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Abstract

Background and Objectives

MRI connectomics is an ideal tool to test a network-based model of pathologic propagation from a
disease epicenter in neurodegenerative disorders. In this study, we used a novel graph theory—based
MRI paradigm to explore functional connectivity reorganization, discerning between direct and
indirect connections from disease epicenters, and its relationship with neurodegeneration across
clinical presentations of the frontotemporal dementia (FTD) spectrum, including behavioral variant
of FTD (bvFTD), nonfluent variant of primary progressive aphasia (nfvPPA), and semantic variant
of primary progressive aphasia (svPPA).

Methods

In this observational cross-sectional study, disease epicenters were defined as the peaks of atrophy
of a cohort of patients with high confidence of frontotemporal lobar degeneration pathology
(Mayo Clinic). These were used as seed regions for stepwise functional connectivity (SFC)
analyses in an independent (Milan) set of patients with FTD to assess connectivity in regions
directly and indirectly connected to the epicenters. Correlations between SFC architecture in
healthy conditions and atrophy patterns in patients with FTD were also tested.

Results

As defined by comparing the 42 Mayo Clinic patients with 15 controls, disease epicenters were
the left anterior insula for bvFTD, left supplementary motor area for nfvPPA, and left inferior
temporal gyrus (ITG) for svPPA. Compared with 94 age-matched controls, patients with bvETD
(n=64) and nfvPPA (n = 34) of the Milan cohort showed widespread decreased SFC in bilateral
cortical regions with direct/indirect connections with epicenters and increased SFC either in
directly connected regions, physically close to the respective seed region, or in more distant
cortical/cerebellar areas with indirect connections. Across all link steps, svPPA (n = 36) showed
SFC decrease mostly within the temporal lobes, with co-occurrent SFC increase in cerebellar
regions at indirect link steps. The average stepwise topological distance from the left ITG in a
reference group of 50 young healthy controls correlated with regional gray matter volume in
svPPA, consistent with network-based degeneration.

Discussion
Our findings demonstrate that each FTD syndrome is associated with a characteristic interplay
of decreased and increased functional connectivity with the disease epicenter, affecting both
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Glossary

3D = 3-dimensional; AAL = Automated Anatomical Labeling; AI = anterior insula; ANOVA = analysis of variance; bvFTD =
behavioral variant of FTD; CDR = Clinical Dementia Rating; FTD = frontotemporal dementia; FTLD = frontotemporal lobar
degeneration; FWE = family-wise error; GM = gray matter; ITG = inferior temporal gyrus; MMSE = Mini-Mental State
Examination; nfvPPA = nonfluent/agrammatic variant primary progressive aphasia; ROI = region of interest; RS fMRI =
resting-state functional MRI; SFC = stepwise functional connectivity; SMA = supplementary motor area; svPPA = semantic
variant primary progressive aphasia; VBM = voxel-based morphometry.

direct and indirect connections. SFC revealed novel insights regarding the topology of functional disconnection across FTD
syndromes, holding the promise to be used to model disease progression in future longitudinal studies.

Frontotemporal dementia (FTD) includes a spectrum of het-
erogeneous neurodegenerative syndromes, including the be-
havioral variant of FTD (bvFTD),' nonfluent/agrammatic
variant of primary progressive aphasia (nfvPPA), and semantic
variant of primary progressive aphasia (svPPA).> Similar to
other neurodegenerative diseases, FTD presentations are being
increasingly conceptualized as “disconnection syndromes™*
due to the disruption of brain network architectural organi-
zation causing the loss of an efficient balance between local
(short range) and global (long range) connectivity, critical
for an effective integration of information and adequate
cognitive performance.® Such disruptive processes may start
from disease-specific epicenters of neurodegeneration and
subsequently spread through highly interconnected neural
networks, as suggested by the overlap between atrophy
patterns in patients with neurodegenerative conditions and
large-scale connectivity networks in healthy controls.%”
MRI connectomics has demonstrated a close relationship
between brain connectivity networks and atrophy accu-
mulation in FTD,*"" supporting a “network-based” spread
model of pathology. However, previous studies did not
discern between direct and indirect connections with the
disease epicenter. Stepwise functional connectivity (SFC)
assesses functional connectivity modifications at different
topological distances from a seed region of interest
(ROI),"™" thus helping to discriminate between alterations
of 1-step (direct) and longer-distance (indirect) connec-
tions. This validated framework'” has recently demon-
strated great potential for the study of neurodegenerative
disorders in vivo."

The main aim of this study was to evaluate SFC as a new
approach to assess brain network disruption in FTD. In
detail, we focused on exploring how the step distance
functional connections of disease epicenters were altered
in different clinical variants to provide novel insight into
direct and downstream (i.e., indirect) effects of neuro-
degeneration over brain functional architecture. We have
also investigated the relationship between SFC architecture
of healthy controls and the atrophy distribution in each
FTD group to test SFC as a determinant of pathologic
progression.

