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Importance—Clearer delineation of the phenotypic heterogeneity within behavioral variant
frontotemporal dementia (bvFTD) will help uncover underlying biological mechanisms, and will
improve clinicians’ ability to predict disease course and design targeted management strategies.

Objective—To identify subtypes of bvFTD syndrome based on distinctive patterns of atrophy
defined by selective vulnerability of specific functional networks targeted in bvFTD, using
statistical classification approaches.

Design, Setting and Participants—In this retrospective observational study, 104 patients
meeting the Frontotemporal Dementia Consortium consensus criteria for bvFTD were evaluated at
the Memory and Aging Center of Department of Neurology at University of California, San
Francisco. Patients underwent a multidisciplinary clinical evaluation, including clinical
demographics, genetic testing, symptom evaluation, neurological exam, neuropsychological
bedside testing, and socioemotional assessments. Ninety patients underwent structural Magnetic
Resonance Imaging at their earliest evaluation at the memory clinic. From each patients’ structural
imaging, the mean volumes of 18 regions of interest (ROI) comprising the functional networks
specifically vulnerable in bvFTD, including the ‘salience network’ (SN), with key nodes in the
frontoinsula and pregenual anterior cingulate, and the ‘semantic appraisal network’ (SAN)
anchored in the anterior temporal lobe and subgenual cingulate, were estimated. Principal
component and cluster analyses of ROI volumes were used to identify patient clusters with
anatomically distinct atrophy patterns.

Main Outcome Measures—We evaluated brain morphology and other clinical features
including presenting symptoms, neurologic exam signs, neuropsychological performance, rate of
dementia progression, and socioemotional function in each patient cluster.

Results—We identified four subgroups of bvFTD patients with distinct anatomic patterns of
network degeneration, including two separate salience network—predominant subgroups: frontal/
temporal (SN-FT), and frontal (SN-F), and a semantic appraisal network—predominant group
(SAN), and a subcortical-predominant group. Subgroups demonstrated distinct patterns of
cognitive, socioemotional, and motor symptoms, as well as genetic compositions and estimated
rates of disease progression.

Conclusions—Divergent patterns of vulnerability in specific functional network components
make an important contribution to clinical heterogeneity of bvFTD. The data-driven anatomical
classification identifies biologically meaningful phenotypes and provides a replicable approach to
disambiguate the bvFTD syndrome.

INTRODUCTION

Behavioral variant frontotemporal dementia (bvFTD) is a clinical syndrome associated with
frontal-predominant neurodegeneration.1-3 Despite numerous detailed accounts, no
systematic understanding of the nature, frequency, and mechanisms of bvFTD clinical
symptoms has arisen, in part due to tremendous diversity across patients.

The recent realization that unique functional neural networks are selectively vulnerable in
bvFTD has fueled new insights to the syndrome’s clinical and pathological diversity.47
Evidence suggests that along with other networks, bvFTD targets intrinsic networks
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responsible for social-emotional-autonomic processing, i.e. the salience network (SN), and
semantically-driven personal evaluation, the “limbic” or semantic appraisal network
(SAN).8-10 The SN includes the frontoinsula and pregenual anterior cingulate structures and
is closely allied with the SAN, which includes the temporal pole, ventral striatum, subgenual
cingulate, and basolateral amygdala. We hypothesized that patterns of regional vulnerability
of brain structures that undergo network-specific degeneration may reveal distinct subtypes
within the bvFTD syndrome. A network layout will unfold clinical portfolios characterized
by uniquely disrupted functional architecture and will provide specific therapeutic targets for
pharmacological and behavioral treatments.

We examined the prevalence of early clinical symptoms in a large sample of bvFTD patients
(n=104), and report the key features of their initial clinical presentation. We used statistical
classification approaches to identify subgroups of patients with different patterns of grey
matter loss in specific regions of interest in the SN and SAN, and report distinct symptom
profiles of each subgroup.

METHODS

Subjects

One hundred and four patients, meeting the International bvFTD Criteria Consortium
(FTDC) revised guidelines for the diagnosis of bvFTD,! were evaluated at the University of
California, San Francisco (UCSF) Memory and Aging Center (MAC). All patients
underwent a complete clinical history, physical examination, neuropsychological evaluation
and structural brain imaging. The diagnosis was made at a multidisciplinary consensus
meeting for each patient individually. A retrospective chart review fulfilled the FTDC
criteria for a subset of patients (n=16) who were initially diagnosed with Neary criteria.
Eligibility criteria for age-matched healthy participants (n=44), who contributed as imaging
controls included normal cognitive performance, normal structural brain image, and absence
of neurological, psychiatric, or other major medical illnesses. Informed consent was
obtained from all participants or their assigned surrogate decision makers. The study was
approved by UCSF institutional review board for human research.

