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Abstract
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External radiotherapy uses ionising radiation to damage the DNA of the tumour cells and 
thereby inhibit their uncontrolled proliferation. The technical development regarding imaging 
and visualisation for radiotherapy has increased considerably during the last decades. By a 
submillimetre accuracy, a body surface laser scanning (BSLS) system maps the patient body 
contour in the treatment position by scanning a transversal laser line and detecting its 
reflection. A treatment plan is created for each patient to find a treatment that delivers a high 
dose to the tumour whilst keeping the dose to the surrounding normal tissue as low as possible. 
The setup done for treatment planning must be reproduced in the treatment room. Commonly 
patient skin-marks are aligned to room lasers to setup the patient in the treatment position. The 
setup is then verified by the BSLS and a cone-beam CT (CBCT) system. For left-sided-breast 
cancer patients, the dose to radiosensitive parts of the heart can be decreased by letting the 
patient take a deep breath and hold it in deep inspiration breath-hold (DIBH) position during 
treatment. The BSLS system can guide the patient to this position via visual and audial 
instructions to the patient. The breathing trace of a lung cancer patient can be monitored by 
the BSLS system to estimate the quality of the images used for treatment planning and also to 
support the treatment target definition process. The number of application of the BSLS system 
has increased over the years. Together with its increased accuracy and robustness, surface 
scanning has now reached a level where it can be used as a primary setup system, replacing 
skin-marks (paper I), guiding left-sided breast cancer patient to a reproducible DIBH position 
(paper II) and lung tumour motion can be determined more accurately (paper III and IV).
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1 Introduction 

Cancer is the second most common cause of death, and according to the world 
health organization (WHO)1, 23 000 persons in Sweden died of cancer in 
2018. Radiotherapy, chemotherapy, surgery, hormone treatment and immuno-
therapy are examples of commonly used treatments. They can be used sepa-
rately or in a combination. External radiotherapy uses ionizing radiation to 
sterilize tumour cells and has been used for more than 120 years. It is today 
given by high energy ionizing (MeV) photons, but also protons, electrons, car-
bon ions can be used.  

The dose distribution is focused on the tumour by rotating the treatment 
gantry around the patient and irradiating the tumour from different angles with 
the beam collimation adapted to conform the dose to the treatment target. In 
this manner, sufficient radiation dose can be delivered to the tumour cells to 
inhibit their uncontrolled division, while keeping the dose to the surrounding 
normal tissue as low as possible. Radiotherapy is fractionated over several 
days to benefit from different biological effects, such as the higher DNA repair 
ability by normal tissue compared to tumour cells. Thus, a full treatment is 
usually given in 1 – 30 fractions depending on the type of tumour cell and the 
patient's clinical condition.  

Imaging is used extensively in radiotherapy to achieve a high geometrical 
precision throughout the treatment process2. The treatment plan is often opti-
mized based on a three-dimensional computed tomography (3DCT) image of 
the patient placed in the treatment position. However, other imaging methods 
can be used or used parallel to the 3DCT, such as magnetic resonance (MR) 
and positron emission tomography (PET). For moving targets, respiratory cor-
related 4D images can be used to adapt for patient breathing, where the fourth 
dimension refers to the breathing motion information that has been included 
in CT reconstruction process.  

 The patient position used for treatment planning must be reproduced for 
all fractions both regarding treatment target position and patient pose. Several 
types of image-guided radiotherapy (IGRT) methods exist, and the focus of 
this thesis is to explore the use of patient surface imaging as a tool for the 
target positioning processes. 
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1.1 Treatment planning imaging 
CT images are the basis for treatment planning since these are geometrically 
accurate with high spatial resolution, and have suitable properties for dose 
calculations. Another approach is to use MR that has better soft-tissue contrast 
than CT but suffers from geometrical distortions. Also, difficulties in tissue 
characterisation in MR challenges the dose calculation. Hereafter we will de-
scribe the workflow based on planning images acquired by a CT; however, 
the MR-only workflow is similar.  

The treatment workflow starts in the CT room by immobilising the patient 
in the treatment position on the CT couch. Auxilary immobilisation equip-
ment, such as customised face masks and shapable cushions, can be used to 
facilitate stable and reproducible treatment positions3. Most of the radiother-
apy patients are positioned in a head-first supine position, i.e. lying on their 
back with their head entering the CT gantry first. Once the treatment position 
is found, the position of the CT origin, illuminated by room lasers, can be 
tattoed on the skin of the patient, a.k.a skin-marks. The skin-marks can later 
be used to reproduce the setup at the treatment unit.  

There are numerous ways to relate the physical patient to the geometry in 
the treatment planning system. The alternatives are constrained partly by how 
CT vendors define their coordinate systems and partly of the choice of setup 
method to be used in the treatment room. In paper I, small non-metallic mark-
ers visible in the CT images were attached on the skin-marks before image 
acquisition to create a common point of reference between the images and the 
skin-marks. Hence, a reference point can easily be found both on the patient 
and in the CT images.   

1.1.1 CT 
The CT image is reconstructed from the amount of transmitted X-rays cap-
tured with a source-detector arrangement rotating continuously around the pa-
tient between 1-2 times per second. The craniocaudal width of the detectors is 
limited to 2-4 cm; hence the CT couch needs to be moved through the CT unit 
to cover large enough volumes. Typically, the scan lengths are between 15 – 
35 cm and the scan speed 1.5 cm/s for a helical 3DCT scan.  

1.1.2 Respiratory correlated 4DCT 
In case the treatment region is moving due to breathing motion, the motion is 
commonly estimated based on a respiratory-correlated 4DCT for either static 
couch positions or a slow and constant couch movement over the region of 
interest to be imaged for at least one breathing cycle4. The couch speed for a 
respiratory-correlated 4DCT is usually between 2-3 mm/s. Concurrently to the 
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4DCT acquisition, a trace of the breathing is captured from a surrogate quan-
tity such as the vertical position of a plastic box on the patient's abdomen; a 
signal proportional to the chest circumference from a bellows device; the ver-
tical position of a part of the body contour detected by a body surface scanner 
or the tidal volume measured by a spirometer5.  

The breathing trace is used to label the CT projections to retrospectively 
reconstruct images into breathing state bins (typically 8 or 10). The breathing 
state is defined on either the phase of the breathing cycle or the amplitude of 
the surrogate signal. Underberg et al.6 showed that a 4DCT gives more infor-
mation about the respiratory motion compared to fast, six randomly captured 
3DCT. In phase sorted 4DCT the CT images are sorted into a pre-defined 
number of temporally equidistant percentage bins per breathing cycle, nor-
mally with 0% at the maximum inhalation. In amplitude sorting, the CT im-
ages are sorted based on the amplitude of the surrogate.  

However, the 4DCT is far from a perfect method to determine the breathing 
motion. The 4DCT has no information about inter-cycle variations since it 
only represents one reconstructed breathing cycle. Furthermore, the breathing 
trace is far from regular. Thus, there are high risks of false anatomy mapping 
or artefacts since the acquisition method relies on the assumption that the 
breathing frequency and peak amplitudes are constant during the entire period 
of 4DCT capture. Unrepresentative images and artefacts lead to systematic 
errors in target segmentation, under or overestimated dose calculation, and 
consequently compromise the overall safety of the treatment process. Yama-
moto et al.7 showed in a retrospective study that 45 of 50 patients had at least 
one artefact in the 4DCT images other than blurring, indicating that this could 
be a major problem. Visual and audial patient guidance seems to be a promis-
ing method to improve breathing regularity and reduce image artefacts8. How-
ever, patient compliance during patient guidance might be challenging, and 
the correlation between breathing surrogates and internal motion is still cru-
cial9-11.  

1.1.3 Reduced breathing motion and breath-hold 
Instead of using free-breathing 4DCT or guided breathing, as explained above, 
different methods exist to reduce the breathing motion. One way is to use an 
abdominal compression plate where the patient's abdomen is put under pres-
sure to force shallow and fast breaths with a reduced diaphragm motion. An-
other way is to instruct the patient to hold its breath during imaging and treat-
ment. Deep inspiration breath-hold during treatment is particularly beneficial 
for left-sided breast cancer patients where the natural distance between heart 
and breast is small. During breath-hold, the heart is pulled away from the high 
dose treatment region (paper II). The breath-hold is usually held during 15-25 
seconds in a deep inspiration breath-hold DIBH position. For longer breath-
hold times in DIBH position, the risk increases of having patients lifting their 
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back from the treatment couch instead of filling the lungs with air (a.k.a. fake 
breathing). For lung cancer patients, a treatment during several breath holds 
might be challenging. Hence free-breathing treatment could be a more suitable 
option for some patients. Another approach for reducing the irradiated volume 
is to optimize the treatment plan based on the mid-ventilation phase12 of a free-
breathing 4DCT to reduce the irradiated volume. It was shown to compensate 
for the major part of the motion and estimates the position robustly; however, 
the trajectory can still be underestimated due to the limited time for detec-
tion13.  

