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In the last twenty years, advanced magnetic resonance imag-
ing (MRI) techniques have provided fundamental knowledge
about neurodegenerative processes underlying several neu-
rological and psychiatric diseases.

The native approach in this field of study was the inves-
tigation of a single MRI parameter at a time: (a) blood
oxygenation-level-dependent (BOLD) images, (b) anatom-
ical 3D T1-weighted images, (c) diffusion-weighted imaging
(DWI)/diffusion tensor imaging (DTI), and (d) quantitative
relaxometry. (a) The common observation in functional MRI
studies is that increasing in the BOLD MRI signal represents
increasing of neural activity. Such a neurophysiological
“activation” results from elevated oxygen saturation levels
(and reduced paramagnetic deoxyhemoglobin contents) of
capillary and venous blood. These positive signal changes
are considered the basis for the functional organization
of the brain. (b) The T1-weighted sequence allows the
employment of several neuroanatomical techniques able to
describe and quantify macrostructural changes by using
probabilistic (voxel-based morphometry analysis) or quan-
titative research tools (manual/automatic region-of-interest
volumetry, cortical thickness measurements). (c) DWI and
DTI provide specific quantitative measurement of micro-
structural changes within white and gray matter compart-
ments. In particular DTI provides quantitative parameters,
such as the mean diffusivity that increases with microscopic
barrier disruption and extracellular fluid accumulation and
the fractional anisotropy that provides information on the
microstructural integrity of highly oriented microstructures
(i.e., myelin). (d) Finally, another potential MRI technique
is the quantification of mineral levels in the brain. MR
relaxometry is a sensitive method to evaluate the brain iron

content in vivo. Iron accumulation has been implicated in the
pathogenesis of many neurodegenerative diseases.

In the last five years, multimodal neuroimaging has
became the most popular approach to study pathophysiology
of diseased brain. In fact, the aim of this field of study is to
quantify the single or combined weight of MRI parameters
in describing neurodegenerative processes. In other words,
the possibility to measure MR parameters sensitive to com-
plementary tissue characteristics (e.g., volume atrophy, iron
deposition, and microstructural damage) could have great
potential for investigating pathological changes in several
neurologic/psychiatric diseases. At this moment, important
new findings have been reported although several issues
remain open. In this special edition, we have featured some
papers that address such issues.

The first paper of this special edition is more forward-
looking. In fact, it presents a new experimental multimodal
MRI approach to better elucidate interrelated gray and white
matter changes in schizophrenic patients. This new method
represents a theoretical evolution of the previous and well-
known voxel-based analysis of T1-weighted images that
generally provides a mixed measure of neuronal “volume” or
“density.”

The second and third papers provide fundamental
overviews of recent findings about neurodegenerative pro-
cesses underlying Alzheimer’s disease (AD) and mild cog-
nitive impairments (MCIs) obtained through a multimodal
neuroimaging approach. The subsequent paper addresses the
specific advance in functional neuroimaging studies of AD
and MCI patients. All these papers highlight the importance
of multimodal neuroimaging in enhancing our ability to
diagnose MCI and AD in its early stages.
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Finally, the last two papers present the application of
advanced MRI measurements (automatic ROI volumetry,
cortical thickness measurements, and T2∗ iron quantifi-
cation) to define the presence of new biomarkers able to
distinguish AD patients from normal pressure hydrocephalus
and to improve the accurate diagnosis of suspect neurofer-
ritinopathy, a neurodegenerative disorder characterized by
the deposition of iron and ferritin in the brain.

Antonio Cerasa
Andrea Cherubini

Patrice Peran
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We present a feature extraction method to emphasize the interrelationship between gray and white matter and identify tissue
distribution abnormalities in schizophrenia. This approach utilizes novel features called structural phase and magnitude images.
The phase image indicates the relative contribution of gray and white matter, and the magnitude image reflects the overall tissue
concentration. Three different analyses are applied to the phase and magnitude images obtained from 120 healthy controls and
120 schizophrenia patients. First, a single-subject subtraction analysis is computed for an initial evaluation. Second, we analyze the
extracted features using voxel based morphometry (VBM) to detect voxelwise group differences. Third, source based morphometry
(SBM) analysis was used to determine abnormalities in structural networks that co-vary in a similar way. Six networks were
identified showing significantly lower white-to-gray matter in schizophrenia, including thalamus, right precentral-postcentral,
left pre/post-central, parietal, right cuneus-frontal, and left cuneus-frontal sources. Interestingly, some networks look similar to
functional patterns, such as sensory-motor and vision. Our findings demonstrate that structural phase and magnitude images can
naturally and efficiently summarize the associated relationship between gray and white matter. Our approach has wide applicability
for studying tissue distribution differences in the healthy and diseased brain.

1. Introduction

Structural magnetic resonance imaging (sMRI) obtains high-
resolution structural images that are useful for brain mor-
phometry investigation. In sMRI images, two types of brain
tissue, gray matter and white matters, are clearly perceptible
and distinguishable. Usually, these two tissues are analyzed
separately in studies of both healthy and diseased brain [1–
3]. However, the relationship between gray and white matters
is complicated. Gray matter is composed predominantly of
cell bodies while white matter is composed mainly of axons
connecting cell bodies; both are highly integrated within ce-
rebral cortex and subcortical structures; spatial expansion
of one can be associated with contraction of the other [4,
5]. Therefore, it is reasonable to expect that morphometric

changes in one tissue may result in or be related to distur-
bance of the other.

Several previous approaches have examined the relation-
ship between gray and white matters. In voxel-based mor-
phometry (VBM) studies, sMRI images were segmented first
and the voxelwise correlation between regional cerebral gray
and white matters was calculated [6, 7]; in region of interest
(ROI) studies, gray and white matters were correlated with
volumes in the rest of the cortex [8]. These correlation stud-
ies addressed the intricate relationship between gray and
white matters and provided evidence of gray and white mat-
ter relative differences between diagnostic groups. One lim-
itation of these approaches is that the correlations can only
be calculated between individual voxels or between aver-
ages within prespecified regions. More complicated gray and
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white matter relationships can be studied by using univariate
ANCOVA [9] or by using multivariate independent compo-
nent analysis to identify linked gray and white matter net-
works [10]. In the current study, we propose a new approach
to directly extract new features for gray and white matter
fusion. The extracted angle and power features are sensitive
to the gray and white matter interrelationship and can be
used for single-subject diagnostic analysis or for group level
analysis.

Schizophrenia affects multiple brain regions including
both gray and white matters [11], it is likely that the inter-
relationship between gray and white matters is affected in this
mental illness. The disconnection model of schizophrenia
[12] has led to increased focus on both gray and white matter
analysis. Reviews of structural brain imaging in schizophre-
nia [11, 13] highlighted multiple regional abnormalities;
reviews of white matter changes [14, 15] suggest that white
matter disconnections are associated with the abnormalities,
and reports of the corpus callosum and thalamus [16–18]
identified subcortical regions whose abnormalities would
likely reflect disturbances in circuits of multiple structural
systems.

In this paper, our feature extraction method was applied
to a large data set of healthy controls and schizophrenia pa-
tients, and the corresponding structural angle and power
images were computed. As an initial evaluation, we per-
formed a subtraction analysis between a single schizophrenia
patient and a single healthy control. We then performed a
univariate VBM analysis to detect the group level abnormal-
ities in a voxelwise manner. Finally, an SBM analysis was
used to detect structural networks covarying in a similar way
which were related to the schizophrenia disturbances.

2. Methods

2.1. Subjects and Imaging Parameters. One hundred and
twenty participants with schizophrenia (SZ) (mean age 42.1,
SD 12.9, range 20–81, 51 females) and 120 matched healthy
controls (mean age 42.7, SD 16.6, range 18–78, 65 females)
were scanned at Johns Hopkins University. Exclusion criteria
for all participants included a history of overt brain disease,
mental retardation, head injury with loss of consciousness
for greater than 60 minutes, or a diagnosis of substance
abuse within the last year or lifetime substance dependence.
Healthy participants were recruited using random digit
dialing as part of Phase 1 of the Johns Hopkins aging, brain
imaging, and cognition (ABC) study [19], a representative
community sample. All healthy controls were screened to
ensure they were free from current major depression, bipolar
disorder, schizophrenia, and severe anxiety disorders using
the schedule for clinical assessment in neuropsychiatry
(SCAN) interview [20]. Patients met DSM-IV criteria for
schizophrenia on the basis of the diagnostic interview for
genetic studies (DIGSs) and review of the available medical
records [21]. All patients with schizophrenia were stable
and taking antipsychotic medications (precise medication
information was not available for these data). These data
were previously analyzed using SBM [22] and jSBM [10].

Whole brain sMRIs were obtained on a single 1.5T scan-
ner (Signa; GE Medical Systems, Milwaukee, Wis). The whole
brain was evaluated in the coronal plane using a spoiled
GRASS 3D imaging sequence, with the following imaging
parameters: 35 ms TR, 5 ms TE, 45◦ flip angle, 1 excitation,
1.5 mm slice thickness, 24 cm field of view, and a matrix size
of 256× 256.

2.2. Image Preprocessing. The images were preprocessed us-
ing the preprocessing steps typically applied for VBM [23,
24] and employed the Matlab program SPM5 (Statistical Pa-
rametric Mapping, Welcome Institute, London, UK). Images
were normalized to the 152 average T1 Montreal Neurolog-
ical Institute (MNI) templates, interpolated to voxel dimen-
sions of 1.5× 1.5× 1.5 mm and segmented into gray matter,
white matter, and cerebrospinal fluid (CSF) compartments.
Registration, bias correction, and tissue classification were
combined within one generative Gaussian mixture model
which takes image intensity nonuniformities and tissue prob-
ability maps into consideration. The model parameter esti-
mation involves alternating among classification, bias correc-
tion, and registration steps and aims to maximize the poster-
ior solution of the three compartments. Then, the segmented
gray matter and white matter images were smoothed sep-
arately with 12-mm full width at half-maximum (FWHM)
Gaussian kernel. Each voxel in a smoothed image contains
the averaged concentration of gray matter or white matter
from around and within the selected voxel, a value ranging
from 0 to 1. Next, we generated a mask using the smoothed
gray and white matter images. The corresponding gray and
white images were added together and then averaged. The
averaged image was threshold at 0.1 and used to mask the
smoothed gray or white matter images in order to exclude
regions of very low concentrations (less than 0.1 of either
gray or white matter). The masked gray and white matter
images were used in the following steps. The size of each
processed image was 121× 145× 121 voxels.

2.3. Gray and White Matter Fusion: Structural Angle and
Power Images. Structural angle and power images are then
computed in order to combine/fuse gray and white matter
tissue estimates. The overall scheme we use for image gen-
eration is represented in Figure 1. From one sMRI image,
we obtain gray matter and white matter images. We assume
the gray matter concentration within each voxel in the gray
matter image is gi and the white matter concentration within
each voxel in the corresponding white matter image is wi, i =
1, . . . , 121×145×121. Next, we construct a complex variable
gi + jwi for each and every voxel where gi is the gray matter
concentration and wi is the white matter concentration.
Thus, the phase/angle part of the complex variable is
ϕi(gi,wi) = arc tan(wi/gi). The magnitude/power part of the

complex variable is Mi(gi,wi) =
√
g2
i + w2

i . The structural
angle image is then constructed based on the angle value
of each voxel, and the structural power image is constructed
based on the power value of each voxel.

Compared to approaches that work with the segmented
gray and white matter images, the structural angle and power
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Figure 1: Structural angle and power image generation. Structural
angle and power images are generated from the segmented gray and
white matter images.

images we define emphasize more the relationship of gray
and white matter distribution instead of focusing on the
pure gray or white density. The angle image reflects the
relative contributions of gray and white matter within each
voxel and is proportional to the gray and white matter ratio
changes. The power image is the mean power of the gray
and white matter tissue concentrations and is proportional
to overall tissue concentration. Thus, the angle and power
images naturally and efficiently fuse gray and white matter
together to emphasize the relationship between tissues and
enable subsequent analysis without increasing computing
complexity. Next, we apply three different methods, single-
subject subtraction, VBM and SBM, to provide intuition and
explain the utility of the structural angle and power images
to study brain structure.

2.4. Single-Subject Subtraction Analysis of Structural Angle
and Power Images. The structural angle and power features
highlighted the interrelationship of gray and white matter
for each subject. We performed a simple subtraction of
randomly selected angle/power images between one healthy
control and one patient to demonstrate the approach.

2.5. VBM Analysis of Structural Angle and Power Images. In
order to detect statistically meaningful group differences,
VBM was performed on the angle and power image set using
SPM5. The 240 structural angle images and 240 structural
power images were directly entered into a two sample t-
test separately. The resulting angle/power t-maps highlight
voxels that showed significant differences in angle/power
between healthy controls and patients. The t-maps were then

converted to angle/power Z-maps and thresholded at a value
of |Z| > 3.0 for visualization.

2.6. SBM Analysis of Structural Angle and Power Images. We
also performed an SBM analysis to identify structural net-
works showing group differences and common intersubject
covariation. SBM was performed on the angle/power image
set using the GIFT toolbox. SBM [22] is an approach that
has been successfully applied to identify gray or white matter
sources separately in sMRI images. A “source” is a network
comprising several regions that together exhibit intersubject
covariance and show group differences. Compared to VBM,
SBM is a multivariate data-driven method taking cross-voxel
information into account, which results in group differences
that are represented by maximally independent sources not
voxels as in VBM. Our previous work [22] has shown
the effectiveness of applying SBM for network detection in
segmented gray matter images. Here we applied SBM to
structural angle and power images to detect networks of
relative gray and white matter changes. This SBM approach
consists of three steps: independent component analysis
(ICA), statistical analysis, and visualization.

First, ICA is performed on the angle images and power
images separately (see Figure 2). We take the angle images
as our example. Each angle image is converted to a one-
dimensional vector. The 120 angle image vectors of healthy
controls and 120 angle image vectors of patients are then
arrayed into one 240 row subject-by-angle matrix. Akaike’s
information criterion (AIC), modified to improve the esti-
mation performance for medical images [25], was applied
to the matrix in order to estimate the number of sources
k. Next, the subject-by-angle matrix was decomposed into
a subject × source angle mixing matrix and source × angle
angle source matrix using spatial ICA [26]. The angle mixing
matrix expresses the relationship between 240 subjects and k-
angle sources. The rows of the matrix are scores that indicate
to what degree each of the k-angle sources contribute to a
given subject. The columns of the matrix indicate how one
angle source contributes to the 240 subjects. In contrast, the
angle source matrix expresses the relationship between the
k-angle sources and the voxels within the brain. The rows
of the matrix indicate how one angle source contributes to
different brain voxels and the columns of the matrix are
scores that indicate how one voxel contributes to each of
the angle sources. The same process was applied to the 240
power images to determine the power mixing matrix and
power source matrix.

Then statistical analysis was performed on the angle mix-
ing matrix and power mixing matrix separately. Since every
column of the mixing matrix contains the loading parame-
ters expressing the contribution of every source for the 240
subjects, a two-sample t-test can be used on each column of
the mixing matrix to test which source shows a significant
control versus schizophrenia difference. A corrected thresh-
old of P < 0.05, controlling for the false discovery rate (FDR),
was used to identify the most significant sources [27]. The
effects of age and gender on the significant sources were also
determined. We regressed the columns of the mixing matrix
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Figure 2: Independent component analysis on angle and power images. Angle or power images are stacked into one subject-angle/power
matrix. ICA is then used to decompose this matrix into a mixing matrix and a source matrix. The mixing matrix is used for statistical analysis
and the source matrix is used for sources visualization in the following steps.

on these variables using a threshold of P < 0.05 to determine
sources that were significantly correlated with them. In order
to verify that the group differences in the significant sources
were still present after removing the effect of age and gender,
we computed a two-sample t-test on the residual of the
regression and tested the difference between controls and
patients.

Finally, the source matrix was used for visualization. The
angle source maps were obtained from the angle source
matrix and power source maps were obtained from the
power source matrix. Each row of the source matrix was
scaled to unit standard deviation, then reshaped separately
into one 3D image (source map). The significant source maps
were then superimposed on the MNI-normalized template
brain and thresholded at |Z| > 3.0. Regions within the most
significant sources were labeled by transforming from the
MNI coordinate system to the coordinates of the standard
space of Talairach and Tournoux [28] using a Matlab con-
version program (http://imaging.mrc-cbu.cam.ac.uk/down-
loads/MNI2tal/; MRC Cognition and Brain Sciences Unit,
Cambridge, England). Once converted, the Talairach coordi-
nates were entered into the Talairach daemon [29] and sum-
marized. In addition, white matter regions within significant
sources were thresholded at |Z| > 3.0 and specifically labeled
using the ICBM DTI-81 atlas [30].

2.7. Simulations. Figure 3(a) presents a simple plot of gray
matter versus the ratio of white matter/gray matter (assum-
ing for simplicity that gray matter = 1 − white matter).
Approximate cases with mostly gray matter, mostly white
matter, and in between (boundary regions) are denoted on
the plots as well. It is clear this is a highly nonlinear re-
lationship with the function going to infinity as gray matter
approaches zero. Figure 3(b) shows that gray matter versus

the structural angle is much more linear, with some smaller
nonlinearities as gray matter or white matter goes to zero.
This squashing of the instability near zero is a very useful
property of the atan function. Also note that the slope is
steeper than that for gray matter. As we will see in the next
simulation, the structural angle also provides increased sen-
sitivity to group differences compared to using gray matter
alone.

In order to better understand the added value of using
the angle measure, we performed a simulation of a single
voxel in a group of 100 subjects in group 1 and 100 subjects
in group 2. We generated data for a range of gray matter
values from 5% to 90% in a given voxel for each group.
For each gray matter, setting a small amount of random
(uniform) noise was added to each voxel. White matter voxels
were then calculated assuming that white matter = 1 − gray
matter. Once this data was generated, we computed the two-
sample T-values for group 1 versus group 2 for either the
gray matter values along (analogous to standard VBM) or for
the angle arc tan(wm/gm). Results are presented in Figure 4.
In general, the pattern of the T-values is quite similar for
both gray matter and angle (T-values and log of absolute T-
values are shown). Unsurprisingly, the largest T-values for
both measures occur when one group have large gray matter
values and the other group has small gray matter values.
The difference in these T-values tells us where the sensitivity
is greater for either gray matter or angle. Figure 4(d) (red
regions) show where the angle value is greater than the gray
matter value. In general, the angle measure is providing more
sensitivity to the group differences than gray matter alone,
especially where one group has larger gray matter values and
the other group has smaller gray matter values. This includes,
but is not limited to, regions where boundaries between
gray matter and white matter are shifted in the two groups
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Figure 3: Evaluation of atan function.

(e.g., where the gray matter in one group drops off faster than
that in the other group). In contrast, the power images have
the greatest sensitivity to group differences where the gray
matter value of one group is more similar to that of the other
group and when both groups have larger gray matter values.

3. Results

We propose structural angle and power as two new features
describing the interrelationship of gray and white matters.
We show the results of the three different analyses performed
on the structural angle and power images extracted from the
sMRI images of healthy controls and schizophrenia patients
below. We also show an application of these features to study
schizophrenia.

3.1. Results of Single-Subject Subtraction: Single-Subject Ab-
normality. By simply subtracting the structural angle and
power images between subjects, we highlighted the regions
showing subject differences of overall gray and white matter
distribution. As shown in Figure 5, the upper row consists of
angle images and the bottom consists of power images. The
first column shows the images from one healthy adult. The
second shows images from one patient with schizophrenia.
The third depicts subtraction-related differences in the angle
and power images. Compared to the healthy adult, the
patient with schizophrenia showed higher angle values in
middle temporal and frontal gyri, precuneus and cuneus,
cingulum, the body and splenium of corpus callosum, and
lower power values in superior and inferior frontal gyri,
superior temporal gyrus, and fornix.

3.2. Results of VBM Analysis: Group Level Differences. By ap-
plying VBM on the structural angle and power images,
the statistical Z-maps (see Figure 6) reflecting the group

differences of relative gray and white matter between controls
and patients were obtained. The Talairach coordinates for the
maps are listed in Table 1. The white matter determined by
ICBM DTI-81 atlas is listed in Table 2.

The angle map reveals significantly higher white-to-gray
ratio for patients with schizophrenia in thalamus, internal
capsule, insula, cuneus and precuneus, superior and middle
frontal gyri, inferior frontooccipital fasciculus, and uncinate
fasciculus. The power map shows the most significant aver-
age concentration differences between the diagnostic groups
in bilateral superior temporal gyrus, medial and superior
frontal gyri, claustrum, external capsule, cingulum, infe-
rior frontooccipital fasciculus and uncinate fasciculus. The
temporal regions are notably constrained to the superior
temporal gyrus and its medial counterparts, the transverse
temporal gyrus and insula, suggesting a clear distinction be-
tween these structures and the rest of the temporal lobe.

3.3. Results of SBM Analysis: Network Disturbances. Through
SBM analysis, sources that are formed by networking regions
showing the same intersubject covariance can be detected.
The number of angle sources was estimated to be 25, and the
number of power sources to be 37 using the modified AIC
approach. Eight angle sources and three power sources were
identified as having loading parameters that significantly
differed between controls and patients. On visual inspection
of the source maps, two angle sources and two power sources
appeared to be obvious artifacts showing sharp edges near
the brain boundary or appearing within CSF regions. Within
the remaining six angle sources and one power source, the
loading parameters of patients in the mixing matrix were all
lower than those of controls. Each of the identified sources
includes regions reflecting group differences in angle/power
covariation among subjects (see Figure 7). The Talairach
coordinates for the sources are listed in Table 3. The white
matter determined by ICBM DTI-81 atlas is listed in Table 4.
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Figure 4: Simulation results. Group differences in gray matter or angle for a range of gray matter values from 5% to 100%. (a, b) show group
difference T-values for gray matter and angle, respectively. The patterns are quite similar, although the angle shows generally larger T-values
(see colorbar scales). (c) shows the difference in T-values. (d) shows that for most combinations of gray matter, the T-values for angle are
larger than those for gray matter (red regions in the image) especially in regions where one group has larger gray matter values and the other
has smaller gray matter values.

The analysis of age and gender effects on these sources was
also given. For convenience, the sources are listed by a sum-
mary of their anatomical regions and represented in order of
increasing P values (decreasing significance). Note that since
each source represents a set of regions, the short anatomic
label does not fully describe them.

Angle Source 1: Thalamus. The most significant angle dif-
ference between controls and schizophrenia was in angle
source 1. Within this source, the angle value was larger (e.g.,

the white/gray ratio was higher) for patients than controls in
thalamus, lingual gyrus, cuneus, precuneus, inferior occipital
gyrus, retrolenticular part of internal capsule, fornix, and
cingulum.