Clinical evaluation and detailed behavioral assessment

Clinical dementia rating (CDR), CDR Sum of Boxes (CDRSOB), and Frontotemporal Lobar
Degeneration modified CDRSOB (FTLD-CDRSOB), were completed for each patient via a
structured caregiver interview at the first visit to the memory clinic. Mini Mental State Exam
(MMSE) and dementia rating scores were recorded at the first presentation to memory
clinic. The National Alzheimer's Coordinating Center (NACC) symptom checklist to
identify specific behavioral deficits was completed for 94 patients within 12 months of the
first presentation to memory clinic. Patients included in the subsequent volumetric analyses
(described below), completed their neuropsychological, socioemotional and neurological
examinations within 90 days of structural brain imaging (eMethods). Socioemational tests
included The Awareness of Social Inference Test (TASIT),12 UCSF Cognitive Theory of
Mind (cTOM),13 Interpersonal Reactivity Index (IRI1)141° and Interpersonal Adjective Scale
(|As)_16,17
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Genetic analysis and autopsy

Genetic analysis identified the presence of FTD-causing mutations in CIORF72,
microtubule-associated protein tau (MAPT), and progranulin (GRN).18 Six patients chose to
withhold from genetic testing. In the subset of bvFTD patients without an FTD-causing
mutation, the frequency of GRNand MAPT allele distributions were compared to the
normal population data from National Center for Biotechnology database. Twenty-four
patients underwent autopsy and complete neuropathological assessment (eMethods).

Cross sectional model across stages of disease severity

To examine the effect of disease severity on symptomatology, utilizing the data from follow-
up evaluations at the MAC, we generated a cross sectional model to categorize patients
according to their FTLD-CDRSOB score.1? Based on previous evidence of ~3.5 annual gain
of CDRSOB in bvFTD patients,2° we identified four levels of disease severity (FTLD-
CDRSOB: 4-7.5, 8-11.5, 12-15.5, >16). We semi-randomly assigned patients into four
roughly equal sets (n=29, n=27, n=28, and n=20, for FTLD-CDRSOB: 4-7.5, 8-11.5, 12—
15.5, = 16, respectively).

Cluster analysis and Principal Component Analysis

Ninety patients underwent a unified structural Magnetic Resonance Imaging (MRI)
acquisition protocol (1.5, 3, or 4 Tesla), and were included in grey matter volume assessment
(eMethods) using Voxel Based Morphometry (VBM) toolbox of Statistical Parametric
Mapping (SPMS8; http://www.fil.ion.ucl.ac.uk/spm/software/spm8/). We used the
Neuromorphometric brain atlas (http://www.neuromorphometrics.com) to define regions of
interest (ROI) uniquely contributing to 4 potentially bvFTD-affected networks, including
SN, SAN, default-mode,21:22 and frontoparietal networks.23:24 Initial analyses showed no
statistical benefit of default-mode and frontoparietal structures, hence the final models
included only the 18 frontal and temporal ROIs comprising the SN and SAN networks.
These included, bilaterally, the temporal poles, gyrus recti, subcallosal areas, anterior
cingulate gyri, anterior insulae, basal forebrains, frontal operculae, posterior orbital gyri, and
amygdalae. We estimated the mean grey matter volume of each ROI, for each patient, and
used a cluster analysis based on Euclidean distance to derive four clusters of bvFTD patients
(eMethods). Using the same ROIs, we performed a principal component analysis (PCA) to
demonstrate the association between patient clusters and SN and SAN volume loss. We
mapped each patient onto the Euclidean space based on the 15t and 2"d components of the
PCA keeping their cluster identity. We modeled the analysis to identify the greatest possible
number of distinct clusters of bvFTD patients that remained meaningfully separated when
mapped onto dimensional space, with the result that 4-cluster solution was the best fit. We
used a polytomous logistic regression model to determine the stability of the clusters
(eMethods). VBM-derived grey matter volumes of the four bvFTD clusters were compared
to an age-matched control population (n=44; age=62.7+1.5). PCA, cluster, and logistic
regression analyses used MatL ab statistical toolbox. Statistical comparisons of clinical-
behavioral measures between subgroups were performed using SAS (SAS Institute, Cary,
NC).
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RESULTS

Presentation and progression of bvFTD syndrome

bvFTD patients presented to the memory clinic at an average age of 61 years (Table 1).
Initial clinical assessment within 12 months of the first presentation revealed an MMSE of
22.5,a CDRSOB of 7.3, and an FTLD-CDRSOB of 9.9 (Table 1). 27.6% of patients who
underwent genetic assessment (n=98) showed a genetic mutation. CI9ORF72 accounted for
more than 50% of mutations (Table 1). Mutation-negative bvFTD patients showed a trend
towards a higher frequency of GRN-T-allele (rs5848, P=.054).

