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Abstract

Medical volume images contain ambigis and lowcontrast boundariearoundwhich existing fully- or semi
automatic segmentation algorithms often cause errors. In this paper, we propose a novel system for intuitively
and efficiently refining medical volume segmentation by modifying multiple curved contours. Stétingy-
mentaion data obtainedisingany existing algorithm, the user places a thddmensimal curved crossection
and contoursof the foreground region by drawing a csiroke andthenmodifies the contouneferring to the
crosssection. The modified contours arged as constraints for deforming a boundary surfaaeenvelops the
foreground regionand the region is updated hiyat deformed boundary. Our surface deformation algorithm
seamlessly integrates detaiteserving and curvaturdiffusing methods t&ee important detail boundary &
turesintact whileobtaining smooth surfacearound unimportant boundary regisnOur system supportspo-
logical manipulations as well asontour shape modification8\Ve illustrate the feasibility of our system byopr
viding example®f its applicationto the segmentatiof bones, muscles, kidneys with blood vesseld bowels

Categories and Subject Destops (according to ACM CCS):3.6 [Methodology and Techniqulednteraction
techniquesl.4.6 [Segmentatiop

Figure 1. Refiningthe end of ahigh bone with our system. Starting with segmentation data containing éajotse user
places and modifies multiple contour cure$ to refine the segmented region with vebeslel accuracy (c). Our system
provides aset of user interfaces for tipgacement o€ontour curves (d) and their modification (e).

) Traditional volume segmentation systems require the
1. Introduction user to specifythe foreground region in eachwo-

Volume segmentation ithe process of separating volume dimensional ZD) slice. Such systemsccuratelyreflect the

data into semantic units. It is a fundamentadcgssfor useds intenion, even thougfthe segmentation process is

obtairing useful information from volume datacluding ~ VErY time consuming.Many fully- and semautomated

shape, topologyand variousother measurements. The SYyStéms have beeproposedto make he segmentation

segmented datarealso usefulin constructing models for ~ Process efficien However, aDwada et al[ONTO9 have

physical and interactive simulation. Recent developmentsPointed out no fully automated systems are yet available

in medical imaging devices, such amgnetic resonance Pecauses egment ati on remains depende

imaging and computed tomograph{CT), increase theni- subjective interpretation, which is impossible to obtain
portance of efficient and intuitive, tools fothree without user itervention. Semautomated systems allow

dimensional 8D) volume image segmentation. users toinclude subjective informatiorand usually dete
mine a boundary based on ugeovided information and
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low-level features of the volume image (eaplors, grad- external energyhat issensitive to the local image features
ent magnitudesor edges). For example, region growing, under the contour. A graph cut algorithm weed forim-

one of the most popular semitomatic methods, starts age segmentation by Boykov et al. [BVZ01], and Li et al.
from usefprovided seeds and inflates an object regiam co [LSTS04] extendd it to providean interactive image cut
sidering localcolors and gradients of the image. Semi out tool. These systermmequire the user only to mark &sr
automatic systemisvolve afair amount of useinteraction, ground and background regions by drawing rough strokes.
but still cannot eliminatéocal errors arountheambiglous The systems construct an energy function based on user
and lowcontrast boundariethat often appear in medical specification andhenminimise it using he graph cut aly
volume imagesAchieving fully satisfactory segmentation rithm.