1.2 Cine CT 
The cine CT mode is useful for moving anatomy imaging. Cine CT images 
refer to a set of axial slices acquired at one or several static CT couch posi-
tions. The number of slices per cine scan is physically limited by the collima-
tor width and the number of detector rows of the CT unit. A breathing motion 
surrogate needs to be acquired simultaneously to the cine CT scans to enable 
a retrospective sorting of the cine CT to extend the volume in the craniocaudal 
direction. However, in this work, the cine CT images were never sorted. In-
stead, they were used as independent snapshots of current tumour position. 

The cine CT scan can be acquired during a full revolution or part of a rev-
olution. Typically, the rotation speed of the X-ray tube is between 1 – 2 revo-
lutions per second, and the highest cine CT temporal resolution is about 0.3 
seconds per cine CT scan. Cine mode is a fast method to image moving struc-
tures and is, e.g. beneficial for biopsies where the needle position needs to be 
tracked in near real-time. The cine CT scans can be gathered in groups to start 
several consecutive scans (bursts) by one button press, which was done in pa-
per II.  

1.3 Treatment planning 
The treatment planning process starts with a segmentation of the target and 
risk organs in the acquired treatment planning images. Margins are added to 
compensate for the uncertainties in treatment delivery and ensure treatment 
target dose coverage. The tumour region, formally called the gross target vol-
ume (GTV), is surrounded by a margin to encompass sub-clinical spread 
(CTV), and another margin to cope with internal target movements (ITV) and 
finally, a margin that handles setup uncertainties (PTV)14-16. Once the treat-
ment target and risk organs are delineated, the treatment parameters are man-
ually or automatically optimized to achieve a treatment plan that sculptures 
the dose conformally around the treatment target while sparing surrounding 
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normal tissue. The treatment plan's geometry is expressed relative to a skin-
marked reference point (paper I).  

The treatment planning process for non-small cell lung cancer patients dif-
fers slightly from regular treatment planning due to the tumour motion. His-
torically, the treatment planning system has used one static volumetric image 
as input. Today's treatment planning systems can handle several volumetric 
images to optimize and calculate the dose for several breathing states. Instead 
of a CTV, an ITV is used to define the tumour occupation domain during a 
breathing cycle, i.e. the union of all volumes the CTV occupy. The ITV can 
either be delineated in the maximum intensity projection (MIP) reconstruction 
of the ten breathing phases or be created by delineating the CTV structure in 
all breathing phases and then defining the ITV to encapsulate all the CTVs.  

1.4 Image guiding at the treatment unit 
An initial patient setup is commonly performed using treatment room lasers 
and skin-marks to reproduce the setup used for treatment planning. This initial 
setup is often followed by one of many different IGRT techniques such as 
orthogonal 2D kilovoltage (kV) X-ray or megavoltage (MV) images, or cone-
beam CT (CBCT). In the latter, a 3D image is reconstructed from a set of 2D 
kV image projections. The setup correction is determined by rigidly register-
ing the CBCT to the treatment planning CT. Commonly a Chamfer match-
ing17, 18 algorithm is used based on bony anatomy. If the IGRT measured setup 
displacements are approximately equal for the first fractions (e.g. first three 
fractions) after skin-mark based setups, it could be concluded that the skin-
marks are sufficient as an internal anatomy surrogate. In this fashion, the num-
ber of IGRT measurements may be reduced to, e.g. once a week and precious 
time and dose can be saved.  

The patient pose refers to the alignment of body parts that directly or indi-
rectly deform or rotate the treatment target, or the treatment beams pass 
through. However, detecting and adjusting pose errors is more complicated 
than to detect and adjust positional errors. Firstly, it is hard to detect pose 
errors in the CBCT images due to the limited craniocaudal width of the scan, 
e.g. arms or legs might be misaligned outside the imaged volume that indi-
rectly affects the treated volume. Secondly, the acquisition time of a CBCT 
scan is about one minute and must be performed from outside the treatment 
room, which complicates interactions with the patient to correct pose errors. 
The workflow also assumes that the patient keeps a constant treatment posi-
tion during the entire treatment fraction.  

Hence, body surface scanning would be beneficial since it is a fast and non-
ionising method that allows the radiotherapy staff to check both treatment po-
sition and pose in near real-time while working beside the patient in the treat-
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ment room, i.e. enabling a fast-iterative check-adjust-check workflow. Fur-
thermore, the system also enables patient monitoring during treatment deliv-
ery. Nevertheless, body surface scanning systems' positioning and monitoring 
ultimately depend on the correlation between body contour and inner anat-
omy. 

1.5 Aim of this thesis 
The general aim of this thesis is to explore the potential of surface scanning in 
radiotherapy to constitute the base for improved clinical routines. In particu-
lar, the following aims were set: 

I Determine the accuracy and precision of BSLS derived setup errors 
for radiotherapy of pelvic targets.  

II Evaluate the reproducibility of the heart and thoracic wall position for 
left-sided breast cancer patients in DIBH guided by BSLS. 

III Evaluate irregular breathing effects on the ITV for lung cancer radio-
therapy and find a surrogate measure to gauge ITV validity.  

IV Evaluate surface surrogates for modelling lung tumour positions over 
several fractions. 
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2 Body surface scanning 

Body surface scanning has been used for patient setup for more than a dec-
ade19, 20. A body surface scanning system scans the body contour of the patient 
by illuminating it by some type of light, e.g. laser19, speckled light21 or struc-
tured light22, and detecting its reflection by a camera that is mounted at an 
offset position relative to the light source. The offset between emitting source 
and camera enables a 3D mapping of the body contour by means of optical 
triangulation. The use of body surface scanning in radiotherapy is called sur-
face guided radiotherapy (SGRT) and complements other IGRT solutions. It 
is integrated with the treatment unit to enable automatic reference surface se-
lection and beam control to pause the beam if the patient position is outside 
tolerances. A review of different techniques used by SGRT systems and their 
applications were given by Hoisak et al.23 in which they concluded that the 
need for IGRT imaging is reduced if SGRT is used.  

The work in this thesis is based on the commercial Sentinel® body surface 
laser scanning (BSLS) system from C-rad (Uppsala, Sweden, Figure 1)19. It 
acquires the patient body contour by scanning a transversal laser line in the 
craniocaudal direction and detecting its reflection by a camera. By a rigid body 
transform, the acquired body surface is registered to a reference surface via an 
iterative closest point algorithm24 which result is used to determine a setup 
correction vector in terms of treatment bed translations and rotations. The uti-
lised reference surface can be either an earlier acquired surface or a patient 
body contour segmented from the treatment planning CT. Body surface scan-
ning19, 20, 25 has for test phantoms shown submillimeter positioning accuracy21, 

26, 27 and high temporal accuracy28 without any extra radiation dose to the pa-
tient. 

The registration data used in paper I were acquired with a BSLS system 
mounted on an Elekta Synergy treatment unit and the breathing data in paper 
II, III and IV were acquired with a BSLS system installed mounted on a Philips 
Big Bore CT unit. Calibration was done before each data acquisition in paper 
II, III and IV to calibrate the BSLS system to the CT geometry. For paper I, 
weekly calibration was done to calibrate the geometry of the BSLS system to 
the treatment unit geometry. A research version of the BSLS software was 
used to time-stamp and store the data to file in the CT room. In the treatment 
room, the clinical version of the BSLS software was used for data acquisition. 
However, to enable a fast recalculation for different reference surfaces, a re-
search version was used to extract data.  
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Figure 1. The ceiling-mounted body surface laser scanning system (BSLS) trans-
versely scans the patient (here replaced by a manikin) by a laser line moving in the 
craniocaudal direction and detects the reflection by a camera. The green room lasers 
are used for alignment of patient skin marks during patient setup. 

2.1 Breathing motion management prior to treatment 
It is crucial to determine the normal breathing characteristics of the patient 
before the first treatment fraction to reduce the risk of encountering tumour 
position outside the planned volume later in the tightly booked treatment 
room. This is in line with Wolthaus et al.12, where the treatment, based on the 
mid-ventilation phase, is shown to compensate for the major part of the mo-
tion. The mid-ventilation approach estimates the position robustly; however, 
the trajectory can still be underestimated due to the limited time for detec-
tion13.  

The motion description given by 4DCT might be insufficient in many 
cases7 due to the limited time for motion detection where each part of the lung 
is monitored only for 4-6 seconds. It is not a problem for regular breathing 
patients, but for irregular breathing patients, it can yield unrepresentative treat-
ment regions resulting in dose displacements29.  

The BSLS system used in this work can detect and store eleven transversal 
polygonal chains of the body contour points at 3 Hz, see Figure 2. It can also 
capture the vertical position of two points for gating applications. The gating 
points can be positioned anywhere at the detected body contour, but the posi-
tion should be wisely selected to monitor regions that correlate to the inner 
anatomy.  

