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Abstract

Abstract

Perceptual decision can be defined as the process in which the sensory information
retrieved and processed in the brain is used to define actions towards the external
environment. It is strongly influenced by bottom-up factors, such as the sensory
information, as well as top-down factors, including previous experiences, culture, and
emotion. The mechanisms underlying this process have been extensively studied but are
yet to be fully understood.

Hysteresis is a well-known phenomenon in physics, that has been raising substantial
neuroscientific interest, to describe the influence of perceptual history in decision-
making. It manifests itself through two different mechanisms: persistence, or positive
hysteresis, causing a positive lag in the change of perception, and adaptation, or negative
hysteresis, the cause of a negative lag in the change of perception.

This project tested the hypothesis that there is hysteresis, positive and/or negative, in the
perception of emotion in biological motion patterns, which is the understanding and
processing of human motion patterns, conveying happiness or sadness, using stimulus
that required emotion recognition through these patterns. Our main hypothesis is that
these two mechanisms, positive and negative hysteresis, compete to influence the
perception of biological motion conveying either happy or sad emotional content.

We used both a behavioural assessment, through the realization of a psychophysics
experiment, as well as a functional magnetic resonance imaging (fMRI) experiment to
study the neural correlates of hysteresis phenomena.

Behavioural assessment revealed the existence of hysteresis in perception of happy or sad
biological motion patterns, with a predominance of positive hysteresis but a significant
contribution of negative hysteresis to perception. Therefore, it seems that there is in fact
a competitive balance between both mechanisms in the perceptual decision-making. We
also present preliminary fMRI results regarding the neural correlates of these
mechanisms.

Keywords: Hysteresis; Biological motion; Perceptual decision; Neuroimaging
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Resumo

Resumo

Deciséo percetual pode ser definida como o processo através do qual a informacéo
sensorial que € recebida e processada pelo cérebro pode ser usada para definir agdes em
relacdo ao ambiente externo. Este processo é fortemente influenciado por fatores bottom-
up, como a informacgéo sensorial, bem como por fatores top-down, que incluem
experiéncias anteriores, aspetos culturais de alto nivel e as emocdes. Os mecanismos
subjacentes a este processo tém sido extensivamente estudados, mas ndo sdo ainda
inteiramente conhecidos.

A histerese é um fendbmeno bem-conhecido na fisica, e que tem emergido também em
estudos neurocientificos como forma de descrever a influéncia da historia na tomada de
decisbes, manifestando-se sob a forma de dois mecanismos distintos: a persisténcia, ou
histerese positiva, que causa um desfasamento positivo na mudanca de percecgdo, e
adaptacéo, ou histerese negativa, que causa um desfasamento negativo na mudanca de
percecao.

Este projeto testa a hipdtese de que existe histerese, positiva e/ou negativa, na percecdo
de emocdes a partir do movimento biologico, isto €, no processamento e compreensao
dos padrdes de movimento humano, transmitindo emocdo feliz ou triste, usando estimulos
gue requerem reconhecimento emocional com base nestes padrdes. A nossa principal
teoria € de que estes dois mecanismos, histerese positiva e negativa, competem para
influenciar a percecao de movimento bioldgico transmitindo emocéo feliz ou triste.

Para estudar esta teoria, efetudmos um estudo comportamental, com a realizacdo de uma
experiéncia de psicofisica, bem como estudos de imagem por ressonancia magnética
funcional para estudar os correlatos neurais envolvidos no fenémeno de histerese.

O estudo comportamental revelou a existéncia de histerese na percecdo do
comportamento bioldgico transmitindo emocéo feliz ou triste, com predominéancia da
histerese positiva mas com uma contribuicdo significativa de histerese negativa. Assim,
parece de facto que existe um balanco competitivo entre ambos 0s mecanismos na decisdo
percetual. Apresentamos ainda, nesta dissertacdo, resultados preliminares acerca dos
correlatos neuronais responsaveis por estes mecanismos com base nos primeiros dados
recolhidos usando ressonancia magnetica funcional.

Palavras-chave: Histerese; Movimento Bioldgico; Decisdo percetual; Neuroimagem

Ana Filipa Borges Cortés | vii



viii | Ana Filipa Borges Cortés



List of Abbreviations and Acronyms

List of Abbreviations and Acronyms

ACC - anterior cingulate cortex

alPS — anterior intraparietal sulcus
BOLD - blood oxygenation level-dependent
CSF - cerebrospinal fluid

DLPFC - dorsolateral prefrontal cortex
DMN - default mode network

EBA - extrastriate body area

EPI - echo planar imaging

FA —flip angle

FBA - fusiform body area

FEF - frontal eye fields

FFA — fusiform face area

FFG - fusiform gyrus

FFX — fixed-effects analysis

fMRI - functional Magnetic Resonance
Imaging

FOV - field of view

GLM - general linear model

HRF — hemodynamic response function
IFG - inferior frontal gyrus

IPL - inferior parietal lobe

IPS - intraparietal sulcus

IT - inferior temporal cortex

LGN - lateral geniculate nucleus

MR — magnetic resonance

MRI - magnetic resonance imaging
MST - medial superior temporal area
MT — middle temporal area

N —null

NH — negative hysteresis

OFC - orbitofrontal cortex

PCA - principal components analysis
PCC - posterior cingulate cortex
PFC — prefrontal cortex

PH — positive hysteresis

PLD - point-light display

PLW - point-light walker

PMd - dorsal premotor cortex
pmPFC - posterior medial prefrontal cortex
PPA - parahippocampal place area
RF - radiofrequency

SMA - supplementary motor area
SPL - superior parietal lobe

STS - superior temporal sulcus

TE — echo time

TPJ - temporoparietal junction

TR - repetition time

UN — undefined

vPMC - ventromedial prefrontal cortex

Ana Filipa Borges Cortés | ix



X | Ana Filipa Borges Cortés



List of Figures

List of Figures

Figure 1. Schematic representation of the areas involved in decision-making studies using motion
stimuli: middle temporal area (MT), motor cortex (M1), dorsolateral prefrontal cortex (dIPFC),
intraparietal sulcus (IPS), and, frontal eye fields (FEF). Source:[6]. ....ccccooeviveviieviiecviiee e, 3
Figure 2. Example of a hysteresis loop following the classical form discovered in physics. In black
is the control curve, reflecting what would happen without the effect of the history; in red and
blue there are the two directions of the trajectory, starting on the opposite states and ending in the
(0111 G LTS P PP PR PP 5
Figure 3. Anatomy of the eye (A) and constitution of the retina of the eye (B). Source: adapted
TTOIM [S 7] ettt bbb 10
Figure 4. Schematic representation of the central visual pathways: the dorsal stream, the pathway
for the “vision for action’ and the ventral stream, responsible for the ‘vision for perception’. ...11
Figure 5. Example of the first point-light displays of human figures designed by Johansson in
1973. Representation of the human figure walking and running. Source: [63].........cccccevverinnne. 13
Figure 6. Snapshot taken from a video of a point-light walker. The data used in this thesis was
motion captured data from a walking person from an online database. [67] .....c..cccccevevveriernnnnn. 13
Figure 7. Brain areas activated while observing body expressions: occipital face area (OFA),
extrastriate body area (EBA), posterior superior temporal sulcus (STS), fusiform body area
(FBA), fusiform face area (FFA), dorsal medial prefrontal cortex (dmPFC), ventral medial
prefrontal cortex (vmPFC), posterior cingulate cortex (PCC), inferior parietal lobule (IPL),
inferior frontal gyrus (IFG), temporoparietal junction (TPJ), and, anterior temporal lobe (ATL).
Yo TU (o 1 PRSPPSO 15
Figure 8. Brain areas involved in the emotion perception and processing. Source:[80] ............. 17
Figure 9. Representation of a point-light walker and correspondence to the human articulations
created with the information provided by the database.[67] .........cccoeveiiiiiiicies 23
Figure 10. Sequence of snapshots from one of the dynamic transitions created. ........................ 24
Figure 11. Example of the organization of a dynamic run with a total duration of 9.50 minutes
consisting of 3 blocks with 6 trials each. Participants performed 3 of these runs. ............c......... 26
Figure 12. Example of the organization of a control run, with a total duration of 11,11 minutes
consisting of 4 blocks with 33 trials each. Participants performed 3 of these runs. .................... 26
Figure 13. Graphs of the control curves of the group obtained for each actor using the data
collected in the control runs that consisted of the attribution of one of the 3 emotions to each of
the presented snapshots. The shaded area represents the confidence interval of 95%. In the y-axis,

is represented the perceptual outcome with 1 being happiness, 0 the neutral state and -1 sadness.

Ana Filipa Borges Cortés | xi



List of Figures

The x-axis is parametrized according to the positivity of the emotion present on the videos, being
-100% sadness and 100% NAPPINESS. ......cviriiriiiiieieiere e 32
Figure 14. Example of the regressions of a control curve using a linear regression on the left, and
a sigmoidal regression on the right. The data used for these graphs corresponds to the data
collected in the three control runs of one participant for actor 3. Sigmoidal regression presents a
better adjustment as visually observed and confirmed by the value of the R?. ............cccoveuenee. 33
Figure 15. Group averages of each direction for each actor for the dynamic transitions separated
by the two directions. In blue is represented the direction ‘happy to sad’ and in red is the direction
‘sad to happy’. The shaded areas represent the confidence interval of 95%. In the y-axis, is
represented the perceptual outcome with 1 being happiness, 0 the neutral state and -1 sadness.
The x-axis is parametrized according to the positivity of the emotion present on the videos, being
-100% sadness and 100% NAPPINESS. .......viieriiiiieieiei e 36
Figure 16. Group averages of each direction, with red being the direction ‘sad to happy’ and blue
the direction ‘happy to sad’, and the control curve, in grey, for each actor. The shaded areas
represent the confidence interval of 95%. In the y-axis, is represented the perceptual outcome
with 1 being happiness, 0 the neutral state and -1 sadness. The x-axis is parametrized according

to the positivity of the emotion present on the videos, being -100% sadness and 100% happiness.

Figure 17. Example of a trajectory and the visual representation of the three criteria defined for
the classification of the trajectories regarding the presence of hysteresis and the type of hysteresis.
In the y-axis, -1 represents sadness, 0 the neutral state and 1 happiness, while in the x-axis, -100%
is sadness, 0 neutral and 100% NAPPINESS. ......cceiiiiiiiiiiiiee e 41
Figure 18. Examples of classified trials according to the defined criteria: (A) positive hysteresis,
characterized by a positive lag in the perception; (B) negative hysteresis, in which there is a
negative lag in the perception; (C) Null, corresponding to the trajectories without hysteresis; (D)
Undefined, which groups the trajectories with a behaviour different from what we expected for
either positive or negative hysteresis. In the y-axis, -1 represents sadness, 0 the neutral state and
1 happiness, while in the x-axis, -100% is sadness, 0 neutral and 100% happiness.................... 42
Figure 19. Experimental design for the dynamic trials, each run consisting of 3 blocks of 4 trials
each, with a total duration of 7,22 MIiNULES PEI FUN.........coiii i e 52
Figure 20. Experimental design for the control trials, each run consisting of 11 blocks of 8 trials
each, with a total duration of 7,6 MINULES PEF FUN. ....c.eiieiieie e 53
Figure 21. Pipeline used for the pre-processing of the fMRI data acquired.............ccccoevvernnnne. 55
Figure 22. Activation maps resulting from contrasting movement (MOV) and fixation (FIX) for
the dynamic transitions on the left column [(A) sub-01; (C) sub-02; (E) sub-03; (G) sub-04] and

Xii | Ana Filipa Borges Cortés



List of Figures

for control conditions on the right column [(B) sub-01; (D) sub-02; (F) sub-03; (H) sub-04] (p <

OISR o] £ =Tox (=T ) T TP T PR TP TPTUTPRUPRPTPRTRON 59
Figure 23. Activation map for the contrast NH-PH for sub-01 (p < 0.05 corrected)................... 61
Figure 24. Activation maps for the contrast NH-PH, on the left (A), and for the contrast PH-NH,
on the right (B), for sub-02 (p < 0.05 COrreCted). .....cceevivriiiieiii e 61
Figure 25. Activation maps for the contrast NH-PH, on the left (A,) and for the contrast PH-NH,
on the right (B), for sub-03 (p < 0.05 COIECed). .......eieriiriiiiiieseeeeee e 62
Figure 26. Activation map for the contrast NH-PH for sub-04 (p < 0.05 corrected)................... 63

Figure 27. Contrast results between movement (MOV) and fixation (FIX) at group level for the
dynamic transitions (A) and for the control conditions (B) with p < 0.05 corrected................... 64
Figure 28. Brain areas activated when contrasting positive and negative hysteresis at group level
(OO0 R0 Too] 4 (=ox =T ) S SSS 65

Ana Filipa Borges Cortés | xiii


file:///C:/Users/Asus/Downloads/AnaCortes_Tese_v2_correcao_quasecompleta.docx%23_Toc115909143
file:///C:/Users/Asus/Downloads/AnaCortes_Tese_v2_correcao_quasecompleta.docx%23_Toc115909143
file:///C:/Users/Asus/Downloads/AnaCortes_Tese_v2_correcao_quasecompleta.docx%23_Toc115909144
file:///C:/Users/Asus/Downloads/AnaCortes_Tese_v2_correcao_quasecompleta.docx%23_Toc115909144

List of Figures

xiv | Ana Filipa Borges Cortés



List of Tables

List of Tables

Table 1. Table synthesis of the studies of hysteresis using biological motion stimuli. The research
criteria for this synthesis included only studies in humans, involving muscular movement and
actions, and therefore excluding studies at cell and tissue level, and including the terms “motor”
)4 L0 B A 3 (<) L OO PO PSP 6
Table 2. Table synthesis of the studies of hysteresis involving the recognition of emotions. ....... 8
Table 3. Frame intervals correspondent to each percentage of emotion according to the design of
the stimulus to be presented at a frame rate 0f 100 Hz. .........ccooovviiiii i 25
Table 4. Information of the volunteers that participated in the behavioural experiment.............. 29
Table 5. Number of trajectories of each class for each participant, according to the responses of
each participant for the dynamic runs based on the defined criteria, with E1-N-E2 representing
the completed trajectories; E1-N being the trajectories persistent in neutrality; E1-E2 representing

the trajectories with instantaneous neutral state; and Invalid referring to the invalid trajectories.

