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Abstract.

Purpose: Computed tomographic (CT) colonography is a relatively new techniguéetecting bowel cancer or poten-
tially precancerous polyps. CT scanning is combined with 3-dimensioraémeconstruction to produce a virtual endolumi-
nal representation similar to optical colonoscopy. Because retainedfidigtool can mimic pathology, CT data is acquired
with the bowel cleansed and insufflated with gas and patient in both prar®igine positions. Radiologists then match visu-
ally endoluminal locations between the two acquisitions in order to determiatheshapparent pathology is real or not. This
process is hindered by the fact that the colon, essentially a long tubendargo considerable deformation between acquisi-
tions. We present a novel approach to automatically establish spatiabspondence between prone and supine endoluminal
colonic surfaces after surface parameterization, even in the caseabttdon collapse.

Methods: The complexity of the registration task was reduced from a 3D to a 2D proble mapping the surfaces
extracted from prone and supine CT colonography onto a cylindricahpeterization. A non-rigid cylindrical registration
was then performed to align the full colonic surfaces. The curvatucerirdtion from the original 3D surfaces was used to
determine correspondence. The method can also be applied to casesgiotis of local colonic collapse by ignoring the
collapsed regions during the registration.

Results: Using a development set, suitable parameters were found to constraylititrical registration method. Then,
the same registration parameters were applied to a different set ofidatien cases, consisting of 8 fully distended cases
and 5 cases exhibiting multiple colonic collapses. All polyps present welleligned, with a meand std. dev.) registration
error of 5.7 & 3.4) mm. An additional set of 1175 reference points on haustral &gdsad over the full endoluminal colon
surfaces resulted in an error of 7% 7.4) mm. Here, 82% of folds was aligned correctly after registration withtaer 15%
misregistered by just one fold.

Conclusions: The proposed method reduces the 3D registration task to a cylindridgstiregign representing the endolu-
minal surface of the colon. Our algorithm uses surface curvaturenidfiion as a similarity measure to drive registration to
compensate for the large colorectal deformations that occur betweea pnd supine data acquisitions. The method has the

potential to both enhance polyp detection and decrease the radiologisgsétition time.
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1. INTRODUCTION

1.1. Motivation

Colorectal cancer is the second-largest cause of cancealityoin the West, responsible for more than 1 million
cases and 639 000 deaths each YyeBarly detection and removal of potentially precanceroolygs (adenomas)
arising from the endoluminal colonic surface has been shimasignificantly reduce the incidence of subsequent
colorectal cancer and thus mortaftyOptical colonoscopy (insertion of a video-endoscope thtocleansed colon)
is the reference-standard whole-colon diagnostic testcamabines diagnosis and treatment (since polyps can be
removed). However, the procedure is uncomfortable for #ieept, technically difficult to perform, and is occasidpal
associated with significant adverse events, includingréolperforatior?.

Computed tomographic (CT) colonography (CTC) is a relativeew alternative technique for imaging the col-
orectum which has been shown in large comparative studibe &5 sensitive as colonoscopy for larger polyps and
cancef-°. Moreover, studies have shown CT colonography to be morepsable to patients than colonosc8pgnd
to be relatively safé As for colonoscopy, the patient usually undergoes futhaettc bowel preparation prior to imag-
ing. Subsequently, multi-detector helical CT is carrietiwith carbon dioxide colonic insufflation of the bowel (via a
small rectal catheter) to maximize the attenuation conlretsveen the endoluminal surface and the colonic lumen. Im-
age rendering software is used to reconstruct a 3-dimealsiepresentation of the endoluminal bowel surface; hence
the alternative titleyirtual colonoscop§. However, residual stool and fluid (or even normal anatohviadants) can
sometimes look like polyps, and some regions of bowel mayroedistended, which impairs image interpretation
by radiologists. To counteract this, it is standard practacimage the patient in two positions - prone and supine -
which redistributes gas and residue within the c8ldBy comparing corresponding regions from prone and supine
datasets, the radiologist can assess whether a potentiatrablity perceived on one dataset is a real polyp (i.e. its
position remains the same, indicating fixation to the bowalvor retained stool (i.e. it moves). However, the colon
is a relatively long tubular structure that is loosely dtted to the abdominal wall via variable mesenteric attachsnen
The result is that the colon often undergoes consideralfterdation during patient repositionif§, or even severe
local under-distension which can lead to colonic collaf$aes complicates the interpretation task; identifyingreer
sponding regions of endoluminal surface between prone @apidies acquisitions is difficult, prolongs reporting time,
and may lead to errors of interpretation. A reliable methmrdeltablishing spatial registration between the prone and
supine CT colonography datasets has the potential to @imadusly improve diagnostic accuracy and reduce inter-

pretation time. Furthermore, its result could be incorpetan computer-aided detection (CAD) algorithms in order
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to improve their robustness and accuracy.

1.2. Related work

The earliest attempt at prone-supine registration invadeatifying similar distances along an extracted cemerli
of the segmented colon in both datadéfs 131415 This line represents the virtual path through the centehef
virtual colonic lumen, from anus to cecum. Methods involaedr stretching and shrinkage of the extracted centerline
based on relative path geometries (for example, local magimeach centerline’s axial coordinate as tie points). Some
centerline-based methods can still be effective with celxhibiting sections of colonic collapse where the segatent
colon is disconnected, e.'§:1°

However, these methods provide only one degree of freedmtiveeto the colonic surface and so can only account
for local stretching and shrinking along the length of thione- they cannot account for torsion or other deformations
‘around’ the colon. Hence, they do not account for all theailedd deformation of the colon surface that we are
interested in that commonly occurs between prone and symsé#ioning such as colonic torsion. Furthermore,
aligning the centerline between the prone and supine imiagestrained to establish the correspondence between
the global shapes of the colon between both views. This stepeary greatly when the patient changes positions and
centerline-based methods might experience difficulties.

Alternatively, Napp#® defined several anatomical landmarks, using these to dligrivio datasets. Anatomical
locations that are relatively resistant to deformatiorchsas the anus or colonic flexures, were identified. Other
landmarks, including the cecum and recto-sigmoid junctieere inferred relative to the landmarks already defined.
However, identification of a limited number of corresporgdpoints is likely to be insufficient to describe the complex
colonic deformations that occur when moving between pramesaipine positions.