Angle Source 2: Right Precentral and Postcentral Gyri. This
source presented the second angle significant difference be-
tween healthy controls and patients with controls having
lower angle values (e.g., less gray and more white matter)
in postcentral gyrus, precentral gyrus, inferior and middle
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Figure 5: Subject differences in angle and power. The upper row consists of angle images and the bottom consists of power images. The first
column is the images from healthy control; the second is the images from the schizophrenia patient; the third is the subtraction showing the
subject differences.
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Figure 6: Group differences in angle and power detected by VBM. The regions were thresholded at |Z| > 3.0.
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Table 1: Talairach labels for regions detected by VBM. Voxels above a threshold of |Z| > 3.0 were converted from Montreal Neurological
Institute (MNI) coordinates to Talairach coordinates and entered into a database to assign anatomic labels for the left (L) and right (R)
hemispheres. The concentration of voxels in each area is provided in cubic centimeters (cc). The areas with volume above 1.0 are listed.
Within each area, the maximum Z value and its coordinate are provided.

Angle Brodmann area L/R volume (cc) L/R random effects: maxZ(x, y, z)

Thalamus 6.0/6.7 6.3(1,−13, 2)/6.5(−3,−9,−3)

Insula 13, 47, 41 6.9/2.4 5.9(−1,−7, 2)/4.5(3,−3,−7)

Middle, superior and
inferior occipital gyri

19, 37, 18 8.2/11.3 4.6(−31, 4,−17)/5.7(1,−3,−2)

Anterior cingulate 25, 32, 24, 10 1.9/2.8 5.7(1,−15,−3)/4.0(34, 5,−18)

Inferior, superior,
medial, and middle
frontal gyri

47, 13, 44, 45, 11, 46, 9, 10, 6, 8 32.5/26.9 5.4(7,−6,−5)/5.2(−1,−16, 6)

Claustrum 4.8/1.5 5.2(3,−3, 3)/4.2(−39,−17, 12)

Inferior parietal lobule 40, 39 4.5/2.6 5.0(−7,−43, 42)/4.1(−61, 18, 9)

Cingulate gyrus 31, 24, 32 4.5/6.0 5.0(−15,−76,−14)/4.7(−34, 13, 2)

Parahippocampal gyrus 34, Amygdala, 27, 36, 28, 35, 19 1.9/2.8 5.0(10,−9, 5)/3.9(−27,−15, 12)

Lentiform nucleus 3.7/1.7 4.9(−30, 11,−18)/4.7(3, 51,−9)

Postcentral gyrus 43, 40, 2, 1, 3, 7, 6, 13, 4, 44 6.2/5.0 4.8(−6,−13,−6)/4.5(45,−73, 33)

Cuneus and precuneus 19, 18, 17, 7, 39, 31 9.2/9.1 4.7(9,−4, 42)/4.7(−27,−75,−15)

Angular gyrus 39 1.5/1.1 4.2(−13,−84,−25)/4.7(7, 0, 0)

Supramarginal gyrus 40 2.2/1.3 4.6(−34, 14,−6)/3.6(−4,−25, 3)

Superior, inferior and
middle temporal gyri

38, 42, 22, 41, 13, 39, 21,19, 20,
37

13.4/12.9 4.6(−1, 50, 29)/4.3(−22, 46, 45)

Inferior semilunar
lobule

9.1/2.8 4.5(−9,−80,−24)/3.8(−1,−55, 8)

Cerebellar tonsil 11.4/1.1 4.5(−59,−69,−2)/3.5(−7,−10, 10)

Paracentral lobule 31, 6, 5 2.2/0.6 4.3(30,−75,−15)/3.3(9,−66, 46)

Cerebellar vermis 19.5/7.3 5.3(1,−19, 2)/4.3(50,−77, 29)

Lingual gyrus 18, 19 1.9/0.2 4.0(−37,−79, 27)/3.5(67,−44, 20)

Fusiform gyrus 37, 18, 19, 20 3.2/1.5 3.6(39,−7,−19)3.6(−53,−60,−10)

Power Brodmann area L/R volume (cc) L/R random effects: maxZ(x, y, z)

Claustrum 3.2/3.0 5.8(−34, 5,−9)/4.5(−45, 16,−10)

Inferior, superior, medial
and middle Frontal gyri

13, 47, 11, 10, 45, 46, 47, 44, 9,
25, 6, 8

38/59.3 5.6(−34, 13,−3)/4.8(−40, 10,−7)

Insula 13, 40 5.2/4.8 5.6(−36, 1,−3)/5.1(−30, 8,−12)

Superior temporal gyrus 38, 22, 41, 13 14.3/16.6 5.0(−37,−3, 2)/4.3(−45,−15,−41)

Inferior semilunar
lobule

9.1/3.5 4.6(−52, 14,−7)/3.8(−34, 54,−3)

Parahippocampal gyrus 34, Amygdala, 36, 35, 27, 30 0.9/1.7 4.5(30, 29,−23)/4.1(6, 54, 6)

Middle and inferior
temporal gyri

21, 38, 39, 37, 19, 20, 25 6.7/5.0 4.4(−25, 14,−15)/3.7(−22,−79,−33)

Cerebellar tonsil 2.4/1.1 4.2(24, 28,−24)/3.4(−3, 54, 22)

Anterior cingulate 32, 25 1.9/1.9 3.6(3, 46,−6)/3.9(−22,−59,−46)

Cerebellar vermis 6.4/4.9 4.3(−36, 2, 5)/4.1(−49, 9,−2)

Precentral and
postcentral gyri

3, 7, 43, 40, 1, 44, 6, 13 6.9/5.4 3.7(−33,−72,−39)/3.6(−6, 44, 1)
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Table 2: White matter labels for regions detected by VBM. Voxels above a threshold of |Z| > 3.0 were converted from Montreal Neurological
Institute (MNI) coordinates to the ICBM DTI-81 coordinates and entered into a database to assign anatomic labels. The volume of significant
white matter voxels within each fiber tract area is provided in cubic centimeters (cc). The areas with volume above 0.1 are listed. The
percentage of the fiber tract containing significant white matter voxels is also provided. Within each fiber tract, the maximum Z value and
its coordinate are provided.

Angle L/R volume (cc) L/R percentage (%) L/R maxZ(x, y, z)

Anterior limb of internal
capsule

0.07/0.51 2.14/22.69 4.27(9, 0, 2)/5.53(−9,−6,−3)

Posterior limb of
internal capsule

0.63/0.09 16.61/2.94 6.17(8,−5, 0)/4.52(−11, 0, 2)

Retrolenticular part of
internal capsule

0.25/1.40 10.05/36.40 3.87(−29,−20, 12)/5.42(−9,−5, 0)

Posterior corona radiata 0.16/na 4.23/na 3.72 (−18,−45, 41)/na

External capsule 2.36/0.31 66.20/8.70 5.50 (−36,−9, 6)/3.41 (32, 8, 3)

Cingulum (cingulate
gyrus)

0.26/0.23 9.74/9.87 3.41 (−8, 20, 30)/3.80 (6,−11, 42)

Cingulum
(hippocampus)

na/0.35 na/27.81 na/3.92(20,−29,−8)

Inferior frontooccipital
fasciculus

1.37/0.03 72.42/1.41 5.00(−36, 3,−3)/3.09(29, 6,−3)

Uncinate fasciculus 0.37/0.06 100/16.8 4.46(−39, 0,−15)/3.60(35, 3,−20)

Power L/R volume (cc) L/R percentage (%) L/R maxZ(x, y, z)

External capsule 0.88/0.36 10.42/24.72 5.69(−35, 8,−2)/4.28(32, 11,−2)

Cingulum
(hippocampus)

na/0.13 na/10.96 na/3.60(23,−30,−12)

Inferior frontooccipital
fasciculus

1.22/0.55 0.6478/28.87 5.99(−35, 8,−8)/4.26(32, 11,−3)

Uncinate fasciculus 0.31/0.35 83.64/92.92 5.42(−35, 3,−11)/4.12(33, 6,−11)

frontal gyri. The distribution lays particular emphasis on the
right hemisphere with much larger volume and maximum
value.

Angle Source 3: Parietal Lobe. This source included regions of
cuneus, precuneus, and superior parietal lobule with lower
gray-to-white matter ratios in patients than controls.

Angle Source 4: Left Precentral and Postcentral Gyri. This
source showed significant difference between controls and
patients, with controls having less gray and relatively more
white matter partition in postcentral gyrus, precentral gyrus,
superior and middle frontal gyri. The regions of both angle
sources 2 and 4 mainly involve prefrontal and postfrontal
gyri, with angle source 4 distributing more to the left hemi-
sphere and angle source 2 more to the right hemisphere.

Angle Source 5: Right Cuneus with Frontal Lobe. More gray
and less white matter partitions in healthy controls than pa-
tients were found in this source, which included middle and
superior frontal gyri and the right cuneus.

Angle Source 6: Left Cuneus with Frontal Lobe. This also
showed a significant angle difference between controls and
patients, with controls having more gray matter partition in
middle frontal gyrus, left lingual gyrus, and left cuneus. Both

angle source 5 and 6 occur mainly in cuneus and middle
frontal gyrus, with angle sources 5 emphasizing the right and
source 6 emphasizing the left cuneus.

Power Source: Bilateral Temporal Gyrus. The most significant
source showing average concentration differences between
the diagnostic groups was found in bilateral superior tem-
poral gyri, insula, anterior cingulate, medial and inferior
frontal gyri, cingulum, and uncinate fasciculus. Healthy con-
trols consistently showed more average gray and white matter
concentration than patients.

Age and Gender Effects. There was no significant effect of
gender on any source. There was a significant effect of age on
all sources at P < 0.005. The correlation plots of age versus
ICA weights for the sources are presented in Figure 8. The
ICA weight increases as age increases of all the angle sources
according to the linear trend. For angle sources 1, 4, 5, and 6,
the intercept value of controls is higher than that of patients,
and the slope values of controls and patients are nearly
identical. For angle source 2, the intercept value of controls
is higher than that of patients, and the slope value of controls
and patients are nearly the same. For angle 3, the intercept
value of controls is higher than that of patients, and the
slope value of controls is slightly lower than that of patients.
For the power source, the ICA weight decreases as age
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(e) Angle source 5: frontal lobe with right cuneus
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(f) Angle source 6: frontal lobe with left cuneus
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(g) Angle source 7: bilateral temporal gyrus

Figure 7: Angle and power networks detected by SBM. Six angle networks showing significant gray-to-white matter ratio abnormalities and
one power network, showing significant average concentration reduction, were shown. The regions were thresholded at |Z| > 3.0.

increases. According to the linear trend, the intercept value of
the controls is higher than that of patients and the negative
slope value of the controls is slightly lower than that of the
patients. After removing effects of age and gender, the group
differences in the sources remained significant.

4. Discussion

To our knowledge, this is the first study to extract interrelated
features of gray and white matter for brain structural anal-
ysis. Three different analyses were applied to the angle and
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Table 3: Talairach labels for networks detected by SBM .Voxel above a threshold of |Z| > 3.0 were converted from Montreal Neurological
Institute (MNI) coordinates to Talairach coordinates and entered into a database to assign anatomic labels for the left (L) and right (R)
hemispheres. The concentration of voxels in each area is provided in cubic centimeters (cc). The areas with volume above 1.0 are listed.
Within each area, the maximum Z value and its coordinate are provided.

Brodmann area L/R volume (cc) L/R random effects: maxZ(x, y, z)

Angle source 1:

Thalamus 13.2/12.5 16.7(−10,−13, 12)/15.7(10,−15, 12)

Lingual gyrus 18, 17, 19 3.5/11.4 5.9(−16,−80,−2)/11.2(13,−83,−3)

Cuneus 18, 17, 30, 19, 7, 23 8.6/11.7 7.4(0,−84, 17)/10.4(7,−85, 11)

Inferior and middle occipital gyri 17, 19, 18, 37 8.0/5.4 7.4(−39,−73,−5)/9.3(13,−88,−7)

Culmen 1.3/1.7 7.8(−3,−32,−5)/8.2(3,−34,−5)

Precuneus 31, 7, 19 1.7/4.5 5.8(−9,−72, 23)/7.4(6,−73, 22)

Caudate 1.3/0.4 6.6(−7,−2, 15)/4.7(18,−24, 18)

Superior, Inferior and middle frontal
gyri

6, 47, 11, 9, 10 2.8/7.3 6.3(−19,−11, 72)/5.4(25, 21,−16)

Parahippocampal gyrus 27, 35, 30, 36, 28 0.9/2.2 4.8(−15,−29,−6)/6.0(12,−34,−1)

Middle temporal gyrus 22, 21, 19, 39 1.3/1.7 4.6(−52,−41, 5)/5.3(49,−38, 1)

Fusiform gyrus 19, 18, 37 1.3/1.1 4.5(−39,−73,−10)/3.6(27,−84,−12)

Postcentral gyrus 3, 5 0.6/1.1 3.2(−27,−39, 66)/4.1(33,−31, 69)

Angle source 2:

Postcentral gyrus 3, 1, 2, 43, 40, 5, 7 11.0/21.2 9.9(−53,−17, 60)/15.5(55,−15, 55)

Precentral gyrus 6, 4, 43, 44, 9 8.0/22.5 5.9(−53,−7, 56)/12.3(52,−10, 57)

Inferior and middle frontal gyri 9, 45, 44, 46, 13, 6, 8 6.3/23.1 7.4(−45, 24, 17)/8.2(58, 4, 23)

Inferior and superior parietal lobules 40, 7 5.8/12.9 6.1(−53,−31, 43)/5.4(49,−39, 39)

Middle and inferior occipital gyri 18, 37, 19 3.3/1.3 6.0(−27,−103, 7)/4.8(39,−68, 2)

Insula 13 0.2/0.4 4.9(−39, 24, 17)/5.9(40, 23, 17)

Supramarginal gyrus 40 0.9/2.8 4.6(−48,−49, 31)/5.9(46,−43, 37)

Cuneus 18, 19 2.4/na 5.7(−16,−104, 11)/na

Posterior cingulate 23, 30, 29 2.2/0.9 5.6(0,−38, 23)/4.7(4,−35, 25)

Inferior and superior temporal gyri 19, 20, 37, 22, 42, 39, 41 3.5/4.3 5.1(−48,−63,−4)/4.7(40,−66,−3)

Fusiform gyrus 37, 19, 20, 18 1.7/1.1 4.9(−40,−54,−7)/4.1(42,−62,−7)

Superior frontal gyrus 8, 11 na/1.7 na/4.4(40, 18, 47)

Orbital gyrus 11, 47 0.9/1.9 3.5(−16, 23,−29)/4.0(7, 45,−30)

Angle source 3:

Cuneus 19, 18, 7 13.4/11.9 16.9(−19,−90, 39)/13.2(16, −90, 36)

Precuneus 19, 7, 31, 39 16.2/14.9 16.2(−21,−85, 43)/15.4(16,−88, 42)

Superior parietal lobule 7, 5 11.2/10.2 11.7(−19, −69, 57)/9.0(15, −70, 59)

Middle and superior occipital gyri 18, 19 6.5/3.3 10.5(−21,−98, 24)/7.1(27,−96, 24)

Inferior and superior temporal gyri 20, 22, 13, 39 5.4/2.2 8.1(−50, −23, −33)/5.7(52, −26, −31)

Superior frontal gyrus 11, 10 2.8/1.5 8.0(−7, 58, −27)/4.4(22, 70, −1)

Rectal gyrus 11 1.7/0.9 7.2(−1, 23, −29)/6.2(4, 25, −29)

Fusiform gyrus 20 2.6/1.5 6.3(−59, −19, −29)5.8(58, −26, −30)

Postcentral gyrus 7, 3, 5, 2, 4 5.8/1.5 5.4(−15, −55, 65)/4.3(4, −40, 66)

Inferior parietal lobule 7, 39, 40 2.2/na 4.9(−39,−66, 45)/na

Angle source 4:

Precentral gyrus 6, 4, 44, 9 20.7/6.0 19.3(−39,−7, 61)/5.4(36,−9, 57)

Middle and superior frontal gyri 6, 8, 9, 11, 46, 10 26.4/6.5 15.7(−33,−7, 61)/7.9(28, 24, 38)

Inferior parietal lobule 40 7.1/4.1 11.1(−39,−34, 39)/8.4(33, −39, 39)

Postcentral gyrus 3, 5, 2, 1 8.0/0.4 10.2(−48,−19, 64)/3.1(48, −30, 35)

Insula 13 0.4/2.6 5.6(−34, 21, 9)/6.7(40, 18, 9)



12 Neurology Research International

Table 3: Continued.

Brodmann area L/R volume (cc) L/R random effects: maxZ(x, y, z)

Inferior and medial frontal gyri 13, 44, 45, 9, 47, 6, 25 4.8/3.6 6.7(−40, 21, 7)/6.0(45, 15, 12)

Precuneus 7, 31, 19 1.7/0.4 4.9(−22,−81, 50)/5.9(30,−43, 42)

Inferior semi-lunar lobule 3.0/na 5.9(−45,−71,−46)/na

Cerebellar tonsil 1.7/na 5.6(−48,−65,−46)/na

Superior parietal lobule 7 1.3/na 5.2(−27,−69, 46)/na

cuneus 18, 17 1.1/1.1 4.5(−1,−103, 4)/4.6(1,−103, 9)

Angle source 5:

Middle and superior frontal gyri 9, 10, 8, 46, 6, 11 39.6/46.9 10.0(−39, 25, 32)/11.5(34, 33, 25)

Precentral gyrus 9 0.6/1.3 9.0(−39, 21, 36)/11.1(36, 22, 35)

Cuneus 17, 18, 23, 30, 19 1.9/9.3 4.1(−13,−93, 35)/7.3(18,−72, 9)

Medial and inferior frontal gyri 9, 8, 11, 6, 47, 48 5.0/7.6 4.5(−1, 47, 42)/6.2(9, 50, 36)

Rectal gyrus 11 1.5/1.5 5.0(−3, 29,−29)/5.9(3, 29,−28)

Lingual gyrus 18, 17 0.2/2.2 3.5(−25,−59, 8)/5.7(7,−102,−9)

Inferior parietal lobule 40 2.2/na 5.6(−50,−39, 28)/na

Orbital gyrus 11 0.6/1.9 4.0(−3, 35,−31)/4.9(9, 51,−28)

Inferior temporal gyrus 20, 21 1.1/0.4 4.1(−61,−23,−17)/3.3(50,−11,−20)

Angle source 6:

Lingual gyrus 17, 18, 19 10.2/0.9 12.8(−15,−86,−2)/4.6(30,−73,−4)

Middle and inferior frontal gyri 9, 46, 10, 11, 6, 8, 47, 45 8.4/10.1 10.6(−36, 13, 28)/11.6(34, 14, 27)

Orbital gyrus 11, 47 0.2/4.1 3.1(−18, 25,−23)/10.2(15, 37,−22)

Cuneus 17, 18, 19, 30, 23, 7 13.8/1.5 9.6(−12,−91, 6)/4.3(16,−71, 9)

Parahippocampal gyrus
36, 35, 28, Hippocampus, 30,

Amygdala
4.3/2.4 9.3(−25,−20,−28)/7.0(21,−22,−29)

Precentral gyrus 9, 6, 4 1.7/2.6 7.5(−33, 9, 31)/9.1(36, 13, 32)

Rectal gyrus 11 na/1.9 na/8.1(10, 40, −20)

Middle occipital gyrus 18, 19 3.7/0.9 8.0(−12, −90, 13)/5.6(33, −76, 15)

Middle and superior temporal gyri 39, 19, 21, 22, 37, 13, 41, 42 3.9/4.1 7.8(−34,−72, 17)/6.0(56,−39, 13)

Superior and medial frontal gyri 10, 11, 6, 25, 9 2.4/4.8 7.5(−27, 48, 2)/5.9 (24, 48, 3)

Cerebellar tonsil 16.4/6.7 7.5(−28, −47, −37)/6.4 (25, −38, −31)

Cerebellar vermis 3.2/3.0 7.3(−21, −18, −31)/7.6 (24, −26, −31)

Insula 13 0.9/1.1 7.3(−37, 18, 18)/4.7(50,−39, 13)

Cingulate gyrus 24, 31 1.7/na 5.7(−10,−2, 39)/na

Precuneus 31, 7, 19 0.9/1.1 4.1(−25,−62, 34)/4.5(28,−76, 19)

Posterior cingulate 30 1.1/0.6 4.5(−28,−71, 16)/3.8(18,−65, 7)

Postcentral gyrus 3, 5, 1, 2 1.7/1.1 4.4(−42,−23, 67)/3.6(71,−16, 26)

Inferior parietal lobule 40 1.5/0.2 4.2(−42, −39, 38)/3.2(52,−48, 54)

Thalamus 1.3/na 4.1(−16,−27, 7)/na

Power source:

Insula 13, 40, 41, 22 8.2/10.8 11.0(−45, 7, 0)/13.8(43, 10,−7)

Superior and transverse temporal gyri 22, 38, 13, 41, 42 17.0/15.7 13.8(−46, 7,−5)/13.2(45, 4,−5)

Inferior and medial frontal gyri 47, 13, 45, 9, 11, 10, 6, 25, 8 20.1/12.1 12.6(−46, 13,−4)/12.2(42, 16,−8)

Precentral and postcentral gyri 6, 13, 44, 43, 40 5.6/2.4 12.2(−46,−7, 6)/5.5(53,−6, 6)

Anterior cingulate and cingulate gyrus 32, 24, 25, 10 11.0/3.9 9.0(−1, 42, 2)/6.1(4, 44, 3)

Claustrum 0.9/1.7 5.2(−37,−10, 7)/5.8(37,−13, 8)

Parahippocampal gyrus
30, 35, 34, 27, 28, 36,

Amygdala
3.5/3.9 5.4(−15,−32,−5)/5.4(13,−34,−3)

Inferior parietal lobule 40 1.1/0.2 5.0(−61,−24, 23)/3.1(55,−31, 22)

Thalamus 1.9/0.6 4.7(0,−17, 6)/3.2(15,−33, 2)

Cerebellar vermis 2.8/3.2 4.4(−21,−34,−13)/5.9(24, 5,−22)
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Table 4: White matter labels for networks detected by SBM. Voxels above a threshold of |Z| > 3.0 were converted from Montreal Neurological
Institute (MNI) coordinates to the ICBM DTI-81 coordinates and entered into a database to assign anatomic labels. The volume of significant
white matter voxels within each fiber tract area is provided in cubic centimeters (cc). The areas with volume above 0.1 are listed. The
percentage of the fiber tract containing significant white matter voxels is also provided. Within each fiber tract, the maximum Z value and
its coordinate are provided.

