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Abstract

We present a morphological approach to the reconstrucfifinebranching structures in three
dimensional data, developed from the basic procedurescofstruction by dilation. We address a
number of closely related questions arising from this retmction goal, including issues of struc-
turing element size and shape, noise propagation, iteggtpbaches, and the relationship between
geodesic and conditional dilation. We investigate andsasste effect and importance of these con-
siderations in the context of the overall reconstructioocpss, and examine the effectiveness of the
approach in addressing the task of reconstructing narrawdbrfeatures in noisy data.
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1 Introduction

The classical reconstruction by dilation procedure [8, 10] is an effeetnd much utilised image pro-
cessing tool applied extensively in the segmentation and classification of@osgenes [1, 2, 4, 6].
Seeded regions are retained while neighbouring unseeded regiatteargated to the intensity level of
the surrounding background data. The approach yields excellesttsr@sisolating compact regions in
noisy data. However when the regions of interest include fine branskrnctures the approach performs
less well, especially in the presence of noise. This behaviour is due toddegje growth properties at
the heart of the definition of reconstruction by dilation. The geodesic digtidrich constitute a recon-
struction by dilation guarantee that there exists a connected, strictly uphidir(its of pixel intensity)
path from each sample point to one of the original set of seed points whiigtiéd the procedure. This
property is what achieves the suppression of non-seeded high intesgiins.

The difficulty arises when a narrow element is encountered in a seedith.reAny signal drop-
off along the narrow branch (due to noise or transitory signal redyctian result in an undesirable
attenuation of the intensity level along the entire remainder of the branch lemgth is not an issue
in the reconstruction of more compact regions as there will exist some lcoegdigh intensity path to
carry the signal past the blockage. As the features in the region to besteected become more and
more narrow the chances of encountering a signal drop-off whicmoaibe negotiated at the higher
signal intensity level increase. In the case of fine branches, wheteghéntensity path is only one or
two pixels wide the likelihood of undesirable signal suppression beconesrex, leading to incomplete
reconstruction of the desired objects.

In order to counter this difficulty we propose a hon-geodesic extensibie treconstruction by dilation
procedure aimed at bridging small gaps in the high intensity path while stillte#écsuppressing the
signal intensity in neighbouring regions. The approach has the addities@ble property of preserving
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more fully the textural information in the reconstructed regions and sugipgeshe stepped contour
effects which otherwise often manifest. These properties can be behefiterms of both the analysis
and visualisation of the processed data.

The motivation for this work stems from a project whose aim is the segmentdtadwrtal system
called the biliary tree from a class of medical MRI scans of the abdomenki§ere 1 for a maximum
intensity projection (MIP) rendering of the three dimensional data fromsoch MRI scan. The ductal
tree is clearly visible along with a number of occluding high intensity structutg@shmwve wish to
suppress. Successful isolation of the finer branches towards tipbg@grof the tree is highly dependant
on suppression of the high intensity proximal structures in the scene.

Figure 1: lllustration of the ductal tree whose segmentation is the ultimate goajhteiring high
intensity structures complicate the task.

2 Method

2.1 Morphological dilation operators

We first review the definitions of and the differences between dilatiorgitional dilation, and geodesic
dilation in greyscale data [7, 8]. Standard greyscale morphological dilatihis achieved where each
sample point in the output is set equal to the maximum of it's own input intensity aaid the values of
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all sample points within a given neighbourhood in the source:
M = Vp:DeVq: Na(p)e (q — maz(p,q)) 1)

whereD is the image domain an&f signifies the ‘size’ of the dilation, represented in terms\ef, the
set of neighbouring samples constituting the structuring element to be apptieel dilation. Thus we
can say, for all sample poingsin the domain, for all sample pointsin the neighbourhood ag#, the
output atg becomes the larger gfandg.

