
Full Terms & Conditions of access and use can be found at
https://informahealthcare.com/action/journalInformation?journalCode=ionc20

Acta Oncologica

ISSN: 0284-186X (Print) 1651-226X (Online) Journal homepage: informahealthcare.com/journals/ionc20

Variations in magnitude and directionality
of respiratory target motion throughout
full treatment courses of stereotactic body
radiotherapy for tumors in the liver

Esben S. Worm, Morten Høyer, Walther Fledelius, Anders T. Hansen & Per R.
Poulsen

To cite this article: Esben S. Worm, Morten Høyer, Walther Fledelius, Anders T. Hansen &
Per R. Poulsen (2013) Variations in magnitude and directionality of respiratory target motion
throughout full treatment courses of stereotactic body radiotherapy for tumors in the liver,
Acta Oncologica, 52:7, 1437-1444, DOI: 10.3109/0284186X.2013.813638

To link to this article:  https://doi.org/10.3109/0284186X.2013.813638

View supplementary material 

Published online: 23 Jul 2013.

Submit your article to this journal 

Article views: 1261

View related articles 

Citing articles: 12 View citing articles 

https://informahealthcare.com/action/journalInformation?journalCode=ionc20
https://informahealthcare.com/journals/ionc20?src=pdf
https://informahealthcare.com/action/showCitFormats?doi=10.3109/0284186X.2013.813638
https://doi.org/10.3109/0284186X.2013.813638
https://informahealthcare.com/doi/suppl/10.3109/0284186X.2013.813638
https://informahealthcare.com/doi/suppl/10.3109/0284186X.2013.813638
https://informahealthcare.com/action/authorSubmission?journalCode=ionc20&show=instructions&src=pdf
https://informahealthcare.com/action/authorSubmission?journalCode=ionc20&show=instructions&src=pdf
https://informahealthcare.com/doi/mlt/10.3109/0284186X.2013.813638?src=pdf
https://informahealthcare.com/doi/mlt/10.3109/0284186X.2013.813638?src=pdf
https://informahealthcare.com/doi/citedby/10.3109/0284186X.2013.813638?src=pdf
https://informahealthcare.com/doi/citedby/10.3109/0284186X.2013.813638?src=pdf


  Correspondence: E. S. Worm, Department of Oncology, Aarhus University Hospital, Noerrebrogade 44, 8000 Aarhus C, Denmark. Tel:  �    45 78462656. 
Fax:  �    45 78464522. E-mail: esbeworm@rm.dk  

 (Received   3   May   2013  ; accepted   6   June   2013  ) 

                        ORIGINAL ARTICLE    

 Variations in magnitude and directionality of respiratory target 
motion throughout full treatment courses of stereotactic body 
radiotherapy for tumors in the liver      

    ESBEN S.     WORM  1,2  ,       MORTEN     H Ø YER  1  ,       WALTHER     FLEDELIUS  1  ,       ANDERS T.     HANSEN  2   
  &         PER R.     POULSEN  1,3    

  1 Department of Oncology, Aarhus University Hospital, Aarhus, Denmark,  2 Department of Medical Physics, 
Aarhus University Hospital, Aarhus, Denmark, and  3  Institute of Clinical Medicine, Aarhus University, 
Aarhus, Denmark                             

  Abstract 
  Purpose . To investigate the stability of target motion amplitude and motion directionality throughout full stereotactic body 
radiotherapy (SBRT) treatments of tumors in the liver.  Material and methods.  Ten patients with gold markers implanted in 
the liver received 11 courses of 3-fraction SBRT on a conventional linear accelerator. A four-dimensional computed tom-
ography (4DCT) scan was obtained for treatment planning. The time-resolved marker motion was determined throughout 
full treatment fi eld delivery using the kV and MV imagers of the accelerator. The motion amplitude and motion direction-
ality of all individual respiratory cycles were determined using principal component analysis (PCA). The variations in 
motion amplitude and directionality within the treatment courses and the difference from the motion in the 4DCT scan 
were determined.  Results.  The patient mean ( �    1 standard deviation) peak-to-peak 3D motion amplitude of individual 
respiratory cycles during a treatment course was 7.9    �    4.1 mm and its difference from the 4DCT scan was  � 0.8    �    2.5 mm 
(max, 6.6 mm). The mean standard deviation of 3D respiratory cycle amplitude within a treatment course was 2.0    �    1.6 
mm. The motion directionality of individual respiratory cycles on average deviated 4.6    �    1.6 °  from the treatment course 
mean directionality. The treatment course mean motion directionality on average deviated 7.6    �    6.5 °  from the directional-
ity in the 4DCT scan. A single patient-specifi c oblique direction in space explained 97.7    �    1.7% and 88.3    �    10.1% of all 
positional variance (motion) throughout the treatment courses, excluding and including baseline shifts between treatment 
fi elds, respectively.  Conclusion.  Due to variable breathing amplitudes a single 4DCT scan was not always representative of 
the mean motion amplitude during treatment. However, the motion was highly directional with a fairly stable direction 
throughout treatment, indicating a potential for more optimal individualized motion margins aligned to the preferred direc-
tion of motion.   

