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To Jowana & Waran



To understand something is conditional on the existence of its evidence in your mind.

~ Stirewerdi ~
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ABSTRACT

Relational memory consists of multi-domain cognitive processes involved in information encoding
and retrieval. These relational domains include episodic, semantic, and spatial memory, and they
operate by binding discrete domain-specific elements of subjective experience into a coherent
mental scheme. For example, in episodic memory, successive spatiotemporal events are combined
into an autobiographical abstraction known as an episode. Similarly, in semantic memory, facts
and notions are organized into a hierarchy of conceptual categories, and in spatial memory, the
physical locations of surrounding objects are mapped out into a mental repository known as a

cognitive map.

These distinct forms of relational memory have typically been studied separately, be it in animal
models or humans. In the rodent literature, early studies were conducted using radial arm and water
mazes, with experimental results supporting a role of the hippocampus in episodic and spatial
cognition. At the same time, patients with brain lesions were being assessed in the context of
various behavioral memory paradigms, further pointing to the involvement of the medial temporal
lobes and underlying hippocampal and parahippocampal structures in information encoding and
retrieval. With the advent of neuroimaging technologies, novel assessment protocols and tools,
such as functional magnetic resonance imaging and virtual reality, enabled researchers to ascertain
a wide range of cortical contributions to relational memory across all domains. Even so, the field
still lacked an integrated evaluation paradigm for effectively addressing phenotypic variations in

episodic, semantic, and spatial memory in the same individuals and across different populations.



Thus, the overarching objective of my PhD has been to develop a standardized relational memory
platform for investigating differences in behavioral, structural, and functional phenotypes across
healthy and clinical populations. In this thesis, I present, first, the integrated relational evaluation
paradigm (iREP), which is the framework we have designed and used to investigate relational
memory in humans, and then, the results of three complementary studies pertaining to (i) the
overlapping structural and functional correlates of relational memory in healthy controls, (i7) the
behavioral phenotyping of healthy and clinical populations, and (ii7) the variations in task-based

functional connectivity patterns in both populations.

In the first study, we applied the iREP to a group of healthy individuals, and discovered an
integrated structure-function substrate of spatial memory in medial and lateral temporal cortices.
In the second study, we compared behavioral responses across all iREP measurements between
healthy individuals and patients with temporal lobe epilepsy, and observed a graded pattern of
cognitive deficits in the clinical cohort, with episodic being most affected, followed by spatial, and
semantic showing mixed results. In the final study, we examined patterns of functional
connectivity across relational domains in the same groups, and found strong correspondence
between multi-domain cross-cohort behavioral and functional variations. Together, our studies
establish a novel framework for examining relational memory in different populations, with results

pointing to an integrated behavioral, structural, and functional pattern across domains.



RESUME

La mémoire relationnelle se compose de processus cognitifs multi-domaines impliqués dans
I'encodage et la récupération de l'information. Ces domaines relationnels incluent la mémoire
épisodique, sémantique et spatiale. Chacun de ces domaines cognitifs fonctionne en liant les
¢léments discrets de I’expérience subjective, générant ainsi une représentation mentale cohérente.
Par exemple, dans la mémoire épisodique, les événements spatio-temporels successifs sont
combinés pour créer une abstraction autobiographique connue sous le nom d'épisode. De méme,
dans la mémoire sémantique, les faits et notions sont organisés en une hiérarchie de catégories
conceptuelles, et dans la mémoire spatiale, les emplacements physiques des objets environnants

sont cartographiés dans un référentiel mental connu sous le nom de carte cognitive.

Ces formes distinctes de mémoire relationnelle ont généralement été étudiées séparément, que ce
soit chez les modéles animaux ou chez 'homme. Dans la littérature sur les rongeurs, les premiéres
¢tudes furent menées a l'aide de labyrinthes d'eau et de bras radiaux, avec des résultats
expérimentaux soutenant un réle de I'hippocampe dans la cognition épisodique ainsi que spatiale.
En méme temps, des patients présentant des 1ésions cérébrales furent évalués dans le cadre de
divers paradigmes comportementaux de mémoire, indiquant, en outre, la participation des lobes
temporaux médians et des structures sous-jacentes, tels que I’hippocampe et le parahippocampe,
dans I'encodage et la récupération d'information. Avec l'avénement des technologies de
neuroimagerie, de nouveaux protocoles et outils d'évaluation, telles que I'imagerie par résonance
magnétique fonctionnelle et la réalité virtuelle, ont permis aux chercheurs de déterminer un large

éventail de contributions corticales a la mémoire relationnelle dans tous les domaines. Néanmoins,



le domaine manquait d'un protocole intégré pour étudier les variations phénotypiques de la

mémoire épisodique, sémantique et spatiale chez les mémes individus et dans différentes cohortes.

Or, l'objectif principal de mon doctorat a été de développer un cadre d’évaluation mnésique pour
examiner les différences comportementales, structurelles et fonctionnelles chez les populations
saines et cliniques. Dans cette thése, je présente, d'abord, le paradigme d'évaluation relationnelle
intégrée (PERI), qui est I’outil que nous avons développé et utilisé pour étudier la mémoire
relationnelle chez I'homme, puis, les résultats de trois études complémentaires relatives a (i) les
corrélats structurels et fonctionnels de la mémoire relationnelle chez les individus sains, (ii) le
phénotypage comportemental de populations saines et cliniques et (iii) les variations de

connectivité fonctionnelle issues des taches de mémoire dans les deux populations.

Dans la premiére étude, nous avons appliqué le PERi a un groupe d'individus sains et avons
découvert un substrat intégré structurel-fonctionnel de mémoire spatiale dans les cortex temporaux
médians et latéraux. Dans la deuxiéme étude, nous avons comparé les réponses comportementales
du PERI entre participants sains et patients souffrant d'épilepsie du lobe temporal, et avons observé
des déficits cognitifs gradués dans le groupe clinique. Dans 1'étude finale, nous avons examiné les
motifs de connectivité fonctionnelle entre les domaines relationnels dans les mémes groupes, et
avons trouvé une forte correspondance entre les variations comportementales et fonctionnelles a
travers cohortes et domaines cognitifs. Ensemble, nos études établissent un nouveau cadre pour
examiner la mémoire relationnelle dans différentes populations, avec des résultats qui démontrent
une intégration des diverses formes de mémoire relationnelle sur le plan comportemental,

structurel et fonctionnel.
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In Project I, we introduced the integrated Relational Evaluation Paradigm (iREP), a novel
cognitive task battery optimized for use in the MRI environment, which combines three difficulty-
modulated probes that collectively tax the episodic, semantic, and spatial domains of relational
memory. Administering this new assessment platform in a group of healthy individuals, we
detected integrated structure-function markers confined to the medial and lateral temporal cortices

that are associated with interindividual differences in spatial cognition.

In Project 11, we leveraged the IREP to study relational memory in patients diagnosed with
temporal lobe epilepsy (TLE) and age- and sex-matched healthy controls. We examined between-
group behavioral disparities and their underlying socio-demographic and clinical presentations.
For the first time, we have demonstrated within single subjects that TLE patients present with a
graded pattern of mnemonic deficits wherein the episodic system is most affected by disease,

followed by the spatial system, with the semantic system being relatively unaffected.

In Project 111, we contextualized our behavioral findings from Project Il within network-level
functional topographies derived from task-based neural dynamics. We observed similar
multivariate patterns across episodic, semantic, and spatial domains, where controls and patients
differed in their whole-brain connectivity profiles and behavioral performances. We further
established the presence of domain-specific functional motifs that converge within the limbic

system.

Our work lays the analytical foundations of an integrated memory framework that, we hope, will

significantly streamline the study of human relational cognition in different populations.
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1 GENERAL INTRODUCTION

1.1 Relational memory

That human memory is a complex system composed of multiple cognitive domains is a foregone
conclusion today, but it was not always the case. In fact, prior to landmark works on relational
cognition pertaining to episodic memory (Penfield & Milner, 1958; Scoville & Milner, 1957;
Tulving, 1972), semantic memory (Collins & Quillian, 1972; Quillian, 1966), and spatial memory
(Milner, 1965; O'Keefe & Dostrovsky, 1971; Tolman, 1948), the field was dominated by
behaviorism, itself, borne out of the necessity to bring empirical integrity to the study of the mind
(Watson, 1924). Even so, in attempting to bring experimental rigor to psychology, behaviorism
hamstrung itself by severely constraining its own practical scope as it endeavoured to describe all
manner of behavior in terms of stimulus and response (Watson, 1924). Ironically, while its
inception was iconoclastic in essence, behaviorism eventually collapsed under the weight of its
own theoretical axioms. In hindsight, the imposition that all observations should admit of an
explanation through the narrow lens of the stimulus-response paradigm was an oversight, one that
would ultimately lead to the downfall of behaviorism as a systematic approach to understanding

human nature.

The upshot of two simple rodent experiments conducted by Edward Tolman in 1948 would mark
the beginning of a paradigm shift away from behaviorism. At the outset of Cognitive maps in rats
and men where he related his findings, Tolman distinguished his own views from those of
behaviorists, claiming that something akin to a field map of the surroundings gets established in
the rat’s brain when it navigates a new environment (Tolman, 1948). His first experiment involved

an elevated maze consisting of a starting shaft that led into a circular compartment, which further
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appended an exit shank with orthogonal bends, ultimately terminating in a food-containing goal-
box. Rodents were trained on this contraption across twelve trials spread out over four nights (i.e.,
three trials per night), where they learned to run directly and unhesitatingly from the starting path
to the food-box. Following this conditioning phase, the exit shank was replaced by a series of
radial arms, thus forming the so-called “sun-burst” maze, and the rodents were allowed to navigate
the apparatus once more from the starting shaft to the goal-box. Remarkably, after realizing that
the originally learned path was no longer available, 36% of rodents, which amounted to over four
times the number expected under the null hypothesis, chose the same radial arm that led in the
direction of where the food-goal would have been during the initial training phase. Tolman argued
that his rats were exhibiting a kind of goal-oriented navigational phenotype that simply did not fit
the stimulus-response model. In the ensuing experiment, Tolman wanted to know whether this
behavior was indeed the result of a “broad comprehensive” cognitive map that integrated across a
wide range of environmental cues or some other form of “strip-like and narrow” local encoding
mechanism that was tuned to the specific goal destination. To this end, two groups of rodents were
conditioned in a simple T-maze over the course of seven days across twenty trials. The first group,
which counted twenty-five rats, was trained to reach the food-box on one side of the bifurcation
(i.e., left), while the second group, also twenty-five, learned to access the other one (i.e., right). As
in the previous experiment, the distal section of the maze was substituted for a series of radiating
paths. In addition, the entire apparatus was flipped upside down such that /eft now corresponded
to right and vice versa. During the testing phase, 84% of rodents selected a single arm to run on
within seven minutes. In both groups, a significant portion of rats chose “not the paths which
pointed directly to the spots where the food had been, but rather paths which ran perpendicularly

to the corresponding sides of the room” (Tolman, 1948). Thus, most rodents in both cohorts had
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settled on the same relative paths they had been conditioned to follow, even though the absolute
paths had been reversed. In other words, those that were trained to go left continued to go left,
even though left was now right, and vice versa. Overall, while the first spatial orientation
experiment strongly pointed to the implication of a cognitive map, rather than a stimulus-response
mechanism, in informing the navigation choices of rodents, the second one suggested that this map
is, indeed, a comprehensive mental representation, which is to say one that does not depend
exclusively on a given focal point. Speculating about how his findings may apply to the human
condition, Tolman maintained that while cognitive maps may enable pathfinding behaviors in
spatial spaces, they may additionally allow us to navigate social ones as well. In the closing
statements of his manuscript, he wrote that major societal issues, such as the discrimination of
minorities, arise from our failure to generate broad social cognitive maps in which the well-beings

of different demographic groups are interlinked (Tolman, 1948).

In retrospect, Tolman’s works marked a stark departure from behaviorism, breathing new life into
a field that seemed to have crystalized because of a lack of explanatory power over complex
behavioral phenomena. They additionally laid the theoretical groundwork for generalizable models
of human cognition that bridge the gap between multiple mental domains. Soon after, arguably the
earliest formulation of the relational memory framework was proposed in an obscure doctoral
dissertation by M. Ross Quillian, where he advanced a model of semantic memory consisting of a
constellation of interconnected concept nodes related to one another via “associative links”
(Quillian, 1966). These nodes come in two flavors, “type” nodes, which sit atop an abstractive
hierarchy within a “plane”, and “token” nodes, which make up the bulk of the plane, with intra-

plane token-to-token connections and inter-plane token-to-type associations (Quillian, 1966).
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Thus, any given concept can be construed as a cluster of interlinked planes, each one composed of
an apex type node related to downstream token nodes that are either connected to each other within
the same plane or to other singular type nodes across different planes. Take for example the
concept of dog. What is a dog? Is it an animal? Is it “man’s best friend”? Is it a canine? Is it a thing
that goes, “woof, woof”’? According to this model of semantic memory, dog can be understood as
an abstraction that integrates across a collection of intersecting conceptual planes, some that
describe animal, some others that define canine, and yet others that illustrate concepts such as man
and friendship, or even woof as an onomatopoeia. What is important to note is that there is no
intrinsic hierarchy or configuration across planes, nor are the planes themselves rigid constructs;
only when a specific node is indexed does a transient structural order emerge within the entire
semantic constellation, a phenomenon akin to a memory engram. Accordingly, while the apex
node dog may recruit other nodes such as animal or canine, at any other instant, it may become
itself a secondary type node—if not a subordinate token node—in the semantic sequences running
downstream from type nodes for puppy or furry. Hence, Quillian’s model of semantic memory
postulated a self-contained conceptual paradigm in which individual nodes take form through
conformational permutations of the system. While novel in its detailed account of how concepts
are formed via associative links, the core of Quillian’s thesis, that semantic referents are built upon
pre-existing ones, harkens back to much older schools of thought. One example comes from
Strewerdi, the 12" century Kurdish mystic, who observed in his treatise The Shape Of Light: “As
long as you cannot construct the form of something in your mind, you cannot possibly know it,
because the realization of a thing [i.e., dog] has to correspond to something [i.e., animal, canine,

etc.]” (Suhrawardi, 1998). While Quillian’s thesis specifically delt with the semantic memory
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system, he conjectured that its underlying principles of information storage could just as easily

apply to other cognitive domains, such as visuo-spatial memory (Quillian, 1966).

On the heels of Quillian’s thesis came Endel Tulving’s seminal work on episodic memory.
Interestingly, Tulving’s conceptualization of episodic cognition was a direct offshoot of the
semantic memory framework laid out by Quillian and others (Collins & Quillian, 1972; Quillian,
1966). In Tulving’s own words, “A new kind of memory that has recently appeared on the
psychological scene is ‘semantic’ memory. As far as I can tell, it was first used by Quillian (1966)
in his doctoral dissertation [...] A useful concept in science frequently is one whose definition not
only makes very clear what it includes, but also what it excludes [...] To facilitate subsequent
discussion, I will refer to this other kind of memory, the one that semantic memory is not, as
‘episodic’ memory. I will refer to both kinds of memory as two stores, or as two systems, but I do
this primarily for the convenience of communication, rather than as an expression of any profound
belief about structural or functional separation of the two” (Tulving, 1972). In a later work, Tulving
described episodic memory as having emerged as an “embellishment” of the more archaic
semantic memory system by way of evolution (Tulving, 2002). In fact, he maintained that the
major differences between these two mnemonic systems pertain to the nature of the information
being stored (i.e., spatiotemporal relations between events vs abstract relations between conceptual
referents) and their inherent susceptibilities to information transformation or loss, with the episodic

system being much more liable to alteration than the semantic (Tulving, 1972).

With the emergence of new models of relational memory, it became necessary to uncover its neural

correlates. It 1957, the first definitive evidence of mnemonic substrates would be produced by
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Brenda Milner, pointing to the importance of the hippocampus and surrounding structures of the
medial temporal lobe (MTL) in sustaining episodic and spatial memory (Scoville & Milner, 1957).
An immediate corollary of Milner’s findings was the development of animal protocols designed
to study the function of hippocampus. In one such experiment, John O’Keefe and Jonathan
Dostrovsky recorded directly from the dorsal CA1 hippocampal subfield of rats while they were
being passively manipulated across a rectangular platform and held down at specific locations
while facing different directions (O'Keefe & Dostrovsky, 1971). They found that several electrode
subunits responded to the location and heading direction of the rat. Based on their observations,
the researchers concluded that the hippocampus must somehow be providing “the rest of the brain
with a spatial reference map”. Thus, the idea of the cognitive map, as initially conceived by
Tolman, had been reawakened after laying somewhat dormant. Then, in 1978, O’Keefe and Lynn
Nadel co-authored their influential book The Hippocampus as a Cognitive Map, in which they
described the hippocampus as a “cognitive-mapping system”, which is predicated on the actions
of specialized CA1 cell populations that make up so-called “place units ... whose firing pattern is
dependent on the location of the animal in an environment” (O'Keefe & Nadel, 1978). Notably,
they also introduced the dichotomous notion of egocentric (or relative) vs. non-egocentric (or
absolute) spatial systems, maintaining the role of the hippocampus in the latter, where the first one
is a body-centered cognitive map that changes as a function of the subject’s position and heading
direction, whereas the second is a stable representation of the surroundings predicated on the inter-
relationships of items that populate it irrespective of the subject. This type of spatial mapping, that
is, the hippocampal-dependent non-egocentric, is commonly referred to as “allocentric” in the
literature (Chan et al., 2016; Guderian et al., 2015; Sierk et al., 2019). Moreover, the authors

hypothesized that the neural mechanisms that instantiate the cognitive map need not exclusively
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pertain to spatial relationships. In fact, they argued that semantic relationships between words,
symbols, or concepts could also be represented in the brain in the form of “non-spatial maps”
(O'Keefe & Nadel, 1978), harkening back to Quillian’s semantic memory framework (Collins &
Quillian, 1972; Quillian, 1966). While the discovery of place cells in the rat hippocampus was the
first of its kind as far as cellular substrates of the cognitive map go, it would not be the last. Since
then, several other specialized neurons have been discovered in both humans and animals, each
one specially tuned to respond to a unique property of physical space. They include, among others,
place cells in the human (Ekstrom et al., 2003), entorhinal grid cells (Hafting et al., 2005; Jacobs
et al., 2013), border cells (Sargolini et al., 2006), and head direction cells (Savelli et al., 2008;

Solstad et al., 2008).

Building on the works of O’Keefe, Dostrovsky, and Nadel, in 1993, Neal J. Cohen and Howard
Eichenbaum wrote their highly touted Memory, Amnesia, and the Hippocampal System, where
they drew upon converging evidence across human and animal models of memory dysfunction to
synthesize the relational memory framework as we know it today. They described the functional
role of the underlying structures of the MTL, which includes the hippocampus and
parahippocampus, as a relational system that indexes highly processed neocortical patterns,
effectively binding them to form multidomain representations that go beyond spatial relationships
(Cohen & Eichenbaum, 1993). Indeed, they maintained that the characterization of hippocampal
neurons as mere “place cells” does not do justice to the breadth of associative processes in which
they are directly involved, instead opting for the more general “relational cells”. In the years since,
relational memory theory has been widely adopted and evaluated (Eichenbaum & Cohen, 2001;

Hannula et al., 2006; Konkel et al., 2008; Ryan & Cohen, 2003; Tavakol et al., 2022; Tavakol et
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al., 2021), with revised versions of the framework, such as the Tolman-Eichenbaum machine,
which proposes a role for entorhinal grid cells in laying out an abstract scaffolding onto which
hippocampal place cells bind multisensory representations (Whittington et al., 2020). Beyond
hippocampal contributions, contemporary neuroimaging findings anchor relational memory
domains to underlying neural architectures that span the entire neocortex. For example, the
consolidation of episodic engrams is believed to be mediated by the concerted activity of the
ventromedial prefrontal cortex (vmPFC) and anterior temporal lobe (ATL), which are actively
associated with the anterior hippocampus (Eichenbaum, 2017; Moscovitch et al., 2016). The ATL
appears to be specifically engaged in semantic memory in conjunction with the inferior frontal
gyrus (IFG), where symbolic prompts are processed across hemispheres, with greater left-sided
involvement for lexical stimuli (Hoffman & Morcom, 2018; Jackson, 2021; Rice et al., 2015).
According to the hub-and-spoke model of semantic cognition, conceptual knowledge is formed
when modality-specific sources of semantic information from primary and association cortices
converge upon the ATL, which acts as a transmodal hub that integrates them into a coherent and
generalizable mental construct (i.e., a concept) (Patterson & Lambon Ralph, 2016; Rogers et al.,
2004; Schapiro et al., 2013). With respect to spatial memory, findings point to the retrosplenial,
parahippocampal, and posterior parietal cortices as important areas (Baumann & Mattingley, 2021;
Qiu et al., 2019), with one framework positing the integration of hippocampal-dependent
allocentric representations with extra-hippocampal egocentric schemes via the retrosplenial cortex
(Bicanski & Burgess, 2018; Byrne et al., 2007; Dhindsa et al., 2014). These modern network-level
models of relational memory exemplify the latest paradigm shift in contemporary neuroscience,
wherein function and disease are increasingly described in terms of whole-brain network

dynamics, a change in how we conceptualize the brain that has been primarily driven by
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advancements in neuroimaging in tandem with novel analytical tools, such as connectomics

(Tavakol et al., 2019).

