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3D MR data obtained for 10 healthy control subjects have been used to build a brain atlas. The atlas is
built in four stages. First, a set of features that are unambiguously definable and anatomically relevant
need to be computed for each item in the database. The chosen features are crest lines along which the
maximal principal curvature of the surface of the brain is maximal in its associated principal direction.
Second, a nonrigid registration algorithm is used to determine the common crest lines among the subjects
in the database. These crest lines form the structure of the atlas. Third, a set of crest lines is taken as a
reference set and a modal analysis is performed to determine the fundamental deformations that are
necessary to bring the individual data in line with the reference set. The deformations are averaged and
the set of mean crest lines becomes the atlas. Finally, the standard deviation of the deformations between
the atlas and the items in the database defines the normal variation in the relative positions of the crest
lines in a healthy population. In a fully automatic procedure, the crest lines on the surface of the brain
adjacent to the cerebral ventricles in a patient with primary progressive aphasia were compared to the
atlas; confirmation that the brain of this patient demonstrates atrophy was provided by stereological analysis
that showed that the volume of the left cerebral hemisphere is 48.8 ml (CE 2.8%) less than the volume of
the right cerebral hemisphere in the region of the temporal and frontal lobes. When the amplitude of the
deformations necessary to register the crest lines obtained for the patient with the atlas were greater than
three standard deviations beyond the variability inherent in the atlas, the deformation was considered
significant. Four of the five main deformation modes of the longest crest line of the surface of the brain
adjacent to the cerebral ventricles were significantly different in the patient with primary progressive
aphasia compared to the atlas. The ventricles are preferentially enlarged in the left cerebral hemisphere.
Furthermore, they are closer together posteriorly and further apart anteriorly than in the atlas. These
observations may be indicative of the atrophy of the temporal and frontal lobes of the left cerebral hemi-
sphere noted in the patient. Ultimately, the approach may provide a useful screening technique for identi-
fying brain diseases involving cerebral atrophy. Serial studies of individual patients may provide insights
into the processes controlling or affected by particular diseases. © 1997 Elsevier Science Inc.
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INTRODUCTION

The main purpose of medical imaging is to assist in
the diagnosis of disease. Serial investigations allow the
efficacy of treatments to be monitored and may be
more frequently performed by Magnetic Resonance
(MR) imaging because this technique does not employ

ionizing radiation. MR images are inherently digital
and, therefore, amenable to computer-based image
analysis techniques. Accordingly, the term ‘‘evidence-
based medicine’” has been coined reflecting the fact
that decisions regarding diagnosis and assessment of
treatment response can be based on increasingly objec-
tive criteria. There is also the possibility that measure-
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ments on MR images can be made automatically. Here
we describe how image analysis algorithms applied to
3D MR data obtained for the brain in a group of healthy
subjects have been used to construct an atlas describing
the mean size, shape, and inherent biological variation
in the brain in a normal population. Subsequently, 3D
MR data obtained for a patient with a focal cortical
syndrome known as Primary Progressive Aphasia
(PPA) have been automatically analyzed in respect of
the atlas.

In focal cortical syndromes a circumscribed cogni-
tive deficit such as gradual loss of speech develops
insidiously over many years and progresses without
evidence of involvement of other cognitive domains.
These syndromes have a considerable theoretical inter-
est, as they allow detailed study of the breakdown of
specific cognitive functions in isolation. Furthermore,
because of a clear asymmetric pattern of tissue loss,
focal syndromes represent useful paradigms from
which to develop a method for measurement of
atrophic processes. Qualitative inspection of single MR
images' or computed surface renderings may reveal
significant atrophy, but both methods may be insensi-
tive to small changes, and the renderings are particu-
larly problematic in that widening deep within the sulci
may not be revealed. Application of the Cavalieri
method of modern design stereology with associated
point counting techniques®” represents a convenient
and unbiased method for rapidly quantifying the extent
of cerebral atrophy. It may be applied to measure dif-
ferences in the volume of the whole brain relative to
a normative database or to compare the volumes of the
left and right cerebral hemispheres. When the volume
differences are greater than 5% their detection requires
only moderate workloads of 5—10 min point counting
on 5—10 systematic sections. The present study investi-
gates whether automatic analysis of the shape of the
brain may also provide a useful means of detecting
and studying cerebral atrophy. First, computer-based
image analysis techniques have been used to segment
the brain in 3D MR data obtained for 10 healthy control
subjects. Subsequently, crest lines (sometimes called
ridge lines) have been computed joining points where
the maximal principal curvature of the surface of the
brain is maximal in its associated principal direction,
and averaged to provide an atlas against which defor-
mations of the brain occurring in patients with cerebral
atrophy may be recognized and studied. In particular,
deformations of the shape of the brain adjacent to the
lateral cerebral ventricles in a patient with PPA are
analyzed.

