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ABSTRACT

DETAILED ANALYSIS OF VOXEL BASED
MORPHOMETRY

Voxel Based Morphometry, VBM, is one of the most widely used brain mor-

phometry methods which aims to reveal the structural differences between the brain

MR images of different populations. It is a whole brain and fully automatic approach in

which all the images are registered onto a common template and then segmented into

grey matter, white matter and cerebrospinal fluid. After an optional modulation step

(regaining the original volume which is shrinked or enlarged during the registration),

smoothing takes place in order to make the data more normally distributed and to

diminish the inexact nature of the nonlinear registration. Finally, voxel-wise statistical

operations are performed between the groups of the images. As revealed in several

studies, changes in these steps and changes in their parameters might influence the

resulting statistics. Although some short guidelines exist for conducting the processing

stages, this thesis tries to explain each main step and gathers the discussions in the

literature to make the VBM users aware of some pitfalls and limitations of VBM; and

also gives brief descriptions about the other brain morphometry methods to give a view

for where VBM stands at. In this thesis, the effect of modulation and masking strategy

at the statistical stage were studied and concluded that not using the modulation and

using average-based masking for the statistical part increased the detection power of

VBM. Additionally, within the scope of this thesis, three clinical applications of VBM

are performed and presented: Comparisons of the brain images of mathematicians,

SSPE patients, and solvent abusers vs healthy controls.

Keywords: VBM, Brain Morphometry, SPM, Masking, Modulation, MRI, Simula-

tion.
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ÖZET

VOKSEL BAZLI MORFOMETRİNİN DETAYLI ANALİZİ

Voksel Tabanlı Morfometri, VTM, farklı insan gruplarının beyin MR imgeleri

arasındaki yapısal değişikliği ortaya çıkarmaya çalışan ve en çok kullanılan beyin mor-

fometri metodlarından biridir. VTM’de beyin imgeleri bir bütün olarak ve tamamen

otomatik yöntemlerle işlenir. VTM analizi, imgelerin ortak bir şablona kaydedilmesi,

bu imgelerin doku gruplarına ayrılması (gri madde, ak madde ve beyin-omurilik sıvısı),

seçmeli modülasyon (dokuların, ortak şablona kaydedilmesi sırasında değişen hacim-

lerinin, özgün hacimlerine döndürülmeleri), yumuşatma (verilerin dağılımının normalle-

şebilmesi ve imgelerin doğrusal olmayan şekilde kaydedilmesinden kaynaklı hataların

azaltılması) ve voksel bazında istatistiki hesaplamalar gibi aşamalardan oluşmaktadır.

Birçok çalışmada gösterildiği gibi, bu aşamalarda ya da bu aşamaların parametrelerinde

yapılan değişiklikler, VBM analizi sonuçlarını da değiştirebilmektedir. VBM analizinin

nasıl yapılacağına dair bazı kısa kılavuzlar olsa da, bu tez, VBM’in ana aşamalarını

kısaca açıklayıp, bu aşamalarla ilgili literatürde çıkmış tartışmaları bir araya getir-

erek, VBM kullanıcılarını, VBM’in yanlış sonuçlara götürebilecek özellikleri konusunda

uyarmaya çalışmaktadır. Aynı zamanda, diğer morfometri metodlarına da kısaca değine-

rek, VBM’in bu alanda nerede durduğuna ilişkin bir fikir verilmeye çalışılmaktadır.

Bu tezde, özellikle, modülasyon ve istatistik aşamasında maskeleme stratejisi konusu

araştı- rılmıştır ve modülasyonun kullanılmamasının ve istatistiki hesaplamalarda, or-

talama imgeye bağlı maskeleme kullanılmasının, VBM’in fark bulma yeteneğini yük-

selttiği gösterilmiştir. Ayrıca, bu tez kapsamında, VBM ile; matematikçiler, SSPE

hastaları ve çözücü kullanıcıları ile normal denekler arasında olmak üzere, üç farklı

klinik çalışma yapılmıştır.

Anahtar Sözcükler: VTM, Beyin Morfometrisi, SPM, Maskeleme, Modülasyon,

MRI, Simülasyon.
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1. Introduction

1.1 General Objectives and Motivation

Brain morphometry concerns with the physical form of the brain by exploring

its shape and size. Several morphometric methods investigate the volume, surface

or concentration of cortical and subcortical structures and different tissue types in the

brain (grey matter, white matter, and cerebrospinal fluid), atrophy or thickening in the

grey matter, gyrification and curvature of the cerebral cortex, and many other similar

properties. Using these properties, the structural changes in the brain can be explored

due to the effects of development and aging, diseases, training and learning, drug

administration or exposure to substances, neuronal plasticity, etc. These properties

have also potentials for diagnostical purposes like hippocampal volume: As an example

of contributions of brain morphometry methods is the usage of hippocampal volumes

as a biomarker: Hippocampal volume has been chosen as a biomarker for clinical trials

in pre-dementia stage of Alzheimer's disease (EMA/CHMP/SAWP/809208/2011).

MRI is a popular imaging modality in morphometric studies because of its

noninvasive nature. Voxel based morphometry, VBM, makes comparisons between

different populations by using brain MR images, and it is one of the most widely used

methods in morphometry field.

VBM consists of several processing stages including segmentation, registration,

modulation, smoothing and statistical inference. There are some dedicated tools for

VBM, but VBM can be performed by any tool or combination of the tools. Although

there are some general guidelines and/or suggestions for these processing stages, there

are not so many strict rules such as the acceptable goodness of the registration and

segmentation, the exact kernel width for the smoothing, the acceptable statistical in-

ference methods, etc. It has been shown that the variations in the processing of VBM

can alter the results. Therefore, the investigation of these processing parameters and
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their effects on VBM are essential issues.

In this thesis, a general information is gathered and a general view in brain

morphometry methods is presented, while emphasising on VBM. The effect of the

modulation which is generally advised to be used, and also, the effect of an alternative

masking strategy in statistics are investigated. Additionally, three different clinical

applications using VBM were performed and presented which were about the effects

of learning (mathematicians [3]), disease (subacute sclerosing panencephalitis [1]), and

exposure to substances (solvent [2]).

1.2 Outline of the Thesis

In the second chapter, VBM processing pipeline is described. Several discussions

from the literature on this pipeline are mentioned including the discussions on segmen-

tation, registration, modulation, smoothing, statistical inference methods, masking,

usage of multicenter data, minimum number of subjects for a VBM analysis, cross-

sectional vs longitudinal studies, and effects of using different processing tools. Addi-

tionally, different VBM tools are listed.

In the third chapter, other brain morphometry methods are summarized: de-

formation based morphometry, cortical surface morphometry, surface-based methods,

and feature based methods.

In the fourth chapter, the effects of modulation (although modulation is op-

tional, it’s generally used in VBM pipeline) and using an alternative masking strategy

(as an alternative to the present masking method in SPM tool) in statistical stage are

investigated using both simulated atrophy data and the images of Parkinson’s disease

patients.

In the fifth chapter, the three different clinical applications of VBM which are

performed during the preparation of this thesis are presented. These studies were
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titled as “Reduced Gray Matter Volume in the Frontotemporal Cortex of Patients

with Early Subacute Sclerosing Panencephalitis”, “Smaller Gray Matter Volumes in

Frontal and Parietal Cortices of Solvent Abusers Correlate with Cognitive Deficits”,

and “Increased Gray Matter Density in the Parietal Cortex of Mathematicians: A

Voxel-Based Morphometry Study”

Chapter six presents a general summary and conclusion for this thesis.
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2. Voxel Based Morphometry

Brain morphometry is a field in Neuroimaging which concerns with the physical

form of the brain in terms of its size and shape: atrophy or thickening in gray matter;

volumetric, concentration or shape differences in cortical or subcortical structures;

gyrification; cortical curvature; the amount of cerebrospinal fluid, etc. Using these

properties, we can observe the changes due to developmental and aging phases, diseases,

training and learning.

As a noninvasive imaging modality, MRI is widely used in morphometric studies.

Voxel Based Morphometry, VBM, uses structural brain MR images by a whole brain

and fully automatic approach to compare the groups of images on a voxel level. It is

not only one of the most common morphometric methods but also one of the most

common methods in all neuroimaging area.

Although VBM has been first appeared in a few articles in 1990's [4–13], it

has been achieved wide applicability after Ashburner and Friston's article in 2000 [14].

Since then, it’s been used in thousands of studies1 including but not limited to neu-

rodegenerative diseases (Parkinson's disease [15], Alzheimer’s disease [16], progressive

supranuclear palsy [17], multiple sclerosis [18], ...), other neurological diseases (such

as subacute sclerosing panencephalitis [1]), psychiatric diseases (anxiety disorders [19],

borderline disorder [20], depression [21], ...), investigating the effects of learning and

training (mathematicians [3], London taxi drivers [22], bilingual people [23], ...), inves-

tigating the effects of aging [24], stress [25], substance consumption [2], and in many

more subjects.

VBM presents a statistical parametric map of segmented brain tissue. A VBM

analysis consists of several image processing and statistical steps, mainly: Segmenting
1As of 09.06.2016, when we searched the articles at https://scholar.google.com by the keywords

“voxel based morphometry”, there were 42300 results. When we search by the keywords “voxel based
morphometry, spm” we got 13000, by the keywords “voxel based morphometry, fsl” we got 6220 results.
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the brain image into gray matter, white matter and cerebrospinal fluid; normalizing

each image to a common stereotactic template; smoothing the segmented images; and

finally performing statistical analysis. The resulting map is called as the statistical

parametric map which shows the regions that are different between the groups. Section

2.2 describes these stages.

2.1 VBM Tools

The most common tools for the image processing and statistical inference steps

of VBM are SPM (http://www.fil.ion.ucl.ac.uk/spm/) which is developed by The Well-

come Trust Centre for Neuroimaging at UCL; and FSL (http://fsl.fmrib.ox.ac.uk/fsl/fsl-

wiki/) which is developed by the Analysis Group, FMRIB, Oxford, UK. Although it is

developed mainly for surface based analysis, Freesurfer (http://freesurfer.net) is also

used (developed by the Laboratory for Computational Neuroimaging at the Athinoula

A. Martinos Center for Biomedical Imaging.

CAT, Computational Anatomy Toolbox for SPM (http://dbm.neuro.uni-jena.de-

/cat/) is a toolbox created for SPM and by using this tool not only VBM but also

surface-based morphometry (SBM), and deformation-based morphometry (DBM) anal-

yses could be achieved.

VBM analyses can also be performed without a dedicated tool; it can be handled

by any combination of image processing and statistical tools.

2.2 VBM Pipeline

2.2.1 Normalization and Segmentation

In the segmentation step, brain is segmented into three tissue types: grey matter

(GM), white matter (WM), and cerebrospinal fluid (CSF). After or before or in com-
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bination with the segmentation step, normalization takes place. Normalization could

consist of only a linear or a linear plus nonlinear registration. In this stage, segmented

tissues are registered onto a common stereotactic template. Usually, an initial tem-

plate like MNI 305 [26] is used to roughly register the images, then an average image

is created from these images and the original images are reregistered onto this newly

created template.

Various normalization and segmentation methods have been utilized in VBM

studies. In Ashburner and Friston (2000) [14], normalization was achieved by linear

registration with 12 parameters (translation, rotation, scaling and shearing in x, y, and

z axes), and then nonlinear registration by a linear combination of smooth spatial basis

functions. The aim of this nonlinear registration was to minimize the residual squared

differences between the image and the template, while simultaneously maximizing the

smoothness of the deformations. The template images were created by the averaging

all the images. After the normalization, the images were segmented using a modified

mixture model cluster analysis technique.

In optimized VBM (2000) [27], normalization and segmentation were used in

an iterative way: After the segmentation, the segmented images are normalized; then,

with the parameters yielded from this normalization are used to resegment the original

whole brain images.

In Ashburner and Friston (2005) [28] the segmentation and normalization steps

are unified. This approach unified tissue classification, bias correction, and image

registration within the same generative model.

In 2007, Ashburner and Friston proposed a new registration algorithm, DAR-

TEL (Diffeomorphic Anatomical Registration using Exponentiated Lie algebra) [29].

Starting SPM8, the proposed VBM preprocessing changed to an improved version of

unified segmentation plus DARTEL normalization.

With the introduction of SPM12 at the end of 2014, SPM put forward an im-
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proved registration method, Shoot, which is similar to DARTEL. DARTEL is still

available in SPM. Shoot is based on Large Deformation Diffeomorphic Metric Mapping

(LDDMM), but with a different optimisation scheme[30]. Rather than performing a

variational optimisation on a series of velocity fields, the algorithm is formulated to

use a geodesic shooting procedure, with a Gauss–Newton optimisation strategy.

From the FSL aspect, initially, FSL included only linear registration [31]; the de-

velopers of FSL claimed that there was no reason to use nonlinear registration because

of poor quality of scanned images at those times and the poor quality of the template

(MNI152). However, with the advancements in nonlinear registration methods, data

quality, and the correction of EPI distortions, they have also developed a nonlinear

registration method, FNIRT.

2.2.2 Modulation

Originally, modulation was not included in VBM processing pipeline; it was

first proposed in Good et al’s study in 2000 [27]. Although it lacks experimental

validity, its aim was quite straightforward: Keeping the original volume of the tissue

which was artificially enlarged or shrinked during the normalization. It is achieved by

multiplying the voxel values by the Jacobian determinants, which are yielded during

the normalization, and which represents the shrinkage/enlargement amount where the

Jacobian matrix is as in the following

J =


∂y1/∂x1 ∂y1/∂x2 ∂y1/∂x3

∂y2/∂x1 ∂y2/∂x2 ∂y2/∂x3

∂y3/∂x1 ∂y3/∂x2 ∂y3/∂x3

 (2.1)

where the point (y1, y2, y3) belongs to registered image, and (x1, x2, x3) belongs to

the original image.

The modulated VBM is considered as revealing the volumetric differences, whereas

the unmodulated version is considered as revealing the differences in concentration.
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The “concentration” here should not be confused with the density of the nerves; here,

concentration means the proportion of gray or white matter to all tissue types within

a region.

2.2.3 Smoothing

Parametric statistical inferences in VBM are performed by assuming that the

data is normally distributed. Smoothing makes the data more normally distributed,

and usually it’s achieved by convolving the images by a Gaussian kernel. Smoothing

can also improve the intersubject registration by removing the tiny differences between

the subjects. Additionally, smoothing conceals the small false positive regions by aver-

aging the borders with the neighboring voxels (in accordance with the matched-filter

theorem), which leads to increased signal-to-noise ratio. However, large kernels may

also connect disconnected small regions and create artificially larger areas.

2.2.4 Statistical Analysis

Statistical inferences could be made by various methods, including voxel wise

methods, cluster based methods [32], or permutation based methods [33]. SPM uses a

voxel wise univariate approach using General Linear Model (GLM) to identify which

regions are significantly different. GLM postulates relationships between input and

observed data in a model like [34]:

Y = Xβ + ε (2.2)

where Y is the data (variable), X is the design matrix, β represents the parameter

vector, and ε represents the residuals. The residuals are considered to have zero mean.

