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IMAGE REGISTRATION: VALIDATION
ISSUES



Use of image registration in radiotherapy

Image registration for:

* Segmentation

* Mutimodal or adaptive treatment planning
* Image-guided radiotherapy

* Response assessment

The requirements and challenges vary between the above four main uses, mainly in

terms of:

* Time constraints,

* Level of accuracy

* Propagation of errors: systematic vs. random, different implications depending of
the fractionation scheme

Validation for DIR more challenging, as the expected accuracy is spatially dependent

Med Phys. 2017 Jul;44(7).e43-e76
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Validation issues

There are two main areas of validation of DIR applied in RT

Geometric accuracy Dosimetric accuracy

Different approaches for validation:
* Datasets for benchmark (e.g. multi-institutional clinical studies)
* Phantoms

* Patient - specific validation (more challenging!)
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Dosimetric accuracy: dose accumulation
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Error sources in image registration

1) Sources of error due to data acquisition:

* Extent

- Intersection of volumes sufficient for registration
* Scan parameters

- Voxel size and relative orientation of sampling grids
* Quality

- Noise / image artifacts

2) Sources of error in the registration process:

e Optimal selection of algorithm components: similarity metric, transformation
model, optimizer and interpolation scheme

* Use of the registration output can also be a source of error for downstream
processes, such as contour propagation, dose accumulation, or image guidance




Methods for validation and QA

Some general concepts:

* Validation refers to the evaluation of the overall process and tools to ensure that
accurate image registration can be performed on a consistent basis for the intended use
(e.g., contouring, image guidance, etc.)

* Verification is the process of confirming that the accuracy of a specific image
registration is acceptable for the intended use (e.g., is the registration of the patient’s
MR and CT accurate)

* Quality Assurance is the procedures and process followed to ensure maintenance of
quality in each image registration

Caveats:

* Validationis an ill-posed problem

* Adequate quality assurance and systematic patient-specific verification ideally required
for reliable clinical use




Qualitative methods

Split wew‘;._.
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Quantitative methods

|
I expected to reduce in volume, greater than 1 for
: structures expected to expand in volume)
| Consistency Independence of an algorithm to the direction of the registration Maximum voxel dimension (~2-3 mm)

(image A to image B or image B to image A)
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Technique Evaluation metric Tolerance
Target registration error (TRE) Point-based accuracy metric using implanted or naturally Maximum voxel dimension (~2-3 mm)
occurring landmarks visualized on a pair of images
| = = = e e e e e e e e e e s e e e e e e e e e s e e e e e e e e e e e - - - - = - - - =
| Mean distance to agreement (MDA) Mean surface distance between 2 contours on registered images Within the contouring uncertainty of the structure |
| or maximum voxel dimension (~2-3 mm) |
| Dice similarity coefficient (DSC) Volumetric overlap of 2 contours on registered images Within the contouring uncertainty of the structure |
| (~0.80-0.90%) |
d
Jacobian determinant Volume expansion or contraction resulting from a deformable No negative values, values deviating from [ as |
image registration expected from clinical scenario (0-1 for structures |
I
|
I
|

“DSC calculations are dependent on the volume of the structure, therefore very large or very small structures may have different expected DSC values for contour uncer-
tainty.

= == == : Contour-based metrics

= = = * \Vector-field based metrics

Med Phys. 2017 Jul;44(7).e43-e76



Target registration error

* Residual error on selected “target” landmarks (identification issues, localization within
pixel/voxel size)
* Local evaluation, not valid globally in case of deformation (DIR)

10x10 cm portal imaging



Target registration error

IEEE TRANSACTIONS ON MEDICAL IMAGING, VOL. 31, NO. 2, FEBRUARY 2012 153

Image Similarity and Tissue Overlaps as Surrogates

for Image Registration Accuracy:
Widely Used but Unreliable

Torsten Rohlfing, Member, IEEE

“Ideally, actual registration errors measured at a large number of
densely distributed landmarks (i.e., identifiable anatomical locations)
should become the standard for reporting registration errors.”




