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Abstract

Introduction When characterizing regional cerebral gray
matter differences in structural magnetic resonance images
(sMRI) by voxel-based morphometry (VBM), one faces a
known drawback of VBM, namely that histogram unequal-
ization in the intensity images introduces false-positive results.
Methods To overcome this limitation, we propose to improve
VBM by a new approach (called eVBM for enhanced VBM)
that takes the histogram distribution of the sMRI into account
by adding a histogram equalization step within the VBM
procedure. Combining this technique with two most widely
used VBM software packages (FSL and SPM), we studied
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GM variability in a group of 62 patients with Alzheimer’s
disease compared to 73 age-matched elderly controls.
Results The results show that eVBM can reduce the number
of false-positive differences in gray matter concentration.
Conclusion Because it takes advantage of the properties of
VBM while improving sMRI histogram distribution at the
same time, the proposed method is a powerful approach for
analyzing gray matter differences in sSMRI and may be of
value in the investigation of sMRI gray and white matter
abnormalities in a variety of brain diseases.

Keywords Voxel-based morphometry - Structural magnetic
resonance image - Alzheimer’s disease - Gray matter -
Histogram matching

Introduction

Voxel-based morphometry (VBM) is a method that character-
izes brain differences in vivo using structural magnetic
resonance images (SMRI). It has been successful in identify-
ing structure differences since it was established in 1995 [1-
4]. The method has been applied in a wide variety of studies,
including schizophrenia, developmental and congenital dis-
orders, temporal lobe epilepsy, aging, and Alzheimer’s
disease (AD) [3, 5-7]. For example, VBM finds differences
in gray matter (GM) concentration between age-matched
elderly controls and AD subjects [8, 9].

Although conventional VBM method is a powerful
method to study sMRI, it may overestimate some structure
differences or detect false-positive regions. The reason for
this is that the information of the SMRI may be distorted in
the processing steps of the conventional method (brain
extraction, non-uniformity correction, segmentation, regis-
tration, smoothing and modulation, and statistical multivar-
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iate comparison). This information distortion can be due to
false positives in the statistical comparison in the last step
[10]; but it can also be due to unequalization of the image
histograms of different subjects in the beginning of the pre-
processing steps. For example, due to biological variability
in morphology across subjects [11], it is generally observed
that the GM histogram distribution of sMRI is different
across subjects. Furthermore, the GM histogram distribu-
tion is often mixed with that of white matter (WM) even
within the same subject, and this could be one of the
reasons for the difficulties encountered when segmenting
WM from GM in the same sMRIL

To overcome the limitation of image histogram unequal-
ization between subjects, we suggest an enhanced VBM
(eVBM) method, which is based on the VBM method. The
basic idea of the approach is to enhance the image
histogram in conventional VBM before groupwise compar-
ison. All image histograms are adjusted according to the
histogram distribution of a template sMRI so that all
histograms are matched with each other before further
analysis. In this way, the method reduces the drawback of
having big histogram differences in the same group data.

In the following, the value of eVBM compared to the
conventional VBM method is assessed by studying GM
variability in a group of control subjects compared to a group
of patients with AD. Extensive research has been focusing on
the application of SMRI to study how the disease begins and
progresses [9, 12—-15]. VBM is a method of choice to
evaluate the cortical atrophy of the GM in AD. Atrophy in
AD has been demonstrated by various VBM studies, but the
regional distributions of atrophy found in these studies are
not consistent with one another. For example, some studies
[9, 13, 16] found occipital and cerebellum differences, but
others [17, 18] did not. This inconsistency may result from
the fact that VBM overestimates GM concentration differ-
ence in some regions and underestimates it in others due to
the between-subjects variability in histogram distributions.
Therefore, eVBM could be a valuable method to investigate
the inconsistent results found in the literature of AD studies.
AD is an application of choice to compare eVBM with
conventional VBM.

