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Comparison of five methods for deformable, multi-modal image registration
in prostate and pelvic area

Abstract

Radiation therapy (RT) planning in prostate cancer typically uses both CT images and T2-
weighted MR images, for dose calculations and treatment volume delineation, respectively.
By using MRI to generate synthetic attenuation maps based on a T1-weighted, double-echo,
gradient echo sequence with Dixon reconstruction (mDixon), CT imaging can be discarded
from the planning process, and dose delivery uncertainties due to e.g. patient position-
ing and image registration errors decrease. Multi-modal image registration may still be
needed to ensure that the mDixon and T2-weighted images are aligned. The aim of this
thesis was to compare five deformable methods for this registration problem; the Demons
algorithm, B-spline registration, a fast elastic image registration (FEIR) method, a locally
affine hierarchical and a locally rigid hierarchical method. The methods were evaluated
qualitatively (visual assessment) and quantitatively for 19 cases. In the quantitative anal-
ysis anatomical landmark accuracy, normalised cross-correlation of gradient images and
the Dice similarity coefficient (DSC) of the bladder, prostate and seminal vesicles were
used as evaluation metrics.

The results showed that in cases following the normal RT clinical work-flow, image align-
ment was good even without registration, but was improved with registration. When inten-
tional patient movement impaired the initial alignment, the benefit of image registration
increased. FEIR was the best method in terms of visual assessment, quantitative evalua-
tion performance and computational speed, and seems well-suited for use in the MR-only
radiotherapy work-flow for prostate cancer.

Keywords: Deformable image registration, MR-only radiation therapy, prostate cancer
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Jämförelse av fem metoder för deformerbar, multimodal bildregistrering i
prostate- och bäckenområdet

Abstrakt

Planering av strålbehandling inom prostatacancer använder vanligtvis både CT bilder och
T2-vägda MR bilder, för stråldosberäkningar respektive avgränsning av behandlingsvoly-
men. Genom att använda MR för att generera syntetiska attenuationskartor baserat på
en T1-vägd, dubbel-eko, gradient-eko sekvens med Dixon rekonstruktion (mDixon), kan
CT slopas från planeringsprocessen, och stråldososäkerheter orsakade av t.ex. patientposi-
tionering och felaktig bildregistrering minskar. Multimodal bildregistrering kan ändå be-
hövas för att försäkra att mDixon och den T2-vägda bilden är korrekt överlappande. Målet
med detta arbete var att jämföra fem deformerbara metoder för detta bildregistreringsprob-
lem; Demons-algoritmen, B-spline registrering, en snabb elastisk bildregistreringsmetod
(FEIR), en lokalt affin hierarkisk och en lokalt rigid hierarkisk metod. Metoderna evaluer-
ades kvalitativt (visuell bedömning) och kvantitativt i 19 fall. I den kvantitativa analysen
användes noggrannhet av anatomiska landmärken, normaliserad korskorrelation av gradi-
entbilderna och Dice likhetskoefficient (DSC) för urinblåsan, prostatan och sädesblåsorna
som evalueringskriterier.

Resultaten visade att i fall där det normala kliniska arbetsflödet för strålbehandling följdes
var bildernas ursprungliga överlappning god även utan registrering, men förbättrades med
registrering. När patienten avsikligt rörde på sig för att försämra den ursprungliga över-
lappningen ökade fördelen med att använda bildregistrering. FEIR var den bästa metoden
med avseende på visuell bedömning, kvantitativ evaluering samt beräkningstid, och verkar
väl lämpad för användning i det ett fullständigt MR-baserat arbetsflöde för strålbehandling
av prostatacancer.

Nyckelord: Deformerbar bildregistrering, MR-baserad strålbehandling, prostatacancer
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Chapter 1

Introduction

Radiation therapy (RT) is one of the most common treatment types for cancer, with nearly

two thirds of all cancer patients receiving RT as part of their treatment [1]. In external-

beam radiotherapy (EBRT), both computed tomography (CT) and magnetic resonance imag-

ing (MRI) are typically used within the work-flow. CT imaging provides a direct link to tis-

sue radiation attenuation properties and is thus used for dose calculations in the treatment

planning. MRI provides superior soft tissue contrast and is thus used for delineation of the

planning target volume (PTV) and organs-at-risk (OARs). Image registration can be used

to propagate the PTV and OAR contours to the CT image for dose prescription in the image

space used for dose calculations. Radiation therapy based solely on MRI (henceforth re-

ferred to as MR-only RT) is a fast developing field within RT, where MR is the sole imaging

modality used, and CT imaging is discarded altogether.

MR-only RT has many potential benefits over RT based on both CT and MRI. First and

foremost, an MR-only work-flow would reduce errors related to differences in patient posi-

tioning and internal organ deformation (such as filling of the bladder and rectum) between

the MR and CT imaging sessions. Correcting these errors in the conventional MRI-CT

work-flow is heavily dependent on the image registration quality, and residual errors can

propagate systematically and linger in the treatment plan through the entire treatment

period [2]. Furthermore, MR-only RT could increase patient through-put, offer economical

and practical advantages, and eliminate the need for a dedicated CT scanner. Detailed

overviews of MR-only RT can be found in works by Nyholm et al., Jonsson and Stanescu et

al. [2, 3, 4].

A prerequisite for MR-only RT is that synthetic attenuation maps can be generated for

dose calculation purposes. MR images can be used to create artificial electron density maps

by assigning tissue type-specific electron densities to segmented images, where electron

1
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density is related to the Hounsfield-unit used in CT imaging. Segmentation can be accom-

plished with e.g. mDixon imaging. The water, fat and in-phase images reconstructed in

mDixon imaging are used by an algorithm that performs automatic segmentation of soft

tissue, fat, cortical bone and bone marrow, and then assigns electron densities to each of

these tissue types [5, 6].

In MR-only RT, images for dose calculations and images for PTV and OAR delineation, e.g.

T2-weighted (T2w) images, are obtained in the same imaging session with only a short time

delay between acquisitions. This mitigates the problem of patient misalignment and organ

deformation between the acquisition of the two image volumes. Unfortunately, MR-only

RT is not completely exempt from misalignments; unintentional patient movement may

occur, and studies have shown that internal organ motion, including prostate motion, the

focus region of this work, can be significant even on short time-scales [7, 8]. Thus, image

registration in some form may still be needed, despite the small magnitude expected of any

misalignments present. In conventional RT, rigid image registration has typically been

used to align images for delineation obtained with MRI and images for dose calculation

obtained with CT. However, steady improvements in both performance and speed have been

seen in deformable registration methods, and several studies have proved their superiority

over rigid registration in the prostate and pelvic region [9, 10, 11, 12].

This work investigates the use of five deformable image registration methods for aligning

mDixon images, used to generate electron density maps for dose calculation, with T2w

images, used for PTV and OAR delineation. Four of the methods are open-source software,

whereas the fifth was provided by Philips Research Hamburg. The open source methods

include a B-spline method, a Demons method and two versions of lreg, a globally deformable

method through either locally affine or locally rigid hierarchic registration. The method

provided by Philips Research Hamburg is an elastic registration method.

All registration methods were tested on volunteer image data. Both minimally misaligned

image data, corresponding to a normal MR-only work-flow, and significantly misaligned

data, where intentional volunteer movement had occurred, were used in the analysis to

validate registration performance in both circumstances. Furthermore, a bladder filling

experiment was conducted to investigate how the methods handle large internal deforma-

tions. Evaluation was performed using anatomical landmark accuracy, normalised cross-

correlation of gradient images, volume overlap in the form of the Dice Similarity Coeffi-

cient (DSC) of manually segmented prostate, bladder and seminal vesicles and by visual

assessment. Computational times were also recorded. Registration method performance

was compared statistically using multivariate analysis of variance (MANOVA) tests. Mul-

tivariate contrast analysis was also conducted to compare the methods statistically for each
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evaluation metric. Furthermore, to gain further insight into registration performance and

evaluation metric behaviour, the metric cross-correlations were calculated.

In summary, the aim of this work is:

• To quantitatively and qualitatively investigate the performance of five deformable

registration methods in multi-modal (i.e. images of different contrast) mDixon-T2w

image registration in the prostate and pelvic area.

• To investigate the impact of initial misalignment and large organ deformations on

registration performance.

• To investigate whether the evaluation metrics used are sensitive enough to statisti-

cally differentiate between the performances of different registration methods, thus

validating their effectiveness, and provide recommendations for their use in future

work.

• To provide a well-informed recommendation about the use of deformable image reg-

istration in the MR-only RT framework in general, and in multi-modal mDixon-T2w

registration in the prostate and pelvic area in particular.

The outline of this Thesis is as follows. In Chapter 2, background information about

prostate cancer, external beam radiation therapy, radiotherapy using an MR-only work-

flow and the role of image registration therein, is provided to contextualise the thesis work.

In Chapter 3, an overview of the technical aspects of image registration is given, common

evaluation methods are described, and a literature review of deformable image registration

work in the prostate and pelvic area is done. The methods of this work are described in de-

tail in Chapter 4, including the image data, the registration algorithms and the evaluation

methods used, and results are reported in Chapter 5. A discussion follows in Chapter 6,

and finally, a brief summary is given in Chapter 7.



Chapter 2

Background

2.1 Prostate cancer

Prostate cancer has the second highest incidence and fifth highest mortality worldwide of

all cancers in men. Geographical variations are large, with almost 70% of the cases oc-

curring in more developed regions, rendering incidence rates in these regions even higher

[13]. The prostate is a walnut-sized (15–30 cc) and -shaped gland part of the male repro-

ductive system, consisting of four anatomic zones—the peripheral, central, transition and

fibromuscular zones [14]—where the peripheral zone accounts for 75% of volume [15], and

79% of incidence origin [16]. The disease may be latent for years before patients experience

any symptoms. In more advanced stages of the disease, lower urinary tract symptoms and

erectile dysfunction are the most common symptoms [15].

Early screening for prostate specific antigen (PSA) has greatly enhanced early detection of

prostate cancer, but due to the imperfect nature of the test, biopsy is required to make a ver-

ified diagnosis [17]. The predominant risk factor for prostate cancer is advanced age, with

race and family history also having significant impact [15, 18]. The most common treat-

ment methods include active surveillance (6.8%), prostatectomy (49.9%), external-beam

radiation therapy (11.6%), brachytherapy (13.3%), androgen deprivation therapy (ADT)

(14.4%) and cryoablation (4.0%), with the choice of treatment depending on the disease pro-

gression, adverse effect risks and personal preference [19]. Emerging treatment methods

include novel hormonal, chemical and vaccine-based procedures, as well as high-intensity

focused ultrasound [15].

4
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2.2 External beam radiotherapy in prostate cancer

2.2.1 Overview and history

Radiation therapy, or radiotherapy, is the use of ionising radiation in the form of electro-

magnetic radiation or charged particles to kill cancer cells by incurring irreversible DNA

damage. Radiotherapy can be divided into brachytherapy, where the source of radiation is

internally deposited, and external beam radiation therapy (EBRT), which typically consists

of highly energetic photon beams produced by a linear accelerator (linac) directed at the tu-

mour. EBRT was first used in prostate cancer in 1904 by Imbert and Imbert [20], although

more local treatment was not achieved until 1930, when Smith and Peirson employed 200

kV Röntgen radiation in the anteroposterior (AP), posteroanterior (PA) and perineal fields

[21]. With the advent of ADT in 1941, EBRT lost popularity as a treatment method for

prostate cancer due to its lack of efficacy and the poor localisation accuracy [22]. However,

the inventions of the therapeutic 60Co-unit in 1951 and, more importantly, the megavoltage

linac in 1956 at Stanford, enabled significantly higher doses and larger penetration depths,

which brought about renewed interest in EBRT and prostate cancer, with the first results

presented in 1962 (linac) and 1965 (60Co) for the respective modalities [23, 24].

