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Abstract | i

Abstract

Using a tailored dose distribution for personalized radiotherapy with the help
of positron emission tomography (PET) might give an edge for successful
tumour elimination. One of the main determinants for tumour radioresistance
in several solid tumours has been investigated as hypoxia, including head
and neck cancer (HNC). Using novel methods of converting radiotracer
uptake into partial oxygen pressure distribution in the form of partial pressure
maps, it is possible to delineate the hypoxic region of a target to further
escalate the treatment dose there, aiming at an increase in tumour control.
However, the registration between functional and structural images may have
an impact on the effectiveness of dose escalation, and choosing the correct
registration method could be imperative. In this master’s thesis, the impact
of choosing rigid or deformable image registration between planning-CT and
PET/CT images on the characterization of the hypoxic compartment, as well
as on the treatment evaluation in terms of tumour control and normal tissue
complication, was assessed. This was achieved by, using hypoxic patients of
a cohort of 22 HNC patients, creating a separate plan for each registration
method, for each patient, and comparing them quantitatively. The results
showed that both methods would yield distinctly different dose distributions
when planned using the same objectives and constraints in terms of dose
level and shape. Furthermore, they both give a distribution of similar quality.
However, using rigid registration together with the deformed PET did not
render lower results overall in tumour control. Thus, no advantage could be
seen in choosing deformable registration over rigid registration when aiming
at tumour control.

Keywords

Positron emission tomography, image registration, hypoxic tumour volume,
dose escalation, tumour control probability
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Sammanfattning

Anvindning av anpassad dosfordelning for personlig strdlbehandling med
hjilp av positronemissionstomografi (PET) kan ge en fordel for framgangsrik
tumoreliminering. En av de viktigaste bestimningsfaktorerna for resistens av
stralning i flera solida tumorer, inklusive huvud- och halscancer (HNC), har
undersokts som hypoxi. Genom att anvinda nya metoder for att omvandla
upptag av radioaktiva spardmnen till partiell syretrycksfordelning i form av
partialtryckskartor dr det mojligt att avgrinsa en tumors hypoxiska region for
att vidare eskalera behandlingsdosen dir i syfte att 6ka tumoreliminering.
Déremot kan registreringen mellan funktionella och strukturella bilder infor
behandling ha en inverkan pa effektiviteten av doseskaleringen, och att vilja
ratt registreringsmetod kan dirigenom vara avgorande. I denna masteruppsats
utvirderades effekten av att vilja rigid eller deformerbar bildregistrering
mellan planering-CT och PET/CT-bilder pd karakteriseringen av hypoxiska
volymen, samt pad behandlingsutvirderingen i termer av tumorkontroll och
komplikation av normal vidvnad. Anvinding av en grupp med 22 HNC-
patienter uppnédddes detta genom att skapa en separat plan for varje typ
av registrering, for varje patient, och sedan jamfora utfallen kvantitativt.
Resultaten visade att bdda metoderna skulle ge distinkt olika dosfordelningar
nir de planerades med samma mél och begrinsningar vad giller dosniva
och form. Dessutom ger de bdda en dosfordelning av liknande kvalitet.
D4 anvindning av rigid registrering tillsammans med deformerad PET inte
gav ldgre resultat totalt sett i tumorkontroll sd kunde man vidare inte se
nigon fordel med att vilja deformerbar registrering framfor rigid registrering
gillande tumorkontroll.

Nyckelord

Positronemissionstomografi, bildregistrering, doseskalering, tumorkontroll,
hypoxisk tumorvolym
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Chapter 1

Introduction

Using positron emission tomography (PET), personalized radio therapy where
the dose distribution is tailored based on functional and biological properties
of the tumour might give an edge for successful tumour elimination. The
radioresistance of a tumour is considered to occur mainly due to factors in
its microenvironment. One of these, tumour hypoxia, is being investigated
as one of the leading determinants of tumour recurrence as seen in several
solid tumours including head and neck cancer (HNC) [1, 2]. Recent studies
have suggested a model for conversion of radiotracer uptake into partial
oxygen pressure distribution in the form of oxygenation maps, enabling
microenvironment characterization [3]. To accurately convert PET images
of radiotracer uptake into partial pressure oxygen (pO2) maps, thus making it
possible for thresholding of a hypoxic tumour volume (HTV), the use of a non-
linear conversion function has been proposed. Further, using the pO, values, it
is possible to calculate a dose distribution which overcomes the radioresistance
of the tumour while aiming at a desired theoretical tumour control probability
(TCP) [3, 4].

An issue using PET is that it does not provide any anatomical information,
and a combined computed tomography (CT)-PET image pair is thus needed.
However, for planning purposes, a single "planning-CT" image is often taken
prior to any PET/CT scans at a different time point. The choice of registration
method between the planning CT and following PET/CT scans is non-trivial
and may impact on the final treatment quality, thus deserving investigation.

This project aims at assessing the impact of performing a rigid or
deformable image registration between planning-CT and PET/CT images
on the characterization of the hypoxic compartment and dose distribution
prescription, as well as on treatment evaluation in terms of tumour control
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and normal tissue complication probabilities (NTCP).
The project is divided in the following sub-tasks:

1. Assessment of the impact of registrations on HTV definition: The
choice of registration method may impact HTV location (e.g. center of
mass shift), shape, and standard uptake values (SUV), and results were
compared between using two separate registration methods. A selection
criteria was determined with these quantities based on their significance
(p-value). Two proposed dose prescriptions, using the two registration
methods, were also created and looked upon.

2. Treatment/dose planning: Actual dose plans using the proposed dose
prescriptions were created and the following dose distributions were
used in the following steps.

3. Dosimetric evaluation of treatment plans: The feasibility of delivering
the prescribed dose distributions was assessed, comparing the dose
plans of different registration methods in terms of plan quality and target
conformity.

4. Radiobiological evaluation of treatment plans: A radiobiological
assessment of the treatment plans was performed and plans compared
in terms of TCP and NTCP.

Background information about relevant topics such as hypoxia imaging,
dose painting, and image registration can be found in Appendix A.
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Chapter 2

Method and Materials

The main steps of the project workflow are schematically illustrated in figure
2.1. The main steps in the workflow and corresponding methods are described
in the following sections.

Treatment planning workflow based on functional imaging

ll’ﬂlw
‘-‘.l' N
* "
FMISO PET —_— p0O2 maps —_— HTV definition =
Plan evaluation <4+—— Plan Optimization = 4— Dose prescription <—

Treatment outcome

Figure 2.1 — The main steps of the project workflow

2.1 Clinical data and available software

In this project, data from a total of 22 head and neck cancer (HNC) patients
were retrospectively used. These patients belonged to a clinical trial performed
between 2014 and 2017, receiving chemoradiotherapy treatment at Freiburgs
Universitdtsklinikum for five fractions (2Gy) per week for a total treatment
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dose of 70Gy (35 fractions). Contours of the main targets were available:
the gross tumour volume (GTV), the clinical target volume (CTV), and the
planning target volume (PTV), as well as some of the organs at risk (OAR):
mandible, lips, spinal chord, brain stem, and parotids. The images used from
the treatment at Freiburg consists of images from one initial planning CT and
one co-registered '*F-FMISO PET-CT set, all taken before treatment, for all
patients.

To note is that not all patients had the mandible readily contoured. As
such, those without would not take the mandible into account further when
designing and assessing dose plans.