Other feature-based methods account for colonic rotatjousing the teniae coli (three discrete muscles running
longitudinally along the exterior colonic surface) as awliidnal featuré’8 However, the teniae coli alone are
difficult to extract robustly. As with centerline-based hads, they aim to match the global shape of the colon and
then have to interpolate to the surface in order to estinmeteléformation of the detailed surface structure.

A voxel-based approach has been developed by Suh'@tlaitially, Suh’s method involves rigid dataset alignment
based on the location of the anus and the flexures followeddmemtion of an initial deformation field using
the centerlines. Level-set distance maps from the colomifase are then used to drive a non-rigid registration.
They reported an error of 13.72-(6.20) mm for aligning polyps in 21 patients. In our experiersuch voxel-
based approaches lack robustness as it is very difficult égutely constrain the registration to prevent physically
implausible deformations while still recovering the laaya complex deformations that can occur.

They extended their method to handle cases with local colmilapse where the segmentations are disconnétted
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Although they show promise in handling disconnected segatiens, the validation set was limited to 4 CTC cases
with only one collapse in one view and fully connected colegreentation in the other. A reported average registration
error of 30.1 mm for 4 polyps suggests limited accuracy. Tiey be due to their method of handling local collapses
which allows the colon to change its topology during thestrgtion. This could cause different structures to appear
similar to each other rather than correctly aligning theesponding anatomical structures, e. g. a fold being flatten
rather than shifted.

Fukano et aP! aimed to establish correspondence between the detailed salface by matching haustral folds
extracted from prone and supine data. Although haustrdsfohn be detected robustly, it is very challenging to
establish their correct correspondence between both dsteir results indicate. They report 65.1% of correspundi
large haustral folds and 13.3% of small haustral folds beiagched correctly.

Recently, Zeng et &? presented a method based on conformal mapping combinedeaitivre matching in order
to establish correspondences between the prone and supfaees They detect four flexures and one teniae coli in
order to divide the colon surface into five segments and map segment to a rectangle. Correspondence between
prone and supine surfaces is then established for eacingedta segment individually. Therefore the method relies
on being able to accurately determine exactly the same sagroe the prone and supine surfaces, which can be very
difficult even for fully distended colons, and may not be [ldesfor cases with local colonic collapse. Furthermore,
they established correspondence between the mapped dsgrsieig only a sparse point set of features extracted from
some ‘prominent’ haustral folds, which are unlikely to p®/an accurate alignment of the detailed colonic surface.
Despite these drawbacks, they report promising results avitaverage 3D error of 5.65 mm using 20 validated pairs

of polyps over 6 patients and a average 3D error of 7.51 mngdsature points.

1.3. Proposed solution

The difficulties described in the previous sections mogidatis to develop a method that simplifies the task of
establishing full spatial correspondence between prodesapine endoluminal colon surfaces. Since the colon is an
extremely flexible structure, the registration task reggia non-rigid transformation but should preserve the tapol
of the colonic wall. Our method reduces complexity by usiyigndrical 2D representations of the endoluminal surface
extracted from both prone and supine CTC datasets. Thidesawto account for the large deformations and twisting
that are inevitable between the two positions in 3D as rabtisimple deformations of the cylinder.

Topologically, the colon is an open-ended cylinder or tience, any position within the colon can be mapped by
two indices: length along the cylinder and angular positiBach 2D pointp(x,y) on the cylindrical representation
corresponds directly to a 3D poisfx,y, z) in the CTC data. Any measure acquired in 3D and on the surfacde

assigned to a corresponding 2D poptvhich can be used to drive registration. We propose the usembrmal
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mapping of the endoluminal colonic surfaces from prone aming CT colonography to obtain a 2D cylindrical
representation. A shape measure is assigned to each 2Dgdaiotder to drive a non-rigid cylindrical registration in
the parameterized cylindrical space. This simplifies thygsteation task compared with full 3D volume registration.
This registration is represented as a transformation @ivweo cylinders that includes non-linear stretch along
the colon, local rotation and local torsion. We propose andyical implementation of the well-known B-spline
registration methotf in order to achieve this for fully connected colon and in thsecof local colonic collapse.

A similar cylindrical B-spline transformation model waseatly proposed by Huysmans et?lin order to produce
active shape models of tubular structures (e.g. clavitdasheae, and thrombi). Although the transformation madel
very similar to the one used in this paper, their applicaarery different (they are trying to determine corresporwe
for a large population of shapes), and as such their meth@ss#ssing correspondence (the minimum description
length of the resulting shape model) and their overall fraor& for performing the registrations cannot be used for
registering prone and supine colonic surfaces.

We claim novelty for the first use of a cylindrical non-rigiggistration method to align image derived representa-
tions of the full colon endoluminal surface in order to efitdba correspondence between colon surfaces extracted
from prone and supine CTC. Our motivation is to simplify tlaeiplogist’s task in interpreting the two datasets, in
particular the assessment of possible polyps in the twosjiéavreduce the incidence of false positives, speed up
interpretation and finally to provide correspondence inrging computer assisted detection (CAD) applications that

merge prone and supine datasets in order to reduce fald&/paistection rates.

2. METHODS

Each surface point on the endoluminal colon surf@can be described with two indicesandy using a cylindrical
representation. Herg,denotes a position along the length of the colon wiitd angular orientation. Several groups
have proposed methods to “unwrap” or “virtually dissect ttolon in order to produce flattened 2D images of the
endoluminal surface, which were developed to facilitateemapid interpretatiof?.

Conformal maps are typically applied to surface mesh tridatgons in order to find a simpler representation of
the three-dimensional object. They provide a one-to-ongping of a 3D surface to 2D space while preserving local
angleg®. These methods are based on differential geometry andesosnformal mapping of the entire surface while
preserving appearance of local structures, e.g. polypsaastral folds.

