A Practical Salient Region Feature Based 3D Multi-Modality
Registration Method for Medical Images

Dieter A. Hahn2, Gabriele Wol2, Yiyong Surf, Joachim Hornegget, Frank Sauef, Torsten
Kuwert? and Chenyang X

3nstitute of Pattern Recognition, University of Erlangen{Nuremberg (FAU), Martensstr. 3,
91058 Erlangen, Germany
bDepartment of Nuclear Medicine, FAU, Krankenhausstr. 12, 91058rlangen, Germany
¢Siemens Corporate Research, 755 College Road East, Princetidd 08540, USA

ABSTRACT

We present a novel representation of 3Dsalient region features and its integration into a hybrid rigid-body
registration framework. We adopt scale, translation and rotation invariance properties of those intrinsic 3D
features to estimate a transform between underlying mono- or multi-modal 3D medichimages. Our method
combines advantageous aspects of both feature- and intensity-based approaches and dsissof three steps: an
automatic extraction of a set of 3D salient region features on each image robust estimation of correspondences
and their sub-pixel accurate re nement with outliers elimination. We propose a region-gowing based approach
for the extraction of 3D salient region features, a solution to the problem é feature clustering and a reduction of
the correspondence search space complexity. Results of the developed algorithm aregented for both mono- and
multi-modal intra-patient 3D image pairs (CT, PET and SPECT) that have been acquired for change detection,
tumor localization, and time based intra-person studies. The accuracy of the methd is clinically evaluated by
a medical expert with an approach that measures the distance between a set of selected msponding points
consisting of both anatomical and functional structures or lesion sites. This deronstrates the robustness of
the proposed method to image overlap, missing information and artefactsWe conclude by discussing potential
medical applications and possibilities for integration into a non-rigid regstration framework.
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1. INTRODUCTION

In medical image processing, registration is an important technique that canputes a spatial mapping between two
or more images. It can be used in a variety of applications. The fundamental anghallenging requirement for the
alignment transform is to overlay corresponding image content optimally State-of-the-art registration techniques
and comparisons of algorithms within this eld of research can be found in seved comprehensive surveyst*
Registration has become a crucial task in a variety of medical imaging applid@dons, for example, the creation
of atlases or normative databases are suitable for image or object anags, intra- or inter-patient studies let
physicians gain knowledge of the development of diseases or time based follow-updies during cancer therapy.
Using di erent imaging systems for the same subject can help to obtain more irdrmation but requires multi-
modality registration techniques. Adding complementary information is facilitated by various medical imaging
systems that can be coarsely divided into two major categories: anatomicaimaging to extract morphological
information (e.g. X-Ray, Computed Tomography (CT), Magnetic Resonance Imaging (MRI), Ultrasound (US))
and functional imaging that allows to visualize information on the metabolism of the underlying anatomy (e.g.
Single Photon Emission Computed Tomography (SPECT), Positron Emisson Tomography (PET), functional
MRI (fMRI)). In multi-modality image registration, the combination o f di erent types of images is advantageous
for the physician. For instance, CT images provide good spatial resolution, Wwereas PET images depict the
functionality of the underlying tissue. The lack of functional information in the CT images can therefore be
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compensated by a fusion with according PET images that on their part lack spatal resolution. The presented
work concentrates on a registration approach that automatically extracts 3D regions, retrieves corresponding
pairs and establishes a rigid transform in order to visualize the fused resultéor a medical application.

2. RELATED WORK

The basis for this work is given by several articles that introducesaliency in the context of image processing. We
use it to extract distinct image regions from a reference and a template image foestablishing a 3D transform.
In 1998, Gilles introduced the idea of using a measure for image saliency based ¢me local complexity of
intensities.> Kadir and Brady reused that idea and developed a combined approach of image saliency, seal
detection and content description® They presented a salient feature region extraction algorithm together with
some example applications, e.g. content tracking across subsequent video framels subsequent work on this
subject, the algorithm has been analysed in greater detail and an a ne invariart salient feature description was
published.”® Saliency operators have also been successfully applied to estimate the geometricalationship
between stereo images and to recover 3D informatiof.'0