A research release of RayStation (RS) v4.6 along with in-house script tools
were used in most of the steps of this project.

2.2 Registration impact on HTV definition

2.2.1 Image Registration

RS has built-in functions to perform both rigid image registration (RIR) and
deformable image registration (DIR). There are two DIR methods/functions
available, a hybrid solution called "ANAtomically CONstrained Deformation
Algorithm" (ANACONDA), and a biomechanically based solution
(MORFEUS). ANACONDA was used in this project. Both rigid and
deformable registration, done separately, were used to register the low-dose
CT image (CT2) of the PET-CT data with the planning CT image (CT1). As
the CT2 image and the corresponding PET image were taken simultaneously
at Freiburg they were assumed to be in the same frame of reference, meaning
a registration between CT1 and CT2 would imply an implicit registration
between CT1 and the PET image (of CT2).

All steps were done two times for each patient, one using RIR and one
using DIR. The RIR was done with RSs option to focus on bone structures,
where CT1 was the primary image and CT2 the secondary. The DIR was
done with CT1 being selected as the reference image and CT2 as the target
image set. Specifically, RS saves the DIR as a deformable vector grid with
specified resolution (we used the default grid size 0.25x0.25x0.25 cm/voxel)
and applies this to the target. However, this means that RS does not deform
the PET image. To create a separate deformed PET image an in-house tool
was used by RS scripting. Again, the corresponding CT2 was selected as the
target while CT1 was the reference. The tool copies and applies the resulting
deformed vector field to the corresponding PET image and saves its DICOM
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("Digital Imaging and Communications in Medicine" file format), which in
turn can be imported into RS as a separate PET image set.

To note is that CT2 and PET had different resolutions (0.137x0.137x0.3
and 0.2x0.2x0.2 cm/voxel, respectively) while CT1 images were different
for each patient (mean, min, max; 0.109x0.109x0.259, 0.091x0.091x0.15,
0.195x0.195x0.3 cm/voxel, respectively). This difference was handled
internally by RS during the registration. Both CTs are initially mapped by
the algorithm into a deformation grid with user-defined resolution, and a
deformation vector field between the images is calculated. No specific details
on how the algorithm is internally working are given by the vendor.

2.2.2 Creating pO2 maps

Following the methodology of Toma Dasu et al. [3, 4] it is possible to convert
FMISO uptake maps into oxygen partial pressure (pO) maps through a non-
linear conversion function. To differentiate between regions that are hypoxic
or not, the method requires selection of a reference pO, value considered as
normoxic. We would then assign this value to an additionally selected region
in the PET that is assumed to be oxygenated—a well-oxygenated reference
region (WOV). For this work we selected the neck as a WOV with a reference
value of 30mmHg. The pO, map could then be saved as a DICOM file. From
each of these it was possible to create a HTV ROI, resulting in two HT' Vs for
each patient - one by using the rigid PET (obtained after RIR), and one using
the deformed PET (obtained after DIR). The HTVs were created by using a
pOs threshold of < 10mmHg within the CTV ROL.

The steps above were achieved by using another in-house made conversion
tool specifically created for this method.

2.2.3 HTV characterization

Data was extracted from RS of both the HTV (using RIR) and the deformed
HTYV (using DIR), including ROI volume, mean pO, value, and center of mass
coordinates. The coordinates of the center of mass were used to calculate
the shift of HTV center between using RIR and DIR. The prescription dose
calculated by the conversion tool, using a plan fractionation of 35 fractions,
cell density of 107 (for all target ROIs), and an aimed TCP of 95%, gave the
CTV-GTV, GTV-HTV and HTV prescription doses.

A non-parametric Wilcoxon test [5] was performed to compare differences
in volume, mean pO,, and dose prescription between the DIR and RIR case.
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The choice of a non-parametric test was motivated by the fact that the data were
not normally distributed around the mean. A p-value of 0.05 was considered to
be statistically significant. The percentage difference of the quantities between
RIR and DIR was also calculated.

2.3 Treatment planning

2.3.1 Patient selection criteria

From this step and forth, only patients proven to be hypoxic (having a defined
HTV) were eligible, and of these, only some were further selected for dose
planning. A selection criteria based on previous statistical results from
Wilcoxon tests was created based on volume changes and shifts. The dose
difference proved not to be statistical significant. As the dose relates to the
pO- changes, the pO, were thus not considered in the criteria.

For each patient, a combined score of absolute and percentage volume
change was firstly made to create a volume-based score. This was done by
normalizing both the percentage change and volume change, and summing
them up. To rank the scores, this sum was then normalized again. The same
methodology was done with the shift, and these shift-based scores were again
normalized for ranking. An arbitrary scoring criteria of low (0-0.3), medium
(0.3-0.7), and high (0.7-1) for both volume-based and shift-based scores was
used to determine which patients to be selected further.

2.3.2 Treatment planning workflow

RS4 allows for planning a dose treatment through optimization objectives such
as a minimum or maximum dose to a specific target volume. The inbuilt
optimization tool will then try to meet all set objectives with a proposed
dose distribution, and to see whether the objectives have been reached one
could either create independent clinical goals or look at the dose statistics.
However, overlapping volumes with similar weight but different objectives
may be problematic for the optimizer. Sometimes an extra margin may be used
to give spatial distance where different dose levels are required, as the extra
margin (we use 0.3cm) would give room for the dose between the volumes to
gradually change, and not otherwise abruptly change at ROI contours which
would be harder for the optimizer to adapt the plan to. Thus, separated
(isolated) volumes were created for the target prescription doses, i.e. the PTV
(PTV-CTV), CTV (CTV-GTV), and the GTV (GTV-HTV). The same goes
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for the OARs, although some of them usually do not overlap with any volume,
such as the spine or the brain stem, and for which this step is unnecessary.
The glandula parotis and mandible OARs were not prioritized over the targets
and so their new isolated volumes where subtracted from them.* The spine
and brain stem are however radiosensitive OARs and are thus prioritized over
the targets instead. Although, these OARs are often not within these volumes
and can therefore be ignored in this regard and used as is. In addition to the
target and OAR volumes, three additional "auxiliary planning volumes" were
created to help the optimization reach the set clinical goals. The first one, a
"ring", was created lcm around the union of the target volumes, also with
the added extra margin of 0.3cm for some space in between. This ring is
used as a safety margin to make sure that the PTV-CTYV is fully covered as
well as avoiding dose spill-out. The last two auxiliary volumes are external
regions (region which covers the entire patient), one where the targets have
been excluded (external-tar), and one where the OARs have been excluded
(external-oars). The former helps keeping the dose low to the healthy tissue
while the latter is used as a dose fall-off region, ensuring the dose outside of
the target is diminishing quickly within a short distance.

To see whether the dose plans were accepted as finished, thus eligible
for comparison with their counterpart (the plan using opposing registration
method), a set of fixed clinical goals were also designed. The clinical goals
have the function of "check-marks" for user made thresholds and do not
interfere with the optimization process. This made it easy to see whether
a specific plan would need any fine-tuning of the objectives as some goals
are not met, and it might also reveal which of DIR or RIR would need more
tuning. An emphasis were put on target coverage, and an extra third clinical
goal for the target ROI was included (95% volume at 95% of min dose) and
strictly followed — if not met by the initial dose objectives the following
changes were applied one by one: increasing the weight of the problematic
targets minimum dose objective, decreasing the weight of an overlapping
OARs objective, decreasing the weight of the dose fall-off objectives.

