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Accurately predicting the underlying neuropathological diagnosis in patients with behavioural variant frontotemporal dementia

(bvFTD) poses a daunting challenge for clinicians but will be critical for the success of disease-modifying therapies. We sought to

improve pathological prediction by exploring clinicopathological correlations in a large bvFTD cohort. Among 438 patients in

whom bvFTD was either the top or an alternative possible clinical diagnosis, 117 had available autopsy data, including 98 with a

primary pathological diagnosis of frontotemporal lobar degeneration (FTLD), 15 with Alzheimer’s disease, and four with amyo-

trophic lateral sclerosis who lacked neurodegenerative disease-related pathology outside of the motor system. Patients with FTLD

were distributed between FTLD-tau (34 patients: 10 corticobasal degeneration, nine progressive supranuclear palsy, eight Pick’s

disease, three frontotemporal dementia with parkinsonism associated with chromosome 17, three unclassifiable tauopathy, and one

argyrophilic grain disease); FTLD-TDP (55 patients: nine type A including one with motor neuron disease, 27 type B including 21

with motor neuron disease, eight type C with right temporal lobe presentations, and 11 unclassifiable including eight with

motor neuron disease), FTLD-FUS (eight patients), and one patient with FTLD-ubiquitin proteasome system positive inclusions

(FTLD-UPS) that stained negatively for tau, TDP-43, and FUS. Alzheimer’s disease was uncommon (6%) among patients whose

only top diagnosis during follow-up was bvFTD. Seventy-nine per cent of FTLD-tau, 86% of FTLD-TDP, and 88% of FTLD-FUS

met at least ‘possible’ bvFTD diagnostic criteria at first presentation. The frequency of the six core bvFTD diagnostic features was

similar in FTLD-tau and FTLD-TDP, suggesting that these features alone cannot be used to separate patients by major molecular

class. Voxel-based morphometry revealed that nearly all pathological subgroups and even individual patients share atrophy in

anterior cingulate, frontoinsula, striatum, and amygdala, indicating that degeneration of these regions is intimately linked to the

behavioural syndrome produced by these diverse aetiologies. In addition to these unifying features, symptom profiles also differed

among pathological subtypes, suggesting distinct anatomical vulnerabilities and informing a clinician’s prediction of pathological

diagnosis. Data-driven classification into one of the 10 most common pathological diagnoses was most accurate (up to 60.2%)

when using a combination of known predictive factors (genetic mutations, motor features, or striking atrophy patterns) and the

results of a discriminant function analysis that incorporated clinical, neuroimaging, and neuropsychological data.
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Introduction
Frontotemporal dementia (FTD) refers to a group of

common early age-of-onset dementia syndromes (Ratnavalli

et al., 2002; Knopman et al., 2004) linked to underlying

frontotemporal lobar degeneration (FTLD) pathology

(Mackenzie et al., 2010). FTLD, in turn, has three major

molecular classes, based on the protein composition of the

neuronal and glial inclusions, tau (FTLD-tau), TAR DNA-

binding protein of 43 kDA (TDP-43, FTLD-TDP), or fused

in sarcoma (FUS, FTLD-FUS). Rarely, Alzheimer’s disease is

found as the primary diagnosis at autopsy in clinically diag-

nosed FTD (Alladi et al., 2007; Chare et al., 2014;

Ossenkoppele et al., 2015). Behavioural variant FTD

(bvFTD) is the most common FTD subtype, and its under-

lying pathology is the most challenging to predict.

Because disease-modifying therapies now target specific

FTLD molecular subtypes, it is increasingly important for

clinicians to accurately predict the underlying pathological

diagnosis. Several predictive features are accepted: FTD

with motor neuron disease (FTD-MND) predicts FTLD-

TDP, usually type B (TDP-B); bvFTD evolving to supra-

nuclear gaze palsy predicts progressive supranuclear palsy

(PSP); and bvFTD progressing to profound semantic loss

and anterior temporal atrophy predicts FTLD-TDP, type C

(TDP-C). Most prior clinicopathological studies either pre-

dated current neuropathological methods or involved small

numbers, with bvFTD sample sizes ranging from 17 to 47

(Hodges et al., 2004; Kertesz et al., 2005; Shi et al., 2005;

Forman et al., 2006; Josephs et al., 2006; Snowden et al.,

2007; Llado et al., 2008; Rohrer et al., 2011). The goals

of this study were to: (i) describe the distribution of patho-

logical diagnoses in a large, consecutive bvFTD clinico-

pathological series; (ii) identify the features in common

among pathological causes of bvFTD; and (iii) isolate dis-

tinctive clinical, neuropsychological, genetic, or imaging

features that could help clinicians diagnosing bvFTD to

predict the neuropathological diagnosis.

Materials and methods

Patient selection

We sought to inform pathological prediction for clinicians
considering bvFTD in any scenario, either as a straightfor-
ward syndrome or as an alternate diagnostic possibility,
whether or not the patient met bvFTD research criteria that
are currently in place. To this end, we searched the UCSF
Memory and Aging Center database for patients evaluated
from 1998 to 2012. Clinicians coded each visit with the
best-fit clinical syndrome, any additional syndromes con-
sidered, and whether the patient met prevailing clinical re-
search criteria in place at the time of evaluation. For some
patients, diagnosis was stable across visits whereas for others
diagnosis evolved in the face of new information. Our search
captured all patients with bvFTD, FTD-MND, or right tem-
poral FTD as the primary diagnosis or as an additional syn-
drome considered. For simplicity, we refer to these diagnoses
as bvFTD. We also included those who met research criteria
for bvFTD (Neary et al., 1998) even if no qualifying
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syndrome was listed. All patients underwent in-person
evaluation.

We divided patients into (i) those with bvFTD as the leading
diagnosis at any visit; and (ii) those for whom bvFTD was
listed as an additional syndrome (‘Low confidence bvFTD’).
We further divided those with bvFTD as the leading syndrome
into (i) those in whom bvFTD was the leading diagnosis at
each visit (‘High confidence bvFTD’); and (ii) those in whom
diagnosis varied over time (‘Intermediate confidence bvFTD’)
(Fig. 1). Though some patients fit the diagnostic impression of
bvFTD at initial presentation and throughout the disease
course, others’ diagnoses either shifted to bvFTD from another
syndromic diagnosis or migrated away from bvFTD later in
the course. From the bvFTD-related cohort, we determined
which patients underwent autopsy.

