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Abstract

A new method for non-rigid registration of a normal
infant CT head atlas with CT data of infants with ab-
normal skull shape is presented. An individualized atlas
is synthesized by computing a volume transformation
from the normal atlas to the target data set shape. This
process begins rigidly by eliminating translation and
rotation differences and proceeds non-rigidly to elim-
inate anatomical shape differences. Operator specified
anatomical landmarks are used to find the initial rigid
transformation. Non-rigid registration is achieved by
constraining the transformation by the low frequency
modes of vibration of a 3D linear-elastic solid while
minimizing the squared intensity difference between at-
las and target CT image volumes. Results are presented
in which the CT atlas was transformed into the shape
of several infants with various types of craniofacial de-
formaties.

1. Introduction

Electronic atlases of normal individuals have been
generated for several adults, especially in the head by
Hohne [11], and for the entire human body as part
of the National Library of Medicine Visible Human
Project [18]. Electronic atlases of the head in infants
and children, especially those with cranial deformities,
have not been reported.

Tools that adapt a normal electronic atlas to match
a specific individual wherein the atlas is transformed
volumetrically to the target individual’s shape have
emerged and found application in neuromorphometry
[2, 10], multimodality fusion [15], and locating regions
of interest [3, 6, 7, 8, 17].

Atlas matching tools which produce an individu-
alized labeled volume avoid the necessity for tedious
and error prone segmentation and labeling. In general,
these tools have been applied only in data sets from
mature normal adults.
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This paper reports on development of new method-
ology to synthesize individualized atlases correspond-
ing to well known types of major craniofacial deformi-
ties, including sagittal synostosis, bilateral coronal syn-
ostosis, and unilateral coronal synostosis. Since these
deformities are usually treated with surgery in infancy
or early childhood, a new electronic CT atlas of the
head was created using scans from a three month old
female whose skull shape was normal.

The goal of this study was to test extensions of pre-
viously developed tools [3, 15] based on Grenander’s
global shape models [9] in craniofacial dysmorphology.
Specifically, we sought to test the feasibility of gener-
ating electronic atlases in cases with major skull defor-
mities and evaluate the quality of the results.

If successful, individualized atlases of dysmorphic in-
dividuals could simultaneously provide automatic seg-
mentation and labeling of craniofacial anatomy as well
as a quantitative description of the dysmorphic features
thereby facilitating treatment and evaluation.

2. Problem Statement

An anatomical atlas is an annotated collection of im-
ages, charts, or tables that systematically illustrates bi-
ological structure for all or part of an organism. In our
case, the atlas is a spatial array of CT scan data (voxel-
based attenuation measurements with associated tissue
type (bone or not bone) and labels derived from a vol-
umetric CT scan of a normal 3 month old female head.
The atlas annotations (knowledge base) provide a basis
for understanding the relevant anatomy. However, due
to the labor intensive nature of creating an atlas knowl-
edge base, only one atlas from a population is usually
produced. This paper addresses the problem of syn-
thesizing individualized atlases given a target CT data
set and a topologically equivalent electronic atlas. The
atlas is individualized by finding the transformation
that changes its shape to match the target CT volume
and then using that transformation to map the atlas
knowledge base onto the target CT volume as shown



in Fig. 1. In addition, the atlas transformation can be
used to quantitatively assess the absolute shape charac-
teristics of the target CT as well as its shape differences
compared to the atlas. It is therefore possible to use
the atlas transformation to locate and measure areas
of abnormality in the target CT data set. Ideally, syn-
thesizing an individualized atlases in this manner can
provide the following information regarding a patient’s
anatomy based their on CT data set.

Individualized Atlas

e Bone and soft-tissue segmentation
e Anatomical landmarks and suture locations

e Geometric information such as distances, angles,
volumes, and curvatures

e Connectivity
o Text description of dysmorphology
e Treatment options and procedures

o Links to relevant medical literature

Atlas Transformation

e Location of abnormality

e Magnitude of abnormality
e Shape of abnormality

e Measure of asymmetry

e Change in shape

Align CT with atlas by
removing global scale,
translation, and
rotation differences

N

CT data of normal
or dysmorphic

patient

Figure 1. Synthesis of an Individualized Atlas.

