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SUPPLEMENTARY MATERIAL 

 

Study subjects 

The Austrian Stroke Prevention Study (ASPS) is a prospective cohort study on the effects of 

vascular risk factors on brain structure and function in cognitively normal middle-aged and 

elderly inhabitants of Graz, Austria.e1-3 In brief, 2,007 subjects aged 50 to 75 years without 

neuropsychiatric disease were recruited from the official community register (response rate 

32.4%). A total of 1076 randomly selected participants underwent MRI and cognitive testing in 

two panels between 1991 and 1994 and between 1999 and 2003, respectively. Between 2006 and 

2013 we recruited the Austrian Stroke Prevention Family study (ASPFS), which represents an 

extension of ASPS using identical inclusion criteria and diagnostic work-up with updated MRI 

protocols in a total of 381 community-dwelling individuals consisting of members of the original 

ASPS cohort and their relatives. 

Six hundred and one subjects with neuroimaging data (including FLAIR and T1 images) from the 

ASPS (n=304) and ASPFS (n=297) were included for the main analysis. Seventeen patients 

(2.8%) had to be excluded for the following reasons: large vessel stroke (n=1), meningioma 

(n=1), motion artifacts (n=1), inability to register images to standard space (n=5) and missing 

neuropsychological data (n=9). The final study group comprised 584 subjects. 

 

Calculation of z-scores 

All participants from the ASPS and ASPFS (including those without imaging data, n=1353) were 

used to normalize neuropsychological test scores of the subgroup with neuroimaging data. As 

commonly done normalizatione4 included correction for age and education: The norm population 

was split into subsets (table e-1) according to age range (i.e. between 40 and 50 years; 50 and 60; 

60 and 70; 70 and 90) and formal education (i.e. less than 12 years vs. 12 years or more). For the 
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Wisconin card sorting test, we first calculated z-scores for three measures: completed categories, 

perseverative errors and nonperseverative errors. We then calculated a compound z-score from 

the mean of these three z-scores. 

 

MRI acquisition 

Acquisition parameters are provided in table e-2. The dataset comprised images from 1.5 Tesla 

(Philips Medical Systems, Hamburg, Germany, n=304) or 3 Tesla (Siemens Magnetom Tim Trio, 

Erlangen, Germany, n=297) systems. Unfortunately we were not able to assess how the 

combination of two different field strengths might have affected our results, since no subject was 

scanned on both systems within short time. However, studies performed in multiple sclerosis 

patients demonstrate only a minor influence of field strength on segmentation results for FLAIR 

hyperintense lesions.e5,6 

 

Image registration to standard space 

The normalization of white matter hyperintensity (WMH) maps to Montreal Neurological 

Institute 152 (MNI-152) standard space involved tools from the Functional Magnetic Resonance 

Imaging of the Brain Software Librarye7-9 (FSL) and incorporated a lesion masking approach.e10 

Registration to standard space was achieved by a combination of linear (FSL flirt) and nonlinear 

registration (FSL fnirt) algorithms. For ASPS we used magnetization transfer images (having 

similar contrast to T1 images), for ASPFS we used 3DT1 images (table e-2). FLAIR images and 

corresponding WMH maps were co-registered. Rigorous quality control through visual inspection 

by an experienced rater was done after each step.  

 

Voxel-based lesion symptom mapping (VLSM) 

Non-parametric mapping (NPM, version November 2011) was used for VLSM analyses. In order 

to compare TMT-B z-scores between subjects with and without WMH in each voxel of the brain, 

the nonparametric Brunner-Munzel test was used. Logistic regression was used in a second 

analysis, to test whether the TMT-B z-score predicts the lesion status of a voxel when including 

global WMH volume as covariate. To ensure statistical robustness of the analysis, only voxels 

affected by WMH in at least 4% (23) of subjects were included (figure e-1). The exact number of 

significant voxels per tract was calculated by projecting the map with significant voxels on a 
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maximum likelihood tract atlas derived from the probabilistic Johns Hopkins University 

International Consortium for Brain Mapping probabilistic white matter atlas (JHU-ICBM-

tracts).e11 Each voxel was assigned to the tract with the maximum probability in this voxel. The 

number of significant voxels in each tract is displayed in table e-3.  