With voxel-le\_/el_ accuracy remainSifficuIt_. Therefor_el we Segmentation algorithms primarily develoded 2D are
believe that it is very important terovide an efficient o gon 30jicable to 3D with minor modifications. Providing
fram_evv_ork that a”O.WS uselo refine segmentation ressit 5 jnyitive interface is important when developing 3D
of existing automatic syems. image segmentation tools. Some systems allow users to
This paper proposes a novel system for refining alreadyinteract with crossectional planes to specify foreground
extracted region data by modifying 3D contours. Th& se and background régns in 3D space [TLMO03; WBC*05;
sionbegins with segmented data obtaineihgany exis- SHNO3]. Others support drawing strokes directly on the
ing method(Fig. 1(a)). In this work, weusedgraph cut volume rendered screen [ONTO05; YZNCO05] where the user
[BVZ01; LSTSO04 for the initial segmentation. The user input is then passed to various segmentation algorithms.
first draws a custroke on a screen to place a curved cross
section and a bounding contourigF1(d)). Then the user
modifies the shape of the contour so that it traces aiplaus
ble boundary (Fig. (8)). The influence of the contour
modification is propagated in the volumetric region through
a boundary surface deformatiowe deform a boundary ~Contour-based mesh construction for volume segmeant
surface of the foreground region using the modified-co tion. Some researchers hausedmesh onstruction tels-
tours as constraints and update the region inside ¢he d Niquesin volume segmentatioproceduresThe SketchSe
formed boundary_ Our system can dea| W|th_pta'rBr or faceS SyS'[em [AMO?] a||OWS the user FO draW C|0§€d— CcO
open contour constraints. We support topological contourtours on parallel crossectional planes in volume image
modifications as well as contoshape deformations. The From these contourshe quickhull algorithm constructs a
modified contours can be registered as constraintgtfer ~ closed suface, which is therusedas an initial shapi the

Note that segmentation algorithms usually relylow-
level features of the volume imagdence, they ofterail
aroundthe low-contrastareasor regions withambiguous
boundaiesthatfrequently appear in medical images.

tion, modification and registratiorycle until all undesired ~ Structs a closeoundarysurface fromuserdrawn oblique
boundariesdisappeatFigs. 1(c)). contours using an algorithm introducdsy Liu et al.

[LBD*08] andthe voxels inside the surfaceesegmented
as foreground. These systepr®duceintuitive contouring
interfaces by integrating mesh construction algorithms.
However, theywere not designed for thefinement pro-
essof regions that havalreadybeensegmentedin add-
tion, these systems are limited closed and plaam con-
tours.Our systemon the other handyorks with open and
non-plarer contours permittingefficient local modification
and effective manipulation of curved objects.

With our system,the user can easily place contours
where only human but automatic algorithms can perceive.
The number of required contour modifications is relatively
smallbecausehey influencethe volumetric region through
boundary surface deformation. Our boundary aef e-
formation algorithnmaintains theletail features of impe
tant boundary shapandachieves amooth surface around
unimportant boundary regions by combining Lapda

preserving and curvatwdiffusing methods. ] ] o
Laplacian surface deformation Our scheme for refining

the foreground region is basesh a surface deformation
2. Related Work method called Laplaciarsurface deformation[Sor06;
Our work buildson several existing techniques from diffe = BS08]. t considers mesh deformatioas an energy
ent fields.We briefly reviewrepresentative work frorthe minimization problem. The energy function contains the
fields ofimage segmentation and surface deformation. terms for detail preservaih and positional constraints.
Based on this technique, Nealen e ISACO05] presented
a set ofsketching gestures to specify constrairithe Fi-
berMesh system [NISAO7which strongly influenced our
system, provides a sketehased 3D modbhg interface
that supports boththe initial creation and subsequeng-d
formation processes During deformdion, the user can
closely relatd to our work Active contour was originally ~ [Teely add curvediber constraints and modify tHéer as a

presented by Kass et al. [KWT88] and many extensions handle for surface deformatiofo the best of our knolw
havebeenpublished [HPE*08]In that method, @ontour ~ €dge, these Laplacian surface deformations hanever
curveis deformedso as to mininge two types of engy: before been used fgolume segmentation purpase
internal energy that is sensitive to the contour sheme

Image segmentation.Two-dimensional inage segmeat
tion has receivednuch attentionover the past decades
resulting inmany different approachesich aghresholding,
k-mean clustering, active contourand graph cut alg-
rithms which have been the subject of at least smey
[PXP98]. We will explainseveral approaches thatre
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3. System Overview

Our systemefficiently and intuitively refinessegmented
regiors by modifying multiple curved contours. The input
includes a 3D volume imagand foreground region data
(i.e, a binary mask) which may containerrors. Even
though we rely or8D graph cut [BVZ01; LSTS04h this
paper forinitial segmentationmany other segmentation
techniques are available.