Camera 

 

www.c-rad.se 
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Figure 2. The patient body contour was captured as eleven polygonal chains shown 
as small red dots connected by red lateral lines. The number of laser line positions is 
a compromise between update frequency and spatial resolution. The patient's abdo-
men is to the left, and the thorax to the right. Black dots and green lines correspond 
to different surrogate measures evaluated in paper IV.  

2.2 Motion management during treatment  
In contrast to many other IGRT techniques, the BSLS can monitor the patient 
during treatment. If either the position or breathing motion falls outside the 
tolerances, the BSLS system automatically inhibits further irradiation. Once 
the motion and position are within tolerances again, the irradiation is automat-
ically continued. The BSLS can also be used together with patient visual guid-
ance, audial guidance or both. The BSLS software plays pre-recorded audio 
files with breathing instructions at a given time interval. To alert the patient 
for the next instruction, five seconds count down can be given before the ac-
tion. This method was tried to be the best working instruction to healthy vol-
unteers before the study was started (paper II). For visual guidance, the de-
tected body contour height is sent to a pair of goggles and visualised as a bar 
that rises during inspiration and shrinks during expiration. The selected gating 
window is shown as a frame where the top of the bar should be held during a 
breath-hold. The same guidance as at the CT simulator can be used at the 
treatment unit. Target motion modelling based on surrogates  



 18 

In general, a motion model of the internal anatomy uses surrogate data to es-
timate the motion of the modelled anatomy. Models are usually trained by 
optimising parameters to minimise the residuals between modelled and meas-
ured positions from a training set. As defined in an extensive review by 
McClelland et al. 20135, a motion model contains four parts that can be com-
bined independently: type of surrogate, type of internal representation, type of 
correspondence model, and fitting method. In this work, we have applied the 
respiratory motion model suggested by Low et al.30 (Figure 3) due to its sim-
plicity and investigated several surrogates. They CT scanned lung cancer pa-
tients and used spirometer readings as a surrogate measure. The model is a 
linear combination of tidal volume and airflow. Based on a geometrical refer-
ence point 0x  in which the tumour is located for a zero tidal volume v (expi-
ration phase in normal free breathing) and a zero airflow f , the model gives 
the spatial position m ( , )v fx  through  
 

 m 0 A A( , )v f v f  x x x x  (1) 

where the vector parameters Ax  and Ax  gives the characteristic breathing 
pattern in terms of amplitude and hysteresis, respectively. The model has also 
been applied by Zhao et al.31 to characterise the breathing for lung cancer pa-
tients. They report similar Ax  between patients but Ax  had a larger variation. 
They did not investigate the stability of the parameters over time per patient. 

 
Figure 3. Illustration of a modelled tumour trace from paper IV. The vector compo-
nents Ax  and Ax  are determined by fitting to a training set of tumour positions. 
The set of paired dots A-E gives five examples of measured and modelled tumour 
position. The data is visualised with first and second principal components of the 
motion along the horizontal and vertical axis, respectively. 

A surrogate must be easy to detect, stable without time lag, and most im-
portantly, correlate to the target motion. Since the abdominal region of the 
body contour correlates with spirometer readings32, 33 we hypothesised that the 
BSLS system could be used instead of the spirometer to drive the Low et al.30 
motion model (paper IV). The vertical position of part of the patient surface 
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suits these criteria and can be detected by the BSLS together with patient po-
sition to monitor, e.g. if the patient lifts the back from the treatment couch to 
reach the gating window instead of filling the lungs with air (paper II). 
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3 Radiotherapy in the pelvic region (paper I) 

Prostate cancer with 17% of the cancer cases in Sweden makes, together with 
colorectum cancers (11%), bladder cancers (5%) and corpus uteri cancers 
(2%) a large group of patients to receive radiotherapy to the pelvic region. 
Hence, small improvements and time savings per patient can have a great im-
pact. For pelvic treatments, the patient is preliminarily positioned on the treat-
ment couch as initialization for the use of higher precision means. This initial 
positioning has historically been done by aligning patient skin-marks to room 
lasers. This is a time-consuming process that requires a lot of cumbersome 
manual efforts from the treatment staff. Patient activity during this alignment 
is not desirable since self-adjustments are hard to guide.  

3.1 Body surface scanning for patient setup 
Accuracy, precision and robustness of SGRT systems have in recent years in-
creased to such extent that they can replace the need of skin-marks34-39. They 
also reduce the need for adjusting small rotational errors. The body surface 
scanning suggests both pose and positional adjustments. The positional ad-
justments are designed to be presented in the order of translation and rotation. 
Hence, the translation needs to be done before rotation to achieve the correct 
position. 

As a consequence, pure translation, without any rotational adjustments, 
corrects for most of the setup error. The extreme case would be a spherical 
target. The gain of adjusting the rotational errors would then be zero. In con-
trast, setup based on skin-marks is inevitably a product of translation and ro-
tation. Hence, the effect of omitting rotation adjustments will be worse for 
setup based on skin-marks compared to setup based on body surface scanning. 
In other words, in case body surface scanning is used for patient setup, the 
treatment staff are not required to lift and push the patient to adjust for the 
small rotations in the same way as for skin-marks, which would save time, 
patient comfort and treatment staff effort.  
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3.2 Evaluation of two BSLS reference surfaces 
In paper I we evaluated the accuracy and applicability of body surface scan-
ning to replace the use of the skin-marks with a BSLS system. Hence, defor-
mation had a negative effect on the accuracy of the estimated setup correction 
vector. Also, the precision was dependent on the choice of reference surfaces. 
The discrepancies between rigid bone CBCT registrations and BSLS registra-
tions in the pelvic region were determined for 40 patients (13 women and 27 
men) treated in the pelvic region to determine the accuracy and precision, i.e. 
the systematic and random error, of BSLS derived setup correction vectors.  

Two types of reference surfaces for the BSLS registration were evaluated 
to determine which one produced registrations with the highest congruency to 
the CBCT bone registrations. One was a BSLS scan captured during the first 
treatment fraction (BSLSref) and adjusted for the displacement determined by 
a concurrent CBCT scan. The other was the patient outline extracted from the 
treatment planning CT (CTref). In contrast to CTref, systematic errors are 
minimised in the BSLSref since the BSLS system created it at the Linac. In 
order to estimate the negative effect of inter-fractional patient deformations 
on the accuracy, each reference surface was registered twice; once with the 
entire captured surface and once with a restricted (rstr), i.e. cropped surface 
where the areas that are likely to deform (e.g. belly) or misalign (e.g. legs), 
were excluded (CTref rstr and BSLSref restr).  

The vector differences i i i Δ S B  between the registrations in the BSLS 
system iS  and the bone registration in the CBCT systems iB  were determined 
for fraction i . The frequency distribution of the difference vectors was fitted 
to a multinormal distribution (c.f. Figure 4). 
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Figure 4. The vector difference iΔ calculated by subtracting the displacement vec-
tor for the BSLS registration  by the bone registration in the CBCT system iB . 
The distribution of Δ  was approximated by a multinormal distribution. The ellip-
soid covering 90% of its distribution is shown. 

The cumulative distribution of Δ , based on all patients, was used to estimate 
the probability to find B  within a specified distance from S. This can be used 
to estimate the probability that B  is within acceptable setup tolerance after a 
couch shift adjustment S. For practical reasons, displacement tolerances are 
specified along the three coordinate axes forming a tolerance cube. Accord-
ingly, we presented the precision of BSLS registrations in terms of the proba-
bility of finding B  within a tolerance cube region cubeP  rather than a sphere 
or ellipsoid (see Figure 5, left panel) and accuracy of BSLS registrations in 
terms of the mean Δ . 

The BSLSref rstr gave the highest cubeP  values; 97.5 % for a side of 5 mm 
and 71.9% for a side of 3 mm, for CTref rstr cubeP  equalled 86.6% for a cube 
side of 5 mm and 46.1% for a cube side of 3 mm. This can be compared to the 
corresponding cubeP values for skin-marks-only, 80.0% for a side of 5 mm and 
36.7% for a side of 3 mm, i.e. the probability of finding a CBCT registration 
within cubeP  from the setup position achieved by skin-marks. A full represen-
tation for continuously varying cube side for different methods is given in the 
right panel in Figure 5.   
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Figure 5. Results from paper I. (Left panel) The green cloud illustrates the probabil-
ity density of deviations Δ  between B  and S  and the tolerance cube cubeP . (Right 
panel) The probability of finding B  within cubeP  centred at S  is presented as a func-
tion of cube size for the tested reference surfaces BSLSref and CTref and their re-
stricted versions. This was compared to the corresponding distribution of the setup 
based on skin-marks-only. 