Several ways to deliver EBRT exist. In the early days of EBRT, a stationary 4-field tech-

nique (AP, PA, left lateral LL and right lateral RL) was typically employed. The incorpo-

ration of CT into the work-flow resulted in the first description of 3D-conformal radiother-

apy (3D-CRT) prostate treatment in 1977 by Petersen [25]. In 3D-CRT, the 3-dimensional

shape of the planning target volume (PTV) is accounted for by delivering beams from mul-

tiple directions, each of which can have its treatment field shaped to comprise the PTV

as seen from the beam’s eye view. This shaping is usually achieved with multileaf col-

limators (MLCs). Intensity-modulated radiotherapy (IMRT) achieves even more accurate,

conformal dose-distributions with sharp gradients by using beams of non-uniform intensity,

typically generated through dynamic adjustment of the MLCs. The first IMRT-system was

assembled in 1987 at the Karolinska Institutet in Stockholm [26], and the first application

to prostate cancer treatments was published in 1994 by Reinstein et al. at the Memorial

Sloan Kettering Cancer Center in New York [27]. Image guided radiotherapy (IGRT) refers

to the use of imaging modalities in conjunction with delivery of radiation: just before or af-

ter radiation delivery, or even during delivery. Imaging before radiation delivery improves

treatment precision by ensuring that patient positioning between the daily treatment ses-

sions, fractions, and with respect to the dose planning images is consistent. Considerable

effort is also put into expanding the capacity of IGRT to include real-time tracking during

treatment.
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Three novel, important EBRT methods warrant mention. Stereotactic body radiotherapy

(SBRT) is a type of IGRT, where external or internal fiducials constitute a stereotactic co-

ordinate system, in which the PTV is defined with very high accuracy through reproducible

patient immobilisation and planning imaging techniques such as breath-hold, navigator

or 4D-imaging. This allows high doses to be be deposited over just a few fractions (hy-

pofractionation) [28]. Secondly, volumetric modulated arc techniques (VMAT) are similar

to IMRT, but radiation is continuously delivered while the linac gantry is rotating around

the patient [29]. VMAT has been shown to decrease radiation delivery time by 55% com-

pared to IMRT [30]. Finally, as an alternative to photon beam radiation there is proton

therapy, which can potentially improve target conformity over other EBRT methods [31].

However, the large costs associated with it present a stumbling block and calls the cost–

benefit ratio into question [32].

EBRT as a treatment method in prostate cancer has both advantages and disadvantages.

The 2012 edition of the clinical practice guidelines for prostate cancer, produced by the

National Comprehensive Cancer Network (NCCN) state that compared to surgical inter-

ventions, RT has a lower risk of urinary incontinence, urethral stricture and erectile dys-

function, and is free of other surgery-related complications. However, bowel side effects are

more common after RT than after surgery [33]. In 2011, Boorjian et al. published a large,

non-randomised study comparing the long-term survival of patients with high-risk prostate

cancer who underwent surgery, EBRT with adjuvant ADT and EBRT alone. They reported

no significant differences between the treatment arms in systemic progression, and a small

but statistically significant difference in favour of surgery and EBRT plus ADT over EBRT

alone for cancer-specific 10-year survival rate. They concluded that their results were con-

sistent with previous studies, but noted that the non-randomised, retrospective nature of

the study may impact the results, and that further research is needed with regard to, e.g.

quality-of-life-related factors [34].

2.2.2 Fractionation and clinical work-flow

In this section, the components of EBRT are placed into context in what can be considered

a typical, clinical work-flow, and the reasoning behind the use of fractionated treatments

is explained. Ultimately, the goal of EBRT is to deliver enough total radiation to kill all

cancer cells, and thus prevent recurrence. Research has shown that the absolute minimum

total dose in primary EBRT for prostate cancer is 74 Gy (Gray, SI-unit for J/kg) [35], but

for the intermediate- and high-risk cancer categories, doses of at least 78 Gy [36], or even

doses larger than 81 Gy [37], are prescribed. At the same time, great care must be taken to

minimise damage to healthy tissue. In clinical terms, one must optimise the ratio of tumour
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FIGURE 1: Tumour control probability (TCP) and normal tissue complication probability
(NTCP). The sample therapeutic ratios show the benefit of delivering small doses in multi-

ple fractions.

control probability (TCP) and normal tissue complication probability (NTCP), referred to as

the therapeutic ratio. This is illustrated in Figure 1. This objective is partially achieved by

more accurate, conformal radiation delivery methods as described in the previous section,

but also by delivering fractionated radiation, such that the total dose is delivered in daily

smaller doses until the prescribed total dose has been delivered.

Tissue can be categorised as early responding or late responding tissue, depending on

the speed of cell line division (fast and slow, respectively). In the commonly used linear-

quadratic model of dose response proposed by Källman et al. in 1992 [38], this tissue-

dependent dose response is quantified with the α/β-ratio, also referred to as (inverse) re-

pair capacity or fractionation sensitivity. Early responding tissue, including most tumours,

commonly take α/β-values ≥ 10 Gy, whereas late responding tissues take values ≤ 5 Gy

[39]. The implications of this radiobiological theory is that, depending on the tissues and

α/β-ratios involved, the TCP- and NTCP-curves will be shifted, and fractionation should

be planned accordingly. An example fractionation scheme for prostate cancer could con-

sist of 76 Gy delivered over 38 fractions of 2 Gy. Most research indicates that prostate

cancer has a very low α/β-ratio [40]. For this reason, hypofractionation where the same

total dose is delivered over fewer fractions of larger dose than normal has been suggested

to improve therapeutic ratio, with the added advantages of improving patient convenience,
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clinical throughput and reducing treatment costs. Thus far though, three phase-III tri-

als have shown no improved clinical outcomes for hypofractionation schemes compared to

conventional fractionation [41, 42, 43].

Treatment planning is performed after an initial pre-treatment imaging session. Planning

images are used to delineate three volumes; gross tumour volume (GTV), clinical treatment

volume (CTV) and the aforementioned planning target volume (PTV). The GTV consists of

the extent of the tumour that can be determined with the available clinical information.

The CTV adds margins around the GTV to account for uncertainties in the precise delin-

eation of the GTV, and micro-infiltration of cancerous tissue. Delineation uncertainties are

due to limitations in image quality and contrast [44], limitations in image resolution [45],

delineation protocol and guidelines followed [46], as well as intra- and interobserver vari-

ability [47]. The PTV is the volume that will be subject to radiation. It adds a margin to

the CTV to correct for inter-fractional movement of the CTV [48, 49, 50, 51, 52, 53], intra-

fractional movement of the CTV [7, 8], rotations and shape-changes of the CTV [48, 50], and

uncertainties in patient positioning in each fraction [54, 55]. In addition to these volumes,

organs at risk (OAR) are also delineated in the planning images.

Two ways to plan the radiation delivery of the linac exist. Conventional RT and 3D-CRT

utilise forward planning, where the clinician manually and iteratively adjusts parameters

such as the number, positions and shapes of beams, until the resulting dose distribution

calculated by the treatment planning software is deemed acceptable. In IMRT, inverse

planning is used. Inverse planning entails prescribing dose range targets to the treatment

volumes, and dose limits to OARs and healthy tissue. Optimisation algorithms proceed to

create a treatment plan that complies with these treatment goals. Treatment plans gener-

ated by inverse planning can have very sharp dose distribution gradients, and consequently

can achieve better tumour conformity.

At each fraction, the patient is carefully positioned in the linac so that the radiation is

delivered to the PTV as planned. Many different patient positioning protocols have been

proposed to minimise positioning errors. These include immobilisation [56], use of tattoos

and other superficial landmarks in conjunction with e.g. intersecting laser beams [57],

virtual fixation by patient surface scanning [58, 59], use of fiducial markers—such as im-

planted gold seeds—and/or bony anatomy in conjunction with planar CT or cone-beam CT

(CBCT) [60, 61], as well as other methods based on imaging. Whereas some of these pro-

tocols only take superficial positioning into account, others, such as the use of implanted

gold seeds, have the advantage of also correcting for inter-fractional motion of the prostate

and PTV. Studies investigating inter-fractional movement of the prostate have shown that

it can be substantial enough for protocols which correct for it to be beneficial. As a rough

summary of the results in the cited studies, inter-fractional motion predominates in the
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AP and inferosuperior (IS) directions, the maximum inter-fractional displacements of the

prostate along any given axis were between 10–20 mm, and typical displacements were 5

mm or less [48, 49, 50, 51, 52, 53].

After patient positioning has been verified, radiation delivery commences according to the

treatment plan. The duration of the delivery varies depending on the treatment target,

treatment type (i.e. IMRT, VMAT etc.) and treatment plan complexity. A delivery time

of around about 10 minutes would be quite typical for IMRT-treatments. Studies of intra-

fractional prostate movement have been conducted, with Nederveen et al. finding average

displacements in the AP- and IS-directions less than 0.5 mm for a time window of 2–3

minutes [7], and Kotte et al. finding a motion range larger than 2 mm in 66% and larger

than 3 mm in 28% of 427 patient cases over a time window of 5–7 minutes [8]. Both

studies conclude that an added margin of 2 mm accounts for uncertainties due to intra-

fractional motion. Real-time tracking of the prostate has been suggested as a means to

improve treatment accuracy on a patient-to-patient basis [62]. In cancers with significant

intra-fractional motion, such as lung cancer, real-time IGRT of different forms is already

in use. For prostate cancer, a non-imaging based real-time tracking method which has

shown promising results is the use of electromagnetic transponders [63]. Real-time IGRT

for prostate cancer is a field likely to grow in the near future.

2.3 Radiotherapy, MRI and MR-only work-flow

As described in the previous section, imaging in radiotherapy entails imaging both at the

treatment planning stage and commonly at the onset of each treatment fraction. Further-

more, diagnostic imaging plays a central role in cancer verification, tumour localisation and

prescription of radiotherapy. The constellations of imaging modalities used to these ends

vary, and paradigms shift as technology evolves.

Although not strictly part of the actual radiotherapy work-flow, cancer diagnosis, staging

and localisation of the tumour is a prerequisite for radiotherapy. Multiparametric MRI,

consisting of some combination of T2-weighted (T2w) imaging, diffusion-weighted imaging

(DWI), dynamic contrast enhancement (DCE) and MR spectroscopic imaging (MRSI) has

been used extensively to these ends in prostate cancer. More information on diagnostic

MRI and multiparametric MRI in prostate cancer can be found in the guidelines published

by the European Society of Urogenital Radiology (ESUR) in 2012 [64].

In treatment planning, imaging has developed from obtaining only CT images to obtaining

both CT and MR images, and is moving towards obtaining MR images only. CT imaging is

well-suited for treatment planning since it provides direct information about the radiation
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attenuation properties of tissue for the planning system, whereas there is no direct link

between MRI and tissue–radiation interaction. However, MRI provides superior soft-tissue

contrast for delineation of the PTV and OARs, so by using MR images for delineation more

accurate and precise delineation can be achieved. Several studies comparing CT and MR

imaging for target delineation in prostate cancer have found that target volumes were over-

estimated when using CT, with Roach et al. reporting a size increase of 32% [65], Kagawa

et al. an increase of 19% [66] and Debois et al. an increase of 32% [67]. In terms of

precision, inter-observer variability in target delineation in prostate cancer has been shown

to decrease when using MRI versus CT [68, 69].

Although these factors render treatment planning based on both CT and MRI beneficial

compared to based on CT alone, the disadvantage of using two different modalities is that

patient positioning will differ slightly between the two image sets, and the time delay be-

tween the two imaging sessions might result in internal deformations such as filling of the

bladder and rectum. Image registration is thus needed to align these images in the same

space. For these reasons, treatment planning based solely on MRI has been investigated.

While there are significant advantages to this protocol, including smaller to no differences

in patient positioning and organ deformation between image sets obtained, increased ef-

ficiency and patient through-put, as well as economical and practical advantages of not

needing a dedicated CT scanner, several obstacles need to be overcome.

First, dose calculation based on MRI must be accomplished. One way to achieve this is

to simply assign bulk electron densities to segmented structures, such as soft tissue and

bone, of the MRI image. Comparisons of prostate cancer treatment plans created using

this method and treatment plans based on CT have shown negligible differences in dose,

with Eilertsen et al. reporting a maximum error in the mean dose to the CTV of 1.6% for

a population of ten patients [70], and Lee et al. reporting a corresponding value of 2.1%

for a population of five patients in their pioneering study in 2003 [71]. Moreover, studies

employing homogeneous geometry, i.e. the entire anatomy was assigned the same electron

density, found the maximum dose differences between MRI- and CT-based plans to be less

than 1.5% for 3D-CRT, and less than 2% for IMRT [72, 73]. It should be noted that in

these latter comparisons the CT plans were also based on a homogeneous geometry, so the

differences between the plans resulted solely from geometric distortions of the MR images,

which will be discussed later.

Dose calculations based on electron density maps assume that at least bone and soft tis-

sue are clearly distinguishable in the MR images. Bone imaging in MRI is challenging

due to its short T2, but e.g. ultra-short TE sequences (UTE) have been proposed as a solu-

tion [74, 75]. Furthermore, a method to construct so-called substitute-CT images have been

suggested by Johansson et al., who used a Gaussian mixture regression model which linked
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one T2-weighted spin-echo (SE) sequence and two UTE-sequences to corresponding CT im-

ages of a training set of patients, and concluded that the model accurately discriminated

between, air, soft tissue and bone [76]. Recently, generating electron density maps using

a T1-weighted steady-state free precession (T1-FFE) double-echo sequence with mDixon

reconstruction has been investigated [5, 6, 77]. The magnitude and phase data obtained is

used to calculate in-phase, water and fat contrast images, which are in turn used to algo-

rithmically generate electron density maps discriminating between soft tissue, fat, cortical

bone and bone marrow. This is the density map generation method that belongs to the

scope of this work, and is why the magnitude images (of the second echo) of this sequence,

henceforth referred to as the mDixon images, constitute one part of the image pair to be

registered.

