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Atrophy in behavioural variant 
frontotemporal dementia spans multiple 
large-scale prefrontal and temporal networks
Mark C. Eldaief,1,2,3,4,† Michael Brickhouse,1,† Yuta Katsumi,1 Howard Rosen,5 

Nicole Carvalho,1 Alexandra Touroutoglou1,2,† and Bradford C. Dickerson1,2,3†

†These authors contributed equally to this work.

See Ducharme (https://doi.org/10.1093/brain/awad320) for a scientific commentary on this article.

The identification of a neurodegenerative disorder’s distributed pattern of atrophy—or atrophy ‘signature’—can lend 
insights into the cortical networks that degenerate in individuals with specific constellations of symptoms. In add
ition, this signature can be used as a biomarker to support early diagnoses and to potentially reveal pathological 
changes associated with said disorder. Here, we characterized the cortical atrophy signature of behavioural variant 
frontotemporal dementia (bvFTD).
We used a data-driven approach to estimate cortical thickness using surface-based analyses in two independent, 
sporadic bvFTD samples (n = 30 and n = 71, total n = 101), using age- and gender-matched cognitively and behaviour
ally normal individuals. We found highly similar patterns of cortical atrophy across the two independent samples, 
supporting the reliability of our bvFTD signature. Next, we investigated whether our bvFTD signature targets specific 
large-scale cortical networks, as is the case for other neurodegenerative disorders. We specifically asked whether the 
bvFTD signature topographically overlaps with the salience network, as previous reports have suggested. We hy
pothesized that because phenotypic presentations of bvFTD are diverse, this would not be the case, and that the sig
nature would cross canonical network boundaries. Consistent with our hypothesis, the bvFTD signature spanned 
rostral portions of multiple networks, including the default mode, limbic, frontoparietal control and salience net
works. We then tested whether the signature comprised multiple anatomical subtypes, which themselves over
lapped with specific networks. To explore this, we performed a hierarchical clustering analysis. This yielded three 
clusters, only one of which extensively overlapped with a canonical network (the limbic network).
Taken together, these findings argue against the hypothesis that the salience network is preferentially affected in 
bvFTD, but rather suggest that—at least in patients who meet diagnostic criteria for the full-blown syndrome—neu
rodegeneration in bvFTD encompasses a distributed set of prefrontal, insular and anterior temporal nodes of multiple 
large-scale brain networks, in keeping with the phenotypic diversity of this disorder.
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Introduction
When neurodegenerative diseases present as canonical clinical 
syndromes, patients typically exhibit characteristic patterns of cor
tical atrophy, or atrophy ‘signatures’.1-3 Delineation of these signa
tures can offer valuable insights into the large-scale brain networks 
that are selectively vulnerable in patients presenting with these 
symptom constellations. This information can be used to support 
diagnosis, prognostication and to guide novel therapeutic interven
tions.2 Although robust work has demonstrated the atrophy 
patterns typically associated with behavioural variant frontotem
poral dementia (bvFTD), little work has been done to examine the 
reliability of a bvFTD cortical atrophy signature across samples, 
and the overlap of the full signature with specific large-scale net
works of the brain.

The latter issue is of particular importance, as patients pre
senting with canonical neurodegenerative clinical syndromes ex
hibit neurodegeneration that preferentially targets key nodes of 
large-scale neural networks.3-11 For example, in typical presenta
tions of Alzheimer’s disease (AD), hippocampal-parietal nodes of 
the default mode network (DMN) are preferentially involved, and 
these patients present with the characteristic clinical symptom 
of memory loss.7,12-14 Moreover, other large-scale brain networks 
are vulnerable to atypical presentations of AD—including prefer
ential degeneration of the language network in logopenic variant 
primary progressive aphasia and specific degeneration of extra
striate visual and parietal networks in the posterior cortical 
atrophy syndrome.15 Based on prior reports, bvFTD is thought 
to preferentially target the salience network, which is anchored 
by the frontoinsula and the dorsal anterior midcingulate 
cortex.4,8,9,16,17 In this framework, bvFTD is primarily conceptua
lized as a disorder of processing salient interoceptive or external 
stimuli.16,17

