PROCESSING OF NONVERBAL
VOCALISATIONS IN DEMENTIA

A thesis submitted to University College London (UCL)
for a degree of Doctor of Philosophy

DR HARRI SIVASATHIASEELAN

Dementia Research Centre,
Queen Square Institute of Neurology,
University College London
2020

1

Declaration
I, Harri Sivasathiaseelan, confirm that that the work presented here is my own. Where
information has been derived from other sources, I confirm that this has been
referenced accordingly.

2

Abstract
Nonverbal emotional vocalisations are fundamental communicative signals used to
convey a diverse repertoire of social and emotional information. They transcend the
boundaries of language and cultural specificity that hamper many neuropsychological
tests, making them ideal candidates for understanding impaired socio-emotional signal
processing in dementia. Symptoms related to changes in social behaviour and
emotional responsiveness are poorly understood yet have significant impact on
patients with dementia and those who care for them. In this thesis, I investigated
processing of nonverbal emotional vocalisations in patients with Alzheimer’s disease
and frontotemporal dementia (FTD), a disease spectrum encompassing three canonical
syndromes characterised by marked socio-emotional and communication difficulties behavioural variant FTD (bvFTD), semantic variant primary progressive aphasia
(svPPA) and nonfluent/agrammatic variant primary progressive aphasia (nfvPPA).
I demonstrated distinct profiles of impairment in identifying three salient vocalisations
(laughter, crying and screaming) and the emotions they convey. All three FTD
syndromes showed impairments, with the most marked deficits of emotion
categorisation seen in the bvFTD group. Voxel-based morphometry was used to define
critical brain substrates for processing vocalisations, identifying correlates of vocal
sound processing with auditory perceptual regions (superior temporal sulcus and
posterior insula) and emotion identification with limbic and medial frontal regions.
The second half of this thesis focused on the more fine-grained distinction of laughter
subtypes. I studied cognitive (labelling), affective (valence) and autonomic
(pupillometric) processing of laughter subtypes representing dimensions of valence
(mirthful versus hostile) and arousal (spontaneous versus posed). Again, FTD groups
showed greatest impairment with profiles suggestive of primary perceptual deficits in
nfvPPA, cognitive overgeneralisation in svPPA and disordered reward and hedonic
valuation in bvFTD. Neuroanatomical correlates of explicit laughter identification
included inferior frontal and cingulo-insular cortices whilst implicit processing
(indexed as autonomic arousal) was particularly impaired in those conditions
associated with insular compromise (nfvPPA and bvFTD). These findings demonstrate
the potential of nonverbal emotional vocalisations as a probe of neural mechanisms
underpinning socio-emotional dysfunction in neurodegenerative diseases.
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Impact Statement
Dementia syndromes are typically defined by progressive cognitive deterioration, yet
also have profound effects on emotional responsiveness, social behaviour and
communication. Despite having a significant impact on quality of life and burden of
care, these symptoms are poorly understood and difficult to measure with conventional
neuropsychological instruments. These complex symptoms cannot be feasibly studied
in their entirety and instead, breaking them down into more tractable component
processes is necessary. This thesis addresses processing of nonverbal emotional
vocalisations (such as laughter, crying and screaming) to better understand disordered
social and emotional communication in Alzheimer’s disease (AD) — the most
common form of dementia — and frontotemporal dementia (FTD); a group of
syndromes characterised by prominent socio-emotional and behavioural difficulties
that together constitute the most important cause of dementia targeting younger
people.
This thesis represents the first systematic study of nonverbal emotional vocalisations
in neurodegenerative syndromes. Distinct signatures of impaired emotional signal
processing are revealed that add to our understanding of mechanisms that underlie
disordered socio-emotional behaviour and help account for clinical features recognised
in the major dementia syndromes. Brain regions, identified in this thesis as critical for
distinct aspects of emotion processing, expand our understanding of vocal signal
processing in both neurodegeneration as well as the healthy brain. This not only
impacts the neuroscientific study of emotion but also has potential clinical
applications.
Timely diagnosis of dementia syndromes remains a challenge due to the lack of
reliable biomarkers, particularly for FTD syndromes. As a prominent, and in the case
of FTD, early feature of dementia, tests of altered social signal processing offer a novel
marker of disease. Such cognitive biomarkers have the practical advantage of greater
convenience and patient acceptability compared to imaging and CSF markers.
Importantly, they directly index the functional consequences of abnormal proteins that
underlie dementias and therefore have the potential not only to detect disease but also
dynamically track its progress and response to potential treatments. Nonverbal
4

emotional vocalisations represent particularly attractive candidate biomarkers as they
are not subject to limitations of language and cultural specificity that hamper most
standard neuropsychological tests. Autonomic indices, such as pupillometry
demonstrated in this work, offer further benefits of being dynamic, automatic and
nonverbal; providing objective measures in a field that has relied on questionnaire
measures that have limited use in cognitively impaired people. Whilst longitudinal
studies will be necessary to validate these paradigms, I have demonstrated patterns of
impairment that distinguish dementia syndromes and are associated with brain regions
affected early in the course of the diseases, providing proof-of-principle for further
study to develop robust behavioural biomarkers.
The aims of this research were rooted in my clinical experience of seeing patients with
dementia in clinic. I have been fortunate to present the findings at national patient
support group meetings and hear how they resonate with peoples’ experience. This has
not only validated the work but also helped inform potential future avenues of
investigation. Findings from this thesis have the potential to help counsel patients and
their families to understand and manage difficult symptoms that impact interpersonal
relationships. Correlation between experimental measures and questionnaires that
index patients’ day-to-day behaviour further supports the relevance of my findings to
patient’s every-day lives.
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Introduction
When thinking of dementia, loss of memory classically comes to mind. Indeed,
dementias are generally defined by progressive decline in cognitive function, of which
memory is a prominent and often affected area. However, memory represents just one
domain of cognition affected in dementia – changes in visuospatial perception and
language are also classically recognised and can be measured using a variety of
neuropsychological tools. Alterations in behaviour and personality represent another
significant aspect of many dementias with debilitating consequences; yet these
symptoms are less well characterised. Changes in social interaction and emotional
responsiveness are particularly prominent in the frontotemporal dementias (FTD) – a
heterogenous group of neurodegenerative diseases characterised by profiles of atrophy
involving the frontal and temporal lobes – and are also increasingly recognised in
Alzheimer’s disease (AD).
Neurodegenerative diseases are characterised by pathogenic proteins that appear to
target specific structurally or functionally connected regions, often with a common
function. This results in anatomical signatures for different dementia syndromes.
Recent progress in the study of social cognition and behaviour in the healthy brain has
revealed involvement of distributed brain networks that show considerable overlap
with those affected in dementia syndromes. The basis for this selective targeting and
subsequent erosion of neural circuitry mediating complex socio-emotional behaviour
by specific proteinopathies remains poorly understood. Furthermore, tools to measure
pathological changes, particularly early in the course of the diseases, are lacking. This
is of particular relevance in FTD, as unlike AD — for which imaging and biochemical
measures are available and increasingly used to aid diagnosis — reliable biomarkers
for FTD syndromes do not exist. This, in combination with the considerable
phenotypic overlap between diseases in the FTD spectrum, the presence of phenocopy
syndromes that share many features but do not have a neurodegenerative basis and the
frequent confusion with psychiatric disorders make diagnosis particularly challenging.
There is a need for sensitive and specific biomarkers of disease to aid diagnosis.
However, beyond identification of pathogenic proteins, their functional consequences
must be better understood necessitating in depth phenotyping of behavioural and
21

physiological aspects in conjunction with pathology. Changes in socio-emotional
behaviour are a direct consequence of the pathogenic protein in dementia syndromes
and therefore finding ways to measure them have the potential to not only detect the
presence of disease but also track its progress. As molecularly targeted treatments are
being developed, there is a need for such dynamic markers to assess responses to
treatment. Social cognition is however a broad and complex aspect of dementia that is
challenging to study in its entirety. Breaking down complex symptoms of altered social
and emotional behaviours into more basic and tractable components is necessary.
Particularly pertinent to the organisation of social and emotional behaviour is the
capacity to interpret and respond appropriately to emotional signals from others. These
signals may take the form of visual cues, such as body language or facial expressions,
or auditory cues such as affective prosody and nonverbal emotional vocalisations. This
latter group, which includes laughter, crying and screaming, to name a few, represents
an understudied yet potentially informative paradigm of socio-emotional signal
processing in dementia, and forms the basis for this thesis.
In this introductory chapter, I will outline the salient clinical, neuroanatomical and
pathological features of dementia syndromes being studied, before addressing the
nature of socio-emotional deficits in these conditions and how I propose the unique
properties of nonverbal vocalisations can be used to understand them in greater detail.

1.1 Dementia Syndromes
1.1.1

Alzheimer’s disease

Alzheimer’s disease (AD) is the most common form of dementia, accounting for 6070% of the approximately 50 million people living with dementia worldwide (Prince
et al. 2015). Advancing age is the most significant risk factor with the likelihood of
developing AD doubling every five years after the age of 65 (reaching nearly 50%
after the age of 85). As a result of an ageing population, the segment of the population
most at risk for AD is growing tremendously (James et al. 2012).
1.1.1.1 Clinical features
AD is a somewhat heterogenous condition, with its diagnosis referring to the presumed
underlying pathology rather than a specific clinical syndrome. In the majority of cases
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(which I shall term typical amnestic AD) the leading symptom is impairment of
episodic memory (memory of recent events) (Dubois et al. 2014). Typically,
topographic difficulties will subsequently emerge, alongside difficulties with multitasking and loss of confidence. As the condition progresses, cognitive difficulties
become more profound and widespread resulting in increasing dependence on others
for activities of daily living. In the later stages, impaired mobility, hallucinations and
seizures may emerge and on average, death occurs 8.5 years after presentation (Jost
and Grossberg 1995).
Whilst AD most often presents with memory problems; in recent years atypical AD
syndromes, in which impairments in non-memory domains lead the presentation, are
increasingly recognised, particularly in younger onset AD. These include posterior
cortical atrophy (PCA), the commonest of the atypical variants in which early deficits
are seen in visuospatial function, praxis and gnosis (Crutch et al. 2012); logopenic
variant primary progressive aphasia (lvPPA), in which problems with language are the
leading feature (specifically, anomia and impaired verbal working memory) (GornoTempini et al. 2008); and behavioural/dysexecutive variant AD, characterised by early
frontal lobe dysfunction (Ossenkoppele et al. 2015). Whilst these atypical variants of
AD describe divergence in the presenting clinical features, over time all variants of
AD show convergent progression to multiple areas of cognition.
1.1.1.2 Neuropathology
The pathological hallmarks of Alzheimer’s disease are the presence of extracellular
plaques

of

dystrophic

neurites,

intracellular

neurofibrillary

tangles

and,

macroscopically, cortical atrophy. The core constituents of plaques are abnormally
folded amyloid-β (Aβ) with 40 or 42 amino acids (Aβ40 and Aβ42) – Aβ is a peptide
that is present in healthy, unaffected individuals, but in AD an imbalance in production
and clearance results in the formation of aggregates that exert a neurotoxic effect.
Neurofibrillary tangles are predominantly made up of a hyperphosphorylated form of
the microtubule associated protein, tau. Tau is a protein expressed in all axons of the
central nervous system where it promotes assembly and stability of microtubules,
which provide cytoskeletal stability and facilitation of intracellular transport
(Cleveland et al. 1977). Phosphorylation of tau is key to the pathophysiology of AD
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as it inhibits the stabilisation of microtubules leading to cell dysfunction and death
(Noble et al. 2013).
In vivo detection of Alzheimer’s pathology is playing an increasing role in improving
sensitivity and specificity of diagnosis. Reduced levels of Aβ1-42 and raised
amyloid:tau ratio in cerebrospinal fluid (CSF) are indicative of Alzheimer’s pathology;
whilst positron emission tomography (PET) scanning, with ligands that bind to Aβ
fibrils in the brain, allow visualisation of pathological changes.
Tau pathology in AD demonstrates a relatively consistent anatomical pattern of
progression (Braak and Braak 1991). Typically, pathology first appears in the
entorhinal cortex (stages I-II), before appearing in the limbic cortex (stages III-IV) and
then the neocortex (stages V-V1). The pattern of tau deposition is closely associated
with both cortical atrophy and the pattern of cognitive impairment (Serrano-Pozo et
al. 2011). In recent years evidence has emerged of early neuronal loss and tau
deposition in brainstem areas, including locus coeruleus — with a suggestion of
pathological changes being seen in the prodromal stage (Olivieri et al. 2019). The
functional significance of these early changes is unclear, but given their role in
autonomic and homeostatic control, early changes in these areas may influence
response to emotional stimuli.
Structural imaging, using magnetic resonance imaging (MRI), tends to show relatively
focal, symmetrical medial temporal atrophy, at least early in the disease (see Figure
1.1). In PCA, there is typically parieto-occipital atrophy with relative sparing of the
hippocampi (Crutch et al. 2012) whilst lvPPA is associated with early atrophy in the
dominant posterior perisylvian cortex (Gorno-Tempini et al. 2011) and the
behavioural/dysexecutive variant shows a predilection for the frontal lobes.
In AD, key areas affected mirror those that, in the healthy brain, appear to be
functionally linked at rest and deactivated when engaged in cognitive tasks, forming a
network termed the ‘Default mode network’ (DMN) (Shulman et al. 1997; Raichle et
al. 2001). The exact functions of this network are not fully understood, but are thought
to include self-referential thought and self-reflection, episodic memory retrieval,
mental state attribution and visual imagery (Buckner et al. 2008). Importantly, key
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areas of this network include temporoparietal junction (TPJ), which has been
implicated in theory of mind, and ventromedial prefrontal cortex (vmPFC) that is
thought to have an important role in representation of pleasant and unpleasant states
and somatovisceral activation; factors that are important in the generation and
representation of emotional arousal (Raichle et al. 2001; Shulman et al. 1997). In fact,
it has been proposed that the DMN may be important for constructing discrete
emotional experiences (of anger, fear, sadness etc.) (Satpute and Lindquist 2019).
Thus, the previously ignored domain of social and emotional behaviour may be an
important probe of network dysfunction in AD.
Figure 1.1 Coronal volumetric T1-weighted MRI of a patient with AD

This scan, from a patient with AD who participated in the work presented in this thesis,
shows a characteristic pattern of atrophy affecting the bilateral hippocampi as well as
the entorhinal cortex and medial temporal lobe.
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1.1.2

Frontotemporal dementia

Frontotemporal dementia (FTD) is a clinically, neuroanatomically and pathologically
heterogenous group of neurodegenerative syndromes that share a propensity to target
the frontal and temporal lobes of the brain. Although considerably less prevalent than
AD overall, it is a leading cause of young-onset dementia, typically presenting between
the fifth and seventh decade (Rabinovici and Miller 2010). It has a prevalence in the
United Kingdom of around 11/100,000 and incidence of 1.6/100,000 (Coyle-Gilchrist
et al. 2016). This is however likely to represent a significant underestimate due to
underdiagnosis (for reasons discussed in section 1.1.2.5). Indeed, in an unselected
cohort of 85-year-olds, the prevalence of FTD was found to be 3% (Gislason et al.
2003). In post mortem studies, frontotemporal lobar degeneration has been found in
up to 42% of cases of young-onset dementia (Snowden et al. 2011).
The FTD spectrum encompasses three canonical syndromes, classified according to
their leading features: behavioural variant frontotemporal dementia (bvFTD) led by
progressive decline in executive function, emotional reactivity and interpersonal skills;
semantic variant primary progressive aphasia (svPPA) characterised by loss of
semantic knowledge and understanding of language; and nonfluent agrammatic variant
primary progressive aphasia (nfvPPA) in which deficits in motor speech production
and grammar are the leading features.
1.1.2.1 Canonical syndromes
1.1.2.1.1 Behavioural variant frontotemporal dementia
bvFTD is the most common of the frontotemporal dementias, representing 50-60% of
cases with confirmed frontotemporal lobar degeneration (Snowden et al. 2011). This
syndrome is characterised by progressive decline in interpersonal and executive skills
and loss of social and emotional awareness. Current diagnostic criteria (Table 1.1)
reflect the prominent changes in behaviour and personality and notably include social
disinhibition, apathy and abulia (loss of motivation and initiative), emotional blunting
and loss of empathy, perseverative, stereotyped or compulsive verbal and motor
routines, hyperorality and altered eating habits, with a tendency towards gluttony and
preference for sweet foods (Rascovsky et al. 2011).
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Table 1.1 International consensus criteria for bvFTD
I.

Neurodegenerative Disease:
A. Must show a progressive deterioration of behaviour and/or cognition by
observation or history (from a knowledgeable informant)

II.
Possible bvFTD:
Three of the following must be present. Symptoms must be persistent and not a single case or
rare event. For A-E, one of the criteria must be present. For F, all criteria must be met.
A. Early behavioural disinhibition
A1. Socially inappropriate behaviour
A2. Loss of manners or decorum
A3. Impulsive, rash or careless actions
B. Early apathy or inertia
B1. Apathy
B2. Inertia
C. Early loss of sympathy or empathy
C1. Diminished response to other’s needs
C2. Diminished social interest, interrelatedness or personal warmth
D. Early perseverative, stereotyped or compulsive/ritualistic behaviour
D1. Simple repetitive movements
D2. Complex, compulsive or ritualistic behaviours
D3. Stereotypy of speech
E. Hyperorality and dietary changes
E1. Altered food preferences
E2. Binge eating, increased consumption of alcohol or cigarettes
E3. Oral exploration or consumption of inedible objects
F. Neuropsychological profile: executive/generation deficits with relative sparing of memory
and visuospatial functions
F1. Deficits in executive tasks
F2. Relative sparing of episodic memory
F3. Relative sparing of visuospatial skills
III.
Probable bvFTD
All of the following symptoms must be present. For C, one criterion must be met.
A. Meets criteria for possible bvFTD
B. Exhibits significant functional decline from caregiver reports or by using the clinical
dementia rating scale or functional activities questionnaire score.
C. Imaging results are consistent with bvFTD
C1. Frontal and/or anterior temporal atrophy on MRI or CT
C2. Frontal and/or anterior temporal hypoperfusion or hypometabolism on PET or SPECT
IV.
bvFTD with definite FTLD pathology
Criterion A and either criterion B or C must be present to meet criteria.
A. Meets criteria for possible or probably bvFTD
B. Histopathological evidence of FTLD on biopsy or at post-mortem
C. Presence of a known pathogenic mutation
V.
Exclusionary criteria for bvFTD
Criteria A and B must be answered negatively for any bvFTD diagnosis. Criterion C can be
positive for possible bvFTD but must be negative for probable bvFTD.
A. Pattern of deficits is better accounted for by other non-degenerative nervous system or
medical disorders
B. Behavioural disturbance is better accounted for by a psychiatric diagnosis
C. Biomarkers strongly indicative of Alzheimer’s disease or other neurodegenerative process

The table shows current consensus criteria for diagnosis of bvFTD (Rascovsky et al.
2011). * as a general guideline, 'early' refers to symptom presentation within the first
3 years
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bvFTD develops insidiously and may manifest as idiosyncratic lapses of taste or social
faux pas. Forgetfulness may be volunteered as the presenting complaint; however, this
is often more related to poor attention (Warren et al. 2013a). This is reflected in the
fact that performance in neuropsychological tests of episodic memory and visuospatial
function is preserved, at least in the earlier stages of the condition.
Further clinical features that have been recognised in recent years, yet are not included
in the diagnostic criteria, include impaired social cognition (as I shall discuss later),
altered sense of humour (Clark et al. 2016), loss of libido (Ahmed et al. 2015) and
altered perception of environmental and internal somatosensory stimuli, including pain
and temperature (Fletcher et al. 2015a). This may manifest as wearing inappropriate
clothing for the weather (e.g., a t-shirt in winter or a heavy jacket on a hot summer’s
day).
Physical signs on examination are not common but primitive reflexes (forced grasping
or rooting) may emerge later in the course and bvFTD may be associated with motor
neurone disease signs as part of an overlap syndrome (Warren et al. 2013a).
Diagnostic criteria were revised in 2011 by the International Behavioural Variant FTD
Criteria Consortium (FTDC) to allow diagnosis to be classed as possible, probable or
definite, based on the availability of corroborative neuroimaging, genetic or
histopathological information (see Table 1.1).
MRI findings in bvFTD are variable but generally show a degree of frontal, insular
and/or anterior temporal lobe atrophy which tends to be asymmetric between the
hemispheres (Rohrer 2012) (see Figure 1.2). Altered white matter signal may be seen,
usually in close proximity to areas of cortical atrophy, where it reflects gliosis.
Involvement of the orbitofrontal cortex is an early feature of bvFTD but may be subtle
and only detected on serial studies (Perry et al. 2006). Variable patterns of atrophy are
seen that broadly map onto separable clinco-anatomical subsyndromes within bvFTD;
albeit with significant overlap in individual patients (Whitwell et al. 2009). Among
these, focal right temporal lobe atrophy is associated with a distinct clinical syndrome,
characterised by marked loss of emotional reactivity and awareness, topographic
difficulties, inability to recognise familiar faces (prosopagnosia) and unusual
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phenomena including hyperreligiosity, hallucinations and cross modal sensory
experiences (Chan et al. 2009; Ulugut Erkoyun et al. 2020). Further specific patterns
of atrophy are associated with genetic forms of bvFTD (see section 1.1.2.3).
Figure 1.2 Sagittal volumetric T1-weighted MRI of a patient with bvFTD

This scan, from a patient with bvFTD who participated in the work presented in this
thesis, shows marked atrophy of the medial frontal and orbitofrontal cortex with a
significant anterior-posterior atrophy gradient.
Given the predominant fronto-insular pattern of atrophy seen in bvFTD, the syndrome
has been conceptualised as primarily a disease of the salience network – a group of
brain regions whose cortical hubs are the anterior cingulate and fronto-insular cortices
(Seeley et al. 2007). Within this network the fronto-insular region acts as a major
afferent cortical hub for perceiving viscero-autonomic feedback, whilst the anterior
cingulate represents the efferent hub responsible for generating relevant visceral,
autonomic, behavioural and cognitive responses. Through interactions with each other,
these regions form an information processing loop for representing and responding to
homeostatically relevant (or salient) internal or external stimuli and imbuing these
stimuli with emotional weight. Importantly, this network is enriched with a population
of large bipolar neurons, von Economo neurons (VEN), that are found only in humans,
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apes and selected whales – all large-brained mammals with complex social structures
and the ability to recognise themselves. They are hypothesised to be a neuronal
adaptation to larger brains, permitting fast information processing and transfer along
highly specified projections that evolved in relation to emerging social behaviours.
The selective vulnerability of VEN in bvFTD has implications for social cognition and
self-awareness; deficits of which feature prominently in the syndrome. (Craig 2009;
Seeley et al. 2006; Seeley 2008; Cauda et al. 2013). This relationship between clinical
syndrome and specific neuronal type has led FTD syndromes to be considered
paradigmatic examples of ‘molecular nexopathies’ — diseases where specific
molecular pathologies induce selective patterns of neurodegeneration determined by
regional translational and transcriptional profiles, and structural and functional
network properties (including selective vulnerability of neuronal subtypes). These
patterns of large-scale network degeneration produce particular constellations of
clinical and symptomatic features (Warren et al. 2013b).
1.1.2.1.2 Semantic variant primary progressive aphasia
Of all the FTD syndromes, svPPA is the most stereotyped and characteristic. It is led
by progressive breakdown of semantic memory – the memory system that stores our
cumulative knowledge of facts, ideas, meanings and concepts. Typically, svPPA
initially affects the highly elaborate brain knowledge system that mediates vocabulary
– the knowledge of the meaning of words. This often manifests as forgetting the name
of a commonly encountered item and asking the meaning of a familiar spoken or
written word (e.g., reading a menu at a restaurant and asking, “what is a courgette?”).
Patients often present with fluent (or even garrulous) speech but increasing reliance on
circumlocutions and use of less precise terms (e.g., ‘crow’ may become ‘bird’ and
ultimately ‘animal’ or even ‘thing’) render speech empty of substance. Early in the
course of the condition, the semantic deficit may be well compensated and emerge
only when using more specialised knowledge, previously familiar to the individual
(e.g., a birdwatcher’s knowledge of species names). Over time, a more pervasive
semantic impairment affecting non-verbal domains, including visual information,
occurs – this may manifest as impaired recognition of faces (prosopagnosia), visual
objects (visual agnosia), sounds and even odours and flavours (Omar et al. 2013).
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Consensus diagnostic criteria (see Table 1.2) focus on two essential features that
reflect the core semantic deficit: firstly, confrontation naming difficulty – when
presented with pictures of objects the patient is unable to name them (anomia). Anomia
is a feature of several aphasias and therefore to establish a diagnosis of svPPA, it is
important to demonstrate that the problem lies with breakdown of the word store rather
than retrieval of words from storage. The second core feature, therefore, is impaired
comprehension of single words, which can be demonstrated by asking the patient to
describe an item nominated by the examiner or to select it from an array or scene.
Although not essential for diagnosis, surface dyslexia (in which there is a tendency to
regularise words according to their surface orthography – e.g., sounding or spelling
‘sew’ as ‘soo’) is another feature often seen in this syndrome (Gorno-Tempini et al.
2011).
Table 1.2. Consensus criteria for svPPA
I.

Clinical diagnosis of semantic variant PPA

Both of the following core features must be present:
1.
2.

Impaired confrontation naming
Impaired single-word comprehension

At least three of the following other diagnostic features must be present:
1.
2.
3.
4.
II.

Impaired object knowledge, particularly for low-frequency or low-familiarity items
Surface dyslexia or dysgraphia
Spared repetition
Spared speech production (grammar and motor speech)
Imaging-supported semantic variant PPA

Both of the following criteria must be present:
1.
2.

III.

Clinical diagnosis of semantic variant PPA
Imaging must show one or more of the following results:
A. Predominant anterior temporal lobe atrophy
B. Predominant anterior temporal hypoperfusion or hypometabolism on SPECT or PET
Semantic variant PPA with definite pathology

Clinical diagnosis (criterion 1 below) and either criterion 2 or 3 must be present:
1.
2.
3.

Clinical diagnosis of semantic variant PPA
Histopathological evidence of a specific neurodegenerative pathology (e.g., FTLD-tau,
FTLD-TDP, AD, other)
Presence of a known pathogenic mutation

The table shows current consensus criteria for diagnosis of svPPA (Gorno-Tempini et
al. 2011)
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A behavioural syndrome with elements in common with bvFTD often develops in
individuals with svPPA. Certain behaviours such as food faddism, exaggerated
reactions to pain and ambient temperature, behavioural rigidity with clock watching
and obsessional interest in numbers, puzzles (especially jigsaws and Sudoku) and
music (musicophilia) seem particularly linked to svPPA (Midorikawa et al. 2017;
Marshall et al. 2018a). The unifying theme underlying these behaviours may be
impaired understanding of emotional and somatic signals due to both deficient and
over-generalised responses to sensory information (Rankin et al. 2005; Omar et al.
2011; Fletcher et al. 2015a; Clark and Warren 2016). Reduced empathy and an
increased rate of suicidality are seen in svPPA, relative to other neurodegenerative
syndromes, and are thought to be related to an impoverished concept of self, due to
diminished awareness of bodily signals (Sabodash et al. 2013; Irish et al. 2012).
Findings on brain MRI are highly consistent in svPPA, with selective, asymmetric
anteroinferior and mesial temporal lobe cortical atrophy (see Figure 1.3). The profile
of atrophy shows a clear gradient within the temporal lobe, with ‘knife-blade’
destruction of the pole and relative sparing of the superior temporal gyrus. Atrophy is
usually predominantly left-sided (dominant hemisphere), with spread between the
cerebral hemispheres and into more posterior temporal and inferior frontal cortices
over time.
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Figure 1.3 Coronal volumetric T1-weighted MRI of a patient with svPPA

This scan, from a patient with svPPA who participated in the work presented in this
thesis, shows marked atrophy of the left anterior temporal lobe.
1.1.2.1.3 Nonfluent-agrammatic variant primary progressive aphasia
In contrast to svPPA, nfvPPA affects language output resulting in effortful, non-fluent
speech (giving the syndrome its name). Compared to other FTD syndromes, it tends
to present later in life (Coyle-Gilchrist et al. 2016) and, in the early stages, may
manifest as mispronunciation of longer words or, on occasion, reappearance of a
childhood stammer. Speech errors become increasingly frequent and occur at the level
of individual speech sounds, whole words and sentences (see Table 1.3). Speech sound
errors take the form of defective syllable selection (phonological errors) or articulation
(phonetic errors). Articulatory difficulty, or ‘speech apraxia’, is characterised by
variable misshapen speech sounds, with ‘groping’ after the target sound. Word errors
may include binary reversals – defective selection between alternative responses such
as confusion of ‘yes/no’ or ‘his/her’ (Sivasathiaseelan et al. 2019b). Errors of grammar
(mainly effecting syntax and verb usage) are often present in spoken and written
language. Although primarily thought of as a disorder of speech production,
understanding of more complex verbal information and grammar is also seen along
with evidence of central auditory processing deficits (Hardy et al. 2019; Hardy et al.
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2016; Grube et al. 2016). Executive dysfunction, apathy and depression (often related
to retained insight) may develop, though many patients have markedly preserved
general intellect (Rohrer and Warren 2010).
Table 1.3 Consensus criteria for nfvPPA
I.

Clinical diagnosis of nonfluent/agrammatic variant PPA

At least one of the following core features must be present:
1.
2.

Agrammatism in language production
Effortful, halting speech with inconsistent speech sound errors and distortions (apraxia of
speech)

At least 2 of 3 of the following other features must be present:
1.
2.
3.
II.

Impaired comprehension of syntactically complex sentences
Spared single-word comprehension
Spared object knowledge
Imaging-supported nonfluent/agrammatic variant diagnosis

Both of the following criteria must be present:
1.
2.

III.

Clinical diagnosis of nonfluent/agrammatic variant PPA
Imaging must show one or more of the following results:
A. Predominant left posterior fronto-insular atrophy on MRI or
B. Predominant left posterior fronto-insular hypoperfusion or hypometabolism on
SPECT or PET
Nonfluent/agrammatic variant PPA with definite pathology

Clinical diagnosis (criterion 1 below) and either criterion 2 or 3 must be present:
1.
2.
3.

Clinical diagnosis of nonfluent/agrammatic variant PPA
Histopathological evidence of a specific neurodegenerative pathology (e.g., FTLD-tau,
FTLD-TDP, AD)
Presence of a known pathogenic mutation

The table shows current consensus criteria for diagnosis of nfvPPA (Gorno-Tempini
et al. 2011).
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Apraxia of orofacial movements such as yawning or whistling is often seen – when
asked to perform an orofacial gesture, such as a cough, the patient will tend to say the
gesture (i.e., say the word ‘cough’) rather than enact it. Many patients develop
parkinsonism, often evolving into progressive supranuclear palsy (PSP) or
corticobasal syndrome (CBS) (McMonagle and Kertesz 2016). Dysphagia may
develop in people with nfvPPA due to difficulty coordinating the muscles involved in
swallowing.
nfvPPA is characteristically associated with atrophy of inferior frontal gyrus (in
particular the opercular region, encompassing Broca’s area) and insular cortex in the
dominant hemisphere, with variable extension along and around the superior temporal
gyrus (see Figure 1.4). However, the profile of atrophy varies widely in extent and
severity and in many cases can be subtle and easily overlooked.
Figure 1.4 Coronal volumetric T1-weighted MRI of a patient with nfvPPA

This scan, from a patient with nfvPPA who participated in the work presented in this
thesis, shows widening of the left sylvian fissure due to atrophy of the insula and
inferior frontal gyrus.
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1.1.2.2 Neuropathology
The common pathological theme underpinning FTD is abnormal accumulation of
aggregated proteins in the brain (see Figure 1.5 for a summary). The pathological
entities are grouped under the umbrella term of frontotemporal lobar degeneration
(FTLD) (Mackenzie and Neumann 2016). The current histopathological classification
of FTLD subtypes is based on the pattern of immunohistochemical staining of specific
intracellular protein accumulations associated with distinct molecular defects.
Around half of cases coming to post-mortem show FTLD-TDP, in which there is
abnormal deposition of the transactive response DNA binding protein 43 (TDP-43).
TDP-43 is ubiquitously expressed and broadly implicated in neuronal development
and synaptic function. FTLD-TDP is variably associated with neuronal cytoplasmic
and intranuclear inclusions and dystrophic neurites, and is further subdivided into four
subtypes (A-D), each with a distinctive morphological appearance depending on the
cellular distribution of TDP-43 and the appearance of the inclusions (Mackenzie et al.
2011).
The second group, FTLD-Tau, accounts for around 40% of FTLD cases and includes
cases with increased accumulation of hyperphosphorylated tau (the same protein
implicated in AD pathology). There are six known isoforms of tau which allows for
further subdivision of tau pathology (sometimes referred to as ‘tauopathies’) based on
the type of abnormally deposited tau (Lee and Leugers 2012). Accumulation of three
or four repeat tau forms (named according to the number of microtubule binding
domains) is the pathological basis of a number of neurodegenerative disorders. The
three-repeat tau type includes classic intraneuronal tau-positive Pick bodies, whereas
four-repeat types include corticobasal syndrome and progressive supranuclear palsy.
As a result, overlap between FTD syndromes and these conditions are often seen.
The third group, FTLD-FET, accounts for 5-10% of FTLD and constitutes cases that
show abnormal deposition of the FET (FUS, EWS, TAF15) family of proteins (usually
involved in various aspects of DNA and RNA metabolism).
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1.1.2.3 Familial FTD
FTD has a substantial genetic component, with around 10% of cases explained by a
single gene abnormality with an autosomal dominant pattern of transmission.
Furthermore, a strong family history (defined as at least two family members affected
by dementia or a psychiatric disorder) can be identified in up to 40% of individuals
diagnosed with a FTD syndrome (Greaves and Rohrer 2019). Three causal genes
account for the large majority of familial cases: abnormal expansion of the
hexanucleotide repeat on the open reading frame of chromosome 9 (C9orf72) as well
as mutations in the progranulin (GRN) and microtubule-associated protein tau (MAPT)
genes. Overall, C9orf72 accounts for the most cases of genetic FTD worldwide,
followed by GRN and then MAPT. Importantly, these gene defects are also found in 15% of sporadic cases, denoting either the emergence of de novo mutations or
unidentified family history (Pottier et al. 2016). In recent years, mutations in an
increasing number of other genes have been associated with autosomal dominant FTD,
including FUS, TBK1, VCP and CHMP2B to name a few. Overall, these mutations
account for <5% of all familial FTD, with most only found in a small number of
families across the world (Greaves and Rohrer 2019).
The most common clinical presentation of all genetic forms is bvFTD, but all
phenotypes within the FTD spectrum are observed (see Figure 1.5 for a summary).
MAPT mutations are associated with relatively symmetrical focal grey matter atrophy
in the anterior temporal lobes and orbitofrontal cortices and carriers may have more
prominent semantic impairment, but this is rarely a presenting feature. MAPT cases
can also be associated with features of CBS or PSP (Rohrer and Warren 2011). GRN
mutations can present as a mixed aphasia, not clearly fitting into one of the defined
primary progressive aphasias but having mixed features (Rohrer et al. 2010b). MRI
changes in GRN mutation carriers tend to be markedly asymmetrical, with either the
right or the left hemisphere affected (Rohrer et al. 2010a). C9orf72 expansion carriers
may occasionally have a very slowly progressive, almost indolent form of bvFTD
whilst others can have atypical neuropsychiatric features with hallucinations or
delusions (Devenney et al. 2018). MRI findings are more variable in C9orf72 carriers
with involvement of symmetrical frontal and temporal lobes as well as more posterior
cortical areas, as well as thalamus and cerebellum recognised (Rohrer and Warren
2011).
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1.1.2.4 Linking pathology to clinical phenotype
Whilst the genetic forms of FTD offer an invaluable window into the link between
molecules and clinical syndromes, in the sporadic form, correlation between
underlying pathology and clinical phenotype is rather weak. At post mortem, the
underlying pathology of bvFTD cases is split roughly evenly between FTLD-Tau and
FTLD-TDP (with the presence of an overlapping motor disorder suggestive of FTLDTDP whilst features of PSP or CBS are suggestive of FTLD-Tau) (Perry et al. 2017a).
As with its clinical and neuroanatomical profile, the underlying pathology of svPPA
is more predictable – most cases show FTLD-TDP type C pathology. The pathological
associations of nfvPPA are more heterogenous – the majority of patients will have a
tauopathy such as PSP or CBS at post-mortem, although a substantial minority show
FTLD-TDP (see Figure 1.5 for a summary).
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Figure 1.5 The histopathological, genetic, neuroanatomical and clinical spectrum of frontotemporal dementia

Abnormal accumulation of TDP-43 or hyperphosphorylated tau (oblongs, bottom) account for most cases of FTD; these proteinopathies are further
subclassified on morphological or immunohistochemical grounds into TDP types A, B, C and D and tau principally containing three-repeat (3R,

classical Pick’s disease) or four-repeat (4R) microtubule binding domains. A minority of FTD cases have a proteinopathy in the FET spectrum or
rarely, lack pathological accumulation of any of these proteins. Mutations of three major genes (ellipses, bottom) account for a substantial
proportion of TDP-43 (progranulin gene, GRN; chromosome 9 open reading frame 72, C9orf72) and tau (microtubule-associated protein tau gene,
MAPT) cases. Mutations of a number of other genes can also cause FTD, including rare cases with mutations of the valosin-containing protein
gene (VCP) causing TDP type D pathology. Vertical columns indicate the correspondence between molecular pathology (bottom), neuroanatomy
(brain MRI, middle panels) and clinical features (filled oblongs, top), which varies across the FTD spectrum. T1-weighted coronal MRI sections
(presented with the left cerebral hemisphere on the right) show regional atrophy profiles produced by particular molecular pathologies, including
the following characteristic associations: a, strikingly asymmetric atrophy of cerebral hemispheres with GRN mutation, c, asymmetric,
predominantly antero-mesial temporal lobe atrophy with TDP type C; e, asymmetric atrophy with classical Pick’s disease; f, relatively symmetric,
predominantly antero-mesial temporal lobe atrophy with MAPT mutation; h, disproportionately severe caudate atrophy with FUS. Regional atrophy
profiles with C9orf72 mutations (b), VCP mutations (d), Pick’s disease (e) and corticobasal degeneration (g) are variable (d illustrates that atrophy
can be minimal even with proven FTD pathology). Clinically, bvFTD can be produced by any pathology and has a variety of MRI associations
(compare a, b, d, f, h); nfvPPA is more frequently (but not exclusively) underpinned by tau pathology and associated with predominantly left
anterior peri-Sylvian atrophy of variable severity (e, g), while svPPA is most often underpinned by TDP type C pathology and has a highly
consistent MRI profile (c). Intersecting these canonical FTD syndromes, certain pathologies are associated with particular constellations of clinical
features (unfilled oblongs, top), notably: TDP type B pathology with motor neuron disease (MND); TDP type C pathology with svPPA (SD); VCP
mutations with inclusion body myopathy, Paget’s disease of bone and frontal dementia (IBMPFD); and 4R tau pathology with atypical
parkinsonism (park), corticobasal and progressive supranuclear palsy syndromes (CBS – PSP). Reproduced from Sivasathiaseelan et al. 2019

It is clear from post-mortem studies that sporadic FTD demonstrates imprecise
mapping between molecular aetiologies and clinical syndromes (Perry et al. 2017a).
Whilst core clinical phenotypes of FTD have been compellingly linked to intrinsic
large-scale brain networks, network and phenotypic signatures of particular
proteinopathies are less well established. Understanding how to predict underlying
proteinopathies from phenotypic features, and conversely by what mechanism
molecular pathologies give rise to complex phenotypes has important implications for
understanding disease neurobiology, for timely clinical diagnosis and ultimately for
development and rational use of disease-modifying therapies – a treatment aimed at a
specific molecular target will be of little use if the molecular abnormality cannot be
determined in patients in vivo. From this review of the features of canonical FTD
syndromes, it is clear that they demonstrate significant clinical and anatomical
heterogeneity – it is likely that this heterogeneity contributes to the difficulty linking
clinical features to proteinopathies. There is therefore a strong imperative for more
precise phenotyping of clinical features and anatomical patterns in FTD syndromes.
1.1.2.5 Diagnostic challenges in FTD
Despite our increasing clinical experience and the establishing of consensus criteria
for FTD syndromes, accurate and timely diagnosis remains a challenge (Kipps et al.
2007). Reasons for the diagnostic delay are multifactorial. The earlier age of
presentation, combined with relatively preserved memory, navigational skills and
other aspects of general intellect, often lead clinicians (who will likely have far less
experience of FTD than AD) to not consider neurodegenerative diagnoses. In the case
of bvFTD, changes in behaviour or personality may be attributed to a primary
psychiatric disorder (Woolley et al. 2011). This is further compounded by the fact that
FTD syndromes often have neuropsychiatric features such as depression, anxiety or
agitation. The lack of insight by the patients themselves adds to the diagnostic
difficulty – it is often the case that symptoms are reported by a spouse, close friend or
family member who may initially attribute the symptoms to a ‘mid-life crisis’, stresses
at work or marital problems. Even early language features in PPA syndromes are often
attributed to stress and anxiety. Diagnosis of bvFTD is further complicated by the
presence of phenocopies – individuals with many of the same changes in behaviour as
those seen in bvFTD but with no evidence of neurodegeneration (i.e. no imaging
abnormalities and no progression of symptoms over time) (Power and Lawlor 2020).
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At least some cases of this poorly understood condition may well have a psychiatric
origin and share many traits with autism (only with an onset later in life).
All the above factors contribute to significant delay in diagnosis of FTD syndromes
relative to other dementia syndromes – average time from onset of symptoms to
diagnosis of bvFTD, for example, is around 4 years (Coyle-Gilchrist et al. 2016). This
diagnostic delay is not only a source of considerable distress to carers and family
members (Rasmussen et al. 2019) but also has implications for the use of future
treatments that are likely to be most effective in the earlier stages of the disease. The
need for sensitive and dynamic biomarkers to enable timely diagnosis and disease
tracking is clear. Beyond sensitivity and specificity, there are practical considerations
for an ideal biomarker – they should be minimally invasive, inexpensive and simple to
acquire (Mayeux 2004). One could argue that CSF and PET imaging markers do not
fulfil these criteria – the former due to invasiveness and the latter due to cost and lack
of widespread availability. Cognitive biomarkers offer greater convenience and patient
acceptability yet have their own limitations including the need for specialists to
administer tests and lack of specificity for particular syndromes. Such cognitive
biomarkers should ideally be a direct measure of fundamental processes key to the
disease. Social cognitive deficits, as a prominent, and in the case of bvFTD, early
feature of dementia may well represent an important biomarker. Indeed, tests of social
cognition differentiate FTD from Alzheimer’s disease, psychiatric disorders and
phenocopies (Kipps et al. 2009; Mariano et al. 2020; Bertoux et al. 2012; Chiu et al.
2018). There is a need to better understand the neurobiology of impaired social
cognition and deconstruct complex phenotypes of social dysfunction into more
discrete and tractable building blocks that can be quantified, and which can form the
basis for biomarker development that reflects underlying protein physiology more
clearly. Such physiological markers of protein function have the potential to act as
‘proximity markers’ to decide when to start treatment, to stage disease and most
importantly to determine dynamically if interventions are working - static markers,
such as ligand imaging of protein deposition, are not sufficient and even biochemical
biomarkers such as CSF and blood are not necessarily indexing the functional
consequences of pathogenic proteins. More immediately, impaired emotional
awareness in patients with FTD is a major determinant of caregiver distress (Hsieh et
al. 2013a): improved understanding of these symptoms would assist counselling and
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the design of nonpharmacological as well as pharmacological interventions. For
example, the established role of oxytocin in modulating complex social behaviour and
social cognition has led to it being trialled as a treatment for emotional blunting in
FTD (Finger 2011).