Each core symptom of FTDC criteria showed > 70% prevalence, although no symptom was
100%, highlighting the clinical heterogeneity of bvFTD (Figure 1A). 73% of bvFTD patients
presented with behavioral abnormalities as their first symptom (Figure 1B), while the rest
presented with executive (16%), memory (6%), language (4%), or motor (1%) deficits as
their first symptom. Visuospatial, sensory, or constitutional deficits were not reported as first
symptoms. Based on NACC symptom categories, personality change was the most common
early behavioral symptom (Figure 1C). Apathy, emotional blunting, disinhibition, obsessive
behavior, and altered eating habits, were the next most common behavioral symptoms,
respectively (Figure 1C). Violent behaviors and hallucinations were the least prevalent
behavioral symptoms (data not shown). Prevalence of symptoms in all domains increased as
the disease progressed (Figure 1D). 100% of patients reported both behavioral and executive
deficits by the point of moderate severity, i.e.FTLD-CDRSOB 12-15.5. Although never
reported as first symptoms, visuospatial and constitutional symptoms were reported in a
subset of patients at all stages of severity (Figure 1D).

bvFTD subgroup analyses

We next tested the hypothesis that subsets of patients within the bvFTD syndrome would
show distinct patterns of atrophy2>-27 based on vulnerability of brain structures that undergo
network-specific degeneration in bvFTD. More specifically, we predicted that unique
subgroups of patients would be identified based on volumetric differences in SN and SAN
structures.”-9-28 We identified 4 patient clusters based on 18 ROIs defining SN and SAN. A
polytomous regression model predicted the assigned cluster with >0.80 probability for 99%
of the patients and confirmed cluster stability. Keeping their cluster identity, we mapped
each patient onto dimensional space derived from a PCA analysis based on the same ROIs
(Figure 2A). Three of the four subgroups showed a distinct mapping along the 15t dimension
(Figure 2A-top panel, yellow, blue and green subgroups). Both SN and SAN volumes
contributed strongly to 15t dimension (Figure 2A—bottom panel, grey-scale gradient along x-
axes), indicating that 15t dimension primarily predicts the overall degree of cortical atrophy.
The 2" dimension of the PCA more distinctly predicted the SAN volume (Figure 2A—
bottom panel), and the cluster analysis identified a subset of patients with high SAN and
intermediate SN volume loss (pink subgroup). Both yellow and blue subgroups show higher
degree of SN volume loss (Figure 2A).

VBM of each subgroup compared to an age-matched control group demonstrated distinct
pattern of atrophy (Fig 2B). Three of the four clusters showed significant cortical atrophy
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(Figure 2A,B). One group showed both frontal and temporal grey matter loss with
significant subcortical involvement (yellow dots, labeled SN frontal-temporal, or SN-FT),
while the second group showed predominantly frontal and subcortical involvement (blue
group, labeled SN frontal, or SN-F). The third cluster, which included patients with a high
degree of atrophy to SAN structures, showed atrophy localized to right temporal lobe, with
only modest subcortical involvement (pink group, labeled semantic appraisal network, or
SAN). Finally, the fourth subset of patients showed minimal cortical and predominantly
subcortical atrophy (green dots, labeled subcortical).

Global cognitive dysfunction, genetic, and neuropathologic features of bvFTD
subgroups—There were no differences between subgroups in age at evaluation, disease
duration, and depression (Table 2). SN-FT had significantly higher dementia rating scores
(i.e. CDR and FTLD-CDRSOB) and poorer MMSE scores compared to the subcortical
group, while all other pairwise comparisons on symptom severity were equivalent.
Subcortical patients, compared to other subgroups, showed a slower trend in disease
progression (eFigure 1, P=.07).

The subgroups showed differences in their distribution of mutation carriers and of primary
neuropathology. C9ORF72 mutations were found in all subgroups, comprising the majority
(88%) of mutations found in subcortical group, 40% of SN-FT and SN-F mutation carriers,
and 33% of SAN mutation carriers (Figure 2C). The remaining 60% in the SN-FT group had
exclusively MAPT mutations, while the remaining 60% in the SN-F group had exclusively
GRN mutations (Figure 2C). All subgroups showed both Tau and TDP neuropathology
(Figure 2D; n=24). 83% (5 of 6) of the subcortical group showed TDP, with the remaining
patient having argyrophilic grain disease. All 3 patients with corticobasal degeneration
pathology belonged to SN-F group. Pick’s disease was found in 2 patients, each classified as
SN-FT and SAN. These results suggest that subcortical-type bvFTD patients have a higher
likelihood of TDP pathology.