However, while bvFTD is often discussed as a unitary 
clinico-anatomical disorder, bvFTD patients exhibit considerable 
clinical phenotypic18,19 and anatomic heterogeneity.20 Given the het
erogeneity of the cognitive, affective, social, behavioural and neuro
anatomical features of bvFTD, we hypothesized that in a typical 
sample of bvFTD patients, the signature would extend beyond the 
borders of the salience network to include other major prefrontal 
and anterior temporal association networks. That is, given that 
bvFTD patients often exhibit different topographical patterns of 
frontotemporal atrophy on clinical imaging, it is likely that a 
bvFTD atrophy signature would not be relegated to a single network. 
Similarly, because typical bvFTD patients exhibit symptoms that are 
referrable to more than one network, we hypothesized that the sig
nature would cross network boundaries. To investigate this, we de
rived a data-driven bvFTD cortical atrophy signature as we 
previously did for AD.1 Specifically, we estimated cortical thickness 
using surface-based analyses of structural MRI data, as described 
in our previous studies,1 in two independent bvFTD patient samples: 

a Massachusetts General Hospital (MGH) FTD Unit sample (n = 30) 
and a sample derived from the Frontotemporal Lobar Degeneration 
Neuroimaging Initiative (FTLD-NI) (n = 71), and compared cortical 
thickness across the entire cortical mantle—not constrained to spe
cific regions of interest—in these cohorts to age and gender-matched 
controls. This allowed us to examine the reproducibility of atrophy 
patterns in bvFTD and to investigate whether there is a distinct sig
nature in patients with this clinical syndrome. We hypothesized that 
the localization of atrophy would extend beyond the boundaries of 
the canonical salience network to involve three other large-scale 
networks: (i) the limbic (also know as semantic appraisal) network, 
anchored in rostromedial ventral prefrontal (i.e. ventromedial pre
frontal and medial orbitofrontal) cortex and the anterior temporal 
lobe (i.e. the temporal pole); (ii) anterior portions of the DMN, includ
ing rostral portions of the anterior cingulate, dorsomedial prefrontal 
cortex and middle temporal gyrus; and (iii) the frontoparietal (also 
known as executive control) network (FPN), including dorsolateral 
prefrontal cortex and portions of dorsomedial prefrontal cortex. 
This was assessed by comparing the topography of the data-driven 
bvFTD signature to that of seven major large-scale networks.21 We 
then explored the between-subjects clustering of this signature 
into anatomic subtypes.

Materials and methods
Participants

Data used in this study were obtained from two independent co
horts. The MGH bvFTD Cohort included 30 patients who were par
ticipants in the ongoing Massachusetts General Hospital 
Frontotemporal Disorders Unit Longitudinal Cohort. Participants 
underwent a comprehensive clinical evaluation as previously de
scribed in our prior studies.22,23 We performed a multidisciplinary 
assessment including a structured interview by a behavioural neur
ologist or neuropsychiatrist specializing in dementia. This assess
ment included measures of cognition, mood/behaviour, 
sensorimotor function and daily activities; a neurological examin
ation, including office-based cognitive testing and a brief psychi
atric interview; as well as a neuropsychological assessment. A 
clinician also performed a structured interview with a care partner, 
augmented with standard questionnaires. The protocol also in
cluded the National Alzheimer’s Coordinating Center (NACC) 
Uniform Data Set (using version 2.0 previously and currently ver
sion 3.0) and supplementary measures. In addition, after the clinic
al assessment was performed and preliminary diagnostic 
formulation is rendered, an MRI scan with T1- and T2-weighted se
quences was inspected visually by a behavioural neurologist or 
neuropsychiatrist—independently of any quantitative analysis— 
to examine for predicted regional atrophy and the presence of other 
lesions (in this case to determine whether the patient meets clinical 
diagnostic criteria for probable bvFTD).
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Cases selected for this study were diagnosed with sporadic prob
able bvFTD according to consensus guidelines.24 Visual inspection of 
clinical MRIs in these individuals revealed cortical atrophy that was 
most prominent in the frontal and/or anterior temporal lobes and ru
led out other causes of focal brain damage. All patients were right- 
handed, and all were native English speakers. All patients and their 
care partners denied a pre-existing psychiatric disorder, other neuro
logical disorder or developmental cognitive disorder. All patients and 
their care partners gave written informed consent in accordance with 
guidelines established by the Mass General Brigham Healthcare 
System Institutional Review Boards, which govern human subjects 
research at MGH.

