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Abstract

Objective: The aims of this study were to (i) explore psychotic experiences

across the entire amyotrophic lateral sclerosis-frontotemporal dementia (ALS-

FTD) spectrum from a clinical and genetic perspective, (ii) determine the rate

of abnormal perceptual experiences across the five sensory modalities and (iii)

explore the neurobiological factors that lead to psychosis vulnerability in ALS-

FTD. Methods: In a prospective case-controlled study design, 100 participants

were enrolled including ALS (n = 37, 24% satisfied criteria for ALS-Plus), ALS-

FTD (n = 11), bvFTD (n = 27) and healthy controls (n = 25). Psychotic experi-

ences, perceptual abnormalities and psychosocial factors were determined by

means of the clinical interview and carer and patient reports. Voxel-based mor-

phometry analyses determined atrophy patterns in patients experiencing psy-

chosis-like experiences and other perceptual abnormalities. Results: The rates of

psychotic experiences and abnormalities of perception in each sensory modality

were high across the entire ALS-FTD continuum. The rate was highest in those

with C9orf72 expansions. Rates were also high in patients with pure ALS

including psychosis measured by carer-based reports (18%) and self-report

measures of psychotic-like experiences (21%). In an ENTER regression model,

social anxiety and ACE-III scores were the best predictors of psychosis prone-

ness, accounting for 44% of the score variance. Psychosis-like experiences and

perceptual abnormalities were associated with a predominantly frontal and tem-

poral pattern of atrophy that extended to the cerebellum and centred on the

anterior thalamus. Interpretation: The model for psychosis proneness in ALS-

FTD likely includes complex interactions between cognitive, social and neurobi-

ological factors that determine vulnerability to psychosis and that may have rel-

evance for individualised patient management.
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Introduction

Amyotrophic lateral sclerosis (ALS) overlaps significantly

with frontotemporal dementia (FTD) at a cognitive and

behavioural level, with up to 15% of ALS patients meet-

ing clinical diagnostic criteria for FTD and up to 40%

exhibiting cognitive or behavioural changes similar to

those seen in FTD.1 Likewise, a proportion of patients

presenting with FTD develop ALS and a high proportion

have subtle motor abnormalities.2 The C9orf72 genetic

expansion is the most common genetic abnormality iden-

tified in both familial FTD and familial ALS, further con-

solidating the link across conditions.3,4 Patients with this

expansion exhibit high rates of delusions and hallucina-

tions and may experience psychotic symptoms for years

before the onset of motor or cognitive features, which not

only causes considerable diagnostic difficulty but also

raises the concept of an overlap with neuropsychiatric

diseases.5 Prior to the discovery of the C9orf72 expansion,

psychotic symptoms were considered to be relatively rare

in FTD.6,7 Major psychiatric symptoms are also regarded

as rare in pure ALS, although their prevalence has not

been systematically evaluated.

Psychotic symptoms traditionally take the form of

delusions or hallucinations, both of which are broadly

considered to represent a loss of perception of reality.8,9

Psychotic symptoms in C9orf72 carriers can be variable in

both intensity and character. They encompass the spec-

trum of delusions (including persecutory, somatic, jealous

and grandiose) and hallucinations (visual, auditory and

tactile) and are usually negative in nature.10 Somatic delu-

sions are relatively common and may be related to an

altered body schema in C9orf72 carriers in relation to

atrophy of posterior regions including the parietal lobe

and cerebellum.11,12 Although there are no direct studies

comparing psychotic symptoms (delusions and hallucina-

tions) between C9orf72 carriers and schizophrenia, it is

generally accepted that in schizophrenia the intensity, fre-

quency, severity and functional impact of these symptoms

can be more severe, particularly during acute episodes.

Subtle disorders of perception, which can precede and

accompany frank psychotic features in psychiatric popula-

tions, have not been examined across the amyotrophic

lateral sclerosis-frontotemporal dementia (ALS-FTD)

spectrum.13 The distinction between abnormal perceptual

experiences and psychosis is not clear, and both are likely

closely linked. Some are advocating that abnormal per-

ceptual experiences have a natural progression to psy-

chotic symptoms when paired with other predisposing

factors including social and physical anhedonia. Others,

however, have suggested that they form a continuum with

the normal population, are part of an individual’s person-

ality and, in some cases, improve creativity.14–17

Anecdotally, in FTD and ALS, patients often describe

abnormal sensory experiences that are difficult to define

and do not meet criteria for frank psychosis.