The paper is organized as follows. Firstly, we describe the
histogram matching method used in the study. Then, we
concentrate on the application of this method for comparing
AD patients and age-matched controls and we compare the
results of conventional VBM with the eVBM method using
both FSL-VBM (for details see FSL-VBM v1.1: http://www.
fmrib.ox.ac.uk/fsl/ [19]) and statistical parametric mapping
(SPMS; http://www.fil.ion.ucl.ac.uk/spm/) with VBMS5.1
(http://dbm.neuro.uni-jena.de/vbm/vbm5-for-spm5/) software
packages (SPM5-VBMS5.1). We conclude the study by
discussing the advantages and the limitations of the eVBM
method.

@ Springer

Materials and methods
eVBM and histogram matching algorithm

The basic idea of eVBM is to reduce the unequalization of
sMRI histograms in the conventional VBM method. This is
obtained by transforming each sMRI with a histogram
matching algorithm, which is a generalization of histogram
equalization. Conventional VBM usually successively
involves brain extraction, non-uniformity correction, seg-
mentation, registration, smoothing and modulation, and
statistical inference for groupwise comparison. The pro-
posed eVBM approach then consists of introducing the
histogram matching step just after brain extraction.

The goal of the histogram matching algorithm is to
adjust the histogram distribution of a SMRI to a template
histogram distribution. For example, the source images in
Fig. 1 a, b are transformed to a template image histogram
distribution (such as that shown in Fig. 1 c¢) with a desired
brightness distribution over the whole image gray scale,
leading to Fig. 1 d, e, respectively.

More formally, let {x} be a discrete grayscale image to
match to the template histogram distribution, and #; be the
number of occurrences of gray level i. The probability of an
occurrence of a voxel of level i in the image {x} is:

peli) =plx=i)="0<i <L
n

where L and n are the total number of gray levels in the
image and the total number of voxels in the image,
respectively. p, is the histogram of the image, normalized
to [0,1]. The cumulative distribution function (CDF) cdf,
corresponding to p, is defined as:

cdf (i) = > p:()),
=0

which is also the image’s accumulated normalized histo-
gram. Let us design a transformation of the form y=T(x) to
produce a new image {y}, such that its CDF cdf, is
linearized across the whole range of values, i.e.

cdf (i) = iK

for some constant K. The properties of the CDF allow to
perform the following transformation:

y="T(x) = cdf,.

Matching the histogram of {x} to a given histogram
template {z} then consists of transforming {x} to {X}
according to [20]:

x(i) = cdf - {edf (i)},
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Fig. 1 a and b Histograms of two typical sMRIs from control subjects after removing the background and the brain skull of the images. The
histogram in a shows two peaks, while that in 5 shows one peak. ¢ Template histogram. ¢ and e The matched histogram of @ and b, respectively

where cdf, represents the CDF of the template histogram
{z}, and cdf !denotes the inverse transformation of cdf..

A Gaussian mixture template histogram distribution
(Fig. 1 c) was adapted as a reference distribution for
histogram matching, with three identical Gaussian laws
(from 0 to 10,000 gray levels, of mean 2,500, 5,000, and
7,500, respectively; the standard deviation was 900)
regularly spaced to enhance contrast. The MATLAB®
(The MathWorks, Inc.) computer code histo.m was used to
realize the histogram matching algorithm and is freely
available from: http://optica.csic.es/projects/tools/steer/1.
matlabPyrTools/index.html.

In the following sections, we detail how this method was
compared to conventional VBM using both FSL-VBM and
SPM5-VBMS5.1 software packages to study GM concentra-
tion differences between age-matched controls and AD
patients.

