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Background 

Volumetric characteristics of cerebral brain tissue during aging 

Cerebral aging is a highly complex process that is associated with a large degree 
of inter-subject variability showing different patterns of changes in several brain 
regions. Brain magnetic resonance imaging (MRI) is a useful tool to characterize such 
brain alterations in vivo and has been widely used to investigate the aging process 
(e.g., Raz and Rodrigue, 2006; Allen et al., 2005; Sullivan et al., 2004; Thompson et al., 
2003; Bartzokis et al., 2003; Jernigan et al., 2001). In a recent meta-analysis, it was 
shown that the volume of the brain changes throughout the life span (Hedman et al., 
2012). Specifically, a wave of growth can be observed during childhood and early 
adolescence, where around 9 years of age, a 1% annual brain growth is seen, leveling 
off until age 13, at which a gradual volume decrease sets in. Furthermore, this 
meta-analysis also demonstrated that during young adulthood, roughly between 18 
and 35 years of age, a period of no brain tissue loss is seen. Subsequently, after age 
35, a clear decrease in volume of 0.2% per year is found, which then accelerates 
further to an annual brain volume loss of 0.5% at 60 years of age and even more than 
a 0.5% annual volume decrease in subjects older than 60 years (Hedman et al., 
2012). 

Brain volume changes are the combined result of several different factors, such 
as focal growth and shrinkage of gray matter (GM) and white matter (WM) tissue. 
After the age of roughly 15 year, cerebral GM volume starts to decrease, whereas 
cerebral WM tissue volume will still increase (Giedd et al., 1999). As the GM shows a 
linear age-related decrease in adulthood and the WM an increase until midlife, an 
inverted U-shaped curve of total cerebral volume as a function of age can be typically 
observed, a trajectory which can be different in disease (Taki et al., 2011; van Haren 
et al., 2008) (see Fig. 1.1). 

The effect of gender on brain volume changes has also been investigated 
extensively. In a recent study, for instance, it was shown that brain volume in girls 
peaked at 10.5 years, whereas in boys, it peaked at 14.5 years (Lenroot et al., 2007). 
Another study by Curiati et al. showed that males had a different pattern of negative 
correlation between regional GM and age compared to females (see Fig. 1.2) (Curiati 
et al., 2009). A significant gender difference with more pronounced volume loss in 
males relative to females has also been reported (Driscoll et al., 2009). Others have 
suggested that in adulthood and old age, the rate of whole brain volume changes is 
similar in males and females (Autti et al., 2008; Fotenos et al., 2008). 
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Figure 1.1. The figure shows the change in cerebral volume (mL/year) as a function of age for 

patients with schizophrenia (red circles, linear df = 2) and healthy comparison subjects (blue 

squares, curved df = 3) (Image from van Haren et al., 2008). 

 

Figure 1.2. Significant negative correlations (indicated in red) between regional GM and age 

in male and female subgroups. Numbers indicate the right middle and superior temporal gyri 

(1), right dorsomedial frontal cortex (2), bilateral orbitofrontal cortex (3), left 

parahippocampal gyrus (4), and bilateral amygdala (5) (Image from Curiati et al., 2009). 
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Cerebral WM hyperintensities and vascular risk factors  

In clinical neurology, the presence of focally increased signal intensity values on 
conventional MRI is a well-known phenomenon (white matter hyperintensities, 
WMHs). As brain MRI is increasingly being carried out in various clinical settings, 
clinicians often have to deal with the discovery of WMHs on T2-weighted or FLAIR 
(fluid attenuation inversion recovery) images, the latter being better at separating 
the signal of brain tissue from that of cerebrospinal fluid (CSF) (Woo et al., 2006). 
WMHs are prevalent among the elderly, ranging from 50% in a community of people 
in their forties (Wen et al., 2009) to above 90 % in multiple large epidemiologic 
studies of elderly (de Leeuw et al., 2001; Launer et al., 2006; Liao et al., 1996). 

The geographic distribution of WMHs has been found to differ across European 
countries. Study centers were grouped by regions, such as south (Italy, Spain, France), 
north (Netherlands, UK, Sweden), and central (Austria, Germany, Poland) Europe. 
The prevalence of WMHs was highest in the southern region, even after adjusting for 
differences in demographic and selected cardiovascular risk factors (Launer et al., 
2006). The clinical parameters associated with WMHs include age (Basile et al., 2006; 
de Leeuw et al., 2001; Jorgensen et al., 1995; Liao et al., 1997; Longstreth et al., 
1996), hypertension (Basile et al., 2006; Liao et al., 1997), fasting blood sugar 
(Knopman et al., 2011), and other cerebrovascular risk factors such as 
atherosclerosis, homocysteine levels, and markers of oxidative stress (Launer, 2004). 

The heterogeneous appearance of WMHs on MRI implies differences in risk 
factors and clinical consequences. Individuals with coalescent WMHs were 
significantly older and suffered more frequently from hypertension and stroke 
compared to subjects with punctuate abnormalities. The amount of cigarettes 
smoked and the interaction between hypercholesterolemia and smoking were both 
associated with confluent WMHs only (Basile et al., 2006; Pantoni et al., 2005). 

There are many factors that contribute to the progression of WMHs. In a large 
longitudinal study, it was shown that the baseline severity of WMHs was the only 
significant predictor of lesion progression (Schmidt et al., 2003; Schmidt et al., 2011) 
(see Table 1.1). Another study demonstrated that baseline load of WMHs, age, blood 
pressure, and smoking were independently associated with progression of WM 
lesions. Women had more marked progression of subcortical WMHs and incident 
lacunar infarcts compared with men (van Dijk et al., 2008). In addition, diabetes and 
blood glucose levels were risk factors for progression of WMHs, whereas 
hypertension, systolic blood pressure, body mass index, high-density of lipoprotein 
and triglyceride levels were risk factors for new lacunes (Gouw et al., 2008). 



 
11 

 

Furthermore, the distribution of WMHs in progression is greater in deep WM and in 
the anterior brain regions than periventricular WM areas. Specifically, the volume of 
total brain WMHs increased by 39.6%, i.e., 13.2% per year, with the change in deep 
WM being 43.8% and 29.7% in periventricular WMH (Sachdev et al., 2007). 

 

 Periventricular white 
matter lesions 

Deep white matter lesions 

 Caps/lining 
Progression 
N/N (%) 

Halo 
Progression 
N/N (%) 

Punctuate 
Progression 
N/N (%) 

Early 
confluent 
Progression 
N/N (%) 

Confluent 
Progression 
N/N (%) 

3-year 
follow-up 

55/241 
(22.8) 

9/38 (23.6) 9/233 (3.8) 17/59 (28.8) 19/35 (54.3) 

6-year 
follow-up 

54/132 
(40.9) 

6/8 (75.0) 19/128 
(14.8) 

10/16 (62.5) 10/11 (90.9) 

Table 1.1. Number and percentage of participants of the Austrian Stroke Prevention Study 

who showed progression of specific white matter lesion types at 3-year and 6-year follow-up. 

The larger WM lesions, the large proportion of progress (Data from Schmidt et al., 2011). 

In the 1990s, the clinical consequences of characterizing WMHs remained still 
incompletely defined (Pantoni and Garcia, 1995). Later on, a longitudinal and 
multi-center collaborative study, i.e. the Luekoariosis and Disability study (LADIS), 
was founded by the European Task Force on Age-Related White Matter Changes and 
provided a more comprehensive view of the clinical consequences of WMHs (Pantoni 
et al., 2005). The following domains of clinical parameters could be determined from 
the LADIS protocol: global functioning measured by instrumental activity of daily 
living tools, cognitive performance measured by cognitive evaluation tools, mood 
symptoms measured by the depression scales, motor performances measured 
lower-extremity function and gait disturbance, and quality of life measured by the 
questionnaire (Pantoni et al., 2005). 

The LADIS study aimed to standardize tools and criteria to identify early stages 
of disability. In terms of global functioning, increased severity of WMHs was 
significantly correlated to the disability score (Pantoni et al., 2006). The cognitive 
performance evaluation showed that the baseline severity of WMHs was associated 
with a decrease of global cognitive test performance, such as obtained with the 
mini-mental status examination (MMSE) (van der Flier et al., 2005), and with 
impairment of various cognitive domains (e.g., executive functions, attention, 
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naming, etc.) (Verdelho et al., 2007). In addition, the progression of WMHs was 
associated with a decrease in the executive function (Jokinen et al., 2011). 
Furthermore, Schmidt et al. concluded that associated structural abnormalities of 
normal appearing WM increase with the WM changes’ severity and may have a 
strong and independent effect on cognitive functions (Schmidt et al., 2010). 
Moreover, in another investigation, depressive symptoms were found to be 
associated with the severity of baseline WMHs, where the WMHs were mainly 
located in the frontal and temporal regions (Firbank et al., 2005; Krishnan et al., 
2006). Finally, gait disturbance measured by short physical performance battery 
(SPPB) (Guralnik et al., 1995), single leg stance time, and working speed showed that 
deficiencies in gait and balance performance were correlated with the severity of 
WMHs (Baezner et al., 2008). There, it was observed that the deep frontal and 
periventricular WMHs, but not the basal ganglia and infratentorial hyperintensities 
are associated with falls (Blahak et al., 2009). In summary, these LADIS based studies 
showed that WMHs are associated with an increase in disability, cognitive 
dysfunction, depressive symptoms, and motor disturbance. 

WM microstructure and diffusion tensor imaging 

The human brain has a disproportionately greater WM volume (roughly 20%) 
compared to other higher primates that do not develop Alzheimer’s disease (AD) like 
pathology (Semendeferi et al., 2002). Therefore, with the prevalence of AD being 
higher in the aging society, many studies have started to focus on age-related WM 
changes (in addition to GM). Further evidence comes from histopathological studies, 
which reveal that brain aging is marked by a degradation of WM, including myelin 
pallor (Kemper, 1994), loss of myelination (Bartzokis et al., 2004; Marner et al., 2003; 
Pakkenberg and Gundersen, 1997), and malformation of myelin sheaths (Peters, 
2002). These processes cause a slowly progressive disruption of neural impulse 
transmission that affects the temporal synchrony of the distributed neural networks 
underlying normal brain function and, therefore, could be promising for investigating 
cognitive decline and AD (Bartzokis, 2004). With the shift from single structures and 
locations to such networks and systems for investigating brain mechanisms related to 
motor, cognitive, and behavioral functions, there is a need to study the brain WM 
connections. 

Brain WM is composed of densely packed bundles of axons. These WM fiber 
bundles act as the communication network that connects different brain regions with 
one another. An exciting MRI technique that allows for in vivo quantification of the 
WM microstructure is diffusion tensor imaging (DTI) (Basser et al., 1994; Pierpaoli 
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and Basser, 1996). Acquiring data with DTI is typically performed at a resolution in 
the order of 2 mm, hence, both the microstructural, cellular constituents (e.g., axonal 
packing density, degree of myelination, axonal diameter, etc.) and macrostructural 
variables at the voxel scale (e.g., axonal organization of the pathways, such as aligned, 
crossing, and kissing fibers) could contribute to the characteristics in different WM 
regions (Beaulieu, 2002; Cagniard et al., 2006; Giorgio et al., 2008; Pierpaoli and 
Basser, 1996). 

The abovementioned factors of WM tissue form the basis of diffusion anisotropy, 
which reflects the strength of the orientational dependence of the diffusion. More 
specifically, diffusion is more pronounced along the orientation of the WM fiber 
pathways than across their trajectories. The most popular measure of diffusion 
anisotropy is fractional anisotropy (FA) and is defined as the normalized standard 
deviation of the eigenvalues of the diffusion tensor (Basser, 1995; Basser and Jones, 
2002; Basser and Pierpaoli, 1996, 1998; Pierpaoli, 1996). 

The FA ranges from 0 (isotropy, like in CSF) to approximately 1 (diffusion along 
one main particular orientation) and is widely used to quantify the coherence of the 
microstructural tissue organization (i.e., “WM integrity”). Other measures are the 
mean (MD), parallel/axial/longitudinal (i.e., PD/AD/LD – typically, the acronym is 
chosen that causes no ambiguity with other common definitions), and transverse / 
radial /perpendicular (i.e., TD/RD/PD) diffusivity, which reflect the overall diffusion 
magnitude, the amount of diffusion along its dominant orientation, and the average 
diffusion in the orthogonal orientations, respectively. Important to note is that the 
diffusion tensor is not measured directly, but estimated from the measured diffusion 
signal (Basser et al., 1994; Le Bihan et al., 1986; Moseley et al., 1990; Moseley, 2002). 

It has been suggested that changes in AD may correspond to axonal breakdown 
and that changes of RD may result from myelination destruction (Song et al., 2003; 
Song et al., 2002). However, in DTI, it is assumed that the average diffusion of water 
molecules follows a Gaussian distribution. While the Gaussianity assumption is 
adequate for voxels in which only a single fiber orientation is present, it may no 
longer be valid for voxels that contain fibers with more than one orientation. This is 
an important issue, since the resolution of DTI is typically between 1 mm3 and 3 mm3, 
whereas the physical diameter of axonal fibers is in de range of 1 m to 30 m 
(Beaulieu, 2002). 

Fiber tractography, which aims to reconstruct continuous pathways from the 
discrete diffusion orientation estimates, has gained a lot of popularity in recent years 
as it can visualize and quantify specific WM fiber bundles (Moseley, 2002; Parker et 
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al., 2002; Jones and Cercignani, 2010). An example of fiber tractography results is 
shown in Fig. 1.3. Fiber tractography has been applied in aging (Lebel et al., 2012), 
brain development (Mukherjee and McKinstry, 2006), congential brain malformation 
(Wahl et al., 2010), acute stroke (Mukherjee, 2005), neurosurgical planning (Golby et 
al., 2011), and the subcortical circuit from brainstem (Prats-Galino et al., 2012), 
among others. 

 
Figure 1.3. Reconstruction of white matter fiber bundles with DTI based fiber tractography. 

Diffusion tensor imaging and aging 

It is not hard to imagine that a breakdown in WM microstructure could result in 
higher MD (less hindrance of diffusion) and/or lower FA (decrease in uniformity of 
tissue alignment) values. In previous literature, most DTI findings in aging research 
indeed report age-related increases in MD and decreases in FA (Abe et al., 2002; 
Head et al., 2004; Hsu et al., 2008; Hugenschmidt et al., 2008). These age-related 
diffusion differences are seen throughout the brain, with most studies reporting the 
magnitude of the difference to be larger in anterior WM compared to posterior 
regions, also referred to as the anterior-posterior gradient (Abe et al., 2002; Bucur et 
al., 2008; Grieve et al., 2007; Gunning-Dixon et al., 2009; Pfefferbaum et al., 2005; 
Pfefferbaum and Sullivan, 2003; Salat et al., 2005; Sullivan et al., 2010) (see Fig. 1.4). 
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Figure 1.4. Age differences are seen throughout the brain, with the magnitude of the 

difference to be larger in anterior WM compared to posterior regions (Image from 

Pfefferbaum et al., 2005). 
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Complementarity of FLAIR and diffusion tensor imaging  

Cerebral WM abnormalities, as detected by an increased intensity on a FLAIR 
image, could be associated with aging or various clinical conditions, including 
multiple sclerosis, cardiovascular disease, stroke, diabetes, and psychiatric diseases 
(Bakshi et al., 2005; Miyaoka et al., 2005; Novak et al., 2006; Pekala et al., 2003; 
Scarborough et al., 2007; Taoka et al., 2001). Likewise, diffusion tensor imaging (DTI) 
has increasingly been employed to investigate the WM microstructure in aging and a 
variety of diseases, including multiple sclerosis, stroke, and schizophrenia (Carpenter 
et al., 2008; Hsu et al., 2008; Luby et al., 2006; Patel et al., 2007; Horsfield and Jones, 
2002). The overlap of the in vivo application needs further study to determine the 
inter-model relationship between FLAIR and DTI in assessing such WM changes. 

One study that has investigated this potential overlap is the study of Zhan et al. 
(Zhan et al., 2009). There, they simulated the WM lesion intensity by a mixture of 
bound and free water in the brain tissue. The signal intensity of the WM lesion in the 
T2-FLAIR experiment, can then be expressed (Rydberg et al., 1995) by: 

Mflair = [1 – 2exp(-TI/T1WML) + exp(-TR/ T1WML)]exp(-TE/T2WML)×  

where TI, TR and TE are the parameters of inversion time, repetition time and echo 
time used in the FLAIR experiment, respectively. The parameter 1H represents the 
effective WML proton density, which is used to correct the signal intensity as a 
function of the volume fraction f, such that × × , where  
and  are the proton densities in WM and CSF water pools, respectively. As the 
free water component gradually increases, the FLAIR intensity also increases at first, 
but then goes downhill after that (Fig. 1.5). 

Zhan et al. demonstrated that significant DTI–FLAIR correlations were only 
found in regions overlapping with the WM lesion of moderate intensities in FLAIR 
(Zhan et al., 2009). No significant correlations were detected in periventricular 
regions, where the FLAIR intensities are particularly high. This finding supports the 
idea that FLAIR and DTI are complementary rather than competing tools for studying 
WM structural lesions. 
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Figure 1.5. (a) FLAIR intensity surface in the (T1,T2) rectangular area defined by normal WM and CSF 

relaxation times; (b) FLAIR intensity curve of WML with respect to the lesion progression (i.e. the 

partial volume fraction of free water pool) from normal WM (f=0) to pure CSF (f=1) as quantified by 

the volume fraction of CSF The blue curve is the results after proton density correction (Image from 

Zhan et al., 2009). 

Cerebral WM lesions detected by FLAIR signal changes (e.g., hyperintensities) 
may be considered as only the “tip of the iceberg” in terms of underlying structural 
changes. In a previous study, O’Sullivan et al. demonstrated that DTI parameters (e.g., 
FA, MD) showed a significant change, while the signal intensity in the corresponding 
location from the FLAIR and T2-weighted images did not change (O'Sullivan et al., 
2001). They selected ischemic leukoaraiosis patients and placed regions of interest 
(ROIs) located at least 2 mm away from the ventricle edge or the tissue boundary 
between abnormal and normal WM tissue. In these ROIs, they measured the mean 
MD and FA values and compared these values with those from healthy controls 
(using the same ROI settings). They showed that, although the signal intensity in the 
FLAIR and T2-weighted images was not different, the mean FA and MD were 
significantly different between the healthy controls and the patients. They concluded 
that damage to WM in ischemic leukoariosis is not confined to those areas that 
appear abnormal on FLAIR and T2-weighted images, but also includes more subtle 
changes in normal-appearing WM. These results support that DTI parameters could 
be used to detect subtle microstructural changes, which could have gone unnoticed 
on FLAIR and T2-weighted images. 

Recently, a study done by Maillard et al (Maillard et al., 2011) demonstrated 
that an FA decrease could be found in approximately 3 mm beyond the region of a 
lesion (i.e., the “WMH penumbra”). Their results suggest that the WM lesion extent 
cannot be completely determined from the FLAIR image and that DTI may provide 
the tool to compute a more accurate estimate of the WM lesion burden. 
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Aims and scope of this thesis 

Given the impact of age-related diseases on cognitive functioning, there is a 
need to integrate imaging research with clinical neurology to gain more insight in the 
fundamental mechanisms of brain tissue breakdown due to vascular risk factors and, 
subsequently, to develop effective treatment strategies. DTI has already shown its 
ability to characterize the microstructure and the architectural organization of 
cerebral WM tissue. From a clinical point of view, it is important to explore these 
benefits of DTI as this imaging approach may provide us new avenues for studying 
WM properties in healthy controls and patient populations with various clinical 
diseases. The focus of this thesis is the investigation of brain microstructure with DTI 
in aging and age-related diseases. The thesis consists of five studies, which are 
described in Chapters two to six. In addition to the discussion of our findings, future 
research and critical considerations are introduced in Chapter seven. 

In Chapter 2, we studied the effect of aging on WM microstructural properties 
in 145 healthy subjects (30 to 80 years old). Our aim was to identify potential 
associations between age, gender, and the global and regional fractional anisotropy 
(FA) and mean diffusivity (MD) using diffusion tensor magnetic resonance imaging. In 
total, we studied sixteen regions of interest in both hemispheres to search for 
regions that display such relationships. An additional objective of this study was to 
explore the existence of region specific associations. Hence, we performed a 
complementary voxel based analysis, which does not require any a priori hypothesis 
regarding brain location. 

A limiting methodological factor of DTI based voxel based analyses, such as the 
one presented in the second chapter, is the implicit assumption of “linear correlation” 
when studying brain regions that relate age with a particular diffusion measure of 
interest. The objective in Chapter 3 was to develop a more sophisticated approach 
using higher-order polynomial regression models that could overcome this linearity 
constraint. To demonstrate the benefits of the new statistical framework, we used a 
large cohort of 346 healthy subjects (25 to 81 years old). 

After our initial studies of aging and DTI in healthy subjects, we explored the 
potential contribution of vascular risk factors including aging, hypertension, type 2 
diabetes mellitus (T2DM), past history of cardiovascular disease, smoking, and 
inflammation markers such as homocysteine on the WM microstructure in the 
following chapters. Our first aim in Chapter 4 was to examine potential differences in 
brain organization in terms of diffusion measures (FA, MD, AD, and RD) between 40 
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T2DM patients without cognitive complaints and 97 healthy controls. The secondary 
objective consisted of investigating the existence of associations between these 
diffusion measures and clinical parameters. 

Despite previously observed associations between the vascular risk factor 
homocysteine and macroscopic structural brain changes, it is still unknown whether 
microstructural associations with brain tissue properties can be observed using 
clinical routine MRI. The aim of the study presented in Chapter 5 was to investigate 
such potential relationships between homocysteine levels and microstructural 
measures in 338 healthy participants, while controlling for several other vascular risk 
factors. In addition, we studied how the age-related white matter changes (ARWMC) 
score and the Framingham Stroke Risk Profile (FSRP) were related to these DTI 
metrics. 

Our main aims in Chapter 6 were to investigate the WM microstructure in 
patients with vascular parkinsonism (VP) using diffusion tensor imaging and to 
examine specific fiber tract involvement with respect to clinical severity. We 
performed global, voxel-based, and tract-based analyses to compare WM 
microstructural properties between the two groups. The secondary objectives were 
to correlate our findings with Unified Parkinson's Disease Rating Scale (UPDRS) 
scores as well as modified Postural Instability Gait Difficulty (PIGD) scores to identify 
most relevant tract involvement. 
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Abstract 

Cerebral white matter undergoes various changes with normal aging. This study 
investigated the association between age, gender, and the global and regional 
fractional anisotropy (FA) and mean diffusivity (MD) in 145 adults (30 to 80 years old) 
using diffusion tensor magnetic resonance imaging. We studied sixteen regions of 
interest in both hemispheres to search for regions that display age- and 
gender-related white matter changes and also performed a complementary 
voxel-based analysis without any hypothesis a priori. On a global scale, our results 
indicate that the full brain FA was negatively correlated with age. The regional 
analysis showed that the anterior corpus callosum, the bilateral anterior and 
posterior internal capsule, and the posterior periventricular regions had the most 
significant age-related FA decrease. On the other hand, the FA in the temporal and 
occipital regions was not correlated with age. However, in contrast to males, females 
overall had a significantly lower FA in the right deep temporal regions. More gender 
differences in precentral, cingulate, and anterior temporal white matter areas were 
also found, suggesting that microstructural white matter organization in these 
regions may have a sexual dimorphism. Such differences were mainly due to the 
increase in diffusion perpendicular to fiber tracts. 
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Introduction 

The normal adult brain undergoes considerable morphological changes as it 
ages. Both a decrease in brain weight and an increase in cerebro-spinal fluid (CSF) 
filled spaces, caused by ventricle dilation and sulcal enlargement, have been 
documented by autopsy studies (Davis, 1977; Dekaban, 1978). Differences between 
white and gray matter loss in the aging brain have also been reported. 
Neuropathological studies have demonstrated that with advancing age, neuronal 
loss in the cortex is either not significant or not as extensive as previously reported, 
which suggests that white matter (WM) changes may exceed gray matter changes in 
normal human aging (Miller et al., 1980). Post-mortem studies of normal subjects 
have also revealed disturbances of WM microstructure, such as a decline in amount 
of myelinated fibers of the precentral gyrus and the corpus callosum, or even axonal 
loss (Kemper TL, 1994; Meier-Ruge et al., 1992). However, post-mortem analyses of 
brain structures depend on many factors, such as the interval between death and 
fixation and the timing of measurements. As a consequence, it might be difficult to 
correlate the results from post-mortem studies to living subjects. 

Neuroimaging technology like magnetic resonance imaging (MRI) has greatly 
enhanced the ability to perform studies on living human subjects. In this context, 
numerous researchers have applied morphometric MRI techniques in normal aging 
studies. However, some results of these studies, such as the volume change of the 
cerebral WM, are not consistent. Some investigations observed no significant global 
volume decrease in cerebral WM (Good et al., 2001; Jernigan et al., 2001; Smith et 
al., 2007), whereas others did show such a significant volume change, either fitted by 
a linear regression model (Lemaitre et al., 2005) or even higher order regression 
models (Allen et al., 2005; Liu et al., 2003). Gender effects on global WM are also 
unclear, i.e., both significant (Lemaitre et al., 2005) and non-significant interactions 
(Smith et al., 2007) have been reported. Notably, the measured WM volumes, as 
determined from conventional MRI, only reflect the late stage of macrostructure 
change and may not be sensitive to the age-related degeneration of myelin and 
axons in the WM microstructure. Such microstructural changes are beyond the 
detection of conventional MRI, but are within the reach of diffusion tensor MRI (DTI) 
methodology. 

DTI is a powerful technique for assessing the WM axonal organization – and on 
a more macroscopic level the 3D fiber architecture – which yields several 
quantitative measures, such as the three principle diffusivities (the eigenvalues of 
the diffusion tensor: 1, 2, 3), the mean diffusivity (MD), and the degree of 
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anisotropy (e.g., the fractional anisotropy: FA). Combined with the directional 
diffusion information, as derived from the eigenvectors of the diffusion tensor, these 
measures reflect the fiber cohesiveness of WM fiber tracts (Pierpaoli and Basser, 
1996). To date, DTI studies of normal aging have identified a decline of FA and an 
increase of MD in several WM regions (Abe et al., 2002; Pfefferbaum et al., 2000; 
Salat et al., 2005; Sullivan et al., 2001). These regions include the genu and splenium 
of the corpus callosum, the centrum semiovale, the prefrontal WM, the posterior 
limb of the internal capsule, and the posterior periventricular region. However, 
different results in such FA alterations – based on pre-defined regions of interest 
(ROIs) – have been revealed (Nusbaum et al., 2001; Pfefferbaum et al., 2000; Salat et 
al., 2005; Sullivan et al., 2001). This variability may be due to the user-dependent 
placement of the ROIs, the number of ROIs simultaneously examined in these studies, 
and the difference in sample size. 

