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Nobody has ever noticed a place except at a time, or a time except at a place.
- Hermann Minkowski
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Abstract

The underlying neuronal processes of the perception of time, space and other magni-
tudes are subject to intense scientific debate. Furthermore, mutual interactions between
the perception of different dimensions are widely reported, but the origin of such cross-
dimensional interference effects is still not well understood. This thesis investigates time,
space and numerosity judgements as well as their cross-dimensional influence on a be-
havioural and neuronal level within a navigational context. Participants underwent fMRI
imaging while being passively moved forward along a virtual path that was covered with
randomly appearing dots. After each trial, participants were asked to make judgements
about the trial duration, distance covered or numerosity of items on the floor, allowing for
a simultaneous observation of behavioural and neuronal effects.

Behavioural results revealed a correlation between time and space judgement precision as
well as a bidirectional interference only between these two dimensions, but not for numeros-
ity. Analyses of the neuroimaging data identified the right IFG as a commonly activated area
during the perception of all three dimensions and MT/V5 bilaterally as being uniquely ac-
tivated during numerosity trials. Mirroring the behavioural results, activation patterns of
time and space trials were indistinguishable by MVPA but could be decoded from numeros-
ity trials, predominantly in MT/V5 as well as in the IPS bilaterally (time vs. numerosity).
The findings suggest that the interference between travel time and traveled distance could
be mediated by neuronal computations of movement speed on the basis of visual optic
flow information. Furthermore, the results add to the body of evidence that the cross-
dimensional interference effects between time and space are based on overlapping neuronal
representations.
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magnitude perception, time-space interaction, psychophysics, posterior parietal cortex,
fMRI, MVPA
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PART I:
INTRODUCTION



1. Motivation

When we are late for a meeting, anxiously awaiting the bus to finally arrive, five minutes
can take excruciatingly long to pass. In contrast, four hours on a Sunday afternoon spend
happily with our loved ones may seemingly fly by in a heartbeat and, after checking our
watch, we ask ourselves "how has it gotten so late so fast?". Likewise, the last 500 meters of an
exhausting hike along a mountain trail sometimes feel almost impossible to complete, while
at other times, we find ourselves barely noticing the many kilometres we walked around a
city during a day tour.

These two examples illustrate that the perception of time and space may vary greatly and
is dependent on a multitude of extrinsic and intrinsic factors. Researchers have long been
fascinated by this phenomenon and emerging technologies have allowed neuroscientists
to tap into the underlying neuronal processes of not only time and space, but numerosity
perception as well. Naturally, this led to the question of whether there are distinct neural
substrates to quantify each dimension, or if a common magnitude system unifies the per-
ception of time, space and number.

When viewed from a behavioural standpoint, a plethora of evidence hints at a common
neural correlate, which is not surprising, given how intertwined the concepts of all three
dimensions are in the human mind. For example, when we suggest somebody to focus on
the future, we tell them to look ahead, while we think of the past as being located behind us.
Likewise, in Western culture, consecutive events are ordered from left to right on a piece of
paper, suggesting the existence of a mental time line that gives spatial structure to temporal
information (Bonato et al. 2012). The same applies for numerical information, which is usu-
ally ordered along a mental number line from left to right in Western culture (Bonato et al.
2012). Another argument put forward in favour of a common locus is cross-dimensional
influence. Should the size of a room have an impact on the perceived duration we spend
sitting in it? Intuitively, we would reject this proposition. However, evidence exists that
room size does in fact bias temporal judgements (Riemer et al. 2018). This is only one ex-
ample, as behavioural evidence for any combination of cross-dimensional interference has
been documented (Walsh 2003, Hubbard et al. 2005, Bueti et al. 2009, Dehaene et al. 2011).
Despite the abundance of behavioural results hinting at a common magnitude system, a
growing number of studies report dissociations between the processing of spatial, tempo-
ral and numerical information and challenge the theory of a common magnitude system
(Hamamouche et al. 2019).

Functional imaging studies in humans have provided inconclusive results so far. While some

propose the right intraparietal sulcus (IPS) and inferior frontal gyrus (IFG) as important



regions for the processing of magnitudes, evidence for a common perception of all three
dimensions in one locus based on functional imaging is scarce (Skagerlund et al. 2016). An
even greater uncertainty exists concerning a direct involvement of specific regions in cross-
dimensional interaction, mainly because past studies have either focused on behavioural
surrogates or did not use visually identical stimuli to test time, space and numerosity per-
ception. This thesis set out to close this gap by carefully designing a functional magnetic
resonance imaging (fMRI) paradigm that utilized visually identical stimuli for all dimen-
sions. In addition, it was ensured that the magnitude of time, space and number could
only be perceived accumulatively. Hence, this study enabled a direct comparison of the per-
ception of all three dimensions, as well as their inter-dimensional interaction, both on the

behavioural and neuronal level. The following list summarizes the main aims of this thesis:

Investigate whether there is evidence on the behavioural level for a shared magnitude
processing system by measuring the precision in time, space and numerosity judge-

ments as well their inter-dimensional interference effects.

During the accumulation phase of time, space and numerosity judgements, measure
whole brain BOLD activation and analyse it in order to (i) identify areas commonly ac-
tivated by multiple dimensions as well as (ii) characterize neuronal activation patterns

with multivariate pattern analysis.



2. Outline

This thesis is divided into four parts. The first part starts of with an introduction into basic
concepts of psychophysics, including the methodology of psychometric functions, as these
are an important tool to quantify the behavioural results of the experiment. The second
chapter reviews existing literature concerning key aspects of magnitude processing, both
from a behavioural and a functional imaging perspective.

The second part is dedicated to the methods and materials used in this experiment. First,
the experimental design is described in chapter 5, followed up by an overview of the statis-
tical tools employed for the analyses of the behavioural data. Because fitting psychometric
functions to the input data is an important aspect of the behavioural analyses, the Bayesian
approach is explained in greater detail. Chapter 7 outlines the processing pipeline for the
functional imaging data, starting with preprocessing steps and ending with the methodol-
ogy of multivariate pattern analysis algorithms.

Part three contains the results obtained from analyzing the behavioural and BOLD imaging
data. After a first manipulation check in section 8.1, results from the behavioural data are
presented. Chapter 9 begins by presenting results from data quality control analyses. Sub-
sequently, univariate and decoding results are presented in sections 9.2 and 9.3.

The last parts discusses and summarize the obtained results in the light of existing literature

introduced in the first part.



3. Psychophysics

3.1 Introduction

3.1.1 Weber-Fechner Law

The field of psychophysics studies the quantitive relationship between a physical stimulus
and the sensory and perceptual experience by a (human) observer of said stimulus. Hereby,
a challenging aspect is that physical stimuli (e.g. brightness of a lightbulb) are accurately
measurable, while the sensation and perception of such stimuli are a private, unobservable
experience and thus, cannot be easily quantified. During the 19th century, scientists such as
Hermann von Helmholtz or Ernst Heinrich Weber began to empirically study psychophysics
and to formulate theoretical laws governing human perception. Most notably, Weber and
his student Gustav Theodor Fechner first discovered that the minimal observable difference
AI (MOD) of two stimuli is proportional to the magnitude I at which it is measured, now

known as Weber’s law (or Weber’s ratio) (Fechner 1860):

==k (3.1)

The constant k is specific for the sensory system being measured. In practical terms, two
important conclusions may be drawn from this formulation: (i) for small baseline intensi-
ties of a stimulus, small changes in magnitude are sufficient to evoke a perceived difference
whereas greater changes in intensity are needed if the initial intensity is larger and (ii) the
value of k gives insight into the sensitivity of a sensory systems when compared to others.
Following this discovery, Fechner set out to formulate a more general law that relates per-
ceived stimulus intensity to the changes in stimulus strength. He assumed that for a specific
dimension, perceived differences between two stimuli separated by the minimal observable
difference will be equal for all stimulus levels. Or in other terms: the MODs for smaller and
larger initial values may differ significantly (according to Weber’s ratio), but the perceived
difference in intensity will be the same. Essentially, he describes a logarithmic relationship
between perceived stimulus magnitude E and the physical intensity I (Fechner 1860):

E—k-Int (3.2)
Iy
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The constant k is specific for each modality and I, denotes the minimal intensity at which
a stimulus is perceived. This logarithmic relationship is also called compression, as sensory
systems become less sensitive with increase stimulus intensities. Both Weber’s ratio and

Fechner’s law are illustrated in Figure 3.1.
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Fig. 3.1: Left: According to Weber’s ratio, the MOD Al is linearly proportional to the mag-
nitude I at which it is measured. Right: Fechner’s law relates perceived stimulus intensity E
to the stimulus intensity I. Note the logarithmic increase in physical stimulus intensity and
linearly scaling of the magnitude of perceived sensation.

3.1.2 Stevens’s Power Law

Around 100 years later, Stanly Smith Stevens challenged the formulations of Weber and
Fechner (Stevens 1961). Indeed, if compared to knowledge available today, Weber’s ratio is
only a reasonable approximation for moderate intensities and fails short for both the low
and the high end of the stimulus range. Stevens’s specifically refuted the assumption that
there is a logarithmic relationship between stimulus and sensation intensity and instead

proposed a power-law dependency:

E=c-I" (3.3)

In Stevens’s equation, c is a constant scaling factor that considers the units in which the
stimulus is measured (e.g. grams, seconds) and b is a constant sensory specific exponent to
which the intensity is raised. For most modalities, b takes on values smaller than 1 and the
shape of the function in equation 3.3 becomes very similar to the logarithmic one of Fech-
ner’s law. However, there are modalities for which the opposite is observed: for example,
participants become more sensitive to the pain induced by electrical shocks with increasing
intensities. This phenomenon could not be explained by Fechner’s law, but Stevens’s power
law describes these cases well if b > 1. For sensory systems that follow a near linear relation-
ship (e.g.) apparent length, equation 3.3 takes on a linear shape if b is close to 1. Figure 3.2

illustrates the aforementioned cases.
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Fig. 3.2: Power functions relating stimulus intensity to perceived sensation for different di-
mensions. Many modalities take on a shape similar to a logarithmic function with b < 1.
In contrast to Weber’s and Fechner’s theory, Stevens’s power law may also describe cases
in which there is an exponential relationship between stimulus intensity and perception,
demonstrated here for the pain experienced by electrical shocks.

Nowadays, Stevens’s power law is accepted as a valid representation among the scientific
community. Following his publication, research has focused on refining his theories by tak-
ing into account e.g. observer bias, individual noise and other parameters that influence
perception (Teghtsoonian et al. 1971, Robinson 1976). A wide array of diagnostic tools and
statistical models enable the investigation of not only basic sensory systems (e.g. the audi-
tory system), but also more complex perceptions, such as time or numerosity perception, as
done in this study. Chapter 4 will give more insight into the more complex perception of

time, space and number.

3.2 Psychometric Functions

3.2.1 Definition

In modern psychophysics, scientists model responses with a psychometric function (PF),
which most commonly is a cumulative probability density function i(x) relating the prob-
ability of a certain judgement on the ordinate to the intensity x of a physical stimulus on
the abscissa. Typically, the judgement is either made in a yes-no fashion (detection of a
stimulus) or by comparing two stimuli against each other (discrimination of two stimuli) at
varying intensities or intensity differences!. Figure 3.3 illustrates an example of a PF fitted

to surrogate data of a two-alternative forced-choice (2-AFC) discrimination task.

3.2.2 Parameters of Psychometric Functions

During the fitting procedure, a number of parameters are estimated and will be discussed
subsequently. Before each parameter is introduced, it is important to take into account that
the true value of a parameter p cannot be exactly determined. Instead, by fitting a statistical

! There are a wide array of different approaches on how to vary stimulus intensities during the course of an

experiment. To explain these is beyond the scope of this thesis, please refer to (Kingdom et al. 2016) for a
detailed explanation.
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Fig. 3.3: Hypothetical data from a two-alternative forced-choice task in which observers had
to indicate whether two stimuli are different from one another. The ordinate represents the
probability of "Yes’ responses of n trials (1(x)) at each intensity difference (x) on the abscissa.
The vertical dotted line on the x-axis indicates the threshold a at which the participant
perceives both stimuli as identical and thus, the performance is equal to the guessing rate
7=0.5.

model to the data, an approximation p is calculated that, by nature of an approximation,
has a certain margin of error. Consequently, it is important to assess the goodness-of-fit af-
ter computing a PF. Section 3.2.4 will provide more detail on the error assessment.

The first parameter, a specifies the overall position of the fitted function along the x-axis.
It simultaneously defines the threshold at which a desired performance is reached. For a
stimulus detection task, this could mean that the stimulus is successfully detected when 75
% of trials are correct. For a task comparing two stimuli (as in this study), @ may also be
interpreted as the point of subjective equality (PSE), at which the performance is 50 % and
two stimuli are perceived as equal.

The second parameter needed to characterize a PF is denoted by B and controls the steep-
ness of the function. Therefore, it is often called the slope of the PF, which is not entirely
correct, given how it is defined mathematically. More recently, researches have argued that
the width of the function is a more appropriate parameter, as it is (i) defined in the same
units as the physical stimulus, (ii) independent of the employed sigmoid function and con-
sequently, (iii) only a single set of priors has to be defined, irregardless of the sigmoid func-
tion chosen (Alcala-Quintana et al. 2004, Kuss et al. 2005). Because the PF is asymptotical
towards 0 for small intensities and 12 for larger ones, the width should not be defined as
the intensity at which ¢(x) reaches both values. Instead, an arbitrary value (e.g. 0.05) is sub-
tracted from the lower and upper asymptotes. The width is then defined as the difference
in intensity at which ¥ (x) reaches those values (e.g. 0.05 and 0.95 for the lower and upper
value, respectively).

Two more parameters, 7 and A, are necessary to fully define the PE. In contrast to @ and
B\, they are not dependent on the underlying sensory mechanism. The variable " defines
the guessing rate and is defined by the amount of choices participants have during their

2 This is only true in the ideal scenario in which the participant does not make any mistakes (lapses). For the
sake of simplicity, this is omitted here because the lapse rate A is not yet introduced.
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response. For an n-AFC, ¥ is typically defined as 1/n. As an example, consider the hypo-
thetical data of Figure 3.3: participants had to choose between two alternatives and thus, )
is defined as 1/2 (0.5). The fourth parameter A is termed as the lapse rate. It accounts for
the small amount of trials in which participants will responds independently of the stimulus
level, perhaps because they hit the wrong response button or missed the cue presentation.
Consequently, the upper and lower asymptotes of the PF will not be exactly 1 and 0, but
rather 1 —» and 0+ Y, respectively.

3.2.3 Function Types

For a wide range of tasks, the PF assumes the shape of a sigmoidal function. There are
several different functions available to describe the relationship between performance 1(x)

by the participant and the stimulus intensity x. A general formulation of the PF is:

v(xa,By,A)=y+(1-y-A)-F(x;a, ) (3.4)

In this section, only the three most popular options for F(x; a, p) are briefly described. Please
refer to (Davis 2008) and (Kingdom et al. 2016) for a complete description of all possible

functions.

Cumulative Normal Distribution

An important factor in fitting a PF is how noise is affecting the judgement probability (per-
formance). The Cumulative Normal Distribution (CND) is a popular choice for F(x;a, ),
as it assumes a normally distributed noise. This is in line with the Central Limit Theorem,
which states that the linear combination of independent noise sources results in a normally
distributed noise (Ficher 2011). The CND is defined as follows:

x 200 ~)\2
F(x;a,p) = %J‘ exp(—w)

—00

(3.5)
with: x,a € (—00,+00) and g € (0, +o0)

Parameter a denotes the threshold F(x = a;a, ) = 0.5. When p is kept constant, variations
in a result in a rigid transformation along the x-axis. The slope f is determined by the
reciprocal of the standard deviation of the normal distribution. For tasks in which x = 0
is equal to the absence of a stimulus and x is not log-transformed, the CND is not a valid
solution (Kingdom et al. 2016).

Logistic Function

The CND includes an integral for which no analytical solution is known. In contrast, the
Logistic function has a known closed-form integral and thus, does not need to include nu-

merical methods to approximate the integral. It is specified as:
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_ 1
1+exp(-p(x—a)) (3.6)
with: x,a € (—00,+00) and g € (0, +o0)

F(x;a, )

Analog to the CND, a and p correspond to the threshold and slope of the PF, respectively.
The same limitations regarding the absence of a stimulus for x = 0 for the CND apply to the
Logistic function.