Beforestarting,the system constructsboundary surface
envelopingthe initial foreground regiomsing theMarch-
ing Cubesalgorithm[LC87]. In the refinement process, the
system first deforms this surface based on the-user

Interface for Refining VolierSegmentation

is apolyline, each verteXp;} of which is on an edgév,,
v)) of the boundarywface
1Ts1 O p OThO mp 8

Figures 1(d) and 3 demonstrate the effects of diie
stroke. If the user draws a cut stroke along a curved object
such as a bowel, the system generates a contour frat ca
tures the curved features of the object very well (Fig. 3(a)).
A cut stroke running across the object multiple times r
sults in multipe contours (Fig. 3(b)). When a cut stroke
starts from the outside and ends inside the object, the sy
tem returns an open contour curve that is useful for local
shape editing (Fig. 3(c))lo support arefficient 3D nav-

P

modified contour constraints and updates the region insidedation, our system provides an aut@w-transfer option in

the surfae. The typical user's refinemenprocessincludes
the following stepsobserving a current foreground region
(Fig. 1(a)), cutting the foreground region to construct a
crosssection and contours (Fig(d)), and modifying the
shapes of the contours (Fig(el). The modified contours

which the camerammediatelyflies in front of thegener#
edcross section after drawing a itoke.

After constructing acontour curve, the systeuhetects
crossingpoints between theewly constructed contour and
already storeatontous. This detection is performedn the

can le registered as constraints. The user repeats thes@D screenplane the system projectsontour curves onto

steps until satisfied with the updateelgion. Our system
givesthe userthe option ofrunning a graph cut algorithm
at thevoxel level to fit a region boundary gohigh-contrast
edge [LSTSO04].

In somesenseour system can be seena3D extension
of the boundary editing tooin the Lazy Snapping system

[LSTSO04]. It allows the user to refine 2D segmented data

with pixel accuracy by directly modifying thbounding
polyline. Howeverextendingthis to 3D is not straightfe
ward. For example, simply allowing the user to modify a
2D bounding polyline on each slice is tedipoar system
providesa solution tothis problem by retaining efficiency
for 3D situations \wile maintaning auser interfaceimilar

to that proposed by Li et dLSTS04]

4. User Interface

Visualisation. Efficient visualisation of the currerfore-
groundregion is very important for supportirige userin
detectingsuspicious boundary partkat need to béxed.
As shown in Figure 2hie system provides thretsualisa-
tion modes surface rendering, binary volume rendering
and surface rendering with 3D volume textiBerface and
volume renderindnelps the user to observe tsteape of the
region, which proides significant informgéon. Textured
surface rendering allonsne toexamine thevolume image
on the boundary surfacBecause th&oundarycolor of an
object is usually isotropi@t least locally, a boundary that
exhibits significant changg in color likely contains errors.
Our textured surface rendering helbe detection osuch
suspicious boundary regisn

Cut stroke. The user draws a cstroke running acroghe

the screenand check the existence of intersectiorze-
tween the curveslf crossing points existwe subdivide
intersectingine segmentsbackprojectthe detected crgs
ing points,and placered spheres ahe points (Fig. 3(d)).
These crossing pointge fixed inthe subsequent process

1 © T

Figure 2. Three rendering modes for the knee section of a
thigh bone. While surface (a) and volume (b) rendering
display suspicious shapes in the region, the textured su

face (c) clearly illustrates significant changes in boundary
color (red circle).

Figure 3. Effects of cutstrokes.

Contour deformation. After setting contours, the user
deformstheir shapeso thatthey traceplausible boundaries
on the crossectional surface. Our system provides

suspicious boundary regions on the screen to construct aools for this purposedrawing, pointdragging, smooth

curved cros-sectional surfae and contow The cross
sectional surface is constructed by sweeping thedrsevn
2D cutstroke along the depth direction. Contaurves are
constructed by computing intersections between all edge:
of the boundary surface and the crssstional surfeg and
then digningthe crossing pointsThus, a contoucurve C

S,

rubbing, snakeubbing and contowdeletion toas (Fig. 4).