_.W

Nonrigidly transform
Atias to match shape
of target CT

Create subject specific
knowledge base using
atlas transformation

The atlas is described mathematically on the
domain ) as a vector valued function A(z)
(A1(z),... , An(z)) for z € @ C R®. The modality 4,
corresponds to a 3D CT data set of the atlas anatomy
where the other N — 1 modalities correspond to the
knowledge base of the atlas, i.e., Ay could correspond
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to a bone segmentation, Az could correspond to a col-
lection of anatomical landmarks, etc. The notation T
will be used to represent the CT modality of the atlas
and is referred to as the template.

Problem Statement: Given a target CT data
set S(z), find the optimal transformation h(x) in some
sense that transforms the shape of the atlas template
T'(z) into that of S(z) while maintaining the topology
of T'(z) for z € . The individualized atlas is generated
by applying the transformation h to the atlas A, i.e.,
the individualized atlas is given by A(h(z)).

3. Construction of the Atlas

The construction of the atlas consisted of defining
the atlas coordinate system, selecting a data set for the
atlas, and defining the information in the atlas knowl-
edge base.

3.1. The Atlas Coordinate System

The first step in constructing an atlas requires def-
inition of the coordinate system, a reference frame
that assigns each anatomic structure a specific loca-
tion. The reference system facilitates measurement of
distances and angles between standardized anatomic
(cephalometric) landmarks, curvatures, volumes, and
other shape measures.

The atlas coordinate system is defined by an origin
and three orthonormal basis vectors. The coordinate
system was defined to correspond to the normals of the
Frankfort Horizontal plane (FH), the Median Sagittal
or MidSagittal Plane (MSP), and the Coronal Plane,
see Figs. 2 and 3. The FH is a horizontal plane rep-
resented in profile by a line between the orbitale, the
lowest point on the margin of the orbit, and the porion,
the highest point on the margin of the auditory meatus.
Its definition as the standard orientation for depicting
human skulls was initially adopted at the 13th Gen-
eral Congress of German Anthropologists (the “Frank-
fort Agreement”), Frankfurt-am-Main, 1882, and sub-
sequently by the International Agreement for the Uni-
fication of Craniometric and Cephalometric Measure-
ments, Monaco, 1906 [12]. The MSP is perpendicular
to the FH and is defined as the plane of symmetry that
passes through the head from front to back dividing it
into right and left halves. The Coronal Plane is defined
perpendicular to the FH and MSP dividing the head
into anterior and posterior parts.

The origin of the coordinate system was selected as
the basion, the midpoint of the anterior border of the
foramen magnum in the midsagittal plane (see Fig. 2).
This point was chosen because it is almost always



Figure 2. Front, side, and bottom views of the 3 month oid infant, CT atlas skull. Landmarks: 1.
prosthion, 2. subnasale, 3. rhinion, 4. nasale, 5. top of metopic suture, 6. bregma, 7. lambda, 8.
opisthocranion, 9. basion, 10. right orbitale, 11. left orbitale, 12. right porion. Bones: 13. & 14. R./L.
frontal bone, 15. & 16. R./L. maxilia, 17. & 18. R./L. mandible, 19. & 20. R./L. temporal bone, 21. & 22.
R./L. parietal bone, 23. occipital bone, 24. sphenoid bone, 25. vertebral column. 26. R. zygomatic

bone.

