
Supplementary material 

 

Image pre-processing 

 

For 3DT1w images, we performed bias field correction (N4ITK [1]), brain extraction (FSL 

BET [2]), non-linear registration to the MNI152 2 × 2 × 2 mm T1 template (FNIRT [3]), 

tissue-type segmentation (SPM12 [4]), and segmentation of deep grey matter (GM) 

structures, including the bilateral thalamus, caudate nucleus, putamen, globus pallidum, 

nucleus accumbens, amygdala, and hippocampus (FIRST [5]). 

 

Pre-processing of DWI datasets included correction of motion and eddy-current induced 

distortions (eddy correct [6]), and calculation of voxel-wise measures of fractional anisotropy 

(FA) and mean diffusivity (MD, DTIFIT [7]). A global mean FA image was created by 

nonlinearly registering FA maps to the FMRIB58_FA template, and tract-based spatial 

statistics (FSL TBSS [8]) was used to extract FA and MD values using the standard FSL 

TBSS skeleton. The skeleton was thresholded at 0.2 to ensure that extracted values originate 

from white matter.  

 

For rs-fMRI data, pre-processing consisted of motion correction,[9] brain extraction, spatial 

smoothing using a Gaussian kernel with a full width at half maximum of 3 mm, grand mean 

intensity normalisation, motion artefact removal, and high-pass temporal filtering (cut-off 

frequency = 0.01 Hz). Motion artefacts were removed using a single-session independent 

component analysis (ICA) to decompose the rs-fMRI data into distinct statistically 

independent components, followed by automatic identification and removal using the ICA-

based automatic removal of motion artefacts (ICA-AROMA, version 0.3 beta) procedure.[10] 
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Registration to standard space was performed in two steps. First, a temporal mean image 

calculated from the 4D rs-fMRI volume was registered to the 3DT1w image using Boundary-

Based Registration.[11] Next, resulting registration parameters were concatenated to the 

3DT1w-to-MNI152 template registration parameters to obtain the final registration 

parameters.  

 

Feature selection 

 

Cortical grey matter density (GMD) was calculated as weighted mean of the GM probability 

(SPM segmentation) weighted by the probability of a voxel belonging to a specific cortical 

region, derived from the 48 Harvard-Oxford probabilistic anatomical brain atlas (split into 

left and right). Voxels with atlas probability values < 25% were excluded. For deep GM 

regions, GMD values were calculated as the regions’ volume (FIRST segmentations) divided 

by the total intracranial volume. This resulted in a GM atrophy feature vector of 110 

weighted mean GMD values (48 left cortical, 48 right cortical, and 14 deep GM regions) per 

subject. 

 

The FA and MD features were calculated as weighted mean value per tract per subject. First, 

we projected each subject’s values onto the TBSS group skeleton on a voxel-wise basis. 

Next, we weighted the mean values per tract by the probability of a voxel belonging to that 

specific tract, derived from 20 tracts of the Johns-Hopkins University white matter 

tractography atlas. Voxels with atlas probability values < 25% were excluded. This resulted 

in two feature vectors, each with 20 weighted mean FA or MD values per subject. 

 

To calculate full correlations between ICA components (FCor), we used the 70 group ICA 
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(MELODIC [12]) components’ spatial maps belonging to the data on which the bvFTD 

model was trained.[13] For each subject, we calculated the mean time course in the rs-fMRI 

data for each of these components, weighted by the ICA weight map and GM probability of 

that component’s regions. Full correlations between the mean time courses of all pairs of 

components were subsequently calculated, resulting in an FCor vector of (70 × 69) / 2 = 2415 

correlations per subject. 

 

 

 

Supplementary material references 

 

1  Tustison NJ, Avants BB, Cook PA, et al. N4ITK: Improved N3 Bias Correction. IEEE 

Trans Med Imaging 2010;29:1310–20. doi:10.1109/TMI.2010.2046908 

2  Smith SM. Fast robust automated brain extraction. Hum Brain Mapp 2002;17:143–55. 

doi:10.1002/hbm.10062 

3  Anderson JLR, Jenkinson M, Smith S. Non-linear registration aka Spatial 

normalisation. FMRIB Technical Report TR07JA2. 