The specifics of all of the dose objectives and clinical goals, with their
respective values, can be seen in table 2.1.

* In mathematical terms, this means that the new volume is the intersection of the OAR and
the complement of the union of the targets (for example, parotis,c,, = parotis N (PTV U
CcTV)).
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Table 2.1 — Dose objectives and clinical goals for designing dose plans.
D{wvalue}% refers to the minimum dose a certain volume percentage receives.

Region-of-interest  Objective type Value Woeight (w)
PTV Min dose 52.5Gy 100
PTV Max dose 53.55Gy 100
Target ROI Min dose Prescription Dose 100
Target ROI Max dose 105% of Prescription Dose 100
w Mandible Max EUD 306Gy 1
-12_3, Mandible Max dose 63GY 5
'_an' Parotids Max EUD 15Gy 5
g Lips Max EUD 135Gy 1
8 Spinal cord Max dose 30Gy 5
e Brain stem Max dose 30Gy 1
Targetring Max dose 43.55Gy 5
External-target Max EUD 10% of max dose 1
External-OARs Fall-off 55@y to 30.25Gy (1cm) 5
External-OARs Fall-off 55Gy to 5.5Gy (3cm) 5
Region-of-interest Goal type Value
Target ROI At least 95% of min dose @ 98% volume
Target ROI At most 103% of max dose @ 2% volume
Target ROI At least 95% volume @ 95% of min dose
Mandible At most 70Gy @ 0.1cm3
=2 Mandible At most 70Gy D2%
& Parotids (both) At most 25Gy average
E Parotids (one) At most 20Gy average
% Lips At most 30Gy average
Spinal cord At most 45Gy @ 0.1cm3
Spinal cord At most A5Gy D2%
Brain stem At most 54Gy @ 0.1cm3
Brain stem At most 45Gy D2%

Apart from clinical goals as acceptance criteria for plans, a pair of DIR-
RIR dose plans would only be accepted if the objective functions of their
optimization would be similar, i.e. either RS prompt of "optimal solution
found" for both, or similar objective function values (denoted by v; and v-,
these being similar if (v, — v) /vy < 1073).

Dose statistics of accepted plans, i.e. plans that reached target dose
coverage goals and similar objective values, were then collected. Of interest
was the resulting mean dose (Dmean, from the dose plans) compared to the
proposed prescription dose (Dprescription, from the pOs conversion tool)
ADose.

2.4 Dosimetric evaluation of treatment plans

Homogeneity Index (HI), commonly adopted as a scoring tool to analyze the
homogeneity of the dose distribution in a targeted volume, was partly used for
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this analysis. Calculation of HI has been proposed through several formulas,
here calculated as:

I - D2% — D98%
D50%

as recommended by the International Commission on Radiation Units and
Measurements (ICRU) Report 83 [6], D{value}% being a point on a dose-
volume histogram and refers to the minimum dose a value (percentage) of the
volume receives. Using this, lower values of HI indicates better homogeneity
in the dose distribution. The HI was calculated for all isolated target ROIs (i.e.
"PTV-CTV" etc.).

Another scoring tool, the Conformity Index (CI), can be used as an
objective measure of how well a dose distribution conforms to the shape of
a volume. This is calculated as:

2.1)

 V95%

‘/target

CI

(2.2)

where V95% is the volume which has at least 95% of the prescription dose,
and V4, 4¢¢ i8 the volume of the target ROI. This measure was also calculated
for each isolated target.

Additionally, a gamma analysis [7] was performed. This type of analysis
is one of the major methods for quantitative comparisons, used to assess the
difference between two dose distributions, for instance, between experimental
and theoretical (analytical) dose distributions. Briefly, the user would choose
a combined gamma test pass limit using dose difference (DD) and distance to
agreement (DTA) parameters. The test would then compare the images voxel-
wise and present a ratio of voxels that are within the limit. In this work the
gamma test used to compare the dose distribution of using RIR compared to
when using DIR. Here, the target volumes (CTV-GTV, GTV-HTV, and HTV)
were evaluated in isolation using 10/3, 5/3, 3/3, and 2%/3mm as DD/DTA
parameters, respectively. The gamma analysis was performed by the use of an
in-house software built in MATLAB, and a gamma pass ratio of > 95% was
considered to indicate similarity between compared distributions.
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2.5 Radiobiological evaluation of treatment
plans

Tumour control probability (TCP) and normal tissue complication probability
(NTCP) are common measures of how successful or safe a certain radiotherapy
treatment plan would be, respectively.

Starting with the NTCP, the previously used gamma tool also had an NTCP
calculator. Using the LKB model for NTCP [8] we assigned each OAR ROI
with the corresponding LKB parameter values. The resulting NTCP values
gave a NTCP value for each OAR, both using DIR and RIR. These can be
seen in the results section.

Going further with calculating the TCP, we could again use the TCP
calculator included in the pO2 conversion tool used earlier in section 2.2,
however, contrary to prescribing a dose distribution based on a selected TCP
we instead get the TCP based on a dose distribution, i.e. the planned dose
distribution. Three different TCP values were calculated using three different
settings. Two of them being the RIR and DIR setups meaning using their
respective dose plan, PET image, and HTV ROI. The third setting was called
the "mixed" one, and here we used the RIR dose plan and RIR (rigid) HTV
together with the DIR (deformed) PET image. Substituting the deformed
PET as the original rigid PET would presumably improperly align the dose
distribution and HTV, yielding worse TCP. Thus, comparing this mixed TCP
with the RIR TCP would give an indication whether if the DIR method is
actually needed for achieving a better TCP.
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Chapter 3

Results

3.1 Registration impact on HTV definition

The HTVs can be seen in Figure 3.1, and the percentage difference in volume
between using RIR and DIR (DIR/RIR-1) can be seen in Figure 3.2. Five
patients (4, 6, 10, 11, 16) showed as non-hypoxic (zero volume) when using
DIR, and close to zero when using RIR, labeling them as overall non-hypoxic.
Excluding these patients (also patient 31, see next paragraph), the average
relative percentage volume difference from RIR to DIR was -32.90% [-99.97%
(min), 155.02% (max)] (+59.41%). Using absolute volume difference, we
instead get a -3.63cm® average [-19.35cm?, 1.74cm?®] (£5.75cm?®). The
Wilcoxon test showed a statistically significant negative change in volume
using DIR over RIR (p=0.006).

The mean pO, values can be seen in Figure 3.3, and the absolute difference
in mean pO, between using RIR and DIR can be seen in Figure 3.4. Patient
31 showed a zero value in mean pO, due to a suspected error regarding
mismatched grid sizes between the PET and CT and was excluded from further
analysis. The results showed an average mean pO, difference from RIR to
DIR of 2.43% [-17.17%, 13.28%] (£25.60%). Using absolute mean pO-, we
instead get a 0.23mmHg average [-1.65mmHg, 1.28mmHg] (£2.62mmHg%).
The Wilcoxon test showed a statistically significant positive change in mean
pO; using DIR over RIR (p=0.023).

The dose prescription values for the HTV and the percentage difference
when using DIR over RIR can be seen in Figure 3.5 and Figure 3.6,
respectively. The average dose was -0.82% [-7.44%, 1.19%] (424.14%).
Using absolute dose, we instead get an average of -0.66Gy [-6.2Gy, 0.9Gy]
(£18.39Gy). The Wilcoxon test did not show statistical significance between
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DIR over RIR (p=0.124).