The parameters can be estimated by least squares. The fitted data Ŷ are defined by

Ŷ = Xβ̂ (2.3)
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where β̂ is the estimate of β. The contrast is the linear combination of parameters:

c1β̂1 + c2β̂2 + ... = cT β̂ (2.4)

In VBM, generally, t tests or F tests are used to test the hypotheses. The t-statistics

are calculated by:

tdf = cT β̂/SD(cT β̂) (2.5)

where SD denotes the standard deviation and df is the degree of freedom. For Gaussian

errors, tdf follows approximately the Student distribution. The null hypothesis assumes

that cT β̂ equals to zero.

2.2.4.1 Covariates. Any confounding effect should be added to the analysis as

a covariate, such as age and sex. In order to eliminate the effect of differences in

brain sizes, global normalization should be used. Although, total GM or total WM

volumes can be used for the global normalization; generally, total intracranial volume

is preferred.

2.2.4.2 Correction for Multiple Comparisons. Uncorrected statistical infer-

ences increase the sensitivity, yet, they increase the false positive rates, too. Although

SPM can yield the uncorrected results, and uncorrected results were widely used, and

still have been used sometimes, nowadays, the uncorrected results have been highly dis-

favored. In order to decrease false positive rates, multiple correction is used. Multiple

correction is necessary when multiple tests are simultaneously performed like the VBM

testing all voxels simultaneously. SPM uses Family Wise Error (FWE) correction by

using Random Field Theory (RFT) [35] which assumes that the data follow a certain

smooth pattern.

RFT is a less conservative method than the Bonferroni correction, and FDR is

less conservative method than FWE. Unlike FWE, FDR has more sensitivity in the
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expense of a few more false positives. Permutation tests on the other hand, runs the

statistical calculations for all possible models which brings high computational cost

but have an advantage of not having an obligation to make any assumptions about the

data.

2.2.4.3 Masking. Masking improves the power of the FWE (Family Wise Error)

correction using RFT (random Field Theory), since FWE is more powerful in smaller

regions. It is also important for the successful estimation of the smoothness of the

residuals, preventing non-brain voxels to skew the distribution of the p-values, and

false positives outside of the brain[36]. However, attention is needed to prevent the

exclusion of true brain regions by overly restrictive masks.

In SPM, the masks can be explicitly prepared (images of ones and zeros), or

automatically computed by defining a constant value for thresholding, or defining a

relative ratio to each image’s global value. The global value is computed by averaging

all voxel values which are above the one eighth of the mean of all voxels.

2.3 Discussions on the VBM Pipeline

2.3.1 Discussions on Registration and Segmentation

Shortly after Ashburner and Fristons’s (2000) [14] article, Bookstein (2001) [37]

claimed that VBM should not be used until the whole registration steps and character-

istics well defined since its results are sensitive to the registration method. Ashburner

and Friston opposed to this argument (2001) [38]. They claimed that the method that

was proposed by Bookstein (1999) [39] was dependent on the manual landmarking and

manual landmarking was also sensitive to the various effects such as changes in the

researchers that created the landmarks, and to the data itself.

Although it is supposed that the better the registration, the better the VBM
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results and DARTEL was superior to the unified segmentation (prior segmentation +

normalization algorithm in SPM), Pereira et al (2010) [40] compared the registration

results of different diseases and different anatomical regions by unified segmentation and

DARTEL registration, and they have concluded that in some cases unified segmentation

is superior to DARTEL, and in some cases just the opposite. Mak et al(2011) [41]

have also found the similar results while studying hippocampi of Alzheimer's Disease

Patients.

Nordenskjold et al (2013) [42] have shown that SPM and Freesurfer yield differ-

ent total intracranial volumes which leads to find different associations with cognition

and gender. However, they added that for a gold reference they used an interactive

segmentation tool which was based on PD weighted MR images, where it was eas-

ier to differentiate bone from CSF and they remarked that they observed that SPM

categorized bone as CSF at some points.

2.3.2 Discussions on Modulation

Since the aim of the modulation is quite straightforward (keeping the original

volume of the tissue which was artificially enlarged or shrinked during the normaliza-

tion), the experimental validity was not interrogated much. Radua et al (2014) [43]

explored this issue. Their images were acquired from 128 healthy subjects. The im-

ages (grey matter only) were segmented by FSL. They formed 10 independent pairs of

groups, where each pair consists of 32 (16 men/16 women) subjects with similar ages.

Then, they simulated large, medium, and small reductions in the cortical thickness at

some regions. They analyzed the resulting images by both SPM and VBM, by both

voxel-based and cluster-based spatial statistics, and concluded that modulation signif-

icantly reduces the sensitivity in both cortical and subcortical abnormalities, and for

all sizes. That reduction of sensitivity might be due to the possible multiplicative noise

(inter-subject variability on brain shape) that is introduced by the multiplication of

not only the data but also the noise by the Jacobian determinant. They have found

that although the mean differences between two groups in case of both modulation
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and unmodulation were close to each other, the variance of the residuals in modulation

was almost 5 times the unmodulated case. They remarked that multiplicative noise is

higher in high resolution registration methods (due to larger removals of macroscopic

differences). They also noted that the false positive rates were similar in modulated

and unmodulated versions.

In 2009 [44], using simulated data (lesions in white matter) we have also found

that modulation decreases the sensitivity in white matter.

2.3.3 Discussions on Smoothing

Salmond et al[45] (2002) concluded that provided the data are smoothed with

a 12-mm FWHM kernel, nonnormality is sufficiently attenuated to render the tests

valid; and in balanced group comparisons, analyses appear to be robust even without

smoothing.

Shen et al [46] (2012) demonstrated that a better nonlinear registration method

needs smaller kernel size for the smoothing. They also concluded for their simulation

data, for a group size of 25, the required kernel size was 8-10mm; for a group size of

50, the required kernel size was 6mm.

2.3.4 Discussions on Statistics and Masking

Scarpazza et al (2015) investigated the suspicion about the false positive rates in

VBM [47]. They generated 100 groups for each group sizes of 8, 12, and 16 subjects from

the pool of 198 subjects. They found that the false positive rates are always smaller

than 5%, by experimenting the following parameters: Smoothing (experimenting by

4mm, 8mm, and 12mm), modulated and unmodulated versions.

Bennet (2009) [48] underlines the rule that in neuroimaging studies uncorrected
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results should not be reported since the protection against Type I error is an absolute

necessity for moving forward. Their test was on multiple testing using a 50x50 square

section of signal in the center of a 100x100 image with added Gaussian random noise.

The tests yielded that although the uncorrected results have a power of 0.80, there are

number of false positives. Whereas, familywise error rate control decreases the power

to 0.16, but no false positive survives. False discovery rate control brings a power of

0.54 with 4.9% false positives.

Bennet (2009) [48] also reminds that small volume correction (SVC) in VBM

was misunderstood in some studies. SVC should not be performed on the small region

that is determined after the whole brain VBM; that region should be identified in

previous independent dataset.

In order to successfully estimate the smoothness of the residuals and also since

FWE correction is more successful in smaller areas, we need to use masks. As an im-

provement to SPM’s default threshold masking, Ridgway (2009) [36] proposed another

masking tool which is based on an average-based mask. In this tool, not an absolute

threshold but rather a threshold which supplies the maximum correlation between the

unthresholded average image and the mask that is created by thresholding the average

image is used. Both their tests on simulation data and our tests on both real and

simulation data [49] have shown that this way of masking improves the sensitivity of

VBM.

From the aspect of single case vs group comparisons, single case studies should

not be used since they have a very high false positive rates [50]; where these high false

positive rate are not seen in case of balanced and equal sized groups’ comparisons[47].

Peelle et al. (2012) [51] explored the effects of using different parameters as a

covariate for adjusting the global effects. Although, TIV (Total Intracranial Volume)

is usually considered as a covariate of no interest in GLM; they reminded that TGM

(Total Grey Matter) might be used to find the local variance, mean GM can be used

to find the rate of change at a voxel, and LGM (mean GM for a region across subjects)
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is highly related to the age-related atrophy.

2.4 Multi-Center Studies

In recent years, there is a growing interest in establishing multi-center, large im-

age data pools to conduct more powerful investigations in neuroanatomy and neurode-

generative diseases like Parkinson’s Progression Markers Initiative (PPMI)2 , Alzheimer-

’s Disease Neuroimaging Initiative (ADNI)3 , and Open Access Series of Imaging Studies

(OASIS)4 .

A recent study of Takao et al (2014) [52] was on the effects of using multi-

centered images on VBM. They have concluded that, as long as the ratio of cases to

controls is well balanced across the centers, there is often no need to add center as a

covariate; on the other hand, in case of ill-balanced ratios, adding centers as a covariate

is needed. However, this attenuates the sensitivity of the comparison.

Focke et al (2011) [53] have shown that multicenter scanning can mimic the real

physical differences especially in unbalanced group comparisons. Although they have

used the same scanner model at two different sites, they have used different head coils,

which might be the source of these differences. They have made a remark about the

coils in multicenter studies, in which, this issue is usually not taken into consideration.

They have also found that SPM outperforms FSL in multicenter data comparisons.

Jovivich et al (2013) [54] have shown that even with different scanner models

and different protocols, longitudinal studies might give reasonable results.
2http://www.ppmi-info.org
3http://adni.loni.usc.edu
4http://www.oasis-brains.org
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2.5 Minimum Number of Subjects for a VBM Analysis

Pell et al (2008) [55] has analyzed the VBM data from hippocampal sclerosis

patients (n=30) and control group (n=176), and they found that the detection power

is increasing while the number of control subjects is increasing. On the other hand,

Friston (2012) [56] claimed that the optimal group size should be between 16-32, in

order to avoid unreliable results. He states that in big cohorts, even small changes

can become significant; yet in small cohorts, only large effects can become visible.

Opposing to that suggestion, Hupe (2015) [57] claims that false positives may arise in

small groups due to sampling error, since sampling error is inversely proportional to

sampling size.

In a study by Shen (2007) [58], the groups of sizes 50, 35, 25, and 15 were created

and the detection power of simulated atrophy was explored. They observed that the

simulated atrophy cannot be detected in the group having the size of 15. Tardif et al

(2009) [59] observed that, the necessary group sizes may vary according to which part

of the brain was observed.

2.6 Cross Sectional vs Longitudinal VBM

Morphometric methods could be longitudinal (using the same subject at dif-

ferent time points) or cross-sectional (at a particular time using different subjects).

Some characteristics investigated by VBM are inherently longitudinal, such as growth

and aging, responses to some drugs and substances, plasticity, etc. Longitudinal VBM

might have more power with respect to cross-sectional VBM in these issues, because

sensitivity to small changes will be higher in intra-subject images than the inter-subject

images. An example for a longitudinal VBM was performed by Draganski et al (2004)

[60] in which the plasticity due to juggling training was investigated.

In longitudinal VBM, there are various ways to register the images: Registering
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the images to baseline image, or creating an average template by averaging intersub-

ject or intrasubject images. Registering images onto the baseline image might bring

problems such as finding atrophies beyond the physiological possibilities as pointed out

at Thompson and Holland (2011) [61]. Registering all images to within subject average

can prevent the problems from this asymmetry as described in Ashburner et al (2012)

[62].

2.7 Effects of Using different tools in VBM Analyses

Rajagopalan, et al (2014) [63] compared the VBM results of FSL and SPM for

Alzheimer’s patients (5 men, 13 women) vs control subjects (10 men, 5 women). They

have found that the percentage of significantly different voxels greatly differs between

the two tools: %22.5 in FSLv4.1.5, and 0.82% in SPM8. Although the segmentation

results are very similar in SPM and FSL, the normalization step (DARTEL in SPM

and FNIRT in FSL) affects the results. 0.81% of the voxels reached the statistical

significance in nonparametric statistical approach, whereas 0.51% voxels reached in

parametric approach in SPM. Additionally, SPM and FSL differs in the significant

regions, too: In FSL, motor and extramotor regions seem affected, however in SPM,

only extramotor regions are found affected.

As mentioned in the section 2.3.1, Nordenskjold et al (2013) [42] have shown

that SPM and Freesurfer yield different total intracranial volumes.

Popescu et al (2016) [64] compared SPM, Freesurfer and FSL by using data of

MS (Multiple Sclerosis) and Diaz-de-Grenu et al (2014) [65] on Alzheimer’s patients.

They concluded that these software packages could yield different results.
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Figure 2.1 The original MR image shown by fslview

Figure 2.2 Segmented grey matter
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Figure 2.3 Segmented white matter

Figure 2.4 Segmented cerebrospinal fluid
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Figure 2.5 Warped grey matter

Figure 2.6 Modulated and warped grey matter
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Figure 2.7 Smoothed warped grey matter
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Figure 2.8 Resulting statistical parametric map on the glass brain
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3. Other Brain Morphometry Methods

The following sections summarize some of the brain MR morphometry methods

other than VBM.

3.1 Deformation Based Morphometry

VBM uses the registered images in its analysis, whereas, Deformation Based

Morphometry (DBM) uses not the registered images but the deformation fields that

appear during the registration process. In DBM, a single multivariate testing can be

used on the parameters which describe the deformation.

As a variant of DBM, Tensor Based Morphometry (TBM) focuses on the dif-

ferences in the local shapes by using Jacobian determinants (see the equation 2.1) to

examine the relative volumes. It establishes a statistical parametric map approach to

DBM [66].

3.2 Cortical Thickness Methods

An alternative to volume based morphometry methods is to evaluate the cortical

thickness. The initial processing step is similar to VBM: Segmentation of GM, WM,

and CSF. The subsequent step is to find the inner and outer surfaces of GM, and then

to determine the distance between these two surfaces.

Freesurfer (see section 3.3) is a widely used surface based tool for the cortical

thickness measurements. Hutton et al (2008) [67] measured the cortical thickness by

their own algorithms (VBCT) which is based primarily on SPM. In their another study

(2009) [68], they concluded that VBCT is more sensitive of age-associated decline in

grey matter, whereas VBM is sensitive to local surface area and cortical folding.
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3.3 Surface Based Methods

Surface Based Analysis (SBA) is based on the cortical surface measurements.

There are various tools for SBA including Freesurfer (http://surfer.nmr.mgh.harvard.e-

du), Brain Voyager (http://brainvoyager.com), and Brain Visa (http://brainvisa.info).

The first step of the SBA is the extraction of cortex from the MRI data [69]. The

inner surface of the cortex is the white surface, which is the surface between GM and

WM. The outer surface of cortex is the pial surface which resides between GM and

CSF or dura mater. The surfaces can be reconstructed by the construction of meshes

of triangles on the surfaces, in which the corners of the triangles are called as vertex.