In many cases, particularly in aging or neuropsychiatric disorders, the spatial 
location and extent of the FA changes are not known a priori. In this context, in 
recent years, researchers have been interested in applying global search strategies in 
DTI studies, such as whole-brain voxel-wise analyses (Ashburner and Friston, 2000). 
In this approach, each subject’s data set (here, the FA image) is first registered into a 
standard space, in which voxel-wise statistics are calculated to find areas that 
correlate to a covariate of interest. In this way, both location and extent of 
statistically significant changes can be determined without any hypothesis a priori. 
However, there are two main drawbacks to such a multi-subject voxel-based DTI 
study. Firstly, the accuracy of matching the WM fiber structures to the standard 
space from each individual’s FA image is very difficult to determine (Smith et al., 
2006). Consequently, this raises the question of whether individual topographical 
variability can be taken into account. The other problem relates to the standard 
practice of spatially smoothing the data before computing the voxel-wise statistics. 
The amount of smoothing can greatly affect the final results, but there is no uniform 
principle for choosing an appropriate kernel size (Jones et al., 2005). Furthermore, 
even with a moderate amount of smoothing, a large number of voxels within the 
central WM regions still had non-normally distributed residuals, thus making valid 
statistical inferences with a parametric approach problematic in these areas (Jones 
et al., 2005). One possible way to solve this problem is using non-parametric 
methods for inference on FA statistics. In this way, no prior information of data and 
noise distributions are required to perform statistical analyses (Nichols and Holmes, 
2002). Furthermore, such a non-parametric approach is robust with respect to 
outliers that might be present due to an imperfect coregistration result. Another way 
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is using the ‘tract-based spatial statistics’ (TBSS) approach on a voxel-wise or 
cluster-based level to perform the statistical analyses (Smith et al., 2006). However, 
although the TBSS method might reduce the amount of false positive effects (as 
caused by misalignment errors), spatial extent and location of significant regions are 
limited to the ‘skeleton’ of the brain WM, which potentially introduces an increased 
amount of false negative effects. 

We investigated whether the MD and FA of the diffusion tensor, measured in a 
large number of normal subjects, are correlated with age taking potential gender 
differences into account. This study of normal aging combined with the exploration 
of gender differences can provide the baseline characteristics of MD and FA changes 
in normal healthy subjects across the age range of older adults, which is prerequisite 
for interpreting DTI data of individuals with neurological disorders or other 
conditions affecting the brain. Basically, the analysis in this work is performed in two 
steps. Firstly, we apply an image coregistration method to the FA images, and 
secondly, we use a permutation/randomization method to search for brain voxels 
that are correlated with age and gender (Nichols and Holmes, 2002). Spatial 
smoothing of images for whole-brain analyses remains a debatable issue (Jones et al., 
2005). Therefore, in this analysis, we examined the combined age-related effect of 
and gender difference in diffusion MR properties in spatially non-smoothed data sets 
using robust statistics. 
 
Methods 

Participants 

The subjects in this study were recruited from a health screening program in the 
Shin-Kong Wu Ho-Su Memorial Hospital, Taipei, Taiwan. All participants received 
detailed health examinations, including physical and neurological examinations, a 
biochemistry study, a chest X-ray, an electrocardiogram, and an 
electroencephalogram. Participants were excluded if they had a history of major 
neurological, psychiatric, or serious cardiovascular diseases. Diffusion tensor images 
were obtained from 145 participants aged 30-80 years. There were 87 males and 58 
females, the mean age ± standard deviation was 50.7 ± 10 for males and 50.6 ± 8 for 
females (no significant difference: p = 0.96). Any MRI scan with structural 
abnormalities, such as a tumor or stroke, obvious variations (e.g., mega cisterna 
magna, cavum septum pellucidum), or technical artifacts were excluded. Images with 
large periventricular WM abnormalities, as detected by their T2-weighted or 
proton-density images (e.g., images showing irregular periventricular 
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hyperintensities extending into the deep WM or large confluent hyperintensity areas) 
were also excluded in this study. All the participants gave their informed consent and 
the Ethics Committee of the hospital approved the protocol of this study. 

MRI protocol 

All participants received a whole-brain DTI scan (Siemens, 1.5 T Avanto, 
Erlangen, Germany). A circularly polarized matrix coil was used for radiofrequency 
(RF) reception of the MRI signal. Head motion was minimized by the use of tightly 
padded clamps attached to the head coil. Trans-axial T2-weighted, proton-density 
images (voxel size 0.45 x 0.45 x 6.5 mm3) and a high-resolution sagittal T1-weighted 
image (voxel size 1.0 x 1.0 x 1.0 mm3) were additionally acquired. For the 
whole-head DTI study, we used single-shot spin-echo echo planar fat suppression 
sequences (TR/TE = 7600/82 ms, 3 mm slice thickness without gap, slice acquisition 
matrix = 128 x 128 with FOV = 256 x 256 mm2, 6/8 partial Fourier, NEX = 2, and 55 
slices in total) for one T2-weighted image (b-value = 0 s/mm2) and 12 diffusion 
weighted (DW) images (with b-value = 1000 s/mm2). The images were axially 
collected with a total scan duration of 3 min 50 s. 

Image analysis 

The DTI data were analyzed in ExploreDTI (http://www.dti.ua.ac.be/), software 
developed by one of the authors (AL), and further processed using the following 
multi-step procedure: (a) motion and residual eddy current distortion correction 
(Maes et al., 1997); (b) calculation of the FA maps from the corrected DTI data 
(Basser and Pierpaoli, 1996); (c) affine coregistration of each participant’s 
T2-weighted data set to the customized T2-weighted template in normalized space, 
i.e., Montréal Neurological Institute (MNI) space (Maes et al., 1997); (d) tensor 
reorientation, FA calculation, and trilinear interpolation of the resulting FA map 
using the spatial transformation determined by step (c) (Alexander et al., 2001; Maes 
et al., 1997); (e) voxel-based statistical analysis on the spatially normalized data 
using the permutation method (Nichols and Holmes, 2002). Each of these steps is 
described in detail below. 

Preprocessing 

The DW images were aligned to the T2-weighted image to correct for motion 
artifacts and residual eddy current distortions (typically less than 1-2 voxels) by 
means of multimodality image registration using information theory (MIRIT) (Maes 
et al., 1997). Trilinear interpolation was performed to resample the transformed 
images. Note that an appropriate intensity correction of the DW images should be 
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incorporated into this procedure if motion artifacts or eddy current distortions are 
not negligible (i.e., higher than ~2 voxels) (Rohde et al., 2004). The effective diffusion 
tensor (DT), the corresponding eigensystem, and the subsequently derived MD and 
FA maps were computed for each voxel as described in Ref. (Basser and Pierpaoli, 
1996). 

Atlas-based framework 

To perform the voxel-based morphometry (VBM) analysis, each DT image was 
normalized to MNI space. The MNI 152-subject EPI template from statistic 
parametric mapping (SPM2) on the web (http://www.fil.ion.ucl.ac.uk/spm/) was 
used for creating a reference frame from our data sets (in this way, a higher 
registration accuracy was obtained) (Ashburner and Friston, 2000; Mazziotta et al., 
1995). To construct this customized T2-weighted template, we selected 40 data sets 
generated from the diffusion-weighted images (DWI) of good quality by visual 
inspection. No significant age or gender difference between these data sets and the 
whole group was found. For each individual data set, the T2-weighted image was 
normalized to MNI space. Then, the normalized data were smoothed with an 8-mm 
full-width at half-maximum (FWHM) isotropic Gaussian kernel and then averaged 
together to construct the final T2-weighted reference image (i.e., the customized 
T2-weighted template). 

For each individual dataset, the DTI coregistration procedure to MNI space was 
performed in two steps. First, the individual’s T2-weighted image was registered to 
the customized T2-weighted template using MIRIT (Maes et al., 1997). Second, after 
applying the resulting transformation to the DW images and calculating the DT, the 
preservation of principal direction (PPD) reorientation strategy was applied to 
preserve the orientational information of the underlying tissue (Alexander et al., 
2001). Note that the calculation of this reorientation did not affect FA value but was 
merely performed for sake of completeness to allow for future analysis of 
orientational diffusion properties. Fig. 2.1 shows the image preprocessing steps in a 
typical subject.  
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Figure 2.1. Image analysis preprocessing: (A) Customized T2-weighted template, (B) 

Individual’s T2-weighted image, (C) Individual’s FA before motion and residual eddy current 

distortion correction, (D) Individual’s FA after correction, (E) Normalized MD image after 

affine coregistration, (F) Normalized FA image after affine coregistration. 

Global analysis 

The MD and FA images were calculated from the normalized eigenvalue maps. 
Three brain-tissue templates, representing gray matter, WM, and CSF were use from 
the SPM2 package (Ashburner and Friston, 2000). The highest probability brain 
tissue mask containing gray and WM was calculated and applied for each subject, 
based on a method as previously described (Abe et al., 2002). The mean global MD 
and FA were calculated as the mean value of the MD and FA within the masked 
normalized MD and FA images. We examined this mean global MD and FA data using 
the regression model, adjusted for the covariates of age and sex, and provided the 
model p-value and the slope estimate of age. A p-value smaller than 0.01 was 
considered significant. 
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Regional analysis 

Regional analysis was performed on the normalized MD, FA, and the three 
principle diffusivity images and was based on seven ROIs in each hemisphere, and in 
the genu and splenium of the corpus callosum (see Table 2.1).  
 

Region Definition 
Anterior CCa Maximizing the placement of the voxel within the center of the 

genu of the callosum 
Posterior CCa Maximizing the placement of the voxel within the center of the 

splenium of the callosum 
Posterior limb 
of ICb 

Placing the voxel in the center of posterior limb of internal 
capsule 

Anterior limb 
of ICb 

Placing the voxel in the center of anterior limb of internal capsule 

Deep frontal Placed using the anterior CC point to determine the axial slice, in 
the center of deep frontal WM diagonally from the anterior horn 
of the lateral ventricle 

Anterior PVc Defined at the level of the posterior CC point in the axial plane, 
placed at the cap of each anterior ventricular horn 

Posterior PVc Defined at the level of the posterior CC point in the axial plane, 
placed at the cap of each posterior ventricular horn 

Deep temporal Defined in the coronal slice approximately 16 mm anterior to the 
tip of the fornix, in the approximate center of the temporal lobe 
WM 

Occipital Defined at the level of the posterior CC point in the axial plane, in 
the posterior portion of the WM within the occipital gyrus 

Table 2.1. Regional definitions for region of interest analysis. aCC: corpus callosum; 
bIC: internal capsule; cPV: periventricular. 

All ROIs were defined on the normalized T2-weighted image and placed by the 
same rater, where each ROI was created as a cube with 3 x 3 contiguous voxels 
(totally 27 voxels = 216 mm3 per ROI). The mean voxel value of this box represents 
the FA value in each ROI. The anatomical definitions for each ROI were defined as 
previously reported (Salat et al., 2005). These ROIs were placed in regions that are 
important in the study of aging or age-related neurodegenerative diseases. We 
examined each ROI data using the regression model, adjusted for the covariates of 
age and sex, and provided the model p-value and the slope estimate of age. A 
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p-value smaller than 0.01 was deemed significant and a value smaller than 0.05 was 
considered suggestive. Power calculation for testing the regression slope estimate in 
both sexes was performed in each ROI (Dupont and Plummer, 1998). 

Whole-brain analysis 

In addition to the regional analysis, a whole-brain analysis was performed on a 
voxel level with non-parametric permutation/randomization tests using the 
statistical non-parametric mapping (SnPM) toolbox (Nichols and Holmes, 2002). 
SnPM applies the general linear model (GLM) to construct pseudo t-statistic images, 
which were then assessed for significance using a standard non-parametric multiple 
comparisons procedure based on randomisation/permutation testing. In SnPM, the 
analysis was performed using multiple subjects and a simple regression with age as a 
continuous variable across each voxel in the volume. No spatial smoothing was 
performed on the normalized FA images prior to the statistical analysis. Areas of 
both negative and positive FA correlation with age were investigated. The resulting 
voxel values constituted pseudo t-statistic images and their thresholds were 
subsequently defined at the p < 0.0001 uncorrected (t > 3) level; the number and 
size of connected voxel clusters are described. Corrected (for multiple 
non-independent comparisons) cluster-level p-values were calculated for each 
cluster based on their spatial extent. Clusters with a size larger than 50 voxels and a 
resulting corrected p-value of less than 0.0001 were both considered significant. 

To explore the potential gender differences using the voxel-based approach, we 
applied a two-sample t-test with age as covariate (Nichols and Holmes, 2002). Again, 
no spatial smoothing was applied to the normalized FA images. Statistical analysis of 
the whole-brain FA images was performed to look for significant gender differences 
in the age-related FA change. Significance was defined by a voxel-level threshold set 
at p < 0.005 (corresponding uncorrected t > 2.61) and clusters with a size larger than 
30 voxels. The results were overlaid on the template MR image. The voxel location in 
the highest three clusters according to the voxel t-values was selected and the ROI 
method with the box center located in this voxel was applied on the three principle 
diffusivity images to further verify the potential gender differences. 
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Results 

Mean global MD and FA analysis 

Scatter plots for the association between the mean global MD, FA, and age are 
depicted in Fig. 2.2. The mean global FA change showed a significant negative 
correlation with age (r = -0.44, p < 0.0001). We also studied the quadratic and cubic 
regression model for the mean global FA as a function of age. The results showed 
that the linear regression model was the best model fit (i.e., only the first-degree 
term in the quadratic and cubic regression models showed a significant effect). 
Therefore, the linear regression model was subsequently applied in the whole brain 
study. There was no significant FA difference between males and females (p = 0.96). 
The mean global MD change showed a significant positive correlation with age (r = 
0.54, p < 0.0001) and male showed significantly increase diffusion than female (p = 
0.0008). Notably, although our dataset had four older male subjects, the gender 
difference was still significant when we excluded the data of these four subjects. 

 

Figure 2.2. Left: effect of aging on the mean global FA and MD. Scatter plot of age and mean 

global FA. Right: scatter plot of age and mean global MD, in which a significant gender 

difference was found (males: solid line; females: dotted line). 

ROI based regional analysis 

The regional analysis of the FA showed a significant negative association with 
age in the anterior corpus callosum, the right anterior periventricular region, the 
bilateral anterior and posterior limb of the internal capsule, and the posterior 
periventricular region (p < 0.01). In addition, a trend of age-related FA change (p < 
0.05) was found in the left deep frontal. There was no significant association 
between FA and age in the posterior corpus callosum, the right side deep frontal, the 
bilateral deep temporal, and the occipital regions. The slope estimate for age was 
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most pronounced in the anterior corpus callosum (-0.0072), followed by the bilateral 
anterior and posterior limb of the internal capsule (-0.0046 and -0.0047, 
respectively), and the bilateral posterior periventricular region (L: -0.0038, R: 
-0.0062). Detailed results of the ROI-based analysis were presented in Table 2.2.  
 

Region FA slope RSquare 
adjust 

eGender MD 
slope 

RSquare 
adjust 

eGender 

Anterior aCC -0.0072** 0.072 NS 0.078*** 0.094 NS 
Posterior CC -0.0033 0.0054 NS 0.032* 0.021 NS 

L deep 
frontal 

-0.0017* 0.037 NS 0.0092* 0.036 NS 

R deep 
frontal 

-0.0010 0.0043 NS 0.0087* 0.030 NS 

L bALIC -0.0046*** 0.13 * 0.019** 0.065 NS 
R ALIC -0.0047*** 0.11 NS 0.013* 0.035 NS 
L cPLIC -0.0047*** 0.15 NS 0.00086 -0.012 NS 
R PLIC -0.0046*** 0.12 NS 0.0058 0.0041 NS 

L anterior 
dPV 

-0.0013 0.022 NS 0.021*** 0.12 NS 

R anterior 
PV 

-0.0024** 0.071 NS 0.017*** 0.091 NS 

L posterior 
PV 

-0.0038*** 0.12 NS 0.088*** 0.21 ** 

R posterior 
PV 

-0.0062*** 0.18 NS 0.13*** 0.21 NS 

L deep 
temporal 

-0.00079 0.010 NS 0.0017* 0.016 NS 

R deep 
temporal 

-0.00055 0.085 ** 0.0049 -0.0041 NS 

L occipital 0.0014 0.0032 NS 0.0059 0.015 NS 
R occipital 0.000043 -0.012 NS 0.0041 -0.0094 NS 

Table 2.2. Regional FA and MD association with age and sex. L: left side, R: right side.; aCC: 

corpus callosum.; bALIC: anterior limb of internal capsule.; cPLIC: posterior limb of internal 

capsule.; dPV: periventricular. eGender: significance of gender difference.; *: p < 0.05; **: p < 

0.01, ***: p < 0.0001, NS: non-significant. 
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The FA demonstrated no significant gender differences, except in the right deep 
temporal region and the left anterior limb of the internal capsule. Females showed a 
significantly higher FA decrease than males in the right deep temporal region (the 
slope estimate of age in the right side deep temporal region for males: -0.000144, 
females: -0.00152 with p < 0.001 vs. the left side, i.e., for males: -0.000565, females: 
-0.00133 with p = 0.135) and the left side anterior limb of the internal capsule (the 
slope estimate of age in the right side anterior limb of the internal capsule for males: 
-0.00553, females: -0.00289 with p = 0.076 vs. the left side, i.e., for males: -0.00435, 
females: -0.00504 with p = 0.018) even after adjusted age difference (see Fig. 2.3). 
Note however that in some regions, the interaction between age and sex is not 
significant (e.g., p = 0.34 in the right deep temporal region and p = 0.77 in the left 
anterior limb of the internal capsule). 

 

Figure 2.3. Effect of gender on the regional FA. Scatter plots of age and FA in the left and 

right deep temporal regions (top left and right) and the anterior limb of the internal capsule 

(bottom left and right). The FA trend for males is represented by the solid line and for 

females by the dotted line. The trend slopes for both genders and the p value for gender 

difference are also shown. 
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To further study which eigenvalue caused this gender differences in FA in the 
right deep temporal region, the ROI method was applied on the three principle 
diffusivity images. The results showed that there is no significant gender difference 
in the first and the second eigenvalue (p = 0.43 and 0.10, respectively). On the other 
hand, a significant trend was noted in the third eigenvalue (p = 0.05) (See Fig. 2.4).  
 

 
Figure 2.4. Effect of gender on age-associated diffusion change in right deep temporal region. 

Scatter plots of age and the three principal diffusivities for the right deep temporal regions 

(males: solid line; females: dotted line). The trend slopes for both genders and the p value for 

gender difference are also shown. 

Based on the whole brain analysis, three clusters with the largest significant 
difference in FA between genders (the right parahippocampus WM, the left frontal 
WM, and the cingulate WM) were also studied. The results showed that for 3, there 
was a significant gender difference in diffusivity for all three clusters: (p < 0.001), 
whereas only the cingulated WM had a significant gender difference in diffusivity for 

2 (p < 0.001). Finally, only the left frontal WM had a significant effect for 1 (p = 
0.001). 
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The MD showed a positive and significant association with age in the anterior 
corpus callosum, the left side anterior limb of the internal capsule, and the bilateral 
anterior and posterior periventricular region (Table 2.2). There was also gender 
difference in the left side of the posterior periventricular regions, in which females 
showed a significantly larger MD increase compared to males (the slope estimate of 
age in the right posterior periventricular region for males: 0.127, females: 0.148 with 
p = 0.12 vs. the left side, i.e., for males: 0.081, females: 0.104 with p = 0.009). 
However the interaction between age and gender in this case is not significant (p = 
0.49). 
 
Whole-brain analysis 

Using 104 permutations, eight clusters with significant age-associated FA 
changes (i.e., negative correlation) were found. The regions in the whole-brain 
analysis were similar to those in the ROI analysis, which supports the validity of our 
applied coregistration procedure. The largest cluster contained 6011 voxels and was 
extensively distributed in the cerebral WM, i.e., the bilateral frontal region, bilateral 
central and posterior periventricular areas, the anterior and posterior corpus 
callosum, and bilateral anterior and posterior limbs of the internal capsule. These 
results were in agreement with the findings from our ROI study described above.  

Three clusters showed a positive FA correlation with age. The regions in these 
clusters included the bilateral putamen (R putamen: 113 voxels; L putamen: 83 
voxels) and the cingulate gyrus: 74 voxels (see Fig. 2.5). The whole-brain analysis 
showed that many regions had a significant gender difference in age-related FA 
changes. Using 104 permutations, twelve clusters within the WM showed a 
significant gender difference in age-related FA changes (see Table 2.3). These 
included WM regions in the bilateral frontal, deep temporal, parahippocampal, and 
precentral regions, the cingulate gyrus, and the left anterior lobe of the cerebellum 
(see Fig. 2.6). 
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Figure 2.5. Map of the age-related FA alterations. Voxel-based significance maps of the FA 

change with age, as computed by t-tests at the voxel level. The cold color scale represents 

the t value significance of the age-related FA decreases. The hot color scale represents the t 

value significance of the age-related FA increases. The number indicates the z-axis coordinate 

in the MNI space (unit in mm). R: right side, L: left side. 
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Structure name Cluster voxel 
number 

Peak T 
value 

MNI coordinates 
(mm) 

   X Y Z 
Parahippocampal WM (R) 103 5.62 28 -18 -22 
Frontal WM (L) 115 5.52 -32 -24 28 
Cingulate WM 367 4.99 0 -36 30 
Anterior lobe (L) 101 4.94 -14 -50 -28 
Precentral WM (R) 833 4.90 24 -16 54 
Precentral WM (L) 97 4.52 -18 -26 66 
Middle frontal WM (L) 50 4.38 -30 36 -6 
Temporal WM (R) 40 4.17 42 -4 -24 
Temporal WM (R) 73 4.14 24 -72 22 
Inferior frontal WM (R) 133 4.11 48 2 26 
Parietal WM (R) 112 4.08 28 -54 56 
Parahippocampal WM (L) 75 4.01 -28 -14 -26 
Temporal WM (L) 68 3.49 -42 0 -26 

Table 2.3. The voxel-based analysis showing significant gender differences in FA change in 

several brain regions (with age as the covariate). MNI: Montreal Neurological Institute; WM: 

white matter; R: right side; L: left side. 
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Figure 2.6. Map of the gender differences in age-related FA alterations. Voxel-based 

significance maps of the gender difference in age-related FA alterations, as computed by 

t-tests at the voxel level. The color scale represents the t value significance of the gender 

difference in age-related FA changes. The number indicates the z-axis coordinate in the MNI 

space (unit in mm). R: right side, L: left side. 
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Discussion 

Global effect of age 

In this study, we applied an image coregistration procedure to study the effect 
of age on FA, MD, and the eigenvalues in an objective and automated way, which 
was in good agreement with the complementary performed ROI based analysis. The 
mean global FA of the normalized images showed a significant negative association 
with age, which has also been observed in previous studies (Abe et al., 2008; Salat et 
al., 2005). The mean global MD showed a significantly gender difference and for both 
genders, there was a significant positive association with age. To the best of our 
knowledge, this gender difference in the mean global MD has not been reported 
before. 

Regional effect of age 

We demonstrated a regionally selective age-related FA and MD change in 
cerebral WM. This alteration is most prominent in the frontal and anterior corpus 
callosum, both anterior and posterior limbs of the internal capsule, and the 
periventricular regions. These results are similar to those previously reported (Abe et 
al., 2002; Pfefferbaum et al., 2000; Salat et al., 2005; Sullivan et al., 2001). 
The significant negative association with regional FA is predominantly observed in 
the anterior corpus callosum, the anterior and posterior limb of the internal capsule, 
and the periventricular WM, which suggests that WM changes may be regionally 
specific. Fibers in the anterior portion of the corpus callosum serve as a commissure 
between both frontal lobes, whereas fibers from the parietal, temporal, and occipital 
regions transverse the posterior portion of the corpus callosum (Abe et al., 2004; 
Nieuwenhuys R, 1988). The reduction of FA in the anterior corpus callosum and the 
deep frontal region suggests that the fibers of the forceps minor, rather than other 
frontal fibers, are preferentially affected. These fibers connect the lateral and medial 
surfaces of the frontal lobes (Abe et al., 2004). The FA alteration in the anterior limb 
of the internal capsule suggests that fronto-pontine fibers and/or fronto-thalamic 
fibers are involved during aging. Such findings have not been reported previously 
(Abe et al., 2002; Pfefferbaum et al., 2000; Salat et al., 2005; Sullivan et al., 2001). 
Both the ROI method and the whole-brain analysis confirmed the age-related FA 
decrease in this region. In the posterior limb of the internal capsule, age-related 
reduction in FA may suggest that cortico-bulbar, cortico-spinal, and/or other 
cortico-fugal fibers are also involved. A significant FA decrease in the periventricular 
WM associated with aging has been reported in recent studies (Abe et al., 2008; 
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Bhagat and Beaulieu, 2004; Nusbaum et al., 2001; Pfefferbaum et al., 2000; Salat et 
al., 2005; Szeszko et al., 2003). 

Notably, deep WM lesions may be seen on MR imaging in approximately 
one-third of asymptomatic elderly subjects, but their significance remains unclear 
(Fein et al., 1990). WM damage, such as in ischemic leukoaraiosis, could impair 
directional diffusion and therefore can cause FA alteration (Jones et al., 1999). To 
avoid confounding effects from WM diseases, we excluded subjects with large 
periventricular WM abnormalities, as detected by their T2-weighted or 
proton-density images. In this way, the decreased FA in the periventricular WM 
should be able to reflect the true aging effect in this area. In our analysis, the 
occipital WM provides a non-significant positive slope estimate of age. This implies 
that the WM micro-structural integrity in the occipital lobe could be relatively 
preserved during the normal aging process, as compared with that in the deep 
frontal or temporal regions. A significant increase of FA with age in the bilateral 
putamen has also been observed, which is in agreement with previous reports (Abe 
et al., 2008; Bhagat and Beaulieu, 2004).  

