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Antemortem network analysis of spreading 
pathology in autopsy-confirmed 
frontotemporal degeneration

Min Chen,1 Sarah Burke,2 Christopher A. Olm,1,2,3 David J. Irwin,2,4,5 

Lauren Massimo,2 Edward B. Lee,5 John Q. Trojanowski,5 James C. Gee1,3 

and Murray Grossman2,3,4

Despite well-articulated hypotheses of spreading pathology in animal models of neurodegenerative disease, the basis for spreading 
neurodegenerative pathology in humans has been difficult to ascertain. In this study, we used graph theoretic analyses of structural 
networks in antemortem, multimodal MRI from autopsy-confirmed cases to examine spreading pathology in sporadic frontotemporal 
lobar degeneration. We defined phases of progressive cortical atrophy on T1-weighted MRI using a published algorithm in autopsied 
frontotemporal lobar degeneration with tau inclusions or with transactional DNA binding protein of ∼43 kDa inclusions. We studied 
global and local indices of structural networks in each of these phases, focusing on the integrity of grey matter hubs and white matter 
edges projecting between hubs. We found that global network measures are compromised to an equal degree in patients with fronto
temporal lobar degeneration with tau inclusions and frontotemporal lobar degeneration-transactional DNA binding protein of 
∼43 kDa inclusions compared to healthy controls. While measures of local network integrity were compromised in both frontotem
poral lobar degeneration with tau inclusions and frontotemporal lobar degeneration-transactional DNA binding protein of ∼43 kDa 
inclusions, we discovered several important characteristics that distinguished between these groups. Hubs identified in controls were 
degraded in both patient groups, but degraded hubs were associated with the earliest phase of cortical atrophy (i.e. epicentres) only in 
frontotemporal lobar degeneration with tau inclusions. Degraded edges were significantly more plentiful in frontotemporal lobar de
generation with tau inclusions than in frontotemporal lobar degeneration-transactional DNA binding protein of ∼43 kDa inclusions, 
suggesting that the spread of tau pathology involves more significant white matter degeneration. Weakened edges were associated with 
degraded hubs in frontotemporal lobar degeneration with tau inclusions more than in frontotemporal lobar degeneration-transaction
al DNA binding protein of ∼43 kDa inclusions, particularly in the earlier phases of the disease, and phase-to-phase transitions in fron
totemporal lobar degeneration with tau inclusions were characterized by weakened edges in earlier phases projecting to diseased hubs 
in subsequent phases of the disease. When we examined the spread of pathology from a region diseased in an earlier phase to physically 
adjacent regions in subsequent phases, we found greater evidence of disease spreading to adjacent regions in frontotemporal lobar 
degeneration-transactional DNA binding protein of ∼43 kDa inclusions than in frontotemporal lobar degeneration with tau inclu
sions. We associated evidence of degraded grey matter hubs and weakened white matter edges with quantitative measures of digitized 
pathology from direct observations of patients’ brain samples. We conclude from these observations that the spread of pathology from 
diseased regions to distant regions via weakened long-range edges may contribute to spreading disease in frontotemporal dementia- 
tau, while spread of pathology to physically adjacent regions via local neuronal connectivity may play a more prominent role in 
spreading disease in frontotemporal lobar degeneration-transactional DNA binding protein of ∼43 kDa inclusions.
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Graphical Abstract

Introduction
Misfolded proteins found in neurodegenerative diseases have 
been studied extensively in animal models, and recent emphasis 
has been placed on understanding the basis for the spreading of 
this pathology.1–5 Animal studies find evidence of propagation 
of pathogenic protein inclusions, but the anatomical projec
tions vulnerable to specific proteinopathies are not entirely 
clear. While this foundational work in animals is critical, the 
brain of a human differs in fundamental ways from that of a 

mouse.6 It is thus essential to examine whether similar mechan
isms of disease spread are present by assessment of humans. 
This work depends in part on whole-brain studies of pathology 
in humans, and while highly informative,7,8 these studies are 
extremely rare since they are so time-consuming and difficult 
to execute. Here, we used network science to examine patterns 
of disease spread by interrogating multimodal, antemortem 
MRIs of autopsy-confirmed humans with frontotemporal lo
bar degeneration (FTLD) pathology and used pathologic ob
servations to validate our MRI findings.

mailto:minchen1@upenn.edu
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Although uncommon, sporadic FTLD is an important cause 
of early-onset dementia.9,10 Two forms of FTLD pathology ac
count for the vast majority of cases with clinical frontotempor
al dementia (FTD). These include the accumulation of 
misfolded tau (FTLD-tau) or misplaced nuclear transactional 
DNA binding protein of ∼43 kDa (FTLD-TDP).11 Phases of 
progressive cortical atrophy in FTLD-tau and FTLD-TDP 
have been examined in postmortem series. Adopting the sta
ging approach developed by Braak,7,8 this work examines 
the presence or absence of pathology and its severity, and 
uses this to construct a series of stages of the hypothesized 
spread of disease. Reports describe the densest burden of 
pathology—regions where pathology has accumulated for 
the longest period of time—in frontal and temporal neocortical 
and limbic regions in sporadic FTLD.12–14 It has been postu
lated that specific brain regions in sporadic neurodegenerative 
disease are selectively vulnerable to protein misfolding, and 
these earliest manifestations of accumulating pathology may 
serve as epicentres of disease.15–18 Epicentres may guide the 
subsequent anatomic distribution of disease spread.19 We 
and others find some differences between FTLD-tau and 
FTLD-TDP20 that may influence the spread of disease, includ
ing relatively deeper cortical layer pathology21 and additional 
glial pathology in white matter (WM)20,22,23 in FTLD-tau 
compared to FTLD-TDP.

A major impediment to studies of spreading disease in aut
opsied humans is that tissue sampling is typically sparse, there
by limiting the ability to observe all brain regions that may be 
implicated in spreading pathology. One way to circumvent this 
limitation is through strategic probing of hypothesized regions 
implicated in spreading disease. Investigators thus examined 
spread of tau from the cerebrum into hypothesized brainstem 
regions in behavioural variant frontotemporal dementia 
(bvFTD) and corticobasal syndrome.24 Reasoning that these 
clinical syndromes would implicate different descending path
ways, they found relatively distinct distributions of tau path
ology in the corticospinal tract for corticobasal syndrome 
and in the prefrontopontine pathway in bvFTD.