Contour-based metrics

Metrics based on contours:
* Dice Similarity Coefficient (DSC) }
* Dice-Jaccard Coefficient (DJC)
* Distance between Center Of Mass (COM)
* Root Mean Square Error (RMSE) of the distance between contour points
* Mean distance to Agreement (MDA)
* Hausdorff distance

Contour overlap

Caveat: requires expert contouring (reliable segmentation)




Contour-based metrics: overlap

Dice Similarity Coefficient (DSC)
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Contour-based metrics — COM and RMSE

py; i-th contour point on |1
P, i-th contour point on 12
n number of contour points

Phys. Med. Biol. 58 (2013) 8077-8097
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Contour-based metrics — MDA and Hausdorff

Given two contours, say A and B, the first step is to calculate the distance of every point
in contour A to contour B and the distance from every point in contour B to contour A.
Denoting by a; and b; the i-th point in contours A and B, respectively (with the number of
points in both not necessarily equal), these distances are defined as:

d(a;, B) = ming||b; — a|
d(b;, A) = ming||a; — by|

The average of all distances would then result in the Mean Distance to Agreement
(MDA).

The Hausdorff distance (HD) is defined instead as:

HD(A, B) = max(max; {d(a;, B)}, max; {d(bj,A)})




Jacobian determinant

Consider a 3D vector field VF = [VF; VF, VUF;3], then the Jacobian matrix is defined
as follows:
0VE, O0VF;, OVF;]
dx dy 0z
doVF, O0VF, OJVF,
d0x dy 0z
dVE; 0VF; O0VE;
| dx dy 0z |

The Jacobian determinant identifies the local volume change as a result of the

registration. Jacobian determinants greater than 1 indicate volume expansion, between
0 and 1 indicate volume reduction, a value of 1 indicates no change, and a value of less

than or equal to 0 indicates nonphysical motion (e.g., regions of the image folded onto
itself).

O =volume @

O = volume T'(z)




Consistency

Inverting reference and moving image may lead to different results (Inverse
Consistency Error, ICE)
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Christensen and Johnson, Consistent Image Registration, IEEE TMI
20(7), July 2001, pp. 568-582.
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Consistency
y=g(x)

Actual Error vs. Inverse Consistency Error
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Transitivity error

Extension of the inverse consistency concept by using multiple images
Consider 3 separate images (A, B, and C) and their associated deformation vector fields:
e Ax;mapsimage AtoB

* Ax, mapsimageBtoC
* Ax3; mapsimage Cbackto A

The transitivity error (TE), also known as generalized inverse consistency error, is given
by the composition of the 3 vector fields

TE = Axq ° Axy ° Axs

Phys Med Biol. 2009 Sep 21; 54(18): 5561-5577.
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Distance Discordance Metric

The detailed process of computing the Distance
Discordance Metric (DDM) can be divided into the
following steps:

1) All images are registered to each other, which results
in a set of forward DVFs and corresponding inverses. This
step requires N*(N-1) registrations

2) Choose an image [i], which will be used as the “fixed”
reference. For each voxel located at X in image [i], we
find the location of the corresponding voxels X, X, X in
the registered images [j], [k], and [l] using the forward
DVFs

3) By means of the inverse DVFs, we trace the voxels
located at X;, X,, X, in [j], [k], and [I] to their locations ij,
X774 X[™ in another reference image [m]
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Distance Discordance metric

4) Calculate the distance discordance (DD), which represents the difference between
these points on reference image [m]:

[DD(X)] = [|X™ = Xi| |X]" = X[, IXi" — X[™1]
V(,k,Lm)€e{l,..,N} suchthati #j+k#l+m

The total number of DD combinations between these points would be (N-2)*(N-3)/2. All
images are permutated while the reference image [i] remains fixed. The total number of

permutations for a fixed reference [i] and arbitrary reference [m] in a set of N images
would be (N-1).