Our registration approach is based on the following prilecip prone endoluminal colon surfaggin RR3 can be
transformed using the one-to-one mappigdo a parameterizatioR, in R2. The supine surfac8s is mapped td>
through fs, respectively. Here, ands denotes prone and supine respectively. If the necessargfdranationT .y

betweenR, andPs can be determined, the transformatibps between the surface®, and S follows as shown in

Registration of the endoluminal surfaces of the colon @erivom CTC February 20, 2011 5
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Fig. 1, where the principle is illustrated with the endolualicolon surfaces extracted from prone and supine CT

colonography.

v —
% - Tps_-f:n(_)]_;yl(_)»f;

FIGURE 1. The principle of colon surface registration between prone and supieuSihg a cylindrical 2D parameterization
(for patient 7), where the color scale indicates the shape index (seéi@yQ) at each coordinate of the surface computed from
the 3D endoluminal colon surfaces. The hepatic and splenic flexueemarked as hfis and sf,s respectively /5 denotes

prone/supine).

2.1. Colon segmentation

In order to extract the endoluminal colonic surf&¢he inflated lumet is segmented using the method described
by Slabaugh et . This method was developed for segmenting intraluminaloyas the entire colonic length. It is
possible that gas-filled regions of small intestine are ssdad as either isolated structures or connected to thaicolo
segmentation. Because we are only interested in the end@lsurface of the colon, we reject all other objects by
first eroding the segmentation with a spherical structueeneht with radiug to remove erroneous connections if
necessary. Then the six-connected object with the largdsine is selected and subsequently dilated with a structure
element of radiug in order to restore its original surface dimensions. Hesecannected refers to an object in 3D
voxel space which is only connected to direct neighboringel® on its six sides. For this study, the radius r was
adjusted interactively to produce the best segmentatiorismal inspection. The parameteyranged between 1 and
5 voxels for all our cases.

The rectal insufflation catheter (used to introduce therdolgas necessary for luminal distension) is often excluded
from the segmentation and can therefore lead to errors witearcéing the endoluminal surface. We use a combination
of morphological operations on a rectal region of intereginder to segment this plastic tube and add it to the colon

segmentatioth if necessary.

2.2. Topological correction

The colonic lumerL is now represented as a single six-connected object, yde#h a surface of genus zero which

is topologically equivalent to a sphere. However, topataberrors could be present in the segmentation due to noise

Registration of the endoluminal surfaces of the colon @éerivom CTC February 20, 2011 6
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or reconstruction artifacts in the CT colonography datas Becurs particularly at adjacent folds or where the colon

folds back against itself, resulting in erroneous conoestin the surface as shown in Fig. 2 (left).

FIGURE 2. Left: handles and an erroneous connection caused by limitation of tineeségtion quality, resulting in incorrect
topology. Right: the same surface region after topological correction.

We use a thinning algorithA$2° starting at the centerline (running at the virtual centethefcolonic lumen from
cecum to rectum) and guided by a distance based priority fiaig. centerline can be extracted with the method
described by Deschamps et¥Ibased on evolving a wave front through the colon using thenfiasching methogf.
This method of centerline extraction requires a defined-stad end-point. If the insufflation tube has been detected,
we use the most caudal point inside the tube. Otherwise thst camidal point in the colonic lumdnis used. This
corresponds to the patient’s ano-rectal junction in botljigmtions. A point in the cecum is currently selected magual
Good correspondence for centerline start and end pointst isssential for topological correction but improves recta
and cecal mapping to a cylindrical representation as destiin section 2.4.

The extracted centerline is used to generate an itagéh each voxel on the centerline labeled as foreground.
A topology preserving region growing algorithm is then apglto the foreground of maintaining its topological
characteristics. In this case, the centerline object isltapcally equivalent to a sphere (genus zero). The region
growing will thus fill L whilst leaving voxels untouched which would introduce adiogical change, e.g. handles.
This produces one-voxel-wide cuts through handles at thenmim distance position, resulting in a topologically

correct genus-zero segmentatla,, of the endoluminal colon lumen (see Fig. 2).

2.3. Colonic surface extraction

The endoluminal colonic surfac&are then modeled as triangulated meshes on the surfatggsofying on the
gas-tissue border in the CTC images. Those surfaces are uanargeed to be topologically correct (of genus zero).

In order to extracS we use the marching cubes algorithmlag,, with a subsequent smoothing using a windowed

Registration of the endoluminal surfaces of the colon @efifrom CTC February 20, 2011 7
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sinc function interpolation kern&. This approximates a continuous surface which facilitéesconvergence to a
2D parameterization using the Ricci flow method (as desdribesection 2.4). Furthermore, the mesh is decimated
using a quadric edge collapsing metidéh order to reduce computation time. Finally, Loop’s sulsion method*

is applied in order to achieve approximately uniformly sizsd non-skewed faces over the entire surfacéhis
procedure results in a simply connected genus-zero suSadehe colonic lumerLcq. For all cases used in this

study, the surface meshes had typical edge lengths oft3133) mm and about 60,000 faces.

2.4. Cylindrical representation of the endoluminal colonic surface

As described above, the endoluminal colon surfaBesan be modeled as piecewise-linear meshes composed
of verticesy; that are connected using triangular faces. Those surf8eem be parameterized using a discrete
conformal mapping method. One method to parameterizerarpidiscrete surfaces was introduced by Hamittdor
Riemannian geometry based on Ricci flow. It deforms the sanfsoportionally to its local Gaussian curvature similar
to a heat diffusion process until it converges towards ardésbaussian curvatut® Rather than mapping the surface
to a rectangle as with other methddsthe Ricci flow does not require a border and therefore residistortion. Qiu
et al3” were the first to apply it to a colonic surface using volumedeging for the purpose of visualization, and
we follow their approach here with a small modification to fhenar embedding (see below). We use Ricci flow to
produce a conformal mapping onto a 2D plane. The Ricci flovefsnéd as

dUi(t) . .
G = KK @

whereK; is the Gaussian curvature at vertex K; the desired Gaussian curvature anda weighting function,
computed from a circle packing metfit Ricci flow can be described as the gradient flow of an energytion3®
which can be minimized using the steepest gradient descethioah. For the purpose of parameterization of the colon
surfacesSin two-dimensional space, the target curvatkiyehould be zero at all vertices

The original genus-zero surfac&shave to be converted to a surfaB® of genus oné® for this purpose, e.g.
converting a sphere-like surface to a torus-like surfa¢eréfore, we create holes in the surface mesh by removing
vertices and connected triangular faces closest to théqusy selected cecal and rectal points. The remainingsarf
is doubled, inverted and glued with the original mesh onéovértices and edges along the previously produced holes
in a similar manner t&. The resulting surfac€D s then parameterized using the Ricci flow while minimizihg t
global maximum difference error between all currnandK;, Emayx This is computed untiEy,« convergence below
a pre-set value, resulting in a meBlin R? with two-dimensional coordinates of each surface locabios.