As mentioned above, geometric distortions in MRI is another aspect of MR-only RT that re-

quires consideration. Geometric distortions refer to a discrepancy between the coordinates

of a structure in the acquired image to its real-world coordinates, as used by the linac.

They result from inhomogeneous B0-fields and non-linear gradient fields, whereby they in-

crease with distance from the magnet iso-centre, but are also incurred by patient-related

factors, including chemical shift and susceptibility effects [78]. The publications by Liney

and Moerland, as well as by Walker et al. discuss the causes of geometric distortions and

how to mitigate them [78, 79]. Remedies include choosing appropriate sequences (spin-echo

sequences are less prone to geometric distortions than their gradient echo counterparts),

use of anatomy-specific multi-channel coils with correction for intensity profile, increased

pixel bandwidth (at the expense of SNR) and utilising vendor-supplied distortion correc-

tion algorithms to correct for gradient non-linearities. In a study by Mah et al., geometric

distortions of a 1.5T closed bore system and of a 0.23T open bore system were investigated,

and it was found that after correcting for gradient non-linearities the geometric difference

to corresponding CT images was statistically insignificant from CT-to-CT variations [80].

Nevertheless, quality assurance of geometric distortions using dedicated phantoms is an

integral part of the clinical work-flow in MR-RT.

When it comes to imaging at treatment fractions, the need for seamless integration with

the linac itself means imaging using planar CT (typically as digitally reconstructed radio-

graphs) or CBCT lends itself well to the task, but with the first successful integration of

MRI and linac accomplished [81], this kind of true MR-only work-flow in radiotherapy is

an interesting prospect for the future. However, for the purpose of this Thesis, MR-only

work-flow refers to radiotherapy where treatment planning is based entirely on MRI, and

no distinction is made between different imaging modalities used at the linac itself. Figure

2 illustrates the work-flow in radiotherapy based on MR-only treatment planning.
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FIGURE 2: MR-only work-flow in radiotherapy.

2.4 Image registration in MR-only work-flow

Image registration (also known as image fusion) is the process of aligning images or image

volumes to each other in a common space, or coordinate system. It is an integral part of the

radiotherapy protocol, and will be described in detail in Chapter 3, but in this section an

overview of the need for and requirements on image registration within the scope of MR-

only radiotherapy is given. In treatment planning, in contrast to when both MRI and CT

are used, the images for dose calculation and the images for target and OAR delineation

are obtained during the same imaging session, with minimal time delay and no patient

repositioning. Consequentially, these image volumes should in general be well aligned

even without registration—a major advantage of the MR-only work-flow. Nevertheless,

unintentional patient movements can occur, so registration of these image volumes may be

necessary to act as safeguard against such movements. Since different imaging sequences,

resulting in image volumes of different contrasts, are typically used for these two purposes,

the image registration is said to be multi-modal.

Furthermore, if the linac is integrated with some imaging modality (IGRT), image registra-

tion to the images forming the base for the treatment plan at the start of each fraction can

be used for patient position verification, and to check for internal anatomy changes that

might have occurred as a result of the radiation received over the course of the treatment.

Additionally, in real-time IGRT, registration of images acquired during therapy can be used

for tumour motion tracking while the radiation is delivered. So far, this has been seen in

feasibility studies only, but the results reported by Furtado et al. [82, 83] and Gendrin et

al. [84] are examples of promising ways to accomplish real-time registration.



Chapter 3

Image registration

3.1 Introduction and general formulation of image reg-

istration problem

As previously stated, image registration refers to aligning images to each other in a com-

mon space. In other words, after registration corresponding structures in the images should

ideally occupy the exact same coordinates. Image registration has countless applications,

in medical image processing as well as in many other fields. One example is the regis-

tration of functional images, such as positron emission tomography (PET), single-photon

computed tomography (SPECT) and functional MRI (fMRI) with anatomical images such

as MRI or CT of the same subject. Other examples of medical image registration include

image-guided surgery, atlas-building and segmentation. Registration has been used in es-

sentially all anatomies, from whole-body registration, through common applications such

as brain, cardiac and pelvic image registration, to more unusual and specialised anatomies

such as the retina and vascular structures. Registration is not limited to aligning 2D or 3D

images in space either—additional uses include registration of temporal image sequences

(images obtained sequentially at different dynamic times) and registration of diffusion ten-

sor images, where each voxel element in the 3D-volume is a vector as opposed to scalar.

Excellent additional resources for image registration can be found in van Elsen et al. [85],

Maintz and Viergever [86], Hill et al. [87, 88], Modersitzki [89], Fischer and Modersitzki

[90], Wyawahare et al. [91] and Oliveira and Tavares [92].

To enable a comprehensive description of image registration, some basic terminology is pre-

sented here. The two images or image volumes to be registered will be referred to as the

fixed and moving images. By applying an appropriate transformation to the moving image,

the result is a registered image. Provided the transformation is good, the registered and

13
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fixed image will now be aligned. In the literature, image registration terminology is some-

what inconsistent, and alternative terms are often seen. The fixed and moving images are

also referred to as target and source, reference and template or scene and model, respectively.

Transformations in image registration come in many forms, from linear functions (rigid

registration), through multi-parametric non-linear functions, to curved transformations—

free-form mappings with or without added constraints. Within the scope of this work, we

will be concerned with such transformations, which in practice take the form of vector

fields, which implies that each voxel in the moving image is transformed to a coordinate in

the registered image according to its corresponding transformation vector. The term defor-

mation field will be used in this thesis to describe this particular kind of vector field, but

other terms, such as displacement field and transformation field can be found elsewhere.

Image registration utilising deformation field transformations is said to be deformable, and

is also known as free-form deformation image registration.

To formulate the image registration problem mathematically, we denote the fixed image

IF [x] and the moving image IM [x], [x] being the support of the images. We further denote

the transformation T (·), and thus arrive at our formulation of the problem:

argmin
T

C(IF [x], T (IM [x])), (1)

where C is a cost function, which may vary significantly in character, but generally speaking

it can be seen as measuring the alignment of the fixed image IF [x] and the transformed

moving image T (IM [x]). The cost function is also called the similarity measure, metric or

distance measure. It should be noted that some cost functions require maximisation, and

not minimisation, but for simplicity C will be considered a function requiring minimisation.

Deformable image registration according to the formulation in equation (1) often does not

lead to satisfactory results, since no constraints are put on the transformation T . By adding

a regularisation term R(·), T can be forced to behave in such a way as to prevent problems

like singularities, folding and non-smoothness, which all may result in violation of topolog-

ical preservation. Equation (1) thus becomes

argmin
T

C(IF [x], T (IM [x])) +R(T ). (2)

It is clear that this is a very general formulation, and how the cost function and regularisa-

tion term are defined can change the essence of the registration. Furthermore, the type of

transformations accepted, or the transformation search space, adds another level of vari-

ability to the general formulation. These factors, as well as the search strategies employed

(the optimiser) and the interpolation method used will be discussed in the following section.
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3.2 Deformable image registration framework and com-

ponents

Despite the multitude of available deformable image registration variants, the framework

of the registration process often obeys the same main principles, and consists of the same

components. These components have partially been introduced already, and this section

will cover them and how they work together in the image registration framework in more

detail.

To begin with, it is essential to note that image registration is performed using real-world

coordinates, as opposed to voxel coordinates [93]. The reasons for this are the need for real,

absolute displacements in applications such as radiotherapy, as well as preventing errors

resulting from e.g. different fixed and moving image resolution, which is a common occur-

rence. Furthermore, many implementations of image registration algorithms use trans-

formations that counter-intuitively map the fixed image to the moving image space, and

not the other way around [93]. This is to ensure that every grid-point of the fixed image

space is associated with an intensity value from the moving image, since the moving im-

age will eventually be resampled onto the fixed image grid. If the transformation would

be done from the moving image space, there would be no guarantee that every fixed image

grid-point could be assigned an intensity value from the moving image, since the image

resolutions might not be identical, which would result in interpolation and consequentially

potential holes in the registered image. The implication of this is that one has to pay atten-

tion when interpreting parameters of the transformation, since e.g. a parameter indicating

translation along the positive x-axis visually would appear as a translation of the moving

FIGURE 3: The image registration process uses the real-world (x,y), not voxel (i,j), coordi-
nates of the images. Furthermore, the transformation is often counter-intuitively calculated

from the fixed to the moving image space. Figure courtesy of [93].
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FIGURE 4: Typical framework in deformable image registration.

image along the negative x-axis. These concepts of real-world coordinates and transforma-

tion from the fixed to the moving space are illustrated in Figure 3.

Figure 4 illustrates the typical deformable image registration framework. As discussed

above, registration is performed using real-world coordinates. Thus, the moving image

needs to be passed through an interpolator to determine intensity values at non-grid po-

sitions and enable comparison with the fixed image. This comparison is in the form of a

similarity measure calculation, which takes as input the fixed image, and the moving im-

age with the transformation of the current iteration applied. The result is passed to the

optimiser, which determines if and how the transformation should be updated to improve

the registration. This iterative process proceeds until convergence to a solution, based on

one or several stopping criteria.

3.2.1 Transformation

The transformation component is what determines how an image can be warped, and as

such, choosing the right transformation for the application is essential for successful image

registration. The simplest transformations are rigid, and consist of translation (translation

transform) or translation and rotation (Euler transform). In R3, the degrees-of-freedom for

these transformations are three and six, respectively. Rigid transformations are subsets

of similarity transformations, which add a scaling parameter for each dimension, which

in turn belong to the family of affine transformations, where the inclusion of shear adds

another parameter per dimension. Affine transformations preserve parallelism of surfaces

before and after transformation. None of these transformations are commonly used as the

final registration in actual applications—the exception being when only rigid structures

such as bone are of interest. Rather, they tend to be used to initialise registrations with

transformations of higher degrees-of-freedom to speed up convergence and improve results

by avoiding convergence to local minima due to large initial misalignments [92].



Chapter 3. Image registration 17

The group of free-form transformations encompasses both non-physical, multi-parametric

registrations constrained only by a typically very high number of degrees-of-freedom (e.g.

registration using B-splines), as well as non-parametric transformations based on physical

models (e.g. elastic registration). Parametric registration implies simply that the transfor-

mation is indirectly optimised by optimising some parametric model governing the transfor-

mation, whereas for non-parametric registrations the transformation is directly optimised

according to equation (2). In both of these cases, the actual transformation is simply a

deformation field u : Rd 7→ Rd, which incurs a voxel-wise displacement as follows:

T (x) = x+ u(x), (3)

where u(x) is a displacement vector and x a coordinate of the image support x. The dif-

ference between parametric and non-parametric registration resides only in how this final

transformation is obtained. Thus, although terms such as elastic (non-parametric), optical

flow (non-parametric) and B-spline (parametric) are sometimes used to describe the trans-

formation component of the image registration process, they are in fact not descriptive of

the transformation itself, but rather of the type of regularisation or parametrisation used.

An important concept in image registration is diffeomorphism. A diffeomorphic transfor-

mation is one that is differentiable and invertible, and has a differentiable inverse transfor-

mation. Diffeomorphic transformations preserve image topology, and enforcing diffeomor-

phism in image registration by adding adequate constraints may therefore be appropriate

in many applications. In this work, the Demons registration method and both lreg methods

were diffeomorphic registration implementations.

3.2.2 Regularisation

Deformable image registration is an ill-posed problem, and thus requires regularisation to

control the reasonability of the transformation. Parametric deformable image registration

is implicitly constrained by the properties of the transformation search space formed by its

parameters, and as such requires no explicit regularisation. However, in non-parametric

deformable image registration, regularisation is explicitly introduced into the registration

framework via a regularisation term, as seen in equation (2). The regularisation term typ-

ically penalises deviations from a certain physical model or a statistical likelihood model.

Common physical models used in regularisation include elastic models, fluid flow and opti-

cal flow-based models, diffusion models and curvature models.
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As an example, when using an elastic model, the regularisation term R(T ) becomes

Relastic(u) =

∫
x

(
λ+ µ

2
‖∇ · u(x)‖2 + µ

2

d∑
i=1

‖∇ui(x)‖2
)
dx, (4)

where λ and µ are Navier–Lamé constants controlling the elasticity of the image and d

is its dimensionality. Equation (4) models the elastic potential of u, and together with

equation (2), finding an appropriate transformation becomes a question of minimising the

cost function only to the extent that the transformation does not cause too high an elastic

potential. These types of optimisation problems are typically very high-dimensional. An

overview of regularisation can be found in [94].