Neurology.org/N

Methods
Participants

Milan Cohort

A total of 176 patients with a suspected diagnosis of FTD
disorders were referred between October 2009 and April
2021 to the Neurology Unit of San Raffaele Hospital in
Milan to perform an optimized diagnostic protocol'* in-
cluding neurologic workup, neuropsychological evaluation,
and 3T brain MRI. After this multidisciplinary evaluation,
157 patients received a clinical diagnosis of bvFTD, nfvPPA,
or svPPA according to established criteria"”* and were eval-
uated for inclusion in this cross-sectional study. Exclusion
criteria were as follows: substance abuse or any (other)
major systemic, psychiatric, or neurologic illnesses; lacunae
and extensive cerebrovascular disorders at MRI. To mitigate
sources of sample heterogeneity, after screening for known
pathogenic genetic variations (see Genetic Testing), 17
patients with known pathogenic genetic variations (i.e., 6
C901f72,9 GRN, 1 MAPT, and 1 TREM2) were excluded. Six
patients with FTD (i.e., 1 bvFTD, 4 nfvPPA, and 1 svPPA),
who demonstrated high cerebrovascular burden or motion
artifacts on MRI, were also excluded. The final cohort in-
cluded 134 patients with sporadic FTD, including 64
bvFTD, 34 nfvPPA, and 36 svPPA (Table 1). Ninety-six
healthy controls, comparable for age and sex with patients
(HC-old), were recruited among spouses of patients and by
word of mouth. Controls had normal neurologic assessment,
Mini-Mental State Examination (MMSE)'® score >26, and
no family history of neurodegenerative diseases. Fifty
young healthy controls (HC—young, age range 20-30 years,
23 females) were also recruited, as a “reference” healthy
connectome for correlation analyses between SFC maps
and regional atrophy in patients with FTD, removing the
influence of age-related connectome alterations.

Mayo Clinic Cohort

To identify the disease epicenters to be used as seeds of SFC
analysis performed on the Milan cohort, MRI scans obtained
from an independent group of individuals were also used.
This population was recruited by the Neurodegenerative
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Table 1 Demographic and Main Clinical Characteristics of Included Participants

Milan cohort

HC-old bvFTD nfvPPA svPPA p Value
N 94 64 34 36
Age at MRI, y 65.35+6.39(51.22-79.34) 65.92 +7.91 (45.51-79.76) 69.01 + 8.3 (53.83-83.35) 66.94 + 8.34 (48.46-81.63) 0.11
Sex, M/F 36/58 38/26 12/22 18/18 0.09
Education, y 12.51 + 4.35 (5-24)° 9.65 +3.53(3-17) 10.06 + 5.8 (3-22) 11.83 +4.68 (3-18) 0.001

Disease duration, y - 3.62 +2.25(0.57-12.06) 2.55+ 1.48 (0.13-6.17)*°  4.03 + 2.07 (0.94-10.82) 0.01

CDR — 1.12+1.17(0-3) 0.50 £ 0.11 (0-2)° 0.74 £ 0.63 (0-2) 0.03
CDR-sb — 5.54 +3.75(1-14) 2.76 + 2.44 (0-9)° 3.44 +3.19 (0.5-10.5) 0.04
CDR plus NACC FTLD-sb — 8.34 £5.68 (2-18) 5.38 +3.29 (2-11.5) 5.86 +4.35(1.5-13.5) 0.29
MMSE 29.03 + 1.96 (27-30) 23.47 + 5.67 (6-30)° 23.77 £ 5.69 (5-30)° 21.73 £ 6.83 (5-30)° <0.001
Scanner type (1/2) 44/50 35/29 18/16 14/22 0.44
nfvPPA phenotype — — 2/14/18 — —
(AOS/agrammatic/mixed)
Mayo Clinic cohort

HC-Mayo bvFTD nfvPPA svPPA p Value
N 15 10 14 18
Age at MRI, y 61.07 +7.75 (51-77) 59.52 + 9.42 (47.2-75.6) 66.95 + 7.81 (48.4-77) 62.49 +7.77 (44.6-72.8) 0.13
Sex, M/F 5/10 3/7 9/5 10/8 0.91
Education, y 14.4 £1.89 (12-18) 14.4 £2.07 (12-18) 15.36 £ 3.37 (12-20) 15.56 + 2.07 (12-20) 0.43
Disease duration, y — 2.82 +£1.06 (1.52-4.55) 3.81 £2.25(0.9-8.62) 3.38 £ 1.40 (1.38-5.84) 0.38
MMSE — 25.44 £ 5.62 (13-29) 28.29 £ 2.61 (22-30) 26.84 +2.25 (23-30) 0.15
nfvPPA phenotype — — 1/3/10 — —

(AOS/agrammatic/mixed)

Abbreviations: AOS = apraxia of speech; bvFTD = behavioral variant frontotemporal dementia; CDR = Clinical Dementia Rating; CDR plus NACC FTLD = Clinical
Dementia Rating plus National Alzheimer Coordinating Center for Frontotemporal Lobar Degeneration sub of boxes; CDR-sb = Clinical Dementia Rating sum
of boxes; HCs = healthy controls; MMSE = Mini-Mental State Examination; nfvPPA = nonfluent/agrammatic variant primary progressive aphasia; svPPA =
semantic variant primary progressive aphasia.

Values are reported as mean values + SDs (min-max). The threshold of statistical significance was set at p < 0.05. p Values refer to analysis of variance models

followed by post hoc, Bonferroni-corrected comparisons or Pearson x2, as appropriate.

@ Statistically significant difference with bvFTD.
b Statistically significant difference with svPPA.
¢ Statistically significant difference with HCs.

