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Abstract. In this paper, we present a validation study for volume preserving non-
rigid registration of 3D contrast-enhanced magnetic resonance mammograms.
This study allows for the first time to assess the effectiveness of a volume pre-
serving constraint to improve registration accuracy in this context. The valida-
tion is based on the simulation of physically plausible breast deformations with
biomechanical breast models (BBMs) employing finite element methods. We
constructed BBMs for four patients with four different deformation scenarios
each. These deformations were applied to the post-contrast image to simulate
patient motion occurring between pre- and post-contrast image acquisition. The
original pre-contrast images were registered to the corresponding BBM-deformed
post-contrast images. We assessed the accuracy of two optimisation schemes of
a non-rigid registration algorithm. The first solely aims to improve the similarity
of the images while the second includes the minimisation of volume changes as
another objective. We observed reductions in residual registration error at every
resolution when constraining the registration to preserve volume. Within the con-
trast enhancing lesion, the best results were obtained with a control point spacing
of 20mm, resulting in target registration errors below 0.5mm on average. This
study forms an important milestone in making the non-rigid registration frame-
work applicable for clinical routine use.

1 Introduction

Contrast-enhanced magnetic resonance (CE MR) mammography is based on obtaining
MR images before and after the injection of contrast agent into the bloodstream. Breast
cancer malignancies can be detected in-vivo by their increased vascularity, increased
vascular permeability and/or increased interstitial pressure [1, 2], causing a rapid rise in
the intensity of CE MR-mammograms. However, a considerable proportion of benign
lesions also enhance. The rate and amount of the enhancement as well as the character-
istics of the intensity changes after the peak enhancement need to be taken into account
if specificity is to be improved [3].

The detailed quantitative analysis of the intensity changes over time relies on the
accurate alignment of all images. Patient movement will introduce correspondence er-
rors that may invalidate such an analysis. Previously, an algorithm has been devised for
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the non-rigid registration of images [4] and applied to CE MR-mammograms. It was
shown that this registration method significantly improved the quality of the pre- and
post-contrast image difference [5].

Generally, non-rigid registration algorithms can change the volume of structures.
This is for example necessary for inter-subject registration. Volume changes are, how-
ever, physically implausible during a CE MR-mammography acquisition since no ex-
ternal forces are applied to the breast and the gap between image acquisitions is short.
In [6] we evaluated the volume change associated with non-rigid registration of 15 con-
trast enhancing breast lesions and found volume shrinkage and expansion of up to 20%.
Previously, volume changes were reduced by the introduction of a volume preserving
regularization term to the registration’s optimisation scheme [7–9]. The question re-
mains, however, how to measure the residual registration error since no ground truth
exists.

In [10] we have proposed validation of non-rigid registration algorithms on the basis
of applying it to misaligned images, generated from plausible deformations simulated
by biomechanical models. This generic method has the advantage of providing a dis-
placement vector at every position within the organ. We have employed this method for
validating two non-rigid registration algorithms [4, 11] based on single and multi-level
free-form deformations (FFDs) using B-splines and normalised mutual information [12]
and found an improved accuracy for the multi-level FFD approach. In this validation
study we will for the first time assess the influence of volume preserving constraints
on the target registration error for a multi-resolution FFD non-rigid registration for the
application of CE MR-mammography.

2 Materials

We selected from a large CE-MR mammography database four cases where almost
no motion between image acquisitions was visible. The images have been acquired
with a 3D gradient echo sequence on a Philips (case 1-3) or a Siemens (case 4) 1.5T
MR system with TR=12ms, TE=5ms, flip angle=35o and a field of view of 350mm
(case 1-3) or 340mm (case 4). The voxel dimensions are 1.37x1.37x4.2mm� (case 1-2),
1.48x1.48x4.2mm� (case 3) and 1.33x1.33x2.5mm� (case 4). The slice orientation is
axial (case 1-3) or coronal (case 4). Example slices of the difference of the original im-
ages are shown in Fig. 1a, where case 4 was reformatted to have an axial slice direction
for better visual comparison.