3.2.3 Similarity measure

The similarity measure (or cost function) C is a measure which is calculated at each iter-

ation of the registration process to evaluate how well the current transformation aligns

the images. Since different similarity measures emphasise different aspects of the images

to be registered in computing their alignment, the similarity measure needs to be chosen

with the specific registration problem to be dealt with in mind. Of particular importance is

whether the registration problem is multi-modal, since several similarity measures are not

applicable for these problems.

Similarity measures can typically be divided into intensity-based and feature-based classes,

although hybrid measures exist. Intensity-based measures are more common and more

generally applicable. As the name suggests, they are based on voxel intensities of the im-

ages, and the most common ones are sum of squared differences (SSD) and mean squared

difference (MSD), cross-correlation and normalised cross-correlation (NCC), and mutual in-

formation (MI). All of these similarity measures can be seen as groups of measures, with

several slightly different variants existing in each group. These include e.g. mean recipro-

cal difference and gradient difference for the SSD/MSD-group, and histogram correlation

and gradient correlation for the NCC-group. Important MI variants are discussed below.

Several well-known intensity-based similarity measures that do not belong to any of these

groups exist, such as pattern intensity and ratio-image uniformity.

Since SSD-type measures rely on the assumption of identical intensities for corresponding

structures in the images, and NCC-measures assume a linear relation between intensities

of corresponding structures, these measures work only in mono-modal registration prob-

lems, while MI can be used in multi-modal problems as well. MI has become an important

part of image registration in the last two decades. It was introduced for use in image reg-

istration in 1995 independently by Viola et al. and Collignon et al. [95, 96]. It is defined
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using the Shannon entropy [97]

H(X) = −
∫
pX(x) log pX(x) dx, (5)

where pX(x) denotes the probability density function of a random variable X. Likewise,

the joint entropy of two variables X and Y can be written as

H(X,Y ) = −
∫
pXY (x, y) log pXY (x, y) dx dy. (6)

With the concepts of entropy and joint entropy established, MI is defined according to

MI(X,Y ) = H(X) +H(Y )−H(X,Y ). (7)

Intuitively, MI can be explained as a measure of how much information about one variable

(image) the other provides, irrespective of what form (or which functional dependence) this

information takes. The probability density functions of the images can be estimated using

Parzen windowing with e.g. Gaussian, boxcar or B-spline kernels [93]. In the commonly

used Viola–Wells implementation, Gaussian kernels are used to this end [95]. An impor-

tant contribution to the MI-family was made by Studholme et al., who came up with a

normalised mutual information (NMI) measure, which is overlap-invariant, an important

property when the imaged field-of-views (FOV) are significantly misaligned [98]. Another

important MI-variant is Mattes’ mutual information [99], in which estimating the probabil-

ity density functions at each iteration is done using predefined spatial samples ordered in

a histogram, which significantly improves computational speed. Multiple additional sim-

ilarity measures based in information theory and entropy concepts have been used in the

literature. In a study by Pluim et al., it was found that many of these perform on par with

MI, and some even outperform MI [100]. The same group has also published an extensive

review article on mutual information in image registration [101].

While it is important to recognise that the performance of any given similarity measure is

very application-dependent, some insight can be gained from studies comparing different

measures. Two such studies can be found in Penney et al. [102] and Holden [103], where

the former compares six intensity-based measures for 2D-3D digitally reconstructed radio-

graph (DRR)-fluoroscopy registration of a spine phantom, and the latter compares seven

intensity-based measures for simulated MR brain images.

Feature-based similarity measures use extracted image features to calculate similarity. For

example, the sum of Euclidean distances between corresponding segmented structures in

the image pair can be used as similarity measure [92]. Another example is the use of

surface matching to drive registration [104].
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3.2.4 Interpolator

The task of the interpolator is to calculate voxel intensities at non-grid positions to enable

similarity measure calculations. To ensure that every fixed image voxel is used, the mov-

ing image typically undergoes interpolation, so intensity values at the coordinates of the

fixed image grid after applying the transformation are obtained. The two factors to con-

sider when choosing interpolation method are accuracy and speed. A fast but inaccurate

interpolation scheme is nearest neighbour interpolation. Perhaps the most commonly used

interpolator is the linear one, which offers a good compromise between speed and accuracy.

More accurate, but computationally demanding, interpolation schemes include e.g B-spline

interpolation of second order or higher, and windowed sinc interpolation. Several more

exotic interpolation schemes using specifically constructed basis functions have also been

proposed.

One way to balance speed and accuracy of interpolation is to use a fast interpolator of ac-

ceptable accuracy (e.g. linear) in the iterative registration process, but use a more accurate

interpolator (e.g. cubic B-splines) to construct the final registered image [92]. An excellent

article reviewing and comparing interpolation methods in terms of their accuracy–speed

tradeoff was published by Thevenaz et al. in 2000, where B-spline interpolation was shown

to perform very well [105].

3.2.5 Optimiser

The optimiser is the method driving the search for the optimal transformation resulting

in perfect image alignment. The similarity measure is typically a single-valued cost func-

tion (all intensity-based similarity measures described in section 3.2.3 are single-valued

cost functions), and it should be maximised or minimised with respect to the transforma-

tion, which in the case of deformable image registration has a large number of degrees-of-

freedom. Common optimisation methods in image registration include gradient descent,

conjugate gradient [106], Simplex [107], Gauss–Newton [108], BFGS (Broyden, Fletcher,

Goldfarb and Shannon) or quasi-Newton methods [109], Powell’s method [110], stochastic

methods, evolutionary methods and the Levenberg–Marquardt method [111].

It is not unusual for the cost function to contain local optima, to which the registration may

well converge unless care is taken to prevent such problems. Multi-resolution strategies

(also known as pyramid approaches), consisting of several stages of image down-sampling

followed by registration to initialise the next, less coarse, resolution level, are often imple-

mented partially to avoid such convergence to local optima. An additional advantage of

multi-resolution strategies is that convergence times may decrease significantly.
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In 2007, Klein et al. compared eight different optimisers for several registration applica-

tions, using parametric B-spline transformation with MI as similarity measure [112]. They

found that for most applications, the stochastic method proposed by Robbins and Monro

[113] performed the best.

3.3 Image registration evaluation

Assessing performance of registration methods is of great importance in image registra-

tion. Examples of use of evaluation methods to assess performance include comparing the

performance of different registration methods for a specific application, evaluating the per-

formance of a specific method and application for risk-analysis and error estimation, and

driving development of new registration methods through iterative testing. In the case

of radiotherapy, image registration performance contribute to the margin size of the PTV,

since image registration uncertainty in radiotherapy directly translates to delineation un-

certainty, which contributes to the PTV as discussed in section 2.2.2. Multiple evaluation

methods exist, and often it is a good idea to use several evaluation methods to ensure that

fair results are obtained. The choice of evaluation methods is, just as the choice of reg-

istration method, very application-dependent, and great care should be taken to choose

evaluation methods that will reflect the actual registration performance in the given appli-

cation.

In mono-modal image registration, a ground truth evaluation can be achieved by manually

applying a transformation to an image and registering the transformed image back to the

original. The discrepancy between the inverse of the applied transformation and the trans-

formation found by the registration method can then be used to calculate the registration

error.

Points correspondence, either between manually defined anatomical landmarks in the im-

age pair or between fiducial markers inserted into the patient seen in the images have been

used extensively to assess registration performance. The root-mean-square (RMS) value of

the point displacement (i.e. mean Euclidean distance between the pairs of points) is a very

commonly used evaluation method, and can be referred to as e.g. registration accuracy or

registration error. Another common distance measure used is centroid accuracy, where cen-

troids are typically defined as the centres-of-mass of a segmented structure. For centroid

accuracy, the accuracy of each centroid pair is typically provided separately, as opposed to

calculating the RMS-value of all centroid displacements.

Closely related to landmark accuracy are the evaluation metrics used in point-based reg-

istration. Point-based registration refers to registration where the discrepancy between
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the fiducials in the image pair are used as the similarity measure. Equally, this discrep-

ancy is used to evaluate the final registration, with a terminology specific to point-based

registration. The fiducial localisation error (FLE) is the euclidean distance between a fidu-

cial in one image and its corresponding fiducial in another. The fiducial registration error

(FRE) is the RMS-value of all FLEs in the image pair, and thus corresponds to landmark

or fiducial accuracy as described above. Finally, the target registration error (TRE) is the

euclidean distance between a point in the registered image and its true position, and is

thus not exclusive to fiducial markers. The TRE-point or -points are typically chosen such

that they are located at the target of some treatment (hence the name), and as such, TRE

is in many cases more clinically relevant than FRE [114]. Another benefit of TRE over FRE

is that both TRE and the overall registration quality depend on the fiducial configuration,

whereas FRE is approximately independent of it [115]. Again, some inconsistency in ter-

minology exists, and it is not unusual to see TRE used to describe landmark or fiducial

accuracy in non-point based registration evaluation.

Another set of evaluation methods are those using volume overlap measures. Here, the

images are segmented, and the overlap of corresponding structures is used to assess the

registration quality. The two most common overlap measures are the Dice similarity co-

efficient (DSC) [116] and the Tannimoto coefficient (TC), or Jaccard coefficient [117]. We

denote two corresponding, segmented structures in two images A and B. DSC is defined as

DSC =
2N(A ∩B)

N(A) +N(B)
, (8)

and TC as

TC =
N(A ∩B)

N(A ∪B)
, (9)

where N is the number of voxels in the set enclosed by parentheses. DSC and TC are

related through DSC = 2TC/(TC + 1), and are equal at the extrema 0 and 1. DSC and

TC can be calculated as single values from two label-maps where multiple structures have

been segmented, or calculated separately for each structure in the label-map. More recent

developments have seen the introduction of generalised overlap measures, which use fuzzy

set theory to take fractional labels into account [118].

Similar to volume overlap measures, surface distance measures can also be used to evaluate

image registration. Surface distance can be defined in multiple way. In Dubuisson and Jain

[119], 24 different undirected point set distance measures well-suited for surface matching

are defined using generalized Hausdorff distances [120].
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3.4 Image registration in prostate and pelvic area

Many image registration studies conducted have been focused on the prostate and/or pelvic

area, with radiotherapy a frequent application. However, the specific registration methods,

image contrasts and setting within the radiotherapy framework vary. Other common ap-

plications for image registration of the prostate include e.g. transrectal ultrasound-guided

(TRUS) biopsy, tumour treatment by MRI-guided thermal ablation, laser ablation, and so

on. The whole spectrum of registration methods, from rigid through deformable is cov-

ered. Here, we will concentrate on work done on deformable image registration related to

radiotherapy.

Deformable CT-CT image registration in prostate radiotherapy has been investigated and

used since the days of CT-based 3D-CRT. One group investigated the well-known Demons

algorithm, which behaves partially as an optical flow method, partially as a diffusive model,

in CT-CT registration for tracking daily tissue deformations [121, 122]. They reported

excellent outcomes in terms of ground truth registration error (0.5 mm mean), NCC (0.944

for patient case, 0.991 for ground truth registration) and accuracy of intra-prostatic seeds in

the patient case (0.8 mm). In another study, a fluid flow-based algorithm was applied after

an initial rigid registration, with particular emphasis put on handling large deformations

resulting from variations in bowel gas amount [123]. The framework was evaluated using

DSC and centroid distance of the prostate as segmented either manually or automatically.

Mean centroid distances of 2.1–3.7 mm, and mean DSC of 0.78–0.84 were found, depending

on which of the five pairwise segmentation permutations present in the study were used.

Yet another study used a model-based registration method with volume overlap validation,

which enabled them to quantify the extent of the PTV-margins in prostate radiotherapy

[124].

Two versions of Demons differing in the extent of deformation allowed were compared in

terms of contour propagation of prostate CTV, bladder and rectum for CT-CT registration

in [9]. DSC, sensitivity and positive predictive values were used for evaluation, and it was

found that while both algorithms improved the overlap measures compared to no regis-

tration or rigid registration only, the more generous version of Demons fared better when

it came to registration of the highly deformable bladder and rectum. For these two struc-

tures, results were mixed, with only 57% of the bladder and 26% of the rectum registrations

with the better-performing method passing clinical evaluation. Multimodal CT-CBCT de-

formable image registration has also been investigated for patient positioning purposes,

although rigid registrations are very dominant in this application. Thor et al. used a rigid

pre-registration followed by a deformable registration using Demons, with evaluation based

on DSC and visual assessment [10]. The DSC for prostate, rectum and bladder increased
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compared to when only rigid registration was used. However, the percentage of propagated

contours of acceptable quality as determined by visual assessment was poor, with 45%, 20%

and 33% for prostate, rectum and bladder, respectively.

