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A B S T R A C T

purpose : To further investigate the effects of respiratory motions
on CBCT imaging, as well as 4D-CT examinations, with a future goal
of using obtained results to implement new methods for individual
margins and daily matching procedures into routine clinical practice.

background : Since the implementation of CBCT combined with
modern accelerators, a higher degree of accuracy has been made pos-
sible in RT. However, due to the slow gantry speed of linear accel-
erators, the imaging procedure of CBCT is a slow process which is
thereby degraded by internal motion such as respiration.

material and methods : Attain patient specific respiratory mo-
tion patterns from CBCT projection data of previous examinations.
Utilize this data to perform simulations for both CBCT and 4D-CT
using a steering system which allows for arbitrary motion patterns in
the longitudinal direction.

results : Various imaging with CBCT showed that the resulting
images during respiratory motion, can be described by the Probability
Density Function of the motion for as long as it does not cause related
distortions. This also meant that convolution could be implemented
as a model to estimate the CBCT images during oscillation, knowing
the object and motion pattern.

The 4D-CT examinations using the steering system showed that
irregular motion patterns were less accurately described than regular
patterns, making the actual motion an important feature to combine
together with the measured amplitude.

conclusions : It was made clear that CBCT images can be de-
scribed by the PDF, and thus can be seen as a Color Intensity Projec-
tion of the object position. Also it has been shown that the projection
data of CBCT images contains valuable information about the respi-
ratory motion of the patient.

Another conclusion is that with the help of fiducials, the position
of the target within the respiratory cycle can be determined relative
to the 4D-CT examination, enabling further input data as to the daily
matching procedure, proper applied margins as well as dose to the
OAR.
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1
I N T R O D U C T I O N

In radiation therapy (RT), the expected outcome of the treatment will
depend on the accuracy with which the prescribed dose can be deliv-
ered to the target volume.

In order to achieve a complication free treatment with curative in-
tent, as high dose as possible is strived to be delivered to the tumor,
while sparing the surrounding healthy tissue in as high extent as pos-
sible. To be able to deliver the desired dose to the tumor volume,
the different uncertainties included in the treatment have to be taken
into consideration. These uncertainties during the treatment can be
related both to differences between fractions, so called interfraction
uncertainties, as well as uncertainties during one fraction, intrafrac-
tion uncertainties.

In stereotactic body radiation therapy (SBRT) the patient is fixated
within an external reference coordinate system. By doing so the idea
is to reduce the geometrical uncertainties of the treatment, thus al-
lowing for a very high dose delivered in few fractions, resulting in a
typical SBRT fractionation schedule of 45 Gray (Gy) delivered in three
fractions. The dose is prescribed to the periphery of the planning tar-
get volume (PTV) with a higher dose in the centre. This is possible
to obtain without increasing the dose to organs at risk (OAR), as the
dose outside of the target is primarily dependent on the dose given
to the periphery [1].

Due to the fact that SBRT is often used to treat tumors that are sit-
uated in the thoracic or abdominal region of the body [2, 3, 4], it is
necessary to irradiate an increased volume surrounding the tumor in
order to accommodate for the induced uncertainties resulting from
intrafraction motions caused by breathing. The method implemented
at Karolinska University Hospital in Solna (Stockholm, Sweden), is
by applying pressure on the abdomen of the patient, right below the
diaphragm, in an attempt to force the patient into shallow breathing,
thus limiting the range of motion of the tumor and also the margins
required to account for these motions. The extent of this motion, and
the required internal margin (IM), are determined by performing a
four-dimensional computed tomography (4D-CT) of the patient. This
will result in several three-dimensional (3D) subset volumes of differ-
ent phases of the respiratory cycle, from which the range of motion
can be determined by evaluating the difference between the maxi-
mum inhalation and maximum expiration phases. From this informa-
tion, the internal target volume (ITV) specified in the ICRU 62 report,
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2 introduction

can be determined by adding the IM to the clinical target volume
(CTV) [3].

In order to achieve a high accuracy of the patient positioning and
the dose delivery, daily imaging of patients treated by SBRT is per-
formed by cone beam CT (CBCT) with the patient on the treatment
couch [5].

An important question regarding CBCT is the intrafraction mo-
tion of tumors resulting from respiratory motion. Acquiring a typi-
cal CBCT of the thorax or pelvis region involves rotating the gantry
360º around the patient, which takes roughly 60 seconds. This means
that during one set of volumetric images several respiratory cycles
have elapsed during which projection images are taken continuously.
This results in the tumor being captured at different positions of the
respiratory cycle during different projections, why the reconstructed
3D volume of the object will be “smeared” out due to this internal
motion [6, 7, 8].

The way in which the SBRT imaging procedure is currently done at
Karolinska University Hospital, is that a 4D-CT examination is done
with and without abdominal pressure applied, as a way to determine
whether or not to apply abdominal pressure during treatment. Ad-
ditionally a a dose planning CT is acquired during free breathing
for both these cases. This means that the dose planning CT is a “snap-
shot” of the internal anatomy of the patient, at a random position dur-
ing the respiratory cycle, which differs from the CBCT image which
can be compared to an averaged image of several respiratory cycles.
Due to this fundamental difference between the two sets of images,
it is important to have an understanding of the way in which tumor
motion affects the CBCT images, both for applying appropriate mar-
gins, as well as performing the daily matching of the CBCT image
with the planning CT.

Besides the deterioration of image quality due to respiratory mo-
tion [9], the image quality of CBCT images is also reduced due to the
increased amount of scattered radiation reaching the detector panel.
This is a result of the fact that all image slices are acquired simultane-
ously by the use of a broad beam geometry, which means that each
detector element can detect scattered radiation from any part of the
beam’s path.

In order to perform daily matching in patients treated for tumors
situated in for instance the liver, pancreas or the adrenal gland with
a low contrast between the tumor and the surrounding tissue, a gold
marker is implanted in close vicinity of the tumor, and the daily
matching is then performed on this marker instead of the tumor. With
the use of these gold markers, the respiratory motion of the tumor, or
more specifically the respiratory motion of the gold marker, was ex-
tracted from the projection data of CBCT examinations performed on
patients. A previously written in-house Matlab script [10] was used
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in order to automatically extract the position of the gold marker in
the projection images, for as long as it stayed within the field of view
(FOV). This depends on the marker position relative to the center of
rotation (COR). Due to the high atomic number of gold, the marker in
the projection images will have a lower intensity than the surround-
ing pixels. Thus it is possible to track the position of the gold marker
using a minimum intensity projection (MinIP) tracking algorithm. Us-
ing the marker position trajectory during a CBCT examination as an
estimate of the respiratory motion of the tumor has the advantage,
compared to other methods using external markers, that it is actu-
ally the respiratory motion of the tumor, or a close vicinity of the
tumor, that is being tracked, rather than the respiratory motion of for
instance the abdominal wall which is usually used as a gating signal
in 4D-CT[11].

In order to evaluate the effects that different respiratory motions
have on the reconstructed CBCT images as well as the detected mo-
tion amplitude on the 4D-CT, a steering system was ordered from
the company Compotech Provider AB. With the use of this steering
system, it is possible to simulate any user specified motion pattern
(MP) in one dimension. For this purpose the cranial caudal (CC) di-
rection was selected, since the respiratory motion is mostly elongated
in the longitudinal direction [12, 7, 13, 14]. With a known geometry
of the object which is to be imaged, as well as the simulated motion,
it is possible to evaluate the effects of motion during CBCT imaging
and 4D-CT examinations. With the extracted respiratory motion data
from CBCT projections of patient examinations, it is possible to inves-
tigate the effects of respiratory motions such as they are presented
during actual clinical examinations, which can be irregular both in
amplitude and periodic time.

How well the 4D-CT captures the full extent of the respiratory am-
plitude in case of irregular breathing is of great importance, since
this will determine the applied IM which is to be used. Respiratory
motion can vary from one occasion to another for the same patient
[15, 11, 7, 14, 8], and is affected by various factors, such as for instance
stress. Since the 4D-CT is the first examination in the SBRT process,
it is likely that it is a stressful time for the patient.

The purpose of this master project is to increase the knowledge of
the effects that respiratory motion has on the reconstructed CBCT im-
ages, as well as the impact it has on acquired 4D-CT results. With this
knowledge, a better understanding of the impact of respiration, both
on applied IM and the daily matching procedure would be possible.
A future goal would be to be able to individually optimize the treat-
ment margins for SBRT treatments which are based on these proce-
dures, and maybe even use the CBCT projection data in combination
with the reconstructed images during the daily matching procedure
as to enhance the precision of this procedure.





2
M AT E R I A L A N D M E T H O D S

Evaluations of the attained CBCT and 4D-CT results were performed
in Eclipse External Beam Planning version 8.9, as an integral part of
Varian Medical Systems’ Inspiration Platform (Varian Medical Sys-
tem, Palo Alto, CA), while the image processing procedures such
as the convolution and the altering of contrast in the images were
performed using Matlab R2011a version 7.12.0.635 (MATLAB, Math-
Works Inc., Natick, MA)

In order to determine the effects of respiratory motion during CBCT
and 4D-CT examinations, simulations of different respiratory mo-
tions, as well as different object geometries were performed for both
these imaging techniques.