Angle source 1 L/R volume (cc) L/R percentage (%) L/R max Z(x, y, z)

Fornix (column and body of
fornix)

0.38 62.64 7.15(−3,−4.5, 13.5)

Retrolenticular part of internal
capsule

na/0.73 na/19.04 na/6.71(−10.5,−4.5, 6)

Superior cerebellar peduncle 0.18/na 19.22/na 6.52(6,−33,−12)/na

Cingulum (hippocampus) 0.114/0.44 9.71/34.76 4.25(−18,−31.5,−7.5)/6.32(18,−33,−3)

Cerebral peduncle 0.29/0.10 12.83/10.25 6.31(12,−25.5,−6)/5.11(−6,−33,−12)

Fornix (cres)/Stria terminalis 0.003/0.17 0.30/16.24 3.16(−21,−31.5, 12)/6.28(19.5,−30, 12)

Posterior limb of internal capsule 0.49/0.02 12.90/0.55 5.97(16.5,−15, 9)/3.73(−10.5, 0, 7.5)

Anterior limb of internal capsule na/0.22 na/9.55 na/5.01(−13.5,−25.5,−6)

b L/R volume (cc) L/R percentage (%) L/R maxZ(x, y, z)

Splenium of corpus callosum 1.75 13.70 5.41(0,−39, 22.5)

Angle source 4 L/R volume (cc) L/R percentage (%) L/R maxZ(x, y, z)

Superior longitudinal fasciculus 0.47/0.21 7.21/3.20 7.68(−39,−33, 37.5)/5.61(31.5,−40.5, 36)

Angle source 5 L/R volume (cc) L/R percentage (%) L/R maxZ(x, y, z)

Middle cerebellar peduncle 0.39 2.48 3.87(−24,−61.5,−30)

Angle source 6 L/R volume (cc) L/R percentage (%) L/R maxZ(x, y, z)

Superior longitudinal fasciculus 0.29/0.49 4.43/7.31 8.89(−34.5, 12, 25.5)/8.60(31.5, 9, 28.5)

Middle cerebellar peduncle 1.18 7.52 5.74(25.5,−40.5,−37.5)

Cingulum (cingulate gyrus) 0.56/na 21.15/na 5.61(−10.5,−4.5, 40.5)/na

Cingulum (hippocampus) 0.13/na 11.47/na 5.10(−27,−19.5,−24)/na

Superior corona radiata 0.12/0.02 1.63/0.32 4.67(−28.5, 12, 28.5)/3.63(27, 7.5, 28.5)

Power source L/R volume (cc) L/R percentage (%) L/R maxZ(x, y, z)

Cingulum (hippocampus) 0.46/0.36 40/28.6 5.08(−18,−31.5,−9)/4.91(18,−30,−10.5)

Uncinate fasciculus 0.04/0.08 10/22.12 4.30(−39, 0,−15)/5.22(36, 3,−15)

power images. A single-subject subtraction highlighted the
interrelated tissue distribution differences at the individual
subject level. A univariate VBM analysis detected group level
differences between healthy controls and schizophrenias,
which offered statistical maps of fused gray and white matter
abnormalities. A multivariate SBM analysis further filtered
the noise and determined several networks showing group
differences. We also evaluated age and gender effects on the
networks.

4.1. Tissue Distribution Showing Subject Differences. The an-
gle and power images emphasize the interrelated gray and
white matter concentration. The angle image reflects the
gray-to-white matter ratio and is sensitive to small changes
in regions where gray matter is increasing and white matter
is decreasing (or changing little), or vice versa. The power
image indicates overall tissue concentration and highlights
tissue presence in each voxel, especially in regions where
both gray and white matter concentrations are low. Subtrac-
tion of angle/power images between healthy controls and
schizophrenia patients shows tissue distribution differences

between two subjects. Results suggest richer information
showing that such differences can be captured by the angle
and power images. The angle value differentiation showed a
smaller gray-to-white matter in patients versus controls in a
wide range of areas of both gray and white matters. Power
images also revealed patient/control differences in the supe-
rior temporal gyrus, suggesting that both gray and white
matters are lower in this region in patients.

One of the key advantages of our approach is the ability to
evaluate changes in both gray and white matters through the
structural angle and power images. This provides a comple-
mentary approach to methods which work only with gray
matters images. In addition, the simulation we performed
suggests increased sensitivity to group changes over an ap-
proach which uses only the gray matter images. Comparison
with a previous paper in which we analyzed the gray matter
images with both VBM and SBM highlights the complemen-
tary nature of our proposed approach. In [22], we identified
multiple SBM sources which showed group differences in
patients and controls. Five sources were identified as sum-
marized in Table 5. Though an exact match was not possible,
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Figure 8: The correlation plots between age and ICA weights for angle and power sources. Red dots: correlation for the patients; blue dots:
correlation for the controls; red line: trend for red dots; blue line: trend for blue dots.

since there are some differences in the regions included in
the sources, an approximate match is provided in the table.
We can see from this that all but one of the sources were
identified in the angle and power analyses we performed in
the current paper. The basal ganglia region was identified
in the gray matter analysis but not the angle or power
analysis. As discussed in [22], the SBM approach has some
important advantages over voxel-based approaches since it
groups regions which have common intersubject covariation
together. In addition, noise sources are typically separated
into separate sources, thus providing a sort of spatial filter to

clean up the remaining sources. In this paper, we proposed a
transformation of the gray matter data into structural angle
and power images. This approach has some advantages and
in particular appears to be more sensitive to subtle group
differences, especially where one group has high gray matter
values and the other group has low gray matter values. This
also includes, but is not limited to, regions where boundaries
between gray matter and white matter are shifted in the two
groups (e.g., where the gray matter in one group drops off
faster than that in the other group). However, our approach
should be seen as a complementary approach; not meant to
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Table 5: Comparison of results with previous SBM analysis.

Region SBM of gray matter [22] SBM of angle SBM of power

Bilateral temporal lobe X X

Thalamus X X

Basal ganglia X

Frontal 1 X X

Parietal X X

Frontal 2 X

Right precentral X

Left precentral X

replace analyses of gray or white matter separately. Next, we
summarize and discuss the findings in the current analysis in
more detail.

4.2. Tissue Distribution Showing Group Differences. The
VBM analysis identifies group level differences of tissue dis-
tribution by voxel-by-voxel comparison. Results indicated
that white matter concentration was higher and gray matter
concentration was lower in the thalamus in schizophrenia.
This is consistent with previous work showing thalamic gray
matter reductions [17]. Changes in the insula, which received
projects from the thalamus, is also in agreement with a
previous report [31]. The findings of greater white-to-gray
matter in superior and middle frontal gyri was consistent
with the gray matter reduction in these regions [11]. The dis-
ruption of uncinate and inferior frontal-occipital fasciculi is
consistent with previous reports [32, 33] as these association
fibers project to the smaller cortical regions. In addition, the
results also suggest a disturbance in cuneus and precuneus
underlying the disease. We also showed changes in the inter-
nal capsule that also receives thalamic projections.

Regions showing significant differences in gray and white
matter average concentration also revealed a large continu-
ous region of temporal lobe that included the bilateral supe-
rior temporal gyrus, planum temporale, transverse temporal
gyrus, and insula, but little of middle or inferior temporal
regions, consistent with previous reports of selective gray
matter reductions in the temporal gyrus [13, 34]. Also the
concentration disruption in medial and superior frontal
gyri agrees with previous findings of gray matter reduction
in sMRI studies [11]. Our findings also suggest that the
claustrum and external capsule should be further studied as
they play an important role in cortico-cortical connections.

4.3. Tissue Distribution Showing Network Abnormalities. The
SBM analysis enables evaluation of maximally independent
features which also show similar intersubject covariation
which differ in degree between patients and controls. Consis-
tent with our simulation, the structural angle feature identi-
fied the most sources showing group differences. The power
angle identified an important previously identified network
in which both groups have larger gray matter values. We now
discuss the difference sources in more detail.

Angle source 1 suggested the abnormality of a thalamic
structural network in schizophrenia. The higher thalamic
white-to-gray ratio detected by SBM confirmed the evidence
detected by the VBM analysis. The smaller cuneus and lin-
gual gyrus angle agree with the lesser occipital lobe gray mat-
ter reported by others [35] and abnormalities in fornix and
cingulum are also consistent with previous studies [36, 37].
Our findings suggested that the posterior thalamic projection
which penetrates the retrolenticular part of internal capsule
and connects to the occipital lobe through cingulum was
abnormal in patients. We also suggested that the anterior tha-
lamic projection might be affected by the fornix disruption.

Angle sources 2 and 4 were two networks comprising
tissue distribution disturbances in right and left hemispheres
sensory-motor cortex, respectively. The smaller gray matter
partition of precentral and postcentral gyri in patients is
consistent with previous studies [38, 39]. Since postcentral
gyrus contains the main sensory receptive area of primary
somatosensory cortex and the dorsal part of the precentral
gyrus is the location of primary motor cortex, these two
angle sources looked similar to a functional sensory motor
pattern, one containing the left hemisphere and the other the
right. Our findings suggest that these two structural sources
in precentral and postcentral gyri might underlie sensory-
motor disturbances in schizophrenia and that structural
information associated with functional areas might be
identified by these tissue distributions.

Angle source 3 was mainly located in parietal lobe. Our
finding of less gray-to-white matter ratio in parietal cortex
is consistent with a previous report of more regional white
matter and less gray matter in schizophrenia [9]. Since cu-
neus, precuneus, and parietal lobule are all involved in basic
visual processing [40], the structural distribution abnormal-
ity might be related to the observed disturbances in the visual
stream.

Angle sources 5 and 6 were two networks focusing on
frontal lobe and cuneus. The lower gray-to-white matter
ratio of patients in middle frontal gyrus and cuneus agrees
with previous reports [32, 41, 42]. Our findings suggest that
there might be connectivity between cuneus and frontal cor-
tex, disturbances reflecting an abnormal working memory
network.

The power source showed regions consistently identified
as disrupted in schizophrenia. Since the unicinate fasciculus
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connects the frontal and temporal lobes and the cingulum
bundle collects projections from the nearby cingulate gyrus
and extends into the temporal lobe, this circuit can be
considered a local area network describing frontal-temporal
connectivity. Our findings agree with previous studies of
frontotemporal connections [43, 44], providing supportive
evidence for the disconnection hypothesis of schizophrenia.

All sources were maximally spatially independent and
each revealed one network that differed significantly in schiz-
ophrenia versus controls. By examining the Talairach table
and the figure of sources, some regions were shared by several
sources. These overlapping regions corresponded to different
structural connectivities, with patterns suggesting disrup-
tions in higher cortical functions that appeared to be most
disturbed in schizophrenia patients. For example, the lingual
gyrus was shared by angle sources 1 and 6, which was part
of the disturbance in both the thalamic network and cuneus
network; the cingulum appears in angle source 1 and power
source, which was frequently found to be structurally or
functionally altered in individuals with schizophrenia [36,
45]; the middle and medial frontal gyri were in angle sources
2, 4, 5, and 6, which indicated the multifunctional roles of
prefrontal cortex; the precuneus was observed in all of the
angle sources, consistent with its participation in multiple
functions [46] and it was likely that this region may serve
as a hub of multiple naturally grouped networks.

Subject-specific loading parameters for all sources were
significantly correlated with age in this cross-sectional study.
For angle source 1, 4, 5, and 6, the intercept suggested that
the white-to-gray matter ratios of patients and controls were
similar at younger ages. However, in patients this ratio in-
creased faster than controls with increasing age. At older
ages, the gray matter partition in patients was smaller than
in controls, and the white matter partition increases more in
patients than in controls. For angle source 2, the white-to-
gray matter ratio of patients was larger than that of controls
and increases with age. For angle source 3, the intercept
and slope suggested that the white-to-gray matter ratio of
patients was larger than of controls at earlier ages, however, it
declined faster than controls with increasing age. By age 75,
the ratio reached a similar size for both patients and controls.
For the power source, the average concentration in patients
was less than that in controls at earlier ages and continued to
decline with increasing age. At older ages, the concentration
in patients and controls reached the same level.

5. Conclusion

In this paper, we demonstrate an approach to extract features
by combining gray and white matter information in two
different ways. The angle image reflects the partitions of gray
and white matter within each voxel and the power image
indicates the average tissue concentration. Both of them
naturally capture interrelated changes in tissue distribution
and are sensitive to the small changes in regions where gray
and white matter concentrations are low. Three different
analyses, single-subject subtraction, VBMs and SBMs were
applied to the angle and power images separately to explain

the utilization of the structural angle and power images in
schizophrenia and to evaluate the efficiency of the features
for interrelated gray and white matter fusion. These initial
experiences with structural angle and power images revealed
several interesting findings in schizophrenia that were not
identified by standard, separate gray or white matter analyses
and demonstrate the usefulness of angle and power joint gray
and white matter assessment.
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Multimodal magnetic resonance imaging (MRI) techniques have been developed to noninvasively measure structural, metabolic,
hemodynamic and functional changes of the brain. These advantages have made MRI an important tool to investigate
neurodegenerative disorders, including diagnosis, disease progression monitoring, and treatment efficacy evaluation. This paper
discusses recent findings of the multimodal MRI in the context of surrogate biomarkers for identifying the risk for AD in
normal cognitive (NC) adults, brain anatomical and functional alterations in amnestic mild cognitive impairment (aMCI), and
Alzheimer’s disease (AD) patients. Further developments of these techniques and the establishment of promising neuroimaging
biomarkers will enhance our ability to diagnose aMCI and AD in their early stages and improve the assessment of therapeutic
efficacy in these diseases in future clinical trials.

1. Introduction

Aging is the greatest risk factor for neurodegenerative disor-
ders in general, but specifically for Alzheimer’s disease (AD).
With the increasing life expectancy in developed countries,
the incidence of AD, and consequently its socioeconomic
impact, is growing. AD currently affects about 4.5 million
Americans, which costs the USA economy more than $100
billion each year. The number of AD patients is projected
to increase to 11–16 millions by 2050, with a cost exceeding
$380 billion per year [1, 2].

To identify AD and monitor disease progression, neu-
ropsychological tests such as the Mini-Mental State Exam
(MMSE) and the cognitive subscale of the Alzheimers
disease assessment (ADAS Cog) [3] are currently the most
commonly used strategies. However, these tests have several
limitations, as follows. MMSE is criticized by its marginal or
absent assessment of some cognitive abilities that are affected
early in the course of Alzheimer’s disease or other dementing

disorders (e.g., limited memory and verbal fluency items
and no problem solving or judgment items), and its relative
insensitivity to very mild cognitive decline, particularly in
highly educated individuals. ADAS Cog is limited by its rel-
atively poor test-retest reliability, which likely reflects the
influence of other factors on the patients’ performance (e.g.,
the patients’ mood). Furthermore, these tests are not able to
distinguish the risk for AD in preclinical groups (cognitively
normal elderly adults) or predict the conversion to AD from
preclinical and mild cognitive impairment (MCI) groups.

The National Institute of Aging (NIA) has recently
announced the revised clinical diagnostic criteria for AD
dementia for the first time in 27 years (http://www.nih
.gov/news/health/apr2011/nia-19.htm). Instead of address-
ing the disease and describing only later stages when
symptoms of dementia are already evident, the updated
guidelines cover the full spectrum of the disease as it
gradually changes over many years. They describe (i) the
earliest preclinical stages of the disease, (ii) MCI, and
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(iii) dementia due to Alzheimer’s pathology. Importantly, the
guidelines now address the use of imaging and biomarkers
in blood and spinal fluid that may help determine whether
changes in the brain and those in body fluids are due to AD.

In this paper, we will focus on the imaging biomarkers as
addressed in the new criteria. Specifically, we will discuss the
surrogate biomarkers developed by the multimodal magnetic
resonance imaging (MRI) methods for identifying the risk
for AD in normal cognitive (NC) adults; brain anatomical
and functional alterations in amnestic MCI (aMCI) and AD
patients.

2. Brief Overview of Multimodal MRI
Neuroimaging Biomarkers

2.1. Structural Biomarkers. The high spatial resolution, sen-
sitivity, and specificity of MRI (e.g., resolution: 0.8 mm iso-
tropic; sensitivity: 80–94%; specificity: 60–100%) have made
it a powerful tool to identify structural alterations and brain
atrophy using volumetric measurements of the entire brain
[4, 5]. With advanced computer software, the neocortex
of the brain on the MRI scans can be automatically
subdivided into 32 gyral-based region of interests (ROIs)
per hemisphere, including gray matter (GM), white matter
(WM), and hippocampus volumes [6–8].

GM loss can also be determined by measuring cortical
gray matter thickness (GMT). GMT is determined by cal-
culating the three-dimensional distance from the outer cor-
tical surface to the inner cortical GM-WM boundary using
cortical modeling from the high-resolution MRI structural
images (Figure 1). WM integrity can be assessed with diffu-
sion tensor imaging (DTI). In brain tissues, the microscopic
motion of water molecules is hindered by boundaries of
tissue structure. In highly structured tissue such as WM, this
motion is highly anisotropic and DTI provides directional
information about it. Loss in WM structure results in the loss
in anisotropy, which can be easily detected by DTI [9, 10].

2.2. Functional Biomarkers. Functional-based MRI can de-
tect alterations and monitor disease progression related to
brain metabolism, hemodynamics, and connectivity. Func-
tional connectivity MRI (fcMRI) has been developed as a
technique to determine the resting state brain connectivity
as measured by the basal blood oxygenation-level-dependent
(BOLD) signal. In its simplest form, functionally connected
networks can be identified using a seed-based correlational
approach, in which the average resting state time series
from a region of interest is correlated with all other voxels
in the brain [2, 11–14]. In contrast to this correlational
method, independent component analysis (ICA) is a more
advanced multivariate analysis method that allows resting
state fMRI data to be decomposed into sets of independent,
intrinsic brain networks [15–17]. In either approach, each
functional network’s neuronal activity is associated with a
hemodynamic response, which consists of an increase in
cerebral blood flow (CBF) and oxyhemoglobin and a rel-

ative decrease in deoxyhemoglobin. The changes in the ox-
yhemoglobin-deoxyhemoglobin ratio result in changes in
BOLD signal.

Neuronal activity is tightly coupled with CBF (as men-
tioned above); therefore, another approach to assess the
disease progression of AD is to measure CBF (in the units
of mL/100 g/min). MR-based CBF measurements have been
developed to investigate hemodynamic alteration in AD,
including arterial spin labeling (ASL) [18] and dynamic con-
trast techniques [19]. Compared with the traditional CBF
measurements using single-photon emission computed
tomography (SPECT) with Tc-99m radioactive tracers [20,
21], the absence of ionizing radiation or injection and the
ability to obtain high quality anatomical images within the
same scanning session make MRI-based CBF techniques
attractive methods for the study of AD, especially when re-
peated scans are needed for monitoring disease progression
or assessing treatment effect.

Changes in neuronal activity during the progression of
AD may be associated with the changes in brain metabolism.
Brain metabolism can be measured with MR spectroscopy
(MRS). Using proton (1H) MRS, numerous metabolites
related to brain functions can be determined, including N-
acetyl aspartate (NAA), myoinositol (MI), creatine, choline,
glutamate, glutamine and lactate. NAA is present only within
neural cell body, axons and dendrites, it is thus considered
to be a marker of neuronal viability and function [22]. MI,
on the other hand, has considerably higher concentration in
glial cells and thus is often taken as a glial marker [23].

3. Preclinical-Cognitively Normal Adults

Beyond age, family history is the most significant risk factor
for AD, with maternal transmission being significantly more
frequent than paternal transmission [24]. Biomarkers for
AD-associated pathological changes, including metabolic
deficits and amyloid beta (Aβ) load, have been observed in
cognitively normal individuals who have maternal history of
late-onset AD (FHm) [25, 26].

Structural MRI has been used to assess brain volume
changes for cognitively intact elderly individuals with FHm, a
paternal history of AD (FHp) and no parental history of AD
(FH-) [27–29]. Compared with FH individuals, cognitively
healthy subjects with a family history of late-onset AD
had significantly decreased gray matter volume (GMV) in
the precuneus, middle frontal, and superior frontal gyri
(Figure 2; [27]). FHm subjects had even significantly smaller
inferior frontal, middle frontal, precuneus, and lingual gyri
compared with FH and FHp individuals (Figures 2 and 3)
[27, 28].

Another chief known genetic factor for AD is ε4 allele
apolipoprotein E gene (APOE ε4). Increasing age and
carrying APOE ε4 are well-established risk factors for AD.
Healthy older APOE ε4 carriers, particularly ε4 homozy-
gotes, have demonstrated brain structure changes related to
noncarriers. In a recent study with a longitudinal cohort
of 1186 healthy elderly persons (65–89 years), Crivello et
al. found that an annual rate of gray matter volume loss
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Figure 1: T1-weighted image processing pipeline consists of (a) skull stripping; (b) spatial normalization, RF homogeneity correction, and
tissue segmentation; (c, d) extraction of GM and WM pial surfaces; (e, f) calculation of GMT.
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Figure 2: The first 2 rows display maps from subjects with a maternal family history of Alzheimer’s disease (FHm) as compared with subjects
with no family history (FH-) (a) and subjects with a paternal family history (FHp) (b). Row (c) shows gray matter volume (GMV) reductions
in APOE ε4-negative FHm subjects compared with APOE ε4-negative FH subjects. Statistical parametric maps showing GMV reductions in
normal FHp subjects as compared with FH subjects are in row (d). Areas of GMV decrease are represented on purple-to-yellow, blue-to-
light blue, dark orange-to-yellow, and green-to-light green color-coded scales for the 4 contrasts, reflecting Z scores between 2 and 5 for the
upper contrast and between 2 and 4 for the lower 3 contrasts. Areas of gray matter volume decrease are displayed on a standardized spatially
normalized MRI (adapted with permission from [27]).
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Figure 3: Increased regional atrophy in maternal history of Alzheimer’s disease (FHm) group compared to subjects without family history
of late-onset Alzheimer’s disease (FH-) and paternal history of Alzheimer’s disease (FHp) groups (adapted with permission from [28]).
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Figure 4: (a) Age effect on the longitudinal followup of GMV for the three APOE ε4 groups, illustrating the significant interaction between
age and the APOE ε4. ε4 (–/–): noncarriers for the APOE ε4 allele, and ε4 (+/–): heterozygous for the APOE ε4 allele, ε4 (+/+): homozygous
for the APOE ε4 allele (adapted with permission from [30]). (b) Regression of the normalized volume of the prefrontal callosal subregion
on age in APOE ε4 carriers (red) and noncarriers (blue). Thick lines show linear regression lines and dotted lines 95% mean confidence
intervals of the slope. Formulas denote regression lines. Normalization was done to total intracranial volume (adapted with permission from
[31]).
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Figure 5: Statistical parametric maps of the brain used to assess
subjects’ performance on memory-activation tests in carriers of
the APOE ε4 allele and carriers of the APOE ε3 allele. The signal
intensity increased significantly in the left inferior frontal region,
the right prefrontal cortex, the transverse temporal gyri bilaterally,
and the left posterior temporal and inferior parietal regions in both
groups. However, both the extent and the intensity of activation
were greater among the carriers of the APOE ε4 allele. The carriers
of the APOE ε4 allele also had significant increases in the left
parahippocampal, the left dorsal prefrontal cortex, and in the
inferior and superior parietal lobes and the anterior cingulate gyrus.
Direct comparisons of the carriers of the APOE ε4 allele and the
carriers of the APOE ε3 allele (bottom panel, which shows the
difference between the carriers) further demonstrated the greater
extent and magnitude of activity in the left prefrontal region and
bilateral orbitofrontal, superior temporal, and inferior and superior
parietal regions in the carriers of the APOE ε4 allele (adapted with
permission from [32]).

was seen in ε4 homozygotes, whereas no age effect was seen
in ε4 heterozygotes and in noncarriers (Figure 4(a)) [30].
Similarly, ε4 homozygotes had a significant larger rate of
hippocampal volume loss than heterozygotes or noncarriers.
In another anatomical study, Filippini et al. observed white
matter atrophy, including corpus callosum (CC) volume and
all subregions, in both APOE ε4 carriers and noncarriers.
However, the slope has been steeper in the APOE ε4 carriers
compared with the noncarriers particularly in the prefrontal
region (P = 0.02) (Figure 4(b)) [31].