Clinical data abstraction

All notes were reviewed on all autopsied patients by a behav-
ioural neurologist blinded to pathological diagnosis. Data ana-
lysed included demographic features; age of symptom onset,
diagnosis, and death; first disease symptom; cognitive, behav-
ioural, or motor symptoms that developed over the course of
the disease; and neurological examination findings. Clinical
narratives were supplemented by standardized, prospectively-
applied research instruments. Symptoms and exam findings
were determined as absent, present at first presentation, or
present at any point in follow-up. The Clinical Dementia
Rating scale (CDR) (Morris, 1993) and Neuropsychiatric
Inventory (NPI) (Cummings et al., 1994) were also gathered.
Based on the notes, the reviewing clinician verified that pa-
tients had a syndrome involving behaviour/personality changes
or profound executive dysfunction. Patients who had a non-
behavioural syndrome (e.g. primary progressive aphasia or a

motor disorder) were excluded, even if they had been prospect-
ively coded by clinicians as ‘FTD,’ in a way that does not
reflect current diagnostic terminology. New International
bvFTD Criteria Consortium (FTDC) diagnostic criteria
(Rascovsky et al., 2011) were published late in the course of
patient accrual and had not been prospectively included in the
diagnostic process. The criteria were retrospectively applied.
These criteria require that certain symptoms be present
‘early’ in the disease course. We did not apply a rigid time
criterion (e.g. 3 years) to determine ‘early’ symptoms, but con-
sidered a symptom early if it developed while the patient was
still mildly impaired overall. The FTDC criteria require a de-
termination of whether a patient displays executive function
deficits with relative preservation of memory and visuospatial
function. This determination was made by the reviewing clin-
ician as has been done in prior papers establishing the sensi-
tivity and interrater reliability of these criteria (Rascovsky
et al., 2011; Lamarre et al., 2013). Because we sought to
ensure broad applicability of our results to clinicians consider-
ing a bvFTD diagnosis, even in the most diagnostically chal-
lenging patients, and in order to assess the sensitivity of the
new criteria, we did not exclude patients who failed to meet
FTDC bvFTD possible or probable criteria. Using the retro-
spectively applied criteria we performed additional subgroup
comparisons restricted to those who met FTDC possible or
FTDC probable criteria to assess whether clinical features
between pathological diagnoses would differ in a presumably
more homogeneous bvFTD sample.

Neuropsychological data

A battery of tests of memory, language, visuospatial ability,
and executive function (Kramer et al., 2003) was administered
(Supplementary material). We used the first available assess-
ment for all patients.

Neuroimaging

Imaging acquisition

Images were acquired on one of three scanners (1.5 T, 4 T, or
3 T) with published acquisition parameters (Rosen et al.,
2002a; Mueller et al., 2009; Bettcher et al., 2012), based on
the scanner in use at the time of the first evaluation. See
Supplementary material for preprocessing.

Imaging analysis

Frequency maps

To determine the extent of overlap in atrophy across patho-
logical groups and to overcome the inevitable loss of individ-
ual effects in group-level analyses, we generated whole brain
voxel-wise frequency maps that represent the proportion of
patients or pathological subtypes showing reduced grey
matter, voxel-wise, compared to controls. Supplementary
material details generation of W scores. W scores, similar to
z scores, show for each voxel where a patient’s grey matter
probability would fall on the normal grey matter probability
distribution in healthy controls, after accounting for nuisance
factors (Jack et al., 1997; La Joie et al., 2012; Ossenkoppele
et al., 2015). We took mean W scores for patients in each
pathological group and then binarized the W-score map for
each patient and pathological group at two levels, W4 1.5

Figure 1 Patient ascertainment by bvFTD diagnostic cer-

tainty. Dx = diagnosis.
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and W4 3 (greater W scores correspond to more severe atro-
phy). We generated frequency maps to show the proportion of
(i) all patients; (ii) patients with high confidence bvFTD; and
(iii) pathological subtypes, with suprathreshold W scores for
each brain voxel. W-score maps for white matter were also
generated. To assess for any systematic difference in disease
duration at the time of scan among pathological diagnoses we
compared the mean interval between age at disease onset and
scan date for each group. The mean interval did not differ
between groups, F(9,72) = 0.73, P = 0.68, with a mean of
5.65 (standard deviation 4.2) years.

Linear discriminant analysis

To identify regions that distinguish each pathological group we
performed linear discriminant analysis using each subject’s W-
score map to find a linear boundary (weighted sum across all
voxels) that best separates patients with each neuropatho-
logical diagnosis from all patients with other diagnoses.
Maps generated depict voxels representing the strongest con-
tributors to the linear boundaries and were reviewed at a
threshold that included the top 25% of voxels where in-
group patients had (i) a higher mean W value (less grey
matter); or (ii) a lower mean W value (more preserved grey
matter) than the out-group patients.

Genetic testing

Screening was performed on all patients with available blood
or frozen tissue samples for genetic mutations known to cause
autosomal dominant inheritance of FTD or Alzheimer’s disease
(MAPT, C9orf72, GRN, TARDBP, FUS, PSEN1, PSEN2, and
APP).

Pathological assessment

Because autopsies were performed from 2000 to 2013, at sev-
eral institutions, the assessments were not uniform.
Neuropathological assessments performed at UCSF (n = 85)
or the University of Pennsylvania (n = 25) followed previously
described procedures (Forman et al., 2006; Tartaglia et al.,
2010). Patients were classified into FTLD major molecular
classes (tau, TDP-43, or FUS) and subtypes (Mackenzie
et al., 2010, 2011), Alzheimer’s disease (Hyman and
Trojanowski, 1997; Hyman et al., 2012), or amyotrophic lat-
eral sclerosis (ALS). When patients with FTLD-TDP failed to
fit into a defined (A–D) subtype or had inclusions too sparse to
classify, the term ‘unclassifiable’ (TDP-U) was used. The pres-
ence of co-pathologies was noted, including Alzheimer’s dis-
ease neuropathological change (ADNC), cerebrovascular
disease, Lewy body disease (McKeith et al., 2005), cerebral
amyloid angiopathy, argyrophilic grain disease, or incidental
TDP-43 proteinopathy. If the original assessment lacked details
required to rate the ADNC and archival tissue was available,
additional staining was performed to determine ADNC level.

Classification approaches

Data-driven classification

Data reduction

To determine whether a combination of clinical or neuroima-
ging features could separate pathological subtypes, we employed

supervised classification procedures. This began with data
reduction techniques on the available data types:

(i) Clinical information. Categorical principal component ana-

lysis (CATPCA), a type of non-linear PCA (Linting and van

der Kooij, 2012), followed by varimax rotation, was applied

to 87 variables, involving categorical information (i.e. the

presence or absence of particular signs or symptoms), con-

tinuous data (e.g. age at onset), and NPI frequency � severity

scores. Missing data were excluded for analyses of that

variable.

(ii) Grey matter atrophy maps. PCA was performed using each

patient’s unthresholded grey matter W-score map.

(iii) White matter atrophy maps. PCA was performed using each

patient’s unthresholded white matter W-score map.

(iv) Neuropsychological testing. PCA followed by varimax rota-

tion was applied to 12 of 14 cognitive testing variables

(verbal agility and Peabody Picture Vocabulary Test excluded

due to excess missing data).

Analyses included all patients with the 10 most common
pathological diagnoses in the study. We excluded FTDP-17,
unclassifiable tau, FTLD-UPS, and argyrophilic grain disease.
We extracted all components with an eigenvalue 41, and ini-
tially reviewed solutions with up to 10 components, aiming to
capture one component representing each pathological diagno-
sis. Loadings for each component were reviewed to determine
which original variables were strongly associated. Mean com-
ponent scores for all patients with a pathological diagnosis
were reviewed to determine how strongly each component
was associated with each pathological subtype.