The motions were carried out in one direction, this is because the
longitudinal extent of the respiratory motion has been determined by
previous studies to be the largest [7, 12, 13, 14].

The simulations were performed with three objects with different
geometries and densities, figure 1, shows a photo of the different
objects.

The rubber ball, object (a), has a density corresponding to about
-150 Hounsfield units (HU) and a diameter of 45 mm. The second ob-
ject, object (b), is a block made of delrin which measured [25*33*46]
mm3. The corresponding HU is around -60 HU. Object (c), is an ir-
regularly shaped object made of the type of material used for bite
fixations in RT, the measurements along each axis are [39*20*49] mm3

and the density corresponding to about 1000 HU.

2.1 description of patient respiratory motion patterns

The different patient respiratory motion patterns which were acquired
for this project can be seen in the appendix section 6. These MP
were acquired retrospectively, by tracking an implanted gold marker
through the CBCT projection data and storing the pixel position and
the timestamp as data for the MP of the respiratory motion. Mea-
suring the intrafraction respiratory motion of patients using CBCT
projection data has been done previously in other studies [16]. These
MP were acquired from patients treated for adrenal gland, pancreas
or liver malignancies, where the implanted marker is required to per-
form the daily matching procedure as well as the evaluation of res-
piratory range of motion using 4D-CT, due to a poor contrast ratio
between the tumor and the surrounding tissue. The tracking of the
gold marker was performed using an automatic MinIP tracking al-
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6 material and methods

Figure 1: A photograph showing the objects used for the different imaging
and measurements. Object (a) is a rubber ball measuring 45 mm
in diameter, object (b) is a block of delrin measuring 25 by 33 by
46 mm, and object (c) is an irregularly shaped object measuring 39

by 20 by 49 mm.

gorithm which detects the minimum intensity of the image within a
specified region of interest (ROI) of the projection image. By updat-
ing this ROI around the pixel of the marker at each new projection
image, the motion data of the gold marker could be stored as the
Matlab script evaluates all of the acquired CBCT projection images.

Since the CBCT acquisition is performed in a plane perpendicu-
lar to the longitudinal direction, this means that regardless of gantry
angle a projection will always result in information about the longitu-
dinal motion of the gold marker. In order to attain the actual extent
of motion of the gold marker at the true position within the patient
a few corrections had to be performed, these were a conversion from
pixels to millimeters, accounting for the pixel size of the OBI detec-
tor. The second correction is to account for the diverging beam of the
CBCT, since the object is positioned at a distance of 100 cm from the
source, and the detector is positioned at a distance of 150 cm, the de-
tected extent of motion on the detector panel is 1,5 timed larger than
the extent of motion at the position of the gold marker.

The illustrated patient respiratory MP are sorted both for patient
and CBCT acquisition, for instance the MP called 4a means that it
is acquired from patient number 4 and CBCT examination a. Since a
typical SBRT fractionation would be 15 Gy * 3 this means that there
can be three CBCT acquisition for each patient, for instance 4a, 4b
and 4c. For this report two of these MP were selected to be used for
various evaluations, these were the MP from patient 5 and patient
7. The reason for why these two MP were selected was that they
represented an irregular and a regular kind of MP respectively, why
the two of them were of interest.
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2.2 description of cbct equipment

Imaging of CBCT prior to treatment is used to reduce the daily set
up uncertainties. Besides interfraction information, the CBCT images
also hold information about the intrafraction variation, due to the
nature of the image acquisition procedure.

The CBCT used at Karolinska is an on-board imager (OBI) mounted
on a Varian clinac, the OBI consists of a kV x-ray source and a flat
panel detector measuring 40 by 30 centimeters and [1024*768] pixels,
resulting in a quadratic pixel size of 0,39 mm/pixel. The orientation
of the OBI is perpendicular to the treatment beam, when the gantry
is at 180º, the kV x-ray source of the OBI is positioned at 90º.

There are two main protocols used to attain CBCT images, these
are called half fan (hf) and full fan (ff) named by the geometrical
appearance of the fields used for image acquisition.

The main difference between these two CBCT modes is the attained
FOV for the reconstructed images. In the case of hf when projections
are acquired over a 360º angle, the position of the detector panel, rel-
ative to the source, is slightly off-set such that a projection from a
single angle covers a little more than half of the FOV, and still attain
projection data for the whole FOV when the full gantry rotation is
complete. This means that for the case of hf, a transversal FOV of 45

cm is attained, as for a ff the FOV is 25 cm in the transversal plane, the
longitudinal length of the FOV of the CBCT will depend on the col-
limation of the cone shaped field in the longitudinal direction, called
scan range, and will greatly influence the image quality in terms of
image degradation due to scattering.

The rotation speed of the gantry is limited, and a full rotation takes
approximately 60 seconds. In the case of the hf mode this will be the
acquisition time for one set of volumetric images, and in the case of ff
this time will be approximately 30 seconds, as the reconstruction can
be performed with projections from a 200º angular interval. Both of
these modes however results in the same number of total projections,
which is approximately 690.

In the case of daily CBCT matching of SBRT patients at Karolinska,
a hf protocol is usually used, as to include the whole patient within
the transversal FOV. For the purpose of this report, two standard pro-
tocols used in the clinic was used. These were a standard dose head
ff and a standard dose pelvis hf protocol, the acquisition parameters
for these two modes are shown in table 1. These two protocols were
used to compare the two standard ff and hf implemented protocols
used for clinical practice.

All of the reconstructed CBCT images were performed using a
reconstruction matrix of 386 by 386 pixels used for routine clinical
practice, resulting in a voxel size of [0,68*0,68*2,50] mm for ff, and
[1,17*1,17*2,50] mm for hf. The image reconstructions were performed
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Table 1: Image acquisition parameters for the two CBCT protocols used

ff hf

kV 80 125

mA 25 80

ms 8 13

using a filtered back projection algorithm, considering the diverging
beam geometry incident on a flat panel detector with a perpendicular
angle at the central axis of the field.

2.3 description of 4d-ct equipment

There are several ways in which a gated 4D-CT examination can be
performed, but what they all have in common is that the full respira-
tory cycle is sorted into several breathing phases by the use of some
external signal induced by the respiratory motion.

The way in which this is done at Karolinska, is by use of the respira-
tory gating system (RGS) AZ-733V (Anzai medical, Tokyo, Japan) con-
nected to a Siemens SOMATOM Definition AS 128-slice CT scanner
to perform the classification of different breathing phases, by means
of a phase based algorithm [17]. A photo of the different components
of the RGS is shown in figure 2.

This respiratory gating is performed by tightening an elastic band
across the chest of the patient and placing the pressure sensor within
a pocked on the band, which should be located on the anterior side
of the patient. In the case of abdominal pressure applied, the rubber
band is positioned approximately at the middle of the sternum of the
patient, if no abdominal pressure is applied the band is positioned
about half way between the umbilicus and the processus xiphoideus
of the patient, as has been shown in reports to yield reproducible
results [15, 11, 18, 19].

The use of the tightened rubber band means that during inhalation,
the pressure on the sensor will increase due to the expansion of the
thorax, and a decrease in pressure will be seen during exhalation,
allowing for a classification of the different parts of the respiratory
cycle.

During the gated CT examination the patient breaths freely, with
the rubber band around the thorax with enough force to yield a suffi-
cient pressure throughout the respiratory cycle, while projection im-
ages are continuously taken over the specified scan range of the ex-
amination. These projection images are then retrospectively sorted
into different phases, depending on the corresponding pressure sig-
nal from the RGS, this will result in a total of eight respiratory phases
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Figure 2: A photography showing the RGS currently used at Karolinska and
for this study. In the photograph (a) represents the elastic rubber
band strapped around the patient, with the blue pocked for the
pressure sensor, (b) represents the sensor port of the RGS, this box
is connected to the CT and the pressure sensor is connected to this
box, lastly the actual pressure sensor is shown at (c).

which are each reconstructed separately using a filtered back projec-
tion algorithm. In this study a 512 by 512 reconstruction matrix and
a slice thickness of two millimeter was used, resulting in voxels of
[0,98 0,98 2,00] mm. These scan parameters were selected even if they
differ from the CBCT, as they are currently used for routine clinical
practice at the department.

2.4 description of steering systems

A simplified illustration of the construction of the first steering sys-
tem is shown in figure 3, and it was used for the measurements in
section 2.6.1.

For the simulated breathing motions two different systems were
used. The first steering system used is based on a simple harmonic
oscillation, transferring the rotational motion of a direct current mo-
tor into a longitudinal oscillating motion, from now on this system
will be referred to as S1. By adjusting the voltage to the motor the
speed of the sledge could be adjusted.

The second steering system which was used for the rest of the ex-
perimental setups was ordered from the company Compotech Provider
AB, using this steering system arbitrary MP could be simulated. From
now on this system will be referred to as S2. A schematic illustration
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Figure 3: Illustration of the steering system S1, with (a) the circular disc
connected to the engine axis, (b) the rod connecting the disc to the
(c) sledge.

of the steering system S2 is shown in figure 4, showing the different
components of the system. The S2 system is composed of a servo
motor connected to a threaded axis with a sledge moving along the
axis as it rotates. By the use of a connected control console (Galil
Motion Control), the rotational speed and direction can be accurately
controlled, resulting in a user defined motion of the sledge along the
threaded axis.