In the present study, we adopt the approach of studying the 
entire cerebrum in antemortem MRI imaging of autopsy- 
confirmed FTLD-tau and FTLD-TDP. While MRI does not 
provide pathologic information, rare studies appear to show 
reasonable correspondence between each type of FTLD path
ology and MRI atrophy,25,26 and a very small number of stud
ies has examined direct comparisons of regional MRI atrophy 
with regional pathology burden.27–29 The greatest amount of 
reduced cortical volume seen on antemortem MRI in sporadic 
FTLD is observed in frontal and temporal grey matter (GM) re
gions.25,30,31 Subsequent phases of disease may be associated 
with other, more posterior GM regions, and these show 
more modest reductions of cortical volume.31

Network science offers a novel approach to studying the 
spread of pathology throughout the entire cerebrum in neuro
degenerative disease. Network models are designed to charac
terize complex structures composed of ‘nodes’ (GM regions) 
connected by ‘edges’ (WM projections between nodes).32–34

Moreover, a special class of nodes known as ‘hubs’ may play 

a more prominent role in neurodegenerative disease. Hubs 
may have biological importance in that they represent highly 
connected regions associated with many edges, which may be 
impacted early in disease due to high levels of WM connectivity 
and associated heavy burden of informational traffic.33

Previous work has suggested disruption of network connectiv
ity, typically using resting state or functional connectivity in 
clinically defined patients. Instead, we examine spreading path
ology through structural networks composed of GM nodes in
tegrated by WM projections between nodes, and how brain 
connectivity changes as a function of the phase of disease. 
We decided to use structural networks since we could verify 
pathology in implicated GM nodes and WM edges. We are un
aware of previous work examining network integrity in pa
tients with autopsy-confirmed FTLD-tau and FTLD-TDP, 
and this is crucial because each pathology may impact network 
integrity and disease spread in a distinct way, regardless of the 
clinical phenotype.

We hypothesized that local network features would differ 
between FTLD-tau and FTLD-TDP, suggesting structural con
nectivity patterns consistent with each pathology. Given the 
strategic location of tau pathology preferentially in deeper cor
tical layers with long-distance projections,21 we expected de
graded hubs in FTLD-tau epicentre regions to have a greater 
impact on network integrity earlier in the course of the disease. 
Moreover, given that deep-layer pathology is also the source of 
lengthier WM projections, and evidence for greater glial path
ology in WM in FTLD-tau,20–23 we hypothesized that the con
nectivity network in FTLD-tau, compared to that of 
FTLD-TDP, would reveal phase-by-phase transitions driven 
in part by degeneration of the long-distance WM projections, 
resulting in overall weaker connections between epicentre 
nodes and distal regions affected in subsequent phases. Given 
the preferential location of FTLD-TDP pathology in more 
superficial GM layers with shorter, proximal projections, we 
hypothesized that phase-to-phase progression of the disease 
would be associated with spread to GM regions adjacent to 
areas of earlier disease.

Materials and methods
Subjects
We retrospectively analysed data from 41 autopsy-confirmed 
patients (28 FTLD-tau, 13 FTLD-TDP) and 27 healthy controls 
(HCs) available in the Penn Integrated Neurodegenerative 
Disease Database35 at the Penn Frontotemporal Degeneration 
Center. Pathological diagnosis was made by expert patholo
gists (E.B.L. and J.Q.T.) using published criteria11,36,37 and es
tablished procedures.10 Inclusion in the study required 
antemortem MRI with both a T1-weighted scan and a 
diffusion-weighted imaging (DWI) scan with 30 or more direc
tions. Inclusion criteria also included images passing visual in
spection for adequate raw image and image segmentation 
quality. An experienced cognitive neurologist (M.G., D.J.I. 
and L.M.) evaluated each patient within 1 year of the scan 
date and diagnoses were reviewed at weekly multidisciplinary 



4 | BRAIN COMMUNICATIONS 2023: Page 4 of 15                                                                                                                M. Chen et al.

consensus meetings. Exclusion criteria included co-pathology 
greater than minimum burden, evidence of stroke, head injury, 
infection, immune-mediated disorder, intracranial mass or 
hydrocephalus. Patients with FTLD-associated genetic muta
tions may have somewhat different clinical, pathological and 
imaging characteristics relative to those with sporadic 
FTLD,30,38,39 so we excluded participants with known muta
tions to avoid these potential confounding factors. We also ex
cluded patients with amyotrophic lateral sclerosis without a 
cognitive deficit according to the Edinburgh Cognitive and 
Behavioral ALS Screen40 or reported cognitive and/or social 
difficulty. Controls matched patients for age, education and 
sex, and were negative for neurological or psychiatric history. 
Many subjects in the FTLD-tau and FTLD-TDP cohorts pre
dated the standard use of the Clinical Dementia Rating, thus 
the Mini-Mental State Examination was used as a measure of 
clinical disease severity. Table 1 summarizes the characteristics 
of the patient groups. Chi-squared tests of sex ratios and initial 
phenotype showed no difference between groups (P > 0.05). 
T-tests found no difference between groups in years of educa
tion, age at MRI, or disease duration, or disease severity (P >  
0.05). All procedures for patients and HCs were performed fol
lowing an informed consent procedure in accordance with the 
Declaration of Helsinki and approved by the Institutional 
Review Board at the University of Pennsylvania.