The drawing tool allows the user taodify a partof the
contour by drawing its desired shape on the cross section
(Fig. 4(a)).The pointdragging tool provides a similar imte
face tothat offiber deformationdescribed by Nealen et al.
[NISAQO7]. It allowsthe usetto grab a contour at any point
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and pullit to the desired location (Fig. (#)). Deformation perform two tasksn a single dragging operatioROI de-

of the cortour presereslocal details as much as possible. terminationand point placement. We found that almost all
The smootkrubbing toolhasthe same interface ake rub- users simply draghe point to the desired position without
bing tool of Nealen et al[NISAQ7]; if the user drags the consiteringthe ROI resulting inunwantedspiky contous
cursor backandforth in a mbbing motionon a part of the  (Fig. 5(a)). We aded a simple extensioto overcome this
contour, the rubbed region becomes smooth (F{g)).4 problem Around the cursor, & display a circle whose
While the snakeubbing tool has thesame interfaceas radius carbe controlled using thenouse wheel. We then
smoothrubbing, the rubbed region moves along the grad determine all contour segments irettircleto be theanitial

ent directiorto fit edges likehesnake KWT88; HPE*08]. ROI. This simple extension successfully prevents novice
Note that snakeubbing works well only wheithe target usersfrom generatingindesirable giky shaps (Fig.5(c)).
crosssection has high contrast edges as shown in Figure

4(d). Finally, the contoudeletiontool allows the user to 5. Enveloping Surface Deformation

delete undesired contours when multiple contours ésést ) ) ) )

Secton 5.2 in deta)l During contour modification, the ~ We provide two surfacdeformation algorithmso imple-
crossing points highlighted with red spheres are fixae, e Ment the usemterface desied in Section 4.1. The first
ceptin the casevherethe user explicitly drags themsing one deforms the boundary surface to satisfy the-user

the pointdragging tool. ©ntour deformation is limiteto specified contour constraints. The second modifies the
the crosssectional surface surface topology so that it satisfigse new contour layout.

5.1 Surface Deformation by Contour Modification

Two typesof contoursexist in our setupthose that have
alreadybeenmodified and registerecand those that are
currently being modified (i.eactivecontours). The surface
deformdion is localised to gart of the surface near the
active contourgROI). The ROIlis defined as am-ring
neighbohoodof the surface edges constrained by the active
contours, wherd\ is a uses paramete(Fig. 6). Notice that
sincethe boundary surfacis generatedy the Marching
Cubes algorithm and the vertices are almosiniformly
distributed. Thus, the &ing neighborhoodof the active
contourgeneratesfair ROl in practice

Figure 4. Contour manipulationsising thedrawing too(a)
pointdragging too(b), smoothrubbing too(c), and snake
rubbing too(d).

Figure 6. ROI (blue mesh) is defined as anriNg neigh-

borhoodof an active contour marked by a red arrow.
Constraintbased surface deformation has bées sup-
ject of active research. One of the most walbwn meh-
* ods is Laplacian surface editing [SLC*04], which deforms

a surface while preserving both the user constraints and the
Figure 5. Contour ROI Definition. With the original peke geometric details as much as possible. This metimad e
ing interface(a)[IMHO5], the user temporally drags a point codes geometric detat each vertex using Laplacian ¢coo

far from the picked position to expand the ROI (b), and dinates and updates the shape of the surface by solving the
then releases it at the desired location. We display a circle following minimization problem:

around the cursor and it determines the initial ROI (c).