Ultimately the mean of the distance discordance (i.e. the Distance Discordance Metric,
DDM), DDM(X;) is evaluated:

DDM(X;) = Z DD (X))

Ntot
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Verification phantoms

Phantom classification:

Deformable

More difficult




Verification phantoms: example 1
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Sagittal
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Selection: 138.136 : 50.5487 : 135.379
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Verification phantoms: example 2

Courtesy of Guillaume Landry
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Commissioning of DIR software

Commissioning: verification of functionality and performance before clinical use,
according to predefined levels of performance

There are three recommended methods to assess registration results:
e System end-to-end tests with physical phantom

* Digital phantom tests

* Example clinical data tests

Furthermore, the DIR software should undergo a detailed procedure for software system
specific validation

Med Phys. 2017 Jul;44(7):e43-e76




Software system specific validation

Validation of image registration software performance can be divided into two broad
areas:

* Validation of image transfer and data integrity between different systems

e Validation of the actual image registration functionality and accuracy

Changes in configuration of software or hardware or upgrades of any scanner,
computer, or network associated with the RT planning have a potential of introducing
errors and disturbing established communications

Prior to upgrading or modifying any of the components, there should be a
communication regarding which processes may be disturbed and appropriate
arrangements should be made for end-to-end testing following the changes




Dosimetric accuracy

The dosimetric accuracy can be evaluated relying on the following approaches:

1) Phantoms

* Virtual
e synthetic DVFs
e Physical

» gel dosimeters
e Evaluation with DVH, gamma analysis or dose difference

2) Patient-specific evaluation
 Dose-based methods
* DVF-based methods




Synthetic VFs

oCT patient CT1
Original E"I". Deformea‘a"(D_CT)
Doselcalculation Doselcalculation
Dose (CT) «—— Dose (D_CT)

4

Dose (CT) - deformed
Compare!

Med Phys. 2015 Jan; 42(1): 196-205.




Gel dosimeters
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Phys Med Biol. 2015 Feb 21;60(4):1543-63.

Radiation sensitive gels that, upon
irradiation with ionising radiation,
undergo a fundamental change in their
properties as a function of the
absorbed radiation dose

Can be molded in different shapes
(also anthropomorphic)

Evaluated or 'read-out’ using magnetic
resonance imaging (MRI), optical
computer tomography (CT), x-ray CT or
ultrasound




Gel dosimeters - example
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DIR ALGORITHM

Obtain x-ray CT images of
dosimeter before and after
deformation

Generate 3D deformation
map using DIR algorithm

Apply deformation matrix to
TPS-calculated dose distribution to
yield DIR algorithm-predicted dose

distribution on non-deformed dosimeter

x-ray CT in TPS

TREATMENT PLANNING SYSTEM (TPS)

//doi.org/10.1016/j.ijrobp.2013.05.045

Irradiate
deformed dosimeter with

Calculate dose distribution
Create treatment plan on deformed dosimeter
[ treatment plan

https

ANALYSIS

Dosimeter returns to original shape

4

physical dose distribution measured (optical-CT) deformed
in non-deformed dosimeter ) dose distributions
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Dose — evaluation metrics

(a) CBCT (b) wCT

(c) Diff map (d) DVH

""" CBCT skin
""" CBCTCTV
===CT skin
—CTCTV.
----- Plan CTV
""" Plan skin

0 1000 2000 3000 4000 5000 6000
Dose [cGy] A

Dose comparison metrics:

* Dose —volume histogram-
* Dose difference

* Gamma analysis (X mm /Y %)
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Distance to dose difference

* The distance to dose difference (DTD) metric is a method
able to link geometric uncertainty to dose mapping
accuracy

* Given a dose distribution, DTD is defined as the distance
to observe a given dose difference in the irradiated
geometry, thus quantifying the permitted DVF error to
ensure a pre-specified dose mapping accuracy

 DTD indicates how large a DVF error can be before the
DVF error could introduce a predetermined maximum
tolerable dose mapping error

* The DTD is therefore aimed at providing the DIR
geometric accuracy required to satisfy dose accuracy
constraints a priori and independently from any DVF

* However it is not usable for estimating the dosimetric
uncertainty resulting from a specific measured geometric
error

Phys Med Biol. 2014 Feb 7;59(3):733-46.