The shift of center results can be seen in Figure 3.7. They showed a mean
shift of 1.21cm [0.14cm, 9.53cm] (£2.24cm).
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Figure 3.1 — Volume in cm?® of the HTV ROI, both when RIR and DIR are
used, for 22 patients.
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Figure 3.2 — Percentage difference in HTV volume between RIR and DIR.
Only patients with a hypoxic deformable HTV are shown.
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Figure 3.3 — Mean pO, uptake values for RIR and DIR. Only patients with a
hypoxic deformable HTV are shown. *Patient 31 showed non-zero hypoxic
volume but no pO2 value.
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Figure 3.4 — Percentage difference in HTV mean pO, between RIR and DIR.

Only patients with a hypoxic deformable HTV are shown, excluding patient
31.
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Figure 3.5 — Dose prescription values for HTV, using RIR and DIR. Only
patients with a hypoxic deformable HTV are shown, excluding patient 31.
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Figure 3.6 — Percentage difference in HTV dose between RIR and DIR. Only
patients with a hypoxic deformable HTV are shown, excluding patient 31.
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Figure 3.7 — Shift of HTV ROI center, i.e. each data point represents the
distance between the center points of the RIR and DIR HTVs. Only patients
with a hypoxic deformable HTV are shown.

3.2 Treatment planning

Of 22 patients, 16 were shown as hypoxic, and nine of these were selected for
dose planning. Selected patients can be seen in figure 3.8. Dose changes were
not considered as they proved not to be statistically significant. As the pO,
changes relates to the dose, these were not considered either. The ADose in
percent for both RIR and DIR can be seen in Figure 3.9 and 3.10, respectively.
A value closer to zero indicates better dose alignment with the prescribed dose
(less deviation), and a positive value represents Dmean>Dprescription. The
PTV-CTV, CTV-GTV, GTV-HTYV, and HTV isolated targets are represented
here, and both average and absolute ADose when using RIR or DIR can be
found in table 3.1.
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Table 3.1 — Average (%) and absolute ADose when using RIR or DIR

Region-of-Interest Difference [%] Abs. Difference [Gy]
PTV-CTV 1,82+0,82 0,95+0,43
CTV-GTV 2,94+0,82 2,05+0,58
GTV-HTV 2,87+1,16 2,06 +0,81
HTV 2,10+0,73 1,60+0,55
PTV-CTV 1,81+0,81 0,95+0,42
CTV-GTV 3,12+0,87 2,16+0,61
GTV-HTV 2,73x0,94 1,95+0,66
HTV 1,80+0,91 1,37+0,70
Shift

High Medium Low

High 21, 25* 22% 19*
Volume Medium 27* 1, 9%
Low 8*,12* 2% 13*

Figure 3.8 — Selection criteria for choosing patients for dose planning, sorted
according to volume and shift. Each number represent the patient with that
number, and green numbers/patients (marked with *) are those selected for
treatment planning.
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Figure 3.9 — Dose difference (ADose) in percent between the mean dose value
from created treatment plans and the proposed dose prescription value from
the conversion tool, for each isolated target ROI, when RIR is used.
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Figure 3.10 — Dose difference (ADose) in percent between the mean dose value
from created treatment plans and the proposed dose prescription value from
the conversion tool, for each isolated target ROI, when DIR is used.
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3.3 Dosimetric evaluation of treatment plans

The Homogeneity Index for the isolated target ROIs in selected patients can
be seen in Figure 3.11a through 3.14a. Their Conformity Indexes can be seen
in Figure 3.11b through 3.14b. The highest HI value was 0.2181 (PTC-CTV
ROI using RIR) with an average of 0.1212 (40.05) and 0.1203 (+0.05) for
RIR and DIR, respectively, and the lowest CI value was 0.9535 (CTV-GTV
ROI using RIR) with an average of 0.9829 (£0.02) and 0.9839 (+0.02) for
RIR and DIR, respectively.

HI (PTV-CTV) Cl (PTV-CTV)
024 0,985
022 0,980
0,20 0,975
0,18 0,970
0,16 : RIR 0,965 RIR
0,14 DIR 0,960 DIR
0,12 0,955

0,10 0,950
2 8 9 12 13 19 22 25 27 2 8 9 12 13 19 22 25 27
Patient Patient

(a) (b)

Figure 3.11 — Homogeneity Index values (a) and Conformity Index values (b)
in the isolated PTV-CTV ROI for both RIR and DIR.
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Figure 3.12 — Homogeneity Index values (a) and Conformity Index values (b)
in the isolated CTV-GTV ROI for both RIR and DIR.
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Figure 3.13 — Homogeneity Index values (a) and Conformity Index values (b)
in the isolated GTV-HTV ROI for both RIR and DIR.
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Figure 3.14 — Homogeneity Index values (a) and Conformity Index values (b)
in the HTV ROI for both RIR and DIR.

The gamma test pass ratios can be seen in figure 3.15 where each patients
isolated ROI is represented for each DD/DTA setting, i.e. four data points
for each patient, for each setting. All nine patients passed for 10% DD with
an average value of 99.8 (£0.7), while none passed for 3% DD (average 75.1
49.4). For 5% DD, one patient (13) passed completely while three patients (2,
19, and 27) passed for all target ROIs but one (PTV-CTV, HTV, and PTV-CTYV,
respectively).
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Figure 3.15 — Gamma pass ratio of each patients isolated target ROIs using
3mm DTA and four different DDs; 10, 5, 3, and 2%.

3.4 Radiobiological evaluation of treatment
plans

NTCP values can be seen in figure 3.16 where each OAR ROI has an NTCP
value for each patient, both for RIR and DIR. The average values for Spinal
Cord, Brain Stem, Mandible, Parotis_1, and Parotis_r can be found in table
3.2.

Table 3.2 — Average normal tissue complication probability (%) when using
RIR or DIR.

Organ at Risk MNTCP [%] using RIR NTCP [%] using DIR

Spinal Cord 0,03 +0,03 0,023 + 0,02
Brain 5tem ] ]
Mandible 12,82+ 26,40 10,77+ 23,05
Left Parotis 8,82+17,08 7,39+14,15
Right Parotis 2,68+5,14 2,68+5,22

TCP values for all patients, using the three different settings, can be seen in
figure 3.17. The difference in TCP between the RIR and "Mixed" setting can
be seen in figure 3.18. Two patients (number 13 and 19) showed a lower value
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when using Mixed compared to using RIR, one patient (number 2) showed
almost no difference, while the rest (five patients) showed the Mixed setting
giving a higher TCP. The average TCP values in the CTV for RIR, Mixed, and
DIR were 94.70 (43.24), 94.84 (£3.80), and 94.32% (4-3.21%), respectively.

NTCP in OARs

70
g 60 0
C
.g 50
S
_Q. 40 -
IS
S g RIR
S 30
> CIDIR
5 20
-§ g
a 10

&
0 O O = g B
Spinal Cord Brain Stem Mandible  Parotis_|  Parotis_r

Figure 3.16 — NTCP for nine patients for five OAR ROIs when using RIR and
DIR.
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Figure 3.17 — TCP values for each patient in the CTV using three different
settings; RIR, DIR, and "Mixed" which is RIR but using the deformed
PET/pO, map. Note that patient 22 had an artifact error and thus no TCP
values.
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Figure 3.18 — Difference in TCP between the RIR setting and "Mixed" setting,
as presented in figure 3.17, in the CTV for eight patients.
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Chapter 4

Discussion

4.1 Registration impact on HTV definition

The results showed that using DIR instead of RIR might give a partial oxygen
pressure map with a higher mean value, resulting in a geometrically smaller
HTYV region (given that the same threshold is used).