Classification accuracy

To assess the accuracy of classification using components
derived from the four data reduction analyses, and to prevent
over-fitting the model to an individual patient, we performed
cross-validation. Due to the small sample size of some of the
molecular subtype groups we chose a leave-one-out approach.
To classify each patient we derived complete sets of compo-
nents with that patient left out, and then entered these
components into a discriminant function analysis (DFA). The
analyses were performed at three diagnostic levels, based on
(i) the top 10 pathological diagnoses; (ii) FTLD major molecu-
lar class; and (iii) FTLD versus Alzheimer’s disease versus ALS.
For each DFA, the prior probability of a pathological diagno-
sis was set as the frequency of that diagnosis in the overall
cohort. DFA results were measured by the accuracy of the
cross-validated grouping, in which each case is classified by
functions derived from all cases except for that one. The com-
ponents retained for each of the PCAs and CATPCA
was defined as the number that resulted in the highest DFA
classification accuracy.

An additional DFA was performed using the components
from all four data reduction analyses. The neuropsychological
testing PCA generated component scores for fewer subjects
than the other analyses. To avoid limiting the analysis to
only those subjects with complete neuropsychological testing
profiles, and thereby reducing power, for purposes of this com-
bined analysis we performed an additional PCA on neuropsy-
chological data using Expectation-Maximization (SPSS v24) to
impute missing data points. Since this analysis included data
derived from different sources with unknown relationships we
entered components into the DFA stepwise, selecting the
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variable at each step that minimizes the sum of the unex-
plained variance between groups, using F value as the criterion
for variable inclusion (F42.50 to enter, F52.49 to remove).

A priori classification algorithm

In a parallel approach, we applied an algorithm designed by
the authors a priori, using previously shown predictors, to
determine the accuracy of current knowledge and expertise
in pathological prediction. These factors included genetic
status, features derived by visual inspection of MRI, demo-
graphics, and clinical signs and symptoms (MND or PSP
syndrome), as described in the Supplementary material. The
algorithm’s accuracy was assessed by applying it to each
subject.

Combined a priori algorithm with discriminant

function analysis

To maximize the strengths of both classification strategies, we
combined the data-driven approach with the most definitive
components of the a priori algorithm. Patients were entered
into the a priori algorithm. At each of the first six branch
points the results of the DFA were used to select the predicted
pathological diagnosis based on those predesignated as likely
for that branch point. For example, if a patient had a C9orf72
repeat expansion, the algorithm designates three possible
pathological diagnoses (FTLD-TDP, types A, B, and unclassi-
fiable). Among these options, we selected the diagnosis with
the highest probability score in the DFA as the predicted path-
ology. For patients not captured in the first six branches of the
algorithm pathological prediction solely followed DFA
classification.

To model how present and potential future biomarkers will
impact this classification process, we simulated a classification
using the a priori algorithm, DFA, and hypothetical results of
amyloid-beta and tau imaging. Actual amyloid images had
been performed on a small sample of the cohort, but because
of sparse coverage of the total cohort hypothetical results were
used for all patients. While future tau biomarkers may use
regional distributions in uptake to separate subtypes of tauo-
pathy, for this simulation we considered results to be solely
positive or negative. In this analysis, patients who would have
a positive amyloid and tau scan, based on a Consortium to
Establish a Registry for Alzheimer’s Disease (CERAD) neuritic
plaque frequency of intermediate or high (Clark et al., 2012)
and a Braak neurofibrillary tangle stage 55, were first classi-
fied as Alzheimer’s disease. The remaining patients were
entered into the a priori algorithm as before, though at each
branch point the hypothetical tau imaging results were used to
narrow the possibilities before applying the DFA as described
above.

Statistical analyses

Categorical demographic and clinical variables were compared
by independent samples t-tests or ANOVA with post hoc com-
parison using Bonferroni adjustment. Categorical variables
were compared by chi-square with post hoc comparison by
z-tests with Bonferroni adjustment. A significance level of
P50.05 was chosen. All analyses were performed in SPSS.

Results

Patient ascertainment and
pathological diagnoses

Among 438 patients for whom a bvFTD diagnosis was

considered, 128 underwent autopsy (Fig. 1) and data ab-

straction. Of these, 11 were excluded either for insufficient

data or for having a non-behavioural syndrome upon chart

review. These exclusions yielded a final cohort of 117

(Fig. 2). Of these, 98 had a primary neuropathological

diagnosis of FTLD and were distributed among 12 sub-

types. Remaining patients had either pathological

Alzheimer’s disease (n = 15) or pure ALS without extra-

motor FTLD-TDP changes (n = 4).

Co-existing pathologies were common. Among patients

with primary FTLD, 54% had some ADNC present,

though in 79% of those patients the ADNC level was

low. Other co-pathologies were observed, but less com-

monly in patients with FTLD, including 16% with cerebro-

vascular disease, 11% with Lewy body disease, 39% with

limbic argyrophilic grain disease, and 8% with incidental

or contributing TDP-43 proteinopathy. Among patients

with pathological Alzheimer’s disease the most common

co-pathologies were Lewy body disease in 33%, cerebro-

vascular disease in 13%, argyrophilic grain disease in 50%,

and incidental or contributing TDP-43 in 22%. One patient

with a primary pathological diagnosis of Alzheimer’s

disease had mild PSP pathology. Co-existing pathologies

are detailed for each patient in Supplementary Table 1

and grouped by primary pathological subtypes in

Supplementary Table 2.

Nineteen patients had a C9orf72 repeat expansion, three

a GRN mutation, three a MAPT mutation, and two a

pathogenic TARDBP variant. One patient with

Alzheimer’s disease pathology had an APP mutation.

Additional genetic testing details are available in

Supplementary Table 3.

Pathological diagnoses by bvFTD
diagnostic certainty

The clinician’s confidence about the bvFTD diagnosis influ-

enced the distribution of underlying pathological diagnoses,

with significant differences (P50.001) in the distribution

of diagnoses between high, intermediate, and low confi-

dence bvFTD (Fig. 2). High confidence bvFTD was due

to FTLD in 93% of patients and composed primarily of

(in descending order of frequency) TDP-B, Pick’s disease,

TDP-U, FTLD-FUS, and TDP-A. Alzheimer’s disease (4/68)

was uncommon. Intermediate confidence bvFTD was most

often due to TDP-B, followed by corticobasal degeneration

(CBD), Alzheimer’s disease, and TDP-C. Alzheimer’s dis-

ease was the most common diagnosis in the low confidence

bvFTD group, followed by PSP, CBD, and ALS.
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Features in common among
neuropathological causes of bvFTD

FTLD compared to non-FTLD

Clinical features

The assessment of demographics, symptoms, and examin-

ation findings across pathological diagnoses involved nu-

merous omnibus and pairwise statistical comparisons

(Table 1 and Supplementary Table 4). Here, for descriptive

purposes, we have emphasized the points thought to have

most clinical relevance. Each of the five core symptoms

from the FTDC criteria were common, not only among

those with FTLD (54-90% frequency), but also among

those with bvFTD due to Alzheimer’s disease (40-73% fre-

quency) and to a lesser extent ALS (0% for loss of empathy

and compulsions, 25-100% frequency for the other three).

