REPORTS OF PRACTICAL ONCOLOGY AND RADIOTHERAPY 24 (2019) 28-34

@ REPORTS OF PRACTICAL
= ONCOLOGY AND
RADIOTHERAPY

Available online at www.sciencedirect.com

ScienceDirect

journal homepage: http://www.elsevier.com/locate/rpor i

Review

Registration methods in radiotherapy L))

Check for
updates

Pawetl Czajkowski?, Tomasz Piotrowski?*

& Department of Medical Physics, Gdynia Oncology Centre, Gdynia, Poland
b Department of Electroradiology, Poznan University of Medical Sciences, Poznan, Poland
¢ Department of Medical Physics, Greater Poland Cancer Centre, Poznan, Poland

ARTICLE INTFO ABSTRACT

Article history:

Received 28 June 2018

Accepted 6 September 2018
Available online 10 October 2018

Purpose: The aim of this study is to present a short and comprehensive review of the methods
of medical image registration, their conditions and applications in radiotherapy. A particular
focus was placed on the methods of deformable image registration.

Methods: To structure and deepen the knowledge on medical image registration in radio-
therapy, a medical literature analysis was made using the Google Scholar browser and the
medical database of the PubMed library.

Results: Chronological review of image registration methods in radiotherapy based on 34
selected articles. A particular attention was given to show: (i) potential regions of the applica-
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tion of different methods of registration, (ii) mathematical basis of the deformable methods
and (iii) the methods of quality control for the registration process.
Conclusions: The primary aim of the medical image registration process is to connect the con-
tents of images. What we want to achieve is a complementary or extended knowledge that
can be used for more precise localisation of pathogenic lesions and continuous improve-
ment of patient treatment. Therefore, the choice of imaging mode is dependent on the type
of clinical study. It is impossible to visualise all anatomical details or functional changes
using a single modality machine. Therefore, fusion of various modality images is of great
clinical relevance. A natural problem in analysing the fusion of medical images is geograph-
ical errors related to displacement. The registered images are performed not at the same
time and, very often, at different respiratory phases.

© 2018 Greater Poland Cancer Centre. Published by Elsevier Sp. z o.0. All rights reserved.

images to be compared directly on a computer screen. One
of the methods for advanced comparison of medical images
involves the alignment of the images followed by assessment
of visible structures of the internal anatomy of patient’s body.

1. Introduction

The development of computer technologies in the manage-

ment of medical images achieved through diagnostic X-ray
tests, computer tomography (CT), magnetic resonance (MR)
or positron emission tomography (PET), has enabled those

The ability to overlay images with different modalities, e.g.
CT and MR, which complement the information of patient’s
anatomy by utilising different physical phenomena in the
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process of being generated, has considerably improved the
precision of diagnostic and clinical decisions. The process of
overlaying medical images is referred to as ‘registration’, while
the effect of the registration is known as ‘fusion’.

The tools for medical image registration are constantly
improved. Almost every year, new technological solutions are
developed (computer architecture — hardware) to shorten the
time and enhance the precision of registration (mathematical
algorithms used during registration — software). The accu-
racy of medical image fusion is very significant for a number
of medical disciplines, including radiotherapy. In the case of
radiotherapy, a performed and verified image fusion with the
lowest geographical error enables a clear segmentation of the
planning target volume (PTV) and the organs at risk (OAR) and,
consequently, the creation of a treatment plan.’— Registration
of medical images and the evaluation of the fusion obtained
is also one of the main methods to control the delivery of a
treatment plan on a therapeutic machine, i.e. during patient
irradiation. Irradiation during which a regular image-based
control is performed is referred to as image guided radiation
therapy (IGRT).*”

A number of review studies have been published on image
registration. But they are of a general nature and relate to
various fields of science, from image theory through techni-
cal application to medical sciences. The aim of this particular
study is to review the methods of medical image registration,
their conditions and applications in radiotherapy. A partic-
ular focus was placed on the methods of deformable image
registration.