The programming of the steering system was done in such a way
that the position of the sledge and the corresponding time stamp was
defined by two vectors in Microsoft Excel [20]. The steering system
would then make sure that the sledge reaches the marked positions
at the correct time, and that the transition between these points are
traversed smoothly. The motor of the system is controlled with an
accuracy of 4096 pulses per rotation, and the pitch of the threaded
axis is one millimeter per rotation, resulting in a very high precision
of the simulated motion.

As can be seen in figure 4, besides the components necessary for
the simulations, a mechanical complement was implemented as to
receive a signal from the pressure sensor of the RGS, correlated to
simulated breathing motions when performing 4D-CT studies. As can
be seen in figure 4, the pressure sensor was positioned in a stationary
socket, while an elastic plastic sheet is connected onto to the moving
rod holding the object in place. As the sledge oscillates along the axis,
the distance between the socket holding the pressure sensor and the
elastic sheet will vary, by strapping a plastic foam to the elastic sheet
an adequate signal can be acquired from the sensor.

A water phantom shown in figure 4, had a dimension of [17*20,5*31]
cm3 filled to about 17 cm with water, the walls are made of PMMA
slabs with a thickness of 0,5 cm.

2.5 respiratory motion and probability density func-
tion

This section will describe the principles behind PDF, how to attain
a PDF from a given MP and the reverse, how to attain a MP cor-
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Figure 4: An illustration of the steering system S2 for arbitrary motion sim-
ulations, showing the setup of the steering equipment with the en-
gine connected to the threaded axis with the sledge moving along
the axis as the engine rotates. An illustration of the implementa-
tion of the pressure sensor (illustrated in figure 2) allowing for
4D-CT examinations is also shown, as well as the water tank in
which the object oscillates.
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Figure 5: Illustration of a sinus function, with the corresponding PDF.

responding to a given PDF. A short description of how the patient
specific PDF, presented in this thesis, was attained will also be given.

A PDF describes the likelihood of finding a specific object at a cer-
tain position at a given time. In this thesis, the positions refer to the
longitudinal positions covered by the objects amplitude of motion
during respiratory oscillation. This means that a PDF can be seen as
a measure of the relative time spent at a certain position.

A way to attain the PDF for a given one dimensional motion can
be seen as acquiring a histogram over the position interval and nor-
malize the histogram to the total number of points measured, this is
illustrated in figure 5.

An important feature of figure 5 is the fact that the y-axis on the two
figures coincides since they represents the same interval of positions.
Another feature is the fact that the PDF is inversely proportional to
the derivative of the motion, what can be seen is the fact that the PDF
is greatest at the two peaks where the gradient is zero, the lowest
value of the PDF corresponds to the centre of oscillation where the
gradient is steepest.

Going the opposite direction, from PDF to motion pattern, might
not be as intuitive, a mathematical model yielding a unique MP can
however be written, with the constraint that the solution is a sym-
metrical MP. Without this constraint an infinite number of MP can be
found, all resulting in the same PDF. As previously mentioned, the
PDF corresponds to the time spent at a certain position, this means
that the time vector for a motion pattern matching the PDF can be
constructed using the information within the PDF combined with the
constraint of a symmetrical solution. The practical implication of this
constraint would be that going from caudal to the cranial position of
the PDF the time vector for the same orientation of the MP is con-
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structed and vice versa, that is to say that the PDF results in half of
the periodic motion.

If a sinus motion pattern is to be constructed using the PDF illus-
trated in figure 5, the practical way to do this would be to traverse
the PDF step by step, from position 15 to position -15, in doing so the
motion pattern from the peak with value 15 to the peak with value
-15 would be constructed. By then traversing the PDF the opposite di-
rection, from position -15 to position 15, the other half of the motion
pattern is constructed, resulting in a full period of a sinus oscillation.

The mathematical model to establish a time axis, in accordance to
the PDF is described in equation 1.

ti = ti−1 + (
pi−1 + pi

4
) (1)

Where ti is the time for which the oscillation is at the corresponding
position on the PDF with the value pi.

The corresponding position vector is then created by assigning a
constant position increment as to yield a position vector with the
same number of elements as the number of probability bins in the
PDF when going from peak to peak, this will result in the time- and
position vectors having an equal amount of elements making it pos-
sible plotting the curve of the motion pattern. This means that the
number of probability bins in the PDF will determine a sort of reso-
lution of the calculated MP. For this study the number of probability
bins were selected based on the requirements from the convolution
process, resulting in a total of 12 probability bins. This number can
be explained by the total extent of motion simulated, 30 mm, and the
slice thickness of the reconstructed images, 2,5 mm, which results in a
distance of 30 mm is composed of 12 voxels. If the mathematical pro-
cess of convolution is to be correlated to the imaging of an oscillating
object using CBCT, the PDF vector used for the convolution process
has to be scaled in this manner.

Patient specific PDF presented in this thesis were attained using
projection images from CBCT examinations of patients with implanted
gold markers, all of these PDF are shown in the Appendix.

2.6 respiratory related distortions in cbct images

2.6.1 Distortions related to variations in periodic breathing time

In order to determine the effects that different respiratory periodic
times have on the reconstructed CBCT images, the harmonic oscil-
lation steering system was used with different voltages applied. The
applied voltage was adjusted to achieve a periodic time between three
and 30 seconds, with a constant amplitude of approximately 16 mm.
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For all of the different periodic times images were acquired for both
the hf and ff protocol, and the reconstructions were performed with
2,5 mm slice thicknesses.

By qualitative assessments of the reconstructed images of the differ-
ent oscillating times, the idea is to determine an estimated threshold
for which related distortions start taking place, as well as the nature
of these distortions. All of the measurements were carried out with
air as the surrounding media, and the rubber ball as the oscillating
object.

2.6.2 Distortions related to amplitude shifts during CBCT imaging

Patient data such as for instance patient 3a shown in figure 36 in the
Appendix, indicates that in some cases the depth of breathing may
vary during the course of a CBCT acquisition. As in this case the
patient starts at a relatively regular amplitude at deep breaths, corre-
sponding to a caudal position, but gradually shifts towards a more
shallow breathing, corresponding to a more cranial position, but with
roughly the same amplitude during the examination. A similar mo-
tion pattern which was simulated is shown in figure 6.

Figure 6: Illustration of the simulated oscillating motion pattern, with a shift
in longitudinal position over time.

In order to evaluate the effects of such an irregular breathing pat-
tern, a function composed of an oscillating sinus part was combined
with a linear function, illustrated in figure 6, to attain a similar sinus
oscillating motion with a shifting centre of oscillation. The function
had an oscillating amplitude of 30 mm and a linear incline of 30 mm
over 60 seconds and the periodic time was roughly four seconds. The
image acquisition was performed using the hf protocol with the ob-
ject oscillating within the water phantom. The object was the same
rubber ball (a), as used for section 2.6.1, and a scan range of 12 cm
was used.

In order to further validate that the PDF alone does not determine
the outcome of the reconstructed images in cases of for instance ir-
regular motions, another set of scans were performed. Two MP were
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used represented by the same PDF, but differing in the way that one is
composed by regular periodic motions calculated using the PDF and
equation 1, while the other is irregular, similar to the MP illustrated
in figure 6.

A box shaped object made of delrin measuring [25*25*21] mm was
used when simulating the irregular motion shown in figure 6 and
the corresponding symmetrical oscillating motion calculated from the
PDF.

Besides the extreme case of irregular MP illustrated in figure 6,
other cases of simulations with MP represented by the same PDF
were performed using some of the attained patient data from CBCT
projections from patient 2c, 5 and 7. As an example of how these sim-
ulated motions differ from each other, the case of patient 5 is shown
in figure 7.

The MP for the patient data were imaged with the rubber ball (a)
as oscillating object in the water phantom. The difference between
the two MP with the same PDF, will be the fact that for the case
of a symmetrical motion, the projections for all object positions will
be evenly distributed during the full gantry rotation. While for the
case of irregular motion, the object could potentially have the end
positions represented by a short time interval covering a limited angle
distribution during the full image acquisition.

2.6.3 Distortions depending on breathing motion patterns and object den-
sity

In order to determine the effects of different PDF on the acquired
CBCT images, three different PDFs were chosen to be evaluated. These
PDF with their corresponding MP are illustrated in figure 8, 9 and 10.

The amplitude was measured in the reconstructed CBCT images.
The way in which this amplitude was determined was by first mea-
suring the longitudinal extent of the stationary object by measuring
the distance between the most cranial and the most caudal transver-
sal slices in which the object was visible in. The same procedure was
performed on the CBCT images of the oscillating object, and the am-
plitude was defined as the measured full extent of the object in the
oscillating CBCT minus the full extent if the object in the stationary
CBCT.

The MP all had an amplitude of 30 mm and a periodic time of
approximately three seconds. The simulations were done for all of the
objects shown in figure 1. The evaluations of the measured amplitude
on the reconstructed CBCT images were performed in Eclipse with a
HU window setting of [-210 175], [-110 150] and [-200 1200] for each
of the objects (a), (b) and (c) respectively.