Enlargement of the cerebral ventricles is well estab-
lished as an indicator of cerebral atrophy. One of the

earliest reports of its measurement in vivo was by Ev-
ans,* who determined the ratio of the distance between
the horns of the left and right lateral ventricles divided
by the maximum internal skull width. This ratio was
obtained from CT images in investigations of the vari-
ability in the size of the ventricles in large populations
of adults and children.>® Linear measurements™® and
planimetric measurements,’ on CT images have also
been used to assess age-related changes in the cerebral
ventricles. More recent studies have employed the
Cavalieri method in combination with point counting
to estimate the volume of the cerebral ventricles on
CT'* and MR images."' The latter study reports good
agreement between the results of manual point count-
ing and automated imagc analysis techniques in esti-
mating ventricular volume. A study of age-related
changes in the volume of the cerebral ventricles, using
image analysis techniques applied to MR images, has
shown that linear increases in the volume of the ventri-
cles are accompanied by a substantial reduction in cor-
tical gray matter with advancing age.'”

The above-mentioned age-related changes and the
inherent variability in the size and shape of the brain
in a normal population mean that caution needs to be
exercised in setting too low a threshold with respect
to which differences in the brain of the patient with
PPA relative to the atlas might be considered signifi-
cant. The atlas does, however, represent a useful refer-
ence in respect of which to begin to automatically
screen for the presence of cerebral atrophy. Moreover,
the actual deformation modes exhibited by the crest
lines on the boundary between the brain and the lateral
cerebral ventricles may be sufficiently sensitive to dif-
ferentiate between different atrophic processes. For ex-
ample, they can indicate whether atrophy has preferen-
tially affected the left or right hemisphere, and possi-
bly, more specifically, indicate whether, for example,
the temporal or frontal lobe is involved.

MATERIALS AND METHODS

Subjects

The patient is a 65-yr-old man referred by his GP
with a progressive loss of language (i.e., aphasia).
Previous investigations, which included a CT scan,
EEG, and psychiatric assessment, failed to identify a
structural or psychiatric cause for his aphasia. The re-
sults of a routine dementia screening examination were
all normal or negative. In all cognitive domains other
than language he performed normally and was able to
successfully manage the activities of daily living. His
episodic memory and behavior were normal.

Detailed neurological and psychometric assessment
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of the patient resulted in the diagnosis of Primary Pro-
gressive Aphasia (PPA). Patients with the fluent vari-
ety of PPA (also described as semantic aphasia) pro-
duce flowing sentences, but because of anomic diffi-
culties these sentences do not make sense. However,
the patient for whom MR data were obtained in the
present study possesses nonfluent PPA, so that al-
though he has difficulty in putting grammatically cor-
rect sentences together, there is no evidence of compre-
hension or confrontation naming impairments. Further-
more, progressive dysfluency has resulted in a severely
restricted verbal output, such that utterance length is
now rarely greater than a single word. The patient
also possesses a second deficit, namely phonological
dyslexia, whereby he is unable to read nonwords.