2. Material and method

To structure and deepen the knowledge on medical image reg-
istration in radiotherapy, a medical literature analysis was
made using the Google Scholar browser and the medical
database of the PubMed library. The key words used in the
search were image registration in radiotherapy, deformable image
registration in radiotherapy, adaptive radiotherapy. Out of dozens
of reports on medical image registration, we only selected
those concerned with particular modes of registration and
their use in radiotherapy. A particular attention was given
to the papers describing the use of demon and B-spline
deformable registration types.

2.1.  Image registration — process

Medical image registration may be divided according to a num-
ber of factors.®1° Therefore, to perform the registration, some
landmarks must first be identified for the input image to be
aligned to the reference image. Usually, these are character-
istic elements of patient’s anatomy that are visible in both
images, such as selected bony structures or clear-cut and
distinctly visible blocks of soft tissue. Currently, there is a
variety of algorithms to be used for the purpose of medical
image registration.!’ The choice of an algorithm will deter-
mine the method and type of transformation the input image
will undergo when being registered with the reference. The
final and the key part of the whole process is the evaluation of
the fusion received. The evaluation should take into account

both the algorithm-specific quantitative parameters and the
qualitative parameters that specify diagnostic utility of the
registration or, in other words, assess if the registration has
delivered some added information on patient’s anatomy as
compared to that provided by the reference image alone.

2.2. Chronological review of image registration
methods in radiotherapy

The first medical image registration methods implemented
in computer programmes and used in radiotherapy were
those based on simple and complex rigid transformation algo-
rithms. They rely on mathematical transformations, such as
rotation and translation along each axis of the Cartesian coor-
dinate system, as well as scaling and shearing of an image
projected onto a reference.'>* Simple rigid registration uses
the first two of the above transformations, while complex
rigid transformation also involves scaling and shearing. Fig. 1
shows a schematic of the basic transformations used in rigid
image registration methods.

In rigid registration, transformations are performed in a
3D space and images are matched according to the proper-
ties of pixels or voxels or by alignment of contours associated
with selected anatomical structures as shown in the images.
Rigid registration is global in nature, meaning that particu-
lar parts of the input image are not able to be deformed in
relation to one another, and the fusion obtained is a superpo-
sition between the input and reference image. Superposition
of images is, in turn, conditioned upon the underlying reg-
istration parameters (points, surfaces or mapping volumes
that are identical and clearly specified in both images being
compared).'*1°

Rigid registration is an indispensable tool in patient posi-
tioning before the delivery of fractional dose. In that case, rigid
registration of CT images that formed the basis for treatment
plan with CT images (e.g. cone beam computed tomography —
CBCT) allows to determine the values by which the therapeu-
tic table with the patient on it should be moved so that the
current patient’s position reflects as far as possible the posi-
tion taken while the CT images used in treatment plan were
being made.

Unfortunately, the rigid registration methods may not be
reliable in determining the target volume and organs at risk
in the course of treatment planning. Registering MR or PET
images with reference CT images should provide measurable
benefits of added information on patient’s anatomy. However,
the global nature of rigid registrations often leads to unac-
ceptable discrepancies between the positions of particular
anatomical structures in images being compared. The discrep-
ancies arise from the fact thatimages can be taken at different
times or for different body positions.

In the assessment of anatomical changes that occur in
the patient’s body during radiation therapy, rigid registration
methods enable a qualitative visualisation of discrepancies
between reference CT images (treatment planning, images
generated before the onset of therapy) and the input CBCT
images generated during radiotherapy. Nevertheless, rigid
transformation parameters (rotation, shift, scaling) do not
make it possible to quantify those changes. Nor is it pos-
sible, based on those parameters, to map and deform the
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resized image

rotated image

shearing image

Fig. 1 - Examples of transformations applied in rigid image registration (own data).

dose deposited during irradiation in a non-linearly changing
anatomy of the patient’s body.