Table 6. R? values for the linear and sigmoidal regressions obtained for the control curve of each
aCtor TOr €aCH PANTICIPANT. ....c..eiviiiieiit ettt ene s 34
Table 7. Percentages of emotion at the point of neutral state perception for actor 2 and actor 3 for
BACN PANTICIPANT. 1..oiiviiii it e et e e et e e st e e s te e sheeabeesteesreeebeenbeenreere s 35
Table 8. Results from the Shapiro-Wilk test performed to test for normality of the distribution of
values of the perceptual switch moments for both directions and the control.............c..cccccceeni. 38
Table 9.Results from the Shapiro-Wilk test performed to test for normality of the distribution of
values of the areas for both directions and the control. ... 38
Table 10. Wilcoxon signed-rank test results for the perceptual switch moments for each direction
and control and for both directions, separated by actor. .........cccccveviii i 39
Table 11. Wilcoxon signed-rank test results for the areas for each direction and control and for
both directions, separated DY ACTOT. ..........coiiiiiiiiiiiieie e 39
Table 12. Comparison of the visual classifications obtained by the 2 raters. There was an

agreement on 635 of the 685 classifications, which corresponds to 92,7% of the trajectories and

translates into a kappa Cohen 0F 0.88. .......ccoi i 43
Table 13. Classifications results based on the criteria mentioned above and the results after visual
revision. The visual classification prevailed over the classification with the criteria. ................ 43
Table 14. Results of the final classifications separated by subject..........c.ccccoviiviiiciiciicieen, 44
Table 15. Data used in the chi-square test for aCtor 2..........cccecvivie i 45
Table 16. Data used in the chi-squared test for aCtor 3. ..........ccocviiriieieiinieee e 45

Ana Filipa Borges Cortés | xv



List of Tables

Table 17. Data used in the chi-squared test for both actors. ..........cccecveviv i, 45
Table 18. Chi-square test results using the total number of cases of positive and negative
hysteresis for each actor and for both actors combined, after the visual review. ........................ 45
Table 19. Shapiro-Wilk test results for the distribution of the percentage of perceptual moment
switch of the trajectory and the point of neutral state in the control curve. ........c..ccccevevevnnennn. 46
Table 20. Shapiro-Wilk test results for the distribution of the percentage of the areas between the
CONrol CUNVE and the TraJECTOTY. ....c..eiviiiiiiiei ettt 47
Table 21. Mann-Whitney test results for the distribution of the percentage of perceptual moment
switch of the trajectory and the point of neutral state in the control curve. ...........cccooevvveieennen, 47
Table 22. Mann-Whitney test results for the distribution of the percentage of the areas between
the control curve and the traJECTONY. ........coviieiiiieie s 47
Table 23. Parameters used for the fMRI data aCquiSItioN. ...........cccuvveieiiiinieieeeee 51
Table 24. Information of the volunteers that participated in the fMRI acquisition until the moment
of the writing of this thesis. These participants also take part on the behavioural experiment....54
Table 25. Classifications of the trajectories of all the subjects that participated in the MRI
EXPPEITIMIENE. ...ttt b bbb bbb e bbbt R ettt h e bt ene s 58

Xxvi | Ana Filipa Borges Cortés



Contents

Contents

o | o LT[ T 0L iii
AADSEFACT ...ttt et b e re e aeen iii
RESUMO .t s vii
List of Abbreviations and ACIONYMS........c.vccieciieiieiiee et see st e e se e e e e e reesreeseeseeseeenes vii
LISt OF FIGUIES ...ttt sttt ettt s be et b e bt et ne e ens xi
LISt OF TADIES ..ot XV
Chapter 1. Theoretical BaCKgroUN...........ccveviieiiieriieiieiecie ettt sre e e 1
1.1, Motivation and ODJECHIVES ......ccvieciieciiciieece ettt re e e e et eanas 1
1.2, Perceptual DECISION ......cccueiiiiiieiieieteet ettt et st 2
I T o Y (=] £ L £ PP 4
1.4, The HUMaN Visual SYSIEM ......ccouiiiiciiciieeee ettt ettt e 9
IO T =1 To] [0 o Tor= |1 o) 4T ] APPSR 12
1.6.  Emotion Perception in Biological MOLION ........cceevveeiieiieiicie et 17
1.7.  Methods for studying SENSOry PErCePLION .........ceveveruerueeierenreseeeetenre st et s eieenens 20
1.7.1. Y1 110 o] )] ot S USRS 20
1.7.2. Functional Magnetic Resonance IMaging.........cccceveeveieereereeneeseesieesre e 20
Chapter 2. Behavioural EXPEIIMENT .......c.occviiieiiiiieieestesteese et ere e ete et sae e e s ae e e seesseeneeens 23
2.1, MEENOUS. ...t bbb nen 23
2.1.1.  Creation of the SHMUIT ......ccoriiii s 23
2.1.2. EXPErimental DESIGN ...cveeveeiieieeieee ettt ettt e e beesbeenteenbeenre e 26
2.1.3. EXPEriMENTAl SELUD ....eeveeieeii ettt et et e e et enes 27
2.14. INSEIUCTIONS ...ttt sttt b e sb ettt ebeeaeeneens 27
2.15. PAMTICIPANTS ...ttt sttt et et 29
2.2, RESUIS ... 30
2.2.1.  Group I6VEl @NAIYSIS .....cccvierieiiciecte sttt ettt re e sreereens 30
2.2.1.1. Pre-analysis data treatMeNt..........ccvevieeieeei ettt 30
2212, CONLION CUINVES ...ttt 32
2.2.1.3. DYNaMIC traNSITIONS .....ocueeieieeeiee ettt 36
2.2.1.4. Inferential Statistical ANAIYSIS .......cccveiieieeieerieceeeee e 38
2.2.2.  SUDJECT IEVEL @NAIYSIS ...ecevieeiieeiecie ettt et re e e e nreens 40
2.2.21. Defining NYSIEresiS MELIICS. ...c.evuiririeiesierieetetere ettt 40

Ana Filipa Borges Cortés | xvii



Contents

2.2.2.2. Classifications of the individual trajeCtories .........eevcvvevieeiiiecie e 43
2.2.2.3. Inferential Statistical ANAIYSIS .......cccveieeieeiieieeceeceere e 46
2.3, DiSCUSSION OF RESUILS .....coveiinieiiiiirtiiciei ettt 48
Chapter 3. MRIEXPEIMENT .......oiiiiiiriieietert ettt sttt sbe e nes 51
B L. MEENOUS. ..ttt b et nees 51
3.1.1.  TMRI data aCqUISITION ....c.veeuiieiiciecie ettt et e e e ste e e e sreenreens 51
3.1.2. EXPErimental DESIGN ......eecveeiieieeieee ettt e et s re et eebeenteenreenbeenae e 52
3.1.3. PATICIPANTS ...ttt sttt bbb bt ettt 53
3.14. INSEIUCTIONS ...ttt sttt sae b enens 54
3.2.  Pre-processing fTMRI data.........cccceceriiieiieeee e e 55
B.3.  RESUIES . et 57
3.3.1.  SUDJECL IEVEL @NAIYSIS ...ecevieiiieeiecie ettt et sreen 57
3.3.2.  Group 1eVEl @NAIYSIS ......cc.evuiriieieieteeieeteee e e 63
3.4, DisCuSSION OF RESUILS .......ceveiiriiiiiiitieeee e 66
Chapter 4. FULUIE WOTK......ccuieieeieeie ettt ettt s e ste e be e te e teebeeavesasesasesanesraessnesseessnessnens 69
RETEIENCES ...ttt ettt 71

xviii | Ana Filipa Borges Cortés



Ana Filipa Borges Cortés | xix



xx | Ana Filipa Borges Cortés



Chapter 1. Theoretical Background

Chapter 1. Theoretical Background

1.1. Motivation and Objectives
In our daily lives, we are constantly making decisions based on the information retrieved
by the sensory systems. The process of receiving this information and translating it into
behaviour, either by planning actions or making judgements, is designated as perceptual
decision. The mechanisms underlying this phenomenon are yet to be fully decoded.
It is known that perceptual decision is influenced by both top-down factors, such as
previous experiences, culture, emotion, and motivation, as well as bottom-up factors,
which include the sensory stimulation, such as visual input.
Visual adaptation occurs when the visual system changes its operating properties in
response to the stimuli it receives from the surrounding environment. The processes based
on this phenomenon have been well studied in the motion domain. Neural responses to
visual global motion maps on the visual dorsal stream, particularly in the area V5/MT.
Neural selectivity has been studied using adaptation-based paradigms and fMRI.[1]-[4]
Paradigms of prolonged adaptation to motion, such as drifting gratings, can cause an
alteration in the visual system, such that the response in V5/MT decreases despite
continuous stimulation. On the other hand, high-level mechanisms of attention and
memory contribute to maintenance of the current perception, which we can define as
persistence.
If adaptation is sufficiently prolonged neural fatigue occurs and the current percept tends
to fade, which cannot be overridden even by the high-level mechanisms of attention and
memory. The main hypothesis of this project is that two neural processes compete in the
perception decision making: adaptation and persistence.
In a situation in which the visual system has to decide between two different
interpretations, adaptation is a cause of negative hysteresis which favours the change into
the competing perception earlier, causing a negative lag. Persistence, which is caused by

Ana Filipa Borges Cortés | 1



Chapter 1. Theoretical Background

short-term memory processes, is a cause of positive hysteresis in which the current
perception is maintained for a longer period of time, causing a positive lag.

The objectives of this project are, therefore, to understand the general and domain-
specific mechanisms in the dynamics of perceptual decision-making and learning, and to
study the low and high-level mechanisms involved in perceptual hysteresis, using a
biological motion stimulus containing emotional patterns of motion paired with an
emotional recognition task.

Understanding the neurobiological underpinnings of perceptual decision making and
learning can be relevant for the understanding of diseases characterized by alterations in
perceptual states, such as autism spectrum disorder.

In this project, we study the neural correlates underlying these mechanisms and the
hypothesis of their competitive balance, by combining behavioural assessment with
fMRI.

1.2. Perceptual Decision

Perceptual decision can be described as the process in which the brain translates the
sensory inputs into actions and judgements and therefore, being central to regulate
behaviour.[5]

Given its importance to the understanding of the cognitive function and behaviour,
multiple studies have been performed focusing on the understanding of this process and
progress has been made regarding the specification of brain areas involved in it. Current
literature has established decision-making as a process that engages several areas across
the entire brain to perform the different steps necessary such as the receiving of sensory
information, the processing of this information, the planning of actions and their

execution. [6]
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Figure 1. Schematic representation of the areas involved in decision-making studies using motion stimuli: middle
temporal area (MT), motor cortex (M1), dorsolateral prefrontal cortex (dIPFC), intraparietal sulcus (IPS), and, frontal
eye fields (FEF). Source:[6].

The sensory evidence is represented in different brain areas according to the category of
the information received. For example, tactile information seems to be processed in the
somatosensory cortex while face representations are perceived in the fusiform face area
(FFA), emotional expressions in superior temporal sulcus (STS) and houses/scenes in the
parahippocampal place area (PPA). The left posterior dorsolateral prefrontal cortex
(DLPFC) has also been linked to the perceptual decision-making as an area that integrates
the information from the different sensory areas to create a representation of the sensory
information overall.[7]-[10] The medial frontal gyrus has also been thought to have arole
in comparing stimulus to categorical boundaries while the Middle Temporal area (MT)
as well as the motor cortex present a role linked to visuomotor integration, by processing
visual motion stimuli that is then used in further steps of decision-making and action
planning and execution.[6]

Perceptual decision is not only influenced by the sensory inputs that reach the brain but
also by the attention and task difficulty. In fact, task difficulty appears to be correlated
with response time and consequently with the level of activation of the brain areas, with
more difficult tasks evoking greater responses. [5], [10]-[12] Insula, the inferior frontal
gyrus (IFG) and the anterior cingulate cortex (ACC) are areas that have been mentioned

in several studies for having a positive correlation with the response times. [11], [13]
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Intraparietal sulcus (IPS), the frontal eye fields (FEF), and the dorsal premotor cortex
(PMd) have been linked to the planning of decision-reporting actions, with IPS and FEF
presenting stronger activations during the periods of decision formation. [14]-[18]
Independently of the action that comes as an output of the decision-making, the process
itself seems to engage four particular areas: the left posterior DLPFC, the left posterior
cingulate cortex (PCC), the left IPS and the left fusiform gyrus. [19] The posterior DLPFC
seems to have a critical role not only in the representation of sensory information but also
in the translation of the decision to an action. Brain areas involved in this process are not
only responsible for the decision-making and for the planning of the response but also for
monitoring the performance and adjusting the activity of the networks according to the
outcomes. It seems that the brain adjusts the process by amplifying certain areas, through
top-down loops, relevant to the task at hand to better improve the performance. This
performance-monitoring system appears to depend strongly on the posterior medial
prefrontal cortex (pmPFC). [20]

Despite the number of experiments performed to decipher the mechanisms behind
perceptual decision-making, the connections and hierarchy between all the areas that have

been shown to be linked to it are still yet to be fully understood.

1.3. Hysteresis

Hysteresis is a phenomenon widely known in physics, particularly in the field of
electromagnetism, that describes the dependence of the output of a system on the input of
the same system. [21]-[23] Recently, it has been gaining attention in neurosciences,
especially in the human vision research. [24]-[27]

Classically hysteresis has been seen as a persistence on maintaining a certain state of the
system despite the changes of input, creating a later transition to the other percept in
comparison to the control situation, where there is no influence of the history of the
system. There is now recent evidence (initially in the field of physics but now also in
perceptual science) of the opposite effect: the transition in perception happening before
the input changing.[28]-[32] It is therefore now necessary to study and distinguish these

two effects. The terminology adopted describes the mechanism of persistence as a
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positive hysteresis effect while the anticipation of the perception is attributed to a negative
hysteresis effect. [29], [33]

This way, hysteresis can also be described as the competitive balance of two opposing
forces, the competing stimulus representation (perceived prior) and the stimulus currently
being presented/perceived. The perceptual hysteresis comprises two different neural
mechanisms: persistence, which causes positive hysteresis forcing the system to keep the
current perception for longer periods of time, and adaptation, a cause of negative

hysteresis that favours the switch to the competing perception.

05

— control curve reference
direction 1
direction 2

-100  -80 50 40 -20 0 20 40 60 80 100

Figure 2. Example of a hysteresis loop following the classical form discovered in physics. In black is the control curve,
reflecting what would happen without the effect of the history; in red and blue there are the two directions of the
trajectory, starting on the opposite states and ending in the other state.

The human brain seems to retrieve and recycle information and action plans to improve
performance while reducing the resources, a process of efficiency optimization, needed
for it. Practicing and training a sport, for example, are situations where the effect of the
history of the motion patterns previously used manifests itself in improving the
performance.

Several studies (see Table 1) have proven the existence of hysteresis in biological motion,

that is the motion patterns, regarding actions as catching an object, grasping, pointing, or
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opening drawers, in terms of action planning and the execution of the movement itself.

[32], [34]-[42] There are strong evidence of the occurrence of hysteresis in these

movements as the brain often reuses information regarding previous actions to plan new

ones, especially when these are done in sequence.

Table 1. Table synthesis of the studies of hysteresis using biological motion stimuli. The research criteria for this
synthesis included only studies in humans, involving muscular movement and actions, and therefore excluding studies
at cell and tissue level, and including the terms “motor” and “hysteresis”.

Author

Parameter in study

Participant group

Results observed

Reference

and task
Lopresti- Grasping obiects with Adaptation observed in the
Goodman et al. ping ob) Healthy adults choice when presented with [32]
one or two hands . .
(2013) an object previously grasped
Presence of hysteresis: faster
responses when choosing the
Valyear et al. Hand choice based on a same hand from previous
(2019) presented target AL ECliE actions; slower responses 54
when choosing the other
hand
. Opening a drawer and .
Schitz et al. - Persistence on the former
(2016, 2017) po!ntlng towards an  Healthy adults posture for both conditions [351, [36]
object
Presence of hysteresis in the
choice of the hand: the
Rostoft et al. Catching a ball based Healthy 4-year-old switching point from one
. . [37]
(2002) on the location children hand to the other changes
with the direction of the
trajectory
Posture when The posture adoptegl .wa§ a
. result of both the anticipation
performing the task: . . .
of the task, in particularly, in
walk to a drawer, open . . .
Land et al. it rasp an  obiect Healthv adults function of the initial location 38]
(2013) » Brasp. on) ¥ of the object and the history
located in different .
. . of the movements. Consistent
places in different S . .
. postures in similar trials with
trials. .
similar tasks
Move from two
different positions with Clear effect of the history of
the knee joint at the trajectory suggests the
different angles (152 presence of hysteresis:
Weiler et al. and 7592) to a position moving from a 152 angles
Health |
(2000) with the knee joint at a CEliEy Sellis towards any of the target 39]

certain target angle
(309,452 and 609). First
the movement is done
passively and then the

positions resulted in lower
errors than moving from the
752 angle.
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participant did it on
their own trying to
replicate the passive
movement.