The proposed uniformly prescribed dose (when aiming at a TCP of 95%)
did not show any overall significant change in dose value in the HTV when
DIR was used. Looking at Figure 3.6, two outliers existed on the negative side
of the plot; patient 33 had the biggest difference, -7.44% (-6.2Gy), followed by
patient 9 with -3.84% (-2.9Gy). Patient 33, with a very large hypoxic volume
using RIR, had an almost zero-volume HTV (0.008 cm?®) when DIR was used.
Considering that this HTV is close to having the size of a voxel (2x2x2 mm),
and also having the largest HTV shift (9.53cm), this patient should arguably
be considered as non-hypoxic as the HTV location and size are too uncertain.

Even though the results indicate a significant positive difference in mean
pO, of the HTV, thus yielding a negative average volume difference, the
prescribed dose gets relatively unchanged (average difference of -0.29% (-
0.37Gy), excluding patient 33). In terms of dose levels and tumour control,
this might be too small of a difference in dose to justify choosing DIR over
RIR. Although, the morphological changes could be of concern, especially in
regards to TCP.

4.2 Treatment planning

As expected, dose levels of the planned dose distribution where always higher
than the prescribed dose. This is due to planning objectives making sure
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that the selected dose objectives, which is determined by the selected TCP
(of 95%), could be reached in the whole target volume. Furthermore, as
the RIR and DIR methods and their dose plans are based on different dose
prescriptions (except the PTV which is given the same dose for all patients)
there lies no value in the dose difference towards evaluating RIR versus DIR.
What we can conclude, however, is that the dose distributions between RIR
and DIR showed to be different regarding dose values, something that should
also be seen in the gamma analysis. Regarding dose delivery mismatches, the
differences between the mean dose and prescribed dose were too small (largest
difference 5.06% (3.49Gy)) for this to be an issue.

Of those selected, most patients had an ill-placed tumour making it hard to
spare OARs such as the parotids or the mandible if a dose coverage of CI>95%
were to be reached, especially in the PTV-CTV and CTV-GTYV isolated ROIs.
As such, while the dose coverage to the targets where sufficient, these OARs
had to be sacrificed, and in most cases the goals for the parotids and mandible
were not met. For example, the D2% value for the mandible were on average
roughly 43% above the max allowed value (although the average mean were
14% below the max allowed), and both parotids received an average dose
between them of nearly 50% above the allowed value on average. In five of the
nine selected patients, one of the parotids could be spared (mean dose<20Gy).

4.3 Dosimetric evaluation of treatment plans

The homogeneity and conformity indexes showed values for all patients
indicating good planned dose distributions, both for RIR and DIR. The
differences in HI and CI between the RIR and DIR distributions were very
small, both indexes had an average difference in the order of 1073 with the
largest difference being 0.0450 and 0.0165, respectively. From these results it
would seem that both RIR and DIR plans gives equal dose distributions from
a "quality" standpoint when prioritizing target coverage and dose boosting.

The gamma analysis of the isolated targets showed that in most cases the
dose distributions between RIR and DIR are not similar to each other, as
expected from the dose planning results. Looking at specifics, and assuming a
patient passes if all targets passes, all patients passed for 10%/3mm, but most
patients failed to pass at the 5%/3mm setting while all failed at 3%/3mm. This
shows that using DIR compared to RIR may yield a dose difference between
5-10% (in a 3mm neighbourhood for each voxel).
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4.4 Radiobiological evaluation of treatment
plans

Looking at figure 3.16, high NTCP values (above 20%) were obtained for
three cases; for the mandible (patient 22), and for the left parotid (patients
9 and 22). These were due to the affected OAR being mostly within the target
volume, and as the distribution algorithm prioritized the CI goal the OAR had
to be sacrificed, as explained in section 2.3.2. Differences of NTCP between
RIR and DIR were apparent, however, since we concluded before that the
dose distributions and dose levels were different between the methods we also
expect a difference in NTCP. With this in mind, what can be concluded is
that the dose distributions gave low probability of complication in the OARs
for most cases, irrespective of registration method, demonstrating one of the
benefits of using image registration in general.

The TCP showed us whether DIR will give better target control than RIR,
and thus better treatment outcome from a strict tumour elimination standpoint.
The key setting of figure 3.17 is the Mixed setting. Assuming that the deformed
PET gives a "correct" correlation with the radiosensitivity distribution of the
target, thus yielding a better TCP, using the deformed PET with the rigid
plan and HTV should give lower TCP values than what the RIR setting gives.
However, as seen by the results, this is only true for patient 19 and 13, and these
differences are furthermore small (-1.39% and -0.14%, respectively). With an
average TCP difference of 0.15% (£0.74%), the results suggests that DIR is
not advantageous for these patients as there will not be any beneficial gain in
target control. Furthermore, the maximum difference in TCP between RIR
and DIR was 5.72%, the rest being less than 2.06%. Coupled with the fact
that there are many factors and uncertainties involved in the whole process,
these TCP differences (absolute average of 1.08%) may be too low to justify
using DIR over RIR.

However, it should be underlined that presented results were obtained in
a relatively small cohort (N=22, of only 9 which had treatments plans made)
and confirmation of the presented results on a larger patient population should
be warranted.
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Chapter 5

Conclusion

This work has shown that choosing between a rigid or deformable registration
between CT and PET images (using pO, maps), aiming at a tumour control
probability of 95% or higher, would yield distinctly different dose distributions
when planned using the same objectives and constraints in terms of dose level
and distribution shape. Both methods give a planned dose distribution of
similar quality, as shown by the homogeneity and conformity index. However,
TCP values obtained when using RIR with the deformed PET did not render
lower results overall. Thus, no advantage in selecting DIR with respect to RIR
is seen in the considered patient cohort when aiming at tumour control.
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Appendix A

State of the Art

In this appendix the main topics of this master thesis and their respective
background will be presented. In the first section (A.1), the use of hypoxia in
PET imaging is introduced, as well as how a hypoxic volume can be delineated.
The second section (A.2) concerns how dose painting, specifically on hypoxic
volumes, is used in dose escalation strategies, presenting two major types of
approaches, as well as a novel third, in-between, approach. The third and last
section (A.3) introduces image registration and presents two major registration
methods, before describing an additional third hybrid solution. Furthermore,
it concludes with presenting registration algorithm validation, underlying its
importance.

A.1 PET imaging of hypoxia

Tumour radioresistance dependents on several factors, one of them being
the degree of hypoxia in the cells [1, 2]. Tumour hypoxia is considered as
one of the main determinants of loco-regional tumour recurrence and distant
metastases for many solid malignant tumours [3, 4]. It is thus of importance
to establish a relationship between hypoxia and radioresistance for tumour
control solutions.