3 Methods

3.1 Registration

In this study the non-rigid registration is based on the multi-resolution FFD approach
based on accurate B-spline subdivision as described in [4]. In comparison to the multi-
level FFD approach [11], this has the advantage that the analytical Jacobian of the
transformation can be effectively determined at each resolution. Firstly, global motion
is corrected by using a rigid transformation. Local motion is then modelled by FFDs
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based on B-splines where the object is deformed by manipulating an underlying mesh
of control points. Starting from a coarser mesh to account for the larger deformations,
the mesh is subdivided at each resolution to give the FFDs more local flexibility. At
any stage, the transformation T between the images A and B can be described as the
sum of the global 3D rigid transformationTg and the local FFD transformationTl, i.e.
T�x� � Tg�x� �Tl�x�. This transformation maps the position x � �x� x� x��

T in A
to the corresponding position T �x� in B.

FFD transformation. Let � � fx j � � xi � Xi� i � f�� �� �gg be the domain of
the image volume and let � � f�j��j��j� j ji � f�� �� � � � � Ni��g� i � f�� �� �gg be

the mesh of control points with displacements ��i�j��j��j� and spacing �i � Xi

Ni��
for

i � f�� �� �g.Tl�x� � �T
���
l �x� T

���
l �x� T

���
l �x��T can then be written as:

T
�i�
l �x� �

�X
m���

�X
m���

�X
m���

�Y
k��

Bmk
�uk��

�i�
j��m��j��m��j��m�

i � f�� �� �g (1)

where ji � bxi
�i
c � �, ui � xi

�i
� bxi

�i
c for i � f�� �� �g and Bm is the m-th basis

function of the B-spline defined by:
B��u� � ��� u��		 B��u� � ���u� � �u� � �u� ��		
B��u� � ��u� � 	u� � 
�		 B��u� � u�		

Volume Preserving Regularization Term. In this validation we apply the volume pre-
serving regularization term suggested by Rohlfing et al. [9]. The local volume change
at position x after applying transformation T can be calculated by the determinant of
the Jacobian:
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can be computed analytically. The regularization term for volume preservation from [9]
is given by the mean absolute logarithm of the Jacobian at the control point positions:

Cjacobian�T� �
�

N�N�N�

N���X
j���

N���X
j���

N���X
j���

j ln�JT�j���� j���� j�����j� (4)

Volume shrinkage and expansion are equally penalised by (4). TransformationT is then
found by minimising the cost function [9]:

C�T� � ���� ��Csimilarity�A�T�B�� � �Cjacobian�T� (5)

where � is the weight of the volume preserving regularization term, that is balancing
the two objectives of the cost function. Normalised mutual information (NMI) was used
as the image similarity measure Csimilarity .
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3.2 Validation

The validation is based on the simulation of plausible breast deformation using biome-
chanical breast models based on finite element methods [10].

Biomechanical Breast Models. Four pre- and post-contrast image sets, which showed
almost no motion, were selected from a large patient data base. The images were seg-
mented into fat, glandular tissue and enhancing lesion. The outside surface of the fat
and the enhancing lesion were then triangulated via vtk [13] and meshed into 10-noded
tetrahedral elements with the ANSYS FEM package [14]. Elements within glandular
tissue were assigned to have glandular material properties. All tissues were modelled as
linear, isotropic and homogeneous. Elastic values (Young’s modulus) of 1kPa, 1.5kPa,
3.6kPa were assigned to fat, glandular tissue and enhancing lesion, respectively, in ac-
cordance with [15]. Note that only the relative relationship of the Young’s moduli are
important since displacements rather than forces are applied. This model is therefore
also very close to the values in [16] for 5% precompression. A Poisson’s ratio of 0.495
was chosen to enforce incompressibility of the tissue. The average performance of this
model is statistically (paired t-test) not significantly different at the 5% level to the best
models from [17].

Simulation. Four different deformations were generated. ’Regional displacement’
simulated a uniform displacement on one side of the breast, ’point puncture’ imitated
a deformation during biopsy, ’one-sided contact’ simulated a deformation of the breast
when pushed against the breast coil and ’two-sided contact’ imitated the gentle fixation
of the breast between two plates. All displacements were of maximal 10mm magni-
tude, which corresponds to the maximum offset observed during a normal CE MR-
mammography session. For these boundary conditions, the BBMs were solved using
ANSYS [14]. A continuous displacement field within the FEM mesh was produced by
quadratic shape interpolation of the 10-noded tetrahedral elements. This field was ap-
plied to the post-contrast image to simulate deformations between pre- and post-contrast
images. Locations outside the FEM-mesh had to be masked out for any further process-
ing since no deformation information is available at these locations. We registered the
pre-contrast images to the BBM-deformed post-contrast images to avoid any further
interpolation of the latter.