In the origiral FiberMesh [NISA07], thdiber deforna- AOCi Edl s sl s 88p
tion tool (pointdragging inthis paper) determines the-d !
formed region of théber (region of interestROI) usinga wherefl { is a discrete graph Laplacian operator, is a
peeling interface [IMHOS]; starting from a single point, it Laplacian vector of the initial surface tte ith vertexv;,
expands the ROI proportional to the amount of pulling. Our and’l is a constraint position of. This quadratic energy
preliminary user study indicates that this Ipegis difficult minimization problem results in a sparse linear system.

for novice users. The peeling interface forces the user to\Nhlle Laplacian surface editing preserves local details, the
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FiberMeshsysten achievesa smooth surface in whicthe
Laplacian magnitude (LM, i.ethe approximation of scalar
mean curvaturejs smoothly distributed. FiberMesm-

cludes awo-step process. It first smoothly distributes LMs

{c} to all verticesby solving the dllowing optimization,

AOCI Eidl & s H 0O 88¢

where the first term requires that theighboimg LMs vary
smoothly andhesecond term requires the LMs at all wert
ces to be near the current LMs. After obtainihg LM

distribution, FiberMesh estimates a Laplacian vector for

each vertexas, w ! i and solve the optini-
zationof Eq. (1) by using as the target Laplaciaithe
A; is anarea estimate amg is the normal of;. FiberMesh
repeats solvindegs. (2) and (1) until convergenc&Vhile
this algorithm requires salwg a sparse linear systeser-
eral times, the expensive matrix factorizatios required
only once at the beginning.

We would like to apply these two techniquesour si-

Laplacian integrated from diffused LMs (i.eM diffu-
sion). A set of scalar valugs ¥ Tip is calculated by

& —Q ihao pQ Qihwherekisaglobal
parametethatwe setto 5.0 andr is thevoxel edge length.
The third term places point constraints on edges. The point
constrainton an edge is defined with one paraméter =

tvi + (Lit)v; [NSACO5]. Thishybrid method successfully
combines the advantages of the Laplagagserving and

LM -diffusing methodgsee Section 6 in detail).

Note thata single contour modificatiodoesnot guara-
tee that surface regions faaom the contour areppropi-
ately located along the boundary of the volume image.
address this issue, the SketchSurface system adjusts the
surface byusing themageinformation (i.e. active contour
method. However, in our practical observatiorsurface
regionsthat requires modification usuallylocated around
low-contrast or ambiguous areas of the image, since the
initial segmentation algorithm fails arourglich regions.
Imagebasedmethodsare difficult toapply to such regions.
Instead we simply allow the user to iteratively place and

uation; however, selecting the appropriate one is difficult. Modify next contours until wrongurfaceregion disappear
In our system, the surface represents a boundary shape of
the initial (or current) foreground region. In a surface-se 5.2 Surface topology modification

tion around contours with little or no deformation, the local
shae is important and geometric details should be- pr
served. In contrast, in a surface region around higkly d
formed contours, the local shape is no longer important and

a smooth surface is preferred.
For this reason, we combine defaiesrving and LM

When the user deletes a contour using the contour deletion
tool, the topology of the surfaceustbe changed to satisfy
the new contour layout. Our system deals with two layout
types: a paralldhyout in which several closed contours are
arranged in parhdl, and a nestethyout in which two co-
tours are nested (Fig. 7). The systeioes notallow the

diffusing surface deformations by switching between them deletion ofopen contoursr the outer contour of the nested

seamlessly for regions aroustightly deformed and highly
deformed contoursTo do this, we first diffusedisplae-
ment amourd {d,} of contouts vertces{p;} over the all
vertices ofthe boundary surfacgv;}, similady to the LM
diffusion in Eq. (2) as
AOCI Eldl Qs N 0s 0 Os

..(3)
whered; is thediffused displacement amount at. While
the first term requires that the neighborintisplacement
amountsvary smoothly the second terntonstrains the
displacementamounts ateach pair of surfacevertices

which correspondo a contour's vertexiNote that each ¢o
tour vertexp; is on an edgev, v;) of the surface.

Next, we compute a new vertex position by solving the

following leastsquare system:

AOci EToad s p o7 $
“l

D p 07 1s 81

While the first term requires that each vertex Laplatian
close to the initial Laplacian (i.edetail preservation), the
second term requires that each Lapladienclose to the

layout becausethe resulting boundary surfacgould be
unpredictable and such deletion is praadticunnecessary.

Figure 7. Surface topology types for a parallayout (top
and nested layout (bottom). The same contour layc
constructed with two isolated closed surfaces (pQ, a
single bentclosed surface homeomorphic to a sphere
nl), or a surface homeomorphic to a torus (p2, n2).