 

Calculation of regional WMH volumes 

Regional volumes of WMH within major white matter tracts were calculated using the 

probabilistic tract atlas (JHU-ICBM-tracts)e11 in MNI-152 standard space. The atlas comprises 20 

main white matter tracts: left and right anterior thalamic radiation (ATR_L, ATR_R), left and 

right corticospinal tract (CST_L, CST_R), left and right cingulum (Cing_L, Cing_R), forceps 

major (Fmaj), forceps minor (Fmin), left and right inferior fronto-occipital tract (IFO_L, IFO_R), 

left and right inferior longitudinal fasciculus (ILF_L, ILF_R), left and right parahippocampal 

white matter (PHWM_L, PHWM_R), left and right superior longitudinal fasciculus (SLF_L, 

SLF_R), temporal part of the left and right superior longitudinal fasciculus (SLFtemp_L, 

SLFtemp_R), left and right uncinate fasciculus (Unc_L, Unc_R). 

In order to calculate the regional lesion volume for a particular subject and tract, the voxel-wise 

probabilities belonging to this tract were summed up for voxels affected by WMH. The procedure 

has been previously described e12 and is illustrated in figure e-2. Descriptive statistics for each 

tract are provided in table e-4. 

 

Bayesian Network analysis 

Bayesian network analysis was used to explore the conditional dependency structure among the 

regional WMH volumes and the TMT-B z-score.e12 Age and sex were entered as additional 

variables.  The network structure was learned using a Semi-Interleaved Hiton Parents and 

Children (SI-HITON-PC) constraint-based algorithm, with a nonparametric conditional 

independence test based on mutual information (i.e. sequential Monte Carlo permutation test; 500 

permutations; alpha=0.05). This analysis was done with the bnlearn packagee13 (version 2.9) 

within the R software packagee14 (version 3.0.0). Highly correlated regional lesion volumes (i.e. 

correlation coefficient r >= 0.9) were merged by averaging. We found the following four tract 

pairs with such high linear correlations: The SLF_L and SLFtemp_L (r = 0.99); the SLF_R and 
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SLFtemp_R (r = 0.99); the ILF_L and IFO_L (r = 0.91); and the ILF_R and IFO_R (r = 0.90). 

The merged variables were named m1, m2, m3, and m4 respectively. 

Using the resulting network structure, we were then able to identify variables with a deterministic 

influence on TMT-B (i.e. variables connected by direct arcs to TMT-B) and to separate them 

from variables being conditionally independent from TMT-B (i.e. variables having no connection 

to TMT-B or intermediate variables in their connection to TMT-B). 

The strength of network arcs was determined by bootstrapping. This was done by learning the 

network structure with the same algorithm and parameters for 100 subsamples of the original 

dataset. Subsamples for bootstrapping were created by resampling with reinsertion, until the same 

amount of observation as present in the original dataset was reached. Arc strength was expressed 

as the relative frequency of each arc in the 100 networks learned during bootstrapping.  

Linear regression analysis was used to estimate the proportion of variance in TMT-B, being 

explained by the deterministic variables, as revealed by Bayesian network analysis and 

bootstrapping.  
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Table e-1: Number of participants and their TMT-B times (mean and standard deviation) for the 

norm population. 

 education < 12 years education ≥ 12 years 

 n mean (SD) n mean (SD) 

age between 40 and 50 21 94.3 (33.1) 35 67.7 (26.6) 

age between 50 and 60 182 98.8 (37.6) 104 81.8 (26.4) 

age between 60 and 70 395 126.5 (51.5) 181 108.1 (43.8) 

age between 70 and 90 310 173.6 (68.6) 125 131.0 (56.4) 
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Table e-2: MRI acquisition parameters for sequences used in the segmentation of WMH 

(FLAIR) and in the normalization pipeline (MTR/T1) for the ASPS (1.5 T ACS-Intera, Philips 

Medical Systems, Austria) and ASPFS (3 T Magnetom Tim Trio, Siemens Healthcare 

Diagnostics, Germany).  

