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3.4.1 Abstract 
 
Background: Major depressive disorder (MDD) and behavioral variant frontotemporal 
dementia (bvFTD) can present with overlapping symptoms. Moreover, neuroimaging 
studies may show similar grey matter (GM) atrophy patterns on MRI and/or 
hypometabolism on [18F]FDG-PET. Here we investigated whether single-subject GM 
network organization differs between subjects with MDD and bvFTD. 

Methods: Thirty-two patients with probable or definite bvFTD and 31 patients with MDD 
were included, using 47 subjects with subjective memory complain as a reference group. 
Single-subject GM networks were computed from GM segmentations of MRI scans. The 
global and local network properties degree, connectivity density, clustering, 
betweenness centrality, path length, gamma, lambda and small worldness were 
compared between bvFTD and MDD with ANCOVA using total and local GM volume, 
age and gender as covariates. 

Results: Grey matter networks of MDD and bvFTD showed a similar connectivity density 
(F = 0.01, p = .93) and degree (F = 2.38, p =.13). In comparison to bvFTD, networks of 
MDD patients had lower value of global path length (F = 14.05, p < 0.001), gamma (F = 
15.59, p < 0.001), lambda (F = 21.89, p < 0.001) and small world property (F = 11.92, p 
= 0.001).  MDD compared to bvFTD showed lower degree values in brain areas that 
often are associated with the functionally defined ‘Default mode network’ (DMN) and 
‘Salience network’ (SN) regions. 
 
Conclusions:  We found that GM networks seem to be altered in a disease specific way 
when comparing MDD and bvFTD subjects with each other, which possibly reflects their 
distinct underlying pathology. 

	

3.4.2 Introduction 
 
Alterations in behavior can be found in both major depressive disorder (MDD) and 
behavioral variant frontotemporal dementia (bvFTD). For example, loss of motivation 
(apathy) or initiating purposeful behavior (inertia) are prominent features in both these 
disorders (1). This phenomenon demonstrates that clinical symptoms do not show a 
simple relationship with pathophysiological pathways/pathology that are specific for 
these disorders. Consequently, older patients with MDD are frequently misdiagnosed as 
having bvFTD or vice versa(2), indicating that it is clinically challenging to differentiate 
between these disorders. A timely and accurate MDD diagnosis is of particular important 
because depression can be treated, and so misdiagnosis will lead to an inappropriate or 
delayed treatment(2-4). Therefore, investigating biomarkers that increase the accuracy 
of the diagnose bvFTD or MDD are necessary. 
 
Normal behavioral and cognitive functioning not only depend on the structural integrity 
of individual brain regions, but also on how these regions are interconnected. One 
approach to describe brain networks is based on statistical patterns of grey matter (GM) 
similarity between cortical areas, providing a precise quantitative description of cortical 
structure by representing brain morphology as a network in which each cortical area 
represents a node and nodes are connected by edges when they show as statistical 
covariance in their morphometric features. The first studies using this method have 
demonstrated illness specific alterations both in neurodegenerative and primary 
psychiatric disorders. For example, in MDD patients GM networks have been reported 
to become more randomly organized (i.e., loss of the ‘small-world’ property), which is 
mostly characterized by reduced connectivity in frontal, temporal and limbic cortices (5). 
Another study in MDD showed GM network abnormalities in regions that are often 
associated with the functionally defined Default-mode network (DMN) and Salience 
network (SN) in comparison with controls(6). These disrupted networks in MDD support 
the idea that MDD is a neural circuit disorder(7).  
 
In contrast, bvFTD studies have reported a more ‘ordered’ network in comparison to 
controls and less activity in the SN (8-12). Such ‘ordered’ networks show higher values 
of clustering and path length, reflecting a altered balance of integration and segregation 
of information compared to an optimal network configuration. In structural network 
analyses bvFTD patients show changes that are more prominent in the anterior cingulate 
networks when compared to Alzheimer’s disease(13,14). These previous findings 
suggest that brain networks seem to be altered in a disease specific way when compared 
with control groups. However, it is still unclear whether GM networks between bvFTD 
and one of its most common psychiatric misdiagnosis, MDD, are altered differently - 
reflective of different neuroanatomical pathways. 
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Here we studied single-subject GM networks of MDD and bvFTD patients to study the 
question whether the network organization would show disease specific alterations. For 
reference purposes we also compared networks of MDD and bvFTD subjects with those 
of controls.  
 
3.4.3 Methods 
 
3.4.3.1 Subjects 
 
From the Amsterdam Dementia Cohort(15), we selected 32 patients with probable (n=27) 
or definite (n=5 histopathological-confirmed cases) behavioral variant FTD (overlap with 
previous publication(14)) and 47 age and gender matched (with bvFTD) subjects with 
subjective cognitive decline (controls) with normal CSF biomarkers were included as 
reference. Thirty-one patients with major depression were selected from the MODECT 
study (16). The local institutional ethical review board approved these studies and a 
written informed consent was obtained from all participants.  
  
3.4.3.2 Behavioural variant frontotemporal dementia/Controls 
 
BvFTD and the controls used in this study underwent a standardized diagnostic work up 
in the VU medical center Alzheimer Center, Amsterdam, the Netherlands. The diagnostic 
work up included a medical and neurological investigation comprising medical history, 
cognitive examination by a neurologist (including mini-mental state examination 
(MMSE)(17)), informant based history, neuropsychological investigation, magnetic 
resonance imaging (MRI) of the brain, electroencephalogram (EEG) and standard lab 
work. Cerebrospinal fluid (CSF) samples were obtained with a lumbar puncture (LP) from 
patients who gave consent. During a multidisciplinary consensus meeting, a clinical 
diagnosis of probable or definite bvFTD was established based on international clinical 
consensus criteria(18). Subjects from the control group were classified as subjective 
cognitive complains (controls) when they did not meet the criteria for mild cognitive 
impairment or major depression and no abnormal results were found in the diagnostic 
work up.  
 
3.4.3.3 Major depressive disorder 
 
Patients with MDD (with or without psychotic symptoms) were diagnosed by a 
psychiatrist based on the DSM-IV (19) and supported by the Mini International 
Neuropsychiatric Interview (MINI)(20). The patients with MDD had been referred to the 
Department of Old Age Psychiatry of the GGZInGeest, Amsterdam, the Netherlands. 
Depressive symptoms were measured with the Montgomery Asberg Depression Rating 

	

Scale (MADRS)(21), with higher scores indicating worse depressive symptoms. 
Exclusion criteria were: diagnosis of another (additional) primary psychiatric disorder or 
neurological disorder (including FTD). Details of the study are described elsewhere(16). 
 