Research Group at the Mayo Clinic in Rochester, MN, be-
tween April 2007 and September 2020 and comprised 42
patients (i.e., 10 bvFTD, 14 nfvPPA, and 18 svPPA) with a
diagnosis of frontotemporal lobar degeneration (FTLD),
based on either postmortem histopathologic demonstration
(n = 17, including 14 nfvPPA and 3 bvFTD) or negative
amyloid PET (n = 25, including 18 svPPA and 7 bvFTD)
(Table 1). Patients did not present any known genetic var-
iation, similar to the Milan cohort. Fifteen age-matched
and sex-matched healthy controls (HC-Mayo) were also
selected. Local ethical standards committees on human ex-
perimentation approved the study protocols, and all partic-
ipants provided written informed consent according to the
Declaration of Helsinki.
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Clinical and Cognitive Assessment

Clinical evaluation was performed by experienced neurol-
ogists, recording disease duration at presentation. Global
disease severity was assessed using the Clinical Dementia
Rating (CDR)'® and CDR plus National Alzheimer’s Co-
ordinating Center FTLD scales.'” Participants of the Milan
cohort also underwent a comprehensive neuropsychological
assessment (Table 2). Details of cognitive assessment

protocol and speech evaluation have been previously
described."*

Genetic Testing

The presence of pathologic C901f72 expansions and/or known
pathogenic genetic variations in the GRN, MAPT, FUS, TARDBP,

Neurology.org/N
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Table 2 Neuropsychological Features of the Milan Cohort

HC-old bvFTD nfvPPA svPPA
N 94 64 34 36
Age at MRI, y 65.35 + 6.39 (51-79) 65.92 +7.91 (45-79) 69.01 + 8.3 (53-83) 66.94 + 8.34 (48-81)
Sex, M/F 36/58 38/26 12/22 18/18

Education, y

12.51 + 4.35 (5-24)

9.65 + 3.53% (3-17)

10.06 £ 5.8 (3-22)

11.83 £4.68 (3-18)

Global cognition

MMSE 29.03 + 1.96 (27-30) 23.47 +5.67° (6-30) 23.94 + 5.67% (5-30) 21.73 £+ 6.83% (5-30)
FAB — 11+4.23(1-17) 9.7 +4.99 (0-16) 12.68 +4.63 (0-17)
Memory

Digit span forward

593+ 1.11(3-9)

4.85 1 1.14% (3-7)

4.03 +0.93% (2-6)

4.94 £ 1.46° (0-7)

RAVLT delayed

9.5+ 2.85 (3-14)

2.96 + 3.18*° (0-11)

6.61 £ 3.77% (0-12)

3+3.66>° (0-11)

Corsi block-tapping

516+ 1.15(2-7)

3.84 +1.45(0-7)

5.46 + 7.45 (2-40)

4.42 £1.23(2-7)

Attention and executive

functions

Attentive matrices

50.6 + 7.73 (23-60)

39.47 £ 11.81% (10-60)

34.96 + 14.24° (1-58)

40.97 +13.49° (12-59)

CPM

31.09+4.11 (16-35)

21.61 + 8.13% (0-35)

22.44 +7.63% (6-34)

24.24 +7.91° (7-36)

Digit span backward

4.6 +£1.21(2-8)

3.44 £1.1%(0-5)

2.5+1.25% (0-4)

3.33+1.44% (0-6)

Card sorting test
perseverations

4.18 +3.79 (0-16)

17.25 £ 14.57%¢ (0-46)

9.71 £ 10.16 (0-42)

6.33 £ 6.07 (0-21)

Visuospatial abilities

Rey figure copy 30.5 + 5.4 (4-36) 22.84 +10.32% (0-36) 22.67 +9.18 (0-35) 29.09 + 5.25 (16-35)
Language

AAT (repetition) — — 127.83 + 24.62 (49-148) 142.43 £ 11.24 (120-180)

Token test 33.97 £ 1.74 (29.5-36) 27.47 + 6.877 (5-36) 24.74 + 6.34° (13-35) 22.33 + 9.54° (4-36)

CaGi confrontation
naming

43.12 + 6.73° (22-48)

19.44 + 12.95° (0-47)

CaGi single-word
comprehension

47.55 + 1.53° (41-48)

38.35 + 9.07° (18-48)

Pyramid-palm tree

46.8 + 5.66° (29-52)

36.35 + 6.85° (25-50)

Fluency

Phonemic fluency

37.3 £9.37 (15-56)

15.02 £ 11.297 (0-39)

8.62 + 7.38% (0-25)

15.25 + 11.1% (0-31)

Semantic fluency

44.12 + 9.62 (12-66)

21.6 £ 10.56*€ (0-48)

19.9 + 11.3%(0-48)

11.45 + 8.1% (0-28)

Mood and behavior

NPI — 28.46 + 19.35 (3-74) 16.25 £ 18.82 (1-71) 16.23 £ 12.05 (0-44)
BDI 6.86 + 3.6 (0-12) - - -
FBI total — 21.23 + 11.26 (6-46) 14.5+10.37 (5-36) 18 £10.7 (6-38)

Abbreviations: AAT = Aachener Aphasie Test; BDI = Beck Depression Inventory; bvFTD = behavioral variant frontotemporal dementia; CPM = Colored
Progressive Matrices; CST = Card Sorting Tests; FAB = Frontal Assessment Battery; FBI = Frontal Behavioral Inventory; HCs = healthy controls; MMSE = Mini-
Mental State Examination; nfvPPA = nonfluent/agrammatic variant primary progressive aphasia; NPI = Neuropsychiatric Inventory; RAVLT = Rey Auditory
Verbal Learning Test; svPPA = semantic variant primary progressive aphasia.
Values are mean values + SDs (range). p Values refer to analysis of variance models, corrected for age, sex, and education, followed by post hoc pairwise

comparisons, Bonferroni corrected for multiple comparisons. The threshold of statistical significance was set at p < 0.05.