The sixth FTDC diagnostic feature, a dysexecutive-predom-

inant impairment on neuropsychological testing, was un-

common in all groups (20-30% frequency). Among

patients with Alzheimer’s disease, 60% met at least possible

bvFTD diagnostic criteria at some point in the illness, and

though probable bvFTD criteria were met less often in pa-

tients with Alzheimer’s disease (47%) than those with

FTLD (74%), this difference escaped statistical significance,

perhaps due in part to the small Alzheimer’s disease sample

size. Gender distribution and ages at onset, presentation,

and death showed no significant differences between

FTLD and Alzheimer’s disease. Among only those with

high confidence bvFTD, FTDC criteria were met at similar

frequencies in FTLD (97% met FTDC possible, 87% met

FTDC probable) and Alzheimer’s disease (100% met FTDC

probable) (Supplementary Table 5). When restricting the

analysis to those who met FTDC bvFTD possible or prob-

able criteria, those with Alzheimer’s disease displayed core

FTDC criteria symptoms at an even more similar frequency

to those with FTLD than was observed in the overall

cohort (Supplementary Tables 6 and 7). Apathy was the

most common first symptom (20%) across all with FTLD

but was also the first symptom in 13% of patients with

Alzheimer’s disease (Supplementary Table 8).

Neuropsychological testing

Patients with bvFTD due to FTLD are often expected to

outperform those with underlying Alzheimer’s disease on

tests of verbal memory and visuospatial ability. Here,

these groups showed comparable performance on such

tests (Supplementary Table 9 and, for those meeting

FTDC possible or probable criteria, Supplementary Tables

10 and 11).

Neuroimaging

Mean W maps for Alzheimer’s disease and ALS indicated

some atrophy (W4 1.5) in frontoinsula and anterior

Figure 2 Pathological diagnoses for all patients and grouped by clinician bvFTD diagnostic certainty. AD = Alzheimer’s disease.
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cingulate regions that were also affected among FTLD sub-

types (Figs 3 and 4).

Among FTLD major molecular classes

Clinical features

Looking either at the entire cohort or within the high con-

fidence bvFTD group, the three FTLD major molecular

classes (tau, TDP-43 or FUS) showed similar frequencies

of the six core FTDC criteria at presentation or throughout

follow-up. Consequently, the frequency of meeting at least

possible or probable bvFTD diagnostic criteria also did not

differ among the major molecular classes (Table 1 and

Supplementary Table 5).

Among specific FTLD histopathological subtypes

Clinical features

Though there was a range of frequencies for meeting at

least bvFTD possible (80–100%) or probable (44–100%)

diagnostic criteria among the specific FTLD histopatholo-

gical subtypes, these differences did not reach statistical

significance. There was extensive overlap in core criteria

symptoms and other cognitive and behavioural features

(Supplementary Table 4). Among those with high confi-

dence bvFTD, the symptom profiles of subtypes converged

further, with no significant differences in frequency of the

six core FTDC criteria features (Supplementary Table 5).

Neuroimaging

The mean W maps for the 10 most common pathological

subtypes (Fig. 3) showed striking similarities across the grey

matter atrophy patterns. These thresholded group-level maps

were combined to provide a count of the number of subtypes

showing significant atrophy (W41.5) at each voxel (Fig. 4,

top). Eight of 10 subtypes showed overlapping atrophy of

voxels in bilateral frontoinsula, anterior to mid-cingulate

cortex, amygdala, and striatum. Frequency maps capturing

individual patients’ grey matter W maps (Fig. 4, middle)

Table 1 Demographics and frequency of meeting core diagnostic features across the overall autopsied cohort

All cases Primary neuropathological diagnosis FTLD major molecular class

n = 117 FTLD AD ALS FTLD–Tau FTLD–TDP FTLD–FUS

n = 98 n = 15 n = 4 n = 34 n = 55 n = 8

Male (%) 83 (71) 69 (70) 10 (66.7) 4 (100) 26 (76.5) 35 (63.6) 7 (87.5)

Age of onset, mean (range) 55 (18–80) 55.0 (18–73) 57.3 (34–80) 55.0 (45–68) 57.6$ (18–73) 55.4$ (18–73) 41.1#,† (26–54)

Age at presentation, mean (range) 60 (29–83) 60.8 (29–78) 62.8 (43–83) 58.3 (47–73) 64.4$ (53–78) 60.1$ (44–78) 45.0#,† (29–55)

Age at death, mean (range) 64.6 (35–83) 64.2 (35–83) 68.1 (49–90) 60.8 (52–74) 67.8$ (57–83) 64.5$ (47–80) 48.3#,† (35–57)

Met possible bvFTD criteria 78, 86 84*, 92* 53*, 60* 25, 25 79, 85 86, 95 88, 100

Met probable bvFTD criteria 54, 66 64, 74 33, 47 0, 0 58, 64 66, 79 75, 75

Met definite bvFTD criteria 21 26* 0* 0 9† 40# 0

Early disinhibition 77, 85 83*, 90* 47*, 60* 50, 50 83, 85 82, 91 88, 100

Inappropriate 52, 63 55, 65 40, 53 25, 50 56, 65 51, 62 75, 88

Loss of manners 52, 64 58*, 70* 27*, 40* 0, 0 56, 65 56, 71 75, 88

Impulsive 48, 61 54*, 68* 13*, 20* 25, 25 50, 65 51, 67 88, 88

Early apathy 79, 81 80, 82 67, 73 100, 100 77, 77 80, 84 88, 88

Apathy 79, 85 80, 86 67, 73 100, 100 77, 77 80, 91 88, 88

Inertia 17, 24 17, 25 13, 20 25, 25 9, 12 22, 29 25, 38

Early loss of sympathy/empathy 45, 50 48, 54 40, 40 0, 0 44, 47 47, 56 63, 63

Lacking empathy 33, 39 35, 40 33, 40 0, 0 32, 35 31, 38 63, 65

Lacking warmth 35, 39 40*, 44* 13*, 13* 0, 0 34, 35 42, 47 63, 63

Early compulsive behaviour 63, 74 70*, 80* 33*, 53* 0, 0 68, 79 69, 76 88, 100

Simple repetitive behaviour 26, 37 30, 42* 7, 13* 0, 0 21, 35 31, 42 50, 63

Complex compulsions 55, 64 60, 69 33, 53 0, 0 62, 77 55, 60 88, 88

Stereotypic speech 16, 24 19, 27 0, 13 0, 0 15, 27 18, 22 50, 63

Eating behaviour 63, 80 69*, 87* 40*, 53* 0, 25 65, 82 71, 89 75, 88

Change in food preference 50, 68 56*, 74* 27*, 47* 0, 25 50, 68 58, 78 63, 63

Binge eating 44, 61 48, 65 33, 47 0, 0 53, 74 42, 60 63, 63

Oral exploration 8, 13 8, 13 7, 13 0, 0 6, 12$ 7, 9$ 25, 50#,†

Neuropsych pattern 28, 29 29, 30 20, 20 25, 25 37, 37 27, 29 17, 17

Executive impairment 86, 89 85, 89 100, 100 50, 50 93, 97 80, 84 86, 86

Memory preserved 41, 41 44, 44 20, 20 50, 50 53, 53 41, 41 29, 29

Visuospatial preserved 73, 74 75, 76 53, 53 100, 100 73, 73 74, 76 83, 83

Unless otherwise specified, results are formatted as per cent with feature at first evaluation, per cent with feature at any point in disease course. AD = Alzheimer’s disease.