3.4.3.4 Image acquisition and pre-processing  
 
High resolution 3D T1-weighted MRI scans were acquired with a 3T scanner (3T Signa 
HDxt, GE Medical Systems Milwaukee, WI, USA). Images were acquired using a 
standardized MRI protocol(15) including a spoiled gradient-echo (FSPGR) sequence 
with the following acquisition parameters: sagittal orientation, TR 708 ms, TE 7 ms, FA 
12°, 1 excitation. Scans were reviewed by experienced neuroradiologists for brain 
pathologies other than atrophy. Images were segmented into cerebrospinal fluid, white 
and GM using SPM12 (Statistical Parametric Mapping software; Functional Imaging 
Laboratory, University College London, London, UK) implemented in MATLAB 7.12 
(MathWorks, Natick, MA). The quality of the segmentation was visually rated (EV and 
BT), and no scans had to be excluded. Cortical atrophy was quantified as total GM 
volume divided by total intracranial volume (i.e., the sum of whole brain GM, white matter 
and cerebrospinal fluid volumes). Next, the segmented GM was parcellated into 90 
anatomical regions using the Automated Anatomical Labelling atlas (AAL)(22) using the 
inverted parameters that were calculated when normalizing subject space images to 
standard space. 
 
3.4.3.5 Single subject grey matter networks and graph properties 
 
Single subject GM graphs were extracted using an automated, data-driven method as 
previously described (23). Briefly, this method measures structural brain connectivity with 
structural co-variance network (SCN) of grey matter as measured with structural MRI. 
This method provides a precise quantitative description of cortical structure by 
representing brain morphology as a network in which each cortical area represents a 
node and nodes are connected by edges when they show as statistical covariance in 
their morphometric features. 

We assessed the following network properties of the average of all the nodes (global 
properties): the size of the network (i.e., the set of all nodes in the network), connectivity 
density (i.e., the percentage of existing connections to the maximum number of possible 
connections), average degree (i.e., number of links connected to a node), average path 
length (i.e., the shortest distance between two nodes), average clustering coefficient (i.e., 
the number of existing connections between nearby nodes to the maximum possible 
amount of connections), average betweenness centrality (i.e., the ratio of all shortest 
paths that pass through a node). Furthermore, we measured the small world network 
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property that captures whether the clustering coefficient of a network is higher than that 
of a random network and the path length is similar to that of a random network. (24). The 
small world property was quantified in each network by normalizing its clustering 
coefficient and path length with their corresponding metrics that were obtained from 20 
randomized reference networks that had an identical size and degree distribution as the 
observed network (25). The normalized clustering coefficient is indicated by gamma (γ), 
and normalized path length is indicated by Lambda (λ). In order to reduce dimensionality 
of the data and to aid interpretation in the context of previous network literature, we 
averaged for each anatomical AAL area the network properties across the nodes that fell 
within that region.  

3.4.3.6 Statistical analysis  
 
Statistical analyses were performed using IBM SPSS statistics version 22.0 (IBM SPSS 
Statistics, Armonk, NY) for Mac. The clinical and demographics baseline characteristics 
were compared with one-way ANOVA for continuous data and chi-square tests for 
categorical data. Comparisons between bvFTD, MDD and controls of the global and local 
network properties were tested with ANCOVA using total GM volume, age and gender 
as covariates. At the level of local network properties comparisons, local GM volume was 
also added as a covariate. All distributions met the assumption of normality for network 
properties upon visually inspection of histograms. Finally, when appropriate we 
computed p-values with the False Discovery Rate procedure (FDR) to correct for multiple 
hypothesis testing. The statistical significance was set to p-value <0.05. 
 
3.4.4 Results 
 
3.4.4.1 Clinical and demographic characteristics 
 
Table 1 shows the clinical and demographical characteristics of the subjects. MDD 
subjects were older than control and bvFTD subjects (p<0.001). Both MDD and bvFTD 
patients had lower MMSE scores compared to controls (p<0.001), and showed more 
atrophy than the controls (corrected for age, p<0.001). The MDD subjects scored on 
average 32.4 on the MADRS, which is indicative of a severe depressive state. 
 
 
 
 
 
 
 

	

Table 1. Subjects characteristics. 
 
 bvFTD MDD Controls p-value* Pairwise comparisons 

Sample size 32 31 47   
Age, mean (SD) 62.2 (6.8) 72.3 (9.7) 61.3 (6.2) <0.001 MDD> C, bvFTD 
Gender (f/m) 08/24 21/11 10/37 <0.001**  
MMSE, mean (SD) 24.9 (4.0) (n=32) 23.6 (6.2) (n=26) 28.1 (2.1)(n=47) <0.001 C> bvFTD, MDD 
MADRS, mean (SD) (-) 32.4 (10.4) (-)   
Grey matter volume/total 
brain volume, mean (SD) 0.40 (0.04) 0.40 (0.04) 0.43 (0.04) <0.001 C> bvFTD, MDD 

 
Keys: bvFTD, behavioral variant frontotemporal dementia; MDD, major depression disorder; C, Controls; MMSE, Mini 
Mental-State Examination; MADRS, Montgomery Asberg Depression Rating Scale. *Significant tested using one-way 
ANOVA with post-hoc test bonferroni, unless otherwise stated. **: Chi-square test.  
 
3.4.4.2 Grey matter network properties in bvFTD/MDD versus controls 
 
Compared to the control subjects the networks of bvFTD and MDD patients had lower 
degree values (F = 2.80, p =0.07) and lower connectivity density values (F = 6.00, p 
<.001). After additionally correcting for connectivity density, the networks of both MDD 
and bvFTD patients still showed lower clustering coefficient (F = 19.59, p <.001), path 
length (F = 34.20, p <.001), lambda (F = 34.00, p <.001), gamma (F = 30.72, p <.001) 
and lower small world property values (F = 25.92, p <.001) (figure 1).  
 
At a regional level, MDD mostly showed lower degree in 32 areas when compared to 
controls. After additionally correcting for local degree, MDD patients showed lower 
clustering values in right thalamus and right fusiform; lower path length values in left 
superior medial frontal cortex and left fusiform, and lower betweenness centrality in left 
superior temporal cortex and left supplementary motor area (supplementary table 1). 
BvFTD subjects showed compared to controls a widespread pattern of lower clustering 
values in 60 areas, a lower betweenness centrality in 8 areas and a lower degree in 2 
areas (supplementary table 2). The overlap of local network alterations when comparing 
MDD and FTD was small: subjects from both groups showed compared to controls lower 
clustering coefficient values in the right fusiform gyrus (pFDR<0.001) and lower 
betweenness centrality values in the left supplementary motor area (pFDR<0.001). 
 