Subjects

All the data were obtained from the Open Access Structural
Imaging Series (OASIS, http://www.oasis-brains.org/) da-
tabase, generously contributed by Dr. Randy Buckner [21].
The study was approved by a regional ethics committee.
One hundred and sixty-nine right-handed subjects over the
age of 60 were included at the beginning of the study. Only
135 subjects (62AD patients) were eventually used in the
analysis for both FSL-VBM and SPM5-VBM. The age of
AD patients (25 males) was 76.63+7.27, and the age of

control subjects (19 males) was 75.71+£8.97. The age of
AD patients was not significantly different from that of
controls (#=0.6558, non-significant at p<0.05, two-tailed ¢
test). The mini mental state examination (MMSE) score
was 24.66+3.88 for AD patients and 29.08+1.10 for
control subjects. MMSE of controls was significantly
different from that of AD patients (=8.6810, p<0.05).
The AD subjects were clinically diagnosed with very mild
to moderate AD, and AD patients were divided into two
groups: clinical dementia rating (CDR)=0.5, very mild
dementia (45 subjects); CDR=1, mild dementia (17 sub-
jects) [22].

Structural MRI acquisition

All sMRI were collected with a 1.5 T scanner (Vision,
Siemens, Erlangen, Germany). Structural images were
acquired with a transmit-receive circularly polarized head
coil, and a T,-weighted magnetization prepared rapid
gradient-echo sequence (TR [recovery time]=9.7 ms; TE
[echo time]=4 ms; flip angle=10°), giving 128 (gap
1.25 mm) sagittal slices of 256x256 image voxels with a
voxel size of 1x1x1.25 mm. For each subject, three to four
individual T,-weighted MRI scans were obtained in single
scan sessions, and individual sMRI was averaged to
increase signal-to-noise ratio. No neuroimaging evidence
of focal lesions such as brain tumor was found, and neither
cortical nor subcortical vascular lesions were visible on the
structural images.
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Structural MRI processing

Data processing followed the steps described in Fig. 2,
including (for eVBM) or not (for conventional VBM) the
histogram matching step. To better localize, interpret, and
compare regional differences in the results, we chose the
116-labeled regions of the AAL template [23] to label
regions in the resulting statistical maps.

SPMS5-VBMS5.1 and SPM5-eVBM)5.1 data processing
chains

The VBM analysis (Fig. 2a) with SPM was conducted as
follows. The averaged structural images of each of the initial
169 subjects were first registered to the Talairach space by
the mritotal function provided by MINC tools (http:/www.
bic.mni.mcgill.ca/software/) to improve the registration in
SPMS5 (Fig. 2a). Twenty-one subjects were mis-registered by
the MINC tools and were therefore excluded from the study.
The averaged structural images were resampled to 1x1x
1 mm by using the mincresample function in MINC tools.
Then, brain images were normalized to the Montréal
Neurological Institute (MNI) space using the tool provided
by SPMS5, with default parameters. This tool includes bias
correction (correction for the intensity inhomogeneities in
images), unified segmentation [24], and registration to the
MNI space (Fig. 2a). Thirteen subjects (seven controls and
six AD patients) were further discarded due to the mis-
segmentation of GM, even when trying different segmenta-
tion parameters. For better later comparison, only the
remaining 135 subjects (62 AD patients (25 males) and 73
age-matched healthy elderly controls (19 males) aged 60 to
96) subjects were used in all experiments.

Finally, a Gaussian kernel (full width at half maximum
(FWHM)=7.05 mm) was used for smoothing the remaining
normalized and modulated GM images. A two-sample ¢ test
with assumption of equal variance was selected to address
whether GM concentration was different between two
groups of subjects. The significant difference level with
the family-wise error (FWE) corrected threshold was set to
be p<0.05 for all our experiments.

The SPM5-eVBMS5.1 approach differed from the con-
ventional SPM5-VBMS.1 pipeline in that after registration

to the Talairach space, the BET method of FSL [25] was
employed to extract the brain from the average structural
image of each subject (Fig. 2a dashed gray block). BET is
used only for eVBM and not for the conventional VBM,
and a histogram matching step was added before unified
segmentation (gray block in Fig. 2a).