@ Statistically significant difference with HC.
b Statistically significant difference with nfvPPA.
< Statistically significant difference with svPPA.
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TBK1, TREM2, OPTN, and VCP genes was assessed from
blood samples using optimized protocols.'® Carriers of genetic
variations were excluded.

MRI Acquisition

Milan Sample

All participants of the Milan cohort underwent brain MRI on a
3T scanner (Philips Medical Systems, Best, the Netherlands) at
San Raffaele Hospital. The original scanner was substituted
with an upgraded model from the same manufacturer in
2016. Details of MRI acquisition protocols (including at least
3-dimensional [3D] T1-weighted and resting-state fMRI [RS
fMRI]) are summarized in eTable 1 (links.Iww.com/WNL/
C747). During RS fMR], individuals were instructed to remain
motionless, keeping their eyes closed, and not to think about
anything in particular.

Mayo Clinic Sample

Patients and healthy controls of the Mayo Clinic cohort also
underwent brain MRI on a 3T scanner (GE Healthcare,
Milwaukee, WI) including a 3D T1-weighted MPRAGE se-
quence (for details of MRI protocol, see eTable 1, links.lww.
com/WNL/C747).

MRI Analysis

MRI analysis was performed at the Neuroimaging Research
Unit, San Raffaele Hospital in Milan by experienced ob-
servers, blinded to participants’ identity.

Voxel-Based Morphometry

First, we aimed to identify the disease epicenters of each FTD
variant, to be used as seeds for a subsequent SFC analysis. To
this purpose, we investigated gray matter (GM) volumetric
alterations in the Mayo Clinic patient cohort using voxel-
based morphometry (VBM) with SPM12"’ and the DARTEL
registration method.”*' VBM group comparisons were then
tested using analysis of variance (ANOVA) models between
each FTD group and controls. The local maximum of the
t statistics across significant clusters identified the atrophy
peaks for each clinical variant. Using the MarsBaR ROI
toolbox for SPM12,>* a spherical 10-mm radius ROI was
created around each subgroup’s most significant atrophy
peak. The choice of using an independent set of patients with
FTD with high confidence of FTLD pathology for seed def-
inition was made to avoid circular reasoning when correlating
atrophy with SFC data.

SFC Analysis

In brief, SFC is a graph theory-based method that allows to
map the connectivity patterns of selected brain seed regions at
different step (or “link-step”) distances, creating a framework
where a step refers to the number of links (edges) that belongs
to a path connecting a node to the seed area. In SFC analysis,
the degree of stepwise connectivity of a voxel j for a given step
distance ] and a seed region i is computed from the count of all
paths that (1) connect voxel j and any voxel in seed region i

and (2) have an exact length of 112 Throughout this article, we

Neurology | Volume 100, Number 22 | May 30, 2023

will use the term “direct” connections when assessing 1-step
functional topological distances (step 1), whereas the term
“indirect” will refer to further-step distances from the seed
region (steps 2-4). The pipeline adopted for this study (in-
cluding RS fMRI data preprocessing, functional connectome
reconstruction, and calculation of SFC degree) has been
recently described.”® Of note, the number of “steps” merely
describes the topological distance between 2 nodes within the
brain functional connectome; therefore, it does not refer to
the presence of a direct/indirect axonal connection.

For each FTD variant of the Milan cohort, SFC analysis was
performed using as seed region the specific ROI previously
identified in the Mayo Clinic population. For each group of
healthy controls (i.e, HC-old and HC-young), 3 different
SFC models were created, one for each ROI Given the lack of
directionality information provided by RS fMRI data, in SFC,
we did not include any restrictions about recurrent pathways
crossing the seed regions multiple times. All maps across
different link-step distances from 1 to 4 were used to describe
connectivity differences between HC-old and FTD partici-
pants. Further steps were not included in this analysis because
SFC patterns became stable for link-step distances above 4.

Subsequently, a combined version of all SFC 1-4 maps into
1 single map from nondisrupted connectivity pathways of
HC-young (combined SFC map) was used to investigate the
relationships between “standard” healthy neuroimaging pat-
terns and volumetric measures of participants with FTD. To
build the SEC combined map, we determined, for each pair of
voxels, at which step the relative degree of stepwise connec-
tivity was maximized. Thus, we obtained an SFC combined
map for each participant, with values ranging 1 to 4. Finally,
the combined SFC map was registered to the 90-region Au-
tomated Anatomical Labeling (AAL) atlas to allow correla-
tions with GM volumetric measures of patients with FTD.

Regional GM Volumetric Measures

Cortical GM maps were obtained from patients with FTD of
the Milan cohort using the segmentation step of VBM,' while
maps of the basal ganglia, hippocampus, and amygdala were
obtained using the FMRIB’s Integrated Registration and
Segmentation Tool in ESL.>* The AAL atlas was then regis-
tered to individual T1-weighted images, masked using the
GM maps, by means of linear (FLIRT)*® and nonlinear
(ENIRT)* registrations. GM volumes were obtained and
multiplied by the normalization factor derived from SIENAx>’
to correct for head size.