For all patients used in this study, the Ricci flow was miniediZelow an error oEqax = 1€~ which results

Registration of the endoluminal surfaces of the colon @erivom CTC February 20, 2011 8
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in a surface mesh with its local Gaussian curvatufesending to zero everywhere. This mesh can be embedded
into two-dimensional spacR? using the resulting edge lengths of each triangle, stafting a random seed face
and then iteratively adding neighboring faces, in a simit@nner t3°. This is achieved by computing the position
of each triangle vertex based on the intersection of twdesrevhich have radii equal to the corresponding edge
lengths. However, ak is not exactly zero at every vertey, the resulting accumulated 2D mesh can have cracks
and overlapping faces. These errors in computing the plméeddind® can be reduced if the Ricci flow converges
towards smaller values dnyax, but needs to be balanced against the computation timereghfar the Ricci flow.
Segments of 2D surfaces, generated from the same endolucoioa surface after convergence to different error
levelsEmnax, are shown in Fig. 3 (left, middle). However, if the errordhie planar embedding are small enough, the
Ricci flow can be stopped and corresponding vertices of ieighg triangles can be joined together by averaging

their two-dimensional positions. This results in a closBd2eshP without discontinuities as in Fig. 3 (right).
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FIGURE 3. Computed planar embeddingsof the endoluminal colonic surfac®with convergence errofimax = 16~ (left),
Emax = 1e~® (middle) and the averaged planar embedding (right) ity = 1e~°.

The 2D mesHP represents a regular cylinder and can be re-sampled betvaad 360 to generate rectangular
raster images for use in the cylindrical registration astiiated in Fig 4. Here, the horizontal dimenskarorresponds
to a distance along the colon from cecum to rectum and thé&aedimensiony to the angular position around the

circumference of the colon.

0°

360°

FIGURE 4. Sampling the unfolded mesh to generate rectangular raster-inhagigable for image registration. Each band
represents a shifted copy of the planar embedded mésivbéch are sampled between the horizontal lines to cover a fult 860

endoluminal colon surfaces
Sampling curvature information onto the parameterizaBarsults in raster-imagédsfor supine and prone endo-
luminal colon surfaces as shown in Fig. 5 (top, middle). Tdgand bottom edges of the imagesorrespond to the

same point on the endoluminal colonic surfaethus representing the endoluminal colonic surface asiadsi

Registration of the endoluminal surfaces of the colon @efrivom CTC February 20, 2011 9
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FIGURES. Supine (top), prone (middle) and deformed supine deformed to medale fbottom) raster images of patient 7 where

each pixel has the value of the corresponding shape index computkd endoluminal colonic surface. Thexis is the position
along the colon, while thg-axis is its circumferential location. Thepositions for the detected hepatic and splenic flexures are
marked ashepatic@NdXsplenic The location of a polyp is marked before (top) and after registrationdiejdottom). Corresponding
3D renderings are illustrated in Fig. 1.

The chosen resolution ratio of 16 betwagn= 4096 and, = 256 corresponds approximately to the ratio between
the length of the centerline and the average circumfererand the colon. For all un-collapsed cases used in this
study, the average length was 1.7 m and the average cirocainefervas 10.8 cm, giving a ratio of 15.7.

For this resolutiomy x ny, any two neighboring pixels correspond to 3D points whigh@27 (standard deviation
0.29) mm apart on average, with 99% of neighboring pixeladpééss than 1.2 mm apart. This suggest that, even
though the circumference of the colon changes along itstiertge distortion introduced by mappir§onto a
cylindrical imagel with constant width is sufficiently small enough over mosttled endoluminal colon surface.
Therefore, any 3D surface location &tan be interpolated with adequate accuracy. Furthermaregxperiments
show that the distortion introduced by this step can be sistalty recovered by our cylindrical non-rigid registrati
(as described in section 2.5).

Each pixel ofl has a value assigned to it in order to drive a non-rigid regfisin. These values are estimated (using
barycentric interpolation) from the local surface shapkein@SI) computed on each vertexof the three-dimensional

surfaceS. The shape inde$l is a normalized shape descriptor based on local curvateeeHjg. 6) and defined as
Sl= 1 1arctan(KH_Kz) , (2)
2 1 K1 — K2

where the principal curvatureg andk» are the maximum and minimum curvatures computed on theca®f{.
The shape index represents the local topological shapedutiaceS (as illustrated in Fig. 6). It is a good scalar
measure for describing the local structures on colonicased, such as haustra, folds and polyps. It can be also be

used for polyp detectich.
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FIGURE 6. The shape inde$l is a normalized shape measurement to describe local surface stei&tur

1.0

Corresponding features, like haustral folds, flexures ert#imiae coli are clearly visible in both images of Fig. 5
(top, middle). These images are now aligned using a cylatliintensity-based non-rigid registration method which

will establish the full spatial correspondence betweeretigoluminal colon surfaces, andSs.