Magnetic Resonance Imaging

MR images of the patient were obtained at the Mag-
netic Resonance and Image Analysis Research Centre
in the University of Liverpool, using a T -weighted
radio frequency spoiled gradient echo (SPGR) se-
quence available on a 1.5 T SIGNA whole-body MR
imaging system (General Electric, Milwaukee, WI).
One hundred and twenty-four coronal images referring
to 1.6 mm thick contiguous sections have been ob-
tained through the brain using a proprietary birdcage
head coil. The protocol employed a repetition time
(TR) of 34 ms, echo time (TE) of 9 ms and flip angle
of 45°. The Field of View (FOV) of each image was
20 cm. The images were acquired with a matrix com-
prising 256 readings of 128 phase encodings with 1
excitation per phase encoding (NEX), in 14 min 26
s. A systematic series of coronal sections reformatted
(see below) from the 3D data are shown in Fig. 1. For
routine diagnostic purposes, a series of T,-weighted
images was also obtained to allow detection of the
presence of any focal pathological changes. The ap-
pearance of these images is normal.

The brain atlas was constructed from 3D MR data
sets obtained for 10 healthy male subjects of mean
age 37 years at the Brigham and Women’s Hospital,
Boston, MA, using the same imaging protocol as that
used for the patient. All 10 subjects were right-handed
and none had a history of psychiatric or neurological
illness or alcohol abuse. The subjects served as age-
matched controls for a group of schizophrenic patients
studied by Shenton and colleagues."

Stereological Analysis of Cerebral Atrophy

The MR images obtained for the patient were trans-
ferred to ANALYZE software (MAYO Foundation,
MN)'* running on a SPARC 10 workstation (SUN
Microsystems, CA). The 256 X 256 X 124 acquired

voxels were linearly interpolated to an array of 256 X
256 X 254 isometric (i.e., cubic) voxels of side 0.78
mm. These data were then reformatted to produce a
series of image planes all lying along a direction paral-
lel to the long axis of the hippocampus, which repre-
sents a convenient orientation for comparison of mea-
surements obtained from different subjects."”

Estimates of the section area (A) of the transects
through the left and right cerebral hemispheres on se-
lected images were obtained using manual point count-
ing techniques (see, e.g., Roberts et al.’). These tech-
niques are available in a purposely designed interface
(Fig. 2) within the ANALYZE software (MAYO
Foundation, MN). Provided that the test system is
placed at random on the image, an unbiased estimate
of the transect area is obtained as the sum of the points
overlying the cerebral hemisphere multiplied by the
area associated with each point (i.e., the area of the
grid squares that would be formed if the line segments
in Fig. 2 were joined). Point counting was performed
by a clinician (MD) experienced in assessing the ap-
pearance of the brain on MR images. Measurements
were made on every fifth image between slices 50 and
210, thus focusing the study in a broad central region
of the brain. For estimation of the volume of the whole
cerebral hemisphere, one throw of the test system used
for point counting on each of approximately 10 system-
atic sections that exhaustively sample the brain would
be sufficient to produce a Coefficient of Error (CE)
on the volume estimate of better than 5%. However,
on this occasion it is of interest to compare the section
areas of the left and right cerebral hemispheres on each
image. Accordingly, the preferred sampling strategy
has been to repeat the point counting procedure eight
times on each section using a rather sparse grid such
that about 15 points are counted per grid throw. The
average value from the eight throws, based on a total
of slightly more than 100 point counts, is a suitably
precise estimate of the required section area. Addition-
ally, the boundary length (B) of the transects was esti-
mated by intersection counting so that values of the
dimensionless shape coefficient B/VA (see, Pache and
colleagues '®) could be computed for each hemisphere
on each section.

Automatic Analysis of the Size and Shape of the
Cerebral Ventricles

Building the brain atlas. The raw data used in the
construction of the brain atlas were obtained by appli-
cation of mathematical morphology algorithms to seg-
ment the brain in the 3D MR data sets obtained for 10
healthy control subjects. The atlas takes into account
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Fig. 1. Series of systematic coro-
nal sections, approximately every
8 mm, through the central portion
of the brain of a patient diagnosed
as possessing nonfluent PPA and
phonological dyslexia. Visual in-
spection of the images demon-
strates a reduction in brain tissue in
the left cerebral hemisphere (right
side of each panel) and is espe-
cially noticeable in the two right-
most panels of the upper row and
the two left-most panels of the mid-
dle row. The cerebral ventricle also
appears enlarged in the left hemi-
sphere, and this is especially no-
ticeable in the two right-most pan-
els of the upper row and the two
left-most panels of the bottom row.

