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1 | INTRODUCTION

Behavioral variant frontotemporal dementia (bvFTD) is a clinically,
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Abstract

Introduction: Behavioral variant frontotemporal dementia (bvFTD) can be computa-
tionally divided into four distinct anatomic subtypes based on patterns of frontotem-
poral and subcortical atrophy. To more precisely predict disease trajectories of individ-
ual patients, the temporal stability of each subtype must be characterized.

Methods: We investigated the longitudinal stability of the four previously identified
anatomic subtypes in 72 bvFTD patients. We also applied a voxel-wise mixed effects
model to examine subtype differences in atrophy patterns across multiple timepoints.
Results: Our results demonstrate the stability of the anatomic subtypes at baseline and
over time. While they had common salience network atrophy, each subtype showed
distinctive baseline and longitudinal atrophy patterns.

Discussion: Recognizing these anatomically heterogeneous subtypes and their dif-
ferent patterns of atrophy progression in early bvFTD will improve disease course
prediction in individual patients. Longitudinal volumetric predictions based on these

anatomic subtypes may be used as a more accurate endpoint in treatment trials.

KEYWORDS
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between clinical symptoms and underlying neuroanatomy.®-? Pathog-

nomonic symptoms of the bvFTD syndrome, including early decline of

social behavior and personal conduct, such as loss of empathy,10-12

neuroanatomically, and pathologically heterogeneous syndrome®~*

most commonly caused by aggregation of two types of frontotem-
poral lobar degeneration (FTLD) pathology, FTLD-tau and FTLD-
TDP.> Though neuropathological characteristics do not reliably pre-
dict distinct bvFTD clinical features, there is a specific correspondence

15 correspond to neurodegenera-

coldness, 3% and compulsiveness,
tion in specific cingulo-insular and temporal lobe regions. However,
both the symptom constellations and the underlying dysfunction in the
associated intrinsically connected networks (ICNs) differ substantially

across bvFTD patients.® Thus, using patterns of anatomy to categorize
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patients into distinct, stable, clinical subtypes of bvFTD is likely to elu-
cidate specific mechanisms and vulnerabilities in the affected regions.
Particularly if these anatomic bvFTD subtypes remain distinct over the
disease course, such classification would yield an improved taxonomy
to help clinicians better predict the longitudinal progression of an indi-
vidual patient’s atrophy and clinical symptoms.

In a recent cross-sectional study,® we used a clustering algorithm
to examine whether bvFTD patients can be grouped into different
anatomic subtypes based on their pattern of volume loss at presen-
tation. This approach revealed four bvFTD subtypes demonstrating
highly divergent patterns of cortical and subcortical atrophy, pre-
dominantly in the salience (SN)*¢'7 and semantic-appraisal/limbic
(SAN)18:2% intrinsically connected networks, and corresponding to dif-
ferent patterns of clinical symptoms. Three of the four bvFTD subtypes
showed distinct patterns of cortical atrophy in frontotemporal regions
with modest to significant subcortical involvement, including two SN-
predominant subtypes (frontotemporal [SNFT] and frontal [SNF]) and a
temporal lobe predominant SAN subtype. The fourth subtype showed
significant subcortical atrophy with minimal cortical involvement (Sub-
cortical).

In this follow-up study, we included a sample of bvFTD patients
(n = 72) with multiple timepoints, and investigated the temporal
stability of these anatomic subtypes with disease progression. We
first derived each patient’s subtype identity at each timepoint and
then examined whether each patient’s anatomic subtype at baseline
remained consistent throughout follow-up, also demonstrating the
reproducibility of the clustering approach in this sample. We then used
a longitudinal voxel-wise mixed model approach to identify the typi-
cal pattern of atrophy progression within each bvFTD subtype over
time. We hypothesized that patients’ subtype as identified at baseline
would remain stable over time, and that each of the four bvFTD sub-
types would show a distinct pattern of cortical and subcortical atrophy
progression, particularly in the SN and SAN.