FTDC criteria and presenting symptoms of bvFTD subgroups—Core FTDC
symptoms were found in the majority of patients in all 4 subgroups. The overall
heterogeneity of symptom profiles across all bvFTD patients was partly explained by
specific within-subgroup patterns; e.g. SAN patients showed 100% prevalence in
disinhibition, with lower rates in other subgroups, and SN-FT patients showed 100%
prevalence in hyperorality, with < 80% in other groups (Figure 3A). SN-F patients had the
highest prevalence of altered neuropsychological performance (Figure 3A), and the highest
rate of dyexecutive first symptoms (Figure 3B). 60% of SAN patients showed early
obsessive behaviors, though it was <25% in other groups.

Neurological exam, neuropsychological bedside testing and socioemotional

evaluation of bvFTD subgroups—Neurological examination showed different rates of
signs across subgroups, however, only abnormal gait reached statistical significance (Table
2; SN-FT 0%, other groups 16-37%, /<.010).

In neuropsychological bedside testing, all groups showed clinical impairments in aspects of
executive, visuoconstruction, memory, and language testing. SN-F group showed worse
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executive function with significantly poorer digit-span-backward and lexical fluency abilities
in pairwise comparisons (Table 2). SN-FT showed the most predominant memory
dysfunction and significantly better syntax comprehension in pairwise comparisons (Table
2).

Socioemotional testing also revealed distinct clinical impairments across subgroups. 100%
of SAN group was impaired at sarcasm detection, while only 28% were impaired in the
subcortical group (Figure 3D). SAN showed significantly low scores in sarcasm detection
compared to subcortical group in pairwise comparisons (Table 2). As a whole, the SAN
group fell in the normal range for empathy and interpersonal and warmth (Table 2), while
both SN-FT and subcortical groups showed diminished empathic perspective taking,
empathic concern and, warmth. Only 59% of subcortical patients were impaired on complex
social cognition, whereas 100% of patients in all other subgroups were impaired (Figure
3D).

DISCUSSION

We characterized a large cohort of bvFTD patients with detailed clinical and genetic
evaluation and structural brain imaging. When patients were clustered into subgroups based
on atrophy patterns, distinct profiles of neuropsychological, socioemotional, motor, and
other clinical symptoms arose that provided greater precision within the striking
heterogeneity seen across the group as a whole.

Our results underscored the diversity of the bvFTD syndrome. None of the FTDC criteria
reached 100% prevalence, indicating that no one symptom is perfectly sensitive and specific
to bvFTD. Nearly one quarter of our sample presented with first symptoms that were not
behavioral (i.e. executive, memory, language, motor), suggesting that a non-behavioral first
symptom cannot be taken as evidence that bvFTD will not emerge as the dominant clinical
syndrome. Motor, visuospatial and constitutional symptoms, though considered atypical for
bvFTD, were observed in a minority of patients. Despite the heterogeneity, however,
personality, and socioemotional changes dominated throughout the disease, hence,
reiterating the importance of standardized tools to quantify these deficits in bvFTD.

The discovery of intrinsic brain connectivity patterns has led to delineation of specific
functional networks distributed in frontal and temporal lobes that are selectively vulnerable
in bvFTD. Previous attempts have been made to identify subtypes of bvFTD based on
clinical symptoms.2:2%-31 Whitwell and colleagues?® performed one large study using
statistical classification approaches based on regional anatomy, specifically 26 volumetric
ROIs representing all structures in the frontal, temporal and parietal lobes, and suggested
that bvFTD could be subdivided into different anatomic subtypes. Here, we extend these
findings by demonstrating that volume loss in specific vulnerable functional networks alone
accounts for the majority of meaningful anatomic variance in bvFTD. Though in our initial
analytic approach we included additional network structures from frontoparietal and default-
mode networks, we found that 18 volumetric ROIs from SN and SAN were adequate to
classify patients into four subgroups. The SN-F and SN-FT subgroups paralleled the
“frontal-predominant” and “frontotemporal-predominant” subgroups identified by Whitwell
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et al, respectively.2> The SAN subgroup was comparable to Whitwell et.a/*s “temporal
dominant” group, although, as opposed to the largely bitemporal atrophy distribution they
identified, our network-based approach identified a subset of predominantly right temporal
patients.