Fig. 2. A stereological test system for point counting is
shown overlain on the MR image corresponding to the top-
right panel of Fig. 1. A magnified portion of the image in
the region of the left lateral ventricle is shown in the right
bottom. Those points that overlie cerebral tissue are recorded
for each hemisphere separately. The procedure was repeated
five times for sections separated by approximately 4 mm in
the central portion of the brain.

the resemblances as well as the diversity of the items
of the database. It can be defined as a set of landmark
features that are common (i.e., present in all the indi-
vidual data) and invariant (i.e., in the same relative
position in each individual ). There are five main steps
in its construction:

1. Feature extraction: the features that will constitute
the atlas need to be extracted from the segmented
3D MR data. Ideally, the relevant features will be
unambiguously definable and anatomically rele-
vant. The chosen features are crest lines that are
mathematically defined as joining points of zero
maximal principal curvature and may be computed
by the Marching Lines Algorithm.'”'® On the corti-
cal surface they match the anatomically defined pat-
tern of gyri and sulci. The mathematical definition
of crest lines is based on a continuous (i.e., nonvox-
elated) description of a surface and, therefore, it is
necessary to convolve the discrete values of the
image with a Gaussian function to obtain a continu-
ous representation. A tradeoff between smoothing
and localization is necessary in setting the value of
the Gaussain parameter, o. A simplified multiscale
scheme is used. Sets of crest lines are extracted
with low and high values of ¢ (i.e., 1.5 and 4.5).
The two sets are registered, and those crest lines
that coincide form a set of crest lines that are appro-
priately positioned and smooth.

2. Feature registration: the sets of crest lines computed
for the different subjects in the database need to be
registered with each other in turn. This involves a
nonrigid registration algorithm based on the Itera-
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tive Closest Point Method, ** extended to include
a sequence of 5 rigid, 5 affine, and 10 spline defor-
mations, and applied to the first data set to superim-
pose it on the second. The point-to-point correspon-
dences between the two data sets are thus obtained.
Crest lines referring to gyri and sulci may be readily
separated because they correspond to maximal cur-
vatures that are respectively positive and negative.
. Common feature identification: once the common
crest lines have been nonrigidly registered, their cor-
respondences between pairs of subjects in the data-
base is assessed. Two crest lines are considered a
common feature between the two data sets when a
given proportion (35% in our application) of the
points of one of the crest lines is matched with the
points of the other. The pairwise registrations pro-
duce a subset of crest lines that is common to all the
subjects. These common crest lines form the basis
of the atlas. It is possible to manually label each
feature in one of the data sets with a code reflecting,
for example, its anatomical name. This labeling is
then automatically propagated to all the data sets, so
that it is then possible to extract the points on the
surface of the brain that are close to the lines with
a given label. Accordingly, different anatomical re-
gions can be highlighted (see, e.g., the rendering of
the cerebral ventricles in later Fig. 5).

. Feature average position: the mean position of crest
lines constituting the atlas is determined by averag-
ing the sets of 3D crest lines defining each common
subset. This produces a ‘smooth’ set of crest lines,
each composed of typically 50 to 200 points. Next,
a set of crest lines is taken as a reference set (#)
and the isotropic scaling transformations and rigid
(i.e., translations and rotations ) and nonrigid defor-
mations between the crest lines ( £) of the reference
set and the corresponding lines of the other data
sets are computed. For each line £ of # the point-
to-point correspondences with the common lines of
the other data sets are determined. This analysis
gives the deformations between £ and the other
data sets. The deformations are analyzed by modal
analysis*'~** and decomposed into fundamental de-
formation modes that are made up of cosine terms
of decreasing spatial frequency. The amplitudes of
the modes are averaged to determine the ‘mean’
deformation and this is applied to £ to produce
the ‘mean’ crest line of the atlas. By using point
correspondences between R and the atlas, a volu-
metric spline transformation®* may be defined that
can be applied to % in order to produce a surface
representation of a hypothetical brain corresponding
to the atlas.