Various common registration approaches are based exclusively on either extriits intrinsic features or voxel
intensities. Hybrid techniques make use of a combination of multiple such propedies instead and may be preferred
especially for the registration of images from modalities, where imagé@tensity or geometric information alone
does not provide an accurate measurement basis. For instance, mutual information preed with an additional
information channel that consists of region labelling information may improve the registration results of MR and
PET images!' Modersitzki and Fischer presented a non-rigid hybrid image registration apprach that is based
on both landmark and intensity information. 12 Lately in 2005, a semi-automatic hybrid approach was introduced
at the SPIE Medical Imaging that uses a combined landmark and voxel intensity based regtration algorithm
that produces better results, especially for low-contrast abdominal regions in € images!® Hybrid registration
techniques are known, for instance, in blood plasma gel electrophoresis or protein aging.!4!® Huang et al.®
were among the rst to use a salient region feature approach for a 2D similaty transform registration and to
show its applicability on MR, retinal and aerial images. Geometric features hae also been successfully integrated
into deformable registration frameworks!’ We propose an expansion of 2D salient region features to 3D and
show their applicability for mono- and multi-modality medical image registration.

3. METHODS

The following section provides an overview of the methods that are incorporatedn the proposed algorithm.
It is described how a saliency description can be used to automatically extract featres from 3D images. In
order to get the most descriptive salient region features, a local maximum seah based on a region growing
algorithm is performed on the saliency values that are attained for each vogl. We present a straight forward and
e cient solution to the problem of feature clustering that makes use of a kD-tree structure. In order to derive a
transform between feature sets, the features themselves are considered as poims3D. This reduces the problem
to registering two point clouds, which can be achieved e ciently with the itera tive closest point algorithm (ICP).
The hybrid aspect of the proposed algorithm is included by using a form of nhormaked mutual information for
the search of correspondences between features from di erent sets. As the set of featysairs may still contain
outliers, expectation maximization (EM) type optimization is used to extract the subset of pairs that yields an
optimal image transform. Outliers in this context are region feature pairs that actually match neither in content
nor spatial position.

3.1. Salient Region Feature Extraction

One of the key principles of salient region features is the expression of a high amauaf local unpredictability

or signal complexity with respect to a certain scale. In our case, scale refers tine radius of a spherical region
around a voxel. The approach weights points of interest on basis of Shannon's &opy for circular regions
of dierent scales® We assume that voxels from distinct corresponding anatomical or functional stuctures
have similar saliency values. This indeed might not be the case if the intensity alues in images from di erent
modalities are too distinct. We observed that the positions of the local saency maxima for the SPECT and PET
images may often be locally translated within corresponding structures of iterest, compared to the according



CT images. A local rigid registration step includes the sub-pixel accurate adaptia of the region centers and
addresses this problem. This moves the region to the corresponding location based ttal intensity correlations

but does not deform the image content. By introducing this step, the basic assumptiorof similar saliency values
for corresponding features mentioned earlier is valid for multi-modality images as well. The local property of
the saliency description provides a major benet to image registration: salientregion features that correspond
between di erent images are invariant to gross spatial transforms, evernf the images do not overlap. The saliency
is de ned for an image intensity range D as follows:

AD(sp;X): HD(Sp;X) WD(Sp;X) 1)

where Hp denotes the entropy with respect to the image intensity values 2 D within a spherical neighborhood
region R around a voxel positionx with scale s:Z

Hp(s;x) = p(i; s; x) log, p(i; s; x) di (2)
Rs
Here, p(i; s; x) is the probability density function (PDF) of the descriptor i for the image intensity values
contained in Rs. Wp (s;X) is a measure for the similarity between PDFs with respect to the scale. It gows with
increasing dissimilarity of the PDFs:

‘@
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The scales, that results in a local peak of Hp at x is given by:
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After solving eq. 1 for each voxel, two temporary result images of the sam size as the input image have to be
analysed: one that contains the saliency values and a scale image that contains thalues of eq. 4. The locally
optimal and therefore most descriptive salient region points are extractedwvith a region-growing search approach
from the saliency image. For a search space reduction, a global saliency thresholdis used as a lower limit.
An empirical setting to half the average saliency ( = %K) in the conducted experiments produced good results
for the elimination of insigni cant regions. An e cient local region growing approach determines the positions
of local saliency maxima, which results in a list of voxel positions thatare ordered according to their saliency
values. One e ect of the original salient feature extraction algorithm is the clustering of local maxima, which
arises, for instance, if a global threshold is applied and the features are extraetl only according to descending
saliency values (see gure 1(a)). Feature clustering may have a negative impact othe accuracy of a subsequent
registration. For example, in multi-modality feature based registration, one image may contain a dominant
salient feature cluster in the upper right part, the other in the lower left part of the image but with a di erent
underlying anatomical content due to di erent intensity values and local variatio ns. This may be the case in
PET-CT or SPECT-CT image pairs. A minimization of the mean square error (MSE) between the feature sets
using ICP tends to align mainly the clusters. Obviously in that case, the resultingtransform is biased towards
the clusters, whereas if the clustering is removed, the features are spread more unifoly across various salient
structures in the images (e.g. seen in gure 1(b)).

A nearest point algorithm based on a kD-treé®2° structuring of the region features is used to solve the
clustering problem in a fast and simple manner. The kD-tree is created with the indices bthe region centers
of the extracted local saliency maxima as leaves. Th& nearest neighbors of a speci c featured can then be
e ciently found by a tree query on the region center positions, which returns the distance betweenf and the
features in the tree. The scale parameter can be used as a minimal distance requiremerall returned features
with equal or less distance than the scale of the queried featuré and with lower saliency are removed from the
feature set. This restriction can be applied to the entire set in order to removeclustered regions. If a specic
size of the result set is required, the list may be padded with features of lower si@ncy that ful Il the distance
criterion. A feature is kept in the set, if its center is not situated within the region of a feature with a higher
saliency value. The resulting set of 3D salient region features is therefore disbuted more uniformly, which
provides a better conditioned initial set for the subsequent feature correspondence searckxamples of resulting
sets with the most salient regions are given in gures 1(a) { 1(e).
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Figure 1. The set of salient feature regions before 1(a) and after 1(b) the proposed removal of the clustering. The
most signi cant 3D salient region features are visualized after the extr action from a CT 1(c), a PET 1(d) and an MR

image 1(e). The volumes are windowed with a speci c transfer functi on to visualize the location of the features in 3D,
whereas the extraction itself has been performed on the entire intensity range.

3.2. Feature Correspondence Search

In the main steps of the approach, an initial ICP algorithm aligns the entire feature sets with a locally minimal
MSE. Feature pairs with a large spatial distance apart are unlikely to correpond and can be removed from the
set of hypothesized correspondences. This drastically reduces the search space fortj@arrespondences. Let,

be the reference and; the template image, the initial search step (also referred to as region congment matching

in literature 1) estimates a set of hypothesized correspondences between features of the two imagest N, be
the number of features extracted froml, and N; the number of features froml;. The set of all hypothesized
feature correspondences i€= fc; gwith i 2 [1;N;], ] 2 [1;N¢], jCj= N, N; and with ¢ = (f;;f;) being the
pair of the featuresf; in I, and fj in I.

The parameter set de nes the transform T that aligns the two images and can be estimated based on the
translation, scale and rotation invariance properties betweenf; and f;. The translational part between f; and
f; can directly be estimated by: A,TJ =p; pj, with p; and p; being the center positions of thei-th reference
and j -th template features in physical space. The scale invariance in our case is not needed;s or 3D medical
images, the voxel dimensions are provided by the DICOM (Digital Imaging and @mmunications in Medicine)
header. To achieve rotation invariance, the rotation parameters are estimeed by a local rigid body registration
of the 3D salient feature regions based on their intensity values. The optimizabn is restricted to the rotational
parameter subspace R and driven by an intensity similarity measure. Here we use the entropy corredtion
coe cient (ECC, see eq. 5), which is a specic form of normalized mutual information.16:21.22  Besides the
improved robustness to the overlap domain, it provides some additional advantgeous properties. Like mutual
information, increasing values indicate an increasing dependency between the images and vigersa:

2H (A;B)

ECC(A;B)=2 ————— 5
( ) H(A)+ H(B) ®)
The rotation invariance can therefore be formulated as an optimization poblem for R:
"R =argmax ECC(f;;f;' ) (6)
R
The local similarity Lioca Of two feature regions with respect to™; = £ [ ;"R gis used as a measure for

the quality of a hypothesized correspondence;; , where the samples for the evaluation of the ECC are drawn
from Rs with s = maxfs;;sjg:

Liocar (Gj ) = ECC(fi;ijA“’ ) (7)



Huang et al. suggest to order the setC according to L ocq1 and to take M feature pairs from the top of the
ordered set!® A global image similarity measure L gopal IS Used to estimate the quality of each of theM pairs:

Lgobar (G ) = ECC(I,51, ) (®)

where Lgopar is evaluated on the entire overlap domain of the two images instead of justtte local feature
regions. Before continuing with the sub-pixel accurate registration on basis fthis correspondence subset, thé/
pairs are reordered according to descending values &fyona . One problem of this approach is the large number
of false matches among thévl pairs, which consequently leads to a small amount of good feature correspondences
and more outliers in the resulting set after convergence. This is the case for the porow of gure 2. In addition,
comparing all features with each other has a high computational complexity asN, N comparisons have to
be performed, which is not suitable for a 3D approach due to the high computatiortime. In the following, we
present a slightly di erent approach.

The correspondence search space can be drastically reduced from combinations of allngaio combinations
only between locally nearest feature neighbors. The set of neighbors is estimed by the ICP transform between
the reference and template region feature sets (regarding the sets as point cloudstbk region center positions).
The result is used to transform all template features and store them into a new kBtree. Now, for each salient
feature in the reference image, the approximately nearest neighbors can be determined a fast search on the
tree. The number N, of transformed template feature neighbors that are combined with each referenceséture
is set to a much smaller value than the entire cardinality of the set N, << N ;). This reduces the complexity
to N, N, based on the assumptions that the initial ICP transform is a good approximdion of the actual
alignment transform and that features are less likely corresponding if they area greater distance apart. In our
conducted experiments, a neighborhood size dfl,, = 1—10Nt has been applied successfully to establish an initial
search space for joint correspondences. Furthermore, we order the hypothesized copesdences not by the local
measureLoca (€. 7) but by the global one L gobar (€0. 8) in the rst place, which results in far less outliers
in the estimated correspondence set. The second row of gure 2 shows the di erence in the pofour pairs found
by the proposed method.

3.3. Sub-pixel Accurate Registration

step of the algorithm is used to estimate a transformT between the two images. This transform is not accurate
enough, because its parameters are computed on features that are bound to discrete ineagrid positions. As
mentioned earlier, some feature pairs are additionally not located at the exactorresponding spatial positions.
The resulting set may therefore contain outliers and inaccuracies that bias the tranform in a negative way. In
the following, and C are re ned in a sub-pixel accurate iterative process in order to achieve a more accurate
alignment.

with 3 C andn M that contains sub-pixel accurately aligned feature pairs and ideally no outliers. The
elements of the optimized joint correspondence set are used as input for an ICP algtrm in order to compute
a transform that maximizes the global image similarity:

J' = argmax L giopai (J ) = argmax ECC(I;1,") (9)
J J

In order to keep the number of feature pairs low and the registration e cient, an EM-type algorithm is
used with a limited number of iteration steps. A transform T;, is computed from a gradually re ned joint
correspondence setly, J at each iteration. Lgopa is used as a convergence criterion for the re nement
process. The algorithm (illustrated in gure 3) is initialized with a join t correspondence set containing the two
topmost pairs of C: Jo = fc,;,;Gi,;,0. Forthese initial correspondences, usually the best two from the ordered
set of feature pairs acquired in the previous step can be used.

Compared to the 2D algorithm of Huang et al.!® all salient region feature centers in the current joint
correspondence set have to be re-adjusted for each iteration step. A reason for thisthe subsequent resampling
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Figure 2. The gures show a slice of a CT volume (left part) that has been translat ed, rotated and overlaid onto
the original slice. A circle represents a salient feature region with a specic scale. The top row shows the four best
hypothesized correspondences after ordering according toL jocai - Only the rst pair actually is a true correspondence. In
the second row, the ordering has been performed according toL gobar  and the entire set contained fewer outliers. For the
sake of clarity, only the rst four correspondences for each approach are shown.