The underlying neurobiological mechanisms associated

with the generation of psychosis in FTD and ALS are rel-

atively unknown but may be linked to regional cortical

and subcortical atrophy that include the frontal and tem-

poral cortices and thalamus.7 This paucity of knowledge

contrasts with schizophrenia, the archetypal psychotic dis-

order, where genetic susceptibility, environmental expo-

sure to drugs, social isolation and stress are known risk

factors.18 Neuroimaging studies of first-episode psychosis

and schizophrenia have found associations between psy-

chotic symptoms and atrophy in the frontal and temporal

cortices as well subcortical structures and the cerebel-

lum.19,20 Of all the regions implicated across neurodegen-

erative and neuropsychiatric disorders, the thalamus

appears worthy of specific interest.21,22 The thalamus has

emerged in parallel with the C9orf72 expansion as a

region of interest largely due to findings from C9orf72

carriers, demonstrating significant thalamic atrophy and

aberrant connectivity.23,24 In the broader neuropsychiatric

discipline, the thalamus has been repeatedly implicated in

psychosis with evidence from multiple imaging modalities

including both structural and functional MRI, and PET

imaging, as well as pathology studies.25–29 In general, a

variety of methods have been utilised to consider the tha-

lamic regions involved in neuropsychiatric disorders from

connectivity studies to more recently studies that segment

and measure specific thalamic nuclei volume. Across dis-

orders, the pulvinar and mediodorsal nuclei have been

most consistently implicated in studies of schizophrenia

and first-episode psychosis with additional evidence for

ventrolateral nuclei involvement.25,30,31 Both the

mediodorsal and ventrolateral nuclei mediate extensive

white matter connections to the frontal and prefrontal

cortex. The role of the cerebellum also deserves some

consideration. The cerebellum was traditionally consid-

ered to be concerned exclusively with motor control, but

evidence has now emerged suggesting a role in a range of

cognitive abilities including memory, emotion and lan-

guage.32 The cerebellum is linked to the prefrontal cortex

by projections through the thalamus, known as the thala-

mo-cortico-cerebellar network.33

In ALS and FTD, certain patients seem to be more vul-

nerable than others. This suggests that factors beyond

brain degeneration may be at play and that these may

include psychosocial factors. The current study aimed to

determine the rate of psychotic features and disordered

perception in a clinically and genetically well-charac-

terised cohort of patients from across the ALS-FTD spec-

trum. A secondary aim was to determine the psychosocial

factors associated with psychosis vulnerability to
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determine the interplay between these variables and iden-

tify any potential modifiable factors. A final aim was to

examine the neural basis of psychotic-like and abnormal

perceptual experiences. We hypothesised that these expe-

riences would be common across the entire spectrum and

that psychosocial and cognitive factors might render

patients more vulnerable. Based on our previous studies

investigating the neural substrates of psychosis in FTD,

we hypothesised the involvement of a distributed tem-

poro-frontal network of brain structures including the

orbitofrontal cortex, insula, amygdala, dorsal and medial

frontal cortex, and superior temporal gyrus, extending to

key modulatory brain structures including the thalamus,

and cerebellum.7

Material and Methods

Participants

In total, 100 consecutive participants were enrolled includ-

ing patients with ALS (37%; of these 24% satisfied criteria

for ALS-Plus; see below); ALS-FTD (11%), bvFTD (27%)

and a group of age-, education- and sex-matched healthy

controls (25%). Controls were recruited from a control

database at the Brain and Mind Centre, University of Syd-

ney. All participants were assessed at the Brain and Mind

Centre, University of Sydney. Patients were included in the

study if they satisfied criteria for probable or definite

bvFTD according to international consensus criteria or

possible, probable or definite ALS according to El Escorial

criteria and the recently proposed diagnostic criteria for

ALS using standard clinical assessment criteria.34–37

Patients with FTD and concurrent ALS (ALS-FTD) were

included in the study. Participants were excluded from the

study if they were consumers of cannabis or other hallu-

cinogenic drugs either in the past or at present. Partici-

pants were also excluded if they were prescribed

medications known to cause psychotic symptoms or if they

were diagnosed with a primary psychotic disorder more

than 10 years prior to FTD or ALS symptom onset. Pre-

scribed medications that could cause psychotic symptoms

included corticosteroids, Parkinsonian medications, the

anti-epileptic drug leviteracetam, opioids, digoxin and the

b-blockers propranolol and metoprolol. There were no

patients in our cohort on any of these medications. There

were two participants excluded because they did not com-

plete the questionnaires (one from the ALS cohort and one

from the bvFTD cohort). Exclusion criteria also included

any severe hearing or visual deficits or previously diag-

nosed taste or smell disorders or reported deficits.

Ethical approval for this study was obtained from the

University of Sydney, the University of New South Wales

and the South Eastern Area Health Service ethics

committees. Participants, or their person responsible, pro-

vided informed written consent in accordance with the

Declaration of Helsinki.

Clinical and neuropsychological assessment

Global cognitive function was measured using the Adden-

brooke’s Cognitive Examination–III (ACE-III), adapted

for patients with motor and bulbar issues.38 Behavioural

changes were assessed with the Cambridge Behavioral

Inventory-Revised (CBI-R).39 All participants including

controls were assessed by means of the CBI-R, the ACE-

III, a battery of neuropsychological assessments and MRI

Brain. Patients from the ALS clinic were assessed for evi-

dence of cognitive and or behavioural impairment in line

with the Strong diagnostic criteria including measures of

executive function and language.40 Patients were deemed

to have cognitive or behavioural impairment if they satis-

fied these criteria and were termed ALS-Plus (ALS-P). If

they satisfied criteria for both behavioural and cognitive

impairment, then ALS-FTD was diagnosed according to

the Strong criteria if they also showed a progressive dete-

rioration and demonstrated symptoms in line with the

current consensus diagnostic criteria for behavioural vari-

ant frontotemporal dementia.41

Genetic assessment

DNA was extracted from whole blood collected for

genetic screening following informed consent and using

protocols approved by the Human Research Ethics Com-

mittee of the South Eastern Sydney and Illawarra Area

Health Service. The repeat primed PCR technique for the

C9orf72 expansion was performed using the procedure

described previously,42 based on the protocol of Renton

and colleagues.3 Patients with a family history were also

screened for other common genetic mutations (GRN,

MAPT, SOD-1) by Sanger sequencing of genomic DNAs

corresponding to all coding exons.43,44

Psychosis and perceptual abnormalities
assessment

The presence of psychosis was first determined by means

of the beliefs subscale of the CBI-R completed by the

carer. The CBI-R is a commonly used tool to measure

behavioural change including psychotic symptoms in

patients on the ALS-FTD spectrum. The beliefs subscale

includes three questions relating to the previous one

month and asks if the patient (1) sees things that are not

really there (visual hallucinations), (2) hears things that

are not really there (auditory hallucinations and (3) has

odd or bizarre ideas that cannot be true (delusions). If
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the carer endorsed any of these symptoms, then psychosis

was considered to be present.