We also identified a novel subgroup, representing 36% of our cohort, who have minimal
cortical atrophy (i.e. subcortical). This finding is relevant to the debate around slowly
progressive-bvFTD or “bvFTD-phenocopy”.31-33 Previous studies have reported a
significant fraction of patients with minimal cortical atrophy and slow progression, yet
otherwise having a clear bvFTD syndrome. Some have suggested that these patients may not
have an underlying neurodegenerative disease.3! The current subcortical group showed >

70 % prevalence in each core diagnostic symptom, while nearly 30% carried an FTD-related
mutation, and the six autopsy diagnoses were 100% FTLD. This group also included
patients with the slowest progression. These results confirm that the subcortical group is a
true neurodegenerative phenotype, and the most likely degenerative pattern in patients with
slowly progressive-bvFTD. The minimal cortical atrophy suggests that, in these patients, the
typical bvFTD syndrome may result from disconnection of major network hubs from their
striatal or thalamic partners.34

Identifying distinct subgroups within the bvFTD syndrome provides a neural substrate
explaining much of the diversity reported in previous studies. The statistical division of
patients with clear SN atrophy into two separate groups (SN-F and SN-FT) emphasizes that
the presence of temporal atrophy /in addition to frontal SN damage provides a meaningful
anatomical differentiation of bvFTD patients. While one might initially presume that the
SN-FT group simply represents the SN-F phenotype at a more advanced stage of disease
severity, this hypothesis is contradicted by the clinical data, where SN-F patients showed
worse executive abilities and more neurological exam abnormalities, particularly in gait and
coordination, compared to SN-FT patients. The genetic and pathological probabilities were
also distinct between SN-F and SN-FT groups. Given that both groups have similar degrees
of structural damage to frontal SN structures, functional disruptions that require further
investigation may likely underlie these divergent patterns.

The SAN subgroup, although consisting of fewer patients, showed very distinct behavioral
characteristics. All SAN patients showed behavioral disinhibition, highlighting the centrality
of right SAN/temporal lobe contributions to socioemotional sensitivity and maintenance of
social decorum. The high prevalence of obsessive behaviors may reflect disruption in
patients’ ability to value objects of interest, which is consistent with dysfunctional rostral
caudate and medial orbotofrontal nodes of SAN.3:3¢ Consistent with the central role of right
temporal structures in person perception, the SAN group also showed striking impairments
in paralinguistic sarcasm detection (i.e., voice prosody, facial-expression).3” This suggests
that SAN disruption may play a specific role in bvFTD patients’ difficulty in translating
auditory and visual signals into meaningful social interactions. Preserved interpersonal
warmth and empathic concern of SAN patients, indicates the critical role of their relatively
intact frontal brain structures in these behaviors.38:39 Despite the focality of atrophy in the
SAN group, they were neuropathologically diverse, comprising patients with TDP-B, Pick’s,
and FTDP-17 tau pathology, and included patients with C9, GRN, and MAPT mutations.
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Although the UCSF-MAC has a high diagnostic accuracy rate, with clinical diagnosis of
bvFTD predicting an FTLD pathology in >95% of cases,!! future studies must corroborate
these results in a clinicopathologically diagnosed cohort. Also, prospectively followed
longitudinal studies will provide comprehensive phenotypic characteristics of each
subgroup. This study suggests that classification of bvFTD patients by their patterns of
volume loss in key networks may yield greater clarity in predicting patients’ specific
cognitive, behavioral, and motor symptoms, as well as rate of progression. The identification
of a subset of bvFTD patients with primarily subcortical atrophy, who are more likely to
have TDP neuropathology and C9 mutations, suggests this approach also has modest utility
for prediction of molecular pathology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Prevalence of FTDC criteria and major symptom domains in bvFTD
A: Prevalence of core diagnostic features of bvFTD patients. B: Percentage of patients with

the initial symptoms in behavior, executive, memory, language, and motor domains. C: Rates
of NACC behavioral symptom checklist categories in bvFTD patients during the first 12
months of presenting to memory clinic (n=94). Note that only the top six symptoms are
shown in descending order from left to right. D: The rates of symptoms in each of the main
domains, in bvFTD patients categorized according to their disease severity (i.e. FTLD-
CDRSOB score). FTDC = Frontotemporal Dementia Criteria Consortium; FTLD-CDRSOB
= Frontotemporal Lobar Degeneration modified Clinical Dementia Rating Sum of Boxes
(CDRSOB); NACC = National Alzheimer Coordinating Center.
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Figure 2. Anatomic subtypes of bvFTD