In addition to structural changes, APOE ε4 has also
shown great impact on brain function. Memory is the first

cognitive domain to be affected by AD [42], and impairments
have been found in APOE ε4 carriers relative to noncarriers
[43, 44]. Using functional MRI (fMRI), Bookheimer et al.
observed that during a memory task in a group of healthy
subjects (aged 47–82), APOE ε4 carriers demonstrated
significant increases in the left parahippocampal region, the
left dorsal prefrontal cortex, the inferior-superior parietal
lobes, and the anterior cingulate gyrus (Figure 5; [32]). In
addition, the extent and the intensity of activation for the
APOE ε4 carriers were greater in the left inferior frontal
region, the right prefrontal cortex, the transverse temporal
gyri bilaterally, the left posterior temporal, and inferior
parietal regions relative to the noncarriers (carriers of the
APOE ε3 allele). Direct comparisons of APOE ε4 carriers
and noncarriers further demonstrated the greater extent and
magnitude of activity in the left prefrontal, bilateral or-
bitofrontal, and superior temporal regions. In carriers of the
APOE ε4 allele, it has been demonstrated in inferior and
superior parietal regions.

In a younger group (mean age = 21–30), APOE ε4 car-
riers demonstrated increased task-induced brain activation
in hippocampus relative to the noncarriers [45, 46]. Overac-
tivity of brain function has also been found in young APOE
ε4 carriers but disproportionately reduced with advancing
age even before the onset of measurable memory impairment
(Figure 6; [33]). In both age groups, a significant interaction
has been found between age and APOE ε4 status in the hip-
pocampi, frontal pole, subcortical nuclei, middle temporal
gyri, and cerebellum. These results have suggested that APOE
genotype determines age-related changes in brain function,
and greater activation reflects greater cognitive “effort” by
APOE ε4 carriers to obtain the same level of performance
as the noncarriers, and/or reflect neuronal mechanism to
compensate for processes, such as reduced synaptic plasticity,
neuronal growth, or altered long-term potentiation in the
carriers.

APOE ε4 carriers have also shown disrupted resting state
brain activity in the absence of Aβ or decreased CSF in
cognitively normal elderly (mean age = 62) using functional
connectivity MRI method [11–13, 47]. Similarly, young
APOE ε4 carriers (mean age = 21–30), although had no
difference in cognition and GM volume compared to their
age-mated controls, showed increase in default mode net-
work (involving medial temporal, medial prefrontal, and ret-
rosplenial cortical areas) coactivation [46], suggesting that
the function of these areas subject to the disease process in
AD is modulated by APOE ε4 allele at very early stage.

Taken together, these results provide evidence that in-
fluence of the genetic effect (familial and APOE ε4 allele)
on neurophysiological characteristics and the risk for AD can
be detected using MRI decades prior to any clinical or neu-
ropathological expression of neurodegenerative process.

4. Mild Cognitive Impairment

MCI is a transitional state between normal aging and
dementia. MCI is a diagnosis given to individuals who expe-
rience memory problems greater than normally expected
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Figure 6: AGE by GENE interactions in the “novel versus familiar” contrast of the encoding task. (a) Regions showing significant interaction
between AGE and GENE factors (P < 0.05, corrected for multiple comparisons) with plots of percentage signal change in brain regions
showing group-related differences where ε4 (orange) defines ε4-carriers and NC (green) defines noncarriers. (b) ROIs for the left and right
hippocampi overlaid on a structural image (left) with associated plot of average hippocampal percentage signal change showing significant
age-by-gene interaction (left hippocampus: P = 0.002, right hippocampus: P = 0.003) (adapted with permission from [33]).
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Figure 7: Top. Significant mode of atrophy (MO) results showing the contrast MCI > CON (controls; arrows). Middle. Significant MO
results showing the contrast AD > MCI. Bottom. Significant MO results showing the contrast AD > CON. (adapted with permission from
[34]).

with typical aging, but who do not show other symptoms
of dementia, such as impaired judgment or reasoning.
MCI has various clinical subtypes, including amnestic sin-
gle domain (aMCI-S), amnestic multiple domain (aMCI-M),
nonamnestic single domain (naMCI-S), and nonamnestic
multiple domain (naMCI-M) [48]. Nonamnestic forms of
MCI (naMCI, i.e., naMCI-S and naMCI-M) have had
findings suggestive of vascular disease, whereas amnestic
forms of MCI (aMCI, i.e., aMCI-S and aMCI-M) have
appeared to have demographic, genetic, and MRI findings
suggestive of AD pathology [48, 49]. Although aMCI can
be defined using neuropsychiatric criteria, brain imaging
studies have aimed to develop measures that are sensitive
enough to distinguish aMCI from normal aging with high
specificity [50]. Many other studies attempt to differentiate
between aMCI subjects who will convert to AD, over a
specific followup interval versus those who remain stable or
ever recover [51]. In this section, we elaborate the current
findings in these two areas.

4.1. Distinguishing aMCI from Normal Aging. Although age-
related regional volume loss is apparent and widespread in
nondemented individuals [5, 52], aMCI is associated with
a unique pattern of structural vulnerability reflected in dif-
ferential volume loss in specific regions. In a cross-sectional

study, aMCI patients were observed with a significant WM
abnormality in the region of crossing fibers in the centrum
semiovale in comparison to NC (Figure 7) [34]. In a ten-
consecutive-year longitudinal study, 18 participants (among
138) who converted from normal to MCI showed accelerated
changes (compared to normal controls) on whole brain
volume, ventricular CSF (vCSF), temporal gray matter, and
orbitofrontal and temporal association cortices, including
the hippocampus (P ≤ 0.04) (Figure 8) [35].

Similar findings of vCSF increases in aMCI patients
compared to normal controls have been reported by Vemuri
et al. [53]. In this study, Vemuri and colleagues further
demonstrated that changes in serial structural MRI differed
by APOE ε4 status overall among aMCI, with higher brain
atrophy rates in APOE ε4 carriers. In addition, MR-based
structural biomarkers, compared with other biomarkers
(e.g., CSF), showed higher correlation with concurrent
change on general cognitive and functional indices in
impaired subjects.

Functional abnormality has also been shown in aMCI
patients. Compared with healthy controls, aMCI patients
had a regional pattern of brain disconnection between the
posterior cingulate cortex (PCC) and the medial prefrontal
cortex and the rest of the brain. These disconnections
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Figure 8: Patterns of GMV loss in MCI and normal aging. Average
slopes of RAVENS maps for normal (a) and MCI (b) groups.
The red-yellow color indicates greater volume loss. Bottom row:
difference between the two groups; blue/green are regions in
which MCI subjects showed higher rate of gray matter decrease.
(c) Red/yellow colors reflect an increase of periventricular small
vessel disease, which appears gray in T1-weighted images and
is segmented as gray matter. The color bars display estimated
regression coefficients and are defined by the following numbers,
all in mm3/year (per voxel in the template space): a = −0.020,
b = −0.0053, c = 0.026, d = 0.0053, e = −0.0053, and f = −0.023
(adapted with permission from [35]).

could be observed even in the absence of GM atrophy
(Figure 9) [36].

4.2. Conversion from aMCI to AD. Cognitively normal eld-
erly subjects convert to AD at a rate of only 1-2% per year,
whereas aMCI subjects convert to AD at a rate of 12–15% per
year [54]. Studying the similarities and differences between
aMCI and AD would provide valuable information of the
disease mechanism and progression. Multimodal MRI offers
noninvasive methods for detection and possibly prediction of
the conversion from aMCI to AD [6–8]. In a 3-year followup
of 118 aMCI individuals who progressed to a diagnosis
of AD, Desikan et al. reported that atrophy in the medial
temporal cortex (as measured by hippocampal volume,
entorhinal cortex thickness, amygdala volume, temporal

pole thickness, and parahippocampal gyrus thickness) can
accurately and reliably predict time to disease progression
[6, 7]. They demonstrated that aMCI individuals with
significant atrophy of the medial temporal factor regions are
three times as likely to progress to AD, compared with aMCI
individuals with preserved medial temporal factor regions.
Their results also demonstrated that amygdala and temporal
pole may be additional important structures for predicting
the conversion from aMCI to AD. Similar observations were
found in a meta-analysis involving 40 studies of imaging data
from 1351 patients, suggesting that atrophy in the (trans)
entorhinal area and hippocampus most reliably predict the
progression from aMCI to AD [55]. These data provide
strong evidence that AD-related volume losses are most
readily detected in the medial temporal lobe in aMCI. The
reduction in medial temporal lobe volume is therefore an
important indicator in predicting the transition of aMCI to
AD.

MR-based ASL techniques provide a functional bio-
marker (perfusion) to predict the progression from MRI
to AD. In a longitudinal study (2.7 ± 1.0 years), Chao
et al. reported that the MCI individuals who converted to
dementia displayed hypoperfusion in the right precuneus,
right inferior parietal cortex, and right middle frontal cortex
[56]. A similar finding was reported in the Schroeter et
al. meta-analytic study (involving 1351 patients) in which
hypoperfusion in the inferior parietal lobules was found to
most reliably predict the progression from aMCI to AD [55].
Furthermore, baseline perfusion from the right precuneus
predicted subsequent declines in clinical dementia rating
sum of boxes, functional activates questionnaire and selective
attention (Stroop Switching), and baseline perfusion from
the right middle frontal cortex predicted subsequent episodic
memory decline. These results suggest that hypoperfusion as
detected by ASL MRI can predict progression from MCI to
AD.

5. Alzheimer’s Disease

AD is histopathologically characterized by the formation of
β-amyloid (Aβ) plaques and neurofibrillary tangles (NFT).
Progressions of the Aβ plaques and NFT pathology of
AD correlate closely with loss of neurons and synapses
[57]. These losses further result in gross atrophy, including
cortical gray matter loss, reduced subcortical gray, and white
matter volumes, as well as expanding ventricular and sulcal
cerebrospinal fluid (CSF) spaces [37, 38] (Figure 10; similar
regions of Aβ/NTF deposition and brain atrophy in AD). In
AD, this brain atrophy is localized to the medial temporal
limbic cortex during its earliest states. At later stages of
disease, it progresses to paralimbic cortical regions and the
neocortex [57]. The temporal limbic cortex has essential
roles in episodic memory. Since memory impairment is
the earliest symptom of AD, the temporal limbic cortex
(including entorhinal cortex and hippocampus) has been an
attractive target for structural neuroimaging studies [58–62].

Using brain volumetric measurements, patients with
mild AD showed significantly smaller brain regions of
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hippocampus (25%) and entorhinal cortex (37%) than
healthy elderly controls [58–62]. In a number of longitudinal
studies, significantly higher rates of brain atrophy were
observed in AD [63–66]. The global atrophy rate in normal
aging typically increases from 0.3% to 0.5% per year at age
70–80 but increases from 2% to 3% per year in AD [67–
69]. Similar regional observations have also been found in
hippocampus (controls, 1.0% to 1.7% per year; AD, 3.0% to
5.9% per year) and in entorhinal cortex (controls, 1.4% to
2.9% per year; AD, 7.15 to 8.4% per year) [2, 70, 71].

MR-based volume measures, particularly for the hip-
pocampus, have been shown to be a strong structural bi-
omarker for AD, as follows [72–74]. First, it has been
demonstrated that a significant correlation exists between
MRI and histological-based hippocampal volumes (r = 0.97,
P < 0.001); the difference in the hippocampal volumes
between normal and AD groups was 42% for the MRI data,
and 40% for the histology data after adjusting for tissue
shrinkage during specimen processing. Moreover, both the
histological and MRI hippocampal volume measurements
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zones clearly show different degrees of impairment (C). MRI-based changes, in living patients, agree strongly with the spatial progression of
β-amyloid (Aβ) and NFT pathology observed after mortem (Braak Stages B, C, and III to VI), (adapted with permission from [37, 38]).
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Figure 11: Average gray matter loss rates in healthy aging and AD. The maps show the average local rates of loss for gray matter, in groups
of controls (top, (a)–(d)) and patients with AD (bottom, (e)–(h)). Loss rates are <1% per year in controls. They are significantly higher in
AD and strongest in frontal and temporal regions (g, h) at this stage of AD. (adapted with permission from [39]).

were significantly associated with the number of hippocam-
pal neurons (r = 0.91, P < 0.001 and r = 0.90, P < 0.01).
Second, when compared with a temporal lobe neocortical
reference volume, the hippocampal volume showed an an-
atomically unique correlation to memory performance such
as delayed verbal recall [72–74].

With GMT measurements, mild-to-moderate AD sub-
jects have cortices that are an average of 18% thinner relative
to healthy controls (AD = 3.1 ± 0.28 mm, controls = 3.74 ±
0.32 mm) [75]. Significant GMT declines in AD were found
in temporal, orbitofrontal, and parietal regions. The most
pronounced changes occur in the allocortical region of the
medial temporal lobes, which outlines the parahippocampal
gyrus representing a loss of >1.25 millimeters of cortical

thickness [75, 76]. In a followup study 1.5 years later, patients
with AD lost significant GM (P < 0.05 for overall annual loss
of gray matter) (Figures 11(e)–11(h); [39]) at a significantly
higher rate than controls (P < 0.042), with a total gray
matter loss rate of 5.03 ± 2.28% per year (left hemisphere
5.43 ± 3.29% per year; right hemisphere 4.64 ± 3.31% per
year, whereas few regions in healthy controls exceeded a
1% annual gray matter loss). Regions with a prominent 4-
5% annual loss included the right cingulate, temporal, and
frontal cortices bilaterally (Figure 11, bottom row).

GMT changes are strong structural biomarkers for
AD. Highly significant linkage was found relating greater
GMT deficits to lower cognitive scores on the MMSE
(Figure 12; [39]). These correlations were observed in all
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Figure 12: Mapping links between cognitive performance and changing brain structure. These maps show the significance of the linkage
between gray matter reductions and cognition, as measured by MMSE score. Variations in temporal, parietal, and ultimately frontal (e)
tissue are linked with cognitive status. Less gray matter is strongly correlated with worse cognitive performance, in all regions with prominent
deficits. Linkages are detected most strongly in the left hemisphere medial temporoparietal zones (d). As expected, no linkages are found
with sensorimotor gray matter variation (b), which was not in significant deficit in late AD (adapted with permission from [39]).
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Figure 13: First row: significant FA results showing the contrast MCI > AD; second row: significant FA results showing CON (controls) >
AD (adapted with permission from [34]).

brain regions, including the temporal, parietal, and limbic
cortices. Correlations were also found between frontal gray
matter reduction and lower MMSE scores, but only at the
later time point, when frontal gray matter was in significant
deficit (Figure 12(e)). No correlations were found between
gray matter differences in sensory and motor cortices and
cognitive performance (Figure 12(b), blue, S/M). These
results support the theory that the relationship between
brain structure and cognition is regionally specific in AD,

at least initially (Figure 12(b)). Correlations were observed
to be strongest in regions with greatest average loss, such
as the left cingulate and left temporal and parietal cortices
(Figure 12(d)).

WM degeneration has also been considered an important
indicator of AD. In a comparison of healthy young versus
older adults, WM has been found to decline in volume
with increasing age but is further reduced in AD, with
parahippocampal, entorhinal, inferior parietal, and rostral
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from [40]).

middle frontal areas showing the strongest AD-associated
reductions in WM [77]. AD patients, similar to aMCI
patients (but more severe), have shown significant increase
in diffusion atrophy in the region of crossing fibers in the
centrum semiovale (Figure 6; [34]), They have further shown
regionally specific shape abnormalities and reduction in
fractional anisotropy (FA) in the corpus callosum, anterior
commissure, uncinate fasciculus, cingulum tract, and sagittal
stratum tract (these have not observed in aMCI patients in
comparison to NC; Figure 13; [34, 78, 79]). These results
suggest that disruption in the white matter tracts near the
temporal lobe may represent the secondary consequence of
the medial temporal lobe pathology in AD. This is consistent
with the observation that FA values are significantly related to
memory performance among AD patients (Figure 14; [40]).

Structural imaging is able to detect AD only at a stage
in which the disease has progressed so far that neurons are
already irreversibly lost. Ideally, AD should be diagnosed at
an earlier stage in which neurons are impaired by the disease
process, but not yet fully damaged, and thus can be poten-
tially salvaged [2, 13]. In contrast, alterations of neuronal
activity, metabolism, and hemodynamics are accompanied
by the impairment of neurons and usually precede neuronal
death prior to any cognitive deficits. Functional MRI has
shown great promise in the detection of AD at this very early
stage of disease, as well as during disease progression.

Disrupted functional connectivity has been observed in
patients with AD in the default mode network, which is

associated with autobiographical memory retrieval [80, 81].
Similar to aMCI, functional connectivity abnormalities were
observed in the PCC and a set of default mode regions,
including the medial prefrontal cortex, hippocampus, infe-
rior temporal cortex, bilateral visual cortices, and the pre-
cuneus in AD patients [82]. This disruption of connectivity
was observed to intensify during aMCI and AD disease
progression (Figure 15; [41]). With concurrent fcMRI and
structural MRI measurements, the PCC showed reduced
connectivity in patients progressing into AD even in the
absence of GM atrophy (Figure 9; [36]). This indicates that
functional connectivity abnormalities precede GM atrophy
in the PCC and supports the hypothesis that GM atrophy in
specific regions of AD brains likely reflects a long-term effect
of brain disconnection.

In AD patients, significant declines of CBF have been
found in frontal, parietal, and temporal regions (P <
0.001), with more marked reductions in those patients with
severe dementia. Covariance analysis revealed that aging
and disease severity have a pronounced effect on CBF,
especially that of the left parietal region. Significant decreases
of CBF have been detected with ASL-MRI in temporal,
parietal, and frontal cortex and the posterior cingulate in
patients with AD, compared to the healthy elderly controls.
The observations have been consistent with those observed
using SPECT. Using dynamic contrast method, CBF has
been found significantly reduced in insular cortex [83, 84].
Because the insula is an important brain structure for the
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Figure 15: (a–d) Left to right: sagittal, coronal, and axial views of T1-weighted MNI canonical brain templates show intragroup maps of the
default mode network (DMN) based on the seed of the PCC in, (a), control group, (b), mild AD group, (c), moderate AD group, and (d),
severe AD group. The regions involved in the DMN are labeled as follows in (a): a = ventral MPFC, b = PCC, c = precuneus and/or cuneus,
d = ITC, e = thalamus, and f = inferior parietal cortex. Color scale = t values (adapted with permission from [41]).

autonomic control of blood pressure and heart rate, the
observations suggested that AD pathology has effect on
ventral autonomic cardioregulatory dysfunction.

In AD patients, significant N-acetyl aspartate (NAA)
reductions have been found in various brain areas, including
PCC, hippocampus, and GM of the temporal, parietal, and
sometimes the frontal as well as occipital cortices [23, 85].
Decrease in NAA reflects a combination of losses of neu-
ronal cells/dendritic structures, reduced myelination, and

decreased neuronal metabolism. As a result, the degree of
cognitive impairment has been well correlated with the de-
gree of NAA decrease; poor performance on memory tests
correlated with lower gray matter NAA level [86]. In contrast
to NAA, myoinositol (MI), a glial biomarker, has been found
to be dramatically increased in AD. Elevated MI is most likely
due to the increase of gliosis in AD. Taken together, NAA
and MI are important and useful metabolic biomarkers to
distinguish AD from normal aging.
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6. Future Directions

Mitochondrial dysfunction is a well-known biomarker of
AD. Mitochondria are the predominate source (>98%) of
energy production in mammals, yielding ATP through ox-
idative phosphorylation of glucose. In the brain, oxidative
metabolism (O2 consumption) is the predominant source
of energy (ATP generation), supporting baseline demands
and maintaining viability, as well as responding rapidly and
in a highly regional manner to changes in neuronal activity
induced by task performance. Failure to maintain adequate
levels of tissue oxygenation rapidly results in tissue death as
observed of brain atrophy in AD patients.

To identify the integrity of the mitochondrial function,
cerebral metabolic rate of glucose (CMRGlc) and oxygen
(CMRO2) are the most-well known indicators [87]. CMRGlc

measurements in AD research have been well established
with positron emission tomography (PET) methods. For
instance, significant decreases of glucose metabolism have
been found in young APOE ε4 carriers (30 years old) in
brain areas associated with AD pathology [88]. In contrast,
CMRO2 measurements are not feasible using PET methods,
especially for AD patients, due to the difficulties of obtaining
arterial blood samples. In addition, the radioactive nature of
PET allows less repetitive scans, which limits the monitoring
of the disease progress. Therefore, considerable efforts have
been made to develop MRI-based, noninvasive, CMRO2

measurements. Baseline CMRO2 and task-induced changes
in CMRO2 determinations have been proposed by sev-
eral methods, including T2-relaxation-under-spin-tagging
(TRUST) and quantitative BOLD (qBOLD) techniques
[89–93]. These MR-based metabolic imaging methods, in
addition to MRS, are expected to be very useful as diagnostic
and prognostic biomarkers in AD. However, future studies
allowing for rigorous assessment of test-retest reliability and
power calculation compared to the established imaging tech-
niques are necessary before these CMRO2 methods can be
accepted as other complementary and/or established func-
tional neuroimaging biomarkers for AD.

The development and validation of structural and func-
tional biomarkers will enable MRI to be utilized as a powerful
tool for evaluation of therapeutic efficacy in AD in large-
scale clinical trials. For example, Jack et al. estimated that in
each arm of a therapeutic trail with conventional volumetric
measures for hippocampal volume, only 21 subjects would
be required to detect 50% reduction in the rate of decline.
This compares 241 subjects if MMSE scores were used; 320
subjects if ADAS Cog scores were used [54]. Combining with
other biomarkers (e.g., CMRGlc by PET and Aβ/NFT CSF),
surrogate markers for AD progress can be identified and used
for clinical/cognitive tests in clinical trials. Nonetheless, these
surrogate markers must be validated to be reproducible in the
treatment setting, across various types of treatments, across
imaging centers, and across time. A multicenter AD research
project, known as the Alzheimer’s Disease Neuroimaging
Initiative (ANDI) (http://adni.loni.ucla.edu/), was launched
in 2004 to meet this goal.

