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Chapter 1
| ntroduction

The overall goal of this master’s project is to study the effect of aging on the thickness of the
cerebral cortex. There are three inherent challengesin this project:

e Creating a coherent definition of cortical thickness.
e Implementing that definition numerically in the context of real MRI data.

e Applying the thickness implementation to areal dataset of an aging population, and inter-
preting the results.

Defining cortical thicknessis a surprisingly non-trivial task. The question is moreover afun-
damental one: what is it, ideally, that one wants to measure? | will try to argue that previous
approaches of drawing astraight line from the surface to the white matter areinadequate, and that
thicknessis not a property of just the surface, but instead should be definable at any point within
the cortical mantle, and that a thickness metric ought to try to model the functional unit of the
cortex, the cortical column.

The numerical/computational implementation of any definition of cortical thicknessraisesfur-
ther issues. There are the inherent limitation of MRI to consider, such as limited resolution and
partial volumeeffect. Important also areimplementationissuesinvol ving concerns such as choice
of algorithms and use of system resources.

Lastly, the more theoretical and computational issues also have to be applied to a practical
goal: the study of how cortical thickness changeswith age. We know from previous MRI studies
that there is a noticeable decline in the cortical mantle with age, though the cellular mechanism
that underliethat decline till needto be elucidated. Animal studiesappear to suggest thatitisnot a
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decline in number of neurons, but rather areduction in arborisation and shrinkage of the neurons
themselves. The resulting effect, however, is that the thickness of the cortex declines, the sulci
widen and the gyri narrow. A study of changesin cortical thickness thus provides an interesting
neurological challenge along with a simple statistical model against which to test measures of
cortical thickness.



Chapter 2
Measuring Cortical Thickness

The cerebral cortex has been called the “ highest achievement of biological evolution and the neu-
ral substrate of human mental abilities” [26]. The cortex has a surface area of on average 2.5
sguare feet, with anormal thickness of about 3mm [4, 11, 17]. It isahighly convoluted structure,
the degree of folding likely related to an evolutionary need to increase surface area without a cor-
responding increasein intracranial size[17]. Overall, the cortex is estimated to contain 14 billion
neurons, principally of the pyramidal, stellate, and fusiform varieties [4].

M easuring cortical thicknessisanimportant task for both normal and abnormal neuroanatomy.
The cortical mantle varies in thickness depending on the region of the cortex, with considerable
variation between individual brains as well as between hemispheres of the same brain [12]. In
normal brains the cortex tends to be thinnest in the calcarine cortex at around 2mm and highest
in the precentral gyrus at around 4mm [11]. Thickness information is thus both interesting in its
own right aswell as auseful aid in such tasks as sulcal labelling [36, 19, 10, 27].

In pathological cases cortical morphology has been known to vary in epilepsy [11], mental
retardation [12], Schizophrenia [11], anorexia nervosa [11], and Alzheimer’s disease [11, 30].
Moreover, it has been shown that there is ageneral pattern of cortical evolution with age consist-
ing of widening of the sulci along with athinning of the cortical mantle[17]. Thesestudiesclearly
suggest that morphological changesin the thickness of the cortex are associated with meaningful
functional differences across groups.

The argument that | would like to lay out below is that the cerebral cortex should not be con-
sidered as ahomogenous and i ndi stingui shable mass of grey matter, but instead ought to be treated
in terms of its laminar and columnar functional organisation. Ultimately the question of changes
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in cortical thickness must be related back to changesin the functional output of the cortex, and as
such the thickness metric ought to reflect the geometric organisation of these functional units as
closely as possible.

2.1 Cortical Thickness: An Anatomical Definition

The cerebral cortex is organised along the following three principles:

1. It isorganised in vertical layers, each layer containing different cellular organisation and
Synaptic connections.

2. Itisorganisedin vertical columns coding for asingle function and stretching acrossall lay-
ers.

3. These columns are further often organised into hypercolumns which combineall of the dif-
ferent functional columns for one area (such as one part of the visual field).

The cortex has alaminar organisation, organised into six separate layers throughout the neo-
cortex, fewer intheallocortex [12, 18]. Thelayersare (from the surfacetowardsthe white matter):
(I themolecular layer, (11) the corpuscular layer, (111) the pyramidal layer, (1V) the granular layer,
(V) theganglionic layer, and (V1) the multiform layer [3]. The differences between theselayersis
mostly distinguished on the basis of pyramidal cell impregnating staining techniqueswhich reveal
different packing densities of pyramidal cellsin the various laminae [3].