Reason for FA changes 

A previous study showed that the age-related FA decrease may be primarily due 
to an increased perpendicular diffusivity associated with aging (Bhagat and Beaulieu, 
2004). This age-related FA alteration could be caused by intrinsic fiber alterations or 
by Wallerian degeneration from gray matter loss (Thomalla et al., 2004). In the 
former, medical conditions (such as hypertension) or cerebro-vascular risk factors 
may contribute to the FA alterations (O'Sullivan et al., 2001; Salat et al., 2005). In the 
latter, age-related gray matter loss has been well documented and can be observed 
in the bilateral superior parietal gyri, pre-central and post-central gyri, and 
insula/frontal operculum, which may contribute to FA alteration in the posterior limb 
of the internal capsule (Good et al., 2001; Salat et al., 2004). Likewise, a decreased 
FA in the anterior limb of the internal capsule may partially be caused by accelerated 
volume loss in the thalamus (Bhagat and Beaulieu, 2004; Engelter et al., 2000). 
Although the precise etiology of age-related FA changes is still unknown in several 
regions (such as the FA increase in the putamen), this voxel-based analysis 
framework may provide us an opportunity to further investigate the changes of 
other diffusion tensor properties and perform tract-based measurements in the near 
future. 
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Gender difference in FA 

It is known that gender differences exist in various brain regions (Lemaitre et al., 
2005). Recently, Sowell et al. also showed that females and males had a significantly 
different cortical thickness in parietal and temporal regions (Sowell et al., 2007). 
However, gender differences in FA, either global or regional, have not been 
systemically studied in previous DTI literature. Some studies showed no gender 
difference (Raz et al., 1997; Sullivan et al., 2001), whereas others did show a 
significant gender difference, but only when focusing on predefined brain regions, 
such as the frontal lobe or the corpus callosum (Oh et al., 2007; Szeszko et al., 2003; 
Westerhausen et al., 2004). In addition, no age-by-sex interaction has been reported 
in many brain volumetric studies (Lemaitre et al., 2005; Sowell et al., 2007). In our 
study, none of the ROIs showed a significant age-by-sex interaction, which is 
consistent with previously reported VBM studies. This may demonstrate that the 
ageing effect in different brain regions, either measured by structural MR or DTI, was 
not modulated by gender. In other words, there is no sex effect contribution to GM 
loss nor FA decrease during aging. 

There were two regions in the FA images with significant gender differences in 
our study, which were not previously reported. To avoid type I error in the ROI 
approach, we calculated the statistical power to make the appropriate sample size 
estimation. By computing the standard deviation of the regression errors, the 
standard deviations for males and females, and the between-gender differences in 
the slopes of the regression – and given that  = 0.05 and for a power = 80% – a 
sample size of 89 for the left side anterior limb of the internal capsule and 32 for the 
right deep temporal region were found to be sufficient (Dupont and Plummer, 1998). 
Thus, the large sample size in our study (n=145) justifies the claim of statistical 
significance. In the ROI study, the gender difference in FA in the right deep temporal 
region is also confirmed by our whole-brain analysis. Furthermore, the analysis 
demonstrates that many brain areas have a significant gender difference. However, 
most of these regions are not included in the ROI study. Note that the observed 
gender difference in the left frontal region has also been reported in a previous 
study (Szeszko et al., 2003). In general, we believe that our results suggest that the 
VBM analysis can be applied confidently as a complementary method for the ROI 
analysis.  

The cause for the gender differences is currently unknown. Many studies have 
shown gender differences in GM, cortical thickness, or WM using VBM (Good et al., 
2001; Lemaitre et al., 2005; Sowell et al., 2007). Based on the analysis of the three 
eigenvalues, our results demonstrate that these gender differences in FA are mainly 
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due to the increase in diffusion perpendicular to the fiber tract orientation (e.g., 2 
and 3), rather than a change in 1. As previously reported, this increase in 3 
combined with the decrease in FA may indicate a decrease in myelin and/or neural 
fiber loss (Bhagat and Beaulieu, 2004; Kemper TL, 1994; Meier-Ruge et al., 1992). 
This may also be due to the progressive changes in myelination or cerebral pruning 
during maturation (Benes et al., 1994; Huttenlocher and de Courten, 1987). These 
hypotheses might be tested through longitudinal studies with detailed 
morphological analyses in cerebral WM. Another possibility of gender difference in 
FA could be due to the limitation on fiber crossing issue which was inherent in DTI 
method and could possibly be solved by diffusion spectrum imaging or q-ball 
imaging. 

Limitations of the current study 

In this study, multiple-subject data were used to evaluate the effect of aging on 
DTI changes as, for instance, characterized by the FA. Our results only reflect 
differences among subjects of different age rather than changes associated with 
aging in each individual. Therefore, a longitudinal study of these changes would be a 
better way to demonstrate the correlation between regional FA change and aging. 
Furthermore, although this study recruited healthy subjects, no account was taken 
of the effect of other variables, such as cigarette smoking, alcohol intake, 
hypertension, diabetes mellitus, or hypercholesterolemia. How these factors may 
affect the results is unknown. 

Also, in this VBM study, the coregistration procedure was confined to global 
affine degrees of freedom (i.e., rotation, translation, scale, and skew). Therefore, 
local morphological differences due to inter-subject variability were not taken into 
account. However, a robust statistical framework and a large sample size may justify 
the application of this affine coregistration method to the study of relatively large 
anatomical structures.  

Finally, in the whole brain analyses, only the linear regression model was 
applied for the current study. We acknowledge that recently, higher order regression 
models have been applied in a few studies that investigated the WM volumetric 
change (Allen et al., 2005; Liu et al., 2003) which could also be evaluated in the 
context of this work for more accurate fitting of the DTI measures as a function of 
age. In conclusion, our results provide a strong indication of aging and gender effects 
on global and local alterations of the diffusion characteristic of brain WM. 
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Abstract 

Diffusion tensor imaging (DTI) has already proved to be a valuable tool when 
investigating both global and regional, microstructural white matter (WM) brain 
changes in the human aging process. Although subject to many criticisms, voxel 
based analysis is currently one of the most common and preferred approaches in 
such DTI aging studies. In this context, voxel based DTI analyses have assumed a 
‘linear’ correlation when finding the significant brain regions that relate age with a 
particular diffusion measure of interest. Recent literature, however, has clearly 
demonstrated ‘non-linear’ relationships between age and diffusion metrics by using 
region-of-interest and tractography-based approaches. In this work, we incorporated 
higher-order (non-linear) regression models in the voxel based DTI analysis 
framework to assess age-related changes in WM diffusion properties (fractional 
anisotropy and axial, transverse, and mean diffusivity) in a large cohort of 346 
subjects (25 to 81 years old). Our novel approach clearly demonstrates that voxel 
based DTI analyses can greatly benefit from incorporating higher-order regression 
models when investigating potential relationships between aging and diffusion 
properties. 
 
  



 
61 

 

Introduction 

Neuropathology of the aging brain 

Over the years, the relationship between age and brain volume has been 
explored using a variety of different methods. It is a common finding that as the 
brain ages, a decrease of brain weight and an increase in cerebrospinal fluid (CSF) 
filled spaces are noted (Davis and Wright, 1977; Dekaban, 1978). Autopsy studies 
reveal that there is no significant loss of neurons in the human cerebral cortex with 
aging, which may suggest that white matter (WM) changes may exceed gray matter 
(GM) changes during this aging process (Hang, 1985; Terry et al., 1987). In the 
human brain, there is a disproportionately greater WM volume (approximately 20%) 
compared to other higher primates and the percentage of brain dry weight 
accounted by myelin in humans is substantially higher than rodents (35% vs 30%) 
(Norton, 1981; Semendeferi et al., 2002). Furthermore, human WM is unique in its 
“heterochronologic” development as well as the very long myelination timeline of 
the cortical association regions (Benes et al., 1994). During the later myelination 
process, the oligodendrocytes ensheath many more axons with smaller diameters 
and may have different lipid properties (Hildebrand et al., 1993; Lamantia and Rakic, 
1990). These features make the human WM a more vulnerable tissue during the 
aging process, especially in late-myelinating regions, such as frontal and temporal 
lobes (Bartzokis et al., 2001). Recently, Marner et al observed that from age 20 to 80 
years, both males and females lose 45% of the total length of their myelin fibers in 
brain WM and that this loss occurs predominantly in small sparsely-myelinating and 
late-myelinating fibers (Marner et al., 2003). The main neuropathological features in 
degenerative myelin sheaths are formation of splits in the myelin sheath, which 
contain a dense cytoplasm or a formation of myelin balloons (Peters, 2002). These 
recent findings emphasize the importance of investigating WM changes during the 
aging process.  

DTI study for white matter changes 

Changes in structural WM organization can be measured in vivo with diffusion 
tensor imaging (DTI), a relatively new magnetic resonance imaging technique, which 
yields several quantitative measures, such as the three principal diffusivities (the 
eigenvalues of the diffusion tensor: 1, 2, 3) and the subsequently derived mean 
diffusivity (MD) and the degree of anisotropy (fractional anisotropy: FA) (Basser et al., 
1994). As these measures reflect the underlying cohesiveness of WM fiber tracts on 
a macroscopic level (Pierpaoli and Basser, 1996), DTI has been applied by many 
researchers to study the effect of normal aging (Abe et al., 2008; Hsu et al., 2008; 
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Nusbaum et al., 2001; Pfefferbaum et al., 2000; Salat et al., 2005; Sullivan et al., 
2001). A summary of these studies shows that age-related changes of FA or MD are 
localized to several regions. FA decreases with age have been demonstrated in the 
anterior corpus callosum, both the anterior and the posterior limb of internal 
capsule, the posterior periventricular regions, and the deep frontal regions. On the 
other hand, FA increases in the bilateral putamen and the cingulate gyrus have also 
been found. In addition, the MD increases in the anterior and posterior 
periventricular regions and the anterior corpus callosum. Discrepancies in these 
different studies could be due to methodological differences in approach of analysis 
or acquisition (e.g., image resolution or choice of processing tools), selection and 
placement of ROIs, and study populations (cohort size, age distribution, or intrinsic 
variability due to selective subject recruitment). 

Application of polynomial regression models 

Although several DTI studies of normal aging have revealed regional changes of 
various diffusion measures, they are often based on specific assumptions. For 
instance, some studies arbitrarily separated all participants into two groups by a 
predefined age cut-off value (such as young vs. old age group) to compare FA or MD 
values in different locations (Ardekani et al., 2007; Bhagat and Beaulieu, 2004; 
Nusbaum et al., 2001); other studies have used age as an independent variable to 
find the regions with a significant ‘linear’ correlation (Abe et al., 2008; Salat et al., 
2005; Sullivan et al., 2001). However, as the age range widens, the association 
between WM alterations and age may not necessarily be linear. In this context, a 
polynomial regression model analysis to study aging could depict the course of 
development, maturation, and degeneration across the whole lifespan more 
accurately.  

Many volumetric studies of the brain did apply higher-order fitting models to 
search for the relationship between GM/WM changes and aging (Allen et al., 2005; 
Good et al., 2001; Sowell et al., 2007). For instance, WM volume showed a cubic 
rather than a linear trend with age (Allen et al., 2005). Recently, an indirect measure 
of WM structural organization – calculated by transverse relation rates (R2) – 
revealed a quadratic function with an accelerating rate of decline in the genu of the 
corpus callosum compared to a linear decline in the splenium (Bartzokis et al., 2004). 
This recent evidence suggests a possible association between a higher-order 
functions and diffusion metrics derived from DTI data. To date, there are only a few 
DTI studies adopting non-linear or higher-order regression method to find 
age-related WM changes (Ben Bashat et al., 2005; Hermoye et al., 2006; Lebel et al., 
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2008; Mukherjee et al., 2001). However, it is important to note that in those papers, 
these higher-order models were not applied in a voxel based analysis setting and 
only focused on infants, children, and young adults. 

In this work, we investigated the existence of significant higher-order 
polynomial regression functions for age-related WM changes during aging. To the 
best of our knowledge, this is the first paper that incorporates polynomial regression 
models in a voxel based DTI analysis framework to investigate the relationship 
between age and several diffusion properties in elderly people. Our results 
demonstrate that a significant non-linearity for various diffusion measures can be 
observed in the aging process, and that these higher-order age effects are spatially 
dependent. 

Material and Methods 

Participants 

The subjects in this study were recruited from a general health screening 
programme in the Shin-Kong Wu Ho-Su Memorial Hospital, Taipei, Taiwan. All 
participants received detailed health examinations, including physical and 
neurological examinations, a biochemistry study, a chest X-ray, an electrocardiogram, 
and an electroencephalogram. Participants were excluded if they had a history of 
major neurological, psychiatric, or serious cardiovascular diseases. The diagnostic 
criteria for excluding participants with prominent degenerative dementia were 
based on the NINDS-ADRDA criteria for Alzheimer’s disease (McKhann et al., 1984) 
and clinical diagnostic criteria for fronto-temporal dementia (McKhann et al., 2001). 
Diffusion tensor images were obtained from 357 participants aged 25-81 years. Any 
MRI scans with structural abnormalities, such as a tumors or stroke, obvious 
variations (e.g., mega cisterna magna, cavum septum pellucidum), or technical 
artifacts were excluded. Other brain WM properties, as observed on T2-weighted or 
fluid-attenuated inversion recovery (FLAIR) images, were also rated by one of the 
authors (JL) using the age-related WM changes (ARWMC) score (Wahlund et al., 
2001). Eleven subjects with regional ARWMC score higher than 2, which were 
corresponding to the large periventricular WM abnormalities at that location, were 
excluded. The final number of subjects that were included in this study was 346. 
There were 202 males and 144 females, the mean age ± standard deviation was 50.7 
± 11 for males and 51.8 ± 10 for females (no significant difference: p-value = 0.31). 
The distribution of ARWMC scores in different brain regions is shown in Table 3.1. All 
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participants gave their informed consent and the Ethics Committee of the Shin-Kong 
Wu Ho-Su Memorial Hospital approved the protocol in this study. 
 

Location* Frontal 
region 

Parieto-occip
ital region 

Temporal 
region 

Basal ganglia Infratentorial 
region 

Mean 
ARWMC 

0.34 0.23 0.006 0 0.006 

Zero 
ARWMC 
Subject (%) 

274 (79%) 319 (92%) 345 (99%) 346 (100%) 345 (99%) 

Table 3.1. The distribution of rating scores of ARWMC according to the different brain 
regions.*: Location: both right and left side score were combined for each region. 
Number of subjects is 346. 
 
MRI data acquisition 

All participants received a whole-brain DTI scan (Siemens, 1.5 T Avanto, 
Erlangen, Germany). A circularly polarized matrix coil was used for radiofrequency 
(RF) reception of the MRI signal. Head motion was minimized by the use of tightly 
padded clamps attached to the head coil. Trans-axial T2-weighted, FLAIR images 
(voxel size 0.45 x 0.45 x 6.5 mm3) and high-resolution sagittal T1-weighted images 
(voxel size 1.0 x 1.0 x 1.0 mm3) were additionally acquired. For the whole-brain DTI 
study, we used single-shot spin-echo echo planar fat suppression sequences (TR/TE = 
7600/82 ms, 3 mm slice thickness without gap, slice acquisition matrix = 128 x 128 
with FOV = 256 x 256 mm2, 6/8 partial Fourier, NEX = 2, and 55 slices in total) for one 
non-DW image (b-value = 0 s/mm2) and 12 diffusion weighted (DW) images (with 
b-value = 1000 s/mm2). The images were axially collected with total scan duration of 
4 min. 

Image processing 

The following image processing steps were performed prior to the voxel based 
analysis (see overview in Fig. 3.1): 
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Figure 3.1. Image analysis preprocessing: (A) color-coded FA and MD image before 

motion/distortion correction; (B) color-coded FA and MD image after motion/distortion 

correction; (C) customized color-coded FA maps of our DTI template in MNI space; (D) 

color-coded FA and MD image after affine DTI based coregistration; (E) color-coded FA and 

MD image after affine and non-affine DTI based coregistration using the viscous fluid model 

and mutual information. 
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1) All DTI data sets were corrected for subject motion and eddy current induced 
geometric distortions. In summary, the DW images were realigned to the 
non-DW image using an affine coregistration method based on mutual 
information with cubic spline interpolation to resample the images (Maes et 
al., 1997). An important aspect during the realignment procedure is to 
account for diffusion orientation changes due to potential subject motion, 
that is, each DW image gradient direction needs to be reoriented with the 
corresponding transformation matrix that describes the rotation component 
of such subject motion (Leemans and Jones, 2009). In Fig. 3.1-A and Fig. 
3.1-B, both the FA and MD are shown before and after motion/distortion 
correction, respectively. 

2) The diffusion tensor model was fitted to the data using the 
Levenberg-Marquardt nonlinear regression method (Marquardt D, 1963). 
The diffusion measures (FA, MD, etc.) were subsequently calculated with the 
‘ExploreDTI’ diffusion MR toolbox (http://www.exploredti.com/) as described 
previously (Leemans et al., 2009; Pierpaoli and Basser, 1996). 

3) A customized DTI template is constructed in MNI (Montréal Neurological 
Institute) space (with spatial resolution 2x2x2 mm3) based on our previous 
work (Hsu et al., 2008). Firstly, all participants’ non-DW (T2-weighted) images 
were coregistered to our previously constructed non-DW image template in 
MNI space using the same affine coregistration and interpolation methods 
described in step 1) (Hsu et al., 2008; Maes et al., 1997). Secondly, we also 
applied the transformations to the DW images of each data set in order to 
obtain the full diffusion tensor – estimated from these transformed DW 
images – in MNI space. In this step, the preservation of principal direction 
tensor reorientation strategy was applied to preserve the correct diffusion 
orientation of the underlying tissue organization (Alexander et al., 2001). 
From these DTI data sets (now located in MNI space; 2x2x2 mm3), the final 
DTI template was constructed with a population-based atlas framework (Van 
Hecke et al., 2008). In particular, 50 randomly selected DTI data sets were 
used to create this DTI atlas. Note that this template (shown in Fig. 3.1-C) 
contains the entire diffusion tensor with back-projected DW images, which 
are needed to apply the DTI based coregistration methods described in the 
next step. 

4) Using the DTI atlas template from step 3), we applied an affine (Fig. 3.1-D) 
and, subsequently, a non-affine (Fig. 3.1-E) DTI based coregistration 
technique to obtain the final DTI data sets in MNI space (Leemans et al., 2005; 
Van Hecke et al., 2007). In the non-affine coregistration approach, the images 
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are modeled as a viscous fluid, which imposes constraints on the local 
deformation field during normalization. At each iteration, the determinant of 
the Jacobian is constrained to reduce the chance of forcing the underlying 
anatomical microstructure in an anatomically non-physical way. This viscous 
fluid model was optimized for the coregistration of multiple DTI information 
components; a more detailed description can be found in the paper of Van 
Hecke et al., 2007. 

Global image analysis 

The MD and FA images were calculated from the three eigenvalue maps, as 
derived from the final, non-rigidly aligned diffusion tensor images in step (4). The 
second and third eigenvalue were averaged defining the transverse diffusivity ( ) 
and the first eigenvalue was referred to as the axial diffusivity ( ||). These different 
DTI indices were examined for the global analysis using the polynomial regression 
method detailed below. Three brain-tissue templates, representing GM, WM, and 
CSF were used from the SPM2 package (http://www.fil.ion.ucl.ac.uk/spm/) 
(Ashburner and Friston, 2000). The highest probability brain tissue mask containing 
GM and WM was calculated and applied for each subject using the ImCalc function in 
SPM2 by the equation ((i1 > i2) & (i1 > i3) & (i1 > (1 – i1 – i2 –i3))) + ((i2 > i1) & (i2 > i3) 
& (i2 > (1 - i1 - i2 - i3))). Here, i1, i2, and i3 represent the GM, WM, and CSF template, 
respectively, with ‘&’ defining the logical ‘and’ operation (Abe et al., 2008). The 
mean global DTI indices were calculated for each subject as the mean value of the 
voxels within the masked normalized MD, FA, and axial and transverse eigenvalue 
images. We examined the age-dependency of the DTI indices by using higher-order 
polynomial regression methods and determined the best fitting model as described 
in the following section. 

Voxel based statistical analysis 

The MD, FA, , and || were used as the dependent variables to search for 
the best fitting higher-order polynomial regression model in each voxel as a function 
of age. First, the data from each voxel were fitted to each of the four multiple 
regression models (Table 3.2). Each model included (i) a subject gender term; (ii) 
constant, linear, quadratic, or cubic polynomial regression term(s) of centered age; 
and (iii) an age-by-gender interaction term (except the constant model). For each 
model, the statistical significance of a voxel was determined by both the whole 
model p-value and the p-value of the coefficient of the highest-order polynomial 
regression term. The whole model p-value in our regression model represents the 
overall significance of the regression and corresponds to the associated p-value of 
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the F test to evaluate the different models. The F value or F ratio is the test statistic 
that is used to decide whether the model as a whole has statistically significant 
predictive capability, considering the number of parameters that characterize this 
model. When both p-values were smaller than 0.01, the voxel in this model was 
deemed significant for further processing. Secondly, the controlled FDR 
(non-parametric method) was applied to all significant voxels to correct for multiple 
comparisons in each model (Genovese et al., 2002; Nichols and Holmes, 2002). 
Significant FDR levels were set at a corrected p-value < 0.01 for all higher-order 
regression models (corresponding uncorrected p-value from 2.8*10-4 to 7.2*10-6 in 
each voxel from the constant regression model to the cubic regression model). 
Voxels surviving these tests in each model were considered significant for each 
regression model. Thirdly, to determine the best fitting model from all regression 
models in each survived voxel, the adjusted R-squared value from each regression 
model was calculated. The model with the highest adjusted R-squared was 
considered as the best fitting model for this voxel. Using this approach, each best 
fitting model was ‘statistically’ significantly better than any other model since this 
best fitting model had (1) a significant whole model p-value; (2) a significant 
higher-order polynomial regression term of centered age after correcting for 
multiple comparisons; and (3) the highest adjusted R-squared of all four regression 
models. An analysis flow chart is depicted in Fig. 3.2 to further elucidate this 
polynomial voxel based analysis framework.  
 
Model Effects        

 Intercepts (Centered 

age) 

Gender Gender X 

(Centered 

age) 

(Centered 

age)2 

Gender X 

(Centered 

age)2 

(Centered 

age )3 

Gender X 

(Centered 

age)3 

Constant Yes No Yes No No No No No 

Linear Yes Yes Yes Yes No No No No 

Quadratic Yes Yes Yes Yes Yes Yes No No 

Cubic Yes Yes Yes Yes Yes Yes Yes Yes 

Table 3.2. Multiple regression models used to examine association among different DTI 

parameters, age, and gender. Centered age: age – mean age. 
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Figure 3.2. Flow chart of voxel based statistical analysis: (A) Voxel-wise statistical inference 

for each polynomial model: a voxel was deemed significant if (i) a whole model p-value < 

0.01 was obtained and (ii) the significance of the coefficient from the highest-order 

polynomial regression term had a p-value < 0.01. (B) Multiple comparison correction with the 

FDR test: the significant voxels in each polynomial regression model were corrected by 

multiple comparison correction using FDR test. The significant criterion was set at p-value < 

0.01. (C) Best fitting model selected by adjusted R-squared: the best fitting model in each 

significant voxel was selected by the highest adjusted R-squared from each model. 
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To explore the potential age-by-gender interaction in various significant 
age-related polynomial regression models from the abovementioned test, we also 
searched for the interaction between gender and various orders of the centered age 
term in different regression models (Table 3.2). Statistical significance was defined 
on a voxel level by a p-value < 0.01 of all age-by-gender interaction terms in the 
various regression models. Clusters consisting of voxels that survived this test with a 
size larger than 20 voxels were defined as significant age-by-gender clusters. 

Results 

Global analysis of DTI indices 

Table 3.3 shows the subject numbers and the mean global FA and MD values on 
a decade-by-decade basis. The mean global FA values show a gradually decreased 
change as the age increase, whereas the mean global MD values show an increase 
change. The coefficient of variations (standard deviation divided by the mean value) 
of both mean global DTI indices were around 3.5 % to 5% except for the age group 
above 80 years (only two subjects). Scatter plots for the association between the 
mean global DTI indices and age are depicted in Fig. 3.3. 

 

Age 

group 

Total subject 

numbers 

(M/F)a 

Global FA 

M + SDb 

CVc of FA 

(%) 

Global MD x 10-4 

mm2/s 

M + SDb 

CVc of MD 

(%) 

Below 

30 

5 (3/2) 0.436 + 

0.015 

3.44 7.72 + 0.27 3.49 

30-39 35 (27/8) 0.433 + 

0.019 

4.38 7.73 + 0.27 3.49 

40-49 119 (65/54) 0.433 + 

0.021 

4.84 7.74 + 0.28 3.61 

50-59 120 (68/52) 0.427 + 

0.018 

4.21 7.88 + 0.33 4.18 

60-69 45 (25/20) 0.418 + 

0.018 

4.30 8.10 + 0.36 4.44 

70-79 20 (12/8) 0.405 + 

0.017 

4.19 8.77 + 0.41 4.67 

Above 

80 

2 (2/0) 0.413 + 

0.054 

13.07 8.56 + 0.04 0.46 

Table 3.3. Subject numbers and mean global FA and MD for different age groups. a. M: male; 

F: female.; b. M + SD: mean + standard deviation.; c. CV: coefficient of variation in percentage. 



 
71 

 

 
 
Figure 3.3. Effect of aging on the mean global FA, MD, and axial and transverse diffusivity: (A) 

scatter plot of age (in year) and mean global FA shows a linear decrease with age; (B), (C), 

and (D) show the scatter plots of age and global mean, axial, and transverse diffusivity, 

respectively, in which the quadratic polynomial provided the best fit. Although no significant 

gender differences were found, fitting plots for males and females are given separately to 

show any potential trends (males: solid line; females: dotted line). 
 
The mean global FA change showed a significant negative correlation with age 

(adjusted R-squared = 0.11, p < 0.0001). We also studied the quadratic and cubic 
regression model for the mean global FA as a function of age. The results showed 
that the linear regression model was the best fitting model (i.e., only the first-degree 
term in the quadratic and cubic regression models showed a significant effect). On 
the other hand, the mean global MD was best fitted by a quadratic regression model 
rather than a cubic or linear regression model. MD showed a dip at 40.6 + 2.9 years 
of age and then gradually increased with age. This quadratic regression model 
showed a significant whole model p-value, a significant quadratic age term p-value, 
and a higher adjusted R-squared (p < 0.0001 and adjusted R-squared = 0.45) than the 
linear model (p < 0.0001 and adjusted R-squared = 0.35). Note that using the 
quadratic regression model as the best fitting model in the MD analysis, increased 
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the adjusted R-squared up to 29% compared to the linear model. The axial and 
transverse diffusivities also showed a similar pattern, where the ‘significant’ 
quadratic regression model showed an increased adjusted R-squared up to 32% 
(adjusted R-squared: quadratic: 0.37 vs linear: 0.28) for the axial diffusivity and up to 
24% (adjusted R-squared: quadratic: 0.48 vs linear: 0.39) for the transverse 
diffusivity. Although there was no significant effect in gender or age-by-gender 
interaction in the mean global analysis of these DTI indices, plots are given for men 
and women separately to show qualitatively any potential trend differences.  