Besides, since the GM of 13 out of 148 subjects could not
be segmented correctly no matter what parameters we used in
SPM5-VBMS5.1, we also investigated the segmentation
procedure further for these subjects in a separate analysis
and assessed whether the histogram matching procedure
improved segmentation results (see the “Discussion” section).

FSL-VBM and FSL-eVBM data processing chains

So that FSL can be used with default settings, the averaged
structural images were resampled to 2x2X2 mm by using
the mincresample function in MINC tools. The FSL-VBM
analysis (Fig. 2b) was then conducted as follows. First, the
BET method [25] was employed to extract the brain from
the averaged structural image for each of the 135 subjects
that were also processed with SPM5-VBMS.1. Next, non-
uniformity correction was carried out, and FAST4 [26] was
used to segment tissues according to their type. The
segmented GM partial volume images were then aligned
to the MNI standard space (MNI152) by applying the affine
registration tool FLIRT [27, 28] and nonlinear registration
FNIRT [29, 30] methods, which use a B-spline represen-
tation of the registration warp field [31]. The registered
images (before smoothing) were averaged to create a study
specific template, and the native GM images were then
nonlinearly re-registered to the template image. Visual
check was performed to control the quality of brain image
extraction, segmentation, and registration for each averaged
structural image. Mis-extracted, mis-segmented, and mis-
registered images were then processed again by using
different parameter values until the results looked visually
satisfactory. The registered GM partial volume images were
then modulated (to correct for local expansion or contrac-
tion) by dividing them by the Jacobian of the warp field.
The segmented and modulated images were then smoothed
with an isotropic Gaussian kernel with a standard deviation
of 3 mm (FWHM=7.05 mm).

(A) SPM-VBMS5.1

T:images| |Brain
mritotal extraction]

. . - . : .
Bias correction, normalization, and segmentation | modulation

Statistical test

Smooth and and

threshold correction

(B) FSL-VBM

Registration
i i Non-uniformi i Smooth and
Ti images—| Siain : OR-HIETREY Segmentation and —* nadulation [ and )
SEaon correction transformation threshold correction

Permutation test

Fig. 2 e¢VBM data analysis protocol proposed in this study. The gray block shows the additional histogram matching step incorporated into the
conventional VBM method. The block diagram in a shows SPM5-VBMS5.1 steps, while that in b shows FSL-VBM steps
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Finally, permutation-based non-parametric testing (1,000
permutations) was used in a voxel-wise general linear
model [32] for comparison of different groups. FWE [33]
was adopted to correct the threshold for multiple compar-
isons across space. Threshold-free cluster enhancement was
employed to assess cluster significance [10]. The significant
difference level with the FWE corrected threshold was set
to be p<0.05 for all our experiments. Since one difference
between FSL-VBM and SPMS5-VBMS5.1 is that FSL-VBM
uses a permutation test for the statistical comparison in the
last step of VBM analysis (comparing Fig. 2b with a) while
SPMS5-VBMS.1 uses a two-sample ¢ test, for further
comparison of the results obtained by the two methods,
the modulated and smoothed GM images obtained from
FSL were also analyzed with a two-sample ¢ test (i.e., the
same method as in SPM5-VBMS5.1) thresholded at p<0.05
(FWE correction for multiple comparisons).

The FSL-eVBM approach differed from the convention-
al FSL-VBM pipeline in that a histogram matching step
was added before non-uniformity correction (gray block in
Fig. 2b).

To further compare FSL results with SPM results, the
final statistical maps were resampled to 1x1x1 mm by
using the mincresample function in MINC tools.

Evaluation of the eVBM method

In order to assess the value of histogram matching, we
conducted five experiments to compare eVBM with
conventional VBM.

1. The first experiment consisted of comparing control
subjects with AD patients using FSL-VBM and FSL-
eVBM (processing steps are shown in Fig. 2b).