2.5. Establishing spatial correspondence between prone and supine datasets

The two cylindrical representations are now in the same 2Dado but local structures are still misaligned. We will
use a non-rigid registration method to align those locailcstires accurately. In order to provide good initializatior
the registration algorithms, we use corresponding sugfacgs at the hepatic flexure (hf) and splenic flexure (gfs)
to scale the 2D parameterizations linearly alongxais (USingnepatic@NdXsplenid- The flexures are detected based
on local maxima of the z-coordinate of the centerline. Weedethe hepatic flexure as the first maximum, coming
from the cecum, to be aboVgepatic Of the maximum centerline z-coordinate. The splenic flexsrgetected as the
maximum which is the first to lie abovgyenic0f the maximum centerline z-coordinate, relative to theéwec In order
to provide robustness against wrongly detected flexure@spondences, we discard flexures if their centerline distan
vary by greater thatysr between prone and supine datasets. Based on our experimverftsund good parameters to
be thepatic= 60%, tspienic= 95% andtqr = 5% for all cases used in this study. The corresponaipgsitions for the
hepatic and splenic flexures are markedi@gaticandxspienicin Fig. 5 after linear scaling along thedirection.

The cylindrical representations are used to generate shdgeimagesy, andls, where each pixel corresponds to a
position on the colon surface in 3D. We establish the aligmtrbetweerl, andls using a cylindrical non-rigid B-spline
registration method. This method is developed from the 3@ form deformation based registration of Rueckert et
al.2% with the fast implementation provided by Modat et*al.

A standard (non-cylindrical) 2D cubic B-Splines deformatmodel uses a lattice of control poidig}. The spacing
between each control point is uniform and notedaanddy, along thex- andy-axis respectively. For each pixgin

the domaim of the target image. the deformatidnp(X) can be computed as:

TooX = 5 6° (5-1) xB3(§y—') <G, @)

where? represents the cubic B-Spline function.

In order to account for the cylindrical nature of the regiiom we modified the transformation model in a similar
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fashion to Huysmans et &f. For standard B-spline registrations the control poind gnust extend outside the image
by at least one control point spacing in each direction sottiemdeformation is defined over the whole image. For
the cylindrical registrations, the control point grid doest extend outside the images in thelirection (around the
cylinder). Instead, when an extended control point is negljithe corresponding value is taken from the opposite side

of the grid. Therefore the equation for the cylindrical defation is:

Toi0) = 3 (5-1)F (gy—j) < G, @)

where the control point is indexed by k instead of j, and k el as:

j+Ng, if j<0
k=1 if0 < j <N ®)
j—Ng if j =N

Here,Ns, is the number of control points in thedirection.

In addition we prevent any displacement in thdirection (along the colon) at each end of the image by fixireg
x-displacement of the first and last three control points tadye. This ensures that the ends of the images are aligned
with each other, while still allowing for twists around thelan.

The two cylindrical shape index imaggsand|s are aligned by finding the transformation which maximizes th

objective function:

7 (lp, Is (Tcyl) ; {5’}) = (1 —A - l-l) Csimilarity - )\Csmootf{Tcyl) - ”Cvolpres(Tcyl) (6)

which combines a similarity measu@similarity, and two penalty term&smoothaNdCyoipres Weighted against each
other by the user-specified weightsand . The similarity measure used was the mean sum of squarestatiffes
(meanSSD:
1 1 2

Csimilarity = *NSSD: N XZQ [|p X)—ls (Tcy| (?))] .

()

whereN = ny x ny is the number of pixels.

Two constraint terms were used to try and prevent unrealdgformations. The bending energy describes the

2
); (8)
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The volume-preserving penalty term discourages largeresipas/contractions, and is defined as:

Cvolpres:% z [lOQ (det(Jac(TCW (X)))]z

XeQ

9)

In addition we prevent folding occurring by introducing dding correction scheme performed concurrently with
the registration proce&d For each voxel that corresponds to a negative Jacobiamuatnt we compute its influence
on its neighborhood control points and change the contriok positions until the determinant value is positive.

In order to find optimal parameters for the B-spline regigirg we used a sub-set of the available cases for tuning
the registration algorithm parameters. The following mépa optimal parameters were found empirically by visual
examination of the registration results and by assessimglignment of polyps after registration.

We used a coarse-to-fine approach in order to capture firtariest deformations and then the smaller differences
between both input images. This is achieved with a seveel-taulti-resolution approach usirg as target ands as
source. Both the image and B-spline control point grid netsmhs are doubled with increasing resolution levels. The
final resolution level uses images with 4096256 (y x ny) pixels. The control point spacind is 16 pixels in both
directions at each resolution level. The gradient of the froxction is smoothed after each iteration, using a Gaunssia
kernel with a standard deviation of8 Gaussian smoothing of the 2D images is applied at eachutemolevel with a
standard deviation of two pixels. The objective functiorigids are set td = le 4 andu = 1le *. These parameters
were found to recover the majority of the deformation betwte two images for the data used for tuning, while
preventing unrealistic deformations from occurring.

The cylindrical B-spline registration results in a contiug transformation around the entire endoluminal colon
surface and allows the mapping betwerandSs. From this mapping it is straightforward to determine thik 3D

mappingT ps (as shown in Fig. 1).

2.6. Dealing with collapsed colon

Despite adequate colonic insufflation, short segments loheéocollapse commonly occur, particularly when the
patient changes position from supine to prone. Furthermnesédual colonic fluid due to suboptimal bowel preparation
can occlude the colonic lumen, resulting in more than onerdolsegment for 3D reconstruction. If the colon is locally
severely under-distended, the segmentation method Heddn section 2.1 can lead to disconnected colon segments.
Most 3D workstations allow the radiologist to manually ckedhe order in which the centerline connects these
disconnected colonic segmentations. Fig. 7 shows a patiesibn with a collapse in the descending colon (DC) in
the supine position. While some centerline-based methad$éaadle local colonic collapse, they only provide a 1D

correspondence along the centerline. To the best of our leaig®, only Suh et & have attempted a 3D registration
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303

304

305

306

307

308

309

310

311

of images where the colon is collapsed in only one view bubrigpmited accuracy.

If the collapsed segment is relatively straight, its lenggim be estimated as the Euclidean distance between the
centerlines of the well-distended segments. The lengthaoh evell-distended segment is estimated based on the
length of its centerline. We currently select the beginrdang end points, as well as the correct order of each segment,
manually. The angular alignment between each segment wasrdeed as the shift around ti#@axis which minimizes
the 3D distance between points with the same angular otientan either side of the collapse. The cylindrical images
| of such a case (patient 17) are shown in Fig. 8. It can be se¢déispite the missing data in the collapsed section of
the descending colon, we can register both supine colonesgignwith the fully distended prone endoluminal colon

surface reasonably well.