The second cohort included 71 participants in the FTLD-NI 
(4rtni-ftldni.ini.usc.edu), a multisite observational frontotemporal 
lobar degeneration (FTLD) natural history and biomarker study in
volving 18 months of longitudinal follow-up with neuropsychiatric, 
neuropsychological, neuroimaging, blood and CSF examinations. 
Participants in this study were recruited at the University of 
California, San Francisco (UCSF) Memory and Aging Center, Mayo 
Clinic (Rochester, MN), or MGH; for the present analysis, cases 
from MGH were excluded. All participants received a standard clin
ical evaluation that included a comprehensive neurological history, 
physical and neurological examinations, structured caregiver in
terviews, neuroimaging and neuropsychological testing. Patient 
diagnoses were established by consensus by a multidisciplinary 
team applying consensus diagnostic criteria for bvFTD.24 Of note, 
the FTLD-NI cohort was not matched to their controls on the demo
graphic factor of years of education (Table 1). The UCSF, Mayo Clinic 
and MGB Institutional Review Boards for human research approved 
the study. Informed consent was obtained from all participants or 
their assigned surrogate decision-makers.

All the cases in both cohorts were tested for mutations in MAPT, 
GRN and c9orf72; the cases included in this report were all negative 
for those mutations. Clinical and demographic characteristics of 
the two cohorts are depicted in Table 1.

Structural MRI data acquisition and analysis

MRI data for the MGH cohort were acquired with a Siemens Trio 
3.0 T scanner (Siemens Medical Systems). Sequences acquired 
included a high resolution T1-weighted MPRAGE (repetition 
time = 2.3 s, echo time = 2.98 ms, field of view = 256 mm, flip 
angle = 7°, 192 sagittal 1 mm-thick slices, matrix 240 × 256). A FLAIR 

sequence was also included for the purpose of ruling out non- 
degenerative neurological diseases, which may have been contribut
ing to patients’ clinical syndromes.

For the FTLD-NI cohort, the two sites used different scanners 
with harmonized protocols. At UCSF, whole-brain structural MRIs 
were acquired on a 3 T Siemens Tim Trio using volumetric 
magnetization-prepared rapid gradient echo (MPRAGE) sequence 
(coronal slice orientation; slice thickness 1.0 mm; in-plane reso
lution 1.0 × 1.0 mm; matrix 240 × 256; repetition time = 2.3 ms; 
echo time = 3 ms; inversion time = 900 ms; flip angle 9°). At the 
Mayo Clinic, structural MRI was acquired on a 3 T General Electric 
MRI (model DISCOVERY MR750) with the following parameters: cor
onal slice orientation; slice thickness 1.2 mm; in-plane resolution 
1.0156 × 1.0156 mm; matrix 256 × 256; repetition time = 7.3 ms; 
echo time = 3 ms; inversion time = 900 ms; flip angle = 8°.

Each subject’s T1-weighted MPRAGE MRI scan was analysed 
using Freesurfer version 6 to estimate cortical thickness (http:// 
surfer.nmr.mgh.harvard.edu). Each subject’s scan was manually 
checked for errors in segmentation leading to errors in white mat
ter or pial surface identification, and manual edits were made. 
Cortical thickness was estimated in both samples using 
FreeSurfer’s standard reconstruction and analysis pipeline. 
Cortical thickness in these samples were then compared to that 
measured in two groups of age- and gender-matched controls 
(n = 60 and n = 133, respectively) by smoothing at 15 mm full-width 
at half-maximum on the surface running a surface vertex-wise two 
class general linear model analysis. Maps depicting where cortical 
thickness was statistically significantly different in the standard 
FreeSurfer general linear model (glmfit) between patients and con
trols in the MGH discovery sample were generated (sig maps) and 
overlaid with effect size maps (gamma), which indicate the magni
tude of group differences in cortical thickness at each vertex in 
tenths of millimetres. Since the FTLD-NI replication sample was 
larger, which influences the statistical significance of effects, the 
effect size measure was used to threshold both maps at 0.3 mm. 
That is, only cortical regions that were at least 0.3 mm thinner in 
patients than controls contributed to the bvFTD signature maps.

Calculating overlap of gamma maps with 
established large-scale networks

To estimate individual network atrophy in bvFTD, we then com
pared the resultant cortical thickness difference maps to the 

Table 1 Characteristics of patient and control cohorts

MGH cohort P-value FTLD-NI cohort P-value

bvFTD patients  
(n = 30)

Healthy controls  
(n = 60)

bvFTD patients  
(n = 71)

Healthy controls  
(n = 133)

Mean age, years 62.0 (8.4) 62.8 (9.7) 0.90 61.6 (6.5)a 63.2 (7.3) 0.12
Gender 17 M, 13 F 34 M, 26 F – 45 M, 26 F 58 M, 75 F –
Mean years education 15.8 (2.5) 16.1 (2.6)b 0.37 15.5 (3.3)a 17.3 (1.9)b <0.001*
CDR global rating (number subjects with 0.5/1) 18/12 – – 18/34a – –
Mean CDR SOB 3.9 (1.9) – – 6.1 (3.1)a – –
Mean CDR Behaviour 1.4 (0.5) – – 1.4 (0.8)a – –
Mean CDR + FTLD SOB 5.5 (2.2) – – 8.1 (3.9)a – –

Values are presented as mean (SD). bvFTD = behavioural variant frontotemporal dementia; CDR SOB = Clinical Dementia Rating Scale Sum of Boxes; F = female; FTLD-NI = 
Frontotemporal Lobar Degeneration Neuroimaging Initiative; M = male; MGH = Massachusetts General Hospital. 
aOne missing value. 
bSeven missing values. 

