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allows pixel-by-pixel averaging of values within each
delineated region across all subjects, allowing compar-
isons of patients with controls. Averaging these aligned
cortical data can also reinforce consistent features. Now
that each subject’s thickness data are aligned to a
common space, a statistical model can be fitted to the
thickness measures from all subjects at each surface point
(Figure 1, bottom row). In brain mapping studies, it is
common to fit statistical models to data at each location
in an image to assess effects of age, diagnosis or
experimental parameters (an approach known as statis-
tical parametric mapping [SPM]; [29]). The results are
displayed in the form of a map of statistics, and the
overall significance of the map can be assessed using
formulae for the distribution of features in Gaussian
random fields, or by using permutation methods, which
randomly assign subjects to groups to find out how
likely effects are to occur by accident. When statistics are
computed for data on surfaces, regions of significance
can be color-coded to show the distribution of atrophy
[16].

Cortical thickness mapping is related to two simpler
but widely used methods. Before algorithms became
widely available for computing cortical thickness accu-
rately from MRI scans [16, 30-32], it was more common
to compute a local measure of gray matter volume called
‘gray matter density’ (GMD). This is defined, at each
point in an image, as the proportion of tissue segmenting
as gray matter in a small spherical region (typically of
10-12 mm radius) centered at that point [33, 34]. GMD
and thickness are highly correlated [35], except at the
temporal lobe tips where cortical curvature is high. GMD
is easy to measure as it does not require accurate
modeling of the inner and outer cortical surfaces in each
scan. Owing to the spatial smoothing implicit in its
definition, GMD is quite robust to image noise. One
popular method, voxel-based morphometry (VBM; [36,
37]), compares maps of smoothed GMD voxel-by-voxel
after spatially normalizing all datasets to the same
coordinate space. Initial critiques of VBM focused on
concerns that it might detect spurious group differences
caused by misregistration of data into the common
space, or because of interactions between diagnosis and
registration errors [38, 39]. More recently, VBM has been
improved, as have the methods to align brains into a
common space, adjusting for complex shape differences
[40, 41]. Although registration seems like a technical
detail, it influences power to detect atrophy in a multi-
subject study as any anatomical misregistration sacrifices
signal-to-noise. Cortical-pattern matching improves
registration by matching anatomical landmarks, remov-
ing confounding variance due to the mismatch of cortical
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anatomy across subjects. Because sulcal landmarking is
time-consuming, some groups have attempted auto-
mated matching of cortical features by matching mean
curvature maps using information theory [42] or by
attempting to find cortical sulci automatically [43].
Additional efforts to combine surface and fully 3D
volumetric registration are underway [44], avoiding the
need to normalize cortical gray matter and white matter
data using different specialized approaches that are not
yet compatible with each other [45].

Cortical maps in AD and MCI

Cortical mapping methods have distinguished pat-
terns of atrophy that are typical of late- versus early-
onset AD [47], and different dementia subtypes [48].
They have also identified cortical changes associated
with cognitive deterioration [49, 50]. Sowell et al. [51]
applied cortical pattern matching to 176 scans of subjects
aged 7 to 87, and compiled trajectories of gray matter
thinning for each cortical point over the lifespan.
Encouragingly, there was close regional correspondence
between the cortical thickness maps created from in vivo
MRI and the 1929 post mortem data of von Economo . The
MRI measures show massive attrition of frontal gray
matter in late adolescence, but it was only late in life that
a downswing in the amount of temporal gray matter
occurred. The cortex does not age in a homogeneous
way; each cortical region has a somewhat distinctive
trajectory [51, 52]. A related study by Gogtay et al. [23]
created a time-lapse map of cortical development from
ages 4 to 22, and showed the earliest maturing cortex is
least vulnerable to aging and AD (see http://www.
loni.ucla.edu/ , thompson/DEVEL/dynamic.html  for
maps). This phenomenon, illustrated in Figure 2, is
sometimes referred to as retrogenesis [53]. As is visually
evident in the time-lapse maps, the maturational
sequence proceeds in a pattern opposite to the classical
neurodegenerative sequence in AD.

