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ABSTRACT

Objective: The pathology of frontotemporal dementia, termed frontotemporal lobar degeneration (FTLD), is
characterized by distinct molecular classes of aggregated proteins, the most common being TDP-43, tau, and
FUS. With a few exceptions, it is currently not possible to predict the underlying pathology based on the clinical
syndrome. In this study, we set out to investigate the relationship between pathological and clinical presentation

at single symptom level, including neuropsychiatric features.

Methods: The presence or absence of symptoms from the current clinical guidelines, together with
neuropsychiatric features such as hallucinations and delusions, were scored and compared across pathological

groups in a cohort of 150 brain donors.

Results: Our cohort consisted of 68.6% FTLD donors (35.3% TDP-43, 28% tau, and 5.3% FUS) and 31.3%
non-FTLD donors with a clinical diagnosis of frontotemporal dementia and a different pathological substrate
such as Alzheimer’s disease (23%). The presence of hyperorality points to FTLD rather than non-FTLD
pathology (P < 0.001). Within the FTLD group, hallucinations in the initial years of the disease were related to
TDP-43 pathology (P = 0.02), including but not limited to C9orf72 repeat expansion carriers. The presence of

perseverative or compulsive behavior was more common in the TDP-B and TDP-C histotypes (P = 0.002).

Interpretation: Our findings indicate that neuropsychiatric features are common in FTLD and form an
important indicator of underlying pathology. In order to allow better inclusion of patients in targeted molecular
trials, the routine evaluation of patients with frontotemporal dementia should include the presence and nature of

neuropsychiatric symptoms.

Keywords: frontotemporal dementia, hallucinations, clinicopathological
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INTRODUCTION

The term frontotemporal dementia (FTD) defines a group of neurodegenerative syndromes with diverse clinical
presentations, including the behavioral variant of frontotemporal dementia (bvFTD) and language dominant
syndromes such as primary progressive aphasia (PPA) including the nonfluent/agrammatic variant of PPA
(nfPPA) and the semantic variant of PPA (svPPA)2. Other syndromes that are part of this group are
characterized by prominent movement symptoms, such as corticobasal syndrome, progressive supranuclear
palsy, and FTD with motor neuron disease. Most patients present with mixed behavior, language, and motor
symptoms, but are diagnosed based on their most pronounced and first onset symptoms.behavior The past
decade has seen a fast evolution of knowledge on the clinical and genetic features of FTD. In 2011, diagnostic
criteria for bvFTD and PPA were revised which improved diagnostic accuracy™2. Mutations in genes such as
chromosome 9 open reading frame 72 (C9orf72), progranulin (GRN) and microtubule associated protein tau
(MAPT) have been identified in about 25% of FTD patients®. More recently, neuropsychiatric symptoms such as
psychosis and depressed mood have been recognized to be part of the early clinical presentation of FTD, both in
C90rf72 repeat expansion carriers and non-carriers*®. Due to the clinical variability and overlap of symptoms
with primary psychiatric diseases and other neurodegenerative diseases such as Alzheimer’s disease, and given

the lack of biomarkers, it remains challenging to diagnose FTD accurately in a clinical setting.

The pathology of FTD, termed frontotemporal lobar degeneration (FTLD), is characterised by the unifying
macroscopic hallmark of atrophy of the frontal and temporal lobes’. On a microscopic level, aggregates of
distinct types of misfolded proteins can be observed. TAR DNA-binding protein-43 (TDP-43) aggregates occur
in approximately 50% of patients, microtubule associated protein tau (MAPT) in 40% and Fused in Sarcoma
(FUS) aggregates are seen in 5-10%72. C9orf72 and GRN mutations are associated with TDP-43 aggregation,
whereas mutations in MAPT lead to tau aggregation®. Within the molecular class TDP-43, five different
histotypes (A-E) have been described based on the morphology and distribution of cytoplasmic and neuritic

aggregates across brain layers®. TDP-C is the predictable histopathology in the majority of patients with
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svPPA, However, in the remaining sporadic FTD patients, the underlying phenotype can scarcely be predicted

based on the clinical phenotype.