. Presence of hysteresis:
Performing slow . .
. differences in the elbow
circular movements muscles regarding the
Kostyukov et al. with th ight h
ostyuov et ar wi . € M8 a'nd Healthy adults intensity, the muscle length [40]
(2022) holding a  moving
and the force used when
handle operated by a . N
. comparing the two directions
machine.
of movement.
Hysteresis effect: the BOLD
Tap the right index signal was different in the
Adhikari et al. finger on a response precuneus when the tapping
Healthy adult 41
(2013) box accordingly to the catthy adufs was in an accelerating phase [41]
visual cues given. in comparison to a
decelerating phase.
Presence  of  hysteresis:
Burgess- Cyclic liftin and different movement patterns
Limerick et al. ¥ . 8 Healthy adults . P . [42]
(2001) lowering task. when changing the starting

and ending points.

Hysteresis not only manifests itself in motor patterns but also in the perception of, for
example, visual and auditory stimuli. Among the recent studies of hysteresis in
perception, there are few that relate emotion perception to hysteresis (see Table 2).
When we are trying to assess the emotions expressed by those around us, we are
constantly looking for visual and auditory clues, like the facial expression, the body
language, or the tone of voice. These are factors that change over time as the emotional
state is also in constant change. In 1993, Kobayashi and Hara, used human facial
expressions to prove that emotion recognition and processing can be interpreted as
dynamic systems being that emotions appear and change across time, depending not only
on the temporal context but also on the trajectory of the input information, that is,
presenting hysteresis. [43]

From the studies performed using a task of emotional recognition, with the exception of
one study that used sounds that portrayed emotions and noise [44], all of these use facial
expressions to create dynamic transitions to use as stimuli. [29], [44]-[48] Human faces
are the part where most of our attention is focused when socializing and the interpretation
of the expressions is a necessary skill to survive and thrive in society. Therefore, it is not
surprising that the brain has certain areas and networks specialized in the processing of
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faces, making this a much faster process to perceive and to plan responses to those,

manifesting them either through actions or physiologically, which in turn makes facial

expressions very interesting tools to study perceptual mechanisms.[49]

Table 2. Table synthesis of the studies of hysteresis involving the recognition of emotions.

Author Type of stimulus Participant group Results observed Reference
W I
ebster et @ Facial expressions Healthy adults Negative hysteresis [45]
(2004)
\gg’ﬁzg;;{ Facial expressions Healthy adults Positive hysteresis [46], [47]
Predominantly positive
Sacharin et al. . . hysteresis
(2012) Facial expressions Healthy adults Negative hysteresis in [48]
some directions
Liaci et al. (2018) Facial expressions Healthy adults PomUve. and  negative [29]
hysteresis
Control group of healthy Positive hysteresis for
Martin et al. adults both groups in the
(2014) Sounds Adults with a diagnostic direction of decreasing [44]

of schizophrenia of signal-to-noise ratio

The majority of the studies in emotion perception present a predominance of positive
hysteresis, either not observing negative hysteresis or having only very specific directions
with those. Similar emotions such as anger and disgust often do not evoke hysteresis and
when they do, it is a weaker effect when comparing with pairs of emotion with more
distinct differences such as sadness and happiness.[46], [48]

These studies also acknowledge a bias towards happiness with trajectories where this is
the first emotion presented having longer periods of persistence and those that start with
another emotion having an earlier transition towards the perception of happiness. [46],
[48] This observation is in agreement with the theory of the happiness superiority effect.
[50]-[52]

Emotion perception is not based solely on analysis of facial expressions, rather it is the
product of the integration several types of information such as auditory cues, like the tone
of voice and the patterns of speech, as well as body language expressed through posture
and motion patterns. In fact, when people are presented with only face expressions
partially hidden by face masks, the recognition of emotions decreases significantly, [53]
but if the body is also shown there is not a big difference between the recognition of
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emotions with or without face masks. This suggests that body language and consequently,
biological motion, affects strongly the emotional recognition.[54]

With the strong evidence of hysteresis in the human motor system and the perception of
emotion in facial expressions, perceiving emotion from biological motion will likely use
the same mechanisms of perception.

Furthermore, the perception of biological motion is often times compromised in
neurodevelopmental disorders, such as autism. [55] Understanding the mechanisms in
the basis of the perception of these stimuli can be a step towards better understanding
these deficits and foster the development of therapies to improve the communication and

social skills improving the quality of life of these people.

1.4. The Human Visual System
Visual stimulation is often used in perceptual studies because of the ease of stimulus
manipulation and control, as well as because the visual system is probably the best
understood sensory system. Furthermore, visual information seems to have a larger
impact on emotion perception than auditory stimulation. [56]
Planning and executing perceptual studies using this kind of stimulation require the
understanding of the visual system not only to plan the experiment itself but also to
generate predictions of evoked neural responses.
The retina is the principal neural structure in the eye that detects light and transmits the
information to the other structures of the brain. It is composed by several different layers,
and a canonical vertical circuit including the photoreceptors, the bipolar cells, and the
ganglion cells. [57]
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(a) L P (B)

Figure 3. Anatomy of the eye (A) and constitution of the retina of the eye (B). Source: adapted from [57].

The photoreceptors are the cells responsible for the photo transduction which is the
process of conversion of the light into electric potentials that are then transmitted to the
bipolar cells and then the ganglion cells which will send the information to the brain. The
communication between the photoreceptors and the bipolar cells is modulated by the
horizontal cells while the communication between the bipolar cells and the ganglion cells
is modulated by the amacrine cells. [57]

Visual information collected from the retina is then processed in the thalamus, particularly
in the lateral geniculate nucleus (LGN). LGN is constituted by four parvocellular laminae,
which constitute the P pathway, and two magnocellular laminae, which constitute the M
pathway. Both pathways are processed in parallel, with P pathway focusing on the details
and resolution and M pathway being more important in the nocturnal light. Between the
laminae there is a spacing with koniocellular cells which share common features of the
processing of both parvocellular and magnocellular laminae. [57]

From the LGN, visual information is then sent to the visual cortex in the occipital lobe.
The visual cortex is composed by six layers with layer 4 being the one that receives the
sensorial input, therefore being thicker, and layer 5 being the one that sends the output to
other brain areas. Information from the P and M pathway can be processed in parallel in

the cortex, in the spiny stellate neurons, or can converge in the pyramidal neurons.[57]
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From here we can distinguish two different pathways based on their functionality: the
dorsal pathway, located in the parietal lobe, and the ventral pathway, in the temporal lobe.
The ventral pathway, also known as the stream for the “vision for perception”, is
responsible for the recognition and identification of an object, receiving a strong input
from the P pathway, while the dorsal pathway, known as the “vision for action”, is
associated with the control of the movement, being responsible for both processing the
spatial location and the movement of an object, therefore receiving a strong input from
the M pathway. The dorsal stream has a much faster response than the ventral stream.[58]
The primary visual areas V1, V2 and V3 are common to both pathways branching into
two different streams after. The ventral pathway goes from the V3, or from V2, into the
V4 and the Inferior Temporal cortex (IT) while the dorsal pathway goes from the V3, or
from V1 or V2, to other dorsal regions such as the V5, also known as the Middle Temporal
area (MT), and the Medial Superior Temporal area (MST). [58]

fm———————— 1 Dorsal stream

I

o )= () —— D
| areas
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I va ( IT other ventral
| ) areas

Ventral stream

Figure 4. Schematic representation of the central visual pathways: the dorsal stream, the pathway for the ‘vision for

action’ and the ventral stream, responsible for the ‘vision for perception’.

The primary visual area V1 contains a map of the visual field covered by both eyes with
the left V1 mapping the information from the right hemifield and the right V1 covering
the information from the left hemifield. V1 receives the visual information and leads it to
the secondary visual area V2 where it starts to be processed on a higher level regarding
more detailed parts of what is being seen. It is then forwarded to the area V3 where the
information from both eyes is further integrated. This process of integration is called
binocular fusion. While area V4 is responsible for the processing of colour, MT is

responsible for the processing of movement. [58]
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The information that reaches MT can either be integrated, where the information from all
the moving parts is compressed into one single object, or segregated, in which the
information from the different moving parts is perceived as being from different objects.
This decision which seems to be implemented in MT of either we are seeing a single
object or various objects is called perceptual decision. This information is then led to
other areas for a higher level processing. [58], [59]

One example can be when we perceive motion signals from a human being. The MT+
complex sends afferent signals to STS. While posterior STS is activated by coherent
kinematic patterns, not being activated by scrambled motion [60], anterior STS shows
greater response to moving faces. In communication with the STS is the Extrastriate Body
area (EBA), which is situated inferior and posterior to the STS, which is activated in
response to moving bodies. [58]

Recent studies have suggested the existence of a third pathway, that begins in the V1 and
projects itself into the STS through the MT, which is not focused on the perception of an
object but in the dynamics of the social perception. [58]

1.5. Biological Motion
The motion of living organisms, both people and animals, either the whole body or just
parts, is designated as biological motion. The need for processing biological motion has
always been a part of human life, either for survival purposes or in social interactions,
and the capacity to process this information is developed so early as in infancy. [61]
Therefore, not surprisingly, biological motion is thought to be an automatic, passive
process, involving mostly low-level visual mechanisms. Nevertheless, the perception of

biological motion is affected by attention and other top-down factors. [62]
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Figure 5. Example of the first point-light displays of human figures designed by Johansson in 1973. Representation of
the human figure walking and running. Source: [63].

In 1973, Johansson discovered that biological motion could be accurately represented
using point-light displays (PLD) (Figure 5). PLDs are displays of bright spots, usually 10
to 12 spots when representing human figures, that are located in the main joints of the
body. Through the movement of these points that follow the patterns of the motion of the
human or animal represented it is possible to recognize the action portrayed, such as
walking, running, jumping or throwing an object, as well as to differentiate the gender,

the emotional state and even recognize a friend or family members. [61], [63]-[66]

Figure 6. Snapshot taken from a video of a point-light walker. The data used in this thesis was motion captured data
from a walking person from an online database. [67]
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For example, walking can be represented as the group of smaller pendular movements
from each joint of each part of the body. Representing the body through the major joints
allows the creation of a stimulus stripped of any added information, therefore focusing
only the attention on the motion patterns. PLDs representing human figures walking are
often referred as point-light walkers (PLW).

The joints of the human body are ending points of each bone that are placed apart at a
constant length. Therefore, they can be used as representative forms of the biological
motion. The number of joints needed to perceive biological motion does not need to be
very high. In fact, the visual system is very attuned to biological motion and is capable of
distinguish motion in very degraded conditions and with very little information such as a
total of 5 points of light to represent a human figure. However, the reaction time of the
perception of biological motion decreases with the increase of the number of dots. [61]
There are two main methods to create this type of stimulus. The first method consists of
motion capture from actors or non-actors who carry sensors in the joints which motion
we pretend to capture. These videos are later processed to create a final video that will
consist of the motion of the joints represented as either bright or dark spots against a
contrasting background. The second method consists of the creation of artificial
biological motion using algorithms that are based in data collected from the movements
of several actors or non-actors.

The collected data can be manipulated through two forms: spatially, by changing
positions and/or orientations of the points and/or adding or subtracting points; or
temporally by changing the velocity of the points. It is known that the removal of certain
points is detrimental for the perception of a PLD as a human figure. The most relevant
points seem to be the ankle and the wrist points.[68]-[70]

Since the creation of PLDs to study biological motion, there have been a high number of
studies in this area that allowed us to establish a network of brain areas related to the
processing of biological motion (Figure 7). The processing of biological motion stimuli
comprehends three major steps: firstly, the detection of the features of the stimulus and
the subsequent coding of those features, followed by the integration of the features into a
representation of a specific action, and finally, the decoding of the action and the agent
based on prior knowledge. These mechanisms do not integrate the information linearly,

rather seem to adapt to the nature of the stimuli. [61], [62]
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Figure 7. Brain areas activated while observing body expressions: occipital face area (OFA), extrastriate body area
(EBA), posterior superior temporal sulcus (STS), fusiform body area (FBA), fusiform face area (FFA), dorsal medial
prefrontal cortex (dmPFC), ventral medial prefrontal cortex (vmPFC), posterior cingulate cortex (PCC), inferior parietal
lobule (IPL), inferior frontal gyrus (IFG), temporoparietal junction (TPJ), and, anterior temporal lobe (ATL). Source: [71].

Considering the main three steps of processing previously described, we can associate
certain areas to each step. EBA and MT+ are responsible for the detection and decoding
of the features of the stimulus. While MT+ detects motion and decides if it is biological
motion or not, EBA, which is an area specifically for the processing of bodies, seems to
be a more specific area for biological motion processing, presenting a higher level of
activation when presented with the whole human body or parts of it. The Superior
Temporal Sulcus (STS) also shows a higher level of activation for biological motion
stimuli in comparison to other types of motion. This area is also responsible for the
encoding of the actions processed by EBA and MT+ creating motion representations of
these actions based on the patterns of the human articulations. [62] Biological motion
perception is orientation specific: we can easily perceive a walking person through their
representation as a PLD but when we invert the video, rotating it 90°, we can no longer
visualize a person walking. The perception of the structure of the motion involves several
brain areas such as the cerebellum, the intraparietal sulcus (IPS), the postcentral and the

superior frontal gyrus, the Superior Parietal Lobe (SPL), and the MT+ complex.[72], [73]
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The representations created in STS allow other brain areas to process the “agent”
intentions behind the stimulus. Inferior Parietal Lobe (IPL), SPL and anterior intraparietal
sulcus (alPS) seem to be essentially goal-based oriented disregarding the effectors, not
responding to the form and motion of the action. [62]

There are some other areas activated in the presence of these stimuli, such as ventral
prefrontal cortex (vPMC) and IFG. Both of these areas show a higher level of activation
for whole body stimuli and use an effector-based approach to assess the intention behind
the action. It is thought that STS also has a role in understanding the intentions behind an
action since STS seems to present a greater activation when faced with unexpected
outcomes of an action. The medial prefrontal cortex and the temporoparietal junction
(TPJ) have also been linked to the understanding of the intentions behind an action. [62],
[74]

It is widely believed that the human brain is endowed with a mirror neuron system, which
was originally demonstrated in monkeys, where neurons fire potentials for not merely the
performance of the observed action but actually the observation of said movement by
another agent without oneself creating the movement. [75]

The perception of biological motion requires the integration of information of both local
and global cues. Therefore, we can divide the perception and processing in two different
categories: biological form and biological kinematics. The perception of biological form
seems to be based on the global form of the stimulus and it seems it is processed mostly
in the dorsal stream while the biological kinematics is based on the information from the
local cues processed in the ventral stream. Perturbing local motion trajectories by adding
noise to PLDs but preserving the global form, for example, does not affect the perception
of biological motion, suggesting these aspects are independent from each other. [76]

In fact, recent evidence has established a two-stage processing for biological motion, with
the first stage focus on the processing of local cues in both dorsal areas such as MT+
complex and V3A, and ventral areas, like EBA and fusiform gyrus (FFG), while the
second stage is supported majorly by the STS that functions as a hub, integrating
information from both the first stage of processing as well as global information yet to be
processed. STS is also connected to several other low-level regions that aid to the

processing of motion, such as the cerebellum. [73]
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Apart from the mentioned regions, Fusiform Body Area (FBA), IFG, Ventral Lateral
Nucleus (VLN) are also linked to this process responding to both local and global cues.
The information of both global form and local cues are first processed in the cortical
regions in the V1 to V3 areas and then continue in areas such as EBA, Fusiform Body
Area (FBA), IFG, Ventral Lateral Nucleus (VLN) and STS. In these areas the information
is discriminated between global form and local information. For the local information
which gives us information on the biological kinematics, the information is also
discriminated between natural and manipulated by some regions within the Default Mode
Network (DMN), which comprises areas such as PCC, the medial prefrontal cortex
(PFC), IPL and IFG. DMN regions show stronger connections to areas such as STS and
Supplementary Motor Area (SMA) in the presence of human figures in comparison to
abstract forms and when the movement of those follow natural motion patterns as opposed
to non-natural motion patterns. [73], [77]-[79]

Although there is no a spatially distinction between the processing of local and global
clues, there is a clear temporal distinction: on the first stage, there is the detection of local
cues and resulting information of this stage is then fed into the second stage that consists

of the integration of global information into the creation of a global shape. [73]

1.6. Emotion Perception in Biological Motion
Emotion perception is a highly complex process involving several brain areas involving
the following processes: to perceive the emotions expressed from others, to regulate our

own ones and to organize responses to those.