Apostolova et al. [46] compared gray matter profiles in
26 amnestic MCI and 31 mild AD subjects, showing
strikingly greater atrophy in mild AD (Figure 3a) that
conforms to the pattern of spread of AD pathology
observed post mortem through the brain. A related VBM
study found significantly greater parietal, anterior and
posterior cingulate atrophy in mild to severe AD relative
to MCI [54].

With several promising disease-modifying candidate
compounds under development, there is significant
value in tracking these changes with anatomical preci-
sion in an effort to show structural disease-modifying
effects that influence the transition from MCI to AD.

Figure 1. Analyzing cortical degeneration. This flowchart shows an image analysis pipeline (adapted from Thompson et al.,
2004) that can map degenerative changes in the cortex, such as gray matter atrophy. Cortical thickness profiles, for example, can
be averaged across subjects or compared across time. Images are aligned to a standard brain template, such as an averaged MR
image from a population (row 1). Maps of gray and white matter are mathematically coded to produce cortical thickness maps
(row 2). Sulcal landmarks traced on extracted surface models (row 3) can serve as anchors that guide a flow field matching gyral
regions across subjects (row 4). Then maps of cortical thickness, or other cortical signals (such as co-registered PET images), can
be fluidly aligned to an average cortical model (row 5). Statistical models are fitted to data from all the subjects at each cortical
point. These can assess whether imaging signals are associated with age (bottom row), diagnosis, cognition or other parameters
of interest (e.g., medication or genotype). Effects of aging on cortical measures, or changes relative to baseline, may be
animated as a time-lapse film to reveal the disease trajectory (see text for details).
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If only a single scan is available per subject, all scans
may be fluidly aligned to a common anatomical
template; in such a cross-sectional design, the degree of
compression then reflects volume differences between
each subject and the template, and maps of tissue loss
can be made. Figure 6 shows TBM-based maps of
atrophy in HIV/AIDS patients, along with maps of
cortical thinning. Strikingly, the underlying white matter
shows 10-20% volume reductions immediately below
cortical regions with greatest thinning [40, 71]. This
suggests that TBM and cortical thickness measures agree,
although they are computed using very different image
processing pipelines. Further analysis revealed that the
level of deficits, in both cortex and white matter,
correlated strongly with declining immunity (CD4+ T-
cell counts), but not with viral load or anti-retroviral
treatment, suggesting that such treatments have diffi-
culty crossing the blood-brain barrier, even when they
are effective in bolstering the immune system and
prolonging life.

For large clinical studies, it is important to be aware of
several factors that affect the power of TBM. First,
anatomical features are matched by deforming one scan
onto another, using a flow field that is adjusted to
optimize a mathematical measure of image similarity
between the two scans. Some ingenuity has gone into
developing measures that can align images without
interactive identification of landmarks (as in the cortical
pattern matching method). Atrophy may be detected
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Figure 6. Visualizing brain tissue
loss in HIV/AIDS. (Top row) In an
MRI study of cortical thickness in 27
HIV/AIDS patients and 14 healthy
controls, the primary sensory, motor
and premotor cortices were an aver-
age of 15% thinner in the patients;
prefrontal and parietal tissue loss
correlated with cognitive and motor
deficits. Thinner frontopolar and
language cortex also correlated with
immune system deterioration mea-
sured via blood levels of CD4+ T-
lymphocytes. (Bottom row) When
the same subjects were studied
using tensor-based morphometry
(Chiang et al., 2006 ), the pattern
of white matter loss was in remark-
able agreement with the cortical
maps. In diseased brains, the white
matter volume was reduced in the
premotor areas, where the cortex
was significantly thinner, suggesting
that cortical degeneration may be
accompanied by degeneration in
the underlying white matter path-
ways. Taken together, these and
other studies support the notion
that brain degeneration is present
even in apparently healthy HIV-
positive people on powerful drug
regimens (i.e., highly active anti-
retroviral therapy [HAART]). (Data
illustrated in the top row are from
Thompson et al., 2005 ; data illu-
strated in the bottom row are from
Chiang et al., 2006.)