Previous efforts to identify clinicopathological correlations in FTD focused on the underlying pathologies of the
FTD clinical subgroups®®-*’. When focusing on the five core behavioral symptoms of bvFTD, predicting the
underlying pathological phenotype remains challenging®. Here, we set out to investigate clinicopathological
correlations at the symptom level in a large FTD cohort encompassing all clinical variants, and include a broader
spectrum of symptoms than those that have been incorporated in the consensus clinical criteria, such as

neuropsychiatric symptoms.
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MATERIALS AND METHODS
Subjects

Donors were selected from the cohort of The Netherlands Brain Bank. First, records of autopsied donors
between 2008 and 2017 were searched for the terms “frontotemporal dementia” and “frontotemporal lobar
degeneration”. The resulting reports were reviewed by a neurologist (M.S.) to ascertain whether FTD was a
differential clinical diagnosis, and to record the main clinical diagnosis and the pathological diagnosis. Donors
were excluded from the analysis when brain tumors or brain infarcts larger than 15 mm were reported, as well as
lacunar infarcts larger than 3 mm in the thalamus or basal ganglia. Low-level white matter disease in the deep
and periventricular white matter was not regarded as an exclusion criterion. This yielded a cohort of 150 donors.
All donors were either clinically diagnosed with FTD, pathologically diagnosed with FTLD, or diagnosed with
both FTD and FTLD. The donors had been evaluated in different clinical settings in the Netherlands, including
academic and community hospitals. All donors had provided informed consent for brain donation and the use of

their medical records for research according to the ethical guidelines®® (Table 1 and Supplementary Table 1).
Assessment of clinical and pathological features
Clinical data

The majority of donors in our cohort received more than one clinical diagnosis during their life. First, the main
clinical diagnosis was identified, based on the recorded diagnosis after complete neurological assessment.
Differential diagnoses were also used for analysis as this reflects the clinical complexity of the donors. Next,
four disease time points were identified and included 1) the year of symptom onset, 2) the year of clinical
diagnosis, 3) the year of loss of independency in activities of daily living, and 4) the year of death. Demographic
data, age at all disease time points and duration to reach disease time points from the year of symptom onset

were included in the analysis.
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The neurological symptoms present in the first three years of disease onset were evaluated and scored as present
(1) or absent (0). If symptoms were not explicitly mentioned, they were considered absent. The core behavioral
symptoms as defined by the framework of Rascovsky criteria were scored present if at least one of the
subcategories for each symptom was reported’. These symptoms include disinhibition, apathy or inertia,
perseverative or compulsive behavior, and hyperorality. The behavioral symptom “loss of empathy” was not
scored, since this was almost never explicitly mentioned, and it is challenging to derive from the clinical records.
Language impairments were clearly mentioned in the donors’ clinical history, and were scored according to the
current PPA criteria in one of the three types of aphasia (nfPPA, svPPA or logopenic-variant PPA)?. Motor signs
and symptoms included apraxia (motor and/or ideational), falls, signs of motor neuron disease and parkinsonism.
The neuropsychiatric symptoms hallucinations, delusions, mania and depression were scored if present in the
first three years of the disease?®. The past medical history of each donor prior to the clinical onset of dementia
was reviewed for psychiatric diagnoses. The family history of each donor was assessed with respect to dementia,
other neurodegenerative diseases, and psychiatric diseases. The family history was considered positive if at least
one first-degree relative was affected. Information on genetic status was collected from clinical files or from

post-mortem genetic testing on brain tissue.

Pathological procedures and diagnoses

The brain tissue was dissected into anatomically defined structures, in accordance to Brain Net Europe’s Code of
Conduct for brain banking?!. Briefly, the right hemisphere was fixed in 4% formaldehyde for four weeks and
dissected into 24 standard regions for diagnostic purposes. The pathological diagnosis was first determined based
on guidelines in force at the time of autopsy. As the pathological proteins have been visualized using various
antibodies over the past 10 years, all available regions from all donors were immunostained for the main
pathological proteins: amyloid-beta (IC16 antibody: Kind gift of Prof. Dr. Korth, Heinrich Heine University,
Dusseldorf, Germany), phosphorylated-tau (AT8: Pierce Biotechnology, Rockford, IL, USA) and
phosphorylated-TDP43 (pTDP43: Cosmo Bio, Tokyo, Japan). If all abovementioned proteins were not detected

or pathological notes suggested FUS pathology, immunohistochemistry for FUS pathology was also performed
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(HPAO008784: Sigma Aldrich, St. Louis, United States). If the clinical and pathological diagnosis were indicative
for parkinsonism, additional immunohistochemistry was performed to assess alpha-synuclein pathology (Zymed,
Thermo Fisher Scientific, Bleiswijk, The Netherlands). The final pathological diagnosis was defined based on a
combination of the original neuropathological report and on the new evaluation from immunohistochemical
stainings. The presence of other pathologies beside the main pathological diagnosis was also taken into
consideration. Each donor was staged for amyloid-beta, tau deposition and alpha-synuclein pathology according

to Thal and Braak staging systems?? 2324,

FTLD-TDP histotypes were assessed based on the criteria proposed by Lee et al.®, according to the following
definitions. Type A: pathology predominantly in the second layer where both compact neuronal cytoplasmic
inclusions and short/small threads are seen. Type B: pathology across all layers where mostly neuronal
cytoplasmic inclusions are seen; threads are either absent or few. Type C: long/thick threads are seen; neuronal
cytoplasmic inclusions are absent or rare; no white matter involvement. Type D: cat-eye inclusions across all
layers. Type E: granular neuronal cytoplasmic inclusions filling dendrites across all layers; extracellular
pathology shows as diffuse granularity; pathology broadly affects the white matter and extends to brainstem.
Donors with TDP pathology that did not match the criteria for any TDP subtype were classified as TDP-U