 In stereotactic body radiotherapy (SBRT) for tumors 
in the liver, high radiation doses are delivered in 
a few treatment fractions to small focal intra-
hepatic tumors [1 – 3]. While high accuracy is crucial 
for successful treatments [4], it is challenged by 
respiratory-induced tumor motion during treatment 
delivery [5 – 7]. 

 Typically, a respiratory correlated four-dimen-
sional CT (4DCT) scan is obtained for treatment 
planning and used to estimate motion encompassing 
treatment margins to ensure proper dose coverage of 
the target. The 4DCT scan provides information of 
motion during a single respiratory cycle, which is 

normally assumed to be representative for target 
motion during treatment [8]. However, some evi-
dence of highly variable motion amplitude during 
liver treatments has been reported [6,7,9 – 11]. In 
addition, current statistical-based margin approaches 
usually prescribe the motion margins along the ante-
ro-posterior (AP), cranio-caudal (CC), and left-right 
(LR) directions without considering the correlation 
of motion along these directions, i.e. the overall 
directionality of the target motion [12,13]. This 
might lead to sub-optimal margins with excess 
healthy tissue irradiation and reduced target cover-
age probability. If the directionality of motion is 
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stable during treatment, more optimal margins 
aligned to the dominating motion direction could be 
designed. However, there is presently insuffi cient 
knowledge about the stability of liver motion magni-
tude and directionality to address this question. 

 The present study is based on the motion data 
from a newly constructed database of highly detailed 
time-resolved internal 3D motion throughout entire 
liver SBRT treatments at a conventional linear acce-
lerator [6]. The study investigates the variation of the 
respiratory peak-to-peak motion amplitude and 
directionality of individual respiratory cycles from 
planning 4DCT scanning and throughout the full 
treatment courses.  

 Material and methods  

 Patients and motion data 

 This study is based on motion data from 11 treat-
ment courses (10 patients, one re-treatment) deliv-
ered in 33 fractions between October 2009 and 
January 2012, following our standard 3-fraction 
treatment protocol for marker-guided liver SBRT. 
The patient characteristics, treatments, and image-
based measurements of internal 3D marker motion 
during these 11 treatments have been described in 
detail previously [6]. Parts relevant for the present 
study are summarized below. 

 Each patient had 2 – 3 cylindrical gold markers 
(1    �    3 mm) implanted near the tumor(s). A 3-mm 
slice thickness, 10 phase 4DCT scan was obtained 
for treatment planning using the RPM system for 
phase sorting (Varian Medical Systems, Palo Alto, 
CA, USA). A stereotactic body frame was used for 
immobilization (SBF, Elekta, Crawley, UK) with an 
abdominal compression applied for the last fi ve of 
the 11 treatment courses. The compression was not 
part of the protocol for the fi rst six courses. A second 
4DCT scan (control 4DCT) was obtained on the 
fi rst treatment day. The marker motion in the 4DCT 
scans was estimated by manually defi ning the center-
of-mass marker location in each of the 10 phases of 
the scans. As described by Beddar et   al. [14] the 
uncertainty of such marker defi nition is largest in the 
CC direction ( ~  3 mm corresponding to the slice 
thickness). The resolution in the LR and AP direc-
tions was 1.2 mm. The mean clinical target volume 
(CTV) dose of 10 – 22.5 Gy per fraction was delivered 
with 5 – 6 conformal or volumetric-modulated arc 
treatment fi elds at a Varian Trilogy linear accelerator. 
Three cone beam computed tomography (CBCT) 
scans were acquired at each fraction; two for setup 
(CBCT1 and CBCT2) and one post-treatment 
(CBCT3). All CBCT scans were reconstructed from 
 ~  670 2D kV images acquired at 11 Hz. Throughout 