Hypoxia can be measured directly or indirectly with different techniques
[5]. Direct measurements of oxygen partial pressure (pO,) are feasible using
the "gold standard method" of the polarographic oxygen electrodes. However,
this approach requires technically demanding invasive methods, and it only
gives a representation of a limited portion of the tissue [6]. Furthermore,
the method itself affects the oxygen tension in the measurement area, thus
introducing an additional uncertainty.
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Positron emission tomography (PET) with hypoxia tracers is a promising
approach and has increased in popularity over the years as a viable option
[3]. As humans have low body background radiation, its detection specificity
is good which is an important attribute when small quantities are to be
detected [1]. The effectiveness of this method depends both on the radioactive
tracer characteristics, such as tracer retention, or the amount of rogue tracer
metabolites present, which have an impact on the background uptake in
relation to the target uptake, and also the physical capacity of the imaging
hardware. It is thus important to have the knowledge of each factor and their
specific relationship with the target-to-background ratio, especially since none
of the present hypoxia tracers fulfils the requirements of an ideal tracer [3].

The most common hypoxia tracers consist of nitroimidazole compounds
(IAZA, FMISO, FAZA, FETA, FETNIM), where the currently most explored
tracer, ['®F]Fluoromisonidazole (FMISO), was the first compound developed
specifically for PET imaging [7, 8]. Studies have shown that the FAZA
compound has yielded a better target-to-background ratio compared to FMISO
[9] but pre-clinical comparisons of tracers have given inconclusive results of
an optimal tracer [10]. In 1995, Koh et al. [11] was the first to publish data on
using hypoxia PET tracers to image the tumour oxygen distribution.

A.1.1 Hypoxic target volume definition

An important matter of discussion in the scientific literature relates with how
the hypoxic target volume should be determined. When using nitroimidazole
compounds, thresholds are commonly used to define hypoxic volumes which
depends also on the region selected as background which is assumed to be
well oxygenated, and to which the radiotracer is normalized. For example,
Rasey et al. [12] used tumour-to-blood ratio (T:B) >1.4, while in other studies
the tumour-to-muscle ratio (T:M) with thresholds T:M >1.2-1.4 for FMISO
uptake and T:M >1.5 for FAZA uptake have been proposed [3]. However,
an uncertainty lies in the optimal threshold type to use, and there has been
evidence that a static threshold might result in twice as large hypoxic volumes
compared to when using an adaptive threshold* [13].

Another approach for the determination of the hypoxic target volume was
proposed by Toma-Dasu et al. [14]. As conventional methods use PET image
intensities based on tracer uptake/retention, it is also possible to convert the

* An adaptive threshold is a threshold that varies depending on some choosen threshold
parameters. In the case of Ref. [13], the adaptive threshold was expressed as threshold(%) =
37.6 +48.5/Ry /B> where Ry, g is the tumour-to-background ratio.
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map of uptake values into a map of pOs, then define a hypoxic volume by
thresholding the oxygen tension instead. However, as the relationship between
pOs value and tracer uptake/retention is not linear, choosing a conversion
method might not be so straightforward, albeit an important task [14, 1]. The
proposed method uses a sigmoid conversion function,

_ C-(A—Uptake(r))
pO:(r) = B + Uptake(r) — A (A1)

which relates the tracer uptake to pO, non-linearly, where r is the specific
voxel, and A, B, and C are model parameters determined based on the specific
tracer under consideration. For FMISO these are determined to A=10.9,
B=10.7, C=2.5 mmHg [15]. The dimensionless parameter Uptake represents
the normalized uptake to a selected well-oxygenated region to which a pO,
value is assigned. Normoxic regions have pO, values in the range between 30-
70 mmHg [2]. The hypoxic target volume (HTV) is contoured on the obtained
pO, maps using a threshold of 10 mmHg [16].

Using this method, in a study with 30 head and neck cancer (HNC)
patients, Lazzeroni et al. [17] have underlined the importance of the selection
of the well-oxygenated region as well as the importance of the pO, value
assignment to this selected region for HTV determination. With an HTV
delineated with pO, <10mmHg, they considered three different WOVs.
Additionally, they also used a standard T:M >1.4 HTV delineation for
comparison. It was shown that it is possible to achieve 70% classification
agreement in hypoxic regions using the shoulder region (sphere, 60 mmHg)
or the neck region (muscle volume, 29 mmHg) as WOV, while using the neck
region (muscle volume, 60 mmHg) resulted in hypoxic regions showing as
normoxic. Furthermore, using T:M delineation yielded larger HTVs than
expected. In conclusion, the selection of pO; assigned to the WOV as well
as the actual location of the WOV cannot be overlooked as they can have a
noticeable effect on the HT'V delineation.

The described method proposed by Toma-Dasu et al. [14] is advantageous
since it allows relating the pO, levels of hypoxia into dose modification factors
which can be used for hypoxia-based dose escalation strategies [15] as further
discussed in the following section.
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A.2 Hypoxia-based dose escalation
strategies

When creating a radiation treatment plan, one might want to use strategies
that target specific adverse factors which contribute to treatment failure,
i.e. tumour hypoxia. Information about a biological process in the target,
such as hypoxia tracer uptake, together with an image providing anatomical
information are often used as a multidimensional strategy. Thus, the concept
of having a specific biological tumour volume, biologic target volume (BTV),
in addition to conventional clinical target volumes*, in the planning was
proposed [18]. This could improve individual treatment as multidimensional
conformal therapy would tailor the dose distribution based on both the
targets anatomical and biological information, a method of adaptation strategy
referred to as “dose painting”. Biological information such as tumour hypoxia
can be used for HTV dose painting. As hypoxic tumour regions are known
to be problematically radioresistant, a non-invasive method to trace and
quantify tumour hypoxia is highly desirable and could be crucial for efficiently
combating radioresistance when used as a base for dose escalation. Using dose
painting, the hypoxic regions of the tumours would get an escalated dose level
which may result in an improved tumour control, as shown in HNC studies
[19, 20, 21, 22]. This potential improvement is further enforced knowing that
loco-regional recurrences in HNC often occurs in hypoxic tumour areas [23].

Dose painting techniques can typically be divided into two major types
of approaches, “Dose painting by contours” (DPBC) and “Dose painting by
numbers” (DPBN).

A.2.1 Dose painting by contours

The DPBC approach utilizes defined contours of target sub-volumes and
prescribes a uniform dose to each sub-volume, where the HT'V contour usually
is delineated by a threshold set on T:B or T:M, as described previously.
These sub-volumes typically being the HTV, the HTV subtracted from the
gross tumour volume (GTV-HTV), the GTV subtracted from the clinical
target volume (CTV-GTV), etc. The technical advantage of DPBC lies in
the easiness of the method; the required tools for its implementation usually
exists in commercial software. Furthermore, DPBC yields a more uniform

* These are the gross tumour volume (GTV), the clinical target volume (CTV), and the
planning target volume (PTV).
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dose region or less steep dose gradient which is generally easier to produce
[1]. One early example of a DPBC study is the one by Chao et al. [24]. They
used CuATSM-guided (T:M >2) intensity modulated radiotherapy (IMRT)
on HNC tumours. The hypoxic sub-region of GTV, i.e, the HTV, received
an arbitrarily chosen 80 Gy in 35 fractions, GTV received a standard 70 Gy
in 35 fractions, CTV received 60 Gy. They showed the potential in the
DPBC method as only selected hypoxic regions within the GTV could receive
dose escalation while normal tissue were spared. Similarly, the usefulness
of FMISO-guided hypoxia dose painting for HNC tumours has been shown
in various studies [25, 21, 15]. In one of these, Chang et al. [21] boosted the
HTV (T:M >1.5 on FMISO-PET images) to 84 Gy as compared to the standard
70 Gy. This boost was calculated as 120-150% of the standard dose, assuming
this negates the effects of hypoxia on tumour control probability (TCP) as had
been seen on Monte Carlo simulations.