The anatomical layers of the neocortex furthermore also have distinct characteristic synaptic
connections. Layer 4C'«. of the striate cortex, for example, receivesinput from the magnocellular
layers of the Lateral Geniculate Nucleus of the Thalamus, sends projection interneuronsto layer
4B, from thereto layers 2 and 3 which in turn project to extrastriatal areas[33].

The functional unit of cortical processing is organised in a columnar fashion. The smallest
processing unit of the mature cortex is the minicolumn, which extens approximately vertically
across layers 2-6 and contain al major phenotypesof cortical neurons[20]. The minicolumnsare
further bound together through dense short-range horizontal connectionsinto cortical columnsor
modules [20]. The cortical columns are unified by certain static or dynamic properties, a classic
example being the orientation columns of the striate cortex [20, 33].

Evidencefor the functional organisation comesfrom micorel ectrode penetrationsinto the cor-
tex along with transsection and nerve regeneration studies. Electrode penetration studies of the
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Fig.2.1 Thinlinesvertical linesillustratethe cortical columns, horizontal linesrep-
resent layers. Taken from [20]

striate cortex found that perpendicular penetrations showed constant responses to a stimulus of
a single orientation, whereas penetrations made nearly parallel to the surface found a consistent
change in sensitivity to differently oriented stimuli [20, 22]. Figure 2.2 provides a schematic il-
lustration of these results.
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Fig. 2.2 Thisfigure shows orientation sensitivity of columns in the striate cortex.
Vertical penetrations show a single orientation, whereas parallel penetrations show
multiple orientations. From [20]

Similarly, studies in the somatic sensory cortex found columns coding for both modality (i.e.
Aa fibersfrom Meissner receptors) aswell aslocation (point onfinger). Moreover, nerve-regeneration
studies found that in the non-transected animal these columns would form a smooth transition,
whereas after transection and resuture of the contralateral medial nerve the columns are separated
by 50-60 pim [20].

The geometric organi sation of these columnsare critical for the purposes of measuring cortical
thickness. Schematically, columns run perpendicular to the pial surface - but closer examination
reveals that this is not truly the case. Instead, the columns appear to find the shortest path from
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one surface to the other while taking the curvature of the two surfaces into account. Columns
thus do curve in their passage from the white matter through the cortical layers. This geometric
organisation of the cortex can be seen in two slice preparations from figure 2.3. Moreover, figure
2.1 further illustratesthisgeometric property schematically. Laslty, itisimportant to notethat each
column codesfor one modality or series of complementary modalities (such as occular dominance
and orientation sensitivity) at a certain location, and that therefore theoretically direct overlap of
these columnsis not possible.

200 um

Fig. 2.3 A mydin stained section of the cortex. It is evident here that the myelin
fiberscurvein their progression towardsthe outer layers. The dotted black line shows
what a straight measurement of thickness would look like compared to thefilled line
which traces the actual orientation of the myelin fibers.Taken from [3].

The inherent organisation of the cerebral cortex defined above leads to the hypothesisthat the
most significant functional changein the physiology of the cortex would consist of changes aong
thetrgjectory of the cortical columns. The organisation of the cortex further impliesthat any point
within the cortical mantle belongs to a single cortical column. If cortical thickness is defined as
changes along the axes of the cortical columnsthen onelogical implication isthat thicknessisthe
property of any place within the cortical mantle. Moreover, a precursory examination of (espe-
cially myelin) stained sections of the cortex reveals that the columns do not necessarily follow a
direct line from the white to the CSF surface, instead the directional angle appearsto at least have
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arough relation to the layering of the cortical laminae.

2.2 A Cortical ThicknessMetric: Literature Review and an operational
definition

The review of cortical anatomy above naturally leads to a series of requirements for a definition
of cortical thickness - these requirements will, however, have to be tempered with the limitations
inherent in current Magnetic Resonance acquisition protocols. On the basis of cortical anatomy, |
would proposethat any implementation of cortical thickness should havethefollowing properties:

1. Thicknessisthe property of the entire cortical mantle. Thus, any point within the cortical
mantle should have one and only one thickness associated with it.