3.3 Conclusions 
The BSLS system produced registrations with slightly less deviation to the 
CBCT registration compared to the skin-marks-only method, except for the 
full version of CTref. Deformation tends to reduce the precision in BSLS reg-
istrations. The clinical value of the increased precision is low in relation to 
other uncertainties in the treatment process, such as segmentation and inter-
frational variation of internal anatomy. The greatest benefit of using a body 
surface scanning system for pelvic treatments would be the time and effort 
saved by the staff. Also, the use of BSLS enables patient position monitoring 
during treatment which ensures the patient position to be constant during the 
irradiation.  
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4 Breast cancer radiotherapy (paper II) 

Breast cancer is the second most common cancer in Sweden1, with 13% of the 
cases. Radiotherapy reduces the 15-year all-cause mortality for breast cancer 
patients by 5% in comparison to breast-conserving surgery only40. Neverthe-
less, for left-sided breast cancer patients, the heart with its radiosensitive cor-
onary arteries are close to the treatment target leading to an increased risk of 
heart complication due to the high doses. Nilsson et al.41 found a correlation 
between stenosis and dose to the heart for left-sided breast cancer patients 
treated 1970 – 2003. Also, an increased cardiac mortality rate for left-versus-
right breast cancer patient ratio of 1.10 (95% confidence interval, CI, 1.05-
1.16) was found in a large international study based on data from two million 
patients that have undergone radiotherapy prior 199042.  

However, the treatment techniques have improved, and the dose to the heart 
has been reduced, and for patients treated after 1990 the left-versus-right car-
diac mortality rate ratio was 0.98 (95% CI 0.93-1.02), i.e. no difference in 
cardiac mortality rate. Still, the dose to the heart should be as low as possible, 
especially to the left anterior descending artery (LAD) to suppress the risk of 
cardiac diseases as much as possible. Also, the lung is a radiosensitive organ 
that should be avoided as much as possible.  

4.1 DIBH for left-sided breast cancer patients 
By using a BSLS system to guide left-sided breast cancer patients to a deep 
inspiration breath-hold (DIBH) position, the dose to the heart and lung can be 
reduced while preserving the treatment efficiency43. The heart is pulled away 
from the high dose region during irradiation, resulting in a decreased dose to 
the radiosensitive coronary arteries and a reduction of the partial lung volume 
close to the target44-50. However, since the breath-hold is proceeded by an ac-
tive deep inspiration, i.e. a conscious muscular effort that moves the heart in 
the medial and caudal direction, that could confound the heart position from 
breath-hold to breath-hold.  

During DIBH the residual movement of the heart is a combination of a fast 
component driven by the heartbeats and a slow movement caused by a varia-
tion in the breath-hold position. Variation in heart position between breath-
holds can also be caused by different ways to fill the lungs (abdominal or tho-
racic inspiration) at the deep inspiration phase before the breath-hold period. 
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Not much work has been published regarding the internal organ reproduc-
ibility over several DIBHs and fractions43, 51 or the magnitude of heart position 
variation due to intrinsic heart movement and breath-hold variations. The re-
producibility of the surrogate has been investigated52, 53 and the internal vari-
ation has been estimated43, 53, measured by a CBCT scan54 or cine electronic 
portal image device (EPID) images55, however, no publication to the best of 
our knowledge has presented the variation in heart position due to heartbeat 
motion. 

4.2  Methods and results 
The reproducibility for the edge position of the heart and lung were deter-
mined for 11 left-sided breast cancer patients in CT images acquired during 
repeated DIBH periods. For each session, several fast axial CT acquisitions 
(bursts) enabling extraction of heart movement during different parts of the 
heart cycle were made. The patient was guided by visual and audial means by 
the BSLS system and instructed to alternate between breath-hold and free-
breathing in intervals of 15 seconds.  

Inspired by the method presented by Qi et al.56 to measure respiration-in-
duced heart motion during 4DCT, we related the Maximum Heart Distance 
(MHD) and Maximum Lung Distance (MLD) to an anatomical reference line 
relative to the spinal cord and sternum bone (Figure 6). In this manner, the 
patient setup error did not influence the results. Furthermore, the distance be-
tween the treatment couch and the spine was measured in all cine CT images 
for all patients to check if they lifted their back from the treatment couch dur-
ing DIBH. 
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Figure 6. The patient setup error is excluded from the heart edge and lung edge posi-
tion variation by applying a patient-specific coordinate system based on the spine 
and sternum. The maximum heart distance (MHD) and maximum lung distance 
(MLD) are determined. 

The heartbeat movement could be separated from the breath-hold variations 
due to the high temporal resolution of the acquired burst of cine images. The 
data were pooled over all bursts, and all patients (1432 data points). The mean 
of the maximum range of MHD across all patients varied between 11 to 13 
mm and between 4 to 8 mm for the MLD. The pooled standard deviation was 
3.2 – 3.6 mm for MHD and 1.3 – 2.0 mm for MLD. The variance in MHD due 
to breath-hold variations was twice as large as the variation due to intrinsic 
heart movement.  

4.3 Conclusions 
The patient had no problem in following the visual guidance and pre-recorded 
audial instructions, and no patient had any problems to hold their breath for 
15 seconds. The reproducibility was high relative to the medial displacement 
of the heart induced by the DIBH. The thorax point constitutes a robust surro-
gate to the target volume, together with visual guidance and audial instructions 
for breast cancer radiotherapy. No fake breathing was detected. 
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5 Lung cancer radiotherapy (paper III-IV) 

Lung cancer had the highest mortality rate in Sweden (16% in 20181). From a 
radiotherapy physics perspective, the breathing induced tumour motion and 
the low density of lung tissues challenge the procedures to treat lung cancer 
patients with high position- and dose accuracy. Furthermore, irregular breath-
ing patterns cause image artefacts7 in the treatment planning images, and the 
detected motion may not be representative for the motion later during treat-
ment delivery57. This might lead to under-dosage of the target and/or increased 
dose burden to the healthy lung tissues. 

The motion has historically been handled by adding extra margins for the 
internal motion at the expense of extra dose to normal tissues. Recent ad-
vances in treatment planning systems facilitate robust optimization of the 
treatment plan by including target dose coverage for all 4DCT breathing states 
into the treatment objectives. Nevertheless, if the breathing amplitudes during 
the treatment delivery differ from those during treatment planning, the result-
ing dose will regardlessly deviate from the planned dose distribution.  

Alternative methods to free-breathing treatment such as breath-hold, ab-
dominal compression, gating, or tracking suffer in several aspects. Multiple 
consecutive breath-holds during treatment might be a tuff task for an already 
poorly ventilated lung cancer patient. Abdominal compression compromises 
patient comfort. Gating prolongs the treatment time since radiation only can 
be given during a particular part of the breathing cycle, and finally tracking 
relies on real-time detection of the tumour position, which might be challeng-
ing.  

5.1 Methods 
Methods have been suggested to determine the validity of 4DCT determined 
breathing motion58 to avoid dose deviation during treatment due to a nonrep-
resentative ITV13, 57, 59. If nonrepresentative breathing motion can be detected 
before treatment planning, supplementary imaging can be acquired to get 
more representative data. A method to identify patients with a poor 4DCT has 
been proposed by Kiely et al.58  based on the breathing trace using the ratio 

rel
  between large inhale and normal inhale. For 

rel
1.72   the breathing was 

classified as irregular and for 
rel

1.45   the patient was classified to breathe 
regularly — and for values in between a clinical judgement was called for. 
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Kiely et al.58 tested the use of   to classify irregular and regular breathing 
patients against a qualified medical physics classification of the 4DCT image 
quality. However, to the best of our knowledge, this irregularity measure has 
never been quantitatively tested versus actual tumour movements.  

In paper III, we tested the standard deviation of the peaks (SDP) of the 
relative breathing signal as a measure to determine the reliability of the 4DCT 
determined tumour motion. Before the SDP was calculated, the breathing sig-
nal was subtracted by a moving median over the full expiration phases (Figure 
2 in paper IV) to achieve a drift-free signal running from 0% to 100% (Figure 
5 in paper III) where 0% is the maximum exhalation, and 100% is the maxi-
mum inspiration. The next sections describe how we investigated the correla-
tion of the SDP and   to tumour positions from 300 cine images acquired 
over a long time and several sessions to mimic a fractionated lung treatment. 
In Kiely et al.58, the external measure was correlated to a single 4DCT, and in 
the work by Cai et al.59 the external measure was correlated to 2D cine MR 
images acquired during one occasion. 

5.2 Tumour position data capturing 
In the research protocol used for paper III and IV, a number of 300 low dose 
cine CT scans per patient were taken, evenly distributed over three sessions 
(7-9 mSv per session) with a perturbation of ± 1 second per data point. At each 
session, the scans were spread over 8 minutes to mimic the treatment delivery 
time. Each scan was manually started. In order to aid the CT staff during ac-
quisition, an in house created pong-like script visualised a blue ball bouncing 
between two vertical bars with its speed set to match the timing to the next 
capture (Figure 7). A beep at each bounce marked the acquisition time. Addi-
tionally, a breath-hold CT taken at one of the sessions provided the full anat-
omy without motion artefacts and a 4DCT scan for the clinical ITV segmen-
tation. 
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Figure 7. An in house created Matlab script aided the CT staff during cine CT acqui-
sition. 