Voxel based analysis of DTI indices 

The voxel based FA analysis showed a significant negative association with age 
in the bilateral frontal, the genu, and body of corpus callosum, the bilateral anterior 
and posterior limbs of internal capsule, the bilateral anterior and posterior 
periventricular region, and the bilateral deep temporal regions. Two clusters with 
spatial extent above 20 voxels located in the left putamen and periventricular white 
matter showed a positive FA change with age (Fig. 3.4). 

After controlled FDR (<0.01), there were 11109 voxels showing a significant and 
negatively age-related FA change. The most frequently best fitting model of FA 
change with age in significant voxels was the linear model rather than any of the 
higher-order regression models. Only 13.9 % (1546 voxels) showed a significant 
quadratic or cubic association with age. In these voxels, there were eight clusters 
with a spatial extent large than 20 voxels (Table 3.4). Two larger clusters (250 and 72 
voxels) with a significant quadratic association of FA change with age were located in 
the body of corpus callosum. The mean FA value in these clusters showed a gradual 
increase up to 40 years of age and then progressively decreased (Fig. 3.5). Several 
subregions of the corpus callosum demonstrated different age-related changes in 
the FA analysis. In the splenium of corpus callosum, there is no significant 
age-related FA change, but significant linear and even higher-order age-related FA 
changes can be found in the body of corpus callosum.  
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Figure 3.4. Map of the age-related FA alterations: voxel-based significance maps of the FA 

change with age as computed by the best-fitting regression. The cold (blue tints) color scale 

represents FA values that showed a significant negative best-fitting polynomial regression 

model with age. The hot (red to yellow tints) color scale on the other hand represents FA 

values that showed a significant positive best-fitting polynomial regression model with age. 

The number indicates the z-axis coordinate in MNI space (unit in mm). R: right, L: left. 
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Structure name Cluster size 
(# voxels) 

Peak T value MNI coordinates 
(mm) 

  X Y Z 
Corpus callosum (R) 250 8.49 8 6 24 
Parietal WM (R) 30 8.37 24 -46 48 
Cingulate gyrus WM (L) 58 7.78 -20 -32 42 
Corpus callosum (L) 72 5.79 -2 -24 24 
Corpus callosum (L) 37 7.38 -10 -26 26 
Precuneus WM (L) 32 6.74 -20 -50 50 
Sub-gyral WM (R) 27 4.88 16 -16 50 

Table 3.4. Significant clusters from the voxel based analysis that showed a quadratic or cubic 

relation between FA and age. MNI: Montreal Neurological Institute; WM: white matter; R: 

right side; L: left side 

Figure 3.5. Effect of aging on the mean FA value in significant clusters within the corpus 

callosum revealed by a quadratic regression function: The mean FA value in these clusters 

(see Table 3.4) showed a gradual increase up to 40 years of age followed by gradual 

decrease. 
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The voxel based MD analysis showed a more pronounced higher-order 
regression change with age than in the FA analysis. The regions showing significant 
positive age-related MD changes include the bilateral frontal regions, the anterior 
corpus callosum, the bilateral anterior and posterior periventricular regions, the 
bilateral anterior limb of the internal capsule, the bilateral thalamus, and the 
bilateral cerebellum. On the other hand, the right deep temporal WM cluster (104 
voxels) showed a significant and negative age-related change (Fig. 3.6). There were 
49725 voxels that could be fitted with the positive regression coefficient of the 
quadratic or cubic regression model in age-related MD changes, occupying about 
60% of the voxels in the significant regions of the whole brain. There are 
predominantly higher-order age-related MD changes in the genu and the body of 
corpus callosum, but hardly any significant age-related MD changes in the splenium. 

The best fitting higher-order regression models in the voxel based  and || 
analyses were similar to the one of the MD analysis. Both axial and transverse 
diffusivities showed a significant quadratic or cubic regression change with age in the 
genu and body of corpus callosum and in the bilateral periventricular region. The 
significant voxels fitted to higher-order models of age occupied 53.4% and 56.0% of 
the total significant voxels in the axial and transverse diffusivity maps, respectively. 
Note, however, that there were many regions showing significant positive 
age-related changes in , which are not deemed significant for ||, such as the 
bilateral frontal subcortical regions, the deep temporal regions, the body of corpus 
callosum, the anterior and lateral thalamus, and the bilateral anterior and posterior 
limb of the internal capsule (Fig. 3.7). 
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Figure 3.6. Map of age-related MD alterations: voxel-based significance maps of the MD 

change with age as computed by the best-fitting regression model. The cold color scale 

represents MD values that showed a significant negative best-fitting polynomial regression 

model with age. The hot color scale on the other hand represents MD values that showed a 

significant positive best-fitting polynomial regression model with age. The number indicates 

the z-axis coordinate in MNI space (unit in mm). R: right, L: left. 
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Figure 3.7. Map of the age-related alterations: age-related changes in axial (A) and raial (B) 

diffusivity; the hot color scales represent the diffusivities that showed a significant positive 

best-fitting polynomial regression model with age. The number indicates the z-axis 

coordinate in MNI space (unit in mm). R: right, L: left. 

Discussion 

In accordance with other brain aging studies that use DTI data, we have 
demonstrated that several diffusion parameters (FA, MD, ||, and ) are 
age-related (Abe et al., 2008; Nusbaum et al., 2001; Pfefferbaum et al., 2000; Salat et 
al., 2005; Sullivan et al., 2001). In contrast to previous studies, however, the present 
study has two distinguished features that need to be mentioned. 

The first important aspect is that great care has been put in the subject 
selection procedure. It is known that deep WM lesions may be seen on MR imaging 
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in approximately one-third of asymptomatic elderly subjects, but their significance 
remains unclear (Fein et al., 1990). WM damage, such as ischemic leukoaraiosis, 
could impair directional diffusion and tissue organization and, therefore, can cause 
alterations in FA or other DTI indices. To avoid confounding effects from WM 
diseases, we adopted an objective and quantitative method (ARWMC score) to 
exclude subjects with large deep and periventricular WM abnormalities as detected 
by their T2-weighted or FLAIR images. The mean ARWMC from all regions were less 
than one and at least 80% of the participants were rated as zero, which indicated no 
significant pathological WM changes in our subjects. From our T1 and T2 images, we 
also excluded subjects with structural abnormalities such as tumors, old strokes, or 
obvious variations that could bias the DTI indices. Thus, the observed changes in the 
DTI indices from our study may be considered reliable, reflecting true WM changes 
in corresponding regions. 

Secondly, we used higher-order polynomial regression models in order to 
provide a more detailed description for patterns of DTI changes in the aging process. 
With this novel approach in voxel based DTI analysis, we have shown that the 
assumption of linearity for the regression analysis does not hold for the entire brain. 
This important aspect has not been studied previously. Many DTI studies have 
indicated that white matter integrity grows during young ages, stays approximately 
unchanged in middle ages, and drops significantly during old ages. The major benefit 
of our approach is the potential to provide more specific information about these 
age-related diffusion changes. Higher-order derivatives can be calculated analytically, 
which allows one to pinpoint important milestones of white matter integrity changes, 
such as, the “turnover” time point (i.e., the age at which a decrease changes into an 
increase – or vice versa) or the age at which the highest rate of change (in a diffusion 
measure of interest) occurs. From our study, the turnover age for the global MD 
analysis was noted at 40.6 + 2.9 years old. This result cannot be determined with the 
conventional linear regression procedure. 

Finally, in our previous study, we stressed the importance of using a large 
sample size for statistical significance (Hsu et al., 2008). In this study, we further 
expanded the number of subjects (n=346) to make our parameter estimations even 
more robust (Maxwell et al., 2008). With this high statistical power, the need for 
data smoothing, a processing step which can drastically affect the results, is not 
present (Jones et al., 2005; Van Hecke et al., 2010). 
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Global effect of age 

Our results demonstrated that the best fitting regression model for the mean 
global MD and axial and transverse diffusivities was a quadratic polynomial 
expansion of age rather than a linear model. The adjusted R-squared was increased 
up to 30% in this quadratic model compared to the linear one, in which the 
corresponding significant higher-order voxels occupied about 55% of the total 
amount of significant voxels. On the other hand, the best model between the mean 
global FA and age was the linear one rather than the quadratic one as the quadratic 
model did not significantly improve the adjusted R-squared compared to the linear 
model. Since the adjusted R-squared was significantly higher for the mean global MD 
than the FA (0.45 vs 0.11), it may be that compared with FA analyses, the MD and 
eigenvalues might provide even more detailed information for aging studies. A 
potential explanation for this finding is that the MD (and other diffusivity metrics) is 
less sensitive to image noise than the FA, which is a second-order statistic of the 
diffusivity eigenvalues. 

The MD and both axial and transverse diffusivities showed a nadir at 40.6 years 
of age and then increased progressively with age. This result is in agreement with 
previous morphometric studies of WM change in aging where it was shown that WM 
volume atrophy begins at about age 50 and declines more rapidly after age 60 (Allen 
et al., 2005; Good et al., 2001). From this point of view, the mean global MD and 
other diffusivity parameters could be a more sensitive aging biomarker than GM or 
WM structural MR properties.  
 
Regional effect of age 

We demonstrated that higher-order polynomial regression models could reveal 
selective regions with significant age-related FA, MD, and eigenvalue changes. 
Compared with previous studies, our results showed a similar age-related FA change 
in the frontal and periventricular regions, the corpus callosum, the deep temporal 
region, and the anterior and posterior limbs of the internal capsule (Abe et al., 2002; 
Pfefferbaum et al., 2000; Salat et al., 2005; Sullivan et al., 2001). 

A significant higher-order regression model for FA with age was also found in 
the body of the corpus callosum. On the other hand, the genu of the corpus callosum 
and bilateral frontal subcortical regions showed a linear decrease of FA with age and 
even no significant age-related FA alteration was found in the splenium of the corpus 
callosum. Different patterns of age-related change in various parts of the corpus 
callosum have also been reported in previous studies (Abe et al., 2002; Ardekani et 
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al., 2007; Ota et al., 2006). The consistent findings that were reported were a 
decreased FA in the anterior portion of the corpus callosum and no significant 
age-related changes in the splenium of the corpus callosum. 

Recently, McLaughlin et al. (2007) used DTI to study the developmental effects 
across the whole lifespan within the corpus callosum (McLaughlin et al., 2007). Their 
findings suggest a curvilinear relationship in the analysis of FA from age 10 to 70 with 
FA increasing in childhood and adolescence, reaching their peak in young adulthood, 
followed by a decline in the elderly. Our results are compatible with their findings 
and may suggest that the WM microstructure in the body of the corpus callosum is 
still preserved at age 40. 

The decreased FA within the genu and the body of the corpus callosum could be 
due to the increase of the transverse diffusivity rather than the axial diffusivity, 
which may indicate age-related neural fiber loss and decreases in myelin (Bhagat and 
Beaulieu, 2004). These findings are also observed in our study, where significant 
age-related changes in the transverse diffusivity rather than the axial diffusivity exist 
within the anterior portion of the corpus callosum, but not in the splenium (Fig. 3.7).  

The genu of the corpus callosum and the bilateral frontal regions only showed a 
linearly decreasing age-related FA change rather than the quadratic decline, which 
could be due to our strict statistical threshold in the FDR approach (p < 0.01). In the 
bilateral frontal subcortical and the deep temporal regions, the age-related change 
in the transverse diffusivity is more prominent than in the axial diffusivity and its 
distribution is more prominent in the frontal than the temporal regions. These 
findings are compatible with the loss of WM integrity, as observed during the aging 
process in these late-myelinating regions, and possibly suggest that age-related WM 
microstructure alterations are more prominent in the frontal region (Bartzokis et al., 
2001). 

Another interesting finding was that the thalamus also showed a regionally 
specific age-related diffusivity alteration. There were only a few studies that have 
focused on diffusivity changes within the thalamus (Abe et al., 2002; Bhagat and 
Beaulieu, 2004; Pfefferbaum et al., 2010); however, there were no consistent 
findings (Abe et al., 2002; Abe et al., 2008). Recently, volumetric MRI analyses have 
shown a significant thalamic volume loss during the aging process (Sullivan et al., 
2004; Walhovd et al., 2005). Ota et al also observed that age-related FA and MD 
alterations can be found in the anterior and central subregions of the thalamus (Ota 
et al., 2007). Our findings also demonstrated that the age-related alterations are 
more prominent for the transverse diffusivity than for the FA measure. Here, the 
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increased MD in the thalamic regions can be related more to a change in the 
transverse diffusivity compared to the axial diffusivity. The significant regions were 
located in the anterior and central lateral regions of the thalamus (Fig. 3.7). These 
results may indicate that in aging, there is a loss of myelinated fibers in these 
subregions of the thalamus, which could correspond with the volumetric changes 
observed in conventional MRI studies that may be due to WM loss in the thalamus 
(Ota et al., 2007; Sullivan et al., 2004; Walhovd et al., 2005). 

Large areas of age-related MD alterations in cerebral and cerebellar cortex have 
also been shown in our study. However, these areas were not found in the 
age-related FA change nor in the difference between age-related alteration in axial 
and transverse eigenvalues (Fig. 3.7). Note that these changes can be related to the 
more isotropically distributed water diffusivity in GM. The increased age-related MD 
changes can be partially attributed by either GM atrophy during the aging process or 
by partial volume effects with CSF, which may increase the diffusivity in these 
regions (Allen et al., 2005; Bhagat and Beaulieu, 2004; Walhovd et al., 2005). New 
algorithms have been developed recently to accurately analyze the GM diffusivity 
and may further improve the detailed analysis of age-related diffusivity parameters 
in the cerebral cortex (Liu et al., 2006; Yoshiura et al., 2005). 

Limitations of the current study 

As mentioned in our previous study, cross-sectional studies only reflect 
differences among subjects of different age rather than changes associated with 
aging in each individual (Hsu et al., 2008). We also did not consider the effect of 
other variables, such as cigarette smoking, alcohol intake, hypertension, diabetes 
mellitus, or other disease conditions. How these factors may affect the results is 
unknown. Therefore, a longitudinal follow-up with an additional control of clinical 
variables would be a better way to demonstrate the relationships between regional 
FA and MD and aging. 

In addition, it is still unclear to what extent macroscopic WM lesions can be 
considered as ‘abnormal’ with respect to aging. We deliberately selected subjects 
with no or few macroscopic WM changes by applying the ARWMC score, which may 
exclude elder people with WM changes related to normal aging. It is possible that 
such selection biases may obviate the true physiological changes. 

The age distribution in our cohort follows a normal distribution rather than a 
uniform distribution: our studied subjects were enrolled consecutively and, 
therefore, this recruitment may be considered to be a random process obeying the 
assumption of a Gaussian distribution. Consequently, the estimated variance in the 
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diffusion parameters may be higher at both extremes of the age range. However, 
under this assumption of Gaussianity, it can also be shown that the global trend (the 
central line) obtained from the polynomial regression procedure is an unbiased 
estimate, which is beneficial for our VBA framework (Slinker and Glantz, 1988). In 
addition, the coefficient of variation of the studied diffusion indices are within 
3.5%-5% for most age groups (Table 3.3), which further supports the stability of our 
estimated polynomial regression curve. 

Diffusion-weighted images based on echo planar sequences suffer from 
distortions due to field inhomogeneities from susceptibility differences as well as 
from eddy currents arising from diffusion gradients (Ardekani and Sinha, 2005). 
These artifacts are usually observed in frontal and bilateral temporal bone regions. 
Although we corrected for eddy current distortions, we did not perform any 
geometric distortion correction of these susceptibility induced artifacts. 
Consequently, the results in these regions should be interpreted with great care.  

Another limitation is related to the modeling strategy. It is still unknown which 
step should go first: correction of multiple comparisons or the selection of the best 
fitting model; and which statistical threshold should be applied in these DTI data. In 
our study, we applied a strict statistical threshold so that our results can be 
considered as more conservative. These, however, could underestimate the real 
pattern of changes during the aging process.  

Conclusion 

In summary, our results demonstrate that higher-order polynomial regression 
models can be applied for studying age-related DTI changes in a voxel based analysis 
framework. These non-linear fitting models provided more detailed information 
regarding the age-dependent alterations of global and regional diffusion 
characteristics in brain WM. In particular, we also showed that the age factor can 
play a more prominent role for the MD and eigenvalues than the FA measure.  
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Abstract 

This study investigated whether diffusion tensor imaging (DTI) could identify 
potential abnormalities in type 2 diabetes mellitus (T2DM) patients without cognitive 
complaints compared to healthy controls. In addition, the existence of associations 
between diffusion measures and clinical parameters was examined. Forty T2DM 
patients and 97 non-diabetic controls completed a clinical and biochemistry 
examination. Structural MRI scans (DTI, T1, T2, FLAIR) were subsequently acquired 
with a 1.5 Tesla scanner. In addition to a global DTI analysis, voxel-based analysis was 
performed on the fractional anisotropy (FA), mean diffusivity (MD), and axial (AD) 
and transverse (TD) diffusivity maps to investigate regions that exhibit (i) WM 
differences between patients and controls; and (ii) associations between clinical 
measurements and these DTI indices. There were no significant differences in age, 
gender, and WM hyperintensity scores derived by the conventional MRI scans 
between controls and T2DM patients. For the T2DM patients, however, the MD of 
the brain parenchyma was significantly increased compared to controls and was 
positively correlated with disease duration. The voxel based analyses revealed (i) a 
significantly decreased FA in the bilateral frontal WM compared to controls which 
was mainly caused by an increased TD and not a decreased AD within these regions; 
(ii) a significant association between disease duration and microstructural properties 
in several brain regions including bilateral cerebellum, temporal lobe WM, right 
caudate, bilateral cingulate gyrus, pons, and parahippocampal gyrus. Our findings 
indicate that microstructural WM abnormalities and associations with clinical 
measurements can be detected with DTI in T2DM patients. 
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Introduction 

Diabetes mellitus (DM) is a common metabolic disease characterized by 
hyperglycemia due to the insufficient availability of, or insensitivity to, insulin. 
Diabetes is typically associated with structural brain abnormalities and an increased 
risk for stroke (Folsom et al., 1999), lacunar infarctions (Kobayashi et al., 1997), silent 
stroke events (Eguchi et al., 2003), and gray matter atrophy (Manschot et al., 2006; 
Musen et al., 2006). While the relationship between white matter (WM) 
hyperintensities and diabetes is still controversial, a recent systematic review on 
diabetes and brain imaging concluded that there is convincing evidence for an 
association between diabetes and cerebral atrophy and lacunar infarctions (van 
Harten et al., 2006). It was stated, however, that it is still unclear whether or not 
type 2 diabetes mellitus (T2DM) is associated with WM hyperintensities as observed 
with magnetic resonance imaging (MRI). With nine of the 27 WM lesion studies 
included in their meta-analysis, no association between diabetes and WM 
hyperintensities was observed in the “vascular cohorts”. By contrast, for the 
“outpatient cohorts”, there appeared to be a modest association between diabetes 
and WM hyperintensities. This uncertainty could be partly due to the insufficient 
sensitivity of conventional MRI modalities (e.g., T1 and T2 maps) to detect subtle 
brain WM changes or to assess the severity of WM hyperintensities. In the review 
paper of van Harten et al., 2006, it was also suggested that diffusion tensor imaging 
(DTI) could be a promising technique for the investigation of WM properties in 
diabetes patients. 

DTI is a unique technique for assessing WM structural properties based on the 
three-dimensional anisotropic Gaussian diffusion of water molecules (Basser et al., 
1994). With DTI the directionality and magnitude of random water movement in 
tissue can be estimated yielding several quantitative measures, such as the three 
principle diffusivities (i.e., the eigenvalues of the diffusion tensor: 1 > 2 > 3), 
mean diffusivity (MD = [ 1 + 2 + 3]/3), transverse diffusivity (TD = [ 2 + 3]/2), 
axial diffusivity (AD = 1), and the degree of diffusion anisotropy (e.g., the fractional 
anisotropy: FA) (Pierpaoli and Basser, 1996). Without barriers, water molecules 
move uniformly in all directions, which results in isotropic diffusion. By contrast, in 
the presence of barriers, such as cell membranes, nerve fibers, or myelin sheets, the 
diffusion rate is typically larger in one direction than in another, which is then 
referred to as anisotropic diffusion (Beaulieu, 2002). Being quantitative in nature, 
these DTI based measures have been shown to be more sensitive to tissue 
abnormalities than the typical visual evaluation of WM hyperintensities observed in 
conventional MRI data (Della Nave et al., 2007; Van Hecke et al., 2008a). To date, DTI 
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studies have revealed WM alterations through measurements of decreased FA 
and/or increased MD in a variety of conditions, including aging (Hsu et al., 2008; 
Sullivan and Pfefferbaum, 2007; Van Hecke et al., 2008a), multiple sclerosis (Patel et 
al., 2007), schizophrenia (Carpenter et al., 2008), traumatic brain injury 
(Caeyenberghs et al., 2010a; Caeyenberghs et al., 2010b), amyotrophic lateral 
sclerosis (Sage et al., 2009) and Alzheimer’s disease (Stahl et al., 2007). For an 
in-depth discussion of DTI, the interested reader is referred to a recent review of 
Tournier et al (Tournier et al., 2011). 

Only a few studies have been published that use DTI to investigate WM 
properties in DM patients. Kodl et al. demonstrated that DTI can detect 
microstructural WM abnormalities in subjects with long-standing type 1 DM and 
they showed that poor performance on selected neurocognitive tests correlates with 
reduced WM FA (Kodl et al., 2008). More recently, another study examined the 
emotional and declarative memory impairment and associated WM microstructural 
properties in 24 middle-aged and elderly patients with T2DM but without any 
obvious vascular pathology or psychiatric disorder (Yau et al., 2009). Their findings 
suggest that T2DM patients show diffuse and predominantly frontal and temporal 
WM microstructural abnormalities, with extensive involvement of the temporal stem. 
Also the FA of the temporal stem was found to be associated with immediate 
memory performance. 

In this work, we studied the WM microstructural organization in a 
well-controlled and large (n = 40) cohort of non-hypertensive T2DM patients. In 
particular, we investigated whether DTI was able to detect differences in diffusion 
properties (i.e., FA, MD, TD, and AD) between these patients and healthy controls 
even when the conventional MRI data of the T2DM patients did not show any 
significant abnormalities. In addition, we performed a battery of medical tests to 
examine potential relationships between the DTI indices and clinical parameters. The 
healthy controls and T2DM patients in this study do not exhibit significant cognitive 
deficits. Our results demonstrate that, compared with age-matched non-diabetes 
controls, T2DM patients show several regions with abnormal diffusion values 
reflecting DM related changes in microstructural tissue organization. To the best of 
our knowledge, this is the largest DTI based T2DM study to date (40 patients vs. 97 
controls) and the first one that also investigates both regional and global diffusivity 
measures, including AD and TD, providing a more detailed picture of the underlying 
microstructural tissue organization in T2DM patients. 
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Methods 

Subjects 

Forty-two middle-aged T2DM patients (27M/15F) and 100 non-diabetic 
non-hypertensive controls (54M/46F) were examined by a collaborating 
endocrinologist based on the guideline criteria of “The American Diabetes 
Association: clinical practice recommendations 1996”. The patients were selected 
from our community-based prospective cohort study, which investigates the cardio- 
and cerebro-vascular risk factors in the general population, or were recruited from a 
general health screening program. The duration of disease was measured from the 
date of diagnosed T2DM to the MRI scanning date. Diabetic subjects were on various 
oral hypoglycemic agents without any history of insulin treatment and hypoglycemic 
episode. The control subjects were recruited from the health screening program in 
the Shin-Kong Wu Ho-Su Memorial Hospital, Taipei, Taiwan. 

Both patients and controls received detailed examinations, including physical 
and bed-side neurological examinations (such as checking the cranial nerves, the 
motor system, and any cerebellar signs) performed by neurologists, a biochemistry 
study, a chest X-ray, an electrocardiogram, and an electroencephalogram prior to 
the data acquisition. All participants who had a history of major neurological 
diseases, cerebrovascular accidents, psychiatric or serious cardiovascular diseases, or 
those with manifestations of stroke (demonstrated by abnormal bedside 
neurological examination) were excluded. 

In addition, subjects with significant cognitive deficits, i.e. with cognitive 
complaints that cause impairment in social or occupational functioning were not 
included. Body height and weight were measured by a validated automated device 
(TBF-22, TANITA Co. Ltd, Japan), and then the body mass index (BMI) was calculated. 
Blood pressure (BP) was measured with a validated oscillometric automated digital 
BP device (OMRON HEM-757; Omron Matsusaka Co. Ltd, Japan) after examinees had 
rested for at least 5 minutes. Subjects were classified hypertensive and were 
excluded from this study if they received anti-hypertensive treatment or if they had 
a BP above the cut-off value (a systolic BP >= 140 mm Hg or a diastolic BP >= 90 mm 
Hg). The biochemistry tests included the assessment of fasting glucose, glycated 
hemoglobin (HbA1c), triglycerides, total cholesterol, high-density lipoprotein (HDL), 
and low-density lipoprotein (LDL). 

Any MRI scans (see acquisition details below) with structural abnormalities, 
such as a tumor or stroke, obvious variations (e.g., mega cisterna magna, cavum 
septum pellucidum), or technical acquisition artifacts were excluded. Additionally, 
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other brain WM properties, as observed on T2-weighted and fluid-attenuated 
inversion recovery (FLAIR) images, were also rated by one of the authors (JL) using 
the age-related WM changes (ARWMC) score (Wahlund et al., 2001). Subsequently, 
all subjects with a regional ARWMC score higher than 1, which corresponds to the 
beginning confluence of lesions in periventricular WM abnormalities at that location, 
were also excluded. Summation of all the regional ARWMC scores was performed to 
construct the total ARWMC score in each individual. 

In the control group, three subjects were excluded due to WM hyperintensities 
in the bilateral parietal lobes and the other regions (subject one: total ARWMC = 6; 
subject two: total ARWMC = 10) and the bilateral frontal lobes (subject three: total 
ARWMC = 4). In the T2DM group, two subjects were excluded: one subject had WM 
hyperintensities in the bilateral frontal and parietal lobes (total ARWMC = 8) and the 
other one had an asymptomatic dural arteriovenous malformation. There were no 
data sets with technical acquisition artifacts. The final number of participants 
included in this study was 137, consisting of 40 T2DM patients (25M/15F) and 97 
non-diabetic non-hypertensive controls (54M/43F). A summary of inclusion and 
exclusion criteria for T2DM patients and control subjects is presented in Table 4.1. 
All participants gave their informed consent and the Ethics Committee of the 
hospital approved the protocol of this study. 
 