Quantification. The accuracy of the registration can be quantified with respect to the
gold standard displacements at each voxel position. The degree of alignment between
two corresponding points after registration is described by the target registration error
(TRE) [18]. Traditionally, TRE is calculated at anatomical landmarks. In the case of
BBM-simulated deformations the correspondence is known at all position within the
FEM mesh. We therefore calculate a more evenly distributed error by computing TRE
at all voxel positions x within the FEM mesh:

TRE�x� � jjT�F �TF��x� � xjj (6)

where TF� is the FEM-transformation mapping any voxel position in the post-contrast
image I� into the BBM-deformed post-contrast image IF . Transformation T�F is ob-
tained from the registration of the pre-contrast image I� to IF . Equation (6) assumes
that no motion has occurred between I� and I�. We can try to estimate how much mo-
tion has occurred from a registration of I� to I� yielding transformationT���x� which



Validation of Volume-Preserving Non-rigid Registration 311

in the ideal case is the identity transformation. This estimate can then be used to balance
the TRE computation, providing a measure which we will call consistency registration
error (CRE) [12]

CRE�x� � jjT�� �T�F �TF��x�� xjj� (7)

4 Results

In this study, we investigated the registration performance of an unconstrained and a
volume-preserving non-rigid registration scheme. All images were registered in a multi-
resolution strategy, where an initial rigid registration was followed by non-rigid regis-
trations of FFD resolutions of 20mm, 10mm and 5mm (see 3.1). The registration perfor-
mance was assessed by calculating the target registration error (TRE) and consistency
registration error (CRE) with respect to the simulated gold standard (see 3.2).

Regularization weight. A reasonable weight (�r) between image similarity and vol-
ume preservation was determined by calculating the volume change and the TRE for
eight different values of � within the range of 0.05 to 0.95 for two cases. In contrast
to [9] we observed that a weight of 0.05 did not preserve volume. Mean volume shrink-
age in these two cases was 13.2% without volume preservation and 13.0% with volume
preservation. We chose �r=0.8, which reduced the shrinkage to 3.2% and provided the
minimal median TRE over the whole breast tissue.

Validation. We conducted registrations of four patient cases and four BBM simula-
tions each, for the volume preserving (�=�r) and the unconstrained registration scheme
(�=0). Fig. 1b shows examples of motion artifacts introduced by the BBM simulated
deformations. These artifacts are greatly reduced after unconstrained multi-resolution
registration (Fig. 1d). Visually similar results are achieved by the volume preserving
non-rigid registration (Fig. 1f). Local registration failures at highly deformed regions
can be observed for the 20mm FFD registrations (Fig. 1c,e).

The volume changes before and after registration were evaluated over the whole
breast tissue and for the enhancing lesion region (Table 1). The BBM simulation intro-
duced absolute volume changes below 0.6%. Within the lesion, the maximum absolute
volume change increased to 17.6% for the unconstrained registration, while for the vol-
ume preserving scheme it only increased to 5.1%.

The volume preserving non-rigid registration, produced at every FFD resolution,
lower target registration errors when compared with the unconstrained method (Fig. 2a,b)lower target registration errors when compared with the unconstrained method (Fig. 2a,b).
Registrations with finer control point spacing compensated better for severe local de-Registrations with finer control point spacing compensated better for severe local de-
formations. However, within the region of the enhancing lesion, the best results were
obtained with a control point spacing of 20mm. The consistency registration errors fol-
lowed a similar trend (Fig. 2c,d). The 20mm FFD registration results were obtained
on average within 2.2 and 1.7 hours for the unconstrained and the volume preserving
scheme, respectively, on a 1.8 GHz Athon processor with 1GByte 1.33 MHz SD RAM
memory. The full multi-resolution results (20mm+10mm+5mm) of the unconstrained
and the volume preserving registration were available after 5.1 and 5.4 hours, respec-
tively.
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5 Discussion

We have presented a validation of an unconstrained and a volume preserving non-
rigid registration scheme on the example of CE MR-mammography. The validation was
based on simulating biomechanical plausible breast deformations as a gold standard.