Weibull

The cumulative distribution function for the Weibull distribution is defined as:

F(x;a,p) =1 —exp(—(g)ﬁ)

with: x €[0,+00) and a, 8 € (0, +c0)

(3.7)

Because for x < 0, F(x;a; ) = 0 for all a, 8, the Weibull distribution should not be used when
x is measured in logarithmic units. In the case of x = @, F(x = a;a, ) = 1 —exp(-1) = 0.632
for all values of . An important difference between the Weibull distribution and the other
two presented functions is that manipulating a will not result in a rigid transformation on
the x-axis and thus, change f as well if not plotted against log(x).

In order to give a practical example of fitted PFs based on all three functions, a fit to the

same hypothetical input data as in section 3.2.1 was done and plotted in Figure 3.4.

0.8
0.6

0.4

= PF:CND
PF: Logistic

' PF: Weibull

P % Inputdata

Proportion of correct responses

0.0==

01 02 03 04 05 06 07 08 09 10
Stimulus intensity difference

Fig. 3.4: For the same input data as in Figure 3.3, the PFs were fitted using the three different
function types (i) CND, (ii) a Logistic function and (iii) the Weibull distribution. While their
shapes exhibit small differences, the threshold at 50 % performance is nearly identical.

3.2.4 Parameter Estimation

Once a function type has been defined, the parameters introduced in section 3.2.2 have to be
estimated in order to characterize the PF. Only a and g rely on the sensory mechanism. The
guess rate y is given by the experiment structure and the lapse rate A is usually considered

a nuisance value, as it may help to describe the PF but does not contain any information
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about the underlying sensory mechanism. Hence, most studies are primarily interested in
determining the values for « and f.

There are different methods to identify the best-fitting set of parameters. Among those, the
two most common are (i) the maximum likelihood approach and (ii) Bayesian analyses. In
this thesis, only the latter approach will be described in detail, as it will be used in the
subsequent data analysis. Prior to that, the term likelihood will be defined, as it will help to

relate and understand Bayesian statistics.

The Concept of Likelihood

Statistical problems often calculate probabilities for the outcome of an experiment, given a
fixed set of parameters. In contrast, fitting a PF comprises the inverse problem: given the
(already known) outcome and a model of interest (function type), the aim is to find a set
of parameters (a, p) that is most likely to have produced the observed data. In order to
solve this problem, a likelihood function L(aly) is defined, representing the likelihood of
parameter a given the observed data y (Boos et al. 2013).

Because experiments in Psychophysics typically consist of data obtained by responses to
independent binary choices (i.e. a Binomial distribution), the likelihood function may be
defined as:

Lty =~ ol (0<as1)
aly) = ——— | |p(vila <a<
m!(N —m)! . (3.8)
|
or: L(aly):m-am(l—a)l\]_m (0<ax<)

In this equation, N denotes the total amount of trials, m the number of successful trials and
p(y;la) the probability of observing the outcome y on the specific trial i under the assump-
tion of a value a. As a practical example, consider an experiment consisting of ten trials, in
which a participant had to judge whether she or he saw a cat in the presented picture or not.
Comparing the responses to the actual stimulus, the participant successfully classified six
trials correct (S) and missed four (M). If we assume a success rate of a = 0.4 for a successful

classification, equation 3.8 becomes (in its short form):

10!
—0-0.46(1 - 0.4)*
6!/(10-6)! (3.9)

~0.1115

L(0.4ly) =

It is important to note that obtained value for L(0.4|y) is neither the probability of obtaining
the specific result y (the experiment is already over, so there is no uncertainty about the
outcome), nor is it the probability of a = 0.4. Instead, one should think of L(aly) as a function
in the parameter space that provides information about the likelihood of this particular
parameter given a fixed data set. For the hypothetical experiment of identifying a cat, Figure

3.5 shows full likelihood function in the range of 0 < a4 < 1. The global maximum of this
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function is at the value @ = 0.6 and is therefore the maximum likelihood estimation for the

true value of a.

0.25
0.20

0.15

Likelihood L(aly)

0.10

0.05

0.00 0.1 02 03 04 05 06 07 08 09 1.0

Parameter a

Fig. 3.5: The likelihood as a function of the parameter 4, given the outcome data of the
described hypothetical experiment.

As stated above, experimenters are usually concerned about two parameters of a Psychome-

tric functions, @ and f at certain stimulus intensity x;. Equation 3.8 thus becomes:

Nt
LaBly) = = | [P0l ) (3.10)

=1

Similar to equation 3.8, p(v;|x;; @, B) represents the probability of a response y; for a specific
trial i, assuming the threshold « and the slope p of the PE. Since there are now two pa-
rameters present, the likelihood function assumes the form of a surface that lies within the
two-dimensional parameter space. Naturally, the task of finding the global maximum for
this function becomes much more complicated and an analytical solution is almost never
found. Instead, researchers employ iterative search algorithms for this task. Since this is
beyond the scope of the present thesis, interested readers are referred to (Myung 2003).

Bayesian Estimation

The Bayesian framework provides probability distributions over parameter values in order
to describe beliefs and uncertainties about their values in relation to the obtained data (Kuss
et al. 2005). A practical example is null-hypothesis testing, in which the obtained p-value
describes the probability that the obtained results have occurred randomly under the as-
sumption that the null-hypothesis was true. This can be formulated as p(D|H), in which D
is an observable outcome and H represents a true null-hypothesis. In the context of Psy-
chophysics, this can be adapted to p(D|¢), whereas ¢ denotes modelled parameters, e.g.
threshold and slope of the PF3. However, in order to obtain estimations for the parameter
set ¢, inferences about p(¢|D) need to be made. In the Bayesian framework, p(¢|D) is also

3 Keep in mind that the true values for these parameters are hidden within the participant and that Bayesian
inference aims to minimize the uncertainty about their value.
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called the posterior distribution and, with the help of Baye’s Theorem, is related to p(D|¢)
by the following equation:

p(¢ID) = % (3.11)

Here, an important advantage of the Bayesian approach becomes evident: a priori beliefs
about the true value of ¢ can be modelled and are represented by p(¢), the so called prior
distribution. This equation may now be adapted to the task of estimating the posterior dis-
tribution p(«, fly), given the likelihood function L(a, fly) from equation 3.8 and the prior
distributions p(«) and p(p):

L(a, Bly)p(a)p(B)
a,Bly)p(a)p(B)oadp

pla, Bly) = I (3.12)
Ideally, priors should reflect beliefs of the true model parameters. A sensible approach here
is to use a parametric family of distributions for each of the parameters to be estimated. As
a practical example, prior distributions for the hypothetical data of Figure 3.3 are plotted
in Figure 3.6. A uniform distribution over the range of the input data with a cosine fall off
in both directions over half of the range was chosen as a prior for the threshold a, as it is
believed that the threshold lies within the range of the input data with equal likeliness. For
the width g, the prior has a uniform distribution in the range of twice the minimal difference
between two intensities with a cosine falloff at three times the total range of the stimuli for

higher intensities and at the minimal difference for intensities near zero.

Threshold Width
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Fig. 3.6: Prior distributions for the threshold and the width for the hypothetical data used in
Figure 3.3. The top row shows the prior densities and in the bottom row, the corresponding
PFs for the 0 %, 25 %, 50 %, 75 % and 100 % quartiles are plotted. The sampled stimulus
intensities are plotted with red crosses.
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As stated above, the posterior distribution directly represents the uncertainty about param-
eters of the PF and could thus be utilized to make confidence judgements. Unfortunately,
it is not straight forward to solve equation 3.12 analytically. Over the years, several ap-
proaches have been developed to obtain estimates and confidence intervals. Typically, ei-
ther the mean, median or mode (also called maximum a posteriori (MAP)) of the posterior
are estimated. Interested readers are referred to (Kuss et al. 2005) for an in-depth review.
More recently, toolboxes that offer grid-based numerical solutions for the posterior have
been published (Schiitt et al. 2016) and are employed in this thesis. As an example, poste-
rior distributions for the threshold and width of the hypothetical data from Figure 3.3 have
been calculated and plotted in Figure 3.7.

Fig. 3.7: Calculated posterior distributions for the threshold and width for the hypothetical
data shown in Figure 3.3. The two plots on the side represent the posterior density functions
for each parameter separately. Hereby, the vertical black line denotes the MAP value. Shaded
gray areas fill the 95 % credible intervals.
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4. Magnitude Processing

4.1 Theories of Magnitude Processing

Over the last decades, a multitude of theories have been proposed on how quantities are
represented in the human and animal brain. Many of them have followed the concept of an
innate common magnitude system integrating all modalities, while others have argued that
distinct neural representations keep track of time, space and number, especially in develop-
mental stages past infancy.

In 1983, a first hint of a shared cognition of time and space was discovered, when Meck et al.
(Meck et al. 1983) reported that rats (i) can generalize rules learned in the time domain to
the number domain and (ii) that the temporal and numerical discrimination characteristics
follow Weber’s law. In 2003, Vincent Walsh (Walsh 2003) published his impactful paper on
A Theory of Magnitude (ATOM), in which he argues that (i) not only time and number, but
also spatial perception share a common metric for action, located in the inferior parietal
cortex and (ii) that a common magnitude system is already present at birth.

Alternatively, in contrast to a common locus, individual modules could be responsible for
magnitude processing of each dimension. Most prominently, this is formulated in the idea
of the Approximate Number System (ANS) (Dehaene et al. 1998, Brannon 2006, Odic et al.
2018), which is thought to be innate and domain-specific for the processing of numerical
magnitudes. Other groups have focused their research with regard to specialized represen-
tations of time (Buhusi et al. 2005, Buhusi et al. 2009) and space (Whitlock et al. 2008,
Vasilyeva et al. 2010, Vasilyeva 2012).

A compromise between the two concepts was proposed by Newcombe (Newcombe 2014),
called the Development Divergence Model, by arguing that a common magnitude system ex-
ists during infancy, which then, during later development, establishes distinct representa-
tions for each domain. This notion is backed up by the Signal Clarity Theory (Cantrell et al.
2013, Cantrell et al. 2015), suggesting that infants perceive all quantities as a single dimen-
sion. A paper by Hamamouche et al. (Hamamouche et al. 2019), reviewing the plethora of
evidence for both a common and distinct magnitude processing, concludes that the current

state of research favours the development divergence model.

4.2 Behavioural Evidence in Magnitude Processing

If a common magnitude system is responsible for processing information about time, space

and number, a reflection of this should be measurable in behavioural experiments. Below,
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a number such implications will be introduced. Evidence in the literature for the theorems
important to the current thesis (namely cross-dimensional interference and correlation in
performance) will be provided in further detail in the following sections. For a complete

review, please refer to (Hamamouche et al. 2019).

Discrimination and precision There should be an inter-dimensional correlation in acuity
within participants, i.e. if participants make highly precise judgements about time, they
should also be equally exact when judging other magnitudes. If there is a change in preci-
sion during development, this change should be similar across dimensions. In addition, the
discrimination precision of all three modalities should follow a common rule, for example
Weber’s law.

Cross-dimensional interference A common magnitude processing would implicate that
there is a symmetric cross-dimensional influence of one domain to another, resulting in a
biased response.

Cross-dimensional transfer Rules learned in one domain should transfer to other dimen-
sions, either by instruction or spontaneously.

Contextual influence Quantity judgements should be influenced by external factors evenly,
if they share a common processing. For example, the emotional state of a participant should
be reflected in a similar bias in the responses of all three domains. The same should apply

for other covariate factors, such as cognitive load.

4.2.1 Discrimination and Precision

There is ample evidence that the ability to discern time, space and number follow Weber’s
fraction in early development stages. According to Brannon et al. (Brannon et al. 2006), 6-
month old infants need a 1:2 ratio to perceive a difference in area of visual stimuli and are
unable to detect changes in area with a 2:3 ratio. Additionally, infants interest! in novel
stimuli was modulated by the degree of area difference between stimuli. Similarly, research
concerning change in number (Xu et al. 2000, Lipton et al. 2003) and duration (Vanmarle
et al. 2006), discovered the same requirement for a 1:2 ratio of intensity difference to en-
able successful detection by 6-month old infants. At the age of 10 month, ratios of 2:3 can
successfully be discriminated, whereas changes within a ratio of 3:4 are indistinguishable
(Brannon et al. 2007, Cordes et al. 2008).

Research concerning children and adults does not draw such clear conclusions. In early
childhood, spatial and numerical acuity seem to differ (Odic et al. 2012, Geary et al. 2016).
When examining the discrimination precision of children between the age of two and
twelve, an independent development for the sense of number was observed (Odic 2017)
and thus, supports the existence of an ANS (Odic et al. 2018). Furthermore, adults seem to
have a finer grained discrimination ability for area (9:10 ratio) when compared to number
(8:9 ratio) (Odic et al. 2012). Droit-Volet et al. (Droit-Volet et al. 2008) obtained intriguing
results when comparing discrimination precision between time, number and line length:

! The authors recorded looking behaviour of the infants and quantified the time they spend looking at the
computer screen as a surrogate parameter for novelty.
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in a first experiment, they presented numerical and spatial stimuli non-sequentially and
found a reduced acuity for time compared to space and number. In a second experiment,
sequential presentation was chosen for all stimuli and the differences in precision disap-
peared. These ambiguous results highlight the importance of presentation mode: time is
inherently sequential (i.e. it can only be presented in an accumulative manner), while space
and number may be presented sequentially (e.g. counting the number of dots that appear
and disappear on a computer screen) or non-sequentially (e.g. judge the total amount of
dots simultaneously present on the computer screen for a brief period of time).

A study comparing symbolic numerical abilities with non-symbolic numerical, temporal
and spatial? abilities found a positive correlation between symbolic and non-symbolic nu-
merical accuracy, but no correlation between non-symbolic numerical, temporal or spatial
acuity (Agrillo et al. 2013). Others have reported cross-dimensional correlation in judge-
ment precision, although not consistently for all modalities (Dewind et al. 2012, Jang et al.
2015). In their review, Hamamouche et al. (Hamamouche et al. 2019) call for caution when
interpreting these results due to a low reliability between the tasks and different approaches
on stimulus intensity scaling. Still, they come to the conclusion that, in summary, the incon-

gruent findings undermine the support for a common magnitude system.

4.2.2 Cross-Dimensional Interference

Research investigating the interaction between the dimensions of time and space has re-
vealed an asymmetric relationship: for basic visual stimuli, such as a line on a computer
screen, time judgements seem to be biased by spatial properties, but not vice-versa (Xuan
et al. 2007, Casasanto et al. 2008, Bottini et al. 2013). Analogue to studies mentioned in sec-
tion 4.2.1, it is often criticized that the sequential vs. non-sequential presentation of time
and space has to be taken into consideration. However, experiments presenting spatial and
time-based stimuli both in a sequential manner (Lambrechts et al. 2013, Martin et al. 2017)
came to a similar conclusion. Interestingly, Riemer et al. (Riemer et al. 2018) discovered
a symmetric interaction between time and distance judgements in a static large-scale vir-
tual environment (experiment 1), but an asymmetric interference when participants where
passively moved along a path and had to judge travelled time and distance (experiment 2).
Here, traversed distance strongly influenced travel time judgements, but not vice versa.
Regarding the cross-dimensional interaction between time and number, the results of a
stroop experiment by Dormal et al. (Dormal et al. 2006) mirror those of time-space interfer-
ence: time processing is affected by numerosity, but numerical judgements are unaffected
by temporal cues. In stark contrast, Agrillo et al. (Agrillo et al. 2010) have found no inter-
dimensional influence between time and number and argue against a common magnitude
system.

Studies investigating all three modalities at once are scarce. Dormal et al. (Dormal et al.
2013) expanded their stroop-experiment to include all three dimensions and discovered
mnumerical abilities were assessed with mental calculations and mathematical reasoning. Non-

symbolic judgement precision was quantified by evaluating line length, duration of a tone and numerosity
of dots.
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asymmetric interactions: numerosity and length (space) both interfere with duration pro-
cessing separately and cumulatively, while time had no effect on neither of the other dimen-
sions. Both number and space cross-influenced each other. These findings are opposed by
the report of Lambrechts et al. (Lambrechts et al. 2013), who saw an influence of temporal
cues on the judgement of number and space, but temporal judgement were unaffected by
number and/or spatial properties.