5. Feature variability analysis: it is assumed that all
the items in the database are ‘normal’ and, having
found the average position of the crest lines consti-
tuting the atlas, the remaining step is to define
the range of normal deformations inherent in the
database. The crest lines of the atlas are registered
with each of the individual data sets in turn, and
the modal decomposition of all these deformations
is computed for orthogonal coronal, sagittal, and
axial projections. Then, in each projection the av-
erage amplitude A, and its associated standard
deviation ¢ is calculated for each line and for each
mode.

Using the brain atlas. The comparison between the
patient data and the atlas is in three steps. Crest lines
are computed for the brain of the patient. Next, a non-
rigid registration is used to find the common crest lines
between the atlas and the patient data. It then becomes
possible to superimpose the patient data on the atlas
so that pathology may be visualized in respect of the
normality defined by the atlas. Because some of the
crest lines of the atlas have been manually labeled, it
is possible to propagate the labels to the patient crest
lines in order that specific parts of the brain may be
automatically identified and studied. In particular, the
longest crest line of the left and right cerebral ventricles
represents a common anatomically relevant feature in
both the atlas and the patient data that is convenient
for analysis in respect of the present detail of the atlas.
The amplitudes of the first five deformation modes of
this crest line in the patient relative to the atlas were
calculated and compared with the ‘normal’ modal am-
plitude. By using a x? test, differences that are not
in the average range, and thus represent ‘abnormal’
deformations, could be identified and analyzed. Thus
the ‘abnormal’ deformations are detected automati-
cally via a mathematical analysis in which the several
hundred point deformation vectors defining anatomical
differences are replaced by a handful of parameters.
In spite of their mathematical definition, some of the
deformations can be visualized intuitively as is de-
scribed below.

The CPU-time for extracting crest lines from a volu-
metric image is approximately 30 min on a DEC-Alpha
workstation. The registration of the two sets of crest
lines, of which there are typically 2,000 per data set,
each comprising 30,000 points, takes about 20 min.
Application of the algorithms to construct the atlas
needs to be performed only once and takes several
hours. The study of individual patients relative to the
atlas comprises, automatic labeling, superimposition,
and deformation analysis, and takes about 1 h.
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RESULTS

The results of the stereological analysis that are
presented in Fig. 3a—c reveal a highly significant hemi-
spheric asymmetry in the patient with PPA such that
over 8 cm of coronal sections the volume of the left
cerebral hemisphere is significantly reduced relative to
the right. Figure 3a shows the individual values of the
section areas of the left and right hemisphere obtained
from the eight throws of the point counting test system
on each image, and in Fig. 3b the mean of these values
and the associated standard error are plotted. The atro-
phy of the left frontal and temporal lobes in the patient
has produced a difference of 48.8 mls (CE 2.8%) be-
tween the volume of the left and right cerebral hemi-
spheres. The data of Fig. 3c indicate that the value of
the dimensionless shape coefficient B/ VA is preferen-
tially increased in the portion of the brain where the
left cerebral hemisphere has reduced volume, indicat-
ing that here cerebral atrophy has caused the sulci to
be deeper and the gyri narrower than usual.