*Significant P-value.
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topography of seven large-scale cortical networks derived from the 
Yeo et al.21 parcellation. We binarized the gamma maps at a thick
ness difference threshold of 0.3 mm; each cortical vertex where the 
bvFTD group is at minimum 0.3 mm thinner than the control group 
is included in this binary map. We then overlaid this map on the 
cortical surface along with the Yeo network parcellation and calcu
lated the percentage of vertices where each network overlapped 
with the binarized bvFTD signature maps.

Hierarchical clustering analysis

Given that a randomly selected cohort of bvFTD patients may exhibit 
heterogeneous atrophy patterns,20 we next evaluated whether our 
bvFTD signature comprised distinct anatomical subtypes. If true, 
one or more of these subtypes might overlap more specifically with 
an established network (such as the salience network) even if the lar
ger pooled group did not. To explore this possibility, we performed a 
data-driven hierarchical clustering analysis to identify clusters of pa
tients with similar atrophy maps based on spatial patterns of cortical 
atrophy in the pooled bvFTD dataset (n = 101, containing both sam
ples). We first converted each patient’s vertex-wise cortical thickness 
map to a W-score map, which was used to estimate the magnitude of 
cortical atrophy at each vertex point. This was done in a cohort- 
specific manner, i.e. MGH patients were compared to maps from 
MGH controls and FTLD-NI patients were compared to FTLD-NI con
trols. W-scores are analogous to Z-scores adjusted for specific covari
ates of no interest, which in this study were age and gender.25,26

Calculation of W-scores was performed via a vertex-wise multiple re
gression analysis using cortical thickness data from healthy controls, 
resulting in whole-cortex beta coefficient maps of age and gender, as 
well as individual maps of residuals. For each patient at each vertex, a 
W-score was calculated using the following formula:

W =
Thicknessactual − Thicknesspredicted

SDresiduals

(1) 

where Thicknessactual = the observed value of cortical thickness for a 
given patient, Thicknesspredicted = the predicted value of cortical thick
ness based on the beta coefficients obtained from healthy control 
participants of the same age and gender, and SDresiduals = the stand
ard deviation of the individual residual maps obtained from healthy 
controls.

Next, we quantified the extent of spatial similarity between each 
unique pair of W-score maps for the 101 individual bvFTD patients 
using η2.27 η2 can vary from 0 (no similarity) to 1 (identical) and mea
sures the difference in values at corresponding data-points in a pair of 
statistical maps, not strictly whether the values vary in similar ways, 
but can also detect similarities and differences in the maps using in
formation from all data-points.28 Our approach therefore capitalized 
on all ∼160k vertices in the fsaverage template surface space, unlike 
previous studies of subtype clustering in bvFTD that used a limited 
set of regions of interest (ROIs) representing a few functional net
works29,30 or a set of ROIs with coarse resolution.20,31 This procedure 
yielded a 101 × 101 matrix where each cell represented the similarity 
in spatial patterns of cortical atrophy between a given pair of patients. 
Using the η2 matrix as input, we performed an agglomerative hier
archical clustering analysis with average-linkage implemented in 
scikit-learn version 0.23.232 run in Python version 3.8.5.

Statement of ethics

The protocol used for research with the MGH cohort presented in 
this paper was approved by the Massachusetts General Hospital/ 

Partners Human Research Committee. All participants gave written 
informed consent in accordance with guidelines established by the 
Massachusetts General Hospital/Partners Human Research 
Committee. The protocol used for research with the FTLDNI cohort 
was approved by the UCSF, Mayo Clinic and MGB Institutional 
Review Boards.

Data availability

Study data include structural MRIs derived from the FTLD-NI and 
MGH datasets. De-identified data from the FTLD-NI dataset can 
be accessed upon request and after agreeing to the appropriate 
data terms at the 4-Repeat Tauopathy and Frontotemporal Lobar 
Neuroimaging Initiatives website at http://4rtni-ftldni.ini.usc.edu. 
Data from the MGH dataset that support the findings of this study 
are available from the corresponding author, upon reasonable 
request.