4.3 Neural Correlates of Magnitude Processing

4.3.1 Introduction

So far, only behavioural correlates for the processing of time, number and space have been
considered. Examination of neuronal activity may identify topographic organization under-
lying magnitude processing and could give insight into cross-dimensional interference ef-
fects found on the behavioural level. The following sections are structured by dimension and
will mainly focus on neural activation measured by fMRI as well as the impact of lesions.
An excellent in-depth review is provided in (Hamamouche et al. 2019). The perception of
space in the context of spatial navigation has been a key focus of research, both by single
unit recordings in animals as well as fMRI in humans. Results have provided compelling
hints at a complex system of different cell types within the hippocampus (HC) that pro-
vide different aspects of spatial information (Eichenbaum 2017). Because the experimental
paradigm employed in this thesis investigates magnitude processing within a navigational
context, a separate paragraph is dedicated to the perception of space in the framework of

navigation.

4.3.2 Spatial Representation in the Brain

Spatial Perception in the Context of Navigation

Among the three domains, spatial processing in the context of navigation was the first one
for which scientists discovered a potential neural substrate with the discovery of place cells
in the rat’s HC, first described by John O’Keefe (O’Keefe 1976). He concluded that place cells
inside the HC play an intricate part in facilitating the formation of a stable spatial map? of
the surrounding environment. Their research sparked an extensive investigation on place
cells and their properties, not only in rats but also in other species, such as bats (Geva-Sagiv
et al. 2015, Hoffman et al. 2016), birds (Sherry et al. 2017) and humans (Kim et al. 2017).
Nowadays, it is widely accepted that place cells process information of various modalities
(Dabaghian et al. 2014, Franca et al. 2019) and are only one part of a more complex system
of different brain regions that support a multitude of spatial representations.
mof such a map dates back several decades earlier, when Tolman (Tolman 1948) proposed the ex-
istence of a cognitive map in order to explain the behavioural results he obtained by observing navigation
in rats. With his theory, he opposed the generally accepted purely stimulus-response concept of navigational

abilities at this time. He argued that behaviour such as taking shortcuts or latent learning could only be
explained if the animal had a stable spatial representation of its surroundings.
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(a) Early recordings of a place unit (b) Grid cells in the rat’s entorhinal cortex

Fig. 4.1: (a): The cell represented here fired only at a high rate when the rat sat in the field
marked with A. Note the frequent spikes in 1 during a phase of immobility at A, as well as
in 4, when the animal moves from position D to A (O’Keefe 1976). (b): Grid cell recordings
in the rat’s entorhinal cortex. Left most plot shows the trajectory of the rat (black) and spike
locations (red). Peak rate of those locations is drawn in the middle. Spatial autocorrelation
for the rate map is depicted on the right (Hafting et al. 2005).

Other components of such a system are cells encoding allocentric orientation, termed head-
direction cells (Taube et al. 1990, Wiener et al. 2005, Shine et al. 2016) and border cells, which
are tuned to borders of an environment (Solstad et al. 2009, Shine et al. 2019). Grid cells,
first described in rats by the team of May-Britt and Edward Moser (Hafting et al. 2005), are
located in the entorhinal cortex* and exhibit spatial-tuned firing pattern much like place
cells, but have multiple firing fields across the environment, forming a periodic triangu-
lar lattice. An extensive review on different cell types facilitating spatial navigation in the
hippocampal and parahippocampal formation is provided here (Ekstrom et al. 2003, Moser
et al. 2017).

Neural Substrates for other Types of Spatial Perception

Research investigating other properties of spatial representation suggests that there are var-
ious regions involved apart from the hippocampal and parahippocampal formation. Mental
rotation of 3D-objects seems to evoke activation in different regions, e.g. IPS, (pre-)motor
areas and the inferior temporal gyrus (ITG) (Jordan et al. 2002). Involvement of the poste-
rior parietal cortex (PPC) and IPS has also been found when participants judged the length
of a line or the position of an array of dots (Dormal et al. 2009). This is further backed up by
studies showing attenuated spatial processing performance when deactivating the IPS and
PPC via TMS (Bjoertomt et al. 2002, Muggleton et al. 2006, Dormal et al. 2012a). In a study
investigating topographic mapping of object size, Harvey et al. (Harvey et al. 2015) pin-
pointed the IPS in both hemispheres as key locations. The same areas have been identified
for processing of numerosity, but with different properties of mapping. In a review about the
functional organization of the IPS (Grefkes et al. 2005), the authors attribute visuospatial
functions (e.g. spatial coordinates of objects) to the IPS.

4 Since their discovery, grid cells have been found in other brain areas, such as the pre- and parasubiculum
(Boccara et al. 2010).
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4.3.3 Neural Code for Numerical Cognition

Similar to the perception of spatial cues, various studies have discovered the IPS as a key
region for the representation of number. Eger et al. (Eger et al. 2003) presented participants
with numbers, letters and colour in a visual and auditory manner while undergoing fMRI
scanning. When contrasted against letters and colours, number singularly activated a hor-
izontal region of the IPS bilaterally. A study by Piazza et al. (Piazza et al. 2004) confirmed
these findings, as they found activation in the IPS in both hemispheres when participants
were presented with sets of items with varying number. Furthermore, the role of the IPS in
numerical processing is strengthened by a study comparing discrete numerical stimuli with
analogue judgements in space or time (Castelli et al. 2006). Hereby, both the IPS and the
parietal-occipital transition zone were significantly more active while processing discrete
stimuli. In children with developmental dyscalculia, the right IPS was activated less when
tasked with numerical judgements compared to healthy controls (Mussolin et al. 2009).
Studies that employ TMS to selectively deactivate the left (Cappelletti et al. 2007) or the
right (Dormal et al. 2012a) IPS could show an increased error rate when judging the amount

of dots in an array.

4.3.4 Keeping Track of Time

In comparison with space and number, scientific evidence for neural substrates supporting
temporal processing is even more ambiguous. This becomes evident on a very basic level:
there is still no consensus of whether there are dedicated neural populations responsible to
tell time or if timing is an intrinsic ability of various different neural circuits (Dehaene et al.
2011).

Experimental and theoretical studies could show an intrinsic sensory timing capability of
neural circuitry, but fail to provide a general model that explains both temporal control of
behaviour and is neurobiological feasible (Dehaene et al. 2011). In an attempt to provide a
model for the timing of motor tasks, Buonomano et al. (Buonomano et al. 2010) proposed a
population clock framework, in which the time-varying activity of individual neurons in a
population support temporal judgements. In principal, population clocks could be formed
by various different groups of neurons and thus, do not favour dedicated areas in the brain
solely responsible for keeping track of time. In line with this notion, Buzsaki et al. (Buzsaki
et al. 2018) argue that neuronal populations previously suggested to singularly compute
time always contain other types of behaviourally relevant information in their firing char-
acteristics.

Other studies have pointed out distinct neural populations which facilitate the processing
of temporal information. One area of interest are the basal ganglia and their cortical con-
nections (Matell et al. 2004, Meck et al. 2008, Buhusi et al. 2009). For example, Meck et al.
(Meck et al. 2008) put forth the idea that striatal medium spiny neurons act as integrators
for specific beat patterns of cortical oscillations. This is backed up by a review compiling
data from functional neuroimaging, neuropsychological, psychopharmacological as well as
leasion studies in humans (Coull et al. 2011). Here, firing rates of striatal areas intercon-

nected with the frontal cortex are suggested as a neurophysiological substrate for processing
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time. Other areas that have been proposed as possible loci for temporal perception include
the right IPS and IFG (Hayashi et al. 2013), precentral, middle and superior frontal gyri
(Dormal et al. 2012b) as well as the insula (Lewis et al. 2003).

4.3.5 Neural Evidence for a Common Magnitude System

As introduced in section 4.3.2, specialized cells inside the hippocampus facilitate the per-
ception of space when navigating an environment. Since the discovery of place cells, re-
search could show that they do not only encode spatial location, but also convey tempo-
ral information® (Hampson et al. 1993, Pastalkova et al. 2008). In his review, Eichenbaum
(Eichenbaum 2014) proposed the existence of time cells, which are identical in their proper-
ties to place cells and fire at specific moments in a temporally structured period. This is in
line with the theory that the HC plays an intricate part in the spatial-temporal organization
of episodic memory and emphasizes how closely time and space processing may be inter-
twined (Schiller et al. 2015, Eichenbaum 2017, Banquet et al. 2020). Buzsaki et al. (Buzsaki
et al. 2018) have argued that the anatomical organization of the HC does not support the
selective perception of time, space and other modalities. Instead, they theorize the HC to
be a general, modality independent, theta-rhythm sequence generator which governs the
computation of all incoming signals to the HC.

Outside the context of hippocampus-dependent perception of time, space and number,
functional imaging experiments predominantly examined two dimensions simultaneously
and point towards the IPS as a possible hub for a common magnitude system. Fias et al.
(Fias et al. 2003) obtained significant activation in the left IPS while participants compared
two digit numbers, line length and angles in a pairwise manner. The right superior pari-
etal lobe, including the IPS, was conjointly active in adults when comparing non-symbolic
number and spatial discrimination (Kaufmann et al. 2008). Results by Dormal et al. (Dor-
mal et al. 2012b) further emphasize the role of the IPS, as they found shared activation
in the right IPS as well as pre-central, middle, and superior frontal gyri when participants
judged duration and numerosity of stimuli. In a paradigm investigating all three modalities,
participants had to judge temporal intervals, numerosity and line length, Skagerlund et al.
(Skagerlund et al. 2016) identified the right hemispheric IPS, insula, premotor cortex and
IFG as key components of a common magnitude processing system. The authors hypoth-
esize the IPS to be the locus for processing cardinal properties of magnitude, which then
streams to the insula (salience detection and awareness), premotor cortex (action planning)

and IFG (categorical decision-based representations).

5 Other experiments suggest that place cells might be tuned to information from various different sensory
modalities, such as olfactory cues. For the sake of simplicity, only the time dimension is considered here. The
interested reader is referred to (Dehaene et al. 2011) for an excellent review.
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5. Experimental Design

5.1 Participants

Twenty-five right-handed participants were recruited from the local community (14 fe-
males, mean age 24.9 years, ranging from 20 to 41). Participants received monetary compen-
sation and gave written informed consent to the experimental protocol, which was approved

by the local ethics committee.

5.2 Virtual Environment

The virtual environment was comprised of a narrow concrete path enclosed by a grass tex-
ture to the left and right (see Figure 5.1). The coarse texture of both surfaces provided optic
flow, but did not present any salient landmarks that could potentially be utilized to judge
the travelled distance. The participant’s viewport was placed in the middle of the path at a
virtual height of 1.8 m, with a field-of-view of 60° and looking straight forward (yaw, pitch
and roll all equaled 0°). At a distance of 1 m, grey fog with a linear increase in density started
to obscure the view distance. Additionally, white dots appeared and disappeared constantly
at random positions on the floor around the participant. Their individual lifetime was set to
100 ms.

Inside the MR scanner, the stimulus image was presented via a mirror (size 302 mm x 170
mm), placed at a distance of 350 mm from the participant’s head. The image was projected
onto the mirror with a resolution of 1920 x 1080 px and a refresh rate of 60 Hz. Due to
visual obstruction by the head coil, the bottom 300 px of the screen were not visible, so the

effective visible area was approximately 1920 x 780 px (1140 x 780 px binocularly visible).

5.3 Task and Stimulus Description

During fMRI scanning, participants performed a magnitude accumulation task in each trial
with respect to either time, space and numerosity, while being passively moved through
the virtual environment as described in 5.2. At the end of time and space trials, participants
had to judge either for how long! or how far they were passively moved, respectively. After
each numerosity trial, participants were asked to estimate the accumulative number of dots
they saw on the floor?. Importantly, the overall area in which the dots appeared remained

1 Participants were instructed not to actively countdown seconds when making judgements about the duration.

2 The randomly appearing and disappearing nature of the dots made it impossible to determine their exact
number in order to force participants to make an approximate judgement.
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Fig. 5.1: View from the participant’s viewpoint during a trial. Evidently, the virtual environ-
ment does not provide any landmarks and the view distance was limited, in order to prevent
the possibility to judge distance by referencing a fixed landmark. The coarse structure of the
floor provided optic flow.

constant in size, as to not confound the number of dots by the physical space of the dot
array.

As a control condition, luminescence was included as a fourth dimension. Hereby, par-
ticipants did not perform a magnitude accumulation task but rather had to evaluate the
greyscale value of a square that was overlayed in the middle of the screen 200 ms before the
passive movement ended. Thus, this condition will be referred to as the control condition
from here on.

Each dimension had two distinct and fixed magnitudes, which will be called high or low
condition subsequently. The travelled distance was either 11.5 m or 19.7 m, the duration
was either 2.8 s or 4.8 s, there were either 45 or 77 white dots present on the floor and the
white square had either 16 pct or 28 pct white content. These values will be called the ref-
erence or standard value in the following sections. At the end of each trial, participants had
to perform a two-alternative forced-choice task, indicating whether the experienced magni-
tude was higher or lower than a comparison value® that was displayed during the response
phase. Participants gave their responses with either the right index finger (less) or right
middle finger (more) on a five-button MRI-compatible response box (LUMItouch, Photon
Control Inc., Burnaby, Canada). The thumb button could also be pressed to indicate that
the relevant dimension of the current trial was forgotten. Did the participant fail to make a
response within 2 s, "Please respond faster!” was displayed in red letters for 500 ms on the
screen. Otherwise, no feedback was provided throughout the whole experiment in order to
minimize the influence of previous choices on the following trials.

It is important to note that the visual input for all trials was identical, regardless of the
trial type of the current trial. So even when the participants were asked to pay attention
to e.g. time, dots appeared on the floor and a white square appeared just before the end of

the passive movement. Critically, this also allowed to vary the magnitude of the irrelevant

3 The comparison value was adjusted on a trial-by-trial bases. See section 5.6 for details on how its value was
calculated.
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dimensions to assess cross-dimensional influences. For example, a trial in which numeros-
ity was the relevant dimension (participants had to judge the amount of dots on the floor),
the distance traveled (irrelevant dimension) could either be long or short. The speed of the
passive movement was adjusted in order to achieve times and distances that were equal to
the high or low conditions.

Another critical point is that this experimental setup ensured a sequential presentation of
all dimensions. The complete information needed to make a judgement was only accessible
at the end of a trial and thus, all three dimensions are presented in a similar fashion (see
sections 4.2.1 and 4.2.2).

5.4 Trial Structure

Each trial started with a 500 ms cue display, indicating the current relevant dimension.
This was followed by an inter stimulus interval (ISI) with a randomized duration between
2 and 3 s. Afterwards, the participants were moved passively forward at a constant speed.
200 ms before the forward motion was terminated, the grey square for the control condi-
tion appeared in the middle of the screen. After another ISI with a fixed duration of 1 s, a
comparison value (or rectangle in case of control trials) was displayed for 2 s (comparison
phase). This was also the time during which the participants could make a response. The
duration of the inter trial interval (ITI) was adjusted to equalize the total duration of the
trial to either 10.8 s or 12.8 s. For null trials, a fixation cross was shown following the cue
phase until the end of the response phase. The timeline of an exemplary trial is depicted on
the left side of Figure 5.2.

@ Space Numerosity  Control
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ITI
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Fig. 5.2: Left: Timeline of an exemplary time trial. Please note that the onset of the grey
square 200 ms before the end of the integration phase is not depicted. Right: Cue icons and
corresponding exemplary comparison values for all four dimensions.
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5.5 Trial Order

Trials had to be ordered in a sequence that allows for simultaneous estimation of (i) the mean
difference in neural activity between the four dimensions and (ii) inter-stimulus effects of
individual trials upon each other (carry-over effect) with a rapid-event design. To achieve
this, a de Bruijn sequence, spanning 125 trials and balanced on the second order, within
a continuous carry-over design (Aguirre 2007, Aguirre et al. 2011) was created, resulting
in a trial order in which each of the five task types was preceded by every other task type
(including itself) for an equal number of times. Additionally, each trial had a relevant and
an irrelevant dimension, as described in section 5.3. Trials were counter-balanced so that
the same amount of high and low conditions of irrelevant dimensions were included.
Finally, trials had to be balanced with respect to their total duration (either 10.8 s or 12.8
s). This was achieved by repeating the initial de Bruijn sequence four times. In the first
repetition, short and long trials were inverted. During the second and third repetition, only
even or odd trials were inverted, respectively.