Data acquisition and preprocessing
High-resolution volumetric T1-weighted MRI and DWI 
were collected from a SIEMENS 3.0T Tim Trio scanner. 
T1-weighted volumes were acquired using magnetization- 
prepared rapid acquisition with gradient echo sequences. 
For most participants (HC N = 27, FTLD-tau N = 27 and 

FTLD-TDP N = 11), we used an axially acquired protocol 
with acquisition parameters: repetition time = 1620 ms; 
echo time = 3.87 ms; flip angle = 15°; matrix = 192 × 256, 
160 slices and resolution = 0.9766 mm × 0.9766 mm ×  
1.0 mm. Remaining participants (FTLD-tau N = 1 and 
FTLD-TDP N = 2) were imaged using a sagittal sequence 
with repetition time = 2300 ms, echo time = 2.91 ms, flip an
gle = 9°, matrix = 240 × 256, 176 slices, and resolution =  
1.055 mm × 1.055 mm × 1.2 mm. T1-weighted images were 
preprocessed using the antsCorticalThickness.sh pipeline.41

Briefly, each image was normalized into a standard local 
template space generated from the open access series of im
aging studies dataset.42 T1-to-template warps were created 
using registration with symmetric and topology-preserving 
diffeomorphic deformations, minimizing bias while captur
ing the regional deformations present in a dementia sam
ple.43 ANTs Atropos then used template-based priors to 
accurately segment images into six tissue classes (cortex, 
WM, CSF, subcortical GM, brainstem and cerebellum).44

For most participants (HC N = 27, FTLD-tau N = 28 and 
FTLD-TDP N = 11), a single-shot 30-directional DWI sequence 
was collected using spin-echo diffusion-weighted echo planar 
imaging (FOV = 240 mm; matrix size = 128 × 128; number of 
slices = 70; voxel size = 1.875 mm × 1.875 mm × 2 mm, repeti
tion time = 8100 ms; echo time = 83 ms; fat saturation). Thirty 
volumes with diffusion weight (b = 1000 s/mm2) were collected 
along 30 non-collinear directions, and either 1 or 5 volumes 
without diffusion weight (b = 0 s/mm2). For the remaining par
ticipants (FTLD-TDP N = 2), a 48-directional DWI sequence 
was collected using spin-echo diffusion-weighted echo planar 
imaging with 48 volumes with b = 1000 s/mm2 and 7 un
weighted volumes (FOV = 232 mm; matrix size = 116 × 116; 
number of slices = 69; voxel size = 2 mm× 2 mm× 2 mm, 

Table 1 Demographics, clinical phenotypes and pathology subtypes for FTLD-tau and FTLD-TDP cohorts

FTLD-tau FTLD-TDP P-value

N 28 13
Age at MRI (years) 67.5 [63.8–71.3] 63.2 [59.0–65.0] 0.09
Sex = male (%) 18 (64.3) 7 (53.8) 0.77
Education (years) 16.7 [16.0–18.0] 15.6 [14.0–18.0] 0.18
Disease duration 4.79 [2.75–6.25] 3.00 [1.00–4.00] 0.08
Disease severity (MMSE) 24.75 [21.5–28.5] 22.7 [20–28] 0.32
Presenting phenotype 0.20

Progressive aphasia 5 1
Behavioural variant 9 8
Motor disorder 14 4

Pathology subtypes
TDP-A 4
TDP-B 3
TDP-C 3
TDP-E 3
PSP 13
CBD 6
PiD 9

Descriptive statistics for groups at MRI visit. Mean and interquartile range [mean (IQR)] are provided. Presenting clinical phenotypes were obtained from the clinical records. If several 
phenotypes were identified throughout life, then the earliest or the most consistently identified with a progressing disease course is listed here. Pathology classifications were 
confirmed at autopsy and further characterized into subtypes: progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), Pick’s disease (PiD) for FTLD-tau and TDP types 
A, B, C and E for FTLD-TDP. MMSE, Mini-Mental State Examination.
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repetition time = 7500 ms; echo time = 70 ms; fat saturation). 
We used ANTs and Camino45 to preprocess the DWI. Motion 
was corrected with affine registration of each diffusion-weighted 
image to the mean unweighted image. DTs were computed 
using a weighted linear least-squares algorithm46 in Camino. 
Distortion was corrected by using ANTs to register the motion- 
corrected mean B0 image to the T1 image.

Brain network construction
Brain networks were constructed for each individual by 
performing deterministic tractography. Briefly, cortical regions 
of interest (ROIs) were created by running the open source 
‘easy_lausanne’ package (https://github.com/mattcieslak/easy_ 
lausanne)47,48 on the template used for T1 processing, then 
spatially normalizing the ‘Lausanne_Scale250’ images from 
template space to each individual’s T1-native space, using the 
transforms generated during antsCorticalThickness.sh pro
cessing. This scale was selected as the regions are similar in 
size and large enough to be anatomically meaningful. ROIs 
were constrained to each individual’s cortex by masking with 
the cortical segmentation generated with the pseudo-geodesic 
implementation of ANTs joint label fusion,49 based on the 
MindBoggle brainCOLOR dataset50 and regional GM vo
lumes were calculated in each of these ROIs. To minimize 
biases introduced by spatial normalization, streamlines were 
generated in native DT space by following the optimal tensor 
orientation at fixed step intervals (0.5 mm), then each stream
line image was normalized to the T1 space using the B0-to-T1 
warp. Streamline seed points were generated using the WM 
segmentation from the labelling procedure, plus connected 
non-cortical regions with fractional anisotropy (FA) > 0.25; 
to maximize the likelihood we analysed a reasonable set of 
streamlines, low FA voxels (FA < 0.20) in WM were removed 
from seeding. To reduce potential GM atrophy effects on WM 
measurements, cortical ROIs were dilated by 1 voxel into sub
cortical GM and CSF to close any holes in ROIs artifactually 
arising due to extensive atrophy in some patients. 
Streamlines that crossed into CSF were removed as they were 

considered biologically infeasible. Networks were calculated 
in T1-native space to minimize the effects of changes in the cor
tex on the network measurements. FA was calculated along the 
length of each streamline, and the median FA of each stream
line was calculated. To minimize potential confounds of GM 
structure on the median FA values, streamline endpoints 
were defined as the GM/WM boundary. The analysed network 
measurement for each edge was the mean of the median FAs of 
all streamlines connecting each pair of nodes. FA measure
ments were chosen to construct the networks due to their easier 
interpretability as a quantitative assessment of WM structure 
integrity in each subject.