SV

C:\\{q,w-.m;
Figure 8. Surface vpology modification for p0, p&nd p2
The system cuts the surface at the target contour, rei
isolated surface parfsand smoothsthe remaining cros:
sections. The same process is applicablgdion1,and n2.

remove

smoothing

|
o Temove
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We do not deal with the layout in which more than two (initial shape)intactin the other region. Howevet,apla-
contours are nestdoecausesuch layous rarely appear in  cianpreservation keeps the sharp featuredfith the head
practice and the other regionF{g 9(d)). On the other hand, LM
diffusion returnsa smooth surface for both regionssut-
é'ng in the loss oimportant sharp feature&ig 9()). Our
algorithm combines thbest of bothmethods, obtaining
smooth surfacaround the head whilmaintainingimpor-
tant detail features in the other regidiig(9()). Figure 9(c)
shows he distribution ofg, valug the values 0 and 1.0 €0
respond tdhe colors black and red. In the head region with
largea; values (red), the LMliffusion effectpredominates
resulting ina smooth surface. In the region with smajl
values(black), the Laplaciapreservation is dominant and
sharp featureare maintained

When two closed contours are placed in parallehrar
nested, three possible boundary surface topology type:
existfor each (Fig. 7). When the shorter contour is deleted,
we modify the surface topolog¥igure 8 shows how our
system manages sigpology typeaisingthe same process.
First it cuts the surface at the target contour and fills the
holesin the crosssectin. In types pO andnO, this process
splits a closed surface into two parts. In gyp# andnl, a
closedsurfaceis separated out. In typ@2 andn2, no new
isolated part is generate@ihenthe system checks whether
the separated surface parts have contour constriintst,

it simply remove the separated part. rilly, it smootles Figures 1 and 10 shothe results othethigh bone sg-

the remainingrosssections. mentation whichwas initially segmentedvith a 3D graph
cut and subsequently refined with our system. In a1@T i

6. Results and Dscussion age,a thigh bone has high-contrast boundary ithe shaft

region andno refinementis required. Howeveron the top
We tested our prototype system ar2.93GHz Intel Core  ang pottom, cancellous (low intensitypneis covered with
i7 CPU. Our system providesiinteractive environmerto thin cortical (high intensity)bone, making accurate region
the userafter eachaction it updateshe boundary surface  segmentatiorifficult for automatic algorithms. With our
and foreground region in reime and returns immediate  gystem, the usezanrefine the two sidgof the thigh bone

feedback. by placing and modifying about 10 contours in less than 15
Figure 9 illustrates the feasibility of osurfacedeforna- minutes for each (Figs. 1 and 10). In this thigine exan-

tion algorithm. The user refines thigh bone ddiig %(a))  Pple, we found a holgsurface topology typ@2) that our

by placing and modifying contour&ig 9(b)). In this &- contourdeletion tool successfully remayérig. 10eft).

ample, onlythe region at the end (head) of the baoe-
tains errors. The contours around the head are modified
significantly while those inthe other regiorretain their
initial shape.In this situation the user wants to have a
smooth surface around the head and kbegharp features

Figure 10. Effect ofcontour deletiofleft) andrefined knee
joint region(right). If the user click onan undesired co-
tour, the system remowthe holein the boundary surface.

Figure 11.Kidney andassociatedseins The user replaag
contours orcomplexandlow contrastcross sections.

g !s‘;ﬂ'ﬁ:‘?&%{ Figure 11 shows a segmgnted kidnayo! associated
TR veins from a CT image. Theillim of the kidneyhas a
ﬁﬁ'ﬁg&.i“ complicated blood vessel structuiiéhe user musplace a
L boundary between the kidney and the external blood vessel

Y

& Laplaaamreervf(e) L-diffusin @ r methd regionsaccurately(Figs. 11(b)). The weinin the CT image

has an extremely lowcontrast boundarywhich is almost
impossible tosegmentautomatically. Our system allows
the user to trace plausible contours intuitively §-itfl(c)).