2. Thicknessisthe property of the functional unit of the cortex, the cortical column.

3. Thethickness measurement at any one point ought to be the shortest distance that meetsthe
above criteria

In order for the points above to be implemented the nature of the dataset to which any def-
inition will be applied must be considered first. In this case that data will come from Magnetic
Resonance Imaging. The first and most obvious limitation is the inherent resolution of an MRI
volume: the best one can expect in area dataset is one millimetre isomorphic sampling, though
it might be possible to acquire 0.5 millimetre datasets for verification purposes. Even at 0.5 mil-
limetres, however, individual neurons are clearly not visible and even the cortical layers are next
to undifferentiable. The cortex in an MR image thus becomes a seemingly homogeneous grey
mass, the finer points of anatomy that were delineated above disappear. The task of a thickness
metric isthus to mathematically approximate those featuresin the absence of them actually being
visible.

Thisthen leadsto afunctional definition of thickness as measurablein MRI:

1. Thicknessisthe property of every voxel in the cortical mantle, and every voxel in the cor-
tex should have one and only one thickness associated with it. This assertion has several
implications:

(@ Thicknesswill be avolumetric measurement.



2 Measuring Cortical Thickness 8

(b) Lines of thickness between the two surfaces may not intersect.

2. The measurment of cortical thickness should take a priori knowledge about cortical mor-
phology into account and try to approximate that information where possible.

3. Thethickness measurement at any one point ought to be the shortest distance that meetsthe
above criteria

2.2.1 Cortical ThicknessMetricsin Literature

There have been several attempts made at measuring cortical thickness, including both post-mortem
studiesaswell ascomputational studiesusing MRI. With only asingle exception, they have used a
variation of thewhat | shall term straight-line approach to measuring cortical thickness. In short,
thisapproach findsthe shortest linefrom the cortical surfaceto the grey and white matter boundary
- though the direction which that line could take may be constrained. The use of this straight-line
method was initially implemented in the study of post-mortem specimen, where the investigator
would either insert a probe through the outer surface and measure the distance along the (rather
haphazardly chosen) angle of the probe towards the white matter, or else the investigator would
examineadlice of cortex and use ajeweller’s eyepiece to measure the distance between the white
matter and the surface along the angle of the slice cut [16].

There is an obvious and clear limitation in the post-mortem studies described above, namely
the choice of angle along which to measure. The highly convoluted nature of the cortex makesthis
choice atricky task indeed. Ultimately, the outcome will over-estimate the thickness at any one
location unless the slice or probe penetration angle is perfectly orthoganal to the cortical surface.
There is, moreover, another inherent problem in post-mortem data analysis, namely the issue of
shrinkage of the specimen, which can clearly lead to incorrect absolute values for the thickness at
any one point [12].

Studies which measure cortical thickness from MR images have been few and far between,
most likely dueto theinherent difficulty in executing thetask correctly. There have been twotypes
of approaches used: one which attemptsto replicate the jeweler’s eyepiece type measurement by
measuring the distance from the surface to the white matter on a slice. The other approach tries
to separate the two surfaces (grey/cortico-spina fluid (CSF) and grey/white) and create object
representation of these two surfacesonly to then find the closest point on one surface given apoint
on the other.
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Thefirst approach facesthe same problem asthe post-mortem studies: picking thecorrect slice
angle along which to measure the thickness at any one point. That is avery difficult task, made
even moredifficult by thefact that MRI isdiscrete datararely sampled higher than one millimetre.
Moreover, it isalso avery labour intensive operation, making this technique prohibitivefor usein
larger studies. One example of the application of this method comes from the work of Meyer et.
al. who measured the thickness of the cortex perpendicular to the central sulcususing ajeweler’s
eyepiece - the goal of this exercise being the validation of thickness measurements as a technique
of identifying the central sulcus[19].

The second approach usesamuch more sophisticated series of data processing techniques, and
does to considerabl e extent eliminate the problems outlined for the jeweler’s eyepiece. Thistype
of approach has to deal with three main issues:

1. Segmentation of the MR volumeinto itscomponent tissuetypes (ususally white matter, grey
matter, cortico-spinal fluid, and background).

2. Separation of the gyri that have been fused through the partial volume effect.
3. Construction of the actual surfacesinto some polygon model.

Tissue segmentation is afairly commen technique in MR image processing that has been dis-
cussed in depth elsewhere (c.f. [29, 34, 35]) and will therefore be left behind in the discussion.
Suffice it to say that the various techniques generally are capable of a solid, though not perfect,
separation of cortical grey matter from the underlying white matter.