The crest lines of the patient shown in Fig. 4b and
d were automatically registered with the atlas con-
structed from MR data obtained for 10 healthy control
subjects shown in Fig. 4¢ and f. The superimposition
of the ventricles of the atlas and the patient in the
upper two panels of Fig. 5 clearly shows that the pa-
tient ventricles are bigger and asymmetric. The analy-
sis of the significance of the first five deformation
modes of the longest crest line of the surface of the
brain adjacent to the left and right cerebral ventricles
in the axial plane is presented in Table 1. Those defor-
mations that are further than 3 standard deviations from
the average value are considered significant. A sum-
mary of the significant deformations of the longest
crest line of the surface of the brain adjacent to the
left and right cerebral ventricles in the axial, sagittal,
and coronal planes is presented in Table 2. In the lower
left and right panels of Fig. 5 the significant deforma-
tions are applied separately to the crest line in the axial
and sagittal plane, respectively, and the deformation
they create compared to the atlas. In the axial plane
(bottom left panel), it is Mode 1 that is significant for
both the left and right hemispheres. Whereas Mode 0
corresponds to a displacement of the whole crest line,
Mode 1 corresponds to a single cosine term applied
along the length of the axial projection of the crest
line, so that, in broad terms, half of the length of the
crest line is displaced in one direction while the other
half is displaced in the opposite direction. Thus, we
observe that, compared to the atlas, the left and right
ventricles are closer together posteriorly and further
apart anteriorly, as indicated by the black arrows in

Fig. 5. This observation may be indicative of the
abovementioned finding of preferential atrophy of the
anterior portion of the left cerebral hemisphere in this
patient. In the sagittal plane, Modes 0, 1, and 4 are
significant for the longest crest line on the surface of
the brain adjacent to the left ventricle, while only
Modes 1 and 4 are significant for the longest crest line
adjacent to the right ventricle. Mode 0 constitutes an
upwards displacement, and Mode 1 and Mode 4, re-
spectively, comprise one and four cosines terms of
decreasing period applied along the length of the sagit-
tal projection of the crest line. The overall effect of
these terms, which corresponds to a significant enlarge-
ment of the left cerebral ventricle, is displayed in the
bottom right panel of Fig. 5.

The stereological and image analysis techniques
represent two robust and complementary techniques
for making useful analyses of 3D MR data. The stereo-
logical approach allows simple, fast, manual, unbiased
estimation of the volume of the left and right cerebral
hemispheres with known precision. The more sophisti-
cated image analysis techniques provide insights into
the displacements and deformations of the brain that
occur as a result of cerebral atrophy.

DISCUSSION

In 1836 clinical observations led Marc Dax to ex-
press the idea of the dominance of the left hemisphere
for language and in 1860, based on the results of patho-
logical analysis, Paul Broca® reported that aphasia
resulted from a lesion to the left inferior frontal gyrus.
The concept of cerebral dominance was subsequently
substantiated by frequent observations that unilateral
brain damage produces material specific psychological
deficits (see review by Hellige®®) and it is now ac-
cepted that the left and right cerebral hemispheres are
respectively more important for handling verbal and
nonverbal information. It was, therefore, expected that
the patient would show evidence of left hemisphere
atrophy reflecting his language difficulties, and this is
confirmed. The reduction in volume of the left hemi-
sphere demonstrated by the sterological analysis has
two underlying components, which are of increasing
relative importance between sections 80 and 180 in
Fig. 3, i.e., left frontal lobe atrophy, which most proba-
bly corresponds to the patient’s nonfluent PPA* and
left temporoparietal lobe atrophy, which most probably
corresponds to his phonological dyslexia.”® On this oc-
casion it would, therefore, have been possible to auto-
matically screen for the presence of significant cerebral
atrophy in the patient that is consistent with his being
diagnosed with PPA.
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Fig. 3. (a) Individual values of the section area obtained from eight throws of the point counting test system are plotted against
section number in the central portion of the brain of the patient with PPA. (b) The mean value of the section area obtained from
eight repeat throws of the test system is plotted against section number. The error bar on each point corresponds to 1 standard error
on the estimate. The section area in the left cerebral hemisphere is significantly reduced in comparison to the right cerebral
hemisphere over a region of approximately 8 cm. (c) Plot of the value of the dimensionless shape coefficient B/VA for the same
sections as in (a) and (b). The value of B/\/A is preferentially increased in the portion of the brain where the left cerebral
hemisphere has reduced volume. Cerebral atrophy has caused the sulci to be deeper and the gyri narrower than usual.