1.2 Neuroimaging and experimental platforms

Today, magnetic resonance imaging (MRI) can be used to derive high-resolution structural and
functional properties of the brain, enabling direct assessments of relational memory behavioral
phenotypes and their underlying neural properties. These analyses are further streamlined for
group-level comparisons thanks to well-established volumetric (Collins et al., 2003; Dadar et al.,
2018) and surface-wide brain templates (Fischl, 2012; Glasser et al., 2013; Kim et al., 2005), which
are commonly used to register subject-specific biomarkers to a shared brain space. For example,
native Tl-weighted (T1-w) anatomical images can be leveraged by modern automated
segmentation tools to produce surficial representations of the neocortex and hippocampus upon
which various metrics can be expressed along surface vertices (Bernhardt et al., 2016; Caldairou
et al., 2016; Fischl, 2012; Goubran et al., 2020; Kim et al., 2014; Kim et al., 2005; Romero et al.,
2017; Wang et al., 2012). In many studies of relational memory that use structural MRI (sMRI),
the main objective has been to identify variations in specific morphological properties (i.e.,
neocortical thickness, gray matter volume, hippocampal dentation, etc.) that are associated with
behavioral outcome measures of episodic (Aslaksen et al., 2018; Beattie et al., 2017; Travis et al.,
2014; Zammit et al., 2017), semantic (Chen et al., 2019; Paulin et al., 2020; Snowden et al., 2019;
Snowden et al., 2018), and spatial cognition (Abrahams et al., 1999; Hartley & Harlow, 2012;
Maguire et al., 2000; Tavakol et al., 2021). Modern computational toolboxes offer the option of
generating models of neocortical surface and approximating thickness. For example, FreeSurfer,

which is cross-validated with histological and manual data (Cardinale et al., 2014; Kuperberg et
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al., 2003; Rosas et al., 2002), incorporates a pipeline that consists of brain extraction from a T1-w
image, segmentation of the brain by tissue type (i.e., white matter, grey matter, blood vessels, etc.),
generation of pial and white matter meshes, and alignment of subject-specific surfaces to fsaverage
template while minimizing geometric distortions (Dale et al., 1999; Fischl et al., 1999). For the
segmentation of hippocampal subfields, one powerful method capitalizes on a multi-template
surface-patch algorithm that produces unfolded surfaces that run through the core of each subfield
(Bernhardt et al., 2016; Caldairou et al., 2016; Vos de Wael et al., 2018). Once the native T1-w
image undergoes correction for intensity non-uniformity, it is then standardized for intensity and
linearly registered to MNI152 volumetric template. The image is subsequently partitioned into left
and right subiculum, CA1-3, CA4-DG. This algorithm benefits from having been trained on an
openly-accessible database consisting of high resolution 3T MRI data pertaining to hippocampal
subregions (Kulaga-Yoskovitz et al., 2015). The generation of medial surface sheets (i.e., midpoint
between pial and white matters) for each subfield is accomplished via a Hamilton-Jacobi approach
(Kim et al., 2014), with surficial parameterization based on a spherical harmonics framework with
a point distribution model (Styner et al., 2006). Biomarkers of local grey matter, such as columnar
volume, can then be calculated for every vertex of each subfield mesh by taking the product of
voxel volume and number of inclusive voxels (Kim et al., 2014). HippUnfold is another recently
developed toolbox for the automated segmentation of the hippocampus (DeKraker et al., 2022).
Unlike the surface-based patch algorithm, HippUnfold automates detailed tissue segmentation by
leveraging a U-Net deep convolutional neural network. The resulting “unfolded” hippocampal
plane can be used as a subject-specific feature space to map out salient markers, such as gray
matter data for each subfield, including the left and right subiculum, CA1, CA2, CA3, CA4, and

dentate gyrus. For group-level considerations, subfields can be linearly registered to MNI152
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space, a process that corrects for interindividual variability in intracranial volume. Combined with
targeted behavioral outcome measures, these morphological indices provide the ideal analytical

inputs for addressing interindividual as well as between-group differences in relational cognition.

While sMRI provides a powerful framework for detecting morphological correlates of relational
memory, functional MRI (fMRI) offers a complementary platform that instead focuses on
spatiotemporal neural dynamics derived from the blood oxygen level-dependent (BOLD) signal.
This signal occurs when the magnetic properties of underlying tissues shift as a function of blood
flow and oxygen consumption when a region of the brain is upregulated (Buchbinder, 2016). Since
its development in 1992 (Kwong et al., 1992; Ogawa et al., 1992), BOLD fMRI has quickly grown
into a staple of contemporary cognitive neuroimaging, with task-based and resting-state paradigms
constituting platform exemplars. In task-based fMRI, one or more experimental conditions are
contrasted against one or more baseline conditions, and the signal change in the BOLD response
is averaged across several trials in either blocked or event-related designs (Buchbinder, 2016).
Numerous studies have now implemented task-based fMRI to tap into relational processes along
episodic (Li et al., 2021; Liu et al., 2022; Vidal-Pifieiro et al., 2021; Whalley et al., 2009; Zhuang
etal., 2019), semantic (Rice et al., 2018; Seidenberg et al., 2009; Woodard et al., 2009), and spatial
domains (Aguirre & D'Esposito, 1997; Hassabis et al., 2009; Jokeit et al., 2001; Kim & Maguire,
2019; Schindler & Bartels, 2013; Tavakol et al., 2021). Furthermore, online interfaces like
Neurosynth can readily tap into large-scale fMRI data and automatically synthesize general
patterns of BOLD activation based on user-defined input criteria, making it easier than ever to
generate robust meta-analytical inferences. While task activation frameworks have their own

merit, the brain at rest offers a different look into neural dynamics. In the absence of active
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involvement in higher cognitive tasks, the brain, which only makes up 2% of total body weight,
accounts for a staggering 20% of energy metabolism (Attwell & Laughlin, 2001). Interestingly,
increases in energy consumption secondary to heightened cognitive load are relatively small, on
the order of 2.5% above ground state (Buchbinder, 2016). In resting-state fMRI (rs-fMRI), instead
of comparing activation and control conditions, the intrinsic activity of the brain is measured and
evaluated, thus exploiting its exceptionally high baseline energetics (Buchbinder, 2016). The most
common method of quantifying resting-state neural dynamics is to determine the whole-brain
functional connectivity by computing the correlation strength between the BOLD time-series of
different brain areas (Biswal et al., 1997; Buckner et al., 2013; Cordes et al., 2000; Fox et al., 2006;
Lowe et al., 2000; Smith et al., 2009). Indeed, the intrinsic functional architecture of the cortex
represents a tried and tested method of anchoring behavior to the innerworkings of the brain (He
et al., 2020; Medea et al., 2018; Smith et al., 2015; Sormaz et al., 2017). Notwithstanding the
relatively small increases in energy consumption secondary to heightened cognitive demand, new
evidence suggests that functional connectomes derived from task paradigms may provide greater
resolution into underlying cognitive processes than the conventional resting-state framework (Cole
et al., 2021). Thus, the functional organization of the brain as derived from either intrinsic or task-
elicited platforms is especially amenable to the study of substrates of relational memory, especially
when it is analytically dovetailed with powerful multivariate associative techniques, such as partial
least squares (PLS) (Subramaniapillai et al., 2022). PLS identifies a common feature space of
maximal covariance between two different datasets (Kebets et al., 2019; McIntosh & Lobaugh,
2004). As such, it is ideal for uncovering latent associations between various modality inputs, be

it behavioral, socio-demographic, morphological, or functional.
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The following section presents some classic experimental paradigms performed in animals and
humans, where the behavioral, anatomical, and functional correlates of different relational memory

domains have been studied.

Radial arm maze

In addition to the contraptions used in the previously described rodent experiments (O'Keefe &
Dostrovsky, 1971; O'Keefe & Nadel, 1978; Tolman, 1948), the radial arm maze (RAM) is among
the earliest apparatuses used to study spatial memory (Olton & Samuelson, 1976). As the name
implies, the RAM consists of radiating paths of equal length that extend out from a central
platform, “like spokes on a wheel” (Olton et al., 1978). Usually, there are eight such “spokes”,
each one terminating in a cylindrical well that can store food pellets. A typical protocol consists
of a pre-training phase, where the rodents get acclimated to the experimental environment by freely
navigating the maze, a training phase, where rodents learn the locations of food rewards, and a
testing phase, where they must find their way to these rewards from different starting locations
within the maze. The first lesional rodent study to employ the RAM found that, compared to
control and extra-limbic neocortical ablation groups, rats with surgically severed efferent
hippocampal fibers were severely impaired on pathfinding trials (Olton et al., 1978). Since then,
human analogues of the rodent platform have been extensively used to study a wide range of spatial
navigational behaviors, including age- and sex-related phenotypic differences, both in real
environments (Bohbot et al., 2002; Foreman et al., 1990; Foreman et al., 1984; Mandolesi et al.,
2009; Moraleda Barreno et al., 2013; Serra et al., 2021) as well as virtual ones (Bohbot et al., 2004;
Goodrich-Hunsaker & Hopkins, 2010; Iaria et al., 2003; Kim et al., 2018; Levy et al., 2005; Patel

etal., 2022; West et al., 2023).
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Morris water maze

Developed by Richard G. M. Morris in 1981, the eponymous Morris water maze (MWM) was
designed to eliminate confounding navigational factors, such as olfactory and even visual cues
(Morris, 1981; Othman et al., 2022). The MWM consists of a water-filled circular pool that sits in
the middle of a rectangular room, with distal visual cues on each wall. Inside the pool, a cylindrical
platform can be placed at any location, with its circular podium either slightly above the water
surface or slightly submerged under it depending on the experimental protocol. While the water
significantly reduces the effect of olfactory cues in supporting wayfinding, it can also be rendered
opaque by mixing in a small quantity of milk, thus making it difficult to visually locate the podium
(Morris, 1981; Othman et al.,, 2022). In his first study, Morris found that, following the
conditioning phase, rodents learned to swim rapidly to the podium from any location along the
perimeter of the pool, even though the platform was odorless and visually indiscernible (Morris,
1981). Morris concluded that his findings were in line with the cognitive map theory, since the
distal room cues enabled the rats to generate novel pathfinding behaviors. In a follow-up
experiment conducted in collaboration with John O’Keefe, Morris discovered prolonged and
significant navigational deficits in hippocampally lesioned rats, adding more weight in support of
the cognitive map theory and the central role of the structures of the MTL (Morris et al., 1982). In
the years since, much like the RAM, the MWM too has been adapted for human studies, with
themes spanning hippocampal damage (Astur et al., 2002), sex differences in navigational
phenotypes (Astur et al., 2004), hippocampal/parahippocampal theta oscillations (Cornwell et al.,
2008), high-resolution spatial binding (Kolarik et al., 2016), and prenatal alcohol exposure (Dodge
et al., 2020). In fact, the virtual analogue of the MWM is the most popular virtual reality paradigm

for assessing spatial memory in humans today (Thornberry et al., 2021). The MWM also offers
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great cross-species utility (Othman et al., 2022; Schoenfeld et al., 2017), with an availability of
protocols across different animal models, including mice (Vorhees & Williams, 2006) as well as

domestic and wild guinea pigs (Lewejohann et al., 2010).

Four Mountains Task

The Four Mountains Task (FMT) is a computerized delayed match-to-sample protocol with thirty
total trials that tests short-delay topographical memory in humans (Chan et al., 2016). It was first
used in a small cohort of patients with hippocampal damage and age- and sex-matched controls to
ascertain the involvement of the MTL in spatial cognition across relatively small timescales
(Hartley et al., 2007). The results showed that while topographical perception is reasonably well
preserved in these patients, their short-delay allocentric spatial processing is indeed affected.
Moreover, since impairment of hippocampal function typically precedes the onset of Alzheimer’s
disease, the FMT has additionally been shown to effectively detect the early stages of dementia
(Chan et al., 2016). We discuss how this task is administered in Project I of this thesis. Briefly, at
each trial, a computer-rendered layout composed of four distinct mountains is presented to the
participant for ten seconds. Following this encoding phase, four new landscapes are shown, and
the participant must select the one that corresponds to the initial configuration of mountains. To
control for visual matching strategies, low feature visual cues in each option are also slightly

altered compared with the original layout.

Semantic association tasks

Typical semantic assessment protocols involve the use of trial-by-trial n-alternative force choice

paradigms where a probe is presented along with » number of choices at each trial. While the
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modalities of displayed stimuli (i.e., auditory, lexical, and symbolic) may vary across task designs,
the general workflow consists of selecting a single target from the presented choices based on the
degree of conceptual relatedness with the probe. In (Davey et al., 2015), where the authors
examined neocortical contributions to semantic retrieval, two similar word-to-picture matching
tasks were administered: identity- and thematic-matching. In the identity-matching module,
participants had to choose from a triad of words (i.e., “animal”, “tool”, and “plant”) the category
to which a symbolic probe (i.e., the picture of a dog) belongs. Likewise, during the thematic-
matching protocol, they were instructed to select from three options (i.e., “z00”, “orchestra”, and
“driver”) the target word that showed the highest association with the probe stimulus (i.e., the
image of a tuba). Conceptual association strengths between visual probes and target words were
determined in a holdout group of nine individuals who rated each stimulus pair on a 7-point Likert
scale, ranging from O (i.e., no discernible association) to 7 (i.e., extremely strong link). In a related
study that looked at the intrinsic connectivity of the hippocampus with the neocortex (Sormaz et
al., 2017), participants performed a lexicon-based 3-alterantive force choice semantic judgment
task. At the onset of each trial, a blank screen appeared on the computer monitor for a duration of
500 ms, after which three words were presented at the bottom of the screen for 900 ms. Then, a
probe word was displayed above these three options, and participants had to select the word choice
that was related in meaning with the probe within 3 s. In another task-based functional MRI study
that investigated the role of the ATL in representing semantic knowledge (Rice et al., 2018),
participants had to make a nationality judgment (i.e., European vs. non-European) across two
conditions (i.e., social vs. non-social) based on visual or auditory stimuli (i.e., social: a picture of
Tom Hanks or the spoken words “Tom Hanks”; non-social: a picture of the Eiffel Tower or the

spoken words “The Eiffel Tower”). This task was adapted by (Alam et al., 2021) to assess
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hemispheric differences of the ATL in semantic categorization across different stimulus
modalities. Here, participants made the same nationality judgment across modality-specific task
blocks where corresponding concepts were presented in either symbolic or lexical format (i.e.,
symbolic block: a picture of Gwyneth Paltrow vs. lexical block: the words “Gwyneth Paltrow”).
The Intelligenz-Struktur-Test is yet another example of a semantic judgment task, which, unlike
the other paradigms, does not actually employ a reference probe (Helmstaedter, 2002). Instead,
participants must correctly identify the target word that represents the conceptual outlier among

five options (i.e., sitting, lying, going, kneeling, standing).

Episodic judgment tasks

In (Sormaz et al., 2017), in addition to the semantic judgment task, the authors also administered
a previously established paired-associate recall test (Payne et al., 2012) to examine episodic
memory. The protocol consisted of an encoding phase, where participants were presented with a
list of forty unrelated word pairs (5 s per trial), an initial retrieval phase, where they had to
remember the second word when prompted by the first one (once with, and once without
feedback), and a final retrieval phase conducted 1-5 days later, during which they received no
feedback. Lexical stimuli were selected from the University of South Florida free association
database, which counts 72,000 curated word pairs (Nelson et al., 2004). Other episodic paradigms
have employed symbolic stimuli to examine, among other things, sex- and age-related changes in
brain dynamics (Ankudowich et al., 2016; Ankudowich et al., 2017; Subramaniapillai et al., 2022;
Subramaniapillai et al., 2019). In these studies, participants performed a difficulty-modulated (i.e.,
easy vs. hard) episodic task consisting of separate runs for encoding and retrieval while being

scanned in the MRI machine. At the start of each encoding trial, they were prompted to memorize
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either the spatial location of black-and-white faces on the screen (i.e., spatial context) or the order
in which they were presented (i.e., temporal context). In the easy condition, six faces were serially
displayed either to the left or right of a central fixation cross. In the hard condition, twelve faces
were shown instead of six. Between encoding and retrieval phases, a distractor task was
administered to prevent participants from mentally rehearsing the stimuli. Then, at the onset of
each retrieval trial, participants were cued as to the nature of the task (i.e., spatial context vs.
temporal context). For the spatial context, participants were prompted with two faces and asked to
identify the one that was originally presented on the left/right of the monitor during encoding. For
the temporal context, they were instead asked to select the face that was seen most/least recently.
In the easy condition, three pairs of faces were shown, and in the hard condition, six. Other
assessment protocols that arguably afford more ecological validity implement movie viewing as a
paradigm for tapping into episodic memory. For example, in a recent study (Liu et al., 2022), the
authors investigated patterns of activation and connectivity between the hippocampus and medial
prefrontal cortex that underlie memory formation. Here, participants watched a 50-min long movie
inside the MRI scanner. Based on transitions in the storyline, the movie was split into 50 events.
After viewing, participants produced their own detailed accounts of the story without any cue.
These subjective responses were also split into unique events and matched with the reference
movie segments. Events that were mentioned were classified as “remembered” and those that were
omitted were labeled as “forgotten”. Furthermore, events that were recalled in the correct
sequential order were designated as “in-order” while those that were remembered in an incorrect
succession were categorized as “out-of-order”. In this manner, the researchers were able to

examine similarities and differences in brain dynamics across well-defined episodic categories.
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1.3 Temporal lobe epilepsy as a human model of memory impairment

In what has been described as arguably the single most important case study in the history of
neuroscience (Squire, 2009), Brenda Milner discussed the cognitive sequelae that befell Henry
Molaison following bilateral MTL resection that included removal of the hippocampal formation
and a significant portion of the amygdaloid complex and entorhinal cortex (Neylan, 2000). This
radical procedure was carried out by William Scoville to treat Molaison’s pharmaco-resistant
epilepsy, which presented itself as frequent bouts of incapacitating generalized seizures. In a
widely cited report (Scoville & Milner, 1957), the authors stated that while surgical intervention
had significantly alleviated Molaison’s pre-surgical symptoms, his episodic and spatial memory
had become so impaired that he could neither recognize the hospital staff nor find his way to the
bathroom. These observations were effectively the first to implicate the structures of the MTL,
including the hippocampus, in sustaining different forms of relational memory. Ever since, patients
diagnosed with pharmacoresistant temporal lobe epilepsy (TLE), who present with sclerotic
lesions of the hippocampus, have become a classic model of mnemonic dysfunction in humans,
with ongoing work that spans over sixty years of published work in the scientific literature (Barrett
Jones et al., 2022; Breier et al., 1996; Helmstaedter et al., 1995; Li et al., 2021; Mayeux et al.,
1980; Penfield & Milner, 1958; Rugg et al., 1991; Scoville & Milner, 1957; Sideman et al., 2018;

Voets et al., 2009; Yoo et al., 2006; Zanao et al., 2023).

Epilepsy, in general, is one of the oldest recorded disorders in human history, with the first known
case dating back to a 4,000-year-old Mesopotamian account in which it was defined as the “hand
of sin” (Magiorkinis et al., 2010). It is among the most prevalent chronic neurologic conditions,

with an estimated 30%-40% of patients who do not respond to conventional pharmacological
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treatment, a majority of whom are specifically diagnosed with TLE (Engel Jr, 2001; Tavakol et
al., 2019). The International League Against Epilepsy (ILAE) outlines two primary forms of TLE:
(7) medial/mesial TLE (mTLE), which presents with morphological anomalies relating to the
hippocampus, parahippocampus, and amygdala; (ii) lateral TLE (ITLE), a less common form,
which affects the temporal neocortex (Allone et al., 2017). TLE-associated seizures are generally
categorized into three forms: (1) simple partial seizures (SPS) or “auras”, presenting with minimal
perturbations to consciousness, (2) complex partial seizures (CPS), where disturbances to attention
are more noticeable, and (3) generalized tonic-clonic seizures or “grand mal”, which are associated
with greatly impaired awareness and even complete loss of consciousness (Allone et al., 2017).
Other forms of extratemporal epilepsies (ETEs) relate to cortical malformations that occur during
neural development, such as focal cortical dysplasia (FCD), which, along with mTLE, account for
60%-80% of pre-op patients in tertiary epileptic care (Tavakol et al., 2019). Contemporary
experimental platforms have increasingly integrated high resolution multimodal neuroimaging
data with macroscale connectomics, thus enabling to bridge the gap between focal and large-scale
network anomalies in pharmacoresistant epilepsies (Tavakol et al., 2019). For example, modern
studies have shown that the severity of local hippocampal pathology is inversely correlated with
measures of structural and functional connectivity of the hippocampus with the default mode
network (DMN), with marked sclerotic lesions being associated with lower hippocampal-DMN
connectivity, which is a strong biomarker of impaired memory (Bell et al., 2011; Bernhardt et al.,

2016; Bernhardt et al., 2019).

Given that TLE patients represent a well-established model of memory impairment in humans, it

is no wonder that they have been so thoroughly studied in the context of relational memory using
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the previously described neuroimaging and behavioral platforms. Even so, since each cognitive
task comes with its own unique set of advantages and limitations, a complete understanding of
relational cognition can only be achieved when findings from across a wide range of paradigms
are integrated. This endeavour, noble as it is, presents important obstacles for the scientific
community, given the large degrees of freedom involved in consolidating results across different
experimental designs, which include heterogenous population demographics, incompatible
outcome measures, and variable task modalities. Therefore, it stands to reason that an experimental
platform that inherently controls for some of these factors can significantly streamline

investigations of human relational memory.

Here, we present the integrated Relational Evaluation Paradigm (iREP), a standardized,
multidomain, and difficulty-modulated framework specially designed for the MRI environment,
which consists of a task battery that taps into the different types of relational processing (i.e.,
episodic, semantic, and spatial). In Project I (Tavakol et al., 2021), we administered the iREP to a
cohort of healthy individuals while they were being scanned, and uncovered integrated structure-
function correlates of spatial memory in medial and lateral temporal areas. In Project II (Tavakol
et al., 2022), we compared the iREP-derived behavioral phenotypes of a group of TLE patients to
those of age- and sex-matched healthy controls, and discovered a graded pattern of TLE-associated
cognitive deficits, with episodic memory being most affected, followed by spatial, while semantic
memory showed mixed results. Finally in Project III, we extracted task-based functional
connectivity patterns for each module of the iREP within the same two groups, and found strong
latent associations between demographics/behavioral variables and functional connectome

profiles. In addition to establishing the iREP as a valid framework for examining multiple layers
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of relational memory within the same individuals across different populations, our studies further
speak to both unique as well as shared anatomical, behavioral, and functional markers underlying

different relational cognitive domains and neurological diagnostic groups.
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In the next section (Project I), first we address the construct validity of the spatial module of the
iREP, which we label as the conformational shift spatial task (CSST). The CSST represents the
true novelty of the iREP as the episodic and semantic modules are pictorial versions of previously
established word-based assessment protocols. Here, we evaluate the behavioral association of the
CSST with these other iREP modules as well as two additional control tests, namely, the four
mountains task (FMT), which examines allocentric spatial memory, and the mnemonic similarity
task (MST), which taps into pattern separation, the capacity to differentiate similar cognitive
representations. We then investigate the correspondence between MRI-derived metrics of cortical
morphology and CSST performance scores. Furthermore, we acquire meta-analytical whole-brain
co-activation maps relevant to spatial processing to functionally constrain additional correlational
analyses between behavior and structure. Finally, we conduct exploratory seed-based resting-state
connectivity analyses centered on previously defined clusters of finding and evaluate whether their
intrinsic whole-brain integration profiles are modulated by CSST accuracies. Overall, we
determine that the CSST is construct-valid, showing specificity to spatial processes that overlap
with semantic judgment. We also ascertain the presence of integrated structure-function clusters
within medial and lateral temporal lobes that underlie interindividual differences in spatial memory
capacity, with functionally-relevant cortical regions showing additional brain-behavior

associations.
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2 PROJECT I: structure-function substrates of spatial memory

This section has been published in Cerebral Cortex.
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2.1 ABSTRACT

Prior research has shown a role of the medial temporal lobe, particularly the hippocampal—
parahippocampal complex, in spatial cognition. Here, we developed a new paradigm, the
conformational shift spatial task (CSST), which examines the ability to encode and retrieve spatial
relations between unrelated items. This task is short, uses symbolic cues, incorporates two
difficulty levels, and can be administered inside the scanner. A cohort of 48 healthy young adults
underwent the CSST, together with a set of behavioral measures and multimodal magnetic
resonance imaging (MRI). Inter-individual differences in CSST performance correlated with
scores on an established spatial memory paradigm, but neither with episodic memory nor
mnemonic discrimination, supporting specificity. Analyzing high-resolution structural MRI data,
individuals with better spatial memory showed thicker medial and lateral temporal cortices.
Functional relevance of these findings was supported by task-based functional MRI analysis in the
same participants and ad hoc meta-analysis. Exploratory resting-state functional MRI analyses
centered on clusters of morphological effects revealed additional modulation of intrinsic network
integration, particularly between lateral and medial temporal structures. Our work presents a novel
spatial memory paradigm and supports an integrated structure—function substrate in the human

temporal lobe. Task paradigms are programmed in python and made open access.