Criteria T2DM patients and controls 
Inclusion Age: 40-70 years old. 

T2DM criteria using ADA criteria 1996. Patient did not have any history 
of insulin treatment or hypoglycemic episode. 

No history of major neurological diseases, cerebrovascular accidents, 
psychiatric or serious cardiovascular diseases, or those with 
manifestations of stroke demonstrated by abnormal bedside 
neurological examination. 

No cognitive complaints that cause impairment in social or 
occupational functioning. 

No history of anti-hypertensive treatment or if they had a BP above 
the cut-off value (a systolic BP >= 140 mm Hg or a diastolic BP >= 90 
mm Hg). 
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Exclusion Any T1 MRI scans with structural abnormalities, such as a tumor or 
stroke, obvious variations (e.g., mega cisterna magna, cavum septum 
pellucidum), or technical acquisition artifacts. 

WM abnormalities: brain WM properties, as observed on T2-weighted 
and FLAIR images, rated by one of the authors (JL) using the 
age-related WM changes (ARWMC) score. 

A regional ARWMC score higher than 1, which corresponds to the 
beginning confluence of lesions in periventricular WM abnormalities at 
that location. 

Table 4.1. Summary table of inclusion and exclusion criteria for T2DM patients and controls 

 

MR image acquisition 

All participants received whole-brain MRI scans (Siemens, 1.5 T Avanto, 
Erlangen, Germany) within 1 week after the clinical examination. First, trans-axial 
T2-weighted scans (TR/TE = 4860/98 ms, NEX = 2, voxel size 0.43 x 0.43 x 5 mm3), 
FLAIR images (TR/TE = 9790/106 ms, inversion time 2500 ms, NEX = 2, voxel size 0.45 
x 0.45 x 5 mm3), and high-resolution sagittal T1-weighted images (TR/TE = 8.8/4.7 ms, 
NEX = 1, voxel size 1.0 x 1.0 x 1.0 mm3) were acquired. Secondly, single-shot 
spin-echo echo-planar whole-brain DTI scans were acquired axially with a fat 
suppression sequence (TR/TE = 7600/82 ms, 3 mm slice thickness without gap, slice 
acquisition matrix = 128 x 128 with FOV = 256 x 256 mm2, 6/8 partial Fourier, NEX = 2, 
55 slices, 12 gradient directions with b-value = 1000 s/mm2, and one b = 0 s/mm2 
image) (Jones D.K. and Leemans A., 2011). 

Image processing 

The DTI based pre-processing steps performed in this work have been described 
previously in detail (Hsu et al., 2008; Hsu et al., 2010). In summary, the following 
steps were taken: 

(a) All DTI data sets were corrected for eddy current induced geometric 
distortions and subject motion (Leemans and Jones, 2009). 

(b) The diffusion tensor model was fitted to the data with ExploreDTI (Leemans 
et al., 2009) using a non-linear regression method. The diffusion measures 
(FA, MD, RD, and AD) were subsequently computed (Pierpaoli and Basser, 
1996). 

(c) A population-based DTI atlas in MNI space was constructed (Hsu et al., 2010; 
Van Hecke et al., 2008b) to drive the tensor based affine (Leemans et al., 
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2005) and non-affine (Van Hecke et al., 2007) coregistration techniques. At 
the final transformation step, the “preservation of principal direction” 
strategy was applied to reorient the diffusion tensor (Alexander et al., 2001b). 
This coregistration approach has already been applied successfully in a wide 
range of applications, where adjusting for morphological inter-subject (and 
inter-group) differences, such as, for instance, ventricle size, is considered to 
be necessary (Sage et al., 2009; Van Hecke et al., 2010b; Verhoeven et al., 
2010). 

Global analysis 

The intracranial brain was extracted from the b = 0 s/mm2 image with BET2, the 
brain extraction tool from FSL (http://www.fmrib.ox.ac.uk/fsl/) (Smith, 2002). The 
brain was further subdivided into its cerebrospinal fluid (CSF) regions and brain 
tissue (combined GM and WM) by segmenting all CSF voxels using an automated 
gray-level thresholding method, performed on the MD map (Otsu, 1979). For each 
subject, the mean FA, MD, AD, and TD of brain tissue were calculated. Potential 
group differences were examined with a two-way ANOVA (controlling for age 
effects). To investigate the relationship between the clinical parameters and the 
global DTI indices in the patient group, we used the linear regression model with age 
as a covariate. 

Voxel based analysis 

In addition to the global analysis, a whole-brain voxel-based analysis was 
performed using the statistical non-parametric mapping (SnPM) toolbox to search 
for brain regions with significant differences in FA and MD between the diabetic 
patients and non-diabetic controls (Ashburner and Friston, 2000). In summary, the 
general linear model in SnPM was applied to construct pseudo t-statistic images, 
which were then assessed for significance using a standard non-parametric multiple 
comparisons procedure based on randomisation/permutation testing (Nichols and 
Holmes, 2002). Then, a two-sample T-test with age as a covariate was applied to 
assess potential differences. No spatial smoothing was performed on the normalized 
DTI images prior to the statistical analysis to prevent the introduction of any filter 
bias (Van Hecke et al., 2010a). The resulting voxels constituted pseudo t-statistic 
images and their thresholds were subsequently defined at the threshold: t-value >= 2 
(corresponding false discovery rate p < 0.03 level). Cluster sizes larger than 50 voxels 
were considered significant after correction for multiple independent comparisons. 
To study the potential FA (or MD) differences between T2DM patients and healthy 
controls in more detail, an image mask from the regions with significant FA (or MD) 
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differences was created and applied to the each individual’s AD and TD image. 
Potential group differences in mean AD and TD, controlled for age effects, were 
investigated with a two-way ANOVA. Finally, to explore the relationship between the 
clinical parameter(s)-of-interest (as determined by the outcome of the global 
analyses) and the FA and MD images, the multiple regression model from the SPM 
toolbox was applied (Ashburner and Friston, 2000) with age as 
covariate-not-of-interest (significance level and cluster size as defined above). 
Volumetric estimates of GM, WM and CSF were calculated from the T1 images using 
the Unified Segmentation (US) approach, as implemented in SPM8 (Ashburner and 
Friston, 2005). Total intracranial volume (TIV) was defined as the summation of GM, 
WM and CSF volumes. Potential volumetric group differences for each of these 
components, controlled for age effects, were investigated with a two-way ANOVA. 
We also investigated the group differences for each fraction of the brain 
components (defined by GM/TIV*100%, WM/TIV*100% and CSF/TIV*100%), 
controlled for age effects using a two-way ANOVA 
 
Results 

Descriptive statistics of clinical measures 

Clinical and demographic characteristics of the T2DM patients are compared to 
those of the age-matched healthy controls in Table 4.2 (using two-tailed 
independent sample t-tests and Chi-square tests).  
 

T2DM patients Healthy controls p-value
N 40 97  
Age (years) 56.8 + 5.5 56.2 + 4.7 0.40 
Gender (M/F) 25/15 54/43 0.46 
Diabetes duration (years) 5.1 + 4.7 N/A N/A 
BMI (kg/m2) 25.3 + 3.6 23.6 + 2.9 0.0139 
Systolic BP (mm Hg) 121.4 + 11.4 113.6 + 13.3 0.00043 
Diastolic BP (mm Hg) 73.5 + 6.6 69.5 + 9.7 0.016 
Glucose (mmol/l) 141.4 + 44.3 90.3 + 10.1 < 0.0001 
HbA1c (%) 7.7 + 1.7 5.5 + 0.3 < 0.0001 
Triglycerides (mg/dl) 158.4 + 98.6 121.9 + 63.4 0.0379 
Cholesterol 198.1 + 39.1 211.7 + 37.2 0.06 
HDL (mmol/l) 46.6 + 11.2 61.9 + 20.8 < 0.001 
LDL (mmol/l) 138.9 + 33.9 140.3 + 38.9 0.83 
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Total ARWMC score 0.4 + 0.7 0.4 + 0.8 0.88 
FA 0.251 + 0.008 0.255 + 0.009 0.07 
MD (x10-5 mm2/s) 81.8 + 3.5 80.3 + 3.3 0.03 
AD (x10-5 mm2/s) 102.4 + 4.4 100.8 + 4.4 0.07 
TD (x10-5 mm2/s) 71.5 + 3.1 70.0 + 2.9 0.02 

Table 4.2. Demographic data and global DTI indices of brain parenchyma for T2DM patients 

and healthy controls. Data values are expressed in means + SD (or in frequency). BMI: body 

mass index; BP: blood pressure; HbA1c: glycated hemoglobin; HDL: high-density lipoprotein; 

LDL: low-density lipoprotein; ARWMC: age-related WM changes; FA: fractional anisotropy; 

MD: mean diffusivity; AD: axial diffusivity; TD: transverse diffusivity. The p-values for the FA, 

DM, AD, and TD were age-adjusted (two-way ANOVA). 

 
There is no significant difference in age, gender, total cholesterol, LDL, and total 
ARWMC scores between both groups. However, diabetic patients have higher levels 
of BMI, systolic and diastolic BP, fasting glucose, HbA1c, and triglyceride; and lower 
HDL levels than controls. As shown in Table 4.3, for diabetic patients, age was 
positively correlated with disease duration, HDL, and the total ARWMC score; and 
negatively associated with triglyceride and BMI (using Pearson’s correlation method). 
In addition, disease duration did not correlate with LDL. Furthermore, there are 
significant negative correlations between the mean MD, AD, and TD measures on the 
one hand and triglycerides on the other hand. Finally, the MD and TD are correlated 
with BMI as well. 
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Global analysis 

Table 4.2 shows the mean and standard deviation (SD) of the global DTI indices 
within brain parenchyma for both groups. Here, the MD was significantly different 
between groups, which can be mainly attributed to the significantly increased TD in 
T2DM patients. With a 2-way ANOVA (correcting for age effects), the significant 
correlation that could be observed between the DTI measures and the clinical 
parameters was between disease duration and the MD (Fig. 4.1). Investigating the 
observed increase of the MD with disease duration in more detail revealed that both 
the associated AD and TD are highly correlated with disease duration (whole model 
age-adjusted p-values for AD and TD are 0.0021 and 0.0034, respectively) (Fig. 4.1).  

 

Figure 4.1. Effect of disease duration on the global DTI parameters FA (A), MD (B), AD (C), 

and TD (D) using age as covariate. Only the FA did not show a significant correlation with 

disease duration. The solid line represents the age-adjusted regression line between disease 

duration and global MD in brain parenchyma. The trend slopes for disease duration and age, 

and the p value for regression line are also indicated for the significant correlations. FA: 

fractional anisotropy; MD: mean diffusivity; AD: axial diffusivity; TD: transverse diffusivity. 
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Regional (voxel based) inter-group analysis 

Two clusters of a significantly lower regional FA were found in the T2DM group 
compared to the controls (104 permutations and using age as a 
covariate-not-of-interest) and were distributed on the bilateral frontal WM area (Fig. 
4.2(A)). Further inspection revealed that these FA decreases in T2DM patients were 
mainly caused by a significant increase in the corresponding TD (T2DM vs. controls: 
[66.8 + 5.4] x 10-5 mm2/s vs. [62.7 + 5.4] x 10-5 mm2/s with age-adjusted group 
difference p < 0.001), since there was no significant difference in AD (T2DM vs. 
controls: [87.6 + 4.3] x 10-5 mm2/s vs. [87.4 + 4.3] x 10-5 mm2/s with age-adjusted 
group difference p = 0.81). No significant regional increases in FA were observed.  
For the MD analysis, the patient group showed twelve clusters with a significantly 
higher MD compared to the healthy subjects (while correcting for age effects). The 
distribution of the regions included the bilateral anterior and posterior lobes of the 
cerebellum, bilateral temporal lobe WM, the left parahippocampal gyrus, the left 
fusiform gyrus, and the left cuneus WM (Fig. 4.2(B)). Post-hoc analysis showed 
significant increases in both the associated TD and AD for T2DM patients (for TD, 
T2DM vs. controls: [67.1 + 4.0] x 10-5 mm2/s vs. [62.3 + 3.0] x 10-5 mm2/s with 
age-adjusted group difference p < 0.001, and for AD, T2DM vs. controls: [96.8 + 4.8] x 
10-5 mm2/s vs. [91.9 + 3.9] x 10-5 mm2/s with age-adjusted group difference p < 
0.001). There were no significant regional decreases in MD in the T2DM group. 

Regional (voxel based) association analysis 

As disease duration was the only clinical parameter that showed significance in 
the exploratory global analysis, it was used as the covariate-of-interest in the voxel 
based association analysis. Three clusters in the area of the bilateral posterior 
cerebellar lobes and the right frontal lobe WM showed a significant negative 
correlation between disease duration and FA while correcting for age effects (Table 
4.4; bottom row Fig. 4.3(A)). 

In addition, four clusters with a significant positive correlation were found in 
the left brainstem, the right lentiform nucleus, and the bilateral frontal lobe WM 
(Table 4.4; top row Fig. 4.3(A)). For the brain regions that showed a negative 
correlation between FA and disease duration, both AD and TD showed a significant 
positive (p = 0.029 for AD and p < 0.0001 for TD) correlation with disease duration. 
By contrast, for brain regions showing a positive correlation between FA and disease 
duration, AD showed a significantly positive (p < 0.0001), but TD a significantly 
negative (p = 0.0006) correlation with the disease duration. 
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Figure 4.2. Maps showing significant inter-group differences in FA (A) and MD (B). (A) 

Voxel-based significance maps of the decreased FA in diabetic patients, as computed by 

SnPM pseudo t-tests at the voxel level. The ‘cold’ color scale represents the pseudo t-value 

significance for the FA decreases. (B) Voxel-based significance maps of the increased MD in 

diabetic patients, as computed by SnPM pseudo t-tests at the voxel level. The ‘hot’ color scale 

represents the pseudo t-value significance for the MD increases. The number indicates the 

z-axis coordinate in the MNI space (unit in mm). R: right side, L: left side, FA: fractional 

anisotropy; MD: mean diffusivity.  
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Structure name Cluster voxel 

number 

Peak T 

value 

MNI coordinates of 

centroid (mm) 

   X Y Z 
Negative correlate with disease duration 

Cerebellum posterior lobe (L) 291 4.94 -20 -78 -24 
Middle frontal gyrus WM (R) 99 3.83 34 2 42 
Cerebellum posterior lobe (R) 50 3.74 36 -50 -48 

Positive correlate with disease duration 
Brainstem (L) 57 4.64 -10 -26 -14 
Lentiform nucleus (R) 114 4.26 18 0 6 
Middle frontal gyrus WM (R) 86 3.95 20 14 40 
Medial frontal gyrus WM (L) 87 3.82 -14 34 36 

Table 4.4. Overview voxel-based analysis: summary statistics of the brain regions that 

showed a significant correlation between disease duration and fractional anisotropy (age 

included as a covariate-not-of-interest). 

 

Figure 4.3 (A) 
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Figure 4.3. T-value significance maps of the FA (A) and MD (B) associations with disease 

duration. (A) Voxel-based significance maps of the FA showing positive correlations with the 

disease duration (with age as a covariate-not-of-interest), as computed by t-tests at the voxel 

level (see bottom row with the ‘hot’ color map representing the t-statistic values). The top 

row shows the FA changes that correlated negatively with the disease duration (with the 

‘cold’ color map representing the t-statistic values). (B) Voxel-based significance maps 

showing a positive correlation between disease duration and the MD (with age as 

covariate-not-of-interest), as computed by t-tests at the voxel level. The number indicates the 

z-axis coordinate in the MNI space (unit in mm). R: right side, L: left side, FA: fractional 

anisotropy; MD: mean diffusivity.  
 
 
 

Figure 4.3 (B) 
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Performing the association analysis between disease duration and MD (again, 
using age as covariate-not-of-interest) resulted in thirty clusters with a significant 
positive correlation (Fig. 4.3(B)). The largest 10 clusters are summarized in Table 4.5. 
The distribution of these areas included the right caudate, the bilateral cingulate 
WM gyrus, the bilateral anterior lobes of the cerebellum, the right superior temporal 
WM gyrus, and the pons (Fig. 4.3(B)).Within these significant regions, both the AD 
and TD showed significant positive (both p < 0.0001) correlations with disease 
duration. No significant negative correlations between disease duration and MD 
were found. 

 

Structure name Cluster voxel 
number* 

Peak T 
value 

MNI coordinates of 
cluster centroid 

(mm) 
   X Y Z 
Inferior frontal gyrus WM (L) 363 5.52 -46 20 18 
Cingulate gyrus WM (R) 124 5.12 8 -38 22 
Caudate (R) 1139 5.09 14 12 10 
Superior temporal gyrus WM (R) 527 5.03 48 -36 12 
Cingulate gyrus WM (R) 139 4.90 -10 -2 42 
Precuneus (L) 141 4.87 -24 -52 44 
Pons WM 1649 4.87 -2 -26 -40 
Parietal lobe WM (L) 136 4.58 -32 -60 32 
Fusiform gyrus WM (L) 449 4.36 -40 -50 -14 
Middle frontal gyrus WM (L) 117 3.95 -30 48 -4 

Table 4.5. Overview voxel-based analysis: summary statistics of the brain regions that 

showed a significant positive correlation between disease duration and mean diffusivity (age 

included as a covariate-not-of-interest). MNI: Montreal Neurological Institute; WM: white 

matter; R: right side; L: left side. *voxel size: 8 mm3. 

The GM, WM and CSF volumes, which were estimated with the US method from 
SPM, did not show any significant group differences (2-way ANOVA, corrected for 
age effects). In summary, the GM, WM, and CSF volumes were T2DM: 604 + 63 ml vs. 
controls: 616 + 62 ml (p = 0.37), T2DM: 457 + 51 ml vs. controls: 472 + 61 ml (p = 
0.20), and T2DM: 485 + 86 ml vs. controls: 472 + 102 ml (p = 0.47), respectively. In 
addition, there was no significant (p=0.69) difference in TIV between T2DM (1547 + 
147 ml) and controls (1559 + 150 ml). There is also no significant group difference in 
the fraction of each brain component. The GM, WM, and CSF fractions were T2DM: 
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39.1 + 3 % vs. controls: 39.5 + 3 % (p = 0.41), T2DM: 29.6 + 2 % vs. controls: 30.3 + 3 
% (p = 0.20), and T2DM: 31.3 + 4 % vs. controls: 30.1 + 5 % (p = 0.19), respectively. 

Discussion 

In this investigation, we demonstrated significant differences in the 
microstructure of brain tissue, as determined by global and voxel based analyses of 
FA, MD, RD, and AD measures, between T2DM patients and healthy controls. More 
specifically, we observed a regionally decreased FA in T2DM patients due to a 
significantly increased TD (with no significant decrease in AD). In addition, for both 
the global and regional analysis, the observed increase in MD for T2DM patients 
compared to healthy controls can be mainly attributed to the increased TD. Further 
analysis revealed significant correlations between disease duration and diffusion 
metrics in several brain regions. As an example, the most significant association was 
found with the MD in the left frontal WM. Crucial in these analyses was to 
incorporate age as a covariate-not-of-interest, as it is a well-known fact that for both 
healthy and diseased subjects diffusion measures, such as FA and MD, are highly 
dependent on age (Bastin et al., 2010; Hsu et al., 2008; Lebel et al., 2008; Salat et al., 
2005; Van Hecke et al., 2008a).  

In this study, the conventional MRI scans, such as the T2-weighted or the FLAIR 
images, did not reveal any significant WM intensity abnormalities or volumetric 
differences between T2DM patients and healthy controls. In this context, the 
relationship between WM hyperintensities (number/volume) observed in these 
conventional images and T2DM remains controversial. For instance, using a 
volumetric method based on inversion recovery and FLAIR images, one study 
showed 56% larger WM hyperintensity volumes in T2DM patients than in controls 
(Jongen et al., 2007). Another study investigating FLAIR images, showed no 
significant difference in total WM hyperintensity volume, except in lesion volume 
(Novak et al., 2006). The few DTI based diabetes studies that have appeared in 
recent literature, however, seem to be more in agreement with each other. Both 
Kodl et al and Yau et al, for instance, showed significantly lower FA values in several 
brain regions, including the posterior corona radiata and the optic radiation in type 1 
DM patients (Kodl et al., 2008) and the frontal and temporal WM in T2DM subjects 
(Yau et al., 2009). In our study, we also showed a decreased regional FA in the 
bilateral frontal WM. In contrast to Yau et al, however, we also investigated the 
diffusivities (MD, AD, TD), which – being independent of the FA – provide a more 
complete picture of the changes in the underlying microstructural tissue 
organization in T2DM patients. The decreased FA in the frontal WM in our study, for 
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instance, was driven by the increase in TD and not by an increase in AD, providing 
more specific information about the pathogenesis of the observed WM changes 
(Beaulieu, 2002; Pierpaoli et al., 2001; Song et al., 2002). According to a study of 
Song et al, changes in AD are more related to axonal injury, whereas the TD may be 
modulated more directly by myelin alterations (Song et al., 2003). The observed 
increase in TD, which caused the FA decrease in the frontal WM, therefore suggests 
that demyelination may be present in T2DM patients. In another result of this work, 
disease duration was significantly associated with MD but not with FA (Fig. 4.1) – 
highlighting the relevance of including these diffusivity measures. The regional 
analysis also demonstrated that many brain areas showed a significant positive 
correlation between MD and disease duration. Again, in these regions, the AD and 
TD were positively correlated with disease duration, suggesting that the degree of 
microstructural alteration in terms of both axonal injury and demyelination could be 
related to disease duration. 

Specifically for diabetes, both glucose toxicity and abnormal insulin metabolism 
have been suggested to impact the structure of the brain, even to a higher degree 
than circumscriptive vascular lesions (Biessels et al., 2006). Comparing type 1 
diabetes patients with and without retinopathy, a significant change in brain 
structure was found in the cerebellum (Wessels et al., 2006). In a recent animal 
study, degenerative changes, such as disarrangement of myelin sheaths, 
fragmentation of neurofilaments, and oligodendrocyte abnormalities were also 
detected in the cerebellum of streptozotocin-induced diabetes rats 
(Hernandez-Fonseca et al., 2009). The increased MD values in T2DM patients 
observed in this study are located predominantly in the cerebellar area and are, 
therefore, well-supported by these previous reports. 

Potential relationships between clinical parameters (Table 4.2) and 
microstructural WM changes have not yet been studied in great detail. In a previous 
study, Gold et al showed a significant negative correlation between hippocampus 
volume and HbA1c (Gold et al., 2007). More recently, Kodl et al showed that disease 
duration of diabetes patients is negatively correlated with the FA of the splenium of 
the corpus callosum (Kodl et al., 2008). Investigating both parameters 
simultaneously, our findings reveal that disease duration, rather than the HbA1c or 
the fasting glucose, is related to WM abnormalities in T2DM patients. The involved 
regions included the bilateral cingulate gyrus, the superior temporal gyrus, the pons, 
and the cerebellum. Note that in a recently published study, disease duration was 
also found to be an important contributing factor for developing diabetic peripheral 
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neuropathy or cardiovascular autonomic neuropathy in the T2DM patients (Chen et 
al., 2008; Hsu et al., 2007). 

There are several limitations in this study. Disease duration of the T2DM 
patients is estimated by the patient’s history or medical records. Since this 
estimation could be affected by the patient’s awareness and examination time it 
might not be very accurate. In addition, several oral hypoglycemic agents were taken 
by these subjects and there is no knowledge about how these various drugs may 
affect the DTI indices. Although only normotensive T2DM patients were included in 
this study, their BP was still significantly higher compared to the healthy control 
group. Since hypertension was recently shown to be associated with a decrease in FA, 
it is not clear to which degree this modulation may have influenced our results 
(Burgmans et al., 2010). Although our subjects did not have any significant cognitive 
complaints, it is unknown to what extent subtle cognitive impairment could still 
affect the diffusion changes. In this context, Yau et al showed that declarative 
memory impairment could be found in T2DM patients (Yau et al., 2010). 
Furthermore, obese adolescents with T2DM also have been shown to exhibit brain 
structural changes as revealed by DTI (Yau et al., 2010). The mean BMI index of our 
T2DM patient group, however , is 25.3 kg/m2, which is significantly lower than the 
mean BMI index described in the study of Yau et al (mean BMI index is 37.7 kg/m2) 
(Yau et al., 2010). Another limitation is related to the relatively large slice thickness 
(5 mm) of the T2-weighted and the FLAIR images. The total ARWMC scores may be 
biased towards larger WM lesions, since lesions smaller than 5 mm may not be 
detected. Finally, it is important to acknowledge the limitations of DTI in terms of 
specificity. In other words, it is well-known that there are many brain regions with 
complex fiber architecture (i.e., “crossing fibers”) and partial volume effects that 
may affect diffusivity measures in a non-trivial way (Alexander et al., 2001a; Vos et 
al., 2011; Wheeler-Kingshott and Cercignani, 2009). As a result, changes in DTI based 
measures may be hard to interpret in an unambiguous way. Notwithstanding the 
assumptions and limitations of DTI (e.g., low resolution and inadequacy to resolve 
multiple fiber orientations), we have shown that it is indeed a promising tool to 
investigate microstructural WM abnormalities in T2DM patients. 
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Abstract 

Homocysteine level can lead to adverse effects on the brain through endothelial 
dysfunction, microstructural inflammation, and neurotoxin effects. Despite 
previously observed associations between homocysteine and macroscopic structural 
brain changes, it is still unknown whether microstructural associations of 
homocysteine with brain tissue properties can be observed using clinical routine MRI. 
We investigated potential relationships between homocysteine levels and 
microstructural measures computed with diffusion tensor imaging (DTI) in 338 
healthy participants, while controlling for several other vascular risk factors. In 
addition, we studied how the age-related white matter changes (ARWMC) score and 
the Framingham Stroke Risk Profile (FSRP) were related to these DTI metrics. 
Significant positive correlations were observed between homocysteine levels and 
diffusivity measures in the bilateral temporal WM, the brainstem, and the bilateral 
cerebellar peduncle. The secondary analyses also revealed significant positive 
correlations between ARWMC/FSRP and the DTI measures. Our findings indicate that 
microstructural WM abnormalities and their associations with homocysteine and 
other vascular risk factors can be detected with DTI. 
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Introduction 

The blood level of homocysteine, a sulfur-containing amino acid derived from 
dietary-obtained methionine, is known to increase with age, hypertension, smoking, 
renal failure, and markers of inflammation such as C-reactive protein (CRP) (Blom and 
Smulders, 2011; Harold P. Adams, 2005; Newton et al., 2010). Homocysteine can act 
as an independent risk factor for numerous conditions, including atherosclerosis and 
cardiovascular diseases (El-Khairy et al., 2001; Pikula et al., 2012), brain atrophy 
(Sachdev, 2005), and Alzheimer’s disease (Minagawa et al., 2010; Van Dam and Van 
Gool, 2009). Previous research also suggests that there is a relationship between 
homocysteine levels and brain morphological factors derived from brain magnetic 
resonance imaging (MRI) such as global brain atrophy (Pikula et al., 2012; Seshadri et 
al., 2008), widespread grey matter (GM) volume loss (Ford et al., 2012), hippocampal 
atrophy (den Heijer et al., 2003), progression of ventricle enlargement (Jochemsen et 
al., 2012), reduced white matter (WM) volume (Feng et al., 2011; Firbank et al., 2010; 
Rajagopalan et al., 2011), increased WM hyperintensity (WMH) volume (Wright et al., 
2005), and silent brain infarction (Seshadri et al., 2008; Vermeer et al., 2002). Only a 
few studies did not find any relationship between homocysteine levels and MRI 
parameters (Kim et al., 2009; Longstreth et al., 2004; Vogiatzoglou et al., 2008). 