Then, these surfaces can be inflated after marking the gyri and sulci areas.

With these surfaces in hand, various morphometric measurements can be done

including surface area measurements, gyrification and curvature analysis, cortical thick-

ness (the distance between the white and pial surfaces).

Figure 3.1 An inflated surface with results of a cortical thickness comparison by Freesurfer
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3.4 Feature Based Methods

There are some new and promising morphometric methods based on pattern or

feature discovering. One of them is the Feature Based Morphometry, as proposed in

Toews et al (2010) [70]. It’s described as a data-driven technique based on discovering

patterns for group wise morphologic comparisons. A similar algorithm was developed

by Wang et al (2012) [71] under the name of MEACOLP (Morphometry Based on

Effective and Accurate Correspondences of Localized Patterns).

A further improvement on feature based morphometry was developed by Chen

et al (2014) [72] using local feature based SVM (support vector machine) approach.

In K-SVD -a dictionary learning algorithm-, images are represented as a linear

combination of small images. Pattern Based Morphometry, which was based on K-

SVD, was proposed by Gaonkar et al (2011) [73].

It is claimed that these methods do not depend on general linear model but

on the characterization on the individual level, therefore have the superior potential

for the clinical translation and also they are inherently multivariate approaches which

might increase the sensitivity [74].
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4. Effects of Unmodulation and Thresholding by Average

Based Masking on VBM

4.1 Introduction

Voxel-based morphometry (VBM) [14] is one of the most popular analysis tools

in neuroimaging. VBM is an unbiased and fully automated voxel-based statistical ap-

proach that aims to reveal the structural differences between groups of whole-brain MR

images. Parkinson's disease (PD) has been widely investigated using VBM in numer-

ous studies [15, 75–93]. These studies have examined patients in early, mild, moderate,

and severe stages of PD [15, 75, 78, 79, 84, 87] with or without the symptoms of demen-

tia [83], freezing [77], tremor-dominancy and predominantly postural instability gait

difficulty [81], excessive daytime sleepiness [85], subjective memory complaints [86],

depression [90] and several other symptoms (Table 4.1).

In VBM, the images go through an image-processing pipeline before the statisti-

cal analysis. As a first step, the images are segmented into tissue types (GM, WM, and

CSF) and normalized (registered) onto a common template. An optional modulation

can be applied to the segmented images by multiplying the voxels by the Jacobian de-

terminants in an attempt to regain the original volumes [27]. Although modulation is

generally recommended and widely used in all VBM studies, a recent study by Radua

et al. emphasized that modulation lacks experimental validity and decreases the power

of detection in mesoscopic differences [43]. After the modulation or bare segmentation

and normalization step, the images are smoothed.

In VBM, the final statistical operations are performed at the voxel level. To

arrive at a successful estimation of the smoothness of the residuals, and because FWE

using random field theory is more successful in smaller regions, masking is applied

to determine the voxels to be included in the statistical analysis [36]. As a masking

strategy, absolute thresholding is the most widely recommended and used method.
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Ridgway et al stated that this approach might miss some true positive regions and

suggested using average-based mask after careful observation of the images.

In early-stage, nondemented PD patients, previous VBM reports (those that

used corrected results only) were unable to identify any affected regions [15, 78, 79,

84, 87], whereas some of these studies reported correlations between GM atrophy and

phonemic verbal fluency (at precuneus, cerebellum and caudate) [75] and olfactory

function (at pyriform cortex) [89]. As we see in the supplemental Table 4.1, most

of the PD-VBM studies used modulated images (26 of 32 studies used modulation;

unmodulated studies: [88, 91]; studies that were not specified if modulated or not:

[77, 80, 92, 93]), and also, most of the PD-VBM studies did not note their masking

strategies; whereas the studies that mentioned it primarily used absolute thresholding

and none of them used averaged based masking. Therefore, in order to investigate

the effects of unmodulation and averaged-based masking on VBM, in this study, we

performed a series of VBM analyses to search for the structural brain differences in

early-stage, nondemented PD patients using an average-based mask in the statistical

analysis step instead of absolute thresholding and without modulating the data after

the normalization. To validate these choices, we also created an atrophy simulation

data set.
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Table 4.1: Previous PD-VBM studies. AT: Absolute thresholding, NM: Not Mentioned,

SVC: Small Volume Correction

Article Subjects Tool Tissue Modu-

lation

Smooth-

ing

Global calculations and

nuisance variables

Masking Statistical threshold

Ellfolk, 2014 28 Younger (mean age<65)

Early stage (mean disease

duration<3 years)

nondemented, 27 Healthy

SPM8 GM Yes 10mm Age, TIV. (Multiple

regression with semantic,

phonemic, and alternating

fluency)

AT=0,1 Uncorrected (p<0.005) FWE

(p<0.05) at cluster level

Gerrits, 2014 97 PD: 8 MCI, 4 Demented, 6

Unknown, 46 Healthy

SPM8 GM Yes 10mm Total GM volume(Age, sex,

education, total GM volume

in regression analysis)

AT=0.2 Uncorrected (p<0.001) with

cluster size>50

Herman,

2014

30 Freezing PD, 76 Nonfreezing

PD (2nd analysis: 22 Freezing

PD matched with 22

Nonfreezing PD)

SPM5 GM NM NM With or without age and

disease duration

NM Uncorrected (p<0.005)FWE

(p<0.05) at cluster level

Lee, 2014 49 Early stage nondemented

right-handed, 53 Healthy

SPM8 GM Yes 8mm TIV, age, sex (Multiple

regression with disease stage,

disease duration, motor

impairment)

AT=0,2 FWE (p<0.05)
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Article Subjects Tool Tissue Modu-

lation

Smooth-

ing

Global calculations and

nuisance variables

Masking Statistical threshold

Lopes

Gama, 2014

11 PD with hallucinations (6 of

them cognitive dysfunction), 28

PD without hallucinations, 10

Healthy

SPM8 GM Yes 12mm NM AT=0,05 Uncorrected (p<0.001) than

SVC with FWE p<0.05

Menke, 2014 20 Early stage nondemented

right handed, 20 Healthy

FSL GM Yes 3mm NM NM FWE (p<0.05)

Agosta, 2013 17 Early stage, 46 Mild stage,

14 Moderate stage, 12 Severe

stage, 42 Healthy

SPM8 GM Yes 8mm TIV (regression with

UPDRS III and MMSE)

NM FWE (p<0.05)

Lin, 2013 10 PD, 13 Healthy SPM8

(with

and

with-

out

DAR-

TEL)

GM NM 8mm NM NM Uncorrected (p<0.05) with

cluster size>50
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Article Subjects Tool Tissue Modu-

lation

Smooth-

ing

Global calculations and

nuisance variables

Masking Statistical threshold

Rosenberg-

Katz,

2013

30 tremor-dominant PD, 29

predominately postural

instability gait difficulty PD

SPM5 GM Yes 8mm Age and disease duration AT=0.2 FDR (p<0.05)

Braga-

Pereira,

2012

20 Nondemented PD, 20

Healthy

SPM8 GM

WM

Yes 12mm age and sex AT=0.1 FWE (p<0.05)

Compta,

2012

15 PD demented, 18 PD

nondemented, 12 Healthy

SPM5 GM Yes 8mm TIV, age, (UPDRS III in all

PD groupmultiple regression

with CSF as independent

and GM volumes as

dependent)

GM Healthy>DEMENTED and

NONDE-

MENTED>PD:FWE

(p<0.05) Healthy > NON-

DEMENTED:Uncorrected

(p<0.005)

Ibarretxe-

Bilbao,

2012

16 Early PD, 15 Healthy SPM8 GM Yes 12mm TIV (in longitudinal VBM:

scan interval in months)

NM FWE (p<0.05)
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Article Subjects Tool Tissue Modu-

lation

Smooth-

ing

Global calculations and

nuisance variables

Masking Statistical threshold

Kato, 2012 9 PD with excessive daytime

sleepiness, 13 PD without

excessive daytime sleepiness, 22

Healthy

SPM5 GM Yes 12mm TIV, age, sex NM Patient vs Healthy:FDR

(p<0.05) Between patient

groups:Uncorrected

(p<0.001), k>50, z>3.0

Yong Hong,

2012

15 PD without subjective

memory complaints, 20 PD with

subjective memory complaints,

25 Healthy

SPM8 GM Yes 6mm Age and GM volume NM Uncorrected (p<0.001),

cluster size>100mm3

Biundo,

2011

33 PD with impulse control

disorders, 24 PD without

impulse control disorders,Â 22

Healthy

SPM8 GM Yes 8mm TIV, age, number of years of

education, sex,

group(regression analysis:

GM and TMTB-A scores)

NM Cluster-level FWE (p<0.05),

cluster size>100for the areas

not surviving but

anatomically

expected:Uncorrected

(p<0.01)

Ceresa, 2011 36 Dyskinetic PD, 36

Nondyskinetic PD, 32 Healthy

SPM8 GM Yes 8mm TIV, age(Correlation

analysis using age at onset

and therapy duration)

FWE (p<0.05) For

correlation analysis:

Uncorrected (p<0.001),

cluster size>10
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Article Subjects Tool Tissue Modu-

lation

Smooth-

ing

Global calculations and

nuisance variables

Masking Statistical threshold

Focke, 2011 21 PD, 22 Healthy SPM8 GM

WM

Yes 8mm TIV AT=0.05 Uncorrected (p<0.001) with

cluster size>50

Meppelink,

2011

11 Visual Hallucinations PD, 13

without VH PD, 14 Healthy

SPM5 GM Yes 10mm Total GM volume NM Uncorrected (p<0.001) with

cluster level pFWE<0.05

Kostic, 2010 16 PD with depression, 24 PD

without depression, 26 Healthy

SPM5 GM

WM

Yes 8mm TIV, age, sex Masking

by the

results of

other

contrasts

FWE (p<0.05) and

uncorrected (p<0.001),

cluster size>20

Lee, 2010 20 PD demented, 18 Healthy SPM8 GM Yes 6mm NM NM Uncorrected (p<0.001) with

cluster size >50

Martin, 2009 26 Early stage, 14 Healthy SPM5 GM

WM

Yes 12mm TIV, age, sex, group,

education

NM FDR (p<0.05), cluster

size>50

Pereira, 2009 36 PD, 20 Healthy SPM5 GM No 12mm (Visiospatial and

visioperceptual test scores in

multiple regression analysis)

NM FDR (p<0.05)



32

Article Subjects Tool Tissue Modu-

lation

Smooth-

ing

Global calculations and

nuisance variables

Masking Statistical threshold

Sanchez-

Castaneda,

2009

16 PD demented, 16 Healthy SPM5 GM Yes 8mm Education in years,

UPDRS-III score, disease

duration in predefined ROIs

NM FWE (p<0.05) in predefined

ROI's extracted by Pick

Atlas of SPM

Wattendorf,

2009

15 Early stage PD, 12

Moderately Advanced PD, 17

Healthy

SPM5 GM Yes 8mm Total GM volume (In PD

group: H-Y score, disease

durationMultiple regression

by olfactory performance)

NM Uncorrected (p<0.001),

cluster size>800 voxels

Feldmann,

2008

23 Depressed PD, 27

Nondepressed PD, 16 Healthy

SPM2 GM Yes 8mm Age, sex (MADRS scores in

multiple regression analysis)

NM FDR (p<0.05)

Ibarretxe-

Bilbao,

2008

9 Demented, 16 PD with Visual

Hallucinations, 19 PD without

Visual Hallucinations, 56

Healthy

SPM2 GM NM 6mm (Correlation analysis using

memory and GM volume)

NM FDR (p<0.05) on

hippocampal volume

Beyer, 2007 8 Nondemented with MCI, 12

Nondemented without MCI, 16

DEMENTED, 20 Healthy

SPM2 GM No 12mm Age, sex, disease duration NM Uncorrected (p<0.001) than

SVC with FWE p<0.05,

cluster size>200mm3
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Article Subjects Tool Tissue Modu-

lation

Smooth-

ing

Global calculations and

nuisance variables

Masking Statistical threshold

Ramirez-

Ruiz,

2007

18 PD with Visual

Hallucinations, 20 PD without

Visual Hallucinations, 21

Healthy

SPM2 GM Yes 12mm TIV, MMSE, Hamilton,

Hoehn-Yahr scores

NM Uncorrected (p<0.001) with

cluster level pFWE<0.05

Nagano-

Saito,

2005

39 Nondemented (19 Advanced

Nondemented), 9 Demented, 31

Healthy

NM GM NM 8mm In some comparisons: disease

duration(Multiple regression:

intellectual tests)

NM Uncorrected (p<0.001) with

cluster level pFWE<0.05

Summer-

field,

2005

16 Demented, 13 Nondemented,

13 control

SPM99 GM Yes NM NM NM Uncorrected (p<0.001),

cluster size>10 voxelsÂ in

predefined ROI’s extracted

by Pick Atlas of SPM

Burton, 2004 31Â PD, 26 Demented, 36

Healthy

SPM99 NM NM TIV or mean GM NM Uncorrected (p<0.001)

Brenneis,

2003

12 PD, 12 Control SPM99 GM

WM

CSF

NM 10mm NM NM P < 0.05 corrected for

multiple comparisonIn

putamen: SVC
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4.2 Materials and Methods

4.2.1 Data

We performed VBM analyses on PD vs control images (4.2.1.1), and also on

images with simulated atrophy vs control images (4.2.1.2).

4.2.1.1 Original PD Images. The images were taken from the Parkinson's Pro-

gression Markers Initiative (PPMI) database located in the Laboratory of Neuro Imag-

ing (LONI) database at the University of Southern California in Los Angeles, CA.

Although the images were taken with different scanners at different centres, all the

patients in our study were scanned using the same MR scanner model (Siemens Tim

Trio 3T, Germany) with exactly the same sequence parameters (MPRAGE GRAPPA,

T1 weighting, voxel size 1x1x1 mm, TE 2.98 ms, TR 2300 ms, TI 900 ms, flip angle

9o). After excluding subjects which differ in their imaging parameters, and who were

very young (<50 years), very old (>80 years), left-handed, or demented. After ex-

cluding subjects which differ in their imaging parameters, and who were very young

(<50 years), very old (>80 years), left-handed, or demented, as well as subjects with

cognitive impairments (Montreal Cognitive Assessment, MoCA < 25), and the image

sets with minor Gibbs effect artefacts; we were left with 21 early-stage PD patients

(from the original patient pool) and 20 healthy subjects. The subjects' demographic

information is presented in Table 4.2.

4.2.1.2 Simulation Data. Artificially modified PD-MR images were produced to

simulate GM atrophy in cubic regions that were centered at the left hand motor area

[94] and had an edge length of 18 mm. Since, morphological reductions are used by

several studies to simulate atrophy or lesion (e.g. Acosta et al [95]), in this study,

cortical thinning was achieved by eroding GM voxels at the GM-CSF border and then

smoothing the voxels around the border, as seen in Figure 4.2.1.2. The mean volume

of an atrophied region was 270 ± 140 mm3.
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Table 4.2
Demographic information of the PD patients and healthy groups.