Results
The bvFTD signature is robustly reproducible across 
independent cohorts

In both cohorts, prominent cortical atrophy was present in superior 
frontal gyrus, dorsomedial prefrontal cortex and dorsal and sub
genual anterior cingulate cortex, temporal pole, middle temporal 
gyrus and anterior medial temporal lobe. Orbitofrontal cortex and 
fronto-insula were more notably atrophic in the MGH sample 
than in the FTLD-NI sample. The pooled sample shows atrophy in 
all of these regions. Importantly, visual inspection of the bvFTD sig
nature shows that this signature was remarkably consistent across 
the two cohorts, even though these cohorts were independently ac
quired on separate scanners (using harmonized protocols) (Fig. 1).

The bVTD signature involves multiple large-scale 
networks

Consistent with our hypotheses, the pooled bvFTD signature (aver
aged across both cohorts) extended well beyond the confines of the 
salience network. While the signature did include the salience net
work, it also spanned the limbic (i.e. semantic appraisal) network 
and rostral portions of the default mode and frontoparietal net
works (Fig. 2). We quantitatively assessed the involvement of 
each large-scale network in the bvFTD signature. To do so, we de
fined a ROI encompassing the surface area of the entire signature 
and calculated the percentage of the bvFTD signature that was 
made up by components of each of the seven major networks (in 
the Yeo et al.21 seven network parcellation). Of the entire bvFTD sig
nature, 46.3% of the surface area, particularly dorsomedial pre
frontal cortex, superior frontal gyrus and middle temporal gyrus, 
belonged to the DMN. Yeo et al.’s ‘limbic’ (i.e. semantic appraisal) 
network was second, making up 24.5% of the bvFTD signature, fol
lowed by the salience network (14.2%) and the frontoparietal net
work (13.1%). As expected, the visual, dorsal attention and 
somatomotor networks each contributed to less than 1% of the sig
nature, as nodes of these networks are all situated posteriorly and 
caudally.

However, because we sampled atrophy cross-sectionally, and be
cause we did not employ novel machine learning paradigms that can 
estimate disease stage,33 it is possible that atrophy may have begun 
in the salience network in these patients, and that the inclusion of 
other cortical networks in our signature reflects the spread of atro
phy to these systems with disease progression. To explore this 
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Figure 1 The bvFTD signature is highly similar across two independent cohorts. Gamma maps of cortical atrophy, thresholded so that only regions 
with at least 0.3 mm or more of atrophy are depicted, show that both cohorts exhibit highly co-localized regional atrophy. Maps are shown for the 
Massachusetts General Hospital (MGH) cohort (left), Frontotemporal Lobar Degeneration Neuroimaging Initiative (FTLD-NI) cohort (middle) and as an 
average of both cohorts (right).

Figure 2 Breakdown of the bvFTD signature by network. Middle: Pie chart demonstrating the percentage to which each of the major networks in the Yeo 
et al.21 parcellation contribute to the pooled bvFTD signature (averaged across cohorts). The default mode network (DMN) contributed the most to the 
signature, followed by the limbic network, salience network (SAL) and the frontoparietal network (FPN). As expected, the remaining three networks 
[dorsal attention (DAN), somatomotor (SOM) and visual (VIS)] contributed negligibly to the signature. Pie chart colours recapitulate those used in 
Yeo et al.21 and a colour key is provided below the pie chart. Left and right panels display the overlap between the pooled bvFTD signature from 
Fig. 1 and the four prefrontal/temporal networks. In each case, the boundaries of a given network are outlined in their corresponding colour. 
Networks highlighted include (clockwise from top left): FPN, DMN, limbic and SAL.
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possibility, we applied a similar method to characterize atrophy in 
individual subjects as we used at the group level. That is, we ob
tained gamma maps of each subject binarized at a cortical thickness 
of >0.3 mm thinner than the control group. We then examined how 
many individuals harboured atrophy within the demarcations of the 
salience network. If the majority of individuals exhibited atrophy in 
the salience network using this method, this would support the hy
pothesis that atrophy may have begun there. If, on the other hand, 
this was not the case, it would support the hypothesis that this net
work was never affected in a large percentage of patients. The results 
of this analysis are shown in Supplementary Fig. 1, which depicts the 
percentage overlap of topographical atrophy across bvFTD patients 
in each cohort. As can be appreciated in this figure, the majority of 
individuals did not exhibit atrophy in canonical salience network re
gions, although there was considerable overlap in portions of the 
fronto-insular ROI of this network. This supports the notion that at
rophy in bvFTD does indeed involve multiple networks, as opposed 
to spreading from the salience network to these systems with dis
ease progression.