register feature pairs inJo with sub-pixel accuracy to re ne centers
let J be the current set of sub-pixel re ned feature correspondences
E-Step: 8cjjc; 2C gy 2J
|compute Lgiopas (3 [ Gij )
M-Step: Gp = MaXg, Lgiobal (3 [ G )
IF I—global (‘] [ Gijj ) L global (J )
THEN |Return: transform T,
ELSE |register feature pair ¢, with sub-pixel accuracy to re ne centers
add the re ned pair Gp toJ
b 3 T
recompute T;
UNTIL convergence criterion is met

Figure 3. The EM-type algorithm for the optimization of both the joint corresponden ce set and the registration transform.

of the align image during the registration process, which results in subtlerntensity changes within the feature
regions. The re-adjustment is necessary for that method in order to maintain a hig degree of accuracy. Unlike
the 2D approach, the proposed 3D algorithm 3 does not need a subsequent resampling andtierefore more
e cient. Once a region feature pair has been locally registered with sub-pixel accuracy, dllowing registrations

of this speci c pair do not enhance the quality of this correspondence and are neglected. Compuian time can

therefore be saved by only re ning the iteratively added feature pair locations during each iteration step.

4. RESULTS

The proposed algorithm has been tested on various intra-patient 3D medical imges. The measurements have
been performed on 11 PET-CT volume pairs that were acquired at di erent times, 3CT volumes at di erent
stages of the treatment, and 10 SPECT-CT volume pairs from a hybrid scanner (2imens Symbia). The algorithm



had to compete with di erent modalities, noise, varying elds of view and image intensity artefacts in some of the
PET-CT pairs, where some slices had di erent intensity scales that were not correatd during the import. The
PET-CT and CT-CT registration quality was assessed by a medical expert by neasuring the distances between
several points of interest: lung right and left apex, cardiac apex, liver raind end, left and right upper and left and
right lower renal ends, see tables 1 and 2. As the 10 SPECT-CT images have been acaqdrby a state-of-the-art
hybrid scanner, the physician manually de-registered the SPECT images rigidly wth variations in x, y and
z-direction from 10 to 50 mm and rotations around each axis ranging from 5 to60 degrees. After registration,
several distinguishable landmarks have been chosen by the medical expert on the CT aride SPECT images.
The distances between the anatomical structure and the information in the SPECT ae shown in table 3.

| PET-CT Distances || X \ y \ z \
Lung right apex 054 070 | 041 092 1:21 1:84
Lung left apex 0:06 0:38 0:11 0:68 1:29 2:18
Cardiac apex 0:88 0:80 1:34 0:60 0:48 1:86
Liver round end 0:47 077 0:84 0:72 1:06 1:83
Upper right renal end 0:65 0:78 0:04 080 | 050 274
Upper left renal end 0:23 0:74 0:01 077 0:35 175
Lower right renal end 0:12 0:46 0:47 1:30 192 271
Lower left renal end 047 077 | 0:86 150 161 171

Table 1. Measured distances after registration for the PET-CT volume pairs in X,
with the standard deviation.

y and z-direction given in cm along

| CT-CT Distances I X \ y \ z \
Lung right apex 0:28 039 | 0:16 0:13 0:16 0:18
Lung left apex 0:25 041 | 021 0:24 0:06 0:14
Cardiac apex 0:20 051 | 052 041 0:22 0:31
Liver round end 0:11 0:29 0:00 0:73 0:37 093
Upper right renal end 0:30 0:42 0:12 0:25| 021 124
Upper left renal end 0:01 0:33 0:28 0:44 0:15 0:67
Lower right renal end 05 046 | 002 087 0:89 074
Lower left renal end 0:01 023 0:14 040 | 046 044

Table 2. The overall measured distances after registration for the CT-CT volum e pairs in x, y and z-direction given in
cm along with the standard deviation.

| SPECT-CT Distances || X \ y \ z \
Spine 0:07 0:30| 0:09 0:23 0:04 0:22
Kidneys 0:01 026 | 0:13 050| 003 021
Others 0:04 006 | 027 037 013 0:22

Table 3. The overall measured distances after registration for the SPECT-CT v olume pairs in X, y and z-direction given
in cm along with the standard deviation.