Phases of FTLD-tau and FTLD-TDP 
disease
Disease phases were established for GM volumes in 
FTLD-tau and FTLD-TDP following the approach presented 
by Burke et al.29 Briefly, volume was calculated in each ROI 
for all participants. To remove effects of intracranial volume 
and age from each ROI, W-scores51 were calculated based on 
the HC cohort data from Burke et al.29 (N = 170) and then 
applied to each participant’s data. Supplementary Figure 1
shows the mean W-score for each region and pathology in 
our cohort. To optimize sensitivity to varying amounts of at
rophy and avoid floor and ceiling effects, W-scores were bi
narized using a threshold of W < −0.5.29

Regions were sorted into phases independently for 
FTLD-tau and FTLD-TDP. Within each group, phases were 
defined by the ratio N_a(r)/N_m, where N_a(r) is the number 
of patients in the group with atrophy in region r, and N_m =  
max(N_a(r), r = 1, …,448) is the maximum N_a(r) in the 
group over all regions, where 448 is the total number of cor
tical regions in the atlas. Phase 1 (epicentre) regions were de
fined as those with N_a(r) within 90–100% (inclusive) of 
N_m. Those within 80–89% were Phase 2; 70–79% Phase 
3; 60–69% Phase 4; 50–59% Phase 5. The remaining regions 
exhibited rare atrophy and were not considered further. 

Figure 1 Distribution of pathology phases in FTLD-tau and FTLD-TDP, as described in Burke et al.29 Phase 1 (epicenter) regions 
where 90–100% of patients showed reduced cortical volume are coloured dark red. Similarly, Phase 2 (80–89% of patients) are shown in light red; 
Phase 3 (70–79% of patients) in dark orange; Phase 4 (60–69% of patients) in light orange; and Phase 5 (50–59% of patients) are shown in yellow. 
The remaining regions (white) exhibited rare atrophy and were not considered in this analysis.

https://github.com/mattcieslak/easy_lausanne
https://github.com/mattcieslak/easy_lausanne
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad147#supplementary-data
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Figure 1 shows the ROIs associated with each phase for 
FTLD-tau and FTLD-TDP.

Connectivity measures
In brain network science, a graph is constructed to represent 
the connectivity of different regions of the brain. The struc
tural network graph consists of nodes representing structural 
locations in brain, and edges representing WM connections 
between pairs of nodes. Each edge begins and ends at a 
node, and a weight value is assigned to the edge to represent 
the strength of the connection between the two nodes. From 
such a graph, we calculate network features which character
ize the connectivity patterns and describe the interaction be
tween cortical regions. These descriptors are typically 
divided into global connectivity measures that are calculated 
from the whole graph, thus producing a single measure for 
each cerebrum, and local connectivity measures, calculated 
using a subset of nodes that generate a value at each node 
in the graph. Table 2 provides a short summary for the global 
and local measures used in this study. The construction of the 
networks and evaluation of these measures were performed 
using the Brain Connectivity Toolbox.55

Hubs and disease-impacted edges
Using the network graphs, we investigated the relative im
portance of certain nodes and edges in each disease. Hub 
nodes56 can be defined using local connectivity measures to 
identify nodes that interact strongly with other nodes. We 
defined hubs as nodes with either a betweenness value or a 
nodal strength value that is 1 SD above the mean between
ness and nodal strength values, respectively, across nodes 
from the HC cohort. The betweenness and nodal strength 
thresholds for determining HC hubs were applied to the 
FTLD-tau and FTLD-TDP networks to determine disease- 
specific hubs. We refer to HC hubs that are no longer present 

in a disease group as lost hubs, and hubs found for a disease 
group, but not present in the HC group as gained hubs.

Weakened edges are edges in the network that have dis
rupted WM connectivity in a disease group, relative to HC. 
We defined weak edges for each individual in each disease 
group by first calculating a z-score for each edge for the sub
ject, and then finding where the z-score is −3 or lower. The 
z-score for an edge weight, w, is defined as,

z =
w − w̅HC

SHC
(1) 

where w̅HC and SHC are the mean and SD of the weights for 
the same edge across the HC cohort. Missing edges where 
streamlines could not be found were treated as 
‘not-a-number’ (NaNs) in the connectivity network and 
calculations.

Proximal connections
Our analyses thus far describe distant connectivity as repre
sented by the edges between nodes that are captured by DWI 
and often in named fasciculi. We also explore modelling 
proximal spread by looking at emerging disease in nodes 
that are directly adjacent to diseased nodes. For each transi
tion between disease phases, we examined the regions where 
there is significant cortical atrophy that is physically adjacent 
to a region in a subsequent phase. We define these edges as 
proximal spreading connections in each individual.

Digital histopathological assessment
We cross-validated our antemortem MRI findings by relating 
the mean edge z-scores with postmortem measurement of per
centage of area occupied microscopic pathology burden in GM 
and WM. We restricted these analyses to subjects who had 
short disease durations (≤5 years) for whom there is likely to 
be meaningful accumulation of pathologic burden while min
imizing neuronal degeneration and ghost neurons with un
detectable tau.57 Paraffin-embedded tissue samples were used 
for digital histology measurements, as described.58 We 
sampled nine cortical regions which are analogous to previous
ly described cortical ROIs and WM regions immediately sub
jacent to them,27,28,59 including anterior insula, orbital 
frontal cortex, inferior frontal cortex, middle frontal cortex, 
anterior cingulate cortex, superior-middle temporal cortex, an
gular gyrus, superior parietal cortex and primary occipital cor
tex. Sections were stained for phosphorylated-tau (AT8; 
Thermo Scientific, Waltham, MA, USA) in FTLD-tau and 
phosphorylated-TDP-43 (p409/410; Millipore, Burlington, 
MA, USA) in FTLD-TDP, as described.58 Whole slide images 
were acquired in the Penn Digital Pathology Lab on a digital 
slide scanner (Aperio AT2, Leica Biosystem, Wetzlar, 
Germany) at ×20 magnification. Images were digitally ana
lysed using QuPath software (version v0.2.0) to calculate the 
percentage of area occupied by pixels with FTLD-tau or 
FTLD-TDP from representative GM and adjacent WM, as 

Table 2 Summary of the global and local connectivity 
measures used in the network analysis

Formulation Interpretation

Global measures
Global 
efficiency52

Average inverse 
shortest path in the 
network.

How parallelizable are the 
connections in the brain 
network.

Mean nodal 
strength53

Average sum of weights 
to each node.

How strongly 
inter-connected is the 
brain network.

Local measures
Nodal 
strength53

Sum of weights to the 
node.

How well connected is a 
particular brain region 
(node) to other brain 
regions.