Key words: spatial memory, neuroimaging, task fMRI, medial temporal lobe
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2.2 INTRODUCTION

Spatial memory is characterized by the encoding and retrieval of spatial associations. In rodents,
structures of the medial temporal lobe (MTL) have long been recognized as crucial neural
substrates of spatial memory (Aggleton et al., 1986; Hafting et al., 2005; Morris et al., 1982;
O'Keefe & Dostrovsky, 1971; O'Keefe & Nadel, 1978; Winocur, 1982). In humans, early studies
in patients with temporal lobe epilepsy revealed a direct correlation between the severity of MTL
lesions and deficits in spatial cognition (Milner, 1965; Rains & Milner, 1994; Smith & Milner,
1981, 1989). Ensuing neuroimaging and lesion experiments in neurological patients reinforced the
significance of the MTL as a critical brain structure in spatial memory processing, but also pointed
to an involvement of other brain regions and the broader conceptualization of spatial memory as a
network phenomenon (Aguirre et al., 1996; Ghaem et al., 1997; Maguire et al., 1998). The role of
the MTL as a spatial processing hub was further supported by the discovery of human place cells
and grid cells, specialized neurons believed to instantiate a scalable and navigable mental

representation of space (Ekstrom et al., 2003; Jacobs et al., 2013).

The structural organization of spatial memory relies on the interplay between brain morphology
and relevant cognitive phenotypes. For instance, the association between the volume of the MTL
and behavioral measures of spatial cognition has been reported since the earliest structural
magnetic resonance imaging (sMRI) studies (Abrahams et al., 1999; Hartley & Harlow, 2012;
Maguire et al., 2000). Today, state-of-the-art automated segmentation tools can generate surface-
wide representations of the brain, sampling morphological markers such as neocortical thickness
and volume of hippocampal subregions with unprecedented resolution (Bernhardt et al., 2016;
Caldairou et al., 2016; Fischl, 2012; Goubran et al., 2020; Kim et al., 2014; Kim et al., 2005;

Romero et al., 2017; Wang et al., 2012). These millimetric anatomical indices are ideal for
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investigating the link between morphological and behavioral variability across individuals.
Complementing sMRI studies, a large body of research has focused on the analysis of functional
MRI (fMRI) acquisitions. Task-based fMRI studies have shown consistent MTL involvement
during spatial memory tasks, together with activations in neocortical areas (Aguirre & D'Esposito,
1997; Hassabis et al., 2009; Jokeit et al., 2001; Schindler & Bartels, 2013). Complementing these
paradigms, resting-state fMRI (rs-fMRI) enables to interrogate intrinsic functional networks
(Biswal et al., 1997; Buckner et al., 2013; Cordes et al., 2000; Fox et al., 2006; Lowe et al., 2000;
Smith et al., 2009). An increasing body of rs-fMRI studies has also assessed intrinsic functional
network substrates underlying interindividual differences in cognitive capacities (He et al., 2020;

Medea et al., 2018; Smith et al., 2015; Sormaz et al., 2017).

The current study devised a new and open-access paradigm to assess spatial memory in humans
and to elucidate the functional anatomy of spatial memory processing via structural and functional
MRI analyses. We developed the conformational shift spatial task (CSST), a short, easy-to-use
assessment that taps into the capacity to encode and retrieve spatial interdependencies between
three conceptually unrelated objects. We administered the CSST to 48 healthy individuals inside
a 3 T Siemens Magnetom Prisma scanner as part of a broader task-based fMRI battery, which
included additional testing probes for semantic memory, episodic memory, and mnemonic
discrimination. Together with the semantic and episodic memory tasks, the CSST constitutes an
integral part of a relational memory fMRI battery that can address structural and functional
convergence and divergence across relational mnemonic domains. All three tests were
homogenized by (i) implementing comparable visual stimuli, (if) incorporating task difficulty
modulation across two conditions (i.e., 28 easy trials and 28 difficult trials), (iii) using a three-

alternative forced choice trial-by-trial paradigm. Given that these tasks are designed to probe
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different domains of relational memory, we hypothesized that behavioral scores on the CSST
would correlate with performances on the semantic and episodic association tasks, with greater
association observed between spatial and semantic domains (Bellmund et al, 2018;
Constantinescu et al., 2016; McNaughton et al., 2006; Mok & Love, 2019; Moscovitch et al., 2005;
Nadel & Moscovitch, 1997). We also evaluated participants with supplementary assessment tools
outside the scanner, including the four mountains task (FMT), an established spatial memory
paradigm that uses scenes rather than symbolic stimuli, and which does not have varying difficulty
levels (Hartley et al., 2007). We further hypothesized that CSST performance would show
strongest correlations with performance on the FMT, as both tasks are devised to assess the same
relational domain, that is, spatial processing. In addition to its task-based section, our protocol
encompassed structural MRI as well as rs-fMRI acquisitions. We used these to assess associations
between spatial memory scores and variations in MRI-derived morphological measures of cortical
thickness and hippocampal volume across participants. Although surface-based analyses were
regionally unconstrained, based on prior literature in humans and animals studying spatial memory
(Abrahams et al., 1999; Aguirre & D'Esposito, 1997; Hafting et al., 2005; Hartley & Harlow, 2012;
Hassabis et al., 2009; Jokeit et al., 2001; Maguire et al., 2000; Morris et al., 1982; O'Keefe &
Nadel, 1978; Rains & Milner, 1994; Schindler & Bartels, 2013; Smith & Milner, 1989), we
expected to observe structure—function substrates in the medial temporal lobe regions, such as the
parahippocampal gyrus. Results were contextualized against task-based fMRI findings in the same
participants and ad hoc meta-analytical inference. Structural imaging observations were further
used for post hoc explorations of rs-fMRI connectivity modulations by interindividual differences

in task performance.
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23 METHODS

Participants

A total of 48 healthy adults (16 women, mean age + SD = 29.71 £ 6.55 years, range: 19 to 44
years, four left-handed), recruited in 2018 and 2019, participated in our study and had normal or
corrected-to-normal vision. Control participants did not have any neurological or psychiatric
diagnosis. Our study was approved by the Research Ethics Committee of the McGill University
and participants gave written and informed consent upon arrival at the Montreal Neurological

Institute.

Conformational Shift Spatial Task

In the CSST, the participant discriminated the spatial arrangement of three semantically unrelated
items (i.e., a brick, a tire, a bucket) from two additional foil configurations of the same items (Fig.
la). At each trial, following a jittered inter-trial interval (1.5-2.5 s), the participant encoded the
salient features of an original trio arrangement for a duration of 4 s. Following a jittered inter-

stimulus interval (0.5—-1.5 s), three distinct versions of the trio were displayed. All three
conformations had undergone an equal rotation about the trio center of mass between 45°

clockwise to 45° counterclockwise. The correct conformation had not undergone any additional

transformation unlike the other two foils.
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Figure 1. Task design and behavioral associations. (a) Following a jittered inter-trial interval (ITI), the participant
had to encode the spatial configuration of the stimulus trio for 4 s. After a jittered inter-stimulus interval (ISI), the
participant had 5.5 s to choose the original spatial conformation among two foil options. (b) left panel: correlation
heat map of performance across all tasks. CSST-D shows significant associations with FMT and Sem-D following
adjustment for false discovery rate (*pFDR < 0.05). Right panel: joint-plot of CSST-D associations with other tasks
(CSST-D: conformational shift spatial task-difficult, FMT: four mountains task, Sem-D: semantic task-difficult, MST:
mnemonic similarity/discrimination task, Epi-D: episodic difficult).

In the “difficult” condition (i.e., CSST-D), the two distractor layouts had been subjected to “one”
specific additional transformation each: the spacing between the three items had changed with
respect to the original configuration. In the “easy” condition (i.e., CSST-E), the foil configurations
had undergone “two” specific additional transformations each: (1) the spacing between the three
items had changed with respect to the original configuration; (2) the relative positions of trio items
had been swapped. The participant was allowed up to 5.5 s to select the correct response. Thus,
distractors in “difficult” trials varied from the original configuration by 2 degrees of separation

(i.e., rotation about the center of mass and spacing alteration), whereas distractors in “easy” trials
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comprised 3 degrees (i.e., rotation about the center of mass, spacing alteration, and item positional

swap).

The entire task was composed of 56 pseudo-randomized trials (i.e., 28 easy, 28 difficult). The
semantic inter-relatedness of the trio items was computed via the UMBC Phrase Similarity Service
(Han et al., 2013). Based on the frequency with which two nouns representing the presented visual
symbols co-occur within the Refined Stanford WebBase Corpus, which contains 100 million web
pages from over 50 000 websites, this algorithm computed a conceptual relatedness index. We
implemented prototypical visual stimuli as proxies for selected lexical entries whose similarity

indices were inferior to 0.3 (range: 0-1).

Additional Cognitive Tasks

Four Mountains Task (Hartley et al., 2007). The FMT is an established spatial cognition paradigm.
In this version, 15 trials were administered in total. At each trial, the participant had 10 s to encode
the spatially relevant stimuli within a computer-rendered landscape composed of four distinct
mountains varying in shape and size. After the encoding phase, participants had to select the
correct landscape in a four- alternative-forced-choice paradigm. The correct answer corresponded
to the originally encoded landscape albeit depicted from a different first-person perspective,
whereas the three incorrect options showed renderings of four mountains with different
characteristics and configurations. All choices were additionally modified along lighting, weather,
and vegetation texture to control for visual matching strategies. There was no time limit, but
participants were instructed to respond as quickly and as accurately as possible. Following each
trial, participants had to report how certain they were about their response (i.e., certain or

uncertain).
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Semantic Task. We used a symbolic variant of a previously used lexicon-based semantic
association paradigm (Sormaz et al., 2017; Wang et al., 2018). Consisting of 56 pseudo-
randomized trials, the task implements a three-alternative-forced-choice paradigm and is
modulated for difficulty across conditions with equal number of trials (i.e., 28 difficult: Sem-D;
28 Easy: Sem-E). At each trial, a target object appeared at the top of the monitor (i.e., apple) with
three objects below (i.e., desk, banana, kettle). Participants had to select the bottom item that was
conceptually the most similar to the target. The semantic relatedness of items was measured via
the UMBC similarity index (see above description regarding CSST). In difficult trials, the correct
response and the target shared an index greater or equal to 0.7, whereas the foils shared a similarity
index between 0.3 and strictly smaller than 0.7 with the target. In easy trials, the indices were
greater than or equal to 0.7 between correct response and target, and 0 to strictly smaller than 0.3

between any given foil and target.

Episodic Task. We used a symbolic variant of a previously used lexicon-based paradigm (Payne
et al., 2012; Sormaz et al., 2017) that involves two phases. In the encoding phase, participants had
to memorize pairs of images shown simultaneously. Each pair was corrected for conceptual
relatedness using the UMBC similarity algorithm (see above) with an index smaller than 0.3. The
encoding phase was modulated for difficulty across conditions: some trials were shown only once
throughout the session, whereas others were displayed twice to ensure more stable encoding.
Following a 10 min delay, the retrieval phase was administered. At each trial, participants had to
identify the object that was originally paired with the target object from the encoding phase in a
three-alternative-forced-choice paradigm, similar to the one described in the semantic task. There
were 56 pseudo-randomized trials in total with 28 corresponding to pairs of images encoded only

once (i.e., Epi-D) and 28 to pairs of images encoded twice (i.e., Epi-E).

46



Mnemonic Similarity (Discrimination) Task (Stark et al., 2013). The MST assessed the capacity
to discriminate between stimuli with overlapping features. It comprised two phases: encoding and
recall, administered ~8 min apart. The encoding phase consisted of 64 trials in which the
participant had to choose whether the displayed item belonged “indoors” or “outdoors.” The recall
phase was based on a three-alternative-forced-choice paradigm. At this stage, the participant had
to select whether the presented item was an exact duplicate from the encoding phase (i.e., “old”),
an inaccurate duplicate (i.e., “similar”), or an altogether novel stimulus (i.e., “new”). This phase

consisted of 32 trials per condition for a total of 96 trials.

MRI Acquisition
MRI data were acquired on a 3 T Siemens Magnetom Prisma-Fit with a 64-channel head coil. Two
T1-weighted (T1w) scans with identical parameters were acquired with a 3D-MPRAGE sequence

(0.8 mm isotropic voxels, matrix = 320 x 320, 224 sagittal slices, TR = 2300 ms, TE = 3.14 ms,

TI = 900 ms, flip angle = 9°, iPAT = 2). Task and resting-state fMRI time series were acquired

using a 2D echo planar imaging sequence (3.0 mm isotropic voxels, matrix = 80 x 80, 48 slices

oriented to AC-PC-30 degrees, TR = 600 ms, TE = 30 ms, flip angle = 50°, multiband factor = 6).
The CSST task was approximately 15 min long and presented via a back-projection system to the
participants. During the 7 min- long rs-fMRI scan, participants were instructed to fixate a cross

displayed in the center of the screen and to clear their mind.

Structural MRI Processing
Generation of Neocortical Surfaces. To generate models of the cortical surface and to measure
cortical thickness, native TIlw images were processed using FreeSurfer 6.0

(http://surfer.nmr.mgh.harvard.edu). Previous work has cross-validated FreeSurfer with
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histological analysis (Cardinale et al., 2014; Rosas et al., 2002) and manual measurements
(Kuperberg et al., 2003). Processing steps have been described in detail elsewhere (Dale et al.,
1999; Fischl et al., 1999). In short, the pipeline includes brain extraction, tissue segmentation, pial
and white matter surface generation, and registration of individual cortical surfaces to the
fsaverage template. This aligns cortical thickness measurement locations among participants,
while minimizing geometric distortions. Cortical thickness was calculated as the closest distance
from the gray/white matter boundary to the gray matter/cerebrospinal fluid boundary at each
vertex. Thickness data underwent spatial smoothing using a surface-based diffusion kernel
(FWHM = 10 mm). As in prior work (Valk et al., 2016), data underwent manual quality control

and potential correction for segmentation inaccuracies.

Functional MRI Processing

(a) Task-based fMRI data were preprocessed using SPM12 (https://www.fil.ion.ucl.ac.uk/spm/).
Steps included image realignment, distortion correction using AP-PA blip pairs, structural and
functional co-registration, as well as functional data normalization and spatial smoothing (FWHM
= 6 mm). Of the originally acquired fMRI scans, data for four participants were omitted due to
artifacts caused by field inhomogeneity. For the remaining participants (n=44), first-level mass-
univariate analyses were performed by modeling all task regressors into the SPM design matrix,
which included trial onsets and durations/reaction times for ITIs, encoding phases, ISIs, retrieval
phases, and post-retrieval rest periods, in addition to six standard motion parameters as well as a
constant term. Regressors were convolved with the built-in SPM canonical hemodynamic response
function without temporal nor dispersion derivatives. Following mass-univariate model
estimations, first-level contrast maps from weighted comparisons between retrieval and encoding

(i.e., when the participant chooses a specific stimulus configuration vs. when the participant is
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passively encoding the original stimulus conformation) were used to generate a single group-level
activation map, which was thresholded (pFWE = 0.05) and mapped onto fsaverage template using

FreeSurfer.

(b) The rs-fMRI scans were preprocessed using a combination of FSL, available at
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki (Jenkinson et al., 2012), and AFNI, available at
https://afni.nimh. nih.gov/afni (Cox, 1996), and included removal of the first five volumes from
each time series to ensure magnetization equilibrium, distortion correction based on AP-PA blip
pairs, reorientation, motion correction, skull stripping, grand mean scaling, and detrending. Prior
to connectivity analysis, time series were statistically corrected for effects of head motion, white
matter signal, and CSF signal. They were also band-pass filtered to be within 0.01 to 0.1 Hz. All
participants had overall low head motion and mean frame-wise displace. Following rs-fMRI
preprocessing in native space, a boundary-based registration technique (Greve & Fischl, 2009)
mapped the functional time series to each participant’s structural scan and subsequently, to the
neocortical and hippocampal surface models. Surface-based fMRI data also underwent spatial

smoothing (FWHM = 10 mm).

Statistical Analysis
Analyses were performed using SurfStat for Matlab (MathWorks, R2019b) available at

http://math.mcgill.ca/keith/surfstat (Worsley et al., 2009).

(A) Behavioral Task Correlation
To assess the sensitivity and specificity of the newly developed protocol for spatial cognition, we

cross-correlated the CSST-D with the FMT, Sem-D, Epi-D, and MST. Given that all participants
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were high functioning healthy individuals, we only incorporated performance scores on the

difficult conditions where applicable, which additionally precluded ceiling effects.

(B) Cortical Thickness Analysis
Surface-wide linear models evaluated associations between task scores and cortical thickness:
T, =Bo + B1*Age + B*Sex + P3*+Score + €
where T, is the thickness measure at vertex 1 for a total of 327,684 vertices. “Age,” “Sex,” and
“Score” are model terms, By, B1, B2, and B;, the estimated model parameters, and ¢ is the error

coefficient.

We then regressed out the effects of Age and Sex from cortical thickness measures:

Ti = Bo + B1xAge + Pr*Sex + ¢
rT; =T — (Bo + B1*Age + B,*Sex)

where rT. is the residual thickness measure at vertex i, corrected for “Age” and “Sex.” To assess
1

whether the brain-behavioral correlations were generalizable to another spatial task, we correlated

residual thickness from clusters of findings with FMT scores obtained outside the scanner.

(C) Hippocampal Analysis

A multi-template surface-patch algorithm was implemented to segment the hippocampus into its
subfields (Bernhardt et al., 2016; Caldairou et al., 2016; Kim et al., 2014; Styner et al., 2006). The
product of voxel volume and number of inclusive voxels was computed for each subfield. Next,
total hippocampal volume was measured as the sum of all subregional volumes. Volume-based
models were then used to assess effects of task scores on the whole hippocampus:

V =B, + BixAge + B,*Sex + Bs+Score + &
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where V is the total volume of the hippocampus. A similar model was run for vertex-wise

hippocampal columnar data derived from subfield surface mapping (see Supplementary Methods).

(D) Functional Contextualization

Task-based second-level functional activation maps were obtained from 44 participants and
thresholded (pFWE =0.05) before being mapped to fsaverage. Average residual (i.e., age- and sex-
corrected) cortical thickness across all vertices within regions of activation was then correlated
with task scores. Furthermore, Neurosynth-based meta-analysis was used to perform a search for
the term “navigation,” which resulted in 77 studies with a total of 3,908 activations. The generated
association map was thresholded (pFDR = 0.01) and mapped onto fsaverage. Once more, average

residual thickness was computed and correlated with task results.

(E) Resting-State Connectivity Analysis

Surface-wide linear models assessed the modulatory effect of task performance on rs-fMRI

connectivity between clusters of structural imaging findings (see B) and resting-state data:
Zi=Bo + P1*Age + PB*Sex + B3*Score + &

where Zj is the Fisher Z-transformed correlation coefficient between mean resting-state intensity

for a given cluster in (B) and whole brain data at vertex i.

We performed a similar analysis to (j) to evaluate the effect of task score on functional connectivity

between clusters in (B) and resting-state data mapped on the hippocampal template.

(F) Correction for Multiple Comparisons
We used random field theory for non-isotropic images to correct for multiple comparisons (pFWE

= 0.05). Main structural MRI findings were based on a stringent cluster-defining threshold of P =
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0.001. For more exploratory rs-fMRI connectivity analyses, we used a more liberal cluster-

defining threshold of P = 0.025.

24  RESULTS

Behavioral Findings

We examined the association between the newly-developed CSST and other tasks from our
experimental protocol (Fig. 1b, Supplemental Table 1). We excluded scores obtained on easy
conditions across all difficulty-modulated tasks to prevent ceiling effects, as our cohort composed
of high functioning healthy adults (18.13 + 4.26 years of education, 47 currently
employed/studying). Our participants indeed performed close to ceiling for the easy condition
(CSST-E), but not the difficult condition (CSST-D) (t = 16.8, P < 0.001; Supplemental Fig. 1).
Furthermore, no sex differences were observed in CSST-D scores (Supplemental Fig. 2). To ensure
that the CSST is sensitive to spatial processing, we first cross-referenced it against the well-
established FMT paradigm that was administered outside the scanner (Hartley et al., 2007). FMT
scores correlated strongly with performances in both the CSST-E (r = 0.419, P = 0.003;
Supplemental Fig. 3) and the CSST-D (r = 0.406, P = 0.004; Supplemental Fig. 3). Intra-CSST
association was also significant (r = 0.386; P = 0.007; Supplemental Fig. 3). CSST-D and FMT

correlations were reproduced when analyzing women and men separately (Supplemental Fig. 4).

Several analyses supported specificity of CSST-D to spatial processing while also noting overlap
with relational memory more generally (Fig.1b). Specifically, CSST-D correlated with Sem-D (r
=0.340; P = 0.018) while showing neither an association with MST (r = 0.150; P = 0.308) nor

with Epi-D (r = 0.083; P =0.574). CSST-D also correlated with Sem-E (r =0.301; P = 0.038), but
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not with Epi-E (r = 0.205, P = 0.161; Supplemental Fig. 3). As expected, CSST-D showed no
meaningful associations with MST, Epi-D, and Epi-E when analyzing women and men separately,

but only in men did CSST-D significantly correlate with Sem-D (Supplemental Fig. 4).