PD Control P-value

(n=21) (n=20)

Male/female 11/10 15/5 0.1

Age (years) 62.4 ± 6.1 64.5 ± 5.1 0.2

Disease duration (years) 3.1 ± 1.3 NA NA

Age at onset (years) 59.4 ± 6.5 NA NA

MoCA score 28.1 ± 1.4 27.9 ± 1.1476 0.5

Hoehn-Yahr score 1.6 ± 0.6 NA NA

TIV (ml) 1476 ± 147 1394 ± 131 0.07

Center scanning the images

Center 1 2 2

Center 2 3 5

Center 3 4 3

Center 4 2 1

Center 5 4 3

Center 6 1 2

Center 7 3 2

Center 8 2 2
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Figure 4.1 Simulation of atrophy centered at the left hand motor area of the precentral gyrus

4.2.2 Image Processing and Analysis Tools

The VBM8 toolbox (http://dbm.neurfo.uni-jena.de/vbm/download/) of SPM8

(Statistical Parametric Mapping, http://www.fil.ion.ucl.ac.uk/spm/software/spm8/)

running on MATLAB R2014a (www.mathworks.com) software was employed for the

VBM pre-processing and statistics.

For a VBM analysis with SPM8, we followed the recommendations of Ashburner

[96]: The images were first segmented using a unified segmentation procedure [28], and

the DARTEL algorithm was used to normalize the images [29]. Then the images were

smoothed with a 10-mm kernel size after the modulation of segmented and normalized

images. At the statistical stage, images were corrected by TIV, using sex and age as

nuisance variables and masking to exclude non-GM voxels to increase the power of

the corrections for multiple comparisons. Absolute thresholding was denoted as the

primary method of masking, and 0.2 was selected as a preferred threshold for the GM

masking. Additionally, although our images were scanned in the same scanner model

and with exactly the same scanning parameters, we included the centre as a covariate

in the general linear model of the SPM (eight centres in total). In addition to this
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Table 4.3
VBM results with the simulation region at the left hand motor area of the precentral gyrus (P<0.05,

after correction for multiple comparisons, using FWE.

Modulation Masking strategy Max T Cluster size

1 Yes Absolute threshold: 0.2 6.53 101

2 Yes Average based mask 6.53 117

3 No Absolute threshold: 0.2 6.12 48

4 No Average based mask 6.12 214

standard procedure, we also performed the analyses without modulation and using

an average-based mask instead of absolute or relative thresholding. Average-based

mask was created using the tool of Ridgway et al [36]. In their tools, they used the

average of all subjects which is thresholded by not an absolute threshold but rather by

a threshold which supplies the maximum correlation with the unthresholded average

image. Finally, we used FWE correction with p<0.05 in all the results.

4.3 Results and Discussion

4.3.1 Simulation

VBM analyses of the PD-MR images with simulated atrophy vs. the control

images was repeated four times under the following conditions: A) the traditionally

accepted procedure: modulation + absolute thresholding with a threshold of 0.2; B)

modulation + average-based masking; C) no modulation + absolute thresholding; and

D) no modulation + average-based masking. As shown in Table 4.3, the largest cluster

size was achieved with the “no modulation” + “average-based mask” combination with

a cluster size of 214, whereas in the generally followed practice (modulation + absolute

thresholding), the cluster size was 101.
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4.3.2 VBM: PD vs. Control

The VBM analysis without modulation and with average-based masking of the

MR images from the PD patients vs. the control group revealed atrophies in the su-

perior temporal (49 voxels with maximum T=5.20 using FWE) and middle temporal

gyri (20 voxels with maximum T=5.18 using FWE), which were not detected using

modulation or absolute thresholding (Figure 4.3.2). We can also mention the identifi-

cation of atrophy in the postcentral gyrus with the caveat that the cluster size of this

atrophy was less than 10 voxels. With similar cohorts, similar smoothing kernels (in

the supplemented table, we see that 25 of the 29 studies used the kernel sizes between

8-12mm, where 3 studies did not mention the size of the smoothing kernel at all); with

similar scanner field strength (3T scanners in the majority of the studies); these regions

were not detected in previous VBM studies; however, they were previously detected by

other studies employing other methods besides VBM in similar cohorts, or by VBM

in PD patients in whom the disease had progressed as explained in the following para-

graphs:

Figure 4.2 Atrophied regions according to the VBM results of PD patients vs. healthy controls. (a)
Superior temporal, (b) middle temporal and (c) postcentral gyri in the unmodulated images found by
smoothing with a 10-mm kernel size, using TIV in the global calculations and sex, age, and centre
info as covariates, and using FWE correction with p<0.05

Superior temporal gyrus: Using cortical thickness analyses, Ibarretxe-Bilbao [97]

(early, nondemented PD patients) and Braga-Pereira [82] (mixed PD group) reported

atrophy of the superior temporal gyrus. Using VBM, Kato [85] (FDR; covariates:
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TIV, age, sex; smoothing: 12 mm; modulated images) reported GM atrophy in the

same region in PD patients who suffer from excessive daytime sleepiness. Middle

temporal gyrus: Using VBM, Agosta [15] (FWE, covariate: TIV; smoothing: 8 mm;

modulated images) reported atrophy in the right middle temporal gyrus in moderate

and severe PD patients. They found atrophy in early-stage patients too, however not by

VBM but ROI analysis. Using cortical thickness analysis, Pellicano [98] (nondemented,

but mixed disease duration and Hoehn-Yahr stages) detected atrophy in the same

region. Postcentral gyrus: Using VBM, Rosenberg-Katz [81] (FDR, covariates: age

and disease duration; smoothing: 8 mm; modulated images) also reported that the

postcentral gyrus is atrophied in tremor-dominant PD relative to postural instability

and gait difficulty PD. In addition, Braga-Pereira [82] (FWE, covariates: age and

sex; smoothing: 12 mm; modulated images) reported atrophy in the same gyrus in

nondemented patients with mixed disease duration and Hoehn-Yahr stages (11.8 ± 4.9

years, 2.8 ± 0.9, respectively).

The tendency to use modulation is much more common than the use of unmod-

ulated analysis in VBM studies. The aim of the modulation is to regain the original

volume which changes during the normalization, and it is achieved by multiplying each

voxel by the Jacobian determinants of the transformation, where Jacobian determinants

indicate the degree of shrinkage or enlargement. Maybe because of this straightforward

aim, its experimental validity has not been investigated much, as claimed in Radua et

al [43]. Their findings indicated that modulation might decrease the sensitivity of

detecting mesoscopic differences (such as cortical atrophy), which is contrary to the

current VBM processing practices. They demonstrated that modulation reduces the

statistical significance of a t-test, possibly because of the multiplicative noise as a re-

sult of the modulation; since noise is also multiplied by Jacobian determinants during

the modulation. Furthermore, this effect is more severe with the higher resolution reg-

istration methods (SPM's current registration is based on DARTEL, which is a high

resolution registration method; whereas the registration method used by Good et al

[27] -the article that optimized VBM in which modulation is a main part was proposed-

was a low-resolution normalization) Radua et al have also shown that there is not any

significant difference regarding false positive rates between modulated and unmodu-
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lated analyses. From the aspect of a masking strategy, there are several reasons to

include certain voxels in the statistical calculations, mostly related to increasing the

power of multiple corrections. Ridgway et al [36] have shown that SPM's generally ac-

cepted method of threshold masking (thresholding by a constant value or by a relative

fraction of each image's global value), bears a critical risk of excluding those regions

most vulnerable to atrophy; therefore, this method carries the risk of false negatives;

especially when we count the neurodegenerative diseases into account, because in these

images the grey matter densities can fall behind the thresholds. In accordance with

their findings, we have shown that average-based masking with modulation increases

the voxel sizes of clusters in VBM results. Considering the clinical results of this small

data set from various scanners, it should be noted that larger data sets are needed in

order to achieve meaningful clinical results.

4.4 Conclusion

In the MR images of early and nondemented PD patients, using unmodulated

data and average-based masking in the statistical analysis step of VBM, we found

atrophied regions in the superior and middle temporal gyri (and a minor cluster in

the postcentral gyrus) that could have been easily missed by the generally followed

practice of VBM with modulation and absolute thresholding. These atrophied regions

have been found in previous studies using methods other than VBM in similar cohorts,

or via VBM only in groups in more progressed cases of PD. The results of the atrophy

simulation data set also supported our choice of parameters.
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5. Clinical Applications of VBM

We have performed VBM analyses for three different clinical data sets as de-

scribed in the following sections.

5.1 Reduced Gray Matter Volume in the Frontotemporal Cor-

tex of Patients with Early Subacute Sclerosing Panencephali-

tis [1]

BACKGROUND AND PURPOSE: Subacute sclerosing panencephalitis

(SSPE) is a persistent infection of the central nervous system by the measles virus.

Patients in the initial stages of SSPE show behavioral symptoms and usually normal

cranial MR imaging findings. We aimed to investigate the gray matter volume changes

in patients with early SSPE.

MATERIALS AND METHODS: Seventeen patients with SSPE with nor-

mal cranial MR imaging findings and 30 sex- and age-matched control subjects were

included in the study. Clinical parameters of the patients were quantified by using

a neurologic disability index (NDI) as defined previously. We obtained T1-weighted

magnetization-prepared rapid acquisition gradient echo images from the patients and

control subjects, and we applied an optimized method of voxel-based morphometry.

We performed a cross-sectional analysis to search the gray matter volume differences

between the patients and control subjects. The correlation between the gray matter

distribution and the duration of symptoms, immunoglobulin G index, and NDI scores

was tested.

RESULTS: We found that the cortical gray matter volume of patients was re-

duced in the frontotemporal regions including the bilateral cingulate cortex and amyg-

dala. There was no correlation between the gray matter distribution of patients and

the duration of symptoms or the NDI scores.
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CONCLUSIONS: The current study demonstrated gray matter volume re-

duction in the frontotemporal cortex of patients with SSPE without any apparent

lesions on conventional MR imaging. Because the cingulate cortex and amygdala are

involved in emotion processing, gray matter loss in these regions may contribute to the

development of early behavioral symptoms of SSPE.

5.1.1 Introduction

Subacute sclerosing panencephalitis (SSPE) is a slow virus infection of the cen-

tral nervous system, which is caused by the measles virus [99]. It is a rare infectious

disease in developed countries. An incidence of 1 case per million patients with measles

infection a year was reported in developed countries [99]. However, it is still prevalent

in underdeveloped and developing countries [100]. The characteristic clinical presenta-

tion of SSPE usually starts with nonspecific cognitive decline and behavioral changes,

such as memory impairments, decreased scholastic performance, reduction of social

interactions, and emotional instability [99]. Following the behavioral changes, invol-

untary movements, such as myoclonic jerks and choreoathetosis, develop. Myoclonic

jerks initially affect the head and then involve the trunk and limbs with progression

of disease. Spasticity, visual disturbances, and language difficulties usually accompany

the involuntary movements. In late stages of the disease, mental deterioration evolves,

spasticity progresses into opisthotonus, and terminal patients pass into a vegetative

state.

T2-weighted hyperintense signal-intensity changes in the cerebral cortex, periven-

tricular white matter, basal ganglia, and brain stem and atrophic dilation of cerebral

sulci are the cranial MR imaging findings of SSPE that frequently develop in the late

stages of the disease [101–105]. Conventional cranial imaging performed in the initial

stages of SSPE usually does not reveal any pathology. However, recent MRspectroscopy

studies have demonstrated that the metabolic alterations caused by neuronal loss and

gliosis were present even in normal-appearing cerebral tissue in the initial stages of

SSPE [106, 107]. Voxel-based morphometry is an automated statistical image-analysis
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method that is used to search gray matter volume differences between various subject

groups [14]. Voxel-based morphometry can detect minor morphologic changes that

could not be detected by visual case analyses.

The purpose of the current study was to investigate the gray matter volume

changes in the initial stages of SSPE. We studied patients with a diagnosis of SSPE

whose conventional cranial MR imaging findings appeared normal. We hypothesized

that neuronal degeneration/loss starting in the early stages of SSPE would cause cere-

bral gray matter loss that could be detected by using voxel-based morphometry. We

performed a cross-sectional voxel-based morphometry study to search the gray matter

volume differences between the patients with SSPE and age- and sex-matched control

subjects. We also studied the correlations between the gray matter distribution and

the clinical variables.

5.1.2 Materials and Methods

5.1.2.1 Patients. We studied 22 patients with a diagnosis of SSPE. Because cere-

bral parenchymal lesions would cause segmentation errors during image analysis, we

excluded 5 patients whose conventional cranial MR images revealed cortical or white

matter lesions. Thus, 17 patients (11 girls and 6 boys) were included into the study.

The mean age of the patients was 9.5 ± 2.2 years (range, 7 − 14 years). Table 5.1 sum-

marizes the demographic data and the clinical findings of these patients. The diagnosis

of SSPE was based on the presence of clinical symptoms, typical electroencephalogra-

phy findings (bilateral periodic high-amplitude slow wave bursts), and high antimeasles

antibody titers in serum (>1:180) and CSF (>1:4). The mean age of initial measles

infection was 28 months (ranging between 8 and 45 months).

We used the clinical staging of patients as defined by Jabbour et al. [108].

Briefly, stage 1 indicated behavioral changes; stage 2, the presence of myoclonus, inco-

ordination, choreoathetosis, and motor convulsions; stage 3, opisthotonus, decerebrate

rigidity, and coma; and stage 4, diminished rigidity, less frequent myoclonus, and loss
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Table 5.1
Demographic data and the clinical findings of patients

of cerebral cortical function. Clinical parameters were also quantified by using a neu-

rologic disability index (NDI) as defined previously for patients with SSPE by Dyken

et al [109], in which motor, sensory, and mental states were evaluated; higher scores

indicated poorer neurologic status. Neurologic examinations, clinical staging, and NDI

scoring were performed by an experienced pediatric neurologist (B.T.). All patients

were treated with oral isoprinosine (dosage, 100 mg/kg/day).

The patients were compared with a control group composed of 30 healthy sub-

jects (20 girls and 10 boys). The mean age of the control subjects was 9.3 ± 2.4 years

(range, 7 − 14 years). None of the control subjects had a history of any neurologic or

psychiatric disorder. The exclusion criteria for the patient and control groups also in-

cluded any contraindication for MR imaging, a history of previous head trauma leading

to hospitalization, and a previous history of febrile or nonfebrile convulsion. Written

informed consent was obtained from the parents of the patients and control subjects.

The study was approved by the local human subject committee.