Betweenness 
centrality54

Fraction of all shortest 
paths that pass 
through the node.

How vital is the brain region 
(node) for connecting 
other regions together. 
(How much traffic goes 
through this region.)
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published previously.20,27 Supplementary Figure 3 shows rep
resentative images of staining for each pathology.

Statistical analyses
Statistical comparisons between groups were performed 
using standard univariate statistics for parametric (Welch’s 
t-tests) or non-parametric (Mann–Whitney U) for continu
ous data or categorical data (χ2) as appropriate. Global net
work features across groups were first assessed with an 
omnibus analysis of variance, followed by pairwise analysis. 
All statistical and regression analyses were performed using 
MATLAB (version 2021b).

Results
Comparisons of global network 
measures
We first compared the global network measure differences 
between FTLD-tau, FTLD-TDP and HC cohorts (Fig. 2). 
Welch’s t-test showed significant decreases in both measures 
when comparing each disease group and the HC group. 
While FTLD-tau had the lowest nodal strength and global ef
ficiency scores, there was no statistical difference between 
FTLD-tau and FTLD-TDP.

Hub analysis
Hub analysis was performed on FTLD-tau, FTLD-TDP and 
HC using the local network measures calculated for each 
subject. Figure 3A shows the distribution of the hubs found 
for HC. Hubs detected for our HC cohort follow similarly to 
previous studies of HC hubs.60 Namely, our study detected 
hubs in the top 5 strongly connected gyri reported previously 
(superior frontal, superior parietal, precuneus, rostral 

middle frontal and pre-central gyrus).60 Some hubs are also 
found in frontal and temporal regions thought to be relative
ly susceptible to early pathology in FTLD-tau and 
FTLD-TDP.

Figure 3A also illustrates the relative loss of these hubs 
for FTLD-tau and FTLD-TDP compared to HC. We ob
served partially distinct sets of hubs lost in FTLD-tau and 
FTLD-TDP. Many of these are in frontal and temporal re
gions are associated with atrophy in FTLD spectrum disor
ders (Fig. 1). Figure 3B shows the relative percent of 
diseased nodes in each phase in FTLD-tau and FTLD-TDP 
that are associated with HC hubs. Diseased nodes in 
FTLD-tau and FTLD-TDP were equally likely to be asso
ciated with HC hubs across all phases. Figure 3C shows 
the percent of these HC hubs that are lost in each phase of 
disease. We observed that over 70% of the HC hubs were 
lost in epicentre (Phase 1) regions of FTLD-tau, while 
none were lost for FTLD-TDP. This emphasizes the early 
impact of FTLD-tau pathology on strategically located 
hubs.

Figure 3A also illustrates that some regions appeared to 
emerge as new hubs during disease progression. One possi
bility is that these may reflect brain reserve in response to 
degeneration. Figure 3D shows the relative percent of 
hubs gained at each phase as a percent of the total number 
of HC hubs present in the phase. We observed a general 
trend of new hubs appearing in regions associated with 
the later phases of disease in both FTLD-tau and 
FTLD-TDP. From further investigation of which network 
measure gave rise to these gained hubs (Supplementary 
Fig. 2), we see that most of the hubs were gained through 
an increase in betweenness centrality. This is reasonable, 
since one would not expect overall network connection 
strength to increase with disease, but the centrality of pre
served nodes can increase as other networks paths become 
compromised.

Figure 2 Comparison of mean nodal strength (MNS) and global efficiency (GE) between disease and control groups. An analysis 
of variance showed significant differences among groups in (A) MNS [F(2,65) = 7.90, P < 0.001] and (B) GE [F(2,65) = 9.31, P < 0.001]. Pairwise 
analysis showed differences between HC and FTLD-tau groups [MNS: t(53) = −3.94, P < 0.0001; GE: t(53) = −4.68, P < 0.00001], and between 
HC and FTLD-TDP groups [MNS: t(38) = −3.37, P < 0.001; GE: t(38) = −3.94, P < 0.001]. No significant differences were observed between the 
two pathology groups for either measure [MNS: t(39) = 0.065, P > 0.05; GE: t(39) = 0.073, P > 0.05] (n = 27 HC, 28 FTLD-tau, 13 FTLD-TDP).

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad147#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad147#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad147#supplementary-data
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Connectivity between phases
The mean Z-scores between all edges connecting nodes in 
FTLD-tau and FTLD-TDP were compared across the whole 
cerebrum using a Welch’s t-test, and we found that edges 
were significantly degraded in FTLD-tau compared to 
FTLD-TDP (P = 0.00096). We then examined how wea
kened edges are associated with transitions across different 
phases for each disease by examining edges from the full net
work connected only to nodes that defined pairs of phases in 
each disease. Figure 4 shows the weakened edges (blue lines) 
between epicentre (Phase 1) nodes and nodes in each of the 
other five phases (Fig. 4A) and between nodes associated 
with each subsequent phase (Fig. 4B). We observed a clear 
pattern where FTLD-tau is associated with many additional 
weakened edges between phases compared to FTLD-TDP. 
Figure 4C and D shows a subject-level evaluation of wea
kened edges between the cohorts. We evaluated the number 
of weakened edges found for each individual (represented by 
red points) and then used Welch’s t-tests to compare the 
number of weak edges in each subject in FTLD-tau and 
FTLD-TDP groups between each phase of progressive dis
ease. The Phase 1 epicentre to Phase 2 transitions were found 
to be significantly reduced in FTLD-tau compared to 

FTLD-TDP (α = 0.05), after normalizing for the number of 
nodes in each phase. This emphasizes the disproportionate 
impact of early disease on the integrity of projections in 
FTLD-tau compared to FTLD-TDP. We also found signifi
cantly reduced edges between epicentre to Phase 5 nodes 
(α = 0.05) in FTLD-tau compared to FTLD-TDP. When we 
examined hubs in the same way, the findings were virtually 
identical.

Hub combined with weakened edges
Combining the hub analysis and the weakened edges ana
lysis, we investigated how degraded hub nodes are associated 
with weakened edges affected by each pathology across 
phases of progressive disease. Specifically, we assessed the 
percent of weakened edges that are connected to disease- 
specific hubs (Fig. 3) for each pair of adjacent phases and 
from the epicentre to each phase of disease in FTLD-Tau 
compared to FTLD-TDP. Figure 4C and D shows these com
parisons for edges connected to the hubs within each phase. 
We found that edges associated with diseased hubs are sig
nificantly reduced in FTLD-tau compared to FTLD-TDP. 
This was most evident in the early phases of disease.