All participants completed the Cambridge Anomalous

Perceptions Questionnaire (CAPS), a validated question-

naire developed to probe psychosis proneness and abnor-

mal perceptions (Table S1).45 The 32-item questionnaire

includes three questions which directly reflect Schneider’s

first rank symptoms that are strongly suggestive of

schizophrenia. These include the following: (1) Do you

ever hear your own thoughts repeated or echoed? (2) Do

you ever hear your own thoughts spoken aloud in your

head, so that someone near might be able to hear them?

(3) Do you ever hear voices commenting on what you

are thinking or doing?

A factor analysis determined that these three questions

and a question of visual hallucinations (Do you ever see

things that other people cannot?) form a single ‘clinical

psychosis factor’. For the purpose of this study, and in

the absence of validated measures in ALS and FTD, this

‘clinical psychosis factor’ was considered a measure of

psychosis-like perceptual abnormalities. This was consid-

ered distinct from the CBI-R subscale that aims to

directly measure the presence or absence of psychotic

symptoms. An overall ‘psychosis severity score’ was

obtained from the clinical psychosis factor of the CAPS

by considering the frequency, and how distracting and

distressing the symptoms were. Additional items of the

CAPS were dichotomized into five sections when they

corresponded to the five senses (vision, hearing, touch,

taste and smell) and rated as present or absent (Table S1).

Question 22 (Do you ever look in the mirror and think

that your face seems different from usual?) was not

included as it could be related to changes due to the dis-

ease process.

Psychological and social factors assessment

Depression and anxiety were assessed by means of a vali-

dated self-report questionnaire, the 42-item Depression,

Anxiety and Stress Scale (DASS).46 Social isolation and

social anxiety were determined by means of subsections 2

and 3 of the self-report Schizotypal Personality Question-

naire (SPQ).47

Structural neuroimaging

Imaging acquisition

Participants were scanned at the Brain and Mind Centre

using a 3T GE Discovery MR750 scanner with a standard

8-channel head coil. Whole-brain T1-weighted MRI scans

were acquired using a MPRAGE sequence (TR/TE = 5.8/

2.6 msec; flip angle = 8°, 1 mm isotropic resolution).

Patients were scanned on the same day or following day

of clinical examination, and diagnosis and all question-

naires were completed within 2 weeks of MRI acquisition.

Imaging analysis

Participant’s structural MRI scans were analysed using an

optimised voxel-based morphometry (VBM) approach

using FMRIB’s Software Library (FSL). Participants were

included across all diagnoses including ALS, ALS-P, ALS-

FTD, bvFTD and also controls. Covariates included age

and education status.

An updated preprocessing pipeline was implemented

whereby T1-weighted images were reoriented, cropped

and bias-field corrected, prior to non-linear registration-

based brain extraction for more accurate skull stripping.

Resulting bias corrected images were inspected for inten-

sity abnormalities along cortical edges and brain stem,

and quality of brain extraction. Next, tissue segmentation

was carried out using FSL-FAST.48 Resulting grey matter

partial volume images were aligned to MNI152 standard

space using a combination of affine and non-linear regis-

tration.49 A study specific template was generated, to

which native participant structural images were non-lin-

early registered. Registered grey matter partial volume

images were modulated by the Jacobian of the warp field

to correct for local expansion or contraction and

smoothed with an isotropic Gaussian kernel with a sigma

of 3 mm.

Whole brain and region of interest analyses were car-

ried out to determine differences in grey matter integrity

associated with the presence of ‘psychosis-like perceptual

experiences’ as endorsed on the CAPS as present or

absent and directly compared to those without psychosis-

like perceptual experiences across all participants. Simi-

larly, differences in grey matter integrity associated with

the presence of sensory perceptual abnormalities, also

endorsed on the CAPS, and including any abnormality

across each of the five senses were determined. Based on

a priori hypothesis of an underlying temporo-frontal neu-

ral network (thalamus, superior temporal gyrus, fusiform

gyrus, inferior frontal gyrus, orbitofrontal cortex, insula,

anterior cingulate) that extended to include the cerebel-

lum, underpinning psychosis, a region of interest mask

was generated using the Harvard–Oxford cortical and

subcortical atlases. Significant differences were assessed

using non-parametric permutation based voxel-wise test-

ing (5000 permutations) and the threshold-free cluster

enhancement (TFCE) approach. Clusters were corrected

for multiple comparisons and considered significant after

controlling for family-wise error at p < 0.05. The signifi-

cance level for reported uncorrected clusters was set at

p < 0.001 with ≥100 contiguous voxels. Anatomical
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location of reported clusters was defined with reference to

the Harvard–Oxford cortical and Subcortical atlases, and

the Oxford Thalamic Connectivity atlas.

Behavioral analyses

Data were analysed using SPSS 24.0 statistical package.