5.1.2.2 Image Acquisition. Cranial MR imaging studies were performed on a

1.5T superconducting whole-body MR imaging system (Symphony Maestro; Siemens
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Medical Systems, Erlangen, Germany) with a standard quadrature head coil. Con-

ventional cranial MR imaging was performed to search for any pathologic finding that

would lead to the exclusion of patients from the study. MR images were evaluated

by an experienced neuroradiologist who was blinded to whether images were from a

patient or control subject. The conventional cranial MR imaging protocol included

axial fluid-attenuated inversion recovery (FLAIR) (TR = 9800 ms, TE = 110 ms, TI

= 2100 ms, NEX = 2), axial T1-weighted spin-echo (TR = 500 ms, TE = 18 ms, NEX

= 3), and coronal T2-weighted fast spin-echo (TR = 9200 ms, TE = 110 ms, NEX =

3) sequences. For voxel-based morphometry, high-resolution anatomic images of the

whole brain were acquired from the patients and control subjects with T1-weighted

magnetization-prepared rapid acquisition gradient echo sequences (TR = 11.08 ms, TE

= 4 ms, TI = 300 ms, relaxation delay time = 500 ms, flip angle = 15Â°, FOVx256x192

mm, matrix size = 256 x 192), yielding 128 sagittal sections with a defined voxel size

of 1x1x1.3 mm.

5.1.2.3 Voxel-Based Morphometry Protocol and Data Preprocessing. We

applied an optimized method of voxel-based morphometry by using SPM2 (http://-

www.fil.ion.ucl.ac.uk/spm/software/spm2; Wellcome Department of Cognitive Neurol-

ogy, London, UK) running under Matlab (MathWorks, Natick, Mass) [14, 27]. Pre-

processing of the data involved spatial normalization of all images into a standardized

anatomic space, segmentation into gray and white matter, modulation, and spatial

smoothing with a Gaussian kernel. T1-weighted MR images were normalized to the

standard T1 template of the Montreal Neurologic Institute (MNI). The normalized

images were smoothed and averaged to obtain a study-specific T1 template. All of

the original structural MR images in native space were then normalized to this study-

specific template. The normalized images were segmented into CSF, gray matter, and

white matter compartments by using the SPM2 priors. Afterward, CSF, gray matter,

and white matter images were smoothened with an 8-mm full width at half maxi-

mum (FWHM) kernel and averaged to obtain study-specific CSF, gray matter, and

white matter priors for later segmentation of native images. The original T1-weighted

images were segmented with the study-specific T1 template and gray matter, white
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matter, and CSF priors. This segmentation step involves an affine transformation of

each scan to the template with a subsequent back-projection into native space. We

also performed a correction for volume changes (modulation) by modulating each voxel

by the Jacobian determinants derived from the spatial normalization. Anautomated

brain-extraction procedure that incorporated a segmentation step was used to remove

nonbrain tissue. The extracted gray and white matter images were then normalized

to the specific gray and white matter templates. The normalization parameters were

then applied to the original structural images in native space to reduce any contribution

from nonbrain voxels and to afford optimal spatial normalization of gray matter. These

normalized images were segmented into gray and white matter. Finally, the normalized

and segmented images were smoothed with an 8-mm FWHM isotropic Gaussian kernel.

Figure 5.1 Axial FLAIR (TR = 9800 ms, TE = 110 ms, NEX = 2) image of a patient with stage 2
disease reveals normal findings.

5.1.2.4 Statistical Analysis. The normalized modulated smoothed gray matter

data were analyzed by using SPM2, within the framework of the general linear model

on a voxel-wise comparison. Regional differences in gray matter volume between the

patients and control subjects were assessed by using analysis of variance. Because

the patients and control subjects did not show a significant difference in age and sex
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distribution, we did not enter these variables as covariates. The total intracranial

volumes of the subjects were calculated and used as a covariate in the comparison

analysis. The findings were considered significant at a voxel level of P<.05, corrected

for multiple comparison familywise error (FWE), with an extended threshold looking

for clusters with at least 20 contiguous voxels. The relationship between the clinical

variables (duration of disease, immunoglobulin G [IgG] index, NDI scores) and cortical

gray matter volume was investigated by regression analysis (P<.05, FWE-corrected).

For localizing purposes, the MNI coordinates were converted to Talairach coordinates

by using a dedicated script (mni2tal.m; available at: http://www.mrc-cbu.cam.ac.uk/

Imaging/Common/mnispace.shtml).

An automated software was used to retrieve the brain labels for the Talairach

coordinates (http://www.talairach.org/client.html).

5.1.3 Results

The differences between the mean age and sex distribution of patients and con-

trol subjects were not significant (P > .05). Five of the patients were in stage 2 of the

disease, and the remaining 12 patients had stage 1 SSPE. The mean clinical stage of

the patients was 1.29. The mean duration of symptoms was 8.9 ± 5.7 weeks (range, 3

− 24 weeks) (Table 5.1). Behavioral and personality changes were present in the clin-

ical history of all patients (100%). The parents or teachers of 11 patients had noticed

a recent decline in school performances of the patients. In addition to the behavioral

changes, 5 patients also had involuntary movements in the head and limbs (myoclonic

jerks). The neurologic evaluation of the patients revealed a mean NDI score of 15.8

± 5.3 (range, 10 − 25). The findings of FLAIR and T2-weighted MR images of all

patients and the control subjects were normal (Fig 5.1.2.3). Voxel-based comparison

analysis revealed that the patients had significantly reduced cortical gray matter vol-

ume in the frontotemporal cortical regions compared with those in the control subjects

(Table 5.2). The regions with gray matter loss in patients included the anterior cingu-

late cortex (Talairach coordinates: x = -7, y = -15, z = 41 [Brodmann area, (BA 24)];
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Table 5.2
Cortical regions with decreased gray matter volume in patients compared with control subjects

x = 6, y = 0, z = 35 [BA 24]) and the bilateral amygdala (x = –32, y = 1, z =

-12; x = 30, y = -3, z = -10) (Fig 5.1.3). The correlation analysis revealed that there

was no significant association between the NDI scores and gray matter distribution of

the patients. Moreover, there was no relationship between the IgG index or clinical

stage and gray matter volumes of patients.

5.1.4 Comment

The uniformity of clinical progression in patients with SSPE suggests acommon-

pattern of neuropathologic progress in the central nervous system. Previous autopsy

reports revealed that inflammatory infiltrations in cortical gray matter are the promi-

nent pathologic finding in the early periods of SSPE [99, 110]. In later stages of the

disease, the neuropathologic findings spread into adjacent subcortical white matter.

Early involvement of cortical gray matter would explain the nonspecific subtle behav-
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Figure 5.2 Statistical parametric maps demonstrating the structural difference in gray matter vol-
umes. Significant gray matter volume decrease (P < .05, corrected) is overlaid in color on the normal-
ized T1-weighted images of a healthy control subject. Only clusters of voxels consisting of at least 20
voxels are displayed. The color scale shows the range of Z values. It shows the reduced gray matter
volumes in bilateral medial temporal regions, including the amygdala, cingulate gyri, and right inferior
frontal gyrus.

ioral symptoms that are frequently seen in the initial stages of SSPE. However, contrary

to the early cortical involvement shown by the neuropathologic studies, conventional

MR imaging examinations performed in patients with early disease usually reveal nor-

mal findings. Thus, cortical involvement in early SSPE could not be demonstrated in

previous neuroimaging studies. The results of the current study revealed the reduced

gray matter volume in the bilateral frontotemporal cortex, including the amygdala and

cingulate cortex, of the patients with stage 1 and 2 SSPE. Decreased frontotemporal

cortical gray matter volume is consistent with the results of previous neuropathologic

studies emphasizing the cortical involvement in the early periods of SSPE. The results

of previous neuroimaging studies revealed that findings of cranial imaging performed

in the initial stages of SSPE usually appear normal and that parenchymal lesions de-

velop as the disease progresses [99, 105]. In the current study, we demonstrated the

gray matter volume reduction in the patients with normal-appearing MR imaging find-

ings in early stages of the disease. When we consider the results of the current and
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previous studies together, it suggests that a subtle loss of frontotemporal gray matter

may precede the appearance of morphologic T2-weighted lesions in early SSPE. Kane-

mura et al investigated the frontal lobe volume in a patient with early SSPE. They

measured the whole parenchymal volume of frontal lobes including the white and gray

matters volumes. They found a decreased frontal lobe volume compared with that in

healthy control subjects, which seems to be a finding consistent with the results of the

current study. In another article, Kanemura and Aihara [111] reported the decreased

apparent dif- fusion coefficient in the normal-appearing frontal lobe of a patient with

SSPE. They also found a correlation between the frontal diffusion changes and clinical

parameters. They speculated about the possibility of an association between frontal

neuropathologic changes and some of the clinical findings of SSPE.

Neurodegenerative diseases leading to progressive neuronal loss cause reduced

cortical gray matter attenuation and volume in the related regions of brain [112]. SSPE

is caused by persistent infection of neurons and oligodendrocytes by the measles virus.

Neuronal degeneration, neuronal loss, demyelination, and gliosis are the main neu-

ropathologic findings of SSPE. The decreased gray matter volume in the frontotempo-

ral cortex of our patients might be the consequence of neuronal degeneration/loss in

those regions of brain.

The cingulate gyrus and amygdala are components of the limbic cortex, which

is involved in the processing of emotions [113, 114]. A complex neural network, in-

cluding the prefrontal and anterior cingulate gyrus, hippocampus, insular cortex, and

amygdala, is involved in the processing of various aspects of emotions. The pathologies

affecting the anterior cingulate gyrus and amygdala cause emotional and behavioral

symptoms. The amygdala is also involved in the regulation of emo-ions. Thus, any

pathology affecting the amygdala may cause dysregulation of emotional processing

leading to over- or underexpression of emotions. The initial symptoms of patients with

SSPE include emotional instability, inappropriate emotions, inappropriate expression

of emotions, and other behavioral changes. Cortical involvement in the cingulate gyrus

and amygdala may explain the emotional and behavioral symptoms of early SSPE.
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Cognitive decline, which is usually recognized as a recent decrease in scholastic

performance of the patient, is another common symptom of early SSPE. The anterior

cingulate cortex together with the orbitofrontal cortex takes part in the processing of

decision making. The amygdala is also involved in reward-based learning and decision

making [115]. Recent studies have shown that the amygdala is a critical structure in a

neural system necessary for implementing advantageous decisions. Thus, the gray mat-

ter volume reduction in the anterior cingulate cortex and the amygdalamaycontribute

to the appearance of cognitive decline during the initial stages of SSPE. However, we

did not find a significant correlation between the NDI scores of patients and their cor-

tical gray matter distribution. The NDI scoring is a gross evaluation of the motor and

sensory functions as well as the mental states of patients with SSPE. The lack of a cor-

relation between the NDI scores and gray matter volume might be because we studied

only patients in the initial stages of the disease, and their NDI scores were distributed

in a narrow range.

The correlation analysis in the current study did not reveal any association be-

tween the duration of symptoms and gray matter distribution in patients. This finding

suggests that the gray matter loss in the frontotemporal regions might have developed

at very early periods of the disease. The relatively narrow range of duration of symp-

toms among patients might be another explanation of this finding. Furthermore, we did

not find any correlation between the IgG index and the gray matter distribution. This

finding indicates that there is no association between the degree of neuroimmunologic

reaction and gray matter loss in early SSPE.

Several quantitative imaging studies with a region-of-interest design such as

quantitative diffusion MR imaging and proton MR spectroscopy [106, 107, 116] have

been conducted to investigate the in vivo neuropathologic findings in patients with

early SSPE. Because conventional imaging findings usually appear normal in early

SSPE, quantitative imaging studies investigating patients with early SSPE require a

prior hypothesis of localization. The frontotemporal weighting of cortical gray matter

loss demonstrated by the current study may guide future studies investigating early

imaging findings of SSPE.
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A few limitations of the current study should be mentioned. First, because of

the ethical issues, we did not perform a longitudinal study. A longitudinal study would

give valuable information about the evolution of gray matter loss during the clinical

progression of the disease. The second limitation may be that we could not measure

the severity of the patients' emotional symptoms. Thus, we could not investigate

the correlation between volumetric changes in gray matter and severity of behavioral

symptoms. Although the comparison analysis revealed a gray matter reduction in

the emotion-related regions of the brain, a correlation analysis would be helpful to

investigate the association of the severity of emotional symptoms and gray matter

distribution. In conclusion, the results of the current study demonstrated the decreased

gray matter volume in the frontotemporal cortex of patients in the early stages of SSPE.

The gray matter volume reduction in the cingulate gyrus and amygdala, which are

related to decision making and emotion processing, maycontribute to the development

of behavioralsymptomsof early SSPE.

5.2 Smaller Gray Matter Volumes in Frontal and Parietal Cor-

tices of Solvent Abusers Correlate with Cognitive Deficits

[2]

BACKGROUND AND PURPOSE: Abuse of toluene-containing organic

solvents by inhalation is a prevalent practice among adolescents. Long-term abuse

of toluene causes cognitive deficits. The mechanism of cognitive deficits induced by

long-term toluene abuse has not yet been defined. In the current study, we assessed

the effects of chronic toluene abuse on cortical gray matter volume and the association

between cognitive impairment and cortical gray matter volume distribution in chronic

toluene abusers.

MATERIALS AND METHODS: Fifteen toluene abusers and 20 healthy

control subjects matched in sex, age, education level, and handedness were investigated

by structural MR imaging. The cognitive states of the subjects were assessed by using
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the third edition of the Wechsler Intelligence Scale for Children (WISC-III). The voxel-

based comparison and correlation analyses of MR images were performed by using

SPM5 software.

RESULTS: The voxel-based morphometric analysis revealed that toluene abusers

had significantly lower gray matter volumes in the bilateral frontotemporal and right

parietal cortices. In addition, the lower gray matter volumes in the frontal and parietal

regions correlated with the duration of toluene abuse. There was a positive correlation

between the WISC performance scale scores and gray matter volumes in the frontal

and parietal cortices of the abusers.

CONCLUSIONS: The results of the current study demonstrate that chronic

toluene abusers have smaller gray matter volumes than nonabusers in various regions

of the brain. Moreover, the cognitive deficits are associated with the lower gray matter

volumes in the frontal and parietal cortices of chronic toluene abusers.