To facilitate the registration of all the 3750 cine CT scans to breath-hold CT:s 
for extraction of the relative tumour positions the graphical programming user 
interface Mice® toolkit (NONPI medical AB, Figure 8) was used together with 
software for record and repeat of mouse and keyboard inputs (ReMouse 
Standard 4.1). Mice includes the well-established Elastix toolbox for registra-
tions. Each rigid registration over the tumour and its closest vicinity took be-
tween 1 – 5 minutes, and the results were exported as text files for further 
evaluation in Matlab. For verification of the success of the registrations, 
screen captures from Mice were saved to a Powerpoint document per session 
and patient. 

The above-explained registration process was also applied for the 4DCT 
data to achieve the tumour position in each 4DCT bin relative to the tumour 
position in the breath-hold CT. The tumour positions were linearly interpo-
lated between phases to create a continuous tumour trajectory for the 4DCT 
data. Both the 4DCT registrations and the cine CT registrations were sub-
tracted by the mean of all registration per setup to mimic the setup correction 
that normally is performed for each fraction based on its CBCT images taken 
prior to treatment. 
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Figure 8. (Top) A 3D visualisation of a cine CT, the ITV (orange) and the lung tu-
mour (white) in the right lung for session 3, patient 2 in paper III and IV created 
with the software used for image registration. (Bottom) Example screenshot used to 
evaluate the success of image registration with ITV (white) and CTV (yellow inside 
the ITV and green outside ITV). The CTV should cover the lung tumour (grey) in 
the cine CT images for well-performed image registrations. 
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5.3 Results and conclusions 
The tumour positions in each cine CT scan were expressed both in terms of 
their closest distance from the 4DCT determined tumour trajectory d  and in 
terms of the volume ratio of CTV within ITV V . As commonly used in mar-
gin calculation for dose-population histograms60, we determined the 90th per-
centile of the distances 90%d  and 10th percentile of the volume of CTV within 
ITV, CTV10%V  (c.f. Figure 9). 

 
Figure 9. The measure d  gives the closest deviation between measured tumour po-
sition in the cine CT the 4DCT determined tumour trajectory. V  defines the volume 
fraction of the CTV within the ITV for all cine CT determined tumour positions. 
Data for two extreme patients in paper III are shown. The red area gives 90% of the 
distribution for the desirable values, i.e. low d  and high V . 

The 90%d  and CTV10%V was separately correlated to the breathing trace irregu-
larity measures rel  and SDP, where the latter was our proposed measure of 
breathing irregularity. 

The results indicate that the SDP can work as a gauge to discover unrepre-
sentative tumour motion in the acquired 4DCT. The goodness of a linear fit 
was r2 = 0.75 for 90%d  and r2 = 0.60 for CTV10%V . A SDP greater than 15% of 
the relative breathing trace achieved during 4DCT acquisition can be used as 
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a threshold to filter out the patients that need to be studied further to achieve 
a representative motion determination prior treatment. Similarly, rel  corre-
lated to the 90%d  and CTV10%V  but to a lower degree (r2 = 0.56 for 90%d  and 
r2 = 0.57 for CTV10%V ).  

As a clinical procedure, it would be appropriate to acquire more images for 
the patients that would be classified with unrepresentative 4DCT scans. One 
method is to acquire an extra 4DCT, but with a high risk of getting another 
unrepresentative 4DCT. A better way to tackle the problem could be to acquire 
several additional cine images with corresponding abdomen point heights. 
With such data, a motion model could be trained and used with a separately 
acquired breathing trace over several minutes to estimate a more realistic tu-
mour domain for defining a probabilistic ITV.  

In Paper IV, the motion model introduced by Low et al.30 was used for 14 
lung cancer patients. The model was built on cine images and surrogate data 
from one session, containing 100 training data points, and evaluated on a val-
idation set, containing 200 cine images per patient (Figure 10). The results 
indicate that this method can model the tumour position with a mean error of 
1.9 mm (3.6 mm 90th percentile). Other surface surrogates were tested besides 
the abdominal point height. However, none modelled the tumour position 
more accurately than the abdominal point height. 

By analyzing the increase in accuracy in modelled tumour position with an 
increasing number of training data points, we concluded that the accuracy im-
provements were insignificant for more than 10 data points. The model was 
primarily meant to be used to determine a representative ITV, but it could also 
be used for gating and tracking. However, the breathing trace derivative needs 
then to be calculated in real-time. Such real-time calculations were not tested 
in the current work. Furthermore, the data were tested to evaluate if the data 
could be treated as randomly sampled over time. The tests revealed that no 
bias was present. 
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Figure 10. The upper panel shows the tumour positions (green) determined from 
100 cine CT images acquired during the first session; the corresponding modelled 
tumour positions (blue) and the continuous modelled tumour trace (grey). Bottom 
panel shows the same for the validation set, which contains 200 tumour positions ac-
quired in two sessions to simulate two treatment fractions.  
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6 Conclusions and outlook 

Accurate patient positioning plays a crucial role in radiotherapy. Patient posi-
tioning includes the process of reproducing the treatment planning setup at the 
treatment unit but also includes handling of geometrical uncertainties during 
treatment planning by proper margins and a representative ITV. For setup de-
termination of patients treated in the pelvic region, the BSLS system tends to 
be an excellent supplement to CBCT and a suitable replacement for skin-
marks. Corrections based on cropped BSLS surfaces, i.e. surfaces for which 
easily deformable anatomy have been cropped out, can improve the setup ac-
curacy by 30% compared to skin-marks-only. This accuracy improvement is 
probably clinically insignificant since uncertainties with target segmentation 
and internal movement between and during treatment also influence the total 
geometrical accuracy. Nevertheless, since the accuracy is equal or better than 
skin-marks and the body surface scanning system's performance and robust-
ness has improved over the years the system has today achieved a level where 
it goes from a secondary setup method to a primary method, replacing the 
skin-marks34-37.  

The BSLS system was demonstrated to yield a feasible surrogate signal for 
guiding left-sided breast cancer patients to a reproducible DIBH position. The 
mean positional variation in heart and lung edge was small in comparison to 
the gain of the separation achieved by the DIBH method as such. However, 
further investigation would be needed to find the cause of the occasionally 
large deviations of MHD, in 5% of the acquired images the deviation from the 
mean MHD position was > 8 mm. Although a large deviation, it was likely to 
have a negligible impact on the total dose since it is rarely occurring. No sig-
nificant correlation was found between the heart edge displacements and the 
abdominal gating point. However, there might be a confounded correlation 
since the MHD and MLD is a linear combination of axial motion and an out 
of image plane motion. A 3D position of the heart would be needed in the 
same fashion as was done in paper III and IV to determine the cause of occa-
sional large displacements. 

For the lung region, the breathing motion determined from the 4DCT did 
not represent the breathing motion during the emulated treatment for some 
patients. For the 14 patient studied, the standard deviation of the peaks of the 
breathing trace acquired during a 4DCT capture was demonstrated to be a fea-
sible measure to discriminate patients with motion representative 4DCT scans 
from patients with unrepresentative scans. A BSLS system can replace the 
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bellows device used in paper III. In paper IV, the average of the modelled 
tumour position was almost twice as accurate as the tumour position given to 
be the 4DCT (the phase model). By using a motion model based on at least 
ten cine CT scans together with the abdominal breathing trace, the tumour 
position can be estimated with a mean accuracy of 2 mm.  

Body surface scanning has probably still great potential for further devel-
opment. The number of application of the BSLS system has increased over 
the years. Together with its increased accuracy and robustness, surface scan-
ning has now reached a level where it can be used as a primary setup system, 
replacing skin-marks (paper I)36, 38, guiding left-sided breast cancer patient to 
a reproducible DIBH position (paper II) and lung tumour motion can be de-
termined more accurately (paper III and IV) 
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7 Svensk sammanfattning 

Cancer är, efter hjärt- och kärlsjukdom, den näst vanligaste dödsorsaken pga 
sjukdom. Vanligaste cancerformerna är prostatacancer och bröstcancer medan 
lungcancer orsakar flest dödsfall, 4004 under 2018. Av alla cancerpatienter så 
får hälften någon gång en strålbehandling. Oftast kombineras strålbehandling 
med andra behandlingsformer så som cytostatika, kirurgi, immunterapi, hor-
monbehandling mm. Vid extern strålterapi, då strålningen ges från patientens 
utsida, används vanligtvis högenergetiska fotoner som joniserar träffade mo-
lekyler och skadar tumörcellernas DNA för att stoppa deras okontrollerade 
celldelning. Även strålar av protoner, elektroner och koljoner mm kan använ-
das. Valet av tillgängliga strålslag sker på individnivå för att hitta den behand-
ling som är mest effektiv.  

