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The insular cortex (InsC) is a main structural–functional 
hub of the brain.1 It features widespread connections with 

cortical and subcortical regions, and it is implicated in var-
ied domains, such as body sensation, language, emotion, and 
social cognition.2 Notably, the InsC abounds in von Economo 
neurons, which facilitate rapid integration of information. 
Together with its topological centrality,1 these features ren-
der the InsC as a core region for overall brain dynamics and 
cognition.

InsC damage after stroke or neurodegeneration can 
considerably impair cognitive function. Stroke can disturb 
behavioral, emotional, and sensory domains,3 whereas early 
neurodegeneration (including the InsC) in behavioral variant 
frontotemporal dementia (bvFTD)4 usually leads to social and 
emotional dysfunction.5 Despite such general differences, lit-
tle is known about the distinct insular connectivity alterations 

caused by each of these causes. A direct comparison of InsC 
connectivity patterns in patients affected by stroke and neuro-
degeneration6 may reveal theoretically and clinically relevant 
differences between each pathophysiological process.

In fact, at the molecular level, these conditions differ in 
timing and physiopathology. Stroke involves tissue loss, neu-
ronal reorganization, and plasticity.7 Instead, neurodegen-
eration in bvFTD results from protein aggregation, inducing 
physiopathological events (eg, axonal degeneration, synapse 
loss, and dendritic retraction) and propagation of misfolded 
proteins.8 These differences at the molecular level suggest that 
InsC connectivity may be differentially affected by stroke and 
bvFTD.

Previous studies have reported aberrant long-range con-
nectivity (mostly hypoconnectivity) in both stroke and 
bvFTD.4,7 Nevertheless, local connectivity is a key feature 
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of brain dynamics.9 Unlike global connectivity (which may 
be similarly altered across pathologies), this dimension may 
better discriminate between diseases. Crucially, it modulates 
global connectivity10 and is fundamental for the emergence of 
small-world properties. Yet, local connectivity research has 
been rather sparse in neurological populations, especially in 
patients with stroke. In neurodegeneration, local connectivity 
disturbances may constitute a key disease marker9 and a useful 
dimension to characterize regions of early atrophy. Thus, our 
focus is on local connectivity because the InsC in consistently 
compromised in both groups.

To address this hitherto unexplored issue, we assessed InsC 
functional connectivity in patients with stroke and bvFTD. 
Specifically, we focused on correlations between local con-
nectivity decays and intervoxel distance within the InsC. By 
considering various spatial ranges in connectivity, we aimed 
to reveal cause-specific patterns of regional functional con-
nectivity of InsC at both small and large levels.

Methods
We recruited 33 participants from an ongoing project.6 The sample 
comprised 1 patient with hemorrhagic and 7 patients with ischemic 
stroke, all featuring damage to the InsC and also peripheral areas 
(38–66 years, 2 women: 6 men, Mini-Mental State Examination: 29 
[26–30]; Figure A; Table I in the online-only Data Supplement), 11 
patients with probable bvFTD (54–70 years, 6 women: 5 men, Mini-
Mental State Examination: 25.11 [18–30]; Figure B), and 14 healthy 
subjects (33–72, 4 women: 10 men, Mini-Mental State Examination: 
29.23 [25–30]; Section 1.1 in the online-only Data Supplement). The 
3 groups were matched by age, sex, educational level, and premorbid 
intelligence quotient. All participants provided signed consent in ac-
cordance with the Declaration of Helsinki. The study was approved 
by the Ethics Committee of the Institute of Cognitive Neurology.

Structural images and resting functional magnetic resonance 
imaging were acquired from patients and healthy subjects in a-1.5 
T Phillips Intera scanner (Section 1.2.1 in the online-only Data 
Supplement). Demographic information was compared among groups 
using ANOVAs and Pearson χ2 tests. The global atrophy pattern in 
patients with bvFTD was assessed through voxel-based morphom-
etry (Figure B; Section 1.2.3 in the online-only Data Supplement). 
Functional images were slice-time corrected, realigned, and normal-
ized on SPM8. They were subsequently band-pass filtered (0.01–0.05 
Hz). We finally regressed out the 6 motion parameters estimated dur-
ing realignment (Section 1.2.4 in the online-only Data Supplement). 
All groups were also compared in terms of long-range connectivity 
between InsC and regions of interest (ROIs) of 6 functionally defined 
networks (Section 1.2.5 in the online-only Data Supplement).