Structural Substrates of Spatial Memory Performance in Neocortical Regions

Controlling for age and sex, we observed positive correlations between CSST-D scores and
thickness of bilateral superior temporal, left temporo-polar, bilateral parahippocampal, and left
posterior cingulate cortices (Fig. 2a, see Supplemental Fig. 5 for right-handed participants only).
Following correction for multiple comparisons (pFWE < 0.05), findings were significant in the
left superior temporal sulcus (r = 0.597), left anteromedial superior temporal gyrus (r = 0.609),
right posterior parahippocampal gyrus (r = 0.610), and the left inferior temporo-occipital junction
(r = 0.591; Fig. 2b). CSST-D associations were consistent across clusters when separately
analyzing both biological sexes (r- values women/men; cluster 1: 0.59/0.62; cluster 2: 0.41/0.72;
cluster 3: 0.66/0.62; cluster 4: 0.62/0.63; Supplemental Fig. 6). Notably, average thickness of these
four clusters also positively correlated with performance on the FMT (r = 0.353; P = 0.014; Fig.
2c¢) and Sem-D (r=0.373; P =0.009; Fig. 2c). Cluster-wise associations ranged between r = (0.233—
0.326 for FMT, and between r = 0.217—- 0.369 for Sem-D (Supplemental Fig. 7). Although surface-
based associations between thickness and FMT were not significant after multiple comparisons
correction, effect size maps were significantly similar to those from the correlation between thick-
ness and CSST-D after correction for age and sex (r = 0.472, non-parametric P < 0.001:
(Alexander-Bloch et al., 2018), Supplemental Fig. 8). Cortical thickness did not correlate with
scores in other tasks for the same significance criteria, indicating specificity of the observed brain-

behavior correlations. These findings implicate local regions within the left temporal lobe as well
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as the right MTL as cortical substrates underlying interindividual differences in aptitude on the

CSST-D.
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Figure 2. Cortical substrates of the CSST. (a) Product-moment correlation coefficients of CSST-D performance on
cortical thickness after regressing out age and sex. (b) Findings corrected for multiple comparisons (pFWE <0.05;
cluster-defining threshold of CDT=0.001) highlight clusters in the left superior temporal sulcus, left anteromedial
superior temporal gyrus, right posterior parahippocampal gyrus, and left inferior temporo-occipital junction. (c)
Correcting for age and sex, average cortical thickness across clusters of finding showed robust correlations with
performance on FMT (r = 0.353; P = 0.014) and Sem-D (r = 0.373; P = 0.009).

Structural Substrates of Spatial Memory Performance in Hippocampal Subregions

Controlling for effects of age and sex, we observed a trend between CSST-D scores and total
hippocampal volume (r = 0.234, one-tailed P = 0.052). While no surface-wide association passed
stringent criteria for multiple comparisons corrections (i.e., pFWE < 0.05; CDT = 0.001), we
observed uncorrected associations between CSST-D and hippocampal columnar volumes along

the long axis of each subfield (Supplemental Fig. 9).
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Functional Contextualization

We contextualized the structural imaging findings with respect to areas relevant for spatial
cognition, using task-based fMRI activation maps obtained from the same participants and
Neurosynth-based meta-analysis. We contrasted estimated parameters for retrieval and encoding
within each participant to control for visual processes common to both phases for the same trial.
This subtraction contrast also allowed us to separate the cognitive processes believed to be
implicated in CSST performance. Specifically, we expected the retrieval phase to require both
successful encoding and successful delayed matching of the given spatial configuration. Thus,
contrasting both trial phases can capture neural mechanisms specific to topographical memory
recall. We pooled data across CSST-E and CSST-D trials (Supplemental Table 2) as one-tailed t-
tests failed to ascertain significant group-level activation differences between conditions. We then
mapped the volumetric second-level activations (Supplemental Fig. 10, Supplemental Table 3) to
fsaverage and computed average cortical thickness in highlighted regions, which showed no
correlation with CSST- D scores (r = 0.189, one-tailed P = 0.110; Fig. 3a, Supplemental Fig. 11a).
An additional ad hoc meta-analysis was also performed (Fig. 3b, Supplemental Fig. 11b); here, the
Neurosynth-derived map was similarly mapped to fsaverage and average cortical thickness in
activated areas was computed. We observed a significant association between CSST-D behavioral
performance and average thickness across Neurosynth-derived regions (r = 0.319, one-tailed P =

0.014).

Modulatory Effect of Task Performance on Functional Connectivity Profile
We conducted exploratory seed-based connectivity analyses centered on clusters of findings from
the structural analyses (i.e., left superior temporal sulcus, left anteromedial superior temporal

gyrus, right posterior parahippocampal gyrus, and the left inferior temporo-occipital junction) (Fig.
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4). Accounting for age and sex, we observed a marginal association between CSST-D score and
the connectivity strength of the right parahippocampal cluster (seed 3; Fig. 4a) and a region
encompassed by the left middle frontal and precentral gyri extending medially via the paracentral
lobule into the anterior cingulate (pFWE = 0.052; outlined cortical surface on third row; Fig. 4b).
Here, individuals with higher scores on CSST-D presented with higher functional connectivity
between these nodes. We also found that CSST-D performance positively modulated connectivity
between the left superior temporal sulcus (seed 1; Fig. 4a) and left CA1-3 (pFWE = 0.014; outlined
hippocampal surface on first row; Fig. 4b). A similar modulation was seen for the cluster in the
left inferior temporo-occipital junction (seed 4; Fig. 4a), which showed connectivity modulation

to right CA1-3 by CSST-D (pFWE = 0.036; outlined hippocampal surface on fourth row; Fig. 4b).

2.5 DISCUSSION

Our goal was to design a novel cognitive task to evaluate the ability to encode and retrieve spatial
relationships between unrelated objects in humans and to identify the neural substrates of such
spatial processing via structural and functional connectivity analyses. To this end, we developed
and administered the new CSST to 48 healthy young adults as part of a larger task-based fMRI
battery and conducted structural and resting-state fMRI (rs-fMRI) analyses. In addition to the
CSST, our battery also included a semantic association task and an episodic memory task that were
developed in concert with the CSST to address questions pertaining to relational memory more
generally. All three tasks were homogenized in terms of visual stimuli, task difficulty and duration,
as well as in terms of response paradigm (i.e., three-alternative forced choice). These tests were
further optimized for administration outside as well as inside the scanner and are made openly

available. An additional test for assessing mnemonic discrimination was also included. Behavioral
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correlations with additional memory metrics supported relative sensitivity and specificity of the
CSST to spatial memory, and some overlap with relational memory more generally. Studying in
vivo measures of cortical morphology, we identified substrates underlying interindividual
differences in CSST performance comprising a network of lateral and medial temporal lobe
regions. Complementary explorations of rs-fMRI data indicated a stronger functional connectivity
of these areas in individuals with higher scores on the CSST. Structural MRI findings could be
functionally contextualized by showing overlaps to task-based fMRI activations from the CSST
paradigm itself as well as ad hoc meta-analysis. In this work, we present a new paradigm that taps
into spatial memory processing, and our multimodal MRI results offer new insights into integrated

structure—function substrates of human spatial cognition.

The CSST is an openly accessible (https://github.com/MICA-MNI/micaopen) and convenient
python-based protocol that can be administered inside or outside the scanner in less than 15 min.
It implements symbolic stimuli in a three-alternative-forced-choice paradigm and consists of two
experimental conditions modulated for difficulty (easy: CSST-E; difficult: CSST-D), which is
suitable for the study of interindividual variations and between-group differences in the context of
healthy and clinical cohorts. The CSST encompasses 56 pseudo-randomized trials (28 per
condition) with four equivalent iterations, which can be leveraged to perform multiple probes
while controlling for habituation. In addition to paradigm development, we assessed behavioral
associations between CSST performance to measures obtained from tasks tapping into spatial,
semantic, and episodic dimensions of memory. As this study analyzed high functioning healthy
adults, we restricted the analyses to scores obtained on the difficult condition, CSST-D. The CSST-
E scores, where our healthy individuals perform close to ceiling, may be more suitable for

phenotyping individuals with deficits in spatial cognition, including older adults (Bohbot et al.,
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2012; Perlmutter et al., 1981; Pezdek, 1983) and those with neurological disorders (Bird et al.,
2010). In our cohort, CSST-D results correlated with FMT scores measured outside the scanner,
suggesting that the task is sensitive to topographic memory. Interestingly, behavioral outcome on
the CSST-D was neither correlated with scores on an episodic paired-associates task nor with
performance on a mnemonic discrimination task. However, we did observe a correlation with a
semantic decision-making task, and in a prior study we had also found that the spatial and semantic
aspects of memory were associated via the organization of connectivity between the hippocampus

and the lateral temporo-parietal cortex (Sormaz et al., 2017).

Following these behavioral explorations, we utilized the CSST to determine potential structural
correlates of interindividual differences in spatial cognition. We examined whether interindividual
differences in CSST-D scores correlated to MRI-derived neocortical thickness and hippocampal
columnar volume measures. Accounting for variance explained by age and sex, we observed
associations with the thickness of bilateral superior temporal, left temporo-polar, bilateral
parahippocampal, and left posterior cingulate areas. Following multiple comparisons correction,
findings clustered within left lateral temporal and right medial temporal lobe areas, notably the
right posterior parahippocampus. As a primary relay between the allocortical subregions of the
hippocampal formation and the isocortex, the parahippocampal cortex plays an essential role in
different forms of spatial processing, including memory for scenes and configuration of objects
(Abrahams et al., 1999; Aguirre et al., 1996; Bohbot et al., 2015; Bohbot et al., 2000; Bohbot et
al., 1998; Epstein & Kanwisher, 1998). Increased gray matter volume of the entorhinal cortex has
previously been associated with improved performance on games that rely on geometric
relationships, such as Tetris and Minesweeper, as well as platform games, such as Super Mario 64

(Kithn & Gallinat, 2014). One study also found an increase in gray matter thickness of bilateral
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parahippocampal cortex following 15 daily gaming sessions on a first-person shooter platform,
with long-lasting changes in the left parahippocampal cortex (Momi et al., 2018). The authors
argued that detailed environmental mapping of the virtual arena conferred a competitive advantage
as evidenced by continued navigation during episodes of virtual blindness (i.e., when hit by smoke
or flashbang grenades). However, too great a reliance on the response strategy mediated by the
caudate nucleus, which is the most favored spontaneous navigational behavior in first-person
shooter paradigms, has instead been shown to shrink the hippocampus (West et al., 2018).
Functional neuroimaging paradigms have further implicated the parahippocampal gyrus in object-
location retrieval (Owen et al., 1996), local geometry encoding (Epstein & Kanwisher, 1998;
Epstein, 2008), fine-grained spatial judgment (Hirshhorn et al., 2012), and 3D space representation
(Kim & Maguire, 2018). In line with previous findings, our observations suggest that measures of
parahippocampal gray matter could serve as a proxy for cortico-hippocampal information
coherence, with greater efficiency of the system translating into better spatial cognition skills.
Although their core microstructural changes are incompletely understood, it has been suggested
that variations in cortical thickness may, nonetheless, capture underlying variations in
cytoarchitecture. For example, while thickness measurements may be anti-correlated to neuronal
density, regions of relatively high thickness with reduced density may instead present with more
complex dendritic arborization, which could facilitate integrative information processing

(Cahalane et al., 2012; Collins et al., 2010; la Fougere et al., 2011; Wagstyl et al., 2015).
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Figure 3. Functional contextualization. To further address task validity, CSST-D scores were correlated with
average cortical thickness across regions of activation from CSST- and Neurosynth-derived maps. (a) Left column:
Group level (n = 44) CSST surface-wide activation for “retrieval-versus-encoding” weighted contrast. Notably, the
right PHG shows significant activation. Dark outlines correspond to structural clusters. Middle column: volumetric
activation (MNI coordinates: 15, —40). Right column: Trend between average cortical thickness across regions of
activation and CSST-D score (r = 0.189, one-tailed P = 0.110). (b) Left column: Neurosynth-derived surface-wide
coactivations for the term “navigation.” Dark outlines correspond to structural clusters. Middle column: volumetric
activation (MNI coordinates: 15, —40). Right column: Significant association between average cortical thickness
across coactivated areas and CSST-D performance (r = 0.319, one-tailed P = 0.014).

Regarding the hippocampus, we observed a positive trend between CSST-D scores and total
hippocampal volume. The hippocampus has long been associated with spatial processing in
experimental work in animals (Aggleton et al., 1986; Burgess et al., 2007; O'Keefe & Nadel, 1978;
Sargolini et al., 2006), as well as in lesional patients (Milner, 1965; Rains & Milner, 1994; Smith

& Milner, 1981, 1989) and human neuroimaging studies (Abrahams et al., 1999; Aguirre et al.,
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1996; Ghaem et al., 1997; Hassabis et al., 2009; Kim & Maguire, 2018; Maguire et al., 1998;
Maguire et al., 2000; Robin et al., 2018). Furthermore, task-based fMRI analysis of the CSST
paradigm and ad hoc meta-analysis via Neurosynth confirmed consistent activations in the
hippocampus-parahippocampus complex, particularly in its posterior divisions. It is worth noting
that while our result pertaining to the whole hippocampal volume corroborates prior evidence, our
analytical approach may not have been sensitive enough to identify subregional effects. Further
analyses with larger cohorts and/or higher resolution imaging of the hippocampus are required to
more robustly explore subregional substrates in the hippocampus; such approaches may benefit
from methodologies that tap into hippocampal longitudinal and medio-lateral axes (Paquola et al.,

2020; Plachti et al., 2019; Przezdzik et al., 2019; Vos de Wael et al., 2018).
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Figure 4. Seed-based resting-state functional connectivity analysis. Analyses focused on clusters of significant
structural modulations (see Fig. 2; presented in rows). (a) Left column: seeds; Middle and right columns: whole-brain
and hippocampal functional connectivity for each seed. (b) Associations between CSST-D and connectivity profiles.
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Our choice of task-related functional contrasts was informed by the overlap between whole-brain
findings for the retrieval-versus-encoding comparison and Neurosynth-based meta-analytical
results obtained for the term “navigation”. Other contrasts (i.e., easy-vs.-difficult and successful-
vs.-unsuccessful trials) failed to yield voxel-wise findings after correction for multiple com-
parisons. These negative observations mandate in-depth analyses using multivariate approaches in
addition to classical univariate methodologies, especially when investigating associations between
interindividual variations in functional activation and behavioral outcome measures on the CSST.

We will address these questions and more in follow-up studies.

In addition to results pertaining to the MTL, we observed structural MRI effects in lateral temporal
areas whose role is less well defined in spatial cognition. Within-sample fMRI and ad hoc meta-
analysis results did not support any functional relevance of lateral temporal regions to spatial
memory processing and navigation. Several studies have already pointed to contributions from
extra-MTL structures such as the posterior cingulate, retrosplenial, dorsolateral prefrontal, and
posterior parietal cortices (Aguirre et al., 1996; Byrne et al., 2007; Ghaem et al., 1997; Maguire et
al., 1998; Whitlock et al., 2008), but none explicitly to lateral temporal areas. In one virtual-reality
fMRI study in which participants navigated a circular platform, grid-cell firing patterns were
consistently observed in the lateral temporal cortices, in addition to MTL findings (Doeller et al.,
2010). Another experiment showed that movement-onset periods in a square virtual environment
were linked to increases in theta frequency power mainly within the hippocampus, but also across
the lateral temporal lobes, with greater changes in theta power for relatively longer path lengths
(Bush et al., 2017). A meta-analytic review also found that bilateral lateral temporal cortices
participated in the processing of familiar as opposed to recently learned virtual environments

(Boccia et al., 2014). Interestingly, the same review also reported greater involvement of the right
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parahippocampus in recently learned virtual settings when compared with familiar ones. Our
observation that measurements of cortical thickness across disparate clusters within the left lateral
temporal lobe correlate with performance on the CSST-D corroborates previous findings regarding

a complementary role of lateral temporal areas to medial regions in spatial processing.

To provide network-level context for these structural findings, we implemented seed-based rs-
fMRI connectivity analyses centered on lateral and medial temporal clusters where morphological
associations to CSST-D performance were seen. Using more exploratory thresholding, we
observed a positive association between CSST-D scores and the connectivity strength between
components of this network, specifically between medial and lateral temporal regions, together
with a region denoted laterally by the middle frontal and precentral gyri, and medially by the
paracentral lobule and superior anterior cingulate. Significant connectivity modulations were
obtained for three out of four clusters that showed main effects of CSST-D on cortical thickness;
such a combined effect on morphology and functional connectivity speaks to intracortical and
network level substrates underlying spatial cognition. Since the discovery of rodent place cells
(O'Keefe & Dostrovsky, 1971) and the formulation of the cognitive map theory (O'Keefe & Nadel,
1978), which primarily focused on the hippocampus, the neural landscape of spatial cognition has
increasingly been conceptualized as a network that encompasses widespread brain areas that
perform complementary operations. One leading model posits a vast circuit involving MTL and
extra-MTL regions that participate in the reciprocal transformation of body-centered and subject-
invariant spatial representations (Bicanski & Burgess, 2018; Byrne et al., 2007; Dhindsa et al.,
2014). An at times overlooked assumption is that regions involved in specific neural processes
may be recruited in various other cognitive domains. Given that the human brain is a finite organ

capable of multiple mental functions, it is not surprising that many neural operations show
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anatomical convergence. In fact, some of the regions discussed herein in the context of spatial
memory may apply equally as well to other related cognitive faculties (Bellmund et al., 2018;

Constantinescu et al., 2016; Epstein et al., 2017; Mok & Love, 2019).

Thus, the behavioral correlation that we observed between spatial and semantic memory scores
could point to shared mechanisms across different mnemonic domains. This finding is in line with
prior literature suggesting such functional versatility of the hippocampus, which is likely
predicated on its structural connectivity to other brain systems (Moscovitch et al., 2005; Nadel &
Moscovitch, 1997). Notably, associations between semantic and spatial processing also paralleled
our recent study of individual differences in different types of memory (Sormaz et al., 2017). In
this study, we found that both semantic and spatial memory were related through their association
between hippocampal and lateral parietal connectivity at rest. It has been proposed that the brain
may organize semantic information as a navigable conceptual mental space, a mechanism not
unlike the encoding of spatial information into a cognitive map via the concerted activity of
hippocampal place cells and entorhinal grid cells (Constantinescu et al., 2016; Hafting et al., 2005;
McNaughton et al., 2006; O'Keefe & Dostrovsky, 1971). New evidence further indicates that these
cell populations are in fact functionally more flexible than previously believed. For example, it has
been argued that the neural mechanisms that encode for Euclidean space may also eventuate a
multitude of orthogonally stable cognitive spaces, each representing a unique dimension of
experience, such as conceptual knowledge (Bellmund et al., 2018). Recent findings support the
involvement of domain-invariant learning algorithms that apply to the neural organization of both
spatial and semantic information (Mok & Love, 2019). By implementing our newly developed

CSST in conjunction with stimulus-matched episodic and semantic memory paradigms, it may be
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possible to efficiently explore the degree of structural and functional convergence across relational

memory domains both in healthy as well diseased populations.
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2.8 SUPPLEMENTARY METHODS

Structural MRI processing
Hippocampal subfield surface mapping. We harnessed a validated approach for the segmentation

of hippocampal subfields, generation of surfaces running through the core of each subfield, and
surface-based “unfolding” of hippocampal features (Bernhardt et al., 2016; Caldairou et al., 2016;
Vos de Wael et al., 2018). In brief, each participant’s native-space Tlw image underwent
automated correction for intensity non-uniformity, intensity standardization, and linear registration
to the MNI152 template. Images were subsequently processed using a multi-template surface-
patch algorithm (Caldairou et al., 2016), which automatically segments the left and right
hippocampal formation into subiculum, CA1-3, and CA4-DG. An open-access database of manual
subfield segmentations and corresponding high resolution 3T MRI data (Kulaga-Yoskovitz et al.,
2015) was used for algorithm training. A Hamilton-Jacobi approach (Kim et al., 2014) generated
a medial surface sheet representation running along the central path of each subfield and surfaces
were parameterized using a spherical harmonics framework with a point distribution model (Styner
et al., 2006). For each subfield surface vertex, we then calculated columnar volume as a marker of
local grey matter (Kim et al., 2014). During data analysis, vertex-wise projections of hippocampal
columnar volume underwent surface-wide smoothing (FWHM=10) using SurfStat for Matlab

(MathWorks, R2019b).
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2.9 SUPPLEMENTARY FIGURES
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Supplemental Figure 1 | Participants scored significantly higher on the CSST-E (83.1+11.3%) compared to the
CSST-D (53.5+10.7) as evidenced by a two-tailed paired student t-test (+=16.8, p<0.001). Red horizontal lines show
distribution means. Chance level performance is depicted as a horizontal line (33.33%). Participants scored
significantly higher than chance level on each condition (CSST-E: +=30.4, p<0.001; CSST-D: =13.1, p<0.001).
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Supplemental Figure 2 | In order to assess whether variability in the results is driven by middle-aged participants,
we assessed whether individuals above 35 years of age performed similarly to younger adults. No age-related
differences were observed in either sex group (older women: 54.5+£14.4%, young women: 52.9+11.3%, =0.227,
p=0.823; older men: 50.4+7.5%, young men: 54.5+11.0%, =0.918, p=0.366). Thus, we combined data across age
strata in each group and compared scores. We observed no sex differences in CSST-D performance (women:
53.3£11.7%; men: 53.6+£10.4%; =0.094, p=0.925).

67



CSST-E (%)

N
o

Sem-E (%)

1
- . .
u .
. r=0.386
. X p=0.007
r 0s - 20 CSST-D (%) 80
100 . . 100 . ey Ps
L . . .
S s
£ . . .
o g . "
. D . .
£ .
. r=0.340 L4 r=0.301
, 20 p=0.018 0 p=0.038

CSST-E CSST-D FMT  Sem-E Sem:D MST  EpiE  EpiD 20 CSST-D (%) 80 20 CSST-D (%) 80

N

Supplemental Figure 3 | left: correlation matrix of performance across all tasks, including easy conditions. Outlined
area shows tasks with which CSST-D shows significant associations (*p<0.05; **p<0.01; ***p<0.005). right: scatter
plot of most significant associations with other tasks (FMT: Four Mountains Task; CSST-D/E: Conformational Shift
Spatial Task-Difficult/Easy; Sem-D/E: Semantic Task-Difficult/Easy; Epi- D/E: Episodic Difficult/Easy; MST:
Mnemonic Similarity/Discrimination Task)
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Supplemental Figure 4 | Correlation matrix of performance across all tasks for women and men. Outlined areas
show tasks with which CSST-D shows significant associations (*p<0.05; **p<0.01; ***p<0.005). (FMT: Four
Mountains Task; CSST-D/E: Conformational Shift Spatial Task-Difficult/Easy; Sem-D/E: Semantic Task-
Difficult/Easy; Epi-D/E: Episodic Difficult/Easy; MST: Mnemonic Similarity/Discrimination Task)

68



100

r=0.943

bin count

e o - ————— - - - - - -~ — - -~ - - - -

VI T . A L

0 0.2 0:4 O.é 0.8 1
correlation null distribution

Supplemental Figure 5 | top panel: Product-moment correlation coefficients of CSST-D performance on cortical
thickness after regressing out age and sex for right-handed participants (n=44). Highlighted clusters denote regions of
significant association after multiple comparisons correction (p,,,,<0.05). bottom panel: a non-parametric null

distribution was generated by correlating the CSST-D x cortical thickness statistical ¢ map with 10,000 permutated ¢
maps of right-handed only CSST-D x cortical thickness. Actual correlation between original maps is shown by the
dashdotted line (=0.943, non-parametric p<0.001).
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Supplemental Figure 6 | Controlling for age, we observed moderate-to-high associations between average cortical

thickness and CSST-D scores for all clusters in men and women.
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Supplemental Figure 7 | Cluster-wise associations between cortical thickness and scores for FMT (top row
scatterplots) and Sem-D (bottom row scatterplots). Correlation coefficients ranged between r=0.233-0.326 for FMT
(mean effect of 0.353), and between r=0.217-0.369 for Sem-D (mean effect of 0.373).
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Supplemental Figure 8 | left panel: Product-moment correlation coefficients of FMT performance on cortical
thickness after regressing out age and sex. right panel: a non-parametric null distribution was generated by correlating
the CSST-D x cortical thickness statistical  map with 10,000 permutated ¢t maps of FMT x cortical thickness. Actual
correlation between original maps is shown by the dashdotted line (+=0.472, non-parametric p<0.001).
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Supplemental Figure 9 | left panel: coronal section of the brain showing the hippocampal subfields.
right panel: uncorrected associations between CSST-D score and columnar volume shown on hippocampal subfield
surfaces after regressing out age and sex.