Figure 3 Visualization of differences in hub distributions between groups and across disease phases. Shown in (A) are the relative 
locations of control (HC) hubs (dark green), the hubs lost (blue) and gained (red) for each pathology, and hub differences between pathologies 
(magenta versus green). The graphs below further evaluate these hubs in each phase of FTLD-tau and FTLD-TDP. Shown in (B) are per cent of 
nodes in each phase that are associated with HC hubs that become diseased, (C) per cent of HC hubs lost in each phase of each disease and (D) per 
cent of new hubs gained in each disease, relative to total HC hubs in each disease phase. (n = 27 HC, 28 FTLD-tau, 13 FTLD-TDP).
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Modelling proximal spread
Figure 5A shows the group-level representation of proximal 
spreading connections for both FTLD-tau and FTLD-TDP. 
Figure 5B shows a subject-level comparison of the number 
of these adjacent connections between the two cohorts. For 
each subject, we calculated the number of proximal spread
ing connections in each phase transition and then normalized 
this value by the total possible connections between the two 
phases (product of the number of regions in each phase). 
Welch’s t-test showed significant differences between patient 
cohorts for Phase 2 to 3, Phase 3 to 4 and Phase 4 to 5. In gen
eral, FTLD-tau and FTLD-TDP had similar levels of 

proximal spreading degradation in the earliest phase, but 
in later phases, FTLD-TDP exhibited higher counts of prox
imal spread than FTLD-tau. This appears to emphasize the 
relative importance of proximal spread in FTLD-TDP.

Relating whole-brain antemortem 
imaging to pathology at autopsy
We evaluated the linear regression coefficient (b) between the 
antemortem MRI findings and postmortem pathology mea
surements (Fig. 6), and observed significant relationships be
tween percentage of area occupied pathologic burden and 
the average z-score of edges connected to each node as well 

Figure 4 Network and hub analysis between disease phases. Weak edges (lines shown) found transitioning between nodes from 
epicentre to other phases in (A) and sequentially from an earlier phase to a subsequent phase in (B) for FTLD-tau and FTLD-TDP. Node colours 
represent regions associated with each phase. Connections are shown as projections onto the left lateral view. Shown in (C) and (D) are 
comparisons of the percentage of these weak edges that were connected to HC hubs, per subject, during the transitioning from the epicentre or in 
adjacent phases, respectively. Asterisks (*P < 0.05 and **P < 0.01) indicate phases with significant differences found between the two pathology 
groups using a Welch’s t-test. (Phases transitions [1–2]: t(39) = −2.46, P < 0.05; [1–3]: t(39) = −2.64, P < 0.05; [1–4]: t(39) = 1.38, P > 0.05; [1–5]: 
t(39) = −1.12, P > 0.05; [2–3]: t(39) = −3.03, P < 0.01; [3–4]: t(39) = −0.27, P > 0.05; [4–5]: t(39) = 1.61, P > 0.05; n = 28 FTLD-tau, 13 
FTLD-TDP).
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as the integrity of that GM or WM node. This relationship 
was found for both FTLD-tau and FTLD-TDP, and for 
both GM and WM pathology measurements: FTLD-tau 
GM (b = −0.166, P = 0.006882), FTLD-tau WM (b =  
−0.145, P = 0.0473), FTLD-TDP GM (b = −0.459, 
P = 9.493e−05) and FTLD-TDP WM (b = −0.399, P =  
1.314e−06).

Discussion
Microscopic studies of whole-brain pathology in neurode
generative diseases are potentially informative in under
standing the spread of pathology throughout the 
cerebrum.7,8 Direct studies of whole-brain pathology are 
very rare and extremely challenging. Here, we combine net
work science analyses of whole brain, multimodal MRI with 
analysis of phases of disease progression to study patterns of 
degraded structural network connectivity in autopsy- 
confirmed FTLD-tau and FTLD-TDP. While analyses of glo
bal indices demonstrated comparably degraded networks in 
both FTLD-tau and FTLD-TDP, we observed significant dif
ferences between groups in analyses using local networks. 

Specifically, we found greater loss of hubs in frontal and tem
poral epicentres in the early phases of disease in FTLD-tau 
than FTLD-TDP. We also found that edges are more de
graded in FTLD-tau than FTLD-TDP, particularly early in 
disease, and that this interferes with the integrity of projec
tions from epicentre hubs to other, distant brain regions in 
FTLD-tau more than FTLD-TDP. By comparison, spread 
of disease from diseased regions to adjacent regions in subse
quent phases of disease appeared to be more prominent in 
FTLD-TDP than FTLD-tau. In direct comparisons of MRI 
and autopsy sampling, we confirmed that network disrup
tion is related in part to the burden of GM and WM path
ology in FTLD-tau and FTLD-TDP. We conclude that loss 
of epicentre hubs and degraded WM projections from these 
hubs to other, distant brain regions appears to be consistent 
with distant, axon-mediated disease progression in 
FTLD-tau, while serial involvement of regions physically ad
jacent to diseased regions appears to be consistent with prox
imal disease spread in FTLD-TDP.1–5

Our study revealed significant disruption of global net
work integrity, as measured by global efficiency and mean 
nodal strength, in patients with known FTLD-tau or 
FTLD-TDP pathology. Some studies of clinically diagnosed 

