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ABSTRACT In optical studies, anatomical images such as those from
computed tomography (CT) or magnetic resonance imaging

Estimation of internal mouse anatomy is required for quani\r|) are often not acquired due to the inavailability of the
titative bioluminescence or fluorescence tomography. HOWgcanners in the same facility, concerns such as radiatise do

ever, only surface range data can be recovered from abapti i, case of CT, viability and associated cost [3]. The surface
systems. These data are at times sparse or incomplete. Weometry of the animal can be estimated using optical sys-
present a method for f|tt|ng_ an elastically defqrmable MOUSEsms [4, 5]. These systems typically produce a height map
atlas to surface topographic range data acquired by an opfit the animal consisting of discrete points (called ranga)ia

cal system. In this method, we first match the postures of g,ntours, or silhouettes that can then be used to generate a
deformable atlas and the range data of the mouse being iRy representation of the animal volume. For a finite ele-

aged. This is achieved by aligning manually identified land,ent method (FEM) based solution to the diffusion equation
marks. We then minimize the asymmetfi¢ pseudo-distance light propagation, a volumetric tessellation of the aaim
between the surface of the deformable atlas and the sudace t,0eds to be generated for the surface map [6]. This process

pography range data. Once this registration is accomplisheig non_trivial since these range data are often incomplete o
the internal anatomy of the atlas is transformed to the Geordunder-sampled [7]. Minimization of commonly used sym-
nate system of the range data using elastic energy minimizggseyric distance metrics such a8 or Hausdorff distance [8]
tion. We evaluated our method by using it to register a digitajg 1ot syitable when the measured range data are incomplete.
mouse atlas to a surface model produced from a manually I@Xsymmetric L? pseudo-distance minimization between the
beled CT mouse data set. Dice coefficents indicated extelleR, qata offers an attractive alternative since the localima
agreement in the brain and heart, with fair agreement in th&;j occur when incomplete surface range data match with
kidneys and bladder. We also present example results Pr®¥art of the complete data set.

duced using our method to align the digital mouse atlas to

surface range data. In this paper, we present a volumetric registration scheme
Index Terms— Deformable atlas, mouse registration, op-that warps the Digimouse atlas [9] to an optically-imaged
tical tomography mouse based only on the atlas data and the measured surface
topography of the imaged animal. We achieve this registra-
1. INTRODUCTION tion in three stages:

Anatomical atlases with appropriate co-registration B®® 1y The pigimouse is repositioned and its posture is coreecte

can be useful tools for small animal studies involving medal y; atch the position and posture of the mouse in the acquired
ities that are incapable of imaging anatomy. Specificatly, i j5t4 set

optical fluorescence tomography (OFT) and bioluminescencs) the nosture-corrected atlas is then warped to the availab

tomography (BLT) studies in small animals, where estimay t5ce topographic data using the asymmelricpseudo-

tion of the internal organ optical properties via all-optic  jistance.
techniques is non-trivial [1], deformable anatomical &8 3y The internal anatomy data in the warped atlas is trans-
may be used with published optical properties [2]. The atlagymeq corresponding its deformed surface. The volumetric

must first be aligned with the optical images of the individua (ggse|iation is also transformed using the computed deform
mouse being studied. tion field.

This work was supported by the National Cancer Instituteeumglants . . .
RO1CA121783, R44CA138243 and National Institutes of Hiethitough the We performed a validation of our method based on micro-

NIH Roadmap for Medical Research, grant U54 RR021813. CT data acquired from the optically imaged animal.



2. MATERIALS AND METHODS

2.1. The Digimouse atlas

We used the Digimouse atlas [9] as our anatomical template.

The Digimouse was generated using co-registered CT and
cryosection images of a 28g normal male nude mouse. Seven-
teen anatomical structures were labeled in the Digimouse. A

corresponding volumetric tetrahedral mesh was provided by

the Digimouse atlas. It was generated using the constrained

Delaunay method which conforms to organ boundaries. This

mesh containgv = 58, 244 vertices and” = 306, 773 tetra-

hedral faces. Fig. 1. Posture correction for the Digimouse: (a) the Digi-
mouse, (b) a different orientation of the head, (c) a diffiere
2.2. Deformable elastic modeling of the Digimouse orientation of the head and the right fore limb.

We model the atlas mouse body as an elastic volUmetd

therefore, deformations to it will be governed by the elas- . _ .

tic equilibrium equation, i.e. at equilibrium, the elastio- e head and the orientation of the animal vary greatly. As an

ergy L(u) corresponding to deformatianequals the external initial step, the limbs and head of the Digimouse need to be

forcesf applied on the body [10]: repositioned to match those of the mouse being imaged. We

used a landmark-based method with the elastic mouse model

i &l 8.0 R3 from section 2.2 for posture correction. We selected fivddan

L) = J = —dv [(I V) S] §:R R @) marks, denoted here by € P,i € 1,--- ,5 on the surface

5 . . 0f): one each at the ends of the four limbs and one at the

where S denotes the second Piola-Kirchoff stress tensor degenter point on a line connecting the two ears. Correspandin

fined by.S' = ATr(G)I +2uG with G = 5(Vu™ + Vu  jandmarksy; € 99, € 1, - -- , 5 were also selected on the at-

