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Investigation of respiration induced intra- and inter-fractional
tumour motion using a standard Cone Beam CT
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Abstract

Background. To investigate whether a standard Cone beam CT (CBCT) scan can be used to determined the intra- and
inter-fractional tumour motion for lung tumours that have infiltrated the mediastinum. Marerial and methods. This study
includes 23 patients with non small cell lung cancer (NSCLC). The intra-fractional tumour motion was analysed for each
patient on a 4D-CT scan as well as on three 4D-CBCT (fraction 3, 10 and 20). The 4D-CBCT was reconstructed from
a standard 3D-CBCT using in-house developed software. The tumour (GTV) was delineated in the first phase of the
4D-CT. Registration of phase one from the 4D-CT and 4D-CBCT was used to copy the GTV to the CBCT scans. Hereafter
the motion of the outlined GTV was tracked in the planning 4D-CT and the three 4D-CBCT using Pinnacle® version
8.1w (research version). Additionally, the inter-fractional tumour movement, relative to the bony structure, was obtained
from the difference in tumour position between the 3D-CT and the standard 3D-CBCT. Resulrs. It is possible to track a
lung tumour with mediastinal infiltration in the 4D-CBCT scan based on a standard 3D-CBCT. The respiration motion
in the 4D-CBCT is not significantly different from the result found from the initial 4D-CT. Likewise, no differences in
respiration motion was found between fractions 3, 10 and 20. Conclusion. This study shows that it is possible to track tumour
motion for NSCLC patients with mediastinal infiltration using a standard 3D-CBCT. No change in the intra-fractional
tumour motion of clinically relevance was observed during the fractionated treatment course. The inter-fractional tumour
motion found underlines the importance of using daily IGRT with online match on soft tissue in order to be able to reduce
treatment margins.

Respiration induced geometric uncertainties associ-
ated with external beam radiotherapy of patients with
lung cancer have been addressed in many studies [1-4].
Several respiratory-correlated acquisition techniques
have been developed to construct a four dimensional
(4D) CT data set to reduce the uncertainties and
artefacts induced by respiratory motion during CT
[5-8].This gives a measure of the induced tumour mot-
ion that can be used to improve the treatment plann-
ing. However, the measured tumour motion during
the CT might not be representative for the motion
during the entire treatment course. Hence it would
be of interest to investigate the respiratory induced
tumour motion during treatment to verify not only
the size of the inter-fractional respiration induced

motion but also the respiration induced intra-
fractional motion. Sonke et al. [9] has already demon-
strated that it is possible to track a lung tumour without
mediastinal infiltration using a slow gantry speed
4D-Cone beam CT (4D-CBCT). Many patients with
lung tumours do have mediastinal infiltration thus it
would be beneficial to extend the study by Sonke
et al. [9] to a group of patient for which the main
fraction do have mediastinal involvement. Further-
more, it would be beneficial if a standard speed
3D-CBCT could be used to create the 4D-CBCT
due mainly to two factors: 1) Patients will move
slightly on the treatment couch during a treatment.
Thus, the less time needed for the treatment the less
additional uncertainty is introduced. 2) Use of a slow
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rotating gantry will increase the time used for image
acquisition which affects the normal clinical work-
flow at the machines for these patients.

Therefore this study is related to the measure of
intra- and inter-fractional tumour motion for a group
of patients, for which the main fractions did have medi-
astinal involvement, by the use of a standard speed
CBCT. Furthermore the focus of this study was to
investigate whether the intra- and inter-fractional tum-
our motion was unchanged during the entire treatment
course

Material and methods
Patients

This study included 23 patients (one patient with two
individual tumours) with non small cell lung cancer
(NSCLC). These patients had a visible diaphragm in
their CBCT scans so it is possible to reconstruct the
respiratory motion. Four tumours were in the lung, one
was attached to the thoracic wall and 19 were attached
to mediastinum (a component of the tumour in the
mediastinum and not an individual lymph node in
the mediastinum). The patients were included in this
study if they had been CBCT scanned and fulfilled
the criteria described above. All patients were scanned
in a head-first supine position, with the arms raised
above the head. The patients were immobilised using
a VacFix vacuum bag with a thermo plastic mask.
The patients did not receive any training or coaching
for regular breathing before or during treatment.