2 | MATERIAL AND METHODS

2.1 | Participants

In this retrospective observational study, we enrolled 72 patients who
were seen at the University of California, San Francisco (UCSF) Mem-
ory and Aging Center between 1998 and 2016 and who were diag-
nosed with bvFTD according to the International bvFTD Criteria Con-
sortium (FTDC) revised guidelines.? The patient sample included 50
patients from our previous cross-sectional study,® adding longitudi-
nal data and 22 new patients. All patients underwent a complete clin-
ical history, neurological examination, neuropsychological evaluation,
and structural brain imaging. Patients’ diagnoses were determined
by a multidisciplinary team of neurologists, neuropsychologists, and
nurses, after thorough neurological, neuroimaging, and neuropsycho-
logical assessments. For inclusion, all patients were required to have at
least two consecutive structural images performed on the same mag-

netic resonance imaging (MRI) scanner, which resulted in a total num-

RESEARCH IN CONTEXT

1. Systematic Review: The authors reviewed all peer-
reviewed articles on cross-sectional and longitudinal gray
matter atrophy in patients with behavioral variant fron-
totemporal dementia (bvFTD) that were available on
PubMed. Two cross-sectional studies have shown the
presence of anatomic subtypes of bvFTD based on pat-
terns of cortical and subcortical atrophy. No previous
study has investigated whether these subtypes show
temporal stability or distinct patterns of longitudinal
atrophy.

2. Interpretation: Our findings show that the four anatomic
subtypes of bvFTD are replicable, are stable over the
course of disease progression, and reflect divergent pat-
terns of longitudinal atrophy. This knowledge will help
clinicians and clinical researchers to better predict and
track individual patients’ disease progression.

3. Future directions: Although our study further disentan-
gles the neuroanatomical heterogeneity of bvFTD, future
studies still are needed to investigate whether the tempo-
rally stable anatomic subtypes are characterized by diver-
gent functional and white matter signatures or behavioral
phenotypes.

HIGHLIGHTS

* Behavioral variant frontotemporal dementia (bvFTD)
comprises four anatomic subtypes.

* Three subtypes are characterized by frontotemporal atro-
phy and one by subcortical atrophy.

¢ Thetemporal stability of the subtypes as disease advanced
ranges from 79% to 100%.

¢ Each subtype has a divergent pattern of longitudinal
cortico-subcortical atrophy.

« Evidence of stable bvFTD subtypes will help predict indi-

vidual disease progression.

ber of 205 observations across all patients. In addition, all patients
had clinical data, including Clinical Dementia Rating (CDR), CDR plus
NACC FTLD behavior and language domains sum of boxes,?%?2 and
Mini-Mental State Examination (MMSE)?Z3 as proxies of disease sever-
ity, if data were available within 90 days of structural imaging. CDR plus
NACC FTLD sum of boxes were acquired through a structured care-
giver interview and MMSE score was obtained through face-to-face
cognitive testing. For our longitudinal analysis investigating whether
the bvFTD subtypes showed different patterns of atrophy at base-

line and over time, for comparison we included longitudinal data from
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TABLE 1 Demographic and clinical characteristics of each bvFTD subtype

Controls SNF Subtype SNFT Subtype SAN Subtype SUB Subtype
Means + SD (n=27) (n=19) (n=15) (n=15) (n=23)
Age -y 62.7 +8.7 61.3+9.6 63.7+£5.6 62.9+9.3 620+9.6
Female sex - no. (%) 11 (40.8) 9(47.4) 5(33.3) 4(26.7) 9(39.1)
Education -y 16.8+1.8 16.0+2.7 15.9+28 15.4+3.0 16.4+3.8
CDR 0+0 1.3+0.6 14+0.7 1.0+0.5 0.9+0.6
CDR plus NACC FTLD sum of boxes? - 9.7+38 10.1+ 3.6 6.9+23 6.7+38
MMSE? 294+08 236+5.1 19.3+8.3 241+55 264+2.6
Age at disease onset? - 54.6 +10.2 57.6+59 56.7+58 543+12.7
Average time interval between two scans 2.39+1.48 148 +0.74 1.42 +0.50 154+ 1.17 2.67 +1.85

Notes: Group means and standard deviations were derived using the first assessment of each participant. One-way analysis of variance (ANOVA) and Tukey'’s
post hoc comparisons showed no significant group differences in age, education, and average time interval between two scans between controls and each
subtype, as well as among the four subtypes. Chi-square tests showed that the sex distribution between controls and the four subtypes, and among the four
subtypes, did not significantly differ from each other. One-way ANOVA and Tukey’s post hoc comparisons showed no significant group differences in CDR,
CDR FTLD sum of boxes, and age of disease onset between the bvFTD subgroups. The total number of observations for the patient group was 205; number of
patients with two timepoints = 37; number of patients with three timepoints = 18; number of patients with four or more timepoints = 17. The total number
of observations for the healthy control group was 79; number of controls with two timepoints = 4; number of controls with three timepoints = 21; number of
controls with four or more timepoints = 2.