The final result were four de Bruijn sequences with a length of 125 trials each, including
25 trials of each dimension (time, space, numerosity, control), as well as 25 null trials. The
500 trials were distributed among eight runs* and conducted in two separate session on two

different days that were not more than one month apart.

5.6 Task Difficulty

An adaptive strategy, depicted in equation 5.1, was utilized to calculate the comparison
value for each trial. This was necessary to (i) equalize the task difficulty across all four
dimensions, (ii) counter increased performance due to the learning effect and (iii) keep par-
ticipants as engaged as possible throughout the experiment. Before each trial, the respective
comparison value R; (e.g. for time trials a value of 5.8 s) was randomly calculated according
to the response (more or less) of the previous trial. The comparison value for the first trial
Ry was obtained by randomly choosing a number based upon the standard (true) value S

for the current dimension.

first trial: Ryp={x€R|S-0.25-S<x<S5+0.25-S}
response more: R;={xe€R|R;,_; <x<R; {+0.25-R;_{}

response less: R;={xeR|R;_; —0.25-R;_; <x<R; 1}

To monitor the perceived difficulty of each task type after each run, the participants had to
judge the difficulty on a visual analogue scale (VAS, slider with 20 intermediate positions)

ranging from easy to difficult with the help of their index and middle finger.

4 As this yields an unequal number of trials per run, null trials were added at the end of each run to equalize
the total amount of trials per run.
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6. Behavioural Data Analyses

6.1 Preprocessing

Trials with (i) a reaction time lower than 300 ms (0.18 %), (ii) in which participants indicated
that they forgot the current trial type (0.28 %) or (iii) with a response later than 2 s (2.65
%) were excluded prior to any analysis. Additionally, behavioural and functional data of
participant 15 was completely discarded, as he missed more than 20 % of his responses,
casting overall doubt on alertness during the experiment. Participants 4, 5 and 6 confused
the response buttons during control (luminescence) trials in session 1, hence this data was
dropped from the analyses as well. This left a total number of 9430 trials of 24 participants

for behavioural data analyses.

6.2 Reaction Time and Task Difficulty

Both reaction times and perceived task difficulty ratings for the four task types during the
course of the eight runs were analysed with respective linear mixed effects models to assess
whether (i) there are interdimensional differences or if (ii) there were changes during the
course of the experiment. For both models, task type as well as the run number were fixed
effects predictors and participant number was modelled as a random intercept (reaction
times: reaction time ~ dimension * run + 1|subject, task difficulty: task difficulty ~ dimension *
run + 1|subject). All analyses were conducted in R (R Core Team 2019), including the nlme
package (Pinheiro et al. 2019).

6.3 Fitting Psychometric Functions

6.3.1 Input Data

Due to several reasons, fitting a PF to the behavioural data of this experiment was challeng-
ing. First, the amount of trials per stimulus intensity is usually N < 10. This is mainly due to
the limited time a participant lays comfortably in the MRI scanner. Additionally, the func-
tional data analysis strategy created additional constraints for the sequence and amount of
trials (see section 5.5). Second, due to the adaptive adjustment of reference values to keep
the difficulty constant, not all stimulus intensities were sampled with the same amount of
trials. Some intensities, especially closer to the lower and upper boundaries, were sampled
with only one trial. Erroneous responses from participants thus may have a substantial im-

pact on the fitted PF, if the fitting algorithm is not robust against these outliers.
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6.3.2 Fitting Algorithm

Due to the unique features of the behavioural data explained above, the chosen fitting al-
gorithm must be robust against outliers, account for sparse and varying trial numbers per
sampled intensity, should allow for a transparent adjustment of parameters and provide a
reliable proxy for the goodness-of-fit. The Python package psignifit 4 by (Schutt et al. 2016,
Schiitt 2016) is based on Bayesian inference and, compared to other alternatives!, fulfilled
all the aforementioned prerequisites best. Hence, a modified version was used to analyse
the behavioural data of this experiment. Several key advantages of psignifit are summarized

here:

1. Even for overdispersed data, psignifit is able to obtain credible interval estimations by
integrating a beta-binomial model.

2. Instead of estimating the slope p of the PF, psignifit 4 reports the width w. Due to advan-
tages shown in section 3.2.2, this is the preferred parameter.

3. Posterior distributions are calculated by numerical integration within predefined limits,
thus complicated approaches to solve the posterior equation are not needed.

4. The package provides predefined priors for each parameter, based on extensive research
and experience. These priors can easily be adapted if needed.

5. Ease of use within the Python language environment.

Standard Bayesian approaches model the probability of a response only as a function of
the stimulus intensity. Essentially, each trial is a Bernoulli trial and independent from the
others. In reality however, this is rarely true. For example, participants might get tired over
the course of the experiment or might be influenced by the choice she or he made the trial
before. As stated above, participants did not get any feedback on any trial, so the influence
of previous choices on the current response are minimized. Still, the assumption of a com-
pletely stable observer is violated, resulting in too narrow credible intervals for the posterior
distribution (Schiitt et al. 2016).

Instead of treating each trial as a Bernoulli trial with a binomial distribution, psignifit 4 em-
ploys a beta-binomial model to account for that instability of the observer, causing overdis-
persion in the data. For a constant stimulus intensity x, the success probability is no longer
fixed (as in binomial models), but a randomly drawn beta-distributed variable with mean
Y(x). An additional parameter # (0 <7 < 1) is introduced to the PF, defining the variance of

success probability for a stimulus intensity x and number of trials N as follows:

2

o’ = (112+ 1_7’7)1/)(@(1 ~P(x)) (6.1)

In the case of # = 0, equation 6.1 collapses to the variance of a standard binomial distri-

2:

bution o %gb(x)(l — 1(x)). For a maximally unstable observer with n = 1, the variance

is independent of the trial number N with o2 = 1 (x)(1 — (x)), i.e. increasing the number

I An alternative investigated was BayesFit (Slugocki 2019). However, it was found that its robustness to overdis-
persed data is not suitably high for the input data of this study.
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of trials does not decrease uncertainty about the mean. For any value between 0 < 7 < 1,
this model allows to account for overdispersed data by adjusting the variance of the success

probability to 1 + (N —1)1? times the one of the standard binomial model.

6.3.3 Priors

As described in 3.2.4, Bayesian inference requires a priori distributions for each parame-
ters. The priors proposed by (Schiitt et al. 2016) have been adjusted to reflect the estimated
outcome of this experiment and are summarized in the following list. Figure 6.1 provides a

graphical representation of the distributions.

* Threshold a: The prior was chosen as a uniform distribution across the range of the stim-
ulus intensity with a cosine falloff to 0 over half of the range at both ends. This was identi-
cal to the proposition by (Schitt et al. 2016) and assumed that the threshold has an equal
probability within the range of the sample stimuli and may be localized 50 % below or
above the range with decreasing probability.

* Width w: The prior distribution was uniformly distributed between four times the min-
imal distance between two stimulus intensities (lower limit) and three times the total
range of stimulus intensities (upper limit). The distribution had a cosine falloff to 0 at
the lower limit and at 4 times the total range. This is different from the standard prior
implemented in psignifit and accounted for larger width values due to the overdispersed
and undersampled data of this experiment.

* The guess rate had a fixed value of y = 0 for the two-alternative forced-choice task in this
study.

* The lapse rate A was fixed at a value of A = 0.01. Preliminary analyses of the data showed
that a variable lapse rate with a beta-distributed prior (as proposed by (Schiitt et al.
2016)) provided unsatisfactory fitting results and overestimated lapse rates due to the
low amount of trials at some intensities, especially near the lower and upper intensity
boundaries.

* The prior for #, accounting for an unstable observer, was left unchanged and had a beta-
distributed prior with @ =1 and = 10.

6.3.4 Parameter Estimates

For each participant, each dimension and magnitude (high or low), a separate PF was fitted
to the experimental data. Once a PF had been fitted, psignifit provided posterior distribu-
tions, along with the MAP? and credible intervals for each parameter.

In this experiment, the threshold «a is defined at the comparison value where p(M) = 0.53

2 (Schiitt et al. 2016) argue that the MAP is the most appropriate estimator, as mean and median are heavily
biased for the width, especially for data with a low amount of trials, such as in this study.

3 During the introduction of Psychophysics in chapter 3, values along the y-axis denoted the probability of a
successful stimulus detection. In contrast, Psychometric functions in this thesis are fitted to the probability
p(M) of a participant correctly identifying a comparison value as being more than the just experienced value
during the trial.
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Fig. 6.1: Prior distributions for evenly spaced input data at comparison values in the range
of x = [0.1,2] for the threshold, width and observer stability #. The guess and lapse rate
priors are not shown, as these are fixed at their respective values. The top row shows the
cumulative density functions for each prior. Below, Psychometric functions corresponding
to 0 %, 25 %, 50 %, 75 % and 100 % quartiles of the prior are plotted. The label p(M) denotes
the probability that a participant perceives the comparison value (plotted on the x-axis) as
greater than the actual value (e.g. the time travelled was longer than the comparison value
presented).

and was identical to the point of subjective equality, i.e. participants perceived the shown
comparison values during the response phase as equal to the reference value of the trial she
or he just experienced. For comparison values above the threshold, participants become in-
creasingly more likely to perceive the comparison value as greater (more) than the reference
value and, thus, p(M) converges asymptotically towards 1. Conversely, p(M) asymptotically
falls towards 0 for increasingly smaller comparison values.

The width is defined here as the difference in comparison values, at which the unscaled PF
reaches 0.2 (lower limit) and 0.8 (upper limit). It is interpreted as a measure of how precise
the participant was in her or his judgements (section 6.5).

For both threshold and width, results were classified as outliers if they exceeded Q75+ 1.5-
IQR or fell below Q,5—-1.5-IQR. Q5 and Q75 are the 25th and 75th percentile, respectively.
IQR is the interquartile-range, defined as IQR = Q75 — Q5.

6.4 Magnitude Differentiation

In a first sanity check of the behavioural data, it was tested if participants could distinguish
between large and small magnitudes of each trial type by comparing the PSEs (thresholds)
between large and small magnitudes. Before any statistical analysis, the data was checked
for normality by a combined test of skew and kurtosis (K-S test) with Python’s SciPy package
(Virtanen et al. 2020). As all of the distributions were found to be not normally distributed,
the results of one-tailed paired t-tests were verified by a Wilcoxon signed-rank test and cor-

rected for multiple comparisons (FWE = 0.05).
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Because the scales of physical stimuli differ substantially between dimension (e.g. time var-
ied in the order of 2 - 10 seconds, the number of dots between 20 and 50), the comparison
values of all trials are normalized to the mean of the two reference values for each dimen-
sion, in order to allow for simultaneous plotting of all dimensions. For example, the dura-
tion of a time trial was either 2.8 s or 4.8 s, so all comparison values for time trials were

normalized to 3.8 s.

6.5 Judgement Precision

Participant’s judgement precision was characterized by the width of the calculated PF as
defined in 6.3.4. Participants that had a higher precision in their magnitude perception had
a smaller width compared to participants with less precise judgements.

The data analysis assessed whether there were crossdimensional correlations in judgement
precision between all possible pairs of dimensions, as this provided insight on how similar
their perception might be. For this, Spearman rank correlation coefficients of the widths of
all participants were obtained for each possible pair of dimensions.

In contrast to the magnitude differentiation sanity check, a different normalization was ap-
plied to the data: all trials were normalized to their respective standard values. This enabled
a conjoint analysis of trials with a high and low standard value. For example, all space trials

with a distance of 11.5 m or 19.7 m were normalized to 11.5 m or 19.7 m, respectively.

6.6 Cross-Dimensional Interference

In order to assess cross-dimensional influences, the behavioural data of one trial type was
split into two subsets, based on the magnitude of the irrelevant dimension. This is possi-
ble, because the trial order was designed in a way to counter-balance the amount of trials
in which the irrelevant dimension was either in a high or low condition (see sections 5.3
and 5.5). Practically, this meant that for e.g. time trials, separate PFs were fitted for trials
in which the amount of dots on the floor was either high (77) or low (39), to assess whether
the amount of dots on the floor influenced the perception of time. Vice versa, trials in which
participants judged the amount of dots on the floor were split with respect to the duration
of the passive movement (either 2.8 s or 4.8 s). For each possible pair of relevant-irrelevant
dimension and each participant, the thresholds were obtained and their mean differences
compared against 0 by a Wilcoxon signed-rank test with a correction for multiple compar-
isons (FWE = 0.05). Positive values indicate congruent interference (i.e., larger values of the
irrelevant dimension lead to an overestimation of the relevant dimension).

Analogue to the interdimensional judgement precision analysis, comparison values were

normalized in the same fashion to allow the analysis of cross-dimensional inference.
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7. Neuroimaging Data Analyses

7.1 Data Acquisition

MRI data was acquired on a 3 T Magnetom Prisma-fit Syngo MR D13D Siemens Scanner
(Siemens Healthcare GmbH, Erlangen, Germany) with a 64-channel phased array head coil.
For anatomical images, both T1- and T2-weighted images were recorded. In each session,
double-echo gradient-echo (GRE) field maps were acquired', allowing for susceptibility dis-
tortion correction of the functional images. Scanning parameters of the anatomical and

functional sequences according to (Inglis 2015) are summarized in table A.1.

7.2 Data Quality Control

Prior to any analysis, both structural and functional imaging data were visually inspected.
Additionally, image quality metrics (IQMs) for both were calculated using the software
package MRIQC 0.14.2 (Esteban et al. 2017). This allowed for a quick assessment of var-
ious data quality parameters such as head movement, temporal SNR, ghosting or artefact
detection. As of today, no comprehensive study has published guidelines on which combi-
nation of parameters are best suited to detect and exclude outliers. However, recent projects
try correlate quality ratings by experts with IQMs (Esteban et al. 2019a). Shehzad et al. (She-
hzad et al. 2015) investigated quality assessments of resting-state fMRI data from various
sites and provides some advice on test-retest reliability of IQMs as well as correlation be-
tween those. Based upon these assessments, a set of IQMs was selected and they are briefly
introduced in this section. Please refer to (Esteban et al. 2017, Esteban et al. 2019a) for a
detailed description.

Analoge to the behavioural outlier criterion, quality parameter values for a specific partici-
pant above Q75+1.5-IQR or below Q,5—-1.5-IQR were considered to be suspect and triggered
a detailed examination of the functional data. Furthermore, it was decided to exclude func-
tional runs if the percentage of volumes exceeding a framewise displacement (FD) of 1 mm

was above 10 %.

Spatial Information

* EFC: The entropy-focus criterion gives an indication of ghosting and blurring induced
by head motion (Atkinson et al. 1997). In very basic terms, the entropy criterion favours

alterations to the data which maximise the number of voxels containing no information

I Echo times were 4.92 ms and 7.38 ms.
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and therefore have a value close to 0. Participant motion has the opposite effect, as neigh-
bouring voxels at the borders will have increased values. EFC may therefore be used to

detect and correct motion-induced image alterations. Lower values are better.

Temporal Information

* tSNR: Temporal SNR calculated by the average BOLD signal across time divided by the
temporal standard deviation map. It gives insight into the temporal variability (Welvaert
et al. 2013). Higher values are better.

Artefact Detection

* GSR: Ghost-to-signal ration estimates the mean signal in the areas prone to Nyquist
N/2 ghosting artefacts along the possible phase-encoding directions relative to the mean
signal within the voxels of the brain mask. Fast echo-planar imaging sequences are es-
pecially susceptible to Nyquist ghost artefacts, as the rapidly changing gradients may
induce eddy currents in the RF coils and magnetic housing (Giannelli et al. 2010). It is
therefore sensible to screen the data for this type of artefact. Lower values are better.

* FD: Framewise displacement is a measure for instantaneous head-motion from one vol-
ume to the next (Power et al. 2012). Typically, either the mean FD or the percentage of

volumes above a certain threshold (1 mm in this analysis) are reported.