bvFTD patients are clustered into four distinct subgroups based on the degree of atrophy in
18 ROIs defining SN and SAN functional networks. The four clusters consist of two distinct
SN affected groups — frontotemporal (SN-FT, the yellow dots) and frontal (SN-F, the blue
dots), one SAN affected group (the pink dots), and one subcortical group (green dots). A
(top panel): Each patient is colored according to their cluster assignment and plotted onto
the first two dimensions of a principal component analysis based on the same 18 ROIs. A
(bottom panels): The grey scale indicates the normalized volume of the sum of each
patient’s ROIs representing the SN and SAN networks respectively, where darker colors
show greater degree of volume loss. x and y axes are the same as for the top panel. B: Voxel
based morphometry-derived atrophy maps of each bvFTD subgroup. T maps show the
atrophy patterns compared to age matched normal controls (h = 44), and are superimposed
onto whole-brain template derived from elderly normal controls. Effects are corrected for
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age, gender and total intracranial volume of each individual, and are corrected for family-
wise error at the whole brain level at A/<.05. C: Percentage of mutation carriers for
CI9ORF72, MAPT, or GRN mutations in each subgroup. D: Percentage of patients found to
have specific classes of neuropathology associated with each bvFTD subgroup, among the
subset of patients with autopsy diagnosis. Patients who were diagnosed as Tau-other
pathology included two SN-FT patients with FTLD-tau with MAPT mutation, one SAN
patient with FTDP17, and one subcortical patient with argyrophilic grain disease. CBD =
corticobasal degeneration; C9ORF72 = chromosome 9 open reading frame 72
hexanucleotide expansions; FTDP-17=Frontotemporal dementia with parkinsonism-17;
FTLD=Frontotemporal lobar degeneration; GRN = progranulin; MAPT microtubule-
associated protein tau; ROI = region of interest; SAN = sematic appraisal network; SN =
salience network; TDP = transactive response DNA-binding protein 43.
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Figure 3. FTDC criteria, presenting symptoms and socioemotional dysfunction in bvFTD
subgroups
A: Prevalence of core diagnostic features in each bvFTD subgroup. B: Percentage of patients

in each bvFTD subgroup with the initial symptoms in behavior, executive, memory,
language, and motor domains. C: Rates of NACC behavioral symptom checklist categories
in each bvFTD subgroup during the first 12 months of presenting to memory clinic. Note
that only the top six symptoms are shown in descending order from left to right. D: Rates of
specific socioemotional impairments observed in each bvFTD subgroup. Socioemotional
function was considered impaired at a Z-score<1.35 based on published normative samples
of age-matched healthy controls. Complex social cognition, emotion naming and sarcasm
detection (paralinguistic, i.e. voice prosody and facial expression) abilities were measured
with The Awareness of Social Inference Test. Cognitive perspective taking was assessed
with the UCSF Cognitive theory of Mind (cTOM) test. Interpersonal assertiveness and
warmth were measured with the Dominance and Warmth subscales of the Interpersonal
Adjective Scales. Empathy was measured with the Interpersonal Reactivity Index. FTDC =
Frontotemporal Dementia Criteria Consortium; NACC = National Alzheimer Coordinating
Center.
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Table 1

Patient Characteristics

bvFTD patients (n=104)

Age at disease onset— yr 54.8+9.5
Age at first evaluation — yr 60.8 +8.2
Male sex — no. (%) 63 (60.6)
White - no. (%) 94 (90.4)
Right handedness — no. (%) 93 (89.4)
Education — yr 16.8+9.0
MMSE at initial evaluation 225+71
CDR at initial evaluation 14x07
CDRSOB at initial evaluation 73+35
FTLD-CDRSOB at initial evaluation? | %9 %42
Mutation carriers — no. (%)b 27(21.6)
C90RF72 - no. (%) 15 (55.6)
GRN - no. (%) 6 (22.2)
MAPT - no. (%) 6 (22.2)
GRN T allele frequency — no. (%) mn (31_1)1:
Tau H1 allele frequency — no. (%) 107 (81.1)

Abbreviations: bvFTD = behavioral variant frontotemporal dementia; CDR = Clinical Dementia Rating; CDRSOB = CDR Sum of Boxes;
CI90ORF72 = chromosome 9 open reading frame 72 hexanucleotide expansions; FTLD-CDRSOB = Frontotemporal Lobar Degeneration - modified
CDRSOB; GRN = progranulin; MAPT microtubule-associated protein tau; MMSE = Mini Mental State.