FIGURE 7. A case where the descending colon is collapsed in the supine positione@naidht image) but fully distended in
the prone(left).

[ AT AL O
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L T R R

FIGURE 8. Cylindrical representation as raster images of the collapsed supine ft@me (middle) and deformed supine

(bottom) endoluminal colon surface of patient 17. The location of a pslyparked before (top) and after registration (middle,

bottom).
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3. CLINICAL EVALUATION

Ethical permission was obtained to utilize anonymized Clbrography data acquired as part of normal day-to-day
clinical practice. CT colonography had been performed @vestance with current recommendations for good clinical
practic€ and any detected polyps subsequently validated via optmahoscopy. For the purpose of establishing
spatial correspondence across complete endoluminacsgifeve selected 24 patients where the colon was not under-
distended in both the prone or supine positions and who hhdrdluid ‘tagging’ (the increased radio-density allows
‘digital cleansing’ of residual fluid) or little remainingufid. This allowed a continuous segmentation over the full
length of the colon using the methods described in sectibn 2.

The datasets were randomly allocated into development alidhvion sets (using random permutation), with 12
cases each. During the course of the development, we diszbtieat it is difficult to identify corresponding features
by eye in the cylindrical image representations for somesa€loser examination revealed that this was due to
either large difference in distension of the colon in thengr@nd supine views or to insufficient fluid tagging.
Large differences in distension can lead to consideratdal Idissimilarity of surface features, such as folds. Fig.
9 and 10 show such a case with marked differences in cylialdrépresentation, andls (Fig. 9, top and bottom),
resulting from very different distensions (Fig. 10). Thesa occur only partially or over the full extent of the colon.
Furthermore, differences in the colon surface can occutairesufficient fluid tagging for accurate digital cleansing
This also leads to artifacts in the segmentation. We idedtifi development datasets with marked differences in
local distension, which therefore had different surfacatifees and these were excluded from the study, leaving 8
development cases (patients 1 to 8). The development seisealsto tune the registration algorithm parameters (as

described in section 2.5).
A ORI R YRR AT N,
m‘(&‘%gw"@' "%‘ " ’ |
b?‘:’ri “‘ S Ye . ) 5.0y A ‘ .
B T T R TR T
'.,',qq.n:iw,‘. 01D
ORI ! A

,, {%WT -,lﬁxmg g e om
IR R 4

FIGURE 9. Widely different distension changes the shape index of the cylindripaesentations in supine (top) and prone

(bottom). 3D renderings are shown in Fig. 10
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FIGURE 10. Different amounts of distension in prone and supine view cause diffesof local features in the cylindrical
images.

Furthermore, this observation led us to exclude anothesdscaf the validation set which showed large differences
in the cylindrical images. Of those, 2 showed marked difiees in distension, 1 case showed insufficient fluid tagging
and 1 case showed both problems. This resulted in a total af8sgts with fully connected colon segmentations in
both views for validation (patients 9 to 16).

Recognizing the problems introduced by cases with markiéereinces in distension, we selected another 5 cases
for validation of the method on cases with local colonic ap#le (patients 17 to 21). Here, the distension and surface
features of the 3D endoluminal surfac@were judged by eye to be sufficiently similar in the well-disled segments
before execution of the registration algorithm. This sedecprocess results in a total of 13 cases used for validatio
as described in the following sections: 8 fully connected s@d 5 with local colonic collapse. In order to assess the
spatial accuracy of the proposed registration method, weslisically validated polyps and haustral folds to measure

the registration error.

3.1. Validation using polyps

Experienced radiologists identified polyps in both prone aopine CT colonography scans using 2D multi-
planar reformats and endoscopy data for guidance. The giagyyloluminal extent was labeled to provide reference
coordinates for validation. Polyp labels were checked amckcted if necessary and then matched by eye between the
prone and supine view by an experienced colonography agigil(DJB).

The cases were selected to present a widespread distriboftipolyps throughout the colonic length so that
registration accuracy could be investigated over the eetidoluminal surface. Crucially however, any polyps were

masked in the 2D cylindrical imagdssuch that those pixels lying on or close to the polyp were ligdaluring
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registration when computing the similarity measGggiiarity- Thus, it was impossible for the polyps used for validation

to bias the registration results. Fig. 11 illustrates magkif polyps.

Th e

FIGURE 11. Masking of polyps to ensure they do not influence subsequent remgiatrpolyps in unfolded view (left). Masked
polyps (right) to be ignored in registration. The center of n@asbich is used as a reference point is marked with a cross.

In order to determine registration error, we identified a p&reference points for each manually matched polyp in
the prone and supine views. The reference points were dedisi¢ite points at the center of the intersecting surface
between the extracted endoluminal colon surfa@emd the segmented polyps. Therefore, these points lie on the
surfacesS, andS; respectively. The center pointx,y) is computed as the center of mass of the intersecting pinels i
the 2D image$, as indicated in Fig. 11 (right). Each 2D reference poimty) corresponds to a 3D poiot(x,y,z) on
the surface$which lies inside the polyp’s volume. We then determinedréfggstration error in mm by transforming
each reference poitf on Ss using the 3D mapping ps to find Tps(c5), which lies on surfac&,, and computing the
3D Euclidean distance i}, which also lies on surfac,.

All 8 datasets used to fine-tune the algorithm had clearlyesmponding features in both prone and supine 2D
representations, such as patient 7 in Fig. 5 (top, middiean be seen that after cylindrical B-spline registrattos,
corresponding features are well aligned (Fig. 5, bottorhe Torresponding 3D renderings are illustrated in Fig. 1.
Polyps of the same case and corresponding virtual endaseigvs after their prone and supine views were aligned

using the registration result are shown in Fig. 12 and Fig. 13

FIGURE 12. Overlay of masked out polyps before (left) and after (right) estabigsbpatial correspondence. The prone image
is colored red with a yellow polyp mask, and the prone is colored cyan witlua folyp mask. After establishing spatial

correspondence, aligned features display gray and the overlaggjiognrof polyp masks in green.
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FIGURE 13. Polyp localization for patient 7 after registration using the prone (left) apéhs (right) virtual endoscopic views.
The black dot shows the resulting correspondence in the 2D (botton82(ithp) renderings.