4D-CT acquisition

The patients were 4D-CT scanned (Siemens Soma-
tom 4) according to standard clinical procedures.
Simultaneously, the respiration signal was obtained
using a thermocouple placed in a facial mask [8].The
4D-CT scans were divided in ten time-equidistant
phases (phase binning) consisting of 108 slices with
a width of 2.5 mm by in-house developed software.
The tumour was manually contoured in the 3D-CT
scan representing the first phase of the respiration.
The contoured tumour was automatically projected
to the remaining nine respiration phases by transla-
tional rigid registration based on matching of the CT
values in the tumour region. Based on the tumour
registrations the tumour trajectory and the tumour’s
time weighted mean position, the mid-ventilation point,
was obtained. Based on the mid-ventilation point it
was possible to find the respiration phase which was
most representative for the mean tumour position,
the mid-ventilation phase, as the respiration phase
for which the tumour is closest to the mid-ventilation
point [8].

4D-CBCT acquisition

All patients were CBCT scanned (Elekta Synergy
accelerator with XVI software v 4.2) according to
standard clinical procedure as listed in Table I. For
this study 3D-CBCT clinical scans (standard gantry
rotation speed) from the patient’s 34, 10™ and 20™
treatment were used to create 4D-CBCTs. The pro-
jection images from the 3D-CBCT scan were sorted
in ten equidistant phases according to the breathing
phase by use of in-house developed software. The
breathing signal, required for sorting, was obtained
using an algorithm [10,11] to track the position of
the diaphragm motion from the series of projection
images (eliminating the need for additional respira-
tory monitoring systems). Hence only patients where
the tumour was located such that the diaphragm was
visible in the 3D-CBCT were used. For a given res-
piration phase a 3D-CBCT was constructed on the
XVI system based only on the respiration sorted pro-
jection images related to that specific respiration phase.
This procedure was repeated ten times thereby creat-
ing a 4D-CBCT. All reconstruction was performed
with the presets resolution “High Resolution” and
collimator “M20”.

The newest released version of XVI software
(version 4.5) makes it possible to use different gantry
speeds when performing the CBCT scan (slow gantry
rotations produces more images) and to create
4D-CBCT. In the new software as well as in the study
by Sonke et al. [9] the default scan time for 3D-CBCT
is increased from one minute to four minutes for an
CBCT arc of 200 degrees, which is to be compared to
the “standard” gantry speed of 200 degrees per minute
which is the speed used in the versions of XVI prior
to version 4.5 (which is what is referred to as standard
3D-CBCT in this study). As mentioned previously it
would be an advantage to use a standard speed gantry
rotation to create the 4D-CBCT. It was therefore
investigated in the present study whether using a stan-
dard gantry speed acquiring the 3D-CBCT scan can
be used to track lung tumour motion using an arc of
360 degrees. A side-effect of using a standard speed
gantry rotation, which produces less projection images,

Table I. Standard settings for the CBCT scans.

Setting Value
Start angle —177°
Stop angle 181°
Energy 120 kV
Current 25 mA
Time 40 ms
kV collimator M20
kV filter F1
Number of projections 622

Scanning time ~2 min




1194 K. L. Gortheb et al.

is that the imaging dose delivered to the patient will be
lower compared to the slow gantry speed.

Inter-fractional tumour motion

The inter-fractional tumour motion investigated in
this study was the change of mean tumour position
relative to bony structures between each treatment
session (measured at the planning CT and the three
CBCT scans).This is also often referred to as the
baseline shift. To find this movement a 3D-CT (recon-
structed from all the data used to produce the
4D-CT) and the 3D-CBCT for the patient’s 34, 10t
and 20™ treatment were imported into Pinnacle® v
8.1w (research version). A common reference system
between the above mentioned 3D-CT and 3D-CBCT
scans was obtained by bony anatomy registration of
the whole scan and using a cross correlation algo-
rithm with rigid translation and rotation. Hereafter
a registration of the tumour was performed using a
defined tumour region. For this procedure only rigid
translation was used. All the registrations were visu-
ally evaluated before a match was accepted.