5.2.1 Introduction

The first reports of solvent abuse were published in the 1950s in the United

States [117]. Today, abuse of organic solvents has become an important health and

social problem in the developed as well as the developing countries [118–120]. Solvent

abuse is particularly prevalent among adolescents [120, 121]. School-based surveys

conducted in the United States and Australia revealed the rates of experimental sol-

vent use up to 26% during adolescence [118]. The common methods of solvent abuse

among adolescents are sniffing (direct inhalation of solvent from a container), huffing

(inhalation of solvent by holding a soaked rag over the nose and mouth), and bagging

(inhalation of solvent from a plastic bag). It is known that long-term solvent use has

significant toxic effects on the human central nervous system [118, 120, 122–125]. De-

spite its high prevalence and serious health and social consequences, today relatively

little is known about the mechanism of solvent-induced central nervous system toxicity

[118, 121].
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Toluene, also known as methylbenzene, is a lipid-soluble aromatic hydrocarbon

that is commonly used as a solvent in industry. It is also a common component of

many household products such as paint thinners, spray paints, ink, and glue. After

inhalation, toluene is easily absorbed by the lungs. Because of its high lipid solubility,

it readily diffuses and accumulates in tissues with a high lipid composition, such as

the central nervous system. Toluene is thought to be the cause of central nervous

system toxicity in solvent abusers [122, 126]. Several previous studies have shown that

regular long-term abuse of toluene causes severe and irreversible cognitive impairment

[120, 125, 127, 128]. Hormes et al [123] reported that among chronic toluene abusers,

the cognitive deficits are inattention, apathy, memory dysfunctions, and visuospatial

impairment. Rosenberg et al [129] compared the cognitive abilities of chronic toluene

abusers with those of alcohol abusers and cocaine users. They found significant deficits

in working memory and executive function in the toluene abusers.

Nevertheless, the exact pathologic mechanism of cognitive impairments caused

by chronic toluene exposure has not yet been defined. Because of prevalent comorbid

drug use among solvent abusers, the findings reported in the limited numbers of autopsy

cases are controversial and inconclusive [119, 120, 127]. Several neuroimaging studies

have been conducted to investigate the neurotoxic effects of toluene abuse. MR imag-

ing studies reveal that chronic toluene abuse causes T2-weighted hyperintense white

matter lesions starting in the periventricular region during the early years of abuse, and

these lesions later spread to subcortical U fibers [118, 120, 129–134]. Dilation of cor-

tical sulci, thinning of the corpus callosum, and thalamic T2- weighted hypointensity

were the other MR imaging findings in chronic solvent abusers. The presence of white

matter lesions on cranial MR imaging was significantly associated with the greater

cognitive impairment among the chronic toluene abusers [130, 135, 136]. Thus, the

results of previous neuroimaging studies point to white matter as the target tissue for

the development of cognitive impairment in chronic toluene abusers [129]. Consistent

with this hypothesis, Filley et al [127] found a significant correlation between the sever-

ity of white matter changes onMRimaging and the severity of cognitive impairment.

Furthermore, Aydin et al [130] reported an association between the type of white mat-

ter lesions on MR imaging (restricted or diffuse) and both duration of toluene abuse
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and neurologic deficits. Finally, Filley et al [122] hypothesized that toluene-induced

cognitive dysfunction may be directly attributed to cerebral white matter involvement.

However, the results of other studies indicate the possibility that the cortex is involved

in the development of toluene-induced cognitive impairments [137, 138].

The autopsy findings of a chronic toluene abuser showed severe neuronal loss

in the second, third, and sixth layers of the cerebral cortex, in addition to widespread

demyelination and giant axonopathy in the white matter [137]. This autopsy revealed

that long-term toluene exposuremayaffect the cerebral cortex as well as white matter.

Supporting the findings reported by Escobar and Aruffo [137], some animal studies have

shown that toluene inhalation causes Purkinje cell loss in the cerebellum and neuronal

loss in the hippocampus of rats [139]. Moreover, Von Euler et al [138] showed that

chronic toluene exposure causes impairment in spatialmemoryand reduced cortical area

in the parietal cortex of rats. Taken together, the results of these studies indicate that

cortical involvement may contribute to the development of toluene-induced cognitive

impairments.

In the current study, we assessed the effects of chronic toluene abuse on cortical

gray matter volume. We also assessed the association between cognitive functions and

cortical gray matter volume distribution in chronic toluene abusers. We did not have

an a priori hypothesis about the localization of cortical gray matter volume changes,

and we used a voxel- based whole-brain statistical analysis method to assess the cortical

gray matter volume differences.

5.2.2 Materials and Methods

5.2.2.1 Subjects. We studied adolescents between 12 and 19 years of age who

regularly abused toluene-containing solvents by inhalation for a period of at least 6

months. Toluene abusers were recruited among adolescents who were admitted to

a rehabilitation program for solvent abusers. Thecommonsolvent abused by all the

participants was paint thinner. The patients who abused other substances, such as
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marijuana, amphetamines, and cocaine, were excluded from the study. The exclusion

criteria for the toluene abusers and control subjects also included any contraindications

for MR imaging, a history of any disorders known to cause cognitive deficits other than

toluene-induced cognitive dysfunctions, neurodegenerative or demyelinating diseases,

history of seizures, central nervous system infection, cerebrovascular disease, diabetes

mellitus, steroid treatment for any reason, head trauma causing loss of consciousness or

requiring hospitalization, a history of a previous psychotic or manic episode, a history of

previous treatment with an antipsychotic agent, and a parental history of any psychotic

disorder.

Sixteen male chronic toluene abusers meeting the defined criteria were included

in the study (mean age, 15.5 years). The information about age of onset for toluene

abuse and total duration of toluene abuse was gathered from the abusers and their

parents by using a structured structured interview. Calculation of the absolute daily

dosage of inhaled toluene was impossible because of the easy vaporization of thinners

and issues related to the methods of abuse that made such calculations impossible,

such as variability in the frequency of huffing, the amount of thinner inhaled during

each huffing episode, and different physical properties of the rags used. Therefore, we

used the amount of thinner bought weekly (as cans per week) to represent the amount

of weekly toluene consumption [130]. Data on the prevalence and amount of weekly

alcohol consumption and tobacco smoking among the abusers and control subjects

were also collected. Because the subjects did not have regular income, the frequency

of alcohol intake was irregular in both groups. Therefore, the amount of weekly alco-

hol consumption was calculated by considering the number of consumed drinks during

their last drinking week (12-g alcohol per drink). Twenty sex-, age-, and education-level

matched and right-handed (headedness-matched with the abusers) healthy control sub-

jects were recruited from the community (mean age, 15.6 years). The control subjects

had no history of substance or drug abuse. All the toluene abusers and control subjects

were right-handed (based on the Edinburg Handedness Inventory). Written informed

consent was obtained from subjects who were <18 years of age during the study. If

the subject was <18 years of age, written informed consent was obtained from his or

her parent. The study was approved by the local Human Subjects Committee.
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Table 5.3
Demographic and clinical characteristics of the toluene abusers and control subjects

5.2.2.2 Cognitive Assessment. General cognitive functions and intellectual abil-

ities of all subjects were assessed by using the third edition of the Wechsler Intelligence

Scale for Children (WISC-III). The WISC-III battery consists of 6 verbal and 5 per-

formance scale subtests. Verbal and performance scores and a full-scale intelligence

quotient (FSIQ) of all subjects were calculated. WISC-III tests and MR imaging stud-

ies of the toluene abusers were performed at least 3 weeks after their last solvent use

to avoid the acute effects of toluene.

5.2.2.3 Image Acquisition. Cranial MR imaging studies were performed on a

1.5T superconducting whole-body MR imaging system (Symphony Maestro; Siemens

Medical Systems, Erlangen, Germany) with a standard quadrature head coil. High-

resolution anatomic images of the whole brain were acquired from the solvent abusers

and control subjects with a T1-weighted magnetization-prepared rapid acquisition of

gradient echo sequence (TR = 11.08 ms, TE = 4 ms, TI = 300 ms, relaxation delay

time = 500 ms, FA = 15Â°, FOV = 256x192mm, matrix size = 256x192) yielding 128

sagittal sections with a defined voxel size of 1x1x1.3 mm. We also obtained axial fast

spin-echo T2-weighted images (TR = 9200 ms, TE = 110 ms, number of acquisitions

= 3) from all of the subjects to search for any pathologic findings defined in the study

exclusion criteria.
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5.2.2.4 Voxel-Based Morphometry Preprocessing. Data analysis was per-

formed by using the SPM5 software package (Wellcome Department of Cognitive Neu-

rology, London, UK) running under Matlab 2007a (MathWorks, Natick, Mass). We

used the VBM5 toolbox (http://dbm.neuro.uni-jena.de) for image preprocessing, which

included normalization, segmentation, and modulation steps [14, 140]. The VBM5 tool-

box uses anewtissue-segmentation method implemented in SPM5. The details of the

unified segmentation method performed in VBM5.1 toolbox have been described else-

where [140]. The segmented images were modulated with the Jacobian determinants

of the deformation parameters obtained by normalization to the Montreal Neurologic

Institute standard space to analyze volume differences. Finally, the modulated gray

matter images were smoothed with a 10-mm full width at half maximum gaussian ker-

nel and statistically analyzed. The total intracranial volume was included as a covariate

during statistical analysis.

5.2.2.5 Statistical Analysis. We investigated the regionally specific gray matter

volume differences between the toluene abusers and control subjects by using voxel-by-

voxel analysis of the covariance test. The total intracranial volumes of the subjects were

entered as a covariate. Because the abusers and control groups did not show significant

differences in age and sex distribution, tobacco use, and education levels, we did not

enter these variables as covariates. Because the difference between the mean amounts

of weekly alcohol consumption of the abusers and control subjects was not significant,

we did not consider alcohol consumption as a covariate in the voxel-based morphometry

analysis. The findings were considered significant at a voxel level of P < .05, family-

wise error (FWE) corrected, with an extended threshold looking for clusters with at

least 10 contiguous voxels. The relationship between the duration of toluene abuse and

cortical gray matter volume distribution was evaluated with regression analysis (P<.05,

FWE corrected). The association was also assessed between the scores obtained from

the performance, verbal subtests, and FSIQ on one hand and the cortical gray matter

volume changes on the other.

The differences in demographic findings between the toluene abusers and con-
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trol subjects were investigated by using Mann-Whitney U test, as integrated in the

Statistical Package for the Social Sciences, Version 15.0 for Microsoft Windows (SPSS,

Chicago, Ill). The differences in the prevalence of alcohol consumption and tobacco

smoking were tested by using the χ2 test. The correlations of the scores obtained from

the WISC tests with duration of abuse and with weekly solvent consumption were

assessed by using linear regression analysis.

5.2.3 Results

The demographic findings of the toluene abusers and control subjects are given

in Table 5.3. The differences in age or education levels between the toluene abusers

and control subjects were not significant (P > .05). The prevalence of alcohol use and

the amount of weekly alcohol consumption between the abusers and control subjects

were not significant (P > .05).

There was no significant difference in the prevalence of tobacco smoking and

the amount of daily tobacco consumption between the toluene abusers and control

subjects (P > .05). The scores obtained from the performance and verbal subtests of

the WISC-III and the FSIQ scores of the toluene abusers were significantly below the

scores obtained from the control subjects (P<.01; Table 5.3). The performance scale

scores were slightly lower than the verbal scale scores in the toluene abusers (P = .46).

The WISC-III scores of the toluene abusers correlated negatively with the duration of

toluene abuse (P< .05). There was no correlation between the WISC-III scores of the

abusers and the amount of weekly solvent consumption (P>.05).

The voxel-based image analysis revealed lower cortical gray matter volumes in

the abusers than in the control subjects in the following brain regions: bilateral medial

frontal gyrus (Brodmann areas [BAs] 9 and 10); right orbitofrontal (BA 11), right

superior frontal gyrus (BA 8), right angular gyrus (BA 39), right superior parietal

lobule(BA7), right parahippocampal gyrus (BA 36), and left middle temporal gyrus

(BA 22) (Fig 5.2.3 and Table 5.4). The duration of toluene abuse correlated negatively
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with the cortical gray matter volumes of the toluene abusers in the right superior

frontal gyrus(BA6), right inferior temporal gyrus (BA 20), right superior temporal

gyrus (BA 22), right occipital lobe (BA 19), left middle frontal gyrus (BA 9), left

inferior temporal gyrus (BA 37), and left precentral gyrus (BA 6) (Fig 5.2.3 and Table

5.5). The reduced gray matter volumes in the left middle frontal gyrus (BA 9) and

the right superior parietal lobule (BA 7) of the abusers correlated with lower WISC-III

performance scale scores (Fig 5.2.3 and Table 5.6). The voxel-based regression analysis

showed that in none of the brain regions examined did the gray matter volume correlate

significantly with weekly solvent consumption.

Figure 5.3 Significant gray matter volume decreases in the toluene abusers compared with the control
subjects (P < 0.05, FWE-corrected). T values of cluster with a significant decrease are overlaid on
the normalized T1-weighted images of a control subject

5.2.4 Discussion

In this study, we investigated the adverse affects of chronic toluene exposure on

cognitive functions and gray matter morphology. We found that chronic toluene abusers

had significantly lower WISC-III IQ scores than healthy control subjects. The perfor-

mance scale of WISC-III consists of tests measuring visuospatial skills and information-

processing speed such as picture completion, block design, and digit-symbol coding.
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Table 5.4
The regions with the smaller cortical gray matter volume in toluene abusers compared with control

subjects

Table 5.5
Cortical regions that showed a negative correlation between the gray matter volume and duration of

abuse among the toluene abusers

Table 5.6
Cortical regions in which the cortical gray matter volumes were positively correlated with the

Wechsler performance scale scores of the toluene abusers
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Figure 5.4 Significant negative correlations between the gray matter volume and duration of toluene
abuse (P<.05, FWE-corrected). T values of cluster with a significant correlation are overlaid on the
normalized T1-weighted images of a control subject.

However, the verbal scale subtests of the WISC-III assess language skills, such as com-

prehension, vocabulary, and similarities between objects or concepts. In the current

study, both the verbal and performance scale scores of the toluene abusers were slightly

lower than those of the control subjects. Nevertheless, the performance scale scores

were significantly lower than the verbal scale scores in the toluene abusers. Thus, the

results of the current study show that the visuospatial abilities of toluene abusers were

more severely impaired than their language skills. The previous neuropsychological

studies in chronic toluene abusers reported a pattern of neurocognitive disturbance

consisting of impaired attention, information- processing speed, executive function,

learning and memory, visuospatial dysfunction, and relatively preserved language skills

[118, 122, 125, 127–129].

Yamanouchi et al [128] assessed the cognitive functions of the toluene abusers

by using the Wechsler Adult Intelligence Scale (WAIS). With results similar to ours,

they found significantly reduced WAIS performance scale scores among abusers, which

were associated with the severity of pontine atrophy. In contrast to the results of

the current study, they found a relative sparing of language skills. In our study, the

negative correlation of the performance scale and FSIQ scores with the duration of
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Figure 5.5 Significant positive correlations between the gray matter volume and WISC performance
scale scores of the toluene abusers (P < .05, FWE-corrected). T values of cluster with a significant
correlation are overlaid on the normalized T1-weighted images of a control subject.

abuse indicates that the cognitive deficits of the toluene abusers are related to the

long-term toluene exposure.