treatment fi eld delivery, MV portal images (7.5 – 7.8 Hz) 
were acquired simultaneously with orthogonal kV 
images (5.0 Hz). As described previously these 
images provided the time-resolved 3D motion with 
sub-millimeter accuracy relative to the bony ana-
tomy of a selected gold marker throughout all CBCT 
and treatment fi eld deliveries [6]. An example of 
the observed motion during a fraction is shown in 
Figure 1a.   

 Extraction of individual respiratory cycles by principal 
component analysis 

 As illustrated in Figure 1a the marker motion was 
recorded over many respiratory cycles during a treat-
ment fraction. Principal component analysis (PCA) 
was fi rst used to split the motion into individual 
respiratory cycles. 

 PCA of motion data generates three principal 
components (PCs) that defi ne a new orthogonal 
co-ordinate system. In this co-ordinate system the 
positional variance (due to motion) along the direc-
tion of the fi rst PC is the maximum among all pos-
sible fi rst axes, the variance along the second PC is 
the maximum among possible orthogonal second 
axes, and the third PC describes the rest of the total 
variance [15]. Throughout this paper we use the 
terminology that  x percent of the motion was explained 
by a given axis  if the statistical variance of the posi-
tion of the marker along this axis was x percent of 
the total 3D variance in marker position. Note that 
the variances along the three axes of any orthogonal 
co-ordinate system (such as the PC co-ordinate sys-
tem or the conventional LR, CC, AP co-ordinate 
system) always sum up to the total 3D variance, 
i.e. the three axes together always explain 100% of 
the motion. 

 The use of PCA is illustrated in Figure 1. First 
PCA was performed on motion during individual 
fi elds. To exemplify, during the fi eld shown in Figure 1b 
and c, 95.7% of the motion was explained by the fi rst 
PC (100% means pure linear motion), 4.3% of the 
motion was explained by the second PC (i.e. the 
motion was not completely linear), and 0.0% of the 
motion was explained by the third PC (i.e. the motion 
was confi ned to the plane defi ned by the fi rst and 
second PC). Second, the MSPEAKS algorithm in 
the Matlab software package (The MathWorks, 
Natick, MA, USA) was used to locate the extreme 
inhale peaks along the fi rst PC (red dots in Figure 
1d), which provided a division of the continuous 
motion trajectory into individual respiratory cycles 
(Figure 1e). After this division, PCA was performed 
for each individual respiratory cycle. The 3D peak-
to-peak amplitude of each respiratory cycle was cal-
culated as the maximum Euclidian distance between 
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any two points in the respiratory cycle. This analysis 
was also performed for the respiratory cycle recorded 
in the planning and control 4DCT scans.   

 Inter-cycle variations of peak-to-peak motion amplitude 

 For each treatment course, the mean and standard 
deviation (SD) of the peak-to-peak motion ampli-
tude of all individual respiratory cycles were calcu-
lated. The course mean motion amplitude, the motion 
amplitude in the planning 4DCT scan, and the 
motion amplitude in the control 4DCT scan were 
pairwise compared for the patient group by calcula-
tion of the mean  �  SD amplitude differences and 
Pearson ’ s correlation coeffi cient  R .   

 Inter-cycle variations of motion directionality 

 In this paper,  directionality  was defi ned as the direc-
tion of the fi rst PC. The difference between two 
directionalities was quantifi ed by the angle between 
the directionalities, which is a sign-less absolute 
number that do not indicate a specifi c direction. The 

course mean directionality was defi ned as the mean 
directionality of all individual respiratory cycles. The 
directional variation within a course was quantifi ed 
as the mean deviation between the motion direction-
ality of single respiratory cycles and the course mean 
directionality. The course mean directionality, the 
directionality in the planning 4DCT scan, and the 
directionality in the control 4DCT scan were pair-
wise compared by calculation of the mean and SD 
of their directionality differences. 