7.3 Preprocessing

Anatomical and functional images were preprocessed using fMRIPrep 1.1.1 (Esteban et al.
2019b). For the structural preprocessing, T1/T2 weighted (T1w/T2w) images were cor-
rected for intensity non-uniformity with ANTs” N4BiasFieldCorrection v2.1.0 (Tustison et
al. 2010). Afterwards, they were skull-stripped using ANTs’ antsBrainExtraction.sh v2.1.0
(OASIS template, (Marcus et al. 2007)) to create an initial binary mask of the brain. After
brain mask computation, FSL FAST v5.0.9 (Zhang et al. 2001) was used to perform brain
tissue segmentation (CBF, white matter, gray matter). Brain surface reconstruction was per-
formed by recon-all from FreeSurfer v6.0.1 (Fischl 2012). The initial brain mask was refined
with a fMRIPrep custom variation of the method to reconcile ANTs-derived and FreeSurfer-
derived segmentations of the cortical gray-matter (Klein et al. 2017). In the last step, spatial
normalisation to the MNI152NLin2009cAsym template space (Fonov et al. 2009) was per-
formed using antsRegistration. This entails a multiscale, mutual-information based, non-
linear registration scheme. In order to obtain individual anatomical region-of-interest (ROI)
masks, a cortical reconstruction was run with Freesurfer 6.0. The resulting label files were
converted to binary masks.

During the initial step of BOLD image preprocessing, a reference image was created in order
to calculate a brain mask for the BOLD signal. This EPI reference image is then passed to
FSL’s mcflirt v5.0.9 (Jenkinson et al. 2002) in order to estimate head motion (6 parameters -
three for rotation and three for translation) parameters. Slice time correction is performed
using AFNI v16.2.07 3dTShift function (Cox 1996), realigning each slice to the middle of
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each TR. Next, spatial distortion due to BO field inhomogeneities were accounted for by sus-
ceptibility distortion correction (SDC) using an implementation of the TOPUP technique
(Andersson et al. 2003) using function 3qwarp in AFNI v16.2.07. Hereby, the field inhomo-
geneity can be mapped by measuring the phase evolution in time between two close GRE
acquisitions (Hutton et al. 2002). Finally, the BOLD reference image is aligned to the T1w
image using linear boundary-based registration with 9 DOF implemented in FSL flirt. To
map the EPI image to the MNI152NLin2009cAsym template space, transform calculated
upstream (head-motion estimation, SDC, EPI to T1w registration, T1w-to-MNI transform)
workflows are concatenated. These transforms are applied all at once with one Lanczos in-

terpolation step.

7.4 Univariate Analysis

7.4.1 First Level Analysis

Design and implementation of the statistical analysis was done using the nipype Python
framework (Gorgolewski et al. 2011), which allows for a flexible and accessible implemen-
tation of various different neuroscientific software packages in one workflow. Figure 7.1a
shows the corresponding workflow for the first level analysis. With few exceptions, SPM12
v7487 MATLAB 2016b (The MathWorks, Natick, 2016) was utilized for model generation
and contrast estimation. The functional images were smoothed using a 6 mm FWHM gaus-
sian filter and masked with an individual brain mask obtained from fMRIPrep. The data
was high-pass filtered at 128 Hz.

During first level univariate analyses, the integration (passive movement) phase was mod-
elled as delta functions convolved with the hemodynamic response function (HRF) as im-
plemented in SPM12, excluding temporal or spatial derivatives. Additionally, (i) the cue
onset as well as (ii) the comparison phase until a response was given were included as re-
gressors of interest and convolved with the HRF (see Figure 5.2 for a reference of the trial
structure). It was decided to leave out the actual response (button press), as this regressor
showed high correlation with the one modelling the comparison phase. As nuisance regres-
sors, six head motion parameters?, framewise displacement (FD) as well as the PCA-based
anatomical aCompCor (Behzadi et al. 2007, Muschelli et al. 2014) confounds were included.
Figure 7.1b shows an exemplary design matrix for one run. Significance threshold for uni-
variate analyses was set to a voxel-wise FWE (p < 0.05) and a cluster threshold of 10 voxels.
Contrasts were defined based upon the aims of this study, introduced in section 1. Table
7.1 summarizes the conditions and contrasts. In addition to the independent contrasts, a
conjunction analysis of the three accumulation trials (time, space, numerosity) contrasted
against the control condition was performed in order to identify regions that become jointly

significant.

2 Three for translation and three for rotation.
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Fig. 7.1: (a): Simplified graph of the first level analysis workflow. Inputs and outputs are
depicted with arrows. A detailed schematic for the workflow is provided in Figure A.1.
(b): Exemplary first level design matrix for one run. The first six regressors are convolved
with the HRF and represent the four trial types, cue presentation and response phase (until
a response was given). Nuisance regressors are FD, six anatomical aCompCor confounds,
calculated by fMRIPrep, as well as six motion parameters.

Table 7.1: List of T-contrasts estimated during the univariate analyses.

Nr. Name time space numerosity control cue comparison

1 Accumulation 1/3 1/3 1/3 0 0 0

2 Accumulation > control 1/3 1/3 1/3 -1 0 0

3 Time > control 1 0 0 -1 0 0

4 Space > control 0 1 0 -1 0 0

5 Numerosity > control 0 0 1 -1 0 0

6 Conjunction (Time > control) N (Space > control) N (Numerosity > control)

7.4.2 Second Level Analysis

Analogue to the first level analysis, group level analyses were computed with SPM12 v7487
within the nipype Python framework, similar to the first level analysis. A classical inference
on the second level with a one sample t-tests were performed on all contrasts. Thresholding
was performed with a foxel-wise FWE (p < 0.05) and with a minimum cluster size of 10
voxels. As reported in (Eklund et al. 2016), this approach tends to be too conservative, but
avoids the inflated false-positive of the clusterwise FWE. A graph of the nipype workflow is
shown in the appendix (Figure A.2).
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7.5 Multivariate Pattern Analysis

7.5.1 Introduction

Multivariate Pattern Analysis

The goal of this experiment was not only to gain insight which magnitude perception poten-
tially activates a specific neuronal population (i.e. associating brain regions with functions),
but also to decode distinct patterns of activity corresponding to processing time, space and
number. Multivariate pattern analysis (MVPA), first employed by Haxby et al. (Haxby et al.
2001), is a technique to enable to classification of such activity patterns. This subsections
will provide a superficial introduction into the methodology, for a more detailed introduc-
tion into the topic, please refer to (Pereira et al. 2009) and (Haxby et al. 2014).

In a first step during MVPA, the BOLD values of each voxel in a brain are vectorized into
a high-dimensional representational space. The dimensionality of that space is defined by
the amount of voxels and time-points (trials) of the functional imaging data. In the case of
this study, the whole brain contains about 64290 voxels and 100 trials for each condition.
Numerically, this is done by creating a N x M matrix, in which N denotes the number of
observations (i.e. trials corresponding to certain conditions, also called labels) and M the
amount of voxels. For a binary decision problem, in which e.g. time trials are classified
against space trials, the matrix would contain 200 rows (100 trials for each condition) and
64290 columns. Each field of that matrix would contain the BOLD value of the specific voxel
at a specific time point.

In a second step, the available data is now divided into a training and a testing dataset.
Based on the training data, a classifier is now employed to find a decision surface that de-
fines the boundaries between sectors in the representational space. The most popular option
for a classifier is a support vector machine that optimizes the position by maximising the
distances from the surface to the closest vector (i.e. the support vectors). In a binary clas-
sification problem such as in this study, the decision surface would take on the shape of a
plane.

Once training is complete, the test data is now presented to the classifier and each trial
is classified according to its position in regard to the decision plane. Classification perfor-
mance is commonly assessed by counting the amount of correctly classified trials, but there
are many other options for scoring parameters (see (Kelleher et al. 2015)).

Typically, splitting the available data into a training and testing set is not only done once
(e.g. by splitting the data in half), but many times in a procedure called cross-validation (CV)
with the aim of maximizing the amount of independent training and testing data. Hereby,
only a fraction of the data is left out for testing (e.g. 20 %). The classification is then repeated
e.g. 5 times (5-fold CV), each with a different 20% of the data serving as the test subset. The
final result is obtained by calculating the average of the 5-fold CV classifier performances.

Searchlight Analyses

Because BOLD responses are mapped into a high-dimensional representational space in

MVPA, their spatial and temporal information is disregarded. An approach how to re-
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tain information about the anatomical localization of the representational space is called
information-based functional brain mapping (Kriegeskorte et al. 2006, Chen et al. 2011).
Among fMRI scientists, it is often called searchlight decoding, as its procedure is not un-
like shining a searchlight through the whole brain: in succession, MVPA is performed based
on multiple small subsets of voxels. The whole brain is traversed by iterating through every
voxel and defining an ROI with the neighbouring voxels, based on a predefined radius.

The output of such a searchlight analysis is a brain map in which each voxel’s value is the
cross-validated classification accuracy obtained by performing MVPA with only the subset
of voxels surrounding the central voxel. In order to infer information about statistical signif-
icance, the accuracy maps have to be thresholded and corrected for multiple comparisons.

The strategy employed in this thesis is described in section 7.5.3.

7.5.2 Sample Generation

Before running a MVPA, the raw BOLD signal has to be transformed into samples that are
suited for the particular classification problem at hand. The most straightforward method
is to use each volume as an individual sample for the classifier, but one could also e.g. av-
erage multiple volumes to obtain a less noisy sample. Approaches based on raw data have
two main limitations: (i) they potentially ignore vital information as the HRF is not mod-
elled and (ii) the BOLD signal of nearby trials inevitably overlaps, making the signal that is
unique to one specific trial much harder to identify.

One solution to the first problem is to obtain beta estimates for each trial using one gen-
eral linear model (GLM), in which each trial is modelled as a separate regressor (Rissman
et al. 2004). Consequently, the design matrix has as many columns as trials. Mumford et
al. (Mumford et al. 2012) called this the least-squares-all (LS-A) method. However, this ap-
proach is not suited for rapid event-related designs, as trial-specific regressors of closely
timed trials may be highly correlated. To solve this, Mumford et al. (Mumford et al. 2012)
propose the so called least-squares-separate (LS-S) method. Hereby, a separate GLM for each
trial is created that predicts two timecourses: one for the event (trial) of interest and one
for all other occurring events. The resulting design matrix has two columns plus additional
nuisance regressors. A disadvantage of this method is a high computational load, as there
have to be as many GLMs estimated as there are trials. In a follow-up paper (Turner et al.
2012), the authors modify the LS-S approach by modelling each type of event in a separate
regressor instead of summarising them into one. This LS2 method improves (i) overall clas-
sification performance and (ii) the ability to disentangle the signal of temporally adjacent
events compared to LS-S and was therefore chosen in this thesis to create input samples for
the MVPA. See Figure 7.2 for a graphical representation of the three methods. A detailed
workflow map for the trialwise beta estimation is shown in the appendix in Figure A.3. In a
last step, the trialwise beta maps were standardized (i.e. removal of the mean and scaled to

unit variance).
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Fig. 7.2: Schematic representation of different beta-series estimation approaches. Note that
additional nuisance regressors (e.g. motion parameters) are omitted. Left (LS-A): one GLM is
modelled in which each trial is a separate regressor. Middle (LS-S): for each trial, a new GLM
is created (in this example for the second trial). This trial is included as the first regressor
and all other trials are summarized in a second nuisance regressor (f3,). Right (LS2): similar
to LS-S, each trial has a separate GLM. The first regressor estimates the timecourse of the
current trial. All other occurrences of the other trial types (including the trial type of the
current trial) are modelled in separate regressors (B,, - f,5). Adapted after (Turner et al.
2012).

7.5.3 Inter-Subject Pattern Analysis

Statistical inference on the group level in whole brain MVPA commonly employs t-tests on
participant’s individual decoding accuracies. Warranted criticism has been raised against
this approach, mainly due to (i) low number of observations and non-uniformity of statisti-
cal distribution of classification accuracies (Olivetti et al. 2012, Stelzer et al. 2013, Allefeld
et al. 2016), (ii) the non-directional nature of the identified group information (Gilron et al.
2016) and (iii) biases in the results due to confounds, e.g. time on task or individual dif-
ferences (Todd et al. 2013). In their publication, Allefeld et al. (Allefeld et al. 2016) bring
forward another important point: because the classification performance of a participant
can never be below chance level, the t-test tests a null-hypothesis that there is no infor-
mation in any subject on the group level. Consequently, the results may show that there
are participants with an effect, but not whether this generalises to the population. Crucially,
Stelzer et al. (Stelzer et al. 2013) could show that t-tests lead to high levels of false-positivity.
In a recent paper, Wang et al. (Wang et al. 2020) reviewed the inter-subject pattern analysis
(ISPA) approach. Instead of splitting the data of one subject into a train and test dataset,
the data is split on the group level in training and testing subjects. Cross-validation is done
via a leave-one-subject-out (LOSO) algorithm, in which the accuracy is repeatedly tested on
the left out participant. As a results, there as many folds as there are participants and each
fold produces a whole-brain accuracy map. In a second step, the proposed approach uses
non-parametric permutations tests to asses significance on the group-level (T. E. Nichols
et al. 2002). When compared to the traditional group level MVPA methods, ISPA provides

various key advantages and was therefore chosen as the analysis method for this thesis:
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* ISPA offers straight forward interpretation of the results. A significant effect detected by
ISPA may directly be translated to the population level (Kragel et al. 2018).

* Since no permutations of labels on the participant level are employed for significance
testing, computational requirements remain reasonable.

* Compared to decoding on the participant level, the amount of samples available for train-
ing is larger when ISPA decoding is utilized3. This in turn allows ISPA to detect smaller

multivariate effects (Wang et al. 2020).
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Fig. 7.3: Schematic representation of the ISPA analysis algorithm for one pair of conditions
(e.g. time vs. space). In a 24-fold LOSO cross-validation, trial-wise beta maps of 23 partici-
pants are combined into a training set. The classifier is then tested on the data from the 24th
participant. Each fold results in a whole-brain accuracy map, in which each voxel carries the
decoding accuracy of the specific searchlight run. The 24 accuracy maps are then analysed
for their significance via non-parametric permutations, as implemented in SnPM.

Figure 7.3 depicts a schematic representation of the ISPA decoding algorithm. Pairwise
whole brain searchlight decoding with a LOSO cross-validation and a radius of 6 mm was
implemented in Python using the packages nilearn 0.5.2 (Abraham et al. 2014) and scikit-
learn 0.21.3 (Pedregosa et al. 2011). As an estimator, a logistic regression classifier was cho-
sen due to (i) its computational efficiency and (ii) readily interpretable results (Ryali et al.
2010). Table 7.2 summarizes the relevant parameters. The optimization problem was solved
by using the Ibfgs-solver, as it is memory conservative and relatively fast for the amount of
data points in this analysis.
As described in section 5.3, participants could indicate that they forgot the dimension of
interest for the current trial with the thumb button during the response phase. These tri-
als were excluded from the classification samples. To prevent an inflated performance es-
timates for the classifier due to different amount of samples, a balanced accuracy scoring
was employed, weighting samples according to the inverse prevalence of its true class. If
the participant did not press the thumb button for any trials and the sample numbers are
thus balanced, the reported classification score is equal to the conventional accuracy (i.e. the
3Onitheparticipant level, the number of samples (trials) is usually in the order of dozens to a few hundred.
In ISPA, this number is multiplied by the amount of participants in the study, greatly increasing the total
amount of samples available for training.

4 Limited-memory Broyden-Fletcher-Goldfarb-Shanno approximates the second derivative matrix updates
with gradient evaluations (Zhu et al. 1997).
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number of correctly classified samples divided by the total number of predictions). Other
parameters have been left at their default value.

In a second step, the significance at the group level of 24 accuracy maps was tested with the
implementation of SnPM toolbox (T. Nichols et al. 2001) with 1000 permutations, a voxel-
wise significance thresholding of p < 0.05 (FWE corrected) and a minimum cluster size of
20 voxels. In a last step, the obtained statistical maps were converted to binary images and
the average classification accuracy maps from 24 folds were masked using these maps. The
final result is a map of average classification accuracy that shows only voxels that remain
after significance testing on the group level.

Table 7.2: Parameters used for the logistic regression classifier.