Intra-fractional tumour motion

To investigate the intra-fractional tumour motion for
the patients involved in this study a total number of
920 scans (23 patients X 10 phases X 4 scans) were
transferred into the planning system. A common ref-
erence system between the different 4D-CT and
4D-CBCT scans for each patient were obtained by
registration of the patient anatomy between the scans
as previously described. After the co-registration the
delineation of the tumour (GTV) was propagated as
a solid object from the first phase of the 4D-CT to
the first phase of the 4D-CBCTs. Subsequently the
tumour motion were tracked in Pinnacle by propa-
gating the GTV from the first phase to the remaining
nine phases of the 4D-CT and the three 4D-CBCTs.
The displacement of the centre of mass of the GTV
between the different phases of each scan was used
to describe the tumour motion. Each registration was
visually inspected before it was accepted. Data from
these registrations were used for the analysis of the
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tumour motion for all patients’ 4D-CT scan and
their 34, 10™ and 20™ treatment 4D-CBCT scans.

Results

For the patients in this study a standard speed 3D-
CBCT has 622 projections on average, thus approxi-
mately 60 projections in each respiration phase for
the created 4D-CBCT. In Figure 1 an example of a
patient with a tumour that has infiltrated the medi-
astinum, is shown. It is seen that the visual image
quality is reduced from the 4D-CT to the 3D-CBCT
and further reduced for one phase of the 4D-CBCT.
In Figure 2 the results of tumour motion tracking is
shown for the same patient. From the data for this
patient it is seen that despite the reduced image quality
it is possible to find the tumour motion in the CBCT.
Furthermore it is seen that the extraordinary motion
in the left-right (LR) direction found in the planning
4D-CT is the same motion seen in the 4D-CBCTs
taken before treatment.

For all 23 patients the standard deviation (SD)
for the intra-fractional tumour position (which is the
measure of the motion in this study) is seen in Figure 3.
The line in Figure 3 shows identical motion in the
two scans. Thus, deviation from the line shows
changes in tumour motion. A Wilcoxon Signed Ranks
test (2 tailed) was used to test the similarity between
the different scans. No statistically significant devia-
tion (p < 0.05) was observed in the cranial-caudal
(CC) direction. However, in the anterior-posterior
(AP) direction there is a small statistically significant
shift in the analysis between the 4D-CT and all the
three 4D-CBCT scans at fraction 3, 10 and 20. In
the LR direction a small shift is detected between the
4D-CT and the 3™ 4D-CBCT. On the other hand
there is no significant result among the CBCT scans
themselves.

Table II shows the values of the SD for intra- and
inter-fractional tumour position (the measure of the
motion) averaged over the patients. SD for the intra-
fractional position is based on all 960 measured
positions (4 scans, 10 phases and 24 tumour loca-
tions) while the SD for the inter-fractional position
which is the SD of the tumour in the mid-position

Figure 1. Coronal view of one phase in the 4D-CT, the 3D-CBCT and one phase of the 4D-CBCT for a patient with a lung tumour attached
to mediastinum. The visual image quality is clearly reduced from 4D-CT to 4D-CBCT.
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Figure 2. Tumour position for the same patient as in figure 1. The
solid line is the CT scan and the dashed line 3" is the CBCT scan.

is based on 96 measured positions (4 scans and 24
tumour locations). The reason for showing the SD
and not the peak-to-peak amplitude here is that it is
the SD that is used in margin formulas [12-14]. In
the present data the ratio between peak-to-peak
amplitude and the SD values was found to be approx-
imately 2.5. It is seen from the table that the two
components of respiration induced movements are
approximately the same magnitude. The largest motion,
is as expected, seen in the CC direction.

