fiducial inside the target. In a related 
study, Fuchs et al. [32] investigated left ventricular 
(LV) contraction and relaxation in patients with 
chronic heart failure (CHF), and reported that LV 
rotation in these patients was reduced at both the 
base (−3.4 ± 2°, p < .01) and the apex (+0.9 ± 3°, 
p < .05). Similarly, CHF patients showed a reduced 
regional ejection fraction (REF) at both the base 
and apex. This fact can help to reduce the inaccu-
racy of SBRT of VT. All of our evaluated patients 
had an ejection fraction of < 35% and severe cardiac 
insufficiency. 

The distance between the target and marker is 
also important. We recorded the distance between 
the end of the ICD lead and the CoG of the CTV 
as the magnitude of a vector between two points in 
3D (Tab. 1). When the marker is placed outside of 
the target, there is an assumption that the marker 
motion corresponds to the motion of the target be-
ing treated. This must be verified during the plan-
ning process and included in the safety margin. We 
did not increase the safety margin more due to the 
proximity of the organ at risk and the higher con-
formity index caused by the atypical target shape. 
To minimize the impact of the mentioned distance, 
patients were coached to breathe normally. Braun-
stein et al. [28] compared local recurrence (LR) 
of lung tumors treated with direct tumor imaging 
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vs with an indirect spine tracking method that is 
similarly problematic to the tracking of an ICD 
lead outside of the target. Their results showed 
increased LR in cases where spine-based tumor 
tracking was performed with an imaging center > 4 
cm from the target. Notably, the target in this study 
was not a tumor. While the aim of ablative tumor 
irradiation is to destroy every clonogen cell, it re-
mains unclear whether the same goal is necessary 
for scar-related VT. 

Online tracking data can elucidate target motion 
during treatment of VT, but there are several limi-
tations. The target trajectory is indirectly estimated 
using the correlation model of the Synchrony sys-
tem compared to directly obtained datasets. With 
a known correlation error, we can quantify the pos-
sible treatment inaccuracy. We found that our cor-
relation error was consistently higher compared to 
lung treatments [26], which may be due to several 
possible causes: (1) the patient’s rotation caused 
rotation of the ICD lead, making tracking more 
difficult (patients were realigned when a correlation 
error of > 3 mm was detected in two consecutive 
images; (2) longer treatment can be related to less 
stable patient alignment; (3) if the end of the ICD 
lead was oriented perpendicularly to the imaging 
system,  some information about lead orientation is 
lost; (4) if the patient was breathing very deeply, the 
end parts of the breathing cycle yielded the highest 
correlation errors (> 4 mm); and (5) the correlation 
between an external marker on the patient´s chest 
and the ICD lead can be affected by heartbeat (ac-
cordingly, Teo et al. [34] reported potential soften-
ing of the dose gradient changes due to cardiac mo-
tion). To maintain sufficient coverage of the target, 
we created patient-specific ITV from ECG-gated 
CT scans to account for heart contractions. 

Conclusion

Our present data from online tracking indicated 
motion irregularities and correlation errors that ne-
cessitated an increased CTV-PTV margin of 3 mm. 
Motion variability of > 3 mm in one or more direc-
tions was detected in 35% of cases. The ICD lead 
motion correlated with the CTV CoG motion with 
translational difference ≤ 1.5 mm. In three cases 
with a posterobasally localized target, the difference 
was up to 3 mm in one direction. We recommend 
a verification of the correlation between CTV and 

surrogate for every patient, especially for a target 
localized posterobasal in the heart where we ob-
served the highest difference between the lead and 
PTV motion. Patient specific margins should be 
considered in the future.
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