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Abstract 

Emerging non-invasive neuroimaging techniques allow for the morphometric analysis of patterns 
of grey and white matter degeneration in vivo, which may help explain and predict the 
occurrence of cognitive impairment and Alzheimer's disease. A single center prospective follow-
up study (Radboud University Nijmegen Diffusion tensor and Magnetic resonance imaging 
Cohort study (RUN DMC)) was performed involving 503 non-demented elderly individuals (50-
85 yrs.) with a history of symptomatic cerebral small vessel disease (SVD). Age was associated 
with a global reduction in cortical thickness, and this relationship was strongest for ventrolateral 
prefrontal cortex, auditory cortex, Wernicke’s area, superior temporal lobe, and primary visual 
cortex. Right and left hemispheres differed in the thickness of language-related areas. White 
matter (WM) lesions were generally negatively correlated with cortical thickness, primarily in 
individuals over the age of 60, with the notable exception of Brodmann areas 4 and 5, which 
were positively correlated in age groups 50-60 and 60-70, respectively. The observed pattern of 
age-related decline may explain problems in memory and executive functions, which are already 
well-documented in individuals with SVD. The additional gray matter loss affecting visual and 
auditory cortex, and specifically the head region of primary motor cortex, may indicate 
morphological correlates of impaired sensory and motor functions. The paradoxical positive 
relationship between WM lesion volume and cortical thickness in some areas may reflect early 
compensatory hypertrophy. This study raises a further interest in the mechanisms underlying 
cerebral gray and white matter degeneration in association with SVD, which will require further 
investigation with diffusion weighted and longitudinal MR studies. 
 
Introduction 
 
A common topic in the field of aging research is the effect of the aging process upon brain 
morphology. Of particular interest is the isolation of specific patterns of morphological 
alterations that accompany aging, and how these patterns relate to the broad array of 
physiological, behavioural, memory, and cognitive changes observed in this process, especially 
those deficits which may predict underlying pathology or degeneration (Grady, 2008). 
 
Recent advances in MR imaging techniques have allowed for high-resolution in vivo analysis of 
age-related brain alterations. A number of studies have utilized voxel-based morphometry 
(VBM) to investigate the effects of aging on cortical grey matter (GM) and white matter (WM) 
volume or density (see Wright et al., 1995; Ashburner and Friston, 2000), which generally report 
an age-related decline in these measures (Raz et al., 1997; Raz et al., 2004; Xu et al., 2000; Good 
et al., 2001; Sowell et al., 2003; Brickman et al., 2007). However, no clear consensus on a 
pattern of localization appears to emerge from these reports. An alternative MR-based 
morphometric approach is that of cortical GM thickness analysis, which is based upon a 
geometric approximation to the boundaries of cortical GM (Tosun et al., 2004; Kim et al., 2005). 
At least two studies, utilizing this approach, report a pattern of age-related cortical thinning, 
apparent from middle age (Salat et al., 2004; Hutton et al., 2009). 
 
The relationship of GM thickness patterns to WM integrity is a question of much importance, 
given that the prevalence of some degree of WM lesions (WML) has been reported at 95% in 
people aged 60 to 90 years (de Leeuw et al., 2001). Moreover, periventricular WML severity is 
related to a factor-of-three increase in the rate of general cognitive decline for this same age 



group (de Groot et al., 2002). The relationship of WML to GM degeneration, however, is still 
poorly understood, particularly with respect to GM cortical thickness. 
 
Cerebral microangiopathy, or cerebral small-vessel disease (SVD), is a degeneration of small 
cerebral blood vessels, whose common risk factors are age, hypertension, and possibly genetic 
factors (de Leeuw et al., 2002; Launer, 2003). SVD is a significant cause of age-related cognitive 
impairment and dementia (O’Brien et al., 2003), as well as behavioural, psychological, and 
somatic neurological symptoms (reviewed in: Schmidtke and Hüll, 2005). At least one study of 
elderly individuals (mean age 58 years) has demonstrated a general decrease in cortical thickness 
for subjects with SVD compared to age-matched controls, which was associated with poorer 
neuropsychological performance (Preul et al., 2005). However, many questions remain about 
SVD, including its rate of progression and its detailed relationship to factors such as WM and 
GM morphology. 
 