3.4.4.3 Grey matter network properties in bvFTD versus MDD 
 
GM networks of MDD and bvFTD subjects did not differ in their values for connectivity 
density (F = 0.01, p = .93) and for degree (F = 2.38, p =.13). Compared to bvFTD patients, 
the networks of MDD patients had lower global path length (F = 14.05, p < 0.001), gamma 
(F = 15.59, p < 0.001), lambda (F = 21.89, p < 0.001) and the small world property values 
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of the data and to aid interpretation in the context of previous network literature, we 
averaged for each anatomical AAL area the network properties across the nodes that fell 
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Statistics, Armonk, NY) for Mac. The clinical and demographics baseline characteristics 
were compared with one-way ANOVA for continuous data and chi-square tests for 
categorical data. Comparisons between bvFTD, MDD and controls of the global and local 
network properties were tested with ANCOVA using total GM volume, age and gender 
as covariates. At the level of local network properties comparisons, local GM volume was 
also added as a covariate. All distributions met the assumption of normality for network 
properties upon visually inspection of histograms. Finally, when appropriate we 
computed p-values with the False Discovery Rate procedure (FDR) to correct for multiple 
hypothesis testing. The statistical significance was set to p-value <0.05. 
 
3.4.4 Results 
 
3.4.4.1 Clinical and demographic characteristics 
 
Table 1 shows the clinical and demographical characteristics of the subjects. MDD 
subjects were older than control and bvFTD subjects (p<0.001). Both MDD and bvFTD 
patients had lower MMSE scores compared to controls (p<0.001), and showed more 
atrophy than the controls (corrected for age, p<0.001). The MDD subjects scored on 
average 32.4 on the MADRS, which is indicative of a severe depressive state. 
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and bvFTD patients still showed lower clustering coefficient (F = 19.59, p <.001), path 
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At a regional level, MDD mostly showed lower degree in 32 areas when compared to 
controls. After additionally correcting for local degree, MDD patients showed lower 
clustering values in right thalamus and right fusiform; lower path length values in left 
superior medial frontal cortex and left fusiform, and lower betweenness centrality in left 
superior temporal cortex and left supplementary motor area (supplementary table 1). 
BvFTD subjects showed compared to controls a widespread pattern of lower clustering 
values in 60 areas, a lower betweenness centrality in 8 areas and a lower degree in 2 
areas (supplementary table 2). The overlap of local network alterations when comparing 
MDD and FTD was small: subjects from both groups showed compared to controls lower 
clustering coefficient values in the right fusiform gyrus (pFDR<0.001) and lower 
betweenness centrality values in the left supplementary motor area (pFDR<0.001). 
 
3.4.4.3 Grey matter network properties in bvFTD versus MDD 
 
GM networks of MDD and bvFTD subjects did not differ in their values for connectivity 
density (F = 0.01, p = .93) and for degree (F = 2.38, p =.13). Compared to bvFTD patients, 
the networks of MDD patients had lower global path length (F = 14.05, p < 0.001), gamma 
(F = 15.59, p < 0.001), lambda (F = 21.89, p < 0.001) and the small world property values 
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(F = 11.92, p = 0.001) (figure 1).  
 
At a local level, networks of MDD subjects showed in comparison to bvFTD subjects a 
lower degree in 27 brain regions: most prominently so in posterior and temporal brain 
regions and several frontal regions (table 2, figure 2A). Conversely, networks in bvFTD 
showed a lower clustering in the left and right thalamus and a lower degree in the left 
hippocampus, right middle frontal gyrus (orbital part), right middle temporal pole and the 
right superior occipital gyrus (table 3, figure 2B) compared to MDD. 
 
Figure 1. Box plots showing differences in the distributions of global network properties 
values between controls, MDD and bvFTD. 
 

 
Keys: bvFTD, behavioral variant frontotemporal dementia; MDD, Major depressive disorder. *Significant tested (<0.001) 
using ANCOVAs with total grey matter volume, age and gender as covariates. **Significant tested (<0.001) using 
ANCOVAs with connectivity density, total grey matter volume, age and gender as covariates. 

	

Figure 2. Anatomical areas of the local properties which were different between MDD 
and bvFTD (brain areas that shown p-corrected <0.01) 

 
Keys: Grey colour is degree. Red colour is clustering. BvFTD, behavioral variant frontotemporal dementia; MDD, major 
depression disorder. A. Major depressive disorder versus behavioral variant frontotemporal dementia (see table 2). B. 
Behavioral variant frontotemporal dementia versus major depressive disorder (see table 3). 
 
3.4.5 Discussion 
 
The main finding of the present study was that MDD and bvFTD showed disease specific 
network alterations. Moreover, these alterations affected specific anatomical areas: MDD 
patients showed a reduced degree in frontal, temporal and posterior brain regions and 
bvFTD showed an anatomically widespread decrease in clustering values. Compared to 
controls, MDD and bvFTD both showed lower clustering values in the right fusiform gyrus 
and a lower betweenness centrality values in the left supplementary motor area. Directly 
comparing MDD and bvFTD subjects with each other showed that the networks of MDD 
subjects were more randomly organised as indicated by lower values for path length, 
gamma, lambda and the small world coefficient. These alterations in MDD subjects 
showed regionally specific effects mostly reflected by lower degree values in frontal, 
temporal and posterior regions. Together our findings indicate that network organization 
is disorganized in MDD and bvFTD in a disease-specific way. 
 
We found that most GM network alterations showed disease-specific effects for MDD or 
bvFTD. The global architecture in these disorders compared to controls shifted toward a 
more randomly organized network, as indicated by lower values of path length, lambda 
and clustering. At a regional level, these brain disorders showed largely non-overlapping 
disturbances when compared to controls: MDD subjects mainly showed lower degree 
values in mostly frontal, temporal and posterior brain areas. These subjects also showed 
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(F = 11.92, p = 0.001) (figure 1).  
 
At a local level, networks of MDD subjects showed in comparison to bvFTD subjects a 
lower degree in 27 brain regions: most prominently so in posterior and temporal brain 
regions and several frontal regions (table 2, figure 2A). Conversely, networks in bvFTD 
showed a lower clustering in the left and right thalamus and a lower degree in the left 
hippocampus, right middle frontal gyrus (orbital part), right middle temporal pole and the 
right superior occipital gyrus (table 3, figure 2B) compared to MDD. 
 
Figure 1. Box plots showing differences in the distributions of global network properties 
values between controls, MDD and bvFTD. 
 

 
Keys: bvFTD, behavioral variant frontotemporal dementia; MDD, Major depressive disorder. *Significant tested (<0.001) 
using ANCOVAs with total grey matter volume, age and gender as covariates. **Significant tested (<0.001) using 
ANCOVAs with connectivity density, total grey matter volume, age and gender as covariates. 

	

Figure 2. Anatomical areas of the local properties which were different between MDD 
and bvFTD (brain areas that shown p-corrected <0.01) 

 
Keys: Grey colour is degree. Red colour is clustering. BvFTD, behavioral variant frontotemporal dementia; MDD, major 
depression disorder. A. Major depressive disorder versus behavioral variant frontotemporal dementia (see table 2). B. 
Behavioral variant frontotemporal dementia versus major depressive disorder (see table 3). 
 