Exploration and research of dose painting techniques have so far been
skewed towards DPBC, often in planning studies using HNC patients of small
cohorts [21, 26, 1, 22]. Several of these have shown that for most cases dose
escalation is possible, and that a DPBC approach would increase TCP, further
indicating that it is far better than using a standard radiotherapy plan, i.e., not
using dose painting. For example, Hendrickson et al. [22] demonstrated that a
dose boost of 10 Gy to 10 patients gave an increase in TCP of 17%. Similarly,
Chang et al. [21] gave a boost of 14 Gy, resulting in a 27% increase in TCP
compared to a standard plan (p<0.001).

A.2.2 Dose painting by humbers

Instead of using fixed uniform dose escalation levels based on thresholds, one
could use mathematical transformations of voxel intensities as a base for a
spatially varying dose prescription. This approach is called “dose painting
by numbers” (DPBN) for which the dose is calculated voxel-wise and based
on local biological functionality of the tissue, such as hypoxia [19, 1]. Thus,
DPBN does not necessarily prescribe doses uniformly on a volume in the same
way as by contour. Thorwarth et al. [19] studied the feasibility of DPBN on 13
HNC cases, where the escalation maps used for DPBN were based on a TCP
model [27] relating dynamic FMISO data to therapy outcome. Using the same
constraints settings for organs at risk (OARs), a DPBN approach was shown
to generally not escalate dose as high compared to a uniform escalation while
also escalating smaller volumes, indicating that DPBN may have a better dose
utilization efficiency. Furthermore, the average TCP increased by 14.3% using
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DPBN, and 1.8% of using uniform escalation (10% increase of standard 70 Gy
dose). Similar findings have been seen in other studies [20].

A problem, however, with this approach lies in the heterogeneous nature
of the hypoxic volume. Due to local re-oxygenation, a voxel value might
experience temporal variations and a heterogeneous dose distribution map
might thus have mismatches between hypoxic voxels and planned points with
dose needed to overcome the hypoxia there. To address this, one solution might
be to give a uniform dose to the whole target volume, high enough to overcome
the hypoxia, although this may be a double-edged sword as some irradiated
areas would get an overestimated dose instead [15].

A.2.3 Further research and methods

There have been studies trying the idea of using multiple tracers
simultaneously (indicating hypoxia, metabolism, or proliferation), however,
as each tracer pairs with different tumour characteristics this method seemed
to gain no benefit: the correlation between each delineated volume was too low
[1]. One might be able to create and use the unison of different uptake maps,
although in some cases this new volume might then be too large and unsafe for
dose escalation practices [28]. Contrariwise, it has been seen that too small
boost volumes might give less ideal planning results as the dose coverage gets
inadequate [29].

Toma-Dasu et al. [15, 30] proposed a dose escalation method based on pO-
maps which takes into account the heterogeneity in radiosensitivity related to
the hypoxia level to determine a prescription of the required dose needed to
achieve a user-defined TCP at the end of treatment. This is possible by first
using the previously mentioned method of retaining pO, maps by a sigmoid
conversion function [14], described in section A.1. These pO, map values
are then converted into dose modification factor (DMF, representing what is
needed to counteract the radioresistance of the cells), using

OERmax(k’ + pOg)
k + OERmax * pOg
where OF R,,,, is the maximum Oxygen Enhancement Ratio*, and k

is a constant, where values used are OFR,,,,=3, k=2.5mmHg [15]. By
calculating cell survival at end of a fractionated treatment for each voxel

DMF = (A.2)

* The OFE R4, is defined as the radiation needed to overcome the local hypoxic resistance
with respect to normoxic tissue.
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through the linear quadratic (LQ) model

sld(r), a(r), B(r)] = [exp(—a(r) = d(r) — B(r) * d*(r))]" (A.3)

where d(r) is the dose per fraction, n is the number of fractions, and a(r),
B(r) are modified radiation sensitivity parameters (Qozic, Soxic), it is possible
to determine cell response based on DMF values, as «(r) and 5(r) depends
on the local pO, according to

a(r) = ‘;j(r) (A4)
o Boxic

Further, the TCP can be related to cell survival through the Poisson
expression

TCP = exp|— Zv no(V;) * s(V;) x V] (A.6)

J
where V; is the volume of voxel j. However, the corresponding
heterogenous dose distribution D(r) does not account for temporal changes
in radiosensitivity, and mismatches may occur. To circumvent this, the target
volume is further segmented into several regions, and each region gets a
uniform dose, calculated by

D

Drep = [ (A.7)

i %Y

— wrorm) * (B
where D is the average dose D(r) of the segment, op is the standard
deviation of said dose, and y is the dose response curve slope.

In a study by Toma-Dasu et al. [15], the resulting dose prescription of
this method was compared to, through a software algorithm, automatically
calculated uniform dose prescriptions which would yield a similar TCP (95%).
They considered two cases for these: static oxygenation, meaning that the
oxygen levels are constant throughout treatment in all voxels, and dynamic
oxygenation, meaning the total oxygen level is constant while the individual
levels of voxels may change. Of the seven patients studied, it was seen that
those with homogenous, weak hypoxic regions (6) received the same dose level
regardless of which of the three dose escalation approaches used (around 60-
80 Gy). Conversely, the remaining patient, which had a higher tracer uptake,
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would receive a different dose depending on escalation strategy (between 70-
120 Gy). These results showed that, while for some patients it might be
sufficient to use basic escalation techniques, such as uniform dose escalation,
others, with severe hypoxia, requires more advanced methods to achieve the
same TCP. The strongest attribute of this dose escalation approach, and what
sets it apart from empirical approaches, is the possibility to calculate the
required dose to overcome the hypoxia based on the oxygen levels. It can thus
be used as a tool for separating patients according to the type of escalation
approach needed, as well as identify patients that would get inadequate results
from conventional methods in the planning phase.

Nevertheless, important to note is the importance of choosing the right
conversion function when creating the pO, map. Toma-Dasu et al. [14]
demonstrated the impact that the conversion function had on dose prescription
by converting FMISO and FETA tracer uptake values into pO, values,
normalizing them to 60mmHg. As FMISO and FETA had different
uptake curves it was demonstrated that they interpret image value gradients
differently. This means that it is not feasible to use a specific conversion
curve for all tracers when creating optimal dose escalations, as different tracers
would interact differently with it, resulting in different dose prescriptions [14].

A.3 Image registration

In clinical settings, the high-resolution computer tomography (CT) image
on which the radiotherapy plan is made is normally acquired at a different
time point with respect to the PET/CT image, on which the dose painting
strategy is based. Therefore, this implies that image datasets have to be
necessarily registered between each other. It is often customary to use CT-
based registration, registering CT images with each other. Although, for the
hypoxia-based dose painting strategies described in section A.1, PET data is
required. As PET imaging sessions usually acquire a CT image simultaneously
(PET/CT) it is possible to first register the CT data with the planning CT and
afterwards use the same transformation matrix to align the PET data with the
planning CT.