Correlation Function
We assessed local InsC connectivity by analyzing interaction decays 
as a function of between-voxel distance. This approach is similar to 
previously reported regional homogeneity analyses,11 as both assess 
local correlations. However, the distance measure in regional homo-
geneity analyses is a fixed point rather than a dimensional parameter, 
and distant correlations are not even considered within a region. The 
correlation function analysis allowed us to study the interaction be-
tween voxels which are at a distance d (for all possible values of d), 
assessing connectivity variations within the InsC at different levels: 
at the small spatial level, we analyzed voxels in close proximity; at 
the large spatial level, we studied distant regional connectivity among 
InsC voxels. The level of functional decay indicates whether local 
connectivity in a ROI is affected by disease.

Blood oxygen level–dependent contrast imaging temporal se-
ries and x–y–z coordinates in Montreal Neurological Institute space 
were calculated for each voxel in 2 bilateral ROIs: the InsC and the 
cuneus (as defined in the automated anatomical label atlas). The 

cuneus was selected as a control area because it resembles the in-
sula’s size and functional properties (viz, integration of sensory and 
high-order information), but it was not affected by bvFTD atrophy 
or stroke in our patients (Figure A and B).

We determined the degree of functional interaction between vox-
els lying at a distance d within each ROI. To this end, we calculated 
the average Spearman rank correlation coefficient, ρ, between blood 
oxygen level–dependent contrast imaging signals of voxels separated 
by d. We studied this measure (henceforth, correlation function) as 
a function of the Euclidean distance (d) between voxels, as follows:
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This function was calculated for each subject and ROI and 
averaged within groups (Section 1.2.6 in the online-only Data 
Supplement).

Correlation functions were compared via Monte Carlo permuta-
tion tests combined with bootstrapping (Section 1.2.6 in the online-
only Data Supplement). This simple method gives a straightforward 
solution for the multiple comparison problems and does not de-
pend on multiple comparison corrections or Gaussian distribution 
assumptions.

Results
The groups presented no significant differences in sex, 
age, formal education, or premorbid intelligence quotient 
(Table).

Figure A shows the lesion overlap of the InsC, which 
was the most consistently affected region across patients 
(Table I in the online-only Data Supplement). Voxel-based 
morphometry analysis revealed a pattern of global atrophy 
in the bvFTD group in fronto-temporo-insular structures 
(P<0.05; false discovery rate corrected; Figure B), which 
replicated previous reports4 (Section 2.2 and Table II in 
the online-only Data Supplement). We have also provided 
global volumetric measures (grey matter, white matter, and 
cerebrospinal fluid) of patients with bvFTD and controls 
(Sections 1.2.3 and 2.2 and Table III in the online-only 
Data Supplement).

Grey matter volume of intact/infarcted/atrophied InsC 
for both patient groups is described in Tables IV and V in 
the online-only Data Supplement (Methods Section 1.2.3 
and Extended Results Section 2.2 in the online-only Data 
Supplement). To control for possible InsC differences among 
patient groups, we compared the extent of bilateral insular 
damage induced by stroke and bvFTD atrophy. The number of 
infarcted versus atrophic voxels and the volume of infarcted 
versus atrophied areas were comparable in both groups 
(Section 1.2.7 in the online-only Data Supplement).

For patients with stroke, when compared with controls, 
pairwise correlations between long-range voxels within 
bilateral InsCs significantly decreased as a function of voxel 
distance (P<0.05). Such hypoconnectivity appeared at a dis-
tance of ≈9 to 19 voxels (18–40 mm; Figure C). Conversely, 
patients with bvFTD, relative to controls, showed significant 
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hyperconnectivity between neighbor voxels in the same area 
(P<0.05, at a distance of ≈4–7 voxels or 11–14 mm; Figure 
D). Voxel-distance analyses of the cuneus revealed no signifi-
cant differences among groups (Figure C and D).