3.4.5 Discussion 
 
The main finding of the present study was that MDD and bvFTD showed disease specific 
network alterations. Moreover, these alterations affected specific anatomical areas: MDD 
patients showed a reduced degree in frontal, temporal and posterior brain regions and 
bvFTD showed an anatomically widespread decrease in clustering values. Compared to 
controls, MDD and bvFTD both showed lower clustering values in the right fusiform gyrus 
and a lower betweenness centrality values in the left supplementary motor area. Directly 
comparing MDD and bvFTD subjects with each other showed that the networks of MDD 
subjects were more randomly organised as indicated by lower values for path length, 
gamma, lambda and the small world coefficient. These alterations in MDD subjects 
showed regionally specific effects mostly reflected by lower degree values in frontal, 
temporal and posterior regions. Together our findings indicate that network organization 
is disorganized in MDD and bvFTD in a disease-specific way. 
 
We found that most GM network alterations showed disease-specific effects for MDD or 
bvFTD. The global architecture in these disorders compared to controls shifted toward a 
more randomly organized network, as indicated by lower values of path length, lambda 
and clustering. At a regional level, these brain disorders showed largely non-overlapping 
disturbances when compared to controls: MDD subjects mainly showed lower degree 
values in mostly frontal, temporal and posterior brain areas. These subjects also showed 
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Table 2. Local network properties which were different between MDD versus bvFTD 
(brain areas that shown p-corrected <0.01). 
 
Network property Cortical region Disease-specific* 
Degree left precentral gyrus MDD 
Degree left superior frontal gyrus, orbital MDD 
Degree right superior frontal gyrus, orbital MDD 
Degree right middle frontal gyrus MDD 
Degree right inferior frontal gyrus, triangular MDD 
Degree right inferior frontal gyrus, orbital MDD 
Degree left supplementary motor area MDD 
Degree Left medial superior frontal gyrus MDD 
Degree right posterior cingulum MDD 
Degree right cuneus MDD 
Degree left lingual MDD 
Degree left superior occipital gyrus MDD 
Degree left middle occipital gyrus MDD 
Degree right middle occipital gyrus MDD 
Degree left inferior occipital gyrus MDD 
Degree right inferior occipital gyrus MDD 
Degree left postcentral gyrus MDD 
Degree left supramarginal gyrus MDD 
Degree right supramarginal gyrus MDD 
Degree left angular gyrus MDD 
Degree right caudate nucleus MDD 
Degree right superior temporal gyrus MDD 
Degree left middle temporal gyrus MDD 
Degree right middle temporal gyrus MDD 
Degree left inferior temporal gyrus MDD 
Degree right inferior temporal gyrus MDD 
 
Keys: bvFTD, behavioral variant frontotemporal dementia; MDD, major depression disorder. *Significant tested using 
ANCOVAs using total grey matter volume, age and gender as covariates.  

 
lower clustering values in the right thalamus and right fusiform gyrus, a lower path length 
values in the left superior medial frontal gyrus and left fusiform gyrus and a lower 
betweenness centrality values in the left superior temporal gyrus and left supplementary 
motor area. BvFTD subjects showed compared to controls, a widespread patterns of 
lower clustering values. In addition, a lower betweenness centrality in mainly frontal 
cortical areas and a lower degree in the right calcarine gyrus and left lingual gyrus were 
found. Taken together, compared to controls depressed patients were mostly 
characterized by a loss of the degree in their network architecture, while bvFTD patients 

	

were characterized by loss of clustering. These changes in network properties supports 
the idea that MDD and bvFTD are neural circuit disorders, and that underlying brain 
pathology determines how these circuits are disturbed. 
 
Table 3. Local network properties which were different between bvFTD patients versus 
MDD (brain areas that shown p-corrected <0.01). 
 
Network property Cortical region Disease-specific* 
Degree right middle frontal gyrus, orbital bvFTD 
Degree right middle temporal pole bvFTD 
Degree left hippocampus bvFTD 
Degree right superior occipital gyrus bvFTD 
Clustering left thalamus bvFTD 
Clustering right thalamus bvFTD 

 
Keys: bvFTD, behavioral variant frontotemporal dementia; MDD, major depression disorder. *Significant tested using 
ANCOVAs using total grey matter volume, age and gender as covariates.  
 
Another novel finding of our study is that compared to controls both disorders showed 
similar alterations in two brain regions: a lower clustering in the right fusiform gyrus and 
a lower betweenness centrality in left supplementary motor area. The right fusiform gyrus 
is found to be part of the visual recognition network, which is assumed to play an 
important role in facial processing(26) and is essential for normal social cognition. 
Moreover, in depressed patients it has been reported that the right fusiform gyrus shows 
changes that co-occur with changes in the temporal cortex, which we also observe(27). 
A lower betweenness centrality in the left supplementary motor area, a brain region that 
is involved in the cingulo-opercular network (28), suggesting a disturbance in the 
vigilance of these patients and impairment of personal salience(29). Further research of 
these brain regions is necessary and might support the theory that several brain areas 
could be more vulnerable for brain pathology in general(30). 
 
Our findings of the comparison between MDD and controls are in line with a previous 
study that used a group approach to measure GM network and reported a more random 
network architecture in depressed patients, as reflected by a lower clustering value (5). 
However, our finding of a decreased average path length in MDD is in contrast with 
studies that used other modalities to measure brain connectivity and reported increased 
path length values in MDD(6,31). For example, one study that investigated anatomical 
connectivity with diffusion tensor imaging (DTI) reported a longer path length in 
depressed patients(6), while another DTI study did not find any difference in path length 
compared to controls(31). Those studies, however, did not measure the normalized path 
length as we have done in our study, and so it remains unclear how these previously 
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Table 2. Local network properties which were different between MDD versus bvFTD 
(brain areas that shown p-corrected <0.01). 
 