Statistical Analysis

Clinical and Cognitive Data

Normal distribution assumption was checked by means of
Q-Q plot and Shapiro-Wilks and Kolmogorov-Smirnov tests.
Demographic, clinical, and neuropsychological data were
compared between groups using age-adjusted, sex-adjusted,
and education-adjusted ANOVA models, followed by post

Neurology.org/N
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Figure 1 Identification of Disease Epicenters

bvFTD < controls

nfvPPA < controls

svPPA < controls

bvFTD -
Left Al

nfvPPA -
Left SMA

SVPPA -
Left ITG

(A) Results of voxel-based morphometry analysis showing regions of significant GM atrophy in patients with FTLD of the Mayo Clinic cohort when compared with
healthy controls. Significant clusters are overlaid on the axial sections of the MNI standard brain. Analyses were corrected for age, sex, and total intracranial
volume. Statistical threshold for significance was p < 0.05, FWE corrected for multiple comparisons. (B) 10-mm radius spheres overlaid on the MNI standard brain
show the identified peaks of atrophy. Al = anterior insula; bvFTD = behavioral variant Frontotemporal Dementia; ITG = inferior temporal gyrus; L = left hemisphere;
MNI = Montreal Neurological Institute; nfvPPA = nonfluent/agrammatic variant primary progressive aphasia; R = right hemisphere; SMA = supplementary motor

area; sVPPA = semantic variant primary progressive aphasia.

hoc pairwise comparisons, Bonferroni corrected for multiple
comparisons. p < 0.05 was set as significance threshold. SPSS
Statistics 26.0 software was used.

MRI Data

For the assessment of GM atrophy in the Mayo Clinic cohort,
group comparisons were tested using ANOVA model,
adjusting for total intracranial volume, age, and sex. Results
were assessed at p < 0.05 family-wise error (FWE) corrected
for multiple comparisons.

For the assessment of SFC in the Milan cohort, voxel-wise
analyses were performed using general linear models as

Neurology.org/N

implemented in SPM12. Two-sample t test comparisons be-
tween controls and each patient group were performed for each
of the 4 steps, including age, sex, and scanner type as covariates.
Considering that our procedure could lead to non-normal dis-
tribution, a threshold-free cluster enhancement method with
5,000 nonparametric permutations, as implemented in the
Computational Anatomy Toolbox 12,® was used to detect
statistically significant differences at p < 0.05, FWE corrected.

Correlation Analysis

For each AAL region, correlations between the combined SFC
maps obtained in HC-young for each seed ROI and average
GM volumes of patients with FTD of the Milan sample were
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Figure 2 Stepwise Functional Connectivity Alterations in bvFTD

Left Al -

bvFTD vs controls

Patients > controls Patients < controls

E. W

«w®

Cortical and subcortical differences between patients with bvFTD and age-matched healthy controls (HC-old) in stepwise functional connectivity of the left Al
(red-yellow = lower functional connectivity, blue-green = higher functional connectivity). Statistical threshold for significance was p < 0.05, few corrected for

multiple comparisons. Al = anterior insula; bvFTD = behavioral variant frontotemporal dementia; L =

left hemisphere; R = right hemisphere.

tested using the Spearman correlation coefficient (SPSS Sta-
tistics 26.0).

Data Availability
Dataset and codes used for this study will be made available by
the corresponding author on request.

Results

Sociodemographic and Clinical Features

All groups were comparable for age, sex, and scanner type
(Table 1), although HC-old were more educated than each
patient group. FTD subgroups were comparable for educa-
tion, CDR-FTLD, and MMSE scores. Adjusting for age, sex,
and education, significant differences were observed between
each FTD group and HC-old regarding measures assessing
memory, attention, language, fluency, and executive func-
tions (Table 2). Patients with bvFTD showed additional
impairment of visuospatial abilities and worse executive
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performance compared with those with svPPA. Patients
with svPPA showed significant impairment of confrontation
naming, single-word comprehension, and semantic knowl-
edge, compared with those with nfvPPA.

Identification of Disease Epicenters

Disease epicenters of each FTD varjant were obtained from the
independent (Mayo Clinic) cohort (Figure 1A, eTable 2, links.
lww.com/WNL/C747), defined on the following atrophy
peaks: the left anterior insula (AI) (MNI coordinates = —40;
20; 3) for bvFTD; the left supplementary motor area (SMA)
(-8; 12; 58) for nfvPPA; and the anterior left inferior temporal
gyrus (ITG) (-46; —4; —42) for svPPA (Figure 1B).

SFC Analysis

The variant-specific ROIs were used as seed regions to create
an SFC model for the respective disease subgroup. SFC dif-
ferences between each patient group and age-matched HC-old

were tested for each disease epicenter (p < 0.0S, few corrected,
eTables 3, 4, and S, links.lww.com/WNL/C747).
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Figure 3 Stepwise Functional Connectivity Alterations in nfvPPA
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Cortical and subcortical differences between patients with nfvPPA and age-matched healthy controls (HC-old) in stepwise functional connectivity of the left
SMA (red-yellow = lower functional connectivity, blue-green = higher functional connectivity). Statistical threshold for significance was p < 0.05, FWE corrected
for multiple comparisons. FWE = family-wise error; L = left hemisphere; nfvPPA = nonfluent/agrammatic variant primary progressive aphasia; R = right

hemisphere; SMA = supplementary motor area.