A few mechanisms have been proposed to explain the relationship between 
brain structural changes and homocysteine (Seshadri and Wolf, 2003). For instance, 
homocysteine may alter cerebral microvascular integrity or could induce blood-brain 
barrier leakage (Ehrlich and Humpel, 2012; Lominadze et al., 2012). Homocysteine 
has also been linked to beta-amyloid formation and neurotoxin deposition (Kruman 
et al., 2002; Zhuo et al., 2010). Even in healthy adults, who are free of neurological 
and vascular disease, genetic variants that promote inflammation and cause elevated 
levels of vascular risk biomarkers such as homocysteine may contribute to brain 
abnormalities through these processes (Raz et al., 2012). 

With diffusion tensor imaging (DTI) the WM structural organization can be 
investigated in a non-invasive way (Basser et al., 1994; Tournier et al., 2011). Both the 
directionality and magnitude of diffusion can be estimated yielding several measures, 
such as the mean (MD) diffusivity, transverse (TD), and (AD) axial diffusivity, and the 
fractional anisotropy (FA) (Pierpaoli and Basser, 1996; Beaulieu, 2002). Given its 
potential to investigate microstructural brain tissue changes in vivo, DTI is now being 
used in a large variety of conditions, including diabetes (Hsu et al., 2012; Reijmer et 
al., 2013), Alzheimer’s disease (Reijmer et al., 2012), autism (Langen et al., 2012; 
Verhoeven et al., 2012) aging (Hsu et al., 2008, 2010; Sullivan and Pfefferbaum, 2007; 
Van Hecke et al., 2008a), multiple sclerosis (Patel et al., 2007), schizophrenia 
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(Carpenter et al., 2008), traumatic brain injury (Caeyenberghs et al., 2010a,b; 
2012a,b), amyotrophic lateral sclerosis (Blain et al., 2011; Sage et al., 2009), and 
vascular parkinsonism (Van Camp et al., 2009; Wang et al., 2012). 

In this work, we studied homocysteine in relation to the WM microstructure in a 
large cohort of 338 healthy adults. To reduce sources of variation that could affect 
the sensitivity of our imaging findings, we examined an ethnically homogenous Asian 
population, in which subjects were carefully screened for medical and neurological 
conditions. We investigated the effect of various vascular risk factors on the brain 
structure, and in particular, whether the level of homocysteine was associated with 
diffusion properties (i.e., FA, MD, TD, and AD) after controlling for such risk factors. 

Methods 

Subjects 

The subjects in this study were recruited from a health-screening program for 
cerebrovascular health in the Shin-Kong Wu Ho-Su Memorial Hospital, Taipei, Taiwan. 
In total, 357 participants, aged 25–81 years, received detailed examinations, 
including physical and bed-side neurological examinations (such as checking the 
cranial nerves, the motor system, and any cerebellar signs) performed by 
neurologists; a biochemistry study, a chest X-ray, an electrocardiogram (EKG), and an 
electroencephalogram prior to the MRI data acquisition. Participants who had a 
history of major neurological diseases, cerebrovascular accidents, or those with 
manifestations of stroke (demonstrated by abnormal bedside neurological 
examination), psychiatric, or serious cardiovascular diseases were excluded. In 
addition, subjects with significant cognitive deficits, i.e., with cognitive complaints 
that cause impairment in social or occupational functioning, were excluded. Those 
with renal insufficiency (defined by serum creatinine > 1.5 mg/dL) were also 
excluded in this study. 

Body height and weight were measured by a validated automated device 
(TBF-22, TANITA Co. Ltd, Japan), from which the body mass index (BMI) was 
calculated. Blood pressure (BP) was measured with a validated oscillometric 
automated digital BP device (OMRON HEM-757; Omron Matsusaka Co. Ltd, Japan) 
after examinees had rested for at least 5 minutes. Vascular risk factors (systolic BP, 
current smoker, diabetes mellitus, previous cardiovascular disease including a 
diagnosis of coronary heart disease, congestive heart failure, or peripheral vascular 
disease) were defined as in the Framingham Stroke Risk Profile (FSRP) with the 
estimated 10-year stroke probability score (i.e., FSRP score) representing the vascular 
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risk burden for each individual (D'Agostino et al., 1994; Wolf et al., 1991). Based on 
this FSRP scoring system, subjects were classified with hypertension if they received 
anti-hypertensive treatment or if they had a BP above the cut-off value (i.e., a systolic 
BP > 140 mm Hg or a diastolic BP > 90 mm Hg). Subjects were defined as diabetes 
mellitus if their fasting blood glucose > 126 mg/dl, if there was a previous diagnosis 
of diabetes mellitus, or if a hypoglycemic agent or insulin was used. The EKG 
diagnosis of atrial fibrillation and EKG-left ventricular hypertrophy (LVH) was based 
on a stand 12-lead EKG obtained at the examination.  

All participants were asked to fast overnight (> 8 hours) before blood samples 
were taken. The blood samples were analyzed using colorimetry by an automatic 
chemistry analyzer in an approved laboratory (UniCel DxC 800; Beckman Coulter). 
Blood tests included the assessment of hemoglobulin (Hb), mean cell volume, fasting 
glucose, creatinine, high-sensitivity CRP (hs-CRP), and total level of homocysteine. 
The level of homocysteine was determined with a standardized chemiluminescent 
microparticle immunoassay (CMIA) using the ARCHITECT i system (Abbott 
Laboratories, Abbott Park, IL). In the end, 338 participants were included for further 
analysis (19 subjects were excluded: eleven participants had an abnormal ARWMC 
score, for seven participants the FSRP was not available, and one participant had an 
abnormally high homocysteine level of 23.5 μmol/L) 

MR image acquisition 

All participants received whole-brain MRI scans (Siemens, 1.5 T Avanto, 
Erlangen, Germany) at the same day of the clinical examinations. First, trans-axial 
T2-weighted scans (TR/TE = 4860/98 ms, NEX = 2, voxel size 0.43 x 0.43 x 5 mm3), 
FLAIR images (TR/TE = 9790/106 ms, inversion time 2500 ms, NEX = 2, voxel size 0.45 
x 0.45 x 5 mm3), and high-resolution sagittal T1-weighted images (TR/TE = 8.8/4.7 ms, 
NEX = 1, voxel size 1.0 x 1.0 x 1.0 mm3) were acquired. Next, single-shot spin-echo 
echo-planar whole-brain DTI scans were acquired axially with a fat suppression 
sequence (TR/TE = 7600/82 ms, 3 mm slice thickness without gap, slice acquisition 
matrix = 128 x 128 with FOV = 256 x 256 mm2, 6/8 partial Fourier, NEX = 1, 55 slices, 
12 gradient directions with b-value = 1000 s/mm2, and one b = 0 s/mm2 image) 
(Jones and Leemans, 2011). 

Any MRI scans with structural abnormalities, such as a tumor or stroke, obvious 
variations (e.g., mega cisterna magna, cavum septum pellucidum), or technical 
artifacts were excluded. The WMH scoring was performed by one of the authors (JL) 
using the visual rating scale (age-related white matter changes, ARWMC) on the 
T2-weighted and FLAIR images (Wahlund et al., 2001). Eleven subjects with a 
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regional ARWMC score higher than 2, which were corresponding to the large 
periventricular WM abnormalities at that location, were excluded. Summation of all 
the regional ARWMC scores was performed to construct the ARWMC-total score in 
each individual. The Ethics Committee of the hospital approved the protocol of this 
study. 

Image processing 

T1-weighted data 

DICOM data were converted to NIfTI file format using MRIcron 
(http://www.mricron.com). We used Statistical Parametric Mapping version 8 (SPM8 
release 4010) to process the data. T1-weighted images were skull-stripped, 
normalized and segmented into GM, WM and cerebral spinal fluid (CSF) volume with 
the VBM toolbox (http://www.dbm.neuro.uni-jena.de/vbm) (Ashburner and Friston, 
2005) of SPM8. The GM, WM, CSF volumes and total intracranial volume (TIV, 
defined as the summation of GM, WM and CSF volumes) were calculated. In addition, 
the tissue probability maps from various brain tissues were created for further 
comparing the absolute amount of different components, corrected for individual 
brain sizes. The resulting volumetric images (voxel size: 2x2x2 mm3) were smoothed 
with recommended settings (FWHM 6 mm Gaussian Kernel) for further analysis 
(Ashburner and Friston, 2005).  

DTI data 

The DTI based pre-processing steps performed in this work have been described 
previously in detail (Hsu et al., 2008, 2010). In summary, the following steps were 
taken: 

(a) All DTI data sets were corrected for eddy current induced geometric 
distortions and subject motion (Leemans and Jones, 2009). 

(b) The diffusion tensor model was fitted to the data with ExploreDTI 
(http://www.exploredti.com) (Leemans et al., 2009) using a non-linear 
regression method. The diffusion measures (FA, MD, RD, and AD) were 
subsequently computed (Pierpaoli and Basser, 1996). 

(c) A population-based DTI atlas in MNI space was constructed (Hsu et al., 2010; 
Van Hecke et al., 2008b) to drive the tensor based affine (Leemans et al., 
2005) and non-affine (Van Hecke et al., 2007) coregistration techniques. At 
the final transformation step, the “preservation of principal direction” 
strategy was applied to reorient the diffusion tensor (Alexander et al., 2001b). 
This coregistration approach has already been used successfully in a wide 
range of inter-subject applications, where adjusting for morphological 
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inter-subject (and inter-group) differences, such as, for instance, ventricle size, 
is considered to be necessary (Sage et al., 2009; Van Hecke et al., 2010; 
Verhoeven et al., 2010). 

(d) For each individual, the intracranial brain in native space was extracted from 
the b = 0 s/mm2 image with BET2, the brain extraction tool from FSL 
(http://www.fmrib.ox.ac.uk/fsl/) (Smith, 2002). The brain was further 
subdivided into its CSF regions and brain tissue (combined GM and WM) by 
segmenting all CSF voxels using an automated gray-level thresholding method, 
performed on the MD map (Otsu, 1979). For each subject, the mean FA, MD, 
AD, and TD values within brain tissue were calculated for further analysis.  

Statistical analysis 

All data analyses described below were conducted on the 338 participants and 
reviewed by the medical statistician of our institution. Distributions of FSRP, CRP and 
ARWMC-total score were positively skewed (p < 0.0001) and thus were subjected to 
log10-transformation to improve normality before being used for statistical model 
inferences. Pairwise correlation was used to explore the relations between the 
various clinical measures. For the global T1-weighted MRI analysis, a linear 
regression model was used to explore the effect of homocysteine on each fraction of 
the brain components (defined by GM/TIV*100% and WM/TIV*100%), controlling 
for eight covariates (i.e., age, gender, BMI, log(FSRP), log(hs-CRP), Hb, creatinine and 
log(ARWMC-total score)). The same linear model (controlling for the eight 
abovementioned covariates) was used for the global DTI analysis to investigate the 
effect of homocysteine on the mean FA, MD, AD and TD values within the brain GM 
and WM. Statistical significance was set to p-value < 0.01. 

To study the effect of homocysteine in more detail in terms of brain localization 
(i.e., which brain regions are involved), we also performed voxel based morphology 
(VBM), which is part of SPM8 (Ashburner and Friston, 1999). More specifically, the 
smoothed (FWHM = 6 mm) and normalized GM and WM images derived from the 
T1-weighted MRI data were used with the abovementioned eight covariates in the 
multiple regression model of the SPM8 statistics module. The resulting T-statistic 
images were subsequently thresholded for significance: regions with family-wise 
error (FWE) corrected p-value < 0.01 with corresponding T-values above 5.2 and with 
cluster sizes larger than 200 voxels (voxel size: 2x2x2 mm3) were considered 
significant after correction for multiple independent comparisons. In addition to the 
T1-weighted VBM, a DTI based voxel based analysis (VBA) was performed with SPM8 
on the spatially normalized DTI datasets (using the FA, MD, AD and TD images, voxel 
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size: 2x2x2 mm3 with FWHM = 6 mm Gaussian smoothing). To explore the effect of 
homocysteine on FA, MD, AD and TD measures, multiple regression models with the 
abovementioned eight covariates were used. Statistical inference thresholds, 
identical to those used for the T1-weighted VBM approach, were applied for this DTI 
based VBA. 

Results 

Descriptive statistics for clinical measures 

Clinical and demographic characteristics of the 338 participants are shown in 
Table 5.1. In summary, the mean age of the study participants is 51.6 years and 41.4 
% of them are female. The mean FSRP score is 4.9 %. The mean value of 
homocysteine is 8.6 μmol/L (range: 3.4-16.2) and only four participants (1.2%) have a 
homocysteine level above 15 μmol /L, the upper limit of the laboratory reference 
range. Males have a higher homocysteine level than females (males: 9.6 + 2.3 μmol 
/L v.s. females: 7.3 + 1.9 μmol /L, p < 0.0001). The median ARWMC-total score is 0 
(range: 0-10) and only fifteen participants (4.4%) have a regional ARWMC score 
equal to 2, which reflects the beginning confluence of WM lesions at that particular 
brain region. 

Pairwise correlations between age, gender, BMI, FSRP score, total level of 
homocysteine, hs-CRP, Hb, creatinine and ARWMC-total score are shown in Table 
5.2. In summary, the level of homocysteine shows a positive correlation with age, 
gender, BMI, FSRP score, Hb and creatinine, but is not correlated with hs-CRP and 
ARWMC-total score. In addition, the FSRP is positively correlated with homocysteine, 
the hs-CRP level, and the ARWMC-total score. 

 
Variable Value 
Age in years, mean (SD) 51.1 (10.5) 
Age > 65 years, n (%) 37 (10.9) 
Female, n (%) 140 (41.3) 
Current smoker, n (%) 69 (20.3) 
Hypertension, n (%) 80 (23.5) 
Diabetes mellitus, n (%) 36 (10.6) 
History of cardiovascular disease, n (%) 16 (4.7) 
EKG-atrial fibrillation, n (%) 1 (0.3) 
EKG-LVH, n (%) 27 (7.9) 
FSRP score (%),mean (SD) 4.9 (5.1) 



 
123 

 

Systolic BP (mm Hg), mean (SD) 121.5 (20.3) 
Diastolic BP (mm Hg), mean (SD) 73.3 (11.8) 
BMI (kg/m2), mean (SD) 24.2 (3.2) 
Hb (gm/dl), mean (SD) 14.5 (1.5) 
Fasting blood glucose (mg/dl), mean (SD) 93.9 (18.1) 
hs-CRP (mg/dl), mean (SD) 0.3 (0.5) 
Total homocysteine (umol/L), mean (SD) 8.7 (2.6) 
Creatinine (mg/dl), mean (SD) 0.8 (0.2) 
ARWMC-total score, median 0 
MRI volumetric measures  
GM volume (cm3), mean (SD) 615.4 (55.2) 
WM volume (cm3), mean (SD) 563.2 (62.9) 
CSF volume (cm3), mean (SD) 249.6 (39.8) 
TIV volume (cm3), mean (SD) 1428.3 (127.3) 
GM fraction (GM/TIV*100%), mean (SD) 43.2 (2.5) 
WM fraction (WM/TIV*100%), mean (SD) 39.4 (1.6) 
FA, mean (SD) 0.26 (0.01) 
MD (x10-5 mm2/s), mean (SD) 76.8 (3.2) 
AD (x10-5 mm2/s), mean (SD) 97.7 (4.0) 
TD (x10-5 mm2/s), mean (SD) 66.5 (2.9) 

Table 5.1. Characteristic of the study participants (N = 338) 
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Global analysis 

In the global analysis of the T1-weighted images, age and BMI shows a 
significant negative correlation with GM/TIV fraction (whole model R2 = 0.52, p < 
0.0001) after controlling for multiple covariates (age, gender, BMI, FSRP score, total 
level of homocysteine, hs-CRP, Hb, creatinine and ARWMC-total score). In addition, 
BMI shows a positive correlation with the fraction of WM/TIV (whole model R2 = 
0.13, p < 0.0001). Finally, homocysteine does not show any association with GM, 
WM, TIV, or fraction of GM and WM.In the DTI based global analysis, the 
ARWMC-total score correlates negatively with the mean brain FA (whole model R2 = 
0.14, p < 0.0001). In addition, homocysteine, FSRP score, and ARWMC-total score 
correlates positively with the mean brain MD, AD and TD (whole model R2 = 0.28, 
0.24 and 0.29 respectively, all p-values < 0.0001). 

Voxel based analysis 

With the T1-weighted VBM approach, 19 clusters in the area of the bilateral 
middle and inferior frontal gyrus, pre/post central gyrus, superior and middle 
temporal gyrus, posterior cingulated gyrus, parahippocampus gyrus and cerebellum 
show a significant negative correlation between GM volume and age (Fig. 5.1).  

 

 
Figure 5.1. T-value significance maps of the associations between GM volume and age: 

voxel-based morphometry maps showing regions where there is significant negative 

correlation between GM volume and age after adjusting for multiple covariates (in blue). The 

number indicates the z-axis coordinate in MNI space (unit in mm). R: right, L: left. 

R L 
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In addition, two clusters in the bilateral middle temporal gyrus show a 
significant negative correlation between GM volume and BMI: one with cluster size 
of 697 voxels in the right middle temporal gyrus (with Montreal Neurological 
Institute coordinates (MNI) in mm 59, -49, 9, T-value = 7.24) and the other one with 
cluster size of 483 voxels in the left middle temporal gyrus (MNI coordinates in mm: 
-65, -28, -8, with T-value = 6.25). Concerning the WM results, one cluster in the left 
parietal WM (cluster size of 283 voxels with peak T-value of 5.97 and with MNI 
coordinates in mm: -26, -49, 24) shows a significant negative correlation between 
WM volume and ARWMC-total score (Fig. 5.2). The level of homocysteine level does 
not show any correlation between the GM and WM volumes. 

 

 

Figure 5.2. T-value significance maps of the association between the ARWMC-total score and 

WM volume: voxel-based morphometry maps showing a significant negative correlation 

between the (log-transformed) ARWMC score and WM volume in the region of the left 

parietal WM (in blue). The number indicates the z-axis coordinate in MNI space (unit in mm). 

R: right, L: left. 

 

R L 
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Figure 5.3. T-value significance maps of age-related fractional anisotropy (FA) alterations in 

the bilateral superior corona radiate: voxel-based DTI analysis showing a significant negative 

correlation between age and FA in the region of the bilateral superior corona radiata (in 

blue). The number indicates the z-axis coordinate in MNI space (unit in mm). R: right, L: left. 
 

With the DTI based VBA approach, two clusters in the bilateral superior corona 
radiata show a significant negative correlation between FA and age (Fig. 5.3). There 
is no significant correlation between the level of homocysteine and FA. In addition, 
five clusters, which are distributed in the bilateral frontal WM, anterior temporal 
WM, thalamus, mid brain, middle cerebellar peduncles, the pons, and the genus of 
the corpus callosum show a significant positive correlation between MD and the 
level of homocysteine (Fig. 5.4, Table 5.3). 

Furthermore, two clusters in the bilateral fronto-parietal WM regions show a 
significant positive correlation between MD and ARWMC-total score (Fig. 5.5). Also, 
in eight clusters in the bilateral frontal WM, anterior temporal WM, thalamus, mid 
brain, the left middle cerebellar peduncle, the pons, and the genus of corpus 
callosum there is a significant positive correlation between AD and homocysteine 
(Fig. 5.6, Table 5.4). Two clusters in the bilateral fronto-parietal WM regions show a 
significant positive correlation between AD and ARWMC-total score. Finally, 
homocysteine does not show any significant correlation with TD. In the bilateral 
fronto-parietal regions, however, the ARWMC-total score is positively correlated 
with TD.  

R L 
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Figure 5.4. T-value significance maps of the association between homocysteine and mean 

diffusivity (MD): voxel-based DTI analysis showing a significant positive correlation between 

the level of homocysteine and MD in the bilateral cerebellar peduncles, the brainstem, the 

bilateral anterior temporal WM, and the genu of the corpus callosum (in red). The number 

indicates the z-axis coordinate in MNI space (unit in mm). R: right, L: left. 

Structure name Cluster voxel 
number 

Peak T value MNI coordinates 
(mm) 

   X Y Z 
Temporal WM (L) 1047 7.78 -46 -30 -8 
Midbrain (R), 3533 7.30 6 -20 -8 
Midbrain (L),  7.26 -8 -20 -6 
Temporal WM (R)  7.07 46 -20 -18 
Genu of the corpus 592 7.05 -2 26 10

R L 
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callosum (L) 
Frontal WM (L) 285 6.93 -20 -4 50
Frontal WM (R) 211 6.63 60 -8 24 

Table 5.3. The voxel-based DTI analysis of significant clusters that showed a significant 

positive correlation with homocysteine and MD. MNI: Montreal Neurological Institute; WM: 

white matter; R: right side; L: left side 
 

Figure 5.5. T-value significance maps of the association between ARWMC score and 
mean diffusivity (MD): voxel-based DTI analysis showing a significant positive 
correlation between the (log-transformed) ARWMC score and the MD in the bilateral 
fronto-parietal WM (in red). The number indicates the z-axis coordinate in MNI space 
(unit in mm). R: right, L: left. 
 
 
 

R L 
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Structure name Cluster voxel 
number 

Peak T value MNI coordinates 
(mm) 

   X Y Z 
Temporal WM (R) 3192 8.32 48 -24 -16 
Frontal WM (L) 1769 8.02 -18 30 -4 
Temporal WM (L) 1096 7.10 -48 -24 -14 
Frontal WM (R) 1378 7.09 18 36 0
Midbrain (L) 650 7.05 -8 -18 -6 
Parietal (R) 260 6.96 58 -22 24 
Cingulate WM (L) 489 6.93 -14 8 44 
Post-central WM (L) 281 6.20 -46 -14 26 

Table 5.4. The voxel-based DTI analysis of significant clusters that showed a significant 

positive correlation with homocysteine and AD. MNI: Montreal Neurological Institute; WM: 

white matter; R: right side; L: left side 

 

Figure 5.6. T-value significance maps of the association between homocysteine and axial 

diffusivity (AD): voxel-based DTI analysis showing a significant positive correlation between 

the level of homocysteine and the AD in the left cerebellar peduncle, the brainstem, the 

bilateral anterior temporal WM, and the genu of the corpus callosum (in red). The number 

indicates the z-axis coordinate in MNI space (unit in mm). R: right, L: left. 

L R 
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From the DTI based VBA approach, it is evident that homocysteine shows a 
widespread positive correlation with MD. To investigate this finding in more detail, 
we calculate the mean FA, MD, AD and TD in these regions of significant correlation. 
We use a linear regression model to explore the effect of homocysteine after 
adjusting for age, gender, BMI, log(FSRP) score, log(hs-CRP), Hb, creatinine and 
log(ARWMC-total score). Our results show that homocysteine is positively correlated 
with mean MD, AD and TD (whole-model p < 0.0001 and homocysteine effect p < 
0.0001 for each parameter) (Fig. 5.7). The beta estimate of homocysteine in the 
regression model is highest for the AD (AD v.s. MD v.s. TD = 0.69, 0.46, 0.35 
respectively). There is no association between the level of homocysteine and mean 
FA. The statistical power values for MD, AD and TD in the linear regression model are 
all above 95% and for FA it is 53.8%. 

 

Figure 5.7. Effect of homocysteine on the fractional anisotropy (FA) (A), mean diffusivity (MD) 

(B), axial diffusivity (AD) (C), and transverse diffusivity (TD) (D): in contrast to the FA, the MD, 

AD, and TD are positively correlated with homocysteine. The linear regression model has 

been adjusted for age, log-transformed FSRP, BMI, log-transformed hs-CRP, hemoglobin, 

creatinine, log-transformed ARWMC score, and gender. The trend slopes and significance 

p-values for homocysteine with respect to the DTI measures are indicated. 
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Discussion 

In this work, we have investigated the association between cerebrovascular risk 
and various biological markers obtained with structural MRI techniques in 338 
stroke-free middle-aged participants. In addition to the more widely used 
morphological and volumetric analyses for studying macrostructural brain changes 
(based on T1-weighted MRI), we included DTI based approaches to probe the 
microstructural tissue properties derived from DTI. In our study design, we also 
controlled for numerous potentially confounding factors such as age, various vascular 
risk factors (including hypertension, diabetes mellitus, smoking, cardiovascular 
events history, and EKG features), and cerebral WMH scores. Being quantitative in 
nature, DTI based measures have been shown to be more sensitive to tissue 
abnormalities than the typical visual evaluation of WM hyperintensities observed in 
conventional MRI data (Della Nave et al., 2007; Van Hecke et al., 2008a), providing 
new avenues to explore tissue characteristics in more detail. 

Homocysteine and microstructure 

This is the first study in humans that investigates the association between brain 
tissue properties derived from DTI and the level of homocysteine. To the best of our 
knowledge, only one animal study has been performed that has explored this 
relationship before. In that recent animal study, Willette et al, demonstrated that 
homocysteine has a positive association with the MD in the bilateral anterior 
cerebellum and the prefrontal regions (Willette et al., 2012). They also showed that 
homocysteine has a significant negative correlation with the FA in the cerebellar WM 
immediately dorsal to the forth ventricle, which is related to the pontocerebellar 
fibers. Our findings are in line with their results inasmuch as the MD in the bilateral 
frontal WM, midbrain, middle cerebellar pedundles, and pons showed a significant 
positive correlation with the level of homocysteine. More specifically, our analyses 
demonstrate that the increased MD in the bilateral temporal WM and brain stem 
regions was mainly caused by an increase in the AD rather than the TD, even when 
adjusting for multiple vascular risk factors. 