For each of these MP, CBCT hf images with a scan range of 11 cm
were acquired. For each object one CBCT was acquired in stationary
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(a) Proj. data motion (b) PDF calculated motion

Figure 7: Illustration of motion patterns corresponding to the PDF from pa-
tient 5, the actual projection data in figure (a), and the calculated
symmetrical motion pattern from the PDF in figure (b).
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(a) Sinus PDF (b) Sinus MP

Figure 8: Illustration of the PDF with end positions as most probable and
the corresponding MP.

(a) PDF box shape (b) Zig Zag MP

Figure 9: Illustration of the PDF with all positions equally probable and the
corresponding MP.



18 material and methods

(a) PDF Round (b) “Round PDF” MP

Figure 10: Illustration of the PDF with end positions as least probable and
the corresponding MP.

position, and one CBCT of the object oscillating, allowing both for a
determination of the measured amplitude as well as an evaluation of
the convolution model.

2.7 a convolution model to predict cbct imaging of mov-
ing objects

Convolution is used in many image processing applications such as
for instance to apply different smooth filters etc.

It has also been used in some studies related to RT, to evaluate the
effects that respiration has on the planned dose distributions by con-
volving the dose profiles with the corresponding PDF [12, 21, 22]. A
hypothesis for this thesis is that this mathematical process should also
be applicable as a model for the resulting CBCT images of oscillating
objects, with certain constraints.

The mathematical expression for convolution of discrete variables
can be written as in equation 2, where f(x) and g(x) are two integrable
functions, in the case of image processing f(x) would correspond to
the image matrix, and g(x) would correspond to the convolution ker-
nel which could for instance be a PDF. This also means that the con-
volution process applied on one single image slice would require a
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two dimensional convolution, in order to cover all rows and columns
in the image slice.

h(y) =
y

∑
x=0

f (x)g(y − x) (2)

2.7.1 Phantom study

As a way to evaluate convolution as a model for the resulting CBCT
image of the oscillating object, several CBCT images were acquired
both during oscillation with a known MP, as well as the stationary
object. Deconvolution of the image of the oscillating object was also
investigated and compared to the stationary object.

CBCT images were acquired of the object oscillating within the wa-
ter phantom with different MP, with an amplitude of 30 mm. The
images were acquired by the use of the hf protocol with a CT slice
thickness of 2,5 mm and a scan range of 12 cm.

Since a motion along the longitudinal direction is to be evaluated,
the image processing will have to be performed in either the sagital
or the coronal slices to visualize the motion, for this case the coronal
imaging plane was selected. From the two different volumetric im-
ages, stationary and oscillating, the same coronal plane was selected
for both cases. From the two images, another two were mathemat-
ically created by the use of convolution as well as deconvolution,
resulting in a total of four images for each case. These images are
called CBCTstill, which is the original CBCT image of the stationary
object, CBCToscillating, which is the original image of the oscillating
object with a known MP. These two images are to be compared to
CBCTdeconvolved, which is the CBCToscillating deconvolved by the PDF,
and CBCTconvolved, which is the CBCTstill convolved by the PDF, re-
spectively.

This procedure was performed for the irregular shaped object (c)
with the short axis along the longitudinal plane of oscillation, and
different MP. Three MP were used, these were the sinus oscillation
illustrated in figure 8(b), and MP from patient five and seven, as ex-
amples of an irregular and regular MP.

2.7.2 Evaluation of the effects of different contrasts in the images during
oscillation using convolution

The use of convolution as an estimate of the resulting CBCT images
of objects during oscillation makes it possible to investigate different
clinical cases with one set of volumetric images from a stationary
object. It is for instance possible to change the intensities (Hounsfield
units) within the images to represent different anatomical locations
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usually treated by the use of SBRT. For instance a tumor situated in
the lung or the liver. This would result in different contrasts between
the surrounding tissue and the tumor. This can be done with the use
of matrix operations in Matlab, which means that an image of the
stationary object can be altered to represent for instance one of the
clinically relevant cases mentioned above.

In order to investigate the effects that different contrasts have on
CBCT images of objects oscillating with different MP, two cases repre-
senting the anatomical location of the lung and two cases for the liver
were simulated. For these different cases the density of the lung and
liver tissue was set to approximately -750 and 110 HU respectively,
the tumor density was set to roughly 0 and -350 HU for the lung tu-
mor, and roughly 0 and 50 HU for the liver tumor, resulting in a total
of four different clinically relevant cases for SBRT treatments.

These four altered CBCT images were then convolved, in the same
manner as described in section 2.7.1, by different PDF data of patients.
By comparing the image of the stationary object, and the convolved
image, it is possible to determine the effects of respiratory motions
on the CBCT images of tumors with different densities between the
tumor and the surrounding tissue.

The object selected for this evaluation was the irregularly shaped
one with the short axis parallel to the longitudinal direction and with
the original surrounding material consisting of water. The convolu-
tion was performed with two of the commonly seen MP from the
clinical cases, these were from a relatively regular and an irregular
respiration pattern, taken from patient seven and five respectively
whose motion patterns can be seen in figure 41 and figure 43 in Ap-
pendix A.

For all of these cases line profiles along the longitudinal direction
in both images were included. These line profiles were created using
the five central columns of pixels in the images, and acquiring a mean
value from these pixel columns as the line profile, this procedure was
based on previous studies performed on CBCT images including line
profiles [8].

2.8 evaluation of 4d-ct

2.8.1 Phantom simulations comparing amplitudes measured with 4D-CT,
the PDF and CBCT

Especially in case of irregular MP it is important to know if 4D-CT
can be used to determine the peak to peak amplitude.

For the patient MP simulated, the total extent of motion was scaled
to 30 mm in such a way that the extent of motion in both the cranial
and the caudal direction would be 15 mm, with the reference position
centered between these two extremes. The respiratory MP selected
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were those of patient 3a-c, 5, 6, 8a-c, 7 and patient 2c for which the
respiratory cycle at 20 seconds were extracted and looped in order
to simulate an extremely regular case of MP. These MP were selected
because they were irregular in some manner, but also to include some
cases of regular MP, as in patient 7 and 2c, to be able to make a
comparison between regular and irregular cases.

In order to determine the extent of motion measured both in the
cranial and caudal direction, relative to the reference position taken
at position zero, a normal CT of the experimental setup at reference
position, as well as a 4D-CT during oscillation was done for each of
the simulated respiratory motions. The object was the rubber ball,
oscillating in the water phantom.

Using the fiducials present in the CT couch, it is possible to deter-
mine the longitudinal position of the object.

Since the extent of the motion is known for both directions, the
acquired amplitude can correctly be superimposed on the simulated
respiratory curve, the corresponding PDF as well as the reconstructed
coronal CBCT image attained for the same respiratory motion. It is
also possible to calculate the percentage of time that the tumor is
outside of the 4D-CT attained margin.

2.8.2 Patient data, CBCT projections and 4D-CT examinations

The usual CBCT procedure before SBRT with the hf protocol results
in approximately 690 projections acquired over a full gantry rotation.
From these projections the respiratory motion was extracted in pa-
tients with a gold marker implanted.

Even though the data of respiratory motion acquired from actual
patient examinations with CBCT as well as the 4D-CT are performed
at different times, it can still be of interest to compare results of the
respiratory amplitude from the two imaging modalities. Therefore
the data from the CBCT projections were rescaled as to represent the
correct motion at the position of the gold marker.
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R E S U LT S

3.1 respiratory related distortions in cbct images

3.1.1 Results for distortions related to variations in periodic breathing time

In order to explain the results from the different CBCT examinations
with varying periodic time, the case of a periodic time of seven sec-
onds was selected, due to the relationship between the total time of
the examination and the periodic time. When performing a ff exami-
nation the time of acquiering projections is approximately 30 seconds,
this combined with the periodic time results in a motion pattern as
illustrated in figure 11.

The distribution of projection angles for the most cranial and cau-
dal extreme positions for the case of a ff acquisition is shown in figure
12.

From figure 12, a reconstructed transversal slice of the cranial or
caudal position of the object can be explained. The case of the cranial
position is illustrated in figure 13.

From the actual CBCT image shown in figure 14, a comparison
between the illustrated model and the actual reconstruction can be
made

As can be seen the actual CBCT image appears quite similar to the
illustrated model, as the two squares representing the cranial end po-
sition can clearly be distinguished in the reconstructed CBCT image
as well. The resulting caudal position appears similar but rotated ap-
proximately 22,5º relative to the cranial position, as can be explained
by the distribution of projection angles.

3.1.2 Results for distortions related to amplitude shifts during CBCT imag-
ing

As illustrated in section 3.1.1 the position of the object versus angular
interval of the projections will influence the resulting reconstructed
image, thus it is also likely to believe that an irregular breathing pat-
tern during the CBCT acquisition will also influence the results.

A reconstructed coronal image of the rubber ball, oscillating with a
sinus pattern with an amplitude shift during the course of the exam-
ination as illustrated in figure 6, is shown in figure 15.

The reconstructed coronal view of the rubber ball can be explained
by the fact that the cranial and caudal edges of the image is in fact
only composed by a limited amount of projection angles, as the ball

23
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Figure 11: Illustration of the longitudinal position in the case of a seven sec-
ond periodic time, during a ff acquisition.