Some hope for solution of the issues related to the rigid
registration methods was offered by the registration based
on projective transformation algorithms employing the pro-
cess of perspective scaling. Perspective scaling allows the
re-scaling of particular parts of an input image by various non-
identical rates. Thus, it is possible to enlarge a selected part
of an input image in relation to the other parts.'>!* Projective
registrations are both global (matching the whole input image
with the reference) and local (matching a selected part of the
input image with the reference) in nature. Unfortunately, scal-
ing and shifts of particular parts of the image during projective
registration are linear in nature as in the case of rigid regis-
tration. Hence, just like rigid registrations, they are likely to
produce a substantial misalignment.’ Therefore, a need has
arisen for methods using fully elastic transformations which,
apart fromre-scaling particular image elements, would enable
them to be non-linearly shifted in relation to one other. Such
transformations are referred to as deformable image registra-
tion (DIR), whereas registration based on such transformations
is known as deformable registration.

Currently, the most common deformable registrations
commercially available in computer software used in radio-
therapy are those employing algorithms based on elastic
transformations that involve the analysis of voxel inten-
sity in the referred image as compared to the reference
image (demon registration) and on the analysis of B-spline
functions.®”

2.3.  Demon deformable registration

The concept of a non-linear image registration using voxel
intensity of images being matched is based on the thermo-
dynamic paradox proposed by James Clerk Maxwell in 1867
(Fig. 2).

It assumes that a mixture of gases composed of molecules a
and b contains an intrinsic semi-permeable membrane capa-
ble of ‘differentiating’ between the molecules. The membrane
only allows molecules a to diffuse in the direction A, and
molecules b to diffuse in the direction B. To account for the
decreased entropy of the system, which is contrary to the sec-
ond law of thermodynamics, Maxwell proposed in his thought
experiment the existence of a being who ‘could’ differenti-
ate between molecules — a demon. In fact, in 2013, Maxwell’s
demon was theoretically proved to exist as a quantum dot.

That concept has been used in the demon-type algorithms
that are examples of image registration based on diffusive
models of image deformation. They assume that appropriate
image voxels are properly assigned by means of a force field.
According to the level of saturation, each target image voxel
is assigned a reference image voxel by means of a field based
on optical flow.'® It is assumed that the reference image is
a rigid image whose external contour is a membrane where
Maxwell’s demons are located. The demons are of a local
nature and are responsible for pushing a voxel into the refer-
ence image if it is labelled ‘in’ or pushingit out of the reference
image if it is labelled ‘out’ (Fig. 3). The level of deformation of
the inputimage during a demon-type registrationisbased ona


https://doi.org/10.1016/j.rpor.2018.09.004

REPORTS OF PRACTICAL ONCOLOGY AND RADIOTHERAPY 24 ( 201 9) 28-34 31

A B A B
o e o O L O
® O
® ° Q= O o ©
@ o o ¢
=" @)
¢ e e Ll % ®
O
|
membrane with Maxwell's Demons
Fig. 2 - Gas mixture and Maxwell’s demons.
~ overlay image
deformation grid -~ snap points
\ . _ e
i o N\
demons: <=~ 7= \ /
boundary of the reference area
Fig. 3 - Diffusive model of image registration.
vector field of the movement between the two images - optical 2.4.  B-spline deformable registration

flow.

The main condition for optical flow is that both images
remain bright. In a two-dimensional space, brightness
depends on the point location (x,y) and time (t) and is defined
as:

[=I(x,y.1) 1)

Considering that brightness is invariable in time and
extending Eq. (1) to Taylor series, the following formula can
be proposed:

Iyu+1Iyv + It = 0, where : Iy = 3l/dx, Iy = dl/dy, u = dx/dt,

v =dy/dtand]I; = dl/dt 2)

Eqg. (2) is the condition for optical flow. There are three main
groups of solutions for this linear equation based on correla-
tive, frequency and gradient.'® The gradient-based solutions
rely on spatial derivatives of image intensity and are imple-
mented, among others, in commercially available solutions,
such as Smart Adaptive and Smart Segmentation in the
Ecplipse™ (Varian Medical Systems, Palo Alto, USA) radio-
therapy planning system, MIM Software (MIM Software Inc.,
Cleveland, USA) therapeutic data management software, and
Accuray Precision™ (Accuray Inc, Madison, USA) radiotherapy
planning system.

The main objective of registering medical images is to find a
geometrical transformation T to transform as accurately as
possible the image sequence B, usually with different modal-
ities, into the image sequence A (Fig. 4).