2Group comparisons were performed only across patient groups.

Abbreviations: bvFTD, behavioral variant frontotemporal dementia; CDR, Clinical Dementia Rating Scale; CDR plus NACC FTLD, CDR plus Behavior and Lan-
guage domains from the NACC FTLD Module; MMSE, Mini-Mental State Examination; SAN, semantic-appraisal network predominant atrophy; SD, standard
deviation; SNF, salience network frontal predominant atrophy; SNFT, salience network frontotemporal predominant atrophy; SUB, subcortical predominant
atrophy.

27 healthy controls (79 observations). The eligibility criteria for the
healthy control group included normal cognitive performance (MMSE
score > 27) and normal brain imaging, as well as absence of neurologi-
cal, psychiatric, or other major medical illnesses. Demographic and clin-
ical characteristics of patients and healthy controls are presented in
Table 1. All participants gave their consent to participate and to share
data. The study was approved by the UCSF Institutional Review Board

Human Research Protection Program.

2.2 | Neuroimaging

All patients underwent a unified structural MRI acquisition protocol at
UCSF (1.5 Tesla: 17% of bvFTD group; 3 Tesla: 74% of bvFTD group,
100% of healthy controls; 4 Tesla: 9% of bvFTD group). We used the
Neuromorphometrics brain atlas (http://www.neuromorphometrics.
com) to define 18 frontal and temporal regions of interest (ROls) found
in the SN and SAN. The ROls included the anterior insula (Al), anterior
cingulate cortex (ACC), bilateral temporal poles, subcallosal area, basal
forebrain, gyrus rectus, posterior orbital gyrus, frontal operculum, and
amygdala. For each patient, we calculated the mean gray matter vol-

ume of each ROI.

2.2.1 | Cluster analysis with baseline scans

To replicate the four bvFTD anatomic subtypes in this enriched sample
of patients (n = 72), we used their baseline scan to perform the same

data-driven analytic approach as in our previous study (n = 52).3 For
this analysis, we used each patient’s first structural scan and included
all 18 SN and SAN ROls. In brief, we performed a cluster analysis using
the evalclusters function of the Matlab (MathWorks) statistical toolbox,
which is based on the kmeans clustering algorithm that partitions data
into mutually exclusive clusters and returns the index of the cluster
to which it has assigned each observation. We specified the clustering
evaluation criterion as “gap” and used squared Euclidean distance as

the distance metric.

222 |
dataset

Logistic regression analysis with longitudinal

To investigate the degree to which each patient’s subtype at baseline
remained stable over time, we performed a polytomous logistic regres-
sion model across all 72 patients and timepoints. The model was per-
formed independently for each subject and each follow-up scan, thus
there was no difference between subjects with one and subjects with
multiple follow-up visits. We determined the cluster assignment for
each patient and follow-up scan using the Matlab statistical toolbox
function mnrval. A polytomous logistic regression analysis models a
multinomial regression for nominal outcomes and estimates the cat-
egory probabilities for each outcome (i.e., each cluster identity). For
each patient and timepoint, the model used the volume estimates of the
18 ROIs and predicted the probability of the patient falling into each
of the four clusters. The cluster identity that was predicted with the
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highest probability was identified as the cluster assignment at each of
the follow-up scans.

2.2.3 | Voxel-wise linear mixed-effects (LME) model
analysis with longitudinal dataset

We used each patient’s and healthy control’s voxel-wise intercept to
compare each subtype’s average atrophy pattern at baseline with the
control group. In addition, to determine the typical longitudinal atro-
phy pattern for each anatomic subtype over time, we derived each par-
ticipants’ voxel-wise slope of change using a hierarchical Bayesian LME
model.2* In brief, the model rested upon two hierarchical levels: (1)
single-subject trajectory and (2) group’s trajectory. The trajectory was
described as a degree D = 1 polynomial; for example, the j-th time-
point of subject i had a gray matter density in one voxel y; such as
yij = dg‘,o ei‘j’tf+ ei(jl), which was fitted using a design matrix X2 where
tj was the subject’s age at the timepoint j acquisition day. o) and €®
were the first-level vectors of parameters and noise. The complete
model was: 60=X2 6212 X(1) and V) corresponded to the first-
level design matrix and noise. The second level was modeled by 69 =
X262 4 €@ where X@, 62 and €@ corresponded to the second-
level design matrix, parameters, and noise. At each level, the noise dis-
tribution was drawn from a centered Gaussian: €™ ~ N(0, C(E“)), where
Cg") was the hierarchical level u covariance matrix.