Figure 9. Surfacedeformation usinghreealgorithms.
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Figure 12. The regions of 11 femoral muscles and 1 |
were refined. Two representative muscles are shown-
c). \ery sharp regons are correctly reconstructed (r
circles) by tracing narrow boundaries (b).

(@) (b)
Figure 13. Bowel and thigh bone refined by the test us

Muscles in CT imagearealso a difficult target for au-
matic algorithmsbecausehey usually have alow-contrast
boundaryR€ining 1 bone and 11 musclegith our system
took less than 4 houf&ig. 12). In this example, very sharp
features of muscleserereconstructed (F&g 12(@) and(b)).
We bel i ev e singuastesséntiabor agcsiratelyd
tracing the ambiguous boundaries showthseexamples

Finally, we performeda preliminaryuse studyto verify
the usability of our systemWe askedh technicianworking
on the development ahedical imaging deviceto refine
segmentation data of a partial bowaelda thigh bone with
our systemAlthough te subject hagsed2D segmentation
systens, he has never experienced 3D systeAfter one
hour tutorial, hesucceshully refined segmentation datas
shown inFigure 13 It took about 45 minutes to reconstruct
a part ofbowel byplacingabout 20contous (Fig. 13(h)).

The userfirst refined contours along theurvedaxis of the
bowel andlater refined contourperpendiculato the axis.

It alsotook about 18ninutesfor refining each side of thigh
bone (Fig 13(a)). During modificationthe drawing point
dragging and smootirubbing tools were evenly well used
butthe snakeubbing tool was almost useless since regions
which requiresmodificationsusuallyhas ambiguous edges.

As we mentioned in Session 3ketchSurface [AMO07]
and VolumeViewer [SLJ*09hpplied ontourbased mesh
constructionmethods tovolume segmeation purpose In
these systems, tleegmentatioprocess startBom scratch:
the user drawsnultiple contoursin the 3D spacenly with
the crosssection visualisationOn the other hash cur sys-
tem has an initial segmentatiorobtained with arbitrary
algorithms.We believe that mor modification of contour
shapes is much easier than drawing contours from scratch.
In addition while these systems are limited to closed and
planar contars, we support tdhandleopen and noiplanar
cortours which permit efficient local modification(e.g,
sides of thigh bonein Fig. 10 and effective manipulation
of curved objectge.g, bowel in Fig.13 (a). Besidesit is
not straightforwardto apply these two systemfAMO7,
SLJ*09] to refinng already extractedegions These sy-
tems computea boundary surface satisfying contourneo
straints without considering detailedshape ofthe initial
segmented regiomnd therthey fail to maintain the impe
tant detail featuresimilarly to Figure 9 (e).

7. Conclusion

We designed a contodbased interface for efficiently refi

ing the foreground region of medical images. We have
provided a set of tools for placing, modifying, and deleting
contour constraintfor an intuitive refirement process. We
also introduced a constraibased surfacedeformation
algorithm that seamlessly combines the defaikserving
and LM-diffusing method. Automatic systeméave diff-
culty geneating satisfactorysegmentationresults Our
system caserveasan efficientpostprocessg methodfor
any existing automatic systere usersimply refines the
region until completely satisfied.

Depending orthe purpose of theegmentation, e.gcon-
strucion of a mesh model for simulation, our boundary
surfaces available ass, and our system allows refining the
surface in more detail thahe voxel level. Therefore our
system wouldbe usefulfor construcing a modelthat cur-
rently available imaging devices cannot captim suff-
cient resolution, e.g., micscopic images of cells.

Oneobviouslimitation of our system is that it does not
support arbitrary topological modifications. Providing a
more flexible topology editing tool that supports not only
deleting but also merging contours on the cross sectional
surface is remaining as our future woAnother limitation
is thatit is difficult to efficiently refine thin strainedor
membranousegiors, such aslood vessels caponeurosis
In such regions, theimedial axis shapdsetter explairthe
desired regiosthanthe boundary shap@andthenour can-
tour-based interface often falinto tedious processwWe
would like toprovide an axis based refinement tool specia
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