Continuous variables were analysed using univariate

ANOVA, with post hoc analyses comparing differences

across groups, using Sidak correction for multiple com-

parisons, and statistical significance was set at p < 0.05.

The independent T test was analysed for instances when

only two continuous variables were present. Categorical

data were compared with chi-square tests. For the chi-

square tests, a post hoc p value was set at 0.01 (0.05/num-

ber of groups = 5) for the diagnostic category and 0.017

(0.05/3) for the genetic categories. Effect size was calcu-

lated for all main effects across continuous and categori-

cal variables. Correlations between scores were assessed by

means of Spearman’s correlations. A linear regression

model was applied to determine the best predictors of

psychosis. Finally, to determine the relationship between

perceptual disorders and psychotic symptoms in ALS and

FTD, a preliminary and exploratory analysis was per-

formed with the available data using chi-square test of

independence and a liberal threshold of p < 0.05.

Results

Demographics, cognitive and behavioural
screening, and genetics

Comparison of the diagnostic groups as described in

Table 1 and genetic groups in Table S2 revealed a

higher ACE-III score for controls and ALS patients

compared to ALS-FTD and bvFTD (all p val-

ues < 0.001); and a higher score for C9orf72 carriers

compared to controls and non-carriers (all p < 0.01).

The groups were otherwise matched on demographic

data. Of the 75 patients included in the study, 21%

tested positive for the C9orf72 expansion. No patients

carried GRN, MAPT or SOD-1 mutations. Patients with

bvFTD and ALS-FTD scored higher on the CBI-R (indi-

cating higher levels of impairment) than those with ALS

and ALS-P (all p < 0.05).

Psychosis in the ALS-FTD spectrum

As shown in Table 2, rates of psychotic features according

to the CBI-R were high across all patient groups (ALS

[18%], ALS-P (22%), bvFTD [39%] and ALS-FTD

[55%)]). The rates of psychosis-like perceptual experi-

ences measured by the CAPS were also high and

paralleled the pattern seen for psychotic features as mea-

sured by the CBI-R. The severity of perceptual experi-

ences related to psychosis (psychosis severity score) also

differed significantly across ALS (M = 7.5, SD = 3.9),

ALS-P (M = 6.7, SD = 2.9), ALS-FTD (M = 28,

SD = 12), bvFTD (M = 23.4, SD = 12.7) and controls (all

scored 0; F = 5.773, p = 0.005, Eta2 = 0.464). Participants

with FTD and ALS-FTD scored higher than patients with

ALS (p = 0.04, 95%CI = 0.39–31.4 and p = 0.02, 95%

CI = �38.7 to �2.3, respectively).

Among these symptoms, 18% of patients with ALS

reported thought broadcasting and thought repetition, 11%

reported hallucinations while only 7% reported hearing

voices in the third person. In contrast, 27% of ALS-FTD

patients reported hearing voices in the third person, and

18% reported visual hallucinations. Visual hallucinations

were also common in patients with bvFTD cohort (22%) as

was thought broadcasting and repetition (both 22%).

Psychosis in C9orf72 expansion carriers

According to the CBI-R, carriers were significantly more

likely to experience psychotic symptoms compared to

non-carriers (63% vs. 22%; p ≤ 0.001; Table 3). The psy-

chosis severity score was significantly different across

groups including carriers (M = 15.6, SD = 18.6), non-

carriers (M = 3.2, SD = 6.4) and controls (F = 18.97,

p = 0.018, Eta2 = 0.206). C9orf72 carriers scored signifi-

cantly higher than non-carriers and controls (both

p < 0.001, 95% CI = 6.41–8.41 and 8.8–22.45, respec-

tively).

Disorders of sensory perception in the ALS-
FTD spectrum

All types of perceptual abnormalities were more common

in patient groups than in controls (Table 2). Disorders of

auditory perception were present in 73% of ALS-FTD

patients which was significantly higher than in ALS (25%;

p = 0.006) and controls (8%, p = 0.001).

Within the visual system, a significant difference was

present across groups (p = 0.011) with ALS-FTD report-

ing abnormalities more frequently (55%) than ALS (14%;

p = 0.01) and controls (4%; p = 0.001).

A similar pattern of disordered perception was noted

for smell and taste abnormalities which were frequently

reported by ALS-FTD patients (73% and 55%, respec-

tively) while being reported with similar frequencies in

ALS (21% and 32%, respectively) and bvFTD (22% and

33%, respectively). There was a significant difference

across groups for perception of taste (p = 0.007) with

ALS-FTD, bvFTD and ALS all more likely to report disor-

dered taste than controls (all p < 0.005).
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Disorders of touch were subgrouped into those that

could be considered to be due to an underlying neuro-

logical aetiology (sensation of burning and skin being

more sensitive than usual) and those in which a psychi-

atric basis was more likely (being aware of the presence

of another being and of being touched). The symptoms

considered to have a psychiatric basis were more fre-

quent in ALS-FTD (36%) and bvFTD (33%) than ALS

(4%, both p < 0.01) and controls (0%, both p < 0.005)

with a trend for a higher rate in ALS-P (22%,

p = 0.015). In contrast, symptoms suggestive of a neuro-

logical aetiology were frequent in ALS-FTD (64%) and

ALS (43%).