1.2 Socioemotional dysfunction in dementia
Although substantially less common than AD, FTD is associated with
disproportionately high economic costs and care burden (Kandiah et al. 2016; Galvin
et al. 2017). Caring for an individual living with FTD presents unique challenges early
in the disease process as it results in decline, and eventual loss, of the very emotional
capacities and social reciprocities that ordinarily sustain interpersonal relationships.
Behavioural symptoms seriously limit the ability of the person living with the
condition to engage in meaningful relationships that recognise the emotional
experience of the self and others. This loss of empathy can have a devastating effect
on interpersonal relationships (Mioshi et al. 2013). Whilst bvFTD is often considered
to be the prototypical syndrome of social and emotional dysfunction, changes are
increasingly recognised in the PPA syndromes (Kumfor and Piguet 2012; Hazelton et
al. 2017) and AD (Zhou and Seeley 2014).
Whilst diagnostic criteria for bvFTD recognise changes in emotional responsiveness
and social behaviour, their lack of clear definitions limits their operationalisation – for
example, what exactly constitutes lack of empathy? This lack of definitions is an
unfortunate feature of much of the research in the fields of social behaviour and
emotion. Whilst many terms lack generally accepted definitions, to ensure a degree of
consistency, I will discuss some of the important terms here.
1.2.1

Definitions

Social cognition, is comprised of many psychological processes that enable an
individual to participate in social interactions (Frith 2008). These processes can be
involved in social interactions at a group level or on a one-to-one basis. It includes
perceiving and recognising social and emotional signals, evaluating the personal
emotional relevance of everyday information, maintaining and accessing common
social knowledge (e.g. norms), processing higher-order information about beliefs and
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intentions, and generating and selecting behavioural responses (Adolphs 2010). These
processes range from exclusively controlled, conscious and deliberate (e.g., selfreflection) to automatic, unintentional and unconsidered (e.g., feeling rejected).
Between these extremes are processes that engage or mediate controlled and automatic
responses (e.g. theory of mind, reappraisal) (Lieberman 2007). Studying social
cognition in its entirely is unwieldy and unlikely to be fruitful as it engages so many
different cognitive processes – therefore focussing on individual components that have
a bearing on symptomatology in dementia is important. Understanding others is a
particular problem in dementia with changes in empathy specifically recognised.
Empathy is the ability to infer, understand and share the emotions of others and can be
broadly divided into affective and cognitive components. Affective empathy, also
called emotional empathy, refers to the cognitive and neural processes that produce a
congruent emotion in the observer in response to others’ emotion-laden experiences
(Blair 2005). Our ability to empathise emotionally is partly based on emotional
contagion – being affected by another’s emotional state. Affective empathy can be
subdivided into empathic concern (sympathy and compassion for others in response to
their suffering) and personal distress (self-centred feelings of discomfort and anxiety
in response to another’s suffering). Cognitive empathy refers to the capacity to
understand another’s perspective or mental state. It often incorporates two further
concepts – theory of mind and mentalising.
Theory of mind is defined as the ability to form accurate representations of one’s own
and other’s beliefs, opinions and emotions. It involves detection and decoding of
mental states and reasoning about them; the latter includes more advanced skills such
as predicting behaviour on the basis of false beliefs. Mentalisation is often used
synonymously with theory of mind and tends to involve imaginative mental activity
that allows an understanding of the behaviour of other people in terms of their
intentions, needs, desires and goals (Fonagy and Luyten 2009). Perspective-taking is
another important part of cognitive empathy and describes the tendency to
spontaneously adopt other’s psychological perspectives.
Although precise definitions of cognitive and affective empathy are not fully agreed
upon, there is consensus about their distinction. An individual who strongly
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empathises emotionally may not necessarily understand another’s perspective, whilst
conversely, an individual may recognise an emotional state in another but not
necessarily have an emotional response to it.
Even the term emotion is rather problematic and has resisted attempts to conform to
an accepted definition. This confusion was captured by Fehr and Russell in 1984 when
they wrote that “Everyone knows what an emotion is, until asked to give a definition.
Then, it seems, no one knows” (Fehr and Russell 1984). Despite centuries of debate,
scientists are yet to agree on how emotions should be defined, on where to draw
boundaries for what counts as an emotion and on whether conscious experiences are
central or epiphenomenal. At a basic level, emotion can be defined as an organism’s
behavioural and physiological response to environmental challenges (Panksepp 1982).
In adult humans, these responses are associated with particular subjective feeling
states, which are often referred to as ‘affect’. Unfortunately, the terms ‘emotion’,
‘affect’ and ‘feeling’ lack definitive definition and are often used interchangeably
(Mulligan and Scherer 2012). In this thesis, I will be referring to affect as the manner
in which emotional events influence behaviour and subjective feelings, operationalised
in terms of valence and arousal. Arousal can be thought of as the degree of
physiological activation experienced during an instance of emotion (ranging from
calm to excited) whilst valence refers to hedonic tone of emotional experience, ranging
from bad (unpleasant) to good (pleasant).
Differences and idiosyncrasies in relation to the general concept of emotions have
resulted in two broad approaches to the study of emotion — those which identify
different emotions as separate categories (e.g. basic emotions) and those in which
emotions exist as a continuum; points in emotional space that are defined along two or
three general dimensions (e.g. arousal, valence, approach-avoid) (Russell 1980). The
former approach is grounded in the concept of basic emotions – a set of emotions that
are recognised across different cultures, that are innate, that have distinctly different
expressions, that can be processed in a rapid and automatic way and that are
implemented in different neural systems (Ekman 1992).
Reconciling these two approaches has proved difficult in the field of emotion research
however, the concept of basic emotions dominates the studying of emotion processing
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in both health and dementia. Whilst this approach may represent an oversimplification,
the use of basic emotions represents a practical way to begin to address socioemotional
deficits in the diseased brain.
Study of emotion incorporates their nature, experience and expression, however in this
thesis, I will focus specifically on social aspects of emotion – the process by which we
are able to identify and respond appropriately to emotions of others, as this relates
specifically to the symptoms that are of clinical relevance in dementia.
1.2.2

Deficits of social cognition in dementia

1.2.2.1 Perception of social and emotional signals
Deficits in the initial stages of social signal processing lead to misperception of
socially relevant visual or auditory cues and subsequent distortion in their downstream
processing and elicited responses. The visual domain, in the form of facial expressions
of emotion, has been widely studied with impairments found in FTD compared to
healthy controls. Involvement of the fusiform gyrus, particularly in svPPA, is
associated with deficient facial recognition, a key component of social interactions
(Kumfor et al. 2015; Omar et al. 2011). The ability to continuously track shifting
emotions in dynamically changing facial stimuli is impaired in both FTD and AD, with
poor scores related to grey matter loss in right lateral orbitofrontal cortex (OFC),
suggesting this region may be involved in adapting behaviour in response to changing
perceptual input (Goodkind et al. 2012). Decreased recognition of static emotions has
been reported in AD patients (Bediou et al. 2009; Phillips et al. 2010), however this
may often reflect general cognitive or perceptual impairment rather than a focal
emotion processing deficit. Studies of altered intrinsic connectivity in the brains of AD
patients suggest that emotion sensitivity may be preserved or even heightened in AD
as a result of upregulation of the salience network corresponding to decreased DMN
activity (Zhou et al. 2010). This may manifest as eroded emotional boundaries in AD
as well as empathy being invoked in a non-normative context (Sturm et al. 2013).
Auditory signal perception has been relatively neglected in dementia however nfvPPA
patients show particularly poor emotion recognition from vocal prosody relative to
reading of facial emotions; with impairment correlated with reduced volume in a
network of frontal, temporal, limbic and parietal regions in these patients (Rohrer et
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al. 2012). svPPA and bvFTD patients have difficulty identifying emotions in music, a
deficit which correlates with grey matter loss in insula, OFC, anterior insular cortex
(ACC) and medial prefrontal cortex (PFC) as well as regions in the temporal and
parietal cortices, amygdala and subcortical mesolimbic system (Omar et al. 2011).
1.2.2.2 Evaluating relevance of social and emotional signals
In bvFTD, selective involvement of the salience network results in inability to balance
reward and punishment signals, resulting in decreased sensitivity to the negative
consequences of social decisions (Seeley et al. 2012) – for example, bvFTD patients
tend to judge negatively-valenced social norm violations as more acceptable than
healthy controls do and this is associated with ventral PFC atrophy (Grossman et al.
2010). bvFTD patients may also show new-onset pathological gambling, attributed to
decreased sensitivity to possible negative outcomes of risky acts (Manes et al. 2010);
potentially due to lack of emotional arousal in response to punishment signals that
normally guide behaviour (Damasio 1996). bvFTD is associated with increased risktaking (Rahman et al. 1999) and aberrant hedonic processing manifesting as a reduced
ability to delay seeking anticipated rewards (Bertoux et al. 2015) and craving
rewarding stimuli to excess, for example gluttony and a sweet food preference (Ahmed
et al. 2014). Case illustrations show that bvFTD patients are predisposed to criminal
violations, even in the context of intact knowledge of social rules (Mendez 2010).
Decreased attention to salient social signals may also explain some patients’
interpersonal deficits (e.g., reduced eye contact and shared gaze) (Sturm et al. 2011).
Many of the behavioural symptoms in bvFTD appear to result from failure to identify
the potentially rewarding or punishing aspects of social and emotional signals that
normally help people avoid negative social outcomes.
1.2.2.3 Social knowledge awareness
Acquired social knowledge in the form of sociolinguistic concepts, behavioural norms
and schemas of common social events is essential for knowing how to behave in social
settings. Social semantic knowledge is at least partly mediated by superior anterior
temporal lobes (Ross and Olson 2010) and social schemas are accessed via the medial
PFC (Krueger et al. 2009). bvFTD patients, particularly those with right anterior
temporal lobe involvement, have a specific semantic deficit for social concepts.
Similar changes are seen later in the course of svPPA, when pathology has spread to
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the non-dominant hemisphere (Zahn et al. 2009). bvFTD patients fail to recognise
when others violate social norms, and they are unable to identify instances in which
their personal judgements transgress social conventions such as faux pas or
embarrassment (Lough et al. 2006) It is however difficult to determine whether
degradation of social semantic knowledge or diminished access to this knowledge
results in patients with bvFTD and svPPA making incorrect decisions involving norm
violations. In contrast, AD patients make social decisions similar to those made by
normal controls indicating access to social knowledge may be preserved (BoschDomènech et al. 2010).
1.2.2.4 Higher-order social information processing
Once social and emotional inputs have undergone basic perceptual processing,
assuming that social knowledge is relatively intact, more advanced cognitive
mechanisms are required to perform higher-order analysis, which can be impacted by
various neurodegenerative diseases (Gleichgerrcht et al. 2010). bvFTD patients have
difficulties with multiple aspects of theory of mind (Adenzato et al. 2010). Deficits
have also been reported in AD but these often correlate with poor memory and
executive function, particularly abstract reasoning and inferential reasoning (Castelli
et al. 2011), and therefore may be a by-product of general cognitive deficits rather than
a focal, domain-specific deficit. However, the DMN is involved in theory of mind
processing (Spreng and Grady 2010), and is vulnerable in AD, suggesting closer
investigation of theory of mind in AD may be required.
Personal moral reasoning represents another higher-order social-cognitive process that
shares mechanisms with theory of mind. Moral reasoning depends, in part, on
accessing social rules whilst personal moral decision-making requires predicting
others’ emotions and weighing the social consequences of potential choices in a moral
dilemma. In bvFTD, decisions on impersonal moral dilemmas are normal; however,
they tend to make more utilitarian decisions than patients with AD or normal controls
in response to personal, emotionally loaded moral dilemmas (Mendez and Shapira
2009). This deficit correlates with poorer emotional theory of mind (Gleichgerrcht et
al. 2011), suggesting a link between personal moral reasoning and empathy.
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While theory of mind is primarily conceptualised as the ability to accurately represent
others’ thoughts and emotions, it overlaps with the ability to have insight into one’s
own mental and emotional state. Patients with all FTD syndromes and AD have higher
levels of alexithymia than healthy older adults i.e., they have trouble identifying and
describing their own emotions. Alexithymia correlates with ACC, temporal and
parietal volumes in older healthy controls (Sturm and Levenson 2011).
1.2.2.5 Behavioural response selection, regulation and personality
Intact social cognition ultimately allows one to produce an appropriate behavioural
response to a social situation: this involves both selecting an effective behaviour and
performing it in an appropriately moderated manner. These processes depend in part
upon executive control and top-down regulation (Eslinger et al. 2011). Habitual
patterns of social behaviour are thought of as personality traits. Compared to their
premorbid functioning, patients with bvFTD and svPPA become less warm, agreeable,
open to new experiences, dominant and extraverted as the disease progresses, while
AD patients primarily show progressive decreases in social dominance (Mahoney et
al. 2011; Sollberger et al. 2011). Anatomical studies suggest that personality changes
in dementia syndromes result from imbalance across networks of frontal and temporal
structures, in which specific traits emerge from complex functional patterns involving
both preserved and damaged regions (Mahoney et al. 2011).
Patients with dementia syndromes also show inability to regulate immediate emotional
responses as exemplified by the inability of patients with FTD and AD to downregulate facial expressions to a startle stimulus. It is hypothesised that this may reflect
a loss of top-down executive regulation in AD but decreased monitoring of bottom-up
emotional signals in FTD (Goodkind et al. 2010). Similarly, increased neuroticism is
found FTD, correlating with grey matter loss in OFC and ACC regions, and is thought
to reflect impaired emotional regulation.
1.2.3

Measures of social cognition in dementia

It is clear that social and emotional changes in dementia are complex and challenging
to capture using conventional neuropsychological measures. Whilst a diverse range of
experimental paradigms have been used to delineate the changes in social cognition
described above, widely used clinical tools are lacking.
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1.2.3.1 Questionnaires
Indirect measures of social cognition, via questionnaires completed by informants who
know the patient well, have been used widely in assessing socioemotional changes in
dementia. These include the modified Interpersonal Reactivity Index (mIRI) and the
Revised Self-Monitoring Scale (RSMS). The mIRI is based on the Interpersonal
Reactivity Index (Davis 1983) – it includes two seven-item subscales, one measuring
cognitive empathy in the form of perspective taking and the other assessing emotional
empathy in the form of empathic concern. The RSMS (Lennox and Wolfe 1984) is a
13-item questionnaire based on the Self-Monitoring Scale (Snyder 1974) and is made
up of two subscales: EX (indexing participants’ sensitivity to expressive behaviour)
and SP (measuring the tendency to monitor self-presentation). In both questionnaires,
the informant is presented with a series of statements and asked to describe how well
it describes the patient on a Likert response scale.
Whilst undoubtedly useful, these questionnaire measures of social and emotional
behaviour have their limitations. First of all, they are not useful diagnostically as they
are not specific to dementia syndromes; instead, they are more useful for monitoring
progression of symptoms over time. They are obviously reliant on an informant who
knows the patient well and are highly subjective and therefore difficult to compare
between individuals.
1.2.3.2 Theory of mind
Theory of mind is assessed using the faux pas (Stone et al. 1998), false belief and
social inference minimal tests. A faux pas arises when a social norm is unwittingly
broken by an individual, causing offence or upset to another - in order to detect this,
the patient must have the ability to infer what both individuals in the situation may be
thinking. The mini-SEA (Social and Emotional Assessment) battery (Funkiewiez et al.
2012) uses a faux pas test in which participants are presented with 10 short cartoon
stories portraying scenarios involving social faux pas. The patient’s appreciation of the
thoughts and beliefs of the characters depicted in the cartoon are tested using a
structured questionnaire. Patients with bvFTD show impairment in recognition of faux
pas (Giovagnoli et al. 2019). False belief tests assess how competent the patient is at
understanding someone else has a belief that may be correct (in the case of first order
false beliefs) or incorrect (in the case of second order false beliefs). Finally, the social
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inference minimal test (a sub-test of the Awareness of Social Inference Test [TASIT]
(McDonald et al. 2003)) assesses the ability of the patient to recognise sarcasm in
speech. Sarcasm typifies incongruity resolution where the verbal content is at odds
with intonational, prosodic and facial expressions (Uchiyama et al. 2006) and
contradicts the learnt assumption that all speech is truthful. Processing of sarcasm and
these learnt assumptions are impaired in bvFTD and svPPA (Kipps et al. 2009; ShanyUr et al. 2012).
Whilst these tests are useful and go some way to differentiating dementia syndromes,
they do have a number of limitations. The most significant issue is that these tasks are
reliant on complex decision making which allows the potential for confounds from
executive, attentional or language deficits that are outside the intended remit of the test
(McDonald et al. 2007). The faux-pas test does not always have an explicitly correct
answer and instead is judged by the examiner as right or wrong making it difficult to
standardise. People with bvFTD and AD both perform similarly well on first-order
false belief tasks despite discrepant social cognitive abilities whilst second-order false
belief tests may even be failed by healthy controls due to working memory demands
(Fernandez-Duque et al. 2009). It is likely that a variety of independent processes
underpin the higher cognitive tasks used in theory of mind tests so conceptual deficit
in theory of mind does not fully account for the range of behavioural changes seen in
dementia. Therefore, it would be better for tests to directly assess the more basic
operations or generic mechanisms.
1.2.3.3 Emotion processing
Emotion processing - the ability to perceive, recognise and use emotional information
from another to establish how they are feeling - is another key area of social cognition
that has been assessed in dementia. The facial emotion recognition test (part of the
mini-SEA) examines recognition of six basic emotions (happiness, surprise, anger,
fear, disgust and sadness) portrayed in photographs of facial expressions. The emotion
evaluation test (a further subset of the TASIT) is somewhat more ecologically valid as
it uses short film clips in which actors express different emotions instead of static
photographs however it is multimodal and not very naturalistic. The ‘reading the mind
in the eyes’ test is a more challenging test of emotion processing in which patients
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must identify more complex emotional states (such as arrogance or jealousy) from only
the eye region of a face (Warrier et al. 2017).
Whilst these tests are somewhat less demanding than tests of theory of mind and
therefore potentially less vulnerable to influences from other cognitive impairments,
they still have quite significant linguistic demands (especially in the case of the
‘reading the mind in the eyes’ test) which may be of particular relevance in the PPA
syndromes. Furthermore, although these tests assess emotion recognition, assessing
emotional response is difficult and tends to rely on subjective ratings.
Studies of emotion recognition from facial expressions have generally shown
impairment across the FTD spectrum, particularly for negative emotions (anger
disgust, fear, sadness) (Rosen et al. 2004). Whilst this is widely recognised in bvFTD,
it is increasingly noted within the PPA syndromes with both svPPA and nfvPPA
groups showing impairment compared to healthy controls. Notably these impairments
appear primary and independent of language disturbances (Fittipaldi et al. 2019). The
deficit is more marked in svPPA and, unlike the nfvPPA group, performance is not
improved when stimulus salience is increased through the use of caricatures (Kumfor
et al. 2011). It has been suggested that this may reflect a more elementary deficit of
facial perception or may be influenced by verbal/semantic dysfunction. However,
emotion matching tasks in svPPA show deficits that persist after covarying for a
relevant perceptual task (face matching) (Miller et al. 2012). svPPA therefore appears
to demonstrate primary emotion processing disturbances not explained by other
cognitive factors. Impaired ability in recognising emotion from facial expressions has
been shown to differentiate nfvPPA from lvPPA early in the course of the disease
(Piguet et al. 2015).
Clinical tools and research into emotion processing have focussed on recognition and
categorisation of facial expressions of emotion – however this represents just one type
of emotional communicative signal. Individuals also communicate emotion through
their voice, yet this has been relatively understudied, not only in dementia but also the
healthy brain. Emotion may be communicated through the content of speech or
overlaid normal speech, in the form of affective prosody. Affective prosody tends to
rely on voice quality and pitch, as well as loudness and rate. Impaired recognition of
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affective prosody has been demonstrated in AD (Roberts et al. 1996) and all FTD
syndromes (Rohrer et al. 2012) – nfvPPA participants also fail to recognise acoustic
and linguistic dimensions of prosody unrelated to emotion, suggesting the involvement
of an early generic perceptual deficit that impacts on higher levels of prosodic
processing.
Emotion can also be communicated through nonverbal emotional vocalisations
(laughter, crying, screams etc.). Such vocalisations show higher recognition rates
(around 80% (Schröder 2003)) in healthy controls compared to affective prosody
(around 50% (Banse and Scherer 1996)). This difference between emotional speech
and nonverbal emotional vocalisation may reflect the fact that emotion in speech is
overlaid on the speech signal and is thus somewhat more constrained in its acoustic
expression than it is in nonverbal vocalisations.

1.3 Nonverbal vocalisations
1.3.1

What are nonverbal vocalisations

Conversations do not only consist of spoken words, but also nonverbal signals
transmitted via the acoustic channel. These signals typically do not appear in
dictionaries and are difficult to write down in orthographical form. Whilst some of
these sounds represent hesitation or are a result of planning processes of speech
production, others serve important communicative functions. Such nonverbal
vocalisations can be broadly divided into different categories (albeit with a degree of
overlap).
Vegetative sounds are not primarily communicative and not all are under voluntary
control. Examples include snoring, swallowing or chewing noises, hiccup, coughing,
sneezing, throat clearing, yawning and panting (after physical exertion). Typically,
these sounds are innate (not learnt) and mostly involuntary (although deliberate use,
such as clearing the throat to signal one wants to say something, does occur).
Filler sounds, or filled pauses, include sounds such as ‘uh’ or ‘uhm’. Often, they are
regarded as disfluencies or hesitations to which lengthened syllables (or syllable
drawls) can be counted as well.
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Feedback signals include humming signs (‘mmh’, ‘yeah’ and ‘uhu’) and usually signal
agreement but can also be used in a more assertive manner to express one’s attitude.
Melodic utterances refer to humming or whistling and tend to not occur in
conversation.
Perhaps the most widely used and important communicative nonverbal vocalisation
are those that communicate emotion – this includes laughter, screaming, cheering and
crying to name a few. These nonverbal tokens are ideal for investigating expression
and processing of emotional information as, unlike affective prosody, there is no
concurrent verbal information and thus they are somewhat less constrained. Nonverbal
emotion vocalisations closely mirror the kind of emotional information available via
other channels, such as facial emotional expressions, and have the added benefit of
allowing emotional signals to be broadcast rapidly to others, even under conditions
that would hinder visual signalling. In contrast to facial expressions of emotion that
are limited in their reach (to those who are close enough to see the salient features of
the facial expression), nonverbal emotional vocalisations allow signalling of emotional
state to a larger number of individuals. In fact, it has been suggested that the
development of vocalisations in our hominid ancestors facilitated development of
larger social groups (Dunbar 2017).
1.3.2

Differences between speech and nonverbal vocalisations

In contrast to speech production, which relies on fast and accurate movement of
supralaryngeal articulators (tongue, jaw, lips and soft palate), nonverbal emotional
vocalisations typically use less precise supraglottal articulations (involving roughly
positioned pharyngeal/oral/labial constrictions). Thus, the quality and control of the
sound produced at the larynx has a greater effect on the sounds found in emotional
vocalisations. In this respect, emotional vocalisations such as laughter can be thought
of more as a way of breathing than a way of speaking (Kohler 2008).
The differences in apparatus used to produce speech and nonverbal vocalisations is
reflected in the different neural circuitry involved. Nonverbal vocalisations are
controlled by neural pathways that are common to all mammals and distinct from the
evolutionarily younger structures responsible for language (Jürgens 2009). Speech and
54

nonverbal vocalisations utilise distinct pathways connecting the cortex with laryngeal
motor neurons that control the vocal cords. Nonverbal emotional vocalisations are
controlled by dedicated circuits running from the ACC, via the periaqueductal grey
area, to the reticular formation. The basic acoustic structure of such emotionally-driven
vocalisations is predetermined by the pattern-generating neurons in medullary reticular
formation and cannot be modified voluntarily (Jürgens 2009). A second path, with
direct projections from the primary motor cortex to laryngeal motor neurons enables
fine voluntary control of laryngeal muscles, which is necessary for the production of
complex learned vocalisations like speech. Direct cortical projection from motor
cortex to laryngeal motor neurons are absent in nonhuman primates. Aphasic patients
with lesions in the motor cortex, as well as congenitally deaf and even anencephalic
infants may laugh and moan like typical infants, even though they cannot produce
speech (Scheiner et al. 2006). These limbic and cortical pathways are thus, to some
extent, functionally distinct. As I will discuss later however, we are able to co-opt the
voluntary system underlying speech, to recruit downstream effectors of emotional
vocalisations and in effect produce voluntary mimics of emotional vocalisations, in
the absence of an emotional stimuli. This is perhaps most prominent in our use of
voluntary laughter (see section 5.2 for more details).
Since the neural machinery controlling nonverbal vocalisations is shared in mammals
and therefore appears to be evolutionary stable, one would expect at least some human
nonverbal vocalisations to have direct analogues in the calls of other mammals. Indeed,
laughter appears to have originated in mammalian social play and acoustic and
contextual similarities exist with vocalisations in great apes and perhaps even rats
(Davila Ross et al. 2009; Panksepp 2007). Studies have also indicated that crying in
humans is related to mother-infant separation or distress calls, which are common in
many mammalian species (Provine 2012; Lingle et al. 2012). Perhaps the most direct
comparison between human and other mammalian vocalisations can be made with
screams – the alarm calls of primates and other mammals draw parallels with humans
screams of fear.
Thus, it appears that nonverbal vocalisations are largely ‘hardwired’, triggered by
emotion and not dependent on social learning. In contrast, human language is not only
unusually flexible and powerful as a communicative tool, but whilst generic language
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capacities may be hardwired, specific languages are reliant on a socially transmitted,
culture-specific code: we are not born speaking English or Finnish. Nonverbal
vocalisations are more similar to vocalisations of other mammals and as such are
rooted in our biology and show less variation between cultures. This is reflected in
cross-cultural studies that show that, analogous to the universality of facial expressions
of emotion demonstrated by Ekman (Ekman et al. 1969), listeners in even the most
isolated communities with little exposure to western media recognise emotion
expressed by nonverbal vocalisations produced by western speakers (Sauter et al.
2010b).
1.3.3

Recognition of emotion in nonverbal vocalisations

Differences in production of speech and nonverbal emotional vocalisations are
reflected in their acoustic structure. Unlike speech, which can be still understood with
only a certain degree of coarse spectrotemporal structure (Shannon et al. 1995), the
recognition of emotional vocalisations is dependent on the preservation of pitch and
fine spectral structure, as well as cues such as those from the amplitude envelope
(Sauter 2007). This may in part be due to the fact that the structure of nonverbal
vocalisations is much less variable between individuals than the structure of speech
and therefore our perceptual apparatus for such vocalisations may be less flexible.
Nonverbal vocalisations, even when presented without context, are at least as effective
as facial expressions and speech prosody at communicating discrete emotional states
(Schröder 2003). Low level acoustic attributes of nonverbal emotional vocalisations
predict the way listeners perceive emotion in them (Sauter et al. 2010a). Specific
combinations of acoustic cues related to temporal aspects, amplitude, pitch and voice
quality significantly predict listeners’ judgements about emotional qualities of the
sound. Different constellations of predictors have been found for different emotions,
indicating that listeners make use of cues in an emotion-specific manner.
Emotional vocalisations have been identified that mirror the categories of facial
expressions of the basic emotions: fear, sadness, disgust, anger, happiness and surprise
(Scott et al. 1997). Four out of these six basic emotion categories communicated in
facial expressions are negatively valenced (fear, sadness, anger and disgust). This bias
may contribute towards the observation that recognition of negative emotions appears
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to be more affected in dementia syndromes (Hsieh et al. 2013b). Nonverbal emotional
vocalisations allow us to overcome this bias as it has been suggested that further basic
emotions, reflecting positive moods, might be preferentially expressed with the voice,
while being generally expressed facially with a smile. Indeed, nonverbal expressions
of emotion are well recognised for triumph, relief and sensual pleasure (Sauter and
Scott 2007). The vocal modality also has the unique property of registering
paralinguistic expressions such as sarcasm which is impossible to convey via visual
cues alone. It appears that faces and voices vary in how well they convey different
emotional states and therefore warrant separate investigation.
1.3.4

Laughter

Amongst the cardinal nonverbal vocalisations humans use, arguably the richest, most
universal and socially resonant is laughter. It is therefore perhaps not surprising that,
in comparison to other nonverbal vocalisations, laughter has been studied more
extensively. Laughter is an essential part of human communication, playing an
important role in social bonding, affection and dynamics of group hierarchy. It is an
intensely social behaviour; in fact we are 30 times more likely to laugh in a group than
on our own (Provine and Fischer 1989). It also serves as an expression of emotion and
therefore, perhaps uniquely, it straddles both social and emotional aspects.
Laughter is a phylogenetically very old communication tool with analogues observed
in several nonhuman primates (including bonobos, chimpanzees, gorillas, orangutans)
(Davila Ross et al. 2009) as well as other mammals such as rats (Panksepp 2005).
Charles Darwin was one of the first to report the similarities between laughter in apes
and humans in his 1872 book, The Expressions of the Emotions in Man and Animals
(Darwin 1872).
Mammalian

laughter-like-vocalisations

are

typically

triggered

by

direct

somatosensory stimulation of the body, usually occurring during playful behaviour.
These vocalisations are assumed to serve a role in increasing social bonding between
individuals and may represent a reward to encourage play behaviour – acting as a form
of social grooming (Dunbar 2012). This reflex-like laughter can be evoked in these
animals by tickling, in much the same way as we know in humans (Davila-Ross et al.
2011). Humans also laugh mostly in positive social situations, establishing and
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reinforcing social bonding. This effect is enhanced by a contagious reaction, since we
also laugh in situations when other people are laughing.
Laughter appears to serve a greater communicative role in humans compared to
animals as it can communicate a variety of different states (Szameitat et al. 2009a;
Wildgruber and Kreifelts 2015). Along with the prototypical positive ‘mirthful’ form
of laughter that promotes bonding, there are a number of less positive situations when
people laugh. This includes taunting laughter, in which one person demonstrates their
dominant position in the social hierarchy using laughter as an expression of
superiority. The person being laughed at may feel submissive and in these situations
may in turn express their embarrassment by a kind of giggle or another type of shy
laughter (Beermann and Ruch 2011). One can also find amusement and laugh at the
misfortune of another, ‘schadenfreude’. Perhaps, most intriguingly, humans can
voluntarily produce laughter. Unlike spontaneous laughter, that is stimulus driven and
emotionally tuned, voluntary laughter may not necessarily be associated with a
particular emotional experience and could instead perform a variety of social functions
including signalling affiliation or polite agreement or, in a more sinister form, to
deceive and simulate allegiance to create a false sense of security. The semiotics of
laughter are discussed in further detail in Chapter 5.
Whilst a definitive ‘grammar’ of laughter does not exist, data from acoustic analysis
of laughter tells us that the mode and place of laughter articulation can vary (Alter and
Wildgruber 2018). The mode of articulation relates to the type of phonation, which is
determined by breathing and vocalisation. As in speech, the air stream is essential for
laughter production. However, unlike in speech, in laughter the direction of airflow
varies as both exhalation and inhalation can be used. Furthermore, the airstream can
pass through the vocal tract (mouth) or the nasal cavity. If the airstream passes through
the vocal tract, the vocal cords can vibrate with the airstream in both directions giving
rise to voiced segments of laughter; resulting in vowel-like sounds such as ‘hahaha’ or
‘hihihi’ whilst unvoiced segments are often fricative like ‘fff-fff’ or ‘sss-sss’. The
place of articulation often involves the respiratory system, tongue, jaw and lips. When
the nasal cavity is involved, ‘snoring’ or ‘snorting’ sounds may be produced.
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Thus, laughter can contain vocalic segments, unvoiced elements or simply noisy
expiration. These features form larger ‘laugh phrases’ that begin with a perceivable
inhalation and end with silence. If the laughter outburst exceeds the air-volume intake,
it necessitates a new breathing cycle, and the following laugh phrase starts with the
next inhalation. The rhythmic structure is an important characteristic of laughter.
Szamaitat and colleagues have investigated acoustic properties of different types of
laughter (friendly-joyful, tickling, schadenfreude and taunting) (Szameitat et al.
2009b). Acoustic features that differentiated laughter types included average segment
duration, number of segments per second (the laugh rate), number of phrases, interphrasal duration, average fundamental frequency, average peak frequency and
percentage of voiced elements. Importantly, different forms of laughter can be
recognised and discriminated solely from acoustic signals, without any further
contextual knowledge (Szameitat et al. 2009a).
Several studies have evaluated neurobiological correlates of laughter perception using
functional magnetic resonance imaging (fMRI). These studies reveal activation of a
bilateral network of brain regions including fronto-temporal cortex and amygdala
during perception of laughter. Specific patterns of cerebral responses have been
observed for distinct types of laughter – for example perception of tickling laughter
shows stronger activation in right superior temporal regions (presumable linked to its
higher acoustic complexity) whilst mirthful laughter yields responses in anterior PFC
(reflecting higher demands on social cognition) (Szameitat et al. 2010). Perhaps the
most intriguing distinction can be made between involuntary mirthful laughter and
voluntary, posed laughter. Whilst involuntary laughter is under the control of
evolutionary older midline structures that underlie nonverbal vocalisations more
generally, voluntary laughter arises from areas associated with learned vocalisations
such as speech (Szameitat et al. 2010). These differences are reflected in the acoustic
characteristics of spontaneous and volitional laughter – slowed down audio recordings
of spontaneous laughter have been found to be indistinguishable from animal
vocalisations, whilst similarly slowed down recordings of volitional laughter are
judged to sound more like a spoken voice (Bryant and Aktipis 2014). Passive
perception of volitional laughter is associated with greater activity in dorsomedial
PFC, which is thought to represent an obligatory attempt to determine other’s mental
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states when laughter is perceived as less genuine. Spontaneous laughter on the other
hand is associated with greater activity in bilateral superior temporal gyri (McGettigan
et al. 2015; Lavan et al. 2017).
1.3.5

Crying

The literature on crying in much less comprehensive than that for laughter. This is
especially true for crying in adults, as most research in the field has focused on infant
crying.
Although quite distinct in emotional quality, crying is actually similar to laughter in
terms of production. Crying shares much of the same vocal apparatus as laughter and
both can be spasmodic, contagious and involuntary. Crying sounds have been
described as containing more sustained vowel-like voiced utterances, compared to
laughter, and also have a longer rhythmic pattern by having intervals synchronising
with the respiratory cycle (Provine 2012).
Crying is the first recognisable vocalisation that infants produce to signal their basic
needs to caregivers. Whilst cries of distress are recognised in babies older than six
weeks, it is unclear whether before this age crying represents an emotional vocalisation
or just a generic response behaviour to arousing stimuli. Empirical research has
determined that infants have two distinct types of cries, which listeners can distinguish
(Green et al. 1995). A painful cry sound is specific to sudden intense distress and has
a different average fundamental frequency compared to a growing discomfort cry
which occurs due to hunger or tiredness. Painful cry sounds are perceived by adults as
having decreasing urgency over time, in contrast to hungry cry sounds that are
perceived as having increased urgency. This is likely related to the fact that the average
fundamental frequency rises over time for hungry cries but falls for painful cries
(Zeskind et al. 1985). Thus, these cries reliably convey distinct needs to caregivers to
establish a reciprocal relationship between infants and their environment. Crying also
has a social role, even in this early stage of life, with infants demonstrating crying in
response to another infant’s crying. Importantly, this contagious crying is stylespecific with painful cries eliciting painful cries in other infants. This behaviour is
suggested to be an early sign of empathy development where infants share a similar
affective state with others (Geangu et al. 2010).
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Crying behaviour decreases sharply during the second year and continues to decrease
throughout childhood, which may be due to the developing cognitive and affective
abilities of recognising, expressing and regulating emotions (Provine 2012). As a
result, crying in adults has received little attention in research. It is however a
prominent behaviour for soliciting assistance and to elicit prosocial behaviour in others
(Hendriks et al. 2008). Studies have shown that individuals rate tearful faces as warmer
but less competent (van de Ven et al. 2017). Chen and colleagues have shown that
adult crying on the whole is perceived as less authentic than laughter (Chen 2018) –
interestingly, there is still dissociation in pupil responses (an index of arousal) when
listening to authentic or posed crying. It has been suggested that because crying, as an
intense emotional expression may cause listeners to experience a negative emotional
state, the reaction of the listener to crying may be influenced by social factors (i.e.
display rules) which are rigid for crying (Simons et al. 2013). Unlike laughter and
screams, overt responses to crying are more likely to be influenced by social and
cultural factors. It remains unclear however how intact such responses are in dementia,
and how they interact with social influences.
It is likely that some element of innate response to crying is linked to an evolutionary
old neural network responsible for infant cry perception (Lingle et al. 2012) – this
encompasses the auditory cortex, bilateral opercular inferior frontal gyrus and presupplementary motor areas as well as a thalamocingulate circuit which, in concert with
anterior insula, is thought to function as a neural alarm signal that the infant is in need
and shift attention to it (Rilling 2013).
1.3.6

Screaming

Screams are perhaps the most salient communicative signal by virtue of their unique
acoustic and semantic features and the fact they are encountered far less frequently
than other nonverbal vocalisations. No other human-produced sound has the unique
ability that screams have to grab our attention and signal danger. In this respect, they
are arguably the most relevant communication signal for survival and differ in their
ecological purpose to the prosocial roles of laughter and crying. The lack of
phonological structure is what separates a scream from what we might consider a ‘yell’
or ‘shout’ of anger. In screams, air passes through the vocal folds with greater force
than is used in neutral speech. David Poeppel and colleagues used modulation power
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spectrum, a neutrally informed characterisation of sounds, to demonstrate that human
screams cluster within a restricted portion of the acoustic space (30-150Hz modulation
rates) that correspond to a perceptual attribute termed roughness (Arnal et al. 2015).
Importantly, roughness is not an acoustic quality found in other areas of speech, nor in
other nonverbal vocalisations, but is found in natural and man-made alarms (and even
soundtracks of horror films (Trevor et al. 2020)). Sounds above the range of roughness
(>150Hz) are perceived as continuous and result in activation of the auditory cortex,
whilst those within the roughness range (particularly between 40 and 80Hz) are
perceived as harsh and induce a persistent response in areas including amygdala,
hippocampus and insula – areas related to salience, aversion and pain (Arnal et al.
2019). Thus, screams allow for rapid signalling of danger, bypassing the auditory
cortex and tapping directly into neural circuits involved in fear/danger processing.
Investigating responses to screams may therefore tell us more about the integrity of
these fronto-insulo-limbic circuits in processing acoustic stimuli.
1.3.7