Comparison of primary diagnoses (ALS not included): *significant difference between FTLD and Alzheimers disease.

Comparison of FTLD major molecular classes (FTLD–UPS not included): #significantly different from FTLD–Tau; †significantly different from FTLD–TDP; $significantly different from

FTLD–FUS.
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Figure 3 Grey matter atrophy maps and frequency of behavioural features by pathological diagnosis. Imaging shows maps of grey

matter atrophy at a threshold of W4 1.5 (red) and W4 3 (yellow). Radial plots display the frequency (0–100%) of meeting each of the six FTDC

diagnostic criteria at first presentation and mean NPI subscale scores (0–12). Right side of coronal and axial images corresponds to the right side

of the brain. AD = Alzheimer’s disease; Ag = agitation; Anx = anxiety; Ap = apathy; Com = compulsions; Del = delusions; Dep = depression;

Dis = disinhibition; Eat = eating behaviour; Emp = loss of empathy; Eup = euphoria; Hall = hallucinations; Irr = irritability; Mot = aberrant motor

behaviour; NP = neuropsychological profile; Slp = sleep.
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revealed that at least 65 of 82 patients showed atrophy in

these same structures, with a maximum frequency (74 pa-

tients) in the left frontoinsula (ventral anterior insula). We

further built frequency maps to describe the 42 patients

with high confidence bvFTD with an MRI (Fig. 4, bottom).

This approach showed an even stronger convergence on these

structures. All 42 high confidence bvFTD patients had left

ventral frontoinsula atrophy, and 39 had bilateral frontoin-

sula, left anterior cingulate, left ventromedial frontal, bilateral

striatum, and left amygdala atrophy.

Distinguishing features among neu-
ropathological causes of bvFTD

FTLD compared to non-FTLD

Clinical features

Patients with bvFTD with FTLD were significantly more

likely than those with Alzheimer’s disease to meet at least

possible bvFTD criteria or to have particular bvFTD

diagnostic criteria features (early disinhibition, including

loss of manners and impulsivity; lack of warmth; early

compulsive behaviour; and eating behaviour changes,

including change in food preference) (Table 1). Other

items more common in bvFTD due to FTLD than

Alzheimer’s disease included falls, dysphagia, mental rigid-

ity, aggression, lack of insight, dysarthria, decreased muscle

bulk, fasciculations, and higher NPI apathy scores. Patients

with bvFTD due to Alzheimer’s disease had more language

dysfunction, myoclonus, and higher NPI depression scores

than those with FTLD (Supplementary Table 4).

Neuropsychological testing

At first assessment, patients with Alzheimer’s disease per-

formed worse than those with FTLD on executive function

(Supplementary Table 9), including modified Trails, Stroop

inhibition, and design fluency. The top scoring patient with

Alzheimer’s disease on each test was outperformed by 39%

of FTLD patients on modified Trails, 55% of patients on

Stroop inhibition, and 43% on design fluency. Conversely,

no patient with Alzheimer’s disease made more than one

Figure 4 Overlap in grey matter atrophy. Imaging shows the number of patients or pathological subtypes with atrophy (W4 1.5) at each

voxel. Top: Overlap in the 10 top pathological subtypes. Middle: Overlap in individual subjects (n = 82). Bottom: Overlap in patients with high

confidence bvFTD (n = 42). Right side of coronal images corresponds to the right side of the brain. Right : Mean W for each diagnosis in regions of

greatest overlap (58 diagnoses for top right, 565 patients for middle right, and 539 patients for bottom right). AD = Alzheimer’s disease;

PiD = Pick’s disease.
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design fluency repetition error, while 66% with FTLD

made more than one error.

Neuroimaging

Mean, binarized W maps for the 10 most common patho-

logical groups (Fig. 3) suggest greater precuneus atrophy in

bvFTD due to Alzheimer’s disease than seen in FTLD,

though some FTLD subtypes showed mild atrophy in this

area as well.

Among FTLD major molecular classes

Clinical features

Patients with bvFTD due to FTLD-FUS showed an earlier

age at onset, presentation, and death compared to those

with FTLD-tau or FTLD-TDP. Signs and symptoms that

significantly differed in frequency among these classes

included oral exploration (more in FTLD-FUS), visual mis-

perception (none in FTLD-TDP), delusions, and signs of

MND (both more common in FTLD-TDP). On the NPI,

delusions were more severe in FTLD-TDP and anxiety, eu-

phoria, apathy, disinhibition, aberrant motor behaviour,

sleep disturbance, and eating changes were all more

severe in FTLD-FUS than in FTLD-tau or FTLD-TDP

(Table 1 and Supplementary Table 4). In the high confi-

dence bvFTD group, complex compulsions were universal

in FTLD-FUS and less common in FTLD-TDP. Binge eating

was significantly more common in FTLD-tau than FTLD-

TDP (Supplementary Table 5).

Neuropsychological testing

The only significant differences detected related to worse

verbal memory and a higher number of design fluency repe-

titions among those with FTLD-FUS (Supplementary Table 9).

Among specific FTLD histopathological subtypes

Clinical features

Specific histopathological subtypes differed in age of onset,

presentation, and death, again driven by the early onset age

of atypical (a)FTLD-U, the only form of FTLD-FUS cap-

tured in the study. Other significant differences included

early loss of sympathy/empathy including lack of warmth

(more frequent in Pick’s than CBD or PSP), oral explor-

ation (more frequent in aFTLD-U), language symptoms

(more frequent in TDP-C than Pick’s or TDP-U), prosopag-

nosia (more common in TDP-C), falls (most common in

PSP, absent in Pick’s and TDP-C), dysphagia (more in

PSP and FTD-MND), delusions (more in TDP-A, B, and

U), hallucinations (rarely present in CBD and TDP-B but

absent or more infrequent in other groups), hyposexuality

(most common in TDP-C), dysarthria (more in PSP and

FTD-MND), parkinsonism or eye movement abnormalities

(most in PSP), apraxia (more in CBD), and ataxia (more in

PSP). Among the 12 NPI domains, six of seven significant

differences related to the high symptom severity of aFTLD-

U (FTLD-FUS) (Table 1 and Supplementary Table 4). In the

high confidence bvFTD group, complex compulsions were

universal in aFTLD-U and less common in TDP-U

(Supplementary Table 5).

Also, inspection of the behavioural profile of each sub-

type across multiple features revealed characteristic patterns

(Fig. 3). These behavioural profiles reflect anatomic differ-

ences between the subtypes. Subtypes with more anterior

temporal lobe involvement (FTLD-FUS, Pick’s disease,

TDP-C) exhibited more loss of empathy and compulsive

behaviour than those with more dorsal frontal patterns

(CBD, PSP).