 For the patients with smallest mean motion 
amplitude, PCA on individual respiratory cycles was 
unreliable as it was affected by the 0.5 – 1 mm noise 
level of the data. For this reason the directionality 
analyses only included courses with a mean 3D 
motion exceeding 5 mm (seven of the 11 courses, see 
also Results section).   

 Motion explained by a single direction throughout 
treatment 

 As illustrated in Figure 2, in addition to the PCA 
analysis per respiratory cycle, PCA was also performed 

  Figure 1.     (a) Marker motion relative to the bony anatomy during three cone beam computed tomography fi elds (CBCT) and fi ve treatment 
fi elds (Treat) of a typical treatment fraction (Patient 3). Horizontal lines show the mean (i.e. baseline) position during each fi eld. The inset 
is an enlargement of the CBCT2 motion. (b) 3D plot of motion during CBCT2. The semi-axes of the ellipsoid, shown to illustrate the 
directionality, were defi ned from principal component analysis (PCA). (c) The 3D motion shown in the coordinate system defi ned by 
the principal components (PC). The inset-table shows the positional variance along the PCs of the fi eld. (d) Motion during CBCT2 in 
PC coordinates with detected respiratory inhale peaks along the fi rst PC. (e) A single respiratory cycle (encapsulated by black box in 
Figure 1a/d) during CBCT2 compared with the motion in the planning 4DCT scan. The arrows show the directions of the fi rst and 
second PCs of these two respiratory cycles, for which the difference in directionality was 5.2 ° . The inset-table shows the motion explained 
by the PCs of the respiratory cycles.  
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separately on all motion data of each treatment fi eld, 
fraction, and treatment course both excluding (Figure 
2 top-right) and including (Figure 2 bottom-right) 
intrafraction baseline shifts between treatment fi elds. 
The calculations excluding (or zeroing) baseline 
shifts were performed to assess pure intra-fi eld 
respiratory motion. For each respiratory cycle, fi eld, 
fraction, and course this provided the percentage of 
the total motion explained by a single fi rst PC. For 
comparison, the percentages of respiratory cycle, 
fi eld, fraction, and course motion explained by the 
CC direction and by the direction of the fi rst PC 
of the planning 4DCT scan were also calculated 
(inset-tables in Figure 2).    

 Results  

 Inter-cycle variations of peak-to-peak motion amplitude 

 In total 2998 respiratory cycles were observed during 
the 33 treatment fractions. The patient mean respira-
tory cycle length was 4.0    �    0.7 seconds. The patient 
mean respiratory cycle peak-to-peak amplitude was 
1.5    �    0.8 mm (LR), 6.9    �    3.5 mm (CC), 3.5    �    2.6 
mm (AP), and 7.9    �    4.1 mm (3D). During seven of 
the 11 courses the mean 3D amplitude exceeded 
5 mm. Figure 3a shows the variation of respiratory 
cycle amplitudes during each course together 
with the amplitudes observed in the 4DCT scans. 

No systematic amplitude differences were observed 
between the 4DCT scans and the treatment courses 
as seen by the small mean amplitude differences of 
less than 1 mm in Table I. However, large differences 
occasionally occurred with the 6.6 mm 3D ampli-
tude difference between the planning 4DCT and the 
treatment course for Patient 2b being the largest 
(Figure 3a). The control 4DCT showed better agree-
ment than the planning 4DCT with the course mean 
amplitude (SD    �    1.4 mm vs. 2.5 mm, Table I), how-
ever this difference was not signifi cant (p    �    0.09 
using F-test for equal variances). The differences 
(SDs) between the amplitudes observed in the con-
trol and planning 4DCT scans (Table I, bottom row) 
were similar to the differences between the planning 
4DCT and treatment. 

 Figure 3b shows the correlation between the 3D 
amplitudes in the treatment courses and the planning 
4DCT ( R    �     0.85). The corresponding correlation 
between treatment and the control 4DCT was 
 R    �     0.94, while it was  R    �     0.83 between the planning 
4DCT and the control 4DCT. 

 The SD of the 3D amplitudes within a course 
(error bars of Figure 3b) was in mean 2.0    �    1.6 mm. 
In total 77.3% and 95.5% of the amplitudes observed 
in the 22 planning and control 4DCTs deviated less 
than 1 SD (errors bar of Figure 3b) and 2 SDs, 
respectively, from the corresponding mean course 
amplitude.   