Age, MMSE, CDR, CDRSOB, and FTLD-CDRSOB, at initial evaluation represent patient characteristics measured within one year of first
presentation. Values for age, education, MMSE, CDR, CDRSOB, and CDR-FTLD, are mean + standard deviations. Race or ethnic group was self-
reported. Scores on the MMSE range from 0 to 30, with higher scores denoting better cognitive function. Scores on the CDR, CDRSOB, and
FTLD-CDRSOB range from 0 to 3, 0 to 18 and 0 to 24, respectively, with higher scores denoting more disability.

an:89 bvFTD patients had FTLD-CDRSOB recorded at their first evaluation.

b . . .
percentages are calculated for the patients who underwent genetic testing (n=98).

CP:.054, compared to allele frequency of normal population using Chi-square test.
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Table 2

Clinical characteristics of bvFTD subgroups

SN-FT SN-F SAN Subcortical
(n=21) (n=27) (n=8) (n=230)

Age at imaging—yr  62.8(1.8) 61.7(1.6) 58.3(2.7) 60.9 (1.4)
Disease duration—yr 6.6 (1.2) 5.8 (1.1) 5.1(1.9) 6.1 (1.0)

Global cognitive measures and GDS

MMsE” 100(La? 21212 25620  253(L1)

FTLD.CDRSOB’ 1150097 10507 84(L5)  80(07)

corf 15017 15017 302 09001

opsk  46(16)  96(13) 6322  85(L2)

Neurological Exam — no. (%)
Reduced facial expression 7 (33.3) 10 (37.0) 3(37.5) 9 (30.3)
Rigidity 10 (47.6) 14 (51.8) 4 (50.0) 12 (40.0)
Action or postural tremor 7 (33.3) 11 (40.7) 3(37.5) 9 (30.0)
Incoordination 6 (28.6) 17 (63.0) 2 (25.0) 15 (50.0)

Motor neuron related signs 2(9.5) 5(18.5) 1(10.0) 2(6.7)
Parkinsonism related signs 6 (28.57) 14 (51.9) 3(37.5) 11 (36.7)
Abnormal gait 0(0.0) 10 (37_0)17 2 (25.0)17 5 (16.7)b

Socioemotional functioning

Emotion naming 6508  68(06)  56(12)  82(05)

11.7(15) 116 (1.2) ¢ 143(L0)

Paralinguistic sarcasm detection”” 5.4 (2.4)

Complex social cognition” 356 (30)  358(25)  36.1(44)  439(17)

Cognitive perspective takingo 123(1.1) 94(0.9) 100@.7 11407

Empathic perspective taking? 11823 129(21) 21637 127(20)

Empathic concernd. 188(30)  219(26)  280(47)  195(25)

Interpersonal warmh” 288 (40)  300(43)  464(88)  3L0(35)

Interpersonal assertiveness’ 369(39) 320(42) 416(89) 384(3.2)

Neuropsychological performance t
Executive
Error insensitivity 0.3 (0.2) 0.6 (0.2) 0.6 (0.3) 0.6 (0.2)
Modified Trails 0.3 (0.1) 0.2 (0.0) 0.2(0.1) 0.3(0.0)
Stroop color naming  67.0 (6.1) 54.5(5.0) 65.2(8.4) 52.9 (4.2)
Stroop inhibition  37.1(4.6) 23.8(3.9) 41.2(5.4) 26.9 (3.1)
Digit span forward 5.9 (0.4) 5.5(0.3) 6.5 (0.6) 5.2 (0.3)
Digit span backward 4.1(0.3) 4.2 (0.4) 3.4(0.2)