The registration of CT images can be done in two main ways, by either a
rigid approach or a deformable approach.
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A.3.1 Rigid image registration

Rigid image registration (RIR) is the simplest method. It aligns a moving
image® on top of a reference image, which, for dose painting, usually is
PET/CT data and planning CT data, respectively. RIR manipulates images
through rotation and translation in 3D space, giving it six degrees of
freedom (DoF). Although basic, RIR has shown to yield acceptable alignment
results for tumour response assessment studies [31]. Often, however, for
adaptive radiotherapy, a patient treatment plan requires PET/CT images
taken at different time points, and anatomic inconsistencies are prone to
happen between these if the clinical setup is not identical for all occasions.
Furthermore, noise or image artifacts, and events such as organ movement or
patient weight loss could have additional negative impact. Deformable image
registration (DIR) tries to combat this, as described below.

A.3.2 Deformable image registration

DIR algorithms all works by the same principle, they aim to find spatial
correspondence between images through matrices of transformation vectors.
Compared to RIR, DIR provides a more local and detailed transformation
(displacement field). Thus, DIR algorithms need a measure of similarity to
compute on. This similarity measure differs between algorithms, and they
will generally either be based on the intensity or the geometry of images.

Intensity-based algorithms, in general, compare intensities of either voxels
or patches of voxels between images, using a mathematical or statistical
criterion. For example, taking a well-known intensity-based algorithm, the
Demon’s algorithm uses the sum of squared differences as a similarity measure
[32]. One shortcoming of using intensity-based approaches is that they do
not take anatomical structures of the image into account, i.e. the deformation
might not be anatomically correct. Furthermore, homogenous intensity
areas might give odd transformations as several voxels might give the same
similarity measure. These areas have been shown to occur in images with low
contrast, and in these cases intensity-based approaches might not be enough for
an adequate registration [33]. Solutions for this and similar issues have been
proposed by different studies, e.g. intermediate local similarity computations
[34].

The geometry-based methods, on the other hand, use image structures like

* A "moving image" is the one being manipulated, or "moved". It should not be confused
with a dynamic image.



38 | Appendix A: State of the Art

edges, curves, or surfaces found in the compared images. These algorithms
might require manual guidance in finding and extracting these landmarks,
nevertheless, they strive to create a deformation vector field that is independent
and anatomically representable of the data-mined image. A prominent
drawback of this method is shown in regions with few extracted landmarks.
The resulting deformation vector field might not give usable information
in these areas as there might have been movements done by structures not
considered. To counter this, biomechanical modelling has been proposed
using a finite element (FEM) model-based method [35, 36]. Briefly, this
method compares organ position between images to model organ deformation
according to material properties.

The ANACONDA DIR algorithm

Using a combination of both intensity and geometry approaches, a hybrid
or coupled DIR model makes it possible to utilize advantages from each,
and as they both use different similarity measures their respective drawbacks
will be countered by the other. Weistrand and Svensson [37] presented a
coupled DIR called ANACONDA (ANAtomically CONstrained Deformation
Algorithm), available in the RayStation treatment planning workstation
(RaySearch Laboratories AB). Through a combination of image intensities
and anatomic structures based on contour images, the algorithm uses mutual
image data in comparison with a correlation coeflicient™ as similarity measure.
ANACONDA uses a novel approach of incorporating contours. Inspired by
a previous method used in RIR, ANACONDA utilizes contours in a similar
way to chamfer matching, something uncommonly used by DIR algorithms,
especially for a hybrid solution. Chamfer matching compares the structure
of collections of shape fragments in the image, and by using distances
between edge points (chamfer distances) this can be used as a dissimilarity
measure [38]. The ANACONDA algorithm creates a nonlinear optimization
problem with an objective function, a weighted summation of three terms: the
image similarity term which measures image similarity through a correlation
coeflicient based on intensity values; the regularization term, which with a
two-fold functionality adaptively smooths the deformation vector field while
also maintaining robustness in doing so; and the controlling structure term,
adding extra functionality to the algorithm by allowing the user to select

* The correlation coefficient C'(v) is a measure of similarity between deformed image and
target image based on sums of voxel index sets which depends on trilinear interpolation-

calculated mappings of each image [37].
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controlling regions of interest and points of interest (controlling ROIs and
POIs) to guide the algorithm based on chamfer matching.

A.3.3 DIR algorithms and their validation

Several studies have assessed the performances of RIR and DIR by comparing
image metrics. For example, Senthi et al. [39] showed that using DIR gives
improved registration of OARs compared to when using RIR. The authors
compared DIR and RIR on planning CT images for 10 lung cancer patients.
In another study, Ireland et al. [40] compared DIR and RIR on five HNC
patients between PET/CT and planning CT images. They concluded that some
anatomic structures gave better registration when DIR was used. Zambrano
et al. [41] tested volume propagation of OARs between repeated images of
the pelvic region for DIR and RIR. They saw no noticeable gain in volume
overlap compared to when using RIR. Cannon [42], doing an assessment
study of tumour response, saw that DIR gave improved accuracy compared to
RIR. None of the mentioned studies focused on how the choice of registration
method would impact patient dosimetry. Fortin et al. [43], in a retrospective
study using PET/CT and planning CT images of 10 lung cancer and 10 HNC
patients, did however compare RIR and DIR with respect to target dosimetry.
Together with a volumetric analysis using the Dice Similarity Coefficient
(DSC)*, they studied changes of volume and prescribed dose in the GTV when
using either RIR or DIR. Of all the considered HNC patients, it was observed
that 17 out of 18 tumour sites had a 0,5% difference in mean dose in the GTV
using RIR versus DIR, while one case had a 2% dose difference due to low
volume overlap. They concluded that DIR only gave a marginal dosimetry
gain as long as there were no noticeable anatomic differences between images.

Furthermore, several studies investigating the efficiency and utilization
of DIR have been made [44, 45, 46, 47]. For example, Schwartz et al.
[47] conducted a study on 22 HNC patients where DIR was used on CT
and planning CT images. The group showed that DIR may be used for
sparing of OARs, thus being a valid approach when using adaptive strategies.
Nevertheless, it is not uncommon to use DIR in succession with RIR, in this
way using DIR as a fine-tuning tool after relatively rough alignment by RIR
[31]. Additionally, it is important to note that DIR is currently not commonly
available in commercial software that use co-registration techniques.

When validating DIR algorithms, data from either patients or phantoms

* The Dice Similarity Coefficient (DSC) is a measure of similarity between two volumes and
defined as a ratio between their intersection (V3 N V5) and union (V3 U V3).
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could be used together with validation measures, i.e. contour propagation
accuracy, image similarity, and/or landmark tracking [37]. However, studies
have suggested that DIR validation approaches has to include landmark
tracking, arguing that image similarity and contour propagation overlap could
show promising results even for seemingly inadequate registration methods
[48, 49]. Nonetheless, specifically important in IMRT and adaptive therapy is
the accuracy of the DIR; as these methods may prescribe spatially varying
doses, where certain "hot-spots" with high dose is conceivable, such high
partial dose might be to an OAR. If the image registration is not accurate at
these regions, the OAR might be incorrectly placed resulting in the delivered
doses being ineptly estimated.

Weistrand and Svensson [37] validated the ANACONDA algorithm
on contoured CT/CBCT data sets of three patients (two prostate cancer,
one HNC). Although a limited sample size, they showed the potential in
ANACONDA in handling large deformations. The results showed that using
DIR gave better DSC values compared to only using RIR, however, sample
set was too small to show statistical significance (p=0.125). Additionally,
they demonstrated that the additional functionality of ANACONDA by using
controlling ROIs (described earlier) could influence region alignment because,
when used, it resulted in higher values for DSC and image similarity compared
to RIR.
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