Neural substrates of nonverbal emotion vocalisation perception

fMRI has been used to identify cortical and subcortical systems important for the
processing of a variety of affective sounds, including environmental sounds, music
and nonverbal emotional vocalisations. Studies in these different affective categories
show significant overlap supporting the idea of a cross-domain network of neural areas
responsible for processing affective sounds (Frühholz et al. 2016). This network
incorporates regions involved in perceptual processing – identifying the salient sound
patterns in order to discriminate among different stimuli on the basis of acoustic
features – and those involved in recognition of the emotional meaning of a stimulus,
which in itself relies on disparate strategies. For instance, recognition of happiness
from a laugh occurs by linking the perceptual (acoustic) properties of the laugh
stimulus to various knowledge-based processes. These include knowledge of the
concept of happiness, the lexical label ‘happy’, the perception of the emotional
happiness response that the stimulus triggers in the subject, and knowledge about the
motor representation required to produce the expression shown in the stimulus.
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1.3.7.1 Basic perceptual processing – auditory cortex and amygdala
The bilateral superior temporal sulcus (STS) has been designated a voice processing
area, since it shows robust responses to human vocalisations across a wide range
relative to acoustic control conditions (Belin et al. 2000). It has been suggested that
there may be left/right distinction in the STS (Scott et al. 2000), with left anterior STS
being more sensitive to linguistic information (including sublexical phonetic speech
structure (Liebenthal et al. 2005), processing of intelligible speech and formation of
auditory word forms (Cohen et al. 2004)) whilst the right STS has been argued to be
important for processing pitch variation which plays a role in emotion (Grandjean et
al. 2005) and vocal identity (Belin and Zatorre 2003).
The amygdala has long been recognised as an important component of the limbic
system. Whilst involved in the processing of most affective sounds, it shows more
consistent involvement in processing less complex, brief affective sounds, such as
nonverbal emotional vocalisations (Frühholz et al. 2016). This may have some bearing
on the fact such vocalisations play a role in automatically triggering emotional
responses in the listener. The notion that less complex affective sounds consistently
elicit amygdala activation seems to point to a fast afferent auditory signal transmission
to the amygdala (Pannese et al. 2015); occurring via the medial geniculate nucleus as
part of the ascending auditory pathway (Viinikainen et al. 2012). Thus, the medial
geniculate nucleus provides a reliable acoustic profile of affective sounds that is
transferred directly to the amygdala, bypassing the auditory cortex (Pannese et al.
2015).
An important feature of nonverbal vocalisations, that distinguishes them from facial
expressions, is that they unfold over longer time windows (Pell and Kotz 2011). It
appears that whilst the auditory cortex is important for integrating affective cues over
time into an auditory percept, the amygdala is involved in processing shorter sound
features that are more characteristic of emotional vocalisations.
1.3.7.2 Mediation, evaluation and contagion – fronto-insular regions
The inferior frontal cortex (IFC) appears to be another integral part of the frontotemporal network involved in processing of affective sounds in social communication
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(Fruhholz and Grandjean 2013; Rauschecker and Scott 2009). The IFC is thought to
integrate emotionally relevant sound features provided by the auditory cortex via
dorsal and ventral connections (Fruhholz and Grandjean 2012; Schirmer and Kotz
2006). These connections support the categorisation of sounds according to their social
meaning and affective value (Rauschecker and Scott 2009; Fruhholz and Grandjean
2012).
The finding that brain regions associated with motor control are activated by both
emotion perception and orofacial gestures has raised the intriguing possibility of the
involvement of mirror system in nonverbal emotional vocalisations. The mirror system
has been widely discussed for motor actions – it is well documented that individuals
spontaneously and rapidly mimic other people’s facial expression (Wood et al. 2016),
and there is evidence that such mimicry is causally related to emotion identification
(Korb et al. 2014). Both displaying and viewing facial expressions has been shown to
trigger overlapping activity in motor and somatosensory cortices suggesting a strong
embodied component in facial expression recognition (Volynets et al. 2020).
Importantly, this mirroring behaviour is diminished in FTD syndromes and associated
with reduced ability to identify emotion from facial expressions (Marshall et al.
2018b). Whether there is an analogue of this mirror system for acoustic cues is unclear.
Warren and Scott have demonstrated that a network of premotor cortical regions
activated during facial movement is also involved in auditory processing of affective
nonverbal vocalisations (Warren et al. 2006). Within this auditory-motor-mirror
network, positive emotional valence enhanced activation in the left posterior inferior
frontal region (involved in representation of prototypical actions) and increasing
arousal enhanced activation in the presupplementary motor area involved in higherorder motor control. However, going against the idea of an auditory-motor-mirror
system are the findings that disgust vocalisations show weak activation in these areas
despite being exceedingly contagious (Nemeroff and Rozin 1994). Similarly, fear and
disgust are amongst the most highly recognised vocalisations (Sauter 2007), yet
activation is weaker in mirror motor areas. It has been argued that rather than a pure
mirror system (in which behaviour is replicated to aid understanding of the behaviour),
in vocalisations the motor areas are involved in behavioural responses to the stimuli –
this includes preparation for general action to respond in pre-supplementary motor area
(SMA) (such as readiness to run away from a fearful sound) or preparation for
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responsive emotional orofacial expression or vocalisations (such as smiling or
laughing in response to another’s laughter) in right IFC and bilateral precentral gyri
(Scott et al. 2010). Behavioural mirroring in human communication tends to be in
positive contexts. Motor cortex activation during speech perception has been linked to
the employment of motor areas in the timing and coordination of communicative
cooperation actions, such as turn taking in conversation (Scott et al. 2009). In this
context, the lateral premotor system responses to more positive and arousing emotion
stimuli may reflect the more social nature of positive nonverbal emotional
vocalisations. Laughter tends to be produced in groups and plays an important part in
reinforcing positive social bonds between people (Provine 2001).
The insula responds to most types of affective sounds (Kumar et al. 2012; Sander and
Scheich 2005) – the anterior insula is considered to be an emotional salience detector
whilst posterior insula underlies environmental monitoring and supports response
selection (Taylor et al. 2009). The insula has been proposed as a mediator between
sensory and affective brain systems in the perception of nonverbal emotional
vocalisations (Mirz et al. 2000) – this translates the affective cue of sounds into a selfexperience of emotions when sounds are evaluated (Kotz et al. 2013).
Medial frontal cortex (MFC) supports several social and emotional functions related
to interpersonal communication and understanding (Amodio and Frith 2006). The
dorso-caudal part serves emotional appraisal and evaluation processes (Szameitat et
al. 2010; Wildgruber et al. 2009), whereas the ventro-rostral part may support retrieval
of emotional memories and associations (Euston et al. 2012) as well as the regulation
of adaptive behaviour.
The OFC encodes secondary and learned values (Kringelbach 2005). This may be of
particular importance in mediating learnt responses to non-verbal emotional
vocalisations.
MFC, IFC and insula show functional connectivity with both amygdala (Morris et al.
1999) and auditory cortex (Ethofer et al. 2012; Fruhholz and Grandjean 2012) during
processing of emotional meaning from nonverbal vocalisations. The insula plays a
specific role in salience detection and relates sensory acoustic information to an
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internal emotional representation of affective sound (Menon and Uddin 2010). Areas
in the lateral and medial frontal cortex evaluate and appraise affective sound and enrich
these representations with memory associations. More generally, frontal cortex is
involved in higher-order representation and evaluation of affective sounds that may
likely support emotional categorisation and adaptive behavioural preparation in the
IFC in response to these sounds.
Thus, regions in the frontal cortex have complementary functions to other regions. For
example, whilst the amygdala may serve as a salience detector of meaningful or novel
sound information and sound features (Armony and LeDoux 1997), the insula may
respond to and integrate salient acoustic sound information in general. The auditory
cortex may temporally accumulate and integrate affective sound features as they are
perceived over time (Boemio et al. 2005). In contrast, the IFC may integrate selected
sound information that is relevant for an accurate emotional classification of sound
independent of their time course (Fruhholz and Grandjean 2013).
It is clear that a wide range of different neural areas are recruited when processing
nonverbal emotional vocalisations. Many of these brain regions are implicated more
generally in social behaviour. Alcala-Lopez and colleagues carried out a neural activity
meta-analyses on social-cognitive capacities with the aim of creating an overarching
framework within which to embed social cognition (Alcalá-López et al. 2017). They
found evidence of functional segregation of the ‘social brain’ into a number of
networks. One such network, termed the ‘intermediate level subnetwork’, was found
to be involved in tasks related to empathy and shows significant overlap with areas
implicated in processing of nonverbal emotional vocalisations – including anterior
insula, dorsal ACC, IFC, SMA and posterior STS. Many of the brain regions discussed
are variably affected in dementia syndromes. Thus, nonverbal emotional vocalisations
represent an intriguing probe of how the networks involved in social behaviour more
generally are disrupted by neurodegenerative processes.
1.3.8

Nonverbal emotion vocalisations in dementia

In comparison to the widely studied perception of facial expressions, studies into
recognition of emotion from nonverbal emotional vocalisations in dementia are sparse.
Snowden investigated emotion recognition from faces and nonverbal vocalisations in
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twelve FTD patients and showed impairment across all emotions tested in both
modalities (Snowden et al. 2008). Keane similarly looked at recognition of emotion
from laughing, crying, growling, screaming, gasps and retching in six patients with
bvFTD and again showed impairment (Keane et al. 2002). Importantly, they found no
correlation between emotion recognition ability and executive function indicating a
more specific deficit of emotion processing not accounted for by general cognitive
deficits. Both these studies had small numbers and were carried out before revised
diagnostic criteria for FTD syndromes were published and therefore differences
between FTD syndromes, or between FTD and AD were not studied. Keane
highlighted that the tests employed were not sensitive to mild, but clinically important,
deficits in emotion recognition as individual subjects with clear socioemotional
dysfunction performed satisfactorily in their task. In 2011, Omar and colleagues
investigated recognition of emotion in music and nonverbal emotional vocalisations
(representing happiness, sadness, anger and fear) in sixteen bvFTD and ten svPPA
participants and found an overall impairment in the patient group compared to an agematched control group (Omar et al. 2011). Hsieh aimed to address the potential
negative bias of emotions seen in the use of Ekman faces (of which four of the six
basic emotions are negative valenced) by investigating recognition of emotion from
five positive emotional vocalisations (representing achievement, amusement, pleasure,
relief and triumph) along with four negative emotional vocalisations (anger, disgust,
fear and sadness) in nine bvFTD and nine AD patients (Hsieh et al. 2013b). They found
no deficit in the AD group relative to the control group; but did find impairment for
both positive and negative emotions in the bvFTD group. The authors only analysed
overall emotion recognition and did not make distinction between the individual
vocalisations. Analysis of individual emotions has been used in Huntington’s disease,
where studies have shown quite consistent selective deficits in recognition of sounds
expressing disgust and anger (Henley et al. 2012; Sprengelmeyer et al. 1996). In
contrast to AD and FTD, emotion recognition has been studied comprehensively in
Huntington’s disease with impaired recognition of facial expressions of negative
emotion found in premanifest carriers of the gene – as a result emotion scores are
included in longitudinal studies (PREDICT-HD and Track-HD) as a biomarker
(Henley et al. 2012). Ghosh and colleagues studied recognition of emotions in
nonverbal vocalisations in twenty-two participants with PSP and showed impaired
performance relative to healthy controls (Ghosh et al. 2012). They looked at each
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emotion individually and found perception of happiness was preserved however this
may reflect the fact that happiness was the only positive emotion they studied,
alongside several negative emotions. They went on to use voxel-based morphometry
to show grey matter atrophy in right inferior frontal gyrus in the patient group
correlated with emotion recognition performance. This may well have bearing on FTD
given the clinical and pathological relationship between nfvPPA and PSP (previously
discussed) and the fact that, traditionally, social cognitive deficits have been underrecognised in these conditions.
Whilst these studies show consistent deficits in recognition of emotion in nonverbal
vocalisations in neurodegenerative disease, a detailed investigation, highlighting
differences between syndromes for individual types of vocalisation, is yet to be carried
out.
1.3.9

Why study nonverbal vocalisations in dementia

As I have discussed in this introductory chapter, socioemotional dysfunction in
dementia is an important yet poorly understood facet of neurodegenerative syndromes.
Whilst bvFTD is the prototypical syndrome of altered social behaviour and emotional
responsiveness there is emerging evidence of changes in PPA syndromes as well as
AD. Tools to assess socioemotional dysfunction have the potential to be important in
diagnosis as well as understanding of complex symptoms that have a significant impact
on patients and their families. Current tools have focused on theory of mind and
emotion processing and have their limitations. I propose that nonverbal emotional
vocalisations represent an informative probe of social cognition in dementia due to a
number of unique properties.
Firstly, as they are nonverbal, they are not affected by potentially confounding
cognitive and semantic deficits that may be of particular relevance in aphasic
syndromes.
Secondly, these sounds are in many ways more basic and primitive than speech and,
importantly, are preserved cross-culturally. This makes nonverbal vocalisations
appropriate to test in individuals from different linguistic, educational and cultural
backgrounds. This is particularly appealing as most neuropsychological tests used in
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the assessment of dementia have been developed and validated in a western/European
context (Sayegh 2016; Fernandez and Abe 2017). Currently employed tests of social
cognition are likely to be heavily influenced by cultural background and even use of
facial expressions does not have the cross-cultural resonance of nonverbal
vocalisations.
Thirdly, these sounds can be used with great nuance to express a variety of emotional
states and social signals in a common cognitive, perceptual and experimental
framework. Furthermore, they can be produced voluntarily and therefore serve both a
role in emotional expression as well as more deliberate social communication. They
therefore constitute a model signal processing paradigm for a range of more complex
and diverse social behaviours targeted in major dementias.
Finally, functional imaging studies of processing of nonverbal emotional vocalisations
in the healthy brain reveal a network of brain areas implicated in social behaviour more
generally. Importantly, many of these areas are variably targeted in dementia
syndromes indicating that deficits in processing of nonverbal emotional vocalisations
may signpost more generic impairment of social behaviour and stratify dementia
syndromes.

1.4 Key experimental questions
In this thesis, across four linked experiment, processing of nonverbal emotional
vocalisations was investigated in a well-defined cohort of patients with all three FTD
syndromes, relative to those with AD as well as an age-matched healthy control group.
Using a multimodal approach incorporating multiple choice cognitive labelling,
assessments of valence and autonomic measures of arousal, I aimed to
comprehensively characterise the pattern of deficits in dementia syndromes – focusing
on differences between syndromes and between different stimulus conditions.
Furthermore, structural MRI and voxel-based morphometry techniques were used to
assess grey matter correlates of specific deficits.
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1.4.1

Experiment 1 – Recognition of nonverbal vocalisations and the emotion
they convey

Nonverbal emotional vocalisations are a potentially valuable, yet understudied probe
of socioemotional deficits in dementia. In this introductory experiment, I set out to
assess the ability of patients with FTD syndromes and AD to identify three salient
vocalisations (laughter, crying and screaming) as well as the emotion they convey
(happiness, sadness and fear).
Whilst I expected performance in this task to be generally high, given the salient and
contrasting nature of the three vocalisations being tested, I hypothesised that those
dementia syndromes associated clinically with greater socioemotional dysfunction,
namely svPPA and bvFTD, would show significant impairment in identification of
both vocal sounds and the emotion they convey relative to the healthy control group.
Through further analysis of the relationship between vocal sound and emotion
identification, as well as the nature of errors made by patients, I expected to reveal
variable profiles of impairment in the dementia groups.
1.4.2

Experiment 2 – Neuroanatomical correlates of emotion recognition from
nonverbal vocalisations

In this voxel-based morphometry experiment I aimed to establish the neuroanatomical
correlates of impaired vocal sound and emotion recognition across dementia
syndromes. I also set out to investigate correlates of emotion identification for each
vocalisation individually.
Whilst I expected both sound and emotion identification accuracy to show overlapping
neuroanatomical correlates, I hypothesised further specific associations with grey
matter volume in brain regions implicated in auditory perception for vocal sound
identification, and limbic areas involved in emotion regulation and aspects of
mentalising for emotion identification. I also expected identification of emotion from
individual vocalisations to be associated with partially overlapping, yet dissociable
neuroanatomical substrates – with the fear identification associated with the amygdala,
happiness being associated with ventromedial frontal regions important for production
and perception of laughter and sadness associated with dorsomedial frontal regions
involved in higher order cognitive processes such as theory of mind.
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1.4.3

Experiment 3 – Classification and appraisal of laughter subtypes in
dementia syndromes

Laughter is a fundamental communicative signal, used to convey a diverse repertoire
of social and emotional information. It is therefore potentially a useful probe of
impaired socio-emotional signal processing in dementia syndromes. In this
experiment, I investigated cognitive (labelling) and affective (perceived valence)
processing of laughter subtypes representing different dimensions of valence (mirthful
versus hostile) and arousal (spontaneous versus posed) in dementia syndromes.
Neuroanatomical associations of laughter processing were assessed using voxel-based
morphometry across the patient cohort.
I hypothesised that impairments of laughter processing would be widespread across
FTD and AD but would show dissociated patterns of deficits in different syndromes.
Specifically, I expected more severe deficits to be seen in FTD syndromes than in AD,
with a more elementary deficit of perceptual analysis in nfvPPA and more severe
social and emotional processing deficits in svPPA and bvFTD. I further hypothesised
laughter identification would have neuroanatomical correlates in distributed cerebral
networks previously implicated in laughter processing in the healthy socio-emotional
brain, with partially separable correlates for different laughter subtypes and hub zones
for signal salience, affective and mental state decoding in insula, orbitofrontal and
medial prefrontal cortices, respectively.
1.4.4

Experiment 4 – Pupil responses to laughter subtypes in dementia
syndromes

In this experiment I aimed to study implicit processing of laughter subtypes in
dementia syndromes using pupil responses as an index of autonomic arousal. I
hypothesised that in the healthy brain, spontaneous laughter would elicit greater
pupillary responses than posed laughter whilst those syndromes associated with
greatest damage to fronto-insular regions (nfvPPA and bvFTD) would show overall
depressed pupillary responses to auditory stimuli, irrespective of valence or arousal.
In contrast, I expected the svPPA group to demonstrate intact core autonomic
reactivity but deficits in reactivity to emotional stimuli that reflect a damaged semantic
system as well as inability to decode autonomic responses. Across the patient cohort,
I expected the magnitude of pupillary responses to be associated with grey matter
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volume in a network centred on the insula, as a key hub in salience, arousal and central
autonomic control.
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Methods Overview
This chapter provides an overview of stimuli preparation and general experimental
methods employed in the work described in this thesis. Further information regarding
specific methodology and deviations from the procedures described here are given in
the chapter dealing with the relevant experiment.

2.1 Recruitment and participant assessment
2.1.1

Recruitment

Patients fulfilling consensus diagnostic criteria for AD, nfvPPA, svPPA and bvFTD
(see Table 1.1 - 1.3) (Gorno-Tempini et al. 2011; Rascovsky et al. 2011; Dubois et al.
2014) were recruited during a three-year period between 2017 and 2020;
predominantly from the tertiary specialist cognitive disorders clinic at the National
Hospital for Neurology and Neurosurgery. A minority of patients were recruited via
direct referral to the research program from external clinicians. Healthy control
participants without any significant neurological or psychiatric disease were recruited
from both the Joint Dementia Research and local databases of volunteers aged between
50 and 80.
Ethical approval for all studies in this thesis was obtained from the University College
London and NHNN Research Ethics Committees, and all participants gave informed
consent in accordance with the Declaration of Helsinki. Individual participants by
involvement in each experiment are presented in the Appendix.
2.1.2

Clinical assessment

All participants underwent thorough clinical assessment, with an informant to provide
reliable collateral information. Demographic information was collected, including age,
gender, handedness and education history. Informant recollection of the onset of
earliest symptoms was used to determine estimated age of onset. A detailed history of
behavioural, neuropsychiatric, linguistic and general cognitive symptoms was
obtained using a semi-structured questionnaire. Information about background
medical and psychiatric history as well as any medications being taken was also
collected. Further clinical assessment included general neurological examination and
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bedside cognitive and linguistic assessment, incorporating the Queen Square
Screening Test for Cognitive Deficits and the Mini Mental State Examination.
All participants gave blood to screen for a panel of 18 disease-causing genetic
mutations associated with dementias of all types. Volumetric T1 MR imaging was also
carried out to corroborate syndromic diagnosis in all cases, ensure there was no
significant burden of cerebrovascular disease and confirm the absence of structural
brain pathology in the control group. Participants presenting with behavioural
symptoms suggestive of bvFTD but lacking supporting evidence of cerebral atrophy
were classed as probable phenocopies and excluded. Patients with a syndrome of PPA
that did not clearly conform to either svPPA or nfvPPA were also excluded. Given the
nature of the experiments in this thesis, participants with significant depression or
anxiety were excluded.
2.1.3

Neuropsychological assessment

All participants underwent comprehensive general neuropsychological assessment by
a trained research psychologist. Standardised measures of general intellect,
visuoperceptual, executive and linguistic function were administered and are
summarised in Table 2.1. There is no ideal measure of disease severity across all FTD
syndromes and AD, however WASI Matrices score is a reasonable measure of
nonverbal executive and general intellectual function and therefore was used as a
covariate in several analyses. The extent to which experimental parameters of interest
were influenced by disease severity (WASI matrices) and semantic comprehension
(BPVS) were assessed using Spearman’s rank correlations (to look for monotonic
relationships) where appropriate.
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Table 2.1 Summary of general neuropsychological tasks
Cognitive domain
General intellect
Episodic memory

Executive skills

Test
WASI verbal IQ
WASI performance IQ
RMT words
RMT faces
Camden Paired
Associated Learning
WASI Block Design
WASI Matrices
WMS-R digit span
forward and backward
D-KEFS Stroop
Letter (F) and category
(animals) fluency
Trails-making task
WASI vocabulary
BPVS
Graded Naming Test

Reference
(Wechsler 1997)
(Wechsler 1997)
(Warrington 1984)
(Warrington 1984)
(Warrington 1996)
(Wechsler 1997)
(Wechsler 1997)
(Wechsler 1987)
(Delis et al. 2001)
In-house test

(Lezak et al. 2004)
Language skills
(Wechsler 1997)
(Dunn et al. 1982)
(McKenna and
Warrington 1980)
Posterior cortical skills
Graded Difficulty
(Jackson and Warrington
Arithmetic
1986)
VOSP Object Decision
(Warrington and James
1991)
The table shows the standard neuropsychological tests administered to all participants
to assess performance in specific cognitive domains.
BPVS, British Picture Vocabulary Scale; D-KEFS, Delis Kaplan Executive System;
RMT, Recognition Memory Test; VOSP, Visual Object and Spatial Perception
Battery; WASI, Wechsler Abbreviated Scale of Intelligence; WMS, Wechsler
Memory Scale
2.1.4

Informant questionnaires

Primary caregivers for all FTD participants were asked to complete the modified
Interpersonal Reactivity Index (mIRI) (Davis 1983) and the Revised Self-Monitoring
Scale (RSMS) (Lennox and Wolfe 1984) in reference to the study participant. These
are two validated measures of social and emotional behaviour (see section 1.2.3.1) and
were used as correlates in chapter 5. Informants were given the following instructions
when completing the questionnaires – “Please indicate how well each statement
describes the subject’s current behaviour. There are no right or wrong answers. We
just want to get your impression of how you think the subject typically behaves”.
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2.1.5

Audiometry

As all experiments in this thesis relied on auditory perception, participants with
significant hearing loss, precluding normal verbal communication, were excluded.
Audiometry was carried out with the following protocol and scores were used as
covariates in most experiments.
Using an Otovation Roto® audiometer (https:/www.auditdata.com/) with a single
TDH-39P 10-ohm Telephonics® earphone (www.telephonics.com) in a quiet room,
steady tones of 500, 1000, 2000, 4000 and 6000Hz were presented separately to each
of the participant’s ears separately, over ascending intensity levels commencing at
20dB HL (decibel hearing level). At each frequency, the participant indicated (verbally
or by gesture) when they first heard a noise. If the participant was unable to hear the
tone, the level was increased in 5dB increments (maximum 70dB HL). This procedure
was repeated three times to generate a mean threshold for that frequency. For each
participant a composite hearing threshold, for use as a covariate in analysing
experiments, was created by calculating the mean threshold across all frequencies in
the best ear.

2.2 Stimulus preparation and presentation
2.2.1

Stimulus production and piloting

Most published studies of nonverbal vocalisations use stimuli produced on demand by
volunteers or actors; the justification being that such portrayals are intended to be
widely understood, if also exaggeratedly stereotypical (Banse and Scherer 1996).
Concerns about the validity of acted vocalisations, however, are often voiced in the
literature (Anikin and Persson 2017; Parsons et al. 2014; Engelberg and Gouzoules
2019). By definition, acted vocalisations are produced voluntarily, with the explicit
intent to communicate a particular message. They are therefore likely to be influenced
by so-called ‘pull’ effects, such as cultural conventions and display rules as well as
self-conscious impression management (Scherer et al. 2010). In contrast, someone
vocalising in real-life situations is often reacting to an unexpected and dramatic
situation, such as sudden fright. There is little time or incentive to deliberately finetune such vocalisations, making the internal ‘push’ effects more prominent (i.e.,
elements that are determined by neurobiological mechanisms). As a result, authentic
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expressions of emotion are less variable between cultures and languages than acted
vocalisations.
Working with naturalistic emotional vocalisations does raise a number of complex
methodological issues. It is harder to ensure their acoustic quality, compared to sounds
recorded with professional equipment in a soundproof chamber. It is also harder to
control other potential confounds, such as the speaker’s gender, age and native
language, background noise, the presence of other people and the type of interaction.
In addition, whereas acted vocalisations are elicited by asking the person to portray a
particular emotion, in the case of naturalistic vocalisations, the ‘true’ underlying
affective state of the caller must often be inferred from the context.
On the other hand, studying vocalisations in natural contexts offers benefits that cannot
be achieved with artificially elicited stimuli. As discussed earlier, production of
genuine, emotionally driven nonverbal vocalisations is governed by evolutionarily
older midline structures that are not under voluntary control. Therefore, when acting
out a nonverbal vocalisation one must use the conventional speech apparatus to
effectively give an ‘impression’ of a true emotional vocalisation. Perceptual and
acoustic difference have been highlighted for several types of nonverbal emotional
vocalisations (including those portraying achievement, amusement, anger, disgust,
fear, pain, pleasure and sadness) with listeners able to distinguish voluntary from
involuntary examples with a high degree of accuracy (Anikin and Lima 2018). In
chapters 5 and 6, I investigate differences between mirthful and posed, ‘social’
laughter and therefore it was essential that tokens of laughter representing mirth were
authentic.
Thus, a battery of authentic examples of different nonverbal emotional vocalisations
was generated, free from voluntary modulation.
Examples of mirthful and posed laughter and authentic adult crying were selected from
a corpus of stimuli generated by the Speech Communications Lab at University
College London (McGettigan et al. 2015). Tokens of each vocalisation were recorded
from six adults, who were not professional actors, aged between 23 and 46 (three
females). Speakers were asked to produce voluntary before involuntary vocalisations
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to avoid any effect of the emotional states associated with involuntary vocalisations
on the production of voluntary vocalisations. To produce voluntary laughs, speakers
were asked to generate laughter without external stimulation and in the absence of an
underlying emotional state. To elicit involuntary laughter, each speaker was shown
funny videos on a computer screen, whilst wearing headphones. The videos used had
previously been identified as amusing by the speakers. Because it is difficult to create
an experimental situation that would induce an emotional state of sadness for all
participants, speakers were asked to think about negative events (e.g., personal loss or
tragedy) that could induce a sad mood in order to evoke involuntary crying.
Further examples of vocalisations, encompassing mirthful, hostile and posed laughter
as

well

as

crying

and

screaming

were

obtained

from

online

videos

(www.youtube.com). Laughter was deemed mirthful when it occurred spontaneously
in response to an unequivocally amusing situation in the context of a social interaction,
often between friends. Outtakes and ‘blooper’ reels often served as a valuable source
of mirthful laughter. Hostile laughter was derived from a variety of situations
involving the spectating of another’s misfortune, such as onlookers laughing at
another’s failed attempt at a stunt and individuals taunting each other whilst playing
sports. Examples of posed laughter were somewhat harder to come by as it is difficult
to find unequivocal examples of posed laughter in natural social situations; whilst it
may be highly likely that episodes of laughter in social interactions are indeed
voluntary, without a confirmation from the individual laughing they cannot be truly
classified so. Therefore, examples were selected from situations in which the
individual clearly produced the laughter volitionally, e.g., an actor demonstrating how
they can portray laughter, or friends testing whether they can identify each other’s fake
laughter. Authentic crying was selected from situations in which people discussed past
trauma or personal loss. Screams were selected from situations in which someone
appeared genuinely scared; this often involved the use of ‘jump scares’ – situations in
which an individual is abruptly presented with an unexpected, potentially threatening
stimulus.
The audio track from each video clip was extracted and edited to ensure that the final
stimulus did not contain extraneous vocal or environmental noises. Sound clips were
converted in Matlab 2018 to digital WAV files with sampling rate 44.1 kHz, 32-bit
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resolution, uniform root-mean-square intensity and duration of around two seconds
(range 1.9 – 2.2 seconds). Importantly, stimuli from all sources were processed in the
same manner to minimise effects of any variability in recording method.
In a pilot experiment, 12 healthy, younger individuals (median age 26, range 22-33, 6
male) were asked to identify an initial set of 30 examples of mirthful laughter, crying
and screams and 25 examples of hostile and posed laughter (total of 140 vocalisations)
– those that were misidentified by more than three participants were excluded in order
to ensure that the most representative samples of each vocalisation were used.
Participants in the pilot experiment were also asked to rate authenticity of each
vocalisation on a 5-point Likert scale (1=definitely fake, 5=definitely real) so that the
most authentic examples of each vocalisation could be selected (apart from posed
laughter, where the most inauthentic samples were used). When participants in the
pilot experiment were also asked to determine whether each sound was from an online
video or recorded separately (as was the case for stimuli produced by the Speech
Communications Lab) they performed at chance level indicating that there was no
perceivable difference between difference sources of stimuli to the listener.
2.2.2

Acoustic analysis of stimuli

Fundamental acoustic analyses of laughter stimuli were carried out in chapter 5, using
PRAAT©. Particular attention was paid to acoustic parameters that have been
recognised as having an influence on the emotional properties of vocalisations (Sauter
et al. 2010a; Scott et al. 1997; Bachorowski et al. 2001), and are summarised in Table
2.2.
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Table 2.2 Acoustic parameters extracted from nonverbal vocalisations
Acoustic
parameter
F0 (Hz)

Description

Significance

Mean fundamental
frequency

F0 range (Hz)

Difference between the
lowest and highest
fundamental frequency
Mean absolute fundamental
frequency slope

Frequency at which the vocal
cords vibrate in voiced sounds.
Perceived in the listener as pitch.
Indicates pitch range over a
vocalisation.

Slope (Hz)

CoG (dB)

HNR

F1

F2

% unvoiced
segments

Centre of gravity refers to
the spectral centroid, which
accounts for the weighting
of noise across the sample
Harmonics to noise ratio is
the average degree of
periodicity in dB

Measure of how sharply pitch
changes occur by dividing the
difference between a local F0
maximum and minimum (at
intervals of 0.01seconds) by the
duration it takes to go from one to
the other.
An indicator of the timbre, or
brightness, of a sound. Higher
centres indicate a brighter sound.

Higher values indicate a purer,
more tonal sound, and a lower
value indicates a noisier
vocalisation.
The first and second
Important in determining the
formants which are peaks in quality of vowel sounds. First
the sound spectrum that help formant has a higher frequency
determine the vowel sound
for an open vowel (such as [a])
of a vocalisation
and a lower frequency for a closed
vowel (such as [i] or [u]); second
formant has a higher frequency
for a front vowel (such as [i]) and
a lower frequency for a back
vowel (such as [u]).
Percentage of sound
Voiced segments are nearly
segments that are unvoiced, periodic, whilst unvoiced
as opposed to voiced
segments are noisier, and include
exhalations and snorts.

The table shows the acoustic parameters that were extracted from each stimulus using
PRAAT. These parameters have previously been shown to predict affective ratings
and categorisation judgements of nonverbal emotional vocalisations (Scott et al. 1997;
Sauter et al. 2010a; Bachorowski et al. 2001).
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2.2.3

Stimulus presentation

Stimuli were presented in a randomised order using Eyelink Experiment Builder
software (SR Research, Ottawa, Canada). Participants listened to stimuli over ATHM50X AudioTechnica® headphones through a Dell laptop at a comfortable listening
level (at least 70dB). For all experiments, participants were first familiarised with the
task and given practice trials (using stimuli not subsequently used in the experiment
proper) to ensure they understood the procedure and were able to provide answers. No
time limits were imposed on responses and participants could respond to questions
verbally, by pressing a number key on the keyboard or, in some cases, pointing to their
preferred response.

2.3 Structural brain imaging and voxel-based morphometry
2.3.1

Structural image acquisition

Each patient had a sagittal 3-D magnetisation-prepared rapid-gradient-echo T1weighted volumetric brain MR sequence (echo time/repetition time/inversion time
2.9/2200/900msec, dimensions 256 256 208, voxel size 1.1 1.1 1.1mm), acquired on a
Siemens Prisma 3T MRI scanner using a 32-channel phased-array head-coil. Images
were examined visually to check for incidental clinical findings and quality control the
scans.
2.3.2

Structural image pre-processing

Pre-processing of brain images was performed using the New Segment and DARTEL
toolboxes of SPM12 (www.fil.ion.ucl.ac.uk/spm), following an optimised protocol
(Ridgway et al. 2008). Normalisation, segmentation and modulation of grey and white
matter images were performed using default parameter settings and grey and white
matter images were smoothed using a 6mm full-width-at-half-maximum Gaussian
kernel. A study-specific template mean brain image was created by warping all biascorrected native space brain images to the final DARTEL template and calculating the
average of the warped brain images. Total intracranial volume was calculated for each
patient by summing grey matter, white matter and cerebrospinal fluid volumes after
segmentation of issue classes.
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2.3.3

Voxel-based morphometric analysis

Following quality control, pre-processed brain images were entered into voxel-based
morphometric (VBM) analysis. Scans from healthy control subjects were not included
in analysis as, in the absence of neurodegenerative disease, factors other than regional
brain volume are likely to mediate much of the variance in experimental performance.
Full factorial models were used to assess associations of regional grey matter volume
(indexed as voxel intensity) with the parameter of interest across the whole patient
cohort. Full factorial methods were used to minimise the effect of anatomical
heterogeneity between groups.
Age, total intracranial volume and WASI matrices score were incorporated as
covariates of no interest in all models. As discussed earlier, WASI Matrices score is a
reasonable index of disease severity and was used as a covariate to remove the variance
attributable to advancing disease with widespread grey matter atrophy and thus
increase sensitivity.
Statistical parametric maps of regional grey matter associations were assessed at a
threshold p<0.05 after family-wise error (FWE) correction for multiple voxel-wise
comparisons over the whole brain (in chapters 5 and 6) and within pre-specified
regional volumes of interest (in chapter 4). These regions of interest were defined
individually for each analysis according to previous neuroanatomical evidence in
dementia and the healthy brain and were delineated using the Harvard-Oxford Brain
Atlas (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases).

2.4 Analysis of behavioural and demographic data
2.4.1

Demographic and neuropsychological data

Data were analysed in Stata14® (StataCorp, College Station, TX, USA). Betweengroup comparisons of continuous demographic and neuropsychological data were
performed using Analysis of Variance (ANOVA), whilst analogous comparisons for
categorical data (e.g., gender, handedness) were carried out using chi-square tests.
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2.4.2

Experimental data

Typically, experimental outcomes were compared amongst groups and conditions
using linear regression models, with diagnostic group, condition, and their
interactions, along with covariates of no interest, as predictor variables. The nonindependence of the repeated responses (across conditions) was accounted for by using
robust (Huber-White) (Huber 1967; White 1980) standard errors that allowed for
correlated responses by participant for construction of confidence intervals and
hypothesis tests. Assumptions of homoscedasticity and normality were tested using
Levene’s test and visualisation of Q-Q plots of residuals respectively. Robust errors
were used (rather than a mixed effect model) to take into account the fact that in most
cases condition-specific residual variances and covariances (between responses on
different conditions for the same participant) differed between the groups.
Bonferroni-corrected post hoc t-tests were carried out where a joint test of the group
or condition effects or their interaction was statistically significant. Analogous
modifications were made to 95% confidence intervals.
A statistical threshold of p<0.05 was accepted for all tests.
2.4.3

Unbiased hit rates

In chapters 3 and 5, multiple-choice paradigms were used in which participants heard
a stimulus and were then asked to identify it from a provided list of options. Beyond
overall identification accuracy, there was interest in identification accuracy for each
one of the categories of stimulus. Assessing accuracy by a simple count of hit rates,
without regard for false alarms or bias in the use of response categories, would be
potentially misleading in a study of stimulus perception. To take an extreme case, in
an experiment with three possible categories, A, B and C, if a participant were to reply
‘A’ to all trials then all condition A trials would be correctly labelled, but none of B or
C. It would be misleading to use simple hit rates for each category as a measure of
accuracy here, implicitly asserting that condition A is perfectly recognisable.
Furthermore, there was an interest in investigating biases in the use of response
categories and the process through which discrimination or categorisation takes place.
To address these issues, the unbiased hit rate was used (Wagner 1993). Wagner
originally developed this measure for use with cross-classified categorical data in the
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general k x k (k≥2) array where the stimulus variables were known facial expressions
of emotion and the response variables were human subjects’ judgements of the
emotions being expressed. Wagner recognised that classification accuracy in
judgement studies is the product of two conditional probabilities that 1) a stimulus is
correctly identified given that cues to its identify are presented at all to the subject and
2) a response is used correctly given that it is used at all by the subject. Wagner named
the product of these two conditional probabilities the ‘unbiased hit rate’, or Hu. The
measure can be used to assess the separate accuracy rates of category judgements in
studies of two or more categories, and it accounts simultaneously for stimulus and
response accuracy in each category.
Hu is calculated as: Hu =(Ai/Bi) x (Ai/Ci), where Ai=frequency of hits, Bi=number of
trials where i is target and Ci=frequency of i responses (hits and false alarms). This
was converted to a percentage with a score of 100% representing perfect performance.
Since its introduction, Hu has been adopted by many scientists in the field of nonverbal
behaviour and communication, particularly in facial expression and vocalisation
studies (Scherer 2003; Sauter and Scott 2007).
2.4.4

Error analyses

In chapters 3 and 5 patterns of mistakes made by participants in the multiple-choice
paradigms were analysed to look for any evidence of systematic bias or difference
between groups. Separate logistic regression models were fitted for each error type.
These models included age, composite audiometry and WASI matrices scores as well
as diagnostic group as predictor variables. Since the distribution of the number of
errors might not be binomial, robust Huber-White standard errors were used as above.
In cases where the omnibus test of comparisons amongst groups was statistically
significant, pairwise comparisons were made with Bonferroni adjustment for multiple
comparisons as above.
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2.5 Presentation of data
2.5.1

Tables

All tables containing demographic data in this thesis show mean, standard deviation
(SD), scores (unless otherwise indicated). Maximum possible scores are indicated in
parentheses after the name of each test.
Behavioural and physiological data from experiments are presented in the form of
mean, standard deviation (SD) along with the average group differences with 95%
confidence intervals. P values stated are Bonferroni corrected for multiple
comparisons where relevant.
For tables containing VBM data, peak (local maxima) coordinates are given in MRI
standard sterotactic space. Only positive grey matter associations are reported, no
negative associations were identified at the prescribed significance threshold for the
contrasts in any of the experimental chapters.
2.5.2

Figures

For behavioural data, scatter plots have been used to give an indication of the
variability in performance across groups. The magnitude of differences in
experimental outcome between each patient group and the control group have also
been plotted.
Anatomical associations derived from VBM at the specified threshold indicated in the
respective chapter, are presented in the form of statistical parametric maps
superimposed on a study-specific template mean brain image.
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Recognition of nonverbal vocalisations
and the emotion they convey
3.1 Chapter summary
It is clear from the research discussed in Chapter 1 that nonverbal emotional
vocalisations are a potentially valuable, yet understudied model of socioemotional
deficits in dementia. In this experiment, patients representing all canonical FTD
syndromes as well as AD and healthy controls performed a two-stage multiple choice
paradigm designed to assess their ability to identify nonverbal vocalisations and the
emotion they convey. Three innate and salient vocalisations were investigated –
laughter, crying and screaming – along with neutral ‘hesitation’ sounds (that do not
convey any emotion).
Vocal sound and emotion identification were impaired in all three FTD groups relative
to healthy controls and those with AD, with the bvFTD group showing particularly
marked deficits. Whilst errors in emotion identification (happiness, sadness or fear)
could be accounted for by errors in identifying the vocal sound (laugh, cry or scream)
for the control, AD, nfvPPA and svPPA groups, the bvFTD group showed incongruity
between the perceived vocal sound and attributed emotion. Syndromic profiles were
seen, with the bvFTD and svPPA groups misidentifying emotional sounds (conveying
happiness, sadness or fear) as neutral whilst the opposite trend was seen in AD, where
they tended to over-attribute emotional value to neutral stimuli. The nfvPPA group
made errors in distinguishing sounds that were acoustically similar, indicating a
possible early perceptual deficit.
This initial study demonstrates that processing of nonverbal emotional vocalisations is
a promising novel paradigm for differentiating dementia syndromes and understanding
the basis of disordered emotional reactivity.

3.2 Introduction
The ability to interpret and recognise signals of emotion or intention in others
represents an important part of social interaction. Whilst perception of emotion from
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facial expressions has been widely studied, both in health (Ekman et al. 1969) and
dementia (Marshall et al. 2019; Rosen et al. 2004), the auditory domain has been
largely neglected. Nonverbal emotional vocalisations can be considered to be the
auditory analogue of facial expressions of emotion. As innate, cross cultural and highly
salient social signals that recruit networks of brain regions involved in social cognition
more widely, they have the potential to be a novel probe of socioemotional dysfunction
in dementia. In section 1.3.8 the limited literature regarding the processing of
nonverbal emotional vocalisations in dementia was reviewed. In most of these studies,
investigation of nonverbal vocalisations was not the primary area of interest and, as a
result, they were investigated superficially. Whilst deficits in emotion recognition
were found, the nature of these deficits was not explored in detail.
In this experiment, the primary aim was to investigate how well individuals with all
three FTD syndromes, as well as AD, are able to recognise the emotion conveyed in
three nonverbal vocalisations, representing happiness, sadness and fear, and one
neutral vocalisation with no emotional component (hesitation sounds).
Beyond identification of the emotion conveyed, the secondary aim was to investigate
the ability of participants to recognise the type of vocalisation (laugh, cry, scream or
hesitation sound). Whilst the two questions may seem, on the face of it, redundant,
they do in fact address two subtly different aspects of emotion processing.
In both health and dementia, what makes a nonverbal emotional vocalisation
meaningful is not entirely clear. One possibility is that acoustic features within the
vocalisation are processed and directly result in a model of the speaker’s emotional
state – this may involve mapping of sound features of discrete emotional states (e.g.
Ekman’s basic emotions (Ekman 1992)) or dimensions such as valence and arousal
(Russell 1980). Indeed, several studies have demonstrated relatively low level acoustic
features of amplitude, pitch and spectral envelope reliably distinguish emotional
vocalisations (Sauter et al. 2010a). Specific acoustic features have been demonstrated
that map onto dimensions of emotion – increasing pitch, intensity and duration are
associated with increased arousal (Scheiner et al. 2002) whilst harsh, noisy sounds are
perceived as more aggressive compared to tonal sounds (Anikin and Persson 2017)
and authentic vocalisations have more acoustic variability than posed ones (Anikin
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and Lima 2018). Alternatively, the interpretation of a vocalisation may be mediated
through acoustic classification: first we recognise what the sound is (e.g., a scream)
and then decide what emotion it conveys (e.g., fear). In support of this idea is the
finding that in studies of nonverbal vocalisations, participants may hesitate to attribute
a particular emotion to a speaker but can confidently identify the type of vocalisation.
Thus, the receiver of the vocalisation can acoustically classify it without attributing a
particular emotion to it (Anikin and Persson 2017; Gendron et al. 2014). Labelling of
the vocalisation by its type and meaning are complementary rather than redundant. A
possible theoretical reconciliation of these two ideas is that the identification of a
nonverbal emotional vocalisation sound precedes its attribution to a particular social
or emotional cause. According to this view, sometimes known as the identificationattribution model (Spunt and Lieberman 2012), these two processes may reflect a
neurological division of labour between two different systems (Sperduti et al. 2014).
Whether these systems are autonomous or integrated remains unclear. The
identification-attribution model posits that the surface form of the communicative
signal (it’s type) is identified first, followed by more elaborate interpretation in terms
of the feelings and goals of the vocaliser (Spunt and Lieberman 2012). Indeed, studies
have demonstrated that naming a type of vocalisation is associated with faster
responses, greater certainty and higher consistency, compared to naming its emotion
(Anikin et al. 2018). At the same time, there is close relation between the ease of
acoustic and emotion interpretation supporting the complementary, synergistic role of
the two systems. More broadly, in both visual domain (Nummenmaa et al. 2010) and
with non-verbal emotional vocalisations (Lähteenmäki et al. 2019), semantic
categorisation has been shown to precede affective evaluation.

Whilst Ekman described six basic emotions (anger, disgust, surprise, fear, happiness
and sadness) that serve important biological and social functions (Ekman 1992); in the
auditory domain, nonverbal vocalisations representing happiness (laughter), sadness
(crying) and fear (screaming) appear particularly salient and well recognised (Anikin
et al. 2018). This may be related to their relative importance in ‘long-range’
communication required in larger social groups (where auditory signals are
88

particularly relevant). Vocalisations conveying these three emotions are thought to be
innate – that is their acoustic form, and to some extent meaning, are predetermined by
our biology. Analogues of each sound are found in the animal kingdom, underlying
their biological importance (Scheumann et al. 2014). As such, identification and
attribution are somewhat streamlined in these innate vocalisations resulting in the label
of the vocalisation being tightly associated with the emotion it conveys (screaming
with fear, laughter with happiness and crying with sadness) (Anikin et al. 2018).
Sounds expressing disgust, anger and surprise (the other basic emotions) are often
labelled according to the emotion conveyed rather than a separate call type and
therefore would not be suitable for this paradigm. Whilst terms such as ‘retch’ could
be used for sounds conveying disgust and ‘gasp’ for surprise, these sounds are
semantically more complex and, in pilot testing, were difficult for patients to
understand.
In dementia, to my knowledge, no studies have investigated vocalisations as a call type
rather than just an emotional category. As a result, there is little empirical data in this
area. However, based on functional imaging studies delineating neural apparatus
responsible for identification and attribution of emotional signals in the healthy brain
and knowledge of profiles of brain areas affected in dementia syndromes, a number of
key hypotheses could be made.

3.3 Key hypotheses
-

Given the innate and highly salient nature of the three nonverbal emotional
vocalisations being tested (laughter, crying and screams), all groups would
show high levels of accuracy in identifying both the vocal sound and emotion
conveyed (with the two measures being closely associated).