(“unknown”).
Statistical analysis

One-way ANOVA with Tukey’s post-hoc test was used to compare age at all four disease time points, disease
duration, time to diagnosis, time to dependency in activities of daily living, brain weight, Thal stage, and Braak
stages between groups. Pearson’s chi-squared test was used to compare gender distribution and the distribution
of donors with a concordant (1) or discordant (0) clinicopathological diagnosis before and after 2011. The
presence (1) or absence (0) of signs and symptoms were compared using Pearson’s chi-squared test on three
group levels: 1) between FTLD and non-FTLD donors, 2) between the three FTLD subtypes: FTLD-TDP,
FTLD-tau and FTLD-FUS, and 3) between the TDP histotypes A through E. A P-value of 0.05 was considered

significant and corrected for multiple comparisons with the Benjamini-Hochberg procedure. All statistical
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analyses were performed using the Statistical Package for the Social Sciences (SPSS v.24 for Windows,

Chicago, IL).
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RESULTS

Demographics

FUS donors were found to be younger than non-FTLD donors at disease onset (P = 0.02) and younger than all
other separate groups of donors at diagnosis (FUS versus TDP: P = 0.03; FUS versus tau: P = 0.04; FUS versus
non-FTLD: P < 0.01) and death (FUS versus TDP: P = 0.05; FUS versus tau: P = 0.05; FUS versus non-FTLD:
P < 0.01). No differences were found between the groups of donors with respect to disease duration (P = 0.61)
and gender distribution (P = 0.19). The demographic findings in our cohort are in line with previous studies on

pathologically confirmed FTD*?325-28 (Table 1).

Donors with TDP-C pathology have a longer disease duration compared to donors with TDP-E pathology (P =
0.006). No differences were found between TDP histotypes with respect to gender distribution (P = 0.57) (Table

2).
Clinical and pathological overview
Clinical diagnoses

The majority of donors in our cohort received FTD as main or differential diagnosis at least once during their
disease duration (146/150: 97%). Interestingly, four donors that were never diagnosed with FTD had TDP-43
pathology; two were clinically diagnosed as Alzheimer’s disease and had underlying TDP-A pathology, one had
a clinical diagnosis of schizoaffective disorder with underlying TDP-C pathology and the fourth had a clinical

diagnosis of multisystem atrophy with underlying TDP-E pathology.

After a complete neurological assessment, 115/146 (79%) of donors who received FTD as a differential clinical
diagnosis had it confirmed as their main clinical diagnosis, with a distribution of 77/146 (53%) bvFTD, 30/146
(21%) PPA, 4/146 (3%) corticobasal syndrome and 4/146 (3%) progressive supranuclear palsy. In 31 donors

(21%) Alzheimer’s disease was the main clinical diagnosis. (Fig 1 and Supplementary Table 1).

Psychiatric history and symptoms
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Twelve donors received a clinical differential diagnosis of a primary psychiatric disorder after the clinical onset
of dementia. Among those 12 donors, six were pathologically diagnosed with FTLD-TDP, three with FTLD-tau,
and three with FTLD-FUS. Primary psychiatric diagnoses in FTLD donors were depression (n = 6), bipolar
disorder (n = 3), schizoaffective disorder (n = 1), obsessive-compulsive disorder (n = 1) and post-traumatic stress

disorder (n =1).

In the past medical history of the donors, a psychiatric disorder was reported in 32 donors, who were diagnosed
with depression, anxiety, panic disorder, dysthymia, obsessive-compulsive disorder, psychosis or substance
addiction. Among donors with a psychiatric diagnosis in their past medical history, 15 (47%) had underlying
FTLD-TDP pathology (28% of all FTLD-TDP), nine (28%) had FTLD-tau (21% of all FTLD-tau), one (3%) had
FTLD-FUS, five (16%) had underlying Alzheimer’s disease pathology (17% of all Alzheimer’s disease donors),

and two (6%) had other pathologies.

A psychiatric disorder in at least one first-degree relative was reported in eight (17%) non-FTLD donors and in
18 (17%) FTLD donors. Eleven (61%) FTLD donors with a positive family history had underlying TDP-43

pathology, five (27%) had tau pathology, and two (11%) had FUS pathology (Fig 2 and Supplementary Table 1).