Strålbehandlingsprocessen börjar med att patientens inre anatomi avbildas 
då patienten ligger i behandlingsposition. Ofta används datortomografi (DT), 
även kallat skiktröntgen, för att avbilda patienten men för vissa behandlings-
områden kan magnetkamera användas för att få bättre mjukvävnadskontrast.  

Innan behandling börjar måste en individuell datorsimulering (dosplan) av 
behandlingen göras för att på bästa sätt fokusera stråldosen till tumören sam-
tidigt som omkringliggande normal vävnad får så låg dos som möjligt. I grova 
drag uppnås detta genom att hitta det optimala sättet att rotera behandlingsap-
paraten runt patienten, för att kunna stråla från olika håll samt forma strålfälten 
så att den resulterande stråldosen formas runt tumörområdet. För att ytterligare 
skona normalvävnad delas behandlingen upp på flera tillfällen Det är därför 
viktigt att patientens behandlingsposition går att återskapa på ett snabbt och 
exakt sätt. 

För att kunna verifiera att patienten ligger enligt behandlingsplanen, kan 
olika avbildningsmetoder användas. Det vanligaste är att man använder en 
röntgenapparat monterad på behandlingsapparaten och som kan roteras runt 
patienten och samla in så kallade Cone Beam CT (CBCT) bilder. Dessa bilder 
matchas sedan mot dosplaneringsbilderna för att hitta vilken förflyttning av 
behandlingsbordet som krävs för att patienten ska ligga korrekt. Detta system 
hittar dock inte eventuella fel i patientens ställning, till exempel om en arm 
ligger snett eller att patientens rygg är krökt. 

Ytskanning är en metod som funnits kommersiellt tillgängligt i ungefär 15 
år. Metoden bygger på att patientens ytterkontur skannas för att skapa patient-
ytor i tre dimensioner. Principen för systemet (BSLS) som är använt i denna 
avhandling (Sentinel®, C-rad, Uppsala) bygger på en takmonterad enhet som 
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sveper en laserstråle över patientens hudyta och en kamera som detekterar re-
flektionen. Systemet räknar ut avståndet till tusentals punkter på hudytan och 
avbildar patientytan tredimensionellt på några sekunder med hög precision. 
Metoden underlättar patientpositionering genom att presentera justeringsför-
slag baserat på jämförelse mellan aktuell patientyta och en referensyta, t.ex. 
patientytan ifrån dosplaneringsunderlaget eller en skannad patientyta då po-
sitionen är justerad med hjälp av CBCT.  

För att undersöka noggrannheten i BSLS resultaten för patienter som be-
handlades i bäckenområdet, jämfördes positioneringsresultat från BSLS med 
positioneringsresultat från CBCT för 40 patienter i artikel I. Den kliniska vin-
ningen av att använda systemet pga ökad noggrannhet var tveksam men möj-
ligheten att ersätta hudtatueringar ökar patientkomforten och spar tid.  

I artikel II undersöktes variationen av hjärtkonturens och lungkonturens 
position för 11 vänstersidiga bröstcancerpatienter då patienternas andning 
vägleddes av BSLS. Patienterna fick hålla andan upprepade gånger medan 
flertalet momentana DT insamlingar gjordes. Slutsatsen var att man med 
BSLS kunde återskapada behandlingspositionen på ett reproducerbart sätt 
med avseende på både hjärta (drygt 3 mm standardavvikelse) och lungkant 
(knappt 2 mm i standardavvikelse). 

I artikel III och IV togs samma typ av bilder som i artikel II men i dessa 
arbeten togs bilderna över tumörområdet för 14 lungcancerpatienter medan de 
andades fritt. Bilderna hade hög temporär upplösing (0.3 sekunder) och sam-
lades jämt distribuerat över den tid som motsvarar deras ordinarie behandling. 
På detta sätt kunde behandlingen simuleras. Genom att bestämma lungtumö-
rens position i momentant tagna bilder vid tre olika besök kunde behandlings-
området utvärderas med avseende på hur ofta och hur stor andel av tumören 
som faktiskt var inom målområdet för den planerade strålningen. Genom att 
länka denna information till variationen i den BSLS insamlade andningskur-
vans toppar vid planeringstillfället så kunde ett samband hittas som möjliggör 
att fånga upp de patienter som behöver extra bilder tagna för att få en säkrare 
bestämning av deras lungtumörrörelse. I artikel IV användes samma insam-
lade bilddata för att skapa en individuell rörelsemodell för att beskiva förhål-
landet mellan patientytans rörelse och tumörens position i lungan. Denna mo-
dell utvärderades sedan på bilder tagna vid 200 efterkommande tillfällen för 
att avgöra modellens noggrannhet. Det visade sig att tumörens position kunde 
bestämmas med 2 mm noggrannhet i medel. Detta kan jämföras med 3.5 mm 
som man kan uppnå med nuvarande metod som bygger på andningsfas istället 
för amplitud och flöde av andningen. 

Ytskanningens potential har analyserats i denna avhandling men mycket 
finns kvar att undersöka. Jag ser med spänning fram emot möjligheten att för-
enkla patientpositioneringsprocessen genom att kombinera ytskanningens tek-
nik med förstärkt verklighet (augmented reality) för att kunna överlagra pati-
entens referensyta och ge positioneringsförslag till strålbehandlingspersona-
len. 



 38 

  



 39

Acknowledgements 

I would like to thank my principal supervisor Professor Anders Ahnesjö for 
helping me accomplish this project and for all the exciting discussions. I am 
also truly grateful to my co-supervisors Ulf Isacsson and Kristina Nilsson, for 
all the support and talks. I also want to kindly thank the former head of the 
medical physics department Anders Montelius who introduced me to this ex-
citing project and the current head of the medical physics department Alexan-
der Englund for financial support and time. 

The staff at the CT unit has contributed significantly to this work, Christina, 
Unni, Tora, Charlotta, Farnaz, Sodabeh by acquiring all the thousands of CT 
scans! Thank you for your patience! You can breathe freely now! I am also 
very grateful for all the support I have received from Catarina, Helena and 
Marie to arrange patient bookings. Furthermore, I am grateful for all the fruit-
ful discussions and the financial support I have received from C-rad; Åsa 
Kronander, Anders Lillrank, Christer Strandh, Cristina Svensson, Mattias 
Nilsing, Tim Thurn, Erik and Kristofer. Also, thanks to Fredrik Kalholm, who 
made an excellent master thesis about spirometry and surface derived volume. 
Thank you for your contribution to some of the initial scripts that I could use 
to start handling data. 

I would like to kindly thank Marta Pinto, one of the co-authour to paper III, 
who delightfully made her master thesis work in our group and partly acquired 
the data for paper III and IV. Thank you! 

I am also grateful to my colleagues who have backed up for me in the clinic, 
Ola, Martin, Erik, Carina, Karin, Ulf, Zerrin, Samuel, Adam and my fellows 
in the research group; thank you for all exciting discussions, after-works and 
spex planning for PhD defences, David T, Erik, Eric, Gloria, Fernanda, Nina, 
Karin, Carl, David B and Nils. 

I would also like to thank the engineers Håkan S, Aldis, Jimmy,  Håkan A 
for all support to get everything up and running and also for maintain the sys-
tems. Thanks to the understanding and supporting treatment staff and friends, 
thank you!  

Jag vill också rikta ett varmt tack till min kära familj som varit enormt för-
stående och stöttande under dessa år, tack Malin, Vendela och Edvin. Mitt 
hjärta blir varmt när jag tänker på er! Tack också till mamma, pappa och Peter 
med familj. Det känns tryggt att ni finns om det skulle vara något! Stort tack 
till mormor och morfar för att ni hjälper oss, roar oss och hittar på spännande 
saker med barnen! Tack! 



 40 

 



 41

References 

1. World Health Organization. Cancer Country Profile. 2018; 
2. Evans PM. Anatomical imaging for radiotherapy. Research Support, Non-U.S. 

Gov't 
Review. Phys Med Biol. Jun 21 2008;53(12):R151-91. doi:10.1088/0031-
9155/53/12/R01 

3. Verhey LJ, Goitein M, McNulty P, Munzenrider JE, Suit HD. Precise positioning 
of patients for radiation therapy. Int J Radiat Oncol Biol Phys. Feb 1982;8(2):289-
94. doi:10.1016/0360-3016(82)90530-2 

4. Vedam SS, Keall PJ, Kini VR, Mostafavi H, Shukla HP, Mohan R. Acquiring a 
four-dimensional computed tomography dataset using an external respiratory sig-
nal. Phys Med Biol. Jan 7 2003;48(1):45-62.  