Conditional 65(N)) and geodesic&éN)) dilations are then easily defined in terms of standard dilation
as shown in Egs. 2 and 3 respectively, wh€reepresents the conditioning dataset, which must share the
same domain ak, andA is the point-wise minimum operator.

oM = sMrac 2)
s =2 sOIAC.. N times 3)

Thus we can see that while in conditional dilation the point-wise minimum is appligdance
after dilation to the full extent specified has been achieved, in geodesiiouilais applied after each
application of the fundamental dilation operator, with the two steps beingtezptiee necessary number
of times. By applying the minimum at each iteration the procedure limits the growtle afifited areas
S0 as to avoid jumping over low intensity background regions in the conditionagk and growing into
unseeded neighbouring high intensity regions.

This behaviour is illustrated in Figure 2, where fig2c shows the standacbiditional) dilation
iterated until stability, which results in the entire domain arriving at the intensigl leivthe brightest
sample point present in the marker (fig2a). Fig2d illustrates that the onéyelifite between conditional
dilation iterated until stability and the conditioning mask used to generate it, (fig2bat all sample
points in the mask of a higher intensity than the highest intensity sample point in tkemhave been
capped at that maximum marker intensity level. Lastly fig2e shows geodediomilaterated until
stability, of marker fig2a conditioned on mask fig2b, (the definition of rettaoon by dilation). The
seeded region is retained while neighbouring regions are suppressed.

(a) Marker (b) Mask (c) Unconditional (d) Conditional (e) Geodesic

Figure 2: A comparison of standard, conditional, and geodesic dilatiog asielementary two dimen-
sional, eight connected structuring element, iterated until stability.

2.2 Hybrid reconstruction

As the caption in Figure 2 states the structuring element used in this example lisnzentary two
dimensional, eight connected structuring element. If the extents of the singcelement used in the
dilation process reach beyond the innermost shell of sample points sdimguthe origin the filter is
no longer geodesic and cannot be used to perform reconstructioifabgrdin the strictest sense of its
definition. The procedure would amount to the application of more than oneeatary dilation for
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each application of the minimum operator (see Eg. 4). The manipulation ofwsingelements is an
important topic in this field [3, 5, 9], and proves valuable in the developnfemirgprocedure here.

52(]\77")] = §MIAC... N times )

This hybrid reconstruction of Eq. 4 has the potential to achieve the balraviich we wish to utilise
in our reconstruction approach, as it will allow the dilation to extend beyomallgegions of intensity
dropout, without breaching the more extensive low intensity valleys betdiseannected neighbouring
regions. The more dilations applied per application of the point-wise minimunatgpethe wider the
gaps which the reconstruction can cross. Thus we can see that tlgseaefamily of reconstructions
for any given starting data, where the optimal solution can be chosen in térhtsv much physical
separation exists at the point of closest proximity between seeded apeldeasregions in the data. So
long as this measure allows sufficient scope to bridge the gaps in the finehbtamponents of the
seeded regions, the reconstruction gaol can be successfully athieve

2.3 Experimental procedure

We applied our approach to the isolation of a network of fine ducts in volunregdical imaging data
used to assess a region of the body in and around the liver. This netvadidd the biliary tree, collects
bile produced in the liver, and delivers it to the small intestine where it is ustte digestive process.
Figure 3 shows an example of one of the volumetric datasets under examirthédhree dimensional
data has been rendered in maximum intensity projection to illustrate the vargpoisg®isible, including
the biliary tree which we wish to isolate and other structures which are to Ipeesged. Note the many
constrictions and signal voids visible in the branches of the tree. The ultimateogthis work is to
assist the radiologist in assessing the condition and operation of this datiairk. To this end we wish
to achieve a clear and unobstructed reconstruction of the tree in ordwmilitafe its easy and effective
examination and assessment.