-

Of the three vocalisations, recognition of fear in screaming would be strongest
given the unique acoustic properties of screams and their biological salience.

-

Those dementia syndromes associated, clinically, with greater socioemotional
dysfunction, namely svPPA and bvFTD, would show greater impairment of
vocal sound and emotion identification, with the latter particular affected.
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-

The AD group would show largely intact vocal sound and emotion
identification, analogous to findings from studies of facial expression of
emotion.

-

The nfvPPA group would show evidence of early perceptual deficits, resulting
in confusion between sounds of similar acoustic structure.

3.4 Materials and methods
3.4.1

Participants

42 FTD patients (10 with nfvPPA, 10 with svPPA and 22 with bvFTD), 13 AD patients
and 20 healthy control subjects participated in this experiment. All participants were
recruited in accordance with the procedures described in section 2.1. No participant
had a history of significant psychiatric illness or significant hearing loss. Audiometry
was carried out (as described in section 2.1.5) and composite audiometry scores were
used as a covariate in subsequent analyses.
3.4.2

Sound stimuli

Stimuli used here were selected from a larger corpus of vocalisations as described in
section 2.2. Examples of authentic laughter, crying and screams were selected. A
fourth ‘neutral’ condition comprised human non-verbal vocalisations with minimal
affective content – these comprised of hesitation sounds, also known as ‘fillers’ or
filled pauses, such as ‘uh’, ‘erm’ or ‘ah’. Twenty examples of each condition were
used, yielding a total of eighty trials.
3.4.3

Vocal sound and emotion identification task

Participants’ ability to identify the emotion conveyed in each nonverbal vocalisation
was determined using a multiple-choice labelling task. Auditory stimuli were
presented, in randomised order, as described in section 2.2.3. After each sound was
played, participants were asked to select the emotion being conveyed in the sound from
four alternatives – happiness, sadness, fear or neutral (no emotion). Answers could be
provided verbally, by pointing to the option on the screen or by pressing a number on
a keyboard that corresponded to their chosen answer. Participants were first
familiarised with the task and the emotion labels and practice trials (not subsequently
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presented in the main experiment) were administered to ensure they understood and
were able to comply with the protocol.
Following the emotion identification task, in a separate experimental session,
conducted on a different day, participants listened to the same set of auditory stimuli
following the same experimental procedure but were asked explicitly to identify the
vocal sound from one of four alternatives – laughter, crying, screaming or hesitation
(the participant was instructed that ‘hesitation’ referred to a sound one might hear in
conversation when someone is unsure what they want to say or are filling a pause).
The separation of sessions was intended both to avoid the cognitive demands of dual
tasks administered in a single session and to minimise any mutual priming between
sound and emotion identification.
3.4.4

Analysis of clinical and background neuropsychological data

Clinical and behavioural data were analysed in accordance with the general principles
outlined in section 2.4.1.
3.4.5

Analysis of experimental data

Each participant’s overall emotion identification accuracy was indexed as the
percentage of trials in which the emotion conveyed by the sound was correctly
identified, for the whole stimulus set; vocal sound identification accuracy was indexed
similarly. The relationship between vocal sound and emotion identification accuracy
was investigated though Pearson correlations across the cohort and within each group.
To further investigate how congruous vocal sound and emotion identification were, a
congruous emotion identification score was generated – this was calculated, for each
participant, as the percentage of trials in which they answered with an emotion that
matched the answer that they themselves had given in the vocal sound identification
task, irrespective of whether they were correct or incorrect (effectively scoring
emotion identification based on their own vocal sound classification instead of what
the sound actually is) – for example, trials in which a vocal sound was identified as
laughter and judged to have conveyed happiness. Emotion identification accuracy and
congruous emotion identification scores were compared within each group using
paired t-tests.
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Overall emotion and vocal sound identification accuracy as well as congruous emotion
identification scores were compared between participant groups using ANOVAs,
incorporating age, gender, audiometry score and WASI matrices score as covariates.
To assess performance in specific conditions, unbiased hit rates (Hu) were calculated
(see section 2.4.3) for both emotion and vocal sound identification and analysed using
a linear regression model with robust standard errors (see section 2.4.2 for further
details), with diagnostic group, condition and their interactions, along with age,
gender, WASI matrices score, and composite audiometry score as predictor variables.
Bonferroni-corrected post hoc t-tests were carried out where a joint test of the group
or condition effects or their interaction was statistically significant. Similar
modifications were made to 95% confidence intervals.
Emotion identification errors were analysed to look for any evidence of systematic
misidentification or differences between groups. Separate logistic regression models
were fitted for each type of error. These models included age, gender, WASI matrices
score and composite audiometry score as well as group as predictor variables (see
section 2.4.4). In cases where the omnibus test of comparisons amongst groups was
statistically significant, pairwise comparisons were made with Bonferroni adjustment
for multiple comparisons as above.
Associations of overall emotion identification with WASI matrices (a measure of
nonverbal intellectual ability) and BPVS (a standard measure of semantic
comprehension) scores were assessed using Spearman’s rank correlation to determine
the extent to which emotion identification accuracy may be influenced by disease
severity and background semantic deficits respectively. The impact of age and gender
on emotion identification was also investigated through Spearman’s rank correlation
and t-tests respectively.
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Table 3.1 Demographic, clinical and neuropsychological characteristics of participant
groups
Characteristic
Demographic and clinical
No. (male:female)
Age (years)
Handedness (right:left)
Education (years)
MMSE (/30)
Symptom duration (years)
Genetic mutations (no.)

Controls

AD

nfvPPA

svPPA

bvFTD

20 (11:9)
66.6 (4.8)
16:4
15.7 (2.9)
29.7 (0.7)
n/a
n/a

13 (9:4)
71.2 (10.2)
12:1
15.8 (3.8)
21.7 (6.3)
5.3 (2.3)
0

10 (7:3)
66.7 (9.1)
10:0
14 (2.5)
22.9 (6.7)
4.4 (1.7)d
1 GRN

10 (6:4)
66.9 (6.6)
10:0
14.9 (2.1)
21.5 (6.9)
6.5 (1.9)
0

Audiometry score
Neuropsychological
Episodic memory
RMT words (/50)
RMT faces (/50)
Camden PAL (/24)
Executive skills
WASI Block Design (/71)

23.9 (6.1)

28.8 (10.3)

30.9 (7.2)

24.5 (7.0)

22 (15:7)
65.8 (5.7)
20:2
14.4 (2.9)
23.5 (5.0)
7.5 (3.6)
4 C9orf72
3 MAPT
2 GRN
27.7 (5.1)

48.1 (3.5)
40.5 (5.7)
20.7 (4.1)

32.1 (7.8)
30.7 (6.7)
5.5 (4.9)

39.7 (8.7)
37.7 (5.3)
12.1 (7.8)

34.2 (6.6)
29.4 (4.1)b
5.7 (6.8)

37 (8.6)
32.5 (7.1)
10.5 (6.7)

48.2
(11.4)
25.6 (3.1)
6.8 (1.0)

12.6 (10.9)c

25.6 (16.5)

38.9 (19.4)

25.8 (14.1)

11.7 (6.5)c
6.3 (1.2)

16.7 (6.3)
4.5 (1.8)a,c,d

22.4 (10.1)
6.9 (1.0)

16.2 (7.3)
6.0 (1.3)

5.6 (1.4)

3.5 (1.7)

3.4 (1.6)

5.1 (1.7)

4.0 (1.4)

29.7 (4.8)
22 (4.8)
56.8
(12.6)
17.1 (6.6)
25.4 (5.8)

51.1 (13.8)
30.5 (5.5)b
133.2 (39.2)

65.8 (15.9)
55.1 (22.2)
119.9 (39.8)

47.2 (15.9)b
32.4 (15.5) b
82.8 (26.6)a

49.2 (17.9)b
30.4 (10.8) b
102.6 (45.1)

10.0 (4.1)
10.8 (6.3)

6.5 (4.9)
11.3 (7.1)

6.6 (5.2)
5.3 (4.6)d

7.9 (4.9)
12 (6.2)

32.1
(11.2)
64.4
(25.1)

76.0 (32.5)

45.9 (37.5)

61.8 (40.4)

58.2 (30.4)

224.7 (79.4)

128.4 (65.7)a

155.2 (98.3)

173.6 (94.1)

72.0 (3.9)
48.3 (2.1)
25.6 (2.8)

57.9 (14.6)
41.2 (5.9)
16.4 (7.3)

26.6 (19.9)a
29.2 (17.2)
12.1 (8.1)

19.5 (24.4)a,d
8.1 (16.9)
1.6 (4.7)a,b,d

44.9 (21.4)
31 (17.8)
14.4 (9.6)

15.7 (5.2)
19.0 (1.6)

6.3 (5.9)c
15.0 (2.5)

7.0 (6.8)c
13.0 (5.6)

15.0 (5.5)
15.1 (3.0)

7.3 (6.2)c
15.4 (3.6)

WASI Matrices (/32)
WMS-R digit span forward
(max)
WMS-R digit span reverse
(max)
D-KEFS Stroop:
colour naming (s)
word reading (s)
interference (s)
Letter fluency (F: total)
Category fluency (animals:
total)
Trails A (s)
Trails B (s)
Language skills
WASI vocabulary (/80)
BPVS (/51)
GNT (/30)
Other skills
GDA (/24)
VOSP Object Decision (/20)

Mean (standard deviation) scores are shown unless otherwise indicated; maximum
scores are shown after tests (in parenthesis). Significant differences (pbonf<0.05) from
healthy control values are indicated in bold; a=significantly less than AD;
b=significantly less than nfvPPA; c=significantly less than svPPA; d=significantly less
than bvFTD. See Table 2.1 for details of neuropsychological tests and references.
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3.5 Results
3.5.1

General participant characteristics

General demographic, clinical and neuropsychological characteristics of participant
groups are presented in Table 3.1.
There was no significant difference in age (F[4,70]=1.31, p=0.27), gender distribution
(c2[4]=1.25, p=0.87), years of education (F[4,70]=1.11, p=0.36) or composite
audiometry score (F[4,70]=2.36, p=0.061) between the participant groups. There was
a significant difference in symptom duration between the dementia groups
(F[3,51]=3.55, p=0.021) – pairwise comparisons revealed that the bvFTD group had a
statistically significantly longer symptom duration than the nfvPPA group
(pbonf=0.028). There was no significant difference in MMSE between the dementia
groups (F[3,51]=0.37, p=0.78) however WASI matrices did differ significantly
(F[3,51]=3.83, p=0.015), with the AD group scoring significantly lower than the
svPPA group (pbonf=0.008).
3.5.2

Emotion identification accuracy

Group data for total emotion identification accuracy are summarised in Table 3.2 and
individual scores are plotted in Figure 3.1.
Overall emotion identification accuracy showed a significant main effect of participant
group (F[4,66]=47.39, p<0.001), and was reduced in the three FTD groups compared
to the healthy control and AD groups (all pbonf<0.05). Within the FTD cohort, the
bvFTD group was less accurate identifying emotions than both the nfvPPA and svPPA
groups (both pbonf<0.03). There were no statistically significant differences between
the healthy control and AD groups (pbonf=0.45) or between the nfvPPA and svPPA
groups (pbonf=1.00).
In the patient cohort, there was no significant association between overall emotion
identification accuracy with WASI matrices (rho 0.03, p=0.83), BPVS (rho 0.12,
p=0.37), age (rho 0.19, p=0.17) or gender (p=0.45).
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Unbiased hit rates for identification of emotion conveyed in each condition are
presented in Table 3.3 and Figure 3.2.
There were significant main effects on unbiased emotion identification hit rate of
participant group [F(4)=49.60, p<0.001] and of condition [F(3)=32.17, p<0.001] and
of an interaction between them [F(12)=3.93, p<0.001].
Between-group differences in unbiased emotion identification hit rates for condition
are presented in Table 3.3 and differences between each patient group and the healthy
control group are illustrated in Figure 3.3.
For all four emotion conditions, the healthy control group was more accurate
identifying the target emotion than in all three FTD groups (all pbonf<0.004); the control
group was additionally more accurate identifying neutral sounds than the AD group
(pbonf=0.001). Comparing patient groups, all three FTD groups were less accurate
identifying fear than the AD group (all pbonf<0.001). The svPPA group was
additionally less accurate identifying sadness and neutral sounds than the AD group
(both pbonf<0.04). The bvFTD group was less accurate identifying happiness than all
other groups (all pbonf<0.02) and less accurate identifying sadness and neutral sounds
than both the AD and nfvPPA groups (both pbonf<0.001)
Within-group differences between unbiased hit rates for each nonverbal vocalisation
are presented in Table 3.4.
The control group was more accurate in identifying fear compared to happiness and
sadness (both pbonf<0.02). They also performed better in identification of neutral
sounds compared to those conveying sadness (pbonf=0.018). The AD group was better
at identifying fear than sadness and neutral sounds (both pbonf<0.001) whilst the svPPA
group was better at identifying fear than sadness (pbonf=0.001). The bvFTD group was
better at identifying fear than all other emotions (all pbonf<0.001). There were no
significant differences in unbiased hit rates for different conditions in the nfvPPA
group.

95

Table 3.2 Emotion identification accuracy
Group

Emotion score
Mean (SD)
Control 94.9 (2.9)
AD
90.8 (2.5)
nfvPPA 87.5 (2.7)
svPPA 85.1 (3.6)
bvFTD 80.5 (4.2)

Control
Difference (CI)

AD
Difference (CI)

P

-2.9 (-7.1, 1.2)
-7.4 (-11.4, -3.4)
-9.6 (-13.3, -5.8)
-13.8 (-17.1, -10.5)

0.45
<0.001 -4.5 (-8.9, -0.1)
0.046
<0.001 -6.7 (-11.1, -2.1) 0.001 -2.2 (-6.7, 2.3)
1.00
<0.001 -10.9 (-14.4, -7.3) <0.001 -6.4 (-10.2, -2.6) <0.001 -4.2 (-8.1, -0.3) 0.024

P

nfvPPA
Difference (CI)

P

svPPA
Difference (CI) P

Average (standard deviation) emotion identification accuracy for each group along with group differences (95% confidence intervals) are shown.
Emotion identification accuracy is indexed as the percentage of trials in which the emotion conveyed was identified correctly. P values and CI are
Bonferroni-corrected for multiple (n=10) comparisons. Statistically (pbonf<0.05) significant contrasts are presented in bold.

Figure 3.1 Individual data plots for emotion identification accuracy across participant
groups

Individual participant emotion identification accuracy (indexed as the percentage of
all trials in which the emotion conveyed was correctly identified) are plotted. AD,
patient group with typical Alzheimer's disease; BV, patient group with bvFTD; HC,
healthy control group; NFV, patient group with nfvPPA; SV; patient group with
svPPA
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Table 3.3 Unbiased hit rates for identification of emotion from each vocalisation and comparisons between participant groups
Condition
Happiness

Sadness

Fear

Neutral

Group
Controls
AD
nfvPPA
svPPA
bvFTD
Controls
AD
nfvPPA
svPPA
bvFTD
Controls
AD
nfvPPA
svPPA
bvFTD
Controls
AD
nfvPPA
svPPA
bvFTD

Hu
Mean (SD)
89.8 (6.0)
84.5 (7.0)
79.2 (7.5)
76.9 (10.1)
65.2 (8.2)
86.5 (7.9)
78.7 (8.0)
76.1 (6.4)
70.1 (8.2)
62.0 (10.2)
93.2 (3.9)
88.1 (6.7)
75.4 (6.5)
76.7 (7.4)
74.0 (6.7)
91.7 (7.2)
79.8 (5.1)
76.7 (3.7)
70.0 (8.0)
64.8 (8.5)

Controls
Difference (CI)

P

AD
Difference (CI)

P

nfvPPA
Difference (CI)

P

svPPA
Difference (CI)

P

-3.5 (-11.7, 4.6)
-10.7 (-18.9, -2.6)
-12.6 (-22.2, -3.0)
-23.8 (-30.4, -17.1)

1.00
0.003
0.003
<0.001

-7.2 (-17.0, 2.6)
-9.1 (-19.3, 1.2)
-20.3 (-28.3, -12.2)

0.378
0.126
<0.001

-1.9 (-12.7, 9.0)
-13.1 (-21.9, -4.2)

1.00
0.001

-11.2 (-20.9, 1.5)

0.013

-6.0 (-15.3, 3.3)
-10.6 (-18.4, -2.9)
-16.2 (-25.8, -6.5)
-23.7 (-32.0, -15.4)

0.639
0.002
<0.001
<0.001

-4.6 (-13.8, 4.6)
-10.1 (-20.0, -0.3)
-17.7 (-27.0, -8.4)

1.00
0.039
<0.001

-5.5 (-15.0, 4.0)
-13.1 (-21.3, -4.8)

0.974
<0.001

-7.5 (-17.3, 2.2)

0.285

-3.3 (-10.1, 3.4)
-18.0 (-25.2, -10.8)
-16.3 (-23.8, -8.8)
-18.4 (-23.5, -13.3)

1.00
<0.001
<0.001
<0.001

-14.6 (-23.2, -6.1)
-13.0 (-21.3, -4.6)
-15.0 (-21.9, -8.2)

<0.001
<0.001
<0.001

1.7 (-7.9, 11.3)
-0.4 (-8.1, 7.3)

1.00
1.00

-2.1 (-10.1, 5.9)

1.00

-10.2 (-17.1, -3.2)
-15.2 (-21.6, -8.8)
-21.9 (-29.6, -14.1)
-26.1 (-33.2, -18.9)

0.001
<0.001
<0.001
<0.001

-5.0 (- 11.4, 1.3)
-11.7 (-19.2, -4.2)
-15.9 (-22.8, -9.0)

0.244
<0.001
<0.001

-6.7 (-14.1, 0.7)
-10.8 (-17.6, -4.1)

0.106
<0.001

-4.2 (-12.2, 3.9)

1.00

Mean (standard deviation) and adjusted differences between groups (with 95% confidence intervals) are shown for unbiased hit rates (Hu) of
emotion identification for each vocalisation. P values and CI are Bonferroni corrected for multiple pairwise comparisons. Significant (pbonf<0.05)
between-group comparisons are shown in bold.

Figure 3.2 Individual data plots for unbiased hit rates of emotion identification across
participant groups, for each condition

Individual participant unbiased hit rates for emotion identification across participant
groups, for each condition are plotted. AD, patient group with typical Alzheimer's
disease; BV, patient group with bvFTD; HC, healthy control group; NFV, patient
group with nfvPPA; SV; patient group with svPPA.
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Figure 3.3 Differences in emotion identification accuracy between each patient group
and healthy controls

Mean differences (with 95% confidence intervals, adjusted for multiple comparisons)
in unbiased hit rates for emotion identification between each patient group and the
healthy control group are shown for each condition. AD, patient group with typical
Alzheimer's disease; BV, patient group with bvFTD; HC, healthy control group; NFV,
patient group with nfvPPA; SV; patient group with svPPA
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Table 3.4 Within-group comparisons of unbiased hit rates for identification of emotion from each vocalisation
Comparison
Happiness vs Sadness
Happiness vs Fear
Happiness vs Neutral
Sadness vs Fear
Sadness vs Neutral
Fear vs Neutral

Controls
Difference (CI)
-3.2 (-6.5, 0.0)
3.4 (0.5, 6.4)
1.9 (-1.0, 4.8)
6.7 (2.6, 10.8)
5.2 (0.5, 9.7)
-1.5 (-5.5, 2.4)

P
0.055
0.014
0.466
<0.001
0.018
1.00

AD
Difference (CI)
-5.7 (-13.3, 1.9)
3.7 (-3.1, 10.4)
-4.7 (-11.3, 1.9)
9.4 (4.4, 14.3)
1.0 (-4.8, 6.8)
-8.4 (-13.8, -2.9)

P
0.265
0.888
0.344
<0.001
1.00
<0.001

nfvPPA
Difference (CI)
-3.1 (-7.3, 1.1)
-3.8 (-10.8, 3.2)
-2.5 (-8.0, 2.9)
-0.7 (-6.2, 4.9)
0.6 (-4.9, 6.1)
1.2 (-3.7, 6.2)

P
0.295
0.884
1.00
1.00
1.00
1.00

svPPA
Difference (CI)
-6.8 (-15.3, 1.7)
-0.3 (-10.1, 9.6)
-7.4 (-16.4, 1.6)
6.5 (2.1, 11.0)
-0.6 (-10.6, 9.5)
-7.1 (-15.9, 1.6)

P
0.197
1.00
0.175
0.001
1.00
0.183

bvFTD
Difference (CI)
-3.1 (-8.5, 2.2)
8.9 (4.3, 13.5)
-0.3 (-6.9, 6.3)
12.0 (7.0, 17.1)
2.8 (-2.9, 8.5)
-9.2 (-14.3, -4.1)

P
0.685
<0.001
1.00
<0.001
1.00
<0.001

Within-group differences (with 95% confidence intervals) are shown for emotion identification accuracy (indexed as unbiased hit rate) for
each participant group. P values and CI are Bonferroni corrected for multiple pairwise comparisons. Statistically significant differences
(pbonf<0.05) are shown in bold.

3.5.3

Vocal sound identification accuracy

Group data for total vocal sound identification accuracy are summarised in Table 3.5
and individual scores are plotted in Figure 3.4.
Overall vocal sound identification accuracy showed a significant main effect of
participant group (F[4,66]=30.81, p<0.001), and was reduced in the three FTD groups
compared to the healthy control and AD groups (all pbonf<0.007). There were no other
statistically significant group differences (all pbonf>0.5).
Unbiased hit rates for identification of each vocal sound condition are presented in
Table 3.6 and Figure 3.5.
There were main effects on unbiased vocal sound identification hit rate of participant
group [F(4)=46.44, p<0.001] and sound condition [F(3)=9.11, p<0.001] and of an
interaction between them [F(12)=2.85, p=0.002].
Between-group differences in unbiased hit rates for each vocal sound are presented in
Table 3.6 and differences between each patient group and the healthy control group
are illustrated in Figure 3.6.
For all four sound conditions, there was no statistically significant difference in
unbiased hit rates between the control and AD groups (all pbonf=1.00); however, both
the control and AD groups were more accurate in identifying the vocal sound in all
four conditions compared to both the svPPA and bvFTD groups (all pbonf<0.02). The
control group was more accurate than the nfvPPA group in identifying crying,
screaming and hesitations sounds (but not laughter). The nfvPPA group was more
accurate than the bvFTD group in identifying hesitation sounds (pbonf<0.001) and more
accurate than both the bvFTD and svPPA groups in identifying crying (both
pbonf<0.04).
No other statistically significant between-group differences were found for vocal
sound identification unbiased hit rates.
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Within-group differences between unbiased hit rates of vocal sound identification for
each nonverbal vocalisation are shown in Table 3.7.
The control and bvFTD groups were more accurate in identifying screaming than all
other vocalisations (all pbonf<0.03). The svPPA group was more accurate in identifying
screaming than crying (pbonf<0.001). No other significant within-group comparisons
in unbiased hit rates were found.
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Table 3.5 Vocal sound identification accuracy
Group

Sound score
Mean (SD)
Control 96.4 (2.3)
AD
93.9 (2.2)
nfvPPA 90.0 (2.0)
svPPA 87.9 (3.6)
bvFTD 87.5 (3.2)

Control
Difference (CI)

AD
Difference (CI)

P

-1.4 (-4.9, 2.0)
-6.0 (-9.3, -2.7)
-8.3 (-11.4, -5.2)
-8.1 (-10.9, -5.3)

1.00
<0.001 -4.6 (-8.2, -0.9) 0.006
<0.001 -6.9 (-10.6, -3.2) <0.001 -2.3 (-6.0, 1.4)
<0.001 -6.7 (-9.6, -3.7) <0.001 -2.1 (-5.2, 1.0)

P

nfvPPA
Difference (CI) P

svPPA
Difference (CI) P

0.720
0.544 0.2 (-3.0, 3.4)

1.00

Average (standard deviation) vocal sound identification accuracy for each group along with group differences (95% confidence intervals) are
shown. Sound score is indexed as the percentage of trials in which the vocal sound was identified correctly. P values and CI are Bonferronicorrected for multiple (n=10) comparisons. Statistically (pbonf<0.05) significant contrasts are presented in bold.

Figure 3.4 Individual data plots for vocal sound identification accuracy across
participant groups

Individual participant vocal sound identification accuracy (indexed as the percentage
of all trials in which the vocal sound was correctly identified) are plotted. AD, patient
group with typical Alzheimer's disease; BV, patient group with bvFTD; HC, healthy
control group; NFV, patient group with nfvPPA; SV; patient group with svPPA
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Table 3.6 Unbiased hit rates for identification of each vocal sound and comparisons between participant groups
Condition
Laugh

Cry

Scream

Hesitation

Group
Controls
AD
nfvPPA
svPPA
bvFTD
Controls
AD
nfvPPA
svPPA
bvFTD
Controls
AD
nfvPPA
svPPA
bvFTD
Controls
AD
nfvPPA
svPPA
bvFTD

Hu
Mean (SD)
91.5 (5.8)
85.6 (7.3)
82.3 (10.5)
73.7 (8.7)
74.4 (7.9)
90.9 (6.2)
86.2 (8.4)
81.8 (6.1)
71.2 (4.0)
73.2 (8.2)
96.3 (3.9)
89.8 (8.2)
79.2 (4.9)
79.8 (6.5)
82.0 (5.2)
93.3 (4.7)
90.0 (5.4)
83.1 (2.7)
76.8 (8.0)
75.0 (7.7)

Controls
Difference (CI)

P

AD
Difference (CI)

P

nfvPPA
Difference (CI)

P

svPPA
Difference (CI)

P

-3.4 (-11.0, 4.3)
-7.6 (-19.1, 3.9)
-17.4 (-26.3, -8.5)
-15.4 (-21.9, -8.8)

1.00
0.587
<0.001
<0.001

-4.2 (-16.9, 8.43)
-14.0 (-23.6, -4.5)
-12.0 (-19.6, -4.4)

1.00
0.001
<0.001

-9.8 (-23.2, 3.7)
-7.8 (-19.8, 4.3)

0.392
0.674

2.0 (-7.3, 11.3)

1.00

-2.1 (-11.0, 6.8)
-8.0 (-15.1, -0.9)
-18.5 (-24.2, -12.7)
-15.9 (-22.3, -9.4)

1.00
0.018
<0.001
<0.001

-5.9 (-15.5, 3.70)
-16.4 (-24.9, -7.8)
-13.8 22.5, -5.0)

0.80
<0.001
<0.001

-10.5 (-17.8, -3.2)
-7.9 (-15.6, -0.3)

0.001
0.038

2.6 (-3.8, 9.0)

1.00

-3.9 (-12.0, 4.1)
-16.0 (-21.6, -10.3)
-16.1 (-22.4, -9.8)
-12.5 (-17.0, -8.0)

1.00
<0.001
<0.001
<0.001

-12.0 (-20.5, -3.6)
-12.2 (-21.2, -3.2)
-8.6 (-16.4, -0.9)

0.001
0.002
0.019

-0.2 (-7.8, 7.5)
3.4 (-2.2, 9.1)

1.00
0.841

3.6 (-3.1, 10.2)

1.00

-0.7 (-7.2, 5.9)
-9.1 (-13.1, -5.1)
-16.0 (-24.0, -8.1)
-16.5 (-22.0, -11.0)

1.00
<0.001
<0.001
<0.001

-8.4 (-13.8, -3.0)
-15.4 (-23.8, -7.0)
-15.8 (-22.4, -9.3)

<0.001
<0.001
<0.001

-7.0 (-14.4, 0.5)
-7.4 (-12.2, -2.6)

0.082
<0.001

-0.4 (-8.6, 7.7)

1.001

Mean (standard deviation) and adjusted differences between groups (with 95% confidence intervals) are shown for unbiased hit rates (Hu) of vocal
sound identification for each vocalisation. P values and CI are Bonferroni corrected for multiple pairwise comparisons. Significant (pbonf<0.05)
between-group comparisons are shown in bold.

Figure 3.5 Individual data plots for unbiased hit rates of vocal sound identification
across participant groups, for each condition

Individual participant unbiased hit rates for vocal sound identification across
participant groups, for each condition are plotted. AD, patient group with typical
Alzheimer's disease; BV, patient group with bvFTD; HC, healthy control group; NFV,
patient group with nfvPPA; SV; patient group with svPPA
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Figure 3.6 Differences in vocal sound identification accuracy between each patient
group and healthy controls

Mean differences (with 95% confidence intervals, adjusted for multiple comparisons)
in unbiased hit rates for vocal sound identification between each patient group and the
healthy control group are shown for each condition. AD, patient group with typical
Alzheimer's disease; BV, patient group with bvFTD; HC, healthy control group; NFV,
patient group with nfvPPA; SV; patient group with svPPA
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Table 3.7 Within-group comparisons of unbiased hit rates for identification of each vocal sound
Comparison
Laughter vs Crying
Laughter vs Screaming
Laughter vs Hesitation
Crying vs Screaming
Crying vs Hesitation
Screaming vs Hesitation

Controls
Difference (CI)
-0.6 (-2.6, 1.4)
4.8 (1.4, 8.1)
1.8 (-0.5, 4.0)
5.4 (1.7, 9.2)
2.4 (-0.2, 5.0)
-3.0 (-5.8, -0.2)

P
1.00
0.001
0.214
0.001
0.099
0.025

AD
Difference (CI)
0.6 (-7.2, 8.5)
4.2 (-3.5, 12.0)
4.5 (-2.3, 11.2)
3.6 (-4.3, 11.5)
3.8 (-2.7, 10.3)
0.2 (-7.9, 8.3)

P
1.00
0.840
0.458
1.00
0.705
1.00

nfvPPA
Difference (CI)
-1.0 (-12.7, 10.8)
-3.5 (-15.2, 8.1)
0.3 (-9.2, 9.8)
-2.6 (-8.0, 2.9)
1.3 (-3.4, 5.9)
3.8 (-0.1, 7.7)

P
1.00
1.00
1.00
1.00
1.00
0.056

svPPA
Difference (CI)
-1.7 (-8.2, 4.8)
6.1 (-2.8, 14.9)
3.1 (-6.6, 12.8)
7.8 (2.8, 12.8)
4.8 (-2.1, 11.8)
-3.0 (-9.2, 3.3)

P
1.00
0.407
1.00
<0.001
0.384
1.00

bvFTD
Difference (CI)
-1.1 (-5.9, 3.7)
7.6 (2.2, 13.1)
0.6 (-5.2, 6.5)
8.8 (4.1, 13.4)
1.8 (-2.2, 5.7)
-7.0 (-11.7, -2.3)

P
1.00
0.002
1.00
<0.001
1.00
0.001

Within-group differences (with 95% confidence intervals) are shown for vocal sound identification accuracy (indexed as unbiased hit rate)
for each participant group. P values and CI are Bonferroni corrected for multiple pairwise comparisons. Statistically significant differences
(pbonf<0.05) are shown in bold

3.5.4

Association between perceived sound and attributed emotion

The association between vocal sound and emotion identification accuracy was
investigated with Pearson correlations across the whole cohort and within each group.
Vocal sound and emotion identification scores were positively correlated across the
whole cohort (r=0.93, p<0.001) and within each group separately (see Table 3.8).
Table 3.8 Correlations between vocal sound and emotion identification accuracy
Group
Correlation coefficient
p
Whole cohort
0.93
<0.001
Control
0.92
<0.001
AD
0.88
<0.001
nfvPPA
0.86
0.001
svPPA
0.83
0.003
bvFTD
0.80
<0.001
Pearson correlation coefficients and P values for the associations between vocal sound
and emotion identification accuracy across the whole cohort and within each group
separately
To further investigate how well perceived sound and attributed emotion were related
in the participant groups, for each individual, the percentage of trials in which the
emotion label attributed to a particular stimulus matched the sound label they
themselves had given, was calculated – termed the congruous emotion identification
score (see Table 3.9).
As expected, for all groups, paired t-tests demonstrate that the congruous emotion
identification score was significantly higher than emotion identification accuracy. The
difference between scores, however, was lower in the bvFTD group compared to the
nfvPPA and svPPA groups.
ANOVA of congruous emotion identification accuracy revealed a significant main
effect of participant group (F[4,66]=78.64, p<0.001). Pairwise comparisons revealed
that congruous emotion identification accuracy was lower in the bvFTD group than all
other groups (all pbonf<0.001), however there were no other significant differences
between the groups (all pbonf=1.00). Comparing this to the findings from the raw
emotion identification accuracy (see section 3.5.2 and Table 3.9), it appears that whilst
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correcting for their own vocal sound identification improved performance in the
nfvPPA and svPPA groups to that of healthy controls, the bvFTD group still showed
significant impairment.
Table 3.9 Raw and congruous emotion identification accuracy
Group Emotion (SD) Congruous emotion (SD) Difference (CI) P value
Control 94.9 (2.9)
97.4 (1.9)
2.5 (1.3, 3.7)
<0.001
AD
90.8 (2.5)
96.6 (1.7)
5.9 (4.3, 7.4)
<0.001
a
nfvPPA 87.5 (2.7)
97.4 (1.5)
9.9 (7.9, 11.8)
<0.001
svPPA 85.1 (3.6)a
96.3 (1.6)
11.1 (8.5, 13.7) <0.001
a,b,c
a,b,c
bvFTD 80.5 (4.2)
87.7 (2.7)
7.2 (5.7, 8.6)
<0.001
Average (standard deviation) emotion identification and congruous emotion
identification accuracy for each group along with the difference between them (95%
confidence intervals) are shown. Emotion=emotion identification accuracy (indexed
as the percentage of trials in which the correct emotion was identified); Congruous
emotion=congruous emotion identification accuracy (indexed as the percentage of
trials in which the emotion identified matched the perceived sound). For betweengroup comparisons, significant differences (pbonf<0.05) from healthy control values are
indicated in bold; a=significantly less than AD; b=significantly less than nfvPPA,
c=significantly less than svPPA.
3.5.5

Patterns of errors in emotion identification

The numbers of each type of error in emotion identification are presented in Table
3.10 - Table 3.13 along with odds ratios between groups. The profiles of errors are
presented graphically in Figure 3.7.
The svPPA and bvFTD groups mislabelled sounds representing both happiness and
sadness as neutral more often than the control, AD and nfvPPA groups. The nfvPPA
and bvFTD groups mislabelled sounds representing sadness as happiness more often
than the control and AD groups. The bvFTD group mislabelled sounds representing
fear as happiness more often than the AD and nfvPPA groups. The svPPA group
misidentified sounds representing fear as sadness more often than the control and
nfvPPA groups. All three FTD groups misidentified fear as neutral more often than
the control and AD groups. The AD group misidentified neutral sounds as happy more
often than the control and bvFTD groups, and as sad more often than all other groups.
The nfvPPA group misidentified neutral sounds as fear more often than the control,
svPPA and bvFTD groups.
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Table 3.10 Numbers and odds ratios of each error type in identification of sounds conveying happiness
Control
Group
Error number (SD) OR CI
Happiness misidentified as sadness
Control 0.85 (0.75)
AD
1.38 (0.87)
1.66 0.60, 4.58
nfvPPA 1.90 (1.37)
2.14 0.81, 5.68
svPPA
1.10 (1.20)
1.31 0.41, 4.20
bvFTD 1.41 (0.91)
1.65 0.74, 3.65
Happiness misidentified as fear
Control 0 (0)
AD
0.08 (0.28)
—
—
nfvPPA 0 (0)
—
—
svPPA
0 (0)
—
—
bvFTD 0 (0)
—
—
Happiness misidentified as neutral
Control 0.55 (0.69)
AD
0.38 (0.65)
0.59 0.11, 3.14
nfvPPA 0.60 (0.70)
1.09 0.26, 4.58
svPPA
2.20 (1.81)
4.27 1.48, 12.31
bvFTD 3.00 (0.93)
5.87 2.44, 14.1

P

AD
OR

P

nfvPPA
OR CI

CI

1.00
0.281
1.00
0.761

1.29
0.79
0.99

—
—
—
—

1.00
1.00
0.001
<0.001

P

svPPA
OR CI

P

0.47, 3.58
0.30, 2.09
0.50, 1.97

1.00
1.00
1.00

0.61
0.77

0.18, 1.97
0.32, 1.85

1.00
1.00

1.26

0.49, 3.24

1.00

—
—
—

—
—
—

—
—
—

—
—

—
—

—
—

—

—

—

1.84
7.18
9.87

0.30, 11.35
1.45, 35.48
2.30, 42.44

1.00
0.005
<0.001

3.90
5.37

1.04, 14.58
1.71, 16.89

0.037
<0.001

1.38

0.64, 2.97

1.00

Mean (standard deviation) numbers of each error type in identifying sounds conveying happiness, with pairwise comparisons expressed as adjusted
odds rations (with 95% confidence intervals). P values and CI are Bonferroni corrected for multiple pairwise comparisons. Statistically significant
odds (pbonf<0.05) are shown in bold. CI, 95% confidence intervals; OR, odds ratio. Statistical comparisons for happiness misidentified as fear were
not carried out as the number of this error type for all participants in all groups, apart from AD, was zero.

Table 3.11 Numbers and odds ratios of each error type in identification of sounds conveying sadness
Control
Group
Error number (SD) OR CI
Sadness misidentified as happiness
Control 0.60 (0.68)
AD
0.53 (0.66)
0.72 0.18, 2.76
nfvPPA 1.80 (1.23)
3.06 1.24, 7.50
svPPA
0.90 (0.88)
1.45 0.43, 4.89
bvFTD 2.00 (0.98)
3.03 1.33, 6.91
Sadness misidentified as fear
Control 0.50 (0.51)
AD
0.38 (0.65)
1.06 0.17, 6.52
nfvPPA 0.40 (0.52)
0.91 0.25, 3.34
svPPA
0.70 (0.67)
1.45 0.49, 4.30
bvFTD 0.05 (0.21)
0.11 0.01, 1.76
Sadness misidentified as neutral
Control 0.40 (0.60)
AD
0.23 (0.44)
0.47 0.08, 2.71
nfvPPA 0.30 (0.48)
0.78 0.16, 3.87
svPPA
1.90 (0.88)
4.98 1.74, 14.29
bvFTD 2.86 (1.17)
7.66 2.78, 21.12

P

AD
OR

P

nfvPPA
OR CI

CI

1.00
0.005
1.00
0.002

4.24
2.02
4.21

1.00
1.00
1.00
0.258

1.00
1.00
<0.001
<0.001

P

svPPA
OR CI

P

1.31, 13.78
0.52, 7.74
1.46, 12.09

0.006
1.00
0.001

0.48
0.99

0.17, 1.35
0.55, 1.77

0.454
1.00

2.09

0.80, 5.42

0.306

0.86
1.37
0.11

0.13, 5.54
0.17, 10.73
0.00, 2.58

1.00
1.00
0.483

1.59
0.12

0.38, 6.58
0.01, 2.13

1.00
0.390

0.08

0.00, 1.38

0.127

1.64
10.50
16.14

0.24, 11.18
2.36, 46.69
3.81, 68.32

1.00
<0.001
<0.001

6.40
9.85

1.71, 23.94
2.72, 35.63

0.001
<0.001

1.54

0.95, 2.49

0.124

Mean (standard deviation) numbers of each error type in identifying sounds conveying sadness, with pairwise comparisons expressed as adjusted
odds rations (with 95% confidence intervals). P values and CI are Bonferroni corrected for multiple pairwise comparisons. Statistically significant
odds (pbonf<0.05) are shown in bold. CI, 95% confidence intervals; OR, odds ratio.

Table 3.12 Numbers and odds ratios of each error type in identification of sounds conveying fear
Group
Error number (SD)
Fear misidentified as happiness
Control 0 (0)
AD
0.15 (0.38)
nfvPPA 0.10 (0.32)
svPPA
0.20 (0.42)
bvFTD 0.77 (0.87)
Fear misidentified as sadness
Control 0.50 (0.61)
AD
0.69 (0.63)
nfvPPA 0.50 (0.53)
svPPA
1.30 (0.67)
bvFTD 1.32 (0.72)
Fear misidentified as neutral
Control 0.40 (0.50)
AD
0.61 (0.77)
nfvPPA 2.80 (0.91)
svPPA
1.90 (0.99)
bvFTD 2.68 (0.84)

Control
OR CI

P

AD
OR

—
—
—
—

P

nfvPPA
OR
CI

CI

—
—
—
—

—
—
—
—

0.90
2.03
9.30

1.28
1.00
2.68
2.50

0.42, 3.92
0.31, 3.18
1.08, 6.64
1.00, 6.34

1.00
1.00
0.023
0.055

1.43
8.39
5.08
7.53

0.41, 5.00
3.49, 20.14
2.01, 12.86
3.29, 17.23

1.00
<0.001
<0.001
<0.001

P

svPPA
OR CI

P

0.07, 12.37
0.21, 19.72
1.35, 63.81

1.00
1.00
0.012

2.26
10.35

0.18, 28.82
1.70, 63.09

1.00
0.003

4.57

0.60, 35.09

0.362

0.78
2.09
1.95

0.24, 2.48
0.82, 5.32
0.93, 4.09

1.00
0.277
0.112

2.68
2.51

1.01, 7.09
1.00, 6.31

0.044
0.051

0.94

0.48, 1.84

1.00

5.87
3.55
5.29

2.19, 15.71
1.19, 10.58
1.99, 13.95

<0.001
0.011
<0.001

0.61
0.90

0.32, 1.13
0.61, 1.33

0.243
1.00

1.48

0.84, 2.62

0.525

Mean (standard deviation) numbers of each error type in identifying sounds conveying fear, with pairwise comparisons expressed as adjusted odds
rations (with 95% confidence intervals). P values and CI are Bonferroni corrected for multiple pairwise comparisons. Statistically significant odds
(pbonf<0.05) are shown in bold. CI, 95% confidence intervals; OR, odds ratio. Statistical comparisons with the control group for fear misidentified
as happiness were not carried out as the number of this error type for all participants in the control group was zero.

Table 3.13 Numbers and odds ratios of each error type in identification of neutral sounds
Control
Group
Error number (SD) OR
CI
Neutral misidentified as happiness
Control 0.05 (0.22)
AD
1.38 (0.87)
21.10 1.13, 394.45
nfvPPA 0.20 (0.42)
3.12
0.11, 86.15
svPPA
0.40 (0.52)
7.77
0.42, 144.53
bvFTD 0.41 (0.50)
7.47
0.45, 124.67
Neutral misidentified as sadness
Control 0.20 (0.41)
AD
1.92 (0.76)
8.96
2.27, 35.38
nfvPPA 0.30 (0.48)
1.54
0.24, 9.88
svPPA
0.60 (0.70)
2.95
0.63, 13.92
bvFTD 0.73 (0.63)
3.60
0.91, 14.34
Neutral misidentified as fear
Control 0.25 (0.55)
AD
0.54 (0.66)
2.83
0.57, 14.01
nfvPPA 1.30 (0.48)
7.19
1.68, 30.71
svPPA
0.70 (0.48)
2.93
0.67, 12.84
bvFTD 0.45 (0.60)
2.37
0.51, 11.02

P

AD
OR

P

nfvPPA
OR CI

CI

0.035
1.00
0.490
0.448

0.15
0.37
0.35

<0.001
1.00
0.499
0.091

0.677
0.001
0.416
1.00

P

svPPA
OR CI

P

0.02, 1.09
0.11, 1.26
0.13, 0.96

0.072
0.225
0.034

2.49
2.39

0.28, 21.90
0.32, 17.97

1.00
1.00

0.96

0.27, 3.46

1.00

0.17
0.33
0.40

0.04, 0.73
0.11, 0.98
0.12, 0.82

0.006
0.049
0.003

1.91
2.34

0.37, 9.80
0.54, 10.20

1.00
1.00

1.22

0.41, 3.60

1.00

2.54
1.03
0.84

0.99, 6.53
0.35, 3.08
0.26, 2.68

0.057
1.00
1.00

0.41
0.33

0.17, 0.97
0.14, 0.80

0.038
0.004

0.81

0.28, 2.37

1.00

Mean (standard deviation) numbers of each error type in identifying neutral sounds, with pairwise comparisons expressed as adjusted odds rations
(with 95% confidence intervals). P values and CI are Bonferroni corrected for multiple pairwise comparisons. Statistically significant odds
(pbonf<0.05) are shown in bold. CI, 95% confidence intervals; OR, odds ratio

Figure 3.7 Profiles of errors in emotion identification

Radar plots showing mean number of each error type in emotion identification. Each point of the triangle corresponds to the incorrect answer given
for the target condition listed on the left. F Fear; H Happiness; N Neutral; S Sadness. See section 3.5.5 for details.