Disorders of sensory perception in C9orf72
expansion carriers

Disorders of auditory and visual perception were present

in 75% and 56% of C9orf72 carriers and 29% and 17% of

non-carriers respectively with differences across and

between groups as outlined in Table 3. Similarly disor-

dered taste and smell differed across the genetically

assigned cohorts and controls with C9orf72 carriers (63%)

reporting abnormal smell and taste (63% and 56%) more

frequently than non-carriers (22% and 31%) and controls

(0%; all p < 0.015). Abnormalities of touch were signifi-

cantly different across groups, and those with a presumed

psychiatric aetiology were more frequently reported in

C9orf72 carriers (56%) than non-carriers (12%,

p < 0.001) and controls (0% p < 0.001).

Factors associated with psychosis-like
perceptual experiences

A significant difference was identified across patient

groups and controls for depression, anxiety and social

isolation (all p < 0.005; Table 4). Significant differences

were also noted in these areas, in addition to social anxi-

ety, in the genetically assigned cohort (all p < 0.005;

Table S3).

Table 3. Psychosis and perceptual abnormalities in C9orf72 carriers, non-carriers and controls.

C9orf72

carriers (n = 16)

C9orf72

non-carriers

(n = 59)

Controls

(n = 25) X2 p value Effect size Post hoc X2 p value

Psychosis present on CBI-R 63 (10) 22 (13) — 118.57 <0.001 0.751

CAPS – clinical psychosis factor

Symptom endorsed 50 (8) 27 (16) 0 14.14 <0.001 0.376 Carrier > HC 18.24 <0.001

Non-carrier > HC 7.9 0.005

Thought broadcast 19 (3) 10 (6) 0 4.37 0.113 0.208

Thoughts repeated 31 (5) 17 (10) 0 7.84 0.02 0.28

Third person voices 25 (4) 9 (5) 0 7.24 0.02 0.279

Visual hallucinations 37.5 (6) 9 (5) 0 14.77 0.001 0.386 Carrier > HC 11.38 0.003

Carrier > non-carrier 8.27 0.004

CAPS – perceptual abnormality domains

Auditory 75 (12) 31 (18) 8 (2) 18.65 <0.001 0.44 Carrier > HC 16.55 <0.001

Carrier > non-carrier 11.32 0.001

Visual 56 (9) 17 (10) 4 (1) 17.11 <0.001 0.416 Carrier > HC 13.89 <0.001

Carrier > non-carrier 10.28 0.001

Taste 56 (9) 31 (18) 0 16.08 <0.001 0.403 Carrier > HC 17.42 <0.001

Non-carrier > HC 9.35 <0.001

Smell 63 (10) 22 (13) 0 20.69 <0.001 0.459 Carrier > HC 19.33 <0.001

Carrier > non-carrier 9.69 0.002

Non-carrier > HC 6.02 0.014

Touch 81.25 (13) 39 (23) 4 25.22 <0.001 0.502 Carrier > HC 25.89 <0.001

Carrier > non-carrier 9.01 0.003

Non-carrier > HC 10.53 0.001

Psychiatric 56 (9) 12 (7) 0 24.8 <0.001 0.498 Carrier > HC 18.02 <0.001

Carrier > non-carrier 14.78 <0.001

Neuropathy 56 (9) 31 (18) 4 13.66 0.001 0.37 Carrier > HC 14.44 <0.001

Non-carrier > HC 7.05 0.008

Values are expressed as percentages of the cohort experiencing at least one psychotic symptom, and also each separate question for the CAPS-

clinical psychosis factor. Values are also expressed as percentages (exact number in brackets) of the cohort experiencing at least one perceptual

abnormality for each CAPS perceptual abnormality domain. Significant values are highlighted in bold. X2 represents the chi-square value and

effect size is measured as Kramer’s V.
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For the entire cohort, higher scores on the ‘psychosis

severity score’ correlated with social isolation (r = 0.293,

p = 0.003), social anxiety (r = 0.473, p < 0.001), depres-

sion (r = 0.384, p < 0.001), anxiety (r = 0.362,

p < 0.001), ACE-III score (r = �0.3, p = 0.009) and total

CBI score (r = 0.296, p = 0.01). There was no correlation

between the psychosis score and education (r = 0.294,

p = 0.08) or disease duration (r = 0.81, p = 0.53). In an

ENTER regression model, social anxiety (b = 0.51,

p < 0.001) and ACE-III score (b = �0.34, p ≤ 0.001)

were the best predictors of psychosis score accounting for

44% of the score variance.

Association between Psychosis and Sensory
Perceptual Abnormalities

Finally, an exploratory analysis identified an association

between psychosis as measured by the CBI-R and auditory

perceptual experiences (X2 = 8.5, p = 0.004, Cramer’s

V = 0.34); psychosis and visual perceptual experiences

(X2 = 6.2, p = 0.013, Cramer’s V = 0.29); psychosis and

abnormal smell perception (X2 = 4.99, p = 0.025, Cramer’s

V = 0.26); psychosis and abnormal touch related to per-

ceptual abnormalities ((X2 = 4.8, p = 0.03, Cramer’zs

V = 0.26). There was no association between psychosis and

abnormal touch related to sensory deficits (X2 = 1.4,

p = 0.25, Cramer’s V = 0.13) or psychosis and taste

(X2 = 0.208, p = 0.65, Cramer’s V = 0.05).