Hierarchical clustering revealed three anatomical 
subtypes of the bvFTD signature

To investigate the possibility that distinct anatomical signatures 
were embedded in the pooled sample, and that these signatures 

might themselves overlap with canonical networks, we performed 
an agglomerative hierarchical clustering analysis (Fig. 3). The opti
mal number of clusters was determined to be five based on the 
variance-ratio criterion, defined as the ratio of between-cluster 
variance to within-cluster variance. Visual inspection of the mean 
W-score map as well as individual maps for each cluster revealed 
that one cluster (n = 3) exhibited a widespread pattern of atrophy 
throughout the cortex. Moreover, another cluster (n = 20) showed 
minimal atrophy for the group as a whole and included patients 
with relatively mild diffuse or focal atrophy patterns that did not 
consistently overlap with each other. We therefore only report 
the remaining three clusters here (Fig. 3C). Based on general ana
tomical patterns, we refer to these clusters as the ‘fronto-temporo- 
parietal cluster,’ the ‘fronto-temporal cluster’ and the ‘anterior 
temporal-insular cluster.’ Only one of these clusters (the anterior 
temporal-insular cluster) exhibited topographical overlap with a 
specific canonical network. This cluster topographically resembled 
the limbic (i.e. semantic appraisal) network. The remaining two 
clusters overlapped with the DMN and FPN, and to a lesser extent 
with the salience network.

Discussion
We used a data-driven whole-cortex approach to examine the spa
tial topography and magnitude of regional cortical atrophy in two 

Figure 3 Hierarchical clustering analysis methods and results. The methodology for the hierarchical clustering analysis is shown in A. First, each be
havioural variant frontotemporal dementia (bvFTD) patient’s vertex-wise cortical thickness map was converted to a W-score map. Next, the extent of 
spatial similarity between each unique pair of W-score maps was calculated for all the bvFTD patients using η2. This yielded a 101 × 101 matrix, where 
each cell represented the similarity in spatial patterns of cortical atrophy between a given pair of patients. After this, an agglomerative hierarchical 
clustering analysis was performed using the η2 matrix as an input. Coloured vertices on the cortical surface maps represent areas where each group 
of bvFTD patients showed relatively greater atrophy than amyloid-β− controls at a vertex-wise threshold of W < −1.5. Bar graphs depict the percentage 
of the surface area of the bvFTD signature that falls within the boundaries of each functional network. The pooled bvFTD signature map and % of net
work overlap is shown in B. The three informative clusters derived from the clustering analysis are shown in C; i.e. fronto-temporal-parietal, anterior 
temporal-insular, fronto-temporal. While the anterior temporal-insular cluster showed selective overlap with the limbic (i.e. semantic appraisal) net
work, the other two clusters did not demonstrate network selectivity. DAN = dorsal attention network; DMN = default mode network; FPN = fronto
parietal network; FTLD-NI = Frontotemporal Lobar Degeneration Neuroimaging Initiative; LIM = limbic network; MGH = Massachusetts General 
Hospital; SAL = salience network; SOM = somatomotor network; VIS = visual network.
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independent samples of sporadic bvFTD and found highly reprodu
cible patterns of atrophy across the two cohorts (n = 101 patients to
tal) (Fig. 1). We propose this as a ‘signature’ pattern of atrophy in 
groups of patients with the bvFTD behavioural-cognitive syn
drome, which is typically due to one of the forms of FTLD.

Many of our findings resonate with those demonstrated in prior 
studies, but we also observed key differences from findings discov
ered in previous work. For example, despite prior suggestions that 
prefrontal atrophy is right lateralized in bvFTD,34 we found relative
ly symmetrical atrophy across the two hemispheres. With respect 
to specific frontotemporal cortical regions involved in the bvFTD 
signature, several prior studies have echoed our findings of atrophy 
in dorsolateral, dorsomedial and rostral anterior cingulate portions 
of prefrontal cortex, as well as in anterior temporal and insular cor
tex20,29,30,35,36 (Fig. 1). Other studies have identified similar regions 
when using cortical thinning as a means to differentiate bvFTD 
from AD.37-41 Interestingly, two such studies found that preferen
tial thinning of the subgenual cingulate (Brodmann area, BA 25) dif
ferentiated bvFTD from AD,39,40 and we found significant 
involvement of this region in our signature. This region is hyper
active and hyperconnected in patients with major depressive dis
order.42-45 As such, preferential atrophy of this region could be 
associated with hedonically driven behavioural symptoms in 
bvFTD. There were also notable differences between our signature 
and regional atrophy patterns discovered in prior studies. For in
stance, our signature did not prominently feature portions of 
ventromedial prefrontal and orbitofrontal cortex (as identified by 
Canu et al.39 and Du et al.41), nor did it feature portions of ventrolat
eral prefrontal (as identified by Ranasinghe et al.29), nor dorsolateral 
prefrontal cortex (as identified by Whitwell et al.,20 Rabinovici et al.40