7. Conclusions

The incidence of Alzheimer’s disease is increasing with the
extended lifespan in developed countries. The development
of neuroimaging biomarkers is a pressing need to detect the
early risk of AD (from NC), predict and monitor disease
progression (from aMCI). Multimodal MRI methods have
been developed to meet this demand by providing useful and
important structural and functional biomarkers in AD. The
validation of the surrogate biomarkers will have profound
implications in AD clinical trials, including the prevention
and deceleration of AD onset, as well as the evaluation of
treatment efficacy.
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Hippocampal damage, by DTI or MR volumetry, and PET hypoperfusion of precuneus/posterior cingulate cortex (PC/PCC) were
proposed as biomarkers of conversion from preclinical (MCI) to clinical stage of Alzheimer’s disease (AD). This study evaluated
structural damage, by DTI and MR volumetry, of hippocampi and tracts connecting hippocampus to PC/PCC (hipp-PC/PCC)
in 10 AD, 10 MCI, and 18 healthy controls (CTRL). Normalized volumes, mean diffusivity (MD), and fractional anisotropy (FA)
were obtained for grey matter (GM), white matter (WM), hippocampi, PC/PCC, and hipp-PC/PCC tracts. In hippocampi and
hipp-PC/PCC tracts, decreased volumes and increased MD were found in AD versus CTRL (P < .001). The same results with
lower significance (P < .05) were found in MCI versus CTRL. Verbal memory correlated (P < .05) in AD with left hippocampal
and hipp-PC/PCC tract MD, and in MCI with FA of total WM. Both DTI and MR volumetry of hippocampi and hipp-PC/PCC
tracts detect early signs of AD in MCI patients.

1. Background

Preclinical detection of Alzheimer’s disease (AD) is impor-
tant to start an early therapeutic treatment, and it will be even
more crucial in the next few years, as soon as new drugs will
be available. Mild cognitive impairment (MCI) is often the
preclinical stage of AD. However, some patients with MCI
revert to normal cognitive status, while others, with slow
disease progression, remain in this prodromic stage without
presenting dementia in their life [1].

To detect which patients with MCI will convert in AD in
the immediate future, an in vivo biomarker is not currently
available. CSF tau, phospho-tau, and amyloid measurements
are in development [2, 3] but require lumbar puncture;
therefore, a noninvasive imaging marker is more appealing
for screening outpatients without hospital admission. With

this purpose, volumetric MRI measures of mesiotemporal
atrophy demonstrated to have some prognostic value [4, 5].
Compared to these volumetric measures of macrostructural
damage, diffusion tensor imaging (DTI) indexes of micro-
structural damage within mesiotemporal lobe have shown to
better discriminate MCI from controls [6, 7] and to better
detect MCI converters [8–10].

DTI is sensitive to both grey and white matter subtle
abnormalities. While in AD degeneration mainly affects grey
matter [11], recent evidences also found an early white
matter involvement [12, 13]. It is a matter of debate whether
degeneration directly affects the myelin, but a secondary wal-
lerian degeneration certainly drives disconnection of associa-
tive cortical areas from the medial temporal lobe. In MCI,
the earliest affected area by disconnection seems to be the
precuneus/posterior cingulate cortex (PC/PCC), consistently
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Table 1: Demographic and neuropsychological features of CTRL, MCI, and AD patients.

Student’s t-test

Characteristics CTRL (N = 18) MCI (N = 10) AD (N = 10) ∗P value CTRL versus MCI CTRL versus AD MCI versus AD

Gender female (n, %) 13, 0.72 5, 0.50 8, 0.80 .325 — — —

Age (years) 69.1± 5.5 70.8± 5.9 72.1± 4.8 .273 — — —

Verbal memory 11.5± 2.2 7.3± 3.9 4.7± 3.2 <.001 0.001 <0.001 n.s.

MMSE 28.8± 1.1 25.5± 2.3 22.1± 2.7 <.001 <0.001 <0.001 0.007
∗

Statistical analysis: Kruskal-Wallis nonparametric comparison; P < .05 is considered significant.
Values are expressed in mean± SD. CTRL: healthy controls; MCI: mild cognitive impairment; AD: Alzheimer’s disease; MMSE: mini-mental state examination.

found hypoperfused by many PET studies [14] and related
to the conversion in AD [15]. A recent study combining PET
and volumetric MRI showed that PC/PCC hypoperfusion
follows medial temporal atrophy through posterior cingu-
lum white matter degeneration [16]. Furthermore, several
studies using resting state fMRI showed a functional discon-
nection between hippocampus and PC/PCC [17, 18].

In this study, to identify sensitive in vivo biomarkers of
risk for conversion from MCI to AD, the microstructural
damage was measured by DTI in the hippocampus and in
the white matter between hippocampus and PC/PCC. The
DTI indexes of microstructural damage were compared to
volumetric indexes of macrostructural damage in MCI and
AD patients, using as control a group of healthy elderly
volunteers.

2. Methods

2.1. Subjects. Twenty patients were consecutively recruited
through the Memory Clinic of the Neurological Institute C.
Mondino, Pavia, Italy, among patients suffering from subjec-
tive or objective memory complaint.

Exclusion criteria were age> 80, a history of overt depres-
sion [19] or other psychiatric diseases, significant cerebrovas-
cular disease [20], and lack of any daily living activity.
In this small patients group, exclusion of subjects over 80
years minimizes the contribution of confounding variables of
age and of age-related diseases, particularly cerebrovascular
disease.

Neuropsychology examination by a standardised battery
evaluated different cognitive domain [21]. In this study, we
only considered the global measure of cognitive impairment
as expressed by MMSE [22], and verbal memory as expressed
by short story recall [21].

After clinical and neuropsychological examinations, 10
patients were diagnosed with amnestic mild cognitive im-
pairment [1] and 10 with mild probable Alzheimer’s disease
(NINCDS2-ARDA criteria [23]) (Table 1).

Twenty elderly subjects were recruited on a volunteer
base through a local recreational association (“Argento
Vivo,” i.e., “Live silver,” Bereguardo, PV). After clinical and
neuropsychological examinations, two volunteers affected by
vascular cognitive impairment were excluded. The remaining
18 healthy volunteers were included as control group (CTRL)
and underwent the MRI session.

2.2. MRI Acquisition. All data were acquired on a 1.5 Tesla
MRI scanner (Intera, Philips Gyroscan, Koninklijke, The
Netherlands) using an eight-channel head (SENSE) third-
party coil.

All subjects were scanned with a structural MRI protocol,
including a dual turbo spin echo (TSE) sequence (proton
density and T2), a volumetric T1-weighted sequence, and
diffusion tensor imaging (DTI) data. Functional MRI data
during resting state are not considered in this study. Addi-
tional FLAIR images were acquired only in patients with
some punctuate lesions on PD-T2 images. While most
patients and volunteers showed some punctuate lesions, only
few showed confluent lesions, in any case never involving
more than a third of total white matter. Although subtle cere-
brovascular disease may be a factor concurring to cognitive
impairment in MCI and AD, for the purpose of this study
the total lesion load was not assessed.

Diffusion tensor imaging (DTI) data were acquired using
a single-shot EPI spin echo sequence (TR/TE = 11800/70 ms)
with a b-value of 900 s/mm2, applying diffusion gradients
along 15 directions. Sixty axial slices with no slice gap were
acquired (FOV = 224 mm, acquisition matrix = 88 × 90, re-
construction matrix = 96× 96, 2.5 mm isotropic voxel, num-
ber of averages = 3).

Volumetric T1-weighted data was collected using a fast
field echo sequence (TR/TE = 8.6/4 ms, flip angle 8◦) and one
hundred seventy sagittal slices with a thickness of 1.2 mm
(FOV = 240 mm, matrix = 192 × 192, in-plane resolution
1.25 × 1.25 mm, reconstruction matrix = 256 × 256).

2.3. MR Imaging Analysis. Image analysis was performed
on a workstation with Linux Ubuntu 9.10, running SPM8
(Wellcome Department of Cognitive Neurology, http://
www.fil.ion.ucl.ac.uk/) on MATLAB 7.9 (The MathWorks,
Natick, Mass, USA http://www.mathworks.com/), FreeSurfer
(http://surfer.nmr.mgh.harvard.edu/), and FSL (FMRIB
Software Library, http://www.fmrib.ox.ac.uk/fsl/) software
(Figure 1).

A nonparametric nonuniformity intensity normalization
was applied on volumetric T1-weighted images [24, 25]
using FreeSurfer. Then using FSL [26], the following tools
were applied sequentially: brain extraction by the BET [27]
tool to clear noncerebral voxels; segmentation by the FAST
[28] tool into grey matter (GM), white matter (WM), and
cerebrospinal fluid (CSF); segmentation by the FIRST tool
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Figure 1: Study design schematic. DTI data were preprocessed by FDT (FSL) to obtain MD and FA maps. Structural T1 data were corrected
in intensity by FreeSurfer and segmented in brain, grey and white matter volumes by FAST (FSL). Hippocampi and PC/PCC were segmented
automatically by FIRST and AAL template registration and then registered on DTI maps. Tracts connecting hippocampus to PC/PCC (hipp-
PC/PCC) were identified by probabilistic tractography within FDT and then registered back on structural T1 data. Normalized volumes,
MD, and FA values were obtained for GM, WM, hippocampi, PC/PCC, and hipp-PC/PCC tracts.

of left and right hippocampi [29]. Left and right precuneus
(PC) and posterior cingulate cortex (PCC) were obtained by
an inversion of the nonlinear transformation between the
volumetric images and the MNI152 template, on which the
AAL template was superimposed.

Diffusion-weighted images were corrected for motion
and eddy current distortion by the FDT tool. After brain
extraction, diffusion tensor was reconstructed using an iter-
ative least square algorithm (Marquardt-Levenberg nonlin-
ear fit) to calculate mean diffusivity (MD) and fractional
anisotropy (FA) maps.

A probabilistic tractography of the tract connecting the
hippocampus with PC/PCC (Hipp-PC/PCC) was performed
on each hemisphere by the FDT tool [30, 31]; first, vol-
umetric T1-weighted image, ROIs of hippocampi, and
PC/PCC were coregistered onto diffusion-weighted images,
then coregistered hippocampi were used as seed ROI, and co-
registered PC/PCC were used as target ROI. Reconstructed
tracts were thresholded at 30.

B0 images were normalized onto the EPI template in
stereotaxic MNI152 space for each subject. Normalization
transformation was applied to all reconstructed tracts.
Normalized nonthresholded tracts were binarized, averaged
for the three different groups (CTRL, MCI, and AD patients),
and then smoothed with a 5 mm Gaussian kernel.

A voxelwise statistical analysis was performed using the
general linear model framework implemented in SPM8 [32].
The resulting t-statistic maps, after family-wise error (FWE)
correction for multiple comparisons, were thresholded at P <
.05.

The FA and MD maps were co-registered (with a full
affine transformation, FLIRT tool [33]) on volumetric brain-
extracted images, then this affine transformation was applied
to reconstructed thresholded tracts.

Eventually, average FA and MD were calculated for
brain tissue (BT), white matter (WM), grey matter (GM),
hippocampi, PC/PCC, and tracts connecting hippocampi
with PC/PCC. Absolute volume (mm3) and relative volume,
expressed as ratio between absolute volume (mm3) and

intracranial volume (mm3), were calculated for BT, WM,
GM, hippocampi, PC/PCC, and tracts connecting hip-
pocampi with PC/PCC.

2.4. Statistical Analysis. Statistical analysis was performed
using SPSS. Average FA values, average MD, values and
volumetric values were statistically compared using a Student
t-test for nonpaired (independent) data between AD and
CTRL, between MCI and CTRL, and between MCI and AD.
The significant level was set at P ≤ .05 for each test. Finally,
a Pearson’s correlation analysis was performed between MRI
data and cognitive scores (MMSE and verbal memory).

3. Results

3.1. Volumetry Analysis. Average group values, with respec-
tive standard deviations, were reported in Table 2 for
relative volumes of each investigated structure. In AD
compared to CTRL, volumes of total BT, total GM, and
left PC/PCC were significantly decreased (P < .05), but
even more significantly (P = .001 or less) at the level of
both hippocampi and tracts connecting hippocampi with
PC/PCC. In MCI compared to CTRL, volumes of both
hippocampi and tract connecting right hippocampus with
PC/PCC were significantly decreased (P < .05) compared
to CTRL. In AD compared to MCI, volumes of left PC/PCC
and tract connecting left hippocampus with PC/PCC were
significantly decreased (P < .05) (Figure 2(b)).

3.2. DTI Analysis. Average group values, with respective
standard deviations, were reported in Table 3 for MD of
each investigated structure. In AD compared to CTRL, MD
of total BT, total WM, and right PC/PCC were significantly
increased (P < .05), but more significantly increased (P <
.001) were MD of total GM, left PC/PCC, both hippocampi
and both tracts connecting hippocampi with PC/PCC. In
MCI compared to CTRL, MD of both hippocampi and
both tracts connecting hippocampi with PC/PCC were
significantly increased (P < .05). In AD compared to MCI,
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Figure 2: Individual data plotting of MD and relative volumes in hippocampi and correlated structures, in order to estimate the ability of
the techniques to discriminate AD, MCI, and healthy controls. (a) Plot of MD values for each subject in left and right hippocampus and in
left and right tracts connecting hippocampus to PC/PCC for healthy controls (blue), MCI (orange), and AD (green) subjects. Average MD
value is represented by a different color line for each group. (b) Plot of relative volumes values for each subject in left and right hippocampus
and in left and right tracts connecting hippocampus to PC/PCC for healthy controls (blue), MCI (orange), and AD (green) subjects. Average
relative volume value is represented by a different color line for each group.

Table 2: Relative volumes in CTRL, MCI, and AD patients.

CTRL (N = 18) MCI (N = 10) AD (N = 10) Student t-test∗

Mean (SD) Mean (SD) Mean (SD) CTRL versus MCI CTRL versus AD MCI versus AD

Brain tissue 0.7635 (0.0188) 0.7550 (0.0250) 0.6733 (0.1791) n.s. 0.041 n.s.

White matter 0.3951 (0.0194) 0.3841 (0.0274) 0.3385 (0.0881) n.s. n.s. n.s.

Grey matter 0.3684 (0.0151) 0.3709 (0.0131) 0.3349 (0.0927) n.s. 0.013 n.s.

Left PC/PCC 0.0141 (0.0009) 0.0145 (0.0016) 0.0132 (0.0012) n.s. 0.033 0.046

Right PC/PCC 0.0128 (0.0009) 0.0126 (0.0015) 0.0120 (0.0011) n.s. n.s. n.s.

Left hippocampus 0.0028 (0.0003) 0.0025 (0.0004) 0.0022 (0.0004) 0.045 <0.001 n.s.

Right hippocampus 0.0029 (0.0003) 0.0026 (0.0004) 0.0023 (0.0003) 0.029 <0.001 n.s.

Left hipp-PC/PCC 0.0234 (0.0087) 0.0178 (0.0075) 0.0119 (0.0027) n.s. <0.001 0.031

Right hipp-PC/PCC 0.0265 (0.0099) 0.0190 (0.0071) 0.0143 (0.0038) 0.047 0.001 n.s.
∗

Statistical analysis: Student t-test for independent sample; P < .05 is considered significant.
Values are expressed in mean (SD). CTRL: healthy controls; MCI: mild cognitive impairment; AD: Alzheimer’s disease; n.s.: not significant; Hipp-PC/PCC:
hippocampus to PC/PCC tract.

MD of total BT, total GM, and left hippocampus were sig-
nificantly increased (P < .05) (Figure 2(a)).

Average group values, with respective standard devia-
tions, were reported in Table 4 for FA of each investigated
structure. In AD compared to CTRL, FA of right hippocam-
pus and tract connecting right hippocampus with PC/PCC
were significantly decreased (P < .05), but more significantly
decreased (P < .001 or less) were FA of left hippocampus and

tract connecting left hippocampus with PC/PCC. In MCI
compared to CTRL, FA of left hippocampus was the only
significantly decreased (P < .05) compared to CTRL. In AD
compared to MCI, FA of tract connecting left hippocampus
with PC/PCC was the only significantly decreased (P < .05).

Results of group analysis for tract connecting each
hippocampus with homologous PC/PCC are reported in
Figures 3 and 4. Figure 3 shows reconstructed tracts in CTRL,
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with PC/PCC in MCI patients, AD patients, and healthy controls (P < .05, FWE correction). The red regions represent the areas in which
tract connecting hippocampus with PC/PCC is significantly degenerated in AD patients compared to CTRL. The blue regions represent the
areas in which this tract is significantly degenerated in MCI patients compared to CTRL.



6 Neurology Research International

Table 3: Mean Diffusivity (×10−3 mm2 s−1) in CTRL, MCI, and AD patients.

CTRL (N = 18) MCI (N = 10) AD (N = 10) Student t-test∗

Mean (SD) Mean (SD) Mean (SD) CTRL versus MCI CTRL versus AD MCI versus AD

Brain tissue 0.949 (0.038) 0.967 (0.031) 0.996 (0.026) n.s. 0.002 0.035

White matter 0.809 (0.030) 0.825 (0.023) 0.833 (0.018) n.s. 0.025 n.s.

Grey matter 0.979 (0.042) 1.006 (0.037) 1.053 (0.036) n.s. <0.001 0.011

Left PC/PCC 1.071 (0.045) 1.097 (0.110) 1.170 (0.078) n.s. <0.001 n.s.

Right PC/PCC 1.036 (0.045) 1.077 (0.086) 1.128 (0.096) n.s. 0.002 n.s.

Left hippocampus 1.051 (0.071) 1.147 (0.078) 1.242 (0.117) 0.003 <0.001 0.047

Right hippocampus 1.097 (0.083) 1.191 (0.110) 1.275 (0.120) 0.016 <0.001 n.s.

Left hipp-PC/PCC 0.965 (0.065) 1.036 (0.104) 1.107 (0.070) 0.034 <0.001 n.s.

Right hipp-PC/PCC 0.972 (0.064) 1.052 (0.091) 1.081 (0.024) 0.011 <0.001 n.s.
∗

Statistical analysis: Student t-test for independent sample; P < .05 is considered significant.
Values are expressed in mean (SD). CTRL: healthy controls; MCI: mild cognitive impairment; AD: Alzheimer’s disease; n.s.: not significant; Hipp-PC/PCC:
hippocampus to PC/PCC tract.

Table 4: Fractional anisotropy in CTRL, MCI, and AD patients.

CTRL (N = 18) MCI (N = 10) AD (N = 10) Student t-test∗

Mean (SD) Mean (SD) Mean (SD) CTRL versus MCI CTRL versus AD MCI versus AD

Brain tissue 0.207 (0.009) 0.205 (0.008) 0.205 (0.007) n.s. n.s. n.s.

White matter 0.308 (0.017) 0.301 (0.013) 0.305 (0.011) n.s. n.s. n.s.

Grey matter 0.143 (0.007) 0.142 (0.007) 0.139 (0.006) n.s. n.s. n.s.

Left PC/PCC 0.185 (0.017) 0.175 (0.028) 0.174 (0.029) n.s. n.s. n.s.

Right PC/PCC 0.204 (0.021) 0.189 (0.032) 0.190 (0.032) n.s. n.s. n.s.

Left hippocampus 0.134 (0.011) 0.124 (0.012) 0.116 (0.015) 0.032 0.001 n.s.

Right hippocampus 0.133 (0.014) 0.128 (0.012) 0.120 (0.008) n.s. 0.019 n.s.

Left hipp-PC/PCC 0.215 (0.022) 0.210 (0.025) 0.182 (0.024) n.s. 0.001 0.019

Right hipp-PC/PCC 0.222 (0.028) 0.205 (0.027) 0.194 (0.019) n.s. 0.009 n.s.
∗

Statistical analysis: Student t-test for independent sample; P < .05 is considered significant.
Values are expressed in mean (SD). CTRL: healthy controls; MCI: mild cognitive impairment; AD: Alzheimer’s disease; n.s.: not significant; Hipp-PC/PCC:
hippocampus to PC/PCC tract.

MCI, and AD patients. Variability maps for these tracts show
progressive decrease of volume and consistency from CTRL
to AD patients.

In Figure 4 are shown the results of voxelwise analysis
on probability distribution of the tract connecting each
hippocampus with homologous PC/PCC in MCI and AD
patients compared with CTRL (P < .05, FWE correction). In
AD (red blobs) patients, probability of connection between
hippocampus and PC/PCC was decreased in the whole
parahippocampal WM, symmetrically in the two hemi-
spheres. In MCI (blue blobs), probability of connection
between hippocampus and PC/PCC was decreased in re-
stricted areas of anterior parahippocampal WM, asymmet-
rically in the two hemispheres.

3.3. Correlation between Volumetric and Diffusion MR Indexes
(Table 5). Volume and MD of total BT and total GM were
correlated in CTRL and in MCI, not in AD.

Volume and MD, of hippocampi and PC/PCC were cor-
related in MCI, not in CTRL, and in AD only of the left
hippocampus and the right PC/PCC.

Volume, MD and FA of hipp-PC/PCC tracts were
correlated in CTRL and in MCI, but in AD, only volume and
MD of the left tract.

3.4. Correlation with Cognitive Scores (Table 6). In AD,
volumes of total BT, volumes of total WM, MD of left
hippocampus, and MD of left tract connecting hippocampus
with PC/PCC correlate significantly (P < .05) with verbal
memory scores. MD of left tract connecting hippocampus
with PC/PCC was the only parameter correlating also with
MMSE score. In MCI, FA of total WM was the only
parameter correlating significantly (P < .05) with verbal
memory. No correlation was found between volumetric or
DTI parameters and cognitive scores in CTRL.

4. Discussion

The aim of the study was to identify sensitive in vivo
biomarkers of Alzheimer’s disease, to be employed in clinical
setting in single patients and to predict the risk for conver-
sion from MCI to AD. The DTI indexes of microstructural
damage showed to be at least as sensitive as volumetric
indexes of structural damage to identify mesiotemporal
damage in differentiating AD and MCI patients from CTRL.
The poor correlation between volume and DTI indexes in
AD group suggests that macrostructural and microstructural
damage may occur in different times in the course of the
disease thus may be differently sensitive.
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Table 5: Pearson’s correlation between volumetric and diffusion MR indexes.

Volumetric variable Diffusion variable CTRL (N = 18) MCI (N = 10) AD (N = 10)

Volume brain tissue MD brain tissue 0.001 <0.001 n.s.

Volume grey matter MD grey matter 0.001 0.008 n.s.

Volume left PC/PCC MD left PC/PCC n.s. 0.014 n.s.

Volume right PC/PCC MD right PC/PCC n.s. 0.004 0.004

Volume left hippocampus MD left hippocampus n.s. 0.001 0.002

Volume right hippocampus MD right hippocampus n.s. 0.003 n.s.

Volume left hipp-PC/PCC
FA right hippocampus 0.036 n.s. n.s.

MD left hipp-PC/PCC <0.001 <0.001 0.002

FA left hipp-PC/PCC <0.001 0.015 n.s.

Volume right hipp-PC/PCC
MD right hipp-PC/PCC <0.001 <0.001 n.s.

FA right hipp-PC/PCC 0.004 0.002 n.s.

Statistical analysis: 2-tailed Pearson’s correlation; P < .05 is considered significant.
Only significant correlations were reported. MCI: mild cognitive impairment; AD: Alzheimer’s Disease; n.s.: not significant; Hipp-PC/PCC: hippocampus to
PC/PCC tract.

Table 6: Pearson’s Correlation between MR indexes and cognitive
scores.

MCI (N = 10) AD (N = 10)

Verbal
memory

MMSE
Verbal

memory
MMSE

Relative BT volume n.s. n.s. 0.031 n.s.

Relative WM
volume

n.s. n.s. 0.019 n.s.

MeanFA BT 0.045 n.s. n.s. n.s.

MeanMD left
hippocampus

n.s. n.s. 0.048 n.s.