Neuroimaging correlates of psychosis-like
and sensory perceptual abnormalities

Temporo-frontal grey matter, subcortical and cerebellar

abnormality was assessed in patients using VBM

(Table 5). Patients with psychosis-like perceptual experi-

ences showed significantly reduced grey matter integrity

predominantly in the prefrontal cortex, bilateral superior

temporal gyrus and inferior frontal gyrus, compared to

patients without. In addition, there was significant atro-

phy in cerebellar regions that included lobules VI, VIII

and IX. Patients with sensory perceptual abnormalities

showed predominantly reduced grey matter integrity in

the bilateral orbitofrontal cortices and anterior thalamus.

Cerebellar lobules V, VI, VIII also showed significant

atrophy. Overlapping clusters of grey matter abnormality

across both conditions was observed in the left temporo-

occipital fusiform gyrus, and bilateral superior temporal

gyrus and anterior thalamus (Fig. 1). Analysis of brain

structures implicated in the temporo-frontal neural net-

work indicated significant grey matter thalamic abnormal-

ity primarily involving subregions associated with frontal

structural connectivity that include anterior and medial

thalamic regions50 (Fig. 2). Regions of cerebellar atrophy

predominantly corresponded to lobules associated with

sensorimotor functioning.51

Discussion

This is the first study to measure psychotic symptoms

and abnormal perceptual experiences across the spectrum

of ALS and FTD. The most striking finding was the pres-

ence of psychotic symptoms in almost 20% of patients

with pure ALS, as measured by means of a carer-based

assessment tool, as up until now these symptoms were

considered rare in ALS without cognitive or behavioural

features. Psychotic symptoms were also present in more

than half of those with ALS-FTD and a third with bvFTD.

This study identified cognitive and psychosocial factors,

namely, depression, increased social anxiety and isolation,

as well as deficits of global cognitive function, that are

associated with the presence and severity of psychosis.

This lays the groundwork to study the issue of individual

vulnerability to psychosis in ALS and FTD that ultimately

may pave the way towards behavioural and psychological

interventions for these symptoms. Abnormal sensory per-

ceptual experiences were common across FTD and ALS.

Patients with psychosis-like experiences and perceptual

abnormalities exhibited a similar pattern of brain atrophy,

centred on the anterior thalamus, cerebellum and frontal

and temporal regions with involvement of more dis-

tributed areas including the precentral gyrus, in line with

previous findings.7

In the last few decades, psychotic symptoms have been

reported in ALS but usually in association with dementia

and more recently in the setting of the C9orf72 expan-

sion.52,53 This study has now shown that patients with

pure ALS are also vulnerable to these symptoms. It is

likely that such symptoms are overlooked or go unnoticed

because of the more obvious progressive physical disabil-

ity.54,55 Within this study, only 7% of patients with pure

ALS carried the C9orf72 expansion suggesting that psy-

chotic symptoms and perceptual experiences are not

entirely related to this genetic abnormality. Psychotic

symptoms were reported in almost 25% of non-carriers

suggesting that they may be a common feature of the

neurodegenerative process in FTD and ALS but for

unknown reasons are amplified by the C9orf72 expan-

sion.7 There remains controversy as to the best method to

determine the presence of psychotic symptoms in the

ALS-FTD spectrum. Various methods have been used in

the past, likely accounting in part for the variability in

reported rates. This study approached the measurement

of symptoms related to psychosis from two perspectives.

Firstly, the more traditional measure of carer-based

assessments determined the presence of delusions and hal-

lucinations and then a self-report measure probed
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psychosis proneness. The results from each modality

showed a similar pattern of endorsements across the spec-

trum. Both carer- and patient-based questionnaires have

potential for significant bias—and perhaps in ALS, a

carer-based approach, such as the CBI, may not be the

most sensitive means of determining behavioural change

Table 4. Psychosocial factors across the spectrum of ALS-FTD.

ALS

(n = 28)

ALS-Plus

(n = 9)

ALS-FTD

(n = 11)

bvFTD

(n = 27)

Controls

(n = 25)

F

value

p

value

Effect

size Post hoc

p

value

95%

Confidence

intervals

Depression 4.4 � 5.0 6.7 � 7.3 8.7 � 7.6 8.9 � 10.4 0.6 � 1.4 4.89 0.001 0.19 bvFTD > HC 0.001 2.37–14.13

ALS-FTD

> HC

0.02 0.75–15.3

Anxiety 3.4 � 2.8 6.3 � 6.3 7.3 � 7.0 6.6 � 8.8 0.2 � 0.6 4.92 0.001 0.19 bvFTD > HC 0.003 (�11.28) to (�1.58)

ALS-FTD

> HC

0.01 (�13.16) to (�1.14)

Social

isolation

1.4 � 2.1 1.6 � 1.9 4.3 � 3.2 2.9 � 3.0 0.6 � 1.2 5.94 <0.001 0.22 bvFTD > HC 0.02 0.26–4.37

ALS-FTD

> ALS

0.007 0.53–5.23

ALS-FTD

> HC

0.001 �6.13 to �1.17

Social

anxiety

1.4 � 1.6 1.2 � 1.5 2.0 � 2.2 1.8 � 2.4 0.6 � 1.3 1.7 0.1 0.07

Values are expressed as mean � standard deviation. Significant values are highlighted in bold. Effect size measured as Eta2.