The present study investigates the effects of aging and incidental WML upon cortical GM 
thickness in a large population of elderly adults with symptomatic SVD. Using cortical thickness 
and volumetric methods, we intend to address the following questions. Firstly, how is the effect 
of aging upon cortical GM thickness distributed across the cerebral cortex in individuals from 
our cohort? Secondly, do sex differences in cortical morphology exist for our population, and do 
age- and SVD-related changes in morphology differ between males and females? Thirdly, does 
cortical thickness exhibit patterns of interhemispheric asymmetry, and how does such asymmetry 
interact with age? Finally, how is cortical GM thickness related to the extent of WM 
degeneration, and how is this pattern distributed? 
 
Materials and Methods 
 
Subjects 
 
The present study is based upon the Radboud University Nijmegen Diffusion tensor and 
Magnetic resonance imaging Cohort study (RUN DMC), a single-center prospective follow-up 
study involving 503 participants (284 male, 219 female; 50-85 years; response rate 71.3%). None 
of the participants suffered from dementia on the basis of international diagnostic criteria, but 
have a history of symptomatic SVD (see Van Norden et al., 2008). Eighteen subjects (3.5%) 
were excluded from the present analysis due to failures in the cortical surface generation process. 
Table 1 shows the demographics for the RUN DMC cohort. 
 

[Table 1 about here] 
 
MRI Acquisition 
 
Imaging was performed on a 1.5 Tesla scanner (Magnetom Avanto, Siemens Medical Solutions, 
Erlangen, Germany) at the Donders Center for Cognitive Neuroimaging. The protocol included 
T1 3D MPRAGE acquisitions (TR/TE/TI 2250/3.68/850 ms; flip angle 15º; voxel size 
1.0x1.0x1.0 mm), which are used for all cortical modelling analyses reported in the present 
study, and Fluid-Attenuated Inversion Recovery (FLAIR) acquisitions (TR/TE/TI 9000/84/2200 
ms; voxel size 1.0x1.2x6.0mm (including an interslice gap of 1 mm), which are used for WML 
volumetry. 
 



White matter lesion volume estimation 
 
WM lesions were manually segmented on transversal FLAIR images. WML were defined as 
hyperintense lesions on FLAIR with no corresponding cerebrospinal fluid- (CSF-)like 
hypointensity on the T1-weighted image. Due to the manual segmentation WML could easily be 
differentiated from Virchow-Robin Spaces as the latter structures are hypointense on both T1 
and FLAIR imaging (Kwee & Kwee, 2005). Two trained raters, blind to all clinical information, 
segmented all scans. WML volume (WMLV) was calculated as lesion surface by slice thickness, 
and is reported in ml. Inter-rater variability was determined in a random sample of ten percent 
and yielded an intraclass correlation coefficient of 0.99 for total WMLV. Gliosis surrounding 
lacunar and territorial infarctions was not considered to be WML. Virchow-Robin Spaces were 
hypointense areas on T1 and FLAIR imaging without surrounding gliosis and not taken into 
account in the analysis of the WML. Mutual information rigid body coregistration (SPM5, 
Wellcome Department of Cognitive Neurology, University College London, UK) was used to 
align WML images with T1 images. A Talairach-based lobar atlas (Maldjian et al., 2003; WFU 
Pickatlas, v2.3) was registered to T1 images in SPM, using a non-linear transformation.  
 
Cortical thickness measurement 
 
Cortical thickness (Thickness) analysis was performed using the CIVET pipeline. In brief, native 
MR images were registered into stereotaxic (MNI) space using a 9-parameter linear 
transformation (Collins et al., 1994), corrected for nonuniformity (Sled et al., 1998), and 
segmented into background mask, WM, GM, and CSF (Zijdenbos et al., 2002). The boundaries 
between GM/CSF and WM/GM were then approximated using an algorithm called Constrained 
Laplacian Automated Segmentation with Proximities (CLASP) (MacDonald et al., 2000; Kim et 
al., 2005), and cortical thickness was measured as the distance, in native space, along the links 
between corresponding vertices created in this process (t-link). The resulting surface meshes 
contained 40,962 vertices per hemisphere. Finally, individual surface meshes were resampled to 
a template surface, obtained using an iterative group template registration algorithm (Lyttelton et 
al., 2007), in order to facilitate intersubject comparisons. We used the middle-cortex surface 
obtained from this process to calculate two further measures: 1.) cortical surface area (Asurf), 
calculated as the sum of areas of the triangular faces; and 2.) cortical GM volume (Vsurf), 
calculated as the sum over each face of its area multiplied by its average vertex-wise thickness 
value. 
 