  Figure 2.     All target positions during a single respiratory cycle, fi eld, fraction, and the full course for Patient 2a shown together with the 
fi rst principal component (PC) of the motion (black arrow) and the fi rst PC of the motion in the planning 4DCT scan (red arrow). For 
fractions and courses, the motion data are shown both excluding (top) and including (bottom) intrafraction baseline shifts between fi elds. 
The percentage of total motion explained by the cranio-caudal (CC) direction, the fi rst PC of the planning 4DCT scan, and the fi rst PC 
of the motion itself during treatment is shown below the fi gures.  
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 Inter-cycle variations of motion directionality 

 For each patient, Figure 4 shows the directionality 
(direction of fi rst PC) of all individual respiratory 
cycles observed during treatment. The large circular 
contours represent 5 °  and 10 °  directionality devia-
tions from the course mean directionality for each 
patient. For patients with small mean motion ampli-
tudes (Figure 4b), several individual respiratory 
cycles were so small that the PCA was affected by 
the noise level of the data, which resulted in the large 

directionality variations shown in Figure 4b. There-
fore, further directionality analysis was only per-
formed for the seven courses with mean 3D motion 
amplitude exceeding 5 mm (Figure 4a). 

 For these patients, in mean 66.0    �    22.3% and 
94.3    �    5.7% of the individual respiratory cycles devi-
ated less than 5 °  and 10 ° , respectively, from the course 
mean directionality. Deviations exceeding 10 °  were 
mainly observed for small irregular respiratory cycles 
with amplitude below 5 mm; see yellow dots in Figure 
4a. For all patients, cranial motion correlated with 
posterior motion as seen in Figure 4a by the direc-
tionalities being below the center for all seven courses. 
The inclination of the directionality from the CC axis 
was between 20 °  and 30 °  for fi ve of the seven courses. 
Averaged over all courses, the mean deviation between 
motion directionality of single respiratory cycles 
and the course mean directionality was 4.6 °  �    1.6 ° . 

 In fi ve of 14 (35.7%) and in 11 of 14 (78.6%) 
planning and control 4DCT scans the directionality 
deviated less than 5 °  and 10 ° , respectively, from the 
course mean directionality (Figure 4a). The devia-
tions between directionality in 4DCTs and during 
treatment are summarized in Table I. The maximum 
directionality deviation between planning 4DCT and 
course mean directionality was 21.1 °  (Patient 2b, 
Figure 4a). 

 In mean, 98.2    �    2.2%, 1.8    �    1.1%, and 0.1    �    0.1% 
of the motion during individual respiratory cycles 
was explained by the fi rst, second, and third PC, 
respectively. Therefore, when considerable motion 
was present, this motion was highly directional along 
the fi rst PC with only slight non-linearity present 
(second PC  �    0), but confi ned to a plane (third 
PC  ~ 0). For comparison, 3.2    �    2.6%, 76.7    �    15.2%, 
and 20.1    �    13.9% of the motion was explained by 
the LR, CC, and AP directions, respectively (see 
also Supplementary Figure 1, available online at 
http://informahealthcare.com/doi/abs/10.3109/0284
186X.2013.813638).   

 Motion explained by a single direction throughout 
treatment 

 Table II summarizes similar PCA data as in 
Figure 2 when averaged over all patients. Excluding 
baseline shifts, in mean 97.7    �    1.7% of all respiratory 
motion during a course was explained by the fi rst 
PC. Despite the directionality deviations between the 
planning 4DCT scan and the treatment (Table I) the 
fi rst PC of the planning 4DCT scan still explained 
95.3    �    4.2% of the respiratory motion throughout 
the full courses. However, intrafraction baseline 
shifts between fi elds resulted in a smaller percent-
age of motion being explained by a single direction 
(Table II, columns 6 – 7).    