Insula Posterior superior
temporal cortex
Thalamus

Middle cingulate
cortex

Anterior
cingulate
cortex

Ventral and dorsal
striatum

Amygdala

Thalamus

Figure 8. Brain areas involved in the emotion perception and processing. Source:[80]
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The limbic system is located in the parietal and temporal regions of the brain and it is
responsible for the control and regulation of emotions. It is constituted by three principal
structures: the amygdala, which is responsible for the unconscious response to the
emotions and for the regulation of both aggression and sexual behaviours; the
hippocampus, that is responsible for the formation of memories and for the recognition
and navigation of the surrounding space; and the hypothalamus, which controls the
autonomous nervous system and, therefore, is responsible for the hormonal responses to
the emotions as well as maintaining the homeostasis of the organism. In addition to these
structures, there are also two other regions important to this system: the cingulate gyrus,
which projects from the mammillary bodies, which are located in the hypothalamus, to
the hippocampus; and the parahippocampal gyrus. [57], [81]-[83]

The prefrontal cortex (PFC) is associated with high level cognitive skills, such as the
perception and integration of all the information that reaches the brain, either it is external,
like the sensorial inputs, or internal, such as information regarding the homeostasis of the
organism in order to plan responses and generate actions. PFC is divided in several areas
with distinct functions such as the orbitofrontal cortex (OFC), which controls impulses
and the regulation of the mood; the ventromedial prefrontal cortex (vmPFC), which is
responsible for the conscious responses to emotions; and the insula.[57], [84], [85]

Both the brainstem and the cerebellum constitute the classically called reptilian brain,
which is responsible for the instinctive behaviour and for the actions necessary for the
survival, organizing unconscious responses to the surrounding environment and
controlling the ‘fight or flight’ system. [57], [86]

These three systems are connected and communicate among them, planning complex
responses to regulate the emotions and the survival instincts of the organism. This
communication is regulated by excitatory and inhibitory neurotransmitters, as well as

neuromodulators and neuropeptides. [57]

Biological motion comprehends information about both dynamics, such as motion
direction and velocity, but social information, including information about gender,
intention, social dominance and emotional states. PLD are a good way to study the
perception of emotions in biological motion since it allows us to obtain a stimulus free of

additional information, focusing only in the motion itself and what emotions it can
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express. Emotional state perception can be influenced by the emotional state of the
viewer, including their level of anxiety, their level of empathy and their inhibition
capacity.[29], [46], [64], [65].

Several studies using facial expressions portraying different types of emotions as stimuli
reported a possible preference of the brain for happier expressions, not only the
performance in detecting happier expressions was better but there also seems to exist a
faster switch to the perception of happiness, when we come from a negative emotion, and
a slower switch to a more negative perception, when we start from a happier expression.
[46], [50] This effect, named happiness superiority effect, is thought to be related with
the fact that we are often more familiar with happier facial expressions and therefore are
more trained on recognizing this emotion in social interactions. Adding this factor and
the dependence of the emotions in biological motion processing on some brain areas
common to the recognition of emotion in the facial expressions, it is not surprising that
when exposed to stimuli of happy, sad and angry walkers, participants have a better score
reporting happy walkers than compared to the angry and sad ones. [51]

Another heavy influence in experiments that deal with the emotion recognition is the
mood of the observer. [52], [87] The phenomenon called emotional contagion,
commonly known as empathy, describes the influence that our own emotional stage has
on the perception of the emotional stage of the other. Emotional arousal influences
attention, guides it to stimuli that are more likely to provoke an emotional response, such
as signs of danger. For example, our discrimination skills improve after we are presented
with a fearful face expression. The improvement of the discrimination skills is higher for
fearful expressions when compared to neutral expressions, suggesting that extreme
emotions can influence these attention mechanisms and consequently, the perception of
the stimuli. [88] This effect on the attention mechanisms translates into an influence over
the perception and could be explained based on the influence of the amygdala, the
principal area involved in the processing of emotions, over the visual cortex. Literature
reports frequently show that a positive emotion seems to benefit the global perception
while negative emotions tend to increase the preference for a local perception.[89]-[92]
When combining biological motion and emotion there seems to be a distinct
differentiation between the processing of images and videos of biological motion. While

the static images seem to rise a higher activation in the FFA, the amygdala and the
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temporal pole, the naturalistic videos provoke a higher activation on the EBA, Fusiform
Body Area (FBA), FFA, TPJ and STS. [64], [93]

1.7. Methods for studying sensory perception
This project is structured in two main parts: a psychophysics study and functional
Magnetic Resonance Imaging (fMRI) acquisition and analysis. While psychophysics
enables the testing of the hypothesis and models underlying the perceptual mechanisms
we are studying, fMRI allows for the understanding of the neural correlates responsible

for the perceptual responses to the presented stimuli.

1.7.1. Psychophysics

Psychophysics aims to study the relationship between a presented stimulus and the
sensory response provoked by it, by measuring the performance of the participant
regarding previously determined factors. [94]

As the word itself suggests, psychophysics is the result of the interaction of psychology
and physics with the objective to measure physical constraints of the human performance
that results from a group of complex neural mechanisms. Furthermore, psychophysics
provides a simple way to acquire quantitative measures of the responses and to study
sensory processes as a first step to understand complex processes underlying the human
responses to sensory input. This allows for linking psychophysical data with biological
and imaging data and to draw conclusions based on that.[94]

Usually psychophysics studies aim to measure thresholds needed to evoke a certain
perception of the stimulus, here we will instead measure transition points, that is, the point

in which there is a change of perception from one emotion to another.

1.7.2. Functional Magnetic Resonance Imaging
Functional magnetic resonance imaging (fMRI) is a non-invasive imaging technique that
uses changes in the blood oxygenation as a way to study brain activity. fMRI experiments
are conducted with the objective of mapping patterns in the neuronal activation regarding

a specific task performed by the subject. [95], [96]
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The Magnetic Resonance Imaging (MRI) technique was created on the basis of the well-
known physical properties of the protons that constitute the entire body. These protons
are randomly oriented in a normal state but when placed in a strong magnetic field, such
as the one created by the MRI scanner, the nuclei align in the field, creating a net
longitudinal magnetization in the direction of the field. If this equilibrium is perturbed by
a radiofrequency (RF) electromagnetic field pulse, the nuclei align along the direction of
the pulse and get in phase, creating a transversal magnetization. Removing the RF pulse
will cause the nuclei to go back to their original positions by emitting the energy they
absorbed, generating a signal that is received by a receiver coil. This process is called
longitudinal relaxation and it can be described by a time constant T;. Simultaneously,
there is a loss in the transverse magnetization as the nuclei de-phase in a process called
transverse relaxation that can be described by a time constant T,. [96], [97]

The type of tissue influences both T; and T,values, which allows to the creation of
structural MR images. T, is similar to T, but with an added dependency on the local
changes of the magnetic fields caused by the blood flow and the oxygenation, thus
allowing to obtain functional MR images taking advantage of the blood oxygenation
level-dependent (BOLD) effect. [96], [97]

The BOLD effect describes an increase of blood flow in the neuronal areas activated by
a task to answer the higher demands of both nutrients and oxygen in these regions. This
creates changes on the ratio of oxygenated and deoxygenated hemoglobin present in the
blood which have pretty distinct different magnetic properties: the relaxation rate of
oxygenated hemoglobin is longer than the relaxation rate of the deoxygenated
hemoglobin which generates different signals in the tissues according to their activation
levels. This change in the MRI signal is often referred to as the hemodynamic response
function (HRF) and follows a very characteristic pattern. [96], [97]

The data acquired in fMRI experiments consist of temporal sequences of 3 dimensional
MRIs, constituted by uniformly spaced voxels with a specified size. The total number of
brain volumes acquired depends on the duration of the task and the repetition time (TR)

defined, which is the time it takes to acquire a whole 3D volume of the brain. [95], [98]
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2.1. Methods

2.1.1. Creation of the stimuli
For the creation of the stimuli, it was used MATLAB R2020b, the Psychophysics Toolbox
Version 3 (http://psychtoolbox.org/) and the BiomotionToolbox. [99], [100]

We used motion captured data from real people which were then manipulated instead of
creating motion patterns based on algorithms. Using real data allows for a more natural
approach of the situation, making the motion patterns to look as real as possible.

The data used for the creation of the stimuli used in these experiments were taken from
the online open access library of motion captured data for the study of problems of

identity, gender, and emotion perception from biological motion.[67]

Figure 9. Representation of a point-light walker and correspondence to the human articulations created with the

information provided by the database.[67]
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This database comprises several files of different actions, including walking, combined
with different emotions, including sadness, happiness, anger and in a neutral state, for
each of the actors. The actions were performed by nonprofessional actors to avoid over
exaggerated actions and to obtain a wider variety of expressions of the emotions. The
actors were given a script with a scenario and the intended emotion and were given a
fifteen-minute training the day before the recording of the actions. For this project, only
the walking data combined with the neutral expression and two emotional states, happy
and sad, were used. [67]

The best three actors were selected from the available data regarding the expression of
the desired emotions, one female actress and two male actors, with ages comprehended
between twenty-one and twenty-five years old.

First, we selected the frames that comprise a single step for each of the three states. Using
a linear interpolation to recreate the missing frames between the last frame of the step and
the first frame of the step, we obtained a fluid transition between each step resulting in a
cycle of 21 steps in which the morphing level between the first emotional and the neutral
stage followed by the morphing of the neutral and the second emotional stage was

increased at a certain temporal step.

Figure 10. Sequence of snapshots from one of the dynamic transitions created.

For the morphing of the emotion into the neutral stage, we created a trajectory in which
each step represented a different level of morphing starting with 100% of the first
emotional stage, happy or sad depending on the direction, and decreasing the weight by
10% of the first emotion while simultaneously increasing the weight of the neutral stage
by 10% until the neutral represented 100% of the weight of each joint. The same process
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was applied from the neutral stage until the other extreme of the transition, the other
emotion. Each full step that corresponded to a cycle of morphing used up 90 frames which
resulted in a duration of 0.9 seconds per step.

To avoid the overlapping of the change of percentage of emotion and the start of another
step, the first and last step were 100% of the emotion at the extreme and the change of
emotion started at the 40" frame of the following step. Therefore, the duration for this

percentage was slightly longer than for the rest of the percentages (Table 3).

Table 3. Frame intervals correspondent to each percentage of emotion according to the design of the stimulus to be
presented at a frame rate of 100 Hz.

First frame | Last frame |Emotion 1|Neutral|Emotion 2
1 138 100 0 0
139 236 90 10 0
237 334 80 20 0
335 432 70 30 0
433 530 60 40 0
531 628 50 50 0
629 726 40 60 0
727 824 30 70 0
825 922 20 80 0
923 1020 10 90 0
1021 1118 0 100 0
1119 1216 0 90 10
1217 1314 0 80 20
1315 1412 0 70 30
1413 1510 0 60 40
1511 1608 0 50 50
1609 1706 0 40 60
1707 1804 0 30 70
1805 1902 0 20 80
1903 2000 0 10 90
2001 2148 0 0 100

For the control conditions, we used snapshots of a step from the morphing stimuli using

a step size of 20%. These snapshots were then presented in a randomized order.
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2.1.2. Experimental Design

The behavioural experiment consisted of a total of 3 runs of dynamic transitions and 3

runs of the control conditions.
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X 3 repetitions x 3 runs

Figure 11. Example of the organization of a dynamic run with a total duration of 9.50 minutes consisting of 3 blocks

with 6 trials each. Participants performed 3 of these runs.

In the dynamic transition, the PLW consisted of the 15 major joints of the human body
(head, neck, left and right shoulders, left and right elbows, left and right wrists, pelvis,
left and right hips, left and right knees, left and right ankles). Each run of dynamic
transitions consisted of 3 blocks of 6 trials each. Each stimulus had the duration of 21.48
seconds followed by a black screen between each trial for 1.25 seconds to allow the
participant to rest before the next trial which resulted in a total of 22.73 seconds per trial.
At the beginning of each run as well as at the end of each block and the end of the run it
was presented a fixation cross for 10 seconds. In total each of these runs had the duration
of 9.50 minutes. Participants were instructed to indicate the perceived emotion via button

press (see details below).
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Figure 12. Example of the organization of a control run, with a total duration of 11,11 minutes consisting of 4 blocks

with 33 trials each. Participants performed 3 of these runs.

For the control conditions, the stimulus consisted of a random snapshot of a single step
with a certain percentage of one of the emotions. This run consisted of 4 blocks of 33

trials. Each stimulus had the duration of 0.9 seconds followed by a black screen for 4
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seconds, resulting in a total duration of 4.9 seconds per trial and 161.7 seconds per block.
At the beginning of each run as well as at the end of each block and run there was
presented a fixation cross for 5 seconds. In total, each of these runs had the duration of
11.11 minutes.

During the control trials the participants were instructed to identify the emotion presented
by pressing one of the three given buttons accordingly, either happy, neutral or sad. The
control stimuli presented loose steps with different percentages of each emotion and with
no sequential logic therefore eliminating any previous experience, history, allowing these

data to be used as a control for the perceptual history effects.