 Sequence TR 
[ms] 

TE 
[ms] 

TI 
[ms] 

slice 
[mm] 

gap 
[mm] 

in-plane 
[mm] 

ASPS FLAIR 9000 120 2200 5 1 0.94 x 0.94 

 MTR 26 4 - 3 0 0.94 x 0.94 

ASPFS FLAIR 10000 69 2500 3 0 0.94 x 0.94 

 3DT1 1900 2.19 - 1.0 0 1.0 x 1.0 

TR: Repetition time, TE: Echo time, TI: Inversion time, FLAIR: fluid-attenuated inversion 
recovery. 
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Table e-3: Voxel-based lesion-symptom mapping results. Tested and significant voxels for 

each white matter tract of the JHU-ICBM atlas. 

Tract Tested 
Significant 

not corrected  
for gWMHV 

Significant 
corrected  

for gWMHV 
none 21008 62 16 

ATR_L 8686 126 28 

ATR_R 4977 118 62 

CST_L 2351 0 0 

CST_R 1925 0 0 

Cing_L 653 1 0 

Cing_R 871 0 0 

Fmaj 11022 0 0 

Fmin 2432 178 30 

IFO_L 5751 44 6 

IFO_R 8002 9 3 

ILF_L 2100 0 7 

ILF_R 615 0 0 

PHWM_L 60 0 0 

PHWM_R 544 0 0 

SLF_L 11440 0 6 

SLF_R 8707 0 0 

SLFtemp_L 88 0 0 

SLFtemp_R 144 0 0 

Unc_L 945 21 9 

Unc_R 457 1 1 

gWMHV: global WMH volume 
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Table e-4: Probabilistic regional lesion volumes. 

Tract 1. Quartile Median 3. Quartile 

ATR_L 71 188 385 

ATR_R 49 107 233 

CST_L 1 10 49 

CST_R 0 1 22 

Cing_L 0 1 10 

Cing_R 0 2 12 

Fmaj 176 414 735 

Fmin 32 104 228 

IFO_L 73 195 391 

IFO_R 74 180 358 

ILF_L 26 89 216 

ILF_R 16 50 108 

PHWM_L 0 1 3 

PHWM_R 0 3 7 

SLF_L 12 88 325 

SLF_R 5 47 220 

SLFtemp_L 5 36 135 

SLFtemp_R 1 12 73 

Unc_L 19 48 92 

Unc_R 10 22 43 
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SUPPLEMENTARY FIGURES 

 

 

 

 

 

 

 
 

Figure e-1: Voxels included in the voxel-based lesion-symptom mapping analysis (WMH 

frequency in the voxel equal or greater than 4%) are depicted in red. Montreal Neurological 

Institute 152 (MNI-125) standard space and coordinates (L = left). 
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Figure e-2: Calculation of regional lesion volumes. WMH are projected onto tracts of the 

probabilistic white matter atlas in Montreal Neurological Institute (MNI) 152 standard space. The 

procedure for the superior longitudinal fasciculus (SLF) on the right side is shown as an example.  
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Figure e-3: Correlation matrix showing the inter-correlations between the regional WMH 

volumes in major white matter tracts (tract labels are described on page e2). 

  



Duering et al., Supplement  Page e14 
 

 

 

 

 
 

Figure e-4: Full Bayesian network of conditional dependencies between regional volumes of 

WMH in major white matter tracts and the TMT-B z-score. Abbreviations are given on page e2. 

Variables m1 to m4 represent merged variables as described on page e3. Imaging variables 

jointly associated with TMT-B are shown in black. 
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Figure e-5: Bayesian network of conditional dependencies between regional volumes of WMH 

in major white matter tracts and the reaction time z-score. The connection between the forceps 

major showed an arc strength of only 40% after bootstrapping and is therefore not regarded as 

robust. 

 