Figure 12: Angular distribution of projection angles in the case of sinus os-
cillation of 7s imaged with a ff protocol.

Figure 13: Illustration of the reconstruction at a transversal cranial plane of
the object, after a ff protocol and a sinus periodic time of seven
seconds.
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Figure 14: Transversal slice of the reconstructed CBCT image of the object,
oscillating with a periodic time of seven seconds.

Figure 15: Coronal view of the rubber ball during a sinus oscillating mo-
tion with a shift in amplitude during imaging. Image (a) shows
the stationary object, and image (b) shown the object during the
irregular MP, described in image (c).
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Figure 16: Coronal images of the delrin box for the case of (a) regular sym-
metrical motion pattern, and (b) an irregular pattern with a shift
in amplitude during imaging. The two respective MP are de-
scribed below the images.

is only found at the outmost edges for a brief period of time during
the examination.

CBCT images of an object with two MP represented by the same
PDF were compared. One irregular with a shift in the amplitude dur-
ing imaging shown in figure 6, and one regular for which the motion
was calculated from the PDF of the irregular case, resulting in a MP
similar to the one illustrated in figure ??. As the PDF for both of the
simulated MP are the same, the object is located at each position for
an equal amount of time for both cases, but in the case of a regular
symmetric motion pattern the entire span of positions are covered by
one cycle resulting in all of the positions being captured by projec-
tions from various angles during the CBCT acquisition.

Reconstructed coronal images for both of these cases are illustrated
next to each other in figure 16, clearly demonstrating the fact that
the reconstructed CBCT images are not only influenced by the PDF
itself, but the actual position of the object during different parts of
the imaging as well.

As an quantitative illustration of the difference between the patient
data when comparing the actual irregular MP with the calculated
symmetrical MP, line profiles for the cases of patient 2c, patient 5 and
patient 7 are illustrated in figure 17, 18 and 19 respectively.

3.1.3 Results for distortions depending on breathing motion patterns and
object density

Illustrations of how the PDF influence the reconstructed images for
the irregularly shaped object is qualitatively demonstrated in figure
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Figure 17: Longitudinal line profile for the case of patient 2c, comparing
projection data with the calculated symmetrical PDF pattern.

Figure 18: Longitudinal line profile for the case of patient 5, comparing pro-
jection data with the calculated symmetrical PDF pattern.
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Figure 19: Longitudinal line profile for the case of patient 7, comparing pro-
jection data with the calculated symmetrical PDF pattern.

Figure 20: Qualitative comparison between the coronal slices of the irregular
object, in the case of (a) stationary (b) round PDF (c) box PDF and
(d) sinus PDF.

20. Images for patient related PDF of the same object can be seen in
figure 21 c, and in figure 22 c.

To assess the results from all objects and PDF, a quantitative com-
pilation is shown in table 3. Bear in mind that the actual amplitude
for all of the cases are 30 mm.

3.2 a convolution model to predict cbct imaging of mov-
ing objects

3.2.1 Results for phantom study

As a selection of data to present, three different cases were selected.
These were the cases of a MP from patient five and patient seven,
which represents two “typical” PDF in case of a relatively regular
and irregular respiratory pattern. A sinus oscillation MP was also
selected.

Figure 21c corresponds to the MP from the data acquired from
CBCT projections from patient five, this motion can be seen in ap-
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Table 3: Measured amplitudes for each of the different cases, the true ampli-
tude for all cases is 30 mm

Measured amp. [mm]

Round PDF Box PDF Sinus PDF

Ball (a) 12,1 19,8 25

Delrin (B) 17,6 22,4 25

Irregular (c) 24,7 26,9 29,5

Figure 21: Coronal images, illustrating the case of an irregular object (c) os-
cillating as the projection data from patient 5. In the figure, (a) is
represented by the case of a CBCT image of the stationary object,
(b) is the CBCT image of the oscillating object, deconvolved with
the PDF, (c) is the CBCT image of the oscillating object and (d) is
the stationary CBCT image, convolved with the PDF.

pendix A figure 41. Figure 21d corresponds to the CBCT image of the
stationary object, figure 21a, convolved with the corresponding PDF
from the respiratory motion of patient five.

An illustration of the different PDF used for the convolutions in
this section is shown in figure 24, where the sinus PDF is left out
because it can be seen in figure 8.

As the PDF are illustrated in figure 24, the first probability bin
would correspond to the most cranial position during the respiratory
cycle, which in the case of a relatively regular breathing corresponds
to the most probable position of the tumor. This can be seen in fig-
ure 22c, where the object is more clearly visible at the most cranial
position.

As a more quantitative representation of the results when compar-
ing the differences between the CBCT image of the oscillating object
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Figure 22: Coronal images, illustrating the case of an irregular object (c) os-
cillating as the projection data from patient 7. In the figure, (a) is
represented by the case of a CBCT image of the stationary object,
(b) is the CBCT image of the oscillating object, deconvolved with
the PDF, (c) is the CBCT image of the oscillating object and (d) is
the stationary CBCT image, convolved with the PDF.

Figure 23: Coronal images, illustrating the case of an irregular object (c) os-
cillating with a sinus pattern. In the figure, (a) is represented by
the case of a CBCT image of the stationary object, (b) is the CBCT
image of the oscillating object, deconvolved with the PDF, (c) is
the CBCT image of the oscillating object and (d) is the stationary
CBCT image, convolved with the PDF.
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(a) PDF from the data of Patient 5. (b) PDF from the data of Patient 7.

Figure 24: Illustration of the PDF from the two patients, scaled to 12 proba-
bility bins to correspond to an amplitude of three centimeters.

with the convolved CBCT image, a longitudinal line profile for each
case can be seen in figure 25-27.

3.2.2 Results for evaluation of the effects of different contrasts in the images
during oscillation using convolution

To illustrate the effects of different densities between the materials
which are to be imaged using CBCT during respiratory motion, an
imaginary case of a tumor situated in the liver was selected, with the
HU of around 50 and 110 respectively. The image of the stationary
tumor is then convoled with the two PDFs from patients five and
seven illustrated in figure 24, and the results are shown in figure 28

and figure 29.
In figure 28 the window setting in the images are set to [-200 200]

HU, the figures (a) and (b) are basically the same image as figure 22a
with a slightly larger FOV visible and the contrast in the image mod-
ified. The corresponding image for the case of the PDF from patient
seven is shown in figure 29.

3.3 evaluation of 4d-ct

3.3.1 Results for phantom simulations comparing amplitudes measured
with 4D-CT, the PDF and CBCT

Figure 30 illustrates a comparison of the PDF data from CBCT projec-
tions, 4D-CT data and the corresponding CBCT images for the same
respiratory motion, for patient five and seven.

As can be seen in figure 30, the scale of the longitudinal axis is the
same, to make a comparison possible. Note however that due to the
nature of the projection data for this case, inhale position is in the
direction of the positive Z axis in the image, which is the reversed as
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Figure 25: Line profile through the irregular object (c), in the case of a mo-
tion pattern from patient 5.

Figure 26: Line profile through the irregular object (c), in the case of a mo-
tion pattern from patient 7.
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Figure 27: Line profile through the irregular object (c), in the case of a sinus
oscillation.

to what would be expected in the case of normal human respiratory
motions. Another notation would be the fact that the PDF appears to
differ from the previously illustrated PDF for patient five and seven
in figure 24. The reason for this is the way in which the classification
of the probability bins has been made. In figure 30 the PDF has been
arranged in bins corresponding to millimeters, as to be able to per-
form an easy comparison with the CBCT projection data, which is
also illustrated in millimeters.

A more compact presentation of the results of how the measured
amplitude from the 4D-CT corresponds to the actual amplitude is
shown in table 4, where mostly the irregular breathing patterns are
represented. An irregular breathing pattern during the examination
is presumably more likely to induce an underestimation of the actual
full extent of motion, and thus these cases have a potentially higher
clinical interest. The reasoning behind this claim is based on two ef-
fects that irregular MP may have on 4D-CT imaging.

The first reason would be because of how the binning of different
phases is performed. This procedure is based on the turning points
at the two most extreme cases of inhalation and exhalation. An irreg-
ular MP where the depth of inhalation varies, will result in a certain
distribution of the object within a single phase. If the most extreme
inhalation is only represented by for instance one respiratory cycle
this results in a less pronounced representation of the object at this
position, as there will be fewer projections contributing to the recon-
structed image.

The second reason is due to the acquisition time of the 4D-CT sys-
tem, which results in a relatively short time to cover the oscillating
object. This means that during the time of acquiring projection data
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Figure 28: Illustration of the case with the PDF from patient 5. Figure (a)
corresponds to the stationary object with rescaled HU, (b) to the
stationary object convolved with the PDF, (c) is the line profile
through the stationary object along the CC direction illustrated
as red dots in figure (a). Figure (d) corresponds to the line profile
through the convolved figure (b), again ilustrated by the red dots
in the figure.

of the oscillating object, the object will only have traversed a small
number of periodic oscillations, which in the case of irregular respi-
ratory motions might result in an underestimation of the full extent
of motion.