Parameter Setting
penalty I,

C 0.1

solver Ibfgs
scoring balanced_accuracy
tol let
class_weight none

decision_function_shape one-versus-rest (ovr)
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8. Behavioural Results

8.1 Manipulation Checks

8.1.1 Reaction Times

The average reaction times across eight runs for the four dimensions are depicted in Figure
8.1. ANOVA of the fitted linear mixed effects model revealed two main effects: (i) partic-
ipants responded faster during the course of experiment and (ii) response times differed
between dimensions significantly. No interaction was found between run and dimension,
indicating that the change in response times across eight runs did not differ between task

dimensions. Table 8.1 summarizes the results.
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Fig. 8.1: Reaction times in seconds across all eight runs. The markers are jittered along the
x-axis for better visibility. Error bars represent 95 % confidence intervals across participants.

In order to test for which dimensions the reaction times differed significantly, a post-hoc
test was done using Tukey’s HSD to control for familiy-wise error rate at p = 0.05. Hereby,
only the reaction times for numerosity and time showed a significant difference (x = 0.03
s, p=0.005).



8.1 Manipulation Checks 43

Table 8.1: Results of the ANOVA of the fitted linear mixed effects models for reaction times.
Task dimension and run number were included as fixed predictors, subject number was
modelled as a random intercept (reaction time ~ dimension * run + 1|subject).

DF denDF F-value p-value
intercept 1 725 835.40 <0.001
dimension 3 725 3.6175 0.013
run 1 725 50.72 <0.001
dimension:run 3 725 0.5442 0.652

8.1.2 Perceived Task Difficulty

As described in section 5.6, the comparison values were adjusted by an adaptive algorithm
with the intention to maintain an equal difficulty level across runs and across different di-
mensions. In order to assess task difficulty, participants had to judge the difficulty of the

four task types at the end of each run. Figure 8.2 shows the results.
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Fig. 8.2: Perceived task difficulty for each dimension and each run. Participants made their
response on a VAS with 20 intermediate positions ranging from easy (0) to difficult (1).
The markers are jittered along the x-axis for better visibility. Error bars represent 95 %
confidence intervals across participants.

Analogue to the reaction times, an ANOVA of the fitted linear mixed effects model was per-
formed. The results show that perceived task difficulty did not change during the course of
the experiment, as intended by the adaptive algorithm employed (see Table 8.2). However,
there was a main effect for dimension, indicating that difficulty among the different trial
types was significantly different. A pairwise post-hoc Tukey’s HSD test revealed a significant
difference in perceived difficulty between space and control (x = 0.07, p = 0.003), numeros-
ity and control (x = 0.09, p < 0.001) as well as time and control (x = 0.05, p = 0.03). Difficulty
among the three accumulation dimensions did not differ significantly.
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Table 8.2: Results of the ANOVA of the fitted linear mixed effects models for perceived
task difficulty. Task dimension and run number were included as fixed predictors, subject
number was modelled as a random intercept (task difficulty ~ dimension * run + 1|subject).

DF denDF F-value p-value
intercept 1 721 1112.67 <0.001
dimension 3 721 8.71 <0.001
run 1 721 0.0022 0.96
dimension:run 3 721 0.49 0.69

8.1.3 Magnitude Differentiation

Wilcoxon signed-rank tests confirmed that the thresholds for large and small magnitude of
time (W,3 =252, p < 0.001), space (W,3 =210, p < 0.001), numerosity (W,3 = 276, p < 0.001)
and control (W3 = 276, p < 0.001) differed significantly, confirming that participants were
able to distinguish between the low and high standard values. For the statistical analysis,
outliers were excluded from the data using Tukey’s criterion (1.5-IQR), as described in sec-
tion 6.3.4. However, regardless of the exclusion or inclusion of outliers, significance levels

remained the same. A graphical representation of the results is shown in Figure 8.3.
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Fig. 8.3: Boxplot of the calculated thresholds (PSEs) of each participant for the four dimen-
sions and two magnitudes, including outliers. Upper and lower boundaries of the boxes
represent 25 % and 75 % quartiles. Whiskers extend to 1.5 times the interquartile range.
Threshold values are normalized to the respective mean of reference values, as described in
section 6.1.
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8.2 Inter-Dimensional Judgement Precision

One of the main aims of this experiment was to investigate behavioural evidence for a shared
magnitude processing system by comparing judgement precisions of the different dimen-
sions. If the perception of two dimensions is grounded on the same neuronal mechanism,
judgement precision should be correlated between these two dimensions. As an example,
figure 8.4 illustrates two PFs with different widths from different participants to provide a
graphical illustration how judgement precisions is reflected in the shape of the PE.
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(a) Participant 3, large-numerosity (b) Participant 4, small-time

Fig. 8.4: Behavioural data (red crosses) and calculated PFs for two different participants
and different task types as well as magnitudes to illustrate how the shape of the PFs differ
with higher and lower precision. In this case, the judgements made by participant 3 in large-
numerosity trials were more accurate than the ones of participant 4 in small-time trials. The
y-axis denotes the probability of a participant responding with more when asked to compare
the displayed value with the perceived value during the response phase.

Between each possible pair of dimensions, Spearman rank correlation coefficients were cal-
culated and are summarized in Table 8.3. Analogue to the magnitude differentiation anal-
ysis above, outliers were identified and excluded from the statistical analysis. Again, this
had no impact on the overall outcome. Results show that participants who were relatively
accurate in their judgements of time were also more accurate in their perception of space.
For the other dimensions, no significant correlations were found. Spearman rank plots for

all dimensions, including the control condition, can be found in Figure B.1 of the appendix.
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Table 8.3: Inter-dimensional precision correlations between all possible combinations of
modalities. Reported are Spearman rank correlation coefficients and their corrected p-
values (FWE = 0.05).

Dimension P p-value
Time & space 0.678 0.002
Time & numerosity 0.284  0.443
Space & numerosity 0.271 0.443
Time & control 0.237  0.768
Space & control 0.054  0.913
Numerosity & control 0.090  0.913

8.3 Cross-Dimensional Interference

As described in section 6.6, the last behavioural analysis examined the inter-dimensional
bias on magnitude perception, meaning the impact an irrelevant dimension had on the
judgement of the relevant dimension. A practical example is displayed in Figure 8.5, which
shows the influence of distance as the irrelevant dimension on (i) time (Figure 8.5a) and (ii)
numerosity (Figure 8.5b) judgements in one participant. The trials of the relevant dimen-
sion were split into trials with short or long distances and separate PFs were calculated for
both conditions. In this example, distance biased time judgements in a positive direction

whereas no influence of the trial distance on numerosity perception was visible.
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Fig. 8.5: Exemplary, the effect of trial distance as the irrelevant dimension on (a) time and
(b) numerosity judgements are shown for participant 2. For each dimension, separate PFs
were calculated after splitting all trials according to the distance travelled during the trial
(either 11.5 m or 19.7 m). For time, a positive bias was observed. In contrast, numerosity
judgements were not affected by distance.

Figure 8.6 visualizes the results obtained from all 24 participants. Out of all possible com-
binations, only time and space interfered in both directions with each other. Specifically, a

Wilcoxon signed-rank test revealed a positive influence of space on time (x = 0.177, W3 = 36, p = 0.006),
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meaning that time was perceived longer when the distance travelled was also longer com-
pared to shorter travel lengths, even though the actual time of the passive movement was
the same in each trial. On the other hand, time as the irrelevant dimension influenced space
negatively (x = -0.139, W3 = 45, p = 0.013): for trials in which the participant travelled the
exact same length and had to judge distance, the PSE was smaller when the duration of the
movement (time) was 4.8 s compared to trials in which the movement only lasted 2.8 s.

Among the other possible combinations of dimensions, no significant interference was
found. Table B.1 shows the results for all possible combinations, including the control con-

dition.

Fig. 8.6: Results of cross-dimensional interference on magnitude perception plotted with
box-whisker plots. Individual data points are plotted as red dots. A positive PSE difference
indicates higher PSE values if the irrelevant dimension was in high condition and vice versa.
Significance was tested with a Wilcoxon signed-rank test and corrected for multiple com-
parisons (FWE = 0.05).
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9. Neuroimaging Results

9.1 Quality Control

In this section, the results for the quality metrics introduced in section 7.2 are presented.
Figures for the other parameters that were not selected may be found in section C.1 of the

appendix.

9.1.1 Spatial Information

Entropy-focus criterion (EFC) provides a proxy for participant-movement induced blurri-
ness and ghosting in MRI data (Atkinson et al. 1997), as introduced in section 7.2. Figure
9.1 shows the EFC for each participant separately. While there are noticeable differences in
the EFC between participants (e.g. participant 4 vs. 16), none of the participants had values
that were outside the inclusion area, so no detailed examination based on EFC was triggered.
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Fig. 9.1: Box-whisker plot of the entropy-focus criterion (EFC) of all participants. Individual
runs are plotted as red dots. The group median is shown by the orange horizontal line. The
area shaded in light grey is visualizes the data range in which data points are not considered
outliers, as defined in section 7.2. Lower values are better.

9.1.2 Temporal Information

Temporal SNR gives insight into the temporal variability of BOLD images. A low tSNR re-
flects higher fluctuations in the signal, mainly due to thermal noise and physiological signal
alterations. In Figure 9.2, tSNR values of each participant and run are plotted. Similar to
the EFC, no participant had a value outside the outlier range. Most of the participants have
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varying tSNR values across the eight runs, with participant 5 being a noticeable exception,

as her or his values are consistently low.
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Fig. 9.2: Box-whisker plot of the whole-brain tSNR values of all participants. Individual
runs are plotted as red dots. The group median is shown by the orange horizontal line. The
area shaded in light grey is visualizes the data range in which data points are not considered
outliers, as defined in section 7.2. Higher values are better.

9.1.3 Artefact Detection

Ghosting

Figure 9.3 shows the Ghost-to-signal ration (GSR) values along the phase encoding y-axis.
Higher values indicate a significant presence of ghosting in the anterior and posterior sec-
tions of the image. Image data of participant 13 and 18 lie outside of the inclusion area and
indicate the presence of ghosting. Hence, the corresponding images were manually exam-

ined.
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Fig. 9.3: Box-whisker plot of the GSR values along the phase-encoding y-axis of all partic-
ipants. Individual runs are plotted as red dots. The group median is shown by the orange
horizontal line. The area shaded in light grey is visualizes the data range in which data
points are not considered outliers, as defined in section 7.2. Lower values are better.

Upon manual inspection, ghosting was found in all runs for participant 13 and 18. As an

example, Figure 9.4a shows a volume of participant 13, session 1, run 4 in which ghost arte-
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facts are visible at the top row of the image. Ghosting artefacts of participant 18 were similar
in nature. After preprocessing with fMRIPrep, the ghosting was successfully removed in all
volumes. For both participants, the brain masks were visually inspected as well, to make

sure that ghosting did not have an adverse effect on this crucial preprocessing step (Figure
9.4c¢).

(a) Raw (b) Preprocessed (c) Brain mask

Fig. 9.4: (a): Raw data of an EPI volume of participant 13, session 1, run 4. Ghosting is visible
in the top part of the image. After preprocessing, ghosting was successfully corrected (b).
Additionally, the brain mask (c) calculation was not affected by the ghosting.

Movement Induced Artefacts

The percentage of volumes that exhibited a fieldwise displacement above 1 mm for all par-
ticipants and runs is plotted on Figure 9.5. A median percentage of all participants of 0.54 %
indicates an overall low level of head motion. However, some runs exceeded the inclusion
range. Most strikingly, run 4 in session 1 from participant 20 has 10.45 % of volumes that
exceeded the threshold of 1 mm FD, resulting in the exclusion of this particular run in

subsequent analyses.
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Fig. 9.5: Box-whisker plot of the percentage of volumes that are above a threshold of 1 mm
for the FD. Individual runs are plotted as red dots. The group median is shown by the
orange horizontal line. The area shaded in light grey is visualizes the data range in which
data points are not considered outliers, as defined in section 7.2. Lower values are better.
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9.2 Second Level Univariate Analysis

9.2.1 Introduction

In addition to behavioural data analyses, another main aim of this experiment was to mea-
sure BOLD activation in order to identify brain regions exclusively or commonly activated
during the processing of time, space or numerosity processing. In this chapter, the results
from the group level activation analyses are presented.

9.2.2 Activation During Accumulation Trials

The first contrast was calculated in order to identify neural structures that were commonly
activated during the accumulation phase of all three dimensions (time, space or numeros-
ity). As shown in Figure 9.6 and Table C.1, nine activation clusters could be identified,
mainly located in (i) IFG bilaterally, (ii) the IPS bilaterally, (iii) the fusiform gyrus bilat-
erally, although predominantly in the right hemisphere, (iv) right and left posterior medial

frontal gyrus as well as (v) a cluster spanning the right and left primary visual cortex.

Left hemisphere Right hemisphere

8 10 12 14 16

Fig. 9.6: Surface t-map of the average activation during time, space or numerosity trials
(contrast 1 in Table 7.1). Glass brain plot shown in Figure C.7 of the appendix.

9.2.3 Accumulation Trials vs. Control Trials

The next contrast where designed to uncover regions that had a higher BOLD response
during the accumulation trials compared to the control condition, regardless of the specific
dimension. Here, four clusters remained after thresholding and are shown in Figure 9.7.

Both in the right (78 voxels) and left (44 voxels) hemispheres, clusters in the pars orbitalis
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of the respective IFG were identified. On the right hemisphere, two clusters in the inferior

occipital gyrus as well as fusiform gyrus showed significant activation for this contrast.

Cluster #1 Cluster #3

Cluster #2 < Cluster #4

Fig. 9.7: T-map of voxels that show a significantly higher BOLD response during accumula-
tion trials compared to control trials (contrast 2 in Table 7.1). Four clusters could be identi-
fied and slices at their local maxima are shown in coronal plane. Glass brain plot shown in
Figure C.7 of the appendix.

Table 9.1: Clusters identified for contrast 2: activation during accumulation trials vs. control
trials. The value of cluster size indicates the number of voxels. Coordinates represent peak
level activation.

Nr. Anatomical region Cluster size T p MNI coordinates
1 Rinferior frontal gyrus 78 12.49 <0.001 (39,45, -12)
2 Rinferior occipital gyrus (hO4cla) 76 9.44 <0.001 (51,-75,-2)
3 L inferior frontal gyrus 44 9.41 <0.001  (-42,42,-12)
4 R fusiform gyrus 35 8.84 <0.001  (-51,-81,-5)
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9.2.4 Dimension Specific Activation

The next three contrasts (plotted in Figure 9.8 and Table 9.2) were calculated in order to
identify regions that had a dimension-specific significant higher BOLD response compared
to the control condition (contrasts 3-5 in Table 7.1). For time > control, bilateral clusters in
the pars orbitalis of the IFG (left: 81 voxels, right: 68 voxels) as well as pars triangularis of
the IFG (12 voxels) on the left hemisphere showed significant activation.

For the contrast space > control, three clusters located within the right hemisphere remain
after thresholding: (i) in the pars orbitalis of the IFG, (ii) in the lingual gyrus and (iii) in the
inferior parietal lobe (PGp).

In trials where numerosity was to be judged, six clusters were discovered. First, the group
level analysis revealed a large cluster including 320 voxels on the right hemisphere with its
maximum located in in the fusiforme gyrus. Furthermore, this cluster expands to the lateral
and inferior gyri and sulci occipitotemporalis. A similar, smaller cluster with 91 voxels is
present in the middle occipital gyrus contralaterally. Additionally, four more clusters within
the right hemisphere could be identified, notably including the IPS and cuneus.

As a last univariate analysis, a conjunction analysis of a all three accumulation conditions
revealed only the right IFG as an area that exhibited higher BOLD activation during time,

space and numerosity trials than during control trials.

Table 9.2: Clusters identified for contrasts 3-6 and the conjunction analysis. The value of
cluster size indicates the number of voxels. Coordinates represent peak level activation.