2. The second experiment consisted of comparing control
subjects with control subjects by using FSL-VBM and
FSL-eVBM. This control versus control experiment
was designed to address the issue that the histogram
distribution unequalization in sMRI leads to false-
positive results. Since no ground truth is available, the
idea of this experiment is based on the assumption that
when comparing two groups of control subjects, one
should find no significant difference in GM concentra-
tion or, put it differently, the differences one would find
are likely to be false positives due to histogram
variability in the SMRI. For the “control versus control”
experiments, the control data were split into two groups
(37 subjects for one group and 36 subjects for the other
group; the mean age of the subjects in the two groups
was 78.15+9.28 and 73.97+8.32, non-significant dif-
ference, #=1.80). The criterion for assigning the
subjects to one or the other group was that the
histograms of the sMRI in the first group (seven males)

were similar to the histogram shown in Fig. 1 b (one
mode only, i.e., gray matter), while the histograms of
the sMRI in the second group (13 males) were similar
to that shown in Fig. 1 a (two modes for GM and WM,
respectively). In this way, using conventional VBM, we
expect to find differences only due to histogram
variability (hence, false positives in the sense that they
do not reflect an actual change in GM concentration or
an atrophy phenomenon), while eVBM is expected to
reduce these differences (therefore, reduce the number
of false positives) since histogram matching reduces
histogram variability.

3. The third experiment also aimed at comparing the
control subjects with AD patients, but the difference
was that histogram matching was performed after non-
uniformity correction (and not before, see Fig. 2b) in
the FSL-VBM processing pipeline. MRI image inten-
sity non-uniformity is an artifact usually caused by
radio-frequency field inhomogeneity, eddy currents,
and so on. The purpose of non-uniformity correction
step in VBM is to remove the bias due to intensity non-
uniformity. Histogram matching is also a bias correc-
tion method that reduces histogram variability in SsMRI.
We therefore wished to study whether the non-
uniformity correction in the pre-processing steps
affected histogram matching in eVBM or not.

4. The fourth experiment consisted of comparing control
subjects with AD patients by using SPM5-VBMS.1
(Fig. 2a).

5. The fifth experiment consisted of comparing control
subjects with control subjects (with the same groups as
in the second experiment, as described above) by using
SPM5-VBMS5.1 (Fig. 2a).

Results

Comparing AD patients with control subjects
by using FSL-VBM and FSL-eVBM (first experiment)

The results obtained by using VBM and eVBM for detecting
significant differences between controls and AD patients are
given in Fig. 3a, b, respectively. Colored areas represent
regions in which GM probability was significantly higher in
controls than in patients (p<0.05, corrected), superimposed
on a structural image in the MNI space. The color bar
denotes the magnitude of the difference in GM concen-
tration as measured by the T values. Figure 3a shows the
results of the conventional FSL-VBM method. Regions of
the hippocampus and parahippocampus gyrus, amygdala
region, fusiform gyrus, occipital cortex, frontal and
temporal lobes, middle cingulum cortex, and caudate
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Total number of pixels

Fig. 3 Comparison of FSL-VBM and FSL-eVBM methods. a: T-value
maps obtained using the conventional FSL-VBM method. b 7-value
maps obtained using the FSL-eVBM method. Colored regions show
where the GM probability was significantly higher in controls than in
patients (p<0.05, FWE corrected threshold). ¢ and d Total number of
voxels above the threshold plotted against the 7" value using the two

nucleus were found to be significantly different in AD
patients compared with controls. Figure 3b shows the
results obtained with the FSL-eVBM method. The most
significant GM differences between patients and controls
were found in the hippocampus and parahippocampus
gyrus and amygdala regions bilaterally, while only parts of
the insula and precuneus regions showed significant
differences. Other regions in which a significant difference
was found included the caudate nucleus, the temporal
cortex, and the lingual cortex. These results exhibit
conservative structure differences and lower 7 values than
those shown in Fig. 3a. Although both FSL-VBM and
FSL-eVBM methods detected a significant difference in
the temporal cortex, the size of this region was different,
suggesting that FSL-eVBM detected less differences in the
results. We also compared the controls with AD patients
using the two methods as shown in Fig. 3c, which plots
the total number of voxels above the threshold against the
T value for both methods. At the same 7-value level, FSL-
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methods. ¢ The results of the comparison between controls and AD
patients; d the results of the comparison between the first group of
controls and the second group of controls. The star-dashed curve
denotes the conventional VBM results, and the square-dashed curve
represents the results of the eVBM method