Pathological diagnoses

Overall, 103/150 donors had FTLD pathology, consisting of 53 TDP-43, 42 tau and eight FUS donors. Among
the TDP-43 donors, 17 (11%) were classified as TDP-A, 14 (9%) as TDP-B, 13 (9%) as TDP-C, seven (5%) as
TDP-E and two (1%) as TDP-U. Non-FTLD donors (n = 47) exhibited Alzheimer’s disease pathology (n = 35),
cerebrovascular disease pathology (n = 2), Lewy body disease (n = 3) and other pathologies (n = 7) (Alexander’s
disease, spinocerebellar ataxia, post-anoxic encephalopathy, Wernicke-Korsakoff disease, and neuronal

intranuclear inclusion disease?®) (Fig 1).

Statistical analysis revealed a lower brain weight on autopsy in non-FTLD donors compared to TDP-43 donors
(P =0.03). As expected, Thal and Braak stage for tau neurofibrillary pathology were significantly higher in the

group of non-FTLD donors compared to TDP-43 and FUS donors (P < 0.01), and Thal stage was higher in non-
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FTLD compared to FTLD-tau donors (P < 0.01). Braak stage for alpha-synuclein pathology was also higher in

the group of non-FTLD donors compared to TDP-43 and tau donors (P < 0.01) (Table 1).
Genetics

Half of FTLD donors in the present study were tested for C9orf72, GRN and/or MAPT mutations post-mortem,
on the basis of a suggestive pathology supported by a positive family history for dementia or psychiatric disease.
Of the 42 FTLD-tau donors, 12 were tested for MAPT mutation, 10 were positive and two were negative. Of the
53 FTLD-TDP donors, 13 were positive for C9orf72 repeat expansion, six were positive for GRN mutation, and
20 were negative for both. The remarkably higher prevalence of MAPT mutation carriers in our cohort is

consistent with other studies in the Dutch population® (Table 3).
Clinicopathological diagnostic agreement

Clinicopathological diagnostic agreement was calculated as the percentage of main clinical diagnoses that
matched the pathological diagnosis in the cohort of 150 donors. The total clinicopathological diagnostic
agreement in our cohort was 76%. Among the donors who had been clinically diagnosed before or during 2011
the clinicopathological agreement was 72% while this was significantly higher with 93% (2 (1) =5.77, P = 0.02)

in donors diagnosed after the implementation of novel diagnostic criteria.

Comparison of clinical features between pathological groups
FTLD and non-FTLD

The clinical hallmark that best discriminated between FTLD and non-FTLD donors was the presence of
hyperorality in the first three years from disease presentation (3> (1) = 24.55, P < 0.001). Hyperorality was
reported with a higher frequency in FTLD (60/103: 58%) compared to non-FTLD donors (7/47: 15%). The
prevalence of hyperorality was higher in FTLD-bvFTD (42/58, 72%) compared to both FTLD-nfPPA (3/11,

27%) and FTLD-svPPA donors (4/10, 40%) (x%(2) = 10.36, P < 0.01).
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Perseverative or compulsive behavior was also found to be present in a higher proportion of FTLD compared to
non-FTLD cases (63% vs. 36%; %% (1) = 9.45, P = 0.01). The prevalence of a perseverative or compulsive
behavior was 70% (7/10) in FTLD-svPPA, 66% (38/58) in FTLD-bvFTD and 55% (6/11) in FTLD-nfPPA (2

(2)=0.64, P = 0.73).

The most reported behavioral symptom in FTLD donors was disinhibition. The prevalence of disinhibition did
not differ between FTLD and non-FTLD donors (73% vs. 74%; y?(1) = 0.045, P = 0.89) and was higher in
FTLD-bvFTD donors (45/58, 78%) compared to FTLD-nfPPA donors (4/11, 36%) (x%(2) = 7.62, P = 0.22;
bvFTD versus nfPPA P < 0.01, bvFTD versus svPPA P = 0.60, svPPA versus nfPPA P = 0.12). (Fig 3A and Fig

4).