3.3.2 Results for patient data, CBCT projections and 4D-CT examinations

Due to the fact that each patient undergoes 4D-CT examinations both
with and without abdominal pressure applied to determine the ap-
propriate way of delivering the actual treatment, for most patients
with stored 4D-CT data there will be data for both of these cases. The
CBCT projection data however, will only exist for the case in which
the treatment was delivered in.

Due to various reasons, not all patients have stored 4D-CT data, this
can be as for instance in the case of patient one that the treatment
was delivered before the 4D-CT was implemented at the clinic, or
as in the case of patient eight for whom the marker was implanted
after the 4D-CT examination, to be used solely for the daily matching
procedure.
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Figure 29: Illustration of the case with the PDF from patient 7. Figure (a) cor-
responds to the stationary object, (b) to the stationary object con-
volved with the PDF, (c) is the line profile through the stationary
object along the CC direction illustrated as red dots in figure (a).
Figure (d) corresponds to the line profile through the convolved
image (b), again ilustrated by the red dots in the figure.
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(a) Patient 5 (b) Patient 7

Figure 30: Illustration of the combined data from patient 5 and 7, for the
case of simulated respiratory motion with a total amplitude of 30

mm for all measurements.
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Table 4: Measured amplitude from the 4D-CT measurements for a selection
of the patient data. Note however that the actual amplitude in each
direction is 15 mm, as has been made clear in the method descrip-
tion

Patient Pos.Exh. [mm] Pos.Inh. [mm] Amp. [mm] True Amp. [mm]

3a -10,3 13,0 23,3 30,0

3b -14,2 7,2 21,4 30,0

3c -14,8 14,4 29,2 30,0

5 -11,3 8,1 19,4 30,0

6 -10,4 15,1 25,5 30,0

8a -12,5 12,7 25,2 30,0

8b -11,7 13,3 25,0 30,0

8c -11,3 13,9 25,2 30,0

7 -13,5 14,1 27,6 30,0

2c (1 cycle) -14,8 14,4 29,2 30,0

The data from the patient examinations are compiled in table 5.



38 results

Table 5: Compilation of data attained from patient examinations, where
CBCT and 4D-CT are the measured amplitudes in mm, <τ> is the
mean periodic time. The column abd. pre. states if the examination
was done with or without abdominal pressure applied, the state-
ment without parentheses is the way in which the treatment, and
thus also the CBCT, was carried out

Patient CBCTproj [mm] 4D-CT [mm] # resp. <τ> [s] abd. pre.

1 12,5 - 19 3,2 no

2a 13,5 9,8 13 4,8 yes

2b 14 (8,2) 13,5 4,6 (no)

2c 13,5 - 11 5,7 -

3a 23 6,3 6,5 4,6 no

3b 15 - 7,5 3,6 (yes)

3c 14,5 - 7 4,0 -

4a 5 6,1 8 2,9 yes

4b 8 - 9 3,1 (no)

5 10 6,5 / (3,4) 23 2,6 yes / (no)

6 11 5,4 / (9,8) 10 3,6 yes / (no)

7 12,5 8 / (16) 10 4,8 yes / (no)

8a 10 - 23 2,7 yes

8b 9 - 22 2,9 (no)

8c 9 - 22,5 2,8 -

9 10,5 2,2 / (2,0) 7,5 4,6 no / (yes)
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Respiratory motion of patients are often not regular, neither are they
predictable and can vary from one day to another. This makes respi-
ratory motions in RT a challenging task, whether dealing with gating
or tracking, or conventional static fields with proper margins applied.
Since respiratory motion is present in all stages of the radiotherapy
process, it poses challenges both for the different imaging techniques
during the course of the treatment, as well as the actual dose delivery.
The imaging is affected in terms of interpreting the results which in
different ways are affected by the respiratory motion. During dose de-
livery, the respiratory motion will influence internal dose distribution,
affecting both the target coverage and dose to the OAR.

It can be concluded, that even in the case of the simplest treatment
strategy with a number of static fields and applied margins, the pro-
cess of handling respiration is still a complex problem which has to
be taken into consideration in order to deliver the desired treatment.
As to other treatment techniques, for instance a highly optimized
intensity-modulated radiation therapy (IMRT) or volumetric modu-
lated arc therapy (VMAT) plan, the case could for instance be that
the different small area sections, in combination with a moving tar-
get might cause a problem regarding the dose distribution within the
target in terms of under or over dosages to different parts [23].

A schematic illustration of the imaging procedures performed at
the Karolinska Hospital in Solna Stockholm, in the case of a possible
worst case scenario in terms of appropriate margins and daily match-
ing, is shown in figure 31.

Figure 31: Illustration of a potential worse case scenario in terms of applied
margins and daily matching, as a result of respiratory motion
during the different imaging techniques.

39
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The respiratory motion in figure 31 follows the PDF from patient
seven, which is a relatively regular breathing with the cranial posi-
tion, corresponding to exhalation, representing the most probable tu-
mor position. What can be seen from the figure is the case of the dose
planning CT being captured at the most caudal position being least
probable. As mentioned earlier, the dose planning CT can be com-
pared to a “snapshot” since it is acquired for only a short period of
time, thus without breathing motion artifacts. As the respiratory mo-
tion is always to some extent irregular in patients, this creates motion
artifacts in the different 4D-CT phases. The 4D-CT can thus only be
used for determination of the IM and not for definition of CTV.

The patient comes the first day of the treatment procedure, for fix-
ation, dose planning CT and 4D-CT.

However, due to the fact that the dose planning CT and 4D-CT
examinations are performed during the first day of the entire course
of treatment, perhaps a couple of weeks before the start of the actual
treatment, this means that the respiratory motion of the patient at the
time of the 4D-CT might not be the same as during treatment due to
for instance a stressful situation the first day. This might result in an
IM as determined from the 4D-CT to be too small during treatment.
This is further discussed in section 4.3.

At the time of dose delivery and acquisition of the CBCT image, the
patient is perhaps more calm and the respiration might be different.
As illustrated in figure 31, for the PDF shown and a low contrast
between the tumor and the surrounding tissue, the representation of
the tumor on the CBCT would be that of the most cranial position,
resulting in a distance between the dose plan CT and CBCT positions
equal to that of the full respiratory amplitude.

This would in fact result in an error when performing the daily
matching procedure, resulting from the uncertainty in the acquisition
of the dose planning CT, where the actual position during the respira-
tory phase is unknown. For this reason a margin equal to the motion
amplitude in each longitudinal direction is currently used.

4.1 discussion about respiratory related distortions

Variation of the periodic time for the oscillating motion, even if not
all of these periodic times are of clinically relevant magnitudes, the
results still serves as an explanation of the results from other setups.
The results from the variation of periodic time made it clear that the
reconstructed images strongly depend on the distribution of projec-
tion angles during the acquisition of the image raw data. These results
could explain the distortions evident in the images of the object oscil-
lating with a shift in the amplitude during the course of the image ac-
quisition (figures 6 and 15). These more clinically relevant distortions
which were visible in the most cranial and caudal positions of figure
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15 and 16, could be explained by the fact that for these positions, the
reconstructed images are only composed of projection angles from a
limited interval of angles. The caudal position is composed by angles
from the start of the acquisition, and vice versa. The results for the dif-
ferent MP has made it clear that the resulting CBCT images of objects
oscillating with relatively regular MP, relative as in not causing severe
distortions or artifacts related to the MP, can be described by the PDF.
This can be seen and understood intuitively from the figures 20, 21c,
22c, 23c and 30. For instance from figure 23c it can clearly be seen
that the resulting CBCT image of the oscillating object follows the the
sinus PDF shown in figure 8, as one object at each end position can be
seen with the object shown less distinct between. The same reasoning
for the other images can be made for their corresponding PDF.

Another important and clinically relevant result, is the way in which
different contrast between the tumor and the surrounding tissue in-
fluences the outcome of the reconstructed images. This effect could
only be paid minor attention to within the framework of this report. It
was however dealt with by HU-scaling of a CBCT image of a station-
ary object, which then was convolved by different PDF. This method
is critically dependent on the way in which the HU-scaling is done,
especially in the border between low and high density media, as an
improper scaling can result in sharp edges of the object which might
not represent a true clinical case. Since the convolution is based on
the stationary object, these sharp edges will influence the convolved
image as well. The issue with the edges of the object can be seen in
figure 28a, 28c, 29a and 29c, since this scaling procedure has not been
fully developed for the purposes of this study. There is a wide spread
of cases in the clinic regarding the contrast ratio depending on tumor
location and diagnosis. Two examples on the opposite end of the scale
would for instance be the situation illustrated in the report in figure
29 for the case of a liver tumor with a very poor contrast. At the other
end of the scale could for instance be the case of a lung metastasis,
originating from a primary osteosarcoma, resulting in the target light-
ing up as a piece of bone situated in the middle of the lung, which
makes the delineation of the target possible even for the untrained
eye. The potential differences between these two scenarios in the case
of a MP as patient 5 and 7 can be seen in figure 28b and 21c, 29b and
22b respectively. The largest difference can be seen in the case of the
MP from patient 7, in the case of a high contrast ratio the object can
be delineated over almost the full amplitude, whereas in the case of
a low contrast ratio as seen in figure 29b it is almost only possible
to distinguish the object at the most cranial position. This is the case
even though the HU-scaling procedure results in sharp boundaries as
can be seen in figure 29a and 29c.