Anatomical parcellation 
 
Surfaces were parcellated into 41 Brodmann areas per hemisphere by applying a landmark-based 
deformation map using Caret software (Van Essen et al., 2001) (Figure 1A). This procedure 
effectively warps and resamples the Brodmann parcellation from the Population-Average, 
Landmark- and Surface-based atlas representation (PALS) (Van Essen, 2005) to the group 
template surface mesh used in the CIVET pipeline. Brodmann areas are herein referred to 
synonymously as GM regions-of-interest (GM ROIs), and a single GM ROI is referred to with 
the prefix “BA” followed by its number. 
 



Statistical analysis 
 
Statistical analyses were performed using the SurfStat Matlab library and SPSS 16.0, as follows. 
Mean statistics were obtained for the model Thickness ~ Age + Sex + Age * Sex for both 
hemispheres. The models Asurf  ~ Age + Sex + Age * Sex, Asurf ~ Hemisphere, Vsurf  ~ Age + Sex + 
Age * Sex, and Vsurf  ~ Hemisphere were also analyzed (see Supplementary Material). Vertex-
wise statistics were computed as individual linear models (Thickness ~ Age + Sex + Age * Sex) 
for each of 40,962 vertices per hemisphere. To indicate effect size, they are represented here as 
significant slope values, such that all non-significant slopes (p < 0.05) are set to zero. Corrected 
P statistics are obtained for these vertices using random field theory (Worsley, 2005; Worsley et 
al., 1999).  
 
ROI-based analysis of Age, Sex, and Hemisphere effects were performed by computing 
individual linear models for the mean of the subset of vertices in a given GM ROI (Thickness ~ 
Age + Sex + Age * Sex; Thickness ~ Age * Hemisphere; Thickness ~ Hemisphere). Significance 
thresholds were corrected for multiple comparisons (family-wise error, FWE) using the Holm-
Bonferroni method. We further analyzed WML effects by testing the model Thickness ~ Age + 
WMLV + Age * WMLV for individual GM ROIs. Given our subsequent findings that GM ROI-
wise WMLV was not significantly related to Thickness after Age was included as a factor, we 
decided to further investigate the relationship between WMLV and Thickness in three separate 
age groups: 50-60, 60-70, and 70+. Because WMLV is bound by zero, and consequently has a 
large positive skew, we applied a log transformation to these data, resulting in a bivariate normal 
distribution, which is necessary for a linear regression analysis. To plot the results for each 
group, we standardized the slope values to the statistics of the entire population. Significance 
was assessed using both p- and q-values (false discovery rate, FDR; see Storey, 2002) to account 
for FWE. 
 
Results 
 

[Figure 1 about here] 
 
Cortical thickness 
 
Figure 1B illustrates the distribution of mean Thickness in terms of the Brodmann area 
parcellation. BA1 and BA3 were thinnest (~2mm) while BA38 and BA36 were thickest (~3.75). 
Vertex-wise mean Thickness was also spatially distributed in a nonuniform manner (Figure 2A). 
Primary motor and somatosensory cortices were thinnest (~2mm) while temporal pole and 
medial temporal lobe were thickest (~4mm or thicker). Thickness variance was also spatially 
distributed somewhat nonuniformly, with standard deviation being highest (~0.2mm) in the 
perirhinal region and moderately high (~0.15mm) in the primary motor and somatosensory 
cortices as well as the temporal pole. Analysis of hemispheric differences showed a significant 
difference in mean Thickness (right > left) (t = -9.40, p < 0.01), and significant hemispheric 
asymmetry in 28 Brodmann areas (Table 2). The largest differences were found in the lateral 
prefrontal areas BA47 (Figure 2D), BA11, and BA45, in which the right hemisphere was thicker 
than the left. 
 