  Figure 3.     (a) Boxplot of 3D motion amplitude of all individual 
respiratory cycles during treatment together with motion 
observed in the 4DCT scans. The boxes show 25%, 50%, and 
75% quartiles. Whiskers include the most extreme amplitudes. 
Seven treatment courses with mean 3D motion exceeding 5 mm 
(and selected for directionality analysis) are marked with an 
asterisk. Patient 2a and 2b denote the same patient (re-treated). 
(b) Mean 3D motion amplitude during treatment as a function 
of amplitude in the planning 4DCT scan. Error bars represent 
the standard deviation of individual respiratory cycle amplitudes 
during treatment. The straight line represents ideal unity 
correlation.  
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  Table I. Difference (mean  �  SD) between mean motion amplitude and directionality during the treatment 
courses and in the planning and control 4DCT as averaged over all courses.  

Diffrence between:
Amplitude
  CC (mm)

Amplitude
  3D (mm)

Directionality 1 
  ( ° )

Course mean and plan 4DCT (mean �    SD)  � 0.6    �    2.3  � 0.8    �    2.5 7.6    �    6.5
Course mean and control 4DCT (mean �    SD)  � 0.2    �    1.3  � 0.6    �    1.4 7.9    �    4.5
Planning and control 4DCT (mean �    SD) 0.4    �    2.4 0.2    �    2.7 7.8    �    3.0

    CC, cranio-caudal; 4DCT, four-dimensional computed tomography.   
  1 Directionality data only includes the seven courses with mean 3D motion amplitude exceeding 5 mm 
and reports on absolute angular deviations.   

  Figure 4.     Directionality of each individual respiratory cycle during treatment (small dots, yellow if 3D cycle amplitude was below 5 mm), 
during plan 4DCT scanning (big red dots), and during control 4DCT scanning (blue circles) shown in a spherical coordinate system as 
projected onto a unit sphere viewed from the south-pole. The inclination angle is the inclination relative to pure CC motion (center of 
sphere).The azimuthal angle describes the direction in the transversal plane, with 0 °  corresponding to no LR motion. Positions below the 
center correspond to simultaneous cranial-posterior motion. Large black circular contours represent 5 °  and 10 °  angle differences from the 
mean course directionality (center of the contours) for each patient. The percentage of respiratory cycles within the 10 °  contour is stated 
for each patient. (a) Patients with mean 3D motion amplitude exceeding 5 mm. (b) Patients with mean motion amplitude below 5 mm.  
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 Discussion 

 The current paper presents the fi rst investigation of 
the combined stability of motion amplitude and 
motion directionality throughout entire liver SBRT 
treatments at a conventional linear accelerator. 
Although the motion amplitude in the planning 
4DCT scans correlated with, and showed sub-mm 
systematic difference from the mean amplitude dur-
ing treatment, single amplitude differences of up to 
6.6 mm were observed. Thus, a single planning 
4DCT scan did not always accurately represent 
the mean motion amplitude during treatment. This 
conclusion for liver motion amplitudes was recently 
also underlined by Ge et   al. [7] and similar observa-
tions have been reported for lung treatments [16]. 
The amplitude deviations (SDs) between the 
4DCT scans and treatment and between the two 
4DCT scans were to a large extent explained by the 
intra-patient breathing variations observed during 
treatment. The control 4DCT, which was acquired 
on the fi rst treatment day, predicted motion during 
treatment slightly but not signifi cantly better than 
the planning 4DCT and validation of motion 
amplitude based on a single control 4DCT can be 
uncertain. Potential amplitude deviations from 4DCT 
to treatment should be considered when designing 
individualized motion-including treatment margins. 

 The motion during individual respiratory cycles 
was highly directional and only slightly non-linear in 
agreement with Cyberknife-based observations by Suh 
et   al. [11]. The typical direction of motion (cranial-
posterior during exhalation) agrees with CBCTs studies 
of liver motion by Park et   al. [10]. As an important 
addition, the present study showed that the direc-
tionality of individual respiratory cycles was stable 
throughout a treatment course and reasonably well 
predicted by the 4DCT scans (Figure 4) even though 
a single maximum deviation of 21.1 °  was observed. 

 It is important to note that breathing variations 
affect a 4DCT scan in two ways: 1) A single 4DCT 
only captures one respiratory cycle which may not 
be representative; and 2) breathing variations during 
4DCT scanning are well known to cause image-ar-
tifacts in the 4DCT reconstructions [8]. A thorough 
analysis of image artifacts is beyond the scope of the 

present study, but artifacts were observed in several 
of the scans. 