MeanMD left
hipp-PC/PCC

n.s. n.s. 0.029 0.037

Statistical analysis: 2-tailed Pearson’s correlation; P < .05 is considered
significant.
Only significant correlations were reported. MCI: mild cognitive impair-
ment; AD: Alzheimer’s disease; n.s.: not significant; MMSE: mini-mental
state examination; Hipp-PC/PCC: hippocampus to PC/PCC tract.

In AD, and to less extent in MCI, atrophy and MD in-
creases were found not only in both hippocampi, but
also very significant in white matter tracts connecting hip-
pocampi with precuneus/posterior cingulate cortex. To our
knowledge, no study assessed simultaneously atrophy and
diffusivity in both hippocampus and parahippocampal-
posterior cingulum tract.

We observed also a significant decrease of FA in the hipp-
PC/PCC tracts in AD the left tract significantly more than
in MCI. The volume of this left hipp-PC/PCC tract, and
the volume of left PC/PCC were also found more signifi-
cantly decreased in AD than in MCI. These results could
be explained by a degenerative damage in hipp-PC/PCC
tracts, secondary to hippocampal damage. This degenerative
damage in hipp-PC/PCC tracts, in agreement with the
Villain model, could drive the PC/PCC dysconnection, thus
causing in these cortical areas first hypoperfusion in MCI
(as found commonly by PET studies, included Villain et al.)
and later MD increase and atrophy in AD (as found in the
present study, mainly in the left hemisphere). The portion of

cingulate tract identified by Villain is included in the tract
connecting hippocampi with precuneus/posterior cingulate
cortex in our study.

These significant DTI differences between MCI and
CTRL groups are not consistently found in literature. Among
several DTI studies in MCI, hippocampal MD increase in
MCI was found only by few authors [6, 7, 10]. Some studies
also found that hippocampal MD detects MCI converters
better than hippocampal atrophy [8, 10]. Compared to
Muller and Scola, our approach uses a more precise segmen-
tation, specifically of the whole hippocampus as performed
in Ray, 2006. While Ray, 2006, used a manual segmentation,
our approach with automatic segmentation, still capable to
detect early abnormalities in hippocampus of MCI patients,
may be more feasible in a clinical setting. Among DTI studies
in MCI focusing on white matter tracts, an MD increase
in parahippocampal-posterior cingulum was found by few
recent studies [34, 35].

It is not known whether damage of parahippocampal-
posterior cingulum is the crucial abnormality in MCI con-
verting to AD or not. In the present study, although MD
of total BT and total GM differentiated AD from MCI,
other significant differences between AD and MCI were
found in MD of left hippocampus, FA and volume of left
hipp-PC/PCC tract, and volume of left PC/PCC. Therefore,
the hippocampus-PC/PCC circuit seems to be specifically
involved in AD. While a study using a voxelwise approach
[36] failed to find significant MD increase in any white
matter region in MCI, the main white matter region with MD
increase in early AD was the parahippocampal tract. Another
study of the same group, using an ROI-based approach,
found that the occipital white matter was found to be the
region differentiating better MCI converters from MCI non
converters [10]. In that study, however, posterior cingulum
and parahippocampal tract were not investigated.

About clinical relevance of volumetric and DTI abnor-
malities, we looked at correlations with cognitive variables,
verbal memory, and MMSE scores. Verbal memory impair-
ment is the earlier crucial deficit in MCI and AD. In this
study, in AD the verbal memory score correlated with indexes
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of global atrophy (total BT, total WM) and at mesiotemporal
level only with MD increase, not with atrophy, of left
hippocampus and tract connecting left hippocampus with
PC/PCC. The clinical relevance of MD increases is also sup-
ported by the finding that MD of the tract connecting left
hippocampus with PC/PCC was the only variable correlating
also with scale of global cognitive status, as expressed by
MMSE. In this study, in MCI the verbal memory score
correlated only with FA of total WM. Because all MCI
patients in this cohort were amnestic MCI, verbal memory
was affected in them all, but only few are likely to develop
AD in the next years. Therefore, in MCI the correlation
of verbal memory score with FA of total WM may reflect
a pathological mechanism not specifically related to the
Alzheimer’s pathology, for instance, to a generic WM damage
due to a subtle cerebrovascular disease.

5. Conclusions

Both MR volumetric measure of macrostructural damage
and DTI measure of microstructural damage, both in grey
and white matter, are candidates to be sensitive in vivo bio-
markers of mesiotemporal damage predicting conversion
from MCI to AD.

DTI abnormalities, especially MD increase, seem to be
more clinically relevant than atrophy.

Only the clinical followup of MCI patients will show
which is the most sensitive parameter to be employed to
predict the conversion rate on single patients in a clinical
setting.
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The prevalence of Alzheimer’s disease (AD) is predicted to increase rapidly in the coming decade, highlighting the importance of
early detection and intervention in patients with AD and mild cognitive impairment (MCI). Recently, remarkable advances have
been made in the application of neuroimaging techniques in investigations of AD and MCI. Among the various neuroimaging
techniques, functional magnetic resonance imaging (fMRI) has many potential advantages, noninvasively detecting alterations
in brain function that may be present very early in the course of AD and MCI. In this paper, we first review task-related and
resting-state fMRI studies on AD and MCI. We then present our recent fMRI studies with additional event-related potential
(ERP) experiments during a motion perception task in MCI. Our results indicate that fMRI, especially when combined with ERP
recording, can be useful for detecting spatiotemporal functional changes in AD and MCI patients.

1. Introduction

Dementia is one of the most serious conditions associated
with longevity, and represents a pressing public health
problem. Alzheimer’s disease (AD) is the most common
form of dementia, affecting millions of people around
the world. AD is a progressive neurodegenerative disorder,
resulting in a gradual, irreversible loss of memory and
cognitive function [1]. Recently recognized as the prodromal
stage of AD, mild cognitive impairment (MCI) represents
a transitional period between normal aging and AD [2,
3]. MCI pathology can reveal the early stages of AD,
including neuritic plaques, neurofibrillary tangles, and loss

of basal forebrain cholinergic neurons [4]. As a subtype of
MCI, amnestic MCI constitutes a syndrome presenting with
cognitive decline that is more pronounced than expected for
the individual’s age and educational level, but does not fulfill
the criteria for AD. Patients with amnestic MCI have a high
risk of AD progression, with a 10–15% yearly transition rate
[5]. In addition, large numbers of novel compounds, which
have the potential to modify the course of AD and slow
its progression, are currently under development. However,
there is currently no cure for the disease. For this reason,
there is an urgent need for biomarkers to detect MCI.

In the past two decades, several functional imaging
techniques have been used to investigate changes in brain
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function in patients with AD and MCI. Functional magnetic
resonance imaging (fMRI), positron emission tomography
(PET) and single-photon emission computed tomography
(SPECT) are effective methods. Among these techniques,
fMRI has a number of potential advantages for examining
patients with AD and MCI, since it is noninvasive, does
not require the injection of contrast agent, and has much
higher spatial resolution than PET or SPECT. Furthermore,
fMRI can be conducted many times over the course of a
longitudinal study, and thus lends itself as an appropriate
measure in clinical drug trials. Therefore, fMRI is likely to be
particularly useful for detecting alterations in brain function
that may be present very early in the course of AD and
MCI. The measurement of event-related potentials (ERPs)
represents a useful objective tool, and has been employed
extensively in studying the physiology and pathophysiology
of human brain function [6]. ERPs are characterized by
extremely high temporal resolution, and can allow non-
invasive assessment of synaptic dysfunction in the human
brain [7]. Thus, the use of fMRI and ERPs together can
provide a powerful tool for examining functional brain
abnormalities in AD and MCI.

In this article, we first review previous fMRI studies on
AD and MCI. We then present the findings of our recent
fMRI studies with additional ERP recording experiments
during a motion perception task in MCI patients.

2. fMRI Findings in AD and MCI

fMRI has been used to investigate abnormalities in patterns
of regional brain activation during a variety of cognitive tasks
in patients with AD and MCI. In particular, difficulty in
the formation and retention of new episodic memories is
typically the earliest and most salient clinical symptom of AD
[8–10]. Even in the early stages of the disease, many patients
with AD also exhibit visuospatial deficits [11–13]. A large
number of fMRI studies have examined memory and visual
tasks relative to other types of cognitive task. Furthermore,
the recently developed method of measuring resting-state
(rs-)fMRI has been used to examine resting brain function in
AD and MCI patients [14–16]. Below we review studies using
task-related (i.e., during memory and visual tasks) fMRI, as
well as rs-fMRI studies in patients with AD and MCI.

2.1. Memory Networks. The term “memory” represents a
simplified summarization of a wide-ranging set of differ-
ent associated functions, including short-term, long-term,
procedural, declarative, semantic, and episodic memory.
Memory can be subdivided into functions related either
to the encoding or retrieval of information. The term
“declarative memory” refers to the aspect of human memory
involved in the storage of facts and experiences, which can be
explicitly discussed or declared by the individual. Declarative
memory is subdivided into semantic memory (noncontext
specific fact, word and object memory) and episodic memory
(memory of events, including time, place, and associated
emotions). In patients with AD, episodic memory is among
the earliest affected functions [8–10]. AD typically results

in a deficit in the establishment of new episodic memories
whereas events dating from more remote periods in the
past are better preserved. In the later stages of AD, most
other memory domains are also affected. As such, memory
impairment is also a fundamental criterion of the diagnosis
of AD [17].

The functional neuroanatomy of memory is currently
widely believed that many memory functions are tightly
linked to distributed regions in the brain. In particular, a
neural system in the medial temporal lobe (MTL), includ-
ing the hippocampal region, and the adjacent perirhinal,
entorhinal and parahippocampal cortices, is thought to
be involved in encoding and retrieving episodic memory
[18–20]. In addition, the prefrontal cortical regions, tem-
poroparietal junction, posterior cingulate cortex, and the
cerebellum have been identified as contributing to episodic
memory [20, 21]. In general, brain regions in the left
hemisphere (particularly the hippocampus) appear to be
more involved in encoding while the right hemisphere
(particularly the prefrontal cortex) appears to be more
engaged in the retrieval of episodic memory [22]. A spe-
cific set of regions, termed the “default mode network”
(DMN) has been recently proposed to play a key role in
memory, on the basis of rs-fMRI findings [23, 24]. The
DMN includes the posterior cingulate, extending into the
precuneus, lateral parietal, and medial prefrontal regions.
This network has been shown to be more metabolically active
at rest, decreasing its activity during challenging cognitive
tasks. Interestingly, recent fMRI studies have suggested that
the DMN needs to be disengaged or “deactivated” during
successful memory formation [25, 26].

In patients with AD, a number of fMRI studies have
reported decreased activation in the MTL region compared
with older healthy subjects during episodic encoding
tasks [27–29] (for a review, see Sperling and colleagues
[8–10, 30]). A recent quantitative meta-analysis [31]
demonstrated decreased activation of memory encoding-
related regions (hippocampal formation, ventrolateral
prefrontal cortex, precuneus, cingulate gyrus, and lingual
gyrus) in AD patients. Other fMRI studies have also
suggested that the DMN exhibits markedly abnormal
responses during memory tasks in AD patients [32, 33].
Interestingly, the regions demonstrating aberrant DMN
activity overlap anatomically with regions showing a high
amyloid burden in early AD [34].

Regarding MCI patients, fMRI results have been
markedly variable, ranging from findings of hyperactivation
[27, 35] to hypoactivation [36, 37] of the MTL region.
This variability in the results of previous studies is thought
to be closely related to two factors; first, differences in
subjects’ ability to perform the fMRI task, and second,
differences in the severity of the cognitive impairment along
a continuum between normal aging and dementia [30].
MTL hyperactivation may be a compensatory response to
maintain memory performance in the setting of early AD
pathology [30]. As in AD, there is evidence that areas of
the DMN are significantly affected in subjects with MCI
relative to controls [32, 38]. A more recent study using a face-
name memory task reported that a quantitative goodness-of-
fit index of DMN connectivity was able to distinguish MCI
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Figure 1: The parallel visual pathways in humans. Abbreviations in
this and subsequent figures: d-d pathway, dorsodorsal pathway; v-
d pathway, ventrodorsal pathway; LGN: lateral geniculate nucleus;
V1, 2, 3, 4, and 6, primary, secondary, tertiary, quaternary, and
senary visual cortices; V3a, V3 accessory; V5/MT: quinary visual
cortex/middle temporal area; MST: medial superior temporal area;
IPL, inferior parietal lobule, SPL: superior parietal lobule; IT:
inferior temporal cortex.

patients who converted to AD from those who remained
stable over a 2- to 3-year follow-up period [39].

2.2. Visuospatial Perception. Besides impairment of episodic
memory, higher visual dysfunction is one of the cognitive
hallmarks of AD [40]. Various visual functions, including
the perception of objects, faces, words, and visuospatial
stimuli are impaired in AD. However, deficits of visuospatial
perception (i.e., the perception of space and motion) are
the most prominent. Such deficits play a critical role in the
navigational impairment found in AD and MCI [41–43].

Visual information is processed via parallel channels,
namely, the parvocellular (P) and magnocellular (M) path-
ways [44] (for review, see Tobimatsu and Celesia [6]). Both
systems begin in the retina and project to the primary visual
cortex (V1) via the lateral geniculate nucleus. From V1, the
P-pathway projects to the ventral stream, which includes V4
and the inferior temporal cortex. This system is responsible
for processing form and color [6, 44]. Conversely, after
V1, the M-pathway projects to the dorsal stream, which
includes V3a, V5/MT+ (V5/MT and MST), V6, and the
posterior parietal lobule. This system plays an important role
in detecting space and motion information [6, 44]. Recently,
one study reported that the dorsal stream is divided into two
functional streams: the dorsodorsal (d-d) and ventrodorsal
(v-d) streams [45]. The former consists of V6 and the
superior parietal lobule (SPL) whereas the latter is formed by
V5/MT and the inferior parietal lobule (IPL). Another series
of studies demonstrated that macaque V6 is connected with
visual areas including V1-3, V3a, V5/MT+, SPL, and IPL [46,
47]. A schematic diagram of the parallel visual pathways is
shown in Figure 1. The distribution of neurofibrillary tangles
and amyloid deposits in the visual system in typical AD
has been described. Neurofibrillary tangles have been found
in the visual association areas while amyloid plaques were

reported to be uniformly distributed across the primary and
association visual areas [4, 48–51]. In areas along the dorsal
pathway, there is a significant loss of long corticocortical
projections from early visual areas to V5 [52]. Thus, it is
likely that the dorsal visual pathway is more susceptible to
putative AD-related neuropathological changes than in the
ventral pathway.

Based on the findings mentioned above, several fMRI
studies have been conducted to elucidate the neural basis of
visuospatial impairment in AD patients [53–55]. Informa-
tion regarding motion perception is independently described
in the next section (Section 2.3). Thulborn et al. [53]
demonstrated a reduction in right parietal activation while
perceiving a visual saccade task. Similarly, Prvulovic et al.
[54] reported reduced activation in the SPL, and com-
pensatory recruitment of occipitotemporal cortex (ventral
pathway) during the angle discrimination task. Bokde et
al. [55] investigated the function of the parallel visual
pathways in healthy controls and AD patients, finding that
the control group exhibited selective activation of the ventral
and dorsal pathways during face- and location-matching
tasks. However, no such selective activation was observed in
the AD group. Instead, the AD group recruited additional
activation in the parietal and frontal lobes during the
location-matching task. In contrast, there was no significant
difference in activation between the two groups during the
face-matching task. These fMRI results thus support the
notion that the dorsal visual pathway is more susceptible to
putative AD-related neuropathological changes than in the
ventral pathway.

In a study of MCI patients, Bokde et al. [57] measured
activation changes in the parallel visual pathways using face
matching and location-matching tasks. The healthy control
group but not the MCI group exhibited selective activation
of the ventral and dorsal pathways during the face- and
location-matching tasks. During the face-matching task,
there was no significant difference in activation between the
two groups. However, both visual pathways were activated
in the MCI group, possibly reflecting a compensatory
mechanism, and increased activation was observed in the
left frontal lobe during the location-matching task. Vannini
et al. [58] investigated visuospatial processing in progressive
and stable MCI patients during an angle discrimination
task with varying task demands. Compared with stable MCI
patients and controls, progressive MCI patients exhibited
a stronger relationship between task demand and brain
activity in the left SPL. The authors concluded that increased
parietal activation in progressive MCI patients could reflect
a reduction in neuronal efficacy in the dorsal pathway due to
accumulating AD pathology.

2.3. Motion Perception. To our knowledge, there have been
two fMRI studies investigating motion perception in AD
(but not MCI) patients [59, 60]. Thiyagesh et al. [59] used
depth and motion stimuli, reporting that an AD group
exhibited hypoactivation in V5, SPL, parietooccipital cortex,
and the premotor cortices, as well as greater compensatory
activation in IPL. Thiyagesh et al. [60] also examined the
treatment effects of acetylcholinesterase inhibitors in AD
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Figure 2: Visual motion stimuli. Four hundred white square dots (visual angle, 0.2× 0.2◦; luminance, 48 cd/m2) were randomly presented
on a black background (visual angle, 50 × 48◦; luminance, 0.1 cd/m2). The contrast level was 99.6%. The white dots moved at a velocity of
5.0◦/s. When the white dots move incoherently, random motion stimulation is created. When the white dots move coherently, OF and HO
are perceived. Abbreviations in this and subsequent figures: HO: horizontal motion; OF: optic flow (adapted from Yamasaki et al., in press
[56]).

patients, recording fMRI while subjects performed motion
perception tasks. They reported increased activation in
the left precuneus, left cuneus, left supramarginal gyrus,
right parieto-temporal cortex and right IPL after treatment.
Furthermore, increased activation in the left precuneus was
found to correlate significantly with improved functioning
in terms of activities of daily living. These findings suggest
that fMRI scanning during motion perception tasks could
be useful for monitoring the efficacy of disease modifying
therapies. However, further fMRI studies are necessary to
elucidate the neural basis of impaired motion perception in
patients with AD and MCI.

Motion information is mainly processed by the dorsal
stream including V3a, V5/MT+ (V5/MT and MST), V6, and
the posterior parietal lobule [6, 44–47, 61]. In particular, the
lateral motion area V5/MT+ (V5/MT and MST) and medial
motion area V6 have been recently considered key structures
in extrastriate motion processing [61]. Human V5/MT+
is functionally and anatomically located in the depths of
the anterior occipital sulcus (the ascending limb of the
inferior temporal sulcus) and the anterior portions of either
the inferior lateral occipital or the inferior occipital sulcus.
V5/MT has a high density of motion-sensitive neurons.
V1 neurons have small receptive fields that can detect
local motion. The properties of V5/MT neurons include
larger receptive fields than V1, center-surround interactions,
integration of different directions, and sensitivity to motion
coherence. Taken together, these findings suggest that V5/MT
integrates local motion signals from V1 into the more global
representations of motion needed as a basis for perceptual
performance. Projections from V5/MT into the neighboring
MST area and into the parietal lobe appear to provide a good
neural substrate for the use of visual motion in the control of
eye movements and other actions (for review, see Tobimatsu
and Celesia [6]; Yamasaki et al. [56]).

Recent findings have led to V6 being considered an
additional medial motion area [61], located in the parieto-
occipital sulcus of macaques and humans. In macaques, V6
abuts the end (the representation of the far periphery) of V3
and V3a. It has a clear retinotopic organization, representing
the contralateral hemifield. Most of its cells are visually

responsive, and approximately 75% are direction sensitive.
Similar to V5/MT+ cells, the receptive field of cells in V6
is much larger than that of cells in V1. Adjacent area V6a,
which occupies the dorsal/anterior portion of the sulcus, has
no obvious retinotopic organization and only around 60% of
the neurons are visually responsive. Visual neurons are again
predominantly motion sensitive. These findings suggest that
macaque V6 and V6a play a pivotal role in providing visual
motion information to the motor system. Similarly, human
V6 is confined to the dorsal portion of the parieto-occipital
sulcus, occupying the fundus and posterior bank of the
sulcus. This area contains a complete representation of the
contralateral hemifield, with the lower field located medially
and more anterior to V3/V3a, extending dorsally to the upper
field. As in primates, human V6 responds to coherent more
than incoherent motion (for review, see Fattori et al. [46]).

Many types of motion stimuli have been applied to exam-
ine motion processing in healthy humans and several neu-
rological disorders. In particular, coherent motion stimuli
using random dots have been widely used in psychophysical,
electrophysiological, and neuroimaging studies to investigate
global motion processing [62–64]. There are several types of
global motion, including radial optic flow (OF) and hori-
zontal motion (HO; Figure 2). Radial OF, the visual motion
perceived during observer self-movement, is particularly
important for daily life because it provides cues about the
direction and three-dimensional structure of the visual envi-
ronment [65, 66] (for review, see Tobimatsu and Celesia [6];
Yamasaki et al. [56]). In primates, MST and posterior parietal
neurons have been found to selectively respond to OF [67,
68] while V5/MT neurons do not appear to exhibit such spe-
cific selectivity [69]. Several neuropsychological studies have
reported that patients with AD exhibited impaired radial
OF perception, associated with visuospatial disorientation,
but preserved HO perception [70, 71]. Some patients with
MCI have also been found to exhibit selective impairments
in OF perception [43]. These findings suggest differential
processing of OF and HO. fMRI studies with healthy subjects
have demonstrated that several areas within the dorsal
streams are activated by OF [64, 72–74]. However, it remains
unknown how OF and HO are differentially processed within
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the two distinct dorsal streams (the v-d and d-d streams) in
healthy subjects as well as in patients with cognitive decline.

2.4. Brain Connectivity in the Resting State. As mentioned
above, a number of fMRI studies have revealed that patterns
of activation or deactivation during task performance are
altered in AD and MCI patients. However, these task-based
imaging paradigms require the active participation of sub-
jects, which may be difficult for some AD and MCI patients,
depending on the task demands involved. This problem can
be resolved by the development of rs-fMRI, a technique that
has attracted substantial research attention. rs-fMRI signals
are thought to reflect spontaneous neuronal activity and/or
the endogenous/background neurophysiological processes of
the brain in the resting state [75–77]. Because no stimulation
or task-related responses are required, this method has
practical advantages for clinical applications and can be used
easily even for patients with severe dementia [14]. Various
methods exist for analyzing rs-fMRI data: seed region of
interest (ROI) based on functional connectivity analysis,
independent components analysis, clustering, pattern clas-
sification, graph theoretical analysis, and “local” methods,
including the measurement of regional homogeneity. The
characteristics of each of these methods have been described
in detail elsewhere (for a review, see Margulies et al. [78]).