and Du et al.41). Rather, in our signature, atrophy was relatively 
greater in dorsomedial prefrontal cortex; in dorsal and pregenual 
cingulate cortex; and in bilateral anterior temporal cortex—includ
ing the temporal pole and the anterior middle temporal gyrus and 
medial temporal lobe (Fig. 1).

From a circuit perspective, the specific networks affected in our 
bvFTD signature likely reflect the specific cognitive, behavioural 
and socio-emotional symptoms observed clinically. Consistent with 
prior reports, we found that portions of the salience network— 
including the fronto-insula and the dorsal anterior midcingulate 
cortex—were included in the signature. This is likely to account 
for impairments in detecting interoceptive and environmental sa
lience in bvFTD patients.16 In addition, involvement of the dorsal 
midcingulate node of the salience network may underlie motiv
ational aspects of apathy46,47—a key diagnostic criterion in 
bvFTD.24 Furthermore, the dorsal midcingulate region instantiates 
selected executive functions (e.g. response conflict, error monitor
ing, task switching),48,49 which are commonly disrupted in bvFTD. 
However, our work also expands upon the networks considered 
to contribute to the cortical signature of bvFTD, helping to account 
for symptoms observed in this condition, which go beyond salience 
detection and the maintenance of homeostasis. In keeping with 
this, Shafiei et al.11 found that, in a sample of genetic and sporadic 
bvFTD cases, atrophy was not statistically significant in the sali
ence network. Instead, as in our study, atrophy was prominent in 
the limbic network and in the DMN.

The DMN was heavily represented in our bvFTD signature, con
tributing 46.3% to it. In particular, the dorsomedial prefrontal portion 
of the DMN contributed prominently to our signature. This region 
has consistently been implicated in taking the mental perspective 
of another person.50-52 While not a core diagnostic criterion, impair
ments in this domain are reliably observed in bvFTD patients.34,53,54

Moreover, while apathy is often associated with damage to the dor
sal midcingulate node of the salience network, this bvFTD symptom 
has also been associated with atrophy in anterior portions of the 
DMN—specifically the rostral anterior cingulate and the ventro
medial prefrontal cortex46,47; and other studies have implicated 
similar regions in AD patients with apathy.55,56 Another DMN region 
included in the bvFTD atrophy signature was the anterior middle 
temporal gyrus. This region encompasses key portions of the lan
guage network in the left hemisphere57 and social pragmatic and 
paralinguistic functions in the right hemisphere.58 Its inclusion in 
the bvFTD signature could account for language and paralinguistic 
deficits often observed in bvFTD patients.59

Along similar lines, the prominence of atrophy in the limbic/se
mantic appraisal network in our bvFTD signature resonates with 
findings by Shafiei et al.11 and Ranasinghe et al.29 Specific symptoms 
common to bvFTD have been linked to dysfunction in regions of the 
limbic/semantic appraisal network. For example, behavioural disin
hibition is a core bvFTD symptom24 and among the most commonly 
observed clinically. Behavioural disinhibition is associated with le
sions of orbitofrontal cortex, e.g. it is often associated with medial or
bitofrontal damage resulting from traumatic brain injury.60 Medial 
orbitofrontal atrophy has also been observed to correlate with disin
hibition in FTD patients.61,62 Second, this network is involved with 
coding the personal and hedonic value of semantic information, 
and bvFTD patients perform poorly on such tasks (e.g. identifying fa
cial emotions).63 Third, loss of empathy is another core criterion in 
bvFTD,24 and the semantic appraisal (limbic) network—especially 
the right temporal pole and medial orbitofrontal cortex—has been 
discussed extensively by Rankin et al.64,65 as central elements of 
the neural architecture associated with loss of empathy and egocen
trism in bvFTD. Fourth, the prominence of right anterior temporal at
rophy in our signature may also account for other symptoms 
routinely encountered in bvFTD patients, e.g. changes in eating be
haviour and compulsive behaviour.66,67