Figure 3. Coordinate system of 3 month oid
infant, CT atlas skull. Planes: 27. Frankfort
horizontal plane, 28. medial sagittal plane,
29. coronal plane.

present in normal and abnormal anatomies. Another
possible choice for the origin is the center of the sella
turcica which is used in a majority of the cephalometric
literature. This point was not used due to the difficulty
in trying to locate the center of this cup-like structure
in 3D [16].
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3.2. The Atlas CT Data

A CT data set of a normal 3 month old female was
chosen as the atlas template and was selected from the
craniofacial image archive at the Cleft Palate and Cran-
iofacial Deformities Institute (CPCDI) of St. Louis
Children’s Hospital at Washington University Medical
Center. This data was collected using a Siemens Splus
S Spiral CT scanner at 0.49 x 0.49 x 2.0 mm? resolution
forming a 512 x 512 x 82 voxel volume.

The CT data volume was aligned with the atlas co-
ordinate system using the rigid registration procedure
described in Section 4.1. In this procedure, the CT
data was resampled such that the voxel lattice of the
new CT volume corresponded to the Frankfort hori-
zontal, midsagittal, and coronal planes of the data.

The CT data is stored in the atlas at three different
resolutions—low, medium, and high-—corresponding to
voxel dimensions of 1.96 x 1.96 x 2.0, 0.98 x 0.98 x 1.0,
and 0.49%x0.49x0.49 mm3, respectively, in a 251 x 251 X
200 mm?® domain Q. The low resolution 128 x 128 x 100
voxel volume was used as the template for individual-
izing the atlas; the medium resolution 256 x 256 x 200
voxel volume was used to visualize the atlas CT be-
fore and after transformation; and the high resolution
volume (stored as a 285 x 345 x 335 voxel subvolume)
was used to create precise manual segmentations of the
atlas anatomy and for generating high resolution seg-
mentations of the target CT data sets.



3.3. The Atlas Knowledge Base

The atlas knowledge base for this project consisted
of 13 landmark coordinates and the segmentations of
17 major bones of the skull (see Figure 2). The bone
segmentations were generated by careful manual seg-
mentation performed by an anatomic expert (A.AK.)
using Analyze”™ software. The CT data was con-
verted from 16-bit to 8-bit data by linearly mapping
the intensity range of 600-2200 to 0-255; intensities be-
low 600 where mapped to zero, and intensities above
2200 were mapped to 255. Bone was segmented from
soft-tissue using a threshold of 85-255 and manually
partitioned into individual skull bones. In the future,
additional structures will be added to the knowledge
base as needed.

4. Individualizing the Atlas

The atlas is individualized for a particular target CT
data set using a two-step process as shown in Fig 1.
First, a rigid transformation s applied that removes
rotation and translation differences between the target
and the atlas. Next, a non-rigid transformation based
on a linear-elastic solid model is used to accommodate
anatomical shape differences between the target data
set and the atlas.

4.1. Rigid Registration

Rigid registration of a CT data set to the atlas co-
ordinate system consists of finding a translation vector
and a rotation matrix. The translation vector is deter-
mined by computing the difference between the coor-
dinates of the origin in the atlas and the corresponding
landmark in the target data set.

The rotation matrix is determined by estimating the
equations of the Frankfort horizontal, midsagittal, and
coronal planes in the CT data set and calculating the
three angles required to rotate these orthogonal planes
onto the voxel lattice. Landmarks are used to define
points on one of the three planes and least-squares esti-
mation is used to estimate the equation of a plane that
best fits the landmarks. The second plane is found in
a similar manner but is constrained to be perpendic-
ular to the first. The orientation of the third plane is
constrained to be perpendicular to the first two planes
and is therefore completely determined by the first two
planes There are six different possible orderings for de-
termining the equations of the planes, each of which
gives a slightly different procedure for finding the ro-
tation matrix. Rather than enumerating all six proce-
dures, only the case corresponding to finding the MSP
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first and the FH second is presented. The procedures
for the other five cases can be derived in a similar man-
ner.