All experiments have been executed on real medical images that sometimes contained gghiamount of noise

or artefacts due to variations of the intensity scaling between the slices. We di not address these issues prior
to the registration in order to test the algorithm with such data. Three slices taken from registration results
are depicted in gure 4. The results were assessed by a medical expert using dedicated viimation software
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Figure 4. Slices from fused registered result images. The images show the rast of the proposed algorithm for a PET-
CT 4(a), a CT-CT with intensity artefacts 4(b) and a SPECT-CT image pair  4(c). Although the latter CT image
was acquired with a limited eld of view and contains a high amount of noise , the proposed registration resulted in an
acceptable accuracy. The remaining mis-registration may be addressal with a non-rigid transform model in future work.

(InSpace) for the visualization and the measurements. For the evaluation, the medical exprt had the choice
between using centroids of 3D regions of interest and direct landmark to landmark psitions. This task was
supported by the integration of fusion visualization into the rendering sotware together with some additional
measurement tools. In the PET-CT case, a higher standard deviation in thez-direction is evident. A reason
for this may result from the di erences between the acquisition models. The CT imag@ shows one respiration
snhapshot, whereas the PET image is acquired over several respiration cycles and degichore or less an average
respiratory motion. Due to this motion of the diaphragm, some organs in he abdominal region are lifted and
lowered, which causes the greater deviation seen in the data samples. Right now, tladggorithm models only rigid
transforms and does not cover such local deformations. For the CT-CT data, thise ect is no longer dominating
as the patient ideally inhales similarly in both acquisitions. The SPECT-CT data matches inherently well and
a user-de ned rigid transformation on the SPECT does not introduce local deformatons. Therefore, a good
registration result for these cases may well be expected.

In all the results, a speci c measurement error is introduced because the medical expehas to specify the
location manually by selecting the locations in the various slice views. Inconducted experiments on this type
of evaluation, however, the mean di erence of specifying distances of points of ietrests in several measurement
steps (both inter- and intra-observer) did not exceed 3 mn?3

5. SUMMARY

The proposed algorithm demonstrates that salient region features are well stéd not only for 2D, but also for 3D
registration purposes. Valuable information about corresponding regionss obtained due to a robust optimization
of a joint correspondence set. This optimization is based not only on the local itensity similarity between the
feature regions based on the entropy cross correlation. We use the informatiogained from a global measure
as well in order to remove outliers and order the correspondences more e ciently. Regding the well-ordered
and sub-pixel accurate salient feature correspondences as a set of points, the ICP atghm has been used in
order to compute the nal registration transform. The accuracy of the registration has been evaluated by a
medical expert and our experiments have shown that the registration is robust tathe amount of overlap between
the images. Varying coordinate systems between CT, SPECT and PET acquisitio system may even lead to no
initial overlap in some cases. The proposed algorithm does not rely on anyfm of pre-translation or pre-rotation
and uses only the ICP transform between the salient feature regions as initiatiation for the optimization. The

A commercial clinical 3D visualization package developed jointly by HipG raphics and Siemens



algorithm has been integrated into a clinical application prototype for robust initial registration between images
of various modalities. Local mis-registrations may still occur due to the igid nature of the transform model.

The extraction and the search for correspondences between salient features are the shdime consuming
aspect of the algorithm. Currently, the whole registration of a 512 512 512 volume requires up to 15 minutes
(including pre-processing) and solely intensity based approaches may solve the task ggid registration in a few
seconds. Nonetheless, there is a high potential for improvement concerning the runtimef the algorithm. The
feature extraction that is currently the most computational demanding task is well suited for parallelization. In
addition, the computation of the local correspondences and the ordering of the salienefture region pairs may be
signi cantly improved by a faster similarity measure computation and opti mization. Regarding the search space
reduction for the joint correspondences, the nearest neighbor criterion for the pair cmbinations may not always
be the best guess. It has to be investigated whether the scale as an additional hifor the correspondence may
be exploited as well. Our future work will therefore concentrate on improving the performance and including
the information about the feature correspondences into a non-rigid registratio framework. Commonly, a rigid
registration is performed before a non-rigid one as an initialization tep. Using our approach, the resulting robust
local correspondences between intensity regions of the two images can be directly usesladditional information.
This might for instance be utilized in form of an additional energy term within a common non-rigid registration
functional.
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