bvFTD

At 1 link-step distance (i.e., direct connections), the seed ROI
placed in the left Al of patients with bvFTD showed reduced
functional connectivity (step 1, yellow-red in Figure 2) with
bilateral posterior insular, frontal (SMA, paracentral lobule,
middle frontal gyrus, and inferior frontal gyrus pars oper-
cularis), parietal (supramarginal gyrus and precuneus), su-
perior temporal, and (mostly anterior) cingulate regions, the
posterior right middle temporal gyrus, and right cerebellar
regions (crus I-1I and lobules VI-VIIIa and VIIIb). By con-
trast, the left Al showed increased direct connectivity (step 1,
blue-green in Figure 2) with its surrounding voxels and the
homologous cortex in the right Al bilateral parietal (inferior
parietal lobule), occipital (cuneus, pericalcarine), frontal
(superior and inferior frontal gyri), and temporal (inferior and
middle temporal, fusiform) regions, the caudate nuclei (with a
left-sided prevalence), and left cerebellar regions (crus II,
lobules VI-VIIb). When considering indirect connections
(steps 2-4), the left Al of patients with bvFTD showed

Neurology.org/N

decreased functional connectivity with the same widespread
fronto-temporo-parietal regions as in step 1, with the addi-
tional involvement of precentral and postcentral gyri and the
insula, bilaterally. Increased indirect connectivity was found
with diffuse parietal and occipital cortical regions, with the
additional involvement of the orbitofrontal cortices, right
middle frontal gyrus, left putamen, and posterior cerebellum.
At longer link-step distances, increased connectivity within
the Al was absent (step 2) or localized to a small left hemi-
spheric region (steps 3-4).

nfvPPA

At 1 link-step distance, the ROI placed in the left SMA
of patients with nfvPPA showed reduced connectivity
(Figure 3) with the inferior frontal (pars opercularis/
triangularis), lateral precentral, Al, paracentral, and rostral
anterior cingulate cortex, bilaterally, and the right supra-
marginal gyrus. Patients with nfvPPA also showed increased
direct connectivity of the left SMA with the surrounding
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Figure 4 Stepwise Functional Connectivity Alterations in svPPA

Left ITG - svPPA vs controls

Patients > controls Patients < controls

| SpS—

AN

L R

& A
-

Cortical and subcortical differences between patients with svPPA and healthy controls (HC-old) in stepwise functional connectivity of the left ITG (red-yellow = lower
functional connectivity, blue-green = higher functional connectivity). Statistical threshold for significance was p < 0.05, FWE corrected for multiple comparisons. FWE =
family-wise error; ITG = inferior temporal gyrus; L = left hemisphere; R = right hemisphere; svPPA = semantic variant primary progressive aphasia.

superior frontal and homologous contralateral regions, left
lateral middle frontal and right superior frontal, lingual, fu-
siform, and parahippocampal gyri. At steps 2—4, decreased
connectivity involved the same regions as step 1, with the
additional involvement of the whole precentral, postcentral,
anterior cingulate, and insular cortex, bilaterally. The left
SMA of nfvPPA also showed increased indirect connectivity
(steps 2—4) with diffuse superior frontal and inferior tem-
poral regions, bilaterally. Across all link steps, patients with
nfvPPA showed increased connectivity of the left SMA with
cerebellar crus I and lobule VI

svPPA

At 1 link-step distance, the ROI placed in the left ITG of
patients with svPPA showed reduced connectivity (Figure 4)
with regions of the right hemisphere, including the anterior
portions of the superior, middle, and inferior temporal gyri,
insula, and inferior parietal lobule. No areas of increased direct
connectivity were identified in svPPA. When considering in-
direct connections (steps 2—4), patients with svPPA showed
decreased connectivity of the left ITG with the bilateral an-
terior temporal and insular regions, which remained stable at
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increasing steps. Regions with increased indirect connectivity
of the left ITG in svPPA were found in the left lingual
gyrus, cerebellar vermis, and bilateral posterior cerebellum
(crus I-11, lobules V-VI). A sensitivity analysis further cor-
rected for the number of contrasts (p < 0.004, FWE corrected,
eFigures 1-3, links.lww.com/WNL/ C747) showed that re-
sults were still significant using this very conservative
threshold across FTD groups.

Correlations Between Atrophy and

SFC Measures

The variant-specific ROIs were also used to create 3 different
SEC models in the HC-young group, as represented in
Figure S. For each AAL region, a correlation was found be-
tween the average link-step distance from the left ITG in
HC-young and the mean GM volume in patients with svPPA
(r = 029, p = 0.03, eFigures 4 and S, linksIww.com/WNL/
C747). No significant correlations were found between func-
tional link-step distance from the left AT and the regional mean
GM volumes in patients with bvFTD (r = 0.10, p = 0.35) nor
between link-step distance from the left SMA and GM volumes
in those with nfvPPA (r = 0.08, p = 0.47).
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Figure 5 SFC Architecture From Disease Epicenters in Healthy Conditions
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Average stepwise functional connectivity maps in young healthy controls (HC-young) using each seed ROI. Results are depicted in surface space. Red-yellow
indicates high strength of connectivity; blue-violet indicates low strength of connectivity. Al = anterior insula; ITG = inferior temporal gyrus; ROl = region of
interest; SFC = stepwise functional connectivity; SMA = supplementary motor area.