The transformation that rigidly registers a CT data
set to the atlas coordinate system finding the MSP fol-
lowed by the FH can be written as

q= RzRsz(p '—p()) + D (1)
where
1 0 0 cosd 0 sinf
R, =10 <cos¢ sing|, Ry= 0 1 0
0 —sing cos¢ —sinf 0 cosd
cosy siny 0
R.= |—siny cosy 0],
0 0 1

are rotation matrices about the z, y, and z-axis, re-
spectively. Points p = [z,y, 2] are mapped to points
g = [z',y',2'] and p1 = [x1, 41, 21] is the origin of the
atlas and pg = [zg, Yo, zo] is the origin in the target data
set. The angles ¢, 6, and ~ rotate the data set so its
data voxel lattice corresponds to its Frankfort horizon-
tal plane (FH), midsagittal plane (MSP), and coronal
plane. Notice that the translation vector aligns the
origin of the data set with that of the atlas anatomy.

In a normal anatomy the landmarks that define the
FH are the porions and the orbitales; the landmarks
used to define the MSP were the prosthion, subnasale,
rhinion, nasale, the top of the metopic suture, bregma,
lambda, opisthocranion, and basion (see Fig. 2). Find-
ing landmarks to define the FH and MSP is more
complicated for dysmorphic (abnormal) skulls, due to
asymmetries and missing landmarks. For the SS and
BCS results presented in Section 5, all of the land-
marks above were used to define the FH and MSP due
to the symmetry of these deformities. However due to
the asymmetry of the UCS data set, only the prosthion,
subnasale, and basion were used to define the MSP and
the left porion and left orbitale were used to define the
FH.

The equation of the MSP is determined as fol-
lows. Let the set {(z1,91,21),..-(Tn,Yn,2n)} denote
the coordinates of the n landmarks used to define the
MSP. The equation of the MSP can be written as
ar + by + cz = d where a + b+ ¢ = 1. Combining
these equations, we get n equations (one for each land-
mark) of the form z; — a(z; — #;) — b(z; —y;)) —d =0
for determining the unknown constants a, b, and d.
Provided that n > 3, we can formulate the following



least-squares problem

min(u — Wu)? =
v

2

(21 — z1) (Zl—yl) 1

z1 a
rn;% — : b .
a,b, B
Zn (Zn - zn) (Zn - ?/n) 1 d (2)
The solution of this minimization problem is
b= WIwW)y"'wTy (3)

(see pg. 83 of Luenberger [14]). Using this estimate of
a, b, and ¢, we can find the angles § and ~ that rotate
the MSP plane such that its normal vector (a,b,c) is
aligned parallel to the x-axis, i.e.,

cosfd O siné cosy siny 0] la
0 1 0 —siny cosy 0] |b
—sinf 0 cosé 0 0 1| }jc
cosd§ 0 sind) [d a'
= 0 1 0 0] =10 (4)
—sinf 0 cosf| | ¢ 0
The solution of this equation is
b ¢
o= R —tan ! (=
y = tan (a) and 6 = tan (a’)

(5)

where o’ = acosy + bsiny.

The equation of the FH plane can now be deter-
mined as follows. Let {(z1,41,21), ... (s Yms 2m) } de-
note the coordinates of the m landmarks used to define
the FH. These landmarks are rotated by 6 and ~ to get
the new coordinates in which the MSP is perpendicular
to the x-axis, i.e.,

Z; cosf 0 sinf cosy siny 0] [
Y| = 0 1 0 —siny cosy O} |v;
Zi —sinf 0 cos6 0 0 1) |2

The equation of the FH plane can be written as
ax + by +cz = d where a+b+c¢ =1and a = 0.
The condition a = 0 ensures that the FH plane will be
perpendicular to the MSP. Combining these equations,
we get m equations of the form Z; —b(%; — §;) —d = 0.
Provided that m > 2, the least-squares estimate of FH
is given by
(z1—y1) 1 ) ’
. 2 . . . .
mum(u—Wv) = riudn - : : [d}
(zm —ym) 1

Zm

which has solution given by Eq. 3. The angle ¢ that
rotates the FH such that its normal (0,6, c) is parallel
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to the z-axis satisfies

1 0 0 0 0
0 cos¢g sing| [b] = |0
0 —sing cos¢| |e ¢

implying

¢ =tan"! <—l—7) .
c

4.2. Non-Rigid Registration Using a Linear-
Elastic Model

(6)