3.6 Discussion
Here I have shown that patients with major syndromes of FTD and AD exhibit
differentiated profiles of impaired processing of three highly salient nonverbal
emotional vocalisations. Overall, identification of vocal sounds and the emotion they
convey was largely preserved in AD but impaired in all three FTD syndromes.
Emotion identification further stratified the FTD syndrome groups, with the bvFTD
group showing greater impairment compared to the svPPA and nfvPPA groups.
Analysis of individual emotional categories and misrecognition errors reveals response
biases that further differentiate syndromes. The bvFTD and svPPA groups tended to
misidentify emotional sounds (conveying happiness, sadness or fear) as neutral, whilst
the opposite trend was seen in the AD group, where they overattributed emotional
value to neutral stimuli. The nfvPPA group made errors in distinguishing sounds that
are acoustically similar (laughter with crying and screams with hesitation sounds). The
svPPA group confused sounds conveying sadness and fear (two negatively valenced
emotions) whilst the bvFTD group demonstrated confusion between emotions of
opposite valence (happiness with sadness and fear), implying a more profound deficit.
Overall, associations between vocal sound and emotion identification accuracy were
preserved, with the latter being consistently lower than the former. However, whilst
errors in emotion identification could be accounted for by errors in identifying the
vocal sound in the control, AD, nfvPPA and svPPA groups, the bvFTD group showed
incongruity between the perceived sound and attributed emotion.
The profile of impairment in identification of vocal sound and emotion from nonverbal
emotional vocalisations mirrors the more general impairment of social and emotional
behaviour seen in FTD syndromes. bvFTD is the paradigmatic disorder of
socioemotional behaviour with theory of mind dysfunction, loss of empathy and the
ability to infer intentions being robust features of the syndrome (Baez et al. 2014;
Henry et al. 2014). Patients exhibit many hallmarks of social disintegration
(disinhibition, impulsivity, emotional blunting, loss of empathy, mental flexibility and
ability to think in the abstract) and as such bvFTD has been described as a paradigm
of acquired sociopathy (Mendez and Shapira 2009). It is therefore perhaps
unsurprising that this group showed the most aberrant processing of nonverbal
emotional vocalisations. Notably, the bvFTD group was the only one to show
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incongruity between identified sound and attributed emotion indicating not only
dysfunction within networks responsible for identification (perceptual and semantic)
and emotion attribution of vocalisations, but also dissociation between the two
systems. Emotional judgements in particular were affected with stimuli of opposite
emotional valence being confused. This echoes findings in other sensory modalities,
such as olfaction, where individuals with bvFTD show insensitivity to negative stimuli
and rate them with high pleasantness and is thought to be related to aberrant processing
of reward (Perry et al. 2017b). The svPPA group, in contrast, showed confusion
between vocalisations conveying fear and sadness, both negatively valenced emotions.
This may represent a further example of over-generalisation, akin to that seen in
vocabulary, with vocalisations being broadly classed as negatively valenced with loss
of fine-grained analysis needed to distinguish them further. Indeed, eroded conceptual
knowledge in svPPA can include social conventions (Zahn et al. 2009). Both the
bvFTD and svPPA groups also tended to rate emotional stimuli as neutral in keeping
with the blunting of emotional expression seen in these groups (Joshi et al. 2014b).
nfvPPA patients are not conventionally thought to exhibit prominent social cognition
deficits, however deficits in emotion recognition, in particular linguistic prosody
(Rohrer et al. 2012; Kumfor et al. 2011), as well as dissociation of implicit and explicit
emotional cue matching are observed in this group (Balconi et al. 2015). The nature of
the deficits seen in nfvPPA speaks to their potential source. Confusions of laughter
with crying and hesitations sounds with screams were seen – these two pairs share
common acoustic structures, with screams and hesitation sounds being monophasic
and uniform, whilst crying and laughter are segmented (Anikin et al. 2018). Thus,
errors in identifying emotion conveyed in nonverbal emotional vocalisations in the
nfvPPA group may be related to the increasingly recognised central auditory deficits
associated with this syndrome (Hardy et al. 2019; Hardy et al. 2016; Grube et al.
2016).
The AD group uniquely showed a tendency to label neutral hesitation sounds as having
an emotional quality. This is likely to reflect the fact that Alzheimer’s pathology
exhibits a predilection for the default mode network, with subsequent upregulation of
the emotion-relevant salience network (Zhou et al. 2010) resulting in eroded emotional
boundaries, heightened affect sharing and empathy being invoked in non-normative
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contexts (Sturm et al. 2013). The anterior hippocampus has rich connections with the
hypothalamus and amygdala and plays an inhibitory role in affective behaviour via its
projections to autonomic and endocrine emotion generation systems (Fanselow and
Dong 2010). In AD increased salience network connectivity relates to neuropsychiatric
hyperactivity symptoms (e.g. agitation, irritability, aberrant motor behaviour and
euphoria) (Balthazar et al. 2014). It has been demonstrated that AD patients tend to
give greater emotional attribution to neutral stimuli, such as neutral stories (Satler et
al. 2009).
There are several limitations to this work. Chief among these are small sample sizes,
particularly in the two PPA groups. This raises the possibility that some negative
results (in which no significant difference was found between groups) may have been
due to type II error due to random sampling. The results should therefore be interpreted
with some caution. Whilst grouping the three FTD syndromes into one FTD patient
group may have improved power to detect changes with respect to the AD group, it
would not allow for investigation of differences between FTD syndromes and would
be influenced by the larger number of bvFTD patients relative to the two PPA
syndrome groups. Increasing numbers in the control group could also mitigate the
smaller patient group size; however, as statistically significant differences were found
between control and PPA syndromes, it appears unlikely that type II errors
substantially affected these findings.
Differences in emotion and vocal sound identification discussed here, whilst
statistically significant, are generally numerically rather small, particularly for the
analysis of individual errors. This may in part be due to the relative ease of the
paradigm – distinguishing three highly salient and contrasting vocalisations may not
be challenging enough to consistently differentiate certain syndromes – this may be
particularly relevant to differentiation of the control and AD group and for
identification of deficits early in the course of FTD syndromes. Furthermore, when
interpreting the error analysis, the imbalanced design of the experiment should be
considered, with one positively valenced (laughter) and two negatively valenced
(crying and screaming) sounds. The ability of this study to investigate the link between
vocal sound and emotion identification is also somewhat limited by there being
essentially a one-to-one correspondence between emotion and sound labels – this
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approach was intentional to make the task relatively simple, as this relationship has
never been studied in dementia before and therefore the extent to which sound and
emotion identification may dissociate was unknown. In order to further study this
relationship, a broader range of nonverbal emotional vocalisations (including
examples where the label of the vocalisation is not so tightly bound to a particular
emotional state) should be studied. Varying the degree of emotional intensity will also
be of interest to determine the ‘threshold’ at which emotion can be identified. Another
approach, that has been used in healthy individuals, would be to elicit free descriptions
of different sounds in place of a multiple-choice paradigm – this would however be
challenging and potentially not suitable for those with PPA.
A common criticism of many neuropsychological experiments involving FTD
syndromes, particularly bvFTD, is that poor performance may be related to
dysexecutive features including poor engagement and attention. Including WASI
matrices as a covariate goes some way to addressing executive dysfunction however
once cannot completely exclude the possibility that attentional factors contributed to
the deficits found in this study. Investigating performance trends over the course of a
testing session may help clarify any impact of attentional deficits. However, given the
brief and salient nature of the stimuli used in this experiment along with the cognitively
undemanding response protocol, one would not expect attentional factors to have a
significant impact.
Finally, relating the findings from this experimental task to other measures of social
and emotional behaviour such as TASIT or mini-SEA and questionnaires relating to
real-life behaviour, such as the interpersonal reactivity index, would be useful to put
these findings in context.
With these limitations in mind, this experiment provides support for the notion that in
depth study of processing of nonverbal emotional vocalisations provides insight into
the divergent basis of socioemotional dysfunction in different dementia syndromes.
This work expands upon previous findings of impaired processing of emotional signals
in dementia syndromes (Omar et al. 2011; Rohrer et al. 2012; Hsieh et al. 2012) and
further analysis of performance for individual emotion categories and patterns of errors
reveals syndromic profiles that have bearing on previously recognised deficits in
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dementia syndromes: this includes the cross-valence confusions of bvFTD; somewhat
simplified, and overgeneralised classification in svPPA and blunted emotional
sensitivity in FTD versus the emotional hypersensitivity of AD. In the next chapter I
explore the neuroanatomical correlates of the deficits outlined in this experiment.
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Neuroanatomical correlates of emotion
recognition from nonverbal vocalisations
4.1 Chapter summary
In this chapter, I built on the results presented in Chapter 3 by outlining
neuroanatomical substrates of impaired identification of nonverbal vocalisations and
the emotion they convey, across dementia syndromes. Using voxel-based
morphometry of the patient cohort described in the previous chapter, a fronto-insulocingulate network of brain regions was identified, associated with processing
nonverbal emotional vocalisations. Furthermore, brain regions associated with sound
object processing (superior temporal sulcus and posterior insula) showed specific
association with vocal sound identification whilst limbic areas implicated in
judgements about self and others (ventromedial prefrontal and anterior cingulate
cortices)

demonstrated

association

with

emotion

identification.

Further

neuroanatomical correlates of individual vocalisations were also outlined –
identification of both happiness and sadness showed an association with grey matter
volume in medial and orbitofrontal regions whilst recognition of fear in screams was
specifically associated with amygdala volume. These findings shed light on the brain
basis of impaired nonverbal emotional processing and implicate brain regions
associated more widely in social cognition and emotion.

4.2 Introduction
In the previous chapter, profiles of variable impairment in identification of
vocalisations and the emotion they convey were delineated in the target dementia
syndromes. In this chapter, I used voxel-based morphometry to determine the
neuroanatomical correlates of these deficits.
Neuroanatomical evidence points to two distinct systems involved in identification and
attribution of social signals in the healthy brain (Spunt and Lieberman 2012). Much of
the work in this area has focused on interpretation of motor actions, including facial
expressions, and has outlined a mirror system, involved in identification, and a
mentalising system responsible for attribution of behaviours to a cause. This mirror
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system, incorporating posterior inferior frontal gyrus, dorsal premotor cortex and
rostral inferior parietal lobule, was suggested to be involved in identification of the
signal through embodiment of the observed motor behaviour within one’s own motor
system. As discussed in section 1.3.7.2, the presence of a mirror system for auditory
signals is less clear. Whilst motor mirror areas are involved in perception of nonverbal
emotional vocalisations (Warren et al. 2006), this does not appear to underlie
interpretation of the signal but rather for preparing responses. Instead, therefore, the
analogue of this system for identifying the type of auditory signal is likely to
incorporate primary and higher-order auditory cortices, including superior temporal
sulcus, amygdala and inferior frontal gyrus as areas involved in sound object
processing and acoustic classification of nonverbal affective sounds (Frühholz et al.
2016). Attributing a cause for a particular behaviour in others appears to engage a
mentalising system, which bears its name as its activity is reliably associated with
representation of the mental and emotional state of others. This mentalising system
involves dorsomedial and ventromedial prefrontal cortices, temporoparietal junction
and cingulate cortex (Frith and Frith 2006). It remains unclear whether the recognition
of a specific emotion in a vocalisation, which represents an intermediate step between
identification of the sound and attribution of a cause for the emotional state, relies
more on basic sensory perception or requires involvement of the mentalising system.
Furthermore, the extent to which these different systems are affected across dementia
syndromes is unclear, however evidence from the previous chapter suggests an
element of dissociation between identification of sound and categorisation of emotion.
Beyond overall classification of vocalisations, analyses of individual nonverbal
vocalisations in the previous chapter demonstrated further dissociation between
dementia syndromes. Whether vocalisations conveying distinct emotions are
processed in anatomically distinct regions or a common network is unclear. The
locationist account proposes that discrete emotion categories consistently and
specifically correspond to distinct brain regions (Barrett 2006), whilst the
constructionist approach argues that distinct emotion categories are constructed from
more general brain networks (Pessoa 2008).
Meta-analyses of fMRI studies have failed to reliably establish separate neural
correlates for different basic emotions. Instead, a network of cortical midline and
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frontal regions (including medial prefrontal cortex and cingulate) are activated
similarly during all basic emotional states (Phan et al. 2002; Vytal and Hamann 2010).
Evidence for discrete brain substrates for different basic emotions has therefore
remained elusive. The reality is likely to lie somewhere in between these two positions
with specific patterns of neural activity, rather than particular brain loci, related to
emotional states (Saarimäki et al. 2015). How this corresponds to processing of vocal
signals of emotion is unclear as very few studies of nonverbal emotional vocalisations
have explored differences between emotion categories. There is some evidence from
patient studies that damage to different brain areas can lead to specific deficits in the
recognition of different vocal expressions of emotion. Amygdala damage can lead to
deficits in the recognition of fear and anger (Scott et al. 1997), insula and putamen
damage can detrimentally affect disgust recognition (Sprengelmeyer et al. 1996;
Calder et al. 2000), orbitofrontal lesions can affect sadness, anger and disgust
recognition (Hornak et al. 2003) and the expression and recognition of happiness
(laughter) is associated with stimulation of pre-supplementary motor cortex (Krolak‐
Salmon et al. 2006). In many cases, these recognition deficits are seen across different
modalities (e.g. face as well as voice) which would be congruent with the notion of
basic expressions of emotion (Ekman et al. 1969).
However, there is no clear evidence of simple one-to-one mapping between brain
regions and recognition of specific emotions – the amygdala does not exclusively
support fear recognition and likewise single emotions can be affected by a variety of
brain regions (e.g. disgust deficits can be seen following damage to the insula and
putamen (Calder et al. 2000), or orbitofrontal cortex (Hornak et al. 2003)).
Accordingly, functional imaging studies have tended to show distributed patterns of
activation to emotional vocalisations – however interpretation of such studies can be
challenging as they reveal all brain areas recruited by a task or perceptual process,
making it difficult to distinguish between brain areas that are somewhat peripheral to
the task or process of interest from those that are critical. For example, insula activation
has been seen to both positive and negative nonverbal emotional expressions (laughter
and crying) (Morris et al. 1999; Sander and Scheich 2001) which may reflect its role
in specific emotions or may reflect the more general role of the anterior insula in the
representation of vocalisations (Wise et al. 1999).
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In this study, I aimed to investigate neuroanatomical correlates of overall impairment
in recognising nonverbal vocalisations and the emotions they convey in the patient
cohort described in chapter 3. Each vocalisation was also investigated individually to
establish if there are distinct critical anatomical substrates for processing of different
vocal emotions.

4.3 Key hypotheses
-

Vocal sound and emotion identification accuracy would correlate with grey
matter volume in a partially overlapping yet distinct network; with vocal sound
identification associated with brain regions responsible for auditory perception
(including superior temporal sulcus) and emotion identification showing
association with limbic regions and those implicated in aspects of mentalising
(cingulate and medial prefrontal cortices).

-

Identifying fear in screams would correlate with grey matter volume in the
amygdala given their unique acoustic property of ‘roughness’ that has been
shown to induce selective responses in this brain region in functional imaging
(Arnal et al. 2015; Arnal et al. 2019).

-

Identifying happiness in laughter would be associated with medial frontal
regions, including anterior cingulate cortex which is recognised as important
in production and perception of laughter (Caruana et al. 2015).

-

Identifying sadness in crying would be associated with regions involved in
prosocial motivation (nucleus accumbens and inferior frontal gyrus) (Shdo et
al. 2018).

4.4 Materials and methods
4.4.1

Participants

The participant cohort for this imaging study was the same as that described in chapter
3 (see section 3.4.1 and Table 3.1); however only scans from the four patient groups
were included.
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4.4.2

Brain image acquisition and analysis

Each patient had a structural T1 MR brain image acquired and following quality
control, scans from two subjects (both with a diagnosis of AD) were excluded due to
excessive motion artefact. Thus, scans from 42 FTD patients (10 nfvPPA, 10 svPPA
and 22 bvFTD) and 12 AD patients were pre-processed and entered into a VBM
analysis as per the protocol described in section 2.3. Separate full factorial models
were used to assess associations between vocal sound and emotion identification
accuracy and regional grey matter volume across the patient cohort. Further models
were used to investigate grey matter associations with unbiased hit rates for
identification of individual stimuli categories. Anatomical small volumes covered key
areas in both hemispheres implicated in processing of nonverbal emotional
vocalisations, and affective sounds in general, in the healthy brain (Frühholz et al.
2016; Alcalá-López et al. 2017). Regions of interest, for all contrasts, included areas
involved in sound object processing (superior and middle temporal gyri, inferior
frontal gyrus and thalamus), limbic regions (amygdala, nucleus accumbens and
ventromedial prefrontal cortex), areas implicated in salience processing (anterior
cingulate, insular and orbitofrontal cortices) and regions associated with higher order
socio-emotional cognition (dorsomedial prefrontal gyrus, posterior cingulate cortex,
temporoparietal junction and temporal pole) defined from the Harvard-Oxford Atlas
(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases). Anatomical regions of interest are
depicted in Figure 4.1.

126

Figure 4.1 Anatomical regions of interest

Representative sections of anatomical regions used for multiple voxel-wise
comparisons corrections in region-of-interest analyses based on prior anatomical
hypotheses. Bi-hemispheric regions of interest are rendered on sections of the
average normalised brain template for the combined patient cohort. Regions are
grouped according to broad functional roles (see section 4.4.2 for details). Each
contrast was assessed within each coloured small volume separately.

127

4.5 Results
4.5.1

Neuroanatomical associations of vocal sound and emotion identification

Significant grey matter associations of vocal sound and emotion identification as well
as unbiased hit rates for vocalisations conveying happiness, sadness and fear, across
the entire patient cohort are summarised in Table 4.1; statistical parametric maps are
presented in Figure 4.2 and 4.3.
Across the combined patient cohort, both vocal sound and emotion identification
accuracy were significantly positively associated (PFWE<0.05 within pre-specified
anatomical regions of interest) with grey matter volume in dorsomedial prefrontal
cortex and anterior insula. Vocal sound identification was further positively associated
with grey matter volume in left superior temporal sulcus, posterior insula and dorsal
anterior cingulate cortex whilst emotion identification showed an association with pars
opercularis of right inferior frontal gyrus, left ventromedial prefrontal and ventral
anterior cingulate cortices.
Examining the neuroanatomical correlates of accurate emotion identification for
individual vocalisations, unbiased hit rates for sounds conveying both happiness and
sadness were associated with grey matter volume in left orbitrofrontal, dorsomedial
prefrontal and ventral anterior cingulate cortices. In addition, hit rates for sounds
conveying happiness were associated with grey matter volume in left ventromedial
prefrontal cortex whilst sounds conveying sadness were associated with grey matter
volume in left medial thalamus, nucleus accumbens and dorsal anterior cingulate
cortex. Identification of sounds conveying fear was positively associated with grey
matter volume in bilateral amygdala.
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Table 4.1 Neuroanatomical associations of emotion and sound identification in the
combined patient cohort
Contrast

Region

Side

Cluster Peak (mm)
(voxels) x
y
z

T score

PFWE

Sound

Superior temporal sulcus
Dorsal anterior cingulate
cortex

L

957

-52

-20

-12

5.19

0.004

L

558

-3

-4

34

5.09

0.004

Anterior insula
Dorsomedial prefrontal
cortex

L

247

-32

22

0

4.99

0.005

L

377

-14

21

60

4.40

0.048

Posterior insula

L

40

-42

-10

-8

4.25

0.035

Dorsomedial prefrontal
cortex

L

2656

-12

28

51

5.95

0.001

Anterior insula

L

537

-33

21

-2

5.68

<0.001

Ventral anterior cingulate
cortex

L

372

-9

44

12

5.06

0.004

Ventromedial prefrontal
cortex

L

739

0

45

-12

4.37

0.024

Inferior frontal gyrus: pars
opercularis

R

33

52

12

0

4.08

0.048

Ventromedial prefrontal
cortex

L

943

-4

38

-20

5.23

0.003

Dorsomedial prefrontal
cortex

L

295

-12

54

6

4.48

0.047

Ventral anterior cingulate
cortex

L

30

-12

42

9

4.21

0.038

Orbitrofrontal cortex

L

355

-36

28

-18

4.19

0.042

Dorsomedial prefrontal
cortex

L

355

-4

10

57

6.24

<0.001

Dorsal anterior cingulate
cortex

L

743

-2

9

44

5.45

0.003

Ventral anterior cingulate
cortex

L

930

-2

6

45

5.18

0.003

Orbitrofrontal cortex

L

381

-27

27

-22

4.53

0.013

Nucleus Accumbens

L

93

-12

16

-4

4.47

0.016

Thalamus

L

405

-3

-8

-3

4.09

0.039

R

713

32

-4

-22

7.28

<0.001

L

515

-26

-8

-18

4.93

0.023

Emotion

Happiness

Sadness

Fear

Amygdala

Significant regional grey matter associations of emotion and sound identification
accuracy and unbiased hit rates for vocalisations conveying happiness, sadness and
fear over the combined patient cohort, based on voxel-based morphometry.
Coordinates of local maxima are in standard Montreal Neurological Institute space. P
values were all significant (<0.05) after family-wise error (FWE) correction for
multiple voxel-wise comparisons within pre-specified anatomical regions of interest
(see section 4.4.2 and Figure 4.1 for further details).
129

Figure 4.2 Neuroanatomical associations of sound and emotion identification accuracy across the patient cohort

Statistical parametric maps (SPMs) of regional grey matter volume positively associated with overall sound and emotion identification accuracy
are shown for the combined patient cohort (see also Table 4.1). SPMs are thresholded here at p<0.001 uncorrected over the whole brain for display
purposes and overlaid on representative sections of the normalised study-specific T1-weighted group mean brain MR image. Regional local maxima
were significant at p<0.05FWE corrected for multiple voxel-wise comparisons within pre-specified anatomical regions of interest. The MNI
coordinate (mm) of the plane of each section is indicated and the left cerebral hemisphere is shown on the left for coronal sections and at the top
for the axial section; the colour bars code T values for each SPM.

Figure 4.3 Neuroanatomical associations of emotion identification in vocalisations
conveying happiness, sadness and fear across the patient cohort

Statistical parametric maps (SPMs) of regional grey matter volume positively
associated with unbiased hit rates for emotion identification in vocalisations conveying
happiness, sadness and fear (derived from a voxel-based morphometric analysis) are
shown for the combined patient cohort (see also Table 4.1). SPMs are thresholded
here at p<0.001 uncorrected over the whole brain for display purposes and overlaid on
representative sections of the normalised study-specific T1-weighted group mean
brain MR image. Regional local maxima were significant at p<0.05FWE corrected for
multiple voxel-wise comparisons within pre-specified anatomical regions of interest.
The MNI coordinate (mm) of the plane of each section is indicated and the left cerebral
hemisphere is shown on the left for the coronal section and at the top for axial sections;
the colour bars code T values for each SPM.

4.6 Discussion
In this voxel-based morphometry study, impaired processing of vocal sound and
emotion in the patient cohort was underpinned by regional grey matter atrophy in
partially overlapping yet distinct networks encompassing inferior and orbitofrontal,
cingulate, insular, medial frontal and lateral temporal cortices.
As sound and emotion identification were strongly positively correlated (see section
3.5.4), it is unsurprising that they shared grey matter associations in areas involved
prominently in salience (anterior insula and cingulate) as well as higher order social
cognition (dorsomedial prefrontal cortex). Sound identification was specifically
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associated with brain regions involved in processing of the auditory signal - superior
temporal sulcus is recognised as a voice sensitive area, showing robust responses to
human vocalisations across a wide range relative to acoustic control conditions (Belin
et al. 2000; Scott et al. 2000). Posterior insula receives projections from primary
auditory, auditory association and post-auditory cortices and functional imaging
studies demonstrate that it participates in several key auditory processes, such as
allocating auditory attention, tuning in to novel auditory stimuli, temporal processing,
phonological processing and visual-auditory integration (Bamiou et al. 2003; Uddin et
al. 2017). Whilst the anterior insula serves mainly as an integration/association
auditory area, the posterior insula is thought to primarily act as a sensory area – which
would be consistent with the finding that posterior insula was associated with vocal
sound identification whilst anterior insula was associated with both vocal sound and
emotion identification.
Emotion identification was specifically associated with pars opercularis of the right
inferior frontal gyrus, ventromedial prefrontal cortex and ventral anterior cingulate
cortex. The right inferior frontal cortex has been extensively implicated in cognitive
processing of the emotional value of voices (Ethofer et al. 2012), such as occurs in the
labelling or categorisation of vocal expressions. Whilst left inferior frontal cortex has
been shown to be involved in processing of emotional intonation superimposed on
speech, nonverbal expressions appear to be associated with activation in right inferior
frontal cortex (Meyer et al. 2005).
Within the prefrontal cortex, there appears to be a functional ventral-dorsal gradient
such that increasingly ventral regions are more strongly associated with making
judgements about self, whereas increasingly dorsal regions are more strongly involved
in making judgements about others (Denny et al. 2012). Accordingly, whilst the
ventromedial prefrontal cortex forms part of a functional limbic circuit in the social
brain, dorsomedial prefrontal cortex is involved in a higher association circuit involved
in more complex judgements related to theory of mind (Alcalá-López et al. 2017).
Whilst dorsomedial prefrontal cortex was associated with both sound and emotion
identification, ventromedial prefrontal cortex was exclusively associated with emotion
identification – thus judgements about the emotional content of nonverbal
vocalisations appears to recruit areas required for complex cognitive functions in
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reference to others as well as areas involved in self-referential thought and emotion. It
is possible that this may indicate that vocalisations themselves are likely to elicit
emotional changes in the listener that may in turn aid cognitive evaluation of these
sounds.
The anterior cingulate cortex (ACC) also has a proposed functional division between
ventral and dorsal areas (Stevens et al. 2011). Ventral ACC has extensive connections
to areas known to be important for emotion (e.g., amygdala), autonomic responses
(e.g., lateral hypothalamus, brainstem centres) and reward (e.g., orbitofrontal cortex,
ventral striatum) and as such forms an important part of the network involved in
emotional judgement and appraisal. Dorsal ACC on the other hands has extensive
connections with cognitive (e.g., lateral prefrontal) and motor-related (e.g., premotor
and primary motor) areas of the cortex that are implicated with higher-order aspects of
social cognition such as theory of mind. Indeed, simple emotions have been shown to
activate ventral ACC whilst tasks requiring greater cognitive control and appraisal
appear to activate dorsal ACC (Beckmann et al. 2009).
Further investigation of specific vocalisations revealed further brain regions of
interest. Most strikingly, identification of fear in vocalisations was strongly associated
solely with grey matter volume in bilateral amygdala. The amygdala is a key part of
the limbic system and has a well-documented role in processing of fear from both
lesion studies as well as neuroimaging work (Phelps and LeDoux 2005; Scott et al.
1997). However, its position as a putative ‘fear centre’ in the brain is somewhat
simplistic with accumulating evidence implicating it more widely in processing of
emotionally arousing stimuli, regardless of whether they are pleasant or unpleasant
(Lindquist et al. 2016), suggesting that the amygdala’s prominent role may be the
detection of emotionally arousing cues and subsequent activation of motivational
circuitry to drive a behavioural response. Screaming represents a highly arousing
stimulus that, from a biological perspective, often necessitates rapid behavioural
responses (e.g., running away from a potential threat). As such screams contain a
unique acoustic feature, termed roughness, that has analogues in other biological and
manmade alarms. Roughness corresponds to fast but perceptible amplitude
modulations in the range of 30-150Hz resulting in a temporally salient percept (akin
to strobe lights in the visual domain) which efficiently captures attention, generally
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induces unpleasant sensations and elicits avoidance (Arnal et al. 2019). Importantly,
sounds with increasing roughness elicit greater responses in the amygdala in fMRI
experiments (Arnal et al. 2015). Thus, the amygdala may play a key role in auditory
perception of alarm signals.
In contrast to the focal association of fear identification with the amygdala,
identification of happiness in laughter and sadness in crying were associated with a
broader network of brain regions including orbitofrontal, dorsomedial prefrontal and
ventral anterior cingulate cortices. Crying was specifically further associated with
thalamus, nucleus accumbens and dorsal anterior cingulate cortex.
A thalamocingulate circuit is implicated in mammalian mother-infant attachment
behaviour such as infant crying (MacLean 1990). Whilst adult crying is clearly very
different to infant crying, it has been proposed that the two have a common root as in
both cases they exert a prosocial effect on the listener. Indeed fMRI studies of infant
cry perception in adult humans show activation in medial thalamic nuclei, cingulate,
medial prefrontal and orbitofrontal cortices (Lorberbaum et al. 2002) – mirroring the
areas found in this study associated with perception of sadness in adult crying. The
anterior cingulate cortex in particular has been linked with a state of distress that often
accompanies crying (Bylsma et al. 2019). The involvement of dorsal ACC in
perception of sadness in crying, but not happiness in laughter, may reflect the greater
cognitive load implicated in processing crying. As adult crying is encountered far less
often than laughter, and is subject to greater socio-cultural modifiers, both in
production and interpretation, it may recruit areas implicated in more complex
cognitive processing of social information.
Nucleus accumbens (the core of the ventral striatum) has long been recognised as an
important reward centre, and acts as a ‘limbic-motor’ interface through its input from
an array of limbic structures (including amygdala and prefrontal cortex) and
projections to structures involved in behavioural expression (Mogenson et al. 1980).
Damage to ventral striatum may underlie some of the abnormal reward-related
behaviour seen in FTD such as craving for food, alcohol, drugs and hypersexuality.
Salient to the finding of its association with perception of sadness, it has been
demonstrated that insensitivity to negative information may be a key component of the
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reward-seeking behaviours in bvFTD and may relate to degeneration of structures that
are involved in representing the emotional salience of sensory information (Perry et
al. 2017b). Furthermore, ventral and dorsal striatum appear to important in prosocial
motivation suggesting that an individual must maintain the capacity to experience
reward in order to effectively engage in spontaneous altruism as a component of their
empathic response to others (Shdo et al. 2018). Evidence of the role of nucleus
accumbens in prosocial behaviour is further seen in rats as pharmacological inhibition
of nucleus accumbens results in reduced responses to the calls of stressed conspecifics
(Rogers-Carter et al. 2019).
Limitations with the experimental set up were discussed in the last chapter; however,
there are further factors to consider in this study. The relatively small group size,
particularly in the PPA groups, meant the study was underpowered to investigate
neuroanatomical correlates in each group separately. There are further limitations
inherent to VBM – at a fundamental level it is associational and therefore does not
index neural processes per se. Thus, it is not possible to determine whether grey matter
changes are causally linked to the experimental parameter of interest. Furthermore, it
remains difficult to disentangle true anatomical associations from syndromic atrophy
profiles with VBM, and it is not possible to define altered activity or connectivity in
regions without grey matter volume change. Functional neuroimaging is therefore
necessary to truly detect functional and network level changes in brain activity, to
separate various components of nonverbal emotional processing and to detect
alterations in activity outside regional atrophy profiles that might contribute to
complex socioemotional changes in FTD. VBM and fMRI have complementary roles
– VBM is windowed onto critical areas in which atrophy alters overall system
performance whereas fMRI delineates complete networks engaged in processing but
cannot determine whether activity in a particular region is epiphenomenal (although
correlation of BOLD signal with output behaviours can partly redress this).
Neuroanatomical correlates of sound and emotion identification outline a broad
network incorporating key areas involved in perceptual processing, emotional
judgement and expression and higher order social cognition with important
implications for differentiation between syndromes. These findings illustrate how
different nonverbal emotional vocalisations probe networks implicated in various
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aspects of social behaviour more generally. Furthermore, the unique neuroanatomical
profiles demonstrated for each vocal emotion demonstrates their ability to probe
specific areas of dysfunction in dementia syndromes – for example, the ability to
recognise fear in a scream here emerged as a relatively specific probe of amygdalar
integrity.
In the next chapter, I expand upon these findings using a more fine-grained distinction
of subtypes of laughter, a vocalisation that can be manipulated to communicate a
variety of important emotional and social messages.
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Classification and appraisal of laughter
subtypes in dementia syndromes
5.1 Chapter summary
Laughter is a fundamental communicative signal in our relations with other people and
used to convey a diverse repertoire of social and emotional information. It is therefore
potentially a useful probe of impaired socio-emotional signal processing in
neurodegenerative diseases. Here I investigated the cognitive and affective processing
of laughter systematically in patients representing all major syndromes of FTD in
relation to patients with typical AD and healthy age-matched individuals. I assessed
cognitive labelling (identification) and valence rating (affective evaluation) of samples
of spontaneous (mirthful and hostile) and volitional (posed) laughter versus two
auditory control conditions (a synthetic laughter-like stimulus and spoken numbers).
Neuroanatomical associations of laughter processing were assessed using voxel-based
morphometry of patients’ brain MR images. While all dementia syndromes were
associated with impaired identification of laughter subtypes relative to healthy
controls, this was significantly more severe overall in FTD than in AD and particularly
in bvFTD and svPPA, which also showed abnormal affective evaluation of laughter.
Certain striking syndromic signatures emerged, including enhanced liking for hostile
laughter in bvFTD, impaired processing of synthetic laughter in the nfvPPA
(consistent with a generic complex auditory perceptual deficit) and ‘numerophilia’ in
svPPA. Across the patient cohort, overall laughter identification accuracy correlated
with regional grey matter in a core network encompassing inferior frontal and cinguloinsular cortices; and more specific correlates of laughter identification accuracy were
delineated in cortical regions mediating affective disambiguation (identification of
hostile and posed laughter in orbitofrontal cortex) and authenticity (social intent)
decoding (identification of mirthful and posed laughter in dorsomedial prefrontal
cortex). These findings reveal a rich diversity of cognitive and affective laughter
phenotypes in canonical dementia syndromes and suggest that laughter is an
informative probe of neural mechanisms underpinning socio-emotional dysfunction in
neurodegenerative disease.
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5.2 Introduction
In the previous two chapters I have established how investigation of nonverbal
emotional vocalisations sheds light on more generic processes involved in social and
emotional behaviour. Of the vocalisations studied so far, laughter is arguably the
richest, most universal and socially resonant. It has unique properties that set it apart
from other communicative signals that I will address in the following two chapters.
Laughter is a fundamental communicative signal in humans, yet it is actually
phylogenetically ancient (Provine 2017) with laughter-like vocalisations found in
many of the great apes as well as rats (Panksepp 2007; Davila Ross et al. 2009); in
primates it serves to signal positive affect and affiliation, primarily during play and
social grooming (Provine 2013). It develops in human infants before speech (Scheiner
et al. 2006) and is trans-cultural and socially ubiquitous (Sauter and Eisner 2013;
Sauter et al. 2015). However, we seldom laugh alone, and laughter is extensively
modulated by social context (Scott et al. 2014; Szameitat et al. 2009a; Wildgruber et
al. 2013): besides conveying mirth or conviviality, laughter may be used to taunt an
opponent, express delight in another’s misfortune (schadenfreude) or cover
embarrassment. Even more frequently, laughter is voluntarily generated, or ‘posed’:
unlike spontaneous laughter that is stimulus driven and emotionally tuned, voluntary
laughter is not necessarily associated with any strong emotional experience but may
rather facilitate affiliation or polite agreement (Scott et al. 2014). These laughter types
are distinguished by their acoustic signatures (Szameitat et al. 2011; Szameitat et al.
2009b) and under experimental conditions, healthy subjects can reliably classify
laughter even when non-auditory cues are removed (Szameitat et al. 2009a). However,
because laughter can express wide variation in affect and authenticity within the frame
of a single acoustic carrier, it is an intrinsically ambiguous stimulus: a characteristic
that is mirrored in the multi-dimensionality of natural social scenarios more generally.
Not surprisingly, the neural apparatus responsible for decoding and evaluating such a
complex signal is elaborate. fMRI studies of laughter processing in the healthy brain
have implicated distributed cerebral networks, encompassing superior temporal and
inferior frontal cortices engaged in decoding auditory sequences, mesial temporal and
insular regions mediating sensory-affective integration and emotional reactivity, and
dorsomedial prefrontal and orbitofrontal circuitry that appraises and evaluates
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affective sensory signals (Frühholz et al. 2016; Craig 2009; Lavan et al. 2017;
McGettigan et al. 2015; Wildgruber et al. 2013; Fruhholz and Grandjean 2013).
Together these neural networks reconstitute much of the recently defined human social
brain connectome (Alcalá-López et al. 2017).
As a neuropsychological tool, laughter is well equipped to expose subtle degrees of
socio-emotional dysfunction in people with FTD, who typically struggle to resolve
ambiguity and context in social situations, even while still performing relatively well
on standard neuropsychological tests of emotion recognition (Snowden et al. 2008;
Clark et al. 2017). Moreover, the neural substrates of laughter processing in the healthy
brain are affected early and prominently in the course of major dementias, particularly
FTD (Sivasathiaseelan et al. 2019a; Rohrer 2012), suggesting that laughter may
constitute a neuroanatomically pertinent probe of socio-emotional processing in
dementia. Indeed, neurodegenerative diseases have been linked to abnormalities of
laughter behaviour in daily life. In the context of punctuating conversation, patients
with bvFTD (and also AD) laugh less whereas patients with nfvPPA may laugh more
than their healthy caregivers (Pressman et al. 2017); while patients with bvFTD and
svPPA often laugh inappropriately, for example in response to others’ misfortune
(Clark et al. 2016). However, laughter processing has not been studied systematically
in neurodegenerative disease.
Here I addressed this issue in patients representing canonical FTD syndromes and AD,
referenced to a group of healthy older individuals. I investigated ability to categorise
mirthful and hostile laughter along with posed (volitional) laughter together with a
synthetic, perceptually complex laughter-like stimulus. These stimulus conditions
were designed to allow me to distinguish a hierarchy of potential cognitive deficits,
ranging from primary perceptual (laughter-like signals versus natural laughter)
through semantic emotional categorisations (mirthful versus hostile laughter) to social
cognitive categorisation (posed versus spontaneous laughter). I assessed explicit
identification (perceptual cognitive categorisation) of the laughter subtypes
represented, alongside affective evaluation (valence rating of laughter subtypes) and
in relation to daily life measures of socio-emotional reactivity. Neuroanatomical
associations of laughter identification in the patient cohort were assessed using voxelbased morphometry.
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5.3 Key hypotheses
-

Based on available evidence (Kipps et al. 2009; Clark et al. 2016; Pressman et
al. 2017; Rohrer et al. 2012; Fletcher et al. 2015d), impairments of laughter
processing would be widespread across FTD and AD but would show
dissociated patterns of deficits in different syndromes.

-

More severe deficits would be seen in FTD syndromes than in AD, with a more
elementary deficit of perceptual analysis in nfvPPA and more severe social and
emotional processing deficits in svPPA and bvFTD.

-

Laughter identification in these diseases would have neuroanatomical
correlates in distributed cerebral networks previously implicated in laughter
processing in the healthy socio-emotional brain (Frühholz et al. 2016;
McGettigan et al. 2015; Lavan et al. 2017; Szameitat et al. 2010; Alcalá-López
et al. 2017; Fruhholz and Grandjean 2013), with partially separable correlates
for different laughter subtypes and hub zones for signal salience, affective and
mental state decoding in insula, orbitofrontal and medial prefrontal cortices,
respectively.