We used the same registration parameters as optimizedthgidgvelopment set (patient 1 to 8) on the validation set
(patients 9to 21). Table 1 shows the results of assessinggistrations using the polyps of the 13 validations sdte. T
error after the cylindrical parameterization but before Baspline registration is denoted Polyp Parameterizdiwor
(PPE), and the error after the B-spline registration is denotelyf?Registration ErrorRRE ). Before calculating
PPE the images are translated in telirection (around the colon) to minimize t&SDbetween the images, as the 0

degrees position is arbitrarily assigned by the cylindpgaameterization.

TABLE 1. Registration error in mm for 13 polyps in the 13 patients used for validation
of the registration method. These included 8 fully connected cases (safi¢a 16) and

5 cases with local colonic collapse (patients 17 to 19). The Polyp Paranaditan Error
(PPE) gives the error in aligning the polyps after cylindrical parameterizatigrbefore
registration, the Polyp Registration Err&RE) gives the error after cylindrical registration.

Polyp Collapsed Collapsed PPE PRE

Patient location locationin prone locationin supine [mm|  [mm]
9 AC none none 324 3.0
10 Cecum none none 13.7 6.0
11 Cecum none none 30.2 3.1
12 Cecum none none 41.9 2.4
13 DC none none 15.7 6.8
14 AC none none 11.8 4.6
15 DC none none 23.9 3.6
16 AC none none 18.5 11.1
17 Cecum none 1xDC 24.8 9.4
18 AC none 1xSC 62.6 3.9
19 Rectum 1xDC 1xDC 55.9 6.0
20 Cecum 3x(DC, SC) none 133 124
21 AC 1xDC 1xDC 39.0 1.5
Mean[mm| 29.5 5.7
o [mm| 16.4 34

ThePREhad a mean£ std. dev.) of 5.74 3.4) mm for 13 validation patients with a single polyp eacid all 13

polyps were well aligned. TheBPE results show that cylindrical parameterization on its ogvnat enough to align the
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datasets — the cylindrical non-rigid B-spline registratis required for accurate alignment. This result is suffittie
accurate to direct the radiologist to an area of the endalahsiurface, which is close to the suspected lesion in both
views, even in the case of local colonic collapse (patierit21).

The hepatic flexure were not used to initialize the registnator patient 12 and patients 18-20, as the distances
along the centerline between prone and supine varied margth (here, 5%). However, the cylindrical registration
was still able to align features well.

The resulting error for 9 polyps in the 8 development cases®@ & 4.2) mm after non-rigid registratiofPRE)
and therefore slightly higher thaPRE of the validation set. The polyps for development of thestgtion method

occurred in the ascending colon (AC), transverse colon (@i€cending colon (DC) and sigmoid colon (SC).

3.2. Validation of spatial correspondence along the entire length of the colon

Polyps can give definite points of correspondence on thencaloface and give a good estimate of the registration
performance. However, their number is limited to only onéyp@er case in our validation set. In order to assess
the registration quality over the entire endoluminal cadanface, corresponding haustral folds were chosen from the
prone and supine datasets. Reference point coordinatespr@rided to lie centrally on the fold in both views; the
haustral fold centers were automatically calculated bygegmenting each fold on the colon surfaSesing a graph-
cut method* based on the principal curvatures andk». Then, the center of each fold was computed as the vertex
which has the lowest maximum distance to any vertex on theédvaf the segmented fold.

Using the cylindrical representations to establish regjiohlikely correspondence and virtual colonoscopic views
for assurance, a radiologist (DJB, with experience in o@én&lidated colonography studies) then manually identifie
corresponding folds from the prone and supine views. Anggavhere the radiologist could not be certain of
correspondence were not used for validation, but thisgtilVided an average of 90 pairs of corresponding folds per
patient, with a total of 1175 pairs over all 13 validationesépatients 9 to 21). The center points of the corresponding
folds were then used as corresponding reference points$eisaing the registration.

Fig. 14 shows the normalized distributions of referencenyzoversus a normalized position along the centerline
from cecum (0.0) to rectum (1.0) for 8 un-collapsed and 5 £a&sdibiting local colonic collapse. The decline in

number of reference points is due to the fact that there dreally fewer folds in the left hemi-colon.
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FIGURE 14. Normalized distributions of reference points normalized along the cergdrtim cecum to rectum for un-collapsed
and collapsed cases.

We assess the Fold Registration ErfBRE ) in the same way as described in section 3.1 but using therbhus
fold centers as reference points. Using this large set efeaete points, th€ RE was 7.7 { 7.4) mm for a total
of 1175 points distributed over all 13 validation patientscomparison, just using the cylindrical parameterizatio
on its own (before B-spline registration) a Fold Parame&dion Error FPE ) results in an error of 23.44 12.3)
mm. A histogram of the registration errdf RE ) is shown in Fig. 15. Here, the normalized distribution$&E for
un-collapsed and collapsed cases are colored differentlyd&gsplayed next to each other for comparison. It can be
seen that the majority of points (95%) lie below an error oB2&m, with a maximum error of 44.1 mm. However,
the FRE is slightly higher for the 5 collapsed cases with 3478.7) mm as opposed to the 8 un-collapsed cases with
FRE of 6.6 (4 6.3) mm.

Using our method haustral folds are almost always alignel another haustral fold in the other image, but this is
not always the correct corresponding fold. Using the segeagmaustral folds we could analyze how many of the folds
were aligned with the correct corresponding fold, and howywaere misaligned by one or more fold. 82% of all 1175
reference points were assigned to the correct correspgifalioh 15% of reference points were misaligned by just one
fold and 3% misaligned between two and three folds. Thisraesuthat the radiologist correctly labeled corresponding
haustral folds. We have no way to assess this but it is likedy at least some of the apparently misregistered data is
due to this observer error. Nevertheless the identificaifaorresponding haustral folds is high.