5. McClelland JR, Hawkes DJ, Schaeffter T, King AP. Respiratory motion models: 
a review. Med Image Anal. Jan 2013;17(1):19-42. doi:10.1016/j.me-
dia.2012.09.005 

6. Underberg RW, Lagerwaard FJ, Cuijpers JP, Slotman BJ, van Sornsen de Koste 
JR, Senan S. Four-dimensional CT scans for treatment planning in stereotactic 
radiotherapy for stage I lung cancer. Int J Radiat Oncol Biol Phys. Nov 15 
2004;60(4):1283-90. doi:10.1016/j.ijrobp.2004.07.665 

7. Yamamoto T, Langner U, Loo BW, Jr., Shen J, Keall PJ. Retrospective analysis 
of artifacts in four-dimensional CT images of 50 abdominal and thoracic radio-
therapy patients. Research Support, N.I.H., Extramural. Int J Radiat Oncol Biol 
Phys. Nov 15 2008;72(4):1250-8. doi:10.1016/j.ijrobp.2008.06.1937 

8. Pollock S, Tse R, Martin D, et al. First clinical implementation of audiovisual 
biofeedback in liver cancer stereotactic body radiation therapy. Journal of medi-
cal imaging and radiation oncology. Aug 6 2015;doi:10.1111/1754-9485.12343 

9. Ernst F, Bruder R, Schlaefer A, Schweikard A. Correlation between external and 
internal respiratory motion: a validation study. Int J Comput Assist Radiol Surg. 
May 2012;7(3):483-92. doi:10.1007/s11548-011-0653-6 

10. Koch N, Liu HH, Starkschall G, et al. Evaluation of internal lung motion for res-
piratory-gated radiotherapy using MRI: Part I--correlating internal lung motion 
with skin fiducial motion. Int J Radiat Oncol Biol Phys. Dec 1 2004;60(5):1459-
72. doi:10.1016/j.ijrobp.2004.05.055 

11. Anetai Y, Sumida I, Takahashi Y, et al. Reference respiratory waveforms by min-
imum jerk model analysis. Medical Physics. 2015;42(9):5066-5074. 
doi:http://dx.doi.org/10.1118/1.4927557 

12. Wolthaus JW, Schneider C, Sonke JJ, et al. Mid-ventilation CT scan construction 
from four-dimensional respiration-correlated CT scans for radiotherapy planning 
of lung cancer patients. Int J Radiat Oncol Biol Phys. Aug 1 2006;65(5):1560-71. 
doi:10.1016/j.ijrobp.2006.04.031 

13. Aznar MC, Persson GF, Kofoed IM, Nygaard DE, Korreman SS. Irregular breath-
ing during 4DCT scanning of lung cancer patients: is the midventilation approach 
robust? Phys Med. Feb 2014;30(1):69-75. doi:10.1016/j.ejmp.2013.03.003 



 42 

14. ICRU 50, Prescribing, recording, and reporting photon beam therapy Journal of 
ICRU. 1993; 

15. ICRU Report 62, Prescribing, recording, and reporting photon beam therapy 
(Supplement to ICRU Report 50). Journal of ICRU. 1999; 

16. ICRU 83, Prescribing, Recording, and Reporting Photon-Beam Intensity-Modu-
lated Radiation Therapy (IMRT). J ICRU. Apr 2010;10(1):NP. 
doi:10.1093/jicru/ndq002 

17. Borgefors G. Hierarchical chamfer matching: a parametric edge matching algo-
rithm. IEEE Trans Anal Mach Intell. 1988;10(6):849-65.  

18. H. G. Barrow JMT, R. C. Bolles and H. C. Wolf. Parametric correspondence and 
chamfer matching: Two new techniques for image matching". Proc 5th Int Joint 
Conf Artfificial Intelligence. 1977:659-663.  

19. Brahme A, Nyman P, Skatt B. 4D laser camera for accurate patient positioning, 
collision avoidance, image fusion and adaptive approaches during diagnostic and 
therapeutic procedures. Med Phys. May 2008;35(5):1670-81.  

20. Bert C, Metheany KG, Doppke KP, Taghian AG, Powell SN, Chen GT. Clinical 
experience with a 3D surface patient setup system for alignment of partial-breast 
irradiation patients. Evaluation Studies Research Support, Non-U.S. Gov't. Int J 
Radiat Oncol Biol Phys. Mar 15 2006;64(4):1265-74. 
doi:10.1016/j.ijrobp.2005.11.008 

21. Bert C, Metheany KG, Doppke K, Chen GT. A phantom evaluation of a stereo-
vision surface imaging system for radiotherapy patient setup. Research Support, 
Non-U.S. Gov't. Med Phys. Sep 2005;32(9):2753-62.  

22. Stieler F, Wenz F, Shi M, Lohr F. A novel surface imaging system for patient 
positioning and surveillance during radiotherapy. A phantom study and clinical 
evaluation. Strahlenther Onkol. Nov 2013;189(11):938-44. doi:10.1007/s00066-
013-0441-z 

23. Hoisak JDP, Pawlicki T. The Role of Optical Surface Imaging Systems in Radi-
ation Therapy. Semin Radiat Oncol. Jun 2018;28(3):185-193. 
doi:10.1016/j.semradonc.2018.02.003 

24. Besl Paul J. MND. A Method for Registration of 3-D Shapes. IEEE Trans On 
Patt Anal Mach Intel. 1992;14(2):239-256.  

25. Moore CJ, Graham PA. 3D dynamic body surface sensing and CT-body match-
ing: a tool for patient set-up and monitoring in radiotherapy. Research Support, 
Non-U.S. Gov't. Comput Aided Surg. 2000;5(4):234-45. doi:10.1002/1097-
0150(2000)5:4<234::AID-IGS3>3.0.CO;2-8 

26. Moser T, Fleischhacker S, Schubert K, Sroka-Perez G, Karger CP. Technical per-
formance of a commercial laser surface scanning system for patient setup correc-
tion in radiotherapy. Research Support, Non-U.S. Gov't. Phys Med. Oct 
2011;27(4):224-32. doi:10.1016/j.ejmp.2010.10.005 

27. Schoffel PJ, Harms W, Sroka-Perez G, Schlegel W, Karger CP. Accuracy of a 
commercial optical 3D surface imaging system for realignment of patients for 
radiotherapy of the thorax. Phys Med Biol. Jul 7 2007;52(13):3949-63. 
doi:10.1088/0031-9155/52/13/019 

28. Jonsson M, Ceberg S, Nordstrom F, Thornberg C, Back SA. Technical evaluation 
of a laser-based optical surface scanning system for prospective and retrospective 
breathing adapted computed tomography. Acta Oncol. Feb 2015;54(2):261-5. 
doi:10.3109/0284186X.2014.948059 

29. Cai W, Hurwitz MH, Williams CL, et al. 3D delivered dose assessment using a 
4DCT-based motion model. Med Phys. Jun 2015;42(6):2897-907. 
doi:10.1118/1.4921041 



 43

30. Low DA, Parikh PJ, Lu W, et al. Novel breathing motion model for radiotherapy. 
Int J Radiat Oncol Biol Phys. Nov 1 2005;63(3):921-9. 
doi:10.1016/j.ijrobp.2005.03.070 

31. Zhao T, Lu W, Yang D, et al. Characterization of free breathing patterns with 5D 
lung motion model. Med Phys. Nov 2009;36(11):5183-9.  

32. Hughes S, McClelland J, Tarte S, et al. Assessment of two novel ventilatory sur-
rogates for use in the delivery of gated/tracked radiotherapy for non-small cell 
lung cancer. Radiother Oncol. Jun 2009;91(3):336-41. doi:10.1016/j.ra-
donc.2009.03.016 

33. Li G, Arora NC, Xie H, et al. Quantitative prediction of respiratory tidal volume 
based on the external torso volume change: a potential volumetric surrogate. Phys 
Med Biol. Apr 7 2009;54(7):1963-78. doi:10.1088/0031-9155/54/7/007 

34. Stieler F, Wenz F, Scherrer D, Bernhardt M, Lohr F. Clinical evaluation of a com-
mercial surface-imaging system for patient positioning in radiotherapy. Strahlen-
ther Onkol. Dec 2012;188(12):1080-4. doi:10.1007/s00066-012-0244-7 

35. Walter F, Freislederer P, Belka C, Heinz C, Sohn M, Roeder F. Evaluation of 
daily patient positioning for radiotherapy with a commercial 3D surface-imaging 
system (Catalyst). Radiat Oncol. Nov 24 2016;11(1):154. doi:10.1186/s13014-
016-0728-1 

36. Stanley DN, McConnell KA, Kirby N, Gutierrez AN, Papanikolaou N, Rasmus-
sen K. Comparison of initial patient setup accuracy between surface imaging and 
three point localization: A retrospective analysis. J Appl Clin Med Phys. Nov 
2017;18(6):58-61. doi:10.1002/acm2.12183 

37. Haraldsson A, Ceberg S, Ceberg C, Back S, Engelholm S, Engstrom PE. Surface-
guided tomotherapy improves positioning and reduces treatment time: A retro-
spective analysis of 16 835 treatment fractions. J Appl Clin Med Phys. Aug 
2020;21(8):139-148. doi:10.1002/acm2.12936 