5.4 Materials and methods
5.4.1

Participants

47 patients with a syndrome of FTD (13 with nfvPPA, 12 with svPPA and 22 with
bvFTD), 15 patients with AD and 20 healthy control subjects participated in this
experiment. All participants were recruited in accordance with the procedures
described in section 2.1. No participant had a history of significant psychiatric illness
or significant hearing loss. Audiometry was carried out (as described in section 2.1.5)
and composite audiometry scores were used as a covariate in subsequent analysis.
mIRI and RSMS were completed by primary caregivers of patients with FTD
syndromes (see section 2.1.4 for more details).
5.4.2

Sound stimuli

Stimuli used here were selected from a larger corpus of vocalisations as described in
section 2.2. Examples of three major laughter categories of interest were selected:
mirthful (spontaneously reactive; involuntary laughter induced by an intrinsically
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amusing situation), hostile (spontaneous laughter in response to others’ misfortune or
discomfiture, with the effect of taunting or deriding them) and posed (laughter
produced volitionally with a more intentional, communicative purpose, generally in
response to social cues and disproportionate to any felt amusement).
In addition to these natural laughter conditions, two control stimulus conditions were
created to allow interpretation of the affective response elicited by laughter stimuli.
The first control condition was intended to calibrate for the effect of hearing a human
voice, by establishing a baseline vocal condition that did not express any clear
emotion: trials in this condition each comprised one of two male voices reading aloud
a three-digit number with neutral intonation (this verbal carrier was chosen because
nonverbal vocalisations that are not intended to convey emotion can have affective
connotations, as I found with hesitations sounds in chapter 3). The second control
condition was intended to calibrate for the effect of hearing an affectively arousing,
laughter-like signal: trials in this condition comprised samples of spectrally inverted
laughter, synthesised digitally from raw recordings representing each of the laughter
conditions using a previously described algorithm (Goll et al. 2010) (this stimulus
retains the spectrotemporal complexity of laughter but is normally perceived as ‘alien’
and aversive). Stimuli in each of the control conditions were edited digitally to have
the same general acoustic parameters as the laughter stimuli.
The final set of 80 stimuli used in the experiment comprised 16 highly identifiable
examples of each laughter condition (based on piloting in healthy individuals – see
section 2.2.1). Of note, 8 of the samples of mirthful laughter were also used in the
experiment presented in chapter 3.
5.4.3

Laughter identification and assessment of valence

Participants’ ability to identify the type of laughter was determined using a fouralternative multiple-choice labelling task. Auditory stimuli were presented, in
randomised order, as described in section 2.2.3. Following completion of each sound,
participants were asked to decide if the sound represented mirthful (‘happy’), hostile
(‘nasty’), posed (‘fake’) or spectrally inverted (‘computer’) laughter (the spoken
number condition was not presented during this session). Answers could be provided
verbally, by pointing to the option on the screen or by pressing a number on a keyboard
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that corresponded to their chosen answer. Participants were first familiarised with the
task and the laughter labels and practice trials were administered to ensure they
understood, and were able to comply with, the protocol.
Following the laughter identification task, in a separate experimental session,
conducted on a different day, participants listened to the same set of auditory stimuli
under the same conditions; but this time the task on completion of each sound was to
rate its valence on a modified 5-point Likert scale (1, very unpleasant; 5, very
pleasant). The separation of sessions was intended both to avoid the cognitive demands
of dual tasks administered in a single session and to minimise any mutual priming
between affective rating and identification of laughter subtypes. No feedback about
performance was given and no time limits were imposed.
5.4.4

Analysis of clinical and background neuropsychological data

Clinical and behavioural data were analysed in accordance with the general principles
outlined in section 2.4.1.
5.4.5

Acoustic analysis of laughter subtypes

Acoustic parameters of interest were extracted from the three laughter subtypes using
PRAAT© and compared using ANOVAs, with post hoc Bonferroni-corrected paired
t-tests where statistically significant main effects were found (see section 2.2.2 and
Table 2.2 for further details).
5.4.6

Analysis of experimental data

Unbiased hit rates (Hu) were calculated and compared amongst groups and conditions
using a linear regression model, with diagnostic group, condition and their
interactions, along with age, gender, WASI Matrices score and composite audiometry
score as predictor variables. As described in section 2.4.2 robust standard errors were
used to allow for correlated responses by participant for construction of confidence
intervals and hypothesis tests.
Bonferroni-corrected post hoc t-tests were carried out where a joint test of the group
or condition effects or their interaction was statistically significant. An analogous
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approach to that for unbiased hit rates was used to compare valence judgements by
group and condition.
For laughter identification, numbers of each type of error (out of 16) were analysed to
look for any evidence of systematic bias or difference between groups. Separate
logistic regression models were fitted for each error type. These models included age,
gender, WASI matrices and composite audiometry score as well as group as predictor
variables. Since the distribution of the number of errors might not be binomial, robust
Huber-White standard errors were used as above. In cases where the omnibus test of
comparisons amongst groups was statistically significant, pairwise comparisons were
made with Bonferroni adjustment for multiple comparisons as above.
Associations between total laughter identification accuracy and mIRI and RSMS
measures of social behaviour were assessed using Spearman’s rank correlations.
5.4.7

Brain image acquisition and analysis

Each patient had a structural T1 MR brain image acquired, pre-processed and entered
into a VBM analysis as per the protocol described in section 2.3. A full factorial model
was used to assess associations of grey matter volume with overall laughter
identification score (percentage of all laughter trials accurately identified) for the
combined patient cohort. In addition, grey matter associations with unbiased hit rates
for each laughter subtype were assessed in separate models, across the combined
patient cohort. Age, total intracranial volume and WASI Matrices score were
incorporated as covariates of no interest in all models. Statistical parametric maps of
regional grey matter associations were assessed at threshold p<0.05 after family-wise
error (FWE) correction for multiple voxel-wise comparisons over the whole brain.

5.5 Results
5.5.1

General participant characteristics

Demographic, clinical and neuropsychological characteristics of the participant groups
are summarised in Table 5.1. Participant groups did not differ significantly in mean
age [F(4,77)=2.24, p=0.07], gender distribution [c2(4)=2.02, p=0.73], years of
education [F(4,77)=1.12, p=0.35] or composite audiometry score [F(4,77)=2.09,
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p=0.09]. Mean duration of symptoms was not significantly different between the
patient groups [F(3,58)=2.19, p=0.10]. General neuropsychological profiles were
consistent with the syndromic diagnosis in each patient group.
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Table 5.1 Demographic, clinical and neuropsychological characteristics of participant
groups
Characteristic
Demographic
No. (male:female)
Age (years)
Handedness (right:left)
Education (years)
MMSE (/30)
Symptom duration
(years)
Genetic mutations (no.)

Controls

AD

nfvPPA

svPPA

bvFTD

12:8
65.3 (6.3)
19:1
14.8 (3.1)
29.5 (0.9)
N/A

8:7
70.8 (6.2)
13:2
14.1 (2.5)
20.1 (5.9)
6.9 (2.9)

7:6
69.3 (10.0)
12:1
12.9 (2.4)
22.1 (7.2)
4.9 (1.3)

7:5
66.8 (7.2)
12:0
13.4 (2.5)
21.6 (7.2)
7.1 (2.4)

16:6
66.5 (6.2)
21:1
14.3 (3.0)
24.8 (4.8)
7.0 (3.0)

N/A

0

2 GRN

0

No. taking donepezil
No. taking
antidepressants
Audiometry score
Neuropsychological
Episodic memory
RMT words (/50)
RMT faces (/50)
Executive skills
WASI Block Design
(/71)
WASI Matrices (/32)
D-KEFS Stroop:
colour naming (s)
word reading (s)
interference (s)
Trails A (s)
Trails B (s)

0
0

10
5

0
3

0
3

4 MAPT
3 C9orf72
2 GRN
0
6

26.3 (5.1)

30.7 (6.8)

29.5 (6.8)

27.7 (6.1)

32.2 (7.7)

48.3 (2.0)
42.5 (5.3)

30.4 (6.0)
31.2 (7.8)

34.0 (8.9)
34.9 (6.9)

33.3 (7.8)
29.3 (2.8)

36.4 (8.7)
34.2 (8.1)

47.3 (12.4)

12.6 (8.2)c,d

17.3 (16.0)c,d

38.8 (17.3)

32.4 (13.1)

25.7 (4.2)

11.9 (6.1)c

15.1 (9.5)c

25.8 (4.7)

18.2 (8.8)c

29.6 (5.5)
22.1 (4.6)
57.3 (17.8)
27.1 (6.1)
67.2 (29.9)a,b,d

58.9 (18.4)
46.7 (24.4)b
139.3 (42.5)
98.7 (42.1)
251.7 (73.1)

76.1 (17.7)
65.5 (24.2)
151.5 (44.6)
77.3 (52.7)
177.5 (86.6)

51.6 (22.5)b
34.7 (12.2)b
99.4 (44.5)a,b
49.0 (18.5)a
168.5
(100.1)a

44.7 (18.0)b
29.5 (15.2)b
93.8 (44.4)a,b
54.1 (36.2)a
168.6 (93.1)a

70.1 (4.9)
147.4 (1.0)

51.9 (16.7)
124.5 (29.2)

22.5 (20.3)a,d
109.9 (48.7)

49.7 (19.2)
122.4 (41.5)

25.1 (2.8)

12.9 (8.0)

12.2 (7.2)

25.8 (20.1)
64.1
(42.9)a,b,d
1.5 (4.5)a,b,d

15.9 (4.9)
18.2 (1.3)

4.5 (5.6)c
15.7 (3.0)

6.8 (7.5)
13.8 (5.0)

12.1 (5.6)
15.4 (3.1)

8.6 (6.1)
15.6 (3.7)

Language skills
WASI vocabulary (/80)
BPVS (/150)
GNT (/30)
Other skills
GDA (/24)
VOSP (/20)

14.6 (9.8)

Significant differences (pbonf<0.05) from healthy control values are indicated in bold;
a=significantly less than AD; b=significantly less than nfvPPA; c=significantly less
than svPPA; d=significantly less than bvFTD.
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5.5.2

Identification of laughter subtypes

Laughter identification accuracy data (unbiased hit rates) for participant groups and
experimental conditions are presented in Figure 5.1 and Table 5.2 .The linear
regression model showed strong evidence of main effects on unbiased laughteridentification hit rate of participant group [F(4)=145.64; p<0.001] and laughter
condition [F(3)=788.30; p<0.001] and an interaction between them [F(12)=77.10;
p<0.001]. Differences between each patient group and the healthy control group are
presented in Figure 5.2.
Mirthful laughter was more accurately identified by both the healthy control and AD
groups than by all three FTD syndromic groups (all pbonf<0.001) but there was no
significant difference between the control and AD groups (pbonf=0.213). Hostile and
posed laughter were more accurately identified by the healthy control group than by
all patient groups (all pbonf<0.001), and more accurately identified by the AD group
than by all three FTD groups (all pbonf<0.05). Comparing between FTD syndromic
groups, the svPPA group was less accurate identifying posed laughter than both the
nfvPPA and bvFTD groups (both pbonf<0.001) whilst the bvFTD group were less
accurate identifying hostile laughter than both the nfvPPA and svPPA groups (both
pbonf≤0.01). For identification of spectrally inverted laughter, the healthy control group
performed at ceiling; the nfvPPA group was less accurate than all other groups (all
pbonf<0.04) and the AD group was less accurate than both the control and bvFTD
groups (both pbonf<0.03).
Within-group comparisons comparing identification of different laughter subtypes are
detailed in Table 5.3. All participant groups were more accurate identifying spectrally
inverted laughter than all other laughter-subtypes (all pbonf<0.001). In addition, the AD
group was more accurate identifying mirthful laughter than hostile or posed laughter
(both pbonf<0.001); while the svPPA group was more accurate identifying mirthful
laughter than posed laughter and the bvFTD group was less accurate identifying hostile
laughter than all other laughter subtypes (all pbonf<0.001).
Profiles of laughter identification and misidentification are presented in Figure 5.3,
whilst numbers of each error type along with odds rations are presented in Table 5.4.
Most saliently, the bvFTD group confused mirthful with hostile laughter more often
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than did all other participant groups; while the svPPA group confused mirthful and
hostile laughter with posed laughter more often than did all other participant groups.
5.5.3

Association between laughter identification accuracy and questionnaire
measures of social and emotional behaviour

Across the FTD cohort (20 bvFTD, 13 nfvPPA and 12 svPPA) there was a significant
positive correlation between total laughter identification accuracy and both mIRI (rho
0.88, p<0.001) and RSMS (rho 0.69, p<0.001) scores. Whilst this positive correlation
between laughter identification accuracy and both mIRI and RSMS was statistically
significant in the bvFTD (mIRI rho 0.90, p<0.001; RSMS rho 0.68, p<0.001) and
svPPA groups (mIRI rho 0.87, p=0.002; RSMS rho 0.67, p=0.02), it was not
statistically significant in the nfvPPA group (mIRI rho 0.53, p=0.06; RSMS rho 0.43,
p=0.14).
5.5.4

Perceived valence of auditory stimuli

Perceived valence of auditory stimuli by participant group and sound condition are
presented in Figure 5.1 and Table 5.5. The linear regression model showed strong
evidence of a main effect of experimental condition [F(4)=618.77; p<0.001] though
participant group did not quite reach statistical significance [F(4)=2.41; p=0.056].
There was however a significant interaction between the effect of participant group
and experimental condition [F(16)=45.73; p<0.001]. Differences between each patient
group and the healthy control group are presented in Figure 5.2.
Compared with the healthy control group, each of the FTD syndromic groups found
mirthful laughter significantly less pleasant and hostile laughter significantly more
pleasant (all pbonf≤0.001; there were no significant differences between the healthy
control and AD groups (all pbonf>0.3). The AD group found mirthful laughter
significantly more pleasant than did each of the FTD syndromic groups and hostile
laughter less pleasant than did the svPPA and bvFTD groups (all pbonf≤0.001).
Comparing between FTD syndromic groups, the nfvPPA group found mirthful
laughter significantly more pleasant and hostile laughter less pleasant than did the
svPPA and bvFTD groups, while the bvFTD group also found hostile laughter
significantly more pleasant than did the svPPA group (all pbonf≤0.001). There were no
statistically significant differences in pleasantness ratings for posed or spectrally
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inverted laughter between the groups (all pbonf>0.3). However, the svPPA group found
the spoken number control condition significantly more pleasant than did all other
groups (all pbonf≤0.001).
Within-group profiles are detailed in Table 5.3. In summary, the healthy control, AD
and nfvPPA groups found mirthful laughter significantly more pleasant than posed
laughter and hostile laughter less pleasant than both mirthful and posed laughter.
Conversely, the bvFTD group found hostile laughter significantly more pleasant than
posed or mirthful laughter. All groups found spectrally inverted laughter the least
pleasant sound. The svPPA group found spoken numbers significantly more pleasant
than all other sounds apart from mirthful laughter (although this also approached
statistical significance [pbonf=0.058]).
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Figure 5.1 Individual data plots for identification accuracy and affective valuation for each laughter condition, across participant groups

The panels represent experimental laughter conditions (mirthful, hostile, posed) and the spectrally inverted laughter (inverted) control condition.
Plotted on each panel are individuals’ raw laughter identification accuracy scores (indexed as the unbiased hit rate) or affective valence ratings (on
a 5-point Likert scale: 1, very unpleasant; 5, very pleasant) within each participant group. AD, patient group with typical AD; BV, patient group
with bvFTD; HC, healthy control group; NFV, patient group with nfvPPA; SV, patient group with svPPA.

Table 5.2 Unbiased hit rates for identification of laughter subtypes and comparisons between participant groups
Condition
Mirthful

Hostile

Posed

Inverted

Group
Controls
AD
nfvPPA
svPPA
bvFTD
Controls
AD
nfvPPA
svPPA
bvFTD
Controls
AD
nfvPPA
svPPA
bvFTD
Controls
AD
nfvPPA
svPPA
bvFTD

Hu
Mean (SD)
76.1 (15.1)
59.7 (11.4)
33.8 (14.6)
26.1 (7.9)
19.4 (7.5)
74.6 (12.7)
44.8 (9.5)
27.2 (12.3)
18.7 (10.5)
5.5 (4.9)
73.9 (12.5)
47.4 (11.9)
35.4 (13.1)
15.5 (5.0)
30.9 (17.7)
100 (0)
86.9 (6.1)
81.5 (7.9)
95.3 (3.9)
97.2 (3.7)

Controls
Difference (CI)

P

AD
Difference (CI)

P

nfvPPA
Difference (CI)

P

svPPA
Difference (CI)

P

-11.2 (-24.9, 2.6)
-38.8 (-54.3, -23.3)
-49.4 (-60.7, -38.1)
-54.5 (-65.5, -43.6)

0.213
<0.001
<0.001
<0.001

-27.7 (-41.2, -14.1)
-38.3 (-49.3, -27.3)
-43.4 (-53.1, -33.6)

<0.001
<0.001
<0.001

-10.6 (-23.6, 2.4)
-15.7 (-27.8, -3.6)

0.210
0.003

-5.1 (-13.2, 3.1)

0.750

-24.6 (-36.4, -12.9)
-44.0 (-58.8, -29.1)
-55.2 (-67.0, -43.6)
-66.9 (-75.5, -58.3)

<0.001
<0.001
<0.001
<0.001

-19.3 (-31.8, -6.9)
-30.7 (-43.0, -18.4)
-42.3 (-50.4, -34.2)

<0.001
<0.001
<0.001

-11.3 (-26.5, 3.8)
-23.0 (-34.7, -11.2)

0.342
<0.001

-11.6 (-21.5, -1.8)

0.010

-21.2 (-34.8, -7.6)
-35.0 (-50.3, -20.0)
-57.8 (-67.1, -48,5)
-40.8 (-54.6, -27.1)

<0.001
<0.001
<0.001
<0.001

-13.8 (-27.4, -0.3)
-36.6 (-47.8, -25.3)
-19.6 (-33.1, -6.1)

0.043
<0.001
0.001

-22.7 (-35.7, -9.8)
-5.8 (-20.7, 9.2)

<0.001
1.00

17.0 (5.3, 28.6)

0.001

-7.9 (-15.2, -0.5)
-15.1 (-20.4, -9.7)
-4.0 (-8.5, 0.5)
-0.6 (-4.4, 3.1)

0.028
<0.001
0.122
1.00

-7.2 (-14.0, -0.4)
3.9 (-4.0, 11.7)
7.3 (0.8, 13.8)

0.031
1.00
0.018

11.1 (5.0, 17.1)
14.5 (9.2, 19.7)

<0.001
<0.001

3,4 (-1.7, 8.5)

0.591

Mean (standard deviation) and adjusted differences between groups (with 95% confidence intervals) are shown for unbiased hit rate (Hu) of each
laughter condition. P values and CI are Bonferroni-corrected for multiple pairwise comparisons. Significant (pbonf<0.05) are shown in bold

Figure 5.2 Identification accuracy and affective valuation of laughter conditions: patient groups versus healthy controls

The panels represent experimental laughter conditions (mirthful, hostile, posed) and the spectrally inverted laughter (inverted) control condition.
Plotted on each panel are mean differences (with 95% confidence intervals) in unbiased hit rates [Hu] (top panels) or rated valence (bottom panels)
between each patient group and the healthy control group. The horizontal dashed line on each panel indicates no difference between patient group
and heathy control group. AD, patient group with typical AD; BV, patient group with bvFTD; HC, healthy control group; NFV, patient group with
nfvPPA; SV, patient group with svPPA.

Table 5.3 Within-group comparisons of unbiased hit rates and valence ratings between experimental conditions
Comparison

Controls
Difference (CI)

Laughter identification
Mirthful vs Hostile
1.5 (-5.8, 8.7)
Mirthful vs Posed
2.3 (-5.2, 9.7)
Mirthful vs Inverted
-23.9 (-33.1, -14.6)
Hostile vs Posed
0.8 (-8.6, 10.2)
Hostile vs Inverted
-25.4 (-33.2, -17.5)
Posed vs Inverted
-26.1 (-33.8, -18.5)
Laughter valence rating
Mirthful vs Hostile
2.05 (1.81, 2.28)
Mirthful vs Posed
0.87 (0.70, 1.03)
Mirthful vs Inverted
2.73 (2.46, 3.00)
Mirthful vs Numbers 1.06 (0.88, 1.24)
Hostile vs Posed
-1.18 (-1.34, -1.02)
Hostile vs Inverted
0.68 (0.41, 0.95)
Hostile vs Numbers
-0.99 (-1.19, -0.79)
Posed vs Inverted
1.86 (1.62, 2.10)
Posed vs Numbers
0.19 (0.06, 0.33)
Inverted vs Numbers -1.67 (-1.91, -1.43)

P

AD
Difference (CI)

P

nfvPPA
Difference (CI)

P

svPPA
Difference (CI)

P

bvFTD
Difference (CI)

P

1.00
1.00
<0.001
1.00
<0.001
<0.001

14.9 (5.5, 24.3)
12.3 (5.2, 19.4)
-27.1 (-35.7, -18.5)
-2.6 (-11.2, 6.0)
-42.1 (-50.5, -33.7)
-39.5 (-47.9, -31.0)

<0.001
<0.001
<0.001
1.00
<0.001
<0.001

6.6 (-4.4, 17.7)
-1.5 (-13.2, 10.1)
-47.6 (-58.5, -36.8)
-8.1 (-14.1, -2.2)
-54.2 (-64.4, -44.1)
-46.1 (-56.6, -35.6)

0.652
1.00
<0.001
0.002
<0.001
<0.001

7.3 (-0.4, 15.1)
10.6 (5.8, 15.4)
-69.3 (-75.2, -63.4)
3.3 (-3.8, 10.3)
-76.6 (-85.7, -67.6)
-79.9 (-84.1, -75.6)

0.076
<0.001
<0.001
1.00
<0.001
<0.001

13.9 (9.0, 18.8)
-11.4 (-23.1, 0.2)
-77.8 (-83.4, -72.1)
-25.3 (-35.6, -15.0)
-91.7 (-95.2, -88.1)
-66.3 (-76.2, -56.5)

<0.001
0.058
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.001
<0.001

1.75 (1.59, 1.91)
0.73 (0.57, 0.89)
2.47 (2.22, 2.72)
0.97 (0.82, 1.13)
-1.02 (-1.20, -0.84)
0.72 (0.53, 0.91)
-0.78 (-0.93, -0.63)
1.74 (1.51, 1.98)
0.24 (0.17, 0.32)
-1.50 (-1.70, -1.30)

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

1.23 (0.99, 1.48)
0.42 (0.16, 0.68)
2.36 (2.15, 2.57)
0.59 (0.31, 0.87)
-0.81 (-1.01, -0.61)
1.13 (0.96, 1.30)
-0.63 (-0.91, -0.37)
1.93 (1.69, 2.19)
0.17 (0.01, 0.43)
-1.77 (-2.03, -1.50)

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.608
<0.001

0.27 (0.04, 0.50)
0.03 (-0.18, 0.24)
1.73 (1.42, 2.04)
-0.47 (-0.94, 0.01)
-0.24 (-0.42, -0.06)
1.46 (1.20, 1.72)
-0.74 (-1.12, -0.35)
1.70 (1.38, 2.02)
-0.50 (-0.88. -0.12)
-2.20 (-2.76, -1.64)

0.009
1.00
<0.001
0.059
0.003
<0.001
<0.001
<0.001
0.003
<0.001

-0.74 (-1.06, -0.43)
-0.09 (-0.41, 0.23)
1.48 (1.11, 1.86)
-0.02 (-0.32, 0.28)
0.65 (0.34, 0.96)
2.22 (1.88, 2.57)
0.72 (0.41, 1.03)
1.57 (1.25, 1.90)
0.07 (-0.225, 0.39)
-1.50 (-1.83, -1.17)

<0.001
1.00
<0.001
1.00
<0.001
<0.001
<0.001
<0.001
1.00
<0.001

Differences (with 95% confidence intervals) are shown for identification accuracy (indexed as unbiased hit rate) and valence of each sound
condition within each group. P values and CI are Bonferroni corrected for multiple pairwise comparisons. Statistically significant differences
(pbonf<0.05) are shown in bold.
.

Figure 5.3 Cognitive labelling of each laughter condition, across participant groups

Participant group profiles of laughter labelling are shown in separate panels
corresponding to each ‘target’ laughter condition. Percentages of each response given
(averaged across all participants within each group) are indicated; response categories
are coded as colours: white, ‘mirthful’; black, ‘hostile’; grey, ‘posed’
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Table 5.4 Summary of error analysis: laughter condition confusions and comparisons between participant groups
Group

Error number (SD)

OR
Mirthful misidentified as hostile
Control 0.7 (1.2)
AD
1.5 (1.1)
2.50
nfvPPA 4.1 (1.5)
8.31
svPPA
2.1 (1.5)
3.19
bvFTD 6.1 (2.0)
14.83
Mirthful misidentified as posed
Control 0.9 (1.2)
AD
1.0 (0.76)
1.02
nfvPPA 2.5 (1.5)
2.88
svPPA
5.2 (1.6)
8.11
bvFTD 1.5 (1.3)
1.75
Hostile misidentified as mirthful
Control 1.4 (1.4)
AD
2.9 (1.6)
1.70
nfvPPA 4.7 (2.1)
3.41
svPPA
3.4 (1.3)
2.72
bvFTD 10.9 (1.9)
19.5
Hostile misidentified as posed
Control 1.2 (1.0)
AD
2.9 (1.5)
2.58
nfvPPA 2.7 (2.8)
2.43
svPPA
7.1 (1.7)
10.35
bvFTD 1.9 (1.4)
1.59

Control
CI

AD

nfvPPA

svPPA

P

OR

CI

P

OR

CI

P

OR

CI

P

0.73, 8.60
2.53, 27.32
0.94, 10.85
4.78, 46.02

0.367
<0.001
0.077
<0.001

3.32
1.28
5.92

1.70, 6.48
0.56, 2.92
3.25, 10.80

<0.001
1.00
<0.001

0.38
1.78

0.18, 0.82
1.07, 2.98

0.004
0.016

4.64

2.27, 9.48

<0.001

0.29, 3.64
0.86, 9.61
2.97, 22.15
0.54, 5.64

1.00
0.139
<0.001
1.00

2.82
7.94
1.71

1.35, 5.91
3.52, 17.93
0.76, 3.88

0.001
<0.001
0.648

2.82
0.61

1.39, 5.69
0.29, 1.27

<0.001
0.589

0.22

0.10, 0.47

<0.001

0.60, 4.80
1.20, 9.67
1.29, 5.74
8.63, 43.98

1.00
0.010
0.002
<0.001

2.01
1.60
11.47

1.05, 3.84
0.71, 3.61
6.02, 21.87

0.026
1.00
<0.001

0.80
5.71

0.35, 1.80
3.00, 10.90

1.00
<0.001

7.15

3.93, 13.02

<0.001

0.88, 7.64
0.57, 10.32
5.50, 19.47
0.68, 3.71

0.138
0.854
<0.001
1.00

0.94
4.00
0.61

0.35, 2.51
1.60, 9.99
0.28, 1.34

1.00
<0.001
0.777

4.26
0.65

1.15, 15.84
0.21, 2.02

0.019
1.00

0.15

0.08, 0.31

<0.001

Group

Error number (SD)

Posed misidentified as mirthful
Control 1.5 (1.4)
AD
3.0 (1.9)
nfvPPA 3.2 (1.5)
svPPA
6.5 (1.7)
bvFTD 3.9 (2.6)
Posed misidentified as hostile
Control 1.1 (0.9)
AD
2.3 (0.9)
nfvPPA 3.6 (1.5)
svPPA
2.8 (1.5)
bvFTD 4.9 (1.5)

OR

Control
CI

P

OR

CI

AD
P

OR

CI

nfvPPA
P

OR

CI

svPPA
P

1.25
1.54
6.29
2.33

0.47, 3.31
0.62, 3.81
2.95, 13.38
0.95, 5.71

1.00
1.00
<0.001
0.078

1.23
5.04
1.87

0.61, 2.48
2.41, 10.55
0.93, 3.77

1.00
<0.001
0.119

4.09
1.52

2.20, 7.61
0.80, 2.89

<0.001
0.693

0.37

0.19, 0.71

<0.001

2.85
4.70
3.11
6.75

1.29, 6.30
2.05, 10.76
1.40, 6.89
3.35, 13.57

0.002
<0.001
0.001
<0.001

1.65
1.09
2.37

1.06, 2.58
0.58, 2.05
1.55, 3.62

0.017
1.00
<0.001

0.66
1.43

0.34, 1.28
0.89, 2.32

0.800
0.345

2.17

1.24, 3.80

<0.001

Mean (standard deviation) numbers of each error type with pairwise comparisons expressed as adjusted odds ratios (with 95% confidence
intervals). P values and CI are Bonferroni corrected for multiple pairwise comparisons. Statistically significant odds ratios (pbonf<0.05) are
shown in bold.

Table 5.5 Valence ratings of sound stimulus conditions and comparisons between participant groups
Condition
Mirthful

Hostile

Posed

Inverted

Numbers

Group
Controls
AD
nfvPPA
svPPA
bvFTD
Controls
AD
nfvPPA
svPPA
bvFTD
Controls
AD
nfvPPA
svPPA
bvFTD
Controls
AD
nfvPPA
svPPA
bvFTD
Controls
AD
nfvPPA
svPPA
bvFTD

Valence
Mean (SD)
4.13 (0.27)
4.01 (0.18)
3.67 (0.18)
3.21 (0.34)
3.02 (0.38)
2.09 (0.24)
2.26 (0.19)
2.44 (0.25)
2.94 (0.19)
3.76 (0.44)
3.27 (0.17)
3.28 (0.09)
3.25 (0.23)
3.18 (0.24)
3.11 (0.46)
1.41 (0.32)
1.53 (0.27)
1.31 (0.27)
1.48 (0.42)
1.54 (0.47)
3.08 (0.11)
3.04 (0.06)
3.08 (0.23)
3.68 (0.40)
3.04 (0.25)

Controls
Difference (CI)

P

AD
Difference (CI)

P

nfvPPA
Difference (CI)

P

svPPA
Difference (CI)

P

-0.12 (-0.37, 0.13)
-0.44 (-0.69, -0.20)
-0.93 (-1.27, -0.59)
-1.11 (-1.41, -0.80)

1.00
<0.001
<0.001
<0.001

-0.32 (-0.52, -0.13)
-0.81 (-1.14, -0.47)
-0.99 (-1.27, -0.70)

<0.001
<0.001
<0.001

-0.48 (-0.81, -0.15)
-0.66 (-0.94, -0.39)

0.001
<0.001

-0.18 (-0.55, 0.19)

1.00

0.18 (-0.05, 0.42)
0.37 (0.11, 0.64)
0.85 (0.64, 1.07)
1.68 (1.39, 1.98)

0.302
0.001
<0.001
<0.001

0.19 (-0.04, 0.43)
0.67 (0.43, 0.91)
1.50 (1.17, 1.84)

0.190
<0.001
<0.001

0.48 (0.21, 0.74)
1.31 (0.97, 1.65)

<0.001
<0.001

0.83 (0.54, 1.12)

<0.001

0.02 (-0.16, 0.20)
-0.00 (-0.24, 0.24)
-0.09 (-0.32, 0.14)
-0.15 (-0.43, 0.13)

1.00
1.00
1.00
1.00

-0.02 (-0.22, 0.18)
-0.11 (-0.36, 0.14)
-0.17 (-0.49, 0.16)

1.00
1.00
1.00

-0.09 (-0.39, 0.21)
-0.15 (-0.50, 0.20)

1.00
1.00

-0.06 (-0.39, 0.27)

1.00

0.14 (-0.17, 0.44)
-0.08 (-0.39, 0.24)
0.07 (-0.33, 0.47)
0.14 (-0.20, 0.48)

1.00
1.00
1.00
1.00

-0.21 (-0.50, 0.08)
-0.07 (-0.47, 0.33)
0.00 (-0.38, 0.38)

0.360
1.00
1.00

0.15 (-0.26, 0.55)
0.22 (-0.15, 0.58)

1.00
0.906

0.07 (-0.36, 0.50)

1.00

-0.03 (-0.19, 0.13)
0.02 (-0.20, 0.25)
0.60 (0.26, 0.94)
-0.03 (-0.22, 0.16)

1.00
1.00
<0.001
1.00

0.05 (-0.15, 0.26)
0.63 (0.27, 1.00)
0.01 (-0.17, 0.18)

1.00
<0.001
1.00

0.58 (0.18, 0.97)
-0.05 (-0.29, .20)

0.001
1.00

-0.63 (-1.00, -0.25)

<0.001

Mean (standard deviation) and adjusted differences between groups (with 95% confidence intervals) are shown for valence ratings of each
sound condition. P values and CI are Bonferroni corrected for multiple pairwise comparisons. Statistically significant differences (pbonf<0.05)
are shown in bold.

5.5.5

Differences in acoustic parameters between laughter stimuli

Acoustic parameters of laughter stimuli, and differences between them are presented
in Table 5.6. Mean fundamental frequency was higher in mirthful than both hostile
and posed laughter whilst fundamental frequency range and slope were higher in both
mirthful and hostile laughter compared to posed laughter. Centre of gravity,
harmonics-to-noise ratio, first formant mean and the percentage of unvoiced segments
were also greater in mirthful and hostile laughter than posed. The second formant was
greater in the mirthful than hostile and posed laughter and greater in posed than hostile
laughter.
Table 5.6 Acoustic parameters of laughter stimuli: comparisons between conditions
Laughter parameter

Mirthful

Hostile

Posed

Statistic

Duration (s)

2.05 (0.15)

2.02 (0.01)

2.03 (0.07)

F=0.39, p=0.677

F0 (Hz)

558.12 (102.94)a,b

404.55 (121.16)

500.06 (176.79)

F=8.66, p=0.0007

F0 range (Hz)

619.36 (122.02) a

627.84 (174.32) a

470.92 (142.76)

F=5.69, p=0.0062

Slope (Hz)

1910.09 (707.36) a

1832.99 (701.37) a

1117.74 (454.78)

F=7.64, p=0.0014

CoG (dB)

1396.24 (504.09) a

1440.39 (323.46) a

1021.84 (310.84))

F=5.57, p=0.0069

HNR

8.81 (1.91) a

9.53 (2.99) a

2.45 (1.98)

F=44.29, p<0.001

F1

1022.78 (247.59) a

1014.77 (94.90) a

868.15 (86.62)

F=4.68, p=0.0143

F2

1764.92 (80.72) a,b

1562.55 (102.41)

1692.60 (56.52)b

F=24.99, p<0.001

% unvoiced segments

47.70 (16.50) a

56.87 (17.95) a

32.16 (17.39)

F=8.35, p=0.0008

The table shows mean (standard deviation) data for key acoustic parameters of each
laughter stimulus condition and statistics on comparisons between laughter conditions
based on ANOVAs, with post hoc Bonferroni-corrected paired t-tests where
statistically significant main effects were found. Statistically significant differences
(post hoc pbonf<0.05) between laughter conditions on parameters of interest are coded
as follows: asignificantly greater than posed laughter; bsignificantly greater than hostile
laughter. See section 2.2.2 for details of acoustic parameters.
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5.5.6

Neuroanatomical associations of laughter identification

Significant grey matter associations of overall laughter identification accuracy and
unbiased hit rates for each laughter condition, across the entire patient cohort are
summarised in Table 5.7; statistical parametric maps are presented in Figure 5.4
Across the combined patient cohort, overall laughter identification accuracy was
significantly positively associated (PFWE<0.05 over the whole brain) with grey matter
volume in the left pars orbitalis of inferior frontal gyrus, dorsomedial prefrontal cortex,
medio-dorsal thalamus and posterior insula and in bilateral anterior insula. Examining
the neuroanatomical correlates of accurate identification of particular laughter
subtypes in the combined patient cohort, unbiased hit rates for mirthful, hostile and
posed laughter were all significantly positively associated (PFWE<0.05 over the whole
brain) with grey matter volume in the left pars orbitalis of inferior frontal gyrus and
anterior insula. In addition, hit rates for mirthful laughter were significantly positively
associated with grey matter in left anterior cingulate cortex and posterior middle
temporal gyrus, hit rates for hostile laughter were significantly positively associated
with grey matter in right posterior insula and left orbitofrontal cortex, while hit rates
for posed laughter were significantly positively associated with grey matter in left
dorsomedial prefrontal, anterior cingulate and orbitofrontal cortices.
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Table 5.7 Neuroanatomical associations of laughter identification in the combined
patient cohort
Contrast Region
Overall

Inferior frontal gyrus:
pars orbitalis
Anterior insula

Posterior insula
Dorsomedial prefrontal
cortex
Medio-dorsal thalamus
Mirthful Inferior frontal gyrus:
pars orbitalis
Anterior insula
Anterior cingulate
cortex
Posterior middle
temporal gyrus
Hostile
Anterior insula

Posed

Inferior frontal gyrus:
pars orbitalis
Posterior insula
Orbitofrontal cortex
Dorsomedial prefrontal
cortex
Inferior frontal gyrus:
pars orbitalis
Anterior cingulate
cortex
Orbitofrontal cortex
Anterior insula

Side Cluster Peak (mm)
(voxels) x
y
z

T score PFWE

L

119

-34

21

-12

7.29

<0.001

L
R
L

183
49
18

-39
36
-40

4
8
-6

6
8
8

6.37
5.77
5.61

0.002
0.010
0.016

L

17

-4

39

40

5.78

0.010

L

23

0

-16

3

5.69

0.013

L

2350

-36

21

-10

9.41

<0.001

R

998

42

21

-6

7.05

<0.001

L

33

-4

9

44

6.37

0.002

L

15

-50

-64

14

L
R

267
11

-39
40

6
3

4
6

7.00
5.46

<0.001
0.002

L

84

-34

20

-12

6.80

<0.001

R
L

27
14
24
30

40
-33
-3
-4

-8
12
45
39

10
-18
28
40

5.77
5.63
6.57
5.68

0.01
0.015
<0.001
0.012

L

50

-34

21

-12

6.35

0.002

L

64

-6

40

21

6.10

0.003

L
L

61
47

-27
-42

28
3

-22
3

5.83
5.79

0.008
0.009

L

5.77

0.01

Significant regional grey matter associations of overall laughter identification
accuracy and unbiased hit rates (see text) for each laughter condition over the
combined patient cohort, based on voxel-based morphometry. All clusters with extent
larger than 10 voxels are shown. Coordinates of local maxima are in standard Montreal
Neurological Institute space. P values were all significant (<0.05) after family-wise
error (FWE) correction for multiple voxel-wise comparisons over the whole brain.
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Figure 5.4 Neuroanatomical associations of laughter identification accuracy across the
patient cohort

Statistical parametric maps (SPMs) of regional grey matter volume positively
associated with overall laughter identification accuracy and accuracy of identification
of particular laughter subtypes (derived from a voxel-based morphometric analysis)
are shown for the combined patient cohort (see also Table 2). SPMs are overlaid on
representative sections of the normalised study-specific T1-weighted group mean
brain MR image, thresholded at p<0.05FWE corrected for multiple voxel-wise
comparisons over the whole brain. The MNI coordinate (mm) of the plane of each
section is indicated and the left cerebral hemisphere is shown on the left for coronal
sections and at the top for axial sections; the colour bars code T values for each SPM.
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5.6 Discussion
Relative to healthy older individuals, patients with major syndromes of FTD and AD
exhibit richly differentiated profiles of impaired cognitive and affective processing of
laughter. While all dementia syndromes demonstrated impaired identification of
laughter subtypes, this was more severe overall in FTD syndromes (particularly svPPA
and bvFTD) than in AD. A qualitatively similar differentiation was found for the
affective evaluation of laughter: this was normal in AD but severely affected in bvFTD
and svPPA. Dementia syndromes were further stratified based on the processing of
particular laughter subtypes. Impaired processing of mirthful and hostile laughter was
a hallmark of FTD syndromes compared with both healthy controls and patients with
AD. The bvFTD group in particular frequently confused mirthful and hostile laughter
and demonstrated an abnormal liking for unpleasant (hostile) laughter. Impaired
processing of synthetic (spectrally inverted) laughter-like signals was a hallmark of
nfvPPA relative to other participant groups; while enhanced liking for a non-affective
vocal signal (spoken numbers) over laughter was a striking feature of svPPA. Impaired
processing of laughter in the patient cohort was underpinned by regional grey matter
atrophy in distributed cerebral networks encompassing inferior and orbitofrontal,
cingulate, insular, posterior temporal and dorsomedial prefrontal cortices.
The panoply of ‘laughter phenotypes’ in different dementia syndromes is consistent
with the diverse behavioural ends that laughter serves in everyday communication and
with other signal processing deficits previously described in these canonical
dementias. The severely impaired comprehension of laughter as an emotional and
social signal in the bvFTD and svPPA groups here accords with the well-documented
difficulty these patients have with understanding and responding appropriately to
many kinds of social and emotional signals, including elementary emotional
expressions, sarcasm and mental state attribution (Rosen et al. 2004; Marshall et al.
2019; Bertoux et al. 2016; Hsieh et al. 2013b; Keane et al. 2002; Rohrer et al. 2012).
Indeed, the capacity to understand laughter as a socio-emotional signal may predict
daily-life socio-emotional reactivity, as evidenced by the strong positive correlation of
laughter identification accuracy with mIRI and RSMS scores in the svPPA and bvFTD
groups here. Whereas impaired processing of ‘negatively’ valenced emotions has been
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emphasised in previous neuropsychological studies of FTD (Hsieh et al. 2013b;
Kumfor and Piguet 2012; Keane et al. 2002; Lough et al. 2006; Snowden et al. 2008),
this might reflect a bias inherent in standard instruments such as the Ekman faces,
which comprise four negative elementary emotions but only a single prototypical
positive emotion (happiness). My findings suggest that the cognitive differentiation of
perceptually related emotional signals (rather than their valence per se) challenges
dysfunctional mechanisms of emotion decoding in FTD.
It is noteworthy that the identification of posed laughter here was abnormal across the
dementia syndromes, and not restricted to those groups with more severe difficulty
judging authenticity of others’ emotions in daily life (namely svPPA and bvFTD).
However, judgements about laughter authenticity are likely to depend sensitively on
accurate perceptual encoding as well as social cognitive decoding, and the mechanism
of impairment is likely to have varied between the syndromes. The severe deficit in
the svPPA group here is consistent with other evidence for impaired mentalising,
affective semantic and social conceptual decoding in this syndrome (Clark et al. 2017;
Irish et al. 2014; Zahn et al. 2017; Bejanin et al. 2017), amplified in situations that call
for resolution of ambiguity or conflict. By contrast, in nfvPPA, my findings suggest
that the perception of complex spectrotemporal signals is fundamentally abnormal,
building on emerging evidence for a generic disorder of acoustic analysis in this
syndrome (Hardy et al. 2019; Goll et al. 2010; Rohrer et al. 2012; Hardy et al. 2017;
Grube et al. 2016). A fundamental impairment of vocal perceptual analysis would
potentially also account for the frequent confusion of mirthful and hostile laughter by
the nfvPPA group, as these laughter conditions here were acoustically rather similar.
Moreover, natural laughter is usually accompanied by various other contextual cues
that patients with nfvPPA may be able to exploit in their daily lives, perhaps
accounting for the lack of correlation between laughter labelling and measures of
everyday social and emotional behaviour in this syndromic group.
While impaired cognitive labelling of laughter subtypes was accompanied by
alterations in affective evaluation across the patient cohort, these two dimensions of
laughter processing did not correlate simply within particular dementia syndromes;
rather, there was evidence for substantial dissociation. Patients with AD showed
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normal affective evaluation of all laughter subtypes and even patients representing
FTD syndromes showed normal affective evaluation of posed and inverted laughter,
despite deficient cognitive labelling. Altered hedonic behaviours in response to
environmental sounds and music in daily life are frequently reported in FTD
syndromes (in particular bvFTD and svPPA) as well as AD (Fletcher et al. 2015b) and
abnormal affective evaluation of music has been described in bvFTD and svPPA
(Clark et al. 2018). The strikingly abnormal affective evaluation of hostile over
mirthful laughter in the bvFTD group here is in keeping with other evidence that these
patients may find humour in frankly inappropriate or unpleasant situations (Clark et
al. 2015; Clark et al. 2016). The svPPA group showed a unique preference for spoken
numbers over laughter – this ‘numerophilia’ may reflect a shift in hedonic drive toward
inanimate stimuli akin to the behavioural repertoire of sometimes obsessive,
impersonal preoccupations and interests exhibited by patients with syndromes of focal
temporal lobe atrophy, which often includes mathematical puzzles (Chan et al. 2009;
Papagno et al. 2013; Sivasathiaseelan et al. 2019a; Fletcher et al. 2015b; Green and
Patterson 2009). Taken together, this evidence paints a complex picture of dissociable
linkages between different dimensions of complex auditory signal analysis in
canonical dementias.
The neuroanatomical substrates for overall accuracy identifying laughter in this patient
cohort centred on a common, distributed fronto-cingulo-insular network previously
implicated in processing and resolving ambiguity in emotional sounds including
human socio-emotional signals and more particularly, laughter (Frühholz et al. 2016)
Fronto-cingulo-insular circuitry appraises the salience of sensory stimuli and prepares
contextually appropriate behavioural responses (Levy and Wagner 2011). The anterior
insula hosts an interface between sensory, affective and cognitive brain systems that
process emotional sounds (Bamiou et al. 2003; Sander and Scheich 2005; Kumar et al.
2012; Fruhholz and Grandjean 2012). Within the inferior frontal cortex, pars orbitalis
acts as a hub zone for the cognitive and affective decoding of auditory signals (Belyk
et al. 2017), particularly where these constitute patterns bound by ‘rules’ and
expectancies. Besides its well-known role in linguistic grammar processing, this
region is involved in processing musical syntax (Maess et al. 2001) and affective
evaluation of harmonic progressions in melodies (Clark et al. 2018). Dorsomedial
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prefrontal and anterior cingulate cortices behave as an integrated functional ‘hub’ in
appraising the social value of heard laughter and disambiguating its social intent
(McGettigan et al. 2015; Lavan et al. 2017; Ethofer et al. 2020) as well as programming
adaptive output behaviours, including own laughter and the subjective experience of
mirth (Beckmann et al. 2009; Touroutoglou et al. 2020). Further correlates of overall
laugher identification accuracy were identified here in structurally and functionally
interconnected regions that are likely to be obligatorily engaged in appraising and
responding to laughter: posterior insula, essential for integrating interoceptive
information (Wattendorf et al. 2019) and key acoustic cues that convey emotional
content (Sauter et al. 2010a; Zhang et al. 2019; Schirmer and Kotz 2006) during
behavioural preparation; and mediodorsal thalamus, implicated in cognitive set
shifting to meet changing behavioural contingencies (Vertes et al. 2015).
In line with its core role in the analysis of salient auditory signals, anterior insular and
inferior frontal circuitry was correlated here with accuracy identifying all laughter
subtypes when these were examined separately. Additionally, more specific cortical
associations were delineated for the identification of particular laughter subtypes.
Accurate identification of mirthful laughter was additionally linked to posterior middle
temporal gyrus, a region previously implicated in the processing of sensory ‘templates’
for humour (Clark et al. 2015). Identification of hostile laughter was additionally
linked to posterior insula (as anticipated for a sensory signal with powerful
homeostatic resonance) and orbitofrontal cortex, integral to the resolution of conflict
and ambiguity in social signals based on hedonic and behavioural cues (Beyer et al.
2015; Kringelbach 2005; Clark et al. 2018; Clark et al. 2017). Identification of posed
laughter – a paradigmatic ‘socially ambiguous’ vocalisation – was additionally linked
both to orbitofrontal cortex and a dorsomedial prefrontal cortical region previously
proposed to engage in obligatory mentalising during the evaluation of laughter
authenticity and intent (McGettigan et al. 2015). These condition-specific associations
illustrate the potency of laughter as a probe of social brain mechanisms. The human
social brain connectome principally comprises four hierarchically interlocking neural
networks (Alcalá-López et al. 2017): a ‘sensory’ network mediating analysis of
auditory features and patterns, here represented by the thalamic, posterior insular and
inferior frontal correlates of general laughter identification; a ‘limbic’ (mesial
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temporal - ventromedial prefrontal) network mediating affective disambiguation of
stimuli, here represented by the orbitofrontal correlates of hostile and posed laughter
identification; an ‘intermediate’ (cingulo-insular) network integrating salient
environmental and bodily states, here represented across laughter subtypes; and a
‘higher associative’ (temporo-parietal - dorsomedial prefrontal) network engaged in
decoding mental states, here represented by the identification of mirthful and posed
laughter.
This study has several limitations that should direct future work. Larger patient cohorts
with histopathological and molecular correlation and autonomic, electrophysiological
and dynamic neuroimaging techniques that can capture functional changes in neural
networks will ultimately be required to define fully the pathophysiological phenotypes
delineated here (Perry et al. 2017a). As an intrinsically ambiguous stimulus, laughter
is likely to tax neural perceptual and socio-emotional processing mechanisms and
therefore might constitute a ‘stress test’ or biomarker for early detection and tracking
of reduced processing fidelity in neurodegenerative proteinopathies: however, this will
only be confirmed with longitudinal studies, ideally including presymptomatic
mutation carriers. From a more practical standpoint, multi-centre, international studies
addressing social cognition in dementia populations could exploit the non-linguistic
and trans-cultural status of laughter (Sauter et al. 2010b). In everyday life, however,
laughter does not occur in the disembodied form presented here but embedded in a
social context: neuropsychological deficits of laughter processing will need to be
assessed in relation to such contextual factors as well as behavioural symptoms, in
order to fully evaluate laughter as an index of social-emotional dysfunction in
dementia. My findings (in particular, the indexing of daily life socio-emotional
competence by laughter identification accuracy) present a strong prima facie case for
further studies incorporating additional measures of social cognition.
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Pupil responses to laughter subtypes in
dementia syndromes
6.1 Chapter summary
Studies in processing of emotional stimuli often rely on classification of the emotion
being expressed. Whilst this aids in understanding deficits in explicit processing of
such stimuli, it does not address implicit processing – the extent to which the emotion
is ‘felt’ by the receiver of the signal. In this experiment, pupil responses (an index of
autonomic arousal) to subtypes of laughter were assessed to better understand the basis
of abnormal processing of nonverbal emotional vocalisations and determine whether
separate physiological signatures can be obtained for different dementia syndromes.
Pupil responses to laughter subtypes and spoken numbers were assessed in patients
with all three canonical FTD syndromes and AD versus healthy age-matched controls.
Relationships between pupil response and both laughter identification accuracy and
perceived valence were also investigated, and patients had a volumetric MRI scan for
voxel-based morphometric analysis.
Relative to healthy individuals, all dementia groups showed generally reduced
pupillary responses to laughter. The healthy control profile of increased pupillary
responses to sounds of high arousal (mirthful, hostile and inverted laughter) compared
to low arousal (posed laughter and spoken numbers) was preserved in the AD group
and, to some extent, the svPPA group, but lost in the nfvPPA and bvFTD groups.
Whilst in the nfvPPA and bvFTD groups greater pupillary responses were seen in all
laughter types compared to spoken numbers, there was no differentiation between
laughter subtypes. The svPPA group, however, showed retained differential pupil
responses to spontaneous versus posed laughter but showed markedly increased pupil
responses to spoken numbers. Overall pupil responsiveness demonstrated a positive
association with the ability to accurately identify laughter subtypes in the nfvPPA and
bvFTD groups but not the AD or svPPA groups. The control, AD and svPPA group
showed increased pupillary responses to sounds they themselves found particularly
pleasant or unpleasant but this relationship was lost in the nfvPPA and bvFTD groups.
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The overall profiles suggested more marked impairment in the nfvPPA and bvFTD
group with evidence of primary autonomic deficits; whilst in the svPPA group, the
results appeared to be at least partly attributable to impaired semantic processing and
an inability to decode autonomic responses.
Pupil reactivity to laughter was associated with grey matter volume in a fronto-insulocingulate network implicated in processing of salience and central autonomic control.
These findings demonstrate the potential of autonomic measures, such as
pupillometry, as objective, dynamic and nonverbal measures of emotional and social
signal processing in dementia syndromes. They also further demonstrate the utility of
laughter as a novel probe of wider socio-emotional impairment in dementia.