MNI coordinates: (x, -40, -7)

Supplemental Figure 10 | Group-level volumetric activation map for the contrast between retrieval and encoding.
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FMT 0.406
Sem-D 0.340 0.237
MST 0.150 0.278 0.172
Epi-D 0.083 0.206 -0.058 0.224
CSST-D FMT Sem-D MST

Supplemental Tablel | Product-moment correlation coefficients of task performance scores

(see Figure 1b)

successful unsuccessful

CSST-E 23 + 3 (15-28) 5+3(0-13)
CSST-D 15 + 3 (8-22) 13 + 3 (6-20)
Total 38 + 5 (28-50) 18 + 5 (6-28)

Supplemental Table 2 | Number of successful and unsuccessful trials in the each condition of
the CSST reported as the mean + SD (range) .
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MNI peak peak peak
XY,z {mm} T p(unc) p(FWE-corr)
18 -64 5 14.87 <0.001 <0.001
21 -58 -1 14.52 <0.001 <0.001
12 -58 2 11.74 <0.001 <0.001
-15 -67 8 11.24 <0.001 <0.001
-18 -76 -4 11.16 <0.001 <0.001
-21 -64 -4 10.7 <0.001 <0.001
33 23 2 9.68 <0.001 <0.001
39 20-13 7.13 <0.001 0.001
-39 -22 59 9.54 <0.001 <0.001
-39 -37 41 7.99 <0.001 <0.001
-33 -16 65 7.97 <0.001 <0.001
36 -49 50 9.17 <0.001 <0.001
27 -52 47 9.01 <0.001 <0.001
24 -67 59 8.2 <0.001 <0.001
6 26 41 8.46 <0.001 <0.001
6 38 23 6.37 <0.001 0.008
45 -28 47 8.19 <0.001 <0.001
42 -37 47 7.91 <0.001 <0.001
51 -19 44 7.19 <0.001 0.001
45 32 23 8.05 <0.001 <0.001
-9 -70 53 7.14 <0.001 0.001
-12 -76 47 6.52 <0.001 0.005

Supplemental Table 3 | Group-level volumetric statistics for contrast between retrieval and encoding across pooled

CSST-E and CSST-D trials.
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With the establishment of the construct-validity of the spatial iREP within healthy individuals in
the previous section, in the next one (Project II), we aim to behaviorally phenotype a group of TLE
patients as well as age- and sex-matched healthy controls (HC) on the full gamut of the iREP. Here,
we want to investigate phenotypic variations across relational memory domains and different
population cohorts. To this end, we conduct complementary omnibus and multivariate associative
analyses to first address interactive associations in behavioral performance across groups and iREP
measurements, and then to identify multivariate profiles of maximal covariance between iREP
measurements and salient demographic variables, including age, sex, diagnostic group, and
hippocampal volume. We show that compared to HC, TLE patients appear to be significantly
affected on all relational memory domains, with between-group differences persisting along
episodic and spatial components even when accounting for underlying socio-demographic and
cognitive presentations. We additionally confirm the presence of latent multivariate links between
relational memory behavioral phenotypes that scale commensurately with changes in age,
diagnostic group status, and hippocampal volume. Overall, we reveal a graded pattern of
behavioral deficits in older, TLE patients, with relatively smaller hippocampi for whom the
episodic system is severely affected, with additional impairments seen in the spatial system, while

the semantic system presents with mixed results.
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3 PROJECT II: relational memory deficits in temporal lobe epilepsy

This section has been preprinted and is currently under review at Epilepsy & Behavior.
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3.1 ABSTRACT

OBJECTIVE. Temporal lobe epilepsy (TLE) is typically associated with pathology of the
hippocampus, a key structure involved in relational memory, including episodic, semantic, and
spatial memory processes. While it is widely accepted that TLE-associated hippocampal
alterations underlie memory deficits, it remains unclear whether impairments relate to a specific

cognitive domain or multiple ones.

METHODS. We administered a recently validated task paradigm to evaluate episodic, semantic,
and spatial memory in 24 pharmacoresistant TLE patients and 50 age- and sex-matched healthy
controls. We carried out two-way analyses of variance to identify memory deficits in individuals
with TLE relative to controls across different relational memory domains, and used partial least
squares correlation to identify factors contributing to variations in relational memory performance

across both cohorts.

RESULTS. Compared to controls, TLE patients showed marked impairments in episodic and spatial
memory, with mixed findings in semantic memory. Even when additionally controlling for socio-
demographic variables and overall cognitive/executive function, between-group differences
persisted along episodic and spatial domains. Moreover, age, diagnostic group, and hippocampal

volume were all associated with relational memory behavioral phenotypes.

SIGNIFICANCE. Our behavioral findings show graded deficits across relational memory domains
in people with TLE, which provides further insights into the complex pattern of cognitive

impairment in the condition.

Key words: relational memory, temporal lobe epilepsy, hippocampus
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3.2 INTRODUCTION

Temporal lobe epilepsy (TLE) is the most common pharmacoresistant epilepsy in adults, and
typically associated with pathology of the hippocampus (Spiers et al., 2001; Tavakol et al., 2019;
Thom, 2014), a key structure involved in the formation and retrieval of memories. Hippocampal
lesions are believed to disrupt mnemonic functions in individuals with TLE, which can sometimes
impact their quality of life more than seizures (Hoppe et al., 2007; Viskontas et al., 2000). To
improve patient care, it is crucial to understand the full scope of TLE deficits by recognizing how

hippocampal damage impacts various cognitive processes.

Relational memory encompasses several faculties that synthesize the elements of subjective
experience into a coherent mental representation (Bellmund et al., 2018; Eichenbaum & Cohen,
2001; Olsen et al., 2012). Relational memory domains include episodic, semantic, and spatial
memory. Episodic memory integrates contiguous spatiotemporal events (Tulving, 1983; Tulving,
2002) into a self-referential abstraction known as an episode (Eichenbaum, 2018; Eichenbaum et
al., 1999). Semantic memory amalgamates notions and facts into a mental hierarchy of conceptual
categories (Cutler et al., 2019; Helmstaedter et al., 1997; Solomon & Schapiro, 2020). Spatial
memory maps out and binds the locations of ambient objects into a mental feature space of the
physical environment, also referred to as a cognitive map (O'Keefe & Nadel, 1978). Recent studies
point to some convergence of these relational domains in healthy individuals, both at the
behavioral and neural level, generally supporting a key involvement of the hippocampus and
associated neocortical networks (Aguirre & D'Esposito, 1997; Binder & Desai, 2011; Binder et al.,
2009; Hassabis et al., 2009; Jefferies, 2013; Jokeit et al., 2001; Moscovitch et al., 2016; Rugg &

Vilberg, 2013; Schindler & Bartels, 2013). In healthy controls (HC), we previously showed an
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association between semantic and spatial cognition based on behavioral performance scores
obtained on different cognitive tests (Tavakol et al., 2021), which was reflected in similar profiles
of intrinsic functional connectivity between the hippocampus and neocortex (Sormaz et al., 2017).
Other task-based investigations have uncovered patterns of brain activity that are compatible with
neural representations for both semantic concepts as well as physical space (Constantinescu et al.,

2016; Mok & Love, 2019).

Episodic memory impairment is well-established in TLE, backed up by ample behavioral (Barrett
Jones et al., 2022; Phuong et al., 2021; Viskontas et al., 2000) and neuroimaging (McCormick et
al., 2014; Sepeta et al., 2018; Sidhu et al., 2013) findings. On the other hand, and surprisingly, the
literature on other relational memory domains remains scarce. With respect to spatial memory,
findings are relatively limited, but suggest atypical behavioral phenotypes and neural
representations (Schmidbauer et al., 2022; Tallarita et al., 2019). Likewise, despite well-recognized
impairments in language and naming performance in TLE (Barrett Jones et al., 2022; Bell et al.,
2001; Giovagnoli et al., 2005), relational semantic memory has only sporadically been studied in
TLE (Helmstaedter et al., 1997; Lambon Ralph et al., 2012). Notably, there have not been any
integrated assessments of episodic, semantic, and spatial memory in the same patients. Examining
patients and HC using a multidomain memory paradigm can help address the specificity of TLE-

associated behavioral impairments across these different cognitive domains.

The current study investigated episodic, semantic, and spatial memory in TLE patients as well as

HC using a recently developed, open-access behavioral battery (integrated Relational Evaluation

Paradigm, iREP). The iREP combines three computerized and domain-specific modules (i.e.,
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Episodic, Semantic, and Spatial), each of which incorporates visual stimuli representing ordinary
items, two levels of difficulty (Easy vs. Difficult), and a 3-alternative forced choice design. We
first ran independent analyses in each cohort to confirm the difficulty manipulation across
modules, and then performed an analysis of variance (ANOVA) to identify between-group
behavioral differences in episodic, semantic, and spatial memory performance on the iREP. Finally,
we implemented partial least squares (PLS) analysis, a multivariate associative technique, to
identify how variations in clinical/demographic factors contribute to shared mnemonic phenotypes

across memory domains.

3.3 METHODS

Participants

We studied 74 adult participants recruited between 2018 and 2022 at the Montreal Neurological
Institute and Hospital, including a cohort of 24 pharmacoresistant TLE patients (12 women, mean
age £ SD: 35.0 = 11.5 years, range: 1857, 2 ambidextrous) referred to our hospital for presurgical
investigation, and 50 age- and sex-matched HC recruited via advertisement (20 women, 32.0 + 7.8
years, range: 19-57 years, 5 left-handed). Epilepsy diagnosis and seizure focus lateralization were
established following a comprehensive multidisciplinary assessment based on medical history,
neurological and neuropsychological evaluation, video-electroencephalography telemetry, and
magnetic resonance imaging (MRI). Fifteen patients had a left-sided seizure focus, and 9 had a
right-sided focus. Based on quantitative hippocampal MRI volumetry (DeKraker et al., 2022), 15
patients (62.5%) showed hippocampal atrophy ipsilateral to the focus (i.e., absolute ipsilateral-

contralateral asymmetry index > 1.5 and/or ipsilateral volume z-score < -1.5). Average age at
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seizure onset was 21.1 + 10.8 years (range: 2-49 years), and average duration of epilepsy was 13.8
+ 10.9 years (range: 1-39 years). At the time of study, no patient had undergone resective surgery.
Following an average time of 147 + 98 days post-study, 9 patients underwent surgery, and 5 were
rendered seizure free after a mean follow-up of 372 + 329 days post-op. All participants had normal
or corrected-to-normal vision. Our study was approved by the Research Ethics Committee of the
Montreal Neurological Institute and Hospital, and all participants provided written and informed

consent.

Relational memory phenotyping
The integrated Relational Evaluation Paradigm (iREP) is a recently developed, open access,

python-based relational memory assessment tool (https://github.com/MICA-MNI/micaopen/task-

fMRI) (Tavakol et al., 2021). It incorporates three memory domain specific modules: Episodic,
Semantic, and Spatial. iREP administration is flexible. Modules can be completed in the laboratory
or within varied neuroimaging platforms (i.e., MRI scanner environment). Task instructions
require verbal comprehension, but the task execution is non-verbal and homogenized via (i) the
use of similar visual stimuli taken from a pooled custom-made and semantically-indexed library,
(ii) the modulation of cognitive load across two conditions (i.e., Easy vs. Difficult) with a pseudo-
randomized trial presentation order, and (iii) the implementation of a 3-alternative forced choice
trial-by-trial paradigm. Each module contains four distinct stimulus lists (i.e., A, B, C, and D) for
inter-individual counterbalancing and/or longitudinal administration. This allows for a combined
evaluation of different forms of relational memory across two difficultly levels using a matched
stimulus set and task structure. In the current study, all participants were tested on the iREP inside

the MRI scanner, as part of a multimodal neuroimaging protocol described elsewhere (Tavakol et
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al., 2021). Participants used an MRI-compatible response box to provide their answers. The neural
responses recorded with functional MRI are outside the scope of this study, but will be the focus

of forthcoming projects.
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Figure 1. Trial design for each iREP module. (fop row) The Episodic task consists of two separate runs. During
Encoding, object pairs must be memorized. After a 10-minute break during Retrieval, the item that was originally paired
with the top image must be recalled among three options. (middle row) In the Semantic task, the item that is the most
conceptually congruent with the top object must be selected out of three choices. (bottom row) During the Spatial task,
the configuration of three items must initially be encoded (encoding). Within the same trial, the original spatial
arrangement must be chosen out of three options (retrieval). Numbers are there to visually aid participants on which
response key to press. Overall durations for stimuli and inter-stimulus intervals are shown for each module.
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(i) Episodic module. The episodic module is a symbolic version of an established lexicon-based
episodic memory paradigm (Payne et al., 2012; Sormaz et al., 2017) that involves an encoding and
a retrieval phase (Fig. 1: top row). In the encoding phase (~6 minutes), the participant memorizes
a pair of unrelated objects presented simultaneously at each trial (i.e., doorknob and ostrich). Half
of the stimulus pairs is shown only once throughout the run for a total of 28 trials (i.e., Difficult
condition), and the other half is displayed twice to ensure more stable encoding for a combined 56
trials (i.e., Easy condition), with a total of 84 trials for the entire task. The retrieval phase (~4.5
minutes) is administered after a 10-min interval. During each trial, one item is displayed at the top
of the monitor (i.e., doorknob) and three others, at the bottom (i.e., shark, ostrich, and ladder).
From the latter three options, the participant selects the object that was paired with the top item
during the encoding phase. There are 56 pseudo-randomized trials in total with equal number of

trials per condition (i.e., 28 Difficult: Epi-D; 28 Easy: Epi-E).

(ii) Semantic module. The semantic module is a symbolic variant of an established lexicon-based
semantic association protocol (Sormaz et al., 2017; Wang et al., 2018) (Fig. 1: middle row). This
task consists of 56 pseudo-randomized trials (~4.5 minutes), with two conditions of equal length
(i.e., 28 Difficult: Sem-D; 28 Easy: Sem-E). At each trial, a reference item appears at the top of
the monitor (i.e., basketball) with three stimuli below (i.e., soccer ball, above ground pool, can
opener), exactly as described in the retrieval phase of the Episodic module. The participant selects
the option that is conceptually most alike to the object presented at the top. Pairwise conceptual
affinity indices (cai) were calculated using an algorithm that leverages internet-based lexical
corpora (Han et al., 2013), ranging from 0 to 1. In Sem-E trials, the correct response (i.e., soccer

ball) and the top image (i.e., basketball) are related by cai > 0.66; in Sem-D trials, the similarity
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index is given by 0.33 <cai <0.66. Regardless of condition, the conceptual relatedness of the top
stimulus and the foils (i.e., above ground pool, can opener) is always cai < 0.33. Thus, the level
of difficulty across conditions is a function of the semantic relationship between the top object and

the correct response.

(iii) Spatial module. Spatial memory was assessed using a recently validated paradigm (Tavakol
et al., 2021) (Fig. 1: bottom row). This module consists of 56 pseudo-randomized trials (~12.5
minutes), with two conditions (i.e., 28 Difficult: Spa-D; 28 Easy: Spa-E). At each trial, the
participant first memorizes the spatial configuration of three objects, and then selects the same
arrangement among three options in a delayed-onset design. In Spa-D trials, the two distractor
layouts are very similar to the target configuration as only the spacing between the objects has
changed. In the Spa-E trials, in addition to the spacing, the relative position of each item within
the configuration is also changed, thus making it easier to differentiate the correct arrangement

from the two foils.

iREP scoring
For each participant, we computed six iREP accuracy scores (i.e., Epi-E, Epi-D, Sem-E, Sem-D,

Spa-E, and Spa-D): accuracy = 2% « 100, where ncorec is the number of correct responses and

NTrial

ntvial 1S the number of trials, which is always 28.

Parallel assessment of executive and overall cognitive function

In addition to the iREP, we administered the EpiTrack and the Montreal Cognitive Assessment

(MoCA) protocols to our participants to account for factors that could potentially affect the
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relationship between study cohorts and iREP outcome measures. Both tools are behavioral
screening protocols for cognitive impairment. The EpiTrack is commonly used in patients with
epilepsy to identify and monitor impairments in processing speed and attention (L&hde et al., 2021;
Lutz & Helmstaedter, 2005), while the MoCA is used to detect mild cognitive impairment and

dementia (Nasreddine et al., 2005).

Hippocampal atrophy determination
We acquired MRI data on a 3 T Siemens Magnetom Prisma-Fit with a 64-channel head coil. Two
T1-weighted scans with identical parameters were performed with a 3D-MPRAGE sequence (0.8

mm isotropic voxels, matrix = 320 x 320, 224 sagittal slices, TR = 2300 ms, TE = 3.14 ms, TI =

900 ms, flip angle = 9°, iPAT = 2). We used HippUnfold (DeKraker et al., 2022) to segment the
left and right hippocampi in each participant, and to estimate their volumes. HippUnfold
implements a U-Net deep convolutional neural network to automate detailed hippocampal tissue
segmentations. Grey matter data are then mapped onto the resulting “unfolded” hippocampal
space, with distinct subregional features. In the current work, we only examined whole
hippocampal grey matter volumes, restricting analyses to MNI152-derived metrics to account for
interindividual variability in intracranial volume. To compute the absolute ipsilateral-contralateral

asymmetry index, we first calculated non-normalized left-right asymmetry scores for controls and

Hipp— Hippr

patients as follows: ——-———R_
(HippL+ HippR)/2

, where Hippr (Hippr) is the volumes of the left (right)

hippocampus in MNI152 space. We normalized patient asymmetry scores with respect to those of
controls, and thresholded indices at abs(index) > 1.5. To calculate patient ipsilateral volume z-

scores, we normalized left and right volumes for patients with respect to corresponding volumes
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for controls, and thresholded ipsilateral values at z;,;; < -1.5. Criteria for atrophy were met if either

measure was satisfied.