The partial volume effect - also often referred to as the problem of the buried cortex - induced
fusing of gyri, on the other hand, isamuch more difficult issue. It isalso likely the reason why so
few MRI studies of thickness or other cortical measurements have been attempted. The problem
isthe following: due to the inherent coarseness of sampling in MRI adjacent gyri can overlap in
thesamevoxel. Thiscausesthe output imageto have an intensity value at that location that causes
the classifying algorithmto treat that voxel asgrey matter. The end result isthat two gyri whichin
reality are separated by cortical CSF now appear fused in the output image. Any algorithm which
simply tries to extract the cortex by marching along the CFS grey matter boundary will therefore
miss the cortical folding that has been obscured by the partial volume effect artefact - see figure
24 for anillustration.

A survey of the literature reveal sthree distinct types of methodsfor dealing with the problem
of the buried cortex. Thefirst of these can be seen in the implementation of Magnotta et al, who
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(@) lustration

(b) MRI example

Fig. 24 Anillustrative example of the buried cortex phenomenon. Part A shows
gyri abutting each other, which would resultin afused grey matter areain MRI. Part B
showsgyral crownsabutting each other, which would fuse only thosetwo parts. Partly
adapted from [17]. Thelast image shows an actual example from an MR image, the
T1 volume on the left and the classified output on the right.
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circumvent the problem through eroding of the cortical grey matter in a consistent fashion which
opensup thesulci [17]. A second approach is advocated by Jones et al, who use a combination of
edge thinning and gradient information to find the obscured sulci [ 11]. Thelast method, devel oped
both by MacDonald et a and Fischl and Dale, uses anatomical constraints derived from the white
matter surface to deform the grey matter surface onto the correct target [16, 8, 15, 6]. One of the
differences between the various methods is that the first two clearly separate the removal of the
partial volume effect from the actual creation of the surface (which happens afterwards) [17, 11],
whereas the last method tries to circumvent the buried cortex problem as part of the creation of
the surfaces[16, 8, 15, 6].

Once the surfaces exist the thickness at any one location has to be found. The most common
approach - used by everyone except Jones et a - is some variation on the straight line measure-
ment. The technique used involves picking a point on one of the surfaces (grey or white matter
surface) and finding the closest point on the other surface[8, 17, 16]. Thevariationson thistheme
arethat the choice of point can be constrained to follow the surface normal [16], or that the starting
point is not one of the surfaces but instead the midline between the two surfaces (which is more
of an artefact of the cortical thinning algorithm used to counter the partial volume problem) [17].

The straight line approach is inherently problematic, however. In its essence, the issues are
threefold:

e Thicknessis defined only at the surface and not throughout the mantle.
e Thickness measurements will vary depending on which surface you measure from.

e Lines of thickness can intersect.

Thefirst point deal swith where one defines cortical thickness. Thestraight line approach mea-
sures thickness only at one of the surfaces of the cortex, and the results will furthermore vary de-
pending on which surface you start out from. Seefigure 2.5 for an illustration of how thistype of
measurement can result in multiple thickness measurements for one point in the surface.

The problem is more fundamental than that, however. The question one needs to ask when
measuring cortical thickness is what anatomic substrate is it that is under consideration. This
becomes especially relevant when the question under investigation is related to relative change
over time or between groups. what are the cellular processes that are being modeled by measur-
ing changes in cortical thickness? | hope to have convincingly argued that these processes are
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Fig. 2.5 Thisillustration showshow one point on the inside surface can have multi-
ple thickness measurements associated with it if a straight-line measurement from the
outer surfaceis used.

fundamentally related to the functional unit of the cortex, the cortical column. Whileit isnot pos-
sible for MRI to directly investigate these columns, we can take several properties of them into
consideration. One of the most fundamental of these properties is the mutual exclusivity of the
cortical columns, and attribute that isinherent in the electrical and chemical signalling properties
of neurons. So if, when modelling changes of thickness we aim to at |east approximate columnar
change, then any one point in the cortical mantle can have one and only one thickness associated
with it. It is clear that any one voxel in an MRI image will contain multiple columns and that
the thickness measurement thus will never estimate the length of such a column, but instead ap-
proximate their geometric orientation. The straight-line based approach fails on that account, as
it measures thickness only from the surfaces and not at any point in the mantle, and moreover the
lines of thickness between the surfaces can intersect.

The thickness metric outline by Jones et a circumvents all of these problems by borrowing
an approach from computational fluid dynamics [11]. In outline form, the cortical thicknessis
computed through a partial differential equation, Laplace’s equation. Thisis a second-order par-
tial differential equation for ascalar field ¥ that is enclosed between two surfaces and takes the
mathematical form:
02U 920 9%

+ + =

2y —
A= ox2  oy? 022 0

Thisisaharmonic function or potential function, and hasthe property - ideal for the measure-
ment of cortical thickness- of effectively describing anested series of surfacesthat make asmooth
transition between the inner and outer surface [11]. Field lines between the two surfaces can then
be computed, and the thickness at any one point in the mantle can be found by integrating these
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streamlines[11]. Seefigure 2.6.