6.2 Introduction
In the previous three chapters, I have explored processing of nonverbal emotional
vocalisations through assessment of the ability to explicitly identify them. Whilst
processing of such vocalisations can be considered categorical, for example
identifying which of the basic emotions is being expressed, it can also be defined along
dimensions of valence and arousal (Russell 1980). I explored valence in the previous
chapter and here I aim to address arousal. Furthermore, in addition to explicit appraisal,
emotional experience should be defined by considering the implicit emotional
reactivity to nonverbal emotional stimuli. Autonomic indices potentially offer an
objective measure of salience and arousal responses that do not depend upon cognitive
tasks and may be particularly appropriate in cognitively impaired patient groups.
These visceral autonomic responses support emotional contagion and empathy (Seth
and Friston 2016).
The central control of autonomic function has been studied extensively in the normal
brain with a variety of techniques for eliciting responses (including isometric forced
expiration, isometric hand grip, mental arithmetic) and methods for measuring changes
in autonomic arousal (variability in heart rate, blood pressure, galvanic skin
conductance responses and pupil dilatation). Converging data implicate key
anatomical areas in autonomic response generation, regardless of type. Baseline
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fluctuations in skin conductance responses are associated with fMRI changes in
orbitofrontal cortex and insula (Critchley 2005) whilst the magnitude of responses to
salient loud tones correlates with activity in areas including anterior insula, anterior
cingulate and temporoparietal junction (Mueller‐Pfeiffer et al. 2014). A metanalysis
of 43 studies of central autonomic processing in healthy individuals demonstrated most
consistent activation in amygdala, right anterior insula, left posterior insula and
cingulate cortex (Beissner et al. 2013).
Given the key involvement of areas including orbitofrontal cortex, insula, anterior
cingulate and amygdala in FTD and AD, derangements of autonomic processing are
to be expected in these diseases. Indeed, reduced baseline autonomic reactivity has
been demonstrated in bvFTD (Joshi et al. 2014b; Struhal et al. 2014) and AD
(Femminella et al. 2014; Struhal et al. 2014) and alterations in autonomic reactions
towards startling noises have been found in combined FTD groups (Hoefer et al. 2008).
Decreased autonomic responses have been demonstrated in bvFTD and svPPA in
response to more emotionally complex salience of embarrassment (watching oneself
singing) (Sturm et al. 2006) and in svPPA in response to emotionally charged
conversations (discussing relationship difficulties) (Sturm et al. 2011). Skin
conductance responses have been used as a measure of emotional blunting among
patients with bvFTD compared with AD and healthy control subjects (Joshi et al.
2014b; Joshi et al. 2014a).
Here, I have used pupillometry as the metric of autonomic responses. There is a long
tradition of the study of pupil responses to arousing stimuli, in everything from
political candidates (Barlow 1969) to alcoholic beverages (Beall 1977). Pupillometry
offers certain advantages over other correlated electrodermal and cardiac indices of
autonomic response (Bradley et al. 2008; Steiner and Barry 2011): pupil responses are
relatively resistant to disease-associated movement and other artefacts, well preserved
to auditory stimuli in healthy older individuals (Zekveld et al. 2011) and track neural
responses closely (Siegle et al. 2003; Murphy et al. 2014). Furthermore, pupillary
changes are themselves a potent reciprocal source of emotional and social signals
(Harrison et al. 2009). Pupillary reactions to stimuli occur within seconds, much faster
than in other autonomic indices, allowing for assessment of rapid responses to dynamic
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stimuli. From a practical perspective, rapid responses of pupils allow for shorter
experiments, making them more feasible for behaviourally challenged subjects.
Altered profiles of pupillary responses to salient sounds (approaching vs withdrawing)
(Fletcher et al. 2015c) and environmental sounds have been demonstrated in AD and
FTD syndromes with individual physiological phenotypes distinguishing the
syndromes (Fletcher et al. 2015d). In these studies, patients with svPPA have
demonstrated heightened autonomic reactivity to auditory semantics and salience, but
reduced reactivity to emotion, whilst bvFTD and nfvPPA appear to have generally
reduced pupil reactivity. These findings suggest that, while diseases predominantly
affecting fronto-insular circuitry (bvFTD and nfvPPA) may have a general impairment
of central autonomic control, in svPPA (affecting the anterior temporal lobe) this
capacity is retained, but there is deficient modulation of such signals by other cognitive
processes.
In this chapter, I assessed pupil responses to subtypes of laughter representing high
(spontaneous) and low (posed) arousal as well as positive (mirthful) and negative
(hostile) valence. Based on findings from the previous chapters, knowledge of neural
apparatus implicated in central autonomic processing and syndromic profiles of
regional atrophy, the following hypotheses could be made.

6.3 Key hypotheses
-

Due to their greater biological salience and arousal, all laughter types would
evoke greater pupillary responses than spoken numbers in the healthy control
population.

-

Given the overlap of the anatomical substrates of central autonomic processing
with those involved in salience processing, those syndromes associated with
greatest damage to fronto-insular regions, key to autonomic responses (nfvPPA
and bvFTD) would show overall depressed pupillary responses to auditory
stimuli, irrespective of valence or arousal.

-

In line with other studies of autonomic reactivity across FTD syndromes
(Fletcher et al. 2015d; Fletcher et al. 2016) the svPPA group, relative to the
other FTD groups, would demonstrate intact core autonomic reactivity but
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demonstrate deficits in responses to emotional stimuli that reflect a damaged
semantic system as well as deficient decoding of autonomic responses.
-

Across the patient cohort, the magnitude of pupillary responses to laughter
would be associated with regional grey matter volume in a network centred on
the insula, as a key hub region in salience, arousal and central autonomic
control.

6.4 Material and methods
6.4.1

Participants

The participant cohort in this experiment was the same as that described in chapter 5
(see section 5.4.1 for details). Importantly, for this experiment, no participant had a
history of an ocular disorder that would affect pupil size/reactivity or ability to fixate
gaze on a target either directly or through its treatment (e.g., tonic pupil, glaucoma).
6.4.2

Sound stimuli

Stimuli used here were the same as those described in chapter 5 (see sections 2.2 and
5.4.2 for details). Examples of three major laugh categories of interest (mirthful,
hostile and posed) as well as spectrally inverted laughter and spoken numbers were
used. 16 tokens of each condition were used, resulting in 80 stimuli.
6.4.3

Pupillometry experiment

Each participant sat one metre from a desk-mounted eye-tracker (Eyetracker1000®);
the participant’s head was steadied on a chin rest and an infrared camera monitored
the right pupil area continuously at 1000Hz during the experiment, while the
participant fixated a high-contrast cross in the centre of a constant-luminance monitor
screen. An initial 9-point calibration was carried out to track gaze and check that
participants were looking at the centre of the screen. Auditory stimuli were delivered
in randomised order at a comfortable fixed listening level (at least 70 dB) via
AudioTechnica® ATH-M50X headphones from a notebook computer running
Eyelink Experiment Builder software (SR Research, Ottawa, Canada). Each trial
comprised a 2-second equilibration baseline period, followed by delivery of the
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auditory stimulus. Following completion of each sound, a fixation cross remained on
the screen for a further 2 seconds before disappearing to indicate the end of the trial.
6.4.4

Analysis of pupillometry data

Pupillometry data were extracted using the SR Research Data Viewer software and
maximal pupil change from baseline was determined for each trial. Pupil reactivity
(Pmax) was calculated as:
(maximum pupil area during 3 second interval post-stimulus onset)/
(mean pupil area during 2 second baseline interval pre-stimulus onset)
The length of each interval was based on evidence that pupil responses to emotional
stimuli take around 2 seconds to reach a peak (Oliva and Anikin 2018). Trials with
pupil reactivity values more than two standard deviations above the mean for the
experiment were excluded as likely contaminated by artefacts (blinks or eye
movements). Pupil data were discarded over the interval 50ms prior to and 100ms
following any blinks. Trials with insufficient pupil capture for analysis were also
excluded. Overall, 11% of trials were excluded from subsequent analysis (with no
significant difference in number of trials excluded between groups).
Pupil reactivity, termed Pmax, was compared amongst groups and conditions using a
linear regression model, with diagnostic group, condition and their interactions, along
with age, gender, WASI Matrices score and composite audiometry score as predictor
variables. As described in section 2.4.2 robust standard errors were used to allow for
correlated responses by participant for construction of confidence intervals and
hypothesis tests.
Bonferroni-corrected post hoc t-tests were carried out where a joint test of the group
or condition effects or their interaction was statistically significant.
6.4.5

Association between pupillary responses and cognitive labelling

Associations between overall pupil reactivity (averaged across all laughter conditions)
and overall ability to distinguish laughter subtypes (total laughter identification
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accuracy from Chapter 5) were investigated using Spearman’s rank correlations within
each patient group separately.
6.4.6

Association between valence and arousal

For each participant group, associations between pupil responses from this experiment
and valence ratings of auditory stimuli for that group from chapter 5 (see section 5.5.4)
were investigated using a regression model. The model incorporated pupil response as
the dependant variable and perceived sound valence (as well as the squares of meancentred sound valence rating to allow quadratic regression) as predictors. This model
was designed to capture any linear or quadratic association with pupil response (since
pupil reactivity was anticipated to increase both for highly positively and negatively
valenced sounds (Fletcher et al. 2015d)). Coefficients of determination (R2 values)
between pupil response and affective valence were generated for each participant
group.
6.4.7

Brain image acquisition and analysis

Each patient had a structural T1 MR brain image acquired, pre-processed and entered
into a VBM analysis as per the protocol described in section 2.3. Separate full factorial
models were used to assess associations of grey matter volume with overall pupil
reactivity (averaged across all conditions) as well as the difference between pupil
responses to spontaneous (averaged across mirthful and hostile laughter) and posed
laughter. This measure was based on the fact that the control group showed greater
pupil responses to spontaneous laughter (both mirthful and hostile) compared to posed
laughter. Authentic laughter is more emotionally engaging and arousing than posed
laughter and therefore the difference in pupil responses between the two indexes the
autonomic response to more emotionally arousing stimuli. Age, total intracranial
volume and WASI Matrices score (a measure of nonverbal executive function and
overall disease severity) were incorporated as covariates of no interest in all models.
Statistical parametric maps of regional grey matter associations were assessed at
threshold p<0.05 after family-wise error (FWE) correction for multiple voxel-wise
comparisons over the whole brain.
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6.5 Results
6.5.1

General participant characteristics

The patient cohort for this experiment has been described in chapter 5 and summarised
in Table 5.1.
6.5.2

Pupillary responses to auditory stimuli

Pupil responses to auditory stimuli by participant groups and sound type are presented
in Figure 6.1 and Table 6.1.
There was no statistically significant difference in baseline pupil size between the
groups [F(4,77)=0.34, p=0.85]. There were main effects of participant group
[F(4)=25.23; p<0.001] and sound stimulus condition [F(4)=69.85; p<0.001], as well
as an interaction between them [F(4)=26.48; p<0.001], on pupil response. Adjusted
differences between each patient group and the healthy control group are illustrated in
Figure 6.2.
Compared with the healthy control group, all dementia patient groups showed
significantly reduced pupillary reactivity to spectrally inverted (all pbonf<0.001) and
mirthful laughter (all pbonf<0.03), while the FTD syndromic groups (but not the AD
group) showed significantly reduced reactivity to hostile (all pbonf<0.001) and posed
laughter (all pbonf<0.02). Comparing the AD and FTD groups, the AD group showed
significantly greater pupillary reactivity to mirthful laughter than did each of the FTD
syndromic groups (all pbonf<0.009), significantly greater reactivity to hostile and
inverted laughter than did the nfvPPA and bvFTD groups (all pbonf<0.02), and
significantly greater reactivity to posed laughter than did the bvFTD group (all
pbonf=0.017). Amongst the FTD syndromic groups, the svPPA group showed greater
pupillary reactivity to mirthful laughter than did the nfvPPA and bvFTD groups (both
pbonf<0.002), significantly greater reactivity to hostile laughter than did the bvFTD
group (pbonf=0.001) and significantly greater pupil reactivity to inverted laughter than
did the nfvPPA group (pbonf=0.001). The svPPA group also showed greater pupil
reactivity to spoken numbers than did any other group (all pbonf<0.001).
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Figure 6.1 Individual data plots for pupil responses to each sound condition, across participant groups

The panels represent experimental laughter conditions (mirthful, hostile, posed) and the spectrally inverted laughter (inverted) and spoken numbers
control condition. Plotted on each panel are individuals’ average pupillary response. AD, patient group with typical AD; BV, patient group with
bvFTD; HC, healthy control group; NFV, patient group with nfvPPA; SV, patient group with svPPA.

Table 6.1 Pupil responses to each sound stimulus and comparisons between participant groups
Condition
Mirthful

Hostile

Posed

Inverted

Numbers

Group
Controls
AD
nfvPPA
svPPA
bvFTD
Controls
AD
nfvPPA
svPPA
bvFTD
Controls
AD
nfvPPA
svPPA
bvFTD
Controls
AD
nfvPPA
svPPA
bvFTD
Controls
AD
nfvPPA
svPPA
bvFTD

Pmax
Mean (SD)
1.40 (0.10)
1.31 (0.08)
1.19 (0.03)
1.22 (0.04)
1.17 (0.06)
1.36 (0.12)
1.29 (0.06)
1.19 (0.03)
1.22 (0.04)
1.18 (0.03)
1.25 (0.09)
1.21 (0.05)
1.17 (0.02)
1.18 (0.05)
1.16 (0.06)
1.36 (0.09)
1.24 (0.05)
1.16 (0.04)
1.21 (0.04)
1.17 (0.08)
1.14 (0.05)
1.13 (0.06)
1.13 (0.03)
1.28 (0.05)
1.13 (0.03)

Controls
Difference (CI)

P

AD
Difference (CI)

P

nfvPPA
Difference (CI)

P

svPPA
Difference (CI)

P

-0.10 (-0.20, -0.01)
-0.23 (-0.31, -0.16)
-0.18 (-0.25, -0.11)
-0.24 (-0.32, -0.16)

0.020
<0.001
<0.001
<0.001

-0.13 (-0.19, -0.07))
-0.08 (-0.14, -0.01)
-0.14 (-0.20, -0.07)

<0.001
0.008
<0.001

0.05 (0.01, 0.09)
-0.01 (-0.05, 0.04)

0.002
1.00

-0.06 (-0.10, -0.02)

0.001

-0.08 (-0.18, -0.01)
-0.18 (-0.27, -0.10)
-0.14 (-0.22, -0.06)
-0.19 (-0.27, -0.11)

0.100
<0.001
<0.001
<0.001

-0.10 (-0.15, -0.04)
-0.06 (-0.11, 0.00)
-0.11 (-0.16, -0.06)

<0.001
0.064
<0.001

0.04 (0-0.00, 0.09)
-0.01 (-0.05, 0.03)

0.065
1.00

-0.05 (-0.09, -0.02)

0.001

-0.05 (-0.12, 0.02)
-0.09 (-0.15, -0.03)
-0.07 (-0.14, -0.01)
-0.11 (-0.17, -0.04)

0.451
<0.001
0.010
<0.001

-0.04 (-0.09, -0.00)
-0.02 (-0.08, 0.03)
-0.06 (-0.11, -0.01)

0.051
1.00
0.017

0.02 (-0.02, 0.06)
-0.01 (-0.05, 0.03)

1.00
1.00

-0.03 (-0.08, 0.02)

0.653

-0.14 (-0.21, -0.06)
-0.22 (-0.29, -0.15)
-0.15 (-0.21, -0.08)
-0.20 (-0.28, -0.12)

<0.001
<0.001
<0.001
<0.001

-0.08 (-0.13, -0.03)
-0.01 (-0.06, 0.04)
-0.06 (-0.11, -0.01)

<0.001
1.00
0.010

0.07 (0.02, 0.11)
0.02 (-0.04, 0.07)

0.001
1.00

-0.05 (-0.11, 0.00)

0.075

-0.02 (-0.08, 0.05)
-0.03 (-0.08, 0.03)
0.14 (0.09, 0.20)
-0.02 (-0.06, 0.03)

1.00
1.00
<0.001
1.00

-0.01 (-0.06, 0.04)
0.16 (0.10, 0.23)
0.00 (-0.05, 0.05)

1.00
<0.001
1.00

0.17 (0.12, 0.23)
0.01 (-0.02, 0.04)

<0.001
1.00

-0.16 (-0.21, -0.11)

<0.001

Mean (standard deviation) and adjusted differences between groups (with 95% confidence intervals) are shown for pupil response (Pmax)
to each sound condition. P values and CI are Bonferroni corrected for multiple pairwise comparisons. Statistically significant differences
(pbonf<0.05) are shown in bold.

Figure 6.2 Pupil responses to sound conditions: patients versus healthy controls

The panels represent experimental laughter conditions (mirthful, hostile, posed) and
the spectrally inverted laughter (inverted) and spoken numbers control conditions.
Plotted on each panel are adjusted differences (with 95% confidence intervals) in pupil
responses. The horizontal dashed line on each panel indicates no difference between
patient group and heathy control group. AD, patient group with typical AD; BV,
patient group with bvFTD; HC, healthy control group; NFV, patient group with
nfvPPA; SV, patient group with svPPA.
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Within-group profiles are presented in Table 6.2.
The healthy control group showed significantly greater pupil reactivity to mirthful
laughter than all other conditions apart from inverted laughter (all pbonf<0.001), and
greater reactivity to hostile and inverted laughter than posed laughter or spoken
numbers (all pbonf<0.001). The AD group showed greater pupil reactivity to both
mirthful and hostile laughter than all other conditions (all pbonf<0.003), and greater
reactivity to posed and inverted laughter than to numbers (both pbonf<0.001). The
nfvPPA group showed greater pupil reactivity to all natural laughter types (mirthful,
hostile and posed) than to spoken numbers (all pbonf<0.001), but no significant
differences in reactivity to different laughter types; while the bvFTD group showed
greater pupillary reactivity to mirthful and hostile laughter than spoken numbers (both
pbonf<0.005). The svPPA group showed greater pupil reactivity to mirthful and hostile
laughter than to posed laughter (both pbonf<0.005), but even greater reactivity to spoken
numbers than to any laughter subtype (all pbonf<0.03).
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Table 6.2 Within-group comparisons of differential pupil responses between experimental conditions
Contrast

Control

AD

nfvPPA

svPPA

bvFTD

Difference (CI)

P

Difference (CI)

P

Difference (CI)

P

Difference (CI)

P

Difference (CI)

P

Hostile vs Mirthful

-0.04 (-0.07, -0.02)

<0.001

-0.02 (-0.07, 0.03)

1.00

0.01 (-0.01, 0.03)

1.00

-0.00 (-0.02, 0.01)

1.00

0.01 (-0.02, 0.04)

1.00

Posed vs Mirthful

-0.15 (-0.19, -0.12)

<0.001

-0.10 (-0.14, -0.05)

<0.001

-0.01 (-0.03, 0.02)

1.00

-0.05 (-0.07, -0.02)

<0.001

-0.02 (-0.04, 0.00)

0.145

Inverted vs Mirthful

-0.04 (-0.10, 0.02)

0.457

-0.08 (-0.13, -0.02)

0.002

-0.02 (-0.06,0.01)

0.343

-0.01 (-0.03, 0.01)

0.911

-0.00 (-0.03, 0.03)

1.00

Numbers vs Mirthful

-0.27 (-0.31, -0.22)

<0.001

-0.18 (-0.23, -0.12)

<0.001

-0.06 (-0.09, -0.03)

<0.001

0.06 (0.01, 0.11)

0.008

-0.04 (-0.07, -0.01)

0.004

Posed vs Hostile

-0.11 (-0.15, -0.07)

<0.001

-0.08 (-0.11, -0.05)

<0.001

-0.02 (-0.04, 0.00)

0.128

-0.04 (-0.08, -0.01)

0.004

-0.02 (-0.05, 0.00)

0.158

Inverted vs Hostile

-0.00 (-0.06, 0.06)

1.00

-0.05 (-0.09, -0.02)

<0.001

-0.03 (-0.06, -0.01)

0.004

-0.01 (-0.02, 0.00)

0.451

-0.01 (-0.05, 0.03)

1.00

Numbers vs Hostile

-0.22 (-0.28, -0.17)

<0.001

-0.16 (-0.20, -0.11)

<0.001

-0.07 (-0.11, -0.03)

<0.001

0.06 (0.01, 0.11)

0.027

-0.05 (-0.07, -0.02)

<0.001

Inverted vs Posed

0.11 (0.05, 0.17)

<0.001

0.02 (-0.01, 0.05)

0.427

-0.01 (-0.05, 0.02)

1.00

0.03 (-0.01, 0.08)

0.183

0.02 (-0.01, 0.04)

1.00

Numbers vs Posed

-0.11 (-0.16, -0.07)

<0.001

-0.08 (-0.11, -0.05)

<0.001

-0.05 (-0.08, -0.02)

<0.001

0.10 (0.06, 0.15)

<0.001

-0.03 (-0.06, 0.01)

0.383

Numbers vs Inverted

-0.22 (-0.28, -0.17)

<0.001

-0.10 (-0.15, -0.07)

<0.001

-0.03 (-0.07, 0.01)

0.176

0.07 (0.02, 0.12)

0.003

-0.04 (-0.09, 0.01)

0.177

Differences (with 95% confidence intervals) are shown for pupil response to each sound condition within each group. P values are Bonferroni
corrected for multiple pairwise comparisons. Significant (pbonf<0.05) are shown in bold.

6.5.3

Associations between pupil reactivity and laughter identification

Within-group analyses revealed that overall pupil reactivity to laughter showed a
significant positive correlation with total laughter identification accuracy in the
nfvPPA (rho 0.78, p=0.002) and bvFTD groups (rho 0.52, p=0.01), but not the svPPA
(p=0.28) or AD groups (p=0.61).
6.5.4

Associations between pupillary response and perceived valence

The relationship between pupil responses and perceived valence of auditory stimuli
are shown in Figure 6.3.
The healthy control, AD and svPPA groups showed a curvilinear relationship between
pupil response and valence ratings of auditory stimuli, with greater pupil responses to
both highly pleasant and unpleasant sounds (healthy controls R2=0.51; AD R2=0.30;
svPPA R2=0.21). This relationship was not seen in the nfvPPA or bvFTD groups
(nfvPPA R2=0.004; bvFTD R2=0.09).
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Figure 6.3 Relationship between pupil response and perceived valence of auditory stimuli for all participant groups

Group mean pupil response to each stimulus sound plotted against own group mean perceived valence, for each participant group. Valence ratings
are on a Likert scale where 1 and 5 represent most unpleasant and most pleasant, respectively. Quadratic regression lines of best fit are shown
along with the coefficient of determination (R2 value).

6.5.5

Neuroanatomical associations of pupil responses

Significant grey matter associations of overall pupil reactivity and pupil responses to
spontaneous over posed laughter, across the entire patient cohort are summarised in
Table 6.3. Statistical parametric maps are presented in Figure 6.4.
Across the combined patient cohort, overall pupil reactivity (averaged across all
conditions) was significantly positively associated (PFWE<0.05 over the whole brain)
with grey matter volume in bilateral orbitofrontal cortices and left dorsal anterior
cingulate cortex, pars opercularis of inferior frontal gyrus, posterior superior temporal
sulcus and anterior insula.
The magnitude of difference between pupil responses to spontaneous and posed
laughter was significantly positively associated (PFWE<0.05 over the whole brain) with
grey matter volume in the bilateral anterior insula, left anterior cingulate cortex and
left thalamus.
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Table 6.3 Neuroanatomical associations of pupil reactivity to laughter in the combined
patient cohort
Contrast

Region

Overall
pupil
reactivity

Dorsal anterior
cingulate cortex

Side

Cluster Peak (mm)
(voxels) X
y
z

T score PFWE

L

948

-6

6

45

7.59

<0.001

L

785

-26

14

-16

7.23

<0.001

R

11

28

38

-20

6.29

0.002

Inferior frontal
gyrus: pars
opercularis

L

25

-44

16

16

6.22

0.002

Posterior superior
temporal sulcus

L

19

-64

-42

2

6.16

0.003

Anterior insula

L

113

-40

9

2

6.07

0.004

R
L

721
880

39
-34

18
-12

-3
-4

7.57
6.51

<0.001
0.001

L

163

-10

34

18

6.26

0.002

L

146

-4

-2

-3

6.83

<0.001

Orbitofrontal
cortex

Differential
Anterior insula
pupil
response to
spontaneous Anterior cingulate
and posed
cortex
laughter
Thalamus

Significant regional grey matter associations of overall pupil responses (averaged
across all conditions) and the magnitude of difference between pupil responses to
spontaneous over posed laughter across the combined patient cohort, based on voxelbased morphometry. All clusters with extent larger than 10 voxels are shown.
Coordinates of local maxima are in standard Montreal Neurological Institute space. P
values were all significant (<0.05) after family-wise error (FWE) correction for
multiple voxel-wise comparisons over the whole brain.
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Figure 6.4 Neuroanatomical associations of overall pupil reactivity and differences between spontaneous and posed laughter in the combined
patient cohort

Statistical parametric maps (SPMs) of regional grey matter volume positively associated with overall pupil reactivity (averaged across all
conditions) and the magnitude of difference between pupil responses to spontaneous and posed laughter (derived from a voxel-based morphometric
analysis) are shown for the combined patient cohort. SPMs are overlaid on representative sections of the normalised study-specific T1-weighted
group mean brain MR image, thresholded at p<0.05FWE corrected for multiple voxel-wise comparisons over the whole brain. The MNI coordinate
(mm) of the plane of each section is indicated and the left cerebral hemisphere is shown at the top for axial sections and on the left for the coronal
section; the colour bar codes T values for the SPM.

6.6 Discussion
The syndromic profiles of pupillary reactivity to laughter here corroborate the growing
body of evidence for central autonomic dysregulation in FTD (Joshi et al. 2014a; Joshi
et al. 2017; Marshall et al. 2018c; Marshall et al. 2019; Fletcher et al. 2015d;
Femminella et al. 2014). The generally reduced autonomic response to laughter across
FTD syndromes extends previous work suggesting that they may have reduced
physiological reactivity to potentially arousing stimuli, including those with emotional
or social significance (Fletcher et al. 2015c; Sturm et al. 2006; Femminella et al. 2014;
Marshall et al. 2019; Marshall et al. 2018c; Hoefer et al. 2008; Kumfor et al. 2019).
Within the FTD spectrum, findings from this experiment align with previous work in
suggesting that autonomic hyporeactivity may be relatively more prominent in those
syndromes with earlier and more severe insular involvement (bvFTD and nfvPPA)
(Marshall et al. 2018c; Marshall et al. 2019). The results from this experiment,
however, foreground more fine-grained alterations of autonomic reactivity for
particular subtypes.
The healthy control profile of increased pupillary responses to more arousing stimuli
(mirthful, hostile and synthetic laughter conditions) compared with less arousing
stimuli (posed laughter and spoken numbers) here, is in line with previous evidence
(Bradley et al. 2008; Partala and Surakka 2003). Referenced to this profile, the AD
group showed an essentially normal ordering of response magnitudes. The bvFTD and
nfvPPA groups showed greater reactivity to natural laughter (mirthful, hostile and
posed) than numbers but loss of differentiation between the laughter types. The svPPA
group, on the other hand, showed a preserved distinction between less arousing posed
laughter and more arousing mirthful and hostile laughter; however overall, their
unique profile was characterised by enhanced reactivity to an emotionally neutral
stimulus (spoken numbers) over laughter. Taken together with the strongly positive
affective valuation of spoken numbers by patients with svPPA (demonstrated in
chapter 5), this ‘numerophilia’ may reflect a shift in hedonic drive toward inanimate
stimuli, akin to the behavioural repertoire of sometimes obsessive, impersonal
preoccupations and interest exhibited by patients with syndromes of focal temporal
lobe atrophy in daily life, which often includes mathematical puzzles (Chan et al. 2009;
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Papagno et al. 2013; Sivasathiaseelan et al. 2019a; Fletcher et al. 2015b; Green and
Patterson 2009).
The association between pupil responses and both cognitive categorisation and
perceived valence (from chapter 5) reveal further dissociations between the dementia
syndromes that offer insight into the nature of deficits.
Healthy control participants demonstrated greater pupillary responses to sounds they
rated towards the extremes of valence (highly pleasant and highly unpleasant)
consistent with findings that the level of arousal in the stimuli influences pupillary
responses rather than the polarity of the valence (Bradley et al. 2008). Whilst this
relationship was preserved in AD and svPPA, it was lost in the nfvPPA and bvFTD
groups. A similar pattern of affective and autonomic responses in svPPA patients has
been demonstrated with the use of environmental sounds of contrasting valence (e.g.
the sound of a mosquito versus the sound of the ocean) (Fletcher et al. 2015d).
However, whilst the relationship between pupils and valence with laughter subtypes
was retained in AD but lost in nfvPPA in the data shown in this chapter, the opposite
profile has been reported with environmental sounds. This may reflect the nature of
the stimuli; with nfvPPA patients showing a specific deficit related to processing of
the human voice whilst in AD the increased salience of conspecific emotional signals
is retained whilst processing of environmental sounds is impaired. The finding that
pupil reactivity to spectrally inverted laughter (the only non-human-voice-like
condition) was reduced in the AD group, may speak to this unique salience of the
human voice.
The two syndromes associated with fronto-insular compromise, and a disrupted pupilvalence relationship (nfvPPA and bvFTD) showed a positive association between
pupil responses to, and ability to identify, laughter subtypes. In the AD and svPPA
groups however, pupil responses did not show a significant association with laughter
identification. Autonomic mechanisms govern emotional arousal and intensity rather
than cognitive categorisation of emotions and are therefore expected to occur
independently of whether the specific emotion is identified or not. In the nfvPPA and
bvFTD groups, the association between autonomic reactivity and cognitive
categorisation is likely related to the fact they share anatomical correlates – thus
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individuals with greater disruption to fronto-insular circuitry will show impairments
in both tasks. In svPPA however, there is a clear dissociation between pupils and
cognitive categorisation as it appears this group was able to mount differential
pupillary responses to spontaneous versus posed laughter but had greater difficulty
distinguishing the two (see section 5.5.2). Taken together with the retained relationship
between valence and pupil responses, it appears that, whilst in nfvPPA and bvFTD
central autonomic dysfunction drives impaired pupillary responses, in svPPA
disrupted semantic mechanisms result in misinterpretation of the sound. These
findings provide a candidate neurobiological mechanism for the blunted emotional
reactions and loss of empathy that characterise FTD syndromes (Rosen et al. 2004;
Rankin et al. 2005; Kumfor and Piguet 2012; Couto et al. 2013). In the case of bvFTD
and nfvPPA the deficit occurs at the level of induction of autonomic responses whilst
in svPPA it occurs in decoding of embodied emotional responses.
This work additionally delineates a neuroanatomical substrate for impaired overall and
differential pupillary responses across these syndromes. Overall pupil reactivity as
well as the magnitude of difference in pupil responses between spontaneous and posed
laughter were both associated with a fronto-cingulo-insular network that has
previously been implicated in salience processing (Seeley 2019), central autonomic
control (Mueller‐Pfeiffer et al. 2014; Beissner et al. 2013) and processing of socioemotional signals (Frühholz et al. 2016). Anterior cingulate, insular and orbitofrontal
cortices are key components in an autonomic regulatory network (Beissner et al. 2013;
Critchley 2005). These regions appraise the salience of sensory stimuli and prepare
behavioural responses to salient events, such as nonverbal expressions of emotion
(Levy and Wagner 2011; Gola et al. 2017). The anterior insula hosts an interface
between sensory, affective and cognitive brain systems that process emotional sounds
(Bamiou et al. 2003; Sander and Scheich 2005; Kumar et al. 2012; Fruhholz and
Grandjean 2012; Mirz et al. 2000). Anterior cingulate cortex has been implicated in
laughter production and the subjective experience of mirth (Caruana et al. 2015) and
serves as a coordinating hub for large-scale neural networks that integrate
representations of incoming sensory traffic with semantic and affective appraisal and
programming of output behaviours (Beckmann et al. 2009; Touroutoglou et al. 2020).
Baseline fluctuations in other autonomic indices, such as skin conductance responses
are associated with fMRI changes in orbitofrontal cortex (Critchley et al. 2000) whilst
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in FTD, depressed startle responses show correlation with atrophy in insula, anterior
cingulate and orbitofrontal cortices (Hoefer et al. 2008).
Further anatomical correlates of overall pupillary responses included posterior
superior temporal sulcus, an area implicated in the ‘intermediate’ network described
by Alcala-Lopez and colleagues, along with other areas found to be associated with
pupil reactivity in this study - anterior insula, dorsal anterior cingulate cortex and
inferior frontal gyrus (Alcalá-López et al. 2017). This network is involved in reception
of pre-processed sensory input and motor response preparation and is thought to be
important in cohesive responses such as empathy. I have already discussed the role of
the superior temporal sulcus in perception of human voices (see Chapter 4) and it is
also considered a hub for social perception and cognition with posterior regions
implicated in theory of mind (Beauchamp 2015).
The magnitude of difference in pupil responses to spontaneous versus posed laughter
also showed association with grey matter in the thalamus. The thalamus is involved in
the coordination of integrated behavioural and autonomic expression of emotions
(Bard 1928) as well as regulation of arousal (McCormick and Bal 1997). Along with
the locus coeruleus (a prime driver of pupillary responses), the thalamus forms part of
the ascending reticular activating system responsible for arousal and subserving both
self and environmental awareness (Yeo et al. 2013). It has also been implicated in the
network of structures mediating interoceptive awareness of autonomic arousal, which
is likely to play a role in emotional empathy (Pollatos et al. 2007). Indeed the thalamus
shows increased functional coupling with primary somatosensory and motor cortices
during tasks eliciting emotional empathy in contrast to cognitive empathy
(Nummenmaa et al. 2008).
This study has certain limitations and caveats that should be discussed. Firstly, the
generally ‘noisy’ nature of pupillary measurements should be acknowledged resulting
in significant inter-individual variability. The variability also reflects the limitations of
the stimuli set used – whilst the sounds used here have the advantage of being genuine
and therefore have high ecological validity, precise acoustic parameters are difficult to
control.
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Along with the well-recognised response of pupils to emotionally salient and arousing
stimuli, changes in pupil size are known to be linked to cognitive processing during
tasks that do not involve emotional stimuli (Gilzenrat et al. 2010). In tasks requiring
explicit identification of emotion, pupil dilatation reflects the time course of emotion
recognition in vocalisations (Oliva and Anikin 2018). Emotional vocalisations are
perceptual stimuli that require sensory integration in order to be decoded (Schirmer
and Kotz 2006; Pell and Kotz 2011), which may make it cognitively demanding to
identify the emotional state of the speaker. Cognitive burden was minimised in this
paradigm by virtue of its passive nature – participants were not asked to explicitly
identify the emotion; however, one cannot entirely rule out subconscious efforts to do
so. Given the biologically salient role of these vocalisations, there may be an element
of automatic causal attribution and therefore cognitive processing that occurs when
they are heard. Indeed, there is converging evidence indicating that pupillary responses
are effective indices of ’hidden’ emotion processing where responses are seen to
covertly emotional stimuli (for example hybrid or distorted emotional faces) even
though participants are not consciously aware of the emotional content (Laeng et al.
2012; Leknes et al. 2013). There is evidence of rapid and automatic decoding of
nonverbal vocalisations in healthy individuals, particularly for those conveying
negative emotion. This rapid detection persists even under conditions of high
attentional distraction (Lima et al. 2019). However, importantly, enhanced cognitive
load would predict larger pupillary responses in the patient group than healthy controls
– this was not the case, indicating that cognitive contributions to pupil responses were
not significant. Cognitive factors may also potentially underlie the increased pupil
responses to numbers seen in the svPPA group – as this represented the only verbal
stimuli it may present the svPPA group with a greater cognitive challenge. However,
if this were the case one would not expect the svPPA group to attribute such stimuli as
positively valenced (as was found in chapter 5).
This paradigm also highlights the difficulty of finding ‘neutral’ control stimuli in
studies of emotion. Whilst spectrally inverted laughter controlled for low level
acoustic features of laughter, it was almost universally found to be aversive, with
corresponding larger pupillary responses. As it was relatively easy to identify, inverted
laughter could act in a similar manner to a ‘catch trial’ to ensure participants
understood the task and were paying attention – the relatively high degree of accuracy
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with which all groups identified inverted laughter in the previous chapter was
testament to this. Whilst spoken numbers served as a neutral stimulus (in terms of
arousal) for most groups, this was not the case for svPPA group. I attempted to
overcome this issue by investigating the contrast between more arousing stimuli
(spontaneous laughter) and less arousing stimuli (posed laughter) in place of arousing
versus non-arousing stimuli.
Whilst patients with significant psychiatric illness were excluded from this study, 17
participants were taking antidepressants – depression could have affected the
magnitude of pupillary responses as it is known to have an effect on emotional
reactivity (Dixon-Gordon et al. 2015). That being said, in most cases, antidepressant
medications were being used for behavioural regulation rather than depression per se.
Within-group analyses showed no significant difference in overall pupil reactivity
between those taking an antidepressant and those who were not, however this should
be interpreted with caution as numbers here were low. Further work should incorporate
depressive rating scales (for example the HADs scale (Zigmond and Snaith 1983)) to
assess for any impact of mood upon physiological responses. Perhaps more
significantly, 10 AD participants were taking the pro-cholinergic medication
donepezil. The recognised cholinergic deficit in AD is thought to underlie the reduced
pupillary response to light observed in this group, whilst this appears to be partially
reversed in those on a cholinesterase inhibitors (Fotiou et al. 2000). The fact that
baseline pupil size was not significantly different in the AD group compared to other
groups is reassuring, however future work testing larger numbers of AD patients not
on pro-cholinergic medication may allow for analysis of the impact it has on pupil
responses to emotional stimuli.
Whilst a VBM approach was used here to delineate anatomical correlates of pupil
responses to laughter, ideally functional neuroimaging paradigms incorporating
dynamic connectivity-based techniques, such as magnetoencephalography with direct
correlation to autonomic indices will enable evaluation of candidate brain
mechanisms.
Here, I have demonstrated that physiological responses to laughter subtypes of varying
valence and arousal differ amongst dementia syndromes. These physiological profiles,
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in conjunction with behavioural data, provide insights into the mechanisms of
disordered processing of nonverbal emotional vocalisations. In this chapter and the
last, I have demonstrated how laughter is an ecological and versatile probe of socioemotional signal analysis that may inform our understanding and assessment of this
process, so crucial for everyday functioning in people with neurodegenerative disease.
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General Conclusions
7.1 Summary of findings
The central aim of this thesis was to investigate processing of nonverbal emotional
vocalisations in Alzheimer’s disease and frontotemporal dementia and determine if
they could represent a novel probe of socioemotional dysfunction in these conditions.
The rationale for studying emotional vocalisations was threefold: firstly, they are
nonverbal and therefore not affected by potentially confounding cognitive and
semantic deficits that are particularly relevant in the syndromes being studied;
secondly, they are innate and preserved cross-culturally making them uniquely
positioned to test individuals from different linguistic, educational and cultural
backgrounds; finally, they are highly versatile and can even be produced voluntarily,
serving both a role in emotional expression as well as more deliberate social
communication. They therefore represent a model signal processing paradigm for a
range of more complex and diverse social behaviours affected in dementia syndromes.
In chapter 1, I described the clinical, pathological and neuroanatomical features of the
dementia syndromes studied in this thesis – different syndromes bear the brunt of
disease burden in partially separable anatomical regions that show overlap with
putative networks involved in processing nonverbal emotional vocalisations. Thus, the
overarching hypothesis of this work was that deficits in different aspects of emotional
signal processing, both implicit and explicit, would be found in dementia syndromes
and that the profile of impairment would vary between them. To address this
hypothesis, over four experiments I investigated different aspects of nonverbal
emotional vocalisation processing using a combination of cognitive (categorisation in
chapters 3 and 5), affective (assessment of valence in chapter 5), physiological
(pupillometry in chapter 6) and neuroanatomical (voxel-based morphometry in
chapters 4, 5 and 6) measures.
In chapter 3, I investigated recognition of three highly salient and innate nonverbal
emotional vocalisations (laughter, crying and screaming) along with the ability to
identify the emotion they convey. As hypothesised, variable profiles of impairment
were seen that broadly aligned with established clinical experience of the respective
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syndromes - all dementia groups showed impairment relative to healthy control
participants with deficits more marked in the FTD syndromes compared to the AD
group. Within the FTD syndromes, bvFTD, as the archetypal syndrome of socioemotional impairment, was associated with the most marked deficits with dissociation
of vocalisation sound and emotion identification and confusion between vocalisations
of opposite valence. The svPPA group also showed significant impairment with a
suggestion