Non-rigid registration of the atlas is accomplished
by finding the displacement field u(z) = = — h(z) that
minimizes the energy functional

1 2
Ei(u) = 557 /Q(T(x —u(zx)) — S(z))*dx
+%/Q\Lu(x)]2da; (7

where o is a constant and L is a linear operator. The
first term on the right-hand-side corresponds to a cost
of the intensity mismatch between the template and
target CT volume. The second term is a regulariza-
tion term that maintains the topology of the template
by penalizing rough displacement fields. We simplify
Eq. 7 by representing u by its eigenfunction decompo-
sition u(z) = Z?:lﬂid’i(l’) where Lo;(z) = Ao (x).
The functions ¢; are the eigenfunctions of L and have
eigenvalue A;. Substituting the eigenfunction expan-
sion of u into Eq. 7 gives a new energy function

1 2 1 : 2 2
Bt = 507 [ (Tl —u(w) - S(@)d + 3 3 ¥

in terms of the coefficients g = [1,...,uq)". The
problem now becomes that of finding x4 that minimizes
E5 (). The solution of this problem is found by gradi-

ent, decent

ar

a'u’i z—u(z)
- A)‘%M

k11
My

= pf — A[S(z) — T(zx ~ u(z))]

(8)

The linear operator L used in this work was the lin-
ear elastic operator Lu(z) = aViu(z) + BV(V - u(z))

with boundary conditions %%j — = wui(zlz; =
T|Ti=

k) 0 for i,7 = 1,2,3; 1 # J; k = 0,1, and
z € Q = [0,13. The notation (z|z; = k) is defined
as ¢ € Q such that z; = k, V = [, =2 8],and

0wy’ Oxy’ Oz



V2 =V V. Thus as first reported in [3], the displace-
ment field has the form

3

u(z) = Z Z tnw @ (2). (9)

n=1 yeS(d)
where

S(d)={(i,5,k) |i+j+k>0 and 0<i,j,k <d}

d)l,z/(m) - nl[igl,u(Ing‘Z,V (33>: kgS,V(:E)]T
¢2,1/ (7;> =12 [‘jgl,l/(x)v ig?,l/(z>; O]T

93, (z) = n3likgr, (@), jhga (), — (i + %) gs.0(@)]"

g1, (x) = cosimzy sin jwzy sin krzs
g2, (x) = sinimwz; cos jwzy sin kwxy
93,0 (&) = sininx; sin jmzs cos krs (10)

n o= /8242 +k?), o = /8/(i®+j?), and
N3 = NN \/178 The eigenvalues for ¢, , are Ay, =
—m2(2a+B) (2 + 52 +k?) and Ay, = A3, = —m2a(i+
72 4 k?). A limitation of this model and others such
as the membrane model Lu(z) = V2u(z) or the bi-
harmonic model Lu(x) = V*u(z) is that they are only
valid for small deformations [1]. These limitations can
be overcome using a fluid model [4] for atlas transfor-
mations requiring large nonlinear deformations.

This minimization problem can be interpreted prob-
abilistically as the maximum a posteriori estimate of u
for the density p(p) = Le P2 It is also possible to
find the conditional mean estimate of u as in [3, 15].

The parameters used to generate the experimental
results were ¢ = 0.01, @« = 0.1, and 8 = 0. The
template and study intensities were normalized from
0-255 to 0-1. The gradient decent Eq. 8 was run for
300 iterations; d = 1 initially and d = d + 1 ev-
ery 40 iterations which gave a final transformation
with 2187 degrees of freedom. Increasing the num-
ber of basis functions allows a multiresolution solution
that matches larger structures before smaller struc-
tures and requires less computation time then if all
300 iterations were performed for d = 8 The step
size of the gradient decent was normalized as the
number of basis functions was increased by setting
A=20x10"" x () ¥, cqa A2,) 71 The com-
putation of the linear-elastic transformation for the
128 x 128 x 100 voxel template and study required ap-
proximately 2.75 hours using a 128 x 128 MasPar MP-2
massively parallel computer. All final transformations
had a globally positive Jacobian over  and therefore
preserved the topology of the template [5].