Evaluation summary

AAPM TG132 highlights that quantitative verification is not always possible
due to limited time and resources and unavailability of the ground truth on a
patient-specific basis

Qualitative evaluation of the image registration should always be performed in
the routine clinical practice to ensure acceptability of the registration

In addition to this, quantitative metrics could be computed to complement
qualitative evaluation = standardized report

The need to establish a patient-specific quality assurance practice is reported
as a clinical recommendation




Toward patient-specific QA
Patient-specific QA should cover the geometric and dosimetric paradigms to provide
effective metrics that could be useful in clinical procedures
Relevant criteria that should be met by these metrics are as follows:
e Spatial information
e Automatic and efficient implementation
* Description of un-contrasted or homogeneous regions
* Multi-modality

* Capability to relate geometric errors with dosimetric uncertainties

* Definition of acceptable tolerances




Spatial information & automation

Geometrical accuracy:

Manual contours and landmarks allow a direct measure of DIR uncertainty
DVF-based metrics do not provide a comprehensive estimation of the spatial
accuracy of DIR, although some metrics are correlated with actual registration
errors

It has been shown that contours suffer of a weakly correlation with
registration accuracy, which suggests the use of a wide and dense set of
landmarks as a promising approach for DIR validation - automated
landmark extraction

Dosimetric accuracy:

Greater attention is needed in correspondence to dose gradients, as a small
geometric error might have a severe impact on warped doses

The distance to dose difference (DTD) could be a potential tool for an a priori
evaluation of the needed DIR accuracy




Description of homogeneous regions

Image enhancement can be applied to allow a better
identification of internal structures

Feature extraction methods are likely to identify a limited
number of features

DVF-based metrics, and/or DIR regularization, can be applied
to verify homogeneity in low contrast regions

Integration of information coming from different image
modalities could be taken into account, even if special care
should be used when applying a registration result to different
images, as reported in TG132

As a good geometrical matching is a necessary but not
sufficient condition for dose warping accuracy, it is important
to carefully evaluate DIR in these regions, especially when they
encompass dose gradients




Multi-modality

The extension of automatic landmark extraction methods for
multi-modal imaging is still a challenge

Particular attention should be paid when different information
is involved such as anatomical vs. functional data (e.g. CT with
PET or CT with functional MRI)

Contours for these cases could provide a preliminary
assessment and analysis on DVF could play an important
function in the evaluation procedure

Any error in Hounsfield unit (HU) mapping from the reference
CT to the image used for evaluation would result in dose
misestimation, which would increase the uncertainty in
accumulated dose on the reference geometry




Relate geometric/dosimetric uncertainties

The sensitivity to DIR error of clinically relevant metrics, such as DVH
parameters, has been studied, but these were not found to be strictly
correlated to geometric error

An interesting approach is the Distance To Dose difference (DTD), which
gives a priori indications on DVF accuracy required to gain a certain dose
accuracy

DTD is not aimed at estimating the dose uncertainty associated to a
computed geometric error

The investigation of specific metrics able to provide more precise
quantitative assessment of the relationship between DIR uncertainties and
dose is still required




Definition of acceptable tolerances

It should be verified that tolerances both on geometric and dosimetric
metrics of DIR uncertainty are valid to guarantee a negligible error on the
treatment outcome

As defined in TG132 (Brock et al. 2017), tolerances on the geometric error
should be considered (i.e. maximum voxel size for landmark distance)
These tolerances should be also reflected in dosimetric accuracy by
defining clinical relevant thresholds in relation to dose prescription
according to ICRU guidelines for tumor and organs at risk

However, due to a limited number of references, the definition of clinical
tolerances on the dosimetric paradigm is still required multi-institutional
studies encouraged




( to complement patient-specific validation ]

required for commissioning
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