Since MRI entered the radiotherapy work-flow, research focus has naturally shifted some-

what from single-modal CT-CT registration to multi-modal MRI-CT registration. In one of

the pioneering studies using deformable registration, MRI/MRSI-images of the prostate ob-

tained with an endorectal coil were registered to CT-images with a thin plate spline based

parametric transformation [11]. Based on phantom and patient studies evaluated using

accuracy of phantom fiducials, prostate centroid accuracy and prostate volume overlap in

patients, the authors concluded that the accuracy of their method was significantly higher

than previously reported work using rigid registrations. Another study of endorectal coil

MRI-CT registration employed a multi-organ (prostate, bladder, rectum and pubic bones)

finite element method (FEM) approach, where each organ was assigned empirically deter-

mined elastic material properties [125]. Patient data was analysed in terms of fiducial

accuracy (2.2 mm mean) and residual surface deformation (1.5 mm), and the results were

within the image voxel resolution. In both of the aforementioned studies, the use of en-

dorectal coils is warranted by the superior structural detail it provides, enabling optimal

delineation of the PTV and OARs. Recently, Wen et al. compared two commercial and one

open-source B-spline-based methods for registering T2w MRI to CT [126]. All three meth-

ods yielded similar results, with DSC-values for prostate, seminal vesicles, bladder and

rectum of around about 0.7, 0.5, 0.8 and 0.7, respectively. Volume changes of propagated

contours were also measured, with the bladder standing out with a dramatic change of

160%, while the others stayed quite close to the original volumes with changes of 5%, 2%

and 8% observed for the prostate, seminal vesicles and rectum, respectively. The authors

noted that the very different contrasts rendered correct manual segmentation difficult.

Although originally intended for use with MRI-guided interventional therapies, the single-

modal registration framework for MRI of the prostate and pelvic area proposed by Fei et

al., is equally suited for follow-up imaging and assessment of treatment progression in MR-

only radiotherapy [127]. A multi-resolution approach was used, where NCC was used as

similarity measure at lower resolutions and MI was used at the final stage for more ac-

curate results. The accuracy as measured by bony landmarks and prostate centroids was

similar to the image voxel size, with mean values of 1.6 mm and 1.4 mm, respectively.

In 2010, Brocket al. conducted a multi-institutional deformable image registration study,

where participating institutes could choose to use their methods to register data provided

by the researchers for a lung (repeat 4D-CT), liver (4D-CT and MRI) or prostate patient (re-

peat MRI) [128]. Performance was measured as accuracy of anatomical landmarks known

to the researchers, but unknown to participating institutes. Three institutes attempted
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the prostate registration, and the results indicate that even in single-modal registration,

the prostate is difficult to register, with results being inferior for the prostate compared

to those of liver and lung. The average error ranged from 0.5–6.2 mm (LR), 3.1–3.7 mm

(AP), and 0.4–2.0 mm (SI) for the three methods used to register the prostate. A different

type of study was conducted by Jonsson et al., who investigated the impact of registration

volume on the resulting registration accuracy [129]. They compared registration using the

whole image with various degrees of sub-volume registration, where the extreme case was

using only the delineated prostate, with margins of different sizes added for the larger sub-

volume registration. They found that the prostate centroid accuracy was best when only

the delineated prostate, with no additional margins, was used as the registration region.

The registration was single-modal (T2w-T2w), but since the same factors (bowel movement,

rectum and bladder filling, etc.) affect the accuracy of prostate registration in multi-modal

cases as well, their results are likely applicable in multi-modal registration too. However,

for the purpose of registration of delineation and dose calculation images this finding is

not of great interest, since accurate registration of not only the target, but of the entire

body outline and the bony anatomy in particular are important for enabling correct dose

planning.

Within the scope of deformable image registration in the prostate radiotherapy work-flow,

but of less interest for the purposes of this work due to the very different image contrasts,

some studies have focused on registration of e.g. MRSI to MRI, in order to utilise the

additional clinically relevant information such contrasts may provide [12, 130]. This field

is expected to grow, as multi-parametric MRI becomes an increasingly important part of

prostate cancer diagnosis and treatment.
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Methods

4.1 Experiments

As stated in the introduction, the aim of this work was to compare five deformable image

registration methods for use in the scope of MR-only RT for prostate cancer. More specifi-

cally, 3D double-echo T1-FFE (T1-weighted RF-spoiled steady-state free precession) images

with Dixon reconstruction (mDixon) used to generate electron density maps for dose calcu-

lation, and 3D T2-weighted turbo spin-echo images (T2w) used for PTV and OAR delin-

eation were to be registered, with the imaged anatomy being the prostate and pelvic area.

The image data used in the comparisons was obtained from volunteers, and is described

in detail in section 4.2. To evaluate all relevant aspects of the registration methods, three

kinds of experimental set-ups were used.

For evaluation of performance in the typical clinical work-flow, images from a normal MR-

only RT protocol were acquired. Several types of images, including the mDixon and T2w

images, but also additional images such as single-echo T1-FFE (without Dixon reconstruc-

tion), zoomed T2w images, and DWI images, were acquired in a single imaging session.

Typically, the time from the start of mDixon image acquisition to T2w image acquisition

was in the region of ten minutes.

To evaluate performance when patient motion occurs, the same MR-only RT protocol was

followed, with an additional T2w image-set acquired at the end of the session, after the

patient had been told to intentionally move slightly in an attempt to mimic the kind of

unintentional movement that could potentially occur in a clinical setting, due to e.g. patient

discomfort. The exact same parameters, including image origin and FOV, were used as

for the first set of T2w images. These experiments had the added property of slightly

26
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longer time delays between mDixon and T2w image acquisition, so some additional organ

deformation (e.g. bladder and rectum filling) could be expected.

Finally, to evaluate performance for large organ deformations, a bladder filling experiment

was conducted. The imaging session started with sequential acquisition of mDixon and

T2w images. The volunteer proceeded to consume roughly 150 ml of water, followed by

a second T2w image acquisition, approximately 15 minutes after the previous one. This

procedure was repeated until six T2w image volumes had been obtained.

Image data was obtained from eleven male volunteers. Nine volunteers were healthy, and

two were prostate cancer patients. The age distribution was 49 ± 16 (mean ± standard

deviation), minimum 24, maximum 77. For seven volunteers, the regular MR-only RT

protocol was followed. Three volunteers followed the same protocol with the addition of

intentional movement, and one volunteer was subject to the bladder filling experiment.

Volunteer imaging was conducted in accordance with Finnish law, and written consent was

obtained from all volunteers enrolled in the study.

4.2 Image data

For ten patients, image acquisition took place on a 1.5T MRI scanner (Philips Ingenia,

Netherlands), and for the eleventh, a 3T scanner (Philips Ingenia, Netherlands) was used.

The imaging protocols are shown in Table 1. Small volunteer-specific variations in voxel-

size and field-of-view (FOV) existed, so ranges are indicated. For the T2w images, TE varied

slightly as well. Also, the parameters differed for the 3T volunteer, which is indicated with

parentheses. An example of the image data used for registration, with the second echo of

the mDixon image and the T2-weighted image for the same volunteer, is shown in Figure

5. In this case, no intentional movement had occurred between image acquisitions, and the

images are thus reasonably well-aligned.

Parameter mDixon T2w

Sequence type 3D T1-FFE double-echo 3D turbo spin echo
TR [ms] 5.74 (3.93) 1800 (1800)
TE1 [ms] 1.61 (1.21) 200–201 (209)
TE2 [ms] 3.87 (2.53) -
Flip angle 10◦ 90◦

Voxel size [mm] 1.042–1.151 × 1.042–1.151 × 2.5 0.882–0.938 × 0.882–0.938 × 1.0
(1.509 × 1.509 × 2.5) (0.882 × 0.882 × 1.0)

FOV [mm] 442–450 × 442–450 × 300 452–480 × 452–480 × 250–300
(483 × 483 × 300) (452 × 452 × 250)

TABLE 1: Imaging protocols for the mDixon and T2w images. Ranges indicate slight
volunteer-specific changes. The parameters for the 3T case are shown in parenthesis. T1-

FFE refers to T1-weighted RF-spoiled steady-state free precession imaging.
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FIGURE 5: Image data example. The left panel shows an axial (above) and sagittal (below)
magnitude image (second echo) of the the mDixon image volume, and the right panel shows
the slices at the same real-world coordinates of the T2-weighted image volume. The region-
of-interest used for similarity measure calculation is shown in yellow. The light grey and

green lines indicate the slice intersections.

4.3 Image registration

In this section, the registration procedure and registration methods compared are de-

scribed. Note that lreg, described in section 4.3.4, is considered to be two methods for

the purposes of this work; one locally affine and one locally rigid.

The magnitude image of the second echo obtained with mDixon was used as the fixed im-

age, and the T2w image as the moving image in all cases. In principle, either one of the

magnitude images (first or second echo) or the reconstructed contrasts (in-phase, water and

fat) of the mDixon image could have been used as the fixed image, since they all span the

same physical space. Initial tests showed that the magnitude image of the second echo

resulted in the best registration results, and consequently it was chosen for this role. For

readability, this second echo magnitude image will be referred to as the mDixon image

henceforth. In all algorithms, several parameters could be tuned by the user to fit their

specific needs. Therefore, iterative testing was done with all registration methods on the

image data obtained to find appropriate parameters for the task. The choice of parame-

ters was balanced between performance and computational times, such that registrations

would not take longer than what could be accepted in clinical settings.
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Since many of the mDixon images were very noisy superior to the bladder, regions-of-

interest (ROIs) were defined to include only the part of the images a few voxels superior

to the upper boarder of the bladder and below in the similarity measure calculations. In

the left–right and anterior–posterior directions the ROIs encapsulated the entire body out-

line. An example ROI is shown in Figure 5. Testing showed that registrations performed

without ROIs were of poorer quality overall, and were particularly sensitive to noise.

All registrations were run on an 8-core workstation, Intel(R) Xeon(R) CPUs at 3.6 GHz, 16

GB RAM memory. With the exception of lreg, all algorithms supported multi-threading.

Computational times were logged based on best available execution, since for some algo-

rithms, single-threading could not be enforced. Thus, lreg is in an unfavorable position in

terms of computational time. Furthermore, what is included in the computational times

for each algorithm varies somewhat, since the registrations were run as provided by the

sources. For example, in B-spline and FEIR registration, applying the computed defor-

mation field to the moving image was included in the computational times, whereas for

Demons and lreg it was not. Thus, small deviations (in the order of a few seconds) from the

true computational times exist.

4.3.1 Deformable registration using B-splines

In many deformable registration methods, deformation is guided by a pre-defined grid of

control points. The control points are allowed to move freely to maximise the similarity

between the images to be registered according to the similarity measure used. The defor-

mation field is calculated using interpolation of the transformation vectors at the control

points, since the control grid is typically much coarser than the image grids. Cubic B-

splines is the most popular interpolation method for this purpose, and image registration

using this methodology is referred to as B-spline registration. B-spline registration is a

parameterised registration method, with a large number of degrees-of-freedom.

The implementation of B-spline registration used in this work is the one found in the

BRAINSFit software [131], based on the Insight Toolkit (ITK) [132]. Here, the BRAINS-

Fit module found in 3D Slicer 4.3 was used. A control grid size of 6 × 6 × 6 proved to be

the best trade-off between deformation ability and over-fitting. Mattes’ mutual information

was used as similarity measure, since the registration problem is multi-modal, and linear

interpolation was chosen as a good compromise between accuracy and speed. Note that

this is the interpolation required for similarity measure calculation between the fixed and

moving images, and not the interpolation of transformation vectors to form the deformation

field discussed previously. A pre-registration that aligns the fixed and moving images based
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on their centers-of-mass as calculated using first-order moments was applied to initialise

the B-spline registration.

4.3.2 Deformable registration using diffeomorphic Demons

Demons is a well-known and often used registration method which combines properties of

optical-flow based methods with those of diffusive models. The diffusive part is based on

polarity, with points being classified as either inside or outside of an object. This is governed

by so-called Maxwell’s demons, a concept originally introduced in thermodynamics. The

demons can be thought of as being situated on image objects, and acting as semi-permeable

membranes. Intuitively, they act to push the corresponding points of the moving image to

either inside or outside of the object, depending on the polarity of these points. One way

to express polarity is by using optical flow, where the corresponding concept is the flow

direction. As in optical flow models, the final deformation field is written as

u(x) =
(IF (x)− IM (x))∇IM (x)

(∇IM (x))2 + (IF (x)− IM (x))2
. (10)

This model is not directly applicable in multi-modal registration, since the image difference

will have no bearing on the image alignment for images of different contrast. Therefore,

the gradient images were calculated using recursive convolution with a Gaussian deriva-

tive. The gradients were then normalised. Testing showed that this method produced

more similar gradient images than those obtained with Sobel-filtering, due to the inherent

Gaussian smoothing, and thus better registration results. Registration was then performed

using these gradient images, and the resulting deformation field was applied to the original

moving image to obtain the final registered image. It should be emphasised that although

normalised image gradients of the mDixon and T2w images are similar enough for regis-

tering their gradients to be a viable approach that has been used in several studies with

good results, the gradients are not entirely single-modal. Different features and interfaces

appear to different extents in the two modalities, and this transfers directly to their image

gradients.