Moreover, relative to participants with stroke, patients 
with bvFTD presented significant hyperconnectivity for 
all distances (from 4–20 voxels or 8 a 40 mm) in the InsC 
but not in the cuneus (Figure I in the online-only Data 
Supplement).

Analysis of global connectivity in patients with stroke rel-
ative to controls revealed hypoconnectivity in insulo-frontal 

hubs. Compared with controls, patients with bvFTD exhibited 
disconnection in salience-network hubs4,8 (Section 2.3 and 
Figure II in the online-only Data Supplement).

Discussion
Each patient group exhibited a distinct pattern of connectiv-
ity decay as a function of neighboring-voxel distance in the 
InsC. Patients with stroke showed hypoconnectivity, as cor-
relations decreased with increasing distance. Conversely, 
patients with bvFTD were characterized by hyperconnec-
tivity, showing the opposite pattern of correlations. Lack 

Figure. Functional connectivity of insular cortex in patients with stroke and behavioral variant frontotemporal dementia (bvFTD). A, 
Medial, coronal, and axial view of lesion overlap in patients with stroke (bar indicates the number patients). B, Atrophy of patients with 
bvFTD (voxel-based morphometry [VBM]) compared with controls, P<0.05, α=0.2, false discovery rate corrected. Correlation function 
between voxels as a function of distance within the bilateral insular cortex (top) and the cuneus (bottom) for the stroke vs controls (C) 
and bvFTD vs controls (D). Charts showing the level of statistical significance between groups (P values) are presented under each graph.
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of differences in the cuneus, which proved intact in both 
diseases, suggests that local connectivity abnormalities are 
partly dependent on the underlying ischemic and neurode-
generative processes.

Regional connectivity has been successfully used to 
examine local connectivity patterns in healthy individuals.12 
Previous research has also shown increased and decreased 
long-range connections in patients with stroke.7 Our study 
extends available findings by demonstrating that stroke 
induces abnormal local connectivity among distant InsC vox-
els (Figure C).

Studies about patients with bvFTD have revealed altera-
tions in specific large-scale networks, manifested as both 
reduced and enhanced long-range connectivity.8 Only one 
study assessing local connectivity in this pathology showed 
hyperconnectivity in the InsC and interpreted it as a com-
pensatory response in bvFTD.9 These findings align with our 
results, which showed that bvFTD, as opposed to stroke, fea-
tures significant hyperconnectivity changes in nearby InsC 
voxels (Figure D).

Local hypoconnectivity in ischemic stroke could be the 
consequence of hypometabolism mediated by tissue hypoxia 
(eg, reduced adenosine triphosphate, mitochondrial damage, 
and release of DNA fragmentation proteins).13 Conversely, 
hyperconnectivity in bvFTD can reflect the effect of protein 
aggregation and neurotoxicity,4 which would activate com-
pensatory mechanisms or disrupt the excitatory–inhibitory 
balance of damaged networks.8,14

Beyond these tentative explanations, our results suggest 
that topographically similar brain lesions with different causes 
may yield dissimilar aberrant changes in local connectivity. 
This highlights the importance of comparing diseases with 
different underlying mechanisms.6 Importantly, our findings 
challenge the common assumption that damage to a given area 
results in similar connectivity disturbances irrespective of its 
causes. At the least, this evidence calls for a re-evaluation of 
current proposals that postulate that specific brain hubs may be 
similarly compromised by different pathological conditions.15

Our study has some limitations. Similar to previous 
studies,9 our sample size was low. However, this limita-
tion was considerably counteracted by the strict control of 
several relevant variables (eg, diagnosis, lesion cause, age, 
sex, intelligence quotient, education, and volume of insu-
lar affectation among patients with stroke and bvFTD). The 
detection of significant effects in target regions, and their 
absence in control areas, further attests to the adequacy of 
our samples.