+Vul'Vu) representing the Green-St. Venant strain tensoligs. This gave five displacement vectds = (p; — a;) at

The coefficients\ and are Lamé’s elastic constants. Lin- the atlas surface points. The displacement vector field was

earization of (1) using Fréchet derivatives leads to then extrapolated to the whole mouse suri@@dy minimiz.
ing the Sobol :
L(u) = _d|V(S) = f7 (2) Ing the oonolev energy
where, S = ATr(G) + 2uG is the linearized stress ten- E.(U) = [|AaU|2 +BZ(UZ- W @
sor andG = 1 (Vu+ Vu”) is the linearized strain tensor 2

[10]. The elasticity operatoL is di_s_cre_tized usir!g a finite_ whereA, denotes the discretized Laplacian operator matrix
element method. In brief, the equilibrium equation in (2) iS¢, the atlas surface [11] andj > 0 is a mismatch penalty
formulated by using a variational principle in an energy min o rameter. Let the vectdr? : {s € 9} be the minimizer of
imization, which leads to a quadratic forth” KU, where 4 energy in (4) andQ? = 9O+ UP denote the warped atlas

28 ads .
U e Uy, gQ"" Uf\;]] dls lthe vre]cu_)rrhof dgﬂ%lacemegésMa{ surface. Then, we use the elastic mouse model from section
nodes In the tetranedral mesh. The matkixuses 0 5 2 to warp the internal anatomy of the mouse. The elastic

dlscretlz_e the elastic energy operator. When externabfx)rg energy minimization in (3):
are applied at the surface points such that the surfacegoint

Ui, {i € 09} transform to their new locatiorlg, the elastic Eetastio(U) = UTKU + a Z (Us — UP)? )
energy becomes o
Eetastic(U) = UTKU + o Z |U: — Vi|l?, (3) leadstoadisplacement field¥ at the volumetric points, that
i€aQ when applied to the atlag, leads to a warping of the inter-

h 0i . tch it ; nal organs consistent with the warped surface. The posture-
wherea > U1S a mismatch penaily parameter. corrected atlas is now given l§y, = 2 + UP. Sample pos-

This mathematical formulanon aIIovys the whole MOUSEres of Digimouse obtained using this procedure are shown
atlas volume deform elastically when displacements are ap

. ) n the Fig. 1.
plied on only the surface nodes of its mesh. The externa[1 g
forces in this formulation are non-zero at the mouse surface

9 and will be used to guide the volumetric deformations in2-4- Surface fitting and elastic volume warping
: . In order to be able to register the surface topography data
section 2.3 and section 2.4,

recovered from the optical setup to the atlas surface, the
matching problem is formulated as an asymmetfi@seudo-

2.3. Posture correction distance minimization, where the distance is computed from
There are a wide variety of postures in which mice are imagethe incomplete surface to the complete surface. We define
at various imaging facilities since a standard has not been ethe asymmetrid.? pseudo-distance metrit between an in-
tablished. Typically, the positions of limbs, the positioh complete acquired surfaéd” and the posture-corrected atlas



surfaced(2, by:

09,07 = Y- (inf lp el ©)

peEOP

Our objective, then, is to deform the posture matched atl
surfaced(,, from section 2.3 such that the distance metrig
in (6) is minimized. Additionally, we want the displacement
field for this operation/* to be smooth, such that the de-
formed surfacé(, + U* remains smooth. This is achieved
by a Laplacian regularizer on the displacement field. Dug
to this regularizer, the cost functiatls is in the form of a
Sobolev norm and is given by:

2 . .
. Fig. 2. Results from the performance evaluation study. In
Cs(U)=>_ | inf dpa+U.)) +I[AU 7 .
sU) (6699 v )> 12U @) each case, three orthogonal sections from the CT scan of

. . ... the target are overlaid with the corresponding sectionb®ef t
whereA; denotes the discrete Laplacian [11]. The m|n|m|za-Digimouse (a) after only rigid registration, (b) after §

tion of the pseudo-distance is performed by a searchint stra. o rection and (c) after the asymmetiié distance-based
egy over the point-set and results in a displacement véttor method were u’sed

The displacement fiel@* obtained as a result of this mini-

mization is then applied to the posture-corrected atlafser , 7 Acquisition of surface topographic range data

94, to get the surfacé2,, = 96, + U* that matches with  oyr syrface profiling scheme used a conical mirror with a hor-

theéangle da@p. - . < th izontal stage that held the animal in an axial orientaticthini
imilar to section 2.3, the surtace warp IS then exirapy, [14]. A normal anesthetized adult mouse (nu/nu, weight =

olated to the entire mouse volume using the elastic mou . . .
model. Then, the energy minimization in (3): S"234_9) was used for this experlment._ The dorsal portlon_of the
animal was scanned by the three line-laser setup. Using ge-

peP

Eelastic(U) = UTKU + a Uy, — US)? (8)  ometrical optics formulae, and by translating the lasercsmu
p
s€E0Qp horizontally, the complete animal was scanned. The complet

leads to a displacement field™ at the volumetric points Procedure lasted 25 min. No data were acquired for the ven-

that, when applied to the posture-corrected aflgs leads tral surface.