most powerfully by image registration measures based
on information theory, such as the Jensen-Rényi diver-
gence, Kullback-Leibler divergence or Chernoff distance,
and the relative power of these measures is being
investigated [72, 73]. Second, if the full deformation
tensor is analyzed at each voxel, rather than just the
compression factor, the power to detect atrophy is vastly
increased [67]. Power is also slightly increased if all
brains are aligned to a common brain template that is
representative of the mean anatomy of all subjects in the
population, defined using Riemannian manifolds [74].
Third, rather than modeling the flow using continuum
mechanics, which may not accurately reflect the atrophic
behavior of the brain, deformation models can be
bolstered by using Green’s functions to encode known
patterns of spatial covariance in changes occurring in
multiple brain regions [75] or directional anisotropy in
the observed changes [76]. Given the pace of these
mathematical developments, TBM is attractive for
clinical trials because it allows large samples to be
studied with no manual interaction [41, 77].

Hippocampal and ventricular radial mapping

Even though TBM can map patterns of atrophic
changes throughout the brain, the fact remains that the
medial temporal lobe is the site of the earliest structural
change in AD. The hippocampus, in particular, is the
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target of several specialized computational modeling
methods. Some of these model the hippocampus as a 3D
tube-like surface, from which measures of volume can be
derived. In normal aging, hippocampal volume loss is on
average 1.6-1.7% per year [78, 79], whereas that of the
entorhinal cortex is , 1.4% per year [80]. Much higher
rates of hippocampal volume loss are observed in MCI
and AD, with faster atrophic rates in MCI subjects who
decline to AD relative to those who remain stable
(annual hippocampal atrophy rate for MCI patients
who remain stable is 2.8%, for MCI converters 3.7%
and for those with AD 3.5-4%; [81]).

In an effort to localize these changes to specific
hippocampal sectors, Thompson et al. [82] proposed a
radial atrophy mapping (RAM) approach which creates
surface models to represent the hippocampus, imposes a
regular grid structure on anatomical models from
different individuals, and uses this structure to compute
average shape models for different groups. As a local
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index of atrophy, the distance of each surface point to a
centerline threading down the center of the structure is
plotted on the surface (Figure 7). Surface-based statistics
on this measure can then be used to identify regions
where atrophy is associated with diagnosis, cognition,
genotype, or medication. Apostolova et al. [21] used this
radial atrophy mapping approach to study 20 MCI
subjects who were followed clinically and neuropsycho-
logically for 3 years. Over the three-year period, 6
patients developed AD, 7 remained stable, and 7
improved. As shown in Figure 7 (bottom row), smaller
hippocampi, and specifically CA1 and subicular involve-
ment, were associated with increased risk of conversion
from MCI to AD. MCI patients who improved and no
longer met MCI criteria at follow-up tended to have
larger hippocampal volumes, and their subiculum and
CAL1 regions were relatively preserved.

Using the same method, Becker et al. [83] showed
greater hippocampal atrophy in amnestic versus non-
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Figure 7. Mapping hippocampal atrophy. The radial atrophy mapping method (top row) relies on (A) manually or automatically
tracing the hippocampus, (B) computing a 3D parametric mesh model of the structure, (C) estimating the distance between the
central core of the structure to each surface point (i.e., the radial distance), and recording radial distance estimates at each
surface point to create (D) individual and (E) group average color-coded maps of the radial distance. These maps are then
statistically compared between groups or conditions. One longitudinal 3D MRI study [21] compared baseline hippocampal
atrophy in MCI subjects who converted to AD with that in MCI subjects who remained stable or improved cognitively during 3
years of clinical follow-up. Greater atrophy at baseline was seen in the CA1 and subicular areas in subjects who subsequently
converted to clinically probable AD (bottom right panels). The bottom panels show a schematic representation of the
hippocampal subfields (left), the proportional difference in atrophy levels between converters and non-converters (in %; middle
panels), and the significance of these differences taking into account normal structural variation (bottom right panel).
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