Stroke damage is not restricted to the InsC. Nevertheless, 
all subjects had lesions exclusively caused by stroke and no 
comorbidity with other diseases. The main overlap among 
several compromised regions was found in the target region 
(InsC). Finally, images spatially normalized to allow for joint 
analysis of different pathological brains could provoke match-
ing problems (especially in and around the stroke area). Yet, 
we largely minimized these negative effects of standard pre-
processing by omitting spatial smoothing. This avoids shift of 
activation peaks and the reduction of spatial resolution.

Both patient groups evinced global hypoconnectivity, as 
previously reported separately for stroke7 and neurodegen-
eration9,10 (Section 3 and Figure II in the online-only Data 
Supplement). Nevertheless, global connectivity results should 
be taken with reserve. Extra-insular areas are not consistently 
damaged across patients with stroke and bvFTD. The InsC has 
widespread connections, and such diversity makes it difficult 
to find homogeneous samples warranting analysis of long-
range connections. Thus, we cannot determine the extent to 
which deficits are associated with damage in the (1) InsC, (2) 
other areas, or (3) a combination of (1) and (2).

Previous reports supported the idea that different neural 
disorders with different causes involve similar disconnection 
patterns in characteristic brain hubs.15 In contrast, we sug-
gest that different causes and physiopathological processes 
may influence cerebral connectivity in dissimilar and specific 
ways. Such idiosyncratic patterns may reflect differences in 
molecular and temporal dynamics between cerebral ischemia 
and neurodegeneration.
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1. Supplemental Methods  

1.1. Participants 

We recruited eight patients with chronic cerebrovascular lesions confined to insular 

structures. They also presented secondary damage in the putamen, the temporal poles, 

and frontal and parietal regions. These patients were assessed at least six months post-

stroke in the Institute of Cognitive Neurology (INECO), Buenos Aires, Argentina. Their 

diagnoses were made by stroke specialists (See Table I for more details).  

 

Additionally, 11 patients were selected following the revised criteria for probable 

bvFTD
1, 2

. The patients presented prominent changes in personality and social behavior, 

which were verified by their caregivers. All patients showed frontal atrophy on MRI, 

and frontal hypoperfusion on SPECT, when available. They were all in the early/mild 

stages of the disease and did not fulfill criteria for specific psychiatric disorders. They 

were diagnosed by bvFTD specialists.    

 

All patients underwent a standard clinical examination that is necessary for accurate 

diagnosis and is part of a global institutional research project. This includes an 

extensive battery of neurological, neuropsychiatric, and neuropsychological 

assessments. In addition, a control group was formed with 14 healthy age- and 

education-matched participants. None of these subjects reported a history of psychiatric 

or neurological disease. 

 

All participants were evaluated with the Word Accentuation Test (WAT)
3
, which 

indexes premorbid IQ
4
; it consists of 51 low-frequency written Spanish words which 

lack orthographic accentuation. Participants are requested to read these words out loud 

with proper stress assignment, a task involving lexical knowledge. In addition, the Mini-

Mental State Examination (MMSE) was administered to all groups as an overall 

measure of cognitive state
5
.  

 

1.2. MRI assessment and connectivity analysis 

1.2.1. MRI acquisition 

All participants were scanned in a 1.5 T Phillips Intera scanner with a standard head 

coil. A T1-weighted spin echo sequence was used to generate 120 contiguous axial 

slices (TR = 2300 ms; TE = 13 ms; flip angle = 68°; FOV = rectangular 256 mm; matrix 

size = 256 × 240 × 120; slice thickness = 1 mm) which covered all the brain surface and 

tissue. 

 

For resting-state functional MRI (resting-fMRI), 33 (5-mm thick) axial slices were 

acquired parallel to the plane connecting the anterior and posterior commissures and 

covering the whole brain (TR = 2777 ms, TE = 50 ms, flip angle = 90). During fMRI 

acquisition, participants were instructed to think about their daily routines (e.g., the 

activities performed that day since waking or what they were going to do later that day). 

Additionally, they were requested to keep their eyes closed and to avoid moving and 

falling asleep. 

 

1.2.2. Lesion mapping 

Lesion masks were manually traced in native patient spaces according to visible damage 

on a T1 scan. All lesion masks were normalized to MNI space and then overlapped to 

obtain the lesion map.  