To compare the baseline atrophy pattern of each subtype with the
other three subtypes, we used the same LME model as described above
to derive each subject’s voxel-wise slope and to identify the voxels in
which the rate of atrophy was significantly different among the four
subtypes. A mask was then created by binarizing the family-wise error
corrected (P < 0.05 based on threshold free cluster enhancement) F-
test of the subtype differences by applying FSL-randomize with 5000
permutations.2>~27 LME models were run within the mask to deter-

mine the subtype that caused the group difference in a particular voxel.

3 | RESULTS

3.1 | Demographic and clinical characteristics

Seventy-two patients (45 men [62.5%], 27 women [37.5%]) were
included in the study, with mean age of 62.4 + 9 years at the first
scan. The mean CDR score was 1.1 + 0.6 and the mean MMSE score
was 23.7 + 5.9, showing that the cohort was generally at an early
stage of disease. The CDR plus NACC FTLD sum of boxes was avail-
able only in a subset of patients (n = 58), and the mean score was
8.32 + 3.9. As shown in Table 1, the healthy controls and the sub-
types were matched with regard to age, sex, education, and time inter-
val between two follow-up scans. The SNFT subtype had significantly
lower MMSE score (23.6 + 5.1) than the Subcortical subtype (26.4 +
2.6). However, the subgroups did not significantly differ with regard

to any other demographic or clinical variables, including age at disease

onset (see Table 1). In addition, LME model analyses showed that the
rate of clinical disease progression measured by both CDR and MMSE
did not significantly differ among the four subtypes.

3.2 | The four bvFTD subtypes are replicated

Using the same data-driven cluster approach as in our previous study,>
we replicated the four subtypes in the current, partially overlapping,
sample of patients with bvFTD (Figure 1A). Consistent with our prior
work, a voxel-wise approach (intercept of hierarchical Bayesian LME
model) demonstrated that at baseline the four subtypes were associ-
ated with divergent patterns of cortical atrophy but overlapping sub-
cortical (thalamus, striatum) atrophy (Figure 1B). Showing the same
patterns as previously observed,® (1) one subtype (SNFT) showed pre-
dominantly frontotemporal volume loss in the SN and SAN with sig-
nificant subcortical involvement. (2) The second subtype (SNF) was
associated predominantly with atrophy in frontal lobe regions of the
SN and in subcortical regions with relative sparing of temporal lobe
regions represented in the SAN. (3) The third subtype (SAN) was char-
acterized by volume loss in temporal lobe regions of the SAN with mild
involvement of subcortical regions. (4) The fourth subtype (Subcortical)
showed only mild subcortical (thalamus, caudate) atrophy with very

mild, inconsistent cortical atrophy.

3.3 | The bvFTD subtypes remain stable over time

We used a polytomous logistic regression model and the 18 SN and
SAN ROls to determine the probability that each baseline bvFTD sub-
type assignment would remain stable at subsequent scans. Figure 2
shows the subtype identities for all patients at each timepoint. The
overall prediction probability of the logistic regression model was
94% + 1.2, and the model revealed that 84.7% of patients across all sub-
types remained within the same subtype identity between baseline and
follow-ups. Specifically, 100% of patients whose subtype identity was
SNFT at baseline were also classified as SNFT at each subsequent scan
(Figure 2A, 2B). The large majority of patients assigned to one of the
other three subtypes at baseline (SNF, SAN, Subcortical) were assigned
to the same subtype identity at baseline and subsequent follow-ups,
with the highest percentage revealed in the Subcortical subtype (87%),
followed by the SAN (80%) and SNF (79%) subtypes (Figure 2C, 2E, 2G).
While the SNFT group had no patients with a time interval of more than
2 years, potentially contributing to the perfect longitudinal consistency
of classification in this subtype, in the other three subtypes patients’
longest interval ranged up to 6.6 years but there was still a high level of
consistency (Figure 2B, 2D, 2F, 2H). Figure 2 also shows that each sub-
type demonstrated a highly consistent assignment probability at base-
line, which was a replication from our data-driven clustering algorithm
described in our previous investigation.® In addition, Figure 2 shows
that a very high fraction of the follow-up scans were also assigned with
high probability rates to their cluster identities, speaking to the stabil-