VBM found more voxels above that level than the FSL-
eVBM method.

Figure 4a (respectively Fig. 4b) shows the results of the
comparison between AD patients and controls using FSL-
VBM (respectively FSL-eVBM) when a two-sample ¢ test
was used for statistical inference instead of the permutation
test. Compared with Fig. 3, less significant differences in
GM concentration were found for VBM (Fig. 4a compared
with Fig. 3a) as well as for eVBM (Fig. 4b compared with
Fig. 3b).

Comparing control subjects with control subjects
by using FSL-VBM and FSL-eVBM (second experiment)

To better illustrate the behavior of the FSL-eVBM method
compared with the conventional VBM, we compared the
first group of control subjects (one peak in the histogram as
shown in Fig. 1 b) with the second group of controls (two
peaks in the histogram, Fig. 1 a) using FSL-VBM and FSL-
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Fig. 4 FSL-VBM and FSL-eVBM with a two-sample ¢ test for
statistical inference instead of a permutation test. a 7-value maps for
the conventional VBM method. b 7-value maps for the eVBM

eVBM. Figure 3d plots the total number of voxels above
the threshold against the 7 value for both methods.
Conventional VBM yielded more supra-threshold voxels
than eVBM, suggesting that the conventional method did
introduce false-positive results in the analysis.

FSL-eVBM with histogram matching performed after non-
uniformity correction (third experiment)

When histogram matching was performed after non-
uniformity correction, the results obtained when comparing
control subjects with AD patients were very similar to those
obtained when histogram matching was performed before
non-uniformity correction (results not shown here), sug-
gesting that the histogram matching algorithm is insensitive
to non-uniformity correction.

Comparing AD patients with control subjects by using
SPM5-VBMS.1 and SPMS5-eVBMS. 1 (fourth experiment)

Figure 5a shows the results obtained with SPM5-VBMS.1
when comparing control subjects with AD patients, while
Fig. 5b shows the corresponding results obtained with
SPM5-eVBMS5.1. Figure 5a shows that the most significant
GM differences between patients and controls were found
in the hippocampus and parahippocampus gyrus and part of
the temporal cortex, while SPM5-eVBMS5.1 found fewer
significant regions between the two groups, as shown in
Fig. 5b.

Figure 5c plots the total number of voxels above the
threshold against the 7 value for both methods. The results
in Fig. 5c show that more voxels were above the same 7-
value threshold using conventional VBM than using eVBM
method.

method. Colored regions show where the GM probability was
significantly higher in controls than in patients (p<0.05, FWE
corrected threshold)

Comparing control subjects with control subjects
by using SPM5-VBMS5.1 and SPM5-eVBMS. 1
(fifth experiment)

We also compared the first group of control subjects (one
peak in the histogram as shown in Fig. 1 b) with the second
group of controls (two peaks in the histogram, Fig. 1 a)
using both methods. As observed with the FSL processing
pipeline, conventional VBM yielded more supra-threshold
voxels than eVBM, suggesting that the conventional
method did introduce false-positive results in the analysis.