Nr. Anatomical region Cluster size T p MNI coordinates

Time > control

1 L inferior frontal gyrus 81 11.56 <0.001  (-45, 45,-12)
R inferior frontal gyrus 68 9.28 <0.001 (36, 45,-12)

3 L inferior frontal gyrus 12 7.75 0.002 (-54, 27, 1)

Space > control

1 Rinferior frontal gyrus 38 11.00 <0.001 (36, 45, -12)
R lingual gyrus 21 7.54 0.004 (18, -66, -2)

3 R Inferior parietal lobe (PGp) 10 7.33  0.006 (45, -81, 24)

Numerosity > control

1 R fusiform gyrus 320 13.44 <0.001  (42,-51,-19)
R middle temporal gyrus (V5) 11.47 <0.001 (45,-66,1)
R inferior occipital gyrus (V4) 11.24 <0.001  (45,-84,-12)

2 L inferior occipital gyrus (hO4cla) 91 10.97 <0.001 (-54,-78, -2)

3 R middle orbital gyrus 33 8.92 0.001 (39, 48, -15)

4  Rintraparietal sulcus 28 8.21 0.001 (48, -36, 54)

5 R middle occipital gyrus 19 7.97 0.001 (30,-72, 34)

6 R cuneus 10 7.60 0.003 (24, -84, 44)

(Time > control) N (Space > control) N (Numerosity > control)
1 Rinferior frontal gyrus 29 6.52 0.01 (42, 45,-12)
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(time > control) n (space > control) n (numerosity > control)

.

Fig. 9.8: T-maps of two exemplary clusters that showed highest activation for each dimen-
sion compared to the control condition (a-c) and the conjunction analysis (d). Glass brain
plots of each contrast are shown in Figure C.7 and C.8 of the appendix.
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9.3 Multivariate Pattern Analysis

9.3.1 Decoding of Accumulation Trials Against Control Trials

As described in section 7.5.3, MVPA was performed with an inter-subject pattern analysis
approach. First, the three trial types in which the participants had to perform accumulation
of either time, space or numerosity were decoded pairwise against trials in which the par-
ticipants had to judge the luminance of a square (control condition). This analysis was done
in order to gain insight into the activation patterns generally associated to the processing of
time, space or numerosity and whether these areas are specific for one dimension or not.

To provide a first overview, glass brain plots are shown in Figure 9.9. Common for all three
dimensions was a cluster located in the left and right thalamic area that remained after sig-
nificance testing, but showed an overall low classification accuracy when compared to other
regions. Another area in which classification between accumulation and control condition
was possible for all tested dimensions was the pars orbitalis of the right IFG (depicted ex-
emplary for time in Figure 9.10B). Decoding of both space or numerosity versus control
trials was possible in a common cluster that is located in the left and right precuneus (area
7M, 7P and 7A), shown in Figure 9.10 as well as C.10 of the appendix. Although both time
and space can be decoded against control trials within the lingual gyrus, the cluster for time

trials is located anterior to the one for space trials vs. control trials.

A Time vs. control

10%

Fig. 9.9: Glass brain plots of average decoding accuracy above chance level (50 %) of 24
inter-subject folds for all three accumulation dimensions against the control dimension.
Colormap values are fixed at the lowest (2.9 %) and the highest (15 %) accuracy values.
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One unique cluster remains after significance testing on the group level for time versus
control: pars orbitalis of the left IFG (98 voxels). Decoding of numerosity condition versus
control condition is uniquely possible bilaterally in a large cluster with 473 voxels (right)
and 181 voxels (left), spanning along the fusiform gyrus on the right side as well as bilat-
erally the posterior temporal cortex and anterior inferior parts of the occipital cortex (area
hOc4la, hOc4lp and hOc5). Exemplary, the cluster in the right hemisphere is depicted in
Figure 9.10D.

A time vs. control right V1/v2 B time vs. control rigth IFG

Fig. 9.10: Accuracy maps of exemplary clusters that show significant decoding accuracy
against the control condition. Values are percentages above chance level of 50 %.
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Table 9.3: Clusters which show significant decoding accuracies when decoding each dimen-
sion vs. control trials. The value of cluster size indicates the number of voxels. Accuracy
values are in percent above chance (50 %). Coordinates represent peak level activation.

Nr. Anatomical region

Cluster size Accuracy MNI coordinates

Time vs. control

1 Rlingual gyrus (V2) 64 10.06 (9,-87,-9)
R lingual gyrus (V1) 9.33 (18,-99,-12)
R inferior occipital gyrus (V3v) 9.29 (27,-93,-12)
2 Rinferior frontal gyrus 75 8.95 (48, 45, -9)
3 L inferior frontal gyrus 98 8.84 (-48, 45, -9)
4 R+ L mesencephalon 230 8.46 9,-30,-9)
L thalamus 6.98 (-3,-15,+14)
R thalamus 6.97 (9,-27,-2)
Space vs. control
1 R+ Llingual gyrus (V2) 63 9.71 (12,-72,-2)
2 R+ L precuneus 184 9.50 (3,-63, 44)
3 R middle orbital gyrus 77 8.84 (36, 48, -15)
4 R+ L thalamus 155 6.81 (0,-30, -5)
Numerosity vs. control
1 Rinferior occipital gyrus (hOc4la) 473 14.65 (45, -84, -5)
R fusiforme gyrus 13.74 (39, -60, -12)
R middle temporal gyrus (V5) 12.73 (51,-72, 8)
2 L inferior occipital gyrus (hOc4la) 181 14.60 (-48,-87,1)
3 Rsuperior occipital gyrus 145 11.43 (27,-69, 34)
4 R+ L precuneus 310 10.51 (0,-72, 54)
5 R+ L thalamus 509 8.29 (-3,-18, 14)
6  Rinferior frontal gyrus 88 8.22 (42, 48,-12)
7 L posterior cingulate gyrus 67 7.12 (-3,-39, 28)
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9.3.2 Crossdimensional Decoding

In a next step, pairwise whole brain ISPA decoding was performed for every combination of
accumulation conditions (time, space or numerosity). One might speculate that a significant
decoding accuracy between two dimensions is an indicator for different neural processing of
these dimensions within these areas. On the contrary, failure to decode dimensions hints at a
similar processing of these dimensions. As an overview, Figure 9.11 shows glass brain plots

for the decoding results. Figure 9.12 show slices of specific clusters for a better localization.
15%

12.5%

l 10%

7.5%

5%

i

v

A Time vs. space

B Time vs. numerosity

T

2.9%

Fig. 9.11: Glass brain plots of average decoding accuracy above chance level (50 %) of 24
inter-subject folds for all three accumulation dimensions against each other. For time vs.
space, no significant voxels remain after significance thresholding.

Interestingly, the decoding algorithm could not identify any clusters in which a separation
between time and space trials is possible, hence Figure 9.11A shows an empty glassbrain
plot.

For the pairwise decoding of space or time trials vs. numerosity, similar areas seem to be
contain significant decoding information, as visual inspections of the patterns of Figure
9.11B and C reveal. First, large clusters in both hemispheres along the fusiform gyrus, infe-
rior, middle as well as posterior temporal areas (Figure 9.12A) showed neuronal activity that
enabled decoding of time or space trials vs. numerosity trials. The same clusters also (i) ex-
hibited unique firing patterns when decoding numerosity vs. control trials and (ii) showed
a unique activation contrast for numerosity > control in the activation analysis (see section
9.2.4). Another cluster in which successful decoding of time or space versus numerosity
was possible was located bilaterally at the border between the occipital and parietal cortex

(cuneus and precuneus, see Figure 9.12B).
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Two unique clusters could be identified for the decoding of time trials versus numerosity
trials: (i) bilaterally, clusters located at the IPS (Figure 9.12C) and (ii) within the inferior
parietal lobe in the left hemisphere.

A space/time vs. numerosity (common) B space/time vs. numerosity (common)

R

C time vs. numerosity (unique) D time vs. numerosity (unique)

Fig. 9.12: Accuracy maps of exemplary clusters exhibiting significant decoding accuracy
between dimensions. A and B show clusters that are common when decoding time or space
trials vs. numerosity trials. The bottom row (C and D) show clusters that are unique for the
decoding pair time vs. numerosity. Values are percentages above chance level of 50 %.

Table 9.4: Clusters with significant decoding accuracies when performing crossdimensional
decoding. The value of cluster size indicates the number of voxels. Accuracy values are in
percent above chance (50 %). Coordinates represent peak level activation.

Nr. Anatomical region Cluster size Accuracy MNI coordinates

Time vs. numerosity

1 R middle temporal gyrus (V5) 343 12.99 (45, -66, -2)
R fusiforme gyrus 7.69 (42, -45, -15)
2 L middle temporal gyrus (V5) 220 11.96 (-48,-78,1)
3 Rintraparietal sulcus 67 10.36 (36, -57, +57)
4 L intraparietal sulcus 51 9.12 (-36, -60, 57)
5 R +L cuneus 263 8.87 (6,-87,13)
6 L inferior parietal lobe 41 8.04 (-57, -48, +41)
Space vs. numerosity
1 R middle temporal gyrus (V5) 335 11.21 (45,-63,1)
R inferior temporal gyrus (FG1) 10.56 (42, -60,-12)
2 L middle occipital gyrus (hOc4la) 135 10.99 (-48,-72,1)

3 R+ L cuneus 204 8.02 (0, -84, 28)
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10. Discussion

10.1 Paradigm Design

This thesis examined magnitude perception of time, space and numerosity on a behavioural
and neuronal level. Creating paradigms which allow tapping into these higher order mental
representations is not trivial, as multiple, potentially confounding, aspects have to be con-
sidered.

First, distance and numerosity are both dimensions that may be presented in a sequential
or instantaneous format. The same is not true for time, as it can only be experienced in an
accumulative (i.e. sequential) manner. The importance of an identical presentation format
has been highlighted in a recent review by (Hamamouche et al. 2019). By using passive
movement inside a virtual environment, with dots appearing at random locations and with
a random lifetime, participants were forced to make an accumulative judgement for space
and numerosity. Furthermore, by presenting the control condition (luminescence of a white
square) in an instantaneous manner, the paradigm allowed to study precisely the accumu-
lation phase of time, space or numerosity perception in contrast to an instant judgement
of a fourth dimension. A potential difference in perception of time trials vs. all other di-
mensions remained, as participants could have mentally counted down the seconds during
movement in order to judge elapsed time, even though there were instructed not to do so
(see section 5.3). However, given that reaction times were highest for time trials (see section
8.1), this seems unlikely, as counting down would have reduced the difficulty of time trials
substantially.

Second, identical visual input for all trials was an important aspect during the design of this
paradigm. Only then could variances in BOLD activation or shape of activation patterns be
attributed to different neuronal magnitude perception mechanisms. A potential limitation
of this study is that visual attention to different elements of the virtual environment during
the trials was not fully controlled. For example, in numerosity trials, participant were likely
focusing the ground to a higher degree than in other trial types, thus increasing the sensa-
tion of optical flow for that specific trial type. In future studies, the inclusion of eye-tracking
could help to elicit neuronal processes that are numerosity-specific by including the point
of gaze as a confound.

Third, extensive pilot testings were conducted in order to fine-tune the standard values in
high and low condition as well as the initial comparison values. This was done in order
to achieve similar judgement difficulties between magnitude judgements of all dimensions.

Furthermore, post-hoc manipulation checks were performed before any further analyses of
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the behavioural data were conducted. To this end, the reactions times and the reported task
difficulty were analyzed. Hereby, all three trial types of interest were subjectively perceived
as identical in their difficulty. While reaction times differed significantly between numeros-
ity and time trials, the change in reaction times over the course of the experiment was iden-
tical between all task types, i.e. participants answered faster as the experiment progressed,
but did so equally for all dimensions. In a third preliminary analysis, it was confirmed that
participants could distinguish the two different magnitudes (low and high condition) of
each trial type by comparing their normalized PSE values.

Finally, trial ordering proved to be a challenging aspect of paradigm design, as the order
had to satisfy multiple, partially competing, requirements. As an illustrative example, one
can envision that the time a participant comfortable spends inside the scanner is limited.
However, classification performance by MVPA usually improves with the amount of train-
ing data (Haxby et al. 2014). Based on results from pilot scans and other fMRI studies, a
target for approximately 100 trials per condition was set. Furthermore, the amount of train-
ing data was drastically improved by using ISPA, thus pooling trials for training and testing
across subjects. In order to minimize the effect of neural habituation and maximize effect
sizes, counterbalancing of trials was achieved by creating de Bruijn sequences (Aguirre 2007,
Aguirre et al. 2011).

10.2 Behavioural Data

In order to quantify magnitude perception across time, space and numerosity, psychometric
functions were fitted to the magnitude judgements of each participant and each dimension.
This proved to be highly challenging, as restrictions on the amount of trials, imposed by
limited scan times, resulted in overdispersed data and a lower than usual number of trials
per stimulus intensity. To overcome this challenge, psignifit 4 (Schiitt et al. 2016), a Bayesian
framework to estimate PFs, was used. After modification of the priors to the characteristics
of the behavioural data, this approach was able to partially compensate for overdispersed
data and provide a good proxy for credible intervals for the majority of behavioural data.
In future studies, the reliability of the behavioural data could be improved by reducing
constraints on the trial ordering and thus, allowing for more trials per stimulus interval.
Additionally, an adaptive algorithm that monitors the amount of trials for each stimulus
intensity during the experiment could be beneficial and help reduce uncertainty in fitting
the PFs. Another methodological improvement to the reliability of the behavioural results
could be achieved by using a multi-level Bayesian model to incorporate the size of credible
intervals on the group level. In the present study, PFs were only fitted on the individual
level with a Bayesian approach. Results on the group level were then obtained by comput-

ing frequentist statistical methods.

Behavioural data analysis focused on two aspects: (i) comparison of judgement precisions
between the different dimensions and (ii) the cross-dimensional bias afflicted by one dimen-

sion on the other.
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Judgement precision (see section 8.2), characterized by the width of the fitted PF, showed
significant correlation between the acuity for time and space perception, but not for any
other combination of dimensions. As iterated in section 4.2.1, research regarding judge-
ment precision of different dimensions remains inconclusive at the point of this thesis
(Hamamouche et al. 2019). Furthermore, a comparison with other studies is challenging,
as few studies have investigated time, space and number perception during self-motion and
while presenting the stimuli in a sequential manner. A study by (Droit-Volet et al. 2008) in-
cluded both sequential and non-sequential presentation modes for space and numerosity. In
contrast to results of this study, the authors found no differences in judgement performance
between time, space and number when all three dimensions were presented sequentially.
Similarly to judgement precision, a cross-dimensional bias could only be found between
time and space (section 8.3). It was found that time judgements were positively influenced
by distance, i.e. the duration of time trials was perceived as longer when the distance trav-
elled during the trials was longer, even though the actual duration was the same. Counterin-
tuitively, the duration of a trial biased distance judgements negatively: when the duration of
a distance trial was shorter, the distance travelled was judged as farther compared to longer
lasting trials with the exact same distance. This effect has been reported before (Lambrechts
et al. 2013) and stands in apparent contrast to other studies which reported a positive influ-
ence of time on space perception (Riemer et al. 2018, Cai et al. 2015).

However, the current findings may be explained by considering the additional factor of
speed. When travel time is kept constant but traversed distance increases, so does speed.
Conversely, in trials with identical travelled distance and increased travel time, speed de-
creases. Therefore, a positive effect of trial duration on perceived distance and a negative
bias of trial distance on perceived duration is expected, if one assumes that interference
between time and space is predominately driven by the factor of speed. In line with this in-
terpretation, studies using static stimuli, and thus excluding the additional factor of speed,
reported a positive bias of time on space ((exp. 1 Riemer et al. 2018) or (Cai et al. 2015))
whereas studies using dynamic stimuli reported a negative (e.g. Martin et al. 2017) or the
absence of ((exp. 2 Riemer et al. 2018) or (Casasanto et al. 2008)) an interference effect. It is
important to note that movement speed was counterbalanced within the trial order in order

to avoid an asymmetric bias.

10.3 Functional Imaging Data

The quality of the functional and anatomical image data from 24 participants was first thor-
oughly checked by calculating various IQMs with the excellent toolset available in MRIQC
(Esteban et al. 2017). Overall, a high quality of the dataset could be assessed. One run of a
participant had to be excluded due to excessive movement. Otherwise, the amount of move-
ment was within tolerable limits. Ghosting artefacts detected in the data of two participants
were successfully removed during preprocessing and were therefore included in the analy-
sis.

The obtained functional image data were analysed with two different methodologies: (i) a
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univariate GLM analysis to identify regions that are activated during magnitude processing
of each dimension and (ii) an inter-subject MVPA (ISPA) analyses with the aim to decode

unique activation patterns evoked while perceiving each dimension.