Network property Cortical region Disease-specific* 
Degree left precentral gyrus MDD 
Degree left superior frontal gyrus, orbital MDD 
Degree right superior frontal gyrus, orbital MDD 
Degree right middle frontal gyrus MDD 
Degree right inferior frontal gyrus, triangular MDD 
Degree right inferior frontal gyrus, orbital MDD 
Degree left supplementary motor area MDD 
Degree Left medial superior frontal gyrus MDD 
Degree right posterior cingulum MDD 
Degree right cuneus MDD 
Degree left lingual MDD 
Degree left superior occipital gyrus MDD 
Degree left middle occipital gyrus MDD 
Degree right middle occipital gyrus MDD 
Degree left inferior occipital gyrus MDD 
Degree right inferior occipital gyrus MDD 
Degree left postcentral gyrus MDD 
Degree left supramarginal gyrus MDD 
Degree right supramarginal gyrus MDD 
Degree left angular gyrus MDD 
Degree right caudate nucleus MDD 
Degree right superior temporal gyrus MDD 
Degree left middle temporal gyrus MDD 
Degree right middle temporal gyrus MDD 
Degree left inferior temporal gyrus MDD 
Degree right inferior temporal gyrus MDD 
 
Keys: bvFTD, behavioral variant frontotemporal dementia; MDD, major depression disorder. *Significant tested using 
ANCOVAs using total grey matter volume, age and gender as covariates.  

 
lower clustering values in the right thalamus and right fusiform gyrus, a lower path length 
values in the left superior medial frontal gyrus and left fusiform gyrus and a lower 
betweenness centrality values in the left superior temporal gyrus and left supplementary 
motor area. BvFTD subjects showed compared to controls, a widespread patterns of 
lower clustering values. In addition, a lower betweenness centrality in mainly frontal 
cortical areas and a lower degree in the right calcarine gyrus and left lingual gyrus were 
found. Taken together, compared to controls depressed patients were mostly 
characterized by a loss of the degree in their network architecture, while bvFTD patients 

	

were characterized by loss of clustering. These changes in network properties supports 
the idea that MDD and bvFTD are neural circuit disorders, and that underlying brain 
pathology determines how these circuits are disturbed. 
 
Table 3. Local network properties which were different between bvFTD patients versus 
MDD (brain areas that shown p-corrected <0.01). 
 
Network property Cortical region Disease-specific* 
Degree right middle frontal gyrus, orbital bvFTD 
Degree right middle temporal pole bvFTD 
Degree left hippocampus bvFTD 
Degree right superior occipital gyrus bvFTD 
Clustering left thalamus bvFTD 
Clustering right thalamus bvFTD 

 
Keys: bvFTD, behavioral variant frontotemporal dementia; MDD, major depression disorder. *Significant tested using 
ANCOVAs using total grey matter volume, age and gender as covariates.  
 
Another novel finding of our study is that compared to controls both disorders showed 
similar alterations in two brain regions: a lower clustering in the right fusiform gyrus and 
a lower betweenness centrality in left supplementary motor area. The right fusiform gyrus 
is found to be part of the visual recognition network, which is assumed to play an 
important role in facial processing(26) and is essential for normal social cognition. 
Moreover, in depressed patients it has been reported that the right fusiform gyrus shows 
changes that co-occur with changes in the temporal cortex, which we also observe(27). 
A lower betweenness centrality in the left supplementary motor area, a brain region that 
is involved in the cingulo-opercular network (28), suggesting a disturbance in the 
vigilance of these patients and impairment of personal salience(29). Further research of 
these brain regions is necessary and might support the theory that several brain areas 
could be more vulnerable for brain pathology in general(30). 
 
Our findings of the comparison between MDD and controls are in line with a previous 
study that used a group approach to measure GM network and reported a more random 
network architecture in depressed patients, as reflected by a lower clustering value (5). 
However, our finding of a decreased average path length in MDD is in contrast with 
studies that used other modalities to measure brain connectivity and reported increased 
path length values in MDD(6,31). For example, one study that investigated anatomical 
connectivity with diffusion tensor imaging (DTI) reported a longer path length in 
depressed patients(6), while another DTI study did not find any difference in path length 
compared to controls(31). Those studies, however, did not measure the normalized path 
length as we have done in our study, and so it remains unclear how these previously 



172

	

reported network alterations compare to a random reference network. As such it is 
possible that previous findings may reflect e.g., a loss of degree. Another possible 
explanation might be the use of the different modalities and network definition across 
studies. An alternative more general explanation for differences across studies is that 
these reflect the clinical heterogeneity of depressed patients, in terms of the different age 
of onset, number of depressive episodes or genetic factors. Future studies should 
investigate both modalities within the same type of patients to further understand how 
changes in GM and white matter networks interact with each other in MDD.  
 
In bvFTD the global network organization was more ordered in comparison to MDD 
patients. This shift towards a more ordered network architecture in comparison with other 
neural network disorders (mainly with Alzheimer’s disease) is in line with previous 
structural and functional networks studies in bvFTD (8-12,14). A more ordered network 
(higher path length) in bvFTD patients might reflect the notion that the prefrontal cortex 
has an extensive anatomical connectivity with other brain areas across physically long 
distances, like e.g., along the cingulate fiber tract(32,33). A disruption of such long-
distance connections might be due to accumulation of Microtubule-associated protein 
(MAP) tau; TAR DNA-binding protein-43 (TDP-43); and fused in sarcoma protein (FUS) 
in bvFTD(34), which possibly explains the higher path length values compared to MDD. 
 
When comparing MDD with bvFTD subjects at a regional level, MDD subjects showed 
lower values in predominately posterior, temporal and frontal brain regions. These areas 
included the right medial superior frontal gyrus, left and right supramarginal, right 
posterior cingulum and right angular gyrus, which are considered to be part of the default 
mode network (DMN)(35). DMN alterations have also been described in depressed 
patients, and has been related to self-referential or internally oriented processes (6,36-
38). In addition, the Salience Network (SN) seems to be involved in MDD (37), and our 
results of a lower degree in the superior and inferior frontal gyrus and right caudate 
nucleus, all areas of the SN that seem in line with that literature. When comparing 
localized network alterations in bvFTD to MDD, lower clustering and/or degree values 
were found in the left hippocampus, right middle frontal gyrus, the right middle temporal 
pole, right and left thalamus, and right superior occipital gyrus. Possibly, these areas are 
more vulnerable for bvFTD pathology, as described in neuropathological studies(39,40). 
Our findings are in line with previous bvFTD studies that have reported structural and 
functional network alterations in similar areas (8,12,13,41,42). One study has 
investigated the relationship of functional connectivity and GM abnormalities of DTI in 
MDD patients(43). That study reported increased functional connectivity in frontolimbic 
areas that was associated with reduced structural connectivity in important brain areas 
including temporal regions. This corroborate with our finding of a lower degree in MDD 
patients in the right and left middle and inferior temporal gyrus and the right superior 

	

temporal gyrus, future studies should further investigate this issue by combining GM 
networks with DTI. Overall, these disease-specific regional network alterations for bvFTD 
and MDD patients in GM network properties could be a biomarker in the future for 
distinguishing between these clinical overlapping brain disorders. 
 