The implementation of Demons used in this work is from the BRAINSDemonWarp soft-

ware [133]. Again, the algorithm is written with ITK, and implemented in 3D Slicer. The

implementation offers several versions of the Demons algorithm. Of these, the version that

enforces diffeomorphism was shown to work best, due to its morphology-preserving prop-

erty, which is well-suited for applications where only small deformations are expected. As

for the B-splines registration, linear interpolation was used. The algorithm supported a

multi-resolution approach, and a five-level scheme was applied as a compromise between

performance and computational time.
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4.3.3 Deformable registration using Fast Elastic Image Registra-

tion (FEIR)

FEIR is a registration method in which image deformation is modelled as that of an elas-

tic material through regularisation. In the original version by Kabus and Lorentz, the

similarity measure used is the sum of squared differences. However, Buerger et al. used

the negative scalar product of the normalised image gradients, in their study on DWI-T2w

registration [134]. Minimising this measure maximises image alignment. Regularisation

was done using the Navier–Lamé equation of elastic materials. The overall cost function,

subject to minimisation, is thus

argmin
u(x)

∫
µ

2

3∑
i,j=1

(δxjui(x) + δxiuj(x))
2 + λ(∇ · u)2 −

∫
〈 ∇IF (x)
‖∇IF (x)‖

,
∇T (IM (x))

‖∇T (IM (x))‖
〉, (11)

where µ and λ are material-specific Navier–Lamé constants, and the transformation T (·)

is a function of u, as seen in equation (3).

The implementation of FEIR used in this work was provided by Philips Research Hamburg,

and was the same as that used in [134]. Thus, it was already to a large extent optimised

for use with MRI prostate images. The only tunable parameter was the elasticity constant

µ, which governs the degree of regularisation incurred on the deformation field. The max-

imum value of 1.0 was found to perform the best in most cases, due to the small initial

misalignment seen in most cases.

4.3.4 Globally deformable registration using locally affine and rigid

hierarchical registration (lreg)

The two final registration methods use the same approach to obtain a globally deformable

registration in all but one aspect. Both methods utilise hierarchical splitting, such that the

images are sequentially split into smaller and smaller sub-volumes at each hierarchical

level, and the sub-volumes are registered using either affine or rigid registration [135].

The affine and rigid versions of the algorithm are both tested in this work. The overall

transformation at each hierarchical level is formed by B-spline interpolation of the sub-

volume transformations. The overall transformation at each level is then used as the initial

transformation for the next level. When the final level is reached, according to a minimum

block size stopping criterion, the output transformations of each level are concatenated to

form a final, globally deformable, diffeomorphic transformation.

This registration method is referred to as lreg by the authors. Here, depending on whether

the locally affine or locally rigid version is implied, it will be referred to as lreg affine and
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lreg rigid. The algorithm is publicly available, and can be found at [136]. The implementa-

tion is based on the Image Registration Toolkit (IRTK) [137]. The choice of similarity mea-

sures was limited to SSD and NCC. NCC was chosen, and the image gradients were regis-

tered to obtain a deformation field that was then applied to the moving image, as described

in section 4.3.2. Linear interpolation was used for similarity measure calculations. The

algorithm supported a multi-resolution approach, where arbitrary down-sampling schemes

could be applied for each hierarchical level. A four-level multi-resolution approach was

chosen. Although an adaptive splitting technique based on sub-volume image content in

favour of regular block splitting had been proposed by the authors, it was found that for

the purposes of this work, adaptive splitting only served to slow down registration without

any notable performance improvement. Thus, regular splitting was employed.

4.4 Registration evaluation

For evaluation of registration performance, several methods were used; accuracy of man-

ually defined anatomical landmarks, NCC of the image gradients, DSC of the bladder,

prostate and seminal vesicles, as well as case-wise ranking of methods based on visual

assessment. Additional evaluation methods, such as gradient difference and normalised

mutual information were considered and tested, but were found to correspond poorly to

actual registration performance.

For landmark accuracy, the following landmarks were manually defined in all images before

registration and after registration with each method; the tip of the coccyx (tailbone), the

attachment point of the rectus abdominis to the pubis, the posterior tip of the levator ani,

the ischial spines (left and right), the superior point of the femoral heads (left and right)

and the entry point of the urethra into the bladder. Landmark accuracy was calculated as

the mean Euclidean distance between corresponding landmarks.

The landmarks were chosen such that they would be definable in both the mDixon and T2w

images, which explains why no landmarks are placed in the prostate — the poor contrast

of the mDixon images in that area rendered defining any prostate landmarks with accept-

able accuracy impossible. However, by choosing enough landmarks reasonably close to the

prostate, landmark accuracy could still be used as a valid evaluation method, provided that

the initial misalignment was large enough. When the initial misalignment approached sub-

voxel resolution, the error in landmark definition was deemed to have too large an impact

for landmark accuracy to be of value for evaluation. Thus, landmark accuracy was only

used in the three cases where the patient moved intentionally and in the final three cases

(time-points) of the bladder filling experiment. Furthermore, in all but the last case of the
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bladder filling experiment the initial misalignment was minimal for several of the anatom-

ical landmarks, so for these cases only four (fourth bladder filling time-point) and five (fifth

bladder filling time-point) landmarks were used out of the eight possible. For the cases

were landmark accuracy was not used, only the tip of the coccyx was defined to use as a

sanity check. The accuracy distribution for these cases based on this single landmark was

2.2 ± 0.7 mm (mean ± standard deviation), min 1.1 mm, max 3.2 mm, where the mean

value of 2.2 mm is less than the slice thickness of 2.5 mm of the mDixon images.

While NCC of the image gradients is not a very common evaluation metric in multi-modal

registration, it has been used in a study similar to this work and proven a valid metric [134].

Essentially, it measures how well structure interfaces align. It should be noted however,

that small but nevertheless important interfaces will contribute little to the calculated NCC

due to their size, so the overall NCC may be good despite a total failure to correctly register

such interfaces. The image gradients were calculated as described in section 4.3.2, and

NCC was calculated within the same ROIs used in the registration (section 4.3) to limit the

impact of noise. As discussed previously, the gradient images are not single-modal, so even

perfect alignment might not result in complete correlation.

Arguably, DSC and other volume-overlap or surface-overlap metrics of specific anatomical

structures are the ones that provide the most clinically relevant insight into registration

success. In this work, the bladder, prostate and seminal vesicles were manually segmented

before registration and after registration with each method, and the DSC was calculated

for each of these structures. While the bladder was easily segmented in both the mDixon

and T2w images, segmentation of the prostate and especially the seminal vesicles was

often difficult due to the lack of contrast in the prostate and seminal vesicles areas in the

mDixon images, and in certain cases due to noise in the seminal vesicles area. However,

although the DSC:s might not be absolutely correct, errors due to manual segmentation

were reasonably systematic, so comparisons based on DSC:s are valid.

Finally, for each case the resulting registrations were carefully assessed visually, and ranked

from 1 to 5 according to perceived performance. While somewhat subjective, this measure

is nevertheless very important, since it is the evaluation criterion on which registration

methods will predominantly be judged on in a clinical setting. For statistical analysis pur-

poses, it is important to note that visual assessment rank is measured on an ordinal scale,

as opposed to an interval scale.

Based on the nature of the cases, three separate case configurations were defined. A case

here refers to one instance of mDixon-T2w registration, and thus there are more cases

than volunteers. Volunteers performing intentional movement and the bladder filling ex-

periment volunteer all contributed with one normal work-flow case, and one (intentional
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Case configuration Description N

Configuration 1 All cases 19
Configuration 2 Only cases where landmark accuracy could be used 6
Configuration 3 Only normal work-flow cases 11

TABLE 2: Summary of case configurations.

movement volunteers) or several (bladder filling experiment volunteer) cases not following

the normal work-flow. Configuration 1 included all cases (N = 19), configuration 2 included

only the cases where landmark accuracy could be used (N = 6) and configuration 3 included

only the cases that followed a normal work-flow, i.e. excluded cases with intentional move-

ment and all bladder filling cases except for the first (N = 11). In all analyses concerning

configuration 3, landmark accuracy was excluded, since it was not applicable to any of these

cases, as discussed above. A summary of these configurations can be found in Table 2.

4.5 Statistical analysis

Using the evaluation methods described in section 4.4, statistical analysis was performed

to gain further insight into performance differences between methods, as well as into eval-

uation method properties.

Multivariate analysis of variance (MANOVA) tests were performed to investigate whether

the five registration methods (independent variable) differed significantly from each other

in terms of their evaluation metrics (dependent variables). Visual assessment rank, as an

ordinal variable, was excluded from all MANOVAs. The MANOVAs were performed sepa-

rately for each case configuration. For configuration 1, landmark accuracy was excluded as

a dependent variable since it was unavailable for the majority of the cases. Both the Wilks’

λ and Pillai’s trace test statistics were calculated, with Pillai’s trace being more conserva-

tive but also more robust to violations of the assumptions. The statistical power (probability

of correctly rejecting a false null hypothesis, i.e. detecting significant differences when such

exist) and partial η2 (measure of how much the independent variable, registration method,

contributes to the variance in the multivariate model) were also calculated. To test the as-

sumption of equal co-variances across cells, Box’s M-test was performed for each MANOVA.

Levene’s test was separately performed for each dependent variable to investigate the as-

sumption of equality of error variances.

To specifically localise potential differences between the registration methods, the mul-

tivariate model contrasts were calculated. For each dependent variable and registration

method, an estimate of the difference in the dependent variable compared to if no registra-

tion at all would be performed was calculated, and this estimated difference was tested for
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statistical significance. Again, contrasts were investigated separately for each case config-

uration.

To validate the usefulness of the evaluation metrics and assess general registration prop-

erties, the evaluation metric cross-correlations were calculated. Spearman’s ρ was used to

accommodate the inclusion of the ordinal scale visual rank assessment, and to enable de-

tection of non-linear correlations. Separate calculations were done with all cases included

(configuration 1 for all metrics except landmark accuracy, for which it was configuration 2

since landmark accuracy data was only available for these cases), and with normal work-

flow cases only (configuration 3).
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Results

Examples of the initial image alignments and registration results with each method can be

seen in Figure 6 and Figure 7 using checkerboard representation. In Figure 6, a normal

work-flow case where the initial misalignment is small is shown, whereas in Figure 7 a

case with intentional patient movement, and thus large initial misalignment, is shown. In

both cases all registration methods produced good results.

Not all cases resulted in successful registrations, however. An example is shown in Figure

8, for another case where intentional patient movement took place. The red arrows indi-

cate features that have been misregistered and/or distorted. In the example shown, most

problems arose with the lreg registrations, where severe distortions occurred in the bony

anatomy and the bladder was incorrectly registered, as can be seen by comparison with the

FIGURE 6: Checkerboard of mDixon and T2w images (single axial slice shown) for a normal
work-flow case. Above (left–right): no registration, B-spline registration, Demons registra-
tion. Below (left–right): FEIR registration, lreg affine registration, lreg rigid registration.
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FIGURE 7: Checkerboard of mDixon and T2w images (single axial slice shown) for a case
with intentional patient movement. Above (left–right): no registration, B-spline registra-
tion, Demons registration. Below (left–right): FEIR registration, lreg affine registration,

lreg rigid registration.

FIGURE 8: The red arrows indicate image features that have not been registered properly
to the fixed mDixon image. These features include distorted bony anatomy and incorrect
bladder positioning. Above (left–right): mDixon (fixed image), B-spline registered T2w,
Demons registered T2w. Below (left–right): FEIR registered T2w, lreg affine registered

T2w, lreg rigid registered T2w.
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Computational time [s]
Method Mean ± std Min Max

B-spline 269 ± 144 91 514
Demons 180 ± 26 116 208
FEIR 56 ± 16 40 87
Lreg affine 290 ± 49 174 355
Lreg rigid 207 ± 39 129 260

TABLE 3: Computational times of the registration methods. All cases included (N = 19).
Both lreg methods were single-threaded implementations, whereas the other methods were

multi-threaded.

fixed mDixon image. In problematic cases like this, the effects are even more pronounced

when scrolling through the image volume than can be illustrated with a single slice.

The computational times of each registration method are shown in Table 3. It is evident

that FEIR is far superior to the other methods with an average time of 56 s. The second

fastest method was Demons, which was roughly three times slower. B-spline registration

had the largest spread in computational times, with very long computational times ob-

served in cases with large initial misalignment, and vice versa.

Quantitative registration results as well as reference values with no registration performed

are shown in Table 4 through Table 7. In Table 4 and Table 5, results from configurations

1 (for all metrics except landmark accuracy) and 2 (for landmark accuracy) are presented,

whereas in Table 6 and Table 7 results from configuration 3 are presented. Landmark

accuracy (where applicable), NCC of the image gradients and visual assessment rank are

shown in Table 4 and Table 6, and the DSC:s of bladder, prostate and seminal vesicles are

shown in Table 5 and Table 7.