ity of the clusters.
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FIGURE 1 A Brainregion of interest volumes from the salience (SN) and semantic-appraisal/limbic (SAN) networks of all behavioral variant
frontotemporal dementia (bvFTD) patients were modeled using a principal components analysis, and then a cluster analysis was performed to
identify any subgroups. Replicating our previous study, at baseline the groups separated into four distinct clusters, corresponding to four bvFTD
subtypes (salience network frontotemporal predominant atrophy [SNFT], salience network frontal predominant atrophy [SNF], SAN, and
Subcortical). B, The atrophy patterns of the four subtypes were replicated in this new sample using a voxel-wise linear mixed-effects (LME) model.
Consistent with our previous study, each subtype showed a unique pattern of cortical and subcortical atrophy at baseline. The SNFT subtype
demonstrated cortical atrophy in both the frontal and temporal lobes as well as subcortical atrophy in the caudate and thalamus. The SNF subtype
was associated predominantly with atrophy in frontal regions of the SN and in subcortical (caudate, thalamus) regions. Patients with the SAN
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3.4 | Similarities and differences in progressive
atrophy in the bvFTD subtypes

First, to show similarities across groups, we examined each subtype
separately by using the slope of the hierarchical Bayesian LME model
to determine each subtype’s rate of change in volume loss compared to
the healthy control group. Structures that fairly consistently showed
progressive atrophy over time across the cortical subtypes (SNFT, SNF,
SAN) included the frontal (dorsolateral prefrontal cortex, Al, ACC) and
temporal lobe (temporal pole, amygdala), caudate, thalamus, as well
as the parietal lobe (Figure 1C). The subcortical subtype showed pro-
gressive change in gray matter atrophy in similar frontal and parietal
regions as the cortical subtypes, though there was no temporal lobe
involvement (Figure 1C). There was no significant relationship between
change in atrophy and disease severity over time across the patient
sample and within each subtype. Second, we performed a spatial co-
localization analysis that directly compared all subtypes, mapping the
voxels that showed change over time across all subtypes compared to
the healthy control group (Figure 3, pink-colored regions). Our results
revealed overlapping atrophy with disease progression in small clus-
ters in the bilateral insula, ACC, and caudate across all four subtypes.
Because the Subcortical subtype showed less extensive atrophy over
time than the other subtypes, we also performed the co-localization
analysis across the cortical SNFT, SNF, and SAN subtypes. This anal-
ysis demonstrated overlapping atrophy in similar but more extensive
clusters than the previous four-group analysis, including the bilateral
anterior and posterior insula, the ACC, and the caudate (Figure 3, blue-
colored regions).

Next, to describe the differences in longitudinal atrophy progres-
sion across the four subtypes, we used separate LME models to com-
pare each subtypes’ voxel-wise change in volume over time with the
atrophy progression calculated across the other three subtypes (i.e.,
a series of one vs. three comparisons). Our results revealed that com-
pared to the other three subtypes, the SNFT subtype showed a signif-
icantly greater degree of volume loss in the bilateral posterior insula,
cerebellum, and occipital lobe over time (Figure 4). The SNF subtype
was associated with the most extensive overall longitudinal volume
loss compared to the other subtypes combined, and affected regions
included the left lateral and mesial temporal lobe, caudate, ACC, and
thalamus. The SAN subtype showed more parietal volume loss than the
other groups. The Subcortical subtype showed milder atrophy progres-
sion than the cortical subtypes, with relative preservation particularly
inthe bilateral temporal and parietal lobes, as well as in the caudate and

thalamus.

4 | DISCUSSION

This study demonstrates that the four bvFTD subtypes are replicable,
remain remarkably stable over time, and are associated with divergent
patterns of atrophy and rates of progression. The cortical subtypes are
each associated with a distinct cortical and subcortical atrophy pattern
at baseline and longitudinally. By contrast, patients with the Subcorti-
cal subtype show only mild subcortical (thalamic, striatal) atrophy at
initial evaluation, and their rate of atrophy progression is less exten-
sive thaninthe cortical subtypes. Though each subtype is characterized
by a unique pattern of volume loss, we also found overlap for all four
subtypes in which they demonstrated progressive atrophy in regions of
the SN, known to be the first to degenerate in bvFTD.28 This evidence
of both the anatomic stability within each subtype and the anatomic
heterogeneity among subtypes provides more precise information sup-
porting the prediction of individual disease trajectories. Anatomical
predictions in individual patients are needed to identify patients at risk
for poor clinical outcomes and to assess treatment efficacy in disease-
modifying FTD clinical trials.