2.1.3. Experimental Setup

In the behavioural experiment, the stimuli were presented using MATLAB R2021b and
the Psychophysics Toolbox Version 3, in the centre of a liquid-crystal display (LCD)
monitor with a resolution of 1440 x 1080 pixels, a refresh rate of 100 Hz and a luminance
of 18.7 cd/m? in the black screen and of 150.2 cd/m? in the white screen. Participants were
positioned at a distance of about 70 cm from the display screen.

We used Eyelink from SR-Research as an eye tracker system to record the movements
and position of the eye and the pupil size for further research.

For both the dynamic transitions and the control conditions, the keyboard keys were
previously chosen to correspond to each of the emotional states being the left arrow for
sadness, the down arrow for neutral and the right arrow for happiness.

In the dynamic transitions, the participants were asked to press the keyboard key
corresponding to the emotional state they first perceive at the beginning of each trial and
then to press the key corresponding to the neutral stage when/if they perceived a change
and again when/if they observed another emotional stage. For the control conditions, the
participants were asked to press the button of the emotional state they perceived after the

presentation of each stimulus.

2.1.4. Instructions

The instructions given to the participants were the following:
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“You will participate in an experiment where you see images of walking bodies made of
dots. You will have to judge whether they are happy or sad. This happens in two ways:

short videos and long videos.

We will start each run by calibrating the eye tracker. For this part and throughout the
experiment you should remain with your chin placed on the stand and as immobile as
possible. For the calibration of the eye tracker, there will be a small white dot presented
on the screen. You should follow it with your eyes. We will repeat this process two times

and then start the experiment.

There are 3 keys on the keyboard that represent the 3 emotional states: the left arrow is
for the ‘sad’ emotion, the down arrow is for the ‘neutral” stage and the right arrow is for

the ‘happy’ emotion.

In the long videos, when the video starts you must obligatorily report the first emotion
you see (even if ambiguous) by pressing the keyboard accordingly with the emotion you
perceive, happy or sad, and then report when/if it changes to neutral and/or when it
changes to the opposite emotion.

In the short videos, you will see a single step presented followed by a black screen. You
should observe the video first and then report during the black screen by pressing the key

corresponding to the emotional stage you perceived: sad, neutral, or happy.

Please note that these videos were made with actors really expressing these emotions.
Therefore, even if it looks ambiguous you always have to decide the first emotion. It may

sometimes happen that there is not switch to neutral or the other emotion.

If you need to stop the experiment for any reason, you can press the ‘esc’ key. This will

immediately end the video you are seeing.”
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2.1.5. Participants

Twenty-two healthy participants were recruited to participate in the behavioural
experiment (13 females; mean age, 24,09+2,93 years). All had a normal or corrected-to-
normal vision and no known history of neurological or psychiatric diseases. All
participants were right-handed except for one, as confirmed by a handedness
questionnaire adapted from [101] and available in

https://www.brainmapping.org/shared/Edinburgh.php. Participants provided written

informed consent prior to the experiment following protocols approved by the Ethics
Committee of the Faculty of Medicine of the University of Coimbra, in accordance with
the Declaration of Helsinki.

Table 4. Information of the volunteers that participated in the behavioural experiment.

ID Age Gender Dominant Hand Dominant eye Laterality
01 24 F R R R
02 22 F R R R
03 31 F R R R
04 29 F R R R
05 22 M R R R
06 22 F R R R
07 26 F R R R
08 29 M R R R
09 26 F R R R
10 21 F R R R
11 28 M R R R
12 22 F L R L
13 26 F R L R
14 21 M R R R
15 22 M R L R
16 22 M R L R
17 30 F R R R
18 21 M R L R
19 21 F R L R
20 21 M R R R
21 22 M R R R
22 22 F R R R
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2.2. Results
2.2.1. Group level analysis

2.2.1.1. Pre-analysis data treatment

The first step of the analysis was to divide and classify every trial, according to the
responses given during the experiment, into one of four possible classifications:
= completed trajectories, E1-N-E2, where the three emotional states were identified
by the participant in the correct order;
= trajectories with instantaneous neutral state, E1-E2, where the participant
identified both the initial and ending emotions correctly but did not identify a
transition to the neutral state between the two emotions;
= trajectories persistent in neutrality, E1-N, where the participant identified the first
emotion correctly and a transition into the neutral state but persisted in the neutral
state never transitioning to the other emotion;
= invalid trajectories, where the participant either identified the order of the
emotions incorrectly or just identified one emotion or the neutral state.
The classifications of the trajectories according to these categories are presented in Table
5.
Only the trials classified as completed trajectories were used in subsequent analyses as
these were the only trajectories including perceptual switches and that started and ended

in the emotions intended.

Based on the design of the stimulus, the groups of frames were parametrized in terms of
the percentage of positive emotion, being -100% sadness, 0% neutral and 100%
happiness.

Using the number of the frames in which the participant reported the changes of
perception and the correspondence of the groups of frames to the parametrization of the
percentage of emotions, we attributed a percentage of emotion to each report. These
percentages in the trajectories were then compared to the switch in the control curves.
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Table 5. Number of trajectories of each class for each participant, according to the responses of each participant for
the dynamic runs based on the defined criteria, with E1-N-E2 representing the completed trajectories; E1-N being the
trajectories persistent in neutrality; E1-E2 representing the trajectories with instantaneous neutral state; and Invalid

referring to the invalid trajectories.

Actor 1 Actor 2 Actor 3
Subject| Direction |E1-N-E2] E1-N | E1-E2 | Invalid [E1-N-E2] E1-N | E1-E2 | Invalid [F1-N-E2] E1-N | E1-E2 | Invalid
o1 Happy to Sad 1 7 0 1 9 0 0 0 8 1 0 0
Sad to Happy
Ha to Sad
- ppy to Sa
Sad to Happy
H to Sad
03 appy to Sa
Sad to Happy
H to Sad
oq Happytosa
Sad to Happy
H to Sad
05 appy to Sa
Sad to Happy
Ha to Sad
06 ppy

Sad to Happy

07 Happy to Sad

Sad to Happy

08 HappytoSad

Sad to Happy

09 Happy toSad

Sad to Happy

10 Happy to Sad

Sad to Happy

11 Happyto Sad

Sad to Happy

12 Happy to Sad

Sad to Happy

13 Happy to Sad

Sad to Happy

14 Happy to Sad

Sad to Happy

15 Happy to Sad

Sad to Happy

16 Happy to Sad

Sad to Happy

17 Happy to Sad

Sad to Happy

18 Happy to Sad

Sad to Happy

19 Happyto Sad

Sad to Happy

20 Happy to Sad

Sad to Happy

21 Happy to Sad

Sad to Happy

22 Happy to Sad

N[0 | (LN (NN [([OIN(O|oOo|l N (0P ([RIOIN|O RO IN|IOOWIO [O|UVININ|(FRIN|IFR|IPR|IUV]O (NP (R |-
R (RIO(NIN|IN|O|W|RL [(N]|R |IN]|O|O|Rr (OO O |IN[0|O (OO (AR |P|lWO|ICO RO |WIFRL | WIN(R|JO|WIO (O |
OlOoO|jOo|O|jo|Oo|0O|0O|O|R|O|O|O|CO|O O |[R|JO|O|O|O|JOC|(O|JCO|O|O|O|OO|O|Rr|O|O|OC|O|OC (R, |N|R]O|O|O
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Sad to Happy
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2.2.1.2. Control Curves
To obtain the control curves, we calculated the percentage of neutral reports (the total
number of neutral reports divided by the total number of answers) for each percentage of
emotion displayed in the control stimuli. Since the stimuli was created based on the
motion data captured from three different actors, we traced the control curves for the three
actors separately to assess possible differences perceived by the participants.

Actor 1 Actor 2 Actor 3
15 T T T 15 T T 15 T T

0.5

perceptual outcome

o

T

L
perceptual outcome
perceptual outcome

051 b

1.5 3 ! . 1.5 1.5
-100 50 0 50 100 -100 50 0 50 100 -100 -50 0 50 100

% of positive emotion % of positive emotion % of positive emotion

Figure 13. Graphs of the control curves of the group obtained for each actor using the data collected in the control
runs that consisted of the attribution of one of the 3 emotions to each of the presented snapshots. The shaded area
represents the confidence interval of 95%. In the y-axis, is represented the perceptual outcome with 1 being happiness,
0 the neutral state and -1 sadness. The x-axis is parametrized according to the positivity of the emotion present on the

videos, being -100% sadness and 100% happiness.

Comparing the three curves for each actor (see Figure 13), it is clear that there is a
different level of ambiguity for each actor with the biological motion patterns from actor
1 being more ambiguous than the other two. A higher degree of ambiguity in the
perception of the emotion of an actor translated itself into a close to linear control curve
instead of the expected sigmoid. This ambiguity can be explained by several different

factors such as the fact we are using real motion captured data performed by amateur
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actors which might lead to not so clear representations of the reality, and the actors
themselves might have different levels of expression regarding these emotions as each
human being is unique in expressing their emotions. Furthermore, perceiving and
expressing the emotions through the motion might be more difficult than for facial
expressions.

This conclusion led to another question: if the control curves did not all present a sigmoid
form, did the perception of the emotions follow a linear pattern, passing through the three
emotional states at the same rate or did they follow a sigmoidal pattern, spending more
time in the extreme emotions, sadness and happiness, and going through the neutral state
in a faster motion?

To answer this question, we plotted the data points of the mean of the responses for each
emotional percentage, as exemplified in Figure 14, and applied both the linear regression

and the sigmoidal function and calculated the R? for both the regressions.

1 L ™ Teean dam .. & 1 L mean CIELTEL .-__ I
linear . sigmoid .

perceptual cutcome
=

perceptual cutcome
=

05r T D5F . T
R S R2=0.91154 b= . RZ2=0.99096_
-100 -50 o 50 100 -100 -50 0 50 100

% of positive emotion o of positive emotion

Figure 14. Example of the regressions of a control curve using a linear regression on the left, and a sigmoidal regression
on the right. The data used for these graphs corresponds to the data collected in the three control runs of one
participant for actor 3. Sigmoidal regression presents a better adjustment as visually observed and confirmed by the
value of the R2.
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Table 6. R? values for the linear and sigmoidal regressions obtained for the control curve of each actor for each

participant.
Actor 1 Actor 2 Actor 3
Subject

Linear Sigmoidal Linear Sigmoidal Linear Sigmoidal

01 0.32671 0.32588 0.90661 0.92445 0.93798 0.98092
02 0.56640 0.55378 0.89450 0.91153 0.92855 0.98289
03 0.87302 0.86477 0.92103 0.96809 0.94338 0.98899
04 0.59645 0.59111 0.91158 0.89303 0.95080 0.97329
05 0.27110 0.27007 0.90513 0.87844 0.96040 0.96851
06 0.26379 0.26388 0.90964 0.87623 0.98610 0.97547
07 0.68776 0.67640 0.82751 0.94835 0.86953 0.99793
08 0.73606 0.71376 0.92192 0.96859 0.89039 0.89057
09 0.69818 0.69312 0.95863 0.95680 0.96426 0.98092
10 0.74462 0.74343 0.87165 0.97071 0.94495 0.96728
11 0.53018 0.52338 0.93357 0.96944 0.91154 0.99096
12 0.66777 0.62767 0.92164 0.95448 0.90704 0.98570
13 0.76587 0.72776 0.91490 0.93127 0.93998 0.96615
14 0.83913 0.81120 0.95291 0.98593 0.93167 0.97311
15 0.58824 0.58340 0.91180 0.94060 0.91177 0.99361
16 0.78835 0.77621 0.90211 0.91242 0.94586 0.99266
17 0.77668 0.75742 0.87520 0.84357 0.96837 0.96833
18 0.80437 0.81002 0.82227 0.94604 0.90845 0.90779
19 0.42093 0.41823 0.89742 0.96922 0.93107 0.95042
20 0.74074 0.73771 0.88815 0.92383 0.96231 0.98166
21 0.24691 0.24594 0.91460 0.94690 0.93814 0.96636
22 0.42875 0.42311 0.84142 0.85308 0.96213 0.98742

Comparing the data for both actors 2 and 3, in general, for all the participants, the best
function adjustment to the control data was the sigmoidal regression which presented a
higher value for R? (see Table 6). For actor 1, the values for RZshow a deviation from this

pattern, which is not unexpected given the large level of ambiguity.
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In conclusion, normal emotion perception under control conditions (absence of history)
presents a non-linear (sigmoidal) behaviour with the emotions, sadness and happiness,
overruling the perception of the neutral state until reaching the point of transition, which
is estimated to be different from participant to participant (Table 7 — Actor 1 was excluded
from this analysis given the large perceptual ambiguity at all points, and the difficulty in
estimating the transition point). The neutral perception is briefly hold before the change

to the other perception.

Table 7. Percentages of emotion at the point of neutral state perception for actor 2 and actor 3 for each participant.

. positivity of emotion at the neutral point
Sl Actor 2 Actor 3
01 30 0
02 10 -10
03 0 0
04 20 10
05 30 0
06 40 0
07 -10 -10
08 0 -10
09 40 0
10 50 0
11 10 0
12 -10 -10
13 40 0
14 20 20
15 40 0
16 40 10
17 -10 -10
18 50 40
19 30 0
20 50 0
21 40 0
22 40 10

The neutral point is the point where the control curve crosses with y = 0, being the y-axis
the perceptual outcome, with -1 being sadness, O the neutral state and 1 happiness.
Theoretically, this point should be located at x = 0, being the x-axis the axis of the
positivity of the emotion and 0 the point where the videos presented are exactly the same
as the original videos where the actors acted as being in a neutral state. As previously

stated, emotion perception is an individual-specific process affected by a number of
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factors that makes it unique for each of us and therefore, even watching the exact same
videos, the neutral point changes across participants.

It should also be mentioned that for actor 2 the neutral point varies from -10 to 50 % of
positivity while for actor 3 it varies from -10 to 40 % with several participants with a
neutral point equal to x = 0 or closer to it than in actor 2. This suggests that actor 3 shows
more cases with less bias than actor 2, but only a slightly lower variance, which is in
accordance with the curves previously traced and the R? values obtain for the sigmoidal

regressions of the control curves.

2.2.1.3. Dynamic transitions
Using the data from the trajectories where the subjects correctly identified the trajectory
and the three emotions, the mean trajectory for each direction and each subject was traced
and then the mean of those to achieve the mean trajectory of the group for each direction.
This was calculated separately for three actors given the differences found while studying

the control curves. The results are presented in Figure 15.

perceptual outcome
perceptual outcome
perceptual outcome

-1.5 15 . . - EX
-100 50 0 50 100 -100 50 0 50 100 100 50 0 50 100

% of positive emotion % of positive emotion % of positive emotion

Figure 15. Group averages of each direction for each actor for the dynamic transitions separated by the two directions.
In blue is represented the direction ‘happy to sad’ and in red is the direction ‘sad to happy’. The shaded areas represent
the confidence interval of 95%. In the y-axis, is represented the perceptual outcome with 1 being happiness, 0 the
neutral state and -1 sadness. The x-axis is parametrized according to the positivity of the emotion present on the

videos, being -100% sadness and 100% happiness.
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For all the three actors, there is a clear spacing between the trajectories of both directions
suggesting they are entirely independent from each other. Therefore, we can state that
there is a clear effect of the history on the perception of the current stimulus as the path
of perception from happy to sad is not the same as the path from sad to happy, which
confirms the existence of perceptual hysteresis.