A linear regression between tumour motions and
tumour location within the lung has been performed

in this study for the 19 tumours infiltrating the medi-
astinum. Only the correlation between motion in the
CC direction and the position in the CC directions
showed to be statistically significant (p < 0.05). A scatter
plot of these data is shown in Figure 4. In the figure
the curve found in the study of stereotactic NSCLC
patients by Jensen et al. [15] is also plotted.

Discussion

The results from this study show that it was possible
to extract a respiration signal, create a 4D-CBCT and
track tumour position using the standard clinical
setup. It has previously been shown [16] that a reduc-
tion in the number of projection images in a CBCT
does not compromise the accuracy of the image reg-
istration in XVI.The clinical data in the present study
supports this result since a good correlation was
found between the 4D-CT and 4D-CBCT data.
Hence this study supports the use of a standard full
rotation XVI setup with a scan time of two minutes
to create 4D-CBCT. This makes it possible to intro-
duce 4D-CBCT into daily clinical practice without
increasing the patient’s time on the couch. This is of
importance in order not to increase the probability of
patient movement during treatment. Furthermore,
the use of a standard 3D-CBCT allows retrospective
studies to be performed on all previously acquired
3D-CBCT data if the projection images are available.
The new XVI v 4.5 release has software to produce
a 4D-CBCT. By default the scan is predefined by the
vendor to a 200 degree rotation with a scan time of
four minutes. This study shows that it is possible to
decrease the scan time by a factor of two which is
now used in our daily clinical procedure for lung can-
cers using XVI v 4.5.

The correlation seen in Figure 3 showed the
motion measured in the 4D-CT planning scan to be
representative for the tumour motion in the entire
treatment course. This finding has previously been
demonstrated by Sonke et al. [9] for tumours situ-
ated freely in the lungs but this study shows that
the same conclusion is also valid for tumours
attached to the mediastinum. A few outliers are seen
in Figure 3. A number of these are related to patients
who had anatomical changes during the treatment
course (e.g. increased atelectasis). It is therefore
important to monitor the CBCT scans during the
treatment course in order to detect anatomical changes
which might warrant the need of re-planning.

As mentioned in the results section a small devi-
ation between the tumour motion measured in the
AP and LR direction is observed for some of the
CBCT fractions. However due to the small differ-
ence this effect will have no clinical impact on
the margins needed for the treatment planning. The
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Figure 3. SD for the intra-fractional tumour position (the measure of motion) in the 4D-CT against the SD of the 3%, 10® and 20™
fraction 4D-CBCT scans for all 23 patients in the CC, AP and LR directions.

reason for the observed small difference is not clear.
In this study no patients has been excluded due to
tumour shrinkage or atelectasis. Such anatomical
changes might induce a change in the respiration pat-
tern. However, such anatomical changes would be
expected to occur for the remaining CBCT fractions
which are not what is observed in the data. Further-
more, if anatomical changes would be the main rea-
son for a changed respiration pattern, it seems likely
that such a change would also influence movements
in the CC direction. Neither is the case. Another
possible reason for the small deviations found could
be that there is a difference in size of the voxels between
the 4D-CT and 4D-CBCTs. These are in the CC
direction 2.5 and 1.5 mm for 4D-CT and 4D-CBCT,
respectively and in the AP and LR direction 0.98 mm
and 0.75 mm for 4D-CT and 4D-CBCT, respec-

Table II. Standard deviation of the tumour positions (mm).
The numbers are population based SDs.

Left-Right Anterior-Posterior Cranial-Caudal

1.0+0.3
1.5*1.2

1.8+£0.9
1.5*+1.2

Intra-fractional 0.7+0.3
Inter-fractional 1.4*+1.4

tively. Whether the smaller voxels size in the non CC
direction might facilitate detection of small differ-
ences is not clear presently, but seem as a possible
explanation since no differences is observed between
the individual CBCT scans. However, the small dif-
ferences in SD in the non-CC direction do not influ-
ence the treatment margins needed since the margin
related to the lateral respiration motion is very small
compared to other uncertainties.