A limitation of our study is that we were unable to correlate the altered network properties 
with clinical signs, since we used two different cohorts with different clinical assessments. 
Other studies, however, have demonstrated associations between depressive symptoms 
and network measures. For example, Meng et al., reported a correlation between the 
lower degree in the inferior frontal gyrus, and higher betweenness-centrality in 
supramarginal gyrus with and higher score on the Hamilton Depression Rating Scale 
(HAM-D)(37). Future studies should measure symptoms such as apathy and depression 
with valid questionnaires in both MDD and bvFTD and correlate this with networks 
properties. Another potential limitation of the present study is the older age of the MDD 
subjects, which, although we statistically corrected for this, could still have biased the 
results. In addition, late-onset MDD has been associated with an increased risk for 
developing Alzheimer’s disease (AD) and the found network alterations in MDD seem to 
be more consistent with those observed in AD patients GM network changes(14). At the 
time of inclusion in the study, patients with a clinical diagnosis of dementia were 
excluded, and half of these MDD patients had an onset of first depression before 55 
years (16). Another limitation of our present study is that for the majority of bvFTD 
subjects we had to rely on a clinical consensus diagnosis, as pathologically proven 
diagnoses were available for only a few subjects (n=5).  
 
In conclusion, we found that GM networks seem to be altered in a disease specific way 
when comparing MDD and bvFTD subjects with each other, which possibly reflects their 
distinct underlying pathology. More research is needed to unravel further the 
pathophysiology of the overlapping symptoms in MDD and bvFTD by correlating clinical 
symptoms to altered network properties.  
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reported network alterations compare to a random reference network. As such it is 
possible that previous findings may reflect e.g., a loss of degree. Another possible 
explanation might be the use of the different modalities and network definition across 
studies. An alternative more general explanation for differences across studies is that 
these reflect the clinical heterogeneity of depressed patients, in terms of the different age 
of onset, number of depressive episodes or genetic factors. Future studies should 
investigate both modalities within the same type of patients to further understand how 
changes in GM and white matter networks interact with each other in MDD.  
 
In bvFTD the global network organization was more ordered in comparison to MDD 
patients. This shift towards a more ordered network architecture in comparison with other 
neural network disorders (mainly with Alzheimer’s disease) is in line with previous 
structural and functional networks studies in bvFTD (8-12,14). A more ordered network 
(higher path length) in bvFTD patients might reflect the notion that the prefrontal cortex 
has an extensive anatomical connectivity with other brain areas across physically long 
distances, like e.g., along the cingulate fiber tract(32,33). A disruption of such long-
distance connections might be due to accumulation of Microtubule-associated protein 
(MAP) tau; TAR DNA-binding protein-43 (TDP-43); and fused in sarcoma protein (FUS) 
in bvFTD(34), which possibly explains the higher path length values compared to MDD. 
 
When comparing MDD with bvFTD subjects at a regional level, MDD subjects showed 
lower values in predominately posterior, temporal and frontal brain regions. These areas 
included the right medial superior frontal gyrus, left and right supramarginal, right 
posterior cingulum and right angular gyrus, which are considered to be part of the default 
mode network (DMN)(35). DMN alterations have also been described in depressed 
patients, and has been related to self-referential or internally oriented processes (6,36-
38). In addition, the Salience Network (SN) seems to be involved in MDD (37), and our 
results of a lower degree in the superior and inferior frontal gyrus and right caudate 
nucleus, all areas of the SN that seem in line with that literature. When comparing 
localized network alterations in bvFTD to MDD, lower clustering and/or degree values 
were found in the left hippocampus, right middle frontal gyrus, the right middle temporal 
pole, right and left thalamus, and right superior occipital gyrus. Possibly, these areas are 
more vulnerable for bvFTD pathology, as described in neuropathological studies(39,40). 
Our findings are in line with previous bvFTD studies that have reported structural and 
functional network alterations in similar areas (8,12,13,41,42). One study has 
investigated the relationship of functional connectivity and GM abnormalities of DTI in 
MDD patients(43). That study reported increased functional connectivity in frontolimbic 
areas that was associated with reduced structural connectivity in important brain areas 
including temporal regions. This corroborate with our finding of a lower degree in MDD 
patients in the right and left middle and inferior temporal gyrus and the right superior 

	

temporal gyrus, future studies should further investigate this issue by combining GM 
networks with DTI. Overall, these disease-specific regional network alterations for bvFTD 
and MDD patients in GM network properties could be a biomarker in the future for 
distinguishing between these clinical overlapping brain disorders. 
 
A limitation of our study is that we were unable to correlate the altered network properties 
with clinical signs, since we used two different cohorts with different clinical assessments. 
Other studies, however, have demonstrated associations between depressive symptoms 
and network measures. For example, Meng et al., reported a correlation between the 
lower degree in the inferior frontal gyrus, and higher betweenness-centrality in 
supramarginal gyrus with and higher score on the Hamilton Depression Rating Scale 
(HAM-D)(37). Future studies should measure symptoms such as apathy and depression 
with valid questionnaires in both MDD and bvFTD and correlate this with networks 
properties. Another potential limitation of the present study is the older age of the MDD 
subjects, which, although we statistically corrected for this, could still have biased the 
results. In addition, late-onset MDD has been associated with an increased risk for 
developing Alzheimer’s disease (AD) and the found network alterations in MDD seem to 
be more consistent with those observed in AD patients GM network changes(14). At the 
time of inclusion in the study, patients with a clinical diagnosis of dementia were 
excluded, and half of these MDD patients had an onset of first depression before 55 
years (16). Another limitation of our present study is that for the majority of bvFTD 
subjects we had to rely on a clinical consensus diagnosis, as pathologically proven 
diagnoses were available for only a few subjects (n=5).  
 
In conclusion, we found that GM networks seem to be altered in a disease specific way 
when comparing MDD and bvFTD subjects with each other, which possibly reflects their 
distinct underlying pathology. More research is needed to unravel further the 
pathophysiology of the overlapping symptoms in MDD and bvFTD by correlating clinical 
symptoms to altered network properties.  
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Tables supplementary 
 
Table S1. Local network properties which were different between MDD patients versus 
Controls (brain areas that shown p-corrected <0.01). 
Network property Cortical region Disease-specific* 
Degree Right supramarginal gyrus MDD versus controls 
Degree Left supramarginal gyrus  MDD versus controls 
Degree Left superior frontal gyrus MDD versus controls 
Degree Left inferior occipital gyrus MDD versus controls 
Degree Right precentral gyrus MDD versus controls 
Degree Right superior parietal gyrus MDD versus controls 
Degree Left rolandic operculum MDD versus controls 
Degree Right inferior frontal gyrus, orbital part MDD versus controls 
Degree Right middle frontal gyrus MDD versus controls 
Degree Left middle frontal gyrus MDD versus controls 
Degree Right inferior temporal gyrus MDD versus controls 
Degree Left superior temporal gyrus MDD versus controls 
Degree Right superior temporal gyrus  MDD versus controls 
Degree Right insula  MDD versus controls 
Degree Left insula  MDD versus controls 
Degree Right superior frontal gyrus, medial MDD versus controls 
Degree Right superior occipital gyrus MDD versus controls 
Degree Left hippocampus MDD versus controls 
Degree Right temporal pole: superior temporal gyrus MDD versus controls 
Degree Left precuneus MDD versus controls 
Degree Right postcentral gyrus MDD versus controls 
Degree Left middle occipital gyrus MDD versus controls 
Degree Left superior frontal gyrus, orbital part MDD versus controls 
Degree Left precentral gyrus MDD versus controls 
Degree Left inferior temporal gyrus MDD versus controls 
Degree Right middle temporal gyrus MDD versus controls 
Degree Left inferior parietal gyrus MDD versus controls 
Degree Left postcentral gyrus MDD versus controls 
Degree Left superior frontal gyrus, medial MDD versus controls 
Degree Left superior occipital gyrus MDD versus controls 
Degree Left supplementary motor area MDD versus controls 
Pathlength Left superior frontal gyrus, medial MDD versus controls 
Pathlength Left fusiform gyrus MDD versus controls 
Clustering Right thalamus MDD versus controls 
Clustering Right fusiform gyrus MDD versus controls 
Betweenness centrality Left superior temporal gyrus MDD versus controls 
Betweenness centrality Left supplementary motor area MDD versus controls 