Actor 1 Actor 2 Actor 3
15 T T T 15 T T 15 T T
H-s H-S H-S
——SH ——SH ——sH
control control control

perceptual outcome
perceptual outcome
perceptual outcome

ER . -
-100 -50 0 50 100 -100 -50 0 50 100 -100 -50 0 50 100
% of positive emotion % of positive emotion % of positive emotion

Figure 16. Group averages of each direction, with red being the direction ‘sad to happy’ and blue the direction ‘happy
to sad’, and the control curve, in grey, for each actor. The shaded areas represent the confidence interval of 95%. In
the y-axis, is represented the perceptual outcome with 1 being happiness, 0 the neutral state and -1 sadness. The x-
axis is parametrized according to the positivity of the emotion present on the videos, being -100% sadness and 100%

happiness.

Adding the control curves previously created to these graphs gives us a reference to the
trajectory without the added effect of hysteresis, which gives us the possibility to classify
the type of hysteresis of the group for actor 2 and 3 (Figure 16).

As previously stated, actor 1 presents an abnormal control curve which does not allow for
the classification of the type of hysteresis in either of the directions. For this reason, actor
1 was excluded from the analysis of the results related to the type of hysteresis.
However, not being able to classify the type of hysteresis does not mean we cannot
acknowledge the existence of it, as it is clear from Figure 15 that both directions follow

different and well separated paths showing a clear effect of the history on the trajectory.
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2.2.1.4. Inferential Statistical Analysis
To better analyse the existence of perceptual hysteresis, we proceeded to study the
moment of the perceptual switch from the first emotion to the neutral state as well as the
area between the curves of each direction and the control and between both directions, as
these two factors are often mentioned in literature as measures of the hysteresis effect.
The first step in the statistical analysis was to study the data we obtained from the

trajectories by testing its normality using the Shapiro-Wilk test.

Table 8. Results from the Shapiro-Wilk test performed to test for normality of the distribution of values of the

perceptual switch moments for both directions and the control.

Statistic df Sig.
Happy to Sad 0,952 20 0,393
Actor 1 Sad to Happy 0,937 20 0,212
Control - - -
Happy to Sad 0,933 22 0,142
Actor 2 Sad to Happy 0,953 22 0,361
Control 0,877 22 0,010
Happy to Sad 0,929 22 0,119
Actor 3 Sad to Happy 0,880 22 0,012
Control 0,755 22 < 0,001

Table 9.Results from the Shapiro-Wilk test performed to test for normality of the distribution of values of the areas for

both directions and the control.

Statistic df Sig.
Happy to Sad 0,513 20 < 0,001
Actor 1 Sad to Happy 0,702 20 < 0,001
Control - - -
Happy to Sad 0,707 22 < 0,001
Actor 2 Sad to Happy 0,675 22 < 0,001
Control 0,627 22 < 0,001
Happy to Sad 0,575 22 < 0,001
Actor 3 Sad to Happy 0,706 22 < 0,001
Control 0,490 22 < 0,001

The results from the Shapiro-Wilk test performed suggest that the distributions of the
moment corresponding to the switch follow a normal distribution, presenting p-values
higher than 0.05, with the exception of the direction sad-happy for actor 3 and the control
for both actors 2 and 3 (Table 8). The distributions of the areas for both directions for the

three actors as well as the controls for actors 2 and 3 present p<0.001, therefore not
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following normal distributions. Given these results we performed non-parametric
Wilcoxon signed-rank tests to assess for statistically significant differences between the

two directions as well as each direction and the control (Table 9).

Table 10. Wilcoxon signed-rank test results for the perceptual switch moments for each direction and control and for

both directions, separated by actor.

7 Asymp. Sig.
(2-tailed)
Happy to Sad - Sad to Happy -3,924 < 0,001
Actor 1 Happy to Sad - Control - -
Sad to Happy - Control - -
Happy to Sad - Sad to Happy -4,060 < 0,001
Actor 2 Happy to Sad - Control -3,817 < 0,001
Sad to Happy - Control -2,159 0,031
Happy to Sad - Sad to Happy -4,118 < 0,001
Actor 3 Happy to Sad - Control -4,127 < 0,001
Sad to Happy - Control -3,545 < 0,001

A Wilcoxon signed-rank test showed significant differences in the perceptual switch
moment between each direction and the control for both actors 2 and 3 suggesting that
the history does affect the perception of the presented stimuli (Table 10).

Comparing the perceptual switch moment of the three actors for both directions, ‘happy
to sad’ and ‘sad to happy’, the Wilcoxon signed-rank revealed significant differences as
well.

The same test was then performed using the distribution of the areas for each direction
and the control, for both actor 2 and actor 3, but the results were not uniform for these

comparisons, possibly due to the lower statistical power (Table 11).
Table 11. Wilcoxon signed-rank test results for the areas for each direction and control and for both directions,

separated by actor.

7 Asymp. Sig.
(2-tailed)

Happy to Sad - Sad to Happy -2,940 0,003
Actor 1 Happy to Sad - Control - -
Sad to Happy - Control - -

Happy to Sad - Sad to Happy -1,088 0,277

Actor 2 Happy to Sad - Control -1,477 0,140

Sad to Happy - Control -0,956 0,339

Happy to Sad - Sad to Happy -2,029 0,042

Actor 3 Happy to Sad - Control -2,207 0,027

Sad to Happy - Control -0,886 0,375
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While the Wilcoxon signed-rank test failed to show significant differences between each
direction and the control for actor 2, it detected signficant differences for the direction
‘happy to sad’ and the control of actor 3 but not for the pair ‘sad to happy’ and control.
When comparing both directions for actor 1 and 3, Wilcoxon signed-rank test showed
significant differences but not for actor 2.

These results are unexpected given the graphical representation of both directions for each
actor, and might be explained by underlying heterogeneity and reduced statistical power
of non-parametric analyses. There is a clear spacing between both curves. However, the
graphics only present the average for the means of all the subjects and by the results of
the statistical analysis, we can conclude that the data is probably not homogeneous, with
some subjects presenting stronger positive hysteresis than others. Furthermore, if there
are cases of negative hysteresis in low number, this effect can be absorbed in the general
mean but can possibly explain the results in the statistical analysis.

This led to the need to further explore the data collected by looking in detail to the trials

used in this first analysis.

2.2.2. Subject level analysis

2.2.2.1. Defining hysteresis metrics
Classically we can measure hysteresis using two different metrics: the spacing between
the curves of each trajectory or the distance of the two inflection points (corresponding

to the change of perception from each emotion to the neutral state).
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Figure 17. Example of a trajectory and the visual representation of the three criteria defined for the classification of
the trajectories regarding the presence of hysteresis and the type of hysteresis. In the y-axis, -1 represents sadness, 0
the neutral state and 1 happiness, while in the x-axis, -100% is sadness, 0 neutral and 100% happiness.

Using both these metrics, we establish three criteria for the existence of hysteresis:
= Criterion 1: The distance of the x values of the trajectory and the control curve
of the correspondent actor in'y = 0 is different from zero.
= Criterion 2: The distance in y of the trajectory and the control curve of the actor
for the two previous points and the two next points of the x value in whichy =0
is different from zero and is always positive or always negative, meaning the two
trajectories do not cross during this period.
= Criterion 3: Considering the trajectory only until the x value for which y = 0, the
area between the trajectory and the curve drawn using the confidence interval of
the points of the control curve has to be bigger than the area between this curve
and the control curve.
Using these criteria, we first classified each of the completed trajectories in two
categories: trajectories with hysteresis and null trajectories (N). For a trajectory to be
considered a trajectory with hysteresis it needed to fulfil at least two of the three criteria.
The trajectories with hysteresis were then classified for the type of hysteresis.
We can distinguish hysteresis in two types: positive hysteresis (PH), or persistence, in
which the participant holds the current perception for longer, causing a positive lag; and
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negative hysteresis (NH), based on an adaptation mechanism, in which there is an early
perceptual switch, causing a negative lag. We also considered a third category, undefined
(UN), to encompass the trajectories where the behaviour of the curve initially seems to

follow a pattern of hysteresis but it suddenly changes and starts to follow the control

curve.
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Figure 18. Examples of classified trials according to the defined criteria: (A) positive hysteresis, characterized by a
positive lag in the perception; (B) negative hysteresis, in which there is a negative lag in the perception; (C) Null,
corresponding to the trajectories without hysteresis; (D) Undefined, which groups the trajectories with a behaviour
different from what we expected for either positive or negative hysteresis. In the y-axis, -1 represents sadness, 0 the

neutral state and 1 happiness, while in the x-axis, -100% is sadness, 0 neutral and 100% happiness.

Finally, we added a quality visual expert review based on visual classification. The visual
classification was performed by two independent raters individually at first and then
discussing the cases of disagreement until reaching consensus. The visual expert
classification always prevailed over classification derived from the mathematical criteria

whenever they were not concordant.
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2.2.2.2. Classifications of the individual trajectories

The two raters were given the examples of hysteresis curves well known from physics as

well as examples of the four possible classifications and based their classification on that.

Table 12. Comparison of the visual classifications obtained by the 2 raters. There was an agreement on 635 of the 685
classifications, which corresponds to 92,7% of the trajectories and translates into a kappa Cohen of 0.88.

Rater 1
NH PH UN N Total
N NH 152 1 6 9 168
- PH 0 348 0 0 348
§ UN 8 7 64 1 80
N 12 5 6 66 89
Total 172 361 76 76 685

The comparison between both classifications resulted in a total of 55 cases of
disagreement out of a total of 685 trajectories, which translates in a kappa Cohen of 0.88
(Table 12). The cases of disagreement were then revised and discussed until reaching an
accordance.

Using the criteria previously described, we performed the classification of the trajectories
on having or not having hysteresis, and in the cases of hysteresis, what type it was.
Table 13 compares between the classifications reached using the criteria and the visual

classification.

Table 13. Classifications results based on the criteria mentioned above and the results after visual revision. The visual

classification prevailed over the classification with the criteria.

CLASSIFICATION WITH THE CRITERIA AFTER VISUAL REVIEW
NH PH UN Null NH PH UN Null
Happy to Sad 46 89 9 11 24 105 9 17
Actor 2
Sad to Happy 107 41 7 13 62 53 18 35
Happy to Sad 56 74 0 54 41 101 31 11
Actor 3
Sad to Happy 70 74 29 5 32 89 31 26
Total 279 278 45 83 159 348 89 89

Although positive hysteresis seems to be overall predominant, the direction ‘sad to happy’
seems to have a proportion closer to an equilibrium between negative and positive
hysteresis, with actor 2 having even more cases of negative hysteresis then positive
hysteresis. These results are in accordance to the graphs of the group average where we
could observe a prevalence of positive hysteresis in both actors, with actor 2 having the

direction ‘sad to happy’ closer to the control curve in the second part of the trajectory.
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Table 14. Results of the final classifications separated by subject.

Actor 2 Actor 3
Subject| Direction | NH | PH | uUN | Nul | NH | PH | uN | Nul
ot Happy to Sad 2 4 2 1 2 4 0 2
Sad to Happy 5 0 1 3 4 0 5 0
02 Happy to Sad 0 8 0 1 0 6 3 0
Sad to Happy 0 2 1 6 1 2 4 1
03 Happy to Sad 0 1 1 0 0 5 2 1
Sad to Happy 0 5 2 0 0 7 0 1
o1 Happy to Sad 1 2 1 0 1 5 0 3
Sad to Happy 5 1 0 2 5 0 0 3
05 Happy to Sad 0 2 0 0 0 4 4 0
Sad to Happy 1 3 0 0 1 3 4 0
06 Happy to Sad 0 5 1 0 4 3 2 0
Sad to Happy 0 7 0 0 0 2 7 0
07 Happy to Sad 8 0 0 0 1 8 0 0
Sad to Happy 0 9 0 0 0 4 0 4
08 Happy to Sad 0 6 0 3 7 2 0 0
Sad to Happy 0 2 0 7 1 7 0 0
09 Happy to Sad 1 4 0 2 3 4 1 1
Sad to Happy 8 0 1 0 0 4 4 1
10 Happy to Sad 0 6 0 0 0 5 1 0
Sad to Happy 4 0 1 0 0 4 0 2
11 Happy to Sad 0 1 4 4 6 0 2 1
Sad to Happy 0 7 2 0 0 7 1 0
12 Happy to Sad 5 4 0 0 1 5 2 0
Sad to Happy 0 7 0 0 0 8 0 0
13 Happy to Sad 1 7 0 1 0 5 4 0
Sad to Happy 7 0 0 2 0 6 2 1
14 Happy to Sad 4 3 0 0 0 6 0 1
Sad to Happy 1 2 1 3 4 0 1 2
15 Happy to Sad 0 7 0 0 1 4 4 0
Sad to Happy 2 2 2 3 0 9 0 0
16 Happy to Sad 1 7 0 0 4 5 0 0
Sad to Happy 8 0 0 1 8 1 0 0
17 Happy to Sad 0 2 0 0 0 6 0 0
Sad to Happy 1 3 0 1 1 6 0 0
18 Happy to Sad 0 8 0 0 0 8 0 0
Sad to Happy 7 0 0 0 2 0 0 4
19 Happy to Sad 1 6 0 1 4 4 1 0
Sad to Happy 5 2 0 1 1 7 0 1
20 Happy to Sad 0 8 0 1 0 6 2 0
Sad to Happy 4 1 0 1 0 6 0 1
21 Happy to Sad 0 5 0 3 5 1 3 0
Sad to Happy 3 0 3 3 0 4 0 5
22 Happy to Sad 0 9 0 0 2 5 0 2
Sad to Happy 1 0 4 2 4 2 3 0
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The results of the classification of the trajectories per subject, presented in Table 14,
allows us to better study the presence of such high number of cases of negative hysteresis.
This sort of distribution shows heterogeneity, that was not apparent in the initial
distributional analysis. We observe however, that while positive hysteresis seems to be
consistently predominant in the direction ‘happy to sad’, there are several cases where
negative hysteresis is predominant in the direction ‘sad to happy’ for both actors, which

is in accordance to the happiness bias effect.

Table 15. Data used in the chi-square test for actor 2.

Type of hysteresis
Total
NH PH
L Happytosad | 24 105 129
Directions
Sad to Happy | 62 53 115
Total 86 158 244
Table 16. Data used in the chi-squared test for actor 3.
Type of hysteresis
ye y Total
NH PH
L. Happytosad | 41 101 142
Directions
Sad to Happy | 32 89 121
Total 73 190 263
Table 17. Data used in the chi-squared test for both actors.
Type of hysteresis
ye y Total
NH PH
L. Happytosad | 65 206 271
Directions
Sad to Happy | 94 142 236
Total 159 348 507

Table 18. Chi-square test results using the total number of cases of positive and negative hysteresis for each actor and

for both actors combined, after the visual review.

Asymptotic Sig.
df N Value (2-sided test)
Actor 2 1 244 33,211 < 0,001
Actor 3 1 263 0,192 0,661
Both actors 1 507 14,713 <0,001
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To better understand if the type of hysteresis, negative or positive, depends on the
direction, we performed a chi-square test (Table 18). Compiling the results from both
actors (Table 17), there is a dependence of both variables studied, therefore the type of
hysteresis depends on the direction taken which clearly manifests an effect of the history
in the trajectory.