In agreement with th& RE results, 71 % of haustral folds were correctly matched irbtisases with local colonic
collapse. Whereas 88% of haustral folds in the 8 un-collapasds were assigned to the correct corresponding fold.
The slight decline in registration quality of cases exlilgiiocal colonic collapse is due to the fact that, typicatihe

colon distension varies in the areas close to the collapsgetlee surface area of the descending colon in Fig. 7. Again,
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FIGURE 15. Normalized histograms of the Fold Registration ErlBRE ) distributions in mm using reference points spread

over the endoluminal colon surface for un-collapsed and collapssgca

4. DISCUSSION

We have presented a novel method for establishing spatisdsmondence between endoluminal colonic surfaces ex-
tracted from prone and supine CT colonography data. Ouradesimplifies the problem of aligning the prone and
supine surfaces from a 3D to a 2D task. This is achieved by mgpghe full endoluminal surface to a cylindrical
parameterization using a conformal mapping. The novelrdmriton of this work is that we use these cylindrical
parameterizations in order to align the endoluminal colarfage using non-rigid B-spline registrations. Cylindific
raster-images with shape index values derived from th&lr8D surfaces are used to drive the registration. This
process can establish accurate correspondence betwe2b thdindrical parameterizations, and hence give corre-
spondence over the full 3D colonic surfaces which is ableetover the large colonic deformations and torsion that
occurs between the two acquisition positions.

Our approach is motivated by the assumption that the oveinalbe of the colon can undergo large deformations

when the patient changes position, but that the local shig@face structures, such as haustral folds, remainsaimil
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enough between scans to align the surfaces. During theageveht of our method we discovered that for 8 of the
24 un-collapsed cases there were large regions where tfaeassistructures appeared markedly different between the
two scans. These were due to large differences in the distensthe colon or insufficient fluid tagging. We decided

to exclude these cases from this study as we expect our tunethod to fail for such cases. However, we strongly
suspect that most other methods presented in the litertitateaim to generate accurate correspondence over the
colonic surface (i. e. the feature based metifédsd the voxel based methdd€9 will also experience difficulties

with cases where the surface features appear differentheitwo scans. The number of such cases observed in this
study indicates that these cases are not infrequent, arttbdwethat can address these cases must be developed to
achieve maximum clinical benefit.

Another common occurrence is for there to be some regiorecaf tolon collapse in one or both scans. Validation
of our proposed registration method on 5 cases where theseaveallapse in at least one view showed promising
performance. It shows that the method is able to handle catlesnultiple collapses in both views. Some of the
centreline based approaches can handle regions of lodapse| but these only give approximate correspondence
based on the shape of the centreline, and do not attempt ¥alpraccurate correspondence over the colon surface.
To the best of our knowledge there has only been one otherothg@ttoposed to date that attempts to provide accurate
correspondence over the colon surface (as opposed to jtisé aentreline) and to handle regions of local colon
collapse&®. However, this method has not yet been validated on casésmuittiple collapses in both views as we
have. Furthermore, their results show limited accuracy.

The method presented here relies on extracted colon sarédagood quality. Therefore, pre-processing steps of
segmentation (which involved manual interaction) and imatied topological correction were necessary to extract
topologically correct surfaces for the patient data used.heis clear that obtaining good quality segmentationhef
intraluminal colon surface reliably and robustly is a sfigpaint impediment to the clinical adoption of our method. We
will therefore be devoting more resources to improving ammmating our segmentations, both at the image analysis
stage but also during patient preparation and data adguiskuture work will extend the concepts described in this
paper to cases of markedly different distensions betweenepand supine colonography, insufficient tagging and
automatically handling regions of local under-distensidgth more complex collapses. Although quality control of
CT colonography is improving, these remain common problennsutine clinical practice.

The current method requires some manual interaction. Taesel) choosing the structure element sizes inter-
actively in order to correct the colon segmentations antude the the rectal insufflation catheter while visually
inspecting the segmentation quality. 2) We selected the atal end-point as well as the correct order of each well-
distended colon segment. Standard commercial 3D workstaélready require the radiologist to manually choose the
order of each colon segment. These steps are relativeli tumerform and require minimal manual input. Therefore

we did not consider these few manual interactions to be ammajeediment to our proposed method. However, We
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will further investigate how individual colon segments d@narranged automatically in the case of colonic collapse.
This will also incorporate methods of detecting two cormgting points at each segment which defined the start and
end of each parameterized cylinder.

Given topologically correct surface meshes of the size urséhis study, our single processor implementation of
the Ricci flow conformal mapping (using the steepest grddiescent minimization) currently takes several hours
to achieve sufficient convergence. However, faster solsech as the Newton meth&tlor a GPU-based implemen-
tation®’ can speed up the computation considerably. Alternatieeher conformal mapping methods could be used,
e.g*> which require less computation time. It should be made ¢hestrobtaining the cylindrical parameterization was
not the focus of this study. There have been a number of paesietion methods presented in the literature, some
based on conformal mappings*-3%and some on other techniq&sand we simply chose one that would generate an
appropriate mapping for us to use. Future work will investiigfaster implementation of the Ricci flow as well as alter-
native techniques for generating the cylindrical paranieggons, in order to produce appropriate parameteonati
in a clinically feasible time frame.

In contrast to the cylindrical parameterization, the agtinal B-spline registration, provides a result within afe
minutes, which is fast enough to be clinically useful. A rmdtsolution-level registration approach was used in orde
to help the registration optimization avoid getting stutkdcal minima and to reduce the computation time. However,
our validation shows that some haustral folds were misatigny one or more folds indicating that the registrations
were occasionally still getting trapped in local minimatuie research will investigate how better initializatidrifee
cylindrical registration and/or a better choice of registn parameters could solve this problem.

In conclusion we have provided a framework for the alignnodinformation from prone and supine CT colonog-
raphy; a very challenging registration problem. The mettmdprises conformal mapping of CT derived features onto
a cylindrical surface, followed by a cylindrical registmat of these features. This establishes an estimate of @&dens
correspondence throughout the derived colon surface. &hdts show promise, not only for polyp detection but also

for establishing correspondence between correspondingtiahfolds on a limited set of colonography datasets.
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