Discussion

In this study, we have developed an eVBM method to
analyze sMRI data. The eVBM method is based on the
histogram adjustment of the structural images. The idea is
based on the fact that there is considerable histogram
distribution variability in sMRI (Fig. 1 a, b for example).
This histogram unequalization is thus likely to lead to false-
positive results in the VBM analysis (Figs. 3d and 5d). We
investigated the consequences of histogram unequalization
and adapted a histogram matching algorithm to adjust the
histogram distribution. This adjustment leads to a better (in
terms of Gaussian distributions) histogram distribution of
the image intensities (Fig. 1 ¢, d). And therefore, it allows
for areas of lower local contrast to achieve a high contrast
without affecting the global contrast. Histogram equaliza-
tion accomplishes this by effectively spreading out the most
frequent intensity values. As a result, this is expected to
avoid false-positive significant differences when comparing
two groups. We investigated this issue in VBM by using the
FSL-VBM and SPM5-VBMS.1 software packages.
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Total number of pixels

T value

Fig. 5 Comparison of SPM5-VBMS.1 and SPMS5-eVBMS5.1 methods.
a T-value maps obtained using the conventional SPMS5-VBMS5.1
method. b 7-value maps obtained using the SPM5-eVBMS5.1 method.
Colored regions show where the GM probability was significantly
higher in controls than in patients (p<0.05, FWE corrected threshold).
¢ and d Total number of voxels above the threshold plotted against the

FSL-VBM and SPM5-VBMS5.1 results

Gray matter loss in AD was studied extensively [9, 13, 15—
18, 34-38]. Generally, these findings involved GM loss in
entorhinal cortices (EC), frontal lobe, precunecus, insula,
caudate nucleus, and temporal lobe.

We conducted a FSL-VBM analysis to compare AD
patients with age-matched controls, and the results were in
agreement with previous studies in general [11, 18, 34, 35].
Using FSL-eVBM, we detected regions that were signifi-
cantly different between controls and AD patients, these
regions including EC and temporal lobes. Parts of
these regions were found by previous studies [15, 16, 38];
these regions include cingulum, caudate nucleus, and
thalamus [12, 17]. Our eVBM results are more in agreement
with studies [18, 34, 35]. Unlike a previous study [15], we
did not find any difference in a large part of the uncus cortex.
While we found differences in caudate nucleus and thalamus
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T value. The star-dashed curve denotes the conventional VBM results,
and the square-dashed curve represents the results of the eVBM
method. ¢ The results of the comparison between controls and AD
patients; d the results of the comparison between the first group of
controls and the second group of controls

as previous studies [15, 16], we also found differences in
occipital cortex of AD patients with the eVBM method, as in
studies [9, 13, 17]. The eVBM approach also proved to be
able to detect regions in parahippocampus and hippocampus
cortices by SPM5-VBMS5.1.

In addition, Figs. 3d and 5d show that there were more
voxels above a given significant threshold for FSL-VBM
than for eVBM. This trend became more obvious (Figs. 3¢
and 5c¢) when comparing controls with AD patients. The
differences in GM detected by using eVBM method had
lower T values compared with conventional VBM,
suggesting that this method reduces false-positive voxels
in the results. This could be due to the gray matter
differences between controls and AD patients; this could
also be caused by the considerable variability in the native
image histograms in controls and AD patients. Enhanced
VBM is a method to overcome the limitation of histogram
variability in the pre-processing step of conventional
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VBM. The results show that the image histogram match-
ing method should be used for the VBM analysis to obtain
conservative results because it can reduce histogram
variability effects that may enlarge the difference when
comparing two or more groups.

The two methods gave the same conclusion, namely
that eVBM yields less false-positive results, as shown in
Figs. 3d and 5d. Furthermore, both FSL and SPMS5
detected that the GM concentration in the hippocampus,
the parahippocampus, and the temporal cortices in AD
patients was significantly different from that in controls.