The presence of psychiatric symptoms did not help in discriminating between FTLD and non-FTLD donors.
However, when looking at the nature of hallucinations, visual were prevalent in non-FTLD donors, where 8/12
donors presented with visual hallucinations, and in 4/12 donors the type of hallucination was not specified. On
the other hand, auditory hallucinations were prevalent in FTLD donors, with 7/12 being reported with auditory
hallucinations, 1/12 with visual hallucinations, and 4/12 without explicit mention of the nature of the

hallucinations.
FTLD-TDP, FTLD-tau, and FTLD-FUS

No difference was found concerning the presence of behavioral symptoms, when comparing the frequency of
clinical features in FTLD-TDP, FTLD-tau and FTLD-FUS donors in our cohort. In FTLD donors, the prevalence
of hallucinations did not differ between bvFTD (5/58, 9%), nfPPA (1/11, 9%) and svPPA (2/10, 20%) donors
(x?(2) = 1.23, P = 0.54). Hallucinations were recorded only in FTLD-TDP donors and were the only clinical
feature which could discriminate between the major FTLD molecular classes (x? (2) = 12.81, P = 0.02; TDP
versus tau ¢ (1) = 10.88, P < 0.01; TDP versus FUS y? (1) = 2.255, P = 0.13). Hallucinations were reported in 12

donors in our FTLD-TDP cohort, of which three were found to carry a C9orf72 repeat expansion. This indicates
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that the presence of hallucinations is not exclusive of the C9orf72 phenotype but is more widely associated with

TDP-43 pathology (Fig 3B and Fig 4).
FTLD-TDP histotypes

The symptom that most discriminated between FTLD-TDP subtypes was the presence of a perseverative or
compulsive behavior (x%(3) = 20.75, P = 1.8 x 107%). Perseverative or compulsive behavior had a lower
prevalence in TDP-A (3/17: 18%) and TDP-E (3/7: 43%) compared to TDP-B and TDP-C donors (13/14: 93%
and 10/13: 77%, respectively). Among the donors in these groups, four TDP-A and nine TDP-B subjects carried
a C9orf72 repeat expansion. Without C9orf72 carriers, the result of the comparison between TDP-A and TDP-B

donors remained significant (Fig 3C and Fig 4).

Other pathologies

All regions of the brain were evaluated for presence of other pathological proteins. In FTLD-TDP donors, tau
aggregates were present in the hippocampus in 75% of the donors and amyloid-beta -plaques in the neocortex in
68% of the donors. In donors with Alzheimer’s disease, Lewy body co-pathology in the limbic system was found
in 19 donors (19/35: 54%). Noticeably, among these 19 Alzheimer’s disease donors with Lewy body co-
pathology, seven were also found to have TDP-43 co-pathology in the limbic system, thus showing two co-
pathologies in addition to the main pathological diagnosis. Overall, limbic TDP-43 co-pathology was detected in
14 Alzheimer’s disease donors (40%) and in eight FTLD-tau donors (19%)3!(Table 4).Hallucinations were
reported in 12/47 non-FTLD donors, mainly Alzheimer’s disease donors (8/12). Co-pathology was common
among Alzheimer’s disease donors with hallucinations: they presented with Lewy body pathology (n = 4), TDP-
43 pathology (n = 2), or both Lewy body and TDP-43 pathology (h = 3). Other non-FTLD donors with
hallucinations were pathologically diagnosed with Lewy body disease (n = 2), spinocerebellar ataxia (n = 1) and

neuronal intranuclear inclusion disease (n = 1) (Fig 3A and Table 4).
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DISCUSSION

We studied clinicopathological correlations in a large brain bank cohort of 150 donors and identified several
early symptoms that can help to differentiate between underlying pathology. Hyperorality is the clinical feature
that could best distinguish underlying FTLD from non-FTLD pathology. The presence of auditory hallucinations
is associated with underlying FTLD-TDP pathology, and perseverative or compulsive behavior points to FTD-

TDP type B or C histotypes.
Hyperorality points to FTLD pathology

Hyperorality is the early behavioral feature that can best improve the ante-mortem discrimination of FTLD from
non-FTLD pathology. The higher prevalence of hyperorality in pathologically confirmed FTLD donors
compared to Alzheimer’s disease donors has been described before when focussing on the clinical diagnosis of
bvFTD®8. Our work supports the finding from a recent clinical cohort study that hyperorality is detectable not
only in bvFTD but also in PPA patients®2. However, the prevalence of hyperorality was higher in FTLD-bvFTD
compared to FTLD-PPA donors in our cohort. Our results confirm previous findings that hyperorality is present
in the three major FTLD subclasses FTLD-TDP#% FTLD-tau®*34, and FTLD-FUS®. Interestingly, a recent
clinicopathological study of bvFTD found that hyperorality was present in FTLD-tau and FTLD-FUS donors,
but not in FTLD-TDP donors®. This result is likely related to the small size of their cohort. Our data support the
notion that hyperorality in the early phase of the disease points to FTLD pathology, without further indication on

FTLD pathological subclasses.

Hyperorality was included as a core bvFTD diagnostic criteria in 2011?, and the clinicopathological agreement in
our cohort after 2011 increased from 72% to 93%. This indicates that the addition of hyperorality to the

diagnostic criteria contributed to improving the clinicopathological agreement.