5. Results

Three individualized atlases of infants with abnor-
mal skull shapes were generated to test the atlas reg-
istration algorithm. Figures 4, 5, and 6 show the
skull of the target CT data volumes (top row) and
the skull of the transformed atlas (bottom row) for
the craniofacial deformities of sagittal, bilateral coro-
nal, and unilateral coronal synostosis. Abnormal skull
shape due to sagittal synostosis (SS) is characterized
by an anterior-posterior elongation and left-right nar-
rowing of the skull. Abnormal skull shape due to bi-
lateral coronal synostosis (BCS) is characterized by an
anterior-posterior shortening and left-right widening of
the skull. In contrast to SS and BCS skull shapes
which are relatively symmetric about the midsagittal
plane, unilateral coronal synostosis (UCS) skull shape
is asymmetric about the midsagittal plane.

Figure 4. Front, right, and top views of the
skull of an infant with sagittal synostosis (top
row) and the skull of the transformed atlas
(bottom row). Note: This transformation was
constrained only to match bone and soft tis-
sue in the CT volumes and not the sutures
(the gaps between bones). Therefore, the
shape of the transformed atlas skull matches
very well with the shape of the patient skull,
but the sutures do not necessarily match.

Visual inspection of the individualized atlases in
these figures shows a good correspondence between the
ensemble skull shape of the target data set and the in-
dividualized atlas. This demonstrates that the linear-
elastic model had enough degrees of freedom to match



Traned Atlas

Figure 5. Front, right, and top views of the
skull of an infant with bilateral coronal syn-
ostosis (top row) and the skull of the trans-
formed atlas (bottom row). See note in Fig. 4.

the ensemble shape of the three abnormally shaped
skulls. Notice that even the shape of the orbits of the
individualized UCS atlas matches the shape of the or-
bits in the UCS target data set. These results also
demonstrate that it is possible to transform an atlas
of a normal infant head into the shape of an abnormal
infant head in these three cases.

The intensity absolute error performance of the
matching algorithm was determined quantitatively and
visually. Table 1 tabulates the intensity absolute dif-
ference between the target CT volume and the atlas
template CT volume before and after transformation.
Notice that the intensity absolute difference was re-
duced to approximately 25 % of its original value af-
ter transformation. Figure 7 shows the absolute differ-
ence images between the target CT data set and the
atlas before (top row) and after transformation (bot-
tom row) for the BCS individualized atlas. This figure
demonstrates that the reduction of the absolute differ-
ence to 25 % of its original value is enough to give good
alignment of the the target and individualized template
data sets. If a better alignment of the atlas and target
is required, a higher dimensional transformation such
as described in [4] could be used to refine these linear-
elastic transformations.

Figures 4, 5, and 6 also demonstrate that the atlas
registration method described in this paper does not
accommodate the shape of each individual skull bone.
This can be seen by comparing the skull sutures (the
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Figure 6. Front, right, and top views of the
skuli of an infant with unilateral coronal syn-
ostosis (top row) and the skull of the trans-
formed atlas (bottom row). See note in Fig. 4.

Table 1. Performance of Registration

Experiment Normalized Intensity Absolute Error
Before After % difference
Atlas to SS 1.54 x 10° | 4.38 x 10? 28.4
Atlas to BOS | 2.28 x 10° | 3.55 x 104 15.6
| Atlas to UCS | 2.07 x 10° | 5.40 x 10* 26.1

gaps between the bones of the skull) of the individual-
ized atlas and the target CT data set. Notice that none
of the sutures necessarily agree between the target and
the atlas. This limitation is expected because the simi-
larity energy or cost (see Eq. 7) used to match the atlas
and target is only a function of CT volume intensity.
Therefore only subvolume differences between the atlas
template and target contribute to the matching energy.
Substructures such as points, lines, and surfaces have
zero measure (zero energy) in this volume integral and
thus have no effect on the the matching procedure. In
the future, we intend to overcome this limitation by
adding constraints to the transformation that match
landmarks and sutures [13].