Discussion

In this study, we explored the pattern of disruption of functional
connectivity at increasing topological distance from the disease
epicenters of FTD clinical variants, using up-to-date neuro-
imaging techniques. SFC analysis is a graph theory—based
neuroimaging method that detects functional couplings of a
selected ROI with other brain regions, at increasing levels of
link-step distances. Selecting the peaks of atrophy of an in-
dependent cohort of patients with high confidence of FTLD
pathology as the seed ROIs for a subsequent whole-brain SFC
analyses, we showed extensive reductions of functional con-
nectivity in brain regions with direct and indirect connections
with the respective seed regions in the 3 main clinical FTD
variants. Patients with FTD also showed more localized con-
nectivity increases involving either short-range direct connec-
tions (ie, 1 step-link distance) or more distant indirect
connections (ie, 2-4 step-link distance). For svPPA, we
demonstrated a relationship between the healthy SFC archi-
tecture from the disease epicenter and the regional distribution
of atrophy in patients. These findings provide evidence sup-
porting the notion of FTD variants as “disconnection syn-
dromes,” opening promising perspectives to understand disease
progression through brain networks.

The identification of the insula, left SMA, and left anterior
temporal lobe as the brain regions with the greatest accumu-
lation of neurodegeneration for bvFTD, nfvPPA, and svPPA,
respectively, matches the findings reported in a recent MRI
volumetric study.” The identification of SMA as the peak of
atrophy in nfvPPA was not surprising because the inferior
frontal and precentral gyri also showed significant atrophy,
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consistent with the mostly mixed (i.e., apraxia of speech plus
agrammatic) clinical presentation of these patients.*® The at-
rophy patterns also broadly mirror current imaging supporting
criteria for the diagnosis of FTD variants,"* consistent with an
accurate selection of our sample. Based on such highly repli-
cated observations, we have therefore identified our atrophy
peaks as the “disease epicenters” of each variant.”*! However,
in this study, we used a novel approach in the context of FTD,
combining structural data with RS fMRI in an innovative way.
In fact, SFC does not simply describe alterations of functional
connectivity on a whole-brain scale, but also discriminates be-
tween the involvement of 1-step (direct) and further-step dis-
tance (indirect) connections, therefore allowing to discriminate
between upstream and downstream consequences of neuro-
degeneration in the disease epicenters, which might be mis-
interpreted by more traditional approaches.

In bvFTD, we observed significant decrease of functional
connectivity in widespread brain regions that were directly
connected with the left Al The substantial decrease of func-
tional connectivity between the Al and the anterior cingulate
cortex was consistent with the known primary damage of the
salience network in this clinical presentation.*”*® Decreased
connectivity of the AI with widespread frontal regions, in-
cluding the middle frontal and supplementary motor regions,
supports the notion that fronto-insular decoupling may cause
executive, attentional, and goal-oriented motor planning
deficits.>>** Decreased Al functional connectivity with a key
posterior associative region such as the precuneus—a central
component of the default mode network— supports the hy-
pothesis that the previously observed within-network hyper-

connectivity of the default mode network®*** might be a direct
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consequence of functional disconnection of posterior brain re-
gions from the frontal hubs. Similarly, decreased direct functional
connectivity with the posterior insula and the closely related
parietal somatosensory association cortex (involved in the cortical
elaboration of interoceptive and nociceptive stimuli)** might be
due to loss of integration from the Al which is involved instead in
emotional salience and cognitive control and presents different
cytoarchitectural features and structural connections.*”*” Our
findings of decreased 1-step connectivity throughout these re-
gions, although in line with previous fMRI reports, deepen cur-
rent knowledge about such alterations, demonstrating that they
are due to the involvement of the most direct functional con-
nections with the disease epicenter, suggesting their role as an
early pathogenic marker of bvFTD. At increasing link-step dis-
tances from the Al (ie, indirect connections), decreased func-
tional connectivity became even more widespread, with greater
functional disconnection with frontal, insular, and cingulate re-
gions and involvement of the sensorimotor regions—unaffected
in step 1—supporting the hypothesis that the failure of func-
tional integrity observed in bvFTD*'"** might result from
widespread downstream propagation effects of neuro-
degeneration from the disease epicenter.

In addition, when examining the results obtained in patients
with nfvPPA and svPPA, we demonstrated predominantly re-
duced functional connectivity of the respective seed regions
with directly connected cortical regions, including bilateral in-
ferior frontal opercular regions (key regions of the speech
production network'®) in nfvPPA and the contralateral anterior
temporal lobe (part of the semantic functional network®) in
svPPA. Decreased connectivity through 1-step connections
with right hemispheric cortical regions was evident in both PPA
variants and particularly striking in the case of svPPA. Con-
sistent with the fact that both these linguistic networks are
bilaterally represented,'®*” our SFC analysis suggests that di-
rect interhemispheric connections are significantly affected in
the linguistic presentations of FTD, mostly in svPPA—the
variant showing a greater bilateral atrophy distribution.*’
Similar to bvFTD, although to a lesser extent, we found further
evolution of decreased connectivity through indirect connec-
tions at increasing step-link distances from the respective seed
regions, involving more diffuse fronto-opercular regions in
nfvPPA and bilateral anterior temporal regions in svPPA
(because, in this case, SFC disruption patterns apparently
“bounced back” to the left hemispheric disease epicenter).
Therefore, also for PPA variants, SFC was able to delineate
patterns of functional decoupling of disease epicenters with
brain regions showing direct or indirect connections, pos-
sibly through the frontal aslant tract and the dorsal
frontoparietal language pathway for nfvPPA'**"** or the
interhemispheric fibers of the anterior commissure mediat-
ing integration of multimodal semantic knowledge in the
case of svPPA,** expanding previous evidence in the neu-
roimaging field.*'**'