2007.http://www.fmrib.ox.ac.uk/analysis/techrep/tr07ja2/tr07ja2.pdf 

4  Friston KJ, Ashburner J, Kiebel S, et al. Statistical parametric mapping: the analysis of 

funtional brain images. Elsevier/Academic Press 2007.  

5  Patenaude B, Smith SM, Kennedy DN, et al. A Bayesian model of shape and 

appearance for subcortical brain segmentation. Neuroimage 2011;56:907–22. 

doi:10.1016/j.neuroimage.2011.02.046 

6  Leemans A, Jones DK. The B-matrix must be rotated when correcting for subject 

motion in DTI data. Magn Reson Med 2009;61:1336–49. doi:10.1002/mrm.21890 

7  Smith SM, Jenkinson M, Woolrich MW, et al. Advances in functional and structural 

Supplementary material J Neurol Neurosurg Psychiatry

 doi: 10.1136/jnnp-2019-320774–1214.:1207 0 2019;J Neurol Neurosurg Psychiatry, et al. Feis RA



MR image analysis and implementation as FSL. Neuroimage 2004;23:208–19. 

doi:10.1016/j.neuroimage.2004.07.051 

8  Smith SM, Jenkinson M, Johansen-Berg H, et al. Tract-based spatial statistics: 

Voxelwise analysis of multi-subject diffusion data. Neuroimage 2006;31:1487–505. 

doi:10.1016/j.neuroimage.2006.02.024 

9  Jenkinson M, Bannister P, Brady M, et al. Improved optimization for the robust and 

accurate linear registration and motion correction of brain images. Neuroimage 

2002;17:825–41. doi:10.1016/S1053-8119(02)91132-8 

10  Pruim RHR, Mennes M, van Rooij D, et al. ICA-AROMA: A robust ICA-based 

strategy for removing motion artifacts from fMRI data. Neuroimage 2015;112:267–77. 

doi:10.1016/j.neuroimage.2015.02.064 

11  Greve DN, Fischl B. Accurate and Robust Brain Image Alignment using Boundary-

based Registration. Neuroimage 2009;48:63–72. 

doi:10.1016/j.neuroimage.2009.06.060 

12  Beckmann CF, Smith SM. Probabilistic independent component analysis for functional 

magnetic resonance imaging. IEEE Trans Med Imaging 2004;23:137–52. 

doi:10.1109/TMI.2003.822821 

13  Bouts MJRJ, Möller C, Hafkemeijer A, et al. Single Subject Classification of 

Alzheimer’s Disease and Behavioral Variant Frontotemporal Dementia Using 

Anatomical, Diffusion Tensor, and Resting-State Functional Magnetic Resonance 

Imaging. J Alzheimer’s Dis 2018;62:1827–39. doi:10.3233/JAD-170893 

 

Supplementary material J Neurol Neurosurg Psychiatry

 doi: 10.1136/jnnp-2019-320774–1214.:1207 0 2019;J Neurol Neurosurg Psychiatry, et al. Feis RA



Supplementary Figure Legends 

 

Supplementary Figure 1 | bvFTD classification scores per gene 

Values indicate bvFTD classification scores as determined by the bvFTD classification model 

[13]. Classification scores of FTD mutation carriers (yellow) and controls (blue) are shown 

for MAPT carriers and familial controls (A), for GRN carriers and familial controls (B), and 

for C9orf72 carriers and familial controls (C). Classification scores of converters (pink) and 

non-converters (green) are shown for MAPT carriers and familial controls (D), for GRN 

carriers and familial controls (E), and for C9orf72 carriers and familial controls (F). Triangles 

indicate converted status at appropriate time points. Regression lines were based on predicted 

values from the repeated measures linear mixed-effects model. (bv)FTD, (behavioural 

variant) frontotemporal dementia; C9orf72, chromosome 9 open reading frame 72; GRN, 

progranulin; MAPT, microtubule-associated protein tau. 
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