of

simplified

semantic

classification

of

stimuli

resulting

in

overgeneralisations. The nfvPPA group showed less significant impairment but the
pattern of deficits was suggestive of auditory perceptual, rather than emotional,
judgement errors. The AD group showed mild deficits with a tendency to endow
neutral stimuli with an emotional quality.
Neuroanatomical correlates of the impairments outlined in this first experiment were
explored in chapter 4 using VBM. A fronto-insulo-cingulate network was identified,
associated with processing nonverbal emotional vocalisations. Brain regions
associated with auditory perceptual processing (superior temporal sulcus and posterior
insula) showed specific association with vocal sound identification whilst emotion
identification was associated with limbic areas implicated in judgements about self
and others (ventromedial prefrontal and anterior cingulate cortices). Further brain
regions showed association with specific emotional vocalisations – medial and
orbitofrontal regions were associated with identification of both happiness and
sadness. Dorsomedial prefrontal areas, implicated in higher order cognitive processing
(including theory of mind), were associated with identification of sadness whilst
ventromedial areas, associated with emotional regulation and judgements about self,
were associated with identification of happiness. Identification of fear in screams was
associated with amygdala volume, reflecting its role in decoding their unique acoustic
properties. These anatomical profiles further bolster the behavioural findings from the
previous chapter. Whilst the study was underpowered to perform individual group
analyses, the pattern of neuroanatomical substrates identified potentially explains the
syndromic profiles of impairment. Furthermore, given the involvement of key brain
regions that are affected early in the course of disease (for example orbitofrontal cortex
in bvFTD), recognition of emotion in nonverbal emotional vocalisations may reflect a
sensitive marker of early deficits.
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Having established a pattern of deficits in categorisation of ‘basic’, contrasting
emotional vocalisations, I went on to investigate a more fine-grained distinction of
subtypes of laughter representing different dimensions of valence (mirthful versus
hostile) and arousal (spontaneous versus posed). In chapter 5, explicit categorisation
as well as affective valuation (in the form of valence) were assessed. Again, the bvFTD
group showed the most marked deficits, with tendency to confuse mirthful and hostile
laughter – correspondingly, they also showed a unique liking for hostile laughter. The
svPPA group demonstrated a tendency to misidentify spontaneous laughter as posed
but most strikingly showed a preference for spoken numbers over all laughter
subtypes. The nfvPPA group made errors of acoustic classification, represented most
clearly by their relative difficulty identifying spectrally inverted laughter. Across the
patient cohort, neuroanatomical correlates of laughter identification were found in a
core network encompassing inferior frontal and cingulo-insular cortices; more specific
correlates of laughter identification accuracy were found in cortical regions mediating
affective disambiguation (identification of hostile and posed laughter in orbitofrontal
cortex) and authenticity (social intent) decoding (identification of posed laughter in
dorsomedial prefrontal cortex).
In chapter 6, I extended the study of laughter subtypes through investigation of implicit
processing, in the form of pupil responses (as an index of autonomic arousal). Overall
profiles were suggestive of more marked deficits in the nfvPPA and bvFTD groups,
with evidence of primary autonomic dysfunction. In the svPPA group, the impairment
appeared to be, at least partly, attributable to impaired semantic processing and an
inability to decode autonomic responses. Pupil reactivity to laughter was associated
with grey matter volume in a cingulo-insular network implicated in processing of
salience and central autonomic control.

7.2 Syndromic profiles
The findings from the four experiments contained in this thesis can be distilled into
syndromic profiles of impairment in processing of nonverbal emotional vocalisations
(summarised in Table 7.1).
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7.2.1

AD

Overall, the AD participants showed relatively mild impairment in processing
nonverbal emotional vocalisations across all experiments, in keeping with findings in
other modalities. Whilst studies have demonstrated impaired recognition of emotion
in facial expressions in AD, this has been attributed to general cognitive, linguistic or
visuospatial dysfunction rather than to specific emotional processing deficits
(Burnham and Hogervorst 2004). Similarly, deficits in recognition from emotional
prosody have been recognised but are accompanied by impairment in comprehension
of grammatical prosody; indicating a more general prosodic processing impairment,
rather than a specific deficit of emotion signal processing (Taler et al. 2008). The most
striking profile of impairment in AD in this thesis, was the tendency to rate neutral
stimuli presented in chapter 3, as being emotional (conveying both happiness and
sadness). These findings may have some bearing on the recognised, but incompletely
understood, phenotype of hyper-emotionality in AD (Sturm et al. 2013). Intrinsic
connectivity imaging studies suggest that default mode network degradation in AD is
accompanied by the release of an emotion-relevant salience network (Seeley et al.
2007). In AD, neurodegeneration of temporal lobe structures important for affective
signal detection and emotion inhibition are associated with up-regulation of emotiongenerating mechanisms (Zhou et al. 2010). Importantly, these medial temporal lobe
regions are amongst the earliest sites of disease in AD, extending into the mild
cognitive impairment (MCI) stage (Fox et al. 1996). The increased levels of anxiety
reported in the early stages of AD reflect this (Monastero et al. 2009); in fact
individuals with MCI who have comorbid emotional complaints are more likely to
progress to dementia that those without such symptoms (Gallagher et al. 2011). The
findings of emotion attribution to neutral stimuli may therefore be a potential marker
of early disease. Measures of autonomic arousal, such as pupillometry, may prove
useful as an objective measure of early changes in AD – the autonomic findings
presented in chapter 6 demonstrate largely retained pupillary responses with a pattern
of increased responses to sounds that patients themselves find particularly pleasant or
unpleasant. Thus, if affective judgement of neutral stimuli is affected in AD, one would
expect this to be reflected in pupil responses.
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7.2.2

nfvPPA

Conventionally, nfvPPA has not been thought of as characterised by changes in social
or emotional behaviour. This is reflected in the diagnostic criteria that require
symptoms to be restricted to language dysfunction in the early stages of the syndrome.
Whilst not as clinically obvious as their linguistic impairment, there is emerging
evidence of behavioural changes (Rohrer and Warren 2010), often taking the form of
agitation, depression and apathy (Modirrousta et al. 2013). Studies have however
demonstrated impairment of emotion recognition from faces in nfvPPA – this
distinguishes the syndrome from lvPPA (Piguet et al. 2015). In both cognitive
categorisation tasks in this thesis (chapters 3 and 5) impairments were found in the
nfvPPA group relative to the healthy control group, but in many cases, deficits were
not as significant as those seen in svPPA and bvFTD. The pattern of errors in both
categorisation tasks revealed difficulty distinguishing acoustically similar sounds
indicating a potential perceptual deficit. This is in keeping with a growing body of
evidence showing impaired auditory perceptual processing in nfvPPA patients (Hardy
et al. 2019; Goll et al. 2010; Rohrer et al. 2012; Hardy et al. 2017; Grube et al. 2016).
In daily life, deficits in auditory processing may be compensated by use of other
sensory modalities, such as visual cues (facial expressions, body language) and may
explain why deficits in emotion recognition are not as clinically obvious. Indeed, the
nfvPPA group was the only FTD group in which performance in the laughter
identification task (in chapter 5) did not correlate with everyday measures of social
and emotional behaviour (mIRI and RSMS). Studies have shown non-uniform
involvement of emotion processing mechanisms between modalities, with recognition
of vocal emotions in prosody being significantly inferior to recognition of facial
expression in patients with nfvPPA but not healthy controls (Rohrer et al. 2012).
Rather than a generic deficit of emotion processing, these results suggest modalityspecific, perceptual factors. Whereas certain vocal expressions can be conveyed from
relatively coarse perceptual cues (e.g., large shifts in intensity or pitch) the perception
of other vocal emotions is likely to be relatively more dependent on accurate encoding
of fine-grained perceptual features. This is perhaps best represented in the nfvPPA
group showing mild but significant impairment in discrimination of spectrally inverted
and natural laughter – this represented a somewhat basic perceptual distinction.
However, it is unlikely that the results in the nfvPPA group are purely due to perceptual
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deficits. Brain regions undergoing atrophy in nfvPPA have been identified as key
structures supporting aspects of cognitive and affective empathy. The anterior insular
cortex plays a crucial role in affective components of empathy and emotional
experiences via its role in representing and integrating internal body states (Craig
2009; Bernhardt and Singer 2012) as well as in representing pain experience by others
(Lamm et al. 2011). Couto and colleagues reported impaired facial recognition and
aspects of theory of mind in nfvPPA, with both abilities associated with integrity of
the insula (Couto et al. 2013). Indeed, reduced affective empathy has been reported for
nfvPPA (Hazelton et al. 2017). The diminished autonomic reactivity reported in
chapter 6 is also likely to be related to insular atrophy and may correspond to a degree
of emotional blunting and loss of affective empathy whilst aspects of cognitive
empathy are less affected leading to better performance on cognitive categorisation.
7.2.3

svPPA

The svPPA group showed significant impairment across the experimental tasks, in
keeping with established changes in emotional responsiveness, empathy and emotion
recognition from faces in this syndrome (Rankin et al. 2005). Error profiles in chapter
3 revealed a tendency to confuse two negatively valenced emotions (sadness and fear)
whilst in chapter 4 particular difficulty was found in distinguishing spontaneous and
posed laughter (again two sounds of a broadly similar valence). This may reflect the
fact that as semantic memory becomes compromised (a consequence of anterior
temporal lobe atrophy) patients with svPPA become influenced by superficial rather
than conceptual similarities (Lambon Ralph et al. 2010).
Stored neural templates have been proposed as a link between representations of the
sensory and social environment and output behavioural routines (Clark and Warren
2016). Such ‘templates’ constitute specific patterns of activation within a neural
network that links representations of sensory data with output behaviours or
experienced sensations. In svPPA, network disintegration leads to eroded, and
subsequently simplified template boundaries. This limits template activation in
response to appropriate sensory representations and also allows for loose or
inappropriate template activation in response to more non-specific sensory input at a
given level of intensity. With regards to the findings from this thesis, this results in
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overgeneralisation of stimuli with similar basic features (such as valence) and blurring
of emotional category boundaries.
In comparison to the nfvPPA and bvFTD groups, the svPPA group showed relative
preservation of pupillary responses in chapter 6. When coupled with the findings of
impaired cognitive categorisation of laughter in chapter 5, my findings indicate that
implicit processing of nonverbal emotional vocalisations, in the form of autonomic
arousal, is broadly intact but deficits lie in explicit categorisation. This is likely related
to problems with semantic conceptualisation and categorisation that arise from
decoding auditory and autonomic information. This is reflected in the finding of
impaired interoception in the svPPA group indicating an inability to decode visceral
responses (Marshall et al. 2017). Ultimately, whilst impairments in the storage and
retrieval of social concepts leads to difficulty declaratively categorising emotions in
others, intact autonomic processing results in physiological changes that cannot be
decoded. This apparent disconnect between implicit and explicit processing of
emotional signals may contribute towards higher levels of depression and anxiety in
svPPA (Paulus and Stein 2010; Sabodash et al. 2013). It should be noted, that whilst
relative to the nfvPPA and bvFTD, pupil responses were somewhat retained, they were
still significantly impaired compared to healthy controls which echoes previous work
showing that autonomic reactivity depends not just on the function of the central
autonomic control network, but also on the effective processing and semantic appraisal
of sensory properties of the stimulus (Critchley 2005).
7.2.4

bvFTD

Across all experiments, the bvFTD group showed the most marked impairment, in
keeping with its clinical profile as primarily a disorder of social and emotional
behaviour. In both categorisation tasks the bvFTD group showed cross-valence
misidentification (confusing happiness with sadness and fear in chapter 3 and mirthful
and hostile laughter in chapter 5), indicating highly aberrant processing of emotional
signals. This was further reflected in their ratings of perceived valence that appeared
to have the inverse pattern of that demonstrated by the healthy control group.
Insensitivity to negative information has been demonstrated in bvFTD across several
modalities (Perry et al. 2017b) and may contribute to abnormal reward-seeking
behaviours in the syndrome. bvFTD patients show reduced sensitivity to aversive
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signals in a number of contexts: they often respond less to pain or extremes of
temperature (Fletcher et al. 2015a); they also show reduced responses to disgusting
stimuli (Eckart et al. 2012) and do not develop appropriate fear conditioning (Hoefer
et al. 2008). They are less sensitive to negatively valenced contextual features in social
decisions (Grossman et al. 2010) and have been shown to have trouble recognising
negative emotions conveyed in film clips (Goodkind et al. 2015) and music (Omar et
al. 2011). Whilst insensitivity to negative stimuli potentially accounts for the
misperception of fear/sadness as happiness and hostile laughter as mirthful, the
findings presented in this thesis indicate bidirectional disruption of perceived valence,
with positive stimuli being interpreted as negative. This is suggestive of a more
fundamental deficit in hedonic processing and builds on previous evidence showing
alteration in hedonic value in environmental sounds (Fletcher et al. 2015b), abstract
stimuli such as music and humour (Clark et al. 2015) and primary biological drivers
such as food and sex (Perry et al. 2014). Furthermore, diminished autonomic reactivity
(in chapter 6) coupled with the tendency to label emotional stimuli as neutral (in
chapter 3) speaks to the emotional blunting that is characteristic of bvFTD (Joshi et al.
2014b).
The syndromic profiles described here are further supported by neuroanatomical
correlates of impairment found in this thesis.
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Table 7.1 Summary of cognitive, affective and physiological findings in dementia syndromes

Summary of syndromic profiles based on findings in this thesis. Blue boxes represent findings from chapter 3, green corresponds to chapter 5 and
red to chapter 6. Downward arrows represent impairment whilst ticks and crosses indicate whether the relevant feature is present or absent (see
section 7.2 for details).

7.3 Neuroanatomy of nonverbal emotional vocalisation processing
Across the patient cohort, different aspects of nonverbal emotional vocalisation
processing were correlated with regional grey matter volume in an overlapping
network incorporating predominantly fronto-insulo-temporal regions. Many of these
brain regions have been implicated, not only in the processing of affective sounds in
the healthy brain (Frühholz et al. 2016), but also in processing of social and emotional
stimuli more generally (Alcalá-López et al. 2017). Care must be taken not to overinterpret findings from structural studies demonstrating association (not causation) and
the schematic presented here represents a simplification. In reality, social and emotion
signal processing involves network-based processes with several brain regions acting
in concert to undertake different aspects of signal processing and similarly, single brain
regions are likely to be implicated in several processes. With these caveats in mind,
the neuroanatomical findings from this thesis are summarised below and in Figure
7.1.
7.3.1

Auditory perceptual processing

The initial step in processing of nonverbal emotional vocalisations is similar to that for
most complex environmental sounds – acoustic features are extracted, decoded and
integrated into a percept. In the auditory cortex neural activity encodes the acoustic
features of the auditory stimulus. Information is subsequently passed on to the superior
temporal sulcus which is thought to be an important voice processing area (Belin et al.
2000). Although experiments in this thesis were not designed to specifically assess
basic auditory perception, in chapter 3 grey matter volume in areas around the STS
correlated with patient’s ability to accurately identify vocalisations. From here,
information is likely passed on to the inferior frontal gyrus, via the ventral stream of
auditory processing (Bizley and Cohen 2013), where emotionally relevant sound
features are integrated to support categorisation of sound objects according to their
social meaning and affective value (Fruhholz and Grandjean 2012; Schirmer and Kotz
2006). The inferior frontal gyrus was extensively implicated in identification of all
laughter types which is likely to reflect its integral role in processing affective sounds
in social communication (Fruhholz and Grandjean 2013; Rauschecker and Scott 2009).
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Whilst the superior temporal sulcus appears to be associated with processing of
complex sounds that evolve over time, the amygdala is thought to be important for
processing less complex, brief affective sounds (Frühholz et al. 2016) that immediately
signal relevance and elicit responses. This rapid signalling may be achieved via the
medial geniculate nucleus of the thalamus as part of the ascending auditory pathway
(Viinikainen et al. 2012). Screaming is a prime example of a short and highly salient
sound that serves an important role in signalling potential danger requiring rapid
response; as such, identification of fear from screams was associated with grey matter
volume in the bilateral amygdalae.
The posterior insula is primarily considered important for interoceptive representation
(the sense of the internal state of the body) but also plays an important role in sound
detection, entry of sound into awareness and allocation of auditory attention (Bamiou
et al. 2003). Patients with vascular damage to the posterior insula show particular
auditory deficits related to temporal resolution and sequencing (Spreen et al. 1965)
which may be relevant to its involvement in processing laughter, a vocalisation with
organised temporal structure.
7.3.2

Emotion and reward evaluation

The amygdala is likely to play a key role across multiple aspects of signal processing
including processing of certain salient auditory features (such as acoustic roughness),
assigning salience to the sound and preparing responses. The ventral striatum (and
nucleus accumbens in particular) is another important limbic structure that plays an
important role in reward and goal-directed behaviours and integrates information from
other limbic areas (such as the amygdala) and prefrontal cortex. Pertinent to my
findings of its association with perception of sadness in crying, activity in nucleus
accumbens is seen during altruistic decision making and subsequent behaviour
(Filkowski et al. 2016). Whilst altruistic behaviour, such as coming to the aid of
someone crying, is, by definition, not associated with obvious benefit to the self, it is
hypothesised to be related to other more complex forms of social reward that have
evolved to motivate individuals to live in groups (Lahvis 2017).
Ventromedial prefrontal cortex forms a key hub in the DMN and is extensively
connected with medial temporal lobe limbic areas associated with emotion
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engagement during social interactions. This is reflected in its involvement in
categorisation of emotions conveyed in vocalisations, specifically happiness in
laughter. vmPFC is strongly implicated in both emotion perception and empathy with
a suggestion of increased involvement in processing of stimuli with pleasant,
rewarding meaning (Myers-Schulz and Koenigs 2012).
Orbitofrontal cortex is thought to relate reward to hedonic experience which may play
a role in assessment of valence in emotional vocalisations (Kringelbach 2005). The
markedly aberrant profile of perceived valence demonstrated by the bvFTD group in
chapter 5 may well reflect disruption to the OFC, an area affected early and
prominently in the syndrome (Perry et al. 2006). Hedonic and behavioural cues
processed in the OFC are important for resolution of conflict and ambiguity which
may underlie the role the OFC appeared to play in identification of atypical forms of
laughter (both posed and hostile) (Clark et al. 2017).
7.3.3

Salience and arousal

The insula and anterior cingulate cortex are key hubs of the salience network and as
such, play key roles in detecting emotional salience in nonverbal vocalisations. The
anterior insula, in particular, has an important role as a mediator between sensory and
affective brain systems in perception of affective sounds (Mirz et al. 2000). Grey
matter volume in the anterior insula was implicated widely in the experimental
outcomes presented in this thesis, including identification of vocal sounds and the
emotion they convey (chapter 4), laughter subtype identification (chapter 5) and pupil
responses to laughter (chapter 6); reflecting the important role it plays in processing
nonverbal emotional vocalisations. Together with the anterior cingulate cortex, which
has an important role in mediating output from the salience network, the insula is
involved in central autonomic control and is likely therefore to facilitate translation of
affective cue perception into a self-experience of emotions when sounds are evaluated
(Kotz et al. 2013). The self-experience of emotions in terms of subjective feeling is an
important component of emotional empathy and appears to be a key deficit in
frontotemporal dementia. Along with the anterior insula and anterior cingulate, grey
matter volume in the thalamus was positively associated with greater pupil responses
to more arousing stimuli, reflecting the role these regions appear to play in implicit
processing of nonverbal emotional vocalisations.
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7.3.4

Higher order cognition

Dorsomedial prefrontal cortex was consistently associated with complex higher order
cognitive processes recruited when listening to nonverbal emotional vocalisations.
dmPFC, in connection with temporoparietal junction, is primarily related to the
understanding of other’s mental states. As behaviours become more complex, with
greater ambiguity and need to understand cognitive and affective mental states of
others, involvement of medial frontal cortex appears to become more dorsal (Li et al.
2014). This reflects the transfer of information processing from automatic to cognitive
processes with the increase of the complexity of social interaction. This is reflected in
the involvement of dmPFC in posed laughter (where it likely represents an obligatory
attempt to determine others’ mental states when laughter is perceived as less genuine)
as well as crying (likely reflecting the novel nature of adult crying that is not as
frequently encountered as laughter and is subject to greater socio-cultural modifiers).
The temporal pole was not found to be significantly associated with experimental
outcomes in this thesis but is likely to be relevant to the processing of nonverbal
emotional vocalisations for two reasons: firstly, svPPA is associated with focal atrophy
of the anterior temporal lobes and therefore specific deficits seen in this group are
likely to be related to damage to this area; secondly, in the healthy brain the temporal
pole has been associated with the higher association network of the social brain
connectome (Alcalá-López et al. 2017). Specifically, the anterior temporal lobe is
thought to play a critical role in presenting and retrieving social and emotional
knowledge (Olson et al. 2013). The pattern of deficits in the svPPA group (described
in section 7.2.3) would be consistent with an erosion of knowledge of socioemotional
concepts. The tasks employed in this thesis were not particularly semantically
challenging which may account for the lack of association between temporal pole
volume and experimental outcomes. Investigation of more semantically complex
socioemotional signals (e.g., embarrassed or self-conscious laughter) might better
reveal the involvement of the temporal pole. Further possible technical reasons for the
lack of association with the temporal pole are discussed in section 7.5.3.
Taken together, the experiments presented in this thesis have probed different aspects
of processing of nonverbal emotional vocalisations in canonical dementias and
revealed critical neuroanatomical substrates – importantly, these areas are involved in
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aspects of more general social and emotional behaviour, including salience, reward,
arousal, hedonic valuation and higher order social cognition. Parallels can be drawn
between the anatomical findings of this thesis and the healthy ‘social brain
connectome’ outlined by Alcalá-Lopez and colleagues, in which hierarchical
clustering analysis defined different levels of processing social and emotional stimuli
(Alcalá-López et al. 2017). This included a limbic network (encompassing
ventromedial prefrontal, anterior cingulate, amygdala and nucleus accumbens)
involved in emotional responses, an ‘intermediate’ network (including anterior insula,
dorsal anterior cingulate, inferior frontal gyrus and posterior superior temporal sulcus)
involved in body state representation and empathy and a ‘higher-level’ network (that
includes dorsomedial prefrontal cortex and temporal pole amongst other areas)
implicated in theory of mind. This reinforces the potential for paradigms of this nature
to probe wider dysfunction of socio-emotional signal processing in dementia.
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Figure 7.1 Neuroanatomical substrates of nonverbal emotional vocalisation processing

Summary of neuroanatomical findings from this thesis. Brain regions identified across all experiments are presented here (top cells) along with
their proposed function (middle cells) based on experimental evidence (bottom cells). Corresponding chapters that present supporting data are in
square brackets. *Whilst the temporal pole was not found to be associated with experimental outcomes, based on its function in the healthy brain
and its prominent involvement in svPPA, its hypothesised role is included here. ACC, anterior cingulate cortex; IFC, inferior frontal cortex; MFC,
medial frontal cortex; NAcc, nucleus accumbens; OFC, orbitofrontal cortex; STS, superior temporal sulcus; ToM, theory of mind

Figure 7.2 Schematic of nonverbal emotional vocalisation processing and how it is
affected in dementia syndromes

A proposed schematic of nonverbal emotional vocalisation processing is presented at
the top. Each coloured box represents a broad function involved in the processing of
nonverbal emotional vocalisations. Arrows connecting these boxes represent putative
flow of information. The three outputs represent the experimental measures presented
in this thesis: hedonic evaluation corresponds to valence (presented in chapter 5),
autonomic arousal corresponds to pupil responses (presented in chapter 6) and emotion
categorisation corresponds to identification of the emotion (presented in chapters 3
and 5). Below, dementia syndromic profiles are represented with crosses indicating
where the main deficits lie. In the case of AD, the upward arrow represents
upregulation of the salience network due to the disease targeting the DMN.
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7.4 Clinical relevance and implications
7.4.1

Relating findings to patients’ day-to-day experience

Symptoms of altered social and emotional responsiveness have devastating impacts on
people with dementia along with their family and carers (Hsieh et al. 2013a). Patients
with FTD are often described as selfish, self-centred and showing lack of concern for
the feelings and distress of others. Disruption of interpersonal behaviour is associated
with a considerable burden of care and greater marital dissatisfaction in spouses of
those with FTD (Ascher et al. 2010). The findings from this thesis have the potential
to better understand what drives abnormal social behaviours and could form an
important part of counselling families when the behaviour seems otherwise
incomprehensible. Understanding that reduced emotional responsiveness and empathy
may, in part, be related to an inability of the patient to recognise emotional signals
from others, and is not intentional, can be of some comfort and help manage
expectations. This may be particularly relevant in PPA syndromes where changes in
language are prominent, leading carers to not consider behavioural and emotional
changes as part of the condition. In my clinical experience, family and carers of those
affected by dementia syndromes often find it helpful having a better understanding of
why their loved one is behaving or responding in a particular manner. Findings from
this work can also help inform practical approaches to help manage changes in
behaviour and anticipate where difficulties may lie – keeping communication simple
and avoiding mixed messages (such as a polite laugh of agreement that may be
misconstrued as being hostile) could be helpful. Conversations over the phone, where
there is no visual input to support auditory information may be particularly problematic
to the nfvPPA group, especially considering the degraded quality of acoustic signal
via the telephone. Patients may benefit from having emotional and social situations
explicitly explained to them rather than assuming they will pick up on non-verbal cues
that may seem obvious to us.
7.4.2

Syndromic stratification and disease tracking

In this thesis, I set out to identify profiles of nonverbal emotional vocalisation
processing for each FTD syndrome and AD. The work has shown that it is indeed
possible to stratify patient groups in this manner, and whilst one must be cautious about
overstating interpretation of differences at an individual level, the findings do provide
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a proof of principle for further systematic investigation of nonverbal emotional
vocalisations. An evolved form of the paradigms described in this thesis may have a
role in the clinical or research setting in differentiating cases where clinical phenotype
is ambiguous, particularly in the case of bvFTD.
There is a need for dynamic and ecological stimuli that can probe aspects of complex
socio-emotional functions and ideally tax them to demonstrate deficits at the earliest
stages of dysfunction – this is important as brain dysfunction and atrophy are known
to precede cognitive decline in neurodegenerative disorders (Jack and Holtzman 2013;
Rohrer et al. 2015). Classification of ambiguous stimuli such as laughter subtypes
could form the basis of future ‘stress tests’ to assess early dysfunction and treatment
responses. Use of nonverbal emotional vocalisations has the advantage of being nonverbal and cross-cultural: this could prove particularly relevant as clinical trials of
potential treatments will require large, multicentre, international collaborations.
The paradigms described in this thesis have further practical advantages. Beyond being
sensitive and specific, biomarkers of disease should ideally be minimally invasive,
inexpensive and simple to acquire. One could envisage adapted versions of the
emotion recognition tasks I have described, meeting these criteria. Furthermore, as
they do not rely on a trained individual to administer the test (as is the case for many
neuropsychological tests) they have the potential to be adapted to test individuals
remotely using an online platform. In the post-COVID-19 era, this may prove
important.
Autonomic indices, and pupil responses in particular, offer a particularly attractive
measure of responses to emotional stimuli in neurodegenerative disorders; they are
dynamic and track neural processes closely; they are automatic and nonverbal and
therefore provide an objective measure in a field that has often relied on subjective,
questionnaire measures that have limited use in the cognitively impaired population.
Autonomic responses also have the potential to demonstrate greater response gain,
with implications for both early detection of changes — before cognitive performance
declines — as well as tracking disease into the later stages after cognitive performance
has declined to the point where traditional neuropsychological measures are not
feasible. Importantly, physiological measures have the potential to be used in animal
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models of dementia syndromes, where at present there is no reliable assay to capture
the kind of complex changes in social and emotional response that are seen in humans
(Ahmed et al. 2018). However, it must be kept in mind that, as I have demonstrated in
this work, autonomic indices show dissociation from cognitive markers and therefore
one must not assume that deficits in one will indicate impairment of the other.
Putting this in context, a great deal of further work is required to translate my findings
into reliable clinical tools. This is discussed further in section 7.6.
7.4.3

Interventions

The nature of deficits identified in this thesis highlight the potential for symptomatic
treatments targeting social and emotional behaviours. For example, the neuropeptide
oxytocin has been shown to have some benefit on performance in tests of emotion
recognition and theory of mind in FTD (Jesso et al. 2011). Oxytocin may exert its
action through regulating the salience of social cues (Shamay-Tsoory and Abu-Akel
2016). In healthy individuals, intranasal oxytocin has been associated with increased
functional connectivity between amygdala and OFC, ACC and precuneus when
listening to laughter - enhancing its incentive salience (Riem et al. 2012).
Oxytocin is just one of several central neurotransmitters that may offer potential
avenues for symptomatic treatment. Dementia syndromes are associated with
deficiencies in a number of neurotransmitters, including acetylcholine, dopamine,
noradrenaline and serotonin (Murley and Rowe 2018). Selective serotonin reuptake
inhibitors have been shown to improve response inhibition in bvFTD with concomitant
behavioural benefits (Hughes et al. 2015). Acetylcholinesterase inhibitors are of
benefit in AD, but are associated with worsening of behavioural symptoms in FTD
(Mendez et al. 2007). Unfortunately, beyond these examples, clinical trials and case
series have not shown consistent benefits from the modulation of neurotransmitters in
dementia syndromes. This may, in part be related to issues of trial design rather than
true lack of effect. Whilst improvements in scores of neuropsychological tests may be
useful for measuring improvements in aspects of memory or language, drug treatments
aimed at treating behavioural symptoms require objective measures of change to use
as outcomes. The findings from this thesis could help inform the development such

209

objective measures of socioemotional dysfunction in dementia and thus track
responses to potential treatments.

7.5 Limitations
The conclusions put forward in this thesis are inevitably subject to certain limitations.
Whilst limitations of specific experiments were addressed in the respective chapter,
here I discuss more general limitations of the work presented.
7.5.1

Patient cohort

Whilst all experiments described in this thesis had a reasonable overall cohort size
(>60) the individual syndromic group sizes, particularly for the PPA syndromes, were
small. There is therefore the potential for an inflated type II error as well as reduced
positive predictive value (Button et al. 2013). This is particularly problematic in
syndromes such as bvFTD and nfvPPA where there is high intrinsic clinical and
pathological heterogeneity. Whilst this could have been mitigated, to some extent, by
considering all FTD syndromes as a single patient group, this would not have allowed
investigations of syndrome-specific associations and stratification.
A further factor to consider, related to the low prevalence of FTD syndromes, is
significant overlap between participants in each experiment (see Appendix). There is
therefore a risk of sampling bias that is common to the experiments presented in this
thesis that should be considered when applying the findings to a wider dementia
population.
FTD syndromes are rare and therefore, to some extent, small sample size is an
inevitable consequence. FTD has a prevalence of around 11/100,000 in the 45-64 age
group, which makes up approximately 25% of the UK population (as per the 2018 UK
census). Thus the 60 FTD patients included in this study would be drawn from a
population of around 2.2 million people. In my experience of recruitment, around half
of all FTD patients at our centre were willing and/or able to take part in the experiments
presented in this thesis. Thus, an estimated catchment population of over 4 million
people would be required for these numbers. Even with patients being referred from
other parts of the country, significantly increasing the number of FTD participants in
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a single centre would not be possible. The work presented in this thesis could however
provide proof of principle to encourage larger studies with multicentre collaboration;
an approach that has been successful in the study of genetic FTD through the
international GENFI project (Rohrer et al. 2015).
The patients studied in this thesis were grouped by canonical dementia syndromes
from the outset – this was based on current diagnostic criteria that, as discussed in
chapter 1, do not reflect underlying neuropathology. Therefore, the patient groups
presented are likely to have a significant degree of heterogeneity in terms of regional
atrophy and underlying pathology. For example, patients with predominant right
temporal atrophy and a behavioural presentation were subsumed under the diagnosis
of bvFTD. Ideally this ‘subsyndrome’ would be studied in isolation given its unique
clinical phenotype of altered emotional responsiveness (Chan et al. 2009; Ulugut
Erkoyun et al. 2020). Similarly, genetic cases of FTD were included in the most
appropriate syndromic group (in most cases bvFTD). Genetic forms of FTD have
different neuroanatomical signatures and underlying pathology and therefore would
also ideally be studied separately to tie together protein abnormality, network
dysfunction and clinical phenotype. Due to low numbers of these groups, they could
not be studied in isolation – an alternative form of study for such limited numbers
would be to adopt a case series methodology. By demonstrating group differences in
my experimental paradigms, I hope to have provided evidence of the potential
specificity of these metrics for clinico-anatomical phenotypes that will encourage
further work employing a transdiagnostic approach in a larger cohort instead of
investigating stratification of syndromes that are defined a priori.
7.5.2

Methodological

All data presented here are cross-sectional. Thus, each patient group contains patients
with a range of disease severities resulting in greater variability in test performance in
group analyses. WASI matrices was used as a covariate in most analyses to try and
incorporate general disease severity; however, in reality there is no single measure of
disease severity that is suitable for each syndrome. Furthermore, in order to determine
if performance in emotion recognition tasks, such as those presented in this thesis,
could be used to track disease severity and evolution, longitudinal studies will be
necessary.
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The paradigms presented in this work were intended to be as ecological as possible.
Experimental paradigms cannot however capture the complexity of real-world social
interactions necessitating the somewhat reductionist nature of my experiments. I aimed
to demonstrate that impairment of nonverbal emotional vocalisation processing may
however be a proxy for wider socioemotional dysfunction. In chapter 5 correlation of
laughter identification with mIRI and RSMS, which index social and emotional
behaviour in everyday life, was somewhat reassuring in this respect but further work
is needed to establish how markers such as those I have identified map onto daily life,
symptoms and disease stages.
7.5.3

Neuroanatomical findings

I have already discussed some of the inherent limitations of VBM in the relevant
chapters – whilst informative, in some respects it is a rather blunt tool for assessing
neuroimaging correlates of experimental outcomes. It is a fundamentally associational
technique that is ‘windowed’ by the anatomical signature of the disease. Indeed, the
apparent left hemispheric lateralisation of many neuroanatomical correlates found in
this thesis may be related to the highly asymmetric nature of the two PPA syndromes.
Examination of SPMs thresholded at a voxel-level of p<0.001 uncorrected for multiple
comparisons did show right sided loci analogous to those found on the left, however
these did not survive correction for multiple comparisons. There is some debate
concerning the hemispheric lateralisation of emotion processing however a metaanalysis of studies investigating emotion processing from a variety of affective sounds
(including nonverbal emotional vocalisations, environmental sounds and music) found
no clear evidence of lateralisation (Frühholz et al. 2016).
VBM analyses presented here were carried out across the whole patient cohort
however larger groups would have provided statistical power to allow analysis of
individual syndrome groups to support the cognitive and behavioural data.
Region of interest (ROI) analysis used in chapter 4 is potentially susceptible to bias
and false positive results. An ROI approach was chosen to exclude brain regions for
which there was no hypothesised role in the experimental task, thus avoiding the
reduction in statistical power of including them in a whole brain analysis. However,
the use of several separate regions of interest does treat each analysis as independent
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and therefore raises the possibility of false positives. This was necessary due to the
relatively small numbers of the patient cohort and therefore the findings should ideally
be corroborated in a larger study with a whole brain approach.
The use of full factorial models allowed incorporation of diagnosis into the analysis
and ensured that syndromic atrophy patterns did not unduly influence results. This
does however potentially minimise results where the experimental measure under
exploration is a function of the region of atrophy in a particular group. This may
potentially explain the apparent lack of involvement of the temporal pole in any of the
studies despite it being predicted to be an important area for storing social and
emotional concepts. Using functional neuroimaging techniques could potentially help
overcome some of these issues. Derivation of network level effects using metrics such
as tractography, connectivity and activation imaging should capture a more complete
picture of disordered nonverbal emotional signal processing. Such connectivity-based
techniques are essential to understand pathophysiology and show how network
elements interact. They complement VBM, which delineates critical correlates, by
revealing entire networks engaged in processing information.

7.6 Future directions
In addition to the requirement for longitudinal work in larger cohorts to replicate and
amplify findings of this thesis, there are several key directions in which further work
could proceed to further disentangle the complexities of dysfunctional emotional
reactivity in dementia.
I have discussed the potential cross-cultural recognition of nonverbal emotional
vocalisations in healthy individuals as an impetus for studying them in dementia.
Whilst this is true for identification of basic emotions, it is unclear if features such as
posed and hostile laughter have the same resonance in different cultures. The patient
cohort studied in this thesis was ethnically and culturally rather homogenous
(predominantly Western European Caucasian), therefore, it would be important to try
and validate the paradigms described here in groups of different cultural and ethnic
backgrounds.
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If adapted versions of the experiments described in this thesis are to be useful in
distinguishing dementia syndromes, they must not only be sensitive but also specific.
Whilst I have demonstrated clear differences between dementia syndromes and
healthy control subjects, the real challenge both in clinical practice and research will
be in identifying features that distinguish dementia syndromes from psychiatric
disorders, phenocopies and developmental disorders (such as autism). There is already
some evidence that emotion recognition deficits can differentiate FTD from
psychiatric disorders (Chiu et al. 2018) but this needs further investigation.
Studying other measures of autonomic reactivity to stimuli (including heart rate and
skin conductance responses) could be complementary to pupillometry and help
determine physiological phenotypes of dementia syndromes. Studying autonomic
measures in combination may help overcome the inherently noisy nature of many
physiological measures.
Building a comprehensive picture of nonverbal emotional vocalisations will require
study of other vocalisations, including those conveying disgust, surprise and anger.
More complex emotions with greater ambiguity, such as pride and moral disgust, as
well as other subtle facets of communication, such as sincerity, sarcasm and humour,
may tax emotional and social systems and therefore be more sensitive to early changes
than distinction of broad emotional categories. This could be particularly relevant for
investigating early changes in presymptomatic carriers of genetic mutations known to
cause FTD or AD. As most of these mutations are autosomal dominant with a high
penetrance, presymptomatic carriers of the gene can be identified (through genetic
testing of relatives of affected individuals) and studied to look for the earliest changes,
before the dementia syndrome is clinically manifest. Studying genetic forms of
dementia syndromes, particularly for FTD, has the added advantage of allowing one
to know the underlying pathogenic protein in vivo.
Nonverbal vocalisations rarely occur in isolation in the real world and instead
emotional and social information is communicated via multiple modalities (including
facial expression, body language and tactile gestures) that are encountered
simultaneously. These different modalities should ideally be studied in combination,
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as well as separately, to investigate integration of sensory information (Schirmer and
Adolphs 2017).
Enhanced ecological validity could further be achieved through study of emotional
expression and reception in more natural contexts such as dyadic conversations
(Pressman et al. 2017). Whilst studies of this nature tend to be observational, the use
of wearable physiological monitoring devices and new developments in
magnetoencephalography (MEG) (Tierney et al. 2018) and functional near inferred
spectroscopy (fNIRS) (Cutini et al. 2012) allow for objective measurements during
social interactions. MEG is a particularly attractive proposition due to its temporal
resolution and would allow more precise delineation of alterations in functional
connectivity in dementia syndromes.
In this thesis, I have aimed to study an important aspect of social and emotional
behaviour that is disrupted in dementia syndromes. Whilst the impairments
demonstrated by no means address these devastating symptoms in their entirety, they
do offer insight into some of the fundamental contributing processes to the
deterioration of social and emotional functioning. As a clinical neurologist, my hope
is that further investigation can build on the findings I have demonstrated here to
ultimately help individuals and their carers understand the disease better, inform future
diagnostic techniques, track disease progression and treatment responses and suggest
targets for future therapeutic interventions.
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