Streamline

Equipotential Surface

Fig. 2.6 A two-dimensiona exampleof Laplace’s method. Each surfaceisassigned
a set value and intermediate surfaces are created through solving of the partial differ-
ential equation. Field lines can then be created which represent the thickness at that
point. From [11].

The Laplacian approach advocated by Jones et a circumvents the problems of the straight-
line approach. Doesit directly model the structure of the cortical columns? The answer isclearly
no. We do not have the information in MRI to be able to carry that task out. What the laplacian
method does do, however, is conserve some of the properties that columns are presumed to have
(the most important being mutual exclusivity and definition throughout the cortical mantle), all
the while maintaining a geometric approach that is an intuitively sensible approximation of the
columnar layout.

2.2.2 Suggested Cortical Thickness I mplementation

It is now time to outline the cortical thickness metric that | would implement. In essence it will
combine the strengths of MacDonald et als cortical extraction [15, 16] with the fluid dynamics
approach outline by Jones and colleagues [11]. Figure 2.7 illustrates the suggested processing
steps.

The initial steps in the processing pipeline are well known and have been used in multiple
studies originating from the Brain Imaging Centre (c.f. [23, 32]). It proceeds by removing field
inhomogeneitiesfrom the native data[ 28] while simultaneously finding the transformation matrix
from native space to MNI Talairach space [5]. The nonuniformity corrected volumes are then
resampled using the Talairach transformation [5]. Thisisfollowed by tissue classification [34, 35]
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Fig. 2.7 A flowchart illustrating the processing steps for implementing a Laplacian
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and initial removal of the skull [15].

The following two steps are rather compute intensive - taking about 35 hours on an SGI Ori-
gin 200 - and proceed by first deforming a sphere to the white matter surface (asidentified in the
classification step), and then expanding that surface to the grey/CSF boundary [15, 16]. The fact
that the surfaces retain the inherent topology of a sphere isinherently advantageous for the mea-
surement of cortical thickness, asit allowsfor easy inflating of the surface later onto visualisethe
burried sulci.

Once the surfaces exist the volumetric cortical mantle has to be extracted. This can be done
through a computational geometry approach, where afew points that lie between the surfaces are
found and the rest of the mantle is then iteratively filled in. The cortical mantle is then used to
initialise the solver of the boundary-value problem partial differential equation. The mantle itself
is set to a neutral value, the outer surface to 10,000 and the inner surface to 0. The equation is
then iteratively solved through Jacobian relaxation [11].

Oneissue that does arise hereis the sampling of the volume over which Laplace'sequationis
to be solved. If left at one millimetre sampling, the grid that encompasses the cortex will never
be more than 5 voxels thick, implying that the vector field will not contain sufficient information
for an intelligent solution. It is thus preferable to use afiner grid, which of course raises issues
of memory consumption. Theinitial approach taken will be to subsample the dataset to 0.5 mil-
limetres, which can hopefully be refined to an even smaller sampling later on through the use of
sparse matrices to reduce usage of system resources.

Thefinal step will then be to normalise the vector field and integrate it at each voxel in order
to determine the thickness at that voxel [11]. The thickness information will then be available
volumetrically, but can also be fused back on to the surfaces for surface based visualisation.
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Chapter 3
The Aging Cortex

The most interesting results likely to emerge from applications of a cortical thickness metric are
relative changesin longitudinal studiesor changes between groupsin cross-sectional studies. This
section will therefore briefly examine some changes that can be expected in an aging popul ation.

Studiesof aging and the brain have revea ed adichotomy of findings- MRI based studieshave
found alarge declineassociated with agein the grey matter (c.f. [24, 31]), whereasmore molecul ar
studies have shown that little or no neuronal loss with age (c.f. [2]).

The answer appearsto bethat the cellular changesthat occur with age arerelated to areduction
inintegrity of themyelinfibersin the cortex [21] along with adeclinein dendritic arborisation and
spinedensity [2]. A part of the differencesin the two types of aging studies can aso be attributed
to species differences, as most MRI studies are performed on human subjects, whereas the slice
preparations usually involve anima models.