31027
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SN-FT SN-F SAN Subcortical
(n=21) (n=27) (n=28) (n=30)
Design fluency 4.8 (0.9) 4.0(0.7) 52(1.2) 5.0 (0.6)
D-words (lexical fluency) 7.6 (0.9) 43(09) e 83(L2 7.6 (0.7)
Animals (Category fluency)  10.3 (1.4) 9.4 (1.1) 11.0 (1.9) 11.3(1.0)
Visuospatial
Bensoncopy 15.1(0.6) 13.8(0.5) 14.8(0.9) 13.7 (0.5)
Face recognition ~ 10.0 (0.6) 9.7 (0.5) 10.0 (1.0) 10.5(0.4)
Number location 8.8 (0.7) 7.4 (0.5) 6.9 (0.8) 7.8(0.4)
Memory
Benson delayed recall 6.9 (0.9) 7.9(0.7) 42(13) a 8.8(0.7)
CVLT short delay recall 3.4(04) a 43(0.3) 3.9(0.6) 4.9(0.3)
CVLT delayed recall 22(05) a 38(04) 2.3(0.7) 4.2 (0.4)
Affect matching 7.5(0.8) 7.9(0.7) 8.3 (1.4) 9.6 (0.6)
Language
Repetition 4.3 (0.3) 4.3(0.2) 3.9(0.4) 3.6(0.2)
Reading irregular words 5.0 (0.3) 5.8(0.2) 5.0(0.3) 5.6 (0.2)
Syntax comprehension 4.8(0.3) 33 (O.Z)f 3.9(0.4) 36 (0.2)b
Verbal agility 5.5 (0.3) 5.2(0.3) 5.0 (0.4) 5.0(0.2)
Boston Naming Test  10.6 (0.7)  12.6 (0.5) 9.2 (L0) g 125(0.5)
CVLT total score  18.6 (1.2) 18.3(1.0) 18.2(1.8) 19.3 (1.0)
Calculations 3.8(0.3) 3.1(0.3) 3.6 (0.4) 3.4(0.2)

Page 18

Abbreviations: bvFTD = behavioral variant frontotemporal dementia; CDR = Clinical Dementia Rating; CVLT = California Verbal Learning Test —
short form; FTLD-CDRSOB = Frontotemporal Lobar Degeneration - modified CDR Sum of Boxes; GDS = Geriatric Depression Scale. MMSE =
Mini Mental State Exam; SAN indicates semantic appraisal network—predominant subgroup; SN-FT, salience network—predominant frontal/
temporal subgroup; SN-F, salience network—predominant frontal subgroup.

All values, except for the neurological exam findings, indicate the least-square-means and standard errors, derived from a general linear model
comparing the four subgroups. Pairwise comparisons that were statistically significant after correcting for multiple comparisons between groups
(Tukey- Kramer) are indicated in the footnote. Socioemotional and neuropsychological test sores that appear in bold text indicate values that are
<1.5 standard deviations below compared to an age-matched control group. Socioemotional and neuropsychological test performances were
controlled for MMSE and sex in this model. Motor neuron related signs referred to the presence of one or more of the following: reduced muscle
power, muscle atrophy, and fasciculations. Parkinsonism related signs referred to the presence of one or more of the following: rest tremors, body

bradykinesia, and positive retropulsion test. Details of patient evaluations including, neurological examination, neuropsychiatric and

socioemotional testing are provided in detail in the eMethods.

aP< 0.05 compared to subcortical.
bP< 0.05 compared to SN-FT.
CP< 0.01 compared to subcortical.

dP< 0.05 compared to SN-FT and SAN.

eP< 0.05 compared to SN-FT, SAN and Subcortical.

fP< 0.01 compared to SN-FT.

gP< 0.05 compared to SN-F and subcortical.

scores range from 0-30 with higher scores indicating better cognition.
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scores range from 0-24 with higher scores indicating more advanced dementia.

jscores range from 0-3 with higher scores indicating more advanced dementia.

k I T .
scores range from 0-30 with higher scores indicating greater depression.

Emotion naming was evaluated using the TASIT-EET (The Awareness of Social Inference Test-Emotion Evaluation Test), with scores ranging

from 0-14 and higher scores indicating better performance. 1

mParaIinguistic elements of sarcasm was evaluated using TASIT-SIM (TASIT-Social Inference Minimal), with scores ranging from 0-20 and higher

scores showing better performance.1

Complex social cognition was evaluated using TASIT SIE (The Awareness of Social Inference Test-Social Inference Enriched), with scores

ranging from 0-64 and higher scores indicating better performance.1

DCognitive perspective taking was evaluated using the UCSF-Theory of Mind test (TOM), with scores ranging from 0-16 and higher scores

indicating better performance.2

A Empathic perspective taking was evaluated using the Perspective Taking (PT) subscale of the Interpersonal Reactivity Index (IRI), with scores

ranging from 7-35 and higher scores indicating better performance.3

qupathic concern was evaluated using the Empathic Concern (EC) subscale of the IRI, with scores ranging from 7-35 and higher scores

indicating better performance.3

r . . . Lo .
Interpersonal warmth and interpersonal assertiveness were evaluated using the Interpersonal Adjective Scale (I1AS) and scored using the IAS
computer scoring program which generates T-scores (mean=50, SD 10) by comparing subject scores to a gender-matched, community-based

normative sample data.4

For all neuropsychological bedside tests2-17 except error insensitivity, higher scores indicate better performance; lower scores in error
insensitivity indicates better performance. Please refer to e-Methods for details of scoring in each individual test.
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