Landmark accuracy, NCC and DSC of the prostate and seminal vesicles all improved for

all registration methods compared to when no registration was done. The mean DSC blad-

der was reduced with Demons registration when all cases were included, and with Demons

and both lreg methods when only the normal work-flow cases were included. The evalua-

tion metrics for which differences between methods were the most profound were landmark

accuracy and visual assessment rank. In terms of the other metrics, method-specific differ-

ences were relatively small.

For the bladder filling experiment, the DSC of the bladder was analysed as a function of

bladder volume change for all registration methods. Bladder volume was calculated using

manual segmentations of the T2w (moving) images at each time-point before registration,

i.e. the same segmentations that were used to calculate DSC bladder when no registration

was performed. The results can be seen in Figure 9. For time points two and three, where

the volume change was 49% and 127% from the initial 25 ml, the lreg methods handled the

deformation the best. When the volume change increased to 228% and above, B-spline and
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Landmark accuracy [mm] NCC Visual assessment rank
Method Mean ± std Min Max Mean ± std Min Max Mean ± std Min Max

B-spline 2.9 ± 0.9 1.8 4 0.81 ± 0.08 0.67 0.90 2.4 ± 0.8 1 3
Demons 2.9 ± 0.9 2.1 4.4 0.83 ± 0.08 0.70 0.92 2.0 ± 0.7 1 3
FEIR 2.4 ± 0.8 1.7 3.8 0.79 ± 0.09 0.64 0.90 1.4 ± 0.5 1 2
Lreg affine 4.6 ± 1.4 2.7 5.9 0.81 ± 0.08 0.70 0.90 4.3 ± 0.7 3 5
Lreg rigid 4.2 ± 1.3 2.7 5.9 0.82 ± 0.08 0.70 0.90 4.2 ± 0.4 4 5
No registr. 8.8 ± 5.5 2.6 18.2 0.71 ± 0.10 0.51 0.85 - - -

TABLE 4: Landmark accuracy (N = 6), NCC (N = 19) and visual assessment rank (N = 19)
of the registration methods and without registration. All cases included.

DSC Bladder DSC Prostate DSC Seminal Vesicles
Method Mean ± std Min Max Mean ± std Min Max Mean ± std Min Max

B-spline 0.70 ± 0.25 0.23 0.96 0.81 ± 0.04 0.73 0.88 0.54 ± 0.21 0.13 0.79
Demons 0.58 ± 0.35 0.03 0.93 0.76 ± 0.09 0.56 0.88 0.53 ± 0.22 0.00 0.84
FEIR 0.68 ± 0.26 0.20 0.97 0.83 ± 0.04 0.76 0.88 0.57 ± 0.20 0.21 0.81
Lreg affine 0.66 ± 0.30 0.12 0.94 0.78 ± 0.07 0.63 0.85 0.50 ± 0.18 0.18 0.76
Lreg rigid 0.65 ± 0.21 0.09 0.94 0.78 ± 0.06 0.67 0.86 0.48 ± 0.20 0.05 0.75
No registr. 0.63 ± 0.25 0.19 0.93 0.72 ± 0.13 0.34 0.85 0.36 ± 0.26 0.00 0.73

TABLE 5: Dice Similarity Coefficients for bladder, prostate and seminal vesicles of the reg-
istration methods and without registration (N = 19). All cases included.

Landmark accuracy [mm] NCC Visual assessment rank
Method Mean ± std Min Max Mean ± std Min Max Mean ± std Min Max

B-spline - - - 0.86 ± 0.05 0.74 0.90 2.2 ± 0.9 1 3
Demons - - - 0.87 ± 0.05 0.73 0.92 2.3 ± 0.6 1 3
FEIR - - - 0.85 ± 0.06 0.71 0.90 1.2 ± 0.4 1 2
Lreg affine - - - 0.85 ± 0.05 0.71 0.90 4.2 ± 0.8 3 5
Lreg rigid - - - 0.86 ± 0.05 0.71 0.90 4.2 ± 0.4 4 5
No registr. - - - 0.78 ± 0.04 0.70 0.85 - - -

TABLE 6: NCC and visual assessment rank of the registration methods and without regis-
tration for normal work-flow cases only (N = 11). To be compared with Table 4. Landmark

accuracy columns are included for readability and comparability.

DSC Bladder DSC Prostate DSC Seminal Vesicles
Method Mean ± std Min Max Mean ± std Min Max Mean ± std Min Max

B-spline 0.83 ± 0.12 0.56 0.96 0.82 ± 0.04 0.76 0.88 0.64 ± 0.13 0.38 0.79
Demons 0.73 ± 0.24 0.21 0.93 0.80 ± 0.06 0.72 0.88 0.62 ± 0.13 0.40 0.84
FEIR 0.86 ± 0.08 0.77 0.97 0.82 ± 0.04 0.76 0.88 0.66 ± 0.16 0.34 0.81
Lreg affine 0.77 ± 0.24 0.12 0.94 0.77 ± 0.08 0.63 0.85 0.56 ± 0.12 0.33 0.75
Lreg rigid 0.77 ± 0.24 0.13 0.94 0.77 ± 0.07 0.67 0.86 0.61 ± 0.14 0.26 0.84
No registr. 0.81 ± 0.08 0.70 0.93 0.77 ± 0.08 0.64 0.85 0.53 ± 0.15 0.15 0.73

TABLE 7: Dice Similarity Coefficients for bladder, prostate and seminal vesicles of the reg-
istration methods and without registration for normal work-flow cases only (N = 11). To be

compared with Table 5.
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FIGURE 9: DSC of the bladder for all registration methods as function of bladder volume
change. The initial bladder volume was 25 ml.

FEIR became the best options. Demons consistently performed the worst for all volume

changes after the initial time-point.

The results of the MANOVAs are shown in Table 8. Statistically significant differences be-

tween the methods were found with configuration 1 using Wilks’ λ, and with configuration 2

using both Pillai’s Trace and Wilks’ λ on a 95% confidence level. If the confidence level was

reduced to 90%, significant difference was found with configuration 1 using Pillai’s Trace

as well. The partial η2 was small with configuration 1, but reasonably large with configura-

tion 2. Strong statistical power was observed for both configurations 1 and 2, whereas that

of configuration 3 was moderate.

The test results for the multivariate model assumptions are shown in Table 9. Box’s M-test

showed that the assumption of equal co-variances across cells was violated for configuration

1 on a 95% confidence level. Assumptions of equal error variances were violated on a 95%

confidence level for the DSC of the prostate with configuration 1 and for the DSC of the

bladder with configuration 2 based on Levene’s test.

The contrast results are shown in Table 10. There is some overlap of information with

Table 2 through Table 5, but in addition to showing the difference for each metric and con-

figuration of the registration methods compared to performing no registration at all, Table

10 also shows which differences are statistically significant. The general trend observed

was that for configurations 1 and 2, all evaluation metrics except DSC bladder improved
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Case configuration F-statistic Significance-value Partial η2 Power

Configuration 1 Pillai’s Trace 0.058 0.070 0.916
Wilks’ λ 0.043 0.075 0.812

Configuration 2 Pillai’s Trace 0.004 0.331 0.987
Wilks’ λ <0.001 0.423 0.812

Configuration 3 Pillai’s Trace 0.474 0.076 0.653
Wilks’ λ 0.452 0.081 0.497

TABLE 8: MANOVA results for all three configurations, with both Pillai’s Trace and Wilks’
λ test statistics. The partial η2 and statistical power are also reported.

Box’s M-test Levene’s test significance value
Case configuration significance value Acc. NCC DSC-B DSC-P DSC-SV

Configuration 1 0.020 - 0.903 0.235 0.003 0.963
Configuration 2 0.241 0.090 0.842 0.007 0.067 0.979
Configuration 3 0.500 - 0.995 0.235 0.095 0.897

TABLE 9: Significance values of Box’s M-test for testing MANOVA assumption of equal co-
variances across cells, and Levene’s test for each dependent variable in the multivariate

model for testing the assumption of equality of error variances.

Case configuration Method Landmark acc. [mm] NCC DSC-B DSC-P DSC-SV

Configuration 1

B-spline - 0.10∗ 0.07 0.09∗ 0.18∗
Demons - 0.12∗ −0.05 0.04 0.17∗
FEIR - 0.08∗ 0.05 0.10∗ 0.21∗
Lreg affine - 0.10∗ 0.03 0.05∗ 0.14∗
Lreg rigid - 0.11∗ 0.02 0.05∗ 0.12

Configuration 2

B-spline −6.0∗ 0.17∗ 0.16 0.18∗ 0.34∗
Demons −5.9∗ 0.19∗ 0.05 0.08 0.34∗
FEIR −6.4∗ 0.14∗ 0.87 0.21∗ 0.41∗
Lreg affine −4.2∗ 0.18∗ 0.10 0.16∗ 0.39∗
Lreg rigid −4.6∗ 0.18∗ 0.09 0.16∗ 0.35∗

Configuration 3

B-spline - 0.08∗ 0.02 0.05 0.11
Demons - 0.10∗ −0.08 0.03 0.09
FEIR - 0.07∗ 0.05 0.05 0.13∗
Lreg affine - 0.07∗ −0.04 0.00 0.03
Lreg rigid - 0.08∗ −0.04 0.00 0.03

TABLE 10: Contrast analysis. Contrasts (estimated difference) of evaluation metrics for all
methods and using all three configurations compared to performing no registration at all.

Asterisks indicate statistical significance on a 95% confidence level.

significantly with most registration methods compared to performing no registration on a

95% confidence level. For configuration 3, most contrasts were not statistically significant,

the exception being NCC.

Finally, the correlations of the evaluation metrics are shown in Table 11 for configuration

1 (all metrics except landmark accuracy) and 2 (landmark accuracy), and in Table 12 for

configuration 3. It should be noted that landmark accuracy and visual assessment rank

are inversely correlated with performance, and consequentially, these metrics are expected
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Spearman’s ρ Acc. NCC DSC-B DSC-P DSC-SV Rank vis.

Acc. 1 −0.47∗ −0.64∗ −0.11 −0.45∗ 0.53∗

NCC −0.47∗ 1 0.39∗ 0.05 0.50∗ −0.11
DSC-B −0.64∗ 0.39∗ 1 0.20 0.59∗ −0.01
DSC-P −0.11 0.05 0.20 1 −0.06 −0.20
DSC-SV −0.45∗ 0.50∗ 0.59∗ −0.06 1 −0.16
Rank vis. 0.53∗ −0.11 −0.01 −0.20 −0.16 1

TABLE 11: Correlation of evaluation metrics using Spearman’s ρ and configuration 1 (all
metrics except landmark accuracy) and 2 (landmark accuracy). Asterisks indicate statisti-

cal significance on a 95% confidence level.

Spearman’s ρ NCC DSC-B DSC-P DSC-SV Rank vis.

NCC 1 −0.40∗ 0.01 0.16 −0.16
DSC-B −0.40∗ 1 0.13 0.25 −0.03
DSC-P 0.01 0.13 1 −0.01 −0.34∗

DSC-SV 0.16 0.25 −0.01 1 −0.27∗

Rank vis. −0.16 −0.03 −0.34∗ −0.27∗ 1

TABLE 12: Correlation of evaluation metrics using Spearman’s ρ and configuration 3. As-
terisks indicate statistical significance on a 95% confidence level

to be inversely correlated to the NCC and DSC metrics. As seen in Table 11, landmark

accuracy showed strong, statistically significant (95% confidence level) correlations with

all metrics except DSC of the prostate. NCC, DSC of the bladder and DSC of the seminal

vesicles were also all strongly, statistically significantly correlated with each other. With

configuration 3, strong and statistically significant correlations were seen between NCC

and DSC of the bladder, visual assessment rank and DSC of the prostate, and visual as-

sessment rank and DSC of the seminal vesicles.
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Discussion

This work compared five deformable image registration methods qualitatively and quan-

titatively for multi-modal T2w-mDixon registration in the prostate and pelvic area. The

MR-only RT framework was used, but by setting up cases with intentional patient move-

ment and one bladder filling experiment, the registration methods could be investigated

with larger initial misalignments and organ deformations than normal, to broaden the per-

spective.

In the majority of the cases, all algorithms performed well based on both qualitative and

quantitative analysis. However, in some cases, generally those where the mDixon images

were particularly noisy, some or all algorithms failed to generate satisfactory results. Typi-

cally, such failures manifested themselves as visually displeasing features with minimal ab-

solute errors such as slightly distorted or reshaped tissue interfaces, or distorted or blurry

areas within structures, but more serious problems such as wrongly positioned structures

were also observed. Incorrect positioning occurred mostly for the bladder, but for some

methods and cases it also occurred for the prostate or even for bony anatomy. While prob-

lems related mostly to visual appearance have little practical importance in radiotherapy

since other factors such as inter-fractional organ movement, patient positioning, etc. give

rise to uncertainties of greater magnitude, it is a potential barrier for establishing trust in

the technology within the clinical radiotherapy community, and should thus not be taken

lightly. Problems with incorrect positioning must necessarily be eliminated, or propagation

of PTV and OAR delineation from T2w images to mDixon-generated dose planning images

could cause faulty treatment plans. The severity of such problems is further increased with

today’s high radiation doses of increased target conformity.