 Due to the combination of high and stable direc-
tionality a single direction explained almost all respi-
ratory motion throughout the full treatment courses 
(Table II). Despite the discrepancies between direc-
tionality during 4DCT scans and treatments, the fi rst 
PC of the planning 4DCT scan still explained 95.3% 
of the respiratory motion during full treatments when 
baseline shifts were excluded. This indicates that 
more optimal (volume saving) motion encompassing 
margins could be created by adding margins along 
the PCs instead of the conventional LR, CC, and AP 
directions [12]. However, considerable intrafraction 
baseline shifts were present. Including these shifts 
caused a less percentage of the total motion to be 
described by a single direction (Figure 2, Table II). 
This shows that the directions of the baseline shifts 
were not perfectly aligned with intra-fi eld respiratory 
motion, though some correlation between baseline 
shifts and respiratory motion has been shown [6]. To 
fully exploit the potential of directional margins the 
baseline shifts should be minimized, e.g. by more 
frequent intrafraction target realignment or faster 
(high dose rate) treatment delivery [17]. 

 While a thorough quantitative analysis of direc-
tional motion margins is beyond the scope of this study 
a rough example of the potential clinical impact can 
be made as follows: For Patient 3 (Figure 1) the mean 
respiratory motion amplitude throughout treatment 
was 13.7 mm (fi rst PC), 3.1 mm (second PC), and 0.5 
mm (third PC) along the PCs while it was 3.8 mm 
(LR), 9.4 mm (CC), and 9.7 mm (AP) in the conven-
tional patient coordinate system. Considering a typical 
30 mm diameter spherical SBRT-target and prescrib-
ing conservative motion margins of half the peak-to-
peak amplitude [12] along the PCs and the LR, CC, 
and AP directions, respectively, translates into a vol-
ume sparing of 20% by prescribing the margins along 
the PCs instead of the LR, CC, and AP directions. 

 A limitation of the present study was the mixed 
cohort of patients with and without abdominal 
compression. The population was too small to quan-
tify the effect of the compression which is expected 
to reduce the motion amplitude. However, 

  Table II. Percentage of total motion during treatment explained by the CC direction, the direction of the fi rst PC of the planning 4DCT 
scan, and the fi rst PC of the motion itself during individual respiratory cycles, fi elds, fractions, and courses as averaged over all patients.  

Motion explained by:
  [mean �    SD (%)] 1 

Excluding baseline shifts Including baseline shifts

Cycle   motion Field   motion Fraction   motion Course   motion Fraction   motion Course   motion  

CC direction 76.7    �    15.2 78.0    �    14.3 78.5    �    14.2 78.4    �    14.7 76.9    �    12.2 75.5    �    10.9
First PC of plan 4DCT 95.0    �    4.1 94.9    �    4.0 95.3    �    4.2 95.3    �    4.2 88.8    �    6.8 84.8    �    9.6
First PC of motion data 98.2    �    2.2 98.0    �    2.0 97.9    �    1.6 97.7    �    1.7 91.9    �    6.2 88.3    �    10.1

    CC, cranio-caudal; 4DCT, four-dimensional computed tomography; PC, principal component.   
  1 Calculated for the seven courses with mean 3D motion amplitude exceeding 5 mm.   
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compression did not guarantee small motion ampli-
tudes as three (Patient 6, 8, and 10 in Figure 3a) of 
seven patients with mean motion amplitude exceed-
ing 5 mm had abdominal compression. 

 Besides directional margin investigations, other 
future plans with the motion data include simula-
tions of realistic gating and tracking scenarios in both 
photon and promising proton-based liver SBRT 
[18]. As indicated by the observed variable breathing 
motion, such strategies that actively adapts to the 
tumor motion during treatment should also be con-
sidered as possible ways to optimize the accuracy of 
the dose delivery [19 – 23]. 

 In conclusion, due to intra-patient breathing 
variations a single 4DCT scan did not always provide 
an accurate prediction of the mean tumor motion 
amplitude during liver SBRT treatment. However, 
the breathing motion was highly directional and the 
direction of motion was relatively stable throughout 
full treatment courses. This indicates that potentially 
margins aligned to the direction of motion could be 
designed in order to minimize the excess healthy 
tissue irradiation caused by conventional margins 
aligned with the LR, CC, and AP directions.                           
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