Understanding the clinical, anatomical, and pathological hetero-
geneity of bvFTD is essential to improve early diagnosis and treatment
of affected patients. However, the majority of previous studies have
investigated research questions in which patients with bvFTD have
been considered a homogenous group. In this study, several analyses
provide evidence that bvFTD is better classified into distinct anatom-
ically heterogeneous groups, which differ both at baseline and in pat-
tern of atrophy progression. First, our previously identified subtypes
were replicated at baseline in a larger sample of patients and with
a different, voxel-wise LME model method, demonstrating generaliz-
ability of the anatomic clustering approach. Second, our results show
that each subtype remains stable over time, with probabilities rang-
ing from 79% to 100% depending on bvFTD anatomic subtype. Third,
our voxel-wise LME analysis revealed that the four bvFTD subtypes are
associated with distinct patterns of atrophy over time, with subtype
differences found in bilateral posterior (cerebellum, occipital) regions
(SNFT), in the left mesial and lateral temporal lobe (SNF), in the parietal
lobe (SAN), and in subcortical (caudate, thalamus) regions (SNF, Sub-
cortical). Finally, we found that the subtypes differ with regard to the
severity of atrophy both at baseline and follow-ups. The Subcortical
subtype showed milder atrophy both at initial evaluation and with dis-
ease progression than the cortical subtypes, whereas the SNF subtype
showed the most extensive longitudinal atrophy among all subtypes.
We previously examined the distributions between subtype and FTLD

pathology in a subset of 24 pathology-proven patients assessed by an

subtype had atrophy in the temporal but not frontal lobe and mild subcortical atrophy. The Subcortical subtype was characterized by thalamic and
caudate atrophy, with very mild cortical volume loss. C, When longitudinal characteristics were examined in the same voxel-wise LME analysis by
comparing each bvFTD subtype to a healthy control group, it revealed that the cortical subtypes had distinct patterns of progressive atrophy in
widespread regions of the frontal, temporal, parietal, and occipital lobes, as well as in subcortical regions. Though the Subcortical subtype was
characterized by predominantly subcortical atrophy at baseline, its pattern of progressive cortical and subcortical atrophy was similar to the

cortical subtypes but did not include the temporal lobe
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FIGURE 2 Apolytomous logistic regression model of patients’ cluster identity at all timepoints revealed that depending on subtype, the
majority of patients remained within the same subtype identity over the course of disease progression. (A & B) All patients with the salience
network frontotemporal predominant atrophy (SNFT) subtype had the same subtype identity at baseline and subsequent follow-ups. Temporal
stability was also observed in the large majority of patients with the other subtypes:87% in the Subcortical subtype (G & H), 80% in the
semantic-appraisal network predominant atrophy (SAN) subtype (E & F), and 79% in the salience network frontal predominant atrophy (SNF)
subtype (C & D). This high level of consistency across multiple timepoints was observed in subtypes including patients with both short (2 years in
the SNFT subtype, A & B) and long time intervals (6.6 years in the Subcortical subtype, G & H) between the first and last scan

extensive post mortem assessment at UCSF. This work demonstrated
that despite the focality of atrophy in the four subtypes, they were neu-
ropathologically diverse.® Based on this, our findings suggest that the
location of atrophy at baseline may be a better predictor of how atro-

phy will progress with disease than the underlying pathology. Using this

neuroanatomic classification for bvFTD can be valuable for clinicians
and clinical researchers because the classification may help them cor-
rectly diagnose bvFTD patients despite wide differences in the pattern
and degree of gray matter atrophy, and more precisely predict the dis-

ease progression of individual patients, including location and severity
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Longitudinal atrophy in SNFT, SNF, SAN
B |_ongitudinal atrophy in SNFT, SNF, SAN and Subcortical

FIGURE 3 All behavioral variant frontotemporal dementia (bvFTD) subtypes show a common core of progressive atrophy in regions of the
salience network (SN). A spatial co-localization analysis revealed that all four subtypes demonstrated change over time in overlapping voxels in the
bilateral insula, anterior cingulate cortex (ACC), and caudate (pink color). When the analysis was performed only across the cortical (salience
network frontotemporal predominant atrophy [SNFT], salience network frontal predominant atrophy [SNF], semantic-appraisal network
predominant atrophy [SAN]) subtypes, the same bilateral regions (insula, ACC, caudate) were revealed but the clusters were bigger (blue color)

of atrophy. Our results also suggest that more precise classification of
atrophy patterns at baseline and subsequent follow-ups may be use-
ful when defining endpoints in clinical trials for patients with different
bvFTD subtypes.??