In order to perform a good matching of the target, information both
about which phase of the respiratory cycle the target is positioned in
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at the time of the dose planning CT, as well as information about
the actual motion of the target during the course of the CBCT image
acquisition are needed, making the matching procedure in regions
suffering from internal motion a more complex process than what at
first would be thought. Another factor which further may complicate
the process, and not necessarily the result of respiratory motion is
that the target may be rotated apart from the translation.

The matching procedure however is performed using only transla-
tions. This could result in, if a difference between the dose planning
CT and the CBCT in terms of a rotation is present, that this misalign-
ment is corrected by a simple translation when performing the match-
ing procedure. This would probably correct the target position in a
good way, while the surrounding geometry of the internal anatomy
remains out of alignment with the dose planning CT. This might be
more of an issue in terms of the dose distributions to the OAR than
what it would be to the target coverage, regardless however it can
be seen as a limitation of the methodology, which potentially could
result in issues due to distortions in some cases.

An important thing to keep in mind though, is that independently
of how complex the plan or procedure is made, the entire idea behind
each procedure in RT is based on the fact that the patient remains still
for the course of each procedure, daily matching is no exception. This
means that the matching must be simple enough that the patient can
remain in the same position from that of the CBCT image acquisition
to the end of the dose delivery, since if the patient moves at some
point in between, the matching and thus also the dose delivery would
not still be accurate.

The parameters chosen for the imaging procedure with CBCT were
selected based on the currently used imaging protocols implemented
for clinical use at Karolinska today. The idea as to evaluate the results
from images comparable to that of the clinical cases. The reason for
why the amplitudes of all cases were set to three centimeters was to
more clearly illustrate the effects with different MP.

The results of imaging with various objects and MP using CBCT
were comparable to results from previous studies. These results would
for instance be the fact that the measured extent of motion in 4D-CT
studies can vary from actual extent of the motion during the exami-
nation [6]. It has also previously been shown that imaging with CBCT
of objects oscillating with various MP can potentially underestimate
the extent of the motion depending on the time spent at the extreme
positions (PDF) towards the most cranial or caudal positions depend-
ing on the MP [8]. This supports the claim that knowledge about the
way in which these parameters affects the reconstructed images are
an important part for the potential outcome of the treatment. This
study also showed an under approximation of the motion amplitude
using 4D-CT which was comparable to that of the CBCT [3].
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4.2 discussion about convolution as a model to pre-
dict cbct imaging of moving objects

Convolution as a model to predict CBCT imaging of moving objects,
as it has been performed in this thesis, does not take into considera-
tion possible distortions or artifacts in the image, resulting from for
instance a limited angular distribution of projection data. This is be-
cause of the fact that a normal 2D-convolution with a PDF kernel,
as has been used for this thesis, will homogeneously redistribute the
object across the full width of the PDF used. This means that if the
object has moved irregularly during the course of image acquisition,
in such an extent as to cause for instance distortions due to a too low
projection angle interval for a certain object position, this would not
be seen on a convoluted image with the corresponding PDF.

Another limitation of this method would be the fact that if there are
artifacts present in the image of the oscillating object, but not in the
image of the still object, the convoluted image would not fully corre-
spond to the image of the oscillating object. This is due to the same
reason as for the case of possible distortions, that the convolution pro-
cess does not include possible artifacts evident in the image due to
for instance the actual motion. As an example of this would for in-
stance be figure 22, where a correlation between image (a) and (d) as
well as (b) and (c) can be established through the convolution and de-
convolution processes. Image (a) has no apparent distortions nor has
it any artifacts visible, since image (d) is the convolved image of (a)
it neither has any distortions nor artifacts visible. If image (b) and (c)
are compared similarities can be seen as for instance the sharp edges
in the left portion of the images, these are probably the cause of so
called “ring artifacts” often visible in CBCT images around the COR
which can arise from detector signal variations or mechanical instabil-
ities, for instance that the bow tie filter is not precisely centered[24].

Another similarity between image (b) and (c) are the shaded areas
shifting between light and dark around the object. An educated guess
as to the reason for these artifacts could be the fact that due to the
oscillation of the object, there will be a difference in the intensity
depending on whether or not the object was present along the path
of the small beam segment responsible for this particular area of the
image. Due to this variation in intensity profiles, the system might
encounter problems in calculating the true HUs of the affected areas.

These are the two main reasons for the differences in figure 22,
between image (a) and (b) as well as (c) and (d) which in the exper-
imental setup are the images to be compared to each other. For the
same reason this issue could pose a problem in clinical cases where
different organs or structures that move differently during respira-
tion is present within the FOV. This could in some extent be solved
by selecting a restricted FOV which the image processing is to be ap-
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plied on, which then can be inserted back in the original FOV. Then
again the fact that the convolution process does not take the relation-
ship between the position of the object and the corresponding PDF
in consideration. This means that in order to attain a good correla-
tion between the actual CBCT image during respiration with that of
the image processed one, the convolution with the PDF has to be per-
formed on an image captured at the centre of oscillation as it has been
described in this thesis.

The same issue would have to be taken into consideration when
performing so called dose painting on static dose plans with convo-
lution, with the purpose of simulating the impact that respiration
would have on the dose plan. In this case it would be of importance
that the dose planning CT has been acquired approximately at the
centre of oscillation. In the case of 3D dose painting the convolution
process is even more complex as the PDF will have to cover all three
dimensions, in order to evaluate a three dimension target coverage.
If an evaluation of the dose to OAR would like to be made by dose
painting, the problem becomes even more complex as different inter-
nal anatomical locations are affected differently by respiration, which
means that different parts of the image would have to be convolved
by different PDF depending on the location.

Another issue as to the implementation of convolution for clinical
cases, could be situations of a small amplitude of respiratory mo-
tion in combination with a relatively large slice thickness. This would
mean that the PDF which should represent the respiratory motion
amplitude in the case of convolution, will be composed of a limited
number probability bins. This in extreme cases could potentially re-
sult in a misleading representation of the actual PDF due to the sta-
tistical acquisition of the probability bins.

The convolution process seems to be a good approximation of the
influence of respiratory motion during CBCT imaging as can be seen
from the figures 21c,d, 22c,d and 23c,d. On a quantitative level when
comparing the intensity (HU) in the images as well as the position-
ing of the object, as seen in figures 25-27, the convolution method is
justified.

4.3 discussion about evaluation of 4d-ct

A remark as to why the MP acquired from CBCT projection data, us-
ing a previously written matlab script, in some cases appear to have
small fluctuations in the marker position for certain intervals, for ex-
ample in figure 37 at about 13 seconds. This can be explained by the
fact that the gold markers are of the type Gold Anchor TM, which
are in fact elongated gold threads which get bent as they are injected
into the patient, and thus are suppose to be anchored in the same
position. Since the pixels on the OBI flat panel detector are of the
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size 0,39 by 0,39 mm2, this means that the gold marker will cover
several pixels, and depending on the way the gold thread is curled
up within the patient, the number of pixels it covers will vary as the
gantry angle varies. This will result in a small fluctuation when the
MinIP algorithm automatically locates the pixel, within the surround-
ing ROI, with the lowest intensity. Since this is a patient specific ge-
ometry problem, it will be more clearly seen in some cases than in
others.

The measurements of the respiratory amplitude of patient data us-
ing 4D-CT demonstrates that the RGS more accurately determines
the range of motion in cases of regular respiration. This may be
concluded from table 4 and comparison to corresponding MP in ap-
pendix, and from figure 30. This information is an important com-
ponent which should be included when determining the margins
for treatment using this method. The induced uncertainty due to ir-
regular respiration has also been addressed in previous reports [19]
among other contributing factors. The underestimation of the breath-
ing motion amplitude as measured by 4D-CT (cf table 4) is also re-
flected in table 5, comparing patient data amplitudes from 4D-CT
and CBCT projection data. However in table 5 the underestimation
by 4D-CT is even larger. This may be explained by differences in MP
during 4D-CT and CBCT as they are performed different days dur-
ing the treatment, apart from the underestimation of the amplitude
by 4D-CT due to irregular MP.

A 4D-CT data sets can suffer image quality degradation due to
motion patterns, and even more evident in the data sets are the fact
that each phase bin includes a certain span of object positions. This as
a result of the algorithm with which the system performs the phase
binning of the respiratory motion, based on the two most extreme CC
positions exhale and inhale [19]. Since the 4D-CT data set are, for the
purposes of SBRT margin assessments, only used to determine the
maximum range of motion, these issues are of limited relevance.

A very interesting idea however, regarding the methodology of the
motion amplitude measurements using a reference image, is that it
could in fact potentially be implemented into routine clinical practice.
This would result in further information regarding the treatment sit-
uation of each particular treatment plan, in terms of the actual target
position within the respiratory cycle.

The reference position scan would here correspond to the actual
dose planning CT of the patient, taken at a random position during
respiration. The 4D-CT would be the same in both cases, resulting in
the spatial information about the motion amplitude.