Spontaneous brain activity is thought to be organized by
synchronized oscillations at different temporal and spatial
scales [79]. Temporal correlations between low-frequency
oscillations of fMRI signals derived from distinct brain
areas at rest reflect the spatial aspects of this organization.
Biswal et al. [75] reported the first such findings of at-
rest functional connectivity in the somatomotor system in
healthy subjects. Since then, rs-networks have been reported
for many functional systems, including the motor, primary
sensory, language, attention, and DMN systems [80–84].
In the past several years, many researchers have begun to
study the pathophysiology of AD and MCI by investigating
changes in rs-fMRI signals (for a review see Liu et al.
[14], Sorg et al. [15], and Filippi and Agosta [16]). An rs-
fMRI study using seed ROI analysis demonstrated disrupted
left-right hippocampal connectivity in AD patients [85].
Other seed-ROI rs-fMRI studies of AD patients reported
altered connectivity between the hippocampus and several
neocortical regions including the posterior cingulate cortex
(PCC), lateral temporal cortex, medial, and lateral prefrontal
cortices, and inferior parietal cortex [86–88]. A study of MCI
patients revealed decreased functional connectivity between
the PCC and temporal cortex compared to controls [89].
Whole-brain analyses of MCI patients have also reported
diffuse alterations of connectivity in the DMN compared
with healthy elderly controls [90, 91]. For example, Sorg
et al. [90] revealed decreased DMN connectivity not only
in the PCC and the bilateral parietal cortex, but also in
the right medial prefrontal cortex. Qi et al. [91] reported
decreased functional activity in regions associated with the
DMN, including the bilateral precuneus/PCC, right IPL and
left fusiform gyrus, and a trend towards decreased right
medial temporal lobe activity. In contrast, enhanced rs-
functional connectivity in frontal regions has been reported

in AD patients [92–94]. Increased functional connectivity
between regions of the DMN and frontal areas has also
been reported in AD [93] and MCI patients [89, 91]. These
findings suggest that patients with AD may rely on increased
prefrontal connectivity to compensate for reduced temporal
lobe function.

Disruption of global functional organization has also
been reported in AD [92, 94]. Wang et al. [94] found
that AD patients exhibited decreased positive correlations
of activity between the prefrontal and parietal lobes, but
increased positive correlations within the prefrontal, parietal,
and occipital lobes. These findings provide further evidence
for the notion that anterior-posterior disconnection and
increased within-lobe functional connectivity occur in AD.
Supekar et al. [92] investigated small-world properties in the
brain, namely, the clustering coefficients and characteristic
path lengths of 90 brain nodes in AD patients, as indices
of global functional organization. Clustering coefficients
are considered a measure of local network connectivity,
and networks with high average clustering coefficients are
characterized by densely connected local clusters. The char-
acteristic path length is a measure of how well connected a
network is. A network with a low characteristic path length
exhibits short distances between any two nodes. Small-world
networks are characterized by a high clustering coefficient
and a low characteristic path length. Based on graph
theoretical analysis, AD patients were found to exhibit a loss
of small-world properties in the brain, with a significant
reduction in the clustering coefficient. This finding suggests
the involvement of disrupted local connectivity in the disease
[92]. In addition, a trend towards randomness in brain
networks in AD was recently reported by Sanz-Arigita et al.
[95] using graph analysis. A post hoc analysis of regional
synchronization revealed increased synchronization in AD
involving the frontal cortices and occipital regions. This
translates into a global reduction of functional long-distance
links between frontal and caudal brain regions.

Recently, Chen et al. [96] succeeded in classifying patients
as AD, MCI, and cognitively normal subjects using a large-
scale network analysis. The altered connectivity patterns
among the cortical networks were significantly correlated
with the results of cognitive tests. Zhang et al. [97]
investigated alterations in PCC functional connectivity by
comparing a healthy control group with three separate AD
groups (mild, moderate, and severe AD) using a method
of temporal correlation. They found that modulation of the
DMN with abnormal PCC connectivity was able to change
along with AD stage progression. Thus, changes in functional
connectivity of the resting brain may provide an imaging
marker for monitoring AD progression.

3. fMRI with Additional ERP Recording
in Motion Perception

fMRI is characterized by excellent spatial resolution, but low
temporal resolution. Thus, it can only discriminate between
events that are separated by several seconds. In contrast, the
temporal resolution of ERPs is in the order of milliseconds,



6 Neurology Research International

IPL

(a)

SPL

(b)

Figure 3: fMRI responses in healthy young adults. (a) Activations of the v-d pathway including the IPL (BA 39/40) are found in the OF
minus HO condition. (b) The HO minus OF condition shows the activation of the d-d pathway, including the SPL (BA 7; adapted from
Yamasaki et al., in press [56]).

which is far superior to that of other neuroimaging methods
including fMRI. However, ERPs offer poor spatial resolution
compared with fMRI. Based on these characteristics, the
combined use of fMRI and ERPs is considered to be an
extremely useful technique for evaluating the spatiotemporal
functional changes in AD and MCI in detail. In the following
section, we summarize the findings of our studies using fMRI
and separate ERP measurement during the performance
of motion perception tasks in healthy controls and MCI
patients [56, 98–102].

3.1. Two Distinct Motion Pathways. As stated in Section 2.3, it
is currently unclear how coherent OF and HO are differently
processed in the v-d and d-d streams in humans. We first
examined the neural basis of motion perception in healthy
young adults by measuring fMRI and visual ERPs during the
perception of coherent OF and HO stimuli [56, 98–102]. In
our fMRI experiments, we used a block design rather than
an event-related design to detect subtle differences in BOLD
signals between the responses to the two types of motion
stimuli. To complement temporal information associated
with neural activity, high-density 128-channel ERPs were
separately recorded. Our visual stimuli consisted of 400 white
square dots randomly presented on a black background. The
white dots moved at a velocity of 5.0 degrees of visual angle
per second. The dots in the HO stimuli moved leftward
or rightward while those in the OF stimuli moved radially
in an outward pattern (Figure 2). The coherence level was
90% for both types of stimuli. We used random motion
(RM) as a baseline in our analysis to suppress the neural
activity of nondirectional neurons. When fMRI was recorded
during OF and HO perception, the OF stimulus significantly
activated the v-d stream, including the IPL (BA 39/40) in
the OF minus RM-baseline and OF minus HO contrasts
(Figure 3(a)). There was no significant activation in other
motion areas, such as V3a, V5/MT+, V6, and the d-d stream
(SPL) in either contrast. On the contrary, the d-d stream,
including the SPL (BA 7) was significantly activated during
perception of the HO stimulus in the HO minus RM-baseline
and the HO minus OF contrasts (Figure 3(b)). However,
significant activations of V3a, V5/MT+, and the v-d stream
(IPL) were not observed in either contrast. These findings
indicate that OF and HO motions are processed differently
within the dorsal stream. The d-d stream (SPL) appears to

be more closely related to HO motion processing while the
v-d stream (IPL) is important for OF motion processing [56,
98, 102]. In addition, the lack of activation in V3a, V5/MT+
and V6 suggests that these brain regions do not distinguish
between RM (or incoherent), coherent OF, and HO motion.
Previous studies have reported that the v-d stream, including
the IPL, plays crucial roles in high-level motion perception,
space perception, and action organization [45, 103, 104].
Conversely, the SPL is highly responsive to unidirectional
coherent motion stimuli [105]. Therefore, the IPL appears
to play an important role in complex OF processing while
activity in the SPL is related to the processing of simple
unidirectional motion.

Using the same motion stimuli, we conducted several
experiments using high-density 128-channel ERP recording.
The results revealed that perception of these stimuli was
associated with two major ERP components (N170, P200;
Figure 4). The occipitotemporal N170 had a V5/MT origin,
and was evoked by both types of stimuli [56, 98]. In contrast,
the parietal P200 originated in IPL (BA 40) and was only
elicited by OF stimuli [56, 98]. These findings indicate
that the N170 component is a nonspecific, motion-related
component originating from V5/MT, while the P200 is an
OF-specific component generated by the IPL [56, 98]. Thus,
our ERP studies provided further evidence suggesting a
close relationship between the v-d stream (IPL) and OF
perception. On the basis of these findings, we conclude that
different types of spatiotemporal processing are driven by OF
and HO motion stimuli within two distinct dorsal streams in
healthy young adults.

3.2. Effects of Aging and Cognitive Decline on Motion Per-
ception. Based on our previous fMRI and ERP findings in
healthy young adults [56, 98], we conducted a preliminary
investigation of motion perception in healthy older elderly
adults and MCI patients. In fMRI, healthy elderly adults
showed similar activation patterns to healthy young adults.
That is, OF stimulus perception dominantly activated the v-
d stream (IPL) while the d-d stream (SPL) was more strongly
activated by HO stimuli. Interestingly, in MCI patients,
IPL activation in response to OF stimuli was decreased
compared to healthy elderly adults. In contrast, there was
no apparent difference in SPL activation for HO between
healthy old adults and MCI patients. These results imply that
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Figure 4: ERP responses in healthy young adults. Two major
components (N170, P200) were observed. The N170 was evoked by
both HO and OF stimuli while the P200 was only elicited by OF
stimuli (adapted from Yamasaki et al., in press [56]).

the function of the v-d stream (IPL) is selectively impaired in
MCI while d-d (SPL) function appears to be preserved.

Two major ERP components (N170, P200) were detected
during this task in both healthy old adults and MCI patients,
as observed in healthy young adults [98]. MCI patients
exhibited prolonged OF-specific P200 latencies compared to
healthy elderly adults, but no differences were found in N170
latency. This finding suggests that the function of the v-d
stream (IPL) related to OF perception is selectively impaired
in MCI patients, consistent with fMRI findings. These results
are in accord with the functional importance of the IPL in
MCI patients [106]. Taken together, our findings provide
evidence that fMRI with additional ERP recording can be
useful for detecting spatiotemporal functional changes in the
brain, including the IPL, in MCI patients.

4. Conclusion

The most prominent symptoms of MCI and AD are memory
loss and visuospatial impairments. The task-related fMRI
studies discussed in this review demonstrated specific alter-
ations of several brain functions, such as memory networks
and visuospatial perception. Decreased activation in the
distributed networks including the MTL and DMN has been
observed during the encoding of new memories. Alteration
of memory networks can distinguish AD converters of MCI
from nonconverters. During visuospatial perception, the
activation of the dorsal pathway was reduced in conjunction
with compensatory activation in the ventral pathway and
frontal regions. Repeated fMRI scanning during a visuospa-
tial task revealed enhanced activation in the dorsal stream
after treatment. This activation was correlated with improve-
ments on neuropsychological assessments. Studies utilizing

the recent development of rs-fMRI have also demonstrated
altered functional connectivity within the hippocampus,
DMN, and larger-scale networks. Changes in the functional
connectivity of the resting brain have been successfully used
in the classification of patients with AD, MCI, and the healthy
elderly. Taken together, the studies reviewed above indicate
that fMRI is useful as an early diagnostic aid for AD and MCI
patients. Furthermore, fMRI is a potentially useful method
for monitoring the progression of disease and the efficacy
of disease-modifying therapies. Unfortunately, the temporal
resolution of fMRI is far inferior to that of ERPs. By recording
both fMRI and ERP activity in response to the same motion
stimuli, we revealed spatiotemporal functional changes of
the IPL in MCI patients during coherent motion perception.
Therefore, the use of ERPs appears to provide additional
information about spatiotemporal functional changes in
MCI.
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[29] F. Rémy, F. Mirrashed, B. Campbell, and W. Richter, “Verbal
episodic memory impairment in Alzheimer’s disease: a
combined structural and functional MRI study,” Neuroimage,
vol. 25, no. 1, pp. 253–266, 2005.

[30] R. Sperling, “Functional MRI studies of associative encoding
in normal aging, mild cognitive impairment, and Alzheimer’s
disease,” Annals of the New York Academy of Sciences, vol.
1097, pp. 146–155, 2007.

[31] G. C. Schwindt and S. E. Black, “Functional imaging studies
of episodic memory in Alzheimer’s disease: a quantitative
meta-analysis,” Neuroimage, vol. 45, no. 1, pp. 181–190, 2009.

[32] K. A. Celone, V. D. Calhoun, B. C. Dickerson et al.,
“Alterations in memory networks in mild cognitive impair-
ment and Alzheimer’s disease: an independent component
analysis,” The Journal of Neuroscience, vol. 26, no. 40, pp.
10222–10231, 2006.
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Current radiologic diagnosis of normal pressure hydrocephalus (NPH) requires a subjective judgment of whether lateral
ventricular enlargement is disproportionate to cerebral atrophy based on visual inspection of brain images. We investigated
whether quantitative measurements of lateral ventricular volume and total cortical thickness (a correlate of cerebral atrophy)
could be used to more objectively distinguish NPH from normal controls (NC), Alzheimer’s (AD), and Parkinson’s disease (PD).
Volumetric MRIs were obtained prospectively from patients with NPH (n = 5), PD (n = 5), and NC (5). Additional NC (n = 5)
and AD patients (n = 10) from the ADNI cohort were examined. Although mean ventricular volume was significantly greater
in the NPH group than all others, the range of values overlapped those of the AD group. Individuals with NPH could be better
distinguished when ventricular volume and total cortical thickness were considered in combination. This pilot study suggests that
volumetric MRI measurements hold promise for improving NPH differential diagnosis.

1. Introduction

Normal pressure hydrocephalus (NPH) is a chronic neuro-
logic disorder in adults characterized by impairments of gait,
urination and cognition in association with enlargement
of the cerebral ventricles. Brain imaging is integral to
the diagnosis of NPH [1] and has also contributed to
prognosticating response to shunt placement, which is the
primary method of treating NPH at this time [2, 3].

The most characteristic physical change in the brains
of NPH patients is ventricular enlargement. Radiographic
identification of NPH is made by visual inspection of X-
ray computed tomographic (CT) or magnetic resonance
imaging (MRI) scans of the brain. Diagnosis can be chal-
lenging because ventricular enlargement also occurs as a

consequence of aging, cerebrovascular disorders, neurode-
generative diseases, and other forms of hydrocephalus. To
distinguish NPH from these other conditions, a determi-
nation must be made that the ventricular enlargement is
not wholly attributable to cerebral atrophy or macroscopic
obstruction to cerebrospinal fluid circulation. Most clini-
cians use other signs of atrophy such as sulcal widening
to judge whether the extent of ventricular enlargement is
greater than expected from cerebral atrophy alone. Even
when carried out by skilled readers, this assessment is
subjective and prone to error. Although various imaging
signs such as a rounded ventricular horns, expansion of the
Sylvian fissure, thinning of the corpus callosum, and upward
displacement of the superior parietal lobule may help to
distinguish NPH from cerebral atrophy, these signs are not
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Figure 1: (a) Three-dimensional representation of the ventricles in normal, NPH, and AD participant (left to right). The ventricles of the
NPH and the AD participants are enlarged relative to the normal participant. (b) FreeSurfer’s cortical thickness maps in the same normal,
NPH, and AD participant (left to right) are shown. The cortex of the AD participant is notably thinner, particularly in posterior regions,
than that of the normal and NPH participant.

universally present or specific to NPH. Two-dimensional
methods for quantifying ventricular enlargement such as
the Evan’s index [4] address only whether the ventricles
are enlarged and are not particularly informative about
the relative amount of cerebral atrophy present. Better
methods are therefore needed to identify NPH radiologically
and distinguish it from other conditions associated with
ventricular enlargement.

In the past decade, several techniques have emerged
for quantitatively measuring cerebral atrophy. Voxel-based
morphometry (VBM) has been recently applied in a study
that found NPH patients had overall preservation of the
cortex with volume loss in periventricular regions [5]. This
technique, which is best suited to group analyses, is sensitive
to group coregistration issues and has limited applicability
to individuals [6, 7]. The present study examines whether
another method of quantitative MRI analysis that measures
total cortical thickness (TCortTh) and lateral ventricular
volume (VentVol), can be used to identify NPH cases
and distinguish them from individuals with normal aging
and other neurologic conditions. Distinguishing NPH from
Parkinson’s disease (PD) and Alzheimer’s disease (AD) is
of particular interest because these disorders are prevalent
in the population at risk for NPH and sometimes have
overlapping clinical features. An underlying assumption of
our approach is that the extent of ventricular enlargement
can be used to distinguish NPH from PD and normal aging

but extent of cortical thinning better differentiates NPH
from AD (Figure 1). We hypothesized that neither VentVol
nor TCortTh alone would fully distinguish NPH from other
diagnostic groups but that the combination of these two
measures could improve NPH differential diagnosis.

2. Methods

2.1. Participants. In this study, 5 NPH participants were
recruited from the Weill Cornell Medical College (WCMC)
Memory Disorders Program and were identified by a
neurologist or neurosurgeon as having Probable NPH by
International Consensus (IC) criteria [1]. This involved sub-
jective interpretation by a radiologist of ventricular size upon
visual inspection of an MRI or CT. Actual measurements
of ventricular size and cortical thickness were not used for
diagnostic purposes. In addition, all 5 NPH participants were
responsive to shunt placement, which was further supportive
of the diagnoses.

Five normal control (NC) and 10 AD participants,
matched for age and gender, were chosen at random from the
Alzheimer’s Disease Neuroimaging Initiative (ADNI) dataset
[8] (http://www.loni.ucla.edu/ADNI). In addition, five PD
participants were recruited from the WCMC Movement
Disorders Clinic having been diagnosed according to the
United Kingdom Parkinson’s Disease Society Brain Bank
criteria [9]. Because these participants were younger than
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Table 1

Group n M : F Age

NPH 5 3 : 2 81± 4 (76–87)

AD 10 6 : 4 81± 5 (74–87)

PD 5 2 : 3 69± 4 (64–73)

NC-younger 5 4 : 1 68± 6 (64–78)

NC-older 5 3 : 2 81± 4 (76–86)

the other groups, 5 additional younger NC participants were
recruited through advertisements and referrals. See Table 1
for demographic characteristics.

2.2. Procedures. All participants gave informed consent. For
prospective participants (NPH, PD, and younger NC), sagit-
tal 3D BRAVO MRI sequences were performed on a 3T GE
Signa scanner located at the WCMC Citigroup Biomedical
Imaging Center. ADNI images (AD and older NC) were
acquired from a straight sagittal 3D MPRAGE sequence.

2.3. Imaging Measures

2.3.1. Cortical Thickness. Measurement of cortical thick-
ness, based on the perpendicular distance from the pial
surface to the gray/white matter juncture, is a validated
measure of cerebral atrophy. FreeSurfer [10–15] is an
image analysis software package available in the public
domain (http://surfer.nmr.mgh.harvard.edu) that provides
automated global and regional measures of cortical thick-
ness. FreeSurfer performs gyral-based cortical parcellation
using an algorithm that incorporates probable locations
of regions of interest and the potential interparticipant
variance based on the sample used. The atlas-generated
ROIs were highly accurate compared to manual ROIs
using intraclass correlation and mean distance maps [11].
Cortical thickness measurements have been shown to be
reliable across different MRI platforms [15], and correlations
between cortical thickness and cognition were reliable across
different scanner platforms and different field strengths [16].
FreeSurfer (version 4.5.0) provided average cortical thickness
values for the left and right hemispheres by automatically
calculating the average of the values at each vertex across the
hemisphere. FreeSurfer’s reconstruction was checked for all
participants, and edits were made where needed. The values
of the two hemispheres were averaged to provide a measure
of TCortTh across the entire cortex for final analyses. Middle
temporal thickness (MTempTh) was also measured because
prior research has suggested that the middle temporal lobe is
relatively resistant to aging [17] but sensitive to AD [18, 19].

2.3.2. Total Intracranial Volume (TICV). To control for head
size, total intracranial volume was derived from the MRIs by
an automated routine, using FreeSurfer.

2.3.3. Evans Index. The Evans Index is the ratio of the
maximal frontal horn ventricular width to the transverse

diameter of the inner table of the skull. A ratio of 0.3 or
greater signifies ventriculomegaly [4].

2.3.4. Ventricular Volume. We used a semiautomated algo-
rithm for measuring ventricular volume, implemented in the
program Brain Ventricular Quantification (BVQ [20]). BVQ
correctly filled the lateral ventricles with minimal manual
editing in cases of NPH. BVQ uses a seed point/region-
growing method and is optimized specifically for segmen-
tation of the lateral ventricles. In longitudinal studies, BVQ
has been shown to successfully differentiate AD patients
from NC participants based on annual percent change
in ventricular volume [21]. BVQ was therefore chosen to
measure VentVol for the purposes of this study.

2.3.5. Data Analysis. T-tests were used to compare the
younger and older NC groups on the outcome measures,
and Chi-Square was used to determine if gender distribution
differed across groups. Group differences in TICV were
calculated with ANOVA. Group and pairwise comparisons
of imaging outcomes were calculated using nonparametric
methods (Kruskal-Wallis Rank Test). For the purposes of
this exploratory analysis, no adjustments were made for
multiple comparisons.

3. Results

The younger and older NC participants did not significantly
differ from each other on any outcome variable. For the
purposes of subsequent analyses, the NC participants were
all treated as one group. Chi-square results showed no signifi-
cant differences between groups in gender distribution. One-
way ANOVA was significant for group differences in TICV,
F(3, 26) = 5.131, P = .006, and post hoc testing showed
that NPH participants had significantly larger TICV than all
other groups (P < .05), and PD participants had significantly
smaller TICV than all other groups (P < .05).

All 5 of the NPH participants scored an Evan’s Index
above the cutoff for ventricular enlargement. Five of the
10 AD participants and 1 of the 5 older NC participants
also scored above this cutoff. Kruskal-Wallis Tests across
all groups showed significant differences in VentVol (P =
.000), VentVol/TICV (P = .000), TCortTh (P = .042), and
MTempTh (P = .002). Pairwise Kruskal-Wallis Tests showed
that NPH participants had significantly larger VentVol and
VentVol/TICV compared to all other groups with P <
.05 for all comparisons. AD participants had significantly
larger VentVol and VentVol/TICV compared to NC and
PD participants at P < .01. NPH participants had lower
TCortTh compared to PD participants (P = .028). AD
participants had lower TCortTh compared to NC (P = .021)
and PD (P = .037) participants. NPH participants had
lower MTempTh compared to NC (P = .022) participants,
and AD participants had lower MTempTh compared to all
other groups at P < .05. NC and PD participants did not
significantly differ from each other on any outcome. See
Table 2 for descriptive statistics.

When VentVol was examined in ratio to TCortTh, Kru-
skal-Wallis results showed that groups significantly differed,
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Table 2

Group TICV (cm3) VentVol (cm3) TCortTh (mm) MTempTh (mm) Proportion of participants with Evans Index >0.3

NC 1493± 156 32± 11 2.19± .06 2.64± .12 1/10

PD 1301± 153 21± 14 2.21± .06 2.58± .18 0/5

AD 1490± 164 61± 26 2.05± .14 2.29± .18 5/10

NPH 1706± 186 122± 48 2.12± .04 2.48± .09 5/5
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Figure 2: (a) Ventricular volume of NPH subjects overlaps that of AD patients. (b) Cortical thickness overlaps among all groups, with AD the
best distinguished. (c) When ventricular volume and cortical thickness are both taken into account, NPH can be more clearly distinguished
from the other groups.
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P = .000. Pairwise Kruskal-Wallis Tests showed that NPH
had significantly larger ratios than all other groups with
P < .05 for all comparisons. AD participants had significantly
larger ratios compared to NC and PD groups at P < .01.

Results were plotted to examine for patterns that might
distinguish NPH from other groups using VentVol and
TCortTh (Figure 2). While neither VentVol nor TCortTh
alone could separate the NPH participants from other
groups, a combination of the two measures more clearly
distinguished the NPH participants from the others.