In the literature, a handful of studies have investigated the effects of long-term

toluene exposure on the cerebral cortex. Kucuk et al [141] studied cerebral perfusion ab-

normalities in toluene abusers by using technetium Tc99m hexamethylpropyleneamine

oxime single-photon emission CT (SPECT). They found hypo- and hyperperfused re-

gions in the frontal, temporal, and parietal cortices. In another SPECT study, Okada

et al [142] used iodine 123I inosine monophosphate to measure the cerebral perfusion

in the chronic toluene abusers and found significantly decreased cerebral blood flow

in the prefrontal cortex. Furthermore, the hypoperfusion in the prefrontal cortex was

related to behavioral disturbances observed in the abusers. In an animal study, Von

Euler et al [138] investigated the effects of long-term toluene exposure on the behavior

and brain sizes of rats. They found that toluene exposure led to the impairment of

visuospatial skills and selective decrease in the parietal cortex size of the rats.

In our study, the voxel-based comparison revealed significantly lower gray matter

volumes at multiple locations within the cerebral cortex of the toluene abusers com-

pared with the control subjects. The correlation of lower gray matter volumes in the



64

frontal, temporal, and occipital lobes with the duration of toluene abuse demonstrates

the association of the gray matter loss with long-term toluene exposure. Previous ani-

mal studies showed that chronic toluene changes in the N-methyl D-aspartate receptor

subunits in the medial prefrontal cortex of rats suggest an increase in neuronal ex-

citability [118]. These findings highlight the potential for excitotoxic neuronal damage

with chronic toluene exposure [118].

Cerebral cortical gray matter is composed of neurons and glia in a laminar

arrangement. Neurodegenerative disorders leading to neuronal loss cause cortical gray

matter volume reduction, which can be detected by morphometric MR imaging analysis

[143, 144]. In the current study, the smaller gray matter volumes in the toluene abusers

may be associated with neuronal loss in the related regions of the brain. Consistent

with this hypothesis, animal studies have shown that long-term toluene inhalation

causes neuronal loss in the hippocampal region of rats [139]. Furthermore, the autopsy

findings of a chronic toluene abuser revealed decreased neuronal attenuation in the

cerebral cortex [137]. In that study, the investigators found severely damaged second,

third, and sixth neuronal layers of the parietal cortex. Reactive gliosis and vacuolation

of myelin sheaths accompanied the neuronal loss. Aydin et al [131] conducted a proton

MR spectroscopy study to investigate neurochemical changes in the thalamus and white

matter of toluene abusers. N-acetylaspartate (NAA) levels were reduced in the cerebral

white matter, which indicated an impairment of the neuroaxonal integrity. However,

as acknowledged by the authors, neurochemical changes in the cerebral cortex were

not assessed, and the source of the reduced NAA level in white matter could not be

specified. Neuronal loss, together with axonal and myelin damage, may have been

related to the reduction of the NAA level in white matter.

In the current study,wealso report a significant correlation of the WISC-III per-

formance scale scores with the lower gray matter volumes in the dorsolateral prefrontal

cortex (BA 9) and superior parietal lobule (BA 7) of toluene abusers. According to the

parietofrontal integration theory of intelligence, BA 7 and BA 9 are the key regions that

form the core of general intelligence [145, 146]. The superior parietal lobule (BA 7) is

the somatosensory association region that is involved in visuospatial processing. Pre-
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vious functional studies have shown that processing of 3D object imagination, mental

rotation of objects, and perspective-taking are related to the function of the superior

parietal lobule [147–149]. Previous studies have also shown an association between vi-

suospatial intelligence and increased gray matter volume in the superior parietal lobule

[150]. The performance scale of WISC-III is based mainly on visuospatial skills, such

as object assembly and block design. In the present study, the smaller gray matter

volumes in the superior parietal lobule of the toluene abusers may be associated with

the impairment of the visuospatial skills and lower WISC-III performance scale scores.

The dorsolateral prefrontal cortex (BA 9) is involved in the processing of work-

ing memory. Previous functional studies have shown that tasks that stimulate working

memory cause strong activation of the dorsolateral prefrontal cortex [151, 152]. To-

gether with BA 11 and 10 regions, the dorsolateral prefrontal cortex is also involved

in planning, reasoning, decision-making, and executive functioning. Working memory

is one of the core structures of general intelligence [145, 153]. Any factor that causes

impairment in working memory leads to a decrease in all components of intelligence.

Previous studies have shown that the gray matter volume inBA9 correlates with both

verbal and spatial intelligence [145]. Thus, the gray matter loss in the dorsolateral

prefrontal cortex may be related to the lower WISC-III scores in the toluene abusers.

A few limitations of the current study should be mentioned. First, the current

study had a cross-sectional design. Because most of the abusers did not consent to a

second MR imaging scan, we could not perform a longitudinal study. A longitudinal

study for a long period of time would give valuable information about the evolution

of gray matter volume and cognitive functions. Second, we recruited healthy control

subjects who were matched with the abusers in age, sex, and education level. However,

the solvent abusers may have had other psychosocial premorbid factors that may have

affected the results. Finally, this study did not investigate the effects of toluene abuse

on white matter. Future studies that use advanced and quantitative white matter

imaging methods, such as diffusion tensor imaging and magnetization transfer imaging,

mayhelp to clarify the relationship between cognitive dysfunctions and white matter

changes in toluene abusers.
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In conclusion, the results of the current study show that chronic toluene abusers

have smaller gray matter volumes than nonabusers in various regions of the brain.

Moreover, the cognitive deficits are associated with the lower gray matter volumes in

the frontal and parietal cortices of chronic toluene abusers.

5.3 Increased Gray Matter Density in the Parietal Cortex of

Mathematicians: A Voxel-Based Morphometry Study [3]

BACKGROUND AND PURPOSE: The training to acquire or practic-

ing to perform a skill, which may lead to structural changes in the brain, is called

experience-dependent structural plasticity. The main purpose of this cross-sectional

study was to investigate the presence of experience-dependent structural plasticity in

mathematicians' brains, which may develop after long-term practice of mathematic

thinking.

MATERIALS AND METHODS: Twenty-six volunteer mathematicians,

who have been working as academicians, were enrolled in the study. We applied an op-

timized method of voxel-based morphometry in the mathematicians and the age- and

sex-matched control subjects. We assessed the gray and white matter density differ-

ences in mathematicians and the control subjects. Moreover, the correlation between

the cortical density and the time spent as an academician was investigated.

RESULTS: We found that cortical gray matter density in the left inferior

frontal and bilateral inferior parietal lobules of the mathematicians were significantly

increased compared with the control subjects. Furthermore, increase in gray matter

density in the right inferior parietal lobule of the mathematicians was strongly corre-

lated with the time spent as an academician (r = 0.84; P < .01). Left-inferior frontal

and bilateral parietal regions are involved in arithmetic processing. Inferior parietal

regions are also involved in high-level mathematic thinking, which requires visuospatial

imagery, such as mental creation and manipulation of 3D objects.
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CONCLUSION: The voxel-based morphometric analysis of mathematicians'

brains revealed increased gray matter density in the cortical regions related to mathe-

matic thinking. The correlation between cortical density increase and the time spent as

an academician suggests experience-dependent structural plasticity in mathematicians'

brains.

5.3.1 Introduction

Genetic, epigenetic, and environmental factors interact to produce the fine struc-

ture of the human brain [22, 60, 154, 155]. Genetically determined cortical architecture

may need to undergo functional and structural changes to meet the increasing demands

of a complex environment. The training to acquire or practicing to perform a skill may

lead to structural changes in the brain, which is called experience-dependent structural

plasticity. A previous MR imaging study revealed that memorizing a huge amount of

spatial information increased the cortical gray matter density in the right hippocam-

pus of the human brain, which represents the spatial navigation center [22]. Thus, the

human brain can make regional structural reorganizations associated with experience

and learning [23, 60, 156–158].

Music is one of the most fascinating products of the human brain. Because

becoming a professional musician requires a long, intense, and highly specific training

during the early periods of brain maturation, the musician's brain has been used as

a model to study the development of experience-dependent structural plasticity [159,

160]. During their professional training period, musicians learn to convert musical

symbols to complex motor actions, memorize long and complex musical artworks, and

acquire the capability of perfect tone discrimination. The performances of these very

complex tasks cause experience-dependent adaptive changes in the task-related regions

of their brain [159–166]. The morphometric MR studies conducted in the musicians

revealed the presence of increased gray matter density in the motor and auditory cortex

and the cerebellum compared with nonmusicians [165]. It has been proposed that

longterm and intense practice by pianists to perform sequential motor tasks with high
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accuracy resulted in experience-dependent adaptive changes in the related regions of

their brains. Results of another voxel-based morphometric study revealed increased

gray matter density in the left inferior frontal gyrus (Broca area) of orchestra musicians

[167]. The authors of the latter study hypothesized that long-term professional activity

to increase visuospatial and audiospatial abilities led to increased gray matter density

in the Broca area of orchestra musicians.

Doing mathematics is another unique feature of the brain. Mathematicians have

to go through very intense and focused training. After their formal graduate education,

mathematicians continue to spend hours, days, and even weeks to concentrate on solv-

ing mathematic problems or to create a mathematic model to explain the social and eco-

nomic events throughout their professional life. In this study, we aimed to investigate

whether the long-term intense training and practicing of mathematic thinking could

induce structural plasticity in a mathematician's brain. We hypothesized that highly

concentrated, focused, and professionally practiced mathematic thinking by mathe-

maticians may create an enriched environment effect to develop experience-dependent

structural plastic changes in their brains. To test our hypothesis, we investigated the

possible gray and white matter density differences between a group of professional

mathematicians (academicians at mathematics departments of universities) and the

control subjects.

5.3.2 Materials and Methods

5.3.2.1 Subjects. We studied 26 mathematicians (19 men and 7 women; mean

age, 35.50 ± 6.80 years) who were recruited from the volunteers who have been working

as academicians at departments of mathematics. All of the mathematicians completed

a 4-year undergraduate program of mathematics and had passed a 4-year-long PhD

education program. Four of them were involved in algebra, 14 in applied mathematics,

3 in probabilistic analysis, and 2 in mathematic physics. The native language of all of

the mathematicians and control subjects was Turkish. All of the mathematicians and

control subjects could speak only English as a foreign language. The mathematicians
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Table 5.7
Regions with increased grey matter density in the mathematicians

and control subjects were neither interested in music at a professional level nor could

play a musical instrument. One mathematician who was more than 60 years of age

and another who could play piano were not included in the study. Exclusion criteria

for the mathematicians and control subjects also included any contraindication for MR

imaging; alcohol or drug abuse; and any history of neurodegenerative disease, seizure,

central nervous system infection, cerebrovascular disease, diabetes mellitus, and head

trauma causing loss of consciousness that lasted more than 30 minutes or that required

hospitalization. Cerebral lesions other than nonspecific cerebral white matter spots,

present on T2-weighted images, were also accepted as exclusion criteria. The mean

period of time spent as an academician after completing bachelor's degree was 13.65

± 6.95 years. The demographic data of the participants are summarized in Table 5.7.

We recruited 23 sex- and age-matched control subjects (16 men and 7 women)

among the volunteers of the academicians from the faculties of medicine and philosophy

(mean age, 35.43 ± 7.62 years). All of the mathematicians and control subjects were

right-handed (Edinburgh handedness inventory). Informed consent was taken from all

of the participants, and the study was approved by the local human subject committee.

Image

5.3.3 Image Acquisition

Cranial MR imaging studies were performed on a 1.5T superconducting whole-

body MR imaging system (Symphony Maestro; Siemens Medical Systems, Erlangen,

Germany) with a standard quadrature head coil. High-resolution anatomic images
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of the whole brain were acquired from the mathematicians and control subjects with

T1- weighted magnetization-prepared rapid acquisition gradient echo sequence (TR =

11.08 ms; TE = 4 ms; TI = 300 ms; relaxation delay time = 500 ms; flip angle =

15Â°; FOV = 256x192mm; matrix size = 256x192) yielding 128 sagittal sections with

a defined voxel size of 1 x 1 x 1.3 mm. We also obtained the axial fast spin-echo T2-

weighted images (TR = 9200 ms; TE = 110 ms; the number of acquisitions = 3) from

all of the subjects to search for any pathologic findings defined in the study exclusion

criteria.

5.3.4 Voxel-Based Morphometry Protocol and Data Preprocessing

The data preprocessing and analyses were performed with SPM2 (http://www.fil-

.ion.ucl.ac.uk/spm/software/spm2; Wellcome Department of Cognitive Neurology, Lon-

don, United Kingdom) running under Matlab (MathWorks, Natick, Mass). MR scan-

ning produces images in Digital Imaging and Communications in Medicine (DICOM)

format. All of the images in DICOM format were converted to ANALYSE format with

the software MRIcro [168] (www.mricro. com). We applied an optimized method of

voxel-based morphometry. Preprocessing of the data involved spatial normalization of

all of the images into a standardized anatomic space, segmentation into gray and white

matter, modulation, and spatial smoothing with a Gaussian kernel [14, 169, 170]. To

reduce the scanner-specific bias,wecreated a customized gray matter by averaging the

smoothened and normalized images of all of the participants. T1-weighted MR images

were normalized to the standard T1 template of the Montreal Neurologic Institute

(MNI). The normalized images were smoothed and averaged to obtain a study-specific

T1 template. All of the original structural MRimages in native space were then nor-

malized to this study-specific template. The normalized images were segmented into

CSF, gray matter, and white matter compartments using the SPM2 priors. Afterward,

CSF, gray matter, and white matter images were smoothened with an 8-mm full width

at half maximum (FWHM) kernel and averaged to obtain study-specific CSF, gray

matter, and white matter priors for later segmentation of native images. The original

T1- weighted images were segmented with the study-specific T1 template and gray
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matter, white matter, and CSF priors. This segmentation step involves an affine trans-

formation of each scan to the template with a subsequent back projection into native

space. We also performed a correction for volume changes (modulation) by modulating

each voxel by the Jacobian determinants derived from the spatial normalization. An

automated brain extraction procedure that incorporated a segmentation step was used

to remove nonbrain tissue. The extracted gray matter images were then normalized

to the group- specific gray matter template. The normalization parameters were then

applied to the original structural images in native space to reduce any contribution

from nonbrain voxels and afford optimal spatial normalization of gray matter. These

normalized images were segmented into gray and white matter. Finally, the normalized

and segmented images were smoothed with a 10-mm FWHM isotropic Gaussian kernel.

5.3.5 Statistical Analysis

We investigated the regionally specific gray and white matter density differences

between the mathematician and control subjects using voxel-by-voxel analysis of vari-

ance test. Because the groups did not show a significant difference in age and sex

distribution, we did not enter these variables as covariates. For the statistical analysis,

we excluded all of the voxels with a gray or white matter value below 0.2 (of a maximum

value of 1) to avoid possible edge effects around the border between gray and white

matter and to include only voxels with sufficient gray and white matter, respectively.