It should be noted that FSL-VBM and SPM5-VBMS.1 are
different from the very beginning (see the block diagrams in
Fig. 2). For instance the algorithms for segmentation and

Fig. 6 SPMS5-VBMS5.1 GM segmentation results for one AD patient.
a The original image; b the corresponding GM segmented image,
which shows that the segmentation procedure failed since GM and
CSF are mixed in a single image. ¢ and d Segmentation results after

registration differ: FSL uses a Markov random field [26]
method to perform the segmentation, while SPMS5 uses a
unified segmentation [24] algorithm that involves Gaussian
mixtures. The final statistical procedures are also different:
permutation tests [32] in FSL-VBM vs. a two-sample ¢ test in
SPM5-VBMS5.1. Nevertheless, the significant different
regions were similar if both methods employed a two-
sample ¢ test for comparing controls with AD patients
(compare Fig. 3a with Fig. 4a and Fig. 3b with Fig. 4b,
respectively). This suggests that the differences in pre-
processing between the two conventional VBM methods,
or between the two eVBM methods, have less influence on
the results than the differences in statistical procedure for
group comparison.

histogram matching for the same subject (using the same parameters
in SPMS5 as in a and b). ¢ The brain extracted and histogram matched
image; d the corresponding GM segmented image, which is now
correct
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Histogram matching improves tissue segmentation

In addition to reduce the unequalization effect, the
histogram matching operation enhances image contrast
and consequently improves the performance of the subse-
quent processing steps such as tissue segmentation. We
found that the suggested histogram matching method can
also improve gray matter segmentation at least with SPMS5.
Without histogram matching, 13 (seven controls and six
AD patients) out of the 148 subjects that were correctly
registered to the Talairach space could not be segmented
correctly by the default Gaussian kernel [2 2 2 4]. We then
set the Gaussian kernel to [1 1147, [33 3 4], [4 44 4], and
[6 6 6 4], and the results were still not satisfactory.
However, when histogram matching was performed before
segmentation, all these subjects could be segmented with
the default Gaussian kernel. This could be due to the fact
that SPM5 uses a unified segmentation algorithm with a
Gaussian mixture model to segment the GM, WM, and
corticospinal fluid (CSF) [24]. After histogram matching,
the distributions of GM, WM, and CSF were more similar
to a Gaussian mixture, thus making the segmentation easier.
For example, Fig. 6 illustrates the segmentation results with
or without histogram matching on one subject. The results
show that histogram matching can improve the segmenta-
tion in SPM5-VBMS5.1 software package.

Advantages and limitations of the proposed method

The suggested eVBM approach has at least two advantages.
Firstly, this method is easy to implement and apply to sMRI
data. In addition, eVBM 1is not sensitive to the image
histogram difference, this difference including both within-
and between-group differences. It overcomes the within-
group difference, which could cause false-positive results.
Histogram matching can be regarded as one method of pre-
processing in VBM analysis. In that respect our results
show that pre-processing can have a major impact on the
VBM results, in agreement with a recent VBM study [39].

One limitation is that this method needs a histogram
distribution template for the matching although it is easy to
obtain a mixture Gaussian distribution as shown in Fig. 1 c.

On the other hand, while our results show an increase in
specificity, i.e., a decrease in false-positives voxels, they
give no information about a possible decrease in sensitivity,
i.e., about a possible increase in false-negative voxels.
However, there is no direct way to address the issue of
sensitivity since no ground truth is available. Some
information can be obtained if the same subjects are
scanned several times so that different datasets can be
compared, as suggested in [11]. The subjects from the
OASIS database were scanned three to four times each, but
we chose to use their average anatomical image to

@ Springer

maximize signal-to-noise ratio in the context of this study.
We plan in the near future to conduct similar experiments
using the initial structural images of the subjects, which
would allow us to better study sensitivity aspects and
further assess the robustness of the eVBM results.

Conclusion

We proposed an eVBM method to analyze structural MR
images. We applied this method to study GM loss in AD
patients compared with age-matched healthy elderly con-
trols, by using conventional VBM using two different
softwares widely used in the community. We found that
eVBM had the advantage of reducing the number of false-
positive results, suggesting that this method may be a better
approach than conventional VBM to analyze sMRI.
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