In patients with bvFTD and nfvPPA, SFC was also able to
detect increased connectivity of the respective disease
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epicenters with regions at 1-link steps, either with maximal
physical proximity in the surrounding areas or within the ho-
mologous contralateral cortices. Moreover, bvFTD also
showed increased direct connectivity with widespread long-
range connected regions; namely, bvFTD showed increased
direct functional connectivity of the left Al with the sur-
rounding voxels, the contralateral Al (structurally connected
through transcallosal fibers), the caudate nuclei (through
insulo-striatal fibers),** the orbitofrontal and parieto-occipital
cortices (interconnected by the inferior fronto-occipital fas-
ciculus, which receives fiber contributions from the AI),* the
inferior temporal cortices (through the uncinate fasciculus),*
and the ipsilateral posterior cerebellum (through cerebro-
cerebellar circuits)*®; whereas nfvPPA showed increased con-
nectivity of the left SMA with the surrounding and—to a lesser
extent—homologous contralateral cortical regions. Such pat-
tern of both short-range (common to bvFTD and nfvPPA) and
long-range increased direct connectivity (in this study, ob-
served mostly for bvFTD) might be compatible with a loss of
local interneuronal and, at the same time, with a more complex
and widespread mechanism of functional rearrangements. This
was not the first RS fMRI study showing increased local con-
nectivity within the prefrontal and parieto-occipital cortices of
patients with FTD 33354 However, SFC analysis allowed us to
draw a more complex picture of the interaction between 3
phenomena, namely: (1) the widespread patterns of long-range
decreased connectivity within regions of the salience network,
across both direct and indirect connections; (2) short-range
increased connectivity, mostly evident when assessing direct
connections; and (3) long-range increased connectivity, pro-
gressively apparent from direct to indirect connections. Based
on our observations in bvFTD, we speculate that the re-
lationship between—at least—the former 2 phenomena might
be more compatible with a maladaptive process, whereas the
long-range increased connectivity might also play a role to
partially compensate for neurodegeneration, although we could
not provide within the cross-sectional design of our study
unconfutable evidence pointing toward this suggestion. We
also suggest a similar interplay between locally increased direct
connectivity and longer-range functional disconnection in the
context of nfvPPA, although such findings need replication in
larger cohorts.

Increased functional connectivity was also found in regions
at greater link-step distances for all patient groups. Of note,
increased connectivity with the posterior cerebellar regions
(e.g., crus and lobule VI) was found across patients with
bvFTD, nfvPPA, and svPPA. This is consistent with the
physiologic role of these cognitive/affective regions of the
posterior cerebellum (involved in the modulation of
emotions and social behavior)*® and the few previous fMRI
reports reporting disrupted functional connectivity of
cerebellar regions in FTD.*”* Although the role in cog-
nition and the topological organization of the cerebellar
cortex has started being elucidated only recently,*® this is
an exciting area of developing research to understand FTD
pathophysiology.
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Another important aim of this study was to test the re-
lationship between healthy brain SFC architecture and the
distribution of atrophy in each FTD variant because the
identification of determinants of pathologic progression from
the epicenters has a clear relevance for modeling disease
evolution. We provided evidence of a significant—although
weak—correlation between SFC architecture propagating
from the left ITG and the distribution of atrophy in svPPA.
This finding is consistent with recent evidence of a striking
resemblance between the large-scale functional network
propagating from the left temporal pole and atrophy patterns in
an independent sample of patients with svPPA,® supporting the
hypothesis that pathologic propagation in FTD might be due to
a transsynaptic or transneuronal spreading mediated by the
complex, highly structured topology of neural networks,*° as
recently shown also for Alzheimer disease®’ and Parkinson
disease.>> However, we could not replicate this finding in pa-
tients with bvFTD and nfvPPA. We hypothesize that the more
severe and, overall, discretely localized pattern of atrophy, to-
gether with the relatively longer disease duration characterizing
patients with svPPA, might have driven, in this variant only, the
significance of such correlation, which would need larger
samples and a longitudinal study design to be definitively
demonstrated also in other FTD variants.

Our study has some caveats and limitations. First, our cross-
sectional design did not allow to draw strong conclusions
regarding the evolution of observed increased/decreased
connectivity, its maladaptive or compensatory role, nor its
relationship with disease worsening and atrophy distribu-
tion. In addition, SFC does not allow to make straightfor-
ward inference on the neuroanatomical underpinnings
of direct/indirect connectivity because “steps” are mathe-
matical constructs that do not necessarily correlate with
mono/polysynaptic connections. As a technical constraint,
we needed to establish an intermediate size of 10 mm radius
for seed ROIs to make a balance between region specificity
and functional matrix dimensions. For this reason, we could
not discriminate SFC rearrangements between dorsal and
ventral anterior insular regions, which display different
brain structural connections.>**” Moreover, we could not
eliminate a significant difference in education levels be-
tween controls and patients with bvFTD of the Milan
cohort—although correcting for this variable, and for some
patients of the Mayo Clinic cohort (e.g., syPPA), amyloid-
PET negativity was used to support high confidence of
FTLD pathology, in the absence of actual postmortem
confirmation. Finally, as noted earlier, we failed to detect a
significant correlation between whole-brain SFC architec-
ture of controls and atrophy distribution in bvFTD and
nfvPPA.

Nonetheless, we fulfilled the main aim of our study, which
was to propose SFC analysis as a new approach for the
assessment of brain network disruption in patients affected
by FTD disorders, both through direct and indirect con-
nections. Our findings revealed novel insights regarding
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the topology of functional disconnection across FTD syn-
dromes, showing which rearrangements are related most
directly with brain atrophy, holding the promise to provide
optimized predictive models of disease progression in future
longitudinal studies.
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