The analysis could eventually be extended to include
all of the crest lines shown in the top two panels of Fig.
4, but this requires that a more detailed atlas is con-
structed. The deformation modes obtained for individual
cerebral gyri could then be used to automatically deter-
mine the regions of the cerebral hemisphere specifically
affected in PPA. However, differences in the arrangement
of the gyral and sulcal pattern of the brain between indi-
viduals mean that the interpretation of the deformation
modes of crest lines of individual gyri is not straightfor-
ward. Whereas stereological analysis of regional brain
volumes is a proven method finding increasing neuroi-

maging applications, the analysis of crest lines is a new
approach and the present study is the first description of
its use for a real clinical application. The promising re-
sults obtained should encourage the development of the
approach. For example, more sophisticated methods for
determining the significance of the deformations need to
be developed. Furthermore, it has been assumed that the
deformation modes are uncorrelated. Assessment of the
significance of the deformations by Principal Component
Analysis may be a way to make progress away from this
assumption. Developments in MR imaging protocols to
produce higher resolution data sets would also make the
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Fig. 4. Models of the brain (a) and cerebral ventricles (c)
of the focal aphasic patient produced by volume rendering
techniques applied to 3D MR data. In (b) and (d) crest lines
computed for the surface of the brain are shown overlain
in blue on the volume renderings of these structures. The
corresponding crest lines of a brain atlas constructed from
a database of ten healthy control subjects, are shown in red
in (e) and (f), respectively. It should be noted that the
lateral horns of the cerebral ventricles are frequently so small
as to comprise only a few image pixels and are thus not
represented in the segmented image.

analysis of crest lines obtained for individual gyri more
feasible.

The extent to which the techniques reported in this
article might be further developed and routinely used
for automated diagnosis depends on whether the MR
investigations of relevant patients employ volumetric
or multislice protocols. In multislice acquisitions, se-
ries of 10 to 20 images, which typically refer to tissue
sections of 5 to 10 mm thickness are acquired, occa-
sionally contiguously, but more usually with a gap of
5 to 20 mm between sections and with an in-plane

resolution (i.e., pixel width) of between 0.75 and 1
mm. In a volumetric, or 3D, acquisition, the images
possess similar in-plane resolution to the multislice
images but now the tissue sections are always contigu-
ous and only | to 2 mm thick. Typically, 3D acquisi-
tions yield series of 124 images and encompass the
whole brain. Radiologists, will generally specify the
use of multislice protocols for two reasons. They pro-
vide images with good signal-to-noise ratio and opti-
mum contrast between different tissue types in imaging
times of about 5 min. Volumetric data are, however,
a prerequisite if automatic analysis of the shape of the
brain is to be performed. Until recently, volumetric
acquisitions have generally produced images with infe-
rior signal-to-noise ratio, and contrast-to-noise ratio,
in a minimum time of about 15 min, so as to have
generally only been used in special examinations such
as Magnetic Resonance Angiography (MRA) where
the relevant contrast between tissue and blood vessels
is inherently high. The situation is changing, acquisi-
tion times for 3D data have been reduced to between
5 and 10 min and considerably more flexibility is avail-
able for developing optimum contrast between differ-
ent tissue types. For example, the 3D Fast IR-Prepped
GRASS sequence provides greater T,-weighting than

[4]

Fig. 5. A computer rendering of the cerebral ventricles of
the PPA patient are shown in blue overlain on the atlas in
red, in transverse (a), and coronal (b) views. In (¢) and (d)
the positions of the principal crest line of the surface of the
brain adjacent to the left and right cerebral ventricles in the
patient and atlas are shown in blue and red, respectively.
The short black arrows indicate the directions of the defor-
mations of the patient data relative to the atlas.
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Table 1. The amplitudes of the displacements, A, of the first five
deformation modes of the longest left and right ventricular crest line of the
atlas toward the patient