Univariate activation analysis revealed the right IFG as a commonly activated ROI during
the accumulation of all three dimensions in contrast to the control condition. This was evi-
dent both in individual contrasts against control trials as well as in a conjunction analysis.
Uniquely, the left IFG showed higher activation only during time trials. In numerosity tri-
als, the fusiform gyrus/V5 bilaterally and the cuneus bilaterally were ROI with dimension-
specific activation.

According to (Hayashi et al. 2013), the IFG is specifically involved in decision processes
of magnitude estimation. Our findings support this assumption, as the decision between
less or more is equal for time, space and numerosity trials. Additionally, the IFG has been
hypothesized as a key structure within a fronto-basal-ganglia network for neural and be-
havioural of inhibition (Jahanshahi et al. 2015). According to this model, the activation of
the IFG during the accumulation phase in this study could be due to the action inhibition
until a decision had to be made in the comparison phase. A study which also conducted
fMRI measurements and magnitude judgements (Skagerlund et al. 2016) identified more
regions commonly activated during time, space and numerosity processing, including the
insula and right IPS. However, comparison of these findings remains difficult, as the author
also reported considerable differences between the difficulty levels for the respective tasks.
This holds also true for other studies attributing neuronal activation patterns to the percep-
tion of specific dimensions, as it was reported that these were confounded by differences in
task difficulty ((e.g. Tregellas et al. 2006) or (Livesey et al. 2007)).

Specifically for numerosity trials, areas MT/V5 showed higher activation when contrasted
against control trials in the univariate analysis. A possible explanation could be the height-
ened focus of the participants on the moving virtual floor in front of them, which would lead
to an increase in the processing of optic flow and the speed of directional movement. These
finding are in line with studies linking the MT/V5 area to (i) the detection of translational
change (Martinez-Trujillo et al. 2007), (ii) processing of speed gradients (Martinez-Trujillo
et al. 2005) and (iii) registering uni-directional motion (Zeki 2015).

ISPA was always performed pairwise. First, each dimensions was decoded against control
trials. Interestingly, a major portion of these results mirror the ones from the univariate
analysis: areas that evoked a higher BOLD response in accumulation trials also gave rise
to activation patterns that can be successfully decoded from control trials. For example,
for all dimensions, the right IFG showed a unique activation pattern when decoded from
control trials. Specific for time trials, activation in the left IFG was significantly different
from control trials in the left IFG. Additionally, bilateral posterior temporal regions and
anterior inferior parts of the occipital cortex had unique activation patterns in numerosity
trials when compared to control trials. This suggests that these areas do not only show a

heightened BOLD activation during perception of the respective dimension, but also spe-
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cific activation patterns in comparison to the control condition. An area that does not show
increased activation in univariate analysis but in which decoding of time, space and nu-
merosity against control trials is possible is the thalamus bilaterally. Similar to the IFG, the
thalamus has been associated with inhibition of action (Jahanshahi et al. 2015) within the
same cortico-basal-ganglia network and again, could be involved in withholding a decision
during the accumulation phase. However, there is also recent evidence that the thalamus is
a key area in switching the cortex into a highly excitable, asynchronous state in situations
with a high uncertainty (Kosciessa et al. 2021).

Remarkably, when decoding accumulation trials in a pairwise manner against each other, no
ROI could be identified that differentiates between time and space trials. In contrast, both
time and space trials could be successfully decoded bilaterally in posterior temporal regions
as well as at the junction of parietal and occipital cortices (cuneus and precuneus). Selective
for time vs. numerosity trials, both right and left IPS evoked unique activation patterns for

this pair of dimensions.

10.4 Concluding Remarks

Two main theories are currently discussed as the origin of cross-dimensional interferences.
First, a potential origin for cross-dimensional influences are similar neuronal encodings
(Srinivasan et al. 2010). Following this hypothesis, a bi-directional influence of time and
space could be originating from similar brain mechanisms for the perception of these two
dimensions (Bonato et al. 2012). The second theory, called metaphoric structuring, postu-
lates that imposition of the concept of one dimensions upon the other dimension causes
interference (Boroditsky 2000). For example, as illustrated in section 1, humans in Western
cultures frequently use a mental timeline from left to right to order sequential events. The
theory of metaphoric structuring would imply an asymmetrical interference between space
and time, due to the dominance of spatial perception (Lambrechts et al. 2013, Riemer 2015).
Thus, one would expect time to be more influenced by space and vice versa (Casasanto et al.
2008).

Taking into account both the behavioural and the functional imaging results, the present
thesis is more in line with the former hypothesis of overlapping neuronal representations.
On the behavioural level, the data of this thesis is explainable by both theories. However,
the inability to decode time from space trial activation patterns, while each one alone is
distinguishable from numerosity trials, hints more towards overlapping neuronal represen-
tations of time and space, while numerosity perception could be computed by a distinct
mechanism, such as the ANS (Dehaene et al. 1998, Brannon 2006, Odic et al. 2018).

As mentioned above, Area MT/V5 is critically involved in processing visual optic flow and
serves as important input for the computation of movement speed (Martinez-Trujillo et al.
2005, Martinez-Trujillo et al. 2007, Zeki 2015). As the relation between travel time and
travelled distance is fully determined by speed, neuronal processes in area MT/V5 are a

potential source for the perceptual influence between time and space.
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In order to further elicit the role of each brain region and potentially unmask a neuronal
network responsible for magnitude processing, future work could employ a normative con-
nectome or individualized structural connectivity analysis which e.g. correlate individual
inter-dimensional influences on the behavioural level with connectivity strengths within
different ROI. Similarly, a functional resting-state fMRI dataset could be obtained alongside
this experiment. Again, behavioural data could then be correlated with functional connec-

tivity profiles within predefined networks.
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11. Summary

The present thesis aimed at shedding light on the behavioural and neural perception of
time, space and numerosity in humans within a spatial navigation context. An fMRI imag-
ing paradigm was carefully designed in which participants were passively moved forward
along a virtual path while randomly placed dots appeared on the floor. Each trial, partic-
ipants had to either judge trial duration, distance covered or numerosity of items on the
floor.

At the behavioural level, the acuity of judgements showed significant correlation only be-
tween time and space trials. Identically, a bi-directional bias was only evident between time
and space with opposing directions: time judgements were positively influenced by dis-
tance, but conversely, trial duration biased distance judgements negatively.

Univariate activation analysis on the second level revealed higher activation of the right IFG
during the accumulation of all three dimensions when contrasted against control trials. Ac-
tivation clusters that were unique to one dimension were only found in the left IFG for time
trials as well as in (i) the fusiform gyrus/V5 bilaterally and (ii) the cuneus for numerosity
trials.

Using ISPA, each dimensions was first decoded against control trials in a pairwise manner.
In general, areas that evoked a higher BOLD response in accumulation trials also evoked
activation patterns that could be successfully decoded from control trials. For example, for
all dimensions, the right IFG showed a unique activation pattern when decoded from con-
trol trials. Unique for time trials, activation in the left IFG was significantly different from
control trials in the left IFG. Additionally, bilateral posterior temporal regions and ante-
rior inferior parts of the occipital cortex had unique activation patterns in numerosity trials
when compared to control trials.

Interestingly, decoding of accumulation trials in a pairwise manner was not possible for
time and space trials. Conversely, successful classification of neural activation patterns of
time and space trials against numerosity trials was possible bilaterally in posterior temporal
regions as well as at the junction of parietal and occipital cortices (cuneus and precuneus).
Given the ongoing scientific debate about the existence of a common magnitude system in
adults, these findings add to the body of evidence that time and space are indeed based
on overlapping neuronal representations, while the judgement of numerosity could be

grounded in a separate system.
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12. Zusammenfassung

Die zugrunde liegenden neuronalen Prozesse der Wahrnehmung von Zeit, Raum und an-
deren Groflenordnungen sind Gegenstand intensiver Forschung. Dartuiber hinaus wird hédu-
fig uiber gegenseitige Wechselwirkungen zwischen der Wahrnehmung verschiedener Di-
mensionen berichtet, aber der Ursprung dieser Interferenzeffekte ist noch nicht gut ver-
standen. Diese Arbeit untersuchte Zeit-, Raum- und Numerositatsurteile sowie deren gegen-
seitige Beeinflussung auf verhaltens- und neuronaler Ebene mittels der funktionellen-MRT
Bildgebung. Hierzu wurden die Versuchsteilnehmenden passiv auf einem virtuellen Pfad
vorwarts bewegt, der mit zufallig erscheinenden Punkten bedeckt war. Nach jedem Versuch
wurden die Teilnehmenden gebeten, (i) die Dauer der Bewegung, (ii) die zuriickgelegte Ent-
fernung oder (iii) die Anzahl der Punkte auf dem Boden zu beurteilen.

Die Verhaltensergebnisse zeigten eine Korrelation zwischen der Genauigkeit zeitlicher und
raumlicher Beurteilungen sowie eine bidirektionale Interferenz zwischen ausschliefilich
diesen beiden Dimensionen. Analysen der bildgebenden Daten identifizierten den rechten
IFG als ein gemeinsam aktives Areal wahrend der Wahrnehmung aller Dimensionen. Im
Gegensatz dazu wurde der Bereich MT/V5 bilateral einzig wahrend Numerositatsversuchen
aktiviert. Aktivierungsmuster von Zeit- und Raumversuchen waren mittels multivariater
Musteranalyse nicht zu unterscheiden, konnten jedoch von Numerositatswahrnehmungsver-
suchen im MT/V5 und IPS bilateral dekodiert werden.

Die Ergebnisse legen nahe, dass die Interferenz zwischen Zeit und zurtickgelegter Entfer-
nung durch neuronale Berechnungen der Bewegungsgeschwindigkeit auf der Grundlage
visueller optischer FluSinformationen vermittelt werden konnte. Dartiber hinaus erganzen
die Ergebnisse die Beweise dafiir, dass die interdimensionalen Interferenzeffekte zwischen

Zeit und Raum auf uberlappenden neuronalen Darstellungen beruhen.
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Appendix



A. Methods and Materials

Table A.1: Scanning parameters of anatomical and functional (BOLD) MRI sequences.

Parameter Tiw T2w BOLD
In-plane spatial encoding

Pulse sequence type MPRAGE TSE EPI

PE acceleration factor 2 2 2

PE partial Fourier scheme 224/256 512/512 72/72

Echo spacing - - 0.245 ms
Timing Parameters

TR 2.5s 6s 2s

TE 2.82 ms 73 ms 30 ms

No. of volumes - - 500 (per run)

No. of dummy scans - - 5 (per run)
Spatial Parameters

In-plane matrix 256 x 256 512 x 512 72 x72

No. of slices 192 60 36

FOV 256 mm 256 mm 216 mm

Slice thickness 1 mm 2 mm 3 mm

Inter-slice gap 1 mm 2 mm 3.3 mm

Slice acquisition order contiguous contiguous interleaved

Slice acceleration
SMS acceleration factor - - 1
Sequence name tfl3d1_l6ns tse2d1_11 epfid2d1_72
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T

contrast_id

output_space

X e R

N

spm_mat_file

spm

n_level2estimate

outT

bet:

residual_image

spm_mat_ile

N N ouT
nages mages
spm
residual_image spmT_images
spm_mat_file spm_mal_i
IN level2thresh out
spm_mat_file | spm

S image

thresholded_map

IN
2ndievel_test@T

Zndlevel_test.@con io

n_datasink

our

Zndlevel_test.@spm_mat

2ndlevel_test. @threshold

Fig. A.2: Detailed workflow for the second level analysis.



ouT
n_infosource
output_space
run_id
N
ses_id
subj_id
N ctf out IN ouT
n_selectiiles ™ n_getOnsets
n_getVoINe | (i .
fune regr_info
io utility. wility - ———]
S mask_file wevol | oo subj_info
bj_id me_param rial_id trial_info
N | ngunzipmask | oo IN_ [ n_extractroi | opp
misc infle |l
in_file Coize |
IN clspec
nomodelspec | oy IN__ [ n_plotTriallnfo | OUT
functional_runs .
modelgen regr_info utility fname_regr
realignment_parameter . =
e PR | session_info [y 4 trial_info fname_trial
subject_info
A ey
T T
session_info
ouT
n_level lestimate
N RPVimage
beta_images
spm
mask_image
spm_mat_file residual_image
N | n_plotDesignMatrix our
utility
matFile fig_filename_full
N

tw_beta_estimation @RPVimage | n_datasink
out

stimation. @beta_images

tw_beta_c
tw_beta_estimation. @mask_image
info

a_estimation @reg
n.@residual_image

tw_beta_estim;
tw_beta_estimation.@spm_mat_full

out_file

tw_beta_estimation. @urial_info

IN

Tatmink_our | "-cleanWorkinOutputDir

output_space

run_id utility out

ses_id
subj_id
wial_id

Fig. A.3: Detailed workflow for the trialwise beta map estimation utilised to create decoding

samples.



B. Behavioural Results

Fig. B.1: Spearman rank plots for all modality pairs comparing the judgement precision.

Table B.1: Cross-dimensional interference on magnitude perception for all possible combi-
nations of dimensions. Numerical values are normalised (to the mean of the current dimen-
sion reference values) mean differences in thresholds. Positive numbers indicate higher PSE
values if the irrelevant dimension was in high condition and vice versa. Significance was
tested with a Wilcoxon signed-rank test and corrected for multiple comparisons (FWE =

0.05).
Relevant dim. Irrelevant dim. Difference in mean W  p-value
Time Space 0.177 36 0.006
Time Numerosity -0.052 106 0.607
Space Time -0.139 45 0.013
Space Numerosity 0.048 89 0.608
Numerosity Time 0.016 115  0.778
Numerosity Space 0.015 130  0.5677




C. Neuroimaging Results

C.1 Quality Control
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Fig. C.1: Mean fraction of outliers per fMRI volume as given by AFNI’s 3dToutcount (AOR)

for all participants.
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Fig. C.2: Mean quality index as computed by AFNI’s 3dTqual.
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Fig. C.3: DVARS for all participants: D referring to temporal derivative of timecourses, VARS
referring to RMS variance over voxels.
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Fig. C.4: Foreground-Background energy ratio (FBER) for all participants.
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Fig. C.5: Mean fieldwise displacement for all participants.
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Fig. C.6: Full-width half maximum smoothness for all participants.



C.2 Second Level Analysis

Table C.1: Clusters identified for contrast 1: average activation during accumulation trials.
The value of cluster size indicates the number of voxels. Coordinates represent peak level ac-
tivation. For larger clusters spanning multiple regions, additional maxima have been listed
in grey color.

Nr. Anatomical region Cluster size T p MNI coordinates
1 R fusiforme gyrus 257 16.75 <0.001 (39, -75,-15)
2 R posterior medial frontal gyrus 409 14.50 <0.001 (3,15, 47)
L posterior medial frontal gyrus 13.52 <0.001 (-6, 9, 54)
R middle cingulate cortex 10.36 <0.001 (9, 24, 41)
3 L inferior frontal gyrus 162 13.81 <0.001 (-30, 27, 1)
4 L intraparietal sulcus 821 13.09 <0.001 (-45, -48, 44)
L superior parietal lobe 12.85 <0.001 (-30,-66, 47)
5 Rinferior frontal gyrus 166 12.87 <0.001 (33, 24, -5)
6 Rintraparietal sulcus 255 12.07 <0.001 (30, -69, 51)
7 R cuneus 473 11.72 <0.001 (12,-93, 21)
L calcarine gyrus 11.50 <0.001 (-3,-93, 8)
R occipital gyrus 8.20 0.002 (15,-81,-2)
8 L precentral gyrus 160 10.27 <0.001 (-42, 6, 34)
9 L fusiform gyrus 102 10.26 <0.001  (-36, -66,-12)
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Fig. C.7: Glass brain plots for the second level analysis contrasts 1 - 5, as defined in table
7.1.



11

Fig. C.8: Glass brain plots for the conjunction analysis (contrast 6), as defined in table 7.1.
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C.3 Multivariate Pattern Analysis

(b) IFG cluster

Fig. C.9: Exemplary plot for two clusters that show significant decoding accuracy across all
three modalities when decoded against the control condition. Here, data for the pair space
vs. control is shown. Values are percentages above chance level of 50%.

Fig. C.10: Accuracy map for the cluster that exhibits significant decoding accuracy for both
space vs. control and numerosity vs. control. Values are percentages above chance level of
50%.
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