1.2.3. Voxel-based morphometry 

A voxel-based morphometry analysis was performed to account for global atrophy 

pattern in bvFTD patients. Data were preprocessed on the DARTEL Toolbox, following 

previously described procedures
6, 7

.The images were segmented in grey matter, white 

matter, and cerebrospinal fluid volumes and then modulated. Next, 8 mm full-width 

half-maximum kernel images were smoothed, normalized to MNI space, and subjected 

to second-level analysis within general linear models on Statistical Parametric Mapping 

software (SPM8) (http://www.fil.ion.ucl.ac.uk/spm/software/spm8)
7
. A two-sample t-

test between controls and the bvFTD group was performed and the results of this 

statistical parametric map were corrected for multiple comparisons (α= 0.2 FDR 

corrected; statistical significance was set at p < .05).  

 

Additionally, global volumetric measures (grey matter, white matter, and cerebrospinal 

fluid) were calculated for bvFTD patients and controls via the gets_total script in 

Matlab. Structural T1 images were segmented with the segment tool of SPM8 to obtain 

grey matter, white matter, and cerebrospinal fluid maps. The script used these images to 

calculate the total volume of the three tissues, and their sum yielded the total 

intracranial volume. 

To quantify the total “intact” insular grey matter in both patient groups, a grey matter 

map was obtained for each subject via the segment tool of SPM8. For stroke patients, a 

binary lesion mask was used to delimit the lesion and avoid mistaken voxel intensities. 

Then, “intact” grey matter volumes were calculated using the gets_total script in 

Matlab. To this end, we delimited the InsC ROI using the Automated Anatomical 

Labeling atlas
8
 (AAL). To calculate the volume of infarcted/atrophied areas, we used 

the healthy subjects template (of grey matter in MNI space) generated in the 

segmentation step. The InsC ROI was superposed over this template to quantify the 

total grey matter volume of a “healthy” InsC. Thus, we calculated the volume of 

infarcted/atrophied grey matter in our patients by considering the whole volume of InsC 

and “intact” grey matter.  

 

 

1.2.4. fMRI preprocessing 

Functional images were tested on the Artifact Repair toolbox for SPM8 to improve 

fMRI analysis of high motion subjects
9
. This toolbox automatically detected noise in the 

raw data. Noisy volumes were deleted to avoid large outliers from propagating to valid 

data. 

 

Functional images were then preprocessed on SPM8.Images were slice-time corrected, 

aligned to the mean volume of the session scanning, and normalized (using theSPM8 

default echo-planar imaging template). To partially correct and remove low-frequency 

drifts from the MR scanner, we applied a band-pass filter between 0.01 and 0.05 Hz 

using the Resting-State fMRI Data Analysis Toolkit (REST, http://resting-

fmri.sourceforge.net/
10

).  

 

These frequencies lie in the range of slow frequency correlations of the resting 

networks
11

. Finally, applying these software tools, we regressed out six motion 

parameters estimated bySPM8. This last procedural step was performed to remove the 

potential variance introduced by spurious sources. 

 

 

http://www.fil.ion.ucl.ac.uk/spm/software/spm8


1.2.5. Long-range (global) connectivity analysis 

All groups were compared in terms of long-range connectivity between InsC and other 

regions of interest (ROIs) –extracted from the AAL atlas
8
.  Firstly, for between-ROI 

correlations, voxel time-series were averaged within each ROI. Functional connectivity 

was assessed in each subject by calculating Spearman’s rank correlation coefficients in 

average time-series across ROIs, resulting in a 116 × 116 matrix for each subject. A t-

test was performed to compare long-range functional connectivity in the InsC between 

groups. Classification data reported in Dosenbach et al.
12 were used to organize the 

ROIs. Nodes were arranged in six functionally defined networks: cingulo-opercular, 

sensorimotor, fronto-parietal, and occipital areas, as well as the default mode network 

and the cerebellum. After statistical analysis, we labeled the resulting nodes following 

Dosenbach’s classification (Figure II).   