Disinhibition is reported to be more prevalent in bvFTD?, however in our study we find a similar prevalence of
disinhibition between FTLD and non-FTLD donors. This finding is possibly related to the design of this study,

where non-FTLD donors were included in the cohort because of the differential clinical diagnosis of FTD which

This article is protected by copyright. All rights reserved.



can be prompted by the presence of behavioral symptoms such as disinhibition. Moreover, in the FTLD-group,
all FTD clinical syndromes were taken into account, so that the higher prevalence of disinhibition in bvFTD was

balanced by the lower prevalence among nfPPAL,

Neuropsychiatric symptoms aid in diagnosing FTLD and its molecular subclasses

The presence of neuropsychiatric symptoms likely prompted the diagnosis of psychiatric disease that was
recorded in 12 FTLD donors in our cohort, half of whom showed TDP-43 pathology. The past medical history
and the family history of FTLD donors were enriched with psychiatric diagnoses, particularly for donors with
TDP-43 pathology, showing a connection between TDP-43 pathology and a psychiatric clinical profile.
According to current diagnostic criteria, a primary psychiatric diagnosis is still considered an exclusion criterion
for FTDY2. On the contrary, our results and those of other recent studies®3"® suggest that including more

neuropsychiatric symptoms in the clinical assessment might improve diagnostic accuracy.
Hallucinations

The early presence of hallucinations is found in a subset of FTD patients. This study shows that in the non-FTLD
group, hallucinations were mostly visual and related to the presence of multiple pathologies, mainly alpha-
synuclein pathology. On the other hand, auditory hallucinations are specific for TDP-43 pathology in our FTLD
group, and not exclusively related to the presence of C9orf72 repeat expansion®*-L. Our finding of a 12%
prevalence of hallucinations in FTLD donors is in line with previous studies, where the prevalence of
hallucinations varies from 8% to 18% in pathologically confirmed FTD patients®*. In our study, the
clinicopathological correlations are based on an extensive pathological screening, taking into account all clinical
FTD syndromes, newly characterized disease groups and the presence of multiple pathologies. Previous studies
based on clinicopathological bvFTD cohorts have either found hallucinations in both tau positive and tau
negative*?“%, or when FTLD subclasses were taken into account, the prevalence of hallucinations was higher in
the TDP group** or too infrequent to be compared®®. With regard to the nature of the hallucinations, few

studies are available and point either to a higher prevalence of auditory hallucinations* or to a higher prevalence
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of visual hallucinations*, without taking into account multiple pathologies. Additional studies should be done to
point out if auditory hallucinations are linked to FTLD-TDP without concomitant pathologies, as we describe

here.

Perseverative or compulsive behavior

Perseverative or compulsive behavior was found in a higher proportion of all molecular subclasses of FTLD
donors compared to non-FTLD donors. In the group of FTLD donors, the prevalence of a perseverative or
compulsive behavior was not significantly different between svPPA, bvFTD, and nfPPA. A possible explanation
for this is that both a perseverative and/or a compulsive behavior were scored for this category?, and not just
compulsive behavior, which is common in svPPA47 Pathologically, perseverative or compulsive behavior was
reported in a significantly higher proportion of TDP-B (87.5%) and TDP-C (77%) donors when compared to
other histotypes. This outcome was not related to the presence of C9orf72 mutation carriers. Perry et al. (2017)
found compulsive behavior to be more common in TDP-C*8, in line with our findings. The reason we also found
TDP-B to show a high proportion of perseverative or compulsive behavior is likely due to the set-up of our
study, as we included all clinical syndromes of FTD and we used the new expanded classification of TDP A-E
histotypes®. Overall, we have shown that neuropsychiatric features are common in the early stages of FTD and
can aid in the diagnosis of underlying FTLD also with respect to the identification of molecular subclasses and

histotypes.

Presence of other pathologies

Presence of other pathologies was observed across all pathological diagnoses in our cohort (Table 4). While
amyloid pathology was mainly found in the neocortex, TDP-43, tau, and Lewy body pathology were mostly
observed in the hippocampus and in the amygdala. Co-occurrence of multiple pathologies in patients with
dementia is being increasingly reported in autopsy series*®. Growing evidence supports an early involvement of
the limbic structures in the genesis of multiple proteinopathies: limbic-predominant age-related TDP-43

encephalopathy® and Alzheimer’s disease with Lewy bodies in the amygdala®® are examples of newly defined
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pathological entities where multiple pathologies are observed. In our cohort, Lewy bodies were observed in 54%
of donors pathologically diagnosed with Alzheimer’s disease and clinically diagnosed with FTD. We observed
that visual hallucinations were common among Alzheimer’s disease donors, especially with co-occurring Lewy
body pathology. This neuropsychiatric clinical profile could explain that donors with Alzheimer’s disease
pathology received FTD as a clinical diagnosis in our cohort, as also suggested in previous clinicopathological
cohorts*2. In other clinicopathological studies, Alzheimer’s disease donors with Lewy bodies presented with
higher scores on the Neuropsychiatric Inventory compared to Alzheimer’s disease donors without Lewy
bodies*. Further studies are needed to explore the relationship between multiple pathologies and the presence of

psychiatric symptoms.