Another observation that can be made from these
figures is that the individualized atlas contains all of
the skull sutures while the target data sets do not.
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Figure 7. Top row shows absolute differ-
ence subtraction images between the un-
transformed atlas and BCS patient (see Fig. 5)
for 3 axial slices. Bottom row shows the abso-
lute difference subtraction images between
the transformed atlas and BCS patient for the
same 3 slices as the top row.

Each of the three abnormalities shown are caused by fu-
sion (obliteration) of one or more sutures which there-
fore 1s (are) missing in the target. The sagittal suture
is missing in SS, both coronal sutures are missing in
BCS, and one of the coronal sutures is missing in UCS.
The reason that the all of the sutures are present in
the individualized atlases is that all of the sutures are
present in the atlas and therefore must be present in
the transformed atlas because of the topology preserv-
ing nature of the transformation.

Selected slices of the 3D displacement fields that
generated the SS, BCS, and UCS individualized at-
lases are shown in Figures 8, 9, and 10, respectively.
The top, middle, and bottom rows of these figures show
the x, y, and z-components of the atlas transformation,
respectively, superimposed on the corresponding axial
CT slices of the target data set. White corresponds to
a large positive displacement, medium-gray to zero dis-
placement, and black to a large negative displacement.
These transformation images can be interpreted in the
following manner. In Figure 8, the x-component of slice
81 (top row) shows that the atlas was compressed left-
to-right, the y-displacement of slice 81 (middle row)
shows the atlas was stretched front-to-back, and the z-
component (bottom row) shows no displacement top-
to-bottom for the atlas to match the patient data.

Comparison of the y-displacement fields of Figures
8 and 9 shows that these displacements are inverted
accounting for the elongation front-to-back in the SS
individualized atlas and the compression front-to-back
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in the BCS individualized atlas. The asymmetry of the
displacement fields in Figure 10 were necessary to gen-
erate the asymmetry of the UCS individualized atlas.

These volume transformation give a quantitative
measure of the distance from each point in the tar-
get to a corresponding point in the atlas; they there-
fore measure the shape change between the target and
the atlas. Future work is planned that will use these
volume transformations to measure and quantify ab-
normal anatomical shapes.

Figure 8. The atlas was compressed left-to-
right, stretched front-to-back, and had very
little displacement top-to-bottom for the at-
las to match the patient data shown in Fig. 4.
Key: Top, middle, and bottom rows show the
X, ¥, and z-components of the atlas transfor-
mation, respectively, superimposed on three
axial CT slices of the patient. The CT slices
go from top to bottom of the head as the slice
number increases. White corresponds to a
large positive displacement and black to a
large negative displacement.

Finally, Figure 11 shows the automatic segmenta-
tion generated for the SS individualized atlas. This seg-
mentation was generated by applying the atlas trans-
formation to the knowledge base of the atlas. This
figure is intended to demonstrate the feasibility of map-
ping the atlas knowledge base and not as an accurate
segmentation of the bones in the target data set. In
the future when the individual bones of the atlas are
constrained to match the corresponding bone in the
target (see above), the automatic segmentation should
give a precise segmentation of the bones in the target
data set.



Figure 9. The atlas was compressed front-to-
back, slightly compressed left-to-right, and
the bottom-rear of the skull was displaced up
for the atlas to match the patient data shown
in Fig. 5. See key in Fig. 8.

6. Summary and Conclusions

After applying the new method for nonrigid regis-
tration of the normal female infant’s CT head atlas to
the CT data sets of infants with abnormal skull shape,
the results were displayed visually and the moduli for
displacement fields computed and viewed in multipla-
nar displays. Operator specification of anatomic land-
marks demonstrated a high degree of consistency along
the target and transformed atlases showing that the
procedure is robust to even high degrees of skull asym-
metry.
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