 

1.2.6. Correlation function   

Our aim was to study the interaction between brain voxels, namely, their correlation 

function
13

. In physics, a typical approach to describe an interaction system is to 

study how the interactions (measured, for example, by linear correlation) decay with 

increasing distance. In general, mutual dependence between two units of a system (in 

our case, voxels) decreases the further apart they are. The specific functional form of 

decay gives much information when the system is composed by identical units, as in 

homogeneous systems. In the case of the brain, this methodology can be useful to 

understand ranges of interaction and to distinguish different groups, as shown in this 

paper.  The rationale is that if a brain region is affected by a disease, then their 

interactions should be modified.  

 

BOLD temporal series and x-y-z coordinates in MNI space were calculated for each 

voxel in two bilateral regions of interest (ROIs): the bilateral insular cortex and cuneus 

(as defined in the Automated Anatomical Label atlas)
8
. 

 

We determined the degree of functional interaction between two voxels within these 

ROIs by calculating Spearman’s rank correlation coefficients between both BOLD 

signals. This measure (henceforth, correlation function) was established in terms of the 

Euclidean distance (d) between voxels. This correlation function was calculated for each 

subject and ROI and averaged within groups
13

. Correlation functions between-group 

comparisons were made through the Montecarlo permutation test with bootstrap
14, 15

. 

This simple method offers a straightforward solution for multiple comparison problems 

and for data distribution assumptions
16

. The combined data from each group was 

randomly partitioned, and a t-test was calculated. This process was repeated 1. 000 

times to construct the t-value distribution under the null hypothesis, which would be 

rejected by t-values greater than the most extreme 1% of the distribution (e.g., p < .01). 

This nonparametric permutation approach is considered comparable to statistical 

parametric mapping approach
16

. Also, Fisher z-transformation correlation functions for 

all comparisons are offered in the Figure III and IV. 

 

1.2.7. Lesion-atrophy volume comparison 

To control for possible differences among patient groups, we compared the volume of 

insular affectation by stroke or neurodegeneration. Lesion masks were superimposed 

over the bilateral insular ROI to extract the number of lesioned voxels within the IC. 

For the bvFTD group, segmented images from VBM analysis and this ROI were used to 

obtain the number of atrophied voxels within the insular cortex. A threshold of 0.2 was 



established in order to discriminate between grey matter and whiter matter plus 

cerebrospinal fluid. A t-test was performed to compare the number of lesioned and 

atrophied voxels in the bilateral insula. No significant differences were obtained 

between the groups (p=.98). We performed another t-test to compare the volume of grey 

matter damage of bilateral InsC in each patient group. No significant differences were 

found (p = .94). Thus, both patient groups had a similar proportion of bilateral insular 

damage.    

 

 

2. Extended Results  

2.1. Damage areas from stroke patients  

Table I. Regions (based on AAL) of damage areas in the stroke patients 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
I: Ischemic stroke; H: Hemorrhagic stroke; L: left; R: right, Sup: superior, Inf: inferior, Orb: orbital; 

AAL: Automated Anatomical Labeling Atlas; Pink: patients with left damage; Green: patients with right 

damage  

 

2.2. Voxel-based morphometry 

Voxel-based morphometry of the bvFTD group revealed a pattern of global atrophy in 

the IC, as well as frontal and temporal lobe structures, as reported in previous studies
17, 

18
(p < .05,  α= 0.2 FDR corrected). Table II specifies all atrophied regions that were 

significantly different from their counterparts in the control group and in Table III we 

Patient nº  1 2 3 4 5 6 7 8 

Stroke etiology I I I I I H I I 

 

A
F

F
E

C
T

E
D

 R
E

G
IO

N
S

 

 

Insula L          

Putamen L         

Temporal Sup L         

Temporal Pole Sup L         

Frontal InfTriangularis L          

Frontal MidOrb L         

Frontal Mid L         

Frontal Sup Orb L         

Frontal Sup L         

Frontal Sup Orb L         

Heschl L         

Roldanic Operculum L         

Insula R         

Putamen R         

Temporal Sup R         

Temporal Pole Sup R         

Frontal Inf Orb R         

Frontal InfTriangularisR         

Frontal InfOperculum R         

Frontal Mid R         

Frontal Mid Orb R         

 Roldanic Operculum R         

 Supramarginal R         



provided the global volumetric measures. Grey matter volume of 

intact/infarcted/atrophied InsC for both patient groups is described in Tables IV and V. 