Neuropsychological testing

Patients with TDP-U did better on measures of executive

function, particularly Stroop inhibition. Patients with TDP-

C performed worse than other subtypes on naming

(Supplementary Table 9).

Neuroimaging

Mean grey matter W maps for each diagnosis (Fig. 3) high-

lighted the distribution and severity of volume loss

(e.g. extensive frontal atrophy in Pick’s and aFTLD-U;

less severe frontal atrophy in PSP). Pick’s disease involved

rightward ventral and dorsal frontal and anterior temporal

atrophy. CBD atrophy notably included the supplementary

motor area. PSP and CBD included less anterior temporal

lobe atrophy. Patients with bvFTD due to TDP-C path-

ology had asymmetric right anterior temporal lobe-predom-

inant atrophy. Supplementary Fig. 1 shows the regions

which by linear discriminant analysis best separate subjects

with each diagnosis from the others.

Atrophy severity differed by FTLD subtype, even within

the areas of overlapping atrophy across pathological diag-

noses (Fig. 4, right column). Pick’s disease and FTLD-FUS

had more severe atrophy in these core regions than the

other diagnoses; ALS and PSP had the least.

Classification approaches

Data-driven classification

Data reduction

We derived components from each data type, determined

which original variables strongly influenced that compo-

nent, and assessed the association between each component

and pathological diagnoses.

(i) Clinical information. A CATPCA solution with 10

components (termed dimensions in CATPCA) derived

from demographic, clinical symptom, and examin-

ation features accounted for 48.5% of the original

variables’ variance. Supplementary Table 12 shows

variable loadings and mean component scores for

each diagnosis.

(ii) Grey matter atrophy. The first 10 PCA components

accounted for 69.6% of the total variance. Variable

loadings and mean component scores by diagnosis are

shown in Fig. 5.
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(iii) White matter atrophy. The first 10 PCA components

accounted for 57.1% of the total variance. Variable

loadings and mean component scores by diagnosis are

shown in Supplementary Fig. 2.

(iv) Neuropsychological testing. A PCA solution with four

components showed sampling adequacy (Kaiser-

Meyer-Olkin 0.735), sufficient correlation of variables

for PCA (Bartlett’s test of sphericity P5 0.001), and

explained 69.1% of the original variables’ variance.

Supplementary Table 13 contains variable loadings

and mean component scores for each diagnosis.

Classification accuracy

Each set of components derived with one patient left out

was entered into DFA to assess classification accuracy for

each data type individually and together. DFA results for

the top 10 diagnoses are shown in Table 2 (Supplementary

Tables 14 and 15 depict classification accuracy by presence

of FTLD or by major molecular class). When predicting the

top 10 pathologic diagnoses, the PCA components derived

from grey matter maps showed a higher classification ac-

curacy overall than components derived from clinical data,

white matter atrophy, or neuropsychological testing. Using

components from all four types of data together yielded the

highest classification accuracy, at 57.3% in the cross-vali-

dated DFA.

A priori algorithm classification

One hundred and one patients had all data required for the

full algorithm (Fig. 6). The other 16 had no MRI scan and

were excluded. Based upon the consensus visual ratings, the

algorithm classified 75 of 101 to a branch that included the

correct pathological diagnosis. Genetic mutations and

MND were entirely accurate in classifying patients, other

than errors related to the omission of ALS in the algorithm

as a potential diagnosis. Excluding those classified based on

genetic mutations, MND, or PSP syndrome, visual MRI

reading steps correctly classified 32/53. The least predictive

section of the algorithm was the visual determination of

dorsal- or ventral-predominant atrophy. The branch point

designed to capture FTLD-FUS set a low age cut-off, result-

ing in a specific but insensitive filter.

Combination of a priori algorithm and DFA

The highest classification accuracy of any method came

from using a combination of the a priori algorithm with

the DFA. The top 10 diagnoses were correctly predicted

60.2% of the time (Table 2).

Finally, we simulated a future context in which clinical

and molecular imaging outcomes worked together in the

diagnostic process (Supplementary Fig. 3). Incorporating

hypothetical binary results of amyloid-b and tau PET, clas-

sification accuracy improved to 70.8%, although co-pathol-

ogies would have prompted six classification errors. In five

patients, the presence of at least CERAD moderate amyloid

plaques in a primary tauopathy would give a positive

2017-01761 and tau scan and could result in erroneous

classification as Alzheimer’s disease. In another patient,

comorbid mild PSP pathology resulted in misclassifying

a patient with TDP-C.

Discussion
The ability to predict pathological diagnosis in patients

with bvFTD would greatly facilitate trials of disease-mod-

ifying therapies, but this goal has remained elusive, in part

due to the number of possible aetiologies without clear

distinguishing features. In this large, prospectively diag-

nosed bvFTD cohort, we found all of the major FTLD

subtypes, as well as Alzheimer’s disease and ALS, with a

distribution that varied according to the clinician’s confi-

dence in the bvFTD diagnosis and the consistency of the

syndrome throughout follow-up. In spite of commonalities

across molecular causes, the clinical, neuropsychological,

and imaging variability between diagnoses suggested

subtle anatomic differences that inform pathological predic-

tion. Data-driven classification by cross-validated DFA har-

nessed these clinical differences, and in combination with

strongly predictive factors (genetic mutations, clear-cut at-

rophy patterns, and motor syndromes) predicted the histo-

pathological subtype in 60.2% of cases. By comparison,

chance prediction of the most common subtype (TDP-B)

in each patient would have yielded an accuracy of 24.8%.

Pathological diagnoses

In 117 patients with bvFTD, we found 14 different under-

lying pathologies. In 68 with a ‘high confidence’ bvFTD

diagnosis, FTLD was found in 93%, while Alzheimer’s dis-

ease was uncommon (6%). In these cases, the most

common pathological subtypes were those with MND

(TDP-B and U), Pick’s disease, and aFTLD-U (FTLD-

FUS). The presence of MND strengthened clinicians’ diag-

nostic confidence, and enriched the high confidence group

with FTLD-TDP. When bvFTD symptoms are accompanied

by elements of other clinical syndromes, the most common

pathological diagnoses were Alzheimer’s disease, PSP, and

CBD.

Features in common

The clinical and neuroimaging profiles of the various

neuropathological diagnoses substantially overlapped.