38. Carl G, Reitz D, Schonecker S, et al. Optical Surface Scanning for Patient Posi-
tioning in Radiation Therapy: A Prospective Analysis of 1902 Fractions. Technol 
Cancer Res Treat. Jan 1 2018;17:1533033818806002. 
doi:10.1177/1533033818806002 

39. Kugele M, Mannerberg A, Norring Bekke S, et al. Surface guided radiotherapy 
(SGRT) improves breast cancer patient setup accuracy. J Appl Clin Med Phys. 
Sep 2019;20(9):61-68. doi:10.1002/acm2.12700 

40. Clarke M, Collins R, Darby S, et al. Effects of radiotherapy and of differences in 
the extent of surgery for early breast cancer on local recurrence and 15-year sur-
vival: an overview of the randomised trials. Lancet. Dec 17 
2005;366(9503):2087-106. doi:10.1016/S0140-6736(05)67887-7 

41. Nilsson G, Holmberg L, Garmo H, et al. Distribution of coronary artery stenosis 
after radiation for breast cancer. J Clin Oncol. Feb 1 2012;30(4):380-6. 
doi:10.1200/JCO.2011.34.5900 

42. Henson KE, McGale P, Darby SC, Parkin M, Wang Y, Taylor CW. Cardiac mor-
tality after radiotherapy, chemotherapy and endocrine therapy for breast cancer: 
Cohort study of 2 million women from 57 cancer registries in 22 countries. Int J 
Cancer. Sep 1 2020;147(5):1437-1449. doi:10.1002/ijc.32908 

43. Kugele M, Edvardsson A, Berg L, Alkner S, Andersson Ljus C, Ceberg S. Dosi-
metric effects of intrafractional isocenter variation during deep inspiration breath-
hold for breast cancer patients using surface-guided radiotherapy. J Appl Clin 
Med Phys. Jan 2018;19(1):25-38. doi:10.1002/acm2.12214 

44. Hjelstuen MH, Mjaaland I, Vikstrom J, Dybvik KI. Radiation during deep inspi-
ration allows loco-regional treatment of left breast and axillary-, supraclavicular- 
and internal mammary lymph nodes without compromising target coverage or 



 44 

dose restrictions to organs at risk. Research Support, Non-U.S. Gov't. Acta Oncol. 
Mar 2012;51(3):333-44. doi:10.3109/0284186X.2011.618510 

45. Wang X, Pan T, Pinnix C, et al. Cardiac motion during deep-inspiration breath-
hold: implications for breast cancer radiotherapy. Int J Radiat Oncol Biol Phys. 
Feb 1 2012;82(2):708-14. doi:10.1016/j.ijrobp.2011.01.035 

46. Stranzl H, Zurl B. Postoperative irradiation of left-sided breast cancer patients 
and cardiac toxicity. Does deep inspiration breath-hold (DIBH) technique protect 
the heart? Strahlenther Onkol. Jul 2008;184(7):354-8. doi:10.1007/s00066-008-
1852-0 

47. Marchand V, Zefkili S, Desrousseaux J, Simon L, Dauphinot C, Giraud P. Dosi-
metric comparison of free-breathing and deep inspiration breath-hold radiother-
apy for lung cancer. Controlled Clinical Trial. Strahlenther Onkol. Jul 
2012;188(7):582-9. doi:10.1007/s00066-012-0129-9 

48. Giraud P, Djadi-Prat J, Morelle M, et al. Contribution of respiratory gating tech-
niques for optimization of breast cancer radiotherapy. Multicenter Study Research 
Support, Non-U.S. Gov't. Cancer investigation. May 2012;30(4):323-30. 
doi:10.3109/07357907.2012.657818 

49. Giraud P, Djadi-Prat J, Morvan E, et al. [Dosimetric and clinical benefits of res-
piratory-gated radiotherapy for lung and breast cancers: results of the STIC 2003]. 
Clinical Trial Comparative Study Multicenter Study. Cancer Radiother. Jul-Aug 
2012;16(4):272-81. Interets dosimetriques et cliniques de la radiotherapie asser-
vie a la respiration des cancers du poumon et du sein : resultats du Stic 2003. 
doi:10.1016/j.canrad.2012.03.005 

50. Korreman SS, Pedersen AN, Aarup LR, Nottrup TJ, Specht L, Nystrom H. Re-
duction of cardiac and pulmonary complication probabilities after breathing 
adapted radiotherapy for breast cancer. Evaluation Studies Research Support, 
Non-U.S. Gov't. Int J Radiat Oncol Biol Phys. Aug 1 2006;65(5):1375-80. 
doi:10.1016/j.ijrobp.2006.03.046 

51. Jagsi R, Moran JM, Kessler ML, Marsh RB, Balter JM, Pierce LJ. Respiratory 
motion of the heart and positional reproducibility under active breathing control. 
Research Support, N.I.H., Extramural. Int J Radiat Oncol Biol Phys. May 1 
2007;68(1):253-8. doi:10.1016/j.ijrobp.2006.12.058 

52. Reitz D, Walter F, Schonecker S, et al. Stability and reproducibility of 6013 deep 
inspiration breath-holds in left-sided breast cancer. Radiat Oncol. May 24 
2020;15(1):121. doi:10.1186/s13014-020-01572-w 

53. Fassi A, Ivaldi GB, Meaglia I, et al. Reproducibility of the external surface posi-
tion in left-breast DIBH radiotherapy with spirometer-based monitoring. J Appl 
Clin Med Phys. 2014;15(1):4494. doi:10.1120/jacmp.v15i1.4494 

54. Alderliesten T, Betgen A, Elkhuizen PH, van Vliet-Vroegindeweij C, Remeijer 
P. Estimation of heart-position variability in 3D-surface-image-guided deep-in-
spiration breath-hold radiation therapy for left-sided breast cancer. Radiother On-
col. Dec 2013;109(3):442-7. doi:10.1016/j.radonc.2013.09.017 

55. Conroy L, Yeung R, Watt E, et al. Evaluation of target and cardiac position during 
visually monitored deep inspiration breath-hold for breast radiotherapy. J Appl 
Clin Med Phys. Jul 08 2016;17(4):6188.  

56. Qi XS, Hu A, Wang K, et al. Respiration induced heart motion and indications of 
gated delivery for left-sided breast irradiation. Int J Radiat Oncol Biol Phys. Apr 
1 2012;82(5):1605-11. doi:10.1016/j.ijrobp.2011.01.042 

57. Steiner E, Shieh CC, Caillet V, et al. Both four-dimensional computed tomogra-
phy and four-dimensional cone beam computed tomography under-predict lung 
target motion during radiotherapy. Radiother Oncol. Jun 2019;135:65-73. 
doi:10.1016/j.radonc.2019.02.019 



 45

58. Kiely JP, Olszanski A, Both S, Low DA, White BM. Quantitative early decision 
making metric for identifying irregular breathing in 4DCT. Med Phys. Oct 
2015;42(10):5654-60. doi:10.1118/1.4929636 

59. Cai J, Read PW, Baisden JM, Larner JM, Benedict SH, Sheng K. Estimation of 
error in maximal intensity projection-based internal target volume of lung tumors: 
a simulation and comparison study using dynamic magnetic resonance imaging. 
Comparative Study Research Support, Non-U.S. Gov't. Int J Radiat Oncol Biol 
Phys. Nov 1 2007;69(3):895-902. doi:10.1016/j.ijrobp.2007.07.2322 

60. van Herk M, Remeijer P, Rasch C, Lebesque JV. The probability of correct target 
dosage: dose-population histograms for deriving treatment margins in radiother-
apy. Int J Radiat Oncol Biol Phys. Jul 1 2000;47(4):1121-35.  

 



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1711

Editor: The Dean of the Faculty of Medicine

A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-427519

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2021


	Abstract
	List of Papers
	Contents
	Abbreviations
	1 Introduction
	1.1 Treatment planning imaging
	1.1.1 CT
	1.1.2 Respiratory correlated 4DCT
	1.1.3 Reduced breathing motion and breath-hold

	1.2 Cine CT
	1.3 Treatment planning
	1.4 Image guiding at the treatment unit
	1.5 Aim of this thesis

	2 Body surface scanning
	2.1 Breathing motion management prior to treatment
	2.2 Motion management during treatment

	3 Radiotherapy in the pelvic region (paper I)
	3.1 Body surface scanning for patient setup
	3.2 Evaluation of two BSLS reference surfaces
	3.3 Conclusions

	4 Breast cancer radiotherapy (paper II)
	4.1 DIBH for left-sided breast cancer patients
	4.2 Methods and results
	4.3 Conclusions

	5 Lung cancer radiotherapy (paper III-IV)
	5.1 Methods
	5.2 Tumour position data capturing
	5.3 Results and conclusions

	6 Conclusions and outlook
	7 Svensk sammanfattning
	Acknowledgements
	References