 
Keys: MDD, Major depression disorders. *Significant tested using ANCOVAs using total grey matter volume, age and 
gender as covariates.  
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Tables supplementary 
 
Table S1. Local network properties which were different between MDD patients versus 
Controls (brain areas that shown p-corrected <0.01). 
Network property Cortical region Disease-specific* 
Degree Right supramarginal gyrus MDD versus controls 
Degree Left supramarginal gyrus  MDD versus controls 
Degree Left superior frontal gyrus MDD versus controls 
Degree Left inferior occipital gyrus MDD versus controls 
Degree Right precentral gyrus MDD versus controls 
Degree Right superior parietal gyrus MDD versus controls 
Degree Left rolandic operculum MDD versus controls 
Degree Right inferior frontal gyrus, orbital part MDD versus controls 
Degree Right middle frontal gyrus MDD versus controls 
Degree Left middle frontal gyrus MDD versus controls 
Degree Right inferior temporal gyrus MDD versus controls 
Degree Left superior temporal gyrus MDD versus controls 
Degree Right superior temporal gyrus  MDD versus controls 
Degree Right insula  MDD versus controls 
Degree Left insula  MDD versus controls 
Degree Right superior frontal gyrus, medial MDD versus controls 
Degree Right superior occipital gyrus MDD versus controls 
Degree Left hippocampus MDD versus controls 
Degree Right temporal pole: superior temporal gyrus MDD versus controls 
Degree Left precuneus MDD versus controls 
Degree Right postcentral gyrus MDD versus controls 
Degree Left middle occipital gyrus MDD versus controls 
Degree Left superior frontal gyrus, orbital part MDD versus controls 
Degree Left precentral gyrus MDD versus controls 
Degree Left inferior temporal gyrus MDD versus controls 
Degree Right middle temporal gyrus MDD versus controls 
Degree Left inferior parietal gyrus MDD versus controls 
Degree Left postcentral gyrus MDD versus controls 
Degree Left superior frontal gyrus, medial MDD versus controls 
Degree Left superior occipital gyrus MDD versus controls 
Degree Left supplementary motor area MDD versus controls 
Pathlength Left superior frontal gyrus, medial MDD versus controls 
Pathlength Left fusiform gyrus MDD versus controls 
Clustering Right thalamus MDD versus controls 
Clustering Right fusiform gyrus MDD versus controls 
Betweenness centrality Left superior temporal gyrus MDD versus controls 
Betweenness centrality Left supplementary motor area MDD versus controls 

 
Keys: MDD, Major depression disorders. *Significant tested using ANCOVAs using total grey matter volume, age and 
gender as covariates.  
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Table S2. Local network properties which were different between bvFTD patients versus 
Controls (brain areas that shown p-corrected <0.01). 
Network property Cortical region Disease-specific 
Degree Left lingual gyrus bvFTD versus controle 
Degree Right calcarine bvFTD versus controle 
Clustering Right inferior parietal gyrus bvFTD versus controle 
Clustering Left superior occipital gyrus bvFTD versus controle 
Clustering Right superior frontal gyrus, medial bvFTD versus controle 
Clustering Right olfactory bvFTD versus controle 
Clustering Left precuneus bvFTD versus controle 
Clustering Right temporal pole: middle temporal gyrus bvFTD versus controle 
Clustering Right superior parietal gyrus bvFTD versus controle 
Clustering Right frontal gyrus bvFTD versus controle 
Clustering Left Heschl gyrus bvFTD versus controle 
Clustering Right median cingulate gyrus bvFTD versus controle 
Clustering Right precuneus bvFTD versus controle 
Clustering Left inferior frontal gyrus, triangular part bvFTD versus controle 
Clustering Right precentral gyrus bvFTD versus controle 
Clustering Left superior temporal gyrus bvFTD versus controle 
Clustering Left superior frontal gyrus, orbital part bvFTD versus controle 
Clustering Temporal pole: superior temporal gyrus bvFTD versus controle 
Clustering Left superior parietal gyrus bvFTD versus controle 
Clustering Left median cingulate gyrus bvFTD versus controle 
Clustering Left supramarginal gyrus bvFTD versus controle 
Clustering Left hippocampus bvFTD versus controle 
Clustering Right superior temporal gyrus bvFTD versus controle 
Clustering Right caudate nucleus bvFTD versus controle 
Clustering Right angular gyrus bvFTD versus controle 
Clustering Left thalamus bvFTD versus controle 
Clustering Left paracentral lobule bvFTD versus controle 
Clustering Left fusiform gyrus bvFTD versus controle 
Clustering Right middle occipital gyrus bvFTD versus controle 
Clustering Left posterior cingulate gyrus bvFTD versus controle 
Clustering Right superior frontal gyrus, medial orbital bvFTD versus controle 
Clustering Right middle frontal gyrus bvFTD versus controle 
Clustering Left inferior parietal gyrus bvFTD versus controle 
Clustering Right superior occipital gyrus bvFTD versus controle 
Clustering Left calcarine fissure bvFTD versus controle 
Clustering Left middle frontal gyrus, orbital part bvFTD versus controle 
Clustering Left middle frontal gyrus bvFTD versus controle 
Clustering Right inferior temporal gyrus bvFTD versus controle 
Clustering Left inferior temporal gyrus bvFTD versus controle 
Clustering Right middle temporal gyrus bvFTD versus controle 
Clustering Left middle temporal gyrus bvFTD versus controle 
Clustering Right lenticular  nucleus, putamen bvFTD versus controle 

	