Patients representing all FTLD major molecular classes

and subtypes met at least possible and probable bvFTD

diagnostic criteria at comparable rates. Eight patients

with a behavioural syndrome caused by FTLD did not

meet FTDC possible criteria (92% sensitivity), reflecting

the limitations of the current criteria. Most of those with

underlying Alzheimer’s disease met at least possible bvFTD

criteria. Early apathy, disinhibition, compulsivity, and

eating behaviour changes all occurred in 450% of patients
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Figure 5 PCA of grey matter W-score maps. The top 25% of voxels contributing to the first 10 components from the principal component

analysis. With each is a colour bar representing the mean score for each component of all included subjects with each of the top 10 diagnoses.

n = 82. AD = Alzheimer’s disease; PiD = Pick’s disease.
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with the eight most common FTLD subtypes. Similarly,

grey matter atrophy patterns showed striking overlap

among FTLD subtypes and those with underlying

Alzheimer’s disease. In particular, patients showed atrophy

involving frontoinsula, anterior cingulate cortex, striatum,

and amygdala, regions that atrophy in the mildest clinical

stages of bvFTD (Seeley et al., 2008) and form a large-scale

network in the healthy brain (Seeley et al., 2009). These

findings further strengthen the link between degeneration of

these regions and the symptomatology of bvFTD,

Table 2 Discriminant function analysis cross-validated classification accuracy by pathological diagnosis (per cent

correctly classified) using components derived from specified analyses

Overall CBD PSP PiD TDP-A TDP-B TDP-C TDP-U aFTLD-U AD ALS

Clinical CATPCA, n = 109 28.4 0 22.2 25.0 0 51.9 25.0 0 37.5 46.7 25.0

Neuropsych testing PCA, n = 54 35.2 0 0 0 0 64.3 33.3 0 33.3 72.7 0

GM PCA, n = 82 48.8 0 28.6 60.0 16.7 70.0 83.3 12.5 75.0 66.7 25.0

WM PCA, n = 82 36.6 0 28.6 60.0 16.7 70.0 33.3 0 50.0 40.0 0

Clinical + GM + WM + Neuropsych

PCA, n = 75a
57.3 16.7 40.0 50.0 20.0 77.8 66.7 50.0 75.0 66.7 50.0

A priori algorithm + discriminant function

analysis, n = 83

60.2 16.7 66.7 85.7 40.0 78.9 66.7 50.0 25.0 66.7 0

A priori algorithm + discriminant function

analysis + simulated amyloid/tau imaging,

n = 89

70.8 25.0 42.9 85.7 57.1 94.4 87.5 50.0 50.0 100 0

AD = Alzheimer’s disease, aFTLD-U = atypical FTLD with ubiquitin positive inclusions, GM = grey matter, PiD = Pick’s disease, TDP-U = unclassifiable TDP-43, WM = white matter.
aMissing values imputed, stepwise component entry.

Figure 6 A priori algorithm for bvFTD pathological prediction. The algorithm is shown on the left, with branches leading to a list of likely

pathological diagnoses. On the right are the results from applying the algorithm to the bvFTD cohort, including the numbers of patients whose

diagnoses were consistent or inconsistent with the algorithm’s prediction. *Sixteen patients could not be fully classified by the algorithm because

of lack of imaging. AD = Alzheimer’s disease.
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regardless of its molecular cause, and suggest that diverse

proteinopathies converge on these structures to produce the

core bvFTD syndrome.

Distinguishing features

Alzheimer’s disease

In previous studies, the frequency of Alzheimer’s disease

causing bvFTD ranged from 2% (Rosen et al., 2002b;

Shi et al., 2005) to over 20% (Leger and Banks, 2014).

The low frequency of Alzheimer’s disease in our high con-

fidence bvFTD group reflects the fact that dementia special-

ists can usually distinguish between behavioural syndromes

due to FTLD and those due to Alzheimer’s disease.

Specialists inevitably evaluate more diagnostically challen-

ging patients, however, and we chose to include such pa-

tients in this study. Among such patients there are still

distinguishing features. While each FTDC diagnostic fea-

ture was seen in at least some patients with Alzheimer’s

disease, some of the more ventral frontal symptoms, such

as disinhibition, compulsivity, eating behaviours, and par-

ticularly emotional coldness, were less common in

Alzheimer’s disease than in FTLD. Apathy and executive

function impairment were common in these 15 behaviour-

predominant patients with Alzheimer’s disease, as in pa-

tients with FTLD, reflecting degeneration of dorsolateral

prefrontal areas. Although executive dysfunction is severe

in some bvFTD-FTLD patients, it is not universal. In

bvFTD due to Alzheimer’s disease, however, nearly all pa-

tients showed moderate to severe executive impairment,

suggesting that attributing a behavioural syndrome to

Alzheimer’s disease, even in the presence of Alzheimer’s

disease biomarkers, should be done cautiously unless ex-

ecutive functions are impaired. Further study is warranted

to determine how the neuropsychological profile in the cur-

rent diagnostic criteria (Rascovsky et al., 2011) can be

improved to separate bvFTD due to FTLD from the chal-

lenging ‘frontal Alzheimer’s disease’ cases, rather than dis-

tinguishing bvFTD from the typical Alzheimer’s disease

syndrome. Neuroimaging indicated that patients with

bvFTD due to Alzheimer’s disease show atrophy in core

bvFTD regions, and nearly 50% of the time clinicians

rated these patients as having the frontal-predominant at-

rophy needed to meet probable bvFTD criteria.

Nonetheless, patients with bvFTD due to Alzheimer’s dis-

ease could often be distinguished by the presence of pos-

terior atrophy, including posterior cingulate and precuneus,

as previously described (Lehmann et al., 2010; Whitwell

et al., 2011b; Ossenkoppele et al., 2015).

Amyotrophic lateral sclerosis

Interestingly, we found four patients with pure ALS at aut-

opsy, without FTLD, in whom bvFTD was considered.

Apathy and executive function impairment seemed to

drive this clinical impression. The source of these findings

in the absence of neurodegeneration or TDP-43 aggregation

in anterior cingulate and dorsolateral prefrontal cortex

warrants further exploration. One of four carried a

C9orf72 repeat expansion, suggesting that neuronal dys-

function due to C9ORF72-specific pathological changes

(RNA foci, loss of C9ORF72 function, dipeptide repeat

proteins) may have contributed to the behavioural syn-

drome even though FTLD-TDP had not reached the impli-

cated brain regions. Most other typical bvFTD symptoms

were rare and atrophy was much milder in these cases.

Tau versus TDP-43 versus FUS

Distinguishing among FTLD major molecular classes still

remains challenging, in part due to the heterogeneity

within each class. This clinical-anatomical variability can

lead to more similarity of subtypes between than within

major molecular classes. For example, bvFTD due to

TDP-A is clinically more similar to bvFTD due to CBD

than it is to bvFTD due to TDP-C. A full MND syndrome

universally predicted FTLD-TDP, consistent with previous

studies (Snowden et al., 2007; Josephs et al., 2011). Yet,

extrapyramidal features, though widely thought to predict

FTLD-tau (Forman et al., 2006) were equally common in

FTLD-tau and -TDP. Delusions, however, were more

common in FTLD-TDP (Leger and Banks, 2014), even in

the absence of a C9orf72 expansion.

Patients with FTLD-FUS (eight with aFTLD-U) were

younger and had more severe behavioural impairment

than all other groups, consistent with previous work

(Urwin et al., 2010; Snowden et al., 2011). In addition to

the core bvFTD atrophy pattern, severe ventromedial fron-

tal, anterior temporal, and striatal volume loss (Josephs

et al., 2010; Seelaar et al., 2010) characterized aFTLD-U

and separated it from other groups in the linear discrimin-

ant analysis. This group also made more design fluency

repetitions than other groups and showed poor verbal

memory.