 

 

Table II. Regions (based on AAL) of significant atrophy (local maxima) in bvFTD 

patients compared with healthy controls 

Region X Y Z Peak t Peak z 

Insula -36 0.73 -12 6.77 4.97 

Palladium L -22.5 -6 -4.5 6.10 4.66 

Palladium R 19.5 4.5 -6 5.57 4.38 

Amygdala R 24 -6 -13.5 5.62 4.42 

Fusiform L -36 -4.5 -40.5 5.61 4.41 

Thalamus L -15 -10.5 -3 4.10 3.51 

Thalamus R 16.5 -9 -3 5.49 4.34 

Cingulum R 10.5 19.5 42 5.33 4.26 

Frontal Superior L -13.5 49.5 39 3.90 3.38 

Frontal  Superior R 13.5 33 42 4.76 3.93 

Frontal Mid Superior  L -7.5 27 58.5 5.15 4.16 

Frontal Mid Superior R 7.5 27 48 5.09 4.13 

Frontal Mid Superior R 30 36 28.5 4.25 3.62 

Temporal Inferior L -43.5 9 -37.5 5.30 4.24 

Temporal Inferior R -51 3 -34.5 4.62 3.85 

Temporal Pole Mid R 39 7.5 -37.5 4.40 3.71 

Supplementary motor 

area R 
10.5 12 45 5.18 4.18 

All p<0.05 α= 0.2 FDR corrected); AAL: Automated Anatomical Labeling Atlas; L: left; R: right  
 

 

Table III. Global volumetric measures 

Subjects GM WM CSF TIV 

Healthy 

controls 

M=686.50, 

SD=52.23 

(604.90-793.72) 

M=536.46, 

SD=51 (475.93-

607.74) 

M=314.58, 

SD=27.94 

(350.56-273.92) 

M=1537.54, 

SD=118.40 

(1375.78-

1732.22) 

Percentage
#
 M=44.66, 

SD=0.90 

M=34.86, 

SD=1.23 

M=20.47, 

SD=1.20 

- 

bvFTD 

patients 

M=659.78, 

SD=57.48 

(597.53-772.38) 

M=514.11, 

SD=43.70(445.12-

571.62) 

M=334.47, 

SD=37.34 

(281.61-391.90) 

M=1508.36, 

SD=129.68 

(1397.03-

1735.90) 

Percentage
#
 M=43.75, 

SD=0.93 

M=34.02, 

SD=1.04 

M=22.15, 

SD=1.24 

- 

All volumes are in ml. GM: grey matter; WM: white matter; CSF: cerebrospinal fluid; TIV: total 

intracranial volume; M: mean; SD: standard deviation; (): range; 
# 
Percentage (%) relative to TIV. 

 

 
      

 

 

 



Table IV. Insular grey matter volume for stroke patients 

 

 Left InsC Right InsC 

Patient n° Intact GM 

volume   

Infarcted 

tissue 

volume 

Intact GM 

volume 

Infarcted 

tissue 

volume 

1 L 4.95 2.09 5.85 - 

2 L 3.07 3.97 5.40 - 

3 L 4.73 2.31 5.65 - 

4 R 7.31 - 3.21 3.95 

5 R 5.75 - 4.45 2.71 

6 R 5.90 - 5.21 1.95 

7 R 7.55 - 4.31 2.85 

8 R 7.21 - 5.84 1.32 
All volumes are in ml. L: left insular stroke patient; R: right insular stoke patient. 

 

 

Table V. Insular grey matter volume for bvFTD patients 

 

 Left InsC Right InsC  

Patient n° Intact GM 

volume   

Atrophied 

tissue 

volume 

Intact GM 

volume   

Atrophied 

tissue 

volume 

1 4.93 2.11 4.62 2.54 

2 4.41 2.63 3.21 3.95 

3 4.68 2.36 3.40 3.76 

4 4.93 2.11 2.88 4.28 

5 5.05 1.99 4.00 3.16 

6 4.70 2.34 4.89 2.27 

7 5.78 1.26 5.58 1.58 

8 4.81 2.23 4.77 2.39 

9 5.88 1.16 5.79 1.37 

10 1.27 5.77 2.10 5.06 

11 4.86 2.18 4.76 2.40 
All volumes are in ml.  
 