It is clear, however, that MRI reveas a significant age related loss of grey matter tissue, and
that moreover that loss is spread throughout the entire cortex. Recent data where 806 subjects
from the Japanese Aging Project where examined using voxel-based morphometric techniques
show thisglobal declineaptly - seefigure 3.1 for anillustration. Other studiesfocusing on specific
brain regions have also shown considerable age-related decline (c.f. [31, 24]). Part of the ques-
tion that arises is what the decline seen in MRI represents. While this question is still far from
being answered, general shrinkage of neurons through reduction in arborisation along with aloss
of supporting structureslike myelin sheaths probably accountsfor alarger part of thisdeclinethan
neuronal death.

A few other studies have examined cortical changes with normal and pathological aging as
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Fig. 3.1 Voxel-based T-statistics from the Japanese Aging Project. T values range
from -10to -32.

well. Magnotta et al examined changesin sulcal and gyral pattern along with cortical thickness
(using a variant of the straight-line method, unfortunately). What they found was that the gyri
become more steeply curved with age, the sulci widen and cortical thicknessdeclines[17]. These
changesare more dominant in malesthan females - afact that seemsto hold for general agerelated
declinein the brain (c.f. [24]).

Analysing an aging set using a cortical thickness metric provides several advantages over the
traditional approaches. MRI studies have, for the most part, employed two separate techniques.
Thefirst isthe manual segmentation of structures of interest by trained neuroanatomists - a tech-
nique which can provide highly accurate results but is very labour intensive and has to contend
with problemsof inter and intrarater reliability. The second technique usesvoxel based morphom-
etry (VBM) [23, 32, 1] where the density of atissue type at each location is examined. VBM is
fully automated and thus a powerful way to examine tissue changes across a statistical model.
When one is examining cortical changes, however, measuring the thickness of the cortex pro-
vides a closer approximation to the underlying anatomical reality than voxel density as measured
by VBM. In other words, the tissue matter maps used by VBM are only useful within a statistical
context, whereas an individual thickness map can aready tell the investigator something about
the subject (i.e. focal thicknessincreasesin epilepsy).
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Fig. 3.2 Rough correspondance of vertices shown by marking the same vertex in
four different subjects. From [16]

Oneof the asof yet unresolved issuesthat will arisein the study of cortical thicknessand aging
isthat of statistical analysis. Ideally one would be able to generate parametric maps of thickness
changes across populations in a similar vein as voxel-based morphometric techniques do. The
difficulty, however, liesin theissuesof accurateregistration of cortical featuresand the blurring of
resulting data to account for inter-subject variability. Registration of cortical featuresis difficult
due to the large inherent variability in cortical folding patterns between individuals (c.f. [9, 13,
14, 7, 25, 36]). The generation of cortices to be used will be at least roughly registered, as the
procedure takes place in Talairach space. Moreover, since the surfaces are deformed from the
same sphere, each vertex will be in a roughly corresponding location (see figure 3.2) for each
of the subjects [15, 16], and will therefore allow at least some level of comparison until better
registration methods can be devel oped.
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Chapter 4
Conclusions

| hopeto have outlined acoherent argument for the implementation of the L aplacian cortical thick-
ness measurement. There will, of course, be many challenges ahead in implementing the above
proposal, though it should be doable within the alloted time of a masters project.

The current implementation of the processing pipeline is nearly complete. To refer back to
figure 2.7, everything except for the integration of the vector field has been completed, though
surely there are issues still to be resolved in those steps as well. Integration of avector fieldisa
fairly common task, and should also not take too long to complete.

The dataset that will initially be used will be the Sendal dataset of 1000 plus subjects from
the Japanese Aging Project. Concurrently some validation studies will also haveto be done. This
will not be easy, however, since the approach to measuring thickness that will be implemented is
different from those performed in previous post-mortem studies, and thus potentially not directly
comparable (though the results ought to still roughly correspond). One potentia verification will
involve testing the output of the fully automated pipeline against thickness analysis of manually
segmented gyri. Other verification could potentially use high-resolution MRI or cryosection data
where cortical layering isvisible.

There are also many other datasets and projects available where the application of thickness
measurements could prove interesting. Among them are datasets from epilepsy, pediatric devel-
opment, and Alzheimer’s and Mild Cognitive Impairment, just to mention afew.

Cortical thickness measurementsin vivo have only recently become possible, and have never
been carried out on large datasets. This project can thus provide both auseful definition of cortical
thickness along with an effective implementation. Moroever, this technique applied to datasets
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such as aging can prove quite valuable for the field of neuroscience.
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