[Table 2 about here] 
 



Age 
 
There was a significant mean negative effect of Age on Thickness, for both left (t = -13.16, p < 
0.01, R2adj = 0.262) and right (t = -12.73, p < 0.01, R2adj = 0.244, slope = -0.010) hemispheres. 
The results of vertex-wise analyses illustrate the spatial distribution of the slope for Age in this 
model (Figure 2B): most of the cortical sheet showed significant decrease with Age, with the 
greatest effects apparent in the ventrolateral prefrontal cortex (BA45, BA46, BA47), the primary 
and secondary auditory cortices (BA41, BA42), Wernicke’s area (BA22), medial temporal lobe 
(BA36, BA28, excluding the hippocampal formation and amygdala), and the primary visual 
cortex. Analysis of Brodmann ROIs further elucidates this distribution (Table 2). In three 
Brodmann areas (BA11, BA21, and BA30), the effect of Age on Thickness was asymmetrical, as 
indicated by a significant Age x Hemisphere interaction (Table 2). There were no significant 
mean, vertex-wise, or ROI-wise quadratic effects of Age on Thickness. 
 
Sex 
 
There was no significant mean effect of Sex on Thickness for either hemisphere. Vertex-wise 
analyses highlight some regions where a moderate Sex effect was apparent. After p-value 
correction, these effects were not significant; however, when the interaction term was removed a 
pattern of significance was observed bilaterally in the subgenual area (BA25) (Male > Female) 
and in the left anterior cingulate (BA32) (Female > Male) (Figure 2C). Analyses of Brodmann 
area ROIs did not result in any significant ROI-wise effects of Sex, after correction for multiple 
comparisons (Table 2). There was no significant mean interaction effect of Age * Sex on 
Thickness, nor any pattern of significant vertex-wise or ROI-wise interaction effects (Table 2). 
 

[Figure 2 about here] 
 
White matter lesions 
 
No significant ROI-wise effects were found after correction for multiple comparisons, for either 
WML or Age * WMLV, in the model Thickness ~ Age + WMLV + Age * WMLV. To further 
investigate this relationship, we split the cohort into three age groups: 50-60, 60-70, and 70+, and 
tested the linear model Thickness ~ log(WMLV) for each. As Figure 3 shows, 8 BAs show 
significant negative correlations in the 50-60 group (p < 0.05, q < 0.05), 28 BAs in the 60-70 
group, and 27 BAs in the 70+ group. BA4 shows a significant positive correlation for the 50-60 
age group, as does BA5 for the 60-70 age group. 
 

[Figure 3 about here] 
 
 



Discussion 
 
Distribution of cortical thickness 
 
Cortical thickness has a distinct heterogeneous distribution across the cortex in our population, 
which is illustrated in Figures 1B and 2A. Superior primary motor and sensory areas are 
comparatively thin (2.0 to 2.5 mm), and the temporal pole and medial temporal cortex is 
comparatively thick (3.5-4.0 mm). BA36 has a particularly high mean thickness as well as a wide 
variance, with values as high as 6 mm (Figure 1). While BA36 is indeed a thicker region, it is 
conceivable that, given its convoluted structure and the poor contrast of tissue types in this 
region (see Supplemental Figure 2), some of its variance is attributable to measurement artifact. 
For the rest of the brain, however, the distribution of thickness values seems reasonable, and 
similar to that reported in at least one study (Hutton et al., 2009), albeit globally higher than 
values reported in another (Salat et al., 2004). 
  