The biological interpretation of why these diffusivity changes are related to 
homocysteine is far from trivial. In general, diffusion rates are larger if the coherence 
of tissue organization is compromised. With previous literature indicating that (i) 
homocysteine can act as an excitatory neurotransmitter leading to oxidative stress, 
endothelial dysfunction and inflammation and neuronal injury (McCully, 2009) and 
(ii), homocysteine is associated with axonal demyelination in periventricular and 
subcortical WM through the injury of oligodendrocytes (Ford et al., 2012; Vermeer et 
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al., 2002; Wong et al., 2006), it is plausible that the observed diffusivity increases 
were caused by such a tissue breakdown. Although both hs-CRP and homocysteine 
are chronic low-grade inflammation markers, only homocysteine showed a significant 
association in this work, suggesting that homocysteine would be a more specific 
marker for cerebral WM inflammation than hs-CRP. 

Homocysteine and macrostructure 

Previous findings relating the brain macrostructure with homocysteine are not 
consistent for GM. Some studies showed that the level of homocysteine is associated 
with total GM atrophy or hippocampus atrophy (den Heijer et al., 2003; Feng et al., 
2011; Seshadri et al., 2008; Willette et al., 2012), whereas others did not show any 
such association (Longstreth et al., 2004; Morra et al., 2009). By contrast, for WM, 
studies seem to suggest that homocysteine is associated with increased levels of WM 
atrophy or WMH scores (Rajagopalan et al., 2011; Sachdev et al., 2004; Seshadri et 
al., 2008). Our findings, however, did not show a significant association between GM 
or WM volume and homocysteine after adjusting multiple covariates. This 
inconsistency may be due to a difference in age range as the subjects included in this 
work were relatively young compared with other investigations. In addition, we had 
lower levels of homocysteine for the participants in our study. 

ARWMC score and structural brain properties 

The visual rating scale ARWMC (based on T2-weighted and FLAIR images) was 
related with the T1 and DTI based structural measures. More pronounced 
correlations with a large spatial extent were obtained with the DTI metrics than with 
the T1 based WM volumetric properties. More specifically, the MD, AD and TD of the 
bilateral fronto-parietal regions showed a significant positive correlation with the 
ARWMC score. As there were no apparent hypo-intensity regions on the T1-weighted 
images and no significant WMH in the regions rated by the ARWMC score, it seems 
that the DTI based measures are more sensitive in picking up changes in WM tissue 
organization (Van Hecke et al., 2008a). In addition, the regions for the ARWMC score 
are different from the regions for homocysteine level in terms of the observed DTI 
associations, indicating that both measures point to different features of 
microstructural changes. Further analysis revealed that the ARWMC score was also 
positively correlated with the FSRP score, which is in line with recent literature 
(Williams et al., 2010). 
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Vascular risk factor burden and microstructure  

Vascular risk factor burden, quantified by the FSRP score, has been previously 
shown to be associated with various macrostructural brain changes (Das et al., 2008; 
Debette et al., 2010; Jeerakathil et al., 2004a; Jeerakathil et al., 2004b). In particular, 
parietal and temporal lobe atrophy have been indicated in this context (Cardenas et 
al., 2012). In this work, however, no correlations were found between the FSRP score 
and GM/WM structural properties based on T1-weighted images. The BMI did show 
a significant negative correlation with GM volume in the bilateral temporal regions, 
which has also been reported in other studies (Bobb et al., 2012; Kurth et al., 2012). 
The diffusivity measures (MD, AD, and TD), on the other hand, were positively 
correlated with the FSRP score, reflecting changes of microstructural organization 
which in line with previous literature (Allan et al., 2011). 

Limitations 

There are several limitations in this study. First, we did not measure the folate or 
vitamin B12 levels of our subjects. Previous work suggests that these measures may 
modulate the association between homocysteine and structural brain properties and, 
therefore, should be used as covariates during statistical analysis (Feng et al., 2011; 
Seshadri et al., 2008; Wright et al., 2005). However, our participants did not have any 
history of medical illness, and with a mean hemoglobin equal to 14 mg/dl and the 
mean volume of red blood cells volume equal to 90 fl, a deficiency of vitamin B12 or 
folate may have been absent for the majority of our participants. Furthermore, given 
that several other studies did not adjust for folate and vitamen B12 levels and still 
found an association between homocysteine level and structural brain properties 
(Ford et al., 2012; Rajagopalan et al., 2011; Willette et al., 2012), it is likely that 
homocysteine can affect the WM microstructure (Feng et al., 2011; Selhub et al., 
1993). 

A second limitation of this work is related to the age range of our subjects. In 
previous studies, it was shown that for old subjects with a greater cardiovascular risk 
factor burden, a relationship exists between homocysteine and macrostructural WM 
changes (Feng et al., 2011; Seshadri et al., 2008). With lower WMH levels for our 
relatively young participants, we may lack the statistical power to achieve 
significance in this context. 

A third limitation is the cross-sectional nature of our study design. Given that we 
measured the level of homocysteine only at one time point, we cannot demonstrate 
any causal effects of homocysteine on brain structure. 



 
135 

 

Fourth, the slice thickness of our T2-weighted images and FLAIR images is 5 mm, 
which was mainly chosen to minimize scanning time (i.e., maximize subject comfort). 
We acknowledge that the existing partial volume effects could reduce the reliability 
of our results. 

Finally, it should be clear that DTI does not provide direct measures of “WM 
integrity” (e.g., see recent reviews by (Deprez et al., 2013; Jones et al., 2012). 
Although DTI is sensitive to microstructural changes, its measures are heavily 
affected by partial voluming (Alexander et al., 2001a; Vos et al., 2011) and “crossing 
fibers” (Jeurissen et al., 2012; Vos et al., 2012; Wheeler-Kingshott and Cercignani, 
2009), which makes it difficult to interpret the results in an unambiguous way. 

Conclusion 

In summary, significant associations were observed between homocysteine 
levels and diffusivity metrics in several WM regions. Further analyses also revealed 
the existence of significant correlations between ARWMC/FSRP and DTI measures. 
These results suggest that homocysteine affects WM tissue characteristics and that it 
may act as a sensitive marker for WM inflammation.  
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Abstract 

Objectives: To investigate the white matter (WM) microstructure using diffusion 
tensor imaging in patients with vascular parkinsonism (VP) and to investigate specific 
fiber tract involvement with respect to clinical severity. 

Design: Diffusion measures (fractional anisotropy, FA, and mean diffusivity, MD) 
were calculated from diffusion tensor images of (i) patients with VP and (ii) controls. 
Both global, voxel-based, and tract-based analyses were performed to compare WM 
microstructural properties between the two groups. Findings were further 
correlated with Unified Parkinson's Disease Rating Scale (UPDRS) scores as well as 
modified Postural Instability Gait Difficulty (PIGD) scores to identify most relevant 
tract involvement. 

Setting: Shin-Kong Wu Ho-Su Memorial Hospital, Taipei, Taiwan 

Participants: Twelve patients with VP, and 12 healthy controls without VP. 

Results: In the vascular parkinsonism group, the left thalamus, the right frontal 
subcortical WM, and the left anterior limb of internal capsule had a significantly 
lower regional FA compared to controls. The bilateral frontal subcortical WM 
showed a significantly higher regional MD. The diffusion metrics in these regions 
were significantly correlated with the modified PIGD score part III derived from total 
UPDRS, as well as the sum of modified PIGD scores part II and III. Tract-based 
analysis showed a group difference in mean FA and MD for multiple fiber bundles, 
but only diffusion measures of (i) fiber tracts from the bilateral frontal lobe that pass 
through the anterior limb of internal capsule and (ii) tracts of the genu of the corpus 
callosum showed significant correlation with the modified PIGD score part III, as well 
as the sum of modified PIGD scores part II and III. 

Conclusions: The results of our study demonstrate that disruption of the 
microstructural organization of frontal lobe WM is associated with the severity of 
vascular parkinsonism. Our findings are in accordance with the frontal lobe 
disconnection hypothesis for gait problems and reinforce the paradigm that the 
involvement of fibers related to the prefrontal cortex is crucial for the core features 
of vascular parkinsonism.  
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Introduction 

Vascular parkinsonism (VP) is a parkinsonian syndrome characterized by lower 
body parkinsonism, marked gait difficulty, less tremor, less rigidity, better hand 
dexterity, relatively symmetrical symptomatic distribution, association with 
pyramidal tract signs, more frequent dementia, and poor response to levodopa 
treatment (FitzGerald and Jankovic, 1989; Yamanouchi and Nagura, 1997). Although 
this concept is still somewhat controversial since its first description by Critchley in 
1929 (Critchley, 1929), it is now generally accepted as a clinical entity (Sibon and 
Tison, 2004; Thanvi et al., 2005) for which proper diagnostic criteria have been 
proposed (Winikates and Jankovic, 1999; Zijlmans et al., 2004). 

VP is typically associated with multiple cerebral infarctions in basal ganglia or 
extensive white matter (WM) changes, or a combination of both, as shown on MRI 
and CT images, which have been shown to correlate with post-mortem pathological 
changes (Demirkiran et al., 2001; Murrow et al., 1990; Yamanouchi and Nagura, 
1997). Unfortunately, however, there is little known about associations between 
clinical status of VP and WM microstructural properties derived from imaging data 
for specific fiber bundles. 

Existing reports on VP are based on more conventional imaging protocols (e.g., 
using T2-weighted MRI) and can therefore only reveal nonspecific global structural 
WM abnormalities in these patients (Demirkiran et al., 2001; Murrow et al., 1990; 
Reider-Groswasser et al., 1995; Zijlmans et al., 1995). In addition, apparently similar 
vascular lesions noted on brain imaging data may be associated with parkinsonism in 
some patients, but not in others (Staekenborg et al., 2008; Yamanouchi and Nagura, 
1997; Zijlmans et al., 1995). 

Recent developments of diffusion tensor imaging (DTI) permit us to directly 
study the involvement of anatomically well-defined fiber tracts in VP patients (Basser 
et al., 1994; Pierpaoli and Basser, 1996; Tournier et al., 2011). With DTI the 
directionality and magnitude of random water movement in tissue can be estimated 
yielding several quantitative measures, such as the three principle diffusivities (i.e., 
the eigenvalues of the diffusion tensor: 1 > 2 > 3), mean diffusivity (MD = [ 1 + 2 
+ 3]/3), transverse diffusivity (TD = [ 2 + 3]/2), axial diffusivity (AD = 1), and the 
degree of diffusion anisotropy (e.g., the fractional anisotropy: FA) (Pierpaoli and 
Basser, 1996). Without barriers, water molecules move uniformly in all directions, 
which results in isotropic diffusion. By contrast, in the presence of barriers, such as 
cell membranes, nerve fibers, or myelin sheets, the diffusion rate is typically larger in 
one direction than in another, which is then referred to as anisotropic diffusion 
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(Beaulieu, 2002). Being quantitative in nature, these DTI based measures have been 
shown to be more sensitive to tissue abnormalities than the typical visual evaluation 
of WM hyperintensities observed in conventional MRI data (Della Nave et al., 2007; 
Van Hecke et al., 2008a). To date, DTI studies have revealed WM alterations through 
measurements of decreased FA and/or increased MD in a variety of conditions, 
including aging (Hsu et al., 2010; Sullivan and Pfefferbaum, 2007; Van Hecke et al., 
2008a), multiple sclerosis (Patel et al., 2007), schizophrenia (Carpenter et al., 2008), 
traumatic brain injury (Caeyenberghs et al., 2010a; Caeyenberghs et al., 2010b), 
amyotrophic lateral sclerosis (Sage et al., 2009) and Alzheimer’s disease (Stahl et al., 
2007). For an in-depth discussion of DTI, the interested reader is referred to a recent 
review of Tournier et al (Tournier et al., 2011). 

In this work, we investigated WM microstructural properties with DTI and 
associate the observed abnormalities in VP patients with the status/score of their 
clinical symptoms/signs. To this end, we applied (i) a global analysis (highly sensitive 
but not specific); (ii) a voxel-based analysis (“regionally” specific but relatively low 
sensitivity); and (iii) a tract-based analysis (“fiber bundle” specific and relatively high 
sensitivity) (Cercignani, 2010). By combining these three complementary approaches 
to analyze the same data sets we can provide a robust and more complete picture of 
the observed findings. 

Patients and methods 

Demographic and clinical characteristics of the vp patients 

Twelve VP patients (65–84 years, mean age 75 years, 9M, 3F) were included in 
this study. All patients fulfilled the diagnostic criteria for VP proposed by Zijlmans et 
al (Zijlmans et al., 2004). Demographic and clinical data are summarized in Table 6.1. 
Twelve age-matched healthy volunteers were included in the control group (64–79 
years, mean age 71 years, 8M, 4F). Written informed consent in accordance with the 
requirements of the Declaration of Helsinki and the University of Magdeburg Ethical 
Committee was obtained from all participants before the study. 
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Patient number 1 2 3 4 5 6 7 8 9 10 11 12 

Age of onset (years) 72 80 83 77 68 82 74 65 68 72 66 81 

Sex M F F M M M F M M M M M 

Duration (months) 20 36 6 2 6 12 18 6 7 2 16 12 

Previous stroke history N N N N + N + + + N N N 

Bradykinesia + + + + + + + + + + + + 

Rigidity + + + + + + + + N N + + 

Rest tremor N + N N N + N N N N N N 

Balance and gait disorder + + + + + + + + + + + + 

Dementia N + N + N + N + N N N N 

Levodopa responsive N N N N N N N N N N N N 

Table 6.1. Demographic and Clinical Characteristics of Patients with Vascular Parkinsonism. 

Abbreviations: M, Male; F, Female; N, None. 

 
Clinical assessment of severity of parkinsonism  

Unified Parkinson’s Disease Rating Scale (UPDRS) Part II and III were used for 
the assessment of clinical severity of parkinsonian symptoms and signs in the 
patients (Movement Disorder Society Task Force on Rating Scales for Parkinson's 
Disease, 2003). In addition, for a better assessment of symptoms and signs related to 
gait, posture, and balance in general, we isolated relevant items from UPDRS and 
present these scores as modified “axial” UPDRS sub-scores. The axial sub-score part 
II is derived from the sum of UPDRS items 2.11 (getting out of bed, a car, or a deep 
chair), 2.12 (walking and balance), and 2.13 (freezing) from part II. The axial 
sub-score part III is derived from the sum of UPDRS items 3.9 (arising from chair), 
3.10 (gait), 3.11 (freezing of gait), 3.12 (postural stability), 3.13 (posture), and 3.14 
(global spontaneity of movement).  

MR image acquisition 

All participants received whole-brain MRI scans (Philips, 3.0 T Achieva, Philips 
Healthcare, Eindhoven, The Netherlands) within 1 week after the clinical 
examination. First, trans-axial T2-weighted scans (TR/TE = 3000/90 ms, NEX = 1, 
voxel size 0.6 x 0.6 x 5 mm3), FLAIR images (TR/TE = 8000/120 ms, inversion time 
2400 ms, NEX = 1, voxel size 0.7 x 0.9 x 5 mm3), and high-resolution sagittal 
T1-weighted images (TR/TE = 7.04/3.44 ms, NEX = 1, voxel size 1.0 x 1.0 x 1.0 mm3) 
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were acquired. Secondly, single-shot spin-echo echo-planar whole-brain DTI scans 
were acquired axially with a fat suppression sequence (TR/TE = 1000/70 ms, 2 mm 
slice thickness without gap, slice acquisition matrix = 128 x 128 with FOV = 256 x 256 
mm2, 6/8 partial Fourier, NEX = 1, 80 slices, 32 gradient directions with b-value = 800 
s/mm2, and one b = 0 s/mm2 image) (Jones and Leemans, 2011). 

Image processing 

The DTI based pre-processing steps performed in this work have been described 
previously in detail (Hsu et al., 2008; Hsu et al., 2010). In summary, the following 
steps were taken: 

(a) All DTI data sets were corrected for eddy current induced geometric 
distortions and subject motion (Leemans and Jones, 2009). 

(b) The diffusion tensor model was fitted to the data with ExploreDTI using a 
non-linear regression method (Leemans et al., 2009). The diffusion measures 
(FA and MD) were subsequently computed (Pierpaoli and Basser, 1996). 

(c) A population-based DTI atlas in MNI space was used to drive the tensor based 
affine(Leemans et al., 2005) and non-affine (Van Hecke et al., 2007) 
coregistration techniques. At the final transformation step, the “preservation 
of principal direction” strategy was applied to reorient the diffusion tensor 
(Alexander et al., 2001b). This coregistration approach has already been 
applied successfully in a wide range of applications, where adjusting for 
morphological inter-subject (and inter-group) differences, such as, for 
instance, ventricle size, is considered to be necessary (Sage et al., 2009; Van 
Hecke et al., 2010; Verhoeven et al., 2010). After finishing these DTI based 
pre-processing steps, each dataset for each individual consists of the spatial 
normalized diffusion tensor images and the derived diffusion measures FA 
and MD, which can be used for further statistical analysis. 

Global analysis 

The global analysis is performed as described previously (Hsu et al., 2012). In 
summary, the intracranial brain was extracted from the b = 0 s/mm2 image from 
normalized dataset with BET2, i.e. the brain extraction tool from FSL 
(http://www.fmrib.ox.ac.uk/fsl/) (Smith, 2002). The brain was further subdivided 
into its cerebrospinal fluid (CSF) regions and brain tissue (combined GM and WM) by 
segmenting all CSF voxels using an automated gray-level thresholding method, 
performed on the MD map (Otsu, 1979). For each subject, the mean global FA and 
MD of brain tissue were calculated and potential group differences were examined 
with a two-way ANOVA (controlling for age effects). To investigate the relationship 
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between the clinical severity and the global DTI indices in the patient group, we used 
the linear regression model with age as a covariate. 

Voxel-based analysis 

In addition to the global analysis, a whole-brain voxel-based analysis was 
performed using the statistical parametric mapping (SPM8) toolbox to search for 
brain regions with significant differences in FA and MD between the vascular 
parkinsonism patients and controls (Ashburner and Friston, 2000). After applying 
spatial smoothing (8 mm isotropic Gaussian kernel), the general linear model in SPM 
(two-sample T-test) with age as a covariate was applied to assess potential 
differences between the two groups. The results of this analysis were t-statistic 
images, which were subsequently thresholded at: t-value >= 2.83 (corresponding to 
p < 0.005 level). Cluster sizes larger than 64 voxels and corrected family-wise error 
(FWE-corr) p-values smaller than 0.05 were considered significant after correction 
for multiple independent comparisons. To study the potential FA (or MD) differences 
between VP patients and controls in more detail, an image mask from the regions 
with significant FA (or MD) differences was created and applied to the each 
individual’s FA (or MD) image. The mean FA (or MD) value within these regions of 
interest was used to search for the potential correlation with UPDRS scores with age 
as covariate-not-of-interest. The significant p-value was set to 0.05. 

Tract-based analysis 

In order to explore the relationship between the clinical severity and the 
involvement of specific fiber tracts, DTI parameters within the selected fiber tracts 
were calculated. Seven fiber tracts (tracts passing genus of corpus callosum [ACC], 
tracts from the frontal lobe through the anterior limb of internal capsule [ALIC], 
tracts from premotor area to brainstem [Premotor], tracts from motor cortex to 
brainstem [Pyramidal], tracts from supplementary motor area to brainstem [SMA], 
arcuate fasciculus [AF], superior longitudinal fasciculus [SLF], and tracts passing 
splenium of corpus callosum [PCC]) were reconstructed for each hemisphere using a 
deterministic streamline fiber tractography approach as implemented in ExploreDTI 
(FA threshold = 0.2; step size = 1 mm; angle threshold 45 deg) (Basser et al., 2000; 
Catani and Thiebaut de Schotten, 2008; Lebel et al., 2008) (Fig. 6.1). Linear 
regression with age as a covariate was used to examine the between group 
difference and the correlation between UPDRS scores and DTI parameters in each 
fiber tracts within the VP patient group. P-values smaller than 0.05 were considered 
to be significant. 
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Figure 6.1. Demonstration of selected fiber tract on standard brain T1 template. Red (arrow 

1): tracts passing through the genu of the corpus callosum (ACC), Yellow (arrow 2): tracts 

from the frontal lobe passing through the anterior limb of internal capsule (ALIC), Orange 

(arrow 3): tracts from premotor area to brainstem (Premotor), Green (arrow 4): tracts from 

motor cortex to brainstem (Pyramidal), Cyan (arrow 5): arcuate fasciculus (AF), Blue (arrow 

6): tracts from supplementary motor area to brainstem (SMA), Purple (arrow 7): superior 

longitudinal fasciculus (SLF), Deepskyblue (arrow 8): tracts passing through the splenium of 

the corpus callosum (PCC). 
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Results 

Global analysis 

With a 2-way ANOVA (correcting for age effects), a significant group difference 
could be observed between the mean global DTI measurements. The mean global FA 
values in the VP group were significantly lower than controls (VP vs. controls: 0.38 + 
0.02 vs. 0.42 + 0.03 with age-adjusted group difference p = 0.02). The mean global 
MD values in the VP group were significantly higher than controls (VP vs. controls: 
[101.3 + 4.5] x 10-5 mm2/s vs. [93.7 + 6.7] x 10-5 mm2/s with age-adjusted group 
difference p = 0.01) (Table 6.2).  
 

 VP Control p-value 
Age (years) 75.3 + 7 70.8 + 8 0.13 
Gender (M/F) 9/3 8/4 0.64 
Total UPDRS score (II+III) 29.9 + 5.9 4.3 + 1.4 0.003 
Modified PIGD score (II+III) 16.5 + 3.1 2.0 + 1.8 0.007 
Mean global FA 0.38 + 0.02 0.42 + 0.03 0.02 
Mean global MD ( x10-5 mm2/s) 101.3 + 5  93.7 + 7 0.01 

Table 6.2. Mean global FA and MD Values in Vascular Parkinsonism Patients and Controls. 

Abbreviations: M, Male; F, Female; VP, vascular parkinsonism; FA, fractional anisotropy; MD, 

mean diffusivity; UPDRS, Unified Parkinson' s Disease Rating Scale; PIGD, Postural Instability 

Gait Difficulty 

 
Regional (voxel-based) analysis  

There are seven clusters of significantly lower regional FA in VP distributed on 
the bilateral anterior limb of internal capsule, the bilateral thalamus and the bilateral 
frontal subcortical WM. After corrected multiple comparison using family-wise error, 
there are three clusters of significantly lower regional FA were found in the VP group 
compared to the controls. These regions included the left thalamus (cluster size = 
1896 mm3), the right frontal subcortical WM (cluster size = 8056 mm3), and the left 
anterior limb of internal capsule (cluster size = 3784 mm3). No significantly higher 
regional FA cluster was found. MD analysis showed two clusters of significantly 
higher regional MD in VP group compared to controls, which were the left frontal 
subcortical WM (cluster size = 2536 mm3) and the right frontal subcortical WM 
(cluster size = 8680 mm3). No significantly lower regional MD cluster was found (Fig. 
6.2). 
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Figure 6.2. Maps showing significant inter-group differences in FA and MD. (A). Voxel-based 

significance maps of the decreased FA in vascular parkinsonism patients, as computed by 

SPM t-tests. The ‘cold’ color scale represents the t-value significance for the FA decreases. (B) 

Voxel-based significance maps of the increased MD in vascular parkinsonism patients, as 

computed by SPM t-tests. The ‘hot’ color scale represents the t-value significance for the MD 

increases. The number indicates the z-axis coordinate in the MNI space (unit in mm). R: right 

side, L: left side, FA: fractional anisotropy; MD: mean diffusivity. 
 

 

Figure 6.2 (A) see (B) on next page 
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Figure 6.2. Maps showing significant inter-group differences in FA and MD. (A). Voxel-based 

significance maps of the decreased FA in vascular parkinsonism patients, as computed by 

SPM t-tests. The ‘cold’ color scale represents the t-value significance for the FA decreases. (B) 

Voxel-based significance maps of the increased MD in vascular parkinsonism patients, as 

computed by SPM t-tests. The ‘hot’ color scale represents the t-value significance for the MD 

increases. The number indicates the z-axis coordinate in the MNI space (unit in mm). R: right 

side, L: left side, FA: fractional anisotropy; MD: mean diffusivity. 

Figure 6.2 (B) see (A) on previous page 
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The mean FA values from significantly lower FA regions in VP patients 
correlated with axial sub-score part III (p = 0.0013, adjusted R2 = 0.77), as well as the 
sum of axial sub-scores part II and III (p = 0.0087, adjusted R2 = 0.65) with age as 
covariate-not-of-interest (Fig. 6.3 (A, B)). The mean MD values from significantly 
higher MD regions in VP patients correlated with axial sub-score part III (p = 0.04, 
adjusted R2 = 0.51), as well as the sum of axial sub-scores part II and III (p = 0.03, 
adjusted R2 = 0.55) with age as covariate-not-of-interest (Fig. 6.3 (C, D)). Both mean 
FA values and mean MD values did not correlate with UPDRS part II score, part III 
score, or their sums. 

 

 
 

Figure 6.3 (A) 

Figure 6.3 (B)
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Figure 6.3. Correlation between the UPDRS axial sub-score and DTI parameters for regions 

with significant group difference. (A): Mean FA values from significantly lower FA regions in 

vascular parkinsonism versus the UPDRS axial sub-score part III. (B): Mean FA values from 

significantly lower FA regions in vascular parkinsonism versus the UPDRS axial sub-score part 

II & III. (C): Mean MD values from significantly higher MD regions in vascular parkinsonism 

versus the UPDRS axial sub-score part III. (D): Mean MD values from significantly higher MD 

regions in vascular parkinsonism versus the axial score derived from UPDRS axial sub-score 

part II & III. 

Figure 6.3 (C) 

Figure 6.3 (D) 
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Tract-based analysis  

For the tract-based analysis, the group differences of mean FA and MD values 
using age as covariate-not-of-interest are presented in Table 6.3 and Table 6.4. The 
mean FA values of the fiber tracts from the frontal lobe passing through the anterior 
limb of internal capsule in bilateral hemispheres showed a significantly negative 
correlation with the axial sub-score part III (p = 0.02, R2 = 0.59), as well as the sum of 
axial sub-scores part II and III (p=0.03, R2 = 0.54). No significant correlations were 
found between the FA and the UPDRS part II score, part III score, or their sums (Fig. 
6.4 (A, B)). Mean FA values from other tract regions (tracts passing through the genu 
of the corpus callosum, tracts from premotor area to brainstem, tracts from motor 
cortex to brainstem, tracts from supplementary motor area to brainstem, arcuate 
fasciculus, superior longitudinal fasciculus and tracts that pass the splenium of the 
corpus callosum) did not show any significant correlation with any of the UPDRS 
scores or axial sub-scores. Mean MD values from the region of fibers tracts passing 
through the genu of the corpus callosum showed a significantly positive correlation 
with the axial sub-score part III (p=0.01, R2=0.61) (Fig. 6.4 (C)). No significant 
correlations were found between the MD and any of the UPDRS scores or axial 
sub-scores for other tracts. 
 