2.2.2.3. Inferential Statistical Analysis
For each direction, the trajectories were separated accordingly to the previous
classification into two different distributions, one with negative hysteresis and other with
positive hysteresis. To analyse the differences between these distributions we used two
parameters: the perceptual switch moment for both classifications and the area between
the two curves being compared.
These distributions were tested using the Shapiro-Wilk to assess whether they followed a
normal distribution or not.
For the perceptual switch moments, all the distributions presented p<0.05 which confirms
that the data do not follow a normal distribution (see Table 19). In general, the areas also
did not follow a normal distribution with the exception of the direction ‘sad to happy’ of
actor 3 and both directions of actor 2 (see Table 20). Therefore, we used non-parametric
tests for the next part of the statistical analysis.

Table 19. Shapiro-Wilk test results for the distribution of the percentage of perceptual moment switch of the trajectory

and the point of neutral state in the control curve.

Statistic df Sig.
Positive hysteresis 0,939 105 < 0,001
Happy to Sad - -
Negative hysteresis 0,888 24 0,012
Actor 2 — -
Positive hysteresis 0,928 53 0,004
Sad to Happy - -
Negative hysteresis 0,937 62 0,003
Positive hysteresis 0,947 101 < 0,001
Happy to Sad - -
Negative hysteresis 0,841 41 < 0,001
Actor 3 — -
Positive hysteresis 0,856 89 < 0,001
Sad to Happy - -
Negative hysteresis 0,937 32 0,060
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Table 20. Shapiro-Wilk test results for the distribution of the percentage of the areas between the control curve and

the trajectory.

Statistic df Sig.
Positive hysteresis 0,965 105 0,007
Happy to Sad - -
Negative hysteresis 0,943 24 0,193
Actor 2 — -
Positive hysteresis 0,959 53 0,070
Sad to Happy - -
Negative hysteresis 0,957 62 0,029
Positive hysteresis 0,973 101 0,040
Happy to Sad - -
Negative hysteresis 0,937 41 0,026
Actor 3 — -
Positive hysteresis 0,970 89 0,039
Sad to Happy - -
Negative hysteresis 0,933 32 0,048

We performed Mann-Whitney tests to assess the existence of statistically significant

differences between both types of hysteresis (Table 13).

Table 21. Mann-Whitney test results for the distribution of the percentage of perceptual moment switch of the
trajectory and the point of neutral state in the control curve.

Mann- Asymptotic Sig.
Total N . .
ota Whitney U (2-sided test)
Positive hyst i
Happy to Sad QoTVeysteres® 1 129 461 <0,001
Negative hysteresis
Actor 2 Positive hysteresis
Sad to Happy - y - 115 2509,5 <0,001
Negative hysteresis
Positive hysteresis
Happy to Sad = _ 142 166 <0,001
Negative hysteresis
Actor 3 Positive hysteresis
Sad to Happy ey _ 121 2647 <0,001
Negative hysteresis

The results from Mann-Whitney tests for the perceptual switch moments comparison

reveal significant differences between both types of hysteresis for both directions (see
Table 13) for the two actors (Table 21).

Table 22. Mann-Whitney test results for the distribution of the percentage of the areas between the control curve and

the trajectory.

Mann- Asymptotic Sig.
et Whitney U  (2-sided test)
Positive hysteresis
Happy to Sad - Y - 129 1585 0,046
Negative hysteresis
Actor 2 — -
Positive hysteresis
Sad to Happy - - 115 2097 0,010
Negative hysteresis
Positive hysteresis
Happy to Sad - y - 142 3378,5 <0,001
Negative hysteresis
Actor 3 — -
Positive hysteresis
Sad to Happy - - 121 1890 0,006
Negative hysteresis
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Mann-Whitney tests also revealed significant differences between the areas under
trajectories of both types of hysteresis for both directions (see Table 13), ‘happy to sad’
and ‘sad to happy’, for the two actors (Table 22).

2.3. Discussion of Results

The present experiment was conducted to investigate the effect of the dynamic temporal
context in the perception of emotions using biological motion stimuli by creating dynamic
transitions between two emotions, happiness and sadness.

Biological motion perception is heavily influenced by our own experience in daily life
social interactions as would be expected. This expected variability translates into the
number of completed trajectories varying from participant to participant (Table 5) as well
as the neutral point changing between participants (Table 7). In general, even for actor 1,
which presented more ambiguous emotional expressions, the participants were able to
easily identify the emotions through the biological motion stimuli and to see the
transitions between the three emotions without major problems.

The perception of emotions on the dynamic transitions was significantly different than
that on the control curves traced for each participant, proving that history does affect
emotion perception, and therefore showing evidence of perceptual hysteresis.

At the descriptive group level positive hysteresis is predominant (Figure 16) which is in
accordance with prior studies done with facial expressions. [29], [46], [48]. At the
individual level, although positive hysteresis is still predominant in general, there are
several cases of negative hysteresis and in some subjects it is even predominant (Table
14). The positive lag in the emotion perception present in these trajectories is explained
by short-term memory mechanisms that help stabilizing a percept, reducing the ambiguity
and therefore resulting in the persistence of that same percept.

Literature describes a happiness bias in the recognition of emotions from facial
expressions. [29], [46], [47], [50], [51] This often leads to a persistence, or positive
hysteresis, in trajectories where the first emotion is happiness when using face
expressions as the stimuli. We did observe a prevalence of positive hysteresis, with about
61% of the cases being classified as such in the direction ‘happy to sad’, which is

statistically significant as shown by the chi-squared test results (Table 18). However, we
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observed that about 19% of the trajectories in this direction present negative hysteresis
(Table 13). Negative hysteresis is normally attributed to adaptation mechanisms, that
favour the switch to the other percept earlier than the physical transition happens in
reality.

Recently, Ross et al. studied the effect of the use of masks on the recognition of emotions
and concluded that when the body was shown there was not a big impact in performance,
which suggests that biological motion perception plays role in the recognition of
emotional states, only in the absence of facial expression information. They did however,
observe that the recognition of happiness was significantly decreased in these cases. [54]
This might explain the presence of a significant number of negative hysteresis in the
present study: if the recognition of happiness on biological motion is not as strong, the
happiness bias might not be as strong as well in the perception of our stimuli which will
lead to the existence of trajectories with adaptation.

Interestingly, in the ‘sad to happy’ direction, although positive hysteresis is still
predominant, the presence is much weaker, with about 41% of the trajectories presenting
positive hysteresis and about 27% presenting negative hysteresis. In actor 2, negative
hysteresis even surpasses it, with 37% of the total trajectories presenting negative
hysteresis while 32% presents positive hysteresis (Table 13). In fact, chi-square tests
reveal a statistically significant difference in the proportion of cases of positive and
negative hysteresis depending on the direction of the stimuli (Table 18). This equilibrium
of the cases might be a result of the effect of the happiness bias that favours the earlier
perceptual switch to the happy percept.

Comparing trajectories with positive hysteresis and trajectories with negative hysteresis,
Mann-Whitney tests revealed significant differences which supports our conclusion that
perceptual hysteresis exists in biological motion perception.

The presence of trajectories with negative and positive hysteresis in the same direction in
some participants reveals a possible competition between the short-term memory and
adaptation mechanisms with short-term memory mostly overruling adaptation, which is

in accordance to our hypothesis.
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Chapter 3. MRI Experiment

3.1. Methods

3.1.1. fMRI data acquisition

The structural and functional MRI data were acquired at the Institute of Nuclear Sciences
Applied to Health (ICNAS), Coimbra, Portugal, with a 3 Tesla Siemens Magnetom
scanner with a 64 channel RF emitter-receiver head coil.

Every session started with the acquisition of one structural image, a T;-weigthed
Magnetization-Prepared Rapid Gradient-Echo (MPRAGE) sequence, followed by six
functional runs using a T, -weighted gradient echo-planar imaging (EPI) sequence, both
with whole-brain coverage. The specific parameters for both types of image acquisitions
are specified on Table 23.

The six functional runs consisted of 3 dynamic runs and 3 control runs interleaved. We
acquired 486 volumes for the dynamic runs and 513 volumes for the control runs. Each
session had the approximate duration of 45 minutes.

Table 23. Parameters used for the fMRI data acquisition.

Structural Image Functional Image
Acquisition Parameters Acquisition Parameters
Repetition time (TR) 2530 ms 900 ms
Echo time (TE) 3.5ms 37.00 ms
Flip angle (FA) 7° 68°
Voxel size 25x2.5x2.5mm 25x2.5x2.5mm
Field of view (FOV) 256 x 256 mm 200 x 200 mm
Number of slices 176 60
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3.1.2. Experimental Design

The MRI experiment follows the same design as the behavioural experiment described in
Chapter 2, with 3 runs of dynamic transitions and 3 runs of the control conditions.
However, due to the results obtained for the previous experiment, we decided not to use
the transitions of actor 1 in the fMRI experiment since this actor has been shown to be
more ambiguous than the other two and therefore not as helpful to study the phenomenon
of hysteresis which is the focus of this project.

The total number of the trials for each actor remained the same in both experiments,
however the fixation cross time between trials and blocks is longer, having a duration of
11.7 seconds, for both the control and the dynamic runs to serve as baseline for the fMRI

data analysis.
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Figure 19. Experimental design for the dynamic trials, each run consisting of 3 blocks of 4 trials each, with a total

duration of 7,22 minutes per run.

Each run of dynamic transitions consisted of 3 blocks of 4 trials each. Each stimulus had
the duration of 22.6 seconds followed by a black screen during 0.8 seconds that results in
a total of 23.4 seconds per trajectory followed by a fixation cross with the duration of
11.7 seconds which resulted in 35.1 seconds per trial. At the beginning and the end of the
run it was presented a fixation cross for 11.7 seconds. In total each of these runs had the
duration of approximately 7.22 minutes.
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Figure 20. Experimental design for the control trials, each run consisting of 11 blocks of 8 trials each, with a total

duration of 7,6 minutes per run.

The runs with the control conditions consisted of 11 blocks of 8 trials with a fixation cross
of 11.7 seconds between blocks and the beginning and end of each run. Each stimulus
had the duration of 0.9 seconds, which corresponds to a single step, followed by a black
screen during which the participant reported the emotion perceived. This black screen had
a duration of 1.8 or 2.7 or 3.6 seconds. This results in blocks with durations between 20.7
and 22.5 seconds. Each control run has the duration of approximately 7.6 minutes.

The rationale of the variable fixation duration of this design, which is called jittering, is
to do a signal decomposition (deconvolution). If we started sampling always with the
same time interval, all regions would be sampled in the same precise time from the start
of the stimuli. This is particularly troublesome when the TR is short, which is the case of
this design in which TR is 0.9 seconds, because we can miss signal since it is such a short
time. Varying the times of response, we create a variation in the sampling process which
allows to capture signal in each brain region at different times. [98]

In total, the functional acquisition had the duration of 44.5 minutes.

3.1.3. Participants

The group of participants for the fMRI experiment was the same group from the
behavioural experiment. As of the writing of this thesis, we have not yet completed all
the data acquisitions, therefore the data presented in this chapter correspond only to the
four subjects that have already been scanned and analysed.
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All participants provided written informed consent prior to the experiment following
protocols approved by the Ethics Committee of the Faculty of Medicine of the University

of Coimbra, in accordance with the Declaration of Helsinki.

Table 24. Information of the volunteers that participated in the fMRI acquisition until the moment of the writing of

this thesis. These participants also take part on the behavioural experiment.

Correspondent ID . .
L . Dominant Dominant .
ID in the behavioural| Age | Gender Laterality
. Hand eye
experiment

sub-01 13 26 F R L R
sub-02 05 22 F R R R
sub-03 02 22 F R R R
sub-04 21 22 M R R R

3.1.4. Instructions

The instructions given to the participants were the same as in the behavioural experiment
(see section 2.1.4), with the exception that this time there are no keys to press on the
keyboard. Instead, there is an MR-compatible response box with four buttons. At the
beginning of the acquisition of each run, the participant was asked to choose a key to
associate to each of the three emotions.

After the fMRI acquisition, the participants were asked to answer the Portuguese version
of the Positive and Negative Affect Schedule (PANAS-VRP) [102] regarding how they
felt during the day. This scale allows us to obtain a value for both positive and negative
emotions in order to assess how the mood of the participant was in the day of the

acquisition, which is an aspect for future analysis.
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3.2. Pre-processing fMRI data

l functional data ] structural data

\
[ slice timing correction ]

\
[ motion correction ]

\
[ geometric distortions correction ]

l

v

[ coregistration anatomical-functional ]

L g [ bias field correction ]

[ physiological noise correction ]

\
[ smoothing ]

y
[ high-pass filtering ]

Figure 21. Pipeline used for the pre-processing of the fMRI data acquired.

The pre-processing steps (Figure 21) aim to create better quality images from the raw
MRI data, improving the resolution and reducing the noise, by removing artefacts, and to
validate model assumptions. Noise is created during the acquisition caused by head
motion, random drifts, the heart beating and breathing. For both pre-processing the data
and performing first-level and second-level analysis, we used SPM12 in Matlab.

It is useful to assume that all the voxels in the image were acquired simultaneously.
However, in EPI sequences, there is an interval of time between the acquisition of each
slice corresponding to the TR, meaning that two successive slices are acquired with an
interval of TR seconds. We can estimate the intensity of each voxel if they were all
acquired at the same time by interpolating the signal intensity of that voxel in both the
previous and the subsequent acquisitions in that point in time. This process is called slice-

time correction. [96]
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The next step is to correct the motion which consists in correcting the misalignments
between the volumes caused by the movement of the head during the acquisition.
Realignment comprises two steps: first it is made an estimation of how much each volume
is misaligned in reference to either the mean of the volumes or to the first volume, and
then it is made the re-slicing which uses the previously made estimations and moves each
volume into the correct place. [96]

During the acquisition of EPI sequenced images, a susceptibility induced field is created,
being constant in the set of functional images acquired but not matching with the
structural image acquired. To correct these distortions, it is possible to estimate this field
that maximizes the similarities between the volumes thus allowing us to obtain the
corrected image. This step was implemented in FSL. [103], [104]

For the coregistration it is assumed that there is little to no movement of the head between
the structural and functional images. Therefore, using four types of linear transformations,
zooms, shears, rotations and translations, it is possible to move the source image over the
reference image to align both images without introducing big errors in the data. The two
images are first aligned by their outlines using the information of the positions of the
gyrus, ventricles and sulcus, and then they are overlapped using the information of the
contrasting areas that are known to be the same areas in both images (for example, the
dark spots in the structural image which are the spaces filled with cerebrospinal fluid
(CSF) correspond to lighter spots in the functional images) and moved around to achieve
the best fit possible. The structural image is normally chosen as the source image and the
functional image as the reference image as to not create unnecessary modifications in the
functional image which is the image we want to analyse. [96]

The next step is the segmentation which consists of the mapping of different types of
tissues. SPM recognizes six types of different tissues: the white matter, the grey matter,
the CSF, soft tissue, bones and other tissues which comprised the areas of tissue not
included in the other categories, including abnormal tissue. After the segmentation, it is
possible to obtain a bias corrected image of our structural image which is an image with
uniform intensities across the different types of tissues. This segmentation is particularly
useful for the normalization process to the standard MNI space which was performed
afterwards when preparing for the group level analysis as we kept all the images in the

native space for the subject-level analysis for more accurate results. [96]
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The respiration and cardiac fluctuations are responsible for a large part of the BOLD
signal. [105] Using the measures of respiration and cardiac pulsation during the
acquisition, it is possible to model the physiological noise. Using this model, we can
correct the fMRI data extracting the effect the physiological noise has on the brain signal.
For this step we used Matlab PhyslO Toolbox. In the cases where the physiological signal
recording was compromised during the acquisition, we used only the Principal
Components Analysis (PCA) performed using this toolbox as well. [106], [107]

The final step of the pre-processing is smoothing the images, aiming to increase the
signal-to-noise ratio, by replacing the signal values in each voxel with the weighted

average of the neighbouring voxels. [96]

3.3. Results

3.3.1. Subject level analysis

For the single subject analysis, we performed a General Linear Model (GLM) in the native
space of each subject. GLM uses one or more variables, called regressors (X), to fit a
model of the data to the measured signal (Y), and estimates beta weights (8) for all the
regressors, assuming the data can be modulated using linear combinations of each
regressor. The GLM is performed voxel-wise for each voxel time series, and each beta
weight represents the contribution of the corresponding regressor for explaining the signal
variation.