Profiles within histopathological subtypes

Pick’s disease

The five core FTDC symptoms were common among eight

patients with Pick’s disease, reaching 100% during the dis-

ease course for lack of empathy and eating behaviour

changes. Blinded reviewer visual rating of severe (knife-

edge) fronto-insulo-temporal, or in one case, anterior tem-

poro-insular atrophy on MRI captured 6/6 patients with

Pick’s disease, though this was also present in patients

with other subtypes.

Corticobasal degeneration

Lack of sympathy/empathy was less commonly seen in the

10 CBD patients, consistent with the relative preservation

of the anterior temporal lobes (Rankin et al., 2006). While

some extrapyramidal signs were common, many patients

did not show typical motor features of corticobasal syn-

drome. Half never developed apraxia, even during follow-

up. Myoclonus was observed in none of these patients.

Atrophy involved dorsolateral frontal regions (Lee et al.,

3342 | BRAIN 2017: 140; 3329–3345 D. C. Perry et al.



2011; Whitwell et al., 2011a). Medial frontal atrophy,

including supplementary motor area, particularly distin-

guished CBD from other pathological entities. Impairment

on neuropsychological testing was notable on executive

tests, including Trails and Stroop.

Progressive supranuclear palsy

PSP is reported as an uncommon cause of bvFTD (Kertesz

et al., 2005; Josephs et al., 2006). While falls, eye move-

ment abnormalities, extrapyramidal features, and dysarth-

ria were common, none were universally present in the nine

patients with PSP except for dysphagia. Relative to the

other subtypes, fewer patients met probable criteria at

any point throughout follow-up, reflecting the lack of strik-

ing or disproportionate frontotemporal atrophy. Posterior

cerebellum atrophy distinguished PSP from other subtypes.

TDP-A

While sporadic cases occur, six of nine with TDP-A had a

genetic mutation (C9orf72 or GRN). Similar to prior re-

ports (Rohrer et al., 2010; Whitwell et al., 2011a), we

found significant dorsal frontal atrophy with some anterior

temporal involvement among six with imaging. Dorsal an-

terior insula and frontal-opercular atrophy separated TDP-

A from other subtypes by linear discriminant analysis.

TDP-B

Two-thirds of the 27 patients with TDP-B did not have a

genetic mutation (C9orf72 or TARDBP) and 22% lacked

pathological evidence of MND. The 20 patients with TDP-

B and neuroimaging had milder frontotemporal atrophy

except in subcortical regions, including striatum and thal-

amus, and frontoinsula.

TDP-C

Patients with bvFTD due to TDP-C presented with prom-

inent loss of sympathy/empathy (the presenting symptom in

four of eight patients), compulsive behaviour, and asym-

metric anterior temporal atrophy. When degeneration

begins on the left side the syndrome is more commonly

semantic variant primary progressive aphasia, but a

bvFTD syndrome often occurs when the right side is af-

fected first (Edwards-Lee et al., 1997; Thompson et al.,

2003; Seeley et al., 2005). All were correctly captured by

blinded inspection of their temporal-predominant atrophy

pattern. Patients in this group displayed worse confronta-

tional naming than other subtypes, and 38% had a lan-

guage-related first symptom. In our view, right anterior

temporal-predominant bvFTD due to TDP-C predomin-

antly reflects loss of social-emotional meaning.

TDP-U

Eleven patients had FTLD-TDP too sparse or atypical to

classify using the A–D system (Mackenzie et al., 2011).

Eight of 11 had genetic mutations (C9orf72 or

TARDBP), and six also had MND. Atrophy was rarely

severe. Patients did well on tests of executive function,

such as Trails and Stroop.

Classification

Components derived from clinical, neuropsychological, and

neuroimaging data suggest patterns that associate with par-

ticular pathological diagnoses. Through cross-validated

DFA, these components led to correct prediction of the

specific underlying pathology in more than half of patients.

Using an algorithm based on known clinicopathological

associations (Fig. 6), the pathology could be correctly nar-

rowed to a shortlist in 74% of patients, but the exact sub-

type could not be determined. Combining the two

approaches (DFA and a priori algorithm) achieved the

most accurate results, with the correct diagnosis predicted

in 60.2%. These results indicate that certain scenarios

allow the clinician to predict pathology with confidence.

These include FTD-associated genetic mutations, MND,

PSP syndrome, or asymmetric anterior temporal-predomin-

ant atrophy. Some features are sensitive, but not entirely

specific, such as knife-edge frontotemporal atrophy for

Pick’s disease. Young age and caudate atrophy is specific,

but not sensitive, for aFTLD-U (FTLD-FUS). Applying this

algorithmic approach allows the clinician to simplify the

list of possible diagnoses. In summary, genetic testing, a

neurological examination searching for subtle MND or

supranuclear gaze palsy, and neuroimaging assessment all

play important roles in the clinical evaluation of bvFTD.

Patients defying straightforward classification include those

with sporadic TDP-A, TDP-B, CBD (the most challenging

subtype for our approaches to classify correctly), and PSP

without early eye movement or other motor features. By

adding results of hypothetical amyloid-b and tau imaging

to this classification we simulate the near-future scenario in

which biomarkers will be considered in conjunction with

clinical and imaging data. This combination improves mo-

lecular classification accuracy to 71%, but challenges

remain, particularly for those with co-existing proteinopa-

thies. Though many patients are correctly classified by this

method, the remaining inaccuracies indicate that current

knowledge and techniques may be inadequate to accurately

classify all patients by subtype, and biomarkers that separ-

ate TDP-43 from tau would not eliminate this problem.

Limitations

Some of this study’s limitations arise from the long period

over which patients were evaluated. Clinical assessment

and acumen evolved throughout this period, and we

relied on clinician documentation to determine the presence

or absence of some features. We chose broad clinical inclu-

sion criteria to increase applicability and to allow us to

assess the sensitivity of FTDC criteria, but future studies

may benefit from limiting inclusion to subjects who meet

FTDC criteria. Also, autopsies were performed at multiple

centres, and advances have led to changes in pathological

diagnostic criteria and protocols. While this cohort is large,

the number of separate histopathological subtypes, each

with small numbers of patients, limited our ability to test
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or validate an unbiased classification system. Pathological

diagnoses with small numbers of patients (argyrophilic

grain disease, FTLD-UPS, FTDP-17, and unclassifiable

tau) were excluded from classification procedures, meaning

they would be missed in application of this classification to

a larger, independent dataset. Future studies describing

larger cohorts could enable training of a more robust clas-

sification strategy.

Despite these limitations, this study represents the largest

consecutive bvFTD autopsy series in which detailed pheno-

typic and neuropathological data allowed comparison of

the major neuropathological subtypes. Future efforts to pre-

dict pathology in bvFTD may rely on molecular imaging or

fluid biomarkers, but until those tools are made available

the clinical and structural imaging data provide many clues

to physicians who evaluate patients with bvFTD and pro-

vide hope that with further research sensitive and specific

classification strategies may emerge.
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