Table 5. Voxel-based morphometry results showing regions of increased grey matter atrophy associated with presence of (A) sensory perceptual

abnormalities and (B) psychosis-like experiences across patient groups

Region Hemisphere Size (Voxel)

Peak voxel (MNI)

X Y Z

(A) Sensory Perceptual Abnormalities

Medial/Dorsolateral Frontal Lobe,

Orbitofrontal Cortex, Ant. Cingulate Gyrus

L/R 5783 8 36 �26

Precentral Gyrus, Insula Cortex L 4075 �26 �6 44

Lingual Gyrus, Temporal-occipital Fusiform Cortex L/R 2786 �24 �62 �6

Sup. Frontal Gyrus R 1663 22 22 42

Cerebellum (VI) L 1062 �32 �53 �27

Inf. Temporal Gyrus L 813 �60 �22 �26

Sup. Temporal Gyrus R 638 56 �28 8

Cerebellum (VIII, IX) L/R 598 8 �53 �45

Inf. Temporal Gyrus, Fusiform gyrus R 512 40 �20 �32

Temporal-occipital Fusiform Cortex L 470 �36 �54 �14

Postcentral Gyrus L 460 �42 �38 52

Insular Cortex R 280 38 2 �18

Lateral Occipital Cortex R 252 40 �62 10

Lateral Occipital Cortex L 179 �40 �58 30

Brain Stem (Medulla) — 119 �8 �38 �42

(B) Psychosis-like Experiences

Dorsolateral Frontal Lobe, Inf.

Temporal Gyrus, Temporal-occipital Fusiform Cortex

R 6108 46 36 -10

Cerebellum (V, VI, VIII) L/R 5946 6 �62 �13

Sup. Frontal Gyrus, Precentral Gyrus L 3528 �18 �4 70

Inf. frontal gyrus, Sup. Temporal Gyrus L 3009 �48 36 �2

Temporal-occipital Fusiform Cortex L 2020 �42 �60 �14

Inf. Temporal Gyrus L 1255 �44 �26 �26

Results are displayed as peak voxels of clusters at p < 0.001, uncorrected, ≥100 contiguous voxels.
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of any type, particularly in the early stages of a terminal

disease that tends to focus on physical disability. Self-re-

port measures on the other hand also may present issues

particularly in the presence of cognitive deficits and when

insight may be impaired. The measure used in this study

to determine perceptual abnormalities, the CAPS, was

designed for a non-clinical sample. The decision was

made to use this tool as it closely addressed the research

question, and although our cohort was a clinical one, it

was not a traditionally psychiatric or psychotic one.

Together, these issues highlight the lack of gold standard

measurements for psychotic symptoms in neurodegenera-

tive disorders.

It is generally accepted that cognitive deficits may con-

tribute to the risk of psychosis particularly in terms of mis-

interpretation of anomalous experiences through attention

and executive deficits.56,57 Our finding that psychosis-like

experiences were associated with poorer scores on a test of

global cognition lends support for a cognitive neuropsy-

chological model for psychosis generation in the ALS-FTD

spectrum. The association identified here with depression

may be particularly relevant as ALS patients are known to

be at an increased risk for depression.58–60 Levels of social

isolation and social anxiety were strongly correlated with

psychosis severity and converges with evidence from the

psychosis literature where negative social factors have been

well-documented as risk factors for psychotic disorders.61

For patients in the ALS-FTD spectrum, it is possible that a

number of elements, including genetic and environmental

factors, converge to confer a susceptibility to psychosis in

the individual. However, whether psychosocial factors are a

consequence of, or contribute to, psychosis vulnerability in

ALS-FTD remains to be determined.

Across the range of sensory modalities, a spectrum of

abnormal experiences was identified. Overall, ALS-FTD

patients reported higher rates of abnormalities in each

Figure 1. Reduced grey matter integrity associated with psychosis-like experiences and sensory perceptual abnormalities in patients. Legend:

Axial slices of regions of increased grey matter atrophy in patients with psychosis-like experiences (red), sensory perceptual abnormalities (blue)

and their overlap (green), compared to patients without. Clusters are overlaid on the MNI standard brain and significant at p < 0.001,

uncorrected, ≥100 contiguous voxels.
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domain than other patient groups. Within the limited

scope of the exploratory analysis to determine the rela-

tionship between sensory abnormalities and psychotic

symptoms, our findings provide circumstantial evidence

for a sensory perceptual and psychosis continuum in

patients with ALS and FTD. This may in part explain the

variability in symptoms described as psychosis in the lit-

erature and perhaps also within individuals.

Abnormalities of touch were the most common percep-

tual changes reported across the spectrum and were par-

ticularly common in the ALS phenotypes. Although ALS

is considered to spare the sensory system, electrophysio-

logical studies have documented sensory abnormalities in

up to 23% of patients.62,63 The literature also suggests

subclinical electrophysiological abnormalities in patients

with FTD.2 In the neurodegenerative literature, abnormal

perceptual experiences related to vision and the formation

of visual hallucinations have been frequently explored in

Parkinson’s disease.64 A number of theories exist for the

generation of hallucinations in Parkinson’s disease that

could be relevant here. One theory suggests that loss of

bottom-up inhibition, due to sensory deficits, results in

cortical release phenomenon and subsequent abnormal

perceptions.65 Another concept is that disruption of neu-

ral networks including the default mode network may be

responsible for abnormal salience and visual hallucina-

tions.66 This may also be a factor in FTD and ALS where

disruptions of the default mode and salience networks

have also been reported.67 In FTD and ALS, visual pro-

cessing has been studied from a neuropsychological view-

point, while there has been little research in terms of the

physiological parameters of vision. In contrast, visual

processing has been extensively studied in schizophrenia

and has been repeatedly shown to be abnormal.68–70 War-

ren and colleagues have undertaken considerable study of

auditory processing in FTD, including the emotional sal-

ience associated with music, and have shown these pro-

cesses to be abnormal across FTD subtypes.71,72 At a

more fundamental level, they have also found that per-

ception of sound in relation to pleasure/aversion is altered

across the FTD subtypes but interestingly is more com-

mon in MAPT mutation carriers than C9orf72 carriers.