The uncertainty of the measured SD of the intra-
fractional movement measured in the three 4D-CBCT
scans can be estimated if it is assumed that they
represent the same respiration pattern for each
patient. If this is the case, the fluctuation in the mea-
sured SD is related to the uncertainty of the mea-
sured value. For this study it gives a value of
uncertainty of the SD in the 4D-CBCT scan that is
approximately 0.5 mm which is considerably smaller
than the motion measured in the CC direction.
Knowing the uncertainty of the SD values in the
4D-CBCT scans an estimate of the uncertainty in
the 4D-CT scans can be obtained likewise. It is
important to notice that the fluctuation between
SD values measured in 4D-CBCT and 4D-CT is a
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Figure 4. Tumour motion as a function of relative longitudinal
tumour position in the lung (zero is apex of lung and one is base
of lung) of the 19 tumours attached to the mediastinum. The solid
line is a linear fit to this data. The Pearson correlation coefficient
is 0.581 (p=0.009). The uncertainty on the slope coefficient and
on the constant of the fit is 0.132 and 0.067 (1SD), respectively.
The dotted line shows the result found in Jensen et al. [15] for
stereotactic lung patients with a free lung tumour.

combination of the uncertainty in 4D-CBCT and in
the 4D-CT scan. For this study it gives a value of the
uncertainty of the SD measured in the 4D-CT scans
that is approximately 0.2 mm. The reason for the
larger uncertainty for the 4D-CBCT compared to
the 4D-CT are of course due to the reduced image
quality. The image quality could be improved by
using slower gantry speed which gives more image
projections. However, the current uncertainty values
are sufficient for calculation of treatment margins
and verification of tumour position. The image qual-
ity could also be improved by use of more advanced
reconstruction algorithms; however such more
advanced algorithms are currently too slow to be
applicable for on-line image verification.

It might be noted that the conclusion in this
study would not be very clear if a systematic differ-
ence had been detected between the 4D-CT and
4D-CBCT results, since it would not be clear
whether the course of the difference would be due
to a change in the patients breathing pattern or the
inability to measure the respiration pattern correctly
using a standard 3D-CBCT scan. One could argue
that the same problem exists even in the situation of
a high degree of correlation between the two signals,
since in theory a change in breathing pattern could
be compensated by an error of the measured move-
ment in 4D-CBCT. However, even if such a cancel-
lation of errors could occur for a single patient it is
highly unlikely that it would occur for a group of
patient.

It has previously been demonstrated that res-
piration induced longitudinal tumour movement

correlates with longitudinal tumour position, hence
the closer the tumour is located to the diaphragm,
the larger the tumour motion [15,17]. As it was dem-
onstrated in Figure 4 the same finding is observed in
this study. The relation between movement and
tumour position is very similar to the result from
Jensen et al. [15] although that relation was based on
a quite different group of patients. Thus also for
patients with tumour infiltration of the mediastinum
the tumour movement can be estimated based on the
longitudinal position of the tumour.

It is seen in Table II that the inter-fractional
motion, also named baseline shift, is approximately
the same size as the intra-fractional changes. This is
the reason why daily IGRT registration not on bony
structures but on tumour tissue is needed in order
to substantially reduce the treatment margin. If only
the margins related to the intra-fractional motion is
minimised there will still be a systematic uncertainty
related to the baseline shift. This uncertainty would
limit the possible reduction in margin dramatically
due to its systematic nature. Thus both of these
uncertainties need to be addressed in order to mini-
mise the treatment margin. Furthermore, the size of
the inter-fractional motion imply that the introduc-
tion of gating without use of daily IGRT performed
on soft tissue will not warrant a large reduction of
the treatment margins.

Conclusion

In this study it is shown that 3D-CBCT of lung can-
cer patients can be used to create 4D-CBCT without
introducing slower gantry speed. By use of such a
4D-CBCT itis possible to track lung tumours attached
to the mediastinum. Furthermore, the tumour motion
seen at the 4D-CT in the planning phase is repre-
sentative of the tumour motion during the entire
treatment course. Hence respiration induced intra-
fractional motion is not changing significantly during
the radiotherapy course. The inter-fractional tumour
motion found underlines the importance of using
daily IGRT on soft tissue in order to be able to reduce
treatment margins.
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