We applied both standard reconstruction by dilation using 6, 18, and 2@ctad structuring elements
(the three fundamental three dimensional structuring elements leading tesiecetonstructions), and
we also applied a series of reconstructions utilising larger structuring eteménese larger elements
were constructed so as to achieve approximately isometric reconstructtbie aon-isometric volume
data which we are analysing. The data is isometric intlaady directions, with voxel dimensions of
approximately 1.3mm each way, but in thalirection the voxel dimensions increase to 4.0mm. Thus
in order to achieve dilation more consistently in all directions an anisotropicofiel\terms) approach
was preferred, so as to compensate for the non-cubic nature of theVilatibbund this to be the most
effective approach, maximising the amount of unconstrained dilation wid osa between applications
of the minimum operator before the procedure starts to include unwantetusésiin the reconstruction.

3 Realts

We processed a number of datasets using both traditional geodesistractian by dilation and our
hybrid reconstruction approach applied at varying strengths, aresses$ the reconstruction results
achieved in each case. Figure 4 illustrates the superior intensity présemaaracteristics of the hybrid
reconstruction approach in the processing of objects of interest whitindia fine branching features.
The level of retention achieved increases with the strength of the hylwatsguction applied.

We applied the series of reconstructions and then measured the degremsity suppression in the
neighbouring unseeded regions and at the extreme ends of a numlrgeobtanches of varying widths
within the seeded regions. Figure 4 shows the variations in signal dfaisérved at two different
levels of our hybrid reconstruction, along with standard reconstruciatilation. In this way we were
able to demonstrate the enhanced level of reconstruction achieved usjacaldsotropic structuring
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Figure 3: Maximum intensity projection of one of the datasets examined in the dé&mdonstrating the
biliary tree along with numerous unwanted high intensity regions.
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(a) Original (b) Geodesic (c) 38 Anisotropic (d) 54 Anisotropic

Figure 4: Two sections through a volume dataset showing branch tipsiatisdevels of reconstruc-
tion demonstrating both fine and course branches: a) original unfiltextad lo) 6-connected geodesic
reconstruction by dilation, c) reconstruction using an anisotropic 38 elestreicturing element, d) re-
construction using an anisotropic 54 element structuring element

elements. Eventually as the size is increased beyond the optimal, the signsitynitemeighbouring
regions begins to pick up until in the extreme the reconstruction approximatesithinal unfiltered
data, with only the highest intensity peaks in the data being reduced to thetatiel highest intensity
sample points present in the original seed data.

In Figure 5 we can in addition observe the enhanced texture retentioarpespof our hybrid recon-
struction approach, where the second row of images achieved usiitgptradreconstruction by dilation
demonstrate excessive smoothing and the introduction of sharp graduatibim the reconstructed tree,
while the images on row three show superior preservation of the fine detaithe original data (shown
on the top row). This can be of particular importance for the accurate istatfpn of the final data by
the radiologist.

We also observed the role that noise in the data plays in propagating the taghity signal across
background valleys. Once the approach departs from the geodbesimsavhere a strict uphill intensity
path is always retained between any point and an original seed regubaitets high intensity noise
peaks in the background regions have the potential to piggyback thd sigmoas the valleys like a
series of stepping stones. This effect makes strong salt and pepgepadicularly unfavourable in the
application of our technique. The nature of the noise distribution typicaltdata makes the approach
more applicable in this case as even with very strong dilations the degree wivlzted propagation
is kept to a manageable level due to the intensity and spatial spread grefemtsignal noise which
means that the maintenance of a high intensity steppingstone path across egdlay significant width
becomes extremely unlikely.

4 Conclusions

By extending the basic principles of reconstruction by dilation beyond tbdegic case we have pre-
sented a hybrid reconstruction technique specifically designed to optimadigseuct objects containing
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(a) Volume Study 1 (b) Volume Study 2

Figure 5: Maximum intensity projections of two of the datasets from our spréjormed on the original
(top row), geodesic reconstructed (middle row), and hybrid recactstlybottom row) data volumes.
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fine branching structures in the source data while still effectively attergutitersignal from neighbour-
ing unwanted high intensity structures.

Through the application of these techniques we have developed ativeffaad efficient image pro-
cessing procedure which yields superior reconstruction results a&carpor to both further automated
segmentation, classification, and analysis, and enhanced and simplified| memew of the data by the
trained radiologist.
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