We found that the volume preserving non-rigid registration was more accurate than
the unconstrained method. Severe local deformations were better compensated by finer
control point spacing. However, the contrast enhancing lesions were more accurately
aligned at a control point spacing of 20mm.

This validation study has measured for the first time the target registration error of
a volume preserving non-rigid registration. Our application is the alignment of dynam-
ically acquired volumes in CE MR-mammograms. This is an important step towards
making the registration techniques applicable for clinical routine use.
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Volume change whole breast tissue enhancing lesion
in % mean std min max mean std min max

BBM simulation -0.10 0.13 -0.33 0.12 0.12 0.18 -0.03 0.57
20mm FFD, �=0 -0.53 0.71 -1.93 0.77 -2.04 5.03 -17.64 2.53
10mm FFD, �=0 -0.55 0.71 -1.95 0.76 -0.78 5.32 -13.53 5.95
5mm FFD, �=0 -0.55 0.69 -1.93 0.77 -0.71 5.84 -15.50 6.85

20mm FFD, �=0.8 -0.16 0.22 -0.75 0.08 0.08 0.90 -1.63 2.09
10mm FFD, �=0.8 -0.17 0.26 -0.70 0.16 -0.38 1.47 -5.07 1.56
5mm FFD, �=0.8 -0.18 0.31 -0.79 0.24 -0.16 1.05 -2.72 1.39

Table 1. Mean, standard deviation, minimal and maximal volume change of four patient cases and
four BBM deformations each. Volume changes are evaluated over whole breast tissue (left) and
over enhancing lesion (right) after BBM simulation and after multi-resolution FFD registration.
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(a) original (b) deformed (c) 20mm, �=0 (d) 5mm, �=0 (e) 20mm,�=.8 (f) 5mm, �=.8

Fig. 1. Example slices for cases 1-4 (top to bottom) showing difference (a) of pre- and post-
contrast images; (b) after deformation simulation; (c) after rigid + 20mm FFD registration without
volume preveration constraint (�=0); (d) after rigid + 20mm + 10mm + 5mm FFD registration
with �=0; (e) after rigid + 20mm FFD registration with �=0.8; (f) after rigid + 20mm + 10mm +
5mm FFD registration with �=0.8.

0

0.5

1

1.5

2

2.5

3

3.5

4

SimulationRigid 20mm 10mm 5mm

T
R

E
 in

 m
m

over whole tissue, µ:0
Median

0

0.5

1

1.5

2

2.5

3

3.5

4

SimulationRigid 20mm 10mm 5mm

T
R

E
 in

 m
m

over whole tissue, µ:0.8
Median

0

0.5

1

1.5

2

2.5

3

3.5

4

SimulationRigid 20mm 10mm 5mm

C
R

E
 in

 m
m

over whole tissue, µ:0
Median

0

0.5

1

1.5

2

2.5

3

3.5

4

SimulationRigid 20mm 10mm 5mm

C
R

E
 in

 m
m

over whole tissue, µ:0.8
Median

0

0.5

1

1.5

2

2.5

3

3.5

4

SimulationRigid 20mm 10mm 5mm

T
R

E
 in

 m
m

over enhancing lesion, µ:0
Median

0

0.5

1

1.5

2

2.5

3

3.5

4

SimulationRigid 20mm 10mm 5mm

T
R

E
 in

 m
m

over enhancing lesion, µ:0.8
Median

0

0.5

1

1.5

2

2.5

3

3.5

4

SimulationRigid 20mm 10mm 5mm

C
R

E
 in

 m
m

over enhancing lesion, µ:0
Median

0

0.5

1

1.5

2

2.5

3

3.5

4

SimulationRigid 20mm 10mm 5mm

C
R

E
 in

 m
m

over enhancing lesion, µ:0.8
Median

(a) (b) (c) (d)

Fig. 2. Target registration error (TRE) for multi-resolution FFD registration (a) without volume
preservation constraint (�=0) and (b) for �=0.8. Consistency registration error (CRE) for (c) �=0
and (d) for �=0.8. Top: Results evaluated over the whole breast tissue. Bottom: Results evaluated
only over the region of the enhancing lesion. Error bars show the standard deviation from the
mean over patients and simulations.
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