Age- and SVD-related cortical thinning 
 
We show that cortical thickness decreases with aging across most of the cortical sheet among 
elderly individuals with symptomatic SVD. As Figure 2 illustrates, the largest decreases in 
thickness were observed in the ventrolateral prefrontal cortex, the primary and secondary 
auditory cortex, Wernicke’s area, the medial temporal lobe, and the primary visual cortex. 
Interestingly, the age effect in primary visual cortex is focused in the posterior region, which 
corresponds to foveal innervations (Wandell, 2000). This distribution is comparable to that of 
GM density reported by Good et al. (2001b), but differ notably from those reported by Salat et al. 
(2004), who show a cortical thinning pattern that is predominant in primary motor cortex, where 
we find only a moderate significant effect, and apparent sparing of the ventrolateral prefrontal 
and temporal cortices, where we find the largest age effects. One possible explanation for this 
discrepancy is that these authors investigated a population with a much larger age range (18 to 
93) than in the present study. This would suggest that cortical thinning with age is a nonlinear 
effect with respect to the entire human lifespan, a possibility which is supported by at least one 
study of GM density (Sowell et al., 2003). A second possible source of discrepancy is the 
different exclusionary criteria applied to both cohorts. The observed differences in cortical 
thinning may be partly attributable to a higher incidence of symptomatic SVD, which was 
excluded as a factor from the Salat et al. study, although SVD was also present in this cohort 
(personal correspondence). Given the strong relationship between age and SVD, and its high 
prevalence, it is difficult to disentangle these two factors. Preul et al. (2005) report a decreased 
mean cortical thickness in people with SVD versus age-matched controls, but the distribution of 
this effect across the cortical sheet has not been investigated. 
 
The observed age-related GM atrophy of primary auditory and visual cortices is particularly 
interesting since it may represent a morphometric correlate to the hearing and vision deficits 
commonly encountered in old age. While primary somatosensory cortex appears to be relatively 
spared, the moderate thinning of inferior parts of motor cortex predict a degree of motor deficits, 
particularly in head motion. Although the present study does not include the hippocampal 
formation or amygdala, we have reported separately that age-related subjective cognitive failures 
are negatively related to hippocampal volume (van Norden et al., 2008), which may be closely 
associated with the preferential thinning of medial temporal cortex observed here. We also find 
age-related atrophy of lateral prefrontal cortex, which has been noted in a number of VBM-based 



studies of brain morphology (Good et al., 2001b; Sowell et al., 2003; Raz et al., 2004). 
Functionally, this atrophy may be related to reports that performance on two cognitive inhibition 
tasks presumed to require executive control, Stroop interference and stop signal responsiveness, 
significantly decrease with age, whereas performance on a non-executive cognitive inhibition 
task does not show a similar decrease (Andrés et al., 2008). 
 
White matter lesions 
 
WMLV does not appear to have a substantial relationship with GM thickness after accounting 
for age (see Table 2). However, since WM lesions become more probable with age (de Leeuw et 
al., 2001), it is still interesting to investigate the relationship of WMLV with cortical thickness 
across age groups. The results illustrated in Figure 3 suggest that, in the 50-60 age group, this 
relationship is minor, with only 8 BAs showing significant negative correlations. In the two older 
age groups, however, we find a substantial and nonuniform increase in negative correlations, 
indicating a tighter coupling between these two forms of degeneration in individuals over 60. 
The strongest of these relationships is found in structures associated with executive function 
(BA10), speech production (BAs 44 and 45, or Broca’s area), emotionality (BAs comprising 
cingulate cortex), and auditory processing (BAs 41 and 42). Interestingly, we also find a positive 
correlation in the younger age group for BA4, and in the middle age group for BA5. At first 
glance, such positive relationships appear counterintuitive, but may implicate a stable 
compensatory mechanism in response to a compromised network, which disappears as the brain 
degenerates further. Compensatory hyperactivation has been shown in the prefrontal cortex of 
Alzheimer patients (Grady et al., 2001), and an increased superior prefrontal GM volume 
corresponding to decreased cognitive performance has also been reported (Salat et al., 2002). 
However, the functional implications of hypertrophy in BA4 (primary motor cortex), or BA5 (a 
secondary somatosensory area), are unclear.  
 