2.3. Insular long-range (global) connectivity 

 

Analysis of long-range connections in stroke patients relative to controls revealed 

hypoconnectivity in insulo-frontal hubs (FDR corrected, p < .05). The left InsC was 

significantly disconnected from the right medial region of the superior frontal gyrus 

(FDR corrected, p < .01). The right InsC was also significantly disconnected from the 

left inferior frontal gyrus (FDR corrected, p < .01) and the right gyrus rectus (FDR 

corrected, p < .01). Instead, relative to controls, bvFTD patients showed reduced 

connectivity with the salience-network hubs
18, 19

 (FDR corrected, p < .05). The left InsC 

showed disconnection from the right InsC (FDR corrected, p < .01), the right thalamus 

(FDR corrected, p < .01), and the left triangularis part of the inferior frontal gyrus (FDR 

corrected, p < .01). The right InsC exhibited reduced connectivity with the left medial 

region of the superior frontal gyrus (FDR corrected, p < .01), the left orbital region of 



the superior frontal gyrus (FDR corrected, p < .01), and the left precentral gyrus (FDR 

corrected, p < .01) (Figure II). 

 

3. Supplemental Discussion 

 

Relative to controls, both patient groups presented long-range hypoconnectivity. 

Salience network areas were expectedly compromised in bvFTD
18-21

, whereas frontal 

areas were disturbed in stroke patients.  

 

Our main results in bvFTD align with the finding that Alzheimer’s disease involves 

local hyperconnectivity in the hippocampus and global hypoconnectivity between the 

hippocampus and other regions associated with the default mode network
22

. However, 

diversity of damage across patients makes it difficult to find homogeneous samples 

warranting analysis of long-range connections. In most stroke patients, insular damage 

extended to other areas (Figure 1. A). The same was true of bvFTD atrophy. Thus, long-

range connectivity results must be interpreted with caution.  

 

4. Supplemental figures 

 

 
 

Figure I. Pairwise Spearman’s rank correlations between voxels as a function of 

distance within the bilateral insular cortex (top) and the cuneus (bottom) for the stroke 

and bvFTD groups. Charts showing the level of statistical significance between groups 

(p values) are presented under each graph. 

 



 

 

 

 

Figure II: long-range (global) InsC functional connectivity in stroke patients and 

bvFTD in comparison to controls. Comparisons of insular long-range functional 

connectivity between groups considering ROIs extracted from the AAL atlas. ROIs are 

labeled following
12

. A. Functionally disconnected regions for stroke patients in 

comparison to controls (FDR corrected, statistical significance set at p < .05). B: 

Functionally disconnected regions for bvFTD patients in comparison to controls (FDR 

corrected, statistical significance set at p < .05). Regions: InsC: insular cortex; GR: 

gyrus rectus; mSFG: medial region of the superior frontal gyrus; IFG: inferior frontal 

gyrus; PrG: precentral gyrus; tfIFG: triangularis part of the inferior frontal gyrus; oSFG: 

orbital region of the superior frontal gyrus; Th: thalamus. Networks: CO: cingulo-

opercular; FP: fronto-parietal; DMN: default mode network; SM: sensorimotor; LS: 

limbic system (grey nodes do not belong to any functional network). Hemispheres: L: 

left; R: right. ROIs: regions of interest. AAL: Automated Anatomical Labeling. 

 



 
 

 Figure III: Fisher z-transformation of correlations between voxels as a function of 

distance within the bilateral insular cortex (top) and the cuneus (bottom), for stroke vs. 

controls and bvFTD vs. controls. 

 

 



Figure IV: Fisher z-transformation of correlations between voxels as a function of 

distance within the bilateral insular cortex (top) and the cuneus (bottom), for stroke vs. 

bvFTD.  
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