Fiber tract Controls VP p-value 
ACC 0.56 + 0.08 0.47 + 0.05 0.0016 
ALIC 0.63 + 0.08 0.52 + 0.05 0.0024 
Premotor 0.69 + 0.06 0.61 + 0.05 0.0056 
Pyramidal 0.72 + 0.06 0.65 + 0.04 0.0085 
SMA 0.72 + 0.06 0.63 + 0.06 0.0076 
AF 0.57 + 0.05 0.53 + 0.05 0.0591 
SLF  0.56 + 0.06 0.50 + 0.06 0.0247 
PCC  0.58 + 0.07 0.49 + 0.08 0.0308 

Table 6.3. Group Differences of Mean FA Values for the different Fiber Tracts. Abbreviations: 

FA, fractional anisotropy; VP, vascular parkinsonism; ACC, tracts passing through the genu of 

the corpus callosum; ALIC, tracts from the frontal lobe passing through the anterior limb of 

internal capsule; Premotor, tracts from premotor area to brainstem; Pyramidal, tracts from 

motor cortex to brainstem; SMA, tracts from supplementary motor area to brainstem; AF, 

arcuate fasciculus; SLF, superior longitudinal fasciculus; PCC, tracts passing through the 

splenium of the corpus callosum. 
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Fiber tract Controls (mean + SD) 
x10-5 mm2/s  

VP (mean + SD) 
x10-5 mm2/s 

p-value 

ACC 104 + 18 124 + 16 0.0338 
ALIC 87 + 13 111 + 28  0.0239 
Premotor  81 + 7 91 + 6 0.0044 
Pyramidal 80 + 7 89 + 5 0.0085 
SMA 81 + 7 91 + 6 0.0044 
AF 85 + 9 94 + 7 0.0532 
SLF 84 + 9 94 + 9 0.0146 
PCC  114 + 19 142 + 23 0.0119 

Table 6.4. Group Differences of Mean MD Value for the different Fiber Tracts. Abbreviations: 

MD, mean diffusivity; VP, vascular parkinsonism; ACC, tracts passing through the genu of the 

corpus callosum; ALIC, tracts from the frontal lobe passing through the anterior limb of 

internal capsule; Premotor, tracts from premotor area to brainstem; Pyramidal, tracts from 

motor cortex to brainstem; SMA, tracts from supplementary motor area to brainstem; AF, 

arcuate fasciculus; SLF, superior longitudinal fasciculus; PCC, tracts passing through the 

splenium of the corpus callosum. 

 

Figure 6.4 (A) 
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Figure 6.4. Correlation between the UPDRS axial sub-score and DTI parameters for specific 

WM fiber bundles. (A): Mean FA of the tracts from the frontal lobe passing through the 

anterior limb of internal capsule versus the UPDRS axial sub-score part III. (B): Mean FA of 

the tracts from the frontal lobe passing through the anterior limb of internal capsule versus 

the UPDRS axial sub-score part II & III. (C): Mean MD of the tracts that pass through the genu 

of the corpus callosum versus the UPDRS axial sub-score part III. 

Figure 6.4 (B) 

Figure 6.4 (C) 
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Discussion 

VP accounts for a sizable proportion of parkinsonism. In a study from Spain, VP 
accounted for 4.4% of all cases of parkinsonism (Benito-Leon et al., 2004). In a 
population-based Italian study, out of 68 incident cases of parkinsonism, 8 (12%) 
were diagnosed as VP (Baldereschi et al., 2000). These figures, however, may be 
vastly underestimated as an autopsy study has shown that 100% of VP patients do 
not receive the correct clinical diagnosis (Bower et al., 2002). 

VP is distinct from Parkinson’s disease (PD) in terms of imaging findings and 
clinical features. Nearly all VP patients have structural imaging (MRI and/or CT) 
abnormalities, mainly multiple deep sub-cortical lesions, in contrast to only a 
minority of patients with PD showing sub-cortical WM lesions (Demirkiran et al., 
2001; Yamanouchi and Nagura, 1997; Zijlmans et al., 1995). Dopamine transporter 
imaging can also distinguish patients with VP from PD. Although it has been shown 
that the mean striatal [123 I] FP-CIT uptake is lower in VP patients than in healthy 
controls (Zijlmans et al., 2007), several studies have shown that the striatal uptake 
ratio is much lower in PD than in VP (Brucke et al., 2000; Gerschlager et al., 2002; 
Tzen et al., 2001). In a clinicopathologic study, pigmented neurons in the substantia 
nigra in VP were found to be preserved from ischaemic changes (Murrow et al., 
1990). These clinical, imaging based, and pathological differences suggest that the 
pathophysiology of VP is distinct from the typical pre-synaptic dopaminergic deficit 
found in PD.  

Although diffuse sub-cortical WM lesions are the principal pathological changes 
seen in VP (Demirkiran et al., 2001; Hu et al., 2002; Murrow et al., 1990; Yamanouchi 
and Nagura, 1997; Zijlmans et al., 2004), how these changes lead to parkinsonism in 
certain patients, but not in others, is still not clear. The lack of specificity for 
distinguishing VP from other pathological conditions is also evident from other 
studies. Hu et al. demonstrated that the ‘vascular lesion load’ did not differ between 
‘atypical’ and ‘typical’ parkinsonism on MRI (Hu et al., 2002). Yamanouchi et al. 
compared brain pathology in 24 VP patients with that in 22 age-matched patients 
with Binswanger's disease (BD) who had no parkinsonism (Yamanouchi and Nagura, 
1997). They found no significant difference in the extent of vascular lesions at the 
basal ganglia between patients with VP and with BD without parkinsonism. 

It may well be that the localization of WM pathology and its involvement with 
respect to specific tracts are more crucial for developing parkinsonism than its 
overall extent as determined by, for instance, ‘lesion load’. This view cannot be 
tested directly with traditional neuroimaging techniques, since they are not able to 
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delineate specific WM fiber bundles. Diffusion tensor imaging, a novel, noninvasive 
MRI technique capable of providing quantitative measures of the microstructural 
organization of WM pathways, on the other hand, can serve such purposes (Beaulieu, 
2002; Le Bihan et al., 2001). 

In this study, we showed that VP is associated with structural abnormalities of 
the WM architecture. Regional (voxel-based) inter-group analysis showed 
significantly lower regional FA and significantly higher regional MD in the left 
thalamus, the left anterior limb of internal capsule, and bilateral frontal subcortical 
WM. The anterior limb of the internal capsule contains fibers connecting the cortex 
with the corpus striatum, fibers connecting the lentiform and caudate nuclei, and 
fibers running from the thalamus to the frontal lobe. These WM pathways and the 
thalamus are all closely associated with movement control. When looking into the 
microstructural organization of these fiber tracts, we found abnormal diffusion 
properties for both motor related and non-motor related. Since VP patients mostly 
have extensive global WM changes on their conventional brain images, as was the 
case for our patients, it is not surprising that most tracts would appear to be 
disrupted with tract-based analysis. However, when we correlate DTI parameters 
with clinical severity, only the anterior fiber tracts (fibers from the frontal lobe 
passing through the anterior limb of internal capsule and fibers passing the genus of 
corpus callosum) showed significant correlations. 

Our results did not show any correlations between WM microstructural 
properties and UPDRS score part II, part III, or the sum of part II and III. To some 
extent, this is not an unexpected finding. Although UPDRS has been routinely used 
for the assessment of clinical severity in PD, it contains many items related to limb 
tremor, rigidity, and hand dexterity. In the case of VP, patients tend to have less limb 
rest tremor, rigidity, and hand dexterity than in PD, while having more postural and 
gait problems (FitzGerald and Jankovic, 1989; Quinn, 1995; Yamanouchi and Nagura, 
1997). Consequently, we feel that the full set of UPDRS is not an adequate measure 
for assessing VP severity. On the other hand, the “axial” sub-scores that we have 
used measure falls, posture, gait, and balance, and would better reflect the clinical 
severity of VP. The axial sub-scores derived from UPDRS score part III, as well as the 
sum of axial subscores part II and III, did correlate with the WM diffusion properties 
of the left thalamus, the left anterior limb of internal capsule, and bilateral frontal 
subcortical WM in the regional (voxel-based) inter-group analysis. 

In the tract-based analysis, similar associations were found for fibers from the 
frontal lobe passing through the anterior limb of internal capsule and fibers passing 
through the genu of the corpus callosum. By contrast, the microstructural properties 
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of fibers corresponding to the traditional motor-related cerebral cortex (premotor, 
motor, or supplementary motor) did not correlate with clinical severity. These 
findings suggest that, although traditionally attributed to cognitive 
function(Middleton and Strick, 2000), the basal ganglia loops involving the prefrontal 
cortex are more closely related to VP symptoms than those involving the motor 
related areas. 

The major clinical deficits of VP consist of balance and gait problems. There is 
increasing evidence suggesting an important role of cognitive factors such as 
executive function and attention in the control of balance during standing and 
walking (Woollacott and Shumway-Cook, 2002; Yogev-Seligmann et al., 2008). 
Matsui et al. found decreased resting rCBF in bilateral orbitofrontal cortex in 24 PD 
patients with freezing of gait compared to 31 PD patients without freezing of gait 
(Matsui et al., 2005). In another study of anticipation, preparation, and execution of 
foot movements using functional magnetic resonance imaging, anterior prefrontal 
regions appeared to be involved in the decision to move and the movement 
expectation (Sahyoun et al., 2004). Many studies have shown that gait in PD is more 
dependent on focused attention and external cues (Giladi and Hausdorff, 2006; 
Nieuwboer et al., 2007; Suteerawattananon et al., 2004). Frontal cortex may play a 
crucial role in controlling gait patterns (Bartels and Leenders, 2008; Nutt et al., 1993). 
When frontal areas are dysfunctional, this could lead to decreased ability to focus 
attention to a motor program and continue this program when other stimuli need to 
be integrated. In this regard, the gait problems in PD can be seen as an attention 
problem.  

Our study is the first in vivo study confirming the association between 
microstructural properties of cerebral WM and symptoms and signs of VP. In 
particular, we have shown the involvement of specific tracts, namely fibers linked to 
the prefrontal cortex, as we observed a strong correlation between the diffusion 
properties of these pathways and the clinical severity of symptoms and signs 
comprising mainly of gait, balance, and fall problems. 

Despite this interesting finding, we should acknowledge several limitations of 
this study. First, we compared DTI parameters between VP patients and normal 
controls, but did not study patients with apparently similar vascular WM lesions that 
do not have parkinsonian symptoms. With the latter patient group, it would be 
feasible to better understand the selectivity of tract involvement in VP patients. 
Second, voxel-based analyses require spatial correspondence between the images, 
which is usually not guaranteed. In addition, although typically assumed to be 
negligible, the results of these analyses may be affected by the amount and type of 
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smoothing (Jones et al., 2005; Van Hecke et al., 2010), coregistration parameter 
settings(Van Hecke et al., 2007; Van Hecke et al., 2008b), and choice of 
atlas/template space(Van Hecke et al., 2011; Van Hecke et al., 2008b). Finally, 
interpretation of DTI findings can be complicated by partial volume effects 
(Alexander et al., 2001a; Vos et al., 2011) and complex WM fiber architecture which 
cannot be characterized adequately by the second-rank diffusion tensor 
framework(Tuch et al., 2002; Vos et al., 2012; Wheeler-Kingshott and Cercignani, 
2009). 

In conclusion, we have demonstrated with this study that microstructural WM 
tract abnormalities of the frontal lobe are associated with the severity of VP. Our 
findings are in line with the frontal lobe disconnection hypothesis for gait problems, 
and can explain the differentiation in characteristics of VP compared to PD. As such, 
we believe that WM lesions disrupting the motor-related pathways of the 
corticostriatal loops may produce certain of the parkinsonian symptoms and that the 
involvement of WM fiber bundles related to the prefrontal cortex is more important 
in producing the core features of VP.  
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Chapter 7 
 

 
General discussion and future outlook 
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In this thesis, we investigated microstructural properties in the human brain 
with diffusion tensor imaging (DTI) in aging and age-related diseases. Specifically, we 
focused on the effect of age, gender, and vascular risk factors (smoking, hypertension, 
homocysteine, etc.) on the cerebral white matter (WM) microstructure. In the 
following paragraphs, specific findings that resulted from the studies in this thesis are 
discussed. In addition, critical considerations and directions for future work are 
presented. 

Age and gender 

When studying the effect of age on WM microstructural properties, presented 
in Chapter 2 (Hsu et al., 2008), we also explored potential differences in DTI 
parameters between males and females. Globally, the brain FA was negatively 
correlated with age. The regional analysis showed that the anterior corpus callosum, 
the bilateral anterior and posterior internal capsule, and the posterior periventricular 
regions had the most significant age-related FA decrease. Interestingly, we also found 
gender differences in the right deep temporal, the precentral, the cingulate, and the 
anterior temporal WM areas, suggesting that microstructural white matter 
organization in these regions may have a sexual dimorphism. Secondary analyses 
revealed that these FA differences between males and females were mainly due to 
the increase in diffusion perpendicular to fiber tracts orientation in females. 

The second study, however, described in Chapter 3 (Hsu et al., 2011), used the 
higher-order polynominal regression model to describe the age effect on the DTI 
parameters in various brain regions. Based on this more general framework, there 
was no significant effect in gender or age-by-gender interaction in the analysis of 
these DTI measures anymore. The discrepancy between the results of these studies 
may have been caused by the difference in sensitivity of capturing the more subtle 
trends between both approaches. Such potential confounds may be related to 
morphological differences and are typically not properly dealt with when using 
simplified approaches (Vos et al., 2011; Szczepankiewicz et al., 2013).   

Vascular risk factors 

To explore the effect of vascular risk factors on the microstructural organization 
of WM tissue, we firstly investigated potential differences in DTI measures between 
subjects with type 2 diabetes mellitus (T2DM) and controls in Chapter 4 (Hsu et al., 
2011). Under strict exclusion criteria, we found that T2DM patients showed 
abnormal WM tissue characteristics as revealed by the DTI parameters. In particular, 
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the MD of the brain parenchyma was significantly increased compared to controls 
and was positively correlated with disease duration. The voxel based analyses 
revealed (i) a significantly decreased FA in the bilateral frontal WM compared to 
controls which was mainly caused by an increased TD and not a decreased AD within 
these regions and (ii) a significant association between disease duration and 
microstructural properties in several brain regions including bilateral cerebellum, 
temporal lobe WM, right caudate, bilateral cingulate gyrus, pons, and 
parahippocampal gyrus. Our findings indicate that microstructural WM abnormalities 
and associations with clinical measurements can be detected with DTI in T2DM 
patients.  

Multiple vascular risk factors may be present, however, each potentially having 
a different modulating effect on brain tissue. To address these combination effects, 
we conducted the study described in Chapter 5. The subjects that were included in 
this study had various ranges of vascular risk factors (from 4.7 % history of 
cardiovascular disease to 23% hypertension). For each individual the estimated 
10-year stroke probability score (i.e., FSRP score) was used to represent the vascular 
risk burden (D'Agostino et al., 1994). 

To minimize other confounding factors that could decrease the statistical power, 
the subjects received detailed examinations, including physical and bed-side checks 
performed by neurologists (such as examining the cranial nerves, the motor system, 
and cerebellar signs), a biochemistry study, a chest X-ray, an electrocardiogram (EKG), 
and an electroencephalogram prior to the MRI data acquisition. In addition, all 
participants who had a history of major neurological diseases, cerebrovascular 
accidents or those with manifestations of stroke (demonstrated by abnormal bedside 
neurological examination), psychiatric or serious cardiovascular diseases were 
excluded. To further maximize the homogeneity of our cohort we excluded subjects 
with significant cognitive deficits, i.e. with cognitive complaints that cause 
impairment in social or occupational functioning. Also, any MRI scans with structural 
abnormalities, such as a tumor or stroke, obvious variations (e.g., mega cisterna 
magna, cavum septum pellucidum), or technical artifacts were excluded. Finally, we 
included many subjects (above average compared to other similar work) to increase 
the statistical validity of our findings. Failing to comply with such a strict design may 
seriously impact the reliability of outcome inferences (Button et al., 2013). 
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Gait symptoms in vascular parkinsonism and DTI 

There is lack of specificity for distinguishing vascular parkinsonism (VP) from 
other pathological conditions as evidenced in previous work. For instance, Hu et al. 
demonstrated that the “vascular lesion load” was not different between atypical and 
‘typical’ parkinsonism based on conventional structural MRI data scoring (Hu et al., 
2002). Also in work of Yamanouchi et al., where brain pathology was compared 
between 24 VP patients and 22 age-matched patients with Binswanger's disease (BD) 
who had no parkinsonism, no significant differences in the extent of vascular lesions 
at the basal ganglia were observed (Yamanouchi and Nagura, 1997). 

It may well be that the localization of WM pathology and its involvement with 
respect to specific tracts are more crucial for developing VP than its overall extent as 
determined by, for instance, “lesion load”. This view cannot be tested directly with 
traditional MRI methods, since they do not allow for the reconstruction of specific 
WM fiber bundles. In this context, including DTI measurements may be useful to 
further investigate whether such a differentiation could be feasible. 

In Chapter 6, we explored the neural substrate of gait symptoms in VP using DTI 
(Wang et al., 2012). In addition, we investigated specific fiber tract involvement with 
respect to clinical severity of parkinsonian symptoms assessed with the Unified 
Parkinson’s Disease Rating Scale (UPDRS) Part II and III (Movement Disorder Society 
Task Force on Rating Scales for Parkinson's Disease, 2003). In addition, for a better 
assessment of symptoms and signs related to gait, posture, and balance in general, 
we isolated relevant items from UPDRS and present these scores as modified “axial” 
UPDRS sub-scores.  

In contrast to previous research, we performed global-, voxel-, and tract-based 
analyses to compare WM microstructural properties between groups. By combining 
multiple approaches we gained more confidence in our findings when comparing 
diffusion measures (FA and MD) between patients with VP and control subjects. Our 
observation that the disrupted microstructural organization of frontal lobe WM is 
associated with the severity of VP is in line with the frontal lobe disconnection 
hypothesis for gait problems (Sibon and Tison, 2004). These results reinforce the 
paradigm that the involvement of fibers related to the prefrontal cortex is crucial for 
the core features of VP.  
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Critical considerations and future work 

Despite the converging evidence that DTI can be more sensitive in detecting 
WM structural deficits in brain diseases than conventionally applied clinic MRI 
methods, such as T2-weighted and FLAIR imaging, there is a growing awareness that 
DTI has several fundamental limitations that may complicate clinical investigations 
(Deprez et al. 2013; Jones et al., 2012). 

Analyzing DTI data is far from trivial and typically consists of many processing 
steps, including model residual computation for artifact identification (data quality 
assessment), correction procedures for (i) subject motion, (ii) eddy current induced 
distortions, and (iii) geometric deformations due to susceptibility induced magnetic 
field inhomogeneity in echo planar imaging, and diffusion tensor estimation methods 
(Tournier et al., 2011; Jones and Leemans, 2011; Veraart et al., 2013). Often due to a 
lack of available technical expertise, several of these steps are neglected causing 
sources of bias, which may not only affect the accuracy and precision in an adverse 
way, but can lead to substantial errors and complications for data interpretation, 
especially when pathology is involved (Jones and Cercignani, 2010). 

The partial volume effect (PVE) is a well-known problem that can cause a great 
deal of difficulty when interpreting DTI results (Alexander et al., 2001). With common 
voxel sizes in the order of 2 mm, signal measurements can originate from different 
adjacent tissue types. Elevated values of diffusivity measures, typically associated 
with atrophy or microstructural tissue breakdown in pathology, may simply occur due 
to morphological aspects of fiber pathways due to size and/or intrinsic curvature. For 
instance, in regions of the fornix, PVEs cause a bias in DTI measures due to the 
surrounding CSF, making it difficult to distinguish between the “micro” and “macro” 
level at which biophysical mechanisms may be changing (Concha et al., 2005). 

While DTI may be sensitive to detect changes in specific WM properties, it 
cannot provide direct measurements of specific tissue properties (Jones et al., 2012). 
In other words, despite a genuine observation of, for example, a decreased FA, one 
cannot pinpoint the exact cause of this effect given the numerous WM constituents 
that may modulate the diffusion signal (Beaulieu, 2000). This lack of specificity is 
further exacerbated – and perhaps even dominated – by what is known as “crossing 
fibers” (Jeurissen et al., 2013). In short, the diffusion tensor model is not able to 
characterize the non-Gaussian diffusion profile that exists when multiple fiber 
populations “cross”, referring to configurations where pathways interdigitate, kiss, 
splay, or bend within the scale of a single voxel (Fig. 7.1). 
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Figure 7.1. Schematic illustration of “crossing fibers” (white tube-like objects) at the scale of 

a voxel (the red boxes) (Image from Tournier et al., 2011). 

In future research on age-related brain diseases and vascular risk factors, we will 
consider diffusion approaches that take this non-Gaussian behavior into account, 
such as diffusion kurtosis imaging (DKI) (Jensen et al., 2005). The new biomarkers 
provided with DKI may be more specific in determining the underlying mechanisms 
of microstructural tissue changes and have already shown promising results in 
grading gliomas (Van Cauter et al. 2012). 

In terms of tract specific analyses, fiber tractography methods that take 
advantage of improvements in modeling, such as those based on the constrained 
spherical deconvolution (CSD) approach developed by Tournier et al. (Tournier et al. 
2007; Jeurissen et al., 2011), will be used to overcome the orientation ambiguities in 
brain regions with complex fiber architecture in DTI based tractography (Fig. 7.2). In 
recent literature, these methods have already demonstrated to be feasible in a 
clinical setting (Reijmer et al., 2012; McGrath et al., 2013). 

Ultimately, we aim to achieve a deeper understanding of the pathogenesis of 
age-related diseases so that informed treatment strategies can be developed that 
eventually will contribute to improvements in patient care. 
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Figure 7.2. Rostral part of the body of the corpus callosum pathways reconstructed with 

diffusion tensor imaging (top image) and constrained spherical deconvolution imaging 

(bottom image). Fiber tractography settings in terms of the location for starting the tract 

reconstructions were identical for both approaches (Image courtesey of Alexander Leemans).
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Nederlandse samenvatting 
Mensen met vasculaire risicofactoren, zoals type 2 diabetes patiënten of 

personen met een te hoge bloeddruk, hebben vaak te maken met cognitieve 

stoornissen en hebben ook een verhoogde kans om een vorm van dementie te 

ontwikkelen. Idealiter worden mensen met een vergroot risico op dergelijke 

aandoeningen vroegtijdig gedetecteerd zodat effectieve behandelstrategieën 

geïnitieerd kunnen worden. Het in kaart brengen van microstructurele 

eigenschappen van het hersenweefsel en hoe deze worden beïnvloed bij veroudering 

en ouderdomsgerelateerde ziekten kan hiertoe bijdragen. In deze thesis werd 

gebruik gemaakt van diffusie tensor beeldvorming (DTI) om het menselijk brein bij 

veroudering en ouderdomsgerelateerde ziekten te bestuderen. 

In hoofdstuk 2 werd het effect van veroudering op de microstructurele 

eigenschappen van de witte hersenmaterie bestudeerd bij 145 gezonde 

proefpersonen (leeftijd tussen 30 en 80 jaar). Het doel van deze studie was het 

identificeren van potentiële relaties tussen enerzijds leeftijd en geslacht van deze 

mensen en anderzijds de globale fractionele anisotropie en de gemiddelde diffusie 

zoals bepaald aan de hand van DTI. Hierbij werden in totaal 16 hersenregio’s in beide 

hemisferen onderzocht. Daarnaast werd ook nagegaan of er specifieke regionale 

associaties waren m.b.v. voxel gebaseerde DTI analyses. 

  Een beperkende methodologische factor van de voxel gebaseerde DTI analyse, 

zoals degene uitgevoerd in het tweede hoofdstuk, is de impliciete veronderstelling 

van “lineaire correlatie” bij het bestuderen van leeftijd gerelateerde diffusie 
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eigenschappen in bepaalde hersenregio’s. Het doel in hoofdstuk 3 was de 

ontwikkeling van een meer gesofisticeerde methode waarbij hogere-orde 

polynomiale regressiemodellen geïntegreerd worden om die beperking van 

lineariteit aan te pakken. Om de voordelen van deze nieuwe statistische techniek te 

demonstreren werd gebruik gemaakt van een grote cohort van 346 gezonde 

vrijwilligers (leeftijd van 25 tot 81 jaar). 

Na het bestuderen van DTI eigenschappen en veroudering bij gezonde personen 

werd in Hoofdstuk 4 eerst onderzocht of er potentiële verschillen in microstructurele 

eigenschappen van het hersenweefsel zijn tussen personen met type 2 diabetes 

mellitus (T2DM) en gezonde mensen. De FA, MD, AD en RD waarden werden hierbij 

vergeleken tussen 40 T2DM patiënten en 97 controlesubjecten. Daarnaast werd 

nagegaan of er associaties bestonden tussen de mate van deze microstructurele 

afwijkingen bij T2DM patiënten en klinische parameters. 

Ondanks eerdere studies die hebben aangetoond dat homocysteïne, een 

gekende vasculaire risicofactor, een negatieve invloed heeft op de macrostructurele 

eigenschappen van de hersenen (e.g., volume veranderingen), bestaat er geen 

literatuur over het effect van deze risicofactor op de microstructuur van het 

hersenweefsel waarbij gebruik gemaakt werd van diffusie MRI data. Hoofdstuk 5 

richt zich op het onderzoeken van een dergelijke potentiële relatie bij 338 gezonde 

proefpersonen waarbij ook gekeken werd naar mogelijke modulerende invloeden van 

ARWMC (age-related white matter changes) en FSRP (Framingham Stroke Risk Profile) 

scores. 

Tot slot bestudeerden we in Hoofdstuk 6 van deze thesis in welke mate de DTI 
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parameters in hersenweefsel van patiënten met vasculair parkinsonisme (VP) 

afwijkend waren. Naast een voxel gebaseerde DTI analyse werd er ook tractografie 

uitgevoerd om de diffusie eigenschappen te vergelijken tussen VP patiënten en 

gezonde proefpersonen. In een secundaire analyse werd onderzocht of er een 

verband bestond tussen de abnormale waarden van de DTI parameters bij VP 

patiënten en de klinische parameters: UPDRS (Unified Parkinson's Disease Rating 

Scale) en PIGD (Postural Instability Gait Difficulty) scores.  
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