Clustering Left lenticular  nucleus, putamen bvFTD versus controle 
Clustering Left angular gyrus bvFTD versus controle 
Clustering Right supramarginal gyrus bvFTD versus controle 
Clustering Right postcentral gyrus bvFTD versus controle 
Clustering Left postcentral gyrus bvFTD versus controle 
Clustering Right fusiform gyrus bvFTD versus controle 
Clustering Right inferior occipital gyrus bvFTD versus controle 
Clustering Left inferior occipital gyrus bvFTD versus controle 
Clustering Left middle occipital gyrus bvFTD versus controle 
Clustering Right lingual gyrus bvFTD versus controle 
Clustering Left lingual gyrus bvFTD versus controle 
Clustering Right cuneus bvFTD versus controle 
Clustering Right calcarine fissure bvFTD versus controle 
Clustering Right parahippocampal gyrus bvFTD versus controle 
Clustering Left parahippocampal gyrus bvFTD versus controle 
Clustering Right supplementary motor area bvFTD versus controle 
Clustering Right inferior frontal gyrus, orbital part bvFTD versus controle 
Clustering Right inferior frontal gyrus, triangular part bvFTD versus controle 
Clustering Right superior  frontal gyrus, orbital part bvFTD versus controle 
Clustering Left precentral gyrus bvFTD versus controle 
Betweenness centrality Left superior frontal gyrus, medial  bvFTD versus controle 
Betweenness centrality Right middle frontal gyrus bvFTD versus controle 
Betweenness centrality Left postcentral gyrus bvFTD versus controle 
Betweenness centrality Right superior temporal gyrus bvFTD versus controle 
Betweenness centrality Right postcentral gyrus bvFTD versus controle 
Betweenness centrality Left supplementary motor area bvFTD versus controle 
Betweenness centrality Left middle frontal gyrus bvFTD versus controle 
Betweenness centrality Left superior frontal gyrus bvFTD versus controle 

 
Keys: bvFTD, behavioral variant frontotemporal dementia. *Significant tested using ANCOVAs using total grey matter 
volume, age and gender as covariates.  

  

Table S2 (continued)	
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Table S2. Local network properties which were different between bvFTD patients versus 
Controls (brain areas that shown p-corrected <0.01). 
Network property Cortical region Disease-specific 
Degree Left lingual gyrus bvFTD versus controle 
Degree Right calcarine bvFTD versus controle 
Clustering Right inferior parietal gyrus bvFTD versus controle 
Clustering Left superior occipital gyrus bvFTD versus controle 
Clustering Right superior frontal gyrus, medial bvFTD versus controle 
Clustering Right olfactory bvFTD versus controle 
Clustering Left precuneus bvFTD versus controle 
Clustering Right temporal pole: middle temporal gyrus bvFTD versus controle 
Clustering Right superior parietal gyrus bvFTD versus controle 
Clustering Right frontal gyrus bvFTD versus controle 
Clustering Left Heschl gyrus bvFTD versus controle 
Clustering Right median cingulate gyrus bvFTD versus controle 
Clustering Right precuneus bvFTD versus controle 
Clustering Left inferior frontal gyrus, triangular part bvFTD versus controle 
Clustering Right precentral gyrus bvFTD versus controle 
Clustering Left superior temporal gyrus bvFTD versus controle 
Clustering Left superior frontal gyrus, orbital part bvFTD versus controle 
Clustering Temporal pole: superior temporal gyrus bvFTD versus controle 
Clustering Left superior parietal gyrus bvFTD versus controle 
Clustering Left median cingulate gyrus bvFTD versus controle 
Clustering Left supramarginal gyrus bvFTD versus controle 
Clustering Left hippocampus bvFTD versus controle 
Clustering Right superior temporal gyrus bvFTD versus controle 
Clustering Right caudate nucleus bvFTD versus controle 
Clustering Right angular gyrus bvFTD versus controle 
Clustering Left thalamus bvFTD versus controle 
Clustering Left paracentral lobule bvFTD versus controle 
Clustering Left fusiform gyrus bvFTD versus controle 
Clustering Right middle occipital gyrus bvFTD versus controle 
Clustering Left posterior cingulate gyrus bvFTD versus controle 
Clustering Right superior frontal gyrus, medial orbital bvFTD versus controle 
Clustering Right middle frontal gyrus bvFTD versus controle 
Clustering Left inferior parietal gyrus bvFTD versus controle 
Clustering Right superior occipital gyrus bvFTD versus controle 
Clustering Left calcarine fissure bvFTD versus controle 
Clustering Left middle frontal gyrus, orbital part bvFTD versus controle 
Clustering Left middle frontal gyrus bvFTD versus controle 
Clustering Right inferior temporal gyrus bvFTD versus controle 
Clustering Left inferior temporal gyrus bvFTD versus controle 
Clustering Right middle temporal gyrus bvFTD versus controle 
Clustering Left middle temporal gyrus bvFTD versus controle 
Clustering Right lenticular  nucleus, putamen bvFTD versus controle 

	

Clustering Left lenticular  nucleus, putamen bvFTD versus controle 
Clustering Left angular gyrus bvFTD versus controle 
Clustering Right supramarginal gyrus bvFTD versus controle 
Clustering Right postcentral gyrus bvFTD versus controle 
Clustering Left postcentral gyrus bvFTD versus controle 
Clustering Right fusiform gyrus bvFTD versus controle 
Clustering Right inferior occipital gyrus bvFTD versus controle 
Clustering Left inferior occipital gyrus bvFTD versus controle 
Clustering Left middle occipital gyrus bvFTD versus controle 
Clustering Right lingual gyrus bvFTD versus controle 
Clustering Left lingual gyrus bvFTD versus controle 
Clustering Right cuneus bvFTD versus controle 
Clustering Right calcarine fissure bvFTD versus controle 
Clustering Right parahippocampal gyrus bvFTD versus controle 
Clustering Left parahippocampal gyrus bvFTD versus controle 
Clustering Right supplementary motor area bvFTD versus controle 
Clustering Right inferior frontal gyrus, orbital part bvFTD versus controle 
Clustering Right inferior frontal gyrus, triangular part bvFTD versus controle 
Clustering Right superior  frontal gyrus, orbital part bvFTD versus controle 
Clustering Left precentral gyrus bvFTD versus controle 
Betweenness centrality Left superior frontal gyrus, medial  bvFTD versus controle 
Betweenness centrality Right middle frontal gyrus bvFTD versus controle 
Betweenness centrality Left postcentral gyrus bvFTD versus controle 
Betweenness centrality Right superior temporal gyrus bvFTD versus controle 
Betweenness centrality Right postcentral gyrus bvFTD versus controle 
Betweenness centrality Left supplementary motor area bvFTD versus controle 
Betweenness centrality Left middle frontal gyrus bvFTD versus controle 
Betweenness centrality Left superior frontal gyrus bvFTD versus controle 

 
Keys: bvFTD, behavioral variant frontotemporal dementia. *Significant tested using ANCOVAs using total grey matter 
volume, age and gender as covariates.  
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