Perhaps most relevant to the study reported here was

another seminal paper by this group that identified

altered pain and temperature perception that was specifi-

cally impaired in C9orf72 carriers that confirms anecdotal

reports of abnormal pain syndromes in this patient

group, and was linked to atrophy of the posterior thala-

mus. Taste and smell have also been shown to be abnor-

mal in in FTD and ALS.73–76 Together, this evidence

suggests that processing deficits across the senses might

evoke aberrant perceptual experiences; however, this

remains to be determined.

Two previous studies have explored the underlying

basis for neuropsychiatric symptoms specific to the

C9orf72 expansion using a novel neurophysiological

approach and are particularly relevant to this study. Car-

riers were found to have altered somatosensory body

schema processing, and the authors suggested that these

deficits might contribute to the development of psychosis

generation through alterations in thalamo-cortico-cerebel-

lar networks. The findings in the current study of atrophy

in cerebellar regions primarily associated with sensorimo-

tor functions converges with this concept and warrants

further consideration with regards to the role of the cere-

bellum in internal monitoring.20,77

The thalamus may also be implicated in both the gen-

eration of perceptual abnormalities related to sensory pro-

cessing and those related to psychotic symptoms. That

the anterior and medial thalamic regions, with their con-

nectivity to the frontal cortex, are implicated in FTD and

ALS is perhaps not surprising.78,79 While segmentation of

the thalamic nuclei is beyond the scope of this study, a

recent study showed that the anterior and mediodorsal

nuclei of the thalami are involved across FTD syndromes

including ALS-FTD.80 In schizophrenia, the anterior tha-

lamus, as a nodal link, has been implicated in emotion,

memory, learning, conflict monitoring and novelty detec-

tion,81 and the anterior thalamic nuclei have also been

shown to be pathologically abnormal.82–84 As previously

discussed, the mediodorsal nuclei have received more

attention in the neuropsychiatric literature with strong

evidence for a role in psychosis generation. Together with

the results from this study, the literature suggests that the

thalamus, and perhaps the anterior and medial regions in

Figure 2. Thalamic atrophy associated with psychosis and perceptual

abnormalities in patients. Legend: Reduced grey matter in the anterior

and medial regions of the left thalamus in patients with psychosis-like

experiences (red) and sensory perceptual abnormalities (blue),

compared to patients without. Clusters are overlaid on the MNI

standard brain and significant at p < 0.05, corrected for multiple

comparisons.
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particular, with specific connections to frontal and tem-

poral regions, might play a modulating role in the genera-

tion of psychotic symptoms and perceptual abnormalities

in FTD and ALS. The finding of superior temporal gyrus

atrophy in our psychosis cohort is notable, as across psy-

chotic disorders, this region has been repeatedly impli-

cated in the generation of auditory hallucinations.85–87

Outside of areas responsible for speech, the insula, ante-

rior cingulate, posterior cingulate, inferior frontal gyrus,

thalamus, cerebellum and precuneus have all been associ-

ated with auditory hallucinations, with significant similar-

ities with regions identified in our study.88,89

This study has limitations that should be addressed for

future studies. It is possible that the participants who

responded to the questionnaires were those who experi-

enced psychotic-like symptoms and abnormal perceptual

experiences, thus potentially biasing the results. To reduce

this bias, the sample was unselected, and consecutive

patients were given the questionnaires to complete with

the assurance that their answers were confidential. It is

also possible that in some cases, a psychotic psychiatric dis-

order was also present. To reduce this risk, patients were

excluded if they had a history of a psychotic disorder made

more than 10 years prior to the ALS or FTD diagnosis,

with the assumption that such psychiatric diagnoses were

unrelated, although this is not certain. This illustrates the

ongoing need for further understanding of the interactions

between psychiatric and neurodegenerative disorders. This

study has identified a significantly higher rate of psychotic

and perceptual experiences in C9orf72 carriers in line with

the stated hypothesis based on previous literature.

Although the sample size is consistent with previous stud-

ies that focus on the clinical aspects of the expansion,

future studies should aim to incorporate a larger genetic

sample to specifically confirm the genetic contribution to

psychosis vulnerability in ALS-FTD.

Although psychotic symptoms have been known to

occur in FTD patients for many years, only recently has

there been a resurgence of interest in this area kindled by

the findings in those with the C9orf72 expansion who

seem particularly prone to psychosis. This study has

demonstrated that these symptoms are not limited to

these cases but occur across the spectrum of ALS-FTD

and has laid the foundation for future studies of the

underlying mechanisms involved in these processes. The

results here do not imply direction of causation but sug-

gest that cognitive, social and neurobiological factors may

be relevant to psychosis vulnerability in the ALS-FTD

spectrum and that alterations in thalamo-cortico-cerebel-

lar networks may also contribute. Future studies should

be prospective and targeted specifically at identifying the

mechanisms responsible with an emphasis on the brain

network and psychosocial perspective with a view to

enabling better understanding and therefore management

of these symptoms in the ALS-FTD continuum.
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