Statistical Analysis

(i) Analysis of variance (ANOVA). We ran a 2x6 repeated measures mixed ANOVA which
comprised one between-group factor with two levels (i.e., group: HC, TLE) and one within-group
factor with six levels (i.e., iREP: Epi-E, Epi-D, Sem-E, Sem-D, Spa-E, Spa-D), with individual

identifiers for each participant (i.e., id):

(1) accuracy ~ 1+ group * iREP + Error(id/iREP)

(ii) Control analyses. To assess whether significant between-group differences in relational
memory performance were seen above and beyond differences in socio-demographic factors (age,
sex) and impairments in executive function and overall cognitive ability (EpiTrack, MoCA), we

regressed out the effects of covariates of interest and refit the model using the residual scores:

(2) accuracy ~ 1+ covariate + Error = residual accuracy

(3) residual accuracy ~ 1+ group * iREP + Error(id/iREP)

(iii) Partial least squares (PLS). We also used multivariate models to complement the above case-
control method from a data-driven perspective. PLS is a multivariate associative technique that
maximizes the covariance between two datasets by decomposing their cross-correlation matrix and
deriving optimal linear combinations of the original datasets known as latent variables (LV)
(Kebets et al., 2019; McIntosh & Lobaugh, 2004). Unlike the factorial nature of ANOVA, which
seeks to detect significant effects among the various levels of predetermined variables, PLS aims

to generate a lower-dimensional manifold of these factors that effectively recapitulates their raw
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information content. In this way, PLS offers a flexible and complementary mode of analysis. We
computed the cross-correlation matrix between five clinical/demographic features (i.e., age, sex,
group, hippocampal volume) and six iREP measurements (i.e., Epi-E, Epi-D, Sem-E, Sem-D, Spa-
E, Spa-D). Hippocampal volume was normalized with respect to healthy controls, averaged across
hemispheres in HC, and ipsilateral to epileptogenic focus in TLE patients. We decomposed the
cross-correlation matrix via singular value decomposition, which resulted in a vector of left
singular values (i.e., clinical saliences) characterizing a distinct phenotypic pattern for each LV, a
diagonal eigenvalue (i.e., singular value) matrix reflecting the covariance explained by each LV,
and a vector of right singular values (i.e., iREP saliences) describing a particular iREP pattern for
each LV. Subject-specific composite scores were computed by projecting their original clinical and
iREP data onto their respective saliences. To test for the significance of each LV, we ran 5,000
permutation tests by resampling the iREP dataset without replacement while iteratively realigning
permuted saliences to the original ones using Procrustes rotation to obtain a distribution of null
singular values. We interpreted LVs by calculating clinical and iREP loadings, which are product
moment correlation coefficients between original clinical or iREP values with their corresponding
composite scores (i.e., linear projections of original values onto corresponding saliences). To
assess the reliability of significant LVs’ loadings, we applied a bootstrapping procedure with 5,000
iterations by resampling the iREP dataset with replacement and realigning bootstrapped saliences
to the originals using Procrustes transform. We then computed z-scores for each variable loading
by dividing the loading coefficient by its estimated standard error, which is the standard deviation
of the bootstrapped distribution. Finally, we converted z-scores into FDR-adjusted (Benjamini &

Hochberg, 1995) p-values (arpr = 0.05) to determine coefficient significance.
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All data and codes used in this work are openly available at:

https://github.com/MICA-MNI/micaopen/tree/master/tle_memory manuscript _codes

34 RESULTS

The structure of relational memory in HC and TLE patients: ANOVA findings

First, we evaluated the Easy versus Difficult manipulation by conducting three paired sample t-
tests within each cohort. In both groups, within each module, accuracy scores were significantly
higher for the Easy compared to the Difficult condition (ts > 7.0, prpr < 0.0001, Figure 2a). Next,
we compared accuracy on the iREP measurements between HC and TLE groups in a 2x6 repeated
measures mixed ANOVA (Figure 2b), where we observed that performance scores on the iREP
were modulated by group (F2.6, 1867 = 4.86, p < 0.01, n,> = 0.063). Decomposing the group x iREP
interaction using simple main effects tests, we confirmed that HC scored significantly higher than
TLE patients on nearly all measurements: Epi-E (F1,72 =7.76, p < 0.01), Epi-D (F1,72 = 15.18, p <
0.001), Sem-D (F1,72 = 6.52, p < 0.05), Spa-E (F1,72=6.16, p < 0.05), and Spa-D (F1,72=8.02, p
<0.01). In the Sem-E condition, TLE patient scores did not differ from HC (Fi,72 = 0.07, ns). Two
additional control analyses in which we accounted for the effects of socio-demographics (i.e., age
& sex) and executive/cognitive functions (i.e., MoCA & EpiTrack) confirmed the robustness of
group differences in relational memory, especially along episodic and spatial domains. As in the
baseline analysis, group x iREP interactions were significant for both covariate models (socio-
demographics: F26, 1867 = 4.86, p < 0.01; executive functions: F2 5, 1650 = 3.47, p < 0.05). Of note,
MoCA and EpiTrack scores were available for only a subset of the original cohort (nHC = 48/50,
nTLE = 19/24). Across both control regimens, between-group differences persisted for Epi-D (F1,

72=14.10, F1,65 = 9.30; ps <0.01) and Spa-D (F1, 72 = 6.54, F1,65 = 5.62; ps < 0.05). Findings for
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Epi-E and Spa-E were significant when controlling for socio-demographics (F1,72 = 7.02, F, 72 =

5.09; ps < 0.05), but not when accounting for executive/cognitive functions (F1,¢5 = 3.30, F1, 65

1.74; ps ns). Neither covariate analysis found significant between-group differences in Sem-E (F1,

72=0.29, F1, 65 = 3.45; ps ns).
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Figure 2. iREP performance. (@) For each group, we ran three paired sample t-tests to validate the Easy vs. Difficult
manipulation (ts > 7.0, **** p_ - < 0.0001). (b) Results from the repeated measures mixed ANOVA showed a
significant group x iREP interaction effect (F, ; 4., = 4.86, p < 0.01). Simple main effects tests confirmed that HC
performed significantly better than TLE on Epi-E (F1,72 = 7.76, ** p < 0.01), Epi-D (F1,72 = 15.18, *** p <0.001),

Sem-D (F1,72=6.52, * p <0.05), Spa-E (F1,72=6.16, * p < 0.05), and Spa-D (F1,72 = 8.02, ** p <0.01). There was no
group difference in Sem-E (F1,72=0.07, ns).
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The structure of relational memory in individuals with TLE and controls: PLS findings

ANOVA findings were complemented by our PLS results, which revealed that age, group, and
hippocampal volume contributed to relational memory performance. The first latent variable (LV1)
obtained via the decomposition of the cross-correlation matrix between clinical phenotypes and
iREP accuracies accounted for 86% of total covariance (Figure 3a, left). The correlation between
corresponding clinical and behavioral composite scores along LV1 was also significant, as attested

by permutation tests (r = 0.46, pperm < 0.001, Figure 3a, right).
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Figure 3. PLS. (a) left: the first latent variable (LV1) accounted for 86% of the covariance between four clinical
features (i.e., age, sex, group, and hippocampal volume) and six iREP measurements (i.e., Epi-E, Epi-D, Sem-E, Sem-
D, Spa-E, and Spa-D). right: the association between clinical and iREP composite scores along LV1 was significant
(r=0.46,p_ . <0.001) as attested by 5,000 permutations (inset: dashed line “sv” represents the actual singular value).
(b) left: clinical and iREP loadings (95% Cls calculated by bootstrapping). right: loading reliabilities were determined
by z score estimation via bootstrapped ratios (bsr) for each variable by dividing loading coefficients by the estimated
standard error derived from 5,000 bootstraps. Z scores were adjusted for FDR (* pp, < 0.05).

perm
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Additional bootstrapping evaluated the robustness of loadings along LV1 (age: -0.52, sex: 0.05,
group: 0.90, normalized hippocampal volume: 0.77, Epi-E: 0.79, Epi-D: 0.85, Sem-E: 0.40, Sem-
D: 0.58, Spa-E: 0.55, Spa-D: 0.69, Figure 3b, left). Except for sex (z = 0.29, prpr ns), all other
variables presented with significantly reliable loadings (age: z = -2.72, group: z = 21.17,
normalized hippocampal volume: z = 7.39, Epi-E: 11.87, Epi-D: 18.81, Sem-E: 2.56, Sem-D: 5.79,
Spa-E: 4.18, Spa-D: 8.04, all prpr < 0.05, Figure 3b, right). Thus, younger age, allocation to the
HC cohort, and larger total hippocampal volumes were associated with better performance across
all tasks, and while the iREP pattern was shared across modules, episodic accuracies showed
highest contributions, followed by spatial, and finally semantic, validating our ANOVA findings.

Overall, diagnostic group and episodic scores were the most important features of LV1.

3.5 DISCUSSION

Our objective was to analyze the pattern of behavioral impairments across relational memory
domains in patients with TLE, the most common pharmacoresistant epilepsy in adults and a human
disease model of memory dysfunction. We compared the performances of TLE patients to those
of age- and sex-matched healthy controls on the different modules of the iREP, a recently
developed cognitive assessment tool. The iREP is a comprehensive battery that includes three
complementary and homogenous tasks that collectively tap into the episodic, semantic, and spatial
memory systems. Modules are further stratified into two conditions that correspond to levels of
difficulty, thus offering two degrees of probing resolution into each cognitive domain. In addition
to verifying the task difficulty manipulation via paired student t-tests, we applied a repeated

measures ANOVA in conjunction with PLS analysis to identify module-specific associations in

92



behavioral scores across groups and iREP measurements, and to discern latent associative patterns

between clinical features and performance scores.

Our ANOVA results confirmed that TLE patients were considerably impaired on the episodic
module, a finding that expands on an already well-established scientific corpus (Hoppe et al., 2007,
Spiers et al., 2001; Tavakol et al., 2019; Thom, 2014; Viskontas et al., 2000). Also, PLS analysis
revealed that group allocation and performance scores on both conditions of the episodic task were
the strongest contributors to the first PLS latent variable, further validating the notion of episodic
deficits in TLE. We identified additional contributions from the volume of the hippocampus,
supporting a potential link between the integrity of the hippocampi and relational cognition in
general, and episodic memory specifically. Age was another important contributor to overall
relational memory capacities. The decline in hippocampal contributions to relational memory
performance in TLE is related to many factors, including subregional structural pathology
(Bernhardt et al., 2015), disruptions in connectivity patterns (Bernhardt et al., 2016), and functional
reorganization (Postma et al., 2020). Overall, our PLS findings confirmed a relationship between
clinical presentation and general mnemonic ability, where younger age, lower hippocampal
volume, and TLE diagnosis were associated with poor behavioral performance, especially on the
episodic module. We were also interested in whether socio-demographic factors such as age and
sex and more general impairments in cognitive and executive function, attention, and processing
speed might have contributed to the observed between-group differences in episodic memory
(Holler et al., 2020; Xiao et al., 2021). Thus, we ran additional control analyses that accounted for
these covariates. In addition to controlling for age and sex, we also administered supplemental

behavioral screening tools to ensure that group disparities were not driven solely by
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neurobehavioral differences in other domains. Specifically, we used the EpiTrack and MoCA
(Léhde et al., 2021; Lutz & Helmstaedter, 2005; Nasreddine et al., 2005), which are designed to
track deficits in executive function and attention as well as mild cognitive impairment and
dementia, respectively. Group differences in episodic memory persisted even after controlling for
these covariates, suggesting that TLE-associated impairments in this domain are not uniquely

mediated by socio-demographic variables or non-relational cognitive processes.

In addition to episodic memory deficiency, we identified impaired spatial cognition in our TLE
group. Simulation models of spatial processing in conjunction with findings in healthy controls
and individuals with focal hippocampal damage, including TLE patients, point to a fundamental
role of the hippocampus in allocentric spatial memory, which involves the three-dimensional
relations between objects in an environment independent of the subjective viewpoint (Bicanski &
Burgess, 2018; Byrne et al., 2007; Dhindsa et al., 2014; Hartley et al., 2007), with the volume of
the hippocampus further associated with proficiency in this allocentric domain (Abrahams et al.,
1999; Hartley & Harlow, 2012; Maguire et al., 2000). We had previously shown that in a group of
healthy individuals, performance on the Difficult condition of the spatial task (Spa-D) correlated
with the Four Mountains Task (Tavakol et al., 2021), an established protocol for examining
allocentric spatial memory in clinical populations that present with localized hippocampal
pathology and mild cognitive impairment (Chan et al., 2016; Hartley et al., 2007). Therefore, we
were expecting to see indications of spatial deficits in our TLE cohort. Indeed, our ANOVA
findings showed that TLE patients clearly underperformed on the spatial module compared to
controls. Specifically, results seemed to have been driven primarily by Spa-D accuracies, given

how strongly they contributed to the first PLS latent variable, in addition to the absence of cross-
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cohort differences in Spa-E when accounting for EpiTrack and MoCA scores. These observations
indicate that the Difficult condition of the spatial task is well adapted for identifying behavioral
impairments in spatial cognition. Moreover, they build upon findings in kindling models of
epilepsy, where interictal epileptiform discharges are mimicked via successive electrically induced
seizures, whereby disruptions of physiological sharp-wave ripples (100-200 Hz) in the
hippocampus have been shown to compromise spatial memory consolidation (Ego-Stengel &
Wilson, 2009; Gelinas et al., 2016; Girardeau et al., 2009). Our results are also in agreement with
previous observations made in pre- and post-surgical TLE patients, where low 1Q, age of onset,
and epilepsy duration were associated with poor navigational skills on the Hidden Goal Task, a
human analogue of the rodent Morris Water Maze (Amlerova et al., 2013). Additional evidence
for spatial impairment in individuals with TLE has been reported using virtual reality paradigms,
such as the Boxes Room, where patients committed more errors and travelled longer distances to
a goal location than did controls (Canovas et al., 2011; Glikmann-Johnston et al., 2008; Rosas et
al., 2013). While TLE-related spatial deficits are not as well documented as episodic memory
impairments, the findings we have presented here expand on these previous observations and
provide support for the notion that atypical behavioral phenotypes in spatial memory may present

an intermediary feature between those associated with episodic and semantic memory.

Group differences were less well defined on the semantic module, as HC scored higher than TLE
patients on the difficult condition only, and even then, group differences vanished when controlling
for socio-demographic or other cognitive covariates. Unlike the episodic and spatial tasks, which
encompass built-in phases for stimulus encoding and retrieval, the semantic protocol consists of

retrieval only. Presumably, the underlying conceptual associations between objects required to
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complete this module successfully were incidentally and repeatedly encoded throughout the
participant’s lifetime, implicating long-term memory consolidation, which benefits not only from
hippocampal but also non-hippocampal neocortical contributions (Klinzing et al., 2019), with
further evidence suggesting that the neocortex can rapidly form conceptual associations
independent of the hippocampus (Sharon et al., 2011). Indeed, where TLE patients have been
shown to present with semantic deficits, faulty encoding of novel conceptual relations has been
suggested as a potential cause (Helmstaedter et al., 1997). This consideration is in line with the
complementary learning systems framework, which posits a division of labour underlying memory
and learning, whereby the hippocampus rapidly encodes non-overlapping episodic representations
that are gradually consolidated into a latent semantic structure across the neocortex through
interleaved reinstatement of episodic engrams (McClelland et al., 1995; O'Reilly et al., 2014).
Likewise, the multiple trace theory stipulates a resilience of the semantic memory system to lesions
of the hippocampus, a structure, which, in contrast to its recurrent involvement in binding disparate
neocortical patterns that code for either episodic or spatial information, is surmised to be only
transiently active in the context of semantic cognition (Nadel et al., 2000). In addition, we also
note that semantic impairments in people with TLE are typically measured using visual
confrontation naming tasks like the Boston Naming Test, which, while suitable for identifying
dysnomia, do not necessarily tap into semantic association processes per se (Bell et al., 2001;
Giovagnoli et al., 2005). In fact, TLE patients seem to be relatively intact on semantic assessment
protocols similar to our own where conceptual judgment is required (Giovagnoli et al., 2005;
Lambon Ralph et al., 2010), such as the Intelligenz-Struktur-Test, where an outlier must be selected
out of five lexical alternatives (i.e., sitting, lying, going, kneeling, standing) (Helmstaedter, 2002).

While research is ongoing to elucidate the network dynamics involved in verbal deficiencies
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associated with TLE (Trimmel et al., 2018), behavioral divergence across verbal and non-verbal
domains may offer an avenue for mapping out phenotypic differences between TLE and other
similar neurological conditions, such as semantic dementia, in which patients appear to be
impaired on both domains (Bozeat et al., 2000). Even though the semantic module of the iREP is
a valid test of general conceptual knowledge (Sormaz et al., 2017; Tavakol et al., 2021; Wang et
al., 2018), the absence of a significant between-group difference on Sem-E in the current work
does not necessarily entail that TLE patients might be unaffected on more sensitive measures of
semantic cognition, as it has been shown that impairments may emerge if tasks are sufficiently
difficult (Lambon Ralph et al., 2012), which is also supported by our findings on Sem-D. Based
on these considerations, we can conclude that TLE-related impairments in memory of general
associations between everyday items only become observable when these associations are
sufficiently weak, with socio-demographic variables such as age and sex as well as impairments

in other more general cognitive areas further compacting semantic deficits.

Collectively, our results demonstrate atypical behavioral patterns of relational memory in TLE
patients. They point to impairments in episodic and spatial memory that are associated with
variations in age and hippocampal volume, with memory for general semantic associations
remaining relatively intact. These findings imply a hierarchical pattern of relational memory
dysfunction related to medial temporal lobe pathology, with the episodic domain being more
affected than the spatial domain, and the semantic system being the least affected. We acknowledge
a range of limitations of the current work, however. First, given stringent diagnostic criteria for
inclusion in our TLE cohort, we studied only a relatively modest sample of 24 pharmacoresistant

patients. Seizure onset, seizure laterality, and hemispheric dominance are likely important
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contributors to behavioral outcomes, yet we needed to omit them from our study because of sample
size constraints. With ongoing expansion of our patient cohort, we hope to eventually account for
these factors. Furthermore, our task was administered in a controlled laboratory experiment (in our
case in the MRI scanner). This might have, at least in part, contributed to reduced behavioral
performance, a finding to be verified using ecologically more valid tasks in future work. Even so,
our initial observations already provide novel and detailed insights into differential impairments
across relational memory domains accompanying hippocampal damage in TLE patients,
warranting complementary investigations into underlying neural substrates. Notably, task
paradigm and analysis scripts are openly available, with the hope of facilitating adoption of our

assessment as well as independent replication of our findings.
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3.6 SUPPLEMENTARY FIGURE
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Supplemental figure. (a) Between-group cohen’s d metrics were computed for normalized hippocampal subfield
volumes when controlling for age and sex. The largest effect size was observed for the dentate gyrus. (b)) We ran the
same PLS analysis as in the main study using normalized DG volumes instead of total hippocampal volume. LV1
accounted for nearly 90% of the covariance explained in this regimen. (¢) Composite scores were significantly
correlated along LV1. (d) The multivariate pattern of loadings along LV1 closely mirrored original findings.
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In the previous two sections, we leveraged the iREP to identify consolidated structure-function
substrates of relational memory in healthy individuals in addition to establishing the presence of a
hierarchical pattern of TLE-associated cognitive impairments across domains, with the episodic
being most affected, the semantic being least affected, and the spatial system showing an
intermediary phenotype. In the next and final section (Project III), we aim to uncover functional
brain organizations that may underlie domain and group differences in relational memory capacity.
We additionally seek to identify a lower-dimensional functional motif that may be conserved
across relational components. Thus, we conduct a series of iREP module-specific multivariate
investigations that analyze the covariation between hidden features of task-based functional
connectivity and behavioral-demographic phenotypes. We run supplementary cross-module hybrid
analyses to uncover the level of convergence/divergence across relational domains. First, we
identify module-specific latent connectivity patterns that are associated with variations in age,
diagnostic group, and performance scores, harkening back to Project II findings. Next, we confirm
the existence of a lower-dimensional functional topography within the limbic network that is
linked to a multivariate profile consisting of younger, healthy individuals who present with
relatively high behavioral scores across all iREP measurements. Moreover, we detect altered
whole-brain functional integration of the default mode network (DMN) in older, TLE patients who
perform relatively poorly on the iREP, which may reflect underlying TLE-associated structural-

functional pathology.
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4  PROJECT III: multivariate profiles of relational memory

This section presents preliminary results pertaining to task-based functional connectivity.
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4.1 ABSTRACT

OBJECTIVE. Prior work has shown a graded pattern of behavioral impairments in relational
memory in temporal lobe epilepsy (TLE). The underlying network-level functional dynamics of
these behavioral presentations are unclear. The aim of this study was to examine the convergence

of functional topographies across relational memory domains in TLE patients and controls.

METHODS. We administered a novel relational memory paradigm to evaluate episodic, semantic,
and spatial memory in 24 pharmacoresistant TLE patients and 50 age- and sex-matched healthy
controls while they underwent scanning. We conducted separate partial least squares (PLS)
correlation analyses in each memory domain to ascertain associations between behavioral
accuracies and task-based functional connectomes. We additionally ran hybrid analyses in which
we used PLS-derived functional connectivity saliences in one domain to predict latent patterns of

behavioral-functional association in the other two domains.

RESULTS. Across episodic, semantic, and spatial dimensions, TLE patients presented with patterns
of functional connectivity that differed from controls, who exhibited latent connectivity
topographies that converged within the limbic system. TLE patients displayed heightened whole-
brain DMN functional integration, especially during episodic processing, and presented with
cortical patterns that may indicate compensatory functional mechanisms for underlying MTL

alterations.

SIGNIFICANCE. Our findings show altered functional dynamics in TLE that are associated with
poor relational memory performance. They further shed light on common as well as domain-
specific cortical topographies in healthy controls that underlie better behavioral outcomes.

Key words: relational memory, temporal lobe epilepsy, hippocampus, functional connectivity
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4.2 INTRODUCTION

Relational memory consists of different types of associative mental faculties that generally fall
into three main categories: episodic, semantic, and spatial. Each domain is defined by the capacity
to bind singular elements of subjective experience into an integrated cognitive model that can
inform subsequent thoughts and behaviors (Bellmund et al., 2018; Eichenbaum & Cohen, 2001;
Olsen et al., 2012). In episodic memory, distinct spatiotemporal events combine to form a
continuous thematic narrative known as an episode (Tulving, 1983; Tulving, 2002). In semantic
memory, separate concepts merge into superordinate categories of meaning (Cutler et al., 2019;
Helmstaedter et al., 1997; Solomon & Schapiro, 2020), whereas in spatial memory, the locations
of distinct items consolidate into a broad mental construct known as a cognitive map (O'Keefe &
Nadel, 1978). Since the late 1950s, the study of relational memory in humans has gone hand in
hand with investigations specific to temporal lobe epilepsy (TLE), which is the most common
pharmacoresistant form of the condition that presents with sclerotic lesions of the hippocampus
(Tavakol et al., 2019). With over six decades of ongoing scientific work dedicated to disease-
associated impairments in relational memory, TLE is widely regarded as the leading human model
of memory dysfunction (Barrett Jones et al., 2022; Breier et al., 1996; Helmstaedter et al., 1995;
Lietal., 2021; Mayeux et al., 1980; Penfield & Milner, 1958; Rugg et al., 1991; Scoville & Milner,

1957; Sideman et al., 2018; Voets et al., 2009; Yoo et al., 2006; Zanao et al., 2023).

A common methodological approach for studying cognition is to anchor behavioral phenotypes to
whole-brain markers derived from the intrinsic functional architecture of the brain as measured by
resting-state functional MRI (rs-fMRI) (He et al., 2020; Medea et al., 2018; Smith et al., 2015;

Sormaz et al., 2017). Despite the relative stability of intrinsic networks against task-elicited
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perturbations, new evidence suggests that active state neural dynamics may offer superior
resolution into cognitive processes (Cole et al., 2021), which is why recent efforts have capitalized
on functional connectomics derived from task-based fMRI paradigms to study relational memory
(Subramaniapillai et al., 2022). Coupled with multivariate associative techniques, such as partial
least squares (PLS), which identifies a common manifold of maximal covariance between different
datasets (Kebets et al., 2019; McIntosh & Lobaugh, 2004), task-based functional connectivity can
provide great insights into shared and unique multivariate substrates of relational memory.
Currently, findings from contemporary neuroimaging studies point to a wide range of neural
markers that sometimes overlap across relational domains. For instance, the ventromedial
prefrontal cortex (vmPFC) and anterior temporal lobe (ATL) play an important role in the
consolidation of episodic memory traces by virtue of connections with the anterior hippocampus
(Eichenbaum, 2017; Moscovitch et al., 2016). In fact, the ATL is believed to be especially critical
in semantic cognition along with the inferior frontal gyrus (IFG), with specific contributions to
word processing from the left hemisphere, and bilateral involvement for pictorial stimuli (Hoffman
& Morcom, 2018; Jackson, 2021; Rice et al., 2015). In spatial processing, the evidence points to a
major engagement of the retrosplenial, parahippocampal, and posterior parietal cortices (Baumann
& Mattingley, 2021; Qiu et al., 2019). Moreover, the underlying structures of the medial temporal
lobes (MTL), including the hippocampal-entorhinal complex, are consistently recruited to sustain
domain-invariant relational processes, a common feature across memory types (Aguirre &
D'Esposito, 1997; Binder & Desai, 2011; Binder et al., 2009; Hassabis et al., 2009; Jefferies, 2013;
Jokeit et al., 2001; Moscovitch et al., 2016; Rugg & Vilberg, 2013; Schindler & Bartels, 2013).

While efforts are ongoing to further understand shared and unique neural correlates of relational
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memory, a neuroimaging platform that can tap into all three domains within the same individuals

could significantly enhance cross-cohort multivariate analyses of behavior, structure, and function.