Mathematically, the brain responses to stimuli conditions are the result of the convolution
of mathematical functions that model the well-known hemodynamic responses of the
brain. The hemodynamic response is modulated by the neurovascular coupling. A
predictor time course, or the ideal time series, is obtained as the result of the convolution
of a box-car function (one for each regressor in the GLM) with a standard hemodynamic
response function (HRF). The beta weights of the predictors of the ideal time series,
associated with each condition, are then estimated to obtain the closest fit possible to the

real time-series for each voxel (Y), based on the equation:

Y =B X1+ B Xo+ B3Xs+ -+ ¢
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It is added an error factor (¢) to account for the discrepancies between both time-series
caused by noise fluctuations.

With these parameters estimated, we can then make comparisons by creating contrasts,
that consist of linear combinations of the beta values calculated.

We separated the data in different conditions based on the classifications of the
trajectories for the dynamic transitions and on the classifications of emotions given in the
control runs.

The classification of the trajectories followed the same steps as the trajectories obtained
in the psychophysics experiment (see section 2.2.2.2), except the information was not
divided per actor nor per direction, as our interest was to investigate the brain areas
activated by each mechanism of hysteresis.

The final results of the classifications after visual review are presented in

Table 25. For this part, there was one visual rater, and another will be added in the future.

Table 25. Classifications of the trajectories of all the subjects that participated in the MRI experiment.

NH PH UN N Invalids
sub-01 21 9 1 4 1
sub-02 6 16 0 0 14
sub-03 21 9 1 4
sub-04 13 14 0 8
Total 61 48 2 16 17

Given the low number of acquisitions so far, we can only make preliminary conclusions,
based on the description of the results obtained. There is an equilibrium between cases of
positive hysteresis and negative hysteresis, with negative hysteresis being surprisingly
predominant at group level, possibly because of the new stimulation conditions.

We used all of the conditions in the dynamic transitions, independently of the attributed
classification, and all of the periods of the control conditions, independently of the
emotion perceived, to create a movement condition (MOV) in both runs. This condition
and the periods of the fixation cross (FIX) were used to obtain activation maps for the
contrast MOV-FIX for both the dynamic transitions and the control conditions (Figure
22).

According to the SPM radiological convention, the activation maps present the left side

of the brain in the right side of each figure and vice-versa.
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(A) (B)

Figure 22. Activation maps resulting from contrasting movement (MOV) and fixation (FIX) for the dynamic transitions
on the left column [(A) sub-01; (C) sub-02; (E) sub-03; (G) sub-04] and for control conditions on the right column [(B)
sub-01; (D) sub-02; (F) sub-03; (H) sub-04] (p < 0.05 corrected).
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For the control condition maps, shown in the right column of the Figure 22, sub-03
(Figure 22 (F)) presents a mostly symmetric activation map presenting very strong
activations in the MT+ complex on both sides as well as insula. However, in the other
three subjects there seems to exist a lateralization effect, with sub-01 (Figure 22 (A)) and
sub-02 (Figure 22 (D)) presenting activity mostly in the left hemisphere, with strong
clusters of activation in MT+ complex, the temporal lobe and cerebellum, and sub-04
(Figure 22 (H)) showing stronger activity on the right hemisphere, mostly in the MT+
complex and the insula.

Interestingly, this lateralization effect is not so apparent in the dynamic transitions, as
seen in the left column of the Figure 22, especially regarding MT+ complex which
presents strong activity in both sides for all the subjects. As expected, we can also observe
strong activations in insula, which is involved in the decision-making as well as in
emotion perception; the SPL, related with the biological motion perception; as well as

activations in PCF and DLPFC related with the decision-making.

We then proceeded to create two contrasts to compare both types of hysteresis, positive
hysteresis (PH) and negative hysteresis (NH), based on the initial classification. The first
contrast NH-PH consisted in the activation map that results from the subtraction of the
periods of positive hysteresis to the periods of negative hysteresis, and the second

contrast, PH-NH, consists of the opposite.
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NH-PH

Figure 23. Activation map for the contrast NH-PH for sub-01 (p < 0.05 corrected).

Using the contrast NH-PH for sub-01 (Figure 23) results in only two small clusters of
activation located in the parietal lobe and in the PFC. As for the contrast PH-NH it was

not possible to observe any activated areas.

(A) NH-PH (B) PH-NH

Figure 24. Activation maps for the contrast NH-PH, on the left (A), and for the contrast PH-NH, on the right (B), for
sub-02 (p < 0.05 corrected).
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Similarly, to the results obtained for sub-01 for the contrast NH-PH (Figure 24(A)), there
are only two small clusters of activation in the map for sub-02 using this contrast, in the
parietal and the temporal lobes. On the contrary, the contrast PH-NH (Figure 24(B))
results in a map of strong activations mostly on the left hemisphere, with a clear strong
large cluster in the MT+ complex, as well as in the parietal lobe, the cerebellum and both
right and left FEF.

(&) NH-PH (B) PH-NH

Figure 25. Activation maps for the contrast NH-PH, on the left (A,) and for the contrast PH-NH, on the right (B), for
sub-03 (p < 0.05 corrected).

Contrary to the results obtained for sub-01 and sub-02, the contrast NH-PH for sub-03
(Figure 25(A)) results in a stronger activation map than the contrast PH-NH (Figure
25(B)). For the contrast NH-PH, there are clear activations in the MT+ complex as well
as SPL in both hemispheres while for the contrast PH-NH there are only small clusters of

activation in the parietal and frontal lobes.
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NH-PH

Figure 26. Activation map for the contrast NH-PH for sub-04 (p < 0.05 corrected).

For sub-04, using the contrast PH-NH it was not possible to observe any activated areas.
As for the contrast NH-PH, there is strong activity in both hemispheres of the brain, with
a relatively larger area of activity in the right side, as observed in Figure 26. We can
observe strong activity in the SPL, the MT+ complex, right amygdala, right insula, both
right and left PFC, FEF and the cerebellum.

3.3.2. Group level analysis

We performed a fixed-effects analysis (FFX) at group level, which is a statistic approach
that takes the statistical maps obtained at subject level, accepting them as measures of the
responses of each subject, and obtains a summary of those measures that are common
across all subjects, allowing the creation of activation maps at group level that highlight
brain areas activated in the task at study. One down-side of FFX is that it does not model
the inter-subject variability for generalization to the population, only allowing to make
conclusions for the specific sample that is being studied, making it a good choice for
studying pilot data and small groups. [96]

For group analysis it is necessary that each voxel corresponds to the same spatial location
across all the brains. Individual brains have features and shapes that distinguish them

from each other. However, independently of how these differences, there are always
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(A) (8)
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Figure 27. Contrast results between movement (MOV) and fixation (FIX) at group level for the dynamic transitions (A) and for the control
conditions (B) with p < 0.05 corrected.

common features across all healthy brains. Therefore, it is possible to do a normalization,
registering each of the individual brains to a standardized space, in this case the MNI
space, that follows a pre-made template and allows for the comparison both at group level
and across groups from other independent studies. [96]

Contrasting movement with fixation in the dynamic transitions (Figure 27(A)) and the
control condition (Figure 27(B)), results in activation maps very similar to each other
with strong activations in areas related with the processing of both biological motion and
emotions as well as for percetual decision-making.

We can see several areas related to biological motion activated like the left and right
VPMC and SMA, STS, SPL, cerebellum and the MT+ complex, the latter showing
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(A) NH-PH (8) PH-NH
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Figure 28. Brain areas activated when contrasting positive and negative hysteresis at group level (p<0.001 uncorrected).

stronger activity in the dynamic transitions (Figure 27(A)) in comparison to the control
conditions (Figure 27(B)).

The emotion processing is responsible for the activation of areas such as right and left
PFC, rigth and left insula, cerebellum, talamus and OFC.

Finally, we can distinguish areas such as the fusiform gyrus, the right and left DLPFC,
right and left PFC, right and left FEF, right and left insula as well as both right and left
primary somatosensory cortex that are known to contribute to the process of decision-
making.

There are also clusters present in early visual areas such as secondary visual cortex and

associative visual cortex.
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While the contrast NH-PH (Figure 28(A)) results in an activation map with several strong
clusters of activation, the contrast PH-NH (Figure 28(B)) only shows small clusters of
activation in the frontal, temporal and parietal lobes.

The activation map for the negative hysteresis contrast shows clusters in areas well-
known for the processing of biological motion, such as TPJ, STS, SPL, IPL, IFG, vPMC,
SMA and cerebellum; of emotions, such as the PFC, both right and left insula, cerebellum
and STS; and in perceptual decision-making, such as the PFC, DLPFC, dorsal PCC, both
left and right primary somatosensory cortex, parahippocampal gyrus, fusiform gyrus,
both right and left insula, FEF and IFG; as well as visual processing areas, the left
secondary visual cortex and both right and left associative visual cortex.

As for the activation map for positive hysteresis, we can see very small clusters of activity
in areas known for perceptual decision-making such as the dorsal PCC, the anterior PFC,
FEF, IFG; for biological motion perception such as SPL, IFG and MT; for emotion
processing, such as the anterior PFC, STS, cerebellum, the right hippocampus, and both
right and left OFC; and for visual processing areas, including the left secondary visual
cortex; as well as other areas in the parietal lobe, like the angular gyrus, and the temporal

lobe.

3.4. Discussion of Results

At subject level, the activation maps obtained for the condition MOV-FIX in the dynamic
transition runs and the control runs differ slightly intra-subject which was expected from
the individual variability for high level perception. The major difference observed is the
apparent lateralization in the control runs, with sub-01 and sub-02 presenting a left
lateralization while sub-04 shows a right lateralization (Figure 22). Overall, all of the
expected areas of activation given the nature of the stimulus and the task were present in
both maps of activation, even if being unilateral activations in the control condition.
Although lateralization in the processing of emotions is a well-known phenomenon, there
is still not a widely accepted explanation for it, with several different theories and models
rising in the last years.[57], [108]-[112]

Markowitsch’s theory defends that the left amygdala is responsible for the processing of

emotional information associated with language and detailed features therefore being
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responsible for processing high-level information regarding the emotions while the right
amygdala oversees a fast and superficial analysis of the emotions, such as imagery
associated with the emotional information.[108]

Phelps proposed a similar theory to Markowitsch’s but expressed in simpler terms: the
emotional information is processed in both sides of the brain, with the left amygdala being
responsible for processing the information of verbal nature and communication and the
right amygdala processing the visual and straightforward aspects of the emotions.[109]
On the other hand, Wright defended that the right amygdala adapts faster than the left
amygdala, having, therefore, a quicker and more dynamic detection of the emotional
stimuli while the left amygdala does a more prolonged and specialized evaluation of the
emotional stimuli.[110]

Glascher and Adolphus’s model for emotion processing describes the right amygdala as
the first to respond to emotional stimuli in a fast and automatic manner and mediating a
global response while the left amygdala acts more specifically and later, mediating a
longer response that aims to decode the variations of magnitude of the arousal provoked
by the presented stimuli.[112]

Given the low number of cases we present here we cannot conclude if there is in fact a
strong lateralization effect for emotion recognition from biological motion. Furthermore,
we cannot say if existing that effect, it is explained by any of these theories. We can
however, predict that the right lateralization observed in the these might be related to the
visual nature of the stimulus while left activations could be related to the task itself with
the need for subjects to engage in a higher-level processing of the emotional information
to decode the variations of emotion over time and accomplish the task.

As for the results obtained using the contrasts with the two main conditions, positive and
negative hysteresis, the activation maps at subject level reveal some heterogeneity over
the four subjects: with sub-01 not revealing any activity for the contrast PH-NH but
activations using the contrast NH-PH (Figure 23) while sub-04 does not reveal any
activity in the contrast NH-PH but has a strong activation map for contrast PH-NH (Figure
26). Sub-02 has a stronger map for PH-NH (Figure 24) while sub-03 presents a stronger
map for NH-PH (Figure 25). A possible explanation aside for inter-individual variability

might lie in the imbalance in the number of trials for each condition, as described in
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Table 25. The same explanation could perhaps be applied to the results at group level for
these contrasts. While the contrast NH-PH results in a strong activation map, the contrast

PH-NH shows very small clusters of activation (Figure 28).

At group level, the differences observed for the contrast MOV-FIX for the dynamic
transitions and the control conditions seem to be attenuated (Figure 27). The lateralization
effect seen in the control conditions in the individual activation maps does not appear in
the group activation maps which was to be expected since there is no homogeneity in the
lateralization effects among the subjects, which results in a cancelation of the effect in
the group average. As expected, both maps show activation in areas previously described
as associated with the nature of the stimulus, such as areas involved in the processing of
biological motion, with particularly strong activity in the MT+ complex as well as the
SPL, and of emotions, particularly cerebellum, STS and insula, as well as areas related
with perceptual decision-making, with very strong clusters of activity in both maps in the
insula, PFC and DLPFC.

For the activation maps obtained using the contrasts with both types of hysteresis, we
observed a stronger and more extended map of activation for NH-PH in comparison to
the one of PH-NH (Figure 28). The clusters obtained corresponded to areas associated
with both the nature of the stimulus and the decision-making process. These differences
cannot be interpreted as absolute differences between the networks activated by the two
types of hysteresis given the low number of trials used for both conditions resulting of

the low number of subjects in the experiment.
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Chapter 4. Future work

At the moment of the writing of this dissertation, the MRI acquisitions are still in progress,
but it is our goal to complete these acquisitions with the participation of the volunteers
that have been included in the psychophysics experiment. After the completion of these
acquisitions, we will then have the sufficient data to perform analysis at both subject and
group level, following an approach similar to the one described in Chapter 3.

Itis our goal to also use the acquired data to perform connectivity studies based on regions
of interest determined in this first analysis to obtain information about the neural
correlates and networks that underlie the mechanisms here described.

Even though the research on the healthy subjects is still ongoing for the MRI part of the
project, the results from the behavioural experiment stated a clear presence of hysteresis
in the perception of emotion in biological motion stimuli. This fact associated with the
knowledge that the perception of both emotional and biological motion stimuli is severely
compromised in neurodevelopmental disorders, such as autism and schizophrenia, leads
to the question of whether these mechanisms are compromised in these disorders as well.
The data collected in this project could be of use as a control group for a possible clinical

investigation to answer that question.
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