The current findings, added to our previous work,® provide evi-
dence for a stable Subcortical subtype with only mild cortical involve-
ment at baseline and a milder atrophy course with disease progression,
which is a novel classification that extends beyond the findings of a
previous study that revealed four cortical subtypes.2° This highlights
that damage to subcortical regions of key FTD brain networks is suffi-
cient to cause a full-blown bvFTD syndrome, demonstrating the impor-
tance of both subcortical regions and cortico-subcortical connections
for the development of behavior changes in patients with bvFTD.31-3>
Because our study did not include behavioral data, the question of
whether the Subcortical subtype is associated with milder symptom

progression over time and longer disease duration needs to be inves-

tigated in future studies. The importance of subcortical regions in the
disease progression of bvFTD has been demonstrated in another study
showing that FTD patients show more subcortical (striatal, thalamic)
atrophy over time compared to patients with AD.3¢

Despite the anatomic heterogeneity seen in the four subtypes,
our co-localization analysis showed that all subtypes are associated
with progressive atrophy in the Al and ACC, which are the first sites
of neurodegeneration in bvFTD.2837:38 The Al is the limbic sensory
region and the ACC the limbic motor region of the SN, which together
guide behavior based on the most homeostatically relevant signals
from the body and the environment.173? Thus, our results show that
despite different atrophy patterns at baseline and over time, the
four bvFTD subtypes show overlapping SN atrophy, adding to exist-
ing evidence that this is the common etiology for the pathognomonic
and progressive changes in behavior that are the core features
of bvFTD.40-43
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More volume loss compared to other subgroups

Less volume loss compared to other subgroups

FIGURE 4 Eachsubtype shows a unique pattern of longitudinal atrophy compared to the other three subtypes. The salience network
frontotemporal predominant atrophy (SNFT) group showed significantly more atrophy in small clusters in the bilateral posterior insula and in
posterior brain regions (cerebellum, occipital lobe) than the other subtypes. The salience network frontal predominant atrophy (SNF) subtype was
associated with the most extensive spread of atrophy longitudinally, and the most affected regions included the left temporal lobe and the caudate.
Patients with the semantic-appraisal network predominant atrophy (SAN) subtype showed more atrophy in the parietal lobe compared to the
other subtypes. The subcortical subtype demonstrated milder volume loss over time than the cortical subtypes, with progressive atrophy
occurring predominantly in the temporal and parietal lobes as well as in subcortical regions (thalamus, caudate).

5 | LIMITATIONS AND CONCLUSIONS

The goal of our study was to investigate the anatomic stability of four
previously identified bvFTD subtypes, and to examine differences in
the longitudinal atrophy patterns. A limitation of our work is that we
did not yet investigate longitudinal brain-behavior relationships, thus

we cannot draw any conclusions about the correspondence of each

subtype’s pattern of progressive gray matter volume loss and their clin-
ical presentation over time. This study also focused only on gray mat-
ter volume in these patients, thus additional analyses of white matter
connectivity differences, and a multimodal analysis of the functional
and behavioral sequelae of these structural changes, is warranted to
fully characterize these subtypes. Additional replication of the four

anatomic subtypes of bvFTD in a completely independent sample of
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bvFTD patients will also be valuable to further confirm their general-
izability.

Overall, we conclude that the bvFTD syndrome is not a single entity,
but clusters into four anatomically stable subtypes, each characterized
by a unique pattern and degree of cortical and subcortical atrophy at
baseline and over time. Our findings support the network view of brain
functions, showing that neurodegeneration in distinct hubs of a net-
work can cause the same bvFTD phenotype. In addition, compared to
previous research, our results provide a more nuanced picture of the
anatomical heterogeneity of disease progression in bvFTD, which may
help to better predict the anatomical trajectories of individual patients
with one of the four baseline atrophy patterns. This knowledge can
be used both in neurological practice and clinical trials to predict an
individual patient’s atrophy progression to more precisely identify the

impact of new disease-modifying therapies.
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