The methods that were the most prone to unsatisfactory registrations were the two versions

of lreg. Conversely, FEIR consistently yielded excellent results with only a few very minor

43
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issues observed. B-spline and Demons registration performed very similarly, on a level

slightly worse than FEIR, but still acceptable. For Demons, the visual appearance was

slightly poorer although the general registration was just as good, with the appearance

sometimes suffering from within-structure distortions. This is likely due to the fact that the

gradient images were used for registration, and gradient image contrast within structures

naturally suffered from noise. The same phenomenon was observed with the lreg methods.

Performance in terms of quantitative measures was generally satisfactory. Landmark ac-

curacy was the evaluation metric that correlated the best with visual assessment (strong,

statistically significant correlation) but could only be reliably used in cases with sufficient

initial misalignment (configuration 2). Again, FEIR had the best results, with an average

accuracy of sub-voxel resolution (2.4 mm versus 2.5 mm slice thickness in the mDixon im-

ages). B-spline and Demons registration came close, with a 2.9 mm average, whereas the

affine and rigid versions of lreg were further behind at 4.6 and 4.2 mm, respectively. For

reference, the average landmark accuracy with no registration was 8.8 mm. These results

are slightly worse than those seen in some other studies [125, 134], but this can largely be

attributed to the fact that here, landmark accuracy was only calculated for more extreme

cases.

NCC of the gradient images did not prove very successful at differentiating between the

methods, with all five achieving similar results on average, and correlation with visual

assessment being weak. However, there was a clear improvement over the NCC with no

registration (in the order of 0.10, depending on registration method), indicating that it is

able to detect larger discrepancies, and could potentially function as a means to detect

misregistrations using an appropriate threshold. Compared to the NCC results in [134],

where the best methods (Demons, FEIR and B-spline) achieved values of 0.52–0.64 for

DWI-T2w registration, the values of around 0.8–0.9 obtained in this work were very high.

The likely reason for the poor differentiation ability of NCC is the use of gradient images.

The most important parts of the images, i.e. structure interfaces, constitute only a small

part of the image volumes, but NCC takes all voxels within the ROI into account. In future

work, a possible variant would be to weight the voxels by their gradient magnitude for NCC

calculations. Interestingly, the subtle differences between methods that were observed for

NCC do indeed seem to favour the methods where registration was based on the gradient

images.

The DSC metrics partially worked to further establish the registration method performance

trends already observed, with some notable exceptions, and partially highlighted specific

challenges in the mDixon-T2w image registration. Given its excellent contrast in both T2w

and mDixon images, the bladder was surprisingly hard to register, with improvements over

the values obtained with no registration being relatively minor for all methods. This was
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specifically investigated in the bladder filling experiment, where it was seen that none of

the methods handled the large deformations observed particularly well. Interestingly, it

was not just shape-changes that caused problems, but the bladder seemed susceptible to

incorrect positioning as well. Even when only the normal work-flow cases (configuration 3)

were considered these difficulties were evident, with FEIR and B-spline registration being

the only methods that actually improved the DSC compared to no registration, from 0.81 to

0.86 and 0.83, respectively. The spread of DSC bladder was very large in most cases. FEIR

was the exception with a minimum of 0.77 for the normal work-flow cases, but Demons,

lreg affine and lreg rigid decreased the initial minimum DSC bladder for these cases from

0.70 to 0.21, 0.12 and 0.13 respectively. On average, FEIR and B-spline performed the best,

with FEIR faring better in normal work-flow cases with small deformations, and B-spline

handling larger deformations slightly better. Demons did the worst in both cases, and the

lreg algorithms were in-between. The difficulties of the registration methods to handle the

large deformations are likely a result of the combination of the large deformations, and

restrictions on the registration methods in the form of regularisation or parameterisation.

To mitigate the former problem, the imaging work-flow could be changed to always acquire

the T2w images and mDixon images sequentially, which was not always the case here. This

could slightly reduce the degree of deformations that the methods would need to handle.

The latter problem could be alleviated by reduced degree of regularisation and/or increased

amount of degrees-of-freedom (parameterisation) of the registration methods, albeit possi-

bly at the expense of new problems arising elsewhere. The parameters of all methods used

were indeed tuned without any regard to the bladder filling experiment. It seems clear from

previous studies that the bladder is often difficult to register, with the DSC-results for it in

[9] and [10] for arguably simpler CT-CT and CT-CBCT registrations being disappointing.

For the DSC of the prostate and seminal vesicles, the results were more as expected. Im-

provements were seen for all methods compared to no registration, except for the lreg meth-

ods with configuration 3, where the DSC prostate stayed constant. FEIR was once again the

best method on all accounts (joint first with B-spline for DSC prostate with configuration

3), with B-spline second. With the exception of DSC prostate with configuration 1 where

the lreg methods were better, Demons was third. While the DSC prostate reached values

around 0.80, the DSC of the seminal vesicles was in the region of 0.5–0.6. For the seminal

vesicles, the ranges were very large, with the extreme case Demons having a minimum of

0.00 and a maximum of 0.84 with configuration 1. The lower values and large ranges are

not necessarily indicative of registration failure, but rather of uncertainties in the manual

segmentation and of the small size (and thus few voxels available for overlap calculations)

of the seminal vesicles. Thus, the absolute values should be looked at rather critically, but

since the same segmentation methodologies were followed for all cases, their use for com-

parison of methods is valid. The same is true, but with a smaller degree of uncertainty for
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the DSC prostate. Of the three DSC:s, the DSC bladder is the one the least susceptible to

segmentation uncertainties, due to the excellent contrast in both mDixon and T2w images.

DSC correlations with visual assessment were weak (prostate and seminal vesicles) or very

weak (bladder) with configuration 1. However, with configuration 3 the correlations of the

DSC of the prostate and seminal vesicles increased to moderately strong and statistically

significant. All of the DSC results were quite similar to those obtained in [126] for T2w-CT

registration with B-spline methods, with slightly better results for the prostate and slightly

worse for the bladder observed in this work.

MANOVAs and contrast analysis were performed to investigate whether statistical differ-

ences existed between the registration methods in terms of the quantitative evaluation

metrics, and which methods managed to improve performance in terms of each metric com-

pared to not performing any registration at all. The MANOVAs found significant differ-

ences for configurations 1 (using Wilks’ λ) and 2 (Wilks’ λ and Pillai’s trace), with strong

differences (measured as partial η2) observed only with configuration 2. This is logical,

since this configuration was the only one where at least moderate initial misalignment ex-

isted for all cases. For configuration 1, the results should be observed critically since it

violated the assumption of equal co-variances. This renders Pillai’s trace the safer choice

of test statistic, which in turn led to results being (just) insignificant on a 95% confidence

level. With configuration 3, the initial misalignments were so small in all cases that there

is not much left to correct for the registration methods, so no significant differences were

found. However, if “no registration” was included in the MANOVA, significant differences

were found, indicating that even for normal work-flow cases where the initial alignment

is good, registration does improve the image alignment in terms of the evaluation metrics

used. That said, whether deformable image registration is worthwhile when misalignment

before registration is as small as with configuration 3 is debatable, and an interesting re-

search subject for future work. The analysis could be extended by performing leave-one-out

MANOVAs to stepwise eliminate methods from the comparison and find the statistically

best performing method or methods. For the purposes of this study, it was enough to verify

that the evaluation metrics are sensitive enough to differentiate between the registration

methods, and thus form a solid ground for quantitative comparisons, and to investigate

whether registration is needed in the normal MR-only RT work-flow.

In line with the MANOVA findings and the quantitative results, contrast analysis showed

that all methods significantly improved the evaluation metric results compared to no reg-

istration for configuration 1 and 2—the exception being DSC bladder (all methods) and

DSC prostate with Demons. Here, the DSC prostate for configuration 1 and DSC bladder

for configuration 2 should be regarded with some reservation due to their violations of the

assumption of equal error variances. With configuration 3, while improvements over no
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registration were still observed for both DSC of the prostate and seminal vesicles, the only

metric for which improvements remained statistically significant was NCC. The main rea-

son for this is the larger variance seen in the DSC metrics, which can in turn be at least

partially attributed to uncertainties in the manual segmentation (for seminal vesicles and

prostate).

Spearman correlations of evaluation metrics, including visual assessment rank, were cal-

culated to gain further insight into both registration method performance and evaluation

metric properties. Important observations included that landmark accuracy, where appli-

cable, correlated strongly with all metrics except DSC of the prostate. As alluded to earlier,

NCC seems to only be able to detect larger discrepancies, since it exhibits several strong

correlations in configurations 1 and 2, but only one, which is a negative correlation with

DSC bladder as opposed to the expected positive, in configuration 3. Visual assessment

correlations have been used as a sort of ground truth previously in this section, and it be-

haves as expected, again with the exception of its correlation with DSC bladder. Based on

the results for DSC bladder, it is clear that it is not a problem with the metric itself, but

rather, the registration methods fail to register the bladder properly in many cases even

though the registration might be successful in all other areas. Thus, these discrepancies

in metric correlations arise. Generally speaking, strong correlations cannot be expected

for every single pair of metrics, for reasons such as case configuration impact, uncertainty

in metric calculation and the different features emphasised by different metrics. When

considered in a holistic context, the correlations observed validate the use of these metrics

to comprehensively evaluate registration performance, and confirm the notion that overall

the registration performances were good.

Of the algorithms compared in this study, FEIR is clearly the one best suited for use in

mDixon-T2w image registration in the prostate and pelvic area. FEIR consistently per-

formed the best based on both qualitative and quantitative analysis, and with both small

and larger initial misalignments. The only situation when FEIR was not the best performer

was in the bladder filling experiment. However, this is a situation that will not occur in real

clinical settings, and even then, the difference compared to the B-splines method was min-

imal. Importantly, compared to the other methods, the worst-case performance of FEIR

was high, and the standard deviation of its performance in terms of the quantitative eval-

uation metrics was consistently among the lowest. FEIR was also by far the fastest of the

methods. The fact that the implementation of FEIR used in this work was tuned for a dif-

ferent contrasts than those investigated (DWI-T2w instead of mDixon-T2w) and had only

one user-tunable parameter indicates that not only could its performance in the mDixon-

T2w registration problem be further optimised, but it could also be used in many other

deformable image registration applications successfully.
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With regard to the other methods, B-splines showed similar consistent performance to

FEIR, but on a slightly lower level. The computational time of B-splines was its biggest

weakness. Demons performed reasonably well overall, and was the second fastest algo-

rithm. However, its inconsistency resulted in several registrations of unacceptable qual-

ity. Part of the reason may be that Demons registration was done using gradient images

where, as mentioned previously, within-structure noise can be considerable. The same is

true for the lreg algorithms, which were undoubtedly the worst performers. The rather sub-

tle differences in some of the quantitative metrics do not quite convey their performance as

perceived based on visual assessment.



Chapter 7

Summary

Five deformable image registration methods were compared for multi-modal registration of

T2-weighted MR images and T1-weighted double-echo mDixon MR images in the prostate

and pelvic area for use in the MR-only radiotherapy framework. Both quantitative and

qualitative evaluation was performed. Statistical analysis was conducted to compare reg-

istration methods, to evaluate results on a metric-by-metric basis (contrast analysis), and

metric cross-correlations were calculated to verify that the evaluation metrics chosen were

appropriate and to get further insight into the registration results.

The fast elastic image registration method FEIR was the best on all accounts, with among

other highlights a landmark accuracy of sub-voxel resolution (2.4 mm). In addition, FEIR

was by far the fastest algorithm. Accurate registration of the bladder was a relative weak-

ness for all methods. Optimisation of work-flow protocol and regularisation or parameter-

isation of the registration algorithms might be necessary to mitigate this problem. The

statistical analysis showed that the combination of landmark accuracy, normalised cross-

correlation of gradient images (NCC), and Dice similarity coefficients (DSC) of prostate,

bladder and seminal vesicles as evaluation metrics is sensitive enough to validate regis-

tration method comparisons. When only normal work-flow cases (i.e. no intentional pa-

tient movement or bladder filling) were considered, no significant differences were found

between the registration methods, but using deformable registration resulted in a statis-

tically significant improvement compared to not using any registration at all. However,

the initial misalignment was small enough (typically 1–3 mm, or approaching sub-voxel

resolution) that deformable image registration might not be necessary in the MR-only RT

work-flow.
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