to a warping of the internal organ labels consistent with the 3. RESULTS

warped surface();. Thus, the posture-corrected atlas is3.1. CT-based evaluation

given by, = Q, + U™. The result is a warped mouse atlas We used the mouse surface extracted from the CT scan as our

Q2 with the surfac&)Q2, conforming to the range dataP. target surface. We matched the posture of the Digimouse at-
las to that of the target animal using the procedure destribe
2.5. Implementation of the warping method in section 2.3. This produced a repositioned and posture-

The warping method was implemented in MATLAB The  matched atlas. The warping field generated for the tetrahe-
conjugate gradient minimization procedure was used for thdral mesh was used to resample the labeled CT of the Digi-
cost function minimizations in sections 2.3 and 2.4. We emmouse using nearest neighbor interpolation. An overlay of
pirically chose Young’s modulus = 1 and Poisson ratio = 0.3he warped labels and the mouse CT is shown in figure 2(b).

for computing the elasticity matrik’ [12], « = 3,3 = 1. The asymmetrid.? pseudo-distance based minimization de-
scribed in section 2.4 lead to an improved surface and vol-
2.6. Micro-CT acquisition and labelling for evaluation ume warping shown in figure 2(c). The whole method took

A micro-CT scan of an anesthetized normal adult mous@pproximately20 — 30 min of runtime on a Pentium IV 3.6
(nu/nu, weight = 26 g) was acquired using the MicroCAT GHz machine with 4GB RAM.

Il scanner (Siemens Preclinical Solutions, Knoxville, TN) ~ We compared the accuracy of our method by computing
The experiment was performed under a protoco| approveaice coefficients [15] of set overlap between Warped atlas la
by the University of California - Davis Animal Care and Use bels and manually determined labels for the brain, the heart
Committees. We extracted the mouse surface from the Cﬂ']e two kidneys and the bladder. Our results are tabulated in
image using BrainSuite’s [13] mask tool and surface generalable 1.

tion tool. We manually erased the nose cone from the binary

mask. This mouse surface served as a target topography s@r2. Performance evaluation for range data from an opti-
faced P for evaluation. The brain, the heart, the two kidneyscal scan

and the bladder were segmented manually by an experienc&nge data were acquired using the optical technique de-
observer using BrainSuite [13]. scribed in section 2.7. Figure 3(a) shows the point cloud



Organ name| Dice Coefficient ff‘x‘mg‘l
Brain 0.8273
Heart 0.8161
Kidneys 0.5899
Bladder 0.5481

method since we wanted the deformation of the atlas sur-
face to be smooth. Thus, we have a Sobolev regularizing
term in the matching energy equation (4). This term tends
to avoid fold-overs in the deformed surface and leads to-topo
logically correct deformations of the mouse atlas. Quagdr

and bending priors can be enforced in our method. Such

Table 1. Dice coefficients of organ overlap between warpedoriors allow rigid movement of the bones and the skeleton

atlas labels 4) and manually assigned labelBY

_

while still relaxing the rigidity constraints for other @gs.

In cases where internal anatomical information is avaélabl
our proposed method can provide a good initialization for
atlas-based registration. Additionally, the proposedhmeét
can provide a good initialization for segmentation in cases
where an intensity-based anatomical image such as CT or MR

(@) (b)

(d) 2

Fig. 3. Estimation of internal anatomy for optical data: (a) the
point cloud obtained from the optical scan, (b) the pointdlo  [3!
and the posture-corrected Digimouse, (c) the point clout an
the final result of surface fitting by our scheme, (d) elaitica
transformed animal volume whose surface fits the point cloud
4
representing the top surface of the animal. Figure 3(b) show
an overlay of the point cloud on the posture-corrected Digi-
mouse surface (shown in green). This warping is further
improved by the asymmetri? distance minimization pro- (6]
cedure to obtain the results in figure 3(c). The internal esga
were then elastically warped using the surface as a guide to
produce figure 3(d). (7

4. DISCUSSION AND CONCLUSIONS -

We have presented a deformable mouse atlas based regis-
tration scheme for estimating internal anatomy of an ani-
mal when only surface topography information is available. [°]
We evaluated our proposed scheme against results from an
anatomical imaging modality. For the heart and the brain
high Dice coefficients between the anatomical image an
the warped atlas imply that the head and the chest region
of the warped atlas had excellent alignment even thoungl
only surface information was used. The bladder and kidneys
show significant shape variability across subjects butlager |17
metric greater than 50% were achieved using the proposed
method, even in these regions. The proposed scheme COLL é]
allow detailed investigation of anatomical variability op-
tical source reconstruction and facilitate comparisonth wi
methods that derive anatomical information from all-ogitic
techniques. Additionally, the organ map derived from the
proposed method can serve as an anatomical prior for diffusél
optical tomography.

Exact alignment of mouse surfaces is not enforced in our

0]

(14]

is available.
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