With respect to the frontoparietal network, the involvement of 
this circuit in our signature also echoes known clinical deficits in 
bvFTD. The defining cognitive deficit in bvFTD is that of executive 
dysfunction,24,68 and several executive domains are neurally in
stantiated in dorsolateral prefrontal and parietal regions of the 
frontoparietal network.69,70 Prior investigations have linked atro
phy in these network regions with executive dysfunction in 
bvFTD. For example, we previously demonstrated correlations be
tween cortical thinning in the dorsolateral prefrontal cortex in pa
tients with FTD/ALS and judgement/problem-solving scores on the 
Clinical Dementia Rating Scale.71 Another study linked a measure 
of executive dysfunction (impaired sorting) in bvFTD patients 
with dorsolateral prefrontal atrophy.72

We also examined whether anatomic subtypes were embedded 
within our bvFTD signature. Hierarchical clustering demonstrated 
three major clusters of anatomic subtypes and these are similar 
to those discovered by other groups using clustering analyses.20,29

For example, Whitwell et al.20 performed a similar hierarchical ag
glomerative cluster analysis on a group of 66 individuals with 
bvFTD and found four anatomic subtypes—three of which overlap 
with the three clusters we report. More specifically: the ‘frontotem
poral subtype’ detailed by this group topographically overlaps with 
our ‘fronto-temporal cluster’; the ‘temporofrontoparietal subtype’ 
topographically overlaps with our ‘fronto-temporo-parietal clus
ter’; and our ‘anterior temporal-insular cluster’ is topographically 
similar to the ‘temporal dominant subtype’ this group described. 
Ranasinghe et al.29 used principal component and cluster analysis 
to identify distinct atrophy patterns in 90 bvFTD patients. 
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Their ‘salience network-frontal/temporal’ subgroup topographical
ly overlaps with our ‘fronto-temporal cluster’, and their ‘semantic 
appraisal network’ subgroup anatomically resonates with our ‘an
terior temporal-insular’ cluster.

Notably, our study, as well as these two prior studies, identified 
a single cluster that prominently included the anterior temporal 
lobe. This is consistent with the concept of a ‘temporal variant’66,73

of bvFTD, which heavily involves the temporal pole to the relative 
exclusion of frontal cortex. Of note, while the left temporal pole is 
characteristically atrophied in semantic variant primary progres
sive aphasia,74 our findings highlight the frequency of the involve
ment of the right temporal pole in bvFTD. This resonates with the 
precept that right temporal predominant cases of bvFTD are trad
itionally under-recognized,67 despite the finding that patients ex
hibit increasing bvFTD-like behavioural impairments as the right 
temporal pole becomes more involved.75 Thus, our results again 
support the clinical observation that bvFTD can anatomically and 
phenotypically present as a syndrome preferentially affecting the 
temporal lobe.67,76

Our study is limited by the fact that we did not systematically 
obtain amyloid biomarkers on either sample. As such, it is possible 
that individuals with the behavioural/dysexecutive variant of AD 
were included. However, we consider it unlikely that a large portion 
of either sample harboured AD pathology, as all subjects met clin
ical criteria for bvFTD,24 and individuals with the behavioural/dys
executive variant of AD are less likely to fulfil the bvFTD criteria of 
disinhibition, hyperorality, loss of empathy and compulsive/repeti
tive behaviours.77,78 Second, our analyses were limited to cortical 
structures. As such, our clustering approach was not able to iden
tify putative clusters that may have included subcortical structures. 
For instance, Ranasinghe et al.29 detailed a discrete subcortical clus
ter, which mostly involved the thalamus and striatum. Finally, the 
FTLD-NI sample did have a higher mean Clinical Dementia Rating 
(CDR) sum of boxes score than the MGH sample. As such, clinical se
verity in this sample was more advanced. The significance of this is 
tempered by the fact that our bvFTD signature was remarkably con
sistent across cohorts.

In conclusion, we identified a cortical atrophy signature of 
bvFTD that was remarkably similar across two independent patient 
cohorts. We then showed that topographically, networks affected 
by bvFTD are diverse, reflecting the phenotypic and anatomical di
versity seen in patients who present with this behavioural- 
cognitive syndrome.15 Future efforts could use this signature for 
diagnostic purposes. For example, quantitative algorithms that as
sess atrophy on clinically obtained MRIs could be used to better de
termine whether the regional atrophy pattern of a patient whose 
diagnosis is ambiguous matches that which is typical of bvFTD. In 
research contexts, this signature could be leveraged as a biomarker 
for early diagnosis. Finally, this work could provide a framework to 
predict how pathobiological changes spread across distant brain re
gions based on connectivity profiles.11,79-81
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