Mode 0 Mode 1 Mode 2 Mode 3 Mode 4

Left

A -9.11 —60.90 32.82 —-35.44 —4.71

An —-0.06 2.28 0.21 —-4.76 1.81

o 20.27 12.32 17.09 14.33 342

(A — Ao —-0.446 —~5.128 1.908 -2.141 —1.906
Right

A -21.22 72.67 -39.98 22.53 12.69

An —4.67 6.43 —5.35 4.56 —4.45

g 26.23 15.16 25.36 11.21 3.63

(A — A)lo —0.631 4.369 —1.787 1.603 4.722

The deformation mode is considered significant when its amplitude is outside 3 standard
deviations o from the mean value, A,, obtained by deforming the atlas toward each of
the individuals from which it is constructed (p = 0.01). Those deformation modes consid-
ered to be significant are indicated in bold. The data in this table all correspond to

deformations in the axial plane.

the 3D SPGR sequence used in the present study. In
addition, the 3D Fast Spin Echo (FSE) sequence can
provide T,-weighting. It is likely that in future 3D
data sets will be acquired in clinical practice more
frequently than they are today. Of course, it is also
possible that the prospect of automated analyses may
influence the sorts of MR data that are acquired. In
particular, the 3D FSE protocol, as well as producing
MR images in which tissue pathologies are generally
well visualized, provides excellent contrast between
high signal intensity CSF and lower signal intensity
brain tissue. This contrast plays in favor of obtaining
a reliable segmentation and subsequent analysis of the
morphology of the brain.

Table 2. The results of the analysis of the significance of
the first five deformation modes of the longest crest line of
the left (LV) and right (RV) cerebral ventricles in the
patient with PPA relative to the brain atlas

Mode 0 Model Mode2 Mode3 Mode4d
LV, —-0446 —-5128 -1908 —-2.141 —1.906
RV, —-0.631 4369 —1.787 1.603 4,722
LV 3.687 8.667 0.451 0.736 —5.081
RVg —1.242 8336 -0.999 0.757 -5.233
LV, 4429 —-1297 -3.731 -0.186 —1.442
RVc 0.309 1.824 —5.590 1.986 —0.581

Deformations in the axial, sagittal, and coronal planes are indicated
by the subscripts A, S, and C, respectively. Those deformation modes
considered to be significant are indicated in bold. The deformations
corresponding to LV, and RV,, and LV are illustrated in the left
and right bottom panels of Fig. 5, respectively. The data presented
in the top two rows of this table are identical to the bottom rows of
the upper and lower portions of Table 1, respectively.

While the thrust of the present article has been to
illustrate the clinical utility of atlases constructed from
3D MR data, an alternative interesting application is
to study and quantify the developmental changes that
occur in the convolution patterns of gyri and sulci in
the brain during childhood through to old age, and to
consider whether the patterns are inherently different
in males than females,” or in groups with a predisposi-
tion to particular diseases such as schizophrenia.”

The possibility of using 3D images to generate
atlases providing baselines against which to pursue the
possibility of automatic diagnoses is not restricted to
the brain. Previous applications of the techniques de-
scribed in this article include the development of a
skull atlas from 3D CT data obtained for specimen
skulls.’’ This atlas was used to study the deformation
that had occurred in the skull of a patient with Crou-
zon’s disease. The skull atlas may also provide a useful
baseline in respect of which to study the evolutionary
changes depicted in fossil hominid skulls.

Further work is in progress to obtain 3D MR data
sets for a larger group of normal subjects, so that even-
tually separate atlases will be constructed for male and
female subjects and also for different age ranges. The
possibility of using robust features other than crest
lines for constructing the atlases is also being explored.
A promising alternative is to use the lines produced
from a 3D skeletonization of the segmented objects.*
In addition, aiternative methods of shape analysis are
being explored. These include the Finite Element
Method,* Principal Warps,** Fourier Analysis,** and
Principal Component Analysis.** The application of
stereological methods to determine geometric parame-
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ters such as the surface area of the brain and the spatial
distribution of this and other geometric quantities is
also being addressed.
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