Demographics

Between TDP-43 histotypes, the longest disease duration was observed among TDP-C donors, as reported in
previous works on pathologically-confirmed svPPA patients®, while the shortest disease duration was observed

in donors with TDP-E, a histotype previously associated with a very rapid disease progression®.
Strengths and limitations

This study represents one of the largest pathologically confirmed cohort of FTLD donors, it includes all FTD
clinical syndromes and assesses clinical profiles at the symptom level, including psychiatric features. Our results
reinforce the notion that behavioral features as defined in current bvFTD criteria® cannot discern between TDP-
43, tau and FUS pathology?®8. The strength of this study is that we expand that outcome to a cohort including all
FTD clinical variants. Extensive records were available for all donors and allowed a detailed assessment of
clinical features, although a symptom like diminished empathy is not explicitly mentioned and therefore not
scored. Another limitation of this retrospective study is that the majority of the donors did not have standardized
forms for the scoring of symptoms available, such as the Neuropsychiatric Inventory. To minimize the selection
bias and to reflect as much as possible the heterogenous clinical scenario of everyday practice, donors were

included in this study who were clinically diagnosed in different clinical settings, with FTD as either the main or
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a differential diagnosis. The detailed assessment of pathology, performed by taking into account the evolving
knowledge in the field, reprocessing of brain sections to identify the newly characterized subtypes and the
presence of multiple co-proteinopathies, is a major strength of this study. The replication of our study in another

large FTD brain bank cohort could validate our results.

Our work contributes to the growing evidence that neuropsychiatric symptoms could constitute a crucial

component of the clinical FTD framework.
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FIGURE LEGENDS

Figure 1 — Pathological diagnoses of all donors in the cohort (A) and the distribution of pathology grouped by
main clinical diagnosis (B). AD = Alzheimer’s disease; ARTAG = aging-related tau astrogliopathy; CBD =
corticobasal degeneration; CBS = corticobasal syndrome; CVD = cerebrovascular disease; LBD = Lewy body
disease; PiD = Pick’s disease; PSP = progressive supranuclear palsy; Psy = primary psychiatric

disease; VaD = vascular dementia.

Figure 2 — Psychiatric history of donors: proportion of pathological classes among (A) donors differentially
diagnosed with a primary psychiatric disorder after the clinical onset of dementia (B) donors with a past medical
history of psychiatric disorder (C) donors with a family history of primary psychiatric disorder. AD =

Alzheimer’s disease; LBD = Lewy body disease.

Figure 3 — Comparison of symptom frequency between pathological groups of brain donors (A) FTLD vs. non-
FTLD donors. (B) TDP-43 vs. tau vs. FUS donors. (C) TDP-43 histotypes (A vs. B vs. C vs. E). Beha =
behavioral features; feat = features; Lang = language features; IvPPA = logopenic variant of PPA; MNS = signs
of motor neuron disease; Mot = motor features; Pers/Comp = perseverative or compulsive behavior; Psy =

psychiatric features.

Figure 4 — Frequency of symptoms among pathological classes of donors (left) and among main clinical classes
of FTLD donors (right) (A) Hyperorality (B) Hallucinations (C) Perseverative or compulsive behavior. The scale
shows increasing (A) hyperorality, (B) hallucinations, and (C) perseverative or compulsive behavior. Hallu =

hallucinations; Pers/Comp = perseverative or compulsive behavior.
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TABLES

Table 1 — Demographic and pathologic data of all subjects and main pathological groups.