In previous works, we implemented the integrated Relational Evaluation Paradigm (iREP) to
detect multimodal markers of spatial cognition within medial and lateral temporal cortices in the
healthy brain (Tavakol et al., 2021) in addition to uncovering a graded pattern of behavioral deficits
across relational domains in patients diagnosed with TLE (Tavakol et al., 2022). The iREP is a
recently developed and open-access multidomain task battery that is optimized for administration
inside the MRI environment. It consists of three modules that collectively assess episodic (i.e.,
Epi), semantic (i.e., Sem), and spatial (i.e., Spa) memory. Each task is further modulated for
difficulty across Easy and Difficult conditions (i.e., E vs. D). Thus, the iREP comprises six outcome
measures (i.e., Epi-E, Epi-D, Sem-E, Sem-D, Spa-E, and Spa-D) that can be leveraged to perform
graded multidomain cross-cohort analyses of relational cognitive processes. In the current study,
we aimed to identify multivariate substrates specific to each cognitive domain of relational
memory, in addition to elucidating how these markers vary as a function of neurological status. To
this end, we studied a group of TLE patients presenting with lesions to the structures of the medial
temporal lobe and age- and sex-matched healthy controls. We conducted a series of PLS
correlational analyses based on participant demographics, iREP behavioral scores, and functional
connectomes derived from iREP task-fMRI data. We hypothesize that each type of relational
memory will display its own unique multivariate profile, where younger age, better task
performance, and absence of TLE diagnosis will be associated with domain-specific patterns of

neocortical connectivity.
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43 METHODS

Participants

We studied the same subjects as in (Tavakol et al., 2022). In short, the clinical cohort consisted of
24 pharmacoresistant TLE patients (12 women, mean age + SD: 35.0 £ 11.5 years, range: 18-57,
2 ambidextrous), and the control group comprised 50 age- and sex-matched HC (20 women, 32.0
+ 7.8 years, range: 19-57 years, 5 left-handed). All participants had normal or corrected-to-normal
vision, and had provided written and informed consent to partake in our study, which was approved

by the Research Ethics Committee of the Montreal Neurological Institute and Hospital.

Relational memory phenotyping
The integrated Relational Evaluation Paradigm (iREP) is a relational memory assessment

framework (https://github.com/MICA-MNI/micaopen/task-fMRI) (Tavakol et al., 2022; Tavakol

et al., 2021). It comprises three domain specific modules (Episodic, Semantic, and Spatial) that
can be completed in the laboratory or inside the MRI scanner environment. All tasks are
homogenized via (i) the use of pictorial stimuli taken from a pooled custom-made and
semantically-indexed library, (ii) the modulation of task difficulty across two conditions (i.e., Easy
vs. Difficult) with a pseudo-randomized trial presentation order, and (iii) the implementation of a
3-alternative forced choice trial-by-trial design. Each module contains four stimulus lists (i.e., A,
B, C, and D) for inter-individual counterbalancing and/or longitudinal administration. All
participants were evaluated on the iREP inside the MRI scanner and manipulated an MRI-

compatible response box to provide their answers.
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Figure 1. Trial design for each iREP module. (fop row) The Episodic task consists of two separate runs. During
Encoding, object pairs must be memorized. After a 10-minute break during Retrieval, the item that was originally paired
with the top image must be recalled among three options. (middle row) In the Semantic task, the item that is the most
conceptually congruent with the top object must be selected out of three choices. (bottom row) During the Spatial task,
the configuration of three items must initially be encoded (encoding). Within the same trial, the original spatial
arrangement must be chosen out of three options (retrieval). Numbers are there to visually aid participants on which
response key to press. Overall durations for stimuli and inter-stimulus intervals are shown for each module.

(i) Episodic module. This task uses pictorial stimuli and is based on an established lexicon-based
episodic memory paradigm (Payne et al., 2012; Sormaz et al., 2017), which includes an encoding
and a retrieval phase (Fig. 1: top row). During encoding (~6 minutes), participants memorize pairs

of unrelated items (i.e., doorknob and ostrich), with half of the stimuli displayed once throughout
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the run for a total of 28 trials (i.e., Difficult condition), and the other half, twice for a combined 56
trials (i.e., Easy condition). Following a 10-min interval, the retrieval phase (~4.5 minutes) is
administered during which, at each trial, one item is displayed at the top of the screen (i.e.,
doorknob) and three others, at the bottom (i.e., shark, ostrich, and ladder). Participants must then

select the object that was originally paired with the top item during encoding.

(ii) Semantic module. The task implements symbolic stimuli and is modeled on an established
lexicon-based semantic association protocol (Sormaz et al., 2017; Wang et al., 2018) (Fig. 1:
middle row), consisting of 56 pseudo-randomized trials (~4.5 minutes) with two conditions of
equal length (i.e., 28 Difficult: Sem-D; 28 Easy: Sem-E). At each trial, a reference object appears
at the top of the monitor (i.e., basketball) with three stimuli below (i.e., soccer ball, above ground
pool, can opener). Participants must choose the option that is semantically most related to the
object displayed at the top. Pairwise conceptual affinity indices (cai) were computed (range: 0-1)
based on internet-based lexical corpora (Han et al., 2013). In Sem-E trials, the correct response
(i.e., soccer ball) and the top image (i.e., basketball) are related by cai > 0.66; in Sem-D trials, the
similarity index is given by 0.33 <cai <0.66. Regardless of condition, the conceptual relatedness

of the top stimulus and the foils (i.e., above ground pool, can opener) is always cai < 0.33.

(iii) Spatial module. Spatial memory was assessed using a recently validated symbolic-based test,
referred to elsewhere as the Conformational Shift Spatial Task (Tavakol et al., 2021) (Fig. 1:
bottom row). This module consists of 56 pseudo-randomized trials (~12.5 minutes), with two
conditions (i.e., 28 Difficult: Spa-D; 28 Easy: Spa-E). At each trial, participants first encode the

spatial arrangements of three items, and then select the same configuration among three options in
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a delayed-onset design. In Spa-D trials, the two distractor layouts are very similar to the target
conformation as only the spacings between objects differ. In the Spa-E trials, the relative position

of each item within the configuration is additionally modified.

MRI Acquisition

We described our MRI data acquisition protocol in (Tavakol et al., 2022; Tavakol et al., 2021).
Briefly, all data were acquired on a 3 T Siemens Magnetom Prisma-Fit with a 64-channel head
coil. Two identical T1-weighted (T1w) scans were obtained with a 3D-MPRAGE sequence (0.8

mm isotropic voxels, matrix = 320 x 320, 224 sagittal slices, TR = 2300 ms, TE = 3.14 ms, TI =

900 ms, flip angle = 9°, iPAT = 2). The three modules of the iREP were administered inside the
scanner to participants, and task-based fMRI time series were collected using a 2D echo planar

imaging sequence (3.0 mm isotropic voxels, matrix = 80 x 80, 48 slices oriented to AC-PC-30

degrees, TR = 600 ms, TE = 30 ms, flip angle = 50°, multiband factor = 6).

Functional MRI Processing

Functional MRI data were processed using micapipe, the details of which have been described
elsewhere (Cruces et al., 2022). In brief, steps include the omission of the first five volumes to
allow for magnetic field saturation, realignment of remaining volumes to the first scan, distortion
correction using main phase and reverse phase field maps, high-pass filter, and nuisance variable
signal removal via ICA-FIX. A boundary-based registration is then applied to average volumetric
time series for registration to native FreeSurfer space. Finally, native cortical time series are
mapped onto standard surface templates (i.e., fsaverage5 and conte69) via trilinear interpolation

before undergoing spatial smoothing (Gaussian kernel, FWHM = 10 mm).
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Statistical Analysis

Task-based functional connectome computation. Each participant had three cortical time series
registered to conte69 surface template, one for each iREP task. Of note, since the Episodic module
comprised two separate runs, one for encoding and one for retrieval, and given that we were
interested in subjective responses, only the retrieval phase was used for our analyses. Due to
computational overhead, we downsampled the conte69 time series, which counted more than 64K
vertices, to the Schaefer parcellation scheme with only 400 cortical regions. For each task, we
generated mean functional connectivity profiles by cross correlating all parcel-wise time series and
then averaging the resulting pairwise correlation coefficients within each parcel, yielding a 1 x 400

matrix. Lastly, we applied a Fisher Z-transform to the mean functional connectivity coefficients.

Partial least squares (PLS). In this study, we implemented PLS correlation analysis to uncover
latent variables (LVs) derived from two distinct datasets that maximize their shared variance
(Kebets et al., 2019; McIntosh & Lobaugh, 2004; Tavakol et al., 2022). We ran three separate PLS
analyses, one for each iREP module, in which we examined task-specific demographic/behavioral
and mean functional connectivity data. For example, in the scheme pertaining to the Semantic
module, the first dataset included subject-specific information on age, sex, group, and performance
scores for Sem-E and Sem-D, while the second dataset contained the corresponding parcellated
mean functional connectivity profiles computed for the Semantic task. After cross correlating both
datasets, we decomposed the resulting matrix via singular value decomposition, which yielded a
vector of left singular values (i.e., demographic/behavioral saliences) that describe a particular
pattern of demographic and task performance observations for each LV, a diagonal output of scaled

eigenvalues that recapitulate the covariance explained by each LV, and a vector of right singular
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values (i.e., mean functional connectivity saliences) that define specific task-based functional
connectome motifs for each LV. We then computed composite scores for all variables by projecting
values from the original two datasets onto their corresponding saliences (i.e., calculating the dot
product). We assessed the statistical significance of associations along each LV by comparing its
actual singular value to a null distribution generated via 10,000 permutations (i.e., resampling
demographic/behavioral variables without replacement). For every demographic/behavioral and
functional connectome variable, we calculated a loading factor, which is the product moment
correlation coefficient between its original value and its computed composite score. We assessed
loading reliability along LVs showing significance by applying a bootstrapping regimen with
10,000 iterations (i.e., resampling with replacement). Specifically, we calculated 95% confidence
intervals for each loading based on the bootstrapped samples. If the interval did not cross zero,
then the variable in question was deemed to be a robust contributor to the overall pattern observed
along the given LV. Procrustes transforms were applied to permuted singular values and

bootstrapped saliences to ensure proper alignment with the original observations.

Complementary cross-module comparative analyses. We conducted additional procedures in
which we integrated results obtained across the separate task-specific PLS regimens. To determine
the degree of convergence between the different task-derived connectivity loadings, we calculated
the product-moment correlation coefficient of every task pair and evaluated the levels of
significance by running 10,000 permutations in which task loadings were resampled without
replacement. We also accounted for multiple comparisons, further adjusting permutation-derived
p-values by controlling for the false discovery rate (FDR) (Benjamini & Hochberg, 1995). For

visual inspection of cortical patterns, task loadings were stratified according to the 17 Yeo
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networks (Yeo et al., 2011) by averaging values across parcels within each network region.
Moreover, to establish the existence of shared information between connectivity manifolds across
tasks, we computed cross-module latent correlations where we first projected the connectivity
profiles of one task onto the connectivity saliences of another, and then correlated the resulting
hybrid scores with corresponding demographic/behavioral scores derived in the previous section.
For example, to determine whether semantic functional connectivity can explain hidden
multivariate episodic features, we (1) generated hybrid “epi x sem” connectome scores by
computing the dot product between episodic mean connectivity profiles and semantic connectivity
saliences obtained via singular value decomposition (see previous section), (2) calculated the
product-moment correlation coefficient between hybrid connectome scores and
demographic/behavioral scores derived during the episodic PLS scheme, and (3) executed 10,000
permutation tests to assess the significance of the association between latent composite scores. In
this case, each permutation was conducted by resampling (without replacement) the episodic
demographic/behavioral scores before correlating them with the hybrid functional connectivity
scores. For each cross-module scheme, the resulting permutation p-values were additionally FDR-
adjusted. Of note, hybrid analyses were performed along latent variables that were deemed

significant as per the previous PLS procedures.

44  RESULTS

PLS analyses

Episodic regimen

In the analytical scheme pertaining to the episodic module, the first PLS latent variable (epi-LV1)

accounted for 55.8% of the total covariance between demographic/behavioral and episodic mean
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functional connectome observations (Figure 2a). Permutation tests also confirmed the significance

of the latent association between epi-LV1 composite scores (r = 0.66, pperm < 0.05, Figure 2b).
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Figure 2. PLS results for Episodic. (a) epi-LV1 accounted for 55.8% of the total covariance between
demographic/behavioral measurements and mean FC profiles. (b) the correlation between composite scores along epi-
LV1 was significant (r = 0.66, p .., < 0.05) as attested by 10,000 permutations (inset: dashed line “sv” represents the

actual singular value). (¢) age, group, epi-E, and epi-D (but not sex) showed robust contributions to epi-LV1. (d)
whole-brain pattern of reliable mean FC loadings along epi-LV1. Note: the reliability of loading coefficients was
determined via 95% CIs calculated over 10,000 bootstraps.

Except for sex, all other demographic/behavioral loadings along epi-LV1 were deemed reliable as
attested by 95% Cls derived from the bootstrap resampling regimen (age: -0.54 [-0.72, -0.24], sex:
0.02 [-0.33, 0.34], group: 0.66 [0.41, 0.81], epi-E: 0.83 [0.71, 0.91], epi-D: 0.82 [0.67, 0.90],

Figure 2c¢). Similarly, mean functional connectivity loadings revealed robust bidirectional
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contributions to epi-LV1 across the cortex at 95% CIs. We observed reliable positive loadings from
bilateral pre- and postcentral gyri with intervening central sulci, left anterior middle frontal gyrus,
left lateral inferior temporal gyrus, left insula, left parahippocampal gyrus, left orbito-frontal
cortex, left paracentral lobule, right medial temporal pole, right medial inferior temporal gyrus,
right parieto-occipital fissure, and isthmus of the right cingulate cortex, while negative
contributions were found for bilateral pars orbitalis, bilateral superior frontal and posterior middle
frontal gyri, bilateral supramarginal and angular gyri, bilateral medial prefrontal cortices, left

posterior cingulate cortex, and left retrosplenial cortex, Figure 2d).

Semantic regimen

The first latent variable obtained within in the semantic scheme (sem-LV 1) described nearly 33.3%
of the shared variance between demographic/behavioral factors and mean functional connectivity
measurements (Figure 3a). The latent correlation between corresponding composite scores along
sem-LV1 was significant as determined by permutation tests (r = 0.73, pperm < 0.05, Figure 3b).
Apart from sex and sem-E performance, loadings for the remaining demographic/behavioral
variables showed reliable contributions to sem-LV1 as confirmed by bootstrapping-derived 95%
CIs (age: -0.51 [-0.74, -0.08], sex: 0.02 [-0.36, 0.42], group: 0.77 [0.61, 0.86], sem-E: 0.42 [0.00,
0.69], sem-D: 0.61 [0.30, 0.79], Figure 3c). CIs were also computed for whole-brain loading
patterns obtained from the mean functional connectomes, with bilateral superior/middle frontal
gyri and superior frontal sulcus exhibiting reliable positive contributions to sem-LV 1, whereas left
postcentral gyrus, left angular gyrus, and left parieto-occipital fissure displayed strong negative

loadings (Figure 3d).
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Figure 3. PLS results for Semantic. (@) sem-LV1 accounted for 33.3% of the total covariance between
demographic/behavioral measurements and mean FC profiles. (b) the correlation between composite scores along sem-
LV1 was significant (r=0.73, p . <0.05) as attested by 10,000 permutations (inset: dashed line “sv” represents the

actual singular value). (¢) age, group, and sem-D (but neither sex nor sem-E) showed robust contributions to epi-LV1.
(d) whole-brain pattern of reliable mean FC loadings along epi-LV1. Note: the reliability of loading coefficients was
determined via 95% CIs calculated over 10,000 bootstraps.

Spatial regimen

The first latent variable extracted from the PLS regimen involving the spatial module (spa-LV1)
accounted for more than 45.8% of the covariance between demographic/behavioral measurements
and mean functional connectivity profiles (Figure 4a), with permutation tests confirming the
significant correlation of corresponding composite scores along spa-LV1 (r = 0.66 pperm < 0.05,

Figure 4b). For the same latent variable, bootstrap-derived 95% ClIs for loading coefficients
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showed a reliable involvement of age (-0.63 [-0.78, -0.35]), group (0.68 [0.52, 0.79]), spa-E (0.64
[0.29, 0.81]), and spa-D (0.64 [0.38, 0.80]), but not sex (-0.23 [-0.51, 0.17]) (Figure 4c). They
additionally pointed to robust positive contributions to spa-LV1 from bilateral medio-lateral
inferior temporal gyri, bilateral superior frontal gyri, bilateral postcentral gyri, right posterior
middle temporal gyrus, right marginal sulcus, right prefrontal cortex, and right parieto-occipital
fissure, as well as large negative contributions from bilateral intraparietal sulci, bilateral posterior

fusiform gyri, left inferior frontal sulcus, right precentral sulcus, and right insula (Figure 4d).
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Figure 4. PLS results for Spatial. (a) spa-LV1 accounted for 45.8% of the total covariance between
demographic/behavioral measurements and mean FC profiles. (b) the correlation between composite scores along
sem-LV1 was significant (r=0.66, p ., < 0.05) as attested by 10,000 permutations (inset: dashed line “sv” represents
the actual singular value). (c) age, group, spa-E, and spa-D (but not sex) showed robust contributions to epi-LV1. (d)

whole-brain pattern of reliable mean FC loadings along epi-LV1. Note: the reliability of loading coefficients was
determined via 95% CIs calculated over 10,000 bootstraps.
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Comparison analyses
We ran supplementary analyses on the previously derived raw PLS mean functional connectome
loadings (Figure 5a), stratifying them along canonical cortical networks to examine lower-

dimensional patterns of overall task contribution (Figure 5b, spider diagram).
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Figure 5. comparative results. (a) task-specific non-thresholded mean FC loadings. (b) spider diagram: task loadings
stratified according to the 17 Yeo networks; scatterplots: correlations between non-thresholded loadings for each task
pair. FDR-adjustment of p-values is performed in addition to permutations. (c) latent associations between cross-
module mean FC and corresponding demographic/behavioral scores (inset: the actual correlation coefficient shown as
a dashed line displayed against a null distribution derived from 10,000 permutations). FDR-adjustment of p-values is
performed in addition to permutations. Note: associations are computed along previously defined significant latent
variables (i.e., epi-LV1, sem-LV1, and spa-LV1). Abbreviations: DorsAttn (Dorsal Attention), SomMot (Somato-
motor), Sal/VentAttn (Salience/Ventral Attention), and TempPar (Temporo-parietal).
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In descending order, mean positive loadings across tasks included Limbic A (0.195), DorsAttn A
(0.171), Limbic B (0.170), Visual A (0.097), SomMot B (0.094), Control C (0.087), Sal/VentAttn
B (0.049), Visual B (0.036), and SomMot A (0.016), whereas mean negative loadings consisted of
DorsAttn B (-0.150), Default A (-0.147), Sal/VentAttn A (-0.084), Control A (-0.057), Default B (-
0.052), Control B (-0.033), Default C (-0.030), and TempPar (-0.028). We uncovered significant
associations between whole-brain patterns across all task pairs, as verified by permutation tests
and corrections for multiple comparisons (epi x sem: r = 0.16, epi x spa: r = 0.38, sem x spa: r =
0.40, FDR-adjusted ps < 0.001, Figure 5b, scatterplots). What is more, all three functional
connectivity manifolds derived in preceding steps yielded hybrid composite scores that showed
strong correlations with corresponding demographic/behavioral scores along previously
established LVs. Indeed, while these cross-module latent associations were inferior to their
baseline values (epi-LV1: r = 0.66, sem-LV1: r = 0.73, spa-LV1: r = 0.66, permutation ps < 0.05,
Figures 2b, 3b, and 4b), they nonetheless showed significance even after multiple comparisons
corrections of permutation results (epi-LV 1: repix sem = 0.50, prpr < 0.001 & Tepix spa = 0.57, prpr <
0.001; sem-LV1: rsem x epi = 0.26, prpr < 0.05 & Tsem x spa = 0.49, prpr < 0.001; spa-LV1: tspax epi =

0.35, pror < 0.01 & rspaxsem = 0.57, pror < 0.001, Figure Sc).

4.5  DISCUSSION

In this study, we aimed to uncover whole-brain patterns of task-based functional integration that
underlie phenotypic variations in relational memory performance across cognitive domains and
neurological diagnostic status. While there is ample research to support cross-cohort differences
in behavior and function pertaining to domain-specific relational cognition, integrated assessments

of its discrete elements (i.e., episodic memory, semantic memory, and spatial memory), remain
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scarce even to this day. An impediment to examining all three axes of relational memory within
the same individuals across healthy and clinical groups has been the lack of a standardized
evaluative protocol. With our recent development and validation of the iREP, which is optimized
for the scanner environment, we can tap into episodic, semantic, and spatial aspects of relational
memory in a controlled setting, making investigations of between-group variations in behavioral,
structural, and functional phenotypes more expedient. Our first study involving iREP examined a
group of healthy individuals in whom we demonstrated the presence of neural correlates
underlying spatial processing that integrated cortical thickness and intrinsic connectivity across
medial and lateral temporal cortices (Tavakol et al., 2021). In an ensuing project, we established
that compared to controls, TLE patients presented with a hierarchy of deficits across relational
cognitive domains, with most noticeable deficiencies observed in episodic memory, followed by
spatial memory, and semantic memory last (Tavakol et al., 2022). Here, we leveraged data from
the same participants to identify latent associations between behavior and function, addressing for
the first time, systematic task-based functional patterns that can distinguish relational memory

domains as well as diagnostic groups.

We conducted three separate PLS correlation schemes, one for each module of the iREP (i.e.,
episodic, semantic, and spatial), to detect optimal associations between demographic/behavioral
factors (i.e., age, sex, group, and module-specific outcomes on easy and difficult conditions) and
average functional connectivity profiles computed for corresponding iREP tasks. The advantage
of using PLS correlation analysis lies within its mathematical approach to condensing complex
multifactorial interactions into latent manifolds that optimize the shared information between two

datasets. These saliences can be thought of as hidden feature spaces into which the original datasets
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can be projected to generate novelty composite scores for each input matrix that are maximally
correlated along PLS components called latent variables. Not only can saliences be used to
determine the level of convergence between composite scores extracted within the same PLS
protocol, but they can additionally be exploited to determine the association between baseline and
hybrid scores derived across separate procedures. In this way, PLS correlation analysis represents
a unique method for addressing unique and shared patterns of cortical connectivity across the
different relational memory domains while simultaneously elucidating associations with other

factors, such as demographic and behavioral variables of interest.