Figure 5 Analysis of proximal spreading connections by disease phases. (A) A group representation of locally spreading connections 
between nodes in regions adjacent to diseased nodes for FTLD-tau and FTLD-TDP is shown. Lines show spread from diseased regions in a phase 
to adjacent regions in a subsequent phase. (B) Comparisons of the number of proximal spreading connections among subjects of each group per 
phase transition, normalized by the total possible connections between phases (product of the number of total regions in each phase) are shown. 
Asterisks (*P < 0.05 and **P < 0.01) indicate phases with significant differences found between the two pathology groups using a Welch’s t-test. 
(Phases transitions [1–2]: t(39) = 1.38, P > 0.05 ; [1–3]: t(39) = −2.81, P < 0.01; [1–4]: t(39) = −2.70, P < 0.05; [1–5]: t(39) = −2.28, P < 0.05; n = 28 
FTLD-tau, 13 FTLD-TDP).
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FTD patients also have observed a variety of compromised 
global network indices.61–63 Reports described reduced glo
bal efficiency in non-fluent/agrammatic variant primary pro
gressive aphasia (naPPA) relative to bvFTD64 and 
degradation of several global indices in svPPA,65 but another 
study reported little compromise of global network measures 
in bvFTD.66 While informative, the basis for reported find
ings must be interpreted cautiously since pathology is un
known in most published work assessing global network 
indices in clinically diagnosed patients. While we found dis
rupted global network indices, we did not find that 
FTLD-tau or FTLD-TDP globally degrade the network in
tegrity of the human brain in a distinctive manner. One dif
ference between our study and most previous work is that we 
interrogated structural networks rather than functional net
works, particularly because this allowed us to directly exam
ine pathology in network components, and future work 
using functional connectivity in autopsy-confirmed cases 
would be valuable to validate functional network assess
ments. It is also possible that each pathology may have a se
lective impact on global network indices other than the ones 
we probed, and additional work is needed to assess other glo
bal network characteristics.

By comparison, we found that analyses based on local net
work indices of betweenness centrality and nodal strength in 
humans show differences between autopsy-confirmed cases 

of FTLD-tau and FTLD-TDP. Spreading pathology has 
been well studied in animal models.67–70 Differences in local 
network indices have been reported in clinically diagnosed 
patients, often guided by the specific anatomic distribution 
of disease. Analyses of svPPA and bvFTD showed that iden
tification of individual epicentres can predict patterns of lon
gitudinal decline.71 Distinct patterns of breakdown in local 
network functional connectivity have been described in 
naPPA compared to svPPA,72 including local network dis
ruption in naPPA involving nodal degree, local efficiency 
and clustering coefficient most prominently in the frontal 
lobe, while svPPA may have similar local network disruption 
in the temporal lobe.61 Some work focusing on predefined 
functional networks reported a correlation between nodes 
implicated in the speech/language network in HC and de
graded integrity in the speech/language network of patients 
with naPPA, and regions with the shortest paths to the epi
centre showed the greatest longitudinal decline.73 While 
there is a statistical association between patients with 
naPPA who are more likely to have FTLD-tau pathology 
and patients with svPPA who are more likely to have 
FTLD-TDP pathology,74 an autopsy assessment is needed 
to rule out concomitant co-pathology frequently found in 
clinically diagnosed cohorts.9,10

In our study, differences in local connectivity measures ap
peared to compromise network structure in somewhat 

Figure 6 Relating network analysis with histopathology measurements. Plots showing the relationship between percentage of area 
occupied (%AO) for each sampled region in each subject and the average z-score of the edges connected to those regions. The analysis was 
repeated for pathology measurements of (A) FTLD-tau GM, (B) FTLD-tau WM, (C) FTLD-TDP GM and (D) FTLD-TDP WM from subjects with 
five or less years of disease duration. Significant relationships were found for all four analyses when evaluating the linear regression coefficient (B) 
and Pearson’s correlation coefficient (r): FTLD-tau GM (b = −0.166, P = 0.006882; r = −0.364, P = 0.0069), FTLD-tau WM (b = −0.145, P =  
0.0473; 
r = −0.276, P = 0.0474), FTLD-TDP GM (b = −0.459, P = 9.493e−05; r = −0.543, P = 9.493e−05), FTLD-TDP WM (b = −0.399, P = 1.314e−06; 
r = −0.634, P = 1.314e−06). (n = 28 FTLD-tau, 13 FTLD-TDP).
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different ways, depending on the specific pathology, and this 
may impact the spread of pathology in FTLD-tau compared 
to FTLD-TDP. Consider first compromised hubs. Hubs are 
thought to play an important role in cerebral networks be
cause many edges connect with this subset of nodes, and 
this network of highly connected ‘rich-club’ nodes may 
play a relatively important role in cognitive functioning.60

Significant loss of hubs has been observed in functional net
works of clinically defined FTD patients, particularly in fron
toinsular regions that may serve as epicentres in some 
patients.62 We observed here that roughly equal proportions 
of hubs identified in HC are lost in FTLD-tau and 
FTLD-TDP. However, degraded HC hubs in FTLD-tau 
tended to be lost most prominently among those implicated 
in early phases of disease, and appeared to be associated ana
tomically with FTLD-tau epicentre regions. We observed a 
difference in hub loss locations between the two disease 
groups, where FTLD-Tau showed specific hub loss in middle 
frontal and parietal regions, while FTLD-TDP showed spe
cific loss were centred around the lateral temporal lobe. It 
is possible that hubs in FTLD-tau epicentres are relatively 
vulnerable to disease because of their cytoarchitectonic loca
tion in deeper cortical layers enriched for cortical pyramidal 
neurons.21 This effect may be exacerbated by the high meta
bolic activity associated with the heavier ‘traffic’ that may be 
found in these hubs,33 although this would not explain de
graded hubs that tend to occur in later phases of disease in 
FTLD-TDP. The degradation of hubs in FTLD-tau may dif
fer from that in FTLD-TDP where pathology tends to impact 
superficial cortical layers and thus may have different, pos
sibly reduced consequences and a different temporal course.

Consider next changes in edges in FTLD-tau and 
FTLD-TDP. We observed significantly weakened edges in 
FTLD-tau compared to FTLD-TDP. We observed these dif
ferences in edges implicated in phase-by-phase transitions, 
and differences in edges involved in the projections between 
epicentre regions and each of the later phase regions. 
Weakened edges were most prominent in earlier phases of 
disease in FTLD-tau, but there were no weakened edges in 
the transition from Phases 1 to 2 in FTLD-TDP, and subse
quent phase transitions revealed fewer weakened edges in 
FTLD-TDP than FTLD-tau. This appears to be consistent 
with the observation that tau pathology tends to be more 
prominent in deeper cortical layers that are the source of 
long-tract projections that provide connectivity to distant 
areas.21 From this perspective, diseased hubs, particularly 
in epicentre regions in FTLD-tau, may interrupt networks 
that support critical long-tract projections due in part to 
the cytoarchitectonically deeper locus of FTLD-tau path
ology, and this may yield a greater impact on network integ
rity early in the course of disease. Our analyses also showed 
that edges appear to be disproportionately weakened com
pared to hubs in FTLD-tau, and this may be due in part to 
greater independent WM pathology in these cases.20–23

These WM effects may differ or be additive to the effects 
of Wallerian degeneration that may scale with GM path
ology burden regardless of the underlying pathology. We 

interpret weakened edges during phase transitions to be con
sistent with distant, axon-mediated spread of pathology that 
is more prominent in FTLD-tau than FTLD-TDP.