4. Discussion

As a group, the NPH patients in this study had larger total
intracranial volumes than other subjects, an observation
consistent with past reports of increased head-size among
adult NPH patients [22]. Despite the fact that NPH patients
had significantly larger ventricular volumes than all other
groups including AD, there was overlap in this measure
between the NPH and AD participants (Figure 2(a)). The
Evans Index also failed to differentiate between groups, as
several AD and one older NC participant scored above the
cutoff for ventricular enlargement. This is consistent with the
observation that it is difficult to distinguish ventriculomegaly
due to NPH and AD based on ventricular size alone. NPH
patients also showed a large degree of overlap with other
groups in measures of global or regional cortical thickness.
The AD group has significantly different total cortical thick-
ness and middle temporal thickness than the other groups,
but these measures did not distinguish all AD patients from
the other patient groups. Accordingly, neither ventricular
volume nor cortical thickness alone would be expected to
adequately serve as the basis for differential diagnosis of
NPH individual patients. However, when both VentVol and
TCortTh were considered together as in Figure 2(c), subjects
with an NPH diagnosis can be more clearly separated from
NC and patients with AD and PD.

The volumetric analysis techniques employed in this
study have become more widely available, efficient, and
user friendly in recent years. Fully automated measurements
of cortical thickness and ventricular volume may be less
subject to interrater variations and therefore more suitable
for clinical use. Limitations to the present study include the
small number of subjects and the use of images obtained
with different MRI platforms and sequences. Although these
factors are likely to have influenced the absolute values of
our ventricular volume and cortical thickness measurements,
the outcomes obtained for these parameters in this study are
consistent with those in the literature [21].

Differential diagnosis of NPH from AD and other neu-
rologic disorders might be assisted by additional biomarkers.
Positron emission tomography (PET) imaging with amyloid
tracers detects amyloid plaques in the brain, which are
characteristic of AD [23]. This technique could be used to
confirm this study’s findings in individual cases, but it would
require carrying out an expensive, additional test. The 42-
amino acid subtype of the amyloid beta protein is present
in cerebrospinal fluid (CSF) and is associated with AD [24].
Other CSF biomarkers include total tau and phosphorylated

tau [24, 25]. Amyloid PET and CSF biomarkers, however,
have not been shown to conclusively distinguish AD from
NPH, although ongoing studies can help to address this [26].
Future research can combine the MRI measures examined in
the current study with other biomarkers to further improve
the accuracy of the differential diagnosis of NPH.

Future follow-up studies with larger samples can use
parametric statistics such as logistic regression to further
establish the separation of NPH from other groups based
on ventricular volume and cortical thickness. In addition,
future studies can examine cortical thickness and/or volume
changes in specific structures that are vulnerable to AD to
further improve the differential diagnosis of NPH relative to
AD. Hippocampal volume, however, may not be as useful in
differentiating the two diseases because it can be reduced in
NPH due to compression by the expanded temporal horn
of the lateral ventricle. Cortical structures, being farther
removed from the ventricles, might better contribute to the
differential diagnosis of NPH. In this study, middle temporal
thickness was not as effective as total cortical thickness in
distinguishing groups, since NPH patients showed thinning
of this area. Further research is needed to identify specific
areas of the cortex that can contribute to the differential
diagnosis of NPH.

Another possible confounder to this analytic strategy in
practice is the simultaneous occurrence of NPH and AD or
PD in the same patient. Such cases were excluded from the
present analysis but are often encountered in clinical practice.
Further studies will be required to determine if patients with
dual diagnoses can be identified by these methods.

5. Conclusion

While these preliminary findings require replication in larger
numbers of subjects, these results highlight the promise of
combining quantitative measures of cortical thickness and
ventricular volume as potential brain imaging markers for
the differential diagnosis of NPH.
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Neuroferritinopathy is a neurodegenerative disease which demonstrates brain iron accumulation caused by the mutations in
the ferritin light chain gene. On brain MRI in neuroferritinopathy, iron deposits are observed as low-intensity areas on T2WI
and as signal loss on T2∗WI. On T2WI, hyperintense abnormalities reflecting tissue edema and gliosis are also seen. Another
characteristic finding is the presence of symmetrical cystic changes in the basal ganglia, which are seen in the advanced stages
of this disorder. Atrophy is sometimes noted in the cerebellar and cerebral cortices. The variety in the MRI findings is specific
to neuroferritinopathy. Based on observations of an excessive iron content in patients with chronic neurologic disorders, such
as Parkinson disease and Alzheimer disease, the presence of excess iron is therefore recognized as a major risk factor for
neurodegenerative diseases. The future development of multimodal and advanced MRI techniques is thus expected to play an
important role in accurately measuring the brain iron content and thereby further elucidating the neurodegenerative process.

1. Introduction

Neuroferritinopathy is an autosomal dominant neurode-
generative disorder characterized by the deposition of iron
and ferritin in the brain and a decreased level of serum
ferritin. The disease is caused by a mutation in the ferritin
light chain gene [1]. Seven different pathogenic mutations
of the ferritin light chain gene have been identified [1–
7]. These mutations are predicted to affect the tertiary
structure and stability of the ferritin light chain polypeptide
and may cause inappropriate iron release from ferritin
polymers [8, 9]. It is supposed that the excess iron induces
free toxic radical production, which leads to tissue oxida-
tive stress and neuronal cell death [10–12]. The clinical
features of neuroferritinopathy are characterized by the
adult onset of extrapyramidal motor symptoms: dystonia,
chorea, choreoathetosis, parkinsonism, and tremor. Some
patients may present cerebellar ataxia, cognitive decline, and
pyramidal signs [2, 3, 5–7]. The phenotypic signs of the
disease are variable, even among members of the same family
[1, 3]. Generally, there are no nonneurological symptoms
[13], different from in other neurodegenerative brain iron

accumulation diseases. The clinical features of neurofer-
ritinopathy are not specific, and they overlap with those of
common extrapyramidal disorders. It is difficult to diagnose
neuroferritinopathy solely based on the clinical findings.
Brain MR imaging in the disease is quite characteristic and
it may facilitate differential diagnosis of neuroferritinopathy
from other extrapyramidal disorders.

2. Brain MR Imaging in Neuroferritinopathy

We will review the findings in neuroferritinopathy with con-
ventional MRI methods, T1-weighted imaging, T2-weighted
imaging, and T2∗-weighted imaging. On T1WI, there is
a sharp contrast between the parenchyma and ventricles,
and it is adequate for evaluating brain atrophy and cystic
changes. T2WI is suitable for detecting the pathological
processes with an increase in water content, such as gliosis,
edema and axonal/neuronal loss, as hyperintense signals. On
T2∗WI with a gradient echo sequence, the signals are readily
influenced by magnetic inhomogeneity. Therefore, T2∗WI
is sensitive enough to detect paramagnetism such as that of
iron.
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Signal abnormalities on brain MR imaging were observed
in all affected individuals previously reported except for one
case [13–15]. Despite the clinical differences, the neuroimag-
ing is similar across cases [16]. The findings are usually
bilateral and symmetric but sometimes asymmetric [3, 17].
Signal changes are found in widespread areas in the central
nervous system [14].

Radiological findings in patients with neuroferritinopa-
thy have been shown to correlate with the observed pathol-
ogy [18]. The abnormalities observed on MRI reflect four
pathological changes: iron deposition, edema and gliosis,
cystic changes, and cortical atrophy [1–3]. Each finding is
described individually below.

2.1. Iron Deposition. Iron is essential for normal neuronal
metabolism, but excessive iron may be harmful [19, 20]. It
is known that iron overload can cause free-radical formation
and neuronal damage.

Physiologically, brain iron appears to be found predomi-
nantly in the extrapyramidal system, in particular the globus
pallidus, substantia nigra, red nucleus, and putamen. It
has been shown that moderate levels of iron occur in the
striatum, thalamus, cerebral cortex, cerebellar cortex, and
deep white matter [21]. It is also known that iron deposition
increases normally with age. The brain histopathology of
affected individuals with neuroferritinopathy involves excess
iron and ferritin deposits throughout the forebrain and cere-
bellum, notably in the basal ganglia [1–3]. The accumulation
observed in affected patients exceeds that found in normal
elderly individuals. However, these regions still exhibit the
general distribution pattern for iron in the normal aging
brain [1].

On fast spin echo T2WI, iron deposits are demonstrated
as low-intensity areas and as signal loss on gradient echo
T2∗WI [13, 22]. Comparison of T2WI and T2∗WI sequences
suggests that the T2∗ one is more sensitive for the detection
of iron, while the T2 fast spin echo T2WI sequence is more
frequently used in routine clinical practice [14]. In particular,
the cortical iron deposition in neuroferritinopathy is hardly
detectable on T2WI but is easily observed on T2∗WI [14].
Generally, iron deposit regions are isointense on T1WI [23].

2.2. Degeneration. T2 hyperintense abnormalities are seen
in the pallidum, putamen, caudate nucleus [1, 3], thalamus
and dentate nucleus, and sometimes in the red nucleus and
substantia nigra [16, 24] in patients with neuroferritinopa-
thy. The border of a lesion has a tendency to be unclear
and the signal is unequal. These changes are supposed to
reflect tissue degeneration with edema and gliosis observed
pathologically. Because of the increased water content, the
lesions are detected as hyperintense signals on T2WI [25].
Around these hyperintense areas, hypointensity due to iron
deposits is frequently seen.

2.3. Cystic Changes. On MRI in neuroferritinopathy, the
bilateral cystic changes involving the pallidum and putamen
are impressive. Cavities are demonstrated as low-intensity
signals on T1WI and high-intensity signals on T2WI,

(a) (b)

Figure 1: Axial section at the level of the basal ganglia in the patient
at 35 years of age. (a) A T1-weighted image (TR 400 msec/ TE
14 msec) shows symmetrical hypointense signals in the head of the
caudate nucleus and globus pallidus. (b) A T2-weighted image (TR
800 msec/TE 30 msec) shows hypointense changes in the lenticular
nucleus. Hyperintense signals can be observed in the putamen and
the head of the caudate nucleus.

compared with the CSF signal. In the region adjacent to
a cystic lesion, severe loss of nerve cells and neuropil is
observed pathologically. In one case, Vidal et al. reported
that microcavities measuring up to 1.5 mm in diameter were
seen in the putamen anatomically and that these cavities
were consistent with small hypointense areas on T1WI and
to hyperintense ones on T2WI on MRI [2]. This finding is
thought to represent the beginning stage of cavity formation.

McNeill et al. analyzed the MRI findings in 21 patients
with neuroferritinopathy. In 52% (11/21 patients), they
found that the globus pallidus and/or putamen coincided
with a confluent area of hyperintensity and that this
hyperintense area was likely to be due to fluid within an area
of cystic degeneration. It is usually accompanied by a rim of
peripheral hypointensity reflecting iron deposition. This is
a characteristic imaging pattern in neuroferritinopathy. The
presence of large cysts is thought to be a finding observed at
an advanced stage [14].

2.4. Cortical Atrophy. On brain MRI in neuroferritinopathy,
atrophy is sometimes noted in the cerebellar cortices and
cerebral cortices, notably in the frontal lobe. Atrophy of
the cerebellar and cerebral cortices has also been anatomi-
cally identified. Regarding on clinicoradiologic correlation,
patients having cerebellar atrophy present ataxia [2, 3, 26],
and ones having cerebral atrophy present cognitive decline
[23, 26].

3. The Relationship between the Stage of the
Disease and MRI Findings

The first MRI change is loss of the T2∗ signal due to
iron deposits. In an early symptomatic stage, and even in
an asymptomatic carrier, there is obvious signal loss on
T2∗ imaging in the basal ganglia, especially in the globus
pallidus, at considerable frequency. In conventional spin
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Figure 2: T1-weighted images (TR 400 msec/ TE 9 msec) of the same patient at 42 years of age. (a) A cross-section at the pontine level shows
cerebellar cortex atrophy. (b) An image of a midbrain section demonstrates the hypointense change in the substantia nigra. (c) An image at
the level of the basal ganglia shows symmetrical hypointense signals in the head of the caudate nucleus and globus pallidus. As compared
with the findings at 35 years, the hypointense signals in the pallidum extend to the putamen. The cystic changes of the lenticular nuclei
can be clearly observed. The shape of the cyst is fan shaped and exactly fits the region of the lenticular nucleus. The cerebral cortex in the
frontal lobes is atrophic. The hypointense lesion in the caudate head observed in the image at 35 years of age seems to be combined with
the hypointense signal of the anterior horn of the lateral ventricle. (d) In this image, enlargement of the lateral ventricles is evident. (e) This
image shows cerebral cortical atrophy.

echo MR sequences, the signal change is inconspicuous
and is observed as a minor low signal on T2WI [13]. There
has only been one report of that brain MR T2WI was
normal without evidence of iron deposition; however, it
was obtained six years after the onset of neuroferritinopathy
symptoms. In this case, the T2∗ sequence was not examined
at that time. The follow-up MRI performed 16 years after
the onset, however, showed typical abnormalities [15].

With disease progression, the T2 hypointense signal
and T2∗ signal loss become more pronounced [13]. The
changes eventually extend to the thalamus, dentate nucleus,
substantia nigra, red nucleus, and cerebral cortex.

In the middle stage of the disorder, T2 hyperintense
abnormalities reflecting tissue edema and gliosis are
observed. In the basal ganglia, this change is thought to rep-
resent precystic degeneration [13]. The hypersignal lesions
are often intermixed with decreased intensity areas corre-
sponding to iron deposits. The combination of hyperintense
and hypointense abnormalities is found in the pallidum,
putamen, thalamus, and dentate nucleus frequently and
sometimes in the red nucleus and substantia nigra [17, 27].

The characteristic finding on brain MRI at the advanced
stage is symmetrical cystic degeneration of the basal ganglia
[16, 28]. Pathologically, many microcavities due to the loss
of neurophils and neurons are observed, which are consistent
with hypointense areas on T1WI and with hyperintense ones
on T2WI on MRI [2]. It is supposed that small cavities
merge to form larger cavities with progression of the disease.
The large cavities observed on MRI have been confirmed by
macropathological investigation [1].

4. MRI Findings in Our Case

Brain MR images of our case are presented in Figures 1,
2, 3, and 4. Our patient is a 42-year-old Japanese man
who first developed hand tremor in his middle teens. He
noticed his right foot dragging at age 35, and generalized
hypotonia, hyperextensibility, aphonia, micrographia, hyper-
reflexia, dystonia of his face, and cognitive impairment at
age 42. Rigidity, spasticity, and chorea were not observed.
His deceased mother had presented similar symptoms. His
serum ferritin concentration was apparently low. He was
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Figure 3: T2-weighted images (TR 3,440 msec/TE 89.4 msec) at 42 years old. (a) A cross-section at the pontine level exhibits bilateral and
symmetrical signal loss with central hyperintense abnormalities in the dentate nucleus with cerebeller cortical atrophy. (b) An image of
a midbrain section demonstrates the symmetrical increased signal intensity involving the substantia nigra. A decreased signal change is
observed in the red nucleus. (c) An image at the level of the basal ganglia shows hyperintensity with a band of surrounding hypointensity
affecting the putamen and pallidum. Foggy high signal changes can be seen in the inner part of the thalamus bilaterally. (d) An image of a
section of the central part of the lateral ventricles. (e) An image of a section of the cerebral cortex. The signal change is not evident.

tested by means of the molecular technique and diagnosed as
having neuroferritinopathy because a mutation of the ferritin
light chain gene was detected [5].

All images presented here were taken with a 1.5 Tesla
MR System. T1-weighted, T2-weighted, and T2∗-weighted
sequences were collected in the transverse plane. A T1-
weighted image is useful for evaluating the atrophy and
size of a cyst. As compared with the image at 35 years
(Figure 1), that at 42 years demonstrates progression of the
cystic formation and deterioration of the cortical atrophy in
the frontal lobes (Figures 2(c) and 3(c)). Cortical atrophy can
also be seen in the cerebellum (Figure 2(a)). Enlargement of
the lateral ventricles is evident (Figure 2(d)).

A T2-weighted image is valuable for detecting the
combination of degenerative change and iron accumulation.
A clear hyperintense lesion with a hypointense signal was
found in the center of the dentate nucleus (Figure 3(a)).
Foggy high signal changes were found in the inner part of the
thalamus bilaterally (Figure 3(c)). These lesions are supposed
to reflect the edema and gliosis observed pathologically.

T2∗ images are valuable for detecting iron deposition.
Iron deposits were indicated as signal loss in the dentate
nuclei (Figure 4(a)), red nuclei (Figure 4(b)), thalamus
(Figure 4(c)), at the periphery of the cysts (Figure 4(c)), and
in the cerebral cortex (Figure 4(e)) in T2∗-weighted images.

5. Differential Diagnosis

In this section, we provide an overview of the MRI find-
ings in three other subtypes of neurodegeneration with
brain iron accumulation (NBIA): pantothenate kinase-2
associated neurodegeneration (PKAN, formerly known as
Hallervorden-Spatz syndrome), aceruloplasminemia, and
infantile neuroaxonal dystrophy (INAD) for the differential
diagnosis of iron deposition in the basal ganglia. Over the
last decade, iron deposition in the adult brain is being
increasingly recognized as an indicator of neurodegenerative
processes in many chronic neurologic disorders including
Parkinson disease and Alzheimer disease. We also mention
the MRI findings in these common neurodegenerative
diseases.

PKAN is a childhood-onset extrapyramidal disorder with
aberrant iron metabolism caused by a mutation of the pan-
tothenate kinase-2 (PANK2) gene [29]. Brian MRI findings
in patients with the PANK2 mutation include hypointensity
with an area of central hyperintensity in the globus pallidi on
T2- and T2∗-imaging, this characteristic sign being called the
“eye-of-the-tiger” sign [14, 30–32]. McNeill et al. reported
that two of 21 cases of neuroferritinopathy presented the
“eye-of-the-tiger” sign and that the MRI findings in these
iron accumulative disorders sometimes might overlap. He



Neurology Research International 5

(a) (b) (c)

(d) (e)

Figure 4: T2∗-weighted images (TR 400 msec/ TE 25 msec) obtained with a gradient echo sequence in the same patient at 42 years old. (a) A
cross-section at the pontine level. The signal loss with central hyperintense lesions in the dentate nucleus is more obvious than that observed
on T2WI. (b) An image of the midbrain demonstrates the hypointense change in the red nucleus. (c) Cystic degeneration of the basal ganglia
with a rim of peripheral signal loss is obvious. In the thalamus, bilateral hyperintense abnormalities surrounded by slight hypointensity can
be seen. (d) An image of a section of the central part of the lateral ventricles. (e) The iron deposition in the cerebral cortex is detected as
signal loss.

emphasized the importance of repeat imaging for a more
accurate clinical diagnosis [14]. In the majority of PKAN
cases, abnormalities are restricted to the globus pallidus
and substantia nigra. In neuroferritinopathy, lesions in the
globus pallidus, putamen, and dentate nuclei are consistently
accompanied by ones in the caudate nuclei or thalami in
a subset. The widespread location of lesions throughout
the central nervous system is one of the characteristic MR
findings in neuroferritinopathy patients [14].

Aceruloplasminemia is an adult onset extrapyramidal
disorder with iron deposition in the brain, liver, and retic-
uloendothelial system. It is caused by a mutation of the ceru-
loplasmin gene. The iron deposition in the central nervous
system in aceruloplasminemia exhibits a distribution compa-
rable to that in neuroferritinopathy, but in aceruloplasmine-
mia, all basal ganglia nuclei and thalami are simultaneously
involved as seen in T2-weighted and T2∗-weighted images.
A further distinguishing feature is the lack of the combina-
tion of hyperintense and hypointense abnormalities that is
often observed in neuroferritinopathy. The low signal areas
observed in aceruloplasminemia are homogenous. The cystic
changes of the basal ganglia observed in neuroferritinopathy
are rarely seen in aceruloplasminemia [13, 14, 33].

INAD is an autosomal recessive disorder with motor
and mental deterioration, appearing within the first two
years of life. It is due to mutations in PLA2G6. The
characteristic MRI finding in INAD patients is cerebeller
atrophy, which is often accompanied by signal hyperintensity
in the diffuse cerebellar cortex [34]. In INAD, abnormal iron
accumulation, detected as hypointense lesions on T2WI and
T2∗WI, is mainly observed in the globus pallidus, sometimes
in the substantia nigra, and occasionally in the dentate nuclei.
Even in advanced cases of INAD, there has been no report
of iron accumulation in other structures [14]. It is different
from the frequent involvement of the putamen, caudate
and thalami in neuroferritinopathy. It has been observed in
two INAD families with PLA2G6 mutations that no iron
accumulation was detectable on MRI despite severe clinical
symptoms [35]. The cystic changes of the basal ganglia are
not seen in INAD.

Patients with Parkinson disease (PD) may show T2
hypointensity in many anatomic areas compared to normal
controls including the substantia nigra pars compacta, den-
tate nucleus, subthalamic nucleus, and basal ganglia, prob-
ably reflecting an excess iron content. Quantitative studies
have shown a 25% to 100% increase in substantia nigra iron
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levels in patients with PD compared to in normal controls.
The correlation between T2 hypointensity of the substantia
nigra and clinical severity has been demonstrated [22].

In patients with Alzheimer disease (AD), iron deposition
in neurons, neurofibrillary tangles, and plaques has been
reported pathologically. To detect brain iron accumulation
using MRI in AD, investigators tried the high-solution 4.7 T
MRI or field-dependent-rate-increase (FDRI) technique
[22]. In these studies, increased iron levels were found in the
basal ganglia.

The signal change on MRI reflecting an excess iron con-
tent observed in patients with chronic neurologic disorders
such as PD and AD is usually slight as compared with that
in patients with NBIA including neuroferritinopathy. For
exact measurement of brain iron or mineralization as a major
risk factor for neurodegenerative diseases, multimodal and
advanced MRI techniques are proposed [36, 37]. Improve-
ment of MRI technique is one of the most important goals
for correct diagnosis.

6. Conclusion

The variety of MRI findings including cystic degeneration
of the basal ganglia, the combination of hyperintense and
hypointense abnormalities, T2 hypointense lesions reflecting
iron deposits, and cortical atrophy are specific to neurofer-
ritinopathy.

In cases of suspected neuroferritinopathy, MRI may be
useful for the detection and confirmation of such findings. At
an early stage, since the abnormal iron deposits might be not
detectable on T2-weighted imaging, T2∗-weighted imaging
is recommended. In most cases, there are clear distinguishing
features for neuroferritinopathy and other iron accumulative
disorders, including PKAN, INAD, and aceruloplasminemia.
However, there is a degree of radiological overlap between
neuroferritinopathy and these other iron accumulative dis-
orders.

The multimodal and advanced MRI techniques being
developed to more sensitively and specifically quantify brain
iron will be important for correct diagnosis and better
understanding of the neurodegenerative processes in the
pathological brain.
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[36] P. Péran, G. Hagberg, G. Luccichenti et al., “Voxel-based
analysis of R2∗ maps in the healthy human brain,” Journal
of Magnetic Resonance Imaging, vol. 26, no. 6, pp. 1413–1420,
2007.
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