Broadly, we found younger age, HC group membership, and higher behavioral scores to strongly
contribute to the first LVs across respective PLS schemes, a general finding that supports previous
behavioral observations (Tavakol et al., 2022). What is specifically noteworthy in terms of
behavioral performances across the six arms of the iREP (i.e., Epi-E, Epi-D, Sem-E, Sem-D, Spa-
E, and Spa-D) is that all of them, except for Sem-E, showed reliable loadings along corresponding
first LVs, which lends further weight to the omnibus and PLS results our previous findings where,
on the one hand, we did not observe a significant between-group difference, and on the other, Sem-
E loadings were found to be unreliable contributors to LV 1. Specific to the episodic regimen, we
identified large positive loadings along epi-LV1 from the medial temporal lobes (MTL), including
the left parahippocampal gyrus, with equally large negative contributions from the default mode
network (DMN). These findings are in line with a plethora of evidence pointing to a role of the
MTL in episodic memory (Ankudowich et al., 2016; Ankudowich et al., 2017; Li et al., 2021; Liu
et al.,, 2022; Penfield & Milner, 1958; Scoville & Milner, 1957; Sormaz et al., 2017,

Subramaniapillai et al., 2022; Subramaniapillai et al., 2019; Tavakol et al., 2022) and the
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downregulating of the so-called “task-negative” DMN when attention is directed outwards (Fox et
al., 2006; Fox et al., 2005; Raichle et al., 2001). With respect to the semantic PLS protocol, a
comparatively small share of the neocortex displayed any form of contribution to sem-LV1, which
is likely due to relatively high behavioral outcomes in both cohorts where the amount of variance
that explains group differences remains exceptionally low. Therefore, it is reasonable to suggest
that the neocortical connectivity patterns observed in this study, which demonstrate strong bilateral
contributions from dorsolateral prefrontal cortices (DLPFC), potentially entail routine executive
functions, such as working memory processing and motor planning, which, while important for
certain facets of semantic memory, are not specific to it per se. Interestingly, the ATL, which is
regarded as a transmodal hub within the semantic system (Alam et al., 2021; Hoffman & Morcom,
2018; Jackson, 2021; Patterson & Lambon Ralph, 2016; Rice et al., 2018; Rice et al., 2015; Rogers
et al., 2004; Schapiro et al., 2013) showed a bias towards a positive TLE diagnosis based on
uncorrected loadings. Given how significantly variations in socio-demographic variables and
general executive/cognitive functions contribute to cross-cohort disparities in semantic accuracies
(Tavakol et al., 2022), it is possible that the ATL may have been involved in overcompensating for
TLE-related structural and functional alterations of the MTL (Bernhardt et al., 2016; Bernhardt et
al., 2019; Bernhardt et al., 2015; Postma et al., 2020). Future studies should explore the relative
contributions of the ATL, MTL, and prefrontal networks in sustaining semantic process, and to
determine the degree of functional synergy between them. Regarding the spatial regimen, we
found, as expected based on our findings in (Tavakol et al., 2021), involvement of the medial and
lateral temporal lobes. Of note, in the episodic and spatial modules, where we had previously

shown considerable TLE-related cognitive deficits, our TLE group exhibited a heightened
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recruitment of brain regions, such as the DLPFC, pointing to potentially compensatory functional

mechanisms.

Finally, while all three brain loading patterns presented with their unique idiosyncrasies, our
comparative analyses did point to a strong degree of convergence across relational memory
domains. In fact, the stratification of non-thresholded task-specific connectivity coefficients
according to canonical Yeo networks allowed us to observe telling general trends, where the limbic
system, which encompasses hippocampal and parahippocampal regions, showed highest average
contributions across tasks, with noticeable negative connectivity loadings observed for DMN and
attention networks. This finding points to an underlying relational memory motif shared across
domains, which can discriminate between diagnostic groups. Moreover, the observation that these
cortical loading patterns were significantly correlated across all task pairs demonstrates yet again
a level of functional convergence between episodic, semantic, and spatial memory. Furthermore,
we also saw that connectivity manifolds derived for any one iREP module can have predictive
power over the latent associations of the remaining two tasks, as attested by cross-module
analytical procedures, where hybrid connectome scores were significantly correlated with baseline
demographic/behavioral scores along the same LVs. Even so, the original effect sizes derived in
the separate PLS regimens were still superior to their matching cross-module counterparts, which
speaks to the specificity of connectivity saliences, proving that while there is shared neocortical
information across latent task-specific connectome features, these properties are nonetheless

unique to each relational memory domain.
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5  GENERAL DISCUSSION

The objective of my PhD was to streamline the study of relational memory in healthy and clinical
populations. To this end, we developed the integrated Relational Evaluation Paradigm, or iREP,
a multidomain cognitive task battery that is optimized for administration inside the MRI
environment, which incorporates difficulty-adjusted modules that tax episodic, semantic, and
spatial domains of mnemonic processing. The iREP is a python-based, user-friendly, and open-
access platform currently in use at the MICA lab within the McConnell Brain Imaging Centre at
the Montreal Neurological Institute and Hospital as part of ongoing multimodal neuroimaging

initiatives (3T protocol: https://github.com/MICA-MNI/micaopen/tree/master/task-fMRI; 7T

protocol: https://github.com/MICA-MNI/micaopen/tree/master/7T task fMRI). In this work, we
presented three complementary projects in which we leveraged the iREP to examine specific and
shared multivariate profiles of relational memory domains in healthy controls and patients
diagnosed with TLE, who constitute a firmly established model of human memory dysfunction
(Barrett Jones et al., 2022; Breier et al., 1996; Helmstaedter et al., 1995; Li et al., 2021; Mayeux
et al., 1980; Penfield & Milner, 1958; Rugg et al., 1991; Scoville & Milner, 1957; Sideman et al.,
2018; Voets et al., 2009; Yoo et al., 2006; Zanao et al., 2023). In Project I (Tavakol et al., 2021),
we administered the iREP to a group of healthy participants while they were being scanned, thus
deriving behavioral measures in addition to morphological and functional markers of the neocortex
and hippocampus. We discovered consolidated structure-function substrates within medial and
lateral temporal lobe regions that relate to behavioral differences in spatial cognition. In Project 11
(Tavakol et al., 2022), we compared a cohort of TLE patients with age- and sex-matched healthy
individuals along the full gamut of iREP outcome measures. Using omnibus tests in conjunction

with multivariate associative analytics, we established a graded pattern of cognitive impairments
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in TLE patients relative to controls that presented itself as significant episodic memory deficits,
milder yet recognizable spatial memory deficiencies, with mixed findings in semantic memory.
Age, diagnostic group, and hippocampal volume were additively associated with behavioral
scores. In Project 111, we conducted additional group comparisons within the same two cohorts.
Here, we specifically addressed the relation between task-based functional connectomes and socio-
demographic variables in addition to iREP task accuracies. We ascertained the presence of
overlapping, albeit distinctive functional neocortical topographies across relational memory
domains that varied commensurately with changes in age, TLE diagnosis, and behavioral
performance. With this work, we demonstrated the validity and practicality of the iREP as an
integrated framework for studying episodic, semantic, and spatial dimensions of memory within
single subjects across different populations. Collectively, our results revealed that interindividual
and between-group differences in relational memory can be determined from a multivariate
perspective, which unifies behavior, clinical presentation, socio-demographics, and brain anatomy

and function.

Beyond homogenizing assessments of relational memory domains in a single neuroimaging
framework, another novelty of the iREP is its spatial module, which we designated as the
conformational shift spatial task, or CSST, in Project I. In fact, the episodic and semantic tasks
are simple pictorial adaptations of pre-established lexicon-based paired associates paradigms
(Payne et al., 2012; Sormaz et al., 2017; Wang et al., 2018). While it is true that stimulus modality
modulates functional dynamics, especially for word processing, which is mainly left-lateralized,
higher order and network-level neural topographies remain relatively stable across symbolic and

word-based stimuli that represent the same construct (Krieger-Redwood et al., 2015; Patterson &
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Lambon Ralph, 2016; Rice et al., 2015; Rogers et al., 2004; Schapiro et al., 2013). Furthermore,
pictorial-based cognitive assessment protocols with comparable task parameters and design
features to our own are commonly used and reported in the literature (Alam et al., 2021;
Ankudowich et al., 2016; Ankudowich et al., 2017; Davey et al., 2015; Rice et al., 2018;
Subramaniapillai et al., 2022; Subramaniapillai et al., 2019). These considerations speak to the
construct-validity of the episodic and semantic modules of the iREP, leaving out the spatial task,

which we specifically addressed in Project I.

We wanted first to validate this spatial component of the iREP along the behavioral dimension. To
do this, we administered our relational memory battery to a group of healthy individuals as they
underwent multimodal neuroimaging. We also examined our participants on complementary
cognitive assessment tools, including the Four Mountains Task (FMT), which is a an established
test of allocentric spatial processing (Bird et al., 2010; Chan et al., 2016; Hartley et al., 2007,
Hartley & Harlow, 2012; Moodley et al., 2015; Ritchie et al., 2018), and the mnemonic similarity
task (MST), which assesses the capacity to orthogonalize similar memory traces, otherwise known
as pattern separation (Li et al., 2021; Stark et al., 2013). We then cross-correlated performance
scores across paradigms and found that the spatial iREP and FMT showed the strongest pairwise
association. The spatial module was additionally correlated with the semantic iREP, but neither
with the episodic iREP nor the MST. We interpreted these behavioral results as evidence of the
relative specificity of the spatial module to tap into spatial aspects of relational cognition with
some overlap with semantic processes. This association between spatial and semantic scores may
point to a convergence of anatomical and functional properties across these two dimensions of

relational memory, including the role of place and grid cells in domain-invariant information
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organization (Bellmund et al., 2018; Constantinescu et al., 2016; Epstein et al., 2017; Mok & Love,

2019; Sormaz et al., 2017; Whittington et al., 2020).

Having established the construct-validity of the spatial iREP along the behavioral dimension, we
sought to relate performance scores with MRI-derived structural markers. Our analyses revealed
neocortical clusters confined within medial and lateral temporal areas, including the right posterior
parahippocampus, where gray matter thickness significantly correlated with spatial iREP
accuracies. These findings corroborate what is already known about the involvement of the MTL
in spatial cognition, including the role of the parahippocampal cortex in memory for scenes and
configuration of objects (Abrahams et al., 1999; Aguirre et al., 1996, Bohbot et al., 2015; Bohbot
et al., 2000; Bohbot et al., 1998; Epstein & Kanwisher, 1998), with increased gray matter of the
entorhinal and parahippocampal cortices linked with better performance on videogame platforms
that require rapid processing of geometric relationships and dynamic pathfinding behaviors (Kiihn
& Gallinat, 2014; Momi et al., 2018). While the involvement of lateral temporal regions in spatial
cognition is unclear, our structural findings are in line with evidence from virtual reality paradigms
that suggest a participation of these areas in sustaining navigation (Bush et al., 2017; Doeller et
al., 2010), with one meta-analysis implicating bilateral lateral temporal cortices in the processing

of familiar virtual environments (Boccia et al., 2014).

To functionally contextualize our anatomical findings, we conducted seed-based resting-state
fMRI connectivity analyses centered on each temporal lobe cluster. We found that spatial
accuracies were significantly modulated by the connectivity of the hippocampus to the lateral

temporal cortex, and that of the posterior parahippocampal gyrus to a region stretching medially
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from the middle frontal and precentral gyri to the paracentral lobule and superior anterior cingulate.
Furthermore, meta-analytical results obtained for the NeuroSynth term “navigation” revealed a
whole-brain topography presenting with robust hippocampus-parahippocampus involvement, with
the average cortical thickness across co-activated areas showing a significant correlation with
spatial iREP scores. While the function of the hippocampus in supporting spatial memory is well-
established across animal (Aggleton et al., 1986; Burgess et al., 2007; O'Keefe & Nadel, 1978;
Sargolini et al., 2006), clinical (Milner, 1965; Rains & Milner, 1994; Smith & Milner, 1981, 1989),
and neuroimaging studies (Abrahams et al., 1999; Aguirre et al., 1996; Ghaem et al., 1997;
Hassabis et al., 2009; Kim & Maguire, 2018; Maguire et al., 1998; Maguire et al., 2000; Robin et
al., 2018), the parahippocampus has also been shown to be functionally involved in various forms
of spatial processing, including object-location retrieval (Owen et al., 1996), local geometry
encoding (Epstein & Kanwisher, 1998; Epstein, 2008), fine-grained spatial judgment (Hirshhorn
et al., 2012), and 3D space representation (Kim & Maguire, 2018). Overall, our findings point to
a fronto-limbic network underlying interindividual differences in spatial memory capacity, with

an integrated structure-function substrate within medial and lateral temporal cortical areas.

In Project 11, our goal was to analyze the extent to which various clinical and demographic factors
may contribute to relational memory phenotypes. Thus, we expanded our behavioral analyses to
include measurements from all iREP modules within control and TLE cohorts while additionally
incorporating other salient variables, such as age, sex, diagnostic status, and hippocampal volume.
Initially, we confirmed the difficulty manipulation within iREP modules for each group separately,
effectively showing that both healthy individuals and TLE patients scored significantly higher on

the “easy” condition of each task relative to its corresponding “difficult” one. We then ran omnibus
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analyses to elucidate between-group differences in relational memory performance, and found that,
out of six iREP measurements (i.e., Epi-E, Epi-D, Sem-E, Sem-D, Spa-E, Spa-D), controls
outperformed TLE patients on all outcomes, except for Sem-E, where both groups showed similar
results. When additionally accounting for the effects of socio-demographics and general
executive/cognitive functions, we observed that between-group differences persisted on Epi-D and
Spa-D. Complementary partial least squares (PLS) analyses further identified a latent multivariate
dimension along which iREP performance accuracies were positively associated with younger age,
absence of TLE diagnosis, and greater hippocampal volume. Episodic contributions to this latent

component were larger than spatial ones, which, in turn, were larger than semantic ones.

Our results lend additional support to an already firmly established scientific corpus showing
episodic memory deficits in TLE (Hoppe et al., 2007; Spiers et al., 2001; Tavakol et al., 2019;
Thom, 2014; Viskontas et al., 2000), and while spatial memory impairments are less well-defined,
overall observations in the general population and individuals who present with hippocampal
damage implicate the hippocampus both structurally (Abrahams et al., 1999; Hartley & Harlow,
2012; Maguire et al., 2000) and functionally (Bicanski & Burgess, 2018; Byrne et al., 2007;
Dhindsa et al., 2014; Hartley et al., 2007; Tavakol et al., 2021) in sustaining allocentric spatial
processing. In animal models of epilepsy, it has also been shown that disruptions of hippocampal
sharp-wave ripples (100-200 Hz) contribute to downregulating the consolidation of spatial
memory traces (Ego-Stengel & Wilson, 2009; Gelinas et al., 2016; Girardeau et al., 2009).
Furthermore, navigational impairments in TLE patients have been reported on virtual reality
paradigms (Canovas et al., 2011; Glikmann-Johnston et al., 2008; Rosas et al., 2013), with

underlying factors, such as age of epilepsy onset, level of intelligence, and epilepsy duration
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further compacting spatial memory deficits (Amlerova et al., 2013). Even when controlling for
salient covariates, such as age, sex, executive function and attention, and mild cognitive
impairment (Ldhde et al., 2021; Lutz & Helmstaedter, 2005; Nasreddine et al., 2005), cross-cohort
differences in relational memory performance persisted along episodic and spatial dimensions,
thus indicating that these results were not driven entirely by disparities in socio-demographic
factors or other cognitive domains. Therefore, these mnemonic deficits could be pointing to
underlying disease-related changes including subregional structural pathology (Bernhardt et al.,
2015), disruptions in connectivity patterns (Bernhardt et al., 2016), and functional reorganization

(Postma et al., 2020).

On the other hand, group effects on semantic scores vanished when accounting for socio-
demographic and cognitive covariates. Unlike the episodic and spatial components of the iREP,
which include an encoding and a retrieval phase, the semantic module is entirely retrieval-based,
meaning that the conceptual associations required to successfully complete this task had previously
been encoded into long-term memory, which is supported by both hippocampal and non-
hippocampal neocortical processes (Klinzing et al., 2019). This consideration agrees with the
complementary learning systems model, which proposes a gradual organization of semantic
knowledge across the neocortex, which is based on rapid hippocampal encoding of non-
overlapping episodic representations (McClelland et al., 1995; O'Reilly et al., 2014). Other models,
like the multiple trace theory, posit that the hippocampus is merely transiently involved in semantic
cognition, making the semantic system relatively resilient against lesions to this area (Nadel et al.,
2000). Further evidence suggests that the neocortex can even form long-term arbitrary associations

independent of the hippocampus via a temporal pole-mediated process known as “fast-mapping”
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(Sharon et al., 2011), which is in line with the hub-and-spoke framework, where it is the ATL, and
not the hippocampus, that integrates conceptual information across modalities (Patterson &
Lambon Ralph, 2016; Rogers et al., 2004; Schapiro et al., 2013). Thus, the absence of a clear-cut
group effect on semantic scores within our cohorts likely reflects this purportedly limited role of
the hippocampus in semantic information processing. Moreover, the comparatively low semantic
contributions to the shared PLS-derived component further speaks to this possibility. It should also
be noted that TLE-related semantic deficiencies have either been reported using visual
confrontation naming paradigms, which may not directly tap into semantic association processes
(Bell et al., 2001; Giovagnoli et al., 2005), or have been found in patients who had undergone
anterior temporal resection (Lambon Ralph et al., 2012). In fact, while the semantic iREP is a valid
test of general conceptual knowledge (Sormaz et al., 2017; Tavakol et al., 2021; Wang et al., 2018),
findings in other semantic protocols similar to the one we have used suggest that TLE patients
show little signs of impairment on tests of general associations (Giovagnoli et al., 2005;
Helmstaedter, 2002; Lambon Ralph et al., 2010), with task difficulty representing an important
variable in teasing out behavioral deficits (Lambon Ralph et al., 2012). With Project II, we thus
showcased the phenotypic granularity of TLE-associated relational memory dysfunction,
demonstrating the presence of a graded pattern of behavioral impairments in which the episodic
system seems to be most affected by the disease, followed by spatial cognition, while semantic

processing appears to be relatively well preserved.

With Project 111, our final study, we aimed to provide a network-level functional basis for our

previous behavioral findings. Thus, we computed task-based functional connectomes for each

iREP module in the same participants as in the previous study, and conducted separate domain-
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specific PLS analyses in which we evaluated latent associations between joint demographic-
behavioral factors and task-based connectivity profiles. To further assess the generalizability of
functionally informative network topographies across relational memory domains, we additionally
ran hybrid analyses in which the PLS-derived connectome saliences of one task were used to fit

data from the other two modules.

In accordance with findings from Project 11, we observed that within each domain-specific PLS
scheme, a unique whole-brain functional connectivity profile was associated with an additive
demographic-behavioral pattern defined by younger age, absence of TLE diagnosis, and higher
performance scores. As in the previous study, contributions from Sem-E accuracies were
negligible. Indeed, the share of the neocortex exhibiting an informative functional topography was
relatively small in the semantic PLS regimen, which is likely due to the comparatively low amount
of variance in semantic iREP accuracies across groups. What we did observe, however, was a
strong bilateral contribution from dorsolateral prefrontal cortices (DLPFC), which implies that
during the semantic task, the brain of healthy controls may have been actively involved in routine
executive functions, such as working memory and motor planning. Surprisingly, functional
involvement of the ATL, which is believed to be a core hub of the semantic processing system
(Alam et al., 2021; Hoffman & Morcom, 2018; Jackson, 2021; Patterson & Lambon Ralph, 2016;
Rice et al., 2018; Rice et al., 2015; Rogers et al., 2004; Schapiro et al., 2013) was associated with
a positive TLE diagnosis based on raw connectivity loadings. Given that between-group
differences in semantic scores were primarily driven by socio-demographic factors and
neurobehavioral disparities along other cognitive domains (Tavakol et al., 2022), it is conceivable

that the ATL may have been overcompensating for pathophysiological alterations seen in TLE
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(Bernhardt et al., 2016; Bernhardt et al., 2019; Bernhardt et al., 2015; Postma et al., 2020). This
possibility must be explored in prospective studies aimed at understanding the relative
contributions of the ATL, MTL, and prefrontal areas to semantic cognition, and to establish
whether these regions may be working synergistically as the evidence we have provided here

suggests.

Findings from our spatial analyses revealed robust medial and lateral temporal cortical
contributions to performance scores in healthy individuals, which supports past results relative to
the consolidated structural-functional involvement of these regions in spatial memory (Tavakol et
al., 2021). Medial temporal lobes also displayed large positive loading values in the episodic
regimen, with substantial involvement of the parahippocampal gyrus in the control group, further
supporting prior findings in the episodic memory literature (Ankudowich et al., 2016; Ankudowich
et al., 2017; Li et al., 2021; Liu et al., 2022; Penfield & Milner, 1958; Scoville & Milner, 1957,
Sormaz et al., 2017; Subramaniapillai et al., 2022; Subramaniapillai et al., 2019; Tavakol et al.,
2022). We detected equally large contributions of the DMN in TLE patients, suggesting atypically
heightened whole-brain integration of “task-negative” cortical regions (Fox et al., 2006; Fox et al.,
2005; Raichle et al., 2001). Of note, in the episodic and spatial modules where TLE patients
showed greatest behavioral deficits, our TLE group exhibited an overreliance on regions of the
brain, such as the DLPF, that appeared to have been compensating for disease-related structural
and functional anomalies (Bernhardt et al., 2016; Bernhardt et al., 2019; Bernhardt et al., 2015;

Postma et al., 2020).
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Finally, our comparative analyses pointed to a strong level of convergence of functionally
informative whole-brain dynamics across relational memory domains. For instance, the limbic
system, which encompasses hippocampal and parahippocampal regions, showed the highest
average contributions across tasks in the control group, with noticeable reductions in whole-brain
integration of DMN and attention networks. This observation suggests that there is a low-
resolution relational memory motif within limbic regions that is shared across domains in the
healthy brain, which makes it of potential use in differentiating diagnostic groups. Our analyses
further showed that neocortical loading patterns were significantly correlated across all iREP
modules, which further speaks to the functional convergence of the different dimensions of
relational processing. Moreover, while connectivity topographies were mutually informative
across domains, the original effect sizes calculated separately for each task were still larger in
magnitude than corresponding hybrid values. These observations clearly denote the existence of a
multivariate relational memory profile that presents itself as converging, albeit specific domain-
dependent fronto-limbic and temporal connectivity motifs that vary in tandem with modulations

in age, diagnostic group, and behavioral phenotype.

Taken together, the projects we have described establish the iREP as a construct-valid assessment
platform that offers a wholistic approach to studying relational memory. They further demonstrate
the existence of core features of episodic, semantic, and spatial cognition that are shared across
domains while additionally identifying unique neural biomarkers that covary with interindividual
differences in socio-demographics and mnemonic aptitudes. With this work, we have laid the
foundations of an integrated memory framework that we hope will be actively implemented by the

neuroscientific community to optimize the study of human cognition in different populations.
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