We also examined the spread of pathology from diseased 
regions to physically adjacent regions in subsequent phases 
of disease to model microscopic, short-range connectivity 
spread. We found that spread of pathology to adjacent nodes 
was more prominent in FTLD-TDP than FTLD-tau. 
FTLD-TDP pathology tends to involve more superficial cor
tical layers that are typically associated with shorter projec
tions to proximal regions.21 This may result in part in the 
relatively reduced degradation of hubs and networks in 
FTLD-TDP, particularly early in disease, since superficial 
pathology may relatively spare the population of neurons 
in deeper cortical layers that may be critical for a broader im
pact on network integrity. Also, there is relatively less glial 
WM pathology in FTLD-TDP compared to the high burden 
of glial tau inclusions in FTLD-tau,20–23 and this may result 
in less interruption of longer WM projections. Additional 
work is needed to examine these findings in network-based 
analyses of connectivity in high-resolution, whole brain, 
microscopic tissue samples.

We also observed an association between pathology and 
imaging studies in FTLD-tau and FTLD-TDP. In a subset 
of patients with available quantitative digital pathology, 
we found that WM pathology burden was related to wea
kened edges, and that GM pathology was related to nodal in
tegrity. In another study assessing graph-theoretical analyses 
to model microscopic disease progression in FTLD using 
digital histopathology data, we found that WM pathology 
correlates with a graph metric of network spread and that 
WM pathology has a mediation effect on distant projections 
between GM regions in FTLD-tau but not FTLD-TDP.75

These observations provide some independent validation of 
degraded nodes and edges that contribute to interrupted 
structural networks in FTLD-tau and FTLD-TDP.

Several caveats should be kept in mind when considering 
our findings. Although FTLD is a rare condition, and multi
modal imaging in autopsy-confirmed cases is even rarer, our 
cohort is relatively small. Additional studies are needed to 
confirm our findings in larger groups of patients. We strati
fied our patients on the basis of pathology, and we were 
very careful to omit cases with co-pathology. Since phases 
of progressive disease on MRIs of autopsied cases showed 
relatively similar patterns across different sub-forms of 
FTLD-tau and FTLD-TDP pathology,29 we attempted to im
prove power by grouping across the different sub-forms of 
FTLD-tau and FTLD-TDP pathology. Nevertheless, there 
may be differences in patterns of spreading pathology in dif
ferent FTLD-tau and FTLD-TDP subgroups,76 and addition
al work is needed to study each pathologic subgroup to 
assess the generalization of our findings across each class 
of pathology. Limitations in power likewise prevented us 
from looking at phenotype subgroups, and additional 
work is needed to examine PPA and bvFTD phenotypes 
within each pathologic group. In this work, we pursued a 
pseudo-longitudinal approach to determine phases of disease 
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progression in each group. However, our cross-sectional 
data limits our ability to make true longitudinal assessments 
of the disease progression. Only a limited number of longitu
dinal imaging assessments were available in this autopsy co
hort, and additional work is needed to examine longitudinal 
MRI changes in an autopsy-proven cohort. The lack of in 
vivo pathology markers in FTLD also poses a challenge. In 
this work, we infer the presence of pathology through MR 
measurements of cortical atrophy. This assumption can be 
complicated by other sources of atrophy such as gliosis or 
spongiosis of the cortex, which needs to be explored in fur
ther studies. Future longitudinal studies of in vivo imaging 
measurements with available clinical or behaviour assess
ments of disease progression can also help validate the use 
of cortical atrophy measurements for our analysis. We stud
ied this cohort with a limited number of global and local net
work indices to demonstrate the principle that pathology 
may differentially impact network integrity, and additional 
work is needed to apply a more comprehensive set of global 
and local network indices in FTLD spectrum disorders. We 
interrogated structural networks rather than functional net
works because it is possible to obtain independent evidence 
for compromised network integrity in GM and WM struc
tures contributing to a network from autopsy studies. 
Nevertheless, it would be valuable to confirm our findings 
using functional networks in autopsy-confirmed cases. One 
limitation of the diffusion technique used in this study is its 
insensitivity to u-fibres, thus limiting our ability to detect 
shorter-range fibres in general. However, we believe that 
this limitation is not inherently biased towards either 
FTLD-tau or FTLD-TDP pathology. Thus, the limited short
er projections we can detect in the data should still offer a va
lid comparisons between the groups. One advantage of 
studying an autopsy-confirmed cohort is that we can verify 
our in vivo methodology against actual pathology burden. 
The threshold used for the W-score to establish phases of dis
ease, while relatively liberal, was determined in our previous 
study,29 where we verified that pathology burden aligned 
with the phases of disease. Additional work is needed with 
larger samples to assess other statistical thresholds.

With these caveats in mind, our network-based analyses 
of an autopsy-confirmed FTLD cohort suggest that there 
are substantial differences in local network degeneration 
that are associated with FTLD-tau compared to 
FTLD-TDP. These include both the greater loss of hubs in 
FTLD-tau, particularly in association with epicentres 
implicated in earlier phases of disease, and phase-by-phase 
degeneration of WM projections between hubs in epicentre 
regions and regions that become compromised later in the 
course of disease. These findings are consistent with the pos
sibility that spreading pathology in FTLD-tau is mediated in 
part by axon-mediated spread to distant brain regions. By 
comparison, we observed spreading pathology in a 
phase-by-phase manner in FTLD-TDP from earlier diseased 
regions to physically adjacent regions in subsequent phases. 
This appears to be more consistent with proximal spread of 
pathology.

Supplementary material
Supplementary material is available at Brain Communications 
online.
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