(median; IQR)

All donors TDP-43 tau donors FUS Non-FTLD
donors donors donors
N (%) 150 (100%) 53 (35.3%) | 42 (28%) 8 (5.3%) 47 (31.3%)
Gender (M:F) 81:69 25:28 24:18 7:1 25:22
Age at onset (mean + SD) | 59.27 £ 10.83 | 59.38 = 58.67 £ 49.38 + 61.53 £
9.82 11.85 10.81 10.3
Age at diagnosis (mean + 62.17 £10.41 | 62.09 61.86 £ 51.38 £ 67.92 £
SD) 8.88 11.42 10.36 11.89
Age at death (mean £ SD) | 67.65+10.21 | 67.11 67.33 £ 57.25+ 70.45 £
8.56 10.68 11.02 10.31
Disease duration (yrs; 8.37+4.70 7.74+471 | 8.66+4.88 | 7.88+6.03 | 8.86+4.61
mean = SD)
Time to diagnosis (yrs; 2.89+3.17 272+312 |319+£345 | 20+£152 |322+321
mean + SD)
Time to dependency in 4.49 +3.22 416+332 | 479+339 | 275+ 1.67 | 4.32+3.07
ADL (yrs; mean £ SD)
Brain weight (gr; mean + 1102.7 £ 1063.17 + 1082.14 + 1124 + 1157.06 =
SD) 168.25 167.84 180.94 152.08 148.07
Thal stage (median; IQR) 1(0-3) 1(0-3) 1(0-1) 0 (0-0) 5 (4-5)
Braak stage for tau 3(1-5) 2(1-2) -NA - 1(0-2) 6 (4.75-6)
(median; IQR)
Braak stage for Lewy Body | 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-4)

Values are expressed as mean + standard deviation (SD) or median + interquartile range (IQR). ADL = activities

of daily living; NA = not applicable; yrs = years.
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Table 2 — Demographic and pathologic data of main TDP-43 histotypes

TDP-A TDP-B TDP-C TDP-E
donors donors donors donors
N 17 14 13 7
Gender (M:F) 7:10 6:8 6.7 5:2
Age at onset (mean £ SD) | 60.82+8.58 | 57.29+ 58.39+5.58 | 62.43+6.32
15.25
Age at diagnosis (mean + | 62.59 +8.50 | 60.50 + 61.85+4.12 | 64.57+4.83
SD) 13.88
Age at death (mean + SD) | 67.71£8.36 | 64.64 + 68.69+3.40 | 66.14+4.34
12.73
Disease duration (yrs; 6.88 + 3.79 7.36 £ 5.00 10.31+3.40 | 3.71+£3.40
mean = SD)
Time to diagnosis (yrs; 1.77+2.25 3.21+3.56 3.46 + 3.53 2.14 +3.53
mean = SD)
Time to dependency in 3.06 +2.91 4.54 +3.78 5.92+2.84 2.86 + 3.67
ADL (yrs; mean £ SD)
Brain weight (gr; mean + 1026.18 = 1060.29 = 1039.15 + 1178 £98.91
SD) 153.51 218.91 136.76
Thal stage (median; IQR) | 0.5 (0-2) 1 (0-3) 1(0.5-2) 2 (1-3)
Braak stage for tau 2 (0-3.75) 2 (1-2.25) 1(0.5-2) 1(0-2)
(median; IQR)
Braak stage for Lewy 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0)
Body (median; IQR)

Values are expressed as mean + standard deviation (SD) or median + interquartile range (IQR). ADL = activities

of daily living; yrs = years.
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Table 3 — Genetics of FTLD donors.

Carrier status Carriers (n) Non carriers (n) Not tested (n)
FTLD-tau donors MAPT 10 2 30
(n=42)

C9orf72 13

FTLD-TDP donors

20 14
(n = 53) GRN 6
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Table 4 — Prevalence of co-pathologies by pathological diagnosis.

PATHOLOGICAL DIAGNOSIS
FTLD-TDP FTLD-TAU AD LBD FUS
N 53 42 35 3 8
TDP-43 n 53 8 14 1 0
pathology 15, 100 19 20 33 0
FTD-MND n 7 NA NA NA 1
copathology* = 13 NA NA NA 13
Braak stage tau n 30 NA 0 2 4
1-2 % 57 0 67 50
Braak stage tau n 8 NA 3 0 0
3-4 % 15 9 0 0
>_
3
| Braak stage tau : 2 32 0 0
% 5-6 NA
[ - % 4 91 0 0
<
o)
O AR plaques Thal n 22 17 2 3 1
1-2 % 42 40 6 100 13
AR plaques Thal n 9 3 1 0 0
3 % 17 7 3 0 0
AR plaques Thal n 4 1 32 0 0
4-5 % 8 2 o1 0 0
n 1 0 19 3 1
Lewy bodies
% 2 0 54 100 13

AR = amyloid beta; AD = Alzheimer’s disease; LBD = Lewy body disease; MND = motor neuron disease;
NA = not applicable; *Defined by neuronal loss within anterior horn neurons of the spinal cord and in motor
nuclei of the brainstem and the presence of phosphorylated TDP-43 or FUS neuronal cytoplasmic inclusions in

lower motor neurons of the spinal cord and in motor nuclei of the brainstem.
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