In the case of demon-based deformable transformation
algorithms, such a transformation results from the solution of
the equation that constitutes the condition for optical flow. In
contrast to demons, B-spline algorithms rely on the descrip-
tion of transformation T based on the analysis of the spline
functions that connect voxels in space involving a set of
control points.? The image sequence B is subjected to defor-
mation by using spline functions that have become a tool to
design any forms made of continuous curved lines.

To model of contour, sometimes very complicated, a math-
ematical method of fitting polynomial curve segments is used
and represented as a B-spline. B-spline functions are a partic-
ular case of spline functions - standardised by base functions.
The domain of those functions falls into the range of te [0,1],
while the m+1 sequence of values u; divides that range into
sub-ranges where particular curves are defined. Values u; are
called B-spline nodes. Any point of the curve is expressed by
the equation:

v(x) = > pifi(x) (3)
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Fig. 4 - Schematic image registration process.

where:

p; — control points, scaling vectors
Bi(x)- standardised B-spline functions, typically represented
3rd degree polynomials

To interpolate a contour using B-spline functions, the inter-
polating polynomial needs to be calculated for each section
between two successive nodes. The coefficients of those poly-
nomials are set in such a way as to ensure continuity of the
function and its derivative to 1 — n degree, assuming thatn is
the degree of the polynomial.

The function fitting technique consists in user’s choosing
control points (nodes). Usually, these are characteristic points
of a medical image: anatomical changes, bony structures.
Another benefit of B-spline algorithms is that the method
for obtaining deformations depends entirely on computer
processing power. The most frequent graphic representation
of B-spline deformable registration is the exposure of curve
grid deformation and the consequent deformable warp map

By > > > >

(Fig. 5). The B-spline registration technology is implemented
in the Velocity™ imaging data management system (Varian
Medical Systems, Palo Alto, USA).

2.5.  Deformable registration quality control

Deformable registration quality control and validation meth-
ods are described in Report 132 of the American Association
of Physicists in Medicine.?! It includes recommendations and
detailed information on actions to be taken when implement-
ing a medical image registration system. Before introducing
the algorithm to clinical use, an obligatory quantitative and
qualitative inspection of the medical image registration
process has to be performed. A quality control needs also to
be done for routine clinical trials. The report contains detailed
recommendations on what structures should be compared
in specific clinical areas and how to visualise the fusion
of images to prevent as many errors as possible. The 132
AAPM Working Group recommends in their report to use the
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Fig. 5 - Deformable warp map (own data).
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Fig. 6 - Medical image fusion.

so-called chessboard (Fig. 6) to evaluate the fusion of medical
images as a qualitative tool.

To perform a quantitative validation of the algorithm, a so-
called target registration error (TRE) needs to be determined,
which is far from easy in the case of multi-modal volumes.
It is a mean of differences between the same points of the
referred and reference image during the registration process.
For ideally aligned images, TRE is 0. Another way to carry out a
quantitative quality control for the algorithms is to determine
the mean distance to agreement with tolerance of 2-3 mm.?%?3
The complement way of evaluation is based on the com-
parisons of the real or planned motions that are simulated
in physical or computational phantoms with the results of
registrations.?*%°

Despite the commercial implementation, scientists are
constantly developing new methods of registration, contribut-
ing constantly to their precision and efficiency.?*3? It is
important because current practice shows that there is no
ideal registration algorithm and the selection of one of them
should be dictated by specific clinical situations.?33*

3. Conclusion

The primary aim of the medical image registration process is
to connect the contents of images. What we want to achieve is
a complementary or extended knowledge that can be used for
more precise localisation of pathogenic lesions and continu-
ous improvement of patient treatment. Therefore, the choice
of an imaging mode is dependent on the type of clinical study.
Itis impossible to visualise all anatomical details or functional
changes using a single modality machine. Therefore, fusion
of various modality images is of great clinical relevance. A
natural problem in analysing the fusion of medical images
is geographical errors related to displacement. The registered
images are performed not at the same time and, very often, at
different respiratory phases.
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