What is currently being done is to measure the full extent of the
respiratory motion in the CC direction, and from this information
add the appropriate margins in each direction. What could be done
however, is to determine the actual position of the target within the
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respiratory cycle with the help of the fiducials within the CT couch,
by comparing the position of the target at the dose planning CT rela-
tive to the motion interval of the 4D-CT. This would be possible to do
with the CT scans that are today routinely performed for each SBRT
patient, and no additional scans would be needed. By acquiring this
information several issues addressed in this thesis could be further
handled, for instance the uncertainty involved in the daily matching
procedure as mentioned regarding figure 31. It would also be possible
to address the issue regarding dose to OAR due to involvement of res-
piration during dose delivery, as opposed to the static dose planning
CT case with a random position during the respiratory cycle of the
internal anatomy. Dose to OAR is an issue which has been the topic
for previous studies, where statistical methods based on CT scans has
been developed to ensure an acceptable dose is not exceeded [25].

This gained information of the spatial position of the tumor will
not completely solve the issues associated to the daily matching pro-
cedure, as the related work in this report has all been performed
offline. However, provided that for instance Varian develops an inte-
grated software which utilizes for instance the CBCT projection data
in order to gain information of the respiratory amplitude as well as
the MP and corresponding PDF. It could be possible to alter the way
in which the matching procedure is done, to hopefully reduce the re-
lated uncertainties. An example of how this could be solved, would
be that the information gained from the 4D-CT examination is used
to create a fictional ITV which is drawn in the dose planning CT,
which can be used for daily matching purposes. At the time of the
CBCT examination, the integrated software will give information of
the respiratory amplitude as well as the MP and corresponding PDF.
Provided that the measured amplitude and PDF from the CBCT is
comparable to that which has been measured from the 4D-CT, the
resulting CBCT image of the “smeared” out object can directly be
matched onto the drawn ITV. As has been mentioned earlier these
are not procedures which are changed without through investigation
of the potential consequences. The results in this report however may
serve as a stepping stone in the right direction.

Besides this it would potentially also be possible to change the way
in which the appropriate margins are currently applied. Today the
margins at Karolinska in the CC direction are set to 10 mm in each
direction for as long as the measured amplitude of the 4D-CT is less
than 10 mm. When the measured amplitude exceeds this magnitude,
the actual measured distance is applied as the margin in each direc-
tion, to make sure an adequate target coverage during dose delivery.

Assuming the target position on the dose planning CT is at the
most cranial position it might be unnecessary to apply the entire res-
piratory amplitude as a cranial margin for this particular case. This
since the cranial position corresponds to exhalation, which in this
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study as well as others [15, 11], has been shown to be more stable
than the inhalation. This makes it unlikely that an applied margin of
the full measured amplitude in this direction will be of as much gain
in terms of target coverage as it will be of a burden to the integral
dose to the surrounding healthy tissue.

As a small adjustment of the margins will play a major role in the
integral dose [14], the margins play a vital role in the potential out-
come of the treatment in terms of normal tissue complication proba-
bility (NTCP) in terms of for instance integral dose, as well as tumor
control probability (TCP), in terms of target coverage as well as the
dose possible to deliver before reaching a too high NTCP. This means
that optimized margins are of great value for the treatments, however,
great care must be taken before reducing currently applied margins
[15] and evaluations of the dosimetric consequences must be made to
ensure a sufficient TCP is maintained.

4.4 discussion about related uncertainties

One uncertainty in the case of the convolution model would be the
partial volume effect (PVE). Since a slice thickness of 2,5 mm was used
for the CBCT acquisition, the reconstructed images will suffer from
a relatively large PVE in the CC direction. This means that both the
CBCTstill and the CBCToscillating can suffer from different PVE which
will result in differences between the images which are to be com-
pared, since the convolution process does not include any further
PVE.

This PVE will also induce uncertainties when comparing CBCT im-
ages with 4D-CT images, as the two clinically implemented protocols
have different slice thickness and the position of the object relative to
the voxels will vary between the two imaging modalities.

Another uncertainty in the convolution model would be artifacts
and distortions which might only be present in for instance the os-
cillating image, which would result in a difference between the con-
volved and the oscillating images.

When comparing the different images, the convolution model seem
to agree with the actual CBCToscillating well both in intensity an posi-
tioning. The largest uncertainty seen was the positioning, which in
some cases seemed to suffer a shift in positioning of approximately
one pixel, likely due to PVE. This would result in a maximum uncer-
tainty of approximately 2,5 mm.

Another uncertainty related to the convolution would be the sam-
pling of the PDF vector from a specific MP, this since the PDF has
to be of a certain size depending on amplitude and slice thickness.
This effect seem to have a minor impact on the results, as this effect
would presumably alter the intensity of the convolved image in an
inadequate way, which is not the case when for instance comparing



48 discussion

the line profiles of the images. Neither does it seem to affect the re-
sults when comparing the lineprofiles for CBCT images taken both
during oscillation with the projection data and oscillation with the
mathematically created MP based on the PDF vector.

Some uncertainties for the acquisition of patient respiratory MP
are related to geometrical factors. Since the gold marker is actually
a gold thread which is curled up in the patient as it is injected, this
means that depending on projection angle the gold thread will appear
with a different shape. This means that the MinIP algorithm can track
different parts of the thread depending on gantry angle. Since the
pixels of the OBI are 0,39 mm2 this results in a small uncertainty of
the acquired MP, as the gold thread will cover several pixels for each
projection.

Another uncertainty would be the magnification factor applied, it
assumes that the object is positioned exactly at the COR during the
entire course of the CBCT, this is however not entirely true as de-
pending on the patient setup on the treatment couch a systematic
uncertainty can arise depending on the position of the object relative
to the COR. Besides this the patient is breathing during the CBCT
which can also change the transversal position of the object, resulting
in a random uncertainty of the magnification factor. The result of the
algorithm tracking different parts of the marker can be seen in some
of the patients MP, the impact of the magnification factor is not as
easy to see, but a worse case scenario is described.

An example for the magnification factor would be that the object is
positioned 10 cm off the COR. This would result in a variation of the
magnification factor as the source object distance will vary between
a maximum of 110 cm and a minimum of 90 cm, while the source
detector distance remains constant. This results in a maximum differ-
ence of around 20 % for this case between these two extremes, and
a less significant error between these two extreme positions. These
uncertainties are however not affecting the measurements performed,
since the MP used are precisely known and simulated.



5
C O N C L U S I O N

A first conclusion which can be made from this study, which is sup-
ported by other studies as well, is that patient respiratory motions are
often irregular and causes related distortions in CBCT images. It can
also be established that the resulting CBCT image of an object during
respiratory motion is related to the corresponding PDF of the motion,
with the condition that the motion follows a relatively regular oscil-
lating motion pattern. Since this is the case it has also been shown
that the resulting CBCT images can be described by convolution of
the corresponding PDF.

It can also be concluded that CBCT data contains more information
than what is currently being used routinely in terms of the tempo-
ral information within the projection images, which currently is dis-
carded after the 3D reconstruction is completed. This suggests that
some effort would be beneficial as to implement this information into
routine clinical use. As has been mentioned earlier however, this re-
quires that for instance Varian develops an integrated software which
allows for an on-line evaluation of this information while the patient
remains on the treatment couch.

Another conclusion would be as to implement the 4D-CT method
of the reference position into routine clinical use, providing infor-
mation about the position within the respiratory cycle on the dose
planning CT, which in several ways will be of great benefit for the
treatment.

Regarding the 4D-CT for respiratory motion amplitude measure-
ments, the conclusion is that the actual motion pattern during the
examination will influence the results. For that reason cases of irreg-
ular respiration should be handled with more care.
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6
A P P E N D I X A

The patient specific respiratory patterns with the corresponding PDF
which were not included in the thesis, are shown in figure 32-47, here
the patient number corresponds to a specific patient while the letter
a-c corresponds to a particular CBCT examination, since one patient
recieves several fractions during one SBRT treatment.

Figure 32: Respiratory motion pattern from CBCT projections, case of pa-
tient 1.

Figure 33: Respiratory motion pattern from CBCT projections, case of pa-
tient 2a.
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Figure 34: Respiratory motion pattern from CBCT projections, case of pa-
tient 2b.

Figure 35: Respiratory motion pattern from CBCT projections, case of pa-
tient 2c.

Figure 36: Respiratory motion pattern from CBCT projections, case of pa-
tient 3a.
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Figure 37: Respiratory motion pattern from CBCT projections, case of pa-
tient 3b.

Figure 38: Respiratory motion pattern from CBCT projections, case of pa-
tient 3c.

Figure 39: Respiratory motion pattern from CBCT projections, case of pa-
tient 4a.
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Figure 40: Respiratory motion pattern from CBCT projections, case of pa-
tient 4b.

Figure 41: Respiratory motion pattern from CBCT projections, case of pa-
tient 5.

Figure 42: Respiratory motion pattern from CBCT projections, case of pa-
tient 6.
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Figure 43: Respiratory motion pattern from CBCT projections, case of pa-
tient 7.

Figure 44: Respiratory motion pattern from CBCT projections, case of pa-
tient 8a.

Figure 45: Respiratory motion pattern from CBCT projections, case of pa-
tient 8b.
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Figure 46: Respiratory motion pattern from CBCT projections, case of pa-
tient 8c.

Figure 47: Respiratory motion pattern from CBCT projections, case of pa-
tient 9.
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