Conclusions and future perspectives 
 
The present study is unique in that it utilizes a large sample size with a high response, and 
imaging data collected in a single center, using a single scanner and identical acquisition 
protocols. The morphometric estimates of GM cortical thickness and WMLV are derived from 
established, well-documented procedures, which provide a more sensitive measure of age-related 
changes than many previous approaches. Furthermore, the use of surface-based cortical 
parcellation into Brodmann areas permits a more detailed anatomical reference set. Our results 
suggest that while aging has a virtually global negative effect upon this measure, this reduced 
thickness has a distinct pattern of preference which includes primary auditory and visual cortices. 
This finding suggests that age-related changes in brain morphology occur in regions mediating 
early sensory processing, in addition to those mediating higher-level cognitive functions. The 
relationship of WM degeneration to changes in cortical GM thickness is potentially informative 
about network alterations underlying age- and SVD-related neural changes, but can only be 
highlighted by the present correlative morphological investigation. While WMLV was related to 
thinner cortex in most areas, two Brodmann areas in frontal and parietal cortex exhibit apparent 
cortical thickening. The mechanisms underlying this counterintuitive result remain an open 
question, but further studies including longitudinal data and diffusion-weighted imaging will 
help address these issues more directly. 
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Figures 
 

 
 
Figure 1. Cortical grey matter regions of interest (GM ROIs). A. Parcellation of the cortical 
surface into Brodmann areas. Grey areas are not analyzed in the present study, and include the 
medial wall (MW), which is artificially created by the surface extraction process, and the insula 
region. B. Boxplots of Thickness for each Brodmann area ROI, showing the distributions for 
both hemispheres. ROIs are sorted by increasing mean Thickness. Filled boxes represent 
quartiles 1 to 3, capped lines indicate the range of regular values, circles indicate the mean, and 
horizontal lines indicate the median. 
 



 



 
Figure 2. Three-dimensional renderings of vertex-wise values mapped onto the average surface 
and scatterplots of individual Brodmann area ROIs. A. Spatial distribution of vertex-wise mean 
Thickness in mm. B. Spatial distribution of the slope for Age in each vertex-wise linear model of 
the form Thickness ~ Age + Sex + Age * Sex. C. Spatial distribution of the slope for Sex (Male 
– Female) in the model Thickness ~ Age + Sex; a positive (red) value corresponds to Male > 
Female. D. Scatterplots of Age vs. mean Thickness for five Brodmann areas. 
 



 
 



Figure 3. A. Bar plots showing the slope, standardized to the first-order population statistics, for 
total WMLV in individual GM ROI-wise linear regression models of the form Thickness ~ 
log(WMLV). Analyses were performed over three age groups: 50-60, 60-70, and 70+. Model 
significance, accounting for FDR, is represented with asterisks (* indicates p < 0.05, q < 0.05; ** 
indicates p < 0.05, q < 0.01). For each lobe, BAs are sorted by the slope values from the 60-70 
group. B. Selected scatterplots with linear regression lines for each age group, showing mean 
ROI-wise cortical thickness versus log(WMLV) for BA4 and BA5 (positive), and BA10 
(negative). 
 
 
 
 Male (n=270) Female (n=215) 
Age decade 50-60 

(n=89) 
60-70 
(n=81) 

70-85 
(n=100) 

50-60 
(n=69) 

60-70 
(n=77) 

70-85 
(n=69) 

Age at disease onset (yrs) 54.6 (3.0) 63.3 (3.1) 73.9 (3.7) 53.7 (2.9) 63.9 (3.2) 74.1 
(3.8) 

Disease duration (yrs) 1.2 (1.1) 1.3 (1.1) 1.2 (0.9) 1.7 (1.3) 1.4 (1.2) 1.7 (1.2) 
Age at study 
participation (yrs)  

55.8 (2.8) 64.7 (2.8) 75.0 (3.5) 55.4 (2.8) 65.3 (2.9) 75.8 
(3.7) 

MMSE  28.6 (1.4) 28.3 (1.4) 27.5 (1.9) 28.8 (1.3) 28.2 (1.5) 27.4 
(1.7) 

Education level  5.3 (1.2) 5.1 (1.3) 4.7 (1.7) 5.0 (1.0) 4.5 (1.2) 4.1 (1.5) 
WML volume (ml)  6.6 (7.0) 13.6 

(18.0) 
25.9 (25.1) 8.3 (13.1) 14.7 

(21.6) 
20.7 
(15.2) 

 Numbers represent means (SD) 

MMSE: Mini Mental State Examination; Educational levels range from 1-7: 1 representing less 
than primary school and 7 reflecting an academic degree (Hochstenbach et al., 1998). 
 
Table 1. Demographic information for the study population. 
 



 
 
Table 2. Results of BA-wise statistical analyses. 