The findings were considered significant at a voxel level of P<.0001, uncorrected for

multiple comparisons, with an extended threshold looking for clusters with at least 100

contiguous voxels. The relationship between the time duration of professional work and

cortical gray matter density changes was investigated by regression analysis (P<.05,

family-wise error [FWE] corrected). For localizing purposes, the MNI coordinates

were converted to Talairach coordinates using a dedicated script (mni2tal.m; available

at http://www.mrc-cbu.cam.ac.uk/Imaging/ Common/mnispace.shtml). Wherever a

significant correlation was found between the mathematicians and control subjects, the

gray matter density values were extracted for each of these voxel locations into SPSS

for Microsoft Windows (SPSS, Chicago, Ill), and a linear regression analysis was per-
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formed to calculate the correlation coefficient. The statistical analyses in this study

were carried out by a statistician.

5.3.6 Results

No significant difference was observed in education length and the parental edu-

cation levels between mathematicians and control subjects (Table 5.7). In comparison

with the age- and sex-matched control subjects, the mathematicians had significantly

higher gray matter densities in the right inferior parietal lobule (Talaraich coordinates:

x = 54, y = -58, z = 38 [Brodmann area, BA 4]; x = 32, y = -46, z = 60 [BA 7]; x

= 57, y = -60, z = 34 [BA 39]); left inferior parietal lobule (x = -38, y = -50, z = 57

[BA 40]); and the left inferior frontal gyrus (x = -42, y = -34, z = 12 [BA 46]; Table

5.8; Fig 5.3.6). There was no region of decreased gray matter density in the math-

ematicians' brains compared with control subjects. The regression analyses revealed

that the period of time spent as an academician was significantly associated with the

gray matter density in the right parietal lobules of the mathematicians (Fig 5.3.6A).

The gray matter density values extracted from the right inferior parietal lobule (x =

57, y = -60, z = 34 [BA 39]; z = 7.28; P < .05; FWE corrected) showed a strong

correlation with the period of time spent as an academician (r =0.84; P< .01) on the

SSPS correlation analysis (Fig 5.3.6B). The analysis of images revealed no difference

in the white matter density of mathematicians and the control subjects.
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Figure 5.6 Distribution of significant voxels with increased gray matter density in the mathematicians
relative to the control subjects (statistical significance is thresholded at P < .0001, uncorrected). Only
clusters of voxels consisting of at least 100 voxels are displayed. The 3D overlay images demonstrate
the regions with significantly increased gray matter density (red-labeled regions) in the mathematicians
compared with the control subjects The anatomic sectional images show the overlay of the results on
the normalized T1-weighted images of a mathematician. The color scale on the T1-weighted images
shows the ranges of T values.

5.3.7 Discussion

The relationship between the morphology and functions of the human brain has

attracted the interest of neuroscientists since the beginning of 20th century [171, 172].

Postmortem studies of some famous musicians, intellectual political leaders, and sci-

entists were reported in search of the associations between the outstanding skills and

the extraordinary cerebral morphology [173–175]. In some of these reports, the famous

musicians had larger supramarginal gyrus than the normal population [174]. The post-

mortem study of Albert Einstein's brain showed that his inferior parietal lobule was

larger than that of the control subjects and had a very exceptional parietal gyral mor-

phology [175]. It has been speculated that there might be an association between

the exceptionally enlarged inferior parietal lobules and his outstanding creativity in
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Figure 5.7 A, The result of the regression analysis testing the correlation between gray matter density
of the mathematicians and period of time spent as an academician is overlayed on the normalized T1-
weighted images. They show that gray matter density in the right inferior parietal region (Talaraich
coordinates: x = 57, y = -60, z = 34) of the mathematicians is strongly correlated with the duration
of time spent as an academician (z = 7.28; P < .05, FWE corrected). B, The gray matter density
values from the voxels showing the maximum correlation on the SPM regression analysis are extracted
into SPSS. The scatter-plot graph shows the linear regression between the gray matter density and
the duration of time spent as an academician (r = 0.84; P < .01). The middle line represents the
linear regression, and the curves around it represent the 95% confidence intervals.

mathematic thinking. Similarly, the postmortem study of the brain of another famous

mathematician, Johann Karl Friedrich Gauss, revealed a remarkably convoluted ap-

pearance of the parietal lobes [171, 173]. Today, we know from the recent in vivo

morphometric MR studies that the morphology of the human brain is determined by

genetic factors but may also be modified by experiences.

Several cross-sectional morphometry studies have been conducted in musicians

to investigate the morphologic differences of their brains from normal control sub-

jects and to search the association between morphologic differences and the training

and practicing of musical skills [159–164, 166]. Results of these studies revealed that

musicians had anatomic differences in several regions of their brain that have been

involved in motor and auditory processing. The morphologic differences observed in

mathematicians' brains were significantly correlated with the musical skills and ages

of commencement for musical training [163, 164]. Amunts et al [163] reported a strong
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negative correlation between the commencement age of musical training and sizes of

hand-motor cortical regions of pianists. In another study, musicians who began the

musical training earlier than age 7 years had larger anterior corpus callosums than the

musicians who started the training later [162]. Musicians with an absolute pitch skill

(ability to discriminate musical tones without a need for a reference tone) had larger

planum temporale than the musicians without an absolute pitch [164]. Because they

are strongly associated with training periods and professional skills, it has been pro-

posed that morphologic differences observed in the brains of musicians were experience-

dependent structural changes developed as a result of intense, long-term training and

practicing musical skills [159]. In the study conducted with the taxi drivers in Lon-

don, Maguire et al [22] reported a significant association between the increased gray

matter density in the right posterior hippocampus of the taxi drivers and the period of

time spent as a taxi driver. They proposed that long-term training and practicing to

memorize a hugeamount of spatial information might cause an experience-dependent

structural change in the hippocampus of the taxi drivers in which the spatial informa-

tion is processed. They also found that the control subjects had larger gray matter

volumes in the anterior hippocampus. They hypothesized that extensive navigation ex-

perience led to redistribution of gray matter in the hippocampus. In our study, we did

not observe any finding that might indicate the presence of gray matter redistribution

in the mathematicians. Recent longitudinal morphometry studies demonstrated that

repeated practicing of a visuomotor task and intense learning of abstract information

could lead to gray matter density changes in task-related regions of brain [60, 157, 176].

In summary, the results of cross-sectional and longitudinal in vivo morphometric MR

imaging studies point to the presence of experience-dependent structural plasticity in

the human brain.

Voxel-based morphometry is a statistical imaging method that gives opportu-

nities to investigate regionally specific subtle gray matter differences between various

study groups [14]. To the best of our knowledge, this is the first in vivo study in-

vestigating morphologic differences of mathematicians' brains. We hypothesized that

long-term and specific training of mathematics and practicing of mathematic thinking

might cause an experience-dependent structural alteration in mathematicians' brains.



76

We conducted an optimized voxel-based morphometry study to test our hypothesis

[169, 170]. Our results suggest that gray matter density of mathematicians shows di-

verse distribution in the inferior parietal lobules and left inferior frontal gyrus compared

with age- and sex-matched control subjects. In addition, we found a strong correlation

between the gray matter density in the right inferior parietal lobule of the mathe-

maticians and the period of time spent as an academician. We know from previous

functional MR imaging studies that processing of mental arithmetic calculations has

language- and visuospatial-related components, which take place in different regions

of the brain [177–179]. The exact arithmetic calculation skills, such as multiplying,

have language- specific representations in the brain and are processed in the language-

related left inferior frontal and left angular gyri. The arithmetic calculations requiring

approximations and comparison of numbers, such as subtraction, have visuospatial rep-

resentations in the brain and are processed in the bilateral parietal regions around the

intraparietal sulci. In our study,we found significant gray matter density increase in

the same regions where the mental arithmetic calculations are processed. The strong

correlation between gray matter density change in the right inferior parietal lobule and

the period of time spent as an academician indicates that structural difference observed

in this region may result from an experience-dependent process. Long-term and intense

mental practice with numeric data may lead to experience-dependent plastic changes

in the related regions of brain. Mathematicians not only do arithmetic calculations,

but they also deal with advanced mathematic problems that require mental imagery,

mental creativity, and manipulation of 3D objects, which are all processed in parietal

lobes. Mathematicians have a unique ways of scientific thinking, which they use in

problem solving. It was stated in a self-description by Albert Einstein as, “. . . Words

and language whether written or spoken, do not seem to play any part inmy thought

process. The psychological entities that serve as building blocks from my thought are

certain signs or images, more or less clear, that I can reproduce or recombine at will.”

In his statements, he emphasized the visuospatial rather than verbal type of scientific

thinking. Another famous mathematician, Jacques Hadamard, declared that his scien-

tific thinking mainly relied on visuospatial rather than verbal processes. Throughout

their academic lives, mathematicians practice this visuospatial data processing, which

may contribute to the increased gray matter density in the parietal lobules [175].
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The gray matter changes observed in the left inferior parietal lobule and left in-

ferior frontal gyrus did not correlate with the period of time spent as a mathematician.

However, this does not rule out the possibility that gray matter density differences,

which are observed in the left inferior frontal gyrus and left inferior parietal lobule,

are experience-dependent structural changes. Results of recently reported longitudi-

nal studies revealed that experience-dependent structural changes may develop within

weeks or months after the stimuli [157, 176]. Structural changes observed in left infe-

rior frontal gyrus and left inferior parietal lobule may develop in earlier times of the

professional careers of mathematicians. Left inferior frontal gyrus is a language-related

region of arithmetic processing. It would be good to test performances on verbal-related

arithmetic calculations and to investigate the association between the gray matter den-

sity and test performances. Because most of the participants were not willing receive

such a test, we were not able to investigate this association.

Histologic correlation of experience-dependent adaptive plasticity in the human

brain has not been exactly defined yet. Neurogenesis, microglia proliferation, synap-

togenesis, angiogenesis, axonal sprouting, modulation of synaptic transmission, and

change in excitatory/inhibitory transmission balance have been postulated as the possi-

ble mechanisms of experience-dependent plasticity [180–192]. Adaptive neurogenesis in

the adult brain was first reported in animal studies. Food hiding and seeking behavior

in food-storing bird species, which requires the storage of spatial information, stimu-

lates the neurogenesis in the hippocampal region known as the spatial navigation center

[186, 191]. Male canaries sing during their breeding season and learn new songs every

year. Just before their breeding season, the high vocal center (a region in the brains

of birds that is related to singing) of male canaries enlarges with the addition of new

neurons [186–192]. It has also been demonstrated that enriched environments in the

experimental conditions may stimulate the neurogenesis in the hippocampus of adult

mammalian brains [190]. Synaptogenesis is the other mechanism that has been postu-

lated to explain the mechanism of experience-dependent plasticity [180, 189, 190, 193].

Long-term sensory stimuli increase the number of synapses that that modify the sen-

sitivity of sensory system. Thus, newly generated synapses increase the complexity of

the neuronal network that may enable the processing of complex data.



78

It is known from the previous studies that intelligence quotient (IQ) levels of

individuals may influence the cortical gray matter distribution. It would be good to

perform IQ measurements and consider IQ scores as a cofactor in the statistical analyses

(analysis of covariance) of voxel-based morphometry. However, most of our subjects

did not agree to get an IQ test. However, there was no significant difference in the

education levels between the study groups, and all of the subjects in both groups were

academicians. So, the individuals from both groups would be expected to have similar

IQ levels. There is no objective evidence for a significant IQ level difference between

the mathematicians and control subjects.

5.3.8 Conclusion

In conclusion,wefound that mathematicians had significantly increased cortical

gray matter density in the bilateral inferior parietal lobules and left inferior frontal

gyrus, which are known to be involved in arithmetic calculations and visuospatial

processing. Significant association of gray matter density changes in the right inferior

parietal lobule with the period of time spent as an academician proposed that the

structural change in this location is an experience-dependent process, which might be

caused by the long-term practices of visuospatial and arithmetic data processing.
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6. General Summary and Conclusion

VBM has many stages in its processing pipeline. Changes in the methods and/or

parameters along this pipeline (methods used for the segmentation and registration,

using or omitting modulation, the width of the kernel for the smoothing, and methods

and thresholds used in the statistical inferences) have ability to change the results

[36, 40, 41, 43, 48, 63, 194]. Therefore, it’s crucial to determine the rules and regulations

in the VBM processing. In order to determine these rules and regulations, the effects

of parameters at each stage should be explored.

Modulation was introduced into the VBM analysis for the aim of regaining the

original volume which is shrinked or enlarged during the registration (normalization)

step. Modulation was achieved by multiplying the voxels by the Jacobian determinants

that are obtained during the registration. However, maybe because of its straightfor-

ward aim, proving its validity had been omitted for a long time. Radua et al (2014)

[43] claimed that modulation decreases the sensitivity, we have also demonstrated it

by simulation data in 2009 [44], although not in grey matter but in white matter,

but technically there should not be any difference between the grey matter and white

matter in this issue. Later in 2016 [49], we have demonstrated in grey matter too, by

using both simulated and Parkinson’s Disease patients that omitting the modulation

step increases the sensitivity.

From the aspect of masking, in SPM, if a previously prepared mask was not

used (which is rarely used), either a constant value (absolute) or a fraction to each

image’s global value (relative) is used. A larger mask can lower the detection power of

VBM, however, a smaller mask might exclude the regions that might possibly show the

atrophied regions in most of the neurodegenerative diseases. An alternative masking

strategy is proposed by Ridgeway (2009) [36]: using a threshold which increases the

maximum correlation between the average image and the binarized thresholded average

image. By using our both simulated and PD data, we have found that this increases



80

the sensitivity of VBM analysis.

When using the abovementioned two points together, unmodulation and average-

based masking, we have found that the sensitivity increases even better with respect

to the cases where they were used alone. We have also found that, in this way, VBM

reveals the regions in early non-demented PD patients that were not be able to revealed

with modulation and absolute thresholding. Those regions were previously detected by

other studies employing other methods besides VBM in similar cohorts, or by VBM in

PD patients in whom the disease had progressed. Therefore, using this real PD data,

we can claim that modulation and average-based thresholding increases the sensitivity

as proved in simulation data.

VBM is a very widely used morphometry method. So far, it has been imple-

mented by some dedicated tools with several changeable parameters or the combination

of various image processing and statistical tools again with various parameters. The

variations in these parameters can potentially change the VBM results. Therefore, it is

crucial for the users to understand the stages of the VBM processing. This thesis gives

detailed descriptions of its stages to make the users aware of what VBM actually does,

gives brief summaries about the discussions in the literature to warn the users about the

pitfalls and the limitations of VBM, and also gives information about the alternative

morphometric tools to give a view about where VBM stands at. This thesis studies also

the three clinical studies which are about the effects of learning (mathematicians [3]),

disease (subacute sclerosing panencephalitis [1]), and exposure to substance (solvent

[2]) in which we used VBM for the analysis. Finally, this thesis studies deeply on two

parameters/options in the VBM processing pipeline: modulation and average based

masking for the statistics. It has been concluded that not